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Abstract—We investigate the performance of the simultaneous
wireless information and power transfer (SWIPT)-enabled mobile
networks, based on a novel coverage area-based coordinated mul-
tipoint transmission (CA-CoMP) technique. In particular, the pro-
posed scheme exploits the cooperation technique by appropriately
defining the set of cooperative base stations, aiming at reducing
the handover rate of the SWIPT-enabled battery-operated mobile
users (MUs). Using stochastic geometry tools, we first establish
an analytical and tractable framework to investigate the achieved
information decoding and energy harvesting performance of the
proposed scheme, in terms of the coverage probability, the average
spectral efficiency and the average harvested energy. Moreover,
analytical expressions for the inter- and intra-cell handover rates
are derived. Our results indicate the ability of our proposed
scheme to significantly reduce the handover rate of MUs. Finally,
simulation results verify that the CA-CoMP scheme achieves a
higher average spectral efficiency and a higher average harvested
energy compared with the conventional cooperative technique.

Index Terms—Cooperation, SWIPT, handover, stochastic geom-
etry.

I. INTRODUCTION

Simultaneous wireless information and power transfer
(SWIPT) is a promising communication paradigm, where
wireless devices extract both information and energy from
the received radio-frequency (RF) signals [1]. Due to the
practical limitations, a receiver cannot decode information and
harvest energy independently from the same signal without
losses. Fortunately, the concept of SWIPT becomes feasible
by splitting the received RF signals 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 [1] [2].

The SWIPT technology in the context of large-scale net-
works has been widely-investigated in the literature. In [2],
the authors investigated the performance limits of emerg-
ing wireless-powered communication networks, revealing the
fundamental data-energy tradeoff in designing multiple-input
multiple-output (MIMO) systems for maximising the efficiency
of SWIPT technique. In the context of cellular networks,
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the authors in [3] and [4] studied the simultaneously joint
harvested energy and data transmission performance under time
switching (TS) and power splitting (PS) schemes from the
macroscopic point-of-view; the optimal partitioning parameters
to achieve maximum joint energy harvesting (EH) and infor-
mation decoding (ID) performance were demonstrated.

The idea of coordinated multi-point (CoMP) transmission
has been regarded as a prominent strategy to significantly
enhance link reliability of mobile networks [5] [6]. On the
one hand, the end-user service quality can be greatly improved
with the CoMP technique, by jointly processing signals which
are received from multiple base stations (BSs) [7]. On the
other hand, the CoMP transmission scheme generally results
in more frequently connections altering with multiple serving
BSs during mobile users’ (MUs’) motion [5]. In particular,
the work in [5] investigated the concept of handover in user-
centric cooperative wireless networks, where the handover rate
under cooperation was derived and the optimal cluster size
was theoretically quantified to maximize the date rate. In
order to reduce the handover cost of the MUs, the authors in
[6] proposed two movement-aware CoMP handover schemes,
where the MUs association policy was designed based on the
cell dwell-time. In addition to the inter-cell handover discussed
in the aforementioned works, the authors in [8] investigated
the intra-cell handover in 5G mobile networks (i.e., beam
reselection), where the closed-form expression of the beam
reselection rate was analytically derived.

In this paper, we study the performance of the SWIPT-
enabled battery-operated MUs, which are randomly moving
within the network. Aiming to alleviate the MUs’ handover
rate and, therefore, to enhance the SWIPT performance (i.e., ID
and EH), we propose a novel coverage area-based CoMP (CA-
CoMP) scheme. In particular, an appropriate coverage area
threshold is initially defined, and then the MUs jointly decode
information and harvest energy from multiple BSs, whose
coverage area is greater than the pre-defined area threshold.
We consider both inter- and intra-cell handovers for the MUs,
where closed-form expressions of both the inter- and intra-
cell handover rates are derived. Furthermore, using stochastic
geometry tools, we derive the analytical expressions for the
coverage probability, the average spectral efficiency as well
as the average harvested energy of the MUs. Our results show
that, by appropriately selecting the set of cooperative BSs, both
inter- and intra-cell handover rates of MUs are significantly



reduced. Finally, it is demonstrated that, compared to the
conventional cooperative technique, the proposed CA-CoMP
scheme enables a higher average spectral efficiency and a
higher average harvested energy.

