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Abstract—Millimeter Wave (mmWave) communication systems
can provide high data rates, but the system performance may
degrade significantly due to interruptions by mobile blockers
such as humans or vehicles. A high frequency of interruptions
and lengthy blockage durations will degrade the quality of
the user’s experience. A promising solution is to employ the
macrodiversity of Base Stations (BSs), where the User Equipment
(UE) can handover to other available BSs if the current serving
BS gets blocked. However, an analytical model to evaluate the
system performance of dynamic blockage events in this setting
is unknown. In this paper, we develop a Line of Sight (LOS)
dynamic blockage model and evaluate the probability, duration,
and frequency of blockage events considering all the links to
the UE which are not blocked by buildings or the user’s own
body. For a dense urban area, we also analyze the impact of
non-LOS (NLOS) links on blockage events. Our results indicate
that the minimum density of BS required to satisfy the Quality
of Service (QoS) requirements of Ultra Reliable Low Latency
Communication (URLLC) applications will be driven mainly
by blockage and latency constraints, rather than coverage or
capacity requirements.

Index Terms—Macrodiversity, static blockages, mobile block-
ers, self-blockage, reliability, 5G, mmWave, stochastic geometry,
URLLC, QoS, LOS, NLOS, network planning.

I. INTRODUCTION

Recent advances in  applications ranging from
Machine-Type Communication (MTC) to mission-critical
services (connected-vehicle-to-everything (V2X), eHealth,
Augmented/Virtual Reality (AR/VR), and tactile Internet) are
posing tremendous challenges regarding capacity, reliability,
latency, and scalability. V2X, eHealth, and MTC may
require low capacity, but impose a very tight constraint
on the network for ultra-high service reliability (99.999%),
ultra-low latency (1 — 10 ms), and low Block Error Rates
(BLER) (102 — 107®) [1]-[3]. On the other hand, AR/VR
applications require a significantly higher capacity (100 Mbps
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- few Gbps) and low latency (Ims-10ms), while being able
to tolerate a relatively higher BLER [2]. Furthermore, most
of these application will require a Service Interruption Time
(SIT) of close to 0 ms [4]. The stringent requirements of these
applications propel the rethinking of 5G cellular network
design for Ultra Reliable Low Latency Communication
(URLLC) applications. While many proposals to achieve
low latency and high reliability have been proposed, such
as edge caching, edge computing, network slicing [5], [6], a
shorter Transmission Time Interval (TTI), frame structure [7],
and flow queueing with dynamic sizing of the Radio Link
Control (RLC) buffer at Data Link Layer [8], we focus our
analysis on issues related to Radio Access Network (RAN)
planning to achieve the stringent Quality of Service (QoS)
requirements of URLLC applications.

Millimeter wave (mmWave) frequencies are being consid-
ered for the 5G RAN due to their abundant bandwidth as
compared to traditional sub-6 GHz bands [9]. Thanks to
the high bandwidth available at mmWave frequencies, the
mmWave RAN can achieve data rates of the order of a few
Gbps [10], suitable for the QoS requirements for AR/VR
applications. However, mmWave communication systems are
quite vulnerable to blockages due to higher penetration losses
and reduced diffraction [11]. Even the human body can
reduce the signal strength by 20 dB [12]. Thus, an unblocked
Line of Sight (LOS) link is highly desirable for mmWave
systems. When a LOS link is blocked, strong Non-Line of
Sight (NLOS) links may also be helpful in achieving high
reliability. However, NLOS links can also be blocked by
mobile blockers. A mobile human blocker can block a link
for approximately 500 ms [12]. The frequent blockages of
mmWave links and high blockage durations can be detrimental
to URLLC applications.

One potential solution to blockages in the mmWave cellular
network is employing a combination of macrodiversity of
Base Stations (BSs) and Coordinated Multipoint (CoMP) tech-
niques. These techniques have shown a significant reduction
in interference and improvement in reliability, coverage, and
capacity in the current sub-6 GHz Long Term Evolution-
Advance (LTE-A) deployments [13]. Furthermore, RANs are
moving towards the cloud-RAN (C-RAN) architecture that
implements macrodiversity and CoMP techniques by pooling
a large number of BSs in a single centralized Base Band
Unit (BBU) [14], [15]. As a single centralized BBU handles
multiple BSs, the handover and beam-steering time can be
reduced significantly [16]. To reduce the SIT to close to
0 ms, the 3™ Generation Partnership Project (3GPP) has
introduced Make-before-break (MBB) and Random Access
Channel (RACH)-less techniques in Release 14 [17]. In the
MBB handover procedure, the connection to a serving BS is



released only after the handover to the new BS is complete. In
the RACH-Iess technique, the target BS obtains the necessary
RACH information from the serving BS. Furthermore, to
achieve a close to 0 ms handover latency, a multi-connectivity
functional architecture is proposed, where different Radio
Access Technologies (RATs) such as 5G New Radio (NR),
LTE, and WiFi can be tightly coupled and a single handover
command can be sufficient for service migration between
different RATs and BSs [18].

The impact of service interruptions due to blockage can also
be alleviated by caching the downlink content at the BSs or the
network edge for AR/VR applications [19]. However, caching
the content more than about 10 ms may degrade the user
experience and may cause nausea to the users particularly for
AR applications [20]. For applications like MTC, autonomous
driving, eHealth, and the tactile Internet, the 5G network
must achieve high reliability and low latency. Careful network
planning can meet the requirements of URLLC applications.
Therefore, it is important to study the blockage probability
and blockage duration to obtain the optimal density of BS
that satisfies the desired QoS requirements.

As shown in previous work by Bai, Vaze, and Heath [21],
[22], mmWave networks may not provide very high coverage
due to static blockages (blockages such as buildings, trees,
and other static structures). Thus, we envision the 5G cellular
network as the overlap of sub-6 GHz LTE and 5G NR
where the coverage holes of the 5G NR would be taken care
of by LTE. In this architecture, both 5G and LTE will be
collectively responsible for achieving the QoS requirements
of URLLC applications and the C-RAN will be responsible
for seamless migration of services from 5G NR to LTE
(or vice-versa). Our primary concern is to quantify the QoS
requirements of URLLC applications in the mmWave cellular
network where blockages may cause a significant problem. To
provide seamless connectivity for URLLC applications, we
present an analysis considering key QoS parameters such as
the probability of blockage events, blockage frequency, and
blockage duration. The major contributions of this paper are
summarized as follows:

1) We provide a stochastic geometry based analytical
model of the combined effect of static blockages (User
Equipment (UE) blocked by permanent structures such
as buildings), dynamic blockage (UE blocked by mobile
blockers) and self-blockage (UE blocked by the user’s
own body) to evaluate the impact on key QoS metrics.

2) We obtain analytical expressions for the probability,
frequency, and duration of simultaneous blockage of all
BSs in the range of the UE.

3) We verify our dynamic blockage model through Monte-
Carlo simulations by considering a random waypoint
mobility model for mobile blockers.

4) Finally, we present a case study to find the minimum BS
density that is required to satisfy the QoS requirements
of URLLC applications for two scenarios: an open park-
like scenario and an urban scenario. We also analyze the
trade-off between BS height and density to satisfy the
QoS requirements.

