Journal of Communications, vol. 20, no. 5, 2025

Analyzing the Doppler Effect on Carrier
Aggregation and Millimeter-Wave Performance
in 5G Systems

Zuhor Maher Ismail and Saad Ahmed Ayoob *

Electrical Engineering Department, College of Engineering, University of Mosul, Iraq
Email: zohor.23enpl6@student.uomosul.edu.iq (Z.M.1.); sa_ah_ay@uomosul.edu.iq (S.A.A.)
*Corresponding author

Abstract—Among the technologies that play an important
role in improving the Signal-to-Interference and Noise Ratio
(SINR) and improving network efficiency are carrier
aggregation and millimeter wave (mmWave) technologies,
despite some limitations, such as limited coverage of less than
200 meters. This research specifically examines the combined
effect of carrier aggregation and mmWave technologies. The
results demonstrate significant improvements in both SINR
and spectral efficiency when these two technologies are used
together. Furthermore, the study reveals that the choice of
carrier in carrier aggregation is not random, but rather
depends on network conditions and frequency availability.
The study also highlights the importance of choosing the
appropriate numerology value, as it directly affects the
bandwidth of each carrier, which in turn impacts the spectral
use and SINR. The study also examines the negative effects of
Doppler shift on mobile phone users, especially as they
become more mobile. It has been observed that an increase in
the number of users contributes to increased interference and
decreased signal quality due to the combined effects of
mobility and user interference, thereby negatively impacting
radio performance. This research provides valuable insights
into optimal carrier selection strategies under different
network conditions and confirms the effectiveness of
combining carrier aggregation with mmWave technology to
mitigate performance degradation caused by the Doppler
effect.
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I. INTRODUCTION

In recent years, communication rates have improved
significantly due to major advancements in
communication networks, enabling higher data rates,
greater reliability, and lower latency. The emergence of
advanced applications such as virtual reality, autonomous
vehicles, and the Internet of Things (IoT) has further
driven the demand for more efficient communication
systems [1]. The Third Generation Partnership Project
(3GPP) has introduced several New Radio (NR)
specifications, particularly in the architecture of the Radio
Access Network (RAN), which has undergone significant
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enhancements. These include a more flexible frame
structure and the ability to increase the number of
Orthogonal Frequency Division Multiplexing (OFDM)
subcarriers to accommodate diverse service requirements
[2]. These advancements have led to a substantial increase
in data transfer rates, reaching nearly 1000 times the
capacity of the Fourth Generation (4G) networks in certain
scenarios [3]. One of the key distinguishing features of 5G
compared to previous generations is its smaller physical
footprint, as transmitters have become more compact
while also achieving lower error rates and increased
bandwidth. Additionally, 5G integrates advanced
technologies such as beamforming, Multiple-Input
Multiple-Output (MIMO) arrays, mmWave
communications, Non-Orthogonal Multiple Access
(NOMA), and carrier aggregation [4, 5]. 5G networks
support a vast number of connected devices
simultaneously by utilizing different frequency bands,
including low-band (below 1 GHz), mid-band (1 GHz to 6
GHz), and high-band (24 GHz to 40 GHz) [6]. Future
enhancements in 5G performance are expected through the
integration of computing technologies and artificial
intelligence, as illustrated in Fig. 1, which highlights the
most significant future innovations in 5G networks [7].
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In this study, we investigate the effect of mmWaves on
the data rate by analyzing the impact of increasing the
number of carriers, modifying their sequence, increasing
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OFDM numerology, considering Doppler shift, and
increasing the number of User Equipment (UE) connected
to the gNB (gNodeB) within the cell. The paper is
structured as follows: Section II reviews related work in
the field, Section III discusses key technologies and
challenges in 5G, Section 1V introduces and develops a
Carrier Aggregation (CA) model for 5G, Section V
presents and analyzes the results, and finally, Section VI
highlights the key findings of this study.

II. RELATED WORKS

5G networks require high flexibility in RAN
configuration to accommodate diverse services. Therefore,
underutilized spectrum should be leveraged. Two enabling
techniques were proposed: carrier aggregation and
network slicing, as well as their combination. A simple and
effective method was introduced to distribute different
types of traffic among slices derived from multiple carrier
components available in mmWave networks. This
approach enhanced flexibility and scalability, allowing the
network to adapt to various usage environments while
supporting multiple wireless links with low latency.
Additionally, it efficiently utilized a significant portion of
the currently unused spectrum [8].

