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Abstract—With macrocell base stations (MBSs) providing basic
coverage for mobile users, the multiple tiers of cache-enabled small-
cell base stations (SBSs) can opportunistically form user-centric
clusters to enhance network capacity through traffic offloading
and cooperative transmission. In this paper, we investigate cooper-
ative transmission in cache-enabled heterogeneous networks con-
sidering the impact of base station (BS) heights. Specifically, the
user-centric cooperative SBS clusters are formed based on the in-
formation of the cached contents, the transmission distance, and
the cell load at SBSs. The users failed to be offloaded to the coopera-
tive SBS clusters are served by the nearest MBSs. By incorporating
the COST 231 Hata model for the line-of-sight and nonline-of-sight
channels, the explicit expressions for the average spectral efficiency
(SE) are obtained with statistical characterizations for the cell load
distribution, as well as the aggregated information and interference
signal strength. The analytical results indicate that with the COST
231 Hata model and the cooperative SBS cluster, the average SE
decreases with the increase of BS height. Moreover, different trade-
offs exist with the varying cache size, SBS density, and cooperative
distance threshold, which results in a bell-shaped SE with respect
to (w.r.t) the SBS density and the cooperative distance threshold.
In addition, with an appropriate cooperative distance threshold,
the average SE exhibits a bell-shaped relationship w.r.t the cache
size. Extensive simulations are conducted to validate the analytical
results and demonstrate the impact of the network parameters.
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I. INTRODUCTION

H ETEROGENEOUS networks (HetNets) are seen as domi-
nant network architecture in the next generation networks

[1], [2] due to the seamless coverage and high network through-
put. However, the densely deployed low-power small cell base
stations (SBSs) along with the macrocell base stations (MBSs)
can cause severe congestion in the backhaul network due to
overhead signaling and information exchange among base sta-
tions (BSs), leading to high latency and reduced energy and
spectral efficiencies. Employing the cache technologies at SBSs
has great potential to alleviate the heavy burden on the back-
haul links by storing popular contents at the network edge and
serving mobile users (MUs) directly [3]–[6].

In HetNets with cache-enabled SBSs, the content placement
and cell association are key issues for maximizing the network
performance due to limited resources. Existing researches have
studied various cache strategies and investigated the network
performance in the cache-enabled HetNets [7]–[10]. Coopera-
tive caching [11], [12] can enhance the occurrence of cache hit
events by coordinating the cached popular contents at SBSs.
[13] proved that coordinated multi-point (CoMP) transmission
can significantly improve the cell edge performance in Het-
Nets. Joint CoMP and caching in HetNets [14], [15] can further
improve the coverage and capacity by coordinating multiple
heterogeneous BSs and exploring collaborative content caching
based on coordinated BS clusters and the corresponding net-
work topology. Performance analysis in cache-enabled HetNets,
with/without coordinated transmission, has also been conducted
with stochastic geometry [12], [15]–[18].

However, two practical factors are seldom considered in ex-
isting works, including diverse BS heights and limited BS ca-
pacities. First, since the signal propagation in wireless media
depends critically on the geographical environment, various BSs
are placed at different locations and elevated at high infrastruc-
tures in practice, such as along the street in horizontal space, and
on the roof of buildings in vertical plane, etc. The difference in
heights among elevated BSs and between BSs and MUs affects
the density and coverage area of BSs, which further influences
the cache size of BSs and the cache placement strategies. Sec-
ond, due to the limited resources (time, frequency and space)
available at BSs, the BS capacity, i.e., the maximum number of
MUs that can be simultaneously served by a BS, is constrained.
The diverse height differences and constrained BS capacities,
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along with the cache sizes of BSs, significantly affect the cell
association and cell load distribution of a BS, which further have
an impact on the design of CoMP transmission in cache-enabled
HetNets. Therefore, we investigate the network performance of
CoMP transmission in cache-enabled HetNets by considering
the impact of height differences between BSs and MUs and
constrained BS capacities.

In this paper, an MBS-assisted and content-aware cooperative
transmission strategy is proposed to improve the transmission
data rate with SBS offloading. Specifically, the multiple tiers of
cache-enabled SBSs form user-centric SBS clusters to serve the
MUs with cooperative transmission, being aware of the cached
contents, the transmission distance and the cell load. MUs failed
to be offloaded to the SBSs are served by the nearest MBSs.
Considering the height differences between BSs and MUs, we
analyze the average spectral efficiency (SE) with incorpora-
tion of line-of-sight (LoS) link and non-line-of-sight (NLoS)
links. Firstly, the cell load distributions of MBSs and SBSs are
analyzed. Then, the average SE is analytically obtained with
statistical characterizations of both the aggregated information
and interference signal strength. The analytical results find that
the average SE decreases with the rise of the height differ-
ence. Moreover, with fixed height difference, several tradeoffs
are revealed. Numerical and simulation results are provided to
validate the theoretical analyses and to show the impact of the
network parameters. The analyses reveal that the MBS-assisted
and content-aware cooperative transmission can improve the SE
performance by dynamically managing the size of cooperative
SBS cluster and adjusting the network parameters, i.e., the BS
height, the cache size of SBSs and the cooperative distance
threshold. In a nutshell, The main contribution are summarized
as follows:

� We propose the framework for the SE analysis in cache-
enabled HetNets with cooperative transmission, consider-
ing the impact of BS heights and constrained BS capacities.

� The explicit expressions for the average SE are theoreti-
cally obtained based on stochastic geometry.

� We theoretically and numerically analyze the influences of
the network parameters, such as the cache size of SBSs,
the BS height and BS density. The results indicate that the
optimal cache size, SBS density and cooperative distance
threshold can be obtained such that the average SE is max-
imized. Moreover, the optimal cache size decreases with
the expansion of the area for cooperative SBSs and the
optimal cooperative distance threshold decreases with the
SBS density and finally levels off. These results provide
practical insights for the HetNet design and optimizations.

The remainder of this paper is organized as follows. The re-
lated works and motivation are presented in Section II. The sys-
tem model and the proposed cooperative transmission strategy
are presented in Section III. In Section IV, the cell load distri-
butions of MBSs and SBSs are characterized. Then, in Section
V, the SE analysis is conducted with the characterization of
aggregated information and interference signal strengths. Nu-
merical results are given in Section VI. Finally, Section VII
concludes this work.

II. RELATED WORKS AND MOTIVATION

Since caching has been considered as one of the key technique
in the next generation mobile networks [4], [5], cache-enabled
SBSs will be widely deployed in HetNets to alleviate the load

of backhaul links and to provide high data rate and low-latency
services. Various studies on the analysis of cache placement and
cell association in cache-enabled HetNets have been raised in
literatures.

