Mitigating Channel Estimation Error via Cooperative Communications

Ahmed S. Ibrahim and K. J. Ray Liu
Department of Electrical and Computer Engineering, University of Maryland, College Park, MD 20742, USA.

Abstract— Channel estimation error problem is among the channel estimation error results in lower average signal-to-
main causes of performance degradation in wireless networks. noise ratio (SNR) and higher average error rate in orthogonal
In this paper, we investigate the impact of cooperative commu- frequency division multiplexing (OFDM)-based systems. In
nications on mitigating the effect of channel estimation error. i, .

Two main performance criteria, namely, the traditional outage [10], a superposlltlon_codlng scheme was proposed to reduce
probability and the proposed signal-to-noise ratio (SNR) gap the channel estimation effect when the users have largely
ratio, are utilized to characterize such impact. The SNR gap ratio different SNR.

measures the reduction in the SNR due to channel estimation  Motivated by the bad impact of channel estimation error on

error. Taking into consideration the channel estimation error, we the direct transmission scenario, we investigate in this paper
show that the outage probability is reduced by utilizing cooper- '

ative transmission. We also show that cooperative transmission .the ability of the. cooperaﬂvg transmission to _m|t|_gate such
results in lower SNR gap ratio compared to that of the direct impact. We consider two main performance criteria to char-
transmission. Thus, cooperative transmission is less susceptibleacterize the effect of cooperative communication on channel
to the effect of channel estimation error compared to direct estimation error, namely, the traditional outage probability and
transmission. Finally, we illustrate that increasing the numt_>er o_f the proposed SNR gap ratio. The SNR gap ratio quantifies
cooperating relays reduces the effect of the channel estimation . . - .
error more. the reduction in the SNR due to channel estimation error.
First, we show that the outage probability is reduced due
|. INTRODUCTION to utilizing cooperative communications in the presence of
Recently, cooperative communications for wireless nethannel estimation error. Second, we illustrate that cooperative
works have gained much interest due to its ability to mitigateansmission reduces the SNR gap ratio compared to that of the
fading in wireless networks through achieving spatial diversitgljrect transmission. We find that cooperative communication
while resolving the difficulties of installing multiple antennasgs less susceptible to channel estimation error by achieving
on small communication terminals. Cooperative communicapatial diversity via relays and distributing the total transmis-
tion protocols make use of the broadcast nature of wirelesisn power across multiple transmission phases. Moreover,
channels, where a number of relay nodes are assigned to hefpeasing the number of relays reduces the effect of the
a source in forwarding its information to its destination, henaghannel estimation error more.
forming a virtual antenna array. Various cooperative diversity The rest of this paper is organized as follows. In the next
protocols were proposed and analyzed in [1], [2], [3], [4], [Slsection, we describe the system model of the communication
[6], [71, [8]. system, taking into consideration the channel estimation error
In [2], Lanemanet al. described various techniques ofeffect, and explain the problem formulation. We Study the
cooperative communication such as decode-and-forward amgpact of various communication scenarios on the channel
amplify-and-forward. The symbol error rate (SER) for singleestimation error in Section Ill. In Section IV we show some
and multi-node decode-and-forward cooperative technique wasmerical results, and finally Section V concludes the paper.
analyzed in [3], [4]. It was shown that the conventional coop-
erative communication scenario, in which each of the available
N relays forwards the source’s information over an orthogonal Communication scenarios, which are based on training
channel (e.g. time or frequency slot), achieves full diversigequences (pilots) for channel estimation, are implemented
order equal taV +1. However, the bandwidth efficiency dropsn two consecutive phases, namely, training phase and data
to 1/(IN + 1) symbols per channel use (SPCU). In [5], [6}ransmission phase. In the training phase, the channel is
various relay selection cooperative schemes, in which only oegtimated using a known training sequence with a particular
relay forwards the source’s information, have been proposgulot power, denoted by’,;,:. A particular pilot transmission
It was illustrated that relay-selection cooperative schempswer P,;;,; results in a certain level of channel estimation
achieve high bandwidth efficiency while guaranteeing fuétrror variance, referred to as which is inversely proportional
diversity order. Distributed space-time cooperative schemés,the pilot transmission power. In the end of the training
in which the helping relays simultaneously forward modifiedhase, the receiver has an estimate of the channel to be
version of the source’s information, have been proposed amiilized in the coherent detection of the transmitted data in
analyzed in [7], [8]. It was shown that distributed cooperativilie following data transmission phase. In the data transmission
schemes, under certain conditions, can achieve full diversjthase, the channel estimate is fixed and does not depend on
order. the data transmission powé?, Hence, the channel estimation
Channel estimation error, caused possibly by Doppler shéftror does not depend on the data transmission paer,
or noise on the pilot signals, can cause dramatic performancdhe communication system under consideration is shown
degradation in wireless networks. In [9], it was examined that Fig. 1. It consists of the source, the destinationd, and

