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AbstrAct
To achieve the expected 1000  data rates 

under the exponential growth of traffic demand, 
a large number of BSs or APs will be deployed in 
5G wireless systems to support high data rate ser-
vices and to provide seamless coverage. Although 
such BSs are expected to be small-scale with 
lower power, the aggregated energy consump-
tion of all BSs would be remarkable, resulting 
in increased environmental and economic con-
cerns. In existing cellular networks, turning off the 
underutilized BSs is an efficient approach to con-
serve energy while preserving the QoS of mobile 
users. However, in 5G systems with new physi-
cal layer techniques and highly heterogeneous 
network architecture, new challenges arise in the 
design of BS ON-OFF switching strategies. In this 
article, we begin with a discussion of the inherent 
technical challenges of BS ON-OFF switching. We 
then provide a comprehensive review of recent 
advances on switching mechanisms in different 
application scenarios. Finally, we present open 
research problems and conclude the article.

IntroductIon
With the growing popularity and versatility of mobile 
devices, the age of the mobile Internet has come. 
According to a report from comScore Inc., mobile 
devices accounted for 55 percent of Internet usage 
in the United States in January 2014, which is the 
first time that mobile apps overtook the personal 
computer (PC) for Internet usage in the United 
States. As a result, the requirements for data-inten-
sive wireless services are boosted at an unprecedent-
ed rate, posing great pressure on current wireless 
systems. To satisfy such demand, the fifth genera-
tion (5G) wireless system is under intensive devel-
opment, and it is expected to provide ubiquitous 
Internet access with 1000 data rate. Compared to 
previous generations of mobile communication sys-
tems, the 5G system not only involves innovations in 
physical layer techniques, but also introduces new 
network architectures and application scenarios. 
In particular, a major trend in 5G networks is the 
deployment of a large number of small-scale base 
stations (BSs) or access points (APs), also known as 
network densification. For example, in the millime-

ter-wave (mmWave) network, small cell network, 
distributed antennas system, and femtocaching-en-
abled network, BSs are deployed close to users to 
reduce propagation loss, to improve signal-to-noise 
ratio (SNR), and to reduce service delay. Howev-
er, these benefits come at a price: the massive BS 
deployment significantly increases the total energy 
consumption of wireless systems. For a typical LTE 
microcell with a cell size of 100 m and bandwidth of 
5 MHz, the power consumption ranges from 25 to 
40 W depending on the traffic load. To achieve the 
coverage of a 1500 m macrocell, more than 200 
microcells need to be deployed, and the aggregated 
power consumption is comparable to a typical LTE 
macrocell BS with a cell size of 1500 m, which has a 
power consumption of 900 W. The increased ener-
gy consumption not only increases the cost of wire-
less operators, but also generates more greenhouse 
gas emissions. Thus, energy saving has become an 
important design objective of wireless systems in 
recent years. Meanwhile, energy saving needs to be 
achieved without sacrificing the quality of service 
(QoS) of users. As the 5G system is expected to 
provide 1000 data rates, energy efficiency (EE), 
typically measured by bits per Joule, also needs to 
be increased by 1000 if the total energy consump-
tion is to be maintained at its original level.

BS ON-OFF switching (also known as BS sleep 
control) is considered to be an efficient approach 
for both energy saving and EE improvement. 
As the traffic pattern fluctuates over both time 
and space, underutilized BSs can be dynamical-
ly turned off to save energy [1]. In 2009, China 
Mobile began to apply BS sleep control, and the 
estimated reduction of energy consumption is 36 
million kWh/year since that time. Due to such 
great potential, considerable efforts have been 
devoted to the design of BS ON-OFF switching 
strategies in different network scenarios. Howev-
er, as the 5G system is an integration of different 
techniques with a highly heterogeneous network 
architecture [2], the design of BS ON-OFF switch-
ing faces special challenges in 5G systems, which 
can be summarized as follows.

Interoperability with New Techniques: With 
new techniques in 5G systems, additional con-
straints and impacts emerge. It is necessary to 
adjust the BS ON-OFF switching strategy accord-
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ingly. For example, when device-to-device (D2D) 
communication is available for user equipments 
(UEs), a UE can still send/receive data to/from a 
BS with the help of another UE even when it is not 
within the coverage of the BS. In this case, some 
BSs can be turned off without worrying about the 
resulting coverage holes. As another example, 
when 5G systems operate on unlicensed bands 
that are currently used by other systems (e.g., 
WiFi), the BS ON-OFF pattern may be accommo-
dated to maintain the QoS of WiFi users.

