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AbstrAct

In this article, we investigate cost-effective 
5G-enabled vehicular networks to support emerg-
ing vehicular applications, such as autonomous 
driving, in-car infotainment and location-based 
road services. To this end, self-sustaining caching 
stations (SCSs) are introduced to liberate on-road 
base stations from the constraints of power lines 
and wired backhauls. Specifically, the cache-en-
abled SCSs are powered by renewable energy 
and connected to core networks through wire-
less backhauls, which can realize “drop-and-play” 
deployment, green operation, and low-latency 
services. With SCSs integrated, a 5G-enabled het-
erogeneous vehicular networking architecture 
is further proposed, where SCSs are deployed 
along the roadside for traffic offloading while 
conventional MBSs provide ubiquitous coverage 
to vehicles. In addition, a hierarchical network 
management framework is designed to deal with 
high dynamics in vehicular traffic and renewable 
energy, where content caching, energy manage-
ment and traffic steering are jointly investigated to 
optimize the service capability of SCSs with bal-
anced power demand and supply in different time 
scales. Case studies are provided to illustrate SCS 
deployment and operation designs, and some 
open research issues are also discussed.

IntroductIon
Vehicular communication networks hold the 
promise to improve transportation efficiency and 
road safety, by enabling vehicles to share infor-
mation and coordinate with each other. Sever-
al potential vehicular networking solutions have 
been proposed, such as the IEEE 802.11p stan-
dard and cellular-based techniques [1]. Compared 
with other candidates, cellular-based vehicular 
networking can benefit from the existing cellu-
lar network infrastructures to provide ubiquitous 
coverage and better quality of service (QoS) [2]. 
In fact, 80 percent of on-road wireless traffic is 
served by cellular networks [3]. Therefore, cellu-
lar-based vehicular networking has drawn exten-
sive attention from both academia and industry. 
Specifically, the 3rd Generation Partnership Proj-
ect (3GPP) is currently specifying LTE enhance-
ments to support both vehicle-to-vehicle (V2V) 
and vehicle-to-infrastructure (V2I) communica-
tions, by integrating cellular and device-to-device 
interfaces [4]. The corresponding specification 

work will be finalized as a part of Release 14 in 
2017, which can provide a full set of techno-
logical enablers from air interface to protocols. 
In addition, extensive LTE-vehicular trial testing 
is now ongoing in different places, like Germa-
ny and China. In particular, LTE-based vehicular 
networking has demonstrated its advantages in 
achieving significant message coverage gain, 
compared with IEEE 802.11 technologies in both 
high speed highway and congested urban scenar-
ios [5].

Despite the favorable advantages, cellular net-
works still face tremendous challenges to meet 
the needs of future vehicular communications, 
and the most pressing one is network capacity 
enhancement. Currently, on-road wireless traf-
fic accounts for 11 percent of cellular traffic [3], 
which is expected to dramatically increase due 
to the proliferation of connected vehicles and 
emerging applications such as autonomous driv-
ing, in-car infotainment, augmented reality, and 
location-based road services. Deploying on-road 
base stations is the most effective way to increase 
vehicular network capacity. However, conven-
tional base stations require power lines and wired 
backhaul connections, making on-road deploy-
ment greatly challenging and costly. Furthermore, 
densification of on-road base stations may also 
lead to huge energy consumption and bring heavy 
burdens to backhauls, which can increase opera-
tional costs and degrade service performance.

In this article, we first introduce a new type 
of 5G-enabled on-road base station, namely 
self-sustaining caching stations (SCSs), to enhance 
vehicular network capacity in a cost-effective way. 
Specifically, SCSs have three features: 
• Powered by renewable energy instead of the 

power grid.
• Connected to the core network via millime-

ter wave (mmWave) backhauls.
• Cache-enabled for efficient content delivery. 