With deterministic content placement, [17] analyzed the out-
age probability and average delivery rate with homogeneous
Poisson Point Process (HPPP) modeling of SBSs and a general
popular distribution of cache files. [12] proposed a multi-cell
cluster-centric cooperative transmission to improve the content
availability by dividing the cache space into two parts for stor-
ing the most popular contents and less popular contents. Based
on the approximated successful content delivery probability, the
optimal cache space assignment was investigated. [19] studied
the energy efficiency of cache-enabled cooperative small cell
networks with an self-similarity based coordinated multi-point
clustering strategy. To eliminate the interference generated from
the neighboring BSs, [20] proposed a interference management
by exploiting the content diversity. With probabilistic content
placement, [9] studied the optimal caching probability with a
dynamic on-off small cell network. [15] proposed a cooperative
SBS transmission scheme and analyzed the successful transmis-
sion probability with stochastic geometry. The optimal content
placement was further obtained with an exhaustive search algo-
rithm. [21] also optimized the content placement probabilities
with objective of cache hit probability.

In the aforementioned works, neither the influence of diverse
BS heights among BSs in HetNets nor the constraint of BS
capacity is considered. Modeling the cache-enabled HetNets
with consideration of elevated BSs with diverse BS heights,
the traditional idealized standard path loss model that does not
differentiate LoS and NLoS transmissions will no longer be
applicable and thus the selection of cooperative BSs should
be re-designed. A more practical and accurate path loss model
for the performance analysis in wireless networks is the multi-
slope path loss model [22], [23]. In [22], multi-slope path loss
model consisting of different path loss exponent in different dis-
tance range was studied, mainly focused on the dual-slope path
loss function. Furthermore, [23] derived the coverage probabil-
ity and area spectral efficiency (ASE) with general multi-slope
path loss model. By incorporating dual-slope path loss model,
[24] studied the downlink coverage performance of dense cel-
lular network with elevated BSs and nearest BS association
scheme.

With the consideration of constraint BS capacity, the cell load
distributions of BSs is crucial in the selection of cooperative BSs,
especially for low-power SBSs with low BS capacity. Thus, the
impact of BS capacity should also be took into account in the
design of coordination multi-point transmission. Motivated by
these practical factors, we study the cooperative transmission in
HetNets with cache-enabled SBSs, taking the BS height differ-
ence and BS capacity into consideration. A dual-slope path loss
model is applied and an MBS-assisted cooperative transmis-
sion strategy is proposed to improve the SE by SBS offloading.
Further, we theoretically obtain the average SE with stochastic
geometry.

III. SYSTEM MODEL

A. Network Architecture

We consider a (K + 1)-tier HetNet consisting of one tier
elevated MBSs and K tiers elevated and cache-enabled SBSs.
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The MBSs are connected to the core network through optical
fiber with high capacity and provide reliable wireless coverage
and connectivity, while the SBSs are cache-enabled and provide
high data rate services with cached contents. The distribution
of MBSs is modeled as HPPP Φ0 ∈ R2 with density λ0 and the
K-tier SBSs are distributed according to independent HPPPs
Φk ∈ R2 with density λk , k = 1, ...,K. The MUs are randomly
distributed at the ground level and modeled as HPPP Φu ∈ R2

with density λu . The BSs in the k-th tier are elevated at a height
of Hk in meter, k = 0, 1, ...,K. Based on Slivnyaks theorem
[25], a typical MU is located at the origin of the coordinate o.

Suppose that Nk antennas are equipped at each BS in the
k-th tier. The transmission power at the BSs in the k-th tier is
denoted asP (TX)

k . To avoid inter-tier interference between MBSs
and SBSs, orthogonal frequencies are applied at MBSs and
SBSs [26]. To simultaneously serve multiple MUs without intra-
cell interference, zero-forcing precoding is adopted with equal
power allocation among the associated MUs in a cell. Thus, the
BS capacity of the k-th tier, i.e., the maximum number of MUs
that can be simultaneously served by a BS, is Mk (� Nk ).

B. Content Cache Model

T contents are available at the multimedia server. Denote
T = [1, 2, ..., T ] as the content library, where the contents are
ranked and indexed according to the request frequency. The
lower indexed content has the higher popularity. All the contents
are considered to have the same size S in bits. The popularity
distribution of the contents, which is also known as the content
request distribution, is modeled by Zipf distribution [18], [27].

ft =
1/ tγ
∑T

i=1 1/ iγ
, t ∈ T , (1)

where γ (� 0) reflects the popularity distribution skewness. The
cache size of the SBSs in the k-th tier is LkS. The SBSs in-
dependently pro-cache the most Lk popular contents and the
cached contents updates according to the varying popularity.1

The MU randomly requests the contents according to the popu-
larity distribution.

C. Wireless Channel Model

Signal propagation model is considered to be a compos-
ite of path loss and small-scale fading. Considering both LoS
and NLoS links, a dual-slope path loss model is applied as
[23], [28].

lk (d) =

{
A

(L)
k d−α

(L )
k , with probability Pr(L)

k (d)

A
(NL)
k d−α

( NL)
k , with probability 1 − Pr(L)

k (d)
, (2)

where d in kilometer is the distance between the transmitter
and receiver. A(L)

k and A(NL)
k are the path loss at a reference

distance d = 1(km) for the LoS and NLoS cases in the k-th tier,
respectively. α(L)

k and α(NL)
k are the path loss exponents for the

1The popularity distribution of contents is the statistical results of the content
requests from the MUs. In a certain period with multiple time slots, the BSs
count the request frequencies for contents and approximate the popularity of
the contents within each time slot. Thus, the popularity of contents updates
and changes across time slots, and the SBSs can update the cached contents
according to the estimated content popularity.

TABLE I
KEY PARAMETERS AND NOTATIONS

Symbol Description

Φ0(λ0) HPPP model of MBSs with density λ0
Φk (λk ) HPPP model of SBSs with density λk
Φu (λu ) HPPP model of MU with density λu

P
(TX)
0 , P (TX)

k
Transmission power of MBSs and SBSs

N0, Nk Number of antennas equipped at MBSs and SBSs in the
k-th tier

M0, Mk BS capacity of MBSs and SBSs in the k-th tier
H0, Hk BS height of MBSs and SBSs in the k-th tier

A
(L)
k

, α(L)
k

Path loss factor and exponent of LoS

A
(NL)
k

, α(NL)
k

Path loss factor and exponent of NLoS
γ Content popularity
T , Lk Number of contents and cache size at SBSs in the

k-th tier

LoS and NLoS cases, respectively.

Pr(L)
k (d) =

{
1 − d

dk , o
, d ∈ (0, dk,o ]

0, d ∈ (dk,o ,∞]
, (3)

is the probability function that a transmission link in the k-th
tier has a LoS path, where dk,o is a parameter that determines

the decreasing slope of the linear function Pr(L)
k (d). The NLoS

path loss A(NL)
k and the path loss exponent α(NL)

k are respec-
tively the increasing and decreasing functions with respect to
(w.r.t) the BS height according to the measurements and prop-
agation model. For example, the macro cell path loss based on
modified COST (COopération européenne dans le domaine de
la recherche Scientifique et Technique) 231 Hata propagation
model [29] can be expressed as:

⎧
⎪⎨

⎪⎩

−10log10A
(NL)
0 = 46.3 + 33.9log10(f)

−13.82log10H0 + 3,

10α(NL)
0 = 44.9 − 6.55log10H0.

