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Abstract We propose a new approach to the mask-constrained power synthesis of reconfigurable circular-
ring array antennas for monopulse radar applications. By resorting to Orbital Angular Momentum vortex
beams, and without increasing either the complexity of the beam forming network or the signal processing
times with respect to the state-of-art solutions, the proposed method allows improving the precision pointing
with respect to usual techniques. The overall synthesis is cast as a Convex Programming optimization problem
aimed at reducing as much as possible the number of control points of the array, and it is tested in relevant
application scenarios.

Plain Language Summary A new antenna-design method is presented in order to enhance the
target localization accuracy of monopulse radars. The synthesis procedure is cast as a Convex Programming
problem in the case of reconfigurable circular arrays.

1. Introduction

Monopulse radars are usually conceived as antennas able to generate a pencil beam and two difference beams.
In particular, the pencil beam (also called “sum” pattern) is used in the transmitting mode, while the difference
beams (also referred to as “delta” patterns) are used in the receiving mode and are respectively generated on the
elevation (up-down) and traverse (left-right) directions. By virtue of this feature, these systems are able to deter-
mine the range and direction from a single signal pulse (Sherman, 1984).

When monopulse radars are realized as fixed-geometry planar array antennas, the array layout is divided into four
independent quadrants, and the radiation behavior is reconfigured from the sum beam to the difference beams
(and vice-versa) by adjusting the elements' amplitude and phase excitations (Rocca & Morabito, 2015). In order
to simplify this operation as well as the required beam forming network (BFN), several techniques have been
proposed in order to minimize the portion of the excitation amplitudes which must be changed in order to grant
reconfigurability or, better to say, to maximize the excitation amplitudes shared amongst the different radiation
modalities—see (Bui et al., 2021; Ferrando-Rocher et al., 2023; Heidari et al., 2023; Morabito & Rocca, 2010;
Shirkolaei & Ghalibafan, 2021; Shirkolaei & Jafari, 2020). These techniques often exploit the fact that, in both
cases of sum and difference patterns, the source exhibits a decaying behavior at the outer part of the aperture
(Bayliss, 1968; Elliott, 1976; McNamara, 1993).

As far as difference patterns generated by planar arrays are concerned, the most common techniques produce
fields exhibiting an antisymmetric behavior and hence power patterns having a line of zeroes passing through
boresight (Bucci et al., 2005; Fan et al., 2020; Rocca & Morabito, 2015). Therefore, while requiring a simple
BFN and providing an easy and fast commutation between the sum and difference modes, these systems may
imply ambiguities (and hence loss of resolution) in the azimuth direction when the difference pattern comes from
elevation and vice versa.

To counteract such an issue, exploitation of Orbital Angular Momentum (OAM) vortex beams has been recently
proposed (Battaglia et al., 2023b; Kou & Yu, 2022; Yu & Kou, 2022). In fact, this kind of fields generates a power
pattern having a circularly-symmetric behavior as well as a null at boresight or, better to say, a circularly-symmetric

distribution in any medium, provided the difference pattern.

original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

Notably, the single isolated null of the field in the target direction allows improving the target localization accuracy
with respect to common techniques leading to lines of power-pattern zeroes in the spectral plane. On the other side,

BATTAGLIA ET AL. 1 of 14


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0001-9129-4320
https://orcid.org/0000-0003-3830-9540
https://orcid.org/0000-0001-7502-6238
https://doi.org/10.1029/2023RS007776
https://doi.org/10.1029/2023RS007776
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023RS007776&domain=pdf&date_stamp=2023-09-01

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Radio Science 10.1029/2023RS007776

while the traditional difference beams can quickly determine the azimuth and
elevation angles of the target through a couple of one-dimensional scans, the
OAM difference patterns do not allow measuring the azimuth or elevation
angles independently. Rather, they require a two-dimensional scanning of the
entire spectral domain, which may increase the time for locating the target
(Battaglia et al., 2023b).

