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The exponential growth of Internet of Things (IoT) applications places
unprecedented demands on current 5G communication networks. Existing 5G
systems often lack advancedmultiple inputmultiple output (MIMO) transmission
capabilities and fall short in delivering high data rates, wide bandwidth, and ultra-
low latency. To overcome these limitations, integrating emerging optical and
wireless technologies is essential. This study proposes a hybrid communication
framework that integrates wavelength division multiplexing (WDM)-based
MIMO with radio over fiber (RoF) technology. Additionally, offset quadrature
amplitude modulation (OQAM)-based multicarrier signals are employed to
enhance the robustness of the MIMO transmission. The system performance
is evaluated using data signals of 119 Gbps and 132 Gbps across a 3×3 MIMO
configuration with antennas of varying polarization characteristics. Quantitative
simulations confirm the proposed system’s capability to support high-capacity
data transmission while maintaining low latency. The integrated WDM-MIMO-
RoF framework demonstrates strong scalability and improved spectral efficiency
compared to conventional 5G architectures. The findings validate the potential
of combining WDM, MIMO, and RoF technologies to address the limitations of
current 5G systems. This integrated approach paves the way for next-generation
communication networks, offering promising directions for future research and
deployment in high-demand IoT environments.

KEYWORDS

MIMO based QAM multicarrier transmissions, WDM based MIMO, 5G communication
system, WDM based MIMO-RoF link, RoF (radio over fiber)

1 Introduction

The combination of a high frequency band-based fiber and a wireless communication
system (WCS) is as regarded a promising solution for future 5G mobile communication
networks [1]. Furthermore, with a cost-effective framework, this integrated mechanism of
fiber andWCShas improved the flexibility, reliability, and capacity of 5Gmobile signals.This
methodology has also been used in the deployment of new radio (NR) access technology
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with high frequency bands [2–5]. In fiber-based WCS, fiber links
provide mobile fronthaul services, while wireless links provide
NR access. As a result, the combined fiber and WCS design
will suffice to reduce costs and simplify antenna sites, latency,
and power consumption for dense small cell networks. This
phenomenon (fiber-WCS) allows for large multiple input multiple
output (MIMO) radio signal transmission [6–9]. Several studies
on fiber-WCS have been conducted to adjust future 5G mobile
communication demands [10–13]. investigate wavelength division
multiplexing (WDM) based intermediate frequency over fiber
(IFOF) models for signal transmission scalability. However, due to
electrical signal upconversion, the antenna complication is recorded
in these models. Second, the system is influenced by electric mixers
and signal-to-signal beat interference. To avoid these issues, the
radio over fiber (RoF) and WCS joint system can be used. The
RoF system offers several key advantages that make it an essential
enabler for future 5G networks. Firstly, it allows centralized signal
processing and remote antenna deployment, significantly reducing
operational and infrastructure costs. RoF also supports ultra-
wide bandwidth and low-loss transmission over long distances,
which enhances signal quality and extends network coverage. Its
immunity to electromagnetic interference and ease of integration
with optical fiber infrastructure further enable seamless delivery
of high-frequency radio signals, supporting high data rate and
low-latency communication requirements critical for dense small
cell deployments in 5G. However, due to polarization division
multiplexing (PDM)-based RoF links, the MIMO size in current
studies was limited to 2× 2. [14] researchers used the D band
range to test a 4× 4 MIMO based photonics wireless model. The
authors, on the other hand, used four wireless links in parallel
with no interference between radio signals. As a result, realizing
a full MIMO fiber-based WCS is a highlighted challenge because
radio signal interference causes fast and independent fluctuations in
carrier frequency. Using coherent optical self hetrodyne procedures,
this paper combines RoF technology with a 3× 3 WDM MIMO
system. With simple demodulation and synchronization, this model
produces low phase noise and a stable carrier frequency for
each MIMO signal. End-to-end 3× 3 MIMO signal propagation
is achieved by combining two RoF models, which include PDM
transmissions. A paper [15], discussed an alternate technique,
polarization divisionmultiplexing (PDM), to transmit a 2 × 2MIMO
signal at 60 GHz. The method uses a dual-tone laser source that
supplies two independent dual-drive Mach-Zehnder modulators
(DD-MZMs).The system also uses two LOs to convert the frequency
of Orthogonal Frequency Division Multiplexing (OFDM) signals.
Meanwhile [16], describes another method, optical subcarrier
multiplexing (OSCM) are used, to transmit 2× 2 MIMO signals
over single mode fiber (SMF). The DP-MZM and two LOs. It
is crucial to recognize that these various methods have unique
characteristics, and the selection between themoften depends on the
specific needs and constraints of the MIMO system in question. In
contrast to previous research, high carrier frequencies are used in
conjunction with adaptive modulation to increase system capacity.
Then, using an antenna with constant and alternate positions, 119
and 132 Gbps offset quadrature amplitude modulation (OQAM)
signals are transmitted.

