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ABSTRACT

This paper presents an FPGA-based Improved MUSIC (IMUSIC) algorithm employing an Orthogonal—-Array
architecture for accurate and hardware-efficient direction-of-arrival (DOA) estimation. The proposed
Orthogonal-Array enhances spatial diversity and improves subspace separation, enabling robust DOA
estimation under noisy and limited-snapshot conditions. A hardware-oriented IMUSIC framework is
developed to achieve high resolution while maintaining low computational complexity and resource
efficiency. Performance evaluation using root mean square error (RMSE) analysis demonstrates that the
proposed approach consistently outperforms conventional MUSIC, Capon, and Root-MUSIC methods and
closely approaches the Cramér—Rao Bound across a wide range of signal-to-noise ratios and snapshot counts.
The results confirm the suitability of the proposed FPGA-based Orthogonal-Array IMUSIC algorithm for
real-time smart antenna, radar, and wireless communication applications.

KEYWORDS: Direction-of-Arrival Estimation, Improved MUSIC Algorithm, Orthogonal-Array Antenna,
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INTRODUCTION

Direction-of-Arrival (DOA) estimation plays a vital role in modern wireless communication, radar, sonar, and
intelligent sensing systems. As wireless environments become increasingly dense and dynamic, DOA
estimation algorithms must achieve high spatial resolution while maintaining robustness against interference,
noise, and hardware imperfections. Recent advances in adaptive beamforming and array signal processing
have contributed significantly to improving the reliability and performance of DOA techniques. For instance,
sigmoid-enhanced adaptive beamforming has demonstrated improved interference suppression and
convergence behavior in sensor arrays [1], while hybrid Capon—MUSIC approaches have been effective in
handling coprime array configurations in disaster management scenarios [2]. Similarly, sparse array-based
algorithms such as COMP-ESP have enabled

efficient localization of coherent and uncorrelated signals using reduced sensor geometries [3]. Machine
learning has also emerged as a complementary tool for DOA estimation, providing enhanced generalization
and robustness under coherent and non-coherent source conditions [4]. In parallel, improvements in coprime
array processing have yielded methods capable of mitigating mutual coupling and sub-array calibration issues,
thereby enhancing DOA accuracy in practical applications [5]. Research spanning mmWave channel
estimation [6], multiband filter design [7], and low-nanometer semiconductor device analysis [8] further
illustrates the rapid technological evolution surrounding next-generation wireless systems.

RELATED WORK

Smart antenna technologies have seen substantial convergence with artificial intelligence, signal processing,
and advanced electronic design, enabling highly adaptive and efficient communication platforms [9]. Machine
learning and deep learning models have also supported related fields such as biomedical imaging and pattern
recognition, underscoring their computational capabilities [10]. In the DOA domain, algorithmic
refinements—such as Modified Root-MUSIC using Nystrom approximation—have reduced computational
overhead while maintaining strong localization performance [11]. Adaptive Nystrom spectral analysis has
further improved direction finding in coprime arrays by enabling efficient subspace extraction [12].
Developments in adaptive beamforming for mobile communication systems [13], optimized receiver optics
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for radio astronomy [14], and chromatic aberration reduction in lens systems [15] collectively demonstrate the
broader demand for precision and computational efficiency in signal processing hardware. Complementary
innovations in multiband filters [16], user-friendly human—machine interfaces [17], and 3-D sparse array DOA
estimation using Nystrom approximation [18] highlight the fusion of hardware efficiency and algorithmic
design. Earlier advancements in multiband metacell-based filtering [19] and manifold reconstruction unitary
ESPRIT algorithms [20][21] have also contributed to improved array configuration strategies and spectral
resolution.