Applications in New Network Architectures: 
In the new 5G network architecture, the func-
tionality and properties of BSs are significantly 
changed. For instance, in the cloud radio access 
network (C-RAN), users are connected to remote 
radio units (RRUs) while the data processing is 
performed by centralized baseband units (BBUs). 
Since a BBU operates with much higher power 
than an RRU, turning off underutilized BBUs is 
desirable for energy saving. However, when a 
BBU is switched off, all RRUs linked to the BBU 
cannot provide service to users. To prevent out-
age of users, either these RRUs should be con-
nected to a new BBU or the users are handed 
over to other available RRUs, resulting in a com-
plicated scheduling problem. As another exam-
ple, when a BS in an mmWave network is turned 
off, its coverage can hardly be compensated by 
neighboring BSs due to high propagation loss 
and blockage by obstacles. Hence, the QoS of 
users cannot be guaranteed with the existing BS 
ON-OFF scheduling, so clearly, new approaches 
are required to address these issues.

Large Number of BSs: To satisfy the sizable 
aggregated data rate requirements in hotspots, 
the BSs may be densely deployed with a certain 
level of redundancy. Thus, turning off a BS increas-
es the traffic loads of multiple nearby BSs. The 
ON-OFF states and QoS provisioning between dif-
ferent BSs could be highly interdependent. With 
numerous low-power BSs, a significant amount 
of BSs need to be switched off to achieve energy 
saving. This results in a combinatorial problem 
with a large number of variables, which is gener-
ally difficult to solve with standard techniques. In 
addition, BS ON-OFF switching also impacts the 
interference pattern if these BSs operate on the 
same spectrum band. When coordinated multi-
point (CoMP) transmission is available, each user 
can be served by multiple BSs, and the problem 
becomes even more complicated. A large num-
ber of BSs also causes scalability issues, which is a 
key factor that affects the feasibility and effective-
ness of scheduling algorithms.

To harvest the benefits of BS ON-OFF 
switching with these challenges, it is necessary 
to investigate the technical aspects of switching 
mechanisms and analyze the challenges in the 
new 5G system context, where different tech-
niques and network architectures are integrated. 
This article aims to identify the key challenges of 
BS ON-OFF switching and provide insights into its 
applications in 5G systems. We first analyze the 
technical aspects and challenges of the ON-OFF 
switching operation, followed by a review of the 
recent advances in different wireless systems. 
Then we discuss open research problems in 
some emerging application scenarios and present 
potential solutions.

technIcAl Aspects And chAllenges of 
bs on-off swItchIng

energy consumptIon model

BS energy consumption models have evolved 
from simple and approximated models to more 
sophisticated ones, depending on the BS type and 
application scenario. A BS consumes a certain 
amount of energy to maintain its normal opera-
tion, including energy for its circuits, cooling sys-
tem, and so on. Since such static parts constitute 
a dominant proportion of the total BS energy con-
sumption, binary models are used to approximate 
the energy consumption in ON-OFF states [3–5]. 
To capture the impact of traffic load, the dynamic 
load-dependent part is also considered. For exam-
ple, the dynamic part can be proportional to the 
number of users being served [6] or to the num-
ber of active antennas [7].

The BS power in the sleep mode is regarded 
as zero in some works, since it is small compared 
to the power when the BS is fully active. How-
ever, to ensure that the BS can be activated, it 
should not be completely powered off; it may 
still consume a certain amount of power, such as 
detection power [8]. Such power is not negligible, 
especially for small-scale BSs without on-site cool-
ing systems. Thus, the power under sleep mode 
is also studied in recent models, and the sleep 
mode is further classified into different levels of 
sleep. In [9], the concept of opportunistic sleep 
is proposed, in which a BS only sleeps in certain 
time periods to improve system reliability. In [10], 
the BS states are further classified into four types, 
including ON, standby, sleep, and OFF, with 
power consumption ratios given as 100, 50, 15, 
and 0 percent, respectively.

trAffIc model And trAffIc-AwAre schedulIng
The traffic models used in prior works are sum-
marized in Table 1. Among these models, the 
key factors include user arrival rate, user distri-
bution over space, file/task size, and service rate. 
Based on these parameters, the stochastic geom-
etry framework was widely used to analyze the 
theoretical system performance. However, since 
traffic demands from users are heterogeneous 
in nature, they cannot be characterized by a sin-
gle traffic model. For example, some demands 
are delay-sensitive (e.g., a phone call), some are 
rate-sensitive (e.g., a file download), some are 
both delay- and rate-sensitive (e.g., online gaming 
and video conferencing), while some are neither 
(e.g., information gathered from a sensor net-
work). Considering that BSs can work in different 
modes with different service provisioning capabil-
ities, one can adjust the operating modes of BSs 
according to the traffic type and pattern to further 
enhance system performance.

We use a simple and highly abstracted indica-
tive example to show the potential of traffic-aware 
scheduling. Consider a given area with multiple 
BSs, where each BS has two sleep states, namely 
standby and deep sleep. The standby state con-
sumes higher power but wakes up more quickly 
than the deep sleep state. We assume that BSs 
in both states wake up periodically, and it takes 
a certain amount of energy to wake up. Without 
loss of generality, we consider an example of a 

Considering that BSs can 
work in different modes 

with different service 
provisioning capabil ities, 

one can adjust the 
operating modes of BSs 

according to the traffic 
type and pattern to 

further enhance system 
performance.
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traffic pattern in which  half of the traffic demands 
are delay-sensitive and the other half are rate-sen-
sitive. To fully utilize the advantages of BSs in 
both states for both energy saving and delay 
reduction, it is obvious that half of the BSs should 
be in standby states to serve the delay-sensitive 
demands, while the other half should be in deep 
sleep to serve the rate-sensitive demands. We call 
such a schedule an adaptive partial scheme and 
compare it to other two schemes with only one 
BS sleep state.

