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Abstract—With the rise of cheap small-cells in wireless cellular
networks, there are new opportunities for third party providers
to service local regions via sharing arrangements with traditional
operators. These arrangements are highly desirable for large
facilities—such as stadiums, universities, and mines—as they
already need to cover property costs, and often have fiber
backhaul and efficient power infrastructure. In this paper, we
propose a new network sharing arrangement between large
facilities and traditional operators, called a facility micronetwork.
Our facility micronetwork concept consists of two aspects: leasing
of core network access from traditional operators; and service
agreements with users. Importantly, our incorporation of a user
service agreement into the arrangement means that resource
allocation must account for financial as well as physical resource
constraints. We evaluate the facility micronetwork concept by
analyzing the moments of the stochastic revenue process from
serviced users. Using our analysis, we demonstrate the impact
on the profitability of facility micronetworks based on physical
layer—modeled via stochastic geometry—and financial parame-
ters.

I. INTRODUCTION

Facilities such as universities, stadiums, and mines can

be a drain on wireless operator finances. In particular, fiber

backhaul rental, and base station (BS) installation and land

lease costs can be prohibitively high; particularly when a large

number of BSs are required. Moreover, the often unusual

characteristics of user demands—such as high upload rates

in stadiums [1]—can magnify these costs.

An alternative way to resolve the wireless operators’ fi-

nancial problems, is for facilities to develop the capability

run their own wireless cellular networks. Until recently, this

option was not available due to the high cost of installation

and operation of BSs. Fortunately, the problem of BS cost

has been overcome with the recent development of small-cells

[2]—leading to new potential for facilities to operate their own

networks.

There are several other important economic reasons moti-

vating the development of wireless cellular networks owned

and run by facilities. In particular,

1) The facility already owns or leases the property, which

means that there is zero sunk cost for positioning small-

cells.

2) The facility’s high bandwidth fibre network can be

exploited to provide high rates through advanced en-

hanced iter-cell interference cancellation (eICIC) for no

additional cost.

3) Facilities can offer more efficient power sources as they

also must power the facility (e.g., through large-scale

supply using solar cells).

4) Self organizing network (SON) innovation is promoted

as the facilities chase reduced operational expenditures.

An incremental approach to SON is also possible since

the facilities will have a relatively small number of

small-cells, which means that there are fewer complexi-

ties compared with the large-scale radio access networks

of traditional operators.

Although it is in principle possible for facilities to operate

their own cellular networks, they still require data and cus-

tomers to use their service. As such, a new network sharing

arrangement is required. In particular, both a data leasing

agreement with a traditional operator owning a core network,

and a service agreement with each user are needed.

In this paper, we propose such a network sharing arrange-

ment for facilities, called a facility micronetwork. In concept,

our facility micronetwork sharing arrangement bears similari-

ties to the ”local network operated by an independent actor”

classification for indoor cellular networks proposed in [3].

However, our facility micronetworks differ in two key aspects:

(i) facility micronetworks are not limited to indoor operation,

which is achieved using a general stochastic geometry model

that can in principle be extended to include BS cooperation

via eICIC techniques; and (ii) we propose a specific agreement

structure between operators, users, and our micronetworks.

To evaluate our facility micronetwork concept, we derive

an analytical expression for the moments of revenue from

serviced users. Using the moments, we then develop an

accurate approximation for the revenue cumulative density

function (CDF) via a series expansion in terms of orthogonal

polynomials.

It is worth pointing out that other work (see e.g., [4–8])

has also analyzed the revenue in small-cell or heterogeneous

cellular networks. Importantly, this work focuses on traditional

network sharing arrangements and is not immediately appli-

cable to our facility micronetworks. Moreover, we go beyond

the moments of the revenue by approximating the CDF, which

captures the magnitude of fluctuations in revenue.

