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Abstract—This paper investigates how to enhance the energy
and spectral efficiency (ESE) performance of large-scale cellular
networks by offloading mobile traffic with the aid of device-
to-device (D2D) communication. By appropriately exploiting
the D2D-based mobile-traffic offloading mechanism, the users’
behaviors and the specific network operating conditions, we de-
velop an ESE evaluation framework for large-scale D2D-enabled
cellular networks. This framework enables us to characterize
the explicit relationship between the network’s ESE and the
offloading parameters as well as to quantify the influence of the
users’ behavior. Explicitly, we quantify the effects of the mobile-
traffic intensity, the users’ quality of service requirements as well
as the base station density and other cellular system parameters
on the achievable ESE. Tractable closed-form ESE-expressions
are derived for a pair of spectrum sharing schemes, namely, D2D
overlay and underlay in-band modes. Furthermore, we apply
the analytical results to derive an optimal D2D-enabled mobile-
traffic offloading scheme for D2D overlay cellular networks to
maximize the network’s ESE under a specific maximal cellular
user outage and D2D transmitter power constraint. Numerical
and simulation results are provided to verify our modeling
accuracy and to demonstrate the impact of the system parameters
on the achievable ESE.

Index Terms—Device-to-device (D2D) communication, D2D-
enabled cellular network, mobile traffic offloading, spectral
efficiency, energy efficiency

I. INTRODUCTION

Device-to-device (D2D) communication has been recog-
nized as a significant component of supporting the emerging
demands for popular local area services in the fifth-generation
(5G) mobile network [1]-[3]. In a D2D-enabled cellular net-
work, mobile devices (MDs) are allowed to directly link to
other proximity devices without going through their associated
base stations (BSs). Despite the increased interference caused
by D2D communications, substantial performance benefits
can be obtained, including more efficient resource utilization,
extended cellular coverage, and enhanced network throughput.
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It has been widely accepted that the evolution to the 5G system
should not only dramatically enhance the end-user’s quality of
service (QoS) and the system capacity but also significantly
improve the system’s energy efficiency (EE) [4]. Thus, achiev-
ing an increased performance by exploiting the energy- and
spectral resources more efficiently whilst satisfying specific
end-user QoS constraints is a crucial design target in the D2D-
enabled cellular network.

It is worth highlighting the main reason for introducing
D2D communications into the cellular network in the first
place. A substantial amount of cellular spectrum and energy
resources are consumed by MDs to repeatedly download an
ever-increasing number of common contents from cellular
BSs, such as large files containing photos or videos in social
networks [5]. According to Cisco [6], the global mobile data
traffic grew 63 percent in 2016, reaching 7.2 exabytes per
month at the end of 2016, and it is expected to increase
sevenfold between 2016 and 2021, reaching 49 exabytes per
month by 2021. It is inconceivable that the existing and future
cellular networks can cope with such ever-increasing amount
of mobile traffic without alternative relief mechanisms. In fact,
the mobile traffic offloaded to WiFi already exceeded cellular
traffic in 2015 [6]. This problem can be further mitigated by
offloading more of the cellular traffic to D2D communication
[71-19].

The physical operations supporting D2D-based mobile-
traffic offloading include proximity discovery, mode selection
and resource allocation [10]-[14]. These operations are always
coupled with the users’ behaviors and with the resource/QoS-
constrained physical cellular situations [5]. Therefore, the
modelling of the D2D-based mobile-traffic offloading and the
evaluation of the overall energy and spectrum efficiency (ESE)
performance are quite challenging [20]-[22]. Moreover, it is
important to optimize the system performance by taking into
account both the temporal and the geographic fluctuations
of the users’ behaviors as well as the time-varying physical
cellular scenarios.

A. Related Works

In terms of resource utilization, such as spectrum sharing
and power control, many schemes were proposed to improve
the D2D communication performance [10]-[19]. For example,
several resource allocation algorithms were proposed in [10] to
maximize the throughput, where other system indicators, such
as the maximum power constraint and rate constraints, are re-
garded as the constraints. The approach proposed in the study



[11] maximizes the throughput while considering both the
D2D and cellular link qualities as constraints. The authors of
[12] developed an energy-efficient spectrum sharing strategy,
which jointly considers mode selection, uplink reuse allocation
and power control. We also note that the contributions [12]-
[19] consider the EE or ESE as a key D2D design indicator.
It can be seen that these existing works analyze the EE and
spectrum efficiency aspects of D2D communication. However,
their analytical results were based on the single-cell scenario
with a small number of users and, therefore, can hardly be
adopted in the analysis and evaluation of large-scale D2D-
enabled cellular networks. Several mobile-traffic offloading
methods aimed at different service types were investigated in
[20]-[25], but again, these results can only be applied to a
local network area.

Performance analysis and optimization of large-scale D2D-
enabled cellular networks were considered in [26]-[29].
Specifically, the study [26] proposed two different power
control schemes and analyzed the coverage performance in a
large-scale D2D-assisted cellular network. A D2D communi-
cation framework was proposed in [27] for analyzing the signal
to interference plus noise ratio distributions and the average
rates. Additionally, the authors of [28] incorporated spectrum
sharing and provided a comparative coverage performance
analysis of two different sharing modes. Both mode selection
and power control were conceived for the uplink of a large-
scale D2D-enabled cellular network in [29]. However, these
treatises did not analyze the influence of the temporal and
geographic fluctuations of mobile traffic. By investigating a
wide range of D2D communication operational conditions,
including mode selection, varying maximum D2D link dis-
tances and user densities, the influence of average user rate
on the achievable performance of a large-scale D2D-enabled
cellular network is quantified in [30]. However, all the above-
mentioned contributions focus on user-centric performance
measures, such as coverage probability or achievable system
capacity but they do not analyze the ESE of large-scale D2D-
enabled cellular networks. Specifically, they all assume a
constant power consumption in each BS and ignore the impact
of mobile-traffic migration due to the offloading operation
on the resource utilization and ESE. As demonstrated in our
recent work [31], it is essential to adopt a realistic variable
power consumption model for BSs in order to analyze and
optimize the ESE of heterogeneous cellular networks.

It is quite a challenge to characterize the relationship
between the mobile-traffic migration owing to D2D offloading
and resource utilization whilst considering the users’ large-
scale behaviors. It is even more so, when facilitating offloading
in large-scale D2D-enabled cellular networks and aiming for
a high network-ESE performance. Hence there is a paucity of
literature on this challenging subject.

B. Our Contributions

Against this backcloth, we endeavour to answer the follow-
ing two fundamental questions: 1. What is the quantitative
impact of the users’ behavior, the physical cellular operating
conditions and the offloading parameters on the network’s

ESE? 2. How to optimize the network’s ESE by appropriately
controlling the volume of geographical mobile-traffic offloaded
by D2D communications, whilst satisfying the end-user’s QoS
requirement and power constraint?