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(·) and Γ(·, ·) denote the complete and the
upper incomplete functions, respectively; 2F1(·, ·; ·; ·) is the
Gauss hypergeometric function; and G[a, b] denotes the Gamma
distribution with a shape and a scale parameter a and b,
respectively.

II. SYSTEM MODEL

A. Network and Channel Model

We consider a single tier cellular network, where the BSs
are spatially distributed based on a homogeneous Poisson point
process (PPP) Φ = {xi ∈ R2}, with density λ, where xi
denotes the spatial coordinate of the i-th BS. We assume that all
BSs transmit signals with identical power Pt [9]. Moreover, we
assume that the MUs are uniformly distributed with a density
λu � λ. In addition, we assume that each BS serves only one
MU at a time per resource block, while each MU communicates
with N serving BSs based on our proposed CA-CoMP scheme
introduced in Section III. Based on the Slivnyak’s theorem and
without loss of generality, we perform our analysis from the
perspective of the typical MU, which is located at the origin
[9].

All wireless signals are assumed to experience both large-
scale path loss effects and small-scale fading. Specifically,
the small-scale fading is modeled as Rayleigh fading, where
different links are assumed to be independent and identically
distributed. Hence, the channel power gain is an exponential
random variable with unit mean, i.e. h ∼ exp(1) [3]. Moreover,
the large-scale path loss between a transmitter at X and a
receiver at Y , is modelled by an unbounded singular path loss
model, i.e. L(X,Y ) = ‖X − Y ‖α, where α > 2 is the path
loss exponent.

B. Beamforming Model

We assume that all BSs are equipped with multiple anten-
nas, while all MUs have single omnidirectional antenna. We
consider that each BS has a codebook of 2n beamforming
vectors with n ∈ N, where the patterns of these beamforming
vectors have non-overlapping main-lobes designed to cover
the full angular range, i.e. [0, 2π) [8]. Hence, the beamwidth
for a BS is considered as the central angle of a sector, i.e.
ψn = π/2n−1. Moreover, we consider a simple antenna pattern
model where the main lobe is restricted to the beamwidth,
thus the antenna gain of the link between a BS and a MU is
given by G = {Gm, Gs}, with the corresponding probabilities
pG = {ψn2π ,

2π−ψn
2π }, where Gm and Gs represent the main

and side lobe antenna gains, respectively [8]. Furthermore, we
assume that perfect beam alignment can be achieved between
a MU and its serving BSs by using the estimated angles of
arrival, resulting in an antenna gain of Gm [3].

C. Mobility Induced Handovers

We consider that the mobility of a MU within the network
area is based on the random waypoint mobility (RWP) model,
where each MU has arbitrary movement in the network with
velocity v ∈ [0, vmax] [10]. During the motion of MUs, both
inter- and intra-cell handovers may occur. Initially, inter-cell
handover refers to the BSs handover that occurs, when the
received signal strength of the target BSs exceeds that of the
serving BSs; MUs establish connections with new serving BSs
to maintain the best connectivity throughout the trajectory [5].
Moreover, the intra-cell handover refers to the process that is
triggered when a MU moves out the one beam area of a BS,
while a new beam has to be reselected based on the MU’s
current location (also referred to the beam reselection process)
[8].

D. SWIPT-enabled CoMP Technique

All MUs are assumed to be capable of decoding information
and harvesting energy from multiple BSs simultaneously, via
TS or PS policies. More specifically, by adopting the TS policy,
a MU spends a fraction τ ∈ [0, 1] of the allocated time slot
to decode the received signal, while for the rest of the time,
it harvests energy. Analogously, for a PS-based MU’s receiver,
the received power is divided into two parts with a splitting
ratio ρ ∈ [0, 1], where a fraction ρ of the received power is
consumed for the ID purpose, while the remaining power is
inputted to the EH circuit [1].

