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Abstract. This paper introduces a relaying scheme of combining cellular net-
works to establish the relay selection mechanism in the heterogeneous coop-
erative network model, then based on the system capacity analysis, propose an
optimal relay selection scheme with the constraint of the specific outage prob-
ability and power allocation. And the multi-hop nodes can act as cooperative
mobile relays to ensure the normal communication, to save costs and energy
consumption caused by deploying a large number of fixed relays. Simulation
results show that the proposed relay node selection algorithm can guide how to
dispose the fixed number of relays in the cell and how to arrange these relays to
improve the performance of the ergodic capacity of the system.

Keywords: Wireless communication + Cooperative communication + Channel
capacity - Multi-relay - Relay node placement

1 Introduction

The wireless communication systems are required to provide more high-rate multi-
media services and data services than ever before, so the purpose of the cooperative
communication is to make full use of the resource [1], and to improve the performance
of the node which has the demand of communication with participating into the
high-speed and reliable wireless communication [2]. Many contributions have been
made by previous researchers on how to choose suitable cooperative relay nodes, the
reference [3] mainly introduced the multi-relay cooperative communication into the
existing cellular structure and it is considered as one of the most practical improve-
ments under the demand of high rate and high coverage. The work in [4] studied the
joint optimization of the relay position and power allocation according to the channel
capacity as the performance indicator in the multi-relay cooperative communication.
And the reference [5] calculated the exact capacity of multi-relay multiuser cooperative
networks based on two-step relay selection scheme. And it advocated the capacity
analysis of an amplify-and-forward cooperative communication system model in
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multi-relay multiuser networks. Determining the number of relay nodes is also a hot
issue. Therefore, in this paper, we study the joint optimization of the number and
placement of relay nodes according to the ergodic capacity of the multi-relay coop-
erative system. According to the way of relay nodes processing and forwarding
information, the relays can be sorted into Amplify-and-Forward (AF) and Decode-and-
Forward (DF) [6].

For the cell in which relay stations are deployed, the number and placement of relay
nodes will greatly impact the capacity of the network [7]. On the basis of the former
research [8, 9] of the instantaneous capacity, we consider AF in our system model,
constitute a cooperative communication model of a multiuser cellular relay network,
and investigate the joint optimization problem of the number and placement of relay
nodes for multi-relay cooperative communication system, and then we analyze the
relationship between the channel ergodic capacity and the number and placement of the
relay nodes.

2 Relay Model

The earliest model of the cooperative communication is a three-node model [10],
followed by the continuous emergence of multi-relay parallel transmission model and
multi-hop model. Due to the different locations of users, the communication between
the mobile terminal and the base station can be achieved by the assistance of one or
more relay stations.

We consider a homogeneous isotropic unitary cell [11] of circular structure as
shown in Fig. 1. The system which is fixed to a certain place in the cell choosing a
single relay node to communicate with the base station can be treated as a three-node
cooperative communication model. Therefore, in order to simplify the notations in the
down-link scenario [12, 13], we respectively use the source node S, the relay node R
and the destination node D to stand for the base station BS, the wireless access point AP
or the mobile station MS. The radius of the cellular circle is L, the center of the circle is
the location of the base station S, and there are M relays R,, (m = 1,2, ...M) located in

Fig. 1. A homogeneous isotropic unitary cell
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the cell. At the same time, N mobile stations D, (n = 1,2,...N) are also uniformly
distributed in the same area [14]. We consider the symmetry of the circular cell and the
uniform distribution of the mobile terminals, and a large number of literature [15, 16]
demonstrated by simulation that we can gain the optimal system performance of the
cell in which relays are uniformly distributed when the base station is the center of the
circular cell.

3 The Selection Algorithm of Relay Nodes

3.1 The Relay Model

The corresponding instantaneous SNRy of the links of S to D,, S to R, and R, to D,, are

2, Vs, :%|h5,Rm’2 and

P
denoted by ysp.. sk, and yg p . Then yg, = NTS,|hS.Dn

2 _ ) 2 _ 2
VR, D, = ;—f} |hR,,,,D,, Vsk, = %E(‘hsﬁRm’ )and y; p = ,C—f,E(|hRm,D,,\ ) are the means

of ysg, and yg p, [17].
When the source node S send information to the destination node D,, directly, the
direct channel capacity [18] Cp, is

Cp, =logy (1 +7vsp,)- (1)

The multi-node cooperative transmission instantaneous capacity using AF protocol
C4r can be written as

1
Car = Elogz(l +7sp, T Isk,D,)- @

Where ygg p, is the instantaneous equivalent SNR of the forwarding path [5],
which can be written as

_ VsRaTRuDL (3)

