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Earlier works have studied the energy efficiency (EE) of half-duplex Device-to-Device (D2D) communications. However, the EE
of full-duplex D2D communications underlaying cellular networks which undergoes residual self-interference (SI) has not been
investigated. In this paper, we focus on the EE of full-duplex D2D communications with uplink channel reuse and compare it with
the half-duplex counterpart, aiming to show which mode is more energy-efficient. Our goal is to find the optimal transmission
powers to maximize the system EE while guaranteeing required signal-to-interference-plus-noise ratios (SINRs) and transmission
power constraints. The optimal power allocation problem is modeled as a noncooperative game, in which each user equipment (UE)
is self-interested and wants to maximize its own EE. An optimal iterative bisection-alternate optimization method is proposed to
solve the optimization problem from the noncooperative game-theoretic perspective. Simulation results show that the proposed
method can achieve EE close to that obtained by an existing method but with lower complexity in half-duplex D2D communications
underlaying cellular networks. Moreover, the full-duplex D2D communications underlaying cellular networks outperform the halfduplex D2D communications underlaying cellular networks in terms of EE when effective SI mitigation techniques are applied.

1. Introduction
The exponential growth of wireless data services driven by
mobile Internet and smart devices has triggered the investigation of the 5G cellular network. Around 2020, the new 5G
mobile networks are expected to be deployed. 5G networks
will have to support multimedia applications with a wide
variety of requirements, including higher user data rates,
reduced latency, enhanced coverage, and improved EE [1].
The primary techniques and approaches to address the
requirements for 5G systems can be classified as in-band fullduplex, direct D2D communication, massive multiple-input
multiple-output (massive MIMO), improved EE by energyaware communication and energy harvesting, and so forth
[2–4]. Among these, the in-band full-duplex transmission,
which allows transmitting and receiving at the same frequency and the same time, enables a significant enhancement

of system throughput compared to half-duplex and has
attracted a great deal of attention recently [5–7], whereas it
suffers loop interference and requires effective SI mitigation
[5].
On the other hand, D2D communications have been
developed in recent years, which allow proximate cellular UE
to communicate with each other directly under the control of
base stations (BSs) with lower transmit power requirements.
The high channel quality of short-range D2D links facilitates
high data rates for local services, prolongs UE’s battery lives,
and offloads heavy traffic of BSs [8]. In addition, D2D links
can underlay cellular links by reusing the same time and
frequency resources, and thus the spectrum efficiency (SE) of
cellular networks can be further improved. In the field of D2D
communications, one of the key issues is the interference
problem caused by resource sharing between D2D communications and traditional cellular communications, which
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has marked impacts on the performance of communication
reliability and network throughput. Thus, effective power
allocation is required to alleviate the interference problem.
D2D communications have already been designed as the
application areas of small transmit power systems with short
distance between communication devices. Considering the
small transmit power requirements to reduce the effect of SI,
low-power networks and short-range communications such
as D2D are a potential scenario where full-duplex technique
can be practically beneficial. This motivates us to apply fullduplex transmission into D2D communications, which is
called full-duplex D2D communications. Implementing fullduplex transmission into D2D communications can efficiently increase the ergodic capacity of wireless cellular
networks but will impose new challenges to D2D communications in wireless cellular networks. Since full-duplex
transmission possesses strong SI, it generally consumes
more power than half-duplex. Therefore, there is an urgent
demand for maintaining high system throughput while limiting energy consumption [9]. EE, defined as the ratio of
throughput to power consumption, is an important measure
of green communication solutions [10]. The EE of full-duplex
D2D communications underlaying cellular networks should
be investigated. It is also interesting to compare the EE
achieved by full-duplex D2D communications with its halfduplex counterpart.
1.1. Related Work. SI is a critical affecting factor of full-duplex
communications. Consensus reached by both academia and
industry showed that SI suppression/cancellation would play
the most pivotal role in implementing radical full-duplex
communication systems [6]. The authors in [11] provided
a comprehensive overview on full-duplex D2D communications in heterogeneous networks, in which the potential
solutions were proposed for interference mitigation. There
are three main methods for SI mitigation: passive suppression
(PS), analog cancellation (AC), and digital cancellation (DC)
[5]. Among them, AC and DC both belong to active cancellation. Since the mitigation capability of traditional active
cancellation techniques is very limited mainly due to the
transmitter and receiver radio circuits’ impairments, the PS
will be a major role of SI cancellation [12]. PS is the first stage
of SI cancellation, in which the SI signal is suppressed in the
propagation domain before it is processed by the receiver circuitry. In addition to mitigating both the SI signal and noise
in the propagation domain, it can also increase the dynamic
range allocated for the desired signal before ADC which is
an important performance limiting factor [5]. Traditional
passive SI suppression usually benefits much from antenna
separation, antenna isolation, directional antenna, or antenna
polarization in some large-scale systems (e.g., relay systems)
where the transmit and receive antennas are not collocated
[13, 14]. This large antenna separation usually requires a larger
device size, but, in practical mobile applications with small
device dimensions, the PS achieved by antenna separation
and isolation is very limited. A more efficient passive SI suppression method with relatively small antenna separation was
investigated in [15]. The results showed that a maximum of
72 dB PS can be achieved with different antenna separations
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ranging from 35 to 50 cm when absorptive shielding is present
between the two antennas. But it is still not acceptable for
mobile applications. Another more practical system in [16]
with 10 cm antenna separation can obtain the average amount
of 34 dB of PS, which is inefficient for full-duplex systems.
Recently, Ahmed et al. in [12] proposed a novel full-duplex
system utilizing multireconfigurable antenna (MRA) and
the associated pattern selection algorithms for PS in mobile
indoor applications. MRA is a dynamically reconfigurable
antenna structure that is capable of changing its properties
according to certain input configurations. Up to 16 different
environments that include a variety of LOS, non-LOS, lowmobility, and high-mobility scenarios each with four different
orientations (opposite, face-to-face, and two side-to-side
orientations) were considered. The proposed approach can
achieve an average of 65 dB PS at only 10 cm antenna separation without any antenna shielding. It is basically appropriate
for mobile devices.
After PS, SI can be further mitigated by AC. The main
idea is to obtain a copy of the transmitted radio frequency
SI signal including all impairments and subtract it from the
received signal in the analog domain. Requiring a higher
cancellation capability implies more stringent requirements
on the hardware. For example, to efficiently mitigate both
main and reflected SI components at the receiver input, a
multitap radio frequency finite impulse response (FIR) filter
is used [17]. However, the size of the implemented radio
frequency FIR filter limits the applicability of such technique.
Furthermore, in the context of AC designs, such as the delayline-based technique in [6, 17], adopting more delay-line
stages implies offering a higher delay resolution accuracy,
however, attained at the cost of more complex and largesize hardware circuits. Thus, the applicability of AC on
mobile devices may remain limited and in fact insufficient for
hardware requirement [6, 17–19].
In addition to PS and AC, DC techniques can be performed in the digital domain, which are the lowest complexity
active SI cancellation techniques in full-duplex systems [5,
19]. It is the last line of defense against SI, where the goal is to
cancel the SI left over from the propagation domain and analog domain approaches. However, the SI cancellation amount
achieved by conventional DC techniques is very limited,
mainly due to hardware imperfections (e.g., phase noise,
nonlinear distortion, and quantization noise) [18]. Recently,
a novel digital SI cancellation technique based on new fullduplex transceiver architecture that significantly mitigates
transmitter and receiver impairments was proposed in [19].
In the proposed technique, an auxiliary receiver chain is used
to obtain a digital domain copy of the transmitted radio
frequency SI signal, which is then used to cancel out the SI
signal and the associated transmitter impairments in the digital domain. The proposed technique is shown to significantly
mitigate the transmitter and receiver impairments without
the necessity for highly complex analog domain cancellation
techniques. The main advantage of the proposed technique is
that all signal processing is performed in the digital domain,
which significantly reduces the implementation complexity.
The results show that the proposed technique significantly
mitigates the SI signal up to 48 dB at 20 dBm transmit power
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values. Besides, the overall full-duplex system performance
using a combination of the proposed DC techniques and the
practical PS techniques proposed in [12] can mitigate the SI
signal to 3 dB higher than the receiver noise floor [19].
Since none of the individual cancellation techniques is
capable of satisfying the system requirements in terms of the
attainable SI cancellation capability, a high-capability cancellation scheme by combining the active and passive techniques
is necessarily developed. Among all the SI cancellation
techniques, the PS has an important position. The primary
advantage of performing PS in the propagation domain is that
the downstream receiver hardware can process signals more
accurately with a large dynamic range [5]. As the design of
AC usually requires complex and large-size hardware circuits
with respect to mobile devices, a combination of the latest
PS and DC (referred to as PSDC) techniques will be an
appropriate way to perform the mobile full-duplex system
[12, 19].
It is clear that deploying full-duplex transmission in
current communication systems requires several architecture
and protocol changes. The required changes depend on many
factors, such as system type (e.g., relay system and pointto-point communication) and the deployed SI cancellation
techniques. For the specific technique of point-to-point communication proposed in [12], some changes on the level
of the physical and protocol layers are required. Although
very few full-duplex realizations have been implemented in
commercial mobile systems due to the technical and/or economic challenges, a substantial amount of related researches
have already been undertaken in laboratory. The mobile fullduplex techniques will come into service in the near future.
Almost all previous researches on full-duplex D2D communications focused on improving throughput or SE [20–
25]. The EE of full-duplex D2D communications has not
been investigated. Most of them ignore the significance of
energy consumption of UE. In practical implementation, UE
is typically handheld device with limited battery life and can
quickly run out of battery if energy consumption is ignored
in the system design. A power consumption model was
presented in [26] for half-duplex D2D systems. It considered
neither full-duplex mode nor static circuit power, which is
actually comparable with the transmission power in short
distance environments. For UE, its drain efficiency of power
amplifier (PA) generally accounts for 38% of the total power
[27]. Thus, the total power consumption mainly includes two
parts in short distance environments: PA power and circuit
power. In addition, applying active SI cancellation techniques
consumes additional power; therefore, the power consumed
by AC is nonnegligible. In [28, 29], the EE of half-duplex D2D
communications without channel reuse was investigated. In
[28], the authors analyzed the average EE of one-hop and
multihop half-duplex D2D communications under Rayleigh
fading channels, and the optimal UE transmission powers
were derived to maximize EE. Sambo et al. in [29] presented
the EE improvement with the deployment of half-duplex
D2D communications in HetNets compared with the smallcell deployment. The work in [30, 31] presented the analysis
of the EE of half-duplex D2D systems with cellular channel
reuse. The work in [30] showed joint channel and power
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allocation to improve the EE of UE for half-duplex D2D
communications underlaying cellular networks. In [31], the
authors investigated the EE and SE in half-duplex D2D
communications underlaying cellular networks with uplink
channel reuse, where only each UE’s EE is analyzed. In addition, an exhaustive EE analysis for both MIMO underlay and
overlay D2D communications with a complete description of
the mathematical framework was presented in [32]. To the
best of our knowledge, an analysis of the EE of full-duplex
D2D communications underlaying cellular networks is still
lacking.
1.2. Summary of Contributions. In this paper, we provide a
comprehensive EE analysis of full-duplex D2D communications underlaying cellular networks, in comparison to its halfduplex D2D counterpart. Our work is different from earlier
works in the following aspects.
(i) This work investigates the EE of full-duplex D2D
communications underlaying cellular networks and
compares it with the half-duplex D2D counterpart.
It is shown that, with given SINRs and transmission
power constraints, the full-duplex D2D system can be
more energy-efficient than the half-duplex D2D system.
(ii) The comparison of three modes, full-duplex (PSDC),
full-duplex (PS), and half-duplex, where one mode
outperforms another mode in terms of EE, is clearly
presented. It is shown that full-duplex with PSDC can
be more energy-efficient than full-duplex with PS as
well as half-duplex, if the distance of the D2D pair is
relatively close.
(iii) It is proved that each UE’s EE is strictly quasiconcave
with respect to its transmission power, under the
maximum transmission power constraint. A noncooperative game-theoretic perspective is used to solve
the power allocation problem to optimize the EE with
the proposed low-complexity algorithm.
(iv) A full range of power consumption sources is considered in the power consumption model. In particular,
the power consumed by SI cancellation is considered.
The impact of imperfect SI cancellation is also considered in the analysis.
The rest of this paper is organized as follows. Section 2 introduces the system model for full-duplex and halfduplex D2D communications. The power allocation problem
formulation for both communication modes is described
in Section 3. In Section 4, the performance evaluation is
presented. Finally, the conclusion is given in Section 5.

