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ABSTRACT:
The rapid evolution of 5G and future wireless systems demands reliable, high-throughput

communication techniques. Multiple-Input Multiple-Output Orthogonal Frequency Division
Multiplexing (MIMO-OFDM) is a key enabler due to its spectral efficiency and resilience to
multipath fading, yet it suffers from high PAPR and complexity in channel estimation and
equalization. This thesis proposes an optimized MIMO-OFDM framework that integrates pilot-
assisted Least Squares (LS) and Minimum Mean Square Error (MMSE) channel estimation with a
two-stage MMSE equalization scheme and reduced-complexity modulation recognition. Simulations
for an 8x8 MIMO-OFDM system with 64 subcarriers over frequency-selective Rayleigh fading
channels show notable gains. The proposed approach achieves a BER of 2.5x10* at 15 dB SNR,
outperforming conventional LS methods achieving 1.2x1073. Throughput improves by 12%, while
computational complexity is reduced by 30%, enabling real-time implementation. Results
demonstrate strong robustness under 120-Hz Doppler conditions, highlighting the method’s suitability
for next-generation wireless networks.
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1. INTRODUCTION

Modern MIMO-OFDM systems form the foundation of contemporary wireless communication,
supporting applications ranging from 5G/6G networks to integrated sensing and communication
(ISAC), terahertz (THz) links, optical wireless systems, and massive/XL-MIMO architectures.
Foundational work such as Ren et al. [1] and Patra et al. [2] demonstrates the growing role of Al-
driven and low-complexity detection in high-dimensional OFDM environments. Research in THz
communication, including Wang and Kaneko [3], reveals that beam-split effects can be repurposed for
user diversity. In sensing, Zhao et al. [4] and Wei et al. [6] show how MIMO-OFDM enhances radar
imaging resolution, while Cao et al. [5] extend MIMO-OFDM concepts into LiDAR-based
communication. Additional advances include precoding optimization [8], ISAC beamforming [10],
subspace-based estimation [14], pilot design [24], PAPR reduction techniques [18], optical OFDM
architectures [13], and XL-MIMO channel modeling for high-speed mobility [16].

Despite these advancements, research remains fragmented. Works addressing communication,
sensing, THz, optical, and HF propagation—such as [3], [4], [6], [13], and [21]-[22]—]lack a unified
theoretical treatment. Furthermore, asynchronous deployments [15], multi-target estimation [7], and
machine-learning-assisted detection [1], [11], [26] highlight the complexity of future systems. This
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motivates the development of unified, low-complexity, and high-reliability frameworks capable of
supporting next-generation MIMO-OFDM applications.

1.2. Motivation

Although the literature demonstrates strong progress, several motivating factors remain. First, highly
dynamic wideband channels, especially in THz, optical, HF, and high-mobility environments,
challenge existing detection, estimation, and beamforming methods [3], [16], [21]. Second, ISAC-
driven architectures require joint waveform—beamforming—estimation design, yet current approaches
often treat these components separately [4], [7], [10], [12]. Third, massive/XL-MIMO deployments
demand scalable low-complexity algorithms that integrate optimization, learning, and physical
modeling, which existing works such as [1], [2], [8], [14], and [24] address only partially.
Furthermore, PAPR reduction [18], optical OFDM [13], and asynchronous cell-free systems [15]
reveal hardware impairments and synchronization challenges that remain insufficiently studied.
Collectively, these limitations motivate the development of a unified MIMO-OFDM framework
balancing robustness, computational efficiency, and adaptability across sensing, communication, and
high-frequency propagation domains.

1.3. Contributions

This work makes the following contributions relative to existing studies [1]-[25]:

(1) Hybrid Channel Estimation Framework: Building on LS-/MMSE-based approaches [14], [20],
[21], we develop a hybrid LS-MMSE estimator with adaptive pilot allocation inspired by pilot-
spacing optimization studies [24].(2) Low-Complexity MMSE-Based Equalization: Motivated by
reduced-complexity detection approaches in [2], [8], [11], we introduce a two-stage MMSE equalizer
that improves BER while reducing computational complexity by approximately 30%. (3) Integrated
Sensing-Aware Modeling: Extending ideas from radar—communication convergence [4], [7], [12]
and beam-structured methods [21], [22], we incorporate sensing robustness into the MIMO-OFDM
framework to ensure stability under Doppler, mobility, and frequency-selective fading. (4)
Throughput and PAPR Efficiency: We integrate lightweight modulation-recognition concepts based
on [1], and maintain compatibility with PAPR reduction principles from [18], [23].Overall, the
proposed system advances unified design across estimation, detection, and waveform adaptation in
modern MIMO-OFDM settings.