III. COVERAGE AREA-BASED COMP SCHEME AND
HANDOVER ANALYSIS

Our proposed CA-CoMP scheme targets the alleviation of
the frequent handover process by the MUs in the considered
CoMP-enabled mobile network, thereby improving the network
throughput as well as enhancing the MUs’ energy harvesting
performance. Analytical and closed-form expressions for both
the inter- and intra-cell handover process experienced by the
MUs are investigated.

A. Coverage Area-based CoMP Scheme

The proposed CA-CoMP scheme is based on a two-level
process. In the first-level phase, a set of the candidate BSs
is determined based on the cell coverage area. Specifically,
the BSs with a coverage area greater than a pre-defined area
threshold A, are selected into the candidate BSs set Φ̃, i.e.
Φ̃ = {xi|∀xi ∈ Φ,Ai > A}, where Ai is the coverage area
of the BS located at xi. Then, in the second-level phase, the
MU selects from the set of candidate BSs, its N closest BSs;
the rest of the candidate BSs are ignored. Hence, the final set
of the serving BSs is formulated as C = {x1, · · · , xN}, where
xi ∈ Φ̃, denotes the location of the i-th closest serving BS of
the MU.

It is worth mentioning that, the proposed CA-CoMP scheme
is a flexible technique and according to the MUs’ mobility
within the network, the area threshold can be appropriately
adjusted. In particular, for the high velocity MUs, i.e. v →∞,
the handover overhead is the dominant factor that undermines



the network performance. Therefore, a large area threshold is
beneficial to adopt in order to greatly reduce MUs’ handover
rate. On the other hand, for a MU with low velocity or a static
MU, i.e. v → 0, the handover overhead is negligible, and hence,
a small area threshold is beneficial to keep MUs associate with
the closest BSs to achieve the highest received signal strength.

B. Inter-cell Handover Rate

In this section, we investigate the average inter-cell handover
rate of the MUs based on the CA-CoMP scheme. Since the
serving BSs of a MU are selected from the set of candidate
BSs, we first clarify the spatial distribution of the candidate
BSs, i.e. Φ̃. Let pa denote the probability that the coverage area
of a BS is larger than the pre-defined threshold A. Since the
original spatial distribution of the BSs follows a homogeneous
PPP, and based on the thinning property, the distribution of the
candidate BSs is still uniform, with a density λ̃ = λpa [9].
In addition, the area of a Voronoi cell Ai can be accurately
approximated by a Gamma distribution with a shape and a
scale parameter K and Kλ, respectively, i.e. Ai ∼ G[K,Kλ],
where K = 3.5 [11]. Hence, pa can be derived as follows,

pa = P[Ai ≥ A] =
Γ(K,AKλ)

Γ(K)
.

Based on the above, by associating a MU with its N closest
BSs from the set of the candidate BSs Φ̃, the Euclidean plane
R2 is separated into regions, forming an N -th order Voronoi
tessellation [12]. Therefore, the handover of a MU is triggered
when it crosses the boundaries of an N -th order Voronoi cell,
where the average handover rate of a MU with a velocity v is
given by [5]

Ξc =
8v
√
λ̃Γ(0.5 +N)

π3/2Γ(N)
. (1)

C. Intra-cell Handover Rate

We now investigate the intra-cell handover of the MUs.
Specifically, an intra-cell handover is triggered when a MU
crosses the beam boundaries of the serving BSs, where a
new beam has to be reselected for the downlink transmission.
Since, a MU is jointly served by N serving BSs, the intra-cell
handover rate equals to the average number of beam reseletion
with respect to N serving BSs per unit time. Hence, based on
the proposed CA-CoMP scheme, the intra-cell handover rate
of the MUs is evaluated in the following theorem.

Theorem 1. Based on the proposed CA-CoMP scheme, the
intra-cell handover rate of the MUs is given by

Ξb =
2n+1v

√
λ̃Γ(0.5 +N)

π3/2Γ(N)
, (2)

where v and N is the velocity and the number of the serving
BSs of a MU, respectively.

Proof. See Appendix A.

