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Abstract

This paper presents a novel design technique using beam-forming networks based on
CORPS (coherently radiating periodic structures) technology to achieve the simplification
of the feed network of Fermat spiral antenna arrays. The use of one-layer CORPS structures
generates the values of co-phasal excitation required for the feeding network system based
on subarrays. The setting of subarrays has been achieved through the study of the behavior
of phases of each antenna element in scanning. In this way, elements that exhibit linear
behavior in scanning can be grouped. Furthermore, the geometry of the antenna array
system using a Fermat spiral configuration applies methods for side lobe level (SLL)
reduction such as: a raised cosine amplitude excitation and optimization of the amplitude
excitations through the method of genetic algorithms (GA), CORPS amplitude distribution
and uniform distribution. The contribution of this paper is to provide a design of a phased
antenna system for a Fermat spiral array geometry considering the analysis and study
in the performance of SLL, scanning range, and the phase shifters reduction. Full-wave
electromagnetic results are provided for the full phased antenna system by using circular
patch antenna elements at a frequency of 6 GHz. If our system using CORPS is compared
with the use of a conventional feeding network where every antenna in the spiral array is
fed with a phase shifter, the benefits of using this phased spiral array system are: a phase
shifters reduction capability of 33%, steering ranges of £22° in the elevation plane, low
SLL using the proposed distribution techniques. Furthermore, the choice of CORPS 2x3
networks would allow the integration of the antenna system where one layer is proposed
for the feeding network and another layer for the antenna array with the aim of avoiding
crossings and unwanted radiation.

Keywords: Fermat spiral geometry; antenna system; beam-scanning; CORPS; side
lobe level

1. Introduction

Phased array systems have allowed improvement of the performance of communica-
tion systems in different applications, such as satellites [1,2], mobile communications [3,4],
radar [5-8], tracking [9-11], and 5G networks [12,13]. The use of antenna systems in these
scenarios requires control of beam-steering in an electronically way to provide low side
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lobe level. Beam-forming networks are used to achieve this by providing the required
amplitude and phase values, thus generating the desired radiation pattern.

It is well known that antenna arrays with aperiodic geometries allow the elimination of
grating lobes. These are undesirable in applications requiring beam-steering and low side
lobe levels such as those mentioned previously. Evolutionary optimization [14], particle
swarm optimization [15], controlled random processes [16], and spatial tapering techniques,
such as the Gaussian function [17] and the Taylor function [18], have been used to create
aperiodic arrays. Furthermore, geometries inspired by nature have been proposed, for
example the Fermat spiral [18-20]. This geometry has demonstrated in the state of the
art that it provides a useful performance to avoid the appearance of grating lobes and to
achieve a good SLL performance. Likewise, the evaluation of this spiral geometry is really
simple and does not require a large calculation time, even with a high number of elements.

The configuration of the Fermat spiral has been analyzed in the previous literature
in antenna arrays to be assessed in radiation performance. However, techniques of beam-
forming and simplifying the feed network of this aperiodic array are scarce. This is
because the beam-forming techniques conventionally used for periodic arrays are not
enough for implementation in aperiodic arrays or spiral arrays. For instance, the sub-arrays
technique [21] group elements with the same position on one of the plane axes, so that
they can be fed with a single amplifier or phase shifter. However, in a spiral array, all the
elements have completely different coordinates [22], and the required phase behavior is not
progressive, unlike linear and planar array configurations. This generates a challenge of
providing beam-forming networks for feeding antenna arrays in a Fermat spiral geometry
and aperiodic array systems.

With the aim of developing the integration of the CORPS methodology with a spiral
arrayj, it is proposed to use one layer for the design of the feed network and another layer
for the design of the antenna array. This integration would allow for more space for the
feed network, thus avoiding crossing that could affect the performance of the antenna
system. The integration presents a challenge, however, with the proposed methodology.
The goal is to make the integration challenge less than the challenge that CORPS networks
in spiral arrays are intended to solve.

Therefore, this paper proposes a new design technique for feeding Fermat spiral
antenna arrays. The technique is based on the application of CORPS networks of one
layer [23,24], specifically networks of two inputs and three outputs (CORPS 2x3). This
paper analyses the phase requirements of the Fermat spiral array by evaluating the co-
phasal excitation for this array structure to set an adequate beam-forming or feeding
network. The case of CORPS 2x3 configuration generates a linear output phase slope
which can be matched to the phase behavior of Fermat spiral array. Then, the required
phase behavior of Fermat spiral arrays is studied and analyzed to set sub-groups that match
several CORPS 2 x 3 networks.

As a result, the proposed design achieves a reduction of phase shifters used in the
phased antenna system for this particular array structure. Furthermore, different amplitude
distributions can be used to improve the performance of SLL. Genetic algorithms [25] and
a raised cosine distribution have been adapted to the Fermat spiral array geometry and
used to obtain low SLL in the phased antenna system. An evaluation and comparative
assessment of these amplitude excitation techniques is provided in this study for phased
spiral array systems.

