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ABSTRACT To develop highly reliable fixed wireless links, such as mobile backhaul and fronthaul systems,
it is essential to evaluate the link budget under extreme weather conditions. In this paper, we presented
a link budget evaluation for fixed wireless links using radio signals at four different carrier frequencies:
75.375, 85.375, 275, and 400 GHz. As examples of extreme weather conditions, we focused on storms
which can be defined as the combination of high temperature, violent rain, and strong winds. A theoretical
model was proposed to evaluate the attenuation by the wind effect, which was due to mechanical vibration.
Using the proposed model, we evaluated the link attenuation with different weather parameters, such as
clear weather condition, different rain rates, and strong wind. In addition, the maximum channel capacities
were estimated based on the model. According to the calculation results, it can be confirmed that the
attenuation caused by heavy rain is the dominant factor to the whole system. Besides, the attenuation due to
antenna gain degradation induced by the wind effect is considerable for the wireless link at high frequencies
(275 and 400 GHz). This manuscript includes a comprehensive discussion regarding various weather factors
including gas, rain, and wind, which impact the fixed wireless links. The obtained results would be useful
for designing a high reliability fixed wireless link to operate under different weather conditions.

INDEX TERMS Terahertz (THz), 6G, fixed wireless link, millimeter wave, link budget, attenuation.

I. INTRODUCTION
Today, the development of novel technologies, such as
wearable communication, virtual and augmented reality
applications, and self-driving automobiles, is fueling the
rapid evolution of wireless communications worldwide.
Besides, as the coronavirus disease 2019 (COVID-19) pan-
demic persists, the high dependence on telework, online
meetings, and remote lectures has cemented the importance
of wireless communications. This has further increased the
demand for wireless links with low power consumption and
high capacity despite the currently ongoing roll out of the
5th generation (5G) wireless systems [1]–[4]. However, the
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microwave bands currently used for 5G applications (such
as ultrareliable and low-latency services, massive Internet of
things) are insufficient for meeting the rapidly rising. In this
scenario, research on the 6th generation (6G) of wireless
systems has been proposed [5]–[8]. The 6G wireless net-
work is intended to use wireless access in the millimeter-
wave (mm-wave) and terahertz (THz) bands, minimize cell
sizes, and incorporate photonic network [9]–[11]. In partic-
ular, the use of THz carrier frequencies has the potential to
considerably increase the channel capacity. Compared with
the microwave band, the mm-wave and THz frequency bands
have the following three characteristics. First, the available
bandwidths are much wider, enabling high-speed transmis-
sion and high-precision sensing. Second, the wavelengths are
shorter, resulting in an increase in the path loss. However,

163476 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0003-3111-3238
https://orcid.org/0000-0003-3384-8991
https://orcid.org/0000-0003-3802-2742
https://orcid.org/0000-0002-5914-0783
https://orcid.org/0000-0003-2002-9575
https://orcid.org/0000-0001-9724-8878
https://orcid.org/0000-0002-8462-5061


Z.-K. Weng et al.: Millimeter-Wave and Terahertz Fixed Wireless Link Budget Evaluation

because of its small wavelength, the radio wave can be easily
focused within a narrow beam, which makes it easier to build
high-gain antennas to mitigate the high path loss, especially
for fixed point-to-point applications. In 2017, IEEE published
the IEEE Std. 802.15.3d-2017 [12], which targets the appli-
cation of THz waves for point-to-point wireless communica-
tions. One of the scenarios envisioned in this standard and
the 6G standard use wireless backhaul links where the con-
ventional cable-based communication channels between base
stations and the core network are substituted by wireless links
in the THz band [13]–[16]. Nevertheless, the high attenuation
and loss of the THz links make long-distance transmission
difficult. To assess the feasibility of the mm-wave and THz
waves for backhaul/fronthaul applications, which require a
transmission distance of up to several hundreds of meters,
it is necessary to evaluate the attenuation and link budget of
the mm-wave and THz links. Fig. 1 illustrates the attenua-
tion rates of the mm-waves and THz waves in standard air.
Although some attenuation peaks can be observed in the THz
bands, the attenuation windows between these peaks can be
utilized for wireless communications. In the mm-wave band,
the frequency bands between 71–76 GHz and 81–86 GHz
(blue bands in Fig. 1) are two bands that can be licensed
for commercial usage. As mentioned in the APT-AWG-
REP-81 [17], 75.375 and 85.375 GHz carriers are two
candidates within these bands. At the World Radiocom-
munication Conference 2019 (WRC-19) [18], four bands
in the THz region were identified for fixed and mobile
wireless links. These bands are noted in Fig. 1 in green:
275–296 GHz (21 GHz wide), 306–313 GHz (7 GHz
wide), 318–333 GHz (15 GHz wide), and 356–450 GHz
(94 GHz wide). Together with the already allocated spectrum
between 252 and 275 GHz, a total of 160 GHz is now avail-
able in the frequency range of 252 to 450 GHz [19].

FIGURE 1. Attenuation rate of mm- and THz waves in standard air.

