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Abstract—In this paper, we address a problem of 3D direc-
tional deafness, which may arise for millimeter-wave (mmWave)
devices, e.g., in the contention-based access period of the IEEE
802.11ad/ay protocols. To evaluate the probability of 3D deaf-
ness, we develop an analytical framework based on stochastic
geometry methods. In particular, we study a minimal feasible
set of devices equipped with highly directional antennas with an
arbitrary antenna pattern and provide an analytical expression
for the distance-dependent 3D directional deafness probability. To
abstract away from particular antenna patterns, we propose an
analytically tractable model of an antenna pattern that is given by
a piece-wise linear function of the beamwidth. Using this tractable
equation, we derive a corresponding closed-form lower bound
for the deafness probability that serves as an approximation
for an arbitrary antenna with the same half-power beamwidth.
Finally, we study the effects of antenna settings on the deafness
probability and derive a scaling law for its lower values.

Index Terms—mmWave, deafness, 3D, directional access.

I. INTRODUCTION

The most striking sign of our times is that technology
is gradually infiltrating every part of human life, blurring
the boundaries between the real and digital worlds. The top
strategic technology trends indicated by a recent Gartner
forecast [1], for example, immersive experience (AR/VR/XR)
and swarms of autonomous things (robots, vehicles, drones,
etc.), pose unprecedented connectivity challenges that can only
be solved by the intelligent use of millimeter-wave (mmWave)
spectrum.

While mmWave history itself dates back to the 1880s,
only the latest advances in antenna and chipset design led
to a massive cost reduction of mmWave hardware, having
made possible its practical use. As such, in the last decade,
following a new surge of research interest, mmWave has been
claimed as one of the key components of 5G technologies,
enabling blazing data rates and low latency. With the appealing
advantages of the wide bandwidth and uncrowded spectrum
come limitations of the mmWave propagation that result in
the necessity of relying on highly directional transmissions.

To this end, all recently standardized mmWave protocols, in
licensed and unlicensed bands, employ periodic beamforming
procedures for efficient channel access. In particular, two of
the latest WiFi standards ratified by IEEE and operating at

60GHz frequency – 802.11ad and 802.11ay [2] – require
regular sector sweep procedures that align transmit antenna
beams of the communicating devices, while the receive an-
tenna training may follow within the beam refinement protocol
in the subsequent data transmission interval.

The IEEE 802.11ad/ay medium access control is based
on two mechanisms: scheduling data transmission in the
contention-free service period (SP) and contention-based ac-
cess period (CBAP) of the beacon interval (BI). The latter
is inherited from the legacy IEEE 802.11 system design and
based on carrier-sense multiple access with collision avoid-
ance (CSMA/CA) where a device initiates channel sensing
(CS) before accessing the medium. While CSMA mechanism
performs well for omnidirectional transmission, in the case
of mmWave communications, the network suffers from the
so-called directional deafness problem, arising when a device
cannot detect a busy channel due to highly directional links
between other currently communicating devices.

The discussion of the directional deafness has come a long
way with multiple solutions proposed on the coordination of
deaf nodes [3], [4], [5], and recently in [6]. Alternatively,
some works, e.g., [7], emphasize that directional deafness
could also have positive effects by substantially reducing
network interference. Despite increased attention to directional
deafness, quantitative analytical assessment – to the best of our
knowledge – has been provided only in [8], where the deafness
probability was estimated for random device locations on the
plane. This approach appears viable for the conventional 2D
beamforming procedures that control the antenna radiation
pattern in the horizontal plane. However, new 3D beamforming
techniques that allow flexible beam steering in both elevation
and azimuth require us to revisit the existing approach, thus,
extending it to the 3D scenario.

In this paper, we deliver an analytical framework for
evaluating the directional deafness probability in 3D using
a stochastic geometry formulation. In particular, we study
a minimal feasible set of devices equipped with highly-
directional antennas with an arbitrary antenna pattern and
provide an analytical expression for the distance-dependent
3D directional deafness probability. To abstract from particular
antenna patterns, we propose an analytically tractable model of



an antenna pattern that is given by a piece-wise linear function
of the beamwidth. Using this tractable expression, we derive a
corresponding closed-form lower bound for the deafness prob-
ability that serves as an approximation for realistic antennas
with the same half-power beamwidth (HPBW) and/or for the
case of a Matérn hard-core point process. Importantly, our
approach is applicable to an arbitrary distribution of network
nodes within an arbitrary area of interest.

