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Abstract: Relay links play an important role in the design of wireless networks. Consider a single antenna transceivers and multiple 

single antenna relay nodes, the path between the transceivers and relays will be subjected to different propagation delays. A simple 

amplify and forward relaying protocol is used in this paper reason being the simplicity. In this paper a novel performance metric PN-

SNR is used to design an energy efficient cooperative relay network. For the single and multiple relay network scenario the PN-SNR 

maximization problem is solved and the performance is analysed. The analysis is extended to multi antenna transceivers and compared. 

The paper emphasizes the potential of PN-SNR in designing the energy efficient relay network. 
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1. Introduction 
 

There has been a plenty of research in the wireless 

communication to cope with the increased bandwidth 

demand and to provide users wireless access anywhere 

anytime. Various technologies have been developed such as 

diversity techniques to serve the purpose. Common diversity 

techniques such as time, frequency, code and space have 

been well studied in the literature. Lately a new diversity 

technique known as cooperative communication with relay 

networks has gain popularity in the research community [1]-

[4]. 

 

In cooperative communications, users relay each other’s 

messages thereby providing multiple paths from the source 

to the destination leading to increased coverage. Network 

performance optimization are among hot topics in 

cooperative relay network design in recent years. There have 

been numerous results on the global performance 

optimization such as signal-to-noise-ratio (SNR) 

maximization, throughput maximization and error rate 

minimization for fixed transmit power [5], [6].The popular 

efficiency measures comprise of spectral efficiency and 

energy efficiency. These two efficiency measures have been 

widely studied in the literature for different network 

configurations, e.g., [7], [8]. 

 

The problem with these two efficiency measures is that 

optimization leads the system to either high power 

consumption or in low SNR regime. The aforementioned 

limitations of spectral efficiency and energy efficiency can 

be overcome by introducing a new efficiency metric, namely 

SNR-per-unit-power [9], or power normalized SNR (PN-

SNR), to design energy efficient reliablerelaynetwork andto 

evaluate the network efficiency. For a single user network, 

the PN-SNR is defined as: 

η =
SNR

Ptotal
                                         (1) 

Where SNR is the end-to-end received SNR and Ptotal is the 

total power consumed in the network. The parameter 

ηrepresents the achievable received SNR per unit transmit 

power. 

In this paper the performance of the network is evaluated 

with realistic channel model such as introducing the effect of 

fading, scattering etc. The PN-SNR is a more natural 

efficiency measure as it shows the performance per unit 

power and it does not trap the network in the low power 

regime and provide better power control mechanism. 

 

2. System Model and Problem Formulation 
 

Consider a general distributed network with one transmitter, 

one receiver and R relays, as depicted in Figure1. Each relay 

has a single antenna which can be used for both transmission 

and reception. The channel from the transmitter to the ith 

relay is represented as fi and the channel from the ith relay to 

the receiver asgi.It is assume that each relay knows its own 

channels and the receiver knows all channels. The channel 

state information at the receiver end can be obtained via 

channel estimation [8],[11]. The ith relay can obtain fi by 

training and,giby feedback. Let f= [f1, f2. . . fR]
T
 and g = [g1, 

g2. . . gR]
T
 , which are the transmitter-relay and relay-receiver 

channel vectors. Consider a two-hop amplify-and-forward 

(AF) relaying protocol, where the relays adjust the 

amplitudes and the phases of their received signals. In the 

second hop, the ith relay multiplies its received signal by a 

complex weight wi to adjust the phase and magnitude of 

thereceived signal, and transmits the adjusted signal towards 

the receiver. The signals received at the relays can be 

represented as 

𝑥 =  𝑃𝑜𝒇𝑠 + 𝑧                                  (2) 

 

where x is the Rx1 complex vector of the signals received by 

the relays and z is the Rx1 complex vector of the relay 

noises. The distribution of z depends on the channel model 

and differs for AWGN, Rayleigh and Rician models. The 

Rx1 complex vector t of the transmitted signals of all relays 

can then be expressed as 

𝐭 = 𝐰⦁𝐱                                         (3) 

 

wherew= [w1,w2………wR] is referred as the beamforming 

vector. Consider the transmitted signal of the ith relay as 

ti,the power consumed on ith relay can be calculated as 

Pi=E { 𝑡𝑖 
2} =(1 + 𝑃𝑜  𝑓𝑖 

2) 𝑤𝑖 
2                  (4) 
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Figure 1: Two hop multi relay network 

 

