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ABSTRACT Considering that the future cellular networks are more content-centric, and content sharing
among user equipments (UEs) is more universal, device-to-device (D2D) communication techniques become
attractive for their applications to content delivery due to the characteristic of proximal transmissions without
needs of high-rate backhaul. However, D2D content delivery may not be energy efficient due to shortage of
useful contents for neighbor UEs when content caching and delivery are not well designed. In this paper,
we propose an architecture using D2D multicast for content delivery in cellular networks and a practical
methodology, which can indicate the time for delivery, the content to be disseminated, and the UEs to receive
the delivery, to achieve more energy efficient content delivery for future green cellular networks.

INDEX TERMS D2D communications, content delivery, energy efficiency, green cellular networks.

I. INTRODUCTION
Recently, data traffic grows rapidly due to the development
of mobile devices and wireless communication technologies.
Mobile data traffic is expected to increase by a factor of
40 over the next five years [1]. Unlike the previous growth
of mobile traffic, which mainly depended on the demands
of connection-centric communications, such as phone calls
and text messages, the recent and future growth would come
from the explosion of content-centric communications such
as video streaming and content sharing. However, content
delivery aggravates the burden of the core network and is not
energy efficient due to frequent content retrieval from base
stations (BSs).

Towards green fifth-generation (5G) cellular networks,
some researchers have studied the utilization of small cell
BSs with large storage units (such as hard-disks, solid-state
drives) for content delivery to reduce the resource consump-
tion by bringing content closer to users [2]–[5]. For example,
system performance metrics such as outage probability and
content delivery rate were analyzed in [2]. Caching strate-
gies about how to store data at small cell BSs were studied
in [3]–[5]. However, such small-cell architecture may cause
bottlenecks of content delivery due to the requirement of
high-rate backhaul links as indicated in [6]. In device-to-
device (D2D) communications, data are directly transmitted

between user equipments (UEs) without the traverse of BSs
and the transmission distance is usually short [7], [8], which
will improve the resource efficiency. In addition, there is a
large amount of content reuse among UEs, especially for
popular contents. Thereby, D2D communications for content
delivery have attracted great attention recently [9]–[11].

In [9], D2D pairs with common interests construct a clus-
ter for D2D content sharing, where the number of requests
from D2D UEs that could be served in a cluster and the
optimized global density of served requests were analyzed.
The work [10] analyzed the optimal cluster size for random
andfixed caching via assuming that users cache popular video
files and send them after receiving requests from other users
in the same cluster. A tractable closed-form equation to find
when redundant caching should be used in order to mini-
mize the expected energy consumption was derived in [11].
However, these research works were based on a simplistic
system model with the assumptions which did not accurately
consider the effects of D2D interference or fading. Thus,
some works analyzed the D2D content delivery problem
based on stochastic geometry theory [12] with the Poisson
Point Process (PPP) UE distribution [13]–[15]. For exam-
ple, caching policy was studied for D2D communications
in millimeter-wave (mmWave) networks and the offloading
gain of the proposed policy was analytically derived based on
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stochastic geometry theory in [13]. The work [14] optimized
the D2D caching to maximize the total success probability
of content delivery. The work [15] analyzed sharing content
failure rate in a certain range and proposed an algorithm to
determine the probability that content is cached in a server to
minimize the failure probability. Particularly in [16], based
on social relationships among mobile users and a hetero-
geneous but overlapping interests of users model, a graph
based social-aware algorithmwas proposed, in which cellular
links and D2D links were established according to social
ties and social contributions of users for efficient multi-file
delivery. Through integrating network coding with D2D com-
munication, [17] demonstrated the benefits of network coding
for D2D content delivery and that the performance can be
improved even by simple network coding.

Note that the architecture of D2D content delivery was
based on request-and-response pattern in most existing pro-
posals. As advocated in [18], the multicast gain can play
an important role in proactive caching for the 5G cellular
networks. Realizing the advantage of multicast, UE multicast
were used for content recovery of UEs in the same multi-
cast group as an assistant method of cellular multicast in
[19]–[21]. For content delivery based on D2D multicast,
a model based on PPP was proposed and the system per-
formance was analyzed in [22]. Considering that proximal
UEs have clustering distribution and there may be multiple
potential transmitters in a cluster, a multicast model based
on Poisson cluster process was investigated for D2D cache
and delivery in [23]. To distinguish appropriate conditions of
employing unicast and multicast, performance metrics under
different transmission environment parameters are investi-
gated in [24]. In addition to the content delivery pattern,
the energy efficiency of D2D content delivery needs to be
considered for the sake of green 5G [25]. Towards energy
efficient content delivery, centralized and distributedMedium
Access Control (MAC) strategies are studied in [26] and [27]
to achieve balance between conserving energy and content
delivery. In [28], social awareness was exploited in order to
improve the energy efficiency of D2D cooperative commu-
nication. Different from previous works, we target to design
energy-efficient D2D multicast from the perspective of net-
work control in this paper, such as multicast range, multcast
strategy and mode selection. Firstly, we propose a multicast
content delivery architecture for content-centric cellular net-
works to improve the energy efficiency of video transmis-
sions, based on which a transmission zone is defined and
optimized to minimize the expected energy consumption for
a required file per UE. In addition, a new caching and delivery
strategy is proposed to maximize the number of UEs that
can receive their required files. Furthermore, an evaluation
metric is proposed to determine when to use D2D delivery.
The contributions of this work are listed as follows.
• A novel architecture is proposed for D2D content
delivery, by which a D2D UE multicasts cached files
following an optimized distribution and other UEs are
scheduled to receive it.

