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Abstract—Next generation mobile networks will rely

ever more heavily on resource sharing. In this article we

study the sharing of radio access network and spectrum

among mobile operators. We assess the impact of sharing

these two types of resources on the performance of spatially

distributed mobile networks. We apply stochastic geometry

to observe the combined effect of, for example, the level

of spatial clustering among the deployed base stations,

the shared network size, or the coordination in shared

spectrum use on network coverage and expected user data

rate. We uncover some complex effects of mobile network

resource sharing, which involve non-linearly scaling gains

and performance trade-offs related to the sharing scenario

or the spatial clustering level.

I. INTRODUCTION

Most studies of mobile network resource sharing

focus on techno-economic aspects of sharing, while

taking for granted the sharing gains to network cov-

erage and capacity [1], [2], relying on an intuition

that the more resources we share the better [3].

This intuition is predicated on over-provisioning of

coverage and capacity, and, as such, tells us nothing

about the intrinsic characteristics of a shared mobile

network or a network sharing scenario. The goal of

this work is to build a framework to assess technical

trade-offs in radio access network, referred to also

as infrastructure, and spectrum sharing in spatially

distributed mobile networks.

A. Related work

During the recent decade resource sharing in

mobile networks has grown in popularity and it is

considered now an important cost reduction mea-

sure for mobile network operators [2]. Indeed, both

industry and research communities have already

recognized the importance of network sharing in the

evolution of mobile networks. The 3rd Generation
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Partnership Project (3GPP) has defined standards

for network sharing [4]: the Multi-Operator Core

Network (MOCN), and the Gateway Core Network

(GWCN). Furthermore, in 2012 the European Com-

mission issued a report making a case for spectrum

and facility sharing in the European market [3].

Communications regulators have also been testing

the feasibility of various spectrum sharing models,

as is the case with, for example, the ruling of

the Federal Communications Commission (FCC) to

open military frequencies in the 3550-3700 MHz

band to mobile broadband services1. Finally, there

are numerous commercial examples of mobile net-

work resource sharing.

In the literature to date mobile network resource

sharing has been analyzed from the perspective

of techno-economic feasibility, a multi-operator re-

source allocation problem, or a simulation-based

performance study. The techno-economic feasibility

of sharing was thoroughly analyzed in the works of

Markendahl et al. (see, for example, [5], [6]). Mobile

network resource sharing in the form of a multi-

operator resource allocation problem was studied

in a number of articles that tackle infrastructure

allocation [7]–[9], spectrum allocation [10], [11],

virtual resource sharing [12], or the interchangeabil-

ity between infrastructure and spectrum resources

[13], [14]. Simulation studies of the sharing gains

over grid-allocated infrastructure was performed for

a range of spectrum and infrastructure sharing sce-

narios [11], [15]–[17].

In our previous work [18], we explored, with

the help of stochastic geometry, the fundamental

resource sharing trade-offs in spatially distributed

mobile networks. Application of stochastic geome-

try to mobile network resource sharing can be traced

back to [19], where the performance of infrastruc-

ture sharing in a two-operator Poisson point process

1The ruling can be accessed here: http://transition.fcc.gov/Daily

Releases/Daily Business/2015/db0421/FCC-15-47A1.pdf
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(PPP) network is studied, and [20], where spec-

trum sharing between device-to-device networks and

macrocell users is considered. At the same time

as our work [18], in [21] stochastic geometry was

applied to a study of the interchangeability between

spectrum and base station density. Building on our

work, stochastic geometry models were applied to

study the impact of distance-dependent blockage on

the sharing performance [22], and in [23], [24] to

make the case for unmanaged spectrum sharing in

millimetre-wave (mmWave) bands. Spectrum shar-

ing for mmWave bands has become a topic in its

own right, with different research groups, for ex-

ample, [23], [25], [26], studying different spectrum

sharing schemes which exploit features specific to

mmWave bands, such as pencil-wide antenna beams

and distance-dependent shadowing.

B. Contributions

The subject of this article are the resource sharing

trade-offs in spatially distributed multi-operator mo-

bile networks, extending our previous work in [18].

In the original article we studied basic coverage

and rate trade-offs for the scenarios of unmanaged

infrastructure sharing, spectrum sharing, and full

sharing (when both spectrum and radio access in-

frastructure are shared). We considered two mobile

operators whose networks were deployed either in-

dependently, or with clustering, i.e., with positive

spatial correlation across base stations belonging

to different operators. The clustering case is of

particular interest as a model representative of real

multi-operator radio access network deployments

(see [27]). We also considered an asymptotic case

of clustering, i.e., co-location, where the nearest

base stations of sharing operators are located an

arbitrarily small distance apart.

We extend our previous article [18] in three main

ways. First, we differentiate between the sharing

of spectrum bands experiencing flat or frequency-

selective power fading, and provide a new analytical

expression to describe the latter case. Second, we

investigate the impact of exclusion zone-based co-

ordination in inter-operator spectrum sharing. And,

finally, we consider the impact of network density

imbalance between the sharing operators on cover-

age.

We summarize the major contributions and find-

ings of our work as:

• We provide mathematical expressions for the

coverage probability and the average user rate

for each of the sharing scenarios, for a shared

network created as a union of |N | indepen-

dently distributed networks.

• We show that infrastructure and spectrum shar-

ing cannot be simply substituted for each other,

as there exists a trade-off in coverage and rate

between the two. Moreover, the combination of

the two approaches does not simply produce

linearly scaling gains, as the increase in rate is

traded for a minor reduction in coverage (when

compared to infrastructure sharing performed

in isolation).

• We show that sharing of spectrum bands expe-

riencing frequency-selective fading yields in-

creased coverage over sharing of bands ex-

periencing flat fading. Moreover, when bands

are shared under the former case, there ex-

ists a cross-over point between the full and

infrastructure sharing, which is present only

when the channel has many strong multi-path

components, e.g., a Rayleigh fading channel.

• We show that when infrastructure sharing oc-

curs between networks with different densities,

it is significantly more beneficial to the user of

a smaller network. The opposite is true when

only spectrum sharing is considered.

• We show that an increase in spatial clustering

deteriorates coverage and rate for full and in-

frastructure sharing scenarios. However, when

only spectrum is shared, we observe that there

exists a cross-over point, i.e., the stronger the

clustering the better coverage at low signal-to-

interference ratio (SIR) values and the worse

coverage at high SIR values.

• We show that even a simple mechanism of co-

ordination in spectrum sharing allows networks

to achieve significant improvement in coverage

without hampering the rates achievable by their

users.

