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AbstrAct
Autonomous driving is the key technology to 

achieve “smart cars” and “intelligent traffic.” The 
non-orthogonal multiple access (NOMA)-based 
autonomous driving vehicular (ADV) network is 
recognized as a promising application scenario 
in next generation mobile networks. It is also an 
inevitable trend in the future development of 
automobiles due to the use of large amounts of 
fuel and lane occupancy. We propose an archi-
tecture of NOMA-based ADV networks to satisfy 
the communication requirements. In this article, 
we discuss the challenges and resource alloca-
tion problem for NOMA-based ADV networks. In 
order to improve  ADV networks’ performance, 
this architecture also considers cross-layer inter-
ference, vehicle quality of service, and algorithm 
complexity. Therefore, we have investigated the 
subchannel and power allocation in the NOMA 
system. The optimization problem is formulated 
as a non-convex problem for the convenience 
of calculation, and the problem is transformed 
into a convex form by introducing an alternative 
direction algorithm of multipliers method. Simula-
tion results prove the proposed scheme has good 
feasibility and reliability, and also verify that the 
proposed algorithm has better energy efficiency 
compared to the existing schemes.

IntroductIon
Autonomous driving technology has great practical 
significance and is a product of adapting to the 
development trend of the times. Autonomous driv-
ing will greatly improve vehicle safety, reduce traf-
fic accidents, and greatly reduce traffic congestion. 
At the same time, the technology will also release 
a large amount of labor to promote industrial inno-
vation. In the future society, the autonomous driv-
ing vehicle (ADV) will become a trend. On this 
basis, autonomous vehicles are designed based 
on the Internet of Vehicles technology. With the 
development of fifth generation (5G) technology, 
5G communication technology can be applied to 
the vehicle network to achieve the optimization 
of the communication system of the current auto-
matic driving technology, and improve the data 
transmission rate, transmission delay, and number 

of vehicles [1]. Due to the high energy consump-
tion in vehicular network communication, how to 
achieve energy-efficient resource allocation is still a 
problem that cannot be ignored [2].

At present, there is an increasing demand for 
higher communication speed from vehicle network 
technology. The automatic driving technology 
requires good communication conditions. Although 
the automatic driving technology is more and more 
mature, according to the previous work, there are 
still some deficiencies. In [3], autonomous driving 
has been applied to highways, completing the tasks 
of parking and braking, but the application scenar-
io is too simple, and it is not enough for complex 
driving tasks. In order to make autonomous driv-
ing safe, it is indispensable to establish a reliable 
communication network system. In [4], the authors 
proposed a short-range communication network, 
because the proposed network is mainly used for 
short-distance communication, which cannot solve 
long-distance communication problems and guar-
antee vehicle service quality. The researchers of [5, 
6] found that Long Term Evolution networks had 
serious delay problems. But in autonomous driving, 
the occurrence of delay problems can affect the 
safety of the vehicle. The main reason for these 
problems is that there is no comprehensive con-
sideration of autopilot multi-scene and good use 
of network resources. Thus, the next generation of 
vehicle networking combined with non-orthogonal 
multiple access (NOMA) technology can give the 
network high data rate and low latency.

NOMA technology can meet both mobile 
service rate requirements and improve spectrum 
efficiency of a system, and adopted by next gen-
eration mobile communication networks as a new 
technology [7]. This technology can improve the 
performance of the entire system, and attracts 
the attention of many scholars around the world. 
The basic idea of NOMA is to use non-orthogonal 
transmission at the transmitting end to actively 
introduce interference information and achieve 
correct demodulation at the receiving end 
through a serial interference cancellation (SIC) 
receiver. Although the complexity of the receiver 
using SIC technology is somewhat improved, it 
can achieve high spectral efficiency. In fact, the 
core idea of NOMA technology is to increase 
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EMERGING INFORMATION AND COMMUNICATION TECHNOLOGIES FOR AUTONOMOUS DRIVING the efficiency of the spectrum at the expense of 
receiver complexity [8]. Compared to code-di-
vision multiple access and orthogonal frequen-
cy-division multiple access (OFDMA), orthogonal 
transmission is used between NOMA subchan-
nels. There will be no obvious near-far effect as 
in third generation mobile communications [9]. 
Since it can be independent of user feedback 
channel state information, after adopting power 
multiplexing technology, it is easier to respond to 
variable link states, even in a high-speed mobile 
environment, and it can provide good speed per-
formance. Multiple users can be supported on 
one subchannel, in contrast to the fourth gener-
ation mobile communications, guaranteeing the 
transmission speed, which is the most important 
point to improve spectral efficiency [10].

