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Abstract: The analysis of multiple-input multiple-output (MIMO) channel capacity is important for
developing and optimizing high-speed wireless communication systems that can meet the growing
demand for data-intensive applications. This study aims to analyze the 4 × 4 MIMO channel capacity
of outdoor urban and rural environments using the NYUSIM simulator. The channel models are
designed for 28 GHz and 39 GHz frequencies for both line-of-sight (LOS) and non-line-of-sight
(NLOS) conditions. Realistic channel models are simulated using annual climate data collected in
Samsun province, Turkey in three different environments: urban microcell (UMi), urban macrocell
(UMa), and rural macrocell (RMa) areas. According to the annual average channel capacity analysis,
it is observed that there is a very small capacity difference between UMi and UMa areas at 28 GHz
and 39 GHz frequencies in the LOS region, while the RMa area is found to have a very low capacity
compared to the UMi and UMa areas. The channel capacity for RMa is found to be approximately
eight times smaller than UMi and UMa. In the NLOS region, channel capacities decrease significantly
(between 312 and 3953 times) compared to the LOS region, with the UMa area having the greatest
capacity and the UMi area having the lowest capacity. Compared to the UMi channel capacity, the
RMa channel capacity is 1.36 times higher for 28 GHz and 1.28 times higher for 39 GHz. When the
monthly changes in channel capacity are examined, it is discovered that the amount of precipitation
has the greatest impact on channel capacity, and the capacity decreases as the rain rate increases.
The highest correlation between channel capacity and rain rate was −0.97 for RMa, with a 28 GHz
frequency and LOS conditions. Additionally, it becomes clear that channel capacities increase in the
summer months as the temperature rises and humidity and pressure fall.

Keywords: channel capacity; MIMO; 6G; 5G; mmWave; climate data; NYUSIM

1. Introduction

The rapid development of technology and the corresponding need for data rates
have begun to be met with fifth-generation (5G) mobile wireless technology and have
motivated the development of a sixth-generation system, 6G. While 5G is still being rolled
out, researchers and engineers are already working on 6G to build on the capabilities of 5G
and address the limitations that come with it. The 6G system is expected to be even faster
and more reliable than the 5G system, with data transfer speeds of up to 1 terabyte per
second and latency as low as 1 microsecond. This technology is expected to enable new
use cases and previously impossible applications, such as ultra-high-definition immersive
virtual reality, real-time remote surgeries, and autonomous vehicles.

Increasing numbers of users, data requirements, and mobile traffic have resulted in
much higher data speed requirements for communication. Thanks to smart home technolo-
gies, it is now possible to communicate between mobile phones or PCs and home appliances
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such as air conditioners, refrigerators, and ovens. The Internet of Things (IoT) (augmented
reality (AR), medical imaging, virtual reality (VR), etc.), cloud technologies, high-definition
multimedia, and other requirements have increased the need for communication between
people and devices. As a result, every advancement in the communication channel gener-
ates new bits, generating new performance requirements. It has been demonstrated that the
existing infrastructure is incapable of meeting the demands of this rapidly evolving technol-
ogy. The ITU has identified new frequency regions in extreme high-frequency (EHF) zones,
since sub-6 GHz frequency regions, such as radio frequencies, mobile communication,
satellite, Wi-Fi, and TV frequencies, cannot provide sufficient bandwidths for 6G systems.
The millimeter-wave (mmWave) frequency region has been chosen due to its unlicensed
use, atmospheric effects, and its ability to provide wide bandwidths. Different studies
on the scope of MIMO and the mmWave band have been performed relating channel
modeling [1–4], channel measurements [5–8], estimation methods, and the use of AI for
path loss prediction [9], technologies which are being developed to overcome emerging
communication challenges related to future wireless networks. The summary of these
studies is provided in Table 1.

Table 1. A Summary of MIMO and mmWave studies presented in the literature.

Ref. Scenario Frequency (GHz) Key Highlights

[1] UAV-to-Ground Communications 28 A three-dimensional non-stationary wideband
channel model

[2] Vehicle-to-vehicle MIMO communication 28 A three-dimensional non-stationary
irregular-shaped geometry-based stochastic model

[3] Future wireless communication systems 28, 38, 60, 73 Propagation characteristics
(i.e., path loss, atmospheric and rain attenuation)

[4] Massive MIMO-based
indoor communication 26.5 to 32.5 Multipath propagation mechanisms

(i.e., LOS blockage, reflection, and diffraction)

[5] Future wireless communication systems 28 to 100 The path loss model
and analysis of path loss and delay spread

[6] Urban macrocell 28, 39 Delay and angular spreads based on channel

[7] Vehicular communication 28, 32, 39 The human body, vehicle blockage, outdoor path
loss, and V2V measurements

[8] Indoor communication 30 The path loss, K-factor, and rms delay spread

[9] Cellular Communication 0.8–70 AI-based path loss modeling

The mmWave is also a good candidate for military and civilian satellite communication
systems applications, attracting great attention [10–13]. Compared to previous-generation
communication technologies, 6G is expected to provide very high data rates, higher capacity,
and ultra-low latency. Sixth-generation technologies have the potential to provide data
transfer rates of 100 Gbps–1 Tbps by utilizing the 30 GHz–300 GHz frequency band with
a multi-band system [14]. However, the transition to this new technology is not without
challenges. MIMO technologies, which have smaller antenna sizes and a greater number
of antennas, will see new developments in both production and software. Furthermore,
by using the EHF region, signal strengths will decrease and communication distances
between antennas will be reduced. Because mmWaves are highly affected by atmospheric
attenuation, the communication quality in 6G systems will be greatly affected depending on
the weather. All of this will make it impossible to use the old channel models that served as
the foundation for communication, necessitating the development of new channel models.
Channel modeling for 6G systems is still challenging, as these systems are highly weather-
sensitive and require a direct line of sight (LOS) [15]. The search for the best channel models
is ongoing, and communication simulators can be used to examine different channel models
in mmWave communication, compare their performance, and investigate their behavior
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under various conditions. Various simulation programs have been used in the literature
to evaluate channel models for mmWave communication. SANSA is a channel model
simulator for multi-antenna communication that models existing infrastructures in three
dimensions and was developed in 2017 [16]. QuaDRiGa generates realistic channel impulse
responses at the system level [17]. WinProp simulates electromagnetic wave propagation
and can implement various communication scenarios, including indoor, outdoor, and
vehicle communication [18]. NYUSIM was developed in 2017 by NYU Tandon’s School of
Engineering [19] and was updated in 2019 to create double-selective channels [20].

