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Abstract—In this paper, we investigate a low complexity
technique for simultaneous wireless information and power
transfer (SWIPT) in the context of cellular networks, where
the multiple-antenna user equipments (UEs) employ maximum
ratio combining technique. In particular, our proposed technique
allocates a subset of antennas for information decoding (ID), only
when their post-combiner signal-to-interference ratio exceeds a
certain threshold, while the remaining antennas are allocated for
energy harvesting (EH). In contrast to conventional approaches,
where an uncorrelated or a fully correlated interference is
considered, we develop a realistic mathematical framework that
accurately captures the interference correlation effects on the
performance of the proposed technique. By using stochastic
geometry tools, we derive analytical expressions for both the
ID and EH success probability, as well as the joint ID and
EH success probability. Our results demonstrate the impact
of spatial interference correlation on both the ID and the EH
success probability, and we establish the optimal threshold for
the proposed antenna switching scheme, that maximizes the joint
ID and EH success probability.

Index Terms—SWIPT, interference correlation, stochastic ge-
ometry.

I. INTRODUCTION

The concept of simultaneous wireless information and
power transfer (SWIPT) is gradually becoming more and more
compelling to efficiently exploit the received ambient radio-
frequency (RF) signal, aiming to obtain both information and
energy. Although information theoretic studies ideally assume
that a receiver is able to decode information and harvest
energy independently from the same signal, this approach has
been previously regarded infeasible due to practical limitations
[1]. Fortunately, the concept of SWIPT becomes feasible by
splitting the received RF signal in two parts; one part is used
for information transfer and another part is used for power
transfer. The partitioning of the RF signal can be performed
either in the time, the power, or the space domain [2].

The concept of SWIPT technology in the context of large-
scale networks has been widely-investigated in the litera-
ture. In the context of cellular networks, the authors in [3]
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studied the performance limits of a three-nodes multiple-
input-multiple-output (MIMO) broadcast system, with sepa-
rate energy harvesting (EH) and information decoding (ID)
receivers. A mathematical framework for stochastic geometry
analysis of SWIPT-enabled MIMO systems was originally
proposed in [4], and the trade-off between information rate and
harvested power was demonstrated. In [5], the authors studied
the joint analysis of harvested energy and downlink signal-to-
interference-plus-noise ratio, while encompassing a realistic
channel model that accounts for line-of-sight (LOS) and non-
LOS links, different cell association criteria and directional
beamforming. The concept of SWIPT in intelligent reflecting
surface (IRS)-assisted cellular networks was investigated in
[6], highlighting that the IRSs can facilitate in compensating
the high RF signal attenuation over long distance and thereby
establish effective energy harvesting/charging zones for hot-
spot areas in their proximity. The majority of the above works
focuses on SWIPT-enabled networks based on either power
splitting (PS) or time switching (TS) protocols. Nevertheless,
the strict synchronization requirement for the TS approach
and the demand of an appropriate power-splitting circuit for
the PS approach, escalate the hardware complexity and cost
[7]. Antenna switching (AS), on the other hand, is a promising
low-complexity alternative approach that has been overlooked.

The main performance-limiting factor in wireless systems is
the existence of interference between the network’s nodes. The
interference is spatially correlated since it stems from a single
set of transmitters, even in the presence of independent fading
[8] [9]. While it has been long recognized that the correlated
fading reduces the performance gain of multi-antenna com-
munication systems, the concept of interference correlation
has been overlooked until recently. Such spatial correlation
of interference power affects the diversity gain of the system,
especially in high path loss environment [8]. In [9], the authors
also addressed interference correlation issues of the multiple-
antenna users and characterized the performance of maximum
ratio combining (MRC) in the presence of spatially-correlated
interference across antennas. In [10], the authors characterized
the spatio-temporal interference correlation as well as the joint
coverage probability at two spatial locations in a cellular net-
work and showed that the interference correlation and the joint
coverage probability decrease with the increase of the mobile
users’ speed. Therefore, the analytical characterization of the
diversity in wireless networks with interference, necessitates



the careful treatment of the interference correlation, otherwise
the results may be misleading.

