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Abstract— In this paper, we study the performance of base
station (BS) coordination in heterogeneous networks (HetNets)
with cache-enabled and renewable energy-powered small cell
BSs (SBSs). Macrocell base stations (MBSs) provide basic cov-
erage, while the SBSs, powered by harvested energy, conduct
content-aware coordinated transmission to provide high data rate
and further improve the network coverage. Specifically, a joint
transmission strategy is performed based on the knowledge of
the energy states and the cached contents of SBSs, along with
the awareness of the availability of channel resources and the
average received signal strength (RSS) of the corresponding link.
Stochastic geometry is applied to characterize the statistics of
the cell load at MBSs and SBSs, as well as the aggregated
information and interference signal strength. Then, the average
user capacity for the joint transmission is obtained. Additionally,
the coverage probability is derived with gamma approximation
for the aggregated information and interference signal strength.
Analytical results reveal that the average user capacity and
coverage probability can be maximized with optimal cache size,
energy harvesting rate and cooperative RSS threshold. Finally,
extensive numerical and simulation results are provided.

Index Terms— Joint transmission, cache, energy harvesting,
stochastic geometry, gamma approximation.

I. INTRODUCTION

DRIVEN by mobile Internet-of-Things (IoT), social net-
works as well as the proliferation of smart devices
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and new applications, mobile data traffic has been growing
explosively [1]. To support the ultra-high data volume, diverse
low-power small cell base stations (SBSs), such as micro base
stations (BSs), pico BSs, and femto BSs, are densely deployed
in hotspots to provision high data rate, which results in the
heterogeneous networks (HetNets) architecture [2].

With better coverage and higher throughput, HetNets
are expected to be the dominant network architecture in
the coming 5G era. However, the HetNets introduce seri-
ous interference due to high frequency reuse among BSs
across tiers. Coordinated multi-point (CoMP) transmission
has been emerged as a promising technology to alleviate
the cross tier interference and further harvest the benefits of
HetNets [3], [4]. But the coordination among multiple diverse
BSs across tiers makes backhaul a bottleneck due to the
heavy overhead signaling and information exchanges among
BSs [5], [6]. Recent studies have shown that the backhaul
congestions can be significantly eased by caching popular
contents at the network edge such as SBSs [7], [8]. Moreover,
SBSs with caching can provide low-latency services for mobile
users (MUs) since it does not need to fetch the requested
contents from core networks if a cache hit happens at SBSs.

Densely deployed SBS and large CoMP clustering can cause
huge energy consumption [6], which brings heavy burden to
network operators and environment. Energy harvesting (EH),
which can exploit green energy from ambient environment
such as wind, solar and terrestrial heat, has been lever-
aged into wireless networks and attracted increasing atten-
tions [9], [10]. It is of importance to study BS coordination in
cache- and EH-enabled HetNets, to provide practical insights
for HetNet deployment and optimization. However, there are
many challenges. i) The intermittent energy arrival with EH,
causing dynamic energy states at BSs, influencing the cell load
distribution of BSs, and further affecting the activation of BSs.
ii) The uncertainty in satisfying users’ content requests with
cache, which causes mismatching of content requests at MUs
and content caching at BSs. And iii) the various user quality
of service requirements with different kinds of BSs. These are
key factors that have great influence on the determination and
formulation of cooperative BS clusters in HetNets with CoMP.

In this paper, a multi-tier orthogonal frequency division
multiple access (OFDMA) based HetNet is considered, where
the macrocell BSs (MBSs) provide basic coverage for MUs
while the SBSs are coordinated to transmit the requested
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contents with harvested energy to provide high transmission
rate and further improve the network coverage. M0 orthog-
onal channels are available at MBSs and partly reused and
coordinated at SBSs to serve MUs. A novel BS cooperative
transmission strategy is proposed among SBSs, based on the
energy states and the cached contents at SBSs, as well as
the availability of channel resources and the average received-
signal-strength (RSS) of the corresponding link. With the
proposed cooperative strategy, the cell load distributions are
obtained by means of stochastic geometry. Then, the average
user capacity is analytically derived based on the character-
ization of the aggregated information and interference signal
strength by leveraging Laplace function. Moreover, the expres-
sion for coverage probability is approximately derived with
Gamma approximation. Numerical and simulation results are
provided to validate the theoretical analysis and analyze the
impact of network parameters. The results reveal that optimal
cooperative RSS thresholds exist such that the capacity and
coverage performance are maximized. The impacts of cache
size and energy harvesting rate on the coverage and capacity
performance depend on the cooperative RSS thresholds. With
high cooperative RSS threshold, the SBSs are light-loaded and
the capacity and coverage firstly improve with the increase
of the cache size, the maximum number of reused channels
and the energy harvesting rate at SBSs, and finally level off
to optimum. For the scenario with a low cooperative RSS
threshold, the SBSs are heavy-loaded and the capacity and
coverage performance decrease with the increase of these SBS
parameters. With an appropriate RSS threshold, the SBSs are
mid-loaded and optimal cache size and energy harvesting rate
exist such that the average capacity and coverage probability
are maximized. However, the capacity and coverage perfor-
mance firstly drop and then rise with the increase of the
maximum number of channels reused at SBSs.

The remainder of this paper is organized as follows. The
related work is presented in Section II. Section III introduces
the system model. In Section IV, the joint transmission strat-
egy is described and the statistics of the cell load at MBSs
and SBSs are characterized. Then, the coverage probability
and average capacity are analyzed in Section V. Numerical and
simulation results are given in Section VI. Finally, Section VII
concludes this work.

II. RELATED WORK

CoMP has been regarded as a key technique in wireless
communication system to improve network throughput, cell-
edge performance, and spectral efficiency, etc., by turning
interfering signals into useful signals such that the inter-cell
interference is mitigated [11], [12]. With CoMP, the BSs are
classified into groups [13], cooperatively serving one or more
MUs. Joint transmission, one of the most advanced CoMP
scenario, has been widely studied and analyzed in cellular
networks [14]–[20]. Reference [14] introduced and analyzed
a pairwise cooperation policy for the users at the cell borders.
Reference [15] proposed a user-centric BS cooperation based
on the RSS threshold and analyzed the spectral efficiency
in K -tier HetNets. In [16], several heterogeneous BSs with
the strongest average RSS cooperatively serve a typical MU

by sorting all the BSs with their average RSS. Following
Nigam et al. [16], extended their work to the spatio-temporal
cooperation, where a second transmission attempt occurs if
the first transmission fails [17]. In [19], a location-aware BS
cooperation was proposed in a two-tier HetNets. As a further
step, [20] proposed a novel BS cooperation strategy with the
consideration of both the locations of MUs and the average
RSS in non-uniform HetNets.