1.1. Related Work on NYUSIM

When the studies in the literature were examined, it was discovered that channel mod-
eling simulation programs such as SANSA, QuaDRiGa, WinProp, and NYUSIM have been
evaluated in various studies [21,22]. Several studies compared NYUSIM channel models
to those of the Third Generation Partnership Project (3GPP) [23–26]. NYUSIM has been
widely used in the literature for channel modeling, generating power delay profile (PDP)
and path loss outputs, with many studies varying the channel parameters [27–29]. These
studies have been conducted at various frequencies, including 28 GHz [30], 38 GHz [31],
73 GHz [32], and combinations of different frequencies [33,34]. In [35], comparisons of
channel models were made in different environmental scenarios.

1.2. Research Gaps of Previous Work on Channel Capacity Based on Climate Data

According to the literature review, channel capacity analysis is widely used to evaluate
channel performance. In a study, the performances of Rician and Rayleigh channels, de-
pending on the number of antennas, were evaluated by calculating the channel capacity [36].
In another study, the performances of LOS and NLOS channels for 3.5 and 28 GHz were
evaluated by capacity analysis [37]. In [38], comparisons of WINNER and Weichselberger
channel models mentioned in the literature were performed with the same method. The
NYUSIM program was used to conduct capacity analyses for various scenarios. The effects
of different antenna arrays and polarization on channel capacity were investigated in a
study [39]. Another study compared channel capacities at various frequencies and rain
rates [40], while another study examined the effect of atmospheric parameters on path
loss at different frequencies [41]. Some studies showed the impact of temperature [42,43],
rain rate [44,45], humidity percentage [42], and barometric pressure [46] on the channel.
Another study investigated the effects of transceiver distance, temperature, and humidity
on received power for different frequencies [47]. A study also examined the effect of hu-
midity on the channel [48]. Similarly, annual rainfall data were collected in the Malaysian
region, and the impact of rainfall on the channel was investigated [49]. The effects of
28 GHz and 73 GHz frequencies, the number of transmitting and receiving antennas, and
LOS/NLOS parameters on channel capacity were investigated using the NYUSIM channel
simulator [50].

Table 2 shows previous studies in the literature and a comparison of them with the
proposed study. Some important studies using NYUSIM, similar to the proposed study, are
listed in the table. One study conducted simulations using real-world measurements but
only evaluated annual rain data for a single scenario without any comparison. Many studies
did not use real-world measurements but evaluated climate data at intervals allowed by
the simulation program. Some studies evaluated the effects of frequency on the channel,
while others assessed the impact of distance on the channel using path loss, received power,
and outage probability analysis. Many studies did not investigate climate variables but
instead included channel parameters such as frequency, LOS/NLOS condition, distance,
and the number of antennas. In contrast, this study used climate data based on real field
measurements and created various environmental scenarios. The simulation program
evaluated the effects of climate data and various other channel parameters by assessing
LOS/NLOS states with different frequencies and distances.
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Table 2. Existing studies in the literature and comparison with proposed work.
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[29] 38, 60, 73 UMi LOS
NLOS 100 800 1 × 1 No No Path Loss

[34] 28 UMi LOS 10, 50, 100,
300 800 1 × 1 No No PDF, BER

[35] 28 UMi, UMa LOS, NLOS 200
200, 500 200 - No No

RMS Delay
Spread,
Received
Power

[39] 77 UMi NLOS 200 800 2 × 2,
4 × 4 No No

Path Loss,
Channel
Capacity

[40] 3.5, 26, 28 UMi NLOS 200 200 - Rain Rate No Outage
Probability

[41] 6, 28, 38, 60,
73, 100 UMi - 10–500 - -

Rain Rate,
Humidity,
Temperature,
Pressure

No Path Loss

[42] 28 GHz UMi NLOS - 200 - Temperature No Outage
Probability

[45] 26, 41 UMi NLOS 100, 500,
1000 200 64 × 64 Rain Rate No Outage

Capacity

[47] 28, 45, 60, 73 UMa LOS 50 800 2 × 2 Humidity,
Temperature No Received

Power

[48] 28 UMi NLOS 200 400 - Humidity No Outage
Probability

[49] 38 UMi LOS 300 m 800 1 × 1 Rain Rate Yes
Path Loss,
Received
Power

[50] 28, 73 UMi LOS, NLOS 200 m 800

2 × 2,
4 × 4
8 × 8
16 × 16
32 × 32
64 × 64

Rain Rate,
Humidity,
Temperature,
Pressure

No Channel
Capacity

This work 28, 39 UMi, UMa,
RMa LOS, NLOS 200

500 800 4 × 4

Rain Rate,
Humidity,
Temperature,
Pressure

Yes Channel
Capacity

In addition, we are proposing a hybrid approach by integrating channel data (based on
channel impulse response) generated by the NYUSIM simulator and real-world climate data
collected in Samsun province, Turkey. This approach can overcome challenges associated
with long-term measurement-based studies in similar scenarios, such as measurement
setup (e.g., channel sounding system, antennae, link distance, etc.), data collection, and
synchronization of climate and channel data during harsh environmental conditions (e.g.,
rain, wind, and snow) [49], while providing baseline results. Considering that no detailed
climate data-dependent study is available for Samsun province, this approach can provide
a baseline to understand channel capacity local to the area and build further analysis for
upcoming 5G/6G deployment in Turkey. In addition, this hybrid approach can be used
in other countries or regions to analyze, test, develop, and evaluate the performance of
wireless communication systems based on local climate data.

1.3. Contribution of This Paper

Calculating the MIMO channel capacity is important to determine the theoretical
upper limit of the data rate that can be achieved over a wireless communication link using
MIMO technology. Channel capacity is a key feature of MIMO and is heavily influenced
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by changes in channel parameters between the transmitter and receiver. The MIMO
communication channel capacity depends on the number of transmitting and receiving
antennas, the signal-to-noise ratio (SNR), and the channel state. Changes to any of these
sub-systems can significantly impact the channel capacity. The MIMO channel capacity
is essential for designing efficient systems and optimizing the available bandwidth. Real-
time climate data is important for accurate and reliable MIMO channel capacity analysis,
which is crucial for designing and deploying efficient and reliable wireless communication
systems. This study focuses on factors that may affect the MIMO channel capacity, such
as frequency, LOS/NLOS, transceiver distances, and climate parameters. Locations were
selected to simulate the UMi, UMa, and RMa channels in three different Samsun districts.
The climate parameters of the locations were obtained from Samsun Meteorology’s 10th
Regional Directorate. The effects of climate parameters (e.g., rain rate, humidity, pressure,
and temperature), LOS/NLOS, and frequency on MIMO channel capacity were determined
using the NYUSIM simulator. The main contributions of this study can be summarized
as follows:

• We proposed a hybrid approach by integrating channel data (based on channel impulse
response) generated by the NYUSIM simulator and real-world climate data collected
in Samsun province, Turkey to understand channel capacity local to the area. In
addition, this hybrid approach can be used to get early or baseline results in other
countries or regions to analyze, test, develop, and evaluate the performance of wireless
communication systems based on local climate data.