Taking into account all these considerations, in the attempt of bringing at the
same time all the advantages of both the classical methods and the modern
OAM-based design techniques, this paper introduces a new approach to the
synthesis of reconfigurable circular-ring arrays for monopulse radar applica-
tions. In particular, the aim is that of generating, by changing the excitation
phases plus a portion of the excitation amplitudes, one pencil beam plus three
difference patterns. Among the three difference patterns, two are conceived
as “classical” antisymmetric fields and are meant to be used for the target
localization respectively in the azimuth and elevation directions, while the

Figure 1. Geometry of the ring array exploited to generate the four third one is an OAM difference beam having a single isolated null in the
reconfigurable beams. This kind of layout is renowned for its advantages over target direction. By so doing, it will be possible to use the first two differ-

square and rectangular arrays (Bucci et al., 2010).

ence patterns in order to quickly identify the azimuth and elevation angles
of the target through a couple of fast one-dimensional scans and, then, to
exploit the OAM difference field (only in the target region extracted by
means of the two previously-used difference patterns) in order to increase
the localization accuracy.

It is worth noting that, besides being able to improve the performance of OAM difference patterns and hence the
target localization accuracy, the proposed technique is the first and only one capable of addressing the synthesis
of reconfigurable arrays able to simultaneously generate four mask-constrained power patterns for monopulse
radar communications using a single antenna layout and sharing an arbitrary number of excitation amplitudes.

In the following, the developed synthesis approach is presented in Section 2 and assessed in Section 3. Conclu-
sions follow.

2. Statement and Optimal Solution of the Synthesis Problem

The goal of the synthesis approach is to design a reconfigurable circular-ring array able to generate four far field
distributions pertaining to different operation modes, that is, one pencil beam (say Fy), one OAM beam (say
Foaw)» one difference beam along the elevation direction (say F,,), and one difference beam along the azimuth
direction (say F,,). The approach has been engineered in such a way to grant an easy adjustability of the antenna
as well as a minimization of the required control points.

To present the design procedure, let us consider a circular-ring array whose radiating elements are arranged on
M concentric rings having radii p,,...,p,, and denote by N, for m = 1,...,M, the number of elements located on
the m-th ring. For the sake of simplicity, let us suppose that both the spacing between the different rings (say
Ap) as well as the spacing between neighboring elements located on the same ring (say A¢) are constant all
over the array layout (see Figure 1). Finally, for n = 1,...,N, (with m = 1,...,M) let us denote with (p,, ¢,, ) the
radial and azimuth coordinates of the n-th element belonging to the m-th ring.

It is worth noting that the array shown in Figure 1, which is meant to work as a monopulse antenna, can be easily
fed by using, for instance, the techniques discussed in Leonardi et al. (2014), Mohammadi et al. (2009), and
Mohammadi and Kashani (2009).

By resorting to the Active Element Patterns defined as in Morabito, Di Carlo, et al. (2019), the devised synthesis
procedure can be applied whatever the kind of radiating elements and can take into account mutual-coupling and
mounting-platform effects. However, to keep things simple, from now on the far field generated by the array will
be expressed as the array factor. This assumption does not entail any loss of generality, and it is the same of as
the one made in the recent contributions (Kou & Yu, 2022; Yu & Kou, 2022) dealing with same kind of array
geometry in order to generate OAM fields. Therefore, by denoting with f = 2z/4 the wavenumber (4 being the
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operating wavelength), and expressing as u = fsinfcos@ and v = fsinfsing the usual spectral variables (0 and ¢
respectively denoting the array-aperture elevation and azimuth angles), the far field distributions pertaining to the
four operation modes are expressed as follows:

M N,

Fe(u,v) = 2 Z Tz 07 (P €08 by + 0Py S i) (1a)

m=1 n=1

M N,

Foan@) = 33 ot/ esstnatirusinns) (1b)

m=1 n=1

M Nm

Far(u,v) = Z Z Ta e (40m €08 bntvop sin by ) (1¢)

m=1 n=1

m

M
FAQ(U, v) = Z 2 IAZm,nej(“pm €COS ¢y yHUPy, SiN ¢m.n) (ld)

m=1 n=1

where Iz, ., Toammn> Iaimn and Ix,,, , denote, for each of the corresponding radiation mode, the complex excita-
tion of the nth element belonging to the m-th ring of the array. The latter, in turn, by respectively denoting with
y and A the phase and the amplitude of each excitation and assuming, as made in Battaglia et al. (2023b), that all
elements belonging to the same ring have the same excitation amplitude, can be expressed V(m, n) as follows:

