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ABSTRACT Hybrid broadcast/broadband network (HBBN) presents a potential solution to mitigate the

increasing demand formobile TV. A proper HBBNdeployment alleviates the limitations that each standalone

network faces, thereby enhancing the global network coverage and efficiency. In this paper, we propose to

address the question of performance improvement expected from such HBBN by means of an analytical

framework based on stochastic geometry modeling. To this end, we introduce a generic model of the HBBN

where multiple broadcast transmitters and a broadband network are deployed in the same area, jointly

offering linear services, one of the mobile TV services. Two different approaches derived from stochastic

geometry are applied and compared through the analysis of what is commonly referred to as a Point Hole

Process (PHP): Original Poisson Point Process (PPP), and reduced PPP. Both approaches are thoroughly

analyzed to give better insights into broadcast/broadband coexistence while taking into account the inter-cell

interference of both networks. Exact and simplified expressions for the key performance metrics are derived

such as the probability of coverage and ergodic capacity. Those expressions are then used to numerically

maximize the spectral and power efficiency of the HBBN regarding the broadcast coverage radius and

transmitters’ density. The results show that for a wide range of user density, the HBBN introduces gain

compared to either BB or BC networks. To the best of the authors’ knowledge, this paper presents the first

work dealing with the optimization of HBBN based on such a generic model and taking inter-cell and inter-

network interference into consideration.

INDEX TERMS Access network cooperation, DVB-T2, hybrid networks, LTE, mobile TV, network

planning, stochastic geometry.

I. INTRODUCTION

The demand for mobile TV has been expanding during the

past few years, following the increasing availability of smart-

phones and tablets [1]. From the other side, this growth in the

usage of such devices and services is leading to an excessive

load on the broadband (BB) spectral resource thus creating

the so-called spectrum crisis. One sector of mobile TV is lin-

ear services, where the transmitter fully controls the stream.

Even though the non linear services (YouTube, Netflix. . . )

are growing fast, linear services remain a crucial part of

the experience, especially for live data, like breaking news,
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sports events, musical concerts. . .While the broadcast (BC)

networks present a good solution to deliver these services,

their high power consumption reduces there efficiency espe-

cially if the number of users drops. A hybrid approach has

recently emerged as a possible solution to meet the demand

for such resource-hungry TV services. The aim of this paper

is to investigate in which extend such hybrid approach can

bring any improvement in the service delivery efficiency

by setting up a generic broadcast/broadband network model

based on stochastic geometry and upon which key perfor-

mance metrics are derived and analyzed. In that respect,

we first present the state-of-the-art solutions for the deliv-

ery of linear services followed by the available cooperation

hybrid approaches.
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A. LINEAR MOBILE TV SERVICE

The mobile TV market recorded a 7.69 billion US dollars

revenue in 2015 and is expected to reach 17.02 billion US

dollars by 2024 [1], [2]. Practically, so-called linear service

is a one type ofmobile TVwhichmay be delivered to amobile

terminal by both BC and BB networks.

One of the most known BC solutions today is provided

by the Digital Video Broadcast (DVB) project that includes

many standards, namely with the 2nd generation of terrestrial

digital BC standard (DVB-T2), designed to serve both fixed

and mobile users [3]. More recently, the Advanced Televi-

sion System Committee released the specifications of its 3rd

generation standard (ATSC-3.0), also targeting fixed as well

as mobile devices [4]. With their high-power transmission

towers andmutual spectrum usage among users, BC networks

are very efficient in serving a large number of endpoints.

Nonetheless, such benefits are partly scaled down in mobility

scenarios in an environment where the number of users is

variable. A reduction in the number of interested users will

make the BC loose its primary advantage, and the cost of

high power consumed is not rewarded with high throughput

anymore. [5].

BB networks can also deliver mobile TV, but using a

different strategy compared to BC networks. BB networks

covers large service areas divided into relatively small cells

with relatively low transmission power. In each cell, service

delivery is conventionally carried out using the Unicast (UC)

mode inwhich the spectrum resource is shared and distributed

to users [6]. With unicast, BB networks are very efficient to

individualize the service delivery but may suffer from over-

load issues when a large number of users are demanding for

high bandwidth services [7]. Alternatively multicast capabil-

ities may also be exploited to benefit from a mutual resource

exploitation through the Evolved Multimedia Broadcast

Multicast Services (eMBMS) that was embedded in the Long

Term Evolution (LTE) standard [8], [9]. However, this latter

mode can only be deployed within a limited number of

networks around the world. In such mode, the network will

reserve certain number of resource blocks for the shared

transmission, reducing the available spectrum for other users.

B. HYBRID NETWORKS AND RELATED WORKS

The limitations discussed above of both conventional BC and

BB networks drew attention towards a hybrid solution where

a BB network and a BC network collaborate to deliver linear

services. This kind of hybrid network could be seen as an

offload of the data traffic from the limited BB network to

the BC network where the spectral resources are mutualized.

It can also be considered as an extension of the coverage range

of mobile TV BC with the aid of the widely deployed BB

network.

The Hybrid Broadcast Broadband Network (HBBN)

approach has recently driven numerous studies in the liter-

ature. The importance of the idea and the possible challenges

and opportunities were discussed in [5], [10], [11]. An HBBN

can take different forms, like stream sharing networks where

BB and BC share the communication chain while each per-

forms certain jobs, and user sharing networks where BB and

BC serve different subsets of users.

Stream sharing hybrid networks were studied in the litera-

ture from different perspectives, like load switching in [12],

push-based content delivery in [13], and 3D media delivery

and its business model in [14]. Moreover, a unified physi-

cal layer was discussed in [15] and a Cloud Radio Access

Network (C-RAN) based cooperative architecture was intro-

duced in [16]. However, this type of hybrid networks requires

deep modifications in at least one of the layers of the serving

networks.

Hence, our interest in this paper is more focused on user

sharing networks. A first stand-alone DVB-NGH and LTE

model was presented in [17]. The authors in [18] derived

a theoretical analysis of the coverage of hybrid BC/UC

networks and concluded that an optimal point of operation

leading to maximum HBBN capacity could be found. Com-

plementary to that, a closed-form expression for the ergodic

capacity of such HBBN was derived in [19] in the case of

non-cooperative interfering coexistence between the BC and

UC components. Following this non-cooperative strategy,

we recently introduced a hybrid model with a single BC

transmitter covering the central part of a service area, and the

UC base stations (BSs) covering the rest of that area [20].

