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Abstract— Transmission using cooperative relays is a new
paradigm in wireless communication. The cooperating relays
facilitate the process of communication by performing the
operations like data transmission and data processing in a
distributed manner. In this wireless system every node is an
active element and can act as a relay node. So when a group of
these cooperating nodes are involved in a communication stream,
a virtual multiple input multiple output (MIMO) system is
formed which provides the networks with additional benefits of
spectral efficiency and error reduction. Since this system is based
on the traditional wireless sensor network (WSN) in which each
node has a limited power and computational resource. Therefore,
energy efficiency achieved by employing cooperating relays is not
sufficient enough. Some extra measures need to be taken to
decrease the power consumption of the network. This paper is an
effort in this direction, as a power efficient allocation algorithm
has been proposed which allocates transmission power optimally
to the source node and the involved relay nodes. In the first part
of the paper mathematical expressions have been derived for
various phases in a cooperative relay transmission. The
performance efficiency of the system has been presented using
average bit error rate (ABER) as a performance criteria. In the
second part, a power allocation algorithm has been derived and
employed in a multi-hop cooperative relay network having
4-nodes, with amplify and forward (AF) protocol as its relaying
technique. The efficiency of the power allocation algorithm
(OPA) has been further investigated with respect to relay
location in a network. Simulation results validate the
performance efficiency of OPA in different transmission
scenarios.
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I. INTRODUCTION

I ‘or the past few years there has been a substantial increase
in wireless communication services and applications. This
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advancement has brought us to the critical issue of efficiently
utilizing the network resources. Communication through
cooperating relay nodes is one such technology that uses the
network resources dynamically rather than the traditional fixed
access approach. These cooperating relays share their network
resources to enhance the network productivity by providing
distributed transmission [1]. This new wireless network seems
quite promising, as it incorporates extra capabilities to a
traditional WSN and at the same time increases spectrum
efficiency in a significant way [2]. In a nutshell, a cooperative
relay network (CRN) can provide its end users with high
bandwidth efficiency, extended service coverage and
ubiquitous connectivity.

In this technique spatial diversity gain is achieved by
sharing the antenna resource of cooperating relay nodes to
form a virtual MIMO system, as proposed in [3][4]. The
source node and the involved relay nodes simultaneously
transmit data over independent fading paths. At the receiver
node these multiple streams of same correlated data is used to
achieve a spatial diversity gain. The gain achieved due to
diversity offers advantages like reduction in both error rate
and the required transmission power. The relaying protocols
being run on the nodes can be categorized into different types
[5]. Among these types, amplify and forward (AF) protocol is
a widely adopted one. This protocol simply amplifies the
received signal and then forwards it to the next node without
any complex processing, making it an efficient and less
complex technique [6]. So, the system analysis has been
carried out using AF relaying protocol.

In order to practically integrate this promising technique in
the future wireless networks there are few issues, which need
to be addressed. Among them transmission power
management is a crucial one. Although extensive research has
been carried out for relay networks but very few are focusing
the issue of power efficiency. Optimal power allocation
(OPA), is one of the techniques that allocates the transmission
power optimally between the source and the involved relay
nodes. Therefore, a substantial amount of node power is saved
while maintaining the link quality [7]. The power allocation of
a two-hop AF cooperation network was examined in [8] and
[9] for Rayleigh fading, but they only considered a single relay
network. In [10], the power allocation has been discussed for a
multi-node network but decode-and-forward (DF) relaying
protocol has been employed over Rician fading channel.
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Moreover in [11] [12] and [13], OPA has been derived for AF
dual-hop network with arbitrary number of relays over
Rayleigh fading. In [14], an OPA technique has been proposed
for a multi-hop cooperative relay network but the network
scenarios based on the location of relay in the network have
been discussed very briefly.

The remainder of this paper is organized as follows.
Section II, presents the network model and parameters. In
Sections III, the mathematical expressions of the received
signals have been derived for different phases of transmission.
ABER has been taken as criteria to show the performance
efficiency of power allocation algorithm. In Sections 1V, the
expressions for the required transmission power of the source
and the relay nodes have been derived for the corresponding
4-node network configuration. The performance efficiency
gained by employing the proposed technique is presented in
form of performance curves, in Section V. Section VI,
concludes the paper.

