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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
and fixed 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

2169-3536 © 2018 IEEE. Translations and content mining are permitted for academic research only.

25816

Personal use is also permitted, but republication/redistribution requires IEEE permission.

VOLUME 6, 2018

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0001-8218-7195
https://orcid.org/0000-0002-1954-7255
https://orcid.org/0000-0003-4720-5946

Y. Xu et al.: Towards Energy Efficient D2D Content Dissemination in Cellular Networks

IEEE Access

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 algorithm was 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 distributed Medium
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
arequired 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.

o 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.
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« 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.

o 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.

o 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 system model 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.

Il. 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.

Symbol  Meaning

At UE transmitter density

Ab BS density

Ar Receiver density

E; Transmission power of transmitter i

hij Coefficient of channel between nodes ¢ and j

no Noise at receiver

dij Distance between nodes ¢ and j

H;j Fast fading power of the channel between nodes ¢ and j
No Noise power

« Path loss factor

I; Interference at the receiver j

V4 SINR at the receiver j

Yth SINR threshold for correctly decoding data

fs(n) Transmission probability for file n at a transmitter

fr(n) Required probability for file n at a UE

B Zipf exponet
N Number of files
T: Targeted sharing zone (TSZ) of transmitter ¢
do Radius of TSZ
k Path loss compensatory exponent
70 Targeted receiving power
M; (n)  Conditional probability that receiver j requires file n
when the transmitter transmits n
wj Probability that receiver j correctly receives its required file
fe(n) Caching probability for file n at a UE
do Infinite small area
N Number of receivers that correctly receive the required file in a TSZ
Ny-b The upper bound of N,
p Transmission efficiency coefficient
E? Optimal transmission power of UE ¢
FEmax Maximal transmission power of a UE
dg Optimal radius of TSZ
¢ Caching and delivery efficiency coefficient
5 Lagrange multiplier

ép (9) The probability that a UE j receives a required file under
the D2D delivery mode

) Empty set

195} The expectation of a UE receiving a required file under the
D2D delivery mode

e (9) The probability that a UE j receives a required file under the
BS delivery mode

f(r) Probability distribution function (pdf) of distance between UE
and its served BS

13e] The expectation of a UE receiving a required file under the
BS delivery mode

€e D2D energy efficiency coefficient

transmitters form an independent PPP W, with density A,. 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 dy. Thereby, the receiver density of a multicast
transmitter is a constant independent to dy, which is denoted
as A, here.

2) CHANNEL MODEL
We assume that UEs are half-duplex constraint. All UEs are
synchronized with BSs. For a communication link i — j,
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the signal received at the node j can be expressed as
v = VEihixi + no, (1)

where E; denotes the transmission power of node i, and
ng is the thermal noise. h; denotes the channel coefficient
between nodes i and j, which satisfies ’h,-j‘z = h;j‘z i, hy;
characterizes the rapid fading, d;; is the distance between i
and j, and « is the path loss exponent. It is assumed that the
channel undergoes the flat Rayleigh fading and h;j follows
zero-mean circular-symmetric complex Gaussian distribution
CN(0, 1/pj). Signal-interference-ratio (SIR) distribution is
independent of ;; in the interference limited system while
wi; will affect the system performance when the noise is
considered. Here we let j;; = 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) y; can be expressed as

Eid:* ij
I; + No
. . . 2
where Jj is the interference at the receiver j and Hj; = |h};

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

Yj = Vihs (€)

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

B. CONTENT DELIVERY MODELS
Each UE has a cache with size N, which is populated with
some video files with the same size. We assume that the
probability that a UE caches a file n is f, (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 two ways 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 f;, 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 n with probability f; (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
f+ (n) that file n is required by UE can be expressed by

[
fr<n>=n—ﬂ[zl—ﬁ} : )

=1

where B is the Zipf exponent, n is the narth most popular
video and N is the number of files (N < N).

