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Abstract—In this paper, we propose a new cooperative com-
munication protocol, which achieves higher bandwidth efficiency
while guaranteeing the same diversity order as that of the con-
ventional cooperative schemes. The proposed scheme considers
relay selection via the available partial channel state information
(CSI) at the source and the relays. In particular, we discuss
the multi-node decode-and-forward cooperative scenarios, where
arbitrary N relays are available. The source determines when
it needs to cooperate with one relay only, and which relay to
cooperate with in case of cooperation, i.e., “When to cooperate?”
and “Whom to cooperate with?”. An optimal relay is the one
which has the maximum instantaneous scaled harmonic mean
function of its source-relay and relay-destination channel gains.
For the symmetric scenario, we derive an approximate expression
of the bandwidth efficiency and obtain an upper bound on the
symbol error rate (SER) performance. We show that full diversity
is guaranteed and that a significant increase of the bandwidth
efficiency is achieved. Moreover, we present the tradeoff between
the achievable bandwidth efficiency and the corresponding SER.
Finally, the obtained analytical results are verified through
computer simulations.

Index Terms—Cooperative diversity, decode-and-forward co-
operative protocol, multi-node wireless relay networks, optimal
relay selection.

|. INTRODUCTION

ULTIPATH fading is one of the major obstacles for the
next generation wireless networks, which require high
bandwidth efficiency services. Time, frequency, and spatial
diversity techniques are used to mitigate the fading phe-
nomenon. Recently, cooperative communications for wireless
networks have gained much interest due to its ability to
mitigate fading in wireless networks through achieving spatial
diversity, while resolving the difficulties of installing multiple
antennas on small communication terminals. In cooperative
communication, a number of relay nodes are assigned to help
a source in forwarding its information to its destination, hence
forming a virtual antenna array.
Various cooperative diversity protocols were proposed and
analyzed in [1]-[12]. In [2], Laneman et al. described various
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techniques of cooperative communication, such as decode-
and-forward, amplify-and-forward, selection relaying, and in-
cremental relaying. It was shown that the first two schemes
achieve bandwidth efficiency equal to 1/2 symbols per channel
use (SPCU), while the other two schemes achieve higher
bandwidth efficiency. In [3], a distributed space-time coded
(STC) cooperative scheme was proposed, where the relays
decode the received symbols from the source and utilize a
distributed space-time code. Su et al. derived symbol error rate
(SER) for single-relay decode-and-forward and amplify-and-
forward cooperative techniques in [4] and [5], respectively. In
[6], Sadek et al. provided SER performance analysis for the
decode-and-forward multi-node schemes.

There are various protocols proposed to choose the best
relay among a collection of available relays in the literature. In
[7], the authors proposed to choose the best relay depending on
its geographic position, based on the geographic random for-
warding (GeRaF) protocol proposed in [8] and [9]. In GeRaF,
the source broadcasts its data to a collection of nodes and the
node that is closest to the destination is chosen in a distributed
manner to forward the source’s data to the destination. In [10],
the authors considered a best-select relay scheme in which
only the relay, which has received the transmitted data from
the source correctly and has the highest mean signal-to-noise
ratio (SNR) to the destination node, is chosen to forward the
source’s data. In [11], a relay-selection scheme for single-
relay decode-and-forward cooperative systems was proposed.
In this scheme, the source decides whether to employ the
relay in forwarding its information or not, depending on the
instantaneous values of the source-destination and source-relay
channels gain.

In this paper, we propose a cooperative protocol based on
relay-selection technique using the availability of the partial
channel state information (CSI) at the source and the relays.
Partial CSI expresses the instantaneous channel gain without
the phase component. The main objective of this scheme is
to achieve higher bandwidth efficiency while guaranteeing the
same diversity order as that of the conventional cooperative
scheme. We consider a multi-relay scenario, where arbitrary
N relays are available and we address two main questions:
“When to cooperate?” and “Whom to cooperate with?”’. The
rationale behind this protocol is that there is no need for the
relay to forward the source’s information if the direct link,
between the source and destination, is of high quality. In
addition, the source picks only one relay to cooperate with
in case it needs help. This optimal relay is the one which
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has the maximum instantaneous value of the relay’s metric,
which is a modified version of the harmonic mean function
of its source-relay and relay-destination instantaneous channel
gains, among the N relays.

The source decides when to cooperate by taking the ratio
between the source-destination channel gain and the optimal
relay’s metric and comparing it to a threshold, which is
referred to as cooperation threshold. If this ratio is greater
than or equal to the cooperation threshold, then the source
sends its information to the destination directly without the
need for any relay. Otherwise, the source employs the optimal
relay in forwarding its information to the destination as in the
conventional cooperative scheme. For the symmetric scenario,
we provide an approximate expression of the bandwidth ef-
ficiency and an upper bound on the SER performance. In
addition, we prove that full diversity order is guaranteed and
obtain the optimum power allocation which minimizes the
SER performance. Finally, we provide tradeoff curves between
the bandwidth efficiency and the SER, which are utilized to
determine the cooperation threshold.

The rest of this paper is organized as follows. In Sec-
tion 1, we introduce the conventional decode-and-forward
cooperative scenario, which leads to the motivation behind
choosing an appropriate metric to indicate the relay’s ability to
help. Furthermore, we introduce the multi-node relay-selection
decode-and-forward cooperative scenario. In Section Ill, the
performance analysis of the proposed scheme is presented
with formulas for the approximate bandwidth efficiency and
the SER upper bound. Section IV presents a solution to
the optimum power allocation problem. Moreover, band-
width efficiency-SER tradeoff curves for different SNR are
also shown in this Section. We present some simulation results
in Section V, which verify the analytical results. Finally,
Section VI concludes the paper.

Il. MOTIVATION AND PROPOSED RELAY-SELECTION
PrRoTOCOL

In this section, we present the system model of the conven-
tional single-relay decode-and-forward cooperative scenario
along with the SER results obtained in [4]. This helps in
illustrating the motivation behind choosing a modified har-
monic mean function of the source-relay and relay-destination
channels gain as an appropriate metric to represent the re-
lay’s ability to help the source. Finally, we introduce the
proposed multi-node relay-selection decode-and-forward co-
operative scenario.

