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Preface

Mobile multimedia broadcasting compasses a broad range of topics including radio
propagation, modulation and demodulation, error control, signal compression and
coding, transport and time slicing, system on chip real-time implementation in hard-
ware, software and system levels. The major goal of this technology is to bring
multimedia enriched contents to handheld devices such as mobile phones, portable
digital assistants, and media players through radio transmission or internet proto-
col (IP) based broadband networks. Research and development of mobile multime-
dia broadcasting technologies are now explosively growing and regarded as new
killer applications. A number of mobile multimedia broadcasting standards related
to transmission, compression and multiplexing now coexist and are being exten-
sively further developed. The development and implementation of mobile multime-
dia broadcasting systems are very challenging tasks and require the huge efforts of
the related industry, research and regulatory authorities so as to bring the success.

From an implementation design and engineering practice point of view, this book
aims to be the first single volume to provide a comprehensive and highly coherent
treatment for multiple standards of mobile multimedia broadcasting by covering
basic principles, algorithms, design trade-off, and well-compared implementation
system examples. This book is organized into 4 parts with 22 chapters.

The first part of the book consists of seven well-organized chapters to mainly
deal with system, implementation, compatibility and comparison of all the coexist-
ing standards related to mobile TV and multimedia broadcasting including T-DMB,
DAB, DVB-H/T, CMMB, Media-FLO, ISDB-T and WiMAX, ATSC digital TV and
NTSC analog TV.

Part 2 is devoted to fundamental principles, algorithms, implementation, design
and testing for baseband processing in mobile multimedia broadcasting. Organized
into six chapters, this part presents the link layer, transport mechanisms, basic mod-
ulation schemes, error control methods, and channel coding techniques employed in
multiple standards.

The third part consists of five chapters to cover all the aspects related to the com-
pression, transmission, error concealment, quality assessment, and real-time imple-
mentation of video coding in broadcasting systems with emphasis on H.264 and
AVS-M.
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Four chapters on the standards for audio coding, classification, and surround
effects are organized in the last part of this book. The general principles and algo-
rithms in audio coding are first presented. Then, the overview of China’s DRA audio
coding standard and MPEG-4 AAC standard family (AAC, High Efficiency AAC
and High Efficiency AAC Version 2) is given. The last chapter explains the general
concepts behind spatial audio coding and then discusses the specific aspects of MP3
Surround and MPEG Surround which are playing a very important role in digital
audio/multimedia broadcasting systems for multichannel contents.

It is hoped that this book could serve as a complete and invaluable reference
for engineers, researchers, broadcasters, manufacturers, network operators, soft-
ware developers, content providers, service providers, and regulatory bodies for
the delivery of television, data service and multimedia enriched contents to mobile
systems. This book is also very suitable as a textbook for graduate students in
electronics engineering, communications, networking and computer sciences.

Silicon Valley, California, USA Fa-Long Luo, Ph.D.
August 2008
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Part I
System, Implementation, Compatibility
and Comparison of Multiple Standards



Chapter 1

Fundamentals of DVB-H Broadcasting
Transmission and Reception

Wout Joseph and Luc Martens

1.1 Introduction

The digital broadcasting standard DVB-H (Digital Video Broadcasting — Handheld)
enables a high data rate broadcast access for hand-held terminals (e.g., portable,
pocket-size battery-operated phones) [5—8]. The broadband downstream channel
features a useful data rate of up to several Mbps and may be used for audio and
video streaming applications, file downloads, and many other kinds of services.

The DVB-H technology is an extension of DVB-T (Digital Video Broadcast-
ing — Terrestrial) [6] and takes the specific properties of typical hand-held termi-
nals into account. The three main new physical-layer techniques that have been
introduced for DVB-H are time slicing, MPE-FEC (Multi-Protocol Encapsulation—
Forward Error Correction), and the 4K mode [5, 6]. First, DVB-H uses time slicing,
a power-saving algorithm based on the time-multiplexed transmission of different
services. This technique results in a battery power-saving effect and allows soft
handover if one moves from a network cell to another one. Secondly, for reli-
able transmission in poor signal reception conditions, an enhanced error-protection
scheme, called MPE-FEC, is introduced. Thirdly, the 4K mode (next to the 2K and
8K mode of DVB-T) for OFDM (orthogonal frequency division multiplexing) is
defined, addressing the specific needs of hand-held terminals. The 4K mode aims
to offer an additional trade-off between transmission cell size and mobile recep-
tion capabilities, providing an additional degree of flexibility for DVB-H network
planning for single-frequency networks (SFNs). These techniques make DVB-H a
very promising standard for broadcast services requiring high data rates for hand-
held devices and offer extended possibilities for content providers and network
operators.

W. Joseph (=) and L. Martens
Ghent University/IBBT, G. Crommenlaan 8, box 201, 9050 Gent, Belgium
e-mail: wout.joseph@intec.ugent.be, luc.martens @intec.ugent.be

E.-L. Luo (ed.), Mobile Multimedia Broadcasting Standards: Technology and Practice, 3
DOI: 10.1007/978-0-387-78263-8_1,
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The outline of this chapter is as follows. Several characteristics of a DVB-H sys-
tem, which are needed for coverage planning, are discussed in Sect. 1.2. Section 1.3
presents coverage planning and throughput versus range for a DVB-H network using
several path loss (PL) models. Link budget calculations are elaborated for a realistic
example. Next, Sect. 1.4 describes propagation measurements of a DVB-H signal
and the methodology to develop a PL model. The methodology is illustrated using
results of the Flemish DVB-H trial. In Sect. 1.5, the parameter evaluation and perfor-
mance analysis of a DVB-H system based on measurements are discussed. DVB-H
network design for indoor reception is described in Sect. 1.6. This section includes
the calculation of the required number of base stations (BS) for good indoor cov-
erage for a region and the relation with the required carrier-to-noise ratio. Finally,
conclusions are formulated in Sect. 1.7.

1.2 Selection of Characteristics of DVB-H System

Characteristics and parameters of a DVB-H system are selected. This enables cov-
erage planning and link budget calculations in Sect. 1.3.

1.2.1 Coverage Classes

DVB-H services will be provided in different circumstances. Coverage for DVB-H
will be demanding since reception is expected in different conditions (the hand-held
terminal is moving, body loss, no line of sight, etc.).