Il. SYSTEM MODEL AND PROBLEM FORMULATION



’\1 into consideration the channel estimation error as in (2), the
/ ~_ received symbols at the destination and tfé relay can be
/ R RN modeled as

/ e 0 Y$a = /Po hsax+\/aPo+ Ny 1s.q,
[ 3 = ¥y, = VP hes, @+ /a P+ No e,

RN LT . respectively, where the superscrigtdenotes the cooperative
N @ transmission scenaridy, .., is the estimated channel coeffi-
AN -1 e cient between the source and ti¢h relay, andn, ,, is a
N L7 zero-mean AWGN with unit variance.
“agm In this paper, without loss of generality we consider the
' "N .
decode-and-forward cooperative protocol [3], [4]. However,
Fig. 1. Cooperative communication system with a set¥frelays. the system model and the following performance analysis
Solid line represents the direct transmission and dashed lines remen be easily extended to other cooperative protocols such
sent the cooperative transmissions via the relays. as amplify-and-forward [2], [3]. In the decode-and-forward
protocol, each relay decides whether to forward the received

®3)

a set of N relays,ry,rs,--- ,rny. We assume that there is ' . . )
a fixed channel estimation error variance, resulting from information or not according to the quality of the received

the training phase due to utilizing a certain level of pilop!9nal- We assume that every relay can tell whether the
transmission power. We take into consideration the chanfgfeived information is correctly decoded or not [3], [4]. If

estimation error in the data transmission phase as followd€ -t relay correctly decodes the received symbol, then it

In the direct transmission scenario, the source sends its d@vards the decoded symbol to the destination in(the1)-

symbol to the destination in one phase, which can be a tifje Phase, otherwise it remains idle. The received symbol at
or frequency slot. The received symbol at the destination cHIf destination in thé: + 1)-th phase is given by

be modeled as o - =
Yroa =\ Pi hr,a x+\/ a P+ No 1y, 4, 4)

yry = VP (hea+ha) &+ V/No a; @ . _

. . o where P; = P; if the relay decodes the symbol correctly,
where the superscripb denotes the direct transmission SCEtherwise 7, = 0, h,, 4 is the estimated channel coefficient
nario, z is the transmitted symbol with unit average energyenyeen the-th relay and destination, ang, ; is a zero-mean
Le., |z|* =1, by q is the estimated source-destination channglyGN with unit variance. The transmission powefs, i =
coefficient, i, denotes the channel estimation errgr,is a 1 ... N, are allocated subject to a total power constraint
zero-mean additive white Gaussian noise (AWGN) with ungs p . s~V . P, = P [4]. This power constraint is imposed

. . . . . 1= "
variance, andV, is the noise variance. In [10], the additionaly gyarantee a fair comparison with the direct transmission
term resulting from channel estimation error, namel z . scenario.
in _(1), was called self-n(_)ise because it repre_sents an addeg|t Rayleigh fading channels are considered. /gt be a
noise term that scales with the data transmission power.  generic channel coefficient representing the channel between

The channel estimation error is a summation of largg,y two nodes, wherg, , is modeled as zero-mean complex
number of small quantities representing the inter-carrier intg&s,ssian random variable with varianég .. The channel

. . A w,v*"

ference and noise, and hence it can be modeled as a Gausgign squaredh,, ,|? follows an exponentiai random variable
random variable via the central limit theorem [11]. Similar tQith, means?2 [11]. We assume that the channel coefficients

. . . U, '

[9], the channel estimation erréy, is modeled as a zero-meametween each two nodes are independent of each other [3],
complex Gaussian random variable with variancesince we (4] which can be practically achieved by deploying the nodes

are to study the impact of the channel transmission error on g enough from each other.

