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Abstract—In this letter, we investigate the impact of receive
diversity on the error rate performance of a relay-assisted
cooperative scheme in which the relay terminal is operating
in amplify-and-forward (AF) mode under the so-called average
power scaling (APS) and instantaneous power scaling (IPS)
constraints. We assume that the source and relay terminals are
each equipped with one antenna, while the destination terminal
is equipped with N receive antennas. Through the derivation of
symbol error rate expressions, we demonstrate that the maximum
achievable diversity orders under APS and IPS constraints are
N + 1 and 2N, respectively.

Index Terms— Cooperative diversity, amplify-and-forward re- D
laying, error rate performance analysis.
I. INTRODUCTION Fig. 1. Schematic representation of relay-assisted transmission Mith

OOPERATIVE diversity is an effective tool to exploit"ceVe antennas at the destination terminal.

distributed spatial diversity in the wireless networks. The

application of conventional space-time codes for user cooper- _
ation in the form of virtual antennas has recently drawn mudf much larger than the average. In the second constraint, the

attention, see [1], [2], [3] and the references therein. WhifgPectation is carried only over while each realization of
most of these works build upon the assumption that eafir N€eds to be estimated and utilized in the computation
node is equipped with a single antenna, there have been re@mtcaling term. This ensures that the same output power is
information theoretical results which demonstrate the benefif@intained for each realization. We refer the first and second
of multiple antenna deployment [4]. Error rate performandgPnstraints aaverage power scalingAPS) andnstantaneous
analysis of distributed space-time codes with multiple-antenRgWer scalingIPS) constraints, respectively. In this letter, we
nodes are presented in [5], [6] assuming decode-and-forw&[Ve symbol error rate (SER) expressions for AF relaying

(DF) relaying. In this letter, we consider an AF relaying scaVith receive diversity (i.e. destination terminal with multiple

nario where two single-antenna user nodes are communicatfijennas) under these two power constraints and demonstrate
thé maximum achievable diversity orders.

with a destination node equipped witN receive antennas

and investigate the effect of multiple-antenna deployment at

the destination terminal upon the overall performance. For Il. TRANSMISSIONMODEL

AF relaying, we assume two different power constraints [7], We consider the relay-assisted transmission scenario in Fig.

namely8? =1/ E [[rr|?] and33 =1/ E[|rr|?], whererp 1. The source terminal communicates with the relay and
n

is th ved ".vhSRI t the relav terminal g8l denotes th destination terminals during the first signaling interval. In the
is the received signal at the relay terminal andl] denotes the second signaling interval, only the relay communicates with

e>_<pectation operation. In_the first constraint,_t_he expectationtll?e destination terminal. This set-up is named as Protocol Il in
with respect to botm (which models the additive noise term)[l] and originally proposed in [7]. Let the M-PSK modulation

andhsr (which models the fading coefficient in the SOUrCEsignal transmitted by the source terminal during the first time

to-r'ela)'/ link). This ensures tha}t an average output pOWerdgy jenoted ag. The signal received at the relay terminal is
maintained, but allows for the instantaneous output power éﬂ/en as
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In the second time slot, the relay terminal transmits a scaléth, / No. Under these assumptions, we haye ~ 1 and

version of its received signailz ;. The received signal at theyg .z ., = (Erp/No) |hSR|2 Zizil \h"RD\Q. Relying on
i*" receive antenna is, therefore, given by previous results reported in [8] for the SER performance of
coherent M-PSK, we can write
"o = VErphrpBirR1 +nhoi=1,2,...N (3) (M—1)m/M
1
where the scaling term;, j = 1,2, is P=— Pyp (=5)]_ cin? (/1) 49
sin< 6
0
, | 1/(Esr+No), for APS where @, (—s) = &, (—s)®,__(—s) is the mo-
i) 1 (ESR hsr|? +N0) for TIPS ment generating function (MGF) ofy. The MGF of75_>D

can be readily found a®,  (—s) = (1 + sEsp/No) ™
In the abovenp i, nD 1» andn, , are the independent[8]. The MGF ofWSHRHD can be evaluated as [9]
samples of a zero-mean complex Gaussian random variable

with varianceN, /2 per dimension, which model the additive

noise term.Egrp, Esp, and Egr represent the average e np (8) :/le(zl)‘bzz(szl)dzl )
energies available at the destination and relay terminals, taking

into account for possibly different path loss and shadowmghere we deflneys_,R_,D = Z1Z5 in terms of Z; =

effects in relay-to-destinationR — D), source-to-destination Z |h D| and Z, = |h5R\ Esp/Noy. Here, Z; is a chi-
(S — D) and source-to-relayy(— R) links. h%,,, hi,, and squared random variable withV degrees of freedom [10],
r denote the complex fading coefficients ovBr — D, and Z, has the MGF® 4, (sz,) = 1/ (1 — z18Esp/No) [8].
S — D, andS — R links, respectively. They are modeledThis leads to
as independent and identically distributed (i.i.d) complex
Gaussian random variables with variarté per dimension oo N 1
. . . 1 Z1
leading to the well-known Rayleigh channel assumption. Un- D, (—s) = / dzy  (8)
der APS power constraint assumption, we can rewrite (3) after SoRmP LNy 1+ leESD/No
normalization as in [1]

wherel'(-) denotes the gamma function [11]. Using the results
i - i in [11, p.338, 3.353.5] to solve the resulting integral, we obtain
= VvV Erphsrh 4 . o . -
"D,2 V'V ERDISRARDT + 1 @) the final SER expression in the form of a single finite-range
wheren is a zero-mean complex Gaussian random variatilgtegral as
with varianceN, /2 per dimension and’ is defined as
(M—=1)m/M

