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Abstract—A continuous surge of mobile data traffic not only
congests mobile networks but also results in a dramatic increase
in the energy consumption of mobile networks. Device-to-device
(D2D) communications is a promising technique for offloading
mobile data traffic and enhancing energy efficiency of mobile net-
works. By enabling D2D communications, the base stations (BSs)
may reduce their energy consumption through traffic offloading,
andmobile usersmay increase their quality of services by retrieving
contents from their neighboring peers instead of the remote BSs. By
leveraging D2D communications, we propose a novel mobile traffic
offloading scheme—the content brokerage. In the content broker-
age scheme, a new network node called the green content broker
(GCB) is introduced to arrange the content delivery between the
content requester and the content owner. The GCB is powered by
green energy, e.g., solar energy, to reduce the footprints of
mobile networks. In the scheme, maximizing traffic offloading with
the constraints of the amount of green energy and bandwidth is an
nondeterministic polynomial time (NP) problem. We propose a
heuristic traffic offloading (HTO) algorithm to approximate the
optimal solution with low computational complexity. Our simula-
tion results valid the performance of the content brokerage scheme
and the HTO algorithm.

Index Terms—Device-to-device (D2D) communications, energy
efficiency, mobile networks, mobile traffic offloading.

I. INTRODUCTION

W ITH the rapid development of radio access techniques
and mobile devices, a variety of bandwidth-hungry

applications and services such as web browsing, video stream-
ing, and social networking are gradually shifted to mobile net-
works, thus leading to an exponential increase in data traffic in
mobile networks. The mobile data traffic surges bring about two
major problems to current mobile networks. 1) The significant
data increase congests mobile networks and leads to a long delay
in content delivery [1]. 2) A continuous surge of mobile traffic
results in a dramatic increase in energy consumption in mobile
networks for provisioning higher network capacity [2].

Mobile traffic offloading, which is referred to as utilizing
complementary network communication techniques to deliver
mobile traffic, is a promising technique to alleviate congestion
and reduce the energy consumption of mobile networks [1].
Based on the network access mode, the mobile traffic off-
loading schemes can be divided into two categories. The first
category is the infrastructure-based mobile traffic offloading,

which refers to as deploying small cell base stations (BSs),
e.g., pico-BSs, femto BSs, and WiFi hot spots, to offload mobile
traffic from macro BSs (MBS) [1]. Deploying small cell BSs
can efficiently offload mobile traffic from MBSs, thus reducing
traffic congestion and the energy consumption of mobile net-
works [3]. However, the lack of cost-effective backhaul con-
nections for small cell BSs often impairs their performance in
terms of offloading mobile traffic and enhancing the energy
efficiency of mobile networks.

The second category is the ad-hoc-based mobile traffic
offloading, which refers to applying device-to-device (D2D)
communications as an underlay to offload mobile traffic from
MBSs. By leveraging Internet of Things (IoT) technologies,
smart devices within proximity are able to connect with each
other and form a communication network. Data traffic among
the devices can be offloaded to the communications networks
rather than delivering through MBSs. For example, by en-
abling D2D communications, some user equipments (UEs)
download contents from MBSs while the other UEs may
retrieve the contents through D2D connections with their
peers. In this way, D2D communications alleviate traffic
congestion and reduce the energy consumption of mobile
networks. However, D2D communications may suffer from
several disadvantages which impair its performance in terms of
offloading mobile traffic. First, UEs are battery-powered de-
vices, and therefore the additional energy consumption may
prevent UEs from participating in D2D communications.
Second, the transmission range for D2D communications
among mobile devices may be limited by its low transmission
power. For example, if a mobile device experiences a shortage
of battery power, the mobile device may restrict its power
usage in D2D communications. This leads to a reduced
transmission range for the mobile device’s D2D communica-
tions. Especially, when the mobile devices operate on milli-
meter wavelength, the transmission range is further limited by
the channel propagation characteristics. Third, D2D commu-
nications may require complicated radio resource management
schemes implemented in mobile devices to avoid the extensive
interference introduced to mobile networks. This will further
increase mobile devices’ power consumption in D2D commu-
nications. Fourth, sharing content through D2D communica-
tions may reveal users’ privacy. To protect their privacy,
mobile devices may not participate in D2D communications.

