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Abstract. One of the advantages of arrays with aperiodic distributed elements is their ability
to mitigate the detrimental mutual coupling effects on the radiation pattern. However, we show
that the mutual coupling inside a random array can still generate undesired structures in the
frequency response although the single antenna features a spectral smooth response. For small
subsets (a couple of SKALA4.1 antennas and a 16-element array) of a low-frequency instrument
station of the Square Kilometre Array, the combination of large mutual coupling and antenna
geometry creates systematic distortions in the element frequency responses. This phenomenon
compromises the station spectral smoothness response versus frequency. However, we demon-
strate that it is possible to partially mitigate these frequency structures by reconfiguring the
antenna distribution based on exclusion zones. © The Authors. Published by SPIE under a
Creative Commons Attribution 4.0 International License. Distribution or reproduction of this work in
whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10
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1 Introduction

The spectral smoothness of the station directivity response is a key feature of the low-frequency
instrument of the Square Kilometre Array (SKA1-Low).' This requirement arises from the study
of the Cosmic Dawn and the Epoch-of-Reionization, which are some of the most significant
science cases of SKA1-Low. The redshifted signal from the 21-cm Hydrogen line can be sep-
arated from the (much brighter) foreground emission leveraging on their different spectral prop-
erties, and this motivates the requirement for a spectrally smooth antenna response.’

SKAI-Low is an interferometer of 512 stations operating between 50 and 350 MHz that
is currently under construction in Western Australia. Each station is composed by 256 dual-
polarized log-periodic dipole antennas (called SKALA4.1°) installed over a metallic ground
plane. The antennas are randomly distributed in a circular area with a maximum distance
between two antennas equal to 38 m.

The spectral smoothness demand is quite challenging for a receiving system covering 7:1
relative bandwidth. From an antenna point of view, the intrinsically wide-band log-periodic
antenna has been identified, since the early stage of the SKA project, as the most appropriate
for providing stable characteristics in the frequency band of interest.*

However, there are several factors that cause a reduction in the spectral flatness properties of
the SKALAA4.1 antenna. First, the metallic ground plane creates a reflected field component,
which is added to the direct field radiated by the antenna. The frequency-dependent combination
of the two contributions produces a smooth large-scale ripple in the directivity response (see
Fig. 7 of Ref. 3). This phenomenon can be accurately modeled with EM solvers. On the
other hand, rapid variations of the antenna input impedance, especially at a low frequency,
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compromise the smoothness properties of the transducer gain in a less predictable way. This
problem is addressed in Ref. 5, in which a modification of the antenna geometry and the match-
ing network of the low-noise amplifier (LNA) were proposed. Moreover, other narrow-band
glitches (0.2 dB peak-to-peak) spaced ~25 to 30 MHz appear in the SKALA4.1 directivity fre-
quency response from 160 MHz on due to the presence of second-harmonic resonances in the
bottom dipoles.®

To the best knowledge of the authors, however, in the framework of SKA1-Low, the impact
of the mutual coupling between antennas’ to the station spectral smoothness properties has been
only partially analyzed. In particular, Trott et al.® assessed the calibration performance of SKA1-
Low in realistic conditions (i.e., including mutual coupling) but only at four discrete frequencies,
whereas in Ref. 9, preliminary results were presented for the spectral smoothness for two
embedded element patterns of a SKA1-Low prototype system between 70 and 73 MHz. It
is important to notice that, especially at low frequency, mutual coupling is particularly critical
for SKA1-Low due to the large dimension of the SKALA4.1 antenna (maximum horizontal
length 1.6 m) and to the dense distribution of the antennas.'®'? The reason for the lack of a
highly sampled spectral analysis is likely due to the heavy computational demand to simulate
one SKA1-Low station. For instance, the full-wave analysis of 256 SKALA4.1 antennas by
means of the multilevel fast multipole method along with the method of moment technique
requires on the order of days for each frequency point on a multicore workstation.'® Alternative
techniques to accelerate the solution of Maxwell equations in the context of SKA1-Low were
proposed in Ref. 14. The numerical analysis proposed in this paper (based on the EM solvers
FEKO from Altair and Galileo EMT from Ingegneria dei Sistemi) was first conducted for two
SKALA4.1 antennas and then extended to a substation (tile) composed of 16 SKALA4.1
antennas.

This paper is organized as follows. Section 2 shows the mutual coupling effects for two
SKALAA4.1 antennas placed at different reciprocal distances and alignments, and it gives some
physical insights on the phenomenon. Then in Sec. 3, the spectral smoothness results for a tile of
16 antennas are discussed for two different layouts. Finally, Sec. 4 summarizes the conclusions
of this study.

