
                          December 2011, 18(6): 8–13                                
www.sciencedirect.com/science/journal/10058885                  http://jcupt.xsw.bupt.cn 

 

The Journal of China 
Universities of Posts and 
Telecommunications 

Asymptotic energy efficiency analysis for the  
state-of-the-art relaying protocols 
WANG Yu-ning (*), ZHANG Jian-hua, XU Wei 

Key Lab of Universal Wireless Communications, Ministry of Education, Wireless Technology Innovation Institute,  
Beijing University of Posts and Telecommunications, Beijing 100876, China 

 
Abstract 

This article analyzes the energy-efficiency performances of fixed relaying schemes, selection relaying schemes and 
incremental relaying schemes in the three-node relay network. The closed-form asymptotic energy per good-bit (EPG) 
expressions for the state-of-the-art relaying protocols at high signal-to-noise ratio (SNR) regime are derived. In the 
formulation of the energy consumption model, the transmission, circuit and retransmission energies are all taken into 
account. To facilitate the comparison of energy-efficiency performances between different relaying protocols, the link 
reliabilities and retransmission probabilities are determined by the asymptotic outage probabilities at high SNR regime 
under the Rayleigh fading assumption. Computer simulations are carried out in both symmetric and asymmetric relay 
networks. The simulation results show the differences of system energy expenditure between these state-of-the-art relaying 
protocols. Finally some practical implications can be made from the observation. 
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1  Introduction   

Green information and communication technology (ICT) 
has drawn much attention in recent years. The dramatic 
expansion of wired and wireless networks incurs the  
surge of energy consumption in the telecommunication      
and information community [1]. The increasing     
energy expenditure not only results in high operational 
expenditure (OPEX), but also leaves a significant 
environmental footprint (http://www.itu.int/themes/climate/). 
This emerging trend has triggered the focus shifting towards 
energy-efficient network design in standardization bodies, 
such as 3GPP [2]. It also motivates the industry to initiate 
green action programs, e.g., EARTH (https://www.ict- 
earth.eu). Meanwhile, the academia community carries out 
energy efficiency oriented research [3]. 

In addition, relay is capable to extend the cell coverage, 
increase the system capacity and combat fading. Thus it 
has been recognized as one of the fundamental 
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technologies in 4G systems. [4] proposes several relaying 
protocols and derives their asymptotic outage probabilities 
at high SNR regime. For amplify-and-forward (AF) 
relaying, the relay will amplify and forward what it 
received from the source to the destination. For 
decode-and-forward (DF) relaying, only when the relay 
decodes what it received from the source correctly, the 
signal can be forwarded to the destination. Selection    
DF (SDF) relaying adapts its transmission based on the 
source-relay (S-R) link. If it falls below a certain threshold, 
the source will repeat the transmission. Otherwise, the 
relay will decode and forward the signal to the destination. 
Incremental AF (IAF) relaying exploits one-bit feedback 
from the destination. The relay will amplify and forward 
the signal to the destination except that it receives 
‘success’ feedback. On the basis of the work in Ref. [4]. 
Ref. [5] proposes incremental selection AF (ISAF) and 
joint incremental selection relaying (JISR). By utilizing 
two-bit feedback, it introduces three feedback states: 
half-success, success and failure. Its simulation results 
have proved that ISAF and JISR are identified as the best 
protocols so far.  
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The established performance analysis and applications   
in relay networks mainly focus on the channel state 
information [6]. However, limited research in academia 
has been done to address the energy efficiency. Ref. [7] 
studies the energy efficiency of AF and DF relaying under 
given bit error rate constraints. It demonstrates the 
influences of the constellation size and relay location on 
the bit energy consumption. But the energy efficiency of 
other relaying protocols is unknown. Whether ISAF and 
JISR are still superior with respect to energy efficiency has 
yet to be exploited. In this paper we bridge the gap 
between the emerging relaying protocols and their energy 
efficiency analysis. Moreover, difference from Ref. [7], 
our investigation is carried out from the information 
theoretic point of view. EPG is used as the energy 
efficiency metric throughout the paper. Goodbit indicates 
that the link reliabilities and retransmission probabilities 
are also considered. To facilitate the energy efficiency 
comparison in the sequel, we derive the closed-form 
asymptotic EPG expression for each relaying protocol in 
Refs. [4–5] at high SNR regime respectively. Finally the 
simulation results reveal some practical implications. 