VSRusDy = .
' Vs, +V&,.p, T 1

Therefore, the AF cooperative state ergodic capacity is

. 1
Car = En[Car]l = Ey, 5o v, [E logy (1475 p, + VR, 00)]- (4)

Vs.r, and yg, p, are two random variables satisfying the exponential distribution, so
we assume the parameters are Asg, and /g, p,. When the SNR is high, ygz p, is still an
approximate exponential random variable [19], so we set the parameter is Asg, p, -

A8 Ry Dy = 48Ry T AR,.D, (5)
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Let Vs, p, = is,;e,l,,,n,, =7 +1 TR According to the formula (4) and Jensen

SRmPs " %Rp.Dn Py

inequality, we can obtain the upper bound for the AF cooperative state ergodic capacity
which is:

1 1 1
Car < —10g2(1+VSD+/SR D) = EIng(l 7 d“ oy dx w) (6)
SD,l SR P5 Rin,Dy P

So the under link state ergodic capacity of multi-user [19] can be expressed as

1 1 _ )
log2<1+dl 5+ = rp > (1,O)eSu(m=1,...M);

C = 5.Dn PX SRmPg + “Rpn.Dy PR (7)
10g2<1 =+ W) (l 0) (S S()
5,01 Py

Then we give the specific analysis of the scene of the circular cell. According to
Fig. 1, we can obtain
Qsp, =1, Qg,p, =d "

8
Qgr, = (P +d* —2ld cos(0 — 2mm/M))"*? ®)

By substituting formula (8) into formula (7), we can obtain the state erode capacity
C as

1 1 ’lfo( 1 .
}25) (1 4+ d*—2Id cos 0)‘/2—’;;’ +d"NP—g> 2 i ’

Al
|

©)
logy (1+ ), 0<1<dy

Because of the good symmetry of the circular cell and the hypothesis of the uniform
distribution of all the users and relays, if we intend to calculate the expectation of the
state ergodic capacity of all user’s position in the cell, we only need to research on the
sector coverage of one-single relay, then we can obtain the ergodic capacity of the
whole cell by multiplying the number of relays M. The capacity of users in the interval
is Cg/s,,(M,d,1,0), 0 € [-n/M,n/M]. Based on the above formula (9), we can cal-
culate the ergodic capacity of the system as

C(M,d) = Eo[C(M.d,1,0)]

ﬁ dth .
/ (1, 0)Co(M, d, 1, 0)dld0
~Jo M
-M -
Mo L _ nl? E oL
+/ W(1,0)Car(M,d, 1, 0)dldo +/ / ICar(M,d, 1, 0)dld0
_ d

ﬁ du,

M dyy
/ I(M,d, 1,0)dld0
J0O

(10)
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To sum up, the objective function of the joint optimization in the multi-relay
amplify and forward cooperative communication is

maxy 4C(M, d). (11)

+
The constraint conditions are {M 23and M € Z }

0<d<L

3.2 Performance Analysis of the Relayed System

We study on the impact of the relay number M and the relay radius d on the objective
function C(M, d), respectively.

(1) The monotonicity relationship between C(M,d) and M.

Taking the relay radius d as a constant, E'(M ,d) is a function whose variable is the
relay number M. According to formula (11), we can obtain

=R n/M L
C(M) = C,+CoM / / 110g,(Cs + [C4( +d? — 21d cos )% + Cs] V) dlab.
0 dm
(12)

Where C;(i = 1,...5) can be regarded as constant values which have nothing to do
with M, and C; > 0.
Combining with formula (12) and the integral mean value theorem, we can obtain

~

.
oCM) _ ¢, /M/ I log, (c3 +[Co(P + d? — 21d cos 0) + Cs]*l)dzcze
0

oM "
n [t 2 2 T\o/2 —1
BN B log2(C2 4 [Co(B +d? — 21d cos T+ Cs) )dz
M/, M
o (13)
=G [ llog (c3 FCy(P +d® — 21d cos 0) + CS]’I)dl
d!]x
(L L 4 2 1
G E [ g, (c2 +[C4(P+d* — 21d cos )"+ Cs]” )dl
M/, M

. - aC(M)
Where ¢ € (0,n/M), because M >2, there is 0<¢< 7 <7 So —5~ >0,

namely, the ergodic capacity of the system is the monotonically increasing function
about M.

(2) The monotonicity relationship between C(M,d) and d.