The rest of the paper is organized as follows. The related
work is presented in Section II. The system model is described
in Section III. Section IV provides an analysis of blockage
events and evaluates the key blockage metrics for LOS link.
The analysis is extended to consider blockage of both LOS and
NLOS links in Section V. Section VI considers the special case
of a hexagonal cell layout. Numerical results are presented in
Section VII. Finally, Section VIII concludes the paper.

II. RELATED WORK

A mmWave link may have three kinds of blockages, namely,
static, dynamic, and self-blockage. Static blockage due to
buildings and permanent structures has been thoroughly stud-
ied by Bai, Vaze, and Heath in [21] and [22] using random
shape theory and a stochastic geometry approach for urban
microwave systems. The underlying static blockage model is
incorporated into the cellular system coverage and rate analysis
by Bai ef al. [11]. Static blockages from permanent structures
may cause a significant reduction in LOS link quality. On
the other hand, reflections from such structures can provide
sufficient NLOS paths to recover from the LOS path loss. Bai
et al. [11] modeled the LOS and NLOS BSs as independent
Poisson point processes and showed rate and coverage gain
in the mmWave cellular network. A detailed NLOS model
is presented in [23] by considering first-order reflections.
However, they consider the blockages as squares with a fixed
orientation. Akdeniz et al. [10] obtained a statistical model of
the number of NLOS BSs through measurements in an urban
scenario. Note that for an open area such as a public park,
static blockages and NLOS paths play a small role.

The second type of blockage is dynamic blockage due
to mobile humans and vehicles (collectively called mobile
blockers) which may cause frequent interruptions to the LOS
link. Dynamic blockage has been given significant importance
by 3GPP in TR 38.901 of Release 14 [24]. An analytical model
in [25] considers a single access point, a stationary user, and
blockers located randomly in an area. The model in [26] is
developed for a specific scenario of a road intersection using
a Manhattan Poisson point process model. MacCartney et
al. [12] developed a Markov model for blockage events based
on measurements on a single BS-UE link. Similarly, Ragha-
van et al. [27] fits the blockage measurements with various
statistical models. However, a model based on experimental
analysis is generally specific to the measurement scenario and
may not generalize well to other scenarios. The authors in [28]
considered a 3D blockage model and analyzed the blocker
arrival probability for a single BS-UE pair. Studies of spatial
correlation and temporal variation in blockage events for a
single BS-UE link are presented in [29] and [30]. However,
their analytical model is not easily scalable to multiple BSs.

Apart from static and dynamic blockage, self-blockage plays
a significant role in mmWave systems performance. The au-
thors of [31] studied human body blockage through simulation.
A statistical self-blockage model is developed in [27] through
experiments considering various modes (landscape or portrait)
of hand-held devices. The impact of self-blockage on received
signal strength is studied by Bai and Heath in [32] through a
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Figure 1: System Model: Service quality to the UE can be degraded
by static blockage, self-blockage, and dynamic blockages. A typical
UE is located at the center and BSs and blockers are located
uniformly in a disc around the UE.

stochastic geometry model. They assume the self-blockage due
to a user’s body blocks the BSs in an area represented by a
cone.

All the above blockage models consider the UE’s associa-
tion with a single BS. Macrodiversity of BSs is considered as
a potential solution to alleviate the effect of blockage events in
a cellular network. The authors of [33] and [34] proposed an
architecture for macrodiversity with multiple BSs and showed
improvements in network throughput. A blockage model with
macrodiversity is developed in [35] for independent blocking
and in [36] and [37] for correlated blocking. However, they
consider only static blockage due to buildings.

The primary purpose of the blockage models in previous
papers was to study the coverage and capacity analysis of
the mmWave system. However, apart from signal degradation,
blockage frequency and duration also affect the performance of
the mmWave system and are critically important for URLLC
applications.

In our previous work [38], we presented the effect of
dynamic blockage and self-blockage on the LOS link in an
open park scenario. The results presented in [38] indicate that a
high density of BS is required to satisfy the QoS requirements
of URLLC applications. The study motivated us to consider
a regular hexagonal cell layout in this paper. We showed that
a well-planned cellular network such as the hexagonal layout
could combat blockage events more efficiently than a random
BS deployment in an open park scenario. Furthermore, in this
paper, we also consider an urban setting, where, apart from
dynamic and self-blockage, there are static blockages which
may block the LOS paths between UE and BSs, while at
the same time provide NLOS paths between UE and BSs.
This paper extends our previous dynamic blockage analysis to
include static blockages and derives the blockage probability
and duration considering both LOS and NLOS paths.

III. SYSTEM MODEL

Various components of our system model and the associated
assumptions are presented in this section. The system model
is shown in Figure 1.

A. Assumptions

e BS Model: The mmWave BS locations are modeled as a
homogeneous Poisson Point Process (PPP) with density
Ar (a brief summery of notations is provided in Table I).
Consider a disc B(o, R) of radius R and centered around
the origin o, where a typical UE is located. We assume

Table I: Summary of Notations

Notation | Description

R LOS Range.

R NLOS Range.

AT BS Density.

AB, As Density of dynamic blockers, and static blockages resp.
a; Arrival rate of dynamic blockers.

w Self-blockage angle.
m Number of BS in disc B(o, R).

n Number of BS in coverage.

k Number of NLOS links for a given BS.

K Parameter for the distribution of number of NLOS paths.
r

i UE-BS distance for ith BS.
c? LOS coverage considering only self-blockage for open park
scenario.
cLos LOS Coverage considering static and self-blockage.
C LOS and NLOS coverage considering static and self-
blockage.
Bs, B4 Indicator for static and dynamic blockage respectively for a

single BS-UE link.

Bl Indicator for self-blockage.

Bhex Blockage indicator for hexagonal case.

BLOS LOS Blockage indicator considering static, dynamic, and
self-blockage.

B LOS and NLOS blockage indicator considering static, dy-
namic, and self-blockage.

¢ Blockage frequency considering only dynamic and self-
blockage.

T4 Blockage duration of LOS paths considering dynamic and
self-blockage.

TLOS Blockage duration of LOS paths considering static, dynamic,

and self-blockage without NLOS paths.
T Blockage duration considering static, dynamic, and self-
blockage with both LOS and NLOS paths.

that each BS in B(o, R) is a potential serving BS for the
UE. Thus, the number of BSs M in the disc B(o, R) of
area mR? follows a Poisson distribution with parameter
ArmR?, ie.,

ApmR2|™ e ArTR?

