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Preface

Information and communication technologies have been growing and de-
veloping steadily for as long as any of us can remember. Growth was par-
ticularly strong in the last few decades, and fibre optic communication sys-
tems have become predominant whenever information is to be transmitted
over medium or long distances. Even when the ‘telecommunication bubble’
burst at the beginning of the new millennium, the only thing which vanished
was the expectation of making a fortune by buying and reselling telecom
device and equipment manufacturing companies; the upgrading of existing
fibre optic links and the deployment of new ones continued unabated.

The reason for the predominance of communication via optical fibres is
the vast amount of information a single fibre can carry. However, in order
to take advantage of this potential, it is mandatory to transmit different
wavelength channels simultaneously over a single optical fibre, and the
handling of these wavelength channels requires wavelength selective de-
vices or wavelength filters. Among the functionalities optical filters have
to accomplish are the selection of single or several channels out of a larger
number of channels, the separation of one channel wavelength from un-
wanted spurious noise at different wavelengths, filters have to support
routing, enable the lossless (or low loss) combination of wavelengths, and
they have to compensate for wavelength dispersion effects.

Filters can be fabricated by many different techniques, and the optimum
solution for a specific task depends on many parameters such as the num-
ber of wavelength channels involved and their separation, the temperature
and polarisation dependence of the device, physical size and last but not
least cost. There are a number of high-level books on the market, which
focus on one type of optical filter and provide a corresponding in-depth
treatment of all aspects from comprehensive theory to practical implemen-
tation and detailed description of experimental results. On the other hand,
filters used in fibre optic communication systems are treated briefly in
many books covering fibre optic systems in a more generic way, and as
a consequence the corresponding filters get an only rather short treatment.

The present book is intended to bridge this gap: It focuses on filters only,
but it covers all relevant wavelength filters used in fibre optic communica-
tion systems. The individual chapters have been written by international



VI Preface

experts in the respective field, and the presentations always comprise
a general description of the physics behind the filter under consideration,
technical implementations, typical characteristics of devices commercially
available, and performance of devices still in the research stage as well.
The book is intended for graduate students, engineers working in fibre op-
tics or related fields, and for all those wishing to gain a better understand-
ing of a group of key devices enabling the exploitation of fibre optic com-
munication systems.

The continuing demand for ever greater bandwidth by professional and
private users will also induce a permanent pressure to upgrade existing
fibre optic communication systems. This will require on the one hand the
use of more advanced electronic circuits (in particular ultra-high speed
electronics), and it will also bring more optical functionalities into fibre
optic networks, for example optical routing, but eventually also all-optical
signal processing such as all-optical signal regeneration, all-optical wave-
length conversion, or all-optical header processing. In any case, wavelength
as a parameter is very likely to provide more functionality, and as a con-
sequence wavelength filters will become even more important than they are
already today.

Berlin, April 2006 Herbert Venghaus
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Abbreviations

ADM
AM
AR

AR
ARMA
ASE
AWG

BBO
BER
BPF

CAD
CATV
CD
CFBG
CPA
CROP
CTE
CVD
CWDM
CWL

DC
DCF
DCM
DCG
DFB
DGEF
DH
DIBS
DMX
DOE
DSF

add-drop multiplexer

amplitude modulation, -modulated
auto-regressive

anti-reflection

autoregressive moving average (filter)
amplified spontaneous emission
arrayed waveguide grating

beta barium borate
bit error rate, bit error ratio
band pass filter

computer aided design

cable television

chromatic dispersion

chirped fibre Bragg grating

chirped pulse amplification

cationic ring-opening polymerisation
coefficient of thermal expansion
chemical vapour deposition

coarse wavelength division multiplexing
centre wavelength

directional coupler
dispersion-compensating fibre
dispersion-compensating module
dichromated gelatine
distributed feedback

dynamic gain equalising filter
double hetero (-structure)
dual ion beam sputtering
demultiplexer

diffractive optical element
dispersion-shifted fibre



XVI Abbreviations

DTFT discrete-time Fourier transform
DUT device under test
DWDM dense wavelength division multiplexing

EAM electro-absorption modulator
EDFA  Erbium-doped fibre amplifier
EELED edge-emitting LED

EMI electromagnetic interference
EOP eye-opening penalty

EPF edge-pass filter

FBG fibre Bragg grating

FEA finite element analysis

FEC forward error correction
FFP fibre Fabry—Perot (filter)
FFT fast Fourier transform

FHD flame hydrolysis deposition
FIR finite impulse response

FP Fabry—Perot (filter)

FPR free propagation region

FSAN  full services access network(s)
FSDG  free space diffraction grating
FSR free spectral range

FT Fourier transform

FTTC Fibre-to-the-curb, -cabinet
FTTH  Fibre-to-the-home

FTTX  Fibre-to-the-x

FWHM full-width at half-maximum

GFF gain-flattening filter

GD group delay

GDR group delay ripple

GRIN  gradient-index

GTR Gires—Tournois resonator

HBT heterojunction bipolar transistor
HNA high numerical aperture (~fibre)
HPF high-pass filter

HR high reflector, high reflectance
HWP half wave plate
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IAD
IBS
IR
IL
ISI
ITU

LAN
LED
LPCVD
LPF
LPG

MA
MI
MMF
MMI
MPS
MR
MUX
MW
MZI
MZM

NLO
NRZ
NZDSF

OADM
OLCR
OPL
OSA
(0)(®

PBS
PDL
PECVD
PICVD
PLC
PMD
PON
PRBS

ion-assisted deposition

ion beam sputtering

infinite impulse response

insertion loss

intersymbol interference

International Telecommunication Union

local area network

light emitting diode

low pressure chemical vapour deposition
low-pass filter

long period grating

moving average (filter)
Michelson interferometer
multi-mode fibre

multi-mode interference (coupler)
modulation phase-shift (method)
microring

multiplexer

multi-wavelength

Mach—Zehnder interferometer
Mach-Zehnder modulator

non-linear optic(al)
non-return-to-zero
non-zero dispersion shifted fibre

optical add-drop multiplexer
optical low coherence reflectometry
optical path length

optical spectrum analyser

optical cross-connect

polarisation beam splitter
polarisation-dependent loss

plasma enhanced chemical vapour deposition
plasma impulse chemical vapour deposition
planar lightwave circuit

polarisation mode dispersion

passive optical network

pseudo-random bit sequence
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PVA polyvinyl alcohol
PVD physical vapour deposition
PWR passive wavelength router

RC resonant coupler
RF radio frequency
RIE reactive ion etching

ROADM reconfigurable OADM
RW ridge waveguide
RZ return-to-zero

SC semiconductor

SCG slanted chirped grating

SiON silicon oxinitride (- oxynitride)
SMF single-mode fibre

SNR signal-to-noise ratio

SOI silicon-on-insulator

SoS silica-on-silicon (Si0,/Si)
SSB single side-band

SSE source spontaneous emission

SWP short wave pass

TCF twin-core fibre

TDCM tuneable dispersion compensating module
TEC thermoelectric cooler

TIR total internal reflection

VLSI very large scale integration

VOA variable optical attenuator

VPG volume-phase grating

VPHG  volume-phase holographic grating
VSB vestigial side band (filtering)

WAN  wide area network

WDM  wavelength division multiplexing
WG waveguide

WLL wireless local loop

WWDM wide WDM



Definition of symbols

Symbol (and
simple relations)

Name

Primary
unit

Numerical value
(or practical unit)

c
D=dz, /dA
E
e
!
Jo

H H
h (h=h/2m)
ko, k=2m/A= a/c

speed of light in vacuum
dispersion of a component
electric-field amplitude
elementary charge

frequency

anchor frequency for ITU-T
grid

transfer function, transfer matrix
Planck’s constant

propagation constant of light in
vacuum

extinction coefficient
coupling length
refractive index
effective refractive index
group index

ordinary and extraordinary
refractive index of birefringent
crystals

signal power

reflectivity (power)
reflectivity (field)

real part of complex variable s
transmission

temperature

phase velocity of light
in matter

m/s
s/m
V/m

2.997 924 58+ 10°
(ps/nm)

-1.602-107"

193.1

6.626 069 3-107*




XX Definition of symbols

Symbol (and Name Primary Numerical value
simple relations) unit (or practical unit)
ve=0w/df group velocity of light m/s
7= Z-transform variable 1
T amplitude gain 1
Afesr free spectral range in terms Hz
of frequency
An=n.n, (absolute) birefringence 1
A grating period m
I rectangular function -
of unit area
a absorption coefficient m’
a, thermo-optic coefficient K™
B=27nn, /A propagation constant of guided rad/m
modes in a medium
y complex propagation constant  rad/m
in a medium
€ strain 1
& permittivity of vacuum As/(Vm) 8.854-107"
e=¢-ig" complex permittivity As/(Vm)
£ =8¢ relative permittivity 1
n amplitude loss factor; efficiency 1
o direction angle rad
Oy Bragg angle rad
K power coupling coefficient 1
A wavelength of light in vacuum m
Aoy Ao channel centre wavelength m
A Bragg wavelength m
Ap Aip blaze wavelength m
v frequency Hz
v Poisson’s ratio 1
T,=—dp/dw group delay S
) phase (of optical and electrical ~ rad
field, respectively)
w=2nv angular frequency rad/s
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0 Introduction

Herbert Venghaus

Fibre optic networks are the backbone of today’s communication systems.
Due to their superior data transmission characteristics optical fibres are
used whenever bit rates above a few tens of Mbit/s are to be transmitted
over distances beyond about one km. Consequently long distance terres-
trial and submarine links as well as metropolitan area (METRO) networks
rely completely on optical fibres, and only access networks (the “last
mile”) are based on a variety of techniques with optical fibres being of
limited relevance so far.

The optical fibres under consideration are made of oxide glasses, and
silicate glass fibres are the most widely used ones (halide and chalcogenide
glasses being other variants). Fibre optical communication started with the
classical paper by Kao and Hockham in 1966 [1]: Optical communication
was expected to become competitive with existing coaxial cables if
20dB/km attenuation was achieved, and that target was met in 1970 — the
same year in which the first CW semiconductor laser operation at room
temperature was reported [2,3]. Early fibre optic systems were based on
multimode fibres and lasers operating in the 800..900nm wavelength
range. By 1980 a new generation of optical fibres and corresponding lasers
enabled the set-up of transmission links at 1.3 um with characteristics su-
perior to those of the short-wave systems, and subsequently transmission at
1.55um emerged as well, while these two transmission windows were
separated by a peak of higher absorption around 1390 nm due to OH -vi-
brations [4], see upper half of Fig. 0.1.

Lasers emitting in the 1.3 ym and 1.55 um wavelength ranges soon be-
came commercial commodities and since then they constitute the basis for
long and intermediate range transmission [5]. The 1.39 ym absorption
could significantly be reduced or even suppressed in more recently devel-
oped fibres (see Fig. 0.1, lower part), and as a consequence the whole
range from about 1270 nm and extending beyond 1630 nm is available for
optical transmission. However, since the vast majority of deployed fibre
still has the 1.39 um absorption peak, transmission is still predominantly in
the 1.3 pum and the 1.55 pm windows.
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Fig. 0.1. Transmission characteristics single-mode optical fibres. Upper part: data
given in Ref. 4, lower part: Corning SMF-28"™ optical fibre (full line), SMF-28¢™
(dotted line)

Laying optical fibres is rather expensive in most cases, and thus right
from the beginning of fibre optic communication there was a strong strive
to make optimum use of the huge transmission capacity of an optical fibre,
which amounts to about 50 THz or even more in the wavelength range
between 1.2 and 1.6 um [6].

Raising the transmission capacity of a single fibre can be achieved in es-
sentially two different ways: the first approach is to multiplex lower bit
rate data streams to higher aggregate data rates. The technique is called
‘Time Division Multiplexing’ (TDM). Maximum single channel bit rates
in deployed systems are essentially limited to about 10 Gbit/s, while
40 Gbit/s systems are beginning to be installed in selected links.

Single channel bit rates up to 2.56 Tbit/s have been achieved (by com-
bining TDM with polarisation multiplexing and differential quadrature
phase shift keying (DQPSK) modulation) in laboratory and field demon-
strations [7], but such high bit rates are far from being employed in real
systems in the foreseeable future. The cost of generating and detecting
ultra-high bit rate channels in combination with mitigating the degradation
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of high-speed data streams due to chromatic and polarisation mode disper-
sion and nonlinear effects as well, constitutes a considerable impediment
for the large scale installation of long-distance optical systems operating at
40 Gbit/s and beyond. However, these obstacles will gradually become less
important as high-speed electronics will become less expensive, so that
electronic forward error correction (FEC) will relax the requirements on
acceptable bit error ratios by orders or magnitude similar to the case of
10 Gbit/s transmission. Signal degradation is less of an issue for shorter
distances (several 100 m up to a few km), and consequently single channel
bit rates may well be raised to 100 Gbit/s in the next few years (100 Giga-
bit Ethernet for example).

In any case, however, TDM alone enables the use of a very small frac-
tion of the total fibre transmission capacity only, even if cheaper electronics
and the further development of advanced modulation formats will enhance
the robustness, performance, and cost of high bit-rate systems.

Besides TDM a second approach to exploit the fibre transmission capac-
ity is using different transmission wavelengths at the same time (‘Wave-
length Division Multiplexing’, WDM). To first order simultaneously
transmitted wavelengths do not interfere with each other [8] and each
wavelength can be modulated independently from any other wavelength
(which includes using different bit rates and different modulation schemes
for different wavelengths). In addition, different wavelengths can either be
launched into the same direction or counter propagating as well.

WDM received attention in the seventies already (see for example
[9-11]) and has made tremendous progress since then with record values
of several hundred channels transmitted over a single fibre (see below).

Wavelength channel separations have initially been a few 10nm as
a consequence of technical restrictions, while such large separations are
chosen today as a matter of convenience since no temperature stabilisation
of such systems is needed (see Appendix).

The development of WDM systems with narrow channel spacing
(‘Dense’ WDM, DWDM) has been strongly spurred by the advent of the
Erbium-doped fibre amplifier (EDFA) in the mid-nineties. Due to the
characteristics of the Er’* ion these WDM systems operate primarily in the
1530-1565 nm range (C-band) or up to 1625 nm (L-band).

The TDM and WDM techniques are normally combined, and (undersea)
systems with up to about 100 wavelength channels and 10 Gbit/s per chan-
nel are currently operated [12], while record laboratory values of transmis-
sion over a single fibre such as 6.4 Tbit/s (160 x40 Gbit/s channels with
50 GHz separation [13]), 3.73 Thit/s (373 x 10 Gbit/s RZ-DPSK channels
with 25 GHz spacing [14]), or 1022 ultra-dense WDM channels with
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6.25 GHz separation and 2.5 Gbit/s per channel [15] have been reported in
recent conferences.

It is obvious from these data that WDM is the key technology which
enables to use the bandwidth of optical fibres to a significant extent, and
key elements of any WDM system are on the one hand wavelength selec-
tive transmitters (semiconductor lasers) which operate at the desired
wavelengths, and an equally important class of key elements are wave-
length filters which enable the selection, adding and dropping, and rout-
ing of individual wavelengths or wavelength bands.

The requirements on wavelength filters vary strongly depending on the
specific functionality required, and as a consequence different types of
wavelength filters have been developed in the past. The devices used in
fibre optic communication systems are either adaptations of well-known
concepts to the specific needs of fibre optics (e. g. diffraction gratings or
thin-film filters), they may be specific developments for planar integrated
optics like Arrayed Waveguide Gratings, or they can be closely related to
the structure of an optical fibre itself such as fibre Bragg gratings or fibre
Fabry—Perot filters. Wavelength filters which are relevant for current (and
future) fibre optic communication systems will be treated in the following
chapters. The presentations will illustrate the physics behind the different
filter types, the technological implementations, the filter characteristics of
prototypes in a laboratory environment, and typical performance param-
eters of commercially available devices as well.

Besides optical fibres based on glass another variant of optical transmis-
sion medium are plastic optical fibres (POF) which constitute a very eco-
nomic solution for the transmission of visible or near-infrared light over
very short distances. Due to a relatively large core size (62.5 um to 1 mm)
POF can easily be installed using low-cost connectors. Transmission
wavelengths are typically about 600 to 800 nm, but recently developed
fully fluorinated polymers exhibit rather low attenuation (about 20 dB/km)
at operation wavelengths of 1.3 and 1.5 um also (Nexans Research Center,
Lyon), i. e. they can be operated in the typical telecom wavelength regime.
However, POF-based systems including corresponding devices are outside
the scope of the present book.
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1 Optical Filters in Wavelength-Division
Multiplex Systems

Carl M. Weinert

1.1 Network Aspects

Wavelength filters in optical transmission systems are a special subgroup
of physical components defined in such a way that they select or modify
parts of the spectrum of the signal. In fact, optical wavelength filters are
defined with respect to the modifications which they induce on the fre-
quency spectrum.

We will restrict our considerations to the application of optical filters in
optical networks. Figure 1.1 schematically shows a global optical network
combining local and regional networks via the long haul network. Most of
today’s network concepts are based on Wavelength Division Multiplexing
(WDM), which means that WDM filters are mainly needed in order to
route and select specific wavelength channels.

Long Haul
Metwork,
WAN

Regional
Metwork

Local
Network

[ opt. Crossconnect
O Opt Add / Droa MUX

Fig. 1.1. Global optical network. WDM: wavelength division multiplexing, LAN: local
area network, WLAN: Wireless LAN, WAN: wide area network, WLL: wireless local
loop
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The filters in optical WDM-systems are classified as bandpass filters,
low pass filters, high pass filters, and notch filters.

Bandpass filters (BPFs) transmit optical power within a certain wave-
length window only and reflect the rest. In the case of single channel
transmission the role of an optical bandpass filter is to separate the channel
information from the noise which has been added for example by optical
amplifiers. This noise is in general broadband and can often be described
as white noise, i.e it has a constant level in the power spectrum. By apply-
ing a bandpass filter to select the wavelength channel, the useful informa-
tion is retained and most of the noise is rejected resulting in an improve-
ment of signal-noise ratio (SNR).

In the case of many wavelength channels, in addition to rejecting the
noise the bandpass filter rejects all the undesired WDM channels of the
multitude of transmitted wavelength channels (see Fig. 1.2a). Furthermore,
BPFs are essential components used for multiplexing and demultiplexing
wavelengths in a WDM system. As shown in Fig. 1.2b, a multiplexer
combines different sources with different wavelengths into a single fibre.
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Fig. 1.2. Filter devices for WDM: (a) bandpass filter which selects the desired channel,
(b) multiplexer which combines sources with different wavelengths into a single out-
put. In reverse direction, the structure is used as demultiplexer (c) optical add-drop
multiplexer where channel A, is added to and channel A; is dropped from the WDM
spectrum [1]
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In the reverse direction, the same device acts as a demultiplexer to separate
different wavelengths to different outputs. Another important device for
building WDM networks is the optical add-drop multiplexer (OADM)
shown in Fig. 1.2c where a particular wavelength channel is added to and
another wavelength channel is extracted from the WDM spectrum. Band-
pass filters which are periodic in frequency can be used as so-called inter-
leavers, which allow multistage multiplexing of channels. For example,
with a periodic filter every second wavelength channel could be demulti-
plexed from a multitude of equally spaced channels (cf. Chap. 9).

The optical crossconnect (OXC) is used for routing different WDM
channels. This means that the OXC can separate wavelength channels from
incoming fibre bundles and redistribute them appropriately to outgoing
fibres. In general, an OXC consists of many WDM components. An exam-
ple of a wavelength crossconnect is depicted in Fig. 1.3. The wavelength
channels of an input port are spatially separated by demultiplexers and can
then be connected via multiplexers to an output port. The OXC is called
a static wavelength crossconnect if the combinations of input ports and
output ports are fixed as shown in Fig. 1.3. In this crossconnect architectu-
re a wavelength (denoted by the lower index) of an input port (denoted by
the upper index) is connected to an output port. In such a way, the incom-
ing wavelength channels can be routed according to their wavelength.
OXCs with more complex functionality also have OADMSs to add and drop
channels. Combining optical switches with multiplexers and demultiple-
xers, dynamic OXCs can be built. In dynamic OXCs the connections bet-
ween input ports and output ports can be changed. This enables the dyna-
mic reconfiguration of optical networks.
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Fig. 1.3. Schematic of a static optical crossconnect. According to the wavelength
a channel from an input port is routed to an output port
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Notch filters reflect a specified wavelength or a narrow wavelength region
with high transmission outside that region.

Low-pass filters (LPF) and high-pass filters (HPF) are filters which pro-
vide a sharp cut-off either above or below a particular wavelength. They are
useful for isolating specific regions of the spectrum. Often referred to
jointly as edge-pass filters (EPFs), low-pass filters and high-pass filters are
used to pass (or transmit) a range of wavelengths and to block (or reflect)
other wavelengths on one side of the passband. In the case of low-pass fil-
ters, the transmitted wavelength is long wavelength radiation, while short
wavelength radiation is reflected. Conversely, high-pass filters transmit
a wide spectral band of short wavelength radiation and block long wave-
length radiation.

In addition, other types of optical filters exist in WDM systems. One of
them are power equalization filters. Wavelength channels should have
equal power levels. However, there are a number of reasons why different
wavelength channels acquire different power levels. Adding and dropping
of channels, nonuniform gain of the amplifiers, power inequalities of
source lasers are some of the causes. Even if the differences in power are
small in one span, they may accumulate over the transmission spans to
yield large inequalities in power. Therefore, gain equalizing filters are
needed in WDM systems. Furthermore, since the network configuration
changes with time, this equalizing has to be done dynamically. Thus, Dy-
namic Gain Equalizing Filters (DGEF) are required for WDM networks.

Filters which transmit the complete frequency band but induce phase
changes are called allpass filters. Since the group delay is the first deriva-
tive of the phase with respect to angular frequency, such filters can be de-
signed to compensate for group velocity dispersion which accumulates
during fibre transmission.

In order to illustrate generic applications of optical filters we depict an
optical connection in Fig. 1.4. At the beginning and the end of the connec-
tion BPF-based multiplexers or demultiplexers are needed to combine or
separate the different wavelength channels. After transmission through the
fibre span dispersion compensating filters have to be applied to reduce
signal degradation due to residual dispersion which has accumulated along
the fibre. BPFs are needed in the OADM for adding or dropping channels.
After the Erbium-doped fibre amplifier (EDFA) has amplified the WDM
channels, a power equalizing filter is needed to ensure equal power on all
channels. In addition, an edge filter is used to avoid perturbations of the
data channels by the amplifier pump power at lower wavelengths.

Although different kinds of filters are necessary in an optical WDM
transmission system, bandpass filters are by far the most important since
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Fig. 1.4. Schematic of an optical transmission path showing examples of different
filters needed in multiplexers, OADMs, or amplifiers
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they are prerequisite for the add and drop, multiplex, and interleave and
routing functionalities which are essentials for a WDM network.

1.2 Mathematical Description

Signals and physical components can be expressed mathematically by
complex functions describing amplitude (real part) and phase (imaginary
part). In the time domain the change or response of the input signal due to
a component is evaluated by the convolution of the function representing
the component with the complex expression for the incoming signal. Ac-
cording to the Fourier Transform theorem the response can equivalently be
evaluated in frequency space by the product of the Fourier transform (FT)
of the input signal and the FT of the function describing the physical com-
ponent. Since the components we are dealing with are filters in the wave-
length (or frequency) domain, we will adopt a description in the frequency
domain.

For the ideal bandpass filter centred at @, with filter width Aw the trans-
fer function is defined by H(iw), (w =27zf where w is the angular fre-
quency and f'is the frequency):

H(io) =" 0<|o|<Aw (1.1)

with
W' =0-w,=27(f - f,) (1.2)

Here f; is the centre frequency of the filter. In general, f; is chosen to
match the carrier frequency of the wavelength channel which has to be
selected by the BPF. For the ideal bandpass the squared amplitude function
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|H({iw") 2, which determines the filter transmission, has rectangular shape.
The ideal filter therefore perfectly separates wanted from unwanted parts
of the spectrum. However, such filters are physically not realizable. There-
fore filter functions have to be found which describe the properties of
available physical filters.

The mathematical description of filters is useful under several aspects.
Filter functions are needed as input data for numerical simulation of
transmission systems, and the mathematical expressions can be used to
determine the properties and requirements of filters and their physical rea-
lization. There exists a vast literature on the design of filters treating digital
and analogue filters, finite and infinite impulse response filters, recursive
and non-recursive filter design, which has been especially developed for
the design of electronic filter circuits. Optical WDM-filters, on the other
hand, are realized mainly as analogue, recursive, infinite impulse response
filters (see also Chap. 2), the properties of which can be described by
a complex transfer function H(s) with complex variables [2]

H(s)=—""—— (1.3)

m and n denote the number of zeros and poles which describe the special
type of filter (see also Chap. 9, Sect. 9.3). In many cases, WDM-filters are
all-pole filters, i.e. all b; except b, are zero. The number of poles # is cal-
led the filter order. The distribution of the poles in the complex plane
completely determines the filter properties. Tables and expressions for
many filter functions can be found e.g. in [2, 3].

In order to evaluate the filter properties for the angular frequency, the
transfer function is expressed as

H($)| Ly = [H ()] (1.4)

s=iw’

The transmission properties of the filter are given by the squared ampli-
tude function and the phase behaviour is described by @(w') which can be
evaluated from (1.4)

O(e) = tan™ (Im(H (i) /Re(H (i) (1.5)
The group delay 7(«’) is defined as

_do(a)

@)= do/

(1.6)
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The filter curves given above describe bandpass filters and are easily
converted into high-pass or low-pass filters by the transformations given in
[3]. In the case of low-pass filters it can be shown that the transformation
from the BPF to the LPF can be done by simply choosing ay=0 (cf. (1.2)).

We exemplify the above formulas with a normalized Bessel filter of or-
der 10 as a bandpass filter at centre frequency f). We choose a Bessel filter
since it shows regions both of constant and varying group delay. With
increasing order of the filter the transfer function becomes more and more
Gaussian and group delay becomes constant for all frequencies. For com-
mercially available BPFs the measured transmission and phase behaviour
can often be simulated by a Bessel filter of appropriate filter order. The
form of H(s) is found in [2]. In Fig. 1.5 we show the squared amplitude
function both in linear and logarithmic scale.

a) b)
1.04
O,
w(1dB)=56 GHz N edE)

[as}

o °
3 054 w(3dB)=100GHz < 201

I e
e £ -301
.40
0.0 -50

-250 250 250 250

0 0
f-f, /GHz f, /GHz

Fig. 1.5. Squared amplitude function |H(ia))|2 for a Bessel filter of order n =10 and
FWHM =100 GHz: linear scale (a) and logarithmic scale (b)

For filters with non ideally steep bandpass skirts as shown in Fig. 1.5 we
can define filter bandwidths w given for different attenuations in dB.
Common choices found in data tables of physical filters are w(1dB),
w(3dB), and w(20dB), which are 56 GHz, 100 GHz, and 240 GHz for the
example given in Fig. 1.5. w(3dB) is also called the full-width at half-
maximum (FWHM) of the filter. The flat top of the filter is called the pass-
band. A common definition for the passband width is w(1 dB).

In Fig. 1.6 we depict the phase function and group delay of the 10" or-
der Bessel filter.

The phase function consists of several segments which are almost paral-
lel. Accordingly, the group delay is constant in a frequency range of about
240 GHz which corresponds to w(20 dB) as shown in Fig. 1.5. Thus, such a
filter will add negligible dispersion only to the signal.



14 1 Optical Filters in Wavelength-Division Multiplex Systems

a) b)

/2
\ 10
°
S 0
s \

-250

o
t/ps

" 0 "
250 -250 250

0 0
f-f, /GHz f-f, /GHz

Fig. 1.6. Phase function @(w) (a) and group delay 7(w) (b) for a 10™ order Bessel
filter (FWHM = 100 GHz)

The transmission curves of most physical BPFs have a similar bell
shape as depicted in Fig. 1.5, but can largely differ by their phase and
group delay behaviour. These special types of filter functions have been
investigated widely in the literature. They differ only in the type of poly-
nomial in the denominator of (1.3), but have specific properties. For ex-
ample, Butterworth filters describe an optimised flat behaviour of
|H(iw)|” near f, (the passband width increases with the filter order). But-
terworth filters are used to describe filters with flat tops. Bessel filters de-
scribe filters which have optimum flat group delay as has been shown in
the filter example in Fig. 1.6. For increasing filter order the amplitude
transfer function of Bessel filters becomes Gaussian. Chebychev filters
have specific ripple properties of the transmission curves in the passband
and stopband. They could therefore be used to simulate ripples occuring in
the transmission function of physical filters. Further filter types as well as
tables for the filter polynomials are given in [2, 3]. For a good approxima-
tion of physical filters by mathematical filter functions, measurements of
the transfer function as well as phase and group delay measurements have
to be made. The appropriate mathematical function can then be found by
fitting the filter curves to the measured data.

1.3 Physical Realization of Filters

The physical realisation of WDM filters based on different principles of
operation and fabrication on different materials will be discussed in the
following chapters of the book. Here, we will therefore only define the
main specifications of WDM filters. Further filter parameter definitions are
given in the glossary.



1.3 Physical Realization of Filters 15

In addition to the filter transfer function we have to consider optical

loss, polarisation, temperature behaviour, and crosstalk.

1

2.

. Insertion loss. Insertion loss is the input to output loss of the filter for

the passband and is, of course, required to be low.
Polarisation-dependent loss (PDL). Loss should be independent of the
state of polarisation of the incoming signals.

. Temperature shift. The temperature shift is the amount of wavelength

shift per unit degree change in temperature. Temperature shift is requi-
red to be low.

. Passband width. The passband width is defined by the 1dB width

w(1dB). It is a measure for the flatness of the filter top. Flat passbands
are required to allow for small shifts in laser wavelength over time. As
more and more filters are cascaded the overall passband becomes nar-
rower. Thus the individual filter passband width does also determine the
number of filters which can be cascaded.

. Crosstalk. Crosstalk energy is defined as the relative amount of energy

passed through from adjacent channels. Different kinds of crosstalk are
defined in the glossary.

. Group delay. Group delay is defined in (1.6). For bandpass filters it

should be constant to avoid the build-up of chirp in the signals when
passing through the filter. For filters used for dispersion compensation,
a suitable change in group delay over the wavelength is required.

. Free spectral range (FSR). The FSR describes the spectral periodicity

of the filter transmission function, i. e. the frequency difference between
two filter maxima.

. Finesse. The finesse of a filter is defined by the FSR divided by the 3 dB

width of the filter.

. Tuneability. Tuneability is defined as the ability to change properties of

the filter, mainly its centre wavelength.

In addition we summarize the main physical principles of operation for

WDM filters:

1.

Coupler type filters make use of the change of coupling length with
wavelength to separate different wavelengths. Normal couplers operate
as broadband devices, and consequently they can separate only wave-
lengths which are far apart. A typical example is combining and separat-
ing the pump wavelength of a fibre amplifier at 0.98 um wavelength
from the data channel at 1.55 um by couplers. Standard dielectric wave-
guide couplers will not be treated in detail in the present book, but the
reader is referred for example to the classical paper by Kogelnik [4].
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. As discussed before, signals passing optical filters are in general affec-

ted with respect to amplitude and phase. In many cases the amplitude-
wavelength dependence is of higher interest, but phase effects become
particularly relevant for high bit rates and narrow channel widths. As
a consequence, a discussion of phase characteristics is included in most
of the individual chapters, but a separate chapter (Chap. 2) provides
a more coherent treatment of phase-related phenomena.

. (Bulk) Diffraction Gratings are based on the interference of multiple op-

tical signals originating from the same source but with different phase
shifts. Gratings can be operated in reflection/transmission or as diffracti-
on gratings. In the case of diffraction gratings, signals of different wave-
length can be resolved spatially. They can therefore be used for routing.
Bulk diffraction gratings for WDM applications are described in Chap. 3.

. Fibre Bragg gratings are gratings which consist of one dimensional peri-

odic perturbations along the fibre. They can be used for add-drop func-
tions and for dispersion compensation and are treated in detail in Chap. 5.

. Fabry—Perot type filters are based on resonance in a cavity formed by

two highly reflective mirrors placed parallel to each other, also called
etalon (Chap. 6). Cascading of many cavities leads to very flat pass-
bands and to sharp skirts. Examples of filters based on this principle are
the thin-film resonant multicavity filters, discussed in Chap. 7. Related
filter types are the ring filters where the resonator is a waveguide ring.
Ring filters are treated in Chap. 8. Fabry—Perot type filters are also sui-
ted for constructing allpass filters which only induce a desired phase
change without attenuation in the amplitude transfer function.

. Mach—Zehnder Interferometer (MZI) type filters make use of two inter-

fering paths of different lengths to separate different wavelengths. (Cas-
caded) MZIs constitute the fundamental building block of wavelength
interleavers (Chap. 9), and the Arrayed Waveguide Grating filter can be
considered as a generalisation of the MZI filter (Chap. 4), while its char-
acteristics look like the 2-dimensional equivalent of a diffraction grating.
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2 Phase Characteristics of Optical Filters

Christophe Peucheret

2.1 Introduction

Group velocity dispersion is a well known effect in optical fibres where
the frequency dependence of the group index is responsible for pulse
spreading, leading to inter-symbol interference (ISI) and power penalty
[1]. However, it has only been realised recently that dispersive effects aris-
ing from optical filters might be detrimental to propagation of high bit-rate
signals in wavelength division multiplexing (WDM) systems and networks
[2,3]. The need to take the dispersion of wavelength selective elements
into account is being made more acute due to a number of technology
trends. First, the increase of individual channel bit rates to 10 Gbit/s and
the expected migration towards 40 Gbit/s per channel mean that even small
dispersion values can no longer be ignored. Second, the quest for increased
capacity in a single fibre has led to intense research in order to maximise
the spectral efficiency and therefore reduce the channel spacing in WDM
systems. Consequently, the relative bandwidth available to each channel is
reduced, meaning that the channel experiences the effect of the edge of the
passband of the filter transfer function, where the filter dispersion is ex-
pected to be most significant. Adjacent channel crosstalk reduction also
triggers the need for WDM filters with steeper passband edges that, de-
pending on the technology, are likely to result in increased dispersion
[4,5]. Finally, the evolution of WDM systems from point-to-point links to
more complex network structures including optical add-drop multiplexers
and optical cross-connects means that a number of filtering elements will
be cascaded over the path of a specific channel. As the effect of dispersion
is accumulative, more severe signal degradation is to be expected in future
all-optical transparent networks [3, 6].

It has therefore become essential to be able to control the dispersion of
optical WDM filters, either to limit potential signal degradation as in mul-
tiplexers and demultiplexers to be used in terminal equipment or within
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add-drop and cross-connect nodes, or to provide tailorable dispersion as
for example in chirped fibre Bragg gratings for dispersion compensation.
The need for dispersion characterisation of optical filters has appeared in
the mid-nineties, and suitable measurement methods have essentially been
inspired from the experience gained in the characterisation of single mode
optical fibres [7,8]. However, specificities due the wavelength selective
nature of the components often mean that known optical fibre characterisa-
tion solutions might not be directly transferred to the case of WDM filters.
First, the desired bandpass or bandstop filter characteristics of most of the
filters of interest will induce new requirements in terms of dynamic range
of the measurement method, especially since the wavelength region where
dispersion is expected to be significant corresponds to the edges of the
transfer functions, where the attenuation of the device might be large. Sec-
ond, WDM filters exhibit spectral features that are strongly wavelength
dependent, as opposed to optical fibres where both attenuation and disper-
sion vary relatively slowly with wavelength. Finally, the dispersion values
exhibited by WDM components are usually relatively small, whereas in
the case of optical fibres the dispersion values to be measured can very
often be made arbitrarily large by increasing the length of fibre over which
the measurement is performed, assuming uniform distribution of the dis-
persion over the fibre length. The consequences of those new requirements
on the choice of a suitable measurement method are discussed in more
depth in this chapter. It should be noted that another branch of optics
where similar challenges are met is the characterisation of components for
femtosecond laser design, for which proper dispersion engineering is es-
sential, owing to the short pulse widths involved [9].

This chapter gives a general introduction to the topic of phase-related
characteristics of wavelength filters and further presents a number of tech-
niques suitable for the characterisation of phase-related quantities (including
group delay and dispersion) complemented by typical experimental results
measured on relevant wavelength filters. Section 2.2 starts with a compi-
lation of useful definitions and then focuses on causality arguments, which
may be used to infer the phase response of some types of optical filters from
their wavelength-dependent attenuation. A discussion of the applicability of
the method is illustrated by a practical example. Two categories of tech-
niques enabling the determination of dispersion-related quantities are pre-
sented in Sect. 2.3, namely interferometric methods and radio-frequency
(RF) amplitude modulation techniques. Emphasis is given to low coherence
interferometry and the modulation phase-shift methods as they are very of-
ten considered as the methods of choice for WDM filter characterisation.
General dispersion properties of WDM filters are presented in Sect. 2.4 to-
gether with their consequences on optical communication system design.
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Methods for evaluating the impact of WDM filter dispersion on the limita-
tion of their usable bandwidth and cascadability are introduced. The effect of
group delay ripples is also discussed. Finally, some examples of passband
and dispersion engineering for the design of advanced WDM filters are pro-
vided. Properties specific to a given filter technology are described in more
detail in the relevant chapters elsewhere in this book.

2.2 Theoretical Considerations

2.2.1 Definitions

Throughout this chapter the transfer function of an optical linear element,
such as a wavelength filter, will be written

H (o) =|H (w)|e ™. (2.1)

Note that the definition of the sign of the phase in (2.1) might differ
from the one used in some other chapters of this book. According to the
theory of linear systems, the transfer function is the Fourier transform of
the impulse response of the filter

H(w)= [ h(t)e™dr. 2.2)

The group delay of the filter can be calculated from the phase of its
transfer function according to

de
7= e (2.3)

The definition of 7 is sometimes also found with negative sign (cf. e. g.
Chaps. 8 and 9). This is a consequence of the choices of the sign for the
phase in the definition of transfer functions such as (2.1), as well as of the
time dependence in the complex representation of the electric field.

In practice, only the relative group delay is of practical interest as it is
the variations of t with wavelength that result in pulse distortion, therefore
making it unnecessary to characterise the absolute group delay. The dis-
persion, usually expressed in ps/nm, is the derivative of the group delay
with respect to wavelength

_dr
dA’
It can be checked that the set of definitions above is fully consistent

with that customarily used for optical fibres, where D would represent the
total dispersion accumulated over a length L of fibre.

D (2.4)
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2.2.2 Minimum-phase Filters and Amplitude-phase Relations

It is known from the theory of linear systems that the phase response of
a filter can be inferred from its amplitude response provided the so-called
“minimum-phase” condition is satisfied [10, 11]. It is therefore natural to
consider such a numerical approach to retrieve the dispersion from the
amplitude transfer function of optical filters. Provided the minimum-phase
condition holds, the mathematical relations linking the amplitude and the
phase of an optical filter are analogous to the Kramers—Kronig relations
between the absorption and refractive index (or real and imaginary parts of
the dielectric constant) of a material [12]. Mathematically, quantities satis-
fying such relations are known as Hilbert transform pairs. As a conse-
quence, “amplitude-phase”, “Kramers—Kronig”, or “Hilbert transform”
relations are often used indifferently in the context of wavelength filter
characterisation. In this section, the conditions for the existence of such
relations are presented, followed by a discussion of their practical use for
the determination of the dispersive properties of WDM filters.

The Minimum-phase Condition

Let us consider a passive linear optical filter with impulse response A(?).
Such a physical system is causal and stable, therefore its impulse response
is real valued and satisfies the conditions h(f)=0 for 1< 0 and |h(7)| < eo.
Let H(w) be the transfer function of the optical filter (i. e. the Fourier trans-
form of its impulse response) and H,(s), where s is a complex variable, its
Laplace transform. The Fourier transform can be evaluated from the
Laplace transform according to H;(iw)=H(w). The fact that h(¢) is causal
translates into H;(s) being analytic in the right-hand plane. Under those
assumptions it can be shown that
1 oo H (Q)

H(a))—i”P_L 049 (2.5)
where P denotes the Cauchy principal value. Equation (2.5) can be derived
either from causality considerations for the impulse response (see e.g.
[13]) or, equivalently, from contour integration along a path where H(£2) is
analytic and avoiding the singularity at Q= .

One important consequence of (2.5) is that the real (respectively imagi-
nary) part of the transfer function H(w) can be determined from the know-
ledge of its imaginary (respectively real) part. The real and imaginary parts
of H(w) are said to constitute a Hilbert transform pair.
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The logarithm of the transfer function of a linear device as defined in
(2.1) can be expressed as

In H () =In|H ()| -ig(w). (2.6)

Therefore, by applying the results of (2.5) to the function In H(w), it is
tempting to derive Hilbert transform relations between the logarithm of the
amplitude transfer function and the phase of an optical filter. However, this
would require the function In H,(s) to fulfil the initial assumption of being
analytic in the right-hand plane. One important issue is that H;(s) might
have zeros in the right-hand plane where the logarithm is not defined. If
we moreover assume that H;(s) has no zeros for R(s) >0, where R denotes
the real part, then its phase will be uniquely determined by its amplitude
response according to

In| H(Q
¢(w)=;PI_M%2)H aQ . 2.7)

Filters for which the logarithm of the Laplace transform of their impulse
response is analytic in the right-hand plane are said to be of the “mini-
mum-phase” type.

Amplitude-phase expressions that are equivalent to (2.7) are often found
in the literature. For instance, starting from (2.7) and performing the
change of variable u =In /@, a new expression for the phase can be writ-
ten which highlights the relation between the variations of the amplitude
response with frequency and the phase response

:—I [ln|H we" )|] lncoth| Idu (2.8)

The factor In cothlu|/2 peaks around u=0 correspondmg to Q= w and ex-
hibits a fast decrease when |u| increases. Consequently, the main contribu-
tion to the integral (2.8) arises from values in the vicinity of #=0, and the
phase of the transfer function at @ depends mostly on the slope of the ampli-
tude transfer function around the same frequency @. An immediate conse-
quence is that any attempt to realise sharp edges in the transfer function of
a minimum-phase optical band-pass filter will result in increased dispersion
at those edges. Recalling our discussion of Sect. 2.1, it can be concluded
that, for a minimum-phase optical filter, the two goals of achieving low
crosstalk and low dispersion cannot be reached simultaneously. Filters
which are not minimum-phase will offer more degrees of freedom in order to
achieve these two desired features. Note, however, that the fact that a filter is
non minimum-phase does not prevent it from exhibiting a high dispersion at
the edges of its passband, but simply means that its dispersion cannot be
calculated from the attenuation spectrum.
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Practical Applicability of Amplitude-phase Relations

Some early work on the applicability of the Kramers—Kronig relations to
the determination of the group delay of optical filters was first presented in
[14] in the context of sub-picosecond laser design at 800 nm, where it was
clearly demonstrated that such relations do not necessarily exist for some
types of filters. Their applicability to etalon filters was further discussed in
[15] where the need for a careful consideration of the zeros of the transfer
function as well as of the frequency dependence of all optical parameters
was highlighted. At the same time, the determination of the dispersion of
components to be used in WDM systems around 1550 nm became the ob-
ject of increased attention. Kramers—Kronig relations were successfully
applied to the reflectivity of fibre Bragg gratings (FBG) [16, 17], showing
good agreement between recovered and theoretical group delay. A com-
parison between measured group delay and delay recovered from meas-
ured amplitude responses was later presented in [18] for uniform fibre
gratings, showing good agreement for some devices. It was later on never-
theless suggested that, for real imperfect gratings, the modelling of the
group delay of the corresponding perfect grating will often provide a better
estimate than the recovery of the group delay by applying the Kramers—
Kronig relations to the measured reflectivity [19].

The first step in determining the dispersive properties of a particular
WDM filter based on Kramers—Kronig analysis is therefore to analyse
whether this filter is of the minimum-phase type. An in-depth discussion of
the applicability of the minimum-phase condition for different optical filter
technologies has been presented in [5]. It was shown that generalised
Mach—Zehnder filters (including arrayed waveguide gratings) are in gen-
eral not minimum-phase. Interference filters such as Fabry—Perot and thin-
film filters are inherently of the minimum-phase type when used in trans-
mission. It has also been shown that grating filters are minimum-phase in
transmission but that it is not always the case in reflection [20]. Neverthe-
less, in case the grating is symmetric, its group delay is identical in reflec-
tion and transmission, therefore enabling the reflection group delay to be
recovered from the grating transmittivity.

Whether a given filter is of the minimum-phase type can in theory be
determined from checking the analyticity of its transfer function in the right-
hand plane provided the filter response can be accurately modelled. How-
ever, this does not necessarily imply that the real, imperfect, implementa-
tion of the filter belongs to the same category (minimum or non-minimum
phase). Indeed, it has been reported that the effect of loss in arrayed
waveguide grating filters can move the zeros of their complex transfer func-
tions from the imaginary axis to the left-hand plane [5], making the real
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filters satisfy the minimum-phase condition. Note that in the case when its
zeros in the right-hand plane are known, a transfer function can be decom-
posed into the product of a minimum-phase function and an all-pass transfer
function [15, 19] from which the phase response can be calculated. How-
ever, such an approach is not usable when the only information available
about the filter is a measured amplitude response over a small part of the
real frequency axis.

Once it has been ensured that the filter is minimum phase, practical con-
siderations such as the frequency range over which the integration (2.7)
needs to be performed as well as the implementation of the phase retrieval
algorithm and its robustness to noisy measurement data and close to the
zeros of the transfer function need to be taken into account. Numerous tech-
niques have been proposed in the literature in order to compute Kramers—
Kronig relations (see e. g. [21,22] and the references in [23]). In the context
of WDM filters, a calculation algorithm based on a non-linear frequency
transformation known as the Wiener—Lee transform [10] has been applied to
the case of fibre Bragg gratings [17] as well as a method using digital signal
processing techniques [24]. More recently, an iterative approach [25] has
shown its effectiveness at reconstructing the group delay of fibre gratings
based on their transmission, even in the presence of significant noise.

As an illustration the amplitude-phase algorithm described in [17] has
been applied to the case of a uniform fibre Bragg grating used in reflection.
Such a symmetrical grating is known to be of the minimum-phase type
[5,20]. The measured reflectivity of a uniform fibre Bragg grating with
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Fig. 2.1. Comparison of the measured and calculated power transfer functions in re-
flection for a 33 GHz uniform fibre Bragg grating
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full-width half-maximum (FWHM) bandwidth equal to 33 GHz is plotted
in Fig. 2.1 together with the corresponding theoretical transfer function
calculated using the coupled mode equations formalism [26], showing good
agreement for the main lobe and the first two sidelobes on both sides.

The phase responses calculated from the measured and theoretical re-
flectivities using the Wiener—Lee transform algorithm are shown in
Fig. 2.2 (top). Good agreement is observed at the centre of the reflectivity
main lobe. The phase discontinuities occur at the minima of the reflectivity
where, due to imperfections in the real grating and the limited resolution of
the optical spectrum analyser used for amplitude transfer function meas-
urements, the measured and calculated reflectivities deviate significantly,
hence the discrepancies observed for the phase.

The group delay calculated by differentiating the phase retrieved using
the Wiener—Lee transform algorithm applied to the theoretical reflectivity
and the theoretical group delay obtained using coupled mode equations are
compared in Fig. 2.2 (bottom). Apart from the spikes in the recovered
group delay occurring close to the zeros of the reflectivity, a good agree-
ment is obtained, especially in the main lobe of the transfer function. Note
that the theoretical group delay curve has been slightly up-shifted in
Fig. 2.2 in order to allow for an easier comparison.
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Fig. 2.2. (Top) phase responses calculated by applying the Wiener—Lee transform
algorithm to the measured and calculated reflectivities of the uniform fibre grating
whose transfer function is represented in Fig. 2.1. The calculated reflectivity is also
plotted on a linear scale. (Bottom) corresponding theoretical group delay and group
delay recovered from the theoretical reflectivity
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The example above nevertheless confirms the concerns raised in [19]
regarding the practical applicability of the method. Even if the main fea-
tures of the phase or group delay of a filter that is known to be of the
minimum-phase type can be retrieved by Kramers—Kronig analysis, the
accuracy of the method might be questioned when it deals with the charac-
terisation of the phase of imperfect real devices.

2.3 Measurement of the Dispersion of WDM Components

Due to the aforementioned difficulties associated with the use of ampli-
tude-phase relations, direct measurement of the phase, group delay or dis-
persion of WDM filters is often preferred. In this section, two broad cate-
gories of phase-related quantities measurement techniques, based on either
interferometry or small signal amplitude modulation of a continuous light-
wave, are presented, and their advantages and limitations discussed.

2.3.1 Interferometric Techniques

A broad class of techniques enabling the characterisation of phase-related
quantities makes use of interferometers where phase shifts can be con-
verted into intensity variations that can be detected using a conventional
photodiode. Several approaches have been followed in order to measure
the phase properties of optical filters. A common difficulty to most imple-
mentations is the need for stabilisation schemes aimed at suppressing
phase drifts as well as a precise calibration of the measurement set-up in
the absence of the device under test.

Some early measurements have made use of coherent sources for the
characterisation of the phase of optical filters. For instance in [27], meas-
uring the power oscillations at the output of a Michelson interferometer
while a laser was tuned over the device passband enabled to characterise
the dispersion of a bulk grating pair as well as that of a linearly chirped
waveguide grating. An all-fibre Michelson interferometer using phase
modulation in the reference arm and lock-in detection was proposed in
[28] and was used for some of the first characterisations of the group
delay of a variety of fibre gratings [29]. The technique directly measures
the phase change induced by the device under test while a laser is tuned
over its passband. Phase-locked interferometry, where the delay of the
reference arm of a Michelson interferometer is continuously adjusted
while the wavelength is scanned, has been shown to enable group delay
measurements with high temporal and spectral resolution, however at the
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price of a complex experimental set-up where the delay is measured using
the interference pattern of an auxiliary coherent source [30].

A second approach consists of a wavelength domain analysis of the inter-
ference fringes obtained at the output of a Michelson or Mach-Zehnder
interferometer under broadband illumination. Initially applied to the charac-
terisation of short lengths of optical fibres [31], the technique has also been
used for the characterisation of wavelength-selective elements such as
a grating pair [32] and, more recently, short lengths of photonic bandgap
fibres [33]. Dispersion affects the wavelength periodicity of the interference
fringes measured using an optical spectrum analyser. The local maxima or
minima of the phase versus wavelength correspond to slow modulation of
the interference fringes. Once the phase turning points have been identified,
the phase can be fully reconstructed by keeping in mind that consecutive
local maxima of the fringes on either side are obtained for phase jumps of
127. The interferometer needs to be balanced within the coherence length of
the source, requiring a tuneable path length in the reference arm and possi-
bly stabilisation of its operating point. Both temporal and spectral resolution
depend on the number of interference fringes visible in the bandwidth of the
device under test, making the method unsuitable for narrow filters with low
dispersion. On the other hand, wide bandwidth and highly dispersive de-
vices could be characterised by this technique as long as the knowledge of
small group delay ripples is not required.

Low Coherence Interferometry

A powerful approach to the characterisation of the group delay of WDM
filters is low coherence interferometry [34—36], also sometimes known as
Fourier transform spectroscopy. A typical low coherence interferometry
set-up is represented in Fig. 2.3 in a Mach—Zehnder configuration suitable
for the characterisation of transmission filters such as arrayed waveguide
gratings [37]. Reflective devices such as fibre Bragg gratings can be char-
acterised in the same set-up using a circulator or in an equivalent Michel-
son interferometer configuration [38]. A low coherence source generates
a broadband signal that is input to a 3 dB coupler. The device under test is
inserted into one of the arms of the Mach—Zehnder interferometer while the
second arm contains a variable length reference path. When the optical path
length difference between the light contributions propagating in the two
arms of the interferometer is within the coherence length of the source,
interference fringes are obtained at the output 3 dB coupler and can be re-
corded via a photodetector followed by an analogue-to-digital converter for
further processing.
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Fig. 2.3. Low coherence Mach—Zehnder interferometer for the measurement of the
complex transfer function of optical filters used in transmission. An equivalent
Michelson structure can be used for reflective devices. DUT: device under test; PD:
photodiode; A/D: analogue-to-digital converter; M: motor driving the translation stage
setting the variable delay

The method can be understood as follows. Let E(7) and E,(¢) be the con-
tributions to the electric field at the output 3 dB coupler that have propagated
from the source through the upper and lower arm of the interferometer, re-
spectively. Let 7, and #, be the delays from port ® to port @ corresponding to
propagation through the device under test (DUT) and the reference arm,
respectively. Let E(¢) be the field emitted by the source and S(w) its spectral
density. The intensity detected at port @ is proportional to the square of the
modulus of the field averaged over a large number of optical cycles

10 =(E 0+ E0f), (2.9)

where the angled brackets denote time averaging. Assuming identical po-
larisations for E; and E,, the intensity becomes

1) = (E,(0E, () +(E, (0 E; (1)) + 2R(E, (D E, (1)) . (2.10)

The first two terms are constant (dc) offsets, while the interference term
can be shown to contain information about the transfer functions of the
two arms of the interferometer. If the transfer functions of the device under
test and of the reference path are denoted H(w) and H, (), respectively,
the two contributions to the total field at port @ can be written, assuming
an ideal 3dB coupler and neglecting the equal constant phase shifts ex-
perienced in the couplers along the two paths,

E ()= € j” E(w) H) "™ do, (2.11)
4 ==
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where E(w)is the Fourier transform of the input field E(¢). In a similar way
1 o iw(r—t
E,(1)= o L E(w) H,, (@) "™ do. (2.12)
Hence the interference term
* 1 ’ r o v * n i(o-o')t i(w'th-oy '
(E(OE, (1)) = [Ej _U<E(a))E (@ )>H(a))HW,. (@)™ dpdw' (2.13)

With the usual assumptions of ergodicity and stationarity for the field
E(?), the time average can be replaced by ensemble average and it can be
shown that

<E(w)E*(w')> =27 8(0'-w) S(w) (2.14)

where ¢ is the Dirac delta function. The interference term in (2.10) can
therefore be written

L) =2(EOE©) = 3 SoHeH, @] 215

where F~' denotes inverse Fourier transform. The argument of the interfer-
ence term is the difference in time delay 7,; =1, —¢, that is linked to the opti-
cal path difference Ax between the light propagating in each of the arms of
the interferometer. Consequently, if the interference fringes are recorded
while Ax is changed by continuously increasing the length of the reference
path along a translation stage, the interferogram /(Ax) contains information
about the complex transfer function (therefore including the desired phase
information) of the device under test. In practice the Fourier transform of
the fringes also contains information about other devices in the test path
(such as the optical fibre patch cords, imperfections in the 3dB coupler,
etc.). However, performing a measurement scan without the device under
test enables a total calibration of the set-up from which the parasitic contri-
butions to the measured H(w) as well as H fef(a))S( ) can be determined.

A variant of the technique makes use of a tuneable narrow band source
and detects the shift of the centre of the fringes’ envelope when the wave-
length of the source is changed, enabling a direct determination of the
variations of the group delay with wavelength [9, 34]. The time resolution
depends on the visibility of the fringes’ envelope which improves with
increasing source bandwidth, while the spectral resolution is also obvi-
ously limited by the bandwidth of the source, making the method only
suitable for the characterisation of broad bandwidth components. An all-
fibre implementation of a low coherence reflectometry technique suitable
for the characterisation of a broadband grating was also presented in [39].
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Fig. 2.4. Calculated low coherence interference fringes obtained from a broadband Gaus-
sian source with 40 nm FWHM (rop) and after reflection by a fibre Bragg grating filter
designed for 50 GHz channel spacing (centre). Fourier transforming the fringes enables
the determination of the spectral density of the source and the complex transfer function of
the filter. Interference fringes that would be obtained from a linear phase grating with
identical amplitude transfer function are also represented for comparison (bottom)

Figure 2.4 shows calculated low coherence interferometry fringes ob-
tained by using a broadband source modelled as having a Gaussian spec-
trum with 40 nm full-width half-maximum (FWHM) bandwidth. The in-
terferograms have been calculated with and without a Gaussian apodised
grating designed for WDM systems with 50 GHz channel spacing in the
test arm of the Michelson interferometer. Fourier transforming the inter-
ference fringes would enable to recover the grating complex transfer
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function. In order to illustrate that the phase transfer function is indeed
influencing the recorded interferogram, an additional calculation has been
performed where a hypothetical device having the same amplitude re-
sponse as the 50 GHz grating, but linear phase, was considered in the test
arm of the interferometer. Note that the spatial spread of the interfero-
grams is larger in the presence of the optical filter as a consequence of
band limitation. Consequently the larger scale used in the centre and bot-
tom graphs of Fig. 2.4 does not enable to resolve the interference fringes
but only their envelope.

The method is fast since both, amplitude and phase characteristics of the
filter, can be obtained with a single scan of the tuneable delay line. How-
ever, it requires a high linearity of the translation stage in the reference
arm. In practice a second interferometer making use of e. g. an He-Ne laser
is used to monitor the change in path length while the variable delay is
scanned. The wavelength resolution depends on the scanning range and
can be increased by zero padding the interferogram before applying a fast
Fourier transform (FFT) algorithm. The technique has also been shown to
exhibit a large dynamic range [38], making it suitable for the characterisa-
tion of the dispersion at the edges of the passband of WDM filters. How-
ever, the visibility of the fringes decreases when a bandpass element such
as a WDM filter is included in the test arm. As the group delay and disper-
sion are obtained by differentiation of the phase, a sufficient signal-to-
noise ratio should be ensured to avoid numerical errors. Smoothing of the
measured data, averaging over multiple scans, or enhanced balanced detec-
tion can be applied.

The use of low coherence interferometry has been reported for the char-
acterisation of fibre Bragg gratings [38,40], showing clear benefits in
terms of accuracy and acquisition speed compared to the widely used
modulation phase-shift method that will be described in Sect. 2.3.2, how-
ever at the price of increased complexity of the measurement set-up. One
unique feature of the method is the possibility to retrieve the group delay
characteristics of individual gratings in a cascade, provided the contribu-
tion of each component to the interferogram can be isolated, or by process-
ing of the entire interferogram if the reflection bands of the gratings do not
overlap [41]. The method has also been successfully applied to the charac-
terisation of the dispersion of arrayed waveguide gratings (AWGs). In one
approach the entire interferogram is Fourier transformed, directly leading
to the device dispersion [37]. Resolving the respective contributions of
each waveguide in the array, from which the phase and amplitude error
distribution can be determined, has also been shown to enable full accurate
modelling of the AWG including its dispersion [37,42,43].
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2.3.2 RF Modulation Methods
The Modulation Phase-shift Method

Due to its relative simplicity of implementation, the modulation phase-
shift (MPS) technique [44,45] has become the method of choice for char-
acterisation of the dispersion of optical fibres as well as of optical compo-
nents. Early reports of the use of the MPS method for WDM filters fo-
cused on devices such as Mach—Zehnder planar dispersion equalisers [46]
or arrayed waveguide grating multiplexers [3]. A typical phase-shift set-up
is shown in Fig. 2.5. Light from a continuous wave (CW) tuneable laser
is externally modulated with a sinusoidal signal at frequency f,, using
a Mach—Zehnder modulator (MZM). The choice of the modulation fre-
quency, typically from a few tens of megahertz up to a few gigahertz, will
be discussed in detail later. The modulated light is then input to the device
under test before being detected by a photodiode. The photocurrent is
bandpass filtered around f,, before being input to a vector voltmeter (VM).
In practice, a network analyser can conveniently be used to provide the
radio frequency signal used to drive the modulator and perform relative
phase measurements. Comparison of the phase of the detected photocur-
rent at f,, with the reference phase of the modulating signal enables the
determination of the group delay of the device under test according to

Ag =27f,7(4) (2.16)

where Ay is the wavelength of the tuneable laser source that is precisely
monitored using a wavelength meter (WM). Repeating the measurement
while the wavelength is tuned over the wavelength range of interest enables
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Fig. 2.5. Modulation phase-shift measurement set-up. TLS: tuneable laser source;
WM: wavelength meter; MZM: Mach—Zehnder modulator; RF: radio frequency signal
generator; DUT: device under test; PD: photodiode; EBPF: electrical bandpass filter;
VM: vector voltmeter
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the determination of the relative group delay as a function of wavelength
from which the dispersion can theoretically be calculated according to (2.4).
In order to understand the limitations of the MPS method, it is essential to
clarify the assumptions under which (2.16) has been derived. The complex
representation of the electric field at the output of the MZM can be written

E, (t)= E,[1+mcos(w,t — @)™ (2.17)

where @y is the angular frequency of the continuous lightwave generated in
the tuneable laser, @, is the modulation angular frequency, ¢ is the phase
of the modulating signal, and m is the modulation index. The spectrum of
the modulated signal consists of a carrier at @) and of two side-bands at
wy- W, and @y + w,. The electric field at the output of the DUT, whose
complex transfer function has been defined according to (2.1), can easily
be calculated by considering the attenuation and phase shifts experienced
by the carrier and the two side-bands. If it is assumed that the carrier and
the two side-bands experience the same amount of attenuation from the
DUT (. e. the magnitude of its transfer function can be considered constant
over the bandwidth of the amplitude-modulated signal), therefore

|H(a)0+a)m) :|H(a)0—a)m) :|H(a)0) , (2.18)

then the component of the photocurrent that is retained after electrical
bandpass filtering around @), can be written

i, (r)= i0m|H (a)o)|2 cos[qﬁ(a)o)— 9. ;¢’ jcos(a}mH 9. ;Q —(pj (2.19)

where ¢, and ¢ are shorthand notations for the phase shifts experienced by
the upper and lower side-bands, respectively. Hence the phase difference
between the detected signal and the reference signal used to drive the
modulator is

A¢=@;¢. (2.20)

Equation (2.20) shows that the amplitude-modulated (AM) signal effec-
tively probes the DUT at two frequencies corresponding to its two side-
bands, and that the method effectively returns an average of the phase of
the DUT at the side-bands’ frequencies. If, furthermore, the phase can be
assumed to vary linearly around the laser carrier frequency,

)
¢(w):¢(wo)+£(wo)(w_wo)’ 2.21)
then the phase difference Ag can be directly related to the group delay at ay
according to (2.16). This last assumption is equivalent to considering the
group delay constant over the bandwidth of the amplitude-modulated signal.
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Equation (2.16) shows that, for a given phase resolution of the vector
voltmeter or network analyser, typically of the order of 0.1°, the group
delay resolution of the method can be improved by increasing the modula-
tion frequency. However, this will result in a larger frequency separation
between the side-bands of the AM signal. Consequently, the assumption
that the phase of the DUT can be considered linear over the bandwidth of
the amplitude modulated signal might no longer be satisfied.

The modulation phase-shift technique is widely used for the characterisa-
tion of the dispersion of optical fibres [47] where both, dispersion and at-
tenuation, are expected to be slowly varying functions of wavelength, mean-
ing that the assumptions of (2.18) and (2.21) are fulfilled over a frequency
range up to a few gigahertz corresponding to the separation between the AM
signal side-bands. However, the situation is radically different in the case of
the characterisation of WDM filters where both, the dispersion and attenua-
tion, are expected to vary significantly with wavelength, especially at the
edges of the pass-band or stop-band of the device. Furthermore, as the dis-
persion values associated with optical filters are expected to be relatively
small, the use of relatively high modulation frequencies might be required
for their characterisation, hence increasing the side-bands’ separation. Con-
sequently, a compromise has to be found between group delay resolution
and distortion induced by the averaging effect.

This point is illustrated in Fig. 2.6 where results of phase-shift measure-
ments performed on a fibre Fabry—Perot filter with a FWHM bandwidth of
40 GHz are represented together with the calculated group delay response of
the filter. While reasonably good agreement is obtained for a modulation
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Fig. 2.6. Relative group delay of a 40 GHz fibre Fabry—Perot filter measured by the
phase-shift technique using modulation frequencies of 10 and 20 GHz. The calculated
group delay curve is shown for comparison. Note that raw measurement data without
curve fitting nor averaging are presented
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frequency of 10 GHz, this is no longer the case at 20 GHz where the meas-
ured group delay departs significantly from the theoretical value.

The relative error induced by the use of a too high modulation frequency
can be assessed numerically if the theoretical group delay or dispersion re-
sponses are known. Not only the relative phase experienced by the two side-
bands affects the accuracy of MPS measurements, but also their relative
attenuation. Figure 2.7 shows the theoretical group delay response of
a Gaussian apodised fibre Bragg grating designed for 50 GHz channel spac-
ing (FWHM bandwidth: 44 GHz) together with simulated phase-shift meas-
urement results that would be obtained when using modulation frequencies
of 1, 5, 10, and 20 GHz. Relatively good agreement is observed between
the theoretical group delay and the simulated measurement performed with
a modulation frequency of 1 GHz. However, the group delay features at the
edges of the passband are no longer properly characterised when the modu-
lation frequency is increased to 5 or 10 GHz. An inversion of the variations
of the measured group delay close to the passband centre frequency even
appears when a modulation frequency of 20 GHz is used. In contrast to the
case of a real measurement, only the choice of a too high modulation fre-
quency affects the retrieved group delay in those simulations. In practice,
the resolution of the group delay at low modulation frequencies will be lim-
ited by the phase accuracy of the vector voltmeter and the signal-to-noise
ratio of the detected signal. The latter will limit the bandwidth over which
accurate measurements can be performed due to the filter attenuation.
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Fig. 2.7. Theoretical transfer function of a Gaussian apodised fibre Bragg grating
designed for 50 GHz channel spacing and simulated group delay curves obtained with
the phase-shift method using modulation frequencies of 1, 5, 10, and 20 GHz
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In the case of the characterisation of the group delay ripples typically
associated with fibre Bragg gratings (those will be discussed in more de-
tails in Sect. 2.4.3 as well as in Chap. 5), increasing the modulation fre-
quency will decrease the amplitude of the measured ripples [48]. Depend-
ing on their wavelength periodicity, some modulation frequencies might
even result in an inversion of the polarity of the measured group delay
ripples [49].

A drawback of the modulation phase-shift method is that it enables the
determination of the group delay of the device according to (2.16), and not
of its dispersion. The dispersion can be obtained by numerical differentia-
tion based on (2.16). However, the numerical differentiation of noisy
measurement data turns out to be difficult unless a fitting or smoothing
procedure is used [50]. Consequently, it has become customary to use
a representation of the group delay as a function of wavelength to describe
the measured dispersive properties of WDM filters in scientific publica-
tions or product data sheets. An adaptation of the MPS method, known as
the “differential phase-shift technique” [51], uses low speed modulation of
the frequency of the laser source operated in an otherwise conventional
phase-shift set-up to directly detect the change in group delay occurring
over the wavelength excursion of the laser o4, hence enabling a direct de-
termination of the dispersion according to

D(A)- A@(A+8112)=Ap(A-5412)

222
27 f, 04 (2:22)

The method suffers from the same limitations as the conventional phase-
shift technique regarding accuracy of the measurement of devices having
strong wavelength-dependent features such as WDM filters, but it removes
the need for curve fitting in order to obtain the dispersion from the meas-
ured group delay. A detailed comparison of the MPS and differential
phase-shift techniques in a metrology environment can be found in [52, 53].

Enhancement of the Accuracy of the Phase-shift Technique

Since the shortcomings of the modulation phase-shift method for the char-
acterisation of WDM filters have been realised, a number of approaches
have been suggested in order to improve its accuracy.

If a single side-band (SSB) signal is substituted to the double side-band
amplitude-modulated signal in a conventional phase-shift set-up, the dif-
ference between the phase of the detected signal at «),, and the phase of the
sinusoidal signal driving the modulator becomes

Ap = i(¢i — ) > (2.23)
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where the sign depends on the selected side-band, and ¢ is the phase shift
induced by the filter at the carrier frequency wy. Such a single side-band
signal can easily be generated by creating a 90 degree phase-shift between
the sinusoidal signals applied to the two arms of adual-drive Mach—
Zehnder modulator [54]. By keeping the CW laser frequency a constant
and sweeping the modulating frequency, it becomes possible to directly
map the phase transfer function of the device under test with high accuracy
[55], including group delay ripples that would not be resolved using the
conventional MPS method.

Another approach consists in locking one of the side-bands of the AM
signal to a precise absolute frequency and increasing the modulation fre-
quency simultaneously with the CW laser carrier frequency, so that the
second side-band scans over the wavelength range of interest [56]. As for
the SSB method, the wavelength range over which the measurement is
performed is then limited by the maximum frequency at which amplitude
modulation and detection are possible, typically up to a few tens of giga-
hertz. The characterisation of typical WDM filters will require the meas-
urement to be repeated at different carrier frequencies or locked side-band
absolute frequencies in order to scan over the full bandwidth of the device.

Post-processing of measurement data obtained using the conventional
phase-shift technique has also been proposed as a way to circumvent the
averaging effect of the method at high modulation frequencies. In [57] the
measured group delay spectrum t,,..(®) has been shown to be equal to the
convolution of the real group delay with a rectangular function II equal to
1/2 w,, over the interval [-w,, @],

T (@) =7(0)*T1(0/20,) . (2.24)

Fourier transforming (2.24) leads to

| (u) = T(u) sinc(a)mu) s (2.25)
where T(u) and T,,..(u) are the Fourier transforms of the real and meas-
ured group delay, respectively, and where the Fourier variable u is related
to the inverse of the frequency period of the ripples. This approach has
been successfully applied to explain the reduction of the amplitude of
measured group delay ripples when the modulation frequency is increased,
as well as the inversion of polarity observed for some modulation frequen-
cies, depending on the spectral content of the ripples. However, deconvo-
lution of measured phase-shift data is made difficult due to the zeros of the
sinc function. Performing phase-shift measurements at two different modu-
lation frequencies and using a weighted average of their Fourier transforms
has been shown to overcome this difficulty [58].
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Beyond the influence of the modulation frequency, other limitations of
the accuracy of the MPS method such as the residual chirp of the Mach—
Zehnder modulator, the phase linearity of the electrical devices when the
power of the detected optical signal is varying, for instance due to the edge
of the transfer function of a filter [59], or the influence of the amplified
spontaneous emission noise of the laser source [60] have been pointed out.
Phase drifts of the measurement system might also constitute a limiting
factor, especially when either high spectral resolution characterisation is
performed by using small tuning steps for the CW laser, or when high ac-
curacy is sought at lower modulation frequencies by averaging over a large
number of measurements of the electrical phase difference A¢. Fast wave-
length scanning has been demonstrated using continuously swept lasers
[61], however, at the price of reduced wavelength accuracy due to the im-
possibility to use conventional wavelength meters.

In spite of its known limitations, the modulation phase-shift method has
established itself as the standard for group delay measurements of WDM
filters due to is relative simplicity. Careful optimisation of the measure-
ment set-up and procedure has been shown to enable high accuracy charac-
terisation [53, 59, 62]. It is nevertheless essential to be aware of its limita-
tions in order to allow for a correct interpretation of MPS measurement
results, as provided for instance in WDM filter manufacturers’ data sheets.

The Dispersion Offset Method

The analysis of the modulation phase-shift method shows that the ampli-
tude of the photocurrent at the modulation frequency also depends on the
phase properties of the device under test through the even orders of its
Taylor expansion, as can be seen in (2.19). If a second order Taylor expan-
sion is sufficient to describe the phase around the carrier wavelength Ay,
the cosine term describing the amplitude of the photocurrent in (2.19) can-
cels for modulation frequencies satisfying
a2 (k -1/ 2) c

fo= YT (2.26)
where k is a strictly positive integer. It is therefore possible to relate the
frequencies at which the magnitude of the photocurrent cancels to the value
of the dispersion at the carrier frequency. Such an RF modulation method,
also known as “fibre transfer function” method, has been proposed for the
measurement of dispersion in optical fibres [63, 64] and can be extended to
the direct characterisation of the dispersion of filters [65]. The method re-
lies on the fact that, due to the dispersive nature of optical components, the
propagation constants of the two side-bands of the amplitude-modulated
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signal are different. For a given dispersion value, modulation frequencies
can be found where the components of the beat signal between the carrier
and the side-bands are in counterphase, resulting in cancellation of the
photocurrent seen as dips in the small-signal frequency response. The ex-
perimental approach consists of sweeping the frequency of the modulating
signal and detecting the cancellations of the photocurrent on a network
analyser in order to measure the frequencies f; from which the dispersion at
the CW laser frequency can be calculated according to (2.26). Such a mea-
surement can be performed by using a set-up similar to the one represented
in Fig. 2.8.

From (2.26) it can be seen that the minimum dispersion that can be
measured by this method depends on the maximum frequency at which the
amplitude modulated signal can be generated and detected. This limitation
arises from the fact that, for a given amount of dispersion, the phase mis-
match between the side-bands required for cancellation of the photocurrent
is only achieved when the side-band separation is large enough. For in-
stance, a minimum dispersion of 156 ps/nm can be measured at 1550 nm if
the maximum modulation frequency is 20 GHz. By inserting a constant
dispersion offset, such as a length of standard single mode fibre, small
values of both positive and negative dispersions can be measured, making
the method suitable for the characterisation of optical filters. Such an off-
set will increase the total amount of dispersion to a value large enough to
be measured by the set-up. The dispersion of the device under test is then
equal to the change in total dispersion after it has been inserted. Stability
of the dispersion offset over time should therefore be ensured, for instance
by keeping it at a constant temperature.

DUT PD

v— - C-NHy

computer

Fig. 2.8. Dispersion offset measurement set-up. TLS: tuneable laser source; MZM:
Mach-Zehnder modulator; FO: fibre offset; DUT: device under test; PD: photodiode;
NA: network analyser
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The shift of the frequency dips enables to determine small dispersion values introduced
by optical components such as WDM filters. (Right) dispersion of a fibre grating Mach—
Zehnder optical add-drop multiplexer measured with the dispersion offset technique

When characterising optical filters, the two side-bands of the AM signal
might experience different attenuation. In this case, it can easily be shown
[65] that imperfect cancellation of the detected signal occurs, resulting in
shallower dips in the modulation transfer function, but that the frequencies
of the dips are not affected by the relative amplitude of the side-bands. How-
ever, this effect limits the accuracy of the determination of the dips’ frequen-
cies. Consequently, the applicability of the method depends on the steepness
of the slope of the amplitude transfer function of the filter under test.

As an example, the dispersion offset method has been applied to the char-
acterisation of a commercial fibre grating Mach—Zehnder optical add-drop
multiplexer (OADM) based on the design initially proposed in [66], show-
ing values in excess of 140 ps/nm in the considered wavelength range, as
illustrated in Fig. 2.9.

In the remaining part of this chapter, it will be examined how the know-
ledge of the dispersion of optical filters can be related to their impact on
transmission systems and networks, thus allowing proper selection of a fil-
ter type for a given application.

2.4 Dispersion of WDM Filters and System Implications

The dispersive properties of WDM filters have been the object of increased
attention over the past few years. Consequently, those are now systemati-
cally studied, either based on measurements performed on real devices
using one of the methods described in Sect. 2.3, or based on filter model-
ling. The phase behaviour of various WDM filter technologies has been
discussed in depth in previous work [4, 5, 67], and the phase characteristics
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of some of the filter types covered in the present book are presented indi-
vidually in the relevant chapters. In this section, some general issues about
the dispersion of optical filters and its system implications are discussed.
First, the group delay behaviour of three of the most widely used WDM
filter technologies (fibre Bragg gratings, multilayer interference filters, and
arrayed waveguide gratings) is compared based on measurements per-
formed on commercially available components. The system impact of fil-
ter dispersion and methods for its numerical and experimental evaluation
are then reviewed. The special case of group delay ripples presented by
some types of filters such as chirped Bragg gratings is treated separately.
Finally, novel filter designs where additional degrees of freedom are intro-
duced in order to simultaneously tailor their amplitude and phase re-
sponses are briefly presented.

2.4.1 Dispersive versus Linear—phase Filters

Filter technologies such as fibre Bragg gratings (Chap. 5), thin-film inter-
ference filters (Chap. 7) and arrayed waveguide gratings (Chap. 4) have
a strong potential for WDM systems applications due to their versatility
and design degrees of freedom. They are typically used in subsystems such
as optical add-drop multiplexers and optical cross-connects (OXCs), as
well as in terminal multiplexers and demultiplexers. In what follows, typi-
cal group delay curves measured on commercial devices are compared in
order to highlight the characteristic features of each type of filter. All
group delay curves presented here have been measured using the standard
modulation phase-shift method.

One of the main advantages of the fibre Bragg grating technology is that
the transfer function of the filter can be tailored by the proper choice of the
distribution of the coupling coefficient along the fibre length, which is
itself determined by the longitudinal effective refractive index profile. In
this way it becomes possible to “square” the passband and to reduce the
crosstalk level of fibre grating filters used in reflection, a process known as
apodisation. Whether this process necessarily results in increased group
delay at the edges of the transfer function depends on whether the filter
is minimum-phase, which is not systematically the case when a fibre grat-
ing is used in reflection, as will be described in Sect. 2.4.4. For instance,
a Gaussian apodisation profile can be used to simultaneously square the
pass-band while maintaining an acceptable crosstalk level [26]. As an il-
lustration, two commercial-grade devices designed for dense wavelength
division multiplexing (DWDM) systems with 100 and 50 GHz channel
spacing have been characterised by the phase-shift technique. The results
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Fig. 2.10. Measured reflectivity and group delay of Gaussian apodised fibre Bragg
gratings designed for 100 GHz (fop) and 50 GHz channel spacing (bottom). The modu-
lation phase-shift frequency used for the group delay measurements is f,,=2 GHz

obtained with a modulation frequency equal to 2GHz are shown in
Fig. 2.10. It can be seen that the shape of the group delay curve is similar
for both bandwidths. However, the extent of the variations of the group
delay with wavelength is much higher in the 50 GHz grating case, indicat-
ing that this device exhibits higher values of dispersion in the passband
than its 100 GHz counterpart.

Dielectric multilayer interference filters, also known as thin-film filters,
consist of several Fabry—Perot like cavities separated by reflectors made of
stacks of alternating low and high refractive index quarter-wave layers.
The possibility to tailor their bandwidth and the steepness of the slope of
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Fig. 2.11. Measured transmittivity and group delay (modulation frequency f,,=2.5 GHz)
of a thin-film filter-based demultiplexer

their transfer function by engineering the number of cavities and A/4 di-
electric layers makes them particularly attractive for DWDM applications
[68,69]. A typical transfer function of a thin-film (de)multiplexer is repre-
sented in Fig. 2.11, showing a characteristic flat-top and relatively steep-
slope response. The 3 dB and 20 dB bandwidths of the transfer function are
80 and 120 GHz, respectively. The dispersion is equal to 0 ps/nm at the
centre wavelength and is found to vary between —60 and +20 ps/nm within
the 3 dB bandwidth. The dispersion behaviour of thin-film filters depends
on the device structure and can also be influenced by imperfections in
layer deposition resulting in non-uniformities and surface roughness [70].
As such devices can be shown to be minimum-phase in transmission [5],
any attempt to square their transfer function, for instance in order to ac-
commodate smaller channel spacing in DWDM systems, will result in
increased dispersion at the edges of the passband. However, exploiting
their design degrees of freedom can be used to mitigate dispersion effects
while preserving an acceptable amplitude response [71,72]. Additionally,
a second stage consisting of a reflective all-pass filter can be added in or-
der to partially compensate for the dispersion of conventional transmission
bandpass filters [73] (cf. Fig. 7.7).