2. System Model
We consider a scenario of D2D communications underlaying
a cellular network with cellular user equipment (CUE) and
one D2D pair, in which the pair of D2D user equipment
(DUE) pieces shares the same radio resources with the CUE
in the uplink. In this paper, there are two different transmission modes for D2D communications: (a) full-duplex D2D
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communications and (b) half-duplex D2D communications.
System models are presented separately for them.
2.1. Mode A: Full-Duplex D2D Communications Underlaying
Cellular Networks. In the full-duplex D2D communications,
the DUE operates in full-duplex mode (with one antenna
dedicated to transmission and another to reception, in order
to increase the isolation of the SI [16]) which can double the
spectral resource utilization potentially, and the CUE operates in traditional cellular networks with a single antenna. The
model of the full-duplex D2D system is illustrated in Figure 1,
where DUE not only shares the uplink radio frequencytime resource with the CUE, but also transmits and receives
simultaneously. Therefore, D2D transmissions will cause
interference to the BS receiver, and D2D receivers also suffer
interference from the cellular uplink transmission. Moreover,
the DUE in full-duplex mode transmits and receives at the
same time and frequency, causing SI to the receivers from
its transmitters. In order to analyze the effect of residual
SI on system performance, we assume that the residual SI
signal V is zero mean, additive, and Gaussian, denoted as V ∼
𝐶𝑁(0, 𝑉) [17, 33–35]. In addition, based on the experimental
results in [16], the variance of the residual SI is modeled as
𝜆
𝑉 = (1/𝛽)𝑃 , where 𝑃 is the transmission power of the
UE and 𝛽 and 𝜆 (0 ≤ 𝜆 ≤ 1) are constants that reflect
the quality of the selected cancellation technique. This model
generally includes two cases: the optimistic case in which
interference variance is simply a constant and not a function
of the transmission power (𝜆 = 0) [17, 36] and the other one
in which the variance increases linearly with the transmission
power (𝜆 = 1) [33, 34]. We will choose the second case in
which 𝛽 plays an important role in the EE of the full-duplex
D2D communications.
To reduce the SI, PS and DC are applied. AC is not
considered in this model due to high complexity and performance limitations on mobile applications (PS and DC
can only be sufficiently effective for full-duplex transmission
[19]). Similar to the previous work [16], let 𝛽 denote the total
amount of SI cancellation at each DUE, which is defined as
the ratio of the SI powers before and after cancellation. Thus,
one gets 𝛽 = 𝛽PS in full-duplex (PS) and 𝛽 = 𝛽PS + 𝛽DC in
full-duplex and half-duplex (PSDC). In general, 𝛽PS , which
denotes the amount of SI cancelled by PS, can achieve up to
65 dB [12], and 𝛽DC , which denotes the amount of SI cancelled
by DC, can achieve 48 dB at most [19].
The received signal in the uplink at the BS is given by
2