Taking the relay number M as a constant, 6‘(M ,d) is a function whose variable is the
relay radius d. Here in order to simplify the derivation, we set ¢(d) = d, P:g = P'R =P,
o« = 4. And according to formula (10), we can obtain
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2 d
(d) = E/ 1 log,(1+ Pl *)al
0

Jri/Ll/ﬁlo 1+ P4+ P dodl
2y Jy % (P +d? — 2ld cos0)* +d*

Because the derivation process of 6(d) about d is very complicated, here the
conclusion after the derivation; is given directly as

(14)

9C(d)
ad>

<0. (15)

According to formula (15), we can know that the figure of c (d) is convex arc

which increases first and then decreases. When % = 0, we can obtain the optimal
position (namely the maximum ergodic capacity) of the relay node d*(M) based on the

fixed relay numbers.

Here we give the following conclusions: E‘(M ,d) is a monotonically increasing
function about M. For any M, there is only one optimal position d*(M) corresponding
to the maximum ergodic capacity C*(M), namely

dC(M,d)

o =0=dx(M) = C(M) = C(M,d* (M)). (16)

(3) The determination of the optimal relay number M and relay radius d.

The following inspection is the enhancement of the percentage of the capacity
based on the relay number M, namely, to fix the relay radius d, and we compare the

corresponding ergodic capacity 6(M ,d) when the relay number is M with the corre-
sponding ergodic capacity E(M — 1,d) when the relay number is M — 1. We calculate
the increasing percentage taking the cost consideration K(M) into account when we
increase the relay number.

K(M):E(M,d)—E(M—Ld) (17)
C(M —1,d)

Taking the cost consideration into account when we increase the relay number, and
combining with the experience in the project application, we determine the threshold ¢
of the increasing percentage of the ergodic capacity as the relay number M increases.
Then according to the following formulas, we determine the optimal M* and dx as

s = g { min (£ 01) < o} (18)
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OC (Mx,d)

% =0=dx* (M%) (19)

4 Numerical Results and Analysis

In order to have an intuitive knowledge of the relationship between the given exact
value of the ergodic capacity and the upper bound, we use Pr to denote the summation
of Pg and Pg. Figures 3 and 4 respectively give the comparison between the upper
bound of ergodic capacity and numerical integration for Py = Pgr = Pr/2 and
Pg = Pr = 2P7/3.

As shown in Figs. 2 and 3, we can see that the numerical curves and the simulation
curves of the state ergodic capacity are in good agreement and very close to the upper
bound under any channel variance and power allocation. Therefore, according to the
upper bound of formula (5), we can obtain relatively accurate state ergodic capacity of
multiuser.

In Fig. 4 we give the curves of the increasing percentage of the ergodic capacity

~

C(M,R,) about the relay number M when different relay nodes place at different radius
R,. The radius of the cell L = 1000m, Np = 100dBm, the path loss exponent o = 4,
and we set Pg and Py as a same fixed value, namely, Ps = Pg = 30dBm. As for the
relay radius, we respectively choose three typical value of R, = 100 m near the station,
R, = 100 m near the edge of the cell and R, = 320 m near the optimal position.

Comparison between the upper bound of ergodic capacity and numerical integration for Pg= Py,
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Fig. 2. Comparison between the upper bound of ergodic capacity and numerical integration for
Ps = Pg

As can be seen from the Fig. 4, regardless of the position of the relay node, the
increasing percentage of the ergodic capacity decreases when M increases. When M is
small, the ergodic capacity increases largely, but when M increases to a certain extent,
and then add M, the increasing percentage of the ergodic capacity approaches to zero.
In addition, when the relay number M is determined, the relay radius also plays a
significant role.
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Comparison between the upper bound of ergodic capacity and numerical integration for 2P g=Pp

===+==- Upper bound(1,1,1)

4.5 —+— Theroy(1,1,1) ==

Upper bound(1,10,1)

4 Theroy(1,10,1)

++-0-+* Upper bound(1,1,10)

—6— Theroy(1,1,10)
T

w
o

@
'
'
'
'
'

N
'
'
'
'
'

T
.
'
'
’
'
'

ergodic capacity (bps/Hz)
N
o

SNR(dB)

Fig. 3. Comparison between the upper bound of ergodic capacity and numerical integration for
2Py = Py

The promoting capacity ratio versus M with various Rrs for S/S 5

T T
===+ Rrs=100m
-+ Rrs=320m
-+ Rrs=900m

the promoting capacity ratio(%)

the number of relay

Fig. 4. The promoting capacity ratio versus M with various R, for S/Sar

5 Conclusion

This paper investigates the joint optimization problem of the number and placement of
relay nodes based on the ergodic capacity of multiuser downlink, when multiuser use
AF relay mode for downlink communication in a circular relay cell. We give the
numerical expression of the multiuser downlink ergodic capacity, based on which we
analyze the relationship between the ergodic capacity and the number and placement of
relay nodes, the conclusions are as follows: (1) When the number of relay nodes is
small, increasing the quantity of relay nodes can greatly increase the ergodic capacity,
while the number of relay nodes is large, the performance improvement of the cell is
slight for the further increasing of the quantity of relay nodes. (2) When the relay
number is given, we can determine the optimal placement of the relay node by the
algorithm and the simulation. Finally, we propose a method to determine the optimal
number and placement of relay nodes, and provide an analysis and a theoretical basis
for how to dispose the fixed number of relays in the cell and how to arrange these
relays to improve the performance of the ergodic capacity of the system.