• The MIMO channel capacities were calculated using annual climate data and realistic
channel models for urban microcell (UMi), urban macrocell (UMa), and rural macrocell
(RMa) areas.

• The effects of 28 GHz and 39 GHz frequencies and both line-of-sight and non-line-of-
sight conditions on channel capacity have been studied in detail.

• The channel models were designed for 28 GHz and 39 GHz frequencies and both
line-of-sight (LOS) and non-line-of-sight (NLOS) conditions.

• It was determined which of the rain rate, temperature, humidity, and pressure param-
eters had the greatest effect on the channel capacity.

• The results obtained in this study can assist system designers in analyzing the perfor-
mance of MIMO systems, determining the maximum data rate that can be supported
under different channel conditions, and optimizing system parameters to achieve the
desired performance.

2. Background

Wireless communication basically consists of a transmitter, a receiver, and a channel.
The channel can vary depending on the communication type, location, and external factors,
but it comprises pulse response and noise. Various factors, such as fading, reflection, inter-
ference, and scattering, affect the communication quality within the channel. Additionally,
free space propagation and atmospheric effects can cause distortions. All these factors
contribute to forming a multipath channel in the receiver. The signal received is the sum of
all the delayed incoming signals from different paths, resulting in corruption. An example
channel created using NYUSIM is shown in Figure 1. Figure 1 was obtained with NYUSIM
for 28 GHz UMi LOS conditions with a 200 m transmitter and receiver distance. The figure
depicts these distorted signals with their delay and attenuation. In the communication be-
tween the fixed location transmitter and receiver, signals with varying delays and strengths
reaching the receiver caused channel distortions.



Electronics 2023, 12, 2273 6 of 24

Electronics 2023, 12, x FOR PEER REVIEW 6 of 24 
 

 

factors contribute to forming a multipath channel in the receiver. The signal received is 
the sum of all the delayed incoming signals from different paths, resulting in corruption. 
An example channel created using NYUSIM is shown in Figure 1. Figure 1 was obtained 
with NYUSIM for 28 GHz UMi LOS conditions with a 200 m transmitter and receiver dis-
tance. The figure depicts these distorted signals with their delay and attenuation. In the 
communication between the fixed location transmitter and receiver, signals with varying 
delays and strengths reaching the receiver caused channel distortions. 

 
Figure 1. A sample of power delay profile. 

An example of the channel frequency response of a channel created with NYUSIM is 
given in Figure 2. As seen in Figure 2, there are different attenuation (fading) values at 
different frequencies, which can be classified into two main categories: flat fading and 
selective fading. Flat fading occurs when the attenuation and phase shift of the signal are 
constant across the bandwidth of the channel, and all frequency components of the signal 
experience the same amount of attenuation and phase shift. Flat fading typically occurs in 
line-of-sight (LOS) scenarios or when the signal passes through a small-scale, stationary, 
and homogeneous environment. Selective fading occurs when different frequency com-
ponents of the signal experience different amounts of attenuation and phase shift. This 
usually happens in non-line-of-sight (NLOS) scenarios or when the signal passes through 
a large-scale, non-stationary, and heterogeneous environment. Understanding the fre-
quency-domain properties of flat and selective fading is important for designing robust 
wireless communication systems that can operate reliably in various environments. 

In wireless communication, fading can also be classified as fast or slow depending 
on the rate of change in the channel. Fast fading occurs when the wireless channel changes 
rapidly over time, typically due to multipath propagation. Slow fading occurs when the 
wireless channel changes slowly over time, typically due to changes in the environment 
or the movement of the transmitter or receiver. Slow fading refers to a channel occasion-
ally affected by high buildings and environmental factors. When these disruptive effects 
change quickly within the channel, the channel is referred to as fast fading. The Rayleigh 
and Rician distributions are used to model this fading. When many objects cause the radio 
signal to scatter, Rayleigh fading is a reasonable model. Furthermore, if there is an NLOS 
path between the receiver and transmitter, Rayleigh fading can be used. When there is a 
dominant LOS path between the receiver and transmitter, Rician fading is more appropri-
ate. The fading statistics of mmWave channels are expected to deviate more and more 
from the Rayleigh distribution to the Rice distribution as system bandwidth increases. 

700 800 900 1000 1100 1200 1300 1400
Delay (ns)

-160

-140

-120

-100

-80

-60

-40

R
ec

ei
ve

d 
po

we
r (

dB
m

)

Figure 1. A sample of power delay profile.

An example of the channel frequency response of a channel created with NYUSIM
is given in Figure 2. As seen in Figure 2, there are different attenuation (fading) values
at different frequencies, which can be classified into two main categories: flat fading
and selective fading. Flat fading occurs when the attenuation and phase shift of the
signal are constant across the bandwidth of the channel, and all frequency components
of the signal experience the same amount of attenuation and phase shift. Flat fading
typically occurs in line-of-sight (LOS) scenarios or when the signal passes through a small-
scale, stationary, and homogeneous environment. Selective fading occurs when different
frequency components of the signal experience different amounts of attenuation and phase
shift. This usually happens in non-line-of-sight (NLOS) scenarios or when the signal passes
through a large-scale, non-stationary, and heterogeneous environment. Understanding the
frequency-domain properties of flat and selective fading is important for designing robust
wireless communication systems that can operate reliably in various environments.
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Figure 2. Frequency response of the PDP in a UMi environment with 28 GHz and LOS conditions.

In wireless communication, fading can also be classified as fast or slow depending on
the rate of change in the channel. Fast fading occurs when the wireless channel changes
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rapidly over time, typically due to multipath propagation. Slow fading occurs when the
wireless channel changes slowly over time, typically due to changes in the environment or
the movement of the transmitter or receiver. Slow fading refers to a channel occasionally
affected by high buildings and environmental factors. When these disruptive effects change
quickly within the channel, the channel is referred to as fast fading. The Rayleigh and
Rician distributions are used to model this fading. When many objects cause the radio
signal to scatter, Rayleigh fading is a reasonable model. Furthermore, if there is an NLOS
path between the receiver and transmitter, Rayleigh fading can be used. When there is a
dominant LOS path between the receiver and transmitter, Rician fading is more appropriate.
The fading statistics of mmWave channels are expected to deviate more and more from the
Rayleigh distribution to the Rice distribution as system bandwidth increases.

