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Abstract—To meet massive wireless traffic demand in the
future fifth generation (5G) cellular networks, small cell
networks are emerging as an attractive solution for 5G network
deployments. The cellular coverage characteristic is a key
issue for the deployment of small cell networks. Considering
the anisotropic path loss in wireless channels of real cellular
scenarios, in this paper the fractal coverage characteristic is
first used to evaluate the performance of small cell networks.
Moreover, the coverage probability, average achievable rate
and the area spectral efficiency are derived for fractal small
cell networks. Compared with the average achievable rate
and area spectral efficiency with isotropic path loss models,
the average achievable rate and area spectral efficiency with
anisotropic path loss models has been underestimated in fractal
small cell networks. Considering the impact of the anisotropic
path loss on wireless channels, most of performances of
wireless cellular networks need to be re-evaluated. This paper
provides a tractable method to investigate the performance of
small cell networks with fractal coverage characteristics.

Index Terms—Small cell, wireless fractal coverage model,
coverage probability, area spectral efficiency, anisotropic path
loss.

I. INTRODUCTION

OTIVATED by new applications, e.g., virtual reali-
Mty and augmented reality applications, the wireless
traffic will increase more than 1000 times for 5G cellular
networks in the next decade [1], [2]. As one of the potential
solutions, the idea of providing small cell deployments has
proven to be an attractive solution to meet the 1000 times
capacity crunch [3]-[5], while bringing additional energy
efficiency (EE) to the system as well. Different from macro
cells, small cells with lower transmission power are mostly
deployed in high traffic demand areas, e.g., urban scenarios.
However, due to the irregularly distributed buildings, non-
uniformly distributed vegetation and changing weather in
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those areas, the wireless propagation environment is quite
changeable and complex, which results in the irregular wire-
less coverage of small cell and influences the performance
of small cell networks. The measurement results in [6]
indicated that the irregular cellular coverage boundary in ac-
tual wireless communication environments has the statistical
fractal characteristic in angular scales. Hence, to optimize
the deployment of small cell networks, the complexity of
wireless propagation environments and wireless coverage
characteristics need to be considered for performance e-
valuation of small cell networks. However, considering the
complexity of wireless propagation environment, it is a
great challenge to investigate the performance of small cell
networks with wireless fractal coverage characteristics.

A. Related Work

Most of existing studies involving with small cell net-
works have been based on the assumption of seamless
coverage scenarios, such as the regular hexagon cellular
coverage model and Poisson-Voronoi tessellation (PVT)
cellular networks [7]-[12]. In conventional performance
analysis of cellular networks, the regular hexagon cellular
coverage model has been widely adopted in [7], [8]. Based
on the regular hexagon cellular coverage model, a pilot reuse
scheme was proposed to analyze the lower bound of uplinks
in a massive MIMO wireless communication system [7].
Utilizing the fractional frequency reuse scheme, the regular
hexagon cellular coverage region was divided into the center
region and the edge region to investigate the coverage
probability and the available rate for cellular networks [8].
Although the regular hexagon cellular coverage model can
easily build a cellular network for realizing the seamless
and non-overlap coverage [9], the impact of the density of
base stations (BSs) on the performance cellular networks is
ignored. However, the locations of BSs usually are random
and the coverage areas of BSs are often irregular in real
cellular scenarios [10]. To overcome these shortcomings,
the locations of BSs have been assumed to be governed by
Poisson point processes and cellular coverage regions have
been partitioned by a Delaunay triangulation method to es-
tablish seamless random cellular networks [11], [12]. Based
on Poisson-Voronoi tessellation (PVT) cellular networks, a
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tractable approach was proposed to analyze the coverage
probability and available rates in random cellular networks
[11]. Considering the user traffic load in cellular regions,
a Markov chain based wireless channel access model was
used to evaluate the spatial spectral and energy efficiency
of PVT random cellular networks [12]. In general, the
two cellular coverage models mentioned above are used
for seamless networks and both define the cell coverage
boundary by geometric partitioning. But irregular distribu-
tion buildings and shelters in actual wireless communication
environments result in the complex attenuation of wireless
signals and the irregular cell coverage boundary, which
make some users not) associate with the cellular networks
successfully. Hence, the “leakage cover” phenomenon is
inevitable in wireless cellular networks.

The path loss is one of the key components for complex
wireless transmission channels. Most of the existing studies
involving small cell networks have been based on the as-
sumptions of conventional path loss models [13], [14]. The
conventional path loss fading models imply that the wireless
signal power decays like a power-law over the propagation
distance and the decay rates called path loss coefficients
are the same in different propagation directions, which is
called isotropic path loss model in this paper. Utilizing a
non-uniform deployment scheme with isotropic path loss
model, the downlink coverage and throughput performance
of small cell networks were investigated in [14]. When
small cells are ultra-densely deployed in urban regions, the
non-line-of-sight (NLoS) and line-of-sight (LoS) wireless
transmissions have been simultaneously existed in small cell
networks. In these cases, conventional path loss models,
i.e., isotropic path loss models, have been indicated to
be not suitable for small cell networks [15]. A stochastic
path loss model incorporating both LoS and NLoS wireless
transmissions was introduced to investigate their impact
on the performance of dense small cell networks [16]. A
stochastic geometry framework was proposed to study the
coverage probability, the spectral efficiency and the area
spectral efficiency of dense small cell networks where the
path loss model includes both LoS and NLoS components
[17]. Multi-slope path loss models, where different distance
ranges are subject to different path loss exponents, were
proposed to analyze the throughput and the coverage prob-
ability of cellular networks [18].