• A transmission zone is defined for the content delivery,
which gives a constraint to UEs receiving the delivery.
This zone is optimized to minimize the expected energy
consumption of a required file per UE.

• A new caching and delivery strategy is proposed to
maximize the number of UEs that can receive their
required files. It can be used for determining which file
is cached or disseminated.

• The energy efficiency problem is analyzed for D2D con-
tent delivery in comparison with that of cellular content
delivery. Furthermore, an evaluation metric is proposed
to determine which content delivery mode is better.

The remaining part of the paper is organized as follows.
The systemmodel is described and the D2D delivery problem
is formulated in Section II. In Section III, the transmission
energy of content delivery is analyzed and optimized, and the
delivery distribution is modeled as an optimal problem and
the solution is provided. Then the energy efficiency problem
of D2D delivery is discussed and compared with that of BS
content delivery in Section IV. Simulation results and related
discussion are presented in Section V. Finally, Section VI
concludes this paper.

II. SYSTEM MODEL
A. NETWORK AND CHANNEL MODELS
For the sake of clarity, Table 1 lists main symbols used in the
paper.

1) NETWORK MODEL
We consider a cellular network where UEs are randomly
located. UEs transmit data under either cellular mode or D2D
mode. The transmission mode of a UE is selected by the
BS based on a given mode selection criterion. Two UEs are
neighbors if the Euclidean distance between them is smaller
than a distance threshold and may communicate in the D2D
mode. This maximally allowable distance for D2D communi-
cation is determined by the transmission power and the used
power control scheme of transmitters. There are two ways for
the in-band coexistence of different modes, i.e., D2D UEs
reusing resource of cellular UEs (underlaying coexistence)
and using the orthogonal resource of cellular UEs (overlay-
ing coexistence), respectively. Both of coexistent ways have
been widely studied in prior works [29]–[31]. Compared to
orthogonal resource allocation, a resource reuse scheme may
improve spectrum efficiency while leads to severer interfer-
ence and higher implementation complexity. In this paper,
we focus on the efficiency of orthogonal resource allocation
case and readers can refer to prior works on the spectrum effi-
ciency of different coexistence ways such as [32]–[34]. For
simultaneous D2D transmitters, uplink resources are spatially
reused to save bandwidth since interference among them
can be well controlled due to the short transmission range
of these communication links. Similar to [22], stochastic
geometry is used for the modeling of UE distributions for
D2D multicast. Particularly, the positions of multicast D2D
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TABLE 1. Definition of used symbols.

transmitters form an independent PPP9t with density λt . For
each D2D transmitter, the positions of its intended receivers
are independently uniformly scattered around the transmitter
in the multicast range which is centered at the transmitter
with radius d0. Thereby, the receiver density of a multicast
transmitter is a constant independent to d0, which is denoted
as λr here.

2) CHANNEL MODEL
We assume that UEs are half-duplex constraint. All UEs are
synchronized with BSs. For a communication link i → j,

the signal received at the node j can be expressed as

yj =
√
Eihijxi + n0, (1)

where Ei denotes the transmission power of node i, and
n0 is the thermal noise. hij denotes the channel coefficient

between nodes i and j, which satisfies
∣∣hij∣∣2 = ∣∣∣h′ij∣∣∣2 d−αij , h′ij

characterizes the rapid fading, dij is the distance between i
and j, and α is the path loss exponent. It is assumed that the
channel undergoes the flat Rayleigh fading and h′ij follows
zero-mean circular-symmetric complexGaussian distribution
CN (0, 1/µij). Signal-interference-ratio (SIR) distribution is
independent of µij in the interference limited system while
µij will affect the system performance when the noise is
considered. Here we letµij = 1 for simplification when noise
is ignored.

In this work, we focus on the performance of multicast
delivery, which is analyzed by randomly selecting a multicast
transmitter i and its corresponding receivers. Considering that
the transmitter is the same for these receivers, with a slight
abuse of notation, we omit i when we analyze the multicast
performance of a receiver of i in the left part of this work,
e.g., receiving signal strength, SINR and the probability that
the multicast file meeting the requirement of a receiver. For a
receiver j, the received signal to noise and interference ratio
(SINR) γj can be expressed as

γj =
Eid
−α
ij Hij

Ij + N0
, (2)

where Ij is the interference at the receiver j and Hij =
∣∣∣h′ij∣∣∣2.

Then, a successful transmission of the link i→ j needs to
satisfy

γj ≥ γth, (3)

where γth is the required SINR for an effective communica-
tion.

B. CONTENT DELIVERY MODELS
Each UE has a cache with size Ñ , which is populated with
some video files with the same size. We assume that the
probability that a UE caches a file n is fc (n), and the distri-
bution of cached files is independent identically distributed
(iid) at each UE. Not all of these cached contents are required
by the UE itself. However, it may provide useful contents
to its neighbors by D2D multicast. Similarly, this UE can
also benefit from the content cached by other UEs. Hence,
this caching policy is mutually beneficial. Assuming that all
contents have the same size, UEs disseminate these cached
contents to nearby UEs in their transmission resources to
bring popular contents closer to users. Here twoways for con-
tent delivery can be utilized according to a pre-defined mode
selection strategy, i.e., D2D delivery and cellular delivery.