Hence, we apply NOMA technology to the 
vehicle network and have designed a system archi-
tecture of NOMA ADV networks, which includes 
highway and intersection scenes. In different traffic 
scenarios, where we introduce vehicle-to-vehicle 
(V2V) communication technology, it can monitor 
the speed and position of other vehicles driving 
on the street; vehicle-to-infrastructure (V2I) com-
munication, which not only saves the owner time, 
but also improves traffic conditions; and infrastruc-
ture-to-infrastructure (I2I) link communications, 
which belongs to device-to-device (D2D) technol-
ogy [11]. In this network, we not only consider the 
cross-layer interference and the quality of service 
(QoS) of the vehicle, but also the low complexity 
constraints of the algorithm. Based on [12, 13], the 
fronthaul link and backhaul link are also consid-
ered. The data center can store, calculate, and fuse 
the information collected by the vehicle sensor 
through the fronthaul link, and the core network 
decides and plans the merged information through 
the routing protocol, finally sending the informa-
tion to the vehicle through the backhaul link. In this 
way, the system can better provide good commu-
nication quality for the vehicle [14]. For the pur-
pose of enhancing the performance of the entire 
system, a method of resource allocation is also 
proposed in this article, which solves the problem 
of subchannel allocation by subchannel matching, 
and also solves the power allocation problem by 
introducing the alternating direction method of 
multipliers (ADMM) algorithm [15]. ADMM is an 
optimization algorithm mainly used for constrained 
convex optimization problems.

We investigate the subchannel matching scheme 
and the power allocation scheme of ADMM to 
enhance the performance of the NOMA ADV 
network, and provide maximum energy efficiency 
based on NOMA ADV networks under cross-layer 
interference, QoS requirements, and low complexity 
of the algorithm. Hence, more detailed simulation 
results are discussed later. The main contributions of 
this article are summarized as:
• An innovative architecture of ADV networks 

based on NOMA is proposed, which consists 
of two scenarios of highway and intersection 
traffic, and the communication modes required 
by vehicles in different scenarios are analyzed. 
The architecture also takes into account con-
straints such as cross-layer interference and 
vehicle QoS that can effectively improve 
the traffic communication rate and wireless 
resource utilization.

• Based on the proposed NOMA ADV network 
architecture, we analyze the resource manage-
ment in the network, which includes subchan-
nel and power allocation, and transform the 
energy efficiency problem into a convex prob-
lem. An algorithm for subchannel matching 
is proposed, and the matching of the vehicle 
and the subchannel is optimized by continuous 
update iteration, which improves the utilization 
of the subchannel and the QoS of the vehicles.

• For enhancing the performance of NOMA ADV 
networks, based on the completion of subchan-
nel allocation, we solve the power allocation 
problem by introducing the ADMM algorithm. 
Based on the channel allocation method men-
tioned above, the energy efficiency of the 
whole network should reach the local optimal 
solution, compared to existing schemes. The 
simulation results verify the feasibility of the 
proposed scheme, which has better perfor-
mance according to energy efficiency.
The rest of the article is organized as follows. 

