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As the era of 5th Generation (5G) networks is dawning, sev-
eral pertinent issues associated with the ambitious improve-
ments that have to be achieved in future communications
are attracting increasing research attention, including the
following: scalability, throughput, capacity, end-to-end delay,
heterogeneity of requirements, and security. Nonetheless,
5G technologies should also become key enablers for the
environmental sustainability of modern societies, as is hap-
pening in the case of other frameworks and initiatives such as
Smart Cities, Smart Grids, and the Internet-of-Things.Hence,
energy efficiency should be treated as an integral part of all
proposed 5G solutions and technologies.

The goal of energy efficiency, apart from its ecological
value, is also associated with the reduction of operational
expenses formobile network operators, as well as with greater
customer satisfaction thanks to increased battery life. At
present, however, it is not clear how 5Gnetwork technologies,
as they are mostly focused on higher bandwidths and are
expected to be deployed as an overlay on top of (rather than a
replacement of) preexisting network equipment, could bring
forward a reduction in power consumption.

To promote basic and applied research in this important
field of energy efficiency in 5G, we invited investigators
from around the globe to contribute original research articles
as well as review articles that will stimulate further efforts
to explore energy efficiency trade-offs and achieve energy
savings in 5G. In this special issue, we focus on recent
advances that bring about considerable energy efficiency
benefits in 5G communications and networks.

In the article “Limiting Energy Consumption byDecreas-
ing Packets Retransmissions in 5G Network,” L. Apiecionek

focuses on the exploitation of the Multipath Transmis-
sion Control Protocol (MPTCP), together with fuzzy logic
techniques, so as to limit energy consumption in 5G net-
work infrastructures. MPTCP can be used in conjunction
with Multiple-Input Multiple-Output (MIMO) transmit-
ter/receiver systems or on its own, and although it is not
widely used today, it is gaining traction in the research
community, mainly for its ability to provide more reliable
connectivity and higher throughput. The author presents the
idea of coupling the use of MPTCP with a specially designed
fuzzy logic technique for transmission control.The employed
technique is an adaptation of the less-known generalized
fuzzy logic method called Ordered Fuzzy Numbers (OFN), a
concept developed by Kosiński and his coworkers, allowing
the association of the change of trend to a fuzzy number.
The outcome is a novel MPTCP scheduler powered by
an OFN-enabled decision support system, permitting fuzzy
observation of transmission errors. Using data transmission
simulations, the scheduler’s performance is validated in
terms of destination reachability and network reliability.
Furthermore, the author analyzes the effect of the proposed
solution on energy consumption. The major strength of the
presented algorithm is that it achieves high performance
without requiring complex calculations, meaning that it is
lightweight enough so that it does not cause significant
power dissipation. In parallel, the proposed algorithm allows
reducing the number of retransmissions, as fewer packets
are transferred over the unreliable connection links, leading
to increased energy efficiency in the entire system. This is
because, for a complex communication network, such as 5G,
the process of data transmission is power-consumingnot only
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for the sender device, but also for the entire ecosystem (com-
prising numerous devices, including transmitters, switchers,
and routers). As articulated, in the case of a retransmission,
the data are sent twice, and, moreover, additional signal-
ing overhead takes place. Hence, avoiding retransmissions
through lightweight decision-making algorithms is essential
for achieving better power management in 5G networks.

Accurate classification of network traffic is essential for
emerging 5G network applications. Recently, a number of
researchers have proposed machine learning models to find
out the effective packet number for classification of Internet
traffic at early stage. However, this problem is still unsolved.
To reach a solution, in the article “Effective Packet Number
for 5G IM WeChat Application at Early Stage Traffic Clas-
sification,” M. Shafiq and X. Yu study the WeChat Instant
Messaging (IM) application (which supports text messages,
picture messages, audio call, and video call traffic) and use
five Internet traffic datasets. They consider packet sets of
2–20 packets and then carry out an information analysis
to identify the mutual information of each packet flow
type. Thereafter, M. Shafiq and X. Yu examine ten well-
knownmachine learning algorithms using the twofold cross-
validationmethod. According to the experimental results, M.
Shafiq and X. Yu conclude that the nonzero payload packets
carry enough identification information to perform traffic
classification inWeChat InstantMessages and that the packet
numbers 13–19 are effective for 5GWeChat application traffic
identification. The results of the machine learning classifiers
analysis reveal that the most effective machine learning
classifier at the early stage of Internet traffic classification
is the Random Forest classifier. Nevertheless, the authors
emphasize that there are still open issues for further research
in the area, in particular for the development of methods for
optimizing the selection of effective packet numbers in 5G
network traffic classification.

5G communication networks are characterized by a
number of new features, such asmillimeter-wave frequencies,
massive antenna arrays, beamforming, and dense cells. In
the article “Performance Evaluation of 5G Millimeter-Wave
Cellular Access Networks Using a Capacity-Based Network
Deployment Tool,” M. Matalatala et al. investigate the use
of beamforming techniques through various architectures
and evaluate the performance of 5G wireless access net-
works, using a capacity-based network deployment tool.
The application of the deployment tool is carried out in a
realistic setting (in Ghent, Belgium), in which a realistic 5G
network is simulated to support bitrate values corresponding
to actual user requirements. Subsequently, the 5G network
performance with and without beamforming is analyzed,
particularly in comparison with a 4G reference scenario.
The key finding is that the 5G network with beamforming
consumes 4 times less power in comparison to the 4G
reference network, while achieving higher capacity and the
same coverage performance. On the other hand, it requires
15% more base stations to be deployed. The authors explain
that there is a need for finding a balance between increas-
ing performance and reducing power consumption. This
challenge can be addressed by application of the hybrid
beamforming architecture that is comparable to the digital

beamforming architecture (in terms of performance param-
eters) and requires about two times less power consumption.

The article “An Energy-Efficient Scheme for Multirelay
Cooperative Networks with Energy Harvesting” by D. Yang
et al. considers the usage of an energy-efficient scheme
in multirelay cooperative networks with energy harvesting
where multiple sessions need to communicate with each
other via the relay node.The authors decompose this complex
problem into a power allocation problem and an energy-
efficient transmission optimization problem and introduce a
two-step approach. In the first step, the optimal power allo-
cation for relay nodes is determined, based on the directional
water-filling algorithm with the aim of maximization of the
system throughput. In the second step, the joint optimization
of relay node selection and session grouping is proposed
based on quantum particle swarm optimization (QPSO).
The authors present the reference network model including
the throughput and power-consuming models employed
for further examination and validation of their method.
According to the numerical results, the proposed scheme is
a promising solution for improving the energy efficiency in
comparison to direct transmission and opportunistic relay-
selected cooperative transmission.

In the article “Energy Efficiency Maximization of Full-
Duplex andHalf-DuplexD2DCommunicationsUnderlaying
Cellular Networks” by Y. Cheng et al., the authors investigate
the issue of energy efficiency maximization for the systems
providing full-duplex device-to-device (D2D) communica-
tions in cellular networks. The authors consider a full-
duplex D2D communication scheme with uplink channel
reuse and compare it with the half-duplex counterpart, to
determine which mode is more energy-efficient. The sec-
ond goal is to find the optimal transmission power levels
to maximize the system energy efficiency with respect to
the required signal-to-interference-plus-noise ratios (SINRs)
and transmission power constraints. To solve this optimiza-
tion problem, a game-theoretic approach is employed and the
iterative bisection-alternate method with lower complexity
is proposed. According to the simulations performed, the
authors find that the passive suppression (PS) full-duplex
scheme (i.e., with passive suppression self-interference mit-
igation scheme used) can outperform the half-duplex mode
in terms of energy efficiency, in particular for short distances
between user devices. Moreover, the full-duplex passive
suppression and digital cancellation (PSDC) communication
mode is more energy-efficient than the plain PS full-duplex.
Experimental results show that, under the more advanced
self-interference mitigation techniques of PSDC, the full-
duplex D2D mode can achieve 36% increase of energy
efficiency comparing to the half-duplex D2D mode with a
short distance of devices pair.

In the article “Strategic Control of 60GHz Millimeter-
Wave High-Speed Wireless Links for Distributed Virtual
Reality Platforms” by J. Kim et al., the authors focus on the
stringent requirements of wireless communication between
a virtual reality (VR) server and VR head-mounted devices.
They propose a strategic and stochastic queue control algo-
rithm to minimize the time-average expected power con-
sumption subject to queue-stabilization, assuming mmWave
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wireless communication links and, in particular, 60GHz
(IEEE 802.11ad) wireless channels. As noted by the authors,
there is a trade-off relationship between queue-stabilization
and energy efficiency, so that achieving higher queue stability
points (useful for time-critical VR video contents) requires
more energy. A future challenge is how to automatically
set appropriate values for tuning the power-delay (queuing-
delay) trade-offs.

In conclusion, as evident from the high-quality articles
that we received, energy efficiency is a research field in 5G
that will gain significant attention over the coming years.
Studies reveal that important energy efficiency trade-offs
exist in the operation of 5G systems, and the design of any
optimization algorithm should not be agnostic of such trade-
offs. Moreover, the articles we received cover a large range of
aspects and advanced techniques; investigators have a large
spectrum of choices and promising approaches to explore in
the future. The range of proposed solutions that this special
issue offers to its readers includes MPTCP schedulers, fuzzy
logic decision support engines, machine learning classifiers,
hybrid beamforming, device-to-device communication with
self-interference mitigation, multirelay cooperative networks
with energy harvesting based on quantum particle swarm
optimization, and stochastic queue control algorithms. 5G is
going to combine a very interesting blend of heterogeneous
and highly advanced technologies, and this pluralism is
certainly for the benefit of both the scientific community and
the society as a whole.

Konstantinos Demestichas
Evgenia Adamopoulou

Michał Choraś
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This paper discusses the stochastic and strategic control of 60GHzmillimeter-wave (mmWave)wireless transmission for distributed
and mobile virtual reality (VR) applications. In VR scenarios, establishing wireless connection between VR data-center (called
VR server (VRS)) and head-mounted VR device (called VRD) allows various mobile services. Consequently, utilizing wireless
technologies is obviously beneficial in VR applications. In order to transmit massive VR data, the 60GHz mmWave wireless
technology is considered in this research. However, transmitting the maximum amount of data introduces maximum power
consumption in transceivers.Therefore, this paper proposes a dynamic/adaptive algorithm that can control the power allocation in
the 60GHz mmWave transceivers. The proposed algorithm dynamically controls the power allocation in order to achieve time-
average energy-efficiency for VR data transmission over 60GHz mmWave channels while preserving queue stabilization. The
simulation results show that the proposed algorithm presents desired performance.

1. Introduction

As actively discussed nowadays, virtual reality (VR) or aug-
mented reality (AR) applications have received a lot of atten-
tion by industry and academia research organizations [1–4].
In order to provide mobile services in head-mounted VR
displays in VR applications, establishing wireless connections
between VR video storage (called VR server (VRS)) and
head-mounted VR devices (VRD) is essential. The candidate
wireless technologies should provide ultra-high-speed data
communication speeds for transmitting VR video streaming
without latencies.

For massive high-volume and high-definition multime-
dia contents delivery, millimeter-wave (mmWave) wireless
communication technologies are widely discussed nowadays
[5–7]. InmmWavewireless communication research, 60GHz
wireless technologies are generally and widely considered
[8–11] because it is only one standardized millimeter-wave
wireless technology so called IEEE 802.11ad [12].

In this paper, the 60GHz wireless channel is explored
for simultaneous large-scalemassivemultimedia information
delivery based on following reasons:

(i) Multigigabit-per-Second (Multi-Gbps) Data Speed.
The currently existing mmWave wireless schemes are
able to support multi-Gbps data transmission speeds
owing to their ultrawideband channel bandwidth. For
truly immersive VR experiences, VR systems should
support the high-speed data communications, which
can be realized by the mmWave technologies.

(ii) High Directionality. mmWave wireless transmission
is extremely high directional due to its high carrier
frequencies. According to the fact that large-scale
and densely deployed VR users will perform wireless
communications, relatively high interference occur-
rence is expected. If the transmission beams are
quite narrow, the interference impacts will be obvi-
ously reduced. Therefore, the high directionality of
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mmWave propagation is beneficial in terms of the
interference reduction.

Based on the 60GHz wireless communication technolo-
gies, this paper proposes a strategic and stochastic queue con-
trol algorithm to minimize the time-average expected power
consumption (which is equivalent to maximizing the time-
average expected energy-efficiency) subject to queue stabi-
lization. The VRS calculates the amount of transmit power
allocation for transmitting data (from the transmission queue
in VRS) to its associated VRD. If the amount of transmit
power allocation at VRS is quite high, more bits will be
processed from the queue within the VRS. Then, the queue
should be more stable whereas power (or energy) manage-
ment is not efficient. On the other hand, if the amount of
transmit power allocation is relatively small, the small num-
ber of bits will be processed from the transmission queue
within the VRS. Processing insufficient number of bits results
in queue overflows in the VRS queue, which is not allowed
because it will lose VR information at the VRS.TheVR infor-
mation loss should induce users’ unsatisfactory experiences.
Therefore, an energy-efficient stochastic transmit power
allocation algorithm is required to transmit bits with the con-
cept of the joint optimization of energy-efficiency and buffer
stability.

The last sections of this paper are as follows: the reference
distributed VR network platforms is introduced in Section 2.
The next section introduces 60GHz wireless technologies
with 60GHz IEEE 802.11ad standards. Based on the introduc-
tion, the methodologies for estimating maximum communi-
cation speeds are presented in Section 3. In Section 4, strate-
gic and stochastic control for mmWave transmit powers for
the minimization of time-average expected power con-
sumption subject to queue stabilization is proposed based
on 60GHz mmWave wireless channel understanding. The
related intensive simulation results are presented in Section 5,
while Section 6 concludes this paper.

2. Reference Mobile Virtual Reality Network
Model with 60GHz Millimeter-Wave
Wireless Links

Current VRDs support 360-degree video applications to
allow users to interact with digital environments and objects.
For example, according to users’ head motions such as pitch-
ing (leaning forward/backward), yawing (rotating left/right),
and rolling (spinning clockwise/counterclockwise), the state-
of-the-art VRDs offer corresponding video images to the
users. Oculus GearVR [13] is a representative one of such
VRDs in market, which nicely provides 4K full HD video
playback.

However, unfortunately, it is hard to agree that current
VRDs are providing the truly immersive VR experiences that
have been an aspiration of many. That is because the truly
immersive VR systems should have three essential features:
quality, responsiveness, and mobility [14]. The quality means
the realistic visual portrayals, which should be based on high

resolution video images. For instance, videos at 6K resolution
(i.e., the 6K video streaming service already exists in market)
or videos at 8K resolution may be the candidate to provide
such high quality visual portrayals.The responsivenessmeans
how fast a user’s motion is reflected to the video playback in
a VRD. Due to very high sensitivity of human ocular propri-
oception, immediate feedback from the motion to the VRD
display is necessary, whereas the current VR systemsmay not
be able to support such fast responsiveness. Meanwhile, the
mobility is regarding a question of what we can do in real
world but cannot in the current VR systems. Namely, we can
move left/right, go forward/backward, and jump up/down,
which may cause nothing in the current (typical) VRDs.

Extensive research efforts have been invested to overcome
the limitations of the current VR systems, thereby meeting
the aforesaid requirements. For example, Facebook has pro-
posed the dynamic streaming technique to provide 6K video
streaming service [15]. Furthermore, tremendous efforts on
new video codecs to support high quality video with high
efficiency make us expect that the high resolution videos will
be no longer an issue in near future. For the fast respon-
siveness issue, embedding the bigger size caches (thanks to
semiconductor technology progress) into VRDs seems to
be a plausible solution; in that a VRD then rarely needs
to send its motion information to a VRS and wait for the
corresponding video data to be delivered from a VRS. For the
mobility issue, researchers have recently started studying on
motion parallax [16], which has been driving the advent of 8K
video applications. By taking a user’s position and direction
into consideration, these 8K video applications are beyond
the conventional three degrees of freedom (DoF) and enable
any motions to be reflected.

Nevertheless, the truly immersive VR systems do still
have amajor challenge, the high-speedVR network. As rising
resolution of video applications including various parallaxes
of each single image, the video applications require a lot of
data and delivery of these experiences across the Internet
presents the inevitable challenge on network (i.e., even 6K
resolution used by the GearVRmay be 20 times the size of 4K
videos).We have searched on themost possible solutions and
eventually determined that the mmWave-based network is
the strongest candidate for the near future VR system.

Our proposed model of the VR system including
mmWave-based VR network is described in Figure 1. One or
multiple mmWave antennas are deployed in the system, each
of which supports the GHz data transmission. The user’s
requests, for example, motion changes and VRD controls,
are delivered to the VRS, and the VRS performs appropriate
actions such as serving different video streaming, sending dif-
ferent parallax images in the playing video, and compressing
the video with different codec. The mux logic in the figure
shows one of the control ways that the VRS carries out to
respond to the corresponding user information. When the
video data is delivered, each data is piled up in the buffers.The
VRD may have multilayer buffers to realize various controls
in the video playback.
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VR display (VRD)
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server
(VRS)

mmWAVE
antenna User information

Data

Video
Data
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Figure 1: Concept of the proposed VR system exploiting the mmWave-based VR network.

3. Maximum Communication Speed of
60GHz Wireless Systems with IEEE
802.11ad Standard Features

This section mathematically calculates the maximum speed
(i.e., upper bound) of wireless data transmission over 60GHz
mmWave channels and eventually defines the quality of VR
video streaming, through the following steps: (i) calculating
the received signal strength at VRD, (ii) obtaining maximum
wireless data transmission speed, and (iii) defining the quality
of streaming.Themaximumwireless data transmission speed
will be derived with two possible ways: (i) using Shannon
capacity equation and (ii) using the level of supportablemod-
ulation and coding scheme (MCS) defined in IEEE 802.11ad
specification and its associated wireless data transmission
speed.

3.1. Calculation of the Received Signal Strength at VRD. The
received signal strength in 60GHz mmWave wireless chan-
nels that depends on distance between VRS and VRD
(denoted by 𝑑) at VRD in a milli-Watt scale, 𝑃VRD

mW (𝑑), can be
calculated as follows:

𝑃VRD
mW (𝑑) = 𝑓mW (𝑃VRD

dBm (𝑑)) , (1)

where𝑓mW(𝑥) = 10𝑥/10 and𝑃VRD
dBm (𝑑), that is, the received sig-

nal strength in 60GHz mmWave wireless channels depend-
ing on distance between VRS and VRD (denoted by 𝑑) at
VRD in a dB scale, can be obtained as follows:

𝑃VRD
dBm (𝑑) = 𝐺VRS

dBi + 𝑃VRS
dBm − 𝐿 (𝑑) + 𝐺VRD

dBi , (2)

where𝐺VRS
dBi ,𝐺VRD

dBi , and 𝑃VRS
dBm are the transmit antenna gain at

VRS in a dB scale, the receive antenna gain at VRD in a dB
scale, and the transmit power (assumed to be 19 dBm [17]) at
VRS in a dB scale, respectively; 𝐿(𝑑) is the path-loss that
depends on 𝑑. In the equation, 𝐺VRS

dBi = 24 dBi according to
[17], and we assume 𝐺VRD

dBi = 0 dBi, which corresponds to the

omnidirectional receive antenna at VRD. Note that assuming
omnidirectional receive antenna at VRD is beneficial because
it reduces beam training time overhead that is essential for
mobile mmWave services as clearly discussed in [18].

According to the 60GHz IEEE 802.11ad line-of-sight
(LOS) path-loss [19], the dB scaled 𝐿(𝑑) in (2) can be defined
as follows:

𝐿 (𝑑) = 𝐴 + 20 log10 (𝑓GHz) + 10𝑛 log10 (𝑑) , (3)

where 𝐴 is a specific value for the selected type of antenna
and beamforming algorithm that relies on the antenna
beamwidth, that is, 𝐴 = 32.5 dB, as defined in [19]. In addi-
tion, the path-loss coefficient 𝑛 is set to 2, and 𝑓GHz is the
carrier frequency inGHz; thereby𝑓GHz = 60.The direct paths
between VRS and VRD have no obstacles; thus LOS model is
considered in this research.

Based on the calculation result of the received signal
strength in VRD, the interfering signals are added to the
desired transmission through the main wireless link from
VRS to VRD. Therefore, signal-to-interference plus noise
ratio (SINR) in a dB scale, denoted by 𝛾dB, can be obtained as
follows:

𝛾dB (𝑑) = 𝑓dB ( 𝑃VRD
mW (𝑑)

𝑛mW + ∑𝑖∈𝑆𝐼 𝐼𝑖mW
) , (4)

where 𝑓dB(𝑥) = 10 ⋅ log10(𝑥) and 𝑛mW is a background noise
in a milli-Watt scale that can be derived as follows [20]:

𝑛mW = 𝑓mW (𝑘𝐵𝑇𝑒 + 10 log10𝐵 + 𝐹𝑛) . (5)

In (5), 𝑘𝐵𝑇𝑒 is a noise power spectral density which
is −174 dBm/Hz [20], 𝐵 is one subchannel bandwidth in
60GHz mmWave which is defined as 2.16GHz in IEEE
802.11ad [5], and 𝐹𝑛 is a noise figure which is assumed to be5 dB [12]. 𝑆𝐼 in (4) is a set of the wireless transmissions from
VRS toVRD (those are not ourmain considering VRwireless
communications) excluding the aforementioned main video
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Figure 2: Interference scenario with directional transmit antennas.

streaming, that is, a set of interference transmissions. In
addition, 𝐼𝑖mW means the interference in a milli-Watt scale to
our main VRD induced by the neighbor 60GHz mmWave
wireless transmissions from links 𝑖 where 𝑖 ∈ 𝑆𝐼. In a conse-
quence, the interference from the 60GHz mmWave wireless
link 𝑖 can be expressed as follows:

𝐼𝑖mW = 𝑓mW (𝐺𝑖,VRSdBi (𝜃∗, 𝜙∗) + 𝑃𝑖,VRSdBm − 𝐿 (𝑑𝑖)) , (6)

where 𝑃𝑖,VRSdBm stands for the transmit power from the VRS of
60GHz mmWave wireless link 𝑖 and 𝐿(𝑑𝑖) is the path-loss in
(3) for 𝑑𝑖, that is, the distance between the VRS of link 𝑖 and
the VRD of the main video streaming. Lastly, 𝐺𝑖,VRSdBi (𝜃∗, 𝜙∗)
is the transmit antenna radiation gain from the transmitter
of 60GHz mmWave wireless link 𝑖 to the VRD of main video
streaming. It means that 𝜃∗ and 𝜙∗ are the azimuthal and ele-
vational angular differences between two links (one link is
main video streaming and the other link is wireless link 𝑖).

Figure 2 provides an example for the interference sce-
nario. As illustrated in Figure 2, there exist two parallel VR
wireless data transmissions. One is from the VRS of main
video streaming (named VRS 𝐴 in Figure 2) to its associated
VRD (named VRD 𝐴 in Figure 2) of main video streaming;
and the other one is from VRS of wireless link 𝑖 (named VRS𝐵 in Figure 2) to its associated VRD of wireless link 𝑖 (named
VRD 𝐵 in Figure 2).𝜃∗ and 𝜙∗ are the azimuth and elevation angular differ-
ences between the link 𝑖 and main video streaming, respec-
tively. As illustrated in Figure 2, the directional wireless
transmission from VRS 𝐵 to VRD 𝐵 will be one potential
interference source to the VRD 𝐴.

3.2. Obtaining Maximum Wireless Data Transmission Speed.
In order to obtain the maximum wireless data transmission
speed, two possible methods may exist: (i) using Shannon
capacity equation (refer to Section 3.2.1) and (ii) using the
level of supportable MCS defined in IEEE 802.11ad specifica-
tion and its associated wireless data transmission speed (refer
to Section 3.2.2).

3.2.1. Using Shannon Capacity Equation. Based on the SINR
calculated in (4) in Section 3.1, the theoretical maximum
wireless data transmission speed is formulated as

𝐵 ⋅ log2 (𝛾dB (𝑑)) , (7)
where 𝐵 is one subchannel bandwidth, which is 2.16GHz in
60GHz mmWave wireless systems.

3.2.2. Using the Level of Supportable MCS Defined in IEEE
802.11ad Specification and Its Associated Wireless Data Trans-
mission Speed. This subsection uses 𝛾dB(𝑑) which resulted
from the previous step in Section 3.1. The derived 𝛾dB(𝑑) will
be compared with the receiver sensitivity defined in IEEE
802.11ad specification [12].The receiver sensitivity values and
their associated supportable wireless data transmission
speeds are summarized in Table 1 [12]. However, the direct
comparison between 𝑟dB(𝑑) and the values in Table 1 [12] may
not be possible. Instead, the values should be converted to
signal-to-noise ratio (SNR) as

SNR𝑘dB = [Receiver-Sensitivity]𝑘 − 𝑛dBm, (8)

where [Receiver-Sensitivity]𝑘 is a receiver sensitivity of MCS
level 𝑘; SNR𝑘dB is the associated corresponding SNR of the
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Table 1: IEEE 802.11ad single-carrier MCS table [12].

Receiver Selected MCS indices
Sensitivity (Data rates, unit: Mbps)
−78 dBm MCS0 (27.5)−68 dBm MCS1 (385)−66 dBm MCS2 (770)−65 dBm MCS3 (962.5)−64 dBm MCS4 (1155)−63 dBm MCS6 (1540)−62 dBm MCS7 (1925)−61 dBm MCS8 (2310)−59 dBm MCS9 (2502.5)−55 dBm MCS10 (3080)−54 dBm MCS11 (3850)−53 dBm MCS12 (4620)

receiver sensitivity of MCS level 𝑘, and 𝑛dBm is a background
noise in a dB scale as previously presented in (5). When the
obtained 𝛾dB(𝑑) value in Section 3.1 is in between SNR𝑖dB (i.e.,
the SNR of MCS index 𝑖 (lower)) and SNR𝑗dB (i.e., the SNR
of MCS index 𝑗 (higher)), the 60GHz mmWave wireless link
of the main video streaming uses the MCS index 𝑖. Once we
determine the supportable MCS level, the associated wireless
data transmission speed is obtained from Table 1.

3.3. Quality Estimation of Wireless Video Streaming [12]. In
order to estimate the quality of the wireless video streaming
that depends on the derived maximum wireless data trans-
mission speed, we use the model presented in [5, 12]. This
section summaries the discussion in [5, 12]. The wireless
transmission of 1080 p @ 30 fps (30 frames, each of which has
1080-by-1920 pixels, will be presented in a display per second)
in RGB (8 bits for each Red/Green/Blue color representation,
i.e., 8 × 3 = 24 bits) video frames with no compression (no
source coding but only channel coding exists) requires the
1.5-gigabit/s (Gbps) wireless data transmission speed since
each frame has 1920×1080 pixels with 30 frames per second,
and each pixel has 24 bits in an RGB format. Similarly, the
wireless data transmission speed of 3Gbps is at least required
for the full-quality 1080 @ 60 fps streaming in RGB (i.e.,1080×1920×24×60). In YCbCr 4 : 2 : 0 formats, the required
wireless data transmission speed is half of the wireless data
transmission speed in RGB formats; that is, 0.75Gbps and1.5Gbps speeds are required for nonsource-coded real-time
1080 p @ 30 fps and 1080 p @ 60 fps video streaming, as
introduced. If themaximumwireless data transmission speed
calculated and obtained in Sections 3.1 and 3.2 is less than the
full-quality threshold, the quality may degrade. One widely
suggested reference model of the quality is as [5, 12]

𝑓𝑞 (𝑥) = {{{
1

log𝛼 (𝑥max + 1) log𝛼 (𝑥 + 1) , if 𝑥 < 𝑥max,
𝑥max, otherwise, (9)

where 𝛼 is a base (1 < 𝛼), 𝑥max is a desired wireless data
transmission speed for the uncompressed streaming (i.e.,

0.75Gbps in 1080 @ 30 fps in YCbCr 4 : 2 : 0 formats; 1.5 Gbps
in 1080 p @ 60 fps in YCbCr 4 : 2 : 0 formats; 1.5 Gbps in
1080 p @ 30 fps in RGB formats; and 3.0Gbps in 1080 p @
60 fps in RGB formats), and 𝑥 is the achievable wireless data
transmission speed derived in Sections 3.1 and 3.2.

4. Proposed Strategic Control of 60GHz
Wireless Communications in Mobile Virtual
Reality Applications

4.1. Design Rationale. For each wireless transmission from
VRS to VRD, if the transmission queue in VRS is almost
empty, the transmission algorithm should not need to allocate
a lot of transmit power in order to transmit more bits
from the queue. Then, the algorithm will allocate relatively
little amount of powers into the transmitter in order to
work in the energy-efficient manner. On the other hand, if
the transmission queue in VRS is almost occupied by
VR data information (almost in the overflow situations),
the transmission algorithm should allocate relatively large
amount of powers into the transmitter in order to avoid the
queue-overflow situations. Therefore, this section proposes
a stochastic optimization framework that works for the
minimization of time-average expected power consumption
(which is equivalent to the maximization of time-average
expected energy-efficiency), while preserving queue stabi-
lization that depends on the queue-backlog sizes in each unit
time.

4.2. Strategic Control of 60GHz Wireless Virtual Reality
Applications. For each VRS V𝑖 ∈ V where V is the set of
existing wireless links between VRSs and VRDs, the queue
dynamics in unit time 𝑡 ∈ {0, 1, . . .} can be formulated as
follows:

𝑄𝑖 [𝑡 + 1] = (𝑄𝑖 [𝑡] − 𝜇𝑖 [𝑡] + 𝜆𝑖 [𝑡])+ ,
𝑄𝑖 [0] = 0, (10)

where (𝑎)+ ≜ max{𝑎, 0} and 𝑄𝑖[𝑡], 𝜇𝑖[𝑡], and 𝜆𝑖[𝑡] mean the
queue backlog at VRS ∀V𝑖 ∈ V at 𝑡, the departure process
(i.e., wireless transmission of VR videos to VRD) from VRS∀V𝑖 ∈ V at 𝑡, and the arrival process (i.e., VR video chunk
placement) to VRS ∀V𝑖 at 𝑡, respectively. The unit of 𝑄𝑖[𝑡],𝜇𝑖[𝑡], and 𝜆𝑖[𝑡] is bit. Here, 𝜇𝑖[𝑡] and 𝜆𝑖[𝑡]mean the amounts
of transmitted bits from VRS ∀V𝑖 ∈ V to its associated
VRD at unit time 𝑡 over 60GHz mmWave wireless channels
and the generated data in VRS ∀V𝑖 ∈ V to be transmitted
to its associated VRD at unit time 𝑡 over 60GHz mmWave
wireless channels, respectively. Notice that the arrival process
is independent of power allocation decision.

In order to formulate 𝜇𝑖[𝑡], we consider the case whereby
the maximum wireless data transmission speed is obtained
from the Shannon capacity equation. Then, according to (1)
and (2), it is obvious that
𝜇𝑖 [𝑡] = 𝐵 ⋅ log2 (𝛾dB (𝑑)) (11)

= 𝐵 ⋅ log2 (𝑓dB ( 𝑃VRD
mW (𝑑)

𝑛mW + ∑𝑖∈𝑆𝐼 𝐼𝑖mW
)) (12)
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Parameters;
(i) 𝑉: a parameter for power-delay (queueing delay) tradeoffs
(ii) 𝐵: channel bandwidth (2.16GHz in 60GHz mmWave wireless systems)
(iii) 𝑛mW: background noise
(iv) 𝐺VRS

dBi : transmit antenna gain at VRS
(v)P: a set of possible power allocation candidates
(vi) 𝑆𝐼: a set of possible interference sources

Stochastic Power Allocation for the Transceiver of VR Server (VRS);𝑡 = 0;
// 𝑇max: the number of discrete-time operation;
while 𝑡 ≤ 𝑇max do

(i) Observes 𝑄𝑖[𝑡], 𝑑, and 𝐼𝑖mW;
(ii) Finds stochastic optimal power allocation 𝑃VRS

𝑖,dBm[𝑡] inP which can minimize;

𝑃VRS
𝑖,dBm[𝑡] − 𝑉𝐵𝑄𝑖 [𝑡] log2 (𝑓dB (𝑓mW (𝐺VRS

dBi + 𝑃VRS
𝑖,dBm[𝑡] − 𝐿(𝑑))

𝑛mW + ∑𝑖∈𝑆𝐼 𝐼𝑖mW
))

Algorithm 1: Stochastic power allocation for the minimization of time-average expected power consumption subject to queue-stabilization
in the transceiver of virtual reality (VR) servers.

