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SUMMARY In this paper, we propose a novel scheme of cooperative
relaying network based on data exchange between relays before forward-
ing their received data to destination. This inter-relay data exchange step
is done during an additional middle-slot in order to enhance the transmit
signals from relays to the destination under low transmit power condition.
To reduce the propagation errors between relays as well as the required
transmit power during this data exchange, only the relay possessing the
highest SNR is engaged into exchanging data by forwarding its received
signal to the other relays. As for the remaining non-selected relays, i.e.
with low SNR, the transmitted signal is estimated by using both signals re-
ceived separately at different time slots (i.e., 1st and 2nd slot) from source
and the ‘best’ selected relay, respectively, emulating virtual antenna array
where appropriate weights for the antenna array are developed. In addi-
tion, we investigate distributed transmit beamforming and maximum ratio
combining at the relays and the destination, respectively, to combine coher-
ently the received signals. At the relay optimal location and for low SNR
condition, the proposed method has significant better outage behavior and
average throughput than conventional methods using one or two time slots
for transmission.
key words: cooperative relay network, transmit beamforming, MRC, adap-
tive antenna array, optimal relay locations

1. Introduction

Cooperative fixed-relaying cellular networks are new advan-
tageous technologies for future generation of cellular sys-
tems, where relays have to forward cooperatively the re-
ceived data from source to destination. This cooperative
relaying technique effectively provides transmission diver-
sity through distributed wireless relay networks over quasi-
static fading channel without relying on actual multiple an-
tennas. The most common relaying strategies are Amplify-
and-Forward (AF) [1] and Decode-and-Forward (DF) [2].
In AF scheme the relay amplifies the received signal and re-
transmits it while in DF the received message is decoded,
processed and coded again before it is retransmitted to the
destination. Accordingly, in the case of an AF relay scheme,
since a relay retransmits a received signal without decoding
it, the noise contained in the received signal is also amplified
during a retransmission process. In the case of a DF relay
scheme, when an error occurs during the decoding process,
this error is also propagated during the retransmission pro-
cess. Employing DF jointly with any error detecting method
such as cyclic redundancy check (CRC) coding will avoid
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the error propagation while an extra layer of CRC coding is
required to enable the relay to perform error detection [15].
After performing the CRC, the relay decides to forward the
corrected data or wait for another slot if incorrect decoding
is detected. Hence, if both source and relays are not trans-
mitting at the 2nd slot, an inherent loss of transmission rate
is produced and moreover the destination performs the de-
cision using solely the signal received from the first slot of
transmission.

AF does not require a complicated decoding and en-
coding and it is also shown in [3] that AF exhibits better per-
formance than direct transmission and DF relaying schemes.
Motivated by this, we assume AF relay protocol for its sim-
plicity in the cooperative network scheme proposed in this
paper.

Prior work on cooperative relay network mainly fo-
cuses on exploiting spatial diversity for wireless relay-
ing network [4], jointly optimizing transmit beamforming
weight and power allocation [5] and deriving the capacity
of MIMO multiplexing relaying schemes [6]. By employ-
ing the distributed transmit beamforming in the cooperative
relay network; the multiple relays coordinate their transmis-
sions to allow coherent reception at the intended destination
with an energy efficient communication. In other words,
the multiple relay transmitters act as a virtual antenna ar-
ray and the paths arriving from each relay are constructively
combined at the destination and thus the received SNR is
increased relatively to the involved relays. Maximum ra-
tio combiner (MRC) can be also applied at the destination
to combine coherently the signals arrived at different time
slots. For instance, using TDMA system the destination
MRC combines the delayed buffered signals received at dif-
ferent time slots.

In cooperative relay network TDMA system, the data
transmission takes usually place in two steps. In the first
step, the source transmits to the relays and destination while
in the second step; the relays process and forward their re-
ceived signals to the destination (in either the same or a dif-
ferent time slot). However, to improve the quality of the
transmit signals from relays to the destination, and espe-
cially for fixed-relaying networks; where the propagation
channels between relays can be assumed stationary, an ad-
ditional step can be inserted for exchanging data between
relays. Some basic ideas to this exchange scheme were pub-
lished in [7] for source localization and tracking in sensor
networks, in [8] for acoustic sensor underwater nodes local-
ization, and in [9] for fixed relay-enabled user cooperation.
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In [9], an adaptive beamforming receiver was applied at the
relay stations where each relay is dedicated to estimate one
user signal (by using the beamforming technique), and then
engaged into cooperation with the other relays using dis-
tributed space-time coding. During this data exchange step,
each relay does not detect the data of other relays instead it
simply forwards it to the destination.