In Fig. 1, we obtain different energy-delay pairs 
by changing the wake up intervals. For example, a 
standby BS reduces its energy consumption by pro-
longing its duration of sleep; a deep sleep BS reduc-
es its service delay by waking up more frequently 
and sleeping for shorter durations. It can be seen in 
Fig. 1 that the adaptive scheme outperforms both 
benchmark schemes, indicating that a considerable 
performance gain can be achieved by adjusting the 
operation states of BSs according to traffic type.

prActIcAl And ImplementAtIon concerns
Timescale of Operation: Since the ON-OFF 

states directly determine the QoS of users, BS 
ON-OFF switching is always coupled with other 
design issues, such as user association and traffic 

offloading. As discussed, BS ON-OFF switching 
uses both time and energy; it is thus infeasible to 
perform ON-OFF switching frequently. However, 
the system states are usually updated at a faster 
pace, and some technical approaches have to be 
executed more frequently. For example, due to 
user mobility, user association is updated more 
frequently than BS ON-OFF switching. In addition, 
as the performance of a wireless system largely 
depends on the channel condition, which is rap-
idly changing, it is necessary to consider time-av-
eraged channel state information (CSI) instead of 
instantaneous CSI. The timescale issues of differ-
ent scenarios are also summarized in Table 1.

How to Acquire System Information and Wake 
Up when Sleeping: When a BS is turned off, the 
normal transmission between the BS and UEs is 
suspended. Hence, the information from near-
by UEs, such as CSI and traffic load, cannot be 
acquired by the BS from the uplink signals. To 
guarantee the effectiveness of scheduling, the BSs 
need to be aware of the environment even when 
they are in the sleep mode so that they can be 
activated in a timely manner. In [3], waking up a 
BS is performed with the assistance of neighbor-
ing BSs. When a BS is switched off, the neighbor-
ing BSs record their own system loads, and use 

taBle 1. Different aspects of system model regarding BS ON-OFF switching. PPP: Poisson point process.

BS type BS energy/power model Traffic type Timescale

[6] Regular BS ON: fixed + load-proportional; OFF: 0 PPP-based traffic arrival; log 
normally distributed file size

Slow: BS ON/OFF switching. Fast: user 
association.

[3] Regular BS Fixed value Poisson arrival UEs, exponential 
file size.

Slow: duration in objective function. Fast: 
update of traffic pattern. 

[8] Regular BS Active: idle power + load-dependent; 
Sleep: sleep power + detection power.

Poisson arrival tasks;  general 
distribution service time. Hysteresis sleep time and wake up period.

[4] Small cell BS Fixed value PPP-based user distribution Traffic pattern update period

[10] Small cell BS Four modes: ON (100%), standby  
(50%), sleep (15%), and OFF (0%). PPP-based user distribution Slow: BS ON/OFF switching. Fast: time 

required to wake up

[11] Macrocell BS and small cell BS MBS: Fixed + load-dependent, SBS: fixed 
for ON and OFF.

Uniform and non-uniform PPP-
based user distribution BS ON/OFF switching

[5] Small cell BS Fixed value Uniform and non-uniform random 
user distribution

Slow: BS ON/OFF switching. Fast: user 
association 

[13] BBU and fronthaul Proportional to the numbers of active 
BBUs and fronthaul links.

A given traffic distribution on a 
daily basis

Period for network planning  
Period for traffic engineering

[7] Multi-antenna BS Four parts: circuit + backhauling + trans-
mission + processing.

A certain amount of users to be 
served

Instantaneous, average CSI, and BS ON/OFF 
switching.

[9] BS with EH
Active: fixed +

 

RF power

Efficiency
.

  
Opportunistic sleep: a fraction of active. 
Deep sleep: 0.

Poisson arrival UEs; given service 
rate; user data rate requirements. Period for metric evaluation

[12] BS with EH Active: fixed +
 

RF power

Efficiency
.

  
Sleep: 0.

PPP-based user distribution Large: user density, harvest rate. Small: user 
location, battery level.

[14] BS powered by smart grid On grid + renewable Five scenarios with different arrival 
rates Long-term: one day. Short-term: one hour.

[15] Regular BS Fixed + load-dependent Not specified Not specified
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such information as the criterion for BS activation. 
This way, the neighboring BSs know when and 
under what conditions a BS should be turned on 
and can inform the BS to do so.

Alternatively, a BS can wake itself up periodi-
cally to detect the environment. It returns to sleep 
when the criterion for switching on is not satisfied 
[5, 9, 10]. Under this model, the wake up interval, 
which determines the wake up frequency, is a key 
design factor. We show that the wake up interval 
can be optimized under different sleep modes and 
traffic patterns with an illustrative example below.