= 𝐵
⋅ log2(𝑓dB (𝑓mW (𝐺VRS

dBi + 𝑃VRS
dBm − 𝐿 (𝑑) + 𝐺VRD

dBi )
𝑛mW + ∑𝑖∈𝑆𝐼 𝐼𝑖mW

)) (13)

= 𝐵 ⋅ log2(𝑓dB (𝑓mW (𝐺VRS
dBi + 𝑃VRS

dBm − 𝐿 (𝑑))
𝑛mW + ∑𝑖∈𝑆𝐼 𝐼𝑖mW

)) . (14)

Note that 𝐺VRD
dBi is disappeared in (14) because 𝐺VRD

dBi =0 dBi (again, we supposed the omnidirectional receiver
antenna setting).

The mathematical program to minimize the summation
of the time-average expected power consumption (which is
obviously equivalent to the maximization of the summation
of time-average expected energy-efficiency) is as follows:

min ∑
V𝑖∈V

E [𝑃VRS
𝑖,dBm] , (15)

where E[𝑃VRS
𝑖,dBm] stands for the time-average expected power

consumption at V𝑖 ∈ V, and this is equivalent to

min ∑
V𝑖∈V

( lim
𝑡→∞

1𝑡
𝑡−1∑
𝜏=0

𝑃VRS
𝑖,dBm [𝜏]) . (16)

Note the objective function in our stochastic optimization
framework has the following two constraints: (i) a constraint
for queue rate stability and (ii) a constraint for discretized
power allocation due to radio frequency (RF) hardware
design limitations (i.e., it is impossible to allocation real-
number scaled transmit powers). The first can be expressed
as

lim
𝑡→∞

1𝑡
𝑡−1∑
𝜏=0

E [𝑄𝑖 [𝜏]]𝜏 = 0, ∀V𝑖 ∈ V, (17)

and we can rewrite (17) in this formulation:

lim
𝑡→∞

1𝑡
𝑡−1∑
𝜏=0

E [𝑄𝑖 [𝜏]] < ∞, ∀V𝑖 ∈ V. (18)

The constraint for discretized power allocation can be
expressed as

𝑃VRS
𝑖,dBm [𝑡] ∈ P ≜ {𝑝min, 𝑝1, 𝑝2, . . . , 𝑝max} . (19)

Now, let us introduce a new variable Θ(𝑡) that denotes
the column vector of all queues in VRSes at unit time 𝑡 and
iteratively define the quadratic Lyapunov function 𝐿[𝑡] as
follows:

𝐿 [𝑡] = 12Θ𝑇 [𝑡] Θ [𝑡] = 12 ∑
V𝑖∈V

(𝑄𝑖 [𝑡])2 , (20)

where Θ𝑇[𝑡] denotes the transpose of Θ[𝑡]. Then, let us
introduce another new variable Δ[𝑡] that is a conditional
quadratic Lyapunov function that may be formulated as
follows:

Δ [𝑡] ≜ E [𝐿 [𝑡 + 1] − 𝐿 [𝑡] | Θ [𝑡]] , (21)

that is, the drift on unit time 𝑡. The decision-making policy
of the dynamic and stochastic power allocation is designed
to (i) solve the minimization of time-average expected power
consumption formulation by observing the current queue-
backlog sizes 𝑄𝑖[𝑡] and (ii) iteratively determine the amount
of power allocation 𝑃VRS

𝑖,dBm for maximizing a bound on

E [𝑃VRS [𝑡] | Θ [𝑡]] − 𝑉Δ [𝑡] , (22)

where 𝑃VRS[𝑡] is the column vector of 𝑃VRS
𝑖,dBm[𝑡], ∀V𝑖 ∈ V,

and 𝑉 is the positive constant control parameter setting of
the dynamic/stochastic decision-making policy that affects
the power-delay (i.e., queueing delay) tradeoffs.

The proposed algorithm involves minimizing a bound on
E[𝑃VRS[𝑡] | Θ[𝑡]] − 𝑉Δ[𝑡]; and finally this Lyapunov opti-
mization theory gives Algorithm 1 to minimize the following
equation:

∑
V𝑖∈V

𝑃VRS
𝑖,dBm [𝑡] + 𝑉 ∑

V𝑖∈V
𝑄𝑖 [𝑡] (𝜆𝑖 [𝑡] − 𝜇𝑖 [𝑡]) . (23)
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In (23), 𝜆𝑖[𝑡] is independent of power allocation and thus
it is not controllable by power allocation. Therefore, it can be
ignored; that is,

∑
V𝑖∈V

𝑃VRS
𝑖,dBm [𝑡] − 𝑉 ∑

V𝑖∈V
𝑄𝑖 [𝑡] 𝜇𝑖 [𝑡] . (24)

According to the fact that 𝜇𝑖[𝑡] can be derived by (14),
finally (24) is reformulated as follows:

∑
V𝑖∈V

𝑃VRS
𝑖,dBm [𝑡] − 𝑉 ⋅ 𝐵 ⋅ ∑

V𝑖∈V
𝑄𝑖 [𝑡]

⋅ log2(𝑓dB (𝑓mW (𝐺VRS
dBi + 𝑃VRS

𝑖,dBm [𝑡] − 𝐿 (𝑑))
𝑛mW + ∑𝑖∈𝑆𝐼 𝐼𝑖mW

)) ,
(25)

where 𝑃VRS
𝑖,dBm[𝑡] is the transmit power allocation at VRS in a

dB scale at unit time 𝑡 in V𝑖 ∈ V.
In (25), it is clear that the given equation (25) is separable;

that is, the separated minimization of the objective function
of each VRS ∀V𝑖 ∈ V introduces the minimization of (25).
Therefore, each VRS ∀V𝑖 ∈ V minimizes its own objective
function as follows:

𝑃VRS
𝑖,dBm [𝑡] − 𝑉 ⋅ 𝐵 ⋅ 𝑄𝑖 [𝑡]
⋅ log2(𝑓dB (𝑓mW (𝐺VRS

dBi + 𝑃VRS
𝑖,dBm [𝑡] − 𝐿 (𝑑))

𝑛mW + ∑𝑖∈𝑆𝐼 𝐼𝑖mW
)) . (26)

From this given (26), we have to find the amount of power
allocation that minimizes (26). Therefore, our final closed-
form solution is as follows:

𝑃∗,VRS𝑖,dBm [𝑡] ← arg min
𝑃VRS
𝑖,dBm[𝑡]∈P

{𝑃VRS
𝑖,dBm [𝑡] − 𝑉𝐵𝑄𝑖 [𝑡] log2(𝑓dB (𝑓mW (𝐺VRS

dBi + 𝑃VRS
𝑖,dBm [𝑡] − 𝐿 (𝑑))

𝑛mW + ∑𝑖∈𝑆𝐼 𝐼𝑖mW
))} . (27)

The entire stochastic procedure is also described in
Algorithm 1.

5. Performance Evaluation

This section consists of (i) simulation parameter settings
(refer to Section 5.1) and (ii) performance evaluation in
terms of queue dynamics and energy-efficiency (refer to
Section 5.2), respectively.

5.1. Simulation Settings. For evaluating the performance of
our proposed queue-stable time-average expected power
consumption minimization algorithm, the following simula-
tion parameters are used:

(i) Transmit antenna gain: 15 dBi [17].
(ii) Transmit power allocation setP in (19) [17]:

P ≜ {𝑝min = 10 dBm, 𝑝1 = 13 dBm, 𝑝2
= 16 dBm, 𝑝max = 19 dBm} (28)

(iii) The number of interfering sources: 3.
(iv) 𝑉 settings (three different values):

𝑉
≜ {𝑉1 = 1 × 10−23, 𝑉2 = 5 × 10−23, 𝑉3 = 5 × 10−24} (29)

For the simulation study in this paper, we have three
different simulation results; those are conducted with three
different 𝑉 settings, that is, 𝑉 = 𝑉1 = 1 × 10−23 (for Figures
3(a) and 3(b)),𝑉 = 𝑉2 = 5×10−23 (for Figures 3(c) and 3(d)),
and 𝑉 = 𝑉3 = 5 × 10−24 (for Figures 3(e) and 3(f)).

5.2. Simulation Results. In this section, we tracked the queue
dynamics and energy consumption behaviors as plotted in
Figure 3. As shown in Figure 3, the proposed strategic
control algorithm shows stable performance. If the queue-
backlog size reaches certain levels, the proposed stochastic
and strategic algorithm tries to stabilize the queue backlogs.
As presented in Figures 3(a), 3(c), and 3(e), the queue-backlog
sizes are stabilized near 1.5 × 1013 bits, 0.5 × 1013 bits, and 3 ×1013 bits, respectively. Comparing to the performance of the
proposed algorithmwith𝑉 = 𝑉1 = 1×10−23, the performance
of the proposed algorithm with 𝑉 = 𝑉2 = 5 × 10−23 takes
more queue stability because the average queue-backlog size
becomes more smaller. It means that the proposed algorithm
with 𝑉 = 𝑉2 = 5 × 10−23 pursues more queue stabilization.
In addition, the proposed algorithm with 𝑉 = 𝑉3 = 5 × 10−24
allows more queue-backlog sizes (i.e., allowing more queue-
ing delays) comparing to the proposed algorithm with 𝑉 =𝑉1 = 1 × 10−23.

In Figures 3(b), 3(d), and 3(f), energy consumption
behaviors with strategic stochastic control are simulated
and plotted with various 𝑉 values. As presented in Figures
3(b), 3(d), and 3(f), more queue stability takes more energy
consumption (especially refer to Figures 3(c) and 3(d)). This
is reasonable due to the fact that more energy consumption
for more transmit power allocation definitely leads to the
stability of queues due to the fact that it will process more
bits from the queue via increased SNR. The average energy
consumption values and queue stability points with various
three 𝑉 settings are presented in Table 2.

As shown in Table 2, the tradeoff between energy-
efficiency and queue stability is observed with various 𝑉
settings. In this case, due to the fact that energy-efficiency and
queue stabilization have tradeoff relationship, more queue
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(f) Energy consumption with 𝑉 = 𝑉3 = 5 × 10
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Figure 3: Queue dynamics and energy consumption behaviors for our proposed stochastic algorithm with various 𝑉 settings.
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Table 2: Average energy consumption and queue stability point in each time slot with various 𝑉 settings.

𝑉 𝑉1 𝑉2 𝑉3
Energy consumption (unit: milli-Watt) 588.9934 623.8235 550.3866
Queue stability point (unit: bits) ≈1.5 ×1013 ≈0.5 ×1013 ≈3 ×1013

stabilization takes more energy. Therefore, the proposed
algorithmwith𝑉 = 𝑉2 = 5×10−23 is less energy-efficient.This
result states that the proposed algorithm with 𝑉 = 𝑉2 = 5 ×10−23 ismore suitable for real-time (or time critical) VR video
contents.However, this (setting𝑉 as big as possible) definitely
introduces more energy consumption; that is, setting𝑉 as big
as possible is not always good. In this case, the system needs
to consider additional energy provisioningmechanisms (e.g.,
more lithiumbattery allocation and self-chargingmechanism
investigation in hardware platforms).

Notice that our considering stochastic network optimiza-
tion and control theory formulated in (24) shows that higher𝑉 value setting provides more weights on queue stabilization.
This theoretical discussion is verified with this simulation
result.

6. Concluding Remarks and Future Work

This paper proposes a strategic stochastic control algorithm
that is for the minimization of time-average expected power
consumption subject to queue stability in distributed VR
network platforms. In distributed VR network platforms, the
VRS contains VR contents that should be transmitted to the
head-mounted VRD. For the wireless transmission, 60GHz
mmWave wireless communication technologies are used
owing to their high-speed massive data transmission (i.e.,
multi-Gbps data speed). On top of this 60GHz wireless
link from VRS to its associated VRD, a stochastic queue-
stable control algorithm is proposed to minimize the time-
average expected power consumption. The VRS calculates
the amount of transmit power allocation for transmitting bits
from VRS to its associated VRD. If the amount of transmit
power allocation at VRS is quite high, more bits will be pro-
cessed from the queue. This control eventually stabilizes the
queues whereas power (or energy) management is not opti-
mal. On the other hand, the small number of bits will be pro-
cessed from the VRS queue if the amount of transmit power
allocation is not enough. Then the VRS queue should be
unstabilized, which should introduce the queue overflows in
the VRS. Therefore, an energy-efficient stochastic transmit
power control algorithm is necessary to transmit bits from
the VRS queue under the design rationale of the joint
optimization of energy-efficiency and buffer stability. Our sim-
ulation results demonstrate that our proposed control algo-
rithm achieves desired performance.

As one of major future research directions, realistic and
automatic𝑉 value setting strategies will be studied for the real
implementation of the proposed stochastic control algorithm
in wireless VR platforms. One of preliminary results in terms
of adaptive 𝑉 setting is presented in [21].
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This article presents the potential of using Multipath Transmission Control Protocol for limiting the energy consumption in 5G
network. The number of errors occurring during packet transmissions and in effect the number of retransmissions affect the
consumption of energy by the devices in the network. The paper analyzes the potential energy savings from implementing an
algorithm for detecting problems and predicting the future retransmissions. Although this is the main object of the paper, it must
be emphasized that the proposed method also allows increasing the speed of transmission and improving the security of the data
and it is easy to implement in 5G networks.

1. Introduction

A general opinion on the 5G network is that this technology
could not be used in the near future, mostly due to the fact
that the business segment remains unprepared for its imple-
mentation. Lots of GSM/3G/LTE operators have invested
much in their infrastructure and what they now focus on is
the return on this investment.

In a technical aspect, 5G networks are defined by the
following parameters [1, 2]:

(i) 1 millisecond end-to-end round trip delay (latency).
(ii) 1000x bandwidth per unit area.
(iii) 10–100x number of connected devices.
(iv) (Perception of) 99.999% availability.
(v) (Perception of) 100% coverage.
(vi) 90% reduction in network energy usage.
(vii) Up to ten-year battery life for low power, machine-

type devices.

Only a network meeting these provisions can be called a
5G network. An additional parameter is a new radio interface
[1, 3–5]. The ability to work with more than one radio
transmitter/receiver, calledMIMO (multiple-input,multiple-
output) [1–3, 6, 7], is also very important.Moreover, it is often

postulated that 5G network should be able to coexist with the
old network. It should use Ethernet protocols and treat the old
network as a backup [1]. It is essential for critical infrastruc-
tures, where the reliability of the network is a top priority [8].

One of the existing technologies which can be taken
into account for cross-layer optimization for 5G network
communications andwhich is able to useMIMOaswell as the
existing infrastructure, is MultiPath Transmission Control
Protocol (MPTCP in short).MPTCP technology allows using
all the existing links to provide one stable and fast connection
between twopoints of communication.The fact of usingmore
than one connection in 5G network is something which does
not neglect the MPTCP technology but can lead to limiting
the energy consumption, which can be achieved by reducing
the amount of retransmissions.

No less important than the reliability of 5G network is
its speed. In order to eliminate the problems with delays in
MPTCP, fuzzy logic can be applied, especially Ordered Fuzzy
Numbers (OFN in short, called in some papers Kosinski’s
Fuzzy Numbers), for predicting problems in the network
[9, 10]. This will allow predicting errors in the network and
deciding on using a different link.

Current State of Research. MPTCP is not widely used today.
The best known user of this technology is Apple company,
which has implemented it in its IPad and IPhone devices.
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Figure 1: TCP header.

Most research on this solution focuses on the ability to
maintain a stable connection between two points by the use
of different links [11, 12], while the issues concerning Ordered
Fuzzy Numbers are mostly investigated by the coworkers
of professor Kośınski [9, 10]. However, by far no research
has been performed on the usability of OFN as a means for
predicting the increase in bit error rate in TCP (Transmis-
sion Control Protocol) transmission, which could allow for
decreasing the number of retransmissions of packets. This
paper aims to analyze this new practical application of OFN
solution combined with MPTCP technology for limiting the
consumption of energy during the transmission of data.

The following section of the paper describes MPTCP
technology in regard to its features and implementation
status. Section 3 describes OFN and their applicability in 5G
network along with the MPTCP technology, for the purpose
of limiting the energy consumption.The recapitulation of the
paper covers conclusions and final remarks.

2. Multipath TCP

Prior to presenting the MPTCP technology, it is necessary
to first introduce the concept of TCP [13], which is used for
transferring data between the processes running on different
machines. TCP can send data in two directions between two
hosts. A unique identifier of the TCP connection is two pairs
of values (one for each side of the connection)—IP and port
number. By using checksums and sequence numbers, TCP
provides a complete and orderly data exchange for higher
layer applications. The header presented in Figure 1 contains
all necessary details to establish a connection.

Before the application starts transmitting the informa-
tion, it is necessary to exchange the initialization data, as pre-
sented in Figure 2. Host A sends a segment with set SYN flag,
and then host B confirms receiving the packet and sends back
SYN and ACK flag. Finally, host A sends an empty segment,
with only ACK flag [13].

TCP connections cannot move from one IP address to
another. When a PC switches from Ethernet to Wi-Fi, it is
assigned a different IP address. Thus, all the existing TCP
connections must be shut down and reestablished.

MPTCP is a set of extensions to the specification of TCP
which allows the client to establish multiple connections

SYN

SYN + ACK

ACK

Host A Host B

Figure 2: Three-way handshake.

Network A

Network B

Figure 3: 𝑁 different TCP connections are represented as one
logical data.

Application

Transport

Network

Datalink

Physical

Application

Socket

Multipath TCP

TCP1 TCP2 TCPn· · ·

Figure 4: MPTCP in the stack.

using different network cards with the same destination host.
This way fault-tolerant and efficient data connections are
maintained between the hosts that are compatible with the
existing network infrastructures.

The main goal of this solution is to enable using multiple
network paths for a single connection as presented in Fig-
ure 3. Its another advantage is that it increases the throughput
of transport connections. This approach also allows control-
ling effectively the congestion between the network paths.
Simultaneous use of MPTCP must not hinder the connectiv-
ity on a path where regular TCP works [14–16].

MPTCP is located at the transport layer and it aims to be
transparent to both higher and lower layers, as presented in
Figure 4. It is an additional function of higher layers of TCP
standard.

New connection ofMPTCP is established in the sameway
as a standard TCP, which is presented in Figure 5. However,
the protocol is enhanced by a new feature. MP CAPABLE
option informs both hosts if the MPTCP connection can be
established and if the data can be transmitted.

Nowadays, establishing a new connection is complicated
by middle boxes (switches, routers). A pair (IP, port) of
source and destination hosts is not sufficient for identifying
the connection.Therefore,MPTCP extended its functionality
with an additional option—MP JOIN. Adding a new subflow
is made in three steps presented in Figure 6.

First, MP JOIN option provides a token which is gener-
ated with the key (truncated hash of the key), formed during
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the initial connection. The exchange of HMAC (hash-based
message authentication code) is the second step.

Now that the subflows have been established,MPTCP can
use them to exchange data. Each host can send data over any
of the established subflows. Furthermore, Figure 7 presents
that the data transmitted over one subflow can be retransmit-
ted on another to recover from losses.

Standard TCP “subflow sequence number” supports the
reception of a single subflow and ensures detecting any loss
of data. MPTCP uses ”data sequence number” to sort the
received data before passing them to the application [15].
MPTCP header is presented in Figure 8. When the source
host wants to inform the destination host that it has no more
data to send, it signals this fact with “Data FIN.” It has the
same semantics and behavior as a regular TCP FIN, but at the
connection level.

In general, the users connect to the Internet on their
smartphones via Wi-Fi or 3G, but not by both at the same
time. If TCP’s connection fails for some reason, it must be
reestablished.MultiPath TCP avoids this situation by dynam-
ically switching to the link, so the user does not waste time for
reconnecting. It may also select the optimum speed.

The first mobile system that has been supportingMPTCP
[16] is iOS 7. It ensures an uninterrupted transmission when

12345678
123568

12345678

47

Figure 7: Error control in MPTCP.

Source port Destination port
Data sequence number (8 octets)

· · ·

Subflow sequence number (4 octets)

Figure 8: MPTCP header (in short).

one connection is defective or the connection is aborted.
At the moment, MPTCP is used only for data transfers of
Siri. Siri is an intelligent personal assistant which facilitates
numerous actions of the users according to their wish. It
allows them to send messages, schedule meetings, make
phone calls, and perform many other tasks using voice
commands. It is much likely that this option will be extended
to the entire operating system.

MPTCP is able to increase the security level of the trans-
mitted data by usingmany different links to reach the destina-
tion, in contrast to the present methodology, which is based
only onnetwork protection [17–19] and securing of possibility
of connection into this network [20, 21].The transmitted data
are treated as raw binary data, which can be divided into
blocks and passed to the transmission layer. With regard to
protecting the data from being sniffed by a hacker, the author
proposes an extended algorithm [22], which consists of the
following steps:

Step 1: the data are divided into blocks,
Step 2: the data obtain a special sequence number,
DSN, Data Sequence Number,
Step 3: the blocks are collected in a random sequence,
Step 4: the data are encoded,
Step 5: the blocks of data are passed toMPTCP socket,
which will transmit them to their destination,
Step 6: the receiver side collects the blocks of data,
Step 7: the data are decrypted,
Step 8: the receiver side connects the blocks of data in
the right order.

Table 1 presents transfer time for various file sizes, using two
combinations of different links:

(i) Wi-Fi in three speed variants: 54, 22, and 11Mbps,
with 3G as a secondary link,

(ii) Wi-Fi in three speed variants: 54, 22, and 11Mbps,
with LTE in three different speed variants: 150, 50, and
5Mbps, as a secondary link.

These results demonstrate the possibilities of transferring
data using the proposed algorithm in many common situa-
tions, where mobile user does not get his full transfer speed.
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Table 1: Data transfer results.

Data length [MB] Transfer time [s] for different connection types
Wi-Fi 54 & 3G Wi-Fi 22 & 3G Wi-Fi 11 & 3G Wi-Fi 54 & LTE 150 Wi-Fi 22 & LTE 50 Wi-Fi 11 & LTE 5

1 0.02 0.05 0.09 0.01 0.02 0.07
10 0.2 0.48 0.92 0.05 0.15 0.69
100 2 4.78 9.17 0.54 1.53 6.88
1000 20 47.83 91.67 5.39 15.28 68.75

Table 2: Packet transfer results.

Connection type

Number of
packets

transferred
over Wi-Fi

Number of
packets

transferred
over 3G/LTE

Transfer time
[s]

Wi-Fi 54 & 3G 1080 20 0.02
Wi-Fi 22 & 3G 1052 48 0.05
Wi-Fi 11 & 3G 1008 92 0.09
Wi-Fi 54 & LTE 150 291 809 0.01
Wi-Fi 22 & LTE 50 336 764 0.02
Wi-Fi 11 & LTE 5 756 344 0.07

Such situationmay occur inmany places due to the specificity
of building construction and network overload.

Table 2 presents statistical results of 1MB data packet
transfer over various connection types. As it can be noticed,
the packet count transferred over different connection types
depends on the connection speed and can be changed in an
adaptive way.

3. OFN for 5G Network

In common sense, the term “fuzzy” refers to the situation
where some precise data, like metric values or exact quantity
of objects, cannot be given. Instead, words like “less,” “a
little,” and “some” are used. Such verbal description of the
reality is specific for the branch of artificial intelligence called
fuzzy logic. The concept was developed by American profes-
sor of Columbia University in New York City and Berkeley
University in California, Zadeh, who published a paper
“Fuzzy Sets” in “Information and Control” journal in 1965
[23]. He defines the term of a fuzzy set, which allows describ-
ing imprecise data bymeans of values from the interval (0, 1).
A number assigned to the set defines its degree of mem-
bership in this set. In his theory Zadeh used a three-valued
logic, which was defined 45 years earlier by Polish researcher
Łukasiewicz [24]. The next important step in the history of
this branch of science was the introduction of L-R represen-
tation of fuzzy numbers, proposed by Dubois and Prade [25–
27].One of the less-knownmethods of generalization of fuzzy
logic in a concept developed byKosiński [28] and his cowork-
ers, called Ordered Fuzzy Numbers, and it allows linking the
change of trend to a fuzzy number.

The first attempt to describe the new operations on fuzzy
sets was undertaken in early 1990s by Kosiński and Słysz
[29]. Further studies of Kosiński, published in cooperation

Down

Up

𝜇down

𝜇up

Figure 9: Ordered Fuzzy Number—function up and down.

DownUp
New

section

𝜇−1
up 𝜇−1

down

Figure 10: Ordered Fuzzy Number presented in a way referring to
fuzzy numbers.

with Prokopowicz and Ślęzak, led to the introduction of the
Ordered Fuzzy Numbers model, OFN [30–32], as follows.

Definition 1. An ordered fuzzy number 𝐴 is an ordered pair
of functions

𝐴 = (𝑥up, 𝑥down) , (1)

where 𝑥up, 𝑥down: [0, 1] → 𝑅 are continuous functions.

Respective parts of the functions are called part up and
down and are presented in Figure 9. Figure 10 presents the
OFN in a way referring to fuzzy numbers.

The continuity of the two parts called UP and DOWN
shows that they are limited by a specific range.This range has
been defined by the following values:

UP = (𝑙𝐴, 1−𝐴) ,
DOWN = (1+𝐴, 𝑝𝐴) .

(2)

If both functions within the fuzzy number are continuous,
then their inverse functions𝑥−1up and𝑥−1down are defined by their



Mobile Information Systems 5

x

y

lA 1−
A 1+

A
PA

(a)

x

y

lA1−
A1+

A
PA

(b)

Figure 11: Fuzzy number in OFN notation where the order is (a) positive or (b) negative.

limits UP and DOWN. On this assumption the following
equations are valid:

𝑙𝐴 fl 𝑥up (0) ,
1−𝐴 fl 𝑥up (1) ,
1+𝐴 fl 𝑥down (1) ,
𝑝𝐴 fl 𝑥down (0) .

(3)

If a constant function equal to 1 is added within the interval[1−𝐴, 1+𝐴], then the result is functions UP and DOWN in one
range (Figure 9, where 𝜇down = 𝑥down and 𝜇up = 𝑥up),
which may be treated as a carrier. Thereby, the function of
membership 𝜇𝐴(𝑥) in the fuzzy set is defined on 𝑅 set by the
following formulas:

𝜇𝐴 (𝑥) = 0 for 𝑥 ∉ [𝑙𝐴, 𝑝𝐴] ,
𝜇𝐴 (𝑥) = 𝑥−1up (𝑥) for 𝑥 ∈ UP,
𝜇𝐴 (𝑥) = 𝑥−1down (𝑥) for 𝑥 ∈ DOWN.

(4)

The fuzzy set defined in the aforementioned way acquires an
additional parameter, order, whereas the following interval is
the carrier:

UP ∪ [1+𝐴, 1−𝐴] ∪ DOWN. (5)

The limit values for UP and DOWN functions are

𝜇𝐴 (𝑙𝐴) = 0,
𝜇𝐴 (1−𝐴) = 1,
𝜇𝐴 (1+𝐴) = 1,
𝜇𝐴 (𝑝𝐴) = 0.

(6)

In general, it can be assumed that Ordered Fuzzy Numbers
take a form of a trapezoid. Each OFN can be defined by four
real values:

𝐴 = (𝑙𝐴 1−𝐴 1+𝐴 𝑝𝐴) . (7)

Figure 11 presents a sample of Ordered Fuzzy Numbers,
including their characteristic points in a positive and negative
order.

Functions 𝑓𝐴, 𝑔𝐴 correspond to parts up𝐴 and down𝐴 ⊆𝑅2, respectively, which gives

up𝐴 = {(𝑓𝐴 (𝑦) , 𝑦) : 𝑦 ∈ [0, 1]} ,
down𝐴 = {(𝑔𝐴 (𝑦) , 𝑦) : 𝑦 ∈ [0, 1]} . (8)

Orientation corresponds to the order in graphs 𝑓𝐴 and 𝑔𝐴.
Definition 2. A membership function of an ordered fuzzy
number 𝐴 is the function 𝜇𝐴 : 𝑅 → [0, 1] defined for 𝑥 ∈ 𝑅
as follows:

if 𝑥 ∉ sup𝑝𝐴 ⇒ 𝜇𝐴 (𝑥) = 0
𝑥 ∈ (1−𝐴, 1+𝐴) ⇒ 𝜇𝐴 (𝑥) = 1
𝑥 ∈ sup𝑝𝐴 ∧ 𝑥 ∉ (1−𝐴, 1+𝐴) ⇒

𝜇𝐴 (𝑥) = max (𝑓−1𝐴 (𝑥) , 𝑔−1𝐴 (𝑥)) .
(9)

Thus defined membership function can be applied for setting
control rules in a similar way in classic fuzzy numbers. All
quantities that can be found in fuzzy control describe a
selected part of the reality. The process of determining this
value is called fuzzy observation.

Definition 3. Reversal of the orientation of the ordered fuzzy
number 𝐴 is the replacement of the part up (function 𝑓𝐴)
with part down (function 𝑔𝐴). This operation is described as
follows:

𝐵 = 𝐴|− ⇐⇒ 𝑔𝐵 = 𝑓𝐴 ∧ 𝑓𝐵 = 𝑔𝐴, (10)

where 𝐴means an ordered fuzzy number defined by the pair
of functions (𝑓𝐴, 𝑔𝐴), 𝐵 is a result of the operation of reversal
of theOFNorientation, and Sign “|−” is a symbol of a reversed
orientation ofOFN.Thenumber obtained in thatway is called
a reversed OFN or a reversed orientation number.

One of the most remarkable notations interpreting
ordered fuzzy number is a set of key points:

[𝑓 (0) , 𝑓 (1) , 𝑔 (1) , 𝑔 (0)] . (11)

Basic arithmetic operations, where ordered fuzzy number𝐴 = (𝑓, 𝑔) is a pair of affine functions and𝐵 = (𝑒, ℎ) is another
pair of affine functions, relate to the following formulas:
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(i) addition: 𝐴 + 𝐵 = (𝑓 + 𝑒, 𝑔 + ℎ) = 𝐶,
𝐶 → [𝑓 (0) + 𝑒 (0) , 𝑓 (1) + 𝑒 (1) , 𝑔 (1) + ℎ (1) , 𝑔 (0)
+ ℎ (0)] , (12)

(ii) scalar multiplication: 𝐶 = 𝜆𝐴 = (𝜆𝑓, 𝜆𝑔),
𝐶 → [𝜆𝑓 (0) , 𝜆𝑓 (1) , 𝜆𝑔 (1) , 𝜆𝑔 (0)] , (13)

(iii) subtraction: 𝐴 − 𝐵 = (𝑓 − 𝑒, 𝑔 − ℎ) = 𝐶,
𝐶 → [𝑓 (0) − 𝑒 (0) , 𝑓 (1) − 𝑒 (1) , 𝑔 (1) − ℎ (1) , 𝑔 (0)
− ℎ (0)] , (14)

(iv) multiplication: 𝐴 × 𝐵 = (𝑓 × 𝑒, 𝑔 × ℎ) = 𝐶,
𝐶 → [𝑓 (0) × 𝑒 (0) , 𝑓 (1) × 𝑒 (1) , 𝑔 (1) × ℎ (1) , 𝑔 (0)
× ℎ (0)] . (15)

As it was presented in Section 2, the MPTCP technology
could be used for providing better network security in
relation to such parameters as the destination reachability
and network reliability. Of course, the transmission in all
channels may generate some errors which require packet
retransmission. This data retransmission will be made over
the same channel in which the error occurred.

