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Abstract: Controlled experiments were conducted to examine the effect of fog on signal propagation in
wireless communication and radar links operating in millimeter wavelengths. The experiments were
carried out in a fog laboratory to verify theoretical results obtained from Liebe’s model. Attenuation
and phase shifts of millimeter wave (mmW) radiation were measured, at different fog density
characterized by the visibility distance and its water vapor content. Utilizing a vector network
analyzer (VNA) enabled us to examine the actual atmospheric attenuation and the phase shift caused
by the fog retardation. The experimental results demonstrate good agreement with the simulations
even for very low visibility in highly dense fog. The study can be used to estimate link budget of
mmW wireless links, including those allocated for the fifth generation (5G) of cellular networks.

Keywords: millimeter waves communications; 5th generation of cellular communications (5G);
the electromagnetic spectrum; antennas and propagation

1. Introduction

The use of mobile networks has been steadily increasing in recent decades. A service that began
only for the benefit of conversations and audio content has been extended to include a variety of text
message, web browsing, photos, and video files. Such applications require larger bandwidths serving
more users, and higher channel capacities. The demand for more spectrum continues to rise also due
to the requirements of available and reliable links and for serving developing applications such as
internet of things, smart homes, and even smart cities [1].

Due to the vast amount of bandwidth available in the extremely high frequencies [1], millimeter
waves are being considered for the fifth generation of cellular communications [2,3]. Bands within the
mmW regime are allocated for this purpose.

Recently, national and international committees have begun to write regulations regarding the
utilization of new bands in the electromagnetic spectrum. The Federal Communications Commission
(FCC) in the United States have made spectrum available for licensed use in the 28 GHz and 37–39 GHz
bands. They have also recently designated the 64–71 GHz band for unlicensed use, which increases the
total amount of unlicensed spectrum to 14 GHz. Table 1 summarizes the features of the different mmW
bands allocated for the 5th generation of cellular communications [4].
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Table 1. Millimeter wave band for 5G communications.

Frequency Band Advantages Disadvantages

28 GHz Suffers the least path loss; Low oxygen
absorption and rain attenuation.

Lightly licensed; The bandwidth is
relatively small.

38 GHz Relatively less attenuation caused by oxygen
absorption and rain. Less research and applications done.

60 GHz Unlicensed bands;
Large bandwidth to achieve multi-gigabit rate.

Peak point of oxygen absorption; Relatively
large rain attenuation.

73 GHz Small effects of atmospheric absorption. Large rain attenuation;
Large path loss due to high frequency point.

In fact, there are already works studying the possibility to utilize spectrum even in the THz
frequencies [5]. Designation of wireless links in millimeter waves requires consideration of the weather
conditions, including fog and rain, which have an impact on its propagation in the atmosphere [6].
The effects expected to play a role on the mmW propagation are different than that influencing optical
transmissions in infrared [7,8].

Due to increased propagation losses of millimeter waves over longer distances and in order to
maintain cost-effective deployment of a 5G network, the mmW links will serve “small cells” [8,9],
covering limited distances. Besides the obvious general importance that this new implementation
scheme has with regard to future practical deployment of a 5G network, this development is of special
importance to our research, as it restricts and defines the expected distances over which our study is
focused on.

As a comparison, current systems use a “macro-cell” implementation in rural environments, with
a base station radius of 1–20 km [10]. Urban environments favor a “micro-cell” implementation, with a
base station covering between 100 m and a few kilometers [11].

Our research focuses on absorptive as well as dispersive effects caused by propagation in foggy
conditions. The experiments were carried out in a fog chamber, specially constructed to study
electromagnetic transmission in controlled foggy environment, enabling generation of extremely dense
fog with low visibility (less than 1 m). It is aimed at studying mmW propagation in the Ka-Band
frequencies allocated for 5G spectrum. Table 2 summarizes some of the previous studies carried out in
different bands in the millimeter wavelength regime.

Table 2. Comparison of measured fog attenuation in millimeter wavelengths with previous researches.