We begin by introducing a D2D-assisted offloading mech-
anism for large-scale celluar networks, which takes into ac-
count both the users’ behaviors and the network’s operating
conditions, such as the D2D offloading radius, the varying
geographical mobile-traffic intensity and BS density. Our goal
is to determine when and how to offload mobile traffic onto
the D2D tier. Based on this offloading mechanism, we then
propose an ESE evaluation framework for large-scale D2D-
enabled cellular networks, which allows us to analyze the
impact of the users’ behaviors, the D2D-assisted offloading
parameters and the cellular network operating conditions on
the achievable network’s ESE. Finally, we derive an optimal
scenario-aware D2D-enabled offloading solution. Our main
contributions are summarized below.

1) Tractable ESE modeling for D2D-enabled cellular net-
works: Based on the offloading mechanism conceived, we
develop an ESE evaluation framework for large-scale D2D-
enabled cellular networks, which allows a joint analysis
of the impacts of user-behaviors, specifically, mobile-traffic
intensity and average user rate, as well as of offloading
strategy specified by offloading radius, of BS density and
other key cellular network parameters. A pair of spectrum
sharing modes, namely, the D2D overlay and underlay in-
band modes (O mode and U mode), are considered!. Several
analytical results are obtained, including the average transmit
power of D2D transmitters and the network-level ESE. Finally,
the qualitative impact of mobile-traffic migration between
cellular communication and D2D offloading are characterized
accurately. The first part of our contributions are valid for
large-scale D2D-enabled cellular networks operating either in
the U mode or in the O mode.

2) Energy-spectral-efficient D2D-assisted offloading strat-
egy for O mode: For O mode, a fundamental operation
issue is how the system bandwidth can be partitioned op-
timally into two orthogonal segments between cellular tier
and D2D tier. With the aid of the above-mentioned tractable
analytical ESE-tool, we design an optimal D2D mobile-traffic
offloading scheme for O-mode D2D enabled cellular networks
to maximize the network’s ESE under specific cellular user
outage performance and D2D transmitter power constraints.
By matching the users’ behaviors and their cellular operating
conditions, this optimal offloading strategy ensures the optimal
spectrum sharing between the D2D tier and the cellular tier.
An additional advantage of our design is its computational
efficiency, since our outage-constrained and power-constrained
optimal D2D-enabled offloading solution is readily given in a
closed-form.

II. D2D-ENABLED CELLULAR SYSTEM MODEL

We consider a large-scale D2D-enabled cellular network in
the downlink (DL), composed of the set of BSs Op, the set

Tn U mode, both cellular tier and D2D tier share the same system
bandwidth, while in O mode, they operates in the different system bandwidths
orthogonally, i.e., share the system bandwidth orthogonally.
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Fig 1. Illustration of a typical cellular cell in the large-scale D2D-enabled
cellular network, including two single BS-MD links, one single DT-MD link
and a broadcast DT-MD link. The red DT denotes the activated DT while the
white DTs are idle DTs. The dotted circles indicate the offloading decision
region with each MD’s location as the center.
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of MDs Oy, which are retrieving their desired contents, and
the set of potential D2D transmitters (DTs) ©pr, which are
actually the MDs that currently have no content to retrieve
themselves and which have been chosen by the associated
BSs to relay other users’ contents’>. Any MD in Oy has
two service modes: cellular mode and D2D mode. Cellular
MDs are associated with their geographically nearest BSs,
and D2D MDs can bypass their associated BSs and directly
access their DTs in their proximity. DTs are distinguished
from MDs in that they either transmit radio signals to the
nearby D2D MDs or stay idle. Fig. 1 depicts a typical cellular
cell in such a large-scale D2D-enabled cellular network. We
model O, Oy and Opr with three independent Poisson point
processes (PPPs) in the Euclidean plane R? with the intensities
A, Ay and Apr, respectively. We consider both the large-
scale pathloss and small-scale fast fading for each desired or
interference signal. More specifically, the large-scale pathloss
is modeled by | = d—* with d denoting the distance between
the transmitter and receiver and « being the pathloss exponent.
Rayleigh-distributed fast-fading is considered. In our analysis,
the effect of the noise is ignored, since the interference power
is far higher than the noise power in this interference-limited
scenario®.

Each MD u; € ©y has to make an offloading decision,
either retrieving its content in its cellular mode or via its D2D
mode. This decision depends on the distribution state of the
DTs in its proximity. Let the effective D2D transmission range
or radius be wp, which is defined by

wp® =v (%), (1)

i.e., it is defined as the distance at which the pathloss causes
the signal power to drop to v %. Then, u; has an offloading

2In this work, we assume that the set of DTs ©p has been selected. How
to select DTs or D2D relays is a very complicated problem. This is because
many factors, including instantaneous link conditions, spectrum sharing mode,
resource allocation and interference mitigation technique adopted, must be
taken into consideration. Moreover, mobility patterns and social network
features can be utilized to select better D2D relays [5], [22], [32]-[34].

31t is well known that in this circumstance, the noise power only has a very
marginal effect on the system coverage probability [35] and almost has no
influence on the network EE [36].

region O(u;, @wp), which is the disc with u; as the center
and the radius wp. Let Ng, denote the number of DTs
located inside O (u;, @p). Since the objective is to maximally
offload mobile traffic to the D2D tier while maintaining certain
user QoS requirements, u; is in its D2D mode, whenever
Nog,, > 1, and it has to opt for its cellular mode if Ng, = 0.
Furthermore, a MD w; with D2D mode always choose the
nearest DT inside O(u;,wp) to retrieve its content. Thus,
we can define the mobile-traffic offloading probability as
Por, = Pr (N@Ui > 1), which effectively divides all the MDs
into the subset of cellular MDs @8 and the subset of D2D
MDs @8 . We further assume that each DT can serve multiple
MDs by broadcasting the offloaded traffic, and the activation of
other idle DT will not prevent it from receiving the offloading
requests from its proximate potential MDs. This assumption
implies that there is no correlation in establishing different
DT-MD links. Consequently, @8 and ©F follow the two
independent thinned PPPs with the densities of (1 — Por,)Au
and Por, Ay, respectively.

For a typical BS b; € ©Op, we define its service or
coverage area by S4 ;. The maximum number of cellular MDs
supported in each cell is N¢. Furthermore, we denote the set
of all the MDs under the coverage area S4 ; by ©f;. Clearly,
(9% N @{; =) for j # 45 and Ub]E@B@{J = Oy. The MDs of
@{j can be divided into two groups, cellular MDs, collected
in the subset @8’j = {ulCJ }j\f, and D2D MDs, collected in
the subset 96) /. Obviously, @U’j U @5 J = 9%. The system
bandwidth of W [Hz] is reused spatially in every cell.

For the U mode, both the cellular and D2D tiers share the
same system bandwidth of W [Hz] in each cell. The total
bandwidth of W [Hz] is divided into the N subbands to be
allocated to the MDs in @%J . The same system bandwidth
of W [Hz] is divided into 3 € N subbands in the D2D tier
for the D2D pairs to access*. Each D2D pair in @5” , which
is associated with BS b;, can randomly and independently
access one subband to reduce the interference imposed on
the other links in the same cell. Note that the probability to
access a subband by a D2D pair is 1/8. Therefore, 1/3 can
be considered as the access probability of D2D pairs, which
measures the intensity of D2D bandwidth access. Since D2D
link should supports higher-rate than cellular link, the subband
allocated to a cellular MD is narrower than that accessed by
a D2D MD, and we have Ng > (3.