(4)

where f is the carrier frequency in MHz and (4) is valid when
H0 > 35 m. The small cell NLoS based on the COST 231
Walfish-Ikegami street canyon model [29] is given by

{
−10log10A

(NL)
k = a− 18log10 (1 +Hk ) ,

10α(NL)
k = 38.

(5)

where a is determined by the wireless environments such as the
carrier frequency, the height of buildings, the building separa-
tion, the road orientation, etc. According to (4) and (5), with the
rise of BS height, the path loss factors increase and the path loss
exponents decrease, which results in low path loss of the signal
propagation. The key notations are summarized as in Table I.

D. Cooperative Transmission Strategy

An MBS-assisted cooperative transmission strategy is per-
formed, being aware of the availability of the requested contents
at the SBSs, the transmission distance between the MUs and the
SBSs, and the cell load at SBSs.

To provide high data rate transmission, the cache-enabled
SBSs formulate cooperative clusters to transmit the MUs’ data
in a user-centric manner. Fig. 1 illustrates the selection process



WU et al.: CONTENT-AWARE COOPERATIVE TRANSMISSION IN HETNETS WITH CONSIDERATION OF BASE STATION HEIGHT 6051

Fig. 1. Selection process of a cooperative SBS.

of a cooperative SBS. Specifically, an SBS xk,j in the k-th tier
will join to serve the typical MU if the following events hap-
pen. E1: the transmission distance between the SBS at xk,j and
the typical MU is less than a predetermined distance threshold
χk (χk � Hk ), i.e., the candidate cooperative SBS xk,j is lo-
cated inside the circular area centered at the typical MU and

with radius
√
χ2
k −H2

k
2, i.e., B(o,

√
χ2
k −H2

k ); E2: the re-
quested contents are cached at the SBS xk,j , i.e., a cache hit
happens; and E3: it surely joins to serve the typical MU if
nk,j < Mk , where nk,j is the number of other candidate MUs
of SBS xk,j satisfying the conditionsE1 andE2. Otherwise, the
SBS xk,j randomly serves Mk candidate MUs.

With condition E3, an SBS will serve all its candidate MUs
if it is not overloaded, but will randomly choose Mk MUs oth-
erwise. If no SBSs can provide such connections for the typ-
ical MU, i.e., the typical MU fails to be served by an SBS
cluster, it will be served by its nearest MBS, to guarantee the
service continuity. We consider the MBSs have sufficient ca-
pacity to support the connectivity of MUs, i.e, λ0M0 � λu ,
thanks to the advanced techniques such as Massive MIMO and
non-orthogonal multiple access (NOMA) [30]. When the typi-
cal MU is served by the cooperative SBS cluster, the received
signal-to-interference plus noise ratio (SINR) is

SINRs =
K∑

k=1

Sk

/(
K∑

k=1

Ik + σ2

)

, (6)

where Sk and Ik are the aggregated information and interfer-
ence signal strength received from the cooperative SBSs and
interfering SBSs in the k-th tier, respectively.

Sk =
∑

xk , i ∈Φk ∩B
(

0,
√
χ2
k −H 2

k

)
1 (E2&E3)

P
(tx)
k

nxk , i + 1

× lk

(√

|xk,i |2 +H2
k

)
∥
∥hxk , i

∥
∥2

2 , (7)

and

Ik = Ik,in + Ik,out

2The radius
√
χ2
k
−H 2

k
is also referred as the radius of the serving area of

an SBSs

=
∑

xk , j ∈Φk ∩B
(

0,
√
χ2
k −H 2

k

)
1 (!E2or!E3)

P
(tx)
k

mxk , j

× lk

(√

|xk,j |2 +H2
k

)
∥
∥hxk , j

∥
∥2

2

+
∑

xk , j ∈Φk \B
(

0,
√
χ2
k −H 2

k

)
1
(
mxk , j � 1

) P
(tx)
k

mxk , j

× lk

(√

|xk,j |2 +H2
k

)
∥
∥hxk , j

∥
∥2

2 (8)

where !E2 and !E3 are the opposite events of E2 and E3, re-
spectively. nxk , i and mxk , j are the number of other candidate
MUs served by the SBS xk,i and xk,j , respectively. 1(∗) is
an indicator function, where 1(∗) = { 1, if event ∗ occurs

0, otherwise . hxk , i and
hxk , j are the channel fading gain vectors, whose entities are
identical and independent distributed (i.i.d) complex Gaussian
distribution with zero mean and unit variance. If the SBS xk,i
cooperates to serve the typical MU, ‖hxk , i ‖2

2 is gamma dis-
tributed ‖hxk , i ‖2

2 ∼ Γ(Nk −mxk , i , 1) [31]. Otherwise, if the
SBS xk,j is an interfering SBS, ‖hxk , j ‖2

2 is gamma distributed
with parametersmxk , j and 1, i.e., ‖hxk , j ‖2

2 ∼ Γ(mxk , j , 1) [32].
Denote x0,0 as the nearest MBS to the typical MU, and define

r0 � |x0,0|. If the typical UE fails to be served by cooperative
SBS cluster, it will be served by x0,0 and the received SINR is

SINRm = 1 (empty cooperative cluster)

×

P
( TX)
0

nx 0, 0 +1 l0

(√
|x0,0|2 +H2

0

)

‖h0‖2
2

I0 + σ2
, nx0, 0 < M0,

(9)

where

I0 =
∑

x0, j ∈Φ0\x0, 0

1
(
mx0, j�1

) P
(TX)
0

mx0, j

l0

(√

|x0,j |2 +H2
0

)

‖hj‖2
2

(10)
is the aggregated interference strength. nx0, 0 and mx0, j are
the number of other candidate MUs with the MBS x0,0 and
x0,j , respectively. Note that the channel fading ‖h0‖2

2 and
‖hj‖2

2 are gamma distributed, i.e., ‖h0‖2
2 ∼ Γ(N0 −mx0, 0 , 1)

and ‖hj‖2
2 ∼ Γ(mx0, j , 1).

From the expressions (6)–(9), the distributions of cell load
have great influence on the determination of cooperative SBSs
as well as the received signal strength. To analyze the statistics of
the received SINR, we have to obtain the cell load distributions
of MBSs and SBSs.

IV. CELL LOAD DISTRIBUTION

A. Distribution of SBS Load

Define the cell load as the number of MUs simultaneously
served by an elevated BS. For the SBSs in the k-th tier, the
probability that an SBS has stored the requested contents is
ηk =
∑Lk

t=1 ft . With the cooperative transmission strategy, the
event that mk (< Mk ) MUs are served by an SBS located at
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xk,i is equivalent to the event that more than mk MUs located

inside B(xk,i ,
√
χ2
k −H2

k ) while only mk cache hits happen.

Mathematically, the probability thatmk (< Mk ) MUs are served
with an SBS located at xk,i is

ρk (mk )
(a)
=

∞∑

n=mk

(
π
(
χ2
k −H2

k

)
λu
)n exp

(
−π
(
χ2
k −H2

k

)
λu
)

n!

× n!
mk ! (n−mk )!

