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Abstract: Future wireless networks are expected to be dense and employ a higher frequency spectrum
such as millimeter wave (mmwave) to support higher data rates. In a dense urban environment, the
presence of obstructions causes the transmissions between the user equipment and base stations to
transit from line-of-sight (LOS) to non-LOS (NLOS). This transit hence emphasizes the significance of
NLOS links for reliable mmwave communication. The work presented in this paper investigates the
downlink performance of a mmwave cellular system by modeling the NLOS channel using stretched
exponential path loss model (SEPLM) and employing a 3GPP distance-dependent LOS probability
function. This path loss model has the inherent ability to define short ranges as well as obstructions in
the environment as a function of its parameter resulting in a more realistic performance analysis. The
path loss model is first validated for NLOS link using a data set from an open-source mmwave channel
simulator. Then, a mathematical model incorporating LOS and NLOS transmissions is developed to
study the impact of path loss on signal-to-interference-plus-noise (SINR) coverage probability and
area spectral efficiency (ASE). The proposed framework can provide coverage performance indication
over various blockage environments. Our results demonstrate that SINR coverage probability
decreases exponentially with increasing base station density. Moreover, ASE initially increases with
increasing BS density and is maximized for a particular density value, after which it converges to zero
for higher densities. The results are also benchmarked with the existing path loss model of mmwave
cellular system with different exponents for LOS and NLOS paths. It was observed that as the base
station density increases, the SINR degrades more rapidly when using SEPLM as compared to the
existing mmwave path loss model.

Keywords: coverage probability; area spectral efficiency; stretched exponential path loss model;
millimeter wave

1. Introduction

Densifying a cellular network by deploying a large number of small cells per unit area,
widely known as an ultra-dense network (UDN), is the most appealing approach to increase
the per-user data rate by exploiting spatial reuse of frequency resources among users.
Essential features of UDN include short transmission ranges with different propagation
characteristics, and discrete obstructions cause significant attenuation than the conventional
free space path loss. Moreover, the irregular deployment of dense infrastructure introduces
increased interference different from the existing cellular network [1–6]. On the other hand,
the mmwave band scales up the network capacity and provides high data rates of multi-
Gbps due to the abundant spectrum in the frequency range of 30–300 GHz. In addition,
the propagation feature of mmwave signals, such as limited communication range, appears
very attractive for UDN deployment. Accordingly, both of these are key inter-dependent
technologies to address the requirements for enhanced coverage and capacity [7–10].
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However, deploying mmwave for outdoor cellular communication has several associ-
ated challenges, such as LOS link establishment, directional communication and severe
penetration losses. Due to these limitations, the range of a direct path in mmwave is limited
with highly probabilistic LOS communication. The probability of an LOS link between
user equipment (UE) and base station (BS) depends on numerous factors, such as building
density, terrain features and locations of UEs. Moreover, because of the high deployment
cost of mmwave networks, LOS channels might not always be feasible, and NLOS links
should be considered for coverage [11]. Mmwave channel measurements and field ex-
periments have shown that the signal received from reflections, i.e., NLOS paths, helps
cover the shadowed region behind blockages. These NLOS signals supplement the LOS
signal to increase capacity substantially. For an mmwave testbed operating at 29 GHz,
channel measurements have shown that an NLOS connection reflected from a site located
1200 feet away could provide a superior received signal than the LOS where foliage or street
infrastructure may obstruct the LOS path. The NLOS-reflected signals from objects such
as concrete and the ground are found to be highly supportive for mobile communication
and can be used to maintain the connection with attractive data rates even if a mobile
device has moved out of the LOS coverage [12]. Using network optimization tools, it has
been analyzed that interference due to potential reflection in NLOS links is negligible,
and the reflected paths can be leveraged as an alternative to the LOS paths [13,14]. Per-
formance evaluation of mmwave cellular network shows that in an environment with
dense blockages, even if a large number of users connect to the BS through NLOS links,
there is adequate coverage [15]. NLOS paths are also shown to facilitate localization and
positioning in mmwave [16,17]. HMConsequently, when deploying mmwave technology in
practice, it is necessary to understand what kind of performance can be obtained under a
realistic outdoor environment that may have different blockages, such as different building
densities, irregular town structures, etc. Hence, the modeling of NLOS links deserves
special attention if sufficient coverage and rates are to be drawn.

For system-level analysis, the presence of blockages in an environment is abstracted to
a LOS probability function. The impact of blockages is incorporated into the system model
by distinguishing the LOS and NLOS paths with separate path loss expressions. The LOS
path is shown to have behaviour similar to free space having a path loss exponent value
of 2, while depending upon the environmental factors and obstacles density, the NLOS path
loss exponent, has a greater value than the LOS exponent [13]. For analytical tractability,
almost all prior works use the exponential blockage model [18–22] or the ball blockage
model [23–26]. These models assume a single obstruction blocks the LOS path between BS
and UE. However, in the case of outdoor environments or systems having antenna arrays,
the beamwidths may encounter several obstacles, which can block the LOS path.