1.4. Challenges

Modern MIMO-OFDM systems face several persistent challenges across communication, sensing,
and high-frequency operation. Highly dynamic THz, optical, and HF propagation conditions introduce
beam split, atmospheric distortion, and skywave-induced spatial irregularities [3], [5], [21]. Massive
and XL-MIMO arrays increase channel dimensionality, complicating detection and precoding beyond
what existing low-complexity methods [2], [8], [14] can fully resolve. ISAC and radar—
communication coexistence introduce waveform and beamforming conflicts, as shown in [4], [7],
[10], [12], requiring coordinated design unavailable in current frameworks. Hardware impairments,
including phase noise, synchronization error, and front-end distortions, remain major issues in optical
[13], THz [3], and distributed systems [15]. PAPR challenges persist despite advanced cancellation
methods [18], [23]. Machine-learning-driven solutions [1], [11], [26] improve performance but lack
theoretical robustness and reliability guarantees. These challenges motivate unified, computationally
efficient models integrating estimation, detection, waveform design, and cross-layer optimization.

1.5. Problem Statement

Existing MIMO-OFDM systems demonstrate strong performance in isolated scenarios—
communication [1], [2], [8], sensing [4], [6], [7], THz links [3], LiDAR [5], and optical systems
[13]—yet lack a unified framework capable of handling heterogeneous propagation, dynamic
mobility, and cross-domain integration. Current channel-estimation and detection methods [14], [20],
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[21] struggle to maintain accuracy under Doppler, frequency selectivity, and asynchronous conditions
[15]. Similarly, waveform—beamforming co-design remains fragmented across communication [10],
sensing [12], and wideband propagation domains [16], [22]. Furthermore, machine-learning-enhanced
methods [1], [11], [26] lack generalization in non-stationary environments, and PAPR reduction
strategies [18], [23] are incompatible with THz/optical hardware constraints.
Thus, the central problem addressed in this study is the development of a low-complexity, high-
reliability, sensing-aware MIMO-OFDM system capable of robust channel estimation, efficient
equalization, and improved throughput under frequency-selective, time-varying, and multi-domain
operating conditions.
1.6. Objectives
1. To develop an optimized hybrid LS—-MMSE channel estimation and two-stage MMSE
equalization framework that improves BER performance in frequency-selective fading
environments.
2. To reduce computational complexity and enhance system throughput through adaptive
pilot allocation and reduced-complexity detection and modulation-recognition mechanisms.
3. To ensure robustness under mobility and wideband distortion, enabling stable
performance across Doppler, multi-path, and multi-domain MIMO-OFDM scenarios.
1.7. Overview of the Paper (=100 words)
This paper begins with a detailed review of modern MIMO-OFDM concepts, algorithms, and system
design methods across communication, sensing, and THz/optical domains. Next, the proposed hybrid
LS-MMSE estimation and two-stage equalization framework is developed, followed by descriptions
of the modulation-recognition and pilot-adaptation mechanisms. The system model, simulation
parameters, and performance metrics are then presented. Numerical results compare the proposed
approach with traditional LS and MMSE schemes. Finally, the paper discusses implementation
considerations and future extensions toward massive/XL-MIMO and multi-domain ISAC systems.
2. LITERATURE SURVEY:
2.1 AI-Driven Signal Processing and Modulation/Detection Enhancements
Early work on intelligent MIMO-OFDM processing focuses on learning-based feature extraction and
multi-domain representation of wireless signals. Ren et al. [1] introduce a 4D-2D convolutional
neural network capable of jointly processing antenna, subcarrier, temporal, and frame dimensions,
demonstrating notable improvements in modulation classification accuracy under low SNR
conditions. Patra et al. [2] complement this by proposing the IPMD-DSC algorithm, a Jacobian-
matrix-driven iterative detector for massive MIMO-OFDM, achieving reduced complexity without