2 Mutual Coupling Between Two SKALA4.1 Antennas

The SKALAA4.1 antenna, selected as the reference antenna for the SKA 1-Low project, consists of
a 50-ohm active dual-polarized log-periodic antenna with 20 dipoles for each polarization.’
Despite this antenna being designed to reach a smooth variation of the directivity response across
frequencies, the mutual coupling partially deteriorates this characteristic. In this paper, the
zenith directivity is used as a figure of merit to quantify this phenomenon. A relevant example
is given by studying two adjacent SKALA4.1 antennas. The zenith directivity of the X-polari-
zation port of the antenna located in the origin, SKALA4.1 #1, is computed while varying the
position of the second antenna, SKALA4.1 #2 (see Fig. 1). The latter is first located
at x = 1.5 m, y = 0 m (almost touching the other antenna) and then either translated along the
X direction (from 1.5 to 2.7 m, SKALA4.1 #2a in Fig. 1) or moved along a circular trajectory,
i.e., constant distance from the origin (1.5 m), from 0 deg to 45 deg maintaining the same ori-
entation (SKALA4.1 #2b in Fig. 1). In this analysis, the second antenna is mostly located in the
E plane of the excited antenna because, for small antennas interdistances, this plane features
larger mutual coupling effects than the H plane. The not-excited ports of the antennas are closed
on a 50-ohm load corresponding to the input impedance of the LNA. The presence of these loads
takes into account the power coupled by the passive ports and transmitted to the receiver. Finally,
the numerical results are computed by laying the antennas on an infinite perfect electric con-
ducting ground plane.

The results of the two series of simulations are summarized in Figs. 2(a) and 2(b) for the
circular trajectory and linear shift, respectively. For each geometrical configuration, the spectral
behavior of the zenith directivity is very different from the flat directivity (~8 dBi) computed for
the isolated SKALA4.1 antenna (see the dashed red curve). In particular, two frequency regions,
centered at 55 and 77 MHz and each a few MHz wide, show very distorted behaviors. Apart from
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Fig.1 Geometry of the model with two SKALA4.1 antennas. The antenna in the origin (#1) is fixed,
whereas the position of the second antenna (#2) varies either along the X axis (up to 2.7 m, #2a)
or along a circular trajectory centered in the origin with a radius of 1.5 m (up to 45 deg, #2b).
The colored arrows and the transparent SKALA4.1 antennas describe the different extremes
of the two movements of the second antenna.

some exceptions [see, for instance, Fig. 2(a), in which the response for the 5-deg alignment is
more distorted than at 0 deg], the bandwidth and the sharpness of directivity in the two frequency
regions decrease by increasing the antennas separation or by moving the second antenna away
from the E plane. Figure 2 also shows that the resonances never disappear; however, when either
the two antennas are aligned in the E plane at a distance larger than 2 m or they are at 1.5 m
distance but moved away from E plane by more than 25 deg, their shape is significantly reduced
(all of these configurations are represented in Fig. 2 by the blue color curves).

A physical explanation for this phenomenon is here discussed for the configuration with the
two antennas aligned in the E plane and 1.5 m apart. First, the scattering parameters were ana-
lyzed in two narrow frequency regions centered around the two glitches, 53 to 57 and 75 to 79
MHz. Figure 3 shows, in these two frequency ranges, the directivity at zenith for the X-polarization
port of the antenna located in the origin and its reflection coefficient (S;;). In Fig. 3, the coupling
coefficient (S,;) between the two X-polarization ports of SKALA4.1 #1 and #2 is also reported.
The coupling with the orthogonal Y-polarization ports is not considered here as it is always lower
than that between the parallel ports. The sharp resonances at 55 and 77 MHz are visible in both
the zenith directivity and S-parameters (see Fig. 3). This phenomenon is due to an abrupt varia-
tion of the currents in the antenna (see below) that occurs at the resonance frequencies. In par-
ticular, in the 55-MHz region [Fig. 3(a)], the antenna exhibits a strong mismatch of the excited
port (S, reaching almost 0 dB) and consequently a minimum of the S,; curve. Around 77 MHz
[see Fig. 3(b)], the antenna is always reasonably well matched, whereas the S,; curve shows a
sharp transition around 77.5 MHz from —5 to —15 dB. However, the deep null in the zenith
directivity at 77 MHz does not correspond to any particular feature in the mutual coupling coef-
ficient. As expected, the scattering parameters do not provide a direct explanation of the glitches
in the pattern.

A better insight is instead given by the analysis of the radiation patterns of the SKALA4.1 #1
coupled to SKALAA4.1 #2 at two critical frequencies, i.e., where the drop of the zenith directivity
is maximum (54.5 and 77 MHz), and, for reference, at two very close frequencies slightly outside
the resonance (57 and 78 MHz). The four patterns are reported in Fig. 4(a). They are highly
distorted with pointing direction out-of-zenith at the critical frequencies, while at only few
MHz apart they resemble the isolated SKALAA4.1 pattern. For comparison, Fig. 4(b) shows the
patterns at the same frequencies as obtained for a single SKALA4.1 antenna, which has very
smooth behavior across frequencies.