The purpose of this paper is to study a novel scheme
of cooperative relaying network based on data exchange be-
tween relays in order to enhance the link performance be-
tween relays and destination by using three-time slots. In
contrast to other schemes [7]–[9], instead of having all the
relays exchange their received signals, only one relay, with
the highest SNR in the source-relays link, engages into co-
operation by forwarding its received signal to the other re-
lays. By selecting the ‘best’ relay for this data exchange pro-
cess, one can reduce the required total transmit power and
also limit the propagation error between relays. Also during
this step, we develop a virtual antenna array processing at
the non-selected relay nodes to estimate the transmitted sig-
nal by using both signals coming from source and the ‘best’
relay at different time slots (i.e., 1st and 2nd slot) [10]. In
addition, we investigate distributed transmit beamforming
and MRC at the relay and destination nodes, respectively,
to combine coherently the received signals. Therefore, by
maximizing the instantaneous SNR at the destination to the
total transmitted power used in the whole cooperative net-
work, we derive the transmit beamforming weight vector at
the relay parts and the MRC reception weight vector at the
destination part.

In addition, relay location is an important issue for
wireless relay networks performance. Deploying a coopera-
tive relay in the proper location will boost the benefits from
cooperation and reduce the needed transmit power in the co-
operative network. To achieve this aim, the optimum relay
locations relative to the source and the destination have to be
determined. Hence, according to the measured BER perfor-
mance, the impact of relay location is discussed and optimal
locations are found through a simple line placement tech-
nique†.

The rest of the paper is organized as follows. Section 2
introduces the system model and describes the proposed co-
operative network. Section 3 analyzes and evaluates the pro-
posed method by computer simulation. Finally, Sect. 4 con-
cludes the paper.

2. Cooperative Relaying with Data Exchange

2.1 System Model

Consider a wireless system where a source node transmits to
a destination assisted by m relay nodes. For the sake of sim-
plicity suppose that m=2. Figure 1 illustrates the proposed
cooperative relaying TDMA scheme where each transmis-
sion block is divided into three non-overlapping steps in
time. In step I, the source node transmits the unit power sig-
nal s to the destination and both relays. The received signals

Fig. 1 Illustration of the novel cooperative relaying network.

Fig. 2 Data exchange between relays during step II.

at relay node i and the destination are, respectively, given by

rs,i =
√

Ps · hs,i · s + ηs,i, i = 1, 2 (1)

rs,d =
√

Ps · hs,d · s + ηs,d, (2)

where Ps is the transmit power used by the source node,
hs,i and hs,d are complex path gains, including path-loss
and Rayleigh fading††, of the source-relay and source-
destination channels, respectively, where the square of path-
loss inversely proportional to the power of the distance is as-
sumed, and ηs,i and ηs,d are the AWGN’s in the correspond-
ing channels with variance N0.

By using the AF relay scheme in step II, the ‘best’ re-
lay, having the highest SNR for source-relay channel, nor-
malizes and retransmits its received signal to the other relay.
Without loss of generality, we assume that the relay #1 is se-
lected as the best relay, as shown in Fig. 2, and consequently
its transmitted signal to the 2nd relay is given by

s1 =
√

P1 · rs,1√
Ps ·

∣∣∣hs,1

∣∣∣2 + N0

, (3)

where P1 is the transmit power used by relay 1 during step
II. The received signal at the 2nd relay is expressed as

rr1,r2 = g1 · s1 + ηr,2, (4)

†The relays move from source to destination according to cer-
tain lines that are parallel to the line joining the source and the
destination.
††We ignore the shadowing effect and study the effect due to the

path loss and fading.
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Fig. 3 Signals processing at the 2nd relay station.

where g1 is complex path gain of the relay1-relay2 chan-
nel, which can be periodically estimated in our fixed-relay
deployment topology and ηr,2 is an AWGN with variance
N0. Subsequently, the 2nd relay enhances its received signal
by combining the signals received separately through steps
I and II; emulating the usage of 2-element virtual antennas
array, as shown in Fig. 2, where each virtual antenna ele-
ment output may undergo independent fading. By doing so,
an adaptive antennas array (AAA) algorithm is applied in
this stage to combine coherently the received signals as il-
lustrated in Fig. 3. The virtual AAA output can be expressed
as follows

yc2 = wc21 · r2 + wc22 · rc2, (5)

where

r2 =
√

P1 · rs,2√
Ps ·

∣∣∣hs,2

∣∣∣2 + N0

, (6)

and [wc21 , wc22] represents the AAA weight vector, and

rc2 = rr1,r2 ·
g∗1
|g1|2

=
(
g1 · s1 + ηr,2

) · g∗1|g1|2
, (7)

where g∗1 represents the conjugate of g1.
By substituting (1), (3), (4) and (6), (7) into (5), we

obtain

yc2 =
√

Ps · s · h2 · wH
c2 + η2 · wH

c2, (8)

where

h2 =
[ √

P1ρ2hs,2,
√

P1ρ1hs,1

]
, wc2 = [w∗c21

, w∗c22
],

η2 =

[ √
P1ρ2ηs,2,

√
P1ρ1ηs,1 +

g∗1
|g1|2

]
,

E
[∣∣∣ηs,i(k)

∣∣∣2] = N0, for i = 1, 2, and

ρi =

(√
Ps ·

∣∣∣hs,i

∣∣∣2 + N0

)−1

for i = 1, 2.