Communication systems can be expressed by Equation (1).

y(t) = x(t) ∗ h(t) + n(t) (1)

Here, y denotes the received signal, x denotes the transmitted signal, h represents
the communication channel, and n represents the zero-mean Gaussian noise in the time
domain. The channel matrix formed by an nxn MIMO communication is expressed by
Equation (2).

HNxN =

h11 h12 . . .
h21 h22 . . .

...
... hnn

 (2)

The channel between the first transmitter and the first receiver in a MIMO channel
is represented by h11. Similarly, h12 represents the channel between the first transmitter
and the second receiver, and h21 represents the channel between the second transmitter
and the first receiver. This method represents as many channels as the number of antennas
in the receiver and transmitter. With HNxN, the combination of all of these channels is
expressed as a matrix representation. Each sub-channel of this matrix will be created with
the NYUSIM simulator according to the parameters used in this study, and their analyses
will be performed using Equation (2).

Attenuation effects at high frequencies are one of the significant challenges for commu-
nication. When the transmitted power and gains are kept constant, the increase in frequency
and distance results in significant distortions in the received signal. As the frequency in-
creases significantly, the distance cannot increase or remain stable in the mmWave region.
Therefore, mmWaves are unlikely to be used in long-distance communications. Another
attenuation effect is that mmWaves have difficulty penetrating objects such as house walls.
Because the objects are subjected to significant attenuation, reducing the NLOS lines while
increasing the LOS lines is necessary, thereby increasing the number of antennas. Atmo-
spheric damping is particularly important in this frequency band. This study observed that
atmospheric damping has an attenuation effect throughout the extremely high-frequency
region, and we attempted to determine the usable frequency ranges for 6G and subsequent
systems based on these effects [51]. In mmWave frequency bands, atmospheric attenua-
tion is primarily due to molecular absorption, which occurs as a result of signal energy
being absorbed by atmospheric gases such as oxygen and water vapor. While atmospheric
attenuation is a challenge for mmWave communication at higher frequencies, the use of
frequencies such as 28 GHz and 39 GHz can help mitigate atmospheric attenuation effects
and enable reliable communication over short to medium distances.

2.1. NYUSIM Channel Simulator

NYUSIM simulates wireless channels for a wide range of applications, including
MIMO systems, mmWave communication systems, and vehicle-to-vehicle communica-
tion systems. NYUSIM is a widely used channel simulator that provides accurate and
flexible wireless channel modeling for a wide range of applications. NYUSIM provides
realistic modeling of wireless channels by considering a wide range of factors, such as
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the propagation environment, antenna characteristics, and spatial correlation. Compared
to other simulators (e.g., SANSA, QuaDRiGa, WinProp), NYUSIM offers several advan-
tages including accurate modeling of wireless channels, measurement-based models, a
broad range of frequencies, realistic antenna models, and open-source code, making it a
popular choice for researchers working in the wireless communication field to simulate
and evaluate the performance of desired scenario. The NYUSIM channel simulator was
created in 2017 as a MATLAB GUI file and made available for open access. The NYUSIM
channel simulator interface is given in Figure 3. In this study, version 3.1 of the NYUSIM
simulator was used. The NYUSIM channel simulator performs Monte Carlo simulations.
In this study’s spatial coherence off mode, the simulator generates a time-selective channel
with delayed and fading reflections independent of channel Doppler shift. NYUSIM uses
statistical spatial consistency models (SSCM) based on 28 GHz–73 GHz measurements
in various outdoor scenarios. For these reasons, the NYUSIM simulator creates random
channel models. The channel model uses the concepts of time clusters (TC) and spatial
lobes (SL) to create a channel impulse response (CIR) by dividing time and spatial statistics.
TCs consist of a multipath carrier (MPC) that moves closely in time and may arrive from
various angular directions in a short frame of over-delay time. The TCSL approach extracts
TC and SL statistics by implementing a physically based clustering scheme derived from
field observations. When creating power delay profiles (PDF), the Rician distribution model
is used.
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The NYUSIM simulator has channel parameters that can be adjusted based on the
type of environment where the communication occurs. The three environment types are
urban microcell (UMi), urban macrocell (UMa), and rural macrocell (RMa). The frequency
is one of the most important parameters, ranging from 500 kHz to 100 GHz. Therefore, this
channel emulator can simulate the mmWave band used in 6G. The distance between the
transmitting and receiving antennas can be adjusted by selecting the distance range and
upper-lower limit options. Bandwidth can be adjusted up to 800 MHz. The environmental
adjustment option allows for changing the LOS/NLOS status.

2.1.1. Path Loss Model

The close-in free space reference distance (CI) path loss model used by NYUSIM, also
known as the large-scale path loss model, is expressed in Equation (3); this model varies at
a distance of one meter and depends on various atmospheric conditions. NYUSIM uses
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both the CI parameter and the path loss exponent to ensure greater stability under different
environmental conditions.

PLCI(f, d) = FSPL(f, 1m)[dB] + 10n log10(d) + AT[dB]+Xσ (3)

The path loss exponent is represented by n, which is set to two for free space. The
distance between the transmitter and the receiver is represented by d. Xσ is known as
shadow fading. This value is modeled as a log-normal random variable with a standard
deviation of one dB and a mean of zero. Equation (4) expresses the free space path loss
(FSPL) with a reference distance of one meter.

FSPL(f, 1m)[dB] = 20log10

(
4πf× 109

c

)
(4)

Here, f is the carrier frequency in GHz and c is the speed of light. Equation (5)
depicts atmospheric attenuation, where α represents the attenuation coefficient regarding
air dryness, humidity, rain, oxygen, and steam.

AT[dB] = α[dB/m] + d[m] (5)

The strength of the received signal is directly related to the Friis equation and is related
to the path loss, as shown in Equation (6) [52].

Pr[dBm] = Pt[dBm] + Gt[dB]+Gr[dB] + PL[dB] (6)

Here, Pt denotes transmitting antenna power, while Gt and Gr denote transmitting
and receiving antenna gains, respectively. The mean path loss is denoted by PL.

NYUSIM determined the maximum possible PL for channels modeled for distances
less than 500 m to be 190 dB. This value was calculated using real field measurements.

