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Figure 2.4: Multipath power delay pro le: Power transmitted (a); channel
impulse response (b).

delay spread are inversely related: the larger the delay spread, the less
the coherence bandwidth and the channel is said to be more frequency
selective. Hence, multipath propagation, leads to frequency selective
fading.
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Figure 2.5: Frequency response of a certain channel and bandwidth of
signal (dotted line): Narrowband signal (a); wideband signal (b).

Modeling the Multipath Channel

We wish to model the wireless propagation channel as the system illustrated
in Fig. 2.6.
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ter (which we assume to be stationary) and a moving receiver, in a presence
of multiple re ectors.

A di erent attenuation and a phase shift will be caused by each scatterer,
and since each individual path is characterized by a propagation delay due
to the random nature of the channel, both the attenuation and delay will be
time variant. A signal s(t) propagating through the time-varying channel will
be received as

(e )
y()= Re (st (@)ei2f 1t 1)
1=0
‘ )
=Re 1(D)sp(t |(t))ej2 forfld cos( ) (1)
1=0
( )
=Re H(D)sp(t |('£))ej2 fotf o 1O+ § cos( tf & cos( 1) (1)
1=0
( )
=Re (Ospt  (O)e!? Tt 1OF oo f 9 cos( 1) (1)
1=0
( )
=Re 1(D)s bt |(t))ej2f cti 2 foi® oop * § cos( 1) (B)
1=0
( )
=Re i(Ospt  (@®)el?f et 1
1=0
(2.34)

where pop:1 Stands for the Doppler phase shift, and a simpli cation of the
phase factor given by () = j2 fc((t)  pops *+ f5) cos(i) (t) . From
(2.34) can be taken the equivalent lowpass representation of(t), given by

Xt :
yo(t) = st 1@®)e! 10 (2.35)
1=0

The result of (2.35) clearly highlights the propagation e ects over a mul-
tipath channel. Considering a signal transmitted through a time-varying mul-
tipath channel, the equivalent lowpass received signal seems like a sum of
attenuated and delayed versions of the original signal. The attenuations are
complex-valued and time-variant. This multipath characteristic of the chan-
nel causes the transmitted signal to \extend" in time, and as a consequence
the received signal will have a greater duration than the transmitted signal,
a phenomenon known agime dispersion. This representation can be inter-
preted as a transversal lter of order L with time-varying tap gains. Fig.
2.10 llustrates the tapped delay line model of a doubly-selective channel in
the equivalent complex baseband. Modeling this type of fading channels can
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[PMO06], the received signal can be written as

1
y() = Re it spt  )el 1 (Vd @2t (2.38)
1

and the channel can be simpli ed to a time-varying complex amplitude related
to the corresponding delay, i.e.,

he )= i ) 'O (2.39)

where h(t; ) gives the response of the channel at timé due to an impulse
applied at (t ) (in other words, t indicates the instant in which the channel
is used, while the parameter re ects the elapsed time since the input was
applied, i.e., delay).

The equivalent lowpass channehy(t; ) consists of the sum of a large num-
ber of attenuated, delayed, and phase rotated impulses. Since the fading e ect
is mainly due to the randomly time-variant phases (t), the multipath prop-
agation model of (2.37) causes the signal to fade [PMO06], as shown ifig.
2.11. For instance, considering the carrier frequencies employed in the typi-
cal mobile communication systems, thelth multipath component will have a
fc 1(t) 1. Consider an indoor application with a carrier frequency off. =1
GHz and | =50 ns. In this casef¢ |(t) =50 1. Regarding outdoor systems,
much greater values of multipath delays have to be considered, and therefore
this property still applies. It is important to note that when f. (t) 1 the
small changes in the path delay | will lead to a large phase change in thd
multipath overall phase (t), which means that the phase can be regarded
as random and uniformly distributed. If in addition we consider that di erent
scatterers are independent, applying the CLT we can assume thahy(t; ) is
approximately a complex Gaussian random process.

Consider a mobile station moving at speedv, within a multipath propa-
gation environment. As the mobile station moves its position changes as well
as the characteristics of each propagation path. Assuming that the movement
occurs at a constant velocityv, the distance between a previous position and a
new one is a function of time, i.e.,d = vt. The motion produces Doppler shifts
on the several incoming received waved-ig. 2.12 illustrates a mobile station
moving at a constant speedv, and it moves by d from the initial point to the
new point (to simplify; a two dimensions model is presented, so that the angle
of arrival is the corresponding azimuth). If the mobile antenna moves a short
distance | , the I™ incoming ray, with an angle of arrival of | with respect
to the instantaneous direction of motion, will experience a shift in phase. The
di erence in the path lengths from the base station to the mobile station is
given by | = dcos(,)= vt cos(,). Itis then clear that the length of the
I path increases by |. And as a consequence, the phase o set in received
signal due to the di erence in path lengths will be

2 1 _ 2vt cos(y)

C C
where . = fi denotes the wavelength at the carrier frequency.

(2.40)
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useful part of the block is employed for detection purposesHin90]. Therefore,
equation (3:16) is a periodic function in t, with period Tg, and the complex
envelope associated with the guard period can be regarded as a repetition of
the multicarrier blocks's nal part, as exemplied in Fig. 3.6. Thus, it is valid
to write

s)=st+T); Tg t O (3.18)

Consequently, the guard interval is a copy of the nal part of the OFDM sym-
bol which is added to the beginning of the transmitted symbol, making the
transmitted signal periodic. The cyclic pre X, transmitted during the guard
interval, consists of the end of the OFDM symbol copied into the guard in-
terval, and the main reason to do that is on the receiver that integrates over
an integer number of sinusoid cycles each multipath when it performs OFDM
demodulation with the FFT [CT65]. The guard interval also reduces the sen-
sitivity to time synchronization problems.

s()

CP OFDM block

T
Tg

Figure 3.6: MC burst's nal part repetition in the guard interval.

3.4.2 Transmission Structure

Let us now focus on the transmission of the OFDM signal where to simplify
it is assumed a noiseless transmission case. Since it is an MC scheme, the
incoming high data rate is split into N streams of much lower rate by a
serial/parallel converter. The parallel information bits are then modulated
with a given digital modulation format, forming the symbols. The data is
therefore transmitted by blocks of N complex data symbols with f Sy;k =
0;::;;N  1g being chosen from a selected constellation (for example, a PSK
constellation, or a QAM). The N individual digital modulated symbols are
then submitted to an IFFT operation in order to convert the frequency domain
samples to time domain. The output corresponds to the OFDM symbol of
(3.16), and if we sample the OFDM signal with an interval of T, = - we get
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the samples
X3 (m) j2 &
sV SO ™ jenr . =8 (¢ nTa)= T T
k=0
n=0;1:;N 1; (3.19)
where F = % Consequently, (3.19) can be written as