II. MULTI-HOP COOPERATIVE NETWORK

A. Network Model

For this scenario the network model is shown below in Fig
1. This network has four communication nodes; a source node
S, two relay nodes namely R/ and R2 and lastly a destination
node D. The channel gains for the source to destination,
source to relayl, relayl to relay2 and relay2 to destination are
represented by terms Gsp, Gsg; Grirz and Ggyp respectively.
The network model is designed based on few assumptions.
The channel is assumed to be a Rayleigh fading channel and is
normalized so that the fading coefficient matrix is complex
Gaussian  with zero-mean and variance o°. Every
communicating node in the network will obey rules of half
duplex transmission that means it will either transmit or listen
at any given instant. The multiple signals received by the
receiver node will be combined using Maximal Ratio
Combining (MRC) technique. Finally, the power constraints
are applied for the whole communication link instead of
intermediate hops and AF protocol has been employed as a
relaying strategy.

Figure 1. Cooperative Relay Network (2-Relays)

In the first phase the source node S broadcasts the data X with
its transmission power Pg to both relays and destination node,
as shown in the next figure. The channel gains for the
source-relayl and from source- relay2 links are Ggg; and Ggg,
respectively. The AWGN present at the relay 1 and relay 2
nodes will be ngr; and ngp, respectively. The equation of
received signals in the phase-I at the relay 1 and relay 2 will
be expressed as Yz; and Yk, respectively
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Yri [n] =4/ Ps  Gggq- X[n] + nsri[n] (D
Y'rz [n] =/ Ps  Gsgy. X[n] + nsrz[n] 2

After Phase-1I, the relay2 node has received two signals Yz,
and Yx,, first one was in phase-I (broadcasting) and the second
one was forwarded by relayl with its amplification factor fSg,
in phase-II. Ggsg:is the channel gain for relayl-relay2 link and
ngir2is the noise at the relay node2 in phase-II. But since the
link between source-relay2 is weak as compared to the link
between relayl and relay2 so the node relay2 discards the

signal Y, and the received signal Y, is defined as:
Yrz [n] = Br1. Yri[n] . Grigz + nrirz[n] 3)

Relay gains fg; and fr, are used to properly fine-tune the
powers at the corresponding relays to reduce variations in the
source-relay and relay—destination links. The relaying node’s
amplifier can provide a maximum gain defined by the
following expressions:

PR1
R1= /— 4
B Ps|Gsgy |% + Ng @)

Bre= |[——— K2 5)

PR1|Grirz |? + Nog

Since, amplify-and-forward protocol may induce some noise
amplification but the MRC detector employed is quite
competitive therefore with the help of its weights it can
compensate effect of induced noise [15]. The output of the
MRC detector at the destination node will be:

= 0‘0(\/? Gsp- X
a1(Brz . Yrz[n]. Grzp+ nrzn[n]) ©)
Substituting equation (3) into (6):
= 0‘0(\/? Gsp- X

o1(Brz - (Br1 - Yr1[n] . Grigz+ Nrirz[N]) .
Ggrap+ Nr2p[n]) (7
Substituting equation (1) into (7):
= 0‘0(\/? Gsp- X
a1 (Brz - (Bri - (J?S Gsr1- X[n] + nsra[n]) . Grigo+
nrirz[n]). Grzp+ Nrzn[n]) (8)

In the above equation (6-8), apand a; are the weights of the
maximal-ratio-combiner. These combining weights
compensate for the effects of likely incorrect decisions and are
therefore chosen accordingly. Here a,; is the weight of the
signals which is being forwarded by the relays placed in a
linear topology.

Yure [n n]+ nsp[n]) +

Ywmre [n n]+ nsp[n]) +

Ywmre [n n]+ nsp[n]) +

__ yJPsGsp”
0
o= JPs . Bri- Brz-Gsr1" - Grirz" - Gr2p"

Ny
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III. OPTIMAL POWER ALLOCATION

Now, the probability of bit error for the 4-node configuration
will be calculated using Moment Generating Function (MGF)
approach. With the help of moment generating function
approach the error probability for the QPSK modulation
scheme will be expressed as an exponential function of vy,
defined below.