II. SYSTEM MODEL AND METHODOLOGY

A. System model

We model transmitter deployment by a single

operator as a point process defined as a random
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countable set2 Φn ⊂ R
2, with elements being

random variables xi and n ∈ N , with N denoting

the set of mobile operators. Each mobile operator

holds a license to an individual spectrum band

(each spectrum band is of equal size and does not

overlap with any other operator’s spectrum band),

and, as such, we will often use n ∈ N to refer to

a spectrum band licensed to operator n. We also

denote Φ =
⋃

n∈N Φn as the set of all transmit-

ter locations of all operators. We assume that the

power of the signal received by the reference user

yn of operator n ∈ N is affected by large- and

small-scale fading: pathloss l(x) and power fading

hx, where x denotes the location of the serving

transmitter. The pathloss function l : R2 → R+ is

of the form l(x) = ||x − yn||−α, where α is the

pathloss exponent, while the power fading between

the transmitter in x and yn is spatially independent

and exponentially distributed with unit mean, i.e.,

we assume Rayleigh fading with unitary transmit

power. These specific channel propagation assump-

tions are in line with best practice modelling of

wireless networks in cellular bands [28], and allow

us to focus our analysis on the fundamental resource

sharing trade-offs in spatially distributed networks.

In the numerical analysis, we evaluate the impact

that power fading has on the system performance by

comparing results under Rayleigh fading to that un-

der Nakagami-m fading. Analytical considerations

of the impact of shadowing and generalized power

fading models on the wireless network performance

in cellular bands can be found in [29] and [30],

respectively. In addition, the impact of blockage on

the performance of shared mobile networks has been

recently considered in [22].

We assume that the reference user will asso-

ciate with the closest transmitter of operator n,

i.e., argminx∈Φn
||x−yn||, which implies that, when

infrastructure sharing is in place, the reference user

of operator n will associate with any network of any

infrastructure sharing operator, i.e., the association

rule becomes argminx∈Φ||x− yn||. Note that, since

the point processes we consider in the following

are stationary, we assume that the reference user is

always located in the origin. Moreover, our model

applies to the downlink only and presupposes a full

2Using the random set formalism we implicitly assume that trans-

mitters from more than one operator do not occupy the same location.

Yet, this does not preclude transmitters to be located arbitrarily close

to each other, which we consider as co-location.

buffer transmission, i.e., each transmitter continu-

ously operates in the selected band(s).

B. Performance metrics

In our work we assess the efficiency of resource

sharing utilizing two performance metrics: coverage

probability and average user rate. The former rep-

resents the complementary cumulative distribution

function (ccdf) of the signal-to-noise and interfer-

ence ratio (SINR) and is defined as:

p(θ) = P(SINR > θ), (1)

where θ is the reception threshold at the physi-

cal layer (given a linear receiver with interference

treated as noise). Assuming exponential fading, the

expression in Eq. (1) can be transformed into [31]:

p(θ) =

∫ ∞

0+
exp(−sW )LI(s)fR(r)dr, (2)

where s = θ/l̃(r), l̃(r) ≡ l(x) with x ∈ Φ, and

LI(s) is the Laplace transform of interference I;

fR(r) is the distribution of distance to the serving

base station in x. For a PPP network Φ with intensity

λ the Laplace transform of interference is known

[31], and it can be expressed as:

LI(θr
α) = exp(−πr2λZ(θ, α)), (3)

where α > 2, r denotes the distance to the nearest

base station, and Z(θ, α) = 2θ
α−22

F1(1, 1− 2/α; 2 −
2/α; −θ), where 2F1(a, b; c; z) is the Gauss hyper-

geometric function.

The average user rate can be defined as the

expected rate of a user when adaptive modulation

and coding is set so that the Shannon bound3 is

achieved for the instantaneous SINR of that user:

d = E [b log2 (1 + SINR)] , (4)

where b denotes the spectrum bandwidth. This av-

erage user rate may then be expressed in terms of

the coverage probability [31]:

d = Eρ

[

p(2
ρ
b − 1)

]

. (5)

In the numerical results, we also consider user rate

at the 5th, 50th (median), and 95th percentile. The

intention is to inspect how positive or negative

effects of sharing are distributed across different

users.

3Real-world mobile systems do not achieve this bound but to

account for this fact would simply require that we rescale our results.
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C. Scenarios

The conventional scenario of a commercial mo-

bile market consists of competing operators, each

of which owns the network infrastructure and holds

a license to one spectrum band, which also implies

that subscribers of one operator exclusively4 utilize

the infrastructure and spectrum of their operator as

depicted in Fig. 1(a). In this paper, we study inter-

operator resource sharing and, thus, we consider a

number of network sharing scenarios. At the highest

level of abstraction, we define three network shar-

ing scenarios of infrastructure sharing, spectrum

sharing, and full sharing, where both radio access

network and spectrum are shared.

In the infrastructure sharing scenario, we assume

that operators pool their radio access infrastructure

without pooling their operational frequencies (see

Fig. 1(b)). Effectively, interference to the desired

signal is identical to the single-operator case, i.e., it

comes from Φn where n is the operator to which

the serving transmitter belongs. In the spectrum

sharing scenario, we assume that operators allow

access to their spectrum bands from outside of their

network, without sharing their infrastructure (see

Fig. 1(c)). Effectively, interference to the desired

signal of a user of operator n in spectrum band

k ∈ N comes from all transmitters of operator k
and the transmitters of all other operators. In the full

sharing scenario, operators pool their radio access

infrastructure and allow for shared use of spectrum.

Spectrum pooling results in increased interference,

as more transmitters may now operate in the same

frequency band and users may connect to any of the

transmitters of the sharing operators (see Fig. 1(d)).

For the scenarios where spectrum is shared, i.e.,

spectrum and full sharing, we consider two cases

of operators aggregating bands that experience: flat

fading, and frequency-selective fading. All these

scenarios include worst-case interference, i.e., unco-

ordinated use of shared spectrum among operators,

hence we also study the scenario of coordinated

shared spectrum use. In order to coordinate shared

spectrum use among transmitters of the sharing

operators, we apply exclusion zones, i.e., discs of

arbitrary size centred at the locations of transmitters.

Formally, a spectrum sharing exclusion zone for a

spectrum band n is a disc of radius Rn ∈ R
+ ∪ {0}

centred at the location of a transmitter y ∈ Φn which

4Leaving international roaming out of the picture.

prohibits transmitters of any operator other than

n located within that disc from utilizing spectrum

band n. For the sake of simplicity in the resulting

expressions, we assume that Rn is the same for all

operators, yet a more general case requires simply

an additional index. Now, some transmitter x utilizes

spectrum band n ∈ N according to the following

policy:

vnx =











1, if x ∈ Φn,

1, if x ∈ Φ \ Φn ∨ ||x− y||> Rn, ∀y ∈ Φn,

0, otherwise,
(6)

where vnx denotes the spectrum use policy for trans-

mitter x for spectrum band n.

In Tab. I we summarize all the scenarios; a check

mark should be interpreted as an indication that a

specific feature is considered under a given scenario.

III. ANALYTICAL RESULTS

In this section, we apply stochastic geometry to

derive analytical expressions for the coverage prob-

ability5 for the scenarios of infrastructure, spectrum

and full sharing between multiple mobile operators.