Advances in direction estimation have addressed challenges associated with coherent sources, unknown source
counts, and high-dimensional sensor arrays [22]. Fast sensor array processing methods have accelerated DOA
estimation pipelines, reducing latency and computational demands [23]. Improved adaptive beamforming
algorithms tailored for wireless systems have further contributed to interference rejection and performance
enhancement [24, 25]. Adaptive VSS-NLMS approaches employing modified antenna arrays have
strengthened dynamic tracking and error resilience [26]. Simultaneously, resonator-based sensor technologies
have supported accurate material characterization and RF diagnostics [27]. DOA estimation under grazing
incidence conditions has been achieved through optimized Proposed Orthogonal-Arrayconfigurations [28],
while fast adaptive DOA estimation techniques have demonstrated superior convergence properties under
dynamic environments [29].

Innovations in array geometries—including planar-like sensor configurations [30], spatially spread acoustic
vector sensors [31], and Kaiser-window-based blind beamformers for radar [32]—have expanded the range of
feasible applications. Research in broadband antennas, including CSRR-enabled monopole designs [33], has
provided compact and efficient hardware counterparts to signal processing algorithms. Earlier works have also
explored the trade-off between DOA performance and computational complexity [34], enabling solutions
suited for embedded and battery-powered platforms. Single-snapshot DOA estimation methods [35] have
enhanced real-time applicability, while symmetric sensor array modifications have improved resolution for
constrained geometries [36]. Contributions in fractal antenna design [37], spectral estimation methods [38],
semiconductor device optimization [39], and robust MUSIC variants [40] further highlight the breadth of
innovations shaping the landscape of DOA estimation and wireless sensors. Nystrom-based methods have
previously shown promise in reducing the computational load associated with coherent DOA estimation. A
pioneering work demonstrated that Nystrom approximation can be directly applied to radar-based coherent
source localization, achieving substantial reductions in matrix operations without compromising estimation
accuracy [41]. Hardware-friendly realizations of coherent DOA algorithms have also been explored, including
DSP-based implementations optimized for high-speed processing in antenna arrays [42]. These studies
collectively highlight how reduced-dimensional approximations and efficient algorithm-hardware co-design
can significantly enhance the deployability of DOA algorithms in practical systems.

Broader research activity has further intersected with materials science and hardware technology, where
tunable nanocomposite films and magnetron sputtering techniques have contributed to the development of
robust sensing platforms and electromagnetic components [43]. High-speed mobile communication systems
have also benefited from adaptive beamforming advancements, which provide rapid interference mitigation
and improved spatial filtering capabilities [44]. Comprehensive surveys on smart antenna systems have
underscored the growing need for algorithms that combine high resolution with low computation, especially
for next-generation wireless communication networks [45]. In addition to algorithmic innovations, alternative
sensor array geometries such as 2D-novel ULAs have enabled more flexible beamforming and DOA
estimation capabilities while reducing array size and complexity [46]. Single-snapshot DOA estimation
frameworks have made it feasible to operate under stringent latency constraints, a requirement critical for
high-mobility scenarios and compact embedded platforms [47]. Improvements in adaptive beamforming for
consumer devices, including 4G-LTE smart phones, have further emphasized the importance of designing
algorithms that maintain robustness while operating on limited hardware resources [48]. Earlier works on blind
beamforming for phased arrays and MIMO radar systems highlighted the potential of lightweight algorithms
for achieving efficient source separation and interference rejection without requiring extensive system
calibration or prior information [49].
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Continuing advancements in adaptive beamforming have also contributed to improved DOA estimation
performance. Early works introduced lightweight LMS-based beamformers suitable for real-time adaptive
antenna arrays [50], while robust blind beamformers using window-based techniques enhanced interference
resilience in smart antenna systems [51]. High-resolution DOA estimation methods were further refined
through optimized implementations of modified MUSIC for practical microwave and RF applications [52].
Recent developments—including sigmoid-enhanced adaptive beamforming [53], hybrid Capon-MUSIC
strategies for coprime arrays [54], and COMP-ESP applied to 3D sparse arrays [55]—demonstrate the ongoing
integration of algorithmic innovation with complex sensor geometries. Machine learning has also become an
important component, offering improved DOA estimation for coherent and non-coherent sources [56] and
strengthening robustness in coprime array processing [57]. Broader contributions in channel estimation for
mmWave MIMO-OFDM systems [58], multiband filter design using metacell structures [59], and nanoscale
FinFET device analysis [60] highlight the expanding technological landscape surrounding modern wireless
systems. Furthermore, the convergence of antenna technologies, electronics, and Al has been emphasized in
recent smart antenna architectures [61], with deep learning models contributing to improved signal
interpretation in associated domains [62].