Pyr(m) = oy (D

Given the number of BSs m in the disc B(o, R), we
have a uniform probability distribution for BS locations.
The BSs distances R;, Vi = 1,...,m, from the UE
are independent and identically distributed (i.i.d.) with

distribution
2
fram(rlm) = = 0<r < RVi=1,...,m, (2)
and the angular positions 6;,V i = 1,...,m of the BSs

with respect to the x-axis are i.i.d. and follow a uniform
distribution in [0, 27].

e Static Blockage Model: Static blockage due to buildings
and permanent structures is thoroughly studied by Bai
and Heath [22]. They modeled static blockages such
as buildings using random shape theory. The buildings
are considered to be of length ¢, and width w. The
probability! P(B|m,r;) that the ith BS-UE link is
blocked by a static blockage is calculated in [22] as

P(Bi|m,r;) =1 —e Brith). wi—1 ...m,  (3)

where 8 = 2X\g(E[{] + E[w]) and By = AsE[(E[w];
where A\g is the density of static blockage represented

INote that the notation P(Bf|m,r;) is a compressed version of
Pgs|u, R, (B |m,ri), which we use for convenience. Similar notations used
i L .
elsewhere in this paper should be clear based on the context.
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Figure 2: NLOS model: An actual BS located in a disc B(o, R) of
radius R (shown as shaded region) may provide strong NLOS signals.
For a given BS at a distance r; from the origin, the corresponding
virtual BSs are located on a circle of radius r; around the origin.

in terms of static blockages per km? (sbl/km?), and E[/]
and E[w] are the expected length and width of buildings
respectively. The effect of the height of buildings on static
blockage probability is analyzed in [22]. For simplicity,
we assume the static blockages are higher than the BS.

e Self-blockage Model: The user blocks a fraction of BSs
due to his/her own body. The self-blockage zone is
defined as a sector of the disc B(o, R) making an angle w
at the user’s body as shown in Figure 1. The orientation
of the user’s body is uniform in [0, 27]. We consider a BS
is blocked by self-blockage if it lies in the self-blockage
zone. Therefore, the probability that a randomly chosen
BS is blocked by self-blockage is

w

P(Bself) _ % (4)

For ease of notation, we denote by p the probability that
a randomly chosen BS is not blocked by self-blockage:
= 1 _ —

e )

o Dynamic Blockage Model: Dynamic blockers are dis-
tributed according to a homogeneous PPP with density
Ap represented in terms of blockers per m? (bl/m?). The
blockers® are moving in the disc B(o, R) with velocity
V in a random direction. Further, the arrival process of
the blockers crossing the ith BS-UE link is Poisson with
intensity «;. The blockage duration is independent of the
blocker arrival process and is exponentially distributed
with mean 1/u. Thus, the blocking event follows an
exponential on-off process with a; and p being the block-
ing and unblocking rates, respectively. The probability
of blockage P(BZ|m,r;) of the ith BS-UE link due to
dynamic blockers can therefore be expressed as follows:

1/p Oy

Voi+1/p ai+p’
We will derive an expression for the blocker arrival rate
«; in Lemma 1 in the next subsection.

e NLOS Model: NLOS links can fill the coverage holes in
the mmWave cellular system and can enhance reliability.
However, the signal degradation, due to reflections from
reflectors such as buildings, may limit the number of

p= 1— P(Bself) w

P(Bfm,r;) = (6)

2In the rest of the paper, the term blocker implies dynamic blockers, unless
otherwise stated.
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Figure 3: Dynamic blockage model: Blockers are moving with
velocity V' at a random angle ¢ from the x-axis. A blocker within
< (a fraction of the BS-UE distance ;) distance away from the UE
can cause interruptions to the ith BS-UE link.

strong NLOS paths. Since the NLOS link length is
always longer than the corresponding LOS link length,
we only consider those NLOS paths which correspond
to BSs within R < R distance from the origin. The
corresponding disc B(o, R) is shown in Figure 2. The
number of NLOS links K for a given BS-UE pair was
obtained by Akdeniz et al. [10] through measurements in

an urban area as

K ~ max{Poisson(x), 1}, (7
where « is obtained empirically. The distribution P (k)
follows:
0 ifk=0,
Pr(ky=<ce " +efx ifk=1, ()
e tnl if k> 1.

We consider virtual locations of NLOS BSs as images
of LOS BS via reflectors. For a given BS at a distance
r; from origin, the corresponding virtual BSs would be
at a distance longer than r;. To obtain a lower bound on
blockage probability, we consider the best case scenario
when the NLOS BSs are located exactly at a distance r;
from origin. For simplicity, we assume the virtual BSs
are distributed uniformly in a ring of radius r;, which is
the same as the actual BS-UE link length.

o Connectivity Model: We say the UE is blocked when all
of the potential serving BSs, actual and virtual, in the
disc B(o, R) are blocked simultaneously.

B. Dynamic Blockage Model for a Single BS-UE Link

For a sound understanding of the dynamic blockage model,
consider a single BS-UE LOS link in Figure 3. The 2D
distance between the ith BS and the UE is r;, and the LOS
link makes an angle 6 from the positive x-axis in the azimuth
plane. Further, the blockers in the region move with constant
velocity V' at an angle ¢ with the positive x-axis, where ¢ is
distributed uniformly in [0, 27]. Note that only a fraction of
blockers crossing the BS-UE link will be blocking the LOS
path, as shown in Figure 3. The effective link length rfff that
is affected by the movement of dynamic blockers is given by,

e _ (hp —hr)

T mﬁ', &)

1 o
e



where hp, hgr, and hp are the heights of blocker, UE (re-
ceiver), and BS (transmitter) respectively. The blocker arrival
rate «; (also called the blockage rate) is evaluated in Lemma 1.

Lemma 1. The blockage rate «; of the ith BS-UE link is

a;=Cry, Vi=1,---,m, (10)
where C' is proportional to blocker density Ap as,
2 hg —h
¢ = 2ypythe —n) (11)

™ (hy —hg)’

Proof. Consider a blocker moving at an angle (6 — ) relative
to the BS-UE link (See Figure 3). The component of the
blocker’s velocity perpendicular to the BS-UE link is V,, =
Vsin(6 — ¢), where V,, is positive when (6 —7) < ¢ < 6.
Next, we consider a rectangle of length ¢ and width V,,At.
The blockers in this area will block the LOS link over the
interval of time At. Note there is an equivalent area on the
other side of the link. Therefore, the average frequency of
blockage is 2\ TV, At = 2XpreV sin(6 — ) At. Thus, the
frequency of blockage per unit time is 2\ pr¢fV sin(6 — ).
Taking an average over the uniform distribution of ¢ (uniform
over [0,27]), we get the blockage rate «; as follows:

]
1
;= 2)\Br§’ffV/ sin(6 — 30)2— do
2 o 2 (h ’ hr) 9
— Spretty = Zagv BT R
™ BT ™ B (hT—hR)r
This concludes the proof. |

Following [30], we model the blocker arrival process as
Poisson with parameter a; blockers/sec (bl/s). Note that there
can be more than one blocker simultaneously blocking the
LOS link. The overall blocking process has been modeled
in [30] as an alternating renewal process with alternate periods
of blocked/unblocked intervals, where the distribution of the
blocked interval is obtained as the busy period distribution
of a general M/GI/oo queuing system. Here M stands for
Poisson arrival process of blockers and GI denotes a general
independent distribution of blockage durations (service time),
which depends on the velocity and direction of the arrival of
the blockers. Since there can be many independent blockage
events overlapping in time, we assume infinite servers.

For mathematical simplicity, we assume the blockage du-
ration of a single blocker is exponentially distributed with
parameter p. Thus we can model the blocker arrival process
as an M /M /oo queuing system. We further approximate the
overall blocking process as an alternating renewal process with
exponentially distributed periods of blocked and unblocked
intervals with parameters «; and p respectively. Equivalently,
the simultaneous blocking by two or more blockers is assumed
to be a negligible probability event. This approximation works
for a wide range of blocker densities, as is verified through
simulations in Section VIIL.