In this paper, we propose a novel mobile traffic offloading
scheme referred to as the content brokerage, which synergizes the
merits ofboth the infrastructure-basedand thead-hoc-basedmobile
traffic offloading. In the content brokerage scheme, we introduce a
new network node called the green content broker (GCB), which
arranges the content delivery between the content owners (the
servers), e.g., UEs or BSs, and the content requesters (the clients).
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The content broker discovers the available contents among theUEs
under its coverage, collects the content requests, and forwards the
contents from the content owners to the content requester.

The proposed content brokerage scheme exhibits several
advantages.

1) As compared with the mobile traffic offloading by deploy-
ing small cell BSs, the content brokerage scheme does not
require backhaul connections. This not only reduces the
operation costs of offloading mobile traffic, but also in-
creases the flexibility of deploying the GCB and increases
the efficiency of traffic offloading.

2) As compared with ad-hoc-based mobile traffic offloading,
the GCB can facilitate the service and content discovery
and the D2D communications session management [4].
In addition, the GCB may anonymize mobile traffic to
protect user privacy and may maintain content copyrights
for the content providers.

3) The content broker is powered by green energy, e.g., solar
energy, to avoid the on-grid energy consumption, thus
reducing the carbon footprints. Powering by green energy
further increases the flexibility of deploying the GCB.

In the content brokerage scheme, the GCB handles multiple
content requests from UEs. Given the amount of available radio
channels and green energy, the GCBmay not be able to serve all
the content requests. Tomaximize the traffic offloading, and thus
minimize the energy consumption of the MBS, the GCB should
select to serve a portion of content requests. In selecting the
serving contents, the GCB should consider the radio channel
constraints in both the uplink and downlink transmissions. Here,
the uplink transmissions refer to as radio channels used by the
GCB to retrieve contents from UEs or the MBS, and the
downlink transmissions refer to as the radio channels used by
the GCB utilizes to deliver contents to the clients. Since the GCB
is powered by green energy, it also experiences the green energy
constraints, which limit the amount of mobile traffic that can be
offloaded to the GCB. In addition, the requested content may be
owned by multiple UEs. Selecting different content owners
(UEs) leads to a different uplink radio channel requirement.
Considering these constraints, the traffic offloading maximiza-
tion (TOM) problem is an NP-hard problem. To approximate the
optimal solution with low computational complexity, we divide
the TOM problem into two subproblems: the serving content
selection (SCS) problem and the content owner selection (COS)
problem. We design a heuristic traffic offloading (HTO) algo-
rithm which iteratively solves these subproblems, and subse-
quently solves the TOM problem.

This paper is organized as follows. In Section II, we provide an
overview on the related research efforts. In Section III, we define
the system model and the assumptions. In Section IV, we
formulate theTOMproblemand analyze its properties. SectionV
presents the proposed heuristic algorithm. Section VI shows the
simulation results, and concluding remarks are presented in
Section VII.

II. RELATED WORK

In this section, we briefly overview the related works on
infrastructure-based mobile traffic offloading, ad-hoc-based

mobile traffic offloading, and the utilization of green energy in
cellular networks.

A. Infrastructure-Based Mobile Traffic Offloading

In infrastructure-based mobile traffic offloading, the mobile
traffic is offloading to either pico/femto BSs or WiFi hot spots.
Deploying pico/femto BSs improves the spectral and energy
efficiency per unit area of cellular networks, and thus reduces the
network congestion and energy consumption of cellular net-
works. Traffic offloading between pico/femto BSs and the MBS
is achieved by adapting the user-BS associations. Kim et al. [5]
proposed a user-BS association to achieve flow level load
balancing under spatially heterogeneous traffic distribution. Jo
et al. [6] proposed cell biasing algorithms to balance traffic loads
among pico/femto BSs and theMBS. The cell biasing algorithms
perform user-BS association according to the biased measured
pilot signal strength, and enables the traffic to be offloaded from
the MBS to pico/femto BSs.

WiFi hot spots are also effective in terms of offloading
mobile traffic. Lee et al. [7] pointed out that a user is in WiFi
coverage for 70% of the time on average, and if users can
tolerate a 2 h delay in data transfer, the network can offload
about 70% cellular traffic to WiFi networks. Balasubramanian
et al. [8] proposed to offload the delay tolerance traffic such as
email and file transfer to WiFi networks. When WiFi networks
are not available or experiencing blackouts, data traffic is fast
switched back to 3G networks to avoid violating the applica-
tions’ tolerance threshold. Han and Ansari [9] designed a
content pushing system which pushes the content to mobile
users through opportunistic WiFi connections. The system
responds to a user’s pending requests or predicted future
requests, codes these requested contents by using Fountain
codes, predicts the user’s routes, and prelocates the coded
contents to the WiFi access points along the user’s routes.
When the user connects to these WiFi access points, the
requested contents are delivered to the user via the WiFi
connections.