An alternate approach to model channel behaviour and the presence of blockages
in urban areas is to stochastically define the propagation mechanism characterized by a
few parameters, such as clutter in the environment and absorption. A channel model that
reflects a rich scattering environment and regular city structure with a fixed number of
blockages of the same size and orientation is proposed in [27,28]. The urban area sites
are modeled using a random square lattice each having a blockage with some probability.
The authors in [29] extend the previous research by considering the random orientation of
blockages and signal penetration losses. The work in [22] models blockages with random
size, orientation and location using random shape theory considering the height of the
BSs, UEs, and buildings. The distribution of blockages is derived and the power loss of
a signal that strikes on the blockages is also quantified. All these aforementioned works
proposed an exponential path-loss formula as an alternative to the conventional path-loss
formula. This is also supported by field measurements where exponential attenuation is
shown to be a regular phenomenon due to the cluttered environment [30,31]. Similarly,
the work in [22,32] developed a path loss formula to incorporate penetration loss on a given
link, which indicates that due to the presence of blockages an additional exponential decay
component is introduced in the link budget. In [33] SEPLM is proposed, which generalizes
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various exponential path loss models found in the literature [Table I, [33]]. Recently, SEPLM
has been used to analyze the uplink of several ultra-dense networks. [34–37].

Related to coverage analysis of mmwave network analytical frameworks using stan-
dard power-law path loss model for LOS and NLOS transmission due to blockage is
developed in [23–26,38,39]. Results reported in these works establish that the SINR cov-
erage probability decreases as BS density becomes greater than a certain value and ASE
experiences slow growth and falls to zero.HM

Motivation and Contribution

All prior works to study coverage performance of mmwave cellular
network [23–25,38–40] are based on the standard distance-dependent path loss model.
The presence of blockages in an environment is abstracted to a LOS probability function
that differentiates between LOS and NLOS paths by separate path loss exponents. This
paper presents an alternate approach by modeling blockages in the environment as an
element of large-scale fading with a certain probability of occurrence. As compared to the
previous work, our main contributions can be summarized as follows:

• The SEPLM is validated for mmwave NLOS link using experimental measurement
data from NYUSIM for an urban outdoor scenario.

• A system model is proposed where LOS links follow the standard distance-dependant
path loss model and NLOS links are modeled using SEPLM. A 3GPP LOS probability
is employed to determine the LOS and NLOS link state, and the impact of blockages
in the surroundings is modeled as path loss parameters.

• Based on the system model, stochastic geometry is used to derive generalized math-
ematical expressions for SINR coverage probability and ASE. The expressions are
numerically analyzed to observe the performance over a range of SINR thresholds
and BS densities.

Leveraging on the derived results, it has been observed that the SINR coverage
probability varies with the path loss parameters that define different blockage environments.
At high BS densities, coverage probability decreases exponentially and approaches zero.
The ASE is found to be maximum for a certain BS density and approaches zero as density
is further increased. Contrary to the noise-limited assumption of mmwave at a high cell
radius, our proposed model shows that for cell radii 100–200 m, the coverage performance
is degraded by network interference.

The rest of the paper is organized as follows. Section 2, presents our system model and
all assumptions related to our analysis. Section 3, includes the mathematical formulation of
downlink SINR coverage probability and ASE. In Section 4, the simulation and analytical
results with discussions are presented. Section 5 concludes the paper.

2. System Model
2.1. Spatial Network Model

In this work, the downlink of an outdoor single-tier mmwave cellular network is
considered. The BSs and UEs are located in R2 according to Poisson point process (PPP) φB
and φu of density λ and λu respectively. The network assumes universal frequency reuse
with each BS having the same bandwidth that is allocated equally to all UEs. λu >> λ,
and all BS have a single active UE to serve in its coverage area. HMThe average cell radius
(rc) of the network defines the inter-site distance used in BS planning as well as characterizes
the BS density in a network given by rc =

√
1/πλ. For tractability, all BSs as well as the

UEs are assumed to transmit at fixed power. The UE for which performance analysis is
being performed is termed as typical UE placed at the origin. HMIt is assumed that each
user associates with the BS providing the highest SINR [41]. The probability distribution
function (PDF) of distance is given by:

fR(r) = 2πλr exp(−πλr2) (1)
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2.2. Path Loss and Channel Model

The path loss on a link of length r is

l(r) = 1lLOS(r)pLOS(r) + 1lNLOS(r)(1− pLOS(r)) (2)

Here, 1 is a function that indicates an active link-state. Incorporating NLOS propa-
gation in the path loss model accounts for the presence of obstacles in the path between
BS and UE, which causes exponential attenuation [22]. Following the approach in [42],
the blockages are modeled as an element of large-scale fading with a certain probability of
occurrence. According to SEPLM, the signal attenuates over a distance r as follow [33]:

lNLOS(r) = exp(−κrζ) (3)

where κ, ζ > 0 are path loss parameters that define several propagation environments. ζ
defines the factor with which the obstructing objects scale with respect to the path length
(rζ) and κ is the average multiplicative attenuation caused by these obstructions. This
path loss model is particularly used to describe an urban network where signal mostly
attenuates due to discrete obstructions such as buildings, infrastructures, etc. and has been
validated through empirical measurements data of an urban small cell environment within
the distance range r ∈ [5, 350] m for small to medium cell radii. The scaling of obstruction
has the following interpretations:

1. ζ = 1, defines the environment where the obstacles scale linearly with the path
length between UE and BS. (3) can be written as L(r) = exp(−κr). This case captures
obstacles distribution similar to the one defined in [22], based on random shape theory
that is widely adopted for performance analysis of mmwave networks. The randomly
oriented obstacles are uniformly distributed over the plane intersecting the path
length r between BS and UE and scales linearly with the distance r. κ in this case
depends upon the attenuation of each blocking object.