As pointed out in [5], the mechanism of resonant coupling in grating de-
vices means they could be considered to the limit as being equivalent to
thin-film filters with a large number of cavities. The measured group delay
responses represented in Figs. 2.10 and 2.11 confirm the similar behaviour
of these two types of filters, although the characterised thin-film filter
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Fig. 2.12. Measured transmittivity and group delay (modulation frequency f,, = 10 GHz)
of an arrayed waveguide grating demultiplexer designed for 200 GHz channel spacing

appears to be less dispersive than a Gaussian apodised grating of equivalent
bandwidth.

Arrayed waveguide gratings consist of two free-propagation regions to
which the input and output fibres are connected, linked by an array of
waveguides designed in such a way that the optical length difference be-
tween two consecutive waveguides is constant [74,75, see also Chap. 4].
Those devices can be used as (de)multiplexers as well as wavelength
routers. It can easily be shown that, if the distribution of the excitation of
the arrayed waveguides is symmetric, then an AWG is a linear-phase de-
vice, consequently dispersion-free [5, 67].

Figure 2.12 shows the measured power transfer function and group de-
lay of a conventional (i. e. whose passband has not been flattened by some
of the techniques discussed briefly in Sect. 2.4.4 as well as in Chap. 4)
AWG designed for 200 GHz channel spacing and having a 3 dB bandwidth
of 125 GHz. A modulation frequency as high as 10 GHz was necessary in
order to be able to measure the group delay in the passband, indicating that
the device exhibits low dispersion values. At such a high modulation fre-
quency, the limitations of the measurement method described in Sect. 2.3.2
should be kept in mind. The maximum dispersion value in the passband is
estimated to be 2 ps/nm, confirming the nearly linear-phase nature of
conventional non passband flattened AWGs.

The origin of residual dispersion has been investigated in AWG multi-
plexers with a Gaussian spectral response, as well as for passband flattened
devices [42]. Phase and amplitude errors in the transmission of the arrayed
waveguides have been identified as the main source of the dispersion. Fourier
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transform spectroscopy measurements performed on InP and silica-on-
silicon devices showed that slowly-varying phase errors (i. e. non-random
contributions to the phase distribution of each path in the arrayed
waveguides) were responsible for dispersion imperfections [43, 76], as con-
firmed by device modelling [77].

The three examples shown above highlight the importance of the choice
of a proper technology if the dispersive properties of DWDM filters are
relevant. The degrees of freedom offered by apodisation of fibre Bragg
gratings enable to realise nearly ideal flat-top transfer functions offering
low adjacent channel crosstalk and reduced passband narrowing when
cascaded, however, at the expense of dispersion at the edges of the pass-
band. This has been shown to be even more critical for narrow bandwidth
devices necessary to accommodate reduced channel spacing. On the other
hand, concepts such as AWGs do theoretically offer dispersion-free de-
vices (in practice limited by manufacturing imperfections resulting in am-
plitude and phase errors between the arrayed waveguides) at the expense
of a less ideal amplitude transfer function. It will be shown in Sect. 2.4.4
how extra degrees of freedom can be introduced for advanced components
design in order to mitigate those usual trade-offs. Even though their prop-
erties have not been detailed in this section, it is essential to keep disper-
sion in mind for the other filter technologies presented elsewhere in this
book, including bulk grating based devices [78,79], ring resonators [80],
and wavelength interleavers [81].

2.4.2 System Impact of WDM Filter Dispersion

Since it has been realised that the dispersion of optical filters might affect
the performance of WDM systems [2, 3], a number of theoretical, numeri-
cal, and experimental studies attempting to assess the impact of filter dis-
persion have been reported. Such investigations aim at either getting
a better understanding of the impact of a given complex transfer function
on the quality of the filtered signal, hence potentially enabling to optimise
the design trade-offs for the amplitude and phase responses, or at assessing
the tolerances or scalability limitations of optical links or networks making
use of such filters.

From a component design point of view, the focus is on evaluating signal
distortion induced by the combined effects of the amplitude and phase re-
sponses, in order to assess whether it is possible to reach a desired amplitude
response target while keeping the phase induced distortion under control. In
the case of wavelength (de)multiplexers, a so-called flat-top transfer func-
tion, presenting low adjacent channel crosstalk level, reduced bandwidth
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narrowing when cascaded, as well as small dispersion values at the passband
edges will be sought. In other types of filtering elements such as dispersion
compensating devices, the target will be to achieve a desired dispersion pro-
file over a given bandwidth while minimising the effects of undesired group
delay variations known as group delay ripples (cf. Sect. 2.4.3).

Optical network designers will have interest in determining the maxi-
mum number of devices that can be cascaded over a link, hence the num-
ber of nodes over which a signal can be routed transparently without re-
sorting to optical or electro-optic regeneration [82]. Clearly, this number
will depend on the rate at which the effective bandwidth of a cascade of
filters decreases, justifying the need for flat-top transfer functions that are
more resilient to bandwidth narrowing, but also on the dispersion accumu-
lated over the path, including filter-induced dispersion. Additionally, the
knowledge of system margins is of paramount importance for the design of
all-optical WDM networks. These margins include the tolerance to mis-
alignment between the signal centre frequency and the centre frequencies
of the filters present along the link, which may be limited by the dispersion
at the edges of the filters’ passbands.

It is therefore essential to be able to evaluate dispersion-induced limita-
tions arising because of WDM filters. Together with other key filter pa-
rameters such as:

insertion loss,

passband shape,

adjacent channel crosstalk,

in-band crosstalk for devices such as wavelength routers,
polarisation-dependent loss and polarisation mode dispersion,
thermal and mechanical stability,

the knowledge of the dispersive properties of a given filter and its system
implications will help assessing the suitability of this particular filter tech-
nology to the system under design.

It is beyond the scope of this chapter to present results on dispersion-in-
duced signal degradation for all the filter technologies presented elsewhere
in this book. Those will depend not only on the filter type, but also on its
practical realisation, as well as on numerous system parameters, including
bit-rate, modulation format, signal extinction ratio, and chirp. Conse-
quently, such results will not be general enough to be of significant value,
and general trends of the dispersive behaviour of the most widely used
filter technologies have already been presented in Sect. 2.4.1. Instead, gen-
eral techniques used to evaluate the influence of WDM filter dispersion on
signal degradation are introduced and illustrated by specific examples.
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Many of the early demonstrations of the impact of filter dispersion refer
to fibre gratings. Some of the first evaluations of the dispersion-induced
limitation of the usable bandwidth of grating filters have been performed
by assuming a maximum tolerable value of dispersion, for instance
1000 ps/nm corresponding to about 1dB power penalty for a 10 Gbit/s
non-return-to-zero (NRZ) system [83]. By calculating the grating complex
transfer function, typically by using a transfer matrix approach based on
coupled-modes equations [84], it becomes possible to evaluate the fre-
quency range over which the filter dispersion remains within this limit
[85]. While such an approach enables to easily link grating design parame-
ters (such as the apodisation function, grating length, and refractive index
modulation value) to a system related quantity (the grating usable band-
width), it ignores the interaction between amplitude and phase filtering as
well as the fact that the dispersion may vary significantly over the modu-
lated spectrum width, especially at the edges of the filter passband. Conse-
quently, more accurate system modelling is required in practice. Calculat-
ing the amount of broadening experienced by a single Gaussian pulse has
been used to evaluate the dispersive behaviour of a chirped moiré grating
exhibiting almost constant in-band group delay [86]. However, in digital
optical communication systems, a linear device such as an optical filter
may introduce intersymbol interference, and it is therefore desirable to
evaluate its effect on a whole data pattern, usually modelled as a pseudo-
random bit sequence (PRBS). It is customary to resort to numerical simu-
lation in order to calculate the complex envelope of a modulated signal
after it has been filtered by one or a cascade or WDM filters. In the ab-
sence of suitable receiver models able to properly evaluate the bit-error-
rate (BER) of signals strongly deteriorated by intersymbol interference,
qualitative comparisons based on calculations of the eye-opening penalty
(EOP) are often used. However, such a figure of merit is difficult to relate
to the BER-based quantities, such as power penalty, that are used in prac-
tice to define the system margins.

It is therefore preferable, whenever possible, to perform an experimental
evaluation of the filtering-induced signal degradation. Such early investi-
gations have been reported for instance in [87,88] for a single apodised
fibre Bragg grating used in reflection or in transmission. The influence of
the chirp of a 10 Gbit/s NRZ modulated signal was further investigated.
Asymmetries in the penalty against wavelength detuning curves for
chirped signals enabled to conclude on the influence of the grating disper-
sion that exhibits opposite signs on the short and long wavelength sides of
the passband. A first experimental comparison of the power penalty in-
duced by a fibre Bragg grating and an arrayed waveguide grating filter was
presented in [89], clearly outlining the inherent dispersive limitations of
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fibre gratings as opposed to linear phase devices [90]. Other early reports
on the evaluation of the system impact of filter dispersion include penalty
measurements in transmission and reflection for a single tuneable grating
[91]. As an illustration, Fig. 2.13 shows the measured penalty as a function
of wavelength for a 10 Gbit/s NRZ signal reflected by a Gaussian apodised
FBG designed for 50 GHz channel spacing. The usable bandwidth for
a maximum tolerable power penalty can be determined from such a meas-
urement. However, distinguishing the relative contribution of phase and
amplitude filtering is difficult. Numerical simulations, where it is possible
to independently calculate the effect of amplitude, phase, and conjugated
filtering, might provide qualitative insights into the main source of signal
degradation and can be used to complement such penalty measurements.
When a fibre grating is used in transmission, as is typically the case in
optical add-drop multiplexer structures, either using optical circulators [92]
or in a Mach—Zehnder interferometer configuration [66] (cf. Figs. 5.28 and
5.29), its out-of-band dispersion might induce degradation to the channels
that are immediately adjacent to the dropped one. This might ultimately
limit the channel spacing in DWDM networks making use of such devices.
This potential limitation was recognised in [93] where a single Gaussian
pulse analysis was performed based on an analytical expression for the
out-of-band dispersion of a grating used in transmission. An evaluation of
grating dispersion in transmission and its consequence on pulse degrada-
tion was also performed in [94,95] where the use of the grating in
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Fig. 2.13. Power penalty (at a BER of 10~ — non-preamplified receiver) for a 10 Gbit/s
NRZ signal reflected by the fibre grating designed for 50 GHz channel spacing whose
complex transfer function is represented in Fig. 2.10. The conjugate effects of ampli-
tude and phase filtering are accounted for in the penalty curve. Black squares: power
penalty, full line: reflectivity
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Fig. 2.14. Measured transmittivity and relative group delay in transmission of a fibre
grating Mach—Zehnder OADM. The group delay around the stop-band was measured at
a modulation frequency of f,,=5 GHz, while f,,=2.5 GHz was used to characterise the
group delay associated to the amplitude ripples on the short wavelength side (inset)

an OADM was considered. The cascadability of Gaussian apodised grat-
ings was also investigated in [96] based on an analytical expression for the
out-of-band dispersion and a maximum tolerable value of dispersion. The
fact that fibre gratings are minimum-phase filters in transmission has also
been exploited to provide bounds on their dispersion and to examine the
consequences for grating design [97]. Figure 2.14 shows the group delay
of a fibre grating-based Mach—Zehnder OADM close to its stop-band. No
dispersion impairments are expected if this device is used in a WDM sys-
tem with 200 GHz (1.6 nm at 1550 nm) channel spacing. However, opera-
tion with 100 GHz channel spacing would result in dispersion of the order
of £5 to £15 ps/nm for the closest channels on both sides of the stopband.
The attenuation and group delay ripples observed on the short wavelength
side of the stop-band will be discussed in Sect. 2.4.3.

As already mentioned, for network and system design, it is often desir-
able to know not only the impact of a single WDM filter on signal distor-
tion, but also that of a full cascade of filters, as encountered by the signal
propagating along a given path in the network. In this case the full range of
analytical and numerical techniques described previously remains avail-
able [95]. For instance, in [6] it was found that dispersion accumulation is
the main limitation to the cascadability of flat-top FBGs and thin-film fil-
ters. Approximating the dispersion at the centre of the passband with
a linear function of wavelength enabled to numerically assess the detuning
tolerance of a cascade of filters for a given value of power penalty.
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From the experimental side, transmission over a filter cascade can be
emulated by re-circulating loop experiments where the signal is propagated
a number of times through a single component. One obvious limitation to
the scheme is that it emulates propagation through perfectly aligned filters
having strictly identical transfer functions which is certainly not the case in
a real network. However, unless one is able to do experiments on a specific
link or path through a network, taking into account the relative detuning of
the filters as well as manufacturing-induced differences between their
transfer functions would require a statistical treatment in order to obtain
results of a sufficiently general value, especially when the system is made
nonlinear due to propagation over optical fibre spans. Other known limita-
tions of re-circulating loop experiments are the extra loss induced by the
loop switch, as well as the fact that some length of fibre is necessary to
store data into the loop. Consequently, if one is interested in evaluating the
degradation induced by the filter alone, it should be ensured that this fibre
span is perfectly dispersion-compensated and operated in the linear re-
gime. In spite of these limitations, re-circulating loops are convenient tools
to emulate filtering-induced degradation in large scale WDM networks
when only a few filter samples are available, as would be the case for de-
vice prototyping.

Such an approach has been used in [3] to successfully demonstrate that
the cascadability of WDM filters is also influenced by their dispersive
characteristics. The detuning tolerance of dispersive multilayer interfer-
ence filters was found to be less than half that of dispersion-free AWG
designs. In Fig. 2.15 it is shown how the usable bandwidth of the fibre
Bragg grating designed for 50 GHz channel spacing, whose transfer func-
tion is represented in Fig. 2.10, narrows when the device is cascaded up to
5times in a re-circulating loop. Furthermore, its optimum operation wave-
length is shifted towards the short wavelength side of its passband
(1558.98 nm) corresponding to an extremum of the group delay curve,
hence zero-dispersion [98].

Another reported approach has consisted in measuring the power pen-
alty induced by a single grating, and after ensuring good agreement with
simulations, numerically extrapolating the results to a cascade of filters
[99]. Straight line experiments aiming at evaluating the power penalty
induced by a cascade of FBGs have also been reported [100]. In [101], an
experimental and numerical comparison of the power penalty induced by
cascading fibre Bragg gratings and thin-film filters was further conducted.
It was confirmed in this study that the dispersion of the gratings was
largely responsible for the measured penalty. More recently, a detailed
comparison of the cascadability behaviour of conventional Blackman
apodised gratings with dispersion-optimised designs has confirmed the
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Fig. 2.15. Power penalty as a function of wavelength for 1 to 5 round trips in a re-
circulating loop set-up where a 10 Gbit/s NRZ signal is reflected by a Gaussian apo-
dised FBG designed for 50 GHz channel spacing

importance of proper dispersion engineering for high bandwidth utilisa-
tion in FBG-based devices [102].

The use of vestigial side-band (VSB) filtering has enabled the demonstra-
tion of DWDM systems with high spectral efficiency and record capacity
[103]. In such schemes the redundancy of the information contained in the
two side-bands of e.g. an NRZ signal is exploited in order to reduce the
channel spacing after partial suppression of one of the side-bands by optical
filtering. In contrast to the conventional use of filtering elements as
(de)multiplexers, the edge of the passband of optical filters is now used to
effectively suppress the undesired side-band. Alternatively, a notch filter
can be used for the same purpose [104]. In both cases, the need for a sharp
filter cut-off necessary in order to obtain good side-band suppression may
cause the preserved side-band to experience significant dispersion, depend-
ing on the filter technology. Consequently, a trade-off between the side-
band suppression ratio and the dispersion-induced pre-chirping of the signal
needs to be considered since both result from the steepness of the VSB filter
transfer function [105]. The negative dispersion associated with the short
wavelength edge of the passband or stopband of a fibre grating might actu-
ally contribute to the observed enhanced dispersion tolerance of VSB sig-
nals whose corresponding side-band has been suppressed, as observed in
[104]. To illustrate this point, the eye-opening penalty of a filtered 10 Gbit/s
NRZ signal has been calculated for various values of the detuning of its
centre frequency with respect to the centre of the passband of a Gaussian
apodised FBG designed for 50 GHz channel spacing. The results are shown
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Fig. 2.16. Top: calculated transfer function (reflectivity and dispersion) of a Gaussian
apodised fiber Bragg grating designed for 50 GHz channel spacing. Bottom: eye-
opening penalty as a function of NRZ signal detuning with respect to the grating centre
frequency. The EOP was calculated using a 2'°~1 pseudo-random sequence directly
after the VSB filter (0 km) and after transmission over 100 km SMF. For comparison,
EOPs have also been calculated assuming the VSB filter is linear-phase

in Fig. 2.16 for transmission over 100 km standard single mode fibre, as
well as directly at the output of the VSB filter. For comparison, the corre-
sponding eye opening penalties have also been calculated with a hypotheti-
cal VSB filter whose amplitude transfer function is the same as that of the
FBG, but exhibiting no dispersion (linear-phase filter). It is clearly seen
that, beyond reduction of the signal spectral width potentially allowing for
increased spectral efficiency, the negative filter dispersion is mostly respon-
sible for the enhanced dispersion tolerance observed for positive frequency
detunings. Consequently, the dispersion of the VSB filter needs to be taken
into account for the proper design of such systems, as outlined in [104], as
well as in [106] where a low dispersion bulk diffraction grating multiplexer
was used for side-band suppression.

2.4.3 Group Delay Ripples

Fast oscillations of the group delay of an optical filter with respect to
wavelength are usually referred to as group delay ripples (GDR). Here, fast
oscillations means that their frequency period is small compared to the
filter bandwidth and to the average trend of the group delay change within
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the filter passband. Such ripples can be found in a number of resonant
WDM filter types including chirped fibre Bragg gratings used for disper-
sion compensation [107] or for gain equalisation [108], long period fibre
gratings [109], and various structures of all-pass filters designed for dis-
persion compensation [110,111]. The amplitude and periodicity of the
GDRs depend on the filter design as well as on imperfections in the fabri-
cation process. In the following, GDRs are illustrated in more detail in the
context of chirped fibre Bragg gratings. However, the subsequent discus-
sion on their impact on optical fibre communication systems holds inde-
pendently of the filter technology.

In the case of FBGs, group delay ripples occur due to interference in-
duced by reflections at the grating ends [112]. Those ripples can therefore
be reduced by a proper apodisation of the grating [107,113], cf. also
Chap. 5. Furthermore, imperfections in the fabrication process are respon-
sible for random variations of the period and amplitude of the grating re-
fractive index modulation that also induce GDRs through residual multiple
reflections [114, 115]. Consequently, beyond the optimisation of the apodi-
sation profile, improvements in the fabrication process are also necessary in
order to allow better control of GDRs in chirped fibre gratings [116].

Figure 2.17 shows the attenuation and group delay (measured using the
phase shift technique with a modulation frequency of 130 MHz) of an
early chirped FBG. The average dispersion of the device (obtained from
the slope of a linear fit to the measured group delay as a function of wave-
length over the 1555.0 to 1555.4 nm range) is of the order of —800 ps/nm,
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Fig. 2.17. Measured reflectivity and relative group delay of an early chirped fibre
Bragg grating for dispersion compensation, showing typical group delay ripples asso-
ciated with this type of component
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enabling compensation of the dispersion accumulated over about 50 km of
standard single mode fibre. GDRs with a period of about 4 GHz and peak-
to-peak amplitude of up to several tens of picoseconds are clearly visible,
resulting in large variations of the local dispersion. This example is pro-
vided for illustrative purpose only as contemporary chirped FBGs exhibit
much lower GDRs thanks to optimised apodisation and improved fabrica-
tion techniques.

In order to specify the amount of GDR that can be tolerated for a given
system, it is essential to be able to assess its influence on the filtered sig-
nals. The impact of GDRs on system performance is difficult to predict
since it depends on their amplitude, period (relative to the signal spectral
width), and phase (with respect to the channel centre frequency). The pur-
pose of a typical chirped FBG is to compensate for the dispersion accumu-
lated by the signal over propagation in optical fibre. Consequently, pro-
vided higher order dispersion effects can be ignored in the fibre, a linear
dependence of the group delay of the FBG with respect to wavelength is
expected. Any departure from this situation is likely to result in unwanted
signal distortion. For instance, a signal tuned close to the quadrature point
of a sinusoidal group delay ripple having a frequency period sufficiently
large compared to the bit rate will experience nearly constant dispersion,
while the effect will be equivalent to that of higher order dispersion in case
the signal is tuned close to an extremum of the ripple [117,118]. Conse-
quently, the ripple will be responsible for the creation of echo pulses that
may interact with neighbouring information bits, hence leading to inter-
symbol interference. This point is illustrated in Fig. 2.18, where the effect
of a sinusoidal GDR on an isolated raised cosine pulse has been calculated
for three different relative detunings between the ripple and the centre fre-
quency of the pulse spectrum. In the case of a sinusoidal GDR, the delay
of the echo pulses can be shown to be equal to the inverse of the frequency
period of the ripple. The worst case signal degradation is then induced by
GDRs whose period is close to the bit rate [118—120]. Beyond this qualita-
tive understanding some figure of merit needs to be found in order to be
able to quantify the effects of GDRs [121]. The problem is complicated by
the fact that the ripples of real fabricated components are not sinusoidal
and that, as pointed out earlier, the induced system penalty depends also on
the phase and amplitude of the ripple.

Numerous theoretical and numerical studies have contributed to a better
understanding of the effects of the different relevant GDR parameters such
as peak-to-peak amplitude, frequency, and phase (on top of some of the
previous references, some relevant discussions can be found in e.g.
[122—-124]). It was shown in [125] that the peak-to-peak value of the phase
ripple over the signal bandwidth (as opposed to that of the group delay
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Fig. 2.18. Calculated illustration of the effect of a sinusoidal group delay ripple on an
isolated pulse depending on the phase of the ripple with respect to the modulated spec-
trum centre frequency. The dotted line represents the pulse shape at the filter input.
Here, the pulse spectral width compared to the GDR period means that the pulse will
experience higher order dispersion even when the signal is tuned to the quadrature
point of the ripple. In this example, an arbitrarily high value of the peak-to-peak GDR
(100 ps) has been used in order to enhance its effect

ripple) could be used to accurately predict the worst case penalty experi-
enced by the filtered signal, even in the presence of realistic GDR profiles.
A method enabling the direct determination of the phase ripple with high
resolution was subsequently proposed [126]. Good correlation between
system performance and two figures of merit that can be extracted from
GDR measurements (the residual dispersion and the variance of the resid-
ual phase ripple in the signal bandwidth) has also been reported in [127].
Ultimately, as in the general case for dispersive devices discussed in
Sect. 2.4.2, experimental investigations can be performed to assess the real
impact of GDRs on the performance of a fabricated filter [128, 129]. Fur-
thermore, as the GDRs induced by imperfections in the fabrication process
are not reproducible from one device to another, investigations of cascaded
filtering, e. g. when chirped FBGs for dispersion compensation are used in
multi-span systems, require some form of statistical analysis [130].
Coupling to cladding modes is responsible for amplitude ripples on the
short wavelength side of the transfer function of fibre gratings used in
transmission [26, 131], as can be observed on the measured transfer function
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of an early FBG Mach-Zehnder OADM depicted in Fig. 2.14. Such ampli-
tude ripples are associated with group delay ripples having the same perio-
dicity, as shown in the inset of Fig. 2.14. In this particular case, the period of
the ripples is estimated to be about 0.5 nm around 1551 nm, and the maxi-
mum dispersion values are £15 ps/nm. The evaluation of system impair-
ments related to those dispersion and amplitude ripples would require statis-
tical considerations on their amplitude, periodicity, and phase, as well as on
the topology and wavelength assignment of the WDM network where such
OADMs would be used. Fortunately, techniques exist that can successfully
suppress these short-wavelength ripples [132, 133].

2.4.4 Advanced Filter Design

Optical filters for WDM systems have to satisfy a number of system re-
quirements. As discussed previously, those include low out-of-band
crosstalk, large detuning tolerance in order to allow for possible system
drifts, as well as low dispersion, especially when multiple filtering elements
are encountered by a signal over its path in a transparent network domain.
Depending on the filter technology, it might be contradictory to attempt to
achieve several of those goals simultaneously. For instance, approaching
aflat-top power transfer function is a desirable feature for a wavelength
(de)multiplexer as it results in low adjacent channel crosstalk as well as
reduced passband narrowing due to cascading. However, if the filter is mini-
mum-phase, increased dispersion at the edges of its passband will result
from the action of squaring its amplitude response. Inversely, conventional
arrayed waveguide grating (de)multiplexers have been shown to exhibit
very low dispersion in their passband. Unfortunately, their amplitude re-
sponse can be well approximated by a Gaussian transfer function [75], and
consequently exhibits smooth roll-off, making them prone to severe pass-
band narrowing when concatenated over a given path in a network.

In this section, the implications of those design trade-offs on filter dis-
persion are illustrated based on two examples. First, the effect of passband
flattening of AWGs on their dispersive properties is examined. Second, it
is shown how advanced apodisation profiles can be used in order to reduce
the dispersion of fibre Bragg gratings while maintaining their ideal square
amplitude response.

Passband-flattened AWGs

Several methods have been proposed in order to approximate the desired
flat-top transfer function for AWGs [134-138]. One promising approach



56 2 Phase Characteristics of Optical Filters

100

attenuation (dB)
(wuysd) uoisiadsip

- - - -parabolic horn I
-40 +—+—/—"—r1—+—+—+—7—+——r1 7+ 71—+ +——-100

-75 -50 -25 0 25 50 75
frequency detuning (GHz)

Fig. 2.19. Calculated power transfer function and group delay of a conventional Gaus-
sian and of passband-flattened AWGs using an MMI coupler or a parabolic horn. The
three devices are designed for the same 3 dB bandwidth of 100 GHz (device modelling
by Chrétien Herben, METEOR project)

consists in approximating a flat-top response by the summation of two
Gaussian distributions. This principle can be realised in practice by using
a multi-mode interference (MMI) coupler [139] before the input slab, as
proposed in [140, 141]. Alternatively, using a parabolic horn before the
input slab has also been shown to result in passband flattening, as proposed
in [142]. These last two approaches are the ones considered here. Issues to
take into account when introducing a passband flattening process in the
design of an AWG (de)multiplexer are the possible presence of ripples in
the amplitude response, the introduction of excess loss, as well as the in-
troduction of dispersion [143].

Numerical simulations have been performed to compare the dispersion
properties of devices having the same 3 dB bandwidth. The results of accu-
rate device modelling are shown in Fig. 2.19 for a conventional Gaussian,
as well as for AWGs whose passbands have been flattened by using either
an MMI coupler or a parabolic horn at the input of the free propagation
region.

As expected, the standard Gaussian design is dispersion-free, whereas
relatively large dispersion values are observed in conjunction with ~1dB
amplitude ripples when an MMI coupler is employed to square the field
distribution before the input slab. Clearly, such high dispersion values
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would be unacceptable for high bit rate applications and the large ampli-
tude ripple would also prevent cascading the device. Using a parabolic
horn, both amplitude ripple and dispersion are reduced. Further, a proper
design of the parabolic horn has been shown to result in flat-top transmis-
sion with reduced chromatic dispersion [144]. Low dispersion passband
flattened designs based on engineering the relative attenuation and phase
shifts of the arrayed waveguides have also been demonstrated [145].

Low Dispersion Fibre Bragg Gratings

Since fibre Bragg gratings are compact, low-loss devices that are inher-
ently compatible with optical fibres, considerable interest exists for realis-
ing advanced transfer functions that would present a rectangular passband
in conjunction with linear phase.

It can be shown that, in the weak coupling regime, the coupling poten-
tial due to the refractive index corrugation x(z), where z is the longitudi-
nal coordinate of the grating, and the reflectivity are related by a Fourier
transform-like expression [146]. Although this relation no longer holds
for strong gratings, it can nevertheless provide some rough design guide-
lines for the optimisation of the shape of the reflectivity of grating filters.
The coupling potential x(z) depends directly on the amplitude and phase
of the refractive index perturbation [147]. Therefore, in order to achieve
a flat-top transfer function, the refractive index profile should follow
a sinz/z dependence. However, this requires the ability to synthesise 7
phase-shifts in the refractive index profile. Gratings realised following
this approach have been shown in [148] to exhibit far less dispersion than
gratings with conventional Gaussian apodisation profiles. The use of other
symmetric refractive index profiles with phase-shifts has enabled the
demonstration of filters with square amplitude response and reduced dis-
persion [149, 150].

It has been mentioned in Sect. 2.2.2 that grating filters are generally not
of the minimum-phase type when used in reflection. This opens the possi-
bility to achieve the double goal of synthesising devices with an ideal rec-
tangular transfer function and low dispersion at the edges of the passband.
However, it has also been demonstrated in [20] that, if the grating is sym-
metric, its group delay is identical in transmission and in reflection.
A grating being minimum-phase in transmission [20], the group delay in
reflection of a symmetric device is then uniquely determined by its reflec-
tivity. Therefore, using an asymmetric refractive index profile offers addi-
tional degrees of freedom for the design of low dispersion filters with
nearly square amplitude responses. In [151-154] asymmetric refractive
index profiles with multiple phase-shifts have been demonstrated, allowing
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Fig. 2.20. (Left) measured (solid line) and calculated (dotted line) reflectivity and
group delay of a low dispersion fibre Bragg grating whose normalized apodisation
profile is shown as inset. (Right) measured penalty as a function of detuning for
10 Gbit/s return-to-zero (RZ) modulation [157]. Device modelling and characterisation
by Hans-Jiirgen Deyerl

the fabrication of nearly dispersion-free, high reflectivity, rectangular grat-
ings. However, unlike the symmetric designs presented above, the disper-
sion-free operation of those filters is dependent on the direction of light
propagation. Consequently, they may not be used in conventional OADM
structures. The development of advanced grating writing techniques, to-
gether with efficient algorithms enabling to calculate the required refractive
index profile to achieve a given target filter response [155], have allowed
the fabrication of grating structures where both amplitude and phase re-
sponses can be engineered [156].

Figure 2.20 shows the asymmetric apodisation profile of a low disper-
sion fibre Bragg grating [157]. The grating was fabricated using the polari-
sation control method [158], and its measured reflectivity and group delay
are represented together with simulation results. A reflectivity of 99.7%
for a 20mm long device as well as a group delay fluctuation of less than
10 ps were obtained within the 3 dB bandwidth of a device designed for
100 GHz channel spacing. The good dispersion properties of the grating
were confirmed by penalty measurements at 10 Gbit/s, showing that up to
99% of the filter’s 20dB bandwidth could be used with less than 1dB
power penalty.

Consequently, recent results have demonstrated that advanced asymmet-
ric refractive index profiles with multiple phase shifts can be used in order
to simultaneously realise nearly ideal square amplitude responses with low
dispersion.
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2.5 Conclusion

In this chapter, the need for accurate determination of the dispersive prop-
erties of WDM filters and estimate of their impact on systems has been
highlighted. Over the past few years, the awareness of both component and
system designers towards this sensitive issue has grown, and it is now cus-
tomary to present group delay curves and specifications together with the
amplitude response of optical filters.

From the characterisation side, two key experimental methods, namely
low coherence interferometry and the modulation phase-shift technique,
have been presented in detail and their benefits and limitations discussed.
These limitations should be kept in mind when analysing group delay
curves found in the literature and product descriptions.

Beyond component characterisation, it is also essential to be able to
quantify the effect of filters’ complex transfer functions on the signal
quality in an optical link or network. It has been reviewed how the in-
band dispersion of WDM filters may limit the usable bandwidth of the
devices as well as the number of devices that can be cascaded along
a given path in a network. For some types of components, group delay
ripples might induce some further signal degradation. The out-of-band
dispersion in OADMs might also limit the channel spacing in DWDM
systems.

Improved component manufacturing techniques are effective at reduc-
ing spurious dispersive effects due to e. g. group delay ripples or coupling
to cladding modes which were critical in early generations of devices.
However, basic physical limitations will remain which result from the fact
that various filters are of minimum-phase type, and hence have dispersive
properties fully determined by their amplitude response. It has also been
illustrated how the introduction of extra degrees of freedom can be used to
circumvent some of the limitations of conventional filter designs, allowing
the realisation of advanced WDM filters whose amplitude and phase re-
sponses can be engineered to meet specific targets inferred from system
requirements.

There is no reason to doubt that the increase in capacity needs observed
since the dawn of optical communications will stop in the near future,
meaning that the limits of high bit-rate and high spectral efficiency sys-
tems will need to be pushed further. Visions of complex transparent optical
networks may also come closer to reality. These trends will make the re-
quirements for understanding and control of dispersion in WDM filters
even more important.
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3 Diffraction Gratings WDM Components

Jean-Pierre Laude

3.1 Introduction

The key property of a grating is its ability to simultaneously diffract all
incoming wavelengths, so that it is possible to construct simple wavelength
division multiplexers, passive wavelength routers, wavelength cross-con-
nects, and add-drops with a very large number of close channels or tune-
able filters with a narrow bandwidth.

A diffraction grating [1-5] is an optical surface on which a large num-
ber of grooves, N,, (several tens to several thousands per millimetre) are
located. The grating has the property of diffracting light in a direction re-
lated to its wavelength (Fig. 3.1). Hence an incident beam with several
wavelengths is angularly separated into different directions. Conversely,
several wavelengths A, 4, ... A, coming from different directions can be
combined into the same direction. The diffraction angle depends on the
groove spacing and on the incidence angle.

\
PR \
4
j'2
\ %
Reflection AN \ \
Grating \\\\ ) Transmission \\\
“\ ! 2773 Grating \\
\ \
\
a b AN

Fig. 3.1. Principle of demultiplexing by diffraction of an optical grating: wavelengths
A, As, A3 coming from a single transmission fibre are diffracted into different direc-
tions. The diffraction grating works in reflection (a) or in transmission (b)
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3.2 Grating Interference-diffraction Principles

3.2.1 Diffraction Orders

Let us consider (cf. Fig. 3.2) a transparent and equidistant slit array in vac-
uum, refractive index n =1, and a plane wave incident at an angle € (meas-
ured with respect to the normal of the grating). Each slit diffracts light in
transmission. In the direction €', measured from the perpendicular to the
grating, the waves coming from different slits are in phase, if the optical
path difference 4, between successive optical paths (AB) + (CD) is

Ap=A (sin 8 +sinf)=mA,,, 3.1

where m is an integer, A is the wavelength, and A the distance between two
successive slits. Direct transmission corresponds to m=0, while m=+1
correspond to the first diffraction orders on each side of the direct trans-
mission.

AB CD

Fig. 3.2. Calculation of the diffraction order angles

3.2.2 Dispersion

It is easily demonstrated that the angular dispersion, corresponding to the
wavelength variation is

o' m

_— 3.2)
dA  Acos@'
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or
ﬁ_ sin & + sin @'
dA Acos@'

In the Littrow condition (corresponding to a reflection grating working
with 0=0")

(3.3)

dé' ’ tan &'

T 2

Equation (3.4) shows that the angular dispersion versus the relative

wavelength variation depends on tan 6’ only. The angular dispersion tends

towards an infinite value when 0’ tends to 90°. Consequently, wavelengths
can be angularly separated.

3.4)

3.2.3 Resolution

The resolution limit corresponds to the angular width of the diffraction of
the whole surface of the grating projected into the direction §'. One can
show that the maximum resolution R; ,,, that can be obtained is

R o = j7 =mNo, (3.5
where N, is the total number of grooves. Very high resolution, typically
A/dA=0.5x10° is currently obtained in spectrometric instrumentation. It
is less in WDM components, in which the dimensions cannot be too high:
for example, a 1800 lines/mm, 58 mm grating buried in silica corresponds
to a resolution of 10° (or 16 picometres at a wavelength of 1.55 um).

3.2.4 Free Spectral Range

The grating equation (3.1) is satisfied for a different wavelength for each
integral diffraction order m. For a given set of incident and diffracted an-
gles we get several wavelengths corresponding to different values of m.
The free spectral range (FSR) of a grating is the largest wavelength inter-
val in a given order, which does not overlap with the equivalent interval in
an adjacent order. The free spectral range may be expressed by

FSR=17, —Am+1=An/ (m+1). (3.6)
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3.3 Grating Manufacturing

Two processes are currently used for the manufacturing of masters of dif-
fraction gratings: diamond ruling on interferometrically controlled engines
and, since its practical introduction in 1966 by Jobin Yvon, holographic
recording.

3.3.1 Ruled Surface-relief Gratings

Since the first known diffraction grating was constructed by the American
astronomer David Rittenhouse in 1785, who reported a half-inch grating
with fifty-three apertures, several attempts have been made to produce grat-
ings for scientific use. The first practical diffraction grating was realised in
1820 by the German scientist Joseph von Fraunhofer (1787-1826) with
fine parallel wires stretched between two parallel threaded rods. With his
grating he was already able to resolve the sodium D lines. In 1850 the Prus-
sian F.A. Norbert was able to make gratings superior to Fraunhofer’s. In the
late 19th century Professor Henry Rowland (1848—-1901) of Johns Hopkins
University in Baltimore, with his mechanical engineer Schneider, began
ruling plane and concave gratings on speculum metal blanks from John
Brashear (1840-1920) on sophisticated ruling engines. Near 1880 Rowland
and his co-workers were able to rule gratings with 1700 lines/mm.

A.A. Michelson of the University of Chicago originally designed his en-
gine in the 1910s. This engine has later been rebuilt by B. Gale. Before the
second world war the gratings of A.A. Michelson, typically 500 lines/mm,
30 cm long high quality gratings, made a tremendous impact on the field of
spectroscopy. Around 1950 Richardson and R. Wiley of Bausch & Lomb
rebuilt the engine of Milchelson, and in 1990 a new servo control system
based on a laser interferometer was added.

G. Harrison of MIT, Bausch & Lomb (using the engine originally built
by D. Mann of Lincoln in 1953), and Jobin Yvon (J.P. Laude and
M. Gouley, 1965), following the technique of G. Harrison, made interfer-
ometric control ruling engines that are still today among the best operating
ruling engines in the world. The needs of spectroscopy have given rise to
the ruling of gratings used at high angle, comprising a higher and higher
number of grooves per millimetre, or equivalently with a smaller number
of grooves but used at high order. A further difficulty arises from the fact
that the quality of the grating is closely connected with the degree of preci-
sion with which the straightness, the parallelism, and the equidistance of
the grooves are controlled. Finally, the profile of the grooves, determined
as will be seen later by the purpose for which the grating is intended, must
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be maintained constant from the first to the last groove, thus excluding any
wear of the ruling tool in the course of operation. For example, in the Jobin
Yvon engines the carriage of the grating rides on perfectly smooth ways
under the precise control of a Michelson interferometer which controls the
carriage displacement in order to maintain absolute parallelism and dis-
placement accuracy in such a way that the mean error in the position of the
grooves is less than 4 nm.

In the specific case of concave gratings, the profile remains uniform
along the groove because the ruling diamond is not displaced parallel to
itself, but rather its motion axis is adjusted on the centre of the grating
concave blank.

The production of high quality gratings is linked to the solution of prob-
lems concerning temperature, vibration, the reliability of operating condi-
tions during the ruling of the grating master that can last several days. The
temperature of the machine is maintained constant to a few 1/100 of a de-
gree. Particular attention is paid to the elimination of vibrations in the de-
sign of the room, and mechanical connections with the building are re-
duced to a minimum with dampers. The interferential control has the
function of relating the advancement of the grating carriage between the
ruling of two consecutive grooves to the wavelength of a monochromatic
source. Such control eliminates residual periodic errors of the drive mecha-
nism. Any short interruption in the operation of the machine would almost
irremediably spoil the quality of the grating being produced.

3.3.2 Classical Holographic Gratings

These gratings, which are material recordings of interference fringes pro-
duced by laser beams, show characteristics of performance supplementing
and extending the limitations of machine ruled gratings. At the very begin-
ning of the laser era (1962), the theoretical possibility of obtaining such
gratings was first mentioned. However, it was necessary to wait until 1968
and the innovations of the Jobin Yvon research team to get the first effec-
tive holographic plane and concave gratings [6—7]. Basically, this method
consists of recording a system of interference fringes in the bulk of a pho-
tosensitive layer deposited on a blank of optical quality. An adequate
chemical treatment develops a modulated profile which constitutes the
grooves of the grating.
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3.3.3 Holographic Gratings on Silicon

V-shape grooves can be fabricated by anisotropic etching of a silicon wa-
fer under a mask of SiO, or Si;N, manufactured using an intermediate
photoresist holographic mask. The etchants are usually alcaline ions such
as NaOH or preferably KOH at elevated temperatures. The etching rate is
smaller in the [111] direction than in the other directions. If the surface of
the wafer is (100), then symmetrical V grooves with an angle of 70.53°
within two (111) side walls are obtained (Fig. 3.3). Asymmetric grooves
are obtained on silicon substrates polished with a proper inclination y of
the crystal surface (becoming an hkk plane) with the (111) plane. The top
angle will be 70.53° (k larger than h) or 180°—70.53°=109.47° (k smaller
than h, Fig. 3.4). Excellent Si gratings for telecommunication applications
have been proposed early [8]. Today such gratings give efficiencies ex-
ceeding 80% [9].

Si0, or SizN,
Mask
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Fig. 3.3. V-shape grooves fabricated by anisotropic etching of a silicon wafer

70.53°
Si wafer

109.47°

Si wafer

Fig. 3.4. Asymmetric grooves are obtained on silicon substrates polished with
a proper inclination y of the crystal surface. The top angles are 70.53° or
180°—70.53°=109.47°, respectively
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3.3.4 Surface Relief on Multilayer Dielectric Gratings

The compression of high energy, high repetition rate, ultra-short (picosec-
ond and sub-picosecond) laser pulses using a pair of gratings in chirped
pulse amplification (CPA) chains stimulated the development of new high
efficiency low damage threshold gratings. The initial short seed pulse com-
ing from an oscillator is stretched by a factor ten thousand or more before
passing through the optical amplifier chain where it grows in energy. The
amplified pulses are then compressed back into short pulses (typically a few
100 femtoseconds in duration: 1fs=10""s) of high intensity (100 TW and
more). The compression is done with a pair of large parallel gratings. In the
compression stage the gratings operate with a variable pulse duration from
typical 1ns stretched pulses to typical 300 fs compressed pulses (case of
LULI in France [10-11]). Normally in CPA the compression is done at
wavelengths around 1.06 um. In this wavelength range a properly designed
and carefully ruled gold-coated grating has a diffraction that exceeds 95% in
polarised light, however, the threshold for optical damage for short high
energy pulses is typically 0.8 J/cm? for ns pulses. This threshold, related to
the metal absorption, is not strongly dependent on the pulse duration, but is
not high enough for this application. In order to overcome the unavoidable
absorption loss due to the metallic reflection on the traditional surface-relief
gratings it was shown that efficient and larger damage threshold gratings
could be obtained by etching the grating surface into the top layer of a multi-
layer reflective dielectric stack [12—-17].

So far a very high efficiency in polarised light has only been demon-
strated theoretically and experimentally with a higher damage threshold on
short pulses. For example, 96% to 98% diffraction efficiency at 1.06 um
were obtained on Jobin Yvon gratings with 1740lines/mm as early as
1998. In dielectric materials the damage threshold is notably dependent on
the pulse duration: the threshold is lower with shorter pulses. At 0.5 ps
duration these gratings had a damage threshold above 2 J/cm’, twice the
value observed on the best equivalent gold-coated gratings [10-11, 18-19].

The grating can be formed on top of the multilayer by ion etching or ma-
terial deposition through a periodic mask, recorded using the traditional
holographic means (interference pattern of laser light on the surface) in
a photoresist layer deposited by spin-coating, followed by removal of the
mask in a solvent or by other chemical, or plasma means. The grating can
also simply be prepared in the photosensitive material deposited on the
multilayer: in this case the “mask” will not be removed. The multilayer
stack consists of dielectric layers with low and high index alternatively
(typically SiO,/HfO, with indexes 1.46 and 1.9 at 1.053 um, respectively).
The dispersion is generally high as the grating, with a high frequency,
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works at a high angle (typically 60° to 80°) in the first order. It can be de-
signed to work in transmission or in reflection. Two typical structures of
multilayer dielectric HfFO,/SiO, gratings with a periodic structure etched in
SiO; or in HfO, are presented in Fig. 3.5. Such multilayer dielectric grat-
ings made by the Diffractive Optics Group at Lawrence Livermore Na-
tional Laboratory with 565-nm period grooves ion beam etched with
650 nm depth in a SiO, low-index top layer and 675-nm period grooves
etched with 300 nm depth in a HfO, high-index top layer, both exhibit dif-
fraction efficiency above 95% into the —1 reflected order at 1053 nm, 52°,
TE-polarisation. This laboratory also announced gratings with 96.5% mean
and 99.2% maximum efficiencies at 1053 nm, 66°, in first order [14, 19].
96% and 98% were measured on Jobin Yvon gratings etched in a SiO, low-
index top layer and a HfO, high-index top layer, respectively [16, 17].

The multilayer dielectric gratings initially developed for the stretching
and compression of laser pulses can be used in WDM components. Of
course, the results obtained at 1 um for the pulse compressors can be ex-
trapolated to 1.3 or 1.5 um. In this application the most important factor is
not the high damage threshold, but the possibility to obtain nearly 100%
diffraction efficiency in TE mode polarised light in the 1** order. Another
unique feature is that the optical bandwidth and the efficiency of the grat-
ing are adjustable with the angle of incidence and with the grating and the
multilayer structures. For example, the grating can be designed to reflect
one wavelength while transmitting all other wavelengths for add-dropping
with very low losses. Of course, as is generally the case for WDM compo-
nents using high-frequency gratings, the input polarisation has to be condi-
tioned, independent on orientation in order to get low polarisation-de-
pendent loss (PDL).

3.3.5 Stratified Volume Diffractive Optical Elements

A new class of high efficiency gratings was introduced in 1999 by Cham-
bers and Nordin [20]. It uses multiple binary grating layers interleaved
with homogeneous layers as shown in Fig. 3.6. The gratings are shifted
laterally relative to one another. A plane wavefront, for example, from
a parallel vertical incoming beam is diffracted by the layers when it passes
through the component. Preferential constructive interference occurs for
given wavelengths in given directions and orders of interference. Depend-
ing on the characteristics of the layers and on their relative positions, effi-
ciencies comparable to those obtained in a volume holographic grating with
slanted fringes can be obtained. In [21] an efficiency of 82% with 3 grating
layers and 92-96% with 5 grating layers is predicted and confirmed in
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Fig. 3.5. Typical multilayer dielectric gratings

experiments with TM-polarisation, in first order at 2.05 um with a grating
period of 4um. The deflection angle in the transmission of a normally
incident beam is 32°.
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Fig. 3.6. Stratified volume diffraction grating structure
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Up to now, to our knowledge, such gratings have not been applied to
WDM. However, their excellent characteristics in efficiency and maybe
their reliability, as they are made of stable transparent inorganic materials,
could be interesting in particularly demanding applications.

3.3.6 Volume-phase Holographic Gratings

Introduction

Volume-phase holographic gratings (VPHG) have been developed over the
past three decades in parallel with the most common holographic surface-
relief gratings. VPHGs are based on recording interference stationary waves
in the volume of the photosensitive coating in order to obtain efficient holo-
grams. In his autobiography Dennis Gabor, the inventor of holography in
1947, underlines how he was “fascinated ... by Gabriel Lippmann’s method
of colour photography [22], which played such a great part in [his] work”,
and the early work of Y.N. Denisyuk (1958-1962) combines holography
with Lippmann’s work to produce white light reflection holograms.

In 1968 T.A. Shankoff [23] published the first paper on dichromated
gelatine holograms followed quickly by L.W. Lin [24] and others. The
process was improved later by M. Chang and others [25-29]. In particular,
from 1974-1984 R. Rallison [30] pioneered the production of glass sand-
wich dichromate holograms. The principle can be applied to the manufac-
turing of masters and replicas as well.

It was noted early that the brightness of the reconstructed image of the
hologram obtained in the finite thickness sensitive material of the photo-
graphic plate was influenced by the angle of incidence of the reconstructed
beam. In 1972, Akagi etal. showed the cross section of a Kodak 469F
holographic plate taken by an electron microscope. As expected, a micro-
structure of index changes could be seen in the form of the fins of a Ve-
netian window-blind acting as small mirrors diffracting light with an angu-
lar distribution centred around the direction of reflection [31].

In 1983 Dickson patented a “method for making holographic optical
elements with high efficiency” in large quantities by optically replicating
a previously recorded interference pattern consisting of parallel Bragg sur-
faces on a silver halide master, in the dichromated gelatine film of a copy
element [32]. The patent describes how to get the Bragg surfaces properly
reoriented within the gel to maximize the efficiency of the final replica.
This was proposed for multi-element optical scanners used to read bar-
coded labels (in supermarket operation for example). Today Dickson™
gratings are proposed at wavelengths in the C-, S-, or L-bands (see for ex-
ample [33]).
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Physics of Volume-phase Holographic Gratings

Figure 3.7 schematically displays the recording of index modulation in the
fringe planes located in the interfering volume of two parallel coherent
laser beams of wavelength .
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Fig. 3.7. Recording of index modulation in the fringe planes. The angle between the
two incident beams being u the distance between the fringe planes is Ay/2sin(u/2)

With o being defined as the spatial frequency (number of lines per unit
length) of the grating, the spacing in the plane of incidence on the grating
surface is 1/v (Fig. 3.8). The angle 8’ of the diffraction order m for an angle
of incidence 6 at wavelength A in free space is given by the classical
transmission grating equation:

(sin O +sin 6")=m A v. 3.7

Lets assume a grating material with mean refractive index n. When the
optical path difference 4=nx(H;OH,) between two successive rays dif-
fracted from adjacent planes of equal index, n+ An, is equal to an even
number of wavelengths, the Bragg phase condition is fulfilled and a maxi-
mum of diffraction in the order m is obtained. This can be calculated easily
from the projections of the segment OO’ on the incident and reflected
beams:

H10=OH2=/1 sin 93, (38)

where A is the periodic distance between planes of equal index spacing and
Op the Bragg angle in the material (Fig. 3.9). The Bragg condition is given
by:

A=2nAsin Og=mlg. (3.9)
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Index n

Variation An 7

Fig. 3.8. Volume-phase holographic gratings (VPHG) in transmission or in reflection

Fig. 3.9. Bragg condition: the condition of phase necessary to get a maximum of dif-
fraction in the direction 3 corresponds to nx (H;OH,) equal to an even number of
wavelengths
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Applications of Volume-phase Gratings

Today volume phase gratings and in particular “s-p phased gratings” be-
come particularly important for high resolution spectroscopy, which re-
quires large incidence angles. They are in use in very different applications
such as astronomy [34-38], optical scanners, polarisation switches, optical
memories, and WDM components. We will present hereafter some exam-
ples of results obtained with VPGs.

Dichromated gelatine has a good transparency from 300 nm to 2800 nm
and high resolution allowing line densities up to 6000 lines/mm. The typi-
cal index, index modulation, and depth are 1.35, 0.02 to 0.1, and up to
20 um, respectively. Excellent transmission gratings at 300, 600, 1200, and
2400 lines/mm have been obtained with peak efficiencies in the first order
of 80% and more. For 600 to 2400 lines/mm transmission gratings this is
generally larger than the efficiency obtained with triangular-groove profile
purely dielectric surface-relief gratings. The reflective grating has the abil-
ity to “saturate” the diffraction efficiency. The theoretical efficiency curve
of such a grating can be maintained at 100% over a given spectral band-
width that is unfortunately relatively narrow. But this bandwidth can be
enhanced by a change of index modulation as a function of the grating
depth. In Ref. 36 Barden etal. present such a grating operating at 532 nm
with a practical efficiency of 90% in a square bandwidth larger than 20 nm.
Such “saturated” reflection gratings can be used for DWDM filters (50 GHz
width at 1295.5 nm in [39]). VPG technology has the noticeable advantage
to allow the stacking of multiple gratings into a single component. For ex-
ample, in Ref. 36 again Barden et al. describe a transmission grating multi-
plexing 656 nm (1200 lines/mm) and 486 nm (1620 lines/mm) into the same
direction 23° with peak efficiencies of 93% and 80%, respectively.

Applications of multiple VPGs include CWDM transmission filters
(4 channels at 1275nm, 1350nm, 1490nm, and 1550 nm recorded on
a small photorefractive glass cube are presented in [39]). In Ref. 40
Yaqoob and Riza give the specifications of a free-space wavelength-
multiplexed optical scanner using a 940lines/mm VPG in dichromated
gelatine. The Bragg wavelength is 1550 nm, with a Bragg angle outside the
grating of 46.76° (=36° inside). The estimated thickness and index modu-
lation are 8.39 um and 72.4x 107, respectively. The absolute efficiency is
93% at the maximum of 1550 nm and 87% at 1520 nm and 1590 nm, while
the PDL, being negligible from 1530 nm to 1570 nm, remains smaller than
0.12dB from 1500 nm to 1600 nm.

A polarisation switch, using a thick, 1118 lines/mm VPG in a polymer-
dispersed liquid crystal, is described in Ref. 49. With a high monomer
concentration a high isotropy without external field is ensured. Designed
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for working in the 1550nm wavelength window at a Bragg angle of
35.26°, the alignment of the peaks without external field is obtained with
a product of index modulation and grating thickness Anxd=1.9 um. The
PDL remains lower than 0.2dB across the whole C-band (1.53 to
1.57 wm). The s and p diffraction efficiencies can be shifted under an elec-
trical field for polarisation switching.

High dispersion VPGs in prisms for operating wavelength ranges 1525
to 1565 nm with 1790.5 lines/mm, 1575 to 1608 nm with 1742.0 lines/mm,
and 1555 to 1608 nm also with 1742.0 lines/mm with angular dispersion at
the centre wavelength of 0.3°/nm, resolution 12 GHz, 6.5dB loss, 0.3dB
PDL and other gratings with different characteristics for DWDM or polar-
isers are currently available [42-44]. VPGs for operating wavelength
ranges 1530 to 1570nm, with 940lines/mm and efficiencies better than
93% for s- and p-polarisation are proposed as well [45]. Mux/demux de-
vices with 100 GHz spacing based on transmission VPGs used in double
pass are commercially available [46]. For 40 channel devices the insertion
loss is typically 3dB and 5dB for Gaussian (pass band of 0.4 nm at =3 dB
down maximum) and flat top (pass band of 0.51 nm at —3 dB down maxi-
mum) channel shape, respectively, with PDL <0.3 dB.

Volume holography is also being proposed in holographic memory or
optical information processing. Research performed on optical databases
using VPGs demonstrated large storage capacity and fast parallel access
(see for example [47—48]). It is possible to record information databases
on multiple holograms in a small volume. For example, three 4-bit digital
words have been recorded in a 2cm’ iron-doped LiNbO; crystal via angle
multiplexing at 488 nm and retrieved in three directions at 1550 nm by
a 200 GHz spacing WDM read-out beam at 1550 nm [49].

Recently it was shown by S. Han et al. that chirped VPGs could have in-
teresting applications in compensation or management of chromatic dis-
persion and polarisation mode dispersion [50]. However, the practical dis-
persion of —10 ps/nm obtained in their experiment is still by far too small
for application to standard chromatic dispersion compensators. In fact
VPGs are or have been a solution for many different applications [51].

Photo-materials for VPGs

One of the major challenges to implementing volume holography has been
the development of suitable materials. These materials need to offer high
photosensitivity, optical clarity, dimensional stability, thickness, index
modulation, manufacturability, non-destructive readout, and environmental
and thermal stability. Many references on the phase materials for this ap-
plication can be found in [52].
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Silver-Halide in gelatine. Useful information on these recording materials
is given in [53]. (The film section of this paper is out of date, but the
chemistry part is outstanding and still very useful). The material can be
exposed at wavelengths up to 750nm. The sensitivity is high (up to
3uJ/em® at the optimum wavelength), and An can reach 0.1. The grain
size, a significant source of scattering, can be as low as 10 nm.

Dichromated gelatine (DCG). The DCG material is recommended for
VPGs for spectroscopic applications. The sensitivity is lower (4 mJ/cm® at
442 nm to 100 mJ/cm? at 514 nm). An can reach 0.2 to 0.25. Thicknesses d
up to 100 um have been used, but R. Rallison recommends d=25 to 30 um
as practical limits for DCG with maximum d X An of about 2.5 um, no mat-
ter what the thickness of the film is [52]. One drawback is its sensitivity to
moisture. But in principle a baking at 150°C supplemented by a glass pro-
tective cap solves this problem.

Polymers. DMP-128 from Polaroid is generally used at thicknesses of 5
to 15 um, where it has about the same index modulation as DCG. So it
has the ability to produce a high reflection efficiency in a thin layer. The
material is sensitive in the red. Its sensitivity is about 25 mJ/cm®. It can
be filled with liquid crystals. HRF Dupont photopolymers show modula-
tions up to An=0.06. This relatively low value is not a drawback in thick
film applications. For example, an HRF 600x001-20 film with a thick-
ness of 20um was used to record a guided wave holographic grating
WDM with four channels at 1551, 1553, 1555, and 1557 nm, and another
WDM structure operating at 800 nm with results consistent with the theo-
retical rigorous coupled wave analysis (RCWA) model [54]. The Shipley
photo-resist is one of the materials of choice for relief holographic grat-
ings. Its sensitivity is relatively low, 2000 mJ/cm” at 488 nm, but it can be
doped with sensitisers. Highly-efficient (96%) multiplexed VPGs de-
signed for playback at 1550 nm have been fabricated recently using 200-,
300-, and 500-um thick layers of ULSH-500 photopolymer from Aprilis
Inc. based on cationic ring-opening polymerization (CROP) [55-57]. The
material was originally developed by Polaroid and optimized to achieve
low transverse shrinkage without sacrificing sensitivity [58—59]. Typical
exposure irradiance of 1 mW/cm?, and An=1.3x107 at the read wave-
length of 514.5nm are given. More information on optical data storage
materials can be found in [60]. Polyvinyl alcohols (PVA) are interesting
as photopolymer materials despite their low adherence to glass. They do
not require wet processing and show good stability. For example, up to
1500 lines/mm transmission gratings have been recorded in PVA with
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6 mW/cm® at 514nm in [61] in order to obtain quantitative information
on the higher harmonics in the Fourier expansion of the recorded refrac-
tive index. These gratings show a good efficiency in the first on-Bragg
angular replay condition. Epoxy resin-photopolymer composites are also
good candidates for volume holography. A large selection of epoxies,
amines and photopolymers are available allowing compromises between
the optical, mechanical and environmental properties [62]. Many years
ago doped and partially polymerized poly(methylmethacrylate) had been
used to record strip waveguides using a variation of index up to 5x 107
[63]. Such a material has been used recently to record single or superim-
posed volume gratings for DWDM [64]. A modulation An=6.4x107"* is
deduced from the experiments. With four Bragg gratings working at
100 GHz spacing efficiencies from 20 to 83% have been obtained. A dif-
fraction efficiency of more than 99% with a flat top bandwidth of 1nm
was demonstrated on a single reflection grating with a typical length of
15mm. This material seems extremely interesting. However, the high
volume shrinkage during polymerization and the strong thermal expan-
sion of the polymer need further attention before industrialization.

For specific applications photorefractive lithium-niobate may become
very attractive. It was shown that polarisation-independent DWDM com-
ponents with VPGs working at high diffraction angles can be achieved by
superposition of two gratings superimposed in a photorefractive LiNbO;
crystal working on ordinary and extraordinary waves in such a way that
both diffracted waves are collinear outside the crystal [65].

Refractive index differences can be induced in ZnS or PbS doped
glasses by femtosecond laser pulses [66]. Using this method in a Ti-
sapphire laser focused beam, a refractive index difference up to 20% has
been obtained on gratings with periods 3 um and 15 um with 90% diffrac-
tion efficiency in the near IR. This was recorded at 750 mW average
power, 250 kHz repetition rate, 200 fs pulse duration with a beam focused
to a diameter of a few microns [67].

3.3.7 Ruled and Holographic Concave Gratings

Aberration Correction

The possibility of controlling the focal properties of concave surface-relief
gratings by a proper distribution of the grooves has been known for a long
time. Concave gratings are capable of stigmatic imaging without the need
for auxiliary focusing optics. Concave surface-relief gratings can be manu-
factured on computerized ruling engines. However, it is generally easier to
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record these gratings through holographic techniques. Moreover, the holo-
graphic recording is also applicable to the manufacturing of the VPGs and
of almost all other grating structures.

Blazing of Surface-relief Concave Gratings

The groove shape allows the concentration of the diffracted energy into
a given spectral range: the grating is then said to be “blazed”. The blaze
angle of surface-relief concave gratings has to be changed continuously on
the grating surface (Fig. 3.10). In principle, in the scalar theory it is neces-
sary to keep (angle AMN) =(angle NMB) for each position M along the
concave surface. On holographic gratings, a profile variation with surface
location can be obtained by variable incidence ion etching. Following pro-
duction of the holographic master, which has pseudo-sinusoidal groove
profiles, the grating is then used as a mask subjected to an oriented ion
beam to remove surface atoms until the groove structure presented by the
surface hologram is brought into the substrate itself. To “shape” the groo-
ves, the angle of incidence of the ions to the substrate can be adjusted to
produce triangular blazed grating profiles. High efficiencies have been
achieved with concave aberration-corrected holographic gratings [68].
Typically 60% to 80% efficiencies and sub-nanometre wavelength resolu-
tion from 1500 to 1560 nm on all single-mode concave holographic grating
tuneable demultiplexers are obtainable.
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Fig. 3.10. Blazed concave grating
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Another method has been proposed in which a blazed grating can be
fabricated through grey-scale X-ray lithography. As the gratings can be
generated over a considerable range of distances from the mask, the ability
to write gratings maintaining a constant blaze on a substrate of arbitrary
shape seems promising [69].

On classically ruled gratings, one can rule three or four zones with
a constant but optimized angle and with a corresponding loss of resolution.
The resolution of such a grating ruled in N parts will be at least N times
less than that of the same grating ruled as a single part, but, in most cases,
an efficiency approximately equal to the efficiency of the equivalent plane
grating can be obtained with a very small number of zones [70].

3.4 Efficiency and Polarisation-dependent Loss
versus Wavelength

3.4.1 Plane Reflection Surface-relief Metallic Gratings

We use Fig. 3.11 with the following notations:

N: normal to the mean grating surface
M: normal to the facet

angle of incidence (with respect to N)
diffraction angle (with respect to N)
angle of incidence (with respect to M)
diffraction angle (with respect to M)
groove spacing

blaze angle

'-

NAEITID

Fig. 3.11. Diffraction plane grating
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If the index outside the grating is n, equation (3.1), which gives the posi-
tion of the wavelength A, in order m, becomes

n A (sinf+ sin8)=mAi,,. (3.10)

Scalar Approximation

When the groove spacing is much larger than the wavelength and at small
angles, the efficiency can be usefully approximated by a purely scalar the-
ory. A small angle approximation for 6, 8’, and yis used, and it is assumed
that the number of grooves is large enough to have an angular width of the
diffraction by the total grating surface much smaller than the angular width
of the diffraction by a facet. We get rough results, but this analysis is very
useful to start with.

Let us remark that the diffracted energy is maximum in the direction
corresponding to a reflection on each grating facet, i.e. when i=i". From
the relations i =0 —y and i'= 0’ —y we get the blaze angle value necessary
to get a maximum at given incidence and diffraction angles € and 6"

_0+0'
S

This angle y determines the shape of the diamond to be used for the rul-
ing of the grating master.

For reflection gratings the blaze angle is generally calculated in the Lit-
trow condition, in which 8= 6", corresponding to an incident and exit beam
in the same direction. Under these conditions the blaze wavelength is:

(3.11)

A =2Asiny in the first order, (3.12)
Az = Asiny in the second order, and (3.13)
Amp=2A/m) siny in the m™ order. (3.14)
When 8 =0’ the blaze wavelength in order m is:
. 6-0
Aoso = (2 A1 m)siny cos% (3.15)

The efficiency #,,in the order m can be approximated by:

sin((0+60')/2-y) (3.16)
sin((6+ 0')/2)

=Rcost9

e sinc 2 {mﬂ cos 6
cos
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where R is the reflectivity of the coating. The wavelength-dependent effi-
ciency 7,,(A) can be obtained from (3.16) combined with (3.1). A high effi-
ciency can be obtained with the simple smooth triangular groove profile of
Fig. 3.11. Gratings with such a profile are so-called echelette or echelle
gratings. The border between these two classes of gratings is rather badly
defined and there is no consensus between the different manufacturers for
this. The term echelette is generally reserved for fine spacing gratings (i. e.,
typically 600 lines/mm and more) and used in orders lower than |m|=35 or
|m|=6. Echelles are “coarse” gratings (i.e., typically 20lines/mm to
600 lines/mm ) and are used at high diffraction angles, generally in orders
larger than |m|=35 or |m|=6 and sometimes in orders beyond 100. Echelles
operate in high orders with correspondingly short free spectral ranges (cf.
(3.6)). Echelles and echelettes are often specified by the “R number”,
which equals tand’ in the Littrow condition. The “R number” is an impor-
tant characteristic, linearly related to the angular dispersion (see
Sect. 3.2.2). The typical values of this “R number” 1, 2, 3, and 4 correspond
to §'=45°, 63.43°, 71.56°, and 75.96°, respectively. Of course, the same
high “R number” can be obtained for an echelle grating with a “large”
groove spacing A; working in a high order m;, or with a fine enough groove
spacing A, echelette grating working in a low order m, when

my/Ay =my/A; (3.17)

The expression of the spectral distribution E,, (1) of the diffracted en-
ergy from an echelette grating in the approximation of small blaze angle
and the curve giving its value in the first order are given in [Ref. 71,
pp. 41-43].

Electromagnetic Theory

With gratings having a small groove spacing (A=a few A or less), and/or at
high angles the scalar approximation is no longer valid. Anomalies appear
in the efficiency curves, and the spectral distribution of the diffracted en-
ergy depends on the polarisation. The maximum efficiency with unpolarised
incident light is lower than the efficiency at the blaze wavelength A,,, given
by the scalar equation. The efficiencies in polarised light were fully calcu-
lated from Maxwell’s equations (M. Petit, thesis, Faculté d’Orsay, France,
1966 and [72]). Efficiencies of perfectly conducting sinusoidal gratings or
perfectly conducting triangular-profile gratings typically used in WDM
components calculated at the Laboratoire d’Optique Electromagnétique de
Marseille are reproduced in [Ref. 71, pp. 44—45]. With respect to polarisa-
tion we will use the following conventions: An electromagnetic wave with
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electric field polarised perpendicular to the plane of incidence (i. e. parallel
to the grooves of the grating) is called s-polarised or TE, and a wave with
electric field vector parallel to the plane of incidence (i. e. perpendicular to
the grating grooves) is called p-polarised or TM (see also Glossary).

Today electromagnetic theory software enabling analysis and optimiza-
tion of the grating groove profiles is commercially available. The PC Grate
software is based on rigorous modified integral methods [73]. These meth-
ods are applicable to the calculation of a broad range of A/A values of one
to several hundreds including the calculation of the efficiencies of the ech-
elette and echelle gratings [74—75]. The GSOLVER software uses hybrid
rigorous coupled wave analysis and modal theory based on algorithms
similar to those of the coupled-wave analysis of Moharam and Gaylord
[76—79]. GSOLVER can model low order classical surface-relief gratings
in transmission or in reflection as well as VPGs with sinusoidal or non-
sinusoidal profiles and VPHGs with fringes normal to the grating surface
or with tilted fringes.

A very high efficiency can be obtained for TM-polarised light over
a large spectral range at A/A values almost up to 2 [71]. This means that
a high dispersion with a high efficiency can be obtained in polarised light.
(The dispersion tends to infinity when A/A tends to 2). Devices operating
with TM-polarisation only will exhibit very low losses. It is possible when
dealing with unpolarised light to angularly separate TE and TM in the in-
cident beam. Then the TM incident beam can go directly to the grating and
the TE incident beam is rotated by 90° before reaching the grating. This
increases the complexity and the cost of the WDM device, but without
such compensations it is necessary to design gratings with the same effi-
ciency for both s- and p-polarised electric fields. We tried to optimize the
theoretical profiles of a few typical relief gratings for a maximum theoreti-
cal efficiency at low PDL from 1500nm to 1600 nm. Theoretical effi-
ciency curves are given in Fig. 3.12 for triangular profiles, and in Fig. 3.13
for sinusoidal profiles. In theory, with gold-coated gratings, operating in
air in the first order from 1500 nm to 1600 nm, absolute efficiencies of 80
to 90% and low PDL can be obtained with up to 600 to 800 lines/mm and
optimized groove profiles. However, above 600 lines/mm it becomes in-
creasingly difficult to manufacture gratings with such profiles. Moreover,
whatever the profile optimization for good efficiencies at low PDL, one
gets a smaller and smaller efficiency as the grating frequency increases as
can be seen from the curves (less than 50/70% above 950 lines/mm corre-
sponding to a Littrow angle of 47.41°at 1550 nm). But of course, when
necessary, it is always possible to increase the linear dispersion at a given
Littrow angle using a longer focal length.
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Fig. 3.12. Theoretical efficiency in the first order of four triangular profile gratings
with gold coating optimized for low PDL and maximum efficiency in air from
1500 nm to 1600 nm at fixed incidence corresponding to Littrow conditions at 1550 nm
(a) 500 lines/mm, incidence 22°, (b) 600 lines/mm, incidence 27.71°, (¢) 800 lines/mm,
incidence 38.32°, (d) 950 lines/mm, incidence 47.41°, TE and TM correspond to s- and
p-polarisation, respectively
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Fig. 3.13. Theoretical efficiency in the first order of four sinusoidal profile gratings
with gold coating optimized for low PDL and maximum efficiency in air from
1500nm to 1600nm at fixed incidence corresponding to Littrow conditions at
1550 nm. On all curves, as for triangular profiles, the efficiency for TE-polarisation is
larger than the efficiency for TM-polarisation at 1500 nm and the opposite at 1600 nm
(except in case (a)). (a) 450 lines/mm, incidence 20.41°, (b) 500 lines/mm, incidence
22.80°, (c¢) 810 lines/mm, incidence 38.31°, (d) 950 lines/mm, incidence 47.41°

In order to use gratings with larger dispersion at limited PDL and ac-
ceptable efficiency, a solution is to work in a higher order and with a grat-
ing immersed in a transparent material. Then the wavelength inside the
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Fig. 3.14. Theoretical efficiency of four triangular gratings, coated with gold, and
diffracting immersed in a material of index n=1.52. The four gratings correspond to
the same dispersion, TM-polarisation: full lines, TE-polarisation: dashed lines

material is divided by the index n of the material. With a grating on silicon
diffracting inside silicon, this solution is very effective as the index is very
high, but the interface with the device generally needs to be coated with
alow PDL anti-reflection multilayer coating. On the other hand, if the
grating is immersed into a low index polymer material this coating can be
avoided.

In Fig. 3.14 we show how a 1100 lines/mm triangular grating coated
with gold could be optimized in first order in a material of index 1.52. The
efficiency is larger than 70% and the PDL very low from 1520nm to
1570 nm. With equivalent dispersion gratings, 550lines/mm in second
order, 275 lines/mm fourth order, 150 lines/mm fifth order the efficiency is
progressively increased up to 90 % at low PDL.

In Fig. 3.15 we give the theoretical efficiencies of higher dispersion grat-
ings. With 1400 lines/mm it is still possible to optimize the profile to get
a theoretical efficiency of about 70% in the first order and up to about 90%
with the equivalent dispersion grating 466.66 lines/mm operating in the
third order. However, with a 1800 lines/mm grating (Littrow angle of 66.6°
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Fig. 3.15. Theoretical efficiencies of high dispersion gratings immersed in index
n=1.52, Littrow condition at 1550 nm. 1400 lines/mm and 466.66 lines/mm, incidence
45.5°, 1800 lines/mm and 360 lines/mm, incidence 66.6°

at 1550 nm in index 1.52) it was not possible to avoid the PDL in the first
order. This grating with a saw-tooth profile can be used for TM-polarisa-
tion with a high efficiency (see [71] for more information). An equivalent
dispersion grating with 360 lines/mm, of different profile, working in the
fifth order, could be optimized for low PDL at about 65% efficiency. In
theory, echelle gratings with special groove profiles operating in higher
orders would give better results, but are still difficult to manufacture.

Characteristics of medium and high dispersion ruled diffraction gratings
used by Confluent Photonics in their DWDM components are given in
[80]. For medium-dispersion reflection “covered/immersed” gratings
ameasured efficiency of 90% with a very low PDL from 1520nm to
1570 nm is reported for a 750 lines/mm equivalent dispersion grating. For
high dispersion reflection gratings an efficiency of 68% and a PDL lower
than 0.21dB from 1525nm to 1565nm is given for a 1080 lines/mm
equivalent dispersion grating. (Unfortunately in both cases the orders m,
necessarily larger than 1 considering the predictions of the electromagnetic
theory, are not reported).

For echelle gratings operated in the order m the free spectral range has
been given in (3.6). However, in order to limit the noise caused by the
scattering of adjacent orders it is preferable to use a free spectral range
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larger than the operating spectral range. For example, in [81-82] for
a grating working in air in the C-band from 1528 nm to 1560 nm the ma-
ximum order m calculated from (3.6) would be 47, but a 52.63 lines/mm
grating operating at m=22 was preferred. The grating efficiency of
61%—75% of the DWDM component measured in [81] in the wavelength
range (1549.32-1560.61 nm) and the polarisation dependence lower than
1dB (including the PDL of the circulator) of the reconfigurable add/drop
multiplexer (ROADM) measured in [82] perfectly match the prediction of
the theory for a triangular profile blazed at an angle of 63°—64°.

Optimization of Groove Profile in Silicon Substrate
for Low Polarisation-dependent Loss

Low PDL at high efficiency can also be obtained in gratings etched on
silicon substrates. It was shown that gratings with symmetrical V-grooves
(with the natural 70.5° apex angle obtained in oriented silicon crystal etch-
ing) and with a specific flat top between groove profiles permit high dis-
persion with high efficiency at low PDL. Popov etal. [83] report 80% effi-
ciency and less than 5% efficiency difference between s- and p-
polarisations on such a grating with a groove spacing of 0.4 pm working
inside a Si prism at 33.7° of incidence. They show good agreement with
their modelling [84].

Coating of the Grating Surface

It is worth noting that the efficiency of a standard reflection surface-relief
grating can often be increased by a multi-dielectric coating of the surface
[85]. However, in such a case it is necessary to take into account the high
perturbations of the electric field in the grating structure. This perturbation
is often difficult to model as the structure of the over-coating depends on
many manufacturing parameters and is generally not known very precisely.

3.4.2 Transmission Surface-relief Gratings

The grating grooves are transferred onto a resin coating on a glass blank
with both faces polished within a quarter of a fringe. The grooves can be
considered as a set of small diffracting prisms, and n represents the resin
index, ¥ the facet angle, and A the grating period (see Fig. 3.16).
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Fig. 3.16. Transmission grating

Scalar Approximation

This approximation is only valid for gratings with groove spacing much
larger than one wavelength and small blaze angle. When the incident light
is perpendicular to the blank (Fig. 3.16), the blaze wavelength A, is given
by the formula:

A=A (n—1)sin y (3.18)

Electromagnetic Theory

Here again it is necessary to use the electromagnetic theory to obtain the
correct efficiency value. With classical echelette transmission gratings and
grisms, low PDL gratings with efficiencies of 60% to 70% in the C-band
have been obtained [86]. Using (3.18) it can be demonstrated that one can
obtain 100% efficiency with a metallic coating on the small facet of the
grooves. This is obtained with an electromagnetic field perpendicular to
the conductive facet [87-88]. A similar idea (single-side metal coating
grooves in reflection) was applied recently in order to obtain efficient and
low PDL gratings in reflection [89].

A very high efficiency can also be obtained for one polarisation with
relatively deep sinusoidal profiles on transmission gratings with A small
enough to present only =0 and m =1 orders.

3.4.3 Surface-relief Concave Metallic Gratings

Concave gratings are generally used in reflection; therefore, their efficien-
cies are calculated like those of plane reflection gratings. However, the
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calculations are generally more complicated as the blaze angle, the angle of
incidence, and the angle of diffraction of such gratings continuously change
along the surface. More information and references to WDM configura-
tions using these gratings can be found in [Ref. 71, pp. 46—47, p. 179].

3.4.4 Surface Relief on Multilayer Dielectric Gratings

These gratings have been proposed and developed for high power laser
resonators [90] and pulse-compressors in chirped-pulse amplification [91].
The problem is to get highly dispersive gratings with low absorption and
high efficiency on one given polarisation at least. High dispersion and near
100% efficiency in TM-polarisation is routinely obtained with surface-
relief holographic gratings coated with gold (gratings with /4 from 0.7 to
1.9, see Fig. 3.17 in [71]). But the absorption of the metal (due to its finite
conductivity) reduces the damage-power threshold of the grating. It was
shown, that high diffraction efficiency could be obtained using a transmis-
sion grating interface on a reflective waveguiding dielectric multilayer
stack (Fig. 3.17). Generally the grating is used in the Littrow condition.

The first condition is to get a grating with only two orders (0 and —1) in
both, the incident medium (index ny) and under the grating (index n). It
was shown that this condition, necessary to trap the transmitted order 1 in
the dielectric (proposed in the past as a condition to get 100% dielectric
guide grating couplers [92]), corresponds to:

2/3 <M(nd)<2 for ny=1. (3.19)

The second condition is that the wave incident on the grating generates
two transmitted diffracted waves (order 0 and —1) equal in amplitude and
out of phase by 90°[93].

The physical interpretation is given in Fig. 3.17, showing the effect of
the first diffraction through the grating structure, the reflection from the
reflective multilayer stack, and the second diffraction through the grating.