Our analysis has two desirable consequences. First, the

revenue analysis provides a basis on which to compute the



probability of ruin, which is, roughly speaking, the probability

of facility micronetwork insolvency [9]. This metric is able

to inform real-world decision-making, and is widely used

in insurance [10–12] to properly account for fluctuations

in the micronetwork’s profit. Second, we demonstrate how

physical-layer and financial parameters interact, and affect the

stochastic revenue process moments. In particular, we show

that the first moment of the revenue process is not affected by

BS density, in the usual interference-limited operating region.

II. WIRELESS NETWORK MODEL

Consider the wireless network consisting of a traditional

wireless operator, the micronetwork (owned and operated by

the facility), and the operator’s subscribed users. The micronet-

work is able to access the traditional wireless operator’s core

network via a leasing agreement (detailed in Section III-A),

which means that the micronetwork can service the U users

subscribed to this operator.

The micronetwork operates in discrete time with block fad-

ing. Each time slot (also corresponding to a fading block), has

a duration (coherence time) of T seconds. The micronetwork’s

BSs are arranged according to a homogeneous spatial Poisson

point process (PPP) with intensity β. All users serviced by the

micronetwork:

(i) connect to the nearest micronetwork BS;

(ii) are arranged according to an independent stationary

point process; not necessarily Poisson.

The key consequence of these assumptions is that the distri-

bution of the distance R of a BS and any user it services is

given by [13, Section III-A]

Pr(Z ≤ z) = e−βπz2

2πzβ. (1)

Each micronetwork BS interferes with the others. Due to

the Poisson interferer assumption, the interference is M/M
shot noise [13]. As such, the received signal in the l-th time

slot (l = 1, 2, . . .) of a user’s connection is given by

yl = hl

√

r−α
U P0xl + nl + zl, (2)

where

(i) hl ∼ CN (0, 1) is the fading coefficient in time slot l.
All fading coefficients are independent.

(ii) rU is the distance between the user and its BS (the

closest one, distributed according to (1).

(iii) P0 is the power level the BS transmits at; not necessarily

constant.

(iv) α is the path loss exponent.

(v) xl ∼ CN (0, 1) is the complex Gaussian data symbol.

(vi) nl ∼ CN (0, σ2) is additive white complex Gaussian

noise (AWGN), with noise variance σ2.

(vii) zl is the M/M shot noise.

We also assume that the network is interference-limited. As

such, the instantaneous signal-to-interference and noise ratio

(SINR) in the l-th time slot of a given user’s connection is

given by

γl =
|hl|

2r−α
U P0

Il
, (3)

where Il is the interference power in the l-th time slot of the

connection. In particular, the interference power is given by

Il =
∑

m∈X\b0

gm,lPIr
−α
m , (4)

where

(i) b0 denotes the micronetwork BS under consideration and

X is the set consisting of the interfering BSs.

(ii) gm,l is the fading coefficient of the m-th interference

of the l-th time slot of the given user’s connection

(serviced by BS b0). All interference fading coefficients

are independent to each other and also the desired link

coefficients hl.

(iii) PI is the transmit power of each interfering BS, which

is assumed to be constant.

(iv) rm is the distance from the i-th interfering BS to the

user serviced by the micronetwork BS b0.

III. PROPOSED NETWORK SHARING ARRANGEMENT

In this section, we introduce our proposed network shar-

ing arrangement: facility micronetworks. In particular, our

micronetworks are based on a leasing agreement with the

traditional operator and a service agreement with each user.

Fig. 1 illustrates the setup.

Users Facility Micronetwork Traditional 

Operator

Core Networks

Service 

Agreement

Leasing

Agreement

Fig. 1. Network sharing arrangement diagram.

A. Proposed Leasing Agreement

In the leasing agreement, the micronetwork pays a fee to

the wireless operator that each user subscribes to. In return,

the wireless operators provide access to their core networks.

The fee that the micronetwork pays is dependent on two key

factors:

1) the traditional wireless operator that the user is usually

subscribed to;

2) and the duration of the each user’s connection to the

micronetwork.