𝑦bs = √𝑃𝑢 ℎ𝑢 𝑥𝑢 + ∑ √𝑃𝑑𝑘 ℎ𝑑𝑘 𝑥𝑑𝑘 + 𝑛bs , 𝑘 ∈ (1, 2) ,

(1)

𝑘=1

where 𝑃𝑢 is the transmission power of the CUE, 𝑃𝑑𝑘 is the
transmission power of DUE𝑘 , ℎ𝑢 denotes the channel fading
coefficient between the CUE and the BS, ℎ𝑑𝑘 denotes the
channel fading coefficient between DUE𝑘 and the BS, 𝑥𝑢 and
𝑥𝑑𝑘 are the transmitted signals from the CUE and DUE𝑘 ,
respectively, and 𝑛bs is an additive white Gaussian noise
(AWGN) with zero mean and variance 𝜎2 .

With residual SI, the received signal at DUE𝑘 is given by
𝑦𝑑𝑘 = √𝑃𝑑𝑗 ℎ𝑗𝑘 𝑥𝑑𝑗 + √𝑃𝑢 ℎ𝑢𝑘 𝑥𝑢 + V𝑑𝑘 + 𝑛𝑑𝑘 ,

(2)

𝑘, 𝑗 ∈ {1, 2} , 𝑘 ≠ 𝑗,
where ℎ𝑗𝑘 denotes the channel fading coefficient between
DUE𝑗 and DUE𝑘 , ℎ𝑢𝑘 denotes the channel fading coefficient
between the CUE and DUE𝑘 , and 𝑛𝑑𝑘 is an AWGN with
zero mean and variance 𝜎2 . Additionally, V𝑑𝑘 , 𝑘 ∈ {1, 2},
is the residual SI signal at DUE𝑘 , which is expressed as
V𝑑𝑘 ∼ 𝐶𝑁(0, (1/𝛽𝑘 )𝑃𝑑𝑘 ), 𝑘 ∈ (1, 2), and 𝛽1 , 𝛽2 depend on
the amount of SI cancellation. The channel coefficients are
assumed to be invariant in each transmission frame. The
transmitted signals are zero mean and unit-variance.
The SINR of the full-duplex D2D mode at the BS and D2D
receivers can be written as
 2
𝑃𝑢 ℎ𝑢 
,
𝛾𝑢 = 2
(3)
 2
∑𝑘=1 𝑃𝑑𝑘 ℎ𝑑𝑘  + 𝜎2
 2
𝑃𝑑𝑗 ℎ𝑗𝑘 
𝛾𝑑𝑘 =
,
 2
(4)
𝑃𝑢 ℎ𝑢𝑘  + 1/𝛽𝑘 ⋅ 𝑃𝑑𝑘 + 𝜎2
𝑘, 𝑗 ∈ {1, 2} , 𝑘 ≠ 𝑗,
respectively. Then, the system SE of the full-duplex D2D
mode is
𝜂SE,FD = SE𝑢-FD + SE𝑑1-FD + SE𝑑2-FD
 2
𝑃𝑢 ℎ𝑢 
)
 2
∑2𝑘=1 𝑃𝑑𝑘 ℎ𝑑𝑘  + 𝜎2
 2
𝑃𝑑2 ℎ21 
+ log2 (1 +  2
)
𝑃𝑢 ℎ𝑢1  + 1/𝛽1 ⋅ 𝑃𝑑1 + 𝜎2
 2
𝑃 ℎ 
+ log2 (1 +  2 𝑑1  12 
).
𝑃𝑢 ℎ𝑢2  + 1/𝛽2 ⋅ 𝑃𝑑2 + 𝜎2

= log2 (1 +

(5)

2.2. Mode B: Half-Duplex D2D Communications Underlaying
Cellular Networks. In the half-duplex D2D communications,
all of the UE pieces operate in half-duplex mode with a
signal antenna, as shown in Figure 2. The overall process is
completed in two successive slots 𝑇1 and 𝑇2 (the length of 𝑇1
is equal to the length of 𝑇2 ). DUE1 transmits a signal to DUE2
in the first slot 𝑇1 and DUE2 transmits a signal to DUE1 in the
second slot, while the CUE transmits a signal with the same
transmission power in two slots. By sharing the uplink radio
resources with the CUE, the BS receives interference from
D2D transmissions, and D2D receivers also get interference
coming from the cellular uplink transmission.
In the first slot, the received signals at the BS and DUE2
are
̂ 𝑢1 + √̂
̂ 𝑑1 + 𝑛̂bs1 ,
̂ bs1 = √̂
𝑃𝑢 ℎ̂𝑢 𝑥
𝑃𝑑1 ℎ̂𝑑1 𝑥
𝑦
(6)
̂ 𝑑1 + √̂
̂ 𝑢1 + 𝑛̂𝑑2 ,
̂ 𝑑2 = √̂
𝑃𝑑1 ℎ̂12 𝑥
𝑃𝑢 ℎ̂𝑢2 𝑥
𝑦
̂ 𝑑1 is the
̂ 𝑢 is the transmission power of the CUE, 𝑃
where 𝑃
̂
transmission power of DUE1 , ℎ𝑢 denotes the channel fading
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Figure 1: Full-duplex D2D communications underlaying cellular networks.

coefficient between the CUE and the BS, ℎ̂𝑑1 denotes the
channel fading coefficient between DUE1 and the BS, ℎ̂12
denotes the channel fading coefficient between DUE1 and
DUE2 , ℎ̂𝑢2 denotes the channel fading coefficient between
CUE and DUE2 , 𝑛̂bs1 and 𝑛̂𝑑2 are AWGNs with zero mean
̂ 𝑢1 , 𝑥
̂ 𝑑1 are transmitted signals from the
and variance 𝜎2 , and 𝑥
CUE and DUE1 , respectively.
In the second slot, the received signals at the BS and DUE1
are
̂ 𝑢2 + √̂
̂ 𝑑2 + 𝑛̂bs2 ,
̂ bs2 = √̂
𝑃𝑢 ℎ̂𝑢 𝑥
𝑃𝑑2 ℎ̂𝑑2 𝑥
𝑦
̂ 𝑑1 = √̂
̂ 𝑑2 + √̂
̂ 𝑢2 + 𝑛̂𝑑1 ,
𝑃𝑑2 ℎ̂21 𝑥
𝑃𝑢 ℎ̂𝑢1 𝑥
𝑦

(7)

̂ 𝑑2 is the transmission power of DUE2 , ℎ̂𝑑2 denotes
where 𝑃
the channel fading coefficient between DUE2 and the BS, ℎ̂𝑢1
denotes the channel fading coefficient between the CUE and
DUE1 , ℎ̂21 denotes the channel fading coefficient between
DUE2 and DUE1 , 𝑛̂bs2 and 𝑛̂𝑑1 are the AWGN with zero mean
̂ 𝑢2 , 𝑥
̂ 𝑑2 are transmitted signals from the
and variance 𝜎2 , and 𝑥
CUE and DUE2 , respectively.
The SINR at the BS and D2D receivers can be written as
̂ 𝑢 ℎ̂𝑢 2
𝑃
 
