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Numerical Approximation of Millimeter-Wave
Frequency Sharing between Cellular Systems and
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Sungmin Han, Ji-Woong Choi, and Joongheon Kim

Abstract: This paper presents numerical analysis and simulation
results in order to study the impact of interference between fixed
service (FS) systems and 5G cellular networks at 28 GHz, 38 GHz,
and 60 GHz millimeter-wave (mmWave) bands. For this study, two
different scenarios were considered, i.e., the aggregation of inter-
ference from small cells into an FS receiver from (i) base stations
(BSs) to their associated user equipment (UE) (downlink); (ii) from
UEs to their associated BSs (uplink). The simulation results deter-
mined how much interference rejection is required to protect the
operation of the FS. This study is essential when using mmWave
technologies in cellular networks, to determine whether the newly
deployed cellular systems can co-exist with pre-deployed FS sys-
tems or not. This paper presents closed-form numerical approx-
imation results with Taylor series approximation along with in-
tensive simulation results. Finally, this paper confirmed that the
numerical approximation results were precise, i.e., that here were
only marginal differences to the intensive simulation results.

Index Terms: Co-Existence, fixed service systems, frequency shar-
ing study, millimeter-wave, 5G.

I. INTRODUCTION

ONE of the major requirements for 5G cellular systems
is the achievement of multi-gigabit-per-second (multi-

Gbps) rates. Millimeter-wave (mmWave) wireless technologies
have primarily been considered for this application for that
reasons [4]–[6], and studies have included technologies for
28 GHz [7], [8], 38/39 GHz [9], and 60 GHz [10] bands. The
use of mmWave frequency bands for 5G networks provides an
opportunity to use an ultra-wideband spectrum, with increased
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channel capacity, and the potential for spatial densification. All
these benefits come at the expense of potentially greater system
complexity especially in terms of radio frequency (RF) front-
end and antenna design, but recent advancements in mmWave
wireless systems have produced effective solutions that can be
leveraged to overcome these challenges.

The other challenge in accessing mmWave bands is the pro-
tection of incumbents. In this paper, we conducted a numerical
analysis as well as intensive simulations to investigate interfer-
ence between mmWave cellular systems and fixed service (FS)
stations at 28 GHz, 38 GHz, and 60 GHz in the same or adjacent
geographical areas. Our goal was for answering to following two
questions:
• How much potentially harmful interference will be injected

into a FS receiver station?
• How much interference need to be suppressed to enable the

co-existence of cellular networks and FS systems?
This type of numerical analysis study for calculating interfer-
ence in uplink and downlink scenarios in new frequency bands
is essential for discussion in ITU meetings, in order to verify
whether the frequency bands are suitable for wireless network
deployment or not. This type of investigation is called a fre-
quency sharing study in wireless standard activities.

For this frequency sharing study, downlink and uplink inter-
ference scenarios were considered, i.e., (i) the aggregation into
a fixed service receiver antenna of interference generated by ev-
ery single transmission from small cell base stations to their as-
sociated mobile station (i.e., downlink interference); and (ii) the
aggregation into fixed service receiver antennas of interference
generated by every single transmissions from small cell mo-
bile stations to their associated base station (i.e., uplink interfer-
ence). Using 28 GHz, 38 GHz, and 60 GHz propagation charac-
teristics and interference calculation methods, we calculated the
practical amounts of frequency rejection that were necessary.

Our previous research results, which are well presented
in [1]–[3], differ from the results in this paper in many ways:
• The results in [1], [2] were only a single dedicated mmWave

frequency band, i.e., [1] was for 39 GHz and [2] was for
60 GHz, whereas this paper considers three major 5G can-
didate frequencies.

• The results in [1]–[3] only presented simulation-based re-
sults, whereas this paper illustrates numerical analysis re-
sults, and also verifies the correctness of the analysis results.

• The results in [3] presented well defined parameter setting
and propagation models. However, they did not contain nu-
merical analysis discussions which are important in terms of
theoretical contributions.

1229-2370/19/$10.00 © 2020 KICS
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Fig. 1. Network layout [3].

