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Abstract — Forward-looking synthetic aperture radar
(SAR) systems often suffer from low resolution and
blurred imaging in the azimuthal direction due to the
limited variation in Doppler frequency. To address this
issue, this paper proposes a novel forward-looking SAR
imaging technique leveraging vortex electromagnetic
waves and orbital angular momentum (OAM) modu-
lation. The core innovation lies in introducing a new
azimuthal Doppler frequency component by establish-
ing a linear relationship between the OAM mode number
and slow-time, significantly enhancing azimuthal reso-
lution.The method employs a transceiver system com-
prising a uniform circular array for transmission, with
a single antenna at the center of the array for reception.
Additionally, the traditional Range-Doppler (RD) algo-
rithm is optimized to suppress motion-induced azimuthal
Doppler interference and isolate mode-induced Doppler
effects. Simulation results demonstrate that the proposed
method effectively expands the azimuthal Doppler band-
width, resolving left-right target ambiguity and substan-
tially improving azimuthal imaging quality in forward-
looking SAR systems.

Index Terms — Forward-looking SAR imaging, orbital
angular momentum (OAM), two-dimensional imaging.

L. INTRODUCTION

Forward-looking imaging has recently attracted sig-
nificant attention due to its potential applications in
airborne reconnaissance, fire control, missile guidance,
and aircraft landing under adverse meteorological con-
ditions. However, forward-looking radar systems face
inherent limitations compared to synthetic aperture radar
(SAR), particularly in the ability to synthesize a larger
virtual antenna. The forward-looking radar targets are
located in a sector area in front of the carrier trajectory,
where the radar-target angle is small. This results in a
limited azimuthal Doppler bandwidth due to the small
Doppler frequency variation caused by the radar motion.
Consequently, the Doppler frequency of targets in the
imaging area is highly correlated with both the target
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position and angle, leading to increased Doppler com-
plexity and variability. This results in low resolution in
the azimuthal direction, with left- and right-side targets
producing similar Doppler frequencies, causing blurring
in the imaging process [1]. As a result, achieving high
azimuthal resolution in forward-looking radar imaging
remains challenging.

As described in electrodynamics literature, the elec-
tromagnetic(EM) angular momentum can be decom-
posed into two independent parts, namely, spin angular
momentum and OAM. The former is linked with polar-
ization,whereas the latter leads to helical phase front. A
beam carrying OAM usually has helical wavefront and
a doughnut intensity shape , hence called vortex EM
wave.Different OAM eigenmodes are topologically dis-
tinct, and they can span a Hilbert space of denumerably
infinite dimension which has the prospect for improv-
ing the information transfer and acquisition abilities of
the EM wave. Vortex EM wave imaging radar holds the
potential to address the inherent limitations of forward-
looking radar, particularly in enhancing azimuthal res-
olution. The wavefront phase of vortex EM waves
is modulated by orbital angular momentum (OAM),
enabling the generation of numerous orthogonal modes
with unique phase distributions [2]. These characteris-
tics make vortex EM waves advantageous for improv-
ing imaging resolution and efficiency.Previous studies
have explored the application of vortex waves in radar
imaging. For instance, Guo et al. [3] first applied vortex
EM waves to radar imaging in 2013, laying the ground-
work for EM vortex imaging. Subsequent research has
investigated methods for enhancing azimuthal resolu-
tion [4] and applied vortex waves to side-looking SAR
systems, demonstrating their superiority in improving
azimuthal imaging performance [6-9]. However, there
remains a significant gap in addressing the azimuthal res-
olution challenges specific to forward-looking SAR sys-
tems, where minimal Doppler frequency variation often
results in low resolution and imaging ambiguity.

In terms of two-dimensional forward-looking imag-
ing using vortex EM waves, [10] investigated the use
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of vortex waves in forward-looking radar systems. The
system employs phase characteristics of vortex waves
to enable 2D imaging through FFT and sparse recov-
ery methods. However, this approach assumes fixed time
and considers only gaze-mode forward-looking imaging,
which significantly limits its applicability in dynamic
motion scenarios. Therefore, further research is needed
to develop methods for vortex-based forward-looking
imaging in moving scenarios.