1
2kn

X .
sM = M = IDFTfSg n=01;:5N 1 (3.20)
k=0

Hence, referring to the m™ block, fs ™ ;n = 0;::;N  1g= IDFTfS ™k =
0;::;;N  1g. The IDFT operation can be implemented through an IFFT
which is more computationally e cient. At the output of the IFFT, a cyclic
pre x of Ng samples, is inserted at the beginning of each block all IFFT
coe cients. It consists of a time-domain cycle extension of the OFDM block,
with size larger than the channel impulse response (i.e., thdg samples as-
sure that the CP length is equal to or greater than the channel length). The
cycle pre x is appended between each block, in order to transform the mul-
tipath linear convolution into a circular one. Thus, the transmitted block is
fsp,;n = N ;N 1g, and the time duration of an OFDM symbol is
Ng + N times larger than the symbol of an SC modulation. Clearly, the CP
is an overhead that costs power and bandwidth since it consists of additional
redundant information data. Therefore, the resulting sampled sequence is de-
scribed by

l’(l
sim = M n= N g LugN L (3.21)
k=0
After a parallel to serial conversion, this sequence is applied to a digital-to-
analog converter (DAC), whose output would be the signals(t). The signal
is upconverted and sent through the channel. The resulting IDFT samples
are then submitted to a digital-to-analog conversion operation performed by
a DAC. Fig. 3.7 illustrates a simple OFDM transmission chain block diagram.

Figure 3.7: Basic OFDM transmission chain.
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3.4.3 Reception Structure

At the channel output (after the RF down conversion), the received signal
waveform y(t) consists of the convolution of s(t) with the channel impulse
response h( ;t), plus the noise signal n(t), i.e.,
Z .,
y(t) = s(t )h(;td + n(t): (3.22)
1

The received signaly(t) is then submitted to an analog-to-digital converter
(ADC), and sampled at arate T, = ,E— The resulting sequencey, consists of a
set ofN + Ng samples, with theNg samples being extracted before the demod-
ulation operation. The remaining samplesfy,;n = 0;::;;N 19 are demod-
ulated through the DFT (performed by an FFT algorithm) to convert each
block back to the frequency domain, followed by the baseband demodulation.
For a given block, the resulting frequency domain signafY;k = 0;::;; N 1g,
will be

X1

Yy = ypel v k=0;1:;N 1 (3.23)
k=0

The OFDM signal detection is based on signal samples spaced by a period
of duration T. Due to multipath propagation, the received data bursts overlap
leading to a possible loss of orthogonality between the subcarriers, as showed
in Fig. 3.8(a). However, with resort to a CP of duration Tg (greater than
overall channel impulse response), the overlapping bursts in received samples
during the useful interval are avoided, as shown inFig. 3.8(b). Since IBI
can be prevented through the CP inclusion, each subcarrier can be regarded
individually.

The OFDM receiver structure is implemented employing anN size DFT
as shown inFig. 3.9. Assuming at fading on each subcarrier and null ISI, the
received symbol is characterized in the frequency-domain by

Y = HeSk + Ng; k=0;1;::N 1 (3.24)

whereH . denotesthe overall channel frequency response for thk™" subcarrier
and Ng represents the additive Gaussian channel noise component.

On the other hand, the frequency-selective channel's e ect, as the fading
caused by multipath propagation, can be considered constant ( at) over an
OFDM subcarrier if it has a narrow bandwidth (i.e., when the number of
subchannels is su ciently large). Under these conditions, the equalizer only
has to multiply each detected subcarrier (each Fourier coe cient) by a con-
stant complex number. This makes equalization far simpler at the OFDM
receiver when compared to the conventional single-carrier modulation case.
Additionally, from the computation's point of view, frequency-domain equal-
ization is simpler than the corresponding time-domain equalization, since it
only requires an FFT and a simple channel inversion operation. After acquir-
ing the Yy samples, the data symbols are obtained by processing each one of
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timized under the ZF criterion, with the equalized frequency-domain samples
at the k! subcarrier given by

Sk = FeYk: (3.25)

{F"}

A

S
Decision { k}
Device

TR S YS!

Figure 3.10: OFDM receiver structure with a NRyx -branch space diversity.

In (3.25) Sk represents the estimated data symbols which are acquired
with the set of coe cients fFy;= k=0; 1;::;;N 1g, expressed by

1 _ Hy

Fk:

T R (3.26)

Naturally, the decision on the transmitted symbol in a subcarrier k can be
based onS.

Let us consider the case in which we havé\ gy -order space diversity. In
Fig. 3.10 a maximal-ratio combining (MRC) [ Kai95] diversity scheme is im-
plemented for each subcarrierk. Therefore, the received sample for the™
receive antenna and thek™ subcarrier is denoted by

Y = 5HE + N, (3.27)

with H,E') denoting the overall channel frequency response between the trans-
mit antenna and the I™ receive antenna for thek" frequency, Sy denoting
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the frequency-domain of the transmitted blocks, anleE') denoting the corre-

WRX
sc= FOYY; (3.28)
=1

where f Fk('); k=0;1;:::;N  1gis the set of FDE coe cients related to the
It diversity branch, denoted by

HO

F = (3.29)

’XRX 0 2.
(1°)

Hk

10=1

Finally, by applying (3.27) and (3.29) to (3.28), the corresponding equal-
ized samples can then be given by

Sk= S+ le:liNé'): (3.30)

3.5 SC-FDE Modulations

One drawback of the OFDM modulation is the high envelope uctuations of
transmitted signal. Consequently, these signals are more susceptible to nonlin-
ear distortion e ects, namely those associated with a nonlinear ampli cation
at the transmitter, resulting in a low power e ciency. This major constraint

is even worse in the uplink since more expensive ampli ers and higher power
back-o are required at the mobile.

Instead, when an SC modulation is employed with the same constella-
tion symbols, the envelope uctuations of the transmitted signal will be much
lower. Thus, SC modulations are especially adequate for the uplink transmis-
sion (i.e., transmission from the mobile terminal to the base station), allowing
cheaper user terminals with more e cient high-power ampli ers. Nevertheless,
if conventional SC modulations are employed in digital communications sys-
tems requiring transmission bit rates of Mbits/s, over severely time-dispersive
channels, high signal distortion levels can arise. Therefore, the transmission
bandwidth becomes much higher than the channels' coherence bandwidth. As
a consequence, high-complexity receivers will be required to overcome this
problem [PMO06].
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receiver structure is depicted inFig. 3.12. After the equalizer, the frequency-
domain samples referring to thek™ subcarrier, S, are given by

Sk = FrYk: (3.33)
For a zero-forcing (ZF) equalizer the coe cients Fy are given by (3.26), i.e.,
1 _ H,

F,= —= k. 3.34
“7 Hk © jHj? (3.34)

From (3.34) and (3.32), we may write (3.33) as
Sk = FuYk = i:Sk+ M=Sk+ K: (3.35)

Hy Hy

Decision {5)
Device

Figure 3.12: Basic SC-FDE receiver block diagram.