In above studies, the differentiation of path loss coeffi-
cients has been limited in different distance ranges. How-
ever, buildings and obstacles are distributed irregularly in
urban environments and electromagnetic waves in different
directions experience different path loss considering differ-
ent diffraction and scattering effects in different propagation
directions, which conduce to the non-seamless coverage and
irregular coverage boundary in real cellular scenarios. The
path loss models, i.e., the path loss coefficients are different

not only in different propagation distance ranges, but also in
different propagation directions even with the same distance
range in real cellular scenarios. Therefore, the path loss
models are anisotropic in real cellular scenarios. Small cells
are mainly deployed in urban environment to offload the
wireless traffic from macro cell BSs [19], since it is an
inevitable challenge to investigate the impact of anisotropic
path loss on the performance of small cell networks.

B. Contributions and Organizations

Based on our measurement results in [6] and related
research work mentioned above, in this paper, the fractal
characteristic of cellular coverage and anisotropic path loss
model are first utilized to investigate the performance of
small cell networks. The main contributions of this paper
are summarized as follows:

1) Compared with conventional seamless coverage sce-
narios, a stochastic geometry small cell scenario with
irregular wireless fractal coverage is proposed to ana-
lyze the coverage probability, the average achievable
rate and area spectral efficiency in small cell networks.
The wireless fractal coverage characteristic is able
to capture the anisotropy of path loss in realistic
propagation environments in small cell networks.

2) Based on the wireless fractal coverage characteristic,
the coverage probability, the average achievable rate
and the area spectral efficiency are derived for the per-
formance analysis of small cell networks. Moreover,
the lower bound of average achievable rate is derived
for a typical user in fractal small cell networks.

The main observations of this paper are list as follows:

1) Compared with the coverage probability with isotrop-
ic path loss models in small cell networks, analytical
and Monto-Carlo simulation results indicate that the
coverage probability with anisotropic path loss models
has been overestimated in low signal-to-interference
ratio (SIR) regimes and has been underestimated in
high SIR regimes.

2) Compared with the average achievable rate and area
spectral efficiency with isotropic path loss models, the
average achievable rate and area spectral efficiency
with anisotropic path loss models have been underes-
timated in fractal small cell networks.

The rest of the paper is organized as follows. Section II
describes the system model. In Section III, the coverage
probability, the average achievable rate and the area spectral
efficiency have been derived for small cell networks based
on wireless fractal coverage characteristics. Furthermore,
the performance analysis of fractal coverage small cell
networks with anisotropic path loss has been simulated
and compared with the performance of fractal small cell
networks with isotropic path loss in Section IV. Finally,
Section V concludes this paper.
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II. SYSTEM MODEL
A. Fractal Foundation

Fractals are complex geometric features exhibiting self-
similar properties in that small details of its structure
viewed at any scale repeat elements of the overall pattern.
As mathematical equations, fractals are usually nowhere
differentiable. An infinite fractal curve can be conceived
of as winding through space differently from an ordinary
line, still being a 1-dimensional line yet having a fractal
dimension indicating it also resembles a surface [20]. A
fractal dimension is an index for characterizing fractal
patterns or sets by quantifying their complexity as a ratio
of the change in detail to the change in scale. The quan-
tization of a fractal dimension is typically estimated by
the value of the Hurst parameter. Three typical statistical
estimators, that is, the periodogram method, the rescaled
adjusted range statistic (R/S) method, and the variance-time
analysis method, are utilized to estimate the value of the
Hurst parameter for real worlds [21]. Our measured results
indicated that the irregular cellular coverage boundary in
actual wireless communication environments has the fractal
characteristic in statistics [6].

B. Network Model

In this paper our studies focus on downlinks of small cell
networks. Assume that small cell BSs (SBSs) are located
randomly in an infinite plane. We consider that the locations
of user/SBS are modeled as a Poisson cluster process (PCP),
with the parent point process, i.e., the locations of SBSs
modeled as a Poisson point process (PPP) denoted by
®p having density Ap, and the daughter point processes
are independent and identically distributed (i.i.d.), i.e., the
locations of users modeled as an independent Bernoulli
process ®,, with density A,. Every SBS is assumed to be
equipped with V; transmission antennas and have the same
transmission power p;(W). Every small cell is associated
with one SBS. Without loss of generality, a fractal small
cell Cy, where the SBS SBS, is associated, is selected
to evaluate the performance of small cell networks. Every
user is equipped with single receive antenna. The number
of users served by each SBS in a given resource block is
N, and N, < N;.

Based on our measured results [6], the coverage boundary
of cellular scenario has the fractal characteristic, i.e., the
distance distribution between the SBS and the coverage
boundary that presents the fractal characteristic in the angle
domain, which is defined as fractal small cells in this paper
and the fractal characteristic is caused by the anisotropic
of path loss in real propagation environments. The system
model is illustrated in Fig. 1, where the SBS SBSj is
marked as blue and the blue real line is the coverage
boundary of fractal small cells.

((R)) Small cell base station(SBS) +~~\_/ Fractal small cell coverage boundary

Distance between user and SBS

((i)) Possible interfering SBS

ﬁ Mobile user Distance between boundary and SBS

Fig. 1. System model

The orthogonal frequency division multiplexing (OFDM)
technique with frequency reuse factor ¢ is assumed to be
adopted for the access process in small cell networks and
every subcarrier frequency is only serviced for one user
in a time slot. Hence, there is no intra-cell interference
in a fractal small cell. Active users are interfered by the
interference from adjacent fractal small cells using the same
transmission frequency.

Obviously, different from the traditional hexagonal and
PVT cellular networks which split the two-dimensional
plane into multiple regular triangles, squares, or regular
hexagons that seamlessly cover the service region without
overlaps, the fractal small cell network proposed in this
paper is a seam cover network, which means that a user
located outside the coverage boundary is omitted in cellular
networks.