The remainder of this paper is organized as follows. Section
II introduces the system model and details our key assump-
tions. In Section III, we provide an analytical solution for
calculating the deafness probability in our 3D space setup and
introduce the proposed antenna pattern model. Finally, selected
numerical examples are provided in Section V, followed by
concluding remarks.

II. SYSTEM MODEL AND ASSUMPTIONS

In this section, we introduce our system model based on the
directional communication between three mmWave devices in
3D and discuss the underlying assumptions in detail.

A. Deployment considerations

We study an arbitrary radio link between two active de-
vices A and B equipped with highly directional mmWave
transceivers. The devices are located in a 3D space, and the
location of B is randomly distributed within some area of
interest around A. For simplicity, we assume that the area of
interest is defined by a sphere of radius Rd centered at A, as
illustrated in Fig. 1(a), and that the distribution of locations
is uniform. We note that our proposed approach is not limited
by any particular shape of the area of interest or distribution
of locations of A and B and may be easily extended to any
other 3D shape (e.g., a cuboid or a hemisphere) or to any
distribution of B.
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Fig. 1. Illustration of the system model in 3D space and on the plane.

Here, we refer to device B as to a primary initiator
while device A is termed a responder and may act, e.g.,
as a mmWave access point (AP) that currently operates in
the contention-based access mode. Importantly, the distance

r between the devices is random and obeys the probability
density function fr(r), which in general depends on (i) the
shape of the area of interest, (ii) the location of A within, and
(iii) the distribution of points B. Based on the assumption of
the uniform distribution of device B’s location, one may easily
derive the distribution of r for a sphere centered at A as

Fr(r) =
r3

R3
d

and fr(r) =
3r2

R3
d

. (1)

Further, we consider device C as a secondary initiator
that attempts to connect to A. Without a loss of generality,
we assume that C is uniformly distributed within the sphere
centered at A; however, one may also alternate these two
assumptions. Here, we emphasize that our three-device setup
serves as a minimal feasible set required for evaluating of the
directional deafness probability in a system with random link
deployments.

By connecting all three devices as points in a 3D space, we
reduce the dimension of our problem to the 2D case, as shown
in Fig. 1(b). For the sake of simplicity, we denote the angles
between AB and AC or BC as α or β, respectively, while the
distance between B and C is referred to as dBC . Importantly,
in our setup, random variables r and α are independent, while
β and dBC may be obtained as functions of r, α, and d.

B. Antenna abstraction

All devices transmit their data directionally, with narrow
beams that are assumed to be perfectly aligned. We consider
omnidirectional reception mode, which corresponds to, e.g.,
IEEE 802.11ad/ay operation after preliminary transmit beam
training in the sector-level sweep [2].

1) General case: We assume that the antenna radiation pat-
tern has axial symmetry with respect to the antenna boresight
(the axis of the maximum radiated power), i.e., represented by
a solid of revolution. This assumption allows us to incorporate
the randomness of the initial degree of antenna rotation around
its boresight.

Furthermore, we decompose the antenna directivity gain
D into two terms: the maximum directivity D0 along the
antenna boresight, and a reduction factor capturing the de-
crease in antenna gain due to the angular deviation from the
antenna boresight. To estimate the latter, we introduce function
ρ(α) ∈ [0, 1], which scales the antenna directivity for angle
α ∈ [0, π]. The directivity gain may then be calculated as
D(α) = D0ρ(α), where ρ(0) = 1 corresponds to the antenna
boresight.

The function ρ(α) can be (i) estimated directly from
the results of radiation pattern measurements, (ii) calculated
numerically for particular phased array settings, and (iii)
approximated by analytically tractable models, e.g., a sector,
two-sector antenna models [8], or as given below.

2) Linear approximation of directivity: Here, we propose
an analytically tractable model of the antenna directivity
pattern, where the maximum directivity is calculated as a ratio



between the area of a sphere and the area of a cone antenna
pattern:

D0 =
2

1− cos θ2
, (2)

where θ is the beamwidth, and the denominator corresponds
to a solid angle of a cone with the apex angle θ. Hereinafter,
we use the term antenna beamwidth to refer to the HPBW of
a realistic antenna pattern that is to be approximated.