For the O mode, the total bandwidth is divided into two
orthogonal segments. The fraction of (1 —w)W is allocated to
the cellular tier, and the other part of wW is used for the D2D
tier, where 0 < w < 1. Specifically, the cellular-tier bandwidth
(1 — w)W is divided into the N¢ subbands for the MDs of
%I , while the D2D-tier bandwidth wW is divided into the
[ subbands for the D2D pairs of @g g Similarly, the subband
allocated to a cellular MD is typically narrower than that for
a D2D MD.

First, let us consider a typical BS-MD link between b; and
the i-th cellular MD uZCj S GS’j, where 1 < i < N¢. The

4Each D2D MD ulp’j e e{}vj is obviously associated with a DT or DT-
MD link. Fo; convenience, we refer to uf) 7 and its associated DT as a D2D
pair in @5’] .



link service rate satisfies
. C.J lC J hC ]
Ri Y= WC 1Og2 1 + W s (2)
where W = W/N¢ for the U mode and Weo = (1 —
w)W/N¢ for the O mode, Pic’j < P¢/N¢ is the required
transmit power allocated to the subband of this cellular link
with Pc denoting the maximum transmission power of the
BS, while lC’j = Huc’j - -Hfa is the pathloss and hc’j
denotes the fast fading power gain of the channel between b;
and u 7, which is exponentially distributed with a unity mean,
h S exp(1). Furthermore, we consider the worst-
case mterference, where all interfering BSs transmit at the
maximum power Pc/N¢ at the subband. Hence, for both the
U mode and O mode, the interference coming from all the
other BSs’ transmissions is given by

D

bm €{OB\b;}
Similarly, let us assume that all the interfering DT’ transmit at
the maximum power of Pp /(3 at a subband, where Pp, is the
maximum transmission power of DT. Then for the U mode, the
worst-case interference coming from all the interfering DTs
can be expressed as

I8¢ = e pemyom, 3)

pe- %

DT, €0(u wp ), (DT, Aul?)
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c

where Pp/N¢ is the power of the interfering D2D transmls—
sions inside the celluar subband for u<7, 17" = Hu

DTnH and h are respectively the pathloss and fast
fading power gain of the link between DT,, and u 7, while
@(uc’] ) denotes the exclusive region to the ofﬂoading
region (O)( 7. wp) and (DT, A uf] ) indicates that the
D2D subband for DT,, overlaps with the cellular subband for
17 Note that in the cellular mode, there exists no DT in

(O)(uic” ,@p). For the O mode, obviously,
1P¢ =0. (5)

Because the worst-case interference is considered, the service
rate of (2) represents a low bound of the achievable rate.

Second, for the k-th D2D MD D.3 Yocated inside S A5, L
DT, € (D)(uk J wp) be the nearest DT. Then the service rate
of the link between DT,, and ukD 7 satisfies

PD,nlD,nhD,n
RY™ =Wplog, [ 1+

=8 K 6

oo | ©
where Wp = W/ for the U mode and Wp = wW/(3 for
the O mode, while PkD < Pp /B is the required transmit
power allocated to the subband of this D2D link. In (6),
lkD ™ and th "™ are the pathloss and fast fading power gain
of the link between DT, and ukD’], respectively. For the U
mode, the worst-case interference coming from all the celluar
transmissions is given by

>
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where Pc/[3 is the power of the interfering celluar transmis-
sions inside the D2D subband for ukD’] while lc’m and hc’m
are the pathloss and fast fading power gain of the link between
b, and uk 7, respectively. For the O mode, clearly,

I¢P =0. (8)

Furthermore, denote ZD " and hD " as the pathloss and fast
fading power gain of the link between DT, and u,C , respec-
tively. Then, for both the U mode and O mode, the worst-case
interference coming from all the other D2D transmissions can
be expressed as
PP =

Pp ., py pn
—h, " 9
E 3 )

n'#n, (DT, ADT,)

where (DTn/KDTn) indicates that DT, and DT,, are allo-
cated with the same D2D subband. Again, the service rate of
(6) represents a low bound of the achievable rate.

Table I lists the main notations used in this paper.

III. ESE EVALUATION OF LARGE-SCALE
MOBILE-TRAFFIC-AWARE D2D-ENABLED OFFLOADING

In this section, we first model the large-scale mobile-traffic-
aware D2D-assisted offloading by appropriately configuring
the offloading region at each MD in both the U and O modes,
and then quantify the overall ESE performance based on the
network’s resource utilization in both the D2D and cellular
tiers for a large-scale D2D-enabled cellular network.

TABLE I
L1ST OF MAIN NOTATIONS

Notation Definition
O, Oy, OpT | Sets of BSs, MDs, DTs
AB, AU, ADT BS density, MD density, DT density
wD Offloading radius
Por, Offloading probability
Sa Coverage area of typical BS b;
07 Set of MDs covered by b;
@S’J, @5’1 Sets of cellular MDs, D2D MDs covered by b;
Nc Maximum number of cellular MDs served by b;
|4 Total system bandwidth in Hz
« Pathloss exponent
1/8 D2D access probability
w Faction of system bandwidth for O mode D2D tier
Ric’] Service rate of typical BS-MD link
Rf’" Service rate of typical DT-MD link
R¢c Average service rate of typical BS-MD link
Rpop Average service rate of typical DT-MD link
Pc, Pp Maximum transmit powers of BSs and DTs
llc’] , hiC’J Pathloss and fading gain between b; and uic"7
lkD’", hkc n Pathloss and fading gain between DT,, and u,?‘J
PZ.C’J Transmit power for the link between b; and uZC’J
PkD i Transmit power for the link between DT,, and ukD’J
T]SSE, HESE Network ESEs in O and U modes
ag, bg Efficiency factors of power amplifiers at BS and DT
K DT active probability
Pga, Pga Average D2D transmit powers in O and U modes
Pgl, P(I}jl Average transmit powers of b; to ulcj in two modes
PBOS, PE?S Aggregate transmit powers of BS b; in two modes
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A. Offloading Region for D2D-Enabled Offloading

Modeling offloading region is the first step in the ESE per-
formance evaluation of a large-scale D2D-enabled offloading
system. Therefore, we firstly characterize the effective D2D
transmission radius by considering the requirement for the
transmit power capability of D2D transmitter, measured in
watt. Hence, the following two propositions are given.