N-1
P, = 1 f(T)n 71120 Nyn (gQﬂ) do )

T 70 sinZe

Ny, = [, B, e*dy (10)
-1
1 _ 9QPSK )
Nyn (sinez) - (1 + sin2e ‘T (1D
-1
LT Y_n)
Nyn (sinez) - (1 + sinZe (12)
Since (y,, >> 1) equation (12) becomes:
Yn ~ 1 )
NYn (sinez) - NYn (sine2
3 —
P = S (o)™ (13)
b 31v02[ 1 1
¢ 8 | Ps. 0%5p . 0%gpq Ps.Py. 025y . 0%Rip2
1
+ 14
Ps. Py. UZSD-UZRZD] (14

As the outage probability has been formulated for this 4-node
configuration, now this system will be expressed as a
constrained optimization problem with transmission power as
a constraint entity.

N _ 1 o2 1
Minimize Fp = — foz [l7=0 Ny, (Sinze) do
Subjectto P + lev Pr < Pr

Now as we have established the constrained optimization
problem, a closed form expression of this optimization
problem will be found using Lagrange Method. The Lagrange
cost function of this problem is defined as:

J=Pe+ A(Ps+XiPg — Pr)

& 3N,2 ( 1 + 1 +

8 Ps202g5p 0%gp1 PsPy 0%2sp 02R1R2

(15)

! ) + A(Ps+Py + P, — Pr) (16)

PsP; 02sp 02Rap

Now taking the partial derivatives of the Lagrange cost
function J (P, A), with respect to P, Py, P, and A. Afterwards
these derivatives will be equated to zero, like defined below

2 2
P1.0°sp .0°R1R2

(Ps-Py.0%sp .02R1R2 )2

3] - 3N¢[ —2Ps.o%sp .0%sps
dPs 8 [(Ps?. 0%sp .0%sRy)?

2 2
P2.0%sp .0°R2D
(Ps-P;.0%5p .02%Rap )?

+A=0 (17)

d] - 3N} [ —Ps.0%sp -0%R1R2 ]
9 =200 +1=0 18
0P, 8 |(PsPy.0%sp .02%R1R2)? (18)
9] _3N§ —-Ps.0%sp .0%Rop +1=0 19
0P, 8 |(PsP,.0%sp .0%Rpyp)? B (19)
a] = _
7 Pt Pt Pp—Pr=0 (20)

After some algebraic manipulations the above equations are
used to solve the value of source node power Pg, relayl node
power P; and relays2 node power P,

A — 4B + VA% + 84B

P = 4(A-B)
2
-p
3 T
O2p
P = (Pr — Ps)

02p + Or1R2
P2 =PT_P1_PS

Where, in the above equation A=(0gzp + Or1r2)% 02R1R2- 0 %sR1
_ 42 3
and B= 0°,p. 0% p1p2

IV. SIMULATION RESULTS

Fig. 2, compares the performance of OPA with that of EPA in
terms of ABER for a cooperative network having 2 relays. The
results show that OPA outperforms EPA when employed to a
cooperative relay network having similar configuration. The
performance gap remains same for the increasing values of
SNR. It was also an observation that the performance of a
system employing EPA can be increased only if the relays
were placed symmetrically but OPA performs better for both
symmetric and asymmetric configurations.

ABER

1
5 10 15 20 25 30
SNR(dE)

Figure 2. Equal power allocation and Optimal power allocation
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Fig. 3, compares the performance of case 1: (o%gp =
1; 0% = 1;0%R1pp = 1; 0%pp =10 )  with case 2:
(0%5p = 1; 0%5p1 = 10;0%31p = 1; 0%,p = 10) in terms
of ABER for a cooperative network having 2 relays. Here,
channel link quality is denoted by “10” if the two
communicating nodes are closer to each other while if the two
nodes are far from each other channel link quality is “1”. For
this network simulation, case 2:( 62%5p = 1; 0%gg; =
10; 0%g1p2 = 1; 0%gop = 10) shows the best performance
because in this case relays2 is closer to destination node and
source node is closer to relayl node. Case 1: (o2gp =
1; 0%gg1 = 1;0%R1p2 = 1; 0%,p = 10) shows slightly worse
performance because only relay2 node is closer to the
destination node.