B. Ad-hoc-Based Mobile Traffic Offloading

Ad-hoc-based mobile traffic offloading rely on D2D commu-
nications to disseminate contents. Instead of downloading con-
tents directly from BSs, UEs may retrieve contents from their
neighboring UEs. Han et al. [10] proposed amechanism to select
a subset of UEs based on either UEs’ activities or mobilities, and
to deliver contents to them through cellular networks, and let
these UEs further disseminate the contents through D2D com-
munications to the other users. Mashhadi and Hui [11] proposed
a proactive caching mechanism for UEs in order to offload the
mobile traffic. When the local storage does not have the re-
quested contents, the proactive caching mechanism will set a
target delay for this request, and explores opportunities to
retrieve data from the neighboring UEs. The proactive cache
mechanism requests data from cellular networks when the target
delay is violated. To encourage mobile users participate in the
traffic offloading, Zhou et al. [12] proposed an incentive frame-
work that motivate users to leverage their delay tolerance for
cellular data offloading.
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C. Utilization of Green Energy

Green energy techniques, in which green energy such as
sustainable biofuels, solar, and wind energy is able to power
BSs, can save on-grid energy consumption of BSs and
reduce the footprints [13]. Ericson Inc. [14] has devel-
oped a wind-powered tower for BSs of cellular networks.
To optimize the utilization of renewable energy, Zhou et al.
[15] proposed the Hand Over (HO) parameter tuning algorithm
and the power control algorithm to guide mobile users to access
the BSs with renewable energy supply. Han and Ansari
[16] proposed an energy aware cell size adaptation algorithm
named intelligent cell breathing (ICE), which balances the
energy consumption among BSs powered by green energy,
and enables more users to be served with green energy. Con-
sidering a network with multiple energy supplies, Han and
Ansari [17], [18] also proposed to optimize the utilization of
green energy, and reduce the on-grid energy consumption of
cellular networks by the cell size optimization.

III. SYSTEM MODEL

In this paper, we consider a cellular network consisting of one
MBS, UEs, and one GCB. Denote U as
the set of UEs.We assume that orthogonal channels are available
in the network, e.g., orthogonal frequency-division multiple
access (OFDMA), to avoid interference [19] among the MBS,
GCB, and UEs. We assume UEs and GCB can transmit and
receive simultaneously. The time horizon is divided intomultiple
content slots with a duration of seconds. One content slot
contains transmission frames, which can be further divided
into multiple uplink and downlink subframes. The total number
of uplink and downlink subframes in one transmission frame is
defined as and , respectively. The bandwidth allocated
in each subframe is . The content slot structure is shown in
Fig. 1.

At the beginning of the th content slot, the GCB collects the
UEs’ content requests and registrations which are submitted in
the th content slot. Here, we assume the UE’s content
requests are postponed at most one content slot for seeking the
traffic offloading opportunities. In other words, the UEs’ content
requests in the th content slot either are fulfilled by
the GCB in the th content slot or are served by the MBS. The
content request indicates which content a UE is retrieving while
the content registration showswhich contents are available in the
UE. Then, the GCB tries to match the content requests and
registrations in offloading traffic from theMBS. If aUE’s content

request can be fulfilled locally, the GCB sends an acknowledge
message to inform the UE; otherwise, the GCB sends an FIN.
message to terminate the connection with the UE. Upon receiv-
ing the acknowledgment, the UE sends an FIN. message to the
MBS to cancel the content request. Meanwhile, the GCB
retrieves the requested content from the UE which registers the
content and delivers it to the requesting UE. Fig. 2 shows an
example to illustrate the communications procedures in the
content brokerage scheme. At the content slot, requests the
content from the MBS and the GCB. Meanwhile, registers
the content . Then, since is locally available, the GCB sends
an acknowledgment message to to indicate that its content
request can be fulfilled locally. Upon receiving the acknowledg-
ment, cancels the content request from theMBS by sending an
FIN. message. The GCB acknowledges ’s content registration
and retrieves the content from it. Then, the GCB forwards the
content to .

