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Abstract—The fifth-generation (5G) wireless communication deployment has already begun. However, some
technical problems that need to be updated and further technological improvements are needed. In 5G NR
(New Radio), the wide ranges of radio spectrum, from 30 to 300 GHz and 0.1 to 10 THz, referred to as mil-
limeter waves (mm Waves) and sub-terahertz respectively, remain unemployed. These ranges can offer a
great opportunity to cope with the huge expansion in data and connectivity in today’s mobile society. For
this concern, this paper provides an in-depth statistical study of millimeter wave propagation candidates
for 5G/6G systems (28, 38, 60, 73, 100, and 120 GHz) based on different scenarios for outdoor Urban
Microcell (UMi) channels with various scenarios especially the geometrical parameters (Co-Pol/X-Pol,
SISO/SIMO/MIMO), and also the environmental conditions (LOS/NLOS, rain rate, temperature and
humidity for an urban Microcell). The results indicated that the 38 and 73 GHz channels are quite tolerant to
the impact of deteriorating environmental conditions and geometrical parameter variations, while the 60, 100
and 120 GHz channels are more affected. In terms of path loss (PL) and path loss exponent (PLE), the omni-
directional power delay profile (OPDP) showed improved performance over the directional power delay pro-
file (DPDP) for all channels.
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INTRODUCTION
Without waiting for the launch of 5G mobile net-

works around the world, the competition for 6G has
already started. Researchers are promised a 6G tech-
nology that would further amplify the benefits of 5G
for more data rate, more connected devices, and on a
more secure network with less intensive energy. In
terms of data rates, if 5G brings wireless user terminals
into the gigabit era, 6G will propel us a thousand times
faster, at speeds reaching 1 Terabit/second [1, 2]. The
millimeter waves (mmWaves) and terahertz have been
approved for 5G and 6G systems respectively, the
mmWaves range from 30 to 300 GHz and the terahertz
range is 0.1–10 THz [3, 4]. One of the main challenges
for the deployment of 5G/6G technologies is the spec-
trum to be adopted which means the necessary to
investigate the channels' properties. In fact, mmWaves
are adopted by 5G however, experiments to date have
focused on frequencies below 100 GHz, the main work
has been concentrated in bands below 60 GHz, or at
most 95 GHz [5, 10]. On the other hand, the United
States Federal Communications Commission
(USFCC) advises the use of the bands from 95 GHz to
3 THz for 6G [11]. In such high-frequency bands,
many researches are underway to reach extremely high

data rates exceeding several Gbps. However, the
mmWaves bands faces some propagation phenomena
such as atmospheric absorption, penetration loss,
human and building blockage, diffuse scattering from
coarse materials, shadowing, refraction loss, and loss
due to reflection. For the mmWaves propagation, the
line of sight (LOS) can be predicted, while the non-
LOS (NLOS) is also seen for the real obstacle.

In this paper, we considered several potential sce-
narios for analyzing mmWaves and sub-terahertz
propagations at frequency bands of 28, 38, 60, 73, 100,
and 120 GHz for outdoor Urban Microcell (UMi).

It is necessary to note that in the literature, vari-
ous papers investigated mmWaves channels’ proper-
ties using different scenarios but not in depth and
ignoring the geometric parameters (Co-Pol/X-Pol,
SISO/SIMO/MIMO) in the most recent works [5–7,
9, 10, 12] for outdoor UMi. Additionally, the effect of
multi user–MIMO (MU–MIMO) on channels' prop-
erties did not taken into account by numerous
researchers, as well as the effect of switching from LOS
to NLOS scenarios on millimeter wave bands.

Compared with the existing studies, our key contri-
butions in this work can be summarized as follows:
854
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(1) An in-depth study of the propagation of differ-
ent frequency bands using various scenarios was carried
out, especially the geometric parameters (Co-Pol/X-
Pol, SISO/SIMO/MIMO).

(2) The effect of Multi User MIMO (MU–
MIMO) on the mmWaves channel characteristics
mainly the impact of switching from 1U-MIMO to
2U-MIMO and 2U-MIMO to 4U-MIMO are dis-
cussed where in the literature the most researchers
have not investigated this study.

(3) The effect of switching from LOS to NLOS.
(4) Focusing on the analysis of the propagation of

frequency bands around 100 GHz (sub-terahertz) that
are candidates for 6G systems, taking into account the
potential scenarios with additional analysis and
details.

The rest of this paper is structured as follows. Sec-
tion I reviews several related works in which we present
recent works studying propagations at mmWaves
bands and enclose this section with a comparison with
the contribution of this paper in terms of
mmWave/terahertz bands, scenarios and reported
parameters.

Section 2 reports 5G propagation problems
and path loss models used in the existing works. In
Section 3, we study the greatest candidate mmWaves
and sub-terahertz channels (28, 38, 60, 73, 100, and
120 GHz) for different scenarios using the statistical
spatial channel model NYUSIM [12], the results
obtained can be used as a benchmark to illustrate dif-
ferent channel models in various scenarios for 5G/6G
systems. Finally, Section 4 provides concluding
remarks.