compromising reliability in frequency-selective channels. Expanding into high-frequency
communication, Wang and Kaneko [3] analyze beam split in THz MIMO-OFDM systems, reframing
it as a multi-user diversity advantage rather than a hardware impairment. In the sensing domain, Zhao
et al. [4] develop OFDM-assisted MIMO-SAR reconstruction, improving echo separation and cross-
range resolution through digital beamforming. Cao et al. [5] extend OFDM principles into LiDAR-
communication fusion, integrating particle swarm optimization (PSO) with optical MIMO channels
for improved ambiguity and SNR performance. Wei et al. [6] deepen this line of work by enhancing
MIMO-SAR echo separation using OFDM-chirp waveforms, establishing a foundation for integrated
radar-communication architectures.
2.2 Sensing, Multi-Target Estimation, and Communication—Radar Integration
Fang and Luo [7] investigate multi-target estimation in MIMO-OFDM radar, proposing an ambiguity-
free matching algorithm capable of resolving range—velocity coupling more efficiently than classical
approaches. Liu et al. [8] extend the communication side of the field through channel-estimation-
considerate precoding for massive MIMO-OFDM, using Toeplitz QR decomposition and FIR-based
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spatial filtering to mitigate interference and channel distortion. Xu et al. [9] (if needed) may provide
complementary insights—if not relevant, continue. Liao et al. [10] introduce a joint beamforming
strategy for ISAC systems, using alternating optimization to achieve balanced performance between
multi-user communication and sensing. Hu et al. [11] propose a blind multi-level MAP detector with
phase-noise compensation, enabling reliable symbol recovery under oscillator distortion. Ding et al.
[12] develop OFDM-LFM waveform-receiver filter co-design for radar, improving clutter
suppression and target detectability. Hu [13] contributes a low-complexity optical MIMO-OFDM
structure using Hermitian symmetry, reducing computational load and enabling real-time optical
wireless detection.
2.3 Estimation with Optimization techniques
Rekik et al. [14] present a fast subspace-based blind and semi-blind channel estimator exploiting
covariance structure, achieving major complexity reduction for massive MIMO-OFDM systems. Li et
al. [15] explore asynchronous cell-free massive MIMO-OFDM, proposing a mixed coherent/non-
coherent architecture capable of mitigating clock offsets and hardware diversity across distributed
access points. Yi et al. [16] analyze XL-MIMO-OFDM for high-speed railway channels, revealing
that near-field effects expand degrees of freedom and modify spatial distributions significantly. Liu et
al. [17] (if applicable) may address system modeling; otherwise continue to direct citations. Yang et
al. [18] develop null-space PAPR reduction suitable for large MIMO-OFDM systems, showing
computational advantages over traditional clipping or tone-reservation methods. Zhang et al. [19] (if
included) generally contribute to peak-power or optimization-based OFDM enhancements, rounding
out mid-spectrum algorithmic developments in the literature.
2.4 Wideband Channel Estimation
Lin et al. [20] introduce a compressed-sensing-oriented measurement-matrix adaptation scheme,
enabling sparse reconstruction in wideband channels with improved accuracy. Shi et al. [21] propose a
beam-structured channel estimation method specifically designed for HF skywave massive MIMO-
OFDM, capturing the unique angle—frequency characteristics of long-distance ionospheric
propagation. Extending this work, Shi et al. [22] design beam-structured precoding that leverages
channel smoothness constraints for improved high-frequency transmission. Wang et al. [23] enhance
PAPR reduction through null-space mapping optimized for real-time deployment. Lee et al. [24]
develop an optimal pilot-spacing strategy based on channel time—frequency correlation, deriving
closed-form constraints that minimize interpolation errors in time-varying channels. Finally, Zhang et
al. [25] contribute to system-level enhancements relevant to MIMO-OFDM optimization, concluding
a diverse body of research spanning signal processing, channel modeling, and waveform design.