The contribution of this paper is to provide a design of a phased antenna system for a
Fermat spiral array geometry considering the analysis and study in the performance of SLL,
scanning range, and the phase shifters reduction. Full-wave electromagnetic results are
provided for the full phased antenna system by using circular patch antenna elements at a
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frequency of 6 GHz. The differences of the present study with respect to previous work are:
the application of CORPS technology to a non-conventional geometry, like the Fermat spiral.
Previous studies, e.g., [23], have consider the application of CORPS for linear and circular
array geometries. Another novel contribution is the utilization of CORPS network to reduce
the number of phase shifters, trying to make simpler systems or less complex beamforming
networks for this kind of antenna array geometries. Furthermore, a comparative analysis
of the application of different amplitude excitation techniques is provided for these spiral
antenna array systems to have radiation characteristics of low SLL. If our system using
CORPS is compared with the use of a conventional feeding network, where every antenna
in the spiral array is fed with a phase shifter, the benefits of using this phased spiral
array system are: a phase shifter’s reduction capability of 33%, steering ranges of £22°
in the elevation plane, and low SLL using the proposed distribution techniques. The
results are validated using a full-wave electromagnetic solver for an 18-element spiral array
considering a scanning range of £22° in elevation angle. The use of genetic algorithms and
raised cosine amplitude provide a good SLL performance using electromagnetic solver to
assess the phased spiral array model and to consider mutual coupling among elements.
The designed Fermat spiral array could be considered a good design choice for phased
antenna system applications.

2. Design of Phased Fermat Spiral

The choice of groups of elements in a spiral array antenna is achieved once the behavior
of the phases in scanning has been analyzed and after that the possibility of using a CORPS
configuration for the beam forming network is studied. The incorporation of the proposed
CORPS networks and the spiral arrays achieves the reduction of phase shifters, and the use
of amplitude distribution techniques allow the minimization of SLL.

2.1. CORPS Network Model

The traditional CORPS model consists of N inputs and M outputs, where the number
of layers required for a network with these characteristics is M-N. Each layer is composed
of splitting nodes S and recombination nodes R [23], as shown in the Figure 1. If more
layers are used in a CORPS network, fewer control inputs are needed for the same number
of outputs.

Outputs

Inputs

Figure 1. Traditional CORPS model.

Figure 2 shows the general structure of the S and R nodes. The split nodes, S, have
one input port and N output ports. Each output port delivers the Nth part of the power
introduced at the input port. The power delivered by the two ports for the case of a split
node with two output ports is [23]:

Ws = <E12 + E22) Gs (1)
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where E; and E; are the magnitude of each of the output ports and G; is the real part of
the admittance seen at output ports. In an S-node case, each output will have the same
phase shift as related to the phase of the input [23]. These nodes link the layers of a
CORPS network.

Output 1

Output 1 O @ O Output 2
Input 2 ' . Input 1

Input

Figure 2. General structure of S and R nodes.

The R nodes have one output port and two input ports. Thus, the power at the output
port can be calculated as [23]:

WR = GR (E12 + E22 + 2E1E2COS(91 - 92) (2)

where Eq, E; and 67, 0; are the field magnitudes and phases of each of the input ports,
and Gp is the admittance seen at output. The last term represents the correlation between
input fields at R-node that depend on its arrival phase. Therefore, the amplitude of the
resulting signal depends on the phase difference of the inputs. Maximum output amplitude
is obtained when the phase difference is 0 and minimum amplitude is obtained when a
phase difference is set to 180°.

On the other hand, it is clear that it is necessary to increase the number of layers in
a CORPS network to decrease the number of phase shifters. However, it is pointed out
in [24] that this increases the losses due to energy dissipation. Now, CORPS networks
with two inputs and three outputs (one layer) have the characteristic of presenting a linear
phase slope in scanning [26], as observed in Figure 3. This figure shows the behavior
of output phases of CORPS networks with a fixed number of inputs (2) and a different
number of outputs (3, 4, 5, and 6). The phases are normalized. It can be noted that the other
configurations do not exhibit linear output behavior. Therefore, 2 x3 CORPS networks (two
inputs and three outputs) have been chosen to be integrated with a Fermat spiral array
where elements exhibiting linear scanning behavior can be grouped to be fed with the
outputs of these CORPS 2 x 3 networks.

10 b
08|
o
2
s 0.6
E = CORPS 2x3 Network
g 0.4} — CORPS 2x4 Network -
z° - CORPS 2x5 Network
0.2} == CORPS 2x6 Network
0" :
1 2 3 4 5 6

Output ports

Figure 3. Phase slope for CORPS networks with different numbers of layers.

In a 2x3 network, if [U] is the vector of complex inputs and [C] represents the behavior
of a 2x3 network, the output vector [V] = [V} V, V3]. is given as [23-27]:

V] = [cuy’ €)
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where:
[U] = [UyUp) 4)
1

7 0
SRR ®

1

0 7

Figure 4 shows the phase and amplitude behavior of CORPS 2x3 networks when
a phase difference of 0 and 90° is set at input ports. It can be seen that the phase of the
middle port corresponds to the arithmetic mean of the input ports phase. In the case of the
amplitude, there is an attenuation that increases as the difference approaches 180°. This
amplitude attenuation can be compensated by using a variable amplifier at the output port
of each recombination node [28], or these output amplitudes can be used to directly feed
the antenna elements, as considered in this study.

0.7071 1.000 0.7071 0.7071 0.7071 0.7071
20° 20° «0° «0° «45° %90°

1x0° 120° 1x0° 1x90°

Figure 4. Phase and amplitude behavior for 2 x3 CORPS networks.

