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Abstract—While mode selection has been envisioned as the
most cost-effective way to address the interference issue in
Device-to-Device (D2D) communications, existing works have
been largely conducted without consideration of the energy
depletion of devices. In this paper we investigate simultaneous
wireless information and power transfer (SWIPT) empowered
mode selection based on stochastic geometry. As a mean of solving
it, system energy efficiency is formulated by determining the
closed-form ergodic energy-harvested and ergodic capacity of
D2D and cellular users in reuse, dedicated, and cellular com-
munication modes with the time switching and power splitting
architectures of SWIPT. We then leverage the derived results,
along with the energy efficiency to design an energy-efficient
mode selection mechanism. Our simulation results show that the
developed mechanism is able to select the best mode for D2D
communication with better energy efficiency, especially in an
ultra-dense cellular network as compared with a state-of-the-art
mode selection approach.

Index Terms—simultaneous wireless information and power
transfer, mode selection, power splitting, time switching, energy
efficiency.

I. INTRODUCTION

A. Background

WHILE interference management [1]–[4], plays a critical
role in implementing Device-to-Device (D2D) com-

munications in cellular networks, mode selection [5]–[8], has
been realized as the most useful means. The aim is to select
one of the following three communication modes; reuse, ded-
icated, and cellular. In the reuse mode, D2D communications
are carried out by letting D2D users reuse the cellular uplink
resources at the expense of possible interference between D2D
links and the reused cellular links. On the other hand, the
dedicated mode requires certain spectrum resources, which are
solely reserved for D2D users by the base station. In this case
there would be no interference between D2D links and cellular
links. In cellular mode, D2D users act just like cellular users
and the base station serves as a relay to transfer data between
D2D transmitters and receivers. Also, in this mode there would
be no interference between D2D and cellular communications.
In general, the interference experienced by D2D and cellular
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users is not the same as in different modes, which leads to a
varying system performance.

Another crucial issue in D2D communication lies in the
Energy Efficiency (EE) [9]–[11]. This is attributed to the
fact that the unprecedented growth of mobile users, mobile
apps, and real-time Internet traffic, is intensifying network
energy consumption, thus causing rapid battery depletion in
mobile devices. A closely related technique that addresses the
EE issue, is Simultaneous Wireless Information and Power
Transfer (SWIPT) [12]–[14]. SWIPT allows the energy to be
harvested by devices to which data is being transferred. As
such, undertaking SWIPT in D2D communications enables
D2D and cellular devices to harvest energy during the process
of data transfer, which can be very beneficial in prolonging
the standby time of devices and enhancing the EE of the
system [15]–[19].

As the position of a mobile device is random, a new
challenge associated with mode selection (when SWIPT meets
D2D communications) is how to model and analyze the energy
harvesting of mobile devices in order to enable energy-efficient
SWIPT-empowered mode selection. Stochastic geometry has
been established as a powerful tool in tackling randomness
issues in wireless networks [17]. Specifically, both the le-
gitimate signal power and the interference power can be
regarded as random processes due to the mobility nature of
transmitters, which can impact the channel fading conditions
of the transmission path. Under these conditions, the stochastic
geometry can play a major role in computing the statistical
properties of energy harvesting that can effectively contribute
to the D2D mode selection mechanism thereby improving the
energy efficiency in the presence of SWIPT.

B. Related Work

Currently, extensive research efforts have been carried out
is that dedicated to interference management and system
throughput maximization in D2D mode selection and energy
harvesting. Sakr et al. [20] proposed a new cognitive D2D
communication model that uses radio frequency (RF) energy
harvesting from interference and used stochastic geometry to
analysis the performance of the proposed system based on
D2D and cellular users transmission probability and SINR
outage probabilities. In [21], the authors analyzed the spectral
efficiency and coverage probability of D2D-assisted Machine-
type communications under spatially correlated interference,
and used spectral efficiency to study the impact of RF energy
harvesting on the systems performance. However, the channel
gain of the D2D link in these two papers is subject to Rayleigh
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fading. Kuang et al. [22] investigated the DUEs multiplexing
CUEs downlink spectrum resources problem for EH-based
D2D communication heterogeneous networks, the D2D and
cellular users energy harvested is directly assumed to be
a Poisson point process, which does not match the actual.
In [23], authors explored the mean value of system capacity
for both cellular and D2D links, and devised two energy-
efficient mode selection mechanisms based on the system
energy efficiency.

The limitation of battery lifetime and the ensuing SWIPT
remedy for it is also well-investigated. For instance, Mohjazi
et al. [24] evaluated the system throughputs under the time
switching (TS) and power splitting (PS) architectures for a
relatively low SNR. They use outage probability and harvested
energy to study differential modulation in SWIPT relay net-
works. Subsequently, Mohjazi et al. [25] also studied the sys-
tem performance of SWIPT relay networks with noncoherent
modulation. They conclude that under the conditions of lower
SNR and maximized system throughput, the performance
of the TS protocol exceeds that of the PS protocol. The
performance of the TS-based SWIPT in a wireless network
was evaluated in [26] using a Non-Orthogonal Multiple Access
(NOMA) technique. In addition, Zwede and Gursoy [27]
investigated a wireless network scenario consisting of ran-
domly deployed access points and SWIPT-empowered user
equipment. In [28], the authors propose a SWIPT-based traffic
offloading scheme, the traffic offloading via D2D communica-
tions was utilized to alleviate the heavy burden on the capacity-
limited front hauls, while the energy harvesting design is
adopted to stimulate offloading by compensating the energy
consumption at the D2D transmitters. Their main focus has
been to optimize system throughput and energy efficiency by
formalizing the outage probability and achievable data rate
as functions of system parameters. Furthermore, Stochastic
geometry was applied to characterize cell load statistics at the
macrocell base stations (MBSs) and small cell BSs (SBSs), as
well as summary information and interference signal strength
in [29]. In this way, the average user capacity of the joint trans-
mission was obtained. Khanet et al. [30] consider a large-scale
cooperative wireless network and provide a tractable analytical
framework to describe the link and network-level performance
at the receiver amid heterogeneous network interference.

