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1 Introduction
Cooperative relaying utilizes additional relay nodes to assist information delivery 
between sources and destinations and thus can enlarge wireless communication cover-
age, combat channel fading and enhance received signal strength [1, 2]. In recent years, 
much attention has concentrated on a three-node cooperative relaying scenario, also 
called as bidirectional relaying (BDR) [3], where two sources want to deliver informa-
tion to each other via a cooperative relay node. Initially, BDR is developed to enhance 
the spectrum efficiency and throughput of the two sources. With the continuously rapid 
growth of wireless communication services, however, energy conservation has turned 
into the primary considerations for modern wireless communications [3]. Therefore, in 
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the research community, a great deal of research attention has been paid to developing 
effective physical-layer relaying and transmission techniques for achieving energy effi-
ciency (EE).

Generally, a BDR system (BDRS) can employ either an amplify-and-forward (AF) relay 
or a decode-and-forward (DF) relay and adopt the time division broadcast (TDBC) or 
the multiple-access broadcast (MABC) transmission styles [4]. In case that an AF relay 
node is employed, the MABC transmission style would be adopted because it requires 
less number of channel uses for one cycle information delivery between the two sources. 
On the other hand, if a DF relay node is used, the TDBC transmission style is preferred 
since the sources’ transmitted signals are separated by different time slots or frequency 
bands and thus benefits the decoding at the relay sides.

One valid physical-layer method for enhancing EE of wireless communications is the 
utilization of power adaptation techniques [5–7], whereby a transmitter can frequently 
adapt its transmit-power level in the light of the wireless channel states as well as the 
quality-of-service (QoS) requirements of receivers. It is well known that a transmitter 
should use the channel knowledge so as to implement power adaptation. Generally, 
there exist two kinds of channel knowledge, i.e., instantaneous and statistical channel 
knowledge [8]. To acquire channel knowledge, a transmitter should first transmit train-
ing signals to its receiver. Then, the receiver assesses the channel based on the received 
training signals and next delivers the channel knowledge back to the transmitter through 
a feedback channel. It should be noted that instantaneous channel knowledge is a repre-
sentation of the real-time properties of a channel, while statistical channel knowledge is 
just a long-term description of a channel. It is worth mentioning that in a time-division-
duplex setting, a transmitter can acquire statistical channel knowledge by a long-term 
observation without any feedback transmissions from the receiver.

Another effective physical-layer approach to enhancing EE is the utilization of relay 
selection techniques. Generally speaking, there exist two kinds of relay selection tech-
niques, i.e., centralized and decentralized techniques [5]. In view of cost saving, decen-
tralized relay selection techniques are more preferred in practical implementations since 
centralized techniques always need much overhead to be exchanged between sources 
and relays [5]. Moreover, it is known that wireless relay nodes are usually battery-pow-
ered, and their overall energy to be available is limited. Therefore, from a practical imple-
mentation viewpoint, energy saving is very important for BDRSs.

2  Related works
Recently, the principles of power adaptation and relay selection have already been inves-
tigated for BDRSs, giving various physical-layer relaying and transmission techniques 
[5]-[12]. The authors of [5] took a BDRS using an AF relay into consideration and pro-
posed a joint power adaptation and relay selection technique, minimizing the total 
transmit power. By using the statistical channel knowledge, a joint power adaptation 
and relay location algorithm was developed in [6] to reduce the total transmit power of 
an AF relay-assisted BDRS while guaranteeing the QoS requirement of the system. In 
[7], a DF relay-assisted BDRS with a fixed packet rate was investigated, leading to three 
power adaptation algorithms, minimizing the system, the relay and the source energy 
consumption, respectively. Then, the authors of [7] combined the optimized algorithms 
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for minimizing the system and relay energy consumption into a generalized one, and it is 
demonstrated that the generalized algorithm is not only energy efficient for the desired 
packet rate but also rate optimal for the consumed energy. The authors of [9] investi-
gated the relationship between spectrum efficiency and EE for AF relaying, DF relaying 
and compress-and-forward relaying systems. In addition, the investigation of spectrum 
efficiency and EE trade-off for BDRSs can be found in [10] and references therein. The 
authors of [11] considered a BDRS using digital network coding and proposed a set of 
transmission styles with the goal of minimizing the energy consumption by computing 
the optimal fraction of resources allocated to each style. The authors of [12] compared 
the energy consumption of BDRSs with different coding schemes, i.e., physical-layer 
network coding, digital network coding and superposition coding. It is demonstrated 
that digital network coding outperforms superposition coding in terms of total average 
energy consumption, and digital network coding performs better than physical-layer 
network coding if the required packet rate is low and worse otherwise.