C. Path Loss Model

Without loss of generality, the traditional path loss model
is denoted by [ = r—#, where 3 is the path loss coefficient
and assumed to be the same in all propagation directions,
i.e., the isotropic path loss model. However, the propagation
of electromagnetic waves in objects is complicated and is
affected by various factors including the carrier frequency,
the height of antennas, the nature of the terrain, the urban-
ization, changes in atmospheric and weather environment,
the speed of mobile users, changes in foliage conditions, the
surrounding buildings, obstacle distributions, scatterers, and
so on [22]. Especially, surrounding buildings and scatterers
are distributed irregularly in urban environments which is
showed in Fig. 1. As a consequence, the path loss of wireless
signals is different not only in different propagation distance
ranges, but also obviously in different propagation directions
because many of those factors are random in natural urban
environments. However, the traditional path loss i.e., the
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isotropic path loss model in a cellular coverage has been
assumed to be same in different directions without consid-
ering the anisotropic of path loss in urban environments.

The distance between the small cell BS and the coverage
boundary is denoted as R, .y, the transmission power of
small cell BS is configured as py, the farthest locations of the
cell coverage area are denoted as the wireless cellular cov-
erage boundary points, where the average received wireless
signal power is equal to the minimum threshold P, (W).
Based on the results in [18], the path loss coefficient is
derived as

log %
ﬁ log R'HLQ!I? ’ (l)
Moreover, measured results in [6] imply that the shadow-
ing effect has few impact on the fractal coverage character-
istics in cellular scenarios. As a consequence, the Rayleigh
fading model is considered in this paper, but the shadowing
effect is ignored in wireless channels [18], [19], [23].

D. Coverage Boundary Model

In this paper, the cell coverage area in a cellular system
is configured as the expected percentage of area within
a cell that has received power above a given minimum
threshold [9]. Based on results in [6], the coverage boundary
of cellular scenario has the fractal characteristic, i.e., the
distance distribution between the SBS and the coverage
boundary presents the fractal characteristic in the angle
domain. Hence, the fractal small cell defined as the cov-
erage boundary presents the fractal characteristic in the
angle domain, i.e., Hurst effect. In [24], an alpha-stable
distribution with the heavy-tail characteristic is applied to
fit the distance from the cellular coverage boundary to the
base station, which further confirms the heavy-tail effect
and fractal characteristics of the cellular boundary in angle
domain. However, most of alpha-stable distributions have
not closed forms. It is difficult to derive and analyze the
performance of fractal cellular regions, e.g., the coverage
probability, based on the alpha-stable distributions. Pareto
distributions have the heavy-tail and fractal characteristics
in mathematics and can be expressed by a closed form.
Hence, Pareto distributions are widely used to analyze the
performance of wireless networks with heavy-tail and frac-
tal characteristics [25]. To overcome the problem without
closed forms in alpha-stable distributions, in this paper the
Pareto distribution has been used to model the distances
between the SBS and the coverage boundary of fractal small
cell, whose probability density function (PDF) is expressed
by [26]

Rumax ™ 0 < Rpax <0

e
R — vE—gp—¢€
S Rmax (Rmax) { 0, otherwise

(@)

where € € (1,2] is the fractal parameter and reflects the
heaviness of the distribution tail. When the value of fractal
parameter ¢ is closer to 1, the distribution tail of Ry ax
becomes heavier. To estimate the fractal parameter € in
practice, the Hurst parameter H, which is widely used for
evaluating the fractal characteristic in practice [27], is used
to derive the fractal parameter € as follows [28]

e=3—2H. 3)

Moreover, the Hurst parameter H can be estimated in
practice by the Periodogram Method, the Rescaled Adjusted
Range Statistic (R/S) Method and the Variance-Time Analy-
sis Method [29]. For example, the value of Hurst parameter
in urban area is estimated as 0.9 from the measured data in
[6]. Based on (2), the fractal parameter ¢ can be configured
as 1.2 for (1). This result implies slower decaying in the tail
of PDF curve and more burstiness in the defined distances
between the coverage boundary and the BS. Moreover, if
the value of ¢ is smaller, then the fractal characteristic is
stronger in Pareto distributions. v represents the distance
between the nearest coverage boundary location and the BS,
i.e., the minimum of Ry,.x, and 1) represents the farthest
coverage boundary location and the BS, i.e., the maximum
of Rpax, respectively.

max
o
o
a

o

o

=
.
.

0.03r % 7
-=e=2
--e=1.5

0.02 1.2 1

o
o
=

¥:0.006772

Probability density function of R

Fig. 2. PDF of the distance R4 considering different
values of ¢ .

Fig. 2 shows the PDF of R,,.x with respect to the distance
variable considering different fractal parameters . When
the fractal parameter ¢ is fixed, the PDF of R,,,x decreases
with increasing values of R,,x. When the distance variable
Rax 18 less than 90 meters, the PDF of R,,.. increases
with the increase of the fractal parameter €. When distance
variable R, .x is larger than or equal to 90 meters, the PDF
of Ry.x decreases with the increase of the fractal parameter.
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IIT. WIRELESS FRACTAL SMALL CELL NETWORK
MODELS

Based on the fractal coverage characteristic of small cells,
the coverage probability, the average achievable rate of a
typical user and the area spectral efficiency are derived for
small cell networks in the following section.