2. ζ = 2, defines the environment where the obstacle scales with r2. Assuming UE
to be located at the centre of a disc B(0, r) and signal propagates within the disc
sector extending to the BS, (3) can be written as L(r) = exp(−κr2) and takes the form
analogous to LOS probability function in [43] expressed as exp(−( r

L )
2), where L

depends upon the density of large obstructing objects in the propagation environment.
A larger value of κ signifies a sparse environment having high LOS probability
with distance.

3. ζ < 1 defines the case similar to the ray propagation in lattice modeling of urban
areas with regular building blockage [28]. Here, κ depends on the properties of the
considered lattice and the reflectivity of the obstacle.

4. The special values of (κ, ζ) = (0.3, 2/3) and (0.94, 1/2) in SEPLM reduces to multis-
lope path loss model [44] consistent with the one adopted in 3GPP standardization.

Accordingly, the path loss on the LOS and NLOS links LLOS(r) and LNLOS(r) are
defined as follows:

l(r) =
{

lLOS(r) = r−αL

lNLOS(r) = exp(−κrζ)
(4)

Here, αL is the LOS path loss exponent. The probability of a link being in LOS
(pLOS(r)), specified by 3GPP for outdoor urban microcellular environment is considered in
this analysis [45],

pLOS(r) = exp
(
− r

L

)
(5)
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Similarly, the probability of the link being in NLOS state is given by:

pNLOS(r) = 1− pLOS(r) = 1− exp
(
− r

L

)
(6)

L is a parameter that determines the likelihood of LOS of a certain propagation
environment as a function of the distance. For each link between a UE and its tagged BS
and between interfering UEs and typical BS, Rayleigh fading is assumed.

2.3. Antenna Model

The BSs and UEs employ directional beamforming that estimates AoAs and steers the
main lobe beam in the preferred direction to achieve maximum directivity gain. For an
approximation of the beamforming pattern sectored antenna model is utilized and is
defined by three parameters: the main lobe gain

(
G0 j

)
, the main lobe beamwidth

(
θj
)

and the side lobe gain
(

Gslj

)
for j ∈ {BS, UE} [22]. The beam direction of typical UE

and tagged BS are perfectly aligned leading to a maximum gain of G0BS
G0UE

. The beam
direction of interferers and typical BS is independent and has uniform distribution from
[0, 2π]. Therefore, the gain of the interfering beams is a discrete random variable, GZ = ak
having a probability bk for k = 1, 2, 3, 4 is given below [38]:

GZ =


G0UE

G0BS
with probability PG0UE

G0BS
= ( φUE

2π )( φBS
2π )

G0UE
Gsl BS

with probability PG0UE
Gsl BS

= ( φUE
2π )(1− φBS

2π )

GslUE
G0BS

with probability PGslUE
G0BS

= (1− φUE
2π )( φBS

2π )

GslUE
Gsl BS

with probability PGslUE
Gsl BS

= (1− φUE
2π )(1− φBS

2π )

(7)

Figure 1 presents our system model of the downlink mmwave cellular network. Two
interfering BSs are shown, BS1 is in LOS to the typical BS and BS2 is in NLOS to the typical
UE, thus causing LOS and NLOS interference, respectively. The path loss on the LOS
interfering link is D−αL

1 , where D1 is the path length between typical UE and interfering
BS1. The path loss on the NLOS interfering link is exp(−κDζ

2), where D2 is the path length
between typical UE and interfering BS2. The path loss on the desired link is r−αL . HMTable 1
provides a list of various notations related to the system model used throughout this work.

Figure 1. Downlink mmwave system model with exponential attenuation in the NLOS path.
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Table 1. List of notations and their definition.

Notation Definition

φB, φU , φZ BS, UE and Interfering UE point process
λ, λU BS and UE densities
l(r) Path loss at distance r
αL LOS path loss exponent

(κ, ζ) NLOS path loss parameter
fc Operating frequency
B Channel Bandwidth
rc Cell radius,

√
1

πλ

σ2 Noise power

fR(r)
PDF of distance r between typical UE and

tagged BS
DZ Distance between interfering UE and tagged BS

l(Dz) Path loss on the link Dz

h0
Small-scale fading on the link from serving BS

to typical UE
hZ Small scale fading on interfering link
GOj Maximum directivity gain, j ∈ {UE, BS}
θj Antenna HPBW, j ∈ {UE, BS}

Gsl j
Side lobe gain, j ∈ {UE, BS}

GZ Directivity gain of interfering UE
θZ Beamwidth of interfering UE

Pc(T) SINR coverage probability at threshold T

Pc,s(T)
SINR coverage probability, on l link for

l ∈ {LOS, NLOS}

ps(r)
Probability of link being in l condition for

l ∈ {LOS, NLOS}
LI(s) Laplace Transform of interference component
ASE Area spectral efficiency
Li(k) kth order logarithmic function

3. SINR Coverage Probability and Area Spectral Efficiency

This section presents mathematical expressions for analyzing coverage probability
and area spectral efficiency of a typical UE based on the system model defined in Section 2.

