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Abstract

In this paper, an Alamouti-coded decode-and-forward protocol with optimum relay selection for three-user one
destination cooperative communications is investigated. Particularly, we design the new protocol that allows the
source node retransmitting the signal to the destination node at the same time as the relay node forwarding the
received signal to the destination node with an Alamouti coding scheme. We exploit the cooperative maximum
ratio combining technique (C-MRC) at the destination for combining a multiple copy of received signals. Therefore,
the proposed scheme achieves the maximum diversity gain and lower probability of error in comparison with the
existing decode and forward protocol. We also analyze a symbol error rate (SER) upper bound of the single relay
system, and exploit a result of this analysis to select the optimum relay in a multiple-relay cooperation scheme
based on the minimum SER selection strategy. Moreover, the optimum power allocation for the proposed protocol
is derived, and it is able to provide the optimum transmission power strategy to the source and the relay nodes in
order to achieve the minimum probability of error. In the performance analysis, the theoretical error probability is
studied and compared with the simulation results. Simulation results indicate that the proposed protocol significantly

curve.

outperforms the existing protocols, and the theoretical error probability curve is relatively close to the simulated SER
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1 Introduction

In the future multimedia communications, broadband
wireless communications will play a major role in personal
voice and data communications that support fixed, no-
madic, portable, and mobile accesses. There are many
techniques that could be able to enhance the performance
of wireless communications, including a multiple-input
multiple-output (MIMO) system. However, given the
current technology, equipping more antennas to handheld
devices is far from practical. Recently, a generalized MIMO
system, called cooperative communications [1], has been
proposed for realizing the advantage of the conventional
MIMO system, e.g., a diversity gain. By the cooperation of
active users equipped with a single antenna in the wireless
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network, cooperative communications can be established in
a distributed fashion.

It is well-known that Alamouti's space-time coding [2]
could enhance the performance of wireless communica-
tion systems over flat fading channels by the virtue of
the diversity gain obtained from the exploitation of two
antennas at the transmitter. Furthermore, the decoding
algorithm is also practically feasible with an acceptable
complexity. In [3], a probability of error performance
analysis for decode-and-forward cooperation protocol in
wireless networks has been proposed, where the com-
parison between a closed-form symbol error rate (SER)
formulation and an upper bound approximation have
been investigated. In [4], the new combining technique,
namely a cooperative maximum ratio combining (C-MRC),
is proposed to overcome the diversity gain limitation of
the conventional decode-and-forward protocol. In [5],
the Hurwitz-Radon space-time code for the wireless
relay network has been proposed. The results show that
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the diversity factor depends on the number of relays,
and a 10-dB signal-to-noise ratio (SNR) improvement
compared with the single relay system is achieved. In
[6], the authors show the closed-form expression of the
average symbol error probability for a distributed Alamouti
scheme in wireless relay networks and examine such
scheme by using the Monte Carlo simulation. In [7], the
authors investigate a difference between the diversity of
multiple relays and the diversity of multiple receivers/
transmitters, and show the switching scheme with the
space-time modulation that is able to reduce a bit error
rate in the wireless relay communications. In [8], the
performance analysis of Alamouti's coded-based co-
operative communication has been proposed, where the
system uses an amplify-and-forward (AF) strategy over
Nakagami's fading. In addition, the system performance
is not fully optimized by using this strategy because of
the problem of synchronization. The best-relay selection
scheme for cooperative networks has been introduced
in [9], and it is called an opportunistic relaying. According
to the opportunistic relaying, a single relay among a set of
relay nodes is selected, depending on which relay provides
the ‘best’ end-to-end path between source and destination
nodes. The authors in [9] show that this scheme yields the
same diversity order as the cooperative communication
using a space-time coding in both decode-and-forward
(DF) and amplify-and-forward protocols. The authors in
[10] investigate the performance of the best-relay selection
scheme, where the ‘best’ relay only participates in the re-
laying phase. Therefore, two channels are only needed in
this case (one for the direct link and another one for the
best relay link) regardless of the number of relays. The
best relay is defined as the relay node that is able to yield
the highest signal-to-noise ratio at the destination node.
In [11], a two-hop cooperative multiple-relay communica-
tion network is considered. The authors propose the exact
outage and capacity performance expression for relay selec-
tion over a wide range of SNR regimes. In [12], the authors
propose a new relay selection scheme for cooperative
decode-and-forward with multiple antennas that achieve a
full diversity order.

Referring to the existing Alamouti-based decode-and-
forward protocol in [3], it is obvious that the degree-of-
freedom of the system, i.e., a possible opportunity of signal
transmission in all available time slots, is not fully used.
Furthermore, such system performance could be enhanced
by the cooperative maximum ratio combining (C-MRC)
technique, and the bandwidth efficiency could also be in-
creased by using the optimum relay selection technique.
These facts motivate us to propose the new protocol, and
the main contributions of this paper are as follows.