, 𝑖 ∈ (1, 2) ,
𝛾̂𝑢𝑖 =
̂ 𝑑𝑖 ℎ̂𝑑𝑖 2 + 𝜎2
𝑃
 
 2
̂
𝑃𝑑𝑗 ℎ̂𝑗𝑘 
, 𝑘, 𝑗 ∈ {1, 2} , 𝑘 ≠ 𝑗,
𝛾̂𝑑𝑘 =
̂ 𝑢 ℎ̂𝑢𝑘 2 + 𝜎2
𝑃
 

(8)

respectively. Then, the system SE of the half-duplex D2D
mode is
𝜂SE,HD = SE𝑢-HD + SE𝑑1-HD
̂ 𝑢 ℎ̂𝑢 2
𝑃
1 2
 
+ SE𝑑2-HD ∑log2 (1 +
)
2 𝑖=1
̂ 𝑑𝑖 ℎ̂𝑑𝑖 2 + 𝜎2
𝑃
 
̂ 𝑑2 ℎ̂21 2
𝑃
1
(10)
  )
+ log2 (1 +
2




2
̂ 𝑢 ℎ̂𝑢1  + 𝜎2
𝑃
 
̂ 𝑑1 ℎ̂12 2
𝑃
1
  ).
+ log2 (1 +
2
̂ 𝑢 ℎ̂𝑢2 2 + 𝜎2
𝑃
 

3. Energy-Efficient Power Allocation
In this section, we formulate the optimization problem for
both the full-duplex and the half-duplex D2D modes which
aims to maximize the system EE. Firstly, a novel definition
of system EE based on summation of EE of all users rather
than the ratio of sum network throughput to sum network
power consumption was proposed [37]. Inspired of this novel
definition, we define the system EE as the sum of the EE of
DUE and CUE.
The EE of the whole system is defined as
𝑁

𝜂EE = ∑ EE𝑛 ,

(11)

𝑛=1

(9)

where 𝑁 denotes the number of users, EE𝑛 which is expressed
as the ratio of the 𝑛th user’s data rate 𝑟𝑛 to the power
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Figure 2: Half-duplex D2D communications underlaying cellular networks.

consumption 𝑃𝑛-tot is the EE of 𝑛th user, and 𝜂EE represents the total EE of all users. This definition is based on
summation of EE of all users rather than the ratio of sum
network throughout to sum network power consumption
because powers of different users cannot be shared and so are
their throughput and EE [37].
We need to determine power allocation of all users to
optimize the overall network EE subject to the interference
scenario. Note that the solution of maximum sum network EE
is difficult to obtain as the objective function is in generally
nonconcave in 𝑃𝑢 , 𝑃𝑑1 , and 𝑃𝑑2 . More users in the system
will result in more local maximum and searching the globally
optimal power allocation would be difficult. Additionally, this
mode is an interference-limited scenario in which the interference power is not easily known by the transmitters. Hence,
a noncooperative game-theoretic perspective is adopted to
solve the problem.
Rooted in economics, game theory has been broadly
applied to several problems in wireless communications. It
involves a set of competing players seeking for maximizing
their own utility, based on certain actions they can take.
When the users have no a priori knowledge about what others
are simultaneously doing, the game is noncooperative, as
users have no information on the basis of which they could
cooperate [38]. Noncooperative game theory was first proposed as an efficient framework to formulate the power
control problem for wireless data networks without centralized control. Accordingly, we model the power optimization
from a noncooperative game-theoretic perspective and then
investigate the existence of its equilibrium.

Combined with the general EE problem in (11), we consider the power allocation of user 𝑛 and denote the power
vectors of other users by a vector
𝑃−𝑛 = (𝑃1 , 𝑃2 , . . . , 𝑃𝑛−1 , 𝑃𝑛+1 , . . . , 𝑃𝑁) .

(12)

Then, the best response of the power allocation of user 𝑛 can
be given by
𝑃𝑛∗ = arg max EE𝑛 (𝑃𝑛 , 𝑃−𝑛 ) ,
𝑃𝑛

(13)

where EE𝑛 is a function of both 𝑃𝑛 and 𝑃−𝑛 (existing in the
form of interference).
Note that noncooperative power control is inefficient for
SE optimization, because each user often behaves selfishly
to increase their transmission powers which is far from
generating a reasonable but quite small network SE [39]. To
achieve a higher network SE, an efficient way is introducing
pricing mechanisms to regulate the aggressive transmission
powers of individuals to produce more socially beneficial
outcome towards improving sum throughput of all users [38].
Different from SE-oriented optimal power control, energyefficient power optimization demands a power setting that is
greedy in EE but chary of power. Furthermore, problem (13)
is equivalent to
𝑃𝑛∗ = arg max log (EE𝑛 (𝑃𝑛 , 𝑃−𝑛 ))
𝑃𝑛

= arg max (log (𝑟𝑛 ) − log (𝑃𝑛-tot )) ,

(14)

𝑃𝑛

which implies that energy-efficient power optimization can
be regarded as a variation of traditional spectral-efficient
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one with power pricing [38]. Since this power-conservative
expression is socially favorable in interference-limited scenarios, energy-efficient power optimization is desirable to
reduce interference and improve throughput in the noncooperative setting [37].
In this noncooperative game, each user optimizes their
transmission power independently. As the variation of transmission power of one user impacts those of all others, the
strategies chosen by different users depend on each other and
the achievement of a Nash equilibrium (i.e., the condition of
a network in which the competing influences are balanced
assuming invariant channel conditions) is a well-known
optimality criterion to analyze the outcome of the game.
Hence, we will characterize the equilibrium of noncooperative energy-efficient power optimization in the following
subsections in detail.
The power consumption in a general wireless node for
communications usually contains two mains parts, power
amplifier and circuit power [31]. Power amplifier is related
to the power amplifier drain efficiency and the transmission
power level and is usually modeled as the ratio of the transmission power to the power amplifier drain efficiency [13].
Circuit power consumption is usually considered to be
independent of the data rate and is regarded as a constant
[40]. We consider both power amplifier and circuit power
consumption in the transmitters. In addition, to be more
practical, the circuit power consumption in the receivers
is also considered. In a practical system, the circuit power
consumption of BS in uplink is huge that can be supported by
various efficient energy sources including renewable energy.
Therefore, the EE of BS would be less critical as compared
to that in the UE since mobile devices are typically handheld
devices with limited battery life and can quickly run out
of battery. So, it is reasonable to neglect the circuit power
consumption of BS in uplink in the system EE [31, 41].
In full-duplex communications, applying PS generally
does not consume additional power; however, the power
consumed by active DC is nonnegligible. Besides, the power
consumed by the involved chip components is not related to
the throughput state, and therefore the power consumed by
DC, 𝑃DC , is regarded as a constant.
Thus, the power consumption for SI cancellation in fullduplex node can be expressed as 𝜔𝑃DC , where 𝜔 = 1 for fullduplex and half-duplex (PSDC) transmission and 𝜔 = 0 for
full-duplex (PS) transmission and half-duplex transmission.
̂ 𝑢 ) ≤ 𝑃max ,
Each user has its own power range; that is, 0 ≤ 𝑃𝑢 (𝑃
̂
̂
0 ≤ 𝑃𝑑1 (𝑃𝑑1 ) ≤ 𝑃max , 0 ≤ 𝑃𝑑2 (𝑃𝑑2 ) ≤ 𝑃max , and 𝑃max is the
maximum allowed transmission power for the UE. The circuit
power of different UE pieces is assumed to be the same, which
is denoted as 𝑃𝑐 .
3.1. Mode A: Full-Duplex D2D Communications Underlaying
Cellular Networks. Based on the novel definition above, the
system EE of the full-duplex D2D mode can be written as
𝜂EE-FD = 𝜂𝑢-FD + 𝜂𝑑1-FD + 𝜂𝑑2-FD
=