3.1. SINR Coverage Probability

For a given SINR threshold (T), the probability of SINR coverage denoted by Pc(T)
is mathematically given by Pc(T) = P[SINR > T]. The SINR received at typical UE at a
distance r is:

SINR =
|h0|2G0BS G0UE l(r)

σ2 + ∑Z∈φZ IZ
(8)

IZ in the above expression represents total interference in the network and is given as:

IZ = ∑
Z∈φZ

|hZ|2GZl(DZ) (9)

The channel fading power on the desired link follows an exponential distribution
i.e., |h0|2 ∼ exp(1). G0UE and G0BS are the antenna gains of typical UE and tagged BS. |hZ|2
is the normalized fading power on interfering link. An interfering BS is located at a distance
Dz from the tagged BS. l(r) and l(Dz) are the path losses on the desired link and interfering
links, respectively. The term σ2 represents zero mean thermal noise power. φZ represents
the point process of interfering s and z denotes the interfering BS with antenna gain GZ.
Depending upon the propagation distance, the serving BS can either be in LOS or NLOS
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to the typical UE. According to the law of total probability, the SINR coverage probability
Pc(T) can be expressed as:

Pc(T) = pLOS(r)Pc,LOS(T) + pNLOS(r)Pc,NLOS(T) (10)

The derived expression for the probability of SINR coverage Pc(T) averaged over R2

conditioned on the nearest BS at a distance r from the typical UE is given below:

Pc(T) = 2πλ
∫ ∞

0
exp(−µLσ2) exp

(
−2πλ ∑

G∈Gz

PGz

(∫ ∞

r

(
1− 1

1 + µLGzt−αL

)
tpLOS(t)dt

))

r exp(−πλr2)rpLOS(r)dr + 2πλ

∞∫
0

r exp
(
−λπr2

)
×

exp

− 2πλ

ζ

(
κ

2
ζ

) 4

∑
k=1

bk

exp(−κrζ)∫
0

sak
1 + saku

(−ln(u))
2−ζ

ζ
pNLOS

(
−ln(u)

κ

) 1
ζ

du


pNLOS(r)dr (11)

Proof. The proof is given in Appendix A.

HMThe integrals obtained for total coverage probability are too complex to be evalu-
ated in the closed form. The expression can only be simplified in its closed form for special
values of ζ in the following subsection.

3.1.1. ζ = 2
1+p , Where p Is a Positive Integer

The derived expression of NLOS coverage probability for the special case of ζ = 2
1+p

is given below:

Pc,NLOS(T) = 2πλ

∞∫
0

r exp

(
p+1

∑
q=0

λαq
(
Tavk

)
r

2q
p+1

)
dr (12)

where,

αq
(
Tavk

)
=


4
∑

k=1

π(p+1)!
q!κp−q+1 bkLi(p−q+1)

(
−Tavk

)
0 ≤ q ≤ p

−π q = p + 1
(13)

Li(k) denotes the kth order polylogarithmic function given by:

Li(p−q+1)
(
−Tavk

)
= −Tavk

∞∫
0

(
−1

ec + Tavk

)
(c)p−qdc (14)

Proof. The proof is given in Appendix A.2.

3.1.2. ζ = 2

The NLOS coverage probability takes its simplest form for ζ = 2, which corresponds
to p = 0, and it is given as:

Pc,NLOS(T) = exp
(
−∑4

k=1 bk
π λ

κ
ln
(
1 + Tavk

))
(15)

Proof. This follows from simplifying (12).

For theoretical insights on the effect of increasing BS density on the downlink coverage
performance of mmwave network, we consider the simplified expression obtained for
ζ = 2. The SINR coverage probability is a decreasing exponential function of BS density
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and approaches zero when λ → ∞. This is due to the increased LOS interference in a
dense network.

3.1.3. ζ = 1

The NLOS coverage probability expression in (12) simplifies to the following expres-
sion for ζ = 1.

Pc,NLOS(T) =
4

∏
k=1

exp
(

2πλ

κ2 bk Li2
(
−Tavk

))
×
(

1− 2π
√

λ

κ
bky
(
Tavk

)
e

πλbk
2y2(Tavk )

κ2 Q

(√
2πλ

κ
bky
(
Tavk

)))
(16)

where y
(
Tavk

)
= ln

(
1 + Tavk

)
and Q() is the Q-function.

Proof. The proof is given in Appendix A.3

3.2. Area Spectral Efficiency

To study ASE and to quantify the maximum number of transmitted bits per second
per unit bandwidth per unit area (bps/Hz/m2) the definition in [44] is used. It indicates
the increase in achievable data rate as the network density is increased by adding more BSs.
It is given by:

ASE = λlog2(1 + T) Pc(T) (17)

By substituting the coverage probability expression obtained in (11) the above expres-
sion can be simplified as follow:

ASE = λlog2(1 + T)

((
2πλ

∫ ∞

0
exp

(
−2πλ ∑

G∈Gz

PGz

(∫ ∞

r

(
1− 1

1 + µLGzt−αL

)
tpLOS(t)dt

)

r exp(−πλr2)rpLOS(r)dr
)
+

2πλ

∞∫
0

r exp

(
p+1

∑
q=0

λαq
(
Tavk

)
r

2q
p+1

)
dr

 (18)

3.2.1. ASE for ζ = 2

ASE for the simplified case ζ = 2 is given as follow,

ASE = λ log2(1 + T)

((
2πλ

∫ ∞

0
exp

(
−2πλ ∑

G∈Gz

PGz

(∫ ∞

r

(
1− 1

1 + µLGzt−αL

)
tpLOS(t)dt

))

r exp(−πλr2)rpLOS(r)dr
)
+

(
exp

(
−∑4

k=1 bk
π λ

κ
ln
(
1 + Tavk

))))
(19)

3.2.2. ASE for ζ = 1

ASE for ζ = 1 is given as follows:

ASE = λ log2(1 + T)