Please note that there is a trade-off between the number of layers (reduction of phase
shifters) and the complexity of integrating CORPS networks with spiral antenna arrays.
The choice of 2x3 CORPS networks was made after a thorough study of phase behavior in
networks with different numbers of layers and the scanning phase behavior of the antenna
elements. Thus, a 2x3 CORPS network is useful for reducing phase shifters, and the
integration challenge can be met.

2.2. Phase Behavior of a Spiral Array in Scanning

The Fermat spiral presents an interesting property in the state of the art for designing
aperiodic arrays: a constant mean distance between neighboring elements [29-31]. Further-
more, the Fermat spiral presents as an advantage that the positions of the elements in the
plane are calculated from simple equations, which avoids significant computational time
when compared to other techniques for generating aperiodic arrays. This simplicity re-
mains for arrays with many elements. The elements are set in the configuration of the spiral,
as illustrated in Figure 5. The positions are obtained using the following coordinates [19]:

d
Pn = 714 n (6)
wy =nm(3—+/5) (7)

where p, is the radial distance of each antenna element; «;, is the angle of two adjacent
elements; n7t (3 — v/5) is the golden angle and dq4 = /5 — 4cos(a,,). The equations are
given in a discrete way of the Fermat spiral and can be set for a minimal distance d between
antennas. The radiation pattern can be determined as expressed in [19]:

— = N 4 . o
E (7) = E, (7) Z ane[]k(xnsznGcoszp+ynszn951n¢+ Bn) (8)

n=1
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with EO ( 7) as the element pattern; k = 27t/ A, 6 and ¢ are the elevation and azimuth angles
respectively; a, is the amplitude excitation for each antenna element and N is the number
of elements for each antenna element position (x,, y,), which is calculated using the next
expression:

Xy = Pncos(ay) )
Y, = Pn sin(ay) (10)
1
-
el 14
| { 3
e 1
E =} 4
2 5 /i
|
7 7
()
ol
—
1
" 15
—
-15 -1.0 -05 0 05 10 15
x/A

Figure 5. Fermat spiral configuration with antenna elements.

Additionally, the required phase for every antenna element (3,,) for a scanning
direction given by (6, ¢o) is obtained as:

Brn = —(xusinbycosPg + ynsinbosingy) (11)

The phase behavior of an aperiodic array does not exhibit the same relationship
between consecutive elements. As indicated by Equation (11), the phase required by
each element is defined by its respective position. Thus, aperiodic positions also generate
aperiodic phases, making it difficult to obtain a linear phase slope between consecutive
elements or elements with the same required phase. In this work, a distance of d = 0.5 A
has been chosen so that the simulation remains simple and the simplification proposal can
be validated. However, it is important to note that the Fermat spiral allows suppression
of grating lobes for minimum distances greater than 0.5 A, something that a conventional
array like the rectangular one does not achieve. Figure 6 shows the phases required (or
the behavior of the co-phasal excitation) for a Fermat spiral array of N = 18 and minimal
distance d = 0.5 A when the main beam is scanned to 6y = 5° and 6y = 10° in the cut of
¢ = 0°. Required phases for every element in each scanning direction are calculated using
expression 11 for antenna elements, as shown in Figure 5 with N = 18. It can be noticed in
Figure 6a that there are no elements that share the same phase required in scanning, and
there is also no visible relationship between the phases of elements.

On the other hand, it can be observed that Figure 6a,b demonstrate very similar phase
behavior. Thus, the phases required at §) = 10° are very close to double those required at
o = 5°. The characteristic exhibited by elements 1, 2, and 3 is an important point. It can be
observed that a phase slope very close to linear is obtained between these elements. This
is maintained as one scan in directions further from 6y = 0°. Thus, a CORPS 2 x3 network
could be used for the beam-forming network of these elements. Furthermore, if groups
of elements in the spiral array are created such that these groups also exhibit scanning
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behavior similar to that exhibited by elements 1, 2, and 3, the entire array could be fed with
CORPS 2 x 3 networks, thus simplifying the beam-forming network of the entire array.
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Figure 6. Phase behavior of a Fermat spiral array in the cut ¢ = 0° at: (a) §y = 5°; (b) 6p = 10°.

After a phase behavior analysis, groups of three elements can be formed in the array,
which have the characteristic of a linear phase slope in the scan. These groups of three
elements can be seen in the Figure 7. The position of elements 16 and 18 was altered to
ensure that no element is left out of the groups. However, they still maintain a minimum
distance of 0.5 A. Furthermore, the elements were grouped so that they were located in the
same section of the Cartesian plane, as indicated in Figure 8. The proposal to group the
elements in the same section is so that they can be fed with their respective CORPS 2x3
network and that the integration of CORPS network and spiral arrays can be achieved.
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Figure 7. Phase behavior in scanning of a Fermat spiral array with groups of elements: (a) 5°; (b) 10°.
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y/A
0

Figure 8. Groups of elements in Fermat spiral array to operate with CORPS 2 x 3.

Table 1 indicates the elements that belong to each CORPS 2x3 network. There are
six CORPS 2 x 3 networks to be used for a Fermat spiral array of 18 elements. No element
has been moved from its original position obtained using the Fermat spiral equations,
with the exception of elements 16 and 18. Spiral array systems of a higher number of
antenna elements can be grouped in sub-arrays of 2x3 CORPS networks following the
described phase behavior. Therefore, the scalability of the system is not limited by the
CORPS networks and is perfectly feasible.