system performance, by fixing the transmitted symbothe  gegjow, we illustrate the performance degradation due to

additional self-noise t(_arrtt\/]?x ha) is & zero-mean complex channel estimation error in the direct transmission case. For
Gaussian random variable with varianed’. Thus, (1) can be the direct transmission scenario defined in (2), the destination

rewritten as applies the conventional matched filter [11] /&S, ys,a. The
yf,)d = VP hegx+\/aP+ Nyns.aq, (2) output SNR, denoted ag can be computed as
wheren); q is a zero-mean Gaussian random variable with unit ~P P |heal®. (5)

variance. We note that the system model in (2) is similar to No+aP

the one that was considered to represent the channel estimaliothe perfect channel estimation scenario, ie.= 0, the

error effect in [10]. SNR at the destination increases with the data transmission
In the N-relay cooperative transmission scenario, a tranpewer P. However with channel estimation error, increasing

mission of one symbol is implemented M + 1 phases. In the data transmission power cannot lead to arbitrarily large

the first phase, the source broadcasts its symbol to the rel®pR. This limits the performance of the direct transmission

and the destination with a transmission powerFyf Taking scenario and causes dramatic performance degradation. We



also note that the effect of the channel estimation error, whichin the sequel, we obtain the distribution of the power vector
is o P in (5), increases with high data transmission poweP, which is based on the transmission between the user and
Motivated by the bad impact of channel estimation error dhe i-th relay, modeled in (3). Without loss of generality, we
the direct transmission scenario, we investigate in the neagsume M-PSK modulation type. The conditional SER at the
section the ability of the cooperative transmission scenario #th relay, which is conditioned on the the channel coefficient

mitigate such impact. hs.r;, CanN be written as [13]
IIl. EFFECT OFCOOPERATIVE COMMUNICATIONS 1 (M-Dm/M by;
e B | exp (~ 0 ) db. (12)
In this section, we analyze the performance of the direct and ™ Jo

cooperative transmission scenarios introduced in Section \Uhereyv = Py |hs.r,|?/(No +a Pp) is the instantaneous SNR
For each scenario, we calculate the outage probability and the e -ih relay andb — sin? (w/M). By averaging (12) with

SNR gap ratio, which is defined as respect to the exponential random variabile ., |2, the SER
00 — V(a can be given by
R = Ne=0 =@z ©)
E{’Y|(a:0)} b Py 53 .
iy | | c=F(1+ ), (13)
where E{.} denotes the statistical expectation of a particular (No + a P) sin” 0

random variable. Intuitively, the SNR gap ratio measures the (M—1)r/M
reduction in the SNR(v|(a=0) — 7l(ax0)), cOmpared to the Where Fi (z(0)) =1/ [ 1/x(6)do. _
average SNR without channel estimation error, i.e., it measureds described in Section Il, théth relay retransmits the
the relative SNR gap ratio. source’s symbol only if it has correctly decoded that symbol.
For the direct transmission scenario defined in (2), the odtence the power of the-th relay, P;,i = 1,2--- N,
put SNR in (5) is an exponential random variable with medf distributed as a Bernoulli random variable with success
(P82 ,)/(No+ aP), ie,yP ~exp((No+aP)/(P6?,). probability equal to(l —¢), i.e.,
The outage probability, which is defined as the probability

bPys2 .
that the output SNR is less than a particular threshejd is 5 P wp. 1-F (1 + m) 14
computed as i r (1 bPo 53 . - (14
0 wp. 1( T ™otam) sin2a)

No+aP
_ D _ 0
Fyo(yn) = Pr(y” < mm) = 1 —exp ( TP, %h) " where w.p. stands for “with probability”. We note that the
' (7) relays’ powersP;,i = 1,2---,N are independent random
By substituting (5) into (6), the direct transmission SNR gaygriables since each one depends on its own source-relay

ratio can be written as channel gainh; ., |, which are independent of each other as
assumed in Section Il
D ab 2 2 /52 2 /52 :
R |hs.al” - (8) Let ho = |hsal?/02, and by = |k a?/02 40 =

~ 52 (Ng+aP tradl
6S’d( 0o+aP) 1,2,---,N, whereh;,i = 0,1,---, N, is distributed as a

The source-destination channel gain Squa"bgdP is an <Z€ro-mean Complex Gaussian random variable with unit vari-
exponential random variable with med,,. Hence, the direct ance. By averaging the conditional SNR in (11) with respect
transmission SNR gap ratio in (8) is an exponential randot® P, the cooperative transmission SNR can be obtained as
variable, i.e.,R” ~ exp ((No + a P)/(a P)). Finally, the

N
average SNR gap ratio can be calculated as AC = Zai a2, (15)
P 1=0
E{RP} = 2~ . 9)
No+ o where P o%a ang Pidia (1 F (1 +
a = > a; = =) —
In the cooperative transmission scenario, the destination 0 No+a Po Nota P !