This means that the channel will be completely inverted. However, in the
presence of a typical frequency-selective channel, deep notches in the channel
frequency response will cause noise enhancement problems, and as a con-
sequence, there can be a reduction of the signal-to-noise ratio (SNR). This
can be avoided by the optimization of the F coe cients under the MMSE
criterion. Although the MMSE does not attempt to fully invert the channel
e ects in the presence of deep fades, the optimization of thé-¢ coe cients
under the MMSE criterion allows to minimize the combined e ect of ISI and
channel noise, allowing better performances. The mean-square error (MSE),
in time-domain, can be described by

1 X1
(k)= N2 ks (3.36)
k=0
where )
k= E S S< = E jY«Fe Sij?: (3.37)
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At the receiver side the equalized samples are demapped by a soft demapper
followed by a deinterleaver providing the LLRs of the \coded bits" to the SISO
channel decoder. The SISO operation is proceeded by a interleaver and after
that a soft mapper provides the desired \soft decisions."
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However, the SFN transmission causes time dispersion mainly induced
by two factors: the natural multipath propagation due to the re ected or
refracted waves in the neighborhood of the receiver, and the unnatural
multipath propagation e ect due to the reception of the same signals from
multiple transmitters, which are added being the resulting signal equivalent
to consider a transmission over a single time-dispersive channel. These signals
can be seen as \arti cial echoes.” The receiver's performance can be compro-
mised, since the frequency selective fading may cause very low values of the
instantaneous SNR at the receiver.

As referred to before, OFDM has been used as the modulation technique in
SFN in order to prevent multipath propagation. The data rate in DVB systems
is very high, which means that the overall channel impulse response can span
over hundreds or even thousands of symbols. This means that we need to
employ very large fast Fourier transform blocks (FFT) to avoid signi cant
degradation due to the cyclic pre x. The DVB standard considers up to 8k-
length blocks, corresponding to several thousands of subcarriers. Coherent
receivers are usually assumed in a broadcasting system, which means that
accurate channel estimates are required at the receiver. The channel can be
estimated with the help of pilots or training blocks [SDM10]. The frequency
selective fading can be mitigated by employing equalization and/or coding
techniques.

Assume the frame structure depicted inFig. 5.2, with a training block
followed by Np data blocks, each one corresponding to an \FFT block," with
N subcarriers. Both the training and the data blocks are preceded by a cyclic
pre X whose duration Tcp is longer than the duration of the overall channel
impulse response (including the channel e ects and the transmit and receive
Iters). The duration of the data blocks is Tp, each one corresponding to a
size-N DFT block, and the duration of the training blocks is Trs, which can be
equal to or smaller than Tp . To simplify the implementation we will assume
that Trs = Tp=L where L is a power of 2, which means that the training
sequence will be formally equivalent to having one pilot for each. subcarriers
when the channel is static. The overall frame duration isTe = (Np +1)T¢cp +
Trs + Np Tp . If the channel is almost invariant within the frame, the training
block can provide the channel frequency response for the subsequekp data
blocks. When it can be a orded a delay of about half the frame duration then
it becomes possible to use the training block to estimate the channel for the
Np =2 blocks before and after the training, grossly duplicating the robustness
to channel variations.

1 For fast-varying channels, it is required to interpolate channel estimates resulting from
di erent training sequences, although increasing signi cantly the delay (in this case delays
of several frames may be needed). With an ideal sinc() interpolation the maximum Doppler
frequency is around 1=(2 Tg).
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noise. Clearly, the impact of the time dispersive channel reduces to a scaling
factor for each frequency. For the sake of simplicity, slow-varying channel will
be assumed, i.e.H™ = H.

5.1.1 Channel Estimation

Since the optimum FDE coe cients are a function of the channel frequency
response, accurate channel estimates are required at the receiver. To improve
the channel estimation performance a joint detection and channel estima-
tion [LMWAO2, CHO03] can be done. To avoid performance degradation the
power spent in training blocks should be similar to or higher than the power
associated with the data. However, there is always some performance degra-
dation when the power spent to transmit each block, i.e., the power of training
plus data, is considered.

As with data blocks, the training signal has the form

N)@ 1
sTS(t) = s Shr(t  nTs); (5.4)

n=N cp

where s'S denotes the n" symbol of the training sequence, and the cor-
responding time-domain block at the receiver, after cyclic pre x removal,
will be fyS;n = 0;1;:::;Nrs 1g. The corresponding frequency-domain
block fY'S;k = 0;1;:::;Nys 1g is the size-Nrs DFT of fy!S;n =

0;1;:::;Nts 1g. SinceNts = N=L, it can be written

VTS = STSH + NJS; k=0; 1,1 Nrs 1 (5-5)

with fSS;k = 0; 1;:::;Nts  1g denoting the size-Nrs DFT of fs[S;n =
0;1;:::;Nts 1gand NkTS denoting the channel noise. The channel frequency
response could be estimated as follows:

YkT S TS

Ha = STis: Hi + = Hy + EL; (5.6)
k

k
BN
where the channel estimation error, I is Gaussian-distributed, with zero-
mean.

It should be noted that, when L > 1, it will be necessary to interpo-
late the channel estimates. In this case, it is necessary to form the block
fHIS;k = 0;L:::;N  1g, where K]S = 0 when k is not a multiple of
L (i.e., for the subcarriers that do not have estimates given by (5.6)) and
compute its IDFT, to derive fAlS;n =0;1;:::;N  1g Provided that the
channel impulse response is restricted to the rstNcp samples, the inter-
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polated channel frequency response ia%lqgs;k =0;1:::;N 1g= DFT
fATS = ATSw,;n = 0;1;:::;N  1g wherew, = 1 if the n™ time-domain
sample is inside the cyclic pre x (rst Ncp samples) and 0 otherwise. Natu-
rally,

My = Hie+ (5 (5.7)

where IS represents the channel estimation error after the interpolation.
It can be shown that [S is Gaussian-distributed, with zero-mean and
Ef 5?1 = &rs = &iS¢°j% assumingjS[®j constant. Since the power
assigned to the training block is proportional to E[jS/Sj?] = 2 and
E 15S]Sj? 1=E[jS] $j?], with equality for jS]Sj constant, the training
blocks should havejS®j2 = 2 for all k. By contrast, if it is intended to min-
imize the envelope uctuations of the transmitted signal the value of js|Sj
should be also constant. This condition can be achieved by employing Chu
sequences, which have botfis|5, j and jS{3 j constant [Chu72.

Since the channel impulsive response is usually shorter than the cyclic
pre X, training blocks shorter than the data blocks, could be employed. As
an alternative, a training block with the same duration of the data block
(N = Ntg) can be used, which is typically much longer than duration of the

fAlS;n=0;L:::;N  1g= IDFT fHIS = Y, 5=5T5;k=0;1;:::;;N 1g

In this case, the noise's variance in the channel estimates,? ;s , is improved
by a factor N=N¢p . Naturally, the system's spectral e ciency decreases (due
to the use of longer training sequences) and the overall power spent in the
training sequence increases, although the power per subcarrier and the peak
power remain the same.

