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Abstract - Spherical Antenna Array (SAA) can receive Electromagnetic (EM) waves with equal signal strength, regardless of
polarization, Direction-of-Arrival (DoA), or angle of arrival. However, estimating DoA in a multi-source environment with a
low Signal-to-Noise Ratio (SNR) remains a significant research challenge that requires technical attention. This paper
introduces a novel feature-the Higher-Order Pseudo-Intensity Vector (HoPIV), derived from data obtained with an SAA.
Utilizing the unique properties of the reactive intensity vector derived from HoPIV, a method is proposed for identifying time-
frequency points dominated by the direct path. Consequently, a DoA estimation method is introduced, leveraging the high spatial
resolution of HoPIV to enhance DoA estimation performance with a high degree of accuracy. Numerical simulations, which
account for mutual coupling effects, demonstrate how the developed technique outperforms state-of-the-art methods, even at low
SNR. In addition, the practical deplorability of the HoPIV-based method against baseline methods is investigated using
experimental data (incorporating factors such as mutual coupling, multipath fading effects, and hardware imperfections) in

electromagnetics vis-a-vis an SAA, which, in the end, the ground truth to test and evaluate any method. The results show that

the proposed HoPI1V-based method is preferred over the state-of-the-art method.

Keywords - Spherical antenna array, EM wave, DoA estimation, HoPIV, Low SNR, Mutual coupling, Multi-source.

1. Introduction

Direction-of-Arrival (DoA) estimation has become a
significant topic in Electromagnetic (EM) science, garnering
attention in both industry and academia. It is widely applicable
in vehicular engineering, sonar, radar, military surveillance,
and wireless communication systems [1-6]. Understanding the
DoA of an incoming EM wave received by an antenna is
crucial for accurately localizing the sources of these signals.
This knowledge enhances adaptive beamforming, allowing
the system to focus on the desired direction of the EM wave
while  minimizing unwanted interferences [4, 5].
Consequently, the antenna can deliver maximum signal
strength to users and nullify interference, improving the
performance of wireless and base stations. Therefore, DoA
estimation is a key focus in antenna array signal processing.

A Spherical Antenna Array (SAA) is a crucial
configuration to obtain an antenna array with isotropic
features. SAA is widely used in satellite and spacecraft

OOE

engineering. Its electronic beam scanning capability is a
quality choice whenever a hemispherical scan and almost
uniform distributed gain is required [6, 7]. SAA (as shown in
Figure 1) has another merit in its 3D symmetric nature, and
spatial signal analysis benefits so much from it. The size and
geometry of the Spherical Antenna Array (SAA) determine its
directivity and the extent of beam scanning required in both
azimuth and elevation [8, 9]. Consequently, accurately
estimating the Direction-of-Arrival (DoA) using an SAA
while accounting for mutual coupling effects continues to be
challenging.

In literature, various DoA estimation techniques are
proposed in the spherical harmonic domain [10, 11]. Subspace
methods have been developed in the Spherical Harmonic (SH)
domain [12]. The Estimation of Signal Parameter through
Rotational Invariance Technique (ESPRIT) in SH domain,
with the acronym ESPRIT-SH, has been proposed using a
tangent function based on the SH recursive relationship. On
the other hand, ESPRIT-SH becomes ill-conditioned when the

ATl 1his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://www.internationaljournalssrg.org/
http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Oluwole John Famoriji & Thokozani Shongwe et al. / 1JEEE, 12(1), 1-8, 2025

tangent function approaches infinity around the spherical
surface. The two-stage ESPRIT-SH method uses two
successive Spherical Harmonics (SH) recurrences to estimate
elevation and azimuth separately. A decoupled two-stage
technique, which combines ESPRIT-SH followed by root
MUSIC in SH, has also been proposed [13]. A DoA vector
ESPRIT-SH approach has been used to derive directional
variables from three distinct SH recurrence relations, with
each variable corresponding to different components of the
limit vector, ultimately pointing to the DoA [14, 15]. Li et al.
[16] developed MUSIC-SH, though it requires significant
computational resources due to the need for a 2D angle search
[17]. Furthermore, Kumar et al. [18] introduced root MUSIC-
SH, which avoids peak searching but only estimates azimuth
through polynomial rooting.