ARRAY SIGNAL MODEL
Let us consider a uniform linear array (ULA) consisting of L antenna elements. We examine M narrowband
signals (M < L) impinging on the array from the far field. Assume that N snapshots are available. The received
signal at the array can then be represented by the following L x 1 observation vector:

X(t) = A(@)S(t) + N(t) 1)
where, A(9) =[a(8,).a(8),---,a(6,,)] is the array manifold vector, N denote the L x 1 Gaussian white noise

vector.

The M x 1 steering vector can be expressed as:
T
j(%]d sinfy, j[%{](L—l)d sinfy,

a(6,)=|1e 8 )

Here, ()" denotes the transpose of a matrix, d is the inter-element spacing, and A is the carrier signal
wavelength.
The sample covariance matrix (SCM) of the received signal x(t) is defined as:

R =E[X(t)X(t)"]= AR A" + 571, 3)
Here, Rs denotes the source covariance matrix, o> represents the noise power, and 1. is the L x L identity
matriX. In reality, the array correlation matrix can be estimated using many data snapshots as

R :%ZN:x(t)x(t)H

@

PROPOSED ORTHOGONAL-ARRAY FOR DOA ESTIMATION

The proposed antenna array configuration is a modified orthogonal—sparse hybrid array designed to enhance
direction-of-arrival (DOA) estimation accuracy while maintaining a reduced sensor count and low
computational complexity. The array is constructed by combining two orthogonal linear subarrays aligned
along the horizontal and vertical axes, augmented with strategically placed auxiliary elements to increase
spatial diversity and aperture.

Acta Sci., 26(3), 2025 462
DOI: 10.22178/acta.26.1.36



http://www.periodicos.ulbra.br/index.php/acta/
https://www.periodicos.ulbra.org/index.php/acta/article/view/595

ACTA
SCIENTIAE

ISSN: 2178-7727

0

L—c—o=@J—J—J

| YA

v
0_=
)

¢

Figure 1. Geometry of the Proposed Orthogonal-Array

The proposed antenna array configuration is a modified orthogonal—sparse hybrid array designed to enhance
direction-of-arrival (DOA) estimation accuracy while maintaining a reduced sensor count and low
computational complexity. The array is constructed by combining two orthogonal linear subarrays aligned
along the horizontal and vertical axes, augmented with strategically placed auxiliary elements to increase
spatial diversity and aperture. The central sensor is located at the origin (0,0) and serves as a reference element
for phase measurements. Along the horizontal axis, a set of uniformly spaced sensors is deployed with an
inter-element spacing of d=A/2, which avoids spatial aliasing and ensures unambiguous DOA estimation.
Similarly, the vertical subarray follows the same spacing constraint, forming an orthogonal cross-shaped
geometry.

To further improve angular resolution and identifiability of closely spaced sources, additional sparse elements
are introduced asymmetrically along the vertical branch of the array. These auxiliary sensors break the strict
uniformity of the structure, resulting in a non-redundant difference coarray with increased degrees of freedom
(DOFs). This enhancement enables the estimation of more sources than the number of physical sensors and
significantly improves performance under limited snapshot conditions.

The proposed geometry also facilitates two-dimensional spatial sampling, allowing effective estimation of
source directions over a wide angular range. The incident signal angle 6 is defined with respect to the
horizontal axis, as illustrated by the dashed reference line in the array layout. Due to the orthogonal placement
of sensors, the array exhibits improved sensitivity to angular variations, which leads to sharper spatial spectra
when subspace-based or sparse reconstruction—based DOA algorithms are employed.