C. Motivation and Contribution

Previous studies in D2D mode selection are primarily
focused on interference management and EE, which do not
take SWIPT into account [5], [6], [9], [23]. As explained, the
lifetime of mobile devices will be significantly prolonged by
SWIPT, redesigning mode selection mechanism for SWIPT-
enabled D2D communications is of particular importance. Al-
so, existing computation in current works cannot be transplant-
ed into SWIPT-empowered D2D communications, because,
the analysis of EE in the presence of SWIPT is not the same
as in previous results. Hence, a new analytical tool is needed.
Although the theory of stochastic geometry is leveraged to
calculate the energy harvested by [22], its underlying assump-
tion of energy harvesting following the Poisson Point Process

(PPP) is not practical as various random factors will distort
such a process. In other words, the calculation of EH in [22]
is imprecise.

In this paper, we apply stochastic geometry to SWIPT-
empowered D2D communications and design a mode selection
mechanism. The contributions made in this paper are summa-
rized as follows:
• We analyze the energy harvested by D2D users and

cellular users leveraging stochastic geometry (SG) under
the TS and PS architectures of SWIPT, and obtain the
closed-form expression of the ergodic energy-harvested
(EEH). As we know, this work is one of the early attempts
on analysis of energy harvesting by SG.

• With the analyses of EEH and ergodic capacity, the sys-
tem EE is then investigated in a different mode. A mode
selection mechanism based on the system EE is designed,
which can determine the optimal D2D communication
mode in reducing energy consumption of the system, as
well as enhancing the standby time of devices.

• The effectiveness of the proposed mode selection mech-
anism is demonstrated via extensive simulations. The
results show that our mechanism is able of selecting
the best mode for D2D communication with better EE,
especially in an ultra-dense cellular network, compared
with the state-of-the-art mode selection approach.

D. Roadmap

The rest of the paper is structured as follows; Section II
introduces the system model. In Section III, we tackle the
amount of SWIPT-harvested energy by D2D users and cellular
users in three D2D communication modes. Section IV presents
calculations of the ergodic capacity of D2D and cellular links.
Section V presents the mode selection mechanism. Section VI
describe and analyzes the simulation results before presenting
the final remarks and conclusion in Section VII.

II. SYSTEM MODEL

For our model, we consider a multiple cells scenario, where
a cellular user is restricted to communicate with the nearest
base station, a D2D user can work either in reuse or dedicated
or cellular mode as shown in Fig. 1. In this scenario, we
characterize a set of: cellular users (C), D2D users (D,
either D2D transmitters or receivers), and base stations (B),
as Poisson point processes (PPP); ΦC , ΦD, and ΦB with
densities λC , λD, and λB , respectively. We also assume that
dC corresponds to a distance between a cellular user and a
base station and dD represents the distance between a pair of
D2D user equipment. Then, according to PPP, the probability
density functions (pdf) of the cellular user and the D2D link
can respectively be shown as:

fC(dC) = 2πλBdC exp(−πλBdC2) (1)

and

fD(dD) = 2πλDdD exp(−πλDdD2). (2)

It should be noted that the transmit power of any cellular
user depends on its distance to the base station, which varies
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Fig. 1: An illustrative system scenario (DTU = D2D transmit-
ter, DRU = D2D receiver, CUE = cellular user, BS = base
station).

from one user to another. As such, each cell, we stratify all
cellular users into s (s is a variable) tiers that is, cellular
users located in the same tier have an identical transmit power.
Let Cγ,i denote the i-th cellular user at the γ-th tier, where
(γ = 1, 2, . . . , s), and PCγ (PCγ 6= PCδ if γ 6= δ) represent the
transmit power of cellular users at the γ-th tier. Furthermore,
we assume that the transmit power of each D2D link is
PD under reuse and dedicated modes. This is based on the
assumption that distances from any D2D transmitter to its
receiver are relatively short under these two communication
modes. In the cellular mode, however, we mark it as PDγ if
the D2D user is located at tier γ (as any D2D user in this
communication mode would be treated like regular cellular
users, and thus be stratified as well). For the base station
in each cell, we assume that it’s transmit power PB is fixed
during data transmission process.

Power Splitting (PS) and Time Switching (TS) are two
essential components that enable SWIPT implementation. In
the PS architecture, a portion of the total received power at a
device is used to decode information and the rest is used for
harvesting energy. In the TS architecture, received signals are
used for energy-harvesting during a certain time period within
a receiving cycle. They are used for information-decoding for
the remaining cycle time. Note that both architectures aim at
compensating the energy consumption of devices, and thereby
enhance their standby time by means of harvesting energy.
As such, the working procedure of SWIPT can consist of an
energy harvesting stage and data transfer stage. In the former,
the amount of energy harvested by D2D users in different
modes can change due to a different amount of interference
experienced by D2D users in each mode. Specifically, in
cellular communication mode, D2D and cellular users can
only harvest energy from the base station’s downlinks. In
the data transfer stage, the spectrum available for a cell is
divided into sub-spectrums that are designated for cellular
users. Under these conditions, D2D users are allowed to
reuse available uplink resources of cellular users (under reuse

communication mode). In the dedicated communication mode,
only a fixed portion of the spectrum will be reserved for D2D
communications and the remaining spectrum will be available
for cellular users. In the cellular communication mode, D2D
users act just like cellular users using the base station to
transfer data.

As far as system interference is concerned, since D2D users
reuse the uplink spectrum resources of cellular users (under
the reuse communication mode), they are subject to both intra-
and inter-cell interferences caused by other D2D users and/or
cellular users. At the same time, cellular users will experience
interference by intra- and inter-cell D2D users, and intra-cell
cellular users. Under dedicated and cellular communication
modes, however, D2D users and cellular users do not interfere
with each other.