This paper presents a novel method for forward-
looking imaging using vortex EM waves, designed with
OAM modes. Several techniques for generating vortex
EM waves have been proposed, including helical phase
plates [11], circular traveling-wave antennas based on
ring resonant cavities [12], passive metasurface anten-
nas [13], and uniform circular arrays (UCAs) with spe-
cific phase shifts [14]. Among these, the UCA-based
approach utilizes a multi-channel phase control method
to modulate various beam modes, providing a high
degree of flexibility and variability. This approach can
generate vortex beams in multiple modes, making it an
ideal choice for EM vortex radar systems.

In this method, the forward-looking imaging system
employs a uniform circular array for transmission and a
single antenna for reception at the center of the array.
First, we derive the EM vortex SAR echo model based
on the OAM mode design, considering the established
imaging scenario. Then, we design a variation function
for the OAM mode number as a function of slow time
to obtain an enhanced azimuthal term. This compensates
for the small Doppler frequency shift typically observed
in conventional forward-looking SAR systems. Finally,
we address the range-Doppler frequency variation and
achieve two-dimensional high-resolution imaging using
the RD imaging algorithm.

As shown in Fig. 1, the UCA no longer transmits a
single-mode vortex wave but instead uses OAM beams
with a changing number of modes. The vortex radia-
tion field generated by the UCA actually carries differ-
ent orbital angular momenta.When appropriate param-
eters such as the number of elements,radius,and fre-
quency are set,the generated OAM exhibits minimal field
components in other modes,allowing for the production
of nearly pure OAM,which will not affect the imag-
ings quality [22]. A simulation of the proposed imaging
method is carried out to demonstrate its effectiveness.

I1. IMAGING MODELS
The scene geometry of the forward-looking imag-
ing system is depicted in Fig. 2, where a UCA, located
in the Cartesian coordinate system O-XYZ, moves along
the X-axis with a constant velocity, transmitting vortex
EM waves. In this coordinate system, the Z-axis points
toward the center of the Earth, and the Y-axis is perpen-
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Fig. 1. Diagram of the UCA.
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Fig. 2. Imaging geometry of an OAM-based radar imag-
ing system.

dicular to the X-axis, pointing to the right. The receiving
antenna is positioned at the center of the UCA, which
is also considered the radar’s location. The initial posi-
tion of the radar motion is treated as the origin of the 3D
Cartesian coordinate system O-XYZ. The target’s posi-
tion is denoted as Py = (xo,Y0,2,), while the radar’s posi-
tion is denoted as Pgx = (x,0,0), and the instantaneous
distance between the target and the radar is represented
as

R(T) = /(0 — )+ 307 + 2 ()
Considering that the forward-looking motion trajec-
tory is much smaller than the imaging distance of the
target, the response of the Bessel magnitude term to
changes in the target’s elevation angle can be neglected.
In other words, the instantaneous pitch angles between
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the radar and the target are assumed to be equal, i.e.,
0; = Or. In this imaging system, the UCA no longer
transmits a fixed-mode vortex EM wave. Instead, the
OAM mode number varies linearly with time. The coeffi-
cient governing this linear variation is denoted as ¢. The
UCA transmits linear frequency-modulated (LFM) sig-
nals to generate vortex beams, and the transmitted signal
can be expressed as:

t
s(t,ly) = rect [T} exp(jmK,t*) exp(j2mf.t)

xexp(jln@(n)),
where T, K, and f. represent the range time variable,
pulse width, linear frequency modulation ratio, and cen-
ter carrier frequency, respectively. Based on the above
expression, the vortex SAR echo can be derived as fol-
lows:

(HHM—GLMMmeMM¢(H

w5

x exp [m( )

ol =] xexp | -5

(@)

3

where z, ) and A are denoted as fast time, slow time, and
central wavelength, respectively. 1o represents the slow
time corresponding to the point where the carrier plat-
form is closest to the target, and Ry is the corresponding
slant range. k is the wave number, and o is the target
scattering coefficient. J, is the first type of Bessel func-
tion of order /), and a denotes the radius of the UCA.
Additionally, W,[-] and W,[-] represent the distance and
azimuthal envelopes, respectively, which are typically
modeled using a rectangular window. ¢@(7) is the instan-
taneous azimuthal angle of the target, which, according
to the geometrical relationship, can be expressed as:

o(n)= arctan( 0 > . )