When the number of retransmissions rises, the energy
consumption is increasing as well. The application of OFN
could speed up the decision to change the data transmission
path, which allows decreasing the number of transmission
errors. OFN allow predicting data loss in the currently used
channel and can also help make a decision to retransmit the
packet faster and limit the number of retransmissions as well.
Lowering the number of retransmissions allows limiting the
energy consumption.

3.1. OFN for Errors Prediction. In this section the algo-
rithm which uses OFN for detecting potential problems is
described. The algorithm measures a TCP retransmission in
all the used channels during the transmission and provides it
in a percentage value of the transmitted packets.Thismeasure
is made both in a given period of time—a timeslot—and
continuously. Four timeslots of the continuousmeasure could
be defined in time:

𝑡𝑖, 𝑡𝑖−1, 𝑡𝑖−2, 𝑡𝑖−3, (16)

where 𝑡𝑖 is a current timeslot.
These four results together give a fuzzy number in OFN

notation, where

(i) 𝑓𝐴(0) respond to 𝑡𝑖−3,
(ii) 𝑓𝐴(1) respond to 𝑡𝑖−2,
(iii) 𝑔𝐴(1) respond to 𝑡𝑖−1,
(iv) 𝑔𝐴(0) respond to 𝑡𝑖.

This fuzzy number in OFN notation is presented in Figure 12.
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ti−3 ti−2 ti−1 ti

Figure 12: Fuzzy number in OFN notation.

The definition of fuzzy observation of the connection
used is as follows.

Definition 4. Fuzzy observation of 𝐶 connection in time 𝑡𝑖 is
a set

𝐶
𝑡𝑖 = {

𝑓𝐶 (0)𝑡𝑖−3 ,
𝑓𝐶 (1)𝑡𝑖−2 ,

𝑔𝐶 (1)𝑡𝑖−1 ,
𝑔𝐶 (0)𝑡𝑖 } , (17)

where

𝑡𝑖 > 𝑡𝑖−1 > 𝑡𝑖−2> 𝑡3−1, (18)

|𝑡𝑖 − 𝑡𝑖−1| = |𝑡𝑖−1 − 𝑡𝑖−2| = |𝑡𝑖−2 − 𝑡𝑖−3| = 𝑡𝑛, timeslot of the
measurement

𝑓𝐶 (0) ≤ 𝑓𝐶 (1) ≤ 𝑔𝐶 (1) ≤ 𝑔𝐶 (0) . (19)

This provides Lemma 5.

Lemma 5. One has

𝐶𝑝𝑜𝑠𝑖𝑡𝑖V𝑒 =
{{{{{

𝑓𝐶 (0) < 𝑓𝐶 (1) < 𝑔𝐶 (1)
𝑜𝑟

𝑓𝐶 (1) < 𝑔𝐶 (1) < 𝑔𝐶 (0) ,
(20)

in another situation 𝐶𝑛𝑒𝑔𝑎𝑡𝑖V𝑒.
According to this definition, the counters of retransmis-

sions in the links during the connection observation should
give

(i) positive order of OFN when the packet retransmis-
sion count increases,

(ii) negative order of OFN when the packet retransmis-
sion count decreases.

The four measurements performed during the data transfer
allow preparing fuzzy number in OFN notation. This gives
a fuzzy observation of the MPTCP connections, defined as
follows.

Definition 6. Fuzzy observation of the MPTCP connections
is described by the following formula:

𝑆𝑚 =
𝑛∑
𝑖=1

{ 𝐶positive 𝐶negative

𝐶𝑖 ∗ 𝑤𝑖 −𝐶𝑖 ∗ 𝑤𝑖 } , (21)



Mobile Information Systems 7

where 𝑤𝑖 ∈ {𝑤𝑖, . . . , 𝑤𝑛} describes the impact on all connec-
tions.

According to Definition 2, it is possible to define the
MPTCP scheduler using OFN.

3.2. The Algorithm of OFN Scheduler. The algorithm with
application of OFN for predicting transmission errors in
MPTCP transmission consists of four steps.

Step 1. The administrator declares the start value for 𝑤𝑖 and𝐿 𝑖 for all MPTCP links, where 𝑤𝑖 describes the impact of
errors on all connections and 𝐿 𝑖 describes the load of the
whole data which should be sent by the 𝑖 connections when
the transmission starts. 𝐿 𝑖 is expressed in percentage rate.

Step 2. The amount of packets 𝑃𝑖 which will be transferred
over each connection during each timeslot is calculated using
the following formula:

𝑃𝑖 = 𝐿 𝑖∑𝑛𝑖=1 𝐿 𝑖 ∗ Data. (22)

Step 3. During the transmission the fuzzy observation of
connection 𝐶𝑖 is calculated for each connection according to
data retransmissions and fuzzy observation of MPTCP 𝑆𝑖 is
calculated according to the given definition.

Step 4. When the calculated 𝑆𝑖 is positive and it is higher than
the acceptance level AL, it means that the number of errors
is increasing on this connection. In this situation 𝐿 𝑖 for the
given connection will be changed according to the following
formula:

𝐿 𝑖 = 𝐿 𝑖
ErrorCorector

. (23)

When the calculated 𝑆𝑖 is negative, the number of errors
is decreasing on this connection. In this situation the 𝐿 𝑖 for
given connection will be changed according to the following
formula:

𝐿 𝑖 = 𝐿 𝑖 ∗ ErrorCorector. (24)

The ErrorCorector is a value which describes how fast the
system should stop using the connection inwhich the amount
of errors increases. This value should be also declared by the
network administrator.

3.3. Simulation Test Results. In order to check a MPTCP
scheduler with OFN, a simulation was performed.

The system was designed with two connection links:
Connections 1 and 2, labeled 𝐶1 and 𝐶2, with maximum
speed 100Gbit/s. The parameters of the algorithm were
declared as follows:

(i) the corrector for the links ErrorCorector = 2;
(ii) acceptance level AL = 3;
(iii) load balance on start for connection 𝐶1 was 𝐿1 = 66;
(iv) load balance on start for connection 𝐶2 was 𝐿2 = 34;
(v) the timeslots used were 60 seconds.

Table 3: Fuzzy observation of the connections.

Time
% Error on
connections 𝑆 [𝑝: positive, 𝑛: negative]
𝐶1 𝐶2 𝑆1 𝑆2

1 1 3
2 2 4
3 2 6
4 1 9 [1, 2, 2, 1] 𝑝 [3, 4, 6, 9] 𝑝
5 2 13 [2, 2, 1, 2] 𝑛 [4, 6, 9, 13] 𝑝
6 1 12 [2, 1, 2, 1] 𝑝 [6, 7, 12, 12] 𝑝
7 1 11 [1, 2, 1, 1] 𝑝 [9, 13, 12, 11] 𝑝
8 2 12 [2, 1, 1, 2] 𝑝 [13, 12, 11, 12] 𝑛
9 1 8 [1, 1, 2, 1] 𝑝 [12, 11, 12, 8] 𝑛
10 2 7 [1, 2, 1, 2] 𝑝 [11, 12, 8, 7] 𝑛
11 1 6 [2, 1, 2, 1] 𝑝 [12, 8, 7, 6] 𝑛
12 2 5 [1, 2, 1, 2] 𝑝 [8, 7, 6, 5] 𝑛
13 1 3 [2, 1, 2, 1] 𝑝 [7, 6, 5, 3] 𝑛
14 2 2 [1, 2, 1, 2] 𝑝 [6, 5, 3, 2] 𝑛
15 1 1 [2, 1, 2, 1] 𝑝 [5, 3, 2, 1] 𝑛

Table 4: Load balance for the connections.

Time 𝐿: load balance
𝐿1 𝐿2

1 50 50
2 50 50
3 50 50
4 50 50
5 50 25
6 50 12,5
7 50 6,25
8 50 12,5
9 50 25
10 50 50
11 50 50
12 50 50
13 50 50
14 50 50
15 50 50

Table 3 presents the results of the used algorithmdependently
on the number of errors during the data transfer. The fuzzy
observation of the link gives OFN numbers 𝑆1 and 𝑆2.

As it can be observed, after the 4th measure the OFN
numbers is generated and 𝑆1 exceeds the acceptance level, so
OFN scheduler algorithm changes the load balance for the
transmission, as it is presented in Table 4.

The total number of packets passed to the connections
changes during the timeslots according to the load balance set
at the beginning of the test.This affects the number of packets
transferred through the connections and, depending on the
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Table 5: Number of errors in packet transmission.

Time
Errors count

MPTCP with OFN MPTCP without OFN
𝐿1 𝐿2 𝐿1 + 𝐿2 𝐿1 𝐿2 𝐿1 + 𝐿2

1 400 1200 1600 400 1200 1600
2 800 1600 2400 800 1600 2400
3 800 2400 3200 800 2400 3200
4 400 3600 4000 400 3600 4000
5 1067 3467 4533 800 5200 6000
6 640 1920 2560 400 4800 5200
7 711 978 1689 400 4400 4800
8 1280 1920 3200 800 4800 5600
9 533 2133 2667 400 3200 3600
10 800 2800 3600 800 2800 3600
11 400 2400 2800 400 2400 2800
12 800 2000 2800 800 2000 2800
13 400 1200 1600 400 1200 1600
14 800 800 1600 800 800 1600
15 400 400 800 400 400 800

error level on the link, provides different number of errors. In
the simulation there were 40000 packets passed to the link.
Table 5 presents the numbers of errors in the connections
with and without OFN scheduler in MPTCP. As it can be
noticed, the total number of errors without OFN scheduler
is higher than in the variant using this solution.

3.4. The Evidence for an Effect on Energy Consumption. The
main goal of this paper is to analyze the effect of the proposed
solution on the energy consumption. As it can be noticed,
the system of transmission itself consumes much power. For
instance, sending data packets over radio network in smart-
phones drains their batteries, while nowadays there are many
processors available described as Low Energy Usage.

The presented algorithm does not require any complex
calculations, so it does not cause any significant power dissi-
pation. Rather than that, the problem is the energy consump-
tion by the system of transmission. The process of sending
data is power-consuming not only for the sender device, but
also for the entire IT system.This system in the case of 5Gnet-
works comprises numerous devices: transmitters, switchers,
and routers. Each of these devices on the packet’s path uses
energy. In a case where the packet is retransmitted the total
energy consumption is even higher as

(i) the receiver has to realize that a problem with the
received data occurred and, for example, recalculate
the CRC checksum;

(ii) the receiver has to send the information to the sender
about the problem with transmission;

(iii) the sender has to send the data again.
As it was described above, in the case of retransmission,

the data is sent twice, and, moreover, additional data con-
cerning the problem is transmitted over the network, which
means that the system is used thrice.

The analysis of the proposed algorithm allows concluding
that implementing simple calculations and making optimal
decisions by the sender faster contributes to more efficient
power management in the whole IT ecosystem.

4. Conclusions

In this article, a special algorithm for mobile connections,
applicable in 5G network, was introduced. For this algorithm
a MPTCP concept was used and the energy consumption as
well as the security aspect were developed by a special usage
of fuzzy observation of the errors in the transmissions.

The presented new concept of MPTCP scheduler com-
bined with OFN was tested during a data transmission sim-
ulation. As it was presented in the previous section, the pro-
posed algorithm allows reducing the number of retransmis-
sions, as less packets are transferred over the connection link
in which some problems are detected. Such application of
MPTCP allows limiting the energy consumption by decreas-
ing the amount of data which has to be transmitted. This is a
possible usage of OFN for improving the existing solutions
like MPTCP in a simple way, without any complicated
algorithm requiring a high level processor performance.This
is very important for the 5G network, in which the speed and
power consumption is a given parameter.

As it was mentioned in the introduction, there are
numerous configurations in which not only 5G, but also the
existing infrastructure will be used. In this situation there will
bemore than one connection to the same destination. For this
reason, the MPTCP with OFN could give a valuable solution
in critical network connections. The presented algorithm is
able to provide a better energymanagement and higher trans-
mission security and reliability without generating higher
costs in the implementation process [33–35].
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survey of parallel intrusion detection on graphical processors,”
in Proceedings of the International Scientific Conference (INFOR-
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[28] W. Kosiński, “On fuzzy number calculus,” International Journal
of Applied Mathematics and Computer Science, vol. 16, no. 1, pp.
51–57, 2006.
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Accurate network traffic classification at early stage is very important for 5G network applications. During the last few years,
researchers endeavored hard to propose effective machine learning model for classification of Internet traffic applications at early
stage with few packets. Nevertheless, this essential problem still needs to be studied profoundly to find out effective packet number
as well as effective machine learning (ML) model. In this paper, we tried to solve the above-mentioned problem. For this purpose,
five Internet traffic datasets are utilized. Initially, we extract packet size of 20 packets and then mutual information analysis is
carried out to find out the mutual information of each packet on 𝑛 flow type. Thereafter, we execute 10 well-known machine
learning algorithms using crossover classification method. Two statistical analysis tests, Friedman and Wilcoxon pairwise tests,
are applied for the experimental results. Moreover, we also apply the statistical tests for classifiers to find out effective ML classifier.
Our experimental results show that 13–19 packets are the effective packet numbers for 5G IM WeChat application at early stage
network traffic classification. We also find out effective ML classifier, where Random Forest ML classifier is effective classifier at
early stage Internet traffic classification.

1. Introduction

During the last few years, early stage Internet traffic classifica-
tion received a lot of importance in the area of network traffic
classification, from the perspective of features extraction
technique, mostly researcher’s proposed machine learning
models, which were based on features extraction on a whole
network flow in [1–3]. In 2005, Moore et al. in [4] presented
a feature extraction method which is followed by many
researchers for features extraction for their research. They
used the whole flow traffic and extracted 248 statistical
features, such as the packet sizes and maximum, minimum,
and average statistical feature values. Machine learning clas-
sifiers can get very effective performance results using these
statistical features [5]. These features extraction methods
also showed high performance results in the identification
of anomaly detection [6]. However, these feature extraction
methods are not very effective in reality. Thus it is very
important to classify Internet traffic at early stage keeping
in view of the security policies and quality of service (QoS)

management. In 2012 [7], Internet traffic classification with
fewpackets has become a very hot topic in the area of network
traffic classification.Thus for the problem of accuracy at their
early stage Internet traffic classification Qu et al. in 2012 [8]
studied that it is possible to classify Internet traffic at their
early stage with effective accuracy performance.

However, no study has been carried out on 5G WeChat
application at its early stage traffic identification. It is very
important problem to find out how many packets are most
effective for 5G WeChat application at its early stage traffic
classification? As we know that there are very few studies
which are related to this problem at early stage traffic, but this
is the first study which is concerned with instant messaging
(IM) WeChat traffic classification. In this study, we are
interested to find out the most effective number of packets as
well as effective machine learning classifier forWeChat traffic
classification at its early stage using empirical study and infor-
mation analysis. Five traffic datasets and ten well-known and
widely applied ML classifiers are applied for our study. For
this study, we use packet size as a feature for our study
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and then we use mutual information analysis to find out
the mutual relationship and identification information of the
first 𝑛 packets. Thereafter, 𝑛 numbers of datasets are created
for identification. Then, all the selected machine learning
classifiers are conducted on generated datasets using different
number of packets. At the end, two different statistical
analyses are executed on the experimental results to find out
the most effective packet number and ML classifier.

The rest of the paper is organized as follows: Section 2
demonstrates related work.The datasets used in this study are
discussed in Section 3 and Section 4 includes methodology
frame work and detailed steps used in this study work. Then
the introductory information of mutual information analy-
sis, selected machine learning classifiers, and statistical test
theory information are discussed with details in Section 5.
Results and analysis are depicted in Section 6, while we have
also some discussion discussed in Section 7. In the end,
conclusion is presented in Section 8.

2. Related Work

Recently, some studies have been proposed to classify Inter-
net traffic at its early stage with few packets [7], but it is
very hard to classify Internet traffic with few packets at its
early stage traffic. The main problem in early stage Internet
traffic classification is the extraction of effective features.
Bernaille et al. in 2006 [9] proposed an early stage Internet
traffic classification technique using the size of few early
packets of TCP flow as features and executing𝐾-means clus-
tering technique utilizing 10 types of application traffic; they
got very effective classification results. Huang et al. in 2008
[10] studied the characteristics of early stage Internet applica-
tion traffic classification. They used these characteristics for
early stage Internet traffic classification.Moreover, in 2013 the
authors in [11] extracted features of early stage traffic appli-
cations. Using machine learning classifiers, they used packet
size, interpacket time, average and standard deviation values,
packet size, and interpacket time for early stage Internet
application traffic classification. Using these features, they got
very high performance results for early stage Internet traffic
classification. Este et al. in 2009 [12] studied the features of
few packets of early stage traffic and found that these features,
packet size, packet interarrival time, and packet direction
of early traffic, carry enough information. They also found
that these features are most effective features for early stage
Internet traffic classification. Hullar et al. present an auto-
matic machine learning (ML) method for P2P traffic classifi-
cation at early stage, which consumes limited computational
and memory resources for early stage traffic identification of
P2P traffic. Rizzi et al. in 2013 [13] present a very effective
neuro fuzzy system to identify early stage traffic. Nguyen et al.
[14] further extend the early stage to “timely” for VoIP traffic
classification. They derived statistical features from the sub-
flow, while this means that subflow is a small number of
packets.

In [11], the authors used 20 packets and extract feature at
early stage. In [9] the authors say for early stage Internet traffic
classification five packets are enough to accurately classify
early stage traffic. Dainotti et al. [15] used the first 10 packets’

packet size (PS) and interpacket time (IPT) for their study
work; they also use the average and standard deviation values
of packets size and interpacket time of the early stage traffic
for early stage traffic identification. Peng et al. in 2015 [16]
used payload size of first 10 packets for early stage Internet
traffic classification. They say 5–7 packets are most effective
packets for early stage Internet traffic identification.They also
say that selecting toomany packetswill increase the computa-
tional complexitywhile selection of fewpackets for early stage
traffic identification will decrease accuracies performance
results and cannot possess enough information.

Bernaille et al. in 2006 [17] studied the problem of effec-
tive packets numbers for early stage Internet traffic classifica-
tion. In their study, they used 𝐾-means, GMM, and HMM
model using the size and direction of the early 10 packets
of TCP connection for early stage traffic identification. They
say that first four packets of early stage traffic are the most
effective packets for early stage Internet traffic classification.
They conducted many experiments using different eight
traces traffic for their study work and they got very high
identification results using the first four packets and executed
three machine learning algorithms. Lim et al. in 2010 [18]
used not only packet size as features but also connection level
and statistical level feature for their study using a number of
different datasets while conducting Naı̈ve Bayes, C4.5 deci-
sion tree 𝐾-nearest neighbors, and Support Vector Machine
for their experimental study work. They used first 10 packets
for their study to identify UDP application flow and also TCP
flow, but their study related to empirical study.

During the last few years, Internet user increases day
by day due to presence of reliable and free of cost instant
messaging and free calling applications on Internet. WeChat
application is one of the instant messaging applications avail-
able online freely. WeChat is an instant messaging and free
calling application developed by Tencent Holding in China.
This is a multifunctionality application and can be used both
in smart phone and in desktop machine. After launching the
WeChat application, its online users reached 300 million [19]
which was amazing traffic and thereafter in November 2015,
its active costumer users reached 650 million all over the
worldwhile fromoutside of China its active users reached 100
million [20]. So day to day increasing active users and traffic
of this application can affect performance of network. It is
also important to classifyWeChat messages, audio, and video
call traffic accurately to manage quality of services (QoS).
Huang et al. [21] proposed measurement ChatDissect tool
to measure WeChat application traffic and distinguish 150K
users and 16GB traffic of WeChat from real-world network
traces. In 2013, Church and De Oliveira [22] studied the per-
formance of mobile instant messaging sending service with
traditional short messages. In 2014 O’Hara et al. [23] studied
instant messaging applicationWhatsApp in smart phone and
took some interviews and survey to study the user activity
using WhatsApp application. In 2014, Fiadino et al. [24] also
studiedWhatsApp application flow stream and collected data
in European Network which consisted of millions of data
stream flows and also studied audio and video flow data
stream. In 2014 Liu and Guo [25] studied video messaging
services in WeChat and WhatsApp application and they
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Table 1: Characteristics of HIT Trace I selected traffic trace.

Task Application Duration
time #Packets Date

Text messages
TCP
UDP
SSL

1 hour 19967 23 May 2016

Picture messages
TCP
UDP
SSL

1 hour 91165 23 May 2016

Audio call
TCP
UDP
SSL

1 hour 364000 23 May 2016

Video call
TCP
UDP
SSL

1 hour 531830 23 May 2016

captured the traffic using mobile devices for their study.
However, no study found out the number of packets that are
most effective for WeChat application at its early stage traffic
classification. In our previous work in [26], we only classify
WeChat text messages service flow using two different envi-
ronment datasets applying well-known fourML classifiers. In
this paper we use only 50 features to classify textmessage flow
and got high accuracy results.

3. Datasets

In this research work, we use five datasets, which includeHIT
Trace I and HIT Trace II; the details are given below.

3.1. HIT Trace I Dataset. Developing HIT Trace I dataset, we
capture WeChat four functionalities such as text messages,
pictures messages, audio calls, and video calls traffic and
consider these traces traffic as different types of four datasets
separately. For this study work, we are interested in classi-
fication and finding out the effective number of packets for
WeChat real time application at early stage traffic classifi-
cation. Thus we firstly capture WeChat application traffic of
text messages, pictures messages, audio call, and video call
traffic using Wire Shark tool [27] for a duration of 1 hour at
research lab of School of Computer Science and Technology,
Harbin Institute of Technology, Harbin, China, in 23 May
2016. But we select the traffic of nonzero payload packets. In
this process of capturing, we are interested to captureWeChat
TCP,UDP, and SSL traffic of textmessages, picturesmessages,
audio call, and video call. After capturing the traffic, the
trace file is saved as dot PCAP extinction. The characteristics
of these datasets are given in Table 1, but note that all the
captured applications include TCP, UDP, and SSL application
traffic instances. However, this trace traffic includes four
subdatasets.

3.2. HIT Trace II Dataset. The second dataset is collected in
a dormitory of Harbin Institute of Technology using Wire
Shark software.We captureWeChat TCP andUDP traffic and
fourmore other applications’ traffic such asDNS, FTP, Telnet,

Table 2: Characteristics of HIT Trace II selected traffic trace.

Application Duration time #Packets Date
WTCP 1 hour 20512 28 Apr 2016
WUDP 1 hour 16400 28 Apr 2016
DNS 1 hour 1501 26 Dec 2015
FTP 1 hour 7911 27 Dec 2016
TELNET 1 hour 15832 27 Dec 2015
WWW 1 hour 25251 28 Dec 2015

and WWW applications with duration of one hour. For our
study we select traffic that is nonzero payload packets. We
capture DNS application traffic on 26 December 2015 with
duration of 1 hour, similarly FTP, Telnet on 27December 2015,
and WWW traffic on 28 December 2015. After capturing the
traffic, we save the trace traffic as a dot PCAP extinction.The
detailed characteristics of this dataset are given in Table 2.
Note that WTCPmeanWeChat TCP traffic only andWUDP
mean WeChat UDP traffic only.

4. Study Framework

Our study framework includes two models; we propose first
model for the problem of effective packet numbers and
second model for the problem of effective machine learning
(ML) classifier.

We carry out the study work as Figure 1 depicts the
effective packet number. The detailed explanation of the
executed method and steps are given below step by step.

(i) Trace Traffic. In this first step, we capture WeChat traffic
using Wire Shark tool and save the captured traffic as dot
PCAP extinction. Notice that we capture text messages,
picture messages, audio call, and video call traffic duration of
one hour, respectively. Thereafter, we select early 20 nonzero
payload packets of every application and save themas features
extraction.

Figure 2 depicts the effective ML classifier. The detailed
explanation process is given below starting from generate
features dataset step up to Wilcoxon test results.
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Figure 2: Study Framework 2 for selection effective ML classifier.

(i) Features Extraction. As discussed in related work section
that in the area of early traffic classification packet size feature
is the most essential packet features for early stage Internet
traffic classification [28]. In this study work, we used the
packet size as a feature of early stage WeChat traffic. We
used the packet sizes of 20 packets of early stage of WeChat
application. It is noticed that we only used those packets
which have nonzero payload packet [16]. For the features,
we put the order of feature in a number vice manner such
as packet 1, then packet 2, and then up to 20 packets and
similarly packet size 1, packet size 2, and up to 20 packet sizes.

(ii) Mutual Information. After development of 20 features
datasets, we execute mutual information analysis on between
the packet sizes of the features sets of first 𝑛 packets which we
label, respectively, from 1 to 20 packets features to find out
the mutual information of each feature’s datasets. Through
mutual information analysis execution, we are able to know
howmuch identification information carries each packet and
we are able to know the effectiveness of each feature’s packet.

(iii) Generate Feature Datasets. In this section, we make
features datasets such as first packet with first packet size in
integers and then second packet with its packets size and so
third and up to 20 features datasets.

(iv) Selected Classifiers for Identification. For this research
study, we select 10 machine learning classifiers which are
widely used in network traffic classification and are well-
known machine learning algorithms. Using the selected
machine learning classifiers, we execute crossover identifi-
cation on the generated datasets. In this paper, we are only
interested to find out the effective packet number not to find
out the applied machine learning algorithm accuracy. Thus
we are only interested in the results of packet numbers.

(v) Friedman Test. In this researchwork, we also use statistical
tests to deeply know the effective packets numbers. Friedman
tests are to be executed to find out the significant difference
among the results of applied number of packets. The detailed
study of statistical tests will be demonstrated in Section 5.

(vi)Wilcoxon Test. It is also statistical test.Wewill use this test
aswewill use Friedman test. In this research studywewill first
use the Friedman statistical test and then will use Wilcoxon
test to find out the effective number of packets using different
number of packets.

5. Methodology

In this section, we will explain all the applied methods in this
paper study.

5.1. Mutual Information. In the information theory, mutual
information is very widely used for features selections [29],
image processing [30], speech recognition [31], and so on.
Mutual information is the measure of mutual dependence
between two random variables 𝑋 and 𝑌 which defines the
amount of information held by random variable. The mutual
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Figure 3: The relationship between mutual information and the
entropies.

information between two variables in information theory can
be defined as

𝐼 (𝑋; 𝑌) = 𝐻 (𝑋) − 𝐻 (𝑋 | 𝑌) = 𝐻 (𝑌) − 𝐻 (𝑌 | 𝑋)
= 𝐻 (𝑋) + 𝐻 (𝑌) − 𝐻 (𝑋, 𝑌)
= 𝐻 (𝑋, 𝑌) − 𝐻 (𝑋 | 𝑌) − 𝐻 (𝑌 | 𝑋) .

(1)

In the above equation (1), the marginal entropies of 𝑋
and 𝑌 are 𝐻(𝑋) and 𝐻(𝑌), respectively. Where conditional
entropies are 𝐻(𝑋 | 𝑌) and 𝐻(𝑌 | 𝑋) and joint entropy
of 𝑋 and 𝑌 is 𝐻(𝑋, 𝑌), respectively, while the connection
among 𝐻(𝑋), 𝐻(𝑌), 𝐻(𝑋 | 𝑌), 𝐻(𝑌 | 𝑋), 𝐻(𝑋, 𝑌), and𝐼(𝑋; 𝑌) is shown in Figure 3 according to Shannon’s definition
of entropy theory, we have

𝐻(𝑋) = −∑
𝑥∈𝑋

𝑝 (𝑥) log (𝑝 (𝑥)) , (2)

𝐻(𝑌) = −∑
𝑥∈𝑌

𝑝 (𝑦) log (𝑝 (𝑦)) , (3)

𝐻(𝑋, 𝑌) = −∑
𝑥∈𝑌

∑
𝑦∈𝑌

𝑝 (𝑥, 𝑦) log (𝑝 (𝑥, 𝑦)) , (4)

where 𝑝(⋅) is the probability distribution function of a
random variable. As in [32] we use the three equations in
(1) and can obtain the computational formula of mutual
information. We also used the same method for mutual
information as in [32].

𝐻(𝑋, 𝑌) = −∑
𝑥∈𝑌

∑
𝑦∈𝑌

𝑝 (𝑥, 𝑦) log( 𝑝 (𝑥, 𝑦)𝑝 (𝑥) 𝑝 (𝑦)) . (5)

However, if the variables are continuous random variable
then summation will be replaced by a definite double integral
as given.

𝐻(𝑋, 𝑌) = ∫
𝑦

∫
𝑥

𝑝 (𝑥, 𝑦) log( 𝑝 (𝑥, 𝑦)𝑝 (𝑥) 𝑝 (𝑦))𝑑𝑥 𝑑𝑦. (6)

For mutual information computation analysis, there is abun-
dant free available software on Internet, but we choose for our
study Peng’s mutual information MATLAB toolbox [33].

Table 3: Classifiers selected in this study.

Classifiers Type
BayeNet Bayes
Näıve Bayes Bayes
SMO Functions
AdaBoost Meta
Bagging Meta
OneR Rule
Part Rule
NBTree Trees
J48 Trees
Random Forest Trees

5.2. Machine Learning Classifiers. We conducted our identi-
fication experiments using ten well-known and widely used
machine learning classifiers. All the selected machine learn-
ing classifiers are executed using Weka data mining software
[34]. Weka tool is a data mining application used in many
areas in computer science and also used by many researchers
for network traffic classification [35]. Firstly, we formatted
the datasets as a comma separated value “CSV” which is a
supported extinction of Weka application. Then using two
folders’ cross validation method, we apply all the selected
machine learning classifiers. The introductory information
about the applied machine learning classifiers is given below
and the classifiers selected for this study are shown in Table 3.

(i) Bayes: Bayes machine learning classifiers are actually
based on Bayes Theorem; Bayes machine learning
classifiers are very widely used in computer and
engineering area and got very effective results. In
this study, we utilized Bayesian network (Bayes Net)
[36] machine learning classifier and also Näıve Bayes
machine learning classifiers [37, 38].

(ii) Meta: in this research work, we used Meta category
classifier in Weka tool; we select Bagging [39] and
AdaBoost [40] machine learning classifier to classify
WeChat traffic accurately. Meta classifier was first
trained to learn and then produce strong learning.

(iii) Rule: this category algorithm just creates rules using
specific policy and then executes classification result
testing data. In this category, we select OneR [41] and
PART [42] rule base classifier for our study.

(iv) Trees: this is also called decision tree algorithms used
by many researchers in their research study. It is also
called statistical classifiers. In our study, we select J48
also called C4.5 classifiers [43], Näıve Bayesian trees
[44], and Random Forest [45].

(v) SMO: in function category, we select SOM [46, 47].
SOM is also called a supervised machine learning
technique and known as Support Vector Machine,
which is widely used in many areas for classification.
SVM is useful for both classification and regression.
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For more detailed literature review of the applied machine
learning classifiers, the selected machine learning classifiers
are cited with original literature review.

5.3. Statistical Test. In more depth to know the effectiveness
of packets and to compare the results of the applied ML
classifiers as well as to find out the significant difference
among the results of the applied method, statistical tests are
conducted. In this study, we executed two different statistical
tests, Friedman andWilcoxon test, on the results of methods
[48, 49]. The detailed introductions to both Friedman and
Wilcoxon statistical tests are given below.

