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Abstract. By minimizing the outage probability, optimization is carried out in this paper to 
find joint optimal power allocation (OPA) and relay placement (ORP) for multihop relay 
networks adopting Hybrid Automatic Repeat reQuest (HARQ). Different from previous works, 
the joint OPA and ORP is analysed under generalized fading channels with the constraint on 
total transmit power, end-to-end relaying distance and maximum transmission number (delay). 
The simulation results demonstrate that for different fixed number of nodes and fading models, 
there are preferred deployments depending on path loss exponent and power retransmission 
strategy. By employing multiple retransmission round which can improve the reliability and 
energy efficiency without significant overhead, the end-to-end outage probability is no longer 
bounded by that of the weaker hop, i.e., the hop with a poor channel condition. The proposed 
strategy provides a dramatic improvement for the end-to-end outage probability by 
compensating the channel difference.  

1 Introduction 
Multihop Hybrid-automatic repeat request (HARQ) relay networks, which combined the advantage of 
multihop relay and HARQ techniques, have great potential to improve the performance of wireless 
networks due to their ability to improve the reliability and efficiency of transmission. In particular, the 
presence of multiple users between source and destination enables the division of long links into 
multiple shorter links which reduce signal attenuation, extends battery life, and provides broader and 
cheaper coverage along with high efficiency. On the other hand, HARQ protocols are widely 
employed to increase the reliability of packet transmissions by combining forward error-correcting 
coding (FEC) technique with ARQ technique. Because multiple retransmission rounds can improve 
the transmission reliability and efficiency without significant overhead, the performance of multihop 
relay networks can be improved by adopting HARQ schemes. Although various schemes have been 
proposed to analyze the performance of multihop relay networks and HARQ schemes, optimization of 
these two techniques are usually investigated separately. 

The end-to-end (e2e) performances of the multihop relay networks have been extensively studied 
in the literature where most of them consider only one transmission round. In particular, the joint 
optimization of power allocation (OPA) and relay placement (ORP) is presented for multihop 
communication in a Rayleigh-fading environment in [1]. The distance-dependent route selection 
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problem is approached from the viewpoint of energy efficiency in [2]. By minimizing the outage 
probability of a decode-and-forward (DF) MIMO relay system with orthogonal space-time block 
coding, [3] shows that relay position optimization improves the finite-SNR (signal-to-noise ratio) 
diversity gain of a relay system whose adjacent hops have different diversity orders (unbalanced 
system). These studies show that joint optimization outperforms separate optimization significantly by 
improving the coding gain and diversity order. 

By assuming fixed relay placement, optimal rate and power allocation problems have been 
addressed for truncated HARQ based multihop systems in several literatures. For instance, [4] 
proposed a joint power and rate optimization scheme to maximize the long-term average transmission 
rate of the multihop HARQ relay networks under Rayleigh-fading channels. Likewise, the e2e outage 
probability was studied in [5] by using a Markov chain model. However, these studies are limited to 
the Rayleigh-fading channels and have only analysed the e2e performance without attempting to 
optimize the system parameters for further performance enhancement. 

In this paper, by modeling the retransmission number of a packet from source to destination as 
delay, the e2e outage probability is derived under generalized fading channels and will be employed 
as the performance metric in the system optimization. For the power and delay limited applications, 
we consider the following two constraints: 1) The maximum retransmission number should no more 
than L ; 2) The sum of the power for all retransmission rounds for one packet should be less than or 
equal to TP . We focus on two issues in multihop HARQ relay networks, i.e., how to allocate power 
and relay position for each relay and how to allocate retransmission times for each hop to minimize 
the outage probability under power consumption constraint. Note that the two issues are closely 
correlated and should be jointly optimized. Moreover, due to the versatile and flexible features of 
generalized fading, it is worthy to note that the generalized fading channel has the advantage of 
including various fading models such as Hoyt, Nakagami- m , and Rician fading as special cases [6]. 

