Channel Estimation Techniques in Amplify and
Forward Relay Networks

Aris S. Lalos', Athanasios A. Rontogiannis’, Kostas Berberidis'
 Dept. of Computer Engineering & Informatics and CTI/R&D, University of Patras 26500, Rio-Patras, Greece
¥ Institute for Space Applications and Remote Sensing, National Observatory of Athens, 15236,
Palea Penteli, Athens, Greece
Emails: lalos@ceid.upatras.gr, tronto@space.noa.gr, berberid @ceid.upatras.gr

Abstract— In this work we present efficient channel estimation
algorithms for wideband amplify-and-forward (AF) based relay
networks which utilize a recently proposed transmission model.
It is shown that all channels in the network from the source
through the relays to the destination/receiver node can be blindly
estimated up to a phase ambiguities vector which contains the
phases of the direct source to destination channel frequency
response. Hence, by employing a small number of pilot symbols,
phase ambiguities can be effectively resolved. As verified by com-
puter simulations, the proposed methods exhibit high estimation
accuracy even for a short training sequence, and outperform
direct training-based channel estimation. A performance study
of the proposed schemes in high SNR conditions is also presented
and verified through computer simulations.

I. INTRODUCTION

Cooperation among nodes in a wireless network provides an
effective means of improving spectral and power efficiency, as
an alternative to multiple-antenna transmission schemes [1].
In [2], the use of conventional orthogonal space-time block
coding (STBC) in a distributed fashion has been proposed
for practical implementation of user cooperation schemes.
Moreover, there have been recently several sporadic results
reported on broadband cooperative transmission techniques
for frequency selective channels. In [3], distributed STBC
for regenerative relay networks is studied following a fre-
quency domain (FD) approach. Performance analysis of a
relay-assisted uplink OFDM-STBC scheme has been presented
in [4]. Three broadband cooperative transmission methods
for distributed STBC have been also proposed and analysed
in [5]. A common assumption in all these works is that
channel state information (CSI) is known at the receiver (i.e.,
at the destination node for amplify and forward case (AF)
transmission or at both the relay and the destination in decode
and forward (DF) transmission).

To the best of our knowledge, very few results have been
published on channel estimation for broadband relay networks.
Thus, acquisition of the CSI between the different nodes, i.e.,
the source (.5), the cooperative terminals (R;) and the destina-
tion node (D)) becomes a challenging and imperative task. In
the DF case each channel can be estimated individually, either
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Fig. 1. Relay-assisted communication model

the direct channel from the source to destination as well as
the overall channels from the source through the relays to the
destination, need to be estimated.

In this work we propose efficient channel estimation tech-
niques for the general case of AF relay networks with N
relays. Our technique might be considered as a semi-blind one
in the sense that it relies on a very short training sequence
lying in only one of the links and all the other links are
estimated blindly. The transmission protocol that has been
adopted was originally proposed in [6] and is a generalization
of the so-called protocol I described in [7]. The new methods
are implemented in the frequency domain, to exploit the
diagonal structure of the channel matrices resulting due to
block, cyclic prefixed (CP) transmission. First, it is shown that
all required channels can be blindly estimated in the FD, up
to multiple phase ambiguities, from the Cholesky factor of
the received signal autocorrelation matrix. More importantly,
these ambiguities are related exclusively to the S — D
channel frequency response. These phase ambiguities may be
resolved by employing a training sequence in the S — D link
only. As also verified by simulations, a very short training
sequence results in accurate estimation of all channels in the
network outperforming a globally training based approach.
A theoretical performance analysis of the proposed schemes
in high SNR conditions is also presented and verified by
extensive computer simulations.

II. SYSTEM MODEL & PROBLEM FORMULATION

We consider the relay based communication scenario (Fig.
1) with N relays R;, 7 =1,2,..., N, operating in an amplify
and forward mode. The channels S — D, S — R; and

at the relay or at the destination. In AF based transmission, g, —, D, i = 1,..., N, are assumed to be static, frequency
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Fig. 2. Superframe structure

propose and analyze efficient frequency domain techniques
for estimating both the S — D and the overall S — R; — D
channels. As stated in [8], the receiver needs the overall
S — R; — D channel and there is nothing to be gained by
estimating S — R; and R; — D channels separately.