The link budget for millimeter or THz waves based wire-
less links has been evaluated in previous studies [20]–[22].
For the weather issue, Schneider et al. [23] investigated the

link budget for THz fixed wireless links considering rain
and fog attenuation. Regarding the rain-induced attenuation
effect, Fang et al. [24] developed an algorithm for a gener-
alized formulation of a received signal strength (RSS)-based
distance estimator, which was incorporated into a path loss
model about the rain-induced attenuation effect, in 2018.
Besides, regarding the real measurements of rain-induced
impacts on mm-wave links, previous studies have demon-
strated important results. Shayea et al. [25] demonstrated the
real measurement about rain rates and rain-induced attenua-
tion on the 26 GHz mm-wave links in 2018. Based on their
results [25], a rare 120mm/h rain rate could result in a specific
rain attenuation of 26.2 dB/km. Regarding other frequency
bands in mm-wave range, in 2019, Han et al. [26] investi-
gated and compared the link performances under actual rain
effect for three different bands (25, 28, and 38 GHz). Other
studies also gave detailed discussion about rain-induced
attenuations in the mm-wave bands, which were conducted
worldwide corresponding to different weather conditions.
In [27], Korai et al. discussed the impact from rain to the
hybrid free space optics and radio frequency link at 28 GHz in
Pakistan. Besides, Shrestha et al. [28] constructed a 3.2 km
wireless link at 18 and 38 GHz to analyze the rain-related
issue in South Korea. Mauludiyanto et al. [29] also analyzed
a 56.4 m wireless link at 28 GHz to deal with the tropical
rain attenuation in Indonesia. For higher frequency band in
the mm-wave range, Hong et al. [30] investigated a 560 m
wireless link performance at 84 GHz under real rainfalls
in 2017. To further investigate the impact of rain-induced
attenuation on the wireless links at THz frequency range,
previous literatures also put the spotlight on it. In [31],
Norouzian et al. compared the rain attenuation effect for mm-
wave (77 GHz) and THz wave (300 GHz) under different
rain rates in 2019. In addition, Hirata et al. [32] focused on
a 400 m wireless link with V polarization at 120 GHz. Based
on their work [32], the heavy rainy period data could be
used for designing wireless links at THz frequency range.
To provide a designing guideline for the robust wireless links
towards the future beyond 5G or 6G applications worldwide,
more and more researchers focused on the rain-related issue
[33]–[39]. However, even these works provided comprehen-
sive discussions about real measurement studies of rain-
induced attenuations to mm-wave or THz links, none of
these studies put the spotlight on the wind-induced link
degradation. Since heavywind and rain always occur together
during extreme weather, it is indispensable to deal with the
wind-related issue on the wireless links. In the Horizon 2020
EU–Japan project, ThoR, Jung and Kürner analyzed
the performance of wireless backhaul links operating
at 300 GHz [40], in which the system’s performance based
on ThoR hardware parameters [41] was simulated using his-
torical weather data from the past ten years. In [42], the first
concept for introducing the impact of wind was introduced.
Nevertheless, to the best of our knowledge, no comprehensive
evaluation of the performance degradation of the mm-wave
and THz links under severe weather conditions, considering
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the effects of both rain and wind, has been reported yet. This
is particularly important, especially in regions where strong
gust, storms, or typhoons frequently occur.

In this article, we present a comprehensive evaluation and
analysis of the performance degradation of fixed wireless
links under the effects of clear weather condition, rain,
and wind weather conditions. The calculation of rain-
induced attenuation is based on the ITU-R recommendations,
which provides comprehensive parameters for the estima-
tion. To investigate the wind effect, we propose a theoreti-
cal model, which was experimentally tested. The calculated
and measured results matched well, confirming the accuracy
of the proposed model for link budget evaluation. Subse-
quently, we analyzed the attenuations of the links under clear,
rain, and wind weather conditions for the fixed wireless
link at four different carrier frequencies: 75.375, 85.375,
275, and 400 GHz carriers, as the examples mentioned
in the Asia-Pacific Telecommunity Wireless Group (AWG)
recommendations [17]. Based on the traditional definition,
extremely high-frequency (EHF) bands are between 30 and
300 GHz. In this work, 75.375, 85.375, 275 and 400 GHz
carriers were analyzed and discussed. By definition, the
75.375 and 85.375 GHz carriers are sorted into millime-
ter wave bands and the 400 GHz carriers into THz bands.
For the 275 GHz carrier, based on the ITU-R SM.2352-0
report [43], a 275 GHz carrier can be sorted into the THz
band despite its wavelength being in the mm range. Hence,
in this manuscript, the 75.375 and 85.375 GHz carriers are
defined as mm-waves and the 275 and 400 GHz carriers as
THz waves. For each link, we evaluated the signal-to-noise
ratio (SNR) and maximum channel capacity under different
conditions. We also estimated the maximum available trans-
mission distance of the wireless links using a specific exam-
ple of the modulation format. From the calculated results,
we confirmed that attenuation by heavy rain was dominant
compared to other effects. We also confirmed that the atten-
uation by antenna gain degradation induced by the wind
effect becomes considerable for wireless links in the high-
frequency band, such as at 400 GHz. The obtained results
can prove useful in the design of high-reliability THz fixed
wireless links that can operate under different weather con-
ditions. The remainder of this article is organized as follows.
Section II presents the attenuations, including the gaseous,
rain-induced, and wind-induced attenuations. Section III
presents a link budget evaluation in terms of the SNR and
maximum channel capacity. Finally, Section IV concludes the
article.

II. ATTENUATIONS FOR THz WIRELESS LINKS
The attenuation of the wave propagation at the THz bands
considerably impacts the link performance. Under this sce-
nario, the power attenuation of THz waves during wireless
propagation is a critical issue to be investigated. In this
section, the wireless attenuations due to gas (Section II-A),
rain (Section II-B), and wind (Section II-C) are analyzed in
detail.