Our proposed core network leasing agreement between

traditional operators and the micronetwork consists of the



connection fee for the j-th user, with connection ending in

the i-th time slot (user (i, j)). The connection fee is given by

C(τi,j) =
C∗

1 + e−τi,jT
, (5)

where T is the fixed length of each time slot, τi,j is the

duration of user (i, j)’s connection, and C∗ is the maximum

connection fee for users subscribed to operator.

Remark 1 (User indexing notation). In a given time slot,

multiple users are likely to conclude their connection. To refer

to a given user, we index it by the pair (i, j), where i is

the time slot that the user concludes its connection and j is

the index of the user in the set of users that conclude their

connection in time slot i. For example, when a user is the 4-th

user that terminates its connection in time slot 5, then the user

is indexed as (5, 4).

Observe that our proposed connection fee initially increases

with the connection duration, and eventually tends to C∗. This

means that the micronetwork’s connection fee is bounded for

each user, irrespective of the connection length. We view our

fee structure as reasonable since the cost for the traditional

operator to provide data for the core network should not

increase significantly with the duration of a user’s connection,

as access to data is typically more costly than data transport.

B. Proposed Service Agreement

The other key aspect of facility micronetworks is the service

agreement. The basic principle is that in exchange for wireless

service, the users are charged by the micronetwork. The

charges depend on four key factors:

1) the traditional wireless operator for which the user has

a subscription;

2) the duration of the users connection to the micronet-

work;

3) the quality of the wireless service requested (i.e., the

rate at which the user requests to be serviced);

4) the SINR of the link between the user and the micronet-

work BS that it is serviced by.

It is important to note that the service agreement depends on

the duration of user connections. This is in sharp contrast with

core network leasing, where the duration of connection does

not play a key role.

We assume that the service provider offers Q products of

varying QoS. In practice, the user selects an application that it

seeks to use—such as voice, video, or data—and the service

provider offers a QoS product that can support the application.

In order to provide increasing levels of QoS over the

wireless link, the micronetwork is required to employ an in-

creasing number of physical resources; for instance, additional

bandwidth, power, or infrastructure (e.g. relays or distributed

antennas). It is important to note that a different number

of physical resources are usually required in each time slot

to account for channel fading. As such, the micronetwork

varies the SINR in each time slot by a scaling factor ci,j,l

(corresponding to the l-th time slot of the connection for the

(i, j)-th user) to achieve

R
(q)
i,j = B log (1 + γi,j,lci,j,l) , (6)

where R
(q)
i,j corresponds to the rate required to support QoS

product q ∈ {1, 2, . . . , Q} for user (i, j) and ci,j,l encapsulates

the additional physical resources required to support QoS

product q.

In practice, the micronetwork’s physical resources are lim-

ited. As such, the scaling factor ci,j,l is upper bounded. We

also introduce a lower bound on ci,j,l so that the micronetwork

is guaranteed a minimum income, even when the channel is

good. This means that micronetwork can ensure that it can

pay the core network leasing fee, detailed in (8). Taking these

considerations into account, we define ci,j,l as

ci,j,l = max

{

min

{

2R
(q)
i,j /B − 1

γi,j,l
, cmax

}

, cmin

}

. (7)

Our proposed service agreement consists of the charge to

the j-th user to end its connection in the i-th time slot (user

(i, j)), which is given by

v(τi,j , ci,j) =

τi,j
∑

l=1

ci,j,lTρ, (8)

where ci,j = [ci,j,1, . . . , ci,j,τi,j ]
T is the vector of scaling

factors (each element corresponding to a different time slot)

to satisfy (6) and ρ is the premium rate; that is, the income

received from user (i, j) by the micronetwork per time slot

with a unit scaling factor. We assume that the premium rate

ρ is constant, irrespective of the operator that user (i, j) is

subscribed to.

IV. MICRONETWORK REVENUE ANALYSIS

In this section, we analyze the revenue from serviced users.

First, we derive analytical expressions for the moments of the

revenue. Second, we use the moments to develop an accurate

approximation of the revenue probability density function

(PDF) based on an orthogonal polynomial series expansion.