Xo—vn

The Taylor expansion of the instantaneous azimuth
expression, neglecting higher-order terms beyond the
third order, is given by:

T X0 v
om) =~ o T )
Due to the relationship between the OAM mode
number and slow-time transformation, the new phase fre-
quency modulation (FM) function can be obtained as fol-

lows:

() = (’;)ém et ©

Observing the above equation, we find that the
azimuth factor term comprises two components. The first
is a linear term, (5 — —)én, representing a new single-
frequency signal 1ntroduced in the azimuth direction,
which can be compensated by designing an appropriate
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slow-time correction function. The second component is
a quadratic term, —&jn related to slow time 77, which
manifests as a new quadratic curvature term in the tradi-
tional SAR azimuth echo.

In forward-looking SAR, azimuthal imaging faces
challenges due to the minimal variation in Doppler fre-
quency. Single-antenna SAR systems exhibit imaging
blind spots, with left and right targets producing identical
Doppler frequencies, leading to left-right blurring in the
image. Compensation is therefore necessary to enhance
azimuthal resolution in the imaging system.

The new azimuthal term derived through modal
design addresses these limitations. It not only eliminates
the issue of identical Doppler frequencies for left and
right targets but also introduces a new linear frequency-
modulated (FM) signal ¢ with a tuning frequency of

expliT > ve§ nz} This new term, characterized by a tuning

frequency K = ‘: , contributes to improved azimuthal
resolution and m1n1mlzes imaging ambiguities.

1. IMAGING ALGORITHMS
Based on the above analysis and compensations,
an improved RD algorithm is proposed, with the pro-
cessing flow illustrated in Fig. 3. Similar to the tradi-
tional RD algorithm, range compression is performed

Received Echo
Data

FFT in Fast Time Range
Domain i compression

ol ly)
Matched i||ter

IFFT in Fast Time
Domain

Linear Azimuth-
angle Term
Compensation

Forward looking

Azimuth-angle Term
Compensation

Azimuth

l FFT in Slow Time i .
: compression

Domain

!

[ RCMC ]

H(t fyly)

éVIatched filter

IFFT in Slow Time
Domaln

Focused 2D
image

Fig. 3. The flowchart of the improved RD algorithm.
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first. Applying the range FFT to the echo signal yields:
s(t,n;ly) = oJy, [kasin 0] expljly @(n)]

2

X Wy [K]:[T} exp[—jn%]

R(n)} (N

X exp [—j47tf,
C

4nR
S . ]
The corresponding matched filter H(f;,n;ly) is
designed as follows:
H(fm:tn) = [ L] exp (jdt ®)
ts1>tn r KrT J Kr .
Then, the range compression result is obtained as
follows:
sra(t,M31n) = IFFT{s(t,n:1n)H (fr,n:1y)}

= 0Jj, [kasin 0] exp ](g - ;C}O)én]
i 0

v 2R(n) 9
X exp[J%gnz]p, (t — >

c

X Wq[1 — o] exp _j4n§(n) )
where the range envelope P.(t) = |K,|Tsinc(|K,|T -
t).Subsequently, the linear term affecting imaging qual-
ity, as well as the azimuthal FM term of conventional
forward-looking SAR, are compensated by applying a
conjugate phase factor.