The content brokerage scheme introduces additional signaling
overhead. However, these additional signaling and control
messages can be integrated with the control messages required
for establishing D2D networks. Forming a D2D network usually
involves processes such as the device discovery, device associa-
tion, and channel allocation. The content request and registration
information can be integrated within the device discovery
and association messages. For example, when a mobile device
is associated with the D2D network, it informs the GCB
what content to be cached in the device and what content to be
requested by the device. In this way, the control and signaling
overhead of the content brokerage scheme will be reduced
and will not significantly impact the efficiency of D2D
communications.

We assume that there are contents in the network, and
denote C and S as the sets
of the contents and their sizes, respectively.We assume a UE can
only request for one content in a content slot, but can register
multiple contents in a content slot. Denote and as a
content request indicator and a content registration indicator,
respectively. If , it indicates the thUE requests the th
content in the th content slot. Since a UE can only request one
content in a content slot, C . If the th UE registers
the th content in the th content slot, ; otherwise,

.
Denote as the transmission power of the GCB, and as

the channel gain between the th UE and the GCB in the th
content slot. Here, we assume UEs’ channel gains do not change

Fig. 1. Content slot structure.

Fig. 2. Communications procedure of the content brokerage scheme.
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within a content slot. The downlink data rate of a subframe for the
th UE associated with the GCB is

where is the thermal noise density. Supposing the th
UE requests the th content in the th content slot, the number
of subframes required in the GCB to serve the content
request is

Denote as the transmission power of the MBS, and
as the channel gain between the th UE and the MBS in the th
content slot. The downlink data rate of a subframe for the th UE
associated with the MBS is

The number of subframes in the MBS required to serve the th
UE’s content request is

The GCB’s energy consumption consists of two parts: 1) the
static power consumption and 2) the dynamic power consump-
tion [20]. The static power consumption is the power consump-
tion of the GCB without any traffic load. The dynamic power
consumption refers to the additional power consumption caused
by traffic loads in the GCB, which can be well approximated by a
linear function of the traffic load [20]. Since a higher traffic load
requires a large number of subframes, we model the energy
consumption of the GCB as a linear function of the number of
transmitting subframes [21]. Themore subframes that theGCB is
transmitting, the higher the energy consumption of the GCB.
Then, the energy consumption of the GCB in the th content slot
can be expressed as

C
U

where is a linear coefficient which reflects the relationship
between the number of transmitting subframes and the GCB’s
dynamic energy consumption, and is the GCB’s static energy
consumption. is a content serving indicator. If the th
content is served by the GCB in the th content slot, ;
otherwise, .

We adopt the same energy consumption model for the MBS.
Denote and as the linear coefficient and the static energy
consumption of the MBS, respectively. The MBS consumes
energy in two cases. For the first case, theMBS consumes energy
to deliver contents to the UEs which are not served by the GCB.
For the second case, the MBS consumes energy to deliver the
requested contents to the GCB. In this case, a UE is served by the

GCB, but the requested content is not registered by the otherUEs.
Thus, the GCB retrieves the content from the MBS. Considering
both cases, the MBS’s energy consumption is

C
U

where indicates whether the GCB retrieves the content
from the MBS. If the GCB retrieves the th content from the
MBS, ; otherwise, . is the per subframe
data rate for the transmission from the MBS to the GCB, and

where is the channel fading between the MBS and the GCB.
In this paper, we assume that the GCB is powered by green

energy generated by its solar panel. Denote , , and
as the energy generation rate, the maximum battery capacity, and
the residual energy storage in the th content slot, respectively.
The GCB’s available green energy in the th content slot is

where

IV. PROBLEM FORMULATION AND ANALYSIS

The content brokerage scheme aims to maximize the traffic
offloading, and thus reduces the energy consumption of the
MBS. Since the GCB is powered by green energy, the maximum
amount of traffic offloading is constrained by available green
energy. We assume that the number of downlink subframes in
each transmission framewithin the same content slot is the same.
Define the GCB’s capacity as the number of downlink subframes
that can be supported in a content slot by green energy. Denote

as the GCB’s capacity in the th content slot

Denote as the transmission power of the UE, and as
the channel gain between the th UE and the GCB. The data rate
of the th UE in the uplink during the th content slot is

The number of subframes required for the th UE to upload the
th content to GCB equals to

If the thUEdoes not have the th content, we set .
According to the system model, maximizing the traffic
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offloading equals to minimizing the energy consumption of the
MBS. Thus, the TOM problem can be formulated as

C

U

U

C

C
U

C U

where ,

is a content upload indicator. If the thUE uploads content
to the GCB in the th content slot, ; otherwise,

. The TOM problem consists of four constraints. The
first constraint is that in one content slot, a UE can only upload
one content. The second constraint is that one content can be
uploaded by either a UE or the MBS. The third constraint is to
guarantee the total number of required subframes is less than the
GCB’s capacity. The fourth constraint is to make sure that the
total number of required uplink subframes is less than the
maximum number of uplink subframes.