((
2πλ

∫ ∞

0
exp

(
−2πλ ∑

G∈Gz

PGz

(∫ ∞

r

(
1− 1

1 + µLGzt−αL

)
tpLOS(t)dt

))

r exp(−πλr2)rpLOS(r)dr
)
+

4

∏
k=1

exp
(

2πλ

κ2 bk Li2
(
−Tavk

))
×(

1− 2π
√

λ

κ
bky
(
Tavk

)
e

πλbk
2y2(Tavk )

κ2 Q

(√
2πλ

κ
bky
(
Tavk

)))))
(20)

For theoretical insight into the network performance, it can be observed that each
component of the expression of coverage probability and ASE depends on the PDF of the
distance between UE and typical BS, which has two terms, a linear function λ and a negative
exponential function having λ in the argument. For higher values of λ, the exponential
term decays exponentially to zero. Therefore, the coverage probability as well as ASE
approaches zero.
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4. Simulation Results and Discussions
Fitting the Path Loss Model

The SEPLM is verified and validated for mmwave NLOS links with actual path
loss measurement data at 28 GHz obtained through an open-source channel simulator
NYUSIM [46]. NYUSIM generates static and independent samples of channel impulse
responses for different separation distances between transmitter and receiver. The parame-
ters fed into NYUSIM are listed in Table 2. A scatter plot of omnidirectional and directional
path loss over the specified distance range is generated from a continuous run of simula-
tions. For finding the best fit of the parameters κ and ζ, a linear mean-square estimate is
employed [47], and details are provided in Appendix B. The directional, directional-best
and omnidirectional path loss measurement data, along with the fitted SEPLM parameters,
are shown in Figure 2a–c. It can be seen that, for the specified range, SEPLM can adequately
describe the path loss characteristics of NLOS link and the path loss parameters are set
differently according to the environment.

Table 2. Input parameters to NYUSIM.

Parameter Value

f 28 GHz
B 500 MHz

Scenario UMi
Environment NLOS

Lower-Upper bound of transmitter-receiver
separation 10–350 m

Transmit Power 30 dBm
Number of receiver locations 100

Other parameters default
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30 

60 

90 
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P
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)
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=18.56, =0.107

(a)
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s
 (

d
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)

Directional Path Loss- 28 GHz, UMi NLOS
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dir

=23.86, =0.0845

(b)
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 L

o
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s
 (

d
B

)

Best-Directional Path Loss- 28 GHz, UMi NLOS
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dir-best

=19.58, =0.1

(c)
Figure 2. Measured data of different path losses and fitted SEPLM parameters. (a) Omnidirectional
pathloss (b) Directionalpathloss (c) Best-directionalpathloss.

The derived expressions for special cases of obstacle scaling factor ζ = 1 and ζ = 2
in Section 3 are evaluated numerically according to the parameters listed in Table 3. Al-
though the derived expressions are mathematically complex in their generalized form, they
are numerically computed easily using MATLAB. The numerical evaluation of derived
expressions is also compared with simulation results. For simulation, the system model
of Section 2 is produced by considering a circular area and the BSs are located uniform
randomly over the entire area. Typical UE is placed at the origin. The coordinates of tagged
BS from the origin are computed using minimum distance. The euclidean distance between
interfering BSs and the tagged BS is computed. Depending on the distance, using the LOS
probability function in (5), LOS and NLOS BSs are determined. The beamforming gains on
desired and interfering links are then defined. Independent channel gains are modeled for
each desired and interfering link by generating exponentially distributed fading power for
LOS and NLOS channels. SINR is computed using (8).
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Table 3. Parameters for numerical evaluation of system model.

Parameter Value

f 28 GHz
B 500 MHz

G0j , j ∈ {UE, BS} 10 dB
Gsl j

, j ∈ {UE, BS} −10 dB
θj, j ∈ {UE, BS} 30◦

rc
√

1
πλ

In Figure 3a,b, SINR coverage probability is plotted vs. the SINR threshold for a set of
SEPLM parameters κ and ζ to model different propagation environments. The analytical
and simulation results are closely matched for two cell radii. An increasing value of ζ
is observed to cause a decrease in coverage probability due to increased path loss for
higher values of ζ. Smaller values of ζ represent an environment with sparse obstacles and
few objects obstruct the link between UE and its serving BS. As a result, the probability
of UE associating with the nearest BS with a minimum obstructed path is higher than
the environment with dense obstacles (for higher values of ζ), consequently, coverage
probability decreases as ζ increases. According to SEPLM, obstructions along with the path
r scales as rζ causing an attenuation κ. As ζ increases, the obstacles scale at a faster rate
with distance causing more blockages and attenuation, hence the increased path loss. Since
path loss directly affects received SINR, therefore SINR coverage probability is decreased.

-10 -5 0 5 10 15 20 25 30

SINR threshold (T), dB

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

S
IN

R
 c

o
v
e
ra

g
e
 p

ro
b
a
b
ili

ty
, 
P

c
(T

)

r
c
= 50 m, Analysis

r
c
= 50 m, Simulation

r
c
= 100 m, Analysis

r
c
= 100 m, Simulation

(a)

-10 -5 0 5 10 15 20 25 30

SINR threshold (T), dB

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

S
IN

R
 c

o
v
e
ra

g
e
 p

ro
b
a
b
ili

ty
, 
P

c
(T

)

r
c
= 50 m, Analysis

r
c
=50 m, Simulation

r
c
=100 m, Analysis

r
c
=100 m, Simulation

(b)
Figure 3. SINR coverage probability Pc(T) vs. SINR threshold (T) for different blockage environment.
(a) obstacle scaling factor (ζ = 1) (b) obstacle scaling factor (ζ = 2).