Consider a heterogeneous network (HetNet) 
with one macrocell BS (MBS) and multiple small 
cell BSs (SBSs). The MBS is always active to guar-
antee coverage, while the SBSs can be dynam-
ically switched on or off. The SBSs can operate 
in two modes: the standby mode and the deep 
sleep mode. We consider both high- and low-mo-
bility scenarios. In the high-mobility scenario, the 
number of users in a small cell has a larger varia-
tion compared to that in the low-mobility scenar-
io. The system configuration from [5] is used in 
the simulation. We compare the EE performance 
under different wake up intervals.

As shown in Fig. 2, a proper value of wake up 
interval can maximize the EE in all the scenarios. 
The standby mode outperforms the deep sleep 
mode when the wake up interval is short, since it 
can closely capture the dynamics of traffic load. 
When the wake up interval becomes large, the 
BSs cannot obtain the load information on time. 
The standby mode loses its advantage while it 
consumes more energy, resulting in lower EE com-
pared to deep sleep. As expected, a short wake up 
interval is preferred in the high mobility scenario.

As another option, the system information can 
also be obtained with auxiliary devices when a BS 
is in the sleep mode. In [8], a counting element is  
used to count the number of accumulated tasks 
during a sleep period, and a BS wakes up when 
the number of tasks exceeds a threshold. To 
address the problem of obtaining CSI from near-
by UEs, a possible approach is to deploy a radio 
receiver at a BS to capture the pilot or uplink 
UE signals and forward the obtained CSI to the 
network controller. Then the network controller 
can activate the BS when necessary, for example,  
when a large number of users with good channel 
conditions are nearby.

trAde-off wIth other performAnce metrIcs
The energy savings achieved by switching off BSs 
come at a price. From the perspective of users, 
some have to be handed over to another BS and 
receive a degraded QoS. In addition, the BSs in 
sleep mode may not be turned on in a timely way, 
resulting in an extra delay perceived by users. To 
characterize the trade-off between energy sav-
ing and user QoS, a common approach is to add 
QoS requirements into the constraints of problem 
formulation [4, 8]. Another approach is to con-
sider the actual relationship between energy con-
sumption and system performance. EE, defined as 
bits per Joule, is a common performance metric 
utilized to balance the trade-off between data rate 
and power consumption [5, 7, 10]. In [6], a cost 
function is defined to balance energy consump-
tion and delay, which is defined as a weighted 
sum of energy consumption and delay.

When a BS is turned off, the traffic load of 
neighboring BSs would increase, which potentially 
degrades the QoS of users served by these BSs. 
Thus, it is also necessary to consider the trade-off 
among different BSs. In a two-tier HetNet with a 
large number of SBSs turned off, the MBS may 
be overloaded, resulting in delay or even conges-
tion. In [11], a constraint on the number of users 
served by the MBS is enforced to guarantee the 
QoS of its users.

low-complexIty AlgorIthms
As the BS ON-OFF scheduling problem is combi-
natorial in nature, it is generally NP-hard and can-
not be solved with standard techniques. It is more 
challenging when BS ON-OFF is jointly scheduled 

Figure 1. Energy-delay trade-off under different sleep modes with heterogeneous 
traffic requirements
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for trade-offs among multiple performance metrics, 
as the formulated problem may be mixed integer 
programming with multiple sets of variables. To 
decouple BS ON-OFF switching with other tasks, it 
is natural to decompose the original problem into 
several subproblems and iteratively solve them [5, 
6, 9]. With regard to BS ON-OFF switching, step-by-
step greedy algorithms are developed [6, 3, 7, 11, 
12]. By evaluating the system performance gains 
under different operations, the BS that obtains the 
largest gain is selected in each step. The optimal 
ON-OFF states can also be obtained by fully uti-
lizing the special properties of the problem [4, 8]. 
In [4], using a comprehensive performance anal-
ysis, the optimal BS ON-OFF states are found to 
correspond to the case that equalities hold for the 
outage constraints.

Another possible approach for a low-complex-
ity solution is to transform the original problem 
into a more solvable form. In [10], to deal with 
the non-convex objective function, a lower bound 
that is quasi-convex is derived and serves as the 
new objective function. The solution obtained 
by maximizing the lower bound is shown to be 
near-optimal. Designing distributed schemes is 
another way to achieve low-complexity solutions. 
In [9], a bidding game between users and BSs is 
formulated, and the initial outcome of the game 
determines a user association strategy. When 

user associations are determined, each BS makes 
its own decision regarding ON-OFF switching 
depending on whether it is profitable to serve 
these users. As a result, BSs with low traffic loads 
would choose to turn off. The system EE can thus 
be improved. Table 2 provides a summary of dif-
ferent problem formulations and solution algo-
rithms presented in the literature.

recent AdvAnces In 
emergIng wIreless networks

renewAble energy empowered network
The use of renewable energy can minimize 
on-grid energy consumption as well as reduce 
operating expenditures. This can be realized by 
equipping BSs with energy harvesting (EH) devic-
es that transform natural energy (e.g., solar and 
wind energy) into electricity to power the BSs. 
However, as the generation of renewable energy 
depends on uncontrollable environmental con-
ditions, the supply of renewable energy could 
be highly unstable. In addition, it is very likely 
that such a supply does not match the fluctuat-
ing traffic demands in both temporal and spatial 
domains. Thus, renewable energy should be prop-
erly stored and allocated for efficient utilization.