Proposition 1: In a large-scale D2D-enabled U-mode based
cellular network having a BS density of Ag, a mobile-traffic
intensity of Ay and a DT density of Ap, the transmit power
capability of D2D transmitters, denoted by ZD [watt], the
average D2D user rate Rpap, the D2D access probability 1/,
and the effective D2D transmission radius wp, which defines
the offloading region O (u;, @p) in the U mode, satisfy the
inequality given in (10) at the top of the page, where a > 2,

Po1, is the offloading probability given by
Por, =Pr (N@ui > 1) =1 —exp(—ﬂ')\DTw%), (1

v(a, ) is the incomplete Gamma function expressed as

v(a, ) :/ t* L exp(—t) dt,
0

and I'(z) = f0+oo t*~1 exp(—t)dt, while the DT active prob-
ability /C, a function of Ay and wp, is given by

K =(Ei(y) — Ei(1) — Iny 4+ 1.3179) exp(—y) < 1,

12)

13)

with y = TAywd and Ei(y) being the exponential integral

function defined by

Ei(y) = — /OO exp(=t) o\

(14)
—y t

Clearly, the maximum tolerable D2D transmission radius

WP max COrresponding to ZD can be numerically obtained by

setting wp = @Y ., and replacing ‘>’ with ‘=" in (10).
Proof: See Appendix A. ]

Remark 1: The right-hand side of the inequality (10) de-

fines the D2D transmit power requirement in the U mode.

1) Since increasing 3 leads to exponential increase of PUa,
the D2D transmit power capability is a monotonically
increasing function of 3. Thus, using narrower subbands
in the D2D tier reduces Pga and hence ZD.

2) From (10), Pga is a monotonically increasing function
of Apr. This is because increasing the DT density Apr
directly increases the interference because of more active
D2D pairs.

3) According to (10), to increase the effective D2D radius
wp requires a corresponding increase in the D2D trans-
mit power capability Z5, which also makes sense.

Proposition 2: In a large-scale D2D-enabled O-mode based

cellular network having the total bandwidth wW in the D2D
tier, a mobile-traffic intensity of Ay and a DT density of A\pr,
the D2D transmit power capability Z3 [watt], the average
user rate Rpsp, the D2D access probability 1/3, and the

effective D2D transmission radius op, which characterizes
the offloading region @(ui,wD) in the O mode, satisfy the
following inequality

78> P9 & (2*‘“313513 _

Bla—2)

) QFKPD)\UPOL POL
WADT

2
wD) , (15)
exp (TApT@3)
where o« > 2. Furthermore, the maximum tolerable D2D
transmission radius @9 related to Z3 can be numerically
obtained by setting wp = wy ... and replacing ‘>’ with ‘=’
in (15).

Proof: See Appendix B. [ ]
Remark 2: Different from the U mode, the D2D transmit
power capability Z5 in the O mode is independent of g,
since the cross-tier interference is eliminated in an orthogonal
spectrum sharing. Similar to the case of U mode, to increase
the effective D2D transmission radius wp in the O mode
requires a corresponding increase in the D2D transmit power
capability Z5.

B. Downlink Transmit Power Analysis

Next we derive the average DL transmit power for a typical
BS-MD link and the BS’s aggregate DL transmit power in
both the U and O modes.

Proposition 3: In a large-scale D2D-enabled cellular net-
work having a BS density of A\g with the average cellular
user rate Rc, a mobile-traffic intensity of Ay and a DT density
of Apt with the D2D offloading radius wp, the average DL
transmit power assigned in W¢ for a typical BS-MD link in
the U mode is given by

- (253% - 1) 2p .
(@ —2)exp (— TApr@d) Au < ot
al' (2) 772" PpAuKPor,
2)\§wg_2 > 7

where o > 2. Furthermore, assuming that all the cellular MDs
have an identical user rate of Rc, the BS’s aggregate DL
transmit power in the U mode is given as

(16)

o (2Perf=p 4 al (§) 7 PoAuKPoL) K&
Pgg=

K
R e
(a—2) (K—(2W§—1)(1—POL)§E> AL w2

2Pc o' (%) 7°7" PpAuKPor a7
(a—2) (@ —2Awl™2
where K = 3.75.
Proof: See Appendix C. [ ]

Remark 3: The influence of ApT to Pgl is complicated. In-
creasing Apr decreases exp (—mAprwp) but increases Por,.



From (16), it is seen that PY; contains both exp (—7Apr@p)
and Po1,. However, increasing Apt also decreases W, since
the average of W¢ is E[W¢] = W)\B(l — POL)/)\U =
W Ap exp (—W)\DT’ZD%) /Au, which increases Pgl. Therefore,
the overall effect of increasing Apr is to increase Pgl. The
influence of wp to PY, is also complicated. Increasing wp
decreases exp (—mAprw@p ) but increases Por,. However, PY|
contains w%‘“ with v > 2, which decreases as wop increases.
Hence, overall, increasing wp reduces Pgl. Moreover, Pg1
contains the factor of ﬁ but increasing % can increase
We which will reduce PY,. Therefore, the overall effect of
increasing ﬁ is to decrease PY,.

Proposition 4: In a large-scale D2D-enabled cellular net-
work having a BS density of Ag with the average cellular user
rate Rc, a mobile-traffic intensity of Ay and a DT density Apr
with the D2D offloading radius wp, given the total bandwidth
in cellular tier (1 — w)W, the average DL transmit power
assigned in W¢ for a typical BS-MD link in the O mode is
given by

R,
2Pc)p <2w‘é _ 1)

PO = .
€1 7 (a—2)exp (—mApr@d) AU

(18)

Furthermore, assuming that all the cellular MDs have an
identical service rate of R, the BS’s aggregate DL transmit
power in the O mode is given by

2P KN (exp (mAprad)) ™

(a—2) (K)\B exp (TApT@d) — (2“41% - 1) )\U) *
2P¢

(a—2)

Proof: The proof is similar to the proof of Proposition 3.

In fact, the proof is simpler, as the cross-tier interference
IjDC = 0 in the O mode. ]

o _
Pgg =

19)

C. Network ESE Performance Evaluation

We now quantify the network’s ESE. First, the network’s

area power consumptions (APCs) from all the BS-MD links
in the U and O modes are given respectively by

C]LBIS :aEPgS)\B + PoMmAB [Watt/mz],

CSS :CLEPBQS/\B + PomAB [watt/mQ],

(20)
2D
where ag is the efficiency factor of BS power amplifier and
Pown is the static operation power consumption of a BS.
Second, the APCs from all the D2D links in the U and O
modes are given respectively by

Chop =bASLPY, [watt/m?],

Chop =bpAELPS. [watt/m?],

(22)
(23)
where bg is the efficiency factor of DT power amplifier, and
AEE = KAuPor is the active DT density (see Appendix A).
Note that in (20) to (23), the receiver signal processing power
consumption is neglected’. By using Rc and Rpop to denote

5 According to [37], reception generally consumes less power than trans-
mission.

the average user rates in cellular and D2D tiers, respectively,
the network’s area spectral efficiency (ASE) is given by

S :)\WU((]. — POL)RC + POLRDQD) [bit/s/Hz/mz]. 24)
We are ready to present the ESE performance of the large-
scale D2D-enabled cellular network operating in the U and O
modes in the following two propositions, respectively.

