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Abstract—In this paper, we investigate the performance of
an amplify-and-forward (AF) cooperative diversity system with
multiple relays in the presence of channel estimation errors. We
consider both conventional relaying (in which all relay nodes
participate in the relaying phase) and opportunistic relaying (in
which only a single relay is allowed to participate). We derive
closed-form expressions for error probability, outage probabil-
ity, and ergodic channel capacity. The derivations are confirmed
through Monte Carlo simulations. We further deploy the derived
expressions to obtain optimal power allocation rules for perfor-
mance improvements.

Index Terms—Amplify-and-forward (AF) relaying, channel es-
timation, cooperative diversity, fading channels, performance
analysis.

I. INTRODUCTION

OOPERATIVE diversity has emerged as a powerful tech-

nique to realize spatial diversity advantages in a dis-
tributed manner [1], [2]. Taking advantage of the broadcast
nature of the radio-frequency transmission, cooperative diver-
sity creates a virtual antenna among the nodes that are willing
to share their resources. In the literature, various cooperation
protocols, coupled with different relaying modes, have been
proposed [3], [4]. A commonly employed form of cooperation
protocol is the so-called receive diversity (RD) protocol, which
is also known as orthogonal relaying [1]. In the first phase
of this protocol, the source node broadcasts to the destination
and the relay nodes. In the second phase, the source stops
transmission, and the relay nodes forward their received signals
within the first phase to the destination node. Either repetition
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coding in orthogonal time slots or orthogonal space-time block
coding can be used among relay nodes in the second phase.
The RD protocol realizes a maximum degree of broadcasting
and exhibits no receive collision. Non-orthogonal cooperation
protocols such as the transmit diversity (TD) protocol and
the simplified TD protocol have been further proposed [5],
[6] and allow receive collision. In an effort to address the
spectral inefficiency of the conventional cooperation protocols,
which assume the participation of all relays, relay selection
has been proposed to improve the throughput [7]. Based on a
predetermined criteria, e.g., the signal-to-noise ratio (SNR), the
“best” relay is selected, and only a single relay is allowed to
participate in the second phase.

A common assumption in the earlier literature on cooperative
diversity is the availability of perfect channel state information
(CSI) at the receiver. In coherent detection, the fading channel
coefficients need to first be accurately estimated during the
training period, and then, these imperfect estimates are used
in the detection process at the destination node. Relay nodes
operating in decode-and-forward (DF) mode need the CSI of
the source-to-relay channel for their own decoding process.
In amplify-and-forward (AF) relaying, relay nodes might need
CSI for appropriately scaling the received signal to satisfy
relay power constraints. The effect of channel estimation on
the overall performance of cooperative systems is therefore
critical.

Several researchers have investigated the performance of co-
operative systems with imperfect channel estimation [8]-[10];
however, these works are mainly limited to simulation studies.
A few exceptions are [11]-[14], which aim to analytically study
the impact of channel estimation for single-relay cooperative
systems. In [11], Mheidat and Uysal derived a pairwise error
probability (PEP) expression for the TD protocol with AF relay-
ing. In [12], Patel and Stiiber obtained an approximate error rate
performance expression for the RD protocol, assuming binary
phase-shift keying (PSK). In [13], Wu and Patzold derived
symbol error rate expressions for the RD protocol, assuming
M-ary PSK and M-ary quadrature amplitude modulation
(QAM). In [14], Gedik and Uysal considered both RD and TD
protocols and presented PEP analysis for mismatched-coherent
and partially coherent receivers under different degrees of CSI.
While the aforementioned works assume single-relay scenarios,
Han et al. [15] considered multirelay AF cooperative systems
and derived the average bit error rate (BER) for the RD proto-
col, assuming all relays’ participation in the relaying phase.
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Fig. 1.

Cooperative system model.

In this paper, we present a framework for the performance
analysis of multirelay AF cooperative systems in the presence
of channel estimation errors. We consider both conventional
relaying (in which all relay nodes participate in the relaying
phase) and opportunistic relaying (in which only a single relay
is allowed to participate). We derive expressions for BER,
outage probability, and channel capacity, demonstrating the
effect of channel estimation on the performance.

The rest of this paper is organized as follows: In Section II,
we present the system and channel models. In Section III, we
derive the instantaneous effective SNR, which will be used for
the derivations of performance measures under consideration in
Section IV. The derived closed-form expressions can be used
for system optimization. As an example, we use the derived
BER expression to optimize power allocation in Section V.
Section VI concludes this paper.

