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Abstract: High-sensitivity and large-scale surveys are essential in advancing radio astron-
omy, enabling detailed exploration of the universe. A Phased Array Feed (PAF) installed
in the focal plane of a radio telescope significantly enhances mapping efficiency by in-
creasing the instantaneous Field of View (FoV) and improving sky sampling capabilities.
This paper presents the design and optimization of a novel C-Band Phased Array Feed
antenna for the Sardinia Radio Telescope (SRT). The system features an 8 x 8 array of
dual-polarized elements optimized to achieve a uniform beam pattern and an edge taper of
approximately 5 dB for single radiating elements within the 3.0-7.7 GHz frequency range.
The proposed antenna addresses key efficiency limitations identified in the PHAROS 2
(PHased Arrays for Reflector Observing Systems) system, including the under-illumination
of the Sardinia Radio Telescope’s primary mirror caused by narrow sub-array radiation
patterns. By expanding the operational bandwidth and refining the radiation character-
istics, this new design enables significantly improved performance across the broader
frequency range of 3.0-7.7 GHz, enhancing the telescope’s capability for wide-field, high-
resolution observations.

Keywords: phased array feeds; broadband antennas; Sardinia Radio Telescope

1. Introduction

High sensitivity and survey speed are crucial for radio astronomical applications,
enabling studies of galactic gas, magnetic fields, and cosmological surveys. These factors
depend on the number of radiated beams, the solid angle each beam covers, the bandwidth,
and the system temperature. To enhance these capabilities and increase the Field of View
(FoV), multiple sky regions can be observed simultaneously by using a multi-feed horn
system or a Phased Array Feed (PAF).

A Phased Array Feed (PAF) installed at a radio telescope’s focal plane enhances survey
speed and sky sampling capacity compared to traditional multi-feed horn systems [1-4]. It
consists of a planar array of small antenna elements arranged in a regular two-dimensional
grid, with inter-element spacing of about half a wavelength at the highest frequency. This
design optimizes sky coverage and prevents grating lobes [5-7].
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In a Phased Array Feed, multiple beams are electronically synthesized by combining
signals from subsets of antenna elements, called “sub-arrays”, using an analog or digital
beamforming network controlled by specialized software. Each element contributes to
multiple beams, which can be fine-tuned across a wide frequency range by adjusting the
phase and amplitude of the signals [8].

The performance of a Phased Array Feed depends not only on its overall array con-
figuration but also on the radiation patterns of the individual antenna elements. Different
antenna layouts, such as patch antennas and folded dipoles, have been explored for this
purpose. Among these, Vivaldi antennas are frequently used due to their broad operating
bandwidth, low cross-polarization levels, and wide radiated beams [9]. The size and geom-
etry of individual antenna elements influence the beam shape: consequently, the radiation
pattern of each individual antenna plays a crucial role in the array overall performance. By
carefully combining the amplitudes and phases of the elements of the Phased Array Feed it
is possible to synthesize beams with the desired shape and characteristics.

The main component of a radio astronomy receiver is a large parabolic dish that
collects and focuses incoming radio waves onto the feed antenna. A key design goal is
to maximize the G/Tsys ratio, where G is the antenna gain, and Tss is the system noise
temperature. The optimal value can be determined by optimizing the aperture efficiency,
which is achieved by balancing two key components: “taper efficiency” and “spillover
efficiency” [5]. Both of these are expressed as functions of the edge taper T,, defined as the
ratio of the field intensity at the edge of the reflector to the field intensity at the reflector
center. This balance ensures effective illumination of the reflector, minimizing energy loss
while maximizing performance. Typically, the edge taper is set at T. ~ —11 dB, a value
widely recognized as an ideal compromise for achieving high aperture efficiency.

For Phased Array Feed systems, optimal illumination of the reflector is achieved by
adjusting the complex weights of individual array elements and shaping the beams from
the sub-arrays to match the dish’s dimensions. To avoid under-illumination from narrow
beams, each antenna element must produce a sufficiently wide beam for uniform coverage
when sub-array beams are combined.

The Italian National Institute for Astrophysics (INAF) has made significant advance-
ments in Phased Array Feed technology, giving a substantial contribution to the state of the
art with the development and testing of the PHAROS and PHAROS?2 systems [8,10-12].
The Italian National Institute of Astrophysics also manages the Sardinia Radio Telescope
(SRT), a multiple reflector antenna with a large main mirror (64 m of diameter): in particu-
lar, simulations performed with the PHAROS2 Phased Array Feed placed in the primary
focus (the distance between primary focus F1 and Gregorian Focus F2 is 17.4676 m [13]) of
Sardinia Radio Telescope revealed that, at certain frequencies, the antenna efficiency drops
to low levels [10]. This issue was attributed to under-illumination of the reflector caused by
the narrow beams generated by a combination of 13 equally weighted antenna elements.
Consequently, the system failed to adequately illuminate the Sardinia Radio Telescope dish,
reducing overall system performance.