(b)
Fig. 1 Typical spherical antenna array (a) SAA with 64 elements for a
conformal demonstration [8], and (b) geometry of SAA with 88 elements
[9].

Lately, techniques using signal intensity vectors emerged
as favourable methods for estimating DoA. Remarkably, for
SAAs, two major techniques have been proposed, i.e., Pseudo
Intensity Vectors (PI1V) and Subspace PIV (SPIV) [19, 20].
The SPIV computes the covariance matrix in a similar way to
the DPD (Direct Path Dominant) test approach and employs
the first eigenvector to formulate SPIV that takes the first-
order signal field information to estimate DoA [21, 22].
Although both PIV and SPIV show capability, it is important
to note that the performance of PIV becomes worse when the
angular separation between signal sources becomes small.
This shortcoming results from low-order information obtained
by PIV that may not give enough estimation of DoA with high

resolution in such cases. By extension, this paper presents a
method that uses the Higher-Order Pseudo-Intensity Vector
(HoP1V) as a significant characteristic for detecting the DPD
and DoA estimation. At first, the HoPIV formula is derived,
showing its ability to detect high-order spatial information in
the EM field. Secondly, it is demonstrated how the reactive
part of the HoPIV becomes zero when DPD points are
correlated with a source. It is worth noting that the HoPIV
bring about higher-order spatial information that can be used
to estimate DoA with appreciable accuracy.

2. System Model

Considering the SAA with a radius r comprising L
omnidirectional radiators, SAA's origin is similar to the 3D
polar coordinate system. The positions of the antenna are
represented as 1, = (1,6, ¢,), r, 0, ¢, are radial distance,
polar angle, and azimuth table, respectively, for the I-th
antenna having [ =1,2,...,L, assuming the presence of
Q(Q = 1) EM sources in the signal field, which are located at
the far field. The pressure of the signal at I-th antenna resulting
from the Q plane waves could be formulated by SH

decomposition as [22].

ik, 7,00, ) = TNo B Tooy bu (kD[ (84, b)] -
Yt (0, ¢1)sq (k) + ny(k), 1)

Where, b, (kr) denotes the strength of mode obtained
from rigid and open spherical arrays, [-]* is the conjugation
operation, k is the wave number, (6,,¢,) are the angle of
elevation and the azimuth of g-th source, respectively. s, (k)
represents the amplitude of the g-th source, n;(k) is the
additive noise. Y,;*(-) represents the SH of order n and degree
m, and it is expressed as [23].

2n+1 (n—-m)!
41 (n+m)!

vr(0,9) = P (cosB)e™™® )

Where B*(-) is the associated Legendre function, i =
v/—1 denoting the imaginary unit. This paper presents the
analysis and estimation performed in the SH domain. Let us
assume an ideal SH transform, implying the EM wave
pressures received by SAA in Equation. (1) are correctly
presented as a function of SH components. The SH
decomposition coefficient is defined as,

Ay (k) = B2, [V (0, ] s () + k), (3)

Where n=0,..,N, m=-n,..,n, and fi,,(k)
represents the noise SH decomposition components. In all,
only (N + 1)? SH decomposition coefficients exist. The
matrix form of Equation (3) is expressed as [24].

a(k) = Y (@)s(k) + nk) (4)
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The matrix Y (¢) is the steering matrix corresponding to
the direction of the source, i.e.

YH(p) = [y (91) .y (@1) .y (900)]. (5)

@ = [@1 ... ®q ... q] is the corresponding 2D plane wave
DoAs, with ¢, = [6,, $,], and

y(@q) = [Yoo(‘l’q) Y,{"((pq) YAIIV(QDq)]T
a(k) = [ago(k) - aym (k) .. any (O],
s(k) = [51.(K) . 5(K) .50 ()],

(k) = [fgo (k) .. My (K) -"ﬁNN(k)]T-
The complex steering matrix is transformed into a real

steering matrix to give room for DPD detection. The matrix of
transformation is given as,

iIn On (_1)ni]n
1

o=%lor vz op | ©)