To solve the TOM problem, two parameters should be deter-
mined. The first parameter is which determines which
content is served by the GCB. This problem is referred to as
the SCS problem. Given the number of available uplink sub-
frames and its capacity, the GCB may not be able to serve all the
requested contents. Different contents may require different
resources in terms of uplink and downlink subframes from the
GCB. To minimize the MBS’s energy consumption, the GCB
should select and serve a subset of the requested contents. The
second parameter is that determines which UEs are selected
to upload the requested contents. This problem is refereed to as
the COS problem. Different UEs may have different uplink data
rates. Thus, for a given content, selecting different UE to upload
the content results in a different requirement on the number of
uplink subframes. Therefore, the solution of the SCS problem
and the SOC problem is interdependent.

Theorem 1: The TOM problem is an NP-hard problem.

Proof:We prove the theorem by reducing any instance of the
double dimensional knapsack problem to a simple case of the
TOM problem. The double dimensional knapsack problem is a
well-known NP-hard problem.

In the simple case of the TOM problem, we assume that one
content has only one content owner in a content slot. In other
words, in this simple case, if the serving content is selected, the

corresponding UE which uploads the content to the GCB is
determined. Thus, solving the simple case of the TOMproblem is
equivalent to determine the serving contents. The GCB con-
sumes two resources in serving a content: 1) the uplink subframes
and 2) the downlink subframes. Since the total number of uplink
and downlink subframes is constrained, the simple case of the
TOM problem is actually to offload as many contents as possible
to minimize the energy consumption of the MBS with the
constraints of the number of uplink and downlink subframes.
Therefore, the simple case of the TOMproblem can be translated
to a double dimensional knapsack problem. In other words, any
instance of the double dimensional knapsack problem can be
reduced to the simple case of the TOM problem. ◽

V. HTO ALGORITHM

In this section, we present the HTO algorithm to approximate
the optimal solution of the TOM problem. The HTO algorithm
iteratively solves the COS problem and the SCS problem, and
subsequently solves the TOM problem.

A. Solving the COS Problem

In the content brokerage scheme, a UE may register multiple
contents to the GCB, and a content may be registered bymultiple
UEs. However, in a content slot, a UE can only upload one
content to the GCB, and a content can only be retrieved from one
content owner by the GCB. From the MBS’s point of view,
delivering contents to different UEs may consume different
amount of energy because 1) the UEs may experience various
channel fading, and 2) the size of the content requested by
different UEs may be different. Therefore, serving different
contents in theGCB results in different amount of energy savings
in the MBS. Denote as the MBS’s energy savings by
offloading the th content to the GCB. Then

U

UEs may experience different channel conditions when up-
loading a content to the GCB. Thus, as the content owners,
different UEs require different numbers of uplink subframes
from the GCB. The number of uplink subframes required by the
th UE to upload the th content to the GCB is shown in (12).
The per uplink subframe energy savings achieved by selecting
the th UE to upload the th content is

Since the total number of uplink subframes in the GCB is
constrained, to optimize the utilization of the uplink subframes in
the term of maximizing the energy savings, the GCB aims to
maximize the summation of the per uplink subframe energy
savings of all the serving contents. Fig. 3 shows an example of
theCOSproblem.There are three contents in the network, and the
MBS’senergysavingsbyoffloadingthesecontents totheGCBare
4, 6, and 8, respectively. In Fig. 3, if a UE registers a content, then
we connect the UE and the content with an edge. registers
and , and requires 2 and 4 uplink subframes to upload and ,
respectively. may upload and at costs of 4 and 5 uplink
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subframes, respectively; and may upload and at costs of 2
and 3 uplink subframes, respectively. The weights on the edges
are the per subframe energy savings for the content if it is
uploaded by the connected UE. For instance, the weight of the
edge between and is 2, which indicates the per uplink
subframe energy savings is 2 if upload to the GCB. The
optimal solution of the COS problem is that uploads ,
uploads , and uploads . In this case, the total number of
required uplink subframes, which is 9, is also minimized.
Without solving the COS problem, it may requires more uplink
subframes to serve these contents, which may violate the con-
straints of the total number of uplink subframes.