It should be noted that most of the studies mentioned earlier focus only on single-
carrier systems. Currently, various physical-layer relaying and transmission techniques 
have been extended to orthogonal frequency division multiplexing (OFDM) modu-
lated systems. The authors of [13] considered an OFDM modulated BDRS using digi-
tal network coding and proposed a joint resource allocation algorithm minimizing the 
total transmission completion time under individual power constraints. Considering a 
DF relay-assisted system, the authors of [14] developed a simultaneous wireless infor-
mation and power transfer scheme. In [15], an overhearing-based interference cancel-
lation scheme and a power allocation algorithm were developed for a non-concurrent 
BDRS with the aim of maximizing the system sum rate. The authors of [16] proposed a 
resource management scheme controlling the transmit-power levels of the nodes and 
assigning the bit rates among different subcarriers so as to minimize the total transmit 
power of the system, while ensuring the target rates of the two sources. In [17], a mul-
tiple AF relays-assisted BDRS was investigated, leading to a joint implementation algo-
rithm of subcarrier pairing and allocation, relay selection and transmit-power allocation. 
In [18], the system outage performance was studied for an OFDM modulated BDRS 
using a nonlinear AF relaying scheme. Our investigations show that EE techniques for 
BDRSs have not been well studied in the literature, especially in the case that the sys-
tem has a QoS requirement and different kinds of resource management techniques are 
considered together under an OFDM modulated setting. Most recently, there are emerg-
ing some new concepts and techniques in the wireless communication community, e.g., 
full-duplex relaying [19], non-orthogonal multiple-access [20], wireless-powered infor-
mation transmissions [21] and energy harvesting [22], which have been received much 
attention.

In this paper, we consider an AF relay-assisted BDRS utilizing the MABC transmis-
sion style. Unlike the existing studies, our goal is to develop a holistic resource man-
agement algorithm for joint implementation of relay selection, power adaptation and 
bit-rate management so as to maximize the system EE under a system QoS constraint. 
First, a general EE problem concerning the resource management is formulated. In 
order to solve the EE problem, a three-stage approach is proposed. At stage 1 (stage of 
power management), a per-subcarrier energy efficient problem is addressed, leading to 
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a power adaptation algorithm for maximizing the system EE and ensuring the required 
level of the system QoS. Within the framework of the power adaptation algorithm and 
by exploiting spatial diversity of multiple-relay channels, distributed relay selection is 
investigated at stage 2 (stage of relay management). Next, we tackle at stage 3 the bit-rate 
management problem, namely assigning bit rate to different subcarriers to maximize the 
system EE further. Finally, summarizing the results achieved at the three stages, a novel 
EE technology combined with bit-rate assignment, power adaptation and relay selection 
is developed for optimal EE.

3  Method
We consider a BDRS consisting of two sources and M relay nodes, each of which is 
equipped with a single antenna. As demonstrated in Fig.1, two sources A and B want to 
deliver information to each other via the m - th half-duplex AF relay Rm , m ∈ {1, 2 · · · ,M} . 
Here, Rm is chosen based on a pre-designed criterion. We use su � [su(1), su(2), · · · , su(K )]T 
and Pu � diag{pu(1), · · · , pu(K )} to, respectively, denote the OFDM symbol and the trans-
mit power of the source u , where u ∈

{
A, B

}
 , K  is the number of subcarriers, and pu(k) , 

k ∈ {1, 2, · · · ,K } , stands for the transmit power of the node for the k - th subcarrier. Like-
wise, PR,m � diag

{
pR,m(1), · · · , pR,m(K )

}
 is used to denote the transmit power of the 

m - th relay node, where pR,m(k) is the transmit power of the relay for the k - th subcarrier. 
Suppose that su(k) has an unit energy and no direct link exists between A and B. We use 
GuR,m � diag

{
guR,m(1), · · · , guR,m(K )

}
 to denote the channel gain from the source u to the 

m - th relay node, where guR,m(k) represents the corresponding path gain for the k - th sub-
carrier. In the paper, a propagation paradigm [3] is used to model guR,m(k) as 
guR,m(k) � huR,m

/√

dαuR,m , where duR,m and huR,m , respectively, denote the distance and 

Fig. 1 Bidirectional relaying system model
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the large-scale behavior of the path gain between the source u and the m - th relay node, 
and α is the corresponding path-loss coefficient. Without loss of generality, it is assumed 
that huR,m is a complex Gaussian random variable and obeys CN (0, 1) , and the channels are 
reciprocal and quasi-static. We use wu and wR,m to denote the additive white Gaussian 
noises (AWGNs) at the source u and the m - th relay node, respectively. Suppose that all the 
elements of AWGNs obey i.i.d. CN (0, 1).

As demonstrated in Fig. 1, one-cycle information delivery between A and B includes two 
phases, i.e., the multiple-access (MAC) and broadcast (BRC) phases. At the MAC phase, 
A and B, respectively, deliver sA and sB to all the relay nodes. Then, the chosen relay node 
receives

At the BRC phase, the relay node first scales each subcarrier of the received signal by a 
factor Fm � diag

{
fm(1), · · · , fm(K )

}
 , where

Next, the relay node forwards the resulting signal to A and B. At the end of the BRC 
phase, the source u receives

where u, v ∈
{
A, B

}
 and u  = v . Armed with perfect channel knowledge, the source u can 

perform self-interference removal [16] and then acquire

As such, at the end of the BRC phase, the mutual information achieved by the source u 
can be expressed as [16],

where Iu(k) and SNRu(k) are the mutual information and the received SNR for the k - th 
subcarrier and can be expressed as the following.