applies maximal-ratio combining (MRC) [12] to coherently 5P 4%,

. . . N2
combine the signals received from the source and\threlays. (Nota o) sin® 0
The output of the MRC detector at the destination is given tRfobability is calculated as

) ,4=1,2,---, N. Furthermore, the outage

N = N
c vB . ¢ VP . ¢ F = b-(l— _ Tk 16
=Y 0 g C+S 2t €, (10 c(Ven) i(1—exp(——)), (16)
Y T Notak Y ;N0+aPi wabria- (10) ’ ; ai
Let P = [Py, P1,---,Py]T denote the power distribution whereb; = HkN:O,k# a-,i=0,1,---,N.
vector, wherel" denotes vector transpose. For a fixed power By substituting (15) into (6), the cooperative transmission
vector P, the conditional SNR can be computed as SNR gap ratio can be given by
N ~ C C N
_ P, P 7 (a=0) =7
c 0 2 i 2 c (a=0) 2
P)=—|hs +27~h”’ . (11 Rz—zgcihi , 17
v ( ) NO +O[P0 | 7d| — NO +O(R ‘ d| ( ) E{’Yc|(a:0)} — ‘ | ( )



[ Parameter [ Value

Cell radius 1 km o

Thermal noise -100dBm

Max transmission powe 25 dBm °

Propagation model 31.5 + 380g;,(d in m)dB o
TABLE | "

Simulation parameters of a typical cellular system.

Outage probability
°

where
S TR .
S Ny (No+ aP) |/ A
S \Mo@oral N No sin® 0 Fig. 2. Outage probability of the direct and cooperative transmission

P, b Py 62 ,,i scenarios fory = 0.05 and P/Ny = 20dB. Cooperative transmission
+ m F (1 =+ (No+aP ) G2 (9) ) reduces the outage probability as the number of relays increases.
7 0 0

(18)
. . . c . N 1 3
in which S = E{Y“|(a=0)} = > i_0 @il(a=0)- The cooper-
ative transmission SNR gap ratio defined in (17) represents l
a weighted sum of a set of independent chi-square random .l ’
variables [11] and its probability density function (PDF) can g ' ' e Dyt
be written as .l e |
N 4 2 ool |
) r & 0af :;z:y i
fre(r) = Z ; exp(—c—i) U(r), (19) —=ceaycy |
=0 0.2
where d;, = Hg:o,k;éi cb—ilc,yl = 0,1,---,N. Finally, the o1f
average of the cooperative transmission SNR gap ratio is “ P
computed as PIN, (08)
N
E{RC} = Z . (20) Fig. 3. Average SNR gap ratio of the direct and cooperative trans-
=0 mission scenarios forr = 0.05. Cooperative transmission reduces

the average SNR gap ratio as the number of relays increases.

IV. NUMERICAL RESULTS

In this section, we present some numerical results to fleduces. This is due to the fact that cooperative transmission
lustrate the impact of the cooperative transmission scheméh N relays providesV + 1 independently-faded paths from
on the channel estimation error. The outage probability atite source to the destination. Hence, diversity olief 1 is
SNR gap ratio are utilized to characterize such impact. Fachieved.

fair comparison, we assume .that a total_ pq\Hters avallgble In addition to the outage probability, the average SNR gap
for the dlrecF and cooperative transmission scenarios. Weio is of great interest. Fig. 3 depicts the average SNR gap
assume maximum ON. =0 r'elay.s are available and Weratio for the different transmission scenarios as a function
consider power allocation policy, in whick, = .P/2 anq of P/Ny. For fixed Ny, Fig. 3 shows that the average SNR
P;=P/(2N),i=1,2,..-, N [4]. QPSK modulation type is ap ratio increases with the data transmission powefhis
assume_d tthUQhOUt this paper. Table | summarizes a tyIOIg‘adue to the fact that the channel estimation error effect,
set of simulation parameters for ceIIngr networks. Finally, tnﬁhich isa P in (2), is more significant at high transmission
ShO\.Nn .results are averaged.ommo independent network ower compared to the noise variance. At high transmission
realizations, where the locations of the users and the rel%&ver the average SNR gap ratioli@s can be shown using
are randomly distributed in each rea!lzatl_on. . (9). It is also depicted in Fig. 3 that the direct transmission
We assume that the channel estimation error variance s, o has the largest SNR gap ratio compared to the
o= 0'052 As mdpatfgd :jn S%Ctéon I, thtedchanr;lel es:'hmagor&ooperative transmission scenario. Furthermore, increasing the
error variance, Is fixed and does not depend on the dalg, nner of yiilized relays reduces the average SNR gap ratio.
tr_amsm|SS|on powerp. Fig. 2 d_ep|cts the outage _probab|l|tyzAt P/Noy = 10 dB, the direct transmission scenario suffers
given by (7) and (16) for the direct and cooperative transmlg—NR gap ratio 0f0.33, while the cooperative transmission

sion scenarios, respectively, B N, = 20 dB. As shown, the scenario withN = 6 relays suffers SNR gap ratio @f06.