The rest of the paper is organized as follows. Sect. 2 
describes the system and channel model we investigate.  
Sect. 3 formulates the energy consumption model. Sect. 4 
derives asymptotic EPG expressions for the state-of-the-art 
relaying protocols. Sect. 5 simulates and compares their 
energy-efficiency performances. Sect. 6 concludes the 
paper finally. 

2  System model  

We consider a three-node relay network consisting of 
one source/destination pair with one relay shown in Fig. 1. 
The cooperative transmission consists of two phases. The 
received signals at the relay and the destination in Phase 1 
are modeled as 

r t s,r s s,ry P h x n= +                           (1) 

d,1 t s,d s s,dy P h x n= +                         (2) 
where tP  is the transmit power. sx  is the transmitted 
signal at the source. In Phase 2, the signal that the 
destination receives from the relay is modeled as  

d,2 t r,d r r,dy P h x n= +                            (3) 
In Eqs. (1)–(3), ,i jh  represents the channel fading 

coefficient, where {Source, Relay}i ∈  and {Relay,j ∈  
Destination} . We model it as the zero-mean independent 

circularly symmetric complex Gaussian random variable 

with variance 2
,i jσ . Thus 

2

,i jh  is exponentially 

distributed with parameter 2
,i jσ −  denoted by 

( )2 2
, ,i j i jh ξ σ −∼ . ,i jn  is the additive Gaussian noise with 

zero mean and variance 0N . 

rx  is the transmitted signal at the relay. If the relay 
decodes and forwards the received signal from the source 
correctly, then r rx y= . If it amplifies and forwards the 
received signal from the source, then r rx yβ= , where 

( )2
t t s,r 0P P h Nβ = +  is the amplification factor. 

 
Fig. 1  Three-node relay network 

3  Energy consumption formulation 

We assume that the source will transmit L bits to the 
destination constrained by the spectral efficiency R. The 
Rayleigh fading channel may cause large error bursts when 
the signal is received at the destination, which cannot be 
corrected by the coding techniques. Acceptable 
performance cannot be guaranteed over all time. Under 
these circumstances, the source will retransmit the signal 
until the destination can receive it successfully. The 
number of retransmissions is a geometric random variable 
and has a mean of success1 ip  [8]. Thus considering link 
reliabilities and retransmission probabilities, the energy 
efficiency metric is defined as the energy consumed per 
good-bit (EPG) represented mathematically as 

on on tr tr

success

i

i i

P T P T
E

Lp
+

=                              (4) 

which indicates that the total energy consumed to transmit 
L bits consists of two parts1. The first part on on

iP T  is the 
energy consumed in the transmission interval onT , where 

onP  includes the transmit power tP , the amplifier power 

tPα , transmit electronic ctP  and receive electronic    

crP  [9] and onT L R= . tr trP T  is the energy consumed in 

                                                        
1 The energy required for signal processing at the nodes is out of scope. 
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the transient interval trT , where trP  is the transient power. 
Assuming the uncoded square MQAM is adopted,     
the amplifier efficiency is 1α ξ η= −  and ξ =  

( ) ( )3 1 1M M− + . i represents a specific relaying 

protocol. success
ip  is the system success probability, which 

can be calculated by 
success out1i ip p= −                              (5) 

where out
ip  is the outage probability, which is defined as 

the probability that the maximum average mutual 
information iI  drops below the spectral efficiency R. The 
asymptotic outage probabilities of the state-of-the-art 
relaying protocols can be derived referring to Refs. [4–5]. 
Specifically, the asymptotic outage probability of AF 

relaying is denoted as ( ) ( ) ({AF 2 2 2 2 2
out s,d s,r r,d s,r r,d~ SNR .1 2p σ σ σ σ σ   +     