Figure 3 also explores the impact of varying cell radius on the coverage probability in
varying ζ environments. It is found that the SINR coverage probability is reduced at a small
cell radius (rc = 50 m) because as the cell radius is decreased, the distance between BSs is
reduced, which brings the interfering BSs closer to the tagged BS. As a result, coverage
probability decreases due to strong network interference that lies closer to tagged BS.
Furthermore, at increased cell radius, the reflections may enable NLOS links and hence the
increase in coverage probability due to NLOS paths. It has also been observed in [22,48]
that NLOS paths provide sufficient gains to recover for path loss due to the LOS link.
Moreover, at increased cell radius, the obstructions are more, causing some of the dominant
interference to be suppressed, thereby enhancing the coverage probability.

To elaborate further, in Figure 4, the SINR coverage probability of LOS and NLOS
path is plotted along with the total coverage probability for different values of cell radii,
rc = 50 m and rc = 100 m. It can be observed that the probability of NLOS coverage is
higher than the LOS coverage for a larger cell radius. This is in line with the observation
in [38], that at increased cell radius, the associated BS is mostly in NLOS with the UE.
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Figure 4. SINR coverage probability Pc(T) vs SINR threshold (T) with LOS and NLOS path. (a) cell
radius (rc) = 50 m (b) cell radius (rc) = 100 m.

In Figure 5, the effect of BS density on SINR coverage probability is studied for different
values of obstacle scaling factor (ζ). It is observed that the total coverage probability
decreases exponentially to zero for high BS density. It is also observed that when BS density
is low, the NLOS coverage probability is higher than the LOS coverage probability implying
that in the closest association, UEs are associated with NLOS BS. As BS density increases,
NLOS coverage keeps on decreasing. On the other hand, LOS coverage is initially low
and begins increasing but does not increase significantly as BS density increases. This
is because of the fact that, as BS density increases, the aggregate network interference
increases, causing a reduction in coverage probability. These results are in line with various
research [38,49,50]. The drop in coverage probability is more for higher values of ζ, which
represents a highly obstructive environment. Similar insights for the downlink microwave
network are obtained in [33]. According to our system model and assumption, the total
coverage probability follows a trend similar to the coverage of the NLOS path. This
emphasizes the significance of NLOS links in mmwave communication.
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Figure 5. Impact of BS density on SINR coverage probability for different blockage environment.
(a) obstacle scaling factor, ζ = 1 (b) obstacle scaling factor, ζ = 2.

HMIn Figure 6 the impact of different BS antenna parameters is studied on the SINR
coverage probability at rc = 100 m. The UE beam is fixed at G0UE = 10 dB, G0sl = −10 dB
and θUE = 30◦. It can be observed that increasing the BS antenna gain increases the coverage
probability. Whereas increasing the beamwidth of the BS antenna makes the main lobe
wider, and coverage probability is reduced due to a decrease in directionality.
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Figure 6. SINR coverage probability Pc(T) vs. SINR threshold (T) for different BS antenna parameters
at rc = 100 m. (a) obstacle scaling factor ζ = 1 (b) obstacle scaling factor ζ = 2.

Figure 7 shows that ASE is not a monotonic function; instead, it initially increases
with increasing BS densities and reaches a peak value at a certain BS density, after which
it decreases and falls to zero. For each value of ζ, the ASE curve has a similar trend but
different maximum ASE values and decay rates. In an environment with high obstructions,
ASE quickly drops to zero as BS densities are increased with low achievable ASE, whereas,
in an environment with medium to sparse obstructions, sufficient ASE can be attained
before it drops to zero. Consequently, network designers can decide the maximum BS
density value that yields adequate ASE in different obstructive environments. As in a
highly obstructive environment, deploying more BSs may not be beneficial. Similar insights
are obtained in [33] for the downlink microwave network. However, the obtainable data
rates in the case of an mmwave network are significantly higher than that of a microwave
network. For ASE comparison purposes, a microwave network operating at 2 GHz is
also simulated. It can be observed that due to its high bandwidth, the ASE obtained from
the mmwave NLOS links are also higher than the microwave network, which is further
increased by the addition of LOS links.
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Figure 7. Impact of BS density (λ) on area spectral efficiency.

To emphasize the practicality of our work, in Figure 8, the methodology present in this
paper is compared with the existing widely adopted path loss model for mmwave in [38]
under the same system assumptions (i.e., ignoring the noise and assuming Rayleigh fading)
and antenna gain. The presence of thermal noise in the system is ignored to study the
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impact of path loss alone on coverage performance. Moreover, in dense cellular networks,
noise power has negligible impact as compared to interference. Hence noise can be ignored.
It can be observed that at a high cell radius (rc > 100 m), our proposed model shows that
the coverage probability increases with the increasing cell radii due to weaker interference
power as the distances between BS increase. In line with the findings in [38], at rc > 100 m,
the SIR coverage probability is high, due to weaker interference power and/or blocked
interference components leading to improved performance. However, when employing
SEPLM, the coverage probability shows significant improvement in coverage as the cell
radius increases from 100 m to 200 m, while the mmwave system with traditional path loss
does not show such variations. HMThis work is also compared with mmwave small cell
network in [25,26], which employs an inter-cell interference coordination (ICIC) scheme
to mitigate interference in the dense network for improved coverage and capacity. It
can be observed that SEPLM provides better coverage performance as compared to the
conventional path loss model with opportunistic interference cancellation mechanism at
different blockage densities. Similarly, it can also be observed that when using SEPLM as
BS density is increased the coverage probability is reduced due to increasing interference
power from nearby BS as illustrated in Figure 5. On the contrary, the existing path loss
model shows a slow decline in SIR when increasing BS densities.
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Figure 8. SINR coverage probability Pc(T) comparison of conventional path loss model for mmwave
and SEPLM. (a) SINR vs. SINR threshold (T) (b) SINR vs. BS density (λ).