A. Conventional Single-Relay Decode-and-Forward Coopera-
tive Scenario

The communication system of a conventional single-relay
decode-and-forward cooperative scheme is shown in Fig. 1.
It consists of a source, s, its destination, d, and a relay, r.
The transmission protocol requires two consecutive phases
as follows. In the first phase, the source broadcasts its
information to the relay and the destination. The received
symbols at the destination and relay ¢an be modeled as
Ysd = P1hsg X+nsg andysr = P1hgr X+ Nsr,
where P; is the source transmitted power, X is the transmitted
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Fig. 1. Single-relay cooperative communication system.

information symbol, and nsgq and ns, are additive noises.
Also, hs 4 and hg r are the source-destination and source-relay
channel gains, respectively.

The relay decides whether to forward the received informa-
tion or not according to the quality of the received signal. If the
relay decodes the received symbol correctly, then it forwards
the decoded symbol to the destination in the second phase,
otherwise it remains idle. The received symbol at the destina-
tion from the relay is written as yr g = E’z hrg X +Nrd,
where P, = P, if the relay decodes the symbol correctly,
otherwise P, = 0, n.q is an additive noise, and h, 4 is the
relay-destination channel coefficient. The destination applies
maximal-ratio combining (MRC) [13] for the received signals
from the source and the relay. Thy output of the MRC can

be written as y = P,l\,:s'd Ys.d + P,i,ohr'd Yr,d - The channel
coefficients hs g, hsr, and hy g4 are modeled as zero-mean
complex Gaussian random variables with variances 82 4, 83 ,
and 63,(,, respectively. The noise terms ns g, Ns,r, and Nrq are
modeled as zero-mean complex Gaussian random variables
with variance Ng.

It has been shown in [4] that the SER for M-PSK signalling

can be upper bounded as
Ng A? P, 6|%d +BP; 6§r

Pr(e) < 1)

b2 PPP202 02, 82y
where b = sin?(n/M),
M-—Dm .
1 ) M—1 sin(3)
A=Z 20.do = + M
m o s 2M 4
and
B =
1 g SM =D sinGGh)  sinG)
m o T 8M 4am 2n
)

Moreover, it was shown in [4] that the SER upper bound in
(1) is tight at high enough SNR.

B. Relay-Selection Criterion

In this subsection, we introduce a relay-selection criterion
from the SER expression in (1). Lety N% denote the signal-
to-noise ratio (SNR), where P = P; + P5 is the total power.
Hence, (1) can be written as

Pr(e)<(CGy)™, ®3)
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where CG denotes the coding gain and it is equal to

CG= 1282, _ % 4)
907y + 02 02,
where ,
Q1=%, Q2=%, ®)
and r % is referred to as power ratio. The diversity order is

defined as d = — limsnr— o 10g(P r(e))/ log(SNR). So, in
(3) the tight SER upper bound expression has diversity order
2. Hence, the actual SER of the system has diversity order 2
as well. Generally, diversity of order K means that there are
K independent paths from the source to the destination.

We note that maximizing the coding gain in (4) results in
minimizing the SER in (3). By in\éestigating the CG in (4),
we can see that the term m qlﬁé% is the only term
that depends on the relay channels (source-relay and relay-
destination). Thus, if N relays are available and we need to
choose one relay only, we will choose the relay with maximum
m. By doing so, the multi-relay scheme becomes a single-relay
scheme that uses the best relay during the whole transmission
time, because the metric m depends on the average channel
gains. Thus, the SER of this scheme is upper bounded as in
(3). In other words, this scheme achieves diversity order 2 and
not N + 1 as we aim to achieve.

The main reason for this system not to achieve full diversity
order is that one relay is chosen at the beginning of the
transmission and it is used until the end of the transmission. If
we can have the chance to choose the best relay at each time
instant and utilize that relay only, then full diversity order can
be achieved. Intuitively, this can be explained as follows. In
order for the transmitted data to be lost, the direct path and
the best-relay path have to be in deep fade. Consequently, all
the other N — 1 relay-dependent paths have to be in deep fade
as the best-relay path is in deep fade. Thus a total of N + 1
paths must be in deep fade to lose the transmitted signal. This
corresponds to full diversity of order N +1 as explained above.

Since the average metric m cannot achieve the full diversity
order, we propose to replace the source-relay and relay-
destination channel gains by their corresponding instantaneous
channel gains, i.e., 83, and 82, are replaced by |hs|?
and |hyq|?, respectively. By doing so, we are combining
what we have concluded from the single-relay SER (i.e.,
the relay average metric m) along with the instantaneous
information that can achieve full diversity order if utilized
properly. Thusz, the ir;stantaneous relay metric can be written as
m = % Finally, the metric m is scaled to be
in a standard harmonic mean function as 2 q; g, m . Therefore,
we propose the relay’s metric B, which is given by

201 G2 Bs.r Bra
02 Br,d + 02 Bs,r ’

where Bs.r = |hs.r|? Br.a = |hr.al? and py (., .) denotes the
standard harmonic mean function. The relay’s metric B (6)
gives an instantaneous indication about the relay’s ability to
cooperate with the source.

Bm = MH (U1 Br.d, 02 Bs,r) (6)
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Fig. 2.

Multi-node cooperative communication system.

C. Proposed Relay-Selection Protocol

The communication system of a conventional multi-node
decode-and-forward cooperative scheme is shown in Fig. 2.
The conventional multi-node decode-and-forward scheme is
implemented in N + 1 time slots (phases) as follows. In the
first phase, the source broadcasts its data, which is received
by the destination as well as the N relays. The first relay
decodes what it has received from the source and checks if
it has received the data correctly. If it has received the data
correctly, it re-encodes the data to be broadcasted in the second
phase. Otherwise, it remains idle. Generally in the i-th phase,
the (i — 1)-th relay combines the signals coming from all the
previous relays and the source, re-transmits the data if it has
decoded correctly, and remains idle otherwise. Based on that
model, N + 1 time slots are needed to send 1 symbol. Thus,
the bandwidth efficiency is 1/(N + 1) symbols per channel
use (SPCU).