(1)yR,m = GAR,m

√

PAsA +GBR,m

√

PBsB + wR,m.

(2)fm(k) =
1

√

pA(k)
∣
∣gAR,m(k)

∣
∣2 + pB(k)

∣
∣gBR.m(k)

∣
∣2 + 1

.

(3)

yu = Fm




GuR,mGuR,m

�

PuPR,msu
� �� �

self−interference

+GuR,mGvR,m

�

PvPR,msv +GuR,m

�

PR,mwR,m




+wu,

(4)y
′
u = F

(

GuR,mGvR,m

√

PvPR,msv +GuR,m

√

PR,mwR,m

)

+ wu.

(5)Iu =
K∑

k=1

Iu(k) =
K∑

k=1

1

2
log2 [1+ SNRu(k)]

(6)Iu(k) =
1

2
log2 [1+ SNRu(k)]

(7)SNRu(k) =
pv(k)pR(k)

∣
∣gAR,m(k)

∣
∣2
∣
∣gBR,m(k)

∣
∣2

[pu(k)+ pR(k)]
∣
∣guR,m(k)

∣
∣2 + pv(k)

∣
∣gvR,m(k)

∣
∣2 + 1
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Here, energy-efficient techniques for the considered BDRS are studied. The aim is to 
maximize the delivered information bit per unit of energy of the BDRS. To achieve this 
goal, enabling techniques for EE, such as bit-rate management, power adaptation and relay 
selection, are investigated. Our idea is to develop a holistic algorithm for joint implementa-
tion of relay selection, power adaptation and bit-rate management so as to maximize the 
system EE. As such, a general optimization problem concerning the EE problem can be for-
mulated as

where r is the target rate of A and B, Ptotal is the total energy consumption of the system, 
r(k) is the assigned bit rate for the k - th subcarrier, Pr[min(IA, IB) ≤ r] is recognized as 
the system outage probability, and Qout is the desired QoS level of the system.

It is observed that a closed-form solution exists for problem (8) if only a single sub-
carrier is used. Therefore, in order to solve the main optimization problem (8), a three-
stage approach is proposed. At stage 1 (stage of power management), a per-subcarrier 
power-adaptation problem maximizing the system EE is addressed. Here, the m-th relay 
node is assumed to have been selected, which is equivalent to a single-relay BDRS. Then, 
a power adaptation algorithm is proposed to maximize the EE of a single-relay BDRS 
while ensuring the required level of system QoS. Within the framework of the power 
adaptation algorithm and by exploiting spatial diversity of multiple-relay channels, dis-
tributed relay selection is investigated at stage 2 (stage of relay management). The idea 
is to choose the best relay node such that the system EE is further enhanced. Next, we 
tackle at stage 3 the bit-rate management problem, namely assigning bit rate to different 
subcarriers to maximize the system EE. Finally, summarizing the results achieved at the 
three stages, a novel EE technology combined with bit-rate assignment, power adapta-
tion and relay selection is developed for optimal EE.

4  Problem solution
As described earlier, in this section, the three-stage approach is used to solve problem 
(8), leading to a novel EE technology for joint implementation of relay selection, bit-rate 
management and power adaptation.

(8a)
[
P∗
A,P

∗
B,P

∗
R,m∗ , r∗(k),m∗] = arg max

PA,PB,PR,m,r(k),m

r

Ptotal

(8b)subject to Pr[min(IA, IB) ≤ r] ≤ Qout

(8c)
K∑

k=1

r(k) = r

(8d)r(k) ≥ 0

(8e)PA,PB,PR,m ≥ 0

(8f )m ∈ {1, 2, · · · ,M}
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4.1  Power management (Stage 1)

Here, it is assumed that the m-th relay node has been selected, namely a single-relay 
BDRS system. Then, a per-subcarrier optimization problem is considered. Thus, the 
optimization problem at stage 1 can be written as

where r(k) is the data rate of the two sources on the k - th subcarrier.
It can be observed that problem (9) is actually a special case of problem (9) in [5]. 

So the solution of (9) is given in the following proposition without proof.

Proposition 1 For an AF relay-assisted BDRS, the solution to the power adaptation 
problem (9) can be classified as the following two cases.

Case 1: 1
/∣
∣gAR,m(k)

∣
∣+ 1

/∣
∣gAR,m(k)

∣
∣ ≤

[√
ηAR,m(k)+

√

ηBR,m(k)
]/√

Qout . The 

solution can be given by

where υ(k) = 22r(k) − 1.
Case 2: 1

/∣
∣gAR,m(k)

∣
∣+ 1

/∣
∣gAR,m(k)

∣
∣ >

[√
ηAR,m(k)+

√

ηBR,m(k)
]/√

Qout . The 

solution is given by 
[
pmA (k), p

m
B (k), p

m
R,m(k)

]
= (0, 0, 0) indicating an occurring of an 

outage event. In this case, the two sources should stay silent without performing 
any operations.