The study provides a new perspective on using carrier
aggregation as a diversity technique to increase the
spectral efficiency of existing spectrum and thus increase
cellular capacity without the need for additional spectrum.
This study presents a mathematical model and a set of
closed-form expressions used to describe the performance
of CA as a diversity technique, in addition to identifying
relevant configuration parameters. The obtained numerical
results demonstrate that carrier aggregation can be
effectively exploited as a diversity technique to increase
and improve throughput per Hz and capacity, thus
improving the performance of mobile communication
systems compared to the performance of single band
transmission over the same frequency band [9].

Researchers introduced a novel sequence called the
Pulse Oscillation Sequence (POS) for high speed vehicle
positioning in SG mmWave systems. They analyzed the
mutual ambiguity function and the ambiguity function to
evaluate cross-correlation and autocorrelation properties
under Doppler shift conditions. Simulation and analysis
results demonstrated that the proposed sequence achieved
precise timing and distance estimation even under high
Doppler shift scenarios, making it particularly suitable for
autofocus applications in positioning. Furthermore, it is
well suited for OFDM systems, as it can be easily
multiplexed in the frequency domain alongside other
signals [10].

An efficient beamforming technique was developed to
aggregate mmWave carriers while addressing the
significant path loss associated with high frequency
signals. To mitigate this issue, analog beamforming with
phase shifting was employed. Since each carrier wave
consists of multiple frequencies and beamforming is
performed independently, an optimized method was
introduced to select the most efficient beam while ensuring
the performance of both primary and secondary carrier
components. Simulation results indicated that this
approach achieved higher throughput compared to
conventional methods [11].
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The study proposed the use of mmWave spectrum in
wireless telephone networks to reduce the pressure on the
congested microwave spectrum. The design gained
significant attention. A six band mmWave cellular
network (28 GHz, 73 GHz) was presented, with each cell
consisting of a group of smaller cells with dedicated base
stations to meet the growing demand for high quality data.
The network was then analyzed in terms of energy
efficiency, spectral efficiency, spatial energy efficiency,
and spatial spectrum efficiency. The results showed that
the 73 GHz band achieves higher spectrum efficiency than
the 28 GHz band, and that the 28 GHz band outperforms
in terms of energy efficiency. The 73 GHz band is suitable
for indoor networks, while the 28 GHz band is suitable for
outdoor networks [12].

The adaptive 5G architecture, consisting of three
functional components, was analyzed and validated. In
mmWave spectrum applications, frequency performance
primarily depends on antenna beam characteristics.
However, integrated antenna arrays introduce unwanted
interference between elements, significantly impacting
radio frequency performance. For the first time, mmWave
5G RFIC and TMN were integrated for enhanced
operation in 5G mobile devices. The Antenna in Package
(AiP) design facilitated independent frequency control
across multiple frequencies and demonstrated improved
isotropic radiation power and increased antenna gain [13].

While most previous studies have focused on isolated
aspects of 5G, such as frequency band comparison,
segmentation, and beamforming, this study aims to
provide a comprehensive simulation based analysis to
evaluate a range of factors affecting network performance,
including multiple carrier aggregation and its impact on
performance metrics such as spectral efficiency and SINR,
as well as the Doppler shift and numerology. Using the
SIMUSG framework to simulate a realistic high speed
network, the study will provide new insights into how
these factors collectively affect network behavior.

III. SOME 5G TECHNOLOGIES AND CHALLENGES

A. mmWave Technology in 5G

5G NR operates within a broad frequency range of 30 to
300 GHz, commonly referred to as mmWaves, facilitating
high-speed data transmission in wireless networks [14—16].
These waves offer significant advantages, including high
data rates, enhanced bandwidth, and improved
communication security in 5G networks [17, 18]. However,
despite these benefits, mmWave signals are highly
susceptible to blockage in Non-Line-of-Sight (NLoS)
conditions and exhibit substantial path loss compared to
lower frequency bands [9, 19—21]. Considering that the
typical cell size in urban areas is approximately 200 meters,
mmWave technology can still be effectively utilized, since
it does not require long-range propagation, thereby
minimizing additional losses due to atmospheric
absorption [22].