A. GASEOUS ATTENUATION
THz electromagnetic waves are attenuated during wireless
propagations even in a clear atmosphere. The electromag-
netic waves induce oscillations of atmospheric gases (mainly
oxygen) and water molecules, which results in the power
degradation of the waves themselves. However, this type of
attenuation cannot be removed because the atmosphere is
composed of these basic molecules. Based on the ITU-R
Recommendation P.676-12 [44], the overall gaseous attenu-
ation Agas (dB) can be calculated from the production of the
specific gaseous attenuation γ (dB/m) and the transmission
distance r0 (m), which can be written as follows:

Agas = γ r0 = (γo+γw)·r0, (1)

where γ is the sum of the specific attenuations due to oxygen
(γo) and water vapor (γw). The specific attenuation in the
atmosphere depends on the electromagnetic wave frequency.
If the carrier frequency approaches the resonance frequen-
cies of the atmospheric molecules, the gaseous attenuation
increases. In addition, the magnitude reaches a relative maxi-
mumwhen the carrier frequency coincides with the resonance
frequencies (this phenomenon can be seen in Fig. 1). The
mathematical value of specific attenuation can be expressed
as follows:

γ = γo+γw = 0.1820·f

·

[
N ′′Oxygen (f )+N

′′
WaterVapor (f )

]
, (2)

where f is the carrier frequency (Hz). N ′′(Oxygen)(f ) and
N ′′(WaterVapor)(f ) are the imaginary parts of the frequency-
dependent complex refractivities, which can be expressed as
follows:

N ′′Oxygen (f ) =
∑

i(Oxygen)
SiFi+N ′′D (f ) , (3)

N ′′WaterVapor (f ) =
∑

i(WaterVapor)
SiFi, (4)

where Si is the strength of the ith oxygen or water vapor line,
Fi is the line shape factor of the oxygen or water vapor, and
N ′′(D)(f ) is the dry continuum from pressure-induced nitrogen
absorption. The aforementioned factors can be calculated
using the following equations:

Si(oxygen) = a1·10−7·p·θ3·exp [a2 (1−θ)] , (5)

Si(watervapor) = b1·10−1·e·θ3.5·exp [b2 (1−θ)] , (6)

Fi =
f
fi

·

[
1f−δ (fi−f )

(fi−f )2+(1f )2
+
1f−δ (fi+f )

(fi+f )2+(1f )2

]
, (7)

N ′′D (f ) = f ·p·θ2

·


6.14·10−5

d·
[
1+
(
f
d

)2]+1.4·10−12·p·θ1.5

1+1.9·10−5·f 1.5

 , (8)

where ai and bi are the spectroscopic data for oxygen and
water vapor attenuation, respectively, p is the dry air pressure

163478 VOLUME 9, 2021



Z.-K. Weng et al.: Millimeter-Wave and Terahertz Fixed Wireless Link Budget Evaluation

(hPa); e is the water vapor partial pressure (hPa), which can
be calculated as e = ρT/216.7 (where ρ is the water vapor
density (g/m3)), and T is the absolute temperature (K). 1f
is the width of the line, δ is the correction factor, and d
is the width parameter for the Debye spectrum. The other
parameters can be calculated using the following equations.

θ =
300
T

(9)

1f(oxygen) = a3·10−4·
[
p·θ (0.8−a4)+1.1·e·θ

]
=

√
(1f )2+2.25·10−6 (10)

1f(watervapor) = b3·10−4·
[
p·θb4+b5·e·θb6

]
= 0.535·1f

+

√
0.217·(1f )2+

2.1316·10−12·f 2i
θ

(11)

δ(oxygen) = (a5+a6·θ)·10−4·(p+e)·θ0.8 (12)

δ(watervapor) = 0 (13)

d = 5.6·10−4·(p+e)·θ0.8 (14)

Fig. 2 illustrates the gaseous attenuation with varying
transmission distance for fixed wireless links at the carrier
frequencies of 75.375, 85.375, 275, and 400 GHz as calcu-
lated using (1). For the air conditions, two different cases
(standard air and storm air) are included, which demonstrate
different combinations of temperature, air pressure, and rela-
tive humidity. For the standard air condition, the temperature,
air pressure, and relative humidity were set as 288.15 K,
1013.25 hPa, and 50.0%, respectively. However, for the storm
air case, extreme weather conditions should be considered.
Consequently, based on the ‘‘Tables of Climatological Nor-
mals (1991-2020)’’ from Japan Meteorological Agency [45],
the recorded daily maximum temperature in Osaka (biggest
city in western Japan) is 33.70 ◦C. The temperature, air pres-
sure, and relative humiditywere set as 306.85K, 1013.25 hPa,
and 100.0%, respectively. From Fig. 2, the gaseous attenua-
tions for the mm-wave signal at 75.375 and 85.375 GHz are
0.319, and 0.306 dB, respectively, for a 1 km transmission.
The attenuations increased to 1.653 dB and 2.025 dB under
storm air conditions. On the other hand, the gaseous attenu-
ation for the THz signal at 275 and 400 GHz is 3.284 and
16.636 dB for 1 km transmission because the signals are
much closer to the resonance frequencies of the atmospheric
molecules than the mm-wave ones. In addition, the attenu-
ations drastically increase to 24.391 and 110.647 dB under
storm air conditions, which reveals that the THz signals
are more sensitive to extreme weather conditions than the
mm-wave ones.