2.1.2. MIMO-OFDM

The channel capacity of MIMO-OFDM depends on several factors, including the
number of transmitting and receiving antennas, the channel conditions, the amount of
available spectrum, and the wireless environment. It is more convenient to calculate
capacity with the entire frequency range at once rather than separately performing analysis
for each reflection. Equation (7) is used in the NYUSIM simulator to estimate the channel
coefficient of each MIMO-OFDM subcarrier.

hm,k(f) = ∑
p
αm,k,pejΦe−j2πfτe−j2πdTmsin(∅)e−j2πdRksin(ϕ) (7)

Here, m represents the transmitting antenna, k represents the receiving antenna
number, and f represents the subcarrier frequency.

In NYUSIM, multipath components with powers less than −160 dBm are ignored for
the standard distance range option (this threshold is used for all environments). Specified
significant multipath components are denoted by p. α represents the antenna gain ampli-
tude, Φ represents the phase of each multipath component, τ represents the reflections
delay, and dT and dR represent the distance between each antenna in the antenna groups.
∅ and ϕ also represent the antennas’ departure and arrival azimuth angles (AOD, AOA).
The resulting hm,k matrix is used as the channel matrix.

2.2. MIMO Channel Capacity

The capacity of a communication channel is the maximum rate at which information
can be reliably transmitted over the channel. Channel capacity analysis can assess the
impact of the communication channel on communication quality. Channel capacity is
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expressed as Shannon capacity in single-input, single-output (SISO) systems, as shown in
Equation (8).

C = Wlog2(1 + SNR) (8)

Here, C represents the capacity in b/s/Hz, W represents the channel bandwidth, and
SNR represents the signal-to-noise ratio.

The maximum data rate of a channel is proportional to the channel’s bandwidth and
SNR. The extremely high-frequency region was established to support wider bandwidths.
The SNR can be increased by boosting the received power (PR), which is governed by the
Friis transmission.

Although improving other parameters affecting the received power is possible, such
improvements are usually limited. One way to significantly boost the received power is by
using multiple-input multiple-output (MIMO) technology. MIMO is a technology that uses
multiple antennas on both the transmitter and receiver sides of a communication system
to improve the quality and capacity of wireless communication. With MIMO, the power
received by a user can be exponentially increased for each communication channel. MIMO-
OFDMA (orthogonal frequency division multiple access) technology has been identified as
the key communication technique for 6G systems, as it can support high data rates, low
latency, and efficient use of the available spectrum.

The channel capacity for MIMO channels is calculated theoretically by comparing
the transmitter (Nt) and receiver (Nr) numbers and multiplying the SISO capacity by the
smaller of the two. However, it is not a realistic approach under real-world conditions.
Equation (9) has been used to replace the capacity formula for MIMO channels.

C = Blog2
[
det
(
Im + SNR.H.H′

)]
(9)

Here, H denotes the channel matrix and H′ denotes the conjugated transpose of the
channel matrix. The identity matrix with dimensions Nt × Nr is represented by Im.

The channel capacity of a MIMO system is a function of the number of antennas at the
transmitter and receiver, the channel matrix, and the signal-to-noise ratio.

The capacity analysis in the frequency domain was carried out in this study according
to Equation (10).

C =
1
N∑N

1 log2

(
1 + SNR.λ2

i

)
(10)

Here, λ2
i represents the eigenvalues of the HH′ matrix.

Capacity analysis can be carried out in either the time or frequency domain. Analyzing
each delayed signal, capacity can be calculated in the time domain. It is possible to calculate
capacity in the frequency domain by analyzing all OFDM subcarriers, and this method was
used in this study.

3. Simulation Setup

The MIMO channel capacity can be affected by a variety of factors related to the
transmission medium and climate parameters. The analysis of MIMO channel capacity
should consider these factors to accurately predict the system’s performance under different
conditions and optimize the system’s design for maximum capacity and efficiency. This
study investigated the effects of rain rate, barometric pressure, humidity, temperature,
and frequency on 4 × 4 MIMO channel capacity using the NYUSIM channel simulator for
LOS/NLOS conditions. The analysis calculated the capacities of the channels created with
NYUSIM at 28 GHz and 39 GHz frequencies. Since the 28 GHz band (also referred to as
the n257 band) is widely used in trials and tested as a 5G NR band and the 39 GHz band
(also referred to as the n260 band) is also considered as a potential band, MIMO channel
capacity analyses were performed for both 28 GHz and 39 GHz frequencies in this study.
As the NYUSIM channel modeler produces a random model, each scenario is repeated
2000 times, and the result is obtained by averaging the capacity of each channel produced.
Table 3 outlines the parameters used in the simulations.
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Table 3. Channel Parameters.

Channel Parameters
Scenarios

Samsun Bafra Ondokuzmayıs

Scenario UMi UMa RMa
Frequency 28/39 GHz

Environment LOS/NLOS
Distances 200 m (LOS)/500 m (NLOS)

Bandwidth 800 MHz
MIMO 4 × 4

Tx Power 30 dB
BS Height 20 m

User Height 1.5 m

This study used climate data from the observation networks located in the Atakum,
Bafra, and Ondokuzmayıs districts of Samsun province. These regions have been selected
in order to simulate the type of communication mediums as UMi, UMa, and RMa. The
environment types in Samsun city were adjusted according to the NYUSIM scenarios, and
three different scenarios were analyzed: UMi for Atakum, UMa for Bafra, and RMa for
Ondokuzmayıs. For simplicity, in the rest of this paper, simulation environments UMi, UMa,
and RMa will be used instead of Atakum, Bafra, and Ondokuzmayıs districts, respectively.
The locations of the observation networks in each of the three districts are marked with
an asterisk in Figure 4. Detailed information about the stations can be found at [53]. Rain
rate, temperature, humidity, and barometric pressure values measured for each day in 2021
were used in NYUSIM simulations. For the simulation results, the measurement points
of the climatic parameters taken by the Samsun Meteorology 10th Regional Directorate
were used to create the scenarios. The bandwidth was set to 800 MHz. The environmental
adjustment option allows for changing the LOS/NLOS status. The user and base station
heights were set at 15 m and 1.5 m, respectively.
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Using real-time climate data for MIMO channel capacity analysis is important because
environmental factors, including climate conditions such as rain rate, temperature, humid-
ity, and barometric pressure, heavily influence the wireless channel. The performance of
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wireless communication systems can vary significantly depending on the current weather
conditions; therefore, accurate climate data is essential for reliable and accurate MIMO
channel capacity analysis. The Meteorology Directorate’s measurement points of climatic
parameters were used to create the scenarios for the simulation results. Rain rate, tempera-
ture, humidity, and barometric pressure data recorded by the Meteorology Directorate are
taken as monthly averages, and their changes during the year are shown in Figure 5. In
the figure, UMi’s measurements are represented by a blue line with a circle mark, UMa’s
measurements are represented by a red line with a triangle mark, and RMa’s measurements
are represented by a yellow line with a star mark.
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Figure 5. Annual climate data: (a) rain rate, (b) temperature, (c) humidity, (d) barometric pressure.

