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Abstract—Small cell network is designed to provide mobile
services to hot spots by deploying a large number of small access
points (APs). As traditional network deployment requires costly
AP location acquisition, cost-effective network deployment is
necessary for small cell networks. We investigate this question by
studying the network performance in terms of spatial outage and
throughput of a completely random topology in comparison to
that of a perfectly regular topology. Using a stochastic geometry
model of user SINR in a random topology, our results show that
the performance gap in terms of user SINR guarantee becomes
narrow when the network density increases during the network
densification. By a massive deployment, the loss is about 1 dB.
Besides, it is at about 18% loss in user average throughput. These
comparative results would provide helpful information to choose
an appropriate deployment. In particular, as far as this relatively
small performance loss can be compensated by other network
control algorithms, the massive random deployment of a small
cell network becomes attractive considering the cost reduction
by the given deployment freedom.

Index Terms—Small cell networks, massive deployment, log-
normal interferers, outage probability, user signal quality.

I. I NTRODUCTION

The journey from voice to ubiquitous broadband data
service is taking place all over the world. Today’s mobile
cellular networks are facing rapidly increasing data traffic.
Meanwhile, they have to provide full coverage of wireless
access anywhere and anytime. Reducing cell size [1] is one of
the most effective approaches to reduce inter-cell interference,
improve the spatial reuse of radio resource, and increase
system capacity. The future of mobile networking will be small
cells for greater spectrum and energy utilization efficiency
[2]. This would result in the heavy densification of small
cell networks from hot spot femtocell and home base station
installation to a universal coverage.

Small cell network is known as an attractive way to support
high data capacity by increased spectral efficiency. It should
also offer pervasive broadband wireless services with minimal
outage. However, due to the potential high density of a
small cell network, traditional network deployment relying on
expensive base station location determination and acquisition
is economically unsustainable. A cost-effective deployment
is necessary to meet the promises of low capital and oper-
ational expenditure. Constraint-free network deploymenthas
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been seen as a potential solution. As such, a small cell is
equipped with lightweight antenna in replacing traditional
bulky transceiver unit or big base station and can be installed
by the operator or end user arbitrarily for various scenarios
[3]. This in return will introduce new technical challenges
and do require performance evaluation and reliability stud-
ies beyond existing knowledge obtained in traditional macro
cellular systems. Among those, the question about the network
performance gap between such a random network deployment
and a traditional regular topology is addressed in this paper.

For mobile cellular networks, analysis of signal quality
and outage probability is necessary in order to determine
quality-of-service (QoS) guarantee and to optimize resource
utilization efficiency. In [4], the average outage probability
and cumulative distribution function (CDF) of the signal-to-
interference-ratio (SIR) is derived for centrally locatedmacro
base stations whenlog-normal interferers are present and the
service area is covered by contiguoushexagonal cells. In
[5], outage probability due to joint interference signal with
combined log-normal and Rayleigh fading is derived under
similar settings. The given method of exact analysis in [5]
aims to avoid the approximation of the distribution of received
powers that is usually taken in the literature but cannot yield
simple or closed-form solution.

In [6], a generic framework of stochastic geometry for
characterizing the signal quality of wireless networks con-
sisting of randomly scattered transmitter nodes is proposed.
The joint distribution of the interference and maximum signal-
to-interference-plus-noise ratio (SINR) is investigatedso as
to determine the characteristics of the best signal quality.
Similarly, [7] considers cellular wireless networks wherethe
locations of base stations form a Poisson point process and
each mobile is attached to the base station that provides it the
strongest signal power. Explicit forms of outage and handover
probabilities are derived. Nevertheless, easily computable ex-
pressions are available only in some cases. In [8], analysis
of the probability of coverage in wireless networks composed
of random cells is provided. Elegant forms of the coverage
CDF with high tractability are obtained when considering
exponentially distributed interference power (e.g., Rayleigh
fading), interference-limited networks (in such case the noise
term is neglected) and/or specific path loss exponent (e.g.,
β = 4). It is known that exact analysis of the user SINR
quality under multiplelog-normal interferers is difficult, not to



mention that deriving highly computable forms would be very
challenging. Their tractability would permit us to efficiently
conduct performance analysis.

In this study, we aim to provide simple analytical expres-
sions of user SINR quality with respect to random small
cell networks under multiple log-normal interferers and to
conduct a performance analysis of its QoS in comparison
to that in a perfectly regular cell deployment. For the latter,
we resort togrid topology which is the tailor-made model
widely accepted for simulations of small cells and has been
considered as a good reference of performance upper bound
(see e.g., [8]–[10]). A key question to be answered in this
paper is: how “good” or “bad” it would be if one may
deploy massive small cells and allow them to be located
arbitrarily? Notice that deriving analytical expression of SINR
quality under grid topology is very difficult and still an open
problem. We therefore restrict the scope of this paper and
evaluate the performance of grid topology by simulations in
the comparative study.