1. RELATED WORKS
The Radio propagation models have a significant

impact on decisions made in the field of wireless com-
munications that are developed to assist researchers in
the deployment, design, study, and evaluation of vari-
ous proposed wireless technology solutions. In [13],
the authors developed a mathematical hypothesis to
demonstrate the statistical performance of the field
and the signals encountered in mobile radio commu-
nication in terms of a set of separated plane waves,
redirected by a scattering and reflecting obstruction,
and incident horizontally on the mobile radio recep-
tion via the Rayleigh fading channel. Exploiting the
Rayleigh fading channel model pioneered by Clarke,
Smith et al. in [14], developed simulation software for
outdoor and indoor propagation channels.

Rappaport et al. in [15], developed another simula-
tor named SIRCIM (Simulation of Indoor Radio
Channel Impulse Response Models) for radio channel
impulse response statistical models for the analysis
and design of wireless communication systems. Fung
et al. [16], developed another software simulation
named Bit Error Rate Simulator (BERSIM) to evalu-
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND
ate in real time the link quality between a transmitter
and receiver in mobile radio communication without
resorting to any radio frequency equipment. Latest
advances in the mmWaves communication area
brought renewed interest to researchers in modeling
5G communication channels [5, 10]. In the literature,
many path loss models are presented, but it is manda-
tory to know which ones are suitable for a given fre-
quency range. The authors in [17], compared the per-
formance of some path loss propagation models at
mmWaves and terahertz frequencies which are the sin-
gle frequency f loating-intercept (FI) model, the sin-
gle-frequency close-in (CI) model, the multi-fre-
quency alpha-beta-gamma (ABG) model, and the
multi-frequency close-in frequency dependent (CIF)
model. Furthermore, the authors in [18], conducted a
thorough review of channel models for the develop-
ment of 5G radio frameworks, including the overall
structure of channel models and the main distinctions
among mmWaves and microwave channel models.

It is important to note that all frequency bands
must be studied in different scenarios, in some work
the survey was specified for a region or a city. The
authors in [19], presented a data set for the propaga-
tion losses of wireless communications for the bands
28, 37, and 39 GHz for four major Indian cities, based
on the corresponding weather conditions, in which the
path losses take into account various atmospheric
weather conditions. The channel characterization is
most often performed in various urban areas, where
both LOS and NLOS are considered. Otherwise, due
to the scope of millimeter-wave channel modeling and
the requirement to operate in frequency bands greater
than 6 GHz for wireless communication such as
5G/6G, many groups of researches have begun to
share their expertise to create mmWaves channel mod-
els and establish a performance evaluation platform.
Among these groups, the NYU WIRELESS academic
research center that developed NYUSIM model and
finally simulation software adopted [12, 20].

The NYUSIM model [12] is based on the close-in
(CI) model [3, 17] and on field measurements for sev-
eral years in the 28 to 140 GHz range in New York City
[20, 21]. NYUSIM model proves its performance in
comparison with other models [18]. At New York Uni-
versity, Rappaport and his team developed a channel
simulator named NYUSIM [22] for millimeter bands
based on expanded real-world for channel propaga-
tion measurements. The simulator builds the real time
channel response as well as the spatial channel
response in order to properly evaluate the 5G physical
and link layers. The mentioned model is based on the
Statistical Spatial Channel Model (SSCM) involving
Spatial Lobes (SL) and Time Clusters (TC) to get the
corresponding Angle of Arrival (AoA) and Angle of
Departure (AoD) of the power spectrum for the chan-
nel responses [23]. In addition, the model received the
multi-path components in a time-cluster manner from
different pointing angles by means of high-gain
 ELECTRONICS  Vol. 67  No. 7  2022
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Table 1. Some recent studies related to mmWave/terahertz frequency bands

Reference Frequency channel Scenario Reported parameters

[5] 2020 27/39 GHz MIMO Gain, efficiency

[6] 2021 60 GHz RT Outdoor by Ray Tarcing Path Loss, Received Signal Strength

[7] 2020 Sub-6 GHz Deep learning RT Outdoor Spectral efficiency

[9] 2021 Sub-6 GHz/28 GHz Session drop probability

[10] 2021 28/60 GHz UMi Indoor Path loss

[12] 2021 28/140 GHz UMi LOS/NLOS indoor Path Loss, RMS delay spread

[17] 2017 30/140/300 GHz Indoor LOS Path Loss, Path loss Exponent

[19] 2018 28/37/39 GHz UMi Outdoor Attenuation due to atmospheric gase, 
rain and fog

[26] 2019 28/38/60/73 GHz UMi LOS Outdoor PL, PLE, RMS Delay Spread

[27] 2019 25/28/38 GHz Rain senario PL

This paper 28/38/60/73/100/120 GHz UMi LOS/NLOS, Polarisation
(Co-Pol/X-Pol), Antenna patterns 
(SISO/SIMO/MIMO), users in 
MIMO configuration (MU-MIMO, 
Rain rate,Température /Humidity