The reduction factor resulting from the angular deviation
may be approximated by the following linear function:

ρ(α) =

{
1− α

θ , α ≤ θ;
0, otherwise.

(3)

We note that our approximation disregards antenna side- and
backlobes in contrast to, e.g., models comprising a sector
and a circle of a smaller radius. However, models containing
smaller circles cannot apply to the estimation of the deafness
probability due to their trivial cut-off solution [8].

The proposed approximation is illustrated in Fig. 2, where
we compare the linear function (3) with realistic antenna
patterns for four phased antenna arrays (described further in
Section IV) in both polar and Cartesian coordinate systems.
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Fig. 2. Illustration of the proposed approximation (3) (blue) for uniform
rectangular arrays of 2x2, 4x4, 8x8, and 16x16 elements (red).

C. Channel model and received power

We assume that the average path loss between a transmitter
and a receiver obeys the following simple formula:

L(d) = Cdκ, (4)

where d is the distance between two devices, C is the
propagation constant, and κ is the propagation exponent. The
parameters C and κ may be derived from the results of the
corresponding measurement campaigns or, in the simplest line-
of-sight case, taken from the Friis transmission equation as
κ = 2, C =

(
4π
λ

)2
, where λ is the wavelength.

Furthermore, let Ptx denote the transmit power of devices
A and C; then, the received power may be found as:

Prx = PtxGtxGrxL
−1(d) =

PtxD0ρ(α)

Cdκ
, (5)

where Gtx = D0ρ(α) is the transmit antenna gain and Grx = 1
is the receive antenna gain in the omnidirectional reception
mode.

We denote the minimum power threshold for control phys-
ical layer [2] as Pthr. To establish a connection or indicate a
busy channel by the clear channel assessment (CCA) proce-
dure, it is required for the device that the inequality Prx ≥ Pthr
holds. Here, Pthr defines the radius R of the coverage area,
which may be derived from (5) by substituting d = R:

R =

[
PthrD0λ

2

(4π)2

] 1
κ

. (6)

D. Directional deafness

We assume that devices A and B are connected and actively
exchange data during an allocated CBAP when device C
attempts to connect to A and performs CCA. In this case,
C may encounter two possible outcomes:

1) Device C detects the signal from either of the devices
(i.e., receives power Prx, A ≥ Pthr from A or Prx, B ≥ Pthr
from B. In this case, C sets a timer and waits for the
connection between A and B to be terminated, after
which C resumes its connection attempts.

2) Device C does not detect transmission of either of
devices A and B, i.e., both receive powers Prx,A and
Prx,B at C from A and B, respectively, do not exceed
the minimum threshold. Then, we refer to the situation
where Prx, A < Pthr, Prx,B < Pthr as to deafness.

The probability of the latter in the case of arbitrary locations of
devices is of particular interest from the network perspective
and is addressed below.

III. DEAFNESS PROBABILITY

In this section, we formulate three consecutive propositions,
which correspond to general distributions of r and α and
a particular case of the uniform distribution of device B’s
locations in a sphere centered at A. For both cases, we provide
analytical solutions that could be calculated numerically. In
addition, for our particular case, we also derive a closed-form
lower bound on the directional deafness probability.

A. Distance-dependent deafness probability

Let us consider distributions fα(α) and fr(r) of the angle
α and the distance between responder A and primary initiator
B, correspondingly. Then, we may formulate the following
proposition.

Proposition 1. For a fixed distance d between responder A
and secondary initiator C, and radius of the area of interest
Rd, the probability of deafness can be calculated as follows:

PD(d) =

π∫
0

Rd∫
0

I

(
ρ(α)<

d2

R2
, ρ(β)<

d2BC
R2

)
fr(r)fα(α) drdα, (7)



where dBC =
√
r2 + d2 − 2rd cosα, β = arccos r−d cosαdBC

follow from the triangle, R is the coverage radius (6), and
I(A) is an indicator function of event A.
Proof. The proof is based on transforming inequalities
Prx,A < Pthr, Prx < Pthr,B similar to [8] and, therefore,
is omitted here for brevity.