2 System model and outage probability  
We consider a linear M -hop network consisting of 1M �  nodes under block-fading channel, where 
relays are serially connected from the source to the destination and the channel gain is constant during 
a single HARQ round, but the channel gains of different HARQ rounds are independent and 
identically distributed (i.i.d.). Each node has a single antenna and uses half-duplex transmission and 
performs with maximal-ratio combining (MRC). For different hops jiR R� , the channel gains ih  and 

jh  are mutually independent and may assume different fading models. We use the fixed and 
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where mt  is related to the diversity order of the channel, and ma  is related to the SNR gain of the 
i-th hop. The parameter pairs � �,m mt a  for Nakagami- m , Rician, and Hoyt fading channels are 

provided in Table I of [8]. Accordingly, the MGF of m�  can be written as: 
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Accordingly, the approximate outage probability of the m th hop can be calculated as 
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where ZF  is the cumulative distribution function (CDF) of Z , th� is the SNR threshold and ml  is 
the maximum retransmission number for m th hop. 

Now we investigate the multihop case. The e2e outage probability of multihop HARQ relay 
network is given by 
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Since the integration term is much smaller than the sum term, we ignore it approximately. Thus, the 
e2e outage probability is given by: 
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 In the following, by assuming the retransmission number of each hop to be an constant, we first 
formulate the joint optimizations of power allocation � �1 2, ,..., NP P P�P  and relay placement 

� �1 2, ,..., Nd d d�d  which minimizes 2e eP  in (5). Then, the retransmission allocation strategy are 
studied based on the joint OPA and ORP optimization strategy.  

3 Joint optimization of PA and RP  
With the definition of the e2e outage probability, the joint OPA and ORP optimization problem is 
given by: 
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problem in (7) is not always convex with respect to the optimization variables. In particular, the non-
convexity arises from the objective function and is related to the distance md , the retransmission 
round 

ml  and the pathloss factor 
 . In order to obtain tractable solution for the optimization problem, 
we first recast optimization problem (7) as a convex optimization problem and then study the 
relationship of 

md , 
ml  and 
 . 

Theorem 1: The problem in (7) is a convex optimization problem if � �� �1 1 0m mt l
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The Hessian matrix of F  is given by 
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Obviously, if � �� �1 1 0m mt l
 
 � � ( , then (9) is always positive, which is equivalent to that F  is 

jointly convex. Since the constraints are linear and the non-negative summation of convex functions is 
convex, Theorem 1 is proved.                                                                                                             

Note that 1ml (  and 0
 (  always hold true, moreover, 
  is normally in the range of 2-6 and mt  
is normally no less than 1 [6], accordingly, � �� �1 1 0m mt l
 
 � � (  holds true for most typical fading 

channel models. In the rare case, i.e., in buildings and stores when � �� �1 1 0m mt l
 
 � � � , geometric 

programming (GP) approximation [9] can be adopt to obtain the solution. The parameters for the 
approximation are similar with that in [8]. 
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To solve this problem, we introduce nonzero Lagrange multipliers -  and . , the Lagrange 
function for joint optimization problem of PA and RP can be formulated as: 
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Take the first derivatives of � �,P dF  with respect to mP  and md  to zero, we can obtain the 

optimal solution � �,P d  
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Note that the solution of the joint optimization is a special case of a separate optimization resulting 
in the best performance. Apparently, the joint optimization of PA and RP provides the best 
performance.  

The mathematical analysis shows that the e2e outage probability performance of the proposed joint 
optimization scheme is related to the number of transmissions in relays. Unfortunately, a closed-form 
expression for ml  appears to be hard to find. In this paper, we shed some light on the performance 
analysis by proposing a retransmission allocation strategy based on the joint OPA and ORP strategy. 
The retransmission allocation strategy is done in two steps. In the first step, we set   retransmission 
number as ,  m=1,2,...Mml L M� + ,� � .  In the second step, if L  is not a multiple of M , use the 

retransmission time on the weak link. Otherwise, we allocate one retransmission chance from the 
strongest hop to the weakest hop. As a consequence, more retransmission chance is allocated to the 
weaker hop to leverage the performance of weaker hops. Since the channel difference can be 
compensated by the joint optimization, the proposed scheme achieves equivalent or better e2e outage 
probability.  