( ) } ( )( )22 2 2 2 2 2
s,d s,r r,d s,r r,d~ SNR .2 1Rσ σ σ σ σ  −  ~  denotes ‘be asymptoti- 

cally equal to’, which holds at high SNR regime where the 
higher order terms can be safely omitted. The asymptotic 
outage probability of DF relaying is ( )DF 2

out s,r1p σ ⋅  

( )[ ]2 SNR2 1R − . The asymptotic outage probability of 

SDF relaying is ( ) ( ) ( )( )SDF 2 2 22 2
out s,d s,r r,ds,r r,d1 2p σ σ σσ σ    ⋅+    

( )( )22 SNR2 1R − . The asymptotic outage probability of 

IAF relaying is ( ) ( ) ( )IAF 2 2 2 2 2
out s,d s,r r,d s,r r,d1 2p σ σ σ σ σ   ⋅+    

( )[ ]2SNR2 1R − . The asymptotic outage probability of 

ISAF relaying is  ( ) ( ) ( ){ }ISAF 2 2 2 2 2
out s,d s,r r,d s,r r,d3 8p σ σ σ σ σ    ⋅+     

( )[ ]2SNR2 1R − . The asymptotic outage probability of 

JISR relaying is ( ) ( ) ( )( )JISR 2 2 2 2 2
out s,d s,r r,d s,r r,d3 8p σ σ σ σ σ    ⋅+     

( )[ ]2SNR2 1R − . 

4  Energy efficiency analysis 

4.1  EPG of AF relaying 

According to the energy consumption model formulated 
in Sect. 3, the transmission power of AF relaying is 

AF
on t ct cr2(1 ) 2 3P P P Pα= + + +                      (6) 
Then substituting Eq. (5) and Eq. (6) into Eq. (4), AFE  

is derived.  

4.2  EPG of DF relaying 

The transmission of DF relaying consists of two states. 

In state 1 the maximum average mutual information in S-R 
link drops below R. That is 

( )
2

22
s,rs,r

2 11 lg 1 SNR
SNR2

R

p p hh R
 −  = <+ <      

     (7) 

which indicates that the relay fails to forward what it 
received from the source. Otherwise, state 2 is activated in 
which the relay will decode and forward the signal to the 
destination. Thus the average transmission power is 

[ ] 2DF
on t ct cr s,r 1(1 ) 2 (SNR)P P P P p h gα  = + + + +<   

[ ] 2
t ct cr s,r 1          2(1 ) 2 3 (SNR)P P P p h gα  + + +  ≥    (8) 

where ( )2
1(SNR) 2 1 SNR.Rg = −  According to 

2

s,rh   

( )2
s,rξ σ − , we can derive 

2
1 s,r2 (SNR)

s,r 1 1 e(SNR) gp h g σ−  = −<                (9) 

Then substituting Eq. (5), Eq. (8) and Eq. (9) into    
Eq. (4), DFE  is derived. 

4.3  EPG of SDF relaying 

The transmission of SDF relaying consists of two states. 
In state 1 the maximum average mutual information in S-R 
link drops below R, which indicates that the relay fails to 
forward what it received from the source and the source 
will retransmit the signal. Otherwise, state 2 is initiated in 
which the relay will decode and forward the signal to the 
destination. Thus the average transmission power is 

[ ] 2DF
on t ct cr s,r 12 (1 ) 2 (SNR)P P P P p h gα  = + + + +<   

[ ] 2
t ct cr s,r 1          2(1 ) 2 3 (SNR)P P P p h gα  + + +  ≥   (10) 

Then substituting Eq. (5), Eq. (9) and Eq. (10) into   
Eq. (4), SDFE  is derived. 