To address this limitation, a new room-temperature Phased Array Feed demonstrator
with a new dedicated antenna is currently under development [14-16]. This next-generation
instrument operates within the C-Band frequency range (4.75-6.00 GHz) and it is designed
to be upgradable, covering a wider frequency range, from 3.0 to 7.7 GHz. In this work, we
present the design of the new antenna for the demonstrator, which consists of an 8 x 8 array
of dual-polarized unit cells. The single antenna element has been carefully optimized to
achieve a uniform beam pattern across the extended operational frequency range and an
edge taper significantly wider than the single radiating element of PHAROS2. Specifically,
the design provides an edge taper of approximately —5 dB in the E-plane or H-plane



Electronics 2025, 14, 807

30f22

over the 3.0-7.7 GHz frequency band. This will ensure efficient reflector illumination,
allowing the Phased Array Feed to contribute to the formation of the compound beam,
and overcomes the limitations identified in the PHAROS2 system, enabling improved
performance across the C-Band.

This paper describes in detail a novel approach to design a Phased Array Feed antenna
using a reverse design strategy. Unlike traditional methodologies, which prioritize optimiz-
ing the Active Reflection Coefficient (ARC) to minimize signal reflections and ensure good
impedance matching across the operating bandwidth and beam-pointing directions, this
method focuses on optimizing the radiated field. The innovation of this approach lies in
redefining the primary design goal: achieving a specified edge taper (—5 dB in this case)
at a designated angle (140° here) in the E-plane or H-plane across the entire frequency
range. This reverse strategy shifts the emphasis from Active Reflection Coefficient and
impedance matching to superior field performance, making it particularly well-suited for
the demanding requirements of radio astronomy applications.

The proposed antenna was designed using CST® Microwave Studio 2020, a leading
software for 3D electromagnetic simulation of microwave components. Over the last two
decades, CST has proven to be a reliable tool in the electromagnetic community, with
simulation results closely matching experimental results both for the radiating performance
and for the evaluation of the scattering parameters [17-22]. Fabricating the Phased Array
Feed array is complex and requires advanced technologies and infrastructure that are
currently unavailable to us. Therefore, we utilized CST® Microwave Studio to evaluate
the Phased Array Feed’s performance, ensuring accurate assessments through its robust
simulation capabilities. This innovative design aims to enhance performance compared
to earlier configurations [6,7,10,23,24], offering increased sensitivity, broader frequency
coverage, and improved beam-shaping capabilities. Ultimately, this leads to greater survey
efficiency and an expanded Field of View (FoV). The development of advanced phased
array feeds like the proposed C-Band Phased Array Feed marks a significant advancement
in radio astronomy instrumentation, improving observational capabilities and facilitating
more efficient large-scale surveys of the universe.

2. Antenna Design

This section outlines the design of a new C-Band Phased Array Feed antenna for the
Sardinia Radio Telescope, covering a frequency range of 3-7.7 GHz. The antenna consists of
an 8 x 8 array of 64 dual-polarized unit cells, resulting in a total of 128 radiating elements.
Only the central 32 unit cells will connect to the backend system, while the remaining will be
terminated with 50 ohm passive loads (Figure 1). This setup allows simultaneous generation
of multiple independent beams through digital selective sub-array activation [14-16].

Figure 1. Simplified layout of the 64-element array, showing the central 32 active elements highlighted
in orange.
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The design approach for the antenna unit cell outlined in this work differs signifi-
cantly from traditional phased array design methods, which typically optimize the Active
Reflection Coefficient to ensure minimal signal reflections and good impedance matching
across the operating bandwidth and for various beam pointing directions.

The key steps in our design procedure can be summarized as follows:

o Reverse design strategy: unlike conventional approaches that prioritize impedance
matching, this work adopts a reverse design strategy, starting with radiated field
optimization. In our case, the primary design goal is to achieve, for the single antenna
of the array, a —5 dB edge taper at a 140° angle in either the E-plane or H-plane across
the full 3-7.7 GHz frequency band. To meet this requirement, both the single unit cell
and the finite array model are used. Specifically, only one element of the finite array is
fed during the simulation to analyze and optimize the radiated field performance;

e  Unit cell Active Reflection Coefficient optimization: thanks to periodic boundary
conditions, this approach assumes an infinite array which provides a reliable approx-
imation for large arrays, such as the 8 x 8 configuration considered in this work.
The Active Reflection Coefficient (ARC) and the active element radiation pattern are
computed for the antenna within this infinite array model [25]. For relatively large
arrays, where edge elements have minimal influence on the overall performance,
this method effectively represents the array behavior with a limited computational
cost [26]. In Phased Array Feed designs for radio astronomy applications, the opti-
mization process focuses specifically on the scanning angle relative to the broadside
direction as a function of the frequency [6,7,23,27]. This ensures that the antenna
element delivers optimal impedance matching and minimal signal reflections across
the desired operational bandwidth;

o  Finite array and pattern analysis: once an acceptable Active Reflection Coefficient is
achieved, the finite array is analyzed. In this step, edge elements are evaluated and,
if necessary, adjusted so their impedance closely resembles that of the infinite array.
This step also involves examining the array radiated field patterns, beamwidth, side
lobe levels, and edge taper.

2.1. Single Antenna Design

In the development of Phased Array Feeds for radio astronomy, the single radiating
element is usually an Exponential Tapered Slot Antenna (ETSA), commonly known as
the “Vivaldi” antenna [6,7,28,29]. These antennas are preferred because of their wide
bandwidth, straightforward fabrication, good impedance matching, reasonable gain, and
cost-effectiveness [9,30-33].

