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Abstract—Cooperative communications is a promising technology 
to improve the performance of wireless networks. In this paper, 
we investigate the performance of a multihop communication 
system with regenerative relays in terms of bit error rate (BER).  
We propose low complexity techniques, including a max-min 
cooperative approach I and II , for the relay and path selection. 
Simulation results indicate that when a channel in a direct link is 
good or high signal to noise ratio (SNR), the proposed technique 
achieves a lowest BER. 

Keywords-Multi-hop Relay, Space-time coding, Decode and 
forward, Path selection, Cooperative Communications 

 

I.  INTRODUCTION 

Multihop relay transmission is likely to play an important 
role in future wireless communication systems since it 
represents an effective low cost solution for coverage extension 
and capacity enhancement of wireless networks. In recent 
years, various cooperative protocols with multiple relays have 
been proposed [1]. However, using more than one relay 
increases the implementation complexity of the system greatly, 
which motivates the research on relay selection. Bletsas et al. 
introduced the concept of “opportunistic relaying” in [2] where 
only the “best” single relay is selected for cooperation, and the 
work in [3] showed the outage-optimality of this method. In 
[4], Beres and Adve proposed another relay selection algorithm 
called “selection cooperation” with its focus on decode-and-
forward (DF) systems and the performance of this algorithm 
was analyzed in [5] in details. There are also several works on 
the issue of relay selection in amplify-and-forward (AF) 
systems, e.g. [6]-[8]. ARQ is a useful technology in many 
wireless applications and it was integrated with relay selection 
first by Zhao and Valenti [9]. However, the selection criterion 
in [9] is location information-based, which is inappropriate for 
mobile networks. Aiming at this problem, [10] combined ARQ 
with opportunistic relaying to achieve a remarkable result. 

 In the wireless link layer, transmit/receive diversity is an 
excellent means for overcoming fading. However, in some 
scenarios the use of multiple antennas might be impractical 
because of the limited size and power of the individual nodes.  

Cooperative transmission has been proposed to address this 
problem; in this case, diversity gain can be achieved through 
the cooperation among many nodes by exploiting the broadcast 
nature of  the wireless medium [11]-[12]. 

Although there has been a significant effort on the study of 
cooperative systems, there has been very little work on the 
cross layer design of such systems, especially on combining 
cooperation and routing. In [13], the problem of power 
allocation among transmitting nodes on a pre-selected route to 
maximize the network lifetime is investigated. The joint 
optimization of routing and power allocation is addressed in 
[14]-[16], either with relay-cluster-based cooperation [14] or 
multihop cooperation [15]-[16]. In these works, however, the 
communications overhead and algorithmic complexity are not 
considered. The work in [17] explores the benefits of 
cooperative communications in a networking context at 
different protocol layers. Distributed space-time block coding 
is used at the physical layer to facilitate cooperation among 
relay nodes. Through cooperative transmission, significant 
throughput enhancement can be observed at the expense of 
high energy consumption. How to reduce the energy penalty, 
which mainly comes from the overhead communications 
among relay nodes to coordinate the transmission, and how to 
deal with the multiple frequency and time offsets incurred by 
simultaneously transmitting from distributed relay nodes are 
challenging problems. In [18] the cooperative transport of 
packets is integrated in a proposed new architecture for next-
generation mobile ad hoc networks. As pointed out in [18], 
selecting relay nodes with as little overhead as possible is a key 
problem in cooperative transport. 

Routing strategies in multihop cooperative networks [19] 
assume no direct link from a source at a hop m to a destination 
at a hop m+1, and focus on a multihop network with multiple 
relays at each hop. In addition to three routing strategies are 
designed to achieve the full diversity gain provided by 
cooperation among the relays. Alamouti-based path selection 
strategy for multihop relay communications [20] was proposed 
by applying the Alamouti-based path selection (MAPS) strategy 
for multihop relay communication systems, and a system 
performance was investigated in comparison with the single 
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path selection (SPS) and the Alamouti-based path selection 
(APS) strategies. 