Correlation coefficients between climate parameters for UMi, UMa, and RMa are given
in Table 4. The correlation coefficient between the temperature values at the measurement
locations is the highest recorded, with a value of 0.99. Similarly, there is a high correlation
coefficient value of 0.99 between the pressure values of UMi-UMa locations. It can be
said that there is a high correlation between humidity values (0.86–0.93) at measurement
locations. The lowest correlation is between rain rate values at measurement locations.

Table 4. Correlation coefficients between climate parameters and locations.

Correlation Coefficient Rain Rate Temperature Humidity Pressure

UMi-UMa 0.18 0.99 0.86 0.99

UMi-RMa 0.31 0.99 0.93 0.46

UMa-RMa −0.16 0.99 0.92 0.49

The statistical evaluations of the climate parameters for the three regions are given in
Table 5. The annual average rain rate for the UMi region is 2.03 mm/h, with an average
temperature of 15.65 ◦C, an average humidity of 72.16%, and an average pressure of
1015.98 mbar. The average rain rate for the UMa region is 2.27 mm/h, with an average
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temperature of 14.78 ◦C, an average humidity of 70.96%, and an average pressure of
1002.93 mbar. For the RMa region, the rain rate is 1.31 mm/h, with an average temperature
of 15.02 ◦C, an average humidity of 81.29%, and an average pressure of 1013.82 mbar.

Table 5. Statistical values of annual climate data.

UMi UMa RMa

Rain rate (mm/h)

Max 3.01 3.92 2.78

Min 1.08 0.19 0.24

Average 2.03 2.27 1.31

Temperature (◦C)

Max 25.61 24.90 25.24

Min 7.93 7.05 7.17

Average 15.65 14.78 15.02

Humidity (%)

Max 82.97 77.52 88.31

Min 59.13 63.72 73.07

Average 72.16 70.96 81.29

Pressure (mbar)

Max 1020.98 1007.72 1020.68

Min 1009.63 997.20 1009.98

Average 1015.98 1002.93 1013.82

4. Results and Discussion
4.1. Capacity Analysis Results for UMi

Figure 6 depicts the transceiver settlement points to be used for the scenario to be
realized in the simulation program using Yandex Maps. A direct line of sight is established
between the receiver and transmitter at a distance of 200 m for the LOS situation. In
accordance with the UMi scenario, a scenario with dense buildings and a distance of 500 m
has been prepared for the NLOS condition. The round symbol represents the transmitting
antenna and the star symbol represents the receiving antenna. The figure also shows the
transceiver distances for LOS and NLOS, using Yandex Maps’ ruler feature.
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The sample PDPs of the channels produced by NYUSIM are shown in Figure 7 for
LOS/NLOS and 28/39 GHz. PDPs have many multipath components due to many reflec-
tive surfaces and a large number of disruptive and refractive effects for the UMi scenario. In
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the case of LOS, the strongest path is −29.74 dBm for 28 GHz and −35.75 dBm for 39 GHz.
In the case of NLOS, the strongest path is −67.35 dBm for 28 GHz and −74.19 dBm for
39 GHz. It can be seen from the figure that the strongest path for the NLOS case arrives at
the receiver much later than for the LOS case, and the path delays are higher.
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Figure 7. PDFs for Umi: (a) 28 GHz/LOS, (b) 39 GHz/LOS, (c) 28 GHz/NLOS, (d) 39 GHz/NLOS.

The channels’ frequency domain responses are given in Figure 8. For UMi and the
28 GHz frequency, the average power is −36.85 dBm in the LOS condition and −61.62 dBm
in the NLOS condition. While there is a difference of −15.41 dBm between the strongest
and weakest frequencies in the LOS condition, this difference is −21.80 dBm in the case of
NLOS. The average power for the 39 GHz frequency is−40.44 dBm in LOS and−62.63 dBm
in NLOS. In the case of LOS, there is a difference of −13.99 dBm between the strongest fre-
quency and the weakest frequency, while in the case of NLOS this difference is −26.35 dBm.
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Figure 8. Frequency responses of channels for LOS and NLOS states for Umi: (a) 28 GHz, (b) 39 GHz.

In this study, we calculated daily MIMO channel capacities using daily climate data for
UMi/UMa/RMa environments, 28/39 GHz frequencies, and LOS/NLOS scenarios with
NYUSIM for SNR values between 20–40 dB. The obtained channel capacities were averaged
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monthly and annually. Figure 9 presents the annual average channel capacities for the
4 × 4 MIMO channel structure created for UMi. Channel capacities are calculated together
with the frequency responses of the other 15 channels in the 4 × 4 MIMO structure shown
in Figure 8. Various factors related to the transmission medium and climate parameters
can affect the MIMO channel capacity. In the case of LOS for UMi, the channel capacity of
28 GHz frequency is calculated as 1.8339 for 40 dB SNR and 1.0682 for 39 GHz frequency.
In the case of NLOS, while the capacity is 0.5483 × 10−3 for 28 GHz and 40 dB SNR, it
is 0.2702 × 10−3 for 39 GHz. The frequency of 28 GHz is 1.72 and 2.03 times higher in
capacity than 39 GHz for the LOS and NLOS states, respectively.
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Figure 9. Annual average channel capacities for the UMi Region: (a) LOS, (b) NLOS.