Therein, the average probability of coverage, the ergodic

capacity achieved by such network was analytically derived.

The obtained results are however limited to the case of a

single BC station. This paper aims at providing much more

generic results on HBBN performance by introducing and

dealing with a generic HBBN model made of multiple BC

and multiple BB stations.

C. IMPORTANCE OF STOCHASTIC GEOMETRY MODELING

From all these works, it turns out that the evaluation of the

potential gains expected from such HBBN requires a thor-

ough analysis based on realistic network models.

Stochastic geometry has provided a realistic description of

the cellular network compared to a grid model [21], [22].

In such an approach, a Poisson Point Process (PPP) is used

to model the positions of the BSs in the network. Stochastic

geometry provides suitable mathematical tools to analyze

the network’s performance. The network is described by

a single parameter that represents the density of the BSs.

Several studies have since then been conducted using such

approach [23]. The accuracy of the model was compared with

the real network UK case study in [24]. It was shown that

the PPP model, and even if it gives slightly lower coverage

values than the real implementation, is still more accurate

and tractable than conventional grid model [25]. Stochastic

geometry has also been used in the context of broadcasting

like in [26]. Despite the importance of this analysis, the hybrid

existence still needs a thorough investigation mainly in a

multi-cell environment. By averaging over the whole area,
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stochastic geometry can obviously describe the mobile nature

of users.

D. CONTRIBUTIONS AND ORGANIZATION

In this paper, a user sharing HBBN with multiple Broadcast

Transmitters (BCTs) is proposed and analyzed using stochas-

tic geometry. It is assumed that the BB component of the

HBBN implements UC delivery mode. Multicast is disre-

garded in this work since it inherits lots of the drawbacks

of BC, and since standards like eMBMS are not widely

deployed. Moreover, it was shown in a previous work that

high coverage could be achieved with UC if a proper resource

allocation is used [6].

Unlike previous works that discuss heterogeneous and

multi-tier networks (such as in cellular), this paper focuses

on the nature of the broadcast service. Indeed, contrary to

other services, BC is characterized by the pre-fixed rates

while the design is based on the worst case user service.

The importance of our work resides in the consideration of

the Inter-Cell Interference (ICI) in the network optimization

as it represents a major factor affecting the quality of ser-

vice of such hybrid network but was neglected in previous

works such as [7], [18], [27]. Moreover, this work gives great

insights and conclusions of this hybrid existence model as:

(i) it considers the coexistence between the two services over

the same frequency band causing mutual interference, (ii) it

simplifies the user association to either network (BC or BB)

to have much simpler expressions, and (iii) takes the nature of

the service into account when calculating the system rate and

efficiency. To the best of the authors’ knowledge, this is the

first contribution of its kind in which a realistic model with

interference consideration both between cells and between

networks is adopted using stochastic geometry. The main

contributions of this paper could be summarized as follows:

• Proposition of a user sharing HBBN model where the

BC and the BB networks share the same band.

• Inclusion and analysis of ICI as a major factor in the

design of the HBBN. Here, ICI of both networks is

considered. The interference due to coexistence between

the two networks is also studied.

• Derivations of the novel analytical expressions of the

average probability of coverage for UC, BC, and any

user in the service area, as well as the average normal-

ized capacity for those cases, using stochastic geometry

tools for modeling and analysis, with two approaches for

simplification: normal and reduced PPP.

• Optimization of theHBBNbymaximizing selected eval-

uation metrics like the probability of coverage, spectral

efficiency, and power efficiency, in terms of the main

design parameters such as the density of BCT and the

size of the BC zone represented by the BC radius.

The rest of this paper is organized as follows. Section II

describes the network architecture and provides the derivation

of some important probability distribution functions (PDF).

Sections III and IV include the derivation of the average cov-

erage probability and its respective upper and lower bounds.

Average user capacity, system capacity, and power efficiency

are analyzed in V. In section VI, numerical simulations are

conducted. Then, a set of parameters is optimized aiming at

maximizing the coverage and rate. Finally, section VII draws

the conclusions of the paper.

II. MODEL DESCRIPTION

In this section, the proposed model of the hybrid network is

first presented and then followed by themain derivations used

in the next sections. For simplicity, the used annotations are

summarized in Table 1.

TABLE 1. Used symbols.

A. SYSTEM DESCRIPTION

This work considers the delivery of TV linear services to an

average of M users, distributed uniformly over the service

area according to a PPP 9 with density λU . The users are

served by one of the two networks:

• Broadband UC network: it consists of number of BSs

uniformly distributed over the service area according to

a PPP 8 with density λBS . The BSs are transmitting

Orthogonal Frequency-Division Multiplexing (OFDM)

data with isotropic power PL .

• Broadcast network: it consists of an average of K BCTs,

uniformly distributed over the service area with another

PPP 4 with a density λBC , which is much smaller

than λBS . The BCTs are broadcasting OFDM data with

isotropic powerPD, wherePD > PL . Normally, BCT are

not modeled by random processes, since their positions

are often well planed, but future networks -as the model

presented herein- can be more dense, and therefore a

PPP may accurately describe the network deployment,

while bringing in the advantage of making the analysis

tractable.
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An example of the service area is shown in Fig. 1. The

coverage area for the BCT is larger than that of the BSs

due to a larger transmitted power. To simplify the analysis

procedure, it is assumed that a BCT has a circular coverage

area centered at the BCT and with radius rb. Any user within

any of the BC areas is served by the nearest BCT. The users

that are not covered by any of the BC areas are served by the

nearest BS.

FIGURE 1. An example of a service area, with λBC = λBS/200 and with
rb = 10 km. The discs are the BC zones (with BCTs in the middle), and the
boxes with Voronoi tessellation are UC cells, with BS in the middle of
each (distances are in km).

In this work, it is assumed that the BCTs operate at fre-

quency fD. The UC BSs outside the BC covered areas also

operate at the same frequency fD, while the UC BSs located

within any of the BC areas operate at frequency fL . Those BSs

are not transmitting linear services and will have no role in

our model, and they will not cause any interference to other

parts of the system. Even though such coexistence between

two networks is not currently implemented, such deployment

may be a solution for a better usage of the spectrum. The

TV white space or the unlicensed bands can be the domain

where such coexistence can take place. On the other side,

since all the BSs (outside of the BCTs’ areas) and all the

BCTs operate at the same frequency, a mutual interference

will be created between the two networks that have to be

quantified and evaluated. In fact, one of the key technological

bottlenecks in this work is to optimize the service area of the

BCTs, among others. Within this context, 4 types of signals

have to be considered:

• Interference to BC users:

– from UC BSs (UC/BC called hereafter IU/B): BC

users within the coverage area of the BCT still

receive a certain amount of power from all the

outside BS operating at the same frequency. This

interference will be especially significant for the

BC edge users.