(ηk )
mk (1 − ηk )

n−mk

(b)
=
(
π
(
χ2
k −H2

k

)
ηkλu
)mkexp

(
−π
(
χ2
k−H2

k

)
ηkλu
)

mk !
,

(11)

where (a) holds due to the PPP distribution of MUs and the
binomial distribution of cache hits amongnUEs; and (b) follows
the Taylor Expansion. Since the event of full-loaded at an SBSs
is equivalent to the event that more than Mk candidate serving
MUs request for the connection, the probability ofmk = Mk is

ρk (Mk ) =
∞∑

m=Mk

pk (m), (12)

where pk (m) = (π (χ2
k −H 2

k )ηk λu )m exp(−π (χ2
k −H 2

k )ηk λu )
m ! .

Define the offloading probability as the probability that an
MU is offloaded from MBSs to SBSs. Based on the cell load
distribution of SBSs, we have the offloading probability as the
following proposition.

Proposition 1: In the HetNets with MBS-assisted and
content-aware cooperative transmission strategy, the offloading
probability is 1 − ν, where ν =

∏K
k=1 νk with

νk = exp
(
−π
(
χ2
k −H2

k

)
φkλk
)
. (13)

Proof: For the SBSs in the k-th tier, denote φk as the proba-

bility that a random SBS located inside B(o,
√
χ2
k −H2

k ) joins
to serve the typical MU. With the cooperative transmission
scheme, φk is given by:

φk = ηk

(
Mk −1∑

n=0

pk (n+ 1) +
∞∑

n=Mk

pk (n+ 1)
Mk

n+ 1

)

, (14)

where n is the number of other candidate MUs of the SBS.
By thinning property of PPP, the SBSs that locate inside

B(o,
√
χ2
k −H2

k ) and can provide connections for the typical
MU form a PPP with density φkλk . Thus, the probability that
zero SBSs in the k-th tier can provide services for the typical
MU is νk , and the probability that the typical MU is served by
its nearest MBS is ν =

∏K
k=1 νk . �

B. Distribution of MBS Load

With Proposition 1, all the MUs served by the MBSs form a
thinning PPP with density λ

′
u = νλu . Since the MUs are associ-

ated with MBSs in a nearest way, the resulting network topology
of macrocell network is Poisson Voronoi (PV) tessellation. The
probability density function (pdf) of the cell size with the PV

tessellation is accurately approximated as [33], [34]:

f (A) =
(3.5λ0)

3.5

Γ (3.5)
A2.5 exp (−3.5λ0A) . (15)

Thus, the cell load distribution of MBSs when m0 < M0 is

ρ0 (m0) =
∫ ∞

0

(
λ

′
uA
)m 0

e−λ
′
u A

m0!
f (A) dA

=
3.53.5Γ (m0 + 3.5)

m0!Γ (3.5)

(
λ

′
u

/
λ0
)m 0

(
3.5 + λ

′
u

/
λ0
)m 0+3.5 , (16)

and the probability of m0 = M0 is

ρ0 (M0) = 1 −
M 0−1∑

m 0=0

ρ0 (m0). (17)

As mentioned before, the MBS capacity is large enough
to provide the basic connectivity. Thus, the probability
∑M 0−1

m 0=0 ρ0(m0) approximately equals to 1, i.e.,
∑M 0−1

m 0=0
ρ0(m0) ≈ 1 and ρ0(M0) ≈ 0.

Remark: According to (11), the density of MUs, the height
of SBSs, the cooperative distance threshold, and the cache size
of SBSs have direct impacts on the cell load distribution of
SBSs, which further influence the offloading probability and
cell load distribution of MBSs as indicated in (13), (14) and
(16). Detailed, when the SBS height is equal to the cooperative
distance threshold, the SBSs will not join to serve MUs and the
MUs will be served by the MBSs with nearest-BS association.
With denser SBSs, lower SBS height or larger cooperative dis-
tance threshold and cache size, more MUs will be offloaded to
the SBSs. However, the SBSs tend to be heavy-loaded or even
full-loaded with the increase in the SBS density, the cooperative
distance threshold and the cache size, or with the decrease of the
SBS height. In such a scenario, the received SINR at the MUs
served by cooperative SBS cluster will definitely be reduced.

V. SPECTRAL EFFICIENCY ANALYSIS

To investigate the statistics of the received SINR at the typical
MU, we theoretically analyze the average SE in this section.
Define

S0 = 1 (empty cooperative cluster)

× P
(TX)
0

mx0, 0 + 1
l0

(√

|x0,0|2 +H2
0

)

‖h0‖2
2 , (18)

the average SE when the typical MU is served by the nearest
MBS is

Rm = E [ln (1 + SINRm )]

(d)
= E|x0, 0|

[∫ ∞

0

LI0 (t| |x0,0|) (1 − LS0 (t| |x0,0|))
t

e−σ
2tdt

]

(19)

in nats/s/Hz. (d) is obtained with the results in [35]. LX (t) is
the Laplace function of X . Similarly, the average SE when the
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typical MU is served by the cooperative SBS cluster is

Rs = E [ln (1 + SINRs)]

=
∫ ∞

0

∏K
k=1 LIk (t)

(
1 −
∏K

k=1 LSk (t)
)

t
e−σ

2tdt, (20)

in nats/s/Hz. We defined the average user SE as the sum SE that
can be achieved at the typical MU, i.e.,

R = Rs + Rm . (21)

A. Average SE With MBS Association

1) Statistics of |x0,0|: With the PPP modeling of MBSs, the
pdf of r0 is fr0(r) = 2πλ0re

−πλ0r
2
. According to the path loss

model (2), the distribution of |x0,0| is different across area. When√
r2

0 +H2
0 � d0,o , the signals go NLoS and LoS with proba-

bility 1 − PrL0 (
√
r2

0 +H2
0 ) and Pr(L)

0 (
√
r2

0 +H2
0 ), respectively.

DenoteX(NL)
0 andX(L)

0 as the distance between the typical MU
and its serving MBS with NLOS and LOS, respectively. Then,
the eventX(NL)

0 > x is the event of r0 > x and the nearest MBS
is with NLOS. As a result, the cumulative distribution function
(cdf) of X(NL)

0 is

F
X

( NL)
0

(x) = 1 − Pr {x0 > x}

= 1 − Pr {r0 > x, nearst MBS with NLOS}

= 1−
∫ ∞

x

(

1 − Pr(L)
k

(√
r2 +H2

0

))

2πλ0re
−πλ0r

2
dr

= 1 −
∫ ∞

x

√
r2 +H2

0

d0,o
2πλ0re

−πλ0r
2
dr. (22)

Taking the derivative of F
X

( NL)
0

(x) w.r.t x, we have the pdf of

X
(NL)
0 as:

f
X

( NL)
0

(x) =

√
x2 +H2

0

d0,o
2πλ0xe

−πλ0x
2
. (23)

Similarly, when the signals are with LoS, the pdf of X(L)
0 is

f
X

(L )
0

(x) =

⎛

⎝1 −

√
x2 +H2

0

d0,o

⎞

⎠ 2πλ0xe
−πλ0x

2
. (24)

When
√
r2

0 +H2
0 > d0,o , the signals are with NLoS with prob-

ability 1. Denote X0 as the distance between the typical MU
and its serving MBS, the pdf of X0 is

fX 0 (x) = 2πλ0x exp
(
−πλ0x

2
)
. (25)

It can be seen from (23)–(25) that the probability of NLoS
increases with the rise of BS height.