The basic idea of the proposed multi-node relay-selection
cooperative scenario depends on selecting one relay among the
N relays to cooperate with the source, if it needs cooperation.
There are two main questions to be answered. The first
question is how to determine the optimal relay to cooperate
with, in case of cooperation. The answer comes from the
motivation described earlier. The modified harmonic mean
function of the source-relay and relay-destination channel
gains is an appropriate measure on how much help a relay
can offer. Thus, the optimal relay is the relay with the
maximum modified harmonic mean function of its source-
relay and relay-destination channel gains among all the N
relays. With this optimal relay being decided, the system
consists of the source, the destination, and the optimal relay,
which is similar to the single-relay system shown in Fig. 1.
The second question is how the source determines whether
to cooperate with this optimal relay or not, and its answer
is explained in the sequel while explaining the transmission
protocol.

Let the metric for each relay be defined as the modified har-
monic mean function of its source-relay and relay-destination
channel gains as

Bi = U1 (A1 Bry.ds A2 Bs,ry)
201 G2 Brid Bs,ry .
= 22>t fori=1,2,---,N. 7
g Bri,d + 02 Bs,ri ( )

Consequently the optimum relay will have a metric, which is
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equal to

Bmax = max{ B1,B2,....Bn }. (8)

The transmission protocol can be described as follows. In
the first phase, the source computes the ratio Bs g¢/Bmax and
compares it to the cooperation threshold a. If BBS“ = q,
then the source decides to use direct transmission only. This
mode is referred to as the direct-transmission mode. Let
0 = { Bs,d = O Bmax } be the event of direct transmission.
The received symbol at the destination can then be modeled
as

yeg= P hsaX+nsa, 9)

where P is the total transmitted power, x is the transmitted
symbol with unit average energy, hs q is the source-destination
channel coefficient, and ns,q is an additive noise.

On the other hand, if % < q, then the source em-
ploys the optimal relay r to transmit its information as in
the conventional single-relay decode-and-forward cooperative
protocol [4]. This mode is denoted by relay-cooperation mode
and can be described as follows. In the first phase, the
source broadcasts its symbol to both the optimal relay and
the destination. The received symbols at the destination and
the optimal relay can be modeled as

y;pcd = Pi1hsgX+nsd, Yffcr = P1hgr X+ns,yr, (10)
respectively, where P+ is the source transmitted power, hg , is
the source-relay channel coefficient, ns  is an additive noise,
and @° denotes the complement of the event ¢. The optimal re-
lay decodes the received symbol and re-transmits the decoded
symbol if correctly decoded in the second phase, otherwise it
remains idle. The received symbol at the destination is written

as

yoy = PahrgXx+nra, (11)
where P> = P if the relay decodes the symbol correctly,
otherwise P, = 0, hrq is the relay-destination channel

coefficient, and nr g is an additive noise. Power is distributed
between the source and the optimal relay subject to the
power constraint P; + P, = P. We note that the optimal
relay decides whether to forward the received information
or not according to the quality of the received signal. For
mathematical tractability, we assume that the relay can tell
whether the information is decoded correctly or not.

We assume that the channels are reciprocal as in the Time
Division Duplex (TDD) mode, hence each relay knows its
source-relay and relay-destination channel gains and calculates
their harmonic mean function. Then, each relay sends this met-
ric to the source through a feedback channel. Furthermore, we
assume that the source knows its source-destination channel
gain. Thus, the source uses its source-destination channel gain
and the maximum metric of the relays, to determine whether to
cooperate with one relay only or not. Finally, the source sends
a control signal to the destination and the relays to indicate its
decision and the optimal relay it is going to cooperate with,
in case of cooperation. This procedure is repeated every time

Lpractically, this can be done at the relay by applying a simple SNR thresh-
old on the received data. Although, it can lead to some error propagation, but
for practical ranges of operating SNR, the event of error propagation can be
assumed negligible.
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the channel gains vary. We assume that the channel gains vary
slowly so that the overhead resulting from sending the relays’
metrics is negligible. We should note here that the source and
the relays are not required to know the phase information
of their channels. Hence, only partial CSl is needed for this
proposed algorithm.

Flat quasi-static fading channels are considered, hence the
channel coefficients are assumed to be constant during a
complete frame, and can vary from a frame to another inde-
pendently. Rayleigh fading channel model is considered for the
channel between each two nodes. Let h; j be a generic channel
coefficient representing the channel between any two nodes.
hi j is modeled as zero-mean complex Gaussian random vari-
ables with variance 62 Thus, the channel gain |h; ;| is mod-
eled a Rayleigh random variable. Furthermore the channel gain
squared |h; |2 is modeled as an exponential random variable
with mean &7;, i.e., p(lhij1?) = 1/87; exp(—|hi j|*/8%;) is
the probability density function (PDF) of [hij|?. The noise
terms, ns d, Ns.r, and Ny g, are modeled as zero-mean, complex
Gaussian random variables with equal variance Np.

I1l. PERFORMANCE ANALYSIS

In this section, first we calculate the probability of the
direct-transmission and relay-cooperation modes for the multi-
node relay-selection decode-and-forward cooperative scenario.
Then, they are used to obtain an approximate expression of
the bandwidth efficiency and an upper bound on the SER
performance.

A. Average Bandwidth Efficiency Analysis

We derive the average achievable bandwidth efficiency as
follows. The cumulative distribution function (CDF) of (3; for

i=1,2,---,N, denoted by Pg;(.), can be written as given
in [14] as
P B) = 1- o exp(- 2By Ku(Eh), (12)
tl,l 2 tl,l
where tii = G102 83, OF, 4 t2i = gz 61§ R 51 -, and

K1(x) is first-order modified Bessel functions of the second
kind, defined in [[16], (9.6.22)]. The CDF of Bmax Can be
written as

N
PBmax(B) =Pr(B1=p,

SBn=B)= Pp(B). (13)

i=1

and the PDF of Bmax is written as

_ 0P (B)
Plrac(B) = T
N N to;
= ® 1-oxp(-51B)
j=1 i=1,i=j

(14)
where pg; (.) is the PDF of 3;. In (14), we approximated Ky (.)
as given in [[16], (9.6.9)] by