B. RAIN-INDUCED ATTENUATION
Apart from gaseous attenuation, electromagnetic waves suf-
fer from additional attenuation during rain when propagating
in free space. Because the size of the raindrops is in the
range of the wavelength of THz electromagnetic waves, the

FIGURE 2. Gaseous attenuation versus transmission distance for fixed
wireless links at carrier frequencies of 75.375, 85.375, 275, and 400 GHz
under standard air and storm air conditions.

Mie scattering effect impacts the wireless propagation. Based
on the ITU-R Recommendation P.838-3 [46], the overall
rain-induced attenuation (Arain) can be calculated from the
production of the specific attenuation due to rain (γR) and the
transmission distance (r0), which can be written as follows:

Arain = γRr0 = kRαr0, (15)

where R is the rain rate (mm/h), k and α are either kH and αH
(horizontal polarization) or kV and αV (vertical polarization),
which can be calculated as follows:

log10 k =
4∑
j=1

aj·e−
(

log10 f−bj
cj

)2+mk·log10 f+ck , (16)

α =

5∑
j=1

aj·e−
(

log10 f−bj
cj

)2+mα·log10 f+cα, (17)

where f is the carrier frequency, and aj, bj, cj,mk , ck ,mα , and
cα are the coefficients for calculating kH , αH , kV , and αV .
Based on the tables in ITU-R Recommendation P.838-3 [46],
the magnitudes of aj, bj, cj,mk , ck ,mα , and cα can be directly
determined. Fig. 3 illustrates the rain-induced attenuation for
different transmission distances for fixed wireless links at
carrier frequencies of 75.375, 85.375, 275, and 400 GHz
using (15).

During the calculation, the relative humidity was set to
100% and the rain rate was set to 5.4mm/h for amoderate rain
case. A 53.6 mm/h rain rate is set to represent the storm rain
case as an extreme weather. In addition, 14.5 mm/h rain rate
was used to represent heavy rain case [47]. In the APT-AWG-
REP-81 [17], a measurement of the rain rate probability was
conducted from 27th Feb. 2015 to 20th Mar. 2015. The link
distance between the transmitter and receiver is approxi-
mately 2.65 km, and the channel separation is 500 MHz. The
other parameters are summarized in Table 1. Besides, this
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FIGURE 3. Rain-induced attenuation versus transmission distance for
fixed wireless links at carrier frequencies of 75.375, 85.375, 275,
and 400 GHz under different rain rates.

evaluation was conducted in an urban area in a medium-sized
city in western Japan (Matsuyama City).

TABLE 1. Specifications of the radio units.

Based on the ITU-R Recommendation P.838-3 [46], a rain
rate of 0.01% probability is a criterion for the availabil-
ity calculation. Hence, we set 0.01% as the target value.
According to the Ministry of Internal Affairs and Commu-
nications (MIC) Japan, the rain rate with 0.01% probability
is 53.6 mm/h in Matsuyama City where the evaluation took
place. In other words, 99.99%of the time has a rain rate of less
than 53.6mm/h. In addition, the value was estimated based on
the cumulative distribution function of the measurement data.
Consequently, it is reasonable to set 53.6 mm/h rain rate as
the worst case for comparison with other cases. As indicated
by the blue line in Fig. 3, the rain-induced attenuations are
3.439, 3.787, 4.507, and 4.338 dB for 75.375, 85.375, 275,
and 400 GHz carriers after 1 km of propagation, respectively.
The attenuations increased rapidly to 18.981, 19.818, 20.047,
and 19.145 dB under a 53.6 mm/h storm rain case.

C. WIND-INDUCED ATTENUATION
The calculation model for the evaluation of the wind effect is
shown in Fig. 4. We assume that the static load is applied to
the pole and the antenna due to wind.

In addition, to verify the mathematical model, we set up
a measurement system, as shown in Fig. 5. We observed
the influence of wind on the mm-wave devices on the pole

FIGURE 4. Calculation model.

for 6 months at 85.5 GHz. A parabolic antenna with a diam-
eter of 350 mm, radio equipment, weather sensor, and accel-
eration sensor were installed on a steel pole with a thickness
diameter of 89 mm and a length of 5 m.

FIGURE 5. Measurement system.

In the actual systems, the antenna poles vibrate and incline
when wind blows. These types of wind effects result in an
inclination angle to the antenna poles, which degrades the
effective gain of the antenna for fixed wireless links. To cal-
culate the wind-induced attenuation, the estimation of the
inclination angle of the antenna pole is an indispensable step.
The overall inclination angle θ can be calculated as follows:

θ = θ0+θs+θd , (18)

where θ0 is the initial axis misalignment of the antenna pairs,
θs is the static inclination angle, and θd is the dynamic incli-
nation angle. The static and dynamic inclination angles can
be calculated by:

θs = (C1A1+3C2A2)·
ρl2

12EI
v2·

180
π
≡ Cs·v2, (19)

θd ≡ Cd ·v2, (20)

where Cs and Cd are the wind load coefficients for static and
dynamic inclination, respectively, which depend on the size
and type of the antenna pole; v represents the effective wind
speed;C1 and A1 are the drag coefficient and the wind receiv-
ing area (m2) of the pole, respectively; C2 and A2 are the drag
coefficient and the wind receiving area (m2) of the antenna,
respectively; ρ is the air density (kg/m3); l is the length of the
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pole (m); E is the Young’s modulus (2.05×1011 Pa); and I is
the second moment of area (m4).
Because the wind speed is not constant, the wind speed

distribution issue needs to be considered before setting a
specific wind speed to calculate the inclination angle. The
Weibull distribution can be employed as a model to describe
the wind speed distribution as an accumulative probability
function p(v), which can be expressed as follows:

p (v) = 1−e−(
v
c )

k
, (21)

where v is the wind speed, k is the scale factor, and c
is the shape factor. Based on the measurement reported
in [17], the magnitude of k and c can be set to be 0.86 and
1.03, respectively. Using (21), the cumulative probability
of the wind speed can be calculated as shown in Fig. 6.
For consistency with the probability of rain rate calculation
(Section II-B), the probability of the wind speed can also be
set at 99.99% as the worst case for the storm case. As a result,
the wind speed corresponding to an accumulative probability
of 99.99% was 13.617 m/s, as indicated in Fig. 6. In other
words, 99.99% of the time the wind speed was less than
13.617 m/s.