In this paper, we assess the effect of the SWIPT tech-
nique in the context of cellular networks, where the user
equipments (UEs) are equipped with multiple antennas. The
main contribution of this paper is the development of a novel
threshold-based pair switching (TbPS) scheme to facilitate the
UEs’ allocation either for ID or for EH. In particular, based
on the proposed scheme, each UE allocates a subset of its
antenna elements for ID, only when the post-combiner signal-
to-interference ratio (SIR) observed by this subset is beyond
a certain threshold, while the remaining antenna elements
are allocated for EH. In contrast to conventional approaches,
where the interference power across the antennas elements
is either assumed fully correlated or fully uncorrelated, we
propose an analytical framework based on stochastic geometry
that captures the impact of the spatially-correlated interference
on the ID and EH performance of the considered system. In
particular, the interference power received within each pair
of antenna elements is assumed to be fully correlated, and
the interference observed at the various pairs is considered
to be independent. Based on the developed framework, we
derive analytical expressions for the success probability of
ID and EH, as well as for the joint success probability, i.e.
ID and EH. Our results illustrate the effectiveness of our
proposed low-complexity technique in satisfying the ID or/and
EH constrains of a UE and demonstrate the impact of interfer-
ence correlation on the achieved performance. Moreover, the
optimal threshold that maximizes the joint ID and EH success
probability is established.

Notation: Rd denotes the d dimensional Euclidean space;
‖x‖ denotes the Euclidean norm of x ∈ Rd; P[X] denotes the
probability of the event X and E[X] represents the expected
value of X; Γ(·), Γ(·, ·) and γ(·, ·) denote the complete, the
upper incomplete and lower incomplete Gamma functions,
respectively; 2F1(·, ·; ·; ·) is the Gauss hypergeometric func-
tion; H(·) is the Heaviside function and H̄(x) = 1−H(x).

II. SYSTEM MODEL

We consider a bi-dimensional wireless downlink cellular
network. The locations of the base stations (BSs) are dis-
tributed based on a homogeneous Poisson Point Process (PPP)
Φ = {xi ∈ R2} with density of λ, where xi denotes the
spatial coordinates of the i-th node. Moreover, we consider
the case where all BSs have single transmit antenna and all
UEs are equipped with N receive antenna elements [8]. In
addition, the locations of the UEs follow a uniform distribution
of density λU � λ. Based on the Slivnyak’s theorem and
without loss of generality, we perform our analysis from the
perspective of the typical UE, which is located at the origin
[11]. Furthermore, we consider a distance-based association
rule, where the typical UE is served by its closest BS at
xo, i.e. ‖xo‖ = arg minxi∈Φ ‖xi‖. Hence, the complementary
cumulative distribution function (ccdf) of the distance R from
a UE to its serving BS, is given by P[R ≥ r] = exp[−πλr2],
and the probability density function (pdf) of the distance R,

is given by [11] fr(r) = 2πλrexp(−πλr2), where follows
from the fact that fr(r) = d

dr (1− P[R ≥ r]).
All wireless signals are assumed to experience both large-

scale path loss effects and small-scale fading; the network is
considered to be interference-limited [8]. Regarding the small-
scale fading, we assume Rayleigh fading with unit average
power, where different links are assumed to be independent
and identically distributed [5]. Therefore, the power gain of the
channel between the k-th antenna element of a UE and a BS at
xi ∈ Φ is an exponential random variable with unit mean, i.e.
hk,i ∼ exp(1). For the large-scale path loss between a receiver
at X and a transmitter at Y, we assume an unbounded singular
path loss model, i.e. L(X,Y ) = ‖X − Y ‖α, where α > 2 is
the power path loss exponent. For simplicity, the path loss of
the link between a BS at xi and the typical UE is denoted as
L(xi) = ‖xi‖α.