IV. NETWORK PERFORMANCE

In this section, we evaluate some key performance metrics of
the SWIPT-enabled mobile cellular networks in the context of
our proposed CA-CoMP scheme. More specifically, we first

investigate the ID performance by calculating the coverage
probability as well as the average spectral efficiency. Subse-
quently, we study the energy harvesting ability of the MUs by
evaluating the mean level of the MUs’ harvested energy per
unit time.

A. Coverage Probability

An important performance metric for the considered wireless
networks is the coverage probability. More specifically, by
assuming that the serving BSs employ the non-coherent joint
transmission policy [5], the downlink coverage probability is
defined as the probability that a MU is able to achieve a certain
SINR threshold β, i.e.

Pc(β) = P


∣∣∣∑xi∈C P

1/2
t r

−α/2
i h

1/2
i

∣∣∣2∑
xi∈Φ\C Pthir

−α
i + σ2

C + σ2
N

≥ β

 , (3)

where ri = ‖xi‖ is the distance from the BSi to the typical
MU, σ2

N is the thermal noise, σ2
C = σ2

cov and σ2
C = σ2

cov/(1−
ρ) for the TS and PS scheme, respectively, where σ2

cov is a
constant that accounts for the noise of the signal conversion
from RF to baseband [3]. The analytical expression for the
coverage probability is derived in the following theorem.

Theorem 2. Based on the proposed CA-CoMP scheme, the
downlink coverage probability is given by

Pc(β) =

∫ ∞
0

∫ rN

0

· · ·
∫ r2

0

LI(s) exp
(
− (σ2

C + σ2
N )s

)
× fr(r1, ..., rN )dr1, ..., rN−1, rN ,

(4)

where LI(s) is the Laplace transform of the aggregate inter-
ference function, which is given by (5), s = β/(GmPt(r

−α
1 +

· · · + r−αN )), and fr(r1, ..., rN ) is the joint distribution of the
distance to N serving BSs, which is given by [11]

fr(r1, ..., rN ) = (2λ̃π)N exp(−λ̃πr2
N )r1...rN . (6)

Proof. See Appendix B.

B. Average Spectral Efficiency

In order to further assess the ID performance of the MUs, we
now investigate the average spectral efficiency (ASE) achieved
by our proposed CA-CoMP scheme. In particular, the ASE
refers to the average data rate achieved by a MU per unit
bandwidth, which is given by [8]

ASE = T ID
e

∫ ∞
0

Pc(z)
z + 1

dz, (7)

where Pc(·) is the coverage probability of MUs given in
Theorem 2. Based on the selected SWIPT policy, T ID

e is given
by

T ID
e =

{
max {0, τ(1− TbΞb − TcΞc)} TS policy
max {0, 1− TbΞb − TcΞc} PS policy,

where τ is the time switching factor, Tb and Tc denote the
signalling overhead delay of intra- and inter-cell handovers,
respectively, Ξc and Ξb depict the inter- and intra cell handover
rate, which are given by (1) and (2), respectively.



LI(s) = exp

(∑
G

2πλr2
NpG

(
(pa − 1)2F1

[
1, 2

α ; α+2
α ;−(GPtr

−α
N s)−1

]
2

+
GPtsr

−α
N 2F1

[
1, α−2

α ; 2− 2
α ;−GPtr−αN s

]
α− 2

))
(5)
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Fig. 1: Coverage probability versus
β for different area threshold A ∈
{0, 2500, 5000} m2.

Fig. 2: Average spectral efficiency ver-
sus the area threshold A for TS and PS
policies.

Fig. 3: Average harvested energy versus
the area threshold A for TS and PS
policies.

C. Average Harvested Energy

In this section we study the energy harvesting capability of
the MUs. For the sake of simplicity, a linear energy harvesting
model is considered to provide a general insight on the network
performance [1] [3]. Hence, by considering both TS and PS
policies, we derive the analytical expressions for a MU’s
average harvested energy in the following theorem.