In this paper, we focus on the performance of cooperative 
protocols for mutihop ad-hoc relay communications. We 
consider a multihop network with multiple relays at each hop. 
For a sake of simplification, we consider a one-dimensional 
linear networks model. In particular, a generalized linear 
network with randomly located relay clusters, and idealized 
linear network with randomly located relay clusters and 
idealized linear network with equally spaced relay clusters are 
considered. The nodes within the same cluster are closely 
spaced, and they cooperate in signal transmission and 
reception. In the network, only one path is active for a source-
destination pair. This type of linear model has also been used in 
[21]-[27]. 

    In this paper, we also aim at the routing issue from the 
link layer point of view. We focus on a cooperative multihop 
network with multiple relays at each hop, and intend to 
investigate the performance of cooperative communication by 
reducing the transmit power by 50% compared with non-
cooperative communications for a fair comparison. Moreover, 
we try to reduce a complexity of the path selection by 
proposing a low complex technique.  

The paper is organized as follows. The system model is 
described in Section II. In Section III, we propose the path 
selection techniques. The simulation results are presented in 
Section IV. In section V, we compare the complexity of each 
protocol. Finally, a summary of the paper is given in Section 
VI. 

II. SYSTEM MODEL 

We consider an idealized M-hop linear network model and 
classify a cluster as shown in Fig.1, M-1 relay clusters are 
equally spaced from the source (S) node and the destination (D) 
node. Each relay cluster includes L relay nodes. We assume 
that the nodes in a certain relay cluster are close together and 
the distance between clusters is much larger than the distance 
between the nodes in any one cluster. Therefore, the effect of 
large-scale fading can be neglected and only the small-scale 
fading is considered. Also, each node is equipped with only one 
antenna and number of hop is even. Time division multiple 
access (TDMA) is adopted so that only one source/destination 
pair is active during each particular period. A selective decode-
and-forward relaying strategy is assumed; in particular, at each 
cluster, only one relay node is selected to forward the packet. 
For the cooperation scheme, we assume a destination get signal 
from a source and a selected relay difference time. We also 
assume that the signal transmitted by a certain node can only be 
heard by the nodes in its neighboring relay cluster. 
     In this paper, we classify a network in a cluster basis as 
follows. Each cluster consists of a source, relay(s) and 
destination(s). The channel gain of the each link is modeled as 
a complex Gaussian random variable with zero mean and 
variance . . That is depends on the pathloss. The average  
receive SNR at each relay and destination is then given by                   
.          , where       is the variance of the additive white 
Gaussian noise.  Let              represent SNR of the channel 

from relay l1 to relay l2 at hop m , l1,l2 = 1,…,L and  m = 
2,…,M-1.                and               , l1,l2 = 1,…,L  are  the SNRs 
at hops 1 and M, respectively. In fig.1, we have m hop, m = 
2,…,M-1 and each hop has relay l = 1,…,L. So, we have (M-
2)L2+2L i.i.d. links in the network. In fig.2, we have k cluster.  
Let                      represent SNR of the channel direct link in the 
cluster k, k=2,…,K-1 and m =3,5,7,…,M-1 from the destination 
relay l* at cluster k-1 to the  next  destination  relay  l  at  cluster  
k. Hence,              and                 , l1,l2 = 1,…,L  are  the SNRs 
of the channel direct links in hops 1 and M, respectively. At the 
first cluster and the last cluster, number of direct link depend 
on l where l=1,…,L. The cluster between the first and the last 
hop, a number of direct link for each cluster can be calculated 
from L2.  
 
 
 
 
 
 
 
 
 
 
Figure 1.  Linear network model with all possible path in each hop without a 

direct link in each cluster. 

 
 
 
 
 
 
 
 
 

Figure 2.  Linear network model with only one possible direct link in each 
cluster. 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Linear network model that shows an example of path selection for 

cooperative and non cooperative communications. 
 