Gn 0 JaGy
I, represents the n X n identity matrix, G,, is the matrix
that is not diagonal, having ones in non-diagonal locations,

zeros elsewhere, 0, is a n x 1 column vector, and J,, is given
as,

-1
el T 0
="

If Equation (4) is multiplied by 0, it yields.
atk) = Y"(p)s(k) + ak), ®)
a(k) and fi(k) represent the transformed signal and noise

vector, respectively. Y7 (¢) is the (N + 1)? x Q real steering
matrix, and

alk) = [Ago(k) ... Gy (k) ... Gy (1T,
Alk) = [Ago (k) ... A (k) ... Ay (KT,
Y'(p) = [9(91) - ¥(9g) - F(@e)],
9(0g) = [%(0g) - T (0g) - (0Q)]

Ym(-) represents the real SH [11] having order n and
degree m and expressed as,

o, ¢) =
2n+1 (n—|mD! m )
( 2n (orpmhi (cosB) sin(Im|¢), m <0
/Znﬂ B (cos0), m=0 )
4T
2n+1 (n-m)! oy
2m (n+m)!Pn (cosB) cos(m¢) m>0

Since the signal processing is analyzed in the short-time
Fourier transform (STFT) domain, @, is then given similarly
as,

A ($,6) = T2 T (84, D) 54 (G, 6) + () (10)

Where ¢, ¢ represents the time frame and frequency bin
index, correspondingly.

3. Developed Technique
3.1. HoPIV

Motivated by the method in [21] that employs the zero-
order and first-order SH coefficient for the velocity
approximation of pressure and particle, the HoP1V is defined
as,

I'(¢,¢) 2 [T50(¢,¢) o Tum({, ) .. Ty ((, C)]T (11)

an ((1 C) = anm ((: C)a;OO(qi C) (12)

The real part and the imaginary part of [,,,,({,¢), i.e.
R{Cm (¢, ¢)} and I{[,m (¢, ¢)} are noted to be the active and
the reactive components of HoPIV, respectively. Then,
neglecting the noise term of Equation (10) with a multi-plane
wave superposition scenario, @,.,({,¢) and dy,(¢,¢) can be
modified to be,

A (§,6) = T2, (04, g ) |54 (S, ) |54, (13)

dOO((: C) = 23:1 ?Oo(gq: ¢q) |Sq (C' g)|ei45q(('§) (14)

< is the angle of operation. In a simple manner,
representing the £s, (¢, ¢) as a,ym (J, ¢), I (¢, ¢) results to,

an((: C) = .
(Zg=1 mn(gq"l’q) |Sq((' §)|eiaq) (ZqQ=1\/%—,T|Sq((' §)|€iaq)
(15)

By mathematics, Equation (15) becomes

Tun(66) = = |20, 7 (64 84) 5,6 )| +
22 28 paalsa @ 9] -llsq (€ )] cos(ag -
ay) (% (80, 9) + T (84. 00) )| +
=CL T lse @ Olsg €, )lsin( e,
agr) - (?rzn(eq'(l’q) - ?T;n(gq,’ ¢q’)]' (16)
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In the multi-plane wave superpaosition case, the imaginary
part of Equation (16) is not zero. This implies that the reactive
vector component is available. Nevertheless, in the case of a
single source, for example, just the g-th plane wave is
available; Equation (16) is then transformed to,

[ (6, ) = = 764, b5y €. ) (7

The disappearance of the imaginary part means the
reactive intensity vector can be used to identify the direct path
point by transforming the real-valued steering matrix. This
characteristic limits the efficiency of using the real part of the
steering matrix when used for direct path detection.

3.2. Detection

Applying the reactive intensity vector characteristics, the
estimation of the reactive intensity norm that is relative to the
active intensity gives,

1
I, 9) = mrcommsrcon (18)

The measurable DPD points satisfying the scenario is,

Qppp ={((,9): if T({,¢) = €}, (19)

[I]l, represents the I, norm. It depicts that when the
I'(¢, ¢) is bigger than a threshold pre-set, €, the respective time
frame bin gets detected as a DPD point. The DPD points set is
denoted as Qppp-

Illustrating the detection ability, three different plane
waves coming from three sources at far field incident from
(359,35%), (80°,35%), and (1809, 35°), respectively. White
Gaussian noise is added at an SNR of 15 dB. We generated
the sum of 3000 snapshots. Figure 2 shows the results
obtained. For Figure 2 (a), the blue, green, and red colored
dots are correspondingly the ' value of one plane wave,
superposition of two plane waves, and superposition of three
plane waves.