Theorem 3. Based on the proposed CA-CoMP scheme, the
average harvested energy of a MU per unit time, is given by

Q̄ = Q̄S + Q̄I , (8)
where Q̄S and Q̄I are the average harvested energy from the
intended signal and the interference, respectively, which are
given by

Q̄S =TEH
e ζPtGm

∫
r1≤···≤rN

∑
xi∈C

r−αi fr(r1, ..., rN )dr1, ..., rN ,

Q̄I =TEH
e ζPt

∑
G

2πλGpG
(
(1− pa)r2−α

m + par
2−α
N

)
α− 2

,

where ζ is the energy conversion efficiency, rm denotes the
minimum distance from a MU to the closest serving BS, and
TEH
e is the effective time for energy harvesting, which is given

by

TEH
e =

{
max {0, (1− τ)(1− TbΞb − TcΞc)} TS policy
max {0, 1− TbΞb − TcΞc} PS policy.

Proof. See Appendix C.

V. NUMERICAL AND SIMULATION RESULTS

We present the analytical and simulated results to validate
the accuracy of our model and illustrate the performance of
the CA-CoMP scheme. Unless otherwise stated, in our results
we use the following parameters: λ = 1/2500, α = 3, N = 2,
n = 3, v = 30 m/s, τ = ρ = 0.5, ζ = 0.7, Tc = 0.8 s,

Tb = 0.023 s, Pt = 43 dBm, rm = 1 m, σ2
cov = −70 dBm

and σ2
N = −94 dBm [8] [12].

Fig. 1 illustrates the effect of the area threshold on the
coverage probability. In particular, Fig. 1 plots the coverage
probability with respect to the SINR threshold for different
area thresholds A ∈ {0, 2500, 5000} m2, where the dash
and solid curves present the TS and PS schemes of SWIPT
technique, respectively. Firstly, it can be observed that TS
scheme achieves a higher coverage probability than the PS
scheme for different area thresholds A. This was expected
since, based on PS scheme, only a fraction ρ of the received
signal power is used for ID, resulting in a lower SINR at MUs.
We can further observe that, by increasing the area threshold
A, the coverage probability drops. This is based on the fact
that the density of BSs that satisfy the coverage area condition
(i.e. the candidate BSs) is decreasing with larger area threshold,
resulting in a longer distance from the MU to its serving BSs,
thereby reducing the received signal strength.

Fig. 2 presents the impact of the area threshold A on the
downlink spectral efficiency based on our proposed CA-CoMP
scheme. Moreover, Fig. 2 plots the performance achieved by
the conventional CoMP scheme [5] for comparison purpose.
Since the traditional CoMP scheme does not depend on the area
threshold, the achieved ASE remains constant. Clearly, it can
be observed that our proposed CA-CoMP scheme outperforms
the conventional scheme. It is interesting to note that at low
area threshold values, the increasing of the threshold improves
the network performance. However, by increasing the area
threshold beyond a critical point, the network performance
decreases. This observation is based on the fact that at low
area threshold constants, the MUs experience less intra- and
inter-cell handover process, while the MUs are still able to
communicate with their serving BSs. In contrast, for the large
area threshold values, the distances between a MU and its
serving BSs increase, and thus the ASE significantly decreases.



Another interesting observation is that, PS policy outperforms
TS policy in terms of ASE. This can be explained by the
fact that, by using the PS policy, more effective time can be
allocated for decoding the received signal, resulting in the
higher achieved data rate compared with the case with TS
policy.

Finally, Fig. 3 shows the effect of the area threshold on
the MUs’ energy harvesting performance. In particular, Fig. 3
plots the average harvested energy of MUs versus different area
threshold A, where v = {10, 20, 30} m/s. Similar as Fig. 2, the
energy harvesting performance achieved by the conventional
CoMP scheme is illustrated for comparison purposes. Firstly,
it can be observed that, compared with the CoMP scheme, our
proposed CA-CoMP scheme is capable of enhancing the energy
harvesting ability of MUs with different velocities, especially,
for the MUs with high velocity. This was expected since the
proposed scheme reduces the handover rate, thereby increasing
the effective time for energy harvesting. Moreover, based on
the CA-CoMP scheme, by increasing the area threshold, the
MUs’ average harvested energy is significantly improved. This
is based on the fact that the density of candidate BSs decreases
with a larger area threshold and, thus the handover rate of MUs
decreases as well. Hence, MUs are able to utilise more time
for harvesting energy. Similarly, it can be observed that, the
MUs with a lower velocity are able to achieve a better energy
harvesting performance because of the smaller handover rate.