By leveraging these 5G technologies, SCSs can 
be deployed flexibly in a “drop-and-play” man-
ner without wired connections, enable green net-
work operation without additional on-grid energy 
consumption, and improve delay performance by 
relieving backhaul pressures. Then, we propose 
a cost-effective heterogeneous vehicular network 
architecture, where SCSs are deployed along the 
roadside to enhance network capacity while con-
ventional macro base stations provide ubiquitous 
coverage and control signaling.
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To harness the potential benefits of proposed 
network architecture, we further design a hierarchi-
cal management framework to deal with challenges 
such as intermittent renewable energy supply and 
highly dynamic traffic demand. In particular, cached 
contents are updated to maintain content hit rate 
considering vehicular mobility, while energy manage-
ment and traffic steering are performed to balance 
power demand and supply in both large and small 
time scales. In addition, case studies are provided to 
illustrate the implementation of the proposed archi-
tecture in detail, including cache size optimization 
and sustainable traffic-energy management.

The remainder of this article is organized as 
follows. In the next section, the basics of SCSs 
are introduced, based on which a heterogeneous 
vehicular network architecture is proposed. Then, 
a hierarchical network management framework is 
designed, and case studies are provided. Finally, 
we discuss future research topics, followed by the 
conclusions.

VehIculAr network 
ArchItecture wIth scss

cellulAr-bAsed VehIculAr networks
With existing infrastructures and state-of-the-art 
technical solutions, cellular-based vehicular net-
works hold the promise to provide ubiquitous 
coverage and support comprehensive QoS require-
ments in different scenarios. For example, the hid-
den terminal problems of the 802.11p standard 
can be totally avoided [6]. In addition, low laten-
cy and high reliability can be guaranteed even in 
dense traffic scenarios, with effective congestion 
control and resource management schemes.

In spite of the aforementioned advantages, cel-
lular-based vehicular networks still face significant 
challenges. With the rapid development of infor-
mation and communication technologies, massive 
advanced on-road technologies and applications 
are emerging, such as autonomous driving, argu-
mented reality, infotainment services, and other 
location-based road services. As these data-hun-
gry applications will result in a surge in wireless 
traffic, improving vehicular network capacity has 
become an urgent issue. To this end, on-road 
base stations need to be deployed. However, 
conventional base stations are connected in a 
wired manner due to the requirement of on-gird 
power supply and backhaul transmission, which 
can cause the following problems. First, conven-
tional base stations rely on power lines and wired 
backhaul (e.g., optical fiber) to function, result-
ing in inflexible deployment, especially in areas 
with undeveloped power lines or fiber connec-
tions (such as highways and rural areas). Second, 
the huge energy consumption can cause high 
operational expenditure as well as environmen-
tal concerns. Furthermore, with the popularity of 
multimedia and localized services on the wheel, 
conventional base stations that only offer connec-
tivity might fail to provide satisfactory QoS, due to 
time-consuming file fetching from remote servers.

self-sustAInIng cAchIng stAtIons (scs)
Considering the characteristics of vehicular net-
working and emerging on-road applications, we 
leverage promising 5G technologies and propose 
to deploy SCSs in addition to existing cellular net-

works to enhance vehicular network capacity in a 
cost-effective way. Specifically, SCSs are equipped 
with energy harvesting techniques and content 
caching units, which are connected to the core 
network through mmWave wireless backhauls.

Equipped with solar panels or wind turbines, 
SCSs can harvest renewable energy to operate 
in a self-sustaining manner without the support 
of the power grid.1 Exploiting renewable energy 
as a supplementary or alternative power source 
is an inevitable trend in the 5G era and beyond, 
as wireless network energy efficiency expects 
to be improved by 1000 times [8]. In addition, 
renewable energy harvesting can liberate network 
deployment from power lines. Wireless backhaul 
can be supported by mmWave wireless commu-
nication technologies. With large bandwidth unli-
censed, mmWave bands can realize broadband 
wireless communication based on massive mul-
tiple input multiple output (MIMO) and beam-
forming technologies [9]. Therefore, SCSs, which 
combine both energy harvesting and mmWave 
backhaul techniques, can be deployed in a “drop-
and-play” manner with no wired constraints.