On Relay Node Selection for Multi-relay Cooperative Communication 241

Acknowledgements. The authors would like to acknowledge the support from the Hubei
Provincial Department of Education Scientific research projects (No. B2015188) and the grant
from Wenhua College (No. 2013Y08).

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Ge, X., Tu, S., Mao, G.: 5G ultra-dense cellular networks. IEEE Wirel. Commun. 23(1), 72—

79 (2016)

. Chen, M., Qian, Y., Mao, S., et al.: Software-defined mobile networks security. Mob. Netw.

Appl. 21, 1-15 (2016)

. Minelli, M., Ma, M., Coupechoux, M.: Optimal relay placement in cellular networks. IEEE

Trans. Wirel. Commun. 13(2), 998-1009 (2014)

. Zhang, G., Yang, K., Liu, P.: Fair and efficient spectrum resource allocation and admission

control for multi-user and multi-relay cellular networks. Wirel. Pers. Commun. 78(1), 347—
373 (2014)

. Guo, W., Liu, J.,, Liu, Y.: Exact capacity analysis of multi-relay multiuser cooperative

networks based on two-step selection. Int. J. Commun. Syst. 23, 662-673 (2013)

. Sharma, S., Shi, Y., Hou, Y.T.: Joint flow routing and relay node assignment in cooperative

multi-hop networks. IEEE J. Sel. Areas Commun. 30(2), 254-262 (2012)

. Chen, M., Zhang, Y., Li, Y.: EMC: emotion-aware mobile cloud computing in 5G. IEEE

Netw. 29(2), 32-38 (2015)

. Huang, J.H., Wang, L.C., Chang, C.J.: Design of optimal relay location in two-hop cellular

systems. Wirel. Netw. 16, 2179-2189 (2010). (Springer Science Business Media, LLC)

. Trigui, L., Affes, S., Stephenne, A.: Ergodic capacity analysis for interference-limited AF

multi-hop relaying channels in Nakagami-m fading. IEEE Trans. Commun. 61(7), 2726~
2734 (2013)

Feeney, L.M.: An energy consumption model for performance analysis of routing protocols
for mobile ad hoc networks. Mob. Netw. Appl. 6(3), 239-249 (2001)

Ge, X., Yang, B., Ye, J.: Spatial spectrum and energy efficiency of random cellular networks.
IEEE Trans. Commun. 63(3), 1019-1030 (2015)

Li, Y., Chen, M.: Software-defined network function virtualization: a survey. IEEE Access
3, 2542-2553 (2015)

Ge, X., Tu, S., Han, T.: Energy efficiency of small cell backhaul networks based on
Gauss-Markov mobile models. IET Netw. 4(2), 158-167 (2015)

Chen, M., Hao, Y., Li, Y.: On the computation offloading at ad hoc cloudlet: architecture and
service models. IEEE Commun. 53(3), 18-24 (2015)

Jaafar, W., Ajib, W., Haccoun, D.: On the performance of multi-hop wireless relay networks.
Wirel. Commun. Mob. Comput. 14, 145-160 (2014)

Annamalai, A., Olabiyi, O.: Asymptotic error rate analysis of multi-hop multi-relay
cooperative non-regenerative networks over generalized fading channels. In: IEEE
International Wireless Communications and Mobile Computing Conference, vol. 292, no.
4, pp. 234-239 (2012)

Lin, T.M., Chen, W.T., Tsao, S.L.: An efficient automatic repeat request mechanism for
wireless multi-hop relay networks. IEEE Trans. Veh. Technol. 62(6), 2830-2839 (2013)
Han, S., Yang, C., Molisch, A.F.: Spectrum and energy efficient cooperative base station
doze. IEEE J. Sel. Areas Commun. 32(2), 285-296 (2014)

Zhao, Y., Fang, X., Huang, R.: Joint interference coordination and load balancing for OFDM
multi-hop cellular networks. IEEE Trans. Mob. Comput. 13(1), 89-101 (2014)



	On Relay Node Selection for Multi-relay Cooperative Communication in Cellular Networks
	Abstract
	1 Introduction
	2 Relay Model
	3 The Selection Algorithm of Relay Nodes
	3.1 The Relay Model
	3.2 Performance Analysis of the Relayed System

	4 Numerical Results and Analysis
	5 Conclusion
	Acknowledgements
	References