The proposed array configuration offers the following advantages:
1) Enhanced spatial aperture without increasing the number of sensors
2) Higher degrees of freedom due to sparse and asymmetric sensor placement
3) Improved resolution for closely spaced and coherent sources
4) Reduced mutual coupling effects compared to dense planar arrays
5) Compatibility with advanced DOA estimation techniques such as MUSIC, Root-MUSIC, sparse
reconstruction, and compressive sensing frameworks

These features make the proposed modified array particularly suitable for high-resolution DOA estimation in
applications such as wireless communications, radar, sonar, UAV-based sensing, and smart antenna systems.

The signal impinging the Proposed Orthogonal-Array can be expressed as

X(8) pew = [X(E), +5(1), ] (5)
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Here x(t), and x(t), respectively denotes the horizontal and the vertical components of the narrow band

signal. The expression (6) can be written as
The new M x 1 steering vector of the proposed Orthogonal—-Array can be expressed as:

a(0,)=a(8,), +a(6,), )
Where,

a(‘gm )H = {1, ej{f)dsmgwI o ej[f)(l'fl)dsm% ] (7)
a(Gy)y = l:l, ej(%)d st o ej[%](l'_l)dcosem i| .

The array manifold matrix for the new proposed orthogonal-array is modified as:

A=A(@0), +A®), ©)
Where,

A@©), =[a(6).a(8,),--,a(6,)] (10)
A©9), =[a().a(6,),-,a(6,)] (11)

The new array covariance matrix of the x(t) ., IS

R, =EX(@®), +x(),} = ARA" + 521 (12)

where R, :E{s(t)neW s(t),'fw} is the M x M signal covariance matrix of the proposed orthogonal-array.

The eigenvalue decomposition (EVD) to estimate the signal and noise subspace is explained in the below
lines.

R= Qs/\sQHs +QnAnQH n
(13)
Noise subspace estimation can be efficiently performed by computing only the smallest M—K eigenvectors
iteratively, using methods such as power iteration or Lanczos algorithms, rather than performing a full eigen-
decomposition. The proposed method introduces a hardware-efficient and robust approach for direction-of-
arrival (DOA) estimation by jointly optimizing noise subspace extraction and spectral peak enhancement. The
key objective is to achieve high angular resolution while significantly reducing computational burden, making
the method well suited for real-time and low-power smart antenna systems.

Instead of computing a complete eigen-analysis of the spatial covariance matrix, the method focuses
exclusively on extracting the components associated with noise. This is accomplished through iterative
subspace refinement techniques that progressively converge to the noise-related components without
evaluating the entire eigenspace. By avoiding full matrix decomposition, the approach dramatically lowers
processing latency, memory usage, and power consumption, which is particularly advantageous for FPGA and
ASIC implementations. Once the noise subspace is estimated, the method introduces an adaptive spectral
weighting mechanism designed to improve the contrast between true source directions and spurious responses.
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Rather than treating all angular candidates uniformly, each candidate direction is adaptively weighted based
on its alignment with the estimated noise characteristics. Directions that are strongly orthogonal to the noise
subspace are emphasized, while those influenced by noise or interference are automatically attenuated.

A smooth nonlinear activation function is employed to control this adaptive weighting process. This function
provides gradual amplification near true source directions while preventing abrupt changes that could lead to
numerical instability or false peaks. As a result, the spatial spectrum exhibits sharper and more stable peaks,
even in challenging scenarios such as low signal-to-noise ratios, closely spaced sources, or limited observation
samples. The proposed method further benefits from its inherent robustness to modeling errors and noise
uncertainty. The adaptive weighting mechanism dynamically adjusts to variations in the noise environment,
reducing sensitivity to snapshot deficiency and imperfect covariance estimation. Additionally, the reduced
computational footprint enables efficient parallel implementation, supporting real-time processing in
embedded antenna platforms. To enhance peak sharpness and suppress spurious responses, the proposed
method modifies the pseudo-spectrum as

1 P,
Bon®) = 7 G100 0) Q8 a0(0) “(’“ ?)

(14)
Explanation of Modifications

a) ao(0) represents the orthogonal-array steering vector, formed by jointly combining the horizontal and
vertical subarray responses of the proposed structure.