Notation: |.| denotes the absolute value. E(.) is the expecta-
tion operator.

II. SYSTEM AND CHANNEL MODELS

As shown in Fig. 1, we consider a multirelay network in
which a source node (S) and a destination node (D) com-
municate through a number of relay nodes denoted by R;,
1 =1,2,---, L. The nodes are assumed to be located in a 2-D
plane where dsp, dsr,, and dr,p denote the distances of
source-to-destination (S — D), source-to- relay (S — R;), and
relay-to-destination (R; — D) links, respectively. The angle
between lines representing S — R; and R; — D links is 6;.
The complex fading coefficients between the source and the ith
relay and between the ith relay and the destination are h; and
gi» 1 =1,..., L, respectively. They are modeled as complex
Gaussian with zero mean and variances of U‘%i, ogi, leading to
Rayleigh fading. The fading coefficient for the direct link is de-
noted as gg, and its amplitude distribution also follows Rayleigh
distribution. Finally, in our analysis, we assume frequency-flat
and time-flat (nonselective fading) channel models.

To take into account the relays’ location, we also consider
the long-term path loss. The path loss is inversely proportional
to d*, where d is the distance between nodes and « is the
path loss exponent. By normalizing the path loss terms with
respect to that of direct S — D link, the so-called geometrical
gains [5] can be defined as Gspr, = (dsp/dsgr,)* and Gr,p =
(dsp/dr,p)*, i=1,2...L.

We assume the RD cooperation protocol. In the first time
slot (i.e., broadcasting phase), the source broadcasts its signal.
The destination and all L relays receive faded noisy versions of
the source signal. In the relaying phase, the source is silent.

2051

If conventional relaying is employed, all relay nodes partic-
ipate in the relaying phase and forward the scaled versions
of their received signals to the destination node in orthogonal
time slots. The destination node combines all signals received
through indirect/direct links using maximal ratio combining.
On the other hand, if opportunistic relaying is employed, the
destination combines only the “best” indirect link (which yields
the highest SNR at the destination) and the direct link.

Mathematically speaking, the received signals from the
source at the destination and the <th relay can, respectively, be
written as

ysp =+ Esgor + nsp (D
YSR,; :\/GSRiEShz'xJFnSRi 1=1,2,...,L (2)

where Eg is the source signal energy, and « is either an M-PSK
or an M-QAM modulated signal with unit energy. In the second
time slot, the relay normalizes the received signal (to comply
with power constraints) and transmits the resulting signal x g,
to the destination. The received signal at the destination from
the ith relay is given by

1=1,2,...,L (3)

Yr,D = \/GRr,DEi9iTR, + 1R, D,

where Ej; is the relay signal energy, and x g, is given by

“)

1
\/ESGSRi |h1|2 + Ny

In (1)-(4), nsp, nsr,, and ng,p are zero-mean complex
Gaussian noise terms with variance Ny/2 per dimension. We
assume that total power consumption in the network is given by
FEr. In the case of conventional relaying, the power of source
and each of L relays is given by Er /(L + 1), i.e., Eg = E; =
Er /(L + 1). On the other hand, in the case of opportunistic
relaying, the source and the selected relay are each assigned
Er/2.

The destination is assumed to have access only to imperfect
channel estimates, which will be used at the combiner. Let the
channel estimate of the S — R; link be fz, for the th relay link.
We assume that h; and h; are jointly ergodic and stationary
Gaussian processes. We can write

hi = hi + en, &)

where ey, denotes the channel estimation error, which is mod-
eled as complex Gaussian with zero mean and variance Ufh .
Assuming a linear-minimum-mean-square-error estimator, the

variance of channel estimation error is o2, = E(|h;|*) —

E(|hi|?) = 1/(Np¥sg,+ +1) [16]. Here, N, is the number
of pilot symbols, Ysr, : = E(Vsr,.+) = Gsr, Est/No is the
average SNR of pilot symbols for S — R; link, and Eg ; is the
source power for training period. Similarly, variances for chan-
nel estimates of S — D and R; — D links are given by afg_ =

1/(Npy7Rr; Dt + 1), where Ysp; = E(vsp.¢) = Es,/No, and
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Ar,D.t = E(Yr,pt) = Gr,pFi /Ny are the average SNRs of
pilot symbols for S — D and R; — D links, with F; ; denoting
the ¢th relay power for training period. The signal at the
combiner’s output can be written as [17]

L
Wspysp + Y. Wiyr,p, Conventional
A= =1 (6)

Wspysp + Wi, ,yr, 0, Opportunistic

where the combiner coefficients are given by Wsp =
VEsgy/No and  W; = \/Gg,pEih; Az‘i/(‘hi|Ntot)7 with
Niot = No + EiGr,plgi|*No/(EsGsr,|hi|> + No). In (6),
isel denotes the index for the selected relay, which yields the
highest effective SNR in S — R; — D.