Ill. 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 benefiting UE (BUE). For D2D
delivery, the number of BUEs is one key evaluation metric
to determine the efficiency of delivery. Since the number of
BUESs 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 £, its TSZ 7; can be modeled as a circle
with center i and radius dp. We assume that the path loss is
compensated by power control, i.e.,

E; = nods®, Q)

where k is the path loss compensatory exponent, and 7 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 Z, the SINR of the received signal y; at j can be
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expressed as

EHyd;*
I; + Ny
k —
770d()ofl—lijdij “

> nody®Hydy® + No
leW\i
o M (©)
B Hid % + &a ’

le%;\i % nody

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

Mj(n)zPr{ijyth}Pr{Rj=n|Sj=n}, @)

where Pr {Rj =n|S; = n} is the conditional probability that
UE j requires file » when UE i sends this file.

We assume that H;; is exponentially distributed and noise
is negligible. The first part in (7) can be calculated by (8), i.e.,

Pr{yj > yth} =Pr{H;> ythdl-‘}’ Z dl;“Hij
ley,

=E [exp (—ythdi‘;f(//>]
= L1, (vnd)
exp (-m,mr (m) (1 — m) ygg’d;)

= exp <—Kd§>, ®

where Ly, is the Laplace transform of Ij’ = l% di “Hjj,
eV

kK =aiml (m) (1 —m)yy, m= % and I' (+) is the Gamma
function. The impact of interference from simultaneous trans-
mitters is implicitly embodied by « based on stochastic geom-
etry analyses (Appendix A in [39]), which depends on the
density of simultaneous transmitters (;). That is, x 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} =
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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:

exp( de) €

M;(n) = ——
p

(10)

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

N
= Zpr{sj = n} M; (n), (11
n=1

where Pr {Sj = n} is the probability that transmitter i caches
file n and sends it, which can be written as

Pr {Sj = n}

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

=fe(m)fs (), 12)

N
= ZPr{Sj:n}Mj(n)

n=1
N exp —Kdlg %
PACIAL) (N—])ﬁ
n=1 > ziﬁ
=1
exp —Kdi?) N 1
= —ch (n) fs (n) e (13)

n=1

/N

M=

1
1B

~

1

From (13), we observe that larger transmission distance
d;j leads to a decrease of meeting probability w;. From this
perspective, the coverage of i, TSZ 7;, does not need to be too
large. However, larger 7; may 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 N, in 7;. Let d, be an
infinitely small area of the TSZ on interval [, T + dt]. Since
the probability that there are more than two UEs in d,; can be
neglected, the number of receivers that obtain required files
in ds can be expressed as A,wy, , where wg, is the receiving
probability at d, and can be obtained from (13) through using
7 instead of dj;, i.e.,

vy = 22K S

o

2 fe ) fi () — ﬁ. (14)
Z Lﬁ n=1

=1

~
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With the number of BUEs at location d,;, N, in the TSZ
can be calculated by traversing all locations in the TSZ as
follows.

N, _/ Arwg, do

2r  pdy
_A/ / g, TdT

= 4 [1 — exp (—/cdoz)] ifc (n) fs (n) niﬂ (15)
n=1

K

S|
>

M=
S

=1

Proposition 1: Given a transmitter, the number N, 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;"b' of Ny can be expressed by

D fi (16)
K Z n=1

Proof: Taking the der1vat1ve of N, in (15) with respect
to do, we can obtain the derivation v as follows:

3  wh ) N 1
e [1—exp (—cdd) | Yt —
; 8 n=1
= 2Kdoexp(— cho N ch n) fs (n) — /3 > 0. (17)
K Z llﬂn 1

=1

Thus, N, increases with d, i.e.,
TSZ. Since

the coverage range of the

lim v =0, (18)

d0—>oo

N, has an upper bound N ”'b', which can be calculated by

NP = 1lim
dy— o0
K

[1 exp (—xd})] ch () fy (n) = ﬁ

Mz
S

N
I
_

Il
)
>)
Mz

fc () fy (n) — /3 (19)

=
M=
-
S
Il

|
For a targeted coverage with radius dp, the transmission
power needs to be E; = nod(’)“" according to the power control
strategy. That is, the delivery range is determined by the
transmission power as follows:

1
do = (5)“‘ . (20)
1o

Considering that dy increases with the transmission power,
we can conclude from above analyses that N, increases with
the D2D transmission power before achieving the upper
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bound. However, it is not energy-efficient to increase N, 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 N, with less energy consumption, we firstly
evaluate the efficiency of content delivery in cellular net-
works. Denote the transmission efficiency coefficient p as
the average energy consumption of a successful acquisition
for required files at receivers in a TSZ, i.e.,

o= —. 1)

Through applying (15) into (21), we can obtain p as
follows:
E4
o= ! < . (22)
T [1 = exp (—xd3)] X fe (W) fs (n) 5

.
N 1
4 n=

‘ IZ:I 1B

Since the energy consumption and interference among
transmitters also increase with E;, there is a trade-off between
E; and N,. 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 p 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} should
satisfy

1

E;

Emax i > Emax,

where E; needs to satisfy

K / Km/E‘M/ K /
expl——E" |+ 0 xp[-=E" ) —1=0.
pl—— ——exp | ——
Mo Mo Mo

(24)

Proof: To minimize the average energy consumption of
file delivery for a BUE, the optimal problem can be formu-
lated as follows:

. E;
min p = <
= [1—exp (—xdg)] X fe (0 fs (1) 75
K € n=1
=
s.t. 0 < E; < Eqax. (25)

1
To solve (25), we include dy = (%) *“ into the objective

function (25), and then take the derivative of p with respect
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to E;, i.e.,
/ 0 E;
YT E N
P (1 —exp (—kdd)] X fe 0 s () o
Ky L n=1
=
-19 Ei
N 1—exp 7%5’"/
| L)
= D e fs) — T

1 p=1
B

M=

K
=1

|:1 — exp (—%E{”/)] - Kmfim exp (—%E{")
-A o o "o
(26)

- 2
)
Mo
-1

5 N
= fe ) fs () g

1 p=1
Kzgl #"

Letting v/ = 0, we can obtain the optimal E; satisfying

K / /cm’E-m/ K /
exp —7Eim + —m,l exp —7Eim -1=0,
Mo Mo Mo

27

’

where m’ = % and A =

which can be resolved easily using numerical methods. W
Based on Proposition 2, the optimal radius d; of a TSZ
for a transmitter can be calculated by using (20), i.e., dj =
1
(5—5) *“ In addition, from this proposition, we can find
that E7 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 (f;, f;). However, f,
and f affect the probability that BUEs in the TSZ receive
their required files. Without considering energy consumption,
the coverage radius dyp and N, can increase infinitely with
transmission power. Although more UEs may benefit from
once multicast, the benefit of D2D content delivery is reduced
compared with 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

E; = nodg. (28)

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

o
succe __ Ei — nodij )
Pr{y;j > ynli} exp (—/cdl%)

(29)

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

ou = /‘gzuccda

)
2w pdy o

= / Aterr
o Jo exp (—«7?)

=B (1, % + 1)d31F1 (% +1; % +2 Kd§>, (30)

where o is an infinite small area, B (x, y) is the Beta function
and 1 F1 (x; y; 2) is the Degenerate hypergeometric function.

For the multicast content delivery, the transmission power
is nody for once transmission since the targeted delivery dis-
tance is dy. 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 &,,. 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 p, which is re-written as

-1

Ty 5 al 1
p=E |~ |1=exp (=« ) | Yo fe 0 (1) —

KZI

=1

[~

n=1

=

€1y

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 power E;,
the number of BUEs that receive required files (N,) 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
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strategy. Here we discuss the caching and delivery distribu-
tions (f. and f;) of a transmitter to improve the D2D content
delivery efficiency.