We describe the proposed system architecture for 
NOMA ADV networks. The application scenarios of 
autonomous driving are discussed, and the commu-
nication modes of vehicles in different scenarios are 
analyzed. To achieve the maximum energy efficien-
cy of NOMA ADV networks, we propose a novel 
resource allocation scheme, a subchannel matching 
scheme, and ADMM-based power allocation. We 
analyze and evaluate the simulation results of the 
proposed algorithm. We then draw conclusions.

system ArchItecture for nomA AdV networks
Interactive data is required between the autono-
mous driving vehicles in ADV networks. With 
thousands of vehicles driving on different streets, 
achieving information exchange between all vehicles 
is difficult. Moreover, it also wastes communication 
resources. For example, first identify all surround-
ing environments and objects, signal information, 
distance, direction, and speed of close-range mov-
ing objects; then the system obtains its own posi-
tion, road conditions, position of the surrounding 
objects, direction of motion, and speed, and next 
combines the known information with traffic rules 
(e.g., red light stopping, driving lane) to control vehi-
cle advancement. Therefore, vehicles that are used 
for interacting with each other need to be organized 
into a small network to form a group of vehicles that 
depend on each other to form a mobile network. 
In addition, this article also considers parameters 
that can affect the energy efficiency of NOMA ADV 
networks, including cross-layer interference, QoS, 
and so on. Thus, we propose a novel NOMA-based 
architecture for ADV networks.

As shown in Fig. 1, the ADV scenario infra-
structure contains two frames of the upper and 
lower layers, which describe the two application 
scenarios of highways and intersections. The 
traffic flow under the highway scene is relatively 
stable, and there will be lane changes and over-
taking. At the intersection, there are schools or 
buildings nearby. At this time, the traffic flow is 
relatively large, and the traffic is relatively congest-
ed. Not only will there be full lanes and overtak-
ing, but the following situations will also occur. 
The distance between the front and rear vehicles 
is too close and exceeds the set safety distance. 
When there is a meeting with a vehicle from 
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across the road, a signal is sent between the vehi-
cles; or when an indicator light is encountered, 
the indicator light also signals the vehicle; once 
the vehicle receives the signal, it must take the 
corresponding measures.

To ensure the smoothness and fluency of 
the ADV network, whether on a highway or at 
an intersection, each traffic scene has a specific 
communication mode, and the cooperative com-
munication between the vehicles is also different. 
In this article, we can see from Fig. 1 that when 
overtaking and lane change occur on a highway 
or at an intersection, communication is carried 
out through the V2I link. When encountering an 
indicator light at an intersection, the vehicle also 
communicates via V2I; thus, it can ensure that 
each vehicle can safely change lanes and drive 
at high speeds according to real-time commands. 
The vehicle receives the indicator light signal 
and needs to stop in time to avoid traffic acci-
dents. When the vehicle is in a traffic condition in 
crowded traffic, and each vehicle is based on V2V 
direct communication, V2V communication can 
eliminate the network covered by the network 
operator and has high reliability. The communica-
tion between each base station and the wireless 
access point is through I2I communication, similar 
to the D2D communication technology, which 
ensures the QoS of the vehicle and reduces the 
interference between the communication links.

Combined with the characteristics of ADV 
networks, the NOMA-based ADV network is 
proposed in Fig. 2. The structure of this network 
includes base stations (BSs). For better commu-
nication, macro remote radio heads (mRRHs) 
are deployed on the roadside. Dense small RRHs 
(sRRHs) provide guarantee for the transmission of 
vehicle signals, and we use nearby roadside units 
(RSUs) to support more stable signals. Usually, the 
vehicle prefers to communicate with the RSUs; 
according to the communication service demand 
of the vehicle during the movement, it can be 
arbitrarily switched to other BSs that can meet the 

demand. Then the road condition information col-
lected by the sensor installed on the vehicle is sent 
to the BSs. Next, the BSs upload the information 
to the data center through the fronthaul link. The 
data center stores, calculates, and integrates the 
received information. The core network decides on 
plans for the information that is fused. Finally, it is 
sent to the vehicle through the backhaul link, and 
the network unit ensures that the entire NOMA 
ADV network communication system is unblocked.