Here, ηAR,m(k) and ηBR,m(k) are the expectations of 1
/∣
∣gAR,m(k)

∣
∣2 and 1

/∣
∣gBR,m(k)

∣
∣2 , 

respectively.

Remarks It is worth mentioning that the power-checking method proposed in [5] is 
employed in the above power-adaptation algorithm, namely a threshold T m

thr(k) is set for 
the total transmit power of the three nodes. It means that the total transmit power of the 

(9a)Stage 1 :
[
pmA (k), p

m
B (k), p

m
R,m(k)

]
= arg max

pA(k),pB(k),pR,m(k)

r(k)

pA(k)+ pB(k)+ pR,m(k)

(9b)subject to Pr
{
min[IA(k), IB(k)] ≤ r(k)

}
≤ Qout

(9c)pA(k), pB(k), pR,m(k) ≥ 0

(10)pmA (k) =
υ(k)

[∣
∣gAR,m(k)

∣
∣+

∣
∣gBR,m(k)

∣
∣
]

∣
∣gAR,m(k)

∣
∣2
∣
∣gBR,m(k)

∣
∣

(11)pmB (k) =
υ(k)

[∣
∣gAR,m(k)

∣
∣+

∣
∣gBR,m(k)

∣
∣
]

∣
∣gAR,m(k)

∣
∣
∣
∣gBR,m(k)

∣
∣2

(12)pmR,m(k) =
υ(k)

[∣
∣gAR,m(k)

∣
∣+

∣
∣gBR,m(k)

∣
∣
]2 +

∣
∣gAR,m(k)

∣
∣
∣
∣gBR,m(k)

∣
∣

∣
∣gAR,m(k)

∣
∣2
∣
∣gBR,m(k)

∣
∣2
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three nodes is kept below T m
thr(k) . According to the solution achieved in [5], T m

thr(k) , here, 
can be given by

The corresponding power adaptation technique is detailed below. First, power adapta-
tion is conducted to enable perfect decoding at the two sources and the corresponding 
individual transmit-power levels are given by (10), (11) and (12). Next, T m

thr(k) is imposed 
on the total transmit power of the three nodes. If the total transmit power of the three 
nodes is less than or equal to T m

thr(k) , the three nodes will use (10), (11) and (12) as their 
transmit-power levels for information delivery; otherwise, the system stays silent leading 
to an outage event. In order to satisfy the initial QoS requirement of the system,

must be satisfied, where pmT (k) denotes the total transmit power of the three nodes and 
is the summation of the individual transmit powers given by (10), (11) and (12). It can be 
observed that with increasing the value of T m

thr(k) , Pr
[
pmT (k) > T m

thr(k)
]
 decreases, while 

the less value of T m
thr(k) we impose on the three nodes, the less energy the system will 

consume. Therefore, in view of energy saving, (14) is set to hold with equality. In addi-
tion, deriving a closed-form expression of Pr

[
pmT (k) > T m

thr(k)
]
 is mathematically intrac-

table. To overcome this difficulty, a closed-form upper bound of Pr
[
pmT (k) > T m

thr(k)
]
 is 

used to determine T m
thr(k) . Actually, the real probability of Pr

[
pmT (k) > T m

thr(k)
]
 can be 

kept below Qout if its upper bound is set to be less than Qout . Based on the above discus-
sion, (14) leads to the closed-form expression of the threshold T m

thr(k) as given in (13). 
Then, using the inequality 

(
1
/
x+1

/
y
)
≥ 4

/
xy for x > 0 and y > 0 in [5], pmT (k) can be 

upper-bounded by pmT (k) ≤ [2υ(k)+ 0.25]
(

1
|gAR,m(k)| +

1
|gBR,m(k)|

)2
 . Substituting the 

upper bound of pmT (k) and (13) into pmT (k) > T m
thr(k) leads to

As depicted in Proposition 1, if pmT (k) > T m
thr(k) holds, the system would be in out-

age. So the system outage probability, namely the probability that pmT (k) > T m
thr(k) holds, 

is less than or equal to the probability that (15) holds. Thus, if the probability that (15) 
holds can be kept below Qout , the actual system outage probability can be ensured. Thus, 
if (15) holds, the three nodes stay silent leading to an outage event; otherwise, the three 
nodes will use (10), (11) and (12) as their’ transmit-power levels for information delivery.

4.2  Relay management (Stage 2)

In this subsection, we turn to the  2nd stage of choosing the best relay node so as to fur-
ther enhance the system EE. Suppose that there are M relay nodes willing to forward 
messages for A and B. As such, the optimization problem at stage 2 can be written as

(13)T m
thr(k) =

[2υ(k)+ 0.25]
[√

ηAR,m(k)+
√

ηBR,m(k)
]2

Qout
.

(14)Pr
[
pmT (k) > T m

thr(k)
]
≤ Qout

(15)pmT (k) > T m
thr(k) ⇒

1
∣
∣gAR,m(k)

∣
∣
+

1
∣
∣gBR,m(k)

∣
∣
>

√
ηAR,m(k)+

√

ηBR,m(k)√
Qout

.
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where 
[
pmA (k), p

m
B (k), p

m
R,m(k)

]
 is the solution of (9). It can be observed that r(k) is fixed. 