Two types of reception are defined in [8]: portable and mobile reception. Portable
antenna reception is defined as the reception at no speed or very low speed (walking
speed), while mobile antenna reception is defined as the reception at medium to
high speed. Four different receiving conditions for portable and mobile reception
are then defined:

e Class A: hand-held portable outdoor reception
This class contains outdoor reception no less than 1.5 m above ground level at
very low or no speed. The receiver is assumed to be portable with an attached or
built-in antenna.

e C(lass B: hand-held portable indoor reception at ground floor
This class contains indoor reception no less than 1.5 m above floor level in rooms
at very low or no speed. Furthermore, reception on the ground floor and windows
in the external walls of the building is assumed. The receiver is assumed to be
portable with an attached or built-in antenna.

e (lass C: integrated car antenna mobile reception
This class contains outdoor reception (no less than 1.5 m above ground level)
with a moving DVB-H terminal. An example of this class is an antenna integrated
in a car.
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e Class D: hand-held mobile reception (i.e., terminals are used within a moving
vehicle)
This class contains reception inside cars or vehicles (e.g., bus, train, etc.). Again
reception in a car or vehicle no less than 1.5 m above ground level is assumed.

Portable antenna reception will in practice take place under a great variety of
conditions (outdoor, indoor, ground floor, first floor, upper floors). The hand-held
receiver will be probably moved (walking speed). However, for planning purposes,
a simplification could be considered for both classes A and B: the portable receiver
is not moved during reception and large objects near the receiver are also not
moved [8].

Coverage in a small area (typically 100 m?) is classified as follows:

e “Good”, if at least 95% of the receiving locations at the edge of the area are
covered for portable reception and 99% of the receiving locations within it are
covered for mobile reception.

o “Acceptable”, if at least 70% of the locations at the edge of the area are covered
for portable reception and 90% of the receiving locations within it are covered
for mobile reception.

Those percentages apply to the edge of the coverage area, the average value
of the area is then a larger value. Furthermore, in [8], a receiving location (with
area 0.5 m?) is regarded as covered if the required carrier-to-noise and carrier-to-
interference values are achieved for 99% of the time.

1.2.2 Frequency Band Selection

When planning a network, the operator or broadcaster has to make a choice between
the available frequency bands. The selection of the frequency band to be used has
a major effect on the dimensioning and planning of the network. DVB-H aims to
use the so-called broadcast bands: VHF band III (174-230 MHz) or UHF band 1V
(470-598 MHz) or UHF band V (598-862 MHz), using the standardized 5, 6, 7
or 8 MHz channel bandwidths. Some remarks have to be made when these bands
are used.

VHF Band III: the propagation, Doppler characteristics, and building penetra-
tion characteristics in this band are exceptionally good. The wavelengths A in the
VHF band (>1 m) imply a large size receiving antenna, which would be difficult to
integrate in a small hand-held terminal. Accordingly, except for receiving systems
embedded in vehicles, this band is not attractive for handset manufacturers.

UHF Bands IV-V: the propagation and building penetration characteristics
remain acceptable to offer large coverage. The Doppler shifts accepted by receivers
in these bands correspond to a speed of 250-500 km/h and the size of antenna
is suitable for integration. With the exception of the upper part of band V, where
GSM900 transmissions could interfere with the DVB-H reception, these bands are
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the preferred bands for delivering services to mobile handsets from a technical
standpoint. However, bands IV and V are heavily congested as broadcasters simul-
cast Analogue TV and Digital Terrestrial TV services there. In some parts of Europe,
access to these bands could be delayed until 2010-2020 when the analogue TV
switch off will occur and suitable UHF channels are released.

This chapter will focus on UHF bands IV and V, as those bands are used for the
Flemish DVB-H trial in Ghent, Belgium. Furthermore, a channel width of 8 MHz
will be considered.

1.2.3 Building Penetration and Vehicle Entry Loss

1.2.3.1 Building Penetration Loss

Portable DVB-H reception will take place at outdoor and indoor locations. The field
strength at indoor locations will be attenuated significantly depending on the mate-
rials and the construction of the house. Several measurements have been carried out
to verify real values of attenuation. A large spread of building penetration losses
have been measured [8]. The range of the obtained penetration loss is between 7
and 15dB. As building penetration loss, [8] assumes a median value of 11 dB with
a standard deviation of 6 dB in the UHF band.

The shadowing margin (Sect. 1.3.2) at indoor locations is the combined result of
the outdoor variation and the variation factor due to building attenuation.

1.2.3.2 Vehicle Entry Loss

For mobile reception inside cars or any other vehicle, entry loss (also called vehicle
penetration loss) must be taken into account. For planning purposes, the European
Telecommunications Standards Institute (ETSI) proposes an entry loss of 7dB in
case of Class D mobile reception [8]. The standard deviation for vehicle entry loss
is neglected in [8].

Only limited data about vehicle entry loss is available. In [20], the mean value
of the penetration loss for a car is about 8 dB with an associated standard deviation
of 2-3 dB. Measurements and simulations of the vehicle penetration loss at 600,
900, 1800, and 2400 MHz are presented in [30]. The measured average penetration
loss varies from 3.2 to 23.8 dB depending on frequency, illuminated vehicle side,
and in-vehicle antenna orientation. Vehicle penetration loss tends to follow a log-
normal distribution. At, e.g., 600 MHz vehicle penetration losses of about 14.7 dB
are obtained with a standard deviation of 7.9 dB [30]. Again, the shadowing mar-
gin for reception inside cars is the combined result of the outdoor variation and the
variation factor due to vehicle entryloss.
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Penetration loss into trains is described in [1,2, 10]. Propagation into trains is dif-
ficult due to the high penetration losses, severe shadowing within the deep cuttings
for trains, and due to high velocities causing large Doppler frequencies. The propa-
gation loss into a cutting can be significant. This may result in lost connections. For
old Belgian trains with nonmetallized windows, losses up to 22 dB were registered at
2 GHz. For Belgian trains with metallized windows (most modern trains) the pene-
tration loss increased to values between 20 and 32 dB at 2 GHz. For Swiss trains with
metallized windows, a mean attenuation of 20 dB (900 MHz) and 22 dB (1900 MHz)
is obtained [1]. Measurement campaigns in France and Germany revealed that met-
allized windows introduced a loss of 25-30dB [2]. Standard deviations between 2
and 4 dB are mentioned in [1, 10].

1.2.3.3 Influence of Body of Person, People Walking Around

The influence of people walking around the receiving antenna has also been esti-
mated. The signal level variations (10% and 90% value) ranged from +2.6dB to
—2.6dB. These variations are relatively small and it does not seem necessary to
take them into account for planning purposes according to [8].