– Power from other BCTs (BC/BC named F): In

this paper, we use the Single Frequency Network

(SFN) configuration to minimize the utilization of

the spectrum despite the need to synchronize all the

BCTs (out of the scope of this paper). The received

power is partially useful and will be added to the

received signal. This will be detailed later.

• Interference to UC users:

– Interference from other UC BSs (UC/UC named

IU/U ), or ICI: this type of interference is the most

severe since the interfering BSs are relatively close

to the users.

– Interference from BCTs (BC/UC IB/U ): the BC

power leaked to the surrounding UC users, espe-

cially those who are close to the BC zones, is seen

as interference signal since BCTs and BSs are not

synchronized.

B. SINR DEFINITION

The Signal to Interference and Noise Ratio (SINR) is calcu-

lated for each system. For a typical BC user, we define the

SINR as follows:

Sbc =
PDgr

−β
v + γF

Pn + IU/B
(1)

where PD represents the transmitted power by the BCT,

g is a random variable that represents the random behav-

ior of the BC channel and has an exponential distribution,

i.e. g ∼ exp(τ ) with τ being the rate of the distribution,

rv represents the distance between the user and the serving

BCT, β is the path loss exponent for BC transmission, γ is a

weighting factor for the usefulness of the received BC power

and it will be discussed later, and Pn is the noise power. IU/B

is defined as follows:

IU/B =
∑

n∈N

PLhnr
−α
sn

(2)

whereN is the set of all UC BSs, rsn is the distance between

the user and the nth interfering UC BS, h is a random variable

that represents the random behavior of the UC channel and

has an exponential distribution, i.e. h ∼ exp(µ), and here hn
refers to the channel between the user and the nth interfering

BS. α is the path loss exponent for UC transmission.

On the other hand, F is the summation of all received

signals from other BCTs. According to [28], due to multiple

received signals with different arrival times from SFN trans-

mitters, the received signal from a transmitter falls under one

of the following cases:

• The received signal delay vs the transmission time is less

than the guard interval. In this case, all received power

is useful.

• The delay is larger than the guard interval but

smaller than the total symbol time (symbol time+guard

interval): portion of the power is useful and the other is

interference.

• The delay is larger than the total symbol duration, and

thus all the received power is seen as interference.

The third case happens when the distance between the SFN

transmitter and receiver is very large. Hence, the received

VOLUME 7, 2019 141229



A. Shokair et al.: Analysis of HBBNs With Multiple Broadcasting Stations

power is very small, so it will not be included in our SINR

expression. Even though it is well known that the non-useful

power is counted as interference, but due to the small effect of

such interference compared to other interference sources, it is

neglected in the SINR definition we have introduced in (1)

for simplification. The first two cases are approximated and

modeled by aweighting factor 0 ≤ γ ≤ 1 of the total received

power F as an approximation to simplify the analysis. The

latter is defined as:

F =
∑

k∈K\i

PDhkrt
−β

k (3)

where K\i is the set of all BCT, excluding the serving BCT.

rt k hk is the distance and channel from the BC user to the

k th BCT respectively.

For a typical UC user, the SINR is given by:

Suc =
PLhr

−α
l

Pn + IU/U + IB/U
(4)

where rl is the distance between the user and the serving BS,

and IU/U is the total interference received by a UC user from

the interfering BS, given by:

IU/U =
∑

n∈N \j

PLhnrq
−α
n (5)

whereN \j is the set of all UC BSs excluding the serving BS,

rqn is the distance between the user and the nth interfering

UC BS. In addition, IB/U is defined by:

IB/U =
∑

k∈K

PDhkrd
−β

k (6)

where rdk is the distance from the k th BCT. One can notice

that the SINR models for both BC and UC look similar, but

differences exist in themagnitude of the interference, pathloss

exponent and transmitted power.

C. PROBABILITY DISTRIBUTION OF THE LINK DISTANCE

Two essential Probability Density Functions (PDFs) must be

calculated: (i) the PDF of rv, the distance between a BC user

and the serving BCT, and (ii) the PDF of rl , the distance

between a UC user and its serving BS.

The distribution of rv needs more effort to be obtained so

it will be discussed first. The related PDF is stated in the

following Lemma.

Lemma 1: Considering a HBBN with multiple BCTs each

having a circular coverage area with radius rb, the PDF of

the distance rv between a typical BC user and its serving

BCT is:

frv (rv) =
2πλBCrv exp(−λBCπr2v )

1 − exp(−λBCπr2b )
(7)

Proof:

P[(rv > Rv) | BC user] =
P[(rv > Rv) ∩ BC user]

PBC
(8)

The probability of a user to be within a BCT area, i.e. BC

user, is to have a BCT with a distance smaller than rb away.

It is given by the complementary of the void probability of

the BC PPP:

PBC = 1 − exp(−λBCπr2b ) (9)

Now, the probability of a user to be a BC user and with

distance rv > Rv is the probability that there is no BCT closer

to that user than Rv, and that there is at least one BCT in

the strip between the circle of radius Rv and the circle with

radius rb. This probability is given by:

P[(rv > Rv) ∩ BC]

= exp(−λBCπR2v)(1 − exp(−λBCπ (r2b − R2v)))

= exp(−λBCπR2v) exp(−λBCπr2b ) (10)

substituting (9) and (10) in (8) gives the CCDF of rv, and

differentiating it will give the PDF stated in (7).

On the other hand, the PDF of rl has been discussed

in several previous works addressing stochastic geometry

based network models. Starting from the fact that the null-

probability of a PPP in R2 in an area A is exp(−λA), the PDF

of rl is given by [21]:

frl (rl) = 2πrlλBS exp(−λBSπr
2
l ) (11)

III. PROBABILITY OF COVERAGE

The probability of coverage is defined as the probability

of a user having SINR that exceeds a certain threshold T .

However, since the structure of the network is complicated,

some approximations can be used to reduce the complexity

of the derived formula. In fact, both UC BSs and BCTs are

distributed according to a PPP, and the (UC/UC) interference

is generated by the whole UC PPP except the gaps generated

by BC areas in the interference points. For that reason, the UC

network can be seen as a Poisson Hole Process (PHP) [29].