So problem (16) reduces to choosing the relay node that can result in the minimum 
transmit power of the system. It should be noted that the relay selection framework is 
based on the power adaptation technique presented in Proposition 1. Therefore, the 
total system transmit power is the summation of the individual transmit powers given by 
(10), (11) and (12). Thus, the relay selection criterion can be given by

where M is a set including all the subscripts of the relay nodes satisfying 

1
/
gAR,m(k)+ 1

/∣
∣gAR,m(k)

∣
∣ ≤

[√
ηAR,m(k)+

√

ηBR,m(k)
]/

Q
1
2M
out . It should be noted that 

in case that no relay node can satisfy 

1
/
gAR,m(k)+ 1

/∣
∣gAR,m(k)

∣
∣ ≤

[√
ηAR,m(k)+

√

ηBR,m(k)
]/

Q
1
2M
out , M is empty.

Remarks It is worth mentioning that since the relay selection framework is based on 
the power adaptation technique given in Proposition 1, a transmit-power threshold 
should be imposed on the system, namely performing a power checking as presented in 
Proposition 1. Here, in order to reduce the complexity, we propose that such a power 
checking is performed at all the relay nodes and before the relay selection process. To be 
specific, for the m - th relay node, if inequality 1

/∣
∣gAR,m(k)

∣
∣+ 1

/∣
∣gAR,m(k)

∣
∣ ≤ [√

ηAR,m(k)+
√

ηBR,m(k)
]/√

Qout holds, it will attend the relay selection process later; 

otherwise, it will not engage in the relay selection. In case that no relay node can attend 
the relay selection process, the two sources should stay silent without performing any 
operations, leading to an outage event. It should be noted that if the threshold used in 
the signal-relay case is adopted here, we have

It is observed by (18) that the resulting outage probability is less than Qout . If the 
resulting outage probability is set to be equal to Qout , the power-checking threshold can 
be obtained by solving Pr

[
pmT (k) > T m

thr(k)
]
= Q

1
M
out . It means that the power-checking 

threshold in a multiple-relay setting can be achieved by replacing Qout with Q
1
M
out in a sin-

gle relay setting. Specifically, for the m - th relay node, if 1
/
gAR,m(k)+ 1

/∣
∣gAR,m(k)

∣
∣ 

≤
[√

ηAR,m(k)+
√

ηBR,m(k)
]/

Q
1
2M
out holds, it will attend the relay selection process; oth-

erwise, it will not engage in the relay selection. Moreover, it should be noted that once 
the best relay node is chosen, the optimal transmit-power levels of the three nodes 
denoted by 

[

pm
∗

A (k), pm
∗

B (k), pm
∗

R,m∗(k)
]

 can be readily acquired by substituting m∗ into 

(10), (11) and (12). Moreover, as (17) demonstrates, in order to perform power checking, 

(16a)Stage 2 : m∗ = arg max
m

r(k)

pmA (k)+ pmB (k)+ pmR,m(k)

(16b)subject tom ∈ {1, 2, · · · ,M}

(17)m∗ = arg min
m∈M

2υ(k)
[∣
∣gAR,m(k)

∣
∣+

∣
∣gBR,m(k)

∣
∣
]2 +

∣
∣gAR,m(k)

∣
∣
∣
∣gBR,m(k)

∣
∣

∣
∣gAR,m(k)

∣
∣2
∣
∣gBR,m(k)

∣
∣2

,

(18)
Pr

{
min

[
pmT (k)

]
> T m

thr(k),m ∈ {1, 2, · · · ,M}
}
=

{
Pr

[
pmT (k) > T m

thr(k)
]}M ≤ QM

out.
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all the relay nodes should know the target rate of the sources for the k-subcarrier. To 
address this issue, we propose that the value of r(k) is included in the training signals.

4.3  Bit‑rate management (Stage 3)

At stage 3, we tackle the problem of bit-rate management. The objective is to assign 
bit rates to different subcarriers so as to maximize the system EE. Therefore, the cor-
responding optimization problem can be written as

where pm
∗

T (k) is the total transmit power of the system with the power adaptation and 
relay selection techniques proposed earlier and can be obtained by substituting m∗ into 
(10), (11) and (12) and then computing theirs summation. Here, m∗ is the subscript of 
the chosen best relay node.

It should be noted that at the bit-rate management stage, namely at stage 3, statisti-
cal channel knowledge is used to assign bit rates among all the subcarriers. Using Eq. 
(26) in [5], we can conclude that 

[2υ(k)+ 0.25]
[√

ηAR,m(k)+
√

ηBR,m(k)
]2
/

T m
thr(k) ≥ Qout must be satisfied so as to 

ensure the QoS requirement of the system. It means that 

T m
thr(k) ≤ [2υ(k)+ 0.25]

[√
ηAR,m(k)+

√

ηBR,m(k)
]2
/

Qout must hold. Then, using 

[2υ(k)+ 0.25]
[√

ηAR,m(k)+
√

ηBR,m(k)
]2
/

Qout as an upper bound of pmT (k) and then 

substituting it into (19) lead to

(19a)Stage 3 : r∗(k) = arg max
r(k)