Ispn = Aspe/7zmn (2a)
Toammn = AOAMmej YOAMm,n (2b)
Intmn = Anipe/"aimn (20)
Inompn = Angye’"¥2ma (2d)

With respect to the case where different excitation amplitudes are allowed for elements belonging to the same ring,
this choice may lead to a reduction of the degrees of freedom of the synthesis and hence to a possible decrease of
the overall radiation performance. On the other side, it also allows dramatically reducing the number of required
amplifiers and, hence, the complexity and weight of the BEN. Furthermore, it grants an easy adjustability of the

antenna configuration and considerably reduces the number of unknowns of the optimization problem presented
M

in the following (which, for instance, decreases from ). N, to M in case a phase-only reconfigurable array is
m=1

sought), with the inherent advantages in terms of efficiency and computational time.
The synthesis performed as follows.

As a first step, a suitable array layout for the scenario at hand is identified. This is done by setting the values of
M, Ap, and A¢ according to the requirements in terms of array size and overall number of elements, and also
by taking into account some desired parameters for the different radiation patterns as, for instance, their beam-
width or divergence angle. Then, we choose the most suitable order of the OAM vortex, say Z, by following the
guidelines in Battaglia et al. (2023b) and perform an uniform discretization of the spectral variables as u = [u,,
uz,...,uZQ_l] andv =[v,, vz,...,sz_l] withu, =v, = —f and Uyg | =Vyp | = p. In particular, a sampling rate larger
than the Nyquist one given in Bucci et al. (1998) is recommended and, in order to ensure a sufficiently-fine
discretization, we set Q = [10p,,/A]. This is coherent with the choice we made in other applications (Morabito,
Palmeri, et al., 2019; Palmeri et al., 2019) and allows identifying as (u,,v,) = (0, 0) the origin of the spectral
plane which, in turn, is required to compute the fields' slope when the target direction is set as the boresight (as
it will be assumed from now on).

Once the array geometry, the most suitable order of the OAM vortex, and the discretized spectral variables are
set, the elements' excitation phases are chosen as follows:

YEmn = 0 Vm,n (33)

YOAMmn = =€ Pmn  Vm,n (3b)
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w ifrw)2 < pun <37/2
yAlm.n = (30)
0 otherwise
T ifrn<pmn <2rm
}/Azlﬂ.ﬂ = (3d)
0 otherwise
In fact, Equation 3a follows the rules in Bucci, Isernia, and Morabito (2009), Bucci, Isernia, Morabito, Perna,
and Pinchera (2009) where it is shown that the optimal aperture distribution for a pencil beam with maximum
directivity is real, Equation 3b complies with (Battaglia et al., 2023b), and Equations 3c and 3d allow generating,
by virtue of the symmetry of the array layout, the two difference patterns (Rocca & Morabito, 2015). It is worth
noting that a-priori choosing the excitation phases is strictly required in order to make “convex” the constraints
on excitation amplitudes which, in turn, is necessary in order to enable the optimal synthesis of phase-only recon-
figurable arrays.
Once the optimal excitation phases are selected, optimizing the excitation amplitudes allows identifying the final
values of the complex excitations (2). This is done by solving the following optimization problem in the (real)
unknowns Ay, Aoami, Aaits Aazis -+ Axm> Aoamas Aaims Aazmt
e Re[ Pt 0] + o Re| e 20)- oo
min- Farg2120) P (0 0) [ Faigro.n)~Fiaigro) @
+amlm[ altos o)~ "All%o Yo ] + aAzlm[ a\bofo+1) ~ “axligby ]
uQ 41 —UQ Vo +1 Vo
subject to:
Im|Fs(ug, v0)] =0 (5a)
F , Vo) — F )
Im[ oaM(Ug+1, Vo) — Foam(uo UQ)] ~0 (5b)
Uo+1 — Ug
F, , - F )
Re[ at(uo+1, o) — Fai(ug UQ)] -0 50)
Uo+1 — Uo
F, , - F )
Re[ 82(ug, Vo+1) = Fao(ug, vo) | _ 0 5d)
Vo+1 — Vo
|Fe(u, V)I* < UBx(u,V) V¥(u,v) € Qs (62)
| Foam(u, V)I* < UBoam(u, V) V(u,v) € Qoam (6b)
| Far(u,V)|* < UBa1(u,v)  V(u,v) € Qa (60)
|FA2(L{, V)|2 < UBpr(u,v) V(u,v) € Qar (6d)
Az, 20 Vm (7a)
Aoampm 20 Vm (7b)
AAlm >0 Vm (70)
AAZm Z O Vm (7d)
Asy = Aoamm = Aaim = Anow  Vm > My ®)
where M, is an integer such that 1 < M, < M, while Re and Im respectively denote the real and imaginary
parts.
BATTAGLIA ET AL. 4 of 14