In [9], with statistical information on both 

taBle 2. Problem formulations and solution algorithms.

Objective Constraint Approach Solution

[6] Minimize weighted sum of 
energy and delay N.A. BS ON-OFF switching and user association. Decompose into two subproblems; greedy 

ON-OFF scheduling.

[3] Minimize energy over a period BS traffic load BS ON-OFF switching Step-by-step process with evaluation on the 
network impact of turning ON-OFF.

[8] Minimize average power Average delay Optimize hysteresis sleep time and wake up 
period

Simple bisection search based on exploiting 
the special structure 

[4] Minimize the ratio of turned off 
small cells UE outage probability BS ON-OFF scheduling and spectrum 

allocation
Solutions obtained when equalities hold for 
outage constraints 

[10] Maximize EE Coverage probability and delay BS sleep mode design Maximize a quasi-convex lower bound; an 
iterative scheme for solution.

[11] Minimize total BS power Macrocell BS power Active/sleeping schedule Step-by-step process by evaluating the gain/
loss of operation 

[5] Maximize EE BS traffic load BS ON-OFF switching and user association Decompose into two subproblems; 
centralized and distributed solution

[13] Minimize the number of active 
BBUs

Bandwidth; cell and user 
processing capability.

Time-wavelength allocation; user-fronthaul-
BBU mapping

Load balancing for overloaded BBU; activate 
a BBU if still overloaded

[7] Maximize EE Data rate, power, and 
precoding BS and antenna switching; power allocation Turn OFF the antenna/BS such that total 

power is minimized afterwards

[9] Minimize on-grid power Blocking probability BS ON-OFF switching; resource allocation; 
renewable energy allocation

Two-stage dynamic programming. First: BS 
ON-OFF;  second: resource allocation.

[12] Minimize on-grid power Outage probability and 
resource availability BS ON-OFF switching and offloading strategy SBSs with positive power saving gain are 

activated first

[14] Minimize power cost Battery storage; supply and 
consumption balance Dynamic power usage of different sources Formulate and solve a stochastic 

programming

[15] Each operator minimizes its 
cost

Rewards and penalties of the 
game

Provide incentive for infrastructure sharing by 
formulating a game Analyze the outcome of the game
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renewable energy and traffic patterns, renewable 
energy allocation, BS ON-OFF scheduling, and 
resource allocation are jointly considered to min-
imize the on-grid energy consumption, subject to 
the average blocking probability of users. The orig-
inal problem is transformed into an unconstrained 
problem, and a two-stage dynamic programming 
algorithm with low complexity is proposed to 
obtain a near-optimal solution. The HetNet case is 
considered in [12], where SBSs are equipped with 
EH devices. The switching mechanism of the SBSs 
and traffic loading from the MBS are considered 
to minimize the on-grid power usage while satisfy-
ing constraints of outage probability and resource 
availability. Based on theoretical analysis on outage 
probability, a two-stage SBS activation scheme is 
proposed. In the first stage, the energy saving gain 
obtained by offloading MBS traffic to each SBS is 
obtained. In the second stage, SBSs with positive 
energy saving gain are activated first.

mAssIve mImo hetnet
A massive multiple-input multiple-output (MIMO) 
HetNet employs a large number of antennas at 
the MBS [5]. The channel estimation overhead is 
a major concern due to the large dimensions of 
the channel matrix. When the traffic load of the 
MBS is increased, more symbols must be used as 
pilots in each frame. As a result, a smaller propor-
tion of symbols can be used for data transmission, 
and the average throughput of users is reduced. 
Thus, in a massive MIMO HetNet, the trade-off 
between the traffic load of the MBS and that of 
the SBSs needs to be considered in the switch-
ing mechanism design. In [5], joint BS ON-OFF 
scheduling and user association are gauged in 
order to maximize the EE of a massive MIMO 
HetNet, subject to traffic load constraints of all 
BSs. Due to the convexity and a special proper-
ty, the optimal user association strategy under a 
given BS set can be achieved using a series of 
Lagrangian dual methods. Then ON-OFF states 
can be optimized with a subgradient method 
using the optimal Lagrangian multipliers derived 
in the user association subproblem. A distributed 
scheme based on user bidding is also proposed, 
which has been discussed previously.

cloud rAdIo Access network
In C-RAN, the functionality of a BS is separated: 
data processing is performed by centralized BBUs 
and wireless signal transmission/reception is per-
formed by geographically distributed RRUs. The 
ON-OFF switching of RRUs is relatively simple, 
and some existing methods based on the tradi-
tional BS model can be directly applied. However, 
since the RRUs serve only as transmitters/receiv-
ers with low power consumption, the energy sav-
ing gained from turning off RRUs alone would be 
limited. While it is highly appealing to investigate 
the ON-OFF switching for BBUs, turning off a BBU 
impacts all its serving RRUs and users connected 
to the RRUs. Hence, the ON-OFF states of BBUs 
are coupled with BBU-RRU and RRU-user map-
pings, resulting in a challenging scheduling prob-
lem. Such a problem is referred to as virtual BS 
formulation in [13], and a joint time-wavelength 
allocation for optical fronthaul, user-RRU-BBU 
mapping, and BBU ON-OFF scheduling scheme is 
proposed to minimize the number of active BBUs. 