B. Carriers Aggregation

Carriers Aggregation (CA) is a fundamental spectral
expansion technique that combines multiple carrier into a
single logical unit at the upper layers of the protocol stack.
It supports both adjacent and non-adjacent frequency
bands, including licensed and unlicensed spectrum [23].
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Initially introduced in 4G LTE-A with a maximum
aggregated bandwidth of 100 MHz, CA has been further
enhanced in 5G. According to 3GPP Release 15, 5G allows
the aggregation of up to 16 Component Carriers (CCs),

with each carrier supporting a bandwidth of up to 400 MHz,

leading to a total aggregated bandwidth of 6.4 GHz [24,

25]. There are three main types of component carrier

aggregation [26, 27]:

(1) Intra-band contiguous: Combining two or more
adjacent carriers within the same frequency band.

(2) Intra-band non-contiguous: Combining non-adjacent
carriers within the same frequency band, separated by
a frequency gap.

(3) Inter-band non-contiguous: Combining carriers from
different frequency bands.

Fig. 2 illustrates these three types. Carriers aggregation
is expected to play a crucial role in future applications,
particularly in the Internet of Things (IoT) and Artificial
Intelligence (Al), as it enhances energy efficiency and

addresses  key  challenges in  high-frequency
communication [23].
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Fig. 2. Types of carrier aggregation technology.

C. Doppler Shift

Doppler shift is a critical factor in wireless
communication,  particularly in  high  mobility
environments such as high-speed trains and aircraft
communication. It occurs due to the relative motion
between the transmitter and receiver, leading to frequency
shifts that distort signals and impact data transmission
quality [28]. The Doppler shift (fd) is mathematically
expressed as:

v
ﬁ:ECOSG

)

where v represents receiver velocity, © is the angle of the
velocity vector, and A is the wavelength of the transmitted
signal. The Doppler shift reaches its maximum value when
6 = 0, indicating that the motion is perfectly aligned with
the line of sight between the transmitter and receiver. This
relationship is depicted in Fig. 3 [29]. In modern wireless
communication systems, this effect presents a significant
challenge, as continuous frequency variations impact key
performance metrics, such as the Signal-to-Interference-
plus-Noise Ratio (SINR), particularly in systems operating
at high carrier frequencies.
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Fig. 3. Doppler shift effect.

In addition, Doppler shifts due to motion in the high
frequency mmWave bands result in rapid channel changes,
necessitating the adaptation of robust link and channel
estimation techniques to maintain reliable communication
[10, 30]. Recent studies have shown that mmWave carrier
aggregation presents unique challenges due to increased
Doppler spread, high link variability, and the need for
flexible and context-sensitive scheduling strategies [31].

D. Numerology Concept

TABLE I. NUMEROLOGIES VALUES IN 5G

n SCS (KHz) Slots per Subframe
0 15 1

1 30 2

2 60 4

3 120 8

4 240 16

5G technology is a key enabler of high speed, Ultra
Reliable, and Low-Latency Communications (URLLC), a
critical service category for various applications. To
improve scheduling efficiency and overall performance,
5G introduces advanced numerology schemes with
reduced time slots. However, selecting the appropriate
numerology based on radio conditions remains a
significant challenge, particularly in mitigating multipath
propagation effects and interference. One effective
strategy to meet URLLC’s stringent requirements is to
minimize the transmission time interval by employing
higher numerology levels. In 5G systems, numerology is
characterized by Subcarrier Spacing (SCS) and cyclic
prefix length, with SCS values ranging from 15 kHz to 240
kHz at the highest numerology level (u = 4). Table I
presents the specific values of these parameters [32, 33].

Furthermore, increased subcarrier spacing levels
enhances robustness against phase noise and Doppler
shifts, which is particularly beneficial in high mobility
environments. However, this improvement comes with
some trade-offs, including increased out-of-band
emissions and potentially reduced efficiency in stationary
or low mobility scenarios [34].
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IV. MODELING AND SIMULATION

At the beginning of this section, the simulation
methodology is presented and summarized in Table II
below:

TABLE II. SIMULATION METHODOLOGY

Component Description
using the SIMUS5G simulator, an
extension of OMNeT++

Explained in paragraph B of

Simulation Framework

System Model

ystem ode Section IV
Modeling Assumptions and Explained in Table III of
Parameters Section IV

Simulation Flow and Execution
Performance Metrics

shown in Fig. 7

SINR, Spectral Efficiency
Carrier Ordering, Doppler shift,
Numerology index, Number of
Users

Performance affecting
parameters

Following the description of the simulation
methodology, each component will be discussed in detail
as follows.