2) Laplace Functions of S0 and I0: With the definition of
S0, the Laplace function of S0 conditioned on r0 is

LS0 (t|r0) = ES0

(
e−tS0
)

(d)
≈ 1 − ν + ν

M 0−2∑

n0=0

ρ0 (n0 + 1)

×
∫ ∞

0
e
−t

P
( TX)
0
n 0+ 1 l0

(√
r 2

0+H
2
0

)
h hN0−n0−1

Γ (N0 − n0)
e−hdh

= 1−ν+ν
M 0−2∑

n0=0

ρ0 (n0+1)
(

1+ tP
( TX)
0

n0+1 l0

(√
r2

0+H
2
0

))(N0−n0)
,

(26)

where (d) follows ‖h0‖2
2 ∼ Γ(N0 −mx0, 0 , 1) and ignores the

item ρ0(M0). With NLoS and LoS for the path loss, LS0(t|r0)
can be re-written as:

L(*)
S0

(t|r0) = 1 − ν + ν

×
M 0−2∑

n0=0

ρ0 (n0 + 1)

⎛

⎜
⎝1 +

tP
(TX)
0 A

(*)
0

(n0 + 1)
(
r2

0 +H2
0

) α
( *)
0
2

⎞

⎟
⎠

(n0−N0)

(27)

where (*) is (NL) for NLoS and (L) for LoS.
The statistics of I0 are analyzed with two cases: 0 < r0 �√
(d0,o)

2 −H2
0 and r0 >

√
(d0,o)

2 −H2
0 .

Lemma 1: • When 0 < r0 �
√

(d0,o)
2 −H2

0 , the Laplace
function of I0 conditioned on r0 is

LI0,1 (t|r0) = exp

(

−πλ0

M 0∑

m=1

ρ0 (m)μ0,1 (m, t, r0)

)

, (28)

where

μ0,1(m,t,r0) =Z
(
α

(L)
0 ,m, 2,m, P (TX)

0 A
(L)
0 , d0,o

)

−Z
(

α
(L)
0 ,m, 2,m, P (TX)

0 A
(L)
0 ,
√
r2

0 +H2
0

)

+
2
3

⎛

⎝
Z
(
α

(NL)
0 ,m, 3,m, P (TX)

0 A
(NL)
0 , d0,o

)

−Z
(
α

(L)
0 ,m, 3,m, P (tx)

0 A
(L)
0 , d0,o

)

⎞

⎠

−
2
√
r2

0 +H2
0

3d0,o

×

⎛

⎜
⎝
Z
(
α

(NL)
0 ,m,3,m,P (TX)

0 A
(NL)
0 ,
√
r2

0+H
2
0

)

−Z
(
α

(L)
0 ,m,3,m,P (TX)

0 A
(L)
0 ,
√
r2

0 +H2
0

)

⎞

⎟
⎠

−Z
(
α

(NL)
0 ,m, 2,m, P (TX)

0 A
(NL)
0 , d0,o

)
, (29)
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Rm ≈
∫ √

(d0, o )2−H 2
0

0

∫ ∞

0

e−πλ0
∑M 0

m = 1 ρ0(m )μ0, 1(m,t,x)e−σ
2t

t

(
1 − L(NL)

S0
(t|x)
)

dtf
X

( NL)
0

(x) dx

+
∫ √

(d0, o )2−H 2
0

0

∫ ∞

0

e−πλ0
∑M 0

m = 1 ρ0(m )μ0, 1(m,t,x)e−σ
2t

t

(
1 − L(L)

S0
(t|x)
)

dtf
X

(L )
0

(x) dx

+
∫ ∞
√

(d0, o )2−H 2
0

∫ ∞

0

e−πλ0
∑M 0

m = 1 ρ0(m )μ0, 2(m,t,x)e−σ
2t

t

(
1 − L(NL)

S0
(t|x)
)

dtfX 0 (x)dx (33)

with

Z (α, n1, n2, n3, c, x)

= x2

(

1−2F1

(

n1,−
n2

α
; 1 − n2

α
;− tc

n3xα

))

. (30)

2F1(a, b; c; z) is the Hypergeometric function.

• When r0 >
√

(d0,o)
2 −H2

0 , the Laplace function of I0 is

LI0,2 (t|r0) = exp

(

πλ0

M 0∑

m=1

ρ0 (m)μ0,2 (m, t, r0)

)

, (31)

where

μ0,2(m, t, r0) = Z
(

α
(NL)
0 ,m, 2,m, P (TX)

0 A
(NL)
0 ,
√
r2

0 +H2
0

)

.

(32)
Proof: Please refer to Appendix A. �
Combining (27) and (28) with (19), the average SE Rm can

be obtained as the following theorem.
Theorem 1: In cache-enabled HetNets with the MBS-

assisted and content-aware cooperative transmission strategy,
the average SE when an MU is served by its nearest MBS is
given in (33), shown at the top of the page.

Proof: The result can be obtained by substituting (23)–(25)
and (27) into (19). �

According to (27)–(33), when the distance between the near-

est MBS and the typical UE is less than
√

(d0,o)
2 −H2

0 , the

Laplace function L(NL)
S0

(t|X(NL)
0 ) and the probability for hav-

ing NLoS increase with the MBS height, which results in
the decrease of the first two items in (33). Similarly, when

r0 >
√

(d0,o)
2 −H2

0 , the third item decreases with the increas-
ing MBS height. Overall, when the MUs are served by the
MBSs, the average SE Rm decreases with rise of the MBS
height. In addition, we can see from (16) that with increas-
ing MBS density, the cell load at MBSs is relaxed and finally
approximated to zero, i.e., limλ0→∞ ρ0(0) ≈ 1. Moreover, the
distance between the typical MU and its nearest MBS decreases
and finally level off to 0 with the increase of the MBS density. In
such a scenario, the BS height is the key factor that determines
the SE performance Rm .

B. Average SE With Cooperative SBS Cluster Association

Similar to the analysis ofLI0(t), the Laplace functionsLSk (t)
and LIk (t) in (20) are analyzed with the cases 0 < χk � dk,o
and χk > dk,o .