Analyzing PHP can be done with different approaches. One

approach is to consider the PHP as a new PPP with reduced

density [21]. Another approach is to ignore the holes com-

pletely, leading to a lower bound for the probability of cover-

age by overestimating the interference [30]. In this section,

the derivation for the general probability of coverage for

BC and UC users is detailed. The general expressions of

the Laplace Transform (LT) of the interference are also

calculated.

A. GENERAL EXPRESSIONS FOR THE PROBABILITY

OF COVERAGE

Let us first derive the probability of coverage Pc/BC for BC

users. It is defined as the average probability that the SINR

for a BC user Sbc is greater than a certain threshold Tbc. It can

be expressed in the following lemma.
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Lemma 2: The average probability of coverage Pc/BC for

BC users is given by:

Pc/BC =
2πλBC

1 − exp(−λBCπr2b )

rb
∫

0

rv exp(−πλBCr
2
v )

exp
(−τTbcr

β
v Pn

PD

)

LIU/B

(τTbcr
β
v

PD

)

LF

(−τγ r
β

V

PD

)

drv

(12)

where Tbc is the SINR threshold for acceptable coverage in

BC, and L·

(

·
)

denotes the LT operator.

Proof: See Appendix A

The derived expression in Lemma 2 averages the probabil-

ity of coverage over two random components of the SINR: the

random channel, and the random relative position of the user,

i.e. the random distances to BSs and BCTs. Therein we are

following the conventional approach found in literature [25].

The first LT corresponds to the interference power from UC

BSs on the BC users, and the second LT corresponds to the

received power from other BCTs. Expressions for both LTs

are derived in the coming sections.

For UC users, the probability of coverage Pc/UC has a

similar definition as that of BC users, but using a dedicated

threshold Tuc. This leads to the following Lemma 3.

Lemma 3: The average probability of coverage Pc/UC of a

UC user is as follows:

Pc/UC = 2πλBS

∞
∫

0

rl exp(−πλBSr
2
l ) exp

(−µTucr
α
l Pn

PL

)

×LIU/U

(−µTucr
α
l

PL

)

LIB/U

(−µTucr
α
l

PL

)

drl (13)

where Tuc is the SINR threshold for sufficient signal reception

quality in UC.

Proof: Same steps as for BC users.

Also for UC users, the probability of coverage is averaged

over the random channel effect and the relative position of

the users. The first LT corresponds to the interference power

transmitted by the interfering UC BSs, while the second LT

corresponds to the interference conducted by all the BCTs.

Even though the two expressions for the probability of cov-

erage for BC and UC users are not in closed forms, the

integration is fairly straightforward since most of the LT

expressions are in well tabulated special functions.

Finally, for a general user randomly positioned in the ser-

vice area, the probability of coverage Pc can be seen as the

linear combination between probabilities Pc/BC and Pc/UC
previously calculated. This result is stated in Corollary 1.

Corollary 1: The probability of coverage for a general

user randomly located in the service area is as follows:

Pc = (1−exp(−λBCπr2b ))Pc/BC+exp(−λBCπr2b )Pc/UC (14)

Proof: The total probability of coverage for a given user

is given by:

Pc = PBCPc/BC + PUCPc/UC (15)

where PBC is the probability that a user is within a broadcast

domain, and PUC is the probability that a user is not in

any BC domain. PBC is as shown in (9), and PUC is its

complementary. Substituting both in (15) gives (14).

B. GENERAL EXPRESSIONS OF THE LT OF THE

INTERFERENCE

As it can be seen from (12) and (13), the main terms to be con-

sidered are the four LTs of the interference. The complexity of

those terms determines the complexity of the overall coverage

probability. A general term can be found for several cases of

the LT and stated in Theorem 1.

Theorem 1: The general expression for an interference

sourced from a homogeneous PPP � of density λ, starting

from a distance d from the user, where the interference is

given by:

I =
∑

Plr−δ (16)

and where P is the transmission power, l is the channel with

exponential distribution of rate ρ, r represents the distance,

and δ denotes the path loss exponent, is given by:

LI (s)=exp

(

−2πλd2−δsP

ρ(δ−2)
2F1

(

1, 1−
2

δ
; 2−

2

δ
;
−sP

ρdδ

)

)

(17)

where 2F1(.) is the Gaussian hyper-geometric function.

Proof:

LI (s) = E�,l[exp(−sI )]

= E�,l

[

exp
(

− s
∑

n∈N

Plnr
−δ
n

)]

= E�,l

[

∏

n∈N

exp(−sPlnr
−δ
n )

]

(a)
= E�

[

∏

n∈N

El[exp(−sPlnr
−δ
n )]

]

= E�

[

∏

n∈N

1

1 + sP
ρrδ

]

(b)
= exp

(

− λ

∫

R2

1

1 +
ρrδ

sP

)

(c)
= exp

(

−2πλ

δ

∞
∫

dδ

x
2
δ
−1

1 +
ρ
sP
x
dx

)

(18)

where (a) follows the independence of the point distribution

and the channel effect, and (b) follows Campbell’s theorem of

the product over a PPP [21]. The integral in (b) is applied on

the whole 2-D plane starting at a distance d from the serving

point. This results in (c) where the coordinates are switched to

polar system, and by substituting x = rδ . Now using equation

3.194 from [31] that states that:

∞
∫

w

xu−1

(1+βx)v
dx=

wu−v

βv(v−u)
2F1

(

v, v−u; v−u+1;−
1

βw

)

(19)

to solve the integral, LI (s) is reduced into (17)
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The result expression introduced in Theorem 1 is fairly

simple, and includes a single tabulated special function that

can be quickly evaluated numerically. The problem turns out

then to derive the expressions of the LTs of the interference

and added power of the HBBN as detailed below.

C. EVALUATION OF THE LTS OF THE BC SIGNALS

The target here is to give the LTs of the BC signals, i.e. F and

IB/U as they are easily deduced from Theorem 1. The LT of F

on a BC user is independent from the BB network, and thus is

independent from the BS density. It is given by the following

corollary.

Corollary 2: The LT of the additional received BC power

by BC users can be expressed as:

LF

(−τγ r
β
v

PD

)

= exp

(

2πλBCγ r2v

β − 2
2F1

(

1, 1 −
2

β
; 2 −

2

β
; γ

)

)

(20)

Proof: Since the received power is due to the BCT

distribution, and knowing that the nearest source is rv away,

the general formula introduced in Theorem 1 can be used.