energy-effIcIent resource AllocAtIon In 
nomA AdV networks

In ADV networks, resource management has a 
vital role, improving utilization of resources in the 
vehicle network to achieve low latency, and sta-
ble and efficient vehicle communication based on 
the NOMA ADV networks architecture proposed 
in Fig. 2. We consider the NOMA-based downlink 
ADV networks, which is one of the innovations in 
this article. In contrast to the OFDMA system, the 
NOMA system can not only increase the number 
of vehicles accessed, but it can also increase the 
energy efficiency and spectrum utilization of the 
entire network. As for improving energy efficien-
cy, how to allocate resources is the key problem. 
In this article, we divide it into two sub-problems 
of sub-channel matching and power allocation. 
Finally, we transform the non-convex form ener-
gy efficiency problem into a convex form optimi-
zation scheme. After iterations, we can get the 
energy efficiency of the NOMA ADV networks 
optimized by channel and power optimization.

subchAnnel mAtchIng scheme
In this subsection, we study the subchannel alloca-
tion method in NOMA ADV networks considering 
energy efficiency. In order to dynamically match 
the vehicle and subchannel, we propose a subchan-
nel matching method. The principle of the meth-
od is first to set two empty matrices that are used 
to record the number of vehicles allocated and 
not allocated; then the vehicle selects a subchan-
nel with better conditions by CRNNs. When the 
number of vehicles on a channel is less than two, 
the vehicle can occupy the channel, at the same 
time the vehicle is removed from the matrix in the 
preset the unassigned vehicle. When the number 
of vehicles on a channel reaches two, once a new 
vehicle selects the channel, the channel compares 
the energy efficiency of the three vehicles, selecting 
two vehicles with higher energy efficiency; the unas-
signed vehicle continues to select the subchannel 
in the above method. The vehicle with the selected 
subchannel is recorded in the matrix of the assigned 
vehicle, and the unsuccessful vehicle is recorded in 
the unassigned vehicle. Finally, when all the vehi-
cles are assigned to the subchannel (i.e., the unas-
signed vehicle matrix is an empty set), the dynamic 
matching iteration between the vehicle and the sub-
channel will stop. Compared to the random channel 
allocation method, matching the subchannel by this 
method can improve the subchannel utilization and 
improve the QoS of the vehicle.

Power AllocAtIon scheme by Admm
As for further improving the energy efficiency of the 
ADV network’s energy, the introduction of the ADMM 
algorithm provides a solution to the power allocation 

FIGURE 1. The model of NOMA ADV network architecture.
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problem in NOMA-based ADV networks. Here we 
first introduce the principle of the ADMM method.

The ADMM method is a widely used optimi-
zation method for solving constraints with minimi-
zation problems in machine learning. It integrates 
the advantages of the decomposition of the dual 
ascent algorithm and the convergence of the multi-
pliers algorithm. In the mid-1970s, Gabay et al. first 
proposed the ADMM algorithm, and by the middle 
of the 1990s, the theoretical analysis of the algo-
rithm had gradually improved. ADMM can decom-
pose the original problem into two minimization 
problems of the objective function and then write 
it into a slightly simplified form by scaling the aug-
mented Lagrangian function in the dual factor, and 
combine the linear term and the quadratic term 
about the equality constraint in the function. It is 
more convenient to alternate the target variables 
until the optimal solution is obtained. In this article, 
based on the fast convergence characteristics of 
the ADMM algorithm, we use it to achieve the best 
energy efficiency of the NOMA ADV network. Dif-
ferent from the traditional fixed power allocation 
method, by introducing the ADMM algorithm to 
solve the power allocation problem, the energy 
efficiency of the entire system can be improved.

Therefore, this article combines the charac-
teristics of ADV networks; the subchannel and 
power are optimally allocated in the NOMA sys-
tem. In the next section, simulation experiments 
are performed by changing different parameters, 
and the effects of parameter changes on system 
energy efficiency are discussed in detail.

sImulAtIon results
In this section, by changing the different param-
eters in the ADV network, the resource alloca-
tion scheme we have proposed is simulated in 

comparison with the existing scheme mentioned 
earlier, and a brief description of the existing 
schemes is provided below. We can see from 
the simulation results that the proposed solution 
has reliability and better performance. The sys-
tem parameters are set as follows: taking a mac-
rocell as an example, the mRRH is deployed at 
the center of the macrocell, and the radius of the 
mRRH is set to 500 m. It is assumed that the total 
bandwidth of the system is 1 MHz. The carrier 
frequency of the mRRH is 2 GHz. In the model 
of this article, all sRRHs are randomly distributed 
in the macrocell. We let the noise power spectral 
density be –174 dBm/Hz.