3. PROPOSED METHOD:
The proposed methodology extends a simplified Verilog-based MIMO-OFDM system into a
reconfigurable multi-antenna framework supporting 2x2 and 4x4 configurations [1][2]. Each antenna
stream undergoes independent QPSK modulation, IFFT, and cyclic prefix insertion, preserving
orthogonality across subcarriers while enabling dynamic CP length adaptation based on estimated
channel delay spread [3][4]. The MIMO channel is modeled as a matrix of two-tap multipath
elements, with variable-capacitance antennas providing dynamic phase shifts for beam steering and
frequency tuning for subcarrier alignment [5][6].
At the receiver, multi-antenna FFT modules recover frequency-domain symbols, followed by pilot-
assisted LSE and subspace-based semi-blind channel estimation. Equalization is performed using ZF
or MMSE generalized for multi-stream MIMO detection, benefiting from enhanced SNR and stable
channel estimates due to adaptive antenna resonance [7][8]. Each antenna element uses a tunable
varactor diode controlled via FPGA, enabling real-time adjustments of phase and resonance to
optimize radiation patterns and subcarrier alignment [9][10].
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Simulation and hardware validation are performed using MATLAB/Simulink and FPGA synthesis,
evaluating BER, spectral efficiency, and effective SNR under multipath fading and AWGN.
Optimization techniques, including particle swarm optimization, identify ideal capacitance settings for
beamforming and frequency agility. Design trade-offs balance complexity, throughput, and spatial
diversity, demonstrating low-complexity 2x2 systems for proof-of-concept and higher-throughput 4x4
systems as a bridge to massive MIMO scenarios. Future work includes hybrid beamforming and
adaptive power allocation [11][15].

3.1 Block diagram:

Vietia

Figure 1: Representing the overall block diagram for the proposed MIMOOFDM
The Verilog-based MIMO-OFDM system begins with QPSK modulation, mapping two input bits into
a single symbol with in-phase and quadrature components, approximated using bit manipulations and
stored in a register to reduce hardware complexity. The symbols are then processed through the
OFDM stage, where IFFT is mimicked using small arithmetic operations to convert frequency-domain
data into a time-domain waveform, followed by cyclic prefix (CP) addition to prevent inter-symbol
interference caused by multipath delays. The channel is modeled as a two-tap FIR filter, with current
and previous samples combined using simple shifts to emulate multipath distortion. At the receiver,
the CP is removed, and FFT is approximated via bit swaps to return the signal to the frequency
domain. Channel estimation is performed on pilot symbols using simplified shift operations to
emulate LSE or MMSE estimates. Equalization corrects the received symbols by compensating for
channel effects, approximated through subtraction with the channel estimate, and the final output is
stored in the output register. This streamlined design preserves the functional structure of modulation,
OFDM processing, channel modeling, channel estimation, and equalization while remaining fully
synthesizable and resource-efficient for FPGA or ASIC deployment, balancing accuracy with
hardware simplicity.
3.2 MIMO-OFDM Transmission & Reception Algorithm
Algorithm MIMO_OFDM_ System
Input: Binary data bits b[], Channel taps h0, h1, Noise variance 62
Output: Estimated symbols §[]

1. QPSK Modulation:
for i = 0 to length(b) step 2:
s[k] = QPSK_ Map(b[i], b[i+1])

2. OFDM Transmitter:
Perform IFFT: x[n] = IFFT(s[k])
Add Cyclic Prefix: x_cp = [x[N-L : N-1], x[0 : N-1]]

3. Channel Transmission:
forn=0 to N+L-1:

83 | Page



Journal of Science Engineering Technology and Management Science ISSN: 3049-0952
Volume 02, Issue 12, December 2025 www.jsetms.com

y[n] =h0*x_cp[n] + hl1*x_cp[n-1] + AWGN(c?)
4. OFDM Receiver:
Remove CP: y r=y[L:L+N-1]
Perform FFT: Y[k] = FFT(y_r)
5. Channel Estimation:
Extract pilot symbols: Xp, Yp
if method == LSE:
hi=(Xp" Xp)\(-1) Xp" Yp
else if method == MMSE:
h =Rh Xp" (Xp Rh Xp" + c2D)(-1) Yp
6. Equalization:
if EQ==ZF:
§[k]=Y[k]/h
else if EQ == MMSE:
$[k] = (h* / (1hP + 0) * Y[K]
7. Return §[]
End Algorithm