The transmission protocol that has been adopted was pro-
posed in [6] and it constitutes a generalization of the so-called
protocol I described in [7]. First, we define a super-frame
as a concatenation of /N consecutive cooperation frames. A
schematic diagram of the structure of a superframe is given
in Fig. 2. Each frame consists of two signal intervals, the
odd and the even. Within each frame, the source transmits
in both the odd and the even intervals, while one relay R;,
i = 1,..., N listens to the source during the odd interval
and transmits the received signal to the destination during
the even interval. Note that at each frame 7 only one relay
R; is involved, while the other relays either remain silent
or possibly take part in another communication task. As
mentioned in [6], there is nothing to be gained in terms
of diversity-multiplexing trade-off, by having more than one
relays transmitting the same symbol simultaneously. Without
loss of generality, we have assumed that the relays are selected
sequentially during the transmission of one superframe. The
transmission in each interval, is done in blocks of M symbols,
where M > maxzx (LSD7LSR1- + LRiD — 1), Vi=1,...,N.
To eliminate interblock interference each block of length M
is appended with a length-l cyclic prefix which is discarded
at the destination.

The signal received at the relay R; during the odd interval
of the i — th frame, for i = 1,..., N, can be written as

roj—1 = Hgp,X0i—1 + Wh;_; (H

and the respective signals received at the destination during
the odd and even intervals of the ¢ —th frame ,7=1,..., N,
can be expressed as follows

yoi1=HgspXo; 1 + W, @)
voi=Hgpxo; + a;Hp, pro;—1 + nga &)

where the M x 1 vectors Xo;_1,Xg; represent the transmitted
blocks from the source, ro;_1 is the received block at the
relay during the odd time interval and a; is a scale factor that
maintains the average energy of the signal transmitted from
the relay equal to o2. We assume that both the source and the
relay transmit with equal power. The M x 1 vectors y;, and
W?, 7 =1,...,2N, correspond to the received blocks and
additive white Gaussian noise at the destination, respectively,
while with ro;_1 and wi,_; we denote the received blocks and
additive white Gaussian noise at the relay. For convenience,
all noise variances are assumed equal to a,%. Finally, Hgp,

Hgsgr, and Hp,p are M x M circulant matrices, whose first
columns correspond to hsp, hsgr, and hr,p appended with
(M — LSD — 1), (M — LSRi — 1) and (M — LRiD — 1)
zeros, respectively. Due to their circulant structure, they can
be decomposed by using the discrete fourier transform (DFT)
matrix operator F'. Combining (1) and (3), we obtain

y2i = Hspxai + a;Hp, pHgp,X2i—1 + W5, 4)
where W4, is given by

W3, = a;Hp, pwh;_; + wi;, )

Since we are interested in estimating the channel hp, of the
overall link S — R; — D, we define the matrix Hp, =
aiHSRiHRiD = aiHRiDHSRi. This matrix has a circulant
structure and its first column corresponds to the convolution of
the zero padded hspr, and hg,p channels scaled by the factor
a; that ensures that the average energy at the relays equals o2.
Then from (2), (4), the signal received at the destination during
frame ¢ is expressed in matrix form in the FD as follows

Yoi-1 | | Asp X " Wy,
| Ag, Xy ’
(6)

Yai A (212
A;
where ¥; = Fy;, X; =Fx;, j =1,2,...,.2N — 1, W} =
~.d
ijl,j =13,....2N-1 W, = Fv”v;l, 7 =2,4,...,2N,
and Agp, Ap, are diagonal matrices that contain the DFT
coefficients of the zero padded hsp and hp, channels. Notice
that matrix A;, which is to be estimated possesses a special
lower triangular structure, namely it contains the DFT coeffi-
cients of the hgp channel on the main diagonal and the DFT
coefficients of the h, channel on the M -th lower subdiagonal.