FIGURE 6. Accumulative probability distribution of wind speed by
Weibull distribution model.

The static inclination angle induced by the wind effect can
be estimated using (19). Table 2 summarizes an example of
the parameters used to calculate the static inclination angle
from the measurement system in [17]. In addition to the static
inclination angle, the pole vibrates due to the wind at its natu-
ral frequency of 2.3Hz, which results in a dynamic inclination
angle. The dynamic wind load coefficient Cd under this
circumstance is 4.6×10−4 from the measurement [17]. Using
(18), (19), (20), and the parameters in Table 2, the overall
inclination angle θ can be estimated as 0.142

◦

(0.002478 rad)
when the wind speed is 13.617 m/s (suppose there is no initial
axis misalignment of the antenna pole pairs: θ0 = 0).
Fig. 7 shows the inclination angle calculated using the

aforementioned mathematical model and the measured data
from an actual measurement system [17]. For the measured

TABLE 2. Parameters for static inclination angle calculation.

data, the root-mean-square (RMS) values of the inclination
angle versus wind speed were plotted. From Fig. 7, the incli-
nation angle under a wind speed of 13.617 m/s, which cor-
responds to a cumulative probability distribution of 99.99%,
as illustrated in Fig. 6, is 0.142

◦

. Compared with the measure-
ment data, the results obtained using the mathematical model
were consistent. The slight difference between the measured
and calculated data can be attributed to the inclusion of an
initial axis alignment in the measurement system, which was
not included in the calculated result.

FIGURE 7. Inclination angles calculated using the mathematical model
and experimental data.

The effective gain of the antennas can be estimated based
on the calculated wind-induced inclination angle. The resid-
ual gainG and gain degradation due to wind-induced antenna
inclination g as functions of the inclination angle θ can be
calculated by

G (θ) = Gmax−g (θ) (dB) , (22)

g (θ) = 20·log
[

u′

2·J1 (u′)

]
(dB)

(
for

D
λ
≤ 100

)
, (23)

where Gmax is the maximum gain of the antenna, J1 is the
Bessel function of the first kind, D is the diameter of the
antenna, and λ is the wavelength of the electromagnetic
waves. The other parameters can be calculated as follows:

u′ =
60π
θBW
·sin θ, (24)
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θBW =
kλ
D
, (25)

where θBW is the half power beam width, and k is a factor
that varies slightly depending on the shape of the reflector and
the feed illumination pattern. For a typical parabolic antenna,
k was approximately 70. Using the aforementioned parame-
ters, the gain degradation and residual gain of the mm-wave
carriers can be calculated. In the calculation, we assume a
maximum gain Gmax of 43 dBi, and the diameter of antenna
D is assumed to be 0.3 m. The inclination angle was calcu-
lated to be 0.342

◦

(assuming an initial axis misalignment of
0.2
◦

). The calculated results for the 75.375 and 85.375 GHz
mm-wave carriers are as follows.

g75.375GHz (θ = 0.342 deg) = 1.64566 (dB) (26)

g85.375GHz (θ = 0.342 deg) = 2.13158 (dB) (27)

G75.375GHz (θ = 0.342 deg) = 41.35434 (dB) (28)

G85.375GHz (θ = 0.342 deg) = 40.86842 (dB) (29)

From the calculated results, the gain degradations are less
than 1.646 and 2.132 dB for the 75.375 and 85.375 GHz
signals, respectively, in 99.99% of the time, as depicted in
Figs. 6 and 7. Because of the physical constraints on the
antenna diameter and signal wavelength, (23) should be
employed for the mm-wave band. For the THz band, based on
the ITU-R Recommendation F.699-8 [48], the residual gain
can be calculated as

G (θ) = max [Ga (θ) ,Gb (θ)] (dB)
(
for

D
λ
> 100

)
, (30)

Ga (θ) = Gmax−2.5·10−3·
(
D
λ
·θ

)2

, (31)

Gb (θ) = G1+F (θ) , (32)

G1 = 2+15·log
(
D
λ

)
, (33)

F (θ) = 10·log
[
0.9·sin2

(
3πθ
2θr

)
+0.1

]
, (34)

θr = 15.85·
(
D
λ

)−0.6
(deg). (35)

In the calculation for THz carriers, the maximum gain Gmax
and the diameter of antenna D are set to 50 dBi and 0.15 m,
respectively. The other parameters remain the same for the
mm-wave band. The calculated residual gains for 275 and
400 GHz carriers under the wind effect are as follows.

G275GHz (θ = 0.342 deg) = 44.513 (dB) (36)

G400GHz (θ = 0.342 deg) = 38.304 (dB) (37)

Compared with the original 50 dBi maximum gain,
the gain degradations are 5.487 and 11.696 dB for the
275 and 400 GHz carriers, respectively, revealing that the
THz band carriers are more sensitive to the wind effect than
the mm-wave band.