We assume each mobile operator owns radio access

infrastructure distributed according to a uniform PPP

with intensity λn, and has a license to use one

spectrum band of bandwidth b. Whenever spectrum

is shared, we differentiate between the sharing of

spectrum bands that experience flat and frequency-

selective fading. We also assume constant reception

thresholds and constant noise levels across all shared

spectrum bands, and, finally, we present all our

results from the perspective of a reference user of

operator n, always providing a general form and,

whenever possible, an easy-to-interpret closed-form

that emerges when an interference-limited regime is

considered and α = 4.

A. Baseline scenario

Expressions for the coverage probability and the

average user rate for this scenario exist in the

literature (see [31]) and are given in Eq. (2) and

Eq. (5), respectively.

5We express the average user rate in terms of the coverage

probability, according to the relationship in Eq. (5).
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u1

w1 w2 w1 w2

N1 N2

u2

Active link

Interference link

(a) Exclusive use

u1

w1 w2 w1 w2

N1 N2

u2

Active link

Interference link

(b) Infrastructure sharing

u1

w1 w2 w1 w2

N1 N2

u2

Active link

Interference link

(c) Spectrum sharing

u1

w1 w2 w2

N1 N2

u2

Active link

Interference link

w1

(d) Full sharing

Fig. 1. Two operators (1 and 2) with subscribers (u1, u2): (a) exclusively using their spectrum (w1, w2), (b) allowing for access to each

other’s infrastructure (N1, N2), (c) allowing for shared use of spectrum, and (d) allowing for both shared use of spectrum and infrastructure.

TABLE I. SUMMARY OF FEATURES INCLUDED IN THE STUDIED SCENARIOS

scenario infrastructure spectrum coordinated use of spectrum flat/frequency-selective fading

baseline ✗ ✗ NA NA
infrastructure sharing ✓ ✗ NA NA

spectrum sharing ✗ ✓ ✓ ✓

full sharing ✓ ✓ ✓ ✓

B. Infrastructure sharing scenario

In this scenario users connect to the closest

transmitter belonging to the network of any of the

|N | operators. The SINR for this scenario for a

subscriber of operator n takes the following form:

SINRk =
hxl(x)

W +
∑

y∈Φn\{x} hyl(y)
, (7)

where W is the noise power, x ∈ Φn, and k ∈ N .

Note that SINRk = 0 for any k 6= n.

Proposition 1: The coverage probability of a ref-

erence user of operator n in the infrastructure shar-

ing scenario can be expressed as:

pn(θ) = π
∑

i∈N
λi

∫ ∞

0

exp(−θrα/2W ) (8)

exp
(

− πr
(

∑

j∈N
λj + λiZ(θ, α)

))

dr,

where Z(θ, α) = 2θ
α−22

F1(1, 1− 2/α; 2− 2/α; −θ).
Proof:

The proof is provided in Appendix A.

Corollary 1: When no noise and α = 4 is as-

sumed, the coverage probability of a user of operator

n is given as:

pn(θ) =
∑

i∈N

1
∑

j∈N
λj

λi
+
√
θ arctan(

√
θ)
. (9)

C. Spectrum sharing scenario

The SINR for this scenario takes the following

form:

SINRk =
hxl(x)

ηW +
∑

y∈Φ\{x} hyl(y)
, (10)

where x ∈ Φn, k ∈ N , and η is a scalar that

accounts for the transmit power splitting across the

shared bands, e.g., when k is the only band used by

a transmitter η = 1, while if all spectrum bands are

used η = |N |. Now, finding the coverage probability
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for the spectrum sharing scenario will be equivalent

to finding the probability:

pn(θ) = P

(

⋂

k∈N
SINRk > θ, η = |N |

)

. (11)

At the same time, the average user rate can then be

expressed as:

dn = E

[

b
∑

k∈N
log2 (1 + SINRk), η = |N |

]

, (12)

which can be simplified to:

dn = |N |bE [log2 (1 + SINRk), η = |N |] , (13)

and subsequently to:

dn = Eρ

[

pn(2
ρ

|N|b − 1), η = |N |
]

. (14)

Sharing spectrum bands under flat fading

Thanks to the flat fading assumption, the expres-

sion in Eq. (11) can be simplified to:

pn(θ) = P

(

SINRk > θ, η = |N |
)

, (15)

where SINRk is described in Eq. (10).

Proposition 2: The coverage probability of a user

belonging to operator n in the spectrum sharing

scenario under flat fading can be expressed as:

pn(θ) = πλn

∫ ∞

0

exp(−θrα/2|N |W ) exp
(

− πr
(

(1 + Z(θ, α))λn + Z0(θ, α)
∑

j∈N\{n}
λj

))

dr. (16)

Proof: The proof is provided in Appendix B.

Corollary 2: When no noise and α = 4 is as-

sumed, the coverage probability of a user of operator

n is given as:

pn(θ) =
1

1 +
√
θ
(

arctan(
√
θ) + π

2

∑

j∈N\{n}
λj

λn

) .

(17)

The average user rate can be obtained by averag-

ing over the obtained coverage probability expres-

sion following Eq. (14).

Sharing spectrum bands under frequency-

selective fading

When shared spectrum bands experience

frequency-selective fading, we get the following

result:

Proposition 3: The coverage probability of a user

belonging to operator n from sharing of spectrum

bands under frequency-selective fading can be ex-

pressed as:

pn(θ) = πλn

∑

k∈N

(|N |
k

)

(−1)k+1

∫ ∞

0

exp
(

− θrα/2kW
)

exp

(

− πr

(

λn + λn

k
∑

l=1

(

k

l

)

(−1)l+1Z(θ, α, l)+

∑

j∈N\{n}
λj

k
∑

l=1

(

k

l

)

(−1)l+1Z0(θ, α, l)

)

)

dr. (18)

Proof: The proof is provided in Appendix C.

Corollary 3: When no noise and α = 4 is as-

sumed, the coverage probability of a user of operator

n is given as:

pn(θ) =
∑

k∈N
(|N |

k

)

(−1)k+1

1 +
∑k

l=1

(

k
l

)

(−1)l+1

(

Z(θ, 4, l) +
∑

j∈N\{n}
λj

λn

√
θ

2
√
πl

) ,

(19)

where Z0(θ, 4, l) ≈
√
θ

2
√
πl

.

D. Full sharing scenario

The SINR model is essentially the same as in the

spectrum sharing scenario, with the only difference

being that the tagged transmitter comes from the

pool of all infrastructure sharing operators.

Sharing spectrum bands under flat fading

Proposition 4: The coverage probability of a user

of operator n in the full sharing scenario, when

shared spectrum bands experience flat fading, can

be expressed as:

pn(θ) = π
(

∑

i∈N
λi

)

∫ ∞

0

exp(−θrα/2|N |W )

exp
(

− πr
(

1 + Z(θ, α)
)

∑

j∈N
λj

)

dr. (20)

Proof: Let us first recall the following result:

the superposition of independent PPPs is also a PPP,

with intensity equal to the sum of the intensities of

the component processes [32][Proposition 1.3.3]. In

the case of the full sharing scenario, the users con-

nect to the closest transmitter of any of the networks
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of the sharing operators and suffer interference from

all the other transmitters. Formally a fully shared

network is a PPP Φ =
⋃

i∈N Φi with intensity

λ =
∑

i∈N λi. Therefore its coverage probability

corresponds to that of the baseline case (single-

operator and exclusive use of resources), yet with

intensity λ.