85U8017 SUOWILIOD 3A11e81D) 8|qeotjdde 8y} Aq pauenob ae sspiie O ‘88N JO s3I 10} Areiq18UIIUO AB|IA UO (SUORIPUOD-PLE-SWBH W00 A3 1M ARIq 1 BUIIUO//SANY) SUORIPUOD PUe WIS 1 813 88S *[£202/60/ET] U0 AkeiqiTauliuO A8|IMm ‘et lislips W 1PNIS 1Be@ eisieAIuN Aq 922/00SHEZ0Z/620T 0T/10p/uioo™As|imArelqijeutuo'sgndnBe//:sdny wouy pspeojumod ‘6 ‘€202 ‘X66L776T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Radio Science 10.1029/2023RS007776

Details and motivations about the above problem formulation are given in the follows.

By paralleling (Bucci et al., 2005; Isernia & Panariello, 1998), the objective function (4) (where ay, @y @4 ;s
a,, are real and positive numerical constants chosen by the user) subject to constraints (5) allows maximizing,
in the target direction, the weighted sum of the square amplitude of Fy plus the “discretized” slopes of F
F,,, and F,,. In particular, since the problem formulation is given in terms of array factors, constraints (5) take
advantage of the fact that, by virtue of the general theory about oddness and evenness of Fourier Transform
(Bracewell, 1999), for an array with symmetric elements' locations, real and symmetric excitations (as the ones
entailed by Equation 3a) are expected to lead to real and symmetric far field distributions, while real and anti-
symmetric excitations (as entailed by Equations 3c and 3d) are expected to lead to imaginary and antisymmetric
far field distributions.

While the amplitude of the pencil beam as well as the slope of the difference beams are maximized in the target
direction, constraints (6) allow keeping under control the sidelobe level (SLL) of the four power patterns by
enforcing that they do not exceed the (real and positive) upper bound functions UBy, UB s\, UB,,, and UB,, in
the regions of the spectral plane respectively identified by Qg, Qg 4, and Q,,,.

Finally, constraints (7) are consistent with the fact that the (real) unknowns As;, Aoami Aa11, Aadts ---» Asprs
Aoamu» Aa1 > Aazy are meant to be excitation amplitudes, and constraint (8) allows significantly simplifying
the BEN by enforcing that the excitation amplitudes pertaining to the four power patterns are equal to each other
in the outer part of the array layout. This constraint takes advantage of the decreasing behavior typically shared
by the reference sources generating sum and difference patterns (Morabito & Rocca, 2010), and leads to a “phase-
only reconfigurable” array (where only the excitation phases must be changed in order to switch from a radiation
modality to another) provided that M, = 1 is adopted. In any case, the percentage P of excitation amplitudes
shared by the four operating modes will be given by:

&)

As a crucial feature of the overall formulation (4)—(8), it is worth noting that Equations (4), (5), (7), and (8) are
linear forms of the unknowns, while (6) are positive semidefinite quadratic forms. Therefore, the overall optimi-
zation problem is a Convex Programming (CP) one where the solution set is unique (provided that it exists) and
hence it is also the globally-optimal one. This makes possible to quickly identifying the best array configuration
without recurring to computationally-expensive global-optimization algorithms like the one recently used in M.
Li et al. (2021) for the design of sum and difference patterns and the ones usually exploited in order to keep under
control the SLL of OAM beams (Qin et al., 2017; Q. Li et al., 2018, 2019).