A. Simulation Framework

5G RAN 5G Core

4---->((( )))G—PH

UPFs

UE gNodeB Data Network

Fig. 4. Architecture of the data plane of a 5G cellular network.

Several programs have been developed to support 5G
network simulation. This paper utilizes SIMUSG, a
framework integrated within the OMNeT++ simulator,
which enables the simulation of various network types,
including optical, wired, and wireless networks. The
simulator operates using two primary unit types—simple
and complex—interconnected through a gateway. It offers
core simulation functions such as random number
generation and event queue management. During the
design and implementation phases, SIMU5G provides

several advanced features that facilitate accurate modeling.

The structure of a typical 5G network, as illustrated in
Fig. 4, consists of two main components: the Radio Access
Network (RAN) and the Core Network (CN). The RAN is
composed of multiple cells controlled by Base Stations
(BS), referred to as gNodeBs in 5G technology. User
devices connect to these base stations, and as users move
between cells, the connection is transferred through a
process called handoff. In the Core Network (CN), data
processing is handled by User Plane Functions (UPFs),
which link the RAN to external data networks, ensuring
efficient data transmission and user mobility [35].

In SIMUSG, the gNodeB (gNB) and the NrUe (UE) are
considered the most essential components, representing
the base station and the user, respectively. The structure of
each unit is illustrated in Fig. 5 [36].

In any scenario simulation, gNodeB and NrUe units can
be added in random numbers, except for the binder and
carrier aggregation units, which are limited to a single
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instance per scenario, regardless of the number of gNodeB
and NrUe units [35].
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Fig. 5. Structure of the NR NIC modules.

B. System Model and Assumptions

TABLE III. MODELING ASSUMPTIONS AND PARAMETERS

Components
Network architecture
Deployment Scenario

Inter-site Distance

Description
Stand-Alone (SA)
Homogeneous network
500 x 500 meters [16]

Number of gNB 1
gNB tx power 50
2NB height 25m
Use height 1.5m
Building height 20 m
User Status Mobility
Mobility Type Circle
Users speed (Kmph) 0, 220, 340, 460, 580

. Ue[0] =50, Ue[1] =200, Ue[2]
Distance from gNB (m)

=150, Ue[3] =10
Fading & Shadowing Enable
Number of CC’s 1...14

Carrier frequencies (GHz)  24.25 (12 aggregated carriers) 71

n257, 1258, n259, n260, n261,

Operating Band

n262, n263
Propagation Model Rayleigh Model
Path loss exponent 3
Fading type RAYLEIGH
Number of Bands 50, 75, 100
Application type VOIP
Numerology index 0,1,2,3,4

The system model consists of a single 5G cell with
dimensions of 500 x 500 meters, containing one base
station (gNB) positioned at the center and four users
randomly distributed within the cell. Carrier aggregation
types 2 and 3 were used to evaluate network performance.
Users are assumed to move within the cell, thus enabling
the analysis of mobility effects on signal quality, allowing
for an analysis of the impact of mobility on the received
signal through statistical evaluation. The study examines
the effect of different numerology values on mmWave
carrier aggregation technology and evaluates user
throughput under varying fading path conditions.

The model designed for this study is based on a set of
assumptions and criteria detailed in Table III, which were
selected based on 3GPP specifications and standards
adopted in scientific research to ensure realistic results.
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As for the network structure that we conducted the study
on in the SIMUSG simulator, it is shown in Fig. 6, where
the locations of the base station and the distribution of
users.
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Fig. 6. Simulated scenario in SIMUS5G with 1 gNB, 4 users, and other
5G network controls.

Initialization
Inter-site Distance=500 x 500
Propagation Model & fading_type=
RAYGHLEY
path loss exponent = 3, gNB = 1
gNBTxPower = 50, num Ue =4
Locate the gNB and users, app.name = VoIP

+ Yes

The network is running to test its No
operation and detect errors.