III. STATISTICAL CHARACTERIZATION OF
INSTANTANEOUS EFFECTIVE SIGNAL-TO-NOISE RATIO

In this section, we will determine the probability density
function (pdf) of the effective SNR (i.e., incorporating the ef-
fects of channel estimation) at the destination. Such a statistical
characterization is essential for the derivation of performance
measures under consideration.

A. Instantaneous Effective SNR
From (6), it can be noticed that the combiners output con-
sist of two terms coming from either direct or indirect links.

ASD def Wspysp is the term contributed by the S — D link.
It can be expanded as

Eslio?  VEai
e = Zslool”  VEsGo (\/EsegoernS,D). 7)
No No

———

signal

effective noise
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The instantaneous effective SNR for this term can be there-
fore written as

4s,D

S R ®)
Eso'ggo /N() +1

YSD

where Y5p = Es|jo|?/No is the estimated instantaneous SNR
of the S — D link. The average effective SNR can be further
written as

Bs (E (I90f2) - 2, )

(Esaggo n No)

¥sp = E(ysp) = 9

Similarly, it can be noticed from (5) that Asr, p def Wiyr, D
is the term contributed by the indirect link via the ith relay
node. It can be expanded as in (10), shown at the bottom of the
page, where G; = EsGgr,|hi|? + No. This lets us to write the
corresponding instantaneous effective SNR as in (11), shown at
the bottom of the page.

Further defining Ysr, = Gsr, Es|hi|?/No and g, p =
Gr,pEi|3i|?/No as the estimated instantaneous SNR of the
S — R; and R; — D links, (11) can be rewritten as in (12),
shown at the bottom of the page.

Equation (12) can be simplified as

YSR;VYR;D
Ysr; +Yr,D +

VSR;D = (13)
where ysg, = @SRi/(GSRiEsoghi /No+1) and ~g,p =
Ar;0/(GR, DEl-afg_ /No + 1) are the instantaneous effective
SNRs of S — R; and R; — D links, respectively, and €; is
given by

2 2 2 2
Gsr,GrpEsEio;, oo +GrpEio; No+ Ng

;=
(GSRiESUgh,_ +N0> (GRiDEiUgg_ +N0)
(14)

_\/GRiDEiiLfQZ Gsr,Es Gr.pE: hg:
ASR, D=~ higi+\| —5— =
|hi\Ntot Gi Gi \hi|Ntot

(\/ Gsr, Es(hieg, +gien,)x+(di+eg,)ns.r, +V GinRiD)

signal

effective noise

(10)

Gsr,Gr,pEsEi|hi|*|g:?

VYSR;D= N
Gsr, Es|hi ‘Q(GRiDEio'ggi‘i‘NO)‘FGRiDEi |9 |2(GSRi EsUghi-i-No)-i-GSRi GRiDESEiUghiUggi"rGRiDEiO'ggiNO‘i‘Ng
(11)
YSR;YR;D (12)

VSR:D = Gr,pFEic? GSR3ESO'E ) GSRXGRVDEsEiO'g ,Ug )
Jsro | — 1) Hiro | — L e
i Ny i No

GRiDEiUS
9i
N2 + 41
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Finally, using (8) and (13), the effective total output SNR can
be obtained as

L
vsp + Y. Ysr.p, Conventional
=1

Ysp + Mmaxysg,; D,
el

15)

Vot = ..
Opportunistic.

To simplify the ensuing performance analysis, we employ a
tight upper bound on ysg, p, which is given as ysgr,p < v; =
min(ysg,,vr,p) [17]. This yields bounds on (15) as

L
Yo" =sp + Y min(Ysr,, Yr,D) (16)
i=1
for conventional relaying. Similarly, we have
Yok? = V5D + maxmin (Ysr,, Vg, p) (17)

for opportunistic relaying.