Regarding channel gain, we stipulate that D2D links follow
Rician fading with path loss d−αD in reuse or dedicated mode
and Rayleigh fading with path loss d−αC (α is the path loss
component) in cellular mode. The reason for this assumption
is that the distance from a DTU to a DRU is relatively short
and can likely be within a line-of-sight (LoS) in both reuse and
dedicated modes and a non-line-of-sight (NLoS) likelihood
in cellular mode due to longer distances. Analogously, the
channel gain of the interference links; CUE-DRU (from CUE
to DRU), DTU-DRU, and BS-DRU, all follow Rayleigh fading
since they are all NLoS. We put the frequently used symbols
and notations in Table I, which is located in Section VI.

In light of the above assumptions, in the following sections,
we will first analyze the energy harvesting of both cellular
and D2D users; and then combine these analytical results
with those of the system capacity to design a mode selection
mechanism on the basis of system EE.

III. ANALYSIS OF ENERGY-HARVESTING

To analyze the energy harvesting of D2D and cellular users,
we devise a new metric, termed Ergodic Energy-Harvested
(EEH), to reflect the amount of energy collected at receivers
under the time switching (TS) and power splitting (PS) archi-
tectures of SWIPT.

A. EEH under TS Architecture

For the TS architecture, we assume that over the total
amount of time; T , its τT (0 ≤ τ ≤ 1) portion will be used
for energy harvesting and the rest: (1− τ)T , will be allocated
for information decoding, as shown in Fig. 2. Note that when
the receiver is engaged in energy harvesting (i.e., during; τT ),
no data transfer activity will occur.

Time

Switch

Energy harvesting

Information decoding

Fig. 2: Time Switching Architecture of SWIPT.
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1) EEH for D2D Users: D2D users collect energy from the
base station. Let lBk,Da′ be the downlink from base station;
Bk, to DRU; Da′ , then the received power at Da′ would be
SD = PBkd

−α
Bk,Da′

hBk,Da′ , where PBk is the transmit power
of base station Bk, dBk,Da′ is the distance from the base
station Bk to the DRU Da′ , and hBk,Da′ is the channel gain
of link. Note that lBk,Da′ having an exponential distribution
with mean value 1 (i.e., hBk,Da′ ∼ exp(1)) by virtue of [23].
Given this setting, we have the following theorem.

Theorem 1: Under the TS architecture, the ergodic energy
harvested at the DRU Da′ for the downlink lBk,Da′ is:

EEHBk,Da′ = τηPBk

[
d̂−α(−e−πλB d̂

2

+ 1)+

(πλB)
α/2

Γ

(
−α+ 2

2
, πλB d̂

2

)]
,

(3)

where η is the energy conversion efficiency, τ is the percentage
of time for energy harvesting in the TS architecture, d̂ ≥ 1 is
used to avoid modeling inaccuracy for very short distance [27],
[31], and Γ(v, z) =

∫ +∞
z

uv−1e−udu is the incomplete
gamma function.

Proof: See Appendix A.
2) EEH for Cellular Users: Analogous to D2D users,

cellular users harvest energy from the base station as well. For
any cellular downlink; lBk,Cγ,i , the power received at a cellular
user; Cγ,i would be SC = PBkd

−α
Bk,Cγ,i

hBk,Cγ,i , where Cγ,i
is the i-th cellular user at the tier γ, PBk is the transmit
power of base station; Bk, dBk,Cγ,i is the distance from Bk
to Cγ,i, and hBk,Cγ,i is the channel gain of link lBk,Cγ,i
which is of an exponential distribution with mean value 1
(i.e., hBk,Cγ,i ∼ exp (1)). Accordingly, the energy harvested
at cellular user Cγ,i is similar to the energy harvested at the
DRU for a D2D downlink.

Theorem 2: Under the TS architecture, the energy harvested
at the cellular user Cγ,i for the cellular downlink lBk,Cγ,i can
be shown as:

EEHBk,Cγ,i = τηPBk

[
d̂−α

(
−e−πλB d̂

2

+ 1
)

+

(πλB)
α/2

Γ

(
−α+ 2

2
, πλB d̂

2

)]
,

(4)

where all the notations have the same meaning as in Eq. (3).
Proof: Follow the similar lines of Theorem 1’s proof.

Theorem 1 and Theorem 2 simply indicate that: the larger
transmit power of BS or the larger density of BS or the longer
time for energy harvesting in the TS architecture of SWIPT,
the more energy being harvested at receivers.

B. EEH under PS Architecture

The PS architecture of SWIPT where the received signal
power (P ) is split into two streams: with one κP being used
for energy harvesting and the other (1− κ)P for information
decoding, as shown in Fig. 3. Below, we discuss energy
harvesting for D2D users and cellular users under the reuse,
dedicated, and cellular communication modes, separately.

1) EEH for D2D Users:

Power 

Split

Energy harvesting

Information decoding

Fig. 3: Power Splitting Architecture of SWIPT.

a) In Reuse Mode: For any D2D link lDa,Da′ in
reuse mode with Da being the transmitter and Da′ being
the receiver, the signal power received at Da′ is SD =
PDd

−α
Da,Da′

gDa,Da′ , where PD is the transmit power of Da,
dDa,Da′ is the distance between Da and Da′ , and gDa,Da′
is the signal fading from Da to Da′ . Note that gDa,Da′
is a Rician fading and follows a non-central χ2 distribu-
tion with Rician factor K (the ratio of direct power to
scattered power). The pdf of gDa,Da′ is fgDa,Da′

(g) =

(K+1)e−K

ḡ exp
(
− (K+1)g

ḡ

)
I0

(√
4K(K+1)g

ḡ

)
, where ḡ is the

mean, and I0 (·) is the zero-order Bessel function. Note
that when the scattered power is 0.5, the mean would be
ḡ=K + 1 and the pdf of gDa,Da′ reduces to fgDa,Da′

(g) =

exp (−K − g)
∞∑
k=0

(Kg)k

(k!)2
. Also, for this D2D link; lDa,Da′ ,

the interference power experienced at Da′ is I = IC,Da′ +
ID−a,Da′ with IC,Da′ =

∑s
j=1

∑
Cj,i∈C

PCjd
−α
Cj,i,Da′

hCj,i,Da′

and ID−a,Da′ =
∑

Da′′∈D−a
PDd

−α
Da′′ ,Da′

hDa′′ ,Da′ , where

D−a = D−{Da}, PCj is the transmit power of cellular users
at tier j, Cj,i denotes the cellular user i at tier j, dCj,i,Da′ is
the distance from cellular user Cj,i to D2D user Da′ , and both
hCj,i,Da′ and hDa′′ ,Da′ are channel gains of the link lDa,Da′
and follow an exponential distribution with mean value 1 (i.e.,
hCj,i,Da′ ∼ exp (1) and hDa′′ ,Da′ ∼ exp (1)).