In this work, we diverge from the conventional exponential taper profile and instead
utilize a linear taper profile, implementing each antenna element on a metallic structure.
This design choice provides three key advantages: a broad operating bandwidth, wider
beam width [34], and enhanced compatibility with radio astronomy cryogenic applications
where low background noise are required. Metallic structures exhibit excellent electrical
conductivity and thermal stability both at cryogenic and room temperatures if compared to
any radiated structure made on substrate: these aspects ensure that the Phased Array Feed
maintains high sensitivity—a critical factor for high-performance radio astronomy receivers.
However, the proposed antenna will be a part of a new C-Band PAF demonstrator designed
to operate at room temperature without requiring a cryostat, as detailed in [14-16]; for this
reason, in this work, we may overlook considering aspects related to the antenna’s behavior
under extreme environmental conditions, such as cryogenic temperature fluctuations.
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The single Linear Taper Slot Antenna of the array consists of two main sections: the
propagation and the radiation section (Figure 2). The first one guides the signal toward the
open end, and the second one influences the operational bandwidth [35].

. . I
Propagating Section Radiating Section

Figure 2. Diagram of a typical Linear Tapered Slot Antenna with key parameters, such as taper length
(Lt), opening angle «, taper width (W;), and feed slot width (W;), clearly marked.

The choice of a Linear Taper Profile rather than an exponential one is based on per-
formance considerations: a Linear Taper Profile Antenna is less sensitive to variation in
the aperture angle [36], making it advantageous for the optimization of edge taper in the
design process. The geometric parameters of the antenna are as follows:

o  Taper length (L;): directly affects the bandwidth of the antenna. A longer taper
length allows the electromagnetic field to transition more gradually from the feed
to the radiating end, resulting in improved directivity and a broader operational
frequency range [34];

e  Opening angle a: determines the antenna shape and aperture, influencing its radiation
pattern. Typical values for the opening angle range from 5° to 12° [34]. The taper
shape is mathematically described by the following linear equation:

y=ax+b (1)

where g and b are constants derived from the start and end points of the taper. The opening
angle « is twice the slope of the line in the Equation (1), placing the origin of a Cartesian
orthogonal reference system in the center of feed slot width. We can write x =2 X a;

e  Taper width (W;): the taper width, measured at the open end of the antenna, is
typically designed using the following formula:

1 C 1
Wt — E : fmin - E)\max (2)

where f,,;,, is the lowest frequency in the antenna operational range. The taper width, along
with the opening angle, determines the effective radiating aperture of the antenna;

e Feed slot width (W;): the feed slot width is critical for achieving optimal impedance
matching between the feed line and the radiating aperture.

The layout is shown in Figure 2, where all the parameters are clearly depicted. Each of
these design aspects contributes to the antenna’s ability to deliver high efficiency, broad
bandwidth, and tailored radiation characteristics.

2.2. Infinite Array Approximation

Integrating Linear Tapered Slot Antenna elements into a phased array poses additional
challenges compared to their standalone operation, primarily due to the element spacing,
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which directly influences the array’s ability to form and steer beams without introducing
grating lobes or other distortions. In phased arrays, the spacing W), between adjacent
elements (Figure 3) is typically set between 0.4 and 0.5 A;,, where A, is the wavelength
at the highest operating frequency [37,38]. Consequently, the taper width W; must also
remain smaller than 0.5 A,,;,. This spacing adheres to the Nyquist criterion, preventing
spatial aliasing and ensuring the integrity of the beamforming process.

—%
o

M/t ........

Figure 3. Spacing between adjacent elements of the array.

Unlike standalone antennas, individual elements within a phased array are subject to
mutual coupling effects, which arise from the electromagnetic interactions between neigh-
boring elements. These interactions can significantly alter the antenna input matching,
reduce radiation efficiency, and degrade overall array performance. Such effects are partic-
ularly detrimental in applications requiring precise beam steering and high sensitivity, such
as radio astronomy. Therefore, optimizing the performance of a phased array, particularly
in terms of input impedance matching and radiation characteristics, cannot rely solely on
simulations of isolated antenna elements in free space.

To address these challenges, an isolated element with a taper width ranging from
0.4 to 0.5 A, was initially simulated in free space. While this setup demonstrated accept-
able impedance matching, the bandwidth performance was limited due to the absence
of neighboring elements and mutual coupling effects. To better understand the antenna
behavior in a large array configuration, we use the “unit cell” infinite array approximation.
This method models an infinite periodic array, with each antenna element surrounded
by identical ones, repeating periodically in the directions identified by the array plane.
The infinite array approximation allows for the analysis of the mutual coupling effect in
large arrays, where central elements experience uniform interactions from their immediate
neighbors. The “unit cell” technique has been adopted in the design of large-scale phased
arrays [25,39,40] and Phased Array Feeds (PAFs) for radio astronomy [7,23,27], offering a
practical and accurate framework for evaluating phased array performance, particularly in
applications like radio astronomy, where a precise modelling of mutual coupling is crucial.