Assume a wave A incident in the Littrow condition. In practice the 0"
order in reflection in the incident medium on the grating interface can be
reduced to a very low value. The 0" order in reflection can be ignored
compared to the transmitted diffraction waves By and B_; in 0™ and —1%
order, respectively. According to the second condition the grating struc-
ture is such that By and B_; are equal in amplitude, but 90° out of phase.
Let use suppose that Ap=0 in 0" order and Ap=90° in 1% order. The
waves By and B_; are reflected by the multilayer coating with the same
reflectivity and phase change. They are transmitted again through the
grating interface in two O™ and —1* order waves, each with the same
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C, order 0 C, order - 1 D, order - 1 D, order 0
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Fig. 3.17. Blazing a multilayer dielectric grating on a given polarisation at 100% in
order —1. Physical interpretation: a wave A arrives on the grating in the Littrow condi-
tion. After transmission and diffraction by the grating the waves B, and B_; are equal
in amplitude but 90° out of phase. After reflection from the multilayer we get waves
Cpand D_; travelling backward through the grating in the Littrow direction with Cyand
D_, being equal and in phase. In addition, there are waves reflected into direction C_,
and D, which have opposite phases. As a consequence, Cyand D_; are added, while C_,
and D, mutually cancel each other

phase change. B_; produces Cy in the 0" order without additional phase
change and C_; in the first order with an additional phase change of 90°.
By produces Dy in the 0™ order without additional phase change and D_,
in the first order with a phase change of 90°. Finally we get waves C, and
D_; reflected backward into the first order Littrow direction. Cy and D_;
are equal in amplitude and in phase with Ap=90°. In addition we get
waves C_; and Dy reflected with a phase difference of Ap =180°. Thus C,
and D_; are added and C_; and Dy mutually cancel each other. These con-
siderations can be extended to the other waves reflected several times and
diffracted through the structure. As A/(n4) is small and as the grooves
must be relatively deep compared to the grating period, the optimization
of the structure is generally done using a rigorous method based on the
full-vector Maxwell’s equations. Up to now high efficiency and low ab-
sorption have been demonstrated only in TE-polarisation.

The efficiency of a lamellar grating single interface in the 0™ and first
order in air is given in Fig. 3.18. We used grating parameters not far from
those given in [93]. The grating frequency is 1477 lines/mm. We assume
a material of index 1.9, a groove depth of 400 nm, a ridge width of 203 nm,
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Fig. 3.18. Efficiency of a lamellar grating interface with 1477 lines/mm, on a material
of index 1.9 calculated in order to get no reflectivity in the 0™ order and as much as
possible in the first order in TE-polarisation. With a high reflectivity multilayer under
this grating the efficiency in the first order will reach more than 95%

and an incidence angle of —51.2°. We calculated the efficiency in a wave-
length range from 1000nm to 1100 nm. Such a grating used in front of
a high reflectivity coating will give an efficiency close to 100%. An effi-
ciency exceeding 95% for TE-polarisation is predicted in Ref. 85 with
a similar grating interface added to a high reflectivity dielectric multilayer
coating.

3.4.5 Stratified Volume Diffractive Optical Elements

Since this method is rather new, we have not much information on these
components. As described in the paper by D. Chambers etal. [21] the effi-
ciencies and manufacturing tolerance of these gratings were calculated
using RCWA. At 2.05um operating wavelength, on gratings of 4um
period, efficiencies of 82% with a 3 layer grating and up to 96% with
a 5 layer grating were predicted. The polarisation state and PDL have not
been given. A tolerance of layer thickness of 50nm and a tolerance of lat-
eral offset between grating layers of 100 nm have been reported.

3.4.6 Volume-phase Holographic Gratings

The efficiencies of the volume-phase gratings have been analyzed either
through a modal theory [94] or a coupled-wave theory [95-97]. The effi-
ciency # of the volume-phase transmission grating is a function of the
index modulation An, of the thickness of the recorded layer d, of the
Bragg angle 65 in the material, and of the wavelength A. In the first order,
at the Bragg condition, for plane gratings with planes of equal isotropic
index orthogonal to the grating surface (Fig. 3.8, first case and Fig. 3.9),
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Kogelnik [95] gave the following approximate expressions for the spec-
tral bandwidth Adgyyy and the efficiency #; (i =s,p)

MFWHMzi (A/d) COtQB (320)
ny=sin’ [ An d / (A cosOp)] (3.21)
np= sin® [ 7t An d cos(20y) 1 (A cosOp)], (3.22)

where 7, and 7, refer to s- (TE) and p- (TM) polarised light, respectively.

The factor cos(20;), determining the difference of efficiency between
the two polarisations, comes from unparallel electric fields between the
incident and diffracted beams in p-polarisation. The Kogelnik approxima-
tion, retaining only the 0™ and 1* transmitted orders in coupled wave equa-
tions, is valid only for

2 (nAn A% > 10. (3.23)

Efficiencies 5, and #, reach 1 (100% efficiency) when the argument of the
sin functions is /2, 3w/2, 57/2 ... In the case of isotropic index (meaning
that An does not depend on the polarisation) it is possible in this approxima-
tion to get 100% for both polarisations at specific angles cos(20p) =1/3, 1/5,
3/5 ... (The corresponding Bragg angles inside the grating are: 35.264°,
39.231°, 26.565° ..., respectively). At the Bragg wavelength A3, in a given
order m, with a material index n, these angles correspond to specific values
of the grating period A determined by the Bragg equation:

2 n Asinfg=m Ap. (3.24)

Better theoretical predictions for the efficiency of VPGs can be per-
formed with the GSOLVER program.

In the telecommunication range, for thin dichromated gelatine VPGs
(Dickson gratings) with wavelengths around 1550 nm, it was demonstrated
both theoretically and experimentally, that the optimal spatial frequency
for a high efficiency and a low PDL was 940 lines/mm (Fig. 3.19, [42]).

Practically it is possible to align the peaks of the s- and p-polarisation by
adjustment of the thickness of the grating layer. From (3.20) to (3.22) it
can be seen that a broad passband requires a thin grating with a high index
modulation.

In Fig.3.20 the absolute diffraction efficiency and the PDL of
a 940 lines/mm Dickson transmission grating is reproduced [40]. This grat-
ing corresponds to O3=35.97°, Az=1550nm, An=0.0724, and to a thick-
ness of 8.4 um. It can be seen that the efficiency is 93% and that the PDL
is negligible at Az. To our knowledge such a low PDL and high efficiency
could not be obtained up to now with an equivalent surface-relief trans-
mission grating.
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Fig. 3.20. Absolute diffraction efficiency (left) and polarisation-dependent loss (right)
of a 940 lines /mm Dickson grating (after Ref. 32)

3.5 Bandwidth of Diffraction Grating Devices

3.5.1 Coupling without Aberration

Devices with Input and Output Single-mode Fibres

It was shown that in the ideal, zero aberration, all single-mode demulti-
plexer, the adjustments being assumed perfect, and in the Gaussian ap-
proximation of the single-mode fibre electric field description, the trans-
mission function F(A) in each channel was also a Gaussian function
[71,98]. The ratio R,, between the width at half-maximum AApy, of the
transmission function and the spectral distance between channels A/ is:

RW= AﬂFWHM/Aﬂ= 1.66 a)lo / AX’, (325)

where Ax' is the distance between fibres, and @'y is defined as the mode
radius corresponding to the half width of the amplitude distribution in the
fibre core at 1/e.
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Devices with a Single-mode Entrance Fibre and an Exit Slit
or a Diode Array with Rectangular Pixels

We chose a system with x'y" as the coordinates in the focal plane, and we
further assume that the transmission inside the elementary slit, or the sensi-
tivity inside the elementary rectangular pixel, T(x’,y’) is uniform and equal
to 1. The slit (or the pixel) of width Ax'is considered to have a height Ay’
much larger than the fibre core diameter, corresponding to an intensity
distribution I (x',y"). When A varies, I is translated nearly linearly along x’,
and I is given by

2

I=1I,exp— 2r (3.26)

' 2
w()

The transmitted flux, F(x'), is the modulus of the correlation of I with T:
Fx',)=K - HI(x'—x'O ,y)T(x'y')dx'dy' (3.27)

The function F(x'p) shows a flat top depending on A x7/ w,". With a sin-
gle-mode fibre of mode radius @,=4.57 um and a pixel slit width of
20 um, the full width of F(x'p) at —0.46dB is Ax'; _g44~=~16 um and the
full width at —20dB is Ax';; _2043=32um. Ax' can be converted into A4
through the linear dispersion equation:

dx'/dA=(fxm)/ (Axcos ') (3.28)

where f is the focal length of the device, m is the diffraction order of the
grating, /A is the grating period, and @' is the angle of the exit beam with
respect to the normal to the grating surface.

Devices with a Single-mode Entrance Fibre
and Multimode Step-index EXxit Fibres

As in the previous case the bandpass is a flat top function. Typically the
full width at —3.3 dB for a demultiplexer with a single-mode input fibre of
w'p=5.5 pm with jointed 50 x 125 step index output fibres is

A3348=0.4 A4, (3.29)

AJ being the distance between channels.

Devices with a Single-mode Entrance Fibre and Multimode
Graded-index Exit Fibres

Similar mathematical developments lead to the results shown in [Ref. 71,
pp- 50-58].
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3.5.2 Coupling with Small Aberration

It is very important to use diffraction limited optics on multi/demulti-
plexers using single-mode fibres. The first effect of aberration is an addi-
tional coupling loss. This loss is about 1 dB for a sum of aberrations of A4/3
measured in the exit pupil [99]. Of course, the loss depends on the aberra-
tion type. For fibres with numerical aperture NA=0.099 (mode radius
Spum at 1550 nm) a defocusing of 10 um gives 0.81dB loss, a spherical
aberration of /2.8 or a coma of /3.2 or an astigmatism of 4/4 at the best
focus also give a loss of about 1dB. It can be useful to use a small astig-
matism to enlarge the function F(x'y).

3.6 Grating Bulk Optic Devices

3.6.1 General Characteristics

Generally, grating multiplexers or demultiplexers consist of three main
parts: entrance and exit elements (fibre array or transmission line fibre and
emitters or receivers), focusing optics, and dispersive grating. The grating
is often a plane grating [100—111]. Losses can be very small in components
using diffraction limited optics and efficient gratings with monochromatic
sources centred on the multiplexer transmission bands. For example, they
were as low as 0.5 dB in the 1.54/1.56 wm single-mode device of [111].

The use of dedicated concave gratings simplifies the device [112—-116].
For example, in the early Kita and Harada [114] configuration 2.6 dB
losses are reached on a four-channel multiplexer at 821.5, 841.3, 860.9,
and 871 nm with 60/125 um multimode fibres. However, it is impossible
to retain aberration-free focusing over a large spectral range with such
configurations.

In order to obtain a large enough channel spectral width, as compared to
channel spacing, the geometrical distance between fibre cores must be
small. The pass bands are practically adjacent for a distance between fibres
of 22 um when an 11 wm diameter core is used. Fibres with a small clad-
ding are necessary. This can be obtained by chemical etching of larger core
fibres [117]. On practical stigmatic DWDMs using all single-mode fibres,
the agreement between the theoretical value of R, given in Sect. 3.5.1
(3.25) and the experimental results is quite good (within a few %) [71].

In order to obtain optimized spectral pass bands without requiring
a small distance between fibre cores, as it is necessary in simple devices,
different solutions have been proposed such as a spectral recombination
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within each channel via an intermediate spectrum image through micro
prisms or through a micro lens array [118], where R,,=0.7 is obtained with
up to 32 channels. (In modern devices fibre lens sections operating as
beam field expanders can advantageously replace the micro lens array).
This method is interesting as it introduces only a limited amount of addi-
tional losses, but it corresponds to significant additional labour cost. An
intermediate waveguiding fan-out section reducing the distance between
the channels can also be used between the fibre array and the multiplexer,
unfortunately at the expense of additional losses and cost. Another method
is to introduce a spatial filtering in the pupil plane [119]. It can be, for
instance, a variation in the optical path. Suppose a coupling device with
a grating or a wavelength disperser R located at the pupil with coordinates
(c, '), the coordinate in the image (spectrum) plane being (x'y"). Let
A(x')y') correspond to the amplitude of the image of the input fibre in the
image plane, and let us further suppose that a spatial filter is located in the
pupil plane. If its filtering function is S=sinc (n a ), where a is a numeri-
cal constant, its Fourier transform in the image plane will be:

P (x")=1/a Rect (x7a). (3.30)

The new amplitude distribution in the image is the convolution product
A*P. So we get a transmission

F(x') = | K [A*P®A] |(x,

2 (3.31)

where K is a factor taking into account the losses of the filter. F(x')), and
consequently F(1), the wavelength transmission functions, become flat top
functions. The width of the top of F(1) depends on the constant a that will
be chosen according to its specification. In principle F(1) has no secondary
lobes. This method is cheap but induces a theoretical additional loss of
about 3 dB for an enlargement of the FWHM by a factor of two.

3.6.2 Devices for Use in WDM Systems

A schematic of a diffraction-grating based WDM multiplexer/demulti-
plexer is shown in Fig. 3.21. Corresponding devices have been commer-
cialized for a wide range of channel numbers and for different channel
separations as well: Typical channel numbers are 4, 8, ... up to 160, channel
separations are 25, 50, 100, 200, or 400 GHz. The larger channel separa-
tions do normally go with the lower channel numbers and vice versa.
Commercial devices cover the C-, the L-, or the C+L-bands, respectively,
so far, but could be fabricated for all other bands as well.
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Fig. 3.21. Stimax® configuration with correction of the spherical aberration caused by
the spherical concave mirror and of the residual chromatism by combination of two
materials of index »n and N with identical dispersion [71]

The normal transmission channel characteristics of diffraction gratings
is Gaussian (See Chap. 3 in [71]), and the typical wavelength response of
three adjacent channels with 100 GHz separation is shown in Fig. 3.22.

For telecom applications flat-top transmission channel characteristics is
preferred to a Gaussian shape as the former is more tolerant to operating
channel variations. This becomes particularly important, if signals travel
through cascaded filters, and this will become more relevant as fibre optic

networks develop from essentially point-to-point into more flexible optical
networks.
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Fig. 3.22. Typical wavelength response of three adjacent channels with 100 GHz sepa-
ration (Stimax® doc.)
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Fig. 3.23. Typical wavelength response of three adjacent channels with 100 GHz sepa-
ration and flat-top characteristics (Stimax® doc.)
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Fig. 3.24. Typical wavelength response of four adjacent channels with 19 GHz separa-
tion and flat-top characteristics (Presented by J. P. Laude etal., IEEE Workshop Vail
USA Sept.15-17, 1999. No proceedings)

The channel half-width of transmission gratings can be enlarged (at the
expense of a slightly higher insertion loss). Corresponding results are illus-
trated in Fig. 3.23 for 100 GHz spacing DWDM and in Fig. 3.24 for an
ultra-dense UDWDM in Minilat® configuration (Fig. 3.39, p. 64, in [71].)

Other relevant characteristics of diffraction-grating based WDM multi-
plexers/demultiplexers are summarized in Table 3.1:
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Table 3.1. Typical parameters of diffraction-grating based WDM mux/demux

typical typical typical

Parameter value value value
Channel shape Gaussian ~ Gaussian flat top
Number of channels 8 96 48
Channel separation (GHz) 100 100 100
Far end adjacent channel crosstalk (dB) 28 30 25
Near end adjacent channel crosstalk (dB) 40 50 40
Far end non-adjacent channel crosstalk (dB) 32 35 30
Near end non-adjacent channel crosstalk (dB) 40 50 40
Insertion loss (dB) 2.5 4 7
Loss uniformity (dB) 0.5 0.5 0.5
Channel width (3dB FWHM) (GHz) 50 30 45
Frequency position accuracy (GHz) +5 5 5
Temperature range (°C) -20..+70 -20..+70 -20...+70
Thermal drift (nm/°C) 0.0004 0.001 0.01
Polarisation-dependent shift (GHz) 0.1 0.1 0.1
Polarisation-dependent loss (dB) 0.5 0.5 0.5

3.7 Gratings on Planar Lightwave Circuits

Echelle grating designs for monolithic integration have been proposed.
A packaged echelle grating device is usually about a quarter the size of
a comparable AWG. Devices with an echelle grating etched on a concave
surface with facets perpendicular to a silica-on-silicon or indium phosphi-
de guide within £2° have been manufactured. For example, a 49 channel
demux with a die size of 18x20mm’® with adjacent channel crosstalk
35dB and background channel crosstalk 37 dB was described by Optenia
in 2001 [120]. Unfortunatly, Optenia, a Mitel-founded company, closed
doors in 2002 after failing to secure sufficient funding. Remarkable re-
sults were obtained later (e. g. by MetroPhotonics [121], Fig. 3.25). How-
ever, ultimately unsuccessful in its efforts to keep the company afloat,
MetroPhotonics Inc., the Ontario-based company, closed down in Decem-
ber 2005.
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Fig. 3.25. Echelle grating on planar lightwave circuit (source: MetroPhotonics)

The shape of the grooves of the grating can be designed to take advan-
tage of total internal reflection (TIR). TIR gratings with no facet metalisa-
tion can be used in place of echelle gratings [122]. In principle, in the ab-
sence of metallic absorption high-dispersion TIR gratings can reach more
than 99% efficiencies for 15-20nm spectral bandwidths [123]. The PDL
of planar-integrated TIR concave grating structures can be very low [124].

3.8 Device Polarisation Sensitivity

Critical to all devices is polarisation sensitivity. It must be small since
transmission lines generally do not maintain the polarisation state. In Inte-
grated Optics devices birefringence may cause wavelength shifts: even for
the best new germanium-doped waveguides from Nippon Telephone and
Telegraph (NTT) the birefringence remains about 10™*. However, polarisa-
tion compensation can be designed. Some 3-dimensional optics devices
show very low birefringence, e.g. 5x 107 in pure silica and 0 in air. Con-
sequently, the Polarisation Mode Dispersion (PMD) can be very small and
there is no wavelength shift of the channel centre with polarisation. But the
grating can induce PDL. We have seen that the PDL of the surface-relief
gratings can be lowered by the choice of a higher order of diffraction and
specific groove profiles. In VPGs in Bragg condition the PDL is extre-
mely low. If required, the PDL of any grating device can be eliminated by
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different means such as a second pass on the grating after 90° rotation of
the electric field.

3.9 Thermal Drift

Thermal drift depends on the thermal expansion coefficients & of the dif-
ferent materials and on the index variation dn/dt. For monoblock-grating
WDM devices it has been shown [98] that the wavelength shift is given by:

AVA=(e+ 1/n dn/dT) AT (3.32)

and a typical result is AA=12 pm/°C with silica at 1550 nm.

For devices using a grating in air, the thermal drift can be reduced to
about 1 pm/°C with a grating on a low thermal expansion substrate. It can
be less with a mechanical compensation of the expansion. For monoblock-
grating DWDM devices the thermal expansion of the grating in silica can
be compensated by a negative dn/dT of the optical block. Drifts lower than
0.4 pm/°C of 25 GHz spacing, 160 channel Very Dense WDM (VD-WDM)
devices in the so-called Minilat configuration have been published
[71,125]. Similar results were also obtained on Minilat components with
spacing lower than 20 GHz. (Today multiplexers in such a configuration
are manufactured by Yenista (Lannion, France)).

3.10 Diffraction Grating Routers

3.10.1 Cyclic Free Space Diffraction Grating Router

A passive wavelength router (PWR) with N input ports to M outputs allows
a wavelength-selective cross-connection in the optical domain from any
input 7 to any output j at a wavelength 4; given for instance by a tuneable
transmitter Tx (Fig. 3.26, [71] ). Such a component will become particu-
larly useful in full-mesh photonic networks, in reconfigurable networks,
and on the longer term in all-optical packet routing systems. The cross-
connection can be made by a single affordable component: an AWG router
or a free space diffraction grating (FSDG) router. The optical path is deter-
mined by its input port and by 4;.

A standard grating multiplexer with a linear array of 2N fibres located in
the focal plane can be used as an NXN router. (See Chap. 6: Routers,
cross-connects, and add-drops, pp. 147-219 in [71]). An input fibre noted i
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Fig. 3.26. Passive wavelength router with N input ports to M output ports used with
tuneable sources and fixed receivers [71]

and an output fibre noted j, in angular locations 6; and 6;, respectively, are
coupled through the grating equation:

A (sin@; +sinb)) =m 4; (3.33)
With fibre positions corresponding to siné; and sinf;in constant progres-
sion we get:

Ai=lo+ (i +J) A (3.34)

An NxN non-cyclic router (Fig. 3.27a) can be obtained with a multi-
plexer with 2N equidistant fibres. In CWDM International Telecommuni-
cation Union (ITU) standards, perfectly centred channels can be obtained
for all input to output pairs. In DWDM systems, where the channels are
defined by the ITU standards in constant progression of frequencies (cf.
Appendix, Sect. Al), the centring of channels is obtained by approxima-
tion with small specific fibre distance shifts.

Out | j=1 | j=2 | =3 | j=4 Out | j=1 | =2 | =3 | j=4

In In |
=1 A4 A A A =1 A A | A A

(a) (b)

Fig. 3.27. (a) Position of channels in a non-cyclic router: 2N—1 wavelengths are re-
quired for Nx N non-blocking routers, (b) Position of channels in a cyclic router: only
N wavelengths are required for N X N non-blocking routers
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As an alternative to AWGs, FSDGs operating in 2 successive high or-
ders m and m + I (for example, m =40 for a typical DWDM router) can be
used to design cyclic routers (Fig. 3.27b), but the deviations from the ITU
channels, increasing with the spectral range, become too large in CWDM
and remain a considerable drawback in DWDM.

3.10.2 From Non-cyclic to Cyclic FSDG Routers

To our knowledge, FSDG wavelength routers were exclusively non-cyclic
(Fig. 3.27a) until 2001. Then it was shown that a traditional FSDG non-
cyclic 2Nx N router could be transformed into an NXN cyclic router
through a specific arrangement of the 2N inputs connected two by two by
a duplexer array (Fig. 3.28a) [126—127]. In these cyclic routers the grating
can operate in a single order instead of in the two adjacent high orders
necessary in the classical Dragone configuration [128] generally used in
AWG cyclic routers, and the diffraction order can be low enough to give
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Fig. 3.28. (a) A non-cyclic 2Nx N router can be transformed into an NXN cyclic
router through a specific arrangement of the 2N inputs connected two by two by
a duplexer array. (b) It was known that an N XN cyclic router could be obtained cou-
pling N inputs to N outputs through an AWG using 2 adjacent high orders. New solu-
tions use a double dispersive device (i.e. a double diffraction grating or a double
AWG:; J.P. Laude [126-127])
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avery large free spectral range. This is of special interest for Metro
CWDM applications. But in DWDM this solution has also a great advan-
tage as it gives much lower deviations from the ITU channels than the
solution with 2 orders m and m + /. Moreover, using a double grating (for
example a VPG recorded one with two periodic structures operating in two
adapted different Bragg conditions) it becomes possible to get directly an
NXN cyclic router without the use of the duplexers (Fig. 3.28b). The
FSDG devices with high efficiency, low crosstalk, and low PDL working
in low and medium order, already proposed by different manufacturers of
classical multi/demultiplexers, can be adapted to readily design efficient
and reliable cyclic DWDM or CWDM routers accurately matched to ITU
channels. It is only necessary to add a duplexer array in the wavelength
dispersion plane (Fig. 3.29) or to use a double grating in them. Of course,
the drawback is a 3dB additional loss. However, in principle this addi-
tional loss can be avoided if the couplers are replaced by multiplexers or if
the double grating is replaced by a multi VPG. It is worthwhile to note that
in principle the solution can be applied to AWGs with an equivalent in-
put/output coupling arrangement or with a specific double grating array.
For example, a 3x 3 cyclic router, obtained from a Stimax FSDG non-
cyclic router [129] with 9 equidistant fibres (F1 to F9), is illustrated in
Fig. 3.29. The three inputs are obtained from the six fibres F1 to F6 coupled

InputxOutput H\ e

Duplexer |

__________ | )
Eé \\
| |

|

ur / Output rays
|

Wavelength

Dispersion plane | \

Grating Mirror

IN

0w M = W o=
4

Fig. 3.29. A practical cyclic router design example
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two by two (F1 to F4, F2 to F5, and F3 to F6), the three outputs are F7, F8,
F9. More generally, a cyclic NXN router needs 3N fibres. Cyclic routers
larger than 32x32 can be designed as more than 96 fibres FSDG multi-
plexers are commercially available. A non-cyclic router similar to the
router described in [129] equipped with 3 dB couplers would give a total
insertion loss of 5.4 dB and crosstalk between adjacent channels better than
40dB.

3.10.3 An example: a 16 x 16 Cyclic Router Design for CWDM

A 16x16 cyclic router can be obtained using a classical grating multi-
plexer with an array of 32 equidistant input fibres and 16 equidistant out-
put fibres. (For example, with a single linear row of 48 equidistant fibres).

In/out 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 990 1010 1030 1050 1070 1090 1110 1130 1150 1170 1190 1210 1230 1250 1270 1290
2 1010 1030 1050 1070 1090 1110 1130 1150 1170 1190 1210 1230 1250 1270 1290 1310
31030 1050 1070 1090 1110 1130 1150 1170 1190 1210 1230 1250 1270 1290 1310 1330
41050 1070 1090 1110 1130 1150 1170 1190 1210 1230 1250 1270 1290 1310 1330 1350
51070 1090 1110 1130 1150 1170 1190 1210 1230 1250 1270 1290 1310 1330 1350 1370
6 1090 1110 1130 1150 1170 1190 1210 1230 1250 1270 1290 1310 1330 1350 1370 1390
7 1110 1130 1150 1170 1190 1210 1230 1250 1270 1290 1310 1330 1350 1370 1390 1410
8 1130 1150 1170 1190 1210 1230 1250 1270 1290 1310 1330 1350 1370 1390 1410 1430
9 1150 1170 1190 1210 1230 1250 1270 1290 1310 1330 1350 1370 1390 1410 1430 1450

10 1170 1190 1210 1230 1250 1270 1290 1310 1330 1350 1370 1390 1410 1430 1450 1470
11 1190 1210 1230 1250 1270 1290 1310 1330 1350 1370 1390 1410 1430 1450 1470 1490
12 1210 1230 1250 1270 1290 1310 1330 1350 1370 1390 1410 1430 1450 1470 1490 1510
13 1230 1250 1270 1290 1310 1330 1350 1370 1390 1410 1430 1450 1470 1490 1510 1530
14 1250 1270 1290 1310 1330 1350 1370 1390 1410 1430 1450 1470 1490 1510 1530 1550
15 1270 1290 1310 1330 1350 1370 1390 1410 1430 1450 1470 1490 1510 1530 1550 1570
16 1290 1310 1330 1350 1370 1390 1410 1430 1450 1470 1490 1510 1530 1550 1570 1590
17 1310 1330 1350 1370 1390 1410 1430 1450 1470 1490 1510 1530 1550 1570 1590 1610
18 1330 1350 1370 1390 1410 1430 1450 1470 1490 1510 1530 1550 1570 1590 1610 1630
19 1350 1370 1390 1410 1430 1450 1470 1490 1510 1530 1550 1570 1590 1610 1630 1650
20 1370 1390 1410 1430 1450 1470 1490 1510 1530 1550 1570 1590 1610 1630 1650 1670
21 1390 1410 1430 1450 1470 1490 1510 1530 1550 1570 1590 1610 1630 1650 1670 1690
22 1410 1430 1450 1470 1490 1510 1530 1550 1570 1590 1610 1630 1650 1670 1690 1710
23 1430 1450 1470 1490 1510 1530 1550 1570 1590 1610 1630 1650 1670 1690 1710 1730
24 1450 1470 1490 1510 1530 1550 1570 1590 1610 1630 1650 1670 1690 1710 1730 1750
25 1470 1490 1510 1530 1550 1570 1590 1610 1630 1650 1670 1690 1710 1730 1750 1770
26 1490 1510 1530 1550 1570 1590 1610 1630 1650 1670 1690 1710 1730 1750 1770 1790
27 1510 1530 1550 1570 1590 1610 1630 1650 1670 1690 1710 1730 1750 1770 1790 1810
28 1530 1550 1570 1590 1610 1630 1650 1670 1690 1710 1730 1750 1770 1790 1810 1830
29 1550 1570 1590 1610 1630 1650 1670 1690 1710 1730 1750 1770 1790 1810 1830 1850
30 1570 1590 1610 1630 1650 1670 1690 1710 1730 1750 1770 1790 1810 1830 1850 1870
31 1590 1610 1630 1650 1670 1690 1710 1730 1750 1770 1790 1810 1830 1850 1870 1890
32 1610 1630 1650 1670 1690 1710 1730 1750 1770 1790 1810 1830 1850 1870 1890 1910

Fig. 3.30. Wavelengths used to connect any input 1 to 32 to any output 1 to 16 in
a 32 x 16 non-cyclic router
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In/out

1+17
2+18
3+19
4+20
5+21
6+22
7+23
8+24
9+25
10+26
11+27
12+28
13+29
14430
15+31
16+32

1
1310
1330
1350
1370
1390
1410
1430
1450
1470
1490
1510
1530
1550
1570
1590
1610

2
1330
1350
1370
1390
1410
1430
1450
1470
1490
1510
1530
1550
1570
1590
1610
1310

3
1350
1370
1390
1410
1430
1450
1470
1490
1510
1530
1550
1570
1590
1610
1310
1330

4
1370
1390
1410
1430
1450
1470
1490
1510
1530
1550
1570
1590
1610
1310
1330
1350

5
1390
1410
1430
1450
1470
1490
1510
1530
1550
1570
1590
1610
1310
1330
1350
1370

6
1410
1430
1450
1470
1490
1510
1530
1550
1570
1590
1610
1310
1330
1350
1370
1390

7
1430
1450
1470
1490
1510
1530
1550
1570
1590
1610
1310
1330
1350
1370
1390
1410

8
1450
1470
1490
1510
1530
1550
1570
1590
1610
1310
1330
1350
1370
1390
1410
1430

9
1470
1490
1510
1530
1550
1570
1590
1610
1310
1330
1350
1370
1390
1410
1430
1450

10
1490
1510
1530
1550
1570
1590
1610
1310
1330
1350
1370
1390
1410
1430
1450
1470

11
1510
1530
1550
1570
1590
1610
1310
1330
1350
1370
1390
1410
1430
1450
1470
1490

12
1530
1550
1570
1590
1610
1310
1330
1350
1370
1390
1410
1430
1450
1470
1490
1510

13
1550
1570
1590
1610
1310
1330
1350
1370
1390
1410
1430
1450
1470
1490
1510
1530

14
1570
1590
1610
1310
1330
1350
1370
1390
1410
1430
1450
1470
1490
1510
1530
1550

15
1590
1610
1310
1330
1350
1370
1390
1410
1430
1450
1470
1490
1510
1530
1550
1570

16
1610
1310
1330
1350
1370
1390
1410
1430
1450
1470
1490
1510
1530
1550
1570
1590

Fig. 3.31. How to obtain a 16x 16 cyclic router from the 32 x 16 non-cyclic router of
Fig. 3.30

The wavelengths to be used to connect any input 1 to 32 to any output 1 to
16 of this multiplexer, initially used as a 32x 16 non-cyclic router, are
given in Fig. 3.30. If the input fibres 1 and 17, 2 and 18, ..., i and i+ 16,
..., 16 and 32, are duplexed into 16 input fibres, a 16X 16 cyclic router is
obtained as shown in Fig. 3.31.

It is worth noting that this configuration allows an almost perfect match-
ing of ITU wavelengths on all channels in CWDM and an amelioration of
matching of ITU frequencies over classical AWG solutions in DWDM.

3.10.4 Practical Results

DWDM applications: All channels could be matched to the ITU frequency
grid G.694.1 with a maximum deviation of 1 GHz on 32 x 32 FSDG cyclic
routers with 25 GHz spacing [130].

CWDM applications: a maximum deviation of 0.57 nm from the wave-
length grid ITU G.694.2 was calculated on the worst channel of a 16X 16
FSDG cyclic router with 16 wavelengths at 20 nm spacing from 1310 nm
to 1610 nm using the design characteristics of a basic Stimax® glass block
configuration with an 80 lines/mm grating, a focal length of 40.102 mm,
and a linear array of 48 fibres with a constant spacing of 42.5 um ([127],
Fig. 3.32). This small residual deviation comes from the dispersion of the
material, here a high dispersion glass, that could be easily replaced by
a lower dispersion glass material. With a similar component in aerial con-
figuration the deviations become negligible: <0.00005 nm (Fig. 3.33). For
such devices, using available multiplexers and duplexers, the insertion loss
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CWDM 16*16 router 20 nm spacing 1310 to 1610 nm
Deviations from ITU wavelengths (Grating in glass block )

N
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Fig. 3.32. Deviations from ITU wavelengths of glass block cyclic routers. The wave-
length deviation does not depend on focal length or grating period, but only on glass
dispersion: here high dispersion

CWDM 16*16 router 20 nm spacing 1310 to 1610 nm
Deviations from ITU wavelengths (grating in dry air at15°C)

0.00005

m Y=y

output ports

input ports

Fig. 3.33. Deviations from ITU wavelengths of aerial cyclic routers. The wavelength
deviation does not depend on focal length or grating period

would be typically 5 to 7dB. The use of a double or a multi-grating in
place of the duplexers could reduce the loss by 3 dB.
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3.11 Conclusion

Diffraction grating WDM components have tremendous capability in num-
ber of channels (160 channel components and more with bi-directionality
are commercially available and components with two times more channels
have been demonstrated experimentally). They have a high free spectral
range (typically 775 nm with gratings working in the first order). Small
spacing such as 25 GHz is commercially available and 5 GHz feasibility has
been demonstrated. Athermal glass components down to 25 GHz spacing
are manufactured with uncontrolled drifts as low as 0.35 pm/°C using
commonly available glasses. These solutions are based on the traditional
and mature optics technology used to manufacture millions of diffraction-
limited reliable optics at low cost. The unique three-dimensional nature of
these components can be exploited for advanced features requested by net-
work designers such as add/drops, crossconnects, and routing devices. Cy-
clic passive routers accurately matched to the ITU frequencies in DWDM
or to ITU wavelengths in CWDM have been proposed for advanced net-
works. Diffraction grating components can be used for high quality bi-
directional links. For mono-directional or bi-directional links they have
virtually unlimited numbers of channels and provide the lowest crosstalk
for the higher number of channels. For low cost mass production the prob-
lems of fibre handling, that are the same with any solution, remain to be
solved.
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4 Arrayed Waveguide Gratings

Xaveer J. M. Leijtens, Berndt Kuhlow and Meint K. Smit

4.1 Introduction

Arrayed Waveguide Grating (AWG) multiplexers/demultiplexers are pla-
nar devices which are based on an array of waveguides with both imaging
and dispersive properties. They image the field in an input waveguide onto
an array of output waveguides in such a way that the different wavelength
signals present in the input waveguide are imaged onto different output
waveguides. AWGs were first reported by Smit [1] (1988) and later by
Takahashi [2] (1990) and Dragone [3] (1991). They are known under dif-
ferent names: Phased Arrays (PHASARSs), Arrayed Waveguide Gratings
(AWGs), and Waveguide Grating Routers (WGRs). The acronym AWG,
introduced by Takahashi [2], is the most frequently used name today and
will also be used in this text. Together with Thin-Film Filters and Fibre
Bragg Gratings, AWGs are the most important filter type applied in WDM
networks, and with the advance of Photonic Integrated Circuits technology
they are expected to become the most important one. Their operation prin-
ciples will be described in Sect. 4.2.

The most important technologies used for realisation of AWGs today
are silica-on-silicon technology and Indiumphosphide (InP)-based semi-
conductor technology. In addition, research on silicon-based polymer tech-
nology [4, 5] and on lithium niobate [6] have been reported as well.

Silica-on-silicon (SoS) AWGs have been introduced to the market in
1994 and currently hold the largest share of the AWG market. Their modal
field matches well with that of a fibre, and therefore it is relatively easy to
couple them to fibres. They combine low propagation loss (<0.05dB/cm)
with a high fibre-coupling efficiency (losses in the order of 0.1 dB).
A disadvantage is that they are relatively large due to their fibre matched
waveguide properties, which prohibit the use of short bends. This is pres-
ently being improved by using higher index contrast and spot-size convert-
ers to keep fibre coupling losses low. SoS-based AWGs will be described
in detail in Sect. 4.3.
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AWGs can be utilized to accomplish complex functionalities in fibre op-
tic WDM networks. They are also increasingly used in other areas such as
signal processing, measurement, and characterisation or sensing as well.
Integration of AWGs enables compact, high functionality devices. Exam-
ples from the area of fibre optic communication will be presented in
Sect. 4.4.

Semiconductor-based devices have the potential to integrate a wide va-
riety of functions on a single chip; they are suitable for integration of pas-
sive devices such as AWGs with active ones such as electro-optical
switches, modulators, and optical amplifiers, and also non-linear devices
such as wavelength converters. The dominant technology for operation in
the telecom window is based on InP. InP-based AWGs can be very com-
pact due to the large index-contrast of InP-based waveguides. The market
for integrated components is still small, but it is expected to become in-
creasingly important in the coming years. InP-based technology will be
described in Sect. 4.5, a brief description of other material systems is given
in Sect. 4.6, and finally, characterisation of AWGs is discussed in
Sect. 4.7.

4.2 Operation Principle and Device Characteristics

4.2.1 Principle

Figure 4.1 shows the schematic layout of an AWG-demultiplexer, and the
operation can be understood as follows [7]. When a beam propagating
through the transmitter waveguide enters the first Free Propagation Region
(FPR) it is no longer laterally confined and becomes divergent. On arriving
at the input aperture the beam is coupled into the waveguide array and
propagates through the individual waveguides towards the output aperture.
The length of the array waveguides is chosen such that the optical path
length difference between adjacent waveguides equals an integer multiple
of the central wavelength A, of the demultiplexer. For A, the fields in the
individual waveguides arrive at the output aperture with equal phase (mod.
2m), and thus the field distribution at the input aperture is reproduced at the
output aperture. The divergent beam at the input aperture is thus trans-
formed into a convergent one with equal amplitude and phase distribution,
and the input field at the object plane gives rise to a corresponding image
at the centre of the image plane. The spatial separation of different wave-
lengths is obtained by linearly increasing the lengths of the array wave-
guides, which introduces a wavelength-dependent tilt of the outgoing beam
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Fig. 4.1. (a) Geometry of an AWG demultiplexer, (b) beam focusing geometry in the
free propagation region

associated with a shift of the focal point along the image plane. If receiver
waveguides are placed at proper positions along the image plane, different
wavelengths are led to different output ports.

4.2.2 Focusing, Spatial Dispersion, and Free Spectral Range

Focusing of the fields propagating in an AWG is obtained if the length
difference AL between adjacent waveguides is equal to an integer number
m of wavelengths inside the AWG:

.ﬂc

P

.1)
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The integer m is called the order of the array, A_ is the central wave-
length (in vacuo) of the AWG, n; is the effective refractive (phase) index
of the guided mode, and A_/n; corresponds to the wavelength inside the
array waveguides. Under these circumstances the array behaves like a lens
with image and object planes at a distance R, of the array apertures.
On the other hand, the focal line (which defines the image plain) follows
a circle with radius R, /2, and transmitter and receiver waveguides should
be located on this line. This geometry is equivalent to a Rowland-type
mounting.

The length increment AL of the array gives rise to a phase difference ac-
cording to

Ag=pAL 4.2)
where
B=2nvnlc (4.3)

is the propagation constant in the waveguides, v=c/A is the frequency of
the propagating wave, and c is the speed of light in vacuo. The wave-
length-dependent phase difference A¢ introduces the wavelength-depen-
dent tilt of the outgoing wave front associated with a wavelength-de-
pendent shift of the corresponding image (as already mentioned above).
The lateral displacement ds of the focal spot along the image plane per unit
frequency change dv is called the spatial dispersion D, of the AWG,
which is given by (for details see [8]):

p o1 m AL "
dv v, ng, Aa

where 7y, is the (slab) mode index in the Free Propagation Region, Acris
the divergence angle between the array waveguides in the fan-in and the
fan-out sections, and n, is the group index of the waveguide mode:

dn
n,=ng +v—=L 4.5)
£ & dv

According to (4.1) and (4.4) the (spatial) dispersion is fully determined
by the order m and the divergence angle A¢, and as a consequence filling-
in of the space between the array waveguides near the apertures due to
finite lithographical resolution (cf. Sects. 4.3 and 4.4) does not affect the
dispersive properties of the AWG.

If the input wavelength change is such that the phase difference A¢ be-
tween adjacent waveguides (4.2) has increased by 2, the transfer will be
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the same as before, i. e. the response of the AWG is periodic. The period in
the frequency domain is called the Free Spectral Range (FSR), and
ABAL=2m in combination with (4.1) leads to:

FSR = V—(n—ﬁ] 4.6)

m I’lg

In order to avoid crosstalk problems with adjacent orders, the free spec-
tral range should be larger than the whole frequency range spanned by all
channels, and thus for a demultiplexer with 8 channels and 200 GHz chan-
nel spacing for example, the FSR should be at least 1600 GHz. If the chan-
nels are centred around 1550nm, (4.6) yields that this requires an array
with an order of about 120 (with n.4/n,=0.975 for the SoS- and n.z/n, =0.9
for the InP-material system).

If the device is to be used in combination with Erbium-Doped Fibre
Amplifiers (EDFAs), the FSR should be chosen such that adjacent orders
do not coincide with the peak of the EDFA gain spectrum in order to avoid
accumulation of Amplified Spontaneous Emission (ASE).

4.2.3 Insertion Loss and Non-uniformity

Fields propagating through an AWG are attenuated due to various loss
mechanisms. The most important contribution to this loss is coming from
the junctions between the free propagation regions and the waveguide ar-
ray. For low-loss the fan-in and fan-out sections should operate adiabati-
cally, i.e. there should be a smooth transition from the guided propagation
in the array to the free-space propagation in the FPRs and vice versa. This
will occur if the divergence angle A« between the array waveguides is
sufficiently small and the vertex between the waveguides is sufficiently
sharp. Due to the finite resolution of the lithographical process blunting of
the vertex will occur. Junction losses for practical devices are between
1 and 2dB per junction (i.e. between 2—4 dB for the total device). Propa-
gation loss in the AWG and coupling losses due to a mismatch between the
imaged field and the receiver waveguide mode (see below) are usually
much smaller.

If the transmission for the central channel of the AWG is T, then the at-
tenuation of the central channel is given by

A, =-10logT, 4.7)

From Fig. 4.2a it is seen that the outer channels have more loss than the
central ones. This reduction is caused by the fact that the far field of the
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Fig. 4.2. (Left) The field in the image plane for different wavelengths, showing the
influence of the far-field pattern of the individual array waveguide and the occurrence
of different orders (Right) the corresponding frequency response curve for the different
channels

individual array waveguides drops in directions different from the main
optical axis. The envelope, as indicated in the figure, is mainly determined
by the far field radiation pattern of the individual array waveguides. The
non-uniformity AT, is defined as the difference in transmission bet-
ween the central channel(s) and the outermost channels (nrs. 1 and N):

T
ATy = —IOlog% (4.8)

C

in which T is the transmission of the central channel(s).

The power which is lost from the main lobe will appear in adjacent or-
ders, as shown in the left part of Fig. 4.2. If the free spectral range is cho-
sen N times the channel spacing, then the outer channels of the AWG will
experience almost 3 dB more loss than the central channels, i.e. the non-
uniformity is close to 3 dB. This is because at a deflection angle at half the
angular distance between the orders of the array the power in the image is
reduced by 50% because at that angle it will be equally divided over the
two orders at both sides of the optical axis. In a periodical AWG the outer
channels will be close to these 3—dB points.

From the above it is clear that the non-uniformity of an AWG can be
reduced by increasing the FSR, however, at the expense of a larger device-
size.
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4.2.4 Bandwidth

As explained in the introduction, AWGs are lens-like imaging devices;
they form an image of the field in the object plane at the image plane. Be-
cause of the linear length increment of the array waveguides the lens ex-
hibits dispersion: if the wavelength changes, the image moves along the
image plane without changing shape, in principle. Most of the AWG prop-
erties can be understood by considering the coupling behaviour of the focal
field in the image plane to the receiver waveguide(s). This coupling is de-
scribed by the overlap integral of the normalised receiver waveguide mode
U, (s) and the normalised focal field Us(s) in the image plane, as illustrated
in Fig. 4.3:

nAs) =|[U, (5= A9) U, (s) ds| 4.9)

in which As is the displacement of the focal field relative to the receiver
waveguide centre. If U,(s) and the image field U(s) have the same shape,
which will be the case if identical waveguides are used for the transmitter
and receiver waveguides, then the coupling efficiency # can be close to
100% on proper design of the AWG. The power transfer function T,(v)
for the i-th receiver waveguide is found by substituting

As=Dg,-(v—-Vv,) (4.10)
in (4.9), which yields
(w=T. 1D, -(v-v,)} (4.11)

Us)  Up(s-ds)

Fig. 4.3. The receiver waveguide mode profile U, (s) and the focal field Uy(s)
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where v; is the frequency corresponding to the i-th channel. The power
transmission of the (virtual) central channel T, is normally smaller than 1
due to the transmission losses in the AWG, and it is also worthwhile to
note that for an even number of channels there will be no receiver wa-
veguide at the centre of the image plane. Figure 4.2 shows an example of
a demultiplexer response curve for different channels, in which the most
important characteristics of the device are indicated.

To analyse the transmission loss at the input and output aperture of the
array, which form the main contributions to the total insertion loss for the
central channels of the device, the most usual approach is to overlap (4.9)
the far field of the transmitter with the sum field of the individual array
waveguides, with excitation coefficients proportional to the incident field
strength. This analysis ignores the coupling between the waveguides,
which will reduce the transition losses at the input and output aperture of
the arrays. A more rigorous analysis of the array imaging properties is
presented in [9].

4.2.5 Passband Shape

An important feature of the AWG-filter characteristics is the passband
shape. Without special measures the channel response has a more or less
Gaussian shape. This is because the mode profiles of the transmitter and
receiver waveguides of the AWG can be described to a good approxima-
tion by a Gaussian function, so that their overlap (4.9) is also Gaussian.
The 1-dB bandwidth is usually 25-30% of the channel spacing.

The Gaussian shape of the channel response imposes tight restrictions on
the wavelength tolerance of the emitters (e.g. laser diodes) and requires
accurate temperature control for both the AWGs and the laser diodes.
Moreover, when signals are transmitted through several filters in a WDM
network, the cumulative passband width for each channel narrows signifi-
cantly. Therefore, flattened and broadened channel transmissions are an
important requirement for AWG de/multiplexers. Different approaches to
flatten the passbands of AWGs have been published. The simplest method
is to use multimode waveguides at the receiver side of an AWG. If the focal
spot moves at the AWG output along a broad waveguide, almost 100% of
the light is coupled into the receiver to have a flat region of transmission
[10]. However, this approach is unfavourable for single-mode systems.

Other methods convert the field at the transmitter or receiver into a dou-
ble image as indicated in Fig. 4.4a. The wavelength response, which follows
from the overlap of this field with the normal mode of a receiver/transmitter
waveguide, will get a flat region as shown in Fig. 4.4b. The double image is
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Fig. 4.4. Wavelength response flattening: (a) Shape of the focal field U; required for
obtaining a flat region in the overlap with the receiver mode U,, (b) wavelength re-
sponse obtained by applying a camel-shaped focal field (the dashed curve indicates the
non-flattened response obtained by applying a non-modified focal field, i. e. Us= U,

created by use of a short MMI coupler [11], a Y-junction [12] or a non-
adiabatic parabolic horn [13], where the best results are achieved with the
parabolic horn. Other approaches based on spatial filtering use waveguide
arm length changes inside the AWG that excite a sinc-like field distribution
at the grating exit, which produces, via Fourier transform, a rectangular
transmission shape [14, 15]. The use of interleaved gratings [16] or phase-
dithering [17] for this purpose have also been published.

All these techniques fundamentally increase the insertion loss (on the
order of 3dB) because only a portion of the image is focused onto each
waveguide output. This can be avoided by combining the AWG with
a synchronized AWG or MZI-duplexer at the input, as is demonstrated, for
example, in [18,19]. A discussion of different techniques for passband
flattening with a list of references is given in [15].

4.2.6 Crosstalk

One of the most important characteristics of the device is the inter-channel
crosstalk. It is the contribution of unwanted signals, e. g. in the case of adja-
cent channels, the contribution of the (unwanted) signal at frequency v;,, to
the (detected) channel i. The theoretical adjacent-channel crosstalk A, fol-
lows from the overlap of the focal field with the unwanted mode (4.9) as

A, =n(d) (4.12)

with d being the distance between adjacent receiver waveguides. From this
formula it is seen that arbitrary large crosstalk attenuation is possible by
positioning the receiver waveguides sufficiently far apart. Usually a gap of
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1-2 times the waveguide width is sufficient for more than 40 dB adjacent
inter-channel crosstalk attenuation. However, in practice other mechanisms
appear to limit the crosstalk attenuation. The most important ones are er-
rors in the phase transfer of the array waveguides. They are due to non-
uniformities in layer thickness, waveguide width, and refractive index and
cause a rather noisy “crosstalk floor”, which is better than 35 dB for good
devices. Semiconductor-based devices exhibit slightly inferior crosstalk
figures compared to silica-based ones.

Crosstalk figures provided for experimental and commercial devices
usually refer to single-channel crosstalk levels, i.e. the crosstalk resulting
from a single channel. In an operational environment crosstalk contribu-
tions from all active channels will impair the crosstalk level compared to
the single-channel crosstalk attenuation. This effect is discussed in [20]
(Note: One should keep in mind that crosstalk is defined in such a way (cf.
Glossary) that device behaviour is the better the higher the crosstalk which
1s somewhat counter-intuitive).

4.2.7 Wavelength Routing Properties

An interesting device is obtained if the AWG is designed with N input and
N output waveguides and a free spectral range equalling N times the chan-
nel spacing. With such an arrangement the device behaves cyclical: a sig-
nal disappearing from output N will reappear at output 1, if the frequency
is increased by an amount equal to the channel spacing. Such a device is
called a cyclical wavelength router [3]. It provides an important additional
functionality compared to multiplexers and demultiplexers and plays a key
role in more complex devices as add-drop multiplexers and wavelength
switches. Figure 4.5 illustrates its functionality. Each of the N input ports
can carry N different frequencies. The N frequencies carried by input
channel 1 (signals a,—a4 in Fig. 4.5) are distributed among output channels

wavelength
router

aq, Ap, Az, A4 ay, bg, ¢, d;
: >

by, by, bs, by ag, by, ¢4, d,
4>
C1, C2, C3, C4 ay, by, ¢4, ds >

ds, dz, ds, d4 ay, by, c3, d;

Fig. 4.5. Schematic diagram illustrating the operation of a wavelength router
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1 to N in such a way that output channel 1 carries frequency N (signal a,)
and channel N frequency 1 (signal a,). The N frequencies carried by input
2 (signals b;—b,) are distributed in the same way, but cyclically shifted by
1 channel in such a way that frequencies 1-3 are coupled to ports 3—1 and
frequency 4 to port 4. In this way each output channel receives N different
frequencies, one from each input channel. To realise such an interconnec-
tivity scheme in a strictly non-blocking way using a single frequency,
a large number of switches would be required. With a wavelength router,
this functionality can be achieved using only a single component. Wave-
length routers are key components also in multi-wavelength add-drop mul-
tiplexers and crossconnects (see below).

4.2.8 Configuration-dependent Crosstalk in Add-drop
Multiplexers

One key application of AWGs is adding or dropping wavelengths from
a multiplex. AWGs in different configurations can be used for this purpose,
and the corresponding interchannel crosstalk is a parameter of particular
importance. One standard configuration consists of two symmetrically con-
nected 1 XN AWGs with identical wavelength response (Fig. 4.6a). This
architecture exhibits an almost perfect isolation between the add and the
drop port, and spurious intensity of the dropped signal propagating towards
the output is suppressed again by the multiplexer, so that the total crosstalk
attenuation is essentially doubled. The latter is not the case for cheaper
configuration illustrated in Fig. 4.6b which uses a power combiner instead
of a multiplexing AWG.

An add-drop multiplexer as shown in Fig. 4.6a can be made configur-
able, i.e. the added and dropped wavelengths can be selected with an ex-
ternal control signal by combining the (de)multiplexers with switches as

l] ll
A, 2
in - out in — out
DMX A MUX DMX ,
(a) drop  add (b) drop  add

Fig. 4.6. Add-drop multiplexers with fixed add-drop channel. DMX: demultiplexer,
MUX: multiplexer
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Fig. 4.7. Two reconfigurable add-drop multiplexers, based on one 2x2 switch (a) and
two 1x2 switches (b) per channel. DMX: demultiplexer, MUX: multiplexer

shown in Fig. 4.7. In the configuration of Fig. 4.7a the add-signal may end
up in the drop-port at an undesirably high level through-crosstalk in the
switch. In the configuration of Fig. 4.7b, which requires two 1 X2 switches
per channel instead of one 2 X2, the isolation is almost perfect.

A disadvantage of the configurations shown in Fig. 4.6 and Fig. 4.7 is
that for low insertion loss operation they require two (de)multiplexers. Fig-
ure 4.8 shows an add-drop multiplexer realised with a single (N+1) X
(N+1) AWG. In the first pass through the AWG the four wavelengths are
demultiplexed. They are fed to four different switches with which they can

wavelength router drop

in out +

wavelength router

(a) drop add (b) add

Fig. 4.8. Two add-drop multiplexer configurations based on a single wavelength router
in a loop-back configuration (a) and in a fold-back configuration (b). MUX: multi-
plexer, DMX: demultiplexer
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be switched to the drop port or be looped back to the wavelength router
which multiplexes them to the output port. In the drop state a signal applied
to the add port will be multiplexed to the output port. A disadvantage of this
loop-back configuration is that crosstalk of the AWG is coupled directly
into the main output port, where it competes with the transmitted signal,
which is attenuated in the loop. This problem can be reduced by applying
the AWG in a fold-back configuration as shown in Fig. 4.8b, which requires
a larger AWG, however. One advantage of configurations using one AWG
only is that the channel wavelengths automatically fit. A comparison of
crosstalk properties of different configurations is given in [21].

4.2.9 Polarisation Dependence

If the propagation constants for the fundamental TE- and TM-modes
(electrical field vector parallel and perpendicular to the wafer plane, re-
spectively), of the array waveguides are equal, the AWG exhibits polari-
sation independence, i.e. identical spectral response for any polarisation.
On the other hand, any waveguide birefringence, i.e. any difference in
propagation constants for TE- and TM-polarised modes, results in a shift
Av,,; of the spectral response for TE- or TM-polarised modes, which is
called polarisation dispersion. For semiconductor-based double-hetero-
structure waveguides, typical polarisation dispersion values are in the or-
der of a few hundred GHz. In fibre-matched silica-on-silicon waveguide
structures the birefringence should be zero, in principle. However, due to
mechanical stress resulting from differences in thermal expansion coeffi-
cients of waveguide layers and substrate, polarisation dispersion of more
than 20 GHz may still occur, which is too much for dense WDM systems
applications.

Different concepts have been developed for reducing (residual) polarisa-
tion dependence. An elegant method applied in silica-based devices is the
insertion of a A/2-plate in the middle of the phased array [22]. Light enter-
ing the array in TE-polarised state will be converted by the A/2-plate and
travel through the second half of the array in TM-polarised state, and TM-
polarised light will similarly traverse half the array in TE-state. As a con-
sequence, TE- and TM-polarised input signals will experience the same
phase change regardless of the birefringence properties of the waveguides.
These and other approaches will be discussed in more detail in Sect. 4.3.

In semiconductor waveguides the birefringence is usually much larger
due to the large refractive index contrast of these waveguides. The most
straightforward approach for polarisation independence is by making the
waveguide cross section square when the index contrast is the same in the
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vertical and lateral direction, as is the case, for example, in buried wave-
guide structures. In waveguides with a different lateral and vertical con-
trast, polarisation independence may be achieved by choosing a proper
ratio between the height and the width of the waveguide. However, the
restriction to waveguides supporting the propagation of a single mode
only (monomode waveguides) in combination with typical material com-
position and index contrast leads to very small waveguide dimensions and
tight tolerance requirements, which are extremely demanding to fabricate.
Rather small deviations of layer thicknesses, composition, or waveguide
width introduce a polarisation dependence again. Relaxed tolerances are
obtained if low-contrast waveguides with a relatively large waveguide
core are used, which is also advantageous for achieving low fibre cou-
pling loss.

4.2.10 Temperature Dependence

Temperature independence is an important issue for passive devices that
should operate in the field under varying temperature conditions. It is also
important in integrated chips where chip temperatures may be dependent
on bias currents of optical amplifiers. The main effect of temperature
change in a temperature-dependent AWG is a shift of the wavelength re-
sponse. In active devices temperature dependence is less important be-
cause power supply for active temperature control is available, although
this raises the component cost.

InP-based AWGs have a temperature dependence in the order of
0.12nm/°C, so they can be tuned over a wavelength range of a few nano-
metres with a temperature change of 30-40°C.

S0S-AWGs have a temperature dependence which is smaller by one or-
der of magnitude, still too large for uncooled operation, but too small for
active tuning.

A popular way to achieve temperature insensitivity is by insertion of tri-
angular regions with material with a different temperature sensitivity in the
free propagation region of the AWG in a similar way as applied for polari-
sation insensitivity [23]. Other methods have been reported too and are
discussed in Sect. 4.3.3.

An important feature of temperature-insensitive devices is the accuracy
with which their channel wavelength is controlled: if it deviates from the
target value, one can no longer use temperature tuning to trim it to the right
value. So temperature insensitive AWGs require a high degree of process
control or the possibility to trim the devices, which is costly.
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4.3 Silica-based AWG Devices

4.3.1 Silica-on-Silicon PLC Fabrication Techniques

As discussed in the introduction, AWGs are one of the most important
filter types applied in WDM networks, and silica-on-silicon devices are the
variety predominating in current optical networks.

The fabrication of SoS-AWGs relies essentially on the combination of
techniques developed independently in two different fields: the well estab-
lished deposition techniques for silica-based glasses and optical fibres plus
etching and structuring developed for VLSI micro-fabrication [24].

AWGs are a special type of Planar Lightwave Circuit (PLC), and these
are fabricated on planar substrates, typically a crystalline flat silicon wafer.
Alternatively, optically flat fused silica substrates are also used, which
results in reduced polarisation-dependence of the waveguide characteris-
tics and enables the fusing of optical fibres to the waveguides [25].

Favourable properties of silicon wafers are their high degree of planar-
ity, excellent heat dissipation property, and the potential for hybridisation
of optical and electronic components onto a common substrate. The use of
large size wafers, typically 6" or 8" in diameter, is cost effective as it en-
ables multiple devices to be fabricated simultaneously on one wafer. Sili-
con wafers are normally pre-oxidized resulting in an oxide layer of typi-
cally several um thickness. This layer facilitates the adhesion of deposited
silica and forms at the same time part of a buffer layer.

Usually, the fabrication of silica PLCs starts with the deposition of a stack
of glass layers of high silica content onto the wafer, where the glass compo-
sition is similar to that of an optical fibre. Their simple waveguide core struc-
ture, low propagation loss, and an almost perfect field match to optical fibres
are the key factors which have given silica PLCs their predominance.

For the deposition of silica waveguide layers various processes have been
explored, and two of them have gained major importance: flame hydrolysis,
a method originally developed for fibre pre-form fabrication, and chemical
vapour deposition (CVD), acommon process in micro-fabrication.

The PLC base layer is usually made of undoped SiO,, while the other
glass layers are made of doped silica and are flowed during annealing,
aprocess that helps to form homogeneous low loss material. Typical
dopants for the silica core layer are Ge, P, or Ti, which slightly raise the
refractive index of the core with respect to buffer and cladding. In order to
enable filling-in between closely spaced core sections the upper cladding
must exhibit easy flow characteristics, while the core and buffer layer have
to remain rigid. Furthermore, the refractive index of the cladding layer
should closely match that of the buffer layer. For this purpose dopants such



140 4 Arrayed Waveguide Gratings

as B and P are added simultaneously to the cladding layer. While the addi-
tion of B lowers both, the flow temperature and the refractive index,
P raises the refractive index and thus enables index compensation. As an
alternative F has also been used to reduce the refractive index [26].

The standard fabrication of silica PLCs uses optical lithography, and
this relies on a chromium mask on a quartz blank which carries the wave-
guide structure. The mask is designed by CAD and subsequently written
by electron-beam lithography with sub-um accuracy. The pixel size during
mask writing has a strong influence on the AWG’s performance [27].
Waveguide cross sections are quadratic in most cases, however, their
width is sometimes enlarged in waveguide bends.

Waveguide forming starts by deposition of the etching mask layer on top
of the core layer, and the mask structure is then transferred into the silica core
layer by reactive ion etching (RIE) or similar techniques. It is of key impor-
tance that the etching process provides waveguides with sufficiently smooth
side-walls since the side-wall roughness induces scattering losses which
should be kept as low as possible. In order to get embedded waveguides it is
necessary to deposit a cladding layer with a refractive index similar to that of
the buffer layer in a final processing step after mask removal.

Flame Hydrolysis

Flame hydrolysis (FHD) for silica PLCs has mainly been developed by
Nippon Telephone and Telegraph Corporation (NTT) in Japan [24]. Fine
glass particles produced in an O,/H, torch fed by a mixture of vapours such
as SiCly and GeCl, or TiCly (in the case of the core) are deposited onto the
substrate, while the torch is traversed repeatedly over the moving substrate
held at lower temperature. The refractive index of the core layer is deter-
mined by the relative content of Ge or Ti, while the base layer is usually
made of undoped silica. The porous glass layers produced by FHD are con-
solidated by annealing due to heating up to around 1200°C to 1300°C.
Small amounts of BCl; and PCl; are added to the gas mixture to build the
upper cladding layer which is consolidated at a somewhat lower tempera-
ture. In the case of PLCs on silicon substrates, a 10 to 15 um thick SiO,
buffer layer is normally used in order to avoid leakage from the silica wave-
guide core to the silicon substrate which has a much higher refractive index.

The thickness of the doped core layer is normally determined by the re-
quirement of single mode propagation for a quadratic core cross section.
Differences An of the effective refractive index of the core and that of the
buffer can be adjusted from about 0.25% to 1.5-2.0%. In the case of
An=0.75% silica, which is commonly used in 1.55 um wavelength PLCs,
the core layer is 6 pm thick.
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Chemical Vapour Deposition

Chemical vapour deposition (CVD) and related processes such as low pres-
sure chemical vapour deposition (LPCVD) [28] and plasma-enhanced
chemical vapour deposition (PECVD) are also often used for silica PLC
fabrication [29]. These methods enable the deposition of thin layers of un-
doped or doped silica by using admixtures of either vapours or gases [30].
Phosphorous is a frequently used dopant for the core layer. In a typical
CVD process the substrate is exposed to one or more volatile precursors
which react and/or decompose on the substrate surface to produce the de-
sired deposition. PECVD and its variants, on the other hand, rely on ionic
catalysts.

LPCVD is a method of film deposition primarily used in silicon tech-
nology which has also been adapted to silica device fabrication [31].
LPCVD works at sub-atmospheric pressure which tends to reduce un-
wanted gas phase reactions and improves film uniformity across the wafer.
Several manufacturers use this deposition method with great success, and
sometimes a combination of both, FHD and CVD, is also used. Although
deposition rates of ~1 um/h are rather low, the total wafer throughput is
normally high enough because 50 or even more wafers can be processed
simultaneously in a CVD reactor. Deposition temperatures range from 400
to 800°C, depending on the reactants. Annealing is carried out at tempera-
tures of ~900-1100°C. In a CVD process layer growth takes place on both
sides of the wafer which minimizes wafer bowing.

One advantage of PECVD, compared to both FHD and CVD, is that it is
a low-temperature process, compatible with temperatures occurring in
microelectronics processing. However, this potential advantage is lost if
high-temperature annealing is needed for smoothing out irregularities,
which might have been introduced during the waveguide etching process.
In addition, the PECVD process offers the possibility to monitor the re-
fractive index of the deposited layers using in-situ ellipsometry.

Other advantages of CVD processes in silica waveguide fabrication are
both lower stress (reduced birefringence) in waveguide layers and higher
layer uniformity over large wafer areas, and these features can be of high
relevance for large channel count, high resolution AWGs designed for
DWDM applications.

4.3.2 Birefringence

Glass layers of silica-on-silicon wafers tend to exhibit compressive stress
after they have been cooled down to room temperature as a consequence of
different thermal expansion coefficients of glass and silicon, and this effect
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is particularly pronounced if the layer deposition has been made by FHD.
The stress induces birefringence (cf. Sect. 4.2.9), and as a consequence
standard silica-based AWGs exhibit polarisation-dependent optical proper-
ties. The corresponding wavelength separation A4 between the peak trans-
mission for TE- and TM-polarisation is given by

Ah=1/m - AL - (I’lTE_ I’lTM), (413)

where m is the waveguide grating order, AL is the path difference between
neighbouring arrayed waveguides, and nyg and npy, are the effective refrac-
tive indices for TE- and TM-polarised guided waves, respectively.
A typical value for silica-on-silicon at 1.55 pm wavelength is

(l’lTE - I’lTM) = 2410_4

For the case of an AWG with 100 GHz channel spacing such a refractive
index difference induces a TE-TM shift of AA=0.26 nm (33 GHz), which
is not acceptable in many cases, in particular for DWDM applications [32].

Several methods have been reported which compensate this polarisation
dependence, and these include TE/TM mode conversion [33], dopant-rich
cladding [32, 34, 35] and undercladding [36], groove-assisted waveguides
[37], width-controlled waveguides [38], and core-over-etching methods [39].

In the case of TE/TM mode conversion (cf. Sect. 4.2.9), a thin half-wave
plate (being a 14.5 um thick stretched polyimide foil) is inserted into a slit
in the centre of the arrayed waveguide grating and fixed with UV-curable
adhesive [33]. In the case of a conventional AWG a typical excess loss of
0.4 dB is introduced by this method. Using dopant-rich cladding a TE-TM
shift A1<0.02nm (2.5 GHz) was obtained without significant excess loss.
This corresponds to a reduced birefringence of (17z—nny) < 1.8:107° [32].

4.3.3 Silica Waveguide Features and their Influence on AWGs

Three waveguide parameters are particularly essential for PLC-based
AWGs and are relevant for the AWG design. These parameters are:

1. the waveguide loss (over the wavelength range of interest),

2. the waveguide coupling characteristics to other components of a net-
work, e. g. fibres,

3. the lowest possible bend radius which still assures acceptable radiation
loss.

ad 1: As known from optical fibres, silica itself has extremely low optical
loss in the wavelength range throughout the visible and near infrared
region which covers all wavelengths utilized in optical communication.
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However, the preferred spectral transmission region is between about 1.3
to 1.6 um. This is essentially due to the fact that Rayleigh scattering losses
strongly increase towards shorter wavelengths, and the same is true for
planar silica waveguides as a consequence of inevitable residual sidewall
roughness induced by technological processes such as lithography and
etching. The associated losses are approximately 10’ times higher than
those of a fibre. Furthermore, the effect is more pronounced with wave-
guides of higher index contrast, provided the roughness is comparable.

ad 2: For low-contrast silica devices (see below), the waveguide mode
matches with that of a standard single mode fibre (SMF), resulting in very
low coupling losses. For higher contrast waveguides, a high coupling effi-
ciency requires mode matching, and it is necessary to integrate a taper to
the input/output waveguides of the AWG. Coupling losses well below
0.5dB are feasible, even for high contrast waveguides, if a proper mode-
converter is applied.

ad 3: The choice of a waveguide design with a given An value affects the
minimum possible bending radius and therefore the compactness and size
of a device. Since the typical bending radius R of a silica waveguide is
around 2-25 mm, the chip size of large-scale circuits can amount to several
cm’. Therefore, reduction of propagation loss and uniformity of refractive
indices throughout the wafer are strongly required. Increasing An of
a waveguide allows for smaller waveguide bending radii and enables the
realization of high-density integrated circuits. Low-An waveguides are
superior to the high-An waveguides in terms of fibre coupling losses with
standard single mode fibres SMF-28. On the other hand, the much smaller
minimum bending radii of high-An waveguides enable the fabrication of
highly integrated and large scale optical circuits such as AWGs with high
channel numbers and with high resolution.

Four different (standard) An values are typically used for silica waveguides,
and each An value corresponds to a specific core width which assures sin-
gle-mode propagation. Lowest loss down to 0.017 dB/cm has been achieved
in low-An waveguides with An=0.30% (core size 8x8um’, R=25mm)
and also with An=0.45% (core size 7x7 pmz, R=15mm) [40]. These
waveguides match best to standard SMFs, but their large bending radii lead
to rather large PLCs. Waveguides with “standard” An=0.75%-silica (core
size 6xX 6 um’, R=5mm) are more practical for compact PLCs and have
still tolerable mode match to SMFs. Corresponding minimum waveguide
propagation losses of 0.035 dB/cm have been reported [41]. A propagation
loss of about 0.1 dB/cm was obtained for super-high An =1.5—2%-silica
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(core size 4.5x 4.5 to 3 x 3 um’, R=2mm) [42], which enables high density
PLCs, but requires special tapers for coupling to SMFs.

Slightly higher losses are observed for the TM modes in comparison to
TE modes, and this is attributed to the roughness of the waveguide side-
walls caused by the RIE process (cf. above). However, this effect is usu-
ally negligible in loss considerations of AWGs.

A conventional 16-channel 100-GHz-spacing AWG fabricated with
0.75%-An waveguides may have a size of about 26 x 21 mm®. This circuit
size increases rapidly when the channel count rises beyond 100. For exam-
ple, a 200 channel AWG can be more than 100 cm’ in size, which makes
its fabrication difficult. Moving to 1.5%-An waveguides with correspond-
ing lower bending radius allows to fabricate such a 200 channel AWG on
a 4-inch wafer [43].

Another high-contrast low-loss “silica-like” material is Hydex™ with
pre-adjustable index contrast between 1.5% and 25%, developed by Little
Optics. Bending radii in the sub-mm range and correspondingly dense
PLCs are possible. In addition to different passive optical PLCs such as
p-ring filters (cf. Chap. 8), star couplers, delay lines and many others,
a 40-channel AWG has also been demonstrated with more than 200 pieces
integrated on a single 6-inch wafer [44]. However, efficient coupling to the
optical fibre is not at all an easy task in that case because of strongly dif-
ferent optical modes of the AWG input waveguides and the optical fibre.

4.3.4 AWG Development Trends

AWGs are available as wavelength multiplexers and demultiplexers to be
used in WDM networks for more than a decade. Since then they have
steadily been improved, and this process is still going on. In the following
we will discuss current development trends, but we will start with a de-
scription of typical characteristics of state-of-the-art AWGs.

Various kinds of de/multiplexers relying on “standard” An=0.75% sil-
ica and exhibiting good performance have been demonstrated in the labo-
ratory rather early [45—47]. They range from 50 nm spacing, 8-channel
AWGs for CWDM to 25 GHz spacing, 128-channel AWGs for DWDM
applications or even AWGs with 10 GHz spacing.

Table 4.1 shows characteristic parameters of corresponding typical
AWG multiplexers with Gaussian passband fabricated in the standard sil-
ica-on-silicon technique [48]. Table 4.1 also illustrates a number of trends
and dependences as the number of channels increases and the channel
spacing gets lower simultaneously. For example, clearly to be seen is the
proper choice of grating order m yielding a FSR value, according to (4.6),
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capable to capture the full channel number N. Moreover, the spectral reso-
lution of the AWGs is essentially determined by the product m-n, and the
number of grating arms n is typically chosen to be about three to four
times that of the number of output channels (over-sampling), which is also
illustrated in the table.

Table 4.1. Experimental performance examples of fabricated AWG multiplexers

Parameter Layout specifications and experimental results
Number of channels N 8 16 32 64 128
Centre wavelength 1.30 pm 1.55um 1.55um 1.55pym  1.55pum
Channel spacing AL 50nm 2nm 0.8 nm 04nm  0.2nm
A (6.25THz) (250GHz) (100GHz) (50GHz) (25GHz)
Grating order m 3 47 59 59 59
Number of arrayed

waveguides n 28 60 100 160 388
On-chip loss for A, 2.2dB 2.3dB 2.1dB 3.1dB 3.5dB
Channel crosstalk >30dB >35dB >35dB >30dB >20dB

In general the insertion loss increases from central to peripheral output
ports by a certain amount, referred to as non-uniformity, (see (4.8)). Typi-
cal values of this variation are 2 to 3 dB, and there is an additional depend-
ence on the FSR and on the corresponding grating order m of the AWG
under consideration. In addition, the insertion loss tends to increase
slightly with increasing channel number and device size. One option to
reduce the channel-dependent loss is choosing the number N of AWG
channels (or accordingly the FSR value) larger than the number of chan-
nels required.

The channel centre wavelengths of AWGs to be used in telecommunica-
tion systems have to be aligned exactly to the ITU grid (cf. Appendix,
Sect. A.1), and this can be assured by a Vernier design of the input wave-
guide geometry and temperature tuning of the AWG module [49].

In the early days the total insertion loss of AWGs was typically in the
range of 3 to 4dB and channel crosstalk in the range of 20 to 35 dB. Both
values have been considerably improved since then by the use of special
layout, trimming methods, and advanced filtering methods.

Improving the characteristics of existing AWGs has focused on lower
insertion loss, improved crosstalk, higher channel resolution, and higher
total channel count, and corresponding work is still going on. The priority
among these parameters is essentially application- and cost dependent.
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A silica-based AWG with particularly low insertion loss of only 0.75 dB
has been achieved using a structure with vertically tapered waveguides in
the intersection region between the arrayed waveguides and the slab which
reduces the transition loss at that interface. In addition, a spot-size con-
verter was incorporated into the AWG in order to reduce the fibre-to-
waveguide coupling loss [50].

Another highly effective method to reduce the insertion loss of an
AWG, which is based on the same idea of tapering, has been patented by
Lucent: A segmented transition region is inserted between the slab and the
arrayed waveguides, which comprises a number of paths intersecting the
waveguide array and exhibiting progressively decreasing width as they
depart further away from the slab [51].

Besides lowering the overall insertion loss of AWGs the improvement
of crosstalk is an issue of high relevance. One source of crosstalk is phase
error. It can be compensated by trimming all waveguides in the AWG in-
dividually, but it is laborious and time consuming [52,53]. An alternative
method is to use additional bandpass filters at the output ports of a conven-
tional AWG. This approach has been demonstrated for a 64 channel,
50 GHz spaced silica AWG integrated with a secondary element consisting
of 64 1x1-channel-type AWGs (bandpass filters), each of them with
a different centre wavelength which corresponds to the centre wavelength
of the respective output of the main AWG. Silica with An=0.75% was
used for the main AWG, and An=1.5% silica for the AWG bandpass fil-
ters, respectively. This device exhibited an excellent crosstalk of 82 dB and
a moderate insertion loss of 3.3 dB [54].

Different AWGs with particularly high channel number and very close
channel spacing (relying on 1.5%-An waveguides in silica) have been pub-
lished by NTT. Examples are 25 GHz spacing, 256-channel AWGs with a
circuit size of about 75x 55 mm” and fabricated on a 4-inch wafer [55, 56]
or a 400-channel AWG with the same channel spacing that covers the full
C- and L-bands from 1530 to 1610nm [57]. The corresponding chip size
was about 124 x 64 mm?®, fabricated on a 6-inch wafer. On-chip losses
ranged from 3.8 to 6.4 dB from the central to the outer output ports, and
adjacent and far-end crosstalk were about 20dB and better than 30dB,
respectively.

Furthermore, demultiplexers with 10 GHz channel separation and 320
channels or even more than 1000 channels have been realized in a two-stage
architecture using auxiliary 10 GHz-spaced AWGs connected to each output
of a coarse filter AWG [58, 59]. In the latter device one 10-channel AWG
and ten 160-channel AWGs have been connected in a tandem configuration.

Recently, even a 5 GHz spaced, two-stage tandem demultiplexer with
4200 channels that covers the complete S-, C- and L-bands from 1460 nm
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to 1620nm has been reported [60]. In this case the configuration was
a 20-channel AWG with 1 THz channel spacing and Gaussian passband as
a primary filter and twenty 5 GHz-spaced AWGs as secondary filters. Pri-
mary and secondary AWGs have been fabricated in An=0.75% and
An=1.5% silica, respectively. The secondary AWGs have been fabricated
on 4-inch wafers, and UV laser trimming has been used for phase error
correction. The loss values of the whole device ranged from 7 to 12 dB and
the adjacent crosstalk ranged from 40 to 14 dB. The crosstalk worsened
periodically with channel number since side lobes in the transmission
spectrum of each secondary AWG increased as the channel deviated from
the centre channel.

Even a 16 channel AWG with 1 GHz channel separation has been real-
ized already which uses a grating order as high as m=11,818. The corre-
sponding device layout had to be folded in order to fit onto a 4-inch wafer,
and in addition, phase errors had to be compensated in each grating arm in
order to make the device work [61].

On the other hand, AWG based de/multiplexers for CWDM applications
have been demonstrated which are typically dimensioned for 10 or 20 nm
channel spacing. Also very broad-band low channel count AWGs of low
grating order have been reported using a special AWG design [62]. Here
e. g. devices with one input and two output channels have been fabricated
operating at 1.0-1.55 pym, 1.31-1.53 um, and 1.47-1.55 um, respectively.

Athermal AWGSs

In standard silica-based AWGs the centre wavelength of any output chan-
nel shifts by about

dA/dT=1.2 - 10 nm/K or dv/dT=~1.5 GHz/K

at 1.55um. This is mainly determined by the temperature-induced vari-
ation of the refractive index of the silica glass, which is

dn/dT=1.1-10°K™".

For many applications, e.g. in WDM networks, the AWG-channel
wavelengths are stabilised by temperature control, either by use of a Peltier
element or more simply by a heater if the operating temperature of the
component is set to a higher temperature. The control requires additional
equipment and the availability of electrical power at the operation place.
The desire to get rid of this extra effort has spurred the development of
athermal (i.e. temperature insensitive) AWGs which exhibit stable filter
response over a certain temperature range, e. g. 0-85°C.
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One realisation concept of athermal AWGs relies on replacing a section
of the standard waveguides by waveguides made of a material with a nega-
tive dn/dT value in order to compensate the temperature dependent optical
path length variation [63]. A material commonly used for this purpose is
silicone which has a rather large value

dn/dT=-37-10°K".

In this case only about 3% of the waveguide path in an essentially silica-
based AWG has to be replaced by silicone. However, due to additional
light scattering at the interfaces between silica and silicone and a slightly
higher light loss in silicone the total AWG insertion loss is slightly en-
hanced by this procedure, typically by 2 dB. However, this excess loss can
be reduced to about 0.4dB by segmenting a single trapezoidal silicone
region into multiple groove regions [64]. Polymer is another material util-
ized for the compensation of temperature-induced optical path variations
of silicon [65].