Content caching empowers SCSs to store pop-
ular content at the edge of networks, and thus 
reduce duplicate transmission from remote serv-
ers. As a matter of fact, the main on-road mobile 
applications are now generated by video streaming 
and map services, which are responsible for 80 
percent and 15 percent of total traffic, respectively. 
The popularity of video content has been found to 
follow power-law distribution. Accordingly, cach-
ing popular video content in SCSs can effectively 
offload traffic from existing cellular systems. More-
over, emerging on-road applications are expected 
to be location-based with concentrated requests, 
which further makes a strong case for content 
caching. In addition to capacity enhancement, 
caching can also reduce transmission latency and 
relieve backhaul burdens, with content stored clos-
er to end users. Furthermore, caching schemes can 
be devised with respect to specific objectives, such 
as mobility-aware caching. Specifically, content can 
be pre-fetched and stored in the next cells before 
the vehicles conduct handover, to realize smoother 
handover with high vehicle mobility.

By combing these 5G technologies, SCSs can 
offer the three-fold benefits of flexible deploy-
ment, green operation and enhanced QoS, pav-
ing the way to cost-effective vehicular networking. 

5g-enAbled heterogeneous 
VehIculAr network ArchItecture

With SCSs integrated, a heterogeneous vehicu-
lar network architecture is shown as Fig. 1. The 
conventional macro base stations (MBSs) and 
small cell base stations (SBSs) are connected with 
high speed wired backhauls and powered by 
the conventional power grid, which mainly pro-
vide network coverage and control for reliability. 
Meanwhile, the SCSs are densely deployed for 
capacity enhancement, and mainly provide high 
speed data access based on stored contents. Fur-
thermore, V2V communications are also enabled 
through device-to-device (D2D) links. The con-
trol plane and user plane are separated (i.e., C/U 
plane separation) for reliable and flexible access. 
Specifically, vehicles maintain dual connectivities, 
one with MBSs for signaling and control informa-

Caching schemes can 

be devised with respect 

to specific objectives, 

such as mobility-aware 

caching. Specifically, 

the content can be pre-

fetched and stored in 

the next cells before the  

vehicles conduct hando-

ver, to realize smoother 

handover with high 

vehicle mobility.

1 The typical solar panel with 
15 percent conversion effi-
ciency can harvest 100 W of 
energy only by a 82 cm × 82 
cm solar panel under rated 
sunlight radiation, which is 
sufficient to power a micro 
(/pico) base station with 
power demand of 80 W (/8 
W). [7]

This article has been accepted for inclusion in a future issue of this magazine. Content is final as presented, with the exception of pagination.



IEEE Communications Magazine • Accepted for Publication4

tion, and the other with SCSs for high data rate 
transmissions or with other vehicles for instant 
message exchange. As MBSs can provide ubiq-
uitous signaling coverage with a large cell radius, 
such a separation architecture can better support 
vehicle mobility with less frequent handover.

The proposed architecture can support both 
safety-related and non-safety-related vehicular 
applications. For the safety-related use case, criti-
cal-event (such as collisions or emergency stops) 
warning messages can be exchanged locally via 
V2V communications with extremely low laten-
cy. For the non-safety-related use cases, MBSs 
and SCSs can enable better driving experiences, 
through services such as road condition broadcast, 
parking assistance and in-car infotainment. In fact, 
the non-safety-related applications can be data 
hungry, and account for more than 90 percent of 
on-vehicle traffic [3]. Accordingly, we mainly focus 
on V2I (vehicle-to-MBS and vehicle-to-SCS) com-
munications, and investigate cost-effective solutions 
for the increasing vehicular traffic demand.

With SCSs offloading traffic from MBSs, the 
service process for vehicle users is as follows. The 
vehicle user can be directly served if its required 
content is stored at the associated SCS, which 
is called the content hit case as shown in Fig. 
1. Otherwise, the vehicle user is served by the 
MBSs, which is called the content miss case. To 
serve the content miss users, the associated MBS 
needs to fetch content from remote data centers 
via wired backhauls, according to conventional 
cellular communication technologies.