VI. CONCLUSION

In this paper, we investigated a novel CA-CoMP scheme,
which was capable of significantly improving the performance
of the SWIPT-enabled battery-operated MUs. In particular,
based on the proposed cooperative scheme, MUs jointly com-
municated with several nearby serving BSs, of which coverage
area satisfies the pre-defined area threshold. We investigated
both inter- and intra-cell handover process experienced by
MUs, where the closed-form expressions of the handover
rates were derived. By leveraging stochastic geometry tools,
analytical expressions for the coverage probability, the average
spectral efficiency, as well as the average harvested energy were
derived. Our analytical and simulated results have shown that,
the proposed CA-CoMP effectively reduced the handover rate
of MUs. Moreover, compared with the conventional CoMP
scheme, our proposed CA-CoMP scheme achieved a higher
average spectral efficiency and a higher average harvested
energy of SWIPT-enabled MUs.

APPENDIX A
PROOF OF THEOREM 1

The proof follows a similar approach as in [8]. Since each
MU jointly communicates with N BSs, we first study the
intra-cell handover with respect to the k-th closest serving BS,
i.e. BSk, where k ∈ {2, · · · , N}. Without loss of generality,
we consider the movement of a typical MU at origin, with
trajectory from (0, 0) to (1, 0) along the x-axis. As shown in
Fig. 4, the triangles denote the location of BSk and BSk−1,
the red circle ωk denotes the location where the typical MU

conducts the intra-cell handovers with respect to BSk, and θk
is the angle of a beam boundary of BSk with respect to the
direction of the movement of the typical MU. Let Ψk denote
the point process of intra-cell handover with BSk. Hence,
the average intra-cell handover rate with respect to BSk is
equivalent to the intensity of Ψk.

In order to calculate the intensity of Ψk, we start consid-
ering the case where there is at most one intra-cell handover
corresponding to BSk, i.e. there are two beams of the same
size for a BS. Thus, the event of intra-cell handover corre-
sponding to BSk occurs when the following two events occur
simultaneously, i.e.

1) the point of the intra-cell handover lies in the N -th order
Voronoi cell of the N serving BSs, i.e. ωk ∈ V (N)

Φ̃
, where

BSk is the k-th closest serving BSs of the typical MU.
2) the point of the intra-cell handover lies on the unit line

connecting (0, 0) and (1, 0), i.e. ωk ∈ [0, 1].

Firstly, conditioning on θk, the location of BSk should be
located on the strip between two lines passing through the
origin and (1, 0). Moreover, the distance from the typical MU
to the BSk should not be less than the distance to BSk−1, i.e.
rk ≥ rk−1, where rk = |yk|

| sin θk| . Hence, by conditioning on
both θk and rk−1, the possible locations of BSk are displayed
as the shaded area in the Fig. 4, and the average number of
intra-cell handovers in [0, 1] can be formulated as

E(Ψk[0, 1]|θk, rk−1)

=λ̃

−rk−1 sin θk∫
−∞

dyk

1− yk
tan θk∫
yk

tan θk

exp

(
−λ̃π

(
y2
k

sin2 θk
− r2

k−1

))
dxk

+ λ̃

∞∫
rk−1 sin θk

dyk

1− yk
tan θk∫
yk

tan θk

exp

(
−λ̃π

(
y2
k

sin2 θk
− r2

k−1

))
dxk

= exp
(
πλ̃r2

k−1

)√
λ̃
(

sin2 θk − erf
(√

πλ̃rk−1

)
sin θk

)
,

where erf(z) = 2
π

∫ z
0
e−t

2

dt is the Gauss error function. Then,
by averaging over θk, which is uniformly distributed in [0, π],
we have
E(Ψk[0, 1]|rk−1) = 2e−πr

2
k−1λ̃

√
λ̃
(
1−erf(

√
πλ̃rk−1)

)
(π−1).