Frequency
[GHz] Reference Vapor Concentration

[g/m3]
Measured

Attenuation [dB/km] Comments

72.56 [12] 0.2 0.6
210 [13] 0.03 0.4
240 [14] 3 37

320 [15] 30 79.8 Artificial fog was created
by a thermal fog machine

Preliminary experimental study was conducted in sub-millimeter waves with an artificial fog
seeded by high volume ‘smoke machines’. It was found that the fog generates attenuation, and group
delay may affect radar accuracy [16,17]. These findings led to further experimental study of the
radiation dispersive effects emerging in the presence of fog, on wireless communication links operating
in mmW frequencies designated for the 5G cellular communication, which is described in this paper.

2. Atmospheric mmW Propagation in the Presence of Water Suspension

An electromagnetic radiation that transmitted in atmospheric medium is affected by the macroscopic
dielectric properties of the air as customary in homogeneous medium. The effect is expressed in various
factors, refraction, absorption and dispersion. In RF links, these effects are expressed mainly in millimeter
and sub-millimeter (terahertz) waves, for which the wavelength is still higher than the size of the
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water particles suspended in the air [16]. Signal attenuation during rainy conditions is well recognized
by commercially available millimeter wave cloud radars (MMCR) and by Bistatic Radar System for
Atmospheric Studies (BASTA) [18–21].

When the wavelength is becoming comparable to or smaller than the water particles in the air, as in
the visible and the Infrared radiation, the discontinuity of dielectric constant at a water/air interface
leads to interferences within a single droplet and therefore breaks the assumption of homogeneous
dielectric medium [22]. The Maxwell equations with this discontinuity boundary condition are
analytically solvable by assuming that the water droplet is spherical and homogeneous and is well
described in the framework of Mie scattering theory [23]. While full description of Mie theory is
beyond the scope of this paper, we note here a relevant property for consideration later that is the
size parameter x ≡ πD/λ, where D is the droplet diameter and λ is the radiation wavelength under
taken. This non-dimensional property is used to decide the scattering regime, whether it is a Rayleigh
scattering in the case of mmW (x � 1) or Mie scattering when visible light is used (x < 1). For the
latter, we applied in our Mie model a water refractive index of n(635 nm) = 1.331 + j1.5·10−8, whose
imaginary part could actually be neglected.

In the following, for reader’s convenience, we review the propagation model employed along
the study for analyzing the effects of the medium on the amplitude and phase of the millimeter wave
signal. The notations and abbreviations used here are summarized in Appendix A. It is based on
the characterization of the refractive index n( f ) of the atmospheric medium in mmW frequencies.
We follow Liebe’s Millimeter-wave Propagation Model (MPM), in which the refractive index is
expressed as [24,25]:

n( f ) = 1 + [N0 + N′( f ) − jN′′ ( f )]·10−6 (1)

N0 is a real constant, nondispersive term, while N′( f ) and N′′ ( f ) are the frequency dependent,
real and imaginary terms, respectively. The propagation factors, namely the attenuation α(f) and the
wavenumber β(f), can be expressed in terms of the complex refractive index as follows:

α( f ) =
2π f

c
N′′ ( f )·10−6

β( f ) =
2π f

c

{
1 + [N0 + N′ ( f )]·10−6

} (2)

The total attenuation along a propagation distance d is calculated via α(f):

L( f ) = e2αd = exp
[

4π f
c

d·N′′ ( f )·10−6
]

(3)

and the corresponsive phase shift of the field is determined by the wave number β(f):

φ( f ) = −β( f )·d = −
2π f

c
d︸  ︷︷  ︸

φ0( f )

−
2π f

c
d·[N0 + N′( f )]·10−6︸                          ︷︷                          ︸

∆φ( f )

(4)

Defining the phase shift in vacuum as:

φ0( f ) = −2π f ·
d
c

(5)

the incremental phase shift caused by the atmosphere due to its incremental refractivity is then:

∆φ( f ) = φ( f ) −φ0( f ) = φ0( f )·[N0 + N′( f )]·10−6 (6)

In the current work, emphasis is given to the study of foggy atmospheric conditions, where
droplets of water are suspended in the air. The corresponding refractivity in the mmW’s is derived
from the total moisture concentration in the cloud, which independently analyzed by atmospheric
transmission measurements in the visible light (635 nm), taking into account the Mie scattering theory.
The typical droplet diameter in natural fog is about Rp~10 µm.
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The attenuation L calculated in [dB/km] as a function of frequency for the millimeter and
sub-millimeter regime is shown in Figure 1a. Fog visibility is defined as the distance for which
visible light is attenuated to 2% of its maximum intensity in clear sky. According to the International
Commission of Illumination, this definition presents the visual range where the contrast ratio for a
black target (of a “reasonable” size) against the horizon falls to 2% of the range obtained in the clear
sky [26]. Graphs are drawn for various visibility conditions. When visibility is relatively high ≥10 m,
pure rotational transitions of water vapor and molecular oxygen can be clearly seen in the region of
22 GHz and 60 GHz, respectively. The additional phase shift ∆φ( f )/φ0 as a function of frequency is
shown in Figure 1b. As expected, the change in attenuation due to oxygen absorption at 60 Hz is also
accompanied by a change in the calculated phase shift; this in accordance with the Kramer–Kronig
relations between the imaginary and the real part of the refractive index [20].
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Figure 1. Transmission of millimeter waves in various fog visibilities in: (a) attenuation L( f ) in [dB];
(b) incremental phase shift ∆φ( f )/φ0; (c) incremental group delay ∆τd( f ).
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A comparative study between the results obtained from the comprehensive MPM [15] with those
calculated using the International Telecommunication Union (ITU) [27] reveals that, although the
absorption peaks of water vapor and molecular oxygen are not taken into account in the ITU model,
there is a good fit between the two models [28]. The corresponding graphs for the incremental group
delay ∆τd( f ) (in [ps/km]) are shown in Figure 1c. The ITU model does not refer to the time delay.

The phase dispersion leads to a frequency dependent group delay given via the derivative:

τd( f ) = −
1

2π
dφ( f )

d f
= −

1
2π

dφ0( f )
d f︸       ︷︷       ︸

τ0

−
1

2π
d

d f
∆φ( f )︸         ︷︷         ︸

∆τd( f )

=
d
c︸︷︷︸
τ0

+
d
c
·

[
N0 + N′( f ) + f

dN′( f )
d f

]
·10−6

︸                                     ︷︷                                     ︸
∆τd( f )

(7)

We define τ0 = d/c as the time delay in vacuum and identify the incremental group delay as:

∆τd( f ) = −
1

2π
d

d f
∆φ( f ) = τ0

[
N0 + N′( f ) + f

dN′( f )
d f

]
·10−6 (8)

In Figure 1, graphs are drawn for the expected attenuation L( f ), phase shift ∆φ( f ), and incremental
group delay ∆τd( f ) for different water vapor concentrations W (and resulted visibilities Vis). Note
that the absorption peaks appearing in 22 GHz and in 60 GHz are due to resonant absorptions in water
(H2O) and oxygen (O2) molecules.

3. Millimeter Wave Link Budget

Following the Friis line of sight transmission formula [3], incorporating atmospheric losses,
the overall link budget can be expressed by:

Pr

Pt
=

∣∣∣S2,1
∣∣∣2 = Gr·

(
c

4πd· f

)2

·Gt·
1

L( f )
(9)

where Pr and Pt are the received and transmitted power, respectively, Gr and Gt are the gains of the
transmitting and receiving antennas, c is the light speed, and d is the propagation distance. The graph
in Figure 2 presents the power ratio Pr/Pt as a function of frequency for distance of 1 km. Here, Omni
directional antennas are assumed (Gr = Gt = 0 dBi), and multiple levels of visibilities are considered.
The graph in Figure 3 presents the power ratio Pr/Pt as a function of distance d for a link operating at a
frequency of 28 GHz, in several visibility scenarios.
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4. Experimental Setup