Table 1. CORPS 2 x 3 networks in spiral array.

Element CORPS 2x3 Element CORPS 2x3 Element CORPS 2x3

1 14 5
2 Network 1 6 Network 3 8 Network 5
3 11 13
9 17 15
4 Network 2 12 Network 4 10 Network 6
7 18 16

The integration model we are proposing uses one layer for the feeding network and
another layer for the antenna array interconnected with coaxial connectors as the model
shown in Figure 9. The aim is that the CORPS network outputs are located directly below
the antenna elements so that coaxial connectors can be used to achieve the connection
between CORPS network outputs and the antenna elements. This approach will allow us
to allocate more space for design of the feeding network and avoid unwanted radiation in
the radiation pattern of the spiral array system.

Antenna elements

Layer 2

Feeding network

Layer 1

Figure 9. Proposal of integration model for spiral array with CORPS networks.
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The characteristics of the Fermat spiral cause the phase slope to be not exactly linear
in scanning. However, there is only a slight difference of a few degrees between the
phase required for each central element in the array and the phase obtained with a 2x3
CORPS network. The fact that only the central element presents a difference is due to
the characteristic of CORPS 2x 3 networks. This difference is shown in Tables 2 and 3 for
scanning at 8y = 5° and 0y = 22° (in the cut of ¢ = 0°), respectively. The maximum difference
is approximately 3° at the maximum scan angle (6p = 22°).

Table 2. Differences between required phases and phases obtained by CORPS 2 x3 networks in f = 5°.

Required CORPS . Required CORPS .
Element Phgse ©) Phase (°) Difference Element Phgse ©) Phase (°) Difference

1 7.2196 7.2196 0 17 40.3433 40.3433 0

2 —1.2111 —1.5500 0.3389 12 29.3523 30.1131 0.7608

3 —10.3196 —10.3196 0 18 19.8830 19.8830 0

9 27.1560 27.1560 0 5 —18.4774 —18.477 0

4 19.2869 19.5489 0.2620 8 —26.0170 —26.481 0.4644

7 11.9417 11.9417 0 13 —34.4854 —34.485 0

14 21.0753 21.0753 0 15 4.8727 4.8727 0

6 6.2281 5.6775 0.5506 10 —13.1246 —12.527 0.5977
11 —9.7203 —9.7203 0 16 —29.9265 —29.926 0

Table 3. Differences between required phases and phases obtained by CORPS 2x 3 networks in 6y = 22°.
Element I;Eg:;rg)l If;gsReP(?) Difference Element %ﬁg:;r(e(:)c)l If;?slzp(ﬁ) Difference

1 31.0309 31.0309 0 17 173.4009 173.4009 0

2 —5.2055 —6.6620 1.4565 12 126.1600 129.4304 3.2704

3 —44.3549 —44.3549 0 18 85.4598 85.4598 0

9 116.7199 116.7199 0 5 —79.4181 —79.4181 0

4 82.8974 84.0235 1.126 8 —111.824 —113.820 1.9959

7 51.3271 51.3271 0 13 —148.223 —148.2235 0
14 90.5844 90.5844 0 15 20.9435 20.9435 0

6 26.7694 24.4027 2.3667 10 —56.4113 —53.8422 2.5691
11 —41.7791 —41.7791 0 16 —128.628 —128.628 0

The array factor has been calculated for both the required and CORPS phases and
is shown in Figure 10. It can be noticed that there is no significant difference in array
performance when using the phases of CORPS 2 x 3 networks, so this technique can be used
properly to simplify the feed network of a Fermat spiral array.

The spiral configuration allows the suppression of grating lobes for distances between
elements greater than 0.5 A. Table 4 shows the difference between required phases and
CORPS phases for the case with minimum distance of 1.0 A and 6y = 10°. The maximum
difference is approximately 3°. Figure 11 illustrates the array factor of this design case for
6o = 5° and 6y = 10° using uniform distribution. It can be noted that there is no significant
variation between the patterns with required phases and using the CORPS phases. Also
note that there are no grating lobes in the radiation pattern. This is due to the use of an
aperiodic structure such as the spiral.

https://doi.org/10.3390/ technologies14020110


https://doi.org/10.3390/technologies14020110

Technologies 2026, 14, 110 10 of 22

0 0
| = CORPS phases - —— CORPS phases
Required phases = = Required phases
2-10- =10
& 5
S-200 £-20
& | &
hs 5
Z-30 £_30
=~
E [ <
-40 -40
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
0 [}
@ (®)
0 0
m [ —— CORPS phases ——CORPS phases
T_10- Required phases %:1 -10t =——Required phases
k= =]
. £
=] =
5-20 S-20
& 3
- <&
@ >
=-30 £ -30
< =
<
-40 -40
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
6 [}
© (@

Figure 10. Comparison of array factor using required and CORPS phases, (a) 6y = 0°; (b) 6y = 5°;
(c) 6p = 15°; (d) 6 = 22°.