1

KiG) =7 . (15)
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B t B, "
Ponex(B) = 1= exp(—2 B) Ka(3)
1 1
B 2 By "
and Ppa®) = N 1= exp(—2 B Ki()  Pan () (16)
1 1
Bm 2 Bm Bm
Pon (Bm) = 55 &P Bm) 1L Ki() +2Ko(™) U (Bm) (17)
1
PI@ = Pr(Bao=aBrad =  Pana(P20) o, (Bea) 0B
N oo n
1 t n Bs.a
— N —1 n___ - n (= 2 K s, d .
nzo(n )( ) (th)négyd BS,d eXp (6§’d ) BS d l( ) BS,d
N 2a
— N —1 n 18
O el e o (18)
The expression in (14) is complex. For mathematical o
simplicity, we consider the symmetric scenario where all 0. o
the relays have the same source-relay and relay-destination 4 o o
channel variances, i.e., 83, = 03, and 8Z 4 = 082, for o6 Vv & o o
. — . A o o
|=12 ,N. Lett; = q1q265r6§dandt2=ﬁ+ “U;Q v v é A A Z :
R 5 . The CDF and PDF of Bmax can be written as shown é V v VvV v
in the two statements of (16), respectively, where pg,,. (.) is the E 04} O Simulation
PDF of B (6) and it is given by (17). The probability of the g o O Analytical (No overhead)
direct-transmission mode can be obtained as shown in (18), 2 %3 = Q"a:ygca: (g"efgeaj tf;g)
where we approximated Ky (.) as in (15) and Bs g is an expo- ool M Py Z cgi\yelr::or(walvf/r(;fﬁ -
nential random variable with parameter 1/382 ;. The probability ' o °
of the relay-cooperation mode is P r(@®) = 1 P r(g). Since oal ¢ o Py
the bandwidth efficiency of the direct-transmission mode is 1
SPCU, and that of the relay-cooperation mode is 1/2 SPCU, 0 i i i i i i i i
1 2 3 4 5 6 7 8 9 10

thus the average bandwidth efficiency can be written as

R (19)

Pr(®)+ 3 Pr(e"),

which results in the following theorem.

Theorem 1: The bandwidth efficiency of the multi-node
relay-selection decode-and-forward symmetric cooperative
scenario, employing N relays, is approximated as shown in
(20).

Fig. 3 depicts the bandwidth efficiency of the relay-selection
assuming o = 1 and r = 0.5 and the conventional cooperative
schemes for different number of relays and unity channel
variances. It is clear that the bandwidth efficiency decreases
down to 0.5 as N increases, because the probability of the
direct-transmission mode decreases down to 0 as N goes to
co. Intuitively, increasing the number of relays increases the
probability of having the optimal relay’s metric higher than
the source-destination channel gain. Furthermore, we plot the
simulated bandwidth efficiency results for the proposed relay
selection algorithm. Also, we plot the bandwidth efficiency of
the conventional cooperative scheme, Reony = ﬁ SPCU,
to show the significant increase in the bandwidth efficiency
of the proposed relay-selection cooperative scenario over the

Number of relays, N

Fig. 3. Bandwidth efficiency dependence on the number of relays with QPSK
modulation and unity channel variances, a =1, and r = 0.5.

conventional cooperative scheme.

In the sequel, we address the system overhead issue. Partic-
ularly, we compute the bandwidth efficiency of the proposed
scheme taking into consideration the overhead. We assume
slow fading channels, where the channels are constant during
a transmission block (channel coherence time) and may vary
from a block to another. For moderate to high data rate
the block length L, measured in terms of the number of
transmitted data symbols during the channel coherence time,
can be relatively large. We assume that the feedback channel is
an orthogonal channel. Each relay sends a quantized version of
the harmonic mean function to the source. For simplicity, we
assume that it uses the same modulation order (M-PSK) as that
of the original data. For slowly varying channels, we expect
that the change in each relay’s metric will be relatively small
across each two consecutive blocks. In this case, it is more
reasonable to modulate the difference in the relays’ metrics
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1 2a
R=>. 1+ (ME)" - SPCU . (20)
2 n=o 20+ —Blsgfr + m, réZqn
rather than the absolute values. This helps in having a small Lemma 1: For any X, y, and N
quantization error and the performance can be very close to the N N
one without quantization. Thus, the overhead for each block is N (q)n 1 _  (N)y _ 22)
N + 1 symbols, where N symbols are transmitted from the N h=0 ; Xx+ny E:o(x +ny)

relays and the last symbol is sent from the source to indicate
whether to cooperate or not and which relay to cooperate with
in case of cooperation.

Taking the overhead into consideration the bandwidth effi-
ciency, given previously in (19), can be recalculated as

Roverhead

L

=T NTD Pr(e%), (21)

L
Pro+ s+
where Pr(g) is the direct transmission probability. Fig. 3
depicts the effect of the overhead on the bandwidth efficiency
for different block lengths. For moderate block length, L = 25,
and N = 3 relays the bandwidth efficiency is 0.56, while it is
1/3 for the conventional scheme. Hence, an increase of 68%
is achieved by our proposed algorithm.

An alternative protocol to send the feedback information
can be explained as follows. As we mentioned, we assume
slow fading channel that can be statistically modeled. For
instance, we assume that the channel follows Jakes Rayleigh
fading model. The Jakes tap gain process is stationary and
can be modeled as an auto-regressive (AR) model. Thus,
each relay can send the AR coefficients representing its relay-
destination channels to the source. The source utilizes these
parameters to predict the relay-destination channel for each
relay. Obviously, these AR coefficients are sent at the start
of the transmission. This reduces the overhead significantly
compared to the scheme explained above. In order to reduce
the prediction error, each relay updates the source with its
current instantaneous relay-destination channel with a period
that lasts for a certain number of transmission blocks that
depends on how slow the channel varies. The source can
estimate its source-relay channel with each relay with no extra
cost as follows. In the conventional scheme, it is assumed that
each relay broadcasts a pilot signal so that the destination
can estimate the relay-destination channel. The destination
utilizes the estimated relay-destination channel in order to
decode the signal received from each relay. So, the source
can make use of these pilots too to estimate its source-relay
channels. Then, the source computes all the relays metrics
based on the estimated source-relay channels and the predicted
relay-destination channels. It determines the optimal relay and
decides whether to cooperate with it or not based on its source-
destination channel gain.

B. SER Analysis and Upper Bound

In order to prove full diversity order for our proposed
scheme, we make use of the following lemma.