The blocking event of a BS-UE link follows an on-off
process with «; and p as blocking and unblocking rates,

respectively. The probability of blockage P(B¢|m,r;) of the
ith BS-UE link due to dynamic blockers follows:

C,..
Qg m i

aitp 1+ %7

P(Bf|m,r;) = Vi=1,---,m, (13)
where C' is proportional to the blocker density Ap (see (11)).

In the next section, we consider a generalized LOS blockage
model considering all three kind of blockages. We assume the
UE keeps track of all available BSs using beam-steering and
handover protocols, which we assume can be achieved with a

SIT of 0 ms, as discussed in Section I.

IV. GENERALIZED LOS BLOCKAGE MODEL

In this Section, we evaluate the impact of mobile blockers
such as people and vehicles on the direct LOS BS-UE link.
We consider macrodiversity of BS and evaluate the blockage
probability given that at least one of the BSs-UE links is
available. A link is said to be available if it is not permanently
obstructed by static blockages such as buildings and the user’s
own body.

A. LOS Coverage Probability
We say that the UE is in coverage if there is at least one
BS not blocked by either static blockage or by self-blockage.

Lemma 2. The distribution of the number of BSs (N) which
are not blocked by static or self-blockage follows a Poisson
distribution with parameter pgA\rmR?, i.e.,

)\ R2 n
PN(n) _ [Pq Tﬂ'- ] e—pq)\TTrRz7 (14)
n!
where,
2¢—Fo _
p=1—w/2m, and, q = RE [1 — (14 BR)e" PR
(15)
Proof. See Appendix A. ]

Corollary 1. Let C'9% denote the LOS coverage event that
represents that the UE has at least one serving BS in the disc
B(o, R) and is not blocked by static or self-blockage. The
probability of this LOS coverage event C*©% is calculated as

P(CFO%) = Py(n #0) =1 — Py(0)

=1 — e PR (1o

where p and q are defined in (15).

B. LOS Blockage Probability

Our objective is to develop a blockage model for the
mmWave cellular system where the UE can connect to any
of the potential serving BSs. In this setting, a blockage
occurs when all the BS-UE links are blocked simultaneously.
We define an indicator random variable BX©9 that indicates
the LOS blockage of all available BSs in the range of the
UE. We obtain the blockage probability by utilizing the
independence of static, dynamic, and self-blockage events.
A BS is considered blocked if it is blocked by either static
blockage or dynamic blockage or self-blockage. The LOS



blockage probability P(BL?%|m,r;) of the ith BS-UE link
is conditioned on the number of BSs m in the disc B(o, R)
and the BS-UE distance r;, and is given by:
P(BF9%im,r;) =1 — (1 — P(B*")) (1-P(B{|m,r;))
x (1—P(Bim, 1))
— 1 — pe—(Bri+Bo) 1
=l 1+ S’
n
a7
where we use the expressions for static and dynamic block-
age probability from (3) and (13) respectively. The blockage
events of multiple BSs may be correlated based on the location
of dynamic blockers. For instance, a blocker closer to the
user may simultaneously block multiple BSs as compared to a
blocker farther away from the the user. However, in this paper,
we assume independent blockage of all the BS-UE links and
leave the correlation analysis for future work. Denoting the set
of distances {ry, 72, , 7} by a compressed form {r;}, we
evaluate the probability of simultaneous blockage of all the
LOS BS-UE links, i.e., P(BX9%|m, {r;}), as follows:

P(B"9S|m, {r:}) = [ [ P(BfO%|m,r)
=1
m

1
_ H 1 _pe*(ﬁf‘i+ﬁo) = > )
-1 < 1 + ;Ti
(18)

To obtain the marginal LOS blockage probability P(BX©%),
we first evaluate the conditional LOS blockage probability
P(BY9%|m) by taking the average of P(BL9%|m, {r;}) over
the distribution of distances {r;} and then find P(BL9%) by
taking the average of P(BL9%|m) over the distribution of m.

Theorem 1. The marginal LOS blockage probability and the
conditional LOS blockage probability given LOS coverage (16)
is given by:

P(BLOS) _ e—akaTrR27 (19)
2 2
LOS|ALOS, e—apATﬂ'R _e—pq)\Tﬂ'R
PBrOseros) = S —L o)
where,
ef(ﬁ"“+ﬁ0) 2r
r M

can be computed by numerical integration. Note that C' is
proportional to blocker density \g as shown in (11). Also, p
and q are defined in (15) and are functions of the self-blockage
angle w, and static blockage density \g, respectively.

Proof. See Appendix B. ]

We also consider an open park scenario, with no static
blockages, and obtain a closed-form expression for the block-
age probability considering only dynamic and self-blockage.

Corollary 2. The coverage probability P(C%) for an open
park scenario is given by

P(CY) = e AR (22)

The LOS dynamic blockage probability P(B?|C?), conditioned
on coverage CY, is given by

e—a’p)gﬁrR2 _ e—z)ATTrR2

d|pdy _
P(B ‘C ) - 1— e*p)\Tﬂ'Rz ) (23)
where,
20 202 RC
= - 1 14+ — 24
and p=1—w/2m.
Proof. The proof is given in Appendix B. ]

The closed-form expression of blockage probability for
the open park scenario gives insights while facilitating a
quick analysis for network planning. For instance, we can
approximate a’ (in (24)) by taking a series expansion of
log(1+ RC/p), ie.,

p_ 2 2u? [ RC B R2C? R3C3 n
~ RC R2C?2\ p 2u2 3ud ’ 25)
2RC RC
~1———, when — < 1.
3p %

Note that for the blocker density as high as 0.1 blocker/m?
(bl/m?), and for other parameters in Table III, we get RC/y =
0.35, which shows that the approximation (25) holds for
a wide range of blocker densities. For large BS density
Ar, the coverage probability P(C?) is approximately 1 and
P(B?c%) ~ P(B%). In order to have a blockage probability
P(B?) less than a threshold P, i.e.,

P(BY) = e~ @'PrmR < p, (26)
the required BS density follows
A > —log(P) _ —log(P)(1 + 25:?) 27
T="wprR2 ~ prR2 ’

where C' is proportional to the blocker density Ap in (11).
The result (27) shows that the BS density approximately scales
linearly with the blocker density (along with a constant factor).

C. Expected Blockage Duration

Recall that the duration of the blockage of a single BS-UE
link is an exponential random variable with mean 1/u. Since
the blockage of individual BS-UE links are independent, the
duration 7799 of the LOS blockage of all n BSs (which are in
coverage) follows an exponential distribution with mean 1/nu
as follow 1
—, (28)
ny

where 7295 denote the LOS blockage duration.

E[TLOS ‘n] —

Theorem 2. The expected blockage duration of simultaneous
blockage of all the BSs in B(o, R), conditioned on the cover-
age event CLOS in (16), is obtained as

—pgArmR?

LOS|pLOSY _ e
E [T |C ] - © (1 _ e_pq)\Tﬂ.Rz)

Ei [pq/\TﬂRz} ,
(29)



21n
where, Ei [pgArmR?| = 3>, % is a well-known
series which can be written as the exponential integral func-

tion [39].
Proof. See Appendix C. |

Lemma 3. Ei [quTWRQ} converges.

Proof. We can use Cauchy ratio test to show that the

21n
series 00 AT o convergent. Consider L =
lim,, . [quTErRQ}”‘“/25(7;?1)()7&1)!)
n—00 pgATmR2]" /(nn!
0. Hence, the series converges.