O
Asp

III. CHANNEL IDENTIFICATION TECHNIQUES

Assuming complex, zero-mean, and uncorrelated input and
noise signals of variances o2 and o2 respectively, the auto-

correlation matrix of the FD received vectors is expressed as

L Yaic1| [Va2i-1
B = H Vai } { Vo ™
where

Roic1=02AspAip +oilu 8)
RQi:UzASDAgD =+ O'iARlA51 + &yZLIIVI (9)
'R—2¢71,2¢:U§ASDA% (10)

- L NH

52=F {Wf (W) }
:a?EARiDAgiDO'i#»UiIN[ (11)

Cholesky factorization of matrix ®; can be easily obtained
using Schur complements [9] as follows

1/2 1/2 Ly —1/2
RoiZa ‘ O R ZaRoi i Rai-1,2i
P,=

(12)

Ry IR LAl 0 Al?

g, g
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where

Arp =Ry — Rgfl,ZiRgilflRQi—l,Qi (13)

is the Schur complement and G; is the Cholesky factor of ®,.
By inspecting (8) - (11), it can be shown that in the absence
of noise, i.e., afL — 0, (13) can be written as

Ag =02AspA,. (14)

and

AP =R =0, |Asp (15)

where |Agp| is a M x M diagonal matrix that contains

the amplitudes |[Agp] ,m=1,...,M of the S — D

m,m

channel frequency response. We use [],,, . notation to denote
the (m, m)-th entry of a matrix. The Cholesky factor of ®;
would then be equal to

[Asp] 0y

Gi=os (16)

(LAGp)AR, | [Asp]

where /A%, is a M x M diagonal matrix that contains the
/‘[ASD]mym‘, m=1,...,M of

the conjugate S — D frequency bins. Alternatively (16) can
be rewritten as

complex phases [AgD}

G; =0, QA (17)
where A
0
— SD M 1
© { 0  ZAGp ] (18)

According to (17) and (18) one has to resolve M phase
ambiguities in order to determine the frequency response of the
S — D and S — R; — D channels, which are contained in
A,;. More specifically, from (6), (12) and (17), these channels
are expressed in terms of the elements of the Cholesky factor
as follows

A ZAsp

Asp = = Ry, (19)

~ /Asp AGH

Ar, = R2i17/127-\,'g—1,2i ~ %Rg—mi(zo)
where ¢ = 1,...,N. Using a second order statistics based
blind technique [10] for estimating hgp all S — R; — D
frequency responses for 2 = 1,..., N can be calculated up to

a single scalar ambiguity. Alternatively, the phase ambiguities
may be resolved by making use of pilot symbols in the S — D
link only, as explained in the next subsection.

Resolving the Phase Ambiguities

As mentioned above, in order to fully identify the unknown
frequency responses of the involved channels, the phases of the
S — D frequency response need to be estimated. This can be
achieved by transmitting training blocks at the odd intervals.
In such case, we can estimate the S — D frequency bins as

Ao = ([Red], )

[Rm} Q1)

m,m

where matrices ’flm, ’fi’,my have been estimated from a finite
number of training blocks (i.e. L) as

. 1 &

R = 72X XL @
=1

. 1

Ry 7 Z Koia () Vhi_y (1) (23)
=1

and 0 is a small constant. At this point it should be mentioned
that instead of using a whole block of M pilots we can fully
identify the S — D FR with Lgsp equipowered pilots placed
in equispaced positions [11].

Since matrix R, contains real elements, the phases may
be computed directly from the phases of ’RAW ie.,

/Asp = /Ry, (24)

Thus, two alternative schemes for estimating the S — D
frequency response can be employed. One can either estimate
both the phases and the amplitudes of the S — D frequency
response using (21) or by using (24) for the phases and
(19) for the amplitudes. The overall S — R; — D, i =
1,..., N frequency responses can then be estimated using
(20). However, as it will be shown through simulations, the
second approach, where only the phases are estimated via
training blocks, succeeds in estimating all the (N + 1)M
frequency bins even when only one training block is used,
while the first approach fails.