The idea of the solution algorithm is to locate the 
overload BBUs and then apply load balancing. 
If any BBU is still overloaded, a new BBU has to 
be activated. This process can guarantee that all 
constraints are satisfied, and the number of active 
BBUs is kept as small as possible.

cooperAtIve communIcAtIon
CoMP transmission/reception, which allows a user 
to be served by multiple cooperating BSs, is an 
effective approach to enhance spectral efficien-
cy and link reliability, but at the price of increased 
overhead. Within this context, detailed physical 
layer signal analysis is required to study the impact 
of BS ON-OFF switching. In [7], power allocation 
and ON-OFF switching for both the BS and anten-
na are considered to maximize the EE of a CoMP 
system. A low-complexity iterative greedy approach 
is proposed, in which the idea is to switch the 
antenna/BS that brings the largest reduction of 
power consumption until any constraint is violated.

smArt grId empowered wIreless system
The smart grid is a new paradigm of power sys-
tems that enables highly efficient use of energy, 
especially renewable energy. Thus, using the 
smart grid to power wireless systems is a promis-
ing approach to reduce both the operation costs 
and greenhouse gas emissions. For example, the 
BS of a wireless system can be powered by a 
combination of a renewable power source and 
an electrical grid. However, this approach is chal-
lenged by a set uncertainties, including renewable 
power generation, power price, and wireless traf-
fic load. In [14], an adaptive demand-side power 
management scheme is proposed to make intel-
ligent decisions about the power usage between 
renewable power and on-grid power. Such a 
problem is formulated as a stochastic program-
ming problem with the objective of minimizing 
the cost of power consumption, and the optimal 
solution is derived by solving an equivalent linear 
programming problem.

InfrAstructure shArIng Among 
dIfferent operAtors

While most existing works consider BS ON-OFF 
switching from the perspective of a single wireless 
operator, infrastructure sharing among different 
operators has the potential to achieve better sys-
tem performance. As the BSs of multiple oper-
ators coexist in a cell, an operator can switch 
off its BS and migrate its traffic to the active BSs 
of another operator covering the same area. To 
enable such a process, it is necessary to design an 
incentive mechanism to motivate the cooperation 
of operators. In [15], a distributed game of multi-
ple operators is formulated to provide incentive 
for infrastructure sharing, and each operator can 
make a rational decision on its switching strategy.

chAllenges And open problems
5g ApplIcAtIon scenArIos

D2D Communications: With the help of D2D 
communications, a BS can be turned off even if 
this leads to coverage holes, resulting in more 
energy saving. However, this comes at a price of 
increased energy consumption by UEs. Thus, it 

The smart grid is a new 
paradigm of power 

systems that enables 
highly efficient use 

of energy, especially 
renewable energy. Thus, 

using the smart grid to 
power wireless systems 
is a promising approach 
to reduce both the oper-

ation costs and green-
house gas emissions.
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is necessary to motivate the participation of UEs 
and efficiently use their limited power storage. 
BS ON-OFF switching should be jointly consid-
ered with other design issues, such as D2D path 
selection and resource allocation. For example, 
suppose UE 1 relays the signal of UE 2 to a BS. 
To avoid congestion, the data rate between the 
BS and UE 1 should be no less than the data 
rate between UE 1 and UE 2 plus the actual data 
rate of UE 1. With such constraints, BS ON-OFF 
switching depends on the availability of UEs, link 
scheduling, and resource allocation. All these fac-
tors should be considered in future research.

MmWave Networks: MmWave communica-
tions is also a key technique for 5G wireless. Due 
to the large propagation loss and vulnerability to 
blockage, the signal transmission in an mmWave 
network can only rely on line-of-sight transmission 
or reflection. As a result, when a BS is turned off, 
its coverage may not easily be compensated by 
other BSs. A possible approach to deal with this 
challenge is to optimize the deployment pattern 
of BSs. With proper setting of BS locations and 
well designed beamforming schemes, the cov-
erage holes caused by turning off BSs can be 
minimized. In the case where direction of arrival 
(DoA) estimation is feasible, the instantaneous 
positions of UEs can be obtained by each BS. 
Then a BS can know whether a UE can be served 
by another BS based on the environment layout, 
and make decisions regarding its ON-OFF state.