2.3. Unit Cell Characteristics and Initial Settings

This section describes the unit cell geometry, key parameters, and the rationale for their
selection. The design must comply with the Nyquist sampling criterion while ensuring a
wide operational bandwidth from 3 to 7.7 GHz. Critical parameters like element spacing
(Wp) and taper length (Lt) were carefully chosen, with initial settings established as follows:
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e  Element spacing W), = A,,;,,/2 = 19.48 mm: where A,,;;, is the wavelength correspond-
ing to the highest frequency (7.7 GHz). This spacing adheres to the Nyquist sampling
criterion, ensuring the prevention of grating lobes in the array radiation pattern across
the wide frequency range. By maintaining the selected value of W, throughout the
unit cell optimization process, the risk of grating lobes across the frequency range
is effectively minimized, which is essential for preserving the array performance at
higher frequencies;

o  Taperlength L; = Apnax/2 = 50 mm, where A,y corresponds to the wavelength at the
lowest frequency (3 GHz). Unlike W), L; is optimized to meet specific edge taper and
bandwidth requirements. Adjustments to L;, and consequently the opening angle
«, play a significant role in shaping the radiation beam characteristics to achieve a
consistent and desirable edge taper across the entire operational bandwidth.

To balance structural integrity and compactness, the radiating walls of the unit cell
are constructed with a metal thickness of 3 mm. This size ensures sufficient mechanical
stability while maintaining a lightweight and compact design, which is a crucial aspect for
the dense antenna arrangement required in the Phased Array Feed array.

The unit cell design employs a dual-polarized configuration with two orthogonally
positioned Linearly Tapered Slot Antennas. Each antenna operates independently, enabling
the unit cell to accommodate two orthogonal polarizations:

e  Horizontal polarization: one element in each unit cell is oriented to radiate in the
horizontal plane, efficiently capturing signals aligned with this polarization;

e  Vertical polarization: the second element is aligned to radiate in the vertical plane,
enhancing the unit cell dual-polarization capability.

Arranging the antennas with a 90-degree rotation relative to each other minimizes
cross-polarization interference, crucial for signal integrity [26]. The orthogonal configura-
tion (Figure 4a) enhances the detection of faint signals in both polarizations: this aspect is
vital for radio astronomy applications.

@) (b)

Figure 4. (a) Unit cell; (b) parameters of the feeding network.

The feeding network of each individual antenna in the array plays a critical role
in ensuring proper impedance matching across the entire operational frequency band.
The propagation section is designed as an “L”-shaped slot, optimized with seven tun-
able parameters, as illustrated in Figure 4b. This design enables precise control on the
antenna impedance characteristics to maintain efficient energy transfer within the wide
frequency range.
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Each antenna of the unit cell is fed using a 50 ohm integrated coaxial cable, which
employs air as the dielectric medium. To embed this feeding structure within the antenna,
a cylindrical channel with a diameter d = 1 mm is milled directly into the antenna body.
This innovative approach seamlessly integrates the coaxial feed into the antenna structure,
eliminating external attachments and their associated challenges. The antenna fabrication
process involves manufacturing it in two distinct parts. One part is designed to house the
coaxial probe, which is then inserted into the other part. This assembly approach simplifies
the precise alignment of the central conductor of the coaxial cable within the milled channel,
significantly reducing the risk of assembly errors. By eliminating the need for soldering,
this design minimizes potential mechanical failures and prevents impedance mismatches
caused by misaligned or incorrectly positioned external coaxial cables.

The central conductor of the coaxial feed has a diameter of 0.435 mm, which is carefully
selected to ensure compatibility with the antenna impedance requirements. Figure 5 pro-
vides a detailed depiction of the coaxial feed probe integration, highlighting the cylindrical
channel milled into the antenna structure to facilitate precise and seamless assembly.

Figure 5. Implementation of the feeding probe integrated in the antenna.

Alternative solutions using 50 ohm integrated coaxial cables with larger diameters
(i.e., 1 mm inner and 2.3 mm outer) have been tested, but here we present only the least
dimensionally impactful option. We have ruled out a solution with the standard coaxial
cable because the antenna array will be part of a more complex receiver [14-16], and we
plan to connect it directly to a pre-amplification board not detailed in this work.

2.4. Phased Array Feed Antenna Design

The first step in designing the Phased Array Feed antenna involves optimizing the
geometrical parameters of the unit cell antenna (Figure 2) to achieve a —5 dB edge taper
in the E-plane or H-plane at a 140° angle, over the operational frequency range from
3 to 7.7 GHz. To meet this requirement, an extensive series of parametric simulations was
conducted to optimize the radiated field. The proper impedance matching between the
unit cell and the external feeding network will be performed in the last step of the design
process. In our approach, the Phased Array Feed antenna design represents a careful
balance between achieving the desired beamwidth and maintaining impedance matching
across the required frequency band

While adjusting the beam radiated by a single antenna, it is crucial to account for
mutual coupling effects caused by the interactions with neighboring elements in the array.
To address this, a 128-element array was introduced as a “raw” prototype of the Phased
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Array Feed antenna. The layout of this phased array feed, with dual-polarized capabilities,
is illustrated in Figure 6a.

17 18 19 20 21 22 23 24

81 82 83 84 85 86 87| 88

89 %0 91 92 93 94| 95 9%
33 34 35 36 37 38 39 40

97 98 99 100 101 102 103 104
41 42 43 a4 a5 46 a7 a8

105 106 107 108 109 110 111 112
45 50 51 52 53 54 55 56

(a) (b)

Figure 6. (a) 3D view of the 128-element array; (b) antenna feeding scheme for edge taper adjustment
(in red color the active zone): the antenna numbered with 93 and highlighted in green is the only one
that is powered.