Determining the impact of climate parameters on MIMO channel capacity is important
for designing and optimizing MIMO systems for different environments and weather
conditions. In this study, calculations were made for all SNR values in order to compare
channel capacities with annual climate data, but monthly averages for only 40 dB SNR
were used in the analyses. The monthly averages of the channel capacities for 40 dB SNR
are shown in Figure 10. Climate parameters can affect the propagation of electromagnetic
waves in the atmosphere, which can significantly impact the MIMO channel capacity. When
the figures are compared with the monthly average meteorological data of the UMi area
(Atakum), it is observed that the rain rate and the channel capacities change inversely. At
the same time, an increase in the channel capacity was observed in the summer months
when the rain rate decreased, the temperature increased, the pressure decreased, and the
humidity decreased locally. In the annual data, in the case of LOS, the highest channel
capacity for 28 GHz was calculated as 1.8681 in July and the lowest as 1.8179 in February.
For 39 GHz, the highest channel capacity was 1.0803 in July and the lowest was 1.0520 in
September. In the case of NLOS, the highest channel capacity for 28 GHz was 0.5628 × 10−3

in August and the lowest was 0.5278 × 10−3 in September. For 39 GHz, the highest channel
capacity was calculated as 0.2757 × 10−3 in April, while the lowest was 0.2603 × 10−3

in February.
Table 6 provides correlation coefficients between channel capacity and climate pa-

rameters for UMi. The table shows that the rain rate negatively correlates with channel
capacity. While the correlation between channel capacity and rain rate is similar for both
the 28 GHz and 39 GHz frequencies in the LOS case, it is closer in the NLOS case. It is also
apparent that the rain rate affects channel capacity more in the NLOS case than in the LOS
case. Furthermore, pressure affects channel capacity, with a similar correlation for all cases.
While the correlation between channel capacity and temperature is high for 28 GHz and
LOS conditions, it is lower for other conditions. For UMi, the correlation between channel
capacity and humidity is quite low, although it has been observed that humidity affects
channel capacity.
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Table 6. Correlation coefficients between climate parameters and capacity for UMi.
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4.2. Capacity Analysis Results for UMa

The transceiver placement points for the UMa scenario to be used in the simulation are
shown in Figure 11. For the LOS condition, a direct line of sight was established between
the transmitter and receiver at a distance of 200 m. For the NLOS condition, a scenario
was prepared with relatively less dense buildings and a distance of 500 m, as per the
UMa scenario.
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All the processing steps for channel capacity for UMi are also done for UMa and RMa.
However, for the sake of simplicity, only the monthly average capacity evaluations for
40 dB SNR are included in the paper. The monthly averages of channel capacities for the
UMa area are shown in Figure 12 for 40 dB SNR. The annual data demonstrated that the
highest channel capacity was in July and the lowest was in October for all four scenarios.
In the case of LOS, the highest channel capacity for 28 GHz was 1.8699, while the lowest
was 1.8300. For 39 GHz, the highest channel capacity was 1.0910 and the lowest was 1.0643.
In the case of NLOS, the highest channel capacity for 28 GHz was 3.6757 × 10−3, while
the lowest was 3.3893 × 10−3. For 39 GHz, the highest channel capacity was calculated as
1.8627 × 10−3 and the lowest capacity was calculated as 1.7127 × 10−3. When the channel
capacities are compared with the monthly average meteorological data of the UMa area
(Bafra), it is clearly seen that the rain rate affects the capacity significantly. The channel
capacities tend to increase during the summer as the temperature rises and the pressure
and humidity fall.
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Table 7 provides correlation coefficients between channel capacity and climate parame-
ters for UMa. In Table 7, for the 28 GHz and LOS conditions, the highest correlation (−0.87)
is between channel capacity and rain rate, while the lowest (−0.03) is with temperature.
In the 28 GHz and NLOS conditions, the highest correlation (−0.70) is between channel
capacity and pressure, while the lowest correlation (0.29) is with temperature. For both
LOS and NLOS cases at 39 GHz, the highest correlation is between channel capacity and
rain rate, while the lowest is with temperature.

Table 7. Correlation coefficients between climate parameters and capacity for UMa.

Correlation Coefficient Rain Rate Temperature Humidity Pressure
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z LOS −0.87 −0.03 −0.47 −0.45

NLOS −0.66 0.29 −0.43 −0.70
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G
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Z LOS −0.80 0.16 −0.43 −0.53

NLOS −0.76 0.19 −0.42 −0.54
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4.3. Capacity Analysis Results for RMa

Figure 13 shows the transceiver location for the RMa scenario in the simulation. A
direct view is also set at 200 m for the LOS situation. A scenario was prepared for the NLOS
situation in which there are no buildings, the NLOS situation is created with trees, and
the distance is 500 m. The transmitting antenna is represented by a round symbol, a star
symbol represents the receiving antennas, and the transceiver distances are shown.
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Monthly averages of RMa channel capacities for 40 dB SNR, as in other regions, are
shown in Figure 14. In the case of LOS, the highest channel capacity for 28 GHz was
0.2360 in September, while the lowest one was 0.2384 in May. For 39 GHz, the highest
channel capacity was 0.1254 in October and the lowest capacity was 0.1220 in both March
and May. In the case of NLOS, the highest channel capacity for 28 GHz was 0.7585 × 10−3

in November and the lowest was 0.7165 × 10−3 in May. For 39 GHz, the highest channel
capacity was calculated as 0.3540 × 10−3 in September and the lowest as 0.3369 × 10−3 in
March. As in other regions, the channel capacity tends to increase in the summer months,
mostly affected by rain.
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Table 8 presents correlation coefficients between channel capacity and climate parame-
ters for RMa. The highest correlation between channel capacity and climate parameters is
with rain rate for all frequencies and LOS/NLOS states in RMa. The correlation between
channel capacity and humidity is the lowest for all cases. The correlation between channel
capacity and pressure is the second highest after rain rate and is approximately the same for
all cases. For RMa, the correlation between channel capacity and humidity is the smallest.

Table 8. Correlation coefficients between climate parameters and capacity for RMa.

Correlation Coefficient Rain Rate Temperature Humidity Pressure

C
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ty

28
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H
z LOS −0.97 0.43 −0.20 0.63

NLOS −0.96 0.41 −0.04 0.44
39

G
H

Z LOS −0.91 0.39 0.03 0.51

NLOS −0.75 0.23 −0.23 0.54

4.4. Comparison of Annual Average Channel Capacity Analysis in All Environments

The overall channel capacities for the three different measurement locations, assuming
40 dB SNR and LOS status, are given in Figure 15. For UMi, channel capacity was calculated
as 1.8339 at 28 GHz and 1.0682 at 39 GHz. Capacity was measured for UMa as 1.8481 for
28 GHz and 1.0737 for 39 GHz. The capacity for RMa is 0.2322 for 28 GHz and 0.1237 for
39 GHz. For 28 GHz, there is a small capacity difference between UMi and UMa, while
there is a 7.90 times difference between RMa and UMi and 7.96 times difference between
RMa and UMa. These rates are 8.64 and 8.68 for 39 GHz, respectively.
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Figure 15. In the case of LOS, the annual average channel capacities of the three measurement centers
are at 28 and 39 GHz frequencies.