We propose the COS algorithm which translates the COS
problem to a maximum weight bipartite matching (MWBM)
problem,andsolves theCOSproblemwith theMWBMalgorithm
[22]. Define U > C as the set of
requested contents in the th content slot. We form the bipartite
graph as shown in Fig. 4. The requested contents, theUEs and the
MBS, are the vertices of the graph; if registers , we add
an edge between and . Since the MBS is able to deliver
any content to the GCB, we add edges between the MBS and
every content. We denote as the MBS during the graph
construction. The weights of the edges are calculated according
to (17). The pseudo codes of the COS algorithm is shown in
Algorithm 1.

Algorithm 1: The COS Algorithm

Input: C U;

Output: C ;

1 Construct a set of C vertices corresponding to C ;

2 Construct a set of vertices corresponding to
U ;

3 Construct a set of edges, where if
or ;

4 for U C do

5 if then

6 ;

7 else

8 Calculate ;

9 Apply an MWBM algorithm to find the maximum weight
matching of the constructed graph;

10 Derive and C ;

B. HTO Algorithm

Owing to the constraints of green energy and the number of
uplink and downlink subframes, the GCB may not be able to
serve all the content requests. To maximize the MBS’s energy
savings, theGCB selects to serve a subset of the content requests.
As analyzed in Section IV, when the content owners are selected,
the SCS problem can be transformed into a double dimensional
knapsack problem. Therefore, we address the SCS problem
based on Toyoda’s primal effective gradient method in solving
the multidimensional knapsack problem [23].

Given and , the energy savings by offloading the th
content is calculated based on (16), and the number of required
uplink and downlink subframes for serving the th content are
derived. We normalize the number of required uplink and
downlink subframes of the th content in the th content slot
with respect to the total number of uplink and downlink sub-
frames, and denote and as the normalized number of
required uplink and downlink subframes of the th content,
respectively. Then

U

and

U

The SCS problem can be expressed as

C

C

Since serving a content consumes both uplink and downlink
subframes, it is difficult to evaluate which content consumes less
resources in terms of uplink and downlink subframes. In other
words, it is difficult to determine offloadingwhich content brings
the most profits in the term of energy savings with constrained
resources (the uplink and downlink subframes). The evaluation
of the resource consumption of a content depends on the current
status of the resource consumption. For example, assume

, , , and . In

this case, serving the th content, the GCB requires more uplink
subframes but less downlink subframes than serving the th
content. Without the current status of the usage of the uplink and
downlink subframes, it is unable to compare the resource con-
sumption of the th and that of the th content. Denote C as the
set of contents selected to be served by the GCB. Then,

Fig. 4. Formation of the bipartite graph.

Fig. 3. Illustration of the COS problem.
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C and C represent the normalized usage of

the uplink and downlink subframes, respectively. In order to
compare the resource consumption of the different contents, we
define C and C as the penalty coefficients

of the usages of the uplink and downlink subframes, respectively.
Then, the aggregate resources requirement on serving the th
content is defined as

C C

C C

reflects the additional burden introduced by serving the
th content. For example, assuming C and

C , then and . It

indicates that serving the th content introduces less burden to
the GCB than serving the th content. This result is reasonable
because the current usage of the downlink subframes is larger
than that of the the uplink subframes. In other words, the GCB
has less number of available downlink subframes than that of the
uplink subframes. The th content consumes much more down-
link subframes than the th content does, and therefore, serving
the th content introduces more burden on the GCB than serving
the th content.

To further determine whether the th content is served by the
GCB,we calculate the per unit resource profit of the th content in
terms of reducing the MBS’s energy consumption as

. The HTO algorithm iteratively adds the content with the
largest per unit resource profit into C . Denote

C , and C

C as the set of feasible content requests which can be
served by the GCB. The pseudo code of the HTO algorithm is
shown in Algorithm 2.

In the HTO algorithm, opt_flag indicates the termination of the
algorithm. When C , opt_flag is set to 1. Then, the HTO
algorithm terminates. The indicates whether an optimal
COS is found for a set of requested contents.WhenC C ,
the HTO algorithm sets , and terminates the loop for
computing and C . If C C , it indicates
that some of the requested contents cannot be served by the GCB
because of the limitation of the uplink and downlink subframes. In
this case, the HTO algorithm ignores such content requests by
setting C C U. Then, the HTO
algorithm calls the COS algorithm to recalculate and

C . This loop of the algorithm guarantees the maximi-
zation of the summation of the per uplink subframe energy savings
for all the serving contents. For instance, as shown in Fig. 5, the
energy savings of offloading and are 4 and 6, respectively.
registers both contents at the costs of 2 and 4 uplink subframes,
respectively. only registers at the cost of 3 uplink subframes.
If both requests for and are feasible content requests, then the
optimal COS in the term of maximizing the summation of the per
uplink subframe energy savings is that uploads while
uploads . However, if the content request for is not feasible
because of the limitation of the uplink subframes, then the content
request for is the only feasible content request. In this case,
rather than is the optimal content owner for .