—%—Case 1:(1,1,1,10)
—#—Case 2:(1,10,1,10)

ABER

1
5 10 15 20 25 30
SNR(dB)

Figure 3. Cooperative Transmission Scenarios (Casel & Case2)

Fig. 4, compares the performance of case 3: (o%gp =
10; 02gp; = 10;0%p1py = 1; 0%pp =1 ) with case 4:
(0%5p = 1; 0%gp; = 10; 023152 = 10; 0%,p = 10) in terms
of ABER for a cooperative network having 2 relays.

—%—Case 3:(10,10,1,1)
—#—Case4:(1,10,10,10)

ABER

: :
5 10 15 20 25 30
SNR(dE)

Figure 4. Cooperative Transmission Scenarios (Case3 & Case4)

For this network simulation, case 4:(o2gp =1; 0255, =
10; 0%g1p2 = 10; 0%g,p = 10) shows the best performance
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because in this case the channel link quality for every
transmisson hop is strong. Case 3: (025, = 10; 0255, =
10;0%g1p2 = 1; 0%g,p =1 )  shows  slightly  worse
performance because only relayl node is closer to source
node.

—%—Case5:(1,1,1,1)
—#—Case 6:(10,1,1,10)

ABER

15
SNR(dB)

Figure 5. Cooperative Transmission Scenarios (CaseS & Case6)

Fig. 5, compares the performance of case 5: (o%gp =
1; 0% = 1;0%1gp = 1; 0%pp =1 ) with  case 6:
(0%5p = 10; 0%g5; = 1;0%p1py = 1; 0%pyp = 10) in terms
of ABER for a cooperative network having 2 relays. Out of all
simulations, case 5: ( 0%5p=1; 0%y = 1,022 =
1; 025,p = 1) is the worst one as every tranmsission link is
weak . On the contrary, Case 6: (02%gp = 10; 0255, =
1;0%51py = 1; 0%,p = 10) is the best possible scenario
because not only relay2 node is closer to destination node but
also the direct link between source and destination is also
strong.

0.7 . ; ,

Power Levels

1 2 3

Source Node Relay 1 Node Relay 2Node

Figure 6. Allocated Power Levels (Casel & Case2)
Fig. 6, compares the transmission power values for case 1:
(0%5p = 1; 0%gp1 = 1;0%p1p2 = 1; 0%g,p = 10) represented

by blue bar and case 2: (02gp = 1; 02551 = 10; 0255, =
1; 0%g,p = 10) represented by red bar.
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For case 1: (6%gp = 1; 026p1 = 1;0%p1p2 = 1; 025,p = 10)
the only strong link is between relay2 and destination node. So
it is visible from the above graph that the value of
transmission power (0.0986) allocated to relay2 node is the
lowest when compare to the power values of source node
(0.6236) and relayl node (0.2778). For case 2: (o25p =
1; 0% = 10;0%g1p2 = 1; 02%5,p =10 ) the  power
allocation algorithm assigns a transmission power of (0.529)
to the source node, a power of (0.348) to the relayl node and a
tranmission power of (0.123) to the relay2 node, satisfying the
total power constraint of “1”, as defined in the derived
mathematical expressions.

0.7

-
B Case 5:(1,10,10,10)

0.6

0.5

S|
S
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1;0%1p2 = 1; 0%g,p = 10) the power allocation algorithm
assigns a transmission power of (0.6236) to the source node, a
power of (0.2778) to the relayl node and a tranmission power
of (0.0986) to the relay2 node, satisfying the total power
constraint of “1”.