𝑊 ⋅ SE𝑢-FD
𝑊 ⋅ SE𝑑1-FD
+
𝜉𝑢 𝑃𝑢 + 𝑃𝑐
𝜉𝑑 𝑃𝑑2 + 𝑃𝑐 + 𝜔𝑃DC

7
+

𝑊 ⋅ SE𝑑2-FD
,
𝜉𝑑 𝑃𝑑1 + 𝑃𝑐 + 𝜔𝑃DC
(15)

where 𝑊 denotes the channel bandwidth and 1/𝜉𝑢 and 1/𝜉𝑑
are the power amplifier drain efficiency of the CUE and DUE,
respectively. Our objective is to find the optimal transmission
powers 𝑃𝑢 , 𝑃𝑑1 , and 𝑃𝑑2 to maximize 𝜂EE-FD while keeping
𝛾𝑢 , 𝛾𝑑𝑘 , and 𝑘 ∈ {1, 2} above the thresholds and satisfying
the maximum power constraints of the UE, which can be
formulated as
max

{𝑃𝑢 ,𝑃𝑑1 ,𝑃𝑑2 }

s.t.

𝜂EE-FD
𝛾𝑢 ≥ 𝛾𝑢 ,
𝛾𝑑1 ≥ 𝛾𝑑 ,
𝛾𝑑2 ≥ 𝛾𝑑 ,

(16)

0 ≤ 𝑃𝑢 ≤ 𝑃max ,
0 ≤ 𝑃𝑑1 ≤ 𝑃max ,
0 ≤ 𝑃𝑑2 ≤ 𝑃max ,
where 𝛾𝑢 , 𝛾𝑑 are the minimum required SINRs of the CUE
and DUE, respectively, and 𝑃max is the maximum allowed
transmission power of all users.
Unfortunately, joint optimization over 𝑃𝑢 , 𝑃𝑑1 , and 𝑃𝑑2
is very hard to be found due to the idea that 𝜂EE-FD is not
concave in 𝑃𝑢 , 𝑃𝑑1 , and 𝑃𝑑2 jointly. So it cannot be solved
by the general convex optimization methods. Though the
Dinkelbach method can be used to solve the optimization
problem, its computational complexity may be high. Therefore, the bisection method is used to solve the optimization
problem with lower complexity but close performance to the
Dinkelbach method. According to the analysis in the beginning of Section 3, the EE model is an interference-limited
scenario in which the transmission powers 𝑃𝑢 , 𝑃𝑑1 , and 𝑃𝑑2
are not independent and the interference power is not easily
known by the transmitters; thus, a noncooperative gametheoretic perspective is used to solve problem (16). In the
noncooperative game, the achievement of a Nash equilibrium
is a well-known optimality criterion to analyze the outcome of
the game. In this paper, a set of power allocations is said to be
at Nash equilibrium if no user can improve its EE individually
by unilaterally altering its own transmission power. To find
the Nash equilibrium of our noncooperative optimization
problem, we first address the properties of a defined function
𝑓(𝑎, 𝑝) = log2 (1 + 𝑎𝑝)/(𝜉𝑝 + 𝑝𝑐 ), where 𝑝 denotes the
transmission power, 1/𝜉 denotes the power amplifier drain
efficiency, and 𝑎 is an expression derived from the expression
of EE. According to the definition of quasiconcavity in [37],
the quasiconcavity of 𝑓(𝑎, 𝑝) is proved in the following
Theorem 1. Additionally, the SI power contained in 𝑎 has no
effect on quasiconcavity of 𝑓(𝑎, 𝑝).
Theorem 1. The function 𝑓(𝑎, 𝑝) is strictly quasiconcave in 𝑝
for 𝑝 ∈ [0, +∞).
Proof. Refer to Appendix A.
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Input: given 𝑝 ≤ 𝑝∗ ≤ 𝑝, and 𝜀 > 0.
Output: the optimal 𝑝∗
(1) Repeat
(2) 𝑚 = (𝑝 + 𝑝)/2
(3) Δ = (𝜕𝑓(𝑎, 𝑝)/𝜕𝑝)|𝑝=𝑚
(4) if Δ > 0
(5) 𝑝 = 𝑚
(6) else
(7) 𝑝 = 𝑚
(8) end if
(9) until 𝑝 − 𝑝 ≤ 𝜀
(10) 𝑝∗ = (𝑝 + 𝑝)/2
Algorithm 1: Bisection method for quasiconcave optimization.

Obviously, 𝜂𝑢-FD , 𝜂𝑑1-FD , and 𝜂𝑑2-FD are strictly quasiconcave in 𝑃𝑢 , 𝑃𝑑1 , and 𝑃𝑑2 , respectively. Based on Theorem 1,
the existence of the Nash equilibrium can be proved in
Theorem 2.

𝜂𝑢-FD (𝑡 + 1) =

Theorem 2. The Nash equilibrium exists in the noncooperative
power optimization game with a set of power allocations of 𝑃𝑢 ,
𝑃𝑑2 , and 𝑃𝑑1 .
Proof. Refer to Appendix B.
In the formulated noncooperative full-duplex EE maximization problem, each user optimizes their power independently. The best response of one transmitter power depends
on the transmitter powers of all other UE pieces which
cannot be obtained in the noncooperative setting. However,
we observe that the sufficient information of other users’
transmission powers is contained in the form of interference.
In this way, each DUE only has to estimate the interference
on the shared channel to determine the power optimization
rather than knowing the specific transmitter powers of other
UE pieces. For the CUE, the BS estimates the interference
from D2D pair on the shared channel and then feeds back this
information to the CUE. Besides, the SI of DUE in the fullduplex mode can be got depending on its own transmission
powers and SI cancellation techniques.
Hence, at the time instant 𝑡 + 1, the predicted EE of CUE,
DUE1 , and DUE2 in the full-duplex system is

 2
𝑊 log2 (1 + 𝑃𝑢 (𝑡 + 1) ℎ𝑢  / (𝐼𝑢-FD (𝑡) + 𝜎2 ))

,
𝜉𝑢 𝑃𝑢 (𝑡 + 1) + 𝑃𝑐
 2
𝑊 log2 (1 + 𝑃𝑑2 (𝑡 + 1) ℎ21  / (𝐼𝑑1-FD (𝑡) + 1/𝛽 ⋅ 𝑃𝑑1 (𝑡) + 𝜎2 ))
𝜂𝑑1-FD (𝑡 + 1) =
,
𝜉𝑑 𝑃𝑑2 (𝑡 + 1) + 𝑃𝑐 + 𝜔𝑃DC
 2
𝑊 log2 (1 + 𝑃𝑑1 (𝑡 + 1) ℎ12  / (𝐼𝑑2-FD (𝑡) + 1/𝛽 ⋅ 𝑃𝑑2 (𝑡) + 𝜎2 ))
𝜂𝑑2-FD (𝑡 + 1) =
,
𝜉𝑑 𝑃𝑑1 (𝑡 + 1) + 𝑃𝑐 + 𝜔𝑃DC