A different approach to achieve an athermal AWG is based on tracking
the AWG focal points, which exhibit a temperature-dependent move at the
slab output (or vice versa at the input) related to the optical path length
variation in the arrayed grating. Tracking is accomplished by fixing the
input or output waveguides to a metal arm (copper or aluminium) which
exhibits the appropriate thermal contraction or expansion [66, 67].

4.3.5 Interleave Filters

The combination of an AWG with an interleave filter (cf. Chap. 9) is an
efficient method to double the channel count of AWG-based
de/multiplexers without changing the corresponding AWG-design. The
interleave filter separates WDM channels, which have equal spacing, into
two groups with twice the spacing, and therefore, one interleaver filter plus
two AWGs with N channels is equivalent to one AWG with 2N output
channels and half the channel separation of each individual AWG. The
interleaver is basically a Mach—Zehnder-interferometer, but more sophisti-
cated designs offer spectral characteristics which are more favourable than
a simple sin’(A) power-dependence. For example, flat-top characteristics
have been demonstrated by a Fourier transform filter composed of direc-
tional couplers and delay lines [68]. The advantage of this filter is that it
exhibits no excess loss other than fibre coupling and waveguide propaga-
tion loss.

Thus in addition to doubling the total channel number, the integration
of interleave filters and AWGs enables the construction of compact WDM
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filters with wide pass-band and low insertion loss as well. Ref. [69] illustrates
the combination of a 50 GHz interleave filter with two identical 100 GHz
spacing 51-channel AWGs with their centre wavelengths shifted by 50 GHz
with respect to each other which provides a 102-channel 50 GHz-spacing
demultiplexer.

4.3.6 Commercially available AWGs

AWGs have become one of the standard filter types used in WDM networks,
and they are available from a number of different suppliers. These include
(at the time of writing this text) ANDevices, Gemfire, JDS Uniphase, and
Wavesplitter from the US, Hitachi-Cable, NEC, and NEL from Japan, PPI
from South Korea, and NKT from Denmark. There have been additional
suppliers in the past, in particular around the year 2000, which have either
closed down their business or have undergone mergers with other compa-
nies, and similar developments are likely to happen in the future as well.

Typical characteristics of commercially available AWGs are compiled
in Table 4.2, where the data in brackets refer to less common devices. Of-
fered low channel-spacing filters, e.g. those with 25 GHz, are primarily
accomplished using an additional interleaver filter. The channel character-
istics of AWGs have been primarily Gaussian a number of years ago, how-
ever, more recently flat-top characteristics have become predominant.

Two examples of filter characteristics of commercially available AWGs
in SoS-technology are shown in Figs. 4.9 and 4.10, one with Gaussian and
the other with flat-top shape.

Table 4.2. Typical characteristics of commercially available AWGs in SoS-technology

Quantity Typical characteristics Options
Maximum channel number  up to 40 80
channel spacing 100, 50 GHz 25,200GHz
Mode Gaussian and flat-top
Wavelength range C- and L-band S-band
Temperature dependence active temperature-control athermal
Typical insertion loss
Gaussian: <3.5..<5dB <2.5dB
flat-top: <45 ..<8dB
Typical crosstalk
adjacent channel crosstalk  >25...>30dB >33dB
non-adjacent channel X-talk >30...>35dB
Polarisation-dependent loss ~ <0.35 ... <0.50dB <0.2dB

Added interleaving filter 2 and 4 channels, 25-100 GHz
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Fig. 4.11. Comparison of Gaussian and flat-top AWGs (courtesy of ANDevices)

The differences between Gaussian and flat-top characteristics are illus-
trated in Fig. 4.11. As can be seen, the more favourable channel shape (i. e.
higher tolerance to wavelength variations) is accomplished at the expense
of a somewhat higher overall attenuation.

4.4 Applications

AWGs have found a large number of applications ranging from simple
add-drop multiplexers to complex-functionality crossconnects in telecom-
munications, and corresponding typical examples will be illustrated in the
following, while other applications such as in signal processing, measure-
ment and characterisation, and sensing for example, are beyond the scope
of this chapter.

4.4.1 Add-drop Multiplexer

Generic add-drop multiplexer (ADM) configurations have been illustrated
in Sect. 4.2.8. A device consisting of three AWGs connected by 16 thermo-
optic switches has been the first fully integrated silica PLC-based ADM
that enabled full access to 16 individual wavelength channels [70]. In a sec-
ond version [71] double gate switches were used and four AWGs were in-
stalled. This double-gate configuration enabled a remarkable improvement
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Fig. 4.12. Structure of a client-reconfigurable ADM, after [73]

in crosstalk: The on-off crosstalk from the main input to the main output or
any drop port was larger than 28 dB, and the on-chip insertion loss ranged
between 7.8 and 10.3 dB. Similar configurations using athermal AWGs and
TO switches in silica can be operated without temperature control of the
AWGs [72].

Other integrated optical add-drop multiplexers on silica PLCs reported in
the literature include a 32-channel ADM which can be re-configured to add-
drop any of the 32 input channels from/to any of the 4 add-drop ports as illus-
trated in Fig. 4.12 [73, 74] and a 40-channel programmable add-drop filter
with flattened passbands [75]. For other examples see also Sect. 4.5.4.

4.4.2 Equalizer

Equalizers for power and dispersion are often needed in WDM networks,
especially in ultralong-haul (> 100 km) systems.

The equalization of channel power in order to compensate for residual
gain ripple in optical amplifiers, sudden channel power changes, and incor-
rectly added channel powers in optical add-drop multiplexers normally re-
quires dynamic gain equalizers. On the other hand, fixed dispersion equaliz-
ers are usually adequate for the compensation of large delay time
differences. A large variety of compensation schemes have been developed
for these purposes including mechanical [76], acoustooptic [77], and planar
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lightwave circuits containing AWGs as key elements [78,79, 80]. These
conventional equalizers consist of a demultiplexer-multiplexer pair and, in
between, attenuators or amplifiers and delay lines, respectively (see also
Sect. 4.5.4, Fig. 4.25).

The introduction of erbium-doped fibre amplifiers has greatly increased
the transmission distance in optical fibre communications, and chromatic
dispersion has now become the main factor limiting the maximum repeater
span. Several techniques have been reported for the compensation of the
corresponding signal distortion in optical links [81,82] including lattice-
form dispersion equalizers made in silica PLCs [83]. However, it is rather
difficult to fabricate a dispersion equalizer by the lattice-form configura-
tion having both wide operational bandwidth and large delay compensation
capability.

A PLC dispersion equalizer, which satisfies both requirements, has been
realized utilizing two AWGs (25 GHz channel spacing, 3200 GHz (25.6 nm)
free spectral range, A.=1.55um centre wavelength) as a demultiplexer-
multiplexer pair and multiple delay arms in between [84]. In this special case
two diffraction orders m =59 and 60 had to be used by constraints of the de-
lay arm layout. The delay arm lengths were designed to compensate for the
delay time 7(4) introduced by a specific length of a given dispersion-shifted
fibre (DSF). The waveguide length Al of the i-th delay arm is given by

AR =1 ~[(A) -7 (4.14)
n

c

where [, is the maximum arm length for the dispersion-zero centre wave-
length A., 7(4) is the delay for each AWG channel wavelength A; along the
fibre span with length L(=400km). It has been shown that over 10nm
wavelength range this equalizer can almost completely compensate the
delay accumulated over 400 km of DSF.

4.4.3 WDM-PON Overlay Device

Passive optical networks (PON), which use passive, wavelength-inde-
pendent optical splitters for power splitting/branching and time division
multiplexing for upstream and downstream signalling, constitute a low
cost solution for many applications.

The upgrade of existing broadcast PONs with broadband interactive
services by employing high density wavelength division multiplexing
(WDM) represents an attractive way of exploiting the huge optical fibre
capacity more efficiently and of adding additional features to the access
network such as privacy for example, since individual subscribers can be
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addressed by separate WDM channels. For a WDM/PON with well de-
fined wavelength channels, the broadcast signal and the WDM channels
can be distributed over the same optical network, each using separate
wavelength bands [85, 86], see also Appendix, Sect. A.2.

A number of integrated WDM-PON devices fabricated in silica wave-
guide technology have been reported which utilize AWGs as de/multiple-
xers for specific wavelength bands. One solution, which enables a 1.31 um
wavelength broadcast overlay over eight WDM channels in the 1.55um
wavelength band, uses individual coarse wavelength selective 1Xx2 cou-
plers for overlay in each channel [87]. Waveguide crossings are inevitable
in such a structure. Another solution that is suitable for much smaller sepa-
ration of both wavelength bands uses a specially designed AWG with
chirped grating which acts like an optical multiplexer in one wavelength
band and as an optical power splitter in another one [88].

Other solutions for WDM-PON overlay devices have been demonstrated
that make use of the inherent overlay features of AWGs with their differ-
ent grating orders and which utilize wavelength dispersion and imaging
properties between input and output [89-95] as described in Sect. 4.2.1.
This concept can be adapted to a wide range of band separations and can
even enable an overlay of more than two bands.

In one corresponding solution the device is composed of an AWG de-
multiplexer for the WDM channels, a 1/N power splitter for the broadcast
wavelength, and an overlay-AWG of low order. The latter provides the
two-band multiplexing, essentially due to its imaging properties. A 1.31 pm-
broadcast/ 1.55 um-WDM overlay and a 1.50 pm-broadcast/ 1.55 pm-WDM
overlay have been realized as well (cf. column 1 in Table 4.3). In another
approach the required demux/overlay-mux functionality was implemented
by one specially designed AWG only which again was combined with a
distributing star-coupler attached in front of it [91, 92] (columns 2 and 3 in
Table 4.3). All these devices carried 8 WDM channels in the 1.55 um band
with 200 GHz and 100 GHz spacing, respectively,

The general AWG behaviour is described by (4.15), where 6y and Gyyr
represent the angles between the respective slab centre axis and the at-
tached input/output waveguides.

dn, .

dA

6.1 == {/?'z _ﬂc|:1+i
’ nd Ny

S

(j? _ﬁc)}} - ei,OUT (4.15)

In this equation, /; is the signal wavelength and m is the grating order at
A, A 1is the design centre wavelength at order m, d is the grating pitch, and
n, and n,, are the effective refractive indices at A. of the slab and the grat-
ing waveguides, respectively. This equation takes into account also the
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Fig. 4.13. Design principle of a broadcast WDM/PON overlay device using demulti-
plexing and imaging properties of an AWG, using different grating orders m and m+k

chromatic material dispersion by a linear fit of n,, around A. (given in
square brackets). The input/output waveguide positions at both slabs are
x = @f, where fis the slab focal length.

The method of operation is illustrated schematically in Fig. 4.13. The
typical AWG demux functionality for WDM wavelengths 4, ... Ay between
the common WDM input port and N output ports is obtained using grating
order m. The overlay functionality of a broadcast signal at wavelength A,
onto these N output ports utilizes imaging from properly set N input ports.
If the imaging position of the A;,-comb from the star-coupler at the AWG
input were k-FSR away from the centre axis with respect to order m, then
one uses an order mztk, depending on the sign of the wavelength shift
AApang. Obviously a multiple choice of the broadcast wavelength in such
a device is possible, spaced by the FSR of the AWG. The FSR determined
by the chosen order m should be large enough to cover all inputs without
overlap.

Furthermore, a 3-band PON-AWG configuration has been realized
(column 3 in Table 4.3) which combines the mux- and demux capabilities
of 2x8 WDM up- and downstream channels and the overlay of 8 distrib-
uted broadcast channels onto the WDM downstream channels (see
Fig. 4.14). Two bands of them are identical in their functionality to the
previous ones (orders m=100 and m=102). The additional third band is
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overlay device using multi-/demultiplexing and
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Fig. 4.14b. Input and output
sections of the corresponding
AWG device

used for 8 upstream WDM channels from the users to the central office
(order m=99). All these 8 upstream channels are multiplexed by the
AWG and directed to one output port. Corresponding experimental results
are shown in Fig. 4.15.

Table 4.3. Measured features of three of the above-mentioned WDM-PON overlay
devices fabricated as silica PLCs

Overlay device Type 1 Type 2 Type 3
Mo ! Awpm 1.31/1.55um 1.50/1.55um 1.50/1.55pum
diffraction order 70 (Ap) 102 (A)
m 3(A) 68 (Awpm) 99 (Awpm fup)
100 (Awpm fdown)
‘WDM mode pass through DEMUX, m=68 DEMUX, m=99,100
Ao no. of channels 8 8 8
excess loss 11dB+2dB 45dBt1.2dB 5.5dB*1.2dB
A 345 50nm 0.8 nm 0.4nm
method horn star star
Awpm  channel spacing 1.6 nm 1.6 nm 0.8 nm
(200 GHz) (200 GHz) (100 GHz)
insertion loss 3.8dB-52dB 3dB 3dB
AN 345 8 nm 0.65nm 0.35nm
crosstalk >25dB >25dB >27dB
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Fig. 4.15. (a) Experimental results for the 2x8 ports of type 3 WDM-PON overlay
device. Downstream channels around 1533 nm at order m = 100 and upstream channels
around 1557nm at order m=99 (bold curves). The centre loss amounts to about
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Fig. 4.15. (b) Measured excess loss of the distributing system for the broadcast wave-

length A;, around 1500 nm at the ports OUT,, (= OUTj,,,). The passband is broadened
to 0.4 nm by horn structures at the input
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4.5 InP-based Devices

4.5.1 Introduction

The characteristics of InP-based AWGs are rather different compared to
silica-based ones, and in some respects InP is superior, in others silica-on-
silicon is more favourable. The most important advantage of InP-based
AWG:s is that they can be monolithically integrated with devices like la-
sers, semiconductor optical amplifiers (SOA), RF-modulators and swit-
ches, wavelength converters, signal regenerators or detectors, for example.
Moreover, due to the high index contrast that is possible in semiconductor
waveguides, InP-based AWGs can be smaller than their silica-based coun-
terparts by more than two orders of magnitude. Insertion-losses of InP and
silica AWGs are comparable. Crosstalk figures for InP-based AWGs are
lagging behind by 5-10 dB compared to silica devices (>35 dB), however,
considerable improvement can be expected in the coming years. The most
important disadvantage of InP-based AWGs is their coupling losses to
single-mode fibres which are in the order of 10dB because of the large
difference in waveguide mode size. Coupling losses can be reduced by
using lensed fibres, but at the price of a reduced alignment tolerance and,
as a consequence, higher packaging costs. For efficient and tolerant fibre
coupling integration of fibre-mode adaptors (also called spot-size convert-
ers or tapers) on the chip is mandatory. So far, this has prevented InP-
based AWGs to become a competitor of silica-based AWGs for use as
stand-alone devices. The real advantage of InP-based AWGs lies in their
potential for integration in circuits with an increased functionality, such as
WDM transmitters and receivers, both for Metro and Access Networks,
and optical add-drop multiplexers. So far the market for this kind of func-
tionalities has been too small to enable a real breakthrough of InP-based
Photonic Integrated Circuits (PICs), but at the time of writing this chapter
the recovery of the WDM market is creating the conditions for broader
application of InP-based Photonic ICs.

The power of micro-electronic integration technology is that a broad
class of electronic functionalities can be synthesised from a small set of
elementary components such as transistors, resistors, and capacitors.
A technology that supports integration of these elementary components
can, therefore, be used for a broad class of applications, and investments
made in its development are paid back by a large market. Although
photonic integration has much in common with micro-electronic integra-
tion, a major difference is the variety of devices and device-principles in
photonics. For couplers, filters, multiplexers, lasers, optical amplifiers,
detectors, switches, modulators, etc. a broad variety of different operation
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principles and materials have been reported. It is impossible to develop
a monolithic technology which is capable of realising even a modest subset
of all these devices. The key for the success of integration in photonics is,
therefore, the reduction of the broad variety of optical functionalities to
afew elementary components such as waveguides, couplers, and generic
active components.

4.5.2 Fabrication

The first step in the fabrication of InP-based PICs is epitaxial growth of the
layer stacks required in the PIC. The most widely applied technology is
Metal-Organic Vapour Phase Epitaxy (MOVPE, mostly called Metal-
Organic Chemical Vapour Deposition, MOCVD, which is a less correct
name, however). In this technology the materials (Indium, Phosphorous,
Gallium, and Arsenic) are carried to the reactor in gaseous form coupled to
methyl- or ethyl-groups (In, Ga) or as hydrides (As, P). In the reactor they
are thermally cracked and deposited onto the heated substrate, where they
crystallise in a composition that is dependent on the concentrations of the
constituent elements. During the epitaxy, both the composition of the crys-
tal (the amounts of In, Ga, P, and As) and its lattice constant have to be
controlled, the latter to avoid formation of large numbers of crystal defects.
This can be achieved by tight control of the temperature and the gas flows.
By controlling the composition the properties of the material can be chosen
to be transparent or active (amplifying or absorbing), and also proper ma-
terials for use in modulators can be grown.

A major issue for photonic integration is the way in which active sec-
tions (laser and amplifier) are integrated with transparent sections (wave-
guide or modulator). In principle three different schemes can be distin-
guished, each with a number of variants. They are illustrated in Fig. 4.16.
In the first one active and transparent waveguides are in the same plane and
are coupled via a so-called butt-joint. The structure is realized by first
growing the active layer stack, selectively removing it while covering the
active regions with a mask, selectively re-growing the transparent regions,
while covering the active regions with a mask, and covering the whole
structure with a cladding layer in a third epitaxial growth step. The whole
process requires good equipment and skills because all layers should get an
almost perfect crystalline structure with well-controlled composition, mor-
phology, and dopant level. In the second and third scheme the whole struc-
ture is grown in a single epitaxy growth, and the active layers are removed
afterwards while covering the active regions with a mask. In the second
scheme a thin active layer is applied on top of the transparent waveguide in
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Legend:
I Active waveguide
= Transparent waveguide

1 Cladding

Fig. 4.16. Three different schemes for integration of active (laser and amplifier) and
passive waveguides

such a way that the optical fields at both sides of the junction are not too
different so that the transition loss at the junction is small. Special provi-
sions are necessary to avoid reflections. In the third scheme the light is
coupled from the lower transparent layer to the upper active layer. This
scheme needs special provisions for efficient coupling from the lower to
the upper layer. The single-step epitaxial growth schemes have the advan-
tage of being simpler from a fabrication point of view. Both schemes have
been successfully applied for development of commercial products.
A disadvantage is the restricted flexibility: because the whole structure is
grown in one step, it is not possible to use different compositions and dop-
ing levels in different regions. This reduces the design freedom and the
number of different components that can be integrated.

Etching of InP-based waveguides is commonly done with Reactive Ion
Etching (RIE) with methane/hydrogen (CH4/H,) plasma [96]. Excellent an-
isotropy and smooth surfaces can be obtained. During etching a polymer
film deposits that can cause waveguide roughness and therefore optical
losses. The polymer can be removed during etching by using an etch process
where the CH4/H, etching step is alternated with an O, descumming step
[97], resulting in optical waveguide propagation losses below 1 dB/cm.

Another common etching method for InP-based materials is using in-
ductively-coupled plasma RIE with Cl,/CH4</H, chemistry. This results in
high etching rates while maintaining smooth morphology. Moreover, the
chlorine prevents the formation of polymers [98].

4.5.3 InP-based AWGs

The first InP-based AWG (de-)multiplexer was reported by Zirngibl etal.
[99]. This 15 x 15 channel device measured 1 cm’ and had an insertion loss
of 2-7dB and a crosstalk > 18 dB. The InP-based device with the largest
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Fig. 4.17. WDM-receiver chip (3.1x3.9mm”) containing an AWG-demultiplexer
integrated with 8 detector diodes at the bottom [104]

number of channels so far is a 64-channel AWG with dimensions 3.6 x 7 mm”
reported by NTT [100], and it has a crosstalk level better than 20 dB. Small
device dimensions are achieved by applying deeply etched waveguides with
a high lateral index contrast which allow for small bending radii. Disadvan-
tages of this solution are the high coupling losses at the discontinuity between
the array and the free propagation regions at both sides and the increased
propagation losses of deeply etched waveguides. Loss figures for compact
AWGs reported [100-102] range from 7 to 14 dB. These losses have been
reduced to 3 dB for an 8-channel AWG with dimensions 700 x 750 um® using
adouble etch process [103].

Polarisation sensitivity is an important issue. GalnAsP/InP DH-wave-
guide structures inherently have a strong birefringence which translates into
a TE-TM shift of several nanometres. A solution for InP-based AWGs is
found in compensating the polarisation dispersion of the phased array by
inserting a waveguide section with a different birefringence [104-106].
Figure 4.17 shows a polarisation-independent demultiplexer based on this
principle. In the triangular section the waveguide structure has been
changed by partial removal of the top layer and reduction of the waveguide
width which creates a local increase in birefringence. Through proper
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design of the triangle this increased birefringence can compensate the bire-
fringence in the rest of the array.

Another way of reducing the polarisation dependence is by adapting the
waveguide width of deeply etched waveguides, where the birefringence of
the DH-structure is compensated by the birefringence induced by the verti-
cal waveguide walls. For single-mode waveguides with a core of quater-
nary material with a bandgap-equivalent wavelength around 1.3 um
(“Q1.3”) the waveguides become rather small, around 1.5x0.6 umz. To
relax the fabrication tolerance, the waveguide size can be increased, when
lowering the index contrast by using, for example, Q1.0 material for the
waveguide core.

Another point of relevance is the temperature sensitivity. In silica-based
AWGs several techniques have been proposed to reduce the temperature
sensitivity (cf. Sect. 4.3.4). As InP-based AWGs usually operate in an ac-
tively controlled temperature-stabilised environment the need for tempera-
ture insensitivity is less urgent. NTT has reported a temperature insensitive
AWG using a temperature compensation triangle [107].

A major issue in the development of photonic integration technology is
reduction of device dimensions. The key to reduction of device dimensions
is the application of high lateral index contrast (i. e. the index contrast in the
plane of the waveguide layer) realised by deep etching of the waveguides.
Because of the high index contrast between the semiconductor waveguide
(typical refractive index values around 3.3) and air, deeply etched wave-
guides provide strong light confinement. This allows for application of

230pm

330

Fig. 4.18. Deeply etched InP-based AWG wavelength demultiplexer with record small
dimensions
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small waveguide widths, small bending radii, compact waveguide couplers,
and compact AWGs.

The price that is paid for the high contrast is increased propagation los-
ses due to scattering at rough waveguide walls and increased insertion
losses at junctions between slabs and waveguide arrays as used in an AWG
where the finite resolution of the lithography causes abrupt closure of the
tapered inter-waveguide gaps. With a low index contrast the optical dis-
continuities caused by this closure are small; with deeply etched wave-
guides they can introduce a few dB loss per junction. A solution is the use
of a technology that supports a combination of low-loss shallowly etched
waveguides for interconnect purposes and at waveguide junctions with
locally deeply etched regions where short bends or other high-contrast
functions are required. Losses smaller than 0.1 dB per junction have been
shown at transitions between deeply and shallowly etched regions, so that
several transitions can be included in a circuit. Using such a technology
AWG-dimensions have been reduced below 0.1 mm?* [108], see Fig. 4.18.
This is more than two orders of magnitude smaller than the smallest silica-
based devices reported so far.

An important feature of AWGs is their crosstalk performance. A major
cause of crosstalk are random errors in the phase transfer of the array
waveguides, due to random variations in waveguide width, layer thickness,
or composition. As far as these random variations occur on a spatial scale
comparable to the operation wavelengths they will also contribute to
propagation losses (scattering). Improvement of uniformity and smooth-
ness will, therefore, affect both crosstalk and propagation loss in a positive
way. This is mainly a matter of lithographic and etching technology and it
will become better and better with progress in these technologies.

A second cause of crosstalk is the generation of higher order modes in
the array at junctions between straight and curved waveguides or other
irregularities. Two approaches have been proposed to filter out higher or-
der modes: application of mode filters halfway the waveguide array
[109,110] and application of a special waveguide type that is leaky for
higher order modes [111]. Crosstalk levels around 30dB have been dem-
onstrated for InP-based AWGs using these approaches.

4.5.4 AWG-based Circuits

Multi-wavelength Transmitters

Today’s WDM systems use wavelength-selected or tuneable lasers as sour-
ces. Multiplexing a number of wavelengths into one fibre is done using
apower combiner or a wavelength multiplexer. A disadvantage of this
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Fig. 4.19. 10 x 10 Gbit/s transmitter with DFB array and AWG multiplexer integrated
on a single InP chip [114]

solution is the large number of lasers required, each of which has to be
wavelength-controlled individually. Using a power combiner for multiplex-
ing the different wavelengths into a single fibre is a tolerant method, but it
introduces a loss of at least /0log N dB, N being the number of wavelength
channels. The combination loss can be reduced by applying a wavelength
multiplexer at the cost of more stringent requirements on the control of the
laser wavelengths. Integrated multi-wavelength lasers have been realised
by combining a DFB-laser array (with a linear frequency spacing) with
a power combiner on a single chip [112,113]. An advanced multi-wave-
length transmitter module using a wavelength multiplexer for combining
the signals was recently published by Infinera, see Fig. 4.19 [114].

This very advanced 10-channel device with a channel spacing of
200 GHz contains a tuneable DFB laser, a power monitor, an electro-
absorption modulator, and an attenuator for each channel, respectively.
The signals are combined in an AWG and coupled via a spot-size con-
verter to the single output fibre. Each channel operates at 10 Gbit/s for
a total bit rate of 100 Gbit/s. The similarly configured receiver circuit is
also demonstrated.

The need for tuning of the individual lasers can be avoided through an
elegant solution which integrates a broadband optical amplifier array with
a multiplexer into a Fabry—Perot cavity, as depicted in Fig. 4.20 (left) [115-
118]. If one of the SOAs is excited, the device will start lasing at the pass-
band maximum of the multiplexer channel to which the SOA is connected.
All SOAs can be operated and (intensity) modulated simultaneously, in
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Fig. 4.20. Multi-wavelength laser consisting of four optical amplifiers integrated with
a multiplexer in a Fabry—Perot cavity (/eff), and a multi-wavelength receiver (right)

principle. An important advantage of this component is that the wavelength
channels are automatically tuned to the passbands of the multiplexer and
that they are coupled to a single output port with low loss. The main disad-
vantage of this type of laser is its long cavity; the associated large roundtrip
time makes it less suitable for direct modulation at high data rates. Despite
their long cavity length these lasers exhibit single mode operation in a wide
range of operating conditions [116]. Direct modulation speeds up to around
1 Gbit/s have been reported. Error-free transmission of 16 channels over
627 km at 2.5 Gbit/s data rate has been demonstrated using two interspersed
8-channel multi-wavelength lasers [119]. The main potential of this type of
laser might be in applications at short or medium distances at medium bit
rates (622 Mbit/s).

When these lasers operate at a single wavelength only, they are often re-
ferred to as digitally tuneable lasers. Each wavelength channel in this type
of laser needs its own amplifier, so that the yield and size of the AWG is
limiting the maximum number of channels. A number of configurations
have been demonstrated to increase the number of wavelengths with
areduced number of amplifiers needed. In these devices the number of
amplifiers scales with the number of channels N as+/ /N . An integrated
40-channel digitally tunable laser using 8 +5 optical amplifiers and a sin-
gle AWG was reported by Doerr etal. in 1999 [120]. In this device, each of
the 40 wavelengths can be addressed by activating two amplifiers simulta-
neously. The low output power of this laser, which is inherent in the de-
sign, was overcome in a novel design that employed two AWGs and 7 +8
amplifiers to obtain a 56-channel digitally tuneable laser measuring
5% 5 mm’ [121]. A similar 16-channel integrated device has been reported
that uses a different configuration of the AWGs and amplifiers [122].

The AWG-based multi-wavelength lasers mentioned above are of the FP-
cavity type. In 1997, Miyazaki et al. demonstrated a multi-wavelength laser
that uses a combination of two silica-based AWGs with EDFAs in a ring
configuration [125, 126]. Recently, monolithically integrated multi-wave-
length ring lasers have been reported. An example is shown in Fig. 4.21.
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Fig. 4.21. Monolithically integrated multi-wavelength ring laser measuring
1.0x 1.5 mm’[123, 124]

This device, which measures only 1.5 mm?, showed lasing behaviour at
7 different wavelengths with four amplifiers [123,124]. Since ring lasers
do not need mirrors, they are particulary suitable for integration into larger
circuits.

Multi-wavelength Receivers

The most straightforward way to realise a multi-wavelength receiver is by
connecting N detectors to the output ports of a wavelength demultiplexer.
Integration of an AWG-based demultiplexer with detectors on a single chip

Fig. 4.22. WDM-receiver chip containing an AWG-demultiplexer integrated with
8 photodiodes (fop and bottom), the chip measures 3 x5 mm? [127]
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has been reported by several authors [104, 127-130], and one of these de-
vices is shown in Fig. 4.22. The photodetectors are twin guide structures
grown in a single epitaxial growth on top of the waveguiding layer and have
been placed around the chip in order to reduce the electrical crosstalk be-
tween the channels. The device has eight channels with a 3-dB electrical
bandwidth of 25 GHz and a responsivity around 0.2 A/W at a wavelength of
1550 nm. Optical crosstalk between the channels is >18dB. The device
reported in [130] has similar characteristics, but integrates a spot-size con-
verter, resulting in an increased responsivity of 0.46 A/W. A 4-channel de-
vice, similar to these, hybridly integrated with 4 frontend amplifiers and
packaged in a 26-pin butterfly package, operating at 10 Gbit/s is commer-
cially available from ThreeFive Photonics. A 10-channel multi-wavelength
(MW)-receiver operating at 10 Gbit/s per channel was reported by Infinera,
matching the 10x 10 Gbit/s transmitter module described above [114]. This
device has the highest aggregated throughput of 100 Gbit/s demonstrated to
date. An example of a highly sophisticated commercially available device is
the 40-channel optical monitor shown in Fig. 4.23. The device integrates
9 AWGs with 40 detectors on a chip area of less than 5 x5 mm?, thus com-
bining high integration density with good performance: 4 dB total on-chip
loss, 0.4 A/W responsivity, and a crosstalk level >35dB. These devices
illustrate the volume reduction that can be achieved using monolithic inte-
gration.

In InP the receiver amplifiers can also be integrated; this was first re-
ported by Chandrasekhar etal. who realized an 8% 2.5 Gbit/s multi-wave-
length-receiver with integrated heterojunction bipolar transistor (HBT)
preamplifiers [131]. Monolithic integration has the potential to bring down

Fig. 4.23. 40-channel optical monitor chip containing 9 AWGs and 40 detectors (cour-
tesy ThreeFive Photonics)
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the cost and increase the reliability of MW-receiver modules. It further
leads to a drastic volume reduction with an increased functionality. Main
challenges to exploit the advantage of integration are the problems related
to electrical crosstalk inside the package. For devices with larger channel
count special care has to be taken to reach acceptable crosstalk figures at
data rates higher than 1 Gbit/s.

Channel Selectors and Equalizers

Arrayed waveguide gratings can be used as tuneable filters or channel se-
lectors. In their simplest form, a pair of AWGs is used back-to-back, the
first AWG demultiplexes the N channels and the second multiplexes them
again. When the AWGs are connected by an array of N amplifiers (see
Fig. 4.24), one or more wavelength channels can be selected and coupled
to the outputs. Wavelength selectors have been reported both in hybrid and
monolithic form. Monolithically integrated devices combine a small device

/ t SOA \
s SOA

) SOA

in As [ SOA | out

—_— L2t | I
DMX [ As SOA MUX

Fig. 4.24. Channel selector capable of selecting any combination of channels by acti-
vating one or more Semiconductor Optical Amplifiers. Schematic (top) and photo-
graph of realized device [132] (bottom)
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Demultiplexer Multiplexer

Phase shifters

Fig. 4.25. Schematic layout of a power equalizer [80]

size with on-chip loss-compensation (zero-loss-between-fibres) at a poten-
tially lower cost. In the basic configuration [132], the number of SOAs is
equal to the number of channels. The same device can be used as channel
power equalizer. For the power equalization function, attenuators may also
be used, instead of amplifiers. However, since the loss of such a passive
power equalizer using attenuators is too high for many networks, sophisti-
cated solutions have been introduced.

One of these [80] uses a Mach—Zehnder interferometer (MZI), where
one arm is a simple waveguide, while the other arm contains a demulti-
plexer-multiplexer pair interconnected by an array of programmable phase
shifters whose effective path lengths can be controlled externally, as illus-
trated in Fig. 4.25. A proper splitting ratio in the MZI couplers assures the
required dynamic range for power equalization. Fractions R and 1-R of the
total power are sent to the “non-filtered” straight arm and the “filtered”
arm, respectively, and are then combined in the second coupler with the
same splitting ratio. In Fig. 4.25 the optical field strengths are indicated
instead of the optical power levels. Interference occurring for each chan-
nel wavelength leads to the final power level. This kind of equalizer can
have significantly lower loss than the conventional channel-by-channel
equalizer.

For channel selectors that make use of amplifiers, various solutions to
reduce the number of amplifiers have been demonstrated. Kikuchi etal.
[133] reported a device in which one out of 64 channels can be selected
using 16 SOAs that are operated as optical gates. In this device the reduc-
tion in the number of gates from N to 2N was achieved with a two-step
selection using two AWGs and a power combiner (see Fig. 4.26). Note that
with this device, although any single wavelength can be selected, not every
combination of wavelengths can be selected, as it is the case with the gen-
eral device. A variant with a two-step selection has been reported by Lu-
cent and uses a combination of a star coupler and a single AWG to select
one out of 32 channels with 12 SOA gates [134].
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Fig. 4.26. Channel selector selecting one out of M X N channels using a combina-
tion of two AWGs and a power combiner

Multi-wavelength Add-drop Multiplexers and Crossconnects

The generic structure of reconfigurable add-drop multiplexers has been
illustrated in Sect. 4.2.8, and an early example of an InP based reconfigur-
able add-drop multiplexer can be found in [135]. This device integrates
4 Mach—Zehnder interferometer switches with a 5x5 AWG in a loop-back

configuration (cf. Fig. 4.8a).
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Another key device for advanced multi-wavelength networks is an opti-
cal crossconnect. Figure 4.27 shows an example of an experimental cross-
connect which has been investigated in a European research project (IST-
STOLAS). In this project, data packets carry a label that is modulated or-
thogonally to the data payload: the data is intensity-modulated on a spe-
cific wavelength channel (at e. g. 10 Gbit/s), and the label is frequency- or
phase-modulated on the same channel (at e.g. 155 Mbit/s). In the cross-
connect, the packets are routed by their wavelength, which is changed by
a tuneable wavelength converter according to the destination encoded in
the label. Then the packets are routed by means of a passive wavelength
router, after which the wavelength is converted to a wavelength selected
for the desired output. At the same time, collisions between two packets
for the same destination are thus avoided, making the node non-blocking.

The cost presently involved in crossconnects like these is prohibitive for
large-scale application of optical cross-connected networks. Application
will only be economical at the highest levels of the network where cost can
be shared by many users. For broader application, volume of devices like
these has to be ramped up while cost has to be reduced at the same time.
Present progress in photonic integration holds a great promise that this
goal can be achieved. Figure 4.28 shows the function, the circuit scheme,
and a photograph of a PIC which may be used to cross-connect two
fibre links. The device, which was monolithically integrated in InP-based

F49E73299292099900900090000000

Fig. 4.28. Functional diagram (upper left), circuit scheme (middle left), dilated switch
layout (lower left) and microscope photograph (right) of a compact photonic integrated
crossconnect in a double AWG configuration. The AWGs are seen in the centre; the
triangular structures make them polarisation independent. The sixteen switches at the
right are positioned under a specific angle with the crystal axis to make them polarisa-
tion independent. The chip measures 8 x 12 mm’
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semiconductor material, measures only 8 x 12mm’ and contains two po-
larisation-independent AWGs, and 16 Mach—Zehnder interferometric swit-
ches (4 for each wavelength, in a dilated scheme) that are positioned under
an angle for polarisation-independent operation. The insertion loss was
<16dB and the inter-channel crosstalk >20dB. An even more compact
crossconnect with the same functionality and similar performance, but
measuring only 3.3x 1.5 mm?, was also realized [136], demonstrating the
potential of this very compact technology. At present the performance of
PIC:s like this is not yet sufficient for operational applications. Silica-based
devices show better performance, but have a much larger device size. With
the ongoing progress in integration technology such crossconnects can
already be realised with much improved performance. When there is suffi-
cient demand for such devices, this may give rise to a new generation of
highly sophisticated multi-wavelength networks.

4.6 Other Material Systems

AWGs have been realized primarily in silica-on-silicon (SiO,/Si) and on
indium phosphide (InP), but to a smaller extent in other material systems
such as polymers, silicon-oxinitride (SiON), and silicon-on-insulator (SOI)
as well.

Polymer optical waveguides and related PLCs have been fabricated us-
ing different materials, which all rely on a relatively low index contrast
comparable to that of silica-on-silicon, and as a consequence the device
properties are rather similar as well, which also applies to AWGs
[137-140]. Some interesting features have been obtained with polymer
material, e.g. athermal AWG behaviour [141] or low power needed for
switching [142, 143], but the widespread expectation of particularly low
cost AWG devices has not been fulfilled so far. The main reasons for that
are a comparable device fabrication effort and in addition even higher pig-
tailing and packaging cost (in order to meet the Telcordia (Belcore) re-
quirements), which essentially compensate or even go beyond the savings
in material cost. In addition, polymer AWGs do not yet meet the out-
standing performance of present silica AWGs with respect to insertion
loss, crosstalk, and PDL.

On the other hand, silicon-oxinitride is a high-index contrast material
suitable for highly compact devices. Several reports on silicon-oxinitride
PLCs [144-148] including small size AWG realizations have been pub-
lished. But none of them has reached commercialisation up to now.

Silicon waveguide technology is another promising field of photonics
[149-152]. It is based on the use of silicon-on-insulator wafers, offering
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a platform for diverse waveguide structures such as slab-, strip- , and rib-
waveguides. All-Si waveguides rely on the very high index contrast, too.
But, especially rib waveguides offer single-mode behaviour up to rather
large dimensions, e.g. 10 um, enabling low coupling loss to the fibre and
low propagation loss as well [153]. Therefore, SOI rib waveguides have
been preferred for AWG implementation. In addition, electrically con-
trolled optical elements monolithically incorporated into the Si waveguide
have been demonstrated, namely ps-optical switches [154, 155], variable
optical attenuators (VOA) [156], and (slow) photodetectors [157]. Also,
SOI-based optical devices can take advantage of the highly-developed
silicon technology including the availability of high quality SOI wafers,
the applicability of CMOS compatible processing steps, and the possibility
to monolithically integrate Si-electronics. A number of promising AWG
devices have been shown in this material system [158—160].

The SOI-based optical components technology had been pioneered by
Bookham Technology (UK). Bookham’s ASOC (‘application-specific op-
tical circuit’) platform enabled the monolithic integration of passive optical
devices with other functionalities such as switching or channel monitoring
[155—-157] onto a single SOI chip, and one example is a 40-channel
100 GHz multiplexer arrayed-waveguide grating for WDM applications
monolithically integrated with variable optical attenuators [160]. Commer-
cialisation of ASOC-platform devices started in 2002, but was discontinued
only one year later as a consequence of the downturn in the telecom indus-
try. In 2005 these activities were renewed by Kotura Inc. who licenses sili-
con photonic patents from Bookham and appointed one of Bookham’s
founders to its board of directors. These patents cover the design and manu-
facture of silicon waveguide devices such as VOAs and modulators and the
construction of multi-functional optical silicon chips. As a first product,
this company brought a high-speed multi-channel VOA component in SOI
technology to market.

4.7 Methods for AWG Characterisation

Testing of fibre optic components such as de/multiplexers for DWDM
applications has become a great challenge due to high accuracy demands
versus constraints with respect to the affordable cost to generate the data
[161]. In many cases a limited set of data has to be determined experi-
mentally, while other parameters are derived from these parameters (see
below).
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4.7.1 Insertion Loss

One of the most important characteristics of passive optical components is
the insertion loss value, and for WDM applications insertion loss has to be
determined as a function of wavelength. Other parameters such as cross-
talk between different channels or uniformity, for example, can be derived
comparing the insertion loss values at different wavelengths.

Since insertion loss is the ratio of two power levels (cf. Glossary), two
measurement steps are required for each specific wavelength:

1. The reference power, i.e. the power P.; without the device under test
(DUT), must be recorded.

2. Then the DUT is inserted and the output power P, after the DUT is
measured.

In the case of a pigtailed device the insertion loss, essentially given by
Poy ! Pys, does not only include any errors of the measurement system, but
the uncertainty related to the loss of one connector pair. The latter problem
is frequently circumvented by splicing the DUT into the signal path and
cutting the fibre before taking the reference reading.

In contrast to absolute power measurements, the uncertainty of an inser-
tion loss measurement is not affected by the uncertainty of the detector
sensitivity, and one has to ensure only that the detector’s power linearity is
sufficient.

4.7.2 Wavelength-dependent Measurements

One key issue in wavelength-dependent testing is (in addition to absolute
wavelength accuracy) the selection of the most appropriate method to do
swept-wavelength testing. Most frequently one chooses between one of the
following options:

a) A broadband light source is used and the wavelength discrimination is
done at the detector site by sweeping the narrow detector pass band over
the whole wavelength range of interest. This measurement principle is
realized in optical spectrum analysers (OSA). Typical sources used are
either a white light source (halogen lamp), or one or more edge emitting
LEDs (EELED). The proper choice of source depends on the wave-
length measurement range and the output power needed.

b) A narrow-band tuneable light source (frequently an external cavity
tuneable laser) is used to excite the DUT and the receiver is a non-
selective detector, usually a semiconductor photo-detector.
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Both methods introduce characteristic accuracy and sensitivity limita-
tions. In the first case (using an OSA) resolution bandwidth (typically
>50pm) is normally the most severe limitation, and as a consequence nar-
row features cannot be spectrally resolved.

On the other hand, if the light source is a tuneable laser, the so-called
source spontaneous emission (SSE) is a limiting factor. The SSE appears
as a broad continuum below the laser emission peak, and if a broadband
detector is used, the SSE gives rise to a receiver signal even in the stop
band region of the filter, which limits the achievable dynamics.

Consequently, best results are achieved by combining a tuneable laser
source and an OSA (i.e. combining a narrow source and a narrowband
receiver). However, as this solution is rather expensive, it is only used for
the most demanding applications.

4.7.3 Polarisation-dependent Loss

Optical signals propagating in fibre networks comprising a large number
of active (e. g. optical amplifiers) and passive components do usually not
have a well-defined state of polarisation. As a consequence, modern com-
munication systems require components with low polarisation dependence
(or low polarisation-dependent loss (PDL)). For this reason the evaluation
of PDL has become important, and two methods are commonly used in
evaluating PDL.

a) All polarisation states are applied to the DUT, and the states of maxi-
mum and minimum transmittance are determined. In the case of an
AWG demultiplexer with low or moderate PDL under test, a convenient
and fast procedure is the following: One first chooses a wavelength with
arbitrary polarisation that lies at the steep edge of a filter peak. This can
be for example a wavelength at the —10dB decay point from the filter
peak. Subsequently one changes the incoming polarisation, e.g. by
twisting the fibre paddles in a convenient apparatus or by means of a po-
larisation controller. These changes do normally induce variations of the
output signal intensity, and the two states with maximum and minimum
transmittance usually correspond to the TE- and TM-polarisation states
of the inserted light. The wavelength-dependent device characterisation
is then performed using these two settings. Systematic errors may arise
from the PDL and the reflection of the test equipment itself, which does
consequently need appropriate attention.

b) The so-called Mueller/Stokes method is based upon the application of
four defined polarisation states to the DUT and subsequent calculation
of polarisation dependence using Mueller mathematical formulas.
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Application of this method requires a programmable polarisation con-
troller (PC) that is able to generate polarisation states which uniformly
cover the entire Poincaré sphere [162]. In addition, the optical source
power at the DUT should be time-invariant and exhibit no polarisation
dependence. The procedure consists of the following steps: 1. maximize
power throughput by adjusting the polariser, 2. measure the output
power of the PC at four different polarisation states: horizontal, vertical,
+45°, and right-hand circular, 3. insert the test device and measure again
under the same polarisation states, 4. calculate max / min transmissions
using the 8 measurement results and Mueller mathematics, 5. calculate
the PDL.

For all PDL measurements a detector with low polarisation dependence

is mandatory.
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5 Fibre Bragg Gratings

Andreas Othonos, Kyriacos Kalli, David Pureur and Alain Mugnier

5.1 Introduction

The discovery of fibre optics has revolutionized the field of telecom-
munications making possible high-quality, high-capacity, long distance
telephone links. Over the past three decades the advancements in optical
fibre have undoubtedly improved and reshaped fibre optic technology so
that optical fibres plus related components have become synonymous with
“telecommunication”. In addition to applications in telecommunications,
optical fibres are also utilized in the rapidly growing field of fibre sensors.
Despite the improvements in optical fibre manufacturing and advancements
in the field in general, it has remained challenging to integrate basic optical
components such as mirrors, wavelength filters, and partial reflectors with
fibre optics. Recently, however, all this has changed with the ability to alter
the core index of refraction in a single-mode optical fibre by optical absorp-
tion of UV light. The photosensitivity of optical fibres allows the fabrica-
tion of phase structures directly into the fibre core, called fibre Bragg grat-
ings (FBG), Fig. 5.1. Photosensitivity refers to a permanent change in the
index of refraction of the fibre core when exposed to light with characteris-
tic wavelength and intensity that depend on the core material. The fibre
Bragg grating can perform many primary functions, such as reflection and
filtering for example, in a highly efficient, low loss manner. This versatility
has stimulated a number of significant innovations [1-3].

For a conventional fibre Bragg grating the periodicity of the index modu-
lation has a physical spacing that is one half of the wavelength of light
propagating in the waveguide (phase matching between the grating planes
and incident light results in coherent back reflection). Reflectivities ap-
proaching 100% are possible, with the grating bandwidth tailored from
typically 0.1 nm to more than tens of nanometres. These characteristics
make Bragg gratings suitable for telecommunications, where they are used
to reflect, filter or disperse light [1]. Fibre lasers capable of producing light
at telecommunications windows utilize Bragg gratings for forming both, the
high-reflectivity end mirror and output coupler to the laser cavity, resulting
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Fig. 5.1. Schematic representation of a Bragg grating inscribed into the core of an
optical fibre. The period of the index of refraction variation is represented by A.
A broadband light is coupled into the core of the fibre. Part of the input light is re-
flected (at the Bragg condition) and the rest is transmitted. The bandwidth of the re-
flected and transmitted light depends on the characteristics of the Bragg grating, its
length and modulation depth

in an efficient and inherently stable source. Moreover, the ability of gratings
with non-uniform periodicity to compress or expand pulses is particularly
important to high-bit-rate, long-haul communication systems. Grating-based
tuneable dispersion compensator devices can be used to alleviate non-linear
signal distortion resulting from optical power variations. A multitude of
grating-based transmission experiments has been reported [4], including
10 Gbit/s over 400 km of non-dispersion-shifted fibre with fixed dispersion
compensation using chirped fibre Bragg gratings [5]. Power penalties are
routinely less than 1dB [6, 7]. In optical systems with bit rates of 40 Gbit/s
and higher, tuneable dispersion compensation becomes necessary to main-
tain system performance. Tuneable chirp devices through uniform tuning of
nonlinearly chirped Bragg gratings [8], or a non-uniform gradient via tem-
perature [9] or strain gradients [10—12] along the grating length have been
demonstrated. Systems employing Bragg gratings have demonstrated in
excess of 100 km—40 Gbit/s transmission [4]. Given that future systems will
operate at bit rates of 160 Gbit/s accurate dispersion maps are required for
the fibre network, furthermore at this bit rate there are no electronic alterna-
tives and dispersion compensation must be all-optical and tuneable in nature.
There are demonstrations to 100 km at this repetition rate using tuneable,
chirped gratings [13]. Furthermore, the Bragg grating meets the demands of



5.1 Introduction 191

dense wavelength division multiplexing, which requires narrowband, wave-
length-selective components, offering very high extinction between differ-
ent information channels. Numerous applications exist for such low loss,
fibre optic filters, examples of which are ASE noise suppression in amplified
systems, pump recycling in fibre amplifiers, and soliton pulse control.

The grating planes are subject to temperature and strain perturbations, as
is the host glass material, modifying the phase matching condition and lead-
ing to wavelength dependent reflectivity. Typically, at 1.5 um, the wave-
length-strain responsivity is ~1 pm/pe, with a wavelength shift of about 10 to
15 pm/°C for temperature excursions (strain € defined as A-length/length).
Therefore by tracking the wavelength at which the Bragg reflection occurs
the magnitude of an external perturbation may be obtained. This func-
tionality approaches the ideal goal of optical fibre sensors: to have an intrin-
sic in-line, fibre-core structure that offers an absolute readout mechanism.
The reliable detection of sensor signals is critical and spectrally encoded
information is potentially the simplest approach, offering simple decoding
that may even be facilitated by another grating. An alternative approach is
to use the grating as a reflective marker, mapping out lengths of optical fi-
bre. Optical time domain measurements allow for accurate length or strain
monitoring.

The grating may be photo-imprinted into the fibre core during the fibre
manufacturing process, with no measurable loss to the mechanical strength
of the host material. This makes it possible to place a large number of
Bragg gratings at predetermined locations into the optical fibre to realize
a quasi-distributed sensor network for structural monitoring, with relative
ease and low cost. Importantly, the basic instrumentation applicable to
conventional optical fibre sensor arrays may also incorporate grating sen-
sors, permitting the combination of both sensor types. Bragg gratings are
ideal candidates for sensors, measuring dynamic strain to ne-resolution in
aerospace applications and as temperature sensors for medical applica-
tions. They also operate well in hostile environments such as high pres-
sure, borehole-drilling applications, principally as a result of the properties
of host glass material.

Fibre optic photosensitivity has indeed opened a new era in the field of
fibre optic based devices [1], with innovative new Bragg grating structures
finding their way into telecommunication and sensor applications. Devices
like fibre Fabry—Perot Bragg gratings for band-pass filters, chirped grat-
ings for dispersion compensation and pulse shaping in ultra-short work,
and blazed gratings for mode converters are becoming routine applica-
tions. Fibre optics sensing is an area that has embraced Bragg gratings
since the early days of their discovery, and most fibre optics sensor sys-
tems today make use of Bragg grating technology.
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Within a few years from the initial development, fibre Bragg gratings
have moved from laboratory interest and curiosity to implementation in
optical communication and sensor systems. In a few years, it may be as
difficult to think of fibre optic systems without fibre Bragg gratings as it is
to think of bulk optics without the familiar laboratory mirror.

5.2 Fundamentals of Fibre Bragg Gratings

In this section we will describe in detail the various properties that are
characteristic of fibre Bragg gratings and this will involve the discussion of
a diverse range of topics. We will begin by examining the measurable
wavelength-dependent properties, such as the reflection and transmission
spectral profiles, for a number of simple and complex grating structures.
The dependence of the grating wavelength response to externally applied
perturbations, such as temperature and strain, is also investigated.

5.2.1 Simple Bragg Grating

A fibre Bragg grating consists of a periodic modulation of the refractive
index in the core of a single-mode optical fibre. These types of uniform
fibre gratings, where the phase fronts are perpendicular to the fibre’s lon-
gitudinal axis with grating planes having constant period (Fig.5.2), are
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Fig. 5.2. Tllustration of a uniform Bragg grating with constant index of modulation
amplitude and period. Also shown are the incident, diffracted, and grating wave vec-
tors that have to be matched for momentum conservation



5.2 Fundamentals of Fibre Bragg Gratings 193

considered the fundamental building blocks for most Bragg grating struc-
tures. Light guided along the core of an optical fibre will be scattered by
each grating plane. If the Bragg condition is not satisfied, the reflected
light from each of the subsequent planes becomes progressively out of
phase and will eventually cancel out. Additionally, light that is not coinci-
dent with the Bragg wavelength resonance will experience very weak
reflection at each of the grating planes because of the index mismatch;
this reflection accumulates over the length of the grating. As an example,
a 1 mm grating at 1.5 um with a strong An of 10~ will reflect ~0.05% of
the off-resonance incident light at wavelengths sufficiently far from the
Bragg wavelength. Where the Bragg condition is satisfied the contribu-
tions of reflected light from each grating plane add constructively in the
backward direction to form a back-reflected peak with a centre wave-
length defined by the grating parameters.

The Bragg grating condition is simply the requirement that satisfies both
energy and momentum conservation. Energy conservation (ficw,=hw;)
requires that the frequency of the incident and the reflected radiation is the
same. Momentum conservation requires that the wavevector of the inci-
dent wave, k;, plus the grating wavevector, K, equal the wavevector of the
scattered radiation ky, which is simply stated as

k. +K=k, (5.1)

where the grating wavevector, K, has a direction normal to the grating
planes with a magnitude 27/A (A is the grating spacing shown in Fig. 5.2).
The diffracted wavevector is equal in magnitude, but opposite in direction,
to the incident wavevector. Hence the momentum conservation condition

becomes
21n . 2T
2 i = — 5.2
()2 52

B
which simplifies to the first order Bragg condition

Ay =2n,,A (5.3)

where the Bragg grating wavelength, A, is the free space centre wave-
length of the input light that will be back-reflected from the Bragg grating,
and n.y is the effective refractive index of the fibre core at the free space
centre wavelength.
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5.2.2 Uniform Bragg Grating

Consider a uniform Bragg grating formed within the core of an optical
fibre with an average refractive index ny. The index of the refractive pro-
file can be expressed as

n(z) =n, + Ancos (%) 5.4

where An is the amplitude of the induced refractive index perturbation
(typically 107 to 107°) and z is the distance along the fibre longitudinal
axis. Using coupled-mode theory [14] the reflectivity of a grating with con-
stant modulation amplitude and period is given by the following expression

K> sinh?(sl)
A7 sinh*(sl) + s* cosh® (sl)

where R(1, ) is the reflectivity, which is a function of the grating length [
and wavelength A. k is the coupling coefficient, Af=—n/A is the detun-
ing wavevector, f=2mny/A is the propagation constant and finally
s*=K>— AB*. For sinusoidal variations of the index perturbation the cou-
pling coefficient, , is given by

R(,A) = (5.5

TAn
K= TM power (5.6)
where M,,,,.., is the fraction of the fibre mode power contained by the fibre
core. In the case where the grating is uniformly written through the core,

M, can be approximated by 1-V 2, where V is the normalized frequency

of the fibre, given by
V= 27/ A)ayn>, —n’, (5.7)

where a is the core radius, and n., and n are the core and cladding indices,
respectively. At the centre wavelength of the Bragg grating the wavevector
detuning is Af =0, therefore the expression for the reflectivity becomes

R(I,A) = tanh* (k1) (5.8)

The reflectivity increases as the induced index of refraction change gets
larger. Similarly, as the length of the grating increases, so does the re-
sultant reflectivity. Figure 5.3 shows a calculated reflection spectrum as
a function of wavelength of a uniform Bragg grating. The side lobes of
the resonance are due to multiple reflections to and from opposite ends of
the grating region. The sinc spectrum arises mathematically through the
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Fig. 5.3. Typical wavelength-dependent reflection spectrum of a Bragg grating with
centre wavelength around 1550 nm

Fourier transform of a harmonic signal having finite extent, while an infi-
nitely long grating would transform to an ideal delta function response in
the wavelength domain.

A general expression for the approximate full-width-half maximum
bandwidth of a grating is given by [15]

2 2
A 1
AM=2,8[ 22| +| — (5.9)
2n, N
where N is the number of grating planes. For strong gratings (with near
100% reflection) S =1 holds, while S =0.5 for weak gratings.

5.2.3 Phase and Group Delay of Uniform Gratings

Figure 5.4 shows the phase response of two uniform-period Bragg gratings
(A around 1550 nm) as a function of wavelength. The two gratings have
the same length (1 cm), however, they have different index perturbation
change, namely a “strong” grating with Sngy=3 x 107 and a “weak” grat-
ing with dn4=5 x 1075, It appears that the phase change around the Bragg
wavelength decreases with higher index of refraction perturbation.

The group delay of the same two gratings is shown in Fig. 5.5. Strong
dispersion (change of group delay with wavelength) is clearly seen at the
edge of the stop band and it increases with increasing index perturbation
change, although it is limited to a small bandwidth. The group delay is
minimum at the centre of the band (see also Chap. 2).
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Fig. 5.5. Typical group delay response in reflection from a uniform-period Bragg
grating as a function of wavelength. For the strong grating the group delay in the cen-
tre of the band is constant, while it increases rapidly at the band edges with increasing
bandwidth confinement

5.2.4 Strain and Temperature Sensitivity of Bragg Gratings

The Bragg grating resonance, which is the centre wavelength of back-
reflected light from a Bragg grating, depends on the effective index of
refraction of the core and the periodicity of the grating. The effective index
of refraction, as well as the periodic spacing between the grating planes,
will be affected by changes in strain and temperature. Using (5.3) the shift
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in the Bragg grating centre wavelength due to strain and temperature
changes is given by

d 9
iy =2| A2y O ol A% 4y O NAT (5.10)
a1 3l aT T 9T

The first term in (5.10) represents the strain effect on an optical fibre.
This corresponds to a change in the grating spacing and the strain-optic
induced change in the refractive index. The above strain effect term may
be expressed as [16]

2
Ady = /7'3[1_%[1712 —V(p“ + P )]:|gz (.11

where p;; and p;, are components of the strain optic tensor, v is the Pois-
son’sratio and €, = ol / [ . A typical germanosilicate fibre exhibits a 1.2 pm
shift in the centre wavelength of the grating as a result of applying 1 pe to
the Bragg grating. Experimental results of a Bragg centre wavelength shift
with applied stress on a 1555.1 nm grating are shown in Fig. 5.6.
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Fig. 5.6. Peak reflection from a Bragg grating under applied strain (square symbols)
and at different temperatures (open circles). The Bragg grating formed the output
coupler of an erbium-doped fibre laser
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The second term in (5.10) represents the effect of temperature on an op-
tical fibre. A shift in the Bragg wavelength due to thermal expansion
changes the grating spacing and the index of refraction. This fractional
wavelength shift for a temperature change AT may be written as [16]

Ady =2, (e, +,)AT (5.12)

where a, = (1/A)(OA/IT) is the thermal expansion coefficient for the fibre
(approximately 0.55 x 107° for silica). The quantity a,=(1/n)(dn/0T) repre-
sents the thermo-optic coefficient and its approximately equal to 8.6x 107
for a germanium-doped, silica-core fibre. Clearly the index change is by far
the dominant effect. From (5.12) the expected sensitivity for a ~1550 nm
Bragg grating is approximately 14 pm/°C, in close agreement with the data
shown in Fig. 5.6, which illustrate results of a Bragg grating centre wave-
length shift as a function of temperature. It is apparent that any change in
wavelength, associated with the action of an external perturbation to the
grating, is the sum of strain and temperature terms. Therefore, in sensing
applications where only one perturbation is of interest, the deconvolution of
temperature and strain becomes necessary.

5.2.5 Other Properties of Fibre Gratings

When a grating is formed under conditions for which the modulated index
change is saturated under UV exposure, then the effective length will be
reduced as the transmitted signal is depleted by reflection. As a result, the
spectrum will broaden appreciably and depart from a symmetric sinc or
Gaussian shape spectrum, whose width is inversely proportional to the
grating length. This is illustrated in Figs. 5.7 (a) and (b). In addition, the
cosine-like shape of the grating will change into a waveform with steeper
sides, and second-order Bragg lines (Fig. 5.7(c)) will appear due to the
new harmonics in the Fourier spatial spectrum of the grating [17].

The presence of higher order grating modes has been utilised as a means
of separating temperature and strain measurements using a single grating
device, as the grating response to external perturbations is wavelength de-
pendent [18]. Another interesting feature, which is observed in strongly
reflecting gratings with large index perturbations, is the small-shape spec-
tral resonance on the short wavelength side of the grating centre line. This
is due to self-chirping from An.g(z). Such features do not occur if the aver-
age index change is held constant or adjusted to be constant by a second
exposure of the grating. A Bragg grating will also couple dissimilar modes
in reflection and transmission, provided the following two conditions are



5.2 Fundamentals of Fibre Bragg Gratings 199

S
3
=
B
5
o
E
%
=@ R=96.3% () R=99.36 %
15264 15289 15314 1526.4 1528.9 1531.4
Wavelength (nm) Wavelength (nm)
’;:“ 2nd order lines
3
=
B
g
E
g8 |
@ 775.0
0.2 r T - - - - T
770 772 774 776
Wavelength (nm)

Fig. 5.7. Transmission of standard Bragg grating (a) and of Bragg grating with large
index change due to saturation under UV exposure (b). The spectrum (b) broadens
under continuous exposure because the incident wave is completely reflected before
reaching the end of the grating. The strongly saturated grating is no longer sinusoidal,
and the peak index regions are flattened, whereas the valleys in the perturbation index
distribution are sharpened. As a result second order Bragg reflection lines (c¢) are ob-
served at about one-half the fundamental Bragg wavelength and at other shorter wave-
lengths for higher order modes (after [17])

satisfied, namely phase matching and sufficient mode overlap in the region
of the fibre that contains the grating. The phase matching condition, which
ensures a coherent exchange of energy between the modes, is given by [17]

ngy———=n, (5.13)

where n,; is the modal index of the incident wave and n, is the modal in-
dex of the grating-coupled reflected or transmitted wave. It should be
pointed out that the above equation allows for a tilted or blazed grating by
adjusting the grating pitch along the fibre axis 4,.

Normally Bragg gratings do not only reflect radiation into back-
travelling guided modes, but also into cladding and radiation modes at
wavelengths shorter than the Bragg wavelength. Since these modes are not
guided, they are not observed in reflection, but in transmission only.
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A schematic illustration of the combined effect of cladding and radiation
mode coupling is given in Fig. 5.8.
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Fig. 5.8. Transmission of strong fibre Bragg grating (schematic) showing loss to radia-
tion modes plus sharp lines due to coupling to distinct cladding modes

Such extra short-wavelength transmission structures are particularly
pronounced in highly photosensitive fibres or in hydrogenated ones. In
general these losses are unwanted and different methods have been devel-
oped in order to suppress them. One approach relies on having a uniform
photosensitive region all over the cross-section plane of the optical fibre
[19], an alternative variant is the use of fibres with high numerical aper-
ture. For more details including specific references see [1].

5.2.6 Bragg Grating Types

Bragg gratings grow differently in response to particular inscription condi-
tions and the laser used, in addition to the optical fibre type and photosensi-
tivity conditioning prior to inscription. The gratings are characterized by
four distinct dynamical regimes known as Type I, Type IA, Type IIA, and
Type II. The key differences are highlighted below, bearing in mind that
the mechanisms responsible for these types are different. The physical
properties of these grating types can be inferred through their growth dy-
namics and by measurement of thermally induced decay. Broadly speaking
Type IA are the least and Type II the most stable gratings with increasing
temperature. This is not surprising given that Type IA appears to be a true
colour centre grating and purely related to local electronic defects, Type I
has both a colour centre and densification element, Type IIA is related to
compaction, and Type Il is related to fusion of the glass matrix.



5.2 Fundamentals of Fibre Bragg Gratings 201

Type | Fibre Bragg Gratings

Type I Bragg gratings refer to gratings that are formed in normal photosen-
sitive fibres under moderate intensities. The growth dynamics of the Type I
grating is characterized by a power law with time of the form An o< * [20].
It is interesting to point out that the reflection spectra of the guided mode
are complementary to the transmission signal, implying that there is negli-
gible loss due to absorption or reflection into the cladding. This is a funda-
mental characteristic of a Type I Bragg grating. Furthermore, due to the
photosensitivity type of the Bragg grating, the grating itself has a character-
istic behaviour with respect to temperature erasure. Type I gratings can be
erased at relatively low temperatures, approximately 200°C. Nevertheless,
Type I gratings are the most utilized Bragg gratings and operate effectively
from —40 to +80°C, a temperature range that satisfactorily covers most
telecommunications and some sensor applications.

Type IA Fibre Bragg Gratings

Type IA fibre Bragg gratings are the most recently revealed grating type and
may be considered a subtype of Type I gratings. (The transmission and re-
flection spectra are complementary, thus this grating type is indistinguish-
able from Type I in a static situation.) They are typically formed after pro-
longed UV exposure of a standard grating in hydrogenated germanosilicate
fibre [21, 22], although recent improvements in their inscription have shown
that they can be readily inscribed in a suitably prepared optical fibre [23].
The spectral characteristics of Type IA gratings are unique; they are distinct
from other grating types as they exhibit a large increase in the mean core
index that is identifiable as a large red shift seen in the Bragg wavelength A
of the grating during inscription. The mean wavelength change is character-
ised by three distinct regimes, with the Type I grating growth being super-
seded by a quasi-linear region followed by saturation. This saturated red
shift is dependent on fibre type and hydrogenation conditions, but for
a highly doped fibre (either high Ge dopant or B/Ge co-doped fibre) is ty-
pically in the order of 15-20 nm, and 5—8 nm for SMF-28 fibre. The maxi-
mum wavelength shift translates to an increase in the mean index of up to
2% 107%. More importantly, IA gratings have been shown to exhibit the low-
est temperature coefficient of all grating types reported to date, which
makes them ideal for use in a temperature compensating, dual grating sen-
sor, as has recently been demonstrated by Kalli and co-workers [24,25].
Recent studies by Kalli etal. have also shown that their primary limitation
of having to work at low temperatures (80°C) can be greatly mitigated if
inscribed under strain (stability to 200°C) [26].
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Type IIA Fibre Bragg Gratings

Type IIA fibre Bragg gratings appear to have the same spectral characteris-
tics as Type I gratings. The transmission and reflection spectra are again
complementary, also rendering this type of grating indistinguishable from
Type I in a static situation. However, due to the different mechanism in-
volved in fabricating these gratings, there are some distinguishable features
that are noticeable under dynamic conditions either in the initial fabrication
or in the temperature erasure of the gratings. Type IIA gratings are in-
scribed through a long process, following Type I grating inscription [27].
After approximately 30 min of exposure (depending on the fibre type and
exposure fluence), the Type IIA grating is fully developed. Clearly, Type
ITA gratings are not very practical to fabricate. Although the mechanism of
the index change is different from Type I, occurring through compaction of
the glass matrix, the behaviour subject to external perturbations is the same
for both grating types. Irrespective of the subtleties of the index change on
a microscopic scale, the perturbations act macroscopically and, therefore,
the wavelength response remains the same. However, when the grating is
exposed to high ambient temperature, a noticeable erasure is observed only
at temperatures as high as 500°C. A clear advantage of the Type IIA grat-
ings over the Type I is the dramatically improved temperature stability of
the grating, which may prove very useful, if the system has to be exposed to
high ambient temperatures (as may be the case for sensor applications).

Type Il Fibre Bragg Gratings

A single excimer light pulse of fluence >0.5J/cm® can photoinduce large
refractive-index changes in small, localized regions at the core-cladding
boundary, resulting in the formation of the Type II grating [28]. This
change results from physical damage through localized fusion that is lim-
ited to the fibre core, and it produces very large refractive-index modula-
tions estimated to be close to 107>, The reflection spectrum is broad and
several features appear over the entire spectral profile due to non-
uniformities in the excimer beam profile that are strongly magnified by the
highly non-linear response mechanism of the glass core. Type II gratings
pass wavelengths longer than the Bragg wavelength, whereas shorter
wavelengths are strongly coupled into the cladding, as is observed for
etched or relief fibre gratings, permitting their use as effective wavelength-
selective taps. Results of stability tests have shown Type II gratings to be
extremely stable at elevated temperatures [28], surviving temperatures in
excess of 800°C for several hours; this superior temperature stability can
be utilized for sensing applications in hostile environments.
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5.3 Spectral Response from Bragg Gratings

Many models have been developed to describe the behaviour of Bragg grat-
ings in optical fibres [1]. The most widely used technique has been coupled-
mode theory, where the counter-propagating fields inside the grating struc-
ture, obtained by convenient perturbation of the fields in the unperturbed
waveguide, are related by coupled differential equations. Here a simple
T-Matrix formalism will be presented for solving the coupled-mode equa-
tions for a Bragg grating structure [1] thus obtaining its spectral response.

5.3.1 Coupled-mode Theory and the T-Matrix Formalism

The spectral characteristics of a Bragg grating structure may be simulated
using the T-Matrix formalism. For this analysis two counter-propagating
plane waves are considered confined to the core of an optical fibre, in
which a uniform intra-core Bragg grating of length / and uniform period A
exists. This is illustrated in Fig. 5.9. The electric fields of the backward-
and forward-propagating waves can be expressed as

E . (x,1) =A(x)expl[i(ar —fx)] and (5.14a)
Ey(x,1) = B(x)exp[i(wt + fx)] (5.14b)

respectively, where £ is the wave propagation constant. The complex am-
plitudes A(x) and B(x) of these electric fields obey the coupled-mode equa-
tions [29]

df;(x) =iKkB(x)exp[-i2(A8)x] O=xsh  (5.159)
X
aB(x) _ —-ix"A(x)exp[i2(Af)x] (O=x<l  (5.15b)

where AS =[—f,is the differential propagation constant (£,=7/A, and A
is the grating period) and x is the coupling coefficient. For uniform grat-
ings, K is constant and it is related to the index modulation depth. For
a sinusoidally-modulated refractive index the coupling coefficient is real
and it is given by (5.6).

Assuming that there are both, forward and backward inputs to the Bragg
grating, and boundary conditions B(0) =B, and A(/)=A,, closed-form solu-
tions for A(x) and B(x) are obtained from (5.15). Following these assump-
tions, the closed-form solutions for x-dependencies of the two waves are
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Fig. 5.9. Illustration of T-matrix model: (a) single uniform Bragg grating and (b) se-
ries of gratings with different periods back to back

a(x)=A(x)exp(-ifx) and b(x) = B(x)exp(ifx). Therefore, the backward out-
put (reflected wave), ay, and the forward output (transmitted wave), by,
from the grating can be expressed by means of the scattering matrix

“0 Sll S12 . “l (515)
bl S21 SZZ bo
with a;= A]CXp(lﬂl) and bo = Bo, and

isexp(-if,l)
—AQsinh(sl) +is cosh(sl)

S, =S, = (5.17a)

K sinh(sl)

; ; (5.17b)
—Afsinh(sl) + is cosh(sl)

S, =8,,expRif)l) =

where s = 1I|K|2 — A . Based on the scattering-matrix expression in
(5.17), the T-matrix for the Bragg grating is [30]:

|:a0:|:|:Tll T12:|.|:al:| (5.18)
b, L, T,]|b
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where

A sinh(sl) + is cosh(sl)
is

T, =T, =exp(-if,]) (5.19a)

Ksmh(sl) (5.19b)

T, =T, =exp(-if ) ———

The T-matrix relates the input and output of the Bragg grating and is

ideal for analyzing a cascade of gratings (Fig. 5.9). Figure 5.9(b) shows

a series of gratings back to back with a total length L. This grating struc-

ture is made up of “m” Bragg grating segments. Each segment has

a different period A,, and has its own T-matrix 7T, . The total grating struc-
ture may be expressed as

Cl Clm
[ } I Ty T, T, [ } (5:20
bO bm

and the spectral reflectivity of the grating structure is given by
|a (4)/b, (ﬂ)| From the phase information one may also obtain the delay
for the light reflected back from the grating [1]. It should be noted that this
model does not take into account cladding mode-coupling losses.

Grating-length Dependence

The reflection spectral response for uniform Bragg gratings is calculated
using the T-matrix formalism described above. The objective of this set of
simulations is to demonstrate how the spectral response of a grating is
affected as the length of the grating is altered. The index of refraction
change is assumed uniform over the grating length, however, the value of
the change is reduced with increasing grating length in such a way that the
maximum grating reflectivity remains constant. Figure 5.10 shows the
spectral profile of three uniform Bragg gratings.

The various plots clearly demonstrate that the bandwidth of the gratings
decreases with increasing length. The 1-cm long uniform grating has
a bandwidth of approximately 0.15nm, that of the 2-cm long grating is
0.074 nm and finally the 4-cm long grating exhibits 0.057 nm bandwidth.
Theoretically Bragg gratings may be constructed with extremely small
bandwidths by simply increasing the grating length. However, in practice
such devices are not easy to manufacture. The error associated with the
spacing between the periods of a grating (during manufacturing) is cumu-
lative, therefore, with increasing grating length the total error increases,
resulting in out-of-phase periods and leading to broadening of the Bragg
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Fig. 5.10. Spectral reflectivity response from uniform Bragg gratings. The various
spectral profiles correspond to different grating lengths: 1cm (solid-), 2 cm (dashed-),
and 4 cm (dotted curve)

grating reflection. Furthermore, if a long perfect Bragg grating is con-
structed, the effects of the environment have to be considered very care-
fully. For example, any strain or temperature fluctuations on any part of
the grating will cause the periods to move out of phase resulting in broad-
ening of the Bragg grating reflection.

Index of Refraction Dependence

Figure 5.11 shows a set of simulations assuming a uniform Bragg grating
of 2 cm length and different index of refraction changes. For the first grat-
ing with An=0.5x10"" the reflectivity is 90% and the bandwidth is ap-
proximately 0.074 nm. If the change of the index of refraction is reduced to
half the value of the first grating (An=0.25x 107", the reflectivity de-
creases to 59% and the bandwidth to 0.049 nm. A further decrease in the
index of refraction change (An=0.1x 107*) results in a reflectivity of 15%
and a bandwidth of 0.039 nm. It appears that the bandwidth approaches
a minimum value and remains constant for further reductions in the index
of refraction change.
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Fig. 5.11. Spectral reflectivity response from uniform Bragg grating 2 cm in length for
different refraction indices. The solid, dashed, and dotted lines correspond to
An=0.5%x10" An=0.25%10"", and An=0.1 x 10~ index of refraction change, respec-

tively

Time Delay Dependence

Figure 5.12 shows the delay 7 calculated from the derivative of the phase
with respect to the wavelength for a uniform grating length L of about
10 mm. The design wavelength for this grating was 1550 nm and the index
of refraction of the fibre was set at n,, =1.45. Figure 5.12 also shows
the reflectivity spectral response of the same Bragg grating. Clearly both,
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Fig. 5.12. Calculated group delay (solid line) and reflectivity (dotted line) for uniform
weak Bragg grating (v#din.z=1x 107 and L=10 mm). Design wavelength of the grat-

ing: 1550 nm, fringe visibility v =100%
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reflectivity and delay, are symmetric about the peak wavelength A,,,. The
dispersion is zero near A,,, for uniform gratings and becomes appreciable
near the band edges and side lobes of the reflection spectrum, where it
tends to vary rapidly with wavelength.

5.3.2 Chirped Bragg Gratings

One of the most interesting Bragg grating structures with immediate appli-
cations in telecommunications is the chirped Bragg grating. This grating
has a monotonically varying period, as illustrated schematically in
Fig. 5.13. There are certain characteristic properties offered by monotoni-
cally varying the period of gratings that are considered advantages for spe-
cific applications in telecommunication and sensor technology, such as
dispersion compensation and the stable synthesis of multiple-wavelength
sources. These types of gratings can be realized by axially varying either
the period of the grating A or the index of refraction of the core, or both.
From (5.3) we have

Ap(2) =21, (2) A(z) (5.21)
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Fig. 5.13. (a) Schematic diagram of a chirped grating with an aperiodic pitch. For
forward-propagating light as shown, long wavelengths travel further into the grating
than shorter wavelengths before being reflected. (b) Schematic diagram of a cascade of
several gratings with increasing period that are used to simulate long, chirped gratings
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The simplest type of chirped grating structure is one with a linear varia-
tion of the grating period

A(R)=A, + Az (5.22)

where /A, is the starting period and 4; is the linear change (slope) along the
length of the grating. One may consider such a grating structure made up
of a series of smaller length uniform Bragg gratings increasing in period. If
such a structure is designed properly one may realize a broadband reflec-
tor. Typically the linear chirped grating has associated with it a chirp
value/unit length (chirp,=2ny4;) and the starting period. For example,
achirped grating 2cm in length may have a starting wavelength at
1550 nm and a chirp value of 1nm/cm. This implies that the end of the
chirped grating will have a wavelength period corresponding to 1552 nm.
The simulation results shown in Fig. 5.14 illustrate the characteristics of
chirped Bragg grating structures. The three different reflection spectra in
the left part of Fig. 5.14 correspond to chirp values 0, 0.2, and 0.4 nm over
the entire length of the grating. In these calculations all gratings are as-
sumed to be 10mm long with a constant index of refraction change
Ongp=1x 107", With increasing chirp value the reflectivity response be-
comes broader and the reflection maximum decreases. In these simulations
the chirped gratings are approximated by a number of progressively in-
creasing period gratings, whose total length amounts to the length of the
chirped grating. The number of “steps” (the number of smaller gratings)
assumed in the calculations is 100 (simulations indicated that calculations
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Fig. 5.14. Spectral reflectivity response from different Bragg gratings showing the
effect of chirping. All gratings are 10 mm long and the index of refraction change is
assumed to be dngy=1x 10~ for all of them. Left part: The solid curve corresponds to
0 chirp, the dashed and dotted curves correspond to 0.2 and 0.4 nm chirp, respectively
(where the chirp value is over the length of the grating). Right part: Spectral reflectiv-
ity response from highly chirped Bragg gratings for chirp values of 1nm, 4nm, and
8 nm over the 10 mm length of the gratings
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with more than 20 steps will give approximately the same result). The
spectral response from Bragg gratings with very large chirp values (1, 4,
and 8 nm over the 10 mm length of the grating) is shown in the right part of
Fig. 5.14. As can be seen it is possible to span a very large spectral area
with increasing chirp value, however, with a reduction in the maximum
reflectivity of the grating. This problem may be overcome by increasing
the index of refraction modulation.

5.3.3 Apodisation of Spectral Response of Bragg Gratings

The reflection spectrum of a finite length Bragg grating with uniform modu-
lation of the index of refraction gives rise to a series of side lobes at adjacent
wavelengths (cf. Figs. 2.1 (log scale!), 5.3 or 5.12). It is very important to
minimize and if possible eliminate the reflectivity of these side lobes, (or
apodize the reflection spectrum of the grating) in devices where high rejec-
tion of the non-resonant light is required. An additional benefit of apodiza-
tion is the improvement of the dispersion compensation characteristics of
chirped Bragg gratings [31]. In practice apodization is accomplished by
varying the amplitude of the coupling coefficient along the length of the
grating. One method used to apodize an FBG consists in exposing the opti-
cal fibre with the interference pattern formed by two non-uniform ultravio-
let light beams [32]. In the phase mask technique, apodization can be
achieved by varying the exposure time along the length of the grating, either
from a double exposure, by scanning a small writing beam, or by using
a variable diffraction efficiency phase mask. In all these apodization tech-
niques, the variation in coupling coefficient along the length of the grating
comes from local changes in the intensity of the UV light reaching the fibre.