The pre-defined delivery strategy is that UE or BS trans-
mits content following a certain distribution fs, which is iid at
each UE and BS. Based on this distribution, the transmission
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probability of a content in a cache is determined. For example,
multicast transmitters transmit file nwith probability fs (n) in
allocated bandwidth during a multicast period. All neighbor
UEs of a multicast transmitter will be potential receivers.
These potential receivers which have no data to transmit
will be scheduled by BS to listen the muticast files of their
neighbor transmitters. When a UE be a potential receiver
of multiple multicast transmitters, BS randomly selects a
multicast transmitter for it. The neighbor relationship among
UEs can be obtained by BS during the neighbor discovery
period which is an essential procedure before D2D com-
munications standardized by the 3rd Generation Partnership
Project (3GPP) [35].

We use popularity to describe the probability of a file being
required by a UE. That is, the required statistics for video files
are modeled by a Zipf distribution, which has been shown
to fit well with video requirement and widely used for the
analysis of D2D caching [36]–[38]. Hence, the probability
fr (n) that file n is required by UE can be expressed by

fr (n) =
1
nβ

[
N∑
l=1

1
lβ

]−1
, (4)

where β is the Zipf exponent, n is the nąŕth most popular
video and N is the number of files (N ≤ Ñ ).

III. D2D CONTENT DELIVERY STRATEGIES
A. DELIVERY ENERGY AND COVERAGE
We call a UE, which can benefit from the content delivery by
receiving its required file, as a benefitingUE (BUE). For D2D
delivery, the number of BUEs is one key evaluation metric
to determine the efficiency of delivery. Since the number of
BUEs depends on the coverage of a transmitter, we first give
the following definition.
Definition 1: A targeted sharing zone (TSZ) is the area

that a transmitting UE targets to cover for sharing its cached
files.

For a transmitter i, its TSZ Ti can be modeled as a circle
with center i and radius d0. We assume that the path loss is
compensated by power control, i.e.,

Ei = η0dkα0 , (5)

where k is the path loss compensatory exponent, and η0 is the
targeted receiving power at the receiver.

Since the goal of D2D caching and delivery is to meet
file requirement of UEs in the network through proximal
transmission, a UE having no data to transmit is sched-
uled to receive files as long as it locates in the TSZ of a
transmitter. Several transmitters may cover a receiver simul-
taneously and the receiver randomly selects a transmitter.
Since simultaneous transmitters spatially reuse transmission
resources, the signals from different transmitters may be
interfered with each other at the receiver. For a receiver j and
its transmitter i, the SINR of the received signal γj at j can be

expressed as

γj =
EiHijd

−α
ij

Ij + N0

=
η0dkα0 Hijd

−α
ij∑

l∈9t\i
η0dkα0 Hljd

−α
lj + N0

=
Hijd

−α
ij∑

l∈9t\i
Hljd

−α
lj +

N0
η0dkα0

. (6)

Denote the file sent by transmitter i as Si and the file
required by receiver j as Rj. When i transmits file n, the con-
ditional probability Mj (n) that n meets the requirement of j
is

Mj (n) = Pr
{
γj ≥ γth

}
Pr
{
Rj = n|Sj = n

}
, (7)

where Pr
{
Rj = n|Sj = n

}
is the conditional probability that

UE j requires file n when UE i sends this file.
We assume that Hij is exponentially distributed and noise

is negligible. The first part in (7) can be calculated by (8), i.e.,

Pr
{
γj ≥ γth

}
= Pr

Hij ≥ γthdαij ∑
l∈9t

d−αlj Hij


= E

[
exp

(
−γthdαij I

′
j

)]
= LI ′j

(
γthdαij

)
= exp

(
−πλtm0 (m) (1− m) γmth d

2
ij

)
= exp

(
−κd2ij

)
, (8)

where LI ′j is the Laplace transform of I ′j =
∑
l∈9t

d−αlj Hij,

κ = πλtm0 (m) (1− m) γmth , m =
2
α
and 0 (·) is the Gamma

function. The impact of interference from simultaneous trans-
mitters is implicitly embodied by κ based on stochastic geom-
etry analyses (Appendix A in [39]), which depends on the
density of simultaneous transmitters (λt ). That is, κ increases
with interference which is led by the increase of the density of
simultaneous transmitters. From (8), we see that the average
successful transmission is affected by path loss (determined
by link distance) and the density of simultaneous transmitters
(determined by scheduling).

The second part in (7) can be derived by

Pr
{
Rj = n|Sj = n

}
=

Pr
{
Rj = n, Sj = n

}
Pr
{
Sj = n

}
= Pr

{
Rj = n

}
=

1
nβ

[
N∑
l=1

1
lβ

]−1
. (9)
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Including (8) and (9) into (7) yields the conditional proba-
bility that file n meets the requirement at j as follows:

Mj (n) =
exp

(
−κd2ij

)
1
nβ

N∑
l=1

1
lβ

. (10)

For the receiver j, the probability ωj that its receiving file
meets its requirement when it is in the TSZ of transmitter i
can be given by

ωj =

N∑
n=1

Pr
{
Sj = n

}
Mj (n), (11)

where Pr
{
Sj = n

}
is the probability that transmitter i caches

file n and sends it, which can be written as

Pr
{
Sj = n

}
= fc (n) fs (n) , (12)

where fc (n) and fs (n) are probabilities that the transmitter
caches file n and sends it, respectively.
Including (10) and (12) into (11), we have

ωj =

N∑
n=1

Pr
{
Sj = n

}
Mj (n)