5.1.2 Channel Estimation Enhancement

As stated above, the SFN transmission creates severe arti cial multipath prop-

agation conditions. Typically the SFN systems employ a large number of
OFDM subcarriers, to ensure that the guard interval is large enough to cope
with the maximum delay spread that can be handled by receivers. In fact this

measure partly determines how far apart transmitters can be placed in the

SFN. Although the system is de ned to accommodate the worst case scenario
(i.e., maximum delay spread), it also may represent a waste of bandwidth in

most cases.

In this section several methods to improve spectral e ciency in the chan-
nel estimation given by (5.6) are proposed. To better understand the involved
operations all methods are associated with a gure that illustrates the im-
pact of the enhancement process on the channel's impulsive response. An
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OFDM modulation with blocks of N = 8192 \useful" modulation symbols is
considered plus a cyclic pre x of 2048 symbols acquired from each block (cor-
responding to the OFDM 8K mode in DVB-T). Also considered is a channel's
impulsive response corresponding to a sum of three identical signals emitted
from three transmitters and received with di erent delays and power.

Method |

The rst method employs the basic Itering operation given by the en-
hanced channel frequency responséHS:k = 0;1;:::;N  1g = DFT
fATS = ATSw,;n =0;1;:::;N  1g wherew, = 1 if the n™ time-domain
sample is inside the cyclic pre x (rst Ncp samples) and O otherwise. The
overall CIR is depicted in Fig. 5.3. ConsideringN useful modulation symbols
and a cyclic pre x of Ncp symbols, the resulting gain associated with this
method is G; = N=N¢p.

0.4} .
03 o .
0.2 .
0.1 h .
O R o0 s00 N 2500

CP

Figure 5.3: Impulsive response of the channel estimation with method I.

Method I

This method is speci ¢ for SFN, and it assumes that the CIR related to each
one of the three channels is perfectly known (i.e., the receiver knows the exact
duration N of each CIR, and the location of the dierent clusters). The
overall CIR is depicted in Fig. 5.4. Since N >> N ¢p, the gain associated
with this method, given by G, = N=N , is much higher than the gain of
method |, (i.e., G; >> G ).
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Figure 6.1: Equivalent transmitter plus channel.

E cient channel estimation techniques are crucial to achieve reliable com-
munication in wireless communication systems, and several techniques for
ensuring accurate channel estimates have already been proposedsgM10],
[DLFO8], [XWO05]). The e ciency of the conventional estimation techniques
can eventually be enhanced with resort to the method proposed inWY12],
o0 ering a good trade-o between the estimation performance and the compu-
tational complexity.

It is important to note that the SFN transmission creates severe arti cial
multipath propagation conditions. In order to mitigate its e ects SFN systems
employ a large number of OFDM subcarriers to ensure that the guard interval
is large enough to cope with the maximum delay spread that can be handled
by receivers. Albeit the system is de ned to accommodate the worst-case
scenario (which is given by the maximum delay spread), it also may represent
a waste of bandwidth and excess of redundant information, in most cases. In
[WWC * 09], the channel length estimation problem is studied and the authors
propose an autocorrelation-based algorithm to estimate the channel length
without the need for pilots or training sequences. In order to improve spectral
e ciency in the channel estimation, various methods that take advantage
of the sparse nature of the equivalent CIR are presented irChapter 5. In
[WY12] [WPWO08] are employed blind receivers, which although they do not
need training sequences, may lead to performance degradation.

6.3.1 Frame Structure

In the following we will show that for a static scenario,? the knowledge of
the CIR for each transmitter at the beginning of the frame, together with

21t should be emphasized that the equivalent CIR is not constant for static propagation
conditions when we have di erent CFOs.
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mean. Note that the CIR estimates given by (6.8) are represent as
Rgm  opgmy g2 10T (6.9)
This means that we can obtain an estimate of f () from
R _
arg g™ mimy (6.10)

m=2 n=1

20

2T ¢

By compensating the phase rotation on each CIR estimate, an enhanced CIR
estimate for the I transmitter can be obtained, as follows:

hd
AD= L7 pgm el 2 0w (6.11)

m=1

One may think that a weakness of the proposed frame structure lies in
a very long size when there are many transmitters, which causes ine ciency
since a large portion of the training sequences remains idle. However, it is
important to point out that although the length of the training increases with
the number of transmitters (and a portion of the training remains idle for each
transmitter), the ine ciency is not signi cant for the following reasons:

1. The number of relevant transmitters covering a given area is in general
small (typically L =2 or L = 3).

2. The frame associated with a given training interval can be very long,
provided that there are accurate CFO estimates and the oscillators are
reasonably stable. It is possible to have frames with several tens of data
blocks.

3. The training block associated with each transmitter can have a duration
much lower than data blocks.

Therefore, the e ciency can be very high.

6.3.2 Tracking the Variations of the Equivalent Chan-
nel

Assume that the channel remains unaltered within a block, only varying along
the frame and that the frequency error is constant during the frame trans-
mission interval. In these conditions, the information about the CFO of each
transmitter allows us to track the variations of the equivalent channel. This
means that it is possible to estimate the channel's impulse response for any
time slot: the channel's impulse response at the instant, (given by ﬁﬂ)(tp)),

is the channel's impulse response at the initial instant 0 (given byﬁﬁ')(O)),
multiplied by the phase rotation along that time interval (see Fig. 6.3).



102 Frequency-Domain Receiver Design for Doubly Selective Channels

_ J2mAf Dt
h(t,0) h(t,t,) = h(t,0)-e ’
TS, Data p
i N » t
| |
0 Ip
Figure 6.3: Channel estimation for the p" block of data.

This way, the CIR of the I™ transmitter at the speci ¢ instant tp will be
given by

A (t,) = AP (02 T o, (6.12)
with the equivalent CIR for the p block of data given by
’)KTX ')KTX X n
fnto) = A= A2 TVt (6.13)
p n p n
I=1 I=1

Hence, the corresponding channel frequency respondgy (t,) can easily be
obtained from i, (t,).

6.4 Adaptive Receivers for SFN with Di erent
CFOs

In the following, three frequency domain receivers are proposed for a non-
synchronized SFN broadcasting system . For the sake of simplicity, an SFN
transmission with two asynchronous transmitters will be considered, in which
each transmitter is a ected by a di erent CFO and the number of relevant
transmitters covering a given area is generally small, typicallyL =2 or L = 3.
This, however, can be easily extended to a larger network, with more unsyn-
chronized transmitters.

6.4.1 Method I

This receiver is entirely based on the IB-DFE. However it uses the initial CIR
and CFO estimates provided by training sequences to estimate the equivalent
channel, and updates the phase rotation for each data block of the frame.
Nevertheless, this method does not perform CFO compensation, and it also
assumes a constant equivalent channel within each block.
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6.4.2 Method Il

The corresponding receiver is illustrated inFig. 6.4 and requires a small mod-

i cation to the IB-DFE. It is developed from Method |, where after the phase
update is performed the compensation of the average phase rotation, associ-
ated with the average CFO over the dierent transmitters. It considers the
equivalent channel (given by (6.2)), in which the received signals associated

with the N1, transmitters are added, leading to the signalfy,(1 f)g.