 In an Mth hop with L relays, there are I = LM-1 possible paths. 
Let     represent the relay at a cluster k in a path i, where  I = 
1,…,I and k = 1,…,K-1. Also assume      = S, i.e. the source, 
and     = D, i.e. the destination. Obviously each path has a 
different relay set          and the corresponding SNR set given 
by                             . 
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 In this paper, we apply a max-min approach (MA) for non-
cooperative protocols to cooperative protocols by assuming the 
destination of each cluster can get a direct signal from a source, 
and combine with the signal from a relay at the receiver. For 
the max-min cooperative approach (MCA), we propose two 
techniques for a performance evaluation.  

 
 
 
 
 
 

 
Figure 4.  Illustration of cooperative and non-cooperative protocols 

TABLE I.  HOW EACH PROTOCOL WORK? 

Approach Time 1 Time 2 

MA 
Source broadcast X   
to relay. 

Relay retransmit X   
to destination. 

MCA 
Source broadcast X   
to relay and destination. 

Relay retransmit X   
to destination. 

TABLE II.  PARAMETERS SETUP FOR THREE APPROACHES 

Parameters 

Strategy Tx power at 
the source 

Tx power at 
the relay 

Modulation 
Bandwidth 
Efficiency 

(bit/sec./Hz.) 

MA 1 Watt 1   Watt BPSK 0.5 

MCA I 0.5 Watt 0.5 Watt BPSK 0.5 

MCA II 0.5 Watt 0.5 Watt BPSK 0.5 

 
We employ a fast fading model for the communication 

channels so that a path selection from a source to a destination 
will be changed frequently in every sending packet. We 
transmit symbol (X) through the channel impulse response (H) 
with the transmit power according to table II. The      and    .               
are additive white Gaussian noise at a receiver of the relay and 
a destination, respectively. 

The received signal model for the non-cooperative 
communication at each cluster, from a source to a relay (SR) 
and from a relay to a destination (RD) can be expressed as 

 

1SR SR Ry P H X n             (1) 

 

1RD RD Dy P H X n                     (2) 

where X is the decoded symbol from the relay, and X will be 
re-transmitted to the destination. 
      For the cooperative communications, the signal from a 
source to a destination (     ), and the signal from a relay to a 
destination (    ) will be combined using a maximum ratio 
combining (MRC). 

   2RD RD Dy P H X n                     (3) 

 

  2SD SD Dy P H X n                           (4) 

total SD RDy y y             (5) 

 
In order to improve the performance of MRC in this paper, 

we employ a cooperative maximum ratio combining (C-MRC). 
The concept of C-MRC is that the quality of the decoded 
symbols X greatly depends on the SNR of the source-to-relay 
link. We regard                                   . If                   , we place a 
full confidence to the source-to-relay link,  if              ,  i.e. 
more error could be anticipated on X, then the confidence is 
reduced on the source to relay link, where the MRC weight 
could  be  represented  by                        .  In addition,  N0  is  a 
noise variance. The received signal at the C-MRC output 

( C MRCy  ) can be express as  

2 2

2 2

0

RD SD
C MRC

w P H P H
y

N


           (6) 

III. PATH SELECTION TECHNIQUES 

In this section, we provide more details of the three 
techniques for multihop communications. In the max-min 
cooperative approach I (MCA I), we select a relay node and 
path by using a MA technique before the direct link is selected. 
The destination direct link will be determined accordingly.  In 
contrast, the max-min cooperative approach II (MCA II) will 
select the best direct transmission first, then select relay and 
path using the MA technique. In fig.3, we show an example of 
two approaches in terms of routing from a source to a 
destination among relays and possible paths. Fig.4 shows how 
to transmit a symbol X from a source to a destination in the 
time domain, and the table I describes in more details. 

A. Max-Min Approach (MA) 

In each cluster, the system is limited by the minimum SNR 
of possible path (i). We assume that a destination node only 
receives a signal from a relay. In order to optimize technique, 
the path in a cluster with a maximum         should be chosen. 
In each cluster, we have a source (S) a candidate relay (R) and 
a destination (D), indexed by l = 1,…,L. Let     being a 
received  SNR  from  a  source  to a relay and being a 
received SNR from a relay to a destination,     is the optimal 
selected relay at the kth cluster, where k = 1,…,K-1. The joint 
selection path with the maximum       approach can be 
provided as below. 
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kr denote the index of relay node 
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The receive signal from a source to a relay and from a 
relay to a destination when transmitting a symbol X through 
the optimal path follows (1) and (2), respectively. 