The experiment was conducted to examine the effect of fog on electromagnetic signal propagation
in the Ka band, in a frequency region of 26.5–40 GHz. An Agilent (USA) Vector Network Analyzer
model N5230C covering frequencies up to 40 GHz is used. The experiment was conducted in a closed
tunnel, shown in Figure 4, where artificial fog was introduced under controlled conditions. The Ka
radiation was transmitted through the fog, while measuring attenuation and phase shifts. Independent
optical measurements were performed simultaneously, to characterize fog visibility and water vapor
concentration inside the tunnel.
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Figure 4. Schematic illustration of experimental setup [16].

The tunnel dimensions were 18 m length with a cross-section of 2 m × 2 m (width × height),
allowing free passage across the mmW radiation beam, see Figure 4. The transmitter/receiver system
was placed on one side of the tunnel and a 2 m × 2 m metallic board with Lambertian surface
was positioned perpendicularly on the other side, in order to enhance the back-scattering signal
to the radar’s receiver. As a result, the mmW radiation traveled through a total distance of 36 m
(forth and back).

The tunnel was built to a minimum of clapboard construction to reduce a parasitic back-reflections
of stray radiation toward the receiver. The entire length of the tunnel was covered with a nylon sheet
to allow a stabilizing of a water droplets cloud to settle. This experimental setup was built within
a closed structure to minimize the impact of the outdoor weather on the meteorological conditions,
cloud concentration, and droplets size distribution inside the tunnel.

Through four openings along the tunnel, a thick artificial fog was introduced with a stable size
distribution whose mass median diameter (MMD) is approximately 8 µm. This droplet distribution
represents a compromise between the distribution of cumulus clouds and radiative fogs [29,30], which
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mmW radiation may propagate in a natural atmosphere. The cloud was generated using four ultrasonic
foggers based on piezoelectric transducers whose operation is controlled automatically during the
experiment to achieve the required visibility, shown in Figure 5. A fast homogenization of the cloud
inside the tunnel was achieved, by small fans that were distributed along the tunnel’s corners to
reduce effects of stray radiation to the receiver, shown in Figure 6. The fans were turned off during the
measurement itself.
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The mmW propagation measurements were carried out sequentially from high to low cloud
concentrations. The decrease in fog concentration, while maintaining homogeneity and other cloud
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parameters stable within the tunnel, is achieved spontaneously during the experiment. The highlighted
gray area in Figure 7 shows a typical homogeneity while gradual reduction in visibility (panel b) and
corresponding cloud concentration (panel a) is achieved within the tunnel, as indicated by the similarity
of the black and the red curves. A course of ~12 successive propagation measurements during this
time period were completed within 20 min to ensure maximal reliability when comparing results.
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The classification of droplets size distributions was done using a SprayTech Malvern Instrument
equipped with a 300 mm lens, allowing for real-time measurement of droplet diameters in the range of
0.1–900 µm. The technique is based on a diffraction of light in 632.8 nm that is measured by a spaced
array of 36 detectors. The Mie and Fraunhofer scattering pattern is instantaneously analyzed using a
multiple scattering model and shows a typical cloud distribution that was derived from the SprayTech
during the experiment, ensuring MMD of ~8 µm. This system is also providing an additional measure
of mass concentration within a short optical path of the instrument to double check the cloud uniformity
inside the tunnel. Figure 8 shows values of the droplet sizes measured by the SprayTech.
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Two horn antennas were connected to the VNA that was placed outside the fog chamber—one
for transmission and the other for reception. The antennas were directed into the chamber so that
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they were aimed at a metal board placed on the other side of the chamber, as shown in Figure 9.
The experimental setup was tuned to 28 GHz, a frequency that is allocated for the 5G network.
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chamber; (b) the horn antennas.