Proof of Lemma 1 is given in the Appendix.
The probability of symbol error, or SER, is defined as

Pr(e) =Pr(e/e)-Pr(o) +Pr(e/¢%) -Pr(e®, (23)

where Pr(e/@) - Pr(g) represents the SER of the direct-
transmission mode and P r(e/@°)-P r(¢@°) represents the relay-
cooperation mode SER. The SER of the direct-transmission
mode can be calculated as follows. First, the instantaneous
direct-transmission SNR is y® = P,\':f—z"‘. The conditional
direct-transmission SER can be written, as given in [17], as

(M—1)Tt

Pr(e/e,Bsq) = W(y®) =

b [
exp(—sir:’2 2) 0, (24)

=N

where b = sin?(n/M). Thus, the SER of the direct-
transmission is calculated as

Pr(e/o) Pr(o)
= o Pr(e/o,Bs.a) Pr(¢/Bsa) - PBs.a (Bs,d) dBs,d

N 324N bP

t
Ny/__1\n
(DR L+ 20 No sin28

l

84 . (25

n=0

where we applied the approximation in (15) and F; x(8) =

(M—1)1t

1 1
T o0 xie) dé. ] . ] o
For the relay-cooperation mode, maximal-ratio combining

(MRC) [13] is applied at the destination. The output of the
MRC [13] can be written as

v__ -
(pc _ Pl hS,d (PC P2 hl’,d

y - NO ys’d + NO
and the instantaneous SNR of the MRC output is given by
yo© = PIB%OPZB“‘. Taking into account the two scenarios
of I52 = 0 and I52 = P,, the conditional SER of the relay-
cooperation mode is given, as in [4], as shown in (27).

Let Pr(A/¢°Bsa,BsrBra) = W*)W(EEe)
and Pr(B/¢%B) = W(y?®). Since the value of

Pr(A/@°, Bs,d: Bs,r: Bra) can be expressed as shown in
(28), thus,

Pr(A/¢°) Pr(e%)

(o]

¢
yr,d g

(26)

= . Pr(A/¢%,B) Pr(e°/B) ps(B) dB , (29)
where B [Bs,a, Bs,r, Br.al- Furthermore,
P r((pC/E) =P r(Bs,d < GBmax/Bs,d: Bs,r: Br,d)
= U(aBmax = Bs,a) (30)
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P
P r(e/0°, B B Brc) = WY i WOREE) + WPl cp, 1= WA 27)
Pr(A/¢%, Bs.a, Bs.r, Bra) = 1 (M“_Amex —LB exp — b P Bra dO
@, Ps,ds Ps,r» Pr,d T 6,0 p No sin291 s,d P N sin291 r.d 1
(M—1)1t
1 M b P
x = e - do, , 28
T =0 P No sin? 65 Bs.r d: (28)
1 (M’\—/Il)n (M'\—Al)n
Pr(A/¢°) Pr(e®) = — exp —P1C(01)Bsa exp — P2 C(01) Br.a
BT e8:=0 82=0
x exp —P1C(62) Bs,r U(ABmax = Ps,a) Pp(PB) db2 dby dB (31)

where U(.) is the unit step function. Substituting (28) and

(30) into (29), we get (31), where C(8) = m_e Since
Bs,d» Bs,r» and By g are statistically independent thus
PE(B) = Pps.a(Bs.a) Pes.r (Bs.r) Pp,.o (Br.a)
= Pps.a(Bs.a) PE(B) (32)

where E [Bs,rs» Br.al- Integrating (31) with respect to Bs 4,
we get (33).

It is difficult to get an exact expression of (33) for Bmax
defined in (8). Thus, we obtain an upper bound via a worst-
case scenario. We replace Bs,r and Brg in (33) by their worst-
cast values in terms of Bmax. Then, we average (33) over
Brmax OlY. Since Bmax = ki1 (0 Br., G Bsr). We can write

_ 1
Bmax = 7o Vo B . Then, we replace Bs,r and Br g
—_ Bmax and

by their worst values in terms of Bmax as Bs.r
Bra — Bmax Thys, (33) can be upper bounded as shown
in (34), where Mg,,.,.(.) is the moment generation function
(MGF) of Bmax and it can be approximated as

N-1

M (V) =N 77

n=0

where we have applied (15) and Mg, (.) is the MGF of Bpm.
It was shown in [14] that for two independent exponential
random variables with parameters A; and Ay, the MGF of
their harmonic mean function is written as shown in (36),
where Epg,,(.) represents the statistical average with respect
to Bm and 2F1(.,.;.;.) is the Gauss’ hypergeometric function
defined in [[16], (15.1.1)]. Following similar steps as done in
(28)-(34), we get (37).

The unconditional SER of the relay-cooperation mode can
be written from (27) as

Pr(e/¢%) Pr(¢°)

=Pr(A/¢°) Pr(¢)|s,— —

+Pr(B/¢°) Pr(9°)|s,=p, -
Since Pr(A/¢°) Pr(¢°)|s,—p, in (33) is a positive value,

therefore an upper bound on the SER of the relay-cooperation
mode can be obtained by removing this term from (38).

nt

(=1" Mg..(y + 57) . (35)

Pr(A/¢%) Pr(¢%)ls,—p,
(38)

Moreover, we can remove the subtracted terms in (34) and
(37). Therefore, an upper bound on the total SER can be
obtained by adding (25), (34), and (37), after removing the
subtracted terms, as shown in (39), where we applied Lemma 1
for the direct-transmission SER in (25).

In order to show that full diversity order is achieved, we
derive an upper bound on the SER performance at hlgh SNR.

At high SNR, we neglect the terms 1 and (1 + t2 65“ n) in
(39). Thus, the SER upper bound is written as shown in (40).

The SER upper bound expression in (40) is in terms of
the MGF Mg,,,(.), which is mathematically intractable. In [5],
the authors have presented an approximation to the MGF of
two independent exponential random variables at high enough
SNR as

01024+ 0203,
Mg, (Y) = ———-.
B 2y

Using the MGF approximation given in (41) and Lemma 1,
we obtain (42), where

(41)

(M—1)1t
1(p) = 1 sin® 6 do . (43)
T e=0
Neglectlng the term (n t2) at high SNR, we get (44) Replacing
= AZ, QP = r(l oy and to = qz—éz— + ql—z—d, and using

Pi=rPandP,=(1—-r)P, we get the following theorem.