The relays 1 and 2 normalize their received signals and
retransmit at the 3rd time-slot the signals sr1 and sr2, with
the i-th complex transmit beamforming weight wT B2i, re-
spectively, to the destination as follows

sr1 = wT B21 · ycn21, (9)

sr2 = wT B22 · ycn22, (10)

where

ycn21 = ρ1 · rs,1, (11)

ycn22 = ρc2 · yc2, (12)

ρc2 =

(√
E

[
y∗c2 · yc2

])−1

and P2 = wT B2 ·wH
T B2 represents the

total transmitted power used by the relay nodes during step
III. Then, the received signal at the destination at step III is
expressed as

rr,d =

2∑
i=1

wT B2i · hi,d · ycn2i + ηr,d, (13)

where hi,d is a complex path gain of the relay (i)-destination
channel and ηr,d is an AWGN with variance N0. By substi-
tuting (11), (12) into (13), we obtain

rr,d =
√

Ps · s · a2 · wH
T B2 + γ2 · A2 · wH

T B2 + ηr,d , (14)

where

a2 = [ρ1 · hs,1 · h1,d, ρc2 · h2 · wH
c2 · h2,d],

wT B2 = [w∗T B21
, w∗T B22

], γ2 =
[
ηs,1, η2 · wH

c2

]
,

and A2 = diag[ρ1 · h1,d, ρc2 · h2,d]2×2.

In order to combine constructively the signals rs,d and
rr,d from the source and relay channels, respectively, MRC
combining cooperative diversity is considered. Thus the fi-
nal detection is given by

y = wMRC21 · rs,d + wMRC22 · rr,d. (15)

By substituting (2) and (14) into (15), we obtain

y =
√

Ps · s · H2 · wH
MRC2 + N2 · wH

MRC2, (16)

where H2 =
[
hs,d, a2 · wH

T B2

]
, wMRC2 =

[
w∗MRC21

, w∗MRC22

]
, and

N2 = [ηs,d,γ2 · A2 · wH
T B2 + ηd,2].

2.2 Derivation of the Virtual AAA Weight Vector wc2

Many various weight adaptation algorithms are developed
in literature to determine the optimal complex weight for
the AAA. They all combine the received signals from mul-
tiple antenna elements to satisfy specific optimization cri-
teria. These criteria may include methods for minimizing
the mean square error (MMSE), maximizing the SNR, and
minimizing the variance of interference. Among them, we
employ here the maximizing SNR criterion based on gen-
eralized Eigen-value problem [11]. From (8) and for a
given weight vector wc2, the instantaneous SNR at the vir-
tual AAA output for 2nd Relay is expressed as

γc2 = Ps ·
wc2 · hH

2 · h2 · wH
c2

wc2 ·Ωc2 · wH
c2

, (17)

where
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Ωc2 = diag

(
P1N0ρ

2
2, P1N0ρ

2
1 +

N0

|g1|2
)

2×2

.

The weight optimization can be estimated by maximizing
(17), in the form of Rayleigh quotient, by solving the gen-
eralized Eigen-value problem [11]. Hence, for any weight
vector wc2, we have

γc2 ≤ Psλmax, (18)

where λmax is the largest Eigen-value of
(
Ω

H/2
c2

)−1
hH

2 h2(
Ω

1/2
c2

)−1
. The equality holds if wc2 = c.h2 (Ωc2)−1 where c

can be any non-zero constant [5]. Then the optimum weight
vector wc2 derived by maximizing the SNR (i.e., γc2) based
on generalized Eigen-value problem is given by

wc2=

⎡⎢⎢⎢⎢⎢⎢⎢⎣ hs,2√
P1 · ρ2 · N0

,
hs,1√

P1 · ρ1 · N0+
N0

|g1 |2.√P1·ρ1

⎤⎥⎥⎥⎥⎥⎥⎥⎦ . (19)

2.3 Derivation of MRC and Transmit Beamforming
Weight Vectors

From (15), the instantaneous SNR at the destination is ex-
pressed as

γd2 = Ps.
wMRC2 · HH

2 · H2 · wH
MRC2

wMRC2 ·Ωd2 · wH
MRC2

, (20)

where Ωd2 = diag
[
N0,wT B2 · AH

2 · Γ2 · A2 · wH
T B2 + N0

]
2×2

and

Γ2 =

[
N0,

√
P1ρ1N0wc22 ;

√
P1ρ1N0w

∗
c22
,

P1

∣∣∣wc21

∣∣∣2 N0ρ
2
2 + N0

∣∣∣wc22

∣∣∣2
(
P1ρ

2
1 +

1

|g1|2
) ]
.