4.4  EPG of IAF relaying 

Incremental relaying schemes are characterized by the 
variable-rate nature. Specifically, the spectral efficiency is 
R when the S-D link transmission is successful. Otherwise, 
the spectral efficiency is 2R . The transmission of IAF 
relaying consists of two states. In state 1 the maximum 
average mutual information in the source-destination (S-D) 
link is above R. That is  

( ) 22
s,ds,d

2 1lg 1 SNR
SNR

R

p p hh R
 −  = >+ >      

     (11) 

which indicates success of the S-D link transmission. Then 
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the relay does not need to forward what it received from 
the source. Phase 2 is saved to transmit the next 
information packet. Otherwise, state 2 is initiated in which 
the relay will amplify and forward what it received from 
the source to the destination. Thus the average 
transmission power is 

[ ] 2IAF
on t ct cr s,d 2(1 ) 2 (SNR)P P P P p h gα  = + + + + ≥  

[ ] 2
t ct cr s,d 2          2(1 ) 2 3 (SNR)P P P p h gα  + + + <   (12) 

where ( )2 (SNR) 2 1 SNRRg = − . According to 
2

s,dh   

( )2
s,dξ σ − , we can derive  

( ) 2
2 s,d

2 (SNR)
s,d 2 (SNR) 1 e gp h g σ−< = −              (13) 

Then substituting Eq. (5), Eq. (12) and Eq. (13) into  
Eq. (4), IAFE  is derived. 

4.5  EPG of ISAF relaying 

The transmission of ISAF relaying consists of three 
states. In state 1 the maximum average mutual information 
in S-D link is above R. The relay does not forward what it 
received from the source and Phase 2 is saved to transmit 
the next information packet. In state 2 the maximum 
average mutual information in S-D link is below R. But 
doubling the SNR will reach the threshold. That is  

( ) 22
s,ds,d

2 11 lb 1 2SNR
2SNR2 2

RRp p hh
 −  = >+ ⋅ >      

 (14) 

Then the source will retransmit the signal and the relay 
does not forward. In state 3 doubling the SNR still fails to 
reach the threshold. Then the relay will amplify and 
forward what it received from the source to the destination. 
Thus the average transmission power is 

[ ]
[ ]

2ISAF
on t ct cr s,d 2

t ct cr

22
s,d 2

(1 ) 2 (SNR)

           2 (1 ) 2

(SNR)           (SNR)
2

P P P P p h g

P P P p

g h g

α

α

 = + + + + 
+ + + ⋅

  +<  

≥

≤

 

[ ] 2 2
t ct cr s,d

(SNR)           2(1 ) 2 3
2

gP P P p hα  + + + <  
 (15) 

22
s,d 2

(SNR)
(SNR)

2
gp h g  =<  

≤  

2 2
2 s,d 2 s,d(SNR ) 2 (SNR)            e eg gσ σ− −−                  (16) 

Then substituting Eq. (5), Eq. (13), Eq. (15) and Eq. (16) 
into Eq. (4), ISAFE  can be derived. 

 

4.6  EPG of JISR relaying 

The transmission of JISR relaying consists of four states. 
In state 1 the maximum average mutual information in S-D 
link is above R. Then the relay does not forward what it 
received from the source and Phase 2 is saved to transmit 
the next information packet. In state 2 the maximum 
average mutual information in S-D link is below R. But 
doubling the SNR will reach the threshold. Then the 
source will retransmit the signal and the relay does not 
forward. In state 3 doubling the SNR still fails to reach the 
threshold and the maximum average mutual information in 
S-R link is above 2R . Then the relay will decode and 
forward the signal to the destination. In state 4 doubling 
the SNR still fails to reach the threshold and the maximum 
average mutual information in S-R link is below 2R . 
Then the relay will amplify and forward the signal to the 
destination. Thus the average transmission power is 

[ ]

[ ]

[ ]

2JISR
on t ct cr s,d 2

22
t ct cr s,d 2

2 2
t ct cr s,d

2
t ct crs,r 2

(1 ) 2 2[(1(SNR)

(SNR)) ] (SNR)
2

(SNR)2(1 ) 2 3
2

2(1 ) 2 3(SNR)

P P P P p h g

gP P P p h g

gP P P p h

p P P Ph g

α

α

α

α

 = + + + + + 
 + + + +<  

 + + + ⋅<  
  + + + + ⋅ 

≥

≤

≥

2 22
s,d s,r 2

(SNR)          (SNR)
2

gp ph h g   < <    
    (17) 

Note that JISR ISAF
on onP P= . Ref. [5] has proved that 

out
JISRP =  out

ISAFP  at high SNR regime. Thus we can conclude 
that ISAF JISRE E= . 