When no noise and α = 4 is assumed, the cover-

age probability of a user of operator n simplifies to

that of a single-operator PPP network, expressed in

Eq. (2). The average user rate can be calculated by

substituting the obtained coverage probability into

Eq. (14).

Sharing spectrum bands under frequency-

selective fading

Proposition 5: The coverage probability of a user

belonging to operator n in full sharing scenario,

when shared spectrum bands experience frequency-

selective fading, can be expressed as:

pn(θ) = π
∑

i∈N
λi

∑

k∈N

(|N |
k

)

(−1)k+1

∫ ∞

0

exp
(

− θrα/2kW
)

exp

(

− πr

∑

j∈N
λj

(

1 +
k
∑

l=1

(

k

l

)

(−1)l+1Z(θ, α, l)

)

)

dr. (21)

Proof: The derivation of this result mirrors that

provided in Appendix C, with a modification to the

set of interferers.

Corollary 4: When no noise and α = 4 is as-

sumed, the coverage probability of a user of operator

n is given as:

pn(θ) =
∑

k∈N

(|N |
k

)

(−1)k+1

1 +
∑k

l=1

(

k
l

)

(−1)l+1Z(θ, 4, l)
. (22)

IV. NUMERICAL RESULTS AND DISCUSSION

Having derived analytical results for the case of

independently distributed networks of |N | operators,

we now focus our analysis of resource sharing

trade-offs on the case |N |= 2. This allows us to

model clustered multi-operator deployments using

the Gauss-Poisson process (GPP) [33], which sim-

plifies analysis of inter-operator clustering6. In the

6Extension to analysis of shared clustered network when |N |> 2

would require that we utilize other than a GPP point process model,

e.g., one of the Poisson clustered processes [33].

GPP, clusters of points are distributed according

to a PPP with intensity λ. Each cluster consists

of either one or two points with probability 1 − p
and p, respectively, with one of the points being

located in the center of the cluster while the other

being uniformly distributed on a circle of radius u
surrounding the cluster center. Despite this relatively

simple definition, best-known analytical expression

for the performance of a GPP-distributed network

involves integration over the distance to the inter-

fering transmitters, which may be cumbersome to

evaluate numerically7. Therefore we evaluate the

network sharing performance in a GPP distributed

multi-operator network using Monte Carlo (MC)

simulations. It is worth noting that, in both the PPP

and GPP cases, the underlying process of distribut-

ing transmitters for a single-operator deployment

is the PPP, which according to spatial statistical

studies to date (see [27], [35]) may be considered

a reasonable approximation of a real-world single-

operator single-technology deployment.

When presenting our results, we focus on the

fundamental trade-offs in wireless network resource

sharing, hence, we use the single-slope pathloss

model with the pathloss exponent α = 4 (note

that our analytical results are given for any α >
2) and Rayleigh power fading, which provide a

reasonable set of assumptions for cellular network

performance analysis [28]. We validate the Rayleigh

fading assumption by comparing the performance

results from our model to those from a model

with Nakagami–m fading. The impact of more gen-

eral propagation models on the performance of a

wireless system was investigated in, for example,

[29], [30]. In addition, we assume no noise, i.e.,

we use the SIR, despite the noise power at the

receiver being dependent on the number of aggre-

gated spectrum bands (see, for example, Eq. (16) or

Eq. (18)). The rationale is that most cellular systems

are interference-limited – a rationale that is also

followed by the seminal paper on the application of

stochastic geometry to cellular networks (see [31]).

We divide our numerical analysis into five parts.

First, we look into the fundamental performance

impact of sharing based on our scenarios of in-

frastructure, spectrum and full network sharing, for

the case of independently distributed infrastructure.

Then, we look at the impact of network-related

7Bounds on the Laplace transform of the GPP can be found in [34].
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parameters, such as the number of sharing operators

and the network density, on the sharing performance.

Moreover, we validate the impact that our small-

scale fading model has on the sharing gains. Subse-

quently, we relax the assumption of infrastructure

independence and analyze the impact of spatial

clustering between the infrastructure of different

mobile operators. Finally, we inspect the worst-case

interference assumption for the unmanaged spec-

trum sharing case and look at the performance im-

provement that results from coordination in shared

spectrum use. We cross-validate our MC simulation

results with the derived closed-form expressions (see

Figures 2(a) and 2(b)).

A. Fundamental performance impact of inter-

operator resource sharing

The first thing we analyze is the comparative

coverage result for various sharing scenarios, when

networks of sharing operators are evenly sized. In

Fig. 2(a) we immediately see that infrastructure

sharing provides superior coverage over the no

sharing and spectrum sharing. This comes from the

fact that infrastructure sharing increases the number

of transmitters that a user can attach to without

affecting the interference in the network. Spectrum

sharing significantly increases interference, as there

may be active transmitters of another operator lo-

cated arbitrarily close to the user; this results in

the lowest coverage across the four sharing scenar-

ios. When the shared spectrum bands experience

frequency-selective fading (see Fig. 2(b)), we see

the coverage performance in each spectrum sharing

scenario being significantly improved, due to diver-

sity gains, with full sharing faring very closely to

infrastructure sharing. Interestingly, there exists a

cross-over point between the full and infrastructure

sharing cases. Full sharing provides better coverage

at low SIR values, as users experiencing strong inter-

ference are very susceptible to having unfavourable

fading conditions, and, due to frequency-selective

fading, coverage to such users may be significantly

improved by simply transmitting over a number of

spectrum bands. While high SIR users also benefit

from the aggregation of multiple bands, it is still

more beneficial for them to simply change their

point of attachment.

When the average user rate is considered, we

see that full sharing (4.30 bit/s/Hz) significantly
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Fig. 3. Data rate perceived by the 5
th percentile, median, and 95

th

percentile users in different sharing scenarios when flat fading across

shared spectrum bands is considered.

outperforms infrastructure (3.11 bit/s/Hz) and spec-

trum (2.34 bit/s/Hz) sharing. Surprisingly, unman-

aged spectrum sharing among operators results in

a rate that is only slightly better than that of a

network where none of the resources are shared

(2.15 bit/s/Hz). The reason for this is the increase in

interference, which trumps the majority of the gains

from pooling spectrum bands. When we consider

user data rate at different percentiles (see Fig. 3), we

note that the rate distribution is highly skewed for

each of the considered scenarios, as the median is

significantly smaller than the average performance.

This is especially true for the spectrum sharing

scenario, where the average is 2.5 times higher than

the median. From Fig. 3, we can also see that

in each sharing scenario users that already enjoy

good quality service (95th) receive additional gains

from sharing. These observations are consistent with

observations in a recent paper [26], and signify

the need for some form of coordination in shared

spectrum use to more evenly distribute the sharing

gains among users. While Fig. 3 shows only the

case of flat fading across shared bands, based on

our observations, similar conclusions can be drawn

for the case of frequency-selective fading.