{B}(”} eién

Figure 6.4: Receiver structure for Method II.

Instead of using the average phase rotation, a simple method based on
the phase rotation associated with the strongest channel could be employed.
However, since a di erent phase rotation is associated with each channel,
an average phase compensation is more appropriate. The CFO compensation
technique is based on a weighted average, in order to combine average val-
ues from samples corresponding to the CFOs associated with the dierent
transmitters. The power of the channel associated with thel™ transmitter is

X 1 1% 1
P = = 5 HOE (6.14)
n=0 k=0

which means that the strongest channel has an higher contribution on the
equivalent CFO. As a result, the equivalent CFO value, is given by

bKTx
Pl 1O
R T S (6.15)
X |0
Py
10=1
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and therefore the average phase rotation is written as
n
N=2 ft NE

After compensating the average phase rotation of the received signal, the
resulting samples are passed through a feedback loop in order to perform the
equalization process.

6.4.3 Method IlI

It is important to note that Method Il works well when the dispersion on the
CFOs is not high. However, it is not e cient in the presence of substantially
di erent CFOs. For instance, for two equal power transmitters with symmet-
ric CFOs then equivalent CFO results in f = 0 and no compensation is
performed.

In Method Ill, a receiver that tries to jointly compensate the frequency
o0 set associated with each transmitter and equalize the received signal is pro-
posed. The objective is to use the data estimates from the previous iteration to
obtain an estimate of the signal components associated with each transmitter,
and posteriorly compensate the corresponding CFO. It is worth mentioning
that for the rst iteration the process is very straightforward, since there are
no data estimates, and therefore, for the rst iteration this receiver is reduced
to a simpler version close to the one of Method IlI. For this reason, the feed-
back operations shown inFig. 6.5, only apply to the subsequent iterations.
The set of operations described next are performed for alNt4 signals within
each iteration. Let us look to the i!" iteration: the rst operation consists of

. I . 0 .
a ltering procedure, which isolates the signal yﬁf ), corresponding to the
I transmitter, by removing the contributions of the interfering signals from
the overall received signalyrﬁf ), as given byequation (6.16).

0y _ yir) X yii 9y _ yir) X Sf %) hﬂo)

v
108 | 106
’XTx u(Tx (616)
(f ) ad™ R () (“109),
n n n n 9n .
196 1964

The computation of these undesired signal components is based on the equal-
ized samples at the FDE's output from the previous iteration, fé&' Dok =
0;1;:::;N 10

The samples corresponding to the signaf yﬁf Y bin = 0;:5N 1g are
then passed to the frequency-domain by anN -point DFT, leading to the
corresponding frequency-domain samples which are then equalized by an ap-
propriate frequency-domain feedforward Iter. The equalized samples are con-
verted back to the time-domain by an IDFT operation leading to the block
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Figure 6.5: Receiver structure for Method III.

of time-domain equalized samplesﬁi o ). Next, the resulting signal is com-
pensated by the respective phase rotation 8 which can easily be estimated
from the original CIR and CFO estimates, as described before. This process is
performed for each one of theNt, signals, and the resulting signals are added

in a single signal which is then equalized with resort to the feedback loop. The

and for each iteration, the receiver compensates the phase error and combines
the resulting signals before the feedback loop. The performance results in the
next section will demonstrate that despite being more complex this receiver
presents higher gains when compared to the rst ones.

In terms of complexity, Method | and Method Il have almost the same
complexity as conventional receivers. However, Method Il is slightly more
complex since in each iteration it requires an additional FFT/IFFT pair for
each branch (i.e., the number of FFT/IFFT pairs is proportional to L).

6.5 Performance Results

A set of performance results concerning the proposed frequency o set compen-
sation methods for single frequency broadcast systems are presented next. It is
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assumed that identical signals emitted from di erent transmitters will arrive

at the receiver with di erent delays, and will have di erent CIRs. Moreover,

di erent CFOs between the local oscillator at each transmitter and the local
oscillator at the receiver are considered. At the receiver's antenna, the signals
are added being the result to consider over a single strong time-dispersive
channel.

The chosen modulation relies on an SC-FDE scheme with blocks df =
4096 subcarriers and a cyclic pre x of 512 symbols acquired from each block,
although similar results were observed for other values ofN, provided that
N >> 1. The modulation symbols belong to a QPSK constellation and are
selected from the transmitted data according to a Gray mapping rule. For the
sake of simplicity, linear power ampli cation at the transmitter was assumed.
The performance results are expressed as a function &,=Ng, where Ng is
the one-sided power spectral density of the noise anéy is the energy of the
transmitted bits.

Without loss of generality, it is considered an SFN transmission with two
transmitters with di erent CFOs, where f () and f(; denote the CFOs
associated with the rst and second transmitter, respectively. Another impor-
tant parameter to be considered is the numbemM of (sub)blocks following the
cyclic pre x. In general the performance is di erent for di erent blocks, since
the residual phase rotation on the signal associated with each transmitter in-
creases as we move away from the training sequence or pilots (as the number
of (sub)blocks increases). The subblock with worst performance is the one
that is farthest from the training. In our simulations we considered frames
with M=10 subblocks and the performance results concern the last subblock.
However, it should be pointed out that for Method Il with almost perfect
CFO estimation the performance is almost independent oM .

Figs. 6.6 and 6.7 present the BER performance results for di erent values
of f @ f @ namely from 0:05 to 0:175, for BER=102 . These results
consider a di erence of 10 dBs between the powers of the received signals from
both transmitters  with PT(lx) > PT(ZX) . For comparison purposes, the results
regarding the scenario in which the transmitters are not a ected by CFO (i.e.,

f W =0and f @ =0) were also included. From the above performance
results, it is clear that the transmission with non-synchronized transmitters
can lead to signi cant performance degradation, particularly for Method |,
where a very high deterioration of the BER performance with increasing values
of f @ f @ can be observed. The reason for this is that this method does
not perform a CFO compensation; it only updates the phase rotation for the
channel associated with each transmitter for each block.

The curves obtained with resort to Method Il show very reasonable results,
since together with the IB-DFE iterations, this method performs the compen-
sation of the average phase rotation (associated with the average CFO over the
di erent transmitters). However, for high values of f @ f @ (typically

0:15), it also indicates a signi cant degradation.
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Figure 6.6: BER performance for the proposed methods, with a power
relation of 10dBs between both transmitters, and considering values of:
£ f@ =0:05@); f» @ =0:1(b).
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Figure 6.7: BER performance for the proposed methods, with a power
relation of 10dBs between both transmitters, and considering values of:
£ f@ =0:15@); O @ =0:175(b).
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Figure 6.11: Impact of the received power on the BER performance, with
f@ f @ =0:15, and employing the frequency o set compensation for
Method II.