4 Analytical and simulation results  
In this section, the simulation and analytical results are presented to verify the performance of 
optimized multihop relay networks in various fading channels. The performance is evaluated with 
normalized distance , three hop ( 3M � ) relay networks with pathloss exponent 3
 � , and SNR 
threshold 5th dB� � , unless stated otherwise. The total SNR constraint is denoted by

0T TP N/ � . The 
analysis results are compared with the Monte-Carlo simulation results. In the following figures the 
analysis results are denoted with lines while the simulation results are denoted with marks.  
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Figure 1. The 2e eP  of three hop relay networks versus total SNR T/  in Nakagami-m fading channels with 

( 1, 2, 3) (0.5,1,5)m m m � . 

 

Figure 2. The 2e eP  of three hop relay networks versus total SNR T/  in Rician fading channels with 

( 1, 2, 3) (1,5,7)K K K � . 

Fig. 1 and Fig. 2 compare the e2e outage probability 2e eP  of three hop relay networks versus SNR 

T/  in unbalanced channel parameters for Nakagami fading channel with ( 1, 2, 3) (0.5,1,5)m m m �  and 
Rician fading channels with ( 1, 2, 3) (1,5,7)K K K � . It can be observed that the analytical results match 
the simulation results nicely for a wide range of SNR, which verify the accuracy of the algorithm. 
Although ORP with equal PA (EPA) scheme outperform OPA with equal RP (ERP) schemes, the 
separate optimization of PA and RP are suboptimal to the joint optimization of PA and RP as expected. 
It should be noticed that the performance gains come form the compensation of the channel difference. 
In the meantime, the HARQ schemes with retransmission number 6L �  are compared with the 
scheme without retransmission. According to the results, the outage probability is significantly 
improved by the use of HARQ techniques. An important observation is that the joint optimization 
scheme is more sensitive to retransmission. This implies that the gain from optimization gets better as 
the channel condition gets more favourable.  

To evaluate the effect of retransmission on different RP and PA strategy, the 2e eP  of three hop 
relay networks versus retransmission number L  in Nakagami-m fading channel with 
( 1, 2, 3) (1,1,5)m m m �  and total SNR 10T/ �  are shown in Fig.3. Three power and relay optimization 
strategies are compared for two retransmission strategies, i.e., the average retransmission strategy 
which is denoted by the dash-dot lines and the proposed retransmission strategy which is denoted by 
soiled lines. For comparison, we also include in the figures the transmission power level of the equal-
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retransmission assignment strategy. We observe that the proposed retransmission strategy achieves 
significant performance improvement within the first few retransmission rounds. The proposed 
retransmission strategy shows better performance compared to the equal-retransmission strategy. The 
reason is that with the increase of the total power, the outage probability of the hops with better 
channel condition will decrease much faster than that of the weaker hop due to the channel difference. 
By allocating more retransmission chance to the weaker hop, the proposed retransmission strategy 
eventually improves the e2e performance.  Moreover, the e2e outage performance improves with 
increasing number of retransmission numbers and the performance gains in the outage probability do 
not increase linearly. 

 

Figure 3. The 
2e eP  of three hop relay networks versus retransmission number L  in Nakagami-m  fading channel 

with ( 1, 2, 3) (1,1,5)m m m �  and total SNR 10T/ � . 

Conclusion 
This paper has addressed the problem of joint optimization of OPA and ORP of a multihop relay 
networks adopting HARQ. The expression for the e2e outage probability is derived under generalized 
fading channels and optimization is carried out to find joint optimal power allocation (OPA) and relay 
placement optimal (ORP) for multihop relay networks. The result demonstrates that the equidistant 
relay placement with equal power allocation strategy is not the optimal way of power apportionment 
for unbalanced channel conditions, and the proposed strategy can improve the e2e outage probability 
significantly by dramatic compensating the channel difference. As future work, the proposed policy 
can be extended to systems employing practical coding and modulation schemes. Furthermore it is 
interesting to consider the range expansion and power allocation problem when the end-to-end 
retransmission constraint is enforced on the whole HARQ process.  
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