5. Visibility Measurement and Estimation of Water Droplet Concentration

The visibility measurements were discussed elsewhere [17]. However, we will concentrate
more on the experimental technique here. Two laser diode-based systems (ThorLabs CPS635) were
simultaneously operated in different positions across the tunnel to measure the optical transmittance
and test the homogeneity of the cloud during the entire course of measurements. The laser source at
635 nm was placed on one side of the tunnel and a Si Avalanche Photodetector (ThorLabs APD36) was
placed 2.19 m away on its other side, as shown in Figure 10.
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The transmittance over this distance can be measured using the Beer–Lambert Equation as follows:

It

I0
= e−αextWliqd (10)

where αext is the averaged mass extinction coefficient (in m2/g), Wliq is the concentration of the liquid
water phase (in g/m3), and I0 & It are the intensity signals measured at time zero when the tunnel is
clean and at a time ‘t’, respectively.

To normalize for the laser intensity fluctuations, the p-polarized light was split near the source
using a Brewster window to minimize reflections. Thus, about 5% of the output intensity was measured
simultaneously by a reference APD detector located next to it. All optics were purged with fresh air
to avoid condensation on the surfaces. The light intensity was modulated by varying the current
periodically at a frequency of 129 Hz and the measured signal via the Ref/Signal APDs was plugged to
a National Instruments A/D card (PCI-4472) equipped with a LabView lock-in amplifier software kit.
According to Ref. [17], the instantaneous visibility at a 1 Hz is calculated via the following expression:

Vis(t) =
ln50·d

ln
( I0

It

) (11)

Note that d = 2.19 m is the actual optical pass length through the cloud. Since reference APD is
applied here, the explicit expression for the power ratio used in Equation (11) is as follows:

I0

It
=

ISig
0 ·I

Re f
t

ISig
t ·I

Re f
0

(12)

where Sig and Ref indexes are the abbreviations for the APD types.
The mass extinction coefficient αext is calculated by weighting the relative contribution of

the extinction efficiency Qext(r) from Mie theory taking into account the water refractive index
n(635nm) = 1.331 + i1.5·10−8 and the actual size distribution n(r) inside the tunnel (see), as follows:

αext =

∫
r2Qext(r)n(r)dr

4
3ρ

∫
r3n(r)dr

≈ 0.246 m2/g (13)

where ρ is the water density. When substituting the value of αext from Equation (13) into Equation (10),
the cloud concentration in the liquid phase Wliq can be derived vs. time. Figure 7a shows an example
for the cloud concentration calculated during a full course of 12 propagation measurements. Panel (b)
shows the associated visibility that was derived using Equation (11).

We note, that while mmW propagation is affected by the total water concentration absorption in all
phases, the propagation of Vis-IR radiation through foggy atmosphere is predominantly influenced by
a Mie scattering, as described above. The point relevant to our estimation method for the cloud water
concentration is that the extinction of the 635 nm light is mainly affected by the aerosol phase. Thus,
the signal measured under Equation [10] is oblivious to the existence of a water concentration due to
a vapor phase (Wgas). This last Wgas is separately calculated for the case of 100% relative humidity
taking into account the meteorological condition inside the tunnel as follows:

c =
MwH2o·Pvap

K·T
� 12

gr
m3 (14)

and thus the total water concentration that is used for the phase retardation of the mmW radiation is
WTotal = Wgas + Wliq.
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6. Experimental Results

The characteristics of the mmW propagation were observed with a two-port vector network
analyzer measuring the scattering parameter S21. The data of these results were stored for later
processing, in order to find the received signal respective magnitude and phase shift. The attenuation
coefficient and the group delay are extracted and compared to the results obtained from the model.
The study was focused on frequencies in the vicinity of 28 GHz allocated for the 5G cellular network.