B. PDF f(α): uniform distribution of devices in a sphere

If the distribution of locations of devices B and C is
uniform within the sphere of radius Rd centered at A, then
the distribution of α can be established as suggested in [9]:

fα(α) =
1√
π

Γ(n2 )

Γ(n−1
2 )

sinn−2 α, α ∈ [0, π], (8)

where n is the dimension of the space. For the 2D case, fα(α)
is the uniform density over the interval [0, π], and fα(α) =
1/π. In our 3D case, distribution fα(α) transforms into:

fα(α) =
sinα

2
, α ∈ [0, π]. (9)

Proposition 2. If locations of device B are uniformly
distributed within a sphere centered at A, i.e., distances r and
angles α follow the distributions (1) and (9), correspondingly,
then the probability of deafness can be obtained as

PD(d)=
3

2R3
d

π∫
0

Rd∫
0

I

(
ρ(α)<

d2

R2
,ρ(β)<

d2BC
R2

)
r2sinαdrdα, (10)

Proof. Follows from Proposition 1.

C. Particular case: linear model of directivity pattern

Here, we consider the antenna pattern model introduced in
Section II, and for this particular case derive a closed-form
expression for a lower bound of PD(d) (10).

Proposition 3. Let locations of device B be uniformly
distributed within a sphere centered at A. Then, for a fixed
distance d, we may establish a lower bound on the deafness
probability as

PD(d|d ≤ Rd sin θ) =
d3 cot θ

32R3
d sin2 θ

[
−sin(6θ− 4d2θ

R2
)+

2 sin(4θ− 2d2θ

R2
)+ 4 sin(2θ− d

22θ

R2
)+sin(4θ− d

24θ

R2
)+

sin(−2+
4d2θ

R2
)− 2 sin(

2θd2

R2
)−12θ+6π +

12θd2

R2

]
(11)

or

PD(d|d > Rd sin θ) =
cos z̃1−cos z̃2

2
+

d3 cot θ

64R3
d sin3 θ

[
12 cos θ

[(
d2θ

R2
−θ+z̃1) +(

d2θ

R2
−θ−z̃2+π)]+6[sin(3θ− 2d2θ

R2
)−

sin(
2d2θ

R2
−θ)−sin(θ+2z̃1) + sin(θ+2z̃2)]+2[sin(5θ−

2d2θ

R2
)−sin(3θ+2z̃1)−sin(

4d2θ

R2
+2θ2)+sin(3θ+2z̃2)]+

sin(3θ + 4z̃1)−sin(7θ− 4d2θ

R2
)+ sin(

4d2θ

R2
−θ)−sin(3θ+4z̃2)

]
,

(12)

where z̃1 = max{θ(1− d2

R2 ), z1}, z̃2 = min{π−θ(1− d2

R2 ), z2},
and z1, z2 are given below by (19).

Proof. Based on (3), the probability of deafness (10) for fixed
α and r can be transformed into

PD(d|α, r)=Pr
(
α>θ

(
1− d2

R2

)
, β>θ

(
1− d2BC

R2

))
. (13)

For convenience, we split (13) into two parts as follows:

PD(d|α, r) = Pr
(
α > θ(1− d2

R2 ), β > θ
)

+

Pr
(
α > θ(1− d2

R2 ), θ(1− d2BC
R2 ) < β ≤ θ

)
.

(14)

Let us consider the first term, which in general contributes
more to the total deafness probability, and continue by:

P
(1)
D (d|α, r)=Pr

(
α>θ(1− d2

R2
),
r−d cosα

dBC
<cos θ

)
. (15)

Expanding dBC , we observe that
r−d cosα

dBC
<cos θ ⇐⇒ 0 < r < d(cosα+ sinα cot θ). (16)

For cosα+ sinα cot θ > 0, we rewrite P (1)
D (d|α, r) as

Pr

(
θ(1− d2

R2
)<α<π−θ(1− d2

R2
),r<d(cosα+sinαcotθ)

)
.

(17)
The function z(α) = d(cosα + sinα cot θ) may exceed the
maximum value Rd, which is defined for r. Hence, we split
(17) into two parts and rewrite P (1)

D (d|α, r) as follows:

P
(1)
D (d|α, r)=Pr

(
θ(1− d2

R2 )<α< π−θ(1− d2

R2 ), z(α)≥ Rd
d

)
+

Pr
(
θ(1− d2

R2 ) <α< π−θ(1− d2

R2 ), r<dz(α), z(α)< Rd
d

)
.

(18)
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Fig. 3. Illustration of z(a): the left plot shows the case of d > Rd sin θ, the
right one corresponds to d ≤ Rd sin θ.