Table 4. Differences between required phases and phases obtained by CORPS in 6y = 10° with

Apyin = 1.0 A.
Required CORPS . Required CORPS .
Element Phase (°) Phase (°) Difference Element Phase (°) Phase (°) Difference
1 28.7686 28.7686 0 17 160.7593 160.7593 0
2 —4.8260 —6.1764 1.3504 12 116.9625 119.9943 3.0318
3 —41.1213 —41.1213 0 18 79.2294 79.2294 0
9 108.2106 108.2106 0 5 —73.6282 —73.6282 0
4 76.8539 77.8979 1.0440 8 —103.6721 —105.5225 1.8504
7 47.5852 47.5852 0 13 —137.4168 —137.4168 0
14 83.9804 83.9804 0 15 19.4166 19.4166 0
6 24.8178 22.6236 2.1942 10 —52.2987 —49.9169 2.3818
11 —38.7333 —38.7333 0 16 —119.2505 —119.2505 0
0 0
= CORPS phases e CORPS phases
= Required phases —— Required phases
-10 -10
%—ZO %720
-30 -30
-40 -40
-8 -60 -40 -20 O 20 40 60 80 -80 -60 -40 -20 O 20 40 60 80
] <]
) (b)

Figure 11. Comparison of array factor using required and CORPS phases with d i, = 1.0A, (a) 6y =5°;
(b) 6y = 10°.

2.3. Amplitude Distribution for SLL Minimization

The aperiodic characteristic of a Fermat spiral array eliminates grating lobes and
also allows for low sidelobe levels. However, these levels may not be maintained in
beam scanning, so non-uniform distribution techniques can be used with techniques
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focused on maintaining feed network simplification. We will try to illustrate several
possibilities to generate the excitation distribution. Furthermore, the possibility of using
CORPS amplitudes, that is, those obtained directly from the output of each CORPS 2x3
network, is interesting. This way, no compensation is required to generate the necessary
amplitude distribution.

2.3.1. Raised Cosine Excitation

The raised cosine excitation is generally used for lineal arrays [32]. However, it is used
in this work to calculate the amplitudes for a spiral array (bidimensional). The application
of a raised cosine excitation can be given by using the next expression [33]:

dycos™1(2a—1)
1+ cos (70&

I, = 5 ) n=123..,N (12)

where d,, is the separation from the system center to the nth element, L is the length of the
array longitude in x and a is considered a constant value. Furthermore, I is set to be in the
interval of a < I, < 1.

Figure 12 shows the way that the rings (areas) were set so that the elements within a
ring have a value of assigned amplitude excitation. The index n indicates the amplitude
value for each element (considering d,). Then, d, is determined by using the rings n and
n—1. Finally, the value of L is determined as the distance value considering the center to
the furthest element. The proposed raised cosine technique allows for the use of only four
amplitude values instead of 18. This allows for a simplification of the feed network for a
spiral array.

UYL
)&/o

y/2

Figure 12. Raised cosine excitation for the Fermat spiral array.

2.3.2. Optimization of Amplitude Excitations

This design technique contemplates the use of GA. The technique of GA has been
applied successfully in the design of different antenna systems [34]. The optimization
procedure of GA follows the steps explained in [35]. The design variables (amplitudes
excitations) are coded in a set of real numbers, I = [I;, I, I3, Iy, ..., Iy], which can be set
in the range of values [0, 1]. The design problem consists of determining the amplitude
excitations that minimize the SLL value. The design problem can be described as the
minimization of the next design objective:

OF = SLLyax(AF(6, ¢)) (13)
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where SLL;;y is the maximum value of SLL obtained for all cuts of ¢ = [0, 2n] and
6 =[— 7%, 5]. It was considered in our design case the evaluation of the radiation pat-
tern for each cut of ¢, in steps of 10°. This SLL,y is only evaluated in all cuts of ¢ for
scanning. As shown in Figure 13, there is an amplitude excitation considered for each
element with this method.

I Iy
14 @)
o Ig
O
Ig I
o | & b
i - ;
of+ |, 15 o Y
Iy, ﬂ 2 (@) I3
I I16
© I1o ®)
O
@) I15
Ig o)
y/4

Figure 13. Amplitude excitations using genetic algorithms in the array geometry.

2.3.3. CORPS Amplitudes

A CORPS 2x3 network causes an attenuation in the amplitude of the middle output
if a difference of phases exists in the input signals, and this attenuation increases as the
difference approaches 180°. Thus, it is necessary to compensate the values using a variable
amplifier at the output port of each recombination node. The compensation depends on
the amplitude excitation required in each antenna element obtained with raised cosine or
optimization [28]. Furthermore, the phases required by the elements in beam scanning
change so that amplitudes required at §y = 0° are not the same as those required at 8y = 22°.
Thus, a compensation is needed in each direction in order to maintain the amplitude
distribution required. However, we could consider the case of taking the amplitude values
obtained directly of the CORPS 2 x3 networks. Thus, it would not be necessary to include
variable amplifiers in the feeding network, allowing the maximum simplification of the
antenna system.

3. Results and Discussion

The proposed simplification case using CORPS 2 x 3 networks was implemented using
the amplitude distributions described in the previous section to evaluate the SLL reduction.
The results of these cases are illustrated in this section, and a comparative analysis has been
made among the different techniques. All the design cases considered a value of N = 18
antenna elements and a minimal distance of d = 0.5 A.