6.1. Attenuation

Figure 11 presents mmW for different levels of fog visibilities. The noise appearing in the graph
was reduced by averaging. Visibility distance is measured using the optical laser systems and detectors.
The fog level was changed from 1000 m down to 80 cm.
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The calculation of the cumulative attenuation along the path of propagation in different fog
densities is carried out from the scattering parameter S21 measured by the VNA. The attenuation is
calculated using Equation (9):

L( f ) = Gr·

 c
4πd·

∣∣∣S2,1
∣∣∣· f

2

·Gt (15)

Here, the gain of both transmitting and receiving antennas are Gr = Gt = 24 dB at f = 28 GHz.
The overall distance is d = 36 m. According to the model, the power which is estimated to be received
at clear visibility is −43.53 dBm. The experiment demonstrates −43.79 dBm, which is almost the same.

Using a simulation in Matlab, a comparison is made between the attenuation measured in the
experiment and its estimation using the model. The comparison revealed a good match as shown in
Figure 12. The solid line represents the model estimation and the dots are for the experimental results.
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conditions are: T = 16 ◦C, P = 101 KPa, RH = 100%.

6.2. Phase Shift and Group Delay

The received signal phase shift relative to the transmitted signal is also analyzed. First, the overall
distance of the propagation between receiving and transmission is calculated using Equation (7) for
clear air (high visibility). In this case, the distance can be estimated from the slope of the graph
appearing in Figure 13 for 1000 m visibility:

d = c·τ0 = −
c

2π
dφ0( f )

d f
(16)

It is found that the overall length which the signal passes is d = 18.775 m. This value is close to
the value measured manually.
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Now, the real part of the refractivity N0 + N′( f ) is calculated by the absolute phase obtained in
the measurement using Equation (6):

N0 + N′( f ) =
∆φ( f )
φ0( f )

·106 =
φ( f ) −φ0( f )

φ0( f )
·106 (17)

Once these coefficients have been found, they can be used for calculating of the time delay using
(10). The incremental group delay is found by:

∆τd( f ) =
d
c
·

[
φ( f ) −φ0( f )

φ0( f )

]
(18)

where τ0 = d
c = 62.61ns is the approximated delay expected in clear air. The results are summarized in

Table 3.

Table 3. Summary of experimentally measured phase shift and resulted refractivity indexes and
incremental group delays for different fog visibilities.

Visibility[m]
Measured

W[g/m3]
Calculated

φ[deg]
Measured

∆φ[deg]
Measured

∆φ[deg/m]
Measured

N0 + N′[ppm]
Calculated

∆τd[ps]
Calculated

1000 0.02 162.7 0 0 0 0

8.5 1.85 115.4 47.3 1.3 39.0698 2.44

6.8 2.35 111.2 51.5 1.4 42.539 2.66

4.6 3.45 104.5 58.2 1.6 48.0732 3.01

3.9 3.95 100 62.7 1.7 51.7902 3.24

2.7 5.8 89.9 72.8 2 60.1328 3.76

2.3 6.8 85.5 77.2 2.1 63.7672 3.99

1.9 8.37 83.2 79.5 2.2 65.667 4.11

1.6 9.94 75.9 86.8 2.4 71.6968 4.49

1.1 14 66.6 96.1 2.7 79.3786 4.97

0.91 17.67 69.7 93 2.6 76.818 4.81

0.9 18 58.9 103.8 2.9 85.7388 5.37

Figure 14 demonstrates the increase in the refractivity as the water droplet concentration W
is increased.
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Figure 14. Simulation and experimental results for the real part of refractivity at 28 GHz. Environmental
conditions: T = 16 ◦C, P = 101 kPa, RH = 100% (For reference, RH = 60% for clear air).
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7. Summary and Conclusions

Terrestrial fog characteristics are different in terms of distribution of droplet diameter depending
on the source of the cloud. For example, night radiation (convection) fog has a lower size distribution
<5 µm; then, advection maritime clouds are ~10 µm [29]. Both are common in the Mediterranean basin
areas and may perturb electromagnetic radiation differently because of the effect of Mie scattering.
However, in the case of mmW propagation, the size parameter allows for the assumption of Rayleigh
approximation and hence the most relevant attenuation effect in the atmosphere is due to absorption
rather than scattering. Therefore, in this experiment, a greater concern was given to carefully stabilize
the droplet size distribution of the cloud, from which the total water concentration could be derived,
rather than simulating a particular cloud distribution scenario. The reliability of determining the
concentration of this extremely high liquid water content sources (~24 gr/cm3) allows us to examine the
mmW phase retardation at a relatively short distance (18 m), which simulates a cumulative potential
effect of mmW propagation in the open atmosphere.