=

N∑
n=1

fc (n) fs (n)
exp

(
−κd2ij

)
1
nβ

N∑
l=1

1
lβ

=

exp
(
−κd2ij

)
N∑
l=1

1
lβ

N∑
n=1

fc (n) fs (n)
1
nβ
. (13)

From (13), we observe that larger transmission distance
dij leads to a decrease of meeting probability ωj. From this
perspective, the coverage of i, TSZ Ti, does not need to be too
large. However, larger Timay bring benefits to more receivers
who need this file for a fixed receiver density. For an optimal
TSZ of a transmitter in a general view, we then analyze
the total number of receivers that successfully receive their
required files, i.e., the BUE number Nr in Ti. Let dσ be an
infinitely small area of the TSZ on interval [τ, τ + dτ ]. Since
the probability that there are more than two UEs in dσ can be
neglected, the number of receivers that obtain required files
in dσ can be expressed as λrωdσ , where ωdσ is the receiving
probability at dσ and can be obtained from (13) through using
τ instead of dij, i.e.,

ωdσ =
exp

(
−κτ 2

)
N∑
l=1

1
lβ

N∑
n=1

fc (n) fs (n)
1
nβ
. (14)

With the number of BUEs at location dσ , Nr in the TSZ
can be calculated by traversing all locations in the TSZ as
follows.

Nr =
∫
Ti
λrωdσ dσ

= λr

∫ 2π

0

∫ d0

0
ωdσ τdτ

=
πλr

κ
N∑
l=1

1
lβ

[
1− exp

(
−κd20

)] N∑
n=1

fc (n) fs (n)
1
nβ
. (15)

Proposition 1: Given a transmitter, the number Nr of
BUEs in its TSZ increases with the increase of coverage range
of the TSZ, while this increase has an upper bound. Moreover,
the upper bound N u.b.

r of Nr can be expressed by

N u.b.
r =

πλr

κ
N∑
l=1

1
lβ

N∑
n=1

fc (n) fs (n)
1
nβ
. (16)

Proof: Taking the derivative of Nr in (15) with respect
to d0, we can obtain the derivation ν as follows:

ν =
∂

∂d0

πλr

κ
N∑
l=1

1
lβ

[
1− exp

(
−κd20

)] N∑
n=1

fc (n) fs (n)
1
nβ

= 2κd0 exp
(
− κd20

) πλr

κ
N∑
l=1

1
lβ

N∑
n=1

fc (n) fs (n)
1
nβ

> 0. (17)

Thus, Nr increases with d0, i.e., the coverage range of the
TSZ. Since

lim
d0→∞

ν = 0, (18)

Nr has an upper bound N u.b.
r , which can be calculated by

N u.b.
r = lim

d0→∞

πλr

κ
N∑
l=1

1
lβ

[
1−exp

(
−κd20

)] N∑
n=1

fc (n) fs (n)
1
nβ

=
πλr

κ
N∑
l=1

1
lβ

N∑
n=1

fc (n) fs (n)
1
nβ
. (19)

For a targeted coverage with radius d0, the transmission
power needs to be Ei = η0dkα0 according to the power control
strategy. That is, the delivery range is determined by the
transmission power as follows:

d0 =
(
Ei
η0

) 1
kα

. (20)

Considering that d0 increases with the transmission power,
we can conclude from above analyses that Nr increases with
the D2D transmission power before achieving the upper
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bound. However, it is not energy-efficient to increaseNr at the
cost of increasing energy consumption due to the low energy
capacity of UE and the energy conservation requirement of
green networks.

To increase Nr with less energy consumption, we firstly
evaluate the efficiency of content delivery in cellular net-
works. Denote the transmission efficiency coefficient ρ as
the average energy consumption of a successful acquisition
for required files at receivers in a TSZ, i.e.,

ρ =
Ei
Nr
. (21)

Through applying (15) into (21), we can obtain ρ as
follows:

ρ =
Ei

πλr

κ
N∑
l=1

1
lβ

[
1− exp

(
−κd20

)] N∑
n=1

fc (n) fs (n) 1
nβ

. (22)

Since the energy consumption and interference among
transmitters also increase with Ei, there is a trade-off between
Ei and Nr . Concerning the optimal transmission power and
its corresponding TSZ of a given transmitter, we have the
following proposition.
Proposition 2: To minimize the transmission efficiency

coefficient ρ under the transmission power constraint Emax
of a UE, i.e., minimizing the average energy consump-
tion for a successful file delivery from transmitter i to
its receivers, the optimal transmission power E∗i should
satisfy

E∗i =

{
Ẽi Ẽi ≤ Emax

Emax Ẽi > Emax,
(23)

where Ẽi needs to satisfy

exp

(
−
κ

ηm
′

0

Ẽi
m′
)
+
κm′Ẽi

m′

ηm
′

0

exp

(
−
κ

ηm
′

0

Ẽi
m′
)
− 1 = 0.