As a final comment concerning the overall approach, it is worth noting that, by virtue of constraints (5), one can
also change the objective function (4) by pursuing the minimization of only one, two, or three of its addenda while
enforcing, as a set of linear constraints, that the remaining ones are equal to properly-chosen constants. This case,
however, is not explored here since the procedure has been devised as a “fair treatment” of all four beams. For
this reason, ay = g,y = Aa; = A, = 1 Will be assumed from now on.

3. Numerical Assessment

As a representative sample of the numerical experiments performed in order to test the proposed approach, we
report in the following the outcomes of the synthesis of a phase-only reconfigurable array (Section 3.1) plus a
comparison with a very recent work that used OAM beams to maximize the performance of a single difference
pattern (Section 3.2).

All numerical examples have been performed by setting the target direction as € = 0° and using a generic working
frequency, so that all the antennas' size and the elements spacing are expressed as a function of 1. We also set
Z = 1 by following the guidelines in Battaglia et al. (2023b), and discretized the spectral variables « and v into
20 — 1 = 201 equispaced samples (which systematically results larger even than the value provided by the rule

Q = [10p,,/A] described in the previous Section).
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Figure 2. Phase-only reconfigurable array composed of 208 elements [subplot (a)] and synthesized excitation amplitudes [subplot (b)]. The rings have coordinates
{0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0} 4. The number of antennas per ring is equal to {4, 12, 16, 24, 28, 36, 40, 48}. The excitation amplitudes are as follows:
Aoam = Aal = Axy = Ay = {0.400, 0.337, 1.000, 0.474, 0.937, 0.484, 0.000, 0.474}.

As far as the upper bound on the sidelobes' maximum amplitude is concerned, we set UBy = UB,\, = UB,, =
UB,, = 0 dB and adopted a proper shape of Qy, Q,,.\;» Q4,, and Q,,. In particular, due to the expected circular
footprint of | Fx(u, v)|* and | Foam(u, V)|, Q; and Q,,,, have been set as two circles having a radius in the spectral
plane respectively equal to Ry and R, ,,,. Furthermore, due to the typical footprints of | Fai(u, v)|? and | Faa(u, V)|,
we found it convenient to set £2,, and Q,, as two ellipses both having the major axis equal to R\, and the minor
axis equal to R,,,/2 in the spectral plane.

Finally, from now on, the SLL is meant as the difference between the maximum amplitude (in dB) of the
sidelobes and the maximum amplitude (in dB) of the main beam of the power pattern. For each numerical
experiments, the divergence angle 6, (meant as the elevation coordinate where any difference pattern attains
its maximum amplitude) is also reported for F,,,,, F,,, and F,,, while the half-power beamwidth (HPBW) is
reported for Fy.

3.1. Synthesis of Phase-Only Reconfigurable Arrays

As a first interesting application, we used the presented approach in order to design a phase-only reconfigurable
array able to generate the four power patterns Fy, Fy,\, Fy;, F,, and to switch from any modality to another one
by changing just the excitations' phase. In this case, the four radiation modalities share the array layout as well as
the 100% of the excitation amplitudes, which minimize the number of control points as well as the complexity,
weight, and cost of the BEN (Morabito & Rocca, 2010).

Notably, apart from the present work, no contributions are available today in the open literature able to address
the joint generation of the above four patterns through phase-only reconfigurable arrays.

To define the array layout, we set M = 8 and Ap = A¢ = 0.54. Then, in order to further simplify the BFN as well
as the possible fabrication of the antenna, we enforced a quadrantal symmetry of the layout by rounding N,, for
m = 1,...,M, in order to get a number of elements located on each ring that is a multiple of 4. In fact, in this way
the array can be conceived as the union of four subarrays equal to each other in terms of elements' location (see

Figure 2). This choice led to an overall number of elements equal to 208.