In this paper, we propose the Alamouti-coded decode-
and-forward protocol with an optimum relay selection
technique for cooperative communications. The system
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allows the source node transmitting the signal in the
second time slot at the same time as the relay node is
decoding and forwarding the signal that is received from
the source node in the first time slot to the destination
using Alamouti's coding scheme. At the destination node,
the received signal from both source and relay nodes will
be combined by using a cooperative maximum ratio com-
bining technique. In the C-MRC technique, the received
signal sent by the relay node at the destination is weighted
by the quality of the channel, i.e., a ratio of channel
variances, before combining with the received signal
sent by the source node resulting in an enhanced error
probability and signal-to-noise ratio (SNR). The pro-
posed scheme provides a much lower error probability
in comparison with existing cooperative protocols. We
also analyze a symbol error rate upper-bound for the
Alamouti-coded decode-and-forward protocol with the
C-MRC signal combining, and evaluate the analysis re-
sults by comparing with the simulation results. Based
on this analysis, we can select the optimum relay that
provides the lower probability of error for cooperative
communications. Finally, we derive the optimum power
allocation for the proposed system by minimizing the
upper-bound on probability of error, and we are able to
provide the optimum power transmission strategy to the
source and relay nodes for data transmission. In the
performance analysis section, the result shows that the
theoretical error probability curve is close to that the sim-
ulated one, and the error probability of the optimum relay
selection strategy is lower than the fixed relay strategy.

The rest of this paper is organized as follows: In section 2,
we describe the system and received signal models. In
section 3, we analyze the total SNR of the system and
the expressions of MRC and C-MRC signal combining
techniques for Alamouti-coded decode-and-forward proto-
col. In section 4, we analyze the average SER of the pro-
posed system and propose the optimum relay selection
technique for the Alamouti-coded decode-and-forward
protocol. We also investigate the optimum power allocation
for the proposed system in this section. In section 5, the
simulation results are shown, and we conclude this paper
in section 6.

2 System and received signal models
2.1 System model
In this section, we consider the Alamouti-coded decode-
and-forward protocol with relay selection for cooperative
communications. We consider three users and one des-
tination (D) in the system, in which the first user acts as
a source (S) and other users act as relays (R), as shown
in Figure 1.

In Figure 1, we assume that each relay knows its source-
to-relay and relay-to-destination channel variances. Next,
each relay sends this channel information to the source
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Figure 1 The system model of an Alamouti-coded decoded-and-forward protocol with relay selection for cooperative communications.

node through some feedback channels. Thus, the source
can compute and select only one optimum relay to co-
operate with by the decision algorithm with the feedback
information. We employ a decode-and-forward protocol
in the broadcasting phase, in which the best relay node
receives the source’s transmitted signal, decodes and
re-modulates it, and retransmits this newly modulated
signal to the destination, as shown in Figure 2. In the
relaying phase, the transmitting symbols from the source
and relay nodes will be encoded by Alamouti's space-time
coding, as shown in the following matrix [2]:

s, S
()

where C is the Alamouti's coding matrix, and S; and S,
are the transmitting symbols in two consecutive time
slots.

In Figure 2a,b, it is worth noticing that we also exploit
the source-to-destination symbols in the broadcasting
phases, i.e., phases 1 and 3, as additional received signals
for combining with the source-to-destination symbols in
the relaying phases, i.e. phases 2 and 4, by using the
cooperative maximum ratio combining technique in
order to enhance the SNR of the received signal sent
by the source node. Therefore, the error probability

will be correspondingly reduced. In addition, this benefit
is achieved by a full utilization of signal transmission in
both broadcasting and relaying phases of cooperative
communications. By integrating the proposed cooperative
communications with the Alamouti's coding scheme, we
could achieve a full diversity gain with the enhanced SNR
for the source-to-destination received signal. We divide
our communications into four phases as follows.

In phase 1 of Figure 2a, the source node broadcasts its
modulated signal to the selected relay (based on the
optimum relay selection technique described in section 4.2)
and the destination nodes through wireless channels. In
phase 2 of Figure 2a, the relay node decodes and forwards
the received signal, sent by the source node, to the destin-
ation node. In this relaying phase, the source node trans-
mits another signal to the destination node based on the
Alamouti's coding. Similarly, the signal transmission in
phases 3 and 4 in Figure 2b is equivalent to phases 1 and
2, respectively, except the symbol encoding has to obey
the Alamouti's coding matrix, as shown in (1). We employ
a time-division multiple access (TDMA) scheme for signal
transmission, and we consider a half-rate communication
with the QPSK modulation so that the bandwidth efficiency
equals 1 bit/s/Hz. Essentially, we will lose four times in one
communication frame to transmit two symbols so that
we employ the QPSK modulation to compensate such
bandwidth efficiency loss.
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2.2 Received signal model

We divide the received signal into four phases. In phase
1, the received signals at the destination and relay nodes
sent by the source node are described in (2) and (3),
respectively. In phase 2, the received signal at the desti-
nation node, that is simultaneously sent by relay and
source nodes based on the proposed protocol shown in
Table 1, is described in (4).