The optimized weight vectors are derived as

(wT B2,wMRC2)

= arg max
(wT B2,wMRC2)

(γd2), s.b.t Ps + P1 + P2 = Pt, (21)

where Pt represents the total transmit power used in the
whole cooperative relay network.

Solving the optimization problem (21) in closed form
appears to be complex. Hence we relaxed the optimization
problem by finding a sub-optimally closed form. The op-
timum MRC weight vector wMRC2 is derived first by maxi-
mizing the instantaneous SNR given in (20) and then by sub-
stituting the derived expression of wMRC2 in (20), we deter-
mine consecutively the transmit beamforming weight vec-
tor wT B2. Using the same presented principle to derive the
weight vector by means of maximizing (20) based on the
generalized Eigen-value problem, we obtain for any weight
vector wMRC2

γd2 ≤ Psλdmax, (22)

where λdmax is the largest Eigen-value of
(
Ω

H/2
d2

)−1
HH

2 H2(
Ω

1/2
d2

)−1
. Under the assumption that HH

2 H2 is symmetrical,
λdmax is expressed by [11]

λdmax = Trace
[(
Ω

H/2
d2

)−1
HH

2 · H2 ·
(
Ω

1/2
d2

)−1
]
, (23)

where (23) can be simplified as

λdmax =

∣∣∣hs,d

∣∣∣2
N0
+

wT B2 · aH
2 · a2w

H
T B2

wT B2 · AH
2 · Γ2 · A2 · wH

T B2 + N0
. (24)

And by following the same analysis previously described
above the optimum MRC vector is given by

wMRC2 =

⎡⎢⎢⎢⎢⎣hs,d

N0
,

a2 · wH
T B2

wT B2 · AH
2 · Γ2 · A2 · wH

T B2 + N0

⎤⎥⎥⎥⎥⎦ . (25)

Therefore, to maximize λdmax, (i.e., find the upper
bound of (22)), we simply maximize the 2nd right-hand side
element of (24). Let define

Ω2 = AH
2 · Γ2 · A2 + N0 · I2×2/P2, (26)

and then the 2nd right-hand side element of (24) can be ex-
pressed as

wT B2 · aH
2 · a2w

H
T B2

wT B2 · AH
2 · Γ2 · A2wH

T B2 + N0
=
wT B2 · aH

2 · a2w
H
T B2

wT B2 ·Ω2 · wH
T B2

, (27)

since P2 = wT B2 · wH
T B2.

As a result, maximization of (24) can be achieved by
maximizing a form of Rayleigh quotient given by (27). Then
by following the same analysis previously described above
we obtain

wT B2 = ca2 (Ω2)−1 , (28)

where c =
√

P2

|a2(Ω2)−1|2 .

2.4 Increasing the Path Diversity at the Destination

The proposed method performance can be further improved
if the destination allows receiving data from the ‘best’ relay
during step II. This increasing in path diversity at the desti-
nation will enhance the received SNR when all paths are co-
herently combined using MRC and as a result the through-
put can be increased. To this end, based on similar analysis
as the one described above, the new optimal MRC weight
vector at the destination is developed in (29) where the sig-
nal from the selected relay in step II is also received by the
destination.

wMRC =

[
hs,d

N0
,

√
P1 · ρ1 · hr1,d · hs,1∣∣∣hr1,d

∣∣∣2 · P1 · ρ2
1 · N0 + N0

,

a2 · wH
T B2

wT B2 · AH
2 · Γ2 · A2 · wH

T B2 + N0

]
, (29)

where hr1,d represents the path gain between the selected
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relay (relay 1 in this case) and the destination during step II.
We note that the above condition does not affect the optimal
transmit beamforming weight that will be still given by (28).

In the following section, the benefit of increasing the
path diversity at the destination is also investigated and is
labeled as proposed method with option (2).

3. Simulation Results

In this section we evaluate the performance of the proposed
method with comparison of the two approaches presented
in [5] and [12] with a target comparison of the direct trans-
mission when the source sends the information to the des-
tination with the total transmit power Pt, without help from
relays. The approach [5] uses 2-time slots with distributed
transmit beamforming and MRC reception at the relays and
destination, respectively. The approach [12] uses 3-time
slots with an MRC at the destination and equal power al-
location across the relay terminals, i.e. Pi = Pr/m, for i =
1, . . . ,m where Pr = Ps = Pt/2 and m is the number of the
relays. We will study first and analyze by computer simu-
lation the impact of relay location on the BER performance
and then evaluate the outage probability and throughput for
the optimal relay location that gives the lowest BER by us-
ing these four aforementioned techniques. We assume all
channels have spatially uncorrelated Rayleigh fading which
are constant within one slot, but varying between slots. The
path loss exponent is assumed to be 3 and the modulation
scheme of the transmit signal is QPSK. The source node
is located at coordinates (0, 0) and the destination node at
(0, r0) within a square of side length of r0, while the two re-
lays are located between source and destination as shown in
Fig. 4.