As far as the radiation constraints are concerned, we set Ry = 2 and R, = 1.2. The radiation pattern of each
element has been chosen as cosé and, in order to get the desired phase-only reconfigurability, we set M = 1.

The array layout and the synthesized excitation amplitudes are shown in Figure 2, whose caption also reports the
ring coordinates, the number of elements per ring, and the values of the achieved excitation amplitudes. The four
corresponding radiation patterns are shown in Figures 3—6. Notably, while sharing all the excitation amplitudes,
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Figure 3. Design of a phase-only reconfigurable array: synthesized OAM difference power pattern [subplot (a)] and its 1-D
cut for u = 0 [subplot (b)].
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Figure 4. Design of a phase-only reconfigurable array: synthesized elevation difference power pattern [subplot (a)] and its
1-D cut for u = 0 [subplot (b)].
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Figure 5. Design of a phase-only reconfigurable array: synthesized azimuthal difference power pattern [subplot (a)] and its
1-D cut for v = 0 [subplot (b)].
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Figure 6. Design of a phase-only reconfigurable array: synthesized sum power pattern [subplot (a)] and its 1-D cut for u = 0
[subplot (b)].

the achieved solutions provide SLL = —19 dB and 6,, = +5.7° for F,,\,, SLL = —16 dB and 6, = +6.1° for F,,
and F,,, SLL = —19 dB and HPBW = +3.8° for F;. The achieved results confirm the capabilities and effective-

A2°
ness of the proposed approach in the design circular-ring phase-only reconfigurable arrays.

3.2. Comparison With a Recently Published, Powerful Technique

As a second set of numerical experiments, we thought it appropriate to compare the proposed approach with a
recently-published powerful technique. Since no procedures are available today to simultaneously generate, how
the proposed method is able to do, the four reconfigurable beams described in Section 2, we have been forced to
compare our approach to a technique able to generate only the OAM difference pattern. In particular, we report
in the following the outcomes of the comparison with the method recently published in Kou and Yu (2022)
which appears being the most powerful one available today for maximizing the performance of F,,;. As it will
be shown, despite being able to simultaneously generate not only F,,, but also Fy, F,,, and F,,, the technique
herein proposed turned out being able to achieve in terms of F,,, better performances than the one shown in
Kou and Yu (2022).

Coming to details (Kou & Yu, 2022), is a very recent work where OAM vortices are exploited to improve the
performance of difference patterns and, in particular, the synthesis is aimed at minimizing the sidelobe level. The
best result reported by the authors is a power pattern having a SLL = —36.44 dB, the maximum absolute value
located at € = 8.5°, and the highest-amplitude sidelobe located at 8 = 27.5°. This has been done by exploiting
the £ = 1 OAM vortex and a circular-ring array composed of 131 isotropic elements, arranged in 6 equispaced
rings, with a spacing of 0.51 between consecutive rings and elements.

For our numerical experiment, we used the same array layout as in Kou and Yu (2022) and hence set M = 6
and Ap = A¢ = 0.51. We also set Ry = 2 and R\, = 2.75, and adopted an isotropic radiation pattern of each
element. Finally, by setting M, = 6, we enabled the four radiation modalities to share the excitation amplitude
of all elements located on the last ring. In this way, the four modes share almost the 30% of the excitation
amplitudes, which is another decisive advantage over the single-beam solution provided by the antenna in Kou
and Yu (2022).