b) Qn,.o denotes the orthogonal noise subspace matrix, estimated from the reduced-complexity eigenstructure
corresponding to the proposed array geometry.

c) The orthogonal formulation improves angular discrimination by exploiting spatial diversity along both
axes, resulting in enhanced resolution compared to conventional linear arrays.

d) The nonlinear weighting term o(-)adaptively scales the pseudo-spectrum based on the signal-to-noise
ratio, ensuring stable peak enhancement under low-SNR and snapshot-limited conditions.

e) The parameter k controls the sensitivity of the adaptive weighting and allows tuning for different
operating environments.

f) Hardware Architecture for the Proposed IMUSIC Algorithm with the Orthogonal-Array

Figure 2 illustrates the hardware architecture of the Proposed Improved MUSIC (IMUSIC) algorithm
implemented for the Proposed Orthogonal-Array. This architecture is designed for real-time Direction-of-
Arrival (DOA) estimation while minimizing hardware complexity, making it suitable for FPGA-based
platforms.

FPGA Architecture for the
Algorithm

Orthogional
Antenna IMUSIC E lD O;:.
Pueso Si trum > stimation

Iterative
Signal-Subspace d

Tracker

Figure 2: Proposed FPGA implementation for the IMUSIC algorithm utilizing an Orthogonal-Array
geometry.

The process begins with the Proposed Orthogonal—-Array, which captures incoming RF signals from multiple
sources. These analog signals, carrying spatial information, are converted to digital form using Analog-to-
Digital Converters (ADCs) and forwarded to the core IMUSIC processing blocks. The Covariance Matrix
block calculates the spatial correlation among signals received at the array elements. To optimize hardware
efficiency, the computation is implemented using iterative or sequential methods, avoiding full matrix
operations.
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At the heart of the architecture is the Subspace Estimation block, which implements the IMUSIC algorithm.
Unlike conventional MUSIC, IMUSIC incorporates enhancements that improve resolution and reduce
computational load, such as refined noise subspace estimation or adaptive weighting. This enables accurate
DOA estimation without the need for full Eigenvalue Decomposition (EVD). The Weighting Factor block
further improves performance by applying adaptive weights to the estimated subspace vectors, enhancing
convergence speed and robustness against errors or interference. The Pseud Spectrum block generates a spatial
power map, where the peaks correspond to the estimated DOAs. Finally, the DOA Estimation block detects
these peaks to determine the precise angles of arrival.

RESULTS AND DISCUSSION

In this section, the performance of the proposed Improved MUSIC algorithm is systematically assessed under
different signal conditions. To validate its effectiveness, the proposed approach is benchmarked against
established DOA estimation techniques, namely conventional MUSIC, Capon, Root-MUSIC, as well as the
theoretical Cramér—Rao Bound (CRB). Across all simulation studies, estimation accuracy is evaluated using
the root mean square error (RMSE), which serves as the primary performance metric and is defined as:

RMSE(6) = Tli(é ~of (15)

i=1
where the true DOAs are denotes by & and the estimated DOA of the i trial is represented by 5, and the
total Monte Carlo trials are denoted by T.

6.1 Spatial Spectrum

The proposed Improved MUSIC (IMUSIC) algorithm is evaluated using the Proposed Orthogonal—-Array with
10 elements and half-wavelength spacing, with a reference wavelength of A = 50 units. Two simulation
scenarios are considered: Figure 3 analyzes five far-field sources impinging from -45° -20° 0° 25° 40°, while
Figure 4 evaluates a more challenging five-close source case at 5°, 10°, 15°, 20°, 25°. In both scenarios, 400
snapshots of narrowband signals are collected, and AWGN with an SNR of 10 dB is added to emulate realistic
noise conditions. The sample covariance matrix is computed and used for improved noise-subspace estimation.
The IMUSIC pseudo-spectrum is scanned from —90° to 90° with 0.2° resolution for accurate peak
identification. The algorithm accurately resolves both moderate and dense source configurations,
demonstrating its robustness and high-resolution DOA estimation capability.
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Fig. 3. IMUSIC pseudo-spectrum for 5-source DOA estimation scenario. The proposed IMUSIC
algorithm exhibits sharper peaks and improved resolution for DOAs-45° -20° 0° 25° 40°.
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Fig. 4. IMUSIC pseudo-spectrum for the five-source DOA
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estimation scenario with directions 5°, 10°, 15°, 20°, 25°, demonstrating the algorithm’s capability to
accurately resolve densely spaced sources.
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Fig. 5. FPGA based IMUSIC pseudo-spectrum for the five-source DOA estimation arriving from -45°
-20° 0° 25° 40°.
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Fig. 6. FPGA based IMUSIC pseudo-spectrum for three-source DOA estimation scenario with signals
impinging from 5°, 10°, 15°, 20°, 25°.