With simple calculations the end-to-end SNR can be 

expressed as 

𝑆𝑁𝑅 =
𝑃𝑜  𝑤

𝑇𝑕 
2

 1+  𝑤⦁𝑔 2 
                             (5) 

The total power consumed in the whole network is 

𝑃𝑇 = 𝑃𝑜 + 𝑃𝑜 𝑤⦁𝑎 
2                       (6) 

According to the definition, PN-SNR of the relay network is 

ɳ =
𝑆𝑁𝑅

𝑃𝑇
=

𝑃𝑜  𝑤
𝑇𝑕 2

 1 +   𝑤⦁𝑔 2  𝑃𝑜 + 𝑃𝑜 𝑤⦁𝑎 
2 

     (7) 

Let wi = αi.𝑒
𝑗θi  ,𝛼 = [𝛼1𝛼2 … . 𝛼𝑅]𝑇  𝑎𝑛𝑑𝜃 = [𝜃1𝜃2 … . 𝜃𝑅]𝑇. 

With straight forward calculations it can be shown that 

ɳ =
 𝛼𝑇𝑏 

2

 1+ 𝛼⦁𝑑 2  1+ 𝛼⦁𝑎 2 
                  (8) 

where 𝑏 =   𝑓1𝑔1 ……  𝑓𝑅𝑔𝑅  , 𝑑 = [ 𝑔1 …… . .  𝑔𝑅 ] 
In this paper, Pois kept constant. The design problem is to 

find the relay power control vector α such that the PN-SNR 

in (8) is maximized. 
 

3. Single-Relay Network Case 
 

In single-relay networks, the relay power control vector and 

channel vectors reduce to scalars, i.e., α reduces to α,𝒇 

reduces to𝑓, and 𝒈 reduces to𝑔. The power constraint on the 

relay was denoted as𝑃𝑅,𝑙𝑖𝑚 , and the actual transmit power of 

the relay was denoted as𝑃. Thus,P ≤  𝑃𝑅,𝑙𝑖𝑚 , from(7), the 

end-to-end received SNR can be expressed as 

 

 𝑆𝑁𝑅 =
 𝑓𝑔 2𝑃𝑃0

1 +  𝑓 2𝑃0 +  𝑔 2𝑃
 ≈

 𝑓𝑔 2𝑃𝑃0

 𝑓 2𝑃0 +  𝑔 2𝑃
         (9)  

In the second equality in (9), an approximation has been used 

which prevails when the channel gains are high. The 

corresponding PN-SNR of the network is thus 

𝜂 =  
 𝑓𝑔 2𝑃𝑃0

 1 +  𝑓 2𝑃0 +  𝑔 2𝑃  𝑃 + 𝑃0 
                        (10) 

The solution to PN-SNR maximization problem is derived as 

follows. The ideal case that the relay power is unlimited, i.e., 

 𝑃𝑅,𝑙𝑖𝑚 =  ∞ is considered first and then the practical case of 

finite power 𝑃𝑅,𝑙𝑖𝑚 .By using (10), PN-SNR maximization 

problem for single relay network is shown as 

 𝑓𝑔 2𝑃𝑃0

 1 +  𝑓 2𝑃0 +  𝑔 2𝑃  𝑃 + 𝑃0 𝑃>0

𝑚𝑎𝑥

                         (11) 

By differentiating the objective function in (11) with respect 

to P and equating it to zero, the optimal relay power, denoted 

as 𝑃𝑜𝑝𝑡 , is obtained as 

 𝑃𝑜𝑝𝑡 =
 𝑃0 1 +  𝑓 2𝑃0 

 𝑔 
                          (12) 

When the transmitter power is high (𝑃0 ≫ 1), the solution 

can in (12) can be approximated as 

Popt=
 𝑓 

 𝑔 
 𝑃0                              (13) 

And for the practical case of 𝑃𝑅,𝑙𝑖𝑚 being finite, i.e., 𝑃𝑅,𝑙𝑖𝑚 <
∞, the PN-SNR maximizing solution is extended from (13) 

as: 

𝑃𝑜𝑝𝑡 ≈ 𝑃𝑎𝑝𝑝𝑟𝑜𝑥 = min  
 𝑓 

 𝑔 
𝑃0 , 𝑃𝑅,𝑙𝑖𝑚             (14) 

With the solution so obtained the simulation is carried out for 

single relay network, and the average PN-SNR has been 

plotted for the three schemes. 