(i) Friedman Test. Friedman test is a statistical test. It is
also called Friedman nonparametric test. Friedman test is a
kind of nonparametric test used to find out the significant
differences between the results of applied methods. The first
step in this test is to calculate the test statistics; it converts
all the original results of methods to ranks. The process of
ranking of this test is that it ranks the best performing on the
rank of 1 and then second best 2 and so on. After ranking the
average ranking (AR), it is then calculated. If 𝑟𝑗𝑖 is the rank of
the 𝑛th of𝐾 algorithms in 𝑖th of 𝑛 datasets, thus the Friedman
test also needs average ranking of algorithms:

𝑅𝐽 = 1𝑛 ∑
𝑖

𝑟𝑗𝑖 . (7)

While in null hypothesis all the algorithms behave similarly,
ranks should be equal and the distribution 𝑥2 is calculated as
follows:

𝑥2𝐹 = 12𝑚𝑛 (𝑛 + 1) [[
𝑛∑
𝑗=1

AR𝑗 − 𝑛 (𝑛 + 1)24 ]]
, (8)

where𝑚 is the number of executions and n is the number of
methods. If the distribution of methods 𝑥2𝐹 is large enough
thus there is value of significant difference among the applied
method results and it will be rejected.The significant level for
eachmethod 𝑥2𝐹 and the probability value (𝑝 value) shows the
significant level and it is usually conducted for the analysis of
test results. On the other hand, formultiple hypothesis testing
we also apply post hoc method to determine hypothesis
comparison thatwill be rejected at specified significance level,
while in many cases lowest hypothesis result is also con-
cerned about rejection. Lowest significance results also called
adjusted𝑝 value (APV) and post hoc can be used to search the
lowest 𝑝 value for each hypothesis. In this study, we used for
post hoc method Holm’s test [48] which is very effective test
for producing significant test results. For this research work,
firstly we used Friedman test using 1× 𝑛 comparison because𝑛 × 𝑛 comparison is too long to show in this paper.

(ii) Wilcoxon Test. We also usedWilcoxon signed rank statis-
tical test in this research study. Wilcoxon test is also a non-
parametric test used for pairwise comparison between two
methods [50]. If di is the difference between two methods
performance scores on 𝑖th out of n problem and if the score

TP FN

FP TN

TP: # of positive instances correctively classified
TN: # of negative instances correctively classified
FP: # of negative instances incorrectively classified
FN: # of positive instances incorrectively classified 
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Figure 4: Confusion matrix for classification results evaluation.

is known in different ranges, then it can be normalized on
intervals 0 and 1 in [51]. Thereafter, the difference is ranks by
their absolute values while in case of ties practitioners will
apply one method in [52]. In this case, the positive values
considered that the method performed well and the second
one vice versa.

𝑅+ = ∑
di>0

rank (𝑑𝑗) + 12 ∑di=0rank (𝑑𝑖) ,

𝑅− = ∑
di<0

rank (𝑑𝑖) + 12 ∑di=0rank (𝑑𝑗) .
(9)

𝑅+ is the sum of positive values and 𝑅− is the sum of negative
difference values. Itmeans that if the difference between these𝑅− and 𝑅+ is high then the hypothesis will be rejected. This
statistical test is also used like Friedman test to determine
that the hypothesis will be rejected or not on the specific
significance values 𝛼.
5.4. Evaluation Criteria for Performance Measurement. For
the performance measurements confusion matrix is the base
of traffic classification measurements. Figure 4 shows the
confusion matrix for traffic classification performance eval-
uation, wherein rows refer to the actual class of the instances
and column refers to the predicted class of instances.

The metrics that are used in this Internet traffic classifi-
cation using confusion metrics are described below step by
step:

(i) True Positive (TP): it means that Class A is truly
identified as belonging to Class A.

(ii) True Negative (TN): it means that Class A is truly
identified as not belonging to Class A.

(iii) False Positive (FP): it means that Class A is not truly
identified as belonging to Class A.

(iv) False Negative (FN): it means that Class A is not truly
identified as not belonging to Class A.

Using the above given metrics, different metrics can be made
for the evaluation of classification performance [53, 54], but
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note that effective classifiers will minimize the FP and FN
values. However, in this regard we used accuracy and AUC
measurement metrics defined as follows.

(i) Accuracy. Classification accuracy can be defined as the
truly classified samples in overall classified samples and its
formula is given below. Mathematically, accuracy can be
defined as the sum of TP and TN divided by the sum of TN,
TN, FP, and FN.

Accuracy = TP + TN
TP + TN + FP + FN . (10)

A classifier performance is measured by accuracy result. It
shows the overall effectiveness of classification model.

(ii) Sensitivity. Remember that sensitivity and recall are the
same metrics in traffic classification technique. So (4) can be
used for sensitivity.

Sensitivity = TP
TP + FN . (11)

(iii) Specificity. It can be defined as the performance ability
of machine learning classifier to classify negative results.
Equation (5) shows its formula while mathematically it can
be defined as TN divided by sum of FP and TN.

Specificity = TN
FP + TN1 − FPR. (12)

(iv) Area under Curve. It is also called receiver operating char-
acteristics (ROC) curve [55], which defines the performance
of machine learning classifiers. It also shows the trade-off
among FPR and TPR, while FPR is also known as specificity
and TPR is called sensitivity. The AUC values can be com-
puted by using confusion matrix values by TPR and FPR.

AUC = 1 + TPR − FPR2 (13)

since specificity = 1 − FPR and sensitivity = TPR.
Replacing 1 − FPR by specificity and TPR by sensitivity,

we will get

AUC = Sensitivity + Specificity2 . (14)

Equation (14) shows that AUC is the average of sensitivity and
specificity.

6. Experimental Results and Analysis

In this section, we will explain the detailed experimental
results and analysis. Firstly, we will explain the mutual infor-
mation analysis results of HIT Trace I dataset including four
subdatasets and then HIT Trace II dataset results, then give
the result analysis of applied methods to validate the effec-
tiveness of packets, and lastly give the results of statistical test
for effective ML classifier.
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Figure 5: Mutual information results of HIT Trace I dataset.

6.1. Mutual Information Analysis Results

6.1.1. Mutual Information Results of the HIT Trace I Dataset.
Figure 5 shows the mutual information method analysis
results. In Figure 3 the mutual information of the first tow
packets of text messages and picture messages is higher
compared to the mutual information analysis results of audio
call and video call packets. The audio call and video call
traffic results are no more than 0.1 values. It means that the
first two packets are not contributing information, while in
text and picture message packet contributes highly compared
with 2 to 4 packets. However, in text messages traffic packet
numbers 8-9 give high information identification values and
in picture messages packets numbers 7-8 give high informa-
tion identification values while in audio call traffic packets
numbers 6-7 give high information identification values and
in video call traffic type is very different as compared to
other traffic data; in this traffic packet numbers 19-20 give
very high identification information. More details of mutual
information results are shown in Table 16.

6.1.2. Mutual Information Results of the HIT Trace II Dataset.
Figure 6 shows the mutual information method analysis
results with details. In Figure 6 the mutual information of
the first two packets of FTP, DNS, and WWW application is
higher as compared to the other WTCP, WUDP, and Telnet
application. Similarly packets 2-3 are also not contributing
very effectively. Its means that packets 1–3 do not give much
identification information. However, packets 6 and 17 give
very effective identification information and remaining pack-
ets are not contributing very well as compared to the other
packets. Moreover, with the perspective application FTP and
DNS give very effective identification information compared
with other applications.

6.2. Analysis Results of HIT Trace I Dataset

6.2.1. Results of the Text Messages Traffic Dataset. Figure 7
shows the accuracy results of the WeChat Text message
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Figure 6: Mutual information results of HIT Trace II dataset.
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Figure 7: Accuracy results of WeChat text message dataset.

dataset while the details results are shown in Table 19. All
the appliedmachine learning classifiers get very low accuracy
using first two and three packets of early traffic, because it is
very difficult to identify Internet traffic with only few packets.
Due to this reason, all the applied machine learning classi-
fiers get very low accuracy results using early few packets.
Näıve Bayes, Hoeffbing, and Random Forest get very low
accuracy result using early two packets. However, using text
messages dataset, we could not conclude that the first packets
are more effective for early stage Internet traffic classification.
It is worse to say that the first three packets for early stage
Internet traffic classification are effective.However, after three
packets using first four packets of WeChat text messages
dataset all the applied machine learning classifiers get very
effective accuracy results except Random Forest and Part ML
classifiers. These three ML classifiers get low accuracy results
using first four packets. Support Vector Machine (SVM) gets
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Figure 8: AUC result of WeChat text message dataset.

low accuracy result compared to othermachine learning clas-
sifiers. However, all the classifiers give continuously incense-
ments in accuracy results using all the packets numbers.
Except Random Forest classifier, this classifier shows poor
accuracy results which are not stable. Thus we can infer that
the first four and five packets carry enough identification
information for early stage classification WeChat text mes-
sages dataset. Note that we use two folders’ cross validation
method in this study work.

Figure 8 shows the AUC result of WeChat text messages
dataset and the details are shown in Table 23. From the figure,
it is clear that the first two three packets cannot contribute to
the AUC identification using the selected machine learning
classifiers and the AUC result continuously increases using
the selected machine learning classifiers conducting the first
four packets to twenty packets. Thus the entire conducted
machine learning classifiers give very effective AUC results
but some of them such as SMO and OneRML classifiers give
noneffective results for the WeChat text messages dataset. As
discussed in accuracy analysis, the Naı̈ve Bayes, Hoeffding,
and Random Forest give low accuracy results, while in AUC
result, Näıve Bayes, Hoeffding, and Random Forest give
effective AUC results compared to accuracy of WeChat Text
dataset. It means that there exists imbalance data in WeChat
Text message dataset.

Table 4 shows Friedman’s statistical test results for accu-
racy result. In Friedman’ test result the packet number nine-
teen is the best performed one in the accuracy results with
the lowest ranking values being 1.7555. While comparing the𝑝 values and adjusted 𝑝 values, the packet numbers 10–12 of
adjusted𝑝 values are less than𝑝 values and numbers 15–17 are
also the same as adjusted 𝑝 value which is less than 𝑝 values.
These are the best performance packets.

For better understanding the results of Friedman’s test, we
also executeWilcoxon sign rank test. Table 5 showsWilcoxon
pairwise test results for the WeChat text messages dataset.
From the table the 𝑝 value of 20 packets is greater than 0.05
for the accuracy results. Thus we conclude that there is no
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Table 4: Friedman’s test results for WeChat text messages dataset.

Accuracy
Number of packets Ranking 𝑝 value APV
2 15.7555 2.651213 4.241941
3 18.6555 1.875779 3.376403
4 16.5555 4.599337 7.818873
5 14.2222 7.531631 1.129744
6 11.6666 8.339059 1.167468
7 11.5555 9.078222 0.001089
8 11.5555 9.855377 0.001089
9 13.9999 1.379661 1.793560
10 09.0000 0.003965 0.031727
11 09.0000 0.001812 0.016316
12 07.1499 0.031893 0.159467
13 10.6666 4.370569 0.004370
14 05.8888 0.107549 0.322647
15 08.7999 0.005088 0.035618
16 07.6999 0.018064 0.108387
17 06.6000 0.053955 0.215821
18 03.3999 0.512053 1.024107
19 01.7555 — —
20 03.3333 0.537955 1.024107
Friedman’s test — 0.0 00000

Table 5: Wilcoxon pairwise test results for WeChat text messages
dataset.

Accuracy
19 pkts versus 𝑛 pkts 𝑅+ 𝑅− 𝑝 value
3 1.000 27.00 0.027
4 22.00 14.00 0.570
5 47.00 7.50 0.041
6 36.00 0.00 0.011
7 50.50 4.50 0.018
8 44.00 1.00 0.011
9 47.50 7.50 0.041
10 44.00 1.00 0.011
11 54.00 1.00 0.007
12 54.00 1.00 0.007
13 50.00 5.00 0.022
14 54.00 1.00 0.007
15 54.00 1.00 0.007
16 54.00 2.50 0.007
17 52.00 1.00 0.110
18 54.00 1.00 0.007
19 54.00 1.00 0.007
20 54.00 1.00 0.007

significant difference existing between the results of 19 pack-
ets and other packets for the WeChat text messages dataset.

6.2.2. Results of the Picture Messages Traffic Dataset. Figure 9
shows the accuracy results of the WeChat Pictures Messages
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Figure 9: Accuracy results of WeChat pictures message dataset.

dataset and the details results are shown in Table 18. The
results of the text messages dataset are different from the pic-
tures messages dataset. The packet number three gives very
low significant increase of accuracy results comparedwith the
first two packets.

From the results, it is concluded that the packet number
three does not give identification results for the accuracy. It is
also observed in the result that all the applied classifiers got
continuously increment results using all the number of pack-
ets except Support VectorMachine (SMO) classifiers, contin-
uously giving random results using all numbers of packets,
while OneR classifiers give very poor identification result in
the first 12 packets and then their results are continuously
increasing. It means that there exist imbalance data in the
dataset. The AUC results for the WeChat pictures messages
dataset are a little bit similar to accuracy results. In Figure 10
and Table 22 the AUC results are shown, in which all the
machine learning classifiers get the same AUC results but
only SMO and OneR ML classifiers results are different from
the other ML classifiers which hit high AUC results values.

Table 6 shows Friedman’s test results for the accuracy
result of WeChat pictures messages datasets. In the table
packet number 18 gives the best performance result for the
accuracy. The average ranking result of 18 is 04.3333 values
for the accuracy, which are the lowest average ranking results.
However observing the 𝑝 value and adjusted PV for the
accuracy, the packets number six to seventeen 𝑝 values are
less than when compared to adjusted 𝑝 values.Thus these are
the best behaving packets number for accuracy result, while
the packet number five and packet number nine 𝑝 values are
greater than adjusted 𝑝 values. Thus there is no significant
difference among the results with accuracy.

Table 7 shows the Wilcoxon test results for the accuracy
results. In the table, it is clear that the packet numbers 13–15
and 20 packets 𝑝 values are greater than the standard level of
0.05 for the accuracy results. Thus the packet numbers 13–15
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Figure 10: AUC results of WeChat pictures message dataset.

Table 6: Friedman’s test results for WeChat pictures messages data-
set.

Accuracy
Number of packets Ranking p value APV
2 17.7777 1.01164 1.71979
3 18.5555 1.67590 3.01663
4 14.2222 8.35921 0.00133
5 12.6666 9.73464 0.01362
6 10.4999 0.01375 0.15129
7 09.3555 0.04478 0.38802
8 8.35555 0.10754 0.57081
9 12.7555 7.85968 0.01178
10 11.3555 0.00508 0.06614
11 10.7000 0.01098 0.13184
12 09.5555 0.03880 0.38802
13 07.0000 0.28332 1.13331
14 05.0500 0.76568 1.53137
15 07.0000 0.28332 1.13331
16 08.5555 0.09513 0.57081
17 09.4444 0.04271 0.38802
18 04.3333 — —
19 08.8555 0.07060 0.49426
20 4.44444 0.96830 1.53137
Friedman’s test — 0.00000

and 20 are not significantly different for the WeChat pictures
messages dataset.

6.2.3. Results of the Audio Call Traffic Dataset. Figure 11
shows the accuracy results of all the selected machine learn-
ing classifiers for theWeChat Audio Call dataset. Comparing
the results of previous datasets, the results of WeChat audio
call dataset are very complex as shown in Figure 11. It is also
clear from the figure that the first three packets do not gain

Table 7: Wilcoxon pairwise test results for WeChat pictures mes-
sages dataset.

Accuracy
18 pkts versus 𝑛 pkts 𝑅+ 𝑅− 𝑝 value
2 10.50 17.00 0.527
3 28.00 0.00 0.017
4 43.50 1.50 0.013
5 36.00 0.00 0.012
6 54.00 1.00 0.007
7 45.00 1.00 0.008
8 54.00 0.00 0.007
9 45.00 1.00 0.008
10 45.00 0.00 0.008
11 55.00 0.00 0.005
12 55.00 0.00 0.005
13 55.00 0.00 0.005
14 55.00 0.00 0.005
15 55.00 0.00 0.005
16 55.00 0.00 0.005
17 55.00 0.00 0.005
19 55.00 0.00 0.005
20 55.00 0.00 0.005
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Figure 11: Accuracy results of WeChat audio call dataset.

identification performance effectively, while packet number
four gets effective identification performances for accuracy
results. Again the SMOmachine learning classifiers give ran-
dom performance results, which are not stable results, while
OneR machine learning classifiers give stable performance
results after 11 packets and Bayes Net classifiers give effective
result using packet number nine while its performance is
continuous after 12 packets. The detailed accuracy results are
shown in Table 17.

The AUC results for the WeChat Audio Call dataset
accuracy are shown in Figure 12 andTable 21.TheAUC results
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Table 8: Friedman’s test results for WeChat audio call dataset.

Accuracy
Number of packets Ranking p value APV
2 17.0499 2.0498 3.4847
3 18.3555 1.4017 2.5231
4 11.9999 0.0068 0.0964
5 13.8888 5.4616 0.0081
6 10.5555 0.0318 0.3827
7 9.85555 0.0590 0.5909
8 6.99999 0.4744 1.6160
9 7.77777 0.3015 1.5077
10 5.64999 0.8270 1.6160
11 13.9499 4.3705 0.0069
12 11.7000 0.0087 0.1134
13 7.99999 0.2491 1.4950
14 6.20000 0.6620 1.6160
15 8.35555 0.1965 1.3759
16 5.10000 — —
17 10.0000 0.0515 0.5667
18 9.11111 0.1119 1.0076
19 7.22222 0.4040 1.6160
20 8.77777 0.1525 1.2206
Friedman’s test — 0.0000

are very simple as compared to the accuracy results. The first
three packets gain low AUC result while the first four packets
gain effective AUC result for accuracy results. However, SMO
andBayesNetmachine learning classifiers give low level AUC
result for the first four packets and other machine learning
classifiers give accurate AUC results, while Random Forest
machine learning classifier gives very accurate AUC results
for the accuracy.

Table 8 shows Friedman’s test results for the WeChat
audio call dataset accuracy. The packet number sixteen gets
the lowest average ranking values for accuracy and all the𝑝 values of packets are less than from the adjusted 𝑝 values
except packet numbers 5 and 11. Thus we can say that there
is no significant difference among the results, while the Wil-
coxon test results are shown in Table 9, in which only packet
numbers 2–5 and 11–15 get the 𝑝 value less than 0.05, which
mean that these packets are significantly different from the
other packets results.

6.2.4. Results of the Video Call Traffic Dataset. Figure 13
shows the accuracy results ofWeChat video call datasets.The
accuracy results of video call dataset are different from the
previous datasets accuracy results. The result of this dataset
is a little bit complex; however, all the machine learning
classifiers get effective accuracy results using all the packets
datasets for accuracy. But the result C4.5 decision classifier is
completely straight line conducting all the packets datasets.
The results of the first two and three packets are lowest
using SMO and Näıve Bayes classifiers but after four packets
its accuracy result increases continuously. Similarly, using
Bayes Net, Random Forest, Bagging, and OneR classifiers

Table 9: Wilcoxon pairwise test results for WeChat audio call data-
set.

Accuracy
18 pkts versus 𝑛 pkts 𝑅+ 𝑅− p value
3 10.00 18.00 0.495
4 28.00 0.000 0.017
5 48.00 7.000 0.036
6 36.00 0.000 0.012
7 52.00 3.000 0.012
8 45.00 0.000 0.008
9 52.00 3.000 0.012
10 45.00 0.000 0.008
11 45.00 0.000 0.007
12 55.00 0.000 0.005
13 54.00 1.000 0.007
14 55.00 0.000 0.005
15 55.00 0.000 0.005
16 55.00 0.000 0.005
17 53.00 2.000 0.009
18 55.00 0.000 0.005
19 54.00 1.000 0.007
20 55.00 0.000 0.005
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Figure 12: AUC results of WeChat audio call dataset.

with packet number 17, all the classifiers give lowest results,
but the remaining classifiers get high accuracy results using
packet number 17. In Figure 14 and Table 24 we have shown
the AUC results for the WeChat video call dataset. The AUC
result pattern is simple as compared to accuracy result. Most
of the applied machine learning classifiers get the effective
AUC result for the video call dataset except OneR and SMO
machine learning classifiers, because the results of the OneR
and SMO are the lowest compared to other machine learning
classifiers, while Table 10 shows Friedman’s statistical test
results for the accuracy of WeChat video call datasets. The
packet number two gets the highest average rank values
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Figure 13: Accuracy results of WeChat video call dataset.
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Figure 14: AUC results of WeChat video call dataset.

compared to other packets average rank results and its value is
05.20. Similarly, all the𝑝 values are less than adjusted𝑝 values
except packet numbers 4-5. It means that there does not
exist significant difference among these results with respect
to accuracy.

In Table 11, we have shown the Wilcoxon test results for
the WeChat video call dataset accuracy. In Table 11, all the𝑝 values are less than the standard level 0.05 except packet
number 4. It means that the results of the entire packet except
4 packets are significantly different from all other results.

6.3. Analysis Results of HIT Trace II Dataset. Figure 15 shows
the accuracy results of HIT Trace II dataset. All the applied
machine learning classifiers get low accuracy result for early
stage Internet traffic, because it is very difficult to classify
Internet traffic using first few packets. However, we are not
interested in classification accuracy. We are interested to

Table 10: Friedman’s test results for WeChat video call dataset.

Accuracy
Number of packets Ranking 𝑝 value APV
2 05.20 — —
3 08.25 1.67590 2.5231
4 10.00 8.35921 0.0964
5 11.80 9.73464 0.0081
6 11.55 0.01375 0.3827
7 13.00 0.04478 0.5909
8 12.50 0.10754 1.6160
9 10.10 7.85968 1.5077
10 10.70 0.00508 1.6160
11 11.05 0.01098 0.0069
12 11.45 0.03880 0.1134
13 12.85 0.28332 1.4950
14 15.12 0.76568 1.6160
15 09.10 0.28332 1.3759
16 09.35 0.09513 0.5245
17 05.25 0.04271 0.5667
18 05.70 0.00543 1.0076
19 06.65 0.07060 1.6160
20 06.50 0.96830 1.2206
Friedman’s test — 0.0000

Table 11: Wilcoxon pairwise test results for WeChat video call
dataset.

Accuracy
18 pkts versus 𝑛 pkts 𝑅+ 𝑅− p value
3 21.00 0.000 0.027
4 10.00 0.000 0.063
5 28.00 0.000 0.018
6 28.00 0.000 0.018
7 36.00 0.000 0.012
8 28.00 0.000 0.018
9 35.00 1.000 0.017
10 42.00 2.500 0.018
11 43.00 2.000 0.015
12 43.00 2.000 0.015
13 43.00 2.000 0.015
15 39.00 6.000 0.035
16 39.00 15.00 0.050
17 29.50 14.00 0.405
18 31.00 14.00 0.314
19 31.00 14.00 0.314
20 31.00 14.00 0.314

find out the most effective packet numbers and effective
ML classifier. Moreover, packet numbers 13-14 give the same
identification results, but its identification information is low
as compared to other packets’ accuracy results. However, the
accuracy results of packet numbers 12 and 18 are continuously
increasing. It means that their accuracy results are very good
as compared to other packets’ accuracy results. Moreover, all
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Figure 15: Accuracy results of HIT Trace II dataset.
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Figure 16: AUC results of HIT Trace II dataset.

classifiers show stable accuracy results, but Random Forest
algorithm gives effective results compared to other machine
learning classifiers. Thus the first six packets carry enough
identification information as well as 15–19.

The AUC results for the HIT Trace II dataset is shown
in Figure 16 and Table 25. The AUC result for the HIT Trace
II is very simple as compared to other traces AUC result.
For example, only packet number 5 and packet number 17
get low AUC values and all the remaining packets gain good
AUC results as compared to packet AUC results. Moreover,
Bagging classifier gives low AUC for packet number 14 and
all the remaining classifiers give high AUC result for packet
number 14. Similarly, for packet number 5 all classifiers give
good AUC except SMO and AdaBoost machine learning
classifiers. However, all the machine learning classifiers give
high AUC values results for early stage packets. However the
detailed AUC results are shown in Table 26.

Table 12: Friedman’s test results for HIT Trace II dataset.
Accuracy

No of Packets Ranking 𝑝 value APV
2 11.55 7.31326 0.00877
3 13.99 1.35463 2.03194
4 10.05 0.00541 0.05410
5 09.50 0.01037 0.08302
6 09.50 0.01806 0.12645
7 15.60 6.13671 9.81874
8 11.90 4.37056 0.00611
9 11.65 6.32470 0.00822
10 10.95 0.00169 0.01863
11 09.80 0.00731 0.06583
12 07.35 0.08751 0.35006
13 15.80 4.05545 7.29981
14 15.80 4.05545 7.29981
15 07.99 0.04919 0.29514
16 05.55 0.32051 0.64103
17 08.00 0.049191 0.29514
18 03.05 — —
19 07.30 0.091261 0.35006
20 05.15 0.40402 0.64103
Friedman’s test — 0.0000

Table 12 shows Friedman’s test results for the HIT Trace
II dataset accuracy. The packet number 18 gets the lowest
average ranking values for accuracy and all the 𝑝 values of
packets are less than from the adjusted 𝑝 values except packet
numbers 8 and 9. Thus we can say that there is no significant
difference among the results, while the Wilcoxon test results
are shown in Table 13 in which only packet numbers 16 and 18
get the 𝑝 values less than 0.05, which mean that these packets
are significantly different from the other packets results.

6.4. Analysis Results of Algorithms. Table 14 shows Friedman’s
test results for the applied machine learning classifiers. The
Random Forest machine learning classifier gets the lowest
average ranking values as compared to other machine learn-
ing classifiers and all the 𝑝 values are less than from the
adjusted 𝑝 values except Hoeffding, Bayes Net, SMO, and
OneR ML classifiers, while the Wilcoxon test results are
shown in Table 15 in which only classifiers OneR, Part, C4.5,
andRandomForest get the𝑝 value less than 0.05, whichmean
that these classifiers are significantly different from the other
packets results.

7. Analysis and Discussion

Although the results of the five applied IM and WeChat
traffic datasets are different, with respective accuracy results
and AUC results, some information can be learned from the
applied five datasets at early stage WeChat traffic classifica-
tion.

(i) From this study, it is clear that analyzing the results
of information analysis and classification experiments
results analysis of the first three packets for early stage
IM do not carry enough identification information.

(ii) From the experimental results, the early traffic pack-
ets carry enough identification information for the
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Table 13: Wilcoxon pairwise test results for HIT Trace II dataset.

Accuracy
18 pkts versus 𝑛 pkts 𝑅+ 𝑅− 𝑝 value
3 24.50 30.50 0.459
4 04.00 16.00 0.776
5 32.00 23.00 0.646
6 29.00 07.00 0.123
7 17.00 38.00 0.284
8 25.00 20.00 0.766
9 26.50 28.50 0.919
10 25.00 20.00 0.766
11 34.50 20.50 0.475
12 38.50 06.50 0.058
13 19.50 35.50 0.414
14 19.50 35.50 0.414
15 39.50 15.50 0.221
16 39.50 05.50 0.043
17 40.00 15.00 0.203
18 40.50 04.50 0.033
19 35.00 10.00 0.139
20 36.50 08.50 0.970

Table 14: Friedman’s test results for algorithm.

Accuracy
Algorithm Ranking p value APV
RForest 1.942 — —
Part 3.236 0.18280 0.311291
C4.5 3.342 0.15564 0.311291
Naive Bayes 4.947 0.00225 0.008256
Bagging 4.973 0.00206 0.008256
Hoeffbing 5.315 6.05545 0.003027
Bayes Net 7.000 2.69412 1.616472
Adaboost 7.815 2.31268 1.618882
SMO 7.973 8.52091 6.816731
OneR 8.447 3.66247 3.296231
Friedman’s test — 0.0000

WeChat early traffic classification. However, all the
applied machine learning classifiers get very high
effective identification performance results using the
early stage traffic except Support Vector Machine and
OneR machine learning classifiers results are very
poor compared to other applied ML classifiers.

(iii) Through accuracy results, the classification perfor-
mance can be easily evaluated for the early stage
Internet traffic classification. But in some cases, some
classifiers get high identification performance results
and in some cases not very effective, it is due to
imbalanced datasets.

(iv) OneR and SVMclassifiers performance is always poor
with increase of nonzero payload packet numbers.
However, the performance of OneR and SVM classi-
fiers is very different as compared to other machine
learning classifiers.

Table 15: Wilcoxon pairwise test results for algorithms.

Accuracy
Algorithms 𝑅+ 𝑅− 𝑝 value
Naive Bayes 145.00 8.000 0.001
SMO 50.500 102.5 0.218
Adaboost 30.000 48.00 0.480
Bagging 127.00 26.00 0.170
OneR 23.000 148.0 0.006
Part 171.00 0.000 0.000
Hoeffding 121.00 32.00 0.350
C4.5 171.00 0.000 0.000
Rforest 189.00 1.000 0.000

(v) However, it is clear from the experimental results that
Random Forest gives very accurate results for all the
applied datasets.

8. Conclusion

In this paper, we have tried to find out the most effective
packet numbers for the IM WeChat early stage traffic classi-
fication as well as effective machine learning classifier. Using
mutual information analysis five datasets (text messages, pic-
ture messages, audio call, and video call traffic), HIT Trace II,
and ten well-known machine learning classifiers are applied.
According to experimental results, we conclude that the
nonzero payload size packets carry enough identification
information for WeChat instant messages applications traffic
classification. However, the packet numbers 13–19 are effec-
tive packets for 5G WeChat application traffic identification.
Moreover, the experimental results of the five datasets are
different due to different functionality of 5GWeChat applica-
tion. However, in the results all the utilized datasets are not
the same and the first three packets do not carry enough
identification information and give very poor results, while
for WeChat early stage traffic classification, according to our
experimental analysis, the packet numbers 13–19 are most
effective packet numbers. While for effective ML classifiers,
we conclude that Random Forest machine learning classifier
is effective ML classifier for IM early stage traffic classifica-
tion.

There is still gap for further research in the early Internet
traffic classification. A new method should be developed to
select effective packet numbers for 5G WeChat application
early stage traffic identification, while selecting more packets
for Internet traffic classification increases computational
complexity while minimum features will decrease classifi-
cation accuracy of machine learning classifier so that more
models should be developed that show how many packets
should be used for accurate IM application traffic classifica-
tion.

Appendix

Detailed Results of the Experimental Work

See Tables 16–26.
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Table 16: Mutual information analysis.