PL, PLE, Received power, RMS Delay 
Spread
MIMO directional antennas. These features are not
considered in WINNER [24] and 3GPP models [23].
Asma Ali Budalal et al. in [25], outlined the impacts of
various weather events in tropical areas such as rain on
the behavior of the millimeter-wave channel at the
carrier frequency 38 GHz. Besides, the authors in
[26], carried out a NYUSIM simulation of spatial
channel modeling characteristics for 5G mmWaves at
carrier frequencies (28, 38, 60, and 73 GHz). The
authors in [27], investigated on the rainfall estimation
of backhaul link using mmWaves frequencies (25, 28,
and 38 GHz) in Beijing. Moreover, the impact of rain
on mmWaves communications by an earthly path in
tropical areas, is investigated in [28]. In [29], the
impact of weather conditions on the channel model
characteristics of millimeter wave band frequencies
(60 and 73 GHz) considering the rainy season and
winter season in Bangladesh is discussed. To assist in
the modeling and design of the statistical channel
model for future 5G and 6G mmWaves/sub-terahertz
communications, the contribution of this article is
twofold. First, using NYUSIM [12, 20] to provide a
new statistical analysis of the effect of degraded envi-
ronmental factors and number of users in MIMO con-
figuration on channel characteristics of unlicensed
60 GHz and licensed 28, 38, and 73 GHz mmWaves
frequencies and 0.1, 0.120 THz frequencies. Second,
and more generally, we consider five scenarios for dif-
ferent channel parameters and antenna configura-
tions.

Comparing our contributions with those of other
recent works allows us to draw the conclusions out-
lined in Table 1. The comparison is made in terms of
JOURNAL OF COMMUNICATIONS TECHN
frequency bands, scenarios and reported parameters. It is
easy to observe that the different scenarios adopted in this
paper are polarization (Co-Pol/X-Pol), antenna pat-
terns (SISO/SIMO/MIMO) and the number of users
in MIMO configuration (MU-MIMO) as well as the
reported parameters.

2. PATH LOSS MODELS

The Radio propagation models have a significant
impact on decisions made in the field of wireless com-
munications. The 5G/6G wireless communications
offers tremendous promise, to the point where users
can already expect to have access to ultra-high data
rates from anywhere and at any time. However, these
new communications are already subject to some crit-
icism. Indeed, field tests have shown that this may
only be true in optimal conditions, since 5G/6G sys-
tems operate on mmWaves and terahertz frequencies.
Furthermore, 5G wireless communications can be
severely affected by weather conditions, path loss
(PL), attenuation due to atmospheric conditions,
reflection loss, building materials, blocking of obsta-
cles and scattering [19, 30].

Industry and academic researchers have attempted
to develop competitive wireless technology, but they
have been faced with an unprecedented demand for
capacity and higher data rates. Therefore, it is neces-
sary to use higher frequencies at 6 GHz and above
100 GHz for 5G/6G technologies. Thus, to optimize
network efficiency and get more details on some can-
didate frequency bands for future mobile communica-
tion technology.
OLOGY AND ELECTRONICS  Vol. 67  No. 7  2022
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2.1. CI-Path Loss Model

Based on the NYUSIM platform  [12, 20], this sec-
tion investigates the path loss model, the strength of
the received signal and power delay profiles.

2.1.1. Path loss. We consider the close-in free space
(CI) reference distance path loss model with a refer-
ence distance of 1 m taking into account additional
atmospheric attenuation factors in NYUSIM,
expressed as follows [3, 22, 31]:

(1)

where ,  indicates the carrier frequency in
GHz,  is the distance between the transmitter
(TX) and the receiver (RX),  denotes the Path Loss
Exponent (PLE),  attenuation term caused by the
atmosphere,  is a zero-mean Gaussian random
variable with a standard deviation  in dB, and

 denotes the free space path loss in dB at
the carrier frequency  at a TX-RX separation dis-
tance of .

(2)

where  is the speed of light in a vacuum, of which is
in GHz. The term  is considered by:

(3)

where  is the attenuation factor in , that illus-
trates the collective mitigation effect of water vapor
fog, rain and dry air [31]. The parameter  is the 3D
TX-RX separation distance in (1).

The PL caused by co-polarized (Co-Pol) TX and
RX antennas is expressed as [32]:

(4)

where  (dBm) is the transmitted power into the
vertically polarized TX antenna, denotes the received
power at the output of the vertically polarized RX
antenna ,  and  are TX and RX antennas gains
(dBi) respectively.

The cross polarization (X-Pol) path loss  is
then calculated at the same distance as follows [32]:

(5)

In the above equation,  is the power received
at the output of the RX antenna horizontally polarized
(dBm). X-Pol link involves transmitting in one polar-
ization and receiving in the orthogonal polarization.
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2.1.2 Received signal power. The received power is
given as follows [31]:

(6)

where , , , and  designate respectively the
signal received power, the signal transmitted power,
the gain of the transmitting and receiving antennas.
Furthermore,  represents the average path loss
at separation distance .