* Yes

Add carrier aggregation technique and compare
SINR at path loss exponent = 3 and return the No
results after changing the carrier sequence.

* Yes

numerology index = 3, number of carrier=10,

numBands = 75 and move the users in a circular No
motion to study the effect of Doppler shift.
* Yes
Change the value of numerology index from No

0 to 4 and note its effect on the SINR.

+ Yes

Under the same conditions, we begin to N
. . o
increase the number of users in the network
to study the effect of this on SINR.

Fig. 7. Work steps flowchart.

The main work steps followed in this study are shown
in the flowchart shown in Fig . 7.

V. RESULTS AND DISCUSSION

To evaluate the impact of mmWave technology and
Carrier Aggregation (CA) on spectral efficiency, we
conducted extensive simulations under various network
configurations. The following sections present the results
and insights derived from these simulations.

A. Baseline Network Scenario

First, we clarify the network behavior and SINR values
for each user without using carrier aggregation or
mmWaves technology, relying on the same network
parameters to study the impact of both technologies on
network performance when they are employed.

When the network was operational, the SINR rates were
as shown in the Fig. 8.

SINR (dB)

User0 User1 User2 User3

Fig. 8. SINR rates per user in the network before switching on using CA
and mmWave technologies.

Furthermore, the impact of SINR on spectral efficiency
(bps/Hz) was evaluated using the Shannon capacity
formula:

Spectral Efficiency = log, (1 + SINR) (2)

The rate in this network was 4.8 bit/s/Hz when the
network using the two technologies mentioned above.

In the next step, the network will be operated with the
addition of these two technologies to study their impact on
its performance indicators, as follows:

B. Impact of Carrier Aggregation on SINR

The selection of carrier frequencies in carrier
aggregation technology within 5G networks is not
arbitrary; rather, it depends on network conditions and the
availability of frequency bands. In this study, The selected
frequencies aim to optimize SINR and improve bandwidth
utilization efficiency. The number of aggregated carriers
was increased from 2 to 14, with their respective
frequencies detailed in Table IV.

Initially, the number of carriers was increased from 2 to
14, with mmWave frequencies were arranged according to
3GPP specifications [37], as detailed in Table IV. The
selection of multiple carriers balances simulation
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complexity with the need to analyze performance under
increased aggregation levels within the FR2 band. The
impact of carrier aggregation on SINR was evaluated
under different configurations, with Numerology set to
3—reflecting the practical bandwidth distribution
associated with millimeter wave spectrum [38, 39] and
Path Loss Exponent of 3, while varying numBands from
50, 75 to 100 This ensures that each carrier has sufficient
bandwidth to realistically represent high capacity
millimeter wave communications. The corresponding
SINR variations are illustrated in Fig. 9.

TABLE IV. CARRIER AGGREGATION FREQUENCIES

Freq. Freq.
CA Gy A (GHy
1 26.5 8 40
2 29.5 9 28.35
3 24.25 10 47.2
4 27.5 11 48.2
5 39.5 12 57
6 43.5 13 71
7 37
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Fig. 9. Average SINR with increasing carrier numbers.

It is important to note that Carrier 1 (28 GHz) was
designated as the primary carrier, serving as the SINR
reference baseline. The total SINR at the receiver for
carrier aggregation is computed as follows:

SINRc4 = Yr¢, SINR, (3)

SINRc4: Total SINR ratio resulting from the
combination of multiple carriers in dB.

SINRy: Single carrier SINR.

K: Carrier Index.

N¢: Number of carriers.

where the SINR per carrier is given by:

“

P x: Received power per carrier in Watts, which varies
depending on user locations.

Ii: To interfere with the output from other adjacent
racks or channels surrounding the rack in Watts.

N: Tt is a constant white Gaussian noise added during
transmission time in Watts.

Ps,k
I +N
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Assuming the total transmission power is equally
distributed among carriers, the received power per carrier
is expressed as:

Psj = PLG,G, (2k)?

c

)

P Is the total transmitted power in Watts.
G, G, Are the constant gains of transmission and
reception antenna.