5. Conclusions

In this paper, a mathematical framework for downlink mmwave cellular network has
been proposed where the NLOS path is modeled by SEPLM and a 3GPP LOS probability
function. The SEPLM was first validated for mmwave NLOS channel using data from an
open source measurement-based simulator NYUSIM, and then a stochastic geometry-based
mathematical model for mmwave communication in an outdoor scenario with obstructions
has been developed. Using this developed model, the impact of cell radii, BS densities,
and obstructions/ blockages on SINR coverage probability and ASE has been investigated.
Our analysis shows that the SINR coverage probability is improved as the cell radius
is increased. The coverage probability decreases as the number of obstructions in the
environment increases because of increased BS blockage. It is also determined that, as
network density increases, the coverage probability falls exponentially to zero due to
increased network interference. The ASE is observed to increase linearly with increasing
BS densities reaching a maximum value and then dropping to zero. It is also found that the
achievable ASE is low for a highly obstructive environment and cannot be increased by
deploying more BSs. As a more realistic path loss model for mmwave, SEPLM shows a
strong dependence on cell radius and BS compared to the existing path loss model resulting
in different coverage performance.

HMThe coverage probability derived in this work utilizes a sectored antenna model
for simplified analysis. In future, this work can be extended to include realistic antenna



Electronics 2022, 11, 4226 14 of 19

patterns with the main lobe and observe the impact of beamforming in a dense network.
Furthermore, the path loss parameters used and validated in this work mainly assume
static blockages (such as buildings) in an urban microcellular scenario. In future, more
investigation is required to determine the impact of blockage on the path loss parameters
in different propagation environments.
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Appendix A. Derivation of SINR Coverage Probability

The LOS coverage probability can be written as

Pc,LOS(T) = P
[
|hL0 |2G0BSG0UEl(r)

σ2 + Iz
> T

]
(A1)

= P
[
|hL0 |

2 > T
(

σ2 + Iz

G0BSG0UEl(r)

)]
(A2)

≈E

e

(
−T(σ2+Iz)

G0BSG0UEl(r)

) (A3)

≈ E
[
e(µσ2)

]
E
[
e(µL IZ)

]
(A4)

≈E
[
e(µLσ2)

]
LIZ (µL) (A5)

Pc,LOS(T) =
∞∫
0

LIZ (µL) fR(r)dr (A6)

Let us denote µL = T
G0BSG0UEr−αL

in (A4). LIZ (µL) in (A5) is the LT of LOS interference

components and by definition, LI(s) = E
[
e−sI]. (A6) represents the coverage probability

conditioned on the PDF of the distance between typical UE and its nearest serving BS
denoted by fR(r) in (A6) defined in (1), and assuming σ2 << IZ.

Similarly, the SINR in the NLOS link between BS and typical UE can be written as,

SINRNLOS =
|hN0 |2G0BS G0UE lNLOS(r)
σ2 + ∑z∈≺Z |h2

z |Gzl(Dz)
(A7)

and the NLOS conditional coverage probability is given as

Pc,NLOS(T) = E
[
e(µN σ2)

]
LIZ (µN) (A8)

Pc,NLOS(T) =
∞∫
0

LIZ (µN) fR(r)dr (A9)

Here, µN = T
G0BS G0UE exp(−κrζ)

and σ2 << IZ.

https://wireless.engineering.nyu.edu/nyusim/
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Appendix A.1. Laplace Transform of Interference

According to the thinning property of PPP the interference components can be split
into independent PPPs for the LOS and NLOS BS.

Iz = ILOS + INLOS (A10)

ILOS = ∑
z∈φL

|hL|2GzlLOS(Dz) (A11)

INLOS = ∑
z∈φN

|hN |2GzlNLOS(Dz) (A12)

The LT of interference caused by LOS BSs can be derived according to the following steps:

LILOS(µL) = E[exp(−µL ILOS)] (A13)

= EφL

exp

−µL ∑
z∈φL\B(0,r)

|hz|2GzD−αL
z

 (A14)

= EGz ,Dz ,hz

 ∏
z∈φL\B(0,r)

exp
(
−µL|hz|2GzD−αL

z

) (A15)

=EGz

 ∏
z∈φL\B(0,r)

EDz

 1(
1 + µLGzD−αL

z

)
 (A16)

= exp
(
−2πλ EGz

[∫ ∞

r

(
1− 1

1 + µLGzt−αL

)
tpLOS(t)dt

])
(A17)

= exp

(
−2πλ ∑

G∈Gz

PGz

(∫ ∞

r

(
1− 1

1 + µLGzt−αL

)
tpLOS(t)dt

))
(A18)

where (A15) is due to the independence of random variables Gz, Dz, hz across φL. (A16) is
due to the MGF of hz. (A17) is using PGFL of a PPP [51] and PGz in (A18) is given in (7).