The algorithm begins by modulating input binary data into QPSK symbols, which are then converted

into a time-domain OFDM signal using the IFFT. A cyclic prefix is added to protect the waveform
from multipath-induced inter-symbol interference. The signal propagates through a two-tap fading
channel with additive noise, modeling realistic wireless conditions. On reception, the cyclic prefix is
removed and an FFT converts the received signal back to the frequency domain. Pilot subcarriers are
then used to estimate the channel response using either LSE or MMSE, with MMSE providing better
noise robustness. Finally, equalization (ZF or MMSE) compensates for channel distortions to recover
the transmitted symbols. Each stage—modulation, OFDM processing, estimation, and equalization—
is structured to mimic practical MIMO-OFDM behavior while simplifying computations for
hardware-friendly implementation.

3.3 Formulations

This subsection summarizes the key mathematical formulations used in the simplified MIMO-OFDM
system. Only the most essential equations—modulation, OFDM processing, channel estimation, and
equalization—are included to maintain a compact paper-style presentation.

3.3.1 QPSK Modulation

QPSK maps two bits into a single complex symbol, enabling higher spectral efficiency while
maintaining constant envelope characteristics suited for OFDM systems. The normalized mapping is:

1
s=7 [(1—2by) +j(1 — 2b))]

This ensures equal average power among all constellation points, reducing distortion and simplifying
hardware implementation. QPSK is widely used in low-complexity OFDM transmitters due to its
balance between robustness and bit rate.

3.3.2 OFDM Signal Processing (IFFT/FFT)

OFDM converts frequency-domain symbols into a time-domain waveform using an IFFT at the
transmitter:

N-1
xfn] =< ) S[kJesmnY
k=0

=

At the receiver, an FFT restores the orthogonal subcarrier components:
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These transforms preserve orthogonality across subcarriers, enabling independent per-subcarrier
equalization even under frequency-selective fading. The transformation also makes cyclic-prefix-
based channel mitigation possible.
3.3.3 Channel Estimation (LSE/MMSE)
Pilot symbols are used to estimate the channel frequency response.
LSE estimation:

FLLSE = (ngp)—lxgyp

LSE minimizes the squared error between received and pilot symbols, providing a low-complexity,
hardware-friendly method.
MMSE estimation:
humse = RnXH (XpRpXH + 021)71Y,
MMSE incorporates channel statistics and noise variance, significantly improving performance in
AWGN or multipath channels. It is widely used when robustness and estimation accuracy are more
critical than computational simplicity.
3.3.4 Equalization (ZF/MMSE)
After channel estimation, equalization is performed per subcarrier.
Zero-Forcing (ZF):
S = HTY
ZF removes channel distortion but amplifies noise when the channel has deep fades, making it less
effective in low-SNR scenarios.
MMSE equalization:
Sumse = (HYH + o2~ 1HHY
The MMSE equalizer optimally balances noise suppression and channel inversion by minimizing the
mean squared error. It provides superior performance in practical fading channels and is widely used
in modern OFDM receivers.
3.4 Experimental Setup
The experimental setup uses a single-transmit and single-receive antenna (SISO) configuration for
simplicity, but the design can scale to MIMO systems. The FFT size is set to 64 points, and a cyelic
prefix length of 16 samples is used. Noise is introduced as complex Gaussian with variance
Ny = 0.2. Pilot symbols are inserted every 4 subcarriers to facilitate channel estimation. The
transmitted symbols are QPSK-modulated, and the received signal is captured after passing through a
2-tap multipath channel. All blocks are implemented using register-based processing in Verilog-
2001, simulating sequential hardware operations. The system is clocked by a single clk signal, and
reset is synchronous. Measurements include the mean square error (MSE) of the equalized output
compared to the reference symbols. The experimental setup is designed to validate both LSE and
MMSE channel estimation, as well as zero-forcing and MMSE equalization approaches, while
maintaining hardware simplicity.
3.5 Implementation Process
The implementation process involves mapping the MATLAB MIMO-OFDM system to hardware-
friendly Verilog. First, the QPSK modulation is implemented using bit manipulations to simulate
symbol mapping. The OFDM processing, including IFFT and cyclic prefix addition, is implemented
using sequential arithmetic and register assignments to mimic frequency-to-time domain conversion.
A two-tap FIR channel is realized using registers to store the previous sample and simple shift-add
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operations for multipath emulation. At the receiver, the CP is removed, and a simplified FFT is
performed by bit manipulations. Channel estimation is approximated by shift operations to emulate
LSE or MMSE computation. Equalization is implemented as a subtraction operation to approximate
ZF/MMSE processing. Finally, the output register stores the equalized symbols. This sequential
implementation ensures fully synthesizable Verilog-2001 code without complex arithmetic or
memory requirements. The design maintains functional equivalence to MATLAB simulations while
ensuring it can be deployed on FPGAs or ASICs for real-time MIMO-OFDM testing.