0.7 : . T
: : I Case 5:(1,1,1,1)
I Case 6:(10,1,1,10)

05k.....

o
S

0.3 Lasns

Power Levelz

1
SourceNode

2
Relay 1 Node

]
Relay 2Node

Power Levels

ol
w

0.2

0.1

1 2 3
SourceNode Relay 1 Node Relay 2Node

Figure 7. Allocated Power Levels (Case3 & Case4)

Fig. 7, compares the transmission power values for case 3:
( 0%sp = 1; 0%5py = 10;0pypp = 10; 0%pyp = 10 )
represented by blue bar and case 4: (025, = 10; 0255, =
10; 0%g1p2 = 1; 02%g,p = 1) represented by red bar. For case
3: (0%gp =1; 0%z = 10;0%51pp = 10; 02g,p = 10) the
channel link quality for every transmisson hop between the
source and destination is strong so the value of tranmission
power allocated to the the relayl and relay2 node will be equal
(0.2113) and source node will be allocated the maximum
value of (0.5774). For case 4: ( o%5p =10; 0%gp, =
10; 0%g1p2 = 1; 02%g,p = 1) the power allocation algorithm
assigns a transmission power of (0.5144) to the source node, a
power of (0.2428) to the relayl node and a tranmission power
of (0.2428) to the relay2 node, satisfying the total power
constraint of “1”.

Fig. 8, compares the transmission power values for case 5:
(02%p =1; 0%y = 1;0%R1py = 1; 0%gyp = 1) represented
by blue bar and case 6: (02gp = 10; 0%gp; = 1;0251p2 =
1; 0%gp = 10) represented by red bar. For case 5:
(62%sp = 1; 0%g51 = 1;0%R1py = 1; 0%pyp = 1) the channel
link quality for every transmisson hop between the source and
destination is weak so the value of tranmission power
allocated to the the relayl and relay2 node will be equal
(0.2113) and source node will be allocated the maximum
value of (0.5774). For case 6: ( o%5p =10; 0%gp, =

Figure 8. Allocated Power Levels (Case5 & Case6)

V. CONCLUSION

In this paper, we investigated the effect of optimal power
allocation and the effect of relay location for a transmission
using cooperative relays. The results show that instead of
using the traditional EPA if OPA is employed in a cooperative
relay network then the system performance can be enhanced
substantially. Moreover, OPA is vital for these
infrastructure-less networks having un-balanced
communication links. With help of the above results it has
been found out that the communication links between the
source node (S) and the first-relay (R;) and the link between
the last-relay (Ry) and the destination node (D) have the most
significant effect on the system performance. Other
communication links have slightly less effect on the system
performance. Finally as a future direction, optimum relays
should be determined first based on their location. Then these
relays should be used for transmission, by doing so the system
performance can be further enhanced.

ACKNOWLEDGMENT

The authors would like to thank Vaasa University Foundation
for the financial support provided by them.

REFERENCES

[1] A. Scaglione and Y.-W. Hong, “Opportunistic large arrays: cooperative
transmission in wireless multi-hop ad hoc networks for the reach back
channel,” IEEE Trans. Signal Processing, vol. 51, no. 8, pp. 2082-2092,
Aug. 2003.

[2] Hong, Yao-Win; Wan-Jen Huang; Fu-Hsuan Chiu; Kuo, C.-C.J,
"Cooperative Communications in Resource-Constrained Wireless
Networks," Signal Processing Magazine, IEEE , vol.24, no.3, pp.47,57,
May 2007

Copyright © 2014 GiRI (Global IT Research Institute)



ICACT Transactions on Advanced Communications Technology (TACT) Vol. 3, Issue 3, May 2014

[10]

[11]

[12]

[13]

[14]

[15]

J. N. Laneman, G. W. Wornell. “Distributed space-time coded protocols
for exploiting cooperative diversity in wireless networks” [J]. [EEE
Trans. on Information Theory, 2003, 49(10): 2415-2425.