1.2.4 Receiver Characteristics

1.2.4.1 Receiver Antenna Gain

The antenna solution in a small hand-held terminal has to be an integral part of the
terminal construction and will therefore be small when compared to the wavelength.
For planning purposes the values of Table 1.1 for the receiver gain G, (dBi or dBd)
can be used for bands IV and V in class A and B reception according to ETSI [8].
It will be necessary to distinguish between class C and class D reception. In class D
reception a hand-held terminal is used with the same antenna gain as in classes A
and B. In class C reception, a vehicular built-in antenna is used with a greater gain
than for hand-held terminals. The practical standard antenna for vehicle reception is
a A/4 monopole, which uses the metallic roof as ground plane. For passive antenna
systems the values in Table 1.1 can be used for planning purposes [8].

Table 1.1 Antenna gain in dBd for hand-held reception for planning purposes [8]

Band G; (dBd)

Class A, B, D Class C

Band IV —12 -2
Band V -7 -1
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1.2.4.2 Receiver Sensitivity

The minimum signal input level to the receiver (Rx) is influenced by the required
C/N ratio (carrier-to-noise ratio required by the system). In [8] C/N values for dif-
ferent modulation schemes are listed and the receiver noise figure (F) has been cho-
sen as 6 dB for the frequency bands IV to V. The minimum receiver sensitivities
(Pmin (dBW)) can be calculated from the receiver noise input power (P,(dBW)) by
using the following formulas:

P, =F +101log(k x Ty x B) (1.1)

Puin = P, +C/N (1.2)

where k is Boltzmann’s constant (1.38 x 1072 Ws /K), Ty the absolute temperature
(290 K), and B the receiver noise bandwidth (Hz). The equivalent minimum receiver
field strength Epi, (dBWV/m) can be calculated as follows:

Ein = Puin —Aa+Lr+145.8 (1.3)

where A, = G, (dBd) + 101og(1.64 - A2 /4x) is the effective antenna aperture in
(dBm?) [4,8,24] and L is the feeder loss (dB). Tables 1.2 and 1.3 show the Rx sen-
sitivity (Rx sens) and equivalent minimum receiver field strength for the C/N values
required by the specified modulation types according to ETSI TR 102 377 [8] for
portable and mobile reception, respectively (MFER = Multi-Protocol Encapsulation
Frame Error Rate, PER = Packet Error Rate). For the required C/N in mobile condi-
tions (C and D) an additional 3 dB could be taken into account [8,29]. This margin
permits higher speeds.

1.2.5 Example of Selected Parameters and Scenarios

The objective is to provide coverage in a certain area. A scenario with a transmitting
base station (Tx) in a suburban environment is investigated. The height of this Tx
is hrx = 64m. An ERP = 5 kW (ERP = Equivalent Radiated Power) is considered.

Table 1.2 Rx sensitivity and equivalent minimum receiver field strength Eyi, for the subscriber
terminal (static Rayleigh channel, BW = 8 MHz, F = 6 dB, portable, band V, PER = 104 [8])

Modulation ~ Required C/N  Rx sens Enin

(dB) (dBm) (dBuV/m)
QPSK 172 5.4 -93.8 43.9
QPSK 2/3 8.4 —90.8 46.9
16-QAM 172 11.2 —88.0 49.7
16-QAM 2/3 14.2 —85.0 52.7
64-QAM 172 16.0 —83.2 54.5

64-QAM 2/3 19.3 —79.9 57.8
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Table 1.3 Rx sensitivity and equivalent minimum receiver field strength Eyi, for the subscriber
terminal (typical urban channel for typical reference receiver, BW = 8 MHz, F' = 6 dB, mobile,
band V, MFER <5% [8])

Modulation ~ Min C/N Rx sens Enin (dBuV/m): C  Eyiy (dBUV/m): D
(dB) (C/N +3dB) (dBm) (C/N+3dB) (C/N+3dB)
QPSK 1/2 9.5 —86.7 45.0 51.0
QPSK 2/3 12.5 —83.7 48.0 54.0
16-QAM 1/2 15.5 —80.7 51.0 57.0
16-QAM 2/3 18.5 —77.7 54.0 60.0
64-QAM 1/2 20.5 —75.7 56.0 62.0
64-QAM 2/3 24.0 —-72.2 59.5 65.5

Table 1.4 Characteristics of the selected DVB-H system

Parameter Value
Frequency Channel 37: 602 MHz
Mode 4K
Modulation Adaptive QPSK, 16-QAM, 64-QAM
Channel bandwidth BW 8 MHz

ERP S5kW

Tx feeder loss L¢ 0dB

Tx height hry 64 m

Receiver antenna gain G, Table 1.1 (in dBd or dBi)
Rx feeder loss 0dB

Rx height hgry 1.5m

CPE Classes A, B, C,D
CIN Tables 1.2 and 1.3

) Good / acceptable (portable: 95% / 70%)
Coverage requirement Good / acceptable (mobile: 99% / 90%)

The height of the receiver (Rx) is irx = 1.5m. For broadcast planning purposes this
is the common value, taking into account that the differences between planning at
1 and 2 m are negligible.

CPE (customer premises equipment) is considered for coverage classes A, B, C,
and D. Because the 4K mode is exclusively defined for use in DVB-H systems we
investigate the performance of this 4K mode. Furthermore, a channel BW = 8 MHz
is assumed. Table 1.4 summarizes the selected parameters of the considered DVB-H
system.

1.3 Coverage Planning for DVB-H

Coverage planning and link budget calculations for a DVB-H network using several
PL models will be discussed in this section. First, different PL models are pro-
posed. Next, shadowing and fading margins, which have to be taken into account,
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are discussed. Link budget calculations for an example based on Sect. 1.2.5 are
elaborated. Finally, delay spread and interference are discussed and throughput for
a DVB-H system versus the range is analyzed.

1.3.1 Path Loss Models

To calculate the range of the system (and select the optimal parameter setting), PL
models are needed. The PL between a pair of antennas is the ratio of the trans-
mitted power to the received power. It includes all of the possible elements of loss
associated with interaction between the propagating wave and any objects between
the transmitting and receiving antennas [28]. The parameter PL is used for the
estimation of the coverage of a system. Different models to obtain the PL have
been developed. Models that are applicable for the estimation of the coverage of
DVB-H systems are here discussed: the ITU-R P.1546 model [15], the Cost 231
Hata-model [12,23], and the Ghent model [25,26].