IV. PERFORMANCE STUDY

In this section the two alternative schemes for estimating the
S — D frequency response as well as their influence on the
estimation of the S — R; — D frequency responses will be
investigated. The performance of the proposed schemes will
be studied in high SNR conditions and in terms of the attained
NMSE between the actual and estimated frequency responses.

Initially, we will evaluate the variance of estimating the
S — D frequency bins. Let us consider that 2N K blocks of
received data and L blocks of training (transmitted during the
odd intervals) have been received at the destination. Then each
element of Agp can be estimated by the L training blocks
according to eq. (21). In that case, it has been shown in [12]
that the variance of the estimator would be

A _ 0’121 62
var |: SD:| m,m o U%L + '
Thus, the NMSE between the actual and the estimated fre-
quency response would be given by

E |:H>\SD - 5\SDH2/|)\SD||2] =

(25)

T 5

2
= (26)

where Agp and Agp are M x 1 vectors containing the diagonal
elements of Agp and Agp respectively.

It has been mentioned that the S — D frequency bins can
be alternatively computed by first estimating only the phases
from the training blocks as

thsn] =R ) ] [my]m] @

)



and subsequently the amplitudes using (19). However, we
can avoid using (19) which suffers from possible numerical
inaccuracies of Cholesky factorization and instead estimate the
required amplitudes based on (8), as follows

. 1 X
HASD}m,m‘: O_%iNZ[RQZ 1 }mm,mZL...,M

i=1 ’
. (28)
where Ro;_1(K) is estimated from K received blocks as

Rai-( (29)

K Z y 2i— 1 y 21— 1( )
From the central limit theorem, X9; 1, X 5; can be considered
as complex normal circular symmetric random vectors, for
sufficiently large block length M. Then the mean value of the
autocorrelation estimator is E[’Rgi,l(K )] = Rai—_1, while its
variance can be computed by following standard arguments
[12] as

ot

z (A AH 2
7 (Aopadp)
We may proceed to the computation of the variance of the es-
timators in Egs. (28) by employing the so-called delta method
[13]. This method employs second-order Taylor expansions to
approximate the variance of a function of one or more RVs.
Let 2 be a RV with E[x] = yu, and var(z) = 2. Then the
approximate variance of a function of one variable is given by

2
2
Ua:

Ha

Thus, it can be easily shown that the variance of the estimator
in (28) is approximated by

4
~ O'n
var (R%_l(K)) ~ L (30)

€29

var (£ (2)) ~ <axf(:v>

1 [ASD] st on
var ( [ASD] m,m ) ~ 4NKO'% ~ 7 2 (32)
[ASD] 02+ 02
m,m

Based on a generalization of the delta method for functions
of two random variables it can be shown that, in high SNR
conditions, the variance of estimating the S — D frequency
response is dominated by the variance of estimating the
amplitudes. More specifically, when we estimate the phases of
the S — D frequency response from (24) and the amplitudes
from (28), then the NMSE between the actual and estimated
responses exhibits a floor as the SNR increases. This floor
depends on the variance of the estimator given in (32) and is
a function of the number of relays and the number of blocks
that have been used for the estimation of the autocorrelation
matrix, i.e.,

R 2
lim E [H)\SD—ASDH /|>\SD||2] ~

c2—0

1
vk OV

where S\SD are M x 1 vector containing the 5\51) (m

[hso), | [[Aso] [m=tcnr

m,m

) =

m,m

Having estimated the amplitudes of the S — D frequency
response we can proceed to the estimation of all the S —
R; — D frequency responses, by using (20), which can be
written alternatively as

m,m

in] - [Roi 1K)

L) )

m,m

where [AS D} is the estimated m-th frequency bin of the

S — D frequency response and matrix Ro;—1,2;(K) can be

estimated from K blocks received at the odd and K blocks
received at the even intervals as follows

K—1 3 BYE (K
)*E;yzi( )Vai_1(k).