Theorem 2: Ignoring the infeasible content requests and
redoing the COS do not decrease the summation of the per
uplink subframe energy savings of the feasible contents.

Proof: Assume C C . Denote and
as the content requests for the contents in C and

C , respectively,

C

Denote and C as the optimization results of

the COS algorithm with as the input, and denote and

Algorithm 2: The HTO Algorithm

Input: C U;

Output: C , , and C;

1 Set C ;

2 while equals to 0 do

3 Set ;

4 while equals to 1 do

5 Derive and using the COS algorithm;

6 Calculate and ;

7 Calculate C and C ;

8 if C C then

9 Set U C C ;

10 else

11 Set ;

12 if C then

13 if C is empty then

14 Calculate C ;

15 Calculate C ;

16 else

17 Calculate based on (22)

C ;

18 Calculate C ;

19 Find C ;

20 Set C C ;

21 Set U;

22 Find that satisfies ;

23 Set C;

24 else

25 Set ;

26 Calculate and Return C , , and C;
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C as the optimization results of the COS algorithm

with as the input. According to (16) and (17), C ,

, , C , , and are derived, respec-

tively. Proving the theorem equals to prove C U

C U .

1) If , the GCB retrieves the th content from the
MBS. Ignoring the content request for does not change
the COSs of the other contents, and thus C

U C U .

2) If and , the GCB receives the con-
tent from the th UE. If < U

C , then ignoring the content request for the th
content enables the th UE to upload the th content, and

thus C U > C U

; otherwise, ignoring the content request for
does not change the COSs of the other contents, and

thus C U C U

.
Therefore, C U C U

. The proof is complete. ◽

C. Computational Complexity

There are two loops in the HTO algorithm. The number of
iterations of each loop in theworst case is . TheCOS algorithm
is called within the inter loop. The major computation complexity
of the COS algorithm is from the MWBM algorithm which is
called to find the maximum weighted matching between the
requested content and the content owner. We adopt the Kuhn–
Munkres algorithm [22] to solve theMWBMproblem. i.e.,finding
the MWBM for contents and UEs. The computation com-
plexity of the Kuhn–Munkres algorithm for matching contents

and UEs is . Therefore, the overall computation

complexity of the HTO algorithm is .

VI. SIMULATION RESULTS

We set up system level simulations usingMATLAB to evaluate
the performance of the content brokerage scheme and the HTO
algorithm. In the simulation, oneMBSandoneGCBare deployed,
the distancebetween theMBSand theGCB is 700m, and 100UEs
are randomly distributed around the GCB. The static power
consumption of the MBS and the GCB is 100 W and 20 W,
respectively. For simplicity, we set and . We
adopt the SystemAdvisorModel (SAM) [24] and PVWattsmodel
[25] to estimate the hourly solar energy generation, and set

. The total number of contents is 100, the content
size is randomly distributed between 1 and 10 Mbytes, and the
duration of a content slot is 5 s. We adopt COST 231 Walfisch–
Ikegami [26] as the propagation model. The communication
parameters in the simulation are summarized in Table I.

In the simulations, we compare theMBS’s power consumption
with and without the content brokerage scheme. We define the
content delivery without content brokerage scheme as the tradi-
tional scheme. In order to evaluate the content brokerage scheme,
we introduce two parameters: 1) the content availability ratio and
2) the content popularity ratio. The content availability ratio is
definedas thepercentageof the requestedcontents that are stored in
UEs,while the content popularity ratio is defined as the percentage
of theUEswhohave the requestedcontents. Inaddition, toevaluate
the HTO algorithm, we compare its performance with an energy
saving greedy (ESG) algorithm. The ESG iteratively selects a
requested content which leads to the largest energy savings in the
MBS, and assigns a content owner to the content. The ESG
algorithmterminateswheneither theuplinkordownlinksubframes
are exhausted.