2.1.3 Power delay profile (PDP). To illustrate the
omnidirectional power delay profile (OPDP), the
impulse response of the omnidirectional channel can
be derived by [33]:

(7)

where:  is propagation time described by absolute
form,  is vector features azimuth and eleva-
tion angles of departures which characterize TX,

 is vector features azimuth and elevation
angles of arrivals which characterize RX ,  is the
time clusters (TCs) number and the cluster subpaths
number,  is the value of the  is subpaths per-
taining to the  TCs,  is the time delays angles,

 is the propagation angles.

3. SIMULATION SCENARIOS, 
ANALYSIS AND DISCUSSION

Based on the CI model, we analyzed and compared
the proposed millimeter wave and sub-terahertz chan-
nels: 28, 38, 60, 73, 100, and 120 GHz for different
scenarios. In this context, we have considered differ-
ent scenarios divided into two categories: First, the
geometric parameters: Co-Pol/X-Pol, antenna pat-
terns (SISO/SIMO/MIMO) and number of users in
MIMO configuration (MU-MIMO). Second, the
environmental conditions: LOS/NLOS, rain rate,
temperature and humidity for an urban microcell. In
this section, we use the NYUSIM model, which is
shown to be more accurate for realistic simulations
than other channel models in urban environments
[20]. Unlike the 3GPP model [23], which relied on
many legacy results below 6 GHz, NYUSIM empha-
sizes a more physical basis and relies on massive
amounts of real data measured at mmWave frequen-
cies [34]. Simulation parameters evoked in this section
are summarized in Table 2. Furthermore, unless oth-
erwise stated, we set the environment scenario to LOS.
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Table 2. LOS/NLOS scenario parameters

Channel Parameters Value Antenna Parameters Value

RF Frequency 28/38/60/73/100/120 (GHz) TX/RX Array Type ULA/ULA (Uniform Linear 
Array)

RF BW, MHz 800 Num TX/RX Elements 1/1

Scenario UMi TX/RX Antenna Elements Spacing 0.5λ/0.5λ
Environment LOS/NLOS TX Azimuth/Elevation HPBW 10°/10°
T-R Separation, m 100 RX Azimuth/Elevation HPBW 10°/10°
TX Power, dBm 30

Num RX 1

Press, mbar 1013

Hum, % 50

Temp., C° 20

Pol Co-Pol

D Foliage, m 0

Rain rate, mm/h 0
3.1. LOS/NLOS Scenario

For all considered channels, we consider the LOS
and NLOS environments. In this scenario, we have
two phases:

In the first phase, we set LOS or NLOS then we
investigate the frequency bands. Figures 1–3, show
the PL, received power, and PLE of both the direc-
tional power delay profile DPDP and OPDP in terms
of frequency bands. In the case of LOS scenario, for
DPDP, the 28 GHz channel has lower PL and PLE
102.8 dB, 2.1 respectively, whereas 73 and 120 GHz
have the highest values (116.1 and 116.3 dB) and vice
versa for the received power. For OPDP, the 28 GHz
JOURNAL OF COMMUNICATIONS TECHN

Fig. 1. Path loss for LOS/NLOS scenarios.
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channel has lower PL 98.8 dB, while the 100 GHz
channel has the lowest PLE (1.8) and the 60 and
120 GHz channels have the two highest values (110.8
and 112.7 dB) and conversely for received power.

In the case of NLOS situation, for DPDP/OPDP,
the 38 and 73 GHz channels have a lower PL and PLE
(120.5, 119.7 dB for PL and 2.8, 2.5 for PLE), whereas
for 60 GHz, it has the two highest values (144.9 dB,
3.9) and conversely for the received power. Neverthe-
less, the 100 and 120 [GHz] channels have roughly
similar statistics for PL, PLE, and received power,
while still being better than the 60 GHz channel. The
authors in [26] confirmed the above results for 28, 38,
60 and 73 GHz frequency bands.
OLOGY AND ELECTRONICS  Vol. 67  No. 7  2022

Fig. 2. Received Power for LOS/NLOS scenarios.
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Fig. 3. Path Loss Exponent for LOS/NLOS scenarios.
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Fig. 4. Effect of changing the type of environment from
LOS to NLOS on the characteristics of the channel for
DPDP.
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Fig. 5. Effect of changing the type of environment from
LOS to NLOS on the characteristics of the channel for
OPDP.

–5

0

5

10

15

20

25

30

35

40

20 30 40 50 60 70

Path loss
Received power
Path loss exponent

80 90 100 110 120 130

Frequency, GHz

O
D

P
D

P
 L

O
S

 t
o

 N
L

O
S

 e
ff

e
c

t,
 d

B

As a second phase, we investigate the impact of
changing the type of environment from LOS to NLOS
on the channel characteristics for DPDP and OPDP.
Figures 4 and 5 show the effect of changing from LOS
to NLOS situation on the characteristics of the chan-
nel for both DPDP and OPDP respectively. From
these figures, we result that 100 GHz channel was
widely affected by the change from LOS to NLOS
(30 dB), besides the channel 73 GHz was less affected
compared to the other channels (3 dB). While for
60 GHz, it has the two highest values and conversely
for the received power (30 dB). Various works in the
literature investigated the mentioned bands in
LOS/NLOS scenarios but ignored the effect of chang-
ing from LOS to NLOS on channel characteristics as
in [26, 35–38].