With cache-enabled SBSs, [21] studied the outage and data
rate performance in the small cell networks with stochastic
geometry. Reference [22] analyzed the throughput of Het-
Nets with cache-enabled relays and device-to-device (D2D)
pairs. To improve the network performance in cache-enabled
networks, [23] proposed an interference management scheme
with the assistance of cache-enabled users. Reference [24] ana-
lyzed energy efficiency (EE) of cache-enabled dense networks
where cooperation is performed for downlink transmissions.
A random caching based cooperative transmission was studied
in [25], where the successful transmission probability is ana-
lyzed and optimized. Reference [26] considered the problem
of optimal cache placement with the objective of maximizing
the cache hit probability. Cooperative caching is also an
efficient way in increasing the probability of successful file
discovery. Reference [27] categorized the MUs into different
groups according to their preferences and cooperatively share
their cached content among the group. Reference [28] char-
acterized the coverage probability and area spectral efficiency
of cluster-centric content placement in a cache-enabled D2D
network.

With EH employed in HetNets, [29] conducted a fun-
damental analysis for EH-powered HetNets by means of
random walk theory and stochastic geometry. The availability
region where the BSs are in active states was characterized.
With discrete-time Markov modeling of the energy states
of an EH-BS, the network throughput and EE of HetNets
were analyzed in [30]. Furthermore, [31] studied a power-
availability-aware user association in the EH-enabled small
cell network. Joint transmission in wireless networks with
EH-powered BSs or MUs were studied in [32] and [33].
In [32], a fractional joint transmission strategy was proposed
to eliminate interference. [33] investigated the green multi-
cell cooperation in HetNets facilitated with hybrid energy
sources. The multicell cooperation and sleeping mechanism
were performed to deal with interference and save energy,
respectively.

With cache and EH employed in HetNets, BS coordination
can further improve the network coverage and throughout in
a more efficient way. Performance analysis in cache-enabled
and EH-powered HetNets with BS coordination is vitally
important to provide guidance for the practical deployment.
However, existing studies either focused on the analysis of
BS coordination in HetNets without considering such prac-
tical communication scenarios or studied cache-enabled and
EH-powered wireless networks without considering BS coor-
dination. In this paper, we studied the BS coordination in
HetNets with cache-enabled and EH-powered SBSs. A novel
joint transmission strategy with the awareness of energy states
and cached contents at SBSs is performed and the network
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performance in terms of average user capacity and coverage
probability is analyzed in a stochastic geometry framework.

III. SYSTEM MODEL

A. Network Model

We consider a multi-tier OFDMA based HetNet, where
the MBSs provide basic coverage for MUs and the cache-
enabled and EH-powered SBSs are coordinated to transmit the
requested contents. A (1 + K )-tier HetNet is assumed with one
tier of MBSs overlaid with K tiers of SBSs. The distribution
of MBSs are modeled as homogeneous PPP �0 ∈ R

2 with
spatial intensity λ0. K tiers SBSs are deployed according to
independent PPP �k ∈ R

2 with intensity λk . The MUs are also
randomly distributed as an independent PPP �u ∈ R

2 with
intensity λu . Downlink joint transmission and performance
analysis are performed and developed at a typical MU located
at the origin based on Slivnyak¡¯s theorem [34].

M0 orthogonal channels with sub-bandwidth W are avail-
able at MBSs, and are randomly and uniformly allocated to
the associated MUs within a cell. MUs are always associated
with the nearest MBS to guarantee the basic coverage and
connectivity. The channel allocated to the typical MU is
defined as the reference channel. SBSs randomly reuse the
channels to serve MUs according to their requirements. The
maximum number of channels can be reused at an SBS in the
k-th tier is Mk (≤ M0). The BSs allocate an exclusive channel
to each associated MU, i.e., the MUs associated with a BS use
orthogonal channels to avoid intra-cell interference. Therefore,
the BS capacity, i.e., the maximum number of MUs that can
be simultaneously associated with a BS, is Mk , k = 0, . . . , K .

The transmission power of MBSs and SBSs, denoted as
P(TX)

k , are uniformly allocated among the associated MUs.
Signal propagation model is considered as a composite of
omni-directional path loss fading l (d) = d−α and small-
scale fading, where d is the distance between transmitter and
receiver and α (α > 2) is the path loss exponent. For the small-
scale fading, we consider independent quasi-static Rayleigh
fading where the fading stays the same within one data frame
and varies independently over frames.

B. Energy Harvesting Model

The MBSs are powered by the power grid and thus have
sufficient energy for transmission. The SBSs, equipped with
energy harvesting and storage modules, can harvest energy
from environments. The SBSs in different tiers have different
harvesting capabilities, i.e., energy harvesting rate and energy
storage capacity. For the SBSs in the k-th tier, the energy
arrival process is assumed to be identically and independently
distributed (i.i.d.) Bernoulli process with probability μk and
the amount of energy arrived in one time slot is denoted
as �k . Let �k denote the required number of time slots to
harvest sufficient energy for transmission, then the EH-SBSs
can be silence mode without transmission if the harvested
energy at SBSs is less than �k�k , or work mode with
transmission power P(TX)

k if the harvested energy at SBSs is
above �k�k .