To solve the inequality z(α) < Rd/d, we calculate the roots
of the equation cosα+ sinα cot θ = Rd

d as

z1,2 = ±2 arctan


√
−R

2
d

d2 tan2 θ + tan2 θ + 1± 1

(Rdd + 1) tan θ

 . (19)



The function z(α) reaches its maximum at the point(
π
2 − θ,

1
sin θ

)
, as shown in the left part of Fig. 3. Hence, for

d > Rd sin θ, z(α) exceeds the threshold Rd
d if α falls into

the interval
(

max{θ(1− d2

R2 ), z1},min{π − θ(1− d2

R2 ), z2}
)

.
Hence, if d > Rd sin θ, the first term in (18) may be rewritten
as

Pr
(
θ(1− d2

R2 )<α< π−θ(1− d2

R2 ), z(α)≥ Rd
d

)
=

1
2

z̃2∫̃
z1

sinαdα = 1
2 (cos z̃1 − cos z̃2),

where z̃1 = max{θ(1− d2

R2 ), z1}, z̃2 = min{π−θ(1− d2

R2 ), z2}.
For the second term in (18) and d > Rd sin θ, we obtain

Pr
(
θ(1− d2

R2 )<α<π−θ(1− d2

R2 ), r<dz(α), z(α)< Rd
d

)
=

d3

2R3
d

z̃1∫
θ(1− d2

R2 )

(cosα+sinα cot θ)3sinαdα+

d3

2R3
d

π−θ(1− d2

R2 )∫̃
z2

(cosα+sinαcot θ)3sinαdα=

d3 cot θ
64R3

d sin3 θ

[
12 cos θ((d

2θ
R2 −θ)+z̃1)−sin(7θ− 4d2θ

R2 )+

6 sin(3θ− 2d2θ
R2 )+2 sin(5θ− 2d2θ

R2 )−6 sin(θ+2z̃1)−
2 sin(3θ+2z̃1)+sin(3θ + 4z̃1)+12cos θ(d

2θ
R2 −θ−z̃2+π)−

6 sin( 2d2θ
R2 −θ)+ sin( 4d2θ

R2 −θ)−2(sin 4d2θ
R2 +2θ2)+

6 sin(θ+2z̃2)+2 sin(3θ+2z̃2)−sin(3θ+4z̃2)

]
.

(20)
By collecting both terms, we obtain for d > Rd sin θ:

P
(1)
D (d|d > Rd sin θ) =

Pr
(
θ(1− d2

R2 )<α<π−θ(1− d2

R2 )−θ,r<dz(α), z(α)≥ Rd
d

)
+

Pr
(
θ(1− d2

R2 )<α<π−θ(1− d2

R2 )−θ,r< dz(α), z(α)< Rd
d

)
=

cos z̃1−cos z̃2
2 + d3 cot θ

64R3
d sin3 θ

[
12 cos θ((d

2θ
R2 −θ)+z̃1)−sin(7θ−

4d2θ
R2 )+6 sin(3θ− 2d2θ

R2 )+2 sin(5θ− 2d2θ
R2 )−6 sin(θ+2z̃1)−

2 sin(3θ+2z̃1)+sin(3θ + 4z̃1)+12cos θ((d
2θ
R2 −θ)−z̃2+π)−

6 sin( 2d2θ
R2 −θ)+ sin( 4d2θ

R2 −θ)−2(sin 4d2θ
R2 +2θ2)+

6 sin(θ+2z̃2)+2 sin(3θ+2z̃2)−sin(3θ+4z̃2)

]
.

In the case d ≤ Rd sin θ, the line Rd
d is located above the

curve corresponding to z(α); hence, no real roots exist (see
the right part of Fig. 3). Therefore, for d ≤ Rd sin θ, we may
produce the following:

P
(1)
D (d|d≤Rd sin θ)= d3

2R3
d

π−θ(1− d2

R2 )∫
θ(1− d2

R2 )

(cosα+ sinα cot θ)3 sinαdα=

d3

32R2R3
d

cot θ
sin2 θ

[
−R2 sin(6θ− 4d2θ

R2 )+2R2 sin(4θ− 2d2θ
R2 )+

4R2 sin(2θ− d22θ
R2 )+R2sin(4θ− d24θ

R2 )+R2 sin(−2+ 4d2θ
R2 )−

2R2 sin( 2θd2

R2 )+12θd2−12θR2+6πR2

]
.