3.2. Co-Pol/X-Pol Scenario
Switching from Co-Pol to X-Pol (cross-polariza-

tion) can affect the channel characteristics and cause a
significant path loss. The cross polarization discrimi-
nation (XPD) is determined by the difference between
the path losses of the Co-Pol (V–V) and X-Pol (V–H)
antenna. In this scenario we aim to study the polariza-
tion effect on the mentioned frequency bands (28, 38,
60, 73, 100, and 120 [GHz]).

Figures 6, 7 and 8, illustrate the PL, received
power, and PLE of both DPDP and OPDP with LOS
environment for Co-Pol/X-Pol polarizations. In case
DPDP with Co-Pol polarization, the 28 GHz channel
has a better PL and PLE (102.8 dB, 2.1), while 73 and
120 [GHz] have the two worsts values (116.1 and 116.3 dB
2.3, 2.1) and conversely for the received power.

For OPDP with Co-Pol polarization, the 28 GHz
channel has the best PL 98.8 dB, while 120 GHz has
the higher one 112.7 dB and conversely for the received
power, 100 GHz has the lower PLE 1.8, whereas 38
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND
and 60 [GHz] have the higher values 2.1. For DPDP
and OPDP with X-Pol polarization, the 28 GHz has
the lowest PL and the PLE (127.6 dB, 3.3), whereas,
120 GHz has the two higher values (146.2 dB, 3.6) and
conversely for the received power.

The remaining channels show approximately the
same statistics on their characteristics; however, the
73 GHz frequency demonstrates the greatest
improvement.

Figures 9 and 10 show the impact of changing from
Co-Pol state to the X-Pol on the characteristics of the
channel for both DPDP and OPDP, respectively.
From these figures, we can see that the 100 and
120 [GHz] channels are more affected by the change
 ELECTRONICS  Vol. 67  No. 7  2022
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Fig. 6. Path Loss for Co-Pol/X-Pol scenario.
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Fig. 7. Received Power for Co-Pol/X-Pol scenario.
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Fig. 8. Path Loss Exponent for Co-Pol/X-Pol scenario.
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state on the characteristics of the channel for DPDP.

–5

0

5

10

15

20

25

30

35

40

20 30 40 50 60 70 80 90 100 110 120 130

Frequency, GHz

D
P

D
P

 C
o

-
P

o
l 

to
 X

-
P

o
l 

e
ff

e
c

t,
 d

B

Path loss
Received power
Path loss exponent

Fig. 10. Effect of changing from Co-Pol state to the X-Pol
state on the characteristics of the channel for OPDP.
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(XPD = 30 dB). However, the 60 and 73 [GHz] chan-

nels experience lesser effects compared to the other

channels (XPD = 22 dB). In addition, it is noted that

all channels have approximately the similar impact on

the PLE. Concerning the comparison with some

works of the literature. In [39], the results indicate that

the polarization effect on the mmWave communica-

tion channel at 73 GHz is much significant than

28 GHz. In this paper, the results indicate the oppo-

site, where the effect depends on TX-RX separation

distance (near field and far field). Otherwise, in [40],

the authors given a comparison of cross-polarization

at 28, 73, and 140 GHz for indoor scenario. The results

showed that the XPD was constant over the T-R sepa-

ration distance range from 3 to 6 m. We conclude that

the range above 100 m, the outcomes are different
OLOGY AND ELECTRONICS  Vol. 67  No. 7  2022
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Fig. 11. Path Loss for SISO scenario in the case of: (a) DPDP, (b) OPDP.
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where the value of XPD depended on the separation
distance.

3.3. Antennas Patterns Scenarios
Here, we consider three antenna configurations as:

SISO (1 × 1), SIMO (1 × 4) and MIMO (4 × 4).

Figures 11, 12 and 13, show the PL, received power
and PLE of both DPDP and OPDP for
SISO/SIMO/MIMO configurations.

For the SISO configuration, the 28 GHz channel
exhibits a lower PL (102.8 dB), while the 73 and
120 [GHz] channels have the highest values (116.1 and
116.3 dB), and conversely for the received power. In
addition, the 100 GHz channel shows a lower PLE
(1.9), whereas the 38 GHz channel shows the higher
one (2.3). In SIMO mode, channels 28 and 38 [GHz]
have the lowest PL (105.2, 106.1 dB), meanwhile the
channel 120 GHz has the highest value (125.8 dB),
and conversely for the received power. In the end, the
channel 38 GHz has the lowest PLE (2.1), while chan-
nels 60 and 120 [GHz] have the highest values (2.6). In
the MIMO configuration, the 28 and 38 [GHz] chan-
nels have the lowest PL (106 , 107.6 dB), while the 100
and 120 [GHz] channels have the highest values
(118.1, 116.5 dB) and conversely for the received
power. In addition, channel 73 GHz has the lowest
PLE (1.9), while channel 60 and 100 [GHz] have the
highest values (2.3).
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND
Figures 14 and 15 show the impact of switching

from SISO to SIMO and SIMO to MIMO configura-

tion on the channel characteristics for DPDP and

OPDP, respectively. From Fig. 14, the 120 and

38 [GHz] channels are more affected by the transition

from a SISO to SIMO channel on the PL and received

power; however, respectively in the negative and posi-

tive way (variation of 9.5 dB and 4 dB respectively),

while the 28 GHz channel is less affected compared to

the other channels (2.4 dB). Furthermore, all chan-

nels have nearly a similar impact on the PLE.