The edge taper optimization was performed through a selective activation procedure,
where only specific elements in the active zone were fed, while others were connected to
passive loads. Figure 6b illustrates the feeding configuration for the active zone, activating
the antenna element 93 at the center of the array grid. The selection of element 93 for the
edge taper optimization process is intentional, strategic, and carefully considered. Located
at the center of the array grid, this element experiences the maximum level of interaction
with the surrounding antennas. This central position makes it the most representative
choice for evaluating and optimizing the edge taper, as it accounts for the cumulative
influence of neighboring elements.

In this initial phase of the design process, our primary focus is on achieving the desired
edge taper without introducing additional variables. Once this objective is successfully
met, we will conduct a thorough evaluation of mutual coupling levels across the array. If
these coupling levels are found to be excessively high, all the necessary adjustments will be
made to address and mitigate their impact and ensure the overall stability and performance
of the system.

The procedure is not directly related to beamforming process: the proposed antenna
will be the front-end of a new C-Band PAF demonstrator [14-16], where the beamforming
will be managed by a digital backend based on a Xilinx ZCU216 RFSoC board. All the
beamforming processes are therefore achieved in the post-processing stage: this means
that from an electromagnetic modelling point of view, each single element of the active
zone can be considered as connected to identical current sources with the same phase
and amplitude.

The edge taper specifications were achieved by adjusting the taper length L; and,
consequently, the opening angle o of the single antenna. In Linear Taper Slot Antennas, the
angle o typically ranges from 5° to 12°, and it directly influences the width of the radiated
field [34]. For isolated antennas, when the ratio L;/Ag < 2 (where A is the free-space
wavelength), the radiated beamwidth increases significantly in both the E-plane and H-
plane [34,36]. Additionally, L; is proportional to the operational bandwidth [32]; therefore,
in this study, taper lengths exceeding A, were avoided to prevent an excessively large
radiant structure.
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Different values of L; were tested to determine the optimal configuration. In all
simulations, both the elements spacing W, and the width W; are constant and equal to
19.48 mm and 16.48 mm, respectively. The parameter W), can be indeed calculated as
the difference between the element spacing W), and the thickness of metal employed for
the antenna manufacturing (see Figures 3 and 4a). As shown in Figure 7, the opening
angle « increases for decreasing values of taper length L; (as apparent when looking at
Figure 2, where the geometry of the structure is depicted). Consequently, the radiated field
beamwidth narrows progressively in the H-plane when L; decreases. This relationship
demonstrates how taper length adjustments directly influence the beamwidth, enabling
fine-tuning of the edge taper for optimal performance.
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Figure 7. H-plane 5 dB edge taper: variation of taper length L;.

The variation in the taper length L; has a pronounced impact on the edge taper in
the H-plane, particularly for frequencies below 5.25 GHz. In this range, the taper width is
highly sensitive to changes in L;. However, for frequencies between 5.25 GHz and 7.7 GHz,
this effect becomes less significant, with the edge taper stabilizing between 140° and 160°.
In contrast, in the E-plane, the edge taper shows minimal sensitivity to variations in L;,
remaining consistently below 140° for frequencies above 3.5 GHz, as shown in Figure 8.
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Figure 8. E-plane 5 dB edge taper: variation of taper length L;.

The design specifications for the H-plane are met when L; = 70 mm, corresponding
to an opening angle « = 6.325°. This configuration ensures a —5 dB edge taper greater



Electronics 2025, 14, 807

11 of 22

than 140° across the entire frequency range of 3 to 7.7 GHz. Figures 9 and 10 present
the normalized simulated radiation patterns of the single powered Linear Tapered Slot
Antenna in both the H-plane and E-plane at frequencies of 3 GHz, 5.5 GHz, and 7.7 GHz,
demonstrating the optimized radiation performance.

Farfield Directivity Abs (Phi=90)

Phi=270

farfield (f=3)
farfield (f=5.5)
farfield (f=7.7)

180

Theta / Degree
Figure 9. Single Linear Tapered Slot Antenna H-plane-normalized radiated field.

Farfield Directivicy Abs (Phi=0)

Phi=180

farfield (f=3)
farfield (f=5.5)
farfield (f=7.7)

Theta / Degree

Figure 10. Single Linear Tapered Slot Antenna E-plane-normalized radiated field.

The comparison between the obtained —5dB edge taper of the single Linear Tapered
Slot Antenna of the Phased Array Feed antenna and the one of the single elements of the
PHARQOS2 antenna is reported in the Figures 11 and 12.

The results obtained in the 4-7 GHz frequency range show that the radiated field of
the single antenna in the array exhibits an edge taper in the H-plane that is significantly
improved with respect to single element of the PHAROS2 antenna. In the E-plane, the edge
taper that is achieved remains almost constant in a range of values between 122 and 133°.
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Figure 11. The —5 dB H-plane edge taper comparison.
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Figure 12. The —5 dB E-plane edge taper comparison.