To obtain the maximum benefit of the inter-relay data
exchange, the minimum distance between relays is set to be
half of the source-destination distance†. Thus the y-axis of
the relay 1 and 2 are set to be equal to (ro/4) and (−ro/4),
respectively, as illustrated in Fig. 4.

3.1 BER vs. Relay Locations

Relay node placement introduced in wireless cellular net-
work has been studied by many researchers to achieve more
profit from relay deployment in wireless networks [13], [14].
In the relay location problem, the objective is to find opti-
mal relay locations minimizing a utility function represent-
ing the error probability or outage probability, or maximiz-
ing the one representing the capacity, throughput, or energy
and lifetime of the relay sensor network.

Optimum relay location is mainly studied with opti-
mum power allocation. The principal aim is to find out the
optimal relay locations jointly with the optimal energy pro-
vided to them so that the wireless network is efficiently oper-
ational with minimum sum of total energy and while main-
taining good performance††. Usually, the transmit power is
equally shared among source and all relays. However, in a
homogeneous environment where the path loss exponent is

Fig. 4 Square cell.

a constant, and when coherent AF with orthogonal channels
and equal power among relays are used, the optimal relay lo-
cations minimizing the error probability are shown to be on
the right bisector line between source and destination [14].

In what follows, we find the optimal relay locations (x-
axis) for our proposed method that gives the lowest BER
in the environment presented above and that to perform an
unbiased comparison with the other methods. Thus for each
approach, the optimal relay location that gives the lowest
BER is identified and then the throughout and the outage
probability are measured when the relays are positioned at
their optimal locations.

For the proposed method, the power allocation††† is set
to be Ps = Pt/2 and P2 = 2P1 = Pt/3, where Pt represents the
sum total transmit power used by the whole relay network.
To achieve such aim, we conduct several channel realiza-
tions with a statistical averaging, where locations of relay
1 and relay 2 are changed according to their corresponding
dashed lines with equation (“y” = r0/4) and (“y” = −r0/4),
from source (x = 0) to destination (x = r0), respectively, as
illustrated in Fig. 4. With a relay displacement resolution
equal to 0.1 r0, we obtain 11×11 = 121 pair locations of the
two relays. For each pair relay location we average over 100
channel realizations. Without loss of generality, we assume
all distances are normalized to r0.

Figures 5(a), (b) and (c) illustrates the BER in terms of
relay locations using the three schemes when the sum total
normalized transmit power Pt/P0 is set to be 8 dB††††. We
can see from this figure that the BER surfaces using three
schemes possess different characteristics depending on the
relay locations where several interesting observations can
be extracted.

For instance, the BER surface resulting by using [12]

†This minimum distance value makes a good choice since the
distance between relays should not be so far to get the benefit from
data exchange.
††As a performance measure, we can adopt the BER, through-

out, outage probability or capacity.
†††The optimum power allocation is beyond the scope of this

paper.
††††This represents the normalized transmit power to P0, where

we set P0r−α0 /N0 = 1, and P0 represents the transmit power from
source to destination and α is the path loss exponent value.
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Fig. 5 Surfaces defined by the measured BER in terms of relay locations using different relay network
schemes.

(Fig. 5(a)) is diagonally symmetrical where the minimum
BER values are obtained at this diagonal line and particu-
larly when the relays are far from the source. The symmetri-
cal characteristic means that if the relays 1 and 2 are located
at x1 = α and x2 = β, respectively, the BER value is almost
the same when the relay locations are swapped (i.e., x1 = β
and x2 = α) and that can be explained by the equal power
allocated at both relays. Also, the optimal relay locations
are set to be in the right bisector line between source and
destination (see the deep black color in this figure). More-
over, we observe that having a high BER is highly probable
especially when one of the relay is close to destination (at
any location for the other relay) stemming from the fact that
both relays are transmitting with orthogonal channels with-
out cooperation.

While using the approach [5] (Fig. 5(b)), we can see
the benefit of cooperative relay scheme with transmit beam-
forming. Hence, we get a BER improvement compared to
Fig. 5(a) and especially when one of the relay is placed close
to the destination. However, in case of having one of the
relays close to source and the other one close to destina-
tion, the BER is high due to the large distance between relay
nodes that outweighs the benefit of the transmit beamform-
ing. The minimum BER values are achieved when both re-
lays are located close to the right bisector line (see the deep
black color in this figure).