Theorem 2: At high SNR y = £, the SER of the multi-
node relay-selection decode-and-forward symmetric coopera-
tive scenario, utilizing N relays, is upper bounded by

Prie) = (CG.y)"(N*D | (45)

where the value of CG is given in (46).
As  defined earlier, the diversity order s
d = —limsnr—_ o 10g(P r(e))/ log(SNR). By substituting

(44), the diversity order of the proposed algorithm is N + 1.

C. Single-relay Scenario: When to Cooperate?

In the conventional single-relay decode-and-forward co-
operative scheme, one symbol is sent each two time slots.
Hence, the bandwidth efficiency is 0.5 SPCU. In the single-
relay scenario, it is meaningful to consider only the question:
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mobhr wmobr ] —exp  — P;C(61) + ggl—d OBmax ~
7 Ps(B)
s,d -

1
E T[2 8,=0 8,=0 1 =+ P]_ C(el)é

xexp — P>C(81)Bra +P1C(82)Bsr d0,d8; df

Pr(A/¢°)Pr(¢°®) =

(M—1)1t (M—1)1t

d8, T P, C(81) . P1C(6,)
2 MBmax +
8.=0 1+P; C(el)és,d 8,=0 2 01 2 02
1 P,C(6:) L P1C(62)

- M P1C(81) + +
Bmax 1 ( l) 6§d a 2q1 2q2

Pr(A/¢°)Pr(g®) < T[—lz

de,

16 Ax o
§/(7\1 N +2 AL Mg +Y)2

Mg,.(Y) = Ep,,, exp(=y Bm) =

3.5. M+tA—2 /A1 Az v
. 4N\ + A2)2F1 3,5,2,/)\111}\22+2 /}\11)\22:\\// s E_§_)\l+)\2—2‘/)\l A +y
M +A+2 AAz+Y) 2T 022 N A 2 M ALY

MmM-1 P2 C(8)
v M

1 P> C(6
Bmax — 2 Mg P1C(0) + %, o+ 2 ®

658

[EEN

c c - —
Pr(B/¢°) Pr(¢°) = = T+ P, CO, TP, CO)%,

824 N N L+ t282,n  bP &2, NTh o (DN

F1 —
n=o0 2a No sinZ6 Tt

Pr(e) = N!

(M—1)Tt
(M—Dm M b Py nt, 1 ™~ b Py + n 1o de
M Bm 32 g1 No sinZ 0y 2 m 6,=0 Bm 32 g2 No sinZ 6, 2 2
x + del
0,=0 1+ bPlégd 1 bPlégd
N No sinZ 0; No sinZ 0,

— M—Dm .
t 82 bP 5 N+1 +N YNt (—1)" 1 ¥ Np sin6;
m

<N! e
Pr(e) =N 20 1 N sin2g “sd n

(M—1)Tt
M

b Py ntz

b P, nt,
+ Bm -2 2
8,=0 2 g2 Np sin 82

_— -+ — do, do
2q1 No sin?6; 2 2 7

1
x M + —
Bm T[

M—Dmt
12N +2) N—1 [ 52 2 y1 M Nosin®6
o S 7 Y N + - bPyo2,
8% 4 NG (A2 Org + 02 05,r) o=0  DP18%,
1 1 M—D)mt 1
M
g 4= dez del

T .=
(m +ntp) 02=0 (m +nt

Pr(e) = N! ( )N+1( )N

'(2’\'2+2)+N!(&)N+1 it (01 824 + 02 82,)
52, b P15
u " @ "
x L I2N+2)+ 2 AICN)
P2 P1

Pr(e) <= N'( )N+1( )N
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— 1
Bég,r (N+1I)

s AN 12N +2)+BN AI@2N)

(2 o)™

“When to cooperate?””, as only one relay is available. Based
on the general multi-node scheme described in Section 1I-C,
the proposed single-relay scheme is described as follows.

First, the relay calculates the scaled harmonic mean function
of its source-relay and relay-destination instantaneous channel
gains (7), then sends it to the source. The source decides
when to cooperate by taking the ratio between the source-
destination channel gain and the relay’s metric and comparing
it to the cooperation threshold. If this ratio is greater than or
equal to the cooperation threshold, then the source sends its
information to the destination directly without the need for the
relay. Otherwise, the source employs the relay in forwarding
its information to the destination as in the conventional coop-
erative scheme. The source broadcasts its decision before the
start of the data transmission.

In the sequel, we calculate the bandwidth efficiency and
the SER of the proposed single-relay scheme. By substituting
N =1 in Theorem 1, the bandwidth efficiency of the relay-
selection decode-and-forward cooperative scenario, utilizing
single relay, can be approximated as

G"’(ﬁ—"'ATz—)résd

= SPCU. (47)
O""(Bes -+ mrer) M08,
It is clear that the bandwidth efficiency is R = 0.5. By

substituting N = 1 in Theorem 2, the SER of the single-
relay relay-selection decode-and-forward cooperative scheme
is upper bounded as P r(e) < (CG -y)~?, where CG denotes
the coding gain and is equal to

b2 82 4
CG = r(lfr)_'_ r2 A2 52d B 52 . (48)
BoZ, AZ3L, 2A2 0% ey
Za r2(1-r)
—iyn
Note that 1(2) = X ™ sin®6 d0@ = A and
(M—1)1t
L ™ sin?0.d8 = B as defined in (2).

IV. POWER ALLOCATION AND COOPERATION THRESHOLD

In this section, an analytical expression of the optimum
power allocation is derived, and bandwidth efficiency-SER
tradeoff curves are shown to obtain the cooperation threshold.
We clarify that as the cooperation threshold a increases, the
probability of choosing the relay-cooperation mode increases.
Therefore, the bandwidth efficiency and the SER, given by
(20) and (44), respectively, decrease monotonically with a.
In addition, the bandwidth efficiency is a monotonically in-
creasing or decreasing function of the power ratio r = P1/P,
depending on the channel variances. On the contrary, there

rN+1 (1 — I")N (46)

exists an optimum power ratio r , which minimizes the SER.
We determine the optimum power allocation as follows.

In the direct-transmission mode, all the power is trans-
mitted through the source-destination channel. In the relay-
cooperation mode, we determine the optimum powers P, and
P, which minimize the SER upper bound expression in (44)
subject to constraint P; + P, = P. Substituting (5) into
(44), we can approximate? the optimization problem as shown
in (49). By substituting r = P1/P into (49), we get (50).
Solving (50) using the standard lagrangian method results in
the following theorem.