With the radiated field successfully optimized to achieve the required edge taper, the
next design step focuses on refining the Active Reflection Coefficient to ensure proper
impedance matching. This step employs an infinite array model (described in the pre-
vious section as the unit cell array approach) to align the antenna performance with
the feed network requirements. Using the optimized L; value obtained in the previ-
ous step (L; = 70 mm), care was taken to preserve the radiated field configuration while
fine-tuning the slot widths and parameters of the “L-shaped” slot to achieve optimal
impedance matching across the 3-7.7 GHz frequency band (refer to Figure 4b for the
antenna geometry). Key geometric parameters of the optimized unit cell include the follow-
ing: Ly =7.5mm, L, =3.5mm, L3 =3.5mm, Ly =2.5mm, L5 = 3.3 mm, W, = 0.5 mm, and
W, = 1.1 mm, whereas the total length of the single radiating element along the z-axis is
87 mm. The geometries of the optimized unit cell and its feeding network are reported
in Figure 13a and 13b, respectively. The insertion point of the probe is located at 1.95 mm
from the upper edge of the feed slot (see Figure 13b). The optimized unit cell exhibits
excellent performance, achieving an Active Reflection Coefficient below —12 dB across
the operational bandwidth and below —14 dB in the frequency range of 3 to 7.2 GHz, the
mutual coupling between the two orthogonally polarized elements of the unit cell is below
—24 dB, as shown in Figure 14.
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Figure 13. (a) Overall dimensions of the optimized unit cell, and (b) optimized parameters of the
“L-Shaped” slot: all dimensions are in millimeters.
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Figure 14. S-parameters of the dual-polarized unit cell.

Throughout the simulations conducted during the design process, deliberate variations
of a few hundredths of a millimeter from the optimal dimensions were introduced. This
approach was adopted to account for potential manufacturing tolerances and inaccuracies
that could arise during the production phase of the antenna. The results demonstrated
that these slight deviations had no significant impact on the performance of the design,
specifically in terms of edge taper and Active Reflection Coefficient (ARC). This holds true
for both the Linear Taper Slot Antenna (LTSA) and the unit cell, confirming the robustness
of the proposed design against minor fabrication imperfections.

To account for edge effects and further validate the design, a finite array model
was created by adding 16 additional passive elements along the two open sides of the
array, increasing the total number of antennas to 144. The resultant array has a size of
158.84 x 158.84 x 87 mm. This configuration is depicted in Figure 15, which illustrates the
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strategic placement of the additional elements to form an artificial buffer zone along the
array boundaries.
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Figure 15. (a) Finite array model with additional boundary elements, and (b) the antenna feeding
scheme for the final configuration of the Phased Array antenna: the 16 passive additional elements
are highlighted in blue color. In red color is the active zone.

By incorporating these boundary elements, the active antennas near the center of the
array exhibit an Active Reflection Coefficient that closely resembles that of the isolated
unit cell. Figure 16 compares the Active Reflection Coefficient of antenna 93 (located at
the center of the array) with that of the unit cell, demonstrating excellent agreement. It
is worth noting that the results for the edge taper remain consistent with those shown in
Figures 7 and 8, confirming that the addition of boundary elements does not compromise
the radiated field performance.

-5 -
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— =ARC Antenna #93 finite array
’
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3.5 4 4.5 5 5.5 6 6.5 7 7577 8 8.5 9 9.5
Frequency [GHz]
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Figure 16. Comparison between the Active Reflection Coefficients of the single antenna of the unit
cell and the antenna labelled with number 93 in the finite array.

Referring to the antenna feeding scheme illustrated in Figures 15b, 17 and 18 show
the mutual coupling level between the central element (labelled with the number 93)
and some elements of the array having the same polarization or in a 90° configuration,
including antennas located at the edge of the active region: as expected, the antenna’s
mutual coupling tends to decrease as the distance between the elements increases.
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Figure 17. Simulated mutual coupling between some elements having the same polarization.
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Figure 18. Simulated mutual coupling between some elements having cross-polarization.

The performances and the methodology design of the proposed Phased Array antenna
are compared with the recent literature in Table 1. The achieved results and main limitations
of each paper referenced in the Table are summarized below.

Ref. [6] provides a comprehensive experimental evaluation and detailed performance
of both isolated antennas and elements within an array. Mutual coupling between co-
polarized elements ranges from —21 to —28 dB (peaking at —30 dB), with a single-element
gain of 6-7 dB. The beamwidths are 40° (E-plane) and 50° (H-plane), with sidelobe levels
of 13.5 dB and 21.4 dB, respectively. The main limitation is due to the use of Exponential
Tapered Slot Antenna elements with a large element pitch (50 mm), resulting in reduced
bandwidth (3—6 GHz) and potential grating lobe issues.
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Table 1. Performance comparison.

. Single Single . Optimization of the
Frequency Single Array Design .
Reference Band [GHz] Element Element Element Elements Procedure Array Single Element
Pitch [mm] Length [mm] Edge Taper
Unit
This work 3-7.7 LTSA 19.48 87 144 cell-infinite Yes
array
Unit
[10]* 4-7 ETSA 21 77 220 cell-infinite No
array
Unit
[6] 3-6 ETSA 50 116 320 cell-infinite No
array
Unit
[7] 2.8-5.18 ETSA 28.8 53.6 140 cell-infinite No
array
Unit
[23] 2.5-4 ETSA 37 125 40 cell-infinite No
array
[24] 48 Bowtie 25 18.75 24 Standalone No
antenna
[41] ** 1.3-1.72 Bowtie 135 13 69 NA No
Unit
[42] 15.4-20.0 SIW 8.98 19.6 24 cell-infinite No
array
[43] 2.5-4 DRA 30 NA 253 Standalone No
antenna
[44] 0.65-1.45 ETSA 125 125 90 Standalone No
antenna
[45] 0.7-1.8 ETSA 30.025 161 220 NA No

* Performance data for the unit cell are available in [46]. ** For more details of the array single element see
also [47].

