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Abstract—This paper is aimed at studying the concept of multi-
hyperuniformity and applying it to the design of shared-aperture
antenna arrays for ultra-wideband, broadside unidirectional
emission. In this study, we present our work on the design of mul-
tiple frequency helical antenna arrays within a shared-aperture
configuration, incorporating multihyperuniform disorder. The
array consists of seven different intercalated helical subarrays
and is optimized to cover a 35 : 1 continuous bandwidth at
0.4 − 14 GHz. We provide comprehensive details regarding the
fabrication process and present measurement results. Our work
provides a new alternative to existing solutions of antenna array
designs and has wider applicability in electromagnetics. The
proposed methodology extends the limitations for the realization
of multi-band antenna arrays, surpassing the previously reported
designs that operated in a maximum of three frequency bands,
by incorporating naturally optimized disordered distributions.

Index