The mean value of the above estimator is E[Ry;_1(K)] =
Ro;_1 and its variance can be calculated as

r([Recra)] )

By employing the delta method for estimating the variance
of a function of two random variables, it can be shown that
the variance of the estimator in (34) seems to be dominated
by the variance of the estimator in (36). Thus, independently
of the way that the S — D frequency bins are estimated, the
variance of the estimator of the S — R; — D frequency bins
and the corresponding NMSE exhibits a floor as SNR — oo
which depends only on the number of blocks that have been
used for the estimation of ’flgi_l,gi(K ). This floor can be

approximated by
2l o 2
K

where Ag, and A R, are M x 1 vectors containing the diagonal
elements of Ap, and A R, respectively. The above expressions
have been also verified through simulations, as it will be shown
in the section that follows.

Rai1.2i( (35)

4 2
~ %z [ASDAgi}m’m‘ (36)

N 2
lim E [HARl ~An, 37)

02 —0

V. SIMULATION RESULTS

The performance of the described techniques was evaluated
through computer simulations. We consider 2 relays cooper-
ating with the source according to the protocol proposed in
[6]. The S — D, S — R;, R; — D, (i = 1,2) links are
modeled as frequency selective channels with memory lengths
Lsp = Lsr, = Lr,p = 6, Vi = 1,2. All channel taps
are assumed Rayleigh faded and the transmission is done in
blocks of M = 32 QPSK symbols. The power profile has
been considered to be uniform and the transmitted symbol
energy o2 has been selected to be equal to one. The proposed
algorithms were evaluated in terms of the normalized mean
square error (NMSE), between actual and estimated frequency
responses.

Initially, to study the effect of the training length, a con-
figuration as the one described above operating at different
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N: 2 Relays, K: 200 superframes

=@~ Algorithm2 (L: 1TB)
—8— Algorithm? (L: 3TB)
—@— Algorithm1 (L:3TB)
—— TB algorithm (L:3TB)

NMSE

0 5 10 15 20 25
SNR (dB)

Fig. 3. NMSE of the estimated frequency responses

SNRs was simulated. The SNR was defined as the expected
SNR per bit (over the ensemble of channel realizations) at
the destination. Three different schemes were tested. In the
first scheme (Algorithm 1), the frequency response of the
S — D channel is estimated through training according to
(21) and then used for the estimation of the S — R, — D
channels from (34). In the second scheme (Algorithm 2), only
the phases of the S — D channel frequency response are
computed through training from (27), while the corresponding
amplitudes are obtained blindly from the output autocorrela-
tion matrix using (28). The S — R; — D frequency response
is then estimated by (34). For both algorithms 1 and 2, training
symbols are transmitted during the odd time intervals only. The
third scheme is a training-based (TB) algorithm where all the
channels are estimated from training blocks sent not only at
the odd but also at the even intervals. The S — D frequency
response is estimated from the symbols transmitted during the
odd intervals, as in Algorithm 1. This estimation along with
the training blocks transmitted at the even intervals are used
for computing the S — R; — D frequency responses. In Fig.
3 the NMSE averaged over 1000 independent runs, is plotted.
The superior performance of Algorithm 2 is obvious from the
figure. Furthermore, Algorithm 2 identifies successfully all the
channels even when only one block is used for training, while
the other algorithms fail.

The accuracy of the derived theoretical expressions pre-
sented in section IV was also tested. In Fig. 4 the NMSE
between the actual and estimated S — D frequency responses
along with the theoretical expressions given in (26), (33) are
plotted. Finally, the NMSE between the actual and estimated
S — R; — D frequency responses averaged over all relays,
along with the theoretical expression given in (37) are plotted
in Fig. 5. It is clear from the figures that simulation results
completely verify the presented theoretical analysis.