With the above, we have the following results.
Theorem 3: Under the PS architecture and in the reuse

mode of D2D communications, for any D2D link; lDa,Da′ ,
the energy harvested at Da′ is

EEHDa,Da′ = κη
{
PD

[
d̂−α

(
−e−πλD d̂

2

+ 1
)

+ (πλD)
α/2·

Γ

(
−α+ 2

2
, πλDd̂

2

)]
(1 +K) +

s∑
j=1

PCjπλC ·

d̂−α+2 α

α− 2
+ PDπλDd̂

−α+2 α

α− 2

}
.

(5)

Proof: See Appendix B.
b) In Dedicated Mode: The difference between the dedi-

cated and the reuse mode in D2D communications is due to the
the interference between cellular users and D2D users, which
exists in reuse mode, but does not exist in dedicated mode. As
such, the energy harvested by D2D users in dedicated mode
can be obtained by modifying the counterpart in the reuse
mode.
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Theorem 4: Under the PS architecture and in the dedicated
mode of D2D communications, for any D2D link; lDa,Da′ , the
energy harvested at Da′ is

EEHDa,Da′ = κη
{
PD

[
d̂−α

(
−e−πλD d̂

2

+ 1
)

+ (πλD)
α/2·

Γ

(
−α+ 2

2
, πλDd̂

2

)]
(1 +K) + PDπλDd̂

−α+2 α

α− 2

}
.

(6)

Proof: Follow the similar lines of Theorem 3’s proof.
According to Eq. (5) and Eq. (6), we see that an increased

PD or an increased λD will heighten the harvested energy.
c) In Cellular Mode: D2D communications in this mode,

just like cellular communications, need to go through the
base station. In this mode, energy harvesting occurs only
at the DRUs of downlinks with the base station as the
transmitter and the D2D user as the receiver. For any downlink
lBk,Da′ formed with base station Bk and DRU Da′ , the
signal power received at Da′ is SD = PBkd

−α
Bk,Da′

hBk,Da′ ,
where PBk is the transmit power of the base station Bk,
dBk,Da′ is the distance from the base station Bk to DRU
Da′ , and hBk,Da′ is the channel gain of the link lBk,Da′ ,
which is of the exponential distribution with mean value 1 (i.e.,
hBk,Da′ ∼ exp (1)). Similarly, the interference power received
at Da′ is IB−k,Da′ =

∑
Bk′∈B−k

PBk′d
−α
Bk′ ,Da′

hBk′ ,Da′ , where

B−k = B − {Bk}, and the meanings of other notations are
obvious.

Theorem 5: Under the PS architecture and in the cellu-
lar mode of D2D communications, for any D2D downlink
lBk,Da′ , the energy harvested at Da′ is given by Eq. (7).

Proof: See Appendix C.
2) EEH for Cellular Users: Note that energy harvesting

for cellular users, which takes place over cellular downlinks,
does not depend on any D2D communication mode (as D2D
link is assumed to reuse uplink in cellular mode). Therefore,
the energy harvested at a cellular user can be calculated in a
similar fashion to that of a D2D user in cellular mode.

Theorem 6: Under the PS architecture, for any cellular
downlink lBk,Cγ,i , the energy harvested at the cellular user
Cγ,i is specified by Eq. (7).

Proof: Follow the similar lines of Theorem 5’s proof.

IV. ANALYSIS OF ERGODIC CAPACITY

As stated before, a portion of time will be used for energy
harvesting and the rest will be allocated for information decod-
ing under the time switching (TS) architecture of SWIPT. The
analysis of system capacity could be readily inherited from
our previous results in [23], except that a time coefficient
should be incorporated. Likewise, for the power splitting
(PS) architecture of SWIPT a power coefficient needs to be
associated with corresponding ergodic capacity in [23]. Thus,
we skip the details and show the main results of ergodic
capacity in the following.

A. Ergodic Capacity under TS Architecture

Given that the time allocated for information decoding
under time switching architecture is (1 − τ)T , the ergodic

capacity of D2D links and cellular links in all the three D2D
communication modes, can be calculated as follows.

1) Ergodic Capacity in reuse mode: Suppose M is the
spectrum available for cellular and D2D links. For any D2D
link lDa,Da′ , its ergodic capacity would be

ECDa,Da′ = (1− τ)M

( ∞∑
n=1

n−1∑
m=0

n−m∑
b=1

(−1)n−mJ (m,n) ·

βn−mb

πλDα

2
Ib +

∞∑
n=0

J(n, n)
απλD

2
I0

)
,

(8)

where Ib =
∫∞

0
tb+

α
2
−1dt

(πλD+t)b+1
(
A
α
2 +t

α
2

) , (b = 0, 1, . . .), A =

πC (α)

(∑s
j=1

(
PCj
PD

)2/α

λC + λD

)
, C (α) = 2π/α

sin(2π/α) ,

βn−mb =
∑b
j=1 (−1)

j(b
j

)(
2j
α

)
n−m, (x)k = x(x − 1) · · · (x −

k + 1), and J (m,n) = Knm!
eK

(
n
m

)
1

(n!)2 . For any cellular link
lCγ,i,Bk , its ergodic capacity is given by

ECCγ,i,Bk=

∞∫
0

(1− τ)Mdt

λC
λB
ρ (et − 1, α) + C (α) λDλB

(
PD(et−1)
PCγ

) 2
α

+ 1

,

(9)

where ρ (et − 1, α) =
s∑
j=1

∫∞(
PCγ

(et−1)PCj

)2/α

(
(et−1)PCj

PCγ

)2/α

·

1
1+uα/2

du, and PCγ is the transmit power of the cellular user
Cγ,i.