In addition to the mentioned attenuations, the received
signal powermay be degraded by an additional amount owing
to natural vibration, which is not included in themathematical

model. To confirm this, we compared the calculated results
with the measured data. Fig. 8 shows the minimum received
signal power versus the maximum wind speed for every ten
seconds. The effect of each term and the approximate curve
of the measurement values are also shown in the figure.
According to Fig. 8, the degradation of the received signal due
to misalignment of the measurement system is approximately
1.2 dB which corresponds to 0.28◦. One of the factors of this
difference between the two curves is that the effect of the
opposite is not considered. The coefficient Cd is similar to
the coefficient Cs. Both coefficients depend on the structure
of the pole; therefore, a high correlation is expected, and Cd
can be approximated to Cs.

FIGURE 8. Maximum wind speed versus minimum received signal level.

III. LINK BUDGET EVALUATION
Because a fixed wireless link is regarded as an additive white
Gaussian noise (AWGN) channel, the maximum achievable
data rate can be defined by the maximum channel capacity C
(bps/Hz), which is calculated using the Shannon formula [49]
as

C = B·log2 (1+SNR) , (38)

where B is the signal bandwidth (Hz), and SNR is the signal-
to-noise ratio of the received signal. Based on the calcula-
tions in Section II, the SNR of a fixed wireless link can be
calculated as

SNR (dB)

= PFW+GFW+GAP
−Agas−Arain−Awind−Afree−Nthermal−Nsystem−M (39)

where PFW is the transmit power (dBm), GFW is the
gain of the transmitter antenna (dBi), GAP is the gain of
the receiver antenna (dBi), Agas is the gaseous attenuation
(dB, Section II-A), Arain is the rain-induced attenuation (dB,
Section II-B), Awind is the wind-induced attenuation (dB,
Section II-C), Afree is the free space loss (dB), Nthermal is the
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thermal noise power (dBm), Nsystem is the noise figure of the
system, which is set to be 10 dB in our calculation, and M
is an additional link margin. To calculate the free space loss,
the electromagnetic wave disperses in an area that increases
quadratically with the propagation distance in a wireless link.
Consequently, if the effective area of the receiver antenna
remains the same, the received electromagnetic wave power
decreases quadratically with propagation distance. Based on
the Friis formula [50], the free space loss Afree (dB) can be
written as

Afree = 20·log10

(
4π f ·r0
c

)
, (40)

where f is the carrier frequency (Hz), r0 is the transmission
distance (m), and c is the speed of light (c = 3×108 m/s).
As indicated by (40), the free space loss is frequency-
dependent. In addition, when the electromagnetic wave car-
ries a data signal, the thermal noise Nthermal is also included
in the received signal. The power of was calculated as

Nthermal = 10·log10

(
k·B·T
1mW

)
, (41)

where k is Boltzmann’s constant (k = 1.381×10−23), B is the
signal bandwidth (Hz), and T is the absolute temperature (K).

In the following calculation, an additional link margin
of 5 dB was added to compensate for the gain degradation
by natural vibration, as indicated in Fig. 8. The testing data
bandwidth (BW) is set to 2.16 GHz as the basic BW to fit
the IEEE Std. 802.15.3d-2017 [12]. In addition, a 4.32-GHz
BW (two times of 2.16 GHz) testing data is also added for
reference, which shows the multi-carrier transmission con-
cept. The transmitted signal power was set to 18 dBm for all
the four cases. To approach real conditions, the transmitter
and receiver gains (GFW and GAP) for mm-wave carriers
(75.375 and 85.375 GHz) are set to 43 dBi, while the trans-
mitter and receiver gains for THz carriers (275 and 400 GHz)
were set to 50 dBi. The other attenuation magnitudes are
based on the results described in Section II. Table 3 summa-
rizes the weather conditions mentioned in Fig. 9 and 10. The
magnitudes of rain rate are divided into four levels: no rain,
moderate rain, heavy rain, and storm rain [47]. For ‘‘storm
rain’’ condition, the rain rate of 53.6 mm/h covers 99.99%
of all cases and the temperature of 33.70◦C is the recorded
highest temperature in west Japan. In other words, ‘‘storm
rain’’ can be represented as the worst case regarding the
rain-induced attenuation because the remaining 0.01% only
occupies nearly 8.6 s per day or 52.6 minutes per year that
might not be so critical with respect to the overall system’s
functionality thus it can be ignored.
Case 1 (No Wind Effect): Based on (38) and (39), the

expected maximum channel capacity can be estimated as
shown in Fig. 9 and 10 for the cases without andwith the wind
effect, respectively. As shown in Fig. 9, for a basic 2.16 GHz
BW case, the expected transmission distances in the ideal
weather condition (without rain and wind) can extend up to
more than 12 km with all four types of carrier frequencies.

TABLE 3. Parameters for each weather case [47].