TABLE I

KEY PARAMETERS AND NOTATIONS

C. Content Caching Model
Denote T as the number of multimedia contents. All the

contents, indexed as T = [1, 2, . . . , T ], are considered to
be with the same size S in bits and are ranked according
to the request frequency. The lower indexed content has the
higher popularity. Denote

{
fk,1, . . . , fk,T

}
as the popularity

distribution of the contents in the k-th tier. The content popu-
larity distribution, which is also known as the content request
probability, is predicted with local or global measurements.
Zipf distribution [22], [35] is a widely applied model with the
following distribution:

fk,t = 1
/

tγk

T∑

i=1
1
/

iγk

, t ∈ T , (1)

where γk (≥ 0) reflects the popularity distribution skewness
of the k-th tier. MBSs are connected to the core network via
optical fiber with high capacity. SBSs are equipped with cache
modules and the cache size of SBSs in the k-th tier is Lk .
Most Popular Cache (MPC) scheme is applied at SBS, i.e., the
SBS in the k-th tier pre-caches the most Lk popular contents
and periodically updates the cached contents.1 MUs randomly
request the contents according to the popularity distribution.
The key notations are summarized as in Table I.

IV. JOINT TRANSMISSION STRATEGY

AND STATISTICS OF CELL LOAD

In this section, a joint transmission strategy with the aware-
ness of the energy state, the cached contents and the channel
resources at SBSs, as well as the average RSS of the cor-
responding link is proposed. Based on the joint transmission
strategy, the statistics of cell load distributions of MBSs and
SBSs are then investigated.

A. Joint Transmission Strategy
As mentioned in the network model, the typical MU is

connected to the nearest MBS with the reference channel to
guarantee wireless connectivity. The SBSs in the k-th tier reuse
the reference channel to cooperatively transmit the typical
MU’s requested contents. The joint transmission is performed

1Locally popular content caching is considered such that the SBSs in the
proximity can better perform cooperation.
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Fig. 1. Cooperative decision process of an SBS.

based on the energy states and the cached contents of SBSs,
as well as the availability of channel resources and average
RSS of the corresponding link. Hence, an SBS participates in
the cooperation if the following four conditions are satisfied.
i) Event E1: the SBS has sufficient energy for transmission;
ii) Event E2: the requested contents of the typical MU have
been cached by the SBS, i.e., cache hit happens; iii) Event
E3: the SBS is under-loaded and meanwhile the reference
channel is not allocated to other associated MUs with the SBS;
Lastly, iv) Event E4: the average RSS of the corresponding
link, i.e., P(TX)

k r−α , is above the predefined cooperative RSS
threshold τk , i.e., the SBS is located inside a circular area

centered at the typical MU with radius χk =
(

P(TX)
k
τk

)1/α
. The

cooperation decision process is illustrated in Fig. 1.
From the MU’s point of view, the transmission strategy

performed in a user-centric manner. All the candidate SBSs
(in the k-th tier) located inside B (o, χk) (E4) can jointly serve
the typical UE if the conditions E1, E2 and E3 are satisfied.

B. Statistics of Cell Load Distribution
The cell load of a BS is defined as the number of MUs that

are simultaneously associated with the BS.
1) Cell Load Distribution of MBS: Define ρ0 (m) as prob-

ability that m MUs are simultaneously associated with an
MBS. Since MUs are associated with the nearest MBSs,
the resulting network topology of the macrocell network is
Poisson Voronoi (PV) tessellation. The probability density
function (pdf ) of the cell size with PV tessellation is accurately
approximated by a Gamma distribution [36], [37]:

f (A) = (3.5λ0)
3.5

� (3.5)
A2.5 exp (−3.5λ0 A) , (2)

and probability that m0 MUs are located in the association
area of an MBS is [38], [39]:

ρ0 (m0) = 3.53.5� (m0 + 3.5)

m0!� (3.5)

(
λu
/
λ0
)m0

(
3.5 + λu

/
λ0
)m0+3.5

, (3)

Since the BS capacity of MBSs is M0, the maximum cell load
of an MBS is M0. The event that an MBS is fully loaded,

Fig. 2. Discrete-time Markov chain of the energy state at SBS.

i.e., m0 = M0, is equivalent to the event that more than
M0 MUs are located in the association area of the MBS but
only M0 MUs are served. Thus, the cell load distribution when
m0 < M0 is expressed as (3), and the probability for an MBS
to be fully loaded is:

ρ0 (M0) =
∞∫

0

∞∑

m=M0

(λu A)me−λu A

m! f (A) dA

(a)=
∞∫

0

γ (M0, λu A)

� (M0)

(3.5λ0)
3.5

� (3.5)
A2.5 exp (−3.5λ0 A) dA

(b)= 3.53.5� (M0 + 3.5)

M0!� (3.5)

(
λu
/
λ0
)M0

(
3.5 + λu

/
λ0
)M0+3.5

×2 F1

(

1, M0 + 3.5; M0 + 1; λu
/
λ0

3.5+λu
/
λ0

)

, (4)

where (a) follows the Erlang distribution and (b) follows
from expression [41, eq. 6.455-2]. 2 F1 (a, b; c; z) is the hyper-
geometric function. Note that if the BS capacity of MBSs
is large enough to provide the basic connectivity for MUs,

i.e., M0λ0 � λu , then
M0−1∑

m0=0
ρ0 (m0) ≈ 1 and ρ0 (M0) ≈ 0.

2) Cell Load Distribution of SBSs: According to the joint
transmission strategy, the serving area of a random SBS xi

k in
the k-th tier is a circular area with radius χk , i.e., B

(
xi

k, χk
)
.

Denote ρk (mk) as the probability that mk MUs are simultane-
ously associated with an SBS in the k-th tier. With event E1,
the SBSs without sufficient energy is zero-loaded. By mod-
eling the energy state at SBS as Markov chain in Fig. 2, the

Markov chain is stationary with μk < �k

Mk∑

mk=1
ρk (mk) and the

probability that an SBS has sufficient energy for transmission
is ωk = μk

�k

Mk∑

mk=1
ρk(mk)

[30]. With E2 and (1), the cache hit

probability of the k-th tier is ηk =
Lk∑

t=1
fk,t . E3 poses a BS

capacity constraint on the cell load distribution at SBSs since
the maximum number of MUs the SBS xi

k can simultaneously
served is Mk . With E4, only those MUs located in the circular
serving area centered at an SBS have the opportunity to
be served by the SBS. When there are n candidate MUs
located inside the serving area of xi

k , the probability of mk

cache hits happening is a binomial distribution with parameters
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n and ηk , i.e.,

Pr (mk cache hits) = n!
mk ! (n − mk)! (ηk)

mk (1 − ηk)
n−mk . (5)