In this context, the main motivation of this work is to
enhance the performance of 5G wireless communication systems by

integrating a WDM-based MIMO system with a RoF framework.
This integration overcomes the limitations of current 5G systems,
particularly their inability to efficiently support high-throughput
MIMO transmission with low latency. The study introduces the
use of OQAM multicarrier signals for MIMO transmission over a
WDM/RoF setup, thereby establishing a theoretical and practical
foundation for robust high-speed data transport. A detailed
quantitative analysis is carried out by evaluating different system
configurations, including transmission rates (119 and 132 Gbps),
a 3× 3 MIMO model, and antennas with various polarization
characteristics. Simulation results validate the effectiveness of
the proposed framework, demonstrating its potential in meeting
stringent 5G performance requirements in terms of scalability,
bandwidth, and reliability. The outcomes of this work provide
a pathway for further research and development of advanced
WDM-MIMO-RoF systems tailored to next-generation IoT-driven
communication networks.

In the rest parts of the paper Section 2 describes the theoretical
approach and technical background of the proposed WDM based
MIMO RoF model, the WDM based MIMO-RoF experimental
setup is discussed in Section 3, Section 4 includes the presented
WDM MIMO-RoF model results and discussion, Performance
metrics and comparison with current models are discussed in
Section 5. Finally, Section 6 discusses the conclusion of the paper.

2 Theoretical approach and technical
background of the proposed WDM
based MIMO RoF model

The proposed WDM-based MIMO-RoF model uses OQAM
signaling. In this process, complex symbols are converted into real
symbols, which have a transmission rate twice as fast as complex
symbols. Each OQAM symbol comprises two pulse amplitude
modulation (PAM) signals separated by a time offset. The mapping
of bits to PAM symbols is determined by the PAM level (ρ), which
satisfies the relationship 2Gbits = ρGPAM , ensuring one-to-onemapping
[17, 18]. To enable a direct comparison of the system’s transmission
capacity and performance, standard and flexible power allocation
techniques are employed. The adaptive modulation allocation
technique adjusts the signal stream and subcarriers based on error
probability and signal-to-noise ratio (SNR). Additionally, 5% of the
subcarriers within the system’s bandwidth are rendered inactive to
simplify analog filtering.

The system’s occupied bandwidth is given by 0.9N
T
= 0.9

Tsa
, whereN

is the number of subcarriers, T is the multicarrier symbol period,
and Tsa =

T
N

is the sampling period. The subcarrier spacing is
denoted by 1

T
, and each subcarrier accommodates three transmitted

beams, allowing for MIMO propagation of any size. The equivalent
baseband signal is represented as Z[n], which is a sum of OQAM
symbols (sm,l) weighted by pulse shaping functions (gm,l[n]). The
OQAM symbols are obtained by demodulating and compensating
the received signals (y[n]) using an analysis filter bank (AFB). The
AFB compensates for channel variations andnoise. It is assumed that
the channel remains unchanged during transmission and reception,
resulting in a flat frequency response at the subcarrier level. The
transmitted signal sm,l is composed of a real part, an imaginary part,
and additive noise. It is affected by the MIMO matrix Hm, which
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represents the channel frequency response, and the phase variations
captured by Θl(i). The real part yields the estimated real symbols
um,l after phase compensation and channel equalization given [19,
20, 46] as

um,l = RΦ∗l Bmsm,l (1)

where Bm is the equalizing matrix, which remains constant
under linear minimum mean square error conditions, and Φ