Mutual information
Number of packets Text messages Picture messages Audio call Video call
1 1.267128 1.3519 1.0892737 1.1317
2 1.094605 1.2914 1.4401684 1.4416
3 1.258356 1.1384 1.2647211 1.3305
4 1.267128 1.3431 1.4335891 1.4416
5 1.267128 1.3607 1.4401684 1.3305
6 0.933778 1.3607 1.4518649 1.4416
7 1.103377 1.4318 1.4401684 1.3305
8 1.364587 1.3431 1.4401684 1.4533
9 1.241780 1.1677 1.4401684 1.3305
10 1.103377 1.3607 1.2150123 1.4416
11 1.268531 1.1677 1.4461477 1.3480
12 1.079986 1.3519 1.4401684 1.4689
13 1.065364 1.3607 1.2150123 1.4416
14 1.097529 1.3607 1.2413281 1.4416
15 1.267128 1.3431 1.4138526 1.4416
16 1.267128 1.3607 1.0249456 1.3480
17 1.103377 1.3607 1.2233193 1.4416
18 1.097529 1.3607 1.1882304 1.1375
19 1.077061 1.3607 1.2203953 1.1492
20 1.267128 1.3431 1.2501018 1.4777

Table 17: Accuracy results of WeChat audio traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 33.33 33.33 50.00 50.00 33.33 33.33 33.33 33.33 33.33 50.00 38.331
3 22.22 55.55 33.33 55.55 22.22 22.22 33.33 33.33 33.33 55.55 36.663
4 33.33 66.66 66.66 66.66 33.33 33.33 58.33 66.66 58.33 100.0 58.329
5 26.66 66.66 33.33 66.66 66.66 26.66 53.33 60.00 53.33 100.0 55.329
6 33.33 77.77 72.22 66.66 66.66 33.33 50.00 55.55 50.00 100.0 60.552
7 57.14 76.19 47.61 66.66 66.66 28.57 66.66 80.95 66.66 100.0 65.710
8 79.16 70.83 70.83 66.66 75.00 33.33 91.66 79.16 91.66 100.0 75.829
9 66.66 70.37 37.03 66.66 92.66 29.62 92.59 92.96 92.59 100.0 74.114
10 80.00 63.33 70.00 66.66 76.66 33.33 100.0 80.00 100.0 100.0 76.998
11 51.51 51.51 60.60 60.60 60.60 33.33 84.84 51.51 84.84 93.93 63.327
12 50.00 72.22 61.11 61.11 66.66 61.11 80.55 75.00 80.55 94.44 70.275
13 51.28 84.61 41.02 61.53 94.87 61.53 92.30 76.92 97.43 94.87 75.636
14 73.80 83.33 61.90 61.90 88.09 61.90 92.85 78.57 97.61 95.23 79.518
15 73.33 71.11 51.11 62.22 88.88 64.44 88.88 75.55 95.55 97.77 76.884
16 83.33 77.08 66.66 64.58 83.33 64.58 97.91 79.16 95.83 97.91 81.037
17 80.39 70.58 33.33 58.82 74.50 76.47 92.15 78.43 92.15 92.15 74.897
18 79.62 72.22 68.51 59.25 74.07 77.77 88.88 70.37 88.88 90.74 77.031
19 73.68 71.92 38.59 64.91 89.47 70.17 96.49 78.94 96.49 94.73 77.539
20 65.00 70.00 61.66 68.33 81.66 76.66 86.66 70.00 86.66 95.00 76.163
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Table 18: Accuracy results of WeChat picture traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 33.33 33.33 33.33 33.33 33.33 33.33 33.33 66.66 33.33 33.33 36.663
3 22.22 44.44 33.33 44.44 22.22 22.22 33.33 44.44 33.33 44.44 34.441
4 33.33 66.66 58.33 58.33 33.33 33.33 66.66 83.33 66.66 75.00 57.496
5 33.33 73.33 40.00 73.33 53.33 26.66 46.66 86.66 46.66 80.00 55.996
6 33.33 72.22 66.66 61.11 72.22 33.33 77.00 88.88 77.77 88.88 67.144
7 66.66 76.19 42.85 71.42 57.14 28.57 80.95 90.47 80.95 80.95 67.615
8 62.50 79.16 62.50 66.66 66.66 33.33 83.33 91.66 83.33 75.00 70.413
9 62.96 70.37 40.74 62.96 59.25 29.62 77.77 81.48 77.77 81.48 64.444
10 76.66 80.00 50.00 60.00 63.33 33.33 73.33 80.00 80.00 76.66 67.331
11 57.57 78.78 33.33 63.63 69.69 36.36 81.81 81.81 81.81 78.78 66.357
12 80.55 69.44 61.11 66.66 69.44 66.66 80.55 75.00 80.55 80.55 73.051
13 82.05 76.92 41.02 66.66 87.17 66.66 79.48 82.05 79.48 89.74 75.123
14 78.57 76.19 64.28 66.66 78.57 66.66 85.71 83.33 90.47 90.47 78.091
15 77.77 68.88 92.22 66.66 82.22 66.66 86.66 77.77 80.00 91.11 78.995
16 87.50 64.58 52.08 66.66 77.08 62.50 83.33 77.08 87.50 87.50 74.581
17 74.50 66.66 39.21 64.70 76.47 66.66 82.35 78.43 88.23 92.15 72.936
18 77.77 75.92 92.96 66.66 79.62 68.51 94.44 79.62 94.44 98.14 82.808
19 75.43 68.42 40.35 63.15 75.43 66.66 87.71 78.94 94.73 87.71 73.853
20 78.33 73.33 65.00 66.66 73.33 70.00 88.33 83.33 95.00 95.00 78.831

Table 19: Accuracy results of WeChat text traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 66.66 33.33 33.33 33.33 66.66 50.00 33.33 33.33 66.66 66.66 48.32
3 33.33 22.22 33.33 33.33 44.44 55.55 22.22 33.33 55.55 22.22 35.55
4 58.33 41.66 41.66 66.66 58.66 41.66 33.33 66.66 66.66 58.33 53.36
5 73.33 60.00 53.33 86.66 80.00 73.33 26.66 86.66 73.33 46.66 65.99
6 66.66 44.44 50.00 77.77 72.22 61.11 33.33 77.77 72.22 72.22 62.77
7 85.71 85.71 61.90 80.95 85.71 71.42 28.57 80.95 85.71 47.61 71.42
8 83.33 70.83 62.50 79.16 91.66 70.83 33.33 79.16 91.66 58.33 72.07
9 70.37 62.96 66.66 88.88 74.07 59.25 29.62 88.88 77.77 48.14 66.66
10 76.66 70.00 70.00 90.00 93.33 83.33 33.33 90.00 83.33 60.00 74.99
11 84.84 78.78 75.75 90.90 81.81 66.66 48.48 90.90 90.90 54.54 76.35
12 86.11 77.77 88.88 91.66 91.66 77.77 66.66 91.66 91.66 61.11 82.49
13 79.48 82.05 69.23 89.74 76.92 74.35 74.35 89.74 84.61 38.46 75.89
14 85.71 85.71 69.04 90.47 95.23 78.57 76.19 90.47 92.85 61.90 82.61
15 71.11 84.44 68.88 88.88 91.11 80.00 68.88 88.88 93.33 62.22 79.77
16 75.00 70.83 93.75 95.83 91.66 77.08 72.91 95.83 91.66 60.41 82.49
17 82.35 82.35 92.15 96.07 92.15 80.39 70.58 96.07 96.07 41.17 82.93
18 88.88 85.15 94.44 96.29 92.59 81.48 85.18 96.29 94.44 62.96 87.77
19 87.71 94.73 96.49 100.0 92.98 84.21 87.71 100.0 100.0 63.15 90.69
20 85.00 93.33 95.00 100.0 91.66 81.66 95.00 100.0 100.0 61.66 90.33
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Table 20: Accuracy results of WeChat video traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 66.66 33.33 33.33 66.66 83.33 66.66 33.33 66.66 100 66.66 61.66
3 66.66 55.55 33.33 77.77 88.88 88.88 33.33 77.77 100 77.00 69.91
4 66.66 83.33 83.33 100.0 83.33 66.66 33.33 100.0 100 66.66 78.33
5 66.66 86.66 80.00 100.0 86.66 86.66 33.33 100.0 100 73.33 81.33
6 66.66 88.88 77.77 100.0 83.33 83.33 66.66 100.0 100 72.22 83.88
7 66.66 90.47 76.19 100.0 85.71 85.71 66.66 100.0 100 76.19 84.75
8 66.66 91.66 75.00 100.0 83.33 83.33 75.00 100.0 100 75.00 84.99
9 66.66 88.88 74.07 96.29 81.48 81.48 74.07 96.29 100 74.07 83.32
10 70.00 90.00 73.33 93.33 76.66 83.33 76.66 96.66 100 73.33 83.33
11 69.69 87.87 72.72 93.93 78.78 81.81 78.78 96.96 100 75.75 83.62
12 69.44 86.11 72.22 94.44 77.77 83.33 88.88 97.22 100 75.00 84.44
13 69.23 87.17 94.87 94.87 79.48 79.48 87.17 97.43 100 74.35 86.40
14 66.66 95.23 76.19 95.23 76.19 78.57 83.33 95.23 100 71.42 83.80
15 66.66 84.44 86.66 93.33 73.33 77.77 84.44 93.33 100 62.22 82.21
16 68.75 85.41 85.41 89.58 72.91 75.00 83.33 95.83 100 62.50 81.87
17 35.70 82.35 82.35 88.23 47.05 50.98 82.35 92.15 100 41.17 70.23
18 62.96 81.48 83.33 88.88 51.85 51.85 81.48 85.18 100 40.74 72.77
19 61.40 78.94 82.45 89.47 54.38 54.38 85.96 89.47 100 42.10 73.85
20 61.66 86.66 81.66 88.33 53.33 51.66 85.00 88.33 100 41.66 73.82

Table 21: AUC results of WeChat audio traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 0.660 0.660 0.750 0.750 0.660 0.660 0.660 0.660 0.660 0.750 0.687
3 0.611 0.777 0.666 0.777 0.611 0.611 0.666 0.666 0.666 0.777 0.682
4 0.666 0.833 0.733 0.833 0.666 0.666 0.791 0.833 0.791 1.000 0.781
5 0.343 0.833 0.416 0.733 0.833 0.642 0.766 0.675 0.766 1.000 0.700
6 0.666 0.888 0.780 0.833 0.833 1.00 0.75 0.777 0.750 1.000 0.827
7 0.785 0.880 0.738 0.833 0.833 0.642 0.833 0.904 0.833 1.000 0.828
8 0.895 0.854 0.854 0.833 0.875 0.666 0.958 0.895 0.958 1.000 0.878
9 0.833 0.851 0.685 0.833 0.814 0.648 0.962 0.814 0.962 1.000 0.840
10 0.90 0.816 0.850 0.833 0.883 0.666 1.00 0.900 1.00 1.000 0.884
11 0.757 0.757 0.803 0.803 0.803 0.666 0.924 0.757 0.924 0.969 0.816
12 0.750 0.882 0.805 0.805 0.833 0.805 0.902 0.875 0.902 0.972 0.853
13 0.756 0.923 0.705 0.807 0.974 0.807 0.961 0.884 0.987 0.974 0.877
14 0.869 0.916 0.809 0.809 0.908 0.809 0.964 0.892 0.988 0.976 0.894
15 0.866 0.855 0.755 0.811 0.944 0.822 0.944 0.877 0.977 0.988 0.883
16 0.916 0.885 0.833 0.822 0.916 0.822 0.984 0.895 0.979 0.989 0.904
17 0.847 0.852 0.416 0.794 0.872 0.882 0.960 0.892 0.940 0.960 0.841
18 0.898 0.861 0.842 0.796 0.870 0.888 0.944 0.851 0.944 0.953 0.884
19 0.868 0.859 0.692 0.824 0.947 0.850 0.982 0.959 0.982 0.973 0.893
20 0.825 0.850 0.808 0.841 0.908 0.883 0.933 0.850 0.933 0.975 0.880
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Table 22: AUC results of WeChat picture traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 0.666 0.666 0.666 0.666 0.666 0.666 0.666 0.833 0.666 0.666 0.682
3 0.611 0.722 0.666 0.722 0.611 0.611 0.666 0.722 0.666 0.722 0.671
4 0.666 0.833 0.791 0.791 0.666 0.666 0.833 0.916 0.833 0.875 0.787
5 0.666 0.866 0.700 0.866 0.766 0.633 0.733 0.933 0.733 0.900 0.779
6 0.666 0.861 0.833 0.805 0.861 0.666 0.888 0.944 0.888 0.944 0.835
7 0.833 0.880 0.714 0.857 0.785 0.642 0.904 0.865 0.904 0.904 0.828
8 0.812 0.895 0.812 0.833 0.833 0.666 0.916 0.958 0.916 0.875 0.851
9 0.814 0.851 0.703 0.814 0.796 0.648 0.888 0.907 0.888 0.907 0.821
10 0.883 0.900 0.750 0.800 0.816 0.666 0.866 0.900 0.900 0.883 0.836
11 0.787 0.893 0.666 0.818 0.848 0.681 0.909 0.909 0.909 0.893 0.831
12 0.902 0.847 0.805 0.833 0.847 0.833 0.902 0.875 0.902 0.902 0.864
13 0.910 0.884 0.705 0.833 0.935 0.833 0.897 0.910 0.910 0.948 0.876
14 0.892 0.880 0.821 0.833 0.892 0.833 0.928 0.916 0.952 0.952 0.889
15 0.888 0.844 0.811 0.833 0.911 0.833 0.933 0.888 0.900 0.955 0.879
16 0.937 0.822 0.760 0.833 0.885 0.812 0.916 0.885 0.896 0.920 0.866
17 0.872 0.833 0.696 0.823 0.882 0.833 0.911 0.892 0.941 0.960 0.864
18 0.888 0.879 0.814 0.833 0.898 0.842 0.972 0.898 0.972 0.990 0.898
19 0.877 0.842 0.701 0.815 0.877 0.833 0.938 0.894 0.973 0.938 0.868
20 0.891 0.866 0.825 0.833 0.866 0.850 0.941 0.916 0.975 0.967 0.893

Table 23: AUC results of WeChat text traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 0.666 0.833 0.833 0.833 0.666 0.666 0.833 0.916 0.833 1.000 0.807
3 0.666 0.944 0.888 0.833 0.777 0.666 0.888 0.944 0.888 1.000 0.849
4 0.916 0.833 0.833 0.833 0.916 0.666 1.000 0.916 1.000 1.000 0.891
5 0.900 0.933 0.866 0.833 0.933 0.666 1.000 0.933 1.000 1.000 0.906
6 0.888 0.916 0.861 0.833 0.944 0.833 1.000 0.916 0.909 1.000 0.910
7 0.880 0.928 0.880 0.833 0.952 0.833 1.000 0.928 1.000 1.000 0.923
8 0.875 0.916 0.875 0.833 0.958 0.875 1.000 0.916 1.000 1.000 0.924
9 0.870 0.907 0.870 0.833 0.944 0.870 0.981 0.907 0.981 1.000 0.916
10 0.866 0.916 0.866 0.850 0.950 0.883 0.983 0.883 0.966 1.000 0.916
11 0.863 0.906 0.878 0.848 0.939 0.893 0.984 0.893 0.969 0.985 0.915
12 0.861 0.916 0.875 0.847 0.930 0.944 0.986 0.888 0.972 1.000 0.921
13 0.974 0.897 0.871 0.846 0.935 0.935 0.987 0.900 0.974 1.000 0.931
14 0.880 0.892 0.857 0.833 0.976 0.916 0.976 0.880 0.976 1.000 0.918
15 0.933 0.888 0.655 0.833 0.922 0.922 0.966 0.866 0.966 1.000 0.895
16 0.927 0.875 0.812 0.843 0.927 0.916 0.979 0.864 0.947 1.000 0.909
17 0.911 0.754 0.705 0.823 0.911 0.911 0.960 0.735 0.941 1.000 0.865
18 0.916 0.759 0.703 0.814 0.907 0.907 0.925 0.759 0.944 1.000 0.863
19 0.912 0.771 0.710 0.807 0.894 0.929 0.947 0.771 0.947 1.000 0.868
20 0.908 0.758 0.708 0.808 0.933 0.925 0.941 0.766 0.941 1.000 0.868
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Table 24: AUC results of WeChat video traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 0.666 0.800 0.833 0.833 0.666 0.666 0.666 0.833 0.666 0.833 0.746
3 0.666 0.777 0.611 0.666 0.611 0.611 0.666 0.722 0.666 0.777 0.677
4 0.708 0.708 0.791 0.791 0.708 0.666 0.833 0.791 0.833 0.833 0.766
5 0.766 0.866 0.733 0.866 0.800 0.633 0.933 0.900 0.933 0.866 0.829
6 0.750 0.805 0.861 0.833 0.722 0.666 0.888 0.861 0.888 0.861 0.813
7 0.809 0.857 0.738 0.928 0.928 0.642 0.904 0.928 0.904 0.928 0.856
8 0.812 0.854 0.791 0.916 0.854 0.666 0.895 0.958 0.895 0.958 0.859
9 0.833 0.796 0.740 0.851 0.814 0.648 0.944 0.870 0.944 0.888 0.832
10 0.850 0.916 0.800 0.883 0.85 0.666 0.950 0.966 0.950 0.916 0.874
11 0.878 0.833 0.772 0.924 0.893 0.742 0.954 0.909 0.954 0.954 0.881
12 0.944 0.888 0.805 0.930 0.888 0.833 0.958 0.958 0.958 0.958 0.912
13 0.846 0.871 0.692 0.897 0.910 0.871 0.948 0.884 0.948 0.923 0.879
14 0.845 0.892 0.809 0.928 0.928 0.880 0.952 0.976 0.952 0.964 0.912
15 0.844 0.900 0.811 0.855 0.922 0.844 0.944 0.955 0.944 0.966 0.898
16 0.968 0.885 0.802 0.875 0.854 0.864 0.979 0.958 0.979 0.958 0.912
17 0.960 0.901 0.705 0.911 0.911 0.852 0.980 0.960 0.980 0.980 0.914
18 0.972 0.907 0.814 0.944 0.925 0.925 0.981 0.962 0.981 0.972 0.938
19 0.982 0.921 0.815 0.938 0.973 0.938 1.000 0.964 1.000 1.000 0.953
20 0.975 0.975 0.808 0.925 0.966 0.975 1.000 0.958 1.000 1.000 0.958

Table 25: Accuracy results of HIT Trace traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 33.33 41.66 41.66 33.33 16.66 16.66 33.33 16.66 33.33 41.66 30.82
3 27.77 38.88 11.11 22.22 22.22 11.11 38.88 27.77 38.88 44.44 28.32
4 16.66 33.33 45.83 25.00 16.66 16.66 41.66 45.83 41.66 45.83 32.91
5 23.33 40.00 23.33 26.66 36.66 13.33 40.00 43.33 40.00 46.66 33.3
6 33.33 50.00 47.22 30.55 30.55 16.66 38.88 47.22 38.88 30.55 36.38
7 23.80 30.95 19.04 23.80 30.95 14.28 26.19 38.09 28.57 38.09 27.37
8 29.16 31.25 31.25 29.16 35.41 16.66 37.50 35.41 39.58 37.50 32.28
9 27.77 35.18 24.07 27.77 37.03 14.81 37.03 37.03 35.18 42.59 31.84
10 30.00 36.66 33.33 30.00 35.00 16.66 35.00 35.00 35.00 45.00 33.16
11 22.72 31.81 25.75 30.33 34.84 27.27 42.42 36.36 42.42 45.45 33.93
12 34.72 36.11 34.72 33.33 34.72 37.50 38.88 33.33 41.66 50.00 37.49
13 24.35 23.07 21.79 24.35 29.48 23.07 34.61 26.92 32.05 32.05 27.17
14 24.35 23.07 21.79 24.35 29.48 23.07 34.61 26.92 32.05 32.05 27.17
15 34.44 34.44 22.22 32.22 45.55 33.33 40.00 36.66 40.00 45.55 36.44
16 38.54 38.54 33.33 33.33 36.45 36.45 41.66 36.45 43.75 44.79 38.32
17 35.29 36.27 19.60 32.35 44.11 31.37 46.07 30.39 44.11 42.15 36.17
18 38.88 37.96 30.55 33.33 50.92 37.96 50.92 37.03 49.07 52.77 41.93
19 35.08 37.71 19.29 33.33 42.98 33.33 41.22 35.08 42.10 45.61 36.57
20 35.83 38.33 30.83 33.33 42.50 37.50 42.50 36.66 44.16 44.16 38.58
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Table 26: AUC results of HIT Trace II traffic dataset.

Pkts # Bayes Net N/Bayes SMO Adaboost Bagging OneR Part Hoeffbing C4.5 R/forest Average
2 0.666 0.708 0.708 0.666 0.583 0.583 0.666 0.583 0.666 0.708 0.653
3 0.638 0.694 0.555 0.611 0.611 0.555 0.694 0.638 0.694 0.722 0.641
4 0.666 0.666 0.543 0.625 0.583 0.583 0.708 0.729 0.708 0.729 0.654
5 0.305 0.700 0.305 0.343 0.683 0.566 0.700 0.518 0.700 0.733 0.555
6 0.666 0.750 0.556 0.652 0.652 0.583 0.694 0.736 0.694 0.652 0.663
7 0.619 0.654 0.595 0.619 0.654 0.571 0.630 0.690 0.642 0.690 0.636
8 0.645 0.656 0.656 0.645 0.677 0.583 0.687 0.677 0.697 0.687 0.661
9 0.638 0.675 0.620 0.638 0.685 0.574 0.685 0.685 0.675 0.712 0.658
10 0.650 0.683 0.666 0.650 0.675 0.583 0.675 0.675 0.675 0.725 0.665
11 0.613 0.659 0.628 0.651 0.674 0.636 0.712 0.681 0.712 0.727 0.669
12 0.673 0.680 0.673 0.666 0.673 0.687 0.694 0.666 0.708 0.750 0.687
13 0.621 0.615 0.608 0.621 0.647 0.615 0.673 0.634 0.660 0.660 0.635
14 0.621 0.615 0.608 0.621 0.375 0.615 0.673 0.634 0.660 0.660 0.608
15 0.672 0.672 0.611 0.800 0.727 0.666 0.700 0.683 0.700 0.727 0.695
16 0.692 0.692 0.666 0.666 0.682 0.682 0.502 0.682 0.718 0.723 0.670
17 0.437 0.681 0.261 0.661 0.720 0.656 0.730 0.651 0.526 0.710 0.603
18 0.694 0.689 0.652 0.666 0.754 0.689 0.754 0.685 0.745 0.763 0.709
19 0.675 0.688 0.596 0.666 0.714 0.666 0.706 0.675 0.710 0.728 0.682
20 0.679 0.691 0.654 0.666 0.712 0.687 0.712 0.683 0.720 0.720 0.692
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[7] A. Dainotti, A. Pescapé, and K. C. Claffy, “Issues and future
directions in traffic classification,” IEEE Network, vol. 26, no. 1,
pp. 35–40, 2012.

[8] B. Qu, Z. Zhang, L. Guo, and D. Meng, “On accuracy of early
traffic classification,” inProceedings of the IEEE 7th International
Conference on Networking, Architecture and Storage (NAS ’12),
pp. 348–354, Xiamen, China, June 2012.

[9] L. Bernaille, R. Teixeira, I. Akodkenou, A. Soule, and K. Sala-
matian, “Traffic classification on the fly,”ACMSIGCOMMCom-
puter Communication Review, vol. 36, no. 2, pp. 23–26, 2006.

[10] N.-F. Huang, G.-Y. Jai, andH.-C. Chao, “Early identifying appli-
cation traffic with application characteristics,” in Proceedings
of the IEEE International Conference on Communications (ICC
’08), pp. 5788–5792, Beijing, China, May 2008.

[11] N.-F. Huang, G.-Y. Jai, H.-C. Chao, Y.-J. Tzang, and H.-Y.
Chang, “Application traffic classification at the early stage by
characterizing application rounds,” Information Sciences, vol.
232, pp. 130–142, 2013.

[12] A. Este, F. Gringoli, and L. Salgarelli, “On the stability of the
information carried by traffic flow features at the packet level,”
SIGCOMMComputer Communication Review, vol. 39, no. 3, pp.
13–18, 2009.

[13] A. Rizzi, S. Colabrese, and A. Baiocchi, “Low complexity, high
performance neuro-fuzzy system for Internet traffic flows early
classification,” in Proceedings of the 9th International Wireless
Communications and Mobile Computing Conference (IWCMC
’13), pp. 77–82, Sardinia, Italy, July 2013.

[14] T. T. T. Nguyen, G. Armitage, P. Branch, and S. Zander, “Timely
and continuousmachine-learning-based classification for inter-
active IP traffic,” IEEE/ACM Transactions on Networking, vol.
20, no. 6, pp. 1880–1894, 2012.
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The next fifth generation (5G) of wireless communication networks comes with a set of new features to satisfy the demand of data-
intensive applications: millimeter-wave frequencies, massive antenna arrays, beamforming, dense cells, and so forth. In this paper,
we investigate the use of beamforming techniques through various architectures and evaluate the performance of 5Gwireless access
networks, using a capacity-based network deployment tool. This tool is proposed and applied to a realistic area in Ghent, Belgium,
to simulate realistic 5G networks that respond to the instantaneous bit rate required by the active users. The results show that,
with beamforming, 5G networks require almost 15% more base stations and 4 times less power to provide more capacity to the
users and the same coverage performances, in comparison with the 4G reference network. Moreover, they are 3 times more energy
efficient than the 4G network and the hybrid beamforming architecture appears to be a suitable architecture for beamforming to
be considered when designing a 5G cellular network.

1. Introduction

The increasing demand of applications in terms of through-
put and latency explains the evolution of telecommunication
standards. The next generation of telecommunication stan-
dards such as the 5th-generation (5G) wireless communi-
cation networks are expected to considerably accommodate
larger number of wireless connections to better support
existing and evolving applications including social media,
high definition video streaming, full-featured web browsing,
and real-time gaming. This can be made possible thanks
to new features utilized in 5G wireless access networks as
presented in [1, 2]: massive MIMO (Multiple Input Multiple
Output), beamforming, small dense networks, millimeter-
wave frequency, and movable base stations. However, the
fast growing data traffic volume and dramatic expansion
of network infrastructure will inevitably trigger tremendous
escalation of energy consumption in wireless networks. This
will directly result in the increase of green house gas emission
and pose ever increasing urgency on the environmental
protection [3].

In this study, a capacity-based network deployment tool
is proposed to meet the requirement of designing energy

efficient 5G wireless networks, while providing at the same
time the higher throughput required by the users. A similar
method was used in [4] but was limited to the design of
an energy efficient LTE-advanced network at 2.6GHz, with
its three main features: carrier aggregation, heterogeneous
networks, and MIMO technology. Here, beamforming is
implemented and investigated in order to assess its potential
by means of system level simulations, thanks to the use of
multiple antennas at the base station. Beamforming increases
the base station antenna gain and help focusing antennas’
energy in a desired direction, while preventing interference
from others [1, 2]. The assessment will consist in examining
the influence of the use of beamforming technology on
the overall network power consumption, network coverage,
and network capacity. A realistic suburban case in Ghent,
Belgium, is considered for this study.

The rest of this paper is organized as follows: Section 2
discusses the new features of the 5Gwireless access networks,
the power consumption models of its base station, and
the energy efficiency metrics. In Section 3, the network
deployment tool is described and finally Section 4 presents
the results obtained with the deployment tool with respect
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to the beamforming technology. We then provide the final
conclusions in Section 5.

2. 5G Wireless Access Networks

Research on next-generation 5G wireless systems, which
aims to resolve several unprecedented technical requirements
and challenges, has attracted growing interests from both
academia and industry in the past few years. More than 5
billion devices demand wireless connections that run voice,
data, and other applications in today’s wireless networks [5].

The need for more capacity is just one key driver for
mobile networks to evolve towards 5G. For the data-intensive
applications to be working smoothly, the industries and
academia agree on the following technical requirements for
the 5G wireless network, which is not standardized yet [6]:

(i) Coverage and Data Rate. 5G shouldmaintain connec-
tivity anytime and anywhere with a minimum user
experience data rate of 1 Gbps [7].

(ii) Latency. The latency requirement is usually more
difficult to achieve compared to that of the data
rate as it demands that the data be delivered to the
destination within a given period of time. For the 5G
wireless network, the end-to-end latency requirement
is expected to be in the order of 1–5ms [8, 9].

(iii) Connected Devices. The future 5G network will have
the ability to incorporate huge number of connected
devices, allowing them to reach up to 100 times the
data rate of the 4G wireless network.

(iv) Multiple Radio Access Technologies.The 5G network is
not meant to replace the current wireless networks.
It will be built upon the existing wireless technolo-
gies: the Global System for Mobile Communications
(GSM), third generation of mobile communications
(3G), high-speed packet access (HSPA), long term
evolution (LTE), long term evolution advanced (LTE-
A), and wireless fidelity (WiFi) [8, 9].

(v) Energy and Cost Efficiency. 5G wireless networks have
to be designed to meet the requirements of data-
consuming applications but at a lower cost and higher
energy efficiency, compared to the existing wireless
networks [8].

Given the above requirements, the following new tech-
nologies will have to be enabled tomake 5Gwireless networks
reality [1]:

(i) Millimeter-Wave Frequency. As the frequency spec-
trum under 6GHz is highly utilized, it appears that
millimeter wave is the best candidate to respond to
the huge requirements in terms of network capacity
and from Gigabit broadband applications [10].

(ii) Massive MIMO. This is the extension of the MIMO
technology used in 4G technology to a large number
of antennas. Massive antenna arrays are put together
to provide the ability to exploit themaximumpossible
degrees of freedom available in the spatial domain.

Therefore, it becomes possible to focus these ener-
gies towards a desired direction, while preventing
propagation in the nondesired direction (beamform-
ing). This can easily be achieved at millimeter-wave
frequency since this high carrier frequency requires
antenna elements to be very small, allowing the
use of many antennas at both the base station (BS)
and the mobile station (MS) [11]. There are mainly
three types of beamforming architectures that are
widely investigated: the digital beamforming (DBF),
the analog or radio frequency beamforming (ABF),
and the hybrid beamforming architecture (HBF) [12]:

(1) Digital beamforming: this is the type of beam-
forming architecture whereby it is assumed that
a transceiver is behind every antenna. So, the
entire array processing is performed at the
baseband side.

(2) Analog beamforming: this is the type of beam-
forming whereby the control of MIMO and
beamforming is performed at radio frequency
(RF) level. Here, a transceiver is assumed to
drive the antenna array and the transmit and
receive array processing is performed with RF
components having phase shifting and poten-
tially gain adjustment capabilities as well.

(3) Hybrid beamforming: the control ofMIMO and
beamforming is split between RF and baseband.
Each set of antenna elements is driven by a
transceiver. A hybrid architecture can use two
to eight transceivers to drive the antenna array.

(iii) Small Cells. To satisfy the increasing traffic demands
due to the growing number of users, densification
of the infrastructure whereby 5G small cells are
introduced in the 4G macrocell network is set to be
a priority aspect in 5G communications [1].

This paper emphasizes the use of beamforming technol-
ogy in the millimeter-wave frequency bands and investigates
its influence on the behavior of the 5G wireless communi-
cations networks. The densification will serve as an another
study in the future work.

3. Capacity-Based Network Deployment Tool

3.1. Design of the Network Deployment Tool. The network
deployment tool is designed and proposed to meet the
requirements of 5G wireless network. The choice for the
design of such a tool is motivated by the fact that it simulates
a realistic network that responds to the instantaneous bit
rate (voice or data) required by the active users, in the
considered area. This tool is used to simulate the different
scenarios of 5G wireless communication networks, based on
our assumptions, and the results are discussed and compared
with the reference scenario. The following lines discuss the
different steps of the simulation tool/algorithm.

3.1.1. Creation of the Traffic. The different steps leading to
the creation of traffic files are indicated in Figure 1. First, a
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Figure 1: Flowchart of the creation of traffic.

traffic file is generated, containing, for each time interval, the
maximum number of simultaneous active users.The location
of the users in the considered area and the required bit rate
are determined. All this information is gathered in a single
file for each time interval; there are as many traffic files as the
number of simulations. Various distribution functions are put
together to produce these traffic files:

(i) User distribution (Figure 1, step 3): for a requested
bit rate (voice and data), this distribution returns the
maximum number of simultaneous active users. A
distribution based on the confidential data retrieved
from a Belgian mobile operator in Ghent has been
used, which depends on the population density of the
selected area [4].

(ii) Location distribution (Figure 1, step 6): the location
of each user within the selected area of simulation is
here defined. A uniform distribution is considered,

meaning that each location in the area has the same
chance to be chosen as a user location [4].

(iii) Bit rate distribution (Figure 1, step 7): based on the
confidential data from the mobile operator, this dis-
tribution returns the bit rate that the individual user
demands for its service. It is assumed that some users
making voice calls at 64 kbps and those requesting
data transfer need 1Mbps [4].

Other higher bit rate distribution might be used for
the future 5G services. It would require the use of massive
MIMO technology to achieve these performances. Here,
we have based our analysis on the constraints and data
provided by a Belgian operator: the same area of interest, the
same environment, the same base station, and user bit rate
distributions. This will lead to a fair and realistic comparison
between the two technologies.
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Figure 2: Selected area in Ghent, Belgium, and the possible location
of the base stations.