B. Max-Min Cooperative Approach I (MCA I) 

In this technique, we assume that a destination can receive 
a signal from a source. In MA, after the joint selection path 
with the maximum        , the cooperative relay and optimal 
path were chosen. Then a direct transmission is combined by 
using cooperative maximum ratio combining [1]. Let       being 
a receive SNR from a source to a destination, the received 
signal processing follows (3), (4) and (6), respectively. The 
detail of this approach is provided below. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
C. Max-Min Cooperative Approach II (MCA II) 

Firstly, we select the best direct transmission by choosing a 
maximum        . Then, we select a cooperative relay who has 
the same destination to direct link by using the MA technique. 
The received signal processing is the same as the case of MCA 
I, following (3) to (6). 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

IV. SIMULATION RESULTS 

  In this section, based on a simulation, the performance 
evaluation of the proposed MCA I and MCA II for multihop 
relay communications will be examined.  The modulation with 
binary phase shift keying (BPSK) constellation is employed. 
In addition, Jake’s model [28] is employed with a normalized 
doppler shift of 100,000 Hz. for simulating Rayleigh fading 
channels. We are setup the simulation in four cases. We also 
setup and investigate the simulation results in four scenarios, 
including a case of increasing number of candidate relays with 
one destination, a case of increasing number of destination 
relay, a case of increasing number of cluster, and a case of 
good/bad direct transmission channel quality. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  The curves of BER versus SNR for MA and MCA I for a case of 
only one candidate relay and one destination in a cluster 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  The curves of BER versus SNR for MA, MCA for a case of 
increasing candidate relays in a cluster 

Firstly in fig.5, it is a case of only one relay and one 
destination in a cluster. MCA I achieves lower BER than MA 
even we reduce the transmit power by 50% (for a fair 
comparison with MA) and achieve more diversity gain. The 
diversity gain comes from two received signals sent from a 

Given L and M, let *
kr denote the index of relay node 
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source and a relay. In this scenario, we do not show the 
performance of MCA II because it yields the same result. 

Secondly in fig.6, it is a case of increasing more candidate 
relays in a cluster. Obviously, for both techniques (MA and 
MCA II), the diversity gain is increased according to a number 
of relay. When we consider BER, MCA I achieves lower BER 
than MA in case of only one or two candidate relays in a 
cluster. However, when increasing a number of candidate 
relays more than two, MCA I achieves lower BER than MA at 
high SNR. In addition, MCA II yields the same result as MCA I 
because we have only one destination in the first cluster. 

Thirdly in fig.7, it is a case of four candidate relays and four 
destinations in two clusters. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  The curves of BER versus SNR for MA, MCA I and MCA II for a 
case of four candidate relays and four destination in two clusters 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  The curves of BER versus SNR for MA, MCA I and MCA II for a 
case of four candidate relays and four destinations in two clusters with good 

channel quality in a direct link 

V. COMPLEXITY COMPARISON 

 The complexity of the proposed relay and path selection 
algorithms stem from a large number of possible paths before 
calculating a maximum of a minimum SNR. For example, in a  
cluster k = 2 , a hop m = 4, and a candidate relay l = 4, we can 
calculate a possible path for MA by summing a number of path 
at hop 1 (l), hop 2 (l2) , hop 3 (l2)  and hop 4 (l2). Hence, we 
get 4+42+42+42 = 52 possible paths. Then, we use a MA 
technique to find the optimal path. For MCA I, it is the same as 
MA because we select the relay path before selecting a direct 
link with the same destination. For MCA II, we consider a 
possible path for a direct transmission first from the following 
combination. 
 

                              
 ,

!

! !n r

n n
C

r r n r

 
    

          (7) 

 
where n is number of the destination to choose from, and we 
choose r from them.  