(24)
Proof: To minimize the average energy consumption of

file delivery for a BUE, the optimal problem can be formu-
lated as follows:

min ρ =
Ei

πλr

κ
N∑
l=1

1
lβ

[
1− exp

(
−κd20

)] N∑
n=1

fc (n) fs (n) 1
nβ

s.t. 0 < Ei ≤ Emax. (25)

To solve (25), we include d0 =
(
Ei
η0

) 1
kα

into the objective
function (25), and then take the derivative of ρ with respect

to Ei, i.e.,

ν′ =
∂

∂Ei

Ei

πλc

κ
N∑
l=1

1
lβ

[
1− exp

(
−κd20

)] N∑
n=1

fc (n) fs (n) 1
nβ

=

 πλr

κ
N∑
l=1

1
lβ

N∑
n=1

fc (n) fs (n)
1
nβ


−1 ∂ Ei[

1−exp

(
−

κ

ηm
′

0

Em
′

i

)]
∂Ei

= A

[
1− exp

(
−

κ

ηm
′

0
Em
′

i

)]
−

κm′Em
′

i

ηm
′

0
exp

(
−

κ

ηm
′

0
Em
′

i

)
[
1− exp

(
−

κ

ηm
′

0
Em
′

i

)]2 ,

(26)

where m′ = 2
kα and A =

 πλr

κ
N∑
l=1

1
lβ

N∑
n=1

fc (n) fs (n) 1
nβ


−1

.

Letting ν′ = 0, we can obtain the optimal Ẽi satisfying

exp

(
−
κ

ηm
′

0

Ẽi
m′
)
+
κm′Ẽi

m′

ηm
′

0

exp

(
−
κ

ηm
′

0

Ẽi
m′
)
− 1 = 0,

(27)

which can be resolved easily using numerical methods.
Based on Proposition 2, the optimal radius d∗0 of a TSZ

for a transmitter can be calculated by using (20), i.e., d∗0 =(
E∗i
η0

) 1
kα
. In addition, from this proposition, we can find

that E∗i is determined by wireless environment parameters
such as transmitter density, path loss factor, decoding thresh-
old, and so on, and is independent to the caching distribu-
tion and content delivery distributions (fc, fs). However, fc
and fs affect the probability that BUEs in the TSZ receive
their required files.Without considering energy consumption,
the coverage radius d0 and Nr can increase infinitely with
transmission power. Although more UEs may benefit from
oncemulticast, the benefit of D2D content delivery is reduced
comparedwith BS content delivery, and interference becomes
severer due to longer transmission distance.

B. COMPARISON OF ENERGY EFFICIENCY FOR D2D
MULTICAST AND UNICAST
With the push strategy studied in this work, more than one
BUE may exit for once multicast. To understand the advan-
tages and constraints of energy efficiency for this push strat-
egy, we compare the energy efficiency of D2D multicast
and unicast (request-and-response strategy) here. For fair
comparison, we evaluate the average transmission energy
consumption per request for two strategies to show which
one is more energy efficient via taking content request,
user distribution and wireless transmission environment into
consideration.
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For the unicast content delivery, the transmission power
can be expressed by

Ei = η0dαij . (28)

For a constructed unicast link i→ j, the energy consump-
tion of a successful delivery can be calculated by

εsuccu =
Ei

Pr
{
γij ≥ γth|i

} = η0dαij

exp
(
−κd2ij

) . (29)

By averaging the location of transmitters, the average con-
sumed energy of serving a request, ρu, can be calculated by

ρu =

∫
s
εsuccu dσ

=

∫ 2π

0

∫ d0

0
λt

η0τ
α

exp
(
−κτ 2

)τdτ
= λtB

(
1,
α

2
+ 1

)
d20 1F1

(α
2
+ 1;

α

2
+ 2; κd20

)
, (30)

where σ is an infinite small area, B (x, y) is the Beta function
and 1F1 (x; y; z) is the Degenerate hypergeometric function.

For the multicast content delivery, the transmission power
is η0dα0 for once transmission since the targeted delivery dis-
tance is d0. Taking power control into consideration, unicast
may be more energy efficient than multicast. For example,
although the farthest receiver in the targeted coverage of mul-
ticast does not need the transmitted content, the transmission
power is also fixed as εm. Even if the transmission power can
be adaptively adjusted according to the distance of the farthest
receiver requiring this content, energy is also consumed by
overhead. However, multiple UEs may benefit from once
multicast by receiving required or to be required contents.
In this perspective, multicast is more energy efficient than
unicast. As analyzed in the last subsection, the average energy
consumed by a successful content requirement for a BUE is
expressed by ρ, which is re-written as

ρ = Ei

 πλr

κ
N∑
l=1

1
lβ

[
1−exp

(
−κd20

)] N∑
n=1

fc (n) fs (n)
1
nβ


−1

.

(31)

Hence, we can resort to (30) and (31) to compare the
energy efficiency of two strategies. From the comparison we
observe that not only the UE densities (receiver density and
transmitter density) but also caching and delivery strategies
will affect the final efficiency of D2D multicast delivery.

C. CACHING AND DELIVERY STRATEGIES
From (15), we can see that, besides the transmission powerEi,
the number of BUEs that receive required files (Nr ) also
depends on the caching and delivery schemes, i.e., the prob-
ability for the transmitter to cache and disseminate files.
In addition, they also impact the advantages of the push

strategy. Here we discuss the caching and delivery distribu-
tions (fc and fs) of a transmitter to improve the D2D content
delivery efficiency.