Fixed Power Allocation Scheme: Fixed power 
allocation means that the power of sRHHs and 
mRHHs is equally distributed to each vehicle so 
that each vehicle gets the same power resource. 
The subchannel allocation scheme applied here is 
the proposed subchannel matching scheme.

Random Subchannel Allocation Scheme: This 
subchannel allocation method randomly allocates 
vehicles to the channel without comparing chan-
nel conditions and allocates up to three vehicles 
on each channel, and each vehicle occupies at 
most four channels. The power allocation scheme 
here is ADMM.

It can be seen from Fig. 3 that the energy 
efficiency in the ADV network of the proposed 
scheme and the random subchannel allocation 
scheme corresponds to the relationship of the 
iterative index. When the number of iterations 
gradually increases, the energy efficiency of both 
algorithms increases gradually. Once the iteration 
index reaches 6, the energy efficiency tends to 
be stable. The proposed scheme converges to 
approximately 85 b/s/Hz/J, while the random 
subchannel matching scheme converges to 38 

FIGURE 2. The NOMA ADV network system.
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b/s/Hz/J. It is obvious that the proposed algo-
rithm is always higher than the energy efficien-
cy of the random channel allocation scheme. It 
shows that the proposed algorithm is superior to 
other algorithms.

Figure 4 illustrates the corresponding change 
in the energy efficiency of the proposed algorithm 
and the existing algorithm of the ADV network, 
with the number of vehicles varying from 5 to 30. 
When the number of vehicles grows, the ener-
gy efficiency of all algorithms continues to rise, 
but when the vehicles exceed nine, the rate of 
energy efficiency growth begins to slow down. 
This phenomenon may be caused by the interfer-
ence caused by the vehicle occupying the same 
channel, which affects the overall energy efficien-
cy of the ADV network to some extent, and the 
performance of the random subchannel alloca-

tion scheme is not better than the fixed power 
allocation scheme. Compared to the other two 
schemes, Fig. 4 depicts the proposed scheme 
with higher energy efficiency than the random 
subchannel allocation scheme which is worse 
than the fixed power allocation scheme. Thus, the 
proposed scheme has better performance, and 
this proves that the proposed scheme promotes 
the performance of NOMA ADV networks.

Figure 5 depicts the energy efficiency of 
NOMA ADV networks vs. the number of sRRHs, 
which is varied from 5 to 30. It demonstrates 
that the more SRRHs are available, the better 
the performance of the ADV network. Owing 
to the number of SRHHs increases, the more 
use resources can be provided to the vehicles, 
at the same time, the whole energy efficiency of 
the ADV network has also increased. Due to the 
interference between the SRRHs, we can see that 
the energy efficiency of the ADV network is not a 
linear curve, since the SRRHs over 9, the rate of 
growth of the curve is slow, as expected, the per-
formance of the proposed scheme is thoroughly 
outperforms other schemes.

Figure 6 shows the energy efficiency of 
NOMA ADV networks vs. the vehicle base sta-
tion power, the vehicle BS power is varied from 5 
dBm to 30 dBm. When the power of the vehicle 
BS increases, the proposed scheme and the ener-
gy efficiency curve of the random channel alloca-
tion scheme rise; however, the energy efficiency 
of the fixed power allocation method decreas-
es, because when the power is a fixed value, the 
energy efficiency and the vehicle BS power are 
inversely proportional. As a result, compared to 
the random subchannel allocation scheme, the 
proposed scheme achieves higher energy efficien-
cy and better performance.