B. PDFs of the Instantaneous Effective SNR

For conventional relaying, the pdf of (16) can be derived,
following the steps in [18], which yields the following:

() St () oo

f’YSl?n (’y) = 6—S’D

YSD
where
_ _’YSRﬁ}fiD (19)
YSR; +YR;D
GSRiES( (Ihf?) = e,”)
Ysr: =E (vsgr,) = (20)
(GSRiESUghi + N())
Gr,pEs (]E (lg:?) — Usgi)
Yr.0 =E (Vr,D) = 21
(GRiDESU.gg, + N())
L 5\
Bsp = (1 - ) (22)
P E YSD
_ 1 L o\ -1
@:Q—“ﬂ 1T Q—%). (23)
i k=1 ki i

For opportunistic relaying, the pdf of (17) is obtained as

L L—itl L—it2
PRSI SEITS Sl
i=1 Ki=1 Ko=K;+1
L

> ;ﬂ)(exp(—vf)—eXpG%))) (24)

K;=K;_1+1 1/&

where & = Z;:l (1/7K;). Considering independent identi-
cal distribution (i.i.d) channels, i.e., ¥sp = Ysr, = Yr,D = 7>
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(24) reduces to

-5

q

—1t

(1-1/(29))

Opp
Vub nd

IV. PERFORMANCE ANALYSIS
A. Error Probability

The average error probability over frequency-flat fading
channels can be found by averaging the conditional error prob-
ability in additive white Gaussian noise P,(e/7,;). Mathemat-
ically, Py(e) is given by [19]

6) = /Pb(e//yub)f’Yub ('Yub)d’}/ub (26)
0

where f.,. , (Yup) is given by either (18) and (24) for the schemes
under consideration. Note that, for several Gray bit-mapped
constellations, P,(e/7yp) is in the form of aerfc(y/byyp), with
erfc(z) being the complementing error function [19], and a,
b are constants, depending on the type of modulation (e.g.,
BPSK: a = 0.5, and b = 1, QPSK: ¢ = 0.5, and b = 0.5). By
substituting (18) into (26) and solving the integration, a lower
bound on the error probability for conventional relaying can be

obtained as
bYi
1+067; '
(27)

Pbcon(@)=a550<1—w 14b-7bSDD> + Z@(

Similarly, by substituting (24) into (26) and performing the
integration operation, we find a lower bound on the error
probability for opportunistic relaying as

L—i+1 L—i+2 L
(C —aEi DD DD >
Ki=1 Ko=K;+1 Ki=K;_1+1

— -
x1— , Jspé TSD_ - (28)
1- ’VSD& fz + b 1—5sp& \| 1+ bysp

Asa sanity check, it can be noted that, in the perfect CSI case
(ie., or = 02 ~ = 0), (28) reduces to the expression given by
[20, eq. (14)] '

To provide some further insight into the performance, we
now consider the asymptotically high-SNR case. Following

[21], we can obtain an approximation to (27) as follows:

C(L) 1 ( 1 1 )

PCon ~ a + (29)
©) bEF Ysp H Y¥Sr;  VR.D

where C(L) = [TX'(2i — 1)/(2(L 4 1)!) is constant, which

depends on the number of relay nodes L. It is observed from
(29) that a full diversity order of L 4 1 is achieved as in the

case of the perfect channel estimation. For Jgh_ = agg, =0,
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(29) reduces to [22, eq. (21)], which is reported for perfect
CSI case.

An asymptotical expression can be obtained for opportunistic
relaying as (see the Appendix for the proof)

L
UL) 1 1 1
PO (e) ~ & ( + ) 30
b ) bE+l WSDE Ysr;  VR:D G0
where U(L) = L[240 (2i — 1)/(2(L +1)!). A comparison

of (29) and (30) reveals that both expressions have identical
forms where the only difference comes from the coefficient
term given by U (L) = LC/(L). This will eventually result in a
horizontal shift between the performance of two schemes, both
of which are able to achieve the full diversity.

B. Outage Probability

The mutual information between the source and the des-
tination for conventional and opportunistic relaying can be
written as

1 on
ICon = m 10g2 (1 + ")/Sb ) (31)
1
Topp = log (1 + yOPp) . (32)

The reason for different factors in (31) and (32) is that we
need L + 1 time slots (or orthogonal channels) to transmit the
data in conventional relaying and only two times slots in the
case of opportunistic relaying.