1.3.1.1 ITU-R P.1546 Model

The ITU-R P.1546 model [15] uses tabulated field-strength values for 1 kW effective
radiated power (ERP) at nominal frequencies of 100, 600, and 2000 MHz, respec-
tively, as a function of various parameters. Propagation curves have been plotted
using these values. From the field values the PL can be calculated. Some curves refer
to land paths, others refer to sea paths. Interpolation or extrapolation of the values
obtained for the nominal frequency values should be used to obtain field-strength
values for any given frequency. The propagation curves represent the field-strength
values exceeded for 50%, 10%, and 1% of the time. The ITU-R P.1546 model [15]
is not valid for field strengths exceeded for percentage times outside the range from
1% to 50%.

The curves are based on measurement data mainly relating to mean climatic con-
ditions in temperate regions containing cold and warm seas, e.g., the North Sea
and the Mediterranean Sea. The land path curves were prepared from data obtained
mainly from temperate climates as encountered in Europe and North America. The
sea-path curves were prepared from data obtained mainly from the Mediterranean
and the North Sea regions.

Although this model is often used, it has some disadvantages. First, this predic-
tion method uses a receiving height of 10 m [15]. For portable reception, an antenna
height of 10 m above ground level is not realistic. For this reason a receiving antenna
height of 1.5 m above ground level (outdoor) or above floor level (indoor) has been
assumed [8]. Therefore correction factors, noted as height losses, must be intro-
duced. Height loss Ly, values are provided for some type of environments for 500 and
800 MHz in [8] and [4]. The height loss can also be calculated using [15]. Table 1.5
provides these height losses for different types of environments.
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Table 1.5 Receiving antenna height loss for different environments [15]

Frequency (MHz) Height loss Ly, (dB)

Rural Suburban Urban
Band IV 11 16 22
Band V 13 18 24

Further, the model uses tabulated values at three frequencies, specific distances
(not smaller than 1 km and up to 1000 km), and Tx heights (10-1200 m). Interpola-
tion (provided by [15]) is thus necessary.

1.3.1.2 Cost 231 Hata-Model

The most widely used PL model is the Hata—Okumura model [12,23]. This model
is valid for the 500-1500 MHz frequency range. There exists an elaboration on
the Hata-Okumura model that extends the frequency range (up to 2100 MHz).
This model is not suitable for lower base station antenna heights (valid for Aty =
30—200m), and hilly or moderate-to-heavy wooded terrain. More information about
this model can be found in [12,23, 28].

1.3.1.3 Ghent Model

In [25] and [26], the PL is determined using measurements of an actual DVB-H
signal at 602 MHz in a suburban environment. This model will be noted as the Ghent
model. In Sect. 1.4 the experimental development of a PL. model will be discussed
and the Ghent model will be used as an example to explain the methodology. The
PL is modeled according to a lognormal shadowing model. It was shown in [25] that
the variation around the mean PL is well described by a lognormal distribution. This
model is valid from 70 m up to 14 km, for BS heights around 60 m, and frequencies
of 600 MHz in a suburban environment.

Figure 1.1 shows the PL at 602 MHz for the ITU and Ghent models for a subur-
ban environment. The height of the BS (Ags) is 60 m and the height of the receiving
antenna (hry) is 2.85 m. The height correction of [15] can then be used to obtain
values at hrx = 1.5m. Up to 1.96 km, the Ghent model delivers the highest path
losses, resulting in the most restrictive model. From that distance on, the ITU model
is more restrictive (the environment around Ghent is less dense suburban).

The relation between the equivalent field strength E (dBuWV/m) and the PL is as
follows [15]:

PL = 139 — E +20log f (1.4)

where E is the field strength for 1 kW ERP and f the frequency in MHz.
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Example

Figure 1.2 shows the field strengths £ (dB(uV/m)) at 500 MHz from 1 to 200 km
at hirxy = 1.5m calculated with the ITU-R P.1546 model (L, = 16dB, t = 50%) and
the COST 231 Hata-model for an outdoor receiver in a suburban environment. No
penetration loss is taken into account. The height of the Tx (A1x) is 300 m and an
input power of 1 kW ERP is assumed. Also the free-space field is shown in this

free space.

figure. Due to the multipath environment the field strengths are much lower than in
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The equivalent PL — calculated using (1.4) — is shown in Fig. 1.3. Due to the
multipath environment the PL is much higher than in free space. The Hata and ITU
model correspond reasonably well (differences of about 5 dB). The PL is of course
higher for larger distances between Tx and Rx.

Figure 1.4 shows the PL as a function of the height of the base station from 10
to 300 m. The distance between Tx and Rx is 10km and /irx = 1.5m. The ITU

220

- - Hata
“““ ITU
— free space

200 -

180
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Fig. 1.3 PL at 500 MHz as a function of the distance from the Tx for different models (Atx = 300m
and hgx = 1.5m)
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Fig. 1.4 PL at 500 MHz as a function of the height of the Tx (distance BS — Rx = 10km,
hrx = 1.5m)
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model delivers a PL that is about 5 dB lower than the Hata-model for the different
heights. It is obvious that placing the BS higher results in a lower PL and thus a
larger coverage. Changing the height of the Tx has a large influence on the PL: e.g.,
at htx = 10m the PL is 160 dB, while at Ay = 300m the PL is only 131dB (ITU
model).

1.3.2 Shadowing and Fade Margins

The shadowing margin and fade margin have an important role in the link budget.
They depend on the coverage and reliability requirements of the operator for the
system. A service could have to be provided at 90% of all locations within a cell
with 99% reliability.

In this chapter all ranges will be calculated for good reception. This “good” recep-
tion is defined as follows: at least 95% of receiving locations at the edge of the area
are covered for portable reception and 99% of receiving locations within it are
covered for mobile reception [8].

The standard deviation of the ITU model is used for determining the shadowing
margin (noted as location correction factor in [8]) for outdoor locations (portable
and mobile). The shadowing margin at indoor locations is the combined result of
the outdoor variation and the variation factor due to building attenuation. These
distributions are expected to be uncorrelated. The standard deviation of the indoor
field strength distribution can therefore be calculated by taking the root of the sum
of the squares of the individual standard deviations.

At UHEF, the outdoor and indoor macroscale standard deviations are 5.5 and 6 dB
according to [8, 15], respectively. The combined value is then 8.3 dB. Table 1.6
shows the shadowing margins considered here and based on ETSI [8]. We assume
here a building penetration loss of 11 dB as proposed in [8] (Sect. 1.2.3) and a vehi-
cle entry loss of 8 dB with standard deviation of 2.5 dB [20] (Sect. 1.2.3). The com-
bined value of the outdoor and vehicle entry deviation is then 6 dB. The shadowing
margin for mobile reception in a car (class D) is then 14 dB for 99% coverage.