For the same frequencies, the full 3D patterns of the SKALA4.1 #1 antenna in the presence of
the SKALA4.1 #2 antenna in Fig. 5 emphasize the fully distorted pattern at 54.5 and 77 MHz
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Fig. 2 Directivity at zenith in the frequency band 50 to 100 MHz for the X-polarized SKALA4.1 #1
antenna centered in the origin. The continuous curves correspond to a different position of the
second antenna (SKALA4.1 #2) as described in Fig. 1, whereas the dashed red curve is the
isolated antenna response. (a) The case of circular trajectory and (b) the linear shift.

compared with the results at 57 and 78 MHz. It is apparent that, at the resonance frequencies
(glitches at zenith), the energy is radiated to other directions such as toward the horizon
[Fig. 5(a)] and at 45 deg from zenith [Fig. 5(c)].

Finally, Fig. 6 shows the normalized distribution of the electrical currents in the two antennas
(SKALAA4.1 #1 excited on the right side and SKALA4.1 #2 passive on the left side). Again, the
current distribution is shown at the critical frequencies and at the other two reference frequencies
for comparison. Looking at Fig. 6(a), we notice that at 54.5 MHz the currents are induced only in
half of the bottom bow-tie dipole, whereas they are well balanced in both sides of the same dipole
at 57 MHz [Fig. 6(b)]. A similar situation occurs also in the other frequency region; Fig. 6(c)
shows that at 77 MHz the currents are quite unbalanced in the bottom dipole of the excited
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Fig. 3 Directivity at zenith, reflection coefficient, and mutual coupling coefficient for the X-polarized
SKALAA4.1 #1 antenna with a second antenna SKALA4.1 #2 locatedat X =1.5mand Y =0 m.
(a) The frequency bands 53 to 57 MHz and (b) 75 to 79 MHz.

antenna and very much coupled to the nearby parasitic antenna. On the other hand, at 78 MHz,
the currents are reasonably well-distributed in the two sides of the bottom dipoles of the active
antenna producing a more regular pattern. In other words, at both the observed resonances
(glitches), the adjacent antenna operates as a load that produces a current unbalance on the bot-
tom bow-tie element of the excited SKALA4.1 antenna. This is consistent with the results shown
in Fig. 2, which show that glitches are less significant when the bottom bow-tie arms are more
separated from each other. This idea has driven the layout optimization strategy presented in the
following.
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Fig. 4 Antenna patterns in the E plane for the X-polarized SKALA4.1 #1 antenna for two different
scenarios: (a) in the presence of the SKALA4.1 #2 located at X = 1.5 mand Y = 0 m and (b) iso-
lated. The patterns are shown at four different frequencies: 54.5 and 77 MHz corresponding to the
minimum directivity at zenith and at 57 and 78 MHz used as reference.

3 Spectral Smoothness Analysis for 16 SKALA4.1 Antennas

In this section, the electromagnetic analysis is conducted for a tile of 16 antennas. The antenna
distribution is based on the SKA1-Low prototype named Aperture Array Verification System
ver. 2 (AAVS2)."> In particular, we selected a tile positioned in the outer part of the station, the
layout of which is shown in Fig. 7(a). This tile features a minimum distance between two anten-
nas equal to 1.53 m (antennas #13 and #14) and a maximum distance of 9.87 m (#7 and #12).
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Fig. 5 3D antenna patterns for the X-polarized SKALA4.1 #1 antenna (on the right side of each
subplot) in the presence of the SKALA4.1 #2 (on the left side). Four different frequencies were
considered: (a) 54.5 MHz, (b) 57 MHz, (c) 77 MHz, and (d) 78 MHz.

The directivity at zenith versus frequency is shown in Fig. 8 (blue curves) for the Y polari-
zation of each antenna (with all other antenna ports closed on a 50-ohm load). As expected, the
curves show quite different behaviors due to the different relative positions (and therefore differ-
ent mutual coupling) with the other antennas. For instance, while the zenith directivity of antenna
#16 is almost unperturbed (quite flat between 50 and 100 MHz) because of the absence of other
antennas in the E plane, for antennas #9 and #10, the directivity is highly variable. Apart from the
different responses of the antennas, sharp discontinuities around 55 and 77 MHz appear for
almost all antennas.

The next step is to compute the tile beam by summing up the individual electric fields with
uniform phase and amplitude coefficients. For the tile, the effective area in the linear scale (equal
to GA? /4, with G gain of the tile and A wavelength) is shown, in place of the directivity, to better
emphasize the glitches in the response. Figure 9 shows the effective area at zenith for both polar-
izations of the tile (black and blue curves). This quantity is affected by the same structures at
55 and 77 MHz already observed in the individual responses. This result confirms that the
glitches are not cancelled by the randomized distribution of the tile.