Phase 1:
Va1 = \/PlHdISI —+ ng1 (2)
yrl = \/PlHrISI + N1 (3)
Phase 2:
ydz — ‘/WPlHdZSZ + \V4 WPZHrZSl + ngs (4)

where y,; and y,; are the received signals at the destin-
ation and the relay nodes in phase 1, respectively, in which
S, denotes a transmitted symbol of the source node, y,, is
the received signal at the destination node in phase 2, in
which the source node transmits a symbol S, and the relay
node decodes and forwards the decoded symbol S;; P,
and P, are the transmit power of the source and the relay
nodes, respectively; H;1, H,1, Hz, and H,, are the channel
impulse responses of the source-to-destination link in
phase 1, the source-to-relay link in phase 1, the source-to-
destination link in phase 2, and the relay-to-destination
link in phase 2, respectively. In addition, we introduce
a weighting factor w in phase 2 based on a concept of
C-MRC signal combining, y; in which w=y.q/yra
where y.q = min (ys, yra), and y, and y,q are the instantan-
eous SNR between the source-to-relay link and the relay-
to-destination link, respectively. Furthermore, n;, #,1,
and 7y, are zero-mean complex additive white Gaussian
noise (AWGN) with variance N, at the destination in
phase 1, at the relay in phase 2, and at the destination
nodes in phase 2, respectively. Basically, the Alamouti's
coding scheme uses two time slots to transmit two
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symbols. Hence, the received signals of phases 3 and 4 can
be described as follows:

Phase 3:
Va3 = VP1Ha3(=S3) + nas (5)
Yrs = VPiH3(=S3) + 1y (6)
Phase 4:

Vs = VWPIH 1uS} + VWP H s (= Sy %) + naa (7)

where 7,3 and y,3 are the received signals at the destin-
ation and the relay nodes in phase 3, respectively, y,4 is
the received signal at the destination node in phase 4, in
which the source node transmits a symbol S} and the relay
node decodes and forwards the decoded symbol - S5. In
addition, 7,3, 7,3, and ny, are zero-mean complex additive
white Gaussian noise (AWGN) with variance N, at the
destination in phase 3, at the relay in phase 4, and at
the destination nodes in phase 4, respectively. We now
assume that all channels are modeled as quasi-static
Rayleigh flat-fading channels, ie., Hy = Hyo = Hy3 = Hy,
H,; = H,3 and H,, = H,4, within one transmission frame ac-
cording to a typical assumption for the Alamouti's coding
scheme [2].

3 Signal combining technique

In this section, we combine the received signals in all
phases in order to detect S; and S, by using a maximum
ratio combining (MRC) technique and a cooperative max-
imum ratio combining (C-MRC) technique. We also de-
rive a closed-form expression of the total SNR resulted
from such combining techniques. It could be shown that
the output of the MRC detector at the destination can be
expressed as follows:

Yiotat = Vdirect + Y Alamouti (8)

where yiora is the total SNR, ygirece is the SNR of a
symbol in phase 1 or 3, and Yajamousi iS the SNR of a
symbol in phase 2 or 4.

Table 1 Alamouti-coded decoded-and-forward protocol with relay selection for cooperative communication

Timing Tx

Rx

Phase 1 (Direct) S: Broadcast S; to R and D
Phase 2 (Alamouti) S: Transmit S, to D

R: Retransmit S; to D

S: Broadcast — S5 to R and D

S: Transmit S; to D

Phase 3 (Direct)
Phase 4 (Alamouti)

R: Retramsmitfsz toD

R: Receive S; from S

D: Receive S; from S

D: Receive S; from R, and S, from S with Alamouti's coding
D: Receive — S, from S

R: Receive — S, from S

D: Receive — Syfrom R, and S from S with Alamouti's coding

Tx, treatment phase; Rx, receive phase; S, source node; R, relay node; D, destination node.
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3.1 Maximum ratio combining (MRC) technique
The maximum ratio signal combining for the received
signals in (2), (4), (5), and (7) can be expressed as [13]