T X0
s@ﬂph)zsmﬁﬂﬁhfe“{_](z_ﬂm>§n}
X exp {j4ﬁ§(n)]
=0 -Jln [kasin G}Wa[n - 770}
2R
x exp|—jmK;n*]p, (t - #

(10)
Next, the range walk correction factor is constructed
in the frequency domain as follows:
cos@
(—j47rfcv t). (11)
c
By multiplying the range walk correction factor with
the range-frequency and azimuth-time domain signal, the
two-dimensional time-domain echo signal with corrected
range walk is obtained:

s(t,n;1ly) = oJy, [kasin O]w,[n —nr]

H =exp

c

Finally, the azimuth compression result is obtained
through an azimuth matched filter, which is defined as
follows:

12
x exp[—jmKin*] - p, (r - 2R> 1

fZ
H(t, fyiln) = exp (jn”) . (13)
K;

The final 2D compressed echo can be expressed as:

sop(ti, M3 ln) = 0, [kasin ] - p,(1 — ZR%) “pr(n —"o)-

(14)

At this stage, the 2D focused image for the proposed

vortex SAR is achieved, with the azimuth compression
envelope expressed as follows:

pr(-) = |K/| T sinc(|K,| T - 1),

pa(:) = |Ky| Tsinc(|K;|T - ).

The range resolution is determined by the band-

width B, = |K;|Ts of the transmitted signal, which can

be expressed as:

5)

c
Pr=1g
The azimuthal resolution of conventional forward-
looking SAR imaging depends on the antenna aperture
D. However, the small angle between the target area and
the trajectory direction results in minimal variation in the
azimuthal Doppler frequency, leading to poor imaging
quality. By introducing an OAM mode that varies over
time, the new azimuthal resolution can be derived as:
c
pa - TBZ’ (17)
where the newly introduced Doppler bandwidth is B; =
|K;|Ts. This bandwidth can be adjusted by designing a
linear relationship & between the OAM mode number [
and time, thereby achieving an azimuthal resolution that
meets the desired requirements.

(16)

IV. SIMULATION AND DISCUSSION

The simulation results of the proposed 2D forward-
looking EM vortex imaging method are presented and
analyzed in detail in this section. These results demon-
strate the significant impact of the method proposed in
this paper on enhancing forward-looking SAR imag-
ing performance.To achieve higher purity of OAM and
improve imaging quality, the array radius is set to a =
0.12m [23].The other key parameters used in the simu-
lation experiments are listed in Table 1.

Table 1: Simulation parameters

Parameter Value Name
Flight height H 5000 m
Central Frequency f 35 GHZ
Bandwidth B 20 MHZ
UCA radius a 0.12 m
Radar flight speed v 150 m/s

Since the number of OAM modes generated is cur-
rently limited to integer values, [, = INT (| |-7;) can be
used to obtain the actual number of OAM modes trans-
mitted from each slow-time sampling point /;;;, where
INT(-) is an integer-valued function. Consequently, the
number of transmitted OAM modes corresponding to the



entire slow-time sampling period can be expressed as
INT (Iy).

As shown in Fig. 4, the OAM mode curves of the-
oretical value and the designed value almost coincide
with the slow time transition, and it can be found that the
modes error is very small. This indicates the effectiveness
of the OAM pattern design.

Enmitting OAM mades
Emiting OAM modes

o 0005 0 0005 001
‘Sampling slow-time points. Sampling slow-time points

(a) (b)

Fig. 4. Comparison between the Rounded Mode Values
and the Linear Mode Values.

To verify the effectiveness of the forward-looking
imaging method proposed in this paper in enhancing
azimuthal resolution, simulations were conducted com-
paring the new azimuthal Doppler frequency with that of
conventional forward-looking SAR. Figure 5 shows the
comparison between the azimuthal Doppler frequency
with a linearity factor of 60 £ and the azimuthal Doppler
frequency of conventional forward-looking SAR. A clear
difference can be observed between the Doppler pro-
gression of conventional forward-looking SAR and that
of the modal-based design. In the conventional method,
azimuthal signals can be compressed in the RD domain
using matched filtering, while in the modal-based design,
the Doppler slope becomes smaller as the course direc-
tion approaches a point target within the same range cell
during one synthetic aperture time.

Three targets with coordinates (1000, 200), (3000,
200), and (3000, 160) were placed in the imaging scene.
The imaging results, obtained using the RD algorithm for
conventional forward-looking SAR, are shown in Fig. 6.
These results demonstrate a left-right blurring problem
in forward-looking SAR imaging, attributed to the equal
Doppler frequency values generated by left and right tar-
gets with equal azimuthal coordinate magnitudes. Addi-
tionally, as the azimuth angle between the target and
radar decreases, the imaging resolution of the forward-
looking SAR deteriorates, leading to an inability to dis-
tinguish between closely spaced target points.