respectively, where 𝐼𝑢-FD (𝑡) is the measured interference
power of CUE from DUE1 and DUE2 at the time instant 𝑡 and
𝐼𝑑1-FD (𝑡) and 𝐼𝑑2-FD (𝑡) are the measured interference powers
of DUE1 and DUE2 from CUE at the time instant 𝑡, respectively.
Due to the strict quasiconcavity of 𝜂𝑢-FD , 𝜂𝑑1-FD , and
𝜂𝑑2-FD , numerical methods like the bisection method can
be used to find the optimal power allocation at each time
slot. For a more concise analysis, the optimal solution of the
above-mentioned general function 𝑓(𝑎, 𝑝) with the bisection
method is shown in Algorithm 1.
In Algorithm 1, 𝑝 is the lower bound and 𝑝 is the upper
bound of the optimal power 𝑝∗ . The optimization of 𝑓(𝑎, 𝑝)
starts with an interval [𝑝, 𝑝] that contains the optimal value
𝑝∗ and concludes the optimal value of 𝑓(𝑎, 𝑝).
Clearly, Algorithm 1 can generate the optimal solutions
of (17)–(19), respectively. Then, we introduce an iterative
bisection-alternate optimization method to search for the
optimal power allocation. The basic idea of the method is to
search a better power allocation of all users alternately with
the bisection method at each time slot and enable iterative
search for a long time until the EE convergence of the fullduplex system. The iterative bisection-alternate optimization

(17)
(18)

(19)

method of the full-duplex D2D communications is described
in Algorithm 2.
3.2. Mode B: Half-Duplex D2D Communications Underlaying
Cellular Networks. In the half-duplex D2D mode, the system
EE can be written as
𝜂EE-HD = 𝜂𝑢-HD + 𝜂𝑑1-HD + 𝜂𝑑2-HD
=

𝑊 ⋅ SE𝑢-HD
𝑊 ⋅ SE𝑑1-HD
+
̂ 𝑢 + 𝑃𝑐
̂ 𝑑2 + 𝑃𝑐
𝜉𝑢 𝑃
(1/2) 𝜉𝑑 𝑃
+

(20)

𝑊 ⋅ SE𝑑2-HD
,
̂ 𝑑1 + 𝑃𝑐
(1/2) 𝜉𝑑 𝑃

where the factor 1/2 indicates that the transmitters send data
only during half of the entire frame (during 𝑇1 and 𝑇2 , resp.)
and thus consume power only during half of the entire frame.
For DUE, the circuit power 𝑃𝑐 = 𝑃𝑐 𝑇 + 𝑃𝑐 𝑅 , where 𝑃𝑐 𝑇 and
𝑃𝑐 𝑅 denote the circuit consumption during half of the entire
frame in the transmitter and receiver, respectively. For CUE,
we consider the circuit power only at the transmitter side
during the entire frame, that is, 𝑃𝑐 [31]. Similar to the fullduplex D2D mode, our objective is to find the optimal
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∗
∗
Input: Set iteration index 𝑡 = 1, and tolerance 𝜀 > 0, 𝑃𝑢∗ (𝑡) = 0, 𝑃𝑑1
(𝑡) = 0, 𝑃𝑑2
(𝑡) = 0, calculate the corresponding EE.
∗
∗
∗
∗
∗
, 𝑃𝑑2
, 𝜂𝑢-FD
, 𝜂𝑑1-FD
and 𝜂𝑑2-FD
Output: optimal transmission powers 𝑃𝑢∗ , 𝑃𝑑1
(1) Repeat
(2) Measure the interference powers at CUE and DUEs and estimate the SI powers at DUEs.
∗
∗
(𝑡 + 1), 𝑃𝑑2
(𝑡 + 1) respectively.
(3) Solve the quasiconcave optimization problems of (17)–(19) and obtain 𝑃𝑢∗ (𝑡 + 1), 𝑃𝑑1
∗
∗
(4) if 𝜂𝑢-FD (𝑡 + 1) − 𝜂𝑢-FD (𝑡) ≤ 𝜀,
∗
∗
(𝑡 + 1) − 𝜂𝑑1-FD
(𝑡) ≤ 𝜀 and
𝜂𝑑1-FD
∗
∗
(𝑡) ≤ 𝜀
𝜂𝑑2-FD (𝑡 + 1) − 𝜂𝑑2-FD
∗
∗
= 𝜂𝑢-FD
(𝑡 + 1),
(5)
𝜂𝑢-FD
∗
∗
= 𝜂𝑑1-FD
(𝑡 + 1) and
𝜂𝑑1-FD
∗
∗
(𝑡 + 1)
𝜂𝑑2-FD = 𝜂𝑑2-FD
(6) else
(7)
𝑡 = 𝑡 + 1, repeat.

Algorithm 2: Iterative bisection-alternate optimization method for full-duplex D2D.

̂ 𝑢, 𝑃
̂ 𝑑1 , and 𝑃
̂ 𝑑2 to maximize 𝜂EE-HD
transmission powers 𝑃
while keeping 𝛾̂𝑢𝑖 , 𝑘 ∈ {1, 2}, and 𝛾̂𝑑𝑘 , 𝑘 ∈ {1, 2} above the
thresholds and satisfying the maximum power constraints of
the UE; that is,
max

̂ 𝑢 ,𝑃
̂ 𝑑1 ,𝑃
̂ 𝑑2 }
{𝑃

s.t.

𝜂EE-HD
𝛾̂𝑢1 ≥ 𝛾𝑢 ,
𝛾̂𝑢2 ≥ 𝛾𝑢 ,
𝛾̂𝑑1 ≥ 𝛾𝑑 ,
𝛾̂𝑑2 ≥ 𝛾𝑑 ,

(21)

̂ 𝑢 ≤ 𝑃max ,
0≤𝑃
̂ 𝑑1 ≤ 𝑃max ,
0≤𝑃
̂ 𝑑2 ≤ 𝑃max .
0≤𝑃

𝜂𝑢-HD (𝑡 + 1) =

̂ 𝑑1 , and 𝑃
̂ 𝑑2 is also very
̂ 𝑢, 𝑃
Joint optimization over 𝑃
intractable to be found due to the idea that 𝜂EE-HD is not
̂ 𝑢, 𝑃
̂ 𝑑1 , and 𝑃
̂ 𝑑2 jointly. For more intuitive
concave in 𝑃
comparison, we still use the same noncooperative power
optimization game for the full-duplex system to solve the
half-duplex power optimization problem. Since the SI powers
in the denominator of full-duplex EE objection function have
no impact on quasiconcavity, 𝜂𝑢-HD , 𝜂𝑑1-HD , and 𝜂𝑑2-HD of
̂ 𝑢, 𝑃
̂ 𝑑1 , and
half-duplex can be proved to be quasiconcave in 𝑃
̂
𝑃𝑑2 similarly. According to Theorem 2, the Nash equilibrium
also exists in the noncooperative game of the half-duplex
system.
Accordingly, in the formulated noncooperative halfduplex EE maximization problem, each user estimates the
interference on the shared channel to determine the power
optimization similarly. Hence, at the time instant 𝑡 + 1, the
predicted EE of CUE, DUE1 , and DUE2 in the half-duplex
system is

̂ 𝑢 (𝑡 + 1) ℎ̂𝑢 2 / (𝐼𝑢1-HD (𝑡) + 𝜎2 )) + log2 (1 + 𝑃
̂ 𝑢 (𝑡 + 1) ℎ̂𝑢 2 / (𝐼𝑢2-HD (𝑡) + 𝜎2 ))}
(𝑊/2) {log2 (1 + 𝑃
 