[pgrr 7 R*]n
(n+1)2

= limy, 00

An approximation of blockage duration (29) can be obtained
for a high BS density (A7) as follows:

1
E [TLOS|LOS] o, .
[ c*] ppgArmR? (1 — e-paATmR?)

This approximation is justified in Appendix D.

(30)

Corollary 3. The expected blockage duration given coverage
C® (22) for the open park scenario is given by

e—p)\Tﬂ'R2
/’1/ (1 _ e—p)\TTrR2)
which can be obtained from (29), by setting q = 1 (corre-
sponding to B =0 and By = 0).

€1V

E [T%c?] = Ei [pArTR?],

D. Expected Blockage Frequency

For the open park scenario, we define the dynamic blockage
frequency (¢ as the rate of blockage of all the BSs in the range
of UE, i.e.,

¢* = nuP(Bn, {r:}),

where P(B%n,{r;}) represents the dynamic blockage prob-
ability given n and {r;}, n is the number of BS in the disc
B(o, R) not blocked by the user’s body, and {r;} is the set
of UE-BS distances 7;, for ¢ = 1,--- ;n. We do not consider
the effect of static blockages for the open park scenario. A
closed-form expression for the expected blockage frequency
is obtained in Theorem 3.

(32)

Theorem 3. The expected blockage frequency given coverage
C® (22) for the open park scenario is obtained as:

_ (1~ a)pAgmR2e e

d|pd
E [C |C ] 1— e—p)\Tﬂ'R2 (33)
where p and o' are defined in (5) and (24) respectively.
Proof. See Appendix E. ]

V. EFFECT OF NLOS LINKS ON BLOCKAGE

In the previous section, we analyzed the LOS blockage
probability and duration of blockage events due to mobile
blockers. Apart from the LOS signal, the NLOS paths through
reflections by buildings, trees and other permanent structures
(collectively called reflectors) also play a major role in the
mmWave cellular systems. We first present a NLOS link model
and evaluate the coverage probability by incorporating the
NLOS links. Then we will evaluate a lower bound on the
blockage probability given coverage by considering both LOS
and NLOS links.

A. Coverage Probability incorporating NLOS links

When we consider both LOS and NLOS links as potential
links for connectivity, the coverage is defined as the availabil-
ity of at least one unblocked LOS or NLOS link (unblocked by
static or self-blockage). Considering the experimental results
by Akdeniz et al. [10], there is always at least one NLOS
signal for a given BS location, and we assume the NLOS
signal is sufficiently strong when the BS is in a disc B(o, R)
around the UE (See Figure 2). Therefore, we say that an NLOS
link is not available when 7; > R. Assuming the availability
of LOS and NLOS links to be independent of each other, we
obtain the coverage probability P(C|m, {r;}) conditioned on
m and {r;} for i =1,...,m as follow

PClm, {r:}) =1-]] [(1 —Pef(ﬁriw(])) (1 - I('riSR)>:| ;
i=1

) (34)

where [, ) =1 when r; < R and I, ) = 0 otherwise.

Lemma 4. The coverage probability considering LOS and
NLOS links is defined by

P(C) =1— e PR (35)
where,
RQ 2pe—/30 - -
= — — 2 -BR _ -BR
I~ %~ ((1 + BR)e (1+ BR)e ) .
(36)
Proof. The proof is provided in Appendix F. ]

B. Incorporating NLOS links in Blockage Probability

The NLOS links can potentially help in achieving high
coverage and reducing the blockage probability. In general, for
a given BS at a distance r; from the origin, the corresponding
k virtual BSs are located at a distance larger than r;. The
corresponding NLOS link length can be obtained by tracing
the path from the BS to a reflection point (the point where
the NLOS signal got reflected), and then from the reflection
point to the UE. However, in order to avoid the underlying
complexity, we present a lower bound on blockages for the
NLOS case by considering that all the k& virtual BSs are
located at a distance r; from the origin, and uniformly over
an angular range of [0, 27]. By thus minimizing the length of
NLOS paths and making their angular range independent of
the BS, we will minimize the incidence of blockage. For such a
scenario, the NLOS blockage probability P(BNEOS|m, r;, k),
corresponding to the ith BS, considering blockage by dynamic
blockers, is given by:

c C
wli
P(BI % |m,ri k) = [ ] (H’cr_f(mﬁo +1- fm<fe>>
TR

(37)



where we assume the independent blocking of all the NLOS
links and define

- 1

b(r;) I<it)- (38)
Next, we integrate the blockage probability in (37) w.r.t. the

distribution of k£ given in (8) as follows:

P(BNLOS|m, r;, k) Pk (k)

o

P(B 9% m, 1)

~
Il
-

(39)
(1 — i)(?"z))kPK(k‘)

M

~
Il
-

We further solve (39) and write the final expression as
follows (we omit the calculation for brevity):

P(BNEOS|m,r;) = e~bridm _ b(r;)e™". (40)

The blockage probability P(B) follows by assuming inde-
pendent blocking of LOS and NLOS links and by averaging
over the distributions Pys(m) and f({r;}|m), given in (1) and

(2), respectively, as follows:

PE) =Y [-of TIPEBESim ) PBY 5 m, )
m=0""1 “Tm j=]
X f({ri}m)dry - - - drpy, Par(m).
(41)

The final expression of the blockage probability P(B) is
given in Theorem 4.

Theorem 4. The blockage probability P(B) considering both
LOS and NLOS links is given by,

P(B) = ¢~ (42)

where a is obtained as,
—(Br+Bo) - - 2
a=1- / (1 - pe) (e‘bm“ - b(r)e‘”) —rdr,

1+ %7‘ R?
(43)
where b(r) is given in (38).
The conditional probability given coverage C (35) is given
b
Y efszTwRQ n eﬂj,\T7r122
P(B|C) =

e (44)

where ¢ and a are given in (36) and (43) respectively.

The proof follows by putting the expressions (17) and (40)
in (41) and following steps similar to the proof of Theorem 1
in Appendix B.

C. Expected Blockage Duration considering NLOS links

Similar to the LOS case, we can evaluate the the expected
duration of blockage events assuming independent blocking of
LOS a~nd NLOS links. We define the numbe[ of BS in the disc
B(o, R) as 7, which follows Poisson(ArmR?) as
_ [)\TWRQ]T_LB—)\TWRQ

fr(R) = (45)

!l

Figure 4: Hexagonal cellular layout.

Table II: Hexagonal cell distances and angular distributions.

Level | distance d; angle ¢; Num BS
0 0 reference 1
1 V3d [+£7/6,+7/2, £57 /6] 6
2 3d [0, £7/3, £27/3, 7] 6
3 2v/3d [+7/6,£m/2, £57 /6] 6
4 V21d [£0.067, £7/3 £ 0.06m, 12
+27/3 £ 0.067, £(7 — 0.067)]
5 3v/3d [£7/6,+£7/2, £57/6] 6

Given a BS in B(o, R), there are k virtual BSs correspond-
ing to that actual BS. Therefore, the total number of NLOS
links are nk. We know from Section IV that n LOS paths
cover the UE. Therefore, the total number of LOS and NLOS
paths is n+ nk. The expected blockage duration is defined as

E[TC] =

1 1

= E 46
=P {Mn+ﬁm]’ 40
where the expectation is taken over the distribution of n, n,
and k. We can approximate the blockage duration in (46) using
a first order approximation as follows:

1 1
E[T|C] ~ 1 — e~ @r7R? Elu(n + k)]
1 1
S T—cor® B+ ERER) @D
1 1

1 — e—GArmR? i (pq/\TﬂR2 n H)\T//TRQ) ’

where p and ¢ are defined in (15) and ¢ defined in (36).
Equation (47) is a good approximation of blockage duration
for high BS densities, as discussed in Appendix D.