Proposition 5: For the large-scale D2D-enabled cellular
network operating in the U mode with the cellular and D2D
spatially average user rates of Rc and Rpap, respectively, as
well as having a BS density of Ag, a mobile-traffic intensity of
Au, a DT density Apt with the D2D offloading radius wp, the
BS static operation power consumption Poyr, and the BS and
DT power amplifier efficiencies of ag and bg, respectively,
the network’s ESE is expressed as

Vs = S ~ (1= PoL)Rc + PorRp2p 25)
PSP s+ o WUy
where
1
xY :E(aEPgS + Pom) s, (26)
19} 1 act pU
Y =—beAprPp, - 27

Au

Proposition 6: For the large-scale D2D-enabled cellular
network operating in the O mode with the total bandwidth in
cellular tier (1 —w)W, the cellular and D2D spatially average
user rates of R¢ and Rpsp, respectively, as well as having
a BS density of A, a mobile-traffic intensity of Ay, a DT
density Apt with the D2D offloading radius wp, the BS static
operation power consumption Poyg, and the BS and DT power
amplifier efficiencies of ag and bg, respectively, the network’s
ESE is expressed as

1Oy = S (1 — Pov)Rc + PorRpap (28)
B 00 Com W(XO+Y0)
where
1
X© % (apPSs + Pom) s, (29)
1
YO =—bpA&iPS . (30)
Au :

IV. ESE OPTIMIZATION FOR MOBILE-TRAFFIC-AWARE
D2D-ENABLED CELLULAR NETWORKS

In this section, we first evaluate the celluar user outage
performance in large-scale mobile-traffic-aware D2D-enabled
cellular networks for both U and O mods, and then propose a
spectrum partitioning scheme for the O mode to maximize the
achievable network’s ESE under both the celluar-user outage
constraint and D2D transmit power constraint.



A. Outage Performance

The outage performance of a typical BS-MD link with
the coexist of D2D links is presented in the following two
propositions for the U and O modes, respectively.

Proposition 7: In a large-scale D2D-enabled cellular net-
work operating in the U mode, given an effective D2D
transmission radius of wp, the outage probability for a typical
BS-MD link is given by

)\act
Qu =1 —exp ( <P1 + Pe )\DT P2)> ) (31)
B
with p, = (Pp/Pc)*,
o [T 1
=~ — du, 32
Pl'yfy_gl+u2u (32)
o [0 1
g =72 / — du,  (33)
( /WABWD/Z?C’YI/”‘)Z 1+wuz
Rg
v =2Wc — 1. (34)
Proof: See Appendix D. ]

Utilizing E[W¢] = WAp/Au(l — PoL), we define the
average cellular outage probability in the U mode as

~ _ )\act N
Qu(wp) =1 — exp (— (Pl +pc§/)2>) :

where p; and p, are obtained respectively by replacing ~y
with 7 = 2ficAu(=PoL)/WAs _ 1 in (33) and (34). The
average cellular outage probability is a function of wp which
is explicitly indicated in (35). Note that both p; and p> increase
as 7 increases, while 7 is a monotonically decreasing function
of wp since (1 — Por) = exp ( — mApr@y ). This indicates
that @U (wp) is a a monotonically decreasing function of wp.

By setting p2 = 0 in (31), we readily obtain the following
result for the O mode.

Proposition 8: In a large-scale D2D-enabled cellular net-
work operating in the O mode with the spectrum partitioning
factor w, given an effective D2D transmission radius of wp,
the outage probability for a typical BS-MD link is given by

Qo =1—exp(—p1). (36)

In the O mode, since E[W¢] = (1—w)WA/Au(1— Por),
we define the average cellular outage probability as

(35)

Qo(w, wp) =1 —exp (=7}), 37)
where

gy [Ty 38)

pl =7 ~/7% 1+U,% U, (

5

with 7/ = 2RcAu(1=PoL)/(1-)WXe _ 1  Clearly, Qo is a
monotonically increasing function of w, and it is a mono-
tonically decreasing function of top. When investigating the

influence of the spectral partitioning factor w for given wp,
we will simply denote the average cellular outage probability
in the O mode as Qo (w).

B. Optimal Cross-tier Spectrum Partitioning in O Mode

For the O model, the system bandwidth is partitioned or-
thogonally into the two segments of (1—w)W and wW for the
cellular and D2D tiers, respectively. We propose a cross-tier
spectrum partitioning scheme in the O mode to maximize the
achievable network’s ESE under both the cellular-user outage
constraint and D2D transmit power constraint. Mathematically,
this optimal spectrum partitioning can be formulated as the
following optimization problem

@* = arg max nS
B g0<¢u<177ESE7
s.t. Qo(w) < o,

Py (w) < Z3,

(39)

where ¢ is the cellular user outage threshold, and we have
explicitly indicated that the average D2D transmit power PSI
is a function of w. (
Since increasing the spectrum portion of the D2D tier
decreases the requirement of D2D transmit power, PS5 (w)
is a monotonically decreasing function of w. But Qo(w)
is a monotonically increasing function of w. Therefore, the
constrained feasible region for w that satisfies both the celluar-
user outage constraint and D2D transmit power constraint is
w € |wp,, Wout), Where wp, and weyt can be numerically
obtained from the following two equations respectively

PS (wp,) =28,
éo (wout) :90 .

Clearly, if wp, > wout, the feasible region of w is empty, and
there exists no solution for the constrained optimization (39).
Proposition 9: Given the effective D2D transmission range
of wp, there exists an unique w* that maximizes the network’s
ESE and it can be obtained numerically from (42), given at
the bottom of the page.
Proof: The derivative of 77‘8§E with respect to w is

M _ 0X© n oY ©
ow Oow

(40)
(41)

(1—Por) Rc+Por,Rpap

ow W (X0 + YO)2 ’
43)
in which
(1-Pon) Re2 0=
2(In2)ag Pc (1—Por Rc2 (A—w)W
0Xx° _ (0—2)(1—w)2W (44)
ow R K+1°
)\U(l—PQL) (2 (I-w)Ww —1)

1- KA

R
wzaEPc(l — POL)R02(1—“’C)W 1

Au(1 - Por) (zuf% -1)

K+1

2
“b

(1 — w)22ﬁi]‘3’V2D WbE)\aDC{«K:PDPOLRDQD

Por,
— . 42
K)\B (W)\DT exp (W)\DTLTJ]%)> ( )



oY © _ @} _ Por
dw exp (TApr@d)  TApT
. 2(In 2) b2 "S> Nt KC Pp Por, Rpap 45)
(a0 — 2)w2W
[e]
Clearly, 8%% = 0 is equivalent to % + % = 0.

. o .

Furthermore, it can be proved® that aa% €0, +o00)isa
. . . . o

monotonically increasing function of w and % €10, +0)

. . . . . o
is a monotonically decreasing function of w since %5~

2v-0 . . .
and 8352 < 0. Therefore, there must exist a unique w* which

makes %‘)+Ogj:0. [ |

We are ready to present the solution w*.

Theorem 1: Let w* be the unconstrained optimal spectrum
partitioning solution obtained by solving (42). Assume that the
feasible region of w for the constrained optimization (39) is
not empty, i.e., wp, < wous. Then the optimal solution w* for
the constrained optimization (39) is given as follows.