B. Impact of the number of operators, and network

density on coverage/rate

Now, we look at the impact that the number

of operators and the network density have on the

performance of wireless network sharing.

1) Number of sharing operators: When infras-

tructure is shared (see Figures 4(a) and 4(b)),

coverage improves with the number of operators,

with the greater gains coming from sharing with

one additional operator, and diminishing marginal
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Fig. 2. Coverage probability for different sharing scenarios; markers represent the numerical evaluations, while the dashed lines represent the

closed-form expressions. Note that “No sharing” and “Infrastructure sharing” curves remain unchanged from (a) to (b), as only the performance

of scenarios with spectrum sharing is affected by flat versus frequency-selective fading assumption across shared bands.
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Fig. 4. The impact of the number of sharing operators on the coverage probability.

gains thereafter. However, when spectrum is shared

without coordination, coverage decreases with the

number of operators, due to an increase in the

interference in the shared spectrum (see Figures 4(c)

and 4(d)). In each case, however, the average user

rate improves (see Fig. 5). While in the case of full

sharing this rate grows linearly (as it is independent

of the density8), sharing of only spectrum or infras-

tructure leads to much smaller gains.

2) Network density imbalance: We define the

network density imbalance as the ratio between

the intensities of the shared networks λ2/λ1, with

λ2/λ1 = 1 representing evenly sized networks.

8As shown in [29], if distance-dependent shadowing is considered,

there is a certain critical network density after which the spectral

efficiency, and hence also the rate, is decreasing.
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Fig. 5. The impact of the number of sharing operators on the average

user rate.

We can immediately note from Fig. 6(a) that it is

the user of a smaller operator (λ2/λ1 > 1) that

benefits greatly, in terms of coverage probability,

from infrastructure sharing. It comes from the fact

that by adding on the infrastructure of a larger oper-

ator the distance to the nearest transmitter becomes

significantly shortened. The opposite is true for

spectrum sharing (see Fig. 6(b)), whereby the user

of the larger operator experiences lower interference

and therefore maintains better coverage than the user

of the smaller operator. These observations hold also

if we extend our results to the case of spectrum

sharing in bands experiencing frequency-selective

fading.

C. Impact of the small-scale fading

Since we differentiate between sharing of spec-

trum bands with flat fading and frequency selective

fading, it is important that we validate the impact of

the fading model used.

As expected, Rayleigh fading, which is typically

used to model channels with a strong multi-path

component, yields a lower bound on the shar-

ing performance when flat fading is assumed (see

Fig. 7(a)). However, when we consider frequency se-

lective fading (see Fig. 7(b)), we see that Nakagami

fading limits the gains obtained from spectrum shar-

ing. This is because the variance of Nakagami fading

decreases with the increase in the m parameter,

limiting gains available from having independent

fading in the shared spectrum bands.

D. Impact of spatial clustering

We change our perspective and observe the im-

pact that clustering of infrastructure has on differ-

ent sharing scenarios. Figures 8(a) to 8(c) present

the coverage performance for each of our sharing

scenarios when the infrastructure is: independently

distributed (PPP), co-located (u → 0), and clustered

with a variable cluster radius normalized to the size

of the simulation window (various values of u).

As expected, in Figures 8(a) and 8(b) we ob-

serve that the increase in clustering (decreasing

the cluster radius) deteriorates coverage (the direc-

tion of change marked with a red arrow) for both

full and infrastructure sharing scenarios. For larger

cluster radii the impact of clustering is negligible,

while the closer the deployments get to co-location

the more severe coverage deterioration becomes.

In the case of spectrum sharing (Fig. 8(c)), the

impact of clustering on the sharing performance

is more complex. At low SIR values we observe

that the co-located infrastructure provides superior

coverage while the independently distributed infras-

tructure fares the worst. After the cross-over point

(slightly below 0 dB) the situation reverses. This

is related to an interplay between intra- and inter-

cluster interference. Clearly, decreasing the cluster

radius increases intra-cluster interference. However,

as the cluster radius decreases so does the inter-

cluster interference, which depends on the change

of the distribution of distances to the interferers

outside of the serving cluster (pairs of interferers

are getting closer to each other). Effectively, while

we observe that clustering reduces the probability

of obtaining SIR-values above the cross-over point

(due to increased inter-cluster interference), we also

observe an increase in the probability of obtaining

SIR-values below the cross-over point (due to re-

duced intra-cluster interference), as compared to the

independently distributed infrastructure.

When average user rate is considered (Fig. 9), and

the cluster radius is large enough, we can observe

that the rate is always improved over the non-

sharing scenario. Moreover, full sharing outperforms

all the other sharing scenarios for most of the cluster

radii. It is only at small cluster radii when the rate

significantly drops and, when the infrastructure co-

locates, full sharing achieves the same performance

as spectrum sharing. From the figure we can also see

that significant clustering and co-location of inter-

operator networks have a dramatic effect on the rate

performance of any scenario that relies on spectrum

sharing (due to strong interference present in the

shared network). These observations hold also if we

extend our results to the case of spectrum sharing
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Fig. 6. The impact of network density imbalance on the coverage probability, for a user of a network with density λ1.
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Fig. 7. Comparison between coverage probability in various sharing scenarios with Rayleigh fading (dashed lines) and Nakagami-m fading

(solid lines), with m = 5.
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Fig. 8. The coverage probability versus the relative cluster size in a shared clustered network (an independently distributed network is marked

with a dashed line) when flat fading across shared bands is considered.

across bands experiencing frequency-selective fad-

ing.

E. Impact of coordination in use of shared spectrum

Finally, we perform a numerical study of the

impact that a coordinated shared spectrum use has

on inter-operator interference, and, effectively, the

coverage and rate performance. In this subsection

we rely on results obtained by means of MC simula-

tions, as the point process resulting from application

of the coordinated spectrum use is a Poisson hole

process (PHP) [33] which is considered to be ana-

lytically intractable9. In addition to the normalized

9Typical approximations, which involve thinning a PPP with a

function that corresponds to the radius of the exclusion zone (see

[36]), do not provide a satisfactory level of accuracy.
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marked with a dashed line).

exclusion zone radius, we provide the percentage

of transmitters that are not permitted to use the

shared spectrum (they utilize only the spectrum band

licensed to their operator).

When exclusion zones are applied evenly to each

of the operators, we observe an improvement in the

coverage performance (see Figures 10(a) and 10(b)).

The elimination of the nearest interferers (R = 0.1)

yields marginal improvements to coverage, and it is

only if at least 50% of the transmitters of the other

operator are removed (R > 0.2) that a more sub-

stantial improvement can be observed. Interestingly,

the coverage gains for the full sharing scenario are

much lower than in the spectrum sharing scenario.

That is because in the full sharing scenario a user is

always connected to the closest transmitter, therefore

the interference it experiences is not as severe as in

the spectrum sharing case.