However, during a 5.4 mm/h moderate rain without wind, the
expected transmission distances for 2.16 GHz BW degraded
to approximately 6 km owing to the Mie scattering effect.
Furthermore, in an extreme 53.6 mm/h rain rate, no more
than 2 km transmission distance is allowed for these four
types of carrier frequencies even without wind effect. In addi-
tion, either the basic 2.16 GHz BW or the 4.32 GHz BW
exhibit a similar trend in this condition.
Case 2 (Wind Effect on Transmitter and Receiver Anten-

nas): Compared with the aforementioned results, in this
subsection, not only rain and gaseous attenuation (clear
atmosphere), but wind-induced degradation is considered.
As described in section II-C, the wind speed of 13.617 m/s
is the worst case within 99.99% of all situations. Conse-
quently, the 53.6 mm/h rain rate with wind effect can be
regarded as an extreme weather condition (storm), and the
calculated maximum channel capacities can be regarded as
the least achievable performance of the corresponding fixed
wireless link. As shown in Fig. 10, for mm-wave carriers
(75.375 and 85.375 GHz) with extreme wind effects, the
expected transmission distances are almost the same as those
without the wind effect because the maximum gain degra-
dation for a single antenna is only approximately 2.1 dB.
On the other hand, for THz carriers (275 and 400 GHz),
the expected transmission distances deteriorate sharply with
extreme wind effects. This stems from the antenna’s radiation
pattern, whose main lobe becomes narrower and steeper as
the transmission frequency increases. Comparing Fig. 10(c)
with Fig. 9(c), for the 275 GHz carrier, although 12-km
transmission distance can be expected without rain regard-
less of the wind effect, the maximum transmission distance
decreases from approximately 6 km to approximately 4 km
under the impact of extreme wind. Moreover, the magnitude
further shortens to less than 2 km with 53.6 mm/h rain rate.
In particular, approximately up to 23.392 dB degradation due
to wind is suffered by a 400 GHz fixed wireless link using
a 50 dBi gain antenna in the extreme case. From Fig. 10(d),
the maximum transmission distance for the 400 GHz carrier
is only approximately 6 km under extreme wind effects, even
without rain. In addition, the 4.32 GHz BW can only be
transmitted at approximately 4 km because of the lack of SNR
with extreme wind effects even without rain. Consequently,
the THz wireless link must be precisely designed in regions
with frequent extreme weather conditions.
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FIGURE 9. Estimated maximum channel capacity versus transmission distance using 2.16 and 4.32 GHz bandwidth for a fixed wireless link at carrier
frequency of: (a) 75.375 GHz, (b) 85.375 GHz, (c) 275 GHz, and (d) 400 GHz (without wind effect).

Based on the aforementioned results, the expected max-
imum channel capacities for each frequency carrier under
different weather conditions can be further discussed.
Fig. 11 illustrates the maximum channel capacity versus
transmission distance for a fixed wireless link at the carrier
frequencies of (a) 75.375 GHz, (b) 85.375 GHz, (c) 275 GHz,
and (d) 400 GHz under different weather conditions. The
signal BW used in the calculation is 2.16 GHz as an example
for the IEEE Std. 802.15.3d-2017 [12]. The data shown in
Fig. 11 were extracted from Fig. 9 and 10. The weather
conditions shown in Fig. 11 are listed in Table 4.

From Fig. 11, the pure wind-induced maximum channel
capacity deteriorations are much less than those of pure rain-
induced ones for 75.375, 85.375, and 275 GHz carriers.
In other words, the rain effect dominates the fixed wireless
link deterioration in these frequency ranges. On the other
hand, the maximum transmission distance for the 400 GHz

TABLE 4. Weather conditions for maximum channel capacity calculation.

carrier under the wind effect is approximately the same as that
under 5.4 mm/h rain effect (moderate rain). In other words,
the rain effect no longer dominates the link deterioration,
and the impact of wind should be considered for a 400 GHz
carrier-based fixed wireless link.

As shown in Fig. 11, the transmission distances for the
four carriers can be longer than 12 km under ideal weather
conditions (without wind or rain effects). In contrast, the
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FIGURE 10. Estimated maximum channel capacity versus transmission distance using 2.16 and 4.32 GHz bandwidth for a fixed wireless link at carrier
frequency of: (a) 75.375 GHz, (b) 85.375 GHz, (c) 275 GHz, and (d) 400 GHz (with wind effect).

transmission distances in the storm case (with 13.617 m/s
wind and 51.6 mm/h rain) shrink significantly to less
than 2 km. We further discuss the system under severe
weather conditions as follows: Fig. 12 illustrates the calcu-
lated SNRs versus transmission distance for different carrier
frequencies in the storm case for a fixed wireless link based
on (39). The signal BW is 2.16 GHz.

To evaluate the maximum available transmission distance
in a practical system, we use the bit error rate (BER) rela-
tion for the M-ary phase-shift keying (M-PSK) signal as
follows [51]:

BERM−PSK ∼=
2

max
[
log2 (M) , 2

]
·

max
(
M
4 ,1

)∑
i=1

Q
{
√
2·SNR·sin

[
(2i−1) π

M

]}
(42)

where M is for M-PSK data, and Q is the Q-function, which
can be expressed as

Q (x) =
1
√
2π

∫
∞

x
e−

t2
2 dt =

1
2
erfc

(
x
√
2

)
, (43)

where erfc is the complementary error function as

erfc (x) =
2
√
π

∫
∞

x
e−t

2
dt . (44)

For binary phase shift keying (BPSK), M = 2, the BER
calculation can be simplified as follows.

BERBPSK ∼= Q
(√

2·SNR
)
=

1
2
·erfc

(√
SNR

)
(45)

In addition, if the employed data format is higher
modulation constellation scheme like quadrature phase-
shift keying (QPSK), 16-quadrature amplitude modulation
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FIGURE 11. Estimated maximum channel capacity versus transmission distance for a fixed wireless link with carrier frequency of (a) 75.375 GHz,
(b) 85.375 GHz, (c) 275 GHz, and (d) 400 GHz under different kinds of weather conditions.

(16-QAM), or 64-QAM, the BER relations with SNR are as
follows [52].