With sufficient cache size and well-designed 
caching schemes, deploying SCSs can effectively 
reduce the traffic load of MBSs. Furthermore, the 
content hit vehicle users can enjoy better quality 
of experience (QoE) with lower end-to-end delay. 
As such, the proposed network architecture can 
provide high capacity for vehicular communica-
tions at lower cost. 

hIerArchIcAl 
network mAnAgement frAmework

mAnAgement chAllenges
Network Heterogeneity: MBSs and SCSs exhib-

it distinct features with respect to coverage, user 
capacity, content access, and so on. MBSs guar-

antee ubiquitous coverage with a large cell radius 
(e.g., several kilometers), and hence the associat-
ed users can enjoy less handover when moving at 
a high speed. However, the large coverage radius 
may also bring massive connections to each MBS. 
As a result, MBSs can only provide limited radio 
resources to each vehicle user at low transmission 
rates. On the contrary, each SCS covers a rela-
tively smaller area and serves fewer vehicle users 
at high transmission rates. Also, SCS users can 
get files without backhaul transmissions, which 
further reduces end-to-end delay. Nevertheless, 
SCSs mainly target popular file transmission, and 
their small coverage radius may cause frequent 
handover issues. In addition to the heterogene-
ity of network infrastructures, vehicular services 
are at a wide-range requiring heterogeneous QoS 
requirements. For example, the safety and control 
messages are delay-sensitive but occupy limited 
radio resources, whereas non-safety-related appli-
cations such as social networks on the wheel and 
map downloading require large bandwidth but 
can endure longer delay. The heterogeneity of 
network resources and traffic demand need be 
taken into consideration for user association and 
resource management.

Highly Dynamic Traffic Demand: On-road 
wireless traffic is highly dynamic in both time and 
spatial domains due to the variations of vehicle 
intensity. For example, traffic volume during rush 
hour can be 90 times the volume late at night, 
while traffic volume in one direction can be four 
times the volume in the opposite direction at the 
same road segment [10]. Such traffic non-unifor-
mity can pose great challenges to network man-
agement. Bursty traffic during rush hour may lead 
to service outage due to limited network resourc-
es, whereas network resources cannot be fully 
utilized during off-peak periods. Also, the spatial 
traffic imbalance may also lead to congestion in 
some cells while resources are underutilized in 
other cells, degrading both service quality and 
network efficiency. In spite of traffic volume vari-
ation, the popularity distribution of different con-
tent also varies with time, and thus SCSs need 
to update their content cache to maintain high 
content hit rates.

Intermittent Energy Supply: Unlike the con-
ventional power grid, renewable energy arrives 
randomly in an intermittent manner, which is likely 
to be a mismatch with traffic demand. For exam-
ple, solar powered SCSs cannot provide adequate 
service after sunset, when vehicular networks may 
still be heavily loaded. In contrast, on-road traf-
fic can be very light at noon, when solar energy 
can be harvested at peak rates. The unbalanced 
power demand and supply can cause energy out-
ages as well as battery overflow, which degrades 
system reliability and also leads to energy waste. 
Accordingly, energy sustainability is critical to 
the proposed network paradigm, which requires 
intelligent network management to minimize the 
probability of energy outages and overflows.

In addition to the above mentioned challeng-
es, there are also other issues that need to be 
addressed, such as vehicle mobility, and time-vary-
ing mmWave backhaul capacity. To summarize, 
the network should fully utilize heterogeneous 
network resources to provide reliable on-demand 
service, so as to minimize operational cost while 

Figure 1. Vehicular network architecture with self-sustaining caching stations. 

D2D

mmWave 
backhaul

MBS

Wired 
backhaul

Core 
network

Data center

Active 
SCS

Sleeping 
SCS

Content 
hit

Content 
miss

Conventional 
SBS

Wired backhaul
mmWave backhaul SCS disconnection

SCS transmission
D2D links
MBS transmission

This article has been accepted for inclusion in a future issue of this magazine. Content is final as presented, with the exception of pagination.