Case 1. w* < wp,: @* =wp,.
Case 2. wp, < w* < woys: W = W™,
Case 3. w* > Wout: W' = Wout-

V. MOBILE-TRAFFIC-AWARE D2D-ENABLED
OFFLOADING PERFORMANCE EVALUATION

We use numerical (theoretical) and simulation results to
evaluate the ESE performance for a large-scale D2D-enabled
cellular network. In particular, we investigate the influence of
the key parameters, including the effective D2D transmission
radius wp and the number of subbands in the D2D tier (3,
on the achievable network’s ESE. Unless otherwise stated, the
network has the total bandwidth W = 20 MHz, the maximum
BS transmit power Po = 20 watts, the maximum DT trans-
mit power Pp = 1watt, the BS static power consumption
Pon = 20 watts, the BS and DT power amplifier efficiencies
ag = bg = 1, and the DT density A\pp = 150 DTs/km?.
The pathloss exponent is set to a = 3.8. The default network
parameters are listed in Table II.

TABLE II
DEFAULT NETWORK PARAMETERS

parameter | value
B 5 BSs/km?
ADT 150 DTs/km?
AU 200 MDs/km?
WD 60 m
I6] 20
w 20 MHz
Rc 0.2 Mb/s
RDQD 2Mb/s
Pc 20 watts
Powm 20 watts
Pp 1 watts
ag = bE 1
« 3.8

A. Impact of D2D Transmission Radius
The D2D transmission radius wp is one of the most
important network parameters that influence the achievable

240 240
5The proofs of 6852 > 0 and 883:2

tedious and hence are omitted here.

< 0 are not difficult but are too

Analytical A ;=150 MD/km?
0.25

V  Simulation A ;=150 MD/km?

Analytical A ;=300 MD/km?

% Simulation A ;=300 MD/km?

Analytical A ;=400 MD/km?

0.2
X Simulation \,=400 MD/km?
Analytical A ;=600 MD/km?
X Simulation A =600 MD/km?
0.15 q
y
0.1

0.05 Ay increase — ESE increase

Energy-Spectral Efficiency (bit/Hz/Joule)

ESE w/o D2D-assisted offloading

0 I I I I I
20 40 60 80 100 120

Effective D2D Transmission Radius (m)

Fig 2. Achievable network ESE performance (curve: analytical and point:
simulation) in U mode by varying wp and Ay, given Ag = 5BSs/km2,
Rc = 0.2Mb/s, Rpap = 2Mb/s and 8 = 20.

network’s ESE. The network’s ESE performance in the U
and O modes, 75y and 79y, are depicted in Figs. 2 and
3, respectively, by varying wp as well as given various values
of the mobile-traffic intensity Ay, where the BS density A\p =
5BSs/ kmz, the average cellular service rate R = 0.2 Mb/s,
the average D2D service rate Rpap = 2Mb/s, and 8 = 20,
while additionally for the O mode network, the D2D-tier
bandwidth fraction w = 0.3. Note that cwp — 0 corresponds to
the network without D2D-enable offloading, which is indicated
by ‘ESE w/o D2D-assisted offloading’ in Figs. 2 and 3. It can
be seen that the analytical values and the simulated results of
the network’s ESE agree with each other well. This verifies
the accuracy of our theoretical ESE modeling. Observe from
both Figs. 2 and 3 that the network’s ESE increases quite
fast with wp when wp is relatively small, and after reaching
the peak value, the network’s ESE becomes decreasing as
wp increases. Also the network’s ESE becomes saturated for
sufficiently large wp. This is because when the effective D2D
transmission radius is large, most of the cellular mobile-traffic
have been offloaded to the D2D tier, and enlarging further

Analytical A ;=150 MD/km?

0.12 ¢

=150 MD/km?

Analytical \;=300 MD/km?

B Simulation A =300 MD/km?

0.1

Analytical A ;=400 MD/km?

O simulation A ;=400 MD/km?

Analytical \ ;=600 MD/km?

X simulation A ;=600 MD/km?

0.06

0.04

0.02

Energy-Spectral Efficiency ESE (bit/Hz/Joule)

o ESE w/o D2D-assisted offloading

0 I I I I I
20 40 60 80 100 120

Effective D2D Transmission Radius (m)

Fig 3. Achievable network ESE performance (curve: analytical and point:
simulation) in O mode by varying wp and Ay, given w = 0.3, A\p =
5BSs/km?, Rc = 0.2Mb/s, Rpop = 2Mb/s and 3 = 20.



0.25

@
3 b4 %,
R o2l / ‘\“ .
- / "
2 ;A
= !
L # /,’
015 ! ;'

. 7 2 4
> A
) ! 74 .4
= R 78
QL VANV AR S _ =
S ik o2 —§—R=0.1Mbit's, R, =1Mbit/s
5 o1l Yoi - v = RG=0.1Mbitfs, R, =L5Mbit's| |
T y' #'#,' f4 —-9-= R_=0.1Mbitls, R, =2Mbit/s
3 IRV —&—R_=0.3Mbitls, R, =IMbis
3 z VIR GO - % - R_=0.3Mbitfs, R, =L5Mbit's
é 0.05F ¥ ,D,d = R_=0.3Mbits, R, =2Mbitls 1
o —e—R_=0.5Mbit/s, R, =1Mbit/s
f=
w -0 - Rc=0.5Mb\US, RDZD=1,5Mbit/S

0 | | | —-— e RC=O.5MD\US, RD2D=2Mhn/S
20 40 60 80 100 120
Effective D2D Transmission Radius (m)
Fig 4. Achievable network ESE performance in U mode by varying wp

as well as Rc and Rpop, given Ay = 500 MDs/ka, AB = E’)BSs/km2
and (3=20.

wp will not alter the achievable ESE noticeably. It can also
be seen from Fig. 2 that for relatively small wp, increasing
the mobile-traffic intensity Ay always leads to a higher niqp
but the same cannot be said for relatively large wp. As for
the O mode network, the influence of Ay to nQgp is more
complicated, which also depends on wp. Observe from Fig. 3
that for relatively large wp, increasing Ay always leads to the
decrease in 179qp.

We continue to investigate the impacts of the effective
D2D transmission radius wop as well as the cellular and
D2D links’ service data rates Rc and Rpop by varying
wp as well as R¢c and Rpsp, and the resulting networks’
ESE performance in the U and O modes are depicted in
Figs. 4 and 5, respectively, where Ay = 500 MDs/ka,
Ap = 5BSs/km” and (=20, while additionally for the O
mode network, w = 0.5. Obviously, the influence of wp to
the network’s ESE is similar to that depicted in Figs. 2 and
3. We note that for the relatively small wp, the increase of
the D2D tier service rate Rpsop leads to the increase of the
network’s ESE but by contrast, increasing the cellular service
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Fig 5. Achievable network ESE performance in O mode by varying wp
as well as R and Rpep, given w = 0.5, Ay = 500 MDs/km2, A =
5BSs/km? and $=20.
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Fig 6. Achievable network ESE performance in U mode by varying 3 as
well as W and Ap, given Rc = 0.3Mb/s, Rpap = 2Mb/s and Ay =
500 MDs/km?.

rate R¢ causes the decrease in the network’s ESE. This implies
that the cellular link is not an energy-spectral efficient link, in
comparison with the D2D link, owing to its large distance
and scarce spectrum resources. An interesting phenomenon
observed from Figs. 4 and 5 is that for the same D2D-link
service rate Rpap, the ESEs corresponding to different cellular
service rates Rc approach to a same value when wp is large.
This is easy to understand since most of the mobile-traffic have
been offloaded to the D2D tier for large zop and the network’s
ESE is mainly determined by Rpap.