As a result, the probability that mk (< Mk) MUs are simulta-
neously served by the SBS xi

k is:

ρk (mk)

= Pr
{

mk MUs associated with xi
k

}

= Pr
{
≥ mk MUs inside B

(
xi

k, χk

)
& mk cache hits

}

(c)=
∞∑

n=mk

⎡

⎢
⎢
⎣

(
πχ2

k λu
)n

exp
(−πχ2

k λu
)

n!
× n!

mk ! (n − mk)! (ηk)
mk (1 − ηk)

n−mk

⎤

⎥
⎥
⎦

(d)=
(
πχ2

k ηkλu

)mk exp
(−πχ2

k ηkλu
)

mk ! , (6)

where (c) holds due to the PPP distribution of MUs and the
binomial distribution of caching and (d) follows the Taylor
expansion of exponential distribution. The probability for an
SBS to be fully loaded, i.e., mk = Mk , is

ρk (Mk) = Pr
{

Mk MUs associated with xi
k

}

=
∞∑

m=Mk

(
πχ2

k ηkλu
)m

exp
(−πχ2

k ηkλu
)

m! (7)

Combining with the cell load distribution, the probability for
an SBS in the k-th tier to have sufficient energy can be
expressed as:

ωk = μk[
1 − exp

(−πχ2
k ηkλu

)]
�k

. (8)

Note that with the Markov modeling of energy state of
SBSs, the Markov chain will not be stationary and the SBS
will always have enough energy for transmission if the energy
arrival rate exceeds the energy consumption rate, i.e., μk ≥[
1 − exp

(−πχ2
k ηkλu

)]
�k . Therefore, when the SBSs are non

zero-loaded with very high probability, the harvested energy
will be consumed quickly and the probability ωk decreases.
By setting a higher cooperative RSS threshold or a lower
cache size at SBS, the probability that an SBS is zero-
loaded increases and thus the stored energy at SBSs as well
as the probability that the SBSs have sufficient energy for
transmission increases. Overall, we can see from (6)-(8) that
the cooperative RSS thresholds τk , the cache size L and the
maximum number of channels Mk jointly influence the cell
load distribution of SBSs, which further affects the energy
states at SBSs.

V. ANALYSIS OF AVERAGE USER CAPACITY

AND COVERAGE PROBABILITY

In this section, the statistics of the aggregated information
and interference signal strength with the proposed joint trans-
mission scheme are studied by means of Laplace function.
Then, the average capacity achievable at the typical MU is
obtained. Based on the statistics, the coverage probability is

approximately derived by leveraging Gamma approximation
for the distributions of the aggregated information and inter-
ference signal strength.

A. Statistics of the Signal
and Interference Strength

Denote x0 as the nearest MBS to the typical MU with dis-
tance r0 = ‖x0‖, then the pdf of r0 is fr0 (r) = 2πλ0re−πλ0r2

.
Denote Sk and Ik as the aggregated information and interfer-
ence signal strength received from the SBSs in the k-th tier.
With non-coherent transmission at the cooperative BSs, the
received signal-to-interference-plus-noise ratio (SINR) at the
typical MU is

SINR =
S0 +

K∑

k=1
Sk

K1+K2∑

k=0
Ik + σ 2

, (9)

where

S0 = P(TX)
0

m0 + 1
‖x0‖−αhx0 , m0 ≤ M0 − 1, (10)

and

I0 =
∑

x∈�0\B(o,r0)

� (occupied)
P(TX)

0

mx
‖x‖−αhx , (11)

are the received information signal strength and aggregated
interference strength from MBSs. m0 and mx are the number
of other MUs associated with the nearest MBS x0 and the
interfering MBS x , respectively. hx0 and hx are the channel
fading, which are exponentially distributed with unit mean.
� (occupied) is the indicator function, where � (occupied) = 1,
if the MBS x have reused the reference channel to serve an
MU, and � (occupied) = 0, otherwise. For an SBS located at
xk ∈ �k ∩B (o, χk) and with mxk other associated MUs, it can
join to transmit the typical MU’s data if it satisfies the coop-
eration conditions E1, E2 and E3. Therefore, the aggregated
information signal strength received from the SBSs in the
k-th tier is expressed as:

Sk =
∑

xk∈�k∩B(o,χk)

� (E1&E2 & E3)
P(TX)

k

mxk + 1
‖xk‖−αhxk .

(12)

The SBSs in the k-th tier interfere with the typical MU
if the reference channel is reused to serve other MUs. Thus,
the aggregated interference strength from the k-th tier is

Ik =
∑

xk∈�k

� (E1 & occupied)
P(TX)

k

mxk

‖xk‖−αhxk (13)

In the following, we provide the Laplace function of Sk

and Ik to characterize the statistics of received information
and interference signal strength.

Lemma 1: The Laplace function of S0 conditioned on r0 is

LS0 (t|r0) = ρ0 (M0) +
M0−2∑

m0=0

ρ0 (m0 + 1)

m0+1
P(TX)

0

rα
0

t + m0+1
P(TX)

0

rα
0

. (14)
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Proof: Please refer to Appendix A-A.
For an SBS in the k-th tier with mk (< Mk ) other associated

MUs, the reference channel is available to the typical MU if
none of the mk MUs is served with the reference channel.
Thus, the probability that the reference channel is available to
the typical MU is

(M0 − 1) . . . (M0 − mk)

M0 (M0 − 1) . . . (M0 − mk + 1)
= M0 − mk

M0
. (15)

When the reference channel is not available at the SBS or the
requested contents is not cached, the SBS will not partici-
pate in cooperation. Thus, the probability that an SBS, with
sufficient energy, located inside B (o, χk) in the k-th tier can
participate in transmitting the typical MU’s data is νk =
ηk

Mk−1∑

mk=0
ρk (mk + 1) M0−mk

M0
.