Starting from the definition of the added power in (1), and

substituting s =
−τγ r

β
v

PD
, the expression in (20) is obtained.

The problem turns out to find the LT of BCT interference

on UC users, i.e. IB/U . It is given by the following corollary.

Corollary 3: The LT of the interference originated by the

BCT on a UC user is expressed as:

LIB/U

(µTucr
α
l

PL

)

= exp

(

−
2πλBCµPDTucr

2−β

b rα
l

τPL(β − 2)
2F1

(

1, 1 −
2

β
; 2 −

2

β
; −

PDµrα
l Tuc

PLτ r
β

b

)

)

(21)

Proof: The interference is originated by a PPPmodeling

of the BCTs, and since the user is served by UC, then the

nearest interference source is at least beyond the distance rb,

then the expression derived in (17) also applies here. By using

the interference definition in (6), and with substituting

s =
µTucr

α
l

PL
, the expression in (21) is obtained.

IV. SIMPLIFIED EXPRESSIONS OF THE PROBABILITY

OF COVERAGE

The expressions of the LTs given in (20) and (21) are easily

handled. However, this is not the case for BS interference

signals IU/B and IU/U in (12) and (13), which makes the

probability of coverage expression harder to evaluate. To sim-

plify the problem,we adopt two different approaches for these

interference terms, detailed next.

A. APPROACH 1: EVALUATION OF THE LTS OF THE BS

INTERFERENCE USING A REDUCED PPP

As mentioned earlier, the PPP of the UC network with den-

sity λBS can be seen as a PHP due to the void areas created

by the BC zones. In this approach, the PHP is approximated

by a new PPP with a reduced density λ′
BS (approximation 1).

It gives an underestimate for the interference, since in the

new reduced-density area all the interfering BSs are farther

on average. Hence, the probability of coverage will be over-

estimated (upper-bound). The new density λ′
BS is given by:

λ′
BS = λBSe

−λHπr2b (22)

A complete derivation of this can be found in III-B in [29].

Let us first start with the case of the UC BS interference on

BC users, i.e. IU/B. Since the distance from the nearest inter-

fering BS is not fixed, and since the density of the interference

sources is not constant in the area around the user because

of the random relative position of the user, the derived final

expression in (17) can’t be used. However, a similar approach

for the derivation can be made and yields the following result

of Lemma 4.

Lemma 4: Assuming a reduced density PPP model for the

UC network of a HBBN with multiple BC stations, the LT of

interference of UC BSs on BC users is as follows:

L
u
IU/B

(τTbcr
β
v

PD

)

= exp

(

λ′
BS

rb+rv
∫

rb−rv

2rscos
−1

(

r2s −r2v−r2b
2rsrv

)

1 +
µPDrαs
τPLTbc

drs

)

exp

(

−
2πλ′

BSτPLTbc(rb−rv)
2−α

µPD(α−2)

2F1

(

1, 1−
2

α
; 2−

2

α
;

−PLτTbc

PDµ(rb−rv)α

)

)

(23)

The superscript u stands for upper-bound.

Proof: See Appendix B

The derivation is done by calculating the interference pro-

duced by the entire service area, then subtracting the inter-

ference from the BC zone (as it does not cause interference),

hence the additional exponential term in the expression.

Now we focus on the LT of UC BS interference on UC

users, i.e. IU/U .

Corollary 4: Starting from approximation 1, the LT of the

interference of UC BS transmission on the UC users is given

by:

L
u
IU/U

(µTucr
α
l

PL

)

= exp

(

−
2πλ′

BSr
2
l Tuc

α − 2
2F1

(

1, 1−
2

α
; 2−

2

α
;−Tuc

)

)

(24)

Proof: Due to PPP modeling and since the nearest

interference source is at least at distance rl (the serving

distance), Theorem 1 applies. Starting from the definition of

the interference stated in (5), and setting s =
µTucr

α
l

PL
, the

expression in (24) is obtained.

B. APPROACH 2: EVALUATION OF THE LTS OF THE BS

INTERFERENCE BY IGNORING GAPS

In this approach, the gaps (areas) of the BB interfer-

ence sources are completely ignored, i.e. the interferers are
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considered to be in the whole plane (approximation 2). This

will overestimate the interference, and thus give a lower

bound for the probability of coverage for BC, UC, and general

users. Here, the analytical derivations are the same as with

approach one, but with one minor change: the density of the

original PPP is used instead of the modified density, i.e. λBS
instead of λ′

BS .

Corollary 5: Based on the second approach, the LT of the

interference sourced by the BB network on a BC user is

expressed as:

L
l
IU/B

(τTbcr
β
v

PD

)

= exp

(

λBS

rb+rv
∫

rb−rv

2rscos
−1

(

r2s −r2v−r2b
2rsrv

)

1 +
µPDrαs
τPLTbc

drs

)

exp

(

−
2πλBSτPLTbc(rb−rv)

2−α

µPD(α−2)

2F1

(

1, 1−
2

α
; 2−

2

α
;

−PLτTbc

PDµ(rb−rv)α

)

)

(25)

The superscript l stands for lower-bound.

The same applies for IU/U by changing λ′
BS to λBS :

Corollary 6: Starting from the second approximation by

ignoring the gaps in the BB network, the LT of the inter-cell

interference of UC BSs on a UC user is as follows:

L
l
IU/U

(µTucr
α
l

PL

)

= exp

(

2πλBSr
2
l Tuc

α−2
2F1

(

1, 1−
2

α
; 2−

2

α
; −Tuc

)

)

(26)

C. EVALUATION OF THE UPPER AND LOWER BOUNDS

OF THE COVERAGE PROBABILITY

As mentioned earlier, the expressions of the probability of

coverage for BC and UC users in (12) and (13) respectively

are too complicated if the LT terms are to be evaluated

exactly. However, the two approximations allow less complex

expressions, that correspond to a lower and upper bounds of

the interference terms.

Theorem 2: The upper bound of the probability of cover-

age for the BC user is given by:

Puc/BC =
2πλBC

1 − exp(−λBCπr2b )

rb
∫

0

rv exp(−πλBCr
2
v )

exp
(−τTbcr

β
v Pn

PD

)

L
u
IU/B

(τTbcr
β
v

PD

)

LF

(−τγ r
β

V

PD

)

drv

(27)

and the upper bound of the probability of coverage for UC

users is given by:

Puc/UC = 2πλBS

∞
∫

0

rl exp(−πλBSr
2
l ) exp

(−µTucr
α
l Pn

PL

)

×L
u
IU/U

(−µTucr
α
l

PL

)

LIB/U

(−µTucr
α
l

PL

)

drl (28)

Proof: In the first approximation, the PHP is approxi-

mated by a PPP with a reduced density. The reduction in den-

sity means that the point process will be stretched, interfering

points will be further away from the user in all directions.