A. Revenue Moments

We now derive the moments of the stochastic revenue

process for a typical user with connection ending in time slot i,
which is possible due to Slivnyak’s theorem [14]. The revenue

from a single user as given by

V = v(τi,j , ci,j) =

τi,j
∑

l=1

ci,j,lTρ, (9)

where the scaling factor is

ci,j,l = max

{

min

{

(

2Ri,j/B − 1
)

PIIi,j,l

|hi,j,l|2d
−α
i,j P0

, cmax

}

, cmin

}

,

(10)

which follows from (8). We also define: A = PI(2
Ri,j/B−1)

P0d
−α
i,j

;

Hl = |hi,j,l|
2; and τ = τi,j .



In order to compute the moments, we require the moment
generating function (MGF) of V . In turn, the MGF is obtained
from the Laplace transform LV (t), which is given by

LV (t) = E

[

exp

(

−t

τ
∑

l=1

Tρh(AIl, Hl, cmax, cmin)

)]

= Eτ

[

EA

[(

EHl,Il

[

exp (−tTρh(AIl, Hl, cmax, cmin))

∣

∣

∣

∣

A

])τ ∣
∣

∣

∣

τ

]]

.

(11)

where h(AIl, Hl, cmax, cmin) = max
{

min
{

AIl
Hl

, cmax

}

, cmin

}

.

Note that Ri,j and τ have discrete support, so these expec-

tations are sums that we evaluate last. We now evaluate the

inner expectation over the interference I and the channel gain

Hl. Observe that the inner expectation can be written as

E(t) = EHl,Il

[

exp (−tTρh(AIl, Hl, cmax, cmin))

∣

∣

∣

∣

A, τ

]

= E1(t) + E2(t) + E3(t), (12)

where W = AIl
Hl

, which gives

E1(t) = E

[

e−tTρcmin

∣

∣

∣

∣

W < cmin

]

Pr (W < cmin)

= e−tTρcminPr (W < cmin) ,

E2(t) = e−tTρcmaxPr (W > cmax) ,

E3(t) = E

[

e−tTρW

∣

∣

∣

∣

cmin ≤ W ≤ cmax

]

× Pr (cmin ≤ W ≤ cmax)

=

∫ cmax

cmin

e−tTρwfW (w)dw, (13)

To compute E3(t), we integrate by parts to obtain

E3(t) = e
−tTρcmax

EI

[

e
−AIl/cmax

]

− e
−tTρcminEI

[

e
−AIl/cmin

]

+ tTρ

∫ 1
cmin

1
cmax

1

u2
e
−tTρ/u

EI

[

e
−AIlu

]

du.

This yields

E(t) = E1(t) + E2(t) + E3(t)

= e
−tTρcmax + tTρ

∫ 1
cmin

1
cmax

1

u2
e
−tTρ/u

EIl

[

e
−AIlu

]

du.

In order to compute E(t), we require EI [e
−AIlu],

EIl

[

e−AIlu
] (a)
= EX ,{gm}

[

e−Au
∑

m∈X\{b0} gmr−α
m

]

= EX ,{gm}





∏

m∈X\{b0}

e−Augmr−α
m





(b)
= EX





∏

m∈X\{b0}

Eg

[

e−Augr−α
m

]





(c)
= exp

(

−2πβ

∫ ∞

rU

(

1− Eg

[

e−Augz−α
])

zdz

)

,

(14)

where: (a) follows from Hl ∼ exp(1) and (4); (b) follows
from the fact that {gm} is independent of the spatial point
process; and (c) follows from the probability generating func-
tional of the PPP1. Continuing, we have

EIl

[

e
−AIlu

]

= exp

(

−2πβ

∫

∞

rU

∫

∞

0

(

1− e
−Agz−αu

)

ze
−g

dgdz

)

= exp

(

−2πβ

∫

∞

0

1

α

∫ r−α
U

0

(

1− e
−Agyu

)

y
−

2
α
−1

dye
−g

dg

)

,

(15)

which follows from the change of variables y = z−α ⇒ z =
y−1/α ⇒ dz = − 1

αy
− 1

α−1dy. After several manipulations
and by applying [15, Eq. 6.4552] (see [9] for more details),
we obtain

E[e−AIlu] = exp

[

−
2πβ

α

(

−
αr2U
2

g1 + 2F1

(

1, 2; 2−
2

α
; g3

)

g2

)]

,

(16)

g1 =

(

1−
1

1 +Aur−α
U

)

, g3 =
Aur−α

U

1 +Aur−α
U

g2 =
α

2

(

1

Au

)−
2
α

(

Aur−α
U

)1− 2
α

(

1− 2
α

) (

Aur−α
U + 1

)2 .