Lemma 2: The Laplace function of the aggregated informa-
tion signal strength Sk is

LSk (t) = exp

⎧
⎪⎪⎨

⎪⎪⎩

−πλkωkχ
2
k ηk

Mk−1∑

mk=0

ρk (mk + 1)

× M0 − mk

M0

(
1 − Z1

(
mk + 1

tτk

))

⎫
⎪⎪⎬

⎪⎪⎭
, (16)

where

Z1 (x) = 2x

α + 2
× 2 F1

(
1, 1 + 2

α
; 2 + 2

α
; −x

)
, (17)

Proof: Please refer to Appendix A-B.
The MBSs randomly and uniformly distribute the channels

to the associated MUs. Thus, the probability that an MBS
with m0 other associated MUs reuses the reference channel
and interferes with the typical MU is m0

M0
.

Lemma 3: The Laplace function of the aggregated interfer-
ence strength from MBSs is

LI0 (t|r0)=exp

⎧
⎨

⎩
−πλ0r2

0

M0∑

m0=1

ρ0 (m0)
m0

M0
Z2

(
m0rα

0

t P(TX)
0

)⎫⎬

⎭
,

(18)

where

Z2 (x) = 2x−1

α − 2
× 2 F1

(
1, 1 − 2

α
; 2 − 2

α
; −x−1

)
. (19)

Proof: Please refer to Appendix A-C.
For the interfering SBSs in the k-th tier with enough energy,

they interfere with the typical MU if they have served other
MUs with the reference channel. The probability that the
reference channel is reused at an SBS with mk associated
MU is

mk (M0 − 1) . . . (M0 − mk + 1)

M0 (M0 − 1) . . . (M0 − mk + 1)
= mk

M0
. (20)

Lemma 4: The Laplace function of the aggregated interfer-
ence strength from the SBSs in the k-th tier is

LIk (t) = exp

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

−2πωkλk

αM0

(
t P(TX)

k

)2/α×

B

(
2

α
, 1 − 2

α

) Mk∑

mk=1

ρk (mk) m1−2/α
k

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(21)

where B
( 2

α , 1 − 2
α

)
is the Beta function.

Proof: Please refer to Appendix A-D.
From the cell load distribution (6) and the Laplace func-

tion (16), we can see that with the decrease of the cooperative
RSS threshold (i.e., with the expansion of the cooperative
area), the number of candidate cooperative SBSs as well as the
probability of heavy-loaded SBSs increase, while the proba-
bilities νk and ωk decrease, which results in a tradeoff between
the number of candidate SBSs and the cooperation probability
of a candidate SBS. Similarly, with the increasing of the
cache size at SBSs, there is a tradeoff between the cache hit

probability ηk and the joint probability ωk

Mk−1∑

mk=0
ρk (mk + 1).

For the aggregated interference strength Ik , a tradeoff between
the probability for having sufficient energy ωk and the inter-

fering probability
Mk∑

mk=1
ρk (mk) exists with the varying of the

cooperative RSS threshold and the cache size. To investigate
the influence of network parameters, we then theoretically
analyze the average user capacity and coverage probability to
study the capacity and coverage performance of the HetNets.

B. Average Capacity Analysis

When the cooperative BSs adopts appropriate adaptive
modulation and coding, the average Shannon capacity of the
multiple-input single-output channel between the cooperative
BSs and the typical MU is

Rc = WE [ln (1 + SINR)] , (22)

in nats/s.
Theorem 1: In the cache-enabled EH-powered HetNets

with the performed BS cooperation strategy, the average user
capacity is

Rc = W

∞∫

0

⎛

⎝e−σ 2t

t

K∏

k=1

LIk (t)

∞∫

0

(
LI0 (t|r )

×
(

1 − LS0 (t|r)

K∏

k=1

LSk (t)

))

fr0 (r) dr

)

dt (23)

Proof: Applying the result as in [41], the average capacity
per frequency band (also known as spectral efficiency) at the
typical MU is expressed as:

E [ln (1 + SINR)]

= Er

⎡

⎢
⎢
⎢
⎣

∞∫

0

K∏

k=0
LIk (t)

(
1 −

K∏

k=0
LSk (t)

)

t
e−σ 2t dt

⎤

⎥
⎥
⎥
⎦

(e)=
∞∫

0

∞∫

0

⎛

⎜
⎜⎜
⎜
⎜
⎝

LI0 (t|r)

K∏

k=1

LIk (t) − LI0 (t|r)

×LS0 (t|r)

K∏

k=1

LIk (t) LSk (t)

⎞

⎟
⎟⎟
⎟
⎟
⎠

e−σ 2t

t
dt fr0 (r) dr

(24)

where (e) holds due to the independence of the variables.
Substituting (24) into (22), the average capacity (23) is
obtained.
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E [Sk] = 2πλkωkηk P(TX)
k

M0 (α − 2)

(
1 − χ2−α

k

) Mk−1∑

mk=0

ρk (mk + 1)
M0 − mk

mk + 1
,

V [Sk] =
πλkωkηk

(
P(TX)

k

)2

2M0 (α − 1)

(
1 − χ2−2α

k

) Mk−1∑

mk=0

ρk (mk + 1)
M0 − mk

(mk + 1)2 . (25)

E [I0|r0] = r2−α
0

2πλ0 P(TX)
0

M0 (α − 2)
(1 − ρ0 (0)) , V [I0|r0] = r2−2α

0

πλ0

(
P(TX)

0

)2

2 (α − 1) M0

M0∑

m=1

ρ0 (m)

m
. (26)

E [Ik] = 2πλkωk P(TX)
k

M0 (α − 2)
(1 − ρk (0)) , V [Ik] =

πλkωk

(
P(TX)

k

)2

2 (α − 1) M0

Mk∑

mk=1

ρk (mk)

mk
. (27)

C. Coverage Probability Analysis

When the cooperative BSs serve the typical MU at a fixed
rate, outage can occur and the typical MU cannot reliably
decode the signals if the received SINR at the typical MU is
below the predefined threshold. Thus, we define the coverage
probability, also known as successful transmission probabil-
ity, to measure the coverage performance of the HetNets.
Mathematically, the coverage probability is the complemen-
tary cumulative distribution function (CCDF) of the received
SINR, i.e.,

Pcov (β) = Pr [SINR ≥ β] , (28)

where β is the predefined coverage threshold.
Theorem 2: In the cache-enabled and EH-powered HetNets

with the performed BS cooperation, the coverage probability
of a typical MU is approximately expressed as:

Pcov (β)

≈
M0−2∑

m0=0

ρ0 (m0 + 1)