The outage probability is defined as the probability that
the mutual information falls below the required rate r. For
conventional relaying, it is given by

(L+1)T _ 1

PCon )
(33)

out T

Pr(lreg <7) = Pr (5" <40 =2

It can be noted that outage probability is actually the cumu-
lative CDF of 4S9 evaluated at 251" — 1. Using (18), we

out
can obtain a lower bound on the outage probability as

Con
PSSt = Bsp (1 — exp (— gl ))
YSD
+Z@ (1 — exp ( %7. )) (34)

where Bsp and [3; are earlier defined in (22) and (23). Asymp-
totically, it can be approximated as

[2(L+1)r_1]L+1 L ( 1 1

= — + = . (3%
ysp(L +1)! H S R; VRiD)

Piit(e) ~

Similarly, for opportunistic relaying, we obtain

POpp

out

Pr(Iopy < 1) = Pr (ygbpp < 0PP _92r _ 1)

L—i+1 L—i+2 L

1)i+1 Z Z Z 1

i=1 Ki=1 Ko=K;+1 K;=K;_1+1

Il
pjh
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(36)

Asymptotically, this yields

[22r o
(L+1)

POpp( )z 1}L+1 1

out

L

1 1
H<+>. (37)
VsD ;27 \VSR;  VR:D

C. Ergodic Channel Capacity

For conventional relaying, the average channel capacity is
given by

Len(Vdy. (38)

(o 0]
C’COH:L+1/log2 1+79)f
0

By substituting (18) into (38), an upper bound on channel
capacity can be obtained in a closed form as

w

oo = (L+1)In(2)

Bspexp (Ysp) BE1 (T5)

()] 39

L
+> Biexp (3, ') By
=1

where El(m) is the exponential integral defined as E;(z) =
[, exp(—t)/tdt [23]. 1t can be readily checked that, for 02, =

qu = 0, (39) reduces to [24, eq. (32)] reported for perfect CSI

e
scenario.

For opportunistic relaying, we have

~ w
COrp —
2

/ Og2 1 =+ Y f Opp( )d’y (40)
0
For this case, we obtain an upper bound as

L L—i+1 L

1)t Z Z

i=1 Ki=1 Ki=K;_1+1

.. xp(&)E (&)

COrp —

— Yspéi eXp(l/'VSD)El(l/'?SD).

41
1 —9sp& “1)

For 0 = 02 - =0, (41) reduces to [25, eq. (24)] reported
for perfect CSI scenario.

V. ADAPTIVE POWER ALLOCATION (APA)

The derived closed-form expressions can be used for system
optimization. In this section, as an example, we consider the
derived error probability expression and obtain the optimal
power distribution rules between the source and the relay nodes
to minimize it.
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A. Conventional Relaying

For conventional relaying, the optimization problem can be
formulated as
min PCon(e).
L
s.t. Es+z E;=Er
i=1

(42)

The power to be allocated to source and relay nodes can be
written in terms of total power as Fs = poEr, E; = p; Er,1 =
1,2,..., L. Using (29), (42) can be rewritten as

L o 3
€0+ €&+ —— + —
( ’ POET> H < poET PiET>

min
L

s.t. ES+E E,=Er

i=1

(43)
where €, €;, ag, and «; are given by
- e, aC(L)
€ = 44)
bt (Elgol? — o2, )
-
67] — bq + 94
E(hP) —o%, | E(giP) —o2,
g = ClNoC(L) (46)
b+t (B (lgol?) - o2, )
a; = No (47)
Gsn, (E(hf?) - o2, )
o (48)

" Grp (E(g:) -02,)

Unfortunately, (43) cannot be solved in a closed form; how-
ever, p;, t = 1,2,..., L can be calculated through numerical
optimization techniques. For perfect channel estimation (i.e.,

or, =02 =0,i=0,...,1L) (43), however, simplifies to
) NL+1 L 1
min .
L bL“pOELJrl H (GSR Po GRiDPi)

st. B4y Ei=FEr
i=1

(49)

Using Lagrange multiplier method, we can obtain optimum
values for p;, i =1,2,..., L as

—GsR,po + \/GQSRiP(Q) +4GRr,pGsr,po/(L +1)
2GR,p

Pi =
(50)

where pg can be computed by solving

Z (Gsm>2p2+ 4 (GsR,-)po
Pt GRlD 0 (L+ 1) GRiD

L a
—2(1—po) —po Y A =0 (51)
= Grop

using any minimization bracketing method [26].
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In Table I, we present the optimal values of p;, i =
0,1,..., L for both perfect and imperfect channel estimation
cases. We assume 4-PSK modulation, o = 2, and IV, = 1 and
consider the following scenarios based on the number of relays
and relay geometry.
l) L= 1, 91 =T, andGSRl/Gng = —30dB.
2) L= 2, 91 =T, 92 = 7T/3, GSRI/GRlD =-30 dB, and
GSRQ/GRzD = 0dB.