Theorem 3: The optimum power allocation of the multi-
node relay-selection decode-and-forward symmetric coopera-
tive scenario, employing N relays, is obtained as

N X4 (N+2) X N X
P, = 1= smne t 1 s Y Gan )’ P
1— ’
N X (N+2) X N X
2- 2(N+1)1X2 1+ (N+1) x; (2(N+1)1X2)2
1
P2 = N X (N+2) X N X P
2- 2(N+l)lX2 1+ (N+1) x; (2(N+1)1X2)2
(51)
where
Xi= AN N +2)+A’BN I2N) &4,
Xo= ANBIQ@N+2)+ABN*TI@2N) 82, . (52)

Theorem 3 shows that the optimum power allocation does
not depend on the source-destination channel variance. It
depends basically on the modulation order M and the source-
relay and relay-destination channel variances. If 82, 82,
then Py goes to P and P, goes to zero. Intuitively, this
is because the source-relay link is of bad quality. Thus, it
is reasonable to send the total power through the source-
destination channel. In addition, if 82, 82 ; then Py goes to
P/2 and P, goes to P/2 as well, which is expected because if
the source-relay channel is so good, then the symbols will be
received correctly by the relay with high probability. Thus, the
relay will be almost the same as the source, thus both source
and relay share the power equally.

The obtained optimum power ratio will be used to get the
cooperation threshold as follows. Fig. 4 depicts the band-
width efficiency-SER tradeoff curves for different number of
relays at SNR equal to 20 dB and 25 dB. This tradeoff is
the achievable bandwidth efficiency and SER for different
values of cooperation threshold. At a certain SER value, the

2|t can be shown that this approximation has a very minor effect on the
value of the optimum power ratio.
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st. PL+P,=P (49)
. A2N+2|(2N+2)+A3 BN |(2 N) Bg,d A2N B |(2N+2)+A BN+1|(2 N) 6§,r
wr PENTI PR ’ PP
st. PL+P,=P (50)

0.851 : FNES E

m— 4 relays
= = = 3relays
1= om0 2 relays
rion 1relay

Bandwidth Efficiency R
o
~
ol
Ve

)
=
-

-3

107 10
SER (@ SNR=20 dB)

0.95F

o
Joc)
a
T
-

o : >
& 1 ' -
0.8 i
:g : ' - m— 4 relays
E ] -
l_ch 0.75 I . - = = = 3relays
ES 1 ; S 2 relays
2 07 1 s EREE KRR 1 relay
S i 1 -
© -
@ 0.65 i SR
1 1 E
0.6 ! 1 H
l -
1 -
055 : R -
: L [ ‘ ‘
05 -7 -6 -5 -4 -3 -2
10 10 10 10 10 10

SER (@ SNR=25 dB)
(b)

Fig. 4. Bandwidth efficiency versus SER at (a) SNR=20 dB, (b) SNR=25

dB.

maximum achievable bandwidth efficiency while guaranteeing
full diversity order, can be obtained through Fig. 4. In Fig. 4,
it is shown that the tradeoff achieved using four relays is the
best among the plotted curves at low SER region. Moreover,
it is clear in Fig. 4 (a) that the SER is almost constant at
2x107% while the bandwidth efficiency increases from 0.5
to 0.8 SPCU for four relays. Thus, about 60% increase in
the bandwidth efficiency can be achieved with the same SER

performance.

In the sequel, we consider three different channel-variances
cases for the single-relay case as follows. Case 1 which
corresponds to the unity channel variances, where 32, =
02, = 0824 = 1 and it is represented at the first row of
Table I. Case 2 expresses a stronger relay-destination channel
6§’d = 10, while case 3 expresses a stronger source-relay
channel 82, = 10. Cases 2 and 3 are represented at the
second and third rows of Table I, respectively. Table | shows
the optimum values of the power allocation ratio (51) for the
three cases. Since we aim at maximizing both the coding gain
and the bandwidth efficiency, we choose- as an example- an
optimization metric, which is the product of the coding gain
and bandwidth efficiency, to find the cooperation threshold.
This optimization metric can be written as

max CG-R, (53)

where R and CG are obtained from (20) and (46), respectively.

The cooperation threshold for the three different cases
defined above are o, = 0.55, a, = 0.09, and o, = 0.14,
respectively. These values of cooperation thresholds result in
bandwidth efficiencies equal to R, = 0.8624, R, = 0.9075,
and R, = 0.9443 SPCU, respectively. Notably for nyd =10,
the optimum power ratio is ro = 0.7487, which is greater than
ro = 0.6902 for 32, = 1; 32, = 1 in both cases. This is in
agreement with the conclusion that more power should be put
for P if 32, 082,

As shown in Fig. 5, increasing the number of relays affects
the cooperation threshold values according to the CG*R
optimization criterion. Table Il describes the effect of changing
the number of relays on the power ratio, cooperation threshold,
bandwidth efficiency, and the coding gain using the unity
channel-variances case. A few comments on Table Il are as
follows. 1) The optimum power ratio is slightly decreasing
with the number of relays. Because, increasing the number of
relays will increase the probability of finding a better relay,
which can receive the symbols from the source more correctly.
Thus, it can send with almost equal power with the source. 2)
The bandwidth efficiency is slightly decreasing with increasing
the number of relays, because the probability that the source-
destination channel is better than all the relays’ metrics goes
to 0 as N goes to co.

V. SIMULATION RESULTS

In this section, some computer simulations for the relay-
selection decode-and-forward cooperative system are pre-
sented to illustrate the previous theoretical analysis. It is
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TABLE |
Single-relay optimum values using the (CG*R) optimization criterion.

| 024 [ 85 [ 34 | r=P:/P | a | Bandwidth Efficiency (R) | Coding Gain (CG) |
1 1 1 0.6902 0.55 0.8624 0.247
1 1 10 0.7487 0.09 0.9075 0.1613
1 10 1 0.6697 0.14 0.9443 0.0939

TABLE I

CG*R multi-node optimum values for unity channel variances.