Vs, (MRC) = W21(MRC) (—J’Zg) + Waa(MRC) Va2 9)
+ Wa3(MRC) (‘J’Z&L)
¥s,(MRC) = W11(MRC)Ya1 + W12(MRC) Va2 + WI3(MRC)Y g4
(10)

where yg (vre) and yg (vrc) are the output of the MRC
combiner at the destination, and

wimre) = VP1Hyy /No, waivmre) = VP1Ha3/No
Wiamre) = VPaH y /No, wasmre) = VP1H 5 /No
Wis(mre) = VP1H aa/No, Wosimre) = VP2Ha/No

denote the MRC weight, where N, is a variance of
AWGN. By substituting (2), (4), (5), and (7) into (9)
and (10), we have

_ PiHa|*S n P1|Haal*S$1 n Py |H 0|’y

yS; (MRC) — NO NO NO
+ Nsi(mrc)
(11)
] _P1|Hd3|252+P1|Hd2|252+P2|Hr4\252
ySZ(MRC) - NO NO NO
+ Nsa(mre)
(12)

where Ng;mrey) and Ngyvre) are the total noise at the
destination node expressed by

VP1H g3n43 n VPIH ;g0 n VPoH 4h gy

Nsymre) = No No No
(13)
VP Hgsngs N PiHpng  /PoH sl
Nsymre) = + +
(MRC) No No No
(14

For the sake of simplicity, we regard that H; = H,, =
Hgs = Hys = Hyjreer and H,p = Hyy = Heloy. The total SNR
of the MRC output can be derived as follows:

2
o 2Pl|]_[direct|2 + P2|Hre1ay|

Ys1= No (15)
2 2
2Pl|]_[direct| + P2|Hre1ay|
Ys2 = No (16)

where ys; is the total SNR of a symbol S; and y;, is the
total SNR of a symbol S,.
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It is worth noticing that the MRC combining yields the
maximum SNR to (15) and (16), given that the estimated
signals S; and S, at the relay node are correctly decoded.
Specifically, in practical applications, the correctness of
symbols S; and S, solely depends on the quality of the
channel link from the source to relay link. Hence, the
MRC combining cannot guarantee the maximum SNR as
mentioned in [9].

3.2 Cooperative maximum ratio combining technique
The cooperative maximum ratio signal combining for the
received signals in (2), (4), (5), and (7) could be expressed
as follows [4]:

s, (CMRC) = W1L(CMRC)Ya1 T W12(CMRCO) Va2 (17)
+ Wi3(cMRC)Y a4
Vs, (CMRC) = W21(CMRC) (—J’Zs) + Waa(CMRC)Y 22 (18)

+ Wa3(CMRC) (—J’Zz;)

where yg (yrc) and yg (yrc) are the output of the C-MRC
combiner at the destination and

wiiemre) = VP1H Yy, /No, Waremre) = VP1Ha3/No
Wia(emre) = VWP2H , /No, Wayemre) = VWP1H 5 /N
wizemre) = VWP1H 44/ No, Wascmre) = VWP2H 4 /Ny

denote the C-MRC weight where N, is a variance of
AWGN. By substituting (2), (4), (5), and (7) into (17) and
(18), we have

Pi|Ha S n WP |H aa|*S: n WPy |H,5|*S;

Vs, (CMRC) = No No No
+ Ns1(cMre)
(19
2 2 2
) _ Pi|Has|"S2 | wPi|Hap|"S: +WP2|Hr4| S2
ySZ(CMRC) - NO + NO NO
+ Nsacmre)
(20)

where Ngi(c-mre) and Ngyc-mrc) are the total noise at
the destination node

\/PIH:ﬂndl + \/WPlHd4nd4 + \/WPzH:Z}’ldz

Nsi(cmre) = No No No
(21)
N ~ VPiHgsngs  /WPIHyng /WPy H ungy
$2(CMRC) = No + No + No
(22)

In the concept of C-MRC, it is worth noticing that the
quality of the decoded symbols S; and S, greatly depends
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on the SNR of the source-to-relay link. Specifically, if
Ysr < Yrd » i€, more error could be anticipated on S; and
S,, then the confidence is reduced on the source-to-relay
link. This fact results in the expression of w=ycq/yrar
where y.q =min (ys ¥ra), and yg and y,q are the instantan-
eous SNR between source-to-relay and relay-to-destination
links. The total SNR of the MRC output can be derived
as follows:

2
(14 W)P:|Haireee|” + WP3|Hirelay |
No

Ys1 = (23)

2
(1 + I'V)Pl|1—[direct|2 + WP2|Hrelay|
Ny

V2 = (24)

In this paper, we employ the C-MRC signal combining
technique at the destination node because it could pro-
vide a full diversity gain, and it is superior to the MRC
signal combining. Once the signal combining, i.e. (23)
and (24), has been done at the destination node, the
destination node’s receiver will perform the symbol
detection, ie. S; and S,, by using a maximum-likelihood
(ML) receiver.

