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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. 

Keywords—carrier aggregation, mmWave, SIMU5G, 

spectral efficiency, doppler shift 

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 

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]. 

Fig. 1. Innovations future of 5G. 

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 IV 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 5G 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]. 

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 
SIMU5G 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 (AI), as it enhances energy efficiency and 
addresses key challenges in high-frequency 
communication [23]. 

 

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: 

 fd  =  
𝑉

𝜆
 cos 𝜃  (1) 

where ν represents receiver velocity, Ѳ is the angle of the 
velocity vector, and λ is the wavelength of the transmitted 
signal. The Doppler shift reaches its maximum value when 
θ = 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. 

 
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 

μ 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 (μ = 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 

Simulation Framework using the SIMU5G simulator, an 
extension of OMNeT++ 

System Model Explained in paragraph B of 

Section IV 

Modeling Assumptions and 
Parameters 

Explained in Table III of 
Section IV 

Simulation Flow and Execution shown in Fig. 7 

Performance Metrics SINR, Spectral Efficiency 

Performance affecting 
parameters 

Carrier Ordering, Doppler shift,  
Numerology index, Number of 

Users 

 
Following the description of the simulation 

methodology, each component will be discussed in detail 
as follows. 

A. Simulation Framework 

 
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 SIMU5G, 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 SIMU5G, 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 

instance per scenario, regardless of the number of gNodeB 
and NrUe units [35]. 

 

 
Fig. 5. Structure of the NR NIC modules. 

B.  System Model and Assumptions 

TABLE III. MODELING ASSUMPTIONS AND PARAMETERS 

Components Description 

Network architecture Stand-Alone (SA) 

Deployment Scenario Homogeneous network 

Inter-site Distance 500 × 500 meters [16] 

Number of gNB 1 

gNB tx power 50 

gNB height 25 m 

Use height 1.5 m 

Building height 20 m 

User Status Mobility 

Mobility Type Circle 

Users speed (Kmph) 0, 220, 340, 460, 580 

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

=150 , Ue[3] =10 

Fading & Shadowing Enable 

Number of CC’s 1…14 

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

Operating Band 
n257, n258, n259, n260, n261, 

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 × 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. 

Ip2 LTE 

NR Pdcp 

NR Rlc 

NR Nic gNB 

X2Manager 

NR Mac 

Channel 

Model 
NR Phy 

Ip2 LTE 

NR Pdcp 

NR Rlc LTE Rlc 

NR MAC LTE MAC 

NR Phy LTE 
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Channel 

Model 

NR Nic Ue 

552

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



As for the network structure that we conducted the study 
on in the SIMU5G simulator, it is shown in Fig. 6, where 
the locations of the base station and the distribution of 
users. 

Fig. 6. Simulated scenario in SIMU5G with 1 gNB, 4 users, and other 

5G network controls. 

 

 
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. 

 

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 = 𝑙𝑜𝑔2(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 

Start 

The network is running to test its 
operation and detect errors. 

 

Initialization  

Inter-site Distance=500 × 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 

Change the value of numerology index from 

0 to 4 and note its effect on the SINR. 

numerology index = 3, number of carrier=10, 
numBands = 75 and move the users in a circular 

motion to study the effect of Doppler shift.  

Add carrier aggregation technique and compare 

SINR at path loss exponent = 3 and return the 
results after changing the carrier sequence. 

Under the same conditions, we begin to 

increase the number of users in the network 
to study the effect of this on SINR. 

No 
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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 

CA 
Freq. 

(GHz) 
CA 

Freq. 

(GHz) 

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   

 
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: 

 𝑆𝐼𝑁𝑅𝐶𝐴 = ∑ 𝑆𝐼𝑁𝑅𝑘
𝑁𝑐
𝑘=1   (3) 

• SINRCA: Total SINR ratio resulting from the 

combination of multiple carriers in dB. 

• SINRk: Single carrier SINR. 

• K: Carrier Index. 

• Nc: Number of carriers. 

where the SINR per carrier is given by: 

 SINRK =
Ps,k

Ik+N
           (4) 

• Ps,k: Received power per carrier in Watts, which varies 

depending on user locations. 

• Ik: To interfere with the output from other adjacent 

racks or channels surrounding the rack in Watts. 

• N: It is a constant white Gaussian noise added during 

transmission time in Watts. 

Assuming the total transmission power is equally 

distributed among carriers, the received power per carrier 

is expressed as: 

 𝑃𝑠,𝑘 = 𝑃𝑡
𝑁𝑐

𝐺𝑡𝐺𝑟( 𝜆𝑘
4𝜋𝑑

)2  (5) 

• Pt: Is the total transmitted power in Watts. 