  Firstly, we choose the best direct link form four 
destinations (    ), then choosing a cooperative optimal path 
from four candidate relays (     ) using MA technique. Hence, 
we have 4x4 = 16 possible paths in a cluster one. For the 
second cluster, after we know the destination of the first 
cluster, it will become a source for the second cluster. We 
choose a direct link and a cooperative optimal path in the same 
way as the first cluster. Then, we have 4x4 =16 possible paths 
for the second cluster. Hence, the total possible path of the 
first cluster and the second cluster are 32 paths. Thus, the 
complexity of MCA II is less than MA and MCA I. 

VI. CONCLUSION 

In this paper, we have investigated the performance of 
cooperative multihop communications in comparison with  
non-cooperative communications. The simulation results show 
that when the number of candidate relays increased, the 
diversity gain of all techniques are increased. The non-
cooperative trends to achieve a lower BER at low SNR. On the 
other hand, at high SNR, cooperative communication protocols 
trend to achieve lower BER. Especially, when the channel 
quality of the direct link is good, the proposed MCA II will be 
the good solution for this environment. Furthermore, MCA II 
yields less complexity for the path calculation than other 
techniques.  

REFERENCES 
[1] K. J. R. Liu, A. K. Sadek, W. Su, and A. Kwasinski,  Cooperative    

Communications and Networking, Cambridge University Press: 
Cambridge, 2008.  

[2] A. Bletsas, A. Khisti, D. P. Reed, and A. Lippman, “A simple 
cooperative diversity method based on network path selection,” IEEE J. 
Select. Areas Commun., vol. 24, no. 3, pp. 659-672, Mar. 2006. 

[3] A. Bletsas, H. Shin, and M. Z. Win, “Cooperative communications with 
outage-optimal opportunistic relaying,” IEEE Trans. Wireless Commun., 
vol. 6, no. 9, pp. 3450-3460, Sep. 2007. 

 

 

0 5 10 15 20
10

-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

Bit Error Rate(BER) vs SNR(dB)

SNR(dB)

B
E

R

 

 

MA
MCA I
MCA II

0 5 10 15 20
10

-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

Bit Error Rate(BER) vs SNR(dB)

SNR(dB)

B
E

R

 

 

MA
MCA I
MCA II

4,1C

4,1C



[4] E. Beres and R. Adve, “On selection cooperation in distributed 
networks,” in  Proc. 40th Annual Conference on Information Sciences 
and Systems (CISS 2006), Princeton, NJ, the USA, pp. 1056-1061, Mar. 
2006. 

[5] D. S. Michalopoulos and G. K. Karagiannidis, “Performance analysis of 
single relay selection in Rayleigh fading,”  IEEE Trans. Wireless 
Commun., vol. 7, no.10, pp. 3718-3724, Oct. 2008.  

[6] A. Bletsas, H. Shin, and M. Z. Win, “Outage optimality of opportunistic 
amplify-and-forward relaying,” IEEE Commun. Lett., vol. 11, no. 3, pp. 
261-263, Mar. 2007. 

[7] 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. 

[8] J. Cai, X. Shen, J. W. Mark, and A. S. Alfa, “Semi-distributed user 
relaying algorithm for amplify-and-forward wireless relay networks,” 
IEEE Trans. Wireless Commun., vol. 7, no. 4, pp. 1348-1357, Apr. 2008. 

[9] B. Zhao and M. C. Valenti, “Practical relay networks: a generalization of 
hybrid-ARQ,” IEEE J. Select. Areas. Commun., vol. 23, no. 1, pp. 7-18, 
Jan. 2005. 

[10] A. Bletsas, A. Khisti, and M. Z. Win, “Opportunistic cooperative 
diversity with feedback and cheap radios,”  IEEE Trans. Wireless 
Commun., vol. 7, no. 5, pp. 1823-1827, May. 2008. 

[11] A. Sendonaris, E. Erkip and B. Aazhang, “User cooperation diversity – 
Part I and II,” IEEE Trans. Commun., vol. 51, no. 11, pp. 1927-1948, 
Nov. 2003. 

[12] J. N. Laneman, G. W. Wornell, and D. N. C. Tse, “Cooperative diversity 
in wireless networks: efficient protocols and outage behavior,” IEEE 
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004. 