4 Performance analysis

4.1 Probability of error analysis

In this section, we analyze the error probability
performance, i.e,, a symbol error rate (SER), of the
Alamouti-coded decode-and-forward protocol for coopera-
tive communications with the C-MRC signal combining.
We derive a SER upper bound for the proposed system
with the M-PSK modulation. When the M-PSK modulation
is used in the system, with the instantaneous SNR (y) in
(23) and (24), the conditional SER, where the channel
coefficients Hyy, Hy, and H,.q are the channel impulse
responses of the source-to-destination link, source-to-
relay link, and the relay-to-destination link, respectively,
can be written as [14].

1 [ M-1m/m b
gt o 2 /0 exp <_ M) do, (25

sin’6

where by = sin?(m/M) and M=2* with k even. The
channel variances of Hyy and Hq4 are defined by 824 and
824, respectively. The conditional SER given Hyy, Hy, and
H,q and w could be expressed by

PplisafsHaw _
'y =

ps! T

1 [M-Dm/M b (1 + w)P1|Ha|” + wPa|Hoa|*)
— exp| - — de
0 Ny sin“6

(26)
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Given |H|* having an independent Rayleigh distribu-
tion with E[|H|*] = 87, one can show that

« bpskplz 1
_ P dg=——
/0 exP( Nosin26 )% e (2)dz A

N sin?0

(27)

By averaging over the Rayleigh fading channel Hyy, Hy,
and H,q, the upper bound on conditional SER of proposed
system can be expressed as

o ()
(28)
where
1 WM-DmmM
Fi(x(0)) = ;/0 md@. (29)

It is worth noticing that (28) has been derived by using
the assumption that Hyy, Hy, H.q, and w are statistically
independent; therefore, the result in (28) serves as the
upper bound on conditional SER. In fact, H, H.4, and w
are jointly dependent.

From (28), if we substitute sin®d = 1, which is the ma-
ximum value, then all integrands reach their maximum
value. The upper bound on the conditional SER of the
proposed system can be expressed as [15,16].

(M-1) N§

Posc = 0 X (N + (1 + w)A)(No + wC)

psk =

(30)

where A = bpskPl(fd and C= bpskPZ(Sfd.

When a probability density function (pdf) of w is
known, we can find an average SER upper bound of the
system as follows:

Po < / (pgsk)pdf(w)dw (31)
0

According to the derivation in the Appendix, the pdf

of w can be derived, and the upper bound on the average

SER of the proposed system can be expressed as follows
[17-19]:

(M-1) Nj S
X X 5 3
M " (No+24)(No+C) " (8% +0%)
(32)

(Ppsic) <

where A = bpSkP16§d and C= bpSkchfd.

4.2 The proposed optimum relay selection technique

It is well aware that the diversity gain of the cooperative
communication system can be increased by the number
of the relay in the system [1]. In this section, we proposed
the optimum relay selection technique such that the
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source node can select the optimum cooperative relay
depending on the channel quality of each link. Assuming
that all channel information in the system is known to the
source node by the virtue of some feedback channels, the
source node is able to exploit this information to find the
optimum relay for cooperative communications by using
the following rule:

min (Ppok (R ), Ppsk(R2)) (33)
where R; stands for the relay 1, and R, stands for the
relay 2.

The concept of optimum relay selection can be explained
as follows (Figure 3): Referring to the system model in
section 2, the source node could be possibly transmit-
ting the data to the destination by using relay 1 or relay
2. From (32), the source node needs the feedback chan-
nel information of source to relay and relay to destin-
ation links for calculating the upper bound on averaged
SER for relay 1 and relay 2, respectively. Thus, the
optimum relay that provides the lower probability of
error for cooperative communications is selected. In the
simulation, the proposed optimum relay selection tech-
nique outperforms the fixed relay selection technique.
This is because of the diversity gain, which depends on
the number of relays, as will be shown in the simulation
results (section 5).

4.3 The optimum power allocation

In the cooperative communication system, the source
node transmits the data to the destination node with the
transmission power P;, and the relay helps the source
node to re-transmit the data with transmission power P,.
Thus, the total transmission power is equal to P =P + P,
and the transmission power ratio is equal to P, where
P,=P,/P,.

In this section, the optimum power allocation is inves-
tigated, in which the transmission power P; and P, could
be optimally allocated. The transmission power ratio can
be increased or decreased depending on the channel
quality of the system. The optimum power allocation
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strategy can be obtained by minimizing the upper bound
on the average SER, i.e. (29), as follows:
Substituting A = bpskplcsfd and C = bpskpgé‘fd to arrive at

min
Py

X

(M-1) Nj
M (No + 2bpgPy 6§d) (No + bpskpz(Sfd)

&
X ——%——|,s.t.P = P; + P5,
(éfr + éfd) ' ?