Figure 6.12: Impact of the received power on the BER performance, with
f@ f@ =0:15, and employing the frequency o set compensation for
Method IlI.
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of individual time shifted channels, i.e.,

Xr
h(t;to) ' r(to) (£ 1) (7.5)
r=1
P . .
where ((to) = |, = i(to), with = fl: ' )gdenoting the set of
element contributions grouped in ther™ multipath group. Naturally, it means
that r, 812 ., i.e., the contributions associated with the r'" multipath

group have the same delay (at least at the symbol scale).

Due to the fact that |(t) is a random process depending on the path-loss
and shadowing, whereas the phase factor, (t) is a random process depending
on the delay, among the Doppler shift and the carrier phase o set, |(t) and

1(t) can be considered as independent. Assuming the existence of a large
number of scatterers within the channel, the CLT can be used to model the
channel impulse response as a complex-valued Gaussian random process, and
therefore allowing us to model the time-variant channel impulse response as
a complex-valued Gaussian random process in thevariable.

Hence, based on the CLT,hy(t; ) is approximately a complex Gaussian
random process, and ((tp) can then be regarded as a zero-mean complex
Gaussian process with PSD characterized by

(.,
pP— jfj<f

G () i o MU (76)
0 iti>fo;

which is depicted inFig. 7.3(a) and corresponds to the so-called Jakes' Doppler
spectrum. Thus, ((tp) can be modeled as a Whiig: Gaussian noise(ty), I-
tered by a lter with frequency responseHp (f)/ = G _ (f ), usually denoted
\Doppler Iter" [DB93].

7.2.2 A Novel Model for Short-Term Channel Varia-
tions

The generic model may not be suitable for broadband systems. The reason
for that is simple: for narrowband systems the channel is modeled based on
the assumption that the di erences between the propagation delays among
the several scattered signal components reaching the receiver are negligible
when compared to the symbol period (i.e., the symbol duration is very high).
The model then assumes that each multipath component following a given
\macro path" is decomposed in several components (scattered at the vicin-
ity of the transmitter). This is a fair approximation for narrowband systems.
However, for broadband wireless mobile systems, multipath components that
depart/arrive with substantially di erent directions will have delays that are
very di erent and therefore they should not be regarded as elementary compo-
nents of the same ray. This means that all elementary components at a given



118 Frequency-Domain Receiver Design for Doubly Selective Channels

G(f) G(/f)

T cos(@)

_f D f D
(@ (b)
G(f)
: s f
focos(,) 7 focos(y )T
f ../ "’-\Ei
0 €0S(5) f,cos(, .

(¢

Figure 7.3: Jakes PSD (a). PSD associated with the transmission of a
single ray (b). PSD associated with the transmission of multiple rays (c).

ray should have similar direction of departure/arrival. Therefore, the Doppler
Iter must have a very narrow bandwidth centered in fg) = fp cos( ), and
consequently, short-term channel variations can be modeled as almost pure
Doppler shifts that are di erent for each multipath group, i.e.,

r(to) ' ((0)g) 2T o cost to, 7.7)

(it is important to note that (0) can still be modeled as a sample of a
zero-mean complex Gaussian process). Under these conditions, the Doppler
spectrum associated with each multipath group will have a narrow band na-
ture, as depicted in Fig. 7.3(b). Fig. 7.3(c) illustrates the Doppler spectrum
considering a set of di erent multipath groups.
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The time-varying channel impulse response can then be written as

h(tte)' ~ hO(t; 0)g2" o', (7.8)
r=1

where each individual channelh(")(t; 0) is characterized by a normal PDP,
representing the cluster of multipath components having a similar direction
of arrival (although with substantially di erent delays), and is given by

X
h((t; 0) = 1(0) (6 1) (7.9)

2

where | denotes the set of all multipath components.Fig. 7.4 shows an
example of the clustering process. Of course, in a practical scenario it might
be necessary to perform a kind of quantization of the Doppler shifts.

PDP associated with 8%
PDP associated with 6

Y

79(0

PDP associated with 8"

Figure 7.4: Multipath components having the same direction of arrival
are grouped into clusters.
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mation error . is Gaussian-distributed, with zero-mean. Now consider the
second training sequence,

@ = ho(T )+ @; (7.12)

where h, (T ) denotes the channel impulse response obtained at the instant
T and it is simply the initial impulse response h, (0) times the correspond-
ing phase rotation. Naturally, this is only applicable to relevant multipath
components (i.e., the multipath components power must exceed a pre-de ned
threshold, otherwise the samples are considered noise and ignored). Therefore,
(7.11) can be rewritten as

N = hy(0) @210 T 4 O, (7.12)

The channel evolution between these training blocks can be obtained from
the parameters which characterize each multipath component, as will be ex-
plained next.

7.3.2 Tracking of the Channel Variations

We have seen that the short-term time variations of a mobile radio signal
(which are a consequence of the transmitter (or receiver) motion in space
[Rap01]) can be directly related to the corresponding time-varying channel
impulse response. Let us then consider a speci ¢ case where the receiver and all
re ecting surfaces are xed, and the transmitter is moving. In these conditions,
variations on the mobile channel are due to Doppler e ects, and are given by

((to) = 1(0)& 2" 1o (7.13)
and in these conditions (7.2) can be rewritten as

X
h(t;to) = [(0)e 2 ito (¢ )); (7.14)
12

It is therefore important to be able to predict the channel response for trans-
mission within fast-varying scenarios.

7.3.2.1 Using the Sampling Theorem to Track the Channel Vari-
ations

A precise tracking of the channel variations can be derived from a direct ap-
plication of the sampling theorem: as was shown before, if it is admitted
that the channel is characterized by a Doppler spectrum, then the chan-
nel can be seen as if |(tg) had been modeled as a WhitepGaussian noise
w(tp), Itered by a Iter with frequency response Hp (f) / G (f), with
the Doppler spectrum occupying a bandwidthfp (corresponding to the max-
imum Doppler frequency). Sampling (tp) at a rate R;  2fp, results in
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the setf |(nT,)g which is statistically su cient for obtaining | (to). Despite
being a very straightforward process, this might lead to implementation di -
culties due to the data storage and delays inherent in channel interpolation,
especially when the training blocks are transmitted at a rate close to 2p.

7.3.2.2 A Novel Tracking Technique

In this section is proposed an e cient channel tracking technique for SC-
FDE transmission over fast-varying multipath channels. Instead of modeling
the channel as a random process with bandwidti 5, a di erent approach is
followed by modeling the individual multipath components as time-varying
signals characterized by xed parameters (e.g., the Doppler drift of each indi-
vidual multipath component). In order to do this, a method for estimating the
parameters that characterize each multipath component is employed. These
parameters are then used for obtaining the channel evolution between train-
ing blocks that are transmitted with a rate much lower than 2fp. In these
conditions it can be considered that the channel evolution is not random but,
in fact, completely deterministic.