Even though we assume that the channels between the
BSs and each antenna element of a UE are independent
with each other, the received interference across different
antenna elements is correlated due to the common locations of
the transmitter [8]. Motivated by the small distance between
adjacent antenna elements of a UE, we divide the set of
antenna elements into η pairs of two antenna elements, i.e. η =
N/2. Such approach could capture the interference correlation
between adjacent antenna elements and keep the tractability
for the analytical framework. Specifically, we assume that
the observed interference between each antenna element of
a pair is fully-correlated, while the intended received signals
and interference between pairs are considered uncorrelated.
Then, based on the AS protocol [2], our proposed scheme
assigns a subset of paired antenna elements, i.e. ν pairs, for
ID purpose and the remaining (η − ν) pairs, for EH. Let Sk
and Ik denote the power of the intended signal and observed
interference at the k-th antenna element of a UE, respectively,
where k = {1, · · · , N}. Due to the full-correlation of the
interference within each antenna pair, the interference across
antennas in each pair is same, i.e. Ik = Ik+1 = In where
k = 2n − 1 and n = {1, · · · , η}. Thus, based on the MRC
technique, the SIR of the n-th antenna pair of the typical UE,
is given by

SIRn =
Sk + Sk+1

In
=

(hk,o + hk+1,o)L
−1(xo)∑

xi∈Φ\o hk,iL
−1(xi)

, (1)

Regarding the selection of the number of antenna pairs, ν,
we proposed a threshold-based approach based on the MRC
[12]. Let Γν denote the post-combiner SIR for the MRC at
the receiver when ν pairs of antenna elements are selected,
which is equal to Γν =

∑ν
j=1 SIRn, where SIRn is given by

the expression (1). Based on the TbPS scheme, the number of
antenna pairs, ν, is selected so that the post-combiner SIR at
the receiver exceeds a certain predefined threshold γth (dB).
Starting from the single-pair case, the TbPS scheme gradually
raises the number of selected pairs aiming to satisfy the
aforementioned condition. The previous actions are repeated
until Γν is greater than the threshold γth, while satisfying the
constraint that at least one pair is allocated for EH.



LIn(s) = exp

(
−

2πλsr2−α
o 2F1

(
1, α−2

α ; 2− 2
α ;−sr−αo

)
α− 2

)
. (2)

∂LIn(s)

∂s
=

2LIn(s)πr2
oλ

(
2− α− 2(1 + sr−αo ) 2F1

(
1, α−2

α ; 2− 2
α ;−sr−αo

))
(rαo + s)(α− 2)α

(3)

III. SWIPT WITH THRESHOLD-BASED PAIR SWITCHING
TECHNIQUE

In this section, we analyse the performance of the proposed
TbPS technique in the context of cellular networks, where the
multi-antenna UEs employ the MRC technique in the presence
of spatial interference correlation. Specifically, we character-
ize the ability of a UE to successfully decode the received
signal and harvest sufficient energy. Based on the proposed
low-complexity TbPS technique, analytical expressions for the
ID, EH, and joint ID and EH success probability are derived
by using tools from stochastic geometry.

A. Information Decoding Success Probability

Firstly, we evaluate the conditional cumulative distribution
function (cdf) of SIRn, i.e. P[SIRn < Υ|xo], where Υ is the
decoding threshold and xo is the location of the serving BS
of the typical UE, which is useful for evaluating the ID, EH,
and the joint ID and EH success probability. The following
lemma evaluates the conditional cdf of the SIR at the n-th
antenna pair of the typical UE.

Lemma 1. The conditional cdf for the SIR of the n-th antenna
pair, i.e. SIRn, is given by

F (Υ|xo) = 1− LIn (s) + s
∂LIn (s)

∂s
,

where s = ΥL(xo), LIn(s) and ∂LIn (s) /∂s are given in
(2) and (3), respectively, and ro = ‖xo‖.

Proof. See Appendix A.

The following Remark investigates a special case of Lemma
1, where α = 4, which is a common practical value for path-
loss exponent in outdoor urban environments.

Remark 1. For the special case α = 4, the Laplace transform
and the derivative of the Laplace transform of the interference
observed at the n-th antenna pair can be simplified as

L∗In(s) = exp
(
−π
√
s tan−1

(
r−2
o

√
s
))
,

and
∂L∗In (s)

∂s
= −
L∗In(s)πλ

2

(
r2
o

r4
o + s

+
tan−1

(
r−2
o

√
s
)

√
s

)
.