Remarkably the improvement to coverage does

not result in significant deterioration to the user rate.

Imposing an exclusion zone that eliminates as much

as 75% of the transmitters has little effect on the

average user rate. In order to explain this we need to

understand that exclusion zones reduce interference

(by removing interferers from the vicinity of the

tagged transmitter), while reducing the chances that

our tagged transmitter will enable a user to enjoy the

benefits of spectrum sharing. These two effects can-

cel each other out, and we receive almost constant

rate performance for a range of exclusion zone radii.

When we consider user rates at different percentiles

(see Figures 11(a) and 11(b)), we can see that while

coverage improves the user rate does not deteriorate,

with the median and 5th percentile rates actually

improving in the spectrum sharing scenario. Similar

observations hold also for the case of frequency-

selective fading, and spatial clustering in the shared

infrastructure.

We applied the exclusion zone-based method of

coordination simply because it allowed us to modify

the geometry of the network, without changing

our assumptions about the underlying transmission

technology used. However, what we have seen is

that real gains of spectrum sharing may only be

available if more sophisticated methods of inter-

operator coordination in shared spectrum use are

applied. This is confirmed in [26], where applica-

tion of inter-operator beamforming, combined with

highly attenuating propagation of mmWave bands,

allows to bring up the rate gains across all users.

V. CONCLUSION

What we have shown in this work is that the

performance gains brought about by mobile network

resource sharing involve complex trade-offs that

depend on what resources are being shared and on

the nature of the mobile network deployments. The

effects on the performance observed by a reference

user include, among others, trade-offs in spectrum

and radio access infrastructure sharing, and non-

linear sharing gains with respect to the spatial

clustering of the sharing networks or their sizes. In

practical terms, this analysis allows us to capture

how much sharing potential a network with specific

spatial characteristics has or why a given sharing

scenario may not be the most beneficial for some

particular class of networks.

The goal of this work was to explore purely

technical aspects of mobile network resource sharing

in cellular bands, yet sharing decisions require also

consideration of various non-technical aspects and

externalities, such as operators’ position in the mar-

ket, their corporate strategy, legal framework sur-

rounding mobile service provisioning, the political

environment, or the economies of scope and scale

for software-defined network hardware that may

simplify managing of shared network resources.

Some of these aspects were analyzed in other works

(see, for example, [5], [6]). However, more work

needs to be done in order to develop a clear un-

derstanding of how these aspects can be quantified

and accounted for to complement technical analysis

such as ours.

Our work is well-grounded in the fundamen-

tals of mobile network resource sharing in cellular

bands, which are, for most technologies used today,
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Fig. 10. Coverage probability for scenarios with coordinated use of shared spectrum, where R denotes the normalized exclusion zone radius

and the percentages in brackets represent the portion of transmitters from each operator not allowed to utilize the spectrum of another operator.
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interference-limited. Resource sharing in new spec-

trum bands, such as mmWave, which offer better

spatial separation between active transmitters, opens

a possibility for definition of new resource sharing

scenarios, and is already a subject of ongoing work

efforts (see [23]–[25]).
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APPENDIX A

INFRASTRUCTURE SHARING

The superposition of PPPs is also a PPP, with

intensity equal to the sum of the intensities of

the component processes. Effectively, in the in-

frastructure sharing scenario the point process that

describes the serving transmitter is Φ with intensity

λ =
∑

i∈N λi. The probability distribution function

(pdf) of the distance to the closest transmitter in the

Euclidean plane (obtained from [37][Theorem 1])

can be expressed as:

fR(r) = 2πλr exp(−λπr2). (23)

Now, in the infrastructure sharing scenario the

interference to which the user is exposed depends on

the network to which the user is connected (since

each operator utilizes its own spectrum band). To

find the coverage probability over all networks of

all the operators we need to find the expectation

over the coverage probability of each individual

network, which requires calculating the probability

of associating with the network of operator n ∈ N .

This association probability for a user with the

network of operator n in the infrastructure sharing

scenario can be found as follows:

An = E

[

min
j∈N\{n}

Rj > Rn

∣

∣

∣
Rn

]
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= E

[

∏

j∈N\{n}
P (r < Rj)

∣

∣

∣
Rn = r

]

=

∫ ∞

0

∏

j∈N\{n}
P (r < Rj) fRn(r)dr, (24)

where fRn(r) is the distribution of distance from the

reference user to the nearest transmitter of n, and

P (r < Rj) may be interpreted as the probability that

there is no transmitter of j closer than a distance r
from the user; this can also be referred to as the null

probability for network j, which is exp(−πλjr
2).

After plugging the null probability for network j
and Eq. (23) into Eq. (24), we get that:

An = 2πλn

∫ ∞

0

r exp

(

−πr2
∑

j∈N
λj

)

dr

=
λn

∑

j∈N λj
. (25)

Now, the coverage probability for the infrastruc-

ture sharing scenario can be expressed as (using the

expression in Eq. (2)):

p(θ) =
∑

i∈N
Aip(θ|i), (26)

where p(θ|i) is the coverage probability conditioned

on connecting to the network of operator i, which

can be expressed as:

p(θ|i) =
∫ ∞

0

exp(−θrαW )LIi(θr
α)f ⋆

Ri
(r)dr, (27)

where the Laplace transform LIi(θr
α) of the inter-

ference in network i is described using the form

in Eq. (3), and f ⋆
Ri
(r) is the pdf of the distance

from a user to the nearest transmitter of network i,
given that it is also its serving transmitter among all

networks. The latter can be derived as follows:

f ⋆
Ri
(r) =

dF ⋆
Ri
(r)

dr

=
d

dr

(

1− P

(

Ri > r
∣

∣

∣
min

j∈N\{i}
Rj > Ri

)

)

(a)
= − d

dr

P

(

Ri > r,minj∈N\{i}Rj > Ri

)

P

(

minj∈N\{i}Rj > Ri

)

(b)
=

1

Ai

d

dr

∫ r

−∞

∏

j∈N\{i}
P (Rj > r) fRi

(r)dr

=
2πλi

Ai
r exp

(

− πr2
∑

j∈N
λj

)

, (28)

where F ⋆
Ri
(r) denotes the cumulative distribu-

tion function; (a) the denominator was derived in

Eq. (25); (b) the inner probability is the null prob-

ability of network j, i.e., exp(−πλjr
2). Finally,

after making the necessary substitutions, we get the

following expression:

p(θ) = 2π
∑

i∈N
λi

∫ ∞

0

exp
(

− θrαW
)

exp

(

− 2πr2
(

∑

j∈N
λj + λiZ(θ, α)

)

)

rdr.

(29)

The derivation of the average user rate requires

plugging the obtained formula into Eq. (5), which

concludes the proof.

APPENDIX B

SHARING SPECTRUM BANDS UNDER FLAT FADING

Let us observe that the point process describing

the closest transmitter to a reference user of operator

n is Φn with intensity λn. Following the same logic

as previously, the expression for the probability of

finding the closest transmitter at distance r is the

same as in Eq. (23), yet with intensity λn.