In [7], numerical results are reported for the reflection coefficient for infinite and finite
arrays, but it lacks data on mutual coupling, and beam characteristics are unclear due to
scaling issues in radiated field plots. Therefore, it provides insufficient details on practical
array performance.

Ref. [10] reports simulated results and analysis of a PHAROS2 Phased Array Feed
coupled with the Sardinia Radio Telescope (SRT) primary mirror and includes plots of
individual antennas, a 13-element beam, and the Sardinia Radio Telescope illumination
by the composite beam, with a gain of ~6 dB for a single antenna. It focuses on system-
level coupling rather than individual antenna design improvements, lacking details on
mutual coupling and array performance, such as edge taper optimization and grating
lobe suppression.

Ref. [23] presents both the reflection coefficient and mutual coupling experimental
data for a finite array, with return loss below —10 dB for all elements and cross-coupling
better than —20 dB for same-polarization elements. The proposed Phased Array Feed
operates within a narrow band (2.5-4 GHz) and lacks single-antenna field data.

Ref. [24] discusses the standalone Bowtie antenna design without unit cell simulations,
reporting the numerical data for the reflection coefficient and mutual coupling for the
isolated antenna. The presented antenna covers the 4-8 GHz range, but the paper does not
analyze any array configuration or edge taper optimization.

In [41], a simulated Bowtie array is described, but the paper provides only basic infor-
mation, such as the number of antennas and the operating frequency band (1.3-1.72 GHz).
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Other critical performance metrics, such as mutual coupling or radiated fields and beam
patterns, are missing.

Ref. [42] evaluates a small-scale array with simulated values of the reflection coefficient
of the unit cell, showing a mutual coupling below —20 dB for the infinite array. While
it provides acceptable simulations, the small scale limits its applicability to larger arrays.
Moreover, it is focused on a small array, and no radiated field data for the single antenna
element are given.

Ref. [43] discusses the numerical data for the array bandwidth (2.5-4 GHz) but lacks
metrics on array performance, such as mutual coupling or beamwidths.

Ref. [44] is a standalone Exponential Tapered Slot Antenna design and focuses on single
antenna performance. While it reports numerical data on the mutual coupling, though only
for same-polarized elements, it lacks radiated field data for array elements. Moreover, the
Active Reflection Coefficient has not been evaluated, and the simulated reflection coefficient
of the finite array is significantly worse compared to the isolated antenna.

Finally, in [44], a low-frequency Exponential Tapered Slot Antenna Array is described.
The paper reports basic specifications, including the size (30.025 mm pitch) and simulated
bandwidth (0.7-1.8 GHz). However, it lacks array design details and radiated field data,
without discussing antenna fields or band characteristics in detail.

It is apparent that our results represent a significant advancement over the state-of-
the-art designs. The proposed antenna achieves an optimal combination of the widest
operational bandwidth, compact element spacing, and a highly optimized single-element
design (a Linear Tapered Slot Antenna). Moreover, our alternative design methodology,
employing unit cell and infinite array simulations, enables arbitrary and detailed edge
taper optimization. These features collectively enhance its beam-forming capabilities
and adaptability to a wide range of applications. A detailed analysis of its performance
trade-offs and advantages reveals the following key attributes:

e  Operational bandwidth: The proposed design boasts the broadest operational band-
width, surpassing conventional designs such as [6] (3-6 GHz) and [23] (2.5-4 GHz).
This makes it particularly suitable for applications requiring high-frequency agility,
such as radio astronomy. The extended bandwidth also facilitates use across multiple
sub-bands, covering a range from 2.53 to 9 GHz;

e Enhanced Design Methodology: optimizes edge taper using unit cell simulations,
providing a unique advantage and ensuring excellent and robust impedance matching
and wideband performance. None of the references include this level of optimization;

e  Superior element choice: employs Linear Tapered Slot Antenna elements, which
deliver better broadband performance than traditional Exponential Tapered Slot An-
tennas ([6,7]) and compact Bowtie elements ([24]);

e  Grating lobes and beam quality: with a smaller element pitch of 19.48 mm, this design
effectively minimizes grating lobes, which is especially important for high-frequency
and wide-angle operations. This feature delivers superior beam quality compared to
larger pitches in [6] (50 mm) and [7] (28.8 mm);

e Compactness and resolution: the proposed antenna strikes an excellent balance
between compactness and resolution, featuring a moderate array size of 144 elements.
This provides adequate resolution while maintaining manageable system complexity.
By contrast, ref. [6] achieves higher resolution with 320 elements but at the expense of
increased size and processing demands;

e Design innovation: the use of Linear Tapered Slot Antenna elements optimizes the
antenna for broadband performance, offering a distinct advantage over the more
common Exponential Tapered Slot Antenna elements used in other designs such
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as [6,7,23]. While Bowtie elements in [24] offer compactness, they are less effective for
wideband applications;

e  Flexibility: the combination of a smaller element pitch and a broad operational
bandwidth makes this design highly versatile. It is capable of supporting additional
frequency bands, outperforming narrower-band designs such as [7,23].