B. Impact of D2D Access Probability

The D2D access probability 1/ or the number of sub-
bands in the D2D tier § is another key network parameter
that significantly influences the network’s achievable ESE
performance. The achievable 7, and 73y, are depicted
in Figs. 6 and 7, respectively, by varying 3 as well as W
and A, where Rc = 0.3Mb/s, Rpop = 2Mb/s and
Ay = 500 MDs/km2, while additionally for the O-mode
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Fig 7. Achievable network ESE performance in O mode by varying (3 as

well as W and Ap, given w = 0.5, Rc = 0.3Mb/s, Rpap = 2Mb/s and
Ay = 500 MDs/km?.



network, w = 0.5. As expected, increasing the BS density A\
decreases the achievable ESE in general, since the increased
interference as a result of increasing A outweighs the effect
of the reduced BS-MD distance. It can be seen that the
network’s ESE is a monotonically decreasing function of f.
As expected, given A\g = 5BS /ka, increasing the system
bandwidth W increases the achievable network’s ESE, while
given \g = 10BS/km” and 15BS/km” as well as for not
too small (3, the network’s ESE is an increasing function of
W. Also observe that nQqp is smaller than 73y in general,
suggesting that the underlay operating mode is more spectrum
and energy efficient than the overlay operating mode.

C. Performance Evaluation

Fig. 8 quantifies the required average D2D transmit powers
of a typical D2D link in both the U and O modes, Pga and
Pl())_d, as the functions of Rp and Rpap, given Rc = 0.2 Mb/s,
Au = 500 MDs/km®, Ap = 5BSs/km” and 8 = 20, while
additionally w = 0.5 for the O-mode network. In Fig. 8,
curves are the theoretical Pga and Pga calculated according to
Propositions 1 and 2, while points correspond to the simulated
results. Clearly, the simulated results agree with the analytical
values well. In line with Propositions 1 and 2, the average D2D
transmit power increases monotonically with wp. Obviously,
Py is smaller than P as more spectrum resource is available
to D2D links in the U mode, and the increase of the mobile-
traffic intensity increases the required average D2D transmit
power as expected.

In Fig. 9, the relationship between the O-mode network’s
ESE 7l and the fraction of the total bandwidth w is
illustrated. In line with Proposition 9, there exists a unique
unconstrained optimal w*, which maximizes the achievable
network’s ESE 7Qyp,. Furthermore, increasing the mobile-
traffic intensity moves the optimal w* to the right, which
implies that when Ay is increased, we need allocate more
spectrum to the D2D tier in order to attain a higher ESE.
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Fig 8. Average required D2D transmit power (curve: analytical and point:
simulation) as the function of wp and Rpap, given Ay = 500 MDs/ km?,
Rc = 0.2Mb/s, Ag = 5BSs/km? and 3 = 20, while w = 0.5 for the
0O-mode network.
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given wp = 60m, Rc = 0.2Mb/s, Rpap = 2Mb/s, Ag = 5BS/km?>
and (3 = 20.

D. Optimal Spectrum Partitioning in O Mode

We now illustrate our optimal spectrum sharing design of
the constrained optimization (39) for the large-scale D2D-
enabled cellular network operating in the O mode. The net-
work parameters are given in Table II. For this network,
the optimal unconstrained spectrum partitioning solution that
maximizes the network’s ESE nSSE is w* = 0.70, which
can be obtained by solving (42). From Fig. 9, it can also be
seen that w* = 0.70 corresponds to the peak value of the
n9sg curve related to Ay = 200 MDs/km? as to be expected.
The optimal constrained solutions w* obtained according to
Theorem 1 are listed in Table III given different values of the
cellular outage threshold 6 and D2D transmit power capacity
ZB.

TABLE 111
OPTIMAL SPECTRUM SHARING SOLUTION FOR THE O-MODE NETWORK
UNDER CELLULAR USER OUTAGE PERFORMANCE AND D2D
TRANSMITTER POWER CONSTRAINTS

fo ZOD [WDaa Wout] w*
0.21 | 0.12 [0.75, 0.80] 0.75
0.18 | 0.32 [0.60, 0.75] 0.70
0.10 | 1.70 [0.40, 0.55] 0.55
0.12 | 0.09 | wp, = 0.80 > wout = 0.60 | no solution

VI. CONCLUSIONS

Based on the practical D2D-assisted offloading protocol
conceived for the future 5G cellular network, we have pro-
posed an ESE evaluation framework for large-scale mobile-
traffic-aware D2D-enabled cellular networks operating in U
and O modes, respectively, which allows us to analyze the
impact of user-behaviors, D2D-assisted offloading parameters
and cellular network operating conditions on the achievable
network’s ESE. Since all the our analytical results have
been derived in closed-form and their accuracy has been
verified in an extensive simulation study, they provide efficient
and practical tools for designing and evaluating future D2D
enabled cellular networks. With aid of our tractable and
efficient ESE analytical tool, we have further designed an



optimal spectrum partitioning scheme for large-scaled D2D-
enabled cellular networks operating in O mode to maximize
the network’s ESE with cellular user outage performance and
D2D transmitters’ power as constraints. This solution/design is
particularly valuable to future D2D enabled cellular networks
operating in O mode, because it ensures that the optimal
offloading strategy always matches both the users behaviors
and cellular operation conditions.

APPENDIX

A. Proof of Proposition 1

Proof: Recall that a typical MD u; has the offloading
region @(ui,wD). A typical activated DT by broadcasting
can simultaneously serve one or more MDs who’s distances
to the DT are less than or equal to wp. Let A} denote the
density of active DTs, which can be expressed as

Pr(No,, > 1)y
E[Npt]

AL = , (46)

where E[Npr]| is the average number of MDs served by a
DT. Let d denote the distance between u; and its nearest DT.
Then the probability density function (PDF) of d is given by

f(d) = 2rAprexp ( — mAprd?). Therefore, the probability
for a typical MD u; is offloaded by DTs can be expressed as

POL =Pr (N@)“i > 1) = ’ f(%) dx
) 0

=1 —exp ( — ﬂ')\DTw%). A7

Since the MDs are distributed according to a PPP, the prob-
ability massive function (PMF) of Nprt is fpr(NpTt) =
2\Npr 2

(WAUwD) exp( - ’/T)\UfDD)/(NDT!), e.g., [38], where
TAyw? is the circular area covered by a typical DT. There-
fore, the density of active DTs can be expressed as

00 N
+Z (WAU’W%) DT)\UPOL

N NpT exp (W/\UWD) (NDT )

At = (48)

By applying the well-known property of the infinite series (48)
and using the notation y = TAywd, A+ can be obtained as

Ayt =(Ei(y) — Ei(1) y)PoLAu
=KPor\vu, (49)