VI. HEXAGONAL CELL LAYOUT

In Section IV, we analyzed the random deployment of
BS in an area. We observed that a high density of BS is
required to meet the QoS requirements (See Section VII).
These results motivated us to look at a planned network such as
a grid-based hexagonal cell layout for the open park scenario.
For such a planned network, we analyze the probability of
blockage events due to random mobile blockers. We consider
the hexagonal cell layout shown in Figure 4. A typical BS is
located at the origin, and the UE is located within that cell
at a distance ¢ from the origin and angle p from the x-axis.
The user location is uniform in the central hexagonal cell. The
other cells follow the hexagonal grid around the central cell.



Table III: Simulation parameters

Parameters Values

Velocity of dynamic blockers, V' 1 m/s
Height of dynamic blockers, hp 1.8 m
Height of UE, hr 1.4 m

Height of BSs, hr 5m

Expected blockage duration, 1/p 12 s

Self-blockage angle, w 60°

Parameter for the number of NLOS paths, s 3
Average size of static blockages, ¢ X w 10 m x10 m

Table IV: Reliability and latency requirements [2], [40]

Application Reliability [%] | Latency [ms] | Caching
V2X > 99 <20 X
AR/VR > 99.99 <20 v
Smart Grid > 99.999 <10 X
Tactile Internet > 99.999 <10 X

The distances d; from the origin and the angles v; from the
x-axis of BSs at different cells are given in Table II and shown
in Figure 4. We define a set of BSs lie at a particular level
¢ (shown in Table II, and shown as hexagons with the same
color in Figure 4), if they all are at the same distance from
the origin. The distance r; of the UE from the ¢th BS is given
by:

¥ = &2 + 6% — 2,6 cos(ibs — p), (48)

which is a function of the UE’s random location {J, p}.

For self-blockage, we consider a circle around UE of radius
R and define a sector of this circle with an angle w as the self-
blockage zone. We consider the worst case of self-blockage by
choosing a location and orientation of the user which accounts
for the blockage of the maximum number of BSs. For instance,
for w = 60°, there can be up to 10 BSs blocked by self-
blockage out of total 37 BSs (See Table II and Figure 4).
Considering this worst-case scenario, we get an upper bound
on the blockage probability when we consider self-blockage.

The expression for dynamic blockage probability for the
hexagonal case can be obtained by using the expression in
(13) and assuming the independent blocking of all the links
as follows:

hex r 1
P(B"5, p) 1;[1 <1 - iﬁ') : (49)
where m/ is the number of BSs which are within the range
of the UE and are not blocked by self-blockage, and r; for
i =1,---,m’ is a function of (d,p), as given in (48). We
perform a numerical integration over the distribution of the
UE’s location {6, p}, assuming the UE is uniformly located in

the central hexagon.

VII. NUMERICAL EVALUATION

We consider two outdoor scenarios for 5G mmWave cellular
networks as shown in Figure 5.

1) Open park scenario: In an open park scenario (shown
in Figure 5(a)), due to lack of buildings and permanent
structures, we assume that the UE does not suffer static
blockages. We also assume that due to the lack of
reflecting surfaces, we may not have strong NLOS paths
available. Other environments, such as those found in

(a) Open park scenario. (b) Urban scenario.

Figure 5: Outdoor scenarios considered for numerical analysis. We
represent static blockages by buildings, dynamic blockers by moving
pedestrians, and self-blockage by a cone centered around the UE.

rural areas, may also fall in this category. We only
considered dynamic and self-blockage of LOS links in
this scenario.

2) Urban scenario: In the case of an urban scenario (shown
in Figure 5(b)), the signal to the UE may suffer static
blockages due to buildings. At the same time, it may also
have many NLOS paths available due to refections by
buildings and other structures. We evaluate our blockage
analysis in the urban area with static blockages, LOS and
NLOS paths along with dynamic and self-blockage.

The typical parameters used for simulation and numerical
evaluation are presented in the Table III. A list of applications
as well as their latency and reliability requirements are pre-
sented in Table IV. The checks and the cross marks in Table IV
represent whether caching can be used for the applications to
satisfy the QoS requirements.

A. Open Park Scenario

Simulation framework: For open areas, we conducted
our analysis using both the stochastic geometry model and
the hexagonal cell deployment. We consider two values of
dynamic blocker density, 0.01 bl/m? and 0.1 bl/m?, and two
values of the self-blocking angle w (0° and 60°) for our
study. We compare our analytical results using stochastic
geometry with a MATLAB simulation®, where the movement
of blockers is generated using the random waypoint mobility
model [41], [42]. For the simulation, we consider a square
of size 200 m x 200 m with blockers located uniformly in
this area. Our area of interest is the disc B(o, R) of radius
R = 100 m, which perfectly fits in the considered square
area. The blockers choose a direction randomly, and move in
that direction for a time-duration chosen uniformly in [0, 60]
seconds. For the simulation, we performed 10,000 runs and
each run consisted of the equivalent of 3 hours of blockers
mobility. To maintain a fixed density of blockers in the square
region, we consider that once a blocker reaches the edge of the
square, it gets reflected. Note that for the given height of BSs,
blockers, and the UE in Table III, we obtain from equation
(9) that the blockers can block the LOS link only when they
are within a range corresponding to a small fraction (11%) of
the link length from the UE.

Figure 6 presents the blockage statistics (blockage proba-
bility, expected blockage frequency, and expected blockage

30ur simulator MATLAB code is available at github.com/ishjain/mmWave.
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Figure 6: Open park scenario: Conditional dynamic blockage statistics given coverage (defined by at least one BS within reach of the UE
and outside the self-blockage zone) for a communication range R = 100 m. The conditional probability and duration of dynamic blockage
events are shown against BS density Ar for various blocker densities Ap and self-blockage angles w.
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Figure 8: Open park scenario: the trade-off between BS height and
density for fixed dynamic blockage probability P(B?|C?) = 107°.

duration) of LOS links in the open park scenario for a
communication range of 100 m. For the analysis of reliability,
we obtained the blockage probability and expected blockage
duration, when the UE has at least one serving BS, i.e., the
UE is always in the coverage area of at least one BS. The
error bars in Figure 6 represents a single standard deviation
from the average value.

Impact of blocker density and communication range:
We consider the applications shown in Table IV and evaluate
the minimum density of BS required to satisfy their reliability

and latency requirements. For V2X, the required reliability is
99%, i.e., blockage probability 1072 and a maximum allowed
latency of 20 ms. From Figure 6(a), for a communication
range of 100 m, we can observe that to satisfy the reliability
requirement of V2X, 200 BS/km? and less than 100 BS/km?
may be required for blocker densities of 0.1 bl/m? and 0.01
bl/m?, respectively. From Figure 7(a), we can observe that
by increasing the communication range to 200 m, required
number of BSs reduces significantly (less than 100 BS/km?
and less than 50 BS/km? for blocker densities of 0.1 bl/m?
and 0.01 bl/m?, respectively). Furthermore, as caching is not
a viable solution for V2X for achieving low latency, we can
observe from Figure 7(c) that approximately 200 BS/km? may
be required to satisfy the latency requirement for R = 200 m.
However, a higher communication range (greater than 200 m)
and traffic offloading employing the tight coupling of 5G NR
and LTE network stacks may reduce the required BSs further.