Let ζ denote a caching and delivery efficiency coefficient
which characterizes the impact from caching and delivery
distributions on the delivery performance, i.e.,

ζ =

N∑
n=1

fc (n) fs (n)
1
nβ
. (32)

The derivation of (15) shows that Nr grows with ζ for a
given transmission power. Thus, to maximize Nr , i.e., max-
imizing the average number of receivers that obtain the
required files, ζ needs to be maximized. The optimal problem
can be formulated as follows:

max ζ =

N∑
n=1

fc (n) fs (n)
1
nβ

s.t.
N∑
n=1

fc (n) = 1

N∑
n=1

fs (n) = 1. (33)

With the Lagrange multipliers method, the objective func-
tion of this optimal problem can be written as

L (g, δ) =
N∑
n=1

fc (n) fs (n)
1
nβ
+ δ1

(
N∑
n=1

fc (n)− 1

)

+ δ2

(
N∑
n=1

fs (n)− 1

)
, (34)

where δ1 and δ2 are the Lagrange multipliers. To maximize
the objective function in (33), we calculate the partial deriva-
tion of L (g, δ) with respect to fs (n) and fc (n) by

∂

∂fc (n)
L (g, δ) = fs (n)

1
nβ
+ δ1, n = 1, 2 · · ·N , (35a)

∂

∂fs (n)
L (g, δ) = fc (n)

1
nβ
+ δ2, n = 1, 2 · · ·N . (35b)

Since for all files, i.e., n = 1, 2 · · ·N , (35a) needs to be
satisfied, we can obtain the relationship of the cached prob-
abilities among these different files, which can be expressed
as

fc (p)
fc (q)

=

(
q
p

)β
p 6= q. (36)

Due to
N∑
n=1

fc (n) = 1, the distribution of fc also follows the

Zipf distribution, i.e.,

fc (n) =
1
nβ

N∑
l=1

1
lβ

, n = 1, 2 · · ·N . (37)
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Similarly, from (35b) we can obtain the relationship of
transmission probabilities among these different files, which
can be expressed as follows:

fs (p)
fs (q)

=

(
q
p

)β
, p 6= q. (38)

The distribution of fs also follows Zipf distribution as the
distribution of required files, i.e.,

fs (n) =
1
nβ

N∑
l=1

1
lβ

, n = 1, 2 · · ·N . (39)

Theorem 1: To maximize the delivery efficiency, i.e., maxi-
mize the number of BUEs in the TSZ, the optimal file delivery
distribution and the file caching distribution are Zipf when
the required file distribution follows Zipf.

Based on above Theorem, more UEs can benefit from once
multicast. The caching and delivery at UEs can be controlled
by BSs to make UEs friendly and mutually beneficial.

IV. DELIVERY MODE SELECTION
The intention of D2D delivery is to improve resource effi-
ciency for the cellular content delivery by using proactive
cache and proximal transmission. However, this efficiency
gain depends on many factors, such as UE density, file
caching and delivery distributions at UEs, channel quality
and so on. In this section, we will compare D2D and BS
content delivery in term of energy efficiency to understand
the benefits and practical limits of the D2D delivery. More-
over, we discuss the criteria of mode selection for energy
efficiency delivery, which is critical to integrate D2D into
cellular networks [40]–[42]. Here we use the expected energy
consumption for a successful file acquisition at a receiver
as the evaluation metric. For a receiver j which requires a
file, the probability ξD (i) of receiving its required file, called
meeting probability (MP), which can be written as

ξD (i) =
N∑
n=1

exp
(
−κd2ij

)
fs (n) fc (n) fr (n) , (40)

Then the expectation of ξD (i), ξD, for a receiver under
the D2D delivery mode can be calculated by averaging the
location of i as follows:

ξD =

∫ 2π

0

∫ d0

0
λtξD (i) τdτ

= 2πλt

∫ d0

0

exp
(
−κτ 2

)
N∑
l=1

1
lβ

N∑
n=1

fs (n) fc (n)
1
nβ
τdτ

=
πλt

[
1− exp

(
−κd20

)]
κ

N∑
l=1

1
lβ

N∑
n=1

fs (n) fc (n)
1
nβ
. (41)

With the BS content delivery, the probability that UE j
receives the required file from its serving BS only depends

on the channel status and delivery distribution under the
assumption that BS always stores the required files of UEs.
Then MP with the BS delivery can be expressed as

ξC (i) =
N∑
n=1

Pr
{
γj ≥ γ0

}
fs (n) fr (n) , (42)

where

Pr
{
γj ≥ γth

}
= exp

(
−κ ′d2ij

)
, (43)

and dR is the coverage radius of the BS with κ ′ =

πλbm0 (m) 0 (1− m) γmth . The derivation of (43) is similar
to that of (8) and the difference is that the BS density is λb.
By averaging locations of all potential serving BSs of the
UE j, the expectation of ξC (i), ξC , can be written as

ξC =

N∑
n=1

fs (n) 1
nβ

N∑
l=1

1
lβ

∫ dR

0
exp

(
−κ ′τ 2

)
f (τ ) dτ, (44)

where f (τ ) is the distribution of the distance between a
receiver and its serving BS. In cellular networks, a UE usually
selects its attached BS based on RSSI. Hence, the distribution
of the distance between a UE and its serving BS f (τ ) can be
expressed as

f (τ ) = 2πλbτ exp
(
−λbπτ

2
)
. (45)

Including (45) into (44), ξC can be written as

ξC =

N∑
n=1

fs (n) 1
nβ

N∑
l=1

1
lβ

∫ dR

0
exp

(
−κ ′τ 2

)
2πλbτ exp

(
−λbπτ

2
)
dτ

=

N∑
n=1

fs (n) 1
nβ

N∑
l=1

1
lβ

πλb

κ ′ + πλb

[
1− exp

((
−κ ′ − πλb

)
d2R
)]
.