Figure 5.15 demonstrates the characteristics of apodized Bragg gratings,
to be compared for example with Figs. 2.1, 5.3, or 5.12, which illustrate
the typical side lobes of uniform Bragg gratings. For both gratings of
Fig. 5.15 the magnitude of the index variation and the extension of the
apodized regions are the same, but in the first case (left) the average re-
fractive index changes also along the apodized region, while it remains
constant for the second example (right part of Fig. 5.15). It is obvious that
the latter approach results in a significantly stronger side lobe suppression.

Apodization of the fibre Bragg grating spectral response has been re-
ported by Albert etal. using a phase mask with variable diffraction effi-
ciency [33]. Bragg gratings with side lobe levels 26 dB lower than the peak
reflectivity have been fabricated in standard telecommunication fibres
[34]. This represents a reduction of 14 dB in the side lobe levels compared
to uniform gratings with the same bandwidth and reflectivity.
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Fig. 5.15. Index variation and corresponding reflectivity and transmission of apodised
gratings with varying (left) and constant (right) average effective refractive index

A technique for cosine apodization that was obtained by repetitive,
symmetric longitudinal stretching of the fibre around the centre of the grat-
ing while the grating was written has also been demonstrated [35]. This
apodization scheme is applicable to all types of fibre gratings, written by
direct replication by a scanning or a static beam, or by use of any other
interferometer and is independent of length. The simplicity of this tech-
nique allows the rapid production of fibre gratings required for wavelength-
division-multiplex (WDM) systems and for dispersion compensation.

5.3.4 Fibre Bragg Gratings with Other Types of Mode Coupling

Tilting or blazing the Bragg grating at angles with respect to the fibre axis
can couple light out of the fibre core into cladding modes or to radiation
modes outside the fibre. This wavelength-selective tapping occurs over
a rather broad range of wavelengths that can be controlled by the grating
and waveguide design. One of the advantages is that the signals are not
reflected into the fibre core, and thus the tap forms an absorption type of
filter. An important application is gain flattening filters for erbium-doped
fibre amplifiers (cf. Sect. 5.5.5).

With a small tilt of the grating planes to the fibre axis (~1°), one can make
areflecting spatial mode coupler such that the grating reflects one guided
mode into another. It is interesting to point out that by making long period
gratings, one can perturb the fibre to couple to other forward going modes.
A wavelength filter based on this effect has been demonstrated by Hill et al.
[36]. The spatial mode-converting grating was written using the point-by-
point technique (cf. Sect. 5.4.4) with a period of 590 um over a length of
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60 cm. Using mode strippers before and after the grating makes a wavelength
filter. In a similar manner, a polarisation mode converter or rocking filter in
polarisation-maintaining fibre can be made. A rocking filter of this type, gen-
erated with the point-by-point technique, was also demonstrated by Hill and
co-workers [37]. In their work they demonstrated an 87 cm long, 85 step
rocking filter that had a bandwidth of 7.6 nm and a peak transmission of 89%.

5.4 Fabrication of Fibre Bragg Gratings

In the following section we will describe various techniques used in fabri-
cating standard and complex Bragg grating structures in optical fibres.
Depending on the fabrication technique Bragg gratings may be labelled as
internally or externally written. Although internally written Bragg gratings
may not be considered very practical or useful, nevertheless it is important
to consider them, thus obtaining a complete historical perspective. Exter-
nally written Bragg gratings, that is gratings inscribed using techniques
such as interferometric, point-by-point, and phase-mask overcome the
limitations of internally written gratings and are considered far more use-
ful. Although most of these inscription techniques were initially consid-
ered difficult due to the requirements of sub-micron resolution and thus
stability, they are well controlled today and the inscription of Bragg grat-
ings using these techniques is considered routine.

5.4.1 Internally Inscribed Bragg Gratings

Internally inscribed Bragg gratings were first demonstrated in 1978 by Hill
and co-workers [38,39] in a simple experimental set-up as shown in
Fig. 5.16. An argon ion laser was used as the source, oscillating on a single
longitudinal mode at 514.5nm (or 488 nm) exposing the photosensitive
fibre by coupling light into its core. Isolation of the argon ion laser from
the back-reflected beam was necessary to avoid instability. Furthermore,
the pump laser and the fibre were placed in a tube for thermal isolation.
The incident laser light interfered with the 4% reflection (from the cleaved
end of the fibre) to initially form a weak standing wave intensity pattern
within the core of the fibre. At the high intensity points the index of refrac-
tion in the photosensitive fibre changed permanently. Thus a refractive
index perturbation having the same spatial periodicity as the interference
pattern was formed. These types of gratings normally have a long length
(tens of centimetres) in order to achieve useful reflectivity values due to
the small index of refraction changes.
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Fig. 5.16. A typical apparatus used in generating self-induced Bragg gratings using an
argon ion laser. Typical reflection and transmission characteristics of these types of
gratings are shown in the graph

5.4.2 Interferometric Inscription of Bragg Gratings

Amplitude-splitting Interferometer

The interferometric fabrication technique, which is an external writing
approach for inscribing Bragg gratings in photosensitive fibres, was first
demonstrated by Meltz and coworkers [40], who used an amplitude-
splitting interferometer to fabricate fibre Bragg gratings in an experimental
arrangement similar to the one shown in Fig. 5.17. An excimer-pumped
dye laser operating at a wavelength in the range of 486—500 nm was fre-
quency doubled using a non-linear crystal. This provided a UV source in
the 244-nm band with adequate coherence length (a critical parameter in
this inscription technique). The UV radiation was split into two beams of
equal intensity that were recombined to produce an interference pattern,
normal to the fibre axis. A pair of cylindrical lenses focused the light onto
the fibre and the resulting focal line was approximately 4-mm long by
124-pym wide. A broadband source was also used in conjunction with
a high-resolution monochromator to monitor the reflection and transmis-
sion spectra of the grating. The graph in Fig. 5.17 shows the reflection and
complementary transmission spectra of the grating formed in a 2.6-pm
diameter core, 6.6-mol % GeO,-doped fibre after 5 minutes exposure to
a 244-nm interference pattern with an average power of 18.5mW. The
length of the exposed region was estimated to be between 4.2 and 4.6 mm.
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Fig. 5.17. An amplitude-splitting interferometer used by Meltz etal. [40], which dem-
onstrated the first externally fabricated Bragg grating in optical fibre. The reflection
and transmission spectra of a 4.4-mm long Bragg grating fabricated with this apparatus
are also shown
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Fig. 5.18. An improved version of the amplitude-splitting interferometer, where an
additional mirror is used to achieve an equal number of reflections, thus eliminating
the different lateral orientations of the interfering beams. This type of interferometer is
applicable to fabrication systems where the source spatial coherence is low, such as

with excimer lasers
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In a conventional interferometer such as the one shown in Fig. 5.17 the
UV writing laser light is split into equal intensity beams that subsequently
recombine after having undergone a different number of reflections in each
optical path. Therefore, the interfering beams (wave fronts) acquire differ-
ent (lateral) orientations. This results in a low quality fringe pattern for
laser beams having low spatial coherence. This problem is eliminated by
including a second mirror in one of the optical paths, as shown in
Fig. 5.18, which in effect compensates for the beam splitter reflection.
Since the total number of reflections is now the same in both optical arms,
the two beams interfering at the fibre are identical.

The interfering beams are normally focused to a fine line matching the
fibre core using a cylindrical lens placed outside the interferometer. This
results in higher intensities at the core of the fibre, thereby improving the
grating inscription. In interferometer systems as the ones shown in
Figs. 5.17 and 5.18 the interference fringe pattern period 4 depends on
both the irradiation wavelength A, and the half angle between the intersect-
ing UV beams ¢ (cf. Fig. 5.18). Since the Bragg grating period is identical
to the period of the interference fringe pattern, the fibre grating period is
given by

A

A=—7—, (5.23)
2sin@

Given the Bragg condition, Az=2n.;4, the Bragg resonance wavelength,
A, can be represented in terms of the UV writing wavelength and the half
angle between intersecting UV beams as

Ay = Py (5.24)
sing
where n,; is the effective core index. From (5.24) one can easily see that
the Bragg grating wavelength can be varied either by changing A, [41]
and/or @. The choice of 4, is limited to the UV photosensitivity region of
the fibre; however, there is no restriction for the choice of the angle ¢.

One of the advantages of the interferometric method is the ability to in-
troduce optical components within the arms of the interferometer, allowing
for the wavefronts of the interfering beams to be modified. In practice, in-
corporating one or more cylindrical lenses into one or both arms of the inter-
ferometer produces chirped gratings with a wide parameter range [2]. The
most important advantage offered by the amplitude-splitting interferometric
technique is the ability to inscribe Bragg gratings at any wavelength desired.
This is accomplished by changing the intersecting angle between the UV
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beams. This method also offers complete flexibility for producing gratings
of various lengths, which allows the fabrication of wavelength-narrowed or
broadened gratings. The main disadvantage of this approach is a susceptibil-
ity to mechanical vibrations. Sub-micron displacements in the position of
mirrors, the beam splitter, or other optical mounts in the interferometer dur-
ing UV irradiation will cause the fringe pattern to drift, washing out the
grating from the fibre. Furthermore, because the laser light travels long op-
tical distances, air currents, which affect the refractive index locally, can
become problematic, degrading the formation of a stable fringe pattern. In
addition to the above-mentioned shortcomings, quality gratings can only be
produced with a laser source that has good spatial and temporal coherence
and excellent wavelength and output power stability.

Wavefront-splitting Interferometers

Wavefront-splitting interferometers are not as popular as the amplitude-
splitting interferometers for grating fabrication, however, they offer some
useful advantages. Two examples of wavefront-splitting interferometers
used to fabricate Bragg gratings in optical fibres are the prism interferome-
ter [42,43] and the Lloyd interferometer [44]. The experimental set-up for
fabricating gratings with the Lloyd interferometer is shown in Fig. 5.19.
This interferometer consists of a dielectric mirror, which directs half of the
UV beam to a fibre that is perpendicular to the mirror. The writing beam is
centred at the intersection of the mirror surface and fibre. The overlap of
the direct and the deviated portions of the UV beam creates interference
fringes normal to the fibre axis. A cylindrical lens is usually placed in front
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Fig. 5.19. Schematic of the Lloyd wavefront-splitting interferometer
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of the system to focus the fringe pattern along the core of the fibre. Since
half of the incident beam is reflected, interference fringes appear in a re-
gion of length equal to half the width of the beam. Secondly, since half the
beam is folded onto the other half, interference occurs, but the fringes may
not be of high quality. In the Lloyd arrangement, the folding action of the
mirror limits what is possible. It requires a source with a coherence length
equal to at least the path difference introduced by the fold in the beam.
Ideally the coherence and intensity profile should be constant across the
writing beam, otherwise the fringe pattern and thus the inscribed grating
will not be uniform. Furthermore, diffraction effects at the edge of the
dielectric mirror may also cause problems with the fringe pattern.

A schematic of the prism interferometer is shown in Fig. 5.20. The prism
is made from high homogeneity, ultraviolet-grade, fused silica allowing for
good transmission characteristics. In this set-up the UV beam is spatially
bisected by the prism edge and half the beam is spatially reversed by total
internal reflection from the prism face. The two beam halves are then re-
combined at the output face of the prism, giving a fringe pattern parallel to
the photosensitive fibre core. A cylindrical lens placed just before the set-
up helps in forming the interference pattern on a line along the fibre core.
The interferometer is intrinsically stable as the path difference is generated
within the prism and remains unaffected by vibrations. Writing times of
over 8 hours have been reported with this type of interferometer. One dis-
advantage of this system is the geometry of the interference. Folding the
beam onto itself forms the interferogram; hence different parts of the beam
must interfere, which requires a UV source with good spatial coherence.
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Fig. 5.20. Schematics of the prism wavefront-splitting interferometer



218 5 Fibre Bragg Gratings

A key advantage of the wavefront-splitting interferometer is the re-
quirement for only one optical component, greatly reducing sensitivity to
mechanical vibrations. In addition, the short distance where the UV beams
are separated reduces the wavefront distortion induced by air currents and
temperature differences between the two interfering beams. Furthermore,
this assembly can be easily rotated to vary the angle of intersection of the
two beams for wavelength tuning. One disadvantage of this system is the
limitation on the grating length, which is restricted to half the beam width.
Another disadvantage is the range of Bragg wavelength tuneability, which
is restricted by the physical arrangement of the interferometers. As the in-
tersection angle increases, the difference between the beam path lengths
increases as well, therefore, the beam coherence length limits the Bragg
wavelength tuneability.

Laser Source Requirements

Laser sources used for inscribing Bragg gratings via the above interfer-
ometric techniques must have good temporal and spatial coherence. The
spatial coherence requirements can be relaxed in the case of the amplitude-
splitting interferometer by simply making sure that the total number of
reflections are the same in both arms. This is especially critical in the case
where a laser with low spatial coherence, like an excimer laser, is used as
the source of UV light. The temporal coherence should correspond to
a coherence length at least equal to the length of the grating in order for the
interfering beams to have a good contrast ratio thus resulting in good qual-
ity Bragg gratings. The above coherence requirement together with the UV
wavelength range needed (240-250 nm) forced researchers to initially use
very complicated laser systems.

One such system consists of an excimer pumped tuneable dye laser, oper-
ating in the range of 480 to 500 nm. The output from the dye laser is focused
onto a non-linear crystal to double the frequency of the fundamental light
(Fig. 5.21). Typically this arrangement provides approximately 3-5mlJ,
10—20nsec pulses (depending on the excimer pump laser) with excellent
temporal and spatial coherence. An alternative to this elaborate and often
troublesome set-up is a specially designed excimer laser that has a long
temporal coherence length. These spectrally narrow linewidth excimer
lasers may operate for extended periods of time on the same gas mixture
with little changes in their characteristics. Commercially available narrow
linewidth excimer systems are complicated oscillator amplifier configura-
tions, which make them extremely costly. Othonos and Lee [45] developed
a low cost simple technique, where existing KrF excimer lasers may be
retrofitted with a spectral narrowing system for inscribing Bragg gratings in
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Fig. 5.21. Experimental set-up of an excimer pump dye laser with a frequency-doubled
BBO crystal for generating UV light at 245 nm for inscribing Bragg gratings in an
interferometer

a side-written interferometric configuration. In that work a commercially
available KrF excimer laser (Lumonics Ex-600) was modified to produce
a spectrally narrow laser beam (Fig. 5.22) with a linewidth of approximately
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Fig. 5.22. Schematic of a narrow linewidth excimer laser system (KrF) consisting of
two air-spaced etalons and an intracavity aperture placed between the KrF excimer gas
chamber and the high reflector (after [45])
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4% 107> m. This system was used to successfully inscribe Bragg gratings in
photosensitive optical fibres [45]. An alternative to the above system, which
is becoming very popular, is the intracavity frequency-doubled argon ion
laser that uses Beta-Barium Borate (BBO). This system efficiently converts
high-power visible laser wavelengths into deep ultraviolet (244 and
248 nm). The characteristics of these lasers include unmatched spatial co-
herence, narrow linewidth and excellent beam pointing stability, which
make such systems very successful in inscribing Bragg gratings in optical
fibres [46].

5.4.3 Phase-mask Technique

One of the most effective methods for inscribing Bragg gratings in photo-
sensitive fibre is the phase-mask technique [47]. This method employs
a diffractive optical element (phase mask) to spatially modulate the UV
writing beam (Fig. 5.23). Phase masks may be formed holographically or
by electron-beam lithography. Holographically induced phase masks have
no stitch error, which is normally present in the electron-beam phase
masks. However, complicated patterns can be written into the electron
beam-fabricated masks (quadratic chirps, Moiré patterns etc.). The phase
mask grating has a one-dimensional surface-relief structure fabricated in
a high quality fused silica flat transparent to the UV writing beam. The
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Fig. 5.23. Phase-mask geometry for inscribing Bragg gratings in optical fibres (see
also Fig. 5.24)
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profile of the periodic surface-relief gratings is chosen such that when
a UV beam is incident on the phase mask, the zero-order diffracted beam
is suppressed to less than a few percent (typically less than 5%) of the
transmitted power. In addition, the diffracted plus and minus first orders
are maximized each containing typically more than 35% of the transmitted
power. A near field fringe pattern is produced by the interference of the
plus and minus first-order diffracted beams. The period of the fringes is
one half that of the mask. The interference pattern photo-imprints a refrac-
tive index modulation into the core of a photosensitive optical fibre placed
in contact with or in close proximity immediately behind the phase mask
(Fig. 5.23). A cylindrical lens may be used to focus the fringe pattern
along the fibre core.

The phase mask greatly reduces the complexity of the fibre grating fab-
rication system. The simplicity of using only one optical element provides
a robust and inherently stable method for reproducing fibre Bragg gratings.
Since the fibre is usually placed directly behind the phase mask in the near
field of the diffracting UV beams, sensitivity to mechanical vibrations and
therefore stability problems are minimized. Low temporal coherence does
not affect the writing capability (as opposed to the interferometric tech-
nique) due to the geometry of the problem.

KrF excimer lasers are the most common UV sources used to fabricate
Bragg gratings with a phase mask. The UV laser sources typically have
low spatial and temporal coherence. The low spatial coherence requires the
fibre to be placed in near contact to the grating corrugations on the phase
mask in order to induce maximum modulation in the index of refraction.
The further the fibre is placed from the phase mask, the lower the induced
index modulation, resulting in lower reflectivity Bragg gratings. Clearly,
the separation of the fibre from the phase mask is a critical parameter in
producing high quality gratings. However, placing the fibre in contact with
the fine grating corrugations is not desirable due to possible damage to the
phase mask. Othonos and Lee [48] demonstrated the importance of spatial
coherence of UV sources used in writing Bragg gratings using the phase-
mask technique. Improving the spatial coherence of the UV writing beam
does not only improve the strength and quality of the gratings inscribed by
the phase-mask technique, it also relaxes the requirement that the fibre has
to be in contact with the phase mask.

To understand the significance of spatial coherence in the fabrication of
Bragg gratings using the phase-mask technique it is helpful to consider
a simple schematic diagram (Fig. 5.24). Consider the fibre core to be at
a distance & from the phase mask. The transmitted plus and minus first or-
ders that interfere to form the fringe pattern on the fibre emanate from dif-
ferent parts of the mask (referred to as distance d in Fig. 5.24). Since the
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Fig. 5.24. Simple schematic of phase-mask geometry for inscribing Bragg gratings in
optical fibres. The plus and minus first-order diffracted beams interfere at the fibre
core, placed at distance 4 from the mask

distance of the fibre from the phase mask is identical for the two interfering
beams, the requirement for temporal coherence is not critical for the forma-
tion of a high contrast fringe pattern. On the other hand, as the distance /
increases, the separation d between the two interfering beams emerging
from the mask, increases as well. In this case, the requirement for good spa-
tial coherence is critical for the formation of a high contrast fringe pattern.
As the distance & extends beyond the spatial coherence of the incident UV
beam, the interference fringe contrast will deteriorate, eventually resulting
in no interference at all. The importance of spatial coherence was also dem-
onstrated by Dyer et al. [49], who used a KrF laser irradiated phase mask to
form gratings in polyimide films. It should also be noted that if the zeroth
order beam is not significantly suppressed, interference will occur between
0™ and 1*-order diffracted beams; in this case the interference pattern will
change as a function of the fibre-phase mask separation resulting in fringes
that vary from half the phase-mask period to one period of the mask.

5.4.4 Point-by-point Fabrication of Bragg Gratings

The point-by-point technique [50] for fabricating Bragg gratings is accom-
plished by inducing a change in the index of refraction a step at a time
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along the core of the fibre. A focused single pulse from an excimer laser
produces each grating plane separately. A single pulse of UV light from an
excimer laser passes through a mask containing a slit. A focusing lens
images the slit onto the core of the optical fibre from the side as shown in
Fig. 5.25, and the refractive index of the core increases locally in the irra-
diated fibre section. The fibre is then translated through a distance A corre-
sponding to the grating pitch in a direction parallel to the fibre axis, and
the process is repeated to form the grating structure in the fibre core. Es-
sential to the point-by-point fabrication technique is a very stable and pre-
cise submicron translational system.

The main advantage of the point-by-point writing technique lies in its
flexibility to alter the Bragg grating parameters. Because the grating struc-
ture is built up a point at a time, variations in grating length, grating pitch,
and spectral response can easily be incorporated. Chirped gratings can be
produced accurately simply by increasing the amount of fibre translation
each time the fibre is irradiated. The point-by-point method allows the
fabrication of spatial mode converters [51] and polarisation mode convert-
ers or rocking filters [37], that have grating periods, A, ranging from tens
of micrometres to tens of millimetres. Because the UV pulse energy can be
varied between points of induced index change, the refractive index profile
of the grating can be tailored to provide any desired spectral response.

One disadvantage of the point-by-point technique is that it is a tedious
process. Because it is a step-by-step procedure, this method requires
arelatively long process time. Errors in the grating spacing due to thermal
effects and/or small variations in the fibre’s strain can occur. This limits
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Fig. 5.25. Schematic of set-up for fabricating Bragg gratings using the point-by-point
technique
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the gratings to very short lengths. Typically, the grating period required for
first order reflection at 1550 nm is approximately 530 nm. Because of the
submicron translation and tight focusing required, first order 1550 nm
Bragg gratings have yet to be demonstrated using the point-by-point tech-
nique. Malo etal. [50] have only been able to fabricate Bragg gratings,
which reflect light in the 2™ and 3™ order, that have a grating pitch of ap-
proximately 1 um and 1.5 wm, respectively.

5.4.5 Direct-writing Technique

The direct-writing technique [52] is an alternative process for the flexible
inscription of high quality gratings in fibre or optical waveguide circuits
with integral Bragg gratings. The direct writing-process uses two focused
UV laser beams that are overlapped to give a micron-sized, circular spot
with an intrinsic linear interference pattern in one dimension, much as
a conventional amplitude-splitting interferometer. The interference beam is
focused onto the photosensitive fibre or waveguide and translated by one
grating period, re-exposed and moved to a new position, systematically
building up a grating structure. The piecewise process is where the di-
rect-writing technique differs from the traditional amplitude-splitting ar-
rangement. The sample is moved continuously relative to a modulated
laser beam that is synchronised to the sample motion, thereby ensuring
a smooth inscription process. Changing the time for which the laser is
switched on during the exposure cycle controls the grating contrast. This
technique allows for the fabrication of any Bragg grating profile at any
point in the structure. The process is computer controlled, providing
a straightforward method of producing complex waveguide circuits and
Bragg gratings with arbitrary chirp and apodization. Direct writing proves
advantageous, as it eliminates the usual need for Bragg grating phase
masks. As direct writing is essentially a modified interferometric set-up it
has similar limitations regarding system stability requirements.

5.4.6 Femtosecond Laser Inscription of Bragg Gratings

The use of high power femtosecond laser sources for inscribing Bragg
gratings has attained significant recent interest. Corresponding laser sys-
tems come in myriads of forms: their primary purpose is to produce high-
energy laser pulses of 5 to 500 fs duration (150fs is typical), offering the
tempting prospect of extraordinarily high laser intensity when focused onto
the sample, 200 GW/cm?, for example, is not uncommon. The high-energy
pulses and wavelength of operation both vary depending on the specific
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laser design, and there are, in general, two categories i) oscillator systems
without extra optical amplification, where high energy pulses build up in
an extended cavity and ii) amplified systems that use external optical am-
plifiers to enhance oscillator pulse energies. Values of 100nJ/pulse at
10MHz repetition rate are typical for extended oscillator cavities;
500 nJ/pulse at 1 MHz have been achieved for cavity-dumped oscillators,
and finally 1ml/pulse to 10 pJ/pulse for repetition rates of 1kHz to
500 kHz, respectively, for regeneratively amplified systems. Prior to recent
developments, the amplified laser system was economically prohibitive
and complex, with separate modules coupled by careful alignment. How-
ever, recent developments have seen this scheme replaced by less expen-
sive, diode pumped amplified systems operating in the near infrared that
can accept harmonic generators for frequency doubling, tripling, and quad-
rupling, in a very compact form factor, with minimal infrastructure needs.

The principal advantage of high-energy pulses is their ability of grating
inscription in any material type without pre-processing, such as hydro-
genation or special core doping with photosensitive materials — the inscrip-
tion process is controlled multi-photon absorption, void generation and
subsequent local refractive index changes. Furthermore, the use of an in-
frared source or its second harmonic removes the requirement to strip the
optical fibre as gratings can readily be written through the buffer layer.
However, one must consider that the very nature of the short duration
pulse poses several technical difficulties that must be accounted for in
choosing a suitable inscription method. Interferometric set-ups must have
path lengths matched to within the physical location of the fs pulse; for
a 150fs pulse this corresponds to 45 um. If a phase mask is utilised the
issue of temporal coherence is resolved, but one must now consider the
large spectral content of the pulse and its subsequent dispersion through
and energy spread beyond the mask. There is also the potential risk of op-
tically damaging the mask, if pulse energies or focusing conditions are not
carefully constrained. With respect to the grating inscription schemes dis-
cussed so far, the femtosecond laser has been utilised as follows: Mihailov
and co-workers [53-55] have developed phase masks designed for use at
800 nm for the inscription of quality, higher-order Bragg gratings in optical
fibres. The use of phase masks with larger pitch mitigates pulse spreading,
and gratings were produced having the dual advantage of good spectral
quality and high thermal stability to 950°C. Martinez and co-workers
[56,57] have opted for point-by-point inscription of multiple-order grat-
ings, with the third-order giving the best spectral quality. Computer-con-
trolled systems are also under development for the formation of arbitrary
and multiple Bragg gratings [58].
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5.5 Fibre Bragg Gratings in Optical
Communication Systems

The unique filtering properties of fibre Bragg gratings and their versatility
as in-fibre devices have made FBGs one of the key components in fibre
optic networks [1], and FBGs are used in ultra long haul (ULH), long haul
(LH), and Metropolitan dense WDM (DWDM) telecommunication net-
works as well. A schematic representation of a network is depicted in
Fig. 5.26. Bragg gratings are located in optical erbium-doped fibre ampli-
fiers (EDFA) for pump wavelength stabilization and erbium-gain flatten-
ing as well as in add-drop nodes for wavelength filtering and multiplexing.
They are also used in line or at the emission-reception side for channel and
band dispersion compensation.
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Fig. 5.26. Schematic representation of telecommunication network with preferred
Bragg grating locations

Wavelength Channel Filters

Band-pass filters are key components of WDM systems, and many solu-
tions utilizing fibre Bragg gratings for implementing such filters have been
developed including Sagnac [59], Michelson [60,61] or Mach—Zehnder
[62,63] interferometric configurations. Another approach, based on the
principle of the Moiré grating resonator [64], has been applied with uni-
form period [65] and chirped [66] gratings. Resonant filter structures have
been fabricated by introducing a phase shift into the grating by an addi-
tional UV exposure, or by using a phase-shifted phase mask. In general the
resonant type transmission filters are capable of large wavelength selectiv-
ity and are, in principle, simple to manufacture and do not require carefully
balanced arms or identical gratings, as in the case of interferometric filters.
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Fibre Bragg 100-, 50- and 25-GHz bandwidth reflective filters are
commercial products with low out-of-band crosstalk (better than 25 dB for
the adjacent channel) and low chromatic dispersion (<30ps/nm for a
50GHz grating). The realization of specific fibres (low cladding mode
coupling fibre or high numerical aperture (HNA) fibre, cf. Sect. 5.2.5) is
important in order to get these specifications with lowest possible losses
(<0.2dB). One key application is channel selection in optical add-drop
multiplexers.

Chromatic Dispersion Compensation

Chromatic dispersion is one of the key factors limiting transmission dis-
tances of 10 and 40 Gbit/s optical systems, and FBGs are widely used to
mitigate these adverse effects. The phase response of a fibre Bragg grating
can be designed to compensate many wavelengths and chirped fibre grat-
ings are a well known (commercially available) solution for single channel
and multi-channel dispersion compensation. The phase of the FBG is tai-
lored during the photo-inscription process in order to get a linear variation
of the delay as a function of wavelength. Dispersion compensation ranging
from 100 to 2000 ps/nm has been demonstrated using chirped gratings.
Many studies have focused on controlling the linear delay and suppression
of the phase ripple inherent to multi-interference occuring inside the grat-
ing (<15 ps).

Tuneable dispersion gratings for 40 Gbit/s systems enable the compensa-
tion of slow dispersion variations in telecommunication networks (tempera-
ture and vibration effects), for example by the application of an external
chirp to the grating by means of a mechanical strain or a temperature gradi-
ent. This external chirp can then be added to the one created during photo-
inscription and leads to a dispersion tuning over a few hundred of ps/nm.
Bragg gratings constitute the most efficient current technology for disper-
sion tuning. The main alternative technologies are planar devices and thin-
film filters exploiting the Gires—Tournois effects (cf. Chaps. 6 and 7).

Gain-flattening Filters

In Metro, LH or ULH transmission systems optical amplifiers (EDFA) are
necessary to compensate the link losses, and good overall amplifier flat-
ness is required for low optical signal-to-noise ratio at all wavelengths.
Different variants of Bragg gratings can be used to achieve this purpose.
The FBGs can have non-uniform period (mostly linearly varying) to cover
the full amplifier bandwidth, and these chirped gratings (cf. Sect. 5.3.2)
are used in reflection with isolators on both sides. The major competitive
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technology is dielectric thin film filters (cf. Chap. 7), which have inferior
optical performance, but are available at lower cost, since they do not
require optical isolators as FBGs do. To overcome this drawback slanted
gratings have been developed [67]. They exhibit a tilt between the fibre
axis and that of the grating in order to couple the forward-propagating
fundamental mode (LPy;) to radiative modes which makes the filter dissi-
pative in transmission. Different fibres have been designed to improve this
coupling and suppress the residual backward wave (LPy,-). Total C-band
transmission error functions lower than +0.2dB over the temperature
range —10°C... +70°C have been demonstrated with induced losses
smaller than 1dB.

Pump Laser Stabilisation

Finally, fibre Bragg gratings are also used for the stabilisation of pump
laser diodes in optical amplifiers. In EDFAs used in DWDM configura-
tions, the precise stabilization of the pump wavelength is crucial. A small
reflective grating is directly photo-written into the core of the laser pig-
tailed fibre. The feedback provided by the grating causes the laser to oscil-
late at the reflected wavelength, and most of today’s pump laser diodes use
a stabilizing grating written in standard or polarisation-maintaining fibre.

Gain flattening filters as well as Bragg grating-based add-drop multi-
plexers and dispersion compensators will be described in more detail in the
following sections.

5.5.1 Add-drop Multiplexers

Fixed or reconfigurable optical add-drop multiplexers ((R)YOADM) enable
static or dynamic routing in wavelength division multiplexing networks,
and AWGs (cf. Chap. 4), dielectric multilayer filters (cf. Chap. 7) or FBGs
are most frequently used for the realisation of OADMs. The main advan-
tages of FBG-based WDM filters are very high selectivity, flat top spectral
response, steep spectral roll-off, and low insertion loss. As a consequence,
FBG filters are widely used in low channel spacing (< 100 GHz) OADMs.
The reflectivity and transmission spectra of a 50 GHz FBG are shown in
Fig. 5.27. The grating is photo-written in a specific low-cladding-mode-
loss fibre to avoid extra transmission losses out of the FBG spectral band.
The complex apodization applied during the writing process assures an in-
band dispersion lower than 10 ps/nm.

OADMs can be implemented in different configurations. One example
is a passive temperature-compensated FBG sandwiched between two opti-
cal circulators (Fig. 5.28). If different wavelengths are injected at the input
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Fig. 5.27. Characteristics of 50 GHz fibre Bragg grating filter

port (1), the Bragg wavelength (4) is reflected by the FBG and routed by
the optical circulator to the drop port, while all other signals (4; # Ap) pass
through the FBG and exit via the output port (2). Since the component is
symmetric, anew optical channel can be added (at Ap) to the network
through the add port, and the inserted wavelength exits the OADM from
the output port (2) as well. Furthermore, if the FBG is made tuneable
(thermally or by applying a mechanical force, cf. Sect. 5.2.4), its Bragg
wavelength can change and the device becomes reconfigurable. Tempera-
ture-induced tuning over 8 nm with <50 ms switching time has been dem-
onstrated [68].

Placing Bragg gratings between optical circulators in a hybrid fashion is
the simplest way of making FBG-based OADMs, but such devices exhibit
high insertion loss and they are expensive. One option with no need of
(expensive) circulators is a Mach—Zehnder interferometer (all-fibre solu-
tion) configuration with photo-imprinted Bragg gratings in each arm as
illustrated schematically in Fig. 5.29. The device consists of two identical

circulators
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Fig. 5.28. Fibre Bragg grating-based add-drop multiplexer
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FBGs and 3-dB couplers fused on both sides of the gratings, which makes
the device a MZI for all wavelengths but the Bragg wavelength for which
it is a Michelson interferometer. A signal launched into the input port is
equally split through the first 3-dB coupler, and the Bragg wavelength is
back-reflected on each arm of the MZI, while all other wavelengths pass
through the FBG. Phase matching by UV trimming assures efficient ex-
traction of the Bragg wavelength via the drop port. All other phase-
matched wavelengths (A;# Ap) leave the device via the output port, and
a signal at the channel wavelength (/) launched into the add port emerges
at the output port as well (Fig. 5.29).
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Fig. 5.29. Twin core fibre-based Mach—Zehnder interferometer add-drop multiplexer

The signal intensity propagating to the output and the add-port, respec-
tively (Linsous lin>ada) @S @ function of the wavelength-dependent phase dif-
ference @A) between the arms, is given for the lossless case by (5.25) and
(5.26), where t,(A) is the complex transmission coefficient of the FBGs and
x,(A) the power coupling ratio of the couplers:

L. ,.A)= ‘« [(1=x)x, -1,(A)-exp(i@(A) +/(x,(1-x,)) -1, (ﬁ)‘ -1, (A)

(5.25)
Lywd (D)= ‘ [(=x)(1=x,) £,(A) - exp(ip(D) = x5, 1, ()| - T, (A)
(5.26)

Similarly, l;;>ar, and the return loss I;.; can easily be obtained by
(5.25) and (5.26), if all subscripts 2 are replaced by 1 and the reflection
coefficients are used instead of the transmission coefficients.

Such MZIs can be realized using standard single-mode fibre or twin
core fibre (TCF), where the TCF has a number of advantages compared to
the SMF. Since the cores are embedded within the same cladding, the ef-
fective index difference between the arms is very small, and consequently
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the chromatic dispersion of the MZI is essentially that of the couplers.
TCFs allow a very reproducible fusion-tapering process as well, which
means that the centre wavelength of the couplers can be well controlled.
For example, for a 30 dB isolation between [, >0, and Is>qa4, the centre
wavelength of couplers must be controlled within 5 nm.

The performance of a 200 GHz MZI OADM is illustrated in Fig. 5.30:
The Bragg wavelength is extracted from the drop port with more than
30dB adjacent crosstalk, the in-band rejection of the output port is better
than 30 dB, and the crosstalk isolation between signals passing through the
add and the output port is better than 30dB over a 25nm range. These
results confirm that the couplers exhibit very low chromatic dispersion and
are well centred at the Bragg wavelength. The return loss reaches 18 dB in-
band, while it is better than 25 dB over 30 nm out-of-band. It is worthwhile
to note that the measurements have been performed on SMFs coupled to
the TCFs, and total insertion loss of any path is better than 1.5 dB. Bit error
rate measurements at 10 Gbit/s using this device did not show any power
penalty at all [69].

Passive athermal add-drop devices have been demonstrated with less
than 1 pm/°C deviation of the Bragg wavelength over the —10°C to +70°C
temperature range [70-72]. Theoretical analyses of MZI-OADMs have
demonstrated that the phase mismatch of the Bragg gratings (leading to
Bragg wavelength detuning) is the most critical parameter determining in-
band return loss.

Recent studies focused on the realization of MZI-based add-drop
multiplexers in planar waveguide architecture with large negative index
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Fig. 5.30. Optical performance of packaged 200 GHz twin core fibre-based OADM.
Transmission: black; drop (reflection): blue; return loss: red; input to add channel:
green
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modulation. Moreover, efficient thermal tuning of a Mach—Zehnder-based
OADM has been demonstrated over 1.7 nm without significant modifica-
tion of the drop directivity and the throughput signals.

Table 5.1 illustrates the performance of FBG-based hybrid and all-fibre
fixed 100 GHz optical add-drop multiplexers.

Table 5.1. Characteristics of FBG-based hybrid and in-fibre, fixed 100 GHz OADMs

Optical parameter Hybrid OADM In-fibre OADM
Insertion loss (dB) 1.5 1.5
Isolation (dB) 30 30
Rejection (dB) 30 30
In-band return loss (dB) 30 20
Out-of-band return loss (dB) 30 30

Sub-band and single wavelength Bragg grating-based OADMs in fibre
or/and planar waveguide technology are still topics of current research, and
in particular SiO,/Si offers the potential for the realization of complex
multi-wavelength functionalities.

A device rather similar to the add-drop multiplexer is a single Bragg
grating in a single-mode fibre acting as a wavelength selective distributed
reflector or a band-rejection filter by reflecting wavelengths around the
Bragg resonance. By placing identical gratings in two lengths of a fibre
coupler, as in a Michelson arrangement, one can make a band-pass filter
[73]. This filter, shown in Fig. 5.31, passes only wavelengths in a band
around the Bragg resonance and discards other wavelengths without reflec-
tions. If the input port is excited by broadband light and the wavelengths
reflected by the gratings arrive at the coupler with identical optical delays,
then this wavelength simply returns to the input port. If, however, a path-
length difference of m/2 is introduced between the two arms, then it is pos-
sible to steer the reflected wavelength to arrive at the second input port,
creating a bandpass filter. In principle, this is a low-loss filter, although
there is a 3dB loss penalty for the wavelengths that are not reflected,
unless a Mach—Zehnder interferometer is used to recombine the signal at
the output [60]. An efficient band-pass filter was demonstrated by Bilo-
deau et al. [61] using a scheme identical to that presented in reference [60].
The device had back reflection of —30dB (cf. Glossary for definition).
However, all wavelengths out of the pass-band suffered from the 3-dB loss
associated with the Michelson interferometer.
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Fig. 5.31. Fibre-optic bandpass filter using Bragg reflectors arranged in a Michelson-
type configuration

5.5.2 FBG-based Chromatic Dispersion Compensators

The group velocity of optical signals travelling along a fibre is wave-
length-dependent due to material and waveguide dispersion, and this phe-
nomenon is usually called chromatic dispersion (CD). Waveguide disper-
sion is essentially due to a wavelength-dependent distribution of light
between the core and the cladding of a single-mode fibre. Due to CD
pulses propagating along an optical fibre experience a temporal broadening
which limits the maximum transmission distance since subsequent pulses
become overlapping, i.e. one gets inter-symbol interference. Tolerable
chromatic dispersion depends on the modulation format, the channel wave-
length, the spectral width of the pulses, the fibre type, and on the bit rate.
To a first approximation tolerable chromatic dispersion decreases propor-
tional to the square of the bit rate, so its effect becomes significant for
10 Gbit/s and beyond, and different techniques have been developed in the
past to compensate unwanted chromatic dispersion, so that the maximum
optical span length is extended. An estimate of dispersion-limited maxi-
mum transmission lengths (1 dB power penalty) for standard transmission
formats and without dispersion compensation is given by [74]

B’DL<10’ (5.27)

where B is the bit rate, L the fibre length, and D(A) the fibre chromatic
dispersion. For a Corning SMF-28¢ fibre, for example, D(A) (in
[ps/(nm-km)]) is given by
S A
DA)=—2| A-L 5.28
4 /13 ( )

for the wavelength range 1200 nm< A< 1625 nm, where A, is the zero dis-
persion wavelength (1302 nm< A4,< 1322 nm) and S, is the zero dispersion
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slope: $p<0.092ps/ (nmz'km) [75]. Table 5.2 illustrates that dispersion
poses severe limits on the maximum transmission distances at higher bit
rates and consequently dispersion compensation is of high relevance at
higher bit rates.

Table 5.2. Dispersion-limited maximum transmission distance for standard single-
mode (SMF-28) and non-zero dispersion shifted fibre (1 dB penalty, no dispersion
compensation)

Bit rate Transmission over SMF-28 Transmission over NZ-DSF
2.5 Gbit/s 1000 km 6000 km

10 Gbit/s 60 km 400 km

40 Gbit/s 4km 25km

One well established, broadband solution for compensating CD is the
use of dispersion-compensating fibre (DCF). A DCF has a high negative
dispersion (at 1.5 pum) which is several times larger than the positive dis-
persion of a standard SMF. However, DCF exhibits rather high losses
(typically 10dB for 80 km fibre), high non-linearity due to a small mode
effective area, and the use of DCF adds extra cost because extra amplifiers
are needed to compensate the DCF loss. Moreover, for certain system con-
figurations only single wavelengths or sub-band dispersion compensation
is needed (4, 8, or 16 wavelengths), and DCF is not particularly suited to
accomplish this task. Finally, in particular at 40 Gbit/s, tuneable dispersion
compensation is requested in order to precisely compensate the dispersion
for each channel and to correct for environmentally-induced variations,
and DCF cannot meet these requirements.

On the other hand, chirped fibre Bragg gratings enable versatile and ef-
ficient dispersion compensation. The first practical demonstrations of dis-
persion compensation by means of chirped FBGs used short pulses of ei-
ther 1.8 ps [76] or 21 ps [77] duration.

The design of a dispersion-compensating module (DCM) consisting of
a 3-port circulator and a chirped grating and operating in reflection is illus-
trated schematically in Fig. 5.32.

The index modulation of the grating is given by

2 i
n(Z) :nﬂ +Anmd Xfapod(Z)XCOS [7Z - W A] sz (5.29)
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Fig. 5.32. Dispersion compensating module (schematic, A, > A,)

where n.; is the mean effective index, n(z) is the index variation along the
fibre axis, A is the grating mean pitch, An,,,, 1s the index modulation ampli-
tude, fu0q(z) is the apodization function, and A; is the so-called chirp pa-
rameter of the Bragg wavelength (see (5.22)) which ensures a linear varia-
tion of the local Bragg wavelength along the grating via the variation of the
pitch or/and of the effective index. The spectral bandwidth of the grating
increases with the grating length, and different wavelengths are reflected at
different spatial locations inside the grating. Shorter wavelengths are re-
flected towards the end of the grating and are thus delayed with respect to
longer wavelengths which are reflected at the beginning of the grating.

The delay 7, the bandwidth A4, and the dispersion D associated with the
chirped grating are linked by the following set of equations :

o L

7=l (5.30a)

C

A=A XL, (5.30b)

so that
2
I (5.31)
AL cx A,

where n, is the fiber group index, L, the grating length, and A; the chirp
parameter.

Chirped gratings can be realized in different ways. The most popular
approach uses a chirped phase mask and a standard photo-inscription set-
up. An alternative is to use a standard uniform phase mask and then apply
a specific back and forth movement of the fibre in front of the phase mask
[78]. A further option is to taper the fibre continuously (by fusion) in order
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to generate a continuous change of the refractive index along the fibre in
the region where the grating is to be inscribed [79]. A uniform phase mask
is then used to photo-write the grating.

Figure 5.33 shows the reflectivity and the resulting group delay of
a linearly chirped FGB-based DCM. This component has been written
according to the second method using an excimer laser (10 mJ, 200 Hz)
and a standard uniform phase mask (A=1066.0nm). Moving the fibre in
front of the mask introduced a chirp of 0.185nm/cm, and according to
(5.31) the resulting dispersion is equal to —530 ps/nm. The grating length
was 70 mm and the apodization function an hyperbolic tangent.
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Fig. 5.33. Reflectivity and group delay spectrum of a chirped FBG-based DCM

Figure 5.33 shows a linear variation of the group delay over the filter
bandwidth (constant dispersion), and the existence of a residual ripple on the
delay curve can also be seen which will be explained below. In principle, the
dispersion can be positive or negative, depending on the propagation direc-
tion of the beam in the grating region. Dispersion ranging from —2000 ps/nm
to +2000 ps/nm has been demonstrated with module insertion loss <2 dB.

FBG-based dispersion compensators are not restricted to operate over
narrow wavelength bands only. As the delay increases with the grating
length, one possibility to achieve broadband operation is making long
FBGs (length > 1 meter). However, such devices are very difficult to realize
and the group delay ripple is generally too high for network applications.

Another option is phase- or amplitude-sampled gratings [80]. Such com-
ponents require a large number of phase shifts along the grating length. The
expression of the index modulation An,,,,(z) in sampled gratings is given by
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- 4z n
Anmod (Z) = AnO fapod (Z) z Cos (ﬁ + ¢m]

m=1

(5.32)

4 .
= AnO fdpod (Z) Asampl (Z) COS[% + ¢sampl (Z)j

0

where Any is the index modulation amplitude for a single channel, M is the
number of channels, A4, is the spectral spacing between the m” channel
and the central wavelength Ay, and ¢, is the phase of the m™ channel.

In the case of amplitude sampling (i.e. the case when @y,,,/(z) = const)
there are dead zones, where no gratings are photo-written, and these lower
the reflectivity of the FBG as the number of WDM channels increases.

The phase-sampling method (i.e. the case when Ay,,,(z) =const) is an
alternative that overcomes these difficulties [81]. Since the refractive index
modulation An required to maintain the reflectivity is much lower than that
for the amplitude-sampling method, phase-sampled gratings can be fabri-
cated more easily. Without using specially designed phase masks, phase-
sampled FBGs have been realized by dithering and displacing standard
phase masks. Phase-sampled gratings represent the most promising ap-
proach to realize multichannel DCM, but a very precise photo-inscription
set-up and processing are mandatory [82].

A further variant of multi-channel DCM relies on the superposition of
multiple Bragg gratings implemented over an arbitrary large range of
wavelengths [83]. This third alternative, called superimposition, involves
inefficient fabrication processes, because several FBGs are overwritten in
the same location of a fibre, and each FBG corresponds to one channel. On
the other hand, an advantage of the superimposed approach is that the
separate FBGs are independent from each other. This allows the design of
complex structures including channel to channel varying dispersion, which
is useful for dispersion-slope compensation.

Multichannel FBG-based DCM offer many advantages compared to
DCF, e. g. small footprint, low insertion loss, dispersion-slope compensa-
tion, and negligible non-linear effects. Table 5.3 compiles characteristic
parameters of single- and 32-channel dispersion-compensating modules.
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Table 5.3. Characteristics of single- and 32-channel chirped FBG-based dispersion-
compensating modules

Parameter Single-A. DCM 32-A DCM

Channel bandwidth (GHz) 20 to 80 30

Insertion loss (dB) 1.5 (with circulator) <35

Dispersion (ps/nm) —2000 to +2000 —2000 to +2000

Group delay ripple (ps) <10 <340

PMD (ps) <0.5 <0.5

PDL (dB) <0.1 <0.3

Athermal package size 168 mm length, 209 mm length,
12 mm diameter 14 mm diameter

Operating temperature (°C) -5to+70 -5to +70

5.5.3 Tuneable Dispersion-compensating Module

Dynamic dispersion compensation is essential in DWDM optical commu-
nication systems operating at 40 Gbit/s and beyond. At these high bit rates,
dispersion tolerances become so small that variations in dispersion can
severely influence network performance. In such systems the amount of
dispersion compensation required at the receiver to maintain optimum
system performance may vary in time due to impairments which exhibit
temporal variations. Factors which contribute to total dispersion are tem-
perature fluctuations along the fibre, component dispersion, and dispersion
variations in the transmission fibre. For example, for a 2000 km non-zero
dispersion shifted fibre (NZDSF) span, a 10 to 20°C temperature change is
sufficient to introduce measurable system impairments at 40 Gbit/s. Fur-
thermore, in reconfigurable networks the total accumulated dispersion can
experience significant sudden changes.

Chirped FBGs combined with an appropriate tuning platform are well
suited for single or multiple channel dispersion compensation. Tuning can
be achieved by creating a temperature gradient along the fibre [84] or by
applying a linear strain gradient which can be provided by the S-bending
beam technique for example [85]. Most commercially available tuneable
dispersion-compensating modules (TDCM) use two (or more) thermoelec-
tric coolers (TEC) located at each end of the grating. A thermal gradient is
then created along the fibre, while the temperature at the centre is kept
unchanged. This controllable temperature gradient generates chirp and
thus dispersion variation. The chirp can be adjusted reversibly by varying
the TEC current. If the grating in a DCM has an intrinsic chirp, the total
chirp is the algebraic sum of both chirp contributions (intrinsic and re-
versible, TEC-induced one). As the total chirp is increased, the component
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Fig. 5.34. Evolution of the spectral response of a dispersion-compensating module
with tuning

bandwidth is increased, so that the delay slope, i.e. the dispersion, is re-
duced (in absolute terms). Corresponding integrated devices satisfy impor-
tant requirements such as power efficiency, small size, and ease of fabri-
cation. Figure 5.34 shows the evolution of the spectral bandwidth and the
delay of a tuneable DCM.

It is important to note that with this architecture the Bragg wavelength is
fixed, and that tuneability around a zero dispersion value is not possible.
These spectra also show that the maximum reflectivity is not the same as
the temperature gradient is changed. For the case of thermal tuning
Fig. 5.35a illustrates the resulting non-linear dispersion variation for
a grating with an initial dispersion value of —533 ps/nm.

As the index modulation is constant, the dispersion tuning is associated
with a variation of the grating reflectivity. In the example of Fig. 5.35a it
corresponds to 0.5 dB insertion loss variation.
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Fig. 5.35. Tuning characteristics examples of (a) single grating and (b) twin gratings
configuration (after [86])
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Fig. 5.36. Temperature tuning principle scheme (after [86])

Another configuration also using thermal tuning is illustrated in
Fig. 5.36. Key elements are two identical, chirped cascaded FBGs and two
3-port circulators. Both gratings are simultaneously tuned (similar to the
case of a single FBG), but the key point is that the chirp of the two FBGs
varies in opposite directions with respect to the temperature gradient. As
the sign of the dispersion of a chirped FBG changes with propagation di-
rection, the total dispersion is zero without applied temperature gradient
[86]. A temperature gradient induces opposite bandwidth variations for
each grating. The tuning characteristics can simply be deduced from the
single grating case (one has to keep in mind that transmission losses are
expressed in decibels and dispersion values simply add). The tuning range
(Fig. 5.35b) is now centred around zero and is doubled without any addi-
tional power consumption. The insertion loss variation with tuning is con-
siderably reduced (less than 0.1 dB in this example) because both reflectiv-
ity variations cancel each other. Another interesting point is the quasi-
linear relation between the applied gradient and the resulting dispersion,
i.e. one gets a quasi-constant tuning sensitivity.

With a maximum temperature variation of 60°C the dispersion tuning
range extends from —400 to +400 ps/nm. The total electrical power con-
sumption of this component is 5 watts during the transient regime and
3 watts in the stationary state.

Mechanical designs are also very attractive [87], but they are only suited
for applications with no need to permanently adjust the dispersion. The
advantage of such a ‘set and forget’-device is that there is no electrical
power consumption except when it is tuned to the proper dispersion com-
pensating value.
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5.5.4 Ripple Analysis in Dispersion-compensating Modules

The main limitation of chirped fibre Bragg grating (CFBG) technology
is currently given by the well-known phase ripple (cf. also Chap. 2,
Sect. 2.4.3) which is due to a non-optimum apodization function and/or
imperfections related to the photo-inscription process. Although ripples
can be equivalently characterized by the dispersion, the group delay, or the
phase spectrum, respectively, there was until recently an implicit prefer-
ence for directly measured group delay spectra (Fig. 5.37). However, very
recent work showed that characterising the ripple over the phase spectrum
instead of the group delay spectrum provides significant advantages. In
addition, there is clear evidence that minimizing the group delay ripple
(GDR) amplitude is not enough to reduce the impact on system perform-
ance, but the GDR period is also of high importance [88].

The worst case eye-opening penalty (EOP) associated with the use of
a DCM can be calculated from the period and the amplitude of the group
delay ripples [89] which can be separated into high and low frequency
ones (Fig.5.37). The latter are associated with a slowly varying curve,
which gives a residual dispersion and leads to a broadening of the input
pulse. The corresponding system impact can be estimated with conven-
tional techniques. High frequency ripples are much more complicated to
understand and to correct as well. They create new pulses which interfere
with adjacent pulses. For a given GDR amplitude highest system impair-
ments occur when the GDR period, expressed in optical frequency units,
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Fig. 5.38. Penalty versus group delay ripple (GDR) period for different phase differ-
ences between signal and ripple (NRZ modulation format, 10 Gbit/s)

equals the bit rate (10, 40 Gbit/s). For a high frequency sinusoidal ripple
the EOP is approximately proportional to the product of the GDR ampli-
tude and period [90], (cf. Fig. 5.38), i. e. to the phase-ripple amplitude.

One approach to determine the impact of GDR ripple on a telecom-
munication system is known as wavelength-frequency signal analysis based
on spectrogram distributions (a method more commonly used in mechani-
cal vibration analysis). The method reveals the variation of the frequency
spectrum with respect to wavelength, and it provides useful information on
the presence or absence of specific periods (ripple with 80 pm or 320 pm
period is particularly detrimental for 10 or 40 Gbit/s systems, respectively)
and on their localization inside the component bandwidth. It also helps to
differentiate between apodization-induced and index variation noise-
induced GDR [91], and it enables linking the measured penalty spectrum
with the spectrogram and to correlate the peak penalty and critical frequen-
cies in the GDR at the same wavelength as well.

An alternative approach to determine the impact of GDR on system per-
formance is based on phase measurements since the phase ripple magni-
tude is a good indicator of system performance as long as it includes high
frequency ripple components only. This is outlined in more detail in recent
publications [92-94].

5.5.5 Gain-flattening Filters
Gain-equalized optical amplifiers have allowed the deployment of new

DWDM systems. Power uniformity over the communication bandwidth is
an important requirement in such systems since flatter optical amplifier
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gain enables longer fibre spans between regenerators which is more cost
effective. Moreover, gain flatness of EDFAs is necessary to improve the
optical signal-noise ratio. The straightforward option for gain equalization
is the insertion of a gain flattening filter (GFF) with a spectral response
precisely tailored to the inverse gain profile. In addition to exhibiting
a spectral shape as close as possible to the inverse EDFA gain curve, GFFs
should have low polarisation dependence, small footprint, and low loss.

Several technologies have been developed to perform gain equalization.
The most common choice is dielectric thin film filters (cf. Chap. 7) which
are particularly attractive with respect to cost due to high volume produc-
tion. Long period gratings (LPG) [95] would in principle be a second pos-
sibility, however, they did not find any significant use with EDFAs due to
their poor ageing characteristics (in particular, UV LPG). Finally, chirped
and slanted/chirped short period FBGs form the last technology option, and
best specifications have been obtained so far with this approach. Their su-
perior performance combined with their good ageing behaviour and pack-
age reliability have led the main sub-marine carriers to use this technology.

Characteristic data of GFFs realized using different technologies are
listed in Table 5.4.

Table 5.4. Comparison of gain-flattening filters based on different technologies
(after [96])

Characteristics Thin-film Long-period Grade A Slanted/
over full T range  Filter Grating Chirped GFF Chirped GFF
Error function +0.5dB +0.5dB +0.1dB +0.2dB
PDL <0.1dB <0.2dB <0.1dB <0.1dB
PMD n.a. n.a. <0.1ps <0.1ps
Insertion loss 1dB 0.3dB 0.3dB 0.5dB

(out of band)

Back reflection low low high low
Temperature <5pm/°C <3pm/°C <lpm/°C <lpm/°C
dependence

Dimensions small large small small

The fabrication of short period chirped FBGs for GFFs starts by using
a chirped phase mask to change the period of the fringe pattern along the
length of the grating and by adjusting the induced index modulation to
match the required transmission. This adjustment can be made by blurring
the fringes with a displacement of the phase mask in front of the fibre
during the photo-inscription process. These filters are compatible with
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Fig. 5.39. Residual insertion loss variation of a gain-compensated EDFA

standard SMF-28 fibre and in most cases no particular fibre is needed,
although fibres with a specific refractive index and photosensitivity profile
may more efficiently suppress perturbations due to cladding mode cou-
pling. The short piece of (specific) fibre with the grating is then spliced
and sandwiched between two standard fibres. The GFF component itself is
incorporated into the EDFA mostly in the middle of the erbium-doped
fibre in order to avoid noise degradation. Losses are generally low and
adequate annealing and packaging (hermetic sealing or fibre metallization)
assure long term stability (>25 years).

The main drawback of these filters, which are reflective filters used in
transmission, is the need of optical isolators in order to avoid feedback
inside the amplifier stage, which results in additional losses and higher
overall cost. Furthermore, even if the induced dispersion and group delay
ripple in transmission are very small (<*2 ps around zero dispersion), the
CFBG can sometimes lead to multi-path interference phenomena and pulse
echoes shifted in time by a quantity equal to the reciprocal of the ripple
modulation period. However, experiments show that group delay ripple of
gain-flattening filters based on chirped FBGs do not cause significant sys-
tem impairment at 10 and 40 Gbit/s [97]. Residual gain variations can be
reduced to £0.2 dB as illustrated in Fig. 5.39, and one of the key parameters
to get ultra low flatness over the whole gain curve is the quality of the
phase mask.

An alternative to standard GFFs are slanted chirped short period gratings
(SCG) which offer a number of advantages compared to standard CFBG
gain-flattening filters. Instead of coupling the power into the counter-
propagating mode (reflective filter), slanted gratings direct the energy into
the radiative modes (cf. Sect. 5.3.4). In order to minimize the residual cou-
pling into the counter-propagating mode, a specific index profile-fibre is
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Fig. 5.40. Spectral shape of gain-flattening filter based on a slanted chirped grating

used with an adequate photosensitive profile. These two profiles are differ-
ent, and different photosensitive species (like germanium or boron) can be
used to obtain the required photosensitivity. Similar to standard chirped
gratings, these slanted gratings are also chirped, i. e. the period of the fringe
pattern changes along the grating (typical chirp is 10 nm/cm). The induced
index modification is longitudinally adjusted to match the required trans-
mission, and the spectral shape of the filter characteristics is the convolu-
tion of this blurred profile with the slanted grating elementary response.
The final result is a smooth large band filter with a global shape very close
to the complementary EDFA shape (Fig. 5.40). Using this component flat-
ness smaller than 0.1 dB peak to peak has been demonstrated. The residual
flatness is determined by the grating angle & (larger cell for higher angle),
the fringe pattern visibility, and the UV spot size.

The high frequency ripple which is relatively important in standard
chirped GFFs (£0.1dB) is reduced to less than +0.02dB for SCGs. Such
low ripple is obtained by recoating the component with a polymer with an
index greater than that of silica which suppresses cladding modes associated
with high frequency ripple. The size and packaging of SCGs are similar to
those of standard chirped gratings. Athermal Telcordia-qualified products
for terrestrial and sub-marine applications are commercially available.

The residual reflectivity of slanted chirped FGBs can be made smaller
than —25dB, thus the requirements on optical isolation are relaxed com-
pared to standard gratings, and in some EDFA configurations one single-
stage isolator is sufficient instead of two two-stage isolators.

In telecommunication systems it is not only the gain flatness of a single
EDFA which matters, but also the behaviour of cascaded EDFAs. If the
GFF technology used exhibits systematic errors (such as dielectric mul-
tilayer filters, for example), the total error accumulates linearly with
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the number of amplifiers, and the resulting error at the end of a chain of
EDFAs has to be corrected by a clean-up filter or by signal regeneration.
Chirped (slanted) GFFs exhibit a small systematic error and a high degree
of random error (manifesting itself primarily by the high frequency ripple),
and cascading these components causes a statistical error accumulation
which is less serious than linear accumulation. For example, a peak-to-
peak flatness per GFF better than 0.1 dB for a chain of 10 cascaded EDFAs
has been demonstrated [98].

The polarisation-dependent loss of chirped or SCGs is small (<0.1dB),
but it can sometimes be detrimental for a system. The PDL spectral shape
can be explained by considering that it comes from a birefringence-
induced spectral splitting of the two polarisation axes [99]. This effective
index birefringence can be explained by an asymmetric UV-induced re-
fractive-index profile across the fibre core due to the absorption of the
writing UV-laser beam. This residual PDL can be reduced by double-side
exposure of the fibre.

5.5.6 Wavelength Tuning and Chirping of Bragg Gratings
Using Infrared Lasers

Kalli and co-workers reported the first experimental measurements on the
spectral modification of fibre Bragg gratings (Type IA), resulting from
high-power, near infrared laser irradiation [100]. The grating properties
were modified in a controlled manner by exploiting the characteristics of
the inherent 1400 nm absorption band of the optical fibre, which grows
during the grating inscription and is due to the optical fibre pre-
conditioning. Therefore, the increase in absorption occurs in the grating
region. Illuminating the area with a high power laser having an emission
wavelength coincident with the absorption band, produced reversibly
modified centre wavelength and chirp. Furthermore, partial and permanent
grating erasure was demonstrated.

A low power (10 mW) laser source coinciding with the absorption peak at
1400 nm induced small but significant wavelength shifts of approximately
100 pm. This wavelength shift would change the grating’s spectral response
adversely affecting the filter performance and reducing the isolation be-
tween wavelength channels, transmission properties, and effective band-
width. A second source operating at 1425 nm and far from the absorption
peak induced wavelength shifts in excess of 750 pm and a 30% increase in
FWHM for a pump power of 350 mW. This has serious implications on all
grating types when the fibre undergoes photosensitivity pre-conditioning, as
their spectrum can be modified using purely optical methods (no external
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heat source acts on the fibre), and it is also of relevance for long-term grat-
ing stability. It should be noted that high power lasers are increasingly being
used in optical networks and this study may have greater implications to all
grating types, as laser powers and the useable wavelength spectrum in-
crease. This may result from the presence of absorption features in the visi-
ble and near infrared that are produced due to the fibre being pre-
conditioned, prior to grating inscription (as in this case). Absorption fea-
tures are observable at shorter wavelengths for conventional Type I gratings
inscribed in hydrogenated fibre. Although there is no evidence that they
have consequences for grating lifetime, their impact (or negligible impact)
has still to be established conclusively.

Conversely, there are applications where suitably stabilized Type IA
gratings can be spectrally tailored for tuning fibre lasers or modifying edge
filters in sensing applications. The latter results from the non-uniform ab-
sorption of the pump laser source as it traverses the Type IA grating. The
fact that this type of spectral tuning can be realized by the use of an addi-
tional laser source can be advantageous, as no special coatings to the fibre
are necessary, and all degrees of tuning can be set during the grating
manufacturing process which offers great flexibility at the design stage.
Since all grating types can be written in a section of pre-exposed fibre, this
method of optical tuning could be used for all existing Bragg grating ap-
plications making the technique invaluable to a multitude of applications.
Finally we note that it is possible to tailor the absorption of the pre-
exposed section to mirror the decay in intensity resulting in a uniform
heating of the grating. However, this would alter the mean fibre index
along the pre-exposed section, inducing a potentially large (up to 20 nm)
chirp across the grating.

5.6 Other Applications of Fibre-based Bragg Gratings

Beyond their use in telecommunication systems fibre Bragg gratings have
emerged as important components in a variety of other lightwave applica-
tions such as wavelength stabilized lasers, fibre lasers, remotely pumped
amplifiers, Raman amplifiers, phase conjugators, or wavelength converters
for example, and they are also considered excellent sensor elements, suit-
able for measuring static and dynamic fields such as temperature, strain, and
pressure [101]. The principal advantage is that the information to be deter-
mined is wavelength-encoded (an absolute quantity) thereby making the
sensor self-referencing, rendering it independent of fluctuating light levels
and the system immune to source power and connector losses that plague
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many other types of optical fibre sensors. It follows that any system incor-
porating Bragg gratings as sensor elements is potentially interrupt-immune.
Their very low insertion loss and narrowband wavelength reflection offers
convenient serial multiplexing along a single monomode optical fibre.
There are further advantages of the Bragg grating over conventional electri-
cal strain gauges, such as linearity in response over many orders of magni-
tude, immunity to electromagnetic interference (EMI), light weight, flexi-
bility, stability, high temperature tolerance, and even durability against high
radiation environments (darkening of fibres). Moreover, Bragg gratings can
easily be embedded into materials to provide local damage detection as well
as internal strain field mapping with high localization, strain resolution, and
measurement range. The Bragg grating is an important component for the
development of smart structure technology, with applications also emerging
in process control and aerospace industries. This section will describe in
brief some applications of fibre gratings.

5.6.1 Fibre Bragg Grating Diode Lasers

A fibre Bragg grating may be coupled to a semiconductor laser chip to
obtain a fibre Bragg diode laser [102]. A semiconductor laser chip is anti-
reflection coated on the output facet and coupled to a fibre with a Bragg
grating as illustrated in Fig. 5.41. If this Bragg grating reflects at the gain
bandwidth of the semiconductor material it is possible to obtain lasing at

Anti-reflection coated Bragg grating
Laser Diode |
Single mode fiber ‘!r
I ———
Laser Output at the
Bragg grating wavelength
Coupling of fiber to the /
chip facet T ‘(
2
=]
g 1
e |
m -
Wavelength

Fig. 5.41. External cavity fibre grating semiconductor laser. Semiconductor laser chip
is antireflection coated on the output facet and coupled to a fibre with a Bragg grating,
forcing oscillation at the Bragg grating wavelength
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the Bragg grating wavelength. The grating bandwidth can be narrow
enough to force single frequency operation with a linewidth of much less
than a GHz. High output powers up to tens of mW have been obtained
with these types of lasers. An added advantage of these systems is their
temperature sensitivity, which is approximately 10% of that of a semicon-
ductor laser, thus reducing temperature induced wavelength drift. These
fibre grating semiconductor laser sources have been used to generate ul-
trashort mode-locked soliton pulses up to 2.9 GHz [103].

A manufacture problem in DBR lasers is the precise control of the laser
wavelength. Routine production of DBR lasers with wavelength specified
to better than 1nm is difficult. On the other hand, Bragg gratings can be
manufactured precisely (better than 0.1 nm) to the wavelength required.
With anti-reflection coating on the semiconductor chip, the lasing wave-
length may be selected from anywhere in the gain bandwidth by choosing
the appropriate fibre Bragg grating. Clearly, such an approach will in-
crease the yield from semiconductor wafers. In addition, since each laser
has to be coupled to a fibre, the Bragg grating may be written after the
packaging process has proved to be successful, thus reducing the time
spent on unsuccessful products.

5.6.2 Fibre Bragg Grating Lasers

The majority of Bragg grating fibre laser research has been on erbium-
doped lasers due to their potential in communication and sensor applica-
tions. The characteristic broadband gain profile of the erbium-doped fibre
around the 1550nm region makes it an extremely useful tuneable light
source. Employing this doped fibre in an optical cavity as the lasing me-
dium, along with some tuning element, results in a continuously tuneable
laser source over its broad gain profile. In fact, a tuneable erbium-doped
fibre with an external grating was reported by Reekie etal. [104] in 1986.
Since then several laser configurations have been demonstrated with two
or more intracavity gratings [105-109].

A simple Bragg grating tuneable Er-doped fibre laser was demonstrated,
where a broadband Bragg mirror and a narrow Bragg grating served as the
high reflector and the output coupler, respectively [110]. The broadband
mirror was constructed from a series of Bragg gratings resulting in the
broadband reflector with a bandwidth of approximately 4 nm. It should be
noted that with today’s advancements in photosensitivity and writing tech-
niques such a broadband mirror may have any shape and bandwidth de-
sired. The fibre laser consisted of a two-meter long erbium-doped fibre
with Bragg gratings at each end (broadband and narrowband) providing
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Fig. 5.42. Broadband fluorescence of an erbium-doped fibre laser. Broadband peak at
1550 nm due to broadband Bragg grating, notch within peak corresponding to Bragg
grating (after [110])

feedback to the laser cavity. The output coupler to the fibre laser cavity
was a single grating with approximately 80% reflectivity and 0.12nm
linewidth. Figure 5.42 shows the broadband fluorescence obtained from
the Er-doped fibre laser system before lasing threshold is reached. The
spectrum is the characteristic broadband gain profile from an erbium-
doped fibre spanning a range of several tens of nanometres, namely be-
tween 1.45 and 1.65 wm. Superimposed on the gain profile is a broadband
peak at 1550 nm corresponding to the reflection of the fluorescence from
the broadband Bragg mirror and within this peak there is a notch at
1550 nm corresponding to the narrow Bragg grating. With increasing inci-
dent pump power, the losses in the fibre laser cavity are overcome and
lasing begins. At pump powers just above threshold the notch due to the
Bragg grating begins to grow in the positive direction and as the pump
power increases further, the laser grows even stronger by depleting the
broadband fluorescence.

Single frequency Er’*-doped Fabry—Perot fibre lasers using fibre Bragg
gratings as the end mirrors [111, 112] are emerging as an interesting alter-
native to distributed feedback (DFB) diode lasers for use in future optical
cable television (CATV) networks and high capacity WDM communica-
tion systems [113]. They are fibre compatible, simple, scaleable to high
output powers, and have low noise and kilohertz linewidth. In addition, the
lasing wavelength can be determined to an accuracy of better than 0.1 nm,
which is very difficult to achieve for DFB diode lasers.
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Fibre lasers can operate in a single frequency mode provided that the
grating bandwidth is kept below the separation between the axial mode
spacings. Furthermore, it is necessary to keep the erbium concentration low
enough (a few 100 ppm) to reduce ion-pair quenching, which causes a re-
duction in the quantum efficiency and in addition may lead to strong self-
pulsation of the laser [112, 113]. The combination of these practical limits
implies that the pump absorption of an erbium-doped fibre system can be as
low as a few percent resulting in low output lasing power. One solution to
this problem is to use the residual pump power to pump an erbium-doped
fibre amplifier following the fibre laser. However, in such cases the ampli-
fied spontaneous emission from the amplifier increases the output noise.
Another way to overcome the problem of low pump absorption is by
codoping the erbium-doped fibre with Yb*>. This increases the absorption
at the pump wavelength by more than two orders of magnitude and enables
highly efficient operation of centimetre long lasers with relatively low Er’*
concentration. Kringlebotn etal. [114] reported a highly-efficient, short,
robust single-frequency and linearly polarised Er’*: Yb**-codoped fibre laser
with fibre grating Bragg reflectors, an output power of 19mW, and
a linewidth of 300 kHz for 100 mW of 980 nm diode pump power.

One other interesting application of Bragg gratings in fibre lasers makes
use of stimulated Raman scattering. The development of fibre Bragg grat-
ings has enabled the fabrication of numerous highly reflecting elements
directly in the core of germanosilicate fibres. This technology coupled with
that of cladding-pumped fibre lasers has made fibre Raman lasers possible.
The pump light is introduced through one set of highly reflecting fibre
Bragg gratings. The cavity consists of several hundred metres to a kilome-
tre of germanosilicate fibre. The output consists of a set of highly reflect-
ing gratings through Raman-order n-1 and the output wavelength of Ra-
man-order 7 is coupled out by means of a partially reflecting fibre grating
(R~20%). The intermediate Raman Stokes orders are contained by sets of
highly reflecting fibre Bragg gratings and this power is circulated until it is
nearly entirely converted to the next successive Raman Stokes order [115].

5.6.3 Fibre Bragg Grating Sensors

Fibre Bragg gratings are excellent fibre optic sensing elements. They are
integrated into the light guiding core of the fibre and are wavelength en-
coded, eliminating the problems of amplitude or intensity variations that
plague many other types of fibre sensors. Due to their narrow band wave-
length reflection they are also conveniently multiplexed in a fibre optic
network. Fibre gratings have been embedded into composite materials for



252 5 Fibre Bragg Gratings

smart structure monitoring and tested with civil structures to monitor load
levels. They have also been successfully tested as acoustic sensing arrays.
Applications for fibre grating sensors should also be emerging in process
control and aerospace industries in the near future.

The temperature sensitivity of a Bragg grating occurs principally
through the effect on the index of refraction and to a smaller extent
through the expansion coefficient (Sect. 5.2.4). It is noteworthy that tem-
perature sensitivity can be enhanced or eliminated by proper bonding to
other materials. The maximum operating temperatures may be around
500°C, however, this may depend on the fabrication condition of the
Bragg grating. For example, Type II gratings may operate at higher tem-
peratures than Type I gratings.

Strain affects the Bragg response directly through the expansion or con-
traction of the grating elements and through the strain optic effect. Many
other physical parameters other than tension can also be measured such as
pressure, flow, vibration acoustics, acceleration, electric, magnetic fields,
and certain chemical effects. Therefore, fibre Bragg gratings can be
thought off as generic transducer elements. There are various schemes for
detecting the Bragg resonance shift, which can be very sensitive. One such
scheme involves the injection of a broadband light (generated e.g. by
a super-luminescent diode, an edge-emitting LED, or an erbium-doped
fibre super-fluorescent source) into the fibre and determining the peak
wavelength of the reflected light. Another way involves the interrogation
of the Bragg grating with a laser tuned to the sensor wavelength, or by
using the sensor as a tuning element in a laser cavity. Detecting small
shifts in the Bragg wavelength of fibre Bragg grating sensor elements,
which corresponds to changes of the sensing parameter is important. In
a laboratory environment this can be accomplished using a high precision
optical spectrum analyzer. In practical applications, this function must be
performed using compact, low cost instrumentation. Schemes based on
simple broadband optical filtering, interferometric approaches, and fibre-
laser approaches allow varying degrees of resolution and dynamic range
and should be suitable for most applications.

The most straightforward means for interrogating an FBG sensor is us-
ing a passive broadband illumination of the device, and several options
exist for measuring the wavelength of the optical signal reflected from the
Bragg grating element, for example a miniaturized spectrometer, passive
optical filtering, tracking using a tuneable filter, and interferometric detec-
tion. The optical characteristics of these filtering options are as shown in
Fig. 5.43. Filtering techniques based on the use of broadband filters allow
the shift in the Bragg grating wavelength of the sensor element to be as-
sessed by comparing the transmittance through the filter compared to
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Fig. 5.43. Diagram of basic filtering function for processing fibre Bragg grating return
signals

a direct ‘reference’ path [116]. A relatively limited sensitivity is obtained
using this approach due to problems associated with the use of bulk-optic
components and alignment stability. One way to improve this sensitivity is
to use a fibre device with a wavelength-dependent transfer function, such
as a fibre WDM coupler. Fused WDM couplers for 1550/1570 nm opera-
tion are commercially available. This coupler will provide a monotonic
change in coupling ratio between two output filters for an input optical
signal over the entire optical spectrum of an erbium broadband source, and
has thus a suitable transfer function for wavelength discrimination over
this bandwidth. An alternate means to increasing the sensitivity is to use
a filter with a steeper cut-off such as an edge filter. However, this can limit
the dynamic range of the system. One of the most attractive filter-based
techniques for interrogating Bragg grating sensors is based on the use of
a tuneable passband filter for tracking the Bragg grating signal. Examples
of these types of filter include Fabry—Perot filters [117], acousto-optic
filters [118], and fibre Bragg grating-based filters [119].

Tuneable Filter Interrogation

Figure 5.44 shows the configuration used to implement a tuneable filter
(such as a fibre Fabry—Perot filter) to interrogate a Bragg grating sensor.
The fibre Fabry—Perot can be operated in either a tracking or scanning
mode for addressing a single or multiple grating element(s), respectively.
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Fig. 5.44. Schematic of tuned filter-based interrogation technique for fibre Bragg
grating sensors

In a single sensor configuration the Fabry—Perot filter with a bandwidth of
0.1 nm is locked to the Bragg grating reflected light using a feedback loop.
This is accomplished by dithering the fibre Fabry—Perot resonance wave-
length by a small amount (typically 0.01 nm) and using a feedback loop to
lock to the Bragg wavelength of the sensor return signal. The fibre Fabry—
Perot control voltage is a measure of the mechanical or thermal perturba-
tion of the Bragg grating sensor.

Operating the fibre Fabry—Perot filter in a wavelength-scanning mode
provides a means for addressing a number of fibre Bragg grating elements
placed along a fibre path (Fig. 5.45). In this mode, the direct Bragg grat-
ing sensor spectral returns are obtained from the photodetector output. If
the minimum resolvable Bragg wavelength shift that can be detected by
simple scanning is insufficient, the resolution can be enhanced by dither-
ing the Fabry—Perot filter transmission, which provides the derivative
response of the spectral components in the array, i.e. a zero crossing at
each of the Bragg grating centre wavelengths. This technique improves
the accuracy in determining the wavelength shifts and hence the strain (or
any other sensing parameter the transducer is made for).
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Fig. 5.45. Schematic of multiplexed fibre Bragg grating sensor array with scanning
Fabry—Perot filter

Interferometric Interrogation

A sensitive technique for detecting the wavelength shifts of fibre Bragg
grating sensors makes use of a fibre interferometer. The principle behind
such system is shown in Fig. 5.46. Light from a broadband source is cou-
pled along a fibre to the Bragg grating element. The wavelength compo-
nent reflected back along the fibre toward the source is tapped off and fed
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Fig. 5.46. Schematic of interferometer interrogation technique for fibre Bragg grating
Sensors
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to unbalance the Mach—Zehnder interferometer. In effect, this light be-
comes the light source into the interferometer, and wavelength shifts in-
duced by perturbation of the Bragg grating sensor resemble a wavelength-
modulated source. The unbalanced interferometer behaves as a spectral
filter with a raised cosine transfer function. The wavelength dependence at
the interferometer output can be expressed as

l(ﬂﬂ)zA{chos(zn:j d+¢ﬂ (5.33)

where A is proportional to the input intensity and system losses, d is the
length imbalance between the fibre arms, n.4 is the effective index of the
core, Ap is the wavelength of the return light from the grating sensor, and ¢
is a bias phase offset of the Mach—Zehnder interferometer. Pseudohetero-
dyne phase modulation is used to generate two quadrature signals with
a 90°-phase shift with respect to each other, thus providing directional
information. Wavelength shifts are tracked using a phase demodulation
system developed for interferometric fibre optic sensors. In practical appli-
cations, a reference wavelength source is used to provide low frequency
drift compensation. Strain resolution as low as 0.6 ne/Hz > at 500 Hz have
been reported [120].