 
̂ 𝑢 (𝑡 + 1) + 𝑃𝑐
𝜉𝑢 𝑃

̂ 𝑑2 (𝑡 + 1) ℎ̂21 2 / (𝐼𝑑1-HD (𝑡) + 𝜎2 ))
(𝑊/2) log2 (1 + 𝑃
 

, (22)

,

(23)

̂ 𝑑1 (𝑡 + 1) ℎ̂12 2 / (𝐼𝑑2-HD (𝑡) + 𝜎2 ))
(𝑊/2) log2 (1 + 𝑃
 
𝜂𝑑2-HD (𝑡 + 1) =
,
̂
(1/2) 𝜉𝑑 𝑃𝑑1 (𝑡 + 1) + 𝑃𝑐

(24)

𝜂𝑑1-HD (𝑡 + 1) =

̂ 𝑑2 (𝑡 + 1) + 𝑃𝑐
(1/2) 𝜉𝑑 𝑃

respectively, where 𝐼𝑢1-HD (𝑡) and 𝐼𝑢2-HD (𝑡) are the measured
interference powers of CUE from DUE1 and DUE2 at the
time instant 𝑡, respectively, and 𝐼𝑑1-HD (𝑡) and 𝐼𝑑2-HD (𝑡) are the
measured interference powers of DUE1 and DUE2 from CUE
at the time instant 𝑡, respectively.
The solutions of quasiconcave problems (22)–(24) at
each time slot can be solved by numerical methods like the

bisection method, respectively. Then, we use the iterative
bisection-alternate optimization method to search for the
optimal power allocation. The basic idea of the method is to
search a better power allocation of all users alternately with
the bisection method at each time slot and enable iterative
search for a long time until the EE convergence of the halfduplex system. The iterative bisection-alternate optimization
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̂ ∗ (𝑡) = 0, 𝑃
̂ ∗ (𝑡) = 0, 𝑃
̂ ∗ (𝑡) = 0, calculate the corresponding EE.
Input: Set iteration index 𝑡 = 1, and tolerance 𝜀 > 0, 𝑃
𝑢
𝑑1
𝑑2
∗
∗
∗
∗
∗
∗
̂ ,𝑃
̂ ,𝜂
̂ ,𝑃
Output: optimal transmission powers 𝑃
𝑢
𝑑1
𝑑2 𝑢-HD , 𝜂𝑑1-HD and 𝜂𝑑2-HD
(1) Repeat
(2) Measure the interference powers at CUE and DUEs.
∗
∗
(𝑡 + 1), 𝑃𝑑2
(𝑡 + 1) respectively.
(3) Solve the quasiconcave optimization problems of (22)–(24) and obtain 𝑃𝑢∗ (𝑡 + 1), 𝑃𝑑1
∗
∗
(4) if 𝜂𝑢-HD (𝑡 + 1) − 𝜂𝑢-HD (𝑡) ≤ 𝜀,
∗
∗
(𝑡 + 1) − 𝜂𝑑1-HD
(𝑡) ≤ 𝜀 and
𝜂𝑑1-HD
∗
∗
(𝑡) ≤ 𝜀
𝜂𝑑2-HD (𝑡 + 1) − 𝜂𝑑2-HD
∗
∗
= 𝜂𝑢-HD
(𝑡 + 1),
(5)
𝜂𝑢-HD
∗
∗
= 𝜂𝑑1-HD
(𝑡 + 1) and
𝜂𝑑1-HD
∗
∗
(𝑡 + 1)
𝜂𝑑2-HD = 𝜂𝑑2-HD
(6) else
(7)
𝑡 = 𝑡 + 1, repeat.
Algorithm 3: Iterative bisection-alternate optimization method for half-duplex D2D.

method of the half-duplex D2D communications is described
in Algorithm 3.

4. Simulation Results
In this section, the effectiveness of the proposed algorithms
is verified by using the MATLAB. The bandwidth 𝑊 is normalized to 1; that is, 𝑊 = 1 Hz. The maximum transmission
power constraints of the CUE and DUEs are set to 𝑃max = 1 W
and the circuit power consumption is set to 𝑃𝑐 = 100 mW.
The power consumption coefficients of CUE and DUE are
set to 38% [27]; that is, 𝜉𝑢 = 𝜉𝑑 = 1/0.38. The noise power
is normalized to 1; that is, 𝜎2 = 1 W. The minimum SINR
thresholds 𝛾𝑢 and 𝛾𝑑 are set to 0 dB.
Firstly, we compare the EE and complexity of the proposed method with the Lagrangian method in the existing
literature [31] for the half-duplex D2D communications
underlaying cellular networks, and then we show the convergence of our proposed algorithm.
In order to increase comparability with the existing
method in [31], we show the EE and SE tradeoff and the execution time for half-duplex D2D communications obtained
by our proposed method and the Lagrangian method in Figure 3, in which we assume that all useful channel coefficients
are set to 5 dB and all interference channel coefficients are set
to 0 dB. For each method, with the increase of the SE requirement, the corresponding EE is obtained. Simulation results
show that the two methods can achieve EE close to each other
under the same conditions. Besides, the figure also shows that
our proposed method gives faster time execution than the
Lagrangian method. Consequently, the performance of our
proposed method is consistent with the Lagrangian method
but with lower complexity.
Figure 4 shows the convergence speed of the bisectionalternate method for the system EE and total power consumption under full-duplex and half-duplex D2D modes,
respectively, where the total amount of SI cancellation of fullduplex is set to 𝛽1 = 𝛽2 = 60 dB, the useful channel coefficient
of CUE is set to 4 dB, the useful channel coefficient of DUE
is set to 8 dB, and all interference channel coefficients are set
to 0 dB. For comparison, the exhaustive searching method

is also used to show the convergence speed which provides
the maximum EE and optimal power. From this figure, one
can see that the results obtained by the proposed method
and the exhaustive searching method are exactly the same,
which shows that the proposed method can find the optimal
solution. It also can be seen that all of the curves converge
to stable values finally. It is obvious that the full-duplex D2D
mode can increase the system EE as compared with the
half-duplex D2D mode although the full-duplex D2D mode
suffers higher power consumption due to SI.
Secondly, we focus on the effect of distance and total
amount of SI cancellation on system performance. We consider a single circular cell on the two-dimensional X-Y plane
and the radius is normalized to 1 m. The BS is located at the
center with coordinate (0, 0). The distance between DUE1 and
DUE2 is 𝑑𝐷, and the distance between BS and CUE is 𝑑CUE,BS .
We assume that the coordinates of CUE, DUE1 , and DUE2 are
(−0.08, 0), (−0.04, −0.8), and (0.04, −0.8), respectively. Note
that the transmit antenna is very close to the receive antenna
for D2D users. The reasonable distance between the transmit
and receive antennas used for antenna separation is about
10 cm. In addition, all of the channel fading coefficients are
modeled as circularly symmetric complex Gaussian random
variables with zero mean and variances 𝑑−𝛼 , where 𝑑 denotes
the distance between any two nodes and 𝛼 denotes the path
loss exponent, which is set to 4.
In Figure 5, the system EE versus the distance between
DUE1 and DUE2 is illustrated. The total SI cancellation
amounts of FD (PS) and FD (PSDC) are set to 𝛽1 = 𝛽2 =
60 dB and 90 dB, respectively, which are within the reasonable
range of cancellation amount as discussed in Sections 1.1 and
2. Since D2D communications are mainly applied in short
distance situation, the distance between DUE1 and DUE2 is
assumed in the range from 0.08 to 0.4, which corresponds to
the 𝑋-coordinates of DUE2 from 0.04 to 0.36. When the 𝑋coordinates of the DUE2 change, the distance between DUE2
and the CUE (BS) also changes; that is, the corresponding
interference also changes. From this figure, as the distance of
D2D pair increases, one can see that the system EE of both
modes decreases. As expected, with better SI cancellation,
full-duplex (PSDC) achieves higher EE than full-duplex (PS).
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Moreover, both full-duplex D2D modes have higher system
EE than the half-duplex D2D mode with a short distance of
D2D pair, which indicates that the full-duplex D2D mode
outperforms the half-duplex D2D mode in the short distance
transmission of D2D. As the distance increases, this situation