Figure 7 presents a comparison of the azimuthal
point spread function between the vortex forward-
looking imaging and conventional forward-looking
imaging. It is evident that the vortex forward-looking
imaging demonstrates superior azimuthal resolving
power at the same position, while the azimuthal resolu-
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Fig. 5. Azimuthal Doppler course for different distance
values of forward looking SAR. (a) and new directions
doppler history (b).
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Fig. 6. Forward-looking SAR 2D point target imaging.
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Fig. 7. The azimuthal profiles of conventional forward-
looking and vortex forward-looking PSF.

tion of conventional forward-looking imaging decreases
as the distance value increases. Additionally, as shown
in Fig. 8 (a) and Fig. 8 (b), the azimuthal imaging qual-
ity of conventional forward-looking SAR is significantly
lower than that of the vortex forward-looking SAR. The
vortex forward-looking imaging, based on modal design,
achieves azimuthal resolution similar to that of forward-
looking SAR.

Three ideal scattering points are placed in the
imaging scene with coordinates P1(3000,200,5000),
P2(3500,200,5000), and P3(3500,190,5000) in the
O-XYZ coordinate system. By designing a linear



Amplitude (d8)

Fig. 8. Imaging result after range compression. (a)
Results after distance matched filtering. (b) Results after
RCMC.

relationship & between the mode number / and time, dif-
ferent azimuthal Doppler frequencies can be obtained.
These different linear relationships, along with the cor-
responding azimuthal resolutions and mode number
ranges, are listed in Table 2. As shown in Table 2,
each linear relationship & yields a distinct azimuthal
resolution and associated performance index for imag-
ing the target point P1. The radar’s azimuthal resolu-
tion performance improves significantly as the number
of OAM modes increases. When & = 60 7, the simulated
results after range compression, as shown in Fig. 9 (a),
reveal two straight lines with identical tilt angles due
to the forward-looking SAR trajectory. After applying
the forward-looking SAR range migration correction
method, the corrected results are displayed in Fig. 9 (b),
where the range compression curves are no longer tilted,
indicating that range migration has been effectively cor-
rected.

Table 2: Simulation parameters

Linear | OAM Model | IRW ISLR | PSLR
Factor & Range (m) (dB) (dB)
0 —_ —__ —_ __
30w [-38,38] 7.14 -11.52 | -12.98
407 [-50,50] 5.56 -11.58 | -13.00
507 [-63,63] 4.46 -11.55 | -13.07
607 [-75,75] 3.74 -11.54 | -13.27

Finally, the 2D imaging results are obtained using
the designed azimuthal matched filter, as shown in
Fig. 10. The figure clearly demonstrates that the imag-
ing quality of the target points is excellent, with high
differentiation between targets. This result illustrates the
effectiveness of the proposed method in suppressing tar-
get blurring and enhancing resolution.

The conventional forward-looking SAR image of
the targets 1 and 2 is shown in Fig. 6, wherein the two
targets cannot be distinguished from the result view.As
a comparison, the same targets are processed by the vor-
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Fig. 9. Imaging result after range compression. (a)
Results after distance matched filtering. (b) Results after
RCMC.

tex forward-looking SAR, and two clearly focused target
points are obtained in Fig. 10. Then the two targetsaz-
imuth profiles of the conventional SAR and the vortex
SAR are exhibited in Fig. 11 (a) and Fig. 11 (b), which
illustrates the vortex SAR can achieve a higher azimuth
resolution,and two peak positions can accurately corre-
spond to the set targets.However,the conventional SAR
can only obtain one peak and detailed position informa-
tion cannot be obtained.

1000
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Range(m)

4000

5000

6000
100 120 140 160 180 200 220 240 260 280
Azimuth(m)

Fig. 10. 2D imaging simulation results.