• Gt, Gr: Are the constant gains of transmission and 

reception antenna. 

• 𝜆𝑘=
𝑐

𝑓𝑘
 is the wavelength of carrier frequency fK in meter. 

• fK: 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 𝑙𝑜𝑔10 𝑓𝑘 + 20 𝑙𝑜𝑔10(4𝜋

𝑐
) (6) 

• LK: Path loss at frequency fK in dB. 

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

m/s. 

C. 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. 

 

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%. 

 

Fig. 11. SINR for each user and its value depends on the distance 

between the user and the base station. 

 

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 

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. 

 

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. 

 

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. 

 

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.  

 

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 

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 (IDoppler) lead to a deterioration in the 

SINRDoppler, 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 = Ps
IDoppler+I+N

        (7) 

• SINRDoppler: Represents additional interference caused 

by Doppler shift. 

• IDoppler: 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. 

 

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 (𝜇) 

from 0 to 4, which directly influences subcarrier spacing 

(Δ𝑓), 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. 

In 5G networks, Numerology defines subcarrier 

spacing (∆𝑓), as expressed in Eq. 8 [41]: 

 ∆f = 2μ × 15KHz (8) 

• ∆f: Subcarrier Spacing in Hz. 

• μ: Numerology Index. 

• 15KHz: Standard base distance between subcarriers in 

LTE and 5G. 

where 𝜇 is the numerology index. This parameter directly 

affects symbol duration (Ts), which decreases 

as 𝜇  increases, as given (𝑇𝑠 = 1

∆𝑓
 ). From Fig. 18, it is 

evident that SINR improves significantly as 𝜇 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 

𝜇 are well suited for low latency applications, while lower 

values are beneficial for wider coverage in high 

interference environments. 

 

Fig. 18. The average SINR of the system increases with increasing 

numerology when using CA technique. 

Fig. 19. Improved spectral efficiency rates in the network due to 

increased numerology index. 

 

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]: 

 IIUI = ∑ PjGj(
λ

4πdj
)2U

j=1  (9) 

𝐼𝐼𝑈𝐼: Inter User Interference in Watts. 

J: Interfering user in Watts. 

U: Number of overlapping users. 

Pj: Power transmitted by user number j in Watts. 

Gj: Antenna Gain between the user j and the intended  

receiver. 

λ: Wavelength of the signal in meter. 

dj: The distance between the base station and the user in 

meters varies depending on the users locations. 
4𝜋: 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. 

 

Fig. 20. SINR decreases with increasing number of users. 

 

Fig .21. SE is affected by the increase in the 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. 

CONFLICT OF INTEREST 

The authors declare no conflict of interest.  

AUTHOR CONTRIBUTIONS 

Zuhor M. Ismail wrote the paper and produced its 

results; Saad A. Ayoob contributed to the methodology, 

supervision of the paper, review of the results, and 

correspondence to the journal; both authors had approved 

the final version. 

 REFERENCES 

[1] Y. P. Hong, I. J. Hwang, D. J. Yun, D. J. Lee, and I. H. Lee, “Design 

of single-layer metasurface filter by conformational space 

annealing algorithm for 5G mm-Wave communications,” IEEE 
Access, vol. 9, pp. 29764–29774, 2021. 

[2] F. Gomez-Cuba, T. Zugno, J. Kim, M. Polese, S. Bahk, and M. 

Zorzi, “Hybrid beamforming in 5G mmWave networks: A full-

stack perspective,” IEEE Trans. Wirel. Commun., vol. 21, pp. 

1288–1303, 2022. 
[3] M. I. Magray, G. S. Karthikeya, K. Muzaffar, S. K. Koul, and A. H. 

Moon, “Wideband asymmetric coplanar strip fed antennas with 

pattern diversity for mmWave 5G base stations,” IEEE Access, vol. 
8, pp. 77482–77489, 2020. 

[4] H. A. Alsawaf and S. A. Ayoob, “Optimized wideband 

beamforming for mm-wave communication systems with 
intelligent reflecting surfaces,” Journal of Communications 

Software and Systems, vol. 20, pp. 350–360, 2024. 

[5] S. A. Ayoob, F.S. Alsharbaty, and A. N. Hammodat, “Design and 
simulation of high efficiency rectangular microstrip patch antenna 

using artificial intelligence for 6G era,” Telkomnika 

Telecommunication Computing Electronics and Control, vol. 21, 
no. 6, 2023, pp. 1234–1245. 