∗
l

represents the phase measurement. The receiver introduces a
preamble to the data symbols, consisting of a duration of 5T and
the first ten OQAM symbols, facilitating channel synchronization
and parameter estimation.The followingmatrix is obtained after the
estimation process

Um = (um,2um,4um,6) (2)

For channel estimation, Um is set to full rank, while for peak-
to-average power ratio (PAPR), Um is equal to the discrete Fourier
transform matrix Ftr. The synchronization algorithm leverages the
repetitive patterns of the first and third symbols based on the
receiving antennas, yielding the synchronization metric ϰ[l]

ϰ[l] =
2|∑

m
|sHm,l + 2sm,l

∑
m
(|sm,l|2) + ‖sm,l+2|2|

(3)

The first coarse estimation of the carrier frequency offset (CFO)
is determined during the frame detection process, written as

ψCFO =
1

2πT
∠∑

m
sHm,0sm,2 (4)

where the first demodulated symbol in the frame corresponds to
the first OQAM-encoded symbol. Adjustments can be made to the
CFO in the time domain prior to the secondmodulation of the AFB.
Additionally, the symbol time offset (STO), which accounts for any
timing misalignment, is calculated as

ρSTO =
T
4π
∠ ∑
h=1,2,3
∑
i=0,2
∑

m,m+2
sI,im,lu

i
m,l (5)

To obtain an accurate channel estimate, the second, fourth, and
sixth OQAM symbols are transmitted. The demodulated symbol
matrix for each subcarrier and stream is defined as

Sm = (zm,2zm,4zm,6) (6)

Exploiting the absence of intrinsic interference at the pilot
positions due to the proximity of guard symbols, we have

Sm =HmUm +Wm (7)

whereWm denotes the noisematrix.The channel response at the
pilot positions can be calculated as

H∗m =Hm +WmU
−1
m (8)

However, the frequency response at non-pilot subcarriers can
only be estimated based on the available pilot positions, requiring
interpolation. Notably, the channel impulse response exhibits a
limited number of taps. Furthermore, the noise variance can be
determined by analyzing the residual error between the interpolated

channel and H
∗
m. To compensate for phase rotation and prevent

phase drifts, a maximum likelihood phase estimator is employed
during phase tracking. The phase Φ

∗
l at stream i and OQAM symbol

l is computed as

Φ∗l =Φl−1 +
(σ2

w/σ2
u + 1)∑m

sI,im,lu
i
m,l −∑m

sR,im,l

∑
m
(sI,im,l)

2 (9)

where sI,im,l and sR,im,l represent the imaginary and real parts of the
demodulated symbols, respectively. These values are obtained after
phase compensation and channel equalization. After estimating the
channel and noise variances, the receiver calculates the signal-to-
noise ratio (SNR) for each stream i and subcarrier m

SNR = 2
σ2
u
𝔼[(um,l − u

∗
m,l)(um,l − u

∗
m,l)

H] (10)

Additionally, it is assumed that the MIMO channel and phase
noise are accurately estimated. The channel and noise variances
are estimated, and the corresponding equalization matrices are
computed using these estimates. The PAM constellation level for the
transmitted symbols is fixed, and the mapping is assigned to the
subcarriers and streams to maintain the target bit error rate (BER)
for a given SNR. The BER can be calculated based on the PAM
constellation and SNR as

BER = 1
PAMm,i − 1

(1− erf(√
SNRm,i

2(PAM2
m,i − 1)
)) (11)

where PAMm,i represents the PAM constellation level for
subcarrierm and stream i, and SNRm,i is the SNR for that subcarrier
and stream. By analyzing the BER, the system performance can
be evaluated and compared with the desired target. This allows
for the optimization of power allocation, modulation schemes, and
other parameters to achieve the desired transmission capacity and
performance in the WDM-based MIMO-RoF system.