It can be seen from Fig. 15 that the 120 and

73 [GHz] channels are most positively affected by the

transition from a SIMO to a MIMO channel regarding

to PL and received power (9.3 and 6.6 dB respec-

tively), whereas the 28 GHz channel is less affected

compared to the other channels (0.8 dB). All channels

have approximately the same effect on the PLE. In

[41], a proper selection of a number of antenna ele-

ments in 28 GHz frequency in NLOS and LOS envi-

ronment and their performance is presented, by ana-

lyzing different channel parameters in urban microcell

scenario for Dhaka city. The results indicate that the

MIMO with a 4 × 4 antenna element is giving less path

loss, better-received power and less RMS delay spread

in comparison with other MIMO (2 × 2, 3 × 3, 5 × 5,

6 × 6, and 7 × 7). In our case, we confirm the results

of 4 × 4 MIMO for 28 GHz, but for the others carriers
 ELECTRONICS  Vol. 67  No. 7  2022
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Fig. 12. Received Power for SIMO scenario in the case of: (a) DPDP, (b) OPDP.
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Fig. 13. Path Loss Exponent for MIMO scenario in the case of: (a) DPDP, (b) OPDP.
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Fig. 14. Effect of changing from SISO to SIMO channel for: (a) DPDP, (b) OPDP.
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Fig. 15. Effect of changing from SIMO to MIMO channel for: (a) DPDP, (b) OPDP.
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Fig. 16. Path Loss for rain scenario in the case of: (a) DPDP, (b) OPDP.
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frequencies (38, 60, 73, 100 and 120 GHz) are not
conducted.

3.4. Rain Scenario

We consider the rain scenario with three precipita-
tion rates: 0, 25 and 50 mm/h. Figures 16, 17 and 18
show, the PL, received power, and PLE of both DPDP
and OPDP for rain rate scenarios.

Based on these figures, for 0 mm/h rain rate set-
ting, the 28 GHz channel has a lower PL (106 dB),
while 100 and 120 [GHz] have higher values (118.1 and
116.5 dB respectively) and conversely for the received
power. The 73 GHz channel has a lower PLE (1.9),
while 100 GHz has the higher one (2.3). At 25 mm/h
rain rate setting, the 38 GHz channel has the lower PL
(102.3 dB), while 100 and 120 GHz channels have the
higher values (120 and 119.4 dB respectively) and con-
versely for the received power. Moreover, the 38 GHz
channel has the lower PLE (1.9), while 73 and
100 GHz have the higher value (2.4). In the case of
50 mm/h rain rate setting, the 38 GHz channel has the
lower PL (107.5 dB), while the 120 GHz channel
shows the higher one (116.1 dB) and conversely for the
received power, the 100 GHz channel holds the lower
PLE (1.8), while 28 GHz has the highest value (2.5).

Figures 19 and 20 show the impact of changing
from 0 to 25 mm/h rain rate and from 25  to 50 mm/h
rain rate on channel characteristics for both DPDP
JOURNAL OF COMMUNICATIONS TECHN
and OPDP, respectively. From Fig. 19, the 73 and
38 [GHz] channels are more affected by the change
from 0 to 25 mm/h rain rate on PL and received
power, however, respectively in the negative and posi-
tive way (10 dB, 5.3 dB respectively) while channels
60 and 100 [GHz] less affected compare to the other
channels (2.9 dB, 1.9 dB respectively). Overall, all
channels have approximately the same effect on PLE
(between 0.1 and 0.2). Similarly, from Fig. 20, the 73
and 100 [GHz] channels are most adversely affected
by the change from 25 to 50 mm/h rain rate on PL and
received power (4.2, 11.4 dB respectively), while the 28
and 60 GHz channels are the least affected (3.1, 3.2 dB
respectively). In addition, a similar impact on PLE
was observed for all channels.

In [19], the results obtained indicate that with an
increase in the carrier frequency, the attenuation level
increases. The rain fade increase by 7 dB with a varia-
tion of the frequency from 28 GHz to 37 GHz. Com-
pared to our outcomming the attenuations increase
rapidly for the frequencies 60 to 73 [GHz] by 13 dB,
whereas 2 dB with a variation of frequencies from 28 to
38 [GHz] as shown in Figs. 19 and 20. This difference
depend to the setting parameters of the channel radio
link.