A. Coverage Probability

We assume that the channel power for the direct link from
the serving BS SBSj to the typical user USy is denoted
by hg,o, the direct link is denoted by gy, 0. In this paper, we
assume perfect CSI and focus on zero-forcing precoding,
under which for Rayleigh fading it can be argued that the
channel power distributions of both direct and the interfering
links follow the Gamma distribution. It can therefore be
shown that for zero forcing ho o ~ Gamma(A,1), ggo ~
Gamma(N,, 1), where A = Ny — N,. + 1 [30]. Then the
receive signal model of a typical user US) is expressed by

vo=phooro P+ D pigrors P, @
SBSkEQI/Co
1 g Pmin . . .
where S= — log% , ®7/Cy is the set of interfering S-

BSs corresponding to the fractal small cell. Considering
the OFDM and frequency reuse techniques in small cell
networks, there are only 1/dth of SBSs using the same
transmission frequency which interferes with the specified
user.Based on the results of [31], the co-channel interfering
signals can be assumed to be statistically independent in this
paper. Hence, the density of interfering SBSs is denoted by
Ar = ’\TB and the set of interfering SBSs is denoted by
Dy ((I) 1 CP B).

Since users are uniformly distributed in the coverage of
fractal small cells, the distance between the typical user U Sy
and SBS is denoted by r(, and the PDF of r is:

2T7 O<T<RIIIX
mmz{%m SBowe (g

0, r > Rioax

where 19 = NRpax, and (0 < n < 1), is the distribution
coefficient. When n = 1, typical user is located at the
coverage boundary of fractal small cells. Based on results
in [32], the PDF of n is derived by

dP(g—<mn)

fﬁ(n) = dn

Rimax
o ) - ©
= o =2n, 0<n<1.

Considering the interference-limited scenarios in this pa-
per, the maximum-ratio transmission/maximum-ratio com-
bining (MRT/MRC) scheme is adopted in small cell net-

works. The SIR of the user USj is expressed by

-B
pihooro
SIRy= > , @)
Z Ptgk,ork_ﬂ
SBSk€q>1/CO
Lgg = Y Digrorr ", ®)
SBSLED/Co

where 1,4, is the interference aggregated at the user U Sy.

In this paper, the coverage probability for a typical user
U S\ associated with SBSj is configured with the condition
that the SIR of the user U5 is larger than a given threshold
T. Therefore, the probability of user US, coveraged by
SBS) is expressed by

PSBS(T) = P(SIRy > T), ©)

cov

Substitute (7) into (9), the probability P(SIRg > T) is
extended as

ho.oro ?
P(ifs T) = Ptho,0To ST, (10)
( ) Z ptgk,oTk_ﬁ
SBSpe®;/Co
The distribution of hg g is

hA—le—h.
—4+—, h>0

Thoo(h) = { (A61)! h<0 (D

where A = N; — N, + 1.

Substitute (8) and (11) into (10), the probability
P(SIRy > T) is further derived by

P3BS(T) = P(SIRy > T)

cov

h -B
= pooro o gy
Lagy , (12
= P(ho,o > p; "Tro’Iogy)
= Eny[Plgo > pr T Laggro)]
with
P(ho,o > pt_lTTOﬁIagg‘ro)
—E,,,, {Azl Rl
n=0 N
Al roBp= 1™ - a3
:]Elagg { Z %(Iagg)nei,rroﬁpt IIn,gg} ( )
n=0
A—1 _
—Tr, B 11n n -
— ZO %Eﬁa;(ﬂo%t 8

where Lf,:;g (TroPp; ') is the n order derivative of the
Laplace transform over the aggregated interference 4.

Theorem 1: Based on the definition of the Laplace trans-
form, the Laplace transform over the aggregated interference
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) , (14

I,44 is derived by

N,
_ L2 2\ 9or A N,
Lr,,,(s)=exp [ s7(p)? 173 m; ( m

-By(Ny —m+ 3,m — %)}
where a = Wim_ﬁ, and Bl(z,y) is the upper in-

complete beta function, i.e., B;(N,.

-m+ %,m - %) =
[N gt (B g,

Proof: Theorem 1 is proved by Appendix A.

Substitute (14) and s = T/ p; * into (13), based on the
anisotropic path loss model, the coverage probability for
the typical user U Sy in the service area of SB.Sj is further

derived by
PIBS (T) = P(SIRy > T)

—1 —TroBp= " _
=E,, [ZO =T Dn!pt ] ESZ)N (TroPp; 1)]

a1 -
©g, [ A
0

ﬁ(zfj)g[ (anm)ﬁpgl]m,me} . (15)
¥ e
Z f mxaﬂ(u’f—w*f)
1 277[ T(anax) p
0
£(:3g |: (anax) 1:| dndRmax
where (a) is the substitution operation ro = 7Rmax,

E(Ifzg (s) is the n order derivative of the Laplace transform
over the aggregated interference. Based on the lemma 3 in
[33], Eg:;g (s) is expressed as

LY (s)= L rp ()

Tagg
_ o i m;i (16)
=exp[A(s)] - > C(m) [T [AP)(s)]
meM i=1
with
C(m) = n k=1,2 (17)
m —mk =L4:--,n,
L0y (! (RD)™")
N,
2 2 27 N, 1 2 2
A(s) = —sBp; B N\;— B, (N, — -, m—=—),
(s) 5P py 15,,21(’”) ( m—i—ﬁm 5)
2 (N, + 1)! 2 (%8)
(n) _ 4TAI 1\ T n— . %771 1 4 _ 4
A0(s) = TR R T Bl o),
] (19)
o= —p, (20)
1+ spiry
where zn:zml =n,i=12.n,m=(my,mg, - -My).

=1

When the path loss model is configured as the isotropic
path loss model, the coverage probability for the typical user

6
in the service area of SBJSj is simplified as
PSBS (T 9 -l (0 Rma ) p:]”
cov l1 nz_: vff RmaxSTH(v=2—y—<)n! . (2D

: Eg:gg[ (nRInax) ]d'f]dRmax

where « is the path loss coefficient used for the isotropic
path loss model and is a constant as o = 4. The results for
this isotropic path loss model are briefly presented here for
the purpose of comparison in analytical simulations.