However, by employing our proposed method,
(Fig. 5(c)), we can see the great enhancement in measured
BER for all relay locations compared to the other ap-
proaches (5(a) and 5(b)). We observe two symmetric deep
dark regions representing the minimum BER values. They

Table 1 Relays’ optimal locations normalized by r0.

are not located at the right bisector line, but at the 2nd quar-
ter (i.e., relay 1 and relay 2 are near source and destination,
respectively) and at the 4th quarter (relay 1 and relay 2 are
near destination and source, respectively). That can be ex-
plained by: 1- Due to the path loss, the relay that engages
into cooperation should receive signal with high power (near
the source), 2- To maximize the benefit from the distributed
transmit beamforming, and to compensate for placing 1st
relay near source, the 2nd relay has to be near destination.

The optimal location (normalized to the source- des-
tination distance) giving the lowest BER for each method
is presented in Table 1. We notice from Table 1 that the
optimal relay location using method [12] is obtained at the
right bisector line between source and destination while the
one for method [5] is almost near this line. In contrast, the
optimal locations for the proposed method are positioned far
from this line and thus it is due to the exchange data between
relays.

3.2 BER Performance at the Optimal Relay Location

Figure 6 compares the average BER in terms of the normal-
ized total transmit power used in the complete cooperative
network using the above three techniques in addition with
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Fig. 6 BER as a function of the sum total normalized transmit power by
using the four schemes.

direct transmission. The results are obtained by averaging
over 2000 channel realizations and the relay locations for
each method are positioned at their optimal value given in
Table 1. From this figure it is shown that for a required BER
equal to 0.001, the proposed method outperforms the ones
presented in [5] and [12] by approximately 4 dB and 10 dB,
respectively.

3.3 Outage Probability Performance at the Optimal Relay
Location

The measured BERs are used to compute the outage proba-
bility where an outage may occur at a source location if the
measured BER exceeds 10−2. For this outage probability
analysis, Monte-Carlo simulation was conducted in a unit
square cell. The source is placed randomly in 1000 loca-
tions inside this cell while the results (measured BERs) are
obtained by averaging over 20 channel realizations for each
source location. Also the relay locations for each method
are positioned at their optimal locations given in Table 1.
The tolerable outage probability is assumed to be 0.1. Fig-
ure 7 evaluates the outage probability in terms of the normal-
ized total transmit power used in the cooperative network
using the four schemes. As can be seen from this figure, for
this tolerable outage probability the normalized total trans-
mit power is approximately equal to 4 dB, 7 dB, 13 dB and
26 dB by using the proposed method, two slots [5], three
slots [12] and direct transmission, respectively.

3.4 Throughput Performance at the Optimal Relay Loca-
tion

Figure 8 compares the average normalized throughput in
terms of the normalized total transmit power used in the co-
operative network using the four schemes. The normalized

Fig. 7 Outage Probability as a function of the sum total normalized
transmit power by using the four schemes.

Fig. 8 Average normalized throughput of the four schemes as a function
of the sum total normalized transmit power.

throughput is defined as the number of the correct received
packets divided by the number of the transmitted ones dur-
ing same period and divided by the number of the slots used
for this transmission. The results are obtained by averaging
over 2000 channel realizations where the relay locations for
each method are positioned at their optimal value given in
Table 1. We notice from this figure that the proposed method
outperforms the ones presented in [5] and [12] by 1 dB and
3 dB, respectively at low SNR†. Note that the approach [5]
has greater throughput at high SNR (i.e., Pt > 5 dB) com-
pared to the proposed method, but far poor outage probabil-
ity. However lower transmit power is extremely desirable
in highly dense new communication system to reduce inter-

†Since all nodes stations are assumed to have same noise vari-
ance, than low total transmit power is equivalent to low SNR con-
dition.
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Fig. 9 Average normalized throughput of the three schemes as a function
of the sum total normalized transmit power where the relays are located at
the right bisector line or randomly inside the square cell.

ference and increase battery life of portable devices as well
as of relay nodes and that shows the importance of the pro-
posed method.

3.5 Proposed Method with Option 2

In this section, we evaluate the improvement obtained using
the proposed method with option (2). We used the same
simulation environment described above, and we analyze
the system performance where both relays are located at the
right bisector line and randomly inside the square cell as il-
lustrated in Fig. 4.

Figure 9 compares the average normalized throughput
in terms of the normalized total transmit power using three
schemes; the proposed method with option (2) and the meth-
ods presented in [5] and [12]. When the relays are located at
the right bisector line, the results are obtained by averaging
over 1000 channel realizations. In case of relays randomly
located, the results are averaging over 100 channel realiza-
tions and where for each random relay location 100 pairs of
relay locations are generated randomly. We notice from this
figure that the proposed method with option (2) outperforms
the ones presented in [5] and [12] for both relay location
cases. Moreover, for random relay locations case, the pro-
posed method with option (2) presents a slight degradation
compared to the result obtained for right bisector line case,
while the approaches presented in [5] and [12] exhibit some
degradation approximately equal to 1 dB.