We now consider applications such as AR/VR car enter-
tainment services, which require 99.99% reliability and 20
ms maximum latency. From Figure 6(a), for a communica-
tion range of 100 m, we may require around 300 BS/km?
and more than 400 BS/km? for blocker densities of 0.01
bl/m? and 0.1 bl/m?, respectively. From Figure 7(a), with a
communication range of 200 m, the number of required BSs
reduces significantly (less than 100 BS/km? and 150 BS/km?
for blocker densities of 0.01 bl/m? and 0.1 bl/m?, respectively).
However, we can observe from Figure 7(b) that the frequency
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1

\’!."‘
0.8 r
Z
%
= 06
2
a9}
o
0
g 0.4
)
O ==LOS: w=10°, )\n:()sbl/km2
0.2 ——LOS: w = 60°, Ap = 0 sbl/km? -+
===-LOS: w = 60°, Ap = 100 sbl/km>
""" LOS & NLOS: w = 60°, Ap = 100 sbl/km?
0 L L Il L L Il L L Il L L Il L L Il L L Il L L
0.5 1 1.5 2 2.5 3 3.5 4

BS density Ar(x100/km?)

Figure 10: Coverage probability for various scenarios.

of blockages also reduces significantly with a higher value
of communication range. Thus, to mitigate the effect of these
rare blockage events, caching of content at the UE can be
used to achieve the reliability and latency requirements of
AR/VR applications. We can observe from Figure 7(c) that
for a communication range of 200 m, caching of 40 — 60
ms worth of data is required for a BS density 150 BS/km? to
have uninterrupted service. Thus, a BS density of 150 BS/km?
may be sufficient to achieve both reliability and latency of
AR/VR for car entertainment services. As mentioned earlier,
this number can be further reduced by considering a higher
communication range (greater than 200 m) or tight coupling
of 5G NR and LTE network stacks.

Accuracy of simulation results: From Figure 6(a) and 6(b),
we observe that both simulation and analytical results are
approximately the same for a blocker density of 0.01 bl/m?,
but deviates modestly for a high blocker density of 0.1 bl/m?2,
especially for high BS densities. Note that this deviation is
due in part to our assumption that there is no more than
one blocker blocking the link at the same time. However, no
such assumption is made in simulations. From Figure 6(c),
we observe our analytical results on blockage duration follow
closely the simulation results for low blocker density (0.01
bl/m?). For a high blocker density (0.1 bl/m?), the percentage
deviation is higher but still acceptable.

BS height—density tradeoff: To increase the service relia-
bility, apart from increasing the BS density, placing the BSs at
a greater height may reduce the probability of blockage. The
BS height vs. density trade-off is shown in Figure 8. Note,
for example, that doubling the height of the BS from 4 m
to 8 m reduces the BS density requirement by approximately
20%. The optimal BS height and density can be obtained by
performing a cost analysis based on this trade-off.

Results for the hexagonal cell model: Finally, we present
the results for the hexagonal cell model in Figure 9 and
compare them with those for the random model in Figure
6(a) for a communication range of 100 m. Note that for
deterministic locations of BSs in hexagonal cells case, we
were unable to get the closed-form solution and we used
numerical integration to evaluate the performance. For the self-
blockage angle 0°, we observe that the blockage probability
of 10~* can be achieved with about half the BSs (less than
100 BS/km? for blocker density 0.01 bl/m?, and less than 200
BS/km? for blocker density 0.1 bl/m?). Next, we consider
a self-blockage angle of 60°, where we computed an upper
bound on the blockage probability. In the hexagonal cell case,
with a blocker density of 0.01 bl/m? and self-blockage angle
of 60°, an upper bound of 200 BS/km? will be sufficient to
achieve 10~ blockage probability, which is significantly lower
than that needed for the random topology in Figure 6(a) (300
BS/km?).

Discussion on the rate of handovers: To mitigate the
effect of blockages by mobile blockers, the UE needs to
handover frequently. Given that there is at least one unblocked
BS (which occurs with a probability close to 1 for high BS
densities), the rate of handover is equivalent to the blockage
rate of a single BS-UE link (given in (10)). We obtain the
average handover rate to be 0.05 handovers/s/UE and 0.5
handovers/s/UE for blocker densities of 0.01 bl/m? and 0.1
bl/m?, respectively for R = 100 m. These handover rates
are much higher than those typically seen in 4G systems.
This highlights the need for appropriate protocol design and
resource allocation to make these frequent handovers seamless
so that they do not affect application layer QoS.

B. Urban Scenario

In an urban environment, the LOS paths to the UE may
be blocked by buildings or permanent structures in addition
to the dynamic and self-blockage. However, reflections from
the buildings and other permanent structures may help in
achieving higher coverage and service reliability by providing
additional NLOS paths.

Coverage analysis: From Figure 10, we can observe that
the coverage may degrade significantly due to static and self-
blockage if the NLOS paths are not available. To achieve
coverage of 90% in the urban scenario, around 200 BS/km?
may be required in the absence of NLOS paths. However,
to achieve 90% coverage in the presence of NLOS paths,
significantly fewer BSs will be required (< 100 BS/km?).
For NLOS links, we used the NLOS communication range

of R = R x 107 10x7, where PLE is the path loss exponent
and YNOS s the attenuatlon (in dB) due to reflection of the
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Figure 11: Urban scenario: Conditional blockage probability and duration (given coverage) considering 1) only LOS path, 2) both LOS and
strong reflections (NLOS paths). We consider a static blockage density As = 100 sbl/lkm® and self-blockage angle w = 60°. Note that

blockage duration is independent of dynamic blocker density.

signal. We use PLE= 2.69 given by the path loss model in [10]
at 73 GHz and assume an average attenuation of y~N-05 = 5
dB. We thus get a NLOS range R =65m corresponding to
the LOS range R = 100 m and an R = 130 m corresponding
to R = 200 m. When considering these results, note that prior
work on a capacity analysis in [10] and [11] suggest that a
density of only 30-100 BS/km? is enough to meet the capacity
requirements of mmWave users.

Impact of static blockages and NLOS paths: Figure 11
presents the blockage probability and duration in the urban
scenario. We observe that NLOS paths provide a surprisingly
modest benefit in achieving a lower probability of blockage
and expected blockage duration. This is due to the fact that a
UE may have far fewer BS within R, which is significantly
less than R, to provide NLOS paths as compared to LOS paths.
UEs which are almost isolated, and are connected to only a few
relatively distant BS, will suffer blockages disproportionately,
and may have no NLOS paths to mitigate this effect.