The array layout and the synthesized excitation amplitudes are shown in Figure 7, whose caption also reports
the ring coordinates, the number of elements per ring, and the excitation values. The four corresponding radi-
ation patterns are shown in Figures 8—11. Notably, while sharing the excitation amplitudes on the last ring, the
achieved solution provides SLL = —37 dB and 6,, = £8.5° for F,,,,, SLL = —15 dB and 6, = +7.5° for F,, and
F,,, SLL = =30 dB and HPBW = +6° for F. Therefore, by using the same array layout, the proposed approach
provided an OAM difference pattern having a sidelobe level slightly better than (and a divergence angle equal to)
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Figure 7. Comparison with (Kou & Yu, 2022) by sharing the array layout plus the 30% of the excitation amplitudes amongst
the four radiation modes: array composed of 131 isotropic antennas (where the elements whose excitation amplitude is shared
by all function modes are circled in red) [subplot (a)] and synthesized excitation amplitudes [subplot (b)]. The rings have
coordinates {0.517, 1.017, 1.517, 2.017, 2.517, 3.017}4. The number of antennas per ring is equal to {6, 12, 19, 25, 31, 37}.
The excitation amplitudes are as follows: A\, = {0.864, 1.317, 1.145, 0.750, 0.309, 0.056}; A,, = A,, = {0.020, 0.083,
0.093, 0.097, 0.027, 0.056}; Ay = {0.775, 0.582, 0.433, 0.243, 0.156, 0.056}.

the one of the best solution in Kou and Yu (2022) while still being able to generate the three additional fields by
just chancing the excitations of a limited portion of array elements.

Of course, even better performances can be achieved by the proposed approach when removing the constraint
about the common excitation amplitudes shared by the four radiation modalities (but still keeping the same array
layout for all working modes). In support of this statement, we repeated the numerical experiment above by
setting M, = 7, which led to the excitations shown in Figure 12 (whose caption also reports the ring coordinates
and the excitation amplitude values of all elements) and to the power patterns shown in Figures 13—16. By keep-
ing, with respect to the previous numerical experiment, the same values of 8,, and HPBW for the four patterns, as
well as the same SLL values for F,, and F,,, the SLL improved from —30 dB to —32 dB for F; and from —37 dB
to —39 dB for F,,\,, further increasing the improvement of performance with respect to (Kou & Yu, 2022) where,
despite only one pattern is synthesized, SLL = —36.44 dB has been achieved for F,,,.

The full outcomes of the comparison are shown by Table 1.

[dB]

2
IFoaml

o
Power pattern OAM
& N} 4
o o o

A
o

50 0 50
u 0 [deg]
(a) (®)

Figure 8. Comparison with (Kou & Yu, 2022) by sharing the array layout plus the 30% of the excitation amplitudes amongst

the four radiation modes: synthesized Orbital Angular Momentum difference power pattern [subplot (a)] and its 1-D cut for
u = 0 [subplot (b)].
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Figure 9. Comparison with (Kou & Yu, 2022) by sharing the array layout plus the 30% of the excitation amplitudes amongst
the four radiation modes: synthesized elevation difference power pattern [subplot (a)] and its 1-D cut for u = 0 [subplot (b)].

4. Conclusions

A new approach to the mask-constrained power synthesis of concentric ring arrays for monopulse radar applica-
tions has been presented and assessed. The developed technique offers the benefits of both the classical methods
and the modern OAM-based algorithms available for the synthesis of difference patterns, as well as of the theory
for the optimal synthesis of pencil beams. In particular, by resorting to OAM vortex beams, it improves the local-
ization accuracy of conventional difference patterns while roughly preserving the processing times associated
to them. An innovative problem formulation in terms of CP optimization has also been given, and the approach
has been successfully tested in both cases of phase-only reconfigurable arrays as well as OAM beams granting
performances better than the ones of state-of-the-art techniques.

The devised procedure is the first and only one able to design reconfigurable arrays generating four different
beams for monopulse communications sharing all elements' locations plus an arbitrary number of excitation
amplitudes, thus minimizing the number of required control points.

|F

|2
A2

[dB]

-10

-15

=
Power pattern A2 [dB]

ML

-5 0 5 -50 0 50
u 0 [deg]
(a) (®)