For the outage probability analysis, the source is placed
randomly in 100 locations inside a square cell while the re-
lays are placed at the right bisector line. For each source
location, the results (measured BERs) are obtained by av-
eraging over 20 channel realizations for each source loca-
tion. Figure 10 evaluates the outage probability in terms
of the total transmit power used in the cooperative network
using the three aforementioned methods analyzed in Fig. 9.
This figure illustrates that for the tolerable outage probabil-
ity equal to 0.1, the total transmit power should be approx-

Fig. 10 Outage Probability as a function of the sum total normalized
transmit power where the relays are located at the right bisector line.

imately equal to 5 dB, 7 dB by using the proposed method
with option (2) and the reference [5] using two slots, re-
spectively. Despite locating the relays at the right bisector
line instead of their optimal location identified in Sect. 3.1,
the proposed method still outperforms the method using two
time slots with optimal relay locations.

4. Conclusion

In this paper, we proposed a novel scheme of cooperative
relaying network based on exchanging data between relays
before forwarding their received signals to destination. The
obtained results showed that at low transmit power levels;
the proposed method has significantly better outage behav-
ior and average throughput than conventional methods using
one or two time slots for transmission. It is worth mention-
ing that when communication lines between source and re-
lays are broken, conventional methods suffer severe perfor-
mance degradation while the proposed method owing to su-
perior exchange and adaptation schemes succeeds in main-
taining good quality of service.

This proposed method can be generated for using more
than two relays. For instance, the relay possesses the high-
est SNR is selected and engages into cooperation while the
remaining non selected relays estimate the transmitted sig-
nal as described above. The complexity of the ‘best’ relay
selection may be increased if the number of relays is higher.
But since we assume a fixed-relay deployment, the channels
between base station (BS) and relay nodes can be assumed
stationary and periodically estimated. Thus the proposed ap-
proach is easily applied in downlink access where best-relay
selection can be performed by the BS and hence complexity
and signaling overheads are largely reduced.

The optimal relay location has been also studied by
computer simulation to perform an unbiased comparison
with other methods. Though deriving a closed form expres-
sion for the optimal relay location using our proposed ap-



1794
IEICE TRANS. COMMUN., VOL.E92–B, NO.5 MAY 2009

proach is an interesting subject but it is left as future work
when power allocation will be introduced to the proposed
method.

This proposed method can be implemented based on
the DF technique as well. However, among the advantage
of AF strategy is that this relay does not require performing
detection and decoding. In our study, AF is employed first
for its simplicity but jointly with the channel estimation and
weight detection processing, the hardware complexity will
be increased. However, using DF strategy, the relay requires
as well channel estimation for the distributed transmit beam-
forming and MRC combining and therefore, AF and DF ap-
proaches require almost the same degree of complexity. In
addition, since we assume a fixed-relay deployment, the re-
lay size and the implementation complexity will be tolerable
for performance enhancement purpose.

By introducing this data exchange between relays, the
outage probability is improved with a small degradation
in throughput. Increasing the system throughput can be
achieved for instance by allowing the destination to also
combine the signal of the ‘best’ relay in phase II as we eval-
uated in this paper. Also the total throughput can be in-
creased by using relays with simultaneous transmitting and
receiving capability and using CDMA or OFDMA employ-
ing different subcarriers transmitting and receiving and that
is left for future work.

Acknowledgment

This work was supported in part by the Japanese Society for
the Promotion of Science (JSPS).

The authors would also like to thank the anonymous
reviewers for their valuable suggestions for improving the
manuscript.

References

[1] E. Zeng, S. Zhu, X. Liao, Z. Zhong, and Z. Feng, “On the perfor-
mance of amplify-and-forward relay systems with limited feedback
beamforming,” IEICE Trans. Commun., vol.E91-B, no.6, pp.2053–
2057, June 2008.

[2] G. Kramer, M. Gastpar, and P. Gupta “Cooperative strategies and
capacity theorems for relay networks,” IEEE Trans. Inf. Theory,
vol.51, no.9, pp.3037–3038, Sept. 2005.

[3] J. Boyer, D. Falconer, and H. Yanikomeroglu, “A theoretical charac-
terization of the multihop wireless communications channel with di-
versity,” Proc. IEEE Global Telecommunications Conference, vol.2,
pp.841–845, Nov. 2001.

[4] Y. Zhao, R. Adve, and T.J Lim, “Improving amplify and forward
relay networks: Optimal power allocation versus selection,” IEEE
Trans. Wireless Commun., vol.6, no.8, pp.3114–3123, Aug. 2007.

[5] Z. Yi and I. Kim, “Joint optimization of relay-precoders and de-
coders with partial channel side information in cooperative net-
works,” IEEE J. Sel. Areas Commun., vol.25, no.2, pp.447–458,
Feb. 2007.