The ID success probability in the context of our proposed
TbPS scheme can be formulated as
FID(χ, γth) =P [Γ1 ≥ χ & Γ1 ≥ γth]

+
∑η−2

v=2
P [Γv ≥ χ & Γv−1 < γth < Γv]

+ P [Γη−1 ≥ χ & Γη−2 < γth] ,

where χ (dB) is the decoding threshold. Although the pro-
posed scheme is suitable for any even number of antenna

elements at the UEs, in this work we consider the scenario
where N = 6 for tractability purposes. The aforementioned
assumption holds for practical wireless devices that typically
equipped with small number of antenna elements, due to space
limitations and complexity constrains, e.g. smart phones, WiFi
routers [9]. For this special case, the following proposition
characterizes the resulting performance in terms of ID success
probability.

Proposition 1. For the special case where UEs are equipped
with six antenna elements, i.e. N = 6, the ID success
probability, FID(χ, γth), is given by

FID(χ, γth) =

∫ ∞
0

TID(χ, γth, r)fr(r)dr, (4)

where

TID(χ, γth, r) =1− H̄(χ− γth)

∫ χ

0

F (χ− y|r)f(y|r)dy

−H(χ− γth)

(
F (χ|r)− F (γth|r)

+ F (χ− γth|r)F (γth|r)

+

∫ χ

χ−γth
F (χ− y|r)f(y|r)dy

)
,

F (Υ|xo) is the conditional cdf of SIRn, which is given in
Lemma 1 , and f(Υ|xo) is the conditional pdf of the SIRn

and can be calculated as f(Υ|xo) = ∂F (Υ|xo)/∂Υ.
Proof. See Appendix B.
B. Energy Harvesting Success Probability

In this section, we investigate the EH success probability for
our proposed TbPS scheme. Specifically, the EH success prob-
ability describes the ability of a UE to successfully harvest RF
energy above a predefined reliability threshold Q (dBm) based
on the practical application. Similar to [5], we consider a linear
energy harvest (LEH) model1, where the harvested energy is
defined as the aggregate received signal power multiplied with
the conversion efficiency ζ of the energy harvester. Moreover,
in order to derive compact and insightful expressions for
the EH success probability, the aggregate interference power
harvested by the energy harvester is approximated by the mean
interference power, denoted as Ī. The accuracy of the above-
mentioned approximation is illustrated in the numerical results
in Section V. Therefore, the mean interference power is given
by [11]

Ī , Eh,Φ
[∑

xi∈Φ\o
hk,iL(xi)

−1
]

= 2πλ‖xo‖2−α(α− 2)−1.

1Such LEH model is used for mathematical tractability and it is accurate
for the intermediate input power of the energy harvester [13]. Moreover,
the proposed mathematical framework serves as a useful guideline for more
practical nonlinear EH models.



Then, based on the number of selected pairs, ν, the EH success
probability achieved by the TbPS scheme, can be formulated
as,

FEH(Q, γth)=P[Γ1≥γth]P

ζ
 η∑
j=1

S2j−1+S2j+2Ī

≥Q


+

η−2∑
v=2

P[Γv−1<γth<Γv]P

ζ
 η∑
j=v+1

S2j−1+S2j+2Ī

≥Q


+P [Γη−2 < γth]P
[
ζ
(
S2η−1 + S2η + 2Ī

)
≥ Q

]
,

where Q is the reliability threshold. For the special case where
N = 6, the following proposition characterizes the resulting
performance in terms of EH success probability.

Proposition 2. For the special case where UEs are equipped
with six antenna elements, i.e. N = 6, the EH success
probability, FEH(Q, γth), is given by

FEH(Q, γth) =

∫ ∞
0

TEH(Q, γth, r)fr(r)dr, (5)

where
TEH(Q, γth, ro)= F̄ (γth|ro)H2(Q|ro) + F (γth|ro)H1(Q|ro),
H1(Q|ro)=Γ (2, `(ro, 2))H

(
ro − γ(1)

)
+H̄

(
ro − γ(1)

)
,

H2(Q|ro)=
Γ (4, `(ro, 4))

Γ(4)
H
(
ro − γ(2)

)
+H̄

(
ro − γ(2)

)
,

F̄ (·) = 1−F (·), `(x, y) = L(x)(Q̄− yĪ), Q̄ = Q/ζ, γ(y) =(
4yπλ
Q̄(α−2)

) 1
α−2

.