∞∫

0

exp

{

−r2
K∑

k=0

λkuk

}

fr0 (r) dr

+
M0−2∑

m0=0

ρ0 (m0 + 1)

∞∫

0

� (κS + κZ ) ϕκS

� (κS) � (κZ )

×
[

1

κZ

(

Z3 (1) − Z3

(

1 + βθZ (m0 + 1)

P(TX)
0 r−α

))

+ 1

κS

(

Z4 (ϕ) − Z4

(

ϕ + βθZ (m0 + 1)

P(TX)
0 r−α

))]

fr0 (r) dr,

(29)

where u0 and uk are expressed as:

u0 = π

M0∑

m0=1

m0

M0
ρ0 (m0)Z2

(
m0

β (m0 + 1)

)
,

uk = 2πωkβ
2/α(m0 + 1)2/α

αM0

(
P(TX)

k

P(TX)
0

)2/α

× B

(
2

α
, 1 − 2

α

) Mk∑

mk=1

ρk (mk) m1−2/α
k , (30)

respectively. ϕ is defined as ϕ = βθZ
θS

. κS, θS and κZ , θZ are
expressed as (43) and (46) in Appendix B with the mean and
variance of Sk and Ik shown as (25)-(27) at the top of the
page. Z3 (x) and Z4 (x) are respectively expressed as:

Z3 (x) = 2 F1

(
1, κS + κZ ; κZ + 1; x

(x+ϕ)

)

(x + ϕ)κS+κZ
, (31)

and

Z4 (x) =
2 F1

⎛

⎝1, κS + κZ ; κS + 1;
x− βθZ (m0+1)

P(TX)
0 r−α

0
1+x

⎞

⎠

(1 + x)(κS+κZ )
. (32)

Proof: Please refer to Appendix B.
Although (23) and (29) are not in closed-form, the Laplace

functions can be easily calculated by MatLab, and therefore
the coverage probability and average user capacity can be
numerically evaluated. Moreover, from the above analysis, we
can see that for a dominant cooperating or interfering SBS
(i.e., the SBSs located inside B (o, χk).) with uniform power
allocation, the average cooperating transmission power is

ωkηk
P(TX)

k

M0

Mk−1∑

m=0

ρk (m + 1)
M0 − m

m + 1
, (33)

and the average interfering transmission power is

ωk
P(TX)

k

M0

Mk∑

m=1

ρk (m). (34)

Thus, there exists a tradeoff between the average cooperating
transmission power and the average interfering transmission
power at the dominant SBSs. The cooperative RSS thresholds,
the cache size at SBSs, and the energy harvesting capability
are key parameters that influence the average cooperating and
interfering transmission power.

VI. NUMERICAL RESULTS

In this section, we provide numerical and simulation results
to evaluate the average user capacity and coverage probability
in a two-tier HetNet, where the MBSs are overlaid by one tier
of cache-enabled and EH-powered SBSs. Simulation results
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TABLE II

SIMULATION PARAMETERS

Fig. 3. Coverage probability with respect to the coverage threshold β, when
τ1 = −60dBm.

Fig. 4. Average capacity and coverage probability with respect to τ1.

are obtained with Monte Carlo methods in a circular area with
radius 5km. The detailed simulation parameters are given as
in Table II unless otherwise specified.

Firstly, the simulation and numerical results are compared
in Fig. 3. The gap between the analytical and the simulation
result is due to the Gamma approximation for the distributions
of aggregated information and interference signal strength.

A. The Impact of Cooperative RSS Threshold
Fig. 4 shows the impact of the cooperative RSS thresh-

olds (τ1). It can be seen that when τ1 approximately equals
to or less than −90 dBm, the SBSs are full-loaded with

Fig. 5. Average capacity and coverage probability with respect to M1.

probability 1 and almost zero-loaded when τ1 approaches
to or above 0 dBm. Moreover, optimal cooperative RSS
threshold exists such that the average user capacity and cov-
erage probability are maximized. This is due to the tradeoff
between the cooperative probability of an SBS and the number
of candidate SBSs, as discussed in Sec. V-A. With low τ1, the
area for candidate SBSs is large and the load at SBSs with
sufficient energy is heavy, which results in a low probability
of sufficient energy at SBSs. As a result, very few SBSs can
participate in the cooperation while the SBSs with sufficient
energy generate interference with almost probability 1, which
causes low data rate and coverage probability. As τ1 increases,
although the area for the candidate cooperative SBSs shrinks
and the number of the candidate SBSs decreases, the probabil-
ity that an SBS is cooperative and the probability of sufficient
energy increases. Hence, the aggregated information signal
strength firstly increases and then decreases with the increase
of τ1. Similarly, the interfering probability of an SBS reduces
sharply with the increase of τ1 and thus the average aggregated
interference strength drops rapidly. As a result, the average
SINR received at the typical MU firstly rises and then drops
and there is an optimal τ1 maximizing the average capacity.

Combining with Eqs. (25)-(27), we can see that the variance
of SINR changes with the increase of τ1. When τ1 is large
enough, the SBSs neither join cooperation nor interfere with
the typical MU and the resulting SINR is almost SINR =

S0
I0+σ 2 with very high probability. In such cases, the variance of

SINR is quite small. Increasing τ1, the average cell load at the
SBSs varies from M1 to 0 and the number of cooperative SBSs
firstly increases and then decreases, leading to the variance
of SINR an peak function with respect to τ1. Combining
with the result for the average SINR, the coverage probability
Pcov (β) = Pr {SINR > β} will have a minimum value if the
coverage threshold is small, as show in Fig. 4.

B. The Impact of Channel Reuse
To investigate the influence of the channel reuse among

tiers, Fig. 5 shows the average capacity and coverage probabil-
ity with respect to the maximum number of channels reused at
SBS, i.e., M1. With fixed cooperative RSS threshold and cache
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Fig. 6. Average capacity and coverage probability with respect to L1.

size at SBSs, the probability of zero-loading at SBSs as well
as the probability for having sufficient energy at SBSs is deter-
mined. If the average cooperating transmission power (33) is
above the interfering transmission power (34) at a dominant
SBS, the network performance will be improved. As shown
in Fig. 5, with a low threshold τ1, e.g., τ1 = −70 dBm, the
zero-load probability is very small (e.g., ρ1 (0) = 0.057) if
more than one channel is reused at the SBS. In this case, the
aggregated interference strength (I1) dominates the aggregated
information signal strength (S1) when M1 increases from
0 to 1, and the performance decreases. However, S1 increases
with M1 while I1 almost keeps unchanged, and the per-
formance improves. With an appropriate cooperative RSS
threshold, e.g., τ1 = −50 dBm, the zero-load probability is
ρ1 (0) = 0.75. In this case, the signal strength S1 always
dominates the interference strength I1 and the average capacity
as well as the coverage performance improves with M1.