3) L= 2, 91 =T, 92 :7'(/3, 193 :TI'/G, GSRl/GRlD =
—-30 dB, GSRQ/GRQD =0 dB, and GSRg/GR3D =
30 dB.

4) iid case: Ggp = Gsgr, = Gr,p =1, and 6, = 7/3,

1=1,2,3.

B. Opportunistic Relaying

For opportunistic relaying, the optimization problem can be
formulated as

min POPP ().

(52)
s.t. Eg +ERsel =ET

The power to be allocated to source and selected relay can
be written in terms of the total power as Eg = pEr and F; =
(1 — p)Er. Using (30), (52) can be rewritten as

L
Q; Bi
i L o ittt .

s.t. Esggsel:ET <60+ ET)H(e +pET+ (1_p)ET)
(53)

The optimal p parameter value can be calculated from equat-
ing OPOPP(e)/dp to zero, which yields

(6 + a0
° 7 pEr
In the case of perfect channel estimation, (54) simplifies to

L
o (1-p)Gr,pE (|g:?)
et l;pGSRiE(|hi|2)+(1_p)GRiDE(|gi‘2)

L Bk? _ 20% a
) (1- P) Er ET o _ 0. (54)

2
el e o p)ET  p2Er

=0.

(55)

Further imposing the assumption of identical channels (i.e.,

E(|g:|?) = E(|hs|?), and Gsp = Gsr, = Gr,p = 1), optimal
p is found as
L+1
iden — 57 . 1 56
Piden = 9717 (56)

Optimal values of p for aforementioned scenarios with per-
fect and imperfect channel estimation can be found in Table II.
From Tables I and II, we observe that power allocation values
slightly vary with SNR for the case of imperfect channel
estimation (as a result of the dependency of channel estimation
error on SNR). On the other hand, they are independent of SNR
in the case of perfect channel estimation.

VI. SIMULATION RESULTS AND DISCUSSION

In this section, we provide numerical results to confirm the
derived analytical expressions. We assume the same system
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TABLE 1
OPTIMAL POWER ALLOCATION VALUES FOR CONVENTIONAL RELAYING. (a) IMPERFECT CHANNEL ESTIMATION.
(b) IMPERFECT CHANNEL ESTIMATION AND I.I1.D CASE. (¢) PERFECT CHANNEL ESTIMATION