Figures 5 and 6 illustrate the performance of the proposed FPGA-based Improved MUSIC (IMUSIC)
algorithm through its pseudo-spectrum representation for multi-source direction-of-arrival (DOA) estimation.
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Figures 5 and 6 present the pseudo-spectrum results obtained using the proposed FPGA-based Improved
MUSIC (IMUSIC) algorithm for multi-source direction-of-arrival (DOA) estimation. The plots demonstrate
the capability of the proposed approach to accurately identify and resolve multiple incoming signals under
both widely spaced and closely spaced angular scenarios. In Figure 5, a five-source DOA estimation scenario
is considered, where signals impinge on the antenna array from —45°, —20°, 0°, 25°, and 40°. The simulated
IMUSIC spectrum is depicted using a solid black curve, while the DOAs estimated by the FPGA
implementation are indicated using red dashed vertical lines. It is clearly observed that each true source
direction corresponds to a distinct and sharp peak in the pseudo-spectrum. The perfect alignment between the
spectral peaks and the FPGA-estimated DOA markers confirms the high estimation accuracy of the proposed
IMUSIC architecture. Moreover, the narrow mainlobes and significantly suppressed sidelobes indicate
excellent angular resolution and interference rejection capability. Figure 6 illustrates the performance of the
proposed method in a more challenging three-source scenario involving closely spaced signals arriving from
5°, 10°, 15°, 20°, and 25°. Despite the small angular separation between adjacent sources, the IMUSIC
algorithm successfully resolves all impinging signals, producing clearly distinguishable spectral peaks for each
direction. The FPGA-based DOA estimates coincide precisely with the dominant peaks of the simulated
spectrum, demonstrating the robustness of the proposed implementation in resolving closely spaced sources
without peak merging or false detections. A key observation from both figures is the strong consistency
between the simulated IMUSIC pseudo-spectrum and the DOA estimates produced by the FPGA architecture.
This consistency validates that the proposed hardware-efficient design accurately preserves the theoretical
behavior of the IMUSIC algorithm while enabling practical real-time realization. The sharpness of the spectral
peaks, combined with the absence of spurious responses, highlights the stability and reliability of the proposed
system across different source configurations. Overall, the results confirm that the proposed FPGA-based
IMUSIC approach provides high-resolution DOA estimation with excellent accuracy for both moderate and
closely spaced source scenarios.

6.1 Root Mean Square Error (RMSE) Performance
Figure 7 illustrates the root mean square error (RMSE) performance of the proposed Improved MUSIC
(IMUSIC) algorithm implemented using the Orthogonal—Array architecture as a function of the signal-to-noise
ratio (SNR). The performance of the proposed method is compared with conventional MUSIC, Capon
beamforming, Root-MUSIC, and the theoretical lower bound represented by the Cramér—Rao Bound (CRB).