C. The Impact of Cache Size

Fig. 6 shows the impact of the cache size of SBSs. It can
be seen that an optimal cache size maximizing the average
user capacity and coverage probability exists with appropriate
cooperative RSS threshold. When τ1 is too small, e.g., τ1 =
−90 dBm, the SBSs will be full-loaded if cache hit happens
and (34) > (33) +δ2 always establishes. As a result, I1 always
dominates S1 and the network performance decreases. When
τ1 = −70 dBm, the SBSs are mid-loaded. (34) < (33) +δ
holds when the cache size L1 is below certain value and (34)
> (33) +δ holds when L1 is above the value, which results
in the optimal cache size at SBSs. When the cooperative
RSS threshold is τ1 = −50 dBm or more high, the SBSs
are light-load and (34) < (33) +δ always follows. In this
case, the network performance improves with L1 and finally
levels off.

D. The Impact of Energy Harvesting

Fig. 7 shows the impact of the energy harvesting rate μ.
It can be seen that the network performance decreases when

2δ is a compensation for the interfering SBSs except the dominant
interfering SBSs.

Fig. 7. Average capacity and coverage probability with respect to μ.

τ1 = −70 dBm and levels off to maximum when τ1 =
−30 dBm. Moreover, there exists an optimal energy harvesting
rate when τ1 = −50 dBm. As we can see from (8) that with
fixed τ1 and L1, the probability for having sufficient energy
at an SBS is determined by μ. With heavy-loaded SBSs (e.g.,
τ1 = −70 dBm), the SBSs can hardly join cooperation while
they introduce severe interference with more energy harvested.
With mid-loaded SBSs (e.g., τ1 = −50 dBm), the capacity and
coverage firstly increases because the increased information
signal strength dominates the interference strength. However,
due to the limited number of cooperative SBSs, the perfor-
mance finally decreases due to the increasing of interference
strength. With light-loaded SBSs (e.g., τ1 = −30 dBm), the
network performance improves due to the limited number
of interfering SBSs and levels off because the cooperative
SBSs tend to have sufficient energy with probability 1, even
increasing the energy harvesting rate.

VII. CONCLUSION

In this paper, we have proposed a joint transmission strategy
for the cache-enabled and renewable energy-powered HetNets,
to provide high transmission data rate and further improve the
network coverage performance. Furthermore, we have theoret-
ically analyzed the coverage probability and average capacity
with stochastic geometry approach and Gamma approxima-
tion. Numerical results have been provided to validate the
theoretical analysis and revealed that there exists an optimal
cooperative RSS threshold for maximizing the coverage and
capacity performance. Moreover, with an appropriate coop-
erative RSS threshold around the optimal cooperative RSS
threshold, the SBSs are mid-loaded. In such a scenario, i) the
optimal cache size and energy harvesting rate exist in maxi-
mizing the average capacity and coverage probability, and ii)
the average capacity and coverage probability firstly decrease
and then increase with the increase of the maximum number of
channels available at SBSs, and finally level off to optimum
performance. These results provide insights for the deploy-
ment and operation of cache-enabled and energy harvesting-
powered SBSs in HetNets. The proposed BS coordination
strategy can be widely applied in practice, especially for the
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energy-constraint and backhaul-limited networks, to enhance
the coverage and service quality for MUs, in a cost-effective
way. For the future work, we will consider more realistic
channel models [42] and investigate the optimal cooperative
RSS threshold and cache size at SBSs, to further enhance the
user experience and improve the coverage performance.

APPENDIX A
PROOF OF LEMMAS

A. Proof of Lemma 1

The distribution of S0 conditioned on r0 and m0 is

fS0 (s|r0, m0) = m0 + 1

P(TX)
0

rα
0 fh

(
m0 + 1

P(TX)
0

rα
0 s

)

.

Then, the Laplace function of S0 conditioned on r0 is obtained
by applying the Laplace transform, i.e.,

LS0 (t|r0)

= ES0

(
e−t S0

)

( f )= ρ0 (M0)+
∞∫

0

e−st
M0−2∑

m0=0

ρ0 (m0+1)
m0+1

P(TX)
0
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0 e

− m0+1

P
(TX)
0

rα
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ds

= ρ0 (M0) +
M0−2∑

m0=0

ρ0 (m0 + 1)

m0+1
P(TX)

0

rα
0

t + m0+1
P(TX)

0

rα
0

(35)

where (f ) is the result of the fact that S0 = 0 when the nearest
MBS is full-loaded and will not serve the typical MU.

B. Proof of Lemma 2

With the definition of Laplace transform, the Laplace func-
tion of Sk is

LSk (t)

= ESk

[
e−t Sk

]

(g)= exp

⎧
⎨

⎩
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(36)

where (g) follows the probability generation function of
PPP [34] and (h) holds because the SBS participates in

cooperation with probability νk and h ∼ exp {1}. Thus,

Eh

[

e
−t

P(TX)
k

mk +1 r−αh

]

= 1

1 + t
Ptx

k
mk+1r−α

.

C. Proof of Lemma 2

The interfering macro BSs are located outside B (o, r0).

LI0 (t|r0)
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⎢
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where (i) follows the fact that the MBS is zero-loaded with
probability ρ0 (0) and the MBS with m0 associated MUs reuse
the reference channel with probability m0

M0
.