2) Ergodic Capacity in dedicated mode: Suppose M1 is
the spectrum used by D2D links. For any D2D link lDa,Da′ ,
its ergodic capacity would be

ECDa,Da′ = (1− τ)M1

( ∞∑
n=1

n−1∑
m=0

n−m∑
b=1

(−1)n−mJ (m,n) ·

βn−mb

πλDα

2
Ib +

∞∑
n=0

J(n, n)
απλD

2
I0

)
,

(10)

where all notations have the same meanings as that in Eq. (8),
except for A = πC (α)λD (which is part of Ib). Also, if
M2 = M −M1 is the spectrum used by cellular users, then
for any cellular link lCγ,i,Bk , its ergodic capacity would be

ECCγ,i,Bk =

∞∫
0

(1− τ)M2dt

1 + λC
λB
ρ (et − 1, α)

. (11)

3) Ergodic Capacity in cellular mode: Suppose M1 is the
spectrum used by D2D links, for any D2D link lDa,Da′ , its
ergodic capacity would be

ECDa,Da′ =
(1− τ)M1

2

∞∫
0

SPDa,Da′
(
et − 1

)
dt, (12)

where SPDa,Da′ is the success probability [23] of the D2D
link lDa,Da′ . At the same time, suppose M2 = M−M1 is the
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EEHBk,Da′ (or EEHBk,Cγ,i) = κη
{
PBk

[
d̂−α(1− e−πλB d̂2) + (πλB)

α/2
Γ
(
−α+2

2 , πλB d̂
2
)]

+2πλBPBk′ ·[
d̂−α+2( 1

2 + 1
α−2 )(1− e−πλB d̂2) + d̂−α

2πλB

[(
πλB d̂

2 + 1
)
e−πλB d̂

2 − 1
]

+ 1
α−2 (πλB)

α
2−1

Γ
(
−α+4

2 , πλB d̂
2
)]}

.
(7)

spectrum used by cellular users. Then, for any cellular link
lCγ,i,Bk , its ergodic capacity would be

ECCγ,i,Bk =

∞∫
0

(1− τ)M2dt

1 + λC
λB
ρ (et − 1, α)

, (13)

which is the same as the ergodic capacity in Eq. (11).

B. Ergodic Capacity under PS Architecture

Given that the power allocated for information decoding
under the power splitting architecture is (1−κ)P , the ergodic
capacity of D2D links and cellular links in the three D2D
communication modes can be calculated in a similar fashion
to that in TS architecture.

1) Ergodic Capacity in reuse mode: Suppose M is the
spectrum used by cellular and D2D links. For any D2D link
lDa,Da′ , its ergodic capacity would be

ECDa,Da′ = (1− κ)M

( ∞∑
n=1

n−1∑
m=0

n−m∑
b=1

(−1)n−mJ (m,n) ·

βn−mb

πλDα

2
Ib +

∞∑
n=0

J(n, n)
απλD

2
I0

)
,

(14)

which is essentially the same as the ergodic capacity in Eq. (8)
(with τ replaced by κ). For any cellular link lCγ,i,Bk , its
ergodic capacity would be

ECCγ,i,Bk=

∞∫
0

(1− κ)Mdt

λC
λB
ρ (et − 1, α) + C (α) λDλB

(
PD(et−1)
PCγ

) 2
α

+ 1

.

(15)

2) Ergodic Capacity in dedicated mode: Suppose M1 and
M2 are the spectrums used by D2D links and cellular links,
respectively. Then, for any D2D link lDa,Da′ , its ergodic
capacity is given by

ECDa,Da′ = (1− κ)M1

( ∞∑
n=1

n−1∑
m=0

n−m∑
b=1

(−1)n−mJ (m,n) ·

βn−mb

πλDα

2
Ib +

∞∑
n=0

J(n, n)
απλD

2
I0

)
,

(16)

which is basically the same as the ergodic capacity in Eq. (10),
and for any cellular link lCγ,i,Bk , its ergodic capacity would
be

ECCγ,i,Bk =

∞∫
0

(1− κ)M2dt

1 + λC
λB
ρ (et − 1, α)

. (17)

Algorithm 1: Energy-efficient Mode Selection Mechanism
Input: λB , λC , λD, PB , θ and α.
Output: communication mode.

1 for (SIR > θ) do
2 Calculate Ergodic Capacity, EEH according to

Eq. (3–19),
3 Obtain ∆EE according to Eq. (20–21);
4 end
5 if ((∆EE1

> ∆EE2
)&&(∆EE1

> ∆EE3
)) then

6 Select reuse mode;
7 else if ((∆EE2 > ∆EE1)&&(∆EE2 > ∆EE3)) then
8 Select dedicated mode;
9 else

10 Select cellular mode;
11 end

3) Ergodic Capacity in cellular mode: Let M1 and M2 be
the spectrums used by D2D links and cellular links. Then, the
ergodic capacity’s of the D2D link lDa,Da′ and the cellular
link lCγ,i,Bk are

ECDa,Da′ =
(1− κ)M1

2

∞∫
0

SPDa,Da′
(
et − 1

)
dt (18)

and

ECCγ,i,Bk =

∞∫
0

(1− κ)M2dt

1 + λC
λB
ρ (et − 1, α)

, (19)

respectively.
With the above expressions of EEH and ergodic capacity

in hand, we are now in a position to design mode selection
mechanism for D2D communications.

V. ENERGY EFFICIENT MODE SELECTION MECHANISM

In a general networks, energy efficiency in wireless net-
works can be defined as the ratio of the capacity to the
total energy consumption of the network. In the process
of computing system EE, the average power consumed by
the circuit of mobile devices (Pcir) and the average power
consumed by the base station (Pcir B) need to be taken into
account.