direct transmission has the highest outage probability for aB¥om Fig. 3, we conclude that the cooperative communication
SNR thresholdsy,;,. It is also shown that as the number of re- )

| . th tive t L ¢ bab rotocol reduces the effect of the channel estimation error,
ays increases, the cooperative transmission outage probab(lity. ... is one of the main results of this paper.



transmission scenario utilizes relays, other than retransmission
over the same channel. The cooperation gain resulting from
utilizing relays reduces the channel estimation error effect
more. Since the cooperative scheme achieves full diversity
order along with distributing the transmission power, it reduces
the SNR gap ratio compared to that of the multi-phase direct
transmission, as was shown in Fig. 4.
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V. CONCLUSION

In this paper, we have investigated the impact of the cooper-
ative communications on mitigating channel estimation error
effect. The SNR gap ratio, which measures the reduction in the
SNR, and the outage probability were utilized to characterize
Fig. 4. Average SNR gap ratio of the multi-phase direct anghe system performance. We have shown that the cooperative
cooperative transmission scenarios éoi= 0.05. Cooperative trans- transmission is less susceptible to the channel estimation error
mission reduces the SNR gap ratio more than the multi-phase direc . . . .
transmission for the same number of phases. compared to the direct transmission. Furthermore, increasing

. . o the number of relays results in lower SNR gap ratio. At
A. Multi-phase Direct transm|55|on . ... P/Ny =10 dB and channel estimation error varianee=
As a way to explain why cooperative communlcat|on§.051 the direct transmission scenario suffers SNR gap ratio of

reduce the effect of channel estimation error, we considerdng’3 while the cooperative transmission scenario with= 6

this subsection the multi-phase direct transmission scenarljgl.(,wS suffers SNR gap ratio @06 only. Finally, we have
In this scheme, a user sends its data to its destinatiaN in ] : '

: . o illustrated that cooperative transmission reduces the channel
consecutive channel uses, each with a transmission power

20 30 40
PIN, (dB)

50

P/N. There is no relays utilized in this scheme. Similar t
(8), it can be shown that the SNR gap ratio is given by

B aP
- N&2,(No+aP/N)

i.e.,, RP(N) ~ exp (N (No + a P/N)/(a P)). The average
SNR gap ratio can be calculated as

_ aP
b= N(Nog+aP/N) '
We note that the multi-phase direct transmission scenario
achieves diversity order equal to and has outage probability [4
similar to that of the direct transmission. Fig. 4 depicts the
average SNR gap ratio for the multi-phase and cooperati\{a
transmission scenarios. As shown, the multi-phase direct trans-
mission protocol reduces the SNR gap ratio as the number
of phases increases. Therefore by distributing the total tranfﬁ-
mission power across multiple transmission phases, the effec{
of the channel estimation error can be mitigated. In Fig. 4,
it is also shown that the cooperative transmission scenarj
reduces the SNR gap ratio more compared to the muIti-phaLgé
direct transmission, for the same total number of transmission
phases. g]

From Fig. 3 and Fig. 4, we conclude that the reduction ir{
the SNR gap ratio is due to two main factors. The first factor
is the distribution of the transmission power across multipl o
transmission phases. This reduces the transmission power n]1
each phase, and accordingly the channel estimation error por-
tion, a P, in each transmission is reduced. This first reductidi?!
factor exists in both the multi-phase direct transmission anpd;
cooperative transmission scenarios, and hence both of them
mitigate the effect of channel estimation error by increasift?!
the number of transmission phases as was shown in Fig. 43

The second factor of reducing the effect of channel esti-
mation error is the achieved diversity order. The cooperative

RP(N) \hs,al?, (21)

(1]
(2]

E{R"(N) (22) 3

e8limation error effect due to two main factors: (1) achieving
gpatial diversity via relays and (2) distributing the transmission
power across multiple transmission phases.
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