(46)

For a fair comparison between cellular and D2D delivery
in term of energy efficiency, we compare the MPs under dif-
ferent modes with the same transmission energy and delivery
coverage. Let the ratio between ξC and ξD be εe. With (41)
and (46), we can obtain εe as follows:

εe =
ξC

ξD

=

N∑
n=1

fs(n)
nβ

[
N∑
l=1

1
lβ

]−1
πλb

κ ′+πλb

[
1−exp

((
−κ ′−πλb

)
d2R
)]

πλt
[
1− exp

(
−κd20

)] [
κ

N∑
l=1

1
lβ

]−1 N∑
n=1

fs (n) fc (n) 1
nβ

=

κλb
{
1− exp

[(
−κ ′ − πλb

)
d2R
]} N∑

n=1
fs (n) 1

nβ

λt (κ ′ + πλb)
[
1− exp

(
−κd20

)] N∑
n=1

fs (n) fc (n) 1
nβ

.

(47)
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TABLE 2. Mode selection algorithm for content delivery.

TABLE 3. Simulation parameter settings.

From (47), we can find that εe is affected by multiple fac-
tors such as the density of BS, D2D transmitters, the targeted
coverage range of delivery, the distributions of delivery and
caching. The transmission mode of a UE is determined by its
serving BS based on εe. That is, BS selects the cellular mode
when εe > 1. Otherwise, BS selects the D2D mode. The
detailedmode selection algorithm is listed in Table 2. Herewe
can see that the mode selection is based on the spatial average
performance of communication links which is independent
of the location of a transmitter. Then all transmitters will
perform the same mode selection decision to achieve a better
average performance without much signalling overhead cost.
Thus the distribution of transmitters still follows homogenous
PPP after mode selection.

V. PERFORMANCE EVALUATION
To evaluate proposed schemes, we present some numerical
and simulation results in this section. The default parameters
are listed in Table 3. In the simulation, each UE has a single
role, i.e., transmitter or receiver during a simulation round.
The network performance can be well reflected due to the
randomness of their locations. More detailed simulation and
relating parameters setup for D2D communication can be
referred to [35]. Due to different system model and problem
formulation, we will not compare with existing works such
as [43] in the simulation. Instead, we widely simulate various
transmission environment parameters to check their impacts
on D2D multicast delivery. In addition, we indicate that the
proposed D2D multicast strategy achieve the best energy
efficiency coefficient by simulation.

FIGURE 1. Successfully receiving probability ωj against the D2D link
distance dij .

FIGURE 2. The number of UEs successfully receiving their required files
Nr against transmission power Ei .

Firstly, we compare successfully receiving probability (ωj)
at a receiver against the distance between receiver and trans-
mitter (dij) under different settings of transmitter densities
(λt ) and path loss factors (α) in Fig.1. We can find that ωj
decreases with dij under different λt and α. Thus, a larger
TSZ (leading to larger link distances for more transmissions)
may not increase Nr . Moreover, comparing lines with circles
and squares, respectively, we can observe that the higher
transmitter density leads to a smaller successfully receiv-
ing probability. Larger α leads to larger ωj at the higher
transmitter density, say λt = 10−5, since interference from
simultaneous transmitters decreases with α.
As shown in Fig.2 for Nr against d0, Nr increases with

the radius of TSZ (d0). However, this increase is trivial
for the higher transmitter density (say λt = 10−5) due
to interference. In particular, for the lower receiver density,
Nr increases more slowly. Thus, the transmission power
needs to be adjusted based on nodes density to avoid energy
waste.

Fig.3 compares Nr and N u.b
r against d0 for λt = 10−5. As

shown in this figure, Nr increases with d0. However, Nr tends
to be a constant when d0 is larger than a threshold, i.e., Nr has
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FIGURE 3. The number of UEs successfully receiving their required files
Nr and corresponding upper bound Nu.b.

r against radiuses of TSZ d0.

FIGURE 4. The transmission power Ei against radius of TSZ d0 under
different path loss factor α and targeted receiving signal power η0.

an upper bound as analyzed. In addition,Nr tends to reach the
upper bound more quickly with smaller α (say α = 3) due
to severer interference from simultaneous transmitters, which
match the theoretical analyses, i.e., it is not energy-efficient
to increase Nr by enlarging the TSZ of a transmitter.
As shown in Fig.4, the energy consumption (Ei) increases

with d0 under different α and η0. In addition, higher η0
and α lead to higher energy consumptions for the same d0,
because they need higher transmitter powers to achieve the
targeted receiving power and compensate path loss, respec-
tively. Thus, d0 needs to be reduced to save energy. Fig.3 also
shows that Nr increases with d0 with an upper bound, i.e., Nr
does not increase any more when d0 is larger than a threshold.
Thus, an optimal d0 exists especially for a worse transmission
environment as analyzed.

The comparisons of transmission efficiency coefficient (ρ)
with different settings of d0, α and γth are shown in Fig.5.
It is shown that ρ firstly decreases with the increase of d0 for
small d0 with ranging from 0 to 50, and then increases with d0
after achieving itsminimal value. Hence there is an optimal d0

FIGURE 5. The transmission efficiency coefficient ρ with different radius
of TSZ d0, path loss factor α and decoding threshold γth.