D. Proof of Lemma 3

For the interference caused by PG-SBS, the Laplace func-
tion of Ik is (38), as shown at the top of the next page, where
(j) is the result of the following integral.
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(39)

APPENDIX B
PROOF OF THEOREM 2

According to the definition of the coverage probability,
Pcov (β) is expressed as:

Pcov (β) = Pr

[

S0 +
K∑

k=1

Sk ≥ β

(

I0 +
K∑

k=1

Ik + σ 2

)]

. (40)
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Defining S =
K∑

k=1
Sk and Z = I0 +

K∑

k=1
Ik , then

Pcov (β) ≈ Pr [S0 ≥ β Z ] + Pr [S0 < β Z , S ≥ β Z − S0]

= Pr [S0 ≥ β Z ] + Pr [S0 < β Z , S ≥ β Z]

+ Pr [S0 < β Z , β Z − S0 < S ≤ β Z] (41)

The first item Pr [S0 ≥ β Z] can be easily calculated with the
Laplace functions of Ik , i.e.,

Pr [S0 ≥β Z]
(k)=

M0−2∑

m0=0

ρ0 (m0 + 1)

×
∞∫

0

K∏

k=0

LIk

(
β (m0+1) rα

P(TX)
0

)

fr0 (r)dr , (42)

where (k) follows the exponential distribution of hx0 . Since it
is complex to get closed-form expression for the pdf of Sk

and Ik by inverse Laplace transform. we apply the Gamma
distribution [43] to approximate the distribution for S and Z .
It is proved in [45] and [46] that second-order moment match-
ing of Gamma is sufficient to approximate the distribution of
sums of Gammas. Thus, the Gamma distribution with the same
first and second order moments as S has the following shape
parameter κS and scale parameter θS .

κS =

(
K∑

k=1
E [Sk ]

)2

K∑

k=1
V [Sk ]

, θS =

K∑

k=1
V [Sk]

K∑

k=1
E [Sk ]

, (43)

where E [Sk] and V [Sk] are the mean and variance of Sk . The
mean of Sk can be obtained with (2-19) in [34]:

E [Sk]

= E

⎡

⎣
∑

xk∈�k∩B(0,χk )

� (E1&E2&E4)
P(TX)

k

mxk + 1
‖xk‖−αhxk

⎤

⎦

= 2πλkωkηk P(TX)
k

M0

χ2−α
k −d2−α

0

2 − α

Mk−1∑

mk=0

ρk (mk +1)
M0−mk

mk + 1
,

(44)

where d0 = 1 is the reference distance at which the path loss
fading is 1. With the result (2-21) in [34], the variance of Sk

is

V [Sk ] = E
(

h2
) Mk−1∑

mk=0

ρk (mk + 1)
M0 − mk

M0

(
P(TX)

k

mk + 1

)2

× 2πλkωkηk

χk∫

d0

r1−2αdr

=
πλkωkηk

(
P(TX)

k

)2

M0

χ2−2α
k − d2−2α

0

2 − 2α

×
Mk−1∑

mk=0

ρk (mk + 1)
M0 − mk

(mk + 1)2 . (45)

Similarly, the shape and scale parameters of the Gamma
distribution with the same first and second order moments as
Z are expressed as:

κZ =

(
E [I0] +

K∑

k=1
E [Ik ]

)2

V [I0] +
K∑

k=1
V [Ik]

, θZ =
V [I0] +

K∑

k=1
V [Ik ]

E [I0] +
K∑

k=1
E [Ik]

,

(46)

where the mean and variance of I0 conditioned on r0 are

E [I0|r0] = E

⎡

⎣
∑

x∈�0\x0

1 (occupied)
P(TX)

0

mx
‖x‖−αhx

⎤

⎦

= 2πλ0

M0∑

m=1

ρ0 (m)
P(TX)

0

M0

r2−α
0

α − 2
, (47)

and

V [I0|r0] = r2−2α
0

2α − 2

πλ0

(
P(TX)

0

)2

M0

Mk∑

mk=1

ρ0 (m)

m
. (48)

The mean and variance of Ik are obtained as

E [Ik ] = 2πλkωk P(TX)
k

M0

d2−α
0

α − 2

Mk∑

mk=1

ρk (mk), (49)
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and

V [Ik] = d2−2α
0

2α − 2

πλkωk

(
P(TX)

k

)2

M0

Mk∑

mk=1

ρk (mk)

mk
. (50)

With the Gamma approximation of S and Z , the probability
Pr [S0 < β Z , S ≥ β Z] is approximately obtained as:

Pr [S0 < β Z , S ≥ β Z ]

= Em0,r0

⎧
⎪⎨

⎪⎩

∞∫

0

βz∫

0

∞∫

βz

fS (s) ds fS0 (x) dx fI (z) dz

⎫
⎪⎬

⎪⎭

(l)= Em0,r0

⎧
⎨

⎩

∞∫

0

�
(
κS, βz

θS

)

� (κS)

(

1 − e
− m0+1

P
(TX)
0 r−α

0

βz
)

fZ (z) dz

⎫
⎬

⎭

(m)= Em0,r0

{
� (κS + κZ ) ϕκS Z3 (1)

� (κS) � (κZ + 1)

}

− Em0,r0

{
� (κS + κZ ) ϕκS

� (κS) � (κZ + 1)
Z3

(

1 + βθZ (m0 + 1)

P(TX)
0 r−α

0

)}

(51)

where ϕ = βθZ
θS

and Z3 (x) is expressed as (31).
(l) and (m) follow the Gamma distribution of S, Z and
the exponential distribution of hx0 . Similarly, the probability
Pr [S0 < β Z , β Z − S0 < S ≤ β Z] can be obtained as:

Pr [S0 < β Z , β Z − S0 < S ≤ β Z]

(n)= Em0,r0

⎧
⎪⎨

⎪⎩

∞∫

0

βz∫

0

βz∫

βz−s

fS0 (x) dx fS (s) ds fZ (z) dz

⎫
⎪⎬

⎪⎭

= Em0,r0

{
� (κS + κZ ) ϕκS

� (κZ ) � (κS + 1)
Z4 (ϕ)

}

− Em0,r0

{
� (κS + κI ) ϕκS

� (κS + 1) � (κZ )
Z4

(

ϕ + βθZ (m0 + 1)

P(TX)
0 r−α

0

)}

(52)

where (n) is the result of the area transformation of the double
integral and Z4 (x) is expressed as (32). Combining (41), (42),
(51) and (52), the coverage probability can be approximated
as (29).
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