At this point, we can compute the Laplace transform and

obtain the moments via

E[V n] = (−1)n
dnLV (t)

dtn
|t=0. (17)

More explicitly, we have (using (14))

E(t) = e
−tTρcmax + tTρ

∫ 1
cmin

1
cmax

1

u2
e
−tTρ/u

EIl

[

e
−AIlu

]

du,

E
(s)(t) = (−Tρcmax)

s
e
−tTρcmax

+ s(−1)s+1(Tρ)s
∫ 1

cmin

1
cmax

1

us+1
e
−tTρ/u

EIl

[

e
−AIlu

]

du

− t(Tρ)s+1

∫ 1
cmin

1
cmax

1

us+2
e
−tTρ/u

EIl

[

e
−AIlu

]

du,

(18)

where E(s)(t) is the s-th derivative of E(t) and E[e−AIlu]
is given by (16). The moments are then easily obtained by

setting t = 0, and substituting (11) and (17).

B. Revenue CDF

Next, we compute the PDF of the revenue from a user

with connection ending in time slot i. It is clear from (9)

that the revenue V is a random sum and the form of ci,j,l
(see (7)) that the distribution of V is not readily obtained in

closed-form. As such, we instead adopt a principled approach

to approximating V , which is based on an Askey-orthogonal

polynomial expansion [16]. In particular, we use the Jacobi

polynomials since the support of the income V is bounded on

[−vi,min, vi,max]. This follows from the fact that both τi,j and

ci,j,l are bounded.

1The probability generating functional property of the PPP gives

E[
∏

x∈X
f(x)] = e−β

∫
R2

(1−f(x))dx.



It is important to note that the Jacobi polynomials are only

orthogonal on [−1, 1]. Hence, we need to transform V so

that it has also has support [−1, 1]. This is achieved via the

transformation

W =
2(V + vmin)

vmax + vmin
− 1, (19)

where vmin = −cminTρ and vmax = cmaxTρ.

The distribution of W via the Jacobi polynomial represen-

tation is then given by [16]

fW (x) ≈ K(x)

d
∑

m=0

amP (a,b)
m (x), (20)

where d is the order of the approximation, P
(a,b)
m (x) is the

m-th Jacobi poynomial with parameters a, b, am is given by

an =
B(a, b)(2n+ a+ b− 1)Γ(n+ a+ b− 1)n!

Γ(n+ a)Γ(n+ b)

×

∫ 1

−1

fW (x)P (a,b)
n (x)dx

= bn

∫ 1

−1

fW (x)P (a,b)
n (x)dx (21)

and K(x) is given by

K(x) =
(1 + x)a−1(1− x)b−1

B(a, b)2a+b−1
, (22)

where

B(x, y) = Γ(x)Γ(y)/Γ(x+ y). (23)

We note that the coefficients an minimize the mean square

error between the approximation and fW (x) as d → ∞.

As P
(a,b)
n is a polynomial, we can write an as

an = bn

∫ 1

−1

fW (x)

n
∑

s=0

ζn,sx
s = bn

n
∑

s=0

ζn,sE[W
s], (24)

where ζn,s corresponds to the coefficient of the s-th order term

of P
(a,b)
n . This means that the approximation is completely

characterized by the raw moments of W . Observe that the

moments of W are related to the moments of V via

E[W s] = E

[(

2(V + vmin)

vmax + vmin
− 1

)s]

, (25)

which can be readily evaluated (given the moments of V ) via

the binomial expansion.