Hardware Implementation

8 —6—Proposed IMUSIC
-A-MuUsIC
~: N "'.n B Capon
— NN L,
§ BN A, --9--Root-MUSIC
>
Q
z
w4r
n
=
©
2 -

-10 0 10 20 30
SNR (dB)
Fig. 7. RMSE versus SNR performance comparison of the proposed IMUSIC algorithm with the
Orthogonal-Array against MUSIC, Capon, Root-MUSIC, and the Cramér—Rao Bound (CRB) under
hardware-oriented implementation conditions.
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Fig. 8. RMSE performance of the proposed IMUSIC algorithm with the Orthogonal-Array as a
function of the number of snapshots, compared with MUSIC, Capon, Root-MUSIC, and the Cramér—
Rao Bound (CRB) under hardware-oriented implementation conditions.

As observed from the figure, the RMSE decreases steadily for all algorithms with increasing SNR, indicating
improved estimation accuracy as the noise level reduces. Across the entire SNR range, the proposed IMUSIC
algorithm with the Orthogonal—Array consistently achieves lower RMSE compared to MUSIC, Capon, and
Root-MUSIC, and remains closest to the CRB. This behavior highlights the superior noise robustness and
estimation efficiency of the proposed approach under practical operating conditions.

At low SNR values, where estimation is particularly challenging due to noise dominance, the proposed method
demonstrates a clear performance advantage. The Orthogonal-Array structure enhances spatial diversity and
mitigates the adverse effects of noise and sample imperfections, enabling reliable subspace separation even in
noisy environments. In contrast, Capon beamforming shows higher RMSE due to its sensitivity to noise and
finite data effects, while conventional MUSIC and Root-MUSIC exhibit moderate improvement but remain
less accurate than the proposed method.

At moderate and high SNR levels, the RMSE achieved by the proposed IMUSIC algorithm approaches the
CRB, indicating near-optimal estimation performance. This close proximity to the theoretical bound confirms
that the proposed Orthogonal-Array-based implementation preserves the desirable characteristics of the
IMUSIC algorithm while being suitable for hardware realization.

Figure 8 illustrates the root mean square error (RMSE) performance of the proposed Improved MUSIC
(IMUSIC) algorithm implemented using the Orthogonal-Array architecture as the number of snapshots
increases. The performance of the proposed method is compared with conventional MUSIC, Capon
beamforming, Root-MUSIC, and the theoretical lower bound represented by the Cramér—Rao Bound (CRB).
As observed from the figure, the RMSE decreases monotonically for all methods as the number of snapshots
increases, which reflects the improved estimation reliability obtained from larger data records. Among the
compared techniques, the proposed IMUSIC algorithm with the Orthogonal—Array consistently achieves the
lowest RMSE across the entire range of snapshots, remaining closest to the CRB. This behavior demonstrates
the superior estimation accuracy and robustness of the proposed approach under limited as well as large
snapshot conditions.

The improved performance of the proposed method can be attributed to the Orthogonal—Array structure, which
enhances spatial diversity and reduces correlation effects among sensor measurements. This structural
advantage enables more accurate subspace separation, leading to sharper spectral peaks and reduced estimation
error when compared to conventional array configurations. In contrast, the Capon method exhibits higher
RMSE due to its sensitivity to noise and finite sample effects, while conventional MUSIC and Root-MUSIC
show moderate improvement with increasing snapshots but remain inferior to the proposed approach.

Another important observation is the stable convergence behavior of the proposed IMUSIC algorithm under
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hardware-oriented constraints. Even at a relatively small number of snapshots, the RMSE achieved by the
proposed method is significantly lower than that of the benchmark techniques, indicating its suitability for
real-time and resource-constrained implementations such as FPGA-based systems.

CONCLUSION

This work presented an FPGA-based Orthogonal-Array IMUSIC algorithm for accurate and hardware-
efficient direction-of-arrival estimation. The proposed Orthogonal-Array structure enhances spatial diversity
and improves estimation robustness under noisy and limited-snapshot conditions. Performance evaluation
using RMSE analysis demonstrates that the proposed method consistently outperforms conventional MUSIC,
Capon, and Root-MUSIC approaches and closely approaches the Cramér—Rao Bound across varying SNR and
snapshot scenarios. The obtained results confirm the effectiveness and suitability of the proposed FPGA-
oriented IMUSIC architecture for real-time smart antenna, radar, and wireless communication applications.
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