Active Laser Interrogation

In active interrogation the fibre Bragg grating sensor is used as an optical
feedback element of an optical laser cavity [121]. Compared to the passive
broadband base system, forming a fibre Bragg laser sensor generally pro-
vides stronger optical signals and has thus the potential to provide im-
proved signal to noise performance. The basic concept is shown in
Fig. 5.47. The laser cavity is formed between the mirror and the fibre
Bragg grating element, which may be located at some sensing point.
A gain section within the cavity can be provided via a semiconductor or
doped fibre (such as the erbium-doped fibre). Once the laser gain is greater
than unity, the fibre laser will lase at the wavelength determined by the
fibre Bragg grating wavelength. As the Bragg grating changes its periodic-
ity due to strain or temperature, the lasing wavelength will also shift.
Reading of the laser wavelength using filtering, tracking filters or interfer-
ometric techniques can then be used to determine induced shifts. This laser
sensor configuration is, however, limited to a single fibre Bragg grating
element. A means to increase the number of Bragg gratings that can be
addressed is to incorporate an additional tuning element within the cavity,
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Fig. 5.47. Schematic of fibre laser sensor configuration with fibre Bragg grating ele-
ments

which selectively optimises the gain at certain wavelengths. In this way,
a number of fibre Bragg gratings, each operating at a nominally different
wavelength, can be addressed in a sequential manner to form a quasi-
distributed fibre laser sensor. By tuning a wavelength selective filter lo-
cated within the laser cavity over the gain bandwidth the laser selectively
lases at each of the Bragg wavelengths of the sensors. Thus strain induced
shifts in the Bragg wavelengths of the sensors are detected by the shift in
the lasing wavelengths of the system.

An alternative multiplexed fibre laser sensor is based on a single ele-
ment fibre laser sensor utilizing wavelength division multiplexing. Theo-
retically, since erbium is a homogeneously broadened medium it will sup-
port only one lasing line simultaneously. To produce several laser lines
within a single length of optical fibre, a section of erbium-doped fibre is
placed between the successive Bragg gratings. With sufficient pump power
and enough separation between the Bragg grating centre wavelengths,
a multiplexed fibre laser sensor is possible. The maximum number of sen-
sors utilized would depend on the total pump power, the required dynamic
range, and finally the gain profile of the active medium. A schematic con-
figuration of the serially multiplexed Bragg grating fibre laser is shown in
Fig. 5.48. One of the drawbacks in such a serial multiplexed configuration
is that the cavities are coupled, so their respective gains are not independ-
ent. In fact, gain coupling is a common effect in such systems.

At the cost of adding more elements in a fibre laser sensor system, an al-
ternative is to multiplex the fibre laser sensor in a parallel configuration. In
essence, this system incorporates several single fibre lasers, one for each
fibre Bragg grating.
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Fig. 5.48. Schematic configuration of serially multiplexed Bragg grating fibre laser

Simultaneous Measurements of Strain and Temperature

Although Bragg gratings are well suited for measuring strain and tempera-
ture in a structure, one of the drawbacks is the actual separation of the
temperature from the strain component (Sect. 5.2.4). This complicates the
Bragg grating application as a strain or a temperature gauge. In the case of
a single measurement of the Bragg wavelength shift it is impossible to
differentiate between the effects of changes in strain and temperature.
Various schemes for discriminating between these effects have been de-
veloped. These include the use of a second grating element contained
within a different material and placed in series with the first grating ele-
ment [122] and the use of a pair of fibre gratings surface-mounted on op-
posite surfaces of a bent mechanical structure [123]. However, these meth-
ods have limitations when it is required to interrogate the wavelength of a
large number of fibre gratings. Techniques such as measuring two different
wavelengths, two different optical or grating modes have been employed
[18]. In another scheme two superimposed fibre gratings with different
Bragg wavelengths (850 nm and 1300nm) have been used to simultane-
ously measure strain and temperature (Fig. 5.49). The change in the Bragg
wavelength of the fibre grating due to a combination of strain and tempera-
ture can be expressed as

Ady(e,A)=Y, Ae+ ¥, AT (5.34)
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Fig. 5.49. Schematic diagram for simultaneous measurement of strain and temperature
using two superimposed Bragg gratings at 1300 nm and 850 nm

In the case of two Bragg gratings with different wavelengths (referred to
as 1 and 2) the following relation holds:

AL B, Y, V¥, |A¢
= (5.35)

AA 5 v, V¥, |AT
The elements of the ¥W-matrix can be determined experimentally by
separately measuring the Bragg wavelength changes with strain and tem-
perature. Once ¥ is known, changes in both strain and temperature can be

determined using the inverse of the above equation. The measured values
of ¥ obtained in Ref. 124 (for the fibre used in that investigation) were

WV, =0.961 6.5 x10~’ pm/ustrain
V¥, =0.59 % 3.4 x10~ pm/ustrain
¥, =8.72+7.7 x107pm/ °C
¥, =6.30%3.7 x10~pm/ °C

(5.36)

where pm= 1 x 10™"?m. If the inverse matrix is used, strain and temperature
may be obtained from the two wavelength shifts. However, a drawback of
this approach is the disparate wavelengths that require the use of expensive
multiplexing schemes. Furthermore, the actual temperature and strain coef-
ficients are fixed by the wavelength difference.

Recent developments have led to ways of tailoring the temperature and
strain coefficients of fibre Bragg gratings (Type I and IA) by influencing the
photosensitivity pre-sensitisation of the host optical fibre. Controlling the
level of hydrogen saturation via hot and cold hydrogenation, can produce
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gratings with tailored thermal and strain coefficients, resulting in
a significant improvement in the matrix condition number, which impacts
the ability to recover accurate temperature and strain data. Kalli etal. [24]
designed a Type I-IA dual grating sensor that accurately decoupled tem-
perature and strain. The key advantages of this scheme were the utilisation
of two Bragg gratings having good wavelength proximity thereby avoiding
costly multiplexing schemes, quick and efficient inscription using a single
phase mask, common annealing cycles, and the precise placement of sen-
sors located in a compact sensor head.

5.6.4 Aerospace Applications

The aerospace industry is a potentially important user of optical fibres,
particularly for data links and fibre optic sensors. Although research pro-
jects have shown that optical fibre sensors can operate within tolerances
prescribed for applications in aircraft, they are still considered an immature
technology. To date efforts are directed towards the sensor development
for harsh environments unsuitable for conventional electro-mechanical
sensors, taking advantage of radiation resistance and EMI immunity. In-
creases in sensor reliability, ease of installation and maintenance with little
training and without special handling are demanded, ideally leading to the
so-called “fit and forget” systems.

Sensing strategies for aerospace applications broadly follow the same di-
rections. The most important requirements are to have passive, low weight
and ideally common sensors that may be multiplexed over optical links. By
carefully defining sensor requirements it may be possible to specify a range
of optical sensors, satisfying the majority of avionics applications, that are
either interchangeable or use at least common interrogation instrumenta-
tion. Currently, many sensor types perform similar functions without being
interchangeable. The Bragg grating sensor solves one of the major draw-
backs of optical fibre sensors: the lack of a standard demodulation ap-
proach, while maintaining a completely passive network. The largest class
of sensors measures the position of flight control elements such as landing
gear status, flap and rudder position and so forth. When taking into account
high levels of system redundancy well in excess of 100 sensors are em-
ployed, therefore size and weight savings become critical.

5.6.5 Applications to Civil Engineering

There is growing concern over the state of civil infrastructure in both the
US and Europe. It is essential that mechanical loading be measured for
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maintaining bridges, dams, tunnels, buildings and sport stadiums. By
measuring the distributed strain in buildings one can predict the nature and
grade of local loads, for example after an earthquake, whereas the me-
chanical health of bridges is increasingly under scrutiny, as old structures
are often excessively loaded leading to a real possibility of increased struc-
tural failure rates. In fact, a 1996 US Department of Transportation survey
estimates that 40% of all bridges in the United States are seriously deterio-
rated. There is concern with 50-year old railroad bridges in the US as regu-
latory limits on railcar loads are relaxed.

The current inspection routine depends on periodic visual inspection.
The use of modern optic-based sensors can lead to real time measure-
ments, monitoring the formation and growth of defects and optical fibre
sensors allow for data to be transmitted over long distances to a central
monitoring location. The advantage of optical fibres is that they may either
be attached to an existing structure or embedded into concrete decks and
supports prior to pouring, thereby monitoring the curing cycle and the
condition of the structure during its serviceable lifetime. One of the most
important applications of Bragg gratings as sensors is for “smart struc-
tures” where the grating is embedded directly into the structure to monitor
its strain distribution, however, for error-free, quasi-static strain measure-
ment temperature compensation of thermal fluctuations is required. This
could lead to structures that are self-monitoring or even self-scheduling
their maintenance and repair through the combination of optical fibre sen-
sors and artificial intelligence with material science and structural engi-
neering. Several types of fibre optic sensor are capable of sensing struc-
tural strain, for example, the intrinsic and extrinsic fibre Fabry—Perot
sensor. Lee etal. [125] have used a multiplexed array of 16 fibre Fabry—
Perot sensors to monitor strain on the Union Pacific Bridge that crosses the
Brazos River at Waco, Texas. The fibre sensors are located at fatigue criti-
cal points for measuring dynamic loads induced by trains crossing the
bridge, and the recorded data correlate well with those recovered by resis-
tive strain gauges. Nevertheless, the general consensus is that fibre Bragg
gratings are presently the most promising and widely used candidates for
smart structures. The instrumentation for multiplexing large grating sensor
arrays can be the same, offering a potentially low cost solution for moni-
toring structural strain. As the wavelength shift with strain is linear and
with zero offset, long-term measurements are possible and because the
measurement can be interrupt-immune one can avoid perpetual monitoring
of a structure, performing periodic measurements when necessary.
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6 Fabry—Perot Interferometer Filters

Ton Koonen

6.1 Operating Principles

6.1.1 Multi-beam Interference Process

A Fabry—Perot (FP) interferometer filter uses a multiple-beam interference
process for obtaining wavelength selectivity. Usually, the filter has one
input and one output port and employs two highly reflecting plates which
together constitute the resonating cavity creating the multiple-beam inter-
ference process.

The basic concept of an FP filter is shown in Fig. 6.1. It was described
first by Charles Fabry and Albert Perot in 1899 (Ann. Chim. Phys. Vol. 16).
Two highly reflective planar plates are accurately positioned in parallel and
thus form a cavity. A light beam entering the cavity is reflected multiple
times between the plates. Each time when the beam hits a plate, a small part
of its power escapes. When the two plates are aligned perfectly in parallel,
the multiple beams escaping at each side of the FP cavity are exactly paral-
lel. Each beam has a fixed phase difference with respect to the preceding
one; this phase difference corresponds to the extra path length travelled in
the cavity. The multiple parallel beams are brought into a common focus
point with a lens, and in this point the actual multiple beam interference
takes place. Hence, the amplitude of the transmitted electrical field E, can be
described by (see also [1])

E = at’E, +at’a’r’e °E, +at’a’r*e " °E, +...

.+ atzaZerke_i‘kﬁEi (6.1)
=E -t -a-Z(a2r2>kef"'k5 =E -

42

i 2.2 —id
=0 l—ar e
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where a is the amplitude attenuation factor when travelling once through
the cavity, ¢ is the amplitude transmission factor of a plate, r is its ampli-
tude reflection factor.

Similarly, the amplitude of the reflected electrical field E, is

E =rE +1’a’re " E +1°a'r’e " E, + ..+’ a* r* e E,

= Ei '(}"-I-Z—Z(azrzeiﬁ')kj (62)

T k=1

2 2.2 —io'
k. (Hf_ %J
rol-a’rle™
The phase shift d (or ©) is the shift experienced between the directly
transmitted (/reflected) beam and the beam which is transmitted (/reflected)
after one roundtrip in the cavity.
With n being the refractive index of the medium between the plates, d the
distance between the plates, & the angle of incidence of the light, A its wave-
length in vacuum, and vis its frequency, the optical path length difference

AS between the directly transmitted beam and the one transmitted after one
cavity roundtrip is (see Fig. 6.2)

2nd (1-sin*@")
cosd'

AS =n-(BC+CD)-BF = zn;—siné"Za’tanQ'= =2nd cos@'
cos

(6.3)

where according to Snell’s law sin@=n sin@’. The phase shift J'is therefore
given by
s=as 2E_ AT ndV o (6.4)
Ao Co
Similarly, the optical path length difference AS’ and the phase difference
O between the directly reflected beam and the one reflected after one
roundtrip in the cavity, taking into account an additional phase change of 7t
when reflecting at an optically more dense medium, are

AS'=n-(AB+BC)—-AE = 2nd —sind-2d tan @' =2nd cos '
cos@'
(6.5)
5':;[+AS‘.1_”=7[+M.COSQ'
c

0 0

The sharpest filter characteristics are obtained when all the multiple

beams are collected by the lenses, so by operating as close as possible to
normal incidence, i.e. 8=0.
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Fig. 6.1. Fabry—Perot Interferometer

Fig. 6.2. Path length differences between transmitted and reflected beams

The intensity transmission factor Trp of the Fabry—Perot filter, defined
as the ratio of transmitted light intensity and the incident light intensity,
follows the Airy function according to

I EE T
TFP(V):I_t_ Tt 0

. EE' 1+{%FR Sin(g)}z (6.6)

where the reflectivity finesse F and the maximum transmission factor 7,

are respectively
F 1-AR (6.7)
_ AT* A (1-R)
" (1-AR) (1-ARY
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where R=|r|* is the intensity reflection coefficient of the plates, T=r|* the
intensity transmission coefficient, the plates are assumed to be loss free (so
R+T=1), and A=|af’ is the attenuation factor of the light intensity when
travelling from one plate to the other. The intensity transmission factor
depends on the optical frequency v through the dependence of the phase
shift & on v.

Similarly, the intensity reflection factor Rgp of the Fabry—Perot filter, de-
fined as the ratio of reflected light intensity and the incident light intensity, is

_EE R, +{%FR sin(g)}2

1

RFP(V) =—+= P 2 (6'8)

1. E E. .

i i i 1+{%FR s1n(g)}
where the minimum reflection factor is
2
1-A

R =R- 6.9
0 (I_ARJ 69

If the medium between the plates is lossless (so A=1, which is a good
approximation when air is used between the plates), then, as to be expected,

T.,W)+R,(v)=1 (6.10)

6.1.2 Frequency Characteristics
(Bandwidth, finesse, contrast ratio)

The dependence of Trp(V) on the optical frequency v for a lossless FP is
shown in Fig. 6.3. The characteristics Trp(V) and Rgp(V) are periodic with
aperiod called the Free Spectral Range FSR, given in the frequency domain
by

C
FSR, = — Hz
v o,q B (6.11)
and in the wavelength domain by
ﬂ 2
FSR, =— m 6.12
‘' 2nd m] ( )

For example, when the plate distance d=120um, Ao=1.55um, and
n=1, FSR;=10nm.

Another useful performance parameter is the contrast factor C which is
defined as the ratio of the maximum and the minimum of the intensity
transmission factor Trp( V) :

T 1+ARY
C — FP,max —
TFP,min (1 - ARJ (6‘13)




6.1 Operating Principles 275

This factor determines the crosstalk attenuation which is achievable
when using the FP for selecting a wavelength channel out of a set of chan-
nels. For example, for a lossless medium between the FP plates (i.e. A=1)
and a plate reflectivity R=0.9, C=361, which amounts to a crosstalk at-
tenuation of 25.6 dB.

Trp(v)

v / FSR

Fig. 6.3. Intensity transmission factor Trp(V) of a Fabry—Perot filter versus the light
frequency v normalized with repect to the free spectral range FSR (where R is the
reflectivity of the plates)
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Fig. 6.4. Reflectivity finesse F and contrast factor C of a lossless Fabry—Perot filter
versus the plate reflectivity R

The -3 dB bandwidth Aveyyy, (FWHM, full-width at half-maximum) of
the FP bandpass curves Trp(V) is

AV =0 LZAR ) (6.14)

27nd JAR
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and is related to the Free Spectral Range according to

FSR, (6.15)
F

R

AV iy =

Hence, the ratio of the —3 dB bandwidth Aveyyy, and the FSR is only de-
termined by the reflectivity R of the plates and the attenuation factor A of
the medium between them.

6.2 FP Design Aspects

6.2.1 Instrument Finesse

The effective finesse of a Fabry—Perot filter may be lowered when the
plates are not perfectly aligned: they may be not perfectly parallel, and/or
not perfectly flat.

For instance, if the plates have a spherical curvature such that the dis-
tance between the plates measured in the centre and measured at the edges
varies by Ay/ M (where M is a positive real number), then the flatness fi-
nesse factor is to a good approximation given by [1]

F,=M]/2 (6.16)
The resulting effective instrument finesse F; of the FP is
F2=F"+F (6.17)

Commercial Fabry—Perot filters are available with instrument finesses
from less than 30 to more than 200. The instrument finesse F; is a measure
of the resolution for wavelength filtering. In a multi-wavelength system, it
e. g. determines the maximum number of wavelength channels which can
be resolved. For instance, when a crosstalk attenuation of better than 10 dB
is required (which implies a crosstalk power penalty of less than 0.5 dB),
this maximum number of wavelength channels N, is

F
== 6.18
max 3 ( )
Hence an instrument finesse of F'=100 would allow to resolve up to

some 30 wavelength channels.

6.2.2 Tuning

A Fabry—Perot filter may be tuned by changing the optical path length
between the plates which can be done by changing the refractive index
and/or the physical distance.
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The refractive index may be changed for instance by changing the pres-
sure of the gas (air) in the cavity; this will allow slow tuning only.

Changing the spacing between the plates can be done manually (by mi-
crometer screws for coarse adjustment) and/or electro-mechanically. The
fastest tuning is achieved with piezo-electrical transducers.

The maximum transmission is obtained when the optical path length
matches an integer number times half the wavelength of the light in the
cavity, so when

ndzm-/IO/Z (6.19)

where m is an integer. Hence the transmission maxima occur at the optical
resonance frequencies

S g ™

1%
= “2nd (6.20)

which are spaced by the Free Spectral Range FSR,=c,/ 2 nd.

6.3 Practical Implementations

6.3.1 Free-space Bulk Fabry—Perot Filter

Planar etalon

In laboratory setups for high-resolution wavelength measurements with
free-space optics, relatively large, modular planar FP etalons are used. The
plate spacing is usually adjustable manually over a wide range which al-
lows very high resolutions. Large diameter mirrors with high flatness (di-
ameter up to ca. 2 inches, flatness 4/200 or even better) are commercially
available, with broadband multilayer dielectric coatings achieving reflect-
ivities over 98%.

As shown in Fig. 6.5, the setup consists of two lenses which collimate
the light beam from the light source into a parallel beam which traverses
the FP cavity, and subsequently through a pinhole focus the light on a de-
tector. The cavity is composed of two mirror plates of which the facing
sides are coated with a highly reflective coating; these sides are aligned in
accurate parallelism. The plates are slightly wedge-shaped in order to pre-
vent the outer sides to form a secondary FP cavity. When using a mono-
chromatic source, a concentric Airy disc pattern appears in the focus plane
of the second lens. On the Airy rings, the condition of constructive multi-
ple beam interference is met. When the distance d between the plates is
varied by means of e.g. piezo-electric transducers, the rings of the Airy
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light lens mirror

source
detector

Fig. 6.5. Planar Fabry—Perot etalon

disc pattern are expanding or contracting. Through the pinhole, a detector
is illuminated and will detect maximum signal when the cavity length d is
an exact integer multiple of half the light source’s wavelength (the reso-
nance condition).

The FP mirror plates are mounted in a setup such as the one shown in
Fig. 6.6. The distance between the plates can be set coarsely by sliding one
of the mirror holders. The coarse adjustment of the mirrors to achieve par-
allelism is done with the three fine-threaded screws. One of the FP mirror
plates is mounted on a piezo-electric transducer with three elements posi-
tioned under 120 degrees in order to enable both translation and tilting of
the mirrors. The fine-tuning of the parallelism can be done by steering the
elements individually in order to achieve the appropriate tilting. Sweeping
of the plate distance is done by steering the three elements together. Putting

Fig. 6.6. Mounting setup for planar Fabry—Perot etalon [2]
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ramp-shaped driving voltages on the piezo-s yields a linear sweep of the
plate distance, and by applying the sweep voltage on the horizontal channel
and the detector output on the vertical channel of an oscilloscope, the actual
spectrum of the light source can be observed in nearly real time. The ramp
slopes should be tuned to match the sensitivity of the piezo-electric trans-
ducers in order to maintain strict parallelism of the plates during scanning.

The planar FP etalon is very versatile, and the FSR can be changed over
a wide range by changing the mirror separation. Mirror spacings may be set
from a few pm up to more than 10 cm, yielding e. g. an FSR,=1500 GHz at
d=100 um down to FSR,=1.5 GHz at d=10cm. However, the alignment
of the mirrors needs careful tuning and is a delicate operation (asking extra
caution when the mirror spacing is small, including careful removal of dust
particles on the mirror surfaces). Instrument finesses typically can be
around 150, yielding resolutions down to 10 MHz.

Confocal etalon

A confocal Fabry—Perot cavity uses two concave spherical mirrors which
are separated by a distance equal to the radius of curvature of the mirrors
[2]. As illustrated in Fig. 6.7, a complete roundtrip of a light beam through
the cavity covers a path length of L=4-d=4R. The resonance condition
L=m-Ay/n (with integer m) thus implies that transmission maxima occur at
the optical frequencies

Co Co

Vrf's = :m.
A, 4nR

(6.21)

which are spaced by the Free Spectral Range FSR,=c,/ 4 nR.

It is relatively easy to obtain a high finesse with a confocal FP interfer-
ometer because the narrow width of the incident beam reduces the finesse
degradation due to mirror surface imperfections. Also the alignment pro-
cedure is simple as the mirrors just have to be positioned in a common

Y
Y

d=R

Fig. 6.7. Confocal Fabry—Perot interferometer
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focus. However, the FSR is fixed by the mirror curvature radius; if the
FSR needs to be changed, the mirrors must be replaced.

Commercial confocal etalons typically have FSR-s around 2 or 8 GHz,
with instrument finesses from 200 to 300, yielding resolutions down to
some 7 MHz. These etalons are well suited for detailed investigations of
the spectra of narrowband lasers.

6.3.2 Fibre Fabry—Perot Filter

Fibre Fabry—Perot (FFP) filters fit readily into optical fibre communication
links as they are equipped with single-mode fibre pigtails. No lenses or
other collimating optics are used. The FP cavity is formed by two carefully
aligned end faces of fibres on which a highly reflective coating has been
deposited. Between the coated end faces the medium is air; in case of lar-
ger mirror spacings, a short piece of anti-reflection coated single-mode
fibre may be inserted in the cavity which takes care of appropriate con-
fined light guiding and of which the end face is anti-reflection coated in
order to prevent secondary cavities. The basic structure of such a Fibre
Fabry—Perot is shown in Fig. 6.8; a typical commercially available device
is shown in Fig. 6.9 [3].

The spacing d between the highly reflective mirrors can be varied by
means of piezo-electric transducers. Typically, maximum tuning voltages
may be up to 70V, and less than 12V voltage swing is needed to traverse
a Free Spectral Range. Depending on the coating design, the device may
operate in the S-band (1480-1520nm), the C-band (1520-1570 nm), the

highly reflective anti-reflection
coating coating

fibre / A
!
+V
piezo-electric housing
crystal

Fig. 6.8. Fibre Fabry—Perot filter



6.3 Practical Implementations 281

|' /f\\

Fig. 6.9. Fibre Fabry—Perot module (courtesy of Micron Optics [3])

L-band (1520-1620 nm), or in the C- plus L-band. Instrument finesses may
range from 10 up to 6000, and Free Spectral Ranges from 80 pm up to
250nm (10 GHz to more than 31 THz). Due to the fibre-based design with-
out extra optics, the fibre-to-fibre insertion losses are low (typically less
than 2.5 dB). The circularly nearly symmetrical design makes the polarisa-
tion dependency low; typically less than 0.25 dB. The tuning speed is lim-
ited by the piezo-electric crystals; tuning over one FSR typically requires
about 0.5 ms.

6.3.3 Gires—Tournois Filter

Similarly as a Fabry—Perot filter, a Gires—Tournois (GT) filter has a reso-
nating cavity consisting of two parallel reflective plates. In a GT filter,
however, one plate is fully reflective, whereas the other one is partly reflec-
tive. Hence, the GT interferometer can only work in the reflection mode,
not in the transmission mode. The resonance condition is the same as with
the FP, i.e. maximum reflection occurs when the plate spacing d=m-A/2,
where m is an arbitrary integer. Equivalent to the Fabry—Perot, the Free
Spectral Range is given by FSR,=c,/ 2nd. The GT’s intensity reflection
function basically has the same Airy function shape as the FP’s one.

semi-transparent
plate

mirror

Fig. 6.10. Gires—Tournois interferometer
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The Gires—Tournois filter is particularly suited for advanced spectral fil-
ter shaping, e. g. by inserting it in a Michelson interferometer setup, and by
using e. g. micro-electromechanical systems (MEMS) — based micro-mirror
arrays [4].

6.3.4 Interference Fabry—Perot Filter

A compact FP cavity can be realized by thin-film technologies. As shown in
Fig. 6.11, a spacer region sandwiched between two reflecting layer stacks,
deposited on a glass substrate, can constitute such an FP (see also [5]). The
reflecting layer stacks usually are composed of A/4-thickness layers, alter-
nating of a high and a low refractive index. The reflection characteristics of
these stacks become more square-top shaped with steeper edges when the
number of layers is increased. Dielectric materials such as titanium dioxide
(n = 2.35) and silicon dioxide (n = 1.52) are typically used in the 1.3—1.5 um
wavelength region. The dielectric spacer layer may be of high or low refrac-
tive index; the thickness of this layer is tuned such that the absolute fre-
quency position and the Free Spectral Range requirements are met. The
passband curves of the filter can be shifted to shorter wavelengths by tilting
the incidence angle of the light. By this tilting, the phase shift & between the
transmitted beams would decrease when the wavelength is kept constant
(see Sect. 6.1.1, equation (6.4)), and thus the wavelength needs to be re-
duced to get the same phase shift as with normal incidence, hence the filter
curves shift to shorter wavelengths. However, the characteristics then also
become dependent on the polarisation state; different curves shifted with
respect to each other are experienced for TE- and TM-polarised light. This

light reflected

lightin

HLHLH

spacer

HLHLH

glass
substrate |

light v

transmitted

Fig. 6.11. Thin-fim Fabry—Perot interference filter
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Fig. 6.12. Typical characteristics of a dielectric bandpass filter

polarisation-splitting deteriorates the filter performance for unpolarised
light.

For smaller bandwidths, the peak transmission of the filter declines.
DWDM dielectric bandpass filters are commercially available for wave-
length channel selection according to the ITU grid (see e.g. [6]), having
a—0.5 dB bandwidth of more than 0.7nm and —25dB bandwidth of less
than 2.4 nm. The passband ripple can be less than 0.5dB. The bandpass
characteristics typically look as shown in Fig. 6.12.

6.4 Applications
6.4.1 Narrowband Single-channel Filtering

A tuneable Fibre Fabry—Perot can attractively be applied for channel selec-
tion in a multi-wavelength system, as illustrated in Fig. 6.13. The FSR
should be larger than the range over which the wavelength channels are
spread. Furthermore, the finesse should be high enough to resolve a single
channel without too much crosstalk; as stated before, as a rule of thumb,
the finesse should be at least three times the number of channels.

When an optical pre-amplifier is used (see Fig. 6.13), the tuneable FFP
also cuts away the amplified spontaneous emission (ASE) noise spectrum
which is not in the direct neighbourhood of the selected wavelength chan-
nel. This reduces the ASE-ASE beat noise and thus improves the receiver
performance.
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fibre link |
| | —&»-

optical tunable Fibre receiver
amplifier Fabry-Perot

Fig. 6.13. Channel selection and pre-amplifier ASE filtering

The FFP can enable narrowband bandpass filtering, e.g. according to
the ITU frequency grid definition for DWDM systems.

6.4.2 Optical Wavelength Channel Dropping

In multi-wavelength transmission networks, specific wavelength channels
may be selected for dropping at intermediate nodes. For fixed-wavelength
channel dropping, a Fibre Bragg Grating provides suitable characteristics.
An FBG, however, is not easily tuneable over a wide wavelength range.
A widely tuneable wavelength channel drop operation can be implemented
with a tuneable FFP, as shown in Fig. 6.14 [9]. The FFP passes the se-
lected wavelength channel A, for local dropping and reflects the other
channels which then via the circulator and a coupler exit to the output fi-
bre. At the coupler, another data signal at nominally the same wavelength
A can be added. In its reflection path, the tuneable FFP needs to suppress
adequately the selected wavelength channel and hence should have ade-
quate notch-type characteristics (see also [3]).

optical
circulator

line in line out
m line out
u coupler ——»

—_— —>
/11' /11' . /1)(-1, /1)(1 ﬂ’x+1"' /1N 1’1 /11 x+1 . AN

_ tunable Fibre
Fabry Perot

l i drop add T”X

Fig. 6.14. Wavelength channel drop- and add-node, using a tuneable FFP
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6.4.3 Multi-passband Filter

Multi-passband optical filters are useful in dense wavelength-division mul-
tiplexed transmission systems, €. g. when a number of wavelength channels
need to be selected simultaneously from a noisy background (such as to cut
ASE noise), or when a set of narrowly-spaced wavelength channels is to be
split in two de-interleaved sets in order to ease channel processing. It is
desirable to have flat-top square-shaped multi-passband characteristics in
order to accommodate slight tolerances on the wavelength channel posi-
tions and to reduce any frequency-to-intensity modulation, such as may
happen due to signal-induced chirp of the laser transmitters. These ad-
vanced multi-passband filter characteristics can be realized by e. g. includ-
ing a Gires—Tournois interferometer in a Michelson interferometer, such as
shown in Fig. 6.15. Such a filter can also be realized in all-fibre technology,
as shown in Fig. 6.16, where the mirror function is implemented with
a chirped Fibre Bragg Grating (FBG) and the Gires—Tournois filter with
a composition of a weak fibre grating and a strong fibre grating, represent-
ing the beamsplitter and the mirror respectively in the GT architecture.

Gires-Tournois filter

c—/

A

mirror

B
—p-

beam

splitter
AL control
v

out

Fig. 6.15. Michelson—Gires—Tournois wavelength channel de-interleaver

chirped FBG

distributed GT
etalon

fibre

coupler
out

Fig. 6.16 All-fibre Michelson—Gires—Tournois filter
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Fig. 6.17. Measured performance of all-fibre Michelson—-Gires—Tournois filter

Measured spectra on this device show a nice wavelength de-interleaver
performance (see Fig. 6.17) [7].

6.4.4 Wavelength Locking

In order to stabilize the wavelength of laser diodes which e. g. have to con-
form to the ITU frequency grid specifications of a high-density wavelength
multiplexed system, Fabry—Perot filters can be applied in a so-called wave-
length locker. The optical schematics are shown in Fig. 6.18 (see also [8]).
Part of the output light of the laser to be stabilized is fed into the wavelength
locker module where the total output power is monitored as well as the power
at the desired wavelength position (to be set with the FP etalon). These two
monitor output signals are then fed back to the laser transmitter unit for
power- and wavelength-control. Commercially available wavelength lockers

etalon out
laser output
— power FP "
splitter etalon to laser
transmitter for
power and
wavelength
* " control
monitor out

Fig. 6.18. Wavelength locker using a Fabry—Perot etalon
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are designed for stabilization at 50 or 100 GHz wavelength channel spacing
in the 1520-1620 nm range, conform the ITU grid. The centre channel accu-
racy can be within £2.5 GHz; input powers up to 10 mW can typically be

handled.
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7 Dielectric Multilayer Filters

Markus K. Tilsch, Robert B. Sargent and Charles A. Hulse

7.1 Introduction

Dielectric multilayer or thin-film optical interference filters were the first
filter type to be widely deployed in wavelength division multiplexing
(WDM) systems in the 1990s. In addition to enabling channel separation in
200 GHz and later 100 GHz WDM systems, the technology has been ap-
plied to a number of vital optical network applications such as gain-flatten-
ing filters (GFFs) and pump WDMs for erbium-doped fibre amplifiers
(EDFAs), wideband band splitting filters for separating bands of channels,
and more recently for implementing low-cost modules for coarse WDM
(CWDM) and access networks. Dielectric multilayer filters have become
ubiquitous in optical communications systems.

Thin-film filter technology was useful in implementing WDM optical
networks because it was relatively mature. Optical interference coatings
have been fabricated and used since the 1930s. One early application was
antireflection (AR) coatings [1], which found important military uses dur-
ing World War II. Since that time the technology has evolved rapidly and
expanded from largely military and scientific applications into diverse
commercial uses. Demanding applications in fields such as aerospace and
medical diagnostics motivated the development of very stable filters, and
by the 1980s processes for depositing fully dense, bulk-like metal oxide
coatings had been developed and were in production. The technology had
reached a high level of maturity by the 1990s and was well positioned to
meet the filtering requirements of optical fibre networks.

Dielectric multilayer filters enjoy wide acceptance in optical networks
because of their availability, proven reliability, and long-term stability.
The filters can be made to have excellent wavelength stability, which
makes them ideal candidates for passive components. Indeed, dielectric
filters are sometimes employed for the wavelength stabilization of active
components. Thin-film dense wavelength division multiplexing (DWDM)
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filters exhibit low insertion loss (IL), low polarisation dependent losses
(PDL), and exceptional isolation. The technology is very flexible; AR,
narrow bandpass, wide bandpass, edge, gain flattening, dispersion com-
pensation, and other filters can be designed and produced from similar
materials. Thin-film filters may be employed in modular architectures that
start with just a few channels but can later be expanded as the need for
more bandwidth arises.

We begin this chapter with a brief review of the theory of thin-film fil-
ters, then describe the physical vapour deposition (PVD) processes used to
fabricate the dense metal-oxide coatings most commonly used in telecom-
munications applications. Next we review the excellent temperature stabil-
ity of filter elements and related properties, before moving on to a descrip-
tion of common methods for interfacing thin-film coatings to fibre-optic
systems. We conclude with a description of the most common applications
of thin-film filters and a short discussion of new developments.

For clarity, we use the terms coating, stack, or dielectric multilayer to
indicate any multiple-layer thin-film structure, while filter is reserved for
a coating having a spectrally-selective characteristic.

7.2 Theory of Interference Filters and Devices

7.2.1 Interference Filter Theory

Thin-film coatings consist of thin layers of controlled index and thickness.
The thickness of each layer is typically a fraction of a wavelength; the
reflections at every layer boundary interact coherently to generate the spec-
tral performance. The theory of interaction of plane waves is well under-
stood and is described in numerous references [2—6]. Depending upon the
application, the filter may consist of a few layers to a few hundred layers
of two or more different material types to generate almost any arbitrary
spectral response. Common applications encountered in telecommunica-
tions include AR coatings, high reflectors, bandpass filters, and GFFs.
Each of these coating types has a basic theory and character, which is dis-
cussed below.

Antireflection (AR) coatings

Whenever light crosses an interface, a fraction is reflected due to the mis-
match in refractive indices. AR coatings quench this reflection through the
insertion of additional layers to create destructive interference of the re-
flected wave. These filters are important for two reasons. First, they maxi-
mize the throughput of the system. Secondly, and perhaps more importantly
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for telecommunication systems, they minimize unwanted back reflections.
Usually termed return loss, insufficient reflection suppression can appear as
crosstalk in a communication channel or as undesired feedback to a laser
source.

Many design approaches to AR coatings exist; numerous references de-
scribe the design of simple to very complex ARs [7-10]. The complexity of
an AR coating is increased by increasing the operational bandwidth (wave-
length range), by increasing the required return loss (decreasing the al-
lowed reflectance), and other factors such as increasing the range of angles
that the AR coating must perform over. Telecommunication ARs usually
operate only at a single wavelength or a narrow wavelength spectrum, but
the return loss requirements can be quite challenging. Some applications
require 40 dB to 50 dB return loss over extended wavelength regions [11].

High reflector (HR) coatings

HRs enhance the natural reflection due to an interface. The basic structure
for a dielectric HR consists of alternating layers of two materials, one with
a high and one a low refractive index. The physical thickness of each layer
is Ay/(4n), where Ay is the desired centre wavelength and 7 is the refractive
index of the respective material. Layers with this thickness are referred to
as quarterwave layers. The HR design can be noted as:

Substrate | (HL)? | Ambient. (7.1)

In design formulae, H and L represent quarterwave layers of high and
low refractive indices at the desired wavelength. The power p determines
how often the period is repeated; (HL)” is the same as HLHL.

Figure 7.1 shows the spectral reflection of a HR design for 5, 10, and
15 periods.

The high reflecting region is called the stopband of the HR. The stop-
band width 2Ag does not depend on the number of periods, but instead on
the ratio of the high and low refractive indices. Macleod [Ref. 2, p. 191]
defines the normalized frequency parameter g:

=C 7.2
8= (7.2)

The edges of the stopbands are at g.q,. = 1 + Ag with Ag being:

Ag = zsm-{u] 73)

V4 n, +n,
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Fig. 7.1. Reflectance of HR designs with 5, 10, and 15layer periods at centre wave-
length 1550 nm. The refractive indices are 1.45 (L) and 2.1 (H)

The stopband width becomes wider for a higher refractive index ratio. In
the example from Fig. 7.1, n,=1.45 and ny=2.1. Equation (7.2) yields
a stopband from 1387 to 1756 nm for a filter centred at 1550 nm.

The strength of the reflection in the stopband depends both on the ratio
of the refractive indices and the number of periods. A higher ratio and
more periods lead to higher reflection [cf. Ref. 2, p. 186].

2p
R= 1—4[”—LJ I (7.4)

ny ny

where n, is the refractive index of the ambient medium and ny is the refrac-
tive index of the substrate.

Usually it is desirable to select two materials with a high refractive in-
dex ratio. Fewer layers are required to achieve a specified rejection level
and the stopband width is wide. It is possible to cascade two or more mir-
ror structures with different centre wavelengths to increase the stop band
width. The HR design in its basic form can be found in coatings for some
lasers and other applications where the absorption of a metal mirror would
be objectionable.

A variation of the basic HR design can be used for band edge filters. For
a shortpass filter the centre wavelength is shifted up to align the low-
wavelength edge with the desired band edge. The layer thicknesses can be
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tuned to reduce the ripple in the passband. Similarly, a longpass filter can
be generated by shifting the centre wavelength to a shorter wavelength. In
band edge filters, the number of periods determines the edge steepness. In
many telecommunication applications, wide bandpass filters, discussed in
the next section, are preferred over edge filters for their higher achievable
edge steepness.

Bandpass filter

A thin-film bandpass filter consists of one or more coupled thin-film
Fabry—Perot filters. A thin-film Fabry—Perot bandpass filter consists of
a thin-film etalon, called the spacer, surrounded by metal reflectors or all-
dielectric thin-film HRs of the type described above. The basic design
formula for the more commonly used all-dielectric version is:

Substrate | (LH)® (2L)° (HL)? | Ambient. (7.5)

p describes the number of periods in the HRs and s determines the order
(thickness) of the spacer. The optical spacer thickness at the centre wave-
length for the first order (s=1) is one halfwave, for the second order (s =2)
two halfwaves, etc. In a Fabry—Perot filter, only a small fraction of light
normally penetrates the first reflector, but at certain resonant wavelengths,
the light intensity builds up in the spacer layer until a significant fraction,
nominally 100%, of the input light is transmitted. The transmission of the
filter at non-resonant wavelengths, as well as the width of the passband,
are determined by the number of periods in the HRs. As the reflectors are
made stronger, the transmission at non-resonant wavelengths is sup-
pressed, but the resonant transmission is preserved, narrowing the filter.
The width of the passband can also be narrowed by increasing the spacer
order, which decreases the free-spectral range (FSR) of the Fabry—Perot.
Chapter 6 discusses the theory of Fabry—Perot filters in more detail.

In Fig. 7.2 the curve labelled / cav shows the spectral response of
a thin-film Fabry—Perot filter. The spectral response of a Fabry—Perot filter
is very rounded and the rejection outside the passband increases only
gradually. It is possible to stack multiple Fabry—Perot structures on top of
each other to form a coupled multi-cavity filter. Figure 7.2 shows the spec-
tral transmission for several filters from one to ten cavities. The spectral
behaviours are of square top type, where the designs are tailored to ap-
proximate an ideal shape of 100% transmission in the pass band and full
rejection outside the pass band.

The coupling of the cavities is critical to avoid excessive ripple in the
passband, and is the subject of considerable literature. Thelen [3] and
Macleod [2] provide introductions to the subject of optical bandpass filter
design. Baumeister [4] adapted powerful techniques from microwave theory
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Fig. 7.2. Spectral response of bandpass filters with varying number of cavities

to the optical domain. Other recent publications present methods tailored
specifically to DWDM bandpass filters [12, 13].

Figure 7.3 shows the transmission of 3 five-cavity filters over an ex-
tended wavelength spectrum. The refractive indices used in this example
are 1.45 and 2.1. The solid line shows a design for a 100 GHz filter. Out-
of-band blocking reaches a level that is in excess of 200 dB. The blocking
stays well above 50dB down to 1390 nm and up to 1750 nm. The refrac-
tive indices of the materials used in the HRs determine the rejection width
as discussed above in the HR section.
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Fig. 7.3. Transmission spectra of 3 five-cavity filters. See text for details
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The dashed curve in Fig. 7.3 shows the spectrum of the design where all
spacer thicknesses are made four times larger. As mentioned above, this
reduces the FSR of the filter, which reduces the width of the passband
significantly. The reduction in FSR also leads to additional transmission
peaks within the blocking range of the HRs. The free spectral range is still
large compared to the C-band or L-band. A further increase of spacer
thickness turns such filters into interleavers.

The dotted curve in Fig. 7.3 gives the spectrum of the design having
four times larger spacer thicknesses where the reflector strengths (cf. (7.4))
were reduced to maintain the original passband width. The free spectral
range is primarily determined by the spacer thicknesses and is unchanged
from the previous case. The maximum rejection is reduced to 200 dB due
to the reduction in reflector strengths. The material properties of the reflec-
tors drive the limits of the rejection band.

Many options are available in the design of narrow bandpass thin-film fil-
ters. That gives high flexibility in tailoring the spectra to the customer’s re-
quirements in the passband, but also in the rejection area. Extended blocking
or additional passbands for pump lasers are typical out of band requirements.

Gain-flattening filter (GFF)

Gain flattening is necessary to counteract the innate spectral dependence of
an EDFA, ensuring that the gain is constant across the desired wavelength
range. Thin-film filters can be designed with nearly arbitrary spectral per-
formance [14, 15], and are a good choice for this application [16, 17]. Fig-
ure 7.4 illustrates this concept. The diamonds show the targeted reflectance
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Fig. 7.4. GFF target spectrum, measurement of a filter and error when measured in
cascade with the amplifier (after [17])
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values for a GFF. The solid line shows the reflectance measurement from
a fabricated filter. The error function was recorded when the GFF was
measured in cascade with the amplifier. Numerous GFF-specific design
approaches have been proposed, including [18] and [19]; all require exten-
sive computer optimization. In many applications, a GFF can flatten the
overall shape of the amplifier to less than 5% of the maximum excursion of
the uncompensated amplifier.

7.2.2 Dispersion Effects

Thin-film filters can be designed and built to have nearly square passband
characteristics, which makes them useful as DWDM bandpass filters. In
this section, the implications of filter design on the delay characteristic are
introduced. Possible tradeoffs in design to minimize the delay variation,
and the notion of allpass filters as an alternative to solving the dispersion
of thin-film filters are discussed.

This section assumes the reader is familiar with the relations between
phase, group delay (GD), and chromatic dispersion (CD), as detailed in
Chap. 2. The familiar square shape of a DWDM filter is achieved by in-
ducing a very strong engineered resonance; the light is trapped within the
filter for an appreciable time, especially near the band edges, to achieve
constructive interference and eventual transmission through the multicav-
ity structure. Lenz and co-workers have pointed out that the square pass-
band edge and strong delay are linked through a Hilbert Transform [20].
The CD increases approximately linearly with the order of the filter, and
quadratically with the bandwidth [21]. A typical transmission dispersion
characteristic is superimposed on the IL characteristic for a 100 GHz filter
in Fig. 7.5.

Strong CD is a limiting effect in a WDM transmission system. Differen-
tial delay to the frequencies constituting a pulse can lead to broadening and
distortion. A general rule of thumb is that the GD variation of a channel
must be kept to less than one-quarter of the pulse width to maintain deci-
pherability [23].

Thin-film filters can be optimized to take into account the dispersion
penalty and minimize overall system penalty. While the transmission of
a square top filter is high over the whole pass band, the CD is low in the
centre of the filter and rises rapidly towards the pass band edges. By cen-
tring the filter tightly, the dispersion penalty can be reduced. A filter with
a wider passband pushes the onset of CD excursion further away from the
centre, at the expense of adjacent channel isolation. To maintain isolation,
a filter with higher cavity count may have steeper edges, increasing the CD
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Fig. 7.5. Measured insertion loss and chromatic dispersion of a 100 GHz thin-film
filter (after [22])

but still pushing it from the channel centre [24]. Another approach is to
give up some of the squareness of the filter, trading transmission penalty
for dispersion penalty. Introducing a controlled ripple across the passband
reduces the magnitude of the CD [24]. This approach can be taken to the
extreme. Instead of designing a filter for a square passband a filter can be
designed for maximum CD flatness. This Bessel-Thomson shape imparts
nearly constant delay to the transmitted pulses, at the expense of a nearly
Gaussian passband [25]. The performance of such a filter is shown in
Fig. 7.6.

All discussed approaches require excellent process control in the fabri-
cation of the components. Exact centring and achieving precise transmis-
sion IL are equally critical. Tight tolerances need to be held under all oper-
ating conditions.

A more complex approach to correcting the dispersion penalty is to add
an additional component to correct the CD imparted by the thin-film filter.
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Fig. 7.6. Transmission and CD of a thin-film Bessel filter (after [25])
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Fig. 7.7. Concept of dispersion compensation for a thin-film filter using a thin-film
allpass filter (after [28])

This is possible since CD is a deterministic phenomenon. Concepts to
compensate filter CD have been discussed [20, 26]. In particular, the CD of
a thin-film filter in reflection does not have the same constraints as in
transmission; a purely reflective allpass filter can be designed to modify
the delay of a signal without imparting a transmission effect. Figure 7.7
shows the concept of a thin-film allpass filter solution for a 50 GHz net-
work. The reflective compensator is designed to trap the light for a wave-
length dependent amount of time, which allows correcting the CD of the
50GHz filter [19,27]. This technique has been experimentally demon-
strated [28]. Centring tolerances between the bandpass filter and the com-
pensator are extremely tight.

Thin-film allpass filters have also been used to compensate for CD in
other elements in the telecommunication network [29, 30].

7.2.3 Angle-of-incidence Effects

Thin-film filters are usually operated at a small angle of incidence in tele-
communications components. This angle separates the input and reflected
beams, lessening backreflections and enabling multiport components with-
out the need for a circulator. The use of thin-film filters at angle also intro-
duces two angle-dependent effects: an angle-dependent wavelength shift
and a polarisation splitting effect. This section discusses the origin and
impact of these effects for small angles of incidence.

When light strikes a filter at angle, the layers that comprise the filter ap-
pear thinner than they do at normal incidence. For small angles, each layer
appears to shift in thickness an amount proportional to the sine of the inci-
dent angle. This effect can be used to tune the operational wavelength of
a filter at manufacture or even in operation (see Sect. 7.6.6). This effect is
only useful for small angles; for angles of incidence of more than a few
degrees, Snell’s Law must be used to calculate the effective thickness of
each layer in the thin film, and operation can vary markedly.

The second effect of angle, polarisation splitting, occurs because elec-
tromagnetic field boundary conditions are different for fields normal to an
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interface than they are for fields parallel to the interface. At a nonzero angle,
any incident light may be split into an s field with an electric field compo-
nent normal to the plane of incidence and a p field with the electric field
purely parallel to the plane of incidence. The intralayer reflection for each of
these fields is different, and becomes more pronounced as the angle of the
incident light beam increases. For certain applications, such as MacNeill
polarisation filters, the filters are designed to be used at large angle and this
polarisation difference is exploited. For most telecommunications applica-
tions, however, this is a source of PDL, and components minimize the effect
by using the filter as close to normal incidence as is practical.

7.2.4 Expanded Beam Optical Devices

Thin-film filters can be designed with very narrow, square passbands for
multiplexing or demultiplexing, as well as nearly arbitrary transmission
and reflection shapes for equalization purposes. These shapes are typically
maintained only over a narrow range of angles without significant design
effort. Furthermore, the random polarisation of typical fibre-optic applica-
tions requires polarisation-insensitive design, which becomes much more
difficult further away from normal incidence. This section introduces ex-
panded-beam devices as a means to interface single-mode fibres to thin-
film filters, and how they overcome the limitations of angular spread, an-
gle of incidence and beam intensity.

Standard SMF-28 fibre has a 9 micron core, and supports a near-Gaus-
sian mode of roughly 10 microns in diameter. Using Gaussian beam optics
[31], one can calculate that the beam exiting a fibre has a divergence angle
of roughly 5.5°. An AR coating can work over these angles, but most
DWDM filter designs cannot maintain their shape and wavelength centre.
In addition, the high divergence of the fibre mode requires the filter and
substrate to be very thin; even separated by 100 micrometers (a thin sub-
strate), a calculation of fibre-to-fibre coupling of the mode finds approxi-
mately 1.5 dB of loss [32].

Common Interference
Fibre Lens (3X) Filter
%
T Fibre
R Fibre

Fig. 7.8. Schematic of three-port thin-film filter component



300 7 Dielectric Multilayer Filters

To ameliorate divergence problems associated with fibre modes, single-
mode fibres are usually interfaced to thin films using collimators [33] to
expand the waist of the beam and reduce its divergence. This is shown
schematically in Fig. 7.8.

A typical gradient-index (GRIN) collimator expands the fibre mode into
a beam between 0.15 and 0.75 mm in diameter. This arrangement has three
main benefits:

1. A collimator reduces the divergence of the interacting beams, making
them more like plane waves. The reduced divergence both reduces the
range of angles in the beam and increases the Rayleigh range. For
a 0.15 mm diameter beam, the range of angles in the beam is reduced to
less than +0.5°, and the Rayleigh range increases to tens of mm, easily
able to incorporate a filter on a substrate 1 mm thick.

2. A collimator reduces the angle of incidence required to separate the
beams in a multi-port device [34]. Smaller angles of incidence reduce
the polarisation sensitivity of the filter. Typical arrangements use angles
of only a few degrees [35, 36].

3. A collimator reduces the electric field intensity in the device. Thin-film
filters function by trapping light resonantly within the cavities, and total
electric field intensity would be a concern for a 10 micron diameter
beam. Collimators drop the electric field intensity by orders of magni-
tude; a 0.15 mm diameter beam has a field intensity 225 times less than
a 10 um fibre mode.

Although Fig. 7.8 depicts the filter in the waist of the beam, this location
is not necessary. The angular constituents of the beam are independent of
location; the only advantage to placing the filter in the beam waist is the
decreased spot size at that point.

Section 7.5 discusses the integration of thin-film filters in fibre-optic
packages in detail.

7.2.5 Interaction of Beams with Filters — Beam Shift Effect

The primary effect of increasing the angle of incidence on the spectral
performance of an interference filter was described in Sect. 7.2.3: the spec-
tral performance is shifted to a shorter wavelength. In practice, filters are
used in optical systems in which the light is not perfectly collimated.
A common way to analyze this situation is to compute the transmission as
a function of wavelength as an incoherent sum over the range of angles of
incidence present in the beam [Ref. 2, pp. 288-292]. This type of calcula-
tion is valid over a wide range of conditions where the phase relationship
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between the various angular components of the beam is not important. The
result is that the transmission of the filter is reduced and bandwidth be-
comes wider as compared with the filter performance in collimated light.

In situations involving filters having very narrow bandwidths used in
conjunction with small beams, the assumption stated above may no longer
be valid. In such cases, an analysis that is akin to the treatment of the
Goos—Haenchen shift using an angular spectrum approach [37] is useful.
In addition to predicting transmission and bandwidth changes, this ap-
proach predicts a lateral beam shift. This effect was first noted by McGuirk
[37] and Hsue [38], but was of little practical importance until the advent
of very narrowband filters for DWDM [39,40]. A brief summary of the
effect is given below.

Thin-film DWDM filters operate with extremely high Q-factors, so the
transiting beam accumulates large amounts of phase as it goes through the
filter. This phase may induce a lateral shift AL of the beam, proportional to
the derivative of the accumulated phase ¢ with respect to its transverse

angular frequency & :

_de

dk,
where k| is the component of the propagation vector k parallel to the filter
interface.

Beam shift increases as the filter bandwidth decreases, or as the angle of
incidence increases. Typical beam shift is tens or hundreds of micrometers
for a typical 100 GHz application. Table 7.1 summarizes some typical beam
shift numbers. The magnitude of the beam shift is independent of the size of
the beam, and the effect is therefore less significant for larger beams. Since
the angular content of the beam does not change as the beam propagates, the
beam shift does not depend upon the placement of the filter relative to the
beam waist.

AL (7.6)

Table 7.1. Typical displacement vs. angle of incidence for 100 and 200 GHz thin-film
filters (after [41])

Channel 0° Incidence 3° Incidence 5° Incidence

Spacing  Shift Shift Shift
(GHz) (um) (pum) (pm)
200 0 47 78
100 0 81 137

Klinger etal. [39] experimentally verified the presence of lateral beam
shift, and developed a full three-dimensional model for calculating the
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propagation of a small beam through a thin-film DWDM filter. The pro-
gram was based on expressing the beam as an angular spectrum of plane
waves [42], then propagating each plane wave through the filter independ-
ently. The model predicted beam shift as well as other non-ideal effects,
such as passband rounding and distortion, wavelength dependence of beam
shift, and size-dependent shift [39,41]. The work stressed the importance
of the size of the beam in designing thin-film optical couplers.

Beam shifts can be accommodated in the optical design of thin-film
components, for example by enlarging the beam to minimize loss or by
shifting the output collimator [43]. Section 7.7 describes work to harness
the beam shift as a means to demultiplex DWDM channels.

7.3 Filter Materials and Processes

7.3.1 Brief History of Thin-Film Technology

Thin-film filters can be created with a variety of technologies. The focus
here is on PVD processes that are currently used for most telecommunica-
tion filters.

The advent of reliable vacuum generation in the 1930s enabled PVD
development. One of the most important early processes for optical coat-
ings was thermal evaporation from directly heated crucibles or boats. The
application of electron beam guns to melt or sublime source materials ex-
panded the range of materials that could be evaporated to include high-
melting-point materials such as refractory oxides (cf. Sect. 7.3.3). Another
innovation was reactive evaporation or the introduction of a low oxygen
partial pressure during the evaporation of the oxide or sub-oxide material.
Through the 1970s, conventional evaporation processes dominated the
optical coating industry, though preliminary work in using other PVD
processes such as sputtering was underway.

The evaporation of high-melting-point materials onto substrates at rela-
tively low temperatures often yields films with poor properties. The micro-
structure of such films has been found to be significantly different from
that of the bulk materials. Typically the films exhibit a porous microstruc-
ture of density lower than that of the bulk material. Moisture may be ob-
served to penetrate such coatings, and the properties have been observed to
vary as a function of temperature and humidity. In many cases a solution
to this problem is to increase the substrate temperature, which usually re-
sults in films of greater density.

By the 1980s energetic PVD processes capable of depositing robust films
of refractory materials were under development [44]. Such processes
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provided significant property improvements over previous methods, result-
ing in films of greater density, higher refractive index, reduced sensitivity in
spectral performance to temperature and humidity, and greater durability.
Three of the most commonly used energetic PVD processes are ion-assisted
deposition (IAD), ion beam sputtering (IBS), and reactive magnetron sput-
tering; all of these processes have been applied to the deposition of thin-film
optical communication filters. The processes will be described in more detail
in Sect. 7.3.4 after the introduction of substrate and thin-film materials.

7.3.2 Substrates

Some coatings are directly applied to devices. A laser diode facet may be
directly coated with an AR or HR design. A high-power-carrying fibre tip
may need an AR. Partial reflectors on GRIN lenses can act as taps. WDM
filters have been directly coated on GRIN lenses [45]. Challenges include
the cleaning of such devices prior to coating and supporting them in the coat-
ing tool. Outgassing of the devices may impact the coating performance. The
coating process needs to be tailored to comply with the device requirements.
Restrictions in temperature and energetic bombardment are common.

The majority of coatings are deposited on designated substrates that are
later inserted into the optical beam path. Often the coating is applied on
a large substrate, which is diced and thinned in post-deposition steps (see
Sect. 7.3.6). The required optical, mechanical, and environmental proper-
ties, as well as availability and cost drive the substrate selection.

Important attributes of a DWDM filter substrate are its coefficient of
thermal expansion (CTE) and mechanical properties. Filters can be ather-
mal, i.e. their spectral response does not shift to different wavelengths
when the filter undergoes thermal changes. This allows the fabrication of
DWDM filters without the need of active temperature stabilization. The
theory for the temperature shift phenomena is discussed in Sect. 7.4.1.
Glass companies [46—48] offer special substrates that are tailored to the
DWDM requirements.

The substrate material must be clean to promote proper adhesion of the
coating to the substrate. DWDM coatings require very smooth surfaces. In
many coating processes defects grow larger throughout deposition of the
filter [49, 50]. Defects tend to scatter light and can limit filter performance.

7.3.3 Filter Materials

Refractory materials, or materials having high melting temperatures, tend
to be among the most durable of materials. Refractory oxides have been
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employed for thousands of years for such applications as the manufacture
of glass and ceramics; the durability and transparency of many of these
materials have made them attractive materials for optical thin-film coating
applications. Representative refractory oxides that have been used as mate-
rials for optical thin films include silicon dioxide, aluminium oxide, mag-
nesium oxide, a number of transition metal oxides, and even a few lantha-
nide and actinide oxides [2,51]. Silicon dioxide is of particular interest, as
it exhibits a relatively low refractive index of about 1.44 at 1550 nm. SiO,
is commonly used with a refractory metal oxide such as TiO,, ZrO,, HfO,,
Nb,Os, or Ta,Os as the high index material. Most of the thin film literature
specific to WDM filter deposition cites the use of Ta,Os and SiO, as the
materials of choice.

When deposited using an appropriate energetic PVD process, these re-
fractory oxides tend to remain amorphous over a wide range of tempera-
tures. This property minimizes scattering within the coatings. These mate-
rials may also exhibit very low absorption, with an extinction coefficient
k<107°[52].

7.3.4 Filter Deposition Processes

Three of the most commonly used energetic PVD processes are IAD, IBS,
and reactive magnetron sputtering [53-55]. All of these processes have
been applied to the deposition of thin-film optical communication filters,
and are briefly considered in turn.

IAD is a modification of the evaporation process that employs tradi-
tional direct thermal sources or electron beam sources to deposit material.
The modification is the addition of an ion source that serves to bombard
the substrate with ions to densify the growing film. Various ions may be
used; commonly oxygen and/or argon ions are used in the deposition of an
oxide. The IAD process has been demonstrated to produce refractory oxide
coatings with excellent properties [44, 56].

A notable example of an IAD process that has been applied to the depo-
sition of WDM filters employs an advanced plasma source (APS) [57, 58].
Figure 7.9 shows a photograph of an APS 1100 deposition system from
Leybold Optics [59]. The APS produces a high uniform flux of ions having
energies of up to 200eV. Relatively high deposition rates are reported; for
example, a 3-cavity 100 GHz filter may be produced in 12 hours.

Challenges of evaporation based processes include the random variation
in the spatial distribution of the evaporant plume over long time periods.
The control of the evaporation process and control of the APS are critical.
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Fig. 7.9. Interior of APS 1100 IAD deposition system (Courtesy of Leybold Optics,
Alzenau, Germany)

Progress on a system that uses a quartz crystal monitoring system to adjust
electron beam gun parameters has been reported [60].

IBS employs an ion source to bombard a metal or oxide target with high
velocity ions. Material sputtered from the target condenses on the sub-
strate. The target material can be of the film material, like SiO, and Ta,Os.
Alternatively a metallic or substoichiometric target can be used and oxy-
gen can be added to the process as a reactive gas. Keeping the target neu-
tralized is one of the challenges in the process. Optionally, a second ion
source may be directed toward the substrate to bombard the growing film
with the reactive oxygen, or argon, etc.; this variation of the process is
often called Dual Ion Beam Sputtering (DIBS). IBS is known to produce
films with very low loss and the process has been shown to be very stable
over a long period of time [44,61]. The deposition rates associated with
the IBS process have been considered to be rather slow, leading to long
deposition times. For example, the time required to deposit a 3—4 cavity
100 GHz filter was on the order of 24—40 hours. A significant improvement
in the rate of an IBS process for WDM filters has been reported [62]. An-
other disadvantage of IBS is that the resulting films usually exhibit a high
degree of compressive stress (see Sect. 7.4.2). This is understood to result
from the neutralization and reflection of a percentage of the primary sput-
tering ions (usually Ar"), some of which bombard the growing film. Fig-
ure 7.10 shows a picture of Veeco Instruments Inc.’s DIBS chamber
SPECTOR [63].
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Fig. 7.10. SPECTOR DIBS deposition system (Courtesy of Veeco Instruments Inc.,
Woodbury, NY, US)

Reactive magnetron sputtering is an energetic PVD process that utilizes
DC magnetron sputtering of a metal or semiconductor; the film is reacted
to an oxide at the growing film interface at the substrate [64, 65]. Various
modifications to this basic process have been proposed and demonstrated,
such as the use of an auxiliary ion source to bombard the substrate with
oxygen ions during film growth [66]. This last process has been employed
in the manufacture of WDM filters [16]. The process is claimed to exhibit
IBS-like film properties but with significantly higher deposition rates. Re-
ported drawbacks of reactive magnetron sputtering include the potential
for particulate contamination [67] and potential process instability which
can arise from oxidation or poisoning of the sputter target surface [68].

The development of CVD processes for telecommunications has also
been reported. Bauer etal. have applied plasma impulse chemical vapour
deposition (PICVD) for the coating of telecommunication filters [69].
Domash reports on the use of PECVD coated films for tuneable devices
[70]. Patent application publications describe using atomic layer deposition
for the manufacture of DWDM filters [71, 72].

Common to any of the coating techniques above are very stringent re-
quirements for low thickness variation across the substrates. The channel
spacing for 200 GHz filters is about 1.6 nm. The layer thicknesses in fil-
ters for neighbouring channels differ by about 1.6nm / 1550 nm = 0.1%.
For a high yielding and predictable process it is desirable to control the
coating thickness distribution across the ‘sweet’ area of the substrate to
that precision level or better. Most of the processes for the fabrication of
DWDM filters use single rotation substrate holders. Many use masking to
minimize the radial runoff. Rotational frequencies in excess of 1000 rpm
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are reported [63,59]. Such a rotation system needs to be well balanced.
The substrate size varies from a few millimetres to 300 mm in diameter.
The substrate needs to be held perpendicular to the rotational axis. Other-
wise parts of the substrate are systematically closer to the source than
others and will pick up more coating material. Depending on the deposi-
tion process, height variation of only a few micrometers can be tolerated.
Chamber geometry considerations are published [73-75]. Wavelength
uniformity has been reported to be less than 0.05% with excellent filter
shape on an area of sufficient size that yields thousands of good filters
per coating run [52].

7.3.5 Layer Thickness Control

Knowledge of optical material properties and a repeatable process build
the foundation for depositing multilayer thin-film filters. Controlling the
layers to the correct thicknesses for the required coating design is crucial
for achieving the desired spectral response.

Thickness control requirements depend on the design and the stability of
the coating process. Simple AR coatings or HRs may be quite tolerant to
layer thickness errors and can be coated by simply controlling the deposi-
tion time of each layer in a machine with a stable process.

Quartz crystal monitoring can be employed for more advanced control.
A quartz crystal oscillates within the vacuum and is exposed to the coating
flux. The added mass shifts the frequency which allows determination of
the added thickness [76].

Other advancements in thickness monitoring make use of optical tech-
niques. Light either passes through or is reflected off a part in the deposi-
tion chamber. The part can be a witness part or the actual filter. In a mo-
nochromatic monitoring system deposition is stopped when the signal
reaches a predetermined photometric value or the trace reaches a predeter-
mined phase. The OMS 4000 from Leybold Optics is a commercially avail-
able optical monitoring system of this type [77]. Alternatively broadband
monitoring can be used where deposition is stopped when a merit function
between a target and the in-situ measured spectrum reaches its minimum
[78]. In a related published method 90% of the layer thickness is deposited
by time. Then the substrate transfers to a broadband scanning station. The
thickness of the layer is determined from reverse engineering and the re-
mainder of the layer is deposited. Optionally the remainder of the coating
design can be re-optimized to compensate for thickness errors of previous
layers [79-81]. Thickness monitoring based on ellipsometric data is an-
other option [82].
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Coatings with complex spectral requirement like DWDM bandpass fil-
ters and GFFs require very elaborate control techniques. Companies usu-
ally incorporate some of the methods mentioned above to arrive at their
proprietary systems or methods. Designing the coating and determining the
thickness control become dependent tasks. Simulations of the process
variations and thickness control process can give guidance which design to
select for best manufacturability [19, 13].

The well-known composite turning point monitoring method can be
employed for the deposition of DWDM bandpass multicavity filters
[Ref. 2, pp. 500-509]. These filters require very tight tolerances on thick-
ness control. Figure 7.11 shows the transmission spectrum of a four cavity
100 GHz filter. The solid line describes the performance as designed. The
dotted line shows the performance where the thicknesses of all layers are
randomly disturbed by 0.5%. This would be the expectation if the filter
was monitored by quartz crystal monitoring, time, or some other indirect
method. The filter is completely deteriorated and would be of no use for a
100 GHz WDM system. For that reason DWDM designs usually consist of
quarterwave layers which can be controlled by composite turning point
monitoring at the centre wavelength. This technique has the advantage of
inherent error compensation. A cutpoint error in one layer is automatically
compensated by the next layer with very little distortion to the filter shape
[83—-86]. The dashed curve in Fig. 7.11 shows a simulation for 1% thick-
ness accuracy on each individual cutpoint. The final filter performance is
almost indistinguishable from the design performance (solid line).
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Fig. 7.11. Transmission spectra of a 100 GHz filter; filter as designed (solid curve);
filter with 0.5% random thickness error on each layer, representing non-composite
monitoring (dotted curve); filter with 1% thickness error for turning point monitoring at
the centre wavelength (dashed curve, almost indistinguishable from design spectrum)
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Two options exist for the hardware of a centre wavelength transmission
monitoring system: a laser system, or a white light source coupled with
a monochromator. The laser has an exceptionally high spectral irradiance
at the desired wavelength. Excellent amplitude and frequency stability
over a long period of time is critical. The long coherence length of a laser
may pose a problem. The monitoring system performs cut points based on
the change in transmission due to the growing film. But transmission
changes as a consequence of optical thickness changes in the substrate due
to temperature changes can be superimposed and disturb the cut points.
Furthermore, lasers have a limited range of tunability. A white light system
may be inherently more stable, can easily cover a wide spectral range but
may give higher signal-noise problems specifically for very narrow band-
pass filters. The spectral resolution of the monochromator needs to be kept
under half the filter bandwidth [87]. Laser based and white light based
systems are successfully used in the industry. Commercial instruments
include systems from Veeco [63] and Intellemetrics [88].

The monitoring of an AR coating to match the WDM filter to air is dis-
cussed by R. Willey [89].

7.3.6 Post-deposition Fabrication and Filter Annealing

Thin-film filters for telecommunications are often deposited on a substrate
that is thicker and larger than the final filter size. Manufacturers employ
various optical fabrication methods to reduce the substrate thickness to the
desired value and to dice the substrate into final-sized filter elements. The
final filter dimensions are typically on the order of one to two millimetres
square by one millimetre thick. Usually an AR coating is deposited on the
rear surface of the filter element.

Thin-film filters are sometimes annealed to improve their stability; these
processes are often proprietary to manufacturers and sometimes not even
well understood [Ref. 2, pp. 417-418]. The procedure and function of an-
nealing varies with the coating materials and processes and by application.
For example, filters deposited using thermal sources or by electron beam
evaporation typically exhibit a columnar microstructure; voids which may
contain air or moisture are typically incorporated into these structures. An-
nealing such filters tends to collapse the voids, thereby densifying the struc-
ture and stabilizing the spectral performance of the filter. The centre wave-
length of evaporation-deposited filters tends to decrease after annealing.

Thin-film coatings of the type used in telecommunication filters do not
exhibit voids, rather they exhibit an amorphous and fully dense micro-
structure. The effect of annealing on these coatings is much more subtle.
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Tilsch etal. [90] found that the absorption of ion-beam-sputtered silicon
dioxide could be reduced by thermally annealing the coatings at tempera-
tures of 200°C-300°C. They also found that annealing the coatings
slightly increased the film thickness, and reduced the coating stress and
film density (though the density remained greater than the bulk density of
silicon dioxide). Brown [91] reported on experiments in which ion-beam-
sputtered single layer coatings of tantalum pentoxide and silicon dioxide
were subjected to various annealing cycles. The optical thickness of such
coatings increased slightly when annealed; associated observations were a
small increase in the physical thickness and an even smaller decrease in
the index of refraction. Prins etal. [92] baked ion-beam-sputtered WDM
filters at temperatures above 300°C and observed positive shifts of the
filter centre wavelength. For example, the centre wavelength of a filter
baked at 340 °C for 4 minutes shifted up 1 nanometre. A model for the ob-
servation was suggested that attributes the positive wavelength shift to
a small increase in the thickness of the filter as a result of temperature-
induced strain relaxation.

7.4 Properties of Filter Elements

One of the key advantages of thin-film filters in telecommunications appli-
cations is that they may be designed and constructed to have spectral per-
formance that is stable with temperature. On the other hand, a potential
limitation of thin-film filters results from the high compressive stress lev-
els that are intrinsic to energetically-deposited fully-dense coatings. Both
temperature stability and stress effects result from the optical and me-
chanical properties of the film-substrate system of the filter elements, and
are considered in turn in this section.

7.4.1 Passive Temperature Stability of Filter Elements

Thin-film filters are ordinarily deposited on a substrate of some kind. Con-
sidering for a moment the simpler case of an unsupported thin-film filter,
the primary effect of a temperature change is a change in the centre wave-
length of the filter. A first step toward understanding the effect is to model
the filter as a single effective material having an optical path length (OPL)
given as the product of an effective film index of refraction n.: and the
physical film thickness d:

OPL=n.;-d. 7.7
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For most materials n,; increases with increasing temperature, and d also
increases as a result of thermal expansion. The OPL therefore increases,
and a corresponding positive shift in the filter centre wavelength is ob-
served. For silica (Si0,), the rate of shift of centre wavelength with tem-
perature is about 0.015 nanometres per °C (where the centre wavelength is
in the region of 1550 nm).

The key to the temperature stabilization of thin-film filters is through
the interaction of the filter with the supporting substrate. Takahashi [93]
demonstrated in a pioneering paper that a substrate with a large enough
CTE can laterally stretch the filter and cause a sufficient reduction in the
filter thickness d to counteract the increase in n. thereby maintaining
constant OPL over a useful temperature range. Figure 7.12a tabulates
measurements of the thermal shift for filters deposited on substrates having
a variety of CTEs, as reported in Takahashi’s paper and in a subsequent
paper by Kim etal. [94]. All of the filters listed employed tantalum pentox-
ide and silica as the coating materials, and were single cavity bandpass
filters with low index spacers. Figure 7.12b displays a plot of the same
data as a function of substrate CTE. The centre wavelengths of filters de-
posited on substrates with at CTE of about 10 to 11 parts per million (ppm)
per °C are seen to exhibit a very low temperature dependence.

In the same paper, Takahashi introduced an elastic strain model that
quantitatively describes this phenomenon. The model assumes that the
substrate is perfectly rigid (unchanged by the presence of the filter), and

CTE _ |T. Shift 0015
Substrate (ppm/C) |(hm/C) |m  |Ref. 5 \
Zerodur 0.05 0.015[ 4]A £ oo
Quartz 0.5] 0.0128] 1[B £ BN
Fused Silica 0.55] 0.0136] 4]|A @ ™
EL30 3.4] 00093 1|B 30 \
LAM60 5.4 0.0069]  1[B g
BK7 7.4 0.0044] 1[B g 0 s
F7 9.8] 0001] 4|A 5 \
BAL2 10 0.001] 1|B * 0005
WMS-02 10.5] -0.0004] 4]A 0 ° 0 1
FPL53 142 _00045 1 B Substrate Coeff. of Thermal Expansion (ppm/C)
(@) (b)

Fig. 7.12. (a) Tabulation of measured temperature shifts for various substrate types
from two literature sources: A=[94], B=[93]. The filter centre wavelengths were
approximately 1550 nm; m refers to the order number of the spacer of the filter. Zero-
dur, BK7, F7, are Schott glass types; BAL2, LAM60, FPL53, and WMS-02 are Ohara
glass types; EL30 is a Hoya glass type; all three companies produce specially-
formulated glasses for use as WDM filter substrates. (b) Plot of temperature shift as
a function of the CTE of the glasses tabulated in (a)
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therefore may be characterized by only the CTE. The filter thickness
change is determined through the film mechanical properties (CTE and
Poisson ratio). The film index change depends on the temperature-in-
duced change of the refractive index (the bulk material property) as well
as a strain-induced index change that is determined from the film material
mechanical properties. The model agrees well with the experimental data.

Several recent workers have introduced models that remove some of the
simplifying assumptions in the Takahashi model. Kim and Hwangbo [94]
developed a model in which the elastic strain model of Takahashi is ex-
tended by including the effect of each individual thin-film layer in a filter
(rather than using an effective index). A formula is derived which yields
the optimum substrate CTE for a given film formulation. In addition to the
temperature dependence of the index of refraction of the materials, the
order number of the cavities (i. e. the number of half waves that constitute
the spacer layers) is found to have a modest impact on temperature stabil-
ity. Jiang etal. [95] have introduced a simulation in which the thermal
stress and strain of each thin-film layer are determined. The model is used
to predict the substrate curvatures and the correct filter centre wavelength
as the substrate thickness is changed. The results agree (at least qualita-
tively) with measurements. In the representative examples considered, as
the substrate becomes thinner, the substrate curvature increases, the centre
wavelength decreases, and the centre wavelength shift with increasing
temperature becomes more positive.

In addition to the basic method of employing an appropriate high CTE
substrate, other methods have been proposed to passively athermalize thin-
film interference filters. The methods typically employ external stress-
inducing devices such as a clamp [96], a washer [97], a superstrate [98], or
aring or other encasement surrounding the periphery of the filter [99].

7.4.2 Stress Effects

The mechanical properties of materials in thin-film form are often very dif-
ferent from the corresponding bulk properties. One thin-film material prop-
erty that has attracted significant attention is stress [Ref. 2, pp. 436440,
100, 101]. Stress in evaporated coatings is often tensile in nature, and has
been a limitation for example in limiting the adhesion of the coating to the
substrate. Fully-dense metal-oxide coatings of the type used in telecommu-
nications filters tend to have significant compressive stress, which can lead
to a number of problems. Probably the most significant of these problems,
and the topic of several recent papers in the literature, is degradation of the
optical filtering performance and distortion of the transmitted and reflected
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wave fronts. The practical impact of the latter in a fibre link is increased
optical loss.

The effects of stress become more pronounced as the film thickness in-
creases. A typical manifestation of stress is a variation in centre passband
wavelength across the filter, which leads to degraded filter performance.
Ockenfuss etal. [102,103] mapped the optical performance of 100 GHz
filters across the filter element using a small beam; results are illustrated in
Fig. 7.13a. The centre wavelength (CWL) is seen to change by about
1.5nm from the centre to the edge of the 1.4 mm-square filter element.
This corresponds to more than one 100 GHz channel! Such filters are still
usable for the 100 GHz filtering application because the beam passes
through the centre of the filter where the optical performance is not sig-
nificantly changing, but the effect becomes limiting as filtering perform-
ance becomes even more stringent.
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Fig. 7.13. (a) Variation in filter centre wavelength (CWL) across a 1.4 mm-square
filter element; the centre wavelength variation is about 1.5 nm between the centre and
the edge of the part (and about 2.5 nm between the centre and the corner of the part).
(b) FEA of in-plane stress in the x-direction (roughly right to left) of a 40 micrometer
thick coating on a 1.4 mm-square X | mm thick substrate; only % of filter shown (re-
produced from Ockenfuss etal. [103])

Ockenfuss etal. attributed the observed variation in centre wavelength
to a non-uniform stress field in the filter element. A Finite Element Analy-
sis (FEA) of the coating-substrate system was conducted; the results are
shown in Fig. 7.13b. The film stress at the edge of the filter is relieved
through a distortion of the substrate, and the optical thickness of the film
stack becomes slightly smaller in this region. The film stress at the centre
of the filter remains high, and the optical thickness of the film stack is
slightly larger. The optical thickness difference in the filter at the centre
compared to the edge is the reason for the centre wavelength difference.
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Fig. 7.14. (a) Design (grey) and measurement (black) of 8-skip-0 filter implemented
with low-stress production process. (b) Centre wavelength variation of low-stress-
process 100 GHz filter plotted as a function of position, shown with same vertical scale
as Fig. 7.13a

The effect of stress is especially deleterious in bandsplitting coatings
owing to the large number of cavities used to achieve the required square
spectral response profile. It was demonstrated that film stress reduction can
yield significant filter performance benefits. The process involved deposit-
ing the filter, removing the filter from the substrate it was deposited on,
and re-attaching the filter to another substrate (but in a low stress condi-
tion). An 8-skip-0 filter (cf. Sect. 7.6.2) for 100 GHz channel spacing that
required 17 cavities and a total physical thickness of 94 micrometers was
demonstrated, as shown in Fig. 7.14a. The variation in centre wavelength
of a 100 GHz filter made using this process is shown in Fig. 7.14b. The
vertical scales in Fig. 7.13b and Fig. 7.14b are the same.

Prins etal. [104] reported a similar stress-induced position-dependent
centre wavelength behavior in 50 GHz and 100 GHz filters. In addition,
these authors characterized the optical wavefront transmitted and reflected
by such filters. The transmitted wavefront distortion of a 100 GHz filter
having dimensions of 1.4mmx1.4 mmXx1 mm (thick) is about 1 wave
over the beam size of their coupler when illuminated at the centre wave-
length. Filters of larger lateral dimensions have the edges further away
from the beam and thus show less transmitted wavefront distortion. Filters
of smaller thickness also have less transmitted wavefront distortion. The
thinner substrate is less stiff which reduces the stress relaxation gradients
from the centre to the edge of the filter. The reflected wavefront distortion
of a 100 GHz filter having dimensions 1.4 mm X 1.4 mm X 0.55 mm (thick-
ness) is about 1 wave over the size of the filter. Filters of greater substrate
thicknesses were observed to have less reflected wavefront distortion.
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Thus larger lateral dimensions improved the transmitted wavefront distor-
tion, while increasing substrate thickness improved the reflected wavefront
while distorting the transmitted wavefront.