[ N[ Power ratio (r) | Coop. threshold (o) | Bandwidth Efficiency (R) | Coding Gain (CG) ]

1 0.6902 0.55 0.8624 0.247
2 0.6826 0.41 0.8397 0.1512
3 0.6787 0.35 0.8297 0.1046
4 0.6764 0.32 0.82 0.0776
0.25 T T T T
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a
Fig. 5. Cooperation thresholds for different number of relays with unity

channel variances.

assumed that the noise variance is set to 1, Ng = 1. For
fair comparison, the SER curves are plotted as a function of
P/No. Finally, QPSK signalling is used in all the simulations.

Fig. 6 (a) depicts the simulated SER curves for the single-
relay relay-selection decode-and-forward cooperative scheme
with unity channel variances. According to Table I, the op-
timum cooperation threshold and the optimum power ratio
are oo = 0.55 and r, = 0.6902, respectively. We plot the
SER curve using the previous optimum values. Moreover,
we plot the SER upper bound (44), which achieves full
diversity order as was previously proven. Also, we plot the
direct transmission curve which achieves diversity order 1, to
show the advantage of using the cooperative scenario. Fig. 6
(b) shows the simulated SER curve for single-relay relay-
selection decode-and-forward cooperative scheme when the
relay-destination channel is stronger, 52, = 10. As shown
in the second row of Table (lI), the resultant power ratio,
cooperation threshold, bandwidth efficiency, and coding gain
are 0.7487, 0.09, 0.9075, and 0.1613, respectively. We plot the
SER upper bound using the optimum power ratio. We have
shown that the SER upper bound achieves full diversity order,
which guarantees that the actual SER performance has full
diversity order as well.

= H = UB(1 relay)
=== Simulated SER(1 relay)| |

10
[a g
1N}
(]
10°
10 i i i i
0 5 10 15 20
PIN, (dB)
(a)
‘n\ mfm= Direct transmission
N = H = UB(1 relay)
H | == Simulated SER(1 relay)
107
-2
@10}
(]
|-
10°F
]
0 5 10 15 20
PIN, (dB)
(b)
Fig. 6. SER simulated with optimum and equal power ratio, SER upper

bound, and direct transmission curves for single-relay relay-selection decode-
and-forward cooperative scheme with QPSK modulation, (a) a = 0.55, and
unity channel variances, (b) a = 0.09, 82 ;=1, 82 =1, and 52 ;=10.
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Fig. 7. SER simulated with optimum power ratio and SER upper bound
curves for multi-node relay-selection decode-and-forward cooperative scheme
with QPSK modulation and unity channel variances.
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Fig. 8. SER simulated for symmetric (unity channel variance) and asym-
metric cases for multi-node relay-selection decode-and-forward cooperative
scheme with QPSK modulation.

Fig. 7 depicts the SER performance employing one, two,
and three relays for unity channel variances. We plot the
simulated SER curves using the optimum power ratios and
the cooperation thresholds obtained in Table 1l. Moreover,
we plot the SER upper bounds obtained in (44). It was
shown in Theorem 2 that these upper bounds achieve full
diversity order. It is obvious that the simulated SER curves
are bounded by these upper bounds, hence they achieve full
diversity order as well. The direct-transmission SER curve is
plotted as well to show the effect of employing the relays
in a cooperative way. Moreover, the simulated bandwidth
efficiencies are 0.8973, 0.8805, and 0.8738 employing one,
two, and three relays, respectively. These results are slightly
higher than the analytical results shown in Table II.

Finally, we show some simulation results for the asymmetric
case. In Fig. 8, we show the SER of the asymmetric case along
with the symmetric results for two and three relays. For N = 2

2825

relays, the average channel gains are 83, =82, ; = 1.5 and
03,, = 82,4 = 0.5. For N = 3, two of the three relays
have the same average channel gains as in N = 2. The third
relay has 82, =82, ; = 1. We also compare the results with
the symmetric case with unity channel variances. Hence, both
the symmetric and asymmetric cases have the same average
source-relay and relay-destination channel gains. The power
ratio and cooperation threshold are obtained from Table II.
As shown, the symmetric and asymmetric SER performance
curves are very close to each other for both the two and three
relays. More importantly, the asymmetric simulation results
are upper bounded by the upper bound derived in Theorem 2

for the symmetric case.

VI. CONCLUSION

In this paper, we have proposed a new multi-node relay-
selection decode-and-forward cooperative scenario, which uti-
lizes the partial CSI available at the source and the relays. The
main objective of this work is to achieve higher bandwidth
efficiency and to guarantee full diversity order. We have
defined the optimal relay as the one which has the maximum
instantaneous scaled harmonic mean function of its source-
relay and relay-destination channel gains among the N helping
relays. For the symmetric scenario, we have presented an ap-
proximate expression of the achievable bandwidth efficiency,
which decreases with increasing the number of employed
relays. Furthermore, we have derived the SER upper bound,
which proves that full diversity order is guaranteed as long
as there is cooperation. We have shown that the bandwidth
efficiency is boosted up from 0.2 to 0.82 SPCU for N = 4
relays and unity channel variances case. As for the coopera-
tion threshold, we have shown the bandwidth efficiency-SER
tradeoff curve, which determines the cooperation threshold.
Finally, we have presented some simulation results to verify
the obtained analytical results.

APPENDIX

Proof of Lemma 1 is as follows. First, we prove that

N!zN
N 1+nz)

G GO
l1+nz

(54)

N @) (—1)N, B(z) =

Let A(z) = oo 2D N (1 +nz),and

G(z) = A@2) - B(2). The order of G(z) is N, thus it can be
written as G(z) = 11, 0i z', where gi = 222D, It

can be easily shown that

AR _ i YD
37 =Dl  A+nzl (55)
n=0
Using the identity obtained in [[18], (0.154, 3-4)] as
N ] 0, O<i<N
() (D" n' = , (56)
n=0 (—DNN!, i=N
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we get
O'AQ) Ny
—oitk=0 =Dl () DN
n=0
0, O<i<N
= . (57)
(ND2,  i=N
Since, A(2)|z=0 =0 and B(2)|;=0 = 1, thus
_10'(A®)B(2)) _190'A(2)
9 =5 971 lz=0 = ﬁ?|z=0 -B(2)lz=0
0, O<i<N
= . (58)
N!, i=N
Thus,
G(2) N!zN
A(z) = = , 59
@ B(2) N 1+nz) (59)

which proves (54). Replacing z = £
Lemma 1 and the proof is complete.

in (54), we obtain
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