3 WDM based MIMO-RoF
experimental setup

Figure 1 depicts the presented WDM-based 3× 3 MIMO-RoF
model. This model utilizes three WDM-RoF channels for signal
induction and propagation over an optical medium, allowing for
3× 3 MIMO signal transmission. To achieve 3× 3 MIMO signal
transmission, two optical tone signal generators and a RoF link with
PDM transmission are used. Emitted radio frequency (RF) waves are
transported to the antenna location via standard single mode fiber
(SSMF). When choosing the parameters for this WDM-RoF model,
the authors of this paper chose them with reference to a real-world
example. As a result, a multiplexer, a demultiplexer, optical filters,
couplers, and wave shapers are installed in the MIMO WDM-RoF
system at the locations denoted as “Tx” and “Rx,” respectively.

The optical millimeter wave signals generated all have a
frequency of 80 GHz; this value does not change. In addition, the
two tone optical signal generators make use of high accuracy optical
modulation technology to produce stable, coherent two sideband
signals. The separation of optical sidebands from two tone optical
signal generators in each RoF channel is similar to the separation
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FIGURE 1
Proposed structure of 3×3 WDM MIMO-RoF system.

TABLE 1 List of applied entities for estimating the WDM
based MIMO RoF.

Name of used technique Statement

Signal bandwidth 13 GHz

Intermediate frequency 8 GHz

Number of fixed subcarrier 2048

Number of inactive subcarrier 102

Number of inactive subcarrier 90deg

SSMF 20 km

Radio path 10 m

Antenna 10 cm

Total capacity 119 and 132 Gbps

Spectral efficiency 10.2 b/s/Hz

that takes place in a single in, single out (SISO) RoF system, so the
connecting array waveguide grating (AWG) is used for this purpose.
Signal streams based on MIMO-OQAM are put to use in order to
carry out the procedures for modulating one sideband. Generate
the optical signal sideband signal with in-phase/quadrature (IQ)
optical modulators that have an adjustable voltage bias so that you
can treat the effects of fiber dispersions. The sideband that comes
after this one is unmodulated, and it serves as a reference signal
for the upconversion that takes place at the antenna location. After
that, the modulated and un-modulated optical signals are combined
with the help of a 3 dB optical coupler, and the combined signals
are then transmitted to the antenna location with the assistance of
a 20 km SSMF. One of the optical sidebands of the RoF signal is
isolated with the assistance of a polarization beam splitter (PBS),
which is followed by the modulation of these sidebands with two
MIMO signal streams and the alignment of these sidebands to the

x and y polarization components with the assistance of an optical
polarization controller (PC). In the final step, an optical amplifier
is applied to the integrated modulated optical signals in order to
amplify the strength of the signal. After the PBS has been installed at
the receiver end to isolate the x and y polarization RoF components,
the filters and optical amplifier are used to amplify the signals and
eliminate ASE noise before injecting them into the photomixer. This
is done before the photomixer. A three-horn antenna with a gain of
22.5 dBi is utilized in order to send the produced radio signals out
into the open space. After the signals have traveled 10 m through
open space, a second set of antennas that are identical to the first
are installed at the receiver site. These antennas are used to collect
the signals. In order to prevent interference between MIMO radio
signals, there is a distance of 10 cm between each antenna and the
antenna that comes after it. In addition, the antennas are arranged
with constant and alternate polarizations so that the performance
of the WDM MIMO-RoF model can be evaluated in terms of its
resistance to cross interference. Both the low noise amplifier and
the electrical mixer are connected in order to achieve the goals of
amplifying received signals and, respectively, converting them to
a frequency band that is lower in frequency (12 GHz). After the
demodulation process is complete, the estimation parameters are
connected so that real-time performance can be evaluated.

4 Results and discussion

Previous WDM-based RoF models, as described in, [7, 9–14,
21–23], had significant issues with low phase noise and frequency
stability, whereas in this model, these issues are minimized by
using self-optical heterodyne techniques. The proposed MIMO RoF
mode based on WDM is analyzed and evaluated with the help of
measuring parameters. Table 1 discusses the list of entities applied
for modeling MIMO WDM-RoF system and measuring simulation
setup. The simulations were carried out using MATLAB R2023b
with Communication System Toolbox and custom DSP modules for
OQAM, WDM, and RoF that integrates fiber-optic communication
channel modeling, multicarrier signal processing, and MIMO-
RoF system analysis. The model parameters and assumptions were
carefully chosen to reflect real-world conditions, ensuring accurate
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FIGURE 2
Evaluation of different gbuad [4,7,9] in terms of MIMO radio waves path cover and BER.