3.1. Electromagnetic Characterization

The proposed design cases for the Fermat spiral with CORPS 2 x3 networks were
electromagnetically characterized by using CST Microwave Studio. This was made to
analyze the performance of the proposed design cases, considering the effects of mutual
coupling among the elements and the effect of the radiation pattern of the antenna element.
A circular patch for a center frequency of 6 GHz was considered as the antenna element
using an Arlon 25 N substrate with the following characteristics: substrate thickness
h =1.54 mm, epsilon = 3.38, and tangential losses = 0.0025. The design in CST is showed in
Figure 14. The values of r and p” are 6.82 and 2.36, respectively.

https://doi.org/10.3390/technologies14020110


https://doi.org/10.3390/technologies14020110

Technologies 2026, 14, 110

13 of 22

"\\ —— $h
( ’@ /) — 2
. Yy = \ /
Arlon 25N Coaxial feed \\\\ ) /
@ (b) ©

Figure 14. Design of CST of the circular antenna for a center frequency of 6 GHz: (a) top view; (b) side
view; (c) radiation pattern.

Figure 15 illustrates the design of the antenna array set in CST using 18 elements in
the Fermat spiral configuration. The dimensions of this array design were set to have a
value of r = 73 mm. Different values of phase and amplitude are chosen to feed the antenna
elements, depending on the beam-scanning direction and the amplitude distribution. The
phase values are the obtained by CORPS 2x3 networks, such as the CORPS phases in
Tables 2 and 3. Next, the different distribution techniques are presented and assessed to set
certain criteria for antenna designers.

(b)

Figure 15. Design of spiral array antenna in CST for CORPS networks: (a) top view; (b) side view.

3.2. Raised Cosine Distribution

Each antenna element is fed using a value of amplitude excitation depending on its
position in the plane (ring). This implementation requires only four amplitude values for
the whole antenna system. This is useful for simplifying the feeding network of the array
system. Furthermore, the value of 2 was set to be 0.30 in Equation (12). The assessment of
SLL behavior considers the cuts of ¢ = [0, 2n] for 6y = 0° for the case of natural response.
The cut of ¢ = 0° was evaluated for the case of scanning in the range of 6y = [—22°, 22°].
Figure 16 shows the radiation pattern obtained for the natural response of the array system
(6o = 0°). In this pattern, the highest SLL is —16.1 dB for the cut of ¢ = 120° and the lowest
SLL is —27.9 dB for ¢ = 170°. On the other hand, Figure 17 illustrates the radiation pattern
considering the case of scanning in directions at 6y = 5°,10°,15°, and 22° with ¢ = 0°. The
scanning SLL performance is maintained below —23.1 dB through the entire scanning range
of 6y = [—22°,22°]. Please note that the values of SLL in natural response and scanning can
be different. This case of raised cosine distribution could be useful to antenna designers
because only four amplitude levels are used throughout the scanning range.
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Figure 16. 3D radiation pattern (CST) for the design case using raised cosine distribution natural

response of the array system (90 = OO).

Figure 17. 3D radiation pattern (scanning) CST for the case using raised cosine distribution.

3.3. Amplitude Distribution Using Evolutionary Optimization

The optimization parameters for this design case were set considering the recommen-
dations set in the literature and our experience in the design of antenna arrays [34,36]. A
crossover probability of 1.0 was used and the mutation probability was set as 0.1. The
optimization algorithm was run in a number of iterations of 1000 and set to reach conver-
gence. The population size was set at a value of twice the number of the decision variables
considered in the design problem. All the design cases considered a value of N = 18 an-
tenna elements and a minimal distance of d = 0.5 A. The evaluation of SLL performance
considered cuts of ¢ = [0, 27t] for 6y = 0° for the case of natural response. The cut of ¢ = 0°
was evaluated for the case of scanning in the range of 6y = [—22°,22°].

Figure 18 show the results of the radiation pattern generated by using the optimized
amplitudes for ) = 0  or natural response (without scanning). The optimization of the
amplitudes provides the best SLL response (—22.1 dB) in the cut of ¢ = 30° and the worst
case of SLL (—19.4 dB) in the cut of ¢ = 130°. On the other hand, Figure 19 illustrates the re-
sponse of the radiation pattern considering the scanning direction at 8y = 5°, 10°, 15°, 22°
with ¢ = 0°, using the amplitudes optimization. The SLL performance is maintained below
—19.6 dB, considering beam-scanning in all directions of the range of 6y = [—22°,22°].
The values of SLL in natural response and scanning can be different. Please note that this
performance is reached by using one amplitude level by each antenna element.
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Figure 18. 3D radiation pattern (CST) for the design case using amplitudes optimization: natural
response of the array system (6 = 0°).

Figure 19. 3D radiation pattern (scanning) in CST for the case using amplitudes optimization.

3.4. Amplitude Distribution Using the CORPS Feeding Networks

We could take advantage of the simplification of the feeding network and take the
amplitude levels generated by the feeding network system. The evaluation of SLL perfor-
mance considered cuts of ¢ = [0, 27t] for 6y = 0° for the case of natural response. The cut of
¢ = 0° was evaluated for the case of scanning in the range of 6y = [—22°,22°].

Figure 20 shows the radiation pattern using the amplitude values of the CORPS
networks for the case of natural response (6y = 0"). The best value of SLL (—18.5 dB) is
obtained in the cut of ¢ = 90° and the worst case (—15.5 dB) is generated in the cut of
¢ = 120°. The scanning performance is illustrated in Figure 21, considering the direction
at 6y = 5°,10°,15°,22° with ¢ = 0°. As illustrated in this figure, a value of SLL= —13.8 dB
(6o = 22" ) remains, with a minimum value of SLL = —17.3 dB at §y = 0". Please note
that this SLL performance is obtained without using amplitude excitations, just taking the
amplitude levels generated by the feeding network.
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A

Y

Figure 20. 3D radiation pattern (CST) for the design case using amplitude levels of feeding networks:
natural response of the array system.