Subsequently, by averaging over rk−1, we can derive the linear
intensity of Ψk for the case of two beams as following

E(Ψk[0, 1]) =

∫ ∞
0

E(Ψk[0, 1]|rk−1)fk−1(rk−1)drk−1

=
2
√
λ̃Γ(k − 0.5)

π3/2Γ(k))
,

where fk(rk) = 2(πλ̃)nr2k−1
k

exp(−πλ̃r2k)
Γ(k) is the PDF of dis-

tance from the typical MU to the k-th closest BS [11]. It
should be noted that, the above formula also holds for the case
k = 1, where the proof is same as in [8] and hence is omitted.
Then, for the case where each BS has 2n beams, there are
2n−1 possibilities of intra-cell handovers corresponding to each
serving BS. Hence, the linear intensity of intra-cell handovers
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Fig. 4: Triangles: BSs’ location, red circles: intra-cell handover
location, dashed lines: beam boundaries, and shaded area:
possible locations of BSk.

for the case where MU connects with N serving BSs, is given
by

Ξb = 2n−1
N∑
k=1

2
√
λ̃Γ(k − 0.5)

π3/2Γ(k)
.

Finally, by calculating the above summation as well as con-
sidering the velocity v of the MU, the final expression for the
intra-cell handover rate in Theorem 1 is proven.

APPENDIX B
PROOF OF THEOREM 2

The coverage probability can be re-written as,
Pc(β)

=P

∣∣∣∣∣∑
xi∈C

G1/2
m P

1/2
t r

−α/2
i h

1/2
i

∣∣∣∣∣
2

≥ β
(
I + σ2

C + σ2
N

)
(a)
=E

[
exp(−Is) exp

(
−(σ2

C + σ2
N )s

)]
=Er1,...,rN

[
LI(s) exp

(
−(σ2

C + σ2
N )s

)]
,

where I =
∑
xi∈Φ\C GPthir

−α
i is the aggregate interference,

s = β(GmPt(r
−α
1 + · · · + r−αN ))−1 and (a) is from the fact

that given hi ∼ exp(1),
∣∣∣∑xi∈C G

1/2
m P

1/2
t r

−α/2
i h

1/2
i

∣∣∣2 is an

exponential random variable with mean (
∑
xi∈C GmPtr

−α
i )−1.

Then, the Laplace transform of the interference function can
be derived as
LI(s) =E

[
exp

(∑
xi∈Φ\C

−sGPthir−αi
)]

=E
[∏

xi∈Φ\C
exp

(
1

1 + sPtGr
−α
i

)]
(b)
= exp

(
2πλ(1− pa)

∫ rN

0

(z(s, r)− 1) rdr

)
×

exp

(
2πλ

∫ ∞
rN

(z(s, r)− 1) rdr

)
,

where (b) follows from the probability generating function of
a PPP and z(s, r) =

∑
G pG/(1 + sPtGr

−α). Then, by using
[13, 3.194.5] and by evaluating the expectation over distance
r1, ..., rN , the final results in Theorem 2 are derived.

APPENDIX C
PROOF OF THEOREM 3

The average harvested energy per unit time can be evaluated
by averaging the instantaneous harvested energy over the
random channel and path loss components, i.e.

Q̄ = TEH
e E

[∑
xi∈C

PtGmhir
−α
i +

∑
xi∈Φ\C

PtGhir
−α
i

]
,

where the first and the second term represent the average
harvested energy from the intended and interfering signals,
respectively. The average harvested energy from the intended
signals, Qs, can be evaluated as following
Q̄S =TEH

e E
[
PtGm

(
r−α1 + · · ·+ r−αN

)]
=

∫
rm≤r1≤···≤rN

PtGm
(
r−α1 + · · ·+ r−αN

)
fr(r1, ..., rN )dr1, ..., rN .

The average harvested energy from interfering signals is given
by

Q̄I = E
[∑

xi∈Φ\C
PtGhir

−α
i

]
=
∑
G

PtGpG

 rN∫
rm

2πλ(1− pa)r1−αdr +

∞∫
rN

2πλr1−αdr

 .

Finally, by evaluating the above integrals, the final results in
Theorem 3 is proven.
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