We now consider the applications mentioned in Table IV
and analyze the required number of BSs to satisfy both
reliability and latency requirements. For applications such
as smart grid and the tactile Internet, where high reliability
(99.999%, i.e., 107> blockage probability) is required, we
may require a very high number of BSs, when we assume
a communication range of 100 m. However, with a 200 m
communication range, we may need less than 200 BS/km?
(still a very high number) to achieve 99.999% reliability (See
Figure 11(a)). Note that for V2X, tactile Internet, and smart
grid, caching is not a viable solution. Thus, we may require
around 200 BS/km? to satisfy the latency requirement of these
applications (See Figure 11(b) and Table IV). The results
suggest that even with a rich scattered environment and higher
communication range, we need a potentially uneconomically
high number of mmWave BSs to satisfy the QoS requirements
of URLLC applications as compared to the BSs required
for capacity and coverage [10], [11], which are typically of
the order of 30 — 100 BS/km?. Thus, we may require tight
coupling of different RATs such as 5G NR, LTE, and WiFi
to collectively achieve QoS requirement for 5G applications

to maintain a lower 5G mmWave BS density. Furthermore,
note that most of these URLLC applications will require a 0
ms SIT, further necessitating the tight coupling of different
RATs. Note that the above discussion is necessarily tentative
since mmWave 5G networks are only now being deployed.
Experience with such network deployments, and the resultant
technological improvements, may require us to revise our con-
clusions. However, we believe that the methodology developed
in this paper, with appropriate amendments, can still be used
in designing future 5G mmWave networks.

VIII. CONCLUSIONS

In this paper, we presented simplified models to quantify
key QoS parameters such as blockage probability and duration
in mmWave cellular systems. We presented a generalized
blockage analysis considering dynamic blockage due to mobile
blockers, static blockages due to buildings and permanent
structures and self-blockage due to the user’s own body. The
user is considered blocked when LOS and NLOS paths to BS
around the UE are blocked simultaneously. We verified our
theoretical model with MATLAB simulations for self-blockage
and dynamic blockages. For the scenarios we considered, our
results indicate that the density of BS required to provide
an acceptable quality of experience for URLLC applications
is much higher than that obtained by capacity or coverage
requirements. These results suggest that the mmWave cellular
network engineering may be driven by dynamic blockage
rather than capacity or coverage requirements. Furthermore,
the blockage events may be correlated for multiple BSs based
on the blocker’s size and location. This correlation, which we
did not model, may result in an even higher blockage prob-
ability. We also present an analysis of blockage probability
for regularly spaced hexagonal cells and showed that such a
planned mmWave cellular architecture could reduce blockages
events as compared to more randomly allocated BS locations.
As pointed out in the introduction, sub-6 GHz bands could
be used to maintain connectivity during dynamic blockages,
but this requires tight control plane integration between the
mmWave and sub-6 GHz bands and careful traffic engineering



to prevent the random traffic overflow from mmWave bands
from overwhelming sub-6 GHz capacity. In the future, we plan
to address this issue, and issues related to correlation between
blockage events.

APPENDIX

A. Proof of Lemma 2

The probability that a BS-UE link is not blocked (by static
or self-blockage) follows from the independence of static
blockages and the self-blockage by user’s body. Denote C; as
the event that the ith BS is not blocked by either static block-
age or self-blockage. We calculate the probability P(C;|m) by
utilizing the expressions for static and self-blockage from (3)
and (5) respectively, and taking the average over the distance
distribution fg,|as(r|m) from (2) as follows:

R
P(Cilm) = / pe
r=0

= Dpq,

~Bri80) 2

R? (50)

where ¢ = [ e~ (Br+60) 20 g is solved to a closed-form
expression given in (15). We assume that given m BSs in the
disc B(o, R), each BS may get blocked independently with
probability pq. Therefore, the distribution of the number of
BSs n which are not blocked by static or self-blockage follows
a binomial distribution,

Pasrtolm) = (7)o" (1= 50" 0 <. 51

Taking the average over the distribution Pps(m) given in (1),
we get the distribution of N as follows:
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Note that we obtain the last equality using the fact that the
sum of a Poisson distribution over its range [0, oo] is one. This
concludes the proof of Lemma 2.

B. Proof of Theorem 1
The probability P(BZ95|m) is given by

/ / ﬁ P(BEOS|m, ry) f({ri}|m) dry -
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Note that the m-fold integral in (53) can be solved sep-
arately (as the integrand can be separated into indepen-
dent products) by solving m identical integrals of the kind

ffzo (1 - pe_(ﬁr’ﬁﬁo)prlcr) 2rs dr; as follows:

P(BLOS‘TTL)

R m
1 2r
= 1—pe—Br+bo)__— | =4
</T’—O < be ]- + Q'f' R2 "
S (54)
R e_(/BTJFﬁO) 2fr d
=[1= s A

p,/rzo 1—|— %T’ R2 "

= (1 —ap)™

where we defined a in (21). We now evaluate P(B*9%) as
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where the last equality is obtained using the fact that the
sum of a Poisson distribution over its range [0, 00| is one.
Finally, the conditional blockage probability P(BL%|CLOS),
conditioned on the coverage event CLOS  is obtained as
follows:

P(BLOS) _ P(BLOS|CLOS)P(CLOS)+1—P(CLOS) (56)

and therefore,
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This concludes the proof of Theorem 1.

We now proceed with the proof of Corollary 2. We first
derive P(B%|m) in a manner similar to (54), but by setting
B = Bo = 0 for the dynamic blockage case without any
static blockages (equivalently, we set ¢ = 1). Therefore, the



expression of a in (21) gets simplified and is represented by
a’ as follows:

R
1 2r
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where the intermediate steps of integration are omitted for
brevity. The rest of the analysis is similar to the derivation in
(55) and (57).

(58)

C. Proof of Theorem 2

Using the results from (28), we find the expected blockage
duration E [T+©%|CLOS] conditioned on the coverage event
CLOS defined in (16), as follows:
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This concludes the proof of Theorem 2.

D. Approximation of the expected duration

The expectation of a function f(n) = 1/n can be ap-
proximated using the Taylor expansions for the moments of
functions of random variables [43] as follows:

ELf(n)] = Bl (n + (1~ i),
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where j1,, and o2 are the mean and variance of Poisson random
variable N given in (14). We get the required expression by
substituting j1,, = pgArmR? and 02 = pgArmR? in (60) for
f(n) =1/n as follows:
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On further simplification for high BS densities, we can further
approximate the expression as:
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Using (62), we approximate E [TLOS |cLos } as follows:
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Finally, the expression in (30) can be obtained by substituting
P(CF9%) from (16) to (63).

E. Proof of Theorem 3

Note that the probability P(B¢|n, {r;}) follows the same
expression as P(B¢&|m, {r;}) in (13) in the absence of static
blockages. Therefore, we simplify ¢¢ in (32) as follows:

irr-z

quJrfn

We first evaluate E[(?|n] by following the steps similar to the
derivation of (58) as follows:
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expression in (24). Next we evaluate E[(?] as follows:
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Finally, the expected frequency of blockage E[¢?|CY] con-
ditioned on the coverage C'?¢ (22) is given as follows:
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This concludes the proof of Theorem 3.

F. Proof of Lemma 4

Assuming the independence of LOS and NLOS links, we
obtain the coverage probability P(C) as follows:
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where we defined ¢ as

R
2
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(69)



We solve the integration in (69) to a closed-form expression
given in (36). Finally, we evaluate the coverage probability
(35) in Lemma 4 by following the steps similar to the
derivation of (55).
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