/1k=fi is the wavelength of carrier frequency fx in meter.
k

fx: Carrier frequency k, in Hz.
d: Is the distance between transmitter and receiver, and
it varies from one user to another in meters in meter.
The impact of carrier arrangement on path loss follows
the Friis’ transmission Eq. (6):

Lk =20 lOg10 d+ 20 l0g10 fk + 20 loglo(‘l-Tn) (6)

Lg: Path loss at frequency fx in dB.

C: Speed of light in a vacuum is approximately 3 x 108

m/s.

Impact of Carrier Ordering on SINR and Spectral
Efficiency

The simulation results indicate that arranging lower
frequency carriers first minimizes path loss, thereby
enhancing overall signal fidelity. This finding is consistent
with theoretical expectations, where higher frequency
carriers are more susceptible to attenuation. Furthermore,
the impact of Signal to interferance ratio on throughput per
Hz was evaluated using the Shannon capacity formula
shown in Eq. (2).

The results show that the spectral efficiency, as shown
in Fig. 10, increases with the addition of new carriers
according to the order in Table IV, but after a certain
number of additions, the signal quality begins to
deteriorate due to the reduction in the power of each carrier,

increased interference between carriers, and the
appearance of high frequency effects.
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Fig. 10. Shows the spectral efficiency of the sequence.1 using
different numBads.

In Fig. 10, the bandwidth utilization efficiency initially
increased as the bandwidth expanded, which aligns with
the SINR variations shown in Fig. 9. This ratio improved
by 13%, 14.4%, and 15.2%, when the number of frequency
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bands was set to 50, 75, and 100 respectively. However, as
the number of carriers increased, and higher frequency
carriers (such as 57 GHz and 71 GHz) were gradually
introduced, attenuation effects became more significant.
This resulted in greater signal degradation over long
distances, reduced signal quality, and increased carrier
interference. The improvement rates decreased to 7.5%,
12%, and 13% at 14 carriers, as shown in Fig. 11. The
figure presents the SINR values per user when the number
of frequency bands was 75, and the number of carriers was
14.

When the number of bands was reduced to 50, the initial
SINR was relatively low. However, as the carrier count
and overall bandwidth increased, the ratio improved by
approximately 23.9%.

80

SINR (dB)

User0

User1 User2

Users

User3

—

. 11. SINR for each user and its value depends on the distance
between the user and the base station.
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== numBands=100
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48
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42+
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Number of Carrier

4 5

Fig. 12. SINR improvement is shown with variable carrier sequence
and for different values of numBands.

In the next step, a heuristics-based approach was used,
modifying the frequency allocation order, prioritizing
frequencies below 40 GHz before introducing higher
frequencies, and measuring signal quality as a new carrier
was added. This modification affected the signal to noise
values due to varying levels of attenuation and interference
across the different frequency bands, with improvements
of 43%, 44%, and 46% for 14 carriers. As shown in Fig.
12, This change resulted in significant differences in SINR
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trends, highlighting the impact of frequency selection
strategies on system performance.

Fig. 13 shows the trend of spectral efficiency at
numbands = 50, 75, 100 derived from the SINR values
shown in Fig. 12 when the carrier order was changed.

As observed, spectral efficiency follows a similar
pattern to SINR variations, indicating a direct relationship
between signal quality and bandwidth utilization. The
impact of different frequency band allocations on system
performance is also evident in the trends shown, with
improvements of 15.9%, 18%, and 19.9% at 14 carriers.

!

58

‘ ====:numBands=50
======: numBands=75
~====:numBands=100

6.75

5.7

5.65

56

6.55 -

55
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Fig. 13. Increased spectral efficiency rates for Sequence.2.

A comparison between the SINR values of the first and
second frequency sequences revealed, as shown in Fig. 14,
it was observed that the second sequence achieved a 12.11%
higher rate. This improvement is attributed to the strategic
arrangement of frequencies: lower frequencies were
prioritized to enhance coverage and mitigate attenuation,
while higher frequencies were introduced later to increase
capacity for nearby users. Since higher frequencies suffer
from greater attenuation over long distances, this ordering
helped optimize signal quality and system performance.

!

54

======: Sequence1
=== Sequence2

52

50

48

SINR (dB)

46
O T TR o 1 SR u

44t

42

40

6 7 8 9 10 11 12 13 14
Number of Carrier
Fig. 14. The SINR of the second order carrier network is improved

compared to the first order carrier network.