FIGURE 3
Estimation of fiber range at different wavelengths as a function of BER.
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FIGURE 4
Analysis of differential antenna distance vs OSNR penalty, evaluating the cross interference.

FIGURE 5
Channel magnitude estimation as a function of subcarrier index for Ch [1, 1], Ch [2, 2] and Ch [3, 3].

and reproducible performance evaluation. In Figure 2 the 5, 8 and 10
Gbaud rate, show the lowest BER across all path lengths,maintaining
BER values below 10−4 even as the path length increases to 60,
and 40 respectively. As the radio path length increases, the BER
gradually increases for all Gbaud rates, reflecting the challenges
posed by signal degradation over distance. The system successfully
maintains BER values below the 10−3 threshold for both 5 Gbaud

and 8 Gbaud rates, indicating robustness at these data rates. Figure 2
also validates the effectiveness of the proposed system in achieving
low BER for high-speed transmissions, particularly at 5 Gbaud
and 8 Gbaud rates, while also highlighting areas for optimization
(e.g., enhanced error correction or power allocation) to improve
performance at 10 Gbaud over longer distances. Figure 3 depicts the
measurements of fiber range andBER for three differentwavelengths
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FIGURE 6
Applying SNR and subcarrier measuring parameters for calculating
channel 1, 2 and 3 streams.

FIGURE 7
Optical received power of Ch3 as a function of BER to test the
119 Gbps and 132 Bgps PAM level.

1,552.52 nm, 1,549.72 nm, and 1,546.52 nm. The evaluation is
based on a chosen threshold, which indicates the efficiency of the
wavelength outputs from the presented WDM-based MIMO RoF
system at 1,552.52 nm and 1,549.72 nm. However, the model with
a signal wavelength of 1,546.52 nm exhibits BER values above the
threshold. To further assess the performance of the transmitted
data, a constellation diagram is utilized, as shown in Figure 3. The
results explain a visual representation of the achieved data and
facilitates the distinction between BER values below and above
the threshold. By analyzing the constellation diagram, it becomes
evident that proper antenna installation plays a crucial role in
ensuring reliable transmission and reception of radio signals. The
atenna differential distance vs OSNR penalty for the proposed
model is illustrated in Figure 4. The work is compared for current

FIGURE 8
Optical received power of Ch2 as a function of BER to test the
119 Gbps and 132 Bgps PAM level.

FIGURE 9
Optical received power of Ch1 as a function of BER to test the
119 Gbps and 132 Bgps PAM level.

models mentioned in Refs. [6, 7, 9], which shows the highest OSNR
penalty across all antenna differential distances.The results depicted
in the figure highlight the good performance of the proposed
WDM-basedMIMO-RoF system, particularly inminimizingOSNR
penalties over varying antenna differential distances. The OSNR
penalty was evaluated using the logarithmic ratio between the ideal
OSNR (under minimal interference conditions) and the degraded
OSNR (under increased cross-interference due to reduced antenna
spacing). The formula applied is

OSNRp = 10 log10(
OSNRi

OSNRd
) (12)

The measured OSNR was obtained by simulating signal
propagation with controlled antenna separations and calculating
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FIGURE 10
Phase noise for 2×2 MIMO.

FIGURE 11
Phase noise for 2×2 SISO.
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FIGURE 12
Channel 1 attained signal.

FIGURE 13
Channel 2 signal calculation.

the signal quality at the receiver, taking into account polarization
crosstalk and phase noise effects. This analytical approach is
consistent withmodernOSNRmodeling techniques used in optical-
wireless hybrid systems, as discussed in Equations 2, 6, and (14).