The shadowing effect follows a lognormal distribution. The coverage require-
ment described here is for locations at the edge of the cell. Sometimes it may be
more appropriate to design the system for a coverage probability over the whole
cell [28].

Table 1.6 Shadowing margins based on ETSI guideline TR 102 377 [8]

Reception mode Coverage Shadowing margin (dB)
requirement (%)
Outdoor Indoor
>95 9 14
Portable ~70 3 4
>99 13 14

Mobile ~90 7 7
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For the calculation of shadowing margins, the following formula for the location
variability or, can be used [28]:

oL = 0.65 (log(f.))* — 1.3log(f.) + A (1.5)

where A = 5.2 in the urban case and 6.6 in the suburban case. f, is the frequency in
MHz. These values apply to macrocells. At, e.g., 500 MHz for suburban and urban
regions, standard deviations of 7.8 and 6.4 dB are obtained, respectively. These val-
ues are higher than the 5.5 dB of the ITU-R P.1546 model [15].

The fade margin takes the yearly availability of the system into account. The link
availability will be affected by clear-air multipath and rain multipath fading. The
ITU-R P.530 model [16] described in ECC report 33 [3] can be used to determine
the fade margin. A fade margin of 10 dB results in a yearly availability of 99.995%
for a cell radius of 10 km.

1.3.3 Prediction of Range of a DVB-H System: Example

In this section an example of range prediction for a DVB-H system will be elabo-
rated. The parameters of Sect. 1.2.5 will be used. The calculation and tabulation of
signal powers, gains, losses, and C/N for a complete communication link is called a
link budget, which is a useful approach for the basic design of a communication sys-
tem. To determine the coverage range of the DVB-H system we use the parameters
of Tables 1.2 — 1.6 and formulas (1.1), (1.2), and (1.3).

We analyze a receiver in band V (channel 37: 602 MHz) and assume good cov-
erage (e.g., a coverage requirement of 95% for coverage class A). An ERP = 5kW
is assumed. We investigate the scenario described in Sect. 1.2.5 (Table 1.4, htx =
64 m). The environment is suburban.

Table 1.7 summarizes the ranges of the different modulation schemes for the
scenario under consideration (four coverage classes, good coverage) using the ITU
(t=50% [8]) and Hata-model. The range that can be obtained depends on the type of
modulation. QPSK 1/2 results in ranges up to 3.7 km for suburban regions (class B,

Table 1.7 Ranges (km) for the considered scenario

Modulation Ranges (km)

A B C D A B C D

QPSK 172 10.5 37 1.8 2.8 89 30 62 22
QPSK 2/3 88 30 64 22 72 24 51 1.8
16-QAM 1/2 74 25 53 1.8 60 20 41 1.5
16-QAM 2/3 6.1 20 43 14 49 1.6 34 1.2
64-QAM 172 54 1.7 3.7 12 43 1.4 29 1.1
64-QAM 2/3 4.3 1.4 29 1.0 34 12 23 <10
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ITU) while 64-QAM 2/3 is only possible up to 1.4km (class B, ITU). Outdoor
portable reception results in the largest ranges, while indoor (class B) and mobile
(class D) reception result in the lowest ranges due to additional building and vehicle
penetration loss, respectively. Table 1.7 shows that for, e.g., 16-QAM 1/2 ranges of
7.4km (class A, outdoor), 2.5km (class B, indoor), 5.3km (class C, outdoor vehi-
cle), and 1.8km (class D, inside vehicle) can be obtained using the ITU model.
The Hata-model delivers higher PL values for the considered scenario than the
ITU model. Therefore the ranges obtained with the Hata-model are lower (e.g., for
class B from 1.2 to 3.0 km). Thus one has to be careful when using only the ITU
model, which may be too optimistic.

Calculations for reception into trains can also be done. The range for the con-
sidered DVB-H system for reception in trains (class D) is calculated for a coverage
requirement 90%. The ratio C/N is calculated without a 3 dB margin. A train entry
loss of 26 dB and standard deviation of 3 dB is considered [1,2, 10]. The shadowing
margin for a coverage requirement of 90% and for the combined standard devia-
tion is then 8.1 dB. This reception mode results in ranges (ITU model) of 1.4km
for QPSK 1/2, 1.2 km for QPSK 2/3, and lower than 1km for the higher modulation
schemes. Reception in trains will thus be very difficult.

1.3.4 Estimation of Throughput

In this section first the delay spread is estimated and interference is analyzed. Next,
suitable OFDM parameters are selected taking into account the delay spread and
interference. Finally, the physical-layer throughput is determined.

1.3.4.1 Estimation of Delay Spread

The phenomenon of delay spread is due to multipath scattering. In order to avoid
inter-symbol interference (ISI) and inter-carrier interference (ICI), a cyclic prefix
(CP) or guard time 7, (guard interval GI) is introduced in front of every data part of
an OFDM symbol. It is therefore necessary to choose a CP larger than the maximum
delay spread.

The delay profile is characterized by Ty (root-mean-square (rms) delay spread
of the entire delay profile). It was found that the rms delay spread for omnidirec-
tional antennas [11] follows a lognormal distribution and that the median of this
distribution grows as some power of distance. The model of [11] is the following:

Trms = 11 dey (1.6)

where Ty 1S the rms delay spread, d is the distance in km, 77 is the median value of
Trms at d = 1km, € is an exponent that lies between 0.5 and 1.0 and y is a lognormal
variate with standard deviation between 2 and 6 dB. The parameters 77 and € of the
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Table 1.8 Rms delay spread Ty for a range up to 10 km using the model of [11]

Environment T € Median Ty (US) Maximum Ty (US)
(us) at 10 km in 90% at 10 km

Rural 0.1 0.5 0.3 1.3

Suburban 0.3 0.5 1.0 2.4

Urban micro 0.4 0.5 1.3 2.6

Urban macro 0.7 0.5 2.2 4.6

Mountain 0.5 1.0 5.0 11.6

model at 1km are shown in Table 1.8 [11]. The delay spread remains unchanged
for frequencies above 30 MHz, since the wavelengths become much smaller than
human-made architectural structures [14, 19].

Table 1.8 also lists the median delay spread values obtained by simulations with
the model of (1.6) for different types of environment for a cell range of 10km and the
90th percentile of the delay spread values at 10km. Table 1.8 shows thus that 90%
of the delay spread values are smaller than 3 us for suburban regions. The delay
spread is the smallest for rural areas and has the largest values for mountainous
areas. As the terrain is mostly flat in the considered suburban environment (example
Sect. 1.3.3), a maximum delay spread of 3 s is an acceptable assumption for this
environment. In [19] a majority (95%) of the measured delay spread values is less
than 1.75 ps.