—Iny 4+ 1.3179) exp(—

where Ei(y) = — f:; eXp B dt.
From (6), the average transmlt power for the typical D2D

link associated with the MD u in the U mode is given by

(2 1)
Py, =E (IsP

D. — lD,nhD,n + IT]IDD) ’ (50)
k k

where the expectation E [-] is with respect to the distribution
of the interferers’ layout and the links’ channel gains related to
the links between the typical MD ukD J and its associated DTs
[28]. Let Mcp(s) and Moo (s) be the moment-generating
functions (MGFs) of ICP and IPP respectively. According

to [39] as well as the well-known property of MGFs = =

—% In ./\/lx(s)|s_0, (50) can be expressed as

BRpap
2 -1/ 0 0
P2 (Mg g Mige )| 0
where
Tdd = min HukD] —DTal| < @p. (52)
n

Next consider the D2D tier interference I/, contributed by
the PPP distributed DT interferers in the finite annular region
with the inner diameter rqq and the outer diameter 74, p. The

MGF of I}, is given by
sPp
) i)

M, (s) =exp <27'r/\aCt / ) (1—exp (
dd (53)

Similarly, consider the cellular tier interference I’ ; contributed
by the PPP distributed BS interferers in the finite annular
region with the inner diameter 7.4, where

(54)

Tcd :lIé%I; HukD’j — bl 5

and the outer diameter r,,(,c. The MGF of [ éd is given by

Tout,C
./\/lpd(s):exp (27‘(‘)\]3/ (1—exp ( — SPZ))xdx>
¢ Fod Bz

(55)
Thus
o M () 2m8PD (ot —raa®) g
dd = s =0 (2- a)ﬁ ’
, 81nMI’d QWABPC( outC gda)
1= T T g = (57)
Os 5=0 (2 - a)ﬁ
Clearly,
lim T4, =IPP, (58)
Tout,D —>0Q
lim I/, =ISP. (59)

Tout,C— 00

For a > 2, plugging (56) to (59) into (51) yields the typical
D2D link’s average transmit power conditioned on 7.q and 744
as

BRp2D
227w =1
20 ) (e,

U
o Bla—2)

Ted,Tdd

+ ICPOLAUPDrﬁd). (60)

Further denote v = r.q and u = rqq. By integrating (60) with
the PDFs of v and v, we obtain the average transmit power
Pga given by

871'3 ( BRp2D

2= W —1)
Py.=
=

PD)\BK:)\U’U,2_(XU

exp(mApv?)

wD )\DTuaJrl /+OO )\QBPCvaa
exp(mApru?) Jo exp(mApv?)

POL>dv du. 61)
After some algebraic manipulations to complete the integration
(61), we obtain the expression of PD which is the righthand
side of the inequality (10). This completes the proof. [ ]



B. Proof of Proposition 2

Proof: The average transmlt power for the typical D2D
link associated with the MD u; D23 in the O mode is given by

. (2/3MD2D 1) IT?D
Py =FE , (62)
Da lkD,nth,n
which is obtained by removing ISP and replacing W with

wW in (50). Similar to the derivation of (60), by considering
the interfer layout (O)(uk ,Tad) with rqq as given in (52), the
average D2D transmit power in the O mode conditioned on
rdqd can be expressed as

_ 1) QWIC)\UPDT(QHPOL
Bla—2)

(2 fﬁiDzD
Tdd
Again denote u = rqq. By integrating (63) with the PDF of
u, We arrive at
47T2ICPD u3

wD
PO / (2%5% ~1)
P o Bla—2)

X ApT exp (—W)\DT’U,2) du.

o)
}Dl)a

(63)

OLAU
(64)
After some algebraic manipulations to complete the integration

(64), we obtain the expression of Pga which is the righthand
side of the inequality (15). This completes the proof. [ |

C. Proof of Proposition 3

Proof: From (2), the average required transmlt power for
the typical link between BS b; and MD u; ©J in the U mode
can be expressed by

(e ) e ey
Pci=E [T : (65)

where the interference I{'“ and IP¢ are given in (3) and (4),
respectively, and hence the cellular and D2D interfer layouts,

©p\b; and O(us 7, wp), are conditioned with rec = [|uf™ —
b;||. With the aid of the MGFs for [ jC © and I jD ©, we have
ah’lMIC‘C 8IHMI_DC
Py 2W -1 L — 2 .
G ( ¢ ) 0s 0Os 5=0
(66)

Similar to the proof of Proposition 1, define the cellular tier

D2D tier interference I/, in the relavent annular region. Then
their MGFs are given respectively by

Fc

Thn,C s
My, =exp |27 1—exp|— Nooo zdz,
B Tce cr
(67)
Tbn,D P
/ <l—exp (—]\icja)))xdaj.
; (68)

Based on the well-known property of MGFs, we have

My, =exp (27r)\aCt

Jln MIéc QWABPC (rbn C nga) 69)
s ls=0 (2 —a)N¢ ’

Oln My, QWA%C%PD (rbn D~ w% a) 70)
s ls=0 (2 —a)Ne

By taking rpnc — o0 and mpn,p — oo in (69) and (70),
respectively, and plugging the results into (66), we obtain the
average DL transmit power of a typical BS-MD link associated

with u; ©J and conditioned on T'ec aS
Rg
2 (2 Wo — 1)
e ree. No(a—2) <)\BPCTCC+KPOL/\UPDWD “r?c)

(71)

Since the PDF of 7 is f(rec) = 2mAprec exp ( — mABrd),

the average required DL transmit power for ulcj

+oo
U _ U
PC,i _/ PC,i
0

Completing the integral (72) leads to the average DL transmit
power given in (16).

Then, we focus on b; having the coverage area of S, ; =
S4 and serving N¢ cellular MDs. Since the PMF of N¢ > 1
is given by [38]

is

f(z)dx.

Tecc=T

(72)

(1= Por)AuSa)™
(Nc') exp ((1 - POL))\USA) ’
and all the cellular MDs have the identical rate of R, the
average aggregate DL transmit power conditioned on the cell
size of S4 is given by (74) at the bottom of this page. Noting
that the PDF of S4 is given by fs, (t) = A\§ FI((K) tH~texp (-
K)\Bt) with K = 3.75 [40], we have

g(Nc) =

(73)

Pl = / P]_ES‘S  fsa(t)dt (75)
0 A=t

After some algebraic manipulations to complete the integral

interference I’_ in the corresponding annular region and the (75), we arrive at (17). This completes the proof. [ ]

o No 2 ol (%) 77" PpAuKPor, Bg
PBS’ =3 S g(Ne)PY, = Po+ - (exp (27 =1) (1= Por)AuSa) -1). 74)

a—2 A2 w2
Ne=1i=1 B
Ci o > Y act > g
Q; =1—exp | —27\p ———vdv | exp | —2TALTPe ——vdv (76)
) ()



D. Proof of Proposition 7

Proof: The outage probability of a typical cellular user
u,; " conditioned on r¢. is given by (76) at the bottom of
the previous page. Considering the worst case that uiC’J is at
the cell edge, we have r.. = \/1/7Ag, since 7r2, = 1/)g.
Plugging it into (76) and with the help of Appendix B of [35]
completes the proof. ]

C.j
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