 

4. MultiRelay Case with Sum Power Constraint 
 

Extending the analysis of single-relay model to multi-relay 

model, the PN-SNR maximization is carried out for multi 

relay network. A total sum power constraint is imposed on 

the relays such that the total power consumed by all the 

relays, denoted as P, is no larger than  𝑃𝑅,𝑙𝑖𝑚 .i.e., 

 P =  𝑃𝑖

𝑅

𝑖=1

 ≤ 𝑃𝑅,𝑙𝑖𝑚                             (15) 

This sum power constraint model is very popular and is 

widely used .The transmitter power is assumed to be fixed as 

𝑃0.From (4) and (8), the PN-SNR maximization problem is: 

 

(𝛼𝑇𝑏)2

(1 +  𝛼⦁𝑑 2)(1 +  𝛼⦁𝑎 2)
𝛼>0

𝑚𝑎𝑥

                           (16) 

s.t   1 + 𝑃0 𝑓𝑖 
2  𝛼𝑖 

2𝑅
𝑖=1 ≤  𝑃𝑅,𝑙𝑖𝑚  

This is a non-convex optimization problem.Newton’s 

method for maximization is been used for optimizing the 

PN-SNR. 

 

5. Multi Relay Case with Separate Power 

Constraint 
 

In this section the PN-SNR maximization problem is 

investigated with separate relay power constraint where the 

ith relay has its own power constraint denoted as 𝑃𝑖 ,𝑙𝑖𝑚 .From 

(4) and (8) the PN-SNR maximization problem can be 

described as 

 𝛼𝑇𝑏 2

 1 +  𝛼⦁𝑑 2  1 +  𝛼⦁𝑎 2 
𝛼>0

𝑚𝑎𝑥

                      (17) 

s.t 0≤αi≤  
𝑃𝑖,𝑙𝑖𝑚

1+𝑃𝑜  𝑓𝑖 
2  , 𝑓𝑜𝑟 𝑖 = 1,… . 𝑅 

where 𝑎 ≜   
1

𝑃0
+  𝑓1 

2 …… 
1

𝑃0
+  𝑓𝑅 

2  

This is again a non-convex optimization problem in which 

finding a globally optimal solution requires extensive 

computation. It requires to use a blend of search algorithm 

and optimization algorithms such as SQP and gradient 

ascent. To reduce the complexity a suboptimal solution is 

obtained by neglecting the power constraints which leads to 

the equivalent of using newton’s method of optimization. 

 

6. Single-Relay Network with MIMO 
 

The system model considered in section 2consist of single 

antenna transceivers. To further show the potential of PN-
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SNR in designing energy efficient relay networks the general 

single relay network is evaluated with multiple antennas at 

the transmitters and receivers side i.e.; employing 

MIMO.The system model so obtained is shown in the 

Figure2.The analysis and maximization problem is similar to 

the previous cases except the change that the channel vectors 

f and g now becomes the channel matrices F and G 

respectively. So the PN-SNRmaximization problem now 

becomes as 

 𝐹𝐺 2𝑃𝑃0

 1 +  𝐹 2𝑃0 +  𝐺 2𝑃  𝑃 + 𝑃0 𝑃>0

𝑚𝑎𝑥

                       (18) 

 

7. Simulation Results 
 

In this section the simulated performance of the proposed 

PN-SNR maximization scheme is presented for single 

andmulti-relayscenario. Also the performance is compared 

with the fixed relay power scheme and SNR-maximizing 

scheme. 

 

7.1 Single Relay Networks 

 

In this subsection the simulation result for single relay 

network case is presented. The average PN-SNR is plotted 

for the proposed PN-SNR scheme represented as 

“Proposed”, the SNR-maximizing scheme denoted as “SNR-

max” and the fixed relay power scheme denoted as “Fixed 

Power”. 

 

Two cases are considered for relay power viz; 

P(lim)=infinite and P(lim)=Po. Figure3shows the average 

PN-SNR for the three mentioned scheme.It is evident that the 

proposed PN-SNR scheme outperforms the other two 

techniques but there is a merging of the fixed relay power 

and proposed method graph for P(lim)=Po case .It is so 

because it is assumed that the average relay power 

consumption in both the scheme is maintained same. Over 

the long course of time when there is sufficient change in 

channel state they would differ. 

Figure 4 shows the average received SNR for the three 

schemes. The proposed scheme has comparable performance 

in average SNR with the fixed relay power scheme but it is 

inferior to the SNR-maximizing scheme. The average SNR 

increases for all the three schemes as the transmitter power 

increase as shown in Figure4. Figure 5 shows the plot of 

energy efficiency in bits per joule of the three schemes. It is 

observed that the proposed design achieves the best energy 

efficiency. However, the energy efficiency for all three 

schemes is decreasing as Po increases. 