)i = Esr/No 6 P=% [
1+ Esr/No + |hip|” Erp/No N02 . N1 s )
Under IPS constraint, the received signal preserves the same <(_1) e T0.0)- £, 0 J) a0
form as in (4) wherey’ is now given as (1+3)"1
yt = 5 Esr/No — (6) whereI'(-,-) denotes the incomplete gamma function [11] and
1+ |hsg|” Esr/No + |gp|” Erp/No ¢ = sin® @ (sin® (7/M) ESD/NO)_1
To have further insight into the SER performance, we upper
1. DERIVATION OF SER EXPRESSIONS bound (9) by replacing with /2 to yield Chernoff bound
The destination terminal collects the received signals ovas
the first and second time slots with a maximum ratio
combiner (MRC). For fixed channel realizations, the in- K (M—1) 1 1
stantaneous SNR at the MRC outputj@ = YsoD + P < M (1+ESD/2N0)N Esp /2N, (10)

Y$—Rr—D, Where ys_,p = (ESD/NO i1 | R \ and
v$—r—p = (Erp/No) Siv 1 ¥ |hsrl* |h D| represent the
instantaneous SNRs i§ — D and S — R — D links,

respectively. In the following, we present SER derivations

where K is defined as in (11). For asymptotically high
Esp /Ny, we obtain

under APS and IPS constraints: o M1y (0, ESD/2N0) ( ) w2
) - M-1T(N-1) (ESD) N >1
A. SER under APS constraint M " T(N) 2No )

Due to the presence ¢h"RD\2 term in (5), the derivation of  Evidently, (12) reveals that the diversity order for AF
SER becomes analytically difficult unless some assumptioredaying under APS constraint i§ + 1 and that full diversity
are imposed on the SNR in the underlying links. In thé.e. 2N) can not be exploited. This demonstrates that the
following, we assume perfect power control whefe— D smaller of the diversity orders experienced Sh— R and
and R — D, links are balancedErp /Ny = Esp/No, and R — D links becomes the performance bottleneck for the
sufficiently large SNR for theS — R link, i.e. Esg/Ny > relaying path under this constraint.
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ﬁ 1
eEsp/ UF(O,m),N::l
K= —(N-1) 1 N-—1 —(N—1—7) (12)
-1 N-2(FE For/aNG 1 . E
T(N) ((1) (ﬁ) eEsD/ZNoF (0, ESD/2N0> - ng (j - 1)‘ (7 2]%[15) ,N > 1
10° crerei2s ‘ i,e. S — D and R — D links are balanced. This can be
' A achieved through power control. As for th¢ — R link,
. +fg’35(§qN:22)) we assumeFsr /Ny = 35dB. Fig. 2 illustrates the simulated
o —— APS (N=3)| | SER performance foivV = 1,2,3 receive antennas. For all
S—IPS (N=3) considered cases, derived SER expressions, i.e. (9) and (13)
1072 perfectly match with the simulation results and are omitted
x here for the sake of illustration. It is observed from Fig. 2 that
2 the diversity orders for the single-antenna case under both APS
0 and IPS constraints are equal 20 AF-IPS still outperforms
i AF-APS confirming our earlier analytical observations. For
107 N = 2 and 3, AF-IPS achieves diversity orders df and
6, exploiting the available full diversity (i.e2N) in the
underlying channels as predicted by (14). On the other hand,
0 5 10 15 20 AF-APS is able to exploit only a partial diversity, achieving
SNRsp (98] diversity orders oft and4 for N = 2 and3, respectively. This
Fig. 2. SER performance of relay-assisted transmission With, and 3 partial diversity is equal t&V + 1 as predicted by (12).

receive antennas.
V. CONCLUSIONS

We have derived SER expressions for AF relaying under

B. SER under IPS constraint
- . . . the so-called APS and IPS constraints and investigated the
Under the similar SNR assumptions imposed in the pre- . . .
. : . 9 Impact of receive diversity on the error rate performance. Our
vious section, (6) reduces t¢° =~ 1/|hggr|* which results

. N 1, 2 . . analysis reveals out that the diversity order of AF-APS over
N ¥s—r-p = (Erp/No) 2iy ‘hRf?‘ - Following similar o relaying path is governed by the link which has smaller
steps to above, we can obtain the final SER expression asdiversity order. This results in an overall diversity order of
N + 1 for the considered cooperative scenario. For the same
scenario, AF-IPS is able to exploit the full available diversity
and, therefore, outperforms AF-APS.

(M—1)n/M
1
Pt <1+
m
0

Replacingd by 7/2 and assuming higitsp /Ny >> 1, we
obtain an upper bound on SER as

M—1[(Esp\ 2N
M 2Ny
which demonstrates that the diversity order of AF relaying3l

under IPS constraint BN. This is also equal to the maximum
diversity available for the considered scenario.

—2N

sm2(7r/M)ESD) o (13)

sin® 0 Ny
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