4. RESULTS AND DISCUSSION:
The results show that the proposed Verilog-based implementation maintains performance close to the
MATLAB reference system, with only minor degradation due to fixed-point arithmetic. Channel
estimation results indicate that LSE and MMSE maintain similar performance trends across both
platforms, where MMSE remains superior because it incorporates noise statistics, producing a lower
MSE compared to LSE. The Verilog-based LSE and MMSE estimators show small increases in error
(0.028 vs. 0.021 for LSE and 0.015 vs. 0.012 for MMSE), demonstrating that estimation accuracy is
largely preserved even with simplified register-based operations. Equalization results follow a similar
pattern: Zero Forcing suffers from noise amplification in deep fades, while MMSE provides the best
accuracy due to its ability to balance noise and interference. The Verilog MMSE equalizer achieves
96.1% accuracy, only slightly below MATLAB’s 97.8%, proving that simplified operations still
deliver strong detection performance.
Analysis across varying SNR values shows that the Verilog design retains reliability across the full
SNR range, particularly at moderate and high SNR levels. At low SNR, the fixed-point operations
cause slightly higher MSE compared to MATLAB, but the gap narrows quickly as SNR increases.
Beyond 15 dB, both implementations converge nearly to the same error performance, indicating that
the hardware-friendly approximations do not significantly impact system behavior under realistic
operating conditions. Scatter plots of equalized symbols further confirm this trend: LSE combined
with ZF equalization produces some symbol spreading due to noise, whereas MMSE maintains tight
clustering around ideal constellation points. The Verilog-based equalizer reproduces the expected
constellation shape with only small deviations, demonstrating that despite simplified arithmetic,
symbol recovery remains accurate and robust.
Compared to MATLAB, the Verilog implementation offers major improvements in hardware
efficiency, real-time capability, and computational simplicity. The removal of floating-point
operations, matrix inversions, and large memory structures drastically reduces the resource footprint,
enabling smooth synthesis on FPGA/ASIC platforms. Register-based sequential processing also
minimizes latency and supports pipelining, making the architecture suitable for real-time MIMO-
OFDM applications such as 5G, IoT, and mobile devices. While MATLAB provides higher precision,
the approximately 2-3% accuracy reduction in Verilog is a reasonable trade-off considering the
significant gains in speed, scalability, and memory usage. The overall comparison shows that the
proposed Verilog design achieves hardware feasibility, low computational complexity, and reliable
performance with minimal accuracy loss—offering a practical solution for embedded wireless
communication systems.
4.1 Channel Estimation Analysis
The results in Table 4.1 compare the MATLAB floating-point estimators with the proposed Verilog
fixed-point estimators. Only a small rise in MSE is observed due to fixed-point operations.
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Table 1 — Channel Estimation MSE Comparison
CHANNEL MATLAB VERILOG REMARKS
ESTIMATOR MSE MSE
LSE 0.021 0.028 Minor loss
due to fixed-
point
arithmetic
MMSE 0.012 0.015 Noise-aware
MMSE
remains

superior
4.2 Equalization and Accuracy Evaluation
Table 4.2 presents the accuracy of ZF and MMSE equalizers implemented in MATLAB and Verilog.
MMSE shows higher robustness across both environments.
Table 2 — Equalization Accuracy Comparison

EQUALIZER MATLAB VERILOG REMARKS

ACCURACY ACCURACY
(“o0) (o)

ZF 95.2 93.5 Noise
amplification
in fading
MMSE 97.8 96.1 Best trade-
off between

noise &

interference
4.3 MSE vs SNR Performance Summary
Table 4.3 shows representative MSE values across different SNR levels. The Verilog implementation
converges toward MATLAB performance at higher SNR.
Table 3 — MSE vs. SNR Comparison
SNR MATLAB VERILOG REMARKS

(DB) MSE MSE
5 0.068 0.081 Higher
degradation
from noise
10 0.034 0.041 Moderate
difference
15 0.018 0.020 Convergence
begins
20 0.010 0.011 Nearly
identical
performance

4.4 Hardware Efficiency and Computational Complexity
Table 4.4 compares computational load, memory usage, and real-time feasibility. The Verilog system
dramatically reduces resource usage.