Figure 10. Comparison with (Kou & Yu, 2022) by sharing the array layout plus the 30% of the excitation amplitudes amongst
the four radiation modes: synthesized azimuthal difference power pattern [subplot (a)] and its 1-D cut for v = O [subplot (b)].
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Figure 11. Comparison with (Kou & Yu, 2022) by sharing the array layout plus the 30% of the excitation amplitudes
amongst the four radiation modes: synthesized sum power pattern [subplot (a)] and its 1-D cut for # = O [subplot (b)].
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Figure 12. Comparison with (Kou & Yu, 2022) by sharing the array layout amongst the four radiation modes: equispaced
array composed of 131 isotropic antennas [subplot (a)] and synthesized excitation amplitudes [subplot (b)]. The rings have
coordinates {0.517, 1.017, 1.517, 2.017, 2.517, 3.017}4. The number of antennas per ring is equal to {6, 12, 19, 25, 31, 37}.
The excitation amplitudes are as follows: A\, = {2.041, 3.055, 2.715, 1.836, 0.836, 0.208}; A,, = A,, = {0.023, 0.085,
0.095, 0.099, 0.026, 0.053}; Ay = {1.295, 0.997, 0.699, 0.456, 0.257, 0.087}.
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Figure 13. Comparison with (Kou & Yu, 2022) by sharing the array layout amongst the four radiation modes: synthesized
OAM difference power pattern [subplot (a)] and its 1-D cut for u = 0 [subplot (b)].
BATTAGLIA ET AL. 11 of 14

8508917 SUOLUIOD dA1TER1D) 3|qeatjdde ay) Aq pausnob ae Sapile WO ‘8sN 0 Sa|Nn1 10} Aeiq1T aUl|UO AB|IA U (SUONIPUOI-PUR-SWIBYW0D" AS | 1M AIq 1 UIIUD//SANY) SUONIPUOD PUe SIS 1 811 39S *[€202/60/ST] U0 AkeigiTauliuo AB)1IM eauelialipe N 1pMIS 11Boa eISeAIuN Ag 9///00SHEZ0Z/620T OT/10p/uiod" 3| Im Areiq i putuo'sgndnBe//sdny woaj pepeoiumod ‘6 ‘€202 ‘X66L776T



I Y ed N | . .
M Radio Science 10.1029/2023RS007776
ADVANCING EARTH
AND SPACE SCIENCES
2
IF 412 [dB] i i
-5 51
-10 8 0|
-15 c
L .15
@
20 =
[
)
25 &
-25 . .
5 0 5 -30 -90 -50 0 50 90
"  ldeg]
(a) (b)
Figure 14. Comparison with (Kou & Yu, 2022) by sharing the array layout amongst the four radiation modes: synthesized
elevation difference power pattern [subplot (a)] and its 1-D cut for u = 0 [subplot (b)].
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Figure 15. Comparison with (Kou & Yu, 2022) by sharing the array layout amongst the four radiation modes: synthesized
azimuthal difference power pattern [subplot (a)] and its 1-D cut for v = 0 [subplot (b)].
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Figure 16. Comparison with (Kou & Yu, 2022) by sharing the array layout amongst the four radiation modes: synthesized
sum power pattern [subplot (a)] and its 1-D cut for # = 0 [subplot (b)].
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Table 1

Comparison of the Proposed Approach With the Technique Recently Published in Kou and Yu (2022)

This work (NO elements shared by the This work (30% elements shared

Performance parameter Kou and Yu (2022) different modalities) by the different modalities)
Index of the exploited OAM vortex 1 1 1
Aperture size 3 3 31
Array element pattern Isotropic Isotropic Isotropic
Array number of elements 131 131 131
OAM difference pattern: divergence angle +8.5° +8.5° +8.5°
OAM difference pattern: sidelobe level —36.44 dB -39 dB —37 dB
Azimuth difference pattern: divergence angle The beam is not radiated EE/AS +7.5°
Azimuth difference pattern: sidelobe level The beam is not radiated —15dB —15dB
Elevation difference pattern: divergence angle The beam is not radiated +7.5° +7.5°
Elevation difference pattern: sidelobe level The beam is not radiated —-15dB —-15dB
Pencil beam: half-power beamwidth The beam is not radiated +6° +6°
Pencil beam: sidelobe level The beam is not radiated -32dB -30dB

Note. For the sake of fairness, since the synthesized power patterns are not circularly symmetric, all SLL values reported by this table are relative to the “worst” beam
cut, that is, to the azimuth cut of the field having the highest sidelobes. This means that, along any other azimuth cut, the actual SLL performance is even better than

the one reported by the table.
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