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

N
1
¢=) fefi ) —. (32)

n=1

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

N
1
max ¢ =) fe(nfim) —

n=1

N
st. Y femy =1
n=1

N
Y fhim=1. (33)
n=1

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

N 1 N
L8 =) fefi)—+8| Y felm—1
n=1

n=1
N
+6; (Zf; (n) — 1>, (34)

n=1

where 81 and §, are the Lagrange multipliers. To maximize
the objective function in (33), we calculate the partial deriva-
tion of L (g, §) with respect to f; (n) and f, (n) by

1
E)fc(n)ﬁ(g,é)‘) =fs(n)n—ﬁ+81, n=12---N, (35a)

1
7 (n)ﬁ(g, §) =fe(m) g +8, n=12-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
B

N
Dueto Y f. (n) = 1, the distribution of f, also follows the

n=1
Zipf distribution, i.e.,

L
nﬂ

Je(n) = ., n=12.--N. (37

M=
S

.\
I
_
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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:

: B

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

L
P

fs (n) = n=12---N. (39)

Mz
?4—

—
I

1

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 &p (i) of receiving its required file, called
meeting probability (MP), which can be written as

N
&0 () = Y exp (—kd2)fs fe 0, (0. (40)
n=1

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

2w pdo
&p = / / MEp () TdT
0 0

————XEWﬂwﬁ

= Zﬁ@ﬂwﬂ (41)

Nl
KZ[T‘S n=1

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

&m—zm

vl fs ) fr (), (42)

where

Pr{y; > yn} = exp (—K/d;) , 43)
and dg is the coverage radius of the BS with ¥/ =
aipml’ (m) " (1 — m) yél”. The derivation of (43) is similar
to that of (8) and the difference is that the BS density is Ap.

By averaging locations of all potential serving BSs of the
UE j, the expectation of &¢ (i), £c, can be written as

N
Y fin) 3
_ n=1
=N
> 7
=1
where f (7) 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 (7) can be
expressed as

f () =2mApT XD (—Abnr2> . (45)
Including (45) into (44), £c can be written as
N
> fi(n) o5

"ZIN—/ exp (—K’rz)ZnAbt exp (—Abntz) dt
0

d
/ ) exp (—K/‘[2>f (r)dz, (44)
0

éc=

Il
—_
§|_

L
nP

s (n

M=
v

A
P rl;Ab [1 —exp ((—K’ — T hp) d,%)] .

M=l =
S

N
I
-

(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 &c and &p be ¢,. With (41)
and (46), we can obtain ¢, as follows:

e
‘T &
-1

Zfs(n) %1 Thp [l—exp((—K’—TM)dz)]
= K+ Ap bJ R

N 1MW
e [1—exp (—«dj)] [K > liﬂ] Zfs () fe () =

n=1

khp {1 —exp[(—«' —mhp) d3]} Zlfs (n) an‘

= :
Mwwﬂmmrwm0wﬁﬂgﬁmmmn%
) @7
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TABLE 2. Mode selection algorithm for content delivery.

For a D2D UE ¢ scheduled to transmit in a content delivery period
BS calculates €. based on (47)
Ifee <1,
UE 1 transmits cached file n with probability fs (n)
BS schedules UEs within 7; to listen to the multicast file
else
BS transmits cached file n with probability fs (n)
BS schedules attached UEs to listen to the multicast file

W PN AW =

. end

TABLE 3. Simulation parameter settings.

Simulation parameter Value

Transmitter UE density At 10=7, 1076, 10—5
BS density ) 10~7, 1076, 10-°
Receiver UE density A, 102

SINR threshold ~y, 10 dB
Targeted receiving power 79 —80 dBm
Maximum transmission power Emax 31 dBm
Path loss compensatory factor k 1
Path loss factor o 3
Zipf exponent 3 2
Files number N 100
Simulation times T 1000

From (47), we can find that ¢, 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 ¢,. That is, BS selects the cellular mode
when ¢, > 1. Otherwise, BS selects the D2D mode. The
detailed mode selection algorithm is listed in Table 2. Here we
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.
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FIGURE 2. The number of UEs successfully receiving their required files
N; against transmission power E;.

Firstly, we compare successfully receiving probability (w;)
at a receiver against the distance between receiver and trans-
mitter (dj;) under different settings of transmitter densities
(A;) and path loss factors () in Fig.1. We can find that w;
decreases with dj; under different A, and «. Thus, a larger
TSZ (leading to larger link distances for more transmissions)
may not increase N,. 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 « leads to larger w; at the higher
transmitter density, say A, = 107>, since interference from
simultaneous transmitters decreases with .