Assuming the actual interference to be:

Iactual =

NBS
∑

n=1

Plnr
−δ
a,n (29)

where ra,n is the actual distance from the nth interferer, and

the calculated interference to be:

I calc =

NBS
∑

n=1

Plnr
−δ
c,n (30)

where rc,n is the calculated distance from the nth interferer,

and since in both cases the size of the sum and the trans-

mission power is the same, and the channel is similar with

the same distribution and rate, the only difference lies in

the distance. Because of the approximation by changing the

density and the expansion of the PPP, the calculated distance

will on average be higher than the actual one:

rc > ra H⇒ I calc < Iactual H⇒ L
u
IU/U

(s) > LIU/U (s)

and since the rest of the terms in the coverage probability

expressions are the same, then Puc/UC provides an upper limit

for the coverage probability.

Theorem 3: The lower bound of the probability of cover-

age for the BC user can be written as:

Plc/BC =
2πλBC

1 − exp(−λBCπr2b )

rb
∫

0

rv exp(−πλBCr
2
v )

exp
(−τTbcr

β
v Pn

PD

)

L
l
IU/B

(τTbcr
β
v

PD

)

LF

(−τγ r
β

V

PD

)

drv

(31)

and the lower bound of the probability of coverage for UC

users can be expressed:

Plc/UC = 2πλBS

∞
∫

0

rl exp(−πλBSr
2
l ) exp

(−µTucr
α
l Pn

PL

)

×L
l
IU/U

(−µTucr
α
l

PL

)

LIB/U

(−µTucr
α
l

PL

)

drl (32)

Proof: In this approximation, the gaps are ignored. This

leads to count more BSs as interfering sources than the actual

number. Denote the actual interference by:

Iactual =

N actual
BS
∑

n=1

Plnr
−δ
n (33)

and denote the calculated interference in this approximation

by:

I calc =

N calc
BS

∑

n=1

Plnr
−δ
n (34)
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Since the terms in the sum are always positive, the value of

the sum depends on its size. Also because N calc
BS > N actual

BS ,

then I calc > Iactual , and consequently:

L
l
IU/U

< LIU/U (35)

creating a lower bound for the coverage.

V. CAPACITY

In this section, we consider the capacity, or the maximum

achievable rate. The maximum spectral efficiency is firstly

derived. Then, the average capacity of the hybrid network is

considered, followed by system capacity and a power effi-

ciency metric.

A. ERGODIC CAPACITY FOR BC, UC, AND GENERAL USERS

The normalized user capacity is related only to the SINR of

the received signal. For BC users, it is given by the following

lemma.

Lemma 5: The ergodic capacity of a BC user is given by:

CBC

=
2πλBC

1−exp(−λBCπr2b )

rb
∫

0

rv exp(−λBCπr2v )

∞
∫

0

exp
(−τur

β

VPn

PD

)

×LIU/B

(τur
β

V

PD

)

LF

(τγ r
β

V

PD

) 1

ln(2)(u+ 1)
dudrv (36)

Proof: See Appendix C.

The LT terms in (36) are the same as in (12), hence they

are used in the derivations.

Similarly, the ergodic capacity for UC users can be

calculated.

Lemma 6: The ergodic capacity for a UC user is given by:

CUC = 2πλBS

∞
∫

0

rl exp(−λBSπr
2
l )

∞
∫

0

exp
(−µurα

l Pn

PL

)

× LIU/U

(µurα
l

PL

)

LIB/U

(µurα
l

PL

) 1

ln(2)(u+ 1)
dudrv (37)

Proof: Similar steps to that of the BC capacity are

followed.

The form of (37) is close to that of the probability of cover-

age for UC users presented in (13), but with one more averag-

ing level. The LT therein can be evaluated using (24) and (21)

with a simple change of parameters.

For a general user, the capacity is the combination between

the two capacities, given by:

C = PBCCBC + PUCCUC (38)

B. AVERAGE SYSTEM CAPACITY AND POWER EFFICIENCY

1) TOTAL SYSTEM CAPACITY

The derivations above are given for the average spectral effi-

ciency. However, it is useful to calculate the average system

capacity, or the total capacity achieved by all the users in the

service area. The system capacity is the sum of capacities of

the two networks, and it could be defined as following:

Csys = CT
BC + CT

UC (39)

where CT
BC is the total capacity of the BC network and CT

UC

is the total capacity of the UC network.

Corollary 7: Following the definition in (39), the system

capacity of a hybrid network with multiple BCTs is given by:

Csys = A exp(−λBCπr2b )CUCλBSN
RBBRB

+λUA(1 − exp(−λBCπr2b ))Pc,iC
req (40)

where A is the service area, NRB is the total number of

resource blocks available for a cell BS, and BRB is the band-

width of a single resource block.

Proof: The capacity of the UC network is the sum of

the UC users’ capacities, or the product of the average user

capacity and the number of users:

CT
UC = MUCCUCB

user

= λUAPUCCUCN
RB/userBRB

= λUA exp(−λBCπr2b )CUC
λBS

λU
NRBBRB (41)

where Buser is the bandwidth allocated to a user, and

NRB/user =
λBS
λU
NRB is the average number of resource

blocks allocated to a user following a uniform allocation for

resources. The second step follows the uniform distribution of

users, and the final step follows the assumption of a uniform

allocation of resource and substituting the UC probability by

its expression. As for the total capacity of the BC network, its

derivation is done differently. Indeed, as the BCT is broad-

casting with a predetermined data rate, the total capacity is

the number of connected users multiplied by the predefined

rate, which is in this case, the minimum required capacity for

a user to be connected (Creq):

CT
BC = NBC

U Creq

= λUAPBCPc/BCC
req

= λUA(1− exp(−λBCπr2b ))Pc/BCC
req (42)

Adding the two expressions completes the proof.

Note that the the total UC capacity is independent of user

density, since the available resources in a cell will be allocated

for whatever the number of users would be in that cell. For

BC, however, the total capacity depends on the user density,

and it is independent of the average user capacity.