The simulations and analysis conducted in Figure 5 provide
valuable insights into the behavior of the system. Firstly, the analysis
of channel magnitude reveals important characteristics of the main
channels. The channel magnitude represents the strength of the

FIGURE 14
Channel 3 signal performance.

received signal at each subcarrier. The plotted data clearly illustrates
the variation in channel magnitude across different subcarriers.
Notably, the presence of a minimum magnitude point indicates
the subcarrier with the weakest channel response. This finding
is significant as it highlights potential areas of concern in terms
of signal strength and may guide system optimization efforts.
Secondly, the analysis of interference between signal streams offers
valuable information about the system’s performance. The subplot
visualizes the interference between different pairs of signal streams,
such as Ch3,1, Ch2,1, Ch1,2, Ch3,2, Ch2,3, and Ch1,3. Each line
color represents a specific pair, allowing for easy interpretation
of the interference levels at each subcarrier. The plot enables the
identification of interference patterns and facilitates comparisons
between different signal stream pairs. By highlighting themaximum
interference points for each pair, the analysis pinpoints specific
subcarriers where interference is most pronounced. Figure 6 depicts
the performance of streams 1, 2, and 3 using subcarrier index and
SNR measurement parameters. Figures 7–9 show how the estimated
received optical power for channels 3, 2, and 1 varies with BER.
Transmission capacities of 119 and 132 Gbps are also compared
in these estimates. Figures 7–9 show that the model’s performance
is below the threshold for a capacity of 119 Gbps. Furthermore,
it is demonstrated that for 132 Gbps, channels 3 and 2 provide
satisfactory BER between −10 and 0 dBm received power. However,
due to interference issues, channel 1 performs poorly for 132 Gbps.
Figures 10, 11 show the comparison of phase noise characteristics
for a 2 × 2 MIMO system and a 2 × 2 Single-Input Single-
Output (SISO) system in a fiber-wireless communication setup.
Phase noise refers to the random fluctuations in the phase of the
transmitted signal, which can degrade the quality and reliability of
the communication system. In Figure 10 the blue curve represents
the phase noise for the MIMO system without any smoothing
applied (raw phase noise), while the red dashed curve represents
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TABLE 2 Proposed WDM-Based MIMO-RoF model Key features comparison and performance metrics.

Metric Proposed model Reference models Improvement (%)

Data Rate (Gbps) 119, 132 Up to 100 [24–27] 19–32

BER < 10−3 > 10−3 [24, 25] Improved by maintaining lower BER

Spectral Efficiency (b/s/Hz) 10.2 Up to 8.5 [28] 20

SNR (dB) High across all subcarriers Moderate [29, 30] Improved resilience against noise

Phase Noise (dBc/Hz) Low Higher phase noise levels [31] Reduced phase noise

System Capacity (Gbps) 119, 132 Up to 100 [32–35] 19–32

the phase noise for the MIMO system with smoothing applied
(smooth phase noise). The x-axis represents the frequency in Hz,
and the y-axis represents the phase noise level in dBc/Hz (decibels
relative to the carrier power per Hz). Similarly, in Figure 11 the
blue curve represents the phase noise for the SISO system without
smoothing (raw phase noise), and the red dashed curve represents
the phase noise for the SISO system with smoothing (smooth
phase noise). The phase noise curves demonstrate the random
variations in the phase of the transmitted signals as a function of
frequency. The random variations are generated based on a phase
noise power value specified for each system. The MIMO system has
a higher phase noise power compared to the SISO system, indicating
a potentially higher level of phase fluctuations. To highlight the
difference between the raw and smooth phase noise curves, the
random variations added to the raw phase noise are increased for
both the MIMO and SISO systems. This amplifies the magnitude
of the fluctuations, showcasing the impact of phase noise on the
system performance. The oscilloscope visualizer representation for
channels 1, 2, and 3 is shown in Figures 12–14. Figure 12 shows the
received signal behavior for channel 1, Figure 13 shows the channel
2 signal model, and Figure 14 shows the bit streams for channel
3. These tests show that the signal performance of all channels is
satisfactory and that it can be implemented in a realistic model.

5 Performance metrics

This paper considers several key metrics, including BER, SNR,
spectral efficiency, and system capacity, to evaluate the performance
of the proposed WDM-based MIMO-RoF model.

• BER is a fundamental measure of the performance of any
communication system. The proposed model achieves a BER
of less than 10−3 for data rates of 119 Gbps and 132 Gbps across
different channels, as demonstrated in Figures 7–9. Compared
to existing models [24, 25], which report BERs above 10−3 for
similar data rates, our model shows a substantial improvement
in maintaining lower BER over longer transmission distances
and under various modulation schemes.