()
SNR L=1 L=2 L=3
(dB) Lo, P1 P0os P1, P2 POs P15 P25 P3
0 0.9871-0.0129 0.7209-0.0076-0.2715 0.5564-0.0625-0.0625-0.3186
4 0.9835-0.0165 0.7107-0.0100-0.2793 0.5576-0.0625-0.0625-0.3174
8 0.9809-0.0191 0.7040-0.0119-0.2841 0.6250-0.1250-0.1250-0.1250
12 0.9794-0.0206 0.7006-0.0131-0.2863 0.5002—0.0091-0.2031-0.2876
16 0.9787-0.0213 0.6991-0.0137-0.2872 0.4983-0.0097-0.2038-0.2882
20 0.9784-0.0216 0.6984-0.0140-0.2876 0.4975-0.0099-0.2041-0.2884
24 0.9783-0.0217 0.6982-0.0141-0.2877 0.4972-0.0100-0.2042—-0.2885
28 0.9782-0.0218 0.6981-0.0141-0.2878 0.4971-0.0101-0.2043-0.2886
(b)
SNR L=1 (i.i.d.) L=2 (i.i.d.) L=3 (i.i.d.)
(dB) po; P1 PO; P1, P2 PO, P1, P2, P3
0 0.6558-0.3442 0.5245-0.2378-0.2378 0.4511-0.1830-0.1830-0.1830
4 0.6518-0.3482 0.5196-0.2402—-0.2402 0.4635-0.1793-0.1793-0.1780
8 0.6493-0.3507 0.5162-0.2419-0.2419 0.6250-0.1250-0.1250-0.1250
12 0.6481-0.3519 0.5143-0.2428-0.2428 0.4402-0.1866—0.1866—0.1866
16 0.6475-0.3525 0.5135-0.2432-0.2432 0.4392-0.1869-0.1869-0.1869
20 0.6473-0.3527 0.5132-0.2434-0.2434 0.4388-0.1871-0.1871-0.1871
24 0.6472-0.3528 0.5130-0.2435-0.2435 0.4386-0.1871-0.1871-0.1871
©
=1 L=1 (i.i.d.) L=2 L=2 (ii.d.) L=3 L=3 (i.i.d.)
0.9784 0.6667 0.7357 0.5352 0.5519 0.4606
0.0216 0.3333 0.0153 0.2324 0.0115 0.1798
0.2490 0.2324 0.1868 0.1798
0.2499 0.1798
TABLE 1I
OPTIMAL p VALUES FOR OPPORTUNISTIC RELAYING (L = 1,2, 3). (a) IMPERFECT CHANNEL ESTIMATION. (b) PERFECT CHANNEL ESTIMATION
(@)
SNR L=1 L=2 L=3
(dB) PO, P1 PO P1, P2 PO, P1, P2, P3
0 0.9871-0.0129 0.7209-0.0076-0.2715 0.5564-0.0625-0.0625-0.3186
4 0.9835-0.0165 0.7107-0.0100-0.2793 0.5576-0.0625-0.0625-0.3174
8 0.9809-0.0191 0.7040-0.0119-0.2841 0.6250-0.1250-0.1250-0.1250
12 0.9794-0.0206 0.7006-0.0131-0.2863 0.5002—-0.0091-0.2031-0.2876
16 0.9787-0.0213 0.6991-0.0137-0.2872 0.4983-0.0097—-0.2038-0.2882
20 0.9784-0.0216 0.6984-0.0140-0.2876 0.4975-0.0099-0.2041-0.2884
24 0.9783-0.0217 0.6982-0.0141-0.2877 0.4972-0.0100-0.2042-0.2885
28 0.9782-0.0218 0.6981-0.0141-0.2878 0.4971-0.0101-0.2043-0.2886
(b)
L=1 L=1 (i.i.d.) L=2 L=2 (i.i.d.) L=3 L=3 (i.i.d.)
0.9784 0.6667 0.7493 0.6000 0.5998 0.5714

parameters for non-identical channels considered in Tables I
and II.

In Fig. 2, we present the error probability performance of
conventional relaying for L = 1,2 and 3. In this figure, the
exact error probability (obtained through simulations) is plotted
along with the lower bound given by (27) and the asymptotical
expression by (29). The derived lower bound lies within 0.3 dB
of the exact performance. The asymptotical expression further
provides an excellent match in moderate-high SNR region
(> 15 dB). The performance with perfect CSI is also included
as a benchmark. It is observed that, due to imperfect channel
estimation, the performance is degraded by ~3 dB. However,
the slope of the performance curves and, therefore, the di-
versity order remain the same for both perfect and imper-
fect CSL.

In Fig. 3, we present the error probability performance of
opportunistic relaying for L = 1,2 and 3. In this figure, the
lower bound given by (28) and the asymptotical expression
given by (30) are provided along with the exact (simulated)
expression. Similar to Fig. 2, the lower bound is within
0.3 dB of the exact performance, and the asymptotical expres-
sion provides tight results for SNR higher than 15 dB. We
further observe that the performance is degraded by 3, 4, and
4.7 dB as a result of the imperfect channel estimation.

From the comparison of Figs. 2 and 3, we observe that oppor-
tunistic relaying outperforms conventional relaying, confirming
the earlier reported results for the case of perfect channel
estimation (see, e.g., [27]-[30]). It is also important to empha-
size that imperfect channel estimates affect the opportunistic
relaying more than the conventional relaying. This is due to the
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effect of imperfect channel estimation on both relay selection
and the MRC combining processes in opportunistic relaying.
On the other hand, it has impact only on the MRC combiner in
the case of conventional relaying.

In Fig. 4, we return our attention to outage probability.
Lower bounds on the outage probability for conventional and
opportunistic relaying, respectively, given by (34) and (36),
along with asymptotical expressions given by (35) and (37),
are illustrated, assuming two relays. As expected from the
similarity of corresponding expressions, tightness is similar to
that observed in error probability.