In the spectrum sharing scenario the interference

to a user of operator n comes from: (i) all the

transmitters of operator n that are at a distance r
and further apart, which we denote as Ir(Φn), and

(ii) all the transmitters of all operators other than

n, which may be at any arbitrary small distance

to the reference user, which we denote as I0(Φj)
and j 6= n. Now, the total interference is I =
Ir(Φn) +

∑

j 6=n I0(Φj), and its Laplace transform

can be derived as follows:

LI(s) = EI [exp(−sI)]

= EI

[

exp(−sIr(Φn)) exp(−s
∑

j 6=n

I0(Φj))
]

(a)
= EIr(Φn)

[

exp(−sIr(Φn))
]

∏

j 6=n

EI0(Φj)

[

exp(−s
∑

j 6=n

I0(Φj))
]

= LIr(Φn)(s)
∏

j 6=n

LI0(Φj)(s), (30)

where s = θrα, and (a) follows from the worst

case scenario interference assumption, which allows

us to treat the interference coming from the the
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networks of different operators as independent, and

therefore replace the expectation of the product with

the product of individual expectations.

Now, LIr(Φn)(s) is given in Eq. (3), while

LI0(Φj)(s) can be obtained as follows:

LI0(Φj)(θr
α) = exp

(

− πr2λjθ
2/α

∫ ∞

0

1

1 + uα/2
du
)

= exp
(

− πr2λjZ0(θ, α)
)

, (31)

where Z0(θ, α) = θ2/αΓ(1+2/α)Γ(1−2/α). Finally,

when we plug Eq. (3) and Eq. (31) into Eq. (30),

and, subsequently, to Eq. (2), we get the expression

for the coverage probability of operator n as in

Eq. (16).

Calculation of the average user rate across the

shared spectrum requires observing that the expec-

tation of a sum of random variables is a sum of

expectations of each individual random variable.

Hence, we get that the average user rate is as in

Eq. (14), where pn(·) is the coverage probability

from Eq. (16), which concludes the proof.

APPENDIX C

SHARING SPECTRUM BANDS UNDER

FREQUENCY-SELECTIVE FADING

When spectrum bands experiencing frequency-

selective fading are shared, the coverage probability

of a reference user of operator n in the spectrum

sharing scenario can be obtained as follows:

pn(θ)
(a)
= 1− P

(

⋂

i∈N
SINRi ≤ θ

)

= 1− P

(

⋂

i∈N
hi
x ≤ θ/l(x) (W + Ii)

)

(b)
= 1− EI

[

∏

i∈N

(

1− exp
(

− s(W + Ii)
))

]

(c)
= 1− EI

[(

1− exp
(

− sW
)

∏

y∈Φn\{x}

1
(

1 + sl(y)
)

∏

j∈N\{n}

∏

y∈Φj

1
(

1 + sl(y)
)

)|N |]

(d)
=
∑

k∈N

(|N |
k

)

(−1)k+1 exp
(

− skW
)

EI

[

∏

y∈Φn\{x}

1
(

1 + sl(y)
)k

∏

j∈N\{n}

∏

y∈Φj

1
(

1 + sl(y)
)k

]

(e)
=
∑

k∈N

(|N |
k

)

(−1)k+1 exp
(

− skW
)

Lk(s, λn)

∏

j∈N\{n}
Lk

0(s, λj), (32)

where (a) conditioned on the distance r to the

nearest transmitter in x, the probability of coverage

from at least one spectrum band may be expressed

in terms of the probability of outage in each shared

spectrum band; (b) s = θ/l(x); (c) given Rayleigh

fading; (d) applying binomial expansion; (e) using

the expression for the probability generating func-

tional of the PPP [33][Theorem 4.9]. Now, Lk(s, λn)
can be found as follows:

Lk(s, λn)
(a)
= exp

(

− 2πλn

∫ ∞

r

(

1−
( 1

1 + sv−α

)k)

vdv

)

= exp

(

− 2πλn

∫ ∞

r

(

1−
(

1− 1

1 + vα/s

)k)

vdv

)

(b)
= exp

(

− 2πλn

α

∫ ∞

rα

(

1−
(

1− 1

1 + u/s

)k)

u2/α−1du

)

(c)
= exp

(

− 2πλn

α

k
∑

l=1

(

k

l

)

(−1)l+1

∫ ∞

rα

u2/α−1

(1 + u/s)l
du

)

(d)
= exp

(

− πλnr
2

k
∑

l=1

(

k

l

)

(−1)l+1Z(θ, α, l)

)

,

(33)

where (a) v = l(y) and switching to polar coordi-

nates; (b) u = vα; (c) applying binomial expansion;

(d) Z(θ, α, l) = 2θl

lα−22
F1(l, l−2/α; l−2/α+1; −θ),

based on [38][Equation 3.194.2]. Following the

same logic as above, we find Lk
0(s, λj) as:

Lk
0(s, λj) = exp

(

−πλjr
2

k
∑

l=1

(

k

l

)

(−1)l+1Z0(θ, α, l)

)

,

(34)

where Z0(θ, α, l) =
2θ2/α

α
β(2/α, l − 2/α), based on

[38][Equation 3.194.3].

Finally, after we plug Eq. (33) and Eq. (34) into

Eq. (32), and, subsequently, de-condition on r, we

get the expression for the coverage probability of

operator n as in Eq. (18).

REFERENCES

[1] T. Frisanco et al., “Infrastructure Sharing and Shared Opera-

tions for Mobile Network Operators: From a Deployment and

Operations View,” in IEEE Int. Conf. Commun. (ICC), May

2008, pp. 2193–2200.



16

[2] D.-E. Meddour, T. Rasheed, and Y. Gourhant, “On the role of

infrastructure sharing for mobile network operators in emerging

markets,” Computer Networks, vol. 55, no. 7, pp. 1576–1591,

May 2011.

[3] “Promoting the shared use of radio spectrum resources in the

internal market,” Communication from the Commission to the

European Parliament, the Council, the European Economic and

Social Committee and the Committee of the Regions, COM

(2012) 478 (final).

[4] “TS 23.251 V12.1.0.; Universal Mobile Telecommunications

System (UMTS); LTE; Network sharing; Architecture and

functional description,” 3GPP, Tech. Rep., October 2014.

[5] J. Markendahl, “Mobile network operators and cooperation,”

Ph.D. dissertation, Royal Institute of Technology (KTH), 2011.

[6] A. A. W. Ahmed et al., “On the engineering value of spectrum

in dense mobile network deployment scenarios,” in IEEE

Int. Symp. Dynamic Spectrum Access Networks (DySPAN),

September 2015, pp. 293–296.

[7] J. Kibiłda and L. A. DaSilva, “Efficient Coverage Through

Inter-operator Infrastructure Sharing in Mobile Networks,” in

Proc. of IFIP Wireless Days, November 2013, pp. 1–6.

[8] L. Cano et al., “Evaluating the performance of infrastructure

sharing in mobile radio networks,” in IEEE Int. Conf. Commun.