2) POWER EFFICIENCY

The power efficiency of the system, or the normalized system

capacity is defined as the ratio between the system capacity

and the total transmitted power, and is defined as following:

ηP :=
Csys

∑

PD +
∑

PL

=
λUPBCPc/BCC

req + PUCCUCλBSN
RBBRB

λBCPD + λ′
BSPL

(43)
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This metric includes all the important design parameters: the

BC radius rb which is embedded in PUC , PBC , Pc/BC , and

Pc/UC , the BCT density λBC , the BS modified density λ′
BS ,

the transmission powers PD and PL and also depends on the

density of the users in the service area λU . In fact, it will

be extremely complicated to calculate the optimal operation

point directly from this formula. Instead, numerical evalua-

tion of the above equation will be given later for different

working conditions.

VI. SIMULATION RESULTS

In this section, numerical evaluations are drawn for a variety

of system conditions. The results are divided into three main

parts: (1) verification of the derived formulas and approxima-

tions by Monte-Carlo (MC) simulations, (2) optimization of

the hybrid network in terms of BC radius rb and density of

BCT λBC .

A. SIMULATION SETTING

The service area is selected to be a square area of side equal to

100 km, with variable BC radius and BC density. Through-

out this section, γ is set to 0.8. This value was concluded

from simulations based on the model presented in [28] for

DVB-T2 in 8 MHz bandwidth and 8K mode (often used

for mobile reception) reported in [32]. Default simulation

settings are summarized in TABLE 2. These settings will

result in a similar deployment as the example in Fig. 1.

TABLE 2. Simulation parameters.

B. ANALYTICAL SOLUTIONS AND SIMULATION RESULTS

Therein, the expressions derived in sections III, IV and V

are compared to the MC simulation results. Fig 2 shows that

the derived formulas for the probability of coverage match

perfectly with the simulation results whatever the threshold T

is, except for very low thresholds for BC users. These limi-

tations were explained through the derivation of the coverage

probability in Appendix A. Furthermore, it can be seen that

approximation 1 (from expressions (27) and (28)) represents

an upper bound while approximation 2 (from expressions

(31) and (32)) represents a lower bound for the actual cov-

erage as expected in section III. Both approximations have

good accuracy, with an advantage to the lower bound, which

almost overlaps the MC simulation results. Here, we omit

other cross-checks due to space limitations.

C. OPTIMIZATION OF THE HYBRID NETWORK

In this part, we aim at finding an optimal point of operation

for the hybrid network in terms of key design parameters:

BC radius rb, and BCT density λBC . The metrics used for

evaluation are the probability of coverage, the spectral effi-

ciency, and the network power efficiency. Since the derived

expressions are proved to be accurate (lower bounds in par-

ticular), they will be exclusively used for the rest of the

paper.

1) OPTIMIZATION OF COVERAGE

Maximizing the probability of coverage is a key design goal.

Fig. 3 shows the average probability of coverage as a function

of the BC radius rb with three different values of user density.

The figure shows that an optimal point where the coverage

is maximized does exist. In a UC network, higher user den-

sity means lower average allocated bandwidth for each user,

which will reduce the number of covered users. Then, more

contribution is needed from the BC side, which results in a

higher optimal rb.

Fig. 4 shows that increasing the density of BCT enhances

the coverage except the case with very low user density,

as expected. The higher the number of BCT, the more users

are connected to the BC, and because of the relatively

higher coverage of the BC, the higher the coverage will be.

Moreover, it can be noticed that the rate of growth for the

coverage probability increases with the user density of the

network. As expected, for low user density, the BB network

can handle the service alone, and any additional BCT density

will not affect the coverage.

FIGURE 2. Pc for BC, UC and general users for rb = 10 km, γ = 0.8 and λBC = λBS/200.
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FIGURE 3. Probability of coverage versus the BC radius.

FIGURE 4. Probability of coverage versus the density of BCT.

2) OPTIMIZATION OF SPECTRAL EFFICIENCY

Spectral efficiency gives an indication on the capability of the

system to properly use spectral resources. With the limited

available band in the BB network, it is important to optimize

the spectral efficiency of the hybrid network.

Fig. 5 provides the optimum BC radius that maximizes

the average spectral efficiency of the users. Note that the

FIGURE 5. Spectral efficiency versus the BC radius.

normalized capacity is independent of the SINR threshold

and consequently from user density. Results in Fig. 5 indicate

that adding the BC component to a BB network increases

the spectral efficiency, especially for users that are within

an optimum radius of the BCT (note that rb = 0 corre-

sponds to BB network). However, after a certain point of the

BCT radius, the edge users whose number increases with the

radius rb become far from the BCT, and consequently get

lower capacity.

For the same BC radius, the effect of BCT density on the

spectral efficiency is studied next. Note that the total BC

power is maintained, so the transmission power of a single

BCT decreases as we increase the BCT density. It can be

seen from Fig. 6 that increasing the number of BCTs degrades

the BC spectral efficiency. Even though increasing the BCT

density will reduce the interference from the UC BSs and

enhance the received power for BC users, the reduction in

transmission power for each BCT appears to be a domi-

nant factor, therefore reducing the global spectral efficiency.

The results show that the best capacity-wise performance is

achieved when the density of the BCT is low, in contrary

to that of the BB BSs. This indicates that scale diversity of

the hybrid approach (combination of the dense and sparse

networks) is a key factor in the design.

FIGURE 6. Spectral efficiency versus the density of BCT.

3) OPTIMIZATION OF POWER EFFICIENCY

Maximum coverage can theoretically be achieved by cover-

ing the whole service area by a large number of BCTs with

small BC radius. However, such a solution requires a huge

amount of energy, and thus is not feasible. The power effi-

ciency defined in (43) is a suitable metric to assess achievable

system capacity taking power consumption into considera-

tion. Fig. 7 illustrates the variation of power efficiency as a

function of BC radius for two values of BCT density, and

for low and high user density. In a service area with low

user density, as shown in Fig. 7a with an average of 1 user

per BS (requesting mobile TV service), increasing the BC

radius enhances the power efficiency of the network until the

optimal radius is reached.Beyond this point, expanding the
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FIGURE 7. Power efficiency of a service area with γ = 0.8 and for
different loading scenarios.