3.1.2. Urban Environment. In this study, a suburban area of
6.85 km2 in Ghent, Belgium, has been used for the simula-
tions (Figure 2). The following reference scenarios have been
considered:

(i) Scenario I (reference): 4G network at 2.6GHz, with
20MHz bandwidth without MIMO.

(ii) Scenario II: 5G network at 60GHz. The bandwidth
will be set at 500MHz.

(1) Scenario II.a: 5G network without beamform-
ing.

(2) Scenario II.b: 5G network with beamforming
implemented at the base station only. The num-
ber of antennas will be varied from 8, 16, 32, 64,
and then 256.

(3) Scenario II.c: 5G network with beamforming
implemented at both the base station and the
mobile station. The number of BS antenna
elements will be changing from 8, 16, 32, 64, and
then 256, while on the MS side, the number of
antenna elements will be set to 4.

Wewould like to emphasize that these scenarioswill focus
on beamforming only, based on the above assumptions. The
scenarios whereby the 5G services require high data rates
are not examined, since it will require the combination of
multiuser massive MIMO technology with beamforming in
our analysis. Massive MIMO is a key enabling technology
of 5G meant to increase the spectral efficiency by allowing
parallel transmissions of user data to match with data-
intensive applications [11]. This concept falls out of the scope
of this study and will be examined in our further research on
5G.

The scenarios are summarized in Table 1. To ensure at
least 96% of 5G users are served, we extended the set of
the possible locations of the base stations belonging to an
existing Belgian mobile operator. They are indicated with
red squares in Figure 2. For a better comparison with the
4G reference network, we assume the distributions described
in Section 3.1.1. It is worth mentioning that the simulations
have been carried out with the most simultaneous users
present, which corresponds to the worst-case scenario. So,
a time interval of 36 minutes has been used to allow the

processing of 40 simulations within the 24-hour period (1440
minutes), resulting in the creation of 40 realistic networks.
These 40 networks are needed for this time interval to obtain
a good estimation of the different parameters. For analysis
purposes, the mean value (𝐴V) and the 95th percentile (95𝑝)
of the investigated parameters will be considered.This applies
to the number of required BSs, the total network power
consumption, the capacity, and the coverage provided by the
network.

3.1.3. Generation of the Network. The algorithm shown in
Figure 3 is used to generate many 5G networks in such a way
that energy efficiency is guaranteed. The 5G network will be
created, for each time interval, based on the traffic file above
(Figure 3, steps 1 and 2). Additional input files are needed
here: a file containing the extended set of possible locations of
the base stations in the considered area, a shape file describ-
ing the buildings (location, height, etc.) in the considered
environment, a file defining all the link budget parameters
for 5G, and, finally, a file consisting of all the typical power
consumption values for the different components of the base
station. The objective of the algorithm is to provide coverage
for each user in the selected area, while optimizing the power
consumption of the network. For each time interval of 1
hour, 40 simulations are processed whereby 40 networks are
created. In total, for the 24 h time interval, 960 networks
will be generated (Figure 3, step 2). The algorithm evaluates
the distance between the new user (Figure 3, step 3) in the
considered area and the already enabled base station. Based
on this distance, the path loss experienced from that enabled
base station is calculated and checked whether it is lower
than the maximum allowable path loss (MAPL). The latter
is the maximum path loss that a transmitted signal can be
exposed to while still having sufficient strength at the receiver
side to offer the bit rate requested by the user [4]. Of course,
depending on the environment, a line-of-sight (LOS) or non-
line-of-sight (NLOS) path loss model needs to be used as
buildingsmay block the line of sight between the user and the
base station (Figure 2). If the obtained path loss is lower than
the MAPL, the new user will be connected on the existing
active base station (Figure 3, step 4). Otherwise, if it is not
possible to connect to an active one, a new base station will
be switched on such that the path loss the user experiences is
the lowest one among all the disabled base stations (Figure 3,
step 5). At the same time, it should be lower than the MAPL
for the user to benefit from the bit rate he requested for his
services.

Furthermore, in Figure 3, step 6, the algorithm will check
whether users already connected to other base stations can be
migrated to this newly enabled base station, since they may
experience a lower path loss from this base station. If this is
the case, then there is a possibility to reduce the input power
of the base station the user is removed from. If no base station
can be enabled or all base stations are already active, the user
cannot be served. This operation is repeated for all the users
defined in the traffic file for a given time interval.

3.2. Calculation of the Path Loss at Millimeter Waves. The
calculation of both the path loss and the MAPL is based on
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Table 1: Simulation scenarios.

Scenarios Beamforming support Bandwidth [MHz] Frequency [GHz] Number of antennas
at BS [−]

Number of antennas
at MS [−]

4G ref. scenario I No 500 2.6 1 1
5G scenario II.a No 500 60 1 1
5G scenario II.b At BS side only 500 60 8, 16, 32, 64, and 256 1
5G scenario II.c At both BS and MS 500 60 8, 16, 32, 64, and 256 4
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Figure 3: Network generation flowchart.

the main link budget parameters for 5G listed in Table 2 [13–
18]:

(i) The beamforming (BF) gain reflects the effect of the
use of the multiple antennas at both the base station
and the mobile station side. It is defined similarly as
10 × log

10
(𝑁) [19], where𝑁 is the number of antenna

elements at the side where BF is applied. In other
words, if BF is applied at the BS side, then 𝑁 is the
number of antennas used at the BS side, and if theMS

is concerned,𝑁 is the number of antennas at the MS
side. Then, the total antenna array gain is calculated
as the sum of the aforementioned beamforming gain
and the singular antenna element gain [19].

(ii) Millimeter-wave atmospheric loss: this parameter
accounts for the level of millimeter electromagnetic
energy absorbed by gases like oxygen or attenuated
by rain or foliage. In this study, we assume a constant
value of 3.2 dB for the atmospheric loss at 60GHz
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Table 2: 5G link budget parameters.

Parameters Values
Carrier frequency 60GHz
Channel bandwidth 500MHz
Transmit antenna element gain 10 dBi
Transmit array antenna feed loss 3 dB
TX power per base station antenna 10 dBm
Number of receive antenna array elements 4
Receive antenna element gain 6 dbi
SNR (7.39, 15.4, 17.5) dB1

Path loss exponent 3.5
mmWave penetration loss 2 dB
mmWave atmospheric loss 3.2 dB
Implementation loss 3 dB
RX noise figure 7 dB
Other losses (shadow, fading) 20 dB
1Values of signal-to-noise ratio corresponding to [1/2 BPSK, 1/2 QPSK, and
1/2 16-QAM] [20].

[20]. This parameter introduces an additional attenu-
ation at millimeter waves that must be accounted for
since it increases the path loss and therefore reduces
the range of the cell.

(iii) The path loss model: various path loss models related
to the millimeter-wave frequency bands are proposed
in the literature: the close-in reference distance path
loss model [21], the floating-intercept path loss model
[21], the alpha-beta-gamma path loss models [22],
the Stanford University Intermediate (SUI) path loss
models [23], and so forth. In this study, we assume
the close-in reference distance path loss model since
it is not an empirical model and it offers a sub-
stantial simplicity and a reasonable accuracy across
many environments and frequency bands [24]. It is
applicable to any type of terrain (urban, suburban, or
rural) and the propagation coefficient, be it line-of-
sight (LOS) or non-line-of-sight (NLOS), expressed
through the path loss exponent. The latter takes
into account the separation distance between the
transmitter and the receiver and the heights of their
respective antennas. Equation (1) determines the path
loss PL(𝑑) (in dB) at a distance 𝑑:
PL (𝑑) = PL (𝑑0) + 10𝑛 log10 ( 𝑑𝑑

0

) + 𝑋
𝜎
, (1)

where 𝑛 is the path loss exponent for a particular frequency
band and environment. It is dimensionless and has been
assumed to be equal to 3.5 for the NLOS case [21]; 𝑋

𝜎
is a

zeromeanGaussian randomvariable with standard deviation
𝜎 (in dB) taking into account the fluctuations of the signal
resulting from the shadowing and PL(𝑑

0
) (in dB). The free

space path loss is considered at reference distance 𝑑
0
(in m)

and defined as follows:

PL (𝑑
0
) = 10 log

10
(4𝜋𝑑0𝜆 )

2

, (2)

where 𝜆 is the wavelength (in m).

Table 3: Power model parameters.

Parameters Description Values

𝑃trans Power RF transceiver per antenna
branch 1.5W

𝜂 Power amplifier efficiency 50%
𝑃bhl Power backhaul 10W
𝑃cool Power cooling system 200W
𝑃rect Power rectifier 50W

𝑃dsp Power signal processing per
antenna branch 1W

At the millimeter-wave frequency bands, 𝜎 is assumed to
be equal to 10 dB, 𝑑

0
equals 1m, and PL(𝑑

0
) = 68 dB [24].

The values of the parameters summarized in Table 2
have been derived according to realistic values found in
the literature [2, 5, 13–20]. Based on these 5G parameters,
a link budget for the 5G macrocell is designed in order
to characterize the expected performance of the considered
system. It considers all the gains and the losses at the
transmitter and the receiver and in the propagation medium
through the receiver.

3.3. Power Consumption Models. Based on the surveys on
energy consumption of cellular networks conducted in [25],
the base stations appeared to be the most energy-consuming
component of the cellular network, with 80% of energy
required in the network, compared to the mobile stations
and the core network. The main objective of the power
consumption model used in this study is to determine
realistic input parameters in order to have a clear idea of
the power consumption of the 5G wireless networks. Since
the simulations focus on the energy efficiency, we implement
this model in the deployment tool to assess the power
consumption of the network. In Table 3, the power model
parameters are summarized.

For the 5G base station, we assume the power consump-
tionmodel defined in [26] whereby the macrocell BS consists
of six main power consuming components:

(i) Digital signal processing (DSP): used for the digitiza-
tion of the analog signals and their processing.

(ii) Power amplifier: responsible for the conversion of the
DC input power into a significant RF signal.

(iii) Air conditioning: maintains an acceptable tempera-
ture for the base station equipment to work smoothly.

(iv) Backhaul link: responsible for communicating the
backhaul network with the base station. It can be
either a microwave link or a fiber one.

(v) RF transceiver: used for the transmission and recep-
tion of the signal at the base station.

(vi) Rectifier: responsible for the AC to DC conversion
needed by the BS equipment.

The power consumption parameters related to these 5G base
station components are indicated in Table 3. The air condi-
tioning and backhaul power have constant values, while the
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(a) 4G scenario coverage: covered users in green and
uncovered users in red

(b) 5G scenario coverage at 500MHz: covered users in green and uncovered users
in red

Figure 4: Example of the 4G and 5G network for the reference scenario.

power consumption of the equipment of the base station (the
DSP, the power amplifier, and the RF transceiver) scale with
the number of antenna elements. To estimate the total power
consumed by these last components, we need to multiply
their respective power by the number of antennas.The values
in Table 3 are assumed for the 5G BS equipment [27]. For the
power consumption of the amplifier, the efficiency 𝜂 (%) of
the power amplifier is used instead. It is defined as the ratio
of the RF output power to the electrical input power:

𝜂 = 𝑃𝑡𝑥𝑃amp
(3)

with 𝑃
𝑡𝑥

being the RF output power of the amplifier unit
(in W) and 𝑃amp being the electrical input power of the
amplifier unit (in W). The total power consumption of the
base station is given by the equations, depending on the type
of beamforming architecture considered:

𝑃DBF = 𝑁ant ⋅ (𝑃trans + 𝑃dsp + 𝜂 ⋅ 𝑃amp) + 𝑃rect + 𝑃cool
+ 𝑃bhl,

𝑃ABF = 𝑁ant ⋅ (𝜂 ⋅ 𝑃amp) + 𝑃trans + 𝑃rect + 𝑃cool + 𝑃bhl,
𝑃HBF = 𝑁ant ⋅ (𝜂 ⋅ 𝑃amp) +𝑀trans ⋅ 𝑃trans + 𝑃dsp + 𝑃rect

+ 𝑃cool + 𝑃bhl,

(4)

with DBF, ABF, and HBF standing for digital beamforming,
analog beamforming and hybrid beamforming, respectively;
𝑁ant is the number of BS antenna elements,𝑀trans is the num-
ber of RF transceivers used,𝑃trans is the power consumption of
the RF transceiver unit (inW),𝑃dsp is the power consumption
of the DSP unit (in W), 𝜂 is the amplifier unit efficiency, 𝑃amp
is the electrical input power of the amplifier unit (inW), 𝑃rect
is the power consumption of the rectifier unit (in W), 𝑃cool is
the power consumption of the air conditioning (in W), and
𝑃bhl is the power consumption of the backhaul link (in W).

3.4. Energy Efficiency Metrics. Deciding which base station
provides the better energy efficiency is not simple since vari-
ous parameters are taken into account (bandwidth, capacity,
covered users, etc.). For a better comparison, we will make
use of an energy efficiency (EE) metric that takes into
account multiple network performance parameters such as
the bandwidth, the bit rate, the coverage, and the capacity.
The energy efficiency (EE) metric in this study is defined by
the following equation [4]:

EE = 𝐴 ⋅ 𝐵 ⋅ 𝑈𝑃el , (5)

where 𝐴 is the area covered by the BS (in km2), 𝑈 is the
number of served users, 𝐵 is the bit rate based on the base
station (in Mbps), and 𝑃el is the power consumption of
the base station. The higher the EE value, the more energy
efficient the network.

4. Results

4.1. Network Performance Comparison without Beamform-
ing. In this section, we evaluate the network performance
obtained with the 4G reference scenario and the 5G scenario
II.a in Table 1, whereby beamforming is not used at all
(neither on BS nor on MS side). For a good comparison
of these scenarios, the location of the base stations in the
considered area is chosen such that the compared networks
serve more than 96% of the users. Figure 4 shows an example
of a 4G and 5G network.

Figure 5 shows that the 5G scenario requires more BSs
than the 4G reference network (92 BS versus 33 BS). This is
explained by the fact that the range of the cell in 5G is 39.6%
smaller than the 4G ones based on the assumptions of this
study (Figure 4).

However, 5G base stations are less power consuming
than 4G ones. There is a reduction of almost 50% in power
consumption, despite the higher number of base stations
in the 5G networks. In fact, the 5G scenario II.a consumes
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Figure 5: Comparison of different parameters when beamforming is used: number of base stations, percentage of served users, power
consumption, and capacity offered by the network.

24.1 kW (Figure 5) compared to the 46.5 kW consumed by
the 4G reference network. This can be attributed to the
new technologies developed by the manufacturers to build
low-cost and power efficient RF front-end components [28].
Table 3 shows that, in 5G, the rectifier, the RF transceiver unit,
the backhaul link, and the DSP consume 50%, 87%, 87.5%,
and 92% less power, respectively, compared to the power
consumption of the 4G RF components assumed in [4].

For the entire network capacity (based on the BS), the
considered 5G scenario offers higher capacity than the 4G
network, 1032.6Mbps for 5G scenario II.a, while the 4G offers
449.5Mbps, as shown in Figure 5. This is because the 5G
networks use more base stations compared to the 4G ones,
as explained above (Figure 5).

Based on the energy efficiency metric defined in
Section 3.3, whereby all the above parameters are combined,
the 4G reference network is less energy efficient since it does
have a smaller EE value compared to the considered 5G sce-
nario (14.6 [km2⋅Mbps/W] for 4G and 30.6 [km2⋅Mbps/W]
for 5G scenarios II.a).This better performance in terms of EE
is sustained by the power consumption of the 5G network,
that is, 50% lower than the 4G reference network (Figure 6).

4.2. Influence of the Use of Beamforming. Here, we examine
the behavior of the 5G scenarios II.b and II.c described in
Section 3.3, whereby beamforming is utilized (Table 4). The
results of the simulations are presented in Figure 5.

Based on the digital beamforming architecture, where a
transceiver is behind each antenna element, the results show
that the more the antenna elements are used, the better the
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Figure 6: Energy efficiency parameter for different beamforming
architectures.

coverage provided by the network is. Figure 5 shows that
the 5G networks require more base stations than the ones
obtained with the 4G reference scenario: +75.4% for scenario
II.b 64x1, +36.4% for scenario II.b 256x1, +36.1% for scenario
II.c 64x4, and +6.2% for scenario II.c 256x4. The multiple
antennas provide additional gains and make it possible to
overcome the millimeter waves propagation constraints.This
results into a higher MAPL that gives rise to a higher value of
the cell range (e.g., when using 256x4, the range increases by
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Table 4: Simulation results (95 percentile).

Beamforming Scenario PC [kW] # BS [−] Served
users [%]

Area
coverage [%]

Network capacity
[Mbps]

Energy efficiency
[km2⋅Mbps/W]

No beamforming 4G ref 46.5 33 98.8 98.2 449.5 14.6
5G II.a 24.1 92 96.5 45.9 1032.6 30.6

Digital beamforming

5G II.b 8x1 20.9 77 98.7 65.6 863.5 53.9
5G II.b 16x1 19.7 70 99.6 70.4 784 42.6
5G II.b 32x1 18.9 62 100 75.5 694.4 42.6
5G II.b 64x1 20.3 58 100 78.5 649.6 38.5
5G II.b 256x1 27.9 45 100 80.9 505.1 22.5
5G II.c 8x4 17.4 64 100 85.2 717.9 53.9
5G II.c 16x4 16.2 57 100 79.6 640.6 48.4
5G II.c 32x4 15.8 52 100 81.6 582.4 46
5G II.c 64x4 15.7 45 100 86.2 504 42.3
5G II.c 256x4 21.9 35 100 91.4 394.2 25.1

Analog beamforming

5G II.b 8x1 21.7 83 96 58.1 929.6 36.7
5G II.b 16x1 20.9 80 98.7 64.1 897.1 41.6
5G II.b 32x1 19.3 74 99.6 69.4 825.4 45.4
5G II.b 64x1 17.1 65 100 72.8 729.1 47.7
5G II.b 256x1 13.9 53 100 81.2 593.6 53
5G II.c 8x4 18.6 71 99.6 68.6 796.3 44.9
5G II.c 16x4 16.2 62 100 73.0 695.5 47.9
5G II.c 32x4 14.7 56 100 76.5 628.3 50.2
5G II.c 64x4 13.4 51 100 81.1 571.2 53.2
5G II.c 256x4 11.1 42 100 81.9 470.4 56.6

Hybrid beamforming

5G II.b 8x1 22.1 83 96.5 58.2 930.7 36.3
5G II.b 16x1 20.7 78 98.7 65.3 874.7 41.6
5G II.b 32x1 18.9 71 99.1 69.2 796.3 44.4
5G II.b 64x1 17.3 65 100 73.3 729.1 47.3
5G II.b 256x1 13.6 51 100 80.4 571.2 51.7
5G II.c 8x4 19.1 72 99.1 68.2 807.5 43.8
5G II.c 16x4 17.8 67 100 73.2 751.5 47.3
5G II.c 32x4 15.4 58 100 76.9 650.7 49.8
5G II.c 64x4 14.1 53 100 80 594.7 51.7
5G II.c 256x4 11.1 38 100 80.6 470.4 52.6

15.17%). So, when beamforming is applied at both sides, the
number of base stations of 5G networks is approaching the
4G ones, specifically when the number of antenna elements
is increasing.

Beamforming improves the coverage of the 5G network,
in terms of both the area and the served users thanks to the
additional gains provided by the multiple antenna elements
used. The performance approaches the 4G ones (99%) in
terms of served users: 99.6% of the users are covered in
scenario II.b (16x1) and 100% in scenario II.c (256x4). In
terms of coverage, beamforming improves the coverage of the
5Gnetwork by 99% (DBF scenario II.b 256x4), in comparison
with the 5G scenario II.a, whereby beamforming is not used.

However, 4G networks still provide better performance: 98%
of the considered area is covered while 5G covers 91.4% of the
considered area.

In terms of power consumption (Figure 5), whenmultiple
antennas are used on the BS side, the 5G networks consume
almost 25% less power (HBF scenario II.b 256x4) than the 4G
reference network. This is realized by the technology scaling
that allows the manufacturing of very low-power RF front-
ends components used in the RF circuits (transceiver, ADC,
DAC, mixers, etc.).

When considering a RF beamforming architecture, we
obtain similar results (compared to digital beamforming) in
terms of number of base stations, served users, and coverage
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area. Digital beamforming performances are better than the
RF beamforming one: 91.4% of the considered area is covered
and 100% of the users are served (scenario II.c 256x4). These
performances are achieved since the beamforming function
is implemented in the baseband stage where high-speed
digital signal processors (DSP) compute complex algorithms
that determine the required phase and amplitude of the
transmitted signal. This makes the DBF more flexible as it is
easy to reprogram the algorithms. However, there is a price
to pay, in terms of the power consumption and the cost of
implementation, that limits the scalability of the architecture.
In fact, the digital beamforming consumes 2 times more
power to achieve its performance (Figure 5), compared to
RF beamforming. The increase in power consumption is
mainly due to the excessive number of RF transceivers and the
Analog to Digital Converters (ADC) and Digital to Analog
Converters (DAC) required, while the analog beamforming
uses only one RF chain to drive the antenna arrays. In
addition, the analog beamforming which presents attractive
power consumption results has some drawbacks: the phase
shifters used in the RF domain have nonideal characteristics
that lead to the noise and losses, preventing this architecture
from providing similar performances as digital one.

It then becomes obvious to consider a trade-off between
the achievement of better performances while meeting the
power consumption requirements. For this purpose, a hybrid
architecture is proposed [12, 29]. With this architecture, the
MIMO precoding and beamforming are performed on the
baseband and RF sides, respectively, to allow reasonable
number of RF chains required by using 2 to 8 transceivers
[30]. In this study, we consider a hybrid architecture with
two transceivers. Figure 5 shows that the results are similar
(compared to digital beamforming) in terms of number base
stations, coverage area, and served users. The requirement
of power consumption is also met in hybrid beamforming
architecture. It is 2 times less power consuming than the
digital beamforming (scenarios II.b 256x1 and II.c 256x4).

(Figure 6) shows that the scenarios II.b and II.c are
presenting higher energy efficiency, irrespective of the beam-
forming architecture used, compared to the 4G reference
network: 14.6 [km2⋅Mbps/W] for 4G, 22.5 [km2⋅Mbps/W]
for 5G scenario II.b 256x1, and 25.1 [km2⋅Mbps/W] for 5G
scenario II.b 256x4. However, the RF and hybrid beam-
forming architectures are more energy efficient than the
digital beamforming: 56.6 [km2⋅Mbps/W] for ABF 256x4,
52.6 [km2⋅Mbps/W] for HBF 256x4, and 25.1 [km2⋅Mbps/W]
for DBF 256x4. For the same user coverage (100%), the DBF
is performing better in terms of number of base stations;
it requires 17% less BS than ABF and HBF, respectively, for
scenarios II.c 256x4. Though the RF beamforming architec-
ture is the most energy efficient architecture, based on the
considered EE parameter, it does not appear to be the best
candidate since it does not cover the considered area as good
as the DBF (82% of area covered for ABF 256x4 and 91%
of area covered for DBF 256x4). This worse performance in
terms of area of coverage may lead to outages during the
mobility of the users within the considered area. So, a trade-
off needs to be considered between the two architectures.The
hybrid beamforming architecture would be recommended

instead since it achieves acceptable performances at low-
power consumption, without embarking too many RF front-
ends components.

5. Conclusions

In this study, we evaluate the performance of the 5G cellular
network using a capacity-based deployment tool.The tool has
been proposed to simulate a realistic network that responds
to the instantaneous bit rate required by the users, in the
considered area of Ghent, Belgium. Various 5G scenarios
have been considered for the simulations, whereby suitable
link budget parameters, millimeter-wave path loss models,
power consumption models, and energy efficiency metric
have been used. Based on the results of the simulations,
we show that the 5G scenario whereby beamforming is not
implemented requires much more BSs than the 4G reference
scenario. It is 50% less power consuming and provides 2 times
more capacity than 4G.However, it is not a good candidate for
network planning because of the poor coverage (46%) of the
considered area.

We further extended the analysis to consider multiple
antennas and the use of beamforming at both the BS and
the MS. The results show that 5G networks supporting
beamforming are 3 times more energy efficient than 4G
networks, based on the defined energy efficiency parameter.
The same 4G network coverage performances are achieved
with 4 times less power consumption (scenarios ABF and
HBF 256x4). However, among the beamforming architec-
tures considered, the digital beamforming presents better
performance than the other two architectures but it does
not meet the power consumption requirements. We showed
that a trade-off was needed to provide better performances
at lower power consumption. This can be achieved with
the hybrid beamforming architecture which provides similar
results in terms of coverage area, served users, and number of
base stations as digital beamforming, while consuming two
times less power. So, the hybrid beamforming architecture
is a better alternative to digital beamforming to design and
deploy 5G networks.
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This study investigates an energy-efficient scheme in multirelay cooperative networks with energy harvesting where multiple
sessions need to communicate with each other via the relay node. A two-step optimal method is proposed which maximizes the
system energy efficiency, while taking into account the receiver circuit energy consumption. Firstly, the optimal power allocation for
relay nodes is determined to maximize the system throughput; this is based on directional water-filling algorithm. Secondly, using
quantum particle swarm optimization (QPSO), a joint relay node selection and session grouping optimization is proposed. With
this algorithm, sessions can be classified into multiple groups that are assisted by the specific relay node with the maximum energy
efficiency. This approach leads to a better global optimization in searching ability and efficiency. Simulation results show that the
proposed scheme can improve the energy efficiency effectively compared with direct transmission and opportunistic relay-selected
cooperative transmission.

1. Introduction

With the rapid growth of wireless communications, it is
important to consider the costs in energy usage. This is
especially true in cooperative networks where nodes are pow-
ered by batteries with finite capacities, as energy efficiency is
critical because it affects the operation time of the network
[1]. Hence, improving the energy efficiency for cooperative
networks is essential to mitigate the limited energy available
in nodes. Therefore, this gives us a good motivation to
investigate the energy efficiency in cooperative networks.

Network-coded cooperation schemes are considered as
a promising technology to improve energy efficiency and
network throughput [2]. Network coding nodes combine
multiple input data into one output stream to reduce the
number of transmission time slots. However, the receiver
circuit power consumption when network coding is used has
not been rigorously considered before, an omission that is
addressed in this paper.

Moreover, energy harvesting is a promising technique
that can be used in relay nodes to increase flexibility and
reduce the energy charge; it can bring more energy efficiency

for wireless networks [3]. Most of the existing studies focus
on power allocation schemes for relay nodes in a scenario
withmultiple unicast sessions. However, when using network
coding, the network coding noise and receiver circuit power
consumption increase as the size of session groups increases.
Hence, there is a need to study how to perform relay node
selection and session grouping for energy-efficient multirelay
cooperative networks and that is the topic of this paper.

1.1. Related Work. Research about network-coded coopera-
tive networks to improve network throughput is considered
in [4–8]. In [3], the concept of network coding noise which
hinders the performance of the overall network was first
introduced. In [5], the authors analyzed the origin of the
noise by studying signal aggregation at relay nodes and signal
extraction at destination nodes. In [6], two novel closed-form
power allocation scheme was proposed to reduce network
coding noise in two-unicast wireless systems. Based on [6], a
joint group assignment and power allocation algorithm were
studied in [7]; this aims to reduce network coding noise in
a multiunicast cooperative network. Furthermore, the relay
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selection and session grouping problem was investigated in
[8], as session grouping can effectively reduce network coding
noise. However, in all of these works, the circuit energy
consumption with network coding was not considered.

To achieve better tradeoff between network throughput
and power consumption, the metric energy efficiency is used
in [9–11]. In [9], the authors studied the energy-efficient
relay selection and power allocation problem for a two-
way relay channel based on network coding. Paper [10]
presented an opportunistic listening scheme to promote
energy efficiency for network-coded cooperative networks in
two-unicast sessions. Paper [11] proposed an energy-efficient
multicast scheme with network coding.

Moreover, energy harvesting technologies for coopera-
tive networks have been investigated in [12–17] and these
represent a promising approach for powering nodes. In [12],
an opportunistic wireless information and energy transfer
relaying scheme was proposed by Lagrangian optimality.
Reference [13] used the directional water-filling algorithm to
maximize the sum-rate.

In cooperative relay networks with energy harvesting,
the relay nodes selected and the choice of power allocation
scheme have a great impact on the system performance. In
[14], finite energy storage was considered in relay nodes and
a relay selection scheme was proposed based on finite-state
Markov chain. In [15, 16], the source nodes and relay nodes
were considered as energy harvesting nodes, and then the
system throughput was maximized by optimizing both relay
selection and power allocation.

Another line of work on joint wireless energy and infor-
mation transmission in relay networks is simultaneous wire-
less information and power transfer (SWIPT). Researchers
have focused on improving energy efficiency and a partic-
ularly relevant piece of work is [17]. To maximize the total
energy efficiency, the authors proposed a joint relay selection
and resource allocation scheme for SWIPT relay networks
with multiple source nodes and destination nodes pairs and
energy harvesting relay nodes.

Improving the energy efficiency in relay networks is
of critical importance for resolving the energy shortage of
nodes. In the literature [14–17], the energy arrival time
and the amount of harvested energy are known prior to
transmission. However, in real systems, the amount of the
harvested energy is affected by many factors, such as weather
and channel conditions, so it is necessary to consider a
transmission scheme that can efficiently use the harvested
energy from random energy sources.

1.2. Contributions and Organization. In this paper, we focus
on a multirelay cooperative network, where relay nodes are
powered by random energy sources. Unlike previous works,
our study considers network coding, finite energy storage,
and energy harvesting. The aim of this paper is to optimize
energy efficiency in multirelay cooperative networks with
energy harvesting. In [18], we have proposed an energy-
efficient session grouping scheme in a single relay network-
coded cooperative network. In this work, we extend our
previous work to a multirelay cooperative network and
consider the energy harvesting technology.
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Figure 1: Multirelay cooperative network model.

Our contributions are concluded in three aspects:

(i) The receiver circuit power consumptionwith network
coding is analyzed.

(ii) An optimal power allocation for relay nodes is pro-
posed based on the directional water-filling algo-
rithm.

(iii) An energy-efficient relay selection and session group-
ing scheme is proposed based on the quantumparticle
swarm optimization (QPSO).

The rest of this paper is organized as follows. Section 2
presents the network model including the throughput model
and power consuming model. Section 3 studies the optimal
power allocation scheme and jointly optimizing multirelay
selection and session grouping scheme. Section 4 shows the
numerical results and analysis for the proposed scheme.
Section 5 is the conclusion of this paper.

2. Network Model

As is depicted in Figure 1, we consider a network-coded
cooperative networkwhich consists of𝑁 sessions and𝐾 relay
nodes in a square with dimensions 𝐷 × 𝐷. In this model, we
assume that the relay nodes operate in amplify-and-forward
(AF) mode and use orthogonal channels. Sessions that select
the same node share one channel and transmit data under
time division multiple access (TDMA). Moreover, the relay
nodes can harvest energy from random energy sources, such
as wind energy and solar energy.

2.1. Total Throughput. In cooperative relaying networks,
there are three transmission schemes: (i) direct transmission,
(ii) opportunistic relay-selected cooperative transmission,
and (iii) network-coded cooperative transmission.The trans-
mitting power of relay nodes is not constant since the random
energy arrivals in the relay nodes.

In network-coded cooperative networks, sessions in a
group are assumed to be relayed in equal power.𝑃𝑚𝑟𝑘 is defined
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as the transmit power of relay node 𝑟𝑘 for group 𝑚. The
amplification factor 𝛼𝑚𝑟𝑘 for 𝑟𝑘 is expressed as

𝛼𝑚𝑟𝑘 2 = 𝑃𝑚𝑟𝑘𝐺𝑟𝑘𝑚 𝜎2𝑟𝑘 + ∑𝑠𝑙∈𝐺𝑟𝑘𝑚 𝑃𝑠𝑙 ℎ𝑠𝑙𝑟𝑘 2 , (1)

where 𝐺𝑟𝑘𝑚 denotes the set of sessions in group 𝑚 for 𝑟𝑘, |𝐺𝑟𝑘𝑚|
is the cardinality of 𝐺𝑟𝑘𝑚, and 𝑃𝑠𝑙 captures the transmit power
of source node 𝑠𝑙.