In [42], a brief analysis of rain fading was presented
based on the simultaneous measurement of one-min-
ute rain rate and its effects on a short experimental link
of 38 GHz. Rain fade average is observed as high as
OLOGY AND ELECTRONICS  Vol. 67  No. 7  2022
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Fig. 17. Received Power for rain scenario in the case of: (a) DPDP, (b) OPDP.
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Fig. 18. Path Loss Exponent for rain scenario in the case of: (a) DPDP, (b) OPDP.
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Fig. 19. Effect of changing from 0 to 25 mm/h rain rate on channel characteristics for: (a) DPDP, (b) OPDP.
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Fig. 20. Effect of changing from 25 to 50 mm/h rain rate on channel characteristics for: (a) DPDP, (b) OPDP.
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Fig. 21. Path Loss in case of temperature and humidity scenarios for DPDP and OPDP.
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6.72 dB for 300 m path at about 30 mm/h rain inten-
sity. In comparison with our results shown in Figs. 19
and 20, the rain fade is 5 dB for 100 m path with
25 mm/h rain rate variation, besides for 28, 60, 73, 100
and 120 GHz the rain fade are 2, 3, 10, 2 and 3 dB
respectively.

3.5. Temperature and Humidity Scenario

In this scenario, we adopt three temperature and
humidity values:

Figures 21, 22 and 23 show the PL, received power,
and PLE of both DPDP and OPDP for temperature
and humidity scenarios.

(1) For  scenario, the 28 GHz

channel has a lower PL (102.8 dB), while 60 and
120 [GHz] have higher values (114.8, 116.3 dB respec-
tively) and conversely for the received power. For the
100 GHz channel, it has a lower PLE (1.9), while 38,
60 and 73 [GHz] channels have the higher values (2.3).

(2) For  scenario, the 28 and

38 [GHz] channels have a lower PL (102.5 dB,
104.7 dB respectively), while 60 GHz has the higher
value (122.1 dB) and conversely for the received

1 20 C 1 50%, 2 35 C 2

and

60%,

3 45 C 3 70%.

T H T H
T H

= ° = = ° =
= ° =

1 20 C 1 50%T H= ° =

2 35 C 2 60%T H= ° =
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND
power. Channel 60 GHz has a higher PLE (2.7), while
38 and 100 [GHz] have the lower values (2).

(3) For  scenario, 120 GHz

has the highest PL value (120 dB) whereas the 28 GHz
channel has the lower PL (105.2 dB) and conversely
for the received power. Channel 38 GHz has a low PL
and high Received power compare to the others chan-
nels. All Channels have roughly the same value of PLE
about (2.3).

Figures 24 and 25 show the impact of changing the

weather condition from  to T2 =

 and from  to

 on channel characteristics for

both DPDP and OPDP, respectively.

From Fig. 24, channel 38 [GHz] is more affected
positively (variation of 5.4 dB) by the change from

 to  on PL

and received power; however, channel 60 [GHz] is
more affected negatively (variation of 7.3 dB); while
the other channels have roughly the same effect (vari-
ation of 2 dB). Furthermore, Fig. 25 reveals that 38
and 100 [GHz] channels are more adversely affected

by  to ,

while 60 GHz channels are more positively affected on
PL and received power ( 8.1 dB), while 28 and 73 GHz
channels are less affected compared to other channels
(about 2 dB). The same effect is observed on the PLE
for all channels.

3 45 C 3 70%T H= ° =

1 20 C 1 50%T H= ° =
° =35 C 2 60%H 2 35 C 2 60%T H= ° =

3 45 C 3 70%T H= ° =

1 20 C 1 50%T H= ° = 2 35 C 2 60%T H= ° =

2 35 C 2 60%T H= ° = 3 45 C 3 70%T H= ° =
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Fig. 22. Received Power in case of temperature and humidity scenarios for: (a) DPDP, (b) OPDP.
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Fig. 23. Path Loss Exponent in case of temperature and humidity scenarios for: (a) DPDP, (b) OPDP.
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Fig. 24. Effect of changing of the weather condition from ,  on channel characteris-

tics for: (a) DPDP, (b) OPDP.
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Fig. 25. Effect of changing of the weather condition from  to  on channel character-

istics for: (a) DPDP, (b) OPDP.
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Fig. 26. Path Loss for MU-MIMO scenario in the case of: (a) DPDP, (b) OPDP.
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In [43], the authors developed a custom model via
the generic NYUSIM channel simulator, that fits the
properties of mmWave propagation in Iraq environ-
ment and also the effect of weather parameters, as
temperature and humidity, on link quality is dis-
cussed. The results indicate that a rise in the value of
humidity causes a “concavity” in the 28 GHz subband
performance while it has weaker impacts on the
remaining bands especially for moderate values of
humidity. In comparison with our results, the 38 and
60 GHz are more affected by the variation of the
humidity and the temperature.

3.6. Multi User-MIMO Scenario

The evaluation of millimeter wave channels perfor-
mance considering Multi User-MIMO (MU-MIMO)
are ignored in the literature. In this last scenario, we
consider three MU-MIMO configurations: 1U-
MIMO (2 × 2), 2U-MIMO (2 × 2) and 4U-MIMO
(2 × 2).

Figures 26, 27 and 28, show the PL, received power
and PLE of both DPDP and OPDP for 1U-MIMO
(2 × 2), 2U-MIMO (2 × 2) and 4U-MIMO (2 × 2)
configurations.