BC zone will add more edge BC users, without introducing

any gain in coverage and capacity, which reduces the power

efficiency. In contrary, Fig. 7b shows that for a service area

with high user density, higher rb will always produce greater

efficiency, due to the overload on the BB network. Expanding

the BC contribution in a user-dense area by rising rb will

FIGURE 8. Power efficiency of a service area versus BCT density.

take out power consuming UC BSs, and serve more users

by including them in the BC network, and consequently

increases the efficiency.

Results in Fig. 8 reveal that rising the BCT density affects

the power efficiency differently depending on the user den-

sity. For low user density (like the curve of 0.5 users/BS),

where BB can manage to deliver enough bandwidth to the

users, increasing the number of BCTs will add a huge amount

of power load without having a significant added value to

the coverage and capacity. When the area is dense (like in

the curves of 15 and 20 users/BS), adding more BCT will

offload the users to the BC network, and take out the BSs

because of their excessive power consumption. Consequently,

this increases the power efficiency.

VII. CONCLUSION

The demand formobile TV services is expected to be growing

during the next few years while the conventional approaches

suffer from several limitations. In this paper, we introduced

and evaluated a novel stochastic geometry-based approach

for a hybrid BB/BC network, with multiple BCTs distributed

over the service area. Therein, two approximations for the

obtained PHP were used to simplify the analysis (the original

and the modified PPPs) in order to derive the analytical

expressions of both the probability of coverage and the

spectral efficiency of the users. Moreover, suitable approx-

imations have been derived and verified through extensive

MC results. The derived expressions were then used to

numerically optimize the hybrid network performance in

terms of coverage, spectral efficiency, and power efficiency,

as a function of the key design parameters, that is the

BC radius and the BCT density. Results showed that the

hybrid approach brings in the best performance excluding

the extreme cases of a very low and very high number of

users. Hereby, it was proved that optimal operating points

exist, which are governed by the BC radius and BCT density.

This work presented a first of its kind in optimizing such a

hybrid solution from different perspectives using stochastic

geometry while taking both ICI and inter-network interfer-

ence into consideration.

APPENDIX A

PROOF OF LEMMA 2

For BC network, the probability of coverage is the average

probability that the SINR for a BC user Sbc is greater than a

certain threshold Tbc. It can be derived as follows:

Pc/BC = Erv

[

P(Sbc > Tbc | rv)
]

(44)

= Erv

[

P[
PDgr

−β

V +γF

Pn+IU/B
> Tbc | rv]

]

= Erv

[

P[g >
Tbcr

β

V

PD
(Pn+IU/B−

γF

Tbc
) | rv]

]

=

rb
∫

0

P[g>
Tbcr

β

V

PD
(Pn+IU/B−

γF

Tbc
) | rv]frv (rv)drv (45)
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But

P[g >
Tbcr

β

V

PD
(Pn+IU/B−

γF

Tbc
) | rv] (46)

(a)
= EF,IU/B

[

exp
(−τTbcr

β
v

PD
(Pn+IU/B−

γF

Tbc
)
)]

(b)
= exp

(−τTbcr
β
v Pn

PD

)

EIU/B

[

exp
(−τTbcr

β
v

PD
Ii
)]

×EF

[

exp
(τγ r

β
v

PD
F

)]

(c)
=exp

(−τTbcr
β
v Pn

PD

)

LIU/B

(τTbcr
β
v

PD

)

LF

(−τγ r
β
v

PD

)

(47)

where L·

(

·
)

denotes the LT. (a) is valid if and only if

(Pn + IU/B −
γF
Tbc

) > 0 and it follows the exponential distri-

bution of the random variable g. In fact, (a) will lose some

accuracy when the power from other BCTs is higher than

the sum of the noise power and the (UC/UC) interference,

and this will happen only when the BCTs are very close

to each other, which is not the case in practice. (b) follows

the independence between the interference and the useful

power, and (c) follows the definition of the LT:Lf (s)E[e
−sX ].

Substituting in (44), and replacing frv (rv) by its value provides

the final expression.

APPENDIX B

PROOF OF LEMMA 4

Let s1=
τTbcr

β
v

PD
. The first LT can be evaluated as following:

LIU/B (s1) = E8,h[exp(−s1IU/B)] (48)

= E8,h[exp(−s1
∑

n∈N

PLhnrs
−α
n )]

= E8,h[
∏

n∈N

exp(−s1 PLhnrs
−α
n )] (49)

(a)
= Eφ

[

∏

n∈N

Eh[exp(−s1 PLhnrs
−α
n )]

]

= Eφ

[

∏

n∈N

1

1+ s1 PL
µrαs

]

(50)

(b)
= exp

(

−λ′
BS

∫

R2\G

1

1+
µrαs
s1PL

)

(51)

where (a) follows the independence of the PPP and the chan-

nel, and (b) follows Campbell’s theorem of the product over

a PPP. The integral in (b) is applied on the whole 2-D plane

excluding the gap created by the absence of any interferer

inside the BC zone. The result will then be:

LIU/B (s1) = exp

(

− λ′
BS

∞
∫

rb−rv

2πrs

1 +
µrαs
s1PL

drs

+λ′
BS

rb+rv
∫

rb−rv

2rscos
−1

(

r2s −r2v−r2b
2rsrv

)

1 +
µrαs
s1PL

drs

)

(52)

Substituting s1 by its value, and applying (19) on the first term

gives the final expression as in (23).

APPENDIX C

PROOF OF LEMMA 5

starting from the definition of the user capacity, the average

capacity of a BC user can be derived as follows:

Ci

= E[log2(1+Sbc)]

= E8,g

[

log2

(

1+
PDgr

−β

V +γF

Pn+IU/B

)]

=

rb
∫

0

frv (rv)E
[

log2(1+
PDgr

−β

V +γF

Pn+IU/B
) | rv

]

drv

(a)
=

rb
∫

0

frv (rv)

∞
∫

0

P

[

log2(1+
PDgr

−β

V +γF

Pn+IU/B
) > t | rv

]

dtdrv

=

rb
∫

0

frv (rv)

∞
∫

0

P

[

g>
(2t−1)r

β

V

PD
(Pn+IU/B−

γF

2t − 1
) | rv

]

dtdrv

=

rb
∫

0

frv (rv)

∞
∫

0

EIU/B,F

[

exp
(−τ (2t−1)r

β
v

PD
(Pn+IU/B−

γF

2t−1
)
)]

dtdrv

where (a) follows from E[X ]=
∞
∫

0

P

(

X > x
)

dx. Now by

substituting frv (rv) by its expression, and substituting 2t − 1

by u, the ergodic capacity for BC users will be as in (36).
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