In the case of a source case, I is almost unity and bigger
compared to the values for two and three sources. Figure 2 (b)
and Figure 2 (c) share the same trend as Figure 2 (a).
Specifically, for HoPIV, T' shows an observable disparity
among different source superpositions.

3.3. DoA

Inspired by the connection between the direction of
HoP1V and the plane wave incident direction presented by the
SH functions in Equation (13), the HoPIV is employed, i.e.,
I'(¢,¢), of DPD points in the estimation of sources’ DoA. A
space of direction that spans between 0 to 180 degrees by
elevation and 0 to 360 degrees by azimuth is first defined.

' : ' ' m

4
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Fig. 2 The I for the superposition of single, two, and three plane waves
under various HoPIV orders. (@) N =1, (b) N = 2,and (c) N = 3.

The space is discretized into Ny X Ng number of samples,
and W = [6, ¢] label is assigned to individual discrete sample
pairs. The direction of propagation of plane wave in real SH
function is represented by y(¥).

The measurement of similarity between I'(¢, ¢) and y(¥)
gives the DoA of each point of DPD. The DoA estimation is
accomplished by the identification of the minimum Euclidean
distance between I'(¢, ¢) and (W) as,

¥, = [ argminlin@,e) — 90, V.6 €pro} (20)
Yew

In order to enhance the degree of robustness of the
estimation of DoA, the results of estimation for the DPD
points detected in W, got smoothed by the developed 2D
histogram smoothing technique in [19].

4. Numerical Simulation, Experiment, Results,

and Discussion

Here, experimental results from both the simulation and
measured experimental data are presented to illustrate the
efficiency of the developed approach. The proposed technique
is consequently compared against the baseline methods: SPIV,
PIV [21], DPD-MUSIC [16], and DRHC [20] methods. The
performance metric is the root-Mean Square Angular Error
(RMSAE).
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Fig. 3 The simulated SAA from CST software for verification purpose.
(a) Sideward view, and (b) Aerial view.

4.1. Simulation

An SAA made up of 64-element of radius 4.2 cm that
operates at 8 GHz was simulated via CST software, as
described in Figure 3. Several sources were concurrently
active, and the arriving EM waves were quantified by SAA.
For easy analysis, an open spherical array is employed.
Nonetheless, the developed approach can be directly applied
to rigid arrays by incorporating the scattering factor. Data
were generated using CST. The SAA's data generated in the
time domain were affected by random noise in the array
elements. The data were then transformed into the frequency
domain using STFT.

The signals are obtained from the array via the
convolution of the source signals with their respective impulse
response. There is an addition of white noise to the entire
channel using 20 dB SNR. 30 random positions are chosen to
situate the three active sources to show how effective the
developed technique is in estimating the DoAs in comparison
against the baseline approaches. The sum of source signals
considered is 20, with a length of about 2 sec.
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Fig. 4 The plot of RMSAE for multi-source estimation of DoA.
(a) Elevation, and (b) Azimuth.

The RMSAE results obtained for each method is
presented in Figure 4 (a, b). It is noted that every result shown
is the average of 300 trials of signal blocks where the location
of EM wave, noise, and sources are generated randomly. It can
be observed that all the approaches considered or investigated
exhibit performance degradation as SNR increases in Figure
4. The PIV technique that does not incorporate any DPD is
affected notably by SNR and exhibits the most significant
errors in estimation. Contrary to the PIV, the SPIV technique
employing the first eigenvector of the time-frequency smooth
covariance matrix for the first-order PIV shows marginal
performance compared to the PIV. Nonetheless, it does not
match the high-order techniques like DPD-MUSIC and
DRHC leveraging on the high resolution spatial information
to get a better estimation of DoA. The DPD-MUSIC exhibits
enhanced results due to incorporating DPD and the high-
resolution subspace DoA estimation. On the other hand, it has
accuracy challenges in detecting all sources, as it prioritises
the intense energy sources within a zone, causing potential
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omission of other sources. The developed technique shows
consistency in its exhibition of the least RMSAE. The results
show how the integration of HoPIV characteristics

appreciably enhances the techniques’ efficiency, making it
possible to identify DPD points, which is an enabler of high-
resolution DoA estimation.