IEEE Communications Magazine • Accepted for Publication 5

meeting different QoS requirements of on-road 
mobile applications.

hIerArchIcAl network mAnAgement

To address the above mentioned challenges, we 
propose a hierarchical network management 
framework, as shown in Fig. 2. The proposed 
framework mainly includes three components: 
energy management, content caching, and traffic 
steering. Furthermore, network management is 
conducted in both large (e.g., minutes or hours) 
and small time scales (e.g., seconds) with different 
strategies.

Energy management mainly deals with the ran-
domness of renewable energy supply. Specifically, 
we propose dynamic SCS sleeping and radio fre-
quency (RF) power control to reshape renewable 
energy supply by manipulating the process of 
charging and discharging. Notice that the power 
consumption of an SCS consists of two parts: con-
stant power, which is irrelevant with traffic load, 
and RF power, which scales with traffic demand 
by adjusting the transmit power level or the num-
ber of utilized subcarriers. RF power control can 
reduce the RF power consumed by wireless trans-
mission, while dynamic SCS sleeping can further 
reduce the constant part by completely deacti-
vating the SCS. Although dynamic SCS sleeping is 
more effective for power saving, frequent switch-
ing may cause additional cost. Thus, SCS sleeping 
can be performed in a large time scale, and then 
each active SCS further adjusts the RF power in a 
small time scale. Hierarchical energy management 
can reshape renewable energy supply in the time 
domain to match the power demand at SCSs. 
For example, the SCSs with insufficient energy 
can switch to sleep mode, while active SCSs with 
oversupplied energy can enlarge transmit power 
to offload more vehicular traffic. In this way, SCSs 
can achieve energy-sustainable operation with 
balanced power demand and supply.

Content caching schemes are critical for sys-
tem performance, due to the limited storage 
capacity and constrained mmWave backhauls. 
Specifically, we consider two design objectives, 
i.e., content hit rate and mobility support. Con-
tent hit rate determines the maximal amount 
of traffic offloaded from MSBSs to SCSs, which 
reflects the service capability of SCSs. Meanwhile, 
mobility-aware caching can be implemented to 
realize seamless handover, where content can be 
pro-actively fetched and stored at candidate cells 
based on handover prediction [11]. To realize 
these two objectives, the cache can be divided 
into two parts, one for popular content to guar-
antee content hit rate,2 and the other for mobil-
ity-aware caching. Notice that mobility-aware 
caching requires frequent content fetching at the 
same time scale of vehicle handover, whereas 
the content popularity distribution may vary at a 
relatively slow pace. As the capacity of mmWave 
backhaul is constrained and varies dynamically 
with channel conditions, mobility-aware cach-
ing can be conducted in a timely manner on a 
small time scale, whereas popular content can be 
updated on a large time scale opportunistically 
based on channel status. Furthermore, each RSU 
should update content based on their own loca-
tions, since on-road mobile traffic requests can 
show location-based popularity.

Traffic steering further reshapes traffic dis-
tribution to match the renewable energy sup-
ply, i.e., energy-aware load balancing. To this 
end, traffic offloading and content delivery 
are performed on different time scales, corre-
sponding to energy management operations. In 
the large time scale, traffic offloading optimiz-
es the amount of traffic served by each active 
SCS based on their renewable energy supply. 
For instance, SCSs with lower battery life can 
serve fewer vehicle users, and vice versa. In the 
small time scale, energy-aware content deliv-
ery optimizes transmission scheduling based 
on the SCS transmit power, to further improve 
QoS performance. For example, the delivery 
of best effort content can be delayed when 
the transmit power is reduced, while SCSs can 
pro-actively push popular content to vehicle 
users before requests when renewable energy 
is oversupplied. In essence, traffic offloading 
tunes the traffic load of each SCS (i.e., spatial 
traffic reshaping) while content delivery further 
adjusts traffic load at each time slot (i.e., tem-
poral traffic reshaping). As such, traffic demand 
can be balanced with respect to renewable 
energy supply status.