Under network-coded cooperative networks, there exits
network coding noise (NC noise) at each destination node,
when extracting desired data from the combined data. We
assume that a session (𝑠𝑛, 𝑑𝑛) is in a group𝐺𝑟𝑘𝑚, so theNCnoise𝑧NC𝑑𝑛 at 𝑑𝑛 is expressed as

𝑧NC𝑑𝑛 = 𝑧𝑑𝑛 + 𝑠𝑙 ̸=𝑠𝑛∑
𝑠𝑙∈𝐺
𝑟𝑘
𝑚

𝛼𝑟𝑘ℎ𝑟𝑘𝑑𝑛𝑧𝑟𝑘 − 𝑠𝑙 ̸=𝑠𝑛∑
𝑠𝑙∈𝐺
𝑟𝑘
𝑚

𝛼𝑟𝑘ℎ𝑟𝑘𝑑𝑛ℎ𝑠𝑙𝑟𝑘ℎ𝑠𝑙𝑑𝑛 𝑧𝑑𝑛 , (2)

where 𝑧𝑑𝑛 and 𝑧𝑟𝑘 are the Gaussian noise at 𝑑𝑛 and 𝑟𝑘,
respectively, and ℎ𝑢V denotes the channel gain between node𝑢 and node V.

Suppose that the channel between all nodes follows
a simplified channel model that combines the distance-
dependent signal attenuation and long term shadowing with
loss exponent 𝛼 > 2. Thus, ℎ𝑢V can be expressed as ℎ𝑢V =‖𝑢−V‖−𝛼, where ‖𝑢−V‖ represents the distance between node𝑢 and node V and 𝛼 is the channel loss exponent. From (2),
the variance of the NC noise at 𝑑𝑛 is shown as

𝜎2𝑑NC
𝑛

= 𝜎2𝑑𝑛 + (𝐺𝑟𝑘𝑚 − 1) (𝛼𝑚𝑟𝑘ℎ𝑟𝑘𝑑𝑛)2 𝜎2𝑟𝑘
+ 𝜎2𝑑𝑛 𝑠𝑙 ̸=𝑠𝑛∑
𝑠𝑙∈𝐺
𝑟𝑘
𝑚

(𝛼𝑚𝑟𝑘ℎ𝑠𝑙𝑟𝑘ℎ𝑟𝑘𝑑𝑛ℎ𝑠𝑙𝑑𝑛 )2 . (3)

A session has the option to select a relay node from
different available relay nodes in our network. In addition,
each session may use at most one relay node. We assume that𝑁 sessions are sorted into𝑀 groups, each session belongs to
only one group. For notational simplicity, 𝐺𝑟𝑘0 is defined as
the direct transmission group by using the channel of 𝑟𝑘. We
consider data transmission for each group (|𝐺𝑟𝑘𝑚| sessions) in
a time frame 𝑇, which is equally divided into |𝐺𝑟𝑘𝑚| + 1 time
slots. For the first |𝐺𝑟𝑘𝑚| time slots, source nodes transmit data
one by one, while the relay node and each destination node
keep receiving data from all source nodes. At the last time
slot, 𝑟𝑘 transmits the combined data, which is received by each
destination node to extract desired data. 𝑡𝑛 is defined as the
time duration of each session; then, we have

𝑡𝑛 = 𝑇∑𝑀𝑚=0 𝐺𝑟𝑘𝑚 ⋅
𝐺𝑟𝑘𝑚𝐺𝑟𝑘𝑚 + 1 . (4)

Thus, the throughput for a session (𝑠𝑛, 𝑑𝑛) is shown as

𝑅NC (𝑠𝑛, 𝑟𝑘, 𝐺𝑟𝑘𝑚) = 𝑡𝑛 ⋅ 𝑊 ⋅ 𝐼NC (𝑠𝑛, 𝑟𝑘, 𝐺𝑟𝑘𝑚)𝑇
= 𝑊∑𝑀𝑚=0 𝐺𝑟𝑘𝑚 ×

𝐺𝑟𝑘𝑚𝐺𝑟𝑘𝑚 + 1
× 𝐼NC (𝑠𝑛, 𝑟𝑘, 𝐺𝑟𝑘𝑚) ,

(5)

where (𝑠𝑛, 𝑑𝑛) ∈ 𝐺𝑟𝑘𝑚 and 𝑊 is the bandwidth of each relay
node. 𝐼NC(𝑠𝑛, 𝑟𝑘, 𝐺𝑟𝑘𝑚) is the mutual information for a session(𝑠𝑛, 𝑑𝑛); it is expressed as

𝐼NC (𝑠𝑛, 𝑟𝑘, 𝐺𝑟𝑘𝑚) = log2(1 + 𝛾𝑠𝑛𝑑𝑛
+ 𝛾𝑠𝑛𝑟𝑘𝛾𝑟𝑘𝑑𝑛𝐺𝑟𝑘𝑚 (𝜎2𝑑NC

𝑛

/𝜎2
𝑑𝑛
) + 𝛾𝑟𝑘𝑑𝑛 + (𝜎2

𝑑NC
𝑛

/𝜎2
𝑑𝑛
)∑𝑠𝑙∈𝐺𝑟𝑘𝑚 𝛾𝑠𝑙𝑟𝑘),

(6)

where 𝛾𝑠𝑛𝑑𝑛 = (𝑃𝑠𝑛/𝜎2𝑑𝑛)|ℎ𝑠𝑛𝑑𝑛 |2, 𝛾𝑠𝑛𝑟𝑘 = (𝑃𝑠𝑛/𝜎2𝑟𝑘)|ℎ𝑠𝑛𝑟𝑘 |2, and𝛾𝑟𝑘𝑑𝑛 = (𝑃𝑟𝑘/𝜎2𝑑𝑛)|ℎ𝑟𝑘𝑑𝑛 |2. From (5) and (6), the throughput for
a session (𝑠𝑛, 𝑑𝑛) under network-coded cooperative transmis-
sion scheme is

𝑅NC (𝑠𝑛, 𝑟𝑘, 𝑑𝑛) = 𝑊∑𝑀𝑚=0 𝐺𝑟𝑘𝑚 ×
𝐺𝑟𝑘𝑚𝐺𝑟𝑘𝑚 + 1 × log2(1

+ 𝛾𝑠𝑛𝑑𝑛
+ 𝛾𝑠𝑛𝑟𝑘𝛾𝑟𝑘𝑑𝑛𝐺𝑟𝑘𝑚 (𝜎2𝑑NC

𝑛

/𝜎2
𝑑𝑛
) + 𝛾𝑟𝑘𝑑𝑛 + (𝜎2

𝑑NC
𝑛

/𝜎2
𝑑𝑛
)∑𝑠𝑙∈𝐺𝑟𝑘𝑚 𝛾𝑠𝑙𝑟𝑘).

(7)

Similar to our previous work, for opportunistic coopera-
tive communication scheme and network-coded cooperative
communication without grouping scheme, throughput (7) is
also appropriate when |𝐺𝑟𝑘𝑚| = 1 and |𝐺𝑟𝑘𝑚| = 𝑁, respectively
[18]. Under direct transmission scheme, the throughput for(𝑠𝑛, 𝑑𝑛) is

𝑅𝐷 (𝑠𝑛, 𝑟𝑘, 𝑑𝑛) = 𝑊∑𝑀𝑚=0 𝐺𝑟𝑘𝑚 × log (1 + 𝑠𝑛𝑑𝑛) . (8)

2.2. Power Consumption. In this part, we derive the expres-
sion of total power consumption in network-coded coopera-
tive networks.

We denote the transmission power for source nodes as𝑃𝑠. Assuming that the transmitting circuit power 𝑃ct and
the receiver circuit power 𝑃cr are the same, for a group in
network-coded cooperative networks with grouping scheme,
the destination nodes keep receiving data, while the relay
node keeps receiving data except for the last slot. The
receiving time for each destination node in a group 𝐺𝑟𝑘𝑚 is

𝑡𝑑-cr = 𝑇∑𝑀𝑚=0 𝐺𝑟𝑘𝑚 ⋅ 𝐺𝑟𝑘𝑚 . (9)
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Thus, in a time frame 𝑇, the total receiver circuit energy
consumption at destination nodes is

𝐸𝑑 cr (𝐺𝑟𝑘𝑚) = 𝑡𝑑 cr𝑃cr 𝐺𝑟𝑘𝑚 . (10)

Let 𝑡𝑟-cr denote the receiving time of relay node 𝑟𝑘 for 𝐺𝑟𝑘𝑚;
then, we have

𝑡𝑟-cr = 𝑇∑𝑀𝑚=0 𝐺𝑟𝑘𝑚 ⋅
𝐺𝑟𝑘𝑚2𝐺𝑟𝑘𝑚 + 1 . (11)

We assume that the transmission time 𝑡send of source nodes
and relay nodes for 𝐺𝑟𝑘𝑚 are the same; it is shown as

𝑡send = 𝑇∑𝑀𝑚=0 𝐺𝑟𝑘𝑚 ⋅
𝐺𝑟𝑘𝑚𝐺𝑟𝑘𝑚 + 1 . (12)

Thus, the total energy consumption for the source nodes and
relay nodes can be written as follows, respectively:

𝐸𝑠𝑡 (𝐺𝑟𝑘𝑚) = (𝑃𝑠 + 𝑃ct) ⋅ 𝑡send ⋅ 𝐺𝑟𝑘𝑚 ,𝐸𝑟𝑘sum (𝐺𝑟𝑘𝑚) = (𝑃𝑚𝑟𝑘 + 𝑃ct) ⋅ 𝑡send + 𝑃cr ⋅ 𝑡𝑟cr . (13)

Until now, the total power consumption for transmitting 𝐺𝑟𝑘𝑚
is

𝑃 (𝐺𝑟𝑘𝑚) = 𝐸𝑑 cr (𝐺𝑟𝑘𝑚) + 𝐸𝑠 𝑡 (𝐺𝑟𝑘𝑚) + 𝐸𝑟𝑘 sum (𝐺𝑟𝑘𝑚)𝑇 ,
𝑚 ≥ 1. (14)

From (14), the total power consumption consists of three
main components: source nodes, relay nodes, and destination
nodes. From (11)–(13), 𝑃(𝐺𝑟𝑘𝑚) can be rewritten as follows:

𝑃 (𝐺𝑟𝑘𝑚) = 1∑𝑀𝑚=0 𝐺𝑟𝑘𝑚 ⋅
𝐺𝑟𝑘𝑚2𝐺𝑟𝑘𝑚 + 1

⋅ (𝑃𝑠 + (1 + 1𝐺𝑟𝑘𝑚) 𝑃ct + (2 + 𝐺𝑟𝑘𝑚) 𝑃cr + 𝑃𝑚𝑟𝑘𝐺𝑟𝑘𝑚) . (15)

For opportunistic cooperative communication scheme
and network-coded cooperative communication without
grouping scheme, the total receiver circuit power consump-
tion for a group 𝐺𝑟𝑘𝑚 is obtained by substituting |𝐺𝑟𝑘𝑚| = 1 and|𝐺𝑟𝑘𝑚| = 𝑁 into (15). For the direct transmission group, each
destination node keeps receiving data for its time slot. Hence,
the power consumption of direct transmission group can be
expressed as

𝑃 (𝐺𝑟𝑘0 ) = 𝐺𝑟𝑘0 ∑𝑀𝑚=0 𝐺𝑟𝑘𝑚 ⋅ (𝑃cr + 𝑃𝑠 + 𝑃ct) . (16)

Combining (15) and (16), the expression of total power
consumption in network-coded cooperative networks is

𝑃total = 𝐾∑
𝑘=1

𝑀−1∑
𝑚=0

𝑃 (𝐺𝑟𝑘𝑚) . (17)

3. Joint Optimization of Relay Selection and
Session Grouping

In this section, we divide the energy efficiency problem into
two subproblems: the power allocation problem and the
energy-efficient transmission optimization problem. For the
first problem, an energy allocation scheme is proposed based
on directional water-filling structure. For the second prob-
lem, we use quantum particle swarm optimization (QPSO)
and propose a new algorithm which jointly considers relay
selection problem and session grouping based on the solution
of the first problem.

3.1. Optimal Power Allocation. The conventional water-filling
algorithm is a useful technique in wireless communication
for allocating power between different channels. It implies
allocating more power to the channel with the higher SNR.
In [19], a directional water-filling algorithm was introduced
which considers the causality constraints on the energy usage.
In this paper, we solve the optimal power allocation problem
based on directional water-filling.

The relay nodes harvest energy from unpredictable
energy sources, such as solar energy and wind energy which
greatly depend on the conditions of the environment.

We assume energy arrivals 𝐸1, 𝐸2, . . . , 𝐸𝑁 occur in the
time instants 𝑡1, 𝑡2, . . . , 𝑡𝑁 by a deadline 𝑇; the duration of
each slot is 𝐿𝑛 = 𝑡𝑛 − 𝑡𝑛−1. Let 𝑡0 = 0 for simplicity. The
transmission rates are affected by the incoming energy. The
objective is to maximize the throughput by optimizing power
allocation for relay nodes.

It is assumed that the transmit power of each relay
is constant within each slot. Each relay node is equipped
with an energy receiver. The harvested energy is stored in a
rechargeable battery. Thus, the energy causality constraints
are obtained as follows:

𝑛∑
𝑛=1

𝐿𝑛𝑃𝑛 ≤ 𝑛−1∑
𝑛=0

𝐸𝑖, 𝑛 = 1, 2, . . . , 𝑁 + 1, (18)

𝑛∑
𝑛=0

𝐸𝑛 − 𝑛∑
𝑛=1

𝐿𝑛𝑃𝑛 ≤ 𝐸max, 𝑛 = 1, . . . , 𝑁, (19)

where 𝑃𝑛 denotes the transmit power of relay nodes during
slot 𝐿𝑛 and 𝐸max is the storage capacity of the battery at
relay nodes. It is also assumed that 𝐸0 is the initial battery
energy and 𝐸0 > 0. Then, the optimization problem can be
formulated as

max
𝑃𝑛≥0

𝑁+1∑
𝑛=1

𝑊𝐿𝑛2 log (1 + 𝑃𝑛)
s.t.

𝑛∑
𝑛=1

𝐿𝑛𝑃𝑛 ≤ 𝑛−1∑
𝑛=0

𝐸𝑛, 𝑛 = 1, 2, . . . , 𝑁 + 1
𝑛∑
𝑛=0

𝐸𝑛 − 𝑛∑
𝑛=1

𝐿𝑛𝑃𝑛 ≤ 𝐸max, 𝑛 = 1, . . . , 𝑁.
(20)

Since the objective function in (20) is not convex, con-
straint (18) and constraint (19) are linear in 𝑃𝑛, which are
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convex functions. Hence, the above optimization problem is
a convex optimization problem. We define the Lagrangian
function as follows:

𝜍 = 𝑁+1∑
𝑛=1

𝑊𝐿𝑛2 log (1 + 𝑃𝑛)
− 𝑁+1∑
𝑛=1

𝜏𝑛( 𝑛∑
𝑛=1

𝐿𝑛𝑃𝑛 − 𝑛−1∑
𝑛=0

𝐸𝑛) , (21)

where 𝜏𝑛 is the Lagrangian multipliers and 𝜏𝑛 > 0. Additional
complimentary slackness conditions can be expressed as
follows:

𝜏𝑛( 𝑛∑
𝑛=1

𝐿𝑛𝑃𝑛 − 𝑛−1∑
𝑛=0

𝐸𝑛) = 0, 𝑛 = 1, 2, . . . , 𝑁, (22)

𝜂𝑛 ( 𝑛∑
𝑛=0

𝐸𝑛 − 𝑛∑
𝑛=1

𝐿𝑛𝑃𝑛 − 𝐸max) = 0, 𝑛 = 1, 2, . . . , 𝑁. (23)

Since the constraint is satisfied with equality, increasing𝑃𝑛 will increase the objective function. Then, the optimal
transmit power during each slot can be obtained by applying
the KKT optimality conditions:

𝑃∗𝑛 = 1∑𝑁+1𝑗=𝑛 𝜏𝑛 − ∑𝑁𝑗=𝑛 𝜂𝑛 − 1, 𝑛 = 1, . . . , 𝑁 (24)

and 𝑃∗𝑁+1 = 1/𝜏𝑁+1 − 1. 𝑃∗𝑛 is unique which satisfies∑𝑛𝑛=1 𝐿𝑛𝑃𝑛 = ∑𝑛−1𝑛=0 𝐸𝑛.
When 𝐸max = ∞, since constraints in (19) and slackness

conditions in (23) are satisfied, from (24), the optimal power𝑃∗𝑛 is monotonically increasing: 𝑃∗𝑛+1 ≥ 𝑃∗𝑛 . The results
indicate that energy can be spread to the future for operating
optimally. When the constraint in (18) is not satisfied with
equality (∑𝑙𝑛=1 𝐿𝑛𝑃𝑛 < ∑𝑙−1𝑛=0 𝐸𝑛), then 𝜏𝑙 = 0; thus, 𝑃∗𝑙 = 𝑃∗𝑙+1.
It shows that the energy is utilized for relay nodes not only
in the current slot but also in future slots. When 𝑃∗𝑛 < 𝑃∗𝑛+1,
it means that the total energy is used for current slot and no
energy is used in the future.

As proven before, the harvested energy can only be used
in the future, which means our algorithm allows energy to
only flow to the right. To solve this problem, we propose an
optimal power allocation based on directional water-filling.

It is assumed that the optimal energy at time instants𝑡1, 𝑡2, . . . , 𝑡𝑁 is denoted by 𝐸𝑡1 , 𝐸𝑡2 , . . . , 𝐸𝑡𝑁 and is obtained

before the power allocation process. The process of the
algorithm is then as follows.

Step 1. Initialize the power allocation flag to 0, and let the
algorithm pointer point to the last slot 𝑡𝑁.
Step 2. Compare the energy level in 𝑡𝑁 with the energy level
in 𝑡𝑁−1.
Step 3. No power allocation is performed when the energy
level in the current slot exceeds the previous slot.

Step 4. If the energy level in the current slot is lower than the
previous slot, allocate energy equally to both 𝑡𝑁 and 𝑡𝑁−1. Set
the power allocation flag to 1, mark these two slots as 𝑡𝑁−1,
and then the algorithm pointer points to 𝑡𝑁−1.
Step 5. Point the algorithm pointer to the previous slot.

Step 6. If the pointer reaches 𝑡1 and the power allocation flag
is 1, go to Step 2; if the point reaches 𝑡1 and the flag is 0, stop
and output 𝑃∗𝑛 as the optimal power allocation; otherwise, go
to Step 3.
3.2. Multirelay Selection and Session Grouping. Energy effi-
ciency is defined as the ratio of network throughput to total
power consumption. Note that (7), (8), and (17) are the
functions of𝐺𝑟𝑘𝑚. It is essential to consider how to put sessions
into different groups and select a relay for each group. We
define the session grouping results as Θ ∈ 𝐶𝐾×𝑁×𝑀. Θ𝑟𝑘,𝑚𝑛
indicates whether a session belongs to 𝐺𝑟𝑘𝑚.

Θ𝑟𝑘 ,𝑚𝑛 = {{{
1, (𝑠𝑛, 𝑑𝑛) ∈ 𝐺𝑟𝑘𝑚,0, otherwise. (25)

A session (𝑠𝑛, 𝑑𝑛) can be in at most one group; thus,

𝑘=𝐾,𝑚=𝑀−1∑
𝑘=1,𝑚=0

Θ𝑟𝑘,𝑚𝑛 = 1. (26)

The optimization target of session grouping is to maxi-
mize the energy efficiency in our networkmodel.We combine
(7), (8), and (17) and formulate the optimization problem as

max EE = ∑𝑁𝑛=1∑𝐾𝑘=1Θ𝑟𝑘 ,0𝑛 𝑅𝐷 (𝑠𝑛, 𝑑𝑛) + ∑𝑁𝑛=1∑𝐾𝑘=1∑𝑀−1𝑚=1 Θ𝑟𝑘,𝑚𝑛 𝑅NC (𝑠𝑛, 𝑟𝑘, 𝐺𝑟𝑘𝑚)∑𝐾𝑘=1∑𝑀−1𝑚=0 𝑃 (𝐺𝑟𝑘𝑚)
s.t. 𝐺𝑟𝑘𝑚 = {(𝑠𝑛, 𝑑𝑛) , ∀𝑛, Θ𝑟𝑘 ,𝑚𝑛 = 1}
𝑀−1∑
𝑚=0

Θ𝑟𝑘 ,𝑚𝑛 = 1, (∀𝑛, 𝑠𝑛 ∈ 𝐺𝑟𝑘𝑚)
Θ𝑟𝑘 ,𝑚𝑛 ∈ {0, 1} , (1 ≤ 𝑛 ≤ 𝑁, 0 ≤ 𝑚 ≤ 𝑀) .

(27)
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Obviously, the optimization problem in (27) is a general “0-1”
programming problem. However, this is a nonlinear problem
that can be solved only by exhaustive search. Since each
source node is expected to transmit data to its destination
node from 𝐾 available channels, either with or without the
assistance of a relay node, the complexity of exhaustive search
is

𝐶exhaustive = (2𝑀𝐾)𝑁 . (28)

From (28), the complexity increases exponential with the
number of sessions, which is intolerable when the number
of sessions is large. To solve this problem, a joint relay
selection and session grouping scheme is proposed based on
QPSO.

QPSO is a novel multiagent optimization system mod-
ified by PSO that is inspired by the social behavior of
agents. Each agent, called quantum particle, files in a 2N-
dimensional space according to the historical experiences of
itself and of colleagues. 2N represents the dimension of the
optimization problem [20, 21].

We define the position of the 𝑗th quantum particle as

L𝑗 = [⇀U⇀V] = [[
𝜇𝑗1 𝜇𝑗2 ⋅ ⋅ ⋅ 𝜇𝑗𝑁
𝜀𝑗1 𝜀𝑗2 ⋅ ⋅ ⋅ 𝜀𝑗𝑁]] , (29)

where 𝜇𝑗𝑛 represents the relay number of session (𝑠𝑛, 𝑑𝑛) and𝜀𝑗𝑛 represents the group number of session (𝑠𝑛, 𝑑𝑛). In QPSO
algorithm, 𝜇𝑗𝑛 and 𝜀𝑗𝑛 are mapped into quantum particle’s bit
position which can be expressed as

𝑥𝑗𝑛 = 𝑘min + 𝜇𝑗𝑛 (𝑘max − 𝑘min) ,
𝑦𝑗𝑛 = 𝑚min + 𝜀𝑗𝑛 (𝑚max − 𝑚min) , (30)

where 𝑘max and 𝑘min are the upper bound and lower bound
of the relay node number, respectively. Similarly, 𝑚max and𝑚min express the upper bound and lower bound of the group
number.

From (30), the quantum particle’s bit position is in the
space of [1, 𝐾] × [0,𝑀]. Therefore, (29) can be simplified as

[⇀𝑋⇀𝑌] = [[
𝑥𝑗1 𝑥𝑗2 ⋅ ⋅ ⋅ 𝑥𝑗𝑁
𝑦𝑗1 𝑦𝑗2 ⋅ ⋅ ⋅ 𝑦𝑗𝑁]] . (31)

We use the integral function round(⋅) to find the optimalΘ𝑟𝑘 ,𝑚𝑛 . Thus, the expression of Θ𝑟𝑘 ,𝑚𝑛 is shown as

Θ𝑟𝑘,𝑚𝑛
= {{{

1, if (round (𝑥𝑗𝑛) = 𝑘, round (𝑦𝑗𝑛) = 𝑚) ,
0, otherwise.

(32)

We set the objective function in (27) as the fitness
function. The local optimal bit position of the 𝑗th quantum
particle is

[⇀P⇀Q] = [[
𝑝𝑗1 𝑝𝑗2 𝑝𝑗3 𝑝𝑗4 ⋅ ⋅ ⋅ 𝑝𝑗𝑁
𝑞𝑗1 𝑞𝑗2 𝑞𝑗3 𝑞𝑗4 ⋅ ⋅ ⋅ 𝑞𝑗𝑁]] . (33)

The global optimal bit position of the whole quantum particle
population is

[[
⇀P𝑔⇀Q𝑔]] = [[

𝑝𝑔1 𝑝𝑔2 𝑝𝑔3 𝑝𝑔4 ⋅ ⋅ ⋅ 𝑝𝑔𝑁
𝑞𝑔1 𝑞𝑔2 𝑞𝑔3 𝑞𝑔4 ⋅ ⋅ ⋅ 𝑞𝑔𝑁]] . (34)

In this proposed algorithm,we consider the generation in two
dimensions. The quantum rotation angles are calculated by

𝜃𝑖+1𝑗𝑛 = 𝑒1 (𝑝𝑖𝑗𝑛 − 𝜇𝑖𝑗𝑛) + 𝑒2 (𝑝𝑖𝑔𝑛 − 𝜇𝑖𝑗𝑛) ,
𝜑𝑖+1𝑗𝑛 = 𝑒4 (𝑞𝑖𝑗𝑛 − 𝜀𝑖𝑗𝑛) + 𝑒5 (𝑞𝑖𝑔𝑛 − 𝜀𝑖𝑗𝑛) , (35)

where 𝑒1 and 𝑒2 express the relative important degree of⇀P and⇀P𝑔, and the updating process of the quantum particle can be
expressed as

𝜇𝑖+1𝑗𝑛 = {{{{{{{{{{{
√1 − (𝜇𝑖𝑗𝑛)2, if (𝑝𝑖𝑗𝑛 = 𝜇𝑖𝑗𝑛 = 𝑝𝑖𝑔𝑛, 𝑒3 < 𝑐1) ,
𝜇𝑖𝑗𝑛 cos 𝜃𝑖𝑗𝑛 − √1 − (𝜇𝑖𝑗𝑛)2 sin 𝜃𝑖𝑗𝑛 , others,

𝜀𝑖+1𝑗𝑛 = {{{{{{{{{{{
√1 − (𝜀𝑖𝑗𝑛)2, if (𝑞𝑖𝑗𝑛 = 𝜀𝑖𝑗𝑛 = 𝑞𝑖𝑔𝑛, 𝑒6 < 𝑐2) ,
𝜀𝑖𝑗𝑛 cos𝜑𝑖𝑗𝑛 − √1 − (𝜀𝑖𝑗𝑛)2 sin𝜑𝑖𝑗𝑛 , others,

(36)
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where 𝑒3 and 𝑒6 are uniform random number between 0 and
1 and 𝑐1 and 𝑐2 are mutation probabilities between 0 and 1/𝑁.

Assumption 1. The power allocation process has finished.

Assumption 2. All the channel state information (CSI) is a
priori known.

Therefore, the process of QPSO algorithm is given in the
following steps.

Step 1. Initialize quantum particle population, including the
quantum particles’ bit positions 𝐿𝑗 and the local optimal bit
positions. Calculate the fitness of each quantum particle, and
record the global optimal bit position from (27).

Step 2. Update the rotation angle for each quantum particle
from (35). Update the bit positions for each quantum particle
from (36).

Step 3. Calculate the fitness of all quantum particles based on
updated positions.

Step 4. Update the local optimal quantum position for each
quantum particle and the global optimal quantum position.

Step 5. If it reaches the predefined value of the maximum
generation, stop the process, output the global optimal
quantum position, and map it into the final transmission
strategy by (30), (31), and (32); if not, go to Step 3.
4. Numerical Results

In this section, we show the simulation results to evaluate the
performance of our proposed approach.As shown in Figure 1,
we consider our simulation within a 1000 × 1000m2 square
area. We consider a network randomly consisting of 50–200
sessions and 5–50 relays. For all network instances, we assume
that the transmission power of each source node is 1W and
that the channel bandwidth is 22MHz. The loss exponent 𝛼
is 4. We assume that the white Gaussian noise at all nodes has
a variance of 10−10W [8]. The circuit power for each node is
chosen as 110mW. For QPSO, we set the maximal generation
as 200, ℎ = 20, 𝑒1 = 0.15, 𝑒2 = 0.2, 𝑒4 = 0.6, 𝑒5 = 0.7,𝑐1 = 1/(500𝐾), and 𝑐2 = 1/(1000𝑀). Each result is obtained
from averaging over 50 realizations. Simulation parameters
are provided in Table 1.

4.1. System Performance of Relay Node Selection and Session
Grouping. First, we consider the system performance of relay
node selection and session grouping. We analyze the energy
efficiency, total throughput, and power consumption versus
the number of sessions. The traditional direct transmission
(DT) and opportunistic relay-selected cooperative transmis-
sion (CR) are used to provide performance reference for our
proposed (NC) scheme. In addition, power allocations are
preoptimized in DT, CR, and NC.

In CR and NC, the source node 𝑆𝑛 can exploit a relay
node based on the energy level at relay node and channel state

Table 1: Simulation parameters.

Parameters Value
Number of sessions 50–200
Number of relay nodes 5–50
Distribution area 1000 × 1000m2
Channel bandwidth 22MHz
Loss exponent 4
Transmit power of source node 1W
Circuit power 110mW
White Gaussian noise 1 × 10−10W
Number of quantum particles 20
Maximal generation 200
Rotating factor of 𝜃 𝑒1 = 0.15, 𝑒2 = 0.2
Rotating factor of 𝜑 𝑒4 = 0.6, 𝑒5 = 0.7
Mutation probability 𝑐1 = 1/(500𝐾)𝑐2 = 1/(1000𝑀)
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Figure 2: Throughput for three transmission schemes.

information (CSI) when it sends data to its destination node.
Since the bandwidths of different schemes may be different,
the performance is measured in bit/s/Hz.

Figure 2 shows that the proposed scheme outperforms
other two schemes apparently. Increasing number of sessions
will increase the possibility of sessions being a reasonable
group. As the number of sessions increases, the average
throughput of our scheme increases as well. However, in a big
number regime, the average throughput is saturated. This is
because the increasing NC noise will affect the throughput.

Figure 3 is the average power consumption of each trans-
mission scheme. It shows that DT consumes the most power.
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Figure 3: Average power consumption for three transmission
schemes.

The reason is that this scheme is transmitting the maximum
number of sessions by occupying all possible channels to
improve the energy efficiency. This figure also indicates that
the average power of CR transmission is the minimum. It
is because better cooperative relay nodes are selected to
maximize the energy efficiency. Unlike CR transmission, the
circuit energy consumption is considered in our scheme.The
figure indicates that NC performs better than DT.

Figure 4 shows the energy efficiency of different trans-
mission schemes. It is observed that our proposed scheme
achieves a higher energy efficiency than the other two
schemes. This is because both the CSI and the energy level
of relay nodes are considered in our scheme.

4.2. System Performance of Power Allocation. Next, we show
the performance of power allocation for relay nodes. In
Figure 5, the proposed scheme is validated. Our approach
always outperforms the NC transmission without power
allocation for relay nodes. In Figure 5(a), when the number
of sessions 𝑁 increases, the throughput performance gap
becomes larger because the efficient power allocation assures
uniform distribution. Figure 5(b) presents the average power
consumption versus the number of sessions. With increasing
number of sessions, the power is continually increasing in
both schemes. As shown in the figure, the power allocation
scheme costs more power consumption than non-power
allocation scheme, since higher throughput will consume
more power. In Figure 5(c), the energy efficiency of power
allocation scheme is superior to that of non-power allocation
scheme. The energy efficiency begins to converge when the
number of sessions becomes large, since the existence of
NC noise could diminish the advantage of optimal power
allocation.
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Figure 4: Energy efficiency for three transmission schemes.