1.3.4.2 Interference

The two main interference sources that constrain the cell size of a DVB-H network
are inner and outer interference. The inner interference is the interference gener-
ated by the transmitters in the SFN. The outer interference is the interference com-
ing from other SFNs or MFNs (multifrequency networks) that operate at the same
frequency.

The maximum acceptable echo delay depends on the used guard interval. When
the echo delay of the signal is higher than the guard interval then interference occurs.
Thus as long as the distance between the transmitters in the SFN is less than a
value R, then there is no inner interference in a network with only two transmitters.
Otherwise, inner interference will occur. The maximum distance R, is defined by
the following formula [8]:

Ry =c-T, (1.7)

where c is the velocity of light and T is the guard time.

Due to multipath environments, different signals will be received with different
delays and interference is inevitable. Table 1.9 shows for different guard intervals
or ratios Ty /T, (T, = useful time) the maximum distance (see (Eq. 1.7)) between the
transmitters in an SEN for which minimal inner interference may appear [6,8]. Min-
imal interference means that if the distances between the transmitters were larger
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Table 1.9 R, and T for the different DVB-H modes [8]

T, /T, 2K mode 4K mode 8K mode
Ty(us)  Rg(km)  Ty(us) Rg(km)  Ty(us)  Rg(km)
1/4 56 16.8 112 33.6 224 67.2
1/8 28 8.4 56 16.8 112 33.6
1/16 14 42 28 8.4 56 16.8
1/32 7 2.1 14 4.2 28 8.4

Table 1.10 Choice of OFDM parameters for 4K mode and channel bandwidth (BW) of 8§ MHz
(c = velocity of light)

OFDM parameters Value Choice BW = 8§ MHz
Mode 2K, 4K, 8K 4K
Number of carriers Ngpr 2048, 4096, 8192 4096
(FFT-size)

Modulated carriers K 1705, 3409, 6817 3409
Elementary period T 7/64 7/64
Useful time T 224, 448, 896 us 448 us
Carrier spacing Af /T, 2.232 kHz
T, /T, 1/32, 1/16, 1/8, 1/4 1/4
Guard time 7y T, /4 112 ps
Symbol time T Ty +Tq 560 us
Max distance of Tx Ry c-T, 33.6 km

than the ones in Table 1.9 — the other corresponding network parameters remain the
same — the network itself will incur more interference. For the 4K mode, this SFN
radius is two times larger than for the 2K mode and half of the radius for the 8K
mode [8]. A trade-off between the coverage range and interference has to be made.
The larger the range, the higher the percentage of the cell area that will receive
interference from other transmitters of the same SFN.

1.3.4.3 OFDM Parameters

We analyze the configuration of the DVB-H system of Table 1.4. We consider thus
the 4K mode for an 8 MHz channel. We choose the guard time 7, equal to 1/4th
of the useful time. The guard time is then equal to 112 ps and is thus larger than
Trms = 3 Us. The maximum distance R, is 33.6 km for this guard time. The chosen
OFDM parameters are shown in Table 1.10 [6].

1.3.4.4 Physical Layer (PHY) Bit Rates

Using the OFDM parameters of Table 1.10 (BW = 8 MHz), the physical layer
(PHY) bit rates can be calculated for the different modulations and coding rates [6].
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Table 1.11 shows these raw bit rates on the PHY level. The throughput varies from 5
to 20 Mbps. The spectral efficiency varies from 0.6 to 2.5 bit/s/Hz for the considered
parameters.

1.3.5 Throughput and Coverage Results

Figure 1.5 shows the PHY throughput for the suburban scenario (Table 1.4,
4K mode, 8 MHz channel) as a function of the distance at 602 MHz. For this
figure we combine the coverage distances obtained from Sect. 1.3.3 with the bit
rates from Table 1.11. The theoretical PHY throughput for the four coverage classes
is shown. Each marker on the curve of a class corresponds with a modulation and
coding rate. QPSK 1/2 corresponds with the highest ranges while 64-QAM 2/3
will reach the shortest distances. For example, at a range of 7.4 km a throughput of

Table 1.11 PHY modes and bit rates for 4K mode, 7, /T, = 1/4 for BW = 8 MHz [6]

Modulation  Coding rate PHY bitrate  Spectral efficiency

(Mbps) (bit/s/Hz)
QPSK 172 4.98 0.62
QPSK 2/3 6.64 0.83
16-QAM 172 9.95 1.24
16-QAM 2/3 13.27 1.66
64-QAM 172 14.93 1.87
64-QAM 2/3 19.91 2.49
2 ~
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Fig. 1.5 Throughput for 8 MHz channel as a function of the distance for the four coverage classes
(ERP =5 kW, hgs = 64 m, and hgx = 1.5 m, 1 = QPSK 1/2, 2 = QPSK 2/3, 3 = 16-QAM 1/2,
4 =16-QAM 2/3, 5 = 64-QAM 1/2, 6 = 64-QAM 2/3)
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10 Mbps can be obtained for class A using the ITU model. The indoor performance
is limited to much smaller ranges: e.g., 10 Mbps is only possible up to 1.8km in a
vehicle (class D) and up to 2.5km inside houses (class B). No MPE-FEC protection
is assumed in Fig. 1.5.

1.4 Coverage Measurements for a Path Loss Model

In this section, the measurement methodology for the development of a PL. model
is discussed. As an example, propagation measurements, performed at 602 MHz in
a suburban environment in Ghent, Belgium, are presented. From the experimental
data a statistical PL model is derived. This model can be used for coverage estima-
tion of DVB-H networks.

1.4.1 Measurement Site and Measurement Equipment

The base station (BS) antenna is located on the roof of a building at a height of
hgs = 64m. The measurement area is mostly suburban. The considered DVB-H
system is based on the ETSI standards [5]. The azimuth pattern of the BS antenna is
omnidirectional. The vertical 3 dB-beamwidth equals 6°. The gain of the antenna is
7.5dBd. A DVB-H signal with modulation scheme 16-QAM 1/2 and a bandwidth
(BW) of 7.61 MHz is injected in the transmitting antenna (Tx). The used frequency
is 602 MHz. The ERP of the BS antenna equals 37.76 dBW.