D2D communication is an effective means 
to combat blockage of signals in an mmWave 
network. As shown in Fig. 3, D2D communica-
tion can significantly enhance the coverage of 
both indoor and outdoor UEs. Apart from the 

issues mentioned before, some inherent challeng-
es of mmWave networks need to be taken into 
account, such as neighbor discovery and efficient 
beamforming. Moreover, the UEs may not be 
able to perform “pseudo-wired” beamforming, 
and thus their transmission signals may still have 
a large beamwidth. Interference management is 
necessary to guarantee good link quality.

Heterogeneous Networks with Wireless Back-
haul: Wireless backhaul (WB) between an MBS 
and SBSs in a HetNet has gained growing atten-
tion due to its easy implementation and relative-
ly low cost. As an inherent constraint, the data 
rate of WB between the MBS and an SBS should 
be no less than the aggregated data rate of all 
small cell UEs (SUEs) served by the SBS. Hence, 
without proper configuration, WB may become 
a bottleneck that limits the system performance. 
When switching off an SBS, the aggregated data 
rate requirement of neighboring SBSs would be 
increased, putting pressure on their WBs. Thus, 
guaranteeing the data rates of WBs is a key con-
cern when SBS ON-OFF scheduling is enabled. 
From the MBS perspective, the WB can be 
regarded as a macrocell UE (MUE) to be served. 
Hence, the data rates of WBs are also related 
to the traffic load and scheduling strategy of the 
MBS, and this is an important factor for system 
design. The network architecture of a HetNet is 
shown in the first case of Fig. 4, and it can seen 
that the wireless backhaul also needs to transmit 
the information exchange between the MBS and 
SBSs. Thus, guaranteeing the effectiveness and 
timeliness of scheduling is another design factor 
for a HetNet with wireless backhaul.

As massive MIMO is a key technique for 5G, 
we consider a massive MIMO HetNet as an exam-
ple, in which the MBS is equipped with a large 
number of antennas, and the SBSs can be turned 
off when their load is low. The WBs and MUEs 
are put into several beamforming groups, and the 
channel estimation overhead is proportional to 
the number of active WBs and MUEs. When an 
SBS is turned off, the UEs originally served by the 
SBS may be handed over to the MBS or neigh-
boring SBSs depending on the CSI. If the UEs are 
handed over to the MBS, the average through-
put of the active WB and MUE would decrease, 
as analyzed in [9]. If the UEs are handed over to 
neighboring SBSs, the WBs of these SBSs need 
to be allocated with more spectrum resources to 
maintain the average throughput of UEs served 
by these SBSs. All these trade-offs need to be fully 
balanced for the design of an energy-efficient 
massive MIMO HetNet.

Mobile Edge Computing: The mobile edge 
computing (MEC) architecture allows content 
providers to deploy MEC servers at cellular BSs 
so that the applications and task processing are 
performed closer to the cellular users. In a Het-
Net with SBSs equipped with MEC servers, as 
shown in the second case of Fig. 4, the storage 
and computation capability of MEC stations are 
limited compared to the cloud server. Thus, opti-
mizing the ON-OFF switching should consider not 
only the traffic load, but also the property of each 
task. For example, a computational intensive task 
should be directly processed at the cloud server 
and the nearby SBS should be turned off if it has 
no other ongoing task. In addition, the processing 

Figure 3. An example of BS ON-OFF scheduling in a D2D assisted mmWave 
network.
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delay is impacted by both the processing rate of 
the MEC server and transmission data rate to an 
SBS. This brings another factor to be considered 
in user association, which in turn impacts the BS 
ON-OFF schedule.

Wireless Caching Stations: In a small cell AP 
with caching capability, the frequently requested 
data-intensive tasks can be stored at caching sta-
tions in advance, resulting in high QoS for users. 
As the popular contents vary over time and loca-
tion, it would be desirable to turn off the underuti-
lized caching stations for energy saving. Different 
from cellular BSs, ON-OFF switching of a caching 
station impacts all the tasks stored in the station. 
Thus, a thorough consideration is required. The 
system performance can be further enhanced if 
the demand for content at each station is predict-
able, which can be implemented using statistical 
information or pattern recognition techniques. As 
shown in the third case of Fig. 4, the caching sta-
tions can gather the user preference information 
and forward it to the server in the core network. 
After processing such information with machine-
learning-based approaches, the updated caching 
contents are sent back to the caching stations. 
The information analysis of user preference can 
also be executed locally to reduce latency if such 
capability is available for the caching stations.

M2M in IoT: Machine-to-machine (M2M) com-
munication is expected to be widely applied in 
the paradigm of the Internet of Things (IoT) due 
to the massive data generated by various types of 
machines and devices. Similar to D2D, the direct 
transmission of M2M creates opportunities for 
APs or BSs to be turned off, as a machine con-
nected to an AP can relay the signals of machines 
that are out of coverage. However, this requires 
additional functionality in the relaying machine/
device, while most devices in the context of IoT 
are simple, low-power, low-cost devices that 
act as sensors and are not always switched on. 
Hence, the feasibility of exploiting M2M for ener-
gy saving depends on the availability of devices, 
and efficient coordination with low overhead is 
required.