Figs. 6 and 7 show the power consumption of the MBS and the
GCB over time, respectively. In this simulation, we assume
the total number of content requests in each content slot is 30.
The UEs are randomly selected to submit a content request.
If selected, the UE randomly chooses a content, and request it.
The total number of uplink and downlink subframes is 50 and 50,
respectively. The content availability ratio and popularity ratio are
0.9 and0.5, respectively. Fig. 6 shows theMBS’s power consump-
tionover time. InFig.6, eachmarker represents theMBS’s average

TABLE I
SIMULATION PARAMETERS

Fig. 5. Illustration of maximization of the summation of the per uplink subframe
energy savings.

Fig. 6. MBS’s energy consumption over time.
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power consumption of all the content slots within an hour. As
shown in Fig. 6, the content brokerage scheme achieves upto 66%
energy savings in the MBS. The content brokerage scheme
achieves the highest energy savings during noon. This is because
theGCBispoweredbysolarenergywhichpeaksduringnoon.With
a larger amount of green energy, the GCB is able to utilize more
subframes, and thus can offload more traffic from the MBS. As
compared with the ESG algorithm, the HTO algorithm achieves
upto 14% energy savings in the MBS. This is because the HTO
algorithm optimizes both the COS and the SCS. As a result, with a
given amount of resources (the uplink and downlink subframes),
theHTOalgorithmenablestheGCBtooffloadmorecontents.Fig.7
compares theGCB’s powerconsumptionunder theESGalgorithm
and the HTO algorithm. With the HTO algorithm, the GCB
consumes more green energy, which indicates that the HTO
algorithm enables the GCB to offload more traffic from the MBS.

Figs. 8 and 9 show the performance of the content brokerage
scheme at different content availability ratios. In this simulation,
we assume the total number of content requests in each content slot
is 30. The total numbers of uplink and downlink subframes are 40
and 40, respectively. The content popularity ratio is 0.5. To
evaluate the impact of the content availability on the content
brokerage scheme, we assume the GCB has sufficient green
energy to utilize all the subframes. Thus, the constraints of the
GCBonoffloading traffic are from the total numbers of subframes.
Fig. 8 shows the MBS’s energy consumption with different

content availability ratios. As shown in Fig. 8, when the content
availability ratio is small, the content brokerage scheme does not
achievemuch energy savings.However, as the content availability
ratio increases, using the content brokerage scheme, the MBS’s
energy consumption reduces significantly. When the content
availability ratio is larger than 0.5, the ESG algorithm is unable
to further reduce MBS’s energy consumption because of the
constraints of the total subframes. However, by optimizing
the COS and the SCS, the HTO algorithm is able to maximize
the utilization of the uplink and downlink subframes, and thus the
HTO algorithm achieves more energy savings than the ESG
algorithm does. Fig. 9 shows the GCB’s energy consumption
with the HTO algorithm and the ESG algorithm. The GCB’s
energy consumption under both algorithms is almost the same,
which indicates the number of subframes utilized by both
algorithms is almost the same. Since theHTO algorithm achieves
more energy savings, it indicates the HTO algorithm achieves
higher resource utilization than the ESG algorithm does.

Fig. 10 shows the MBS’s energy consumption with different
content popularity ratios. In this simulation, we assume the total
number of content requests in each content slot is 30. The total
numbers of uplink and downlink subframes are 30 and 30,
respectively. The content availability ratio is 0.6. As shown in
Fig. 10, the content brokerage scheme significantly reduces the
MBS’s energy consumption.When the content popularity ratio is
0.01, the performance of the content brokerage scheme is limited

Fig. 7. GCB’s energy consumption over time.

Fig. 8. MBS’s energy consumption versus different content availability ratio.

Fig. 9. GCB’s energy consumption versus different content availability ratio.

Fig. 10. MBS’s energy consumption versus content popularity ratio.
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by the number of content owners. Since the total number of UEs
is 100, if the content popularity ratio equals to 0.01, it indicates
that a requested content is available in at most one UE. The UE
may also hold the other requested contents, in this case the
content popularity to some extent impairs the content availability
because aUE can upload atmost one content to theGCBduring a
content slot. As the content popularity increases, such im-
pairment decreases, and thus the performance of the brokerage
scheme is almost stable.

VII. CONCLUSION

In this paper, we have proposed a novel content brokerage
scheme which enables traffic offloading from the remoteMBS to
local UEs, and have designed the HTO algorithm to maximize
the traffic offloading with the constraints of resources such as
available green energy and the number of uplink and downlink
subframes. As demonstrated via extensive simulations, the
proposed content brokerage scheme, together with the HTO
algorithm, significantly reduces theMBS’s energy consumption.
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