Lemma 2: The Laplace function of Sk is

LSk (t)

=exp

(

−πλkηk
Mk −1∑

nk=0
pk (nk + 1)�k (Nk − nk , nk + 1)

)

× exp

(

−πλkηk�k (Nk −Mk + 1,Mk )
∞∑

nk=Mk

pk (nk +1)Mk

nk +1

)

(34)
• When 0 < χk � dk,o , �k (m,n) is re-expressed as:

�k,1 (m,n) = Z
(
α

(L)
k ,m, 2, n, P (TX)

k A
(L)
k , χk

)

−Z
(
α

(L)
k ,m, 2, n, P (TX)

k A
(L)
k ,Hk

)

+
2χk

3dk,o

⎛

⎝
Z
(
α

(NL)
k ,m,3,n,P (TX)

k A
(NL)
k ,χk

)

−Z
(
α

(L)
k ,m,3,n,P (TX)

k A
(L)
k ,χk

)

⎞

⎠

− 2Hk

3dk,o

⎛

⎝
Z
(
α

(NL)
k ,m,3,n,P (TX)

k A
(NL)
k ,Hk

)

−Z
(
α

(L)
k ,m,3,n,P (TX)

k A
(L)
k ,Hk

)

⎞

⎠

(35)

• When χk > dk,o , �k (m,n) is re-expressed as:

�k,2 (m,n) = Z
(
α

(L)
k ,m, 2, n, P (TX)

k A
(L)
k , dk,o

)

−Z
(
α

(L)
k ,m, 2, n, P (TX)

k A
(L)
k ,Hk

)

+ Z
(
α

(NL)
k ,m, 2, n, P (TX)

k A
(NL)
k , χk

)

−Z
(
α

(NL)
k ,m, 2, n, P (TX)

k A
(NL)
k , dk,o

)

+
2
3

⎛

⎝
Z
(
α

(NL)
k ,m, 3, n, P (TX)

k A
(NL)
k , dk,o

)

−Z
(
α

(L)
k ,m, 3, n, P (TX)

k A
(L)
k , dk,o

)

⎞

⎠

− 2Hk

3dk,o

⎛

⎝
Z
(
α

(NL)
k ,m,3,n,P (TX)

k A
(NL)
k ,Hk

)

−Z
(
α

(L)
k ,m,3,n,P (TX)

k A
(L)
k ,Hk

)

⎞

⎠

(36)

when Hk < dk,o . Otherwise, when Hk > dk,o , �k (m,n) is re-
expressed as:

�k,3 (m,n) = Z
(
α

(NL)
k ,m, 2, n, P (TX)

k A
(NL)
k , χk

)

−Z
(
α

(NL)
k ,m, 2, n, P (TX)

k A
(NL)
k ,Hk

)
(37)
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Proof: Please refer to Appendix B. �
As provided in (8), the interference generated by SBSs in the

k-th tier includes the interference caused by the SBSs inside
B(o, χk ) and outside B(o, χk ). According to the definition of
Laplace transform, LIk (t) can be re-written as:

LIk (t) = LIk , in (t)LIk , out (t) (38)

Lemma 3: The Laplace function of Ik,in is

LIk , in (t) = exp

(

−πλk (1 − ηk )
Mk −1∑

mk =1

ρk (mk + 1)μk,in (mk)

)

× exp

(

−πλkμk,in (Mk)
∞∑

mk =Mk

pk (mk + 1)
(

1 − ηkMk

mk + 1

))

,

(39)

where

μk,in (mk ) =

⎧
⎪⎨

⎪⎩

�k,1 (mk,mk ) , 0 < χk � dk,o

�k,2 (mk,mk ) , χk > dk,o > Hk

�k,3 (mk,mk ) , χk > dk,o ,Hk � dk,o .

(40)

The Laplace function of Ik,out is

LIk , out (t) = exp

(

−πλk

Mk∑

mk =1

ρk (mk )μk,out (mk )

)

, (41)

• When 0 < χk � dk,o , μk,out(mk ) is re-expressed as:

μk,out,1 (mk ) = Z
(
α

(L)
k ,mk , 2,mk , P

(TX)
k A

(L)
k , dk,o

)

−Z
(
α

(L)
k ,mk , 2,mk , P

(TX)
k A

(L)
k , χk

)

+
2
3

⎛

⎝
Z
(
α

(NL)
k ,mk , 3,mk , P

(TX)
k A

(NL)
k , dk,o

)

−Z
(
α

(L)
k ,mk , 3,mk , P

(TX)
k A

(L)
k , dk,o

)

⎞

⎠

− 2χk
3dk,o

⎛

⎝
Z
(
α

(NL)
k ,mk , 3,mk , P

(TX)
k A

(NL)
k ,χk

)

−Z
(
α

(L)
k ,mk , 3,mk ,P

(TX)
k A

(L)
k ,χk

)

⎞

⎠

−Z
(
α

(NL)
k ,mk , 2,mk , P

(TX)
k A

(NL)
k , dk,o

)

(42)

• When χk > dk,o , μk,out(mk ) is re-expressed as:

μk,out,2 (mk ) = Z
(
α

(NL)
k ,mk , 2,mk , P

(TX)
k A

(NL)
k , χk

)
. (43)

Proof: Please refer to Appendix C. �
Remarks: According to Lemmas 1–3, the BS height Hk , the

cooperative distance threshold χk , the cache size of SBSs Lk
and the SBS density λk have great influence on the statistics of
the Sk and Ik . For fixedHk with small χk or fixed χk with large
Hk , the area for candidate cooperative SBSs and the number of
candidate SBSs are very small. With increasing χk or with de-
creasing Hk , the area for candidate cooperative SBSs becomes
wider and the number of candidate SBSs increases. However,
according to the cell load distribution (11), the SBSs tend to be
heavy-loaded and thus the probability that an SBS can join the
cooperative cluster decreases. In conclusion, there is a trade-
off between the number for candidate SBSs and the probability
for joining the cooperation with the varying radius of area for

the candidate cooperative SBSs, i.e.,
√
χ2
k −H2

k . Moreover, we
can see from (34) and (39) that there is a tradeoff between
the cooperating probability φk and the interfering probabil-
ity (1 − ηk )

∑Mk −1
mk =1 ρk (mk ) +

∑∞
mk =Mk

pk (mk )(1 − ηk Mk

mk +1 )
with the varying of the cache hit probability and the cell load at
SBSs. Combining the cell load distribution (11), it can be seen
that there is a tradeoff between Sk and Ik with the varying of

the cache size and the radius
√
χ2
k −H2

k .

Combining LIk (t), LSk (t) with (20), the average SE with
cooperative SBS cluster serving is obtained.

Theorem 2: In cache-enabled HetNets with the MBS-
assisted and content-aware cooperative transmission strategy,
the average SE when the typical MU is served by cooperative
SBS cluster is given as:

Rs =
∫ ∞

0

K∏

k=1

e−πλk ψk (t)

(

1 −
K∏

k=1

e−πλk ζk (t)

)
e−σ

2t

t
dt

(44)
where

ψk (t) = (1 − ηk )
Mk −1∑

mk =1

ρk (mk + 1)μk,in (mk )

+
∞∑

mk =Mk

pk (mk + 1)
(

1 − ηkMk

mk + 1

)

μk,in (Mk )

+
Mk∑

mk =1

ρk (mk )μk,out (mk ). (45)

μk,in(mk ) and μk,out(mk ) can be respectively replaced by ex-
pressions (40), (42) and (43) depending on the cooperative dis-
tance threshold χk . Finally, ζk (t) is defined as:

ζk (t) = ηk

Mk −1∑

nk =0

pk (nk + 1)�k (Nk − nk , nk + 1)

+ηk
∞∑

nk =Mk

pk (nk + 1)Mk

nk + 1
�k (Nk −Mk + 1,Mk ) .