conclusIon
In this article, we present the ADV network archi-
tecture based on NOMA. We investigate the traf-
fic scenarios under two conditions of highways 
and intersections, analyze the specific traffic com-
munication modes of vehicles in different scenari-
os, and present the problems and challenges. We 
consider the resource allocation problem for this 
problem in NOMA ADV networks. In order to 
achieve efficient resource utilization and improve 
system performance in ADV networks, in the pro-
posed scheme, the subchannel matching scheme 
is used for optimizing channel utilization, using 
the ADMM algorithm to solve the problem of 
power allocation. Through the simulation results, 
we can see that the proposed scheme can have 
faster convergence characteristics compared 
to existing works and prove that the proposed 
scheme can obtain more energy efficiency and 
has better performance, and also can guarantee 
the QoS of vehicles in ADV networks.
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FIGURE 3. Energy efficiency vs. the iteration index.

FIGURE 4. Energy efficiency vs. the number of vehicles.

211101876 9
Numbers of vehicles

30

40

50

60

70

80

90

100

110

E
ne

rg
y 

ef
fic

ie
nc

y 
fo

r A
D

V
 n

et
w

or
ks

 (b
ps

/H
Z/

Jo
ul

e)

Proposed Scheme
Fix Power Allocation
Random Subchannel Allocation



IEEE Wireless Communications • August 2019 93

references
[1] H. A. Omar, N. Lu, and W. Zhuang, “Wireless Access Tech-

nologies for Vehicular Network Safety Applications,” IEEE 
Network, vol. 30, no. 4, July/Aug. 2016, pp. 22–26.

[2] Y. Zhang et al., “Software-Defined and Fog-Computing-Based 
Next Generation Vehicular Networks,” IEEE Commun. Mag., 
vol. 56, no. 9, Sept. 2018, pp. 34–41.

[3] S. Shladover, “Automated Vehicles for Highway Operations 
(Automated Highway Systems),” Proc. Inst. Mechanical Engi-
neers, Part I: J. Systems and Control Engineering, vol. 219, 
2005, pp. 53–75.

[4] J. Kenney, “Dedicated Short-Range Communications (DSRC) 
Standards in the United States,” Proc. IEEE, vol. 99, no. 7, pp. 
1162C82, July 2011.

[5] A. Vinel, “3GPP LTE versus IEEE 802.11 p/WAVE: Which 
Technology Is Able to Support Cooperative Vehicular Safety 
Applications?,” IEEE Wireless Commun. Lett., vol. 1, no. 2, 
2012, pp. 125–28.

[6] G. Araniti et al., “LTE for Vehicular Networking: A Survey,” 
IEEE Commun. Mag., vol. 51, no. 5, May 2013, pp. 148–57.

[7] J. G. Andrews et al., “What Will 5G Be?,” IEEE JSAC, vol. 32, 
no. 6, Apr. 2014, pp. 1065–82.

[8] D. W. K. Ng, E. S. Lo, and R. Schober, “Energy-Efficient 
Resource Allocation in OFDMA Systems with Large Num-
bers of Base Station Antennas,” IEEE Trans. Wireless Com-
mun., vol. 11, no. 9, Sept. 2012, pp. 3292–3304.

[9] A. K. Salkintzis, “Interworking Techniques and Architectures 
for WLAN/3G Integration Toward 4G Mobile Data Net-
works,” IEEE Wireless Commun., vol. 11, no. 3, June 2004, 
pp. 50–61.

[10] C. Xu et al., “Efficient 3G/4G Budget Utilization in Mobile 
Sensing Applications,” IEEE Trans. Mobile Computing, vol. 
16, no. 6, June 2017, pp. 1601–14.

[11] L. Hobert et al., “Enhancements of V2X Communication in 
Support of Cooperative Autonomous Driving,” IEEE Com-
mun. Mag., vol. 53, no. 12, Dec. 2015, pp. 64--70.

[12] J. Jiang and G. Han, “Routing Protocols for Unmanned 
Aerial Vehicles,” IEEE Commun. Mag., vol. 56, no. 1, Jan. 
2018, pp. 58–63.

[13] G. Han et al., “Two Novel DOA Estimation Approaches 
for Real-Time Assistant Calibration Systems in Future Vehi-
cle Industrial,” IEEE Sys. J., vol. 11, no. 3, Sept. 2017, pp. 
1361–72.