B. Average Achievable Rate

Based on the coverage probability of a typical user, the
average achievable rate of a typical user can easily be

expressed by
A = Ellog(1 + SIRy)], (22)

Substitute (7) into (22), the average achievable rate of a
typical user is derived by

A=

ERmaz.m [Eh,q>, {log(l +

XL )lRmamnH ,

9,0k P
SBSpE®;/Co
(23)
Based on the result of Lemma 1 in [34], we have the
following result:

ho or_’B
Ehga, |log(l+ =0 ) |ro
8o gk,oT‘k_f3
SBSLED/Co
o —2h _ ) -B,.8
= 1—Epg,[e7? O'O]E o le zs;as,cgbl/cogk’o”C "o
2 8k,0,®T1
0
[e o)
1-(1 A 1
(i> 7( +Z) E@I —B N dz
s z SBSped;/Co (1 + 21 =Pry) ’

% N e (1,+>ydy
1-(1 Jrg — 5 B.Nr
(:>/ A+2)"" (tzy=Br) ds
z
0

2
o A —mArEB g [, (177113 Nw)dw
(Q/we z B (14w~ 2) dz
z
0
24

where (a) is the operation based on the result of Lemma 1 in
[34], () is the operation based on the probability generating
functional (PGFL) of P01sson point processes, (c) is the
variable substitution, i.e., w2 = =2y~ P rg

Let 1 — (14w~ 5)* =1t, (24) is denoted by

h()’o'r‘o_ﬁ
) 9k,0Tk P )|TO
SBSRE®/Co

]Eh,g,tin |}Og(1 +
0o 1—(142)"4 ) (25)
= fo ( -Z :

exp {—71’)\7’(2)2/%
ST = =M - F R ] a
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Let © = Z%% foﬁ (1-(1- t)NT)(l — t)%flt_/%—ldt,

we derive the following result:
2

— 25 2 f01+z _ 7—1

ZB 2 f 1+z

- z%t‘% [(1 —t)N rtg-l
2
zB

Tt
)N *ﬁ‘l T gt

_(1_15)%]
(N + 2 —1) [ Ea - Nt 24 ’

=1+ (1 +2) N H 425 (N, + 2 - 1)
BY(1—-2,N, + 32 —1)

d
D (142N 4 AN, BY(L

MO

2 2
N+ 5)
(26)
where (d) is the operation based on the beta function,
ie, B(z,y+1) = B(x,y) - Bb(z,y) is the lower
incomplete beta function, b = B(1 - ﬁ,NT + ﬁ) =
P B — Nt
Substitute (26) into (25), we obtain the following result:

ery
1+z ’

h()y(]T’iB
ng,om_ﬁ”ro 27
SBSpe®r/Co I ( )

exp[—mAr30]dz

Ehygﬁpj [log(l +

= [ 1-(142)"%
0 z
Substitute 1y = nRnyax into (23), the average achievable
rate of a typical user is derived by

A
00 1-(1+42)"2

=Eg,..E, [ 0 exp[—ﬂ'/\j(anax)Q@]dz

_ f‘/’ e 00 1-(142)~ %
- v Rnnxg+1(ufi—1,/)75) 0 z

~f01 2nexp[ A R? @772]] dndzd Ry )

max

1+Z) A] 71_5_2771[}_6_2
fO z(l/_6 P=H)A O e+2

e+2
(mA10) 2 [P[— =2, mA109%] — I[— 252,72 00%]]

+ 5 dz
(28)

with

©=(1+2) 2"+ 5NB1 - %,Nr + %) -1, (29)

BY(1 - E,Nr + 2) = /HZ tH (L — )N TE gy
8 5= J ,
z
b =
1+
: (30)
colet— 3 (1)’
Deya) = [ | |dt o= [Rey]]
(31

where B§(x,y) is the lower incomplete beta function, Rey
is the real part of the complex number y, and |z] is the
integral part of the real number z.

Theorem 2: Considering the interference-limited scenar-
ios, the lower bound of the average achievable rate of a
typical user is derived by

a={r

A1
(1—e "3 )
z(v=E—y—¢)A[ET

A et
|: e+2

i (m,a)#[r( =2 mgw )—I'(— ﬂAl“Uz)]} } dz ’
(32)
with
_ 2 2
3:71+€ Z+Zﬁ7(17532)7 (33)
let =Y (—1)'h
_ i=0 _
Myo) = | = dt, [n=[Reyl] .
(34)

where v(y,z) =

= fow ty=le~tdt is the lower incomplete
gamma function.

Proof: Theorem 2 is proved in Appendix B.

C. Area Spectral Efficiency

In conventional cellular network models, e.g., assuming
with regular hexagon cellular coverage models and PVT
random cellular coverage models, users are assumed to be
seamlessly covered. However, in real propagation scenarios
the coverage boundary of SBSs is irregular and some edge
areas of adjacent SBSs are unavoidably omitted in cellular
networks. Considering the fractal characteristic of coverage
boundary, in this paper the small cell network is modeled as
a type of non-seamless coverage cellular network in urban
environments.

In this paper, the average received wireless signal power
at the cell coverage boundary in a cellular system is equal
to the minimum power threshold P,;,(dBm). Hence, we
define the average probability that a typical user can not
associate with small cell networks as

Pno_Ass

= E[P((ptRl_’B < Pmin) (ptR IIllIl) n--- )] ?

(35
where R, is the distance from the typical user to the
n — th closest SBS in PPP small cell networks, p;R;*
is the average received wireless signal power of the typical
user from the n — th closest SBS, and P, is the average
received wireless signal power at the small cell coverage
boundary.