Figure 16 depicts the annually averaged channel capacities for the NLOS situation. In
the UMi area for 40 dB SNR, the channel capacity was calculated as 0.5483× 10−3 at 28 GHz
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and 0.2702 × 10−3 at 39 GHz. The capacity in the UMa area was 3.5126 × 10−3 for 28 GHz
and 1.7762 × 10−3 for 39 GHz, while for the RMa area, the capacity was 0.7441 × 10−3 for
28 GHz and 0.3461 × 10−3 for 39 GHz.
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Figure 16. In the case of NLOS, the annual average channel capacities of the three measurement
centers are at 28 GHz and 39 GHz frequencies.

Unlike the LOS scenario, there is a 6.41 times difference between UMi and UMa for
28 GHz in the case of NLOS. It has been calculated that the duct capacity measured for RMa
and UMa differs by 4.72 times. The difference, which was 7.96 for LOS, was significantly
reduced for NLOS. While RMa has 7.94 times the capacity of UMi in the LOS case, the
capacity calculated for UMa in the NLOS case is 1.36 times larger. Similarly, there is a
6.57 times difference in channel capacity between UMi and UMa at 39 GHz, while RMa is
1.28 times larger than UMi and 5.13 times smaller than UMa.

For 28 GHz frequency, the channel capacity is 3363 times larger than the NLOS
situation in the UMi area, while this value is calculated as 3953 for 39 GHz. For the UMa
area, these values were calculated as 526 and 604 for 28 GHz and 39 GHz, respectively. For
the RMa area, the capacity calculated in the NLOS case is 312 times smaller than the LOS
case when using the 28 GHz frequency. For 39 GHz, this value is 357 times. The results
indicate that the 39 GHz frequency is slightly more affected than the 28 GHz frequency in
each case by the transition from the LOS to the NLOS state. Simultaneously, the UMi area
was the measurement center most affected by the change in sight line, while the RMa area
was the least affected.

In addition, comparisons were made based on parameters such as analysis; operating
frequency; scenario, such as LOS or NLOS; and key results based on MIMO, and results are
given in Table 9.
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Table 9. Comparison of this work with existing studies.

Ref. Year Analysis Frequency (GHz) LOS/NLOS MIMO Results

[3] 2017
Received Power,

Number of Antenna
Elements

28, 38, 60, 73 LOS/NLOS -

As frequencies go up, the number of
antennas needed grows exponentially.
Frequencies of 57, 60, and 64 GHz are

not suitable for outdoor use

[29] 2019 Path Loss 38, 60, 73 LOS/NLOS 1 × 1

60 GHz is more impacted by
environmental changes, whereas 38 GHz

is more resilient to
environmental factors.

[40] 2019 Outage Probability 26, 28 - -
Rainfall of 150 mm/hour results in signal
loss of 5.4894 dB at 28 GHz, 5.1135 dB at

26 GHz, and 2.0533 dB at 3.5 GHz.

[47] 2021 Received Power 28, 45, 73 LOS 2 × 2
At 28 GHz, power efficiency is highest,
while at 45 GHz, resistance to seasonal

atmospheric changes is strongest.

[49] 2021 Path Loss, Received
Power 38 LOS 1 × 1

Rain attenuation exceeds 15 dB at
38 GHz and has an impact of over 1 dB

within 200 m transceiver distances.

[50] 2023 Channel Capacity 28, 73 LOS/NLOS
2 × 2

to
64 × 64

Increasing from 2 × 2 to 64 × 64 results
in a 36.88× capacity increase, using

28 GHz instead of 73 GHz provides a
12.56× increase, and switching from

NLOS to LOS leads to a 307.7× increase
in channel capacity.

This Study 2023 Channel Capacity 28, 39 LOS/NLOS 4 × 4

UMi and UMa have higher channel
capacity than RMa for LOS, while for
NLOS, UMa has the highest capacity
and UMi has the lowest. There is a

strong negative correlation between
channel capacity and rain rate.

5. Conclusions

The analysis of MIMO channel capacity allows the development of new and inno-
vative approaches to understand and optimize the performance of existing (5G) modern
wireless communication systems (6G). In this study, 4 × 4 MIMO channel capacity analyses
at 28 GHz and 39 GHz are performed based on the climate data of three regions in Samsun,
which are characterized as urban microcell, urban macrocell, and rural macrocell environ-
ments using the NYUSIM simulator. The simulation results show that environments with
LOS links have very high channel capacity for urban areas, while the rural region is found
to have very low capacity. The capacities of UMi and UMa are very close to each other
for 28 GHz, while there is a 7.94 times difference between RMa and UMi, and a 7.96 times
difference between RMa and UMa. For 39 GHz, these rates are 8.64 and 8.68, respectively.
In contrast, channel capacity significantly decreases in NLOS situations. In the case of
NLOS for the 28 GHz frequency, the channel capacity is 3363 times lower in UMi compared
to LOS, while this value is calculated as 3953 for 39 GHz. For UMa, these values were
calculated as 526 and 604 for 28 GHz and 39 GHz, respectively. For RMa, the values were
calculated as 312 and 357 for 28 GHz and 39 GHz, respectively. In the case of NLOS, the
highest channel capacity was obtained for UMa and the lowest for UMi. The capacity for
UMa at 28 GHz is 6.41 times higher than for UMi, while this value is 6.57 times for 39 GHz.
The UMa channel capacity is 4.72 times higher than RMa for 28 GHz and 5.13 times higher
for 39 GHz. The capacity calculated for RMa in the NLOS case is 1.36 times higher than
UMi at 28 GHz and 1.28 times higher than UMi at 39 GHz. In the case of NLOS, channel
capacity can be increased by taking measures such as increasing the number of transceiver
antennas and reducing the transceiver distance in densely urbanized areas. In rural areas,
channel capacity can be increased by increasing the number of antennas and improving
antenna placement.



Electronics 2023, 12, 2273 22 of 24

Considering the results, it can be concluded that the climate parameter with the most
impact on MIMO channel capacity is the rain rate. It is observed that channel capacity
significantly decreases with an increase in rain rate. For all cases except RMa at 28 GHz
and LOS, the highest negative correlation (−0.97) between channel capacity and rain rate
is observed. After rain rate, barometric pressure is the second most important climate
parameter impacting channel capacity. It is observed that humidity had the least impact on
channel capacity for UMi and RMa, while for UMa temperature is the key parameter to be
considered during network planning and optimization.

The results given here include only the Samsun province and 28/39 GHz frequency
analysis. For future works, further MIMO channel capacity analyses can be made by using
climate parameters and different frequencies in different cities in Turkey.
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