K∑

k=1

r(k)

K∑

k=1

pm
∗

T (k)

(19b)subject to

K∑

k=1

r(k) = r

(19c)r(k) ≥ 0

(20a)
Stage 3 : r∗(k) = arg max

r(k)

r

K∑

k=1

[

[2υ(k)+0.25]
[√

ηAR,m(k)+
√

ηBR,m(k)
]2

Qout

]

(20b)subject to

K∑

k=1

r(k) = r

(20c)r(k) ≥ 0
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By the observation of (20), we find that r and M are all fixed. Thus, (20) reduces to 
finding the minimum summation of the system transmit power. As such, (19) is equiva-
lent to the following optimization problem.

In order to solve (21), we first neglect inequality constraint (21c). Then, using the 
Lagrangian method and employing the Karush–Kuhn–Tucker condition, we can 
obtain the following equation

Further, (22) can be written as Xy = c

where c(k) = log2

√
ηAR,m(k)+

√
ηBR,m(k)√

ηAR,m(k+1)+
√

ηBR,m(k+1)
,k ∈ {1, 2, · · · ,K − 1} . It is clear that linear 

system (23) can be solved by computing the inverse matrix of X . The inverse matrix of X 
can be computed as

Then, according to y = X−1c , we can straightforwardly obtain the solution of equa-
tion (22) as presented in the following proposition.

(21a)r∗(k) = arg min
r(k)

K∑

k=1

[2υ(k)+ 0.25]
[√

ηAR,m(k)+
√

ηBR,m(k)
]2

Qout

(21b)subject to

K∑

k=1

r(k) = r

(21c)r(k) ≥ 0

(22)







r(k)− r(k + 1) = log2

�
ηAR,m(k)+

�

ηBR,m(k)
�

ηAR,m(k + 1)+
�

ηBR,m(k + 1)

K�

k=1

r(k)− r = 0

(23)
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Proposition 3 For an AF relay-assisted BDRS, the optimal solution to the bit-rate-
assignment problem (21) without inequality constraint (21c) can be classified as the fol-
lowing two cases.

Case 1 : k = 1 or k = K  . The solution can be given by (25) or (26).

Case 2: k ∈ {2, 3, · · · ,K − 1} . The solution can be given by

Here, ϑ(i) , i ∈ {1, 2, · · · ,K − 1} , is defined as

Discussion: Since the assigned bit rates for each subcarrier must be positive, we need to 
check the value of r∗(k) , k ∈ {1, 2, · · · ,K } given in Proposition 3. If r∗(k) ≥ 0 holds for 
k ∈ {1, 2, · · · ,K } , they are considered as the final solution to problem (21). Otherwise, the 
subcarrier assigned the minimum bit rates will not be used. Next, the target rate will be 
reassigned among the remaining subcarriers until all the bit rates assigned are positive. 
Based on Proposition 3, we present a bit-rate management algorithm which is given below.

Algorithm 1. Optimal bit-rate management

• Step 1. Set Z � K , where K � {1, 2, · · · ,K } . Here, K is a set containing all the sub-
scripts of the K  subcarriers.

• Step 2. Compute the assigned bit rates according to Proposition 3.
• Step 3. Check r∗(z) , z ∈ Z . For any z ∈ Z , r∗(z) ≥ 0 holds, go to step 4. Otherwise, 

give up the subcarrier with the minimum assigned bit rate, namely setting Z = Z
/
t , 

where t is the subscript of the subcarrier with the minimum assigned bit rate, and 
then, go to Step 2.

• Step 4. End of the algorithm.

4.4  Joint resource management

Based on the above discussion, a holistic algorithm for joint implementation of relay selec-
tion, power adaptation and bit-rate management is proposed as given in the following.

(25)r∗(1) =
r

K
+

K−1∑

i=1

(K − i)ϑ(i)

K

(26)r∗(K ) =
r

K
−

K−1∑

j=1

jϑ
(
j
)

K

(27)r∗(k) =
r

K
−

k−1∑

j=1

jϑ
(
j
)

K
+

K−1∑

i=k

(K − i)ϑ(i)

K
.

(28)ϑ(i) � log2

√
ηAR,m(k + 1)+

√

ηBR,m(k + 1)
√
ηAR,m(k)+

√

ηBR,m(k)
.
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Algorithm 2: Joint implementation of relay selection, power adaptation and bit-rate 
management

• Step 1. Set M � {1, 2, · · · ,M} . Here, M is a set containing all the subscripts of the M 
relay nodes.

• Step 2. The two sources A and B send out training signals to all the relay nodes.
• Step 3. All the relay nodes hear training signals, based on which channel knowledge 

between the relays and A and B is acquired.
• Step 4. Each relay node performs power checking for each subcarrier. For the m-th 

relay node, if

 holds for any k ∈ {1, 2, · · · ,K } , the m-th relay node will not attend the relay selec-
tion process, namely removing m from M , leading to Mm = M

/
m . It is noticed that 

each relay node needs to acquire not only the instantaneous channel knowledge, but 
also the statistical channel knowledge between itself and the two sources A and B, 
in addition to the required system QoS Qout and the number of the relay nodes M . 
Here, the instantaneous channel knowledge is obtained at Step 3, and the statistical 
channel knowledge can be acquired through a long-term observation of the chan-
nels. The required system QoS Qout and the number of the relay nodes M are the two 
system parameters that are known to all the nodes in the system.