(34)

We solve the optimization problem in (34) by using
the standard Lagrangian method to arrive at

(M-1) N
G(Py,P,) = x
(Pr, F2) [ M " (No+ 2bpP16%) (No + bpoP26%)
xaifd stP=P +P
(@ +oz) |
(35)
0G(P1,Py) _ (M-1) &y
op, M (62 +62%)

NG (2034N0 +2P20,,83)
(N2 +2P18% Ny + Py0%No + 2P, P,6%,8%)
(36)

By taking the partial derivative on (36) with respect to

P, and setting the result to 0, we have
262 No + 2P26%,6%, = 624No + 2P182,60Ny  (37)

With the power constraint P=P; + P,, the optimum
transmission power can be obtained as follows:
282N — 624No + 2P52 02

40407

Py (38)
282,No - 8% N + 2P6%,8%,

Py = P- 2 2
4é\sdé\rd

(39)

It could be observed that the optimum power allocation
expressions in (38) and (39) at high SNR regimes mainly
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Figure 3 System model of an Alamouti-coded decoded-and-forward protocol with optimum relay selection for cooperative communi-
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depend on the value of noise variances. However, in the
low SNR regimes, the transmission power ratio will de-
pend on the channel quality of the source-to-destination
and the relay-to-destination links. It could also be observed
that if the channel quality of the source-to-destination link
is better than the relay-to-destination link, the transmission
power ratio (P,) will be greater than one. However, if the
channel quality of the source-to-destination link is less than
the relay-to-destination link, the P, will be less than one. In
the system which has the same channel quality between the
source-to-destination link and the relay-to-destination link,
the transmission power P; will be equal to P, i.e., P, = 1.
In addition, the constraint that P; >0 and Py >0 must
be held because the source and relay nodes must be co-
existed in order to form the Alamouti-coded cooperative
communications.

Therefore, some amount of power must be allocated
to both source and relay nodes; as a result, the con-
straint P; >0, P, > 0, if and only if P> 0, will be valid. In
other words, if P; =0, it is equivalent to the case that
there is no source node, and, hence the relay node cannot
form the Alamouti-coded cooperative communications
with any other node. This is not the considered case in
the paper. It is also worth noticing that the power alloca-
tion does not depend on the source-to-relay link because
the effect of this link has been averaged in the upper
bound on the average SER expression in (32), and it
results in a multiplicative factor, i.e., 824/0% + 0, which is
independent of P; and P,.

5 Simulation result

In this section, based on a computer simulation, a per-
formance evaluation of the proposed Alamouti-coded
decode-and-forward protocol with optimum relay selec-
tion for cooperative communication will be examined.
The simulation is conducted under quasi-static Rayleigh
flat fading channel. The digital modulation with QPSK
constellation is employed. The total transmit power is
fixed to be P=2 W, and the bandwidth efficiency is 1
bit/s/Hz. The variances of channel links will be varied
to different values in order to examine the proposed
system in various aspects. In simulation results, we define
(6%, 62, 6%) as channel variances of the source-to-
destination, the source-to-relay, and the relay-to-destination
links, respectively.

In Figure 4, we present a curve of a simulated average
SER versus SNR (dB) for two-user DF cooperative com-
munication systems, including the curve for DF coopera-
tive scheme with the proposed Alamouti's coding. The
existing DF cooperative results in higher probability of
error than the proposed protocol about 2 to 4 dB.

In Figure 5, we present a curve of a simulated average
SER versus SNR (dB) for two users, i.e., one source node
and one relay node, in DF cooperative communication
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systems with C-MRC signal combining, including the
curve for a direct transmission scheme, the curve for a DF
cooperative scheme, and the curve for an Alamouti-coded
decode-and-forward protocol for cooperative communica-
tions. It is worth noticing that the proposed cooperative
scheme is much superior to the non-cooperative scheme.
This is because of the diversity gain achieved in the pro-
posed cooperative communication system. In addition, the
different channel variance represents the different channel
quality, in which the high value means a good channel
because the path loss is small.

In Figure 6, we present a curve of average SER versus
SNR (dB) for three-user cooperative communication sys-
tems, i.e., one source node and two relay nodes, includ-
ing the curve for the decode-and-forward protocol with
optimum relay selection and Alamouti coding, the pro-
posed Alamouti-coded decode-and-forward protocol
with optimum relay selection and an ordinary coopera-
tive decode-and-forward protocol. It is worth noticing
that the best relay selection technique is much superior
than the existing cooperative protocol. This is because
of the diversity gain achieved in the increasing band-
width efficiency depending on the number of relays. The
existing DF cooperative protocol results in higher pro-
bability of error than the proposed system over 5 dB at
SER lower than 1072, The results show that the Ala-
mouti coding yields the lower probability of error than
the existing DF protocol about 1.5 dB at SNR higher
than 20 dB.