In the reuse and dedicated modes, suppose all cellular users
are distributed over s tiers, PCi is the transmit power of
cellular users at the i-th tier, and PD is the transmit power
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TABLE I: Simulation Parameters Setting

Parameter Value
Number of tiers s 3

Transmit power of BSs (PB) 20 w
Transmit power of cellular users on tier 1 (PC1

) 0.50 w
Transmit power of cellular users on tier 2 (PC2

) 1.00 w
Transmit power of cellular users on tier 3 (PC3 ) 2.00 w

Transmit power of D2D users
in reuse and dedicated modes (PD) 0.25 w

Transmit power of D2D users on tier 1
in cellular mode (PD1

) 0.10 w

Transmit power of D2D users on tier 2
in cellular mode (PD2 ) 0.20 w

Transmit power of D2D users on tier 3
in cellular mode (PD3 ) 0.40 w

Density of BSs (λB) 7 · 10−6m−2

Density of D2D users (λD) 1 · 10−4m−2

Density of cellular users (λC ) 4 · 10−5m−2

Rician factor K 10
Average user device circuit power loss (Pcir) 0.10 w

Average BS circuit power loss (Pcir B) 0.20 w
Total spectrum M 100 Hz

Bandwidth available for D2D users
in dedicated and cellular modes M1

50 Hz

Bandwidth available for cellular users
in dedicated and cellular modes M2

50 Hz

Energy harvesting allocation ratio under TS scheme τ 0.6
Energy harvesting allocation ratio under PS scheme κ 0.6

Energy conversion efficiency η 0.9
Path loss component α 4

Precision for short distance d̂ 1

of all D2D users. Then the EE of the entire system is given
by

∆EE =

λC
s∑
i=1

ECCi + λDECD

λC(
s∑
i=1

PCi + Pcir − EEHC) + λD(PD + Pcir − EEHD)
,

(20)

where ECCi is the total ergodic capacity of cellular users at
tier i, ECD is the total ergodic capacity of D2D users, EEHC

is the total energy harvested by cellular users, and EEHD is
the total energy harvested by D2D users.

In the cellular mode, each D2D user acts just like a
cellular user and the base station serves as a relay for D2D
transmissions.Under these conditions, the EE of the entire
system is given by Eq. (21), where ECDi is the total ergodic
capacity of D2D users at tier i, and the meanings of other
notations are the same as that in Eq. (20).

Once the computation of system EE is in place, we can
eventually address the issue of mode selection for D2D com-
munications - that is, which mode would be the best selection
to conduct the D2D communications. One straightforward
strategy would be to just choose the mode that will yield the
best EE by Eqs. (20) and (21), as shown in Algorithm 1. But by
doing so, it may not be able to ensure that the system ergodic
capacity of the chosen mode would be optimal, for Eqs. (20)
and (21) convey that an improved EE does not necessarily
result from ergodic capacity. Another strategy, would be to first
eliminate the modes that fail to deliver the systems ergodic
capacity (i.e., greater than a predefined threshold) and then
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Fig. 4: Relation between energy harvested by a single cellular
user and PB (PS = power splitting, TS = time switching).

select the one that produces the best system EE from the
remaining modes. This mechanism can be easily achieved by
some minor modifications to Algorithm 1.

Note that the mode selection decision in this mechanism is
made by the BS for each individual D2D link rather than for
all D2D links simultaneously. As such, the proposed scheme
doesn’t need perfect synchronization of all users.

VI. SIMULATION RESULTS

In this section, we carry out extensive simulations to access
the energy harvested by cellular and D2D users as well
as the system EE, in the presence of SWIPT under the
reuse, dedicated, and cellular mode of D2D communications,
respectively. The results of these simulations are subsequently
analyzed. All simulation parameters (which are similar to that
in [23]) and their values, unless otherwise specified, are listed
in Table I. Note that s is set to 3, it can also be 4, 5, or other
values. The simulation results deliver the same insights even
s takes another value.

Fig. 4 depicts the relation of the energy harvested by a single
cellular user with the transmit power; PB and the density; λB
of the base station; B, respectively. It can be clearly observed
that the EEH increases when PB or λB increases. This is not
surprising as an increase in PB will result in an increase in
the received useful signals, and an increase in λB will result
in an increase in interference signals for cellular users. Since
both useful and interference signals are used in SWIPT, we
consequently see an increase in the harvested energy. Also,
note that cellular users can only harvest energy from the base
station under the TS architecture. Moreover, from Fig. 4, we
can see a higher value of the harvest energy from both base
station and inference signals under the PS architecture. The
reason for EEHC in the PS architecture being higher than
that in the TS one is that: given the same value to τ and κ,
the cellular users can collect energy from both of the BS and
the interference in the former architecture, but cellular user
can harvest energy only from the BS in the later one.

Fig. 5, on the other hand, shows the energy harvested by a
single D2D user with respect to the average transmit power;
PD and the density; λD of D2D users, under the reuse,
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∆EE =

λC
s∑
i=1

ECCi + λD
s∑
i=1

ECDi

λC(
s∑
i=1

PCi + Pcir − EEHC) + λD(
s∑
i=1

PDi + Pcir + Pcir B + PB − EEHD)
. (21)
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Fig. 5: Relation between energy harvested by a single D2D
user and PD (RM = reuse mode, DM = dedicated mode, CM
= cellular mode).
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Fig. 6: Relation between system EE and λC in reuse and
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dedicated, and cellular modes, respectively. 1 This indicates
that with the PS architecture, the amount of energy harvested
by a D2D receiver, in terms of the communication mode, has
the following rank: cellular mode > reuse mode > dedicated
mode. This is due to the fact that in cellular mode the energy
harvested by D2D receivers directly comes from the base
station, which has nothing to do with PD and λD. More
specifically, the base station has much greater transmit power
than that of D2D transmitters, and the interference experienced
at the D2D receivers in dedicated mode is less than that in
reuse mode. As for the relation between the harvested energy
and the density of D2D users, an increase in λD will cause an
increase in the amount of received signals at a D2D receiver.