• Step 5. If Mm is empty, a system outage occurs and then go to step 9.
• Step 6. The relay node denoted by Rs , where s ∈ Mm , performs the optimal bit-rate 

management algorithm (i.e., Algorithm 1) to assign the target rate of the sources to 
the subcarriers whose subscripts are included in set Ks . According to Algorithm 1 
and Proposition 3, here, only the statistical channel knowledge between the relay 
nodes and the two sources A and B is used. As mentioned earlier, this channel 
knowledge can be acquired through a long-term observation of the channels.

• Step 7. The relay nodes whose subscripts are included in Mm compute the priorities 
that are proportional to the summation of the three nodes’ transmit power at all the 
used subcarriers. Then, each relay whose subscript is included in Mm starts a timer 
[5]. The timer of the relay with the best priority, namely having the minimum total 
transmit power, will expire first. Then, that relay transmits a flag packet to occupy 
the channel. It should be noted that in order to compute its priority, each relay node 
must know the instantaneous channel knowledge between itself and A and B, and 
the assigned bit rates on the used subcarriers, which are obtained at Steps 3 and 6, 
respectively

• Step 8. The sources and the selected relay node compute their optimal transmit-
power levels according to (10), (11) and (12) and then conduct information deliv-
ery. According to (10), (11) and (12), A, B and the selected m - th relay node need 
to know 

∣
∣gAR,m(k)

∣
∣ , 
∣
∣gBR,m(k)

∣
∣ and r(k) so as to find the optimal transmit-power lev-

els. For the selected m - th relay, 
∣
∣gAR,m(k)

∣
∣ , 
∣
∣gBR,m(k)

∣
∣ and r(k) are known. In order 

(29)

1
∣
∣gAR,m(k)

∣
∣
+

1
∣
∣gBR,m(k)

∣
∣
>

√

ηAR,m(k)+
√

ηBR,m(k)
√

1−
(

1− Q
1
M
out

) 1
K
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to let A and B know these information, it is proposed that the values of 
∣
∣gAR,m(k)

∣
∣ , 

∣
∣gBR,m(k)

∣
∣ and r(k) are included in the flag packet of the selected m - th relay node.

• Step 9. End of the algorithm.

Remark: It should be noted that the power checking is performed at the relay sides, 
namely each relay node check whether (28) holds for k ∈ {1, 2, · · · ,K } . As discussed ear-
lier, for the m-th relay node and the two sources composed system, the outage probabil-
ity can be written as

Taking all the relay nodes into consideration, the system outage probability can be 
expressed as

Here, Pout ≤ Qout should be ensured. As mentioned earlier, in view of energy saving, 
Pout ≤ Qout is set to hold with equality. Then, we have

It can be observed by (32) and (15) that for the M relay case, the power-checking 

threshold can be achieved by replacing Qout with 1−
(

1− Q
1
M
out

) 1
K

 in a single relay case; 

namely, replacing Qout with 1−
(

1− Q
1
M
out

) 1
K

 in (15) will arrive at (29).

It can be observed that Algorithm  2 includes nine steps, and at Step 6, the bit-rate 
management algorithm (i.e., Algorithm  1) is performed, where an iteration is needed. 
For the other eight steps, however, no iteration is needed and the execution is straight-
forward. For Algorithm 1, up to K  iterations would be conducted in addition to a few 
simple algebraic manipulations that are used to find the optimal assigned bit rates of 
each subcarrier, as described in Proposition 3. Actually, the value of K  is quite limited, 
e.g., K  is set to 2048 for the fourth generation of mobile wireless networks. Overall, the 
computational complexity of Algorithm 2 is very low.

5  Simulation results and discussion
In this section, simulation results are presented to evaluate the performance of the pro-
posed EE techniques. Here, it is assumed that the relay nodes are located on the line 
between the two sources A and B, and dAB = 1 . It means that 0 < dAR,m, dBR,m < 1 and 
dAR,m + dBR,m = 1 . The path-loss coefficient α is set to 4 to model radio propagation 
in urban areas [23]. In the simulation experiments, Qout is set to 0.01, a typical value 
for high-quality personal communications systems [23], and transmit-power levels are 
obtained by finding the mean of the transmit power. It is worth mentioning that in the 

(30)
Pm
out = 1− Pr

[
pmT (1) ≤ T m

thr(1), · · · , p
m
T (k) ≤ T m

thr(k), · · · , p
m
T (K ) ≤ T m

thr(K )
]

= 1−
{[

1− Pr pmT (k)T
m
thr(k)

]}K

(31)
Pout =

{
1− Pr

[
pmT (k) ≤ T m

thr(k), for anyk ∈ {1, 2, · · · ,K }
]}M

=
(

1−
{
1− Pr

[
pmT (k) > T m

thr(k)
]}K

)M
.