8o = 15° 8y = 22°

Figure 21. 3D radiation pattern (scanning) in CST for the design case, using amplitude levels of
feeding network.

3.5. Uniform Amplitude Distribution

The last amplitude distribution case to be presented is the uniform amplitude case.
Figures 22 and 23 show the radiation pattern obtained for the natural response of the
array system (fp = 0 ) and scanning, respectively. The evaluation of SLL performance
considered cuts of ¢ = [0, 27t] for 6y = 0° for the case of natural response. The cut of ¢ = 0°
was evaluated for the case of scanning in the range of 6y = [—22°,22°].

a8

Figure 22. 3D radiation pattern (CST) using uniform amplitude distribution: natural response of the
array system (6) =0 ).
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Figure 23. 3D radiation pattern (scanning) in CST using uniform amplitude distribution.

As illustrated in Figure 22, the best SLL (—20.5 dB) is obtained for ¢ = 70° and the
worst case of —13.8 dB is generated in the cut of ¢ = 120°.

This case could be of interest to set levels of uniform amplitude in the antenna elements
of the array system. However, the uniform excitation requires one amplitude level by each
antenna element for this particular design of spiral array. This is because the amplitudes
of the feeding network outputs are non-uniform. So, we need to compensate for these
amplitudes differences if the uniform distribution is desired. The scanning performance is
illustrated in Figure 23, considering the direction of the main beam at 6y = 5°, 10°, 15°, 22°
with ¢ = 0°. A value of SLL = —15.7 dB remains in the scanning performance.

3.6. Design of Array Antenna in CST with d,,;,, = 1.0A

Figure 24 illustrates the design of the antenna array in CST using dmin, = 1.0A. The
dimensions of this array design were set to have a value of 7 = 138 mm. The phases values
are obtained using CORPS 2 x 3 networks such as the CORPS phases in Table 4. A uniform
distribution was used for this case, and the patterns were obtained for 8y = 5° and 6y = 10°,
as shown in Figure 25.

(b)

Figure 24. Design of spiral array antenna in CST with dpin, = 1.0A: (a) top view; (b) side view.
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0, = 10°

Figure 25. 3D radiation pattern (scanning) in CST with d,,;,, = 1.0A.

The SLL in the cut of ¢ = 0° is —12.0 dB for 6y = 5° and —10.9 dB for 6y = 10°. Please
note that no amplitude distribution technique is being used to decrease the SLL. This is
with the aim of simplifying the presentation of results for this design case (dmin = 1.01).

3.7. Comparative Assesment of the Amplitude Distributions

There are certain design criteria among the set amplitude distributions. These design
tradeoffs can be observed using the numbers in Tables 5 and 6. These tables illustrate a
comparative analysis of the SLL performance in 6y = 0°. The comparison made in these
tables is between cases with d,,,;;, = 0.5A. It can be noted that all design cases present an
SLL less than —15 dB at each cut of ¢, with the exception of ¢ =110°, 120°, and 130° for
the uniform distribution case. The raised cosine is the distribution that reaches the lowest
values in most cuts with respect to the other cases. Amplitudes optimization presents the
lowest values after the raised cosine distribution, with the tradeoff that one amplitude
level is needed per antenna element. The raised cosine distribution presents lower SLL
values compared to the amplitude’s optimization in several cuts of the radiation pattern.
This is presented in the cuts of ¢ = [10°, 40°, 50°, 80°, 90°, 140°, 150°, 160°, 170°, 180°].
Furthermore, it presents a difference of less than 1 dB in the cuts of ¢ = 20°, 30°, and
140°. Another important case is the behavior of the CORPS amplitude distribution. It
can be observed that lower values are presented in most of the cuts with respect to the
uniform distribution (with the exception of the cuts ¢ = [60°, 70°, 80°, 90°, 140°, 150°, 170°]).
Furthermore, it has a difference of less than 1 dB in ¢ =70°, 90°, and 140°. The performance
of CORPS amplitudes distribution is very interesting, considering that the values of SLL
reached in this case are obtained directly from the outputs of the CORPS 2 x3 networks.

Table 5. Values obtained by the electromagnetic characterization (CST) of amplitude distribution
cases, 0y = 0°.

Design Case

SLL (dB) Considering Values of ¢

10° 20° 30° 40° 50° 60° 70° 80° 90°
Raised 216  —21.1 ~215 222 229 227 23  —223  -205
cosine
Amplitude 214 ~21.8 221 207 ~19.9 ~19.7 ~19.6 ~20.0 ~205
optimization
CORPS 168  —-167  -169  —169  -169  —17.1 176  —182  —185
amplitude
Uniform 157  —-153  —-156  —162  —172  —189 205 205  —18.8
amplitude
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Table 6. Values obtained by the electromagnetic characterization (CST) of amplitude distribution
cases, 0y = 0°. Continuation.