The LT of interference caused by NLOS BSs can be derived according to the
following steps:

LINLOS (µL) = E[exp(−µL INLOS)] (A19)

= EφZ

exp

−µL ∑
z∈φZ\B(0,r)

|hz |2Gz l(Dz)

 (A20)

= EGz ,Dz ,hz

 ∏
z∈φZ\B(0,r)

exp
(
−µ|hz |2Gzexp

(
−κDζ

z

)) (A21)

= exp

−2πλ
4

∑
k=1

bk

∞∫
r

Ehz

(
1− exp

(
−µLak |hz |2exp

(
−κtζ

)))
tpNLOS(t)dt

 (A22)

= exp

 2πλ

ζ(−κ)
2
ζ

4

∑
k=1

bk

exp(−κtζ)∫
0

Ehz

(
1− exp

(
µLak |hz |2u

))
u

ln (u)
2−ζ

ζ pNLOS

(
−ln(u)

κ

) 1
ζ

du


 (A23)

= exp

 2πλ

ζ(−κ)
2
ζ

4

∑
k=1

bk

exp(−κtζ)∫
0

(
1− 1

1+µL ak u

)
u

ln (u)
2−ζ

ζ pNLOS

(
−ln(u)

κ

) 1
ζ

du


 (A24)

= exp

− 2πλ

ζ
(

κ
2
ζ

) 4

∑
k=1

bk

exp(−κrζ)∫
0

µLak
1 + µLaku

(−ln(u))
2−ζ

ζ
pNLOS

(
−ln(u)

κ

) 1
ζ

du


 (A25)

(A22) is obtained by using PGFL of PPP and by substituting u = exp(−κtζ). The in-
tegration limits from r to ∞, implies that the closest interferer lies at least at a distance r
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from tagged BS. (A23) is from moment generating function of hz ∼ exp(1) and ak and bk
are constants defined in (7).

Appendix A.2. Laplace Transform for ζ = 2
p+1

The LT for ζ = 2
p+1 is derived in the following steps. Substituting s =

Texp(κrζ)
G0BS G0UE

and

ω = uexp
(
−κrζ

)
and letting avk =

ak
G0BS G0UE

, we obtain (A26)–(A31),

LI(µN) = exp

 2πλT

ζ
(

κ
2
ζ

) 4

∑
k=1

bk

 1∫
0

avk (ln(ω)− αrζ)
2−ζ

ζ

1 + Tavk ω
dω

 (A26)
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∑
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(A30)

= exp

(
p
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q=0

λαq(Tavk )r
2q

p+1

)
(A31)

(A29) is obtained from substitution of c = ln(ω) and from binomial expansion. (A30)
is by using integral representation of polylogarithmic function where Li(k) denotes kth

order polylogarithmic function Li(p−q+1)
(
−Tavk

)
= −Tavk

∫ ∞
0

(
−1

ec+Tavk

)p−q
cdc. Letting

αq
(
Tavk

)
= ∑4

k=1
π(p+1)!
q!αp−q+1 bkLi(p−q+1)

(
−Tavk

)
and αp+1 = −π in (A31) and averaging over

the serving distance final expression for mmwave coverage probability in (12) is obtained.

Appendix A.3. Laplace Transform for ζ = 1

For ζ = 1 which corresponds to p = 1, (12) can be expanded in following steps,

Pc(T) = 2πλ

∞∫
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r exp
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(√
πλ

κ
bky
(
Tavk

)))
(A35)

=
4

∏
k=1

exp
(

2πλ

κ2 bkLi2
(
−Tavk

))
×
(

1− 2π
√

λ

κ
bky
(
Tavk

)
e

πλbk
2y2(Tavk )

κ2 Q

(√
2πλ

κ
bky
(
Tavk

)))
(A36)

In (A33) Li1
(
−Tavk

)
= −ln

(
1 + Tavk

)
and y

(
Tavk

)
= ln

(
1 + Tavk

)
. (A34) is from inte-

gral transform of exponential function
∫ ∞

0 e−pxe(−ax2)xdx = 2b− 2π1/2b3/2ebp2
pEr f c

(
p
√

b
)
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here, b = 1
4a . Finally, by the relation of Q and Er f c, Q(x) = 1

2 Er f c
(

x√
2

)
the expression for

coverage probability is obtained in (A36).

Appendix B. Fitting Stretched Exponential Path Loss Model to the Measurement Data

In this subsection, the SEPLM is verified and validated for mmwave NLOS links with
actual path loss measurement data. For finding the best fit of the parameters κ and ζ, linear
mean-square estimate is employed [47]. The path loss expression in (3) is transformed into
a linear expression in the following steps:

L(r) = exp(−κrζ) (A37)

Taking natural logarithm of both sides of above expression, the following equation
is obtained,

ln(L) = ln(exp(−κrζ)) (A38)

ln(L) = (−κrζ) (A39)

Again taking natural logarithm of both sides of above expression, the following
equation is obtained,

ln(ln(L)) = ln(−κrζ) (A40)

ln(ln(L)) = ln(−κ) + ζ ln(r) (A41)

The above expression can be written as a linear function of the data as follow,

Y = AX + b (A42)

Here, Y = ln(ln(L)), b = ln(−κ), A = ζ and X = ln(r). A and b are the parame-
ters that minimize the mean square estimation error and are computed according to the
following expressions,

b =
E(XY)− E(X)E(Y)

E[X2]− E2[X]
(A43)

A = E[Y]− bE[X] (A44)

Here E(.) represents the mean value of the measured data. The SEPLM parameters κ
and ζ can be obtained using the relation, ζ = b and ln(−κ) = A.
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