In Figure 7, we present the SER of the Alamouti-coded
decode-and-forward protocol with optimum relay selec-
tion cooperative communications with the different
transmission power level P;. Note that we define the
SNR as SNR = 10 log [P/Ny], where P stands for the total
transmit power of the system and N, stands for the
noise variances of all relay and destination nodes, in
which they are assumed identical. It is worth noticing
that the power allocation expression in (38) and (39)
depend on the system noise variance, i.e. Ny; the channel
variances, i.e. 024 and 0z and the total transmit power
P. In Figure 7a, we considered the system with all chan-
nel variance equals to 1. From this figure, we can see
that the ratio P;/P=0.5 provides the best performance
for the difference SNR levels (10, 20, and 30 dB). In a
high SNR regime, the optimum power allocation results
in an equal power allocation as shown in Figure 7b,
where variance (0.1, 1, 1) is considered. In a low SNR re-
gime, the power allocation results in two cases: (A) small
channel variance in the source-to-destination link com-
pared with the relay-to-destination link, where variance
(0.1, 1, 1) and (B) high channel variance in the source-to-
destination link compared with the relay-to-destination
link, where variance (1, 1, 0.1). For case A in Figure 7c, we
can observe that less power will be allocated to the source
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Figure 4 Simulated SER curves of decode-and-forward protocol vs. Alamouti-coded decode-and-forward protocol for two-user

node and more power will be allocated to the relay
node. This is because the SNR in the source-to-
destination link in (23) and (24) contains a factor of
(1 + w) which is higher than factor (w) in the relay-to-
destination link. Therefore, more power will be allo-
cated to the relay node in order to maximize the total
SNR. For case B in Figure 7c, we can also observe that
more power will be allocated to the source node and
less power will be allocated to the relay node. In this
case, the C-MRC weight w approaches 1, which is the
maximum value. Hence, at low SNR with the small
channel variances in the relay-to-destination link, the
proposed system will perform close to the non-cooperative

communication system in order to minimize the effect of
uncertainty in the relay link.

In Figure 8, the optimum power allocation of the pro-
posed system is presented. The curves show the compari-
son between theoretical upper bound on error probability
of the proposed protocol with and without the optimum
power allocation techniques. In the system, which has the
high channel quality (ie., channel variance of 5 for all of
channel links) and the low channel quality system (i.e.,
channel variance of 0.5 for all of channel links), the results
confirm that the proposed protocol yields the same error
probability as the equal power allocation because the
transmission power P; and P, are almost identical.

SER
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Figure 5 Simulated SER curves of decode-and-forward protocol vs. Alamouti-coded decode-and-forward protocols for two-user
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However, in the case that the channel variance is equal
to 0.05 for the source-to-destination link, and the
channel variance of 5 for the source-to-relay link and
the relay-to-destination link, the system which employs
the optimum power allocation technique shows the lower
error probability at low SNR regimes. At high SNR re-
gimes, the transmission power resulted from the optimum

power allocation is the same as the equal power allocation
because the noise variance in (38) and (39) have an in-
significant influence.

In Figure 9, we present the comparison between simu-
lated SER and the theoretical upper bound on an average
SER of the proposed system with and without the
optimum power allocation technique. These results show

-1 -4 -1
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Figure 7 Simulated SER of Alamouti-coded decode-and-forward protocol with optimum relay selection cooperative communications.
Different transmission power levels: P; and P,. (a) Fixed channel variances with different SNR values. (b) High SNR regime with different channel
variances. (c) Low SNR regime with different channel variances.
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that theoretical curves perform close to the simulation
curves in all case. In addition, in the case of optimum
power allocation, the proposed system yields a lower
probability of error in low SNR regimes, and the prob-
ability of error is close to the equal power allocation
case in high SNR regimes.

6 Conclusion

In this paper, we have proposed the Alamouti-coded
decode-and-forward protocol with optimum relay selec-
tion for three-user cooperative communications. The
optimum relay selection protocol in the scenario of a
high channel link, ie., a channel variance of the source-
to-destination link, the source-to-relay link, and the
relay-to-destination link are equal to 5, significantly out-
performs the existing decode-and-forward (DF) protocol,
where the SNR improvement over 5 dB at SER lower

than 10 is observed. Furthermore, the proposed Ala-
mouti's coding scheme performs better than existing DF
protocol of about 1 dB at all SER regimes. In the per-
formance analysis, the derived probability of error shows
a close result to the simulated one. In addition, the
derived upper bound on an average SER could be used
to determine the optimum transmission power for the
source node and the relay node. It is worth noticing that
the optimum power allocation could enhance the error
probability of the system effectively, especially in the low
SNR regimes. Furthermore, in the case of no informa-
tion about the channel variances, the equal power allo-
cation could be fairly used instead as confirmed by the
simulation results in high SNR regimes. Furthermore,
the proposed protocol achieves a full diversity gain by
the virtue of increasing a number of signal transmissions
in the relaying phases.