First is presented the method for estimating the parameters that character-
ize each multipath component, which can then be used to obtain the channel
evolution between training blocks that are transmitted with a rate F,  2fp.
Regarding the I'" component these parameters are: the complex amplitude

1(t), delay , direction of arrival |, and the Doppler drift f| = fp cos().

The process is very simple: by knowing the initial value of the complex
amplitude, (0), which can be acquired from the estimation ofh,(0), and
assuming that all the other parameters are xed (which is reasonable since
we are assuming broadband systems) it can be admitted that the channel
evolution is completely deterministic.

To better understand this, regard the frame structure proposed in Fig.
7.5. The parameter (0) can be acquired from the estimation ofh, (0) with
resort to the training sequenceT S;. In the same way, the value of the complex
amplitude, (T ), can be acquired with resort to TS,. From (A.9) it is clear
that the di erence between (0) and (T ) is due to the phase rotation re-
lated to Doppler e ects, along the time interval T . Therefore, the equivalent
Doppler shift corresponding to the I'" multipath component, can be obtained
from

fl = 5 1T arg( (T ) 1(0))
0 (7.15)

2 T ja0)y*

fi+

where "lQ represents the quadrature component of the noise contribution.

Still, it is important to guarantee that j ((0)j j (T )j, otherwise it may
become necessary to increase the power of the training blocks, or to employ
more sophisticated estimation techniques. Naturally, this is only applicable to
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relevant multipath components (i.e., the multipath components whose power
exceeds a pre-de ned threshold. Any samples below this limit are considered
noise and ignored).

Regard the estimator's variance, given by

2
nQ

2 1 .

e T 0y

If j 1(0)j2 2, , the noise contribution will be insigni cant and we can have
|

(7.16)

a high precision estimate of the Doppler drift. Hence, for thel™ multipath
component the knowledge of the initial value of the complex amplitude (0),
along with the corresponding Doppler shiftf,, allows us to track the variations
of the channel's impulse response for any slot of the frame along that time
interval.

7.4 Receiver Design

Let us now consider an SC-FDE transmission system through a multipath
channel with strong Doppler e ects. We assume that each cluster of rays is
associated with a dierent frequency drift due to Doppler e ects, and we
present two methods to compensate these e ects at the receiver side. Under
these conditions, each sample is a ected by a di erent frequency drift. For
an SC-FDE system the frequency drift induces a rotation in the constellation
that grows linearly along the block. Without loss of generality, we assume a
null phase rotation at the rst sample n = 0.

In [DAPN10], an estimation and compensation technique of the phase rota-
tion associated with the frequency drift is proposed for a conventional cellular
system in a slowly varying scenario. Nevertheless, the multipath propagation
causes time dispersion, and multiple sets (clusters) of rays received with dif-
ferent delays are added in the receiver. Moreover, for fast-varying channels the
received signal will uctuate within each block. Therefore, regarding these con-
ditions, it is admitted that the received signals arrive with possible di erent
delays, and are exposed to di erent frequency drifts. It is also assumed that
the multipath components with similar Doppler frequency shift f| are grouped
into clusters, and a method to compensate these e ects at the receiver side is
presented. Therefore, in time domain the received equivalent blockyrﬂfD ), will
be the sum of the time-domain blocks associated with theNgr sets of rays, as
follows

Xr 2 s
ylng) - ylgl’)e|2f o N=N : (717)
r=1

Wherefg) denotes the Doppler drift associated with ther™ cluster of rays.

Let n
Q=2 5 (7.18)
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then (7.17) can be rewritten as

(fo) Xe Mg O
yp o’ = yple nt: (7.19)
r=1

Under these conditions the transmitter chain associated with each one
of the N cluster of rays can be modeled as shown ifrig. 7.6. Considering
a transmission associated with ther™ cluster of rays, in the presence of a
Doppler drift fg), the block of time-domain data symbols is a ected by a
phase rotation (before the channel), resulting in the e ectively transmitted
block, fsﬁf 5 ));n =0;:; N 1g It follows from (7.19) that the Doppler drift
induces a rotation ﬁ') in block's symbols that grows linearly along the time-
domain block. Obviously, the e ect of this progressive phase rotation might
lead to a signi cant performance degradation.

.n(1
jod

e

i0(VR)
e.l n

Figure 7.6: Equivalent cluster of rays plus channel.

In the following are proposed two frequency domain receivers, based on the
IB-DFE, with joint equalization and Doppler drift compensation. The rst re-
ceiver whose structure is depicted irFig. 7.7 has small modi cations compared
to the IB-DFE, and employs joint equalization and Doppler drift compensa-
tion. It considers the equivalent channel, in which the received signals associ-
ated with the Ny sets of rays are added leading to the sign:;;},ﬂf °) To perform
the Doppler drift compensation, one could employ a simple method based on
the fact that the equivalent frequency drift, b, corresponds to the one (pre-
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the received signal, the resulting samples are passed through a feedback opera-
tion in order to complete the equalization procedures. The Doppler drift com-
pensation technique employed in this receiver can be called average Doppler
compensation (ADC). However, the fact that it is based on an average phase
compensation might have implications in performance.

Cancel
Interference
from other
Clusters

{_ Z j/,i’fp”))

r#Np

Figure 7.8: Receiver structure for TDC.

Consider now the second receiver shown iRig. 7.8. This receiver employs
a Doppler drift compensation technique called total Doppler compensation
(TDC), which compensates the Doppler drift associated with each cluster of
rays individually. It is worth mentioning that for the rst iteration the process
is equivalent to a linear receiver due to the absence of data estimates. Only for
the subsequent iterations, this receiver will jointly compensate the estimated
phase rotation due to Doppler drift and equalize the received signal. Hence,
the feedback operations which will be described next are only valid for the
subsequent iterations.
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Regard the received signal referring to ther™ cluster of rays, given by

(3 NR v 0 NR r 0
yr(1fé,)) = (o) ygfé " _ y(o) sgé ) h( )
og 06
rer el (7.23)

R 0
O 5.

0 Xr
y§ ) &€ " hi) yle) o
r %6 6=
. . £ 0y .
where denotes the convolution operation, andyé P 7 represents the esti-
mates of the received signal components. The set of operations described next
are performed for allNg signals within each iteration: the rst operation con-

sists of isolating from the total received signalyrﬁf °) the signal associated with

(r)
the r' cluster of rays ynfD ), which is accomplished by removing the contri-

butions of the interfering signals as described in (7.23). The computation of
the undesired signal components is based on the data estimates at the FDE's
output from the previous iteration, féﬁ' Yok=0:1;:0N 1g. The samples

(r)
corresponding to the resulting signalf yr(fD );n =0;::;;N 1garethen passed

to the frequency-domain by an N -point DFT, leading to the corresponding
frequency-domain samples which are then equalized by a frequency-domain
feedforward Iter. The equalized samples are converted back to the time-
domain by an IDFT operation leading to the block of time-domain equalized
sampless-g 5 )). Next, the Doppler drift of the resulting signal is compensated
by the respective estimated phase rotation ,(1”, which for simplicity is as-
sumed to have been previously estimated. This process is performed for each
one of the clusters of multipath components, and the signals are added in a
single signal which is then equalized with resort to the IB-DFE. The equal-
ized samples at the FDE's output will be given byfélﬁ') 'k=0;1;:::;N 1g
Therefore, the receiver jointly compensates the phase error and equalizes the
received signal by a Doppler drift compensation before the equalization and
detection procedures.