[13] S. Savazzi and U. Spagnolini, “Energy aware power allocation strate-
gies for multihop-cooperative transmission schemes,” IEEE J. Select. 
Areas Commun., vol. 25, no. 2, pp. 318-327, Feb. 2007. 

[14] S. Cui and A. J. Goldsmith, “Cross-layer design in energy-constrained 
networks using cooperative MIMO techniques,” EURASIP/Elsevier 
Signal Processing J., Special Issue on Advances in Signal Processing- 
Based Cross-Layer Designs, vol. 86, no. 8, pp. 1804-1814, Aug. 2006. 

[15] S. Chen, U. Mitra, and B. Krishnamachari, “Cooperative communica-
tion and routing over fading channels in wireless sensor networks,” in 
Proc. IEEE Int. Conf. on Wireless Networks, Commun., and Mobile 
Comp. (WirelessCom), vol. 2, pp. 1477-1482, June 2005. 

[16] A. Khandani, J. Abounadi, E. Modiano, and L. Zheng, “Cooperative 
routing in static wireless networks,” IEEE Trans. Commun.,vol.55, no. 
11, pp. 2185-2192, Nov. 2007. 

[17] G. Jakllari, S. Krishnamurthy, M. Faloutsos, P. Krishnamurthy, and O. 
Ercetin, “A cross-layer framework for exploiting virtual MISO links in 
mobile ad hoc networks,” IEEE Trans. Mobile Computing,vol.6, no. 6, 
pp. 579-594, June 2007. 

[18] R. Ramanathan, “Challenges: a radically new architecture for next 
generation mobile ad hoc networks,” in Proc. MobiCom 2005,Aug. 
2005. 

[19] Bo Gui, Lin Dai, L.J. Cimini, “Routing strategies in multihop 
cooperative networks”, IEEE Trans. Wireless Commun. Vol.8, no.2, pp. 
843-855, Feb. 2009. 

[20] S. Butcharoen and C. Pirak, “An Alamouti based path selection strategy 
for multihop relay communications”,IEEE Region 10 Conf., pp. 2389-
2391, Jan. 2011. 

[21] S. Cui and A. J. Goldsmith, “Cross-layer design in energy-constrained 
networks using cooperative MIMO techniques,” EURASIP/Elsevier 
Signal Processing J., Special Issue on Advances in Signal Processing- 
Based Cross-Layer Designs, vol. 86, no. 8, pp. 1804-1814, Aug. 2006. 

[22] S. Chen, U. Mitra, and B. Krishnamachari, “Cooperative communica-
tion and routing over fading channels in wireless sensor networks,” in 
Proc. IEEE Int. Conf. on Wireless Networks, Commun., and Mobile 
Comp. (WirelessCom), vol. 2, pp. 1477-1482, June 2005 

[23] A. Khandani, J. Abounadi, E. Modiano, and L. Zheng, “Cooperative 
routing in static wireless networks,” IEEE Trans. Commun.,vol.55, no. 
11, pp. 2185-2192, Nov. 2007. 

[24] J. Boyer, D. D. Falconer, and H. Yanikomeroglu, “Multihop diversity in 
wireless relaying channels,” IEEE Trans. Commun., vol. 52, no. 10, pp. 
1820-1830, Oct. 2004. 

[25] A. Khandani, E. Modiano, J. Abounadi, and L. Zheng, “Reliability and 
route diversity in wireless networks,” in Proc. Conf. on Inform. Science 
and System, Baltimore, MD, Mar. 2005. 

[26] M. Sikora, J. N. Laneman, M. Haenggi, D. J. Costello, Jr., and T. E. 
Fuja, “Bandwidth- and power-efficient routing in linear wireless 
networks,” IEEE Trans. Inform. Theory, vol. 52, no. 6, pp. 2624-2633, 
June 2006. 

[27] O. Oyman and S. Sandhu, “Non-ergodic power-bandwidth tradeoff in 
linear multi-hop networks,” in Proc. ISIT’06, pp. 1514-1518, July 2006. 

[28] J.G. Proakis, “Digital Communications,”, 4th ed., New York: McGraw-
Hill, 2000. 

 