Symbol Error Rate (SER) vs. SNR(dB)
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Figure 9 A curve of the simulated error probability vs. the theoretical upper bound on an average SER.
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Appendix

The probability density function (pdf) of w can be derived,
where w is the weighting function of the C-MRC signal
combining technique, as follows,

pa(w) — par ("1 (40)

Y

Suppose that X and Y are independent exponential
random variables, with densities ae ™ and be %, u >0,
respectively. For any 0 <x <1 and s> 0, a is the channel
variance between source to relay link, and b is the chan-

nel variance between relay to destination link.
P( min(X,s) st) = P(ngs) = l—e s (41)

For any 0 < x < 1, by the law of total probability (con-
ditioned on Y)

p<M5x> - / (42)
Y 0
P(mm(X, s Sx) be™
s
ds:/ P(min(X,s)<xs)be "ds
0
Hence,
(XY .
p(%q) = / (1-e ) be s (43)
0

ds = l_b/me—(ax+b)s
0
1 b

ds=1- ax+b

The probability density function is obtained by the
derivative of (43). The ratio, called R (R = min (X)Y)/Y),
has positive mass at x = 1; therefore, the density of R on
(0,1) does not integrate to 1. Specifically, the probability
density function fz of R on (0,1) is given by

d b ab
frlx) = <1—ax+b> = (ﬂx+b>2,0 <x<1 (44)
It holds
1 b\, b
/OfR(x)dx = (1—m> lo = 1-- "y (45)

which is less than 1. This implies that P(R=1) = b/(a + D).
Indeed, P(R = 1) = P(min(X, Y) = Y)P(Y < X), and hence, by
the law of total probability (conditioning on X),

oo

b
P(R=1)= /P(Ysu)ue’“”duFR(x) = km,o <x<1

(46)
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In summary, the ratio R is a random variable sup-
ported on [0,1]. It has a distribution function Fg, given
by

= / (1-e)ae ™ du = l—a/ e @by (47)
0 0
and Fr(1) = 1.
Thus, Fr has jump discontinuity at x = 1, where
Fr(1)- lim Fg(x) = 1- lim ( 1- b __b (48)
R x—1" R a x—1" ax+b a a+b

which is the probability P(R=1). In particular, the den-
sity function of R exists only for x < 1. It is given by

ab
X)=—— _0<x<1 49
fol) = (49)
and
FR(?C): —m,0<x<1 (50)

Hence, given a being the variance of a random variable
x and b being the variance of a random variable y, the
pdf of R =min (X,Y)/Y could be expressed as

_ab n b
(ax+b)*> a+b

Sr(x) 8(x-1) (51)

Substituting (51) into (31), we have an upper bound
on the average SER as follows:

(M-1)

/1 N3 ab
X
M o (No+ (1+w)A)(No +wC

) 8 (aw + b)* w

(Pos)=

M-1) ! N3
M /1 (No+(1+W)A)(N0+WC)

b
X @tb) S(w-1)dw

(52)

By using a partial fraction expansion technique, we
can prove that

N} « ab Xa
(No+ (L+w)A)(No +wC) ~ (aw+b)> (No+A+Aw)
Xb Xc Xd
* (No + Cw) * (aw + b)* + (aw +b)

(53)
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Hence,

(M-1) Xa (No+2A) Xb <N0_+C>

P < —1 —1
(Pes) < =7 a2 " Noxa) TN,

- X o Jri +)Ldln atbh
Ca(a-i—b) ab a b

N N3 L b
(N()+2A)(N()+C) ((l+b)

—Xc;—l—i -I—X—dln atb
ala+b) ab a b

N3 L b
T N+ 24 (No+C) “ ¥ D)

(54)
2 2
where xa = Nyab Xb = Nyab Xc =
(vor (o) ((esn)” 7 (s () (Frarn)”
Nzab N3ab-XaNob®-Xb(No+A)b*-Xc(N3+NoA)

s (10pa) (o 204 X4 = (VGrua)p

It could be verified that Xa, Xb, Xc, and Xd are invalid
values of this expansion because these parameters will
make the total probability of error less than zero, i.e.,
P,g < 0. Therefore, we can reasonably ignore them.
Finally, the total probability of error of the system can
be shown as stated in equation (32)

M-1) Nj v 8
M " (No+24)(No+C) " (62 +6%)

(Ppsk) <
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