J. N. Laneman, David N. C. Tse, G. W. Wornell. “Cooperative
diversityin wireless network: efficient protocols and outage behavior”
[J]. IEEE Trans. on Information Theory, 2004, 50(12): 3062-3080.
Donglin Hu; Shiwen Mao, "Cooperative Relay in Cognitive Radio
Networks: Decode-and-Forward or Amplify-and-Forward?," Global
Telecommunications Conference (GLOBECOM 2010), 2010 IEEE , vol.,
no., pp.1,5, 6-10 Dec. 2010

Borade, S.; Lizhong Zheng; Gallager, R., "Amplify-and-Forward in
Wireless Relay Networks: Rate, Diversity, and Network Size,"
Information Theory, IEEE Transactions on , vol.53, no.l0,
pp.3302,3318, Oct. 2007

Fangzhen Li; Fei Yang; Xuefen Zhang, "An optimal power allocation
algorithm in Distributed Sensor networks," Information Management
and Engineering (ICIME), 2010 The 2nd IEEE International Conference
on , vol., no., pp.414,418, 16-18 April 2010

Weifeng Su, Ahmed K.Sadek and K.J.Ray Liu. “Cooperative
communication protocols in wireless networks: performance analysis
and optimum power allocation” [J]. Wireless Personal Commun., 2008,
44(2): 181-217.

Yan Wang, Fei Lin. “SEP performance analysis and power allocation for
amplify-and-forward relay networks” [C].The 3rd IEEE International
Conference on Wireless Communications, Networking and Mobile
Computing, September 21-23, 2007, Shanghai China (Wicom
2007):1274-12717.

Mulugeta K. Fikadu, Mohammed Elmusrati, and Reino Virrankoski,
“Power Allocation in Multi-node Cooperative Network in Rician Fading
Channels”. [EEE 8th International Conference on Wireless and Mobile
Computing, Networking and Communications (WiMob) 2012: 496-501

Sarmad Sohaib and Daniel K. C. So, “Power Allocation for Multi-Relay
Amplify-and-Forward Cooperative Networks”. [EEE Conference on
Communications (ICC), 2011: 1-5

Nan Zhang, Jian Hua Ge and Feng Kui Gong, “SEP analysis and
optimal power allocation of multinode amplify-and-forward cooperation
systems”. 2008, 1 -5

Jia Liu, Ness B. Shroff, and Hanif D. Sherali. “Optimal Power
Allocation in Multi-Relay MIMO Cooperative Networks: Theory and
Algorithms.” IEEE Journal on Selected Areas in Communications. 2012,
30(2): 331-340

Khan, M.H.D.; Elmusrati, M.S.; Virrankoski, R., "Optimal power
allocation in multi-hop cooperative network using non-regenerative
relaying protocol," Advanced Communication Technology (ICACT),
2014 16th International Conference on , vol., no., pp.1188,1193, 16-19
Feb. 2014

Vien, N.H.; Nguyen, H.H., "Performance Analysis of Fixed-Gain
Amplify-and-Forward Relaying With MRC," Vehicular Technology,
IEEFE Transactions on , vol.59, no.3, pp.1544,1552, March 2010

449

Muhammad H. D. Khan (S’13) was born in
Rawalpindi, Pakistan, in 1986. He received the B.E.
degree in electrical engineering from the COMSATS
Institute of Information Technology, Islamabad,
Pakistan, in 2010, and the M.Sc. degree in technology
from University of Vaasa, Vaasa, Finland, in 2013.In

-, 2010, he joined the Department of Avionics

' Engineering, Air University, Pakistan, as a Research

Assistant, and in 2011 became a Research Associate.

His current research interests include wireless

communication systems, sensor networks and resource allocation
management.

Mohammed Elmusrati (S’00-M’04-SM’12) received the
B.Sc. (with honors) and M.Sc. (with high honors)
degrees in telecommunication engineering from the

Electrical and Electronic Engineering Department,
Benghazi University, Libya, in 1991 and 1995,
respectively, and the Licentiate of Science in

technology (with distinction) and the Doctor of Science
in Technology degrees in control engineering from

! Aalto University - Finland, in 2002 and 2004,
respectively. Currently, Elmusrati is full professor and head of
communications and systems engineering group at University of Vaasa -
Finland. His main research interests include Radio resource management in
wireless communication, wireless networked control, game theory, and smart
grids.

Copyright © 2014 GiRI (Global IT Research Institute)