(46)

Comparing the results with existing literatures [23], [36]–
[38], it is found that the BS height, the cache size of SBSs
and the cooperative distance threshold are the key parameters
that influence the statistics of the aggregated information and
interference signal strength, which further influence the SE of
the network. In addition, according to (44), there is a tradeoff
between LSk (t) and LIk (t) with the varying SBS density, i.e.,
λk . As proved in [39], there exists an optimal SBS density λk
such that the average SE Rs can be maximized.

VI. NUMERICAL RESULTS

In this section, we numerically evaluate the average SE in a
two-tier HetNet composed of MBSs and one tier cache-enabled
SBSs. Simulation results are also presented with Monte Carlo
methods in a circular area with radius 5 km. All the results are
based on 10 MHz bandwidth system with 2 GHz carrier. The
LoS exponents for macrocell are α(L)

0 = 2.42, A(L)
0 = 10−10.34

[40]. The NLoS for the macrocell is obtained according to Hata
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TABLE II
SYSTEM PARAMETERS

Parameter Value

λ0, λ1, λu
1

π 5002 , 3
π 5002 , 5

π 5002

M0, N0, H0 32, 32 , 150 m
M1, N1, H1 4, 4 , 50 m

P
(TX)
0 , P (TX)

1 37 dBm, 30 dBm

d0, d1 0.3 km, 0.1 km

α
(L)
0 , A(L)

0 2.42, 10−10.34

α
(L)
1 , A(L)

1 2.09, 10−10.38

T , L1, γ1 200, 50, 0.8

σ2 (10 MHz) −104 dBm

Fig. 2. Average SE and offloading probability w.r.t H1. χ1 = 0.2 km.

model (47) with 2 GHz carrier and H0 > 35 m.
{
−10log10A

(NL)
0 = 161.2 − 13.82log10H0

10α(NL)
0 = 44.9 − 6.55log10H0,

(47)

The NLoS for small cell is obtained according to Walfish-
Ikegami street canyon model with H1 > 20 m.
{
−10log10A

(NL)
1 = 160.4 − 18log10 (1 +H1)

10α(NL)
1 = 38.

(48)

The LOS for the macrocell and small cell are adopted as that
in [40]. The detailed system parameters are given in Table II
unless otherwise specified.

The impact of the BS height is presented in Fig. 2, It shows
that the simulations match well with the analytical results, which
verifies the accuracy of the theoretical analysis. Moreover, it can
be seen that the average SER decreases with the BS height. Spe-
cially, the offloading probability also decreases with increasing
SBS height H1 while the MBS height has no impact on the
offloading probability. In addition, with the rise of SBS height,
the average SE Rs provided by SBSs decreases while the av-
erage SE Rm provided by MBSs increases. The decrease of
Rs is due to i) the reduce of the offloading probability, which
makes more MUs associated with MBSs, ii) the shrink of the
area for candidate cooperative SBSs, and iii) the COST 231
Hata model for channel fading. The increase of Rm is because

Fig. 3. Average SE and offloading probability w.r.t χ1.

more MUs are associated with the MBSs with the raise of the
SBS height and thus the spectral efficiency provided by MBSs,
i.e., Rm , increases. However, since the increment of the Rm is
neglectable compared with the decrease of Rs , the average sum
SE achievable at mu, i.e., R, also decreases with the increase
of H1.

Fig. 3 shows the average SE w.r.t the cooperative distance
threshold χ1. It can be seen that with different SBS heights, the
optimal cooperative distance threshold χ1 always exists such
that the average SE can be maximized, and the offloading prob-
ability increases with χi . When χ1 is equal to the SBS height,
i.e., χ1 = H1, no SBSs can join to transmit the MUs’ data. In
such a scenario, all the SBSs are zero-loaded and the MUs are
served by the nearest MBSs. As χ1 grows, the area for can-
didate cooperative SBSs is expanded and thus the number of
candidate SBSs is increased. Meanwhile, more MUs are of-
floaded to the SBSs and thus the cell load at SBSs becomes
heavier, lowering the probability that a candidate SBSs par-
ticipate in the cooperation. As a result, the average received
signal strength first increases and then deteriorates with the in-
creasing of χ1. In addition, the interference caused by SBSs
becomes more serious. When χ1 is large enough, the SBSs are
almost full-loaded with probability 1. In this scenario, the aver-
age SE and the offloading probability remain unchanged. Fig. 3
validates the theoretical analysis in Section V-B that there is a
tradeoff between the number of candidate cooperative SBSs and
the probability that an SBS participating the cooperation.

To further study the impact of the SBS height on the optimal
χ1, Fig. 4 shows the optimal χ1 w.r.t to the SBS height H1.
It can be seen that the optimal χ1 firstly decreases and then
increases with the raise of SBS height while the maximum
user SE R and the offloading probability decreases as SBS
height increases. This is because the average SE provided by
SBSs, i.e.,Rs , reduces while the average SE provided by MBSs,
i.e., Rm , increases with the raise of SBS height. As a result,
shrinking the area for candidate cooperative SBSs can reduce the
offloading probability and thus provide better SE, as the star-line
in Fig. 4.

Fig. 5 presents the average SE w.r.t to the cache size L1 to
study the impact of the caching capability at SBSs. It shows that
the offloading probability increases with the cache size at SBSs,
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Fig. 4. Average SE and optimal χ1 w.r.t the SBS height H1.

Fig. 5. Average SE and offloading probability w.r.t L1, γ = 0.2.

while the optimal cache size exists in maximizing the average
user SE (R) and the average SE provided by SBSs (Rs) with ap-
propriate cooperative distance threshold. When the cooperative
distance threshold χ1 is 250 m and 500 m, the SBSs are light-
loaded even with increasingL1. In such a scenario,Rs increases
with L1 and finally reaches the maximum and levels off. How-
ever, when χ1 = 500 m, R exhibit a bell curve relationship w.r.t
L1 because the increase of Rs first dominates and then is domi-
nated by the decrease of Rm with increasing L1. As a result, the
average user SE first improves and then decreases. With the ex-
pansion of the area for cooperative SBSs, such as χ1 = 1000 m,
Rs first improves because the SBSs are mid-loaded, and then
decreases because the SBSs become over-loaded. In such a sce-
nario, the probability that an SBS participates the cooperation
as well as the aggregated information signal strength firstly in-
creases and then decreases with the increasing L1, while the
aggregated interference keeps increasing with the increase of
L1, which results in the bell curve of Rs w.r.t the L1. It can be
seen that if the cooperative distance threshold is too large, the
MUs tend to be offloaded to far field SBSs with the increasing
cache size and thus the SE decreases. In conclusion, we can see

Fig. 6. Average SE w.r.t the SBS density λ1, when χ1 = 200 m.

from Fig. 5 that the optimal cache size at SBSs depends on the
determination of cooperative distance threshold χ1.