[14] H. Zhang et al., “Resource Allocation in NOMA-Based Fog 
Radio Access Networks,” IEEE Wireless Commun., vol. 25, 
no. 3, June 2018, pp. 110–15.

[15] H. Zhang et al., “Energy Efficient Subchannel and Power 
Allocation for Software-Defined Heterogeneous VLC and RF 
Networks,” IEEE JSAC, vol. 36, no. 3, Mar. 2018, pp. 658–70.

bIogrAPhIes
Yupei Liu (B20180310@xs.ustb.edu.cn) received her B.S. degree 
in electronic science and technology from Hubei University of 
Science and Technology, Xianning, China, in 2016. She received 
her M.S. degree from the School of Electronic Information Engi-
neering, Inner Mongolia University, Hohhot, China, in 2018. She is 
currently pursing a Ph.D. degree at the University of Science and 
Technology Beijing (USTB), China. Her research interests include 
6G networks, autonomous driving vehicular networks, mobility 
management, and resource allocation in wireless communications.

Haijun ZHang [M’13, SM’17] (haijunzhang@ieee.org) is cur-
rently a full professor at USTB. He serves as an Editor of IEEE 
Transactions on Communications, IEEE Transactions on Green 
Communications and Networking, IEEE Communications Letters, 
and IEEE Future Networks Tech Focus. He received the IEEE 
CSIM Technical Committee Best Journal Paper Award in 2018 
and the IEEE ComSoc Young Author Best Paper Award in 2017.

Keping Long [SM’06] (longkeping@ustb.edu.cn) is a professor 
and dean in School of Computer and Communication Engineer-
ing (CCE), USTB. He is a member of the Editorial Committee 
of Sciences in China Series F and China Communications. He 
was organizing Co-Chair of of IWCMC ’06, TPC Chair of COIN 
’05/’08, and TPC Co-Chair of COIN ’08/’10, He was award-
ed the National Science Fund Award for Distinguished Young 
Scholars of China in 2007 and selected as the Chang Jiang 
Scholars Program Professor of China in 2008. He has published 
over 200 papers, 20 keynotes, and invited talks.

arumugam naLLanatHan [S’97, M’00, SM’05, F’17] (nallana-
than@ieee.org) is a professor of wireless communications in 
the School of Electronic Engineering and Computer Science 
at Queen Mary University, London, United Kingdom, since 
September 2017. He is a co-recipient of the Best Paper Award 
presented at IEEE ICC ‘16 and at the IEEE International Con-

ference on Ultra-Wideband 2007. He is an IEEE Distinguished 
Lecturer. He was selected as a Web of Science (ISI) Highly 
Cited Researcher in 2016. He is an Editor of IEEE Transactions 
on Communications and IEEE Transactions on Vehicular Tech-
nology. He was an Editor of IEEE Transactions on Wirelss Com-
muncations (2006–2011), IEEE Wireless Communications Letters, 
and IEEE Signal Processing Letters. He served as the Chair of 
the Signal Processing and Communication Electronics Techni-
cal Committee of IEEE Communications Society and Technical 
Program Chair and member of Technical Program Committees 
in numerous IEEE conferences. He received the IEEE Communi-
cations Society SPCE outstanding service award 2012 and IEEE 
Communications Society RCC outstanding service award 2014.

Victor c. m. Leung [S’75, M’89, SM’97, F’03] (vleung@ece.ubc.
ca) is a professor of electrical and computer engineering and 
holder of the TELUS Mobility Research Chair at the University of 
British Columbia. He has co-authored more than 1000 technical 
papers in the area of wireless networks and mobile systems. He is 
a Fellow of the Royal Society of Canada, the Canadian Academy 
of Engineering, and the Engineering Institute of Canada. He is 
a winner of the 2017 Canadian Award for Telecommunications 
Research and the 2017 IEEE ComSoc Fred W. Ellersick Prize.

FIGURE 5. Energy efficiency vs. the number of sRRHs.
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FIGURE 6. Energy efficiency vs. the vehicle base station power.
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