Fig. 5 The SAA in the anechoic chamber use for the experiment
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Fig. 6 The plot of RMSAE for multi-source estimation of DoA using
SAA practical measured data.

4.2. Experiment

As the technology develops, current and future systems
require smaller spacing between the elements. This causes
severe mutual coupling, leading to unwanted antenna
radiation and impedance matching. To incorporate the effects
of mutual coupling, measured experimental samples-
considered the ground truth to evaluate any method-were
employed to test the effectiveness of all the techniques. For
the measurement, the SAA is positioned at the center of the
anechoic chamber with sources situated at DoAs of about 74,
which were captured from a different mix of 18 elevations and
azimuths. The azimuth range chosen is 5° to 365° with a step
size 20°. For further information on the experimental setup

involving the SAA, refer to our previous work, where the
original data were published.

The RMSAE of the experimental results for the DoA
estimation for all methods are depicted in Figure 6. This shows
that azimuth estimation generally has bigger errors, while
elevation estimation exhibits more accuracy. This can be
attributed to the nature of the anechoic chamber, which has no
external noise. The developed HoP1V-based approach exhibits
the least RMSAE, while the DRHC technique relative to SPIV
shows the worst performance, which depicts a deviation from
the simulation results. The deviation is because the DoA
estimation deteriorates for the DRHC approach as the angle
tends to the horizontal plane. Hence, the HoPIV method
performs better than the state-of-the-art, even in practical
situations.

4.3. Computational Cost Analysis

A complexity analysis of the proposed method is
performed compared to baseline methods by measuring the
elapsed run-time. All computations are done using Matlab on
a computer with the following specifications: 8th Generation
Intel Core i7 processor, 16 GB RAM, 64-bit operating system,
and a 1TB SDR. Experimental data are used to calculate the
run-time for each method.

Table 1 presents the average elapsed run time comparison
across grid resolutions of [1, 2, 5] degrees for various snapshot
numbers (N) and DoA search grids. The PIV method
demonstrates the shortest run-time. The proposed HoPIV-
based method significantly reduces computation cost (run-
time) compared to SPIV, DPD-MUSIC, and DRHC. While the
PIV method is less costly regarding run-time, the HoPIV-
based method outperforms it regarding detection accuracy.

Table 1. Elapse run-time of the proposed HoPI1V method against the
baseline methods

N | PIV | SPIV [DPD-MUSIC|DRHC | HoPIV
©) ©) (s) ©) ©)
10 | 0.019 | 0.025 0.162 0.154 | 0.021
55 | 0.221 | 0.245 0.333 0342 | 0.224
70 | 0.190 | 0.280 0.435 0.386 | 0.192
100 | 0.633 | 0.644 0.788 0.774 | 0.635

5. Conclusion and Future Direction

In conclusion, a novel approach for multi-source DoA
estimation in challenging environments with low SNR has
been developed using a spherical antenna array (SAA) under
the influence of mutual coupling. The method leverages the
spatial resolution capabilities of the higher-order pseudo-
intensity vector (HoPIV) to enhance the accuracy of DoA
estimation and direct path detection (DPD).
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By leveraging the distinctive properties of the reactive
intensity vector derived from HoPIV, this technique
effectively identifies time-frequency points dominated by the
direct path, enhancing DoA estimation performance. The
effectiveness of this approach has been demonstrated through
simulations and experiments, showing that it outperforms
existing methods in terms of accuracy. These promising
results suggest the potential for industrial application of the
developed technique. Despite the promising results presented

confounding factors that can affect practical SAA
applications. Therefore, HoPIV can potentially drive
significant advancements in SAA processing and related
applications, including mobile communication systems,
aerospace, and radar systems.
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