(32)Pr
[
pmT (k) > T m

thr(k)
]
= 1−

(

1− Q
1
M
out

) 1
K

.
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figures presented below, “Algorithm  2” means using the developed holistic resource 
management algorithm for joint implementation of relay selection, power adaptation 
and bit-rate management; “equal bit-rate assignment” means that the relay selection 
and power adaptation techniques proposed in the paper are still employed, while the bit 
rates of the sources are equally assigned among all the subcarriers.

Figure 2 shows the total transmit power of the system and the system outage prob-
ability versus dAR for the compared two kinds of EE techniques, where r = 10bit/s.Hz 
and K = 16 . Figure  2a demonstrates that the proposed resource management algo-
rithm as presented in Algorithm 2 performs better than the “equal bit-rate assignment” 
algorithm and can reduce the system transmit power significantly. It is shown that the 
more number of relay nodes attend the relay selection process, the more energy can be 
saved. However, it can be observed that with increasing the number of relay nodes, the 
improvement in terms of saved energy decreases. Taking the complexity into account, 
the optimal number of relay node is 2 or 3. Figure  2b shows the corresponding sys-
tem outage probabilities of the schemes employed in Fig.  2a. Figure  2b shows that all 
the schemes employed in Fig. 2a can ensure the QoS requirement of the system, veri-
fying the correctness of our proposed techniques. Moreover, Fig. 2 shows that for any 

Fig. 2 Total transmit power and outage probability versus dAR , where r = 10bit/s/Hz , K = 16 and Qout = 0.01.

Fig. 3 Total transmit power and outage probability versus r  , where dAR = 0.5 , K = 16 and Qout = 0.01.
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employed schemes, dAR = 0.5 can result in the lowest total transmit power and the sys-
tem outage probability, meaning that the relay node is optimally located at the middle of 
the line between the two sources.

Figures  3, 4, 5 show the total transmit power of the system and the system outage 
probability versus the sources’ target rate r for the compared two kinds of EE techniques, 
where K = 16 . Here, Figs. 3, 4, 5  correspond to three kinds of channels, namely sym-
metric channel dAR = 0.5 , asymmetric channel dAR = 0.3 and strongly asymmetric 
channel dAR = 0.1 , respectively. It is shown that the proposed resource management 
algorithm as presented in Algorithm 2 performs well across the whole range of r , and 
all the schemes employed here can ensure the QoS requirement of the system, verifying 
the correctness of our proposed techniques. Moreover, it can be observed in Figs.3a, 4a 
and 5a that with increasing the target rate r , the total transmit power increases as well, 
and the increment in terms of the transmit power reduces. This is because of the fact 
that there exist a number of subcarriers and all the available subcarriers can be used to 
deliver the target bit rates. Furthermore, Figs.3b, 4b and 5b show that the symmetric 
channel, i.e., dAR = 0.5 , can result in the lowest system outage probability, meaning that 

Fig. 4 Total transmit power and outage probability versus r  , where dAR = 0.3 , K = 16 and Qout = 0.01.

Fig. 5 Total transmit power and outage probability versus r  , where dAR = 0.1 , K = 16 and Qout = 0.01.
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the relay node is optimally located at the middle of the line between the two sources 
from a QoS point of view.

Figure 6 shows the total transmit power of the system and the system outage prob-
ability versus the number of subcarriers K  for the compared two kinds of EE techniques, 
where r = 10bit/s/Hz and dAR = 0.5 . Figure 6 demonstrates that the proposed resource 
management algorithm as presented in Algorithm 2 performs better than the “equal bit-
rate assignment” algorithm and can reduce the system transmit power significantly. It is 
shown that the more subcarriers we use, the more transmit power we can save. However, 
the improvement in terms of the saved transmit power decreases with increasing the 
number of subcarriers. It is known that more subcarriers that are used will incur more 
complexity for practical implementation. Therefore, the actual value of the sources’ tar-
get rate should be taken into consideration when determining how many subcarriers 
that will be used. Figure. 2b shows that all the schemes employed in Fig. 2a can ensure 
the QoS requirement of the system, further verifying the correctness of our proposed 
techniques.

6  Conclusions
In this paper, we have investigated energy-efficient techniques for an AF relay-assisted 
BDRS under a QoS requirement constraint. As a result, a holistic resource management 
algorithm for joint implementation of relay selection, power adaptation and bit-rate 
management is developed for optimal EE. Simulation results validated the correctness 
and the efficiency of the proposed algorithm. It was demonstrated that with the pro-
posed algorithm, the total transmit power of the system can be significantly reduced. 
With increasing the number of relay nodes and/or the number of subcarriers, the saved 
energy increases as well. However, the increment in terms of the saved energy decreases. 
Taking the complexity into account, the optimal number of relay node is 2 or 3, while the 
optimal number of subcarriers is related to the actual value of the sources’ target rate.

Fig. 6 Total transmit power and outage probability versus K  , where r = 10bit/s/Hz , dAR = 0.5 and Qout = 0.01

.
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