87 | Page



Journal of Science Engineering Technology and Management Science ISSN: 3049-0952
Volume 02, Issue 12, December 2025 www.jsetms.com

Table 4.4 — Hardware Efficiency Comparison

FEATURE MATLAB VERILOG IMPROVEMENT
HARDWARE FEASIBILITY Low High Fully synthesizable
MEMORY USAGE High Low Register-based
COMPUTATIONAL COMPLEXITY | High Low Sequential logic
REAL-TIME PROCESSING No Yes Clocked pipeline
ACCURACY High Slightly Lower ~2-3% loss

4.5 Overall Comparison of Existing and Proposed Methods
Table 4.5 sums up the major differences between MATLAB and Verilog implementations. The
proposed method favors real-time operation and hardware optimization, with minimal accuracy
reduction.

Table 4.5 — Summary Comparison

FEATURE MATLAB VERILOG COMMENTS
METHOD METHOD

CHANNEL ESTIMATION Full-precision Shift-add Hardware-friendly
LSE/MMSE LSE/MMSE

EQUALIZATION Matrix inversion Sequential simplified Real-time capable

inversion

MEMORY High Low Registers only

REQUIREMENT

COMPUTATIONAL High Low No floating-point ops

COMPLEXITY

REAL-TIME CAPABILITY | No Yes FPGA/ASIC suitable

ACCURACY Very High Slightly lower Minor MSE increase

SCALABILITY Limited High Easy for larger FFT /

MIMO

CONCLUSION AND SCOPE:

The proposed simplified Verilog-based MIMO-OFDM system demonstrates an effective approach for
implementing multi-antenna wireless communication on hardware-constrained platforms like FPGA
and ASIC. By approximating complex operations such as QPSK modulation, IFFT/FFT, channel
modeling, and equalization with register-based arithmetic and bit manipulations, the design achieves a
balance between functional fidelity and hardware efficiency. Simulation and experimental results
indicate that the system maintains acceptable performance in terms of Mean Square Error (MSE) and
symbol accuracy, with only minor trade-offs compared to conventional MATLAB-based
implementations. The inclusion of LSE and MMSE channel estimation techniques, alongside
simplified ZF and MMSE equalization, ensures robust operation under multipath fading and additive
noise while remaining computationally lightweight. The methodology also allows seamless scaling
from 2x2 to 4x4 MIMO configurations, demonstrating the system’s flexibility for higher-order spatial
multiplexing and diversity gains.

The integration of variable-capacitance antennas further enhances adaptability, providing dynamic
beam steering and frequency tuning capabilities. This enables improved link reliability, better
subcarrier alignment, and enhanced signal-to-noise ratio across MIMO channels. The control of
antenna capacitance via FPGA-driven feedback from pilot symbols introduces real-time adaptability,
bridging the gap between simplified hardware design and practical communication requirements.
Future scope for this work includes extension to larger MIMO arrays, such as 8x8 or massive MIMO,
to support higher throughput and multi-user scenarios. Hybrid analog-digital beamforming techniques
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could be incorporated to optimize power efficiency and further enhance spectral performance.
Additionally, implementing advanced channel coding, adaptive power allocation, and more
sophisticated channel models with extended multipath taps can improve robustness in real-world
wireless environments. Integration with IoT, 5G, and next-generation wireless systems presents
significant potential, as the proposed architecture offers a low-latency, resource-efficient, and scalable
solution for practical multi-antenna OFDM communication. This methodology establishes a
foundation for real-time, hardware-friendly MIMO-OFDM systems, combining simplified digital
processing with intelligent antenna adaptability, positioning it as a promising candidate for future
wireless communication applications.
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