1Strictly speaking, the transmit power of D2D links in cellular mode is
denoted by PDγ (not PD) where γ is the tier on which the D2D user is
located. But, since the energy harvested by D2D users in cellular mode does
not depend on the transmit power of D2D links, here we use PD to collectively
denote the transmit power of D2D links (in all modes) as doing so will not
affect the outcomes.
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Finally, since the harvested energy by a D2D receiver under
the TS architecture comes solely from the base station, it is
independent of the transmit power or the density of D2D users
(see a straight line Fig. 5).

Figs. 6 and 7 depict the relations between the system EE
and the cellular user density λC under the three different
communication modes. In particular, Fig. 6 reveals that the
system EE decreases as the λC increases in the reuse and
dedicated modes in both TS and PS architectures. Nonetheless,
the system EE in dedicated mode is higher than that in reuse
mode. This behavior can be explained by the following facts:
In reuse mode, an increase in λC will cause an increase in
interference between D2D users and cellular users, causing a
decrease in the ergodic capacity for both D2D and cellular
links. The system EE thus decreases, as observed. In the
dedicated mode, however, there is no interference between
D2D and cellular links. As such, an increase in λC will
only cause an increase in interference between cellular users.
Consequently, the system EE in dedicated mode is higher
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under the TS

and PS architectures and w.r.t. cellular mode.

than that in reuse mode. On the other hand, Fig. 7 shows
that the system EE under the cellular mode increases first
and then starts to drop as the λC increases. Bear in mind
that when the density of cellular users is low, the energy
consumption of D2D users via the data relay at the base
station dominates the energy consumption of cellular users. At
the same time, any (small) increase in λC increases both the
energy consumption and the ergodic capacity for cellular users,
but the latter increase would be relatively more substantial. As
a result, we see an increase of the system EE when λC is small.
However, when λC gets much larger and keeps growing, the
system starts having a shortage of spectrum resources. Under
these conditions, the energy consumption of cellular devices
will dominate the total energy consumption and become a
major factor with regards to ergodic capacity and energy
consumption of the system. Consequently, we see a decrease in
system EE as the density of cellular users becomes sufficiently
large. Combining Figs. 6 and 7, we see that the system EE
has the following rank in terms of the D2D communication
mode: dedicated mode > reuse mode > cellular mode. Finally,
note that these two figures show that the system EE can be
improved with SWIPT, especially for D2D communications
in reuse mode in the context of ultra-dense cellular network
(larger λB , λC , λD lead to higher EE), compared with [23].

Fig. 8 depicts the relation between the system EE and the
density λD of D2D users under the TS and PS architectures
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and with respect to the three D2D communication modes.
It can be seen that under both TS and PS architectures,
the system EE increases as λD increases in both reuse and
dedicated modes, but decreases in cellular mode. This is
mainly due to the fact that in the reuse and dedicated modes,
the total ergodic capacity of the system will increase as the
density of D2D users increases [23], but the total energy
consumption of the system remains roughly unchanged. This,
by Eq. (20), will subsequently lead to an increase in the system
EE. However, in cellular mode, the base station needs to serve
as a relay node for D2D communications. Since the base
station consumes a great deal of energy in transferring data for
D2D communications, and the ergodic capacity of D2D links
is substantially smaller when compared with cellular links, the
system EE tends to decrease as λD increases. From Fig. 8, we
can see that when the D2D user density λD is relatively low,
the system energy efficiency is higher in dedicated mode. On
the contrary, when λD exceeds a certain range, the system
energy efficiency is higher in dedicated mode.

The relation between the system EE and the cellular transmit
power PC1

at the first tier under the TS and PS architecture
and with respect to the three D2D communication modes is
shown in Figs. 9 and 10. Obviously, Fig. 9 indicates that the
system EE decreases as the PC1 increases in both reuse and
dedicated modes and under both TS and PS architectures. Such
behavior is due to a fact that an increase in PC1

will cause
either higher interference between D2D users and cellular
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users (and thus lower ergodic capacity of the system), or
higher energy consumption of the system, or both. This will
inevitably cause a decrease in the system EE. Fig. 10, on
the other hand, reveals that the system EE initially increases
slowly and then decreases slowly as the PC1

increases in
cellular mode and under both TS and PS architectures. The
reason for such behavior is that when PC1

is small and grows
within a certain range, it will cause an increase in the ergodic
capacity of cellular users. Therefore, we see a slow increase in
system EE initially. However, when PC1

keeps growing and
becomes relatively large, it will cause an excessive increase
in the cellular energy consumption in the system, which will
consequently bring the system EE down.

Figs. 11 and 12 depict the relation between the system EE
and transmit power of D2D users (PD) or the transmit power
of D2D users at the first tier (PD1

) under the TS and PS archi-
tectures. The reasons for the fact that as PD or PD1 increases
the system EE increases first and then decreases in reuse
mode (also, decreases straightforwardly in both dedicated and
cellular modes) can be explained as follows. In the reuse
mode, the distance from a D2D transmitter to its receiver is
typically short. Therefore, the interference experienced at D2D
receivers, when PD is small and increases within a certain
range, can be roughly ignored. Consequently, this will boost
the ergodic capacity of D2D users, which in turn can result in
an increase in the system EE. On the other hand, when PD
grows notably high the ensuing interference it causes will be
substantially stronger, leading to a decrease in ergodic capacity
and a decrease in EE as well. In the dedicated mode, there is
no interference between D2D users and cellular users. In this
case, an increase in PD will cause a decrease in the ergodic
capacity and an increase in energy consumption for D2D users.
As a result, the system EE decreases as the PD increases.
The situation in cellular mode (Fig. 12) can be explained in a
similar fashion, with PD1 perceived as PD.