Notice that these three operations jointly affect 
the performance of SCSs. For each SCS, content 
delivery control should be conducted based on 
the available battery life, stored content, and off-
loaded traffic status, as shown in Fig. 3. There-
fore, the joint optimization of caching, energy 
and traffic management can help improve system 
performance, at the price of higher operational 
complexity. 

cAse studIes
Under the proposed management framework, 
many implementation problems still need to be 
addressed, such as caching design, intelligent 
energy and traffic management. In this section, 
we introduce two specific design examples for 
caching size optimization and sustainable traf-
fic-energy management. Numerical results will be 
presented to offer insight into practical network 
deployment and operations.

We consider a two-way highway scenario 
where SCSs are deployed regularly with a cover-
age radius of 500 m. The file library consists of 
1000 files whose popularity distribution follows 
a Zipf function with exponent γf. The headway 
among neighboring vehicles follows exponential 
distribution of parameter lv. In fact, lv reflects 
the vehicle density, and a larger lv characterizes 
denser vehicle scenarios. Assume all vehicles are 
greedy sources with average data rate require-
ment of 10 Mb/s, and each SCS can simultane-
ously serve 10 vehicle users at most due to radio 
resource limitations.

Figure 2. Hierarchical vehicular network management framework.

Dynamic SCS sleeping

Popular content update

Traffic offloading

RF power control

Content delivery

Mobility-aware caching

Traffic steering

Content caching

Large time scale Small time scale

Energy sustainability

Content hit rate

Energy-aware
load balancing

Energy
management

2 Storing the most popular 
content can maximize con-
tent hit rate if SCSs do not 
cooperate with each other 
[12].
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cAche sIze desIgn

Figure 4 illustrates the amount of traffic that can 
be offloaded to each SCS under different traf-
fic density lv and content popularity distribu-
tions γf,3 which first increase but then level off 
with the increase of cache size. The reason is 
that the amount of offloaded traffic is also con-
strained by available radio resources.4 Accord-
ingly, system performance can be divided into 
two regions, i.e., a cache constrained region 
and a radio resource constrained region, as 
shown in Fig. 4. In the cache constrained region, 
content hit rate is low and fewer vehicle users 
can be offloaded to SCSs, which corresponds 
to the non-saturated case with under-utilized 
radio resources. As the cache size increases, 
more users can be offloaded to SCSs with high-
er content hit rate. Accordingly, the traffic of 
SCSs becomes saturated, and the throughput of 
SCSs no longer increases due to the limitation 
of available radio resource.

The obtained results reveal the Pareto optimal-
ity of cache size and SCS density, and offer insight 
into practical network deployment. For example, 
the optimal cache size should be larger than 31 
files when the SCS coverage is 500 m, vehicle 
density is 0.01/m, and the popularity parameter γf 
= 1. Furthermore, the cost-optimal combination of 
cache size and SCS density for the given network 
capacity can also be found, given the cost func-
tions of cache size and SCSs.

sustAInAble trAffIc-energy mAnAgement
To reveal the importance of sustainable traffic-en-
ergy management, we study the service capability 
of the SCS under different traffic-energy manage-
ment schemes. The greedy scheme is adopted 
as a baseline, where the SCSs always stay active 
and work at maximal transmit power. With sus-
tainable traffic-energy management, an SCS goes 
into sleep mode if the available energy is insuffi-
cient to support its constant power consumption, 
otherwise it remains active and adjusts transmit 
power and offloaded traffic amount based on the 
instant energy arrival rate. Redundant energy is 
saved in the battery for future use, and the battery 
capacity is considered to be large enough without 
overflow.

Figure 5a illustrates the normalized traffic and 
energy profiles. Specifically, the two peaks of 
the traffic profile correspond to the on-road rush 
hours in the morning and afternoon. Meanwhile, 
solar energy harvesting is considered, and the 
daily energy arrival rate is modeled as a sine func-
tion with a peak at noon. Under the considered 
traffic and energy profiles, the normalized offload-
ed traffic (i.e., the percentage of vehicle users off-
loaded to the SCSs) is shown as Fig. 5b, where 
the peak energy arrival rate equals the maximal 
power consumption of each SCS, and the highest 
traffic density corresponds to SCS capacity. As 
shown in Fig. 5b, the sustainable traffic-energy 
management method outperforms the greedy 
scheme. Specifically, sustainable traffic-energy 
management can increase SCS capacity by near-
ly 1.7 times compared with the greedy scheme, 
realizing cost-effective management. In fact, the 
greedy scheme can minimize the probability of 
battery overflow, which performs well with suf-
ficient energy supply. The sustainable traffic-en-
ergy management scheme further reduces the 
probability of battery outage through dynamic 
SCS sleeping, which can better utilize energy with 
higher efficiency. 

open reseArch Issues
As the study of cost-effective vehicular networking 
is still in its infancy, there are many research issues 
that remain unsolved. 