Velus (<B)

Fig. 11. Comparison of imaging results. (a) Azimuthal
profiles of conventional SAR. (b) Azimuthal profiles of
the vortex SAR.
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In addition, the factors influencing the azimuthal
resolution of forward-looking SAR are analyzed. Based
on the Doppler bandwidth expression for vortex forward-
looking SAR, the azimuthal resolution can be expressed

as:
VYo

Pa = gL’
It can be observed that, when the synthetic aper-
ture length L is fixed, the azimuthal resolution of vor-
tex forward-looking SAR imaging depends on the linear
relationship & of the OAM mode number, the radar speed
v, and the y-axis coordinate value yg. The azimuthal
resolution of vortex forward-looking SAR is influenced
by radar speed. As shown in Fig. 12, for a given radar
speed, the azimuthal resolution decreases as the target
moves further from the beam axis, reflecting the tem-
poral and spatial characteristics of azimuthal resolu-
tion. This compensates for the limitations of traditional
forward-looking SAR in azimuthal resolution.
Additionally, for targets at a fixed distance, the
azimuthal resolution can be significantly enhanced
by increasing the linearity coefficient. However, the
azimuthal resolution of the proposed vortex forward-
looking SAR deteriorates as radar speed increases. In
addition, the azimuthal resolution enhancement ratio
between conventional forward-looking SAR and vortex
forward-looking SAR can be derived from the azimuthal
resolution expression in (12) as:
pcon
b =Eo. (19)
where p,, represents the azimuthal resolution of con-
ventional forward-looking SAR. As shown in Fig. 13, the
influence curve approximates an extended straight line,
indicating that the enhancement ratio increases linearly
with the linearity coefficient, resulting in a significant
improvement in azimuthal resolution. Additionally, the
slopes of these lines vary with radar speed, confirming
the effect of radar speed on the azimuthal resolution of
vortex forward-looking SAR. However, due to the lower
energy of higher-order OAM beams, increased mid-air

(18)

Azimuthal IRW (m)

Fig. 12. Analysis of factors affecting azimuthal resolu-
tion. (a) Resolution curves for different azimuthal axes
for a certain radar speed. (b)Resolution curves for differ-
ent linearity coefficients for a certain radar speed.
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Fig. 13. Azimuthal resolution enhancement ratio.

divergence, and the complexity of antenna design, the
proposed SAR imaging methods cannot achieve unlim-
ited improvements in azimuthal resolution and enhance-
ment ratio. The upper limit is currently constrained by
the generation of the actual OAM pattern.

V. CONCLUSION

This paper proposes a forward-looking SAR imag-
ing method based on orbital angular momentum (OAM)
vortex EM waves to address the challenges of low
azimuthal resolution and left-right target blurring in tra-
ditional forward-looking SAR imaging. First, an echo
model was developed based on the characteristics of the
designed OAM beam and the imaging scenario. Subse-
quently, a compensation method for the azimuthal term
was introduced, and the RD algorithm was enhanced to
achieve target range imaging through range compression
and target-focused azimuth imaging through azimuth
compression.

The designed OAM mode variations enable
the forward-looking SAR system to achieve higher
azimuthal resolution in 2D imaging and effectively
distinguish between targets with identical left and right
Doppler frequencies. Simulation results demonstrate
that this method significantly improves the quality
of forward-looking SAR azimuthal images, offering
a promising solution to forward-looking imaging
challenges.

While the proposed method focuses primarily on
theoretical analysis and algorithm simulations, its imple-
mentation is feasible with current hardware designs.
For instance, uniform circular arrays (UCA) can flex-
ibly generate OAM beams through precise phase con-
trol. Adjusting the mode numbers requires controlling
the phase shift between array elements, a capability well-
supported by existing digital or analog phase control sys-
tems.
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It is worth noting that generating higher-order OAM

modes may introduce challenges such as increased hard-
ware complexity and phase synchronization require-
ments. Nevertheless, for low- to moderate-order modes,
these challenges remain manageable, enabling the pro-
posed method to effectively enhance azimuth resolu-

tion

without requiring significant hardware modifica-

tions. Future research will aim to address these chal-
lenges and further optimize the implementation process,
ensuring the practicality and scalability of the approach
in real-world applications.
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