Fig. 6 shows the average SE w.r.t the SBS density. It can be
seen that the average SE (Rs) exhibits a bell curve relation-
ship w.r.t. the SBS density and thus the optimum SBS density
exists in maximizing Rs and the average user SE (R). With
denser SBSs, more MUs are offloaded to the SBSs and finally
all the MUs are associated the SBSs, as showed in the right-
side figure. As a result, the average SE provided by the MBSs
(Rm ) reduces and finally achieves zero. For theRs , it firstly im-
proves because more SBSs participate in the cooperation with
the increasing SBS density, which results in the increase of the
aggregated information signal strength. However, due to the
limited area for cooperative SBSs, the increment in aggregate
signal strength eventually reaches its limit and theRs decreases
due to the increase of received interference strength. Finally, the
SE remains unchanged in an interference-limited scenario with
increasing SBS density. Fig. 6 validate the theoretical analysis of
Theorem 2.

With the MBS-assisted and content-aware cooperative trans-
mission, the density of SBSs influences the number of cooper-
ative SBS and the interfering SBSs, which further determines
the optimal cooperative distance threshold χ1. Fig. 7 depicts the
maximum user SE R and the optimal χ1 w.r.t to the SBS den-
sity. We can see that the optimal χ1 decreases with the denser of
SBSs and finally remains a minimum value greater than the SBS
height. This is because with denser SBSs, the area for the coop-
erative SBSs shrinks to maintain the aggregated signal strength
and meanwhile to reduce the aggregated interference strength.

VII. CONCLUSION

In this paper, we have investigated cooperative transmission
in HetNets with cache-enabled SBSs, considering the impact
of BS heights. An MBS-assisted and content-aware coopera-
tive transmission strategy has been introduced to improve the
spectral efficiency by offloading MUs from MBSs to the SBSs
that can provide high data rate transmission. A new and accu-
rate framework for the SE analysis has been formulated with
a dual-slope path loss model. The explicit expressions for the
SE have been derived with stochastic geometry. The analytical
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Fig. 7. Optimal χ1 and maximum user SE w.r.t the SBS density λ1, H1 =
100 m.

results and the numerical analyses reveal that with the proposed
cooperative transmission strategy, i) the SE decreases with in-
creasing BS height; ii) the optimal cache size of SBSs providing
the maximum SE reduces with the increase of the area for coop-
erative SBSs; iii) the optimal radius of area for candidate coop-
erative SBSs reduces with increasing SBS density and height.
These results indicate that cooperative SBS cluster can enhance
the network SE. However, the improvement of SE can be re-
duced with heavy-loaded SBS clusters due to the limited BS
capacity. Moreover, load imbalance problem exists between the
macrocell network and the small cell network if the SBSs are
heavy-loaded. The analysis in this paper provide not only in-
sights for the cooperative transmission in cache-enabled Het-
Nets, but also the guidance for the optimization of network
parameters. For the future work, we will study the joint op-
timization of cache size, BS density and cooperative distance
threshold in HetNets to achieve the maximum network perfor-
mance and load balancing between macrocell network and small
cell networks.

APPENDIX A
PROOF OF LEMMA 1
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where (e) is the result of the path loss fading model (2). As
discussed before, the channel fading gain between interfering
MBS and the typical MU is gamma distribution with param-
eter m and 1, and the MBSs interferer the typical MU with
probability
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Substituting (51)–(53) into (50), the Laplace function of I0 with
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With the similar derivation process as (53), LI0,2 (t|r0) can be
obtained as (31).

APPENDIX B
PROOF OF LEMMA 2

When 0 < χk � dk,o , the Laplace function of Sk is given
in (55), as shown at the top of the next page, where (g) is
the result of the picewise modeling of path loss fading and
the fact that an SBS participates in cooperation with probabil-
ity φk . Since ‖h‖2
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Therefore, the Laplace function of Sk can be obtained as (34)
by applying the similar manipulations as (51) and (52).
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and the same manipulation as (51) and (52), the Laplace
function of Sk under the case Hk < dk,o < χk is obtained
as (36). When dk,o < Hk < χk , the signals go NLoS with
probability 1 in the whole area for the cooperative SBSs in the
k-th tier and thus LSk (t) is obtained as (37).

APPENDIX C
PROOF OF LEMMA 3

The analysis of LIk , in(t) can be easily extended with the
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which can be calculated with the same derivation process as in
(50). After further derivation and manipulation, LIk , out(t) can be
obtained as (41).

When χk > dk,o , only NLoS occurs for the interference out-
side B(0, χk ) and therefore NLoS exists with probability 1 in
the integration space of LIk , out(t). The detailed proof of the
case χk > dk,o can be extended with the derivation process
of (56).
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[23] M. Ding, P. Wang, D. López-Pérez, G. Mao, and Z. Lin, “Performance
impact of LOS and NLOS transmissions in dense cellular networks,” IEEE
Trans. Wireless Commun., vol. 15, no. 3, pp. 2365–2380, Mar. 2016.

[24] I. Atzeni, J. Arnau, and M. Kountouris, “Downlink cellular network
analysis with LOS/NLOS propagation and elevated base stations,” arXiv
preprint arXiv: 1703.01279, 2017.

[25] M. Haenggi, Stochastic Geometry for Wireless Networks. Cambridge,
U.K.: Cambridge Univ. Press, 2012.

[26] N. Zhang, S. Zhang, S. Wu, J. Ren, J. W. Mark, and X. Shen, “Beyond
coexistence: Traffic steering in LTE networks with unlicensed bands,”
IEEE Wireless Commun., vol. 23, no. 6, pp. 40–46, Dec. 2016.

[27] X. Wang, M. Chen, T. Taleb, A. Ksentini, and V. C. M. Leung, “Cache
in the air: Exploiting content caching and delivery techniques for 5G
systems,” IEEE Trans. Commun., vol. 52, no. 2, pp. 131–139, Feb. 2014.

[28] Spatial Channel Model AHG, “Subsection 3.5.3, spatial channel
model text description,” V6.0, Apr. 2003. [Online]. Available: http://
ftp://www.3gpp.org/tsg_ran/WG1_RL1/3GPP_3GPP2_SCM/$ConfCall-
16-20030417$/$ SCM-134/%20Text/%20v$6.0.zip

[29] COST Action 231, “Digital mobile radio towards future generation sys-
tems,” European Communities, EUR, Tech. Rep. 18957, 1999.

[30] G. Liu, Z. Ma, X. Chen, Z. Ding, R. Yu, and P. Fan, “Cross-layer
power allocation in non-orthogonal multiple access systems for statis-
tical QoS provisioning,” IEEE Trans. Veh. Technol., vol. 66, no. 12,
pp. 11388–11393, Dec. 2017.

[31] N. Jindal, J. G. Andrews, and S. Weber, “Multi-antenna communication
in Ad hoc networks: Achieving MIMO gains with SIMO transmission,”
IEEE Trans. Commun., vol. 59, no. 2, pp. 529–540, Feb. 2011.

[32] C. Li, J. Zhang, J. G. Andrews, and K. B. Letaief, “Success probability
and area spectral efficiency in multiuser MIMO HetNets,” IEEE Trans.
Commun, vol. 64, no. 4, pp. 1544–1556, Apr. 2016.
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