Although the machines/devices in IoT are 
only required to be connected to the APs occa-
sionally, the upload of the gathered data and the 
download of updated settings must be carried 
out with a certain frequency due to the storage 
limits of the devices and the required timeliness 
of the data. This requires the APs to be turned 
on in a proper manner to balance the trade-off 
between service provision and energy saving. In 
the presence of multiple machines with different 
data sizes and requirements for update frequen-
cy, the task schedule can be jointly considered 
with AP ON-OFF switching to minimize the long-
term energy consumption as well as guarantee 
the QoS.

Operation in Unlicensed Bands: When a 5G 
wireless network operates on unlicensed bands, 
the coexistence with other systems that already 
use the spectrum band is a fundamental chal-
lenge. Take WiFi as an example. Due to the differ-
ences in medium access control (MAC) protocols, 
WiFi may get stuck in constant backoff states if 
the 5G network transmits in its normal pattern. 
For BS ON-OFF switching, a BS may be switched 
off during certain periods, not only for the pur-

pose of energy saving, but also for QoS provi-
sioning of WiFi users. When a BS is turned off, the 
UEs originally served by the BS may be handed 
over to the WiFi system for better QoS. Conse-
quently, a trade-off between 5G UEs and existing 
system UEs is an interesting problem that can be 
addressed in future research.

LTE unlicensed (LTE-U) is regarded as a prom-
ising application scenario in 5G systems. In an 
LTE-U system, UEs are allocated with orthogonal 
time-frequency resource blocks (RBs). Then the 
ON-OFF schedule should be jointly considered 
with the user association and resource allocation 
of each BS, since these factors determine the 
aggregated interference level of both LTE and 
WiFi users. Thus, efficient approaches are required 
to decouple BS ON-OFF switching with other sys-
tem configurations. Moreover, since LTE adopts 
centralized control for service provision with infor-
mation exchange through an X2 interface, the 
added BS ON-OFF schedule would increase the 
processing overhead and complexity, making it 
necessary to design decentralized or computa-
tionally efficient schemes to enhance feasibility.

AddItIonAl technIcAl chAllenges
Scalability: With the expected massive deploy-

ment of BSs in 5G networks, the control overhead 
could be overwhelming. In particular, if soft-
ware-defined networking architecture is applied, 
the network control would be performed in a 
centralized pattern, resulting in prohibitive com-
plexity. To address this, a wireless network may 

Figure 4. Network architecture and information exchange in three heteroge-
neous application scenarios.
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be partitioned into multiple parts to guarantee the 
feasibility of scheduling. As for BS ON-OFF switch-
ing, we can divide BSs into different clusters, each 
with a controller. At the lower level, intra-cluster 
scheduling can be performed with reasonable 
overhead as long as the cluster size is relatively 
small. At the higher level, different controllers can 
cooperatively adjust their strategies by taking the 
inter-cluster impacts into consideration. The clus-
ter size provides a trade-off between complexity 
and system performance, and clustering strategy 
would be an interesting topic for future research.

Application of Machine Learning Techniques: 
With the development of hardware, machine 
learning techniques become feasible for network 
control and can be used in ON-OFF switching to 
achieve better performance. As shown in Figs. 1 
and 2, the trade-off between energy and delay, 
and the trade-off between EE and the wake up 
interval are observed. However, if we can pre-
dict the traffic pattern, each BS can wake up at 
proper time instances such that energy saving is 
achieved without causing additional delay. Then 
machine learning techniques can be applied to 
predict the user distribution, traffic load, and traf-
fic type of each BS. Based on historical data and 
the movement of users, the approximate number 
of users arriving at each BS can be estimated, and 
the expected underutilized BSs can maintain sleep 
mode. However, the detailed technical aspects 
needed to implement this approach still require 
further study. Moreover, the learning-based tech-
niques can also be applied to other aspects such 
as resource allocation and traffic offloading, and 
therefore should be explored in future research.

QoE-Aware Scheduling: As shown in Table 2, 
most existing works take into account QoS met-
rics in system models and problem formulations. 
However, the actual satisfaction level of a user 
is determined by multiple QoS factors, such as 
outage probability, delay, downloading rate, con-
gestion probability, video type and format, and 
energy consumption of mobile devices. Besides, 
different users have different evaluations regard-
ing all these aspects. Thus, it is necessary to intro-
duce quality of experience (QoE) into the system 
design. Moreover, in terms of QoE of users and 
the energy cost, realistic economic models can be 
established (e.g., QoE-based user payment). The 
minimization of the cost of the wireless operator 
can be a new design objective.

conclusIon
In this article, we aim to identify the challenges 
of BS ON-OFF switching in 5G wireless networks 
and provide insights for potential solutions. We 
analyze the technical aspects of BS ON-OFF 
switching and present an overview of recent 
advances in different 5G wireless networks. We 
conclude this article with a discussion of open 
problems and outlook.
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