An optimization of the antenna distribution can be defined exploiting the knowledge of the
effects of mutual coupling as discussed in Sec. 2 for two antennas. In particular, exclusion zones
have been created to avoid coupling of antennas aligned around the E plane (£20 deg) and with
an interdistance lower than 2.5 m (see the transparent blue areas of Fig. 7). Since the antennas are
dual-polarized, this condition is applied for the E plane of both polarizations. The layout in
Fig. 7(a) clearly shows that almost all antennas do not satisfy this condition, with blue dots
falling in the transparent blue areas. However, by applying shifts to nine antennas, it is possible
to reconfigure the layout with all antennas outside the critical areas. The optimized layout is
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Fig. 6 Normalized linear and surface current distributions with the X-polarized SKALA4.1 #1 (right
antenna) excited at four frequencies: (a) 54.5 MHz, (b) 57 MHz, (c) 77 MHz, and (d) 78 MHz. The
black arrows in (a) and (c) identify, in the active antenna, the half of the bottom bow-tie dipole
weakly excited at the resonant frequencies.
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layout of (b).
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Fig. 8 Directivity at zenith in the frequency band 50 to 100 MHz for each antenna composing one
tile of AAVS2. The original tile layout is the blue curves; the optimized tile layout is the orange
curves.
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Fig. 9 Effective area at zenith (continuous curves) between 50 and 100 MHz for both polarizations
of a tile of 16 SKALA4.1 antennas. Blue and black curves refer to the nominal layout, whereas
green and magenta curves are the optimized layout. Dashed curves represent the second-order
polynomial fitting.

visible from Fig. 7(b). The amount of the shifts is kept as low as possible to strictly satisfy the
condition given above: the translation of the nine antennas varies between 20 cm for antennas #3,
#06, #12, and #16 up to 1.2 m for antenna #10. The tolerances in the antenna positioning on the
field planned for SKA1-Low (£2.5 cm) are given by the size of the pitch of the gridded mesh
plate, and they are negligible as far as their impact on the mutual coupling among the antennas.
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Fig. 10 Local residuals between second-order polynomial models and simulated effective areas
shown in Fig. 9 considering narrow-band fittings (2 MHz).

The optimized layout has been simulated, and overall, it shows less pronounced glitches in
the zenith directivity of each element (see the orange curves of Fig. 8). This improvement is then
confirmed by the effective area at zenith of the tile shown in Fig. 9 with magenta and green
curves for the Y and X polarizations, respectively. In the 55-MHz region, the improvement
in the smoothness behavior is remarkable with glitches almost completely removed. Despite
the optimization being less effective at 77 MHz, the two-spike structure of the standard layout
is replaced by a smoother single feature. The dashed curves of Fig. 9 show the second-order
polynomial fitting of the four different effective areas computed in the whole frequency range of
50 to 100 MHz. The root-mean-square deviation (RMSD) of the difference between the poly-
nomial fittings and the actual curves improves from 2.18 to 1.05 m? for the Y polarization and
from 2.15 to 1.68 m? for the X polarization.

Finally, narrow-band second-order polynomial fittings are used to locally fit the simulated
effective areas. The fittings are performed on adjacent partially overlapped spectral bands
(2 MHz wide each), and RMSDs are reported in Fig. 10 as a function of the central spectral
channel of each subband. At 55 MHz, the RMSDs decrease considerably for both polarizations
(by a factor 11 for the Y polarization and 8 for the X polarization), whereas, between 75 and
80 MHz, RMSDs decrease on average by a factor of 2 for both polarizations.

4 Conclusions

Although the isolated SKALA4.1 antenna does not feature glitches in the directivity response at
low frequencies, the mutual coupling for a couple of antennas and for one tile of SKA1-Low with
16 antennas creates spectral regions where the current distribution on the SKALA4.1 antennas is
strongly perturbed. Adopting exclusion zones in the antenna distribution, however, can improve
the spectral smoothness below 100 MHz.

Based on the results discussed in this paper, the SKA Organization is considering an alter-
native layout to the currently pseudorandom distribution for the stations of SKA1-Low.!®

The presence and frequency behavior of the presented resonances have been verified with
two different full-wave simulation techniques, which can be considered to be sufficient
validation for the proposed optimization strategy. Future works will include an experimental
validation with both UAV-based antenna measurements already applied in the previous dem-
onstrators of SKA1-Low'”'® and S-parameter measurements, the extension of the EM analysis
to a full station of SKA1-Low, the assessment of the impact of these frequency structures on the
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science cases of SKA1-Low, and, if necessary, the study of calibration strategies to model the
residual glitches.
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