(ICC), June 2015, pp. 3222–3227.

[9] A. Antonopoulos et al., “Energy-efficient infrastructure sharing

in multi-operator mobile networks,” IEEE Commun. Mag.,

vol. 53, no. 5, pp. 242–249, May 2015.

[10] S.-L. Hew and L. B. White, “Cooperative Resource Allocation

Games in Shared Networks: Symmetric and Asymmetric Fair

Bargaining Models,” IEEE Trans. Wireless Commun., vol. 7,

no. 11, pp. 4166–4175, November 2008.

[11] E. A. Jorswieck et al., “Spectrum Sharing Improves the Net-

work Efficiency for Cellular Operators,” IEEE Commun. Mag.,

vol. 52, no. 3, pp. 129–136, March 2014.

[12] G. Tseliou, F. Adelantado, and C. Verikoukis, “Scalable RAN

Virtualization in Multitenant LTE-A Heterogeneous Networks,”

IEEE Trans. Veh. Technol., vol. 65, no. 8, pp. 6651–6664,

August 2016.

[13] M. Marotta et al., “Resource sharing in heterogeneous cloud

radio access networks,” IEEE Wireless Commun. Mag., vol. 22,

no. 3, pp. 74–82, June 2015.

[14] I. Macaluso et al., “Substitutability of Spectrum and Cloud-

based Antennas in Virtualised Wireless Networks,” IEEE Wire-

less Commun. Mag., 2016 (to appear).

[15] G. Middleton et al., “Inter-Operator Spectrum Sharing in a

Broadband Cellular Network,” in IEEE 9th Int. Symp. Spread

Spectrum Techniques and Applications, August 2006, pp. 376–

380.

[16] J. S. Panchal, R. D. Yates, and M. M. Buddhikot, “Mobile Net-

work Resource Sharing Options : Performance Comparisons,”

IEEE Trans. Wireless Commun., vol. 12, no. 9, pp. 4470–4482,

September 2013.

[17] P. Luoto et al., “Co-primary multi-operator resource sharing for

small cell networks,” IEEE Trans. Wireless Commun., vol. 14,

no. 6, pp. 3120–3130, June 2015.

[18] J. Kibiłda et al., “Infrastructure and Spectrum Sharing Trade-

offs in Mobile Networks,” in IEEE Int. Symp. Dynamic Spec-

trum Access Networks (DySPAN), September 2015, pp. 348–

357.

[19] S. Hua, P. Liu, and S. S. Panwar, “The urge to merge: When

cellular service providers pool capacity,” in IEEE Int. Conf.

Commun. (ICC), June 2012, pp. 5020–5025.

[20] X. Lin, J. Andrews, and A. Ghosh, “Spectrum Sharing for

Device-to-Device Communication in Cellular Networks,” IEEE

Trans. Wireless Commun., vol. 13, no. 12, pp. 6727–6740,

December 2014.

[21] Y. Yang and K. W. Sung, “Technical rate of substitution of

spectrum in future mobile broadband provisioning,” in IEEE

Int. Symp. Dynamic Spectrum Access Networks (DySPAN),

September 2015, pp. 297–300.

[22] S. Wang et al., “On spectrum and infrastructure sharing in

multi-operator cellular networks,” in 23rd Int. Conf. Telecom-

mun. (ICT), May 2016, pp. 1–4.

[23] A. K. Gupta, J. G. Andrews, and R. W. Heath, “On the

Feasibility of Sharing Spectrum Licenses in mmWave Cellular

Systems,” IEEE Trans. Commun., vol. 64, no. 9, pp. 3981–

3995, September 2016.

[24] M. Rebato et al., “Resource Sharing in 5G mmWave Cellular

Networks,” in IEEE Conf. Computer Commun. Workshops

(INFOCOM WKSHPS), April 2016, pp. 271–276.

[25] A. K. Gupta et al., “Gains of Restricted Secondary Licensing

in Millimeter Wave Cellular Systems,” IEEE J. Sel. Areas

Commun., vol. 34, no. 11, pp. 2935–2950, November 2016.

[26] F. Boccardi et al., “Spectrum Pooling in MmWave Networks:

Opportunities, Challenges, and Enablers,” IEEE Commun.

Mag., vol. 54, no. 11, pp. 33–39, November 2016.

[27] J. Kibiłda, B. Galkin, and L. A. DaSilva, “Modelling Multi-

operator Base Station Deployment Patterns in Cellular Net-

works,” IEEE Trans. Mobile Comput., vol. 15, no. 12, pp.

3087–3099, December 2016.

[28] J. G. Andrews, A. K. Gupta, and H. S. Dhillon, “A

Primer on Cellular Network Analysis Using Stochastic

Geometry,” ArXiv, April 2016. [Online]. Available: http:

//arxiv.org/abs/1604.03183

[29] C. Galiotto et al., “Effect of LOS/NLOS propagation on area

spectral efficiency and energy efficiency of small-cells,” in

IEEE Global Telecommun. Conf. (GLOBECOM), December

2014, pp. 3471–3476.

[30] M. Di Renzo, A. Guidotti, and G. Corazza, “Average Rate of

Downlink Heterogeneous Cellular Networks over Generalized

Fading Channels: A Stochastic Geometry Approach,” IEEE

Trans. Commun., vol. 61, no. 7, pp. 3050–3071, July 2013.

[31] J. G. Andrews, F. Baccelli, and R. K. Ganti, “A tractable

approach to coverage and rate in cellular networks,” IEEE

Trans. Commun., vol. 59, no. 11, pp. 3122–3134, November

2011.

[32] F. Baccelli and B. Błaszczyszyn, Stochastic geometry and

wireless networks: Volume 1: Theory. Now Publishers Inc,

2009, vol. 1.

[33] M. Haenggi, Stochastic Geometry for Wireless Networks.

Cambridge University Press, 2013.

[34] A. Guo et al., “Success Probabilities in Gauss-Poisson Net-

works with and without Cooperation,” in Proc. of IEEE Int.

Symp. Inf. Theory (ISIT), June 2014, pp. 1752–1756.

[35] A. Guo and M. Haenggi, “Spatial Stochastic Models and Met-

rics for the Structure of Base Stations in Cellular Networks,”

IEEE Trans. Wireless Commun., vol. 12, no. 11, pp. 5800–

5812, November 2013.

[36] Z. Yazdanshenasan et al., “Poisson Hole Process: Theory and

Applications to Wireless Networks,” IEEE Trans. Wireless

Commun., vol. 15, no. 11, pp. 7531–7546, November 2016.



17

[37] M. Haenggi, “On distances in uniformly random networks,”

IEEE Trans. Inf. Theory, vol. 51, no. 10, pp. 3584–3586,

October 2005.

[38] I. S. Gradshteyn and I. M. Ryzhik, Table of integrals, series

and products, 7th ed. Academic Press, 2007.

Jacek Kibiłda Jacek Kibiłda received the

M.Sc. degree from Poznań University of Tech-
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