 

 
Figure 2:two hop transmission network with two antennas at 

the transmitter and receiver 

 

 
Figure 3: Average PN-SNR versus transmitter power for 

single relay network 

 

 
Figure 4: Average received SNR for single relay network 

 

7.2Multi Relay Networks 

 

In this subsection the simulation result for multi relay 

network is presented. The results are shown for two relays. 

Figure6 shows the average PN-SNR plotted for all the three 

schemes with a sum relay power constraint. In the fixed relay 

power scheme, the sum transmit power of the relays is fixed 

for each transmission regardless of the channel quality. 

 
Figure 5: Energyefficiency for single relay network 
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Figure6: Average PN-SNR for two relay network with sum 

power constraint 

 
In the SNR-maximizing scheme, the relays always use the 

maximum sum power 𝑃𝑅,𝑙𝑖𝑚  to achieve the maximum SNR. 

Figure 6, shows the simulation result of a two-relay network 

with the sum power constraints 𝑃𝑅,𝑙𝑖𝑚 = 2𝑃0 and 𝑃𝑅,𝑙𝑖𝑚 =4𝑃0 

for the three schemes. In the PN-SNR maximizing scheme, 

the average PN-SNR decreases as 𝑃𝑅,𝑙𝑖𝑚  changes from 2𝑃0 to 

4𝑃0.In the fixed relay power scheme, the average PN-SNR 

slightly decrease as 𝑃𝑅,𝑙𝑖𝑚  increases, In the SNR-maximizing 

scheme, the average PN-SNR sharply decreases as 𝑃𝑅,𝑙𝑖𝑚  

increases. Among the three schemes, the proposed scheme 

always achieve the highest PN-SNR. 

 

Figure 7 shows the average PN-SNR for two relay network 

with each relay having its own power constraint. The plot 

shows that proposed scheme has better PN-SNR than fixed 

power scheme and SNR-max scheme.For the SNR-

maximizing scheme,objective is to maximize the end-to-end 

received SNR. For the fixed relay power scheme, all relays 

transmit with their maximum power and no channel 

information is needed. Both schemes have the same power 

constraint for each relay as the proposed method. But the 

proposed method may reduce the relay power for better 

efficiency, thus actually consumes less power. 

 
Figure 7: Average PN-SNR for two relay network with 

separate power constraint 

 

 
Figure 8: Average received SNR for two relay network with 

sum power constraint 

 
The Figure 8 shows the average received SNR for the two 

relay network. From the plot it is evident that the proposed 

PN-SNR scheme has better received SNR than other two 

schemes since proposed method is based on the channel 

condition. The average SNR increases for all the three 

schemes as the transmitter power increase as shown in Fig8. 

 

7.3 Single Relay Networkwith MIMO 

 

Figure 9 compares the average PN-SNR for a single relay 

network with single and multiple antenna transceivers. In the 

case of multiple antennas (two in the simulation) at the 

transmitter and receiver the PN-SNR is further improved 

with the same transmitter power as compared with the single 

antenna model. At 10 dBW the PN-SNR is improved by 40% 

in MIMO model. So it is proved that PN-SNR is worth being 

used as a metric in designing energy efficient networks. 

 

Figure 10 shows the energy efficiency for single relay 

network with SISO and MIMO configuration. The energy 

efficiency decreases rapidly for SISO and gradually for 

MIMO model as the transmitter power increases. Efficiency 

is better in the MIMO model and it maintains it even if the 

transmitter power changes by nominal amount. Recall that 

energy efficiency is calculated in bits/joule. 
 

 
Figure 9: Comparison of Average PN-SNR for single relay 

network with SISO/MIMO configurations. 
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Figure 10: Comparison of energy efficiency for single relay 

network with SISO/MIMO configurations 

 

8. Conclusion 
 

In this paper a new performance metric, namely power 

normalized SNR is used to design energy efficient 

cooperative relay networks and moreover a relay power 

control scheme is proposed which maximizes this metric. For 

high PN-SNR the relays adjust their powers based on the 

channel quality and hence better use of the most important 

resource that is energy. This paper deals with sum and 

separate relay power controls and justifies the use of PN-

SNR as an efficiency measure in the energy efficient relay 

network design. The relay network is analysed with multiple 

antenna transceivers as well and our proposed scheme is 

proven to give better result in every possible scenario. This 

work can be extended to multiple antennas relays and that is 

the direction we are looking forward to next for future work. 
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