FIGURE 6. The transmission efficiency coefficient ρ with different TSZ
radius d0 and transmitter density λt .

for the TSZ given transmission environment parameters such
as transmitter density, receiver density and channel quality.
In addition, the optimal ρ can achieve the minimal value
under different transmission environments, which verifies the
effectiveness of the proposed energy-efficiency oriented D2D
delivery scheme. Moreover, we can find that ρ increases
with path loss and decoding threshold while the best energy
efficiency can always be achieved by the proposed delivery
power scheme.

Similarly as shown in Fig.6, ρ of the proposed scheme
(marked by star points) can obtain the optimal energy effi-
ciency coefficient at different transmitter densities with the
smallest transmission power consumption for the same num-
ber of successful decoding receivers. In addition, a higher
transmitter density yields a higher ρ, i.e., a lower energy
efficiency of the D2D delivery due to severer interference.

Fig.7 compares ρ with different d0 and path loss compensa-
tion factor k .We can see that ρ increaseswith the increase of k
since larger path loss leads to a smaller number of successful
receiving UEs and the lower energy efficiency.
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FIGURE 7. The transmission efficiency coefficient ρ with different TSZ
radius d0 and path loss compensation factor k .

FIGURE 8. Caching and delivery coefficient ζ with different files
number N .

The above discussions show that, under different transmis-
sion environments (path loss, transmitter density, and decod-
ing threshold), the proposed delivery scheme can achieve the
best energy efficiency.

For fair comparison among different caching and delivery
strategies, the number of BUEs (Nr ) should be compared
for different schemes. To focus on caching and delivery
strategies, communication parameters such as transmission
power and channel quality are set the same for different
schemes. From (15) we can see that Nr only depends on
ζ when communication parameters are given. Therefore,
we can resort to comparing ζ to determine which scheme
is more energy efficiency. Fig.8 compares ζ with different
files number (N ) for three different content caching and
delivery schemes: random caching and delivery, Zipf caching
and random delivery, and the proposed optimal caching and
delivery. We can find that the proposed scheme achieves the
highest ζ (approaching to 1) as analyzed under any tested N ,
which will bring a largest number of BUEs from the delivery
of a transmitter. Zipf caching is better than random caching
with the random D2D delivery policy, and random caching
and delivery performs worst especially with larger N : its

FIGURE 9. The expectation of MP ξD under D2D mode against D2D
transmitter density λt .

FIGURE 10. The expectation of MP ξC under cellular mode against BS
density λb.

performance degrades significantly with N . On the other
hand, the proposed optimal scheme almost performs the same
whenN changes, which shows the robustness of the proposed
scheme.

Fig.9 shows the variation of expectation of MP (ξD) under
the D2D mode against λt . ξD increases with the increase of
λt since more transmitters have larger probability to cover a
receiver and send the required file. In addition, the increase of
ξD with λt tends to zero after λt goes beyond a threshold due
to the severer interference introduced by more transmitters.
ξD decreases with the α and γth due to worse file receiving
condition.

Fig.10 shows the expectation of MP (ξC ) under the cel-
lular mode against λb. The targeted coverage distance of
the BS, dR, is set equal to d0 for better comparison. Sim-
ilar to Fig.9, ξC also increases with λb with an upper
bound due to interference from simultaneous transmitters.
In addition, ξC decreases with the increase of α and γth
due to worse file receiving condition. Through comparing
Figs. 9 and 10, we can find that under the same transmission
environment, the BS delivery performs better than the D2D
delivery, because BS stores all files instead of caching files
opportunistically as the D2D UE does. Therefore, the D2D
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FIGURE 11. D2D energy efficiency coefficient εe under different cases.
Case I: optimal delivery, β = 2 and λt /λb = 2, Case II: optimal delivery,
β = 0.5 and λt /λb = 2, Case III: random delivery, β = 0.5 and λt /λb = 2,
and Case IV: optimal delivery, β = 0.5 and λt /λb = 5.

file delivery can be a complement choice under certain
conditions.

In Fig.11, εe against d0 are compared for different settings
of λb, β and delivery strategies. The targeted delivery radiuses
are set equal for the D2D transmitter and BS for fair compar-
ison in term of energy efficiency. For the random delivery
strategy, in which a D2D transmitter randomly caches files,
we can observe that the D2D content delivery performs worse
than the BS content delivery (εe > 1). However, for the
optimal delivery strategy in which D2D transmitter caches
and transmits files optimally, the performance of D2D content
delivery is improved. When the D2D transmitter density is
much larger than BS density (say λt = 5λb), the D2D
delivery may outperform the BS delivery (εe < 1), since
D2D transmitters bring content sharing closer to receivers
due to the dense UE deployment. Thus, it is better to select
the D2D delivery when available UEs for content multicast
delivery are of higher density. For smallerβ, theD2Ddelivery
is worse than BS delivery due to limited caching capacity with
not enough required files. Thus, D2D content delivery may
perform better under some conditions. We can resort to εe to
determine when to use the D2D delivery.

VI. CONCLUSION
In this paper, we focus on D2D content delivery strategies in
order to make the content delivery in next-generation cellular
networks more energy efficient, which have been proved by
both theoretical and experimental results. The major out-
comes are summarized as follows: i) an optimal transmission
power scheme, based on which the UE cooperation range for
proximal content delivery can be determined, ii) an energy
efficient content delivery policy, which allows a node to
organize the delivery and caching of files to minimize the
energy consumption for a successful file delivery, and iii) a
quantitative metric to evaluate the energy efficiency of using
D2D content delivery, which provides an important insight
into determining whether D2D would be a feasible option to
be used for content delivery.
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