For the 1U-MIMO configuration, the 28 GHz
channel exhibits a lower PL 102.7 dB, while the 100
and 120 [GHz] channels have the highest values 118.5
and 119.6 dB respectively and conversely for the
JOURNAL OF COMMUNICATIONS TECHN
received power. In addition, the 73 GHz channel
shows a lower PLE 1.6, whereas the 38, 100 and
120 GHz channels shows the higher one 2.1. In 2U-
MIMO mode, channel 28 GHz has the lowest PL
102 dB, meanwhile the channel 120 GHz has the high-
est value 125.8 dB, and conversely for the received
power. In the end, the channel 28 GHz has the lowest
PLE 2, while channels 100 and 120 [GHz] have the
highest values 2.2 and 2.6 respectively. In the 4U-
MIMO configuration, the 28, 60 and 73 GHz chan-
nels have the lowest PL 105.4, 107.1 and 109.9 dB
respectively, while the 100 and 120 GHz channels have
the highest values 121.6 and 116.3 dB respectively and
conversely for the received power. In addition, chan-
nel 73 GHz has the lowest PLE 2, while channel
100 GHz has the highest value 2.5.

Figures 29 and 30 show the impact of switching
from 1U-MIMO to 2U-MIMO and 2U-MIMO to
4U-MIMO configuration on the channel characteris-
tics for DPDP and OPDP, respectively. From Fig. 29,
the 73 GHz is attenuated more than the other channels
when switching from 1U-MIMO to 2U-MIMO (vari-
ation of 7.6 dB), while the 60 GHz channel is less
affected (variation of 0.4 dB) compared to the other
channels. Furthermore, all channels have nearly a
similar impact on the PLE (0.1).

It can be seen from Fig. 30 that the 60 and 73 GHz
channels are most positively affected by the transition
from 2U-MIMO to 4U-MIMO channel in terms of
OLOGY AND ELECTRONICS  Vol. 67  No. 7  2022
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Fig. 27. Received Power for MU-MIMO scenario in the case of: (a) DPDP, (b) OPDP.

–50

–45

–35

–30

–20

–15

–10

–5

–25

–40

0

20 40 60 80 100 120

Frequency, GHz

(a)

–90

–85

–80

–75

–70

–60

–65

–55

–50

20 40 60 80 100 120

Frequency, GHz

(b)

D
P

D
P

 r
e
c
e
iv

e
d

 p
o

w
e
r,

 d
B

m

O
P

D
P

 r
e
c
e
iv

e
d

 p
o

w
e
r,

 d
B

m

DPDP 1U-MIMO

DPDP 2U-MIMO

DPDP 4U-MIMO

OPDP 1U-MIMO

OPDP 2U-MIMO

OPDP 4U-MIMO

Fig. 28. Path Loss Exponent for MU-MIMO scenario in the case of: (a) DPDP, (b) OPDP.
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Fig. 29. Effect of changing from 1U-MIMO to 2U-MIMO channel for: (a) DPDP, (b) OPDP.
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Fig. 30. Effect of changing from 2U-MIMO to 4U-MIMO channel for: (a) DPDP, (b) OPDP.
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PL and received power (2 dB), while the 38 GHz
channel is less affected compared to the other chan-
nels (0.2 dB). All channels have approximately the
same effect on the PLE.

4. CONCLUSIONS

Summing up the results, it can be concluded that
the parameters of statistical channel modeling are
dependent on the geometric parameters (Co-Pol/X-
Pol, SISO/SIMO/MIMO) and environmental condi-
tions (LOS/NLOS, rain rate, temperature and humid-
ity). Furthermore, the MU–MIMO scenario affect is
investigated, mainly the impact of switching from 1U-
MIMO to 2U-MIMO or 2U-MIMO to 4U-MIMO,
this scenario is not taken into account in recent works.
The study of this work aims to illustrate mmWave
characteristics (PL, PLE, Received power) at 28, 38,
60, 73, 100, and 120 GHz. Overall observation sug-
gests that mmWave channel with carrier frequencies
28, 60, 100, and 120 GHz channels are more affected
by the switching from LOS to NLOS. However,
38 GHz channel is the least affected, nevertheless,
channel 73 GHz is more tolerant of the LOS to NLOS
effect. Besides, in terms of antenna configurations
(SISO/SIMO/MIMO), the results indicated that
120 GHz is more affected, while 28 GHz is less
affected than the other channels, except that 38 GHz
is more favorable to change this factor. For rain, tem-
perature and humidity factors, it was concluded that
the attenuations of 60, 100 and 120 GHz are the most
important, while 28 and 73 GHz channels are less
affected, except that 38 channel is the most capable to
withstand the change of these factors. After comparing
our results with those from the literature, we have con-
cluded that rain fade depends to link length. Finally,
the OPDP exhibits a lower attenuation index and
attenuation exponent than the DPDP. This proposed
work will be highly useful for 5G/6G research and sys-
tem deployment and expected to help future engineers
to design an efficient mmWave channel modeling for
new outdoor scenarios. As a future perspective, the
spatial study can be beneficial in showing and plan-
ning the measurable channel models for future 5G/6G
millimeter wave communications.
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