SLL (dB) Considering Values of ¢

Design Case 100° 110° 120° 130° 140° 150° 160° 170° 180°
Raised 178  —163 ~16.1 174  —208  -260  -248  —279 243
CcOosine

Amplitude 207  —-202  —194  —194  —209 211 210  -208  —208
optimization
CORPS 174  -162  -155 —156 —168  —180 —1836 —178  —17.3
amplitude
Uniform ~16.3 144  -138  —147  —-170  -196  -202  —186  —167
amplitude

Table 7 shows a comparative analysis of the proposed techniques considering beam
scanning. It can be noted that all amplitude distributions achieve a performance of SLL
less than —15 dB in all scanning ranges, with the exception of CORPS amplitudes in the
direction of 8y = 22°. These levels are the best SLL obtained. The CORPS amplitudes
distribution is again a very interesting case, as it maintains a SLL below —15 dB up to
6y = 15°. The difference of SLL in the maximum scanning angle is approximately 2 dB
with respect to uniform amplitude case. So, this case could be considered to achieve the
maximum simplification of the feeding network.

Table 7. Comparative analysis of amplitude distribution techniques considering beam scanning
(results in CST considering the best values of SLL).

SLL in dB for Each Value of 6

Design Case 0° 50 10° 15° 990
Raised cosine —24.3 —24.0 —23.8 —23.6 —23.1
Amplitude ~208 ~205 ~205 ~20.4 ~19.6
optimization
CORPS amplitude -17.3 —16.7 —16.2 —15.5 —13.8
Uniform amplitude —16.7 —16.4 —16.3 —16.3 —15.7

Furthermore, Table 8 shows the gain behavior considering each excitation technique
in beam scanning. As illustrated, the gain behavior is very similar for all the amplitude
distributions. Uniform amplitude presents the highest gain, followed by CORPS ampli-
tudes. The techniques of amplitudes optimization and raised cosine required to give a little
gain to provide the given SLL value. Please note that these gain values do not include
losses due to elements in the feeding network, such as attenuators and those caused by the
CORPS networks.

Table 8. Gain behavior using CST electromagnetic solver considering beam scanning.

; Gain in dBi for Each Value of 6,
Design Case

0° 5° 10° 15° 22°
Raised cosine 18.05 18.02 17.97 17.88 17.72
Amplitude 17.98 17.94 17.86 17.77 17.59
optimization
CORPS amplitude 18.40 18.35 18.31 18.22 1797
Uniform amplitude 18.46 18.41 18.34 18.25 18.09

Finally, Figure 26 shows the reflection coefficients of each antenna element in beam
scanning. It can be noted that in 6 GHz all antenna elements have a reflection coefficient less
than —10 dB, which indicates adequate behavior for the antenna system. The simulations
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made in CST validated the technique proposed for simplifying the feeding network in a
Fermat spiral antenna array.

0

5.20 5.40 5.60 5.80 6 6.20 6.40 6.60 6.80 7
Frequency in GHz

Figure 26. Behavior of the reflection coefficient versus frequency for the design of Fermat spiral
antenna array with d,,;, = 0.5A.

We have tried to make a comparison of the techniques used to reduce SLL, without
seeking to show that one is the best distribution for all scenarios. We think that each
technique presents a design compromise, where, indeed, the raised cosine presents one of
the best performances in SLL. However, the distribution used, taking amplitudes directly
from the CORPS network outputs, helps to simplify the antenna system. For this reason,
we aim to present tables for comparison.

4. Conclusions

This paper presented a novel design technique using beam-forming networks based
on CORPS to achieve the simplification of the feed network of Fermat spiral antenna
arrays. The setting of subarrays was achieved through the study of the behavior of phases
of each antenna element in scanning. This design, which considers the geometry of the
Fermat spiral, uses different methods for SLL reduction. The electromagnetic simulation
results illustrated that all design cases presented an SLL less than —15 dB at each cut
of ¢, with exception of ¢ = 110°, 120°, and 130° for the uniform distribution case. The
raised cosine demonstrated the lowest values in most cuts with respect to the other cases.
Amplitudes optimization presented the lowest values after the raised cosine distribution,
with the tradeoff that one amplitude level is needed per antenna element. The raised cosine
distribution presented lower SLL values compared to the amplitude’s optimization in
several cuts of the radiation pattern. This was presented in the cuts of ¢ =[10°,40°, 50°, 80°,
90°, 140°, 150°, 160°, 170°, 180°]. Furthermore, it presented a difference of less than 1 dB in
the cuts of ¢ =70°, 90°, and 140°. The performance of CORPS amplitudes distribution is
very important, considering that the values of SLL reached in this case are obtained directly
of the outputs of the CORPS 2x3 networks. Furthermore, all amplitude distributions
achieved a performance of SLL less than —15 dB in all scanning ranges, with the exception
of CORPS amplitudes in the direction of 8y = 22°. Raised cosine reached the lowest values
in scanning, followed by amplitudes optimization. The CORPS amplitudes distribution
can be considered a useful case to achieve the maximum simplification of the feeding
network, as it maintains an SLL below —15 dB up to 6y = 15°. Furthermore, a design case
was presented to show the absence of grating lobes in spiral arrays with d,,;;, = 1.0A and
to illustrate the use of CORPS 2x3 networks with spiral arrays using distances greater
than 0.5A. Choosing CORPS 2x 3 networks would allow CORPS integration with spiral
arrays by proposing a section for the feed network and a section for the antenna array, in
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order to avoid crossings and reduce unwanted radiation in the radiation pattern of the
antenna system.
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