Propagation of millimeter wave radiation in the atmospheric medium is characterized via the
complex refractivity of the particle composing the air. In foggy conditions, the water droplet suspended
in the air causes attenuation and phase shifts, which are determined by the imaginary and real parts of
the refraction index, respectively.

Experiments performed in a controlled chamber for different fog densities show comparable
results to those estimated by the MPM model. It is demonstrated that attenuation is growing as
the water droplet concentration increases (the visibility goes down). In Figure 15a, the attenuation
coefficient α is described as a function of the fog visibility, revealing an attenuation range up to two
orders of magnitude above that of clear air.

Consequently, in mmW links operating in the presence of fog, the transmission power should
be increased in order to accomplish the same link budget as that of a link operating in clear weather
conditions. The graph of Figure 11 shows that there is a decrease of 1.5 dB in the received power
intensity for a propagation distance of 36 m as in the experiment. Thus, attenuation of 0.042 dB per
meter is expected in similar outdoor foggy conditions. For a distance of 100 m, an attenuation of
4.2 dB is anticipated, while for 1 km it will grow to 42 dB. During fog, the attenuation becomes a
significant factor to be considered for maintaining the required link budget necessary for reliable mmW
communications even in relatively short distances.

The water suspension also leads to an increase in the real part of the refractivity, slowing down
the group velocity of the mmW signal. This effect causes a dispersive phase shift that was measured
during the experiment for different visibilities (see Figure 15b).

The study can be used for estimating the link budget of wireless links operating in the millimeter
wave regime and may also contribute to the understanding of the observations by liquid water clouds
radar in the Ka-band. It is focused on the frequency band recently allocated for the 5G cellular network.
Heavy fog results in a severe attenuation that may cause a reduction in the signal-to-noise ratio to levels
that may disrupt the availability of the communications. Phase dispersion may cause interference in
high symbol rate transmissions.
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Appendix A

Table A1. Mathematical Nomenclature and Abbreviations.

Symbol Meaning Symbol Meaning

GHz Giga-Hertz τ0 time delay in vacuum

m meter ∆τd( f ) incremental group delay

km kilometer c Light speed

cm centimeter H2O water

µm micrometer O2 oxygen

nm nanometer Pr and Pt received and transmitted power respectively

gr gram (unit of mass) Gr and Gt the gains’ of the receiving and transmitting antennas

ps pico-second mmW millimeter wave

x size parameter αext averaged mass extinction coefficient (in m2/g)

π Pi ( = 3.14159) W water droplet concentration

D droplet diameter Wliq concentration of the liquid water phase (in g/m3)

λ wavelength I0 and It
the intensity signals measured at time zero when the

tunnel is clean and at a time ‘t’

n( f ) refractive index (frequency
dependent) Vis(t) instantaneous visibility

N0 real constant of nondispersive term Qext(r) extinction efficiency

N′( f ) real terms respectively n(r) actual size distribution

N′′ ( f ) imaginary terms respectively ρ water density

α(f) attenuation propagation factors Sig and Ref indexes of abbreviations for the APDs types

β(f) wavenumber propagation factors Wgas water concentration due to a vapor phase

d propagation distance S21 measuring scattering parameter

L( f ) attenuation dB decibel

φ( f ) corresponsive phase shift dBm decibel relative to milli-wate

φ0( f ) phase shift in vacuum ◦C temperature in callus degrees

∆φ( f ) incremental phase shift kPa Kilopascals (Atmospheric pressure unit)

τd( f ) group delay RH Relative humidity
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