Here we have given a brief review of studies on the effects of coating
stress on thin-film filter performance, but it should be clear to the reader
that this represents work in progress. For the time being, filter manufactur-
ers are meeting the stringent requirements of telecommunications applica-
tions by utilizing lower stress deposition processes and through careful
design and optimization of the filter-substrate system.

7.5 Device Packaging

To be used in an optical fibre communications system, thin-film interfer-
ence filters must be interfaced with fibres. These interfaces are known
variously as packages, couplers, bulk optic packages, micro-optic devices,
etc. Thin-film filter packaging methods have been reviewed in several
articles over the past few decades [34, 105, 106]. In this section the most
common packaging techniques are reviewed and a few recent develop-
ments briefly described.

7.5.1 Filters Deposited on Fibre Ends

Perhaps the most straightforward way to interface thin-film filters with
optical fibres is by depositing a filter directly on the end of a fibre; repre-
sentative examples of couplers employing this method are shown in
Fig. 7.15. Filters deposited on fibre ends suffer from several serious prob-
lems, including spectral degradation of the filter performance as a result of
the large range of angles incident from the fibre and the absence of the
temperature compensation mechanism described in Sect. 7.4.1. Couplers
based on direct-coated fibres were demonstrated in early multimode fibre
WDM system configurations where the very wide channel spacing reduced
the impact of such effects [107, 108].

Most filter functions of interest cannot be realized using a direct coating-
to-fibre interface. However, filter functions that have a constant transmit-
tance and/or reflectance over a wide spectral region can be satisfactorily
realized since the angle-averaging and temperature shift effects do not
change the performance. Hence HR coatings and AR coatings on the ends
of fibres are readily implemented and are widely used. The design, fabrica-
tion, and optical characterization of antireflection coatings for optical tele-
communications has been recently reviewed by Stevenson [11]. A useful
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benchmark on the performance of such coatings are the results of Uehara
etal. [109], who have reported reflectances of well under 50 dB for a four
layer AR coating over a 70 nm bandwidth from 1550 nm to 1620 nm. It is
noted that AR and HR interference coatings find many applications in tele-
communications beyond coatings on fibres; for example, as the high reflec-
tion and output coupler mirrors in semiconductor lasers.
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Fig. 7.15. Configurations employing thin films deposited on fibre ends: (a) after [107];
(b) after [108]

7.5.2 Three-port Couplers and Related Lens-based Couplers

The divergence of light from a fibre usually necessitates the use of lenses
to collimate the light in devices that use thin-film filters. A convenient
arrangement for performing this function is shown in Fig. 7.8 (in
Sect. 7.2.4). Light shown emerging from the common fibre is collimated
by a first lens and interacts with the thin-film filter. Light transmitted by
the filter is then coupled into the T fibre by another lens, while light re-
flected by the filter is coupled into the R fibre. As shown, the device acts to
separate two incoming spectral bands, that is, it functions as a demulti-
plexer (DEMUX). The device is reciprocal in that the direction of the ar-
rows may be reversed. In the reversed arrangement the device acts to com-
bine two spectral bands, and the device behaves as a multiplexer (MUX).
When the angle of incidence is small, a single lens usually replaces the
lenses for the common and reflection ports. A device of this type may be
implemented using GRIN lenses, as shown in Fig. 7.16. An early realiza-
tion of such a device was reported by Sugimoto etal. [110]; these authors
deposited the interference coating directly onto one of the GRIN lenses,
and the second GRIN lens was cemented onto the other side of the coating.
In modern implementations the filter is frequently deposited on a separate
substrate and positioned between the lenses. The device may be tuned in
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Fig. 7.16. GRIN-lens-based three-port coupler

wavelength by changing the separation of the Common Port and R port
fibres and moving the T port fibre appropriately. This has the effect of
changing the angle of incidence of light on the filter, thereby changing the
centre wavelength [35].

GRIN lenses are convenient for the construction of interference-filter-
based devices, but other lens types have been employed for this application
as well. Nicia [111] compared GRIN-rod, ball, and plano-convex rod
lenses and found that the expected losses in micro-optic applications are
similar. Ball-lenses have been used in the design and demonstration of
200 GHz and 100 GHz add-drop MUXs [112]. Whichever lens type is em-
ployed, the device has high symmetry about the central axis of the coupler,
and is sometimes referred to as a cylindrically-symmetric coupler. Since
the most common version employs three ports, the device is frequently
called a three-port coupler.

The approach outlined above and shown in Fig. 7.16 is the dominant
method for packaging thin-film filters today. A significant reason for this
dominance is that the approach has been proven reliable, and is readily
available from a number of manufacturers. Devices which multiplex or
demultiplex a large number of channels may be constructed through the
concatenation of three-port cylindrically-symmetric couplers, as described
in Sect. 7.6.

Variations of the basic device include the introduction of additional
ports and the incorporation of multiple filters in the structure. For example,
Wagner [113] describes a single GRIN lens device with up to 4 filters and
5 ports, as shown in Fig. 7.17.

1 2 Thin Film Filters
Common @ ——
5 12

4 Thin Film Filters

® =

Fig. 7.17. Device using one GRIN lens incorporating up to 4 filters and 5 ports, as
described by Wagner [113]. (a) three-port version; (b) five-port version




318 7 Dielectric Multilayer Filters

7.5.3 Zigzag Devices

The devices described in the preceding paragraphs operate by surrounding
a filter with lenses, so that for every reflection or transmission operation the
beam is coupled out of and back into a fibre. This construction suffers from
the inherent loss associated with the many coupling operations, as well as
the cost incurred because of the numerous lenses employed. A device that
reduces the effect of coupling losses was proposed by Nosu etal. [114], and
is shown in Fig. 7.18. The device was used to demultiplex 6 channels
spaced about 40 nm apart in the 725 nm—920 nm wavelength region. These
devices are sometimes referred to as block-type devices as the interference
filters are mounted to an optical block, or alternately as zigzag devices be-
cause of the path of the beam within the block. The zigzag geometry was
implemented in the 1550 nm band in the mid-1990s [16], and the construc-
tion of a 16 channel device of this type has been reported [115].

Zigzag type devices have also been demonstrated for the implementa-
tion of CWDM in local area network (LAN) data links. A device imple-
mented in a polymer waveguide was used to realize a 4 channel LAN
DEMUX in the 850 nm wavelength band [116]. Such a device was subse-
quently implemented in injection-molded plastic to realize a 4 channel
DEMUX in the 1310 nm band. Filtering was achieved using four interfer-
ence filters which were deposited on 400 micrometer X 500 micrometer
glass substrates and glued into the device [117, 118]. Recently a 250 Gbit/s
parallel/CWDM optical interconnect has been demonstrated that employs
MUXs and DEMUXSs in an optically-transparent semiconductor material;
the system employs 48 channels operating over 12fibres with 4 wave-
lengths per fibre [119].

A disadvantage of the zigzag device architecture is that the beam is con-
tinually expanding as it propagates within the block. Thus, unless couplers

Fig. 7.18. Block or zigzag device, after Nosu etal. [114]
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optimized for slightly different beam parameters are used at each point in
the device, channel losses depend on the drop position. A method for allevi-
ating this problem was introduced by Honda etal. [120]. In the proposed
arrangement, filters on a slightly curved surface are employed to continu-
ously slightly refocus the beam as it propagates within the block so that it
maintains more or less a constant beam diameter. As described in
Sect. 7.4.2, stress induces curvature in thin-film filters anyway, and the
amount and direction of curvature may be engineered to make this device
realizable.

7.5.4 Other Devices

Most commonly-used devices that incorporate interference filters fit into
the two categories described above. A device that does not is based on
a stacked assembly of interference filters and an array of diffractive optical
elements (DOEs), as shown in Fig. 7.19 [121, 122]. The DOEs are lenses
which serve to couple light in and out of the fibre ports. After collimation,
light from the common port is directed to the correct port by one of the
three interference filters or the mirror. The device described was used to
multiplex four wavelengths (1280, 1300, 1320, 1340nm) into an output
fibre. The performance of the prototype device was not very good in that
the IL from the common port to each of the other ports was high — in the

Port 1 Input (All As)

Port 2 1340 nm

Port 3 1320 nm

Tt
AA DOEs
[/

Port 4 1300 nm
SWP Filter
/ Port5 1280 nm
\/ / SWP Filter
\/ SWP Filter
Mirror

Fig. 7.19. Structure of device reported by Okabe and Sasaki [121, 122]. Figure is sche-
matic, SWP: short wave pass; the actual angle of incidence on the filters was reported
to be 5°
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range of 4 to 5dB — and the isolation between some of the channels was
poor — approximately 10dB. The poor performance appeared to be attrib-
utable to the IL of the DOE lenses in combination with the imperfect paral-
lelism of the interference filter substrates.

7.5.5 Device Reliability

A variety of device packaging technologies have been applied to interfer-
ence filters. These packaging technologies are also used for the manufac-
ture of isolators, circulators, and other bulk optic devices. In such devices
epoxies are widely used to secure components to each other. Over the
years manufacturers have optimized processes that generally reduce the
variation in such processes, for example, by increased precision of epoxy
bond line dimensions. Epoxy is now rarely used in the optical path of
a micro-optic device. Solder and laser welding technologies are often em-
ployed to thin-film device packaging.

Thin-film interference filters hold up well in adverse environments, and
hermetically-sealed packages are not a requirement (though they are occa-
sionally employed). Robust fibre optic devices incorporating interference
filters are widely available. A number of manufacturers supply devices that
meet or exceed the Telcordia 1209-GR-CORE [123] and 1221-CORE
[124] requirements. For example, JDSU supplies a laser-welded package
that has been demonstrated to exceed the requirements of Telcordia
GR-1221-CORE. The design of components which meet reliability re-
quirements has been the subject of several papers in the past few years
[125,126].

7.6 Applications

Thin-film filters are used for a wide range of applications. It is beyond the
scope of this chapter to cover all of them. The focus in this section is on the
most important applications in which thin-film filters have played a signifi-
cant and enabling role. Noteworthy examples that are not included are
pump WDMs for optical amplifiers and telemetry / supervisory add/drop
filters. Specifications for these devices may be found on the web sites of
JDSU and other component suppliers.

This section contains tables of specifications of commercially available
products. The tables were reduced to key specifications for briefness and to
omit redundant information.
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7.6.1 DWDM Single Channel Couplers

The single channel coupler is a fundamental building block of many WDM
systems. The usual implementation uses the three-port coupler as de-
scribed in Sect. 7.5.2. Used as a DEMUX, a spectrum of channels enters
the input port. The internal thin-film filter directs one channel to the
transmitted output port and all other channels to the reflected output port.
The device is reciprocal, and may be used as a MUX by reversing the di-
rection of the light. Figure 7.20 shows a three-port coupler. Typical dimen-
sions for a coupler are 5 to 6 mm in diameter and 30 to 40 mm length.

A straight forward way to create a multiple channel DEMUX is to con-
catenate a series of couplers as shown in Fig. 7.21. The architecture can be
used in reverse to implement a MUX module.

Fig. 7.20. DWDM single channel three-port coupler (courtesy of JDSU)

Common In M
Az
As
Express Out ha

Fig. 7.21. Four channel DEMUX based on cascaded thin-film filter couplers. The
Express Out port contains any portion of the input spectrum that has not been dropped
by preceding couplers

By far the most widely deployed thin-film based single channel couplers
have been for 200 and 100 GHz channel spacing. Manufacturers usually
offer a standard product, but can tailor the performance to the specific cus-
tomer requirement e. g. for higher isolation or lower CD. Table 7.2 lists
specifications for a commercially available standard 100 GHz coupler and
the low CD version.
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Table 7.2. Key specifications of standard and low CD 100 GHz coupler (courtesy of

JDSU)
Parameter Standard Low CD
Wavelength range C and L band ITU channels
Passband width (@-0.5 dB) min *12.5GHz +14.1 GHz
Transmission passband ripple max 0.4dB 0.3dB
Reflection passband ripple max 0.2dB 0.2dB
Transmission IL max L1.1dB 1.1dB
Reflection IL max 0.4dB 0.4dB
Transmission isolation min 25dB 25dB
(adjacent channel)
Transmission isolation min  50dB 50dB
(non-adjacent channel)
Reflection isolation min 12dB 16dB
Transmission CD max 464 ps/nm 17 ps/nm
Reflection CD max 17.5ps/nm 17 ps/nm
Directivity min 45dB 45dB
Return loss min 45dB 50dB
PDL max 0.2dB 0.1dB
PMD max 0.2ps 0.1ps
Optical power handling max 1IW 1W
Operating temperature range -5t075°C —5t075°C

7.6.2 Band Splitting Couplers

Couplers that separate a band of two or more adjacent channels from
a fibre optic stream are often referred to as band splitting, wave band, or
wideband couplers. They can be used in the same way as single channel
couplers, but all operations are performed for a band of channels. Two
examples of band splitting filters are illustrated in Fig. 7.22. A 4-skip-1
filter as shown in Fig. 7.22a transmits 4 channels and achieves isolation
between the transmitted and reflected channels by skipping one channel.
The 4-skip-0 filter in Fig. 7.22b also transmits 4 channels, but does not
skip any channel. The latter filter has higher performance, but is more dif-
ficult to manufacture due to the extreme edge steepness requirements.



7.6 Applications 323

(a) (b)

4-skip-1 coupler 4-skip-0 coupler

Fig. 7.22. Conceptual filter performance of (a) 4-skip-1 and (b) 4-skip-0 coupler

Band splitting couplers are often combined with single channel couplers
in the architecture of MUX or DEMUX modules for higher channel count
systems. Figure 7.23 shows two 40channel DEMUX architectures. Fig-
ure 7.23a is a cascade of 40single channel bandpass couplers. The first
channel is transmitted without any reflection, the last channel after 39 re-
flections. That could lead to a filt in IL from the first to the last channel
due to losses incurred in each reflection operation. Figure 7.23b employs
five band splitting 8-skip-0 filters. That reduces the maximum number of
reflections and thus minimizes the variation in IL between the 40 channels.

Skipping channels is undesirable, as it may have the effect of reducing
the available communication bandwidth. This has driven the development
of filters with steeper slopes to skip only one or in the best case no chan-
nel. Table 7.3 lists three specifications for commercially available band
splitting couplers on the 100 GHz ITU grid.

(a) 8.5kin.0 (b)
Common In Common In 7SKIP-

Aq Aq

Ay Ay

< .,

Ag3

A

A T,

Express out Express out

Fig. 7.23. 40 channel DEMUX based on (a) cascaded thin-film filter couplers and
(b) employing five 8-skip-0 bandsplitting filters together with single channel filters
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Table 7.3. Key specifications for three commercially available 100 GHz band splitting
couplers (courtesy of JDSU)

Parameter 4-Skip-0 8-Skip-2 20-Skip-4
Passband width min  +162.5GHz +387.5GHz +987.5GHz
Passband ripple max 0.3dB 0.25dB 0.2dB

IL (transmission) max 1.2dB 0.8dB 1.0dB

IL (reflection) max (0.6dB 0.4dB 0.6dB
Isolation (adjacent band) min 25dB 20dB 25dB
Isolation (reflection) min 12dB 15dB 15dB
Directivity min  50dB 50dB 50dB
Return loss min 45dB 45dB 45dB
PDL max 0.2dB 0.1dB 0.15dB
Polarisation mode disper-

sion max 0.7ps 0.1ps 0.15ps
CD (Tx) max +50ps/nm +5ps/nm +3 ps/nm
CD (Rx) max +30ps/nm +5 ps/nm +2 ps/nm

For 100 GHz channel spacing DEMUX modules are typically offered
for 4, 8, 16, and 40 channels. The specifications for individual channels of
MUX/DEMUX devices are similar to the single coupler specification
(Table 7.2), but maximum IL typically drops to 3 to 7dB depending on
channel count. An example for a 40 channel DEMUX spectrum is shown

in Fig. 7.24.

il

20 +

Insertion Loss (dB)

25 +

30 +

35 +

40

1530

1535 1540

1545 1550

Wavelength (nm)

1555

1560 1565

Fig. 7.24. Sample spectrum of a 40-channel DEMUX based on the 100 GHz ITU grid,

circa year 2000



7.6 Applications 325

Most modules provide an express port that contains the remaining spec-
trum of channels that have not been dropped. That allows for modular fu-
ture upgrades. This pay as you grow option is an advantage in many cases
allowing service providers to initiate service with modest capacity at initial
modest capital cost, then increasing capacity by adding additional channels
when needed.

7.6.3 DWDM Add/Drop Modules

Add/drop modules drop one or multiple channels at a node and add new
signals on these channels. All other channels pass through unchanged.
Modules commonly integrate 2 three-port couplers as shown in Fig. 7.25.

Integrated modules are available from the major component manufac-
turers. A specification for a single channel 100 GHz add/drop module is
given in Table 7.4.

Common In E: Drop
Common Out Add
Fig. 7.25. Add/drop module built from 2 three-port couplers

Table 7.4. Key specifications for single channel 100 GHz add/drop (courtesy of JDSU)

Parameter Specification

Wavelength range C or L band ITU channels 186.6 to
196.1 THz

Passband min  +12.5GHz (=+0.10 nm)

Passband ripple max 0.35dB

Drop IL' max 1.1dB

Express IL' max 0.9dB

AddIL'! max 1.1dB

Drop isolation min 25dB

(adjacent channel)

Drop Isolation min 50dB

(non-adjacent channel)

Express isolation min 30dB

Directivity min  50dB

Return loss min 45dB

PDL max 0.2dB

Polarisation mode dispersion max 0.15ps

! Losses include one connector. If no connector option is selected, the maximum loss
should be 0.2 dB lower.
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7.6.4 CWDM and FTTX Modules

CWDM is used for short distance transmission in the Metro/Access mar-
ket, where cost is a key consideration. A relatively wide channel spacing is
employed so that low-cost uncooled lasers may be used. The channel spac-
ing is typically 20nm with 15 nm wide passbands (cf. Appendix, A.1.2).
Modules for 4 to 8 channels are standard from telecommunication compa-
nies. Table 7.5 lists a typical CWDM module specification.

Table 7.5. Key specifications for four and eight channel CWDM modules (courtesy

of JDSU)

Parameter

4 Channel 8 Channel

Operating wavelength range

Wavelength centres
(ITU wavelengths)

Wavelength centres
(ITU+1 wavelengths)
Passband
Passband ripple
I
DEMUX module
MUX module
Isolation (adjacent channel)
DEMUX module
MUX module
Isolation (non-adjacent channel)
DEMUX module
MUX module
Directivity
Return loss
PDL
Polarisation mode dispersion
Operating temperature range
Fibre type

min
max

max
max

min
min

min
min
min
min
max
max

1300 to 1620 nm

1470, 1490, 1510, 1530, 1550, 1570,
1590, 1610 nm
1471, 1491, 1511, 1531, 1551, 1571,
1591, 1611 nm
A.£6.5nm
0.35dB

2.0dB
1.7dB

3.2dB
2.9dB

30dB
15dB

50dB
15dB
50dB
45dB
0.2dB
0.2ps
—40 to 75°C
SME-28 or equivalent

1 . . . .
Losses include one connector. If no connector option is selected, the maximum loss

should be 0.2 dB lower.

Fibre to the something (such as home, premises, building, business,
curb, or node) is commonly abbreviated as FTTX. FITX systems utilize
two or three bands, centred at 1310, 1490, and 1550nm [127, see also
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Appendix, A.2]. The 1310 nm band is used for data from the user to the
network. The other bands are for data or video to the user.
MUX/DEMUX components can be employed as discussed in section
7.6.2. However, specific low cost FTTX device architectures are also in
use which integrate filters, receivers, and transmitters.

7.6.5 Gain-flattening Couplers

Thin-film filter technology dominates the important application of gain-
equalization in optical amplifiers. First employed in the mid 1990s, a com-
mon implementation used two or three filters to provide the correct equaliza-
tion function for EDFAs [16]. By 2000 single element GFFs were available
[17] and being deployed. An example of a GFF spectrum was shown
inFig. 7.4. For a given requirement, the error function achievable depends
largely on the maximum excursion in the loss profile, but also on the precise
shape profile requirement of the filter. Minimizing spectral changes with
temperature in GFFs is very important. In many cases commercially avail-
able GFFs reduce the gain excursion to 5% of the uncompensated gain
spectrum under all operating conditions. E. g. a filter with 6 dB excursion
may be equalized to below 0.3 dB excursion. Table 7.6 shows a typical speci-
fication for a GFF component.

Table 7.6. Key specifications for GFF coupler (courtesy of JDSU)

Parameter Performance

Wavelength C, L, or S band or customer speci-
fied

IL error function 0.2 to 0.8 dB typical

(peak to peak)

PDL 0.1 dB maximum

PMD 0.1 ps maximum

Optical power handling 0.5 W standard
2 W high power GFF

Operating temperature range -5 to 75°C

7.6.6 Tuneable Graded Filters

Tuneable filters are needed in DWDM systems for wavelength monitoring,
re-configurable add/drops, variable attenuation, and other applications.
Several approaches have been implemented to tune a conventional thin-film
filter, typically through angle-of-incidence or thermal effects. In addition,
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Fig. 7.26. Tuneable filter assembly (courtesy of JDSU)

graded thin-film filters have been developed, which are only used for tune-
able filtering. This section briefly discusses approaches to tuning a conven-
tional thin-film filter and then focuses on the tuneable graded filter.

Prior sections have detailed engineering efforts to make thin-film filters
stable over their lifetime. For a tuneable device, the filter can be designed
to enhance a sensitivity to environmental conditions, notably temperature
or angle. For example, changing the cavity material in a multicavity filter
can lead to temperature tuning coefficients of more than 100 pm/°C [128];
this approach has been used to build a filter than can tune over the entire
C-band. Alternatively, a filter with low-index cavities will be very sensi-
tive to angle of incidence variations; a single-cavity air-gap etalon can
tune over the entire C-band with a change in angle of around 15°. Each
of these approaches requires considerable optimization; the thermally-
tuned filter must operate reliably over tens or hundreds of degrees of
temperature, while the angle-tuned filter must operate without significant
polarisation splitting or degradation.

Tuneable graded filters are employed in a different approach to tuneabil-
ity. A tuneable graded filter employs a thin-film filter which possesses
a varying spectral response with position. These filters are deposited with
controlled gradients in thickness or optical properties across their surface.
A mechanism moves the filter mechanically relative to the beam path thus
tuning the response of the device. Figure 7.26 shows an example of such
a device where the filter is moved by an internal stepper motor.

If the filter response varies smoothly with location, a gradient in re-
sponse is present in the expanded beam path. The smaller the physical
dimension of the filter and the wider the spectral range, the larger is the
gradient. The beam size, the angle of incidence, the gradient, and the actual
filter design all influence the spectral performance of the device.
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Table 7.7. Key specifications for tunable 50 GHz module (courtesy of JDSU)

Parameter Performance
Optimized wavelength range 1525 to 1570 or 1565 to 1610 nm
Bandwidth (@-0.5dB) typical 15GHz
Bandwidth (@-1 dB) min 20 GHz
Bandwidth (@-3 dB) typical 35GHz
Bandwidth (@-20 dB) max 84 GHz
Out of band rejection min -40dB
IL (over all conditions) max 3.0dB
PDL max 0.3dB
PMD max 0.2ps
CD +50 ps/nm
Frequency setting accuracy max +4GHz
typical =3 GHz
Max power handling max 23 dBm (all channels)
Return loss min 40dB
Tuning speed 5000 ms
Operating temperature range -5to0 70°C

Devices in the field today include single and multi-cavity 50, 100, and
200 GHz filters that are tuneable over the C or the L bands. A device speci-
fication for a multi-cavity 50 GHz filter is shown in Table 7.7.

A similar device is offered in which the filter is a graded neutral density
filter. The device functions as an optical attenuator.

7.6.7 Filters for Wavelength-locking of Lasers

Thin-film filters are used to lock the wavelengths of lasers. The DFB
lasers used as the light sources in most DWDM systems exhibit a long
term shift in wavelength with time of about 0.01 nm/year [129, 130].
DWDM systems with channel spacings of 100 GHz or 0.8 nm cannot
tolerate this magnitude of drift if the lifetime of the system is to be
20years or more. Thus, a means of stabilizing the wavelength is required.
Devices that provide the feedback are usually called laser wavelength
lockers or laser wavelength controllers. Several means for controlling the
centre wavelength of the laser can be chosen: current control or tempera-
ture control. Temperature control is normally chosen as it affects other
laser properties the least. A means of providing feedback for the control
loop is needed, and a number of filtering technologies have been applied
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to this application including Fabry—Perot etalons (Chapter 6). Two meth-
ods that employ interference filters are described below.

Villeneuve etal. [131, 132] describe a wavelength locker that may be
employed in a separate package or within a laser package to stabilize the
wavelength of a laser. A single interference filter is employed at angle in
the device, and detectors behind the filter capture light which has been
transmitted through the filter at different angles. As a result, the peak
transmission for the two detectors occurs at different wavelengths. By
comparing the signal levels of the two detectors, an error signal can be
generated and used to control the temperature and wavelength of the laser.
The scheme is shown in Fig. 7.27.

Munks etal. [133] describe another arrangement which employs two in-
terference filters to perform a laser wavelength-locking function. A signal
tapped from the laser to be controlled is split into two beams, and before
being detected each of the two beams is filtered by filters having different
spectral responses. The filters may be narrow bandpass filters, chosen so
that the bandpass of one is centred at a wavelength lower than the desired
laser wavelength set-point, while the other is centred at a higher wave-
length. The power captured by the corresponding detectors is processed to
provide an error signal. One example is to divide one of the detector out-
puts by the sum of the detector outputs.

Feedback loop

Interference
filter

Optional Mount

Lens, T

Amplifier

Laser

\ Detectors

Fig. 7.27. Wavelength-locking scheme employing a single interference filter and two
detectors that receive light that is transmitted through the filter at different angles of
incidence (after [132])

The most critical specification for a laser wavelength-locking device
is its own stability of the centre wavelength over the operating tempera-
ture, polarisation, and over the lifetime of the device. A common require-
ment is a centre wavelength stability of £0.02 nm or better over 20 years
[134,135].
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7.7 Recent Developments in Thin Films

The previous sections of this chapter have focused on telecommunications
applications where thin-film-based devices have evolved to a high level of
maturity and near-universal availability. This section discusses more recent
developments that may prove bellwethers of future trends. In particular,
two exciting developments in recent years have been the demonstration of
actively tuned filters and the use of photonic crystal theory as a driver of
thin-film applications.

Until recently, tuned or switched filters in telecommunications networks
have been tuned mechanically, as in Sect. 7.6.6. Filters which are tuned
without moving parts have recently been demonstrated. As an example,
DWDM filters with switchable or tuneable passbands were recently fabri-
cated by depositing a multicavity filter with strong temperature sensitivity
directly atop a thin-film heater [128]. For a comprehensive review of this
and other so-called active filters, see the review by Lequime [136].

A second development of note has been the influence of photonic crys-
tal theory on thin-film design. Thin-film filters can be understood as a one-
dimensional photonic crystal, and this yields a number of useful insights,
including analogies between beam steering [137] and prism effects [138]
and between thin-film reflectors [139,140] and bandgap metamaterials
[141,142]. Prism-like phenomena, coupled with the walkoff effects of
Sect. 7.2.5, have led to demonstrations of wavelength DEMUXs which
work by spatially separating multiple channels simultaneously [143—-145].
Bandgap metamaterials have led to the development of hollow waveguides
which carry light at exotic wavelengths [146, 147].

7.8 Conclusions and Outlook

Dielectric multilayer filters are widely deployed in modern fibre optic net-
works. AR coatings, HR coatings, output couplers, and wavelength stabili-
zation filters are integral parts of laser sources. GFFs are key components
in most optical amplifiers. WDM bandpass and edge filters enable MUX,
DEMUX, and add/drop modules. Besides these main applications of thin-
film filters, many more exist in the modern network, including filters for
supervisory channel monitoring, dispersion management, and switching.
The success of thin-film filters is due in large part to the maturity and
versatility of the design and fabrication technologies. Processes exist to
manufacture dense, robust coatings which do not require thermal compen-
sation or hermetic packaging. Effects which limit thin-film performance,
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including film stress, beam shift, and CD are well-understood; trade-offs
are available and part of the design process. Thin-film technology has been
adapted to meet a wide range of design and application environments,
from high isolation bandpass couplers in a submarine environment to
press-fit filters in injection-molded FTTx modules. Filters can be produced
in large volumes, at low cost, or customized for a specific application and
prototyped in a matter of days.

Given the flexibility in design, the ability for rapid prototyping, the ease
of scaling to high volume, and continued improvements in fabrication
processes, thin-film filters are expected to remain one of the key technolo-
gies used in fibre optic networks.
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8 Ring-Resonator-Based Wavelength Filters

Douwe H. Geuzebroek and Alfred Driessen

8.1 Introduction

Microring resonators (MR) represent a class of filters with characteristics
very similar to those of Fabry—Perot filters. However, they offer the advan-
tage that the injected and reflected signals are separated in individual
waveguides, and in addition, their design does not require any facets or grat-
ings and is thus particularly simple. MRs evolved from the fields of fibre
optic ring resonators and micron scale droplets [1-4]. Their inherently small
size (with typical diameters in the range between several to tens of micro-
metres), their filter characteristics, and their potential for being used in com-
plex and flexible configurations make these devices particularly attractive
for integrated optics or VLSI photonics applications [5-10].

MRs for filter applications, delay lines, as add/drop multiplexers, and
modulators will be covered in detail in this chapter, while other applica-
tions such as in optical sensing, in spectroscopy or for coherent light gen-
eration (MR lasers) are outside the scope of this chapter.

This chapter focuses primarily on 4-port microrings, while 2-port de-
vices will play a minor role here and are covered in more detail in Chap. 9.
The present chapter starts with design considerations, the functional be-
haviour, and key characteristics of a single microring resonator and con-
tinues with the design of cascaded MRs allowing the implementation of
higher order filters. Finally, complex devices like add-drop filters, tuneable
dispersion compensators, all-optical wavelength converters, and tuneable
cross-connects are treated.
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8.2 Fundamentals of Microring Resonators

8.2.1 General Considerations

The fundamental building blocks of microring-based devices are a micro-
ring plus one or two waveguides. In the former case this leads to two-port
devices which act as all-pass filters and introduce a wavelength-dependent
phase shift only (lossless case). This property is exploited for the realiza-
tion of dispersion compensators and will be illustrated in Sect. 8.6.5.

On the other hand, a microring resonator consisting of a ring plus two
straight waveguides represents a 4-port structure, as illustrated in Fig. 8.1.

The ring (radius R) and the port waveguides are evanescently coupled
and a fraction x; of the incoming field is transferred to the ring. When the
optical path-length of a roundtrip is a multiple of the effective wavelength,
constructive interference occurs and light is ‘built up’ inside the ring: the
MR is ON resonance. As a consequence, periodic fringes appear in the
wavelength response at the output ports as shown in Fig. 8.2. At resonance
the drop port shows maximum transmission since a fraction &; of the built-
up field inside the ring is coupled to this port. In the through port the ring
exhibits a minimum at resonance. In the ideal case with equal coupling
constants at resonance all the power is directed to the drop port. Light cou-
pled back to the through port after a roundtrip experiences an additional
180° phase shift with respect to the light coming directly from the in port,
and as a consequence no light exits from the through port at resonance.

Before coming to a more detailed description of MRs it is worthwhile to
introduce a number of key parameters of MRs.

Iin — through

Fig. 8.1. Schematic drawing of a 4-port microring resonator (left) and SEM picture
(right) with in- and output port waveguides
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Fig. 8.2. Simulated response of a MR for the through- (black) and drop port (grey).
Also shown is the Free Spectral Range, the distance between two consecutive fringes.
At the right simulated fields of the MR are given; top: ON resonance, Bottom: OFF
resonance

The difference in position between two consecutive resonant peaks, see
Fig. 8.2, is called the Free Spectral Range and can be defined either in the
frequency or wavelength domain (FSR, or FSR;, respectively):

2
FSR, =Af =—S— | FSR,=Ad=—2 8.1)
' n,27R n,27R
The group index n, is defined as [9]
dn,, dn,,
n,=n,(fo)+fo—— =n,zA)+A—+ (8.2)
' df ; dA A

Other parameters are: n,4 s the effective refractive index, R the radius of
the ring, ¢ the speed of light in vacuum, and f, is defined by
Jio = fo £AF /2, with f; and f> two consecutive resonance frequencies.

Another important parameter of the MR is the Full-Width at Half-Maxi-
mum (FWHM) or 3-dB bandwidth, which is a measure for the bandwidth
of the device. A quality measure of the microring is the Finesse F which is
the ratio between the FSR and the 3-dB bandwidth [11]

__FSR__ m(X,X,)"
FWHM 1-(Xx,X,)" (8.3)

Xi — [(1_’(;2)eL,.05
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with o being the losses per length inside the ring and L, the length of the
optical path in the ring. High finesse devices have a small FWHM and
a strong intensity build-up in the ring when in resonance. Therefore high F
devices are suitable for applications where high intensities in the cavity are
necessary like lasers or non-linear optical (NLO) devices. Instead of the
finesse, the quality factor Q can also be used as an absolute measure for
the wavelength selectivity of the microring resonator according to:

Q=w0/Apy, = A Ay (8.4)

where A@pwyy and AApyyy are the 3-dB bandwidths in the frequency and
wavelength domain, respectively.

The speed of high bit rate communication is limited by the bandwidth of
the optical filters. As this bandwidth in high finesse MR devices is becom-
ing increasingly small, only medium finesse devices (F~10-20) with
relative large coupling constants (x~0.4—0.6) are employed. The FWHM
is determined by the coupling constants and the loss inside the ring accord-

ing to [12, 13]:
X X
FWHM , = — { ! 2] (8.5)

27ZRng i X X,

8.2.2 Bent Waveguides

Bent waveguides exhibit radiation losses which -for a given confinement
of the guided wave- increase as the bend radius decreases. On the other
hand, for a given bend radius, the bending losses decrease as the confine-
ment of the guided wave gets stronger, or alternatively spoken, the bending
losses decrease as the (effective) index contrast between the ring and its
surrounding/substrate increases. In the following we will focus on high
index contrast rings (An>0.1) since this is a prerequisite for small foot-
print devices offering the required integration potential. An is the differ-
ence of the effective indices of the ring waveguide and its surrounding,
respectively.

In relation to the index contrast the term ‘minimum bend radius’ is used
to define the lowest acceptable (technology-dependent!) radius keeping the
bend losses sufficiently low. ‘Sufficiently low’ is dependent of the applica-
tion and also related to the coupling fractions as this chapter will show.
Typically one designs for a bending loss below 1dB per 360° roundtrip.
The minimum bend radius as a function of effective index contrast is illus-
trated in Fig. 8.3. As can be seen, a high index contrast enables extremely
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Fig. 8.3. Minimum bending radius (<1dB/360° as a function of effective index
difference

small dimensions and thus compact structures, but at the same time puts
severe challenges to the fabrication technology. In addition, the stronger
the confinement and the smaller the ring dimensions the more polarisation-
related issues become important as will be discussed in the next section.

8.2.3 Polarisation Dependence

Polarisation dependence is primarily determined by the waveguide charac-
teristics (refractive index contrast, geometry [14]). However, even if
a chosen geometry would exhibit low birefringence in a straight waveguide
(i. e. the propagation constants for TE- and TM-polarised light are approxi-
mately the same), this is normally no longer true in bends or rings with
small radii. In that case, the modes are no longer pure TE- or TM-like, the
resonance wavelengths become polarisation dependent, and even polarisa-
tion conversion can occur [15-18].

If pure TE- and TM-like modes with equal coupling constants are as-
sumed, the difference in resonance wavelength of the modes propagating
inside the ring is

g = M = Megow)

(8.6)
N
with n.47e and n.zry being the effective indices of the TE- and TM-mode
inside the ring.

In general, in addition to the propagation constants, the coupling con-
stants between the ring and waveguides are also different for TE- and TM-

polarisation. Nevertheless, polarisation independence can in principle be
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achieved by carefully balancing material- and geometry-dependent effects
[19]. In reality this is restricted to material with low index contrast [20, 21],
and it requires the potential to keep technological tolerances extremely
tight. An alternative, although more complex, solution is polarisation diver-
sity [22].

8.3 Design of Single Microrings

8.3.1 Evaluation of Parameters

One frequently chosen way of modelling the response of a single MR is
the use of a scattering matrix [23, 24] as illustrated in Fig. 8.4.

J .2
O, «— — |, K,
[S] 0 o
|, — — O, 2 « !

Fig. 8.4. Scattering matrix model of a microring resonator

This approach does not include polarisation effects, but it is sufficient in
many cases for the derivation of fundamental design parameters for differ-
ent material systems such as III-V semiconductors or silicon oxi-nitride
(SiON) for example. We will present this approach in more detail in the
following as it illustrates relevant device characteristics and fundamental
dependencies. As long as the MRs under consideration exhibit polarisation
dependent characteristics without TE-TM mode conversion (cf. Sect. 8.2.),
one may design MRs for polarisation diversity, while a significantly more
sophisticated treatment is needed if TE- and TM-modes are no longer good
eigenstates.

In the scattering matrix model the MR is modelled as two couplers
which couple a fraction k; or k; over to the cross port, and two delays
¢; and ¢, in-between as shown in Fig. 8.4. The optical fields in the inputs
and outputs of the ring are related as follows:

[01} |:Sll 512}{11}
= (8.7)
02 S21 S22 || I2
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where u,, =,/1—Kfz, o, is the loss per roundtrip, Aw =, —w, with
c

) m being the resonance frequency, while m is the resonance

- 27T Rn
8
number. The delays ¢; and @, are related to the frequency and the optical

a)LoptI 2

path—lengthS Lopt1,2 by ¢1,2 =

, and they are not necessarily identical

to each other. The place of the couplers does not matter as long as the total
roundtrip phase is the same.

By use of this model one can extract values for the coupling constants
from the desired functional behaviour and a given loss and radius. For
example, in order to have as much power in the drop port as possible the
two coupling constants must be the same [12]. In this case the device is
said to be symmetric and has the lowest possible insertion loss in the drop
port. Different parameters are found when optimizing the extinction ratio
between the drop and through port. In that case the MR must be critically
coupled [25], that means y; = 16 ¢,. Under this condition all power is ex-
tracted from the through-port leading to the highest possible extinction
ratio.

With the scattering matrix model, the influence of the loss parameter
on the MR response can be determined as well. Parameters such as filter-
ing bandwidth, insertion loss, crosstalk, and channel separation can be
determined in this way. Three corresponding examples are given in
Figs. 8.5 to 8.7.
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Fig. 8.5. Bandwidth of a MR as a function of coupling constant k;

Figure 8.5 shows the 3-dB bandwidth of a microring-based filter with
50 um radius, as given by (8.5), as a function of the coupling constant x;.
The bandwidth increases as the coupling ratio gets higher. The effect of
asymmetry in coupling is also shown in the figure by the lines with a fixed
x;. Losses do not have a large impact on the bandwidth. Only for the lower
coupling constants a difference can be seen. This figure focuses on band-
width only, and one might conclude that having & fixed to 0.9 is favour-
able since it assures high bandwidths over a wide range of x;. But when
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Fig. 8.6. Insertion loss for signals sent to the drop port as function of the coupling
constant x; for a MR on resonance
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looking at the insertion loss, which is another relevant parameter, this con-
clusion turns out to be premature as can be seen in Fig. 8.6.

Figure 8.6 shows the insertion loss in the drop port of a microring reso-
nator as a function of the coupling constant x; for the MR on resonance.
The insertion loss (IL) can be calculated according to [11, 12]:

’(.lee—Zﬂ'R (89)

(1)

A symmetric lossless device has no insertion loss as can be seen from
the solid line in Fig. 8.6. When the ring exhibits losses, the insertion loss
increases, especially at lower coupling constants. The insertion loss does
also increase with rising asymmetry of the coupling constants. Thus in
order to get low insertion loss devices with bandwidths exceeding 10 GHz,
the ring must be designed symmetrically with coupling constants
above 0.4.

In order to get maximum field inside the cavity, as required for example
for all-optical switching, totally different specifications are derived. In this
case the coupling constants must be in the order of 0.1 as is described in
[26] and as can be seen in Fig. 8.7. The intra-cavity power (P.,) has
a maximum when the coupling constant is symmetric and relatively small

(around 0.1).
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coupling for a ring with radius R =50 um
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The scattering matrix model has proven to be a good tool to design sin-
gle microring resonators, whatever the application-specific demands are.
Furthermore, this model allows for extracting ‘experimental’ parameters
by fitting the model to measured data, and the scattering matrix model is
also applicable to more complex devices. In particular, cascading more
than one ring can simply be expressed by matrix multiplication (cf.
Sect. 8.6).

A design parameter of high relevance is the microring radius R. Via the
round trip path length the FSR (8.1) and the finesse (8.3) are radius de-
pendent, and R affects the finesse by the round trip losses as well. For tele-
com applications in the 1.5um wavelength range the FSR should be
>35nm for the C-band for example. This implies very small rings with
R < 6pum, and this requires a high index contrast technology in order to
avoid excessive bending losses. The trade-off between large FSR and low
resonator loss can be circumvented by using more than one ring. When
two rings of different radii are used, the Vernier effect [27-29] causes the
total FSR to be a multiple of the respective single ring FSRs according to:

FSR, =N-FSR =M -FSR, (8.10)

with N, M being integers without common divisor (cf. Sect. 8.6.4).

8.3.2 Geometry of Single Microrings

Microrings can be designed and fabricated in two generic coupling con-
figurations as shown in Fig. 8.8. When the ring and waveguide are struc-
tured in the same waveguiding layer, the configuration is called ‘laterally
coupled’. When the ring and the waveguides are in different layers, the
configuration is called ‘vertically coupled’. The vertical coupling configu-
ration has the advantage that the coupling depends mainly on the thickness
of the layer in between which can be controlled very accurately during
deposition, however, at the expense of an additional processing step for the
ring layer. The lateral configuration uses a single layer only, but requires
very accurate lithography and etching processes to open the gap between
the straight waveguide parts and the ring with high precision. Another
advantage of the vertical configuration is that the ring and waveguide lay-
ers do not have to be the same thickness which enhances the design free-
dom.

The fabrication of microring resonators is limited by the tolerances of
the lithography and the etching processes. For the realization of the gap
between the ring and the straight waveguide in a lateral configuration and
using high index contrast, nanometre precision is required which can only
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be obtained by direct e-beam writing, focused ion beam milling, or high
precision wafersteppers. In the vertical configuration this problem is cir-
cumvented as the coupling is now determined by the deposition process
where nanometre precision can be obtained more easily. In this case, how-
ever, alignment is an issue as ring- and port waveguides are structured in
two separate lithographic steps. This is especially important in the case of
symmetrically coupled devices.

Fig. 8.8. 3D drawing of ring laterally coupled (/eff) and vertically coupled (right) to
the straight waveguides

The optical modes of the straight waveguide cross-section and the bend
cross-section can be calculated by the use of (bend-) mode solvers. Since
the two modes are different in behaviour, they can not be calculated in
a single step. In addition, different simulation tools may be needed. The
most relevant parameters obtained by these calculations are i) the effective
index, ii) the propagation and bending loss of the mode, and iii) the num-
ber of higher order modes besides the desired fundamental one. Figure 8.9
shows an example of a bend mode and a straight waveguide mode calcu-
lated by a commercial mode solver [30]. The deformed mode profile with
a shift to the outer rim of the curved waveguide (i.e. the right side in
Fig. 8.9) is clearly visible.

10" 10"
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Fig. 8.9. Optical mode of straight waveguide (/eff) and bend (right)



352 8 Ring-Resonator-Based Wavelength Filters

An important design consideration is the phase-matching between the
mode that propagates within the ring resonator and the mode of the port
waveguides. Ideally the effective indices of these modes should be the
same. In general, however, this is not easily achieved because the index of
the mode in the micro-resonator needs to be relatively high to keep the
radiation-induced bending losses at an acceptable level. The effective in-
dex of the bend mode is therefore generally higher than the index of the
straight waveguide which is bound by the condition of mono-modality.
Although the mono-modality condition is also important for the ring,
a higher order bend mode has rapidly increasing losses.

The mismatch in phase causes the coupling between the port wave-
guides and the ring resonator to be less efficient, as illustrated in Fig. 8.10,
which shows calculations for a coupler which consists of a straight
waveguide vertically coupled to a bent waveguide as schematically given
in the right part of the figure. The vertical distance between the two is
1 um, the lateral distance is the gap. The calculation assumes waveguide
indices of 1.97, an index of 1.45 for the surrounding, and a radius of
50 um. According to Fig. 8.10 the maximum achievable coupling constant
gets the lower the larger the phase mismatch. In the modelling described
above losses inside the coupler region were not taken into account. How-
ever, these can be included by extending the scattering matrix as described
e.g.in [31].

The dependence of bending losses on index contrast is illustrated in
Fig. 8.11. Parameters for the calculation are ny,, = n,;=1.45 and n,,,=1.97
(corresponding to a nitride waveguide). As can be seen the bending losses
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Fig. 8.10. Effect of phase-mismatch (4n,;) on the coupling constants for various lateral
gaps
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Fig. 8.11. Bending losses of SiON microrings of different radii for different cladding
indices

have a minimum around n.,,=1.45. Furthermore, when the contrast de-
creases the bending losses increase. So higher index contrasts allow
smaller radii which implies larger FSR. However, when the index of the
cladding layer is increased over that of the buffer and separation layers, the
losses increase again, counter-intuitively. But as explained in [32] the lat-
eral contrast decreases in this case which causes the losses to increase.

8.3.3 Group Delay and Dispersion

For applications in telecommunication the time behaviour of the microring
or alternatively the frequency response to a time-varying signal is of great
importance. Since the filter is a resonant filter, the delay depends on the
frequency (wavelength) position with respect to the resonance. This de-
pendence can conveniently be described by the structural or quadratic dis-
persion D [9]. This dispersion is the second derivative of the transmission
phase-response ¢(w) with respect to frequency. The normalized group-
delay 7, is the negative derivative of the phase-response with T being the
inverse of the FSR:

(8.11)
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Fig. 8.12. Simulated absolute group delay (top) and dispersion (bottom) in microrings
for various coupling constants

The absolute group delay is given by 7, =T7z,. Figure 8.12 shows a typical
simulation of the group-delay and the dispersion response of the drop port
of a single ring with radius 50 pm. In the symmetric case (k; = k3) the
through port exhibits the same response as the drop port.

According to Fig. 8.12 the absolute delay increases when the coupling
constants decrease (in that case F and Q increase) since more time is
needed to ‘build up’ the signal. Also non-symmetric coupling constants
increase the delay as can be seen comparing the dotted line with the solid
one. This can be intuitively explained since raising one of the coupling
constants effectively decreases the finesse. At these higher coupling con-
stants loss does not have much influence on the drop phase response. Lar-
ger ring radii cause higher delays as it takes longer to get into resonance.
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Fig. 8.13. Dispersion in drop and through port for two different kinds of asymmetry

Figure 8.12 also shows the simulated dispersion for various coupling
constants and the effect of asymmetry. In the case of symmetric coupling
(k7 = K3) the total dispersion experienced by the signal leaving the MR
from the drop and the through port is moderate, and it is identical for both
ports. However, in the case of asymmetric coupling (x; # k) the dispersion
observed from the through port gets significantly larger (note the different
scales of Figs. 8.12 and 8.13!), and the shape of the dispersion curve is
inverted if x; and k; are interchanged. This is illustrated in Fig. 8.13. The
minimum phase filter becomes a maximum phase filter [9]. This effect can
be used in filters used to optimize the time domain parameters of a signal
i.e. dispersion compensators.

8.3.4 Other Micro-resonator Geometries

The shape of MRs is evidently not restricted to a circle. Nearly any geo-
metrical path that provides optical feedback will act like the microring.
A frequently used geometry is the racetrack [33] which is shown in
Fig. 8.14. In this geometry the couplers of the resonator are straight
waveguides that allow accurate control of the coupling constants at the
expense of being somewhat larger and consequently having a reduced
FSR.

Another common shape is the disk [34] instead of a ring as shown in
Fig. 8.14. A disk is more difficult to make single mode since the lateral
width of the cross section is large. But since the lateral contrast of the disk is
higher than the contrast for a ring, potentially lower losses can be obtained.
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Fig. 8.14. Other microring resonator shapes: Racetrack (left), disk (middle), and Man-
hattan configuration (right)

The place of the adjacent waveguides is not important. As can be seen
from (8.8), only the total roundtrip length influences the response, but not
the place of the coupling regions. An additional geometry is the so-called
Manhattan configuration as shown in Fig. 8.14. This structure allows for
optimum use of area and is scalable to a large extent.

8.4 Tuning and Modulation of Microrings

Until now the ring was assumed to be totally passive, i.e. all geometrical
and materials parameters being constant in time. To add functionality or to
overcome fabrication errors, the MR can be made active by varying (tun-
ing) some of the parameters and consequently its wavelength response.
Furthermore, additional functionality can be added by externally tuning the
roundtrip loss or coupling constants of the ring.

8.4.1 Resonance Wavelength Tuning

The resonant wavelength of a MR can be tuned in several ways. The most
straightforward approach is to change the effective index of the ring by
any of the following means:

e Thermo-optic effect: by applying heat to the ring the refractive index of
the material changes [35]

e Electro-optic effect: an electrical field causes a change in refractive in-
dex [36]

e Carrier injection: optical pumping creates free carriers (single photon-
or two-photon absorption) which change the loss parameter and the re-
fractive index of the material [37, 38]

e Changing the material (sensor) [39, 40]

e Opto-optical effect: the light itself causes a change in index via nonlin-
ear effects [11]
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Fig. 8.15. Tuning the passband of a MR filter to different wavelengths (fop) and modu-
lation by tuning the MR wavelength response for fixed operation wavelength (bottom)

A change in effective index shifts the total wavelength response by an
amount of A4 . This shift can be used in filter applications to tune the pass-
band to a desired wavelength. The principle of tuning is shown in Fig. 8.15.

The same phenomenon leads to a different functionality when the opera-
tion wavelength A, is kept constant. A small change in effective index
around the steep slope of the MR response induces a modulation at A,
with high extinction ratio.

The thermo-optic effect can be used by applying a thin film heater on
top of the ring. The heater must be placed as close as possible to the ring to
minimize the driving power. On the other hand, the heater can not be
placed too close since the metal from the heater will induce large addi-
tional losses inside the ring.
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Fig. 8.16. Shift of drop response as function of heater temperature of a Si0,/Si;N, MR
with radius 50 um

The shift in centre wavelength of the ring A4, is a function of the differ-
ence in effective index induced by heating the device, according to:

AAn o

n@ff

AA =

(8.12)

The change in effective refractive index induced by the heater depends
largely on the materials used and the distance between the heater and the
ring. Glass-like materials have a temperature-dependence of the refractive
index (dn/dT) of around 107, whereas polymers have a coefficient being
an order of magnitude higher. Thermal shifts of 20 pm/mW have been
shown for glass-based MRs [41], see Fig. 8.16. For polymer MRs this shift
is about 1 nm/mW [42], i. e. around two orders of magnitudes higher which
can be explained by the larger thermo-optic coefficient and a better con-
ductance of the heat as described in [43]. In conclusion, thermal tuning is
simple to implement, but the thermo-optic effect is slow with typical re-
sponse times in the order of hundreds of microseconds. This can be suffi-
cient for switching applications, but other effects must be used for modula-
tion applications.

The electro-optic effect changes the i-th component of the refractive in-
dex n;as function of the applied electric field E; according to:

A[%):Zrﬂﬁk (8.13)
ni k
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with r; being the eo tensor [44,45]. The direction of change of refractive
index is determined by the material and can be positive as well as negative.
Applying a reverse voltage will lead to the reversal of the effect. The elec-
tro-optic effect is inherently much faster than the thermo-optic effect. In
practice now the limiting factor will be the ‘build-up’ time of the reso-
nance given by

=F-R-ng

c

T

cav (8.14)

For well designed ring resonators electro-optic modulation speeds of sev-
eral tens of GHz can be expected. In recent experiments [45] modulation up
to 1 GHz has been demonstrated in a Mach—Zehnder interferometer loaded
on one arm with a microring. The device has been fabricated in PMMA-
DR1 polymer, the relevant electro-optic coefficient is r3;;=10pm/V
[44,45].

In semiconductor materials, with highly confining waveguides, which
have a bandgap energy higher than the photon energy, it is possible to
change the refractive index by injecting free carriers [46]. An empirical
relation between the change in refractive index and the carrier density [47]
leads to an index change of around —0.002.

For all-optical or opto-optical tuning mostly the Kerr non-linearity of
a material is used [11] i. e. the total effective refractive index of the mate-
rial is dependent on the intensity of the light (/) :

Ny =Nyt N 1 (8.15)

eff 27 eff

where n.;, is a parameter dependent on the Kerr non-linearity. Recently,
GHz modulation in silicon-on-insulator (SOI) MRs based on this effect has
been shown [38].

8.4.2 Resonance Wavelength Trimming

Statistical errors in the radius during fabrication can be cancelled by post-
deposition trimming. In the methods described above an active function is
introduced to change the resonant wavelength. When permanent changes
are needed in order to compensate for fabrication errors, other methods are
required. The effective index of the ring can e. g. be altered by locally in-
jecting high optical power by a laser. This post-fabrication process can be
used to trim every MR to the proper position [48]. For low-cost mass pro-
duction, however, the need of trimming should be completely avoided.
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8.4.3 Loss Parameter Tuning

In the previous section methods of tuning were discussed where the optical
roundtrip path length was changed which resulted in a shift of the resonant
wavelength. Alternatively, the roundtrip loss can be changed which affects
the Q-factor and the shape of the resonance curve. In this way a MR can be
used as space-switch: at the resonance in high Q, weakly coupled MRs
practically all power is directed to the drop port, but at low Q to the
through port. There are several methods of controlling the Q of the cavity
dependent on the materials in the system. In semiconductor devices elec-
tro-absorption or free carrier injection can be used to control the loss pa-
rameter [46]. Other materials like polymers and glasses allow for doping
with rare-earth ions like Erbium [49]. In these materials the losses can be
largely reduced by optical pumping. In this way switching of light by light
is feasible, i. e. opto-optical switching.

8.4.4 Coupling Constant Tuning

Finally, the individual coupling constants can also be tuned. This has been
done mainly in relatively large racetrack structures where enough coupling
length is present to allow for thermo-optic tuning restricted to the coupling
sections [50]. Furthermore, some more exotic methods have been demon-
strated making use of MEMS (Micro Electro-Mechanical Systems) tech-
nology. Fleming etal. changed the coupling between port waveguides and
ring by moving the ring, which was attached to a membrane, in a con-
trolled way by electro-static forces to the evanescent field of the
waveguides underneath. In this way light at the resonance wavelength is
coupled from one waveguide to the other [51].

8.5 Characterisation Methods

The full characterisation of microring-based devices requires the determi-
nation of their amplitude and phase characteristics (as outlined in detail in
Chap. 2). Wavelength-dependent measurements of transmission, add and
drop characteristics, and of crosstalk properties as well can be done using
broadband or tuneable narrow-band light sources. Essential points have
been outlined in Chap. 4, Sect. 4.7 for the characterisation of AWGs and
hold for microrings as well. Particular requirements for the investigation of
high index-contrast devices are sub-um precision with negligible drift over
tens of minutes.
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Fig. 8.17. IR Camera image of MR on-resonance (leff) and off-resonance (right)

Another characterisation method is a lens system and an IR camera
placed on top of the device under test. In this way scattered light can be
captured, and by image processing also wavelength scans of particular
parts of the image can be made [52]. The technique provides the possibility
to measure every point on the device, and this is particularly useful in
more complex systems where not all inputs and outputs of the individual
rings are directly connected to chip input/output ports. With the camera
technique one can look ‘in between’ rings, and on-chip insertion loss can
be assessed rather easily as scattered intensity inside the waveguides de-
creases along the propagation direction. The principle is limited to devices
or channels that exhibit sufficient scattering, thus it is primarily suited for
device characterisation in an early development stage. Figure 8.17 shows
an example of a SiO,/Si;N, MR with a radius of 25 um on resonance (left
picture) and off resonance captured by an IR camera setup.

The phase characteristics of microring-based devices can be measured
by techniques such as the phase-shift method [53,54] or by optical low-
coherence reflectometry (OLCR) which are discussed in detail in Chap. 2,
Sects. 2.3.1 and 2.3.2.

OLCR measurements can be performed in reflection and in transmission
as well. The distance between consecutive interference peaks is a measure
for the FSR, while the exponential envelope of the interference peaks e. g.
provides information on the coupling constants and the losses [17, 50, 55].

8.6 Multiple Ring Resonator Devices

For many applications, in particular in fibre optic communication, the char-
acteristics of single microrings are not well suited. However, much more
favourable device performance can be achieved if a number of microrings
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are combined, and this can be done in a variety of architectures. This will
be outlined in more detail in the following section.

8.6.1 Higher Order Filters

Higher order MR filters are devices where several feedback paths contribute
to the response of the filter. Figure 8.18 shows two different setups, normally
designated as serial cascade [9,56-60] and parallel cascade [52,61-66] in
the literature. In both cases, the additional feedback paths result in an im-
proved filter response, i.e. a more flat-top response in the pass-band and
a steeper roll-off at the pass-band edges. The design of a serial cascade using
the z-transform approach is described in detail e. g. in [9].

Concerning the parallel cascade a number of different design concepts
have been reported in the literature. Examples are considering the cascade
as a generalized DFB grating [63, 66], describing the filter in terms of
a prototype filter as known in the microwave domain [61] or using the scat-
tering matrix description [64, 65]. Recently, the Z-transform description of
these filters has also been applied [67].

In the serially cascaded structure it is necessary to control the resonance
wavelength of each ring in the filter accurately. In the parallel cascade the
distance between the rings must be well controlled with sub-wavelength
precision. In both cases the filter responses can be further improved by
special designs of all the coupling constants in the cascade [66]. By apo-
dizing the coupling constant for each individual ring along the array, even
better filter shapes can be obtained.

Higher order filters in a serial cascade of 3 to 11 rings have been made
by Little Optics in their Hydex "™ technology which enables the fabrication
of lightwave circuits including microring structures with appealing charac-
teristics. Hydex ™ is claimed to overcome all the limitations of other high-
An systems, the details of which are not disclosed so far. However, it is
deposited through a conventional chemical vapour deposition process, its

<— drop <— add
<+— drop <— add O
00O Q
in —» through —» O
in —» through —

Fig. 8.18. Parallel- (left) and serially cascaded ring filters (right)
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refractive index contrast is adjustable from 0% to over 20%, the fabrica-
tion does not require any annealing step, and the material absorption is low
all over the S-, C-, and L band [68].

Figure 8.19 shows a serial cascade of three rings and the transmission
spectra of 1°-, 3", and 11"-order serial filters.

Relative Drop Fesponse (cB)

+ s fh -
:\11— Order
R B 2 4
Normalized Bandwidth

Fig. 8.19. (a) 3"-order filter and (b) Transmission spectra of different order ring filters
(Little Optics Inc.)

As can be seen, the roll-off of the filter characteristics can be freely ad-
justed by choosing an appropriate number of cascaded rings. Typical char-
acteristics of these commercially available tuneable filters based on cas-
caded rings are compiled in Tab. 8.1.

Tab 8.1. Characteristics of tuneable ring filters (Little Optics Inc.)

Channel spacing 25 50 100 GHz
Tuning range 192.1-196.1 THz
3-dB pass-band >17 >35 >42 GHz
Insertion loss <5 dB
PDL <0.5 dB

8.6.2 Wavelength-selective MR Switch

A schematic drawing of a MR-based switch is shown in Fig. 8.20. This struc-
ture is based on two MRs connected through a straight waveguide and acts as
a wavelength selective switch. The first MR selects a certain wavelength,
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Fig. 8.20. Wavelength-selective switch based on two MRs: schematic lay-out and
microscope picture of device (fop) and wavelength response of the drop port (bottom).
Lower left: simulated response of single ring; solid line: switch in ON-state, dotted
line: switch in OFF-state. Lower right: experimental results

and the second ring, which is tuneable, thereafter switches this wavelength
to the drop port or to a non-used channel leading to an absorber [54].

8.6.3 Reconfigurable Optical Add/drop Multiplexer

Another example of complex structures based on MRs is the N XM matrix
switch based on the Manhattan configuration [69] as shown schematically
in Fig. 8.21. This compact configuration allows adding and dropping any
of the M wavelengths to any of the N input/output ports. In order to im-
prove the performance each building block consisting of a single MR can
be replaced by a higher order filter [69, 70].

The SiON technology looks promising as a platform for these complex
MR structures. With a large index range between 1.45 (SiO,) and 2 (Si;Ny)
SiON allows for relatively high index contrast, low-loss devices with small
bending radius [19, 71]. This is a prerequisite for complex structures since
multi-MR devices with large FSR can only meet the specifications when
they are small in size and have low losses. It is therefore not surprising that
quite some interest has been shown for MRs in the SiON technology, see
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Fig. 8.21. Nx M Manhattan microring configuration with N input/output channels and
add/drop ports for each of the M wavelengths

for example [20, 62,69, 72]. Some of the previous figures in this chapter
(Fig. 8.1, Fig. 8.17 and Fig. 8.20) are MR structures in SiON technology as
well. As another example in Fig. 8.22 a single row of a cross-grid structure
already discussed above is shown. This structure, known as a Reconfigur-
able Optical Add/Drop Multiplexer (ROADM), is based on SizN, channels
embedded in SiO,. The individual rings are thermally tuneable across the
full FSR by means of a chromium thin-film heater. In this way the ROADM
can, for example, be switched performing as a 4channel demultiplexer
where every ring filters a particular wavelength from the in-port to the re-
spective drop-ports. Alternatively, when the microrings are tuned to the
same wavelength, the structure can be used as a single wavelength broad-
casting device, directing one input wavelength to more than one drop port.
This is shown in the upper right picture in Fig. 8.22, where the through port
of the device is shown when the four rings are set to different wavelengths
(4 single channels) or all at the same wavelength (single combined chan-
nel). The lower right picture displays the response for the four individual
add ports when light enters one of the add ports and is directed to the
through port. This demonstrates that every channel can add power to the
through port.

The device was pigtailed and wire-bonded and can be controlled by
a computer. It has an inter-channel crosstalk of 12dB and can tune to any
wavelength within the FSR of 4.2nm at a maximum driving power of
380 mW per channel. The device shows 12 dB extinction per channel in the
through port and 17dB in the drop port [73], and it has been tested at
40 Gbit/s without showing reduction of performance [74].
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Fig. 8.22. Schematic (top left) and photograph (bottom left) of a SiO,/Si;N, MR based
ROADM and the measured through (top right) and add (bottom right) response

Currently, there are several commercial suppliers of MR-based products
in SiON technology. Two of them, Little Optics (recently acquired by
Nomadics [68]) and Lambda Crossing [75], deliver products based on MR
technology, whereas another one, LioniX [71], offers foundry services and
MR technology for use by others.

8.6.4 Microring-based Filters with Extended FSR

For many applications in fibre optic systems the FSR of filters should be
comparable to the width of the C- or the L-band, for example, i.e. several
10nm. According to (8.1) large FSR values require small bend radii
(where the actual numbers vary widely depending to the material system
chosen), and achieving several 10nm FSR is demanding due to techno-
logical restrictions.
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Fig. 8.23. Triply-coupled microring resonator filter in stacked configuration (after [77])

One means to increase the FSR without resorting to correspondingly
small bend radii relies on the Vernier effect, i.e. microrings of different
radius are combined, and the resulting device exhibits resonances only
where the individual resonances of all microrings involved match. (The
approach is similar to one concept to design widely tuneable lasers by us-
ing gratings with slightly different pitch which provide super modes with
rather large wavelength separation [76], cf. also (8.10)). A corresponding
microring-based device is illustrated in Fig. 8.23 [77].

The device has been fabricated in SiO,/Si and the ring radii are 28.5 um
for the two smaller (upper) rings and 39.3 um for the larger (lower) ring
corresponding to a FSR of the individual rings of 8 and 6 nm, respectively,
while the integrated filter exhibited about 20 nm FSR.

8.6.5 Microring-based Dispersion Compensators

Dispersion compensation is a functionality particularly needed in high-bit
rate optical communication systems since the adverse effects of dispersion
increase proportional to the square of the data rate. Dispersion compensa-
tion can be accomplished by many approaches, including bulk optics and
in particular fibre Bragg gratings (cf. Chap.5, Sect.5.5), but planar
waveguide technology as well. Examples of the latter are finite impulse
response filters implemented as resonant couplers [78] or infinite impulse
response (IIR) filters which exhibit periodic frequency characteristics and
are thus particularly suited for dispersion compensation of multiple wave-
length channels. Dispersion compensators using microrings rely on the all-
pass filter characteristics of MR-based two-port structures, and one exam-
ple of acorresponding dispersion-compensating filter is illustrated in
Fig. 8.24 [79, 80].
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Fig. 8.24. Ring-resonator-based dispersion compensator. Upper part: device structure,
lower part: device characteristics, after [80]

The tuneable dispersion compensator illustrated in Fig. 8.24 consists of
four cascaded resonator loops and has been fabricated in high-refractive-
index contrast SiON technology. An absolute index contrast of 0.05 or
A=3.3% between waveguide core and cladding allows minimum bend
radii of 0.8 mm with barely measurable radiation loss and 0.55 mm radii
with <0.1dB loss per 90° bend [80], and small ring radii are required in
order to get large FSR values. The device illustrated in Fig. 8.24 is made
adjustable by the implementation of two heaters per microring where one
heater is used to vary the optical path length and the other to vary the
strength of the coupler. In this way tuneable filters with linear delay slopes
of +100, +50, =50, and —100 ps/nm were generated, but filters with quad-
ratic dispersion-slope values of +800 and —800 ps/nm” as well. The tech-
nology lends itself to mass production and is expected to find applications
in fibre optic systems operating at 10, 40, or even higher data rates.

8.7 Semiconductor-based Microrings

Microring- (including microdisk-) based devices have been fabricated in
GaAs/AlGaAs [81], and in the GalnAsP/InP material system [82—85] as
well. MRs in III-V semiconductors (SC) are considered attractive because
they can be monolithically integrated with other (active) functionalities.
They can be used as channel-dropping filters, WDM demultiplexers, as
notch filters, for optical switching [86], or for all-optical wavelength con-
version [81, 87].
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Microrings and microdisks plus their straight coupling waveguides
(WG) have on the one hand been fabricated as planar structures [81, 84],
but in vertical coupler geometry as well [85]. The latter design is particu-
larly favourable for the control of the coupling between the straight wave-
guides and the ring, however, the fabrication process is significantly more
demanding (requires wafer bonding for example). The design of SC-based
microrings has mostly been based on ridge waveguides (RWs) and to
a much lower extent on buried waveguide structures [88] which are con-
siderably more difficult to realize.

Layer composition, thicknesses, and WG geometry are determined on
the basis of various, partly conflicting requirements: the straight input/-
output WGs should enable efficient and alignment-tolerant coupling to
optical fibres, coupling between the straight and the bent WGs should be
efficient, guiding in the bent WGs (i.e. in the MR) should be strong
enough to enable small bend radii. The geometry of the bent WGs may
either be symmetric or asymmetric [82,84] where a steeper etch at the
outside wall of the RW-based MR structure assures a particularly large
difference of the effective refractive indices and consequently the strong
confinement of the guided mode which is required for low radiation losses
in small bend radius microrings. An asymmetric, deeply etched bent WG is
illustrated in Fig. 8.25.

As discussed in Sect. 8.2.3, microrings tend to be polarisation depend-
ent, and this is particularly true for RW-based semiconductor microrings.
In applications where the state of polarisation of a lightwave entering a
microring is random, polarisation diversity could solve the problem, al-
though at the expense of extra complexity. On the other hand, if the polari-
sation needs alignment anyway, for example in all-optical wavelength
conversion, the polarisation dependence of the microring characteristics is
less of an issue.

Fig. 8.25. SEM picture of bent WG region illustrating deep etch at the outside micro-
ring wall, after [84]
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Fig. 8.26. Transmission characteristics of an active ring resonator (with SOAs) under
different driving conditions, after [90]

Radiation losses as well as scattering losses due to sidewall roughness
do essentially determine the residual loss in bent WGs [89], and they can-
not be reduced easily, so that the losses may add up to an intolerable
amount if a larger number of rings is cascaded in order to get flat-top and
steep roll-off filter transmission characteristics. One means to overcome
these problems is the incorporation of active parts in the microrings, i.e.
adding semiconductor optical amplifier (SOA) sections which compensate
WG losses. The effect of such SOAs is illustrated in Fig. 8.26. At low
drive currents of the SOAs the microring acts as a wavelength-dependent
filter with adjustable loss. If the current is increased so as to completely
compensate for the losses within the ring, the structure gets an all-pass
filter, and for even higher SOA currents the device becomes a ring laser.

Another application area of microrings, which is of general interest for
fibre optic systems, is all-optical wavelength conversion since it can be
made particularly efficient by an appropriately strong confinement of the
optical waves within the microring [81,87]. Figure 8.27 shows corre-
sponding results.

At present it is difficult to predict the future role of semiconductor-
based microrings in fibre optic communication systems. Although micro-
rings offer a number of attractive properties, they will always be in compe-
tition with alternative solutions, and competitiveness will in the end essen-
tially be determined by the ratio of performance to cost including aspects
like device-, subsystem-, operation-, and surveillance cost.
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Fig. 8.27. All-optical wavelength conversion observed at the through-port of a micro—
ring resonator, after [87]

On the other hand, microrings are also finding increasing interest in ar-
eas beyond telecom, in particular for sensor applications, which includes
semiconductor-based devices, but microrings in other material systems as
well.

8.8 All-optical Switching

All-optical switching has been performed in GaAs/AlGaAs [91] and more
recently in SOI micro rings [38] as well. The device structure under inves-
tigation has been a single micro ring coupled to a straight waveguide using
either horizontal [91] or vertical [38] coupling. According to the considera-
tions in Sect. 8.4 one may either switch from on-resonance to off-
resonance or the other way round by using any of the effects mentioned.

In the recently reported all-optical switching in SOI microrings [38] de-
tuning is achieved by optical means, i.e. optically created free carriers
modify the effective refractive index and provide a detuning of the MR
resonances which is equivalent to switching. These experiments have
aroused a lot of speculation about the prospects and the potential of semi-
conductor/silicon-based all-optical signal processing. However, before
devices of the type described here might find their way into real and wide-
spread applications, a number of topics need additional investigations and
significant improvements: The wavelength to be switched and the wave-
length inducing the detuning must both be accurately adjusted to a ring
resonance. High finesse of the resonances makes the switching efficient,
but is demanding with respect to wavelength accuracy. On the other hand,
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relaxed wavelength tolerances (lower finesse) raise the required switching
power significantly. The requirements become even more demanding due
to polarisation effects. In addition, the free carriers needed for changing
the refractive index have been created so far by two-photon absorption,
and this process requires high photon densities which in turn implies sig-
nificant technological effort and cost. In the case of the SOI-ring-based
switching 10ps long pulses with 25pJ energy were used, generated by
a Ti:sapphire picosecond laser in combination with an optical parametric
oscillator. Finally, the observed relatively long exponential relaxation
(7,;=450ps) of the SOI-device in combination with the short switching
window of a few picoseconds is unfavourable for many application condi-
tions. A better match between excitation and recovery time has been ob-
served for the GaAs/AlGaAs microrings with about 50 ps recovery time
which is attributed to strong surface-state recombination at the microring
sidewalls, but even in this case the switching-window to recovery-time
ratio is far from optimum.

Thus the all-optical switching experiments are encouraging, but there is
still a very long way to go before all-optical signal processing might find
its way into practical applications, which is true for III-V semiconductors
and even more so for silicon-based optical switching, on the other hand the
latter would have a tremendous economic impact.

8.9 Future Trends

Future developments of microring resonators are expected to go into dif-
ferent directions. One trend will be towards multi-stage filters with appli-
cation-specific tailored characteristics. Devices will be mass-produced in
non-expensive material systems, and consequently such filters are likely to
find widespread applications.

Another trend will be towards MR-based devices which combine active
and passive microrings and which can thus perform more complex func-
tionalities. This will include active-passive functionalities on a single chip,
but different kinds of MRs may equally well be part of even more complex
hybrid (sub-)systems. One corresponding example is shown in Fig. 8.28
which illustrates a hybrid optical transceiver, comprising active, polymer
and inorganic electro-optical materials, and passive, thermally tuneable
microrings as well [92, 93].

Point-to-point links play a predominant role in current optical networks,
but wavelength routing will become more significant in future optical net-
works, and under these circumstances reconfigurable wavelength-routers
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Fig. 8.28. Schematic overview of NAIS transceiver where active (high speed modula-
tors) and passive MRs are combined to integrate different functions well (after [94])

will become particularly relevant. Key features of such routers are wave-
length splitting (and combining) plus wavelength routing, they will be used
in wavelength-selective and broadcast applications as well, and they
should be wavelength agile to a high degree. Figure 8.29 shows a corre-
sponding router architecture based on MR integrated in the so-called Man-
hattan architecture. Corresponding devices are currently under investiga-
tion in the Netherlands within the project Broadband Photonics
(BBPhotonics), funded by the Freeband communications program [95].

There is no doubt that MRs offer a large potential for a variety of appli-
cations, however, the ultimate success will depend essentially on the extent
to what technical performance and price targets can be met simultaneously
which is true for all components in fibre optics.
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Fig. 8.29. Functional description of possible MR implementations (leff) and schematic
drawing of a MR based wavelength-router.
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9 Interleavers

René M. de Ridder and Chris G. H. Roeloffzen

9.1 Introduction

In an optical communication system using wavelength division multiplex-
ing (WDM), information is transmitted over several “channels”, each at
a different optical wavelength A; (or optical carrier frequency f;). An inter-
leaver, also known as a slicer, is an optical filter having at least one input
and two complementary outputs with an optical transfer function that is
periodic in frequency. In this way, for example, even-numbered optical
channels can be routed to one output port while the odd-numbered chan-
nels will emerge from the other output port, as illustrated in Fig. 9.1. Such
an interleaver can also be used the other way round, i. e. for combining two
“combs” of optical channels, one shifted by half a channel spacing with
respect to the other, into a single comb with half the channel spacing.

Besides the basic 1x?2 interleaver function illustrated in Fig. 9.1, more
complicated configurations may be used, as shown in Fig. 9.2.

In principle, any optical (de)multiplexer having a periodic response with
frequency may be used as an interleaver, for example, arrayed waveguide
gratings (AWG, cf. Chap. 4), Fabry—Perot resonators (Chap. 6), or ring
resonators (Chap. 8). An overview of interleaver technology with an em-
phasis on bulk crystal optics is given by Cao etal. [1]. Interleavers that are
applied in optical telecommunications should have a frequency-periodic

interleaver

bttt

h s 6N

Fig. 9.1. Basic operation of an 1 X 2 interleaver as a frequency demultiplexer
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Fig. 9.2. Some examples of other interleaver configurations

response because the ITU grid specifying the optical channels defines a set
of equidistant optical frequencies (cf. Appendix, Sect. A.1). Despite this,
these devices are sometimes referred to as wavelength slicers or wave-
length interleavers. (If an interleaver is periodic in frequency, it will not be
strictly periodic in wavelength since A=c/f, with ¢ the vacuum speed of
light.) If needed, however, strictly wavelength periodic interleavers can be
designed [2].

The main applications of interleavers are in wavelength routing,
(de)multiplexing, and pre-filtering. In the latter application, the interleaver
is used as a first filtering stage which should have a transfer function ap-
proximating a rectangular shape as much as possible. The optical channels
at its output ports still have the same bandwidth as before, but they are
separated farther apart, thus making further routing or filtering operations
less demanding. As an example, Fig. 9.3 shows the application of an inter-
leaver for upgrading existing network nodes with 100 GHz channel spac-
ing to ones with 50 GHz channel spacing. An additional advantage of inte-
grating an interleaver with an AWG is the possibility of improving the
AWG passband shape [3].

Figure 9.4 shows how a full demultiplexer can be built by cascading inter-
leavers, in a binary tree structure, each stage having twice the free spectral

=T ERERY 2

15E 100/50 (U) 50/100 515
P T TTYTTYTYIT R B
E R EEEREREY, e

Fig. 9.3. 50/100 GHz interleaver as last-stage multiplexer and first-stage demulti-
plexer, combined with 100 GHz arrayed waveguide grating (AWG) (de)multiplexers to
form a 50 GHz channel spacing system
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0 HAONNWO =

Fig. 9.4. Full binary tree 8-channel demultiplexer based on cascaded 1 X 2 interleavers.
Eight channels with 50 GHz optical carrier frequency spacing are assumed, numbered
1-8. The numbers 100, 200, 400, written in the interleaver symbols of this example
indicate the free spectral range (the frequency period in GHz) of these components,
resulting in a 50 GHz input channel spacing

range (the period of the frequency response) as the preceding one, e. g. [4].
Finally, Fig. 9.5 illustrates the principle of an add-drop multiplexer built
from two partial binary trees [5].

The obvious choice of a physical principle for implementing interleavers is
interference since this phenomenon has an inherently frequency-periodic
nature. The interleaver operation can be demonstrated using an asymmetric
Mach—Zehnder interferometer (MZI).

The MZI is one of the most important building blocks in (integrated) op-
tics. It is widely applied for such functions as switching, routing, and modu-
lating optical signals, and it is a basic structure for many optical sensors.
A schematic drawing of an MZI is shown in Fig. 9.6. Although MZI’s can be
implemented in several ways (e. g. with beam splitters and mirrors in free-
space; using crystal optics; or in optical fibres), here we consider a structure
based on planar optical waveguides. It consists of two 3-dB couplers con-
nected by two single-mode optical channel waveguides where the signal in
one path experiences a phase delay of Ag@with respect to the other.

The couplers, which can be for example directional couplers, split the
optical input power entering one of its input channels into two equal power
output signals (each 50% or —3 dB of the input power), having 90° optical
phase difference. For symmetry reasons, a signal in the other input would
lead to two equal output signals having —90° phase difference. Since the

12345678 1357 12'345678
in 100 2468 48 2468 100 out

— .