[6] C. Wang, T. Yuan, and D. Yang, “Cooperative relay network config-
uration with spatial multiplexing and beamforming,” International
Conf. on Wireless Communications, Networking and Mobile Com-
puting, pp.137–140, Sept. 2007.

[7] M. Rabbat and R. Nowak, “Decentralized source localization and
tracking,” Proc. IEEE Int. Conf. Acoust., Speech, and Sig. Proc.,

pp.921–924, May 2004.
[8] J.E. Garcia, “Positioning of sensors in underwater acoustic net-

works,” Proc. MTS/IEEE, vol.3, pp.2088–2092, 2005.
[9] A. Adinoyi and H. Yanikomeroglu, “Spectral efficiency and user

diversity gains through cooperative fixed relays,” Proc. IEEE,
VTC’2006, pp.1–5, Sept. 2006.

[10] S.A. Fares, F. Adachi, and E. Kudoh, “Novel cooperative relay-
ing network scheme with exchange communication and distributed
transmit beamforming,” 5th IEEE VTS Asia Pacific Wireless Com-
munications Symposium (APWCS), Sendai, Japan, Aug. 2008.

[11] K.V. Mardia, J.T. Kent, and J.M. Bibby, Multivariate Analysis, Aca-
demic, San Diego, CA, 1979.

[12] Y. Zhao, R. Adve, and T.J. Lim, “Symbol error rate of selection
amplify-and-forward relay systems,” IEEE Commun. Lett., vol.10,
no.11, pp.757–759, Nov. 2006.

[13] M. Yu, J. Li, and H. Sadjadpour, “Amplify-forward and decode-
dorward: The impact of location and capacity,” Military Commu-
nications Conference, MILCOM, IEEE, vol.3, pp.1609–1615, Oct.
2005.

[14] B. Liu, B. Chen, and R.S. Blum, “Minimum error probability co-
operative relay design,” IEEE Trans. Signal Process., vol.55, no.2,
pp.656–664, Feb. 2007.

[15] A. Murugan, K. Azarian, and H. El Gamal, “Cooperative lattice cod-
ing and decoding in half-duplex channels,” IEEE J. Sel. Areas Com-
mun., vol.25, no.2, pp.268–279, Feb. 2007.

Salma Ait Farès received the B.S. de-
gree from Mohammed V University, Rabat, Mo-
rocco, in 1999, and M.Sc. and Ph.D. degrees,
respectively, in electrical engineering from Uni-
versity of Quebec in Trois Rivières, in 2003, and
in telecommunication from INRS- ÉMT, Uni-
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FARÈS et al.: A NOVEL COOPERATIVE RELAYING NETWORK SCHEME WITH INTER-RELAY DATA EXCHANGE
1795

Fumiyuki Adachi received the B.S. and
Dr.Eng. degrees in electrical engineering from
Tohoku University, Sendai, Japan, in 1973 and
1984, respectively. In April 1973, he joined
the Electrical Communications Laboratories of
Nippon Telegraph & Telephone Corporation
(now NTT) and conducted various types of re-
search related to digital cellular mobile commu-
nications. From July 1992 to December 1999,
he was with NTT Mobile Communications Net-
work, Inc. (now NTT DoCoMo, Inc.), where he

led a research group on wideband/broadband CDMA wireless access for
IMT-2000 and beyond. Since January 2000, he has been with Tohoku Uni-
versity, Sendai, Japan, where he is a Professor of Electrical and Communi-
cation Engineering at the Graduate School of Engineering. His research
interests are in CDMA wireless access techniques, equalization, trans-
mit/receive antenna diversity, MIMO, adaptive transmission, and channel
coding, with particular application to broadband wireless communications
systems. From October 1984 to September 1985, he was a United Kingdom
SERC Visiting Research Fellow in the Department of Electrical Engineer-
ing and Electronics at Liverpool University. He was a co-recipient of the
IEICE Transactions best paper of the year award 1996 and again 1998 and
also a recipient of Achievement award 2003. He is an IEEE Fellow and
was a co-recipient of the IEEE Vehicular Technology Transactions best pa-
per of the year award 1980 and again 1990 and also a recipient of Avant
Garde award 2000. He was a recipient of Thomson Scientific Research
Front Award 2004 and Ericsson Telecommunications Award 2008.

Eisuke Kudoh received the B.S. and
M.S. degrees in physics and Ph.D. degree in
electronic engineering from Tohoku University,
Sendai, Japan, in 1986, 1988, and 2001, respec-
tively. In April 1988, he joined the NTT Radio
Communication Systems Laboratories, Kana-
gawa, Japan. He was engaged in research on
digital mobile and personal communication sys-
tems including CDMA systems and error con-
trol schemes, etc. Since October 2001, he has
been with Tohoku University, Sendai, Japan,

where he is an Associate Professor of Electrical and Communication En-
gineering at Graduate School of Engineering. His research interests are in
wireless multi-hop network, wireless packet transmission, etc.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