This kind of frequency sharing study is essential before im-
plementing mmWave technologies in cellular networks, to ver-
ify whether the newly deployed cellular systems can co-exist
with the pre-deployed FS systems or not. If the frequency shar-
ing study results indicate that both systems will generate harm-
ful interference to each other, then the cellular network planning
engineers need to implement additional functionalities to miti-
gate interference. On the other hand, the frequency sharing study
results may indicate that no harmful interference is generated,
i.e., both systems can co-exist without any additional techniques
to mitigate interference. Therefore, this research is mandatory
for the deployment of cellular networks of any frequency bands
before deploying cellular network components.

II. MILLIMETER-WAVE FREQUENCY SHARING STUDY
BETWEEN CELLULAR SYSTEMS AND FS SYSTEMS

A. Network Model for Frequency Sharing Study

The reference cellular system in this research is as Fig. 1. In
this system, 19 cells are considered in a hexagonal pattern and
each cell is with three sectors. Note that the cell radius is con-
sidered to be 100 m due to the short-distance ranges in mmWave
wireless communication systems. Every small cell BS exists at
the center of each small cell and works with a three-sector an-
tenna. Note that the average number of active UE in each sector
is assumed to be 3.

As illustrated in Fig. 1, an FS receiver station is located at the
right edge of the 19 small cells at first; and here, the location
point is called origin in this paper. In order to determine the
required amount of frequency rejection, the sharing study was
performed while changing the separation distances from the ori-
gin (i.e., 0 Km) up to 10 Km away the origin. Furthermore, two
FS receiver antenna orientations were considered as presented
in Fig. 1, i.e., 0◦ and 180◦. The two orientations show the lower
and upper bounds of system performance in terms of interfer-
ence injection due to the high-directionality of mmWave radio
wave propagation characteristics [1]–[3].

B. Objective and Methodologies

The objective of this study is the quantitative calculation of
the amounts of required frequency rejection as the function of
separation distances which can allow the compatible operation
of FS systems and mmWave cellular systems. For this frequency
sharing study, two separated interference scenarios (i.e., down-
link vs. uplink) were considered, as mentioned before.
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Fig. 2. Downlink interference scenarios [3].

After calculating the accumulated interferences in the two
downlink and uplink interference scenarios, the required fre-
quency rejection should satisfy the protection requirements of
the FS receiver antenna (denoted as R) can be calculated as fol-
lows, in order to guarantee the co-existence without interference
mitigation schemes:

R = I −N − γrequirement, (1)

where I is the accumulated co-channel and adjacent-channel in-
terference; N means the FS receiver antenna noise power as

N = N thermal
FS + 10 log10

(
BFS

106

)
+NF

FS, (2)

where N thermal
FS is an FS receiver thermal noise [11], BFS is an

FS channel bandwidth, NF
FS is an FS receiver noise figure [11],

and γrequirement in (1) means the required interference-per-noise
for FS operation protection (set to −10 dB).

In this decision criteria,
• If I∗ is smaller than γrequirement, any kinds of interference in-

jection suppression schemes are not required according to the
fact that the co-existence of FS systems and cellular systems
is possible without interference rejection.

• If I∗ is larger than γrequirement, I∗ − γrequirement amounts of
interference should be suppressed in order to to enable the
co-existence of FS systems and cellular systems.

C. Downlink Co-Channel Interference

In order to calculate a single downlink interference compo-
nent, IDL

(i,j), i.e., an interference to an FS receiver generated by
the wireless transmission from a cellular BS i to its UE j,

IDL
(i,j) = fBW-scale

(
PBS,i +GTx

BS,i

(
ϕ+, θ+

))
−L (fc, di) +GRx

FS (ϕ∗, θ∗) , (3)

where the function fBW-scale(·) is defined as

fBW-scale (x) = 10 log10

(
BFS

BBS
× 10(x/10)

)
, (4)

should be calculated where IDL
(i,j) is the interference to the FS

receive antenna due to the downlink wireless transmission from
small-cell BS i to its UE j, GTx

BS,i (ϕ+, θ+) means the transmit
antenna gain to the FS receiver antenna by the downlink wire-
less transmission from the cellular BS i to its UEs; and the angu-
lar differences between the downlink wireless transmission and
interference directions in the azimuth and elevation planes are
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Fig. 3. Uplink interference scenarios [3].