Based on the definition of small cell coverage boundary,
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we can convert equation (35) to
E[P((piR;” < Pain) N+ (peR,P < Prnin) N-++)]
= EsER,,.. [P(pe Ry < prRLE)N
.'.(ptR;lB <pth;§x)ﬂ"')‘/8aRmax] )
= ]EB]ERmax [P((Rl > Rmax)m
(R2 > Rmax) N+ (Rn > Rmax) N+ ) | Rmax]
(36)

In PPP small cell networks, R1 < Ro < -+ < R, < ---,
(36) can be further convert to

Pno_Ass = ]ER,mLx [P(Rl > Rmax) |Rmax}7 (37)

For a 2-D plane deployed by a homogeneous PPP small cell
network with density Ap, the probability that there is no
SBS located inside an area with the radius R, is denoted
as exp(—ApmR2,..). Hence, Ry > Ry represents that
there is no SBS located inside the circle area with the radius
Rmax. Furthermore, the average probability that a typical
user can not associate with small cell networks is derived
by
Pno_Ass — ERmax [e_)\BWRE]aX |Rmax}7 (38)
Without loss of generality, the average probability that a
typical user can associate with fractal small cell networks
is expressed as

PAss =1- Pno_Ass

=1- ]Eg]ER [eiABﬂ—Ri‘ax ‘R

max ]

max

¥ 2 3
—ABTR, —(e+1
=1—- / o BT mdeRnl&’; )dRmax )
v

e(Apm)? [[(=5, Apmv?) — T(—5, Apmp?)]

- 2=—4)

(39)

Hence, in area A the number of users which can associate
with the fractal small cell networks is calculated as

NASS = PAss>\uAa

user

(40)

Moreover, the number of SBSs in area A is denoted as
Nsps = ApA and the average coverage area of a typical
fractal small cell is expressed as

27\' anax 1
Asps =Erg,,.. / / —r - rdfdr
0 0 2

= ER,y [T R0yl @D
B c [w75+2 _ V*E+2:| T
C @2-9 ey

The area spectral efficiency is one of metrics reflecting the
network capacity, which is defined as the average throughput
per Hz per unit area [35]-[37]. Therefore, the area spectral
efficiency (bits/s/Hz/m?) of 5G fractal small cell net-
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works is expressed as

NAss A

user

o PAss)\uA

Q= - ,
Nsps - Asps  ApAsps

(42)

where A is the average achievable rate of a typical user in
(28).

IV. SIMULATION RESULTS AND DISCUSSIONS

To analyze the performance of small cell networks with
fractal coverage characteristics, the coverage probability,
the average achievable rate and the area spectral efficiency
are simulated in this section. The analytical simulation is
adopted as the default simulation method for this paper.
Moreover, the Monto-Carlo (MC) simulation results are
used to compare with the analytical results in Fig. 5, Fig.
6, Fig. 10 and Fig. 11. The simulation default parameters
are listed in Table I.

A. Coverage Probability Performance

0.8 -e-Fractal small cell i
’ -=-PVT small cell
Pl
3
So6
<
o
©
g
504
>
S}
O

o
)

0 L L L L L =
-30 -20 -10 0 10 20 30
SIR T(dB)

Fig. 3. Coverage probabilities with respect to the SIR
threshold considering the fractal and PVT small cells.

Fig. 3 compares the coverage probabilities with respect
to the SIR threshold considering the fractal and PVT small
cells. When the SIR threshold is less than -18 dB, the
coverage probability of PVT small cell is larger than the
coverage probability of fractal small cell. When the SIR
threshold is larger than or equal to -18 dB, the coverage
probability of PVT small cell is less than or equal to the
coverage probability of fractal small cell.

Fig. 4 illustrates the coverage probability of fractal small
cell networks with respect to the SIR threshold considering
different number of SBS antennas and users in a given
resource block. For the sake of simplicity, the number of
antennas at SBSs is configured to be same as the number
of users in a given resource block. When the number of
antennas is fixed, the coverage probability decreases with
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TABLE I
SIMULATION DEFAULT PARAMETERS OF 5G SMALL CELL NETWORKS

Parameters Description Default value
: — T )
AB Density of SBSS AB = —gooz (1/m7)
A Users density 5\
5 Frequency reuse factor 2
Ar Density of interfering SBSs Ar = /\TB
N Number of SBSs transmission antennas 2
N, Number of users served by each BS in a given resource block 2
Dt Transmission power of small cell 30dBm(1W)
Prin Received power at coverage boundary -110dBm
IS Shape parameter of fractal coverage boundary 1.2
0.9 .98 : : ‘
e \"s -6~ Anisotropic path loss model,Analy
0.8 0.8F I -©-Isotropic path loss model,Analy 7
N -* Anisotropic path loss model, MC
0.7 071 -* Isotropic path loss model,MC )
2 2
= Z06[ 1
g06 =
=] Qo
< 005 b
o [=%
9,05 2 R
@ go4r \ N ,
g 0.4 g \ RN .
g gos \\x\ N
03 02t R NG
N N
0.2 0.1f XN 1
o1 ‘ ‘ ‘ ‘ ‘ ] 0 ‘ ‘ ‘ ‘ ey
-30 20 -10 0 10 20 30 -30 20 -10 0 10 20 30
SIR T(dB) SIR T(dB)

Fig. 4. Coverage probability of 5G fractal small cell
networks with respect to the SIR threshold considering
different number of SBS transmission antennas.

Fig. 6. Coverage probability of 5G fractal small cell
networks with respect to the SIR threshold.

the increase of the SIR threshold. When the SIR threshold
is fixed, the coverage probability decreases with the increase
in the number of antennas.

Anisotropic path loss model

0.65 T T T T
-e-Anisotropic path loss model,Analy
-©-|sotropic path loss model,Analy
[|-* Anisotropic path loss model,MC
-% Isotropic path loss model,MC

o
o

e
o
a
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o
o

1 I I I I I I I
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°
S
a

19

Coverage probability

0.4 Fig. 7. Average achievable rate with respect to the frac-

tal parameter ¢ considering different path loss models.