Proof. See Appendix C.
C. Joint ID and EH Success Probability

In this section, we discuss the trade-off between the ID and
the EH in the context of the TbPS scheme, by studying the
joint ID and EH success probability [5]. Specifically, the joint
ID and EH success probability, FID&EH(χ,Q, γth), refers to
the ability of a UE to simultaneously satisfy both the ID and
EH threshold. Hence, FID&EH(χ,Q, γth) can be evaluated as
FID&EH(χ,Q, γth)

= P[Γ1 ≥ χ&Γ1 ≥ γth]P
[∑η

j=1
S2j−1 + S2j + 2Ī ≥ Q̄

]
+

η−2∑
v=2

P[Γν≥χ& Γv−1<γth<Γv]P
[ η∑
j=v+1

S2j−1+S2j+2Ī ≥Q̄
]

+ P [Γη−1 ≥ χ&Γη−2 < γth]P
[
S2η−1 + S2η + 2Ī ≥ Q̄

]
.

In the following proposition, we evaluate the joint ID and
EH success probability for the special case with N = 6
antennas.

Proposition 3. For the special case where UEs are equipped
with six antenna elements, i.e. N = 6, the joint ID and EH
success probability is given by

FID&EH(χ,Q, γth) =

∫ ∞
0

TID&EH(χ,Q, γth, r)fr(r)dr,

Fig. 1. The conditional cdf of SIRn for different α ∈ {3, 4, 6}; ro = 30
m.

where

TID&EH(χ,Q, γth, r)=H(χ−γth)

(
H2(Q|r)F̄ (χ|r)

+H1(Q|r)F (γth|r)
∫ γth

0

F (χ− y|r)f(y|r)dy
)

+ H̄(χ− γth)

(
H2(Q|r)F̄ (γth|r) +H1(Q|r)

× F (γth|r) (1−H1(Q|r))
∫ χ

0

F (χ− y|r)f(y|r)dy
)
,

Proof. The proof follows the similar methodology with the
Proposition 1 and Proposition 2, and hence is omitted.

IV. NUMERICAL AND SIMULATION RESULTS

In this section, we provide analytical and simulated results
to validate the accuracy of our model and illustrate the
performance of the TbPS scheme. Unless otherwise stated, in
our results we consider the following parameters: the density
λ of the BSs is λ = 1/(R2

cellπ), where Rcell = 40 m, α = 3
and ζ = 0.7 [5].

Fig. 1 demonstrates the conditional cdf of SIRn for different
path loss exponents. Initially, the agreement between the
theoretical curves (solid and dashed lines) and the simulation
results (markers) validates our mathematical analysis. In order
to demonstrate the impact of the interference correlation on the
performance achieved by the TbPS scheme and validate the
accuracy of the adopted assumptions, we numerically evaluate
the scenario, where the interference power observed within
each antenna pair is correlated but not equal (denoted as
”Exact performance”), i.e. Ik 6= Ik+1. Moreover, we evaluate
the performance achieved under uncorrelated interference,
where interference received at different antenna elements is
independent with each other (denoted as ”No correlation”),
which is used as benchmark for comparing with our proposed
mathematical framework. We can easily observe that the per-
formance achieved by using the adopted assumptions provides
a tight upper bound for the exact performance, with lower



Fig. 2. ID success probability versus the threshold
γth for different χ ∈ {0, 5, 10} dB.

Fig. 3. EH success probability versus the threshold
γth for different Q ∈ {−15,−10,−5} dBm.

Fig. 4. Joint ID and EH success probability versus
the threshold γth for different χ ∈ {−5, 0, 5} dB
and Q ∈ {−15,−12.5,−10,−8.5} dBm.

computational complexity. On the other hand, by ignoring the
existence of spatial correlation between interference, it leads
to a large deviation from the exact performance, especially,
for higher path loss exponents. This was expected since, in
dense urban areas, i.e. high path loss exponents, the aggregate
interference is mainly composed by the interference caused by
the closest interfering BS. Hence, if an antenna fails to decode
the received signal, then the rest antenna will fail to decode
the received signal with high probability, due to the existence
of interference correlation.