denoted as ϕ+ and θ+ and are presented in Fig. 2. For the angu-
lar difference calculation, the FS, BS, and UE heights are 30 m,
6 m, and 1.5 m, respectively. In addition, it should consider that
certain portion of the transmit power from BS i affects an FS
receiver antenna according to the fact that the bandwidths in the
BS and FS are not same to each other. Therfore, it is obvious
that the received interference at an FS receive antenna is pro-
portional to the bandwidth difference, i.e., the received power
at an FS receiver from a cellular BS i (i.e., fBW-scale (x)) can
be as (4) by [3] where BFS and BBS are the bandwidths in an
FS system and a small-cell BS (set to 200 MHz in the 28 GHz
band, 500 MHz in the 38 GHz band, and 2.16 GHz in the 60 GHz
band), respectively. Note that the bandwidth in BS is same as
that of UE. Moreover, GRx

FS (ϕ∗, θ∗) in (3) is the FS receive an-
tenna gain by the downlink wireless transmission from the cel-
lular BS i to its UE and the corresponding angular differences
in azimuth and elevation planes (i.e., ϕ∗ and θ∗) is calculated as
presented in Fig. 2. In order to calculate GTx

BS,i (ϕ+, θ+) and
GRx

FS (ϕ∗, θ∗), the ITU-recommended reference antenna radia-
tion patterns are needed for BS and FS; the details about the
reference radiation patterns are in Appendix. In (3), L (fc, di)
means the mmWave wireless signal path-loss attenuation from
cellular BS i to FS receive antenna; where it can be calculated
as follows:

L (fc, di) = PL (fc, di) +O (fc, di) +R (fc, di) , (5)

where PL (fc, di), O (fc, di), and R (fc, di) are path-loss
(calculated with (20)), attenuation due to oxygen absorption
(0.11 dB/Km, 0.13 dB/Km, and 16 dB/Km at 28 GHz, 38 GHz,
and 60 GHz as presented in Appendix), and rain attenuation (re-
fer to Table 2 in Appendix). When every single downlink inter-
ference with (3) is calculated, the overall accumulated interfer-
ence (i.e., I in (1)) in an FS receiver antenna can be computed
by the summation of the individual downlink interference values
in a linear scale:

I =
∑
∀i∈SBS

∑
∀j∈SUE,i

IDL
(i,j), (6)

where SBS is a set of cellular BSs and SUE,i is the set of UEs
that is associated with cellular BS i ∈ SBS.

D. Uplink Co-Channel Interference

In order to calculate a single uplink interference component,
IUL
(j,i), i.e., an interference to an FS receive antenna by the wire-

less transmission from UE j to its BS i,

IUL
(j,i) = fBW-scale

(
P Tx

UE,j +GTx
UE,j

(
ϕ+, θ+

))
−L (fc, dj) +GRx

FS (ϕ∗, θ∗) (7)

is calculated where IUL
(j,i) is the interference to the FS receiver

antenna by the wireless transmission from UE j to its cellular
BS i, and P Tx

UE,j is UE transmit power at UE j. Here, LTE-like
uplink power control is considered, i.e., the transmit power at
UE is controlled as follows [12]:

P Tx
UE,j = Pmax ×min

{
1,max

[
Rmin,

(
PL

PLx−ile

)γ]}
, (8)

where P Tx
UE,j stands for the transmit power at UE j. More details

about this TPC at UE for frequency sharing study are presented
and summarized in [2], [3]. Here, L (fc, dj) and GRx

FS (ϕ∗, θ∗)
are explained in Section II.C; and the related illustrations are
shown in Fig. 3. Moreover, the bandwidth difference between
FS and UE is also considered via (4).

When every single uplink interference with (7) is calculated,
the overall accumulated uplink interference (i.e., I in (1)) in an
FS receiver antenna can be computed by the summation of all
uplink interference components in a linear scale:

I =
∑
∀i∈SBS

∑
∀j∈SUE,i

IUL
(i,j), (9)

where SBS stands for the set of cellular BSs and SUE,i means the
set of the UEs which are associated with the cellular BS i ∈ SBS.

E. Adjacent-Channel Interference Calculation

Besides the co-channel interference components which can
be calculated by the methodologies in Section II.C and Sec-
tion II.D, the interference components by adjacent channel sen-
sitivity should be considered because the bandwidth of BS/UE
is much larger than the one of FS. In this paper, 40 dB, 50 dB,
and 60 dB less interference values are used compared to the co-
channel interference values in the first, second, and third adja-
cent channel interference, respectively.

The I∗ in (1) can be compute by the summation (in a linear
scale) of co-channel interference I ((6) for downlink and (9) for
uplink) and adjacent channel interference.