5. Conclusion

In this paper, we studied the energy efficiency problem in
multiple relay cooperative networks with energy harvesting.
The energy efficiency is taken as the classic network through-
put per power allocation. In the optimization problem,
network coding noise and receiver circuit power consump-
tion were considered. This problem can be decomposed
into a power allocation problem and an energy-efficient
transmission optimization problem.We solved the first prob-
lem by proposing a time-power allocation algorithm based
on directional water-filling algorithm. The second problem
was solved by jointly considering relay selection scheme
and session grouping based on quantum particle swarm
optimization. Numerical results verified that the proposed
transmission scheme effectively improved energy efficiency,
comparedwith direct transmission scheme and opportunistic
cooperative transmission scheme.
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Figure 5: System performance of the policy with power allocation for relay nodes.

(no. 2015T80692), and Graduate Student Innovation Special
Funds of Nanchang University (cx2016264).

References

[1] R. Madan, N. B. Mehta, A. F. Molisch, and J. Zhang, “Energy-
efficient cooperative relaying over fading channels with simple
relay selection,” IEEETransactions onWireless Communications,
vol. 7, no. 8, pp. 3013–3025, 2008.

[2] A. Nosratinia, T. E. Hunter, and A. Hedayat, “Cooperative
communication in wireless networks,” IEEE Communications
Magazine, vol. 42, no. 10, pp. 74–80, 2004.

[3] Z. Zhang, Y. Li, K. Huang, and C. Liang, “Energy efficiency
analysis of energy harvesting relay-aided cooperative networks,”
in Proceedings of the 13th International Symposium on Modeling
and Optimization in Mobile, Ad Hoc, and Wireless Networks
(WiOpt ’15), pp. 1–7, IEEE, Mumbai, India, May 2015.

[4] S. Sharma, Y. Shi, J. Liu, Y. T. Hou, and S. Kompella, “Is
network coding always good for cooperative communications?”
in Proceedings of the IEEE INFOCOM, pp. 1–9, San Diego, CA,
USA, March 2010.

[5] S. Sharma, Y. Shi, J. Liu, Y. T.Hou, S. Kompella, and S. F.Midkiff,
“Network coding in cooperative communications: friend or
foe?” IEEE Transactions on Mobile Computing, vol. 11, no. 7, pp.
1073–1085, 2012.



10 Mobile Information Systems

[6] Z. Mobini, P. Sadeghi, and S. Zokaei, “Network coding noise
reduction via relay power allocation in a two-unicast wireless
system,” in Proceedings of the IEEE 22nd International Sympo-
sium on Personal, Indoor and Mobile Radio Communications
(PIMRC ’11), pp. 1459–1464, IEEE, Toronto, Canada, September
2011.

[7] Z. Mobini, P. Sadeghi, M. Khabbazian, and S. Zokaei, “Power
allocation and group assignment for reducing network coding
noise in multi-unicast wireless systems,” IEEE Transactions on
Vehicular Technology, vol. 61, no. 8, pp. 3615–3629, 2012.

[8] S. Sharma, Y. Shi, Y. T. Hou, H. D. Sherali, and S. Kompella,
“Joint optimization of session grouping and relay node selection
for network-coded cooperative communications,” IEEE Trans-
actions onMobile Computing, vol. 13, no. 9, pp. 2028–2041, 2014.

[9] M. Zhou, Q. Cui, R. Jäntti, and X. Tao, “Energy-efficient relay
selection and power allocation for two-way relay channel with
analog network coding,” IEEE Communications Letters, vol. 16,
no. 6, pp. 816–819, 2012.

[10] K. Xiao, Y. Zhang, G. Feng, X. Duan, J. Zhu, andZ. Liu, “eCOPE:
energy efficient network coding scheme in multi-rate wireless
networks,” in Proceedings of the IEEE Wireless Communications
and Networking Conference Workshops (WCNCW ’13), pp. 18–
23, Shanghai, China, April 2013.

[11] G. Zhang and Y. Li, “Cooperative multicast transmission strat-
egy for energy-efficient dynamic network coding,” in Proceed-
ings of the IEEE International Conference on Communications
Workshops (ICC ’13), pp. 479–483, IEEE, Budapest, Hungary,
June 2013.

[12] H. Wang, W. Wang, and Z. Zhang, “Opportunistic wireless
information and energy transfer for sustainable cooperative
relaying,” in Proceedings of the IEEE International Conference on
Communications (ICC ’15), pp. 160–165, London, UK, June 2015.

[13] K. Tutuncuoglu and A. Yener, “Cooperative energy harvesting
communications with relaying and energy sharing,” in Proceed-
ings of the IEEE Information Theory Workshop (ITW ’13), IEEE,
Angeles, Calif, USA, September 2013.

[14] K. H. Liu, “Performance analysis of relay selection for cooper-
ative relays based on wireless power transfer with finite energy
storage,” IEEE Transactions on Vehicular Technology, vol. 65, no.
7, pp. 5110–5121, 2016.

[15] I. Ahmed, A. Ikhlef, R. Schober, and R. K. Mallik, “Joint power
allocation and relay selection in energy harvesting AF relay
systems,” IEEE Wireless Communications Letters, vol. 2, no. 2,
pp. 239–242, 2013.

[16] N. Zhao, R. Chai, Q. Hu, and J. Zhang, “Energy efficiency
optimization based joint relay selection and resource allocation
for SWIPT relay networks,” in Proceedings of the 10th Interna-
tional Conference on Communications and Networking in China
(ChinaCom ’15), pp. 503–508, Shanghai, China, August 2015.

[17] N. Zhao, R. Chai, Q. Hu, and J.-K. Zhang, “Energy efficiency
optimization based joint relay selection and resource allocation
for SWIPT relay networks,” in Proceedings of the 10th Interna-
tional Conference on Communications and Networking in China
(ChinaCom ’15), pp. 503–508, Shanghai, China, August 2015.

[18] X. Shen, T. Zhang, Z. Zeng, and X. Lin, “Energy efficient session
grouping scheme in network-coded cooperative communica-
tions,” in Proceedings of the 10th International Conference on
Communications and Networking in China (ChinaCom ’15), pp.
158–162, Shanghai, China, August 2015.

[19] O. Ozel, K. Tutuncuoglu, J. Yang, S. Ulukus, and A. Yener,
“Transmission with energy harvesting nodes in fading wireless

channels: optimal policies,” IEEE Journal on Selected Areas in
Communications, vol. 29, no. 8, pp. 1732–1743, 2011.

[20] J. Cao, T. Zhang, Z. Zeng, Y. Chen, and K. K. Chai, “Multi-relay
selection schemes based on evolutionary algorithm in cooper-
ative relay networks,” International Journal of Communication
Systems, vol. 27, no. 4, pp. 571–591, 2014.

[21] T. Zhang, J. Cao, Z. Zeng, and D. Liu, “Joint relay selection and
spectrum allocation scheme in cooperative relay networks,” in
Proceedings of the 79th IEEE Vehicular Technology Conference
(VTC ’14), pp. 1–6, IEEE, Seoul, Republic of Korea, May 2014.



Research Article
Energy Efficiency Maximization of
Full-Duplex and Half-Duplex D2D Communications
Underlaying Cellular Networks

Yiliang Chang,1 Hongbin Chen,1,2 and Feng Zhao1

1Key Laboratory of Cognitive Radio and Information Processing, Guilin University of Electronic Technology, Guilin 541004, China
2Guangxi Experiment Center of Information Science, Guilin 541004, China

Correspondence should be addressed to Hongbin Chen; chbscut@guet.edu.cn

Received 26 April 2016; Revised 5 August 2016; Accepted 16 August 2016

Academic Editor: Konstantinos Demestichas

Copyright © 2016 Yiliang Chang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

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 ismodeled as a noncooperative game, inwhich 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 existingmethod butwith lower complexity in half-duplexD2D communications
underlaying cellular networks.Moreover, the full-duplex D2D communications underlaying cellular networks outperform the half-
duplex 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 investi-
gation 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 full-
duplex, direct D2D communication, massive multiple-input
multiple-output (massive MIMO), improved EE by energy-
aware 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 fre-
quency 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 ofD2D
communications, one of the key issues is the interference
problem caused by resource sharing between D2D com-
munications 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 full-
duplex transmission into D2D communications, which is
called full-duplex D2D communications. Implementing full-
duplex transmission into D2D communications can effi-
ciently increase the ergodic capacity of wireless cellular
networks but will impose new challenges to D2D com-
munications 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 lim-
iting 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 half-
duplex counterpart.

1.1. RelatedWork. 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 communi-
cations in heterogeneous networks, in which the potential
solutions were proposed for interference mitigation. There
are threemainmethods for SImitigation: passive suppression
(PS), analog cancellation (AC), and digital cancellation (DC)
[5]. Among them, AC and DC both belong to active can-
cellation. 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 cir-
cuitry. 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 sup-
pressionmethodwith relatively small antenna separationwas
investigated in [15]. The results showed that a maximum of
72 dB PS can be achieved with different antenna separations

ranging from35 to 50 cmwhen 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, low-
mobility, and high-mobility scenarios eachwith 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 separa-
tion 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 delay-
line-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 large-
size 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 per-
formed 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 ana-
log 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 full-
duplex 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 dig-
ital domain.The proposed technique is shown to significantly
mitigate the transmitter and receiver impairments without
the necessity for highly complex analog domain cancellation
techniques.Themain 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 cancel-
lation 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 onmany
factors, such as system type (e.g., relay system and point-
to-point communication) and the deployed SI cancellation
techniques. For the specific technique of point-to-point com-
munication 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 eco-
nomic challenges, a substantial amount of related researches
have already been undertaken in laboratory. The mobile full-
duplex techniques will come into service in the near future.

Almost all previous researches on full-duplex D2D com-
munications 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
byAC is nonnegligible. In [28, 29], the EE of half-duplexD2D
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 small-
cell 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

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 addi-
tion, 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 communica-
tions underlaying cellular networks, in comparison to its half-
duplex 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 sys-
tem.

(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 nonco-
operative 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 consid-
ered in the power consumption model. In particular,
the power consumed by SI cancellation is considered.
The impact of imperfect SI cancellation is also consid-
ered in the analysis.

The rest of this paper is organized as follows. Sec-
tion 2 introduces the system model for full-duplex and half-
duplex 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 transmis-
sion modes for D2D communications: (a) full-duplex D2D



4 Mobile Information Systems

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 oper-
ates in traditional cellular networkswith a single antenna.The
model of the full-duplex D2D system is illustrated in Figure 1,
where DUE not only shares the uplink radio frequency-
time 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 as𝑉 = (1/𝛽)𝑃𝜆, 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 per-
formance 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], and𝛽DC, 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

𝑦bs = √𝑃𝑢ℎ𝑢𝑥𝑢 + 2∑
𝑘=1

√𝑃𝑑𝑘ℎ𝑑𝑘𝑥𝑑𝑘 + 𝑛bs, 𝑘 ∈ (1, 2) , (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 and𝑥𝑑𝑘 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 = √𝑃𝑑𝑗ℎ𝑗𝑘𝑥𝑑𝑗 + √𝑃𝑢ℎ𝑢𝑘𝑥𝑢 + V𝑑𝑘 + 𝑛𝑑𝑘,
𝑘, 𝑗 ∈ {1, 2} , 𝑘 ̸= 𝑗, (2)

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 SINRof the full-duplexD2Dmode at the BS andD2D
receivers can be written as

𝛾𝑢 = 𝑃𝑢 ℎ𝑢2∑2𝑘=1 𝑃𝑑𝑘 ℎ𝑑𝑘2 + 𝜎2 , (3)

𝛾𝑑𝑘 = 𝑃𝑑𝑗 ℎ𝑗𝑘2𝑃𝑢 ℎ𝑢𝑘2 + 1/𝛽𝑘 ⋅ 𝑃𝑑𝑘 + 𝜎2 , 𝑘, 𝑗 ∈ {1, 2} , 𝑘 ̸= 𝑗,
(4)

respectively. Then, the system SE of the full-duplex D2D
mode is𝜂SE,FD = SE𝑢-FD + SE𝑑1-FD + SE𝑑2-FD

= log2(1 + 𝑃𝑢 ℎ𝑢2∑2𝑘=1 𝑃𝑑𝑘 ℎ𝑑𝑘2 + 𝜎2)
+ log2(1 + 𝑃𝑑2 ℎ212𝑃𝑢 ℎ𝑢12 + 1/𝛽1 ⋅ 𝑃𝑑1 + 𝜎2)
+ log2(1 + 𝑃𝑑1 ℎ122𝑃𝑢 ℎ𝑢22 + 1/𝛽2 ⋅ 𝑃𝑑2 + 𝜎2) .

(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 of𝑇2). DUE1 transmits a signal to DUE2
in the first slot𝑇1 andDUE2 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 �̂�bs1 = √�̂�𝑢ℎ̂𝑢�̂�𝑢1 + √�̂�𝑑1ℎ̂𝑑1�̂�𝑑1 + �̂�bs1,

�̂�𝑑2 = √�̂�𝑑1ℎ̂12�̂�𝑑1 + √�̂�𝑢ℎ̂𝑢2�̂�𝑢1 + �̂�𝑑2, (6)

where �̂�𝑢 is the transmission power of the CUE, �̂�𝑑1 is the
transmission power of DUE1, ℎ̂𝑢 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, �̂�bs1 and �̂�𝑑2 are AWGNs with zero mean
and variance 𝜎2, and �̂�𝑢1, �̂�𝑑1 are transmitted signals from the
CUE and DUE1, respectively.

In the second slot, the received signals at the BS andDUE1
are

�̂�bs2 = √�̂�𝑢ℎ̂𝑢�̂�𝑢2 + √�̂�𝑑2ℎ̂𝑑2�̂�𝑑2 + �̂�bs2,
�̂�𝑑1 = √�̂�𝑑2ℎ̂21�̂�𝑑2 + √�̂�𝑢ℎ̂𝑢1�̂�𝑢2 + �̂�𝑑1, (7)

where �̂�𝑑2 is the transmission power of DUE2, ℎ̂𝑑2 denotes
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 andDUE1, �̂�bs2 and �̂�𝑑1 are the AWGNwith zeromean
and variance 𝜎2, and �̂�𝑢2, �̂�𝑑2 are transmitted signals from the
CUE and DUE2, respectively.

The SINR at the BS and D2D receivers can be written as

�̂�𝑢𝑖 = �̂�𝑢 ℎ̂𝑢2�̂�𝑑𝑖 ℎ̂𝑑𝑖2 + 𝜎2 , 𝑖 ∈ (1, 2) , (8)

�̂�𝑑𝑘 = �̂�𝑑𝑗 ℎ̂𝑗𝑘2�̂�𝑢 ℎ̂𝑢𝑘2 + 𝜎2 , 𝑘, 𝑗 ∈ {1, 2} , 𝑘 ̸= 𝑗, (9)

respectively. Then, the system SE of the half-duplex D2D
mode is𝜂SE,HD = SE𝑢-HD + SE𝑑1-HD

+ SE𝑑2-HD
12
2∑
𝑖=1

log2(1 + �̂�𝑢 ℎ̂𝑢2�̂�𝑑𝑖 ℎ̂𝑑𝑖2 + 𝜎2)
+ 12 log2(1 + �̂�𝑑2 ℎ̂212�̂�𝑢 ℎ̂𝑢12 + 𝜎2)

+ 12 log2(1 + �̂�𝑑1 ℎ̂122�̂�𝑢 ℎ̂𝑢22 + 𝜎2) .

(10)

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

𝜂EE = 𝑁∑
𝑛=1

EE𝑛, (11)

where𝑁 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 repre-
sents 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 ofmaximumsumnetwork 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 allocationwould be difficult. Additionally, this
mode is an interference-limited scenario in which the inter-
ference 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 pro-
posed as an efficient framework to formulate the power
control problem for wireless data networks without central-
ized 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 con-
sider 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

𝑃∗𝑛 = argmax
𝑃𝑛

EE𝑛 (𝑃𝑛, 𝑃−𝑛) , (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, energy-
efficient power optimization demands a power setting that is
greedy in EE but chary of power. Furthermore, problem (13)
is equivalent to

𝑃∗𝑛 = argmax
𝑃𝑛

log (EE𝑛 (𝑃𝑛, 𝑃−𝑛))
= argmax

𝑃𝑛
(log (𝑟𝑛) − log (𝑃𝑛-tot)) , (14)

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 sce-
narios, energy-efficient power optimization is desirable to
reduce interference and improve throughput in the nonco-
operative setting [37].

In this noncooperative game, each user optimizes their
transmission power independently. As the variation of trans-
mission 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 noncooper-
ative 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 trans-
mission 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 full-
duplex node can be expressed as 𝜔𝑃DC, where 𝜔 = 1 for full-
duplex and half-duplex (PSDC) transmission and 𝜔 = 0 for
full-duplex (PS) transmission and half-duplex transmission.
Each user has its own power range; that is, 0 ≤ 𝑃𝑢(�̂�𝑢) ≤ 𝑃max,0 ≤ 𝑃𝑑1(�̂�𝑑1) ≤ 𝑃max, 0 ≤ 𝑃𝑑2(�̂�𝑑2) ≤ 𝑃max, and 𝑃max is the
maximumallowed transmission power for theUE.The circuit
power of differentUE 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-FD𝜉𝑢𝑃𝑢 + 𝑃𝑐 + 𝑊 ⋅ SE𝑑1-FD𝜉𝑑𝑃𝑑2 + 𝑃𝑐 + 𝜔𝑃DC

+ 𝑊 ⋅ SE𝑑2-FD𝜉𝑑𝑃𝑑1 + 𝑃𝑐 + 𝜔𝑃DC
,

(15)

where𝑊 denotes the channel bandwidth and 1/𝜉𝑢 and 1/𝜉𝑑
are the power amplifier drain efficiency of the CUE andDUE,
respectively. Our objective is to find the optimal transmission
powers 𝑃𝑢, 𝑃𝑑1, and 𝑃𝑑2 to maximize 𝜂EE-FD while keeping𝛾𝑢, 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}

𝜂EE-FD
s.t. 𝛾𝑢 ≥ 𝛾𝑢,𝛾𝑑1 ≥ 𝛾𝑑,𝛾𝑑2 ≥ 𝛾𝑑,0 ≤ 𝑃𝑢 ≤ 𝑃max,

0 ≤ 𝑃𝑑1 ≤ 𝑃max,
0 ≤ 𝑃𝑑2 ≤ 𝑃max,

(16)

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. There-
fore, 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 begin-
ning 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 game-
theoretic perspective is used to solve problem (16). In the
noncooperative game, the achievement of aNash equilibrium
is awell-knownoptimality criterion to analyze the outcomeof
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 function𝑓(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 quasicon-
cave in 𝑃𝑢, 𝑃𝑑1, and 𝑃𝑑2, respectively. Based on Theorem 1,
the existence of the Nash equilibrium can be proved in
Theorem 2.

Theorem2. TheNash 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 maxi-
mization problem, each user optimizes their power indepen-
dently. 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
fromD2Dpair on the shared channel and then feeds back this
information to the CUE. Besides, the SI of DUE in the full-
duplex 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

𝜂𝑢-FD (𝑡 + 1) = 𝑊 log2 (1 + 𝑃𝑢 (𝑡 + 1) ℎ𝑢2 / (𝐼𝑢-FD (𝑡) + 𝜎2))𝜉𝑢𝑃𝑢 (𝑡 + 1) + 𝑃𝑐 , (17)

𝜂𝑑1-FD (𝑡 + 1) = 𝑊 log2 (1 + 𝑃𝑑2 (𝑡 + 1) ℎ212 / (𝐼𝑑1-FD (𝑡) + 1/𝛽 ⋅ 𝑃𝑑1 (𝑡) + 𝜎2))𝜉𝑑𝑃𝑑2 (𝑡 + 1) + 𝑃𝑐 + 𝜔𝑃DC
, (18)

𝜂𝑑2-FD (𝑡 + 1) = 𝑊 log2 (1 + 𝑃𝑑1 (𝑡 + 1) ℎ122 / (𝐼𝑑2-FD (𝑡) + 1/𝛽 ⋅ 𝑃𝑑2 (𝑡) + 𝜎2))𝜉𝑑𝑃𝑑1 (𝑡 + 1) + 𝑃𝑐 + 𝜔𝑃DC
, (19)

respectively, where 𝐼𝑢-FD(𝑡) is the measured interference
power of CUE fromDUE1 andDUE2 at the time instant 𝑡 and𝐼𝑑1-FD(𝑡) and 𝐼𝑑2-FD(𝑡) are the measured interference powers
of DUE1 and DUE2 from CUE at the time instant 𝑡, respec-
tively.

Due to the strict quasiconcavity of 𝜂𝑢-FD, 𝜂𝑑1-FD, and𝜂𝑑2-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 value𝑝∗ 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 full-
duplex system. The iterative bisection-alternate optimization

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 D2Dmode, the system
EE can be written as

𝜂EE-HD = 𝜂𝑢-HD + 𝜂𝑑1-HD + 𝜂𝑑2-HD

= 𝑊 ⋅ SE𝑢-HD𝜉𝑢�̂�𝑢 + 𝑃𝑐 +
𝑊 ⋅ SE𝑑1-HD(1/2) 𝜉𝑑�̂�𝑑2 + 𝑃𝑐

+ 𝑊 ⋅ SE𝑑2-HD(1/2) 𝜉𝑑�̂�𝑑1 + 𝑃𝑐 ,
(20)

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 = 𝑃𝑐𝑇 + 𝑃𝑐𝑅, where 𝑃𝑐𝑇 and𝑃𝑐𝑅 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 full-
duplex D2D mode, our objective is to find the optimal
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Input: Set iteration index 𝑡 = 1, and tolerance 𝜀 > 0, 𝑃∗𝑢 (𝑡) = 0, 𝑃∗𝑑1(𝑡) = 0, 𝑃∗𝑑2(𝑡) = 0, calculate the corresponding EE.
Output: optimal transmission powers 𝑃∗𝑢 , 𝑃∗𝑑1, 𝑃∗𝑑2, 𝜂∗𝑢-FD, 𝜂∗𝑑1-FD and 𝜂∗𝑑2-FD(1) Repeat(2)Measure the interference powers at CUE and DUEs and estimate the SI powers at DUEs.(3) Solve the quasiconcave optimization problems of (17)–(19) and obtain 𝑃∗𝑢 (𝑡 + 1), 𝑃∗𝑑1(𝑡 + 1), 𝑃∗𝑑2(𝑡 + 1) respectively.(4) if 𝜂∗𝑢-FD(𝑡 + 1) − 𝜂∗𝑢-FD(𝑡) ≤ 𝜀,𝜂∗𝑑1-FD(𝑡 + 1) − 𝜂∗𝑑1-FD(𝑡) ≤ 𝜀 and𝜂∗𝑑2-FD(𝑡 + 1) − 𝜂∗𝑑2-FD(𝑡) ≤ 𝜀(5) 𝜂∗𝑢-FD = 𝜂∗𝑢-FD(𝑡 + 1),𝜂∗𝑑1-FD = 𝜂∗𝑑1-FD(𝑡 + 1) and𝜂∗𝑑2-FD = 𝜂∗𝑑2-FD(𝑡 + 1)(6) else(7) 𝑡 = 𝑡 + 1, repeat.

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

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

max
{�̂�𝑢 ,�̂�𝑑1 ,�̂�𝑑2}

𝜂EE-HD

s.t. �̂�𝑢1 ≥ 𝛾𝑢,�̂�𝑢2 ≥ 𝛾𝑢,�̂�𝑑1 ≥ 𝛾𝑑,�̂�𝑑2 ≥ 𝛾𝑑,
0 ≤ �̂�𝑢 ≤ 𝑃max,
0 ≤ �̂�𝑑1 ≤ 𝑃max,
0 ≤ �̂�𝑑2 ≤ 𝑃max.

(21)

Joint optimization over �̂�𝑢, �̂�𝑑1, and �̂�𝑑2 is also very
intractable to be found due to the idea that 𝜂EE-HD is not
concave in �̂�𝑢, �̂�𝑑1, and �̂�𝑑2 jointly. For more intuitive
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
half-duplex can be proved to be quasiconcave in �̂�𝑢, �̂�𝑑1, and�̂�𝑑2 similarly. According toTheorem 2, the Nash equilibrium
also exists in the noncooperative game of the half-duplex
system.

Accordingly, in the formulated noncooperative half-
duplex 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

𝜂𝑢-HD (𝑡 + 1) = (𝑊/2) {log2 (1 + �̂�𝑢 (𝑡 + 1)
ℎ̂𝑢2 / (𝐼𝑢1-HD (𝑡) + 𝜎2)) + log2 (1 + �̂�𝑢 (𝑡 + 1) ℎ̂𝑢2 / (𝐼𝑢2-HD (𝑡) + 𝜎2))}𝜉𝑢�̂�𝑢 (𝑡 + 1) + 𝑃𝑐 , (22)

𝜂𝑑1-HD (𝑡 + 1) = (𝑊/2) log2 (1 + �̂�𝑑2 (𝑡 + 1)
ℎ̂212 / (𝐼𝑑1-HD (𝑡) + 𝜎2))(1/2) 𝜉𝑑�̂�𝑑2 (𝑡 + 1) + 𝑃𝑐 , (23)

𝜂𝑑2-HD (𝑡 + 1) = (𝑊/2) log2 (1 + �̂�𝑑1 (𝑡 + 1)
ℎ̂122 / (𝐼𝑑2-HD (𝑡) + 𝜎2))(1/2) 𝜉𝑑�̂�𝑑1 (𝑡 + 1) + 𝑃𝑐 , (24)

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 andDUE2 fromCUE
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 half-
duplex system. The iterative bisection-alternate optimization



10 Mobile Information Systems

Input: Set iteration index 𝑡 = 1, and tolerance 𝜀 > 0, �̂�∗𝑢(𝑡) = 0, �̂�∗𝑑1(𝑡) = 0, �̂�∗𝑑2(𝑡) = 0, calculate the corresponding EE.
Output: optimal transmission powers �̂�∗𝑢 , �̂�∗𝑑1, �̂�∗𝑑2, 𝜂∗𝑢-HD, 𝜂∗𝑑1-HD and 𝜂∗𝑑2-HD(1) Repeat(2)Measure the interference powers at CUE and DUEs.(3) Solve the quasiconcave optimization problems of (22)–(24) and obtain 𝑃∗𝑢 (𝑡 + 1), 𝑃∗𝑑1(𝑡 + 1), 𝑃∗𝑑2(𝑡 + 1) respectively.(4) if 𝜂∗𝑢-HD(𝑡 + 1) − 𝜂∗𝑢-HD(𝑡) ≤ 𝜀,𝜂∗𝑑1-HD(𝑡 + 1) − 𝜂∗𝑑1-HD(𝑡) ≤ 𝜀 and𝜂∗𝑑2-HD(𝑡 + 1) − 𝜂∗𝑑2-HD(𝑡) ≤ 𝜀(5) 𝜂∗𝑢-HD = 𝜂∗𝑢-HD(𝑡 + 1),𝜂∗𝑑1-HD = 𝜂∗𝑑1-HD(𝑡 + 1) and𝜂∗𝑑2-HD = 𝜂∗𝑑2-HD(𝑡 + 1)(6) else(7) 𝑡 = 𝑡 + 1, repeat.

Algorithm 3: Iterative bisection-alternate optimization method for half-duplex D2D.

method of the half-duplexD2D 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 bandwidth𝑊 is nor-
malized to 1; that is,𝑊 = 1Hz. The maximum transmission
power constraints of theCUE andDUEs are set to𝑃max = 1W
and the circuit power consumption is set to 𝑃𝑐 = 100mW.
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 = 1W. The minimum SINR
thresholds 𝛾𝑢 and 𝛾𝑑 are set to 0 dB.

Firstly, we compare the EE and complexity of the pro-
posed method with the Lagrangian method in the existing
literature [31] for the half-duplex D2D communications
underlaying cellular networks, and then we show the conver-
gence of our proposed algorithm.

In order to increase comparability with the existing
method in [31], we show the EE and SE tradeoff and the exe-
cution time for half-duplex D2D communications obtained
by our proposed method and the Lagrangian method in Fig-
ure 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 eachmethod, with the increase of the SE require-
ment, the corresponding EE is obtained. Simulation results
show that the twomethods 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 bisection-
alternate method for the system EE and total power con-
sumption under full-duplex and half-duplex D2D modes,
respectively, where the total amount of SI cancellation of full-
duplex is set to𝛽1 = 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 con-
sider a single circular cell on the two-dimensional X-Y plane
and the radius is normalized to 1m. The BS is located at the
centerwith coordinate (0, 0).Thedistance betweenDUE1 and
DUE2 is 𝑑𝐷, and the distance between BS and CUE is 𝑑CUE,BS.
We assume that the coordinates of CUE,DUE1, andDUE2 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 arewithin 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 𝑋-
coordinates 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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Figure 3: Comparison between the proposed method and the Lagrangian method: time of execution and the EE and SE tradeoff for the
cellular link.
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Figure 4:The system EE and total power consumption of full-duplex D2Dmode and half-duplex D2Dmode versus number of iterations by
the bisection-alternate method and the exhaustive searching method.

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 D2Dmode in the short distance
transmission of D2D. As the distance increases, this situation

is reversed. This is because the transmission power of full-
duplex 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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Figure 6: The system EE of full-duplex D2D mode and half-duplex
D2D mode versus distance between CUE and BS.

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 half-
duplex 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
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Figure 7: The system EE comparison of the half-duplex D2Dmode
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 full-
duplex D2D mode without power control under different
amounts of SI cancellation of the D2D pair. As 𝛽1 and𝛽2 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 andDC 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 full-
duplex 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 prob-
lem inwhich the objective is tomaximize the systemEEwhile
satisfying required SINR and transmission power constraints.
From the noncooperative game-theoretic perspective, the
iterative bisection-alternate method with lower complexity
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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 full-
duplex (PSDC) is evenmore 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 half-
duplex 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 of𝑓(𝑎, 𝑝)
with respect to 𝑝 is represented by

𝑑𝑓 (𝑎, 𝑝)𝑑𝑝
= 1𝑃2tot [𝑎𝑃tot 1ln 2 ( 11 + 𝑎𝑝) − 𝜉 log2 (1 + 𝑎𝑝)] ,

(A.1)

where

𝑓1 (𝑝) = 𝑎𝑃tot
ln 2 × (1 + 𝑎𝑝) ,

𝑓2 (𝑝) = 𝜉 log2 (1 + 𝑎𝑝) ,
𝑃tot = 𝜉𝑝 + 𝑝𝑐.

(A.2)

The first derivative of 𝑓1(𝑝) and 𝑓2(𝑝) with respect to 𝑝 is
represented by

𝑑𝑓1 (𝑝)𝑑𝑝 = 𝑎 (𝜉 − 𝑎𝑝𝑐)
ln 2 × (1 + 𝑎𝑝)2 ,

𝑑𝑓2 (𝑝)𝑑𝑝 = 𝑎𝜉
ln 2 × (1 + 𝑎𝑝) .

(A.3)

Then, for 𝑝 ∈ [0, +∞), we have
𝑑𝑓1 (𝑝)𝑑𝑝 − 𝑑𝑓2 (𝑝)𝑑𝑝 = − 𝑎2𝑝𝑐

ln 2 × (1 + 𝑎𝑝)2 < 0. (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→0𝑓3(𝑝) = 𝑎𝑝𝑐/ ln 2 > 0, there exists a single value of𝑝 denoted as 𝑝∗, so that 𝑓3(𝑝∗) = 0. Obviously, since the
denominator 𝑃2tot is positive, we have 𝑑𝑓(𝑎, 𝑝)/𝑑𝑝 > 0 when𝑝 < 𝑝∗ and 𝑑𝑓(𝑎, 𝑝)/𝑑𝑝 < 0 when 𝑝 > 𝑝∗. It means that𝑓(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 of𝑝.Therefore,𝑓(𝑎, 𝑝) is strictly quasiconcave
in𝑝 for𝑝 ∈ [0, +∞).The proof ofTheorem 1 is complete.

B. The Proof of Existence of Nash Equilibrium

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 spaceR𝐿.
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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