7.5 Performance Results

Here is presented a set of performance results regarding the use of the proposed
receiver in time-varying channels.

An SC-FDE modulation is considered, with blocks of N = 1024 symbols
and a cyclic pre x of 256 symbols acquired from each block (although sim-
ilar results were observed for other values ofN, provided that N >> 1).
The modulation symbols belong to a QPSK constellation and are selected
from the transmitted data according to a Gray mapping rule. Linear power
ampli cation at the transmitter is also assumed.
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and
E[R?]=2 ?+ 2 (A.20)

respectively. In (A.19), 1F1(; ; ) represents the generalized hypergeometric
function. Further details can be found in [PMO06].

A.3 Nakagami-m Distribution

The Rayleigh and Rician distributions can be employed to model the statistics
of some physical properties of the channel models, such as the fading enve-
lope. Nevertheless, these distributions do not always provide an accurate t
to measured data.

The Nakagami-m distribution is also employed to characterize the statis-
tics of signals transmitted through channels with multipath fading channels.
In fact, the Nakagami-m distribution frequently provides a closer t to exper-
imental data than the Rayleigh or the Rician distribution [ PM06]. The PDF
of the Nakagami-m distribution is given by [ PMO6]

( 2
2 m Myaml g "= m  1=2r  0;

fr(r)= M A.21
r(r) 0 f< o (A.21)

where () is the Gamma function, denotes the second moment of the ran-
dom variable R given by
= E(R?); (A.22)

and the parameter m is the Nakagami shape factor fading parameter which
ranges from E2 to 1, and is de ned as the ratio of the moments [PM06]

2

M= ERrRZ )2g

m 1=2; (A.23)
allowing the Nakagami-m distribution to correspond to several of the mul-
tipath distributions. Let us consider, for example, the special cases: when
m = 1=2 the Nakagami-m fading channel corresponds to the one-sided Gaus-
sian distribution; when m = 1 it corresponds to the Rayleigh distribution,
and whenm !'1 it converges to a non-fading AWGN channel.

The k™ moment of R is given by
m+Y4 F

E[R¥] = - -

; (A.24)

and the variance by

Var[R] = 1 o T : (A.25)






Appendix B

Complex Baseband
Representation

Since the message bearing signal(t) is physically realizable, it consists of
a real-valued bandpass signal, and consequently the corresponding spectrum
S(f ) is centered in a carrier frequencyf., and symmetric around 0 Hz, as
depicted in Fig. B.1. So, we may say thatS(f) = S(f ). Since the signal

S(f)

A 1 /:_\>f

—f f

C C

Figure B.1: The spectrum S(f).

is real, the signal's s(t) information is localized in the positive part of the
spectrum S(f ) which can be represented byS* (f ) = 2S (f )U (f ), where U(f )

137
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and equation (B.4) can be rewritten as

st ()= s(t)+ j8() (B.6)

From (B.6) it becomes clear that if we pass the signak(t) through a linear

system with an impulse response given byh(t) = ti it will result in signal
s* (t).

The frequency response of the linear system can be obtained by performing
the Fourier transform of the impulse responsen(t),

8
2] f< O
H({)= Ffhit)g = ,0 f =0; (B.7)
] of> 0
Therefore for the spectrum S(f ), results
8(f)= H({f)S(): (B.8)

Let us now denote the equivalent baseband signal bys,(t). The signal
sp(t) can be obtained from s* (t) with resort to a frequency translation of its
spectrum; this is

Sulf ) = %S* (f +fo) (8.9)

where p% is a scaling factor, andf ; the translation frequency (i.e., the carrier
frequency). An example ofSy(f ) is illustrated in Fig. B.3.

S(f)

V2

v
—

Figure B.3: Equivalent baseband signal spectrum.

From Sy(f ) we can obtain the equivalent baseband signab(t) (which is
also known as the complex envelope df(t)), with resort to the inverse Fourier
transform,

spty= F 1 fSp(f)g= p%s+ (el 27 <t (B.10)



140 Frequency-Domain Receiver Design for Doubly Selective Channels

Applying the result of (B.6) to (B.10), we can rewrite it as follows
0= P60+ §80) e 2o (B.11)

If we rewrite (B.11) as
s(t) + j8(t) = IOisb(t)ej2f ot (B.12)

and by knowing that s(t) and %(t) are real signals, it is clear that s(t) can be
obtained from sp(t) by taking the real part of (B.12), given by

npi ) (0]
s(t)= Re = 2sy(t)el2fct (B.13)

The complex baseband representation (or complex envelope(t) can be
written in terms of its real and imaginary parts as

Sb(t) = Si) + jSQ(t) (814)
From this, (B.13), and applying the Euler's identity we get
s(t) = "3 Si@ Cos(2fct)  Squ Sin@f ct) : (B.15)

The complex baseband representation can also be represented in polar
form. If we de ne the envelopea(t) and phase (t) as follows,

q__
a(t) = jso(® Sy + STy (B.16)
and S
() =tan * 0. (B.17)
Si (1)
then we get .
sp(t) = a(t)el ©: (B.18)

If we apply the above equations to (B.14), we get
Sp(t) = P 2a(t)cos[2f ct+ (1) (B.19)

This notation, known as baseband-passband representation, is often used to
model the wireless signal transmission. Before the transmission the baseband
signal is upconverted to the chosen carrier frequency, at the transmitter side.

At the receiver side the received signal is downconverted back to the baseband.



Appendix C

Minimum Error Variance

In Chapter 5 we proposed a channel estimation method based on training
sequences multiplexed with data. It was shown that it is possible to use a
decision-directed channel estimation to improve the accuracy of channel esti-
mates without requiring high-power training sequences. Here we show how we
can combine the channel estimates, obtained from the training sequencét, S,
with the decision-directed channel estimates P, to provide the normalized
channel estimates with minimum error variance de ned in (5.11).
Let us assume the channel estimates,

HD = He+ 2; (C.1)

and

HeS = Hi+ (5 (C.2)
where the channel estimation errors, P and [S, are assumed to be uncor-
related, zero-mean, Gaussian random variables with variance 3, and Zg,
respectively, i.e., P N(0; 3)and [ N(O; 25). The channel estimates

HP, and B S, can be combined as follows:
b

D, YixTS
TSP ar? + bays _ Hcr ZHeT Py TS g, 4 TSD.
k T TTa+b b = 1+ L
1+ -
a
a (C.3)
wherea= b=1, = b and IS;D N (0; 2) denotes the noise component,

still characterized by a Gaussian-distribution, with zero mean and variance
2, given by

2 _ %+2%S_f. c.4
= Tas)e QF (C.4)
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