VII. CONCLUSION

In this paper, we have studied the energy-efficient SWIPT-
empowered mode selection in D2D communications. Under
the TS and PS architectures of SWIPT, we have analyzed
the energy harvested by D2D users and cellular users using
stochastic geometry, and have obtained the closed-form ex-
pression of the ergodic energy-harvested (EEH). Armed with
EEH and the results of ergodic capacity, we have designed
a mode selection mechanism based on the system EE. We
have also conducted numerous simulations to verify the effec-
tiveness of the proposed mechanism. The simulation results
show that our mechanism is able to select the best mode for
D2D communication with better EE, especially in an ultra-
dense cellular network, compared with a state-of-the-art mode
selection approach.
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APPENDIX A
PROOF OF THEOREM 1

Note that
EEHBk,Da′ = E[SD] = PBkE[d−αBk,Da′hBk,Da′ ] = PBkE[d−αBk,Da′ ],

and

E[d−αBk,Da′ ] =

∞∫
0

d−αBk,Da′ · 2πλBdBk,Da′ exp(−πλBd2
Bk,Da′

)ddBk,Da′ ,

where d̂ ≥ 1 is used to avoid model inaccuracy for very short distance [27], [31]. Specifically, when dBk,Da′ < d̂, the path
loss is d̂−α; when dBk,Da′ > d̂, the path loss is d−αBk,Da′ . Thus,

E[d−αBk,Da′ ] =

d̂∫
0

d̂−α · 2πλBdBk,Da′ exp(−πλBd2
Bk,Da′

)ddDa,a′ +

∞∫
d̂

d−αBk,Da′ · 2πλBdBk,Da′ exp(−πλBd2
Bk,Da′

)ddBk,Da′

= d̂−α
(
−e−πλB d̂

2

+ 1
)

+ (πλB)
α/2

Γ

(
−α+ 2

2
, πλB d̂

2

)
and the theorem follows.

APPENDIX B
PROOF OF THEOREM 3

Note that

E (SD + I) = PDE
(
d−αDa,Da′ gDa,Da′

)
+ E

(
IC,Da′

)
+ E

(
ID−a,Da′

)
,

E
(
d−αDa,Da′ gDa,Da′

)
= E

(
d−αDa,Da′

)
· E
(
gDa,Da′

)
,

E
(
d−αDa,Da′

)
=

d̂∫
0

d̂−α2πλDdDa,Da′ exp(−πλDd2
Da,Da′

)ddDa,Da′ +

∞∫
d̂

d−αDa,Da′2πλDdDa,Da′ exp(−πλDd2
Da,Da′

)ddDa,Da′

= d̂−α
(
−e−πλD d̂

2

+ 1
)

+ (πλD)
α/2

Γ

(
−α+ 2

2
, πλDd̂

2

)
,

E
(
gDa,Da′

)
=

∞∫
0

gDa,Da′ exp
(
−K − gDa,Da′

) ∞∑
k=0

(
KgDa,Da′

)k
(k!)

2 dgDa,Da′

=
∞∑
k=0

exp (−K)
Kk

(k!)
2

∞∫
0

gDa,Da′
k+1 exp

(
−gDa,Da′

)
dgDa,Da′

=

∞∑
k=0

exp (−K)
Kk

(k!)
2 · (k + 1)! = exp (−K) (

∞∑
k=0

Kk(k + 1)

k!
) = 1 +K,

E
(
IC,Da′

)
= E

 s∑
j=1

∑
Cj,i∈C

PCjd
−α
Cj,i,Da′

hCj,i,Da′

 =

s∑
j=1

PCjE

 ∑
Cj,i∈C
dCj,i,Da′

>d

d−αCj,i,Da′ +
∑

Cj,i∈C
dCj,i,Da′

<d

d−αCj,i,Da′


=

s∑
j=1

PCj ·

2πλC

∞∫
d̂

d−αCj,i,Da′ · dCj,i,Da′ddCj,i,Da′ +

d̂∫
0

d̂−αdCj,i,Da′ddCj,i,Da′


=

s∑
j=1

PCjπλC d̂
−α+2 α

α− 2
,

and E
(
ID−a,Da′

)
= PDπλDd̂

−α+2 α
α−2 .
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Thus,

E (SD + I) = E
(
PDd

−α
Da,Da′

gDa,Da′

)
+ E

(
IC,Da′

)
+ E

(
ID−a,Da′

)
= PD

[
d̂−α

(
−e−πλD d̂

2

+ 1
)

+ (πλD)
α/2

Γ

(
−α+ 2

2
, πλDd̂

2

)]
(1 +K) +

s∑
j=1

PCjπλC d̂
−α+2 α

α− 2

+ PDπλDd̂
−α+2 α

α− 2
.

APPENDIX C
PROOF OF THEOREM 5

The computation of E(SD) is similar to that in Theorem 1. Also, note the following computation

E
(
IB−k,Da′

)
= EB,h

 ∑
Bk′∈B−k

PBk′d
−α
Bk′ ,Da′

hBk′ ,Da′

 = EB

 ∑
Bk′∈B−k

PBk′d
−α
Bk′ ,Da′


=2πλBPBk′

∞∫
0

 ∞∫
dB

k′ ,Da′

[
max(dBk′ ,Da′ , d)

]−α
dBk′ ,Da′ddBk′ ,Da′

fDB
k′ ,Da′

(
dBk′ ,Da′

)
ddBk′ ,Da′

=2πλBPBk′

 d̂∫
0

 d̂∫
dD

dBk′ ,Da′ · d̂
−αddBk′ ,Da′ +

∞∫
d̂

dBk′ ,Da′ · d
−α
Bk′ ,Da′

ddBk′ ,Da′

 2πλBdD exp(−πλBd2
D)ddD

+

∞∫
d̂

 ∞∫
dD

dBk′ ,Da′ · dBk′ ,Da′
−αddBk′ ,Da′

 2πλBdD exp(−πλBd2
D)ddD


= 2πλBPBk′

[
d̂−α+2 α

2(α− 2)

(
1− e−πλB d̂

2
)

+
1

2πλB
d̂−α

[(
πλB d̂

2 + 1
)
e−πλB d̂

2

− 1
]

+
1

α− 2
(πλB)

α
2−1

·Γ
(
−α+ 4

2
, πλB d̂

2

)]
.

By combining these two parts, the proof of the theorem is complete.
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