The distribution of V is then obtained from the distribution

of W via the transformation

fV (x) =
2

vmax + vmin
fW

(

2(x+ vmin)

vmax + vmin
− 1

)

, (26)

where fW (x) is given by (20).

We verify the accuracy of the approximation and applica-

tions in Section V.

V. BUSINESS CASE: SIMULATION RESULTS

In this section, we develop an initial business case for

facility micronetworks. Our case is based on the network setup

in Table I and define Ad = 2R
(1)/B−1, where R(1) is the rate

product on offer. Intuitively, increasing Ad can be viewed as

increasing the offered data rate product.

We first consider the moments of the revenue E[V ]. These

moments are used to approximate the density function of

V , and ultimately compute the probability of ruin [9]. They

are also of interest in their own right. We show this next

by examining the role of key wireless network and financial

parameters α, β, cmin, and cmax.

TABLE I
SUMMARY OF NETWORK PARAMETERS.

Parameter P0 = PI wN Q Tρ

Value 1 0.2 1 1

In Table II, we compare the BS density β with the first

moment of V , E[V ], obtained numerically via (18) and via

Monte Carlo simulation. We point out that the moments

obtained numerically via (18) are in good agreement with the

moments obtained via Monte Carlo simulation. Importantly,

the moment E[V ] is constant irrespective of the BS density

for both the numerical and Monte Carlo approaches. We note

that this is a general trend, holding for all tested choices

of α. This suggests that the BS density does not play an

important role in networks well-modeled by PPPs, operating in

the interference-limited region. We believe the reason for this

is that as the density of BSs increases, there is an increase in

nearby interfering BSs, which is balanced by a closer servicing

BS. Note that the BS density has a similar effect of outage

probability in the low noise region, as shown in [13].

TABLE II
TABLE SHOWING EFFECT OF VARYING BS DENSITY β , FOR DIFFERENT

PATHLOSS EXPONENT α USING NUMERICAL (NUM.) AND MONTE CARLO

(M.C.) APPROACHES. EVALUATION PERFORMED WITH cmin = 0.1,
cmax = 100, Ad = 100.

β E[V ] Num., α = 3 E[V ] M.C., α = 3

0.01 76.5 75.5

0.1 76.5 77.0

1 76.5 76.4

Next, we consider the effect of the pathloss on the revenue.

Fig. 2 plots the pathloss exponent versus the expected revenue

E[V ], which shows excellent agreement between our numeri-

cal result (based on (18)) and Monte Carlo results. The trend

illustrated by the figure is that the revenue decreases as the

pathloss exponent increases, irrespective of Ad (corresponding

to different rate products R(1) on offer). This is due to the fact

that it is easier to service users with a high pathloss exponent

as it means that there are often lower interference levels.

Finally, we demonstrate our approximation of the revenue

density via basis expansion. To illustrate this step, the basis
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expansion approximation for the CDF of V is plotted in Fig. 3.

We observe that our numerical approximation is in good agree-

ment for revenue less than 200, and then has small oscillations

for high revenue values. As such, the approximation forms a

firm basis for further analysis of the probability of ruin, which

provides insight into the effect of fluctuations in the revenue

on long-term micronetwork profitability [9].

VI. CONCLUSIONS

Due to the recent availability of cheap small-cells and the

unique operating requirements of facilities, there is a need for

alternative network sharing arrangements. To this end, we pro-

posed the concept of facility micronetworks, which are based

on: a leasing agreement between traditional operators and the

micronetwork; and a service agreement between users and

the micronetwork. Unlike traditional operators, the local scale

of facility micronetworks means that technical design of the

network architecture is intimately connected with profitability.

To evaluate our micronetwork concept and develop an initial

business case, we analyzed the revenue for serviced users. We

demonstrated the interaction between physical-layer and finan-

cial properties of the network via an analytical expressions for

the revenue moments. Finally, we approximated the revenue

CDF via an orthogonal polynomial series expansion, which

forms a basis for further analysis of long-term micronetwork

insolvency with fluctuations in the revenue.
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