III. SIMULATION RESULT INTERPRETATION

The simulation results can be generally illustrated as shown in
Fig. 4. In Fig. 4, x-axis and y-axis are the distance between the
19 cells and the FS receiver and the required frequency rejection
R, respectively; and thenR can be obtained by (1). IfR in Fig. 4
is positive, R amount of interference should be suppressed, and
thus interference mitigation schemes should be introduced for
operating the FS receiver antenna without any harmful interfer-
ence impacts. On the other hand, when the R equals to zero or
less than zero, interference suppression is not required.

The plotting results in Fig. 4 show different behaviors depend-
ing on the separation distance, i.e., generally, the regions [A],
[B], and [C]. For explaining the behaviors, we have a sample
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that the origin in this figure means the point where the separation distance
is 0 Km (refer to Section II.A).

geometry in Fig. 5. In Fig. 5, two R values are compared when
the FS Rx antennas are at k1 or k2 positions. In [A], the distance
between the origin and k1 is small, and the distance between the
origin and k2 is also small; and finally, k1 is closer to the origin
than k2. In this case, θ∗1 and θ∗2 can be defined as presented in
Fig. 5 and Section II.C, Section II.D, Fig. 2, and Fig. 3. Then,

GRx
FS (ϕ∗1, θ

∗
1) < GRx

FS (ϕ∗2, θ
∗
2) , (10)

when k2 is farther from origin than k1. Moreover, L (fc, di)
(in (5), i.e., path-loss including oxygen/rain attenuation) is not
yet dominant if the distance between BS i and FS Rx is small.
Therefore, it is obvious the R increases as the FS receiver sta-
tion becomes farther from the origin within region [A]. In [B],
the impacts of L (fc, di) (in (5) increase when the separation
distance becomes longer. Moreover, the angular difference be-
tween θ∗1 and θ∗2 becomes smaller. Thus, theR starts to decrease.
In [C], the R linearly decreases in a dB scale according to the
fact that the impacts from L (fc, di) become much larger than
the impacts in [B].

IV. CLOSED-FORM APPROXIMATED NUMERICAL
ANALYSIS

In this section, we discuss the non-linearity in the dB scale
of R. Since R is obtained as (1), the analysis of interference
can reflect the characteristics of R. In the interference analysis,
a simplified co-channel downlink interference model is used as
follows:

I∗ =
∑
i

∑
j

βa(ϕi,j)βe(θi,j)d
n
i , (11)
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Fig. 6. Top view of co-channel downlink interference model geometry (az-
imuth).
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Fig. 7. Side view of co-channel downlink interference model geometry (eleva-
tion).

where di is the distance between the ith BS and the FS receiver
station, n is a pathloss exponent, and βa(ϕi,j), βe(θi,j) are the
azimuth and elevation antenna gains from the ith BS to the FS
receiver when the ith BS tends to transmit to its jth UE, respec-
tively. ϕi,j and θi,j are the angles of the FS, ith BS and jth BS
of the ith BS in the azimuth and elevation planes as shown in
Figs. 6 and 7, respectively. The ϕi,j and θi,j can be expressed as
ϕi,j = ϕ̃i,j − ϕ̄i and θi,j = 0.5π + θ̄i − θ̃i,j . Note that the θ̄i
and ϕ̄i are only dependent on the locations of BSs and FS (i.e.,
they are independent of the locations of the UEs).

When the FS and BSs are fixed and the UEs are random, the
expectation of (11), i.e., Eϕ̃,θ̃ [I∗], can be expressed as follows:

Eϕ̃,θ̃ [I∗] = Eϕ̃,θ̃

∑
i

∑
j

βa(ϕi,j)βe(θi,j)d
n
i


= Eϕ̃,θ̃

∑
i

∑
j

βa(0.5π + ϕ̄i − ϕ̃i,j)βe(θ̃i,j − θ̄i)dni


=
∑
i

∑
j

Eϕ̃ [βa(0.5π + ϕ̄i − ϕ̃i,j)]Eθ̃
[
βe(θ̃i,j − θ̄i)

]
dni

= NUE

∑
i

Eϕ̃ [βa(0.5π + ϕ̄i − ϕ̃i,j)]Eθ̃
[
βe(θ̃i,j − θ̄i)

]
dni ,

(12)

where NUE is the number of UEs per BS.
The probability density functions (PDFs) of ϕ̃ and θ̃ are deter-

mined by the distribution of the UEs. If the UEs are uniformly
distributed in given cell area whose radius is ρ, the PDFs of ϕ̃



HAN et al.: NUMERICAL ANALYSIS OF MILLIMETER-WAVE FREQUENCY SHARING ... 41

Table 1. Parameters and models in various mmWave bands [3].