2.5. Numerical Simulations Methods, Settings, and Computational Resources

This study employs CST STUDIO Suite to perform electromagnetic simulations using
two distinct approaches tailored to different problem scales. For the infinite array unit
cell, a Frequency Domain Solver based on the Finite Element Method (FEM) is used. This
setup applies periodic boundary conditions in the x and y directions and an open (add
space) boundary with Floquet modes along the z-axis. An adaptive mesh refinement (AMR)
strategy is executed over 16 equidistant frequency samples, with the refinement process
halting when the absolute change in S-parameters falls below 0.001. Convergence was
reached after 16 passes, resulting in a final mesh with approximately 42,583 tetrahedrons.

In contrast, the finite array configurations (128 and 144 elements) are simulated us-
ing the Finite Integration Technique (FIT) Time Domain Solver. Given the larger model
size, open boundaries on all axes are applied, and the simulation begins with a heavy
initial mesh (ensuring 2-3 mesh lines across critical gaps) followed by adaptive mesh
refinement. The refinement continues until the change in S-parameters (AS) drops below
—40 dB, with convergence achieved after five passes and a final mesh comprising roughly
345,974,720 tetrahedrons.

Both simulation strategies are executed on a high-performance workstation to manage
the computational demands, ensuring numerical stability and high accuracy.

Table 2 summarizes the two simulation methodologies, defining the solver type used,
the boundary condition, mesh refinement strategies, and the selected convergence criteria.

Table 2. Solver type, mesh refinement strategy, and convergence analysis.

Simulation Solver and Boundary Mesh Refinement Convergence Passes Final Mesh
Type Approach Conditions Strategy Criteria
. . Frequency Periodic (x,y);  Adaptive refinement

Ingl::itte CAe 1ﬁay Domain Solver ~ Open (z) with with 16 equidistant AS <0.001 16 " tr:}ifi?ons

(FEM) Floquet Modes frequency samples

Open Heavy initial mesh
Finite Array Time Domain bounlziaries (>2-3 lines across AS < —40 dB 5 ~345,974,720
configurations Solver (FIT) along x5,z gaps) then AMR until tetrahedrons

AS < —40dB

Table 3 outlines the high-performance computing environment used to efficiently
handle the computationally intensive simulations, ensuring that both numerical accuracy
and simulation speed are maintained.

Table 3. Computational resources.

Component Specification
Processor Dual AMD EPYC 7402 24-Core Processors @ 2.8 GHz
Memory 256 GB DDR4 ECC RAM

Operating System Windows 10 Pro.
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The rigorous CST simulations combine advanced solver techniques with an adap-
tive mesh refinement strategy and robust computational hardware, providing a reliable
foundation for analyzing the LTSA Phased Array Feed.

3. Conclusions

This paper introduces the design and optimization of an innovative C-Band Phased
Array Feed (PAF) antenna tailored for the Sardinia Radio Telescope (SRT). The antenna
comprises an 8 x 8 array of dual-polarized elements, engineered to produce a uniform beam
pattern and achieve an edge taper of approximately 5 dB for each radiating element within
the 3.0-7.7 GHz frequency range. This advanced Phased Array Feed antenna overcomes
key efficiency challenges identified in the PHAROS 2 system, including the inadequate
illumination of the Sardinia Radio Telescope primary mirror due to the narrow radiation
patterns of sub-arrays. The design methodology and finite array modeling presented in
this work mark a significant advancement in Phased Array Feed (PAF) systems for radio
astronomy. Departing from the conventional Active Reflection Coefficient-first design
approach, this methodology prioritizes achieving precise edge taper control and optimizing
radiated field characteristics before addressing impedance matching.

The integration of finite array modeling, enhanced with boundary elements to mitigate
mutual coupling and edge effects, ensures consistent performance across the operational
bandwidth. This tailored design strategy not only addresses the specific requirements
of the Sardinia Radio Telescope but also establishes a robust framework for developing
high-performance phased arrays in broader radio astronomy applications. It emphasizes
precision in field characteristics and effective mutual coupling management, making it
highly suited for the demanding performance standards of modern radio astronomy.

In conclusion, the proposed Phased Array Feed antenna sets a new benchmark in
the field, offering unmatched performance across multiple parameters, making it an ideal
candidate for demanding and versatile applications like radio astronomy.
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Abbreviations

The following abbreviations are used in this manuscript:
PAF Phased Array Feed

SRT Sardinia Radio Telescope

FoV Field of View

PHAROS PHased Arrays for Reflector Observing Systems
INAF Italian National Institute for Astrophysics

OAC Astronomical Observatory of Cagliari

ARC Active Reflection Coefficient
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TSA Tapered Slot Antenna

ETSA Exponential Tapered Slot Antenna
LTSA Linear Tapered Slot Antenna

EM Electromagnetic

SIW Substrate Integrate Waveguide
DRA Dielectric Resonant Antenna

NA Not Available

FEM Finite Element Method

FIT Finite Integration Technique
AMD Advanced Micro Devices
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