is reversed. This is because the transmission power of fullduplex D2D mode increases vastly in order to combat the
residual SI as the distance of D2D pair increases.
The system EE versus distance between the CUE and
the BS is illustrated in Figure 6, where the total amounts of
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SI cancellation of full-duplex are set to 𝛽1 = 𝛽2 = 60 dB
(PS) and 90 dB (PSDC), respectively. It is assumed that the
distance between the CUE and the BS ranges from 0.05 to
0.8, which corresponds to the 𝑋-coordinates of the CUE
from −0.05 to −0.8. When the distance between the CUE
and the BS changes, the distance between the CUE and D2D
pair also changes. One can see that the system EE of the two
full-duplex D2D modes is still better than that of the halfduplex D2D mode because of higher spectrum utilization
efficiency. Moreover, full-duplex (PSDC) with large amount
of SI cancellation can achieve higher EE than full-duplex (PS).
We can also observe that the system EE decreases when the

Figure 7: The system EE comparison of the half-duplex D2D mode
and full-duplex D2D mode with residual SI.

distance between the CUE and the BS increases. In this case,
the position of the cellular user has an overwhelming effect
on the system EE.
Figure 7 compares the system EE among the full-duplex
and half-duplex D2D mode with power control and the fullduplex D2D mode without power control under different
amounts of SI cancellation of the D2D pair. As 𝛽1 and
𝛽2 increase, indicating that the amounts of SI cancellation
increase, the system EE obtained by the full-duplex D2D
mode increases. There is a cross line between the full-duplex
and half-duplex surfaces, indicating that if the residual SI
is mitigated to some extent, the full-duplex D2D mode can
achieve higher system EE than the half-duplex D2D mode.
We can also observe that the full-duplex D2D mode without
power control has the lowest EE. In practical full-duplex
communication scenarios with PS and DC techniques, the EE
enhancement achieved by full-duplex (PS, 𝛽1 = 𝛽2 = 60 dB)
and full-duplex and half-duplex (PSDC, 𝛽1 = 𝛽2 = 90 dB)
are 19% and 36% compared to the half-duplex counterpart.
Besides, the EE enhancement achieved by full-duplex (PS,
𝛽1 = 𝛽2 = 60 dB) and full-duplex (PSDC, 𝛽1 = 𝛽2 = 90 dB)
is 64% and 51% compared to no power control counterpart.

5. Conclusions
In this paper, the issue of system EE maximization of fullduplex D2D communications in cellular networks while a
D2D pair shares the uplink resources with CUE has been
investigated. With a full range of power consumption sources
considered, we compared the EE of three modes: full-duplex
(PSDC), full-duplex (PS), and half-duplex counterpart. Such
an issue was formulated as a nonconvex optimization problem in which the objective is to maximize the system EE while
satisfying required SINR and transmission power constraints.
From the noncooperative game-theoretic perspective, the
iterative bisection-alternate method with lower complexity

Mobile Information Systems

13

was proposed to solve the optimization problem. It is found
that full-duplex (PS) can outperform half-duplex in terms
of EE with a short distance between DUE pieces, while fullduplex (PSDC) is even more energy-efficient than full-duplex
(PS). Simulation results show that, under the advanced SI
cancellation techniques of PSDC, the full-duplex D2D mode
can achieve 36% enhancement on EE compared to the halfduplex D2D mode with a short distance of D2D pair.

Appendix
A. The Proof of Quasiconcavity
Proof of Theorem 1. According to the function 𝑓(𝑎, 𝑝) =
log2 (1+𝑎𝑝)/(𝜉𝑝+𝑝𝑐 ) we defined, the first derivative of 𝑓(𝑎, 𝑝)
with respect to 𝑝 is represented by

Proof of Theorem 2. According to [36], a Nash equilibrium
exists in a noncooperative game if the utility function is
continuous and quasiconcave, and the set of strategies is a
nonempty compact convex subset in the Euclidean space.
Taking one of the DUE’s EE objection functions, 𝜂𝑑1-FD as
an example, it has been proved that 𝜂𝑑1-FD is quasiconcave in
Appendix A. Obviously, the set of the power strategies is a
nonempty compact convex subset in the Euclidean space R𝐿 .
It is also easily proved that the above conditions also hold for
the cellular UE similarly. Therefore, a Nash equilibrium exists
in the noncooperative game.
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where
𝑓1 (𝑝) =

𝑎𝑃tot
,
ln 2 × (1 + 𝑎𝑝)

𝑓2 (𝑝) = 𝜉 log2 (1 + 𝑎𝑝) ,

(A.2)

𝑃tot = 𝜉𝑝 + 𝑝𝑐 .
The first derivative of 𝑓1 (𝑝) and 𝑓2 (𝑝) with respect to 𝑝 is
represented by
𝑑𝑓1 (𝑝)
𝑎 (𝜉 − 𝑎𝑝𝑐 )
,
=
2
𝑑𝑝
ln 2 × (1 + 𝑎𝑝)
𝑑𝑓2 (𝑝)
𝑎𝜉
.
=
𝑑𝑝
ln 2 × (1 + 𝑎𝑝)

(A.3)

Then, for 𝑝 ∈ [0, +∞), we have
𝑑𝑓1 (𝑝) 𝑑𝑓2 (𝑝)
𝑎2 𝑝𝑐
< 0.
−
=−
2
𝑑𝑝
𝑑𝑝
ln 2 × (1 + 𝑎𝑝)

(A.4)

Let 𝑓3 (𝑝) = 𝑓1 (𝑝) − 𝑓2 (𝑝). Then, we have 𝑓3 (+∞) < 𝑓3 (𝑝) <
𝑓3 (0), ∀𝑝 ∈ [0, +∞). Since lim𝑝→+∞ 𝑓3 (𝑝) = −∞ < 0 and
lim𝑝→0 𝑓3 (𝑝) = 𝑎𝑝𝑐 / ln 2 > 0, there exists a single value of
𝑝 denoted as 𝑝∗ , so that 𝑓3 (𝑝∗ ) = 0. Obviously, since the
2
denominator 𝑃tot
is positive, we have 𝑑𝑓(𝑎, 𝑝)/𝑑𝑝 > 0 when
∗
𝑝 < 𝑝 and 𝑑𝑓(𝑎, 𝑝)/𝑑𝑝 < 0 when 𝑝 > 𝑝∗ . It means that
𝑓(𝑎, 𝑝) first increases and then decreases when 𝑝 increases.
In addition, it is easily verified that 𝑑 log2 (1 + 𝑎𝑝)/𝑑𝑝 =
𝑎/(ln 2(1 + 𝑎𝑝)) > 0; thus, numerator log2 (1 + 𝑎𝑝) increases
monotonically with 𝑝. Hence, numerator log2 (1 + 𝑎𝑝) is a
concave function of 𝑝. Besides, the denominator 𝑃tot is an
affine function of 𝑝. Therefore, 𝑓(𝑎, 𝑝) is strictly quasiconcave
in 𝑝 for 𝑝 ∈ [0, +∞). The proof of Theorem 1 is complete.
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