As Rx, an omnidirectional Jaybeam antenna type 7511 is used. The measure-
ments are performed at 2.85 m above ground level. The receiver antenna is vertically
polarized and its gain is O dBd. Figure 1.6 shows the receiver part of measurement

Fig. 1.6 Vehicle with Rx used for the data acquisition
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Fig. 1.7 Trace of the DVB-H signal measured by the spectrum analyzer at non-line-of-sight
location

system. The measurements are performed with a Rohde & Schwarz FSEM30 spec-
trum analyzer (SA) with a frequency range from 20 Hz up to 26.5 GHz. The output
of the SA is sampled and stored on a laptop. Optimal settings for measurements
with the SA have been determined: a center frequency of 602 MHz, frequency span
of 30 MHz, and a resolution bandwidth of 5 MHz. The measurement value also
depends on the detector mode: the rms mode is used, as proposed in [17]. The mea-
surement positions are acquired with a GPS (Global Positioning System) device.
Using a car, the Rx is moved with constant speed in the environment. Figure 1.7
shows a trace of the DVB-H signal (bandwidth of 7.61 MHz), measured with the
SA with the proposed settings at a non-line-of-sight location in Ghent, Belgium.

1.4.2 Data Processing

First, the noise floor is determined for each measurement track. Then an additional
margin of 5dB is added. Samples which are below the noise floor plus this mar-
gin are discarded. This margin is a compromise between sensitivity of the mea-
surement system and noise elimination. In this way not all samples far from the
BS are discarded. On the other hand, 5dB is high enough to separate signal from
noise. Figure 1.8 shows a data track, the noise level, and the additional margin. To
remove the fluctuations of the fast fading, the received signal strength is averaged
and sampled according to the Lee criterium [21], i.e., about 50 samples for each
40 wavelengths. The sampling of the measurement points depends upon the veloc-
ity of the car. Using [17] and [21] and the sampling of the measurement system,
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Fig. 1.8 Example of measurement track and noise floor at 602 MHz as a function of the distance
BS — Rx (hgs = 64m and hgrx = 2.85m)

a maximum speed of 25 km/h has to be used for the acquisition of the measure-
ment data. A constant velocity of 20 km/h is used. For each track, the environmen-
tal conditions (wide/narrow street, residential/suburban, high/low buildings) were
determined. We consider distances from about 100 to 14000 m from the BS.

1.4.3 Path Loss

PL is defined in Sect. 1.3.1 [28]. The PL is modeled according to a lognormal shad-
owing model:
PL = Py+ 10 nlog(d/dy) + x (1.8)

where d is the distance between BS and Rx in m, dj is a reference distance in m, and
n is the PL exponent. dp was chosen 100 m here. Furthermore, ) is the shadowing
fading variation and has a standard deviation o. A fit with two parameters, Py and n,
was performed. The rms deviation of the measurement points was minimized with a
linear regression fit. Figure 1.9 shows the measurements and fit of PL at gy =2.85m
as a function of the distance BS — Rx. The parameter Py equals 86.8 dB. We obtain
a PL exponent n = 2.34 and a standard deviation of 6.18 dB.

To investigate the correctness of the model, the cdf (cumulative distribution func-
tion, i.e., Prob [deviation < abscissa]) of the difference between the experimen-
tal data and the PL model is analyzed. This cdf is then being fit using a cdf of
a normal distribution (in dB). Again the rms deviation is minimized with a lin-
ear regression fit, where the mean value and the standard deviation are adjusted.
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Fig. 1.9 Scatter plot and linear regression fit of PL at 602 MHz as a function of the distance
BS —Rx (hgs = 64 m and hgry = 2.85m)
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Fig. 1.10 Cumulative distribution of experimental data and linear regression fit

The standard deviation og; of the normal fit equals 6.17 dB, which agrees excel-
lently with the 6.18 dB of the experimental data, indicating the correctness of the
model. Figure 1.10 shows the cdf of the experimental data and the linear regression
fit. To further assess lognormality of the samples, a statistical goodness-of-fit test
was performed. A Kolmogorov—Smirnov (K-S) test was conducted on the samples.
The measurements passed the K-S test at a significance level o¢ = 0.05.
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1.4.4 Equivalent Field Strength

Based on [15] and [17], the power measurements in Ghent are converted to corre-
sponding values of the equivalent electric field strength £ (dBuWV/m):

E=V,+k+A, (1.9)

with V,, the output voltage of the antenna in dBULV, k the antenna factor in dB(1/m),
and A the attenuation of the antenna signal path in dB. A, in this case, is the cable
loss between Rx and SA.

V, can be calculated as follows:

By
1016
Vo =20-1 10°-1/50- 1.1
o og | 107-4/50- 1550 (1.10)
k is defined as
k=20-log(f)—29.7707 — G, (1.11)

with f the frequency under consideration (in MHz) and G; the gain of the receiver
antenna.

In Fig. 1.11 a map of the measurement environment is shown together with the
field-strength values. The field strengths are divided into five categories. The loca-
tions marked in blue, green, yellow, or red indicate to which coverage class that
location belongs [7]. The corresponding minimal electric field strength necessary
to obtain good reception at 2.85 m (height correction [18]) is 64.5, 69.5, 80.5, and
84.5dBuV/m for classes A, C, B, and D, respectively [7]. The locations marked in
black (except for the BS, marked with a black dot) do not have a good reception in
either of the four coverage classes.

From the map it is clear that near the BS, reception quality is best and the further
from the BS, the lower the field strengths are. In more open areas such as north of
the BS though, the electric field decreases slower than in denser areas, such as south
west from the BS.

Finally, we calculate the range for 16-QAM 1/2 for indoor reception of the sys-
tem considered in Sects. 1.2.5 and 1.3.3 but with the PL model of (1.8). A range of
3.2 km is obtained for class B reception using the Ghent model compared to a range
of 2.5 and 2.0 km using the ITU and Hata-model, respectively.

1.5 Parameter Evaluation and Performance Analysis
of DVB-H System

In this section, physical-layer measurements for a DVB-H system in realistic chan-
nel conditions are investigated. This system is based on the specifications and guide-
lines of ETSI [5-8]. The goal is to evaluate the performance of the system for
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Fig. 1.11 Measured equivalent electric field strengths in Ghent Belgium (black dot indicates the
location of the base station, Aty = 64m, hrx = 2.85m)

different modulation schemes, guard intervals, and MPE-FEC rates. This analysis
will enable better estimations of the performance of the DVB-H system and an opti-
mized DVB-H performance model (range, influence of different parameter settings).
Different reception conditions (indoor walking, indoor standing, outdoor walking,
car 20 km/h, car 70 km/h, car 120 km/h, train, tram, and bus) will be discussed and
performance for each of these scenarios is analyzed.