VI. CONCLUSION

Efficient channel estimation techniques for wideband coop-
erative systems with multiple relays operating in AF mode
have been derived. It has been shown that all the channels
from the source to the destination in a cooperative network
consisting of N relays can be obtained from the elements
of the Cholesky factor of the received signal autocorrelation
matrix. By using a few pilot symbols in the S — D link
all channels of the network can be efficiently estimated. The

10 T T T T
R —&— Algorithm1 — (L:1TB - K:200)
N — F|00Or €stimated by (33)
10 L0 ~—&— SD Trainning based estimation (L:3TB)
S = = = Theoretical NMSE estimated by (26)
107k
N ~
10° <
<
-4 ~ ~
10 N
s
<
-5 b ~
10 ~
b
S~
10'5 i i i i i b
0 10 20 30 40 50 60

NMSE of the S — D frequency responses.

—8— Algorithm2 (L:3TB - K: 200)
s FloOT estimated by (37)
—&— Algorithm1 (L:3TB - K: 200)

0 10 20 30 40 50 60

Fig. 5. NMSE of the S — R; — D frequency responses.

proposed methods have been analyzed theoretically and their
excellent performance even when compared with direct train-
ing based methods, has been verified via extensive simulations.

(1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

450

REFERENCES

E. E. A. Sendonaris and B. Aazhang, “User cooperation diversity part
I. system description,” IEEE Trans. Comput., vol. 51, no. 11, pp. 1927-
1938, Nov 2003.

J. N. Laneman and G. W.Wornell, “Distributed space-time-coded pro-
tocols for exploiting cooperative diversity in wireless networks,” IEEE
Trans. Inform. Theory, vol. 49, no. 10, pp. 2415-2425, Oct 2003.

G. Scutari and S. Barbarossa, “Distributed space-time coding for re-
generative relay networks,” IEEE Trans. Wireless Commun., vol. 4, pp.
2387- 2399, 2005.

P. A. Anghel and M. Kaveh, “Exact symbol error probability of a
cooperative network in a rayleigh-fading environment,” IEEE Trans.
Wireless Commun., vol. 3, no. 5, pp. 1416-1421, Sept 2004.

H. Mheidat, M. Uysal, and N. Al-Dhahir, “Equalization techniques for
distributed space-time block codes with amplify-and-forward relaying,”
IEEE Trans. Signal Processing, vol. 55, pp. 1839-1852, May 2007.

K. Azarian, H. E. Gamal, and P. Schniter, “On the achievable diversity-
multiplexing tradeoff in half-duplex cooperative channels,” IEEE Trans.
Inform. Theory, vol. 51, no. 12, Dec 2005.

R. U. Nabar, H. Bolcskei, and F. W. Kneubhler, “Fading relay channels:
Performance limits and spacetime signal design,” IEEE J. Select. Areas
Commun., vol. 22, no. 6, Aug 2004.

T. Cui, F. Gao, and A. Nallanathan, “Optimal Trainning Design for
Channel Estimation in Amplify and Forward Relay Networks,” in /[EEE
Global Communication Conference 2007, Washington, DC, USA, Nov.
2007.

A. H. Sayed, Fundamentals of Adaptive Filtering. NY: Wiley, 2003.
L. Tong and S. Perreau, “Multichannel blind identification: from
subspace to maximumlikelihood methods,” Proceedings of the IEEE,
vol. 86, pp. 1951-1968, Oct 1998.

X. Ma, G. B. Giannakis, and S. Ohno, “Optimal training for block
transmissions over doubly selective wireless fading channels,” IEEE
Trans. Signal Processing, vol. 51, pp. 1351-1366, May 2003.

S. M. Kay, Fundamentals of Statistical Signal Processing, Estimation
Theory. Prentice Hall International Editions, 1993.

G. W. Oehlert, “A note on the delta method,” The American Statistician,
vol. 46, no. 1, pp. 27-29, 1992.