0.35 , , , , ,
1.4 1.5 1.6
Fractal parameter e

17 18 19
To validate the proposed coverage probability, the MC
simulation is performed to compare with the analytical
results in Fig. 5, in which “Analy” labels the analytical

results and “MC” represents the MC simulation results.

Fig. 5. Coverage probability with anisotropic and
isotropic path loss models with respect to the fractal
parameter.
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Fig. 5 depicts the coverage probability with anisotropic
and isotropic path loss models with respect to the fractal
parameter €. When the SIR threshold of fractal small cell
networks is fixed at 0 dBm, the coverage probability with
anisotropic and isotropic path loss models increases with the
increase of the fractal parameter. When the fractal parameter
¢ is fixed, the coverage probability with anisotropic path loss
model is larger than the coverage probability with isotropic
path loss model.

Fig. 6 illustrates the coverage probability with respect
to the SIR threshold considering anisotropic and isotropic
path loss models in fractal small cell networks. When the
SIR threshold is less than -10 dB, the coverage probability
with isotropic path loss models is larger than the coverage
probability with anisotropic path loss models. When the SIR
threshold is larger than or equal to -10 dB, the coverage
probability with isotropic path loss models is less than or
equal to the coverage probability with anisotropic path loss
models.

B. Average Achievable Rate Performance

Fig. 7 evaluates the average achievable rate with respect
to the fractal parameter ¢ considering different path loss
models. When the path loss model is fixed, The average
achievable rate increases with the increase of fractal pa-
rameter €. When the fractal parameter is fixed, the average
achievable rate with the anisotropic path loss model is larger
than the average achievable rate with the isotropic path loss
model.

~

(o2}
T

Anisotropic path loss model

-9-Lower bound

Isotropic path loss model

Average achievable rate (bits/s/Hz)
N w » (8]

[N
T
h

o

0 0.5 1 1.5 2 2.5 3 3.5
SBS density x107*

Fig. 8. Average achievable rate with respect to SBS
density Ap considering anisotropic and isotropic path
loss models.

Fig. 8 evaluates the average achievable rate with respect
to SBS density Ap considering different path loss models.
When the path loss model is fixed, the average achievable
rate decreases with the increase of SBS density Ap. When
the SBS density is fixed, the average achievable rate with

anisotropic path loss model is larger than the average achiev-
able with isotropic path loss model. Moreover, the lower
bound of the average achievable rate with the anisotropic
path loss model is larger than the lower bound of the average
achievable rate with the isotropic path loss model.

C. Area Spectral Efficiency Performance

Fig. 9 depicts the average association probability with
respect to the SBS density Ap considering different fractal
parameters. When the fractal parameter is fixed, the average
association probability increases with the increase of SBS
density Ap. When the SBS density \p is fixed, the average
association probability increases with the decrease of the
fractal parameter.
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o
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Fig. 9. Average association probability with respect to
SBS density Ap considering different fractal parame-
ters.
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Fig. 10. Area spectral efficiency with respect to the
fractal parameter considering anisotropic and isotropic
path loss models.
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Fig. 10 compares the area spectral efficiency with respect
to the fractal parameter considering anisotropic and isotropic
path loss models. When the path loss model is fixed, the
area spectral efficiency increases with the increase of the
fractal parameters in fractal small cell networks. When the
fractal parameter is fixed, the area spectral efficiency with
anisotropic path loss model is larger than the area spectral
efficiency with isotropic path loss model.

x107°

-
S

-©-Anisotropic path loss model,Analy|
-e-|sotropic path loss model,Analy 7
-* Anisotropic path loss model, MC
-% |sotropic path loss model,MC

=
N
T
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[<2] oo o
T T T
I I I

Area Spectral Efficiency (bits/s/Hz/nr?)
N

0 0.5 1 1.5 2 2.5 3 35
SBS density x10™

Fig. 11. Area spectral efficiency with respect to SBS
density Ap considering anisotropic and isotropic path
loss models.

Fig. 11 shows the area spectral efficiency with respect to
the SBS density Ap considering anisotropic and isotropic
path loss models. When the anisotropic path loss model is
adopted, the area spectral efficiency firstly increases with
the increase of SBS density Ap and then decreases with the
increase of the SBS density A\p when the SBS density is
larger than a given threshold. When the isotropic path loss
model is adopted, the area spectral efficiency decreases with
the increase of the SBS density Ap. When the SBS density
Ap is fixed, the area spectral efficiency with anisotropic path
loss model is larger than the area spectral efficiency with
isotropic path loss model in fractal small cell networks.

V. CONCLUSIONS

Considering the anisotropic path loss in wireless channels
of realistic cellular scenarios, small cell networks with
wireless fractal coverage characteristics are investigated in
this paper. Moreover, the coverage probability, the average
achievable rate and the area spectral efficiency are derived
to analyze the performance of fractal small cell networks.
Furthermore, the lower bound of average achievable rate
is derived by an analytical form. Analytical and MC sim-
ulation results indicate that the coverage probability with
anisotropic path loss models has been overestimated in
low SIR regimes and has been underestimated in high
SIR regimes compared with the coverage probability with

isotropic path loss models in fractal small cell networks.
Moreover, the average achievable rate and area spectral
efficiency with anisotropic path loss models have been
underestimated compared with the average achievable rate
and area spectral efficiency with isotropic path loss models
in fractal small cell networks. Considering the impact of
the anisotropic path loss on realistic cellular scenarios, most
of performances, e.g., the coverage probability, the average
achievable rate and area spectral efficiency have to be re-
evaluated for wireless cellular networks. Our results provide
a tractable method to analyze the impact of anisotropic path
loss on the performance of small cell networks with wireless
fractal coverage characteristics.