The rest of the paper is organized as follows. Section II
describes the system model and problem formulation. Sec-
tion III provides the distribution of the user SINR quality and
outage under random cells following the analytical framework
of [6] which allows to characterize various combination of
interferers under stochastic geometry. Section IV presents the
numerical result and comparison. Finally, Section V contains
the conclusion.

II. SYSTEM MODEL

The underlying network is composed of a number of access
points (APs). Each of them is equipped with a lightweight
omni-directional antenna. For mathematical convenience,here
we consider frequency-reuse one. Note that the result can
be extended to a lower frequency-reuse factor which can be
treated similarly. When a user is served by an AP, this latter
is called the serving AP of the user. Here, we consider an
open access small cell network and assume that the downlink
signals are sent at a fixed transmit power from all the APs.
In particular, such consideration is efficient in today’s 3GPP-
LTE where the same amount of power is transmitted on all
resource blocks and there is no or very limited power control
in the downlink [11].

In principle, a wireless cellular network should be deployed
in such a way that the base stations or access points are
placed as regularly as possible so as to minimize the inter-
cell interference and to reduce system costs while keeping
coverage continuity and minimal signal outage. However, due
to the practical installation constraints of access pointsand
also the unpredictability of user patterns, the irregularity and
randomness of AP locations are almost unavoidable in reality.

To represent the network random deployment, it is assumed
that APs are randomly distributed on a two-dimensional Eu-
clidean planeR2 according to a homogeneous Poisson point
process (p.p.) with intensityλ. This assumption is motivated
by two facts. Firstly, it allows handy mathematical develop-
ments while providing reliable performance lower bound to

reality and is intensively used in the literature. On the other
hand, from information-theoretic viewpoint, the homogeneous
Poisson p.p. has the maximum entropy among all homoge-
neous point processes with a given intensity [12]. That is, the
locations of APs under a homogeneous Poisson p.p. are the
least regular, in contrast to a regular structure like grids. As
such, a homogeneous Poisson p.p. will tell us the maximum
performance gap of a random deployment compared to an
ideal deployment. This is also the main motivation of our
study. Within this model, let us denote byxi ∈ R

2 the location
of an AP i.

By the above considerations and notation, the signal strength
from an APi received at a locationy ∈ R

2 is thus expressible
as:

pi(y) = AXi/l(‖y − xi‖), (1)

where A is the constant power,‖y − xi‖ is the receiver-
transmitter distance, andl(·) is the bounded power-law path
loss function which is expressible as:

l(d) = (max(d, dmin))
β , for d ∈ R+,

wheredmin is a strictly positive distance, andβ is the path loss
exponent, for example2 < β ≤ 4. Random variables{Xi}
refer to fading. In a general sense, the fading includes medium-
scale variations which are due to shadowing, and short-scale
fluctuations whose main effect is on the bit-level performance.
For a system-level analysis like ours, only medium-scale
variations are concerned [4]. Hence,{Xi} describe shadowing
which is assumed log-normal such thatXi , 10X

dB
i /10 in

which {XdB
i } are independently and identically distributed

(i.i.d.) Gaussian random variables with zero mean and stan-
dard deviationσdB (i.e., Xi ∼ Lognormal(0, σX), where
σX = log 10

10 σdB). σdB is typically around 8 dB. The above
may also refer to a wireless network in which the propagation
attenuation of the radio signal is dominated by the distance-
dependent path loss and log-normal fading.

The signal quality of APi expressed in terms of signal-to-
interference-plus-noise ratio received aty is given by:

Qi(y) =
pi(y)

N0 +
∑

j 6=i pj(y)
, (2)

whereN0 is the thermal noise average power and
∑

j 6=i pj(y)
is the sum of interference. For notational simplicity, let
Pi(y) , pi(y)/N0. We can re-write (2) as:

Qi(y) =
Pi(y)

1 +
∑

j 6=i Pj(y)
. (3)

In the following, the spatial outage and throughput are
analyzed with respect to a nominated user located at the origin
(i.e., y = 0). For this user, letB be a disk-shaped network
area of radiusRB centered at the origin. Note that in case of
no ambiguity, we will omit the location variabley in involving
definitions for notational simplicity.

III. SPATIAL THROUGHPUT ANDOUTAGE

Using the above definitions, we are able to formulate and
derive the spatial throughput and outage.