Fig. 2 illustrates the effect of the threshold γth on the ability
of a UE to successfully decode the received signal power.
In particular, Fig. 2 plots the ID success probability with
respect to the threshold γth for different decoding thresholds
χ ∈ {0, 5, 10} dB. It can be observed that there exist minimum
gaps between our analytical results and the exact performance.
Moreover, we can easily observe that the ability of a UE to
successfully decode the received signal power increases with
the increase of the predefined threshold γth. This was expected
since, the increase of γth results in an increased number
of antenna elements that perform ID, and consequently, the
ability to successfully decode the received signal power is
enhanced. However, beyond a critical value of γth, which is
equal to γth = χ, the ID success probability remains constant.
This can be explained by the fact that, for large values of γth,
a UE is unable to assign an additional pair of antennas for
the ID due to the constrain of the existence of at least one
pair of antennas for EH, i.e. the performance could be further
boosted for the receiver with more pairs of antenna elements.
Moreover, by increasing the decoding threshold χ, the ID
performance drops, which is from fact that greater decoding
threshold requires higher post-combiner SIR to achieve the
same success probability.

Similarly, Fig. 3 illustrates the effect of γth on the EH
success probability for different reliability thresholds Q ∈
{−15,−10,−5} dBm and different density of BSs λ ∈
{1/(1600π), 1/(2500π)}. First it can be observed that denser
BS deployments can boost the EH success probability based
on the proposed TbPS technique. This is based on the fact that
the increasing number of active BSs in the network results in

a higher aggregated received signal power at the UEs, which
can be harvested. Moreover, as expected, the harvested energy
of UE decreases as the predefined threshold γth increases,
since the number of antenna elements allocated for energy
harvesting reduces, and hence the EH success probability
drops. Moreover, Fig. 3 also demonstrates the impact of the
considered approximation regarding the observed interference
on the EH success probability. The small deviation from the
simulation results shows that the overall network interference
can be effectively approximated by the mean interference
power, without being significantly deficient in accuracy.

Fig. 4 shows the impact of the threshold γth on the ability
of a UE to simultaneously satisfy the requirements for both ID
and EH procedures. It is interesting to note that, by increasing
the threshold γth, the ability of a user to simultaneously
satisfy the ID and EH constrains increases. This is because,
as the value of the threshold γth increases, the proposed
TbPS scheme allocates a higher number of antenna elements
for the ID part. Hence, the ability of a UE to successfully
decode the received signal is significantly improved, while
its ability to harvest energy is slightly reduced. However,
beyond the critical point γth = χ, the ability of a user to
simultaneously satisfy the ID and EH constrains decreases.
As indicated in Fig. 2 and Fig. 3, the ability of a user to
successfully decode the received signal beyond a threshold
equal to γth = χ, remains constant, while the ability to harvest
energy is reducing, and hence the joint ID and EH success
probability is decreasing. Finally, we numerically investigate
the conventional AS scheme, where half number of antennas
are used for ID and half for EH [2]. It can be observed
that, the performance achieved with our proposed technique
outperforms that of the conventional scheme in terms of the
optimal joint ID and EH success probability. Moreover, the
proposed TbPS scheme is able to satisfy various ID and EH
requirements of practical applications, by adjusting the pre-
defined threshold.

V. CONCLUSION

In this paper, we investigated a low-complexity antenna
pair-switching technique between decoding/harvesting for



SWIPT in wireless downlink communications system with
spatially correlated interference between nearby antenna el-
ements. In particular, the proposed scheme allocates a subset
of antenna pairs for ID and the remaining antenna pairs for
EH, based on a predefined threshold. By leveraging stochastic
geometry tools, we investigated the ID and EH performance
of SWIPT-enabled UEs from a macroscopic point-of-view.
More specifically, we first evaluated the expression of the
conditional cdf of SIR observed by each antenna elements
pair of UEs. Then, analytical expressions for the achieved ID
success probability as well as the EH success probability were
investigated, and analytical expressions for the joint ID and
EH success probability have also been derived. Our results
show that based on proposed TbPS technique, the denser BS
deployments can boost the EH. Moreover, our results have
shown the data-energy trade-off in the TbPS scheme, high-
lighting the existence of an optimum threshold that maximizes
the joint ID and EH success probability. Aiming to further
enhance the achieved performance of SWIPT-enabled cellular
networks, a future extension of this work is to investigate other
antenna switching policies.