The comparison of spectral efficiency improvement
between the two frequency sequences is presented in
Fig. 15. The results highlight the impact of frequency
arrangement on overall efficiency, demonstrating how
prioritizing lower frequencies enhances coverage, while
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incorporating higher frequencies increases capacity for
nearby users.

f

5.75

5.7

P

5651 T
56
5.55

55

Spectral Efficiency (bps/Hz)

5.45

54

7t 8 9
Number of Carrier

Fig. 15. The spectral efficiency of the second order carriers is
significantly improved compared to the first order.

By comparing the network spectral rates shown in Fig.
10 and 12 with their rates before using the two
technologies, a significant improvement in bandwidth
utilization efficiency was observed at various rates,
reaching 14% and 18% at 10 carriers for the first and
second sequences, respectively, and 12% and 22% when
reaching 14 carriers.

D. Doppler Shift Effect

To analyze the impact of Doppler shift on average user
signal quality, user speeds were gradually increased from
0 to 580 km/h, considering the high mobility scenarios in
5G networks. The experiment was conducted four times
for each speed, and the average SINR was calculated. The
results, shown in Fig. 16, indicate a clear decrease as the
user's speed increases.

56

52

~~~~~

50

SINR (dB)

‘‘‘‘‘

48t

46

200 300 400 500 580
User Speed (Kmph)

100

Fig. 16. The Doppler shift has a negative effect on the SINR of mobile
phone users, and the effect increases with increasing user speed.

Doppler shift arises from relative motion between the
transmitter and receiver, causing, frequency variation, as
described by Eq. (1). As user speed increases, the Doppler
shift worsens the signal to noise ratio due to frequency
shifts that are proportional to the relative speed between
the transmitter and receiver in OFDM based systems such
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as 5G. These shifts introduce time shifts within the channel
coherence time, leading to a loss of orthogonality between
adjacent subcarriers, causing inter carrier interference
(ICI). his is common at high speeds, especially in the
millimeter range, where high frequencies and a wide
Doppler range (Ipoppier) lead to a deterioration in the
SINRpoppler, as shown in the simulation results in this paper.
This deterioration is demonstrated in the simulation results
of this paper, as expressed in Eq. (7) [40]:
SINRDoppler = IDoppTﬁ (7)

SINRpoppler: Represents additional interference caused
by Doppler shift.

Ipoppier: Interference caused by Doppler spread shift in
Watts.

I: Any other type of interference, such as interference
between cells in Watts.

N: Thermal noise in Watts.
As demonstrated in the simulation results. Specifically,
SINR decreased by 10% when the user speed increased
from 0 to 580 km/h. Additionally, this degradation in
signal quality resulted in a significant 2.8% decrease in
throughput per Hz, as illustrated in Fig. 17.
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Fig. 17. Effect of doppler shift on spectral efficiency.

One way to mitigate the Doppler effect is to use a higher
numerology index. This increases the spacing between
subcarriers, which reduces the symbol duration (Ts). The
system becomes less sensitive to frequency changes during
this duration, mitigating the ICI effect. The results show
that the Doppler effect is rather low using a high value of
the numerology index.This effect can also be mitigated
through beamforming, using narrow beams that
concentrate the signal energy and thus reduce angular
spread. Adaptive modulation and coding (AMC) methods
can also be used.

E. Numerology Effect

To analyze the impact of numerology on spectral use
and signal fidelity, we varied the numerology index (u)
from 0 to 4, which directly influences subcarrier spacing
(Af), bandwidth, and ultimately spectral efficiency. The
analysis was conducted under the best conditions observed,
with numBands = 75, number of carriers = 10. and Path
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Loss Exponent = 3, using the second frequency sequence.
The results are presented in Fig. 18.

In5G  networks, Numerology defines

spacing (Af), as expressed in Eq. 8 [41]:
Af = 2" X 15KHz ®)
o Af: Subcarrier Spacing in Hz.
e | Numerology Index.
e 15KHz: Standard base distance between subcarriers in
LTE and 5G.

where p is the numerology index. This parameter directly

affects symbol duration (7;), which decreases
as p increases, as given (T; = % ). From Fig. 18, it is

subcarrier

evident that SINR improves significantly as y increases
from 0 to 4. The improvements in SINR were recorded as
13.3%, 19.6%, 20.6%, and 21.4%, respectively. These
enhancements are attributed to the increased bandwidth,
reduced symbol duration, and lower temporal interference
between subcarriers, resulting in bandwidth utilization