APPENDIX A

Based on the definition of the Laplace transform, the
derivation process of the aggregated interference is extended
as follows:

(5) = e~Tom]

- Eq’B,g H
SBSe®r/Co

exp(—speri P gr.0)

= exp|—[4 [1 — ?vxp —sptrk—ﬁgk)] 27rﬁ)\17“dr] ;
oo r—1 —speT
= exp *fr( 0 %(Nr)e I(1—eP g)dg)
- 2w Aprdr]
= exp [— fr>m (1 - 7(1%%1,7‘3),%))\Id(m&)}

where (a) follows PGFL in Poisson point processes.
Based on the Binomial theory, (43) is further derived by

(43)

Li,,,(s)
[ Ny Nr m
Z1< m >(sptrﬁ)
o _7‘>j';0 (1+5pt7”_ﬁ)NT (44)
I Ny N, m
=exp|— > ( m ) Ik (sptr’ﬁ)
m=1 r>70
N

(U sper=?) Y g () |

When (14 sp;r=#)~! is substituted by ¢ and a =
1 the Laplace transform of the aggregated inter-

T+spiro P’ )
ference is further derived by
N,
m

2, .2 oo .
Ly,,,(s) =exp [—sﬁ (pt)ﬂ)q% S (
fl ) tNT—m-Q—%—l(l . t)m—g—ldt]

14spgrg— P
N, N’I‘
m=1 m

By(N, —m + 2,m — %)}

2z 2 27
=exp |=sP(p) P A5

(45)
Hence, the Theorem 1 is proved.
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APPENDIX B

The average achievable rate of a typical user is extended
by

A= ERmax,n [EQI/CO,h,g [log(l =+ SIRO)|Rmax7 77“
= E8 Ruaxn B, /o g

10g(1 + > 1 9%,0 .—B ;3)|RmaX7’r]

r. U
SBS,€b, /0o 00K O
(46)
Based on the Jensen’s inequality,
E log(1+ - )R is
®;/Coh,g |108 750,57 )| {tmax; 7]
sBs, b /oy 00 F O
derived by
1
Ea;/comg |log | 1+ TR0, =B, B Iro
SBS, €0, c 00 K O
| | :
SBS€®;/Co
> Es,/c, |log ; |70
En,g L
|:SBS;€6<I>I/CU ho,0 "k 70

Considering
each other

that go
and have

and g
the

are independent of

identically  distribution,

Eh,g Z 9k,0,—B,.8 _

derive ook TO =
SBSLE®[/Co

1
Blas] S
SBS}E-E(I“I/CO
of Gamma distribution, i.e, hoo ~ Gamma(A,1) and

we can

E[gho]rk_ﬁrg. Based on the properties

gko ~ Gamma(N,,1), we have Elgy] = N, and
g% is governed by an inverse Gamma distribution,
ie., g% ~ IGamma(A,1). Due to the property of
inverse Gamma distribution, E [g%} = ﬁ is derived.
We can further derive Egq > o Pl =
SBS,LEP/Co
1 —B,.6 _
2 |:ho,o} E E[Qk,o]?“k To =
SBSkE‘i’I/CO
2 > r;ﬂ rg . As a consequent, (47) is derived
SBSkG'i)I/CQ
by
E‘I’I/C'o,h,g log | 1+ lgk,or—ﬂ B |Bv7”O
hgo 'k 0
SBSp€®;/Co
o |
ZE(I)I/CO log 1+Z—rkfﬁrg
SBS,E®/Co
(48)

Based on the result in [34], (48) is further derived by
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12
A—1
A
E<I’1/Co 10g 14+ 3 3
> Ty To
SBSk€q>I/C(]
A—1 —B,.8
X1 e % & -z > T To
(g)/ 1—e Ele $BSke®r/co dz
0 z J
A1 _B.8
®) 1 —e*a 72)\17rfro (l—e*Zy ﬁ70)ydy
== —_—€ dZ
0 z
A—1 B
. 00 1 _ ,—z58% 2 .5
(é)/ 71 € .eiAIﬂ-r(z)Zﬂfz*2//3 (178 “ 2)dudz
0 Z
(49)

where (a) is the operation based on the lemma 1 in [34],
(b) is the PGFL in Poisson point processes and (c) is the
substitution operation with u=F = zy*B rg . Substitute (49)
and (48) into (46), the lower bound of average achievable
rate of a fractal small cell is derived by

A—1

_ 01— FTA
A - ]ERmaxvn |: 0 z

B
2 _B

2_3 —u 2
.ef)\j‘n'(anax) zB fz_g/ﬁ (1—e )dudz

(E)E o0 17672%
= L Rmax,m 0 z

2
,e—m(anaxf(—ueZ+zm<1—;,z))dz}
A—1 Y
ffoo (1—e" 3 )e
- 2
O sy Ar(— e 42T 7 (1-2,2))
2
_ 2 e 4z B 41— 2 2))
W 1 M Rhax(-1He T 4z P (-G o2
[T A=e YRS AR maxdz
RS
_ fOO (A—e""" A ) |v=72—gp=2
- 0 z(v—e—yY~¢)A\Em e+2

e4+2

n (m\,E)T[F(ﬁ;z,w/\IQEwQ)fF(f;rz Jr/\zEvQ)]} } dz

(50)
with (51) and (52)
2
E:—l—i—e_z—f—z%'y(l—g,z), (51)
oo | et — 2%)(71)1%
Neya) = [ |~ |dt = IRey]]
(52)
where (y,z) = [;tv~'e"'dt is the lower incomplete

Gamma function, (d) is the substitution operation with
vy + 1,2) = yy(y,x) — z¥e~* based on the property of
lower incomplete function. Hence, the Theorem 2 is proved.
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