APPENDIX A
PROOF OF LEMMA 1

Based on the expression (1), the conditional cdf of SIRn,
can be expressed as
F (Υ|xo) = P [hk,o + hk+1,o ≤ L(xo)InΥ] = E

[
γ (2, sIn)

]
,

where s = ΥL(xo), and (6) follows from the fact that the
sum of two exponential random variables follows the Gamma
distribution [9]. Then, based on the moment generating func-
tion and γ(x, y) = Γ(x) − (x − 1)!e−y

∑y−1
k=0

yk

k! , the final
expression can be derived, where

LIn(s) = E
[
exp

(
−
∑

xi∈Φ\0

hk,is

L(xi)

)]
= exp

(
2πλ

∫ ∞
‖xo‖

(φ(x, s)− 1)xdx

)
,

(6)

where (6) is obtained from the Probability Generating Func-
tion (PGFL) of PPPs [11] and φ(x, s) is

φ(x, s) = Eh
[
exp

(
−hk,isL−1(x)

)]
=
(
1 + sL−1(x)

)−1
.

Therefore, by evaluating the integral and derivative, the ex-
pressions in Lemma 1 can be derived.

APPENDIX B
PROOF OF PROPOSITION 1

For the special case where N = 6, the ID success proba-
bility, can be formulated as
FID(χ, γth) = 1− P[SIR1 < χ, SIR1 ≥ γth]

− P[SIR1 + SIR2 < χ, SIR1 < γth].

For the scenario where γth < χ, the above expression can be
re-written as
FID(χ, γth) =1− P [γth ≤ SIR1 < χ]

− P [SIR1 < χ − SIR2|χ − SIR2 ≤ γth]

− P [SIR1 < γth|γth ≤ χ − SIR2] ,

while for γth ≥ χ, is given by
FID(χ, γth) =1− P [SIR1 < χ − SIR2 & SIR1 ≤ γth]

=1− P [SIR1 < χ − SIR2] .

Then, by using the cdf of SIRn, which is derived in Lemma
1, the final expression for FID(χ, γth) can be derived.

APPENDIX C
PROOF OF PROPOSITION 2

For the considered scenario, i.e. N = 6, the TbPS scheme
either assigns a single or two pairs of antenna elements for
energy harvesting, based on the number of antenna elements
that is selected for the ID part of the system. For the case
where the TbPS scheme assigns two antenna pairs for ID, i.e.
ν = 2, then a single pair is allocated for EH. In this case, the
EH success probability can be calculated as

H1(Q|xo) = P[Sk + Sk+1 + 2Ī ≥ Q̄|xo],
where Q̄ = Q/ζ. Similar with the proof of Lemma 1, for
the case where Ī < Q̄/2, we have the condition that ‖xo‖ ≥(
4πλ(α− 2)−1/Q̄

)1/(α−2)
and hence,

H1(Q|xo) = P
[
Sk + Sk+1 ≥ Q̄− 2Ī|xo

]
= Γ

(
2, L(xo)(Q̄− 2Ī)

)
,

(7)

where (7) is from the same methodology of (a) in Lemma 1.
Furthermore, for the case, where 2Ī ≥ Q̄, we have ‖xo‖ ≤(
4πλ(α− 2)−1/Q̄

)1/(α−2)
and H1(Q|xo) = 1. Hence, the

final expression of H1(Q|xo) is derived. For the case where
two pairs of antenna elements are used for EH, the EH success
probability can be calculated as

H2(Q|xo)=P[
∑3

j=0
Sk+j + 4Ī ≥ Q̄

∣∣xo].
The proof of H2(Q|xo) follows similar methodology. Fi-

nally, by multiplying the probability of ν and following the
similar methodology used in proof of Proposition 1, the
Proposition 2 is proven.
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