BERQPSK ∼=
1
2
·erfc

(√
1
2
·SNR

)
(46)

BER16−QAM ∼=
3
8
·erfc

(√
1
10
·SNR

)
(47)

BER64−QAM ∼=
7
24
·erfc

(√
1
42
·SNR

)
(48)

Fig. 13 shows the calculated BERs in the storm case for a
fixed wireless link based on (46), (47), and (48) with the
results in Fig. 12. The BER threshold of 3.8×10−3 consider-
ing a 7% forward error correction (FEC) overhead [53], is also
shown in the figure.

From Fig. 13, the maximum available transmission dis-
tances for a 2.16 GHz BPSK, QPSK, 16-QAM, and
64-QAM data with different carrier frequencies in the

FIGURE 12. Calculated SNRs versus transmission distance in the storm
case for a fixed wireless link at carrier frequency of 75.375 GHz,
85.375 GHz, 275 GHz, and 400 GHz.

storm case can be estimated by taking the x-axis magni-
tudes from the intersections of the FEC criterion dotted
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FIGURE 13. Calculated BERs of (a) BPSK, (b) QPSK, (c) 16-QAM, and (d) 64-QAM data formats versus transmission distance in the storm case for a
fixed wireless link at carrier frequencies of 75.375, 85.375, 275, and 400 GHz.

TABLE 5. Maximum available transmission distances in storm case.

line and the BER curves, which are summarized in
Table 5.

Based on Table 5, when adopting BPSK or QPSK as
the data format, all the maximum available transmission
distances exceeded 1 km for 75.375, 85.375, and 275 GHz
carriers under storm conditions. However, for the 400 GHz
system, the maximum available transmission distances
reduce sharply to 688 m (BPSK) and 596 m (QPSK) owing to
the significant reduction in the SNR. On the other hand, when
adopting a much higher modulation constellation scheme

(e.g., 16-QAM or 64-QAM), the expected maximum avail-
able transmission distances hardly exceed 1 km because
the required SNRs of these schemes are higher than those
of BPSK and QPSK. As described above, the 400 GHz
carrier is very sensitive to wind and rain effects; thus,
the fixed wireless link using radio signals in this fre-
quency band should be limited to a few hundreds of
meters.

In practical systems, the wind speed effect due to pole
vibration depends on the pole shape, dimensions, manufac-
turing material, position, and type of fixing on the ground.
By strictly fixing the pole to the ground or fixing the antenna
on a wall or tower, the pole vibration induced wind effect
can be minimized. However, even the trivial vibration can-
not be totally ignored [54], [55]. Recently, solutions for the
beam direction fluctuation have been raised for a mm-wave
fixed wireless system. For example, the automatic transmit
power control (ATPC) technology is supposed to deal with
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such an issue [17]. With ATPC, the transmitter’s power can
be automatically controlled by the detector at receiver side,
which suppresses the fluctuation range of the received signal
level to be smaller than the fluctuation range of the chan-
nel attenuation. Furthermore, for the future beyond 5G or
6G applications, constructing a ubiquitous wireless link is
indispensable. In this circumstance, since the attenuation for
THz waves are high even without any interference in free
space, the number of base stations for beyond 5G or 6G links
should be enough to ensure the coverage of all the client areas
[56]–[58]. However, it is difficult to build robust base stations
like radio towers everywhere due to constructing cost or space
issues. Hence, cost-effective base stations with minimized
sizes are the targets for beyond 5G or 6G links. In these cases,
it is necessary to consider the pole vibration effect into link
budget evaluation. The proposed antenna pole structure in
this manuscript can demonstrate a good example for future
usage in beyond 5G or 6G networks. Nevertheless, a compre-
hensive evaluation on the effect of pole vibration considering
different pole shapes, dimensions, manufacturing materials,
positions, and types of fixing on the ground is essential to
evaluate the fixed wireless link performance under extreme
weather conditions and should be investigated in the future
works.

IV. CONCLUSION
This article presents a comprehensive discussion of fixed
wireless links in the mm-wave and THz bands under extreme
weather conditions. The characteristics at four carrier fre-
quencies, 75.375, 85.375, 275, and 400 GHz, are discussed
in detail. Link budget evaluations for each carrier frequency
were also conducted. For gaseous attenuation, mm-wave car-
riers barely suffer from air-induced attenuation within 12 km.
On the other hand, THz waves exhibit severe gaseous attenu-
ation even in standard air. For the storm case, the attenuation
rates for all four types of carrier frequencies increase, which
means that either mm-waves or THz waves are sensitive
to humidity and temperature. Next, during the analysis of
rain attenuation, the rain rate dominated the overall rain-
induced attenuation regardless of the frequency of different
carriers. In addition, the rain rate of 53.6 mm/h can be rea-
sonably regarded as the worst case for further calculations.
For the wind-related calculations, two different models are
employed, and a wind speed of 13.617 m/s can be regarded
as the worst case (99.99%). A 2.16 GHz data is employed
for the maximum channel capacity evaluations. During the
analysis, only the 400 GHz carrier was relatively sensitive to
severe wind effects. In addition, the rain effect dominates the
deterioration of the link performance regardless of the car-
rier frequency. Finally, the maximum available transmission
distances of 2.16 GHz BPSK, QPSK, 16-QAM, and 64-QAM
data for each frequency carrier under extremeweather (storm)
were obtained, providing input to the planning process of
wireless backhaul/fronthaul links at mm-wave and THz
frequencies.

APPENDIX

TABLE 6. Abbreviation list.
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