As shown in Fig.2 for N, against dg, N, increases with
the radius of TSZ (dy). However, this increase is trivial
for the higher transmitter density (say A; = 1075) due
to interference. In particular, for the lower receiver density,
N, increases more slowly. Thus, the transmission power
needs to be adjusted based on nodes density to avoid energy
waste.

Fig.3 compares N, and Nr”'b against do for ;; = 107, As
shown in this figure, N, increases with dy. However, N, tends
to be a constant when dj is larger than a threshold, i.e., N, has
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FIGURE 4. The transmission power E; against radius of TSZ d, under
different path loss factor « and targeted receiving signal power .

an upper bound as analyzed. In addition, N, tends to reach the
upper bound more quickly with smaller « (say « = 3) due
to severer interference from simultaneous transmitters, which
match the theoretical analyses, i.e., it is not energy-efficient
to increase N, by enlarging the TSZ of a transmitter.

As shown in Fig.4, the energy consumption (E;) increases
with dop under different o and 7. In addition, higher ng
and « lead to higher energy consumptions for the same dp,
because they need higher transmitter powers to achieve the
targeted receiving power and compensate path loss, respec-
tively. Thus, dgy needs to be reduced to save energy. Fig.3 also
shows that N, increases with dp with an upper bound, i.e., N,
does not increase any more when d is larger than a threshold.
Thus, an optimal dj exists especially for a worse transmission
environment as analyzed.

The comparisons of transmission efficiency coefficient (p)
with different settings of dp, « and yy, are shown in Fig.5.
It is shown that p firstly decreases with the increase of dy for
small dy with ranging from 0 to 50, and then increases with dy
after achieving its minimal value. Hence there is an optimal d
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FIGURE 6. The transmission efficiency coefficient p with different TSZ
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for the TSZ given transmission environment parameters such
as transmitter density, receiver density and channel quality.
In addition, the optimal p 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 p 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, p 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 p, i.e., a lower energy
efficiency of the D2D delivery due to severer interference.

Fig.7 compares p with different dy and path loss compensa-
tion factor k. We can see that p increases with the increase of k
since larger path loss leads to a smaller number of successful
receiving UEs and the lower energy efficiency.

25825



IEEE Access

Y. Xu et al.: Towards Energy Efficient D2D Content Dissemination in Cellular Networks

100 \ \ \

| p, k=02

3% optimal p, k=0.2
--=p, k=04

10k % optimal p, k=0.4 | 1
v p, k=0.6
% optimal p, k=0.6 |. 4

Transmission efficiency coefficient p

100 200 * 300 400 500

Radius of TSZ d0

FIGURE 7. The transmission efficiency coefficient p with different TSZ
radius d; and path loss compensation factor k.

—_
(=}

—8-optimal caching and dissemination
—A-Zipf caching and random dissemination
—©-random caching and dissemination

4
10

-3

Caching and dissemination coefficient {

10 ‘

20 40 60 80 100

Number of files N

FIGURE 8. Caching and delivery coefficient ¢ 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 (NV,) 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 N, only depends on
¢ when communication parameters are given. Therefore,
we can resort to comparing ¢ to determine which scheme
is more energy efficiency. Fig.8 compares ¢ 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 ¢ (approaching to 1) as analyzed under any tested NV,
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
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performance degrades significantly with N. On the other
hand, the proposed optimal scheme almost performs the same
when N changes, which shows the robustness of the proposed
scheme.

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

Fig.10 shows the expectation of MP (&¢) under the cel-
lular mode against Ap. The targeted coverage distance of
the BS, dp, is set equal to dp for better comparison. Sim-
ilar to Fig.9, &c also increases with A; with an upper
bound due to interference from simultaneous transmitters.
In addition, &c decreases with the increase of o and yw
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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file delivery can be a complement choice under certain
conditions.

In Fig.11, &, against dy are compared for different settings
of Ap, B 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 (¢, > 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 A; = 5Xp), the D2D
delivery may outperform the BS delivery (¢, < 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 smaller 8, the D2D delivery
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 &, 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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