[6] Nidhi, B. Khan, A. Mihovska, R. Prasad, and F. J. Velez, “A study 

on cross-carrier scheduler for carrier aggregation in beyond 5G 
networks,” in Proc. 2022 3rd URSI Atl. Asia Pacific Radio Sci. 

Meet., 2022. 

[7] B. J. Qeryaqos and S. A. Ayoob, “Optimizing the signal-to-noise 
ratio using the virtual line of sight and choosing the appropriate 

dimensions,” Int. Journal of Electronics and Telecommunications, 

vol. 70, no. 4, pp. 909–914, 2024. doi: 10.24425/ijet.2024.152077 
[8] M. Pagin, F. Agostini, T. Zugno, M. Polese, and M. Zorzi, 

“Enabling RAN slicing through carrier aggregation in mmWave 

cellular networks,” in Proc. 2020 Mediterr. Commun. Comput. 
Netw, 2020, vol. 20. 

[9] P. U. Adamu and M. L. Benitez, “Performance evaluation of carrier 

aggregation as a diversity technique in mmWave bands,” in Proc. 
IEEE Veh. Technol. Conference, 2021, pp. 1–5. 

[10] M. S. Khan, C. H. Park, J. Joung, and Y. S. Cho, “Doppler-tolerant 

sequence design for positioning high-speed vehicles in millimeter-
wave cellular systems,” Veh. Commun., vol. 30, 2021. 

[11] T. K. Kim, “Effective beamforming technique for carrier 

aggregation of millimeter wave,” Asia-pacific J. Converg. Res. 
Interchang., vol. 5, pp. 21–30, 2019. 

[12] A. M. Hamed and R. K. Rao, “Spectral and energy efficiencies in 

mmWave cellular networks for optimal utilization,” Wirel. 
Commun. Mob. Comput., vol. 1, 2018. 

[13] J. Choi, D. Choi, J. Lee, W. Hwang, and W. Hong, “Adaptive 5G 

architecture for an mmWave antenna front-end package consisting 
of tunable matching network and surface-mount technology,” IEEE 

Trans. Components, Packag. Manuf. Technol., vol. 10, pp. 2037–

2046, 2020. 
[14] A. Thantharate, C. Beard, and S. Marupaduga, “A thermal aware 

approach to enhance 5G device performance and reliability in 

mmWave networks,” in Proc. 2020 Int. Symp. Networks, Comput. 
Commun. ISNCC 2020, 2020, pp. 20–24. 

[15] V. R. Gannapathy, R. Nordin, N. F. Abdullah, and A. Abu-Samah, 
“A smart handover strategy for 5G mmWave dual connectivity 

networks,” IEEE Access, vol. 11, pp. 134739–134759, 2023. 

[16] R. A. Abed and S. A. Ayoob, “Millimeter wave beams coordination 
and antenna array height effect,” AIP Conference Proceedings, vol. 

1, 2023. 

[17] R. A. Abed and S. A. Ayoob, “A proposed method to coordinate 
mmWave beams based on coordinated multi-Point in 5G networks,” 

J. Commun., vol. 17, pp. 925–932, 2022. 

[18] S. S. Sarma and R. Hazra, “Pathloss attenuation analysis for D2D 
communication in 5G mmWave networks,” in Proc. Int. 

558

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



Conference Adv. Commun. Technol. Signal Process, ACTS, 2020, 

pp. 1−6. 

[19] R. Poorzare and O. P. Waldhorst, “Toward the implementation of 
MPTCP over mmWave 5G and beyond: Analysis, challenges, and 

solutions,” IEEE Access, vol. 11, pp. 19534–19566, 2023. 

[20] B. J. Qeryaqos and S. A. Ayoob, “Proposed multiple reconfigurable 
intelligent surfaces to mitigate the inter-user-interference problem 

in NLOS,” Journal of Communications Software and Systems, vol. 

20, pp. 245–252, 2024. 
[21] B. J. Qeryaqos and S. A. Ayoob, “Improving SINR with smart RIS 

solutions: Exploring optimal dimensions and sizes,” International 

Journal of Microwave and Wireless Technologies, pp. 1–10, 2025.  
[22] T. S. Rappaport et al., “Millimeter wave mobile communications 

for 5G cellular: It will work!” IEEE Access, vol. 1, pp. 335–349, 

2013. 
[23] J. Zhang, C. Yang, Z. Liu, Z. Chen, and L. Zheng, “On the 

performance of non-contiguous carrier aggregation in presence of 

subspectral errors,” IET Commun., vol. 17, pp. 1103–1117, 2023. 
[24] M. I. Nashiruddin, P. A. Fadhila, N. M. Adriansyah, M. A. Nugraha, 

and P. Rahmawati, “Implementing carrier aggregation on 4G long 

term evolution-advanced network in a dense urban area: A techno-
economic assessment,” J. Commun., vol. 18, pp. 357–368, 2023. 