200 [, 6 > | 200

400
add =/ 2 grop

Fig. 9.5. Binary tree cascaded 2 x 2 interleavers organised to form a 1 from 8 add-drop
multiplexer
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Fig. 9.6. Mach—Zehnder interferometer (MZI). (a) Basic structure. (b) Asymmetric MZI

coupler is reciprocal, two equal power coherent input signals with 90°
phase difference would combine into a single output signal at one output
channel, while —90° phase difference would direct all power to the other
output channel. With two in-phase coherent input signals, each output
channel would carry half of the total available power. Hence, it is obvious
that the phase difference determines the power distribution over the output
channels. It can be shown that the signals at the output ports of the MZI
are related to those at the input ports as

% = f’l SinzA_¢+[’20082A_¢

2 2

A A 9.1
P, =Plcos27¢+P2 sinzT(p

where P; is the signal power in port i, as indicated in Fig. 9.6.

The phase difference A@ can be caused by a differential propagation de-
lay in the interferometer arms due to a length difference AL between the
arms, as illustrated in Fig. 9.6b,

Ap= ,BALzzT” g AL 9.2)

where fis the propagation constant of the mode in the delay section, f'is the
frequency of the wave, n.yis the effective refractive index of the waveguide
mode, and c is the speed of light in vacuum. If the dispersion is neglected
(n.y is assumed to be constant), the phase difference is proportional to both
the frequency f and the delay length AL. Combining (9.1) and (9.2), the
power transfer from port 1 to ports 3 and 4 as a function of fis depicted in
Fig. 9.7. The free spectral range (FSR), which is the period Afigsr in the fre-
quency response, is given by

Afpggr =—5 3

ESR neg AL 9.3)

Figure 9.7 shows that a comb of optical signal frequencies with a spac-

ing of Af=Afrsr /2 may be split into two combs, each having the double
frequency spacing.
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Fig. 9.7. Normalised power transfer functions of an asymmetric MZI; the solid curve
indicates P;/P;, while the dashed curve indicates P,/P;. (a) Linear power scale;
(b) logarithmic scale. The grey vertical bars indicate the optical signal channels which
are routed from port 1 alternately to ports 3 and 4 (de-interleaving)

As may be obvious from Fig. 9.7, an MZI does not have an ideal rectan-
gular-shaped transfer function. It does not provide sufficient tolerance for
wavelength deviations, laser linewidth, and modulation bandwidth which
should typically be about 40% of the grid spacing. Especially the suppres-
sion of unwanted channels is critical (25dB is a common requirement,
leading to a useful bandwidth of only 8% of the channel spacing for an
MZI, see the narrow channel bars in Fig. 9.7).

One method for improving the transfer function comes from the obser-
vation that a periodic function with “arbitrary” shape can be composed,
like a Fourier series, from a set of harmonically related sinusoidal func-
tions which are added together with appropriate amplitude and phase. Fig-
ure 9.8a shows the conceptual picture where multiple delayed copies of the
input signal are combined into a weighted sum. For a periodic filter re-
sponse, the delays 7 should be integer multiples of the unit delay 7; defin-
ing the FSR.

in
(b)

Fig. 9.8. Composite filters. (a) Multiple parallel weighted delay-line paths; for a Fou-
rier-type synthesis, all 7z should be an integer multiple of the smallest delay, 7.
(b) Equivalent lattice filter with 7= 7
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For approximating a “rectangular” filter transfer function only odd mul-
tiples of 7; are needed. The weighting constants C; are the Fourier coeffi-
cients. Since it turns out to be rather difficult to realise low loss multiport
optical splitters and combiners, the equivalent approach shown in
Fig. 9.8b, requiring only 2 x2-type couplers, is preferred. This type of
structure is known as a lattice filter or resonant coupler. The equivalence
with the parallel delay line filter may be intuitively understood by consid-
ering all possible paths that an optical signal can take through the lattice.
The output signal can then be written as the sum of a number of terms,
each involving an integer (0, 1, .. n) multiple of the unit delay 7. A possible
implementation, illustrated in Fig. 9.9, is by concatenation of MZI-like
elements, using couplers with specific (non 50-50) power coupling ratios
;. In addition to the fixed path length differences AL; generating the fre-
quency-periodic response, in general also tuneable phase-shifters Ag, are
implemented in each MZI-section for fine-tuning purposes. Several design
methods have been discussed in the literature, e. g. [2,6—14]. This type of
interleaver is analysed in detail in Sect. 9.3.1.

 I—  I— | I—
&= M &2 A &2 A 2
K 1 K 2 K 3 K-l
AL
2AL 2AL

Fig. 9.9. Band flattening: lattice-type filter of concatenated MZI-like structures. The
double delay length sections (2AL) arise from combining two sections where the cou-
pling ratio x turned out to be zero in this example (see fifth-order interleaver design
example at the end of Sect. 9.3.1)

Another method is based on manipulating the phase response in one of
the MZI branches in a periodic and nonlinear way, so that the phase
change due to the length difference AL is approximately compensated near
the passband and stopband centres (flattening the frequency response
there) while the phase will change quickly near the band edges, sharpening
the transfer function there. An example is shown in Fig. 9.10 where a ring
resonator coupled to one of the branches acts as an allpass filter having a
strongly nonlinear phase response with a frequency period equal to half the
FSR of the MZI. Again, some fine-tuning facilities Ag; are generally
needed. An analysis is given in Sect. 9.3.2. Several architectures and de-
sign methods for interleavers incorporating both lattice-type structures and
ring resonators or other feedback elements have been described in the lit-
erature, e.g. general design strategies and overviews [15-19], a generic
design algorithm [20], and various more specific design topics [21-25].
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Fig. 9.10. Band flattening: MZI with internal phase response modified by a ring re-
sonator

Signal transmission through an optical filter may be affected by disper-
sion which tends to distort the pulse shape and hence may cause an increased
bit error rate. In some cases it is possible to build an interleaver from two
complementary sections having inverse phase responses, thus realising an
overall response with negligible dispersion. A general discussion of disper-
sion of different interleaver types is given in [26]. The dispersion character-
istics of both lattice-type and MZI + ring-type interleaving filters, as well as
possible compensation techniques, will be discussed in Sect. 9.4.

As indicated before, interleavers can be cascaded in order to build full
(de)multiplexers and add-drop multiplexers. Here, the application of planar
optical waveguide technology pays off because it enables the integration of
many stages into a single planar optical circuit. The different requirements
for the consecutive stages will be discussed in Sect. 9.5 where the design
and realisation of a tuneable 1 from 16 add-drop multiplexer will be ex-
plained as an example.

Finally, in Sect. 9.6, an overview will be given of technologies that have
been used for fabricating interleaver-circuits, and examples will be given,
including bulk optics, fibre-based implementations, and planar guided wave
optics. Also, the characteristics of some commercially available interleav-
ers, based on bulk optics, fibre optics, and integrated optics will be shown.

9.2 Basic Mach—-Zehnder Interferometer Interleavers

The basic lay-out of a Mach—Zehnder interferometer- (MZI-) based inter-
leaver is shown in Fig. 9.6b, and its power transfer function is given in
Fig. 9.7. The MZI can be considered as a concatenation of three building
blocks, the input directional coupler, a differential delay section, and the
output coupler. Although the MZI is a relatively simple device that does not
require a specific approach for analysis, we will use it for demonstrating
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a general approach that is applicable to a large class of periodic frequency
response filters that would be difficult to analyse otherwise.

Following the approach of Madsen and Zhao [27], this section will start
with a short summary of the main analytical tool for analysing filters that
have a periodic frequency response, the Z-transform [28] and its relation
with the traditional transfer function. The MZI is a four-port device, and so
are the lattice-type filters that will be discussed in later sections. Therefore,
a brief review will be given of the transfer matrix, describing a four-port
network. Next, the optical properties of the basic building blocks of an
MZI, waveguides and directional couplers, will be summarised. The prop-
erties of an MZI interleaver then follow from putting all the pieces to-
gether. Although a simple MZI does not have the most desirable inter-
leaver properties, it serves well as a building block for composite
interleaver filters, and the mathematical analysis of this relatively simple
device is easily extended to the more interesting higher-order interleavers
to be discussed in following sections.

9.2.1 The Transfer Function and the Z-Transform

The type of wavelength slicers to be analysed have a periodic transfer
function in frequency which is caused by the periodic phase response of
a time delay. A lossless straight waveguide section of length L has a trans-
fer function

H e Hutarl 9.4)

straight —

where ko=2nflc. The propagation delay through the waveguide is
7=Ln.lc, so that the transfer function (9.4), which just corresponds to
a time delay, can be written explicitly as a function of frequency

H gy (f) =277 (9.5)

which clearly shows the frequency-periodic phase response. In an MZI
there is only a single effective differential time delay 7, corresponding to
a frequency period Af=1/7. In the lattice filters and MZI + ring structures
to be discussed later, there are multiple delays which, however, are all
integer multiples of an elementary delay 7. It then makes sense to intro-
duce a normalised frequency f”’

f'=rr (9.6)
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which allows us to write (9.5) as

Hdelay'(f )= e—i27zf' 9.7)

The Z-Transform

If we now introduce a new complex variable z

7= (9.8)

(9.7) can be written as
Hgopy () =27 (9.9)

The usefulness of this new variable is given by the property that the

transfer function of n times the unit delay is simply z"*, which greatly sim-
plifies the transfer functions of more complicated periodic filters which
can be expressed as rational functions in 7.
The mapping (9.8) of f (or f”) to the complex z-plane is known as the Z-
transform which is widely used in digital filter design. It can be considered
as an analytic extension of the discrete-time Fourier transform (DTFT) for
discrete signals [27]. The complex quantity z takes values on the unit cir-
cle, starting at z=1 and making a full turn around the origin as f’ varies
from O to 1.

From a given transfer function H(z) in the z-domain — also known as the
system function — the frequency response is found by evaluating H(z) on
the unit circle in the z-plane, i.e. z=¢¥ .

The transfer function can be written as a ratio of M"- and N"-order poly-
nomials, or in an equivalent product form, e. g. [29], explicitly showing the
zeros z,, and poles p, of H(z),

M
2 bu"

H(Z)= m:(;v ZFZN_M
14> b,z7™"
n=l

where 1" is the gain. The transfer function of a passive filter can never be
greater than one, implying a maximum value of I that is determined by
max(|H(z)|.-c2w") = 1. Since the real frequency transfer function is found for
z=e’, only zeros that occur on the unit circle will correspond to zero
transmission at the frequency corresponding to the argument of that zero.
A convenient graphical way to represent the transfer function is the
pole-zero diagram. It shows the locations of each pole and zero in the

=

(Z_Zm)

3
I

(9.10)
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complex plane. All zeros are designated by ‘o’ and a pole is marked by ‘x’.
An example of a pole-zero diagram is depicted in Fig. 9.13 in Sect. 9.2.4.

A filter that has only zeros in its transfer function has only feed-forward
paths and is classified as a finite impulse response (FIR) or moving aver-
age (MA) filter. Filters containing feed-back paths will have at least one
pole in their transfer function and are classified as infinite impulse re-
sponse (IIR) filters. Sub-types of IIR filters contain either only poles (auto-
regressive (AR) filters), or both, poles and zeros (autoregressive moving
average (ARMA) filters).

The Frequency Response

The frequency response function H(f) is a complex function of f. It is usu-
ally expressed in terms of its magnitude |[H(f)| and phase ¢(f)

H(f)=|H(f)]e' " 9.11)

Of course, the overall transfer function of a series connection of M
transfer functions H; is given by the product I1H;, implying a multiplica-
tion of magnitude responses |H(f)| and summation of phase responses @i(f).

Since H(f) is obtained by evaluating H(z™') on the unit circle, the square
of the magnitude response can be found as follows — if the coefficients of
the transfer function are real [30]

[HPP =HOH (H=HHHEN=H@HED| _,, 012

=ei?”
where H denotes the complex conjugate of H. Equation (9.12) implies that
reciprocal zeros, which are mirror images of each other about the unit cir-
cle, have identical magnitude characteristics. Based on the pole-zero repre-
sentation (9.10) of H(z), only the distance of each pole and zero from the
unit circle, i.e. [ — p,| or | e*¥ - z,|, affects the magnitude response.
It can be shown that zeros z,, z», 1/z,, and 1/z,, all have the same magni-
tude response. However, their phase characteristics will be different, de-
pending on z,, being inside or outside the unit circle in the z-plane. A sys-
tem with all zeros — and all poles as well — inside the unit circle (|z,| < 1)
has a so-called minimum-phase response (cf. Chap. 2) while all other sys-
tems (e.g. with one ore more zeros outside the unit circle) have a non-
minimum phase response.

Four-port Networks

A basic 2 x 2 four-port device without reflection is schematically shown in
Fig. 9.11. Its behaviour is conveniently described in terms of a transfer
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Fig. 9.11. Schematic drawing of the transfer functions in a 2?2 port without reflection

matrix relating the signals at its two output ports to those at the input ports,
as given in (9.13),

E
=H
E E,

El :|:H11 H12:| El 9.13)

Hy Hy E,

where the complex transfer matrix H contains two so-called bar transfer
functions (H;; and H,,) and two cross transfer functions (H;, and H»).

If several such four-port devices, having transfer matrices H;, Hy, ..., H, 1,
H,, are concatenated, the transfer matrix H,,, of the composite device is sim-
ply found by matrix multiplication as

Htot = Han—l T H2Hl 9.14)

9.2.2 Differential Delay Section

The delay section of an MZI is formed by two independent waveguides
having different lengths L, and L,, respectively (we assume L;> L,). Al-
though we assume almost identical branches (regarding phase constant
Bf) =koney and attenuation coefficient & of the — single — guided mode), in
order to model e. g. thermo-optic tuning, we do allow for a small deviation
from the average effective index n., leading to an additional tuning phase
delay ¢, (indicated as Ag; in Fig. 9.9) in branch 1 with respect to branch 2.
The transfer matrix of the delay section is then given by

e—an C_i kogny ()L e—i(ﬂt 0

o - . 9.15)
delay 0 e_al'l e konyy (f)L,

The differential delay 7is given as

1 _(l’l_lﬂ)ng:ALng

" Mesg c c

(9.16)
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where Afgsr is the FSR, defined in (9.3), AL is the path length difference,
and ny is the group index defined as

aneﬁ'
ng =neﬁ- +f? (917)

Taking branch 2 as a reference, the transfer matrix can be written in
terms of 7,

. -i2zfr_~ig,
_ e e " 0
Hyoy =17, iB(f)L, |:77AL . l:l (9.18)

where 77, = e ™2 is the loss along the path L, and 75, = e ! is the differen-
tial loss due to the path length difference AL. Applying the frequency nor-
malisation with respect to the free spectral range as mentioned in the pre-
vious section, and applying the Z-transform, we arrive at

. ~1,-ig,
—i L1Nyz e 0
Helay =71, A { AL 0 J (9.19)

In the remainder of this chapter we will omit the factor 77, e L gince
it indicates just a constant loss and a linear phase. Furthermore, we intro-

duce a new variable Z, defined by
Z =npe ! (9.20)

so that Z=z in the lossless case and without additional tuning phase shift.
In general, for f” varying from O to 1, Z will take values on a circle centred
in the complex plane with a radius 7,, <1 and starting with an argument
offset ¢, at f’=0. The simplified transfer matrix for a differential delay

becomes
z7 o
Hg. = . (9.21)
delay |: 0 l:l

9.2.3 Directional Coupler

Couplers are among the most elementary building blocks in planar
lightwave circuits, performing the functions of splitting and combining
guided optical waves. (Another variant are fibre couplers which are widely
used in fibre optics.)
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Fig. 9.12. Schematic top view of the directional coupler

Directional couplers (DC’s) consist of two optical waveguides in close
proximity to each other, see Fig. 9.12. Light will be coupled by the eva-
nescent field of the mode, and power will be exchanged between the
waveguides. The energy transfer process is similar to two mechanical pen-
dulums that are weakly coupled by a spring. The two single-mode
waveguides are usually chosen to be very close to each other in order to
obtain a short coupling length.

One of the most convenient ways to understand the operation of a DC is
by considering the two parallel waveguides as a single system which sup-
ports two system modes. The modes of the input and output channels are
decomposed into these system modes, and the power exchange between
the separate waveguides can be simply described as an interference phe-
nomenon of the system modes. It can easily be shown that the field ampli-
tudes at the output channels, E; and E,, are related to those at the input
channels, E, and E,, as

Ey | | cosy —isiny || E 9.22)
E,| |-isiny cosy ||E, '
where the parameter /is given as
7T fAn,,
w=—"—"Lpc (9.23)

where An,; is the difference in effective index of the two system modes,
and Lpc is the effective length of the coupling secton, as indicated in
Fig. 9.12.

The coupling length L, is the propagation distance giving 7 phase dif-
ference between the system modes

c
= 24

T 2fAn, ©-24)

Arbitrary power splitting ratios can be obtained by simply choosing
alength Lpc between 0 and L,. The power is split equally over the output
channels if the length of the coupler is half the coupling length. Equation
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(9.25) gives a shorthand notation for the transfer matrix of a DC (as de-

fined in (9.22)),
gl € 7S (9.25)
b is ¢ '

with
C=cosy =+1-kK
—iS =—isiny =—iVKk (9.26)

where C 1s the bar transfer function, and —1 S is the cross transfer function;
W is equal to the coupling strength integrated over the length, and xis the
power coupling ratio. Coupling does not only occur in the straight
waveguides. It occurs already in the leads, and the total phase is the sum of
the phase in the straight waveguides and the leads.

9.2.4 Mach-Zehnder Interferometer Interleaver

The transfer matrix of the MZI can be calculated by simple multiplication
of the transfer matrices of the type (9.19) and (9.25) of its component de-
vices: input coupler, delay section, and output coupler.

Hyz1 = Hpe, Hyeray Hpc, (9.27)

Using the simplified delay transfer matrix (9.21), the MZI transfer ma-
trix is found to be:

|Hy(2) Hp(D)] |B(z) AR(z)
| =SS, 00z @S, 15,627
(5, +CSZ27) GG, -8,8,27!

Hyy =

(Hy\(2) Hu(z)}{A@ BR(z)}

(9.28)

The two polynomials in the left-hand column, called the forward poly-
nomials, are labelled A(z) for the bar transfer and B(z) for the cross trans-
fer, respectively. The two polynomials in the second column, called the
reverse polynomials, are labelled B“(z) and A®(z), respectively. These re-
verse polynomials appear in the Z-transform description of many optical
filters.

Note that the coefficients of the polynomial A®=H,, are in reverse order
compared to those of A=H;;. The same holds for B® and B (H, and H,).
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Fig. 9.13. Pole-zero diagram showing the zeros of the bar and cross transfer of the
ideal MZI (lossless; perfect 3-dB couplers; no additional phase shift ¢,)

This symmetry property allows calculating Hy, and H,, if H,, and H), are
known. The transfer matrix can also be written in terms of the roots of the
polynomials as follows:

CcC -S,C
-85,z z-=1=2 -icS, 27 z-| =2
1°2 ( SISZJ 1019, C1S2

Hyz = Cs ‘g (9.29)
-is,c,z7! Z—(lD -C,C z*(z- 1 2}
1£2 ( S,C, 1£2 C,C,

The bar transfer A(z), for example, has a zero for Z=C,C,/(S,S5,), or, us-

ing (9.20), z=n,.6"%C,C,/(S,S,) and a pole at the origin (z=0). A way
to get insight into the polynomials is to plot all the poles and zeros in the
complex z-plane, see Fig. 9.13. Their position in the z-plane depends on
the coupling ratios and the tuning phase ¢,. The zeros always lie on the
real axis when @,=0. The transfer is zero if z is equal to a zero point and
would be infinite if equal to a pole.

Since passive devices never have an infinite transfer, possible poles will
never occur on the unit circle z=¢””". An MZI transfer function, having
a single pole at the centre, clearly satisfies this condition. The behaviour of
afilter over its free spectral range can be investigated by evaluating its
transfer matrix for all values of z encountered by travelling once around
the unit circle. The transfer goes to zero if z crosses zero on the unit circle.
However, a zero can also lie inside or outside the circle, see for example
Fig. 9.17a. The closer z (on the unit circle) gets to a zero the lower the
transfer is. Two zeros at mirrored positions with respect to the unit circle
(zn and 1/z,) will give the same amplitude transfer but a different phase
transfer. The bar transfer (H,,; and H,,) will have a zero on the unit circle,
only if xi=1- K, and the cross transfer (H,, and H,;) needs xj=x; to
have a zero on the unit circle. With k= k3 =0.5, both the bar and the cross
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transfer functions have a zero on the unit circle as shown in Fig. 9.13.
When the two couplers are identical the matrix reduces to

-s?+c?z7 -isca+zh]

Hyiz =
-isca+zly c?-s5%z7"

2
_s2z7 Yz —%) LisCcz Nz +1) (9.30)

2
isczlz+y 27z -5
L C
This matrix shows that H,,(z) and H,(z) will always have a zero on the
unit circle, but H,;(z) and Hy(z) will also have a zero on the unit circle
only if ki =4 =0.5. This means that it is much easier to have complete
isolation at the cross port than at the bar port.
For this case of two perfect 3dB couplers where C=S5=+1/2 (cf.

(9.26)), the complete frequency response (optical power transfer) is found
from (9.30) by substituting (9.20), (9.8), and (9.6) to be

Hy (P =|Hn (O =na sinz(mzfr +%j+%(1—7m)2 9.31)

for the bar transfer and

2
[ (O = o (D =710, 0052( En +ﬁj+%

|+ (-na)” 9.32)

for the cross transfer. The lossless filter (775, = 1) satisfies the simple condi-
tion |H,1(z)|" + |H21(z2)|* = 1 which is obvious from power conservation.
Figure 9.14 shows the frequency response of the MZI filter for several
values of the differential loss. Note that the filter curve has a very narrow
stopband. The width of the stopband at —25 dB is only 4% of the FSR.
The phase response of the bar transfer of the non-ideal MZI with identi-
cal directional couplers, from (9.30), is

2

| %UAL sin(27f'+¢,)

¢(f')=tan = (9.33)
1—?77& cos(27f '+ ¢,)

The non-linear frequency dependence of the phase response leads to
a frequency-dependent group delay and dispersion as will be explained in
Sect. 9.4.
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Fig. 9.14. Magnitude response for the Mach—Zehnder interferometer filter with differ-
ential loss of 0, 0.5, and 1 dB, respectively; tuning phase ¢,=0, and coupling constants
K=k=0.5

9.3 Higher Order Interleavers

9.3.1 Finite Impulse Response Filters: The Resonant
Coupler Approach

The disadvantage of the MZI filter is that its transfer function is sine-
shaped. This results in a very narrow stopband. For example, if 25 dB iso-
lation is required, the stopband width is only 8% of the channel spacing, so
that 92% of the available spectrum must remain unused. Although the
ideal rectangular-shaped filter transfer function, which would allow 100%
spectrum use, cannot be realized for reasons of causality, several ap-
proaches are known from the literature, e. g. [31], for improving the simple
MZI filter. One of them involves resonant couplers (RC, also called multi-
stage moving average filters or lattice filters) [32, 33]. These filters can be
implemented by cascading single MZI’s, as shown in Fig. 9.15. Here
a 2-stage filter is shown, consisting of 2 delay lines and 3 couplers. This
concept can be extended to more stages. An N-stage filter has N delay lines
and N + 1 couplers. The filter has 2 inputs and 2 outputs.

For simplicity the filters are assumed to have no loss. This means that
the outputs are power complementary (the sum of the output powers is
100%). The best way to design such a filter is by using the Z-transform
description and the accompanying zero diagram as described above. One
can find a synthesis algorithm in the literature which calculates the power
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Fig. 9.15. Two stage resonant coupler filter, consisting of three couplers and two delay
lines. Tuning phase shifts ¢,; and @,, might be provided by thermo-optic actuation

coupling ratios of each DC and the phase of the delay line from these
polynomials [34, 27]. This is a very important algorithm since it opens the
way for using all the design tools for digital filters in order to design
a desired filter that can then be mapped to a real optical filter layout. Due
to chip space restrictions and optical losses, it is not possible to make an
optical filter with a large number of delay lines. For example, a polynomial
filter of order one hundred, which is very common in digital filters, is not
(yet) possible. Also, every additional delay line needs an independent tun-
ing element. Therefore it is important to design a filter using as few delay
lines as possible.

Filter Demands and Design Strategy

In order to be useful as interleavers, for example cascaded in a binary tree
arrangement, the filters must satisfy certain requirements that can be sum-
marised as follows:

e For interleaver operation, the bar transfer must be equal to the cross
transfer shifted by half the FSR. This implies that the zero transfer fre-
quencies are shifted by half the FSR compared to the frequencies of
maximum transfer. The number of local maxima is equal to the number
of local minima.

e To use the bandwidth as efficiently as possible, interleavers having
broad passbands and stopbands are necessary.

e Low passband loss.

e Good isolation. It is difficult to fabricate filters having better isolation
than 25 dB.

Figure 9.16 summarises the filter synthesis process. There are four gen-
eral steps in the process as described below.
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Define the filter order, i.e. the number of zeros

(@)

!

Define zeros on the unit circle that give zero intensity
transfer for the cross port transfer function B(z)

(b)

!

Define the remaining zeros of the cross transfer
function by substituting the previously defined
zeros into the /" derivative of |B(z)|

(©

'

Generate the cross port transfer function B(z)
from its now known zeros

(d)

!

Calculate the bar port transfer function A(z) from B(z)
using the power complementary condition

(e)

'

Obtain the power coupling ratios and phases from
A(z) and B(z)

®

Fig. 9.16. Passband-flattened filter design synthesis flowchart

(1) Definition of the filter order

This first step, (a) in Fig. 9.16, defines the number of zeros which is equal
to the order of the filter. The maximum number of zeros will be limited by
the fabrication accuracy and available space. Generally, the larger the or-
der, the better a desired transfer function (e. g. a rectangular shape) can be
approximated. The filter shape is adjusted by carefully locating the zeros
in the complex z-plane. A zero placed on the unit circle will create a zero
transfer (absolute minimum) and thus contributes to a stopband. Local
maxima will arise between two adjacent zeros in the stopband. A zero in-
side or outside the unit circle will create a local minimum and, in the cases
of practical interest, two surrounding local maxima. The overall effect can
be a flattening of the passband if the zero is not positioned too close to the
circle, so that the local minimum is shallow and only a small ripple re-
mains. Due to the required symmetry of the passband and stopband of an
interleaver, the number of passband maxima should equal the number of
stopband zeros. This leads to the requirement of having one fewer zero in
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the passband than in the stopband, implying that the total filter order
should be odd.

(2) Generation of the cross port transfer function

This step is represented by (b)-(d) of Fig. 9.16. To generate the cross trans-
fer function, the zeros on the unit circle are positioned first. These zeros
give zero intensity transfer at their normalised frequencies and thus define
the stopband width. There are side-lobes between each pair of zeros in the
stopband. Increasing the distance between the zeros leads to a broader
stopband but also to a higher side-lobe level. Hence, for a given number of
zeros on the unit circle, there is a trade-off between isolation and stopband
width. A common requirement is to have the maximum side lobe level at
<-25dB.

Next the passband shaping zeros are positioned inside or outside the cir-
cle. These zeros will create local minima at their corresponding positions
and two surrounding local maxima. They should be positioned so that the
passband becomes a half FSR shifted mirror image of the stopband with
respect to the 50% power transmission level.

Adopting the formalism with A and B polynomials as introduced in
(9.28), and applying (9.12), the magnitude squared of a cross transfer func-
tion, B(z), with real coefficients is

B[ =[] .., (9.34)
while the transfer function can be written in terms of its roots as
M _
B =TIl _(1-z,z" (9.35)

Substituting the unity zeros into (9.35) and applying (9.34), the magni-
tude squared function can be represented in terms of the unknown “pass-
band” zeros and gain I'. The locations of the maxima are given by the ze-
ros of the derivative of (9.34) with respect to the normalised angular
frequency f’. Since these zeros of the derivative are independent of the
unknown constant I, the locations of the “passband zeros” can be deter-
mined from (9.34) and (9.35)

e
7=ei27/

d|B (z)|
» }: 0 (9.36)
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Finally, the transfer function (9.35) should be normalised to one because
the transmission of a passive device such as this Mach—Zehnder interfer-
ometer cannot exceed one. This procedure, which fixes I', is given by
(9.37),

max,,,|B(z)|=max,, |B(w) =1 (9.37)

(3) Calculation of the bar port transfer function

Once the cross transfer function has been obtained, the bar transfer function
A(z) can be calculated using the power complementary condition, (e) in
Fig. 9.16. This condition, implying that the sum of the bar and the cross
power transfer should be one, and assuming real coefficients of the transfer
functions (allowing the use of (9.12)), provides a relationship between the
A and B polynomials:

A =A@AGCT|_ ., =1-B@BE)| 9.38)

i2zf'

The bar transfer function A(z) is obtained by calculating its N zeros from
(9.38). The 2N zeros of 1 - B(z)B(z™") appear as pairs of (a, 1/a;) for
k=1-- N. Using spectral factorization, each zero of A(z) is determined by
selecting one from each pair of zeros of 1 — B(z)B(zfl). There are 2" selec-
tions that can be made to obtain the zeros of A(z). Thus, 2" different ver-
sions of A(z) can be obtained from one known B(z). They have the same
amplitude response but different phase characteristics.

(4) Obtaining the optical parameters

The last step, (f) in Fig. 9.16, is the generation of power coupling ratios
and phases of each directional coupler and delay line of the filter from the
bar and cross port transfer functions. A simulation tool based on an algo-
rithm derived by Jinguji and Kawachi [34] that can map the coefficients of
the filter transfer function in a z polynomial to the optical parameters is
used. The algorithm uses recursion equations to calculate the power cou-
pling ratios of each directional coupler and the phase of each delay line.

Design Examples

Third order interleaver

The first logical extension of the (first order) MZI would be a second order
device with a second zero on the unit circle. As explained before, this extra
zero can be positioned so as to effect stopband broadening. In order to also
flatten the passband, an additional zero (z;) is needed which is located
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symmetrically with respect to the first two zeros, but at the opposite side of
the imaginary axis, i. e. on the real axis.

The zero diagram of this third-order filter is shown in Fig. 9.17a. The
power transfer is shown in Fig. 9.17c. Here the distance between the two
zeros z; and z, has been chosen so that the maximum of the side lobe is
—25dB. Increasing the distance results in a higher side lobe and broader
stopband.
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Fig. 9.17. (a) Zero diagram of the bar transfer A(z) and the intensity transfer for the
third order lattice filter. It has three zeros, two are on the unit circle (z;, z,) and give
a zero transfer; the third zero is on the real axis and can be chosen inside (z3) or outside
(1/z3) the unit circle. Both give the same amplitude transfer. (The notation r £ ¢ gives
the modulus r and the argument @ [in radians] of complex z) (b) Zero diagram of the
bar transfer A(z) and intensity transfer for the fifth order lattice filter. It has five zeros,
three are on the unit circle (z3, z4, z5) and give a zero transfer, two zeros are on the
opposite side of the imaginary axis (z;, z,) and can be chosen independently inside or
outside the unit circle. Both choices give the same amplitude transfer. This graph must
be mirrored about the origin to get the bar transfer. (¢) Magnitude response for the 1, 2,
and 3 stage slicer
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Proper slicer operation requires identical cross and bar amplitude trans-
fer functions, shifted over half the FSR. This condition is satisfied by cor-
rectly positioning the third zero z;. There is still a degree of freedom left
since the amplitude transfer does not change if z3 is replaced by 1/ z,. For
both, the bar and the cross transfer, this zero can then be chosen to lie ei-
ther inside (minimum phase) or outside (non-minimum phase) the unit
circle, giving in total four possible solutions for this third order filter.
These four different optical filter implementations have equal amplitude
transfer but different phase transfer.

One of the couplers turns out to have x=0, which means that this cou-
pler is removed and the two neighbouring delay lines are combined into
one having the double delay. The three-stage filter is reduced to one hav-
ing two stages. Since the number of tuning elements is equal to the number
of delay lines, this implementation has also one tuning element less. The
stopband width at —25dB is 14% of the FSR or 28% of the channel spac-
ing; 72% of the band is unavailable for data transmission. Since the filter is
power complementary, —25 dB at the stopband can be calculated to corre-
spond to a 0.014 dB ripple in the passband.

When looking at the four possible filter implementations, it can be seen
that these four solutions can be split up into two groups where one contains
mirror implementations of the other. This again shows that such a filter can
be used both as filter and combiner. The last coupler can have a power
coupling of either 0.923 or 0.077 (=1-0.923). The implementation with
power coupling 0.077 is preferable since it is the shortest coupler and
therefore less sensitive to wavelength.

Fifth order interleaver

Further improvement of the filter curve can be obtained by adding two more
zeros to the diagram, as shown in Fig. 9.17b. Three zeros are on the unit
circle (z3, z4, zs5) giving a broader stopband width (24% of the FSR at
—25 dB). The distance between these zeros is chosen so that the side lobes in
the stopband are —27 dB. The other two zeros are placed at the opposite side
of the imaginary axis and not on the unit circle to obtain passband flattening
(three local maxima). Due to the lower stopband sidelobes, this filter is also
better passband flattened, and of course the cross and bar transfer shapes are
equal, but shifted by half the FSR. The two “passband zeros” can be chosen
individually to be inside or outside the unit circle. This results in four possi-
ble configurations for these two zeros, giving sixteen solutions for the bar
and the cross functions. Some of the solutions have one coupler with k=0
allowing two neighbouring delay lines to be combined into a single one
having the double delay. The best solution has two zero length couplers and
chooses the shortest possible option for the remaining couplers.
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9.3.2 An Infinite Impulse Response (lIR) Filter: MZI + Ring

There is a different way to design a passband-flattened interleaver, by
combining a ring resonator inside an asymmetric MZI [35-37] as shown in
Fig. 9.18. More complex structures can be found in [38]. The ring intro-
duces a frequency-dependent nonlinear phase shift in one arm, while main-
taining a unity amplitude response. The frequency response of the ring will
be discussed before going into the details of this interleaver.

Figure 9.19 shows the ring resonator and a waveguide coupled to that
ring. Part of the light that propagates through the channel is coupled into
the ring waveguide and travels through the ring. After one roundtrip, part
of that light is coupled back into the straight waveguide, and the remainder
continues for a second roundtrip.

{—
(ptr Z—2
KV
1 Ko O Ky 3
2 4

-1
Fig. 9.18. Mach—Zehnder interferometer plus ring filter

This process continues until there is a stable solution. Two interrelated
interference phenomena can be distinguished. First, there is the ring, where
the total field distribution arises from waves that have made a number of
roundtrips in the ring. Second, there is the straight waveguide where the
direct light from the input interferes with waves that couple back from the
ring. The output intensity is equal to the input if there is no loss. This inter-
ference clearly depends on the wavelength of the light. The roundtrip time
of light propagating in the ring is 7,, but we allow a small deviation in the
average effective index n.y of the ring, providing a phase adjustment @,,.
The ring is in resonance, and intensity increases in the ring if the total
roundtrip phase @,,,=27f7. + ¢, =27m, where m is an integer.

The light that couples back into the channel is in anti-phase with the
light from the input and will interfere destructively. The ring is in antireso-
nance when @, =77 (2m + 1).
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i2zfr,

Introducing z, =¢ , the transfer of the ring can be described by the

following Z-transform polynomial [Ref. 27, pp. 306]

. . nr —i(ﬂn.
e i (cre“‘”“‘ _77rZr_l) c, (zr —Ze
H(e) == — 9.39)
—¢e 2, Z, —1NCe
where ¢, =\1-k,,7,. = e 2" g is the ring waveguide attenuation coef-

ficient, and r is the ring radius.

We consider the lossless case, where the ring resonator acts as an allpass
filter producing a non-linearly frequency-dependent phase shift which is
given by

1 (1—cr2)sin(27z'fz'r+(p,r)

2c, —(1+c,2)cos(272'f2', +¢,)

@.(f)=tan (9.40)

and is shown in Fig. 9.19b for different values of the modulus of the pole
location, |z,|. In this lossless case |z,| = ¢, is found from (9.39). The extreme
case |z,|=¢,=0 corresponds to a power coupling constant k=1, meaning
that all the light couples from the input into the ring, makes exactly one
roundtrip, and then couples back completely to the straight waveguide. This
is equivalent to a single waveguide which is lengthened by an amount equal
to the circumference of the ring. As expected, its phase response is linear.
For |z,|=0.9 only a small part of the power is coupled into the ring. Near

-Phase/2x

’ ( :;\ ’ 0.0 0.2 0.4 0.6 0.8 1.0
K, Normalised frequency

(@ (b)

Fig. 9.19. (a) 1 x 1 port ring filter; (b) phase response for a lossless ring resonator with
three different pole locations |z,|, assuming that @,, = =
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resonance a high intensity builds up, and the phase changes rapidly in
a nonlinear fashion.

This non-linear phase shift can now be used inside the MZI (Fig. 9.18)
where the ring is connected to the short channel. The time delay (or round-
trip length) of the ring should be exactly twice the differential time delay
of the MZI (7,) since the periodic nonlinear phase change should occur
synchronously with the periodic MZI response curve in order for the ring
to effect passband flattening and stopband broadening. The intensity trans-
fer from port 1 to 3 (bar) and from 1 to 4 (cross) for the MZI + ring is
given by (9.41) and (9.42), respectively,

|y, ()] =sin? {M’T(f)) (9.41)

|y (f)] = cos? {M’T(f)) (9.42)

where the DC’s of the MZI have both x=0.5, and Ag(f)=@.(f) - 2xfT,
the difference between the phase of the ring-path and the phase of the
through-path arm of the MZI. The bar transfer |H,;(f)| is zero when
A@(f)=2 ms, where m is an integer; it is 1 for Ag(f)=02m + 1)z Pass-
band flattening can be obtained by tuning the ring to be in anti-phase
(@, = ) at maximum transfer of the MZI.

Figure 9.20 shows the result obtained by adding the ring, with ¢,=.
The intensity transfer is passband flattened and stopband broadened. The
second graph shows the frequency-dependent phase of the two arms of the
MZI with respect to the short arm of the same MZI without ring. The alter-
nating long-short-dashed line represents the phase of the long arm (the one
without ring). It has a phase change of 27 in one FSR. The dashed line
gives the phase of the short branch in the case of 100% coupling to the con-
nected ring. It has a phase change of 41 in one period (7,=27). The solid
line shows the phase for x,=0.82 power coupling to the ring. The phase
oscillates around the dashed line. There are exactly two periods of oscilla-
tions. The intensity transfer of the filter is now determined by the phase
difference between the two channels as shown in the last graph. The centres
of the passband and stopband occur at a phase difference of ms. The cou-
pling coefficient has been calculated in such a way that near the centre of
the pass- and stopbands the phase slope of the short branch + ring is equal
to that of the long branch, resulting in a constant zero (or 1) phase differ-
ence between the branches over a large fraction of these bands. As a result
there is almost no change in the transfer. It is important that this stability
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occurs at a maximal or minimal transfer which is obtained by careful tuning
of the phase of the ring relative to the MZI. The local maxima in the stop-
band occur at the frequency where the slope of the phase difference is zero.
There is a rapid transition in the transfer from passband to stopband be-
cause the ring is in resonance, which results in a fast phase change.
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Fig. 9.20. Intensity transfer, phase of each arm (with respect to the short arm without
ring), and the phase difference of a lossless, correctly tuned MZI+ring filter with
perfect 3 dB couplers, and g, =7
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9.4 Group Delay and Dispersion

Dispersion is a measure of linearity of the phase response with respect to
the frequency. The group delay is the local slope of the phase response
curve, i.e., the slope of the phase at the frequency being evaluated. A fil-
ter’s group delay or envelope delay is defined as the negative derivative of
the phase response with respect to angular frequency w as follows [30]:

do(w
Tg(c‘)):_ fl)(a))

(9.43)

If @is in radians and w is in radians per second, then the absolute group
delay is given in seconds. For a sequence of discrete signals, each stage
has a delay that is an integer multiple of a unit delay, 7. If the angular
frequency is normalised to 7, such that '= @ %, then the normalised group
delay z,” is given in number of unit delays 7, leading [27] to:

T, =7y T, (9.44)
with a normalised group delay

s do(of d
7, (@)=~ d<w/ ). i H)|_, (9.45)

The filter dispersion is the derivative of the group delay. For normalised
frequency f” =f7, the normalised dispersion D’ is [27]

D’—dr‘; 2 —dT;' 9.46
a7 T dw (©-46)
and the filter dispersion D in absolute units [s/m] is [27]
dr T 2
_“"g__|% ’
D =94 C(_/l j D (9.47)

In comparison, for optical fibres the dispersion Dy is typically defined as
the derivative of the group delay with respect to wavelength 4 and normal-
ised with respect to length L [27]

_1dTg
Df_Ld/l

Practical units for Dy are [ps/(nm-km)].

(9.48)
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9.4.1 MZI Group Delay and Dispersion

The normalised group delay of the non-ideal MZI with identical direc-
tional couplers can be calculated from (9.33) and (9.45)

2 2
C{C_cos w,}

2| <2
7, (0) = S°LS (9.49)
1-2>>cos o + -
S S

Figure 9.21a shows the normalised group delay of the MZI for different
coupling constants. Note that the ideal MZI (k=0.5 — C=S) has
a constant group delay and thus no dispersion. Figure 9.21b shows the
normalised dispersion of the MZI. Note that the dispersion sweep is in the
stopband region and that dispersion is low in the passband region.

The group delay and dispersion go to infinity as x goes to 0.5. This is
possible since this is in the stopband region and the intensity transfer goes
to zero.
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Fig. 9.21. Bar transmission of the MZI for various coupling constants. (a) Group de-
lay. (b) Dispersion

9.4.2 Third- and Fifth-order Lattice Filter
Group Delay and Dispersion

The dispersion for the 3™ order interleaver is non-zero as shown in
Fig. 9.22a, in contrast to the ideal MZI. There is a frequency-dependent
group delay having a minimum at the centre of the passband, resulting in
azero of the dispersion. The minimum normalised dispersion is —2.6
which is equivalent to 1.9 km of standard single-mode fibre for a 100 GHz
FSR filter. For the 5™ order interleaver, Fig. 9.22b, the dispersion goes to
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Fig. 9.22. Normalised group delay and normalised dispersion of bar response of mini-
mum phase 3 and 5" order filters. (a) 3" order 2-stage filter; the minimum and maxi-
mum dispersion are —2.6 and 2.6, respectively. (b) 5™ order 3-stage interleaver; the
minimum and maximum dispersion are —5.9 and 5.9, respectively

infinity when reaching the stopband, which is not interesting since the
intensity is low. The minimum normalised dispersion is —5.9 which is
equivalent to 4.3km of standard single-mode fibre for a 100 GHz FSR
filter.

9.4.3 MZI + Ring Group Delay and Dispersion

Figure 9.23 shows the overall phase, delay, and dispersion of the bar trans-
fer H,,(z) of the MZI + ring filter. The normalised dispersion is zero at the
centre of the passband and goes from negative to positive in the passband
region. The extremes are —22 and +22 at a normalised frequency of 0.29
and 0.71, respectively. The transfer is —0.5 dB at these points. The disper-
sion of the filter does not depend on the chosen input and output ports. It
will always give the same dispersion curve. So the dispersion will always
be doubled when two MZI + ring interleavers are cascaded.
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Fig. 9.23. Phase, normalised delay, and normalised dispersion of the cross transfer of
MZI + ring filter

9.5 Cascaded Interleavers

As indicated in the introduction, interleavers can be used as building
blocks to form more complicated optical functions. One way of cascading
interleavers has been extensively discussed in Sect. 9.3.1. In this lattice
architecture, the overall cascade had the same basic functionality as a sin-
gle interleaver, but its transfer function was strongly improved.

One way of extending the functionality is to build a cascade based on
a binary tree architecture as shown in Fig. 9.4. Full demultiplexing of N
channels requires N-1 slicers. Therefore, optical integration technology is
essential for economic fabrication of such composite devices, as pioneered
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by Verbeek et al. [4] and further developed by NTT, e. g. [39]. Compared to
other multiplexers, for example the arrayed waveguide grating (AWG, see
Chap. 4), this architecture does not seem to scale very well with the number
of multiplexed optical channels. However, it offers a large degree of flexi-
bility for engineering the transfer function, e. g. [23, 24], and especially for
(fine-)tuning to individual channels and reconfiguring the assignment of
optical signal channels to the output ports. The signals at the two output
ports of an MZI interleaver are swapped by introducing a 7 phase shift in
one of the MZI branches. Since this can be done for each of the slicers in
the binary tree, each wavelength channel can be routed to each of the out-
put ports, and many — but by no means all — channel permutations can thus
be obtained. In this way, a binary tree slicer arrangement combines the
functionality of optical frequency (de)multiplexing with switching which
may make it an efficient architecture for a number of wavelength routing
applications.

If full demultiplexing is not required, for example for dropping a single
channel from a multiplexed signal, a partial binary tree may be used. Only
log, N slicers are required if the unwanted channels can be discarded. If the
other channels should be kept, the partially demultiplexed signal must be
remultiplexed using another identical partial binary tree. An example of
a1 from 8 add-drop multiplexer using this principle is shown in Fig. 9.5.
The add-function comes “for free” with the drop function if a 2 X2 inter-
leaver is applied for the deepest stage, and a total of 2 log, N -1 slicers is
needed.

It is worth noting that the “quality” of the transfer function is not neces-
sarily equal for each of the slicers in a cascade. The most critical stage is
the first one which has the smallest free spectral range since its function is
to separate adjacent channels. Its properties mainly determine the flatness
and width of the passband and the adjacent channel isolation of the com-
posite device. A lower order lattice filter can be used for the following
stages since the channel width will be a smaller fraction of the FSR of
those stages. The principle is shown in Fig. 9.24.

The isolation of the drop channel with respect to the add channel de-
serves special attention because these channels — separated by only a single
large-FSR slicer in the configuration of Fig. 9.5 — have the same nominal
frequency, and the level of the locally generated add signal may be rela-
tively high. This may cause strong interference products within the band-
width of the detection system (in-band crosstalk). The potential problem
arising from this is elegantly solved by adopting an add-after-drop con-
figuration at the expense of a single additional slicer, one of the “D”
blocks, as illustrated in Fig. 9.25.
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Fig. 9.24. Transfer functions of different lattice filters. (a) Single-stage MZI. (b) Two-
stage (third order). (c¢) Three-stage (fifth order). The ratios of the free spectral ranges
of the slicers are 4:2:1 for slicers a, b, and c, respectively. (d) Transfer function from
the input to one of the outputs of the binary tree cascade of these three interleavers
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Fig. 9.25. Schematic drawing of 1 from 16 add-drop multiplexer with add-after-drop
functionality for a 200 GHz channel spacing. FSR ratios are 1:2:4:8 for A:B:C:D-type
slicers, respectively. For obtaining a 25 dB isolation over >85 GHz stopband, A-type
slicers were chosen to have 3 stages, B-type 2 stages, and C and D-types 1 stage [5]

An example of the lay-out of a thermo-optically tuneable 1 from 16 add-
after-drop multiplexer, based on partial binary trees of different order lat-
tice filters, and designed to select channels on a 200 GHz ITU grid in the
C-band, is given in Fig. 9.26. The device was fabricated using silicon
oxynitride technology [40, 41]. Its in-to-drop and in-to-out characteristics
when tuned to a given channel are shown in Fig. 9.27.
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Fig. 9.26. Lay-out of a tuneable 1 from 16 add-drop multiplexer using the architecture
shown in Fig. 9.25 [5]. The optical circuit has been folded about the vertical centre
line. The locations of A, B, C, and D type slicers are indicated. Metal connections of
the heaters used for thermo-optically tuning the individual delay sections are also
shown
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Fig. 9.27. Measured transfer functions: in-to-drop (a) and in-to-out (b) of the multi-
plexer shown in Fig. 9.26. The grey vertical bars indicate channels of the 200 GHz ITU
grid for which the filter was designed. Measurements were done with unpolarised light

In Sect. 9.3.2 the combination of an MZI with a ring resonator has been
discussed. A different kind of such a combination, placing the ring outside
the MZI (in fact just cascading ring and MZI), has been proposed by
Viézquez etal. [42]. They introduce gain into the ring, leading to a strongly
peaked transmission spectrum instead of the allpass characteristic de-
scribed in Sect. 9.3.2. This might make the applicability of their configura-
tion as an interleaver or demultiplexer in WDM systems questionable.
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9.6 Realisations of Interleavers in various
Fabrication Technologies

As stated in the introduction, interleavers can be built from any type of
wavelength filter having a periodic frequency response. This section aims
at giving a flavour of recent realisations of interleavers based on different
operating principles and using different technologies.

9.6.1 Bulk and Fibre Optics

Although this chapter focuses on integrated optical realisations of inter-
leavers, most commercially available devices at the time of writing are
based on bulk optics.

Lattice Filters

The implementations, based on birefringent crystals, that are equivalent to
MZI lattice filters have been known for a long time as Lyot [43] or Solc
[44] filters. Many different variations of the basic principle have been real-
ised [1]. In such filters (see Fig. 9.28), which found their early applications
mainly in astronomic instruments, the two fundamental polarisations in the
crystals, the ordinary (o) and extraordinary (e) waves, experience a differ-
ent refractive index (n. — n,=An), and hence a frequency-dependent phase
difference A given by

Ap= 27” fARL (9.50)

where L is the length of the crystal. Equation (9.50) is very similar to (9.2).
The angular offset between the optic axes of consecutive crystals causes
a mixing of the o- and e-waves from one crystal to the next, just as the
directional couplers do between consecutive delay sections in an MZI lat-
tice filter. Instead of rotating the crystals, half-waveplates may be located
in between the aligned crystals. The device of Fig. 9.28 works only with
a single input polarisation, but, exploiting the complementary mixing pro-
perties of orthogonal polarisations in a configuration as shown in Fig. 9.29,
polarisation-independent operation can be obtained [45].

Instead of birefringent crystals, also artificial birefringent units can be
used, consisting of polarisation beam splitters providing two different
propagation paths (through different isotropic materials, e. g. glass blocks)
for the two orthogonal polarisations, as illustrated in Fig. 9.30 [46].
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Fig. 9.28. Principle of a lattice filter based on birefringent crystals. Due to the refrac-
tive index difference for the ordinary (o) and extraordinary (e) waves, each crystal
produces a differential delay of the fundamental polarisation components. The angular
offsets between consecutive crystal’s optic axes determine the coupling between the
o- and e-waves from one crystal to the next. P: polarizer, C: crystal. After [47]

I A
Out 1
M >
PBS
In
> M
PBS

Fig. 9.29. Polarisation-independent birefringent crystal lattice filter using polarisation
diversity. M: mirror; PBS: polarisation beam splitter; C;: crystal i. After [45]

The same authors designed an electro-optically tuned interleaver as
a variation of the structure of Fig. 9.30 where one of the blocks has been
replaced by an electro-optic lithium niobate crystal. It requires about 4 kV
for tuning over its free spectral range [48].

Since the crystals or the glass blocks will usually need to be many thou-
sands of wavelengths long, the effects of thermal expansion can be severe.
Compensation of thermal drift can be obtained by applying carefully
matched combinations of different crystals. Although lattice-type filters
can be designed to have zero dispersion (see Sect. 9.4), it has also been
proposed to use matched interleavers as multiplexers and demultiplexers,
respectively, one having positive and the other negative group delay. An
interleaver that can be changed to have positive or negative group delay by
moving a half-waveplate to a different position is shown in Fig. 9.31 [49].
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block 2 B o
e L
L. e
o block 1 n
PBS H PBS

Fig. 9.30. Differential delay unit using “artificial” birefringence by providing separate
propagation paths for the orthogonal polarisations through two blocks of different
materials, after [46]. PBS: birefringent walk-off crystal serving as polarising beam-
splitter; H: half-waveplate rotating the polarisation by 90 degrees

W-PBS PBS PBS H W-PBS
e ] [ [ [ 1] ~ >
- Iml /
= o LI | IR L 1L
H H C, C,)|H C, C, C, C,H H
r] -
SL - 2L
Birefringent crystal cells

Fig. 9.31. Interleaver with selectable positive or negative group delay, after [49]. Se-
lection is done by moving the input half-waveplate from the o-beam to the e-beam. W-
PBS: walk-off polarising beamsplitter; PBS: polarising beamsplitter; H: half-
waveplate; C,;, C, temperature-compensating birefringent crystals

Michelson—Gires—Tournois Interferometers

The equivalent of a ring resonator is the Fabry—Perot resonator in bulk
optics. A Fabry—Perot resonator with one 100% mirror, which can only be
used in reflection, is known as a Gires—Tournois resonator (GTR) [50], see
also Chap. 6, Sect. 6.3.3. It acts as an allpass reflection filter having a peri-
odic and strongly nonlinear phase response, just as the ring resonator cou-
pled to a single waveguide does in transmission (Fig. 9.19).

Then, the bulk equivalent of the Mach—Zehnder interferometer with
aring resonator coupled to one of its branches is the Michelson interfer-
ometer (MI), where one or two of the mirrors of the MI is/are replaced by
a GTR, thus forming a so-called Michelson—Gires—Tournois interferome-
ter, see Fig. 9.32 and [51, 52]. If both MI mirrors are replaced by GTR’s,
a more rectangular-shaped passband can be obtained [53]. Although one of
the interleaver output signals will be back reflected, it can be separated
from the input signal by tilting some of the mirrors. More complicated
designs and several references to the patent literature can be found in [1].

A fibre analogue of a Michelson—Gires—Tournois interferometer has
been demonstrated in [54].
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Fig. 9.32. Michelson-Gires—Tournois interferometer filter, after [52]. The back-re-
flected light has a frequency response that is complementary to that of the transmitted
light, and the input signal will appear frequency interleaved at the reflection and trans-
mission port of the device

Fabry—Perot Resonator Arrays

Fabry—Perot (FP) resonators are discussed in Chap. 6. By arranging a num-
ber of such resonators in series, while carefully choosing the mirror reflec-
tances, the rectangular-shaped transfer function that is desirable for inter-
leaver operation can be well approximated, see the configuration of
Fig. 9.33 [55].

This technique is not limited to conventional bulk FP etalons, but it can
also be applied to the design of thin-film filters [56].

array of equally spaced mirrors

R, R R
G N A Y
T T Al T T outq

circulator d d

single-mode fibre

Fig. 9.33. Interleaver based on Fabry—Perot resonator arrays using a circulator for
separating input and reflected output, after [55]. Outputs 1 and 2 are complementary,
producing frequency-interleaved signals

Fibre-based Interleavers

Fibre Bragg gratings (FBG’s) are very suitable for fabricating high-quality
filter elements, see Chap. 5. Interleavers can be built by combining several
equidistantly tuned FBG’s, see e. g. [57]. The principle is shown in Fig. 9.34.
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out2 in FBG1 FBG2 FBGN out1
Fig. 9.34. Array of fibre Bragg gratings (FBG) [57]

As in Fig. 9.33, the reflected output can be separated from the input by
using a circulator. A related technology is engineering a fibre Bragg grat-
ing in such a way, by sampling and chirping, that it reflects multiple chan-
nels [25,58] which can be selected to provide interleaver functionality.
This technique has been taken further by combining the fibre Bragg grat-
ing-based FP resonators with a fibre MZI interleaver [59].

Besides the fibre Bragg-grating technology mentioned above, lattice-
type fibre MZI interleavers have been realised. Due to the relatively long
fibre length of the branches — almost inevitable because of handling con-
straints —, inaccuracies of cutting fibre lengths, and thermal drift tuning
facilities and active stabilisation circuits are generally needed. An interest-
ing approach using a reference light source with a wavelength outside the
regular transmission band is shown in Fig. 9.35 [60, 61]. Other variations
include a reflective fibre MZI using a loop mirror or a fibre Bragg grating
[62] and a configuration using highly birefringent fibres [63]. Li etal. [64]
exploited the interference between two modes in an 8 cm section of two-
moded fibre for obtaining a compact thermally tuneable MZI-like filter
with 1.72 nm FSR.

A 3x3 (or 1x3) interleaver based on three-arm fibre MZI filters, using
symmetric 3 X 3 fused fibre directional couplers, was investigated by Wang
etal. [65]. Fewer of such filters would need to be cascaded for separating
a given number of channels, compared to 2 X 2 interleavers. A 100/300 GHz
interleaver with 40 GHz passband width at the —0.5 dB level has been dem-
onstrated. The same authors propose a three-armed MZI with allpass ring-
resonators coupled to each of the arms [66]. They show the design of

Stabilisation
electronics

DFB LD
1.3 um

out

Fig. 9.35. Fibre MZI, stabilized using a reference light source. The filter can be tuned
by changing the reference wavelength. DFB LD: distributed feedback laser diode,
3dB: 3 dB-directional coupler, PM: phase modulator (piezoelectric microstretcher),
PC: polarisation controller, FS: fibre stretcher (mm range), WDM: coarse wavelength
division multiplexing fibre coupler [61]
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a 100/300 GHz 3 %3 interleaver with a 85 GHz passband width. However,
the transmission curves of adjacent channels overlap somewhat in the tran-
sition region.

A binary tree cascade of fibre MZI’s resulting in a 16-channel demulti-
plexer with 100 GHz channel spacing has also been demonstrated [67].

9.6.2 Planar Optical Waveguide Interleavers

Most work on interleaver filters in planar technology has been done in
silica-based waveguide systems, especially by AT&T/Lucent [4,33,15,
21,68,69] and NTT [70,7,3,71, 2], but also others [72]. Temperature de-
pendence in such filters can be compensated by introducing short grooves
filled with a material having a thermo-optic coefficient of the opposite sign
as that of silica [73]. A clear trend in this technology is towards higher
refractive index contrast in order to allow for smaller bend radii and hence
more compact designs, as illustrated by the interleaver described in [74].

Stronger refractive index contrast can be obtained by using different ma-
terials, e. g. silicon oxynitride (SiON) [40,41]. This technology has been
used by IBM and the University of Twente for fabricating resonant-
coupler-based filters and binary tree cascaded interleavers [75-77, 5].

Still higher contrasts are possible with semiconductor materials like
GaAs [78] or silicon [79]. Although these materials certainly allow for
more compact designs, they also put high demands on etching process
quality because roughness will cause strong scattering loss due to the high
contrast. Also, fibre-chip coupling becomes increasingly difficult as con-
trast increases.

Polymers can be attractive for these applications [80, 81] because of their
simple processing compared to the inorganic materials mentioned before and
hence possibly lower cost. Also, they generally have an order of magnitude
larger thermo-optic coefficient so that tuning power requirements can be
lower. These materials may, however, have problems with long-term stabil-
1ty.

Lithium niobate is an attractive material because of its electro-optic prop-
erties and mature technology. Filters fabricated in this technology are often
based on frequency-selective mode conversion, e. g. [82]. Electro-optically
tuneable interleavers based on this principle are described in [83], Fig. 9.36.

Cusmai etal. [84] proposed a device based on a three-arm MZI, using
three-way directional couplers instead of the usual 2x?2 devices. Different
from the device reported in [65], the power coupling ratio of the direc-
tional couplers is not 1:1:1 here. The device and its equivalent built from
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2x2 MZI’s are shown in Fig. 9.37. The 2 X2 cascade may have the advan-
tage that a better isolation can be obtained for a given fabrication accuracy.

o Ciois ....... ...... . et i)

waveguide I [ [ | O [ [ [ [ {;ﬁ}}:J}-.ﬁfA.fi:sgs
. \ o ] M

polarisation strain-inducing tuning

splitter strips electrodes (V)

Fig. 9.36. Electro-optically tuneable lithium niobate interleaver [83]. The strain-
inducing strips produce an off-diagonal element in the refractive index tensor leading
to TE-TM mode conversion. The frequencies at which the phase matching condition
for efficient mode conversion occurs is tuned by a voltage on the electrodes, changing
the birefringence of the lithium niobate crystal

3 coupler coupler g

(@) (b)

Fig. 9.37. (a) Three-arm MZI, and (b) its equivalent built from conventional two-arm
MZI’s (after [84]). The 3-way directional coupler is designed to have a 50:0:50 power
splitting ratio from the central input channel to the respective output channels and
a25:50:25 ratio when excited at one of the outside channels. In normal operation, the
3-arm MZI is applied as a 2x2 device, using only the outside input (1 and 3) and
output ports (4 and 6)
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(a) (b)

Fig. 9.38. Multiple-branch MZI interleavers (MMI: multi-mode interferometer).
(a) Basic periodic 4 x4 demultiplexer; for (1 x4) interleaver functionality only a single
input is used. (b) Improved transfer function by adding nonlinear phase shifters (ring
resonators) to each branch (after [87])
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As can be inferred from the equivalent circuit, the 3-arm MZI has the
squared response of a single 2-arm MZI, thus providing a limited degree of
passband flattening and stopband broadening. Compared to the 2-arm
MZ], it also has reduced sensitivity to fabrication errors affecting the split-
ting ratio of the couplers. It should be noted that another approach by
Oguma etal. [71] provides a method for obtaining highly accurate splitting
ratios using a composition of inaccurate couplers and delay-lines.

Generalised multiple-branch MZI’s have been introduced before where
multi-mode interferometers (MMI’s) act as multi-port couplers (Fig. 9.38a),
e.g. van Dam etal. [85] and Lierstuen and Sudbg [86]. This type of device,
shown in Fig. 9.38 for 4 input X 4 output ports, can be generalised to NXN
ports and bears a strong similarity with the arrayed waveguide gratings
(AWG’s) that have been discussed in Chap. 4. MMI-based devices may be
designed to have smaller insertion loss than AWG’s, but they have fewer
degrees of freedom for optimisation of the transfer functions. The concept
was further optimised for passband flattening by Madsen [87] by introduc-
ing nonlinear phase shifters in each of the MZI branches (Fig. 9.38b), simi-
lar to the MZI + ring discussed in Sect. 9.3.2. Xiao and He recently dis-
cussed crosstalk reduction of MMI-based demultiplexers by cascading each
of the output channels with a 1x1 multiple-branch MZI interferometer
(consisting of a cascade of a 1 XM and an M x 1 MM]I, interconnected by M
waveguides providing the appropriate phase shifts) acting as a band-pass
filter. They also modelled a 1x 16 demultiplexer built from a binary-tree-
type cascade of 1 x4 interleavers [88].

In Sect. 9.1 the application of an interleaver for reducing the channel
spacing and improving the passband shape of an AWG router by Oguma
etal. [3] has already been mentioned. Although it is not an interleaver ap-
plication in the strict sense, it is worth mentioning that Doerr etal. [68, 69]
demonstrated significant passband flattening of an AWG by directly con-
necting the two output channels of the 3dB output coupler of a single-
stage MZI periodic filter to the AWG input coupler. The field distribution
at the combined MZI output channels shifts periodically with frequency.

If the FSR of the MZI is equal to the AWG channel spacing, the combi-
nation of the Gaussian imaging properties of a basic AWG with the peri-
odic shift of its input field leads to a passband-flattened overall response.

Photonic crystals [89] are an emerging technology for integrated optics.
They promise extremely compact optical circuits, and their strong disper-
sive properties make them interesting for designing optical filters. As yet,
the technology is still immature, the main problems being the optical loss
and the fabrication accuracy of the sub-micron features of these structures.
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Fig. 9.39 shows a proposed interleaver which operates like an extremely
compact two-mode interference device [90, 91].
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Fig. 9.39. Two coupled waveguides in a photonic crystal form a two-mode interfer-
ometer acting as an interleaver [90]

9.6.3 Some Commercially Available Interleavers

As can be seen from the references in the preceding sections, several large
companies such as NTT, Lucent, and IBM have investigated interleaver
technologies. However, although these results may have been applied in
proprietary systems, these companies do not seem to have marketed such
interleavers as separately available products. Also, several interleaver pat-
ents have been assigned to other companies that do not seem to be active
in this market; see e.g. the references in [1]. Most of the commercially
available interleavers that were visible on the Internet in the period of June
2004 to May 2005 are represented in Table 9.1. More details about the
suppliers and model designations are given in Table 9.2.

Most manufacturers do not supply detailed information on the technol-
ogy that is used; no data was available on the specific designs. A distin-
guishing feature of these interleavers is the width of the passband that
ranges from 25 to 68 % of the free spectral range.
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9.7 Outlook

Interleaver technology provides a route towards a cost-effective increase of
bandwidth utilisation of optical fibre communication links. They can be
used as add-on components for upgrading existing systems as well as for
building blocks in innovative wavelength routers and multiplexers with
a high channel count.

Although much effort has been devoted to optimising interleavers in
bulk-type technologies which has given rise to highly sophisticated de-
vices, most progress is to be expected from planar waveguide technologies
with their inherent potential for integration. This integration will enable the
realisation of large cascades of interleavers, each of which may consist of
many stages. Such composite devices allow the elimination of many fibre
connections, thus promising increasing functionality, improved reliability,
and reduced insertion loss in a small package. In order to accommodate the
desired functionality on a limited chip area, there is a clear trend towards
increasing the integration density by using stronger refractive index con-
trast. This high contrast enables emerging VLSI photonics technologies
like micro ring resonator arrays and photonic crystals. Planar technology
also provides the potential for low-voltage and low-power electrical tune-
ability of the interleavers, using thermo-optic or electro-optic effects.

It should be emphasized that the resonant coupler approach, possibly in
combination with ring-resonator based allpass filters, which has been
shown in Sect. 9.3 for interleaver design, has a much wider applicability to
filter design. For example, (gain) equalisers, dispersion compensators, and
deconvolution filters may be designed using a very similar approach and
may be realised in the same technology, thus leading to a cross-fertilisation
among these fields.

If hitherto largely unused wavelength ranges in optical fibre communi-
cations (e. g. the range between the 1300 and 1500 nm windows) will be
opened up, this will have a strong effect on the requirements for future
interleaver technology. Depending on available optical amplifiers, a strong
need may arise for banded interleavers (see Fig. 9.2¢) having a very sharp
roll-off characteristic that can separate adjacent groups of wavelength
channels. Alternatively, interleavers may be desired that operate in an ex-
tremely wide wavelength range of 1250— 1650 nm, separating more than
1000 channels. Such extreme requirements will really stress both fabrica-
tion technology and device design.
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Appendix

A.1 Wavelength Grids

A.1.1 DWDM

The worldwide interoperability of wavelength division multiplex (WDM)
fibre optic systems requires standardization of key parameters which in-
cludes recommended operation wavelengths.

One of the international bodies focusing on standardisation in fibre optic
communication is the International Telecommunication Union (ITU) and
in particular its Telecommunication Standardization Sector (ITU-T), see
e. g www.itu.int.

ITU-T (created on 1 March 1993) replaces the former International Tele-
graph and Telephone Consultative Committee (CCITT), whose origins go
back to 1865. ITU-T’s mission is “to ensure an efficient and on-time pro-
duction of high quality standards (recommendations) covering all fields of
telecommunications”, and for that purpose ITU-T closely cooperates with
the public and the private sectors worldwide.

ITU-T Recommendation G.694.1 specifies frequencies/wavelengths for
Dense WDM (DWDM) applications. The frequency grid covering the
C-band is anchored at 193.1THz and extends from 196.1THz
(1528.77nm) to 192.1THz (1560.61 nm) with channel separations of
100 GHz and multiples and submultiples thereof. An extension to the
L-band covers the frequency range between 191.4 THz (1566.31 nm) and
185.9 THz (1612.65 nm).

Conversion between frequencies v and wavelengths A can be made ac-
cording to

A=clv
using ¢ =2.997 924 58 x 10* m/s as the speed of light in vacuum.
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A.1.2 CWDM

ITU-T Recommendation G.694.2 provides a wavelength grid for coarse
wavelength division multiplexing (CWDM) applications. This grid sup-
ports a channel spacing of 20nm and comprises 18 channels with wave-
lengths 1270 nm, 1290 nm, ... 1610 nm, as illustrated in Fig. A.1.

35
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Fig. A.1. METRO CWDM wavelength grid as specified by ITU-T G.694.2

A.2 Passive Optical Networks (PONSs)

Wavelength standardization for Passive Optical Networks (PONs) is de-
veloped and promoted by several standards bodies with two major groups
predominating: the FSAN/ITU-T and the EFMA/IEEE.

FSAN/ITU-T: During the 1980s many of the largest carriers around the
world started to develop optical access solutions for their networks. How-
ever, most of these never exceeded trial application status due to the high
cost and relatively lower demand for such services at the time. With the
introduction of the Internet, however, and the subsequent demand in the
1990s for more bandwidth, the need for efficient broadband access became
more prevalent. Seven major telecommunications service providers estab-
lished the Full Service Access Networks (FSAN) organization in 1995 to
derive a common set of requirements among providers to give to equip-
ment vendors in an attempt to accelerate the commercial deployment of
optical access systems. (Currently 21 service providers are represented
within FSAN.)
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The most relevant corresponding standardizations are:

APON (ATM-based PON), ITU G983.1
upstream:  1260-1360nm (“1310 nm”), (155 Mbit/s, digital);
downstream: 1480—-1580 nm (‘1550 nm”), (622 Mbit/s)

BPON (broadband PON), ITU G983.3

upstream: 1310 nm (622 Mbit/s, digital);

downstream: 1490 nm (622 Mbit/s, digital) and 1550 nm
(622 Mbit/s, analogue)

The characteristics of an enhanced BPON are compiled in Table A.1:

Table A.1. BPON WDM enhancement G.983.3 (after K. Saito and H. Ueda, “Optical
access technology using FSAN B-PON technology”, OPTIMIST workshop, Amster-
dam, The Netherlands, 30.09.2001)

Application examples

1.3 um wavelength band

For use in ATM-PON upstream

lower limit 1260 nm
upper limit 1360 nm

Intermediate wavelength band for future use
lower limit 1360 nm (for allocation by ITU-T)
upper limit 1480 nm

Basic band For use in ATM-PON downstream
lower limit 1480 nm
upper limit 1500 nm

Enhancement band (option 1) For additional digital service use
lower limit 1539 nm
upper limit 1565 nm

Enhancement band (option 2) For video distribution service
lower limit 1550 nm
upper limit 1560 nm

Future L-band For future use, reserved for allocation
lower limit >1580nm (?) by ITU-T

upper limit

for further study
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GPON (Gigabit PON), ITU G983.4

upstream:  1260-1360 (“1310”) nm, (up to 2.5 Gbit/s, digital);

downstream: 1480—-1500 (“1490”) nm, (up to 2.5 Gbit/s, digital)
and 1550-1560 (“1550”) nm, (622 Mbit/s, analogue)
1539-1565 nm for digital use

A.3 Ethernet-related Standardization

The EFMA/IEEE (Ethernet in the First Mile Alliance by the Institute of
Electrical and Electronics Engineers, Inc.) promotes standards-based
Ethernet in the First Mile technology as a key networking technology for
local subscriber access networks.

A corresponding standard, designated Wide WDM (WWDM), uses
24.5 nm channel spacing instead of 20 nm (see above). The standard origi-
nated from the attempt to allow existing cabling in buildings and campuses
to be used for 10 Gigabit Ethernet (10 GbE). It is intended for both multi-
mode and single-mode fibres, for which excessive dispersion at 10 Gbit/s
single channel bit rate would be a problem. As a consequence four lanes
are defined, each to be operated at a rate of 3.125 Gbit/s. These lanes are

Lane 0 1269.0nm-1282.4nm (1275.7 nm nominal)
Lane 1 1293.5nm-1306.9nm (1300.2 nm nominal)
Lane 2 1318.0nm-1331.4nm (1324.7 nm nominal)
Lane 3 1342.5nm-1355.9nm (1349.2 nm nominal)

Another standard, comparable to APON (see above) is

EPON (Ethernet-based PON), IEEE 802.11ah
symmetric 1.25 Gbit/s up/down; upstream: 1310 nm, downstream: 1550 nm

References

1. www.rbni.com (redfern broadband networks inc.)
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Adjacent channel crosstalk (see ‘crosstalk’)

Attenuation (also called ‘loss’)
Decrease in power from one point to another. In optical fibres: measured in
dB/km at a specified wavelength.

Back reflection
Ratio &%, of sum of light power reflected back into coupling waveguide
to total input power P;,. P, is the reflected power from source r.

Ok = —10l0g(D | b )dB.

r in

Back scattering

The return of a portion of scattered light to the input end of a fibre with
propagation direction of the back scattered light opposite to its original
direction (due to Rayleigh-scattering e. g.), in dB.

Band pass
transmits light within a carefully defined wavelength range, while light
outside this range is blocked.
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Bandwidth

Wavelength

ITU Grid Wavelength

1dB

1 dB Bandwidth
I
i
3 dB Bandwidth (FWHM)
i
i
v Centre Wavelength

Fig. G.1. Definition of bandwidth

Loss
3dB

unpolarized

1dB bandwidth

The difference between the longer and shorter wavelengths at a level 1dB
below the peak. This parameter is measured with unpolarised light input
and defined as the narrowest value of all separated ports.

3 dB bandwidth (FWHM)

The difference between the longer and shorter wavelengths at a level 3 dB
below the peak. This parameter is measured with unpolarised light input
and defined as the narrowest value of all separated ports.

Coupling loss
The loss of optical power ¢, when light is coupled from one optical device
Jj to another device k:

P
a. =—-10log(-%)dB
. g(P_)

J

with P;, P, being the power in device j and k, respectively.

Coupling ratio
The ratio of optical power from one output port to the total output power.
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Crosstalk

output

drop 2, @ [ Tx | add 7;

Fig. G.2. Crosstalk in an OADM where a channel of wavelength A, is dropped and
a channel of wavelength A, is added (the suffix denotes the wavelength). The dashed
arrows denote the unwanted crosstalk: i.e. the interband crosstalk from channel
A:(A; # A,) into the drop port and the intraband crosstalk where the remaining field of
the A, channel interferes with the added A, channel at the output

Intrachannel crosstalk

Crosstalk due to unwanted signals with identical wavelength or wave-
length separation smaller than the channel width of the filter defining the
desired signal (e.g. due to cascaded demux/mux or at the output of add/
drop multiplexers). Sometimes also called in-band crosstalk or coherent
crosstalk.

Interchannel crosstalk

Crosstalk due to unwanted signals with wavelength separation exceeding
the channel width of the filter defining the desired signal. Sometimes also
called out-of-band crosstalk.

Far-end crosstalk (also called ‘crosstalk’)
Optical crosstalk Cy, of wavelength channel i on channel &

P
G =-10 log(P_lk)

kk

where Py is the residual optical power of wavelength i in channel k and Py
is the power at wavelength k in channel . If i and k are adjacent channels,
the crosstalk is called adjacent channel optical crosstalk and Py, is taken
as the highest output power of the longer or shorter wavelength channel.
For the non-adjacent channel optical crosstalk, P; is given by the chan-
nel with highest optical output power in the nonadjacent channels.
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The total optical crosstalk C! in channel i in a multichannel configura-
tion is

Ci = —101og(zﬂ)d3 :

ke LRk

Near-end crosstalk or directivity

Ratio of light power emitted from a non-excited input waveguide to the
power guided in (an) excited waveguide(s) of a multiple-input device such
as a mux/demux or an optical isolator

Pi)l nonex
a,, =-10log(——)dB

in,exc

where P;, .. 1s the power launched into one input waveguide of a multiport
device and P;, ,onex 1 the power measured at another input waveguide.

Excess loss
Ratio of sum of light power at all output waveguides to light power in the
input waveguide

p .
o, = —1010g(2;4"’)d3

excess
mn

where P;, is the power in the excited input waveguide, and P, ; is the out-
put power in waveguide i.

Extinction ratio of a modulator
Ratio of output power for the mark P; to output power for the space P,

P
=10log| — |dB.
Jo g(Pj

0
Inband crosstalk see ‘intrachannel crosstalk’

Insertion loss
The loss of power ¢, in dB that results from inserting a component, such as
a filter, mux/demux, connector, or splice, into a previously continuous path:

a, =~10log(2)dB

1
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with P, (P,) being the optical power before (after) inserting the component.

Wavelength

ITU Grid ITU Grid
NN N

1 I W \V ;“

v

Loss

Insertion

Loss
Insertion Loss
Uniformity

N unpolarized
v All channels

Fig. G.3. Insertion loss and insertion loss uniformity

Insertion loss uniformity
The difference between the minimum and maximum optical losses at the
wavelengths of a multiport device.

ITU grid wavelength
The wavelength per ITU grid reference ITU-T G.692 (cf. Appendix,
Sect. A.1.1).

Long-wave pass, (long-pass filter)
transmits longer wavelengths and reflects shorter wavelengths (opposite:
short-wave pass).

Loss (see ‘attenuation’).
Non-adjacent channel crosstalk (see ‘crosstalk’).

Notch filter
reflects a narrow wavelength region with high transmission outside that
region.

Optical return loss

The ratio of optical power reflected by a component or an assembly to the
optical power incident on a component port when that component or as-
sembly is introduced into a link or system.

Out-of-band crosstalk see ‘interchannel crosstalk’
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Polarisation

Incident Reflected

Fig. G.4. Definition of s- and p-polarisation (E, perpendicular to the plane of the paper)

s-polarisation or TE-polarisation: electric field vector perpendicular to
plane of incidence,

p-polarisation or TM-polarisation: electric field vector parallel to plane of
incidence.

Polarisation-dependent loss

Ratio app;, of lowest power P, transmitted at any state of polarisation to
highest power Py, transmitted at any state of polarisation:

P
pp, =—101log(—2-)dB .

high

Wavelength

PDL
ITU Grid s
~
/s

\
x’ \\
/ TE'\TM

/ ITU Grid \

Loss

Fig. G.S. Polarisation-dependent loss

Polarisation-dependent shift
Shift of centre wavelength due to polarisation.
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Polarisation mode dispersion
Pulse spreading caused by locally varying birefringence in a device or
fibre.

Short-wave pass (short-pass filter)
transmits shorter wavelengths and reflects longer wavelengths (opposite:
long-wave pass, long-pass filter).

Uniformity

Ratio «,,; of lowest power P,,;, emitted from an output waveguide to high-
est power P, emitted from an output waveguide of a multiple-output
device or optical element:

P
a, . =—10log(—*)dB .
uni g(P )

max

Wavelength isolation
Isolation of light signal in the desired optical channel from the unwanted
channels. Synonym: far-end crosstalk.
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S

scattering matrix 346
slanted gratings 228
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spatial dispersion 127
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stopband 291

strain measurements 258
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tapering 146
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temperature dependence 138
temperature measurements 258
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thermal tuning 240

three-port coupler 316, 317

tilted gratings 211

time delay 207

time division multiplexing 2

T-matrix formalism 203

transfer function 19, 388

transfer matrix 391

transmission grating 95, 96
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module 238

tuneable filter interrogation 253

tuneable thin-film filters 327

U
uniform Bragg grating 194

\Y

vertical coupling 350

vestigial side-band filtering 50

volume-phase holographic grating
80,99
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wavefront-splitting interferometer
216

waveguide 344

wavelength channel filter 226

wavelength locker 329
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wavelength tuning 356
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