28 GHz 38 GHz 60 GHz
FS Rx antenna gain at FS k: GRx

FS,k(0, 0) 39.2 dBi
parameters Height: hFS [13] 30 m

Channel bandwidth: BFS [11] 60 MHz 56 MHz 50 MHz
Rx noise figure: NF

FS [11] 8 dB 6.3 dB 7 dB
Thermal noise at Rx: N thermal

FS [11] −136 dBm/Hz −137.7 dBm/Hz −137 dBm/Hz
Required I/N for protection of FS: γrequirement [11] −10 dB

BS The number of deployed BSs 19
parameters The number of sectors in each BS cell 3

Cell radius r 100 m
Tx antenna gain at BS i: GTx

BS,i(0, 0) 18.0 dBi 20.1 dBi 24 dBi
Tx power at BS i: PBS,i 11.4 dBm 14.0 dBm 19 dBm
Height: hBS [14] 6 m
Channel bandwidth: BBS 200 MHz 500 MHz [1] 2.16 GHz [14]

UE The number of active UEs in each sector 3
parameters Tx antenna gain 9.0 dBi 11.1 dBi 15 dBi

Maximum Tx power at UE j: Pmax
UE,j 2.4 dBm 5 dBm 10 dBm

Minimum Tx power at UE j: Pmin
UE,j −47.6 dBm −45 dBm −40 dBm

Height: hUE [14] 1.5 m
Channel bandwidth: BUE 200 MHz 500 MHz [1] 2.16 GHz [14]

and θ̃ are as follows:

fΦ̃(ϕ̃) =
1

2π
, π < ϕ̃ ≤ π

fΘ̃(θ̃) = 2

(
H

ρ

)2

tan(θ̃) sec2(θ̃), 0 < θ̃ ≤ tan−1
( ρ
H

)
,

where fΦ̃(ϕ̃) and fΘ̃(θ̃) are the PDFs of ϕ̃ and θ̃, respectively,
and H is the height of the BS. Although the integration of βe(·)
can be expressed in a closed form, computing Eθ̃[βe(θ̃i,j − θ̄i)]
in a closed form is difficult because fΘ̃(θ̃) is a trigonometric
function. However, since in most cases θ̃ is a value near 0, fΘ̃(θ̃)
can be approximated without a critical error, and an approxima-
tion using the Taylor series is helpful for computing the closed
form. The approximation of fΘ̃(θ̃) is

fΘ̃(θ̃) ≈ 2

(
H

ρ

)2(
θ̃ +

4

3
θ̃3 +

17

15
θ̃5 +

248

315
θ̃7

)
. (13)

This result is obtained as follows: The Taylor series of fΘ̃(θ̃)
can be represented as

fΘ̃(θ̃) ≈ fΘ̃(0) +
f

(1)

Θ̃
(0)

1!
θ̃ +

f
(2)

Θ̃
(0)

2!
θ̃ +

f
(3)

Θ̃
(0)

3!
θ̃ + · · · , (14)

where fΘ̃(0) = 0, f (1)

Θ̃
(0) = 2 (H/ρ)

2, f (3)

Θ̃
(0) = 8×2 (H/ρ)

2,

f
(5)

Θ̃
(0) = 56 × 2 (H/ρ)

2, f (7)

Θ̃
(0) = 3968 × 2 (H/ρ)

2. In

addition, f (n)

Θ̃
(0) = 0 where n is an even number.

Therefore, it is true that the Taylor approximation of de-
gree seven of fΘ̃(θ̃) can be derived by substituting (14) as

2 (H/ρ)
2
(
θ̃ + 4

3 θ̃
3 + 17

15 θ̃
5 + 248

315 θ̃
7
)

that is equivalent to (13).
Thus, when the integrations of βa and βe are expressed in

closed form, we can compute Eϕ̃,θ̃[I∗] without numerical inte-
gration. The following results are based on this approximation
for integration in the closed form.