Caching Scheme Design: Under the pro-
posed management framework, efficient caching 
schemes should be designed to maximize con-
tent hit rate while minimizing handover cost, by 
determining cache size splitting, popular content 
updates, and mobility-aware caching. For the 
given cache splitting, the problems of popular 
content updates and mobility-based caching can 
both be modeled as a Markov decision process 
(MDP), and dynamic programing or machine 
learning provide powerful solutions. Then, optimal 
cache splitting can be further explored based on 
the designed schemes of popular content updates 
and mobility-aware caching schemes. Notice that 
there exists a trade-off between content hit rate 
and handover delay with different cache size 
splitting ratios. Accordingly, Pareto optimality can 
serve as the design criteria. 

Sustainable Traffic and Energy Management: 
As demonstrated in the case study, conventional 
greedy traffic offloading and energy management 
schemes are insufficient, due to the randomness 
of renewable energy and highly dynamic vehicular 

Figure 3. SCS management.
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traffic. Sustainable traffic and energy management 
is desired to balance power demand and supply 
at each SCS, through the cooperation among 
neighboring SCSs and cellular networks.  An opti-
mization problem can be formulated to maximize 
the service capability of SCSs, subject to energy 
casualty and QoS requirements of all users. The 
decision variables include the work mode, offload-
ed traffic amount, transmit power, and content 
delivery scheduling of each SCS. However, this 
problem can be extremely complex due to the 
multi-dimensional coupled optimization variables.  
In this case, the hierarchical management frame-
work can be exploited for problem decoupling. 
Specifically, we can deal with the work mode and 
offloaded traffic amount in the large time scale, 
while adjusting the transmit power and schedul-
ing content delivery in the small time scale. Then, 
low-complexity management schemes can be pro-
posed for practical implementations. 

Cost-Effective SCS Deployment: The intro-
duction of SCSs also poses new design issues for 
network deployment, as discussed in the case 
study of cache size optimization. In fact, the ser-
vice capability of SCSs can increase with denser 
deployments of SCSs, larger cache size, or higher 
battery capacity. Accordingly, cost-effective SCS 
deployment should jointly optimize these system 
parameters to minimize long-term network cost 
while meeting vehicular traffic demand. Specifical-
ly, the trade-off among those system parameters 
should be carefully studied to obtain the cost-op-
timal combination. Stochastic geometry can be 
adopted for such large-scale system performance 
analysis, which can provide favorable closed-form 
results with reasonable approximations [14].

conclusIons
We have introduced a new type of on-road base 
station, called SCS, to exploit renewable ener-
gy harvesting, mmWave backhaul, and content 
caching techniques to achieve flexible, sustain-
able, and cost-effective vehicular networking. 
With promising 5G technologies, SCSs can 
enable “drop-and-play” deployment, green oper-
ation, and low-latency content delivery, paving 
the way to cost-effective vehicular networking. 
Furthermore, a heterogeneous vehicular network 
architecture has been proposed to provide high 

capacity and better QoS to vehicle users, by 
efficiently exploring the specific advantages of 
SCSs and MBSs. In addition, a hierarchical man-
agement framework has been designed, where 
energy management, content caching, and traffic 
steering are performed in both large and small 
time scales to deal with the dynamics of energy 
supply and traffic demand. Case studies on cache 
size optimization and sustainable traffic-energy 
management have been conducted to provide 
insights into the practical design of 5G-enabled 
vehicular networks. Important research topics on 
SCSs have also been discussed.
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