A. Problem Setup

According to the concept of cellular network, the geographic
area where the signal quality of a base station is better than
that of any other base station and is higher than a required level
is called acell, i.e., the service coverage of the base station.
A mobile is in outage if the best signal quality received at its
location from all APs is below the required level. Theoutage
analysis thus naturally consists in determining the probability
that the best signal quality is below a targeted threshold. On the
other hand, thethroughput analysis is a little bit more complex.
In principle, it should be beneficial to the network throughput
to associate each mobile to the AP from which it obtains the
best signal quality. However, such an operation may require
frequent switching of mobiles from one AP to another and thus
introduce significant handover overheads. In practice, there
would be a consideration of the overhead cost and user benefit
tradeoff before performing a handover. To avoid making this
study cumbersome, we simply assume that APs have unit
bandwidth and that each mobile is always connected to the AP
of best signal quality in our throughput analysis. This provides
the upper bound of the network throughput.

Let Y be the best signal quality received from the APs
locating inB. Following (3), it is expressed as:

Y , max
xi∈B

Qi. (4)

Denote byΘ and T respectively the outage probability and
average throughput of the nominated user, and letγ be target
service threshold. It is clear that:

Θ = P(Y < γ), (5)

and

T =

∫ ∞

0

log(1 + γ)FY (dγ), (6)

where FY denotes the distribution (CDF) ofY . Here note
that T is defined by the notion of Shannon’s capacity of unit
bandwidth.

To investigate the above metrics, the distribution ofY is
essential. We will give its analytical expression as well as
evaluation results in the subsequent sections.

B. General Expression

To begin with, we need to establish some technical details
below. By (3), we can re-write (4) as follows:

Y =
M

1 + I −M
, (7)

where M , maxxi∈B Pi and I ,
∑

i Pi. It is clear that
∑

j 6=i pj = I −M andM ≤ I.
It is observable that in (7), the distribution ofY can be

determined by the joint distribution ofM andI. Precisely, we
can have the following expression:

F̄Y (γ) = P (M/(1 + I −M) > γ)

= P (I < (1 + 1/γ)M − 1)

=

∫ ∞

u=0

∫ (1+1/γ)u−1

v=u

f(I,M)(v, u)dv du, (8)

provided thatf(I,M) denoting the joint probability density
function of I andM exists. The question now is to determine
f(I,M). For this, one can resort to the analytical establishment
of [13] and complete (8). The next subsection is reserved for
its detailed analytical results.

C. Analytical Form

To determinef(I,M) andFY , we look back to our objective
that is to compare the network performance between random
and grid topologies. We need a common setup for this com-
parison and consider that there is the same number of APs in
the areaB, sayk. By the assumption of Poisson p.p. of APs
and the condition that there arek APs, thesek APs are then
uniformly distributed inB. As a result,Y andM are the best
signal quality and the maximum signal strength received from
thek APs uniformly distributed inB, respectively. This allows
us to directly use the result of [13, Theorem 2]. Precisely, we
have:

FY (γ) ≈

∫ γ

0

fM (u)

∫ ∞

0

2e−δwα

πw
sin

(

w
u− γ

2γ

)

× cos
(

wu+ w
u− γ

2γ
− δwα tan

πα

2

)

dwdu, (9)

whereα = 2
β , δ = πλ (A/N0)

α
Γ(1 − α) cos(πα/2)eα

2σ2
X/2

with Γ(·) denoting the gamma function [14], andfM is the
probability density function of random variableM , which is
expressible as:

fM (x) = k · fP (x) · F
k−1
P (x) (10)

with FP denoting the CDF of the signal strength which is
given by:

FP (x) = c
{

a−αG1(x)− b−αG2(x)

− eνx−αG3(x) + eνx−αG4(x)
}

, (11)

where a = (A/N0)R
−β
B , b = (A/N0)d

−β
min, c =

(A/N0)
α/(R2

B−d2min), ν = 2σ2
X/β2, andGj=1,2,3,4 refers to

the CDF of log-normal distribution with parameters(µj , σX)
with µ1 = log a, µ2 = log b, µ3 = µ1 + ασ2

X , and
µ4 = µ2 + ασ2

X . Note thatfP (x) = dFP (x)/dx.
In the following, we will apply the above results and

conduct a performance analysis of the random deployment in
comparison to grid topology.

IV. N UMERICAL RESULT AND COMPARISON

We consider 3GPP pico-cell settings for the setup of small
cell networks. Consider that there arek access points in an
area of1000 m× 1000 m. The equivalent network density is
given byk cell/km2. The excluding distancedmin is set to two
meters.

The propagation path loss in the small cell network is given
by the following path loss model [15]:

PL[dB] = 37 + 30 log10(d) + 18.3f ( f+2

f+1
−0.46), (12)

whered is the distance in meters from the antenna andf is
the number of penetrated floors in the propagation path. Note
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Fig. 1. A comparison of the analytical and simulation results.

that for indoor office environments, the default value off is
4 [16]. However, for dense wireless network that could be
located generally including outdoor urban areas where there
are less penetrated walls and floors,f = 3 is considered in
our study.