1.5.1 Transmitting Network

Many results presented in this section are obtained from the Flemish DVB-H trial
during 2007 in Ghent, Belgium. Therefore the transmitting network in Ghent is
here presented. Figure 1.12 shows a map of Ghent where the Flemish DVB-H trial
network is situated and the location of the three BS marked with large black dots
(other labels will be explained further). The environment is rural and suburban. The
operation frequency is 602 MHz with a bandwidth of § MHz. In Belgium, there are
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Fig. 1.12 Map of Ghent with the three transmitting antennas (large black dots), the selected build-
ings for the indoor portable measurements (squares), and the routes for the mobile measurements
(the routes at 20 km/h are shown with a full black line, the routes at 70 km/h are shown with circles)

almost no urban regions (urban is defined here as an area as the center of New
York, only parts of the town Brussels in Belgium are urban). Cities as Ghent can be
classified as suburban, the region around the city center can be classified as rural. All
transmitting antennas are omnidirectional. The heights of these BS are igg = 64 m
(BS1), hgs = 63 m (BS2), and hgs = 57 m (BS3), respectively. The EIRP (EIRP =
Effective Isotropic Radiated Power) used for these BS is 39.0, 40.9, and 36.6 dBW,
respectively.

1.5.2 Reception Scenarios

DVB-H services will be provided in different circumstances. Coverage for DVB-H
will be demanding since reception is expected in different conditions (the terminal
is moving, body loss, no line-of-sight conditions, etc.). The measurements discussed
here have been performed for portable outdoor (class A), portable indoor (class B),
and mobile reception (class D).

We define nine different scenarios. Each scenario has been assigned an identifi-
cation number (ID). Table 1.12 summarizes the different scenarios, each with a brief
description. In the following sections, the different scenarios will be explained.
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Table 1.12 Investigated scenarios during trial

Class  Scenario ID Description
A Outdoor walking I Twenty routes
B Indoor walking 11 Thirteen buildings, measurements on

each floor (rooms, corridors,
and staircases)

B Indoor standing 111 Thirteen buildings, 1 minute each floor
D Car 20 km/h v Six routes, 70.5 km

D Car 70 km/h v Three routes, 37.5 km

D Car 120 km/h VI Two routes, 50 km

D Train VII  Station Gent St-Pieters — Wondelgem
D Tram VIII  Station Gent Sint-Pieters — Evergem

D Bus IX Wondelgem — station Gent Sint-Pieters

1.5.2.1 Portable Reception

For class A (scenario I), 20 routes in 11 different parts of the city have been inves-
tigated (Table 1.12). The routes selected for class A measurements are situated near
the buildings investigated for class B. For class B (IT and III), 13 buildings have been
selected. Indoor walking (II) as well as indoor standing (III) have been investigated.
In Fig. 1.12 the different buildings are marked with squares. For scenarios II and II1,
measurements have been performed during 1 min on each floor in every building.

1.5.2.2 Mobile Reception

For class D (scenarios IV-IX), measurements have been performed for differ-
ent mobile scenarios (Table 1.12): reception inside a train (VII), a tram (VIII), a
bus (IX), and a car (IV-VI). For reception inside a car, different reception veloci-
ties have been investigated: 20 km/h (IV), 70-90 km/h (V) and 100-120 km/h (VI).
Figure 1.12 shows a map of Ghent with routes of different mobile scenarios of
class D.

1.5.3 Parameters Used to Analyze Performance

This section defines the parameters used to analyze the performance of the DVB-H
system. First, Mpeglock and MpegDatalLock are explained. Next, parameters cor-
responding with MPE tables, transmission quality, and signal quality parameters are
described. Finally, MPE-FEC gain is explained.

Basic definitions

e MpeglLock: If MpegLock is “on,” the TS (transport stream) synchronization is
achieved.
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o MpegDatalLock: If MpegDatalLock is “on,” the TS (transport stream) synchro-
nization is achieved and the TS packet is valid.

Parameters corresponding with MPE tables

e %Lock: the percentage of the time that the logged parameters MpegLock and
MpegDatal.ock are both “on.” When both are “on,” it is possible to receive MPE
tables.

e %Not locked: the percentage of the time that at least one of the logged parameters
Mpeglock and MpegDatalock is “off.”

9%Not Locked =100 — %Lock (1.12)

e %Correct tables

_ number of correct MPE tables received x 100

1.13
number of received tables ( )
e %lIncorrect tables = MFER
o %Corrected tables
~ number of corrected MPE tables received x 100 (1.14)

number of received tables

o %Valid reception is the percentage of the time that the receiver is locked and
receives either correct, or corrected tables:

9oLock x %l t tabl
% Valid reception = 100 — {%Not locked + ( ofock > % lnoc 00 frectla es)]

(1.15)

Transmission quality criteria

e %Locations: the ratio of the number of valid tables received in a 3 dB range for
E (dBuV/m)/ 1 dB range for NLH (dB) and the total number of tables received in
that 3dB / 1 dB range. This definition can also be found in [7].

e Y%Locations QFEF ok: the ratio of the number of samples that meet the Quasi-
Error-Free criterion and the total number of samples recorded (in a 3 dB range
for E/1dB range for 1\%)' Samples meet the Quasi-Error-Free criterion when
the recorded BER (bit error rate) is smaller than 2- 10~ after the Viterbi
decoder [29].

e %Locations ESR5 ok: the ratio of the number of samples that meet the Erroneous
Second Ratio 5% criterion and the total number of samples recorded (in a 3dB
range for E/1 dB range for NLH). Samples meet the Erroneous Second Ratio 5%
criterion when there is a maximum of 1 erroneous second in 20 s. This corre-
sponds to a recorded BER smaller than 2 - 1073 after the Viterbi decoder [29].
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Signal quality requirements

° NLH |MFERS%: the minimal value of NLH (dB) for which the MFER is at most 5%,
or %Locations is at least 95% after MPE-FEC correction.

° NLH |FER5%: the minimal value of NLH (dB) for which the FER is at most 5%, or
9oLocations is at least 95% before MPE-FEC correction.

e E|yrErss: the minimal value of E (dBuV/m) for which the MFER is at most
5%, or %Locations is at least 95% after MPE-FEC correction.

e E|rggrse: the minimal value of E (dBuV/m) for which the FER is at most 5%, or

YoLocations is at least 95% before MPE-FEC correction.
MPE-FEC gain

e ACxg,: the reduction in dB for NLH obtained by using MPE-FEC, while main-
taining the same reception quality

C C
ACxq = —— % — —— % 1.16
XY N_H\FERX/ N+I|MFERX/ (1.16)
o AFExq,: the reduction in dB for E obtained by using MPE-FEC, while maintain-
ing the same reception quality

AExg, = E|rerx% 