In Fig. 5, we illustrate the upper bounds on ergodic channel
capacity for conventional and opportunistic relaying, assuming
L = 2 and 3. The degradation in the capacity for conventional
relaying due to imperfect channel estimation is 3 dB for both
L = 2 and 3. The degradation in opportunistic relaying climbs
to 4 and 4.9 dB for L =2 and 3, respectively. Despite the
additional degradation, opportunistic relaying outperforms the
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conventional counterpart for the same number of relays. It
should be noted that, in the case of opportunistic relaying, as
L increases, the end-to-end SNR improves, and the average
channel capacity of the opportunistic relaying increases. On
the other hand, in conventional relaying, increasing L has an
opposing factor to SNR improvement, because it uses L + 1
time slots and consequently reduces the channel capacity by
a factor of L + 1. The second factor has the dominant effect,
which degrades the channel capacity performance with increas-
ing number of relays, as observed in Fig. 5.

Finally, in Figs. 6 and 7, we investigate the effect of power
allocation on the error rate performance. For conventional
relaying, it is observed from Fig. 6 that optimized power
allocation provides a performance improvement of 1.15 dB for
L = 1 at error probability of 10~%. The improvement decreases
to 1 and 0.77 dB for L =2 and L = 3, respectively. On the
other hand, for opportunistic relaying, it is observed from Fig. 7
that the performance improvement is 1.15 dB for L = 1. The
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Effect of power allocation on the performance of opportunistic

improvement gets smaller for increasing number of relays. It
should be further emphasized that imperfect channel estimation
reduces the improvement obtained through APA over equal
power allocation (EPA) when compared with the perfect chan-
nel estimation case. For example, assume conventional relaying
and L = 2. For the perfect channel estimation case, APA brings
a gain of 2.5 dB with respect to EPA. When imperfect channel
estimation is considered, this gain reduces to 1 dB. This is due
to the fact that the imperfect estimation reduces the average
received energy at both the relay and the destination nodes, i.e.,
Ysr; and YR, D.

VII. CONCLUSION

In this paper, we have derived error probability, outage
probability, and ergodic channel capacity expressions for a
multirelay AF scheme in the presence of imperfect channel
estimation. Utilizing a tight bound on the effective SNR, we

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 5, JUNE 2011

have derived closed-form expressions for both conventional
and opportunistic relaying. As demonstrated throughout this
paper, our results generalize the existing results in the literature
as to illustrate the effect of channel estimation errors. High-
SNR analysis has also been made to provide insight into the
achievable diversity orders. Derived results have been validated
through extensive Monte Carlo simulation results. We have fur-
ther used the derived error probability expressions to optimize
the power allocation, which yields performance improvements
of about 1 dB.

APPENDIX

In this Appendix, we present the proof of (30). First note
that the nth differentiation of -;’s pdf at zero, (0™ f,, /07™)(0),
has a limited nonzero value. Using the chain rule and the fact
that Pr[; < 0] = 0, it can be shown that the pdf of the random
variable X = max;cr,(y;) can be written as

L—-1
U x LHH

“dpl-1
where fx(x) is the pdf of the random variable X. Further,
note that all the derivatives of the pdf of v.rP, i.e., o0 (),
evaluated at zero up to order L — 1 are zero, and the Lth-order
derivative is given by

(57)

aLf Opp aL—lf
a;ft ( ): f’)’SD(O)Wf(O). (58)

Since we are integrating at the value around zero, the initial
value theorem of Laplace transforms can be used to find (58).
Noting that %(())pp is the sum of two independent random vari-
ables, we have M opp(s) =M, (S)Mx(s), where M, (s)

and Mx (s) are the Laplace transforms of f., (v) and fx(7v),
respectively. Using the initial value theorem, we obtain

aLf,YOpp
gy (0) = lim "M o (s) (59)
On the other hand, we have lim,_.o sMy¢, (s) = fys,(0),
which yields
lim s MX LH f:(0 (60)

To find out the asymptotic behavior of the average error
probability, we use the approximate expression given in [21].
Since the derivatives of f%o;:p () up to the kth order are null
at v = 0, the approximate gverage error probability using the
McLaurin series can be expressed as

k+1
H(Ql—l) 18kf0pp

i=1 Vtot
Ler O~ g a0

(61)

where 9% £ (0)/0~* is the kth-order derivative of the pdf, and
the derivatives of f.(y) up to order k + 1 are zero. Applying
(57) and (61), the approximate error probability can be written
as in (30).
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