It is assumed that the total transmit power including the
antenna gain of each small cell is 32 dBm. Shadow fading is
modeled as random variable with log-normal distribution of
zero mean and standard deviation8 dB. The signal strength
received at any distanced from an access pointi is thus
expressible as:

32[dBm]−37−18.3f ( f+2

f+1
−0.46)−30 log10(d)+X

(dB)
i . (13)

The received noise powerN0 is given by:

N0 = kBTKelvin ×NF ×W, (14)

where the effective bandwidthW = 3.84× 106 Hz, kB is the
Boltzmann constant,TKelvin is the room temperature in Kelvin
such thatkBTKelvin = 1.3804 × 10−23 × 290 W/Hz, and the
noise figure at the mobile, denoted byNF , is equal to 7 dB.

Fig. 1 plotsFY (γ) by the analytical expression (9) with
different network density. We also perform simulations to
verify its validity. In the simulation, under each network
density, we generate 30000 topologies by the Poisson p.p.
and then compute the performance. Fig. 2 shows a typical
example of the randomly generated small cell networks in the
simulation. It is observed that the analytical result is in agood
agreement with the simulation result. There is only a negligible
error in the overall performance.

In the following, we investigate small cell network perfor-
mance under random topology in comparison to that of the
perfectly grid topology, which is a reference of performance
upper bound. Fig. 3 shows an example of the small cell
network in the grid topology where there are 49 access points.

To begin with, we compare their outage probability in
Fig. 4. Note that since the difference between the analytical
and simulation results under random topology is generally
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Fig. 2. Small cell network of random topology where there are 49 APs.
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Fig. 3. Small cell network of grid topology where there are 49 APs.

negligible, for the readability of the figures, we will only show
one of them. It is observed in Fig. 4 that for each outage level,
there is in general an SINR performance loss due to random
topology relatively to that of grid topology. However, one can
see that the gap becomes narrow whenk goes to large, during
the network densification. Table I indicates the performance
loss with respect to the QoS guarantee and under different
network density. In sparse small cell networks wherek ≤ 25,
the loss is around 3 to 4 dB. Whenk = 100, the loss is around
2 dB. In dense small cell networks wherek ≥ 400, the loss
is about 1 dB.

Besides, we investigate the user spatial average throughput.
As shown in Fig. 5, the average throughput increases ask
goes from 9 to 400, in both the random and grid topologies.
However, it should be noted that a further densification may
not be able to improve the SINR quality. Over-densification
(see e.g.,k = 1600) would lower the expected SINR such
that the average throughput also drops. Comparing the average
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TABLE I
PERFORMANCE LOSS OFSINR GUARANTEE DUE TO RANDOM TOPOLOGY

(UNIT: dB)

Outage prob. 10
−1

10
−2

10
−3

10
−4 Average loss

k = 9 3.22 3.61 3.81 4.00 3.66
k = 16 3.06 3.72 3.89 4.16 3.71
k = 25 2.72 3.44 4.28 4.89 3.83
k = 49 1.89 3.17 4.00 4.16 3.31
k = 100 1.39 1.83 2.72 2.78 2.18
k = 225 1.04 1.12 1.19 1.56 1.23
k = 400 0.94 1.00 1.00 1.22 1.04

throughput in the random and grid topologies, we see that
there is a roughly constant performance loss of 18%, for16 ≤
k ≤ 1600. There is a performance gap about 0.30 bps/Hz for
36 ≤ k ≤ 1600, on average.

V. CONCLUSION

In this paper, we provide analytical results of the user
SINR quality in random small cell networks under log-normal
interferers and investigate the spatial outage and throughput
in comparison to that of the perfectly regular topology. It is
observed that the performance gap in user SINR guarantee
becomes narrow when the number of access pointsk per
square kilometer goes to large. By a massive deployment, the
loss is about 1 dB whenk = 400. Besides, it is at about 18%
loss in terms of spatial throughput. Overall, massive random
small cell networks are quite recommendable, considering the
relatively small performance loss and the great deployment
freedom that cell location planning and optimization is not
required and one can locate the access points randomly.

In addition, we note two potential extensions of this work.
Here, the outage probability and SINR distribution are de-
termined under the downlink co-channel interference. One
would be interested to extend the result to the uplink scenario.
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Fig. 5. Spatial average throughput versus the number of access points.

Besides, simple analytical expression of the SINR quality and
outage probability under the grid topology is highly desirable.
However, the problem appears challenging.
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