efficiencies increases of 3.1%, 4.4%, 4.7%, and 5%, as
illustrated in Fig. 19. In general, the choice of numerology
value depends on network requirements. Higher values of
u are well suited for low latency applications, while lower
values are beneficial for wider coverage in high
interference environments.
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Fig. 18. The average SINR of the system increases with increasing
numerology when using CA technique.
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F. Effect Number of Users

As the number of users in the network increases, the
average signal fidelity tends to decrease. This is primarily
due to factors such as increased inter user interference
(IUI). The IUI is mathematically expressed in Eq. (9) [42]:

ot = 2k BGiGag)? ©)

Iy Inter User Interference in Watts.

J: Interfering user in Watts.

U: Number of overlapping users.

P;: Power transmitted by user number j in Watts.

G;: Antenna Gain between the user j and the intended
receiver.

A: Wavelength of the signal in meter.

d;: The distance between the base station and the user in
meters varies depending on the users locations.

4m: Friis transmission formula.

As U increases, the available power and bandwidth per
user decrease, leading to a reduction in SINR. For example,
when the number of users reaches 20, it decreases by 51%
compared to when the number of users = 4, as shown in
Fig. 20. Therefore, the bandwidth utilization efficiency
also decreases by 17.2% as the number of users increases,
as illustrated in Fig. 21. This highlights the trade off
between user density and network performance in terms of
radio performance.
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Fig. 20. SINR decreases with increasing number of users.
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VI. CONCLUSION

Among the key 5G technologies that have significantly
improved radio performance are millimeter wave and
carrier aggregation, provided the appropriate frequency
bands are chosen and arranged correctly. When operating
the network using both technologies, the number of bands
(numBands) was set to 50, 75, and 100, and the number of
carriers ranged from 1 to 14. The spectral efficiency
improves by 14.2% and 16% for the first and second
sequences, respectively, when reaching 10 -carriers.
However, it subsequently declines to 10.8% with the
addition of new carriers for the first sequence and

continues to increase by up to 18% for the second sequence.

Thus, carrier arrangement played a crucial role; by
arranging carriers based on adjacent frequency bands,
rather than absolute frequency values, attenuation was
reduced, resulting in improved performance. Furthermore,
when numBands is equal to 75 and path loss exponent is
equal to 3, increasing user speed from 0 to 580 km/h
resulted in a 10.3% decrease in SNR, resulting in a 2.8%
decrease in spectral efficiency. However, adjusting the
numerology index from 0 to 4 had a positive impact on
signal quality due to the accompanying bandwidth
adjustment, resulting in a 21.4% improvement in signal
quality and a 5% improvement in throughput per Hz at
numerology = 4. On the other hand, as the number of users
increased, the signal quality was decreased by 51%,
confirming the impact of Inter-User Interference (IUI) on
network performance.

This study provides valuable insights into the carrier
aggregation technique for mmWave aggregation and its
role in improving the SINR and spectral efficiency in
standalone 5G networks. It is important to acknowledge
some of the inherent limitations of simulation-based
analyses. For example, the use of idealized propagation
models and controlled mobility patterns was simplifies
some of the real-world complexity. However, these
controlled conditions enable us to isolate and understand
the specific effects of key parameters with high accuracy,
something that is often challenging in field measurements.

In conclusion, our results provide practical guidelines
for frequency band selection and arrangement and
demonstrate the effects of mobility and interference on
network performance. Based on the results was
demonstrated, future work could expand the simulation
framework to include more diverse network topologies,
heterogeneous environments, and advanced mobility
scenarios to enhance the validity and generalizability of
the results. Furthermore, exploring multi-band aggregation
techniques that integrate low and high frequency carriers,
as well as interference management strategies, in addition
to combining combining these two techniques with other
techniques for enhancing radio performance and network
robustness. Overall, this work establishes a solid
foundation and provides a comprehensive analysis that can
guide both simulation-based research and practical 5G
network design.
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