5  Simulation results and discussions 

The simulation parameters are listed in Table 1. Our 
relay system is parameterized by norm(SNR, )R , where 

normR  is the spectral efficiency normalized by the Shannon  
capacity [10], i.e., 

norm 2
s,dlg(1 SNR )

RR
σ

=
+

                      (18) 

Table 1  Simulation parameters 
Items Settings 
L/bit 2 000 

normR  0.2  
tP /mW 100 

trP /mW 100 
ctP /mW 98.2 
crP /mW 112.5 
tr / μsT  5  
  0.35 
b  2 
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First we investigate the energy efficiency performances 
of the above relaying protocols in the symmetric relay 
network. That is 2 2 2

s,d s,r r,dσ σ σ= = . Without loss of 

generality, we assume 2
s,d 1σ = . Fig. 2 shows that the 

energy consumed per good-bit reduces with SNR 
increasing because the system success probability 
increases as SNR becomes larger. Thus increasing SNR is 
an effective way to enhance the energy efficiency of the 
relay network. Note that the energy efficiency performance 
of SDF is the worst assuming all protocols have the same 
normalized spectral efficiency. We observe that AF and 
SDF consume more energy than DF does because the 
energy consumed to forward the signal by DF relay is 
saved when the maximum average mutual information in 
S-R link cannot satisfy the spectral efficiency R. By 
contrast, AF relay always works and consumes more 
energy. But it can be implemented simply with low cost 
and achieve the full diversity. Similarly, for SDF, while the 
retransmission at the source compensates for the 
possibility of the S-R link failure, more energy is required. 
The energy efficiency of incremental relaying schemes 
perform better than other relaying schemes. ISAF and 
JISR perform better than IAF in terms of link reliability [5], 
whereas the energy efficiency performance of ISAF and 
JISR is slightly worse than that of IAF. In summary, the 
tradeoff between the energy efficiency, the reliable system 
performance and practical implementation should be 
considered.  

 
Fig. 2  EPG of relaying protocols against SNR for 2

s,dσ =  
2 2
s,r r,d 1σ σ= =  

Besides the similar observations as reported in the 
symmetric relay network, the simulation in the asymmetric 
relay network reveals some other interesting results. Fig. 3 
corresponds to 2 2

s,r r,dσ σ> . That is the fading of S-R link is 

not as severe as that of R-D link. Fig. 4 corresponds to 

2 2
s,r r,dσ σ< . The energy consumption in the asymmetric 

relay network is larger than that in the symmetric network. 
Thus the variation of the channel fading coefficient has an 
impact on the energy efficiency performance of the relay 
network. Comparing Fig. 3 and Fig. 4, we also find that 
the energy consumption of DF is more sensitive to the 
channel fading fluctuation because DF heavily depends on 
S-R link , which determines whether the relay performs or 
not.  

 
Fig. 3  EPG of relaying protocols against SNR for 2

s,d 0.1,σ =  
2 2
s,r r,d1,  0.125σ σ= =  

 
Fig. 4  EPG of relaying protocols against SNR for 2

s,d 0.1,σ =  
2 2
s,r r,d0.125,  1σ σ= =  

6  Conclusions 

We have derived the asymptotic EPG expressions for 
the state-of-the-art relaying protocols in the three-node 
relay network. The energy consumption model includes the 
transmission energy as well as circuit and retransmission 
energies. The system success probability is measured by 
the outage probability in the high SNR regime under 
Rayleigh fading assumption. The simulation assumes the 
same spectral efficiency is provided. The results in the 
symmetric and asymmetric relay network reveal several 
interesting results: 1) The energy consumed per good-bit 
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decreases with SNR increasing; 2) Incremental relaying 
scheme is the best protocol among different relaying 
schemes in terms of energy-efficiency and reliability; 3) 
ISAF and JISR are slightly worse than IAF with respect to 
energy-efficiency. 4) Channel fading variation will affect 
the energy efficiency performance; 5) The tradeoff 
between the energy efficiency, the reliable system 
performance and practical implementation should be 
considered.  
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