• SNR is another critical metric for assessing the performance
of a communication system. Our proposed WDM-based
MIMO-RoF model demonstrates a superior SNR performance
compared to the existing models. Figure 6 shows that the
proposed model maintains a high SNR across all subcarriers,

even under varying transmission conditions, outperforming
the reference models presented in studies [29, 30]. This
enhancement in SNR can be attributed to optimized optical and
electronic modulation techniques.

• Spectral efficiency is a key performance indicator in assessing
the capacity of communication systems. The proposed WDM-
based MIMO-RoF model achieves a spectral efficiency of
10.2 b/s/Hz, significantly higher than the conventional systems
reported in [26]. This improvement is due to the integration
of OQAM signaling and WDM technology, allowing for more
efficient use of available bandwidth.

• System capacity, defined as the maximum achievable data
rate, is enhanced in the proposed model by integrating
WDM and MIMO technologies. The proposed system
achieves data rates of 119 Gbps and 132 Gbps over different
channels, as shown in Table 2. This is a notable improvement
compared to the capacities reported in [24, 25, 31],
where the maximum data rates are limited to 100 Gbps.
Integrating multiple input multiple output (MIMO) with the
WDM-RoF system ensures efficient data transmission and
minimizes interference, resulting in higher overall system
capacity.

• The proposed model addresses phase noise, a common
challenge in high-speed optical and radio frequency
communication systems. As demonstrated in Figures 10, 11, the
proposed model significantly reduces phase noise compared to
the 2 × 2 MIMO and 2 × 2 SISO systems, enhancing overall
signal quality and stability, consistent with the findings in
[36, 37].

The proposed WDM-based MIMO-RoF model shows several
significant improvements over existing communication systems, as
demonstrated by the following metrics.

• The proposed model achieves data rates of 119 Gbps and
132 Gbps, significantly higher than those reported in [38–40],
where maximum data rates do not exceed 100 Gbps. This
improvement supports emerging IoT applications and future
5G requirements.

• With a BER of less than 10−3 at higher data rates, the proposed
model outperforms existing models in maintaining low error
rates over long distances, as indicated in [29, 30].

• The proposed model achieves a spectral efficiency of
10.2 b/s/Hz, which is superior to traditional models
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documented in [26]. This efficiency is critical to maximize
the available bandwidth in densely populated network
environments.

• The proposed model maintains a high SNR across all sub-
carriers, indicating a better resistance to noise and interference
compared to previous studies [30, 41].

• The innovative use of optical self-heterodyne techniques
in the proposed model minimizes phase noise, a
significant challenge in high-capacity communication
systems, aligning with recent advancements noted in
[42–45].

6 Conclusion

The research presented a WDM-based MIMO-RoF system
that effectively addressed the high-capacity and low-latency
requirements of future 5G networks. The proposed architecture
achieved significant performance gains, including data rates of
119 Gbps and 132 Gbps representing a 11%–13% enhancement
over conventional systems limited to 100 Gbps [24–26]. Through
the adoption of OQAM, the system attained a spectral efficiency
of 10.2 b/s/Hz10.2 b/s/Hz, surpassing existing models with up
to 8.5 b/s/Hz8.5 b/s/Hz [26], thereby enabling more efficient
bandwidth utilization. Moreover, the integration of WDM and
MIMO technologies within the RoF framework helped reduce
the BER to below 10−3, a crucial factor in maintaining link
quality over long-haul fiber and radio paths. Compared to
conventional models [24, 25], the proposed system demonstrated
superior SNR performance across subcarriers [29, 30], minimal
phase noise [31], and resistance to channel impairments. These
improvements were underpinned by advanced signal processing
techniques and self-heterodyne coherent detection mechanisms.
A detailed mathematical model was also developed to evaluate
system capacity and spectral efficiency. The simulation results
showed strong alignment with theoretical analysis, validating the
scalability of the proposed system for next-generation wireless
infrastructures. Future research will extend this architecture along
several key direction including software-defined radio (SDR)
platforms to validate end-to-end performance and larger MIMO
configurations (e.g., 4× 4, 8× 8) in densely populated urban
deployments.
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