We continue by considering the second component P (2)
D (d)

of PD(d) in (14), for which the condition θ(1− d2BC
R2 ) < β ≤ θ

can be rewritten as

r<d

cosα+

sinα cos(θ− d2θ sin2 α

R2 sin2(θ−d2θ
R2 )

)

sin(θ− d2θ
R2 )

 . (21)

To solve inequality (21), one needs to find the roots of
the corresponding transcendental equation. Although some
expressions in the equation can be approximated by simpler
alternatives, the process of obtaining the sought roots remains
cumbersome. However, due to the fact that P (2)

D (d) > 0, we
conclude that PD(d) > P

(1)
D (d) and, thus, P (1)

D (d) constitutes
a lower bound for the deafness probability given by (10).

IV. NUMERICAL RESULTS AND CONCLUSIONS

In this section, we provide selected numerical results on
evaluating the effects of 3D directional deafness in our
mmWave system. As a representative scenario, we consider
the operation of a drone swarm that communicates via the
IEEE 802.11ad protocol at 60 GHz (λ=0.5 cm). By default,
we assume uniform rectangular phased antenna arrays that
comprise isotropic elements. The transmit power is fixed
across the entire fleet at the level of Ptx = 23 dBm, while
Pthr = −78 dBm [2].
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Fig. 4. Deafness probability vs. d for the approximation (“App”) by the
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We begin by comparing the simulation results with the
exact numerical solution for the deafness probability PD(d)
given in (10) for the cases of (i) radiation patterns of uniform
rectangular phased antenna arrays and (ii) our proposed linear
model (3) for the beam pattern. As shown in Fig. 4a, the
linear model represents an adequate approximation – from the
deafness probability perspective – for wider beams (see, e.g.,
HPBW θ = 58); for higher directivity, it repeats the behavior
of a particular realistic antenna pattern and converges with
the growing distance d between A and C. This deviation
for narrower beams stems from more substantial variation in
antenna pattern shapes due to a wide range of realistic settings
and parameters.
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Fig. 5. Variation in the deafness probability for different antenna settings:
isotropic antenna elements, Hamming/Chebyshev tapering.
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Fig. 6. Effects of scaling on the deafness probability.
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Fig. 7. Comparison of the deafness probability for the 2D/3D cases and
different values of the MHCP parameter.

To illustrate the behavior of our linear model for lower
values of PD(d), we reproduce the plots in a logarithmical
scale (see Fig. 4b). When the deafness probability drops below
10−6, even though the model might diverge from the realistic
antenna plot by up to two orders of magnitude, it preserves the
linearity of the deafness probability logarithm, which translates
into the scaling law PD(d) ∼ adb, where b is defined by the
slope of linear segments in Fig. 4b.

Furthermore, Fig. 5 illustrates the behavior of PD(d) and
the obtained lower bound, e.g., in the case of realistic arrays of
isotropic antenna elements and Chebyshev/Hamming tapering.
The linear model (3) yields a reasonable approximation, and
thus, could be used when the type of an antenna element is
not essential for the system analysis. Its lower bound remains
close for narrower beams and for cosine antenna elements,
analysis of which is omitted here due to the space limitations.
In addition, Fig. 6 demonstrates that scaling the system – when
the radius Rd changes proportionally to the coverage R –

eliminates the gap between different values of beamwidth.
Finally, to account for the minimum allowed distance be-

tween devices, we simulate locations according to the Matérn
hard-core point process of type-1 (MHCP-1) with the param-
eter rM (i.e., distances r, d, dBC between the devices do not
exceed rM). As seen in Fig. 7, the parameter rM has a limited
effect on the results. Hence, we conclude that the proposed
analytical approach also provides a decent approximation for
more realistic distributions of device locations. Here, we also
notice a substantial difference between 3D directional deafness
and the corresponding analytical results obtained under the
assumption of a 2D scenario [8].

In summary, we emphasize that deafness represents a crucial
challenge for any highly-directional system and may lead
to detrimental effects on communication performance as we
demonstrate previously in [8]. Taking into consideration more
realistic 3D spatial distributions of devices yields more precise
(up to 30 %) estimates for the directional deafness, whereas
a simple analytically tractable directivity model may be em-
ployed as a reasonable approximation for various antenna
setups and Matérn hard-core based user distribution.
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