Figs. 8 to 11 are the closed form approximation analysis
results of Eϕ̃,θ̃[I∗] with simulation results by changing param-
eters. Note that our simulation parameters are summarized in
Table 1. The effect of pathloss on Eϕ̃,θ̃[I∗] can be studied by
Fig. 8. For better understanding of the results, we recall regions
notations [A],[B], and [C] from Fig. 4. When pathloss is more
severe (up to n = 6), region [A] is shrunk compared with the
mild condition. When n = −4 or −6, region [A] is almost 0 m,
and when n = −2, it is about 500 m. On the other hand, [B] and
[C] are dependent upon pathloss. Note also that severe pathloss
induces an overall drop in Eϕ̃,θ̃[I∗].

The height of the FS receiver affects both regions of [A] and
[B] as shown in Fig. 9. The higher FS receiver slightly moves
the peak point of Eϕ̃,θ̃[I∗] to the right side. In addition, re-
gion [B] and the mean interference power are also reduced by
higher FS receiver. The effect of the height of the BSs on in-
terference power is different than the effect of the height of the
FS receiver. As shown in Fig. 10, the higher BSs slightly move
the peak of Eϕ̃,θ̃[I∗] to the left side. In addition, region [B] is
increased by the higher FS receiver. However, the height of the
BSs has a similar effect to the height of the FS receiver in terms
of mean interference power. As shown in Fig. 11, the cell size ρ
just changes the mean of Eϕ̃,θ̃[I∗] without changing tendency.

V. CONCLUDING REMARKS

This paper conducted 28 GHz, 38 GHz, and 60 GHz mmWave
frequency sharing impact research between cellular systems and
fixed service (FS) systems in order to determine the necessary
amount of frequency rejection, using both of numerical analy-
sis and intensive simulations. In this frequency sharing study,
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we calculated the amount of downlink and uplink interferences
that were accumulated in an FS receiver antenna; and then we
determined how much interference need to be suppressed in or-
der to prevent harmful interference. This research is essential
and mandatory prior to deploying mmWave cellular systems in
order to verify whether the new systems will inject harmful in-
terference into existing FS systems or not. If the newly deployed
systems generate the interference, additional interference miti-
gation schemes need to be introduced. Therefore, this type of
research is required before introducing new frequency bands in
currently existing cellular networks. For this purpose, this pa-
per verified how much interference should be suppressed based
on numerical approximation and intensive simulations. For the
numerical approximation, we derived closed-form results with
Taylor series approximation. Finally, this paper confirmed that
the numerical analysis results were precise, i.e., that here were
only marginal differences to the intensive simulation results.

APPENDIX A
mmWave RADIO PROPAGATION

This appendix presents fundamental mmWave radio prop-
agation characteristics, i.e., reference antenna radiation pat-
terns [15], path-loss models, and attenuation factors.

For reference antenna radiation patterns [15], the ITU-
recommended reference antenna patterns for sharing studies
from 400 MHz to about 70 GHz are presented in [15]. As pro-
posed in [15],

G(ϕ, θ) =

{
Gmax − 12|x|2, 0 ≤ x < 1,
Gmax − 12− 15 ln |x|, 1 ≤ x, (15)

where Gmax is a maximum antenna gain and x , Ψ/Ψα where

Ψ , arccos (cosϕ cos θ) , (16)

Ψα ,


1√(

cosα
ϕBW

)2
+
(

sinα
θBW

)2
, 0◦ ≤ Ψ ≤ 90◦,

1√(
cos θ
ϕ3m

)2
+
(

sin θ
θBW

)2
, 90◦ ≤ Ψ ≤ 180◦,

(17)

where ϕ and θ stand for azimuth and elevation angles (−180◦ ≤
ϕ ≤ 180◦ and −90◦ ≤ θ ≤ 90◦); ϕBW and θBW stand for half-
power beamwidth (HPBW) in the azimuth and elevation planes;
and α = arctan (tan θ/ sinϕ), and ϕ3m in (17) is the equiva-
lent HPBW in the azimuth plane for an adjustment of horizontal
gains (degrees), thus it can be calculated as ϕ3m = ϕBW for
0◦ ≤ |ϕ| ≤ ϕth where ϕth is defined as the boundary azimuth
angle (degrees), i.e., ϕth = ϕBW; and

ϕ3m =
1√{

cos
(
|ϕ|−ϕth
180−ϕth

×90
)

ϕBW

}2

+

{
sin
(
|ϕ|−ϕth
180−ϕth

×90
)

θBW

}2

(18)
for ϕth < |ϕ| ≤ 180◦.

The ϕBW and θBW can be calculated as follows [15] by assum-
ing θBW ≈ ϕBW:

θBW ≈ ϕBW =

√
31000× 10−

Gmax
10 . (19)

Table 2. Rain rates (unit: mm/h) and their corresponding attenuation factors
(unit: dB/Km) at 28 GHz, 38 GHz, and 60 GHz bands [3].

fc ITU region 1% outage 0.1% outage
28 ITU region D 2.1 mm/h 8 mm/h
GHz (Northern CA, OR, WA) (0.25 dB/Km) (1.4 dB/Km)

ITU region Q [Heavy rain] 24 mm/h 72 mm/h
(Middle Africa, et. al.) (4 dB/Km) (12 dB/Km)

38 ITU region D 2.1 mm/h 8 mm/h
GHz (Northern CA, OR, WA) (0.6 dB/Km) (2.0 dB/Km)

ITU region Q [Heavy rain] 24 mm/h 72 mm/h
(Middle Africa, et. al.) (6 dB/Km) (17 dB/Km)

60 ITU region D 2.1 mm/h 8 mm/h
GHz (Northern CA, OR, WA) (1.2 dB/Km) (3.5 dB/Km)

ITU region Q [Heavy rain] 24 mm/h 72 mm/h
(Middle Africa, et. al.) (9 dB/Km) (25 dB/Km)

For path-loss models, free-space basic transmission loss in
a dB scale is given as a function of path length dKm in a Km
scale [16]:

PL (fc, dKm) = 92.44 + 20 log10 (fc)− n× 10 log10 (dKm) ,
(20)

where fc stands for the carrier frequencies in a GHz scale and
n is path-loss coefficient that is set to −2.2 ≤ n ≤ −1.9 for
line-of-sight (LoS) propagation when fc ≥ 10 [16] (note that
we consider n = −2.2 in this paper, as a representative). Even
though non-line-of-sight (NLoS) propagation is also of interest,
mmWave NLoS path-loss models for long-distance scenarios
(from 1 Km to 50 Km) has not been investigated yet, to the best
of our knowledge. In addition, ITU-R P.1411 [16] clearly states
that mmWave signal coverage is considered only for free-space
propagation because of the large diffraction losses experienced
when obstacles cause the propagation path to become NLoS.

For mmWave specific attenuation factors, attenuation by at-
mospheric gases (i.e., oxygen attenuation) and by rain must
be considered in mmWave propagation [16]. The oxygen
attenuation behaviors depending on carrier frequencies are
obtained from [17] and the oxygen attenuation factors in
28 GHz, 38 GHz, and 60 GHz mmWave bands are 0.11 dB/Km,
0.13 dB/Km, and 16 dB/Km, respectively. The rain attenuation
factors depend on the rain climatic zones, and those are seg-
mented and measured by the ITU as presented in ITU recom-
mendation ITU-R PN.837-1 [18]. Table 2 in [18] presents rain
rates depending on the segmented areas (from ITU region A to
ITU region Q). In this paper, ITU region D (Northern California
(CA), Oregon (OR), and Washington (WA)) and ITU region Q
(the heaviest rain areas such as Middle Africa) are of interest.
Table 2 presents the rain rates of ITU regions D and Q (unit:
mm/h); and their corresponding rate attenuation factors (unit:
dB/Km) depending on various outage probabilities (1.0% and
0.1%) based on [19]. Table 2 presents rain attenuation factors
in (i) various ITU regions D and Q, various outage probabilities
(1.0% and 0.1%), and (iii) various mmWave bands, i.e., 28 GHz,
38 GHz, and 60 GHz.
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Fig. 8. Interference power with varying pathloss: (a) n = −2, (b) n = −4,
and (c) n = −6.
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Fig. 9. Interference power with varying height of FS receiver: (a) FS height=
100m, (b) FS height= 150m, and (c) FS height= 200m.
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Fig. 10. Interference power with varying height of BSs: (a) BSs height= 30m,
(b) BSs height= 50m, and (c) BSs height= 80m.
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Fig. 11. Interference power with varying ρ: (a) ρ = 30m, (b) ρ = 50m, and
(c) ρ = 80m.