[25] M. A. Fernandes, P. A. Loureiro, B. T. Brandão, A. L. Riesgo, F. P. 

Guiomar, and P. P. Monteiro, “Multi-carrier 5G-compliant DML-
based  transmission enhanced by bit and  power loading,” IEEE 

Photonics Technology Letters, vol. 32, pp. 737–740, 2020. 

[26] M. I. Nashiruddin, P. A. Fadhila, N. M. Adriansyah, I. Ginting, M. 
A. Nugraha, and P. Rahmawati, “Business sensitivity options of 

carrier aggregation strategies: A simulation model for 4G 

deployment in emerging countries,” TEM J., vol. 12, pp. 2088–2100, 
2023. 

[27] S. E. Mahdimahalleh, “Optimizing scheduling techniques for 

enhanced carrier aggregation in LTE-advanced networks,” 

European Journal of Electrical Engineering and Computer Science, 

vol. 8, 2024. 

[28] Y. Handa, H. Hayakawa, R. Tanaka, K. Tamura, J. Cha, and C. J. 
Ahn, “Maximum doppler shift identification using decision 

feedback channel estimation,” Electron., vol. 13, 2024. 
[29] H. A. Alsawaf and S. A. Ayoob, “Compressive channel estimation 

for hybrid passive/Active IRS-assisted mm-Wave MIMO systems,” 

Journal of Communications, vol. 20, no. 2, pp. 166−175, 2025. 
[30] M. S. Khan, C. H. Park, J. Joung, and Y. S. Cho, “Doppler-tolerant 

sequence design for positioning high-speed vehicles in millimeter-

wave cellular systems,” Veh. Commun., vol. 30, 2021. 

[31] Q. Li, Z. Zhang, Y. Liu, Z. Tan, C. Peng, and S. Lu, “CA++: 

Enhancing carrier aggregation beyond 5G,” in Proc. Annu. Int. 

Conference Mob. Comput. Networking, MOBICOM, 2023, pp. 61–
74. 

[32] A. E. Duranay, E. Memisoglu, B. Ozbakis, and H. Arslan, “Phase 

rotation approach with mixed-numerology architecture for papr 
reduction in 5G and beyond,” IEEE Access, vol. 11, pp. 48113–

48122, 2023. 

[33] A. B. Kihero, M. S. J. Solaija, and H. Arslan, “Inter-numerology 
interference for beyond 5G,” IEEE Access, vol. 7, pp. 146512–

146523, 2019. 

[34] J. Napoli, “5G numerologies assessment for URLLC in industrial 
communications,” Dev. Mark. Sci. Proc. Acad. Mark. Sci., 2015.  

[35] G. Nardini, D. Sabella, G. Stea, P. Thakkar, and A. Virdis, 

“SiMu5G–An OMNeT++ library for end-to-end performance 
evaluation of 5G networks,” IEEE Access, vol. 8, pp. 181176–

181191, 2020. 

[36] G. Nardini, G. Stea,  A. Virdis, and D. Sabella, “Simu5G: A system-
level simulator for 5G networks,” in Proc. Conference: Simultech, 

2020, pp. 68−80. 
[37] Index. [Online]. Available: https://www.3gpp.org/ 
[38] H. Bing et al., “Efficient doppler mitigation for high-speed rail 

communications,” in Porc. 2016 18th International Conference on 

Advanced Communication Technology (ICACT), 2016, pp. 634–
638. 

[39] E. Dahlman, S. Parkvall, and J. Sköld, 5G NR: The Next Generation 

Wireless Access Technology, Academic Press, 2020, pp. 115−125. 
[40] A. Goldsmith, Wireless Communications, Cambridge University 

Press, USA, 2005, ch. 6. 

[41] I. Iskandar and R. Galih, “Carrier aggregation technique to improve 
capacity in LTE-advanced network,” Telkomnika 

Telecommunication Comput. Electron. Control., vol. 14, p. 119, 

2016. 

[42] T. T. Oladimeji, P. Kumar, and N. O. Oyie, “Propagation path loss 

prediction modelling in enclosed environments for 5G networks: A 

review,” Heliyon, vol. 8, 2022. 

 

Copyright © 2025 by the authors. This is an open access article 
distributed under the Creative Commons Attribution License which 

permits unrestricted use, distribution, and reproduction in any medium, 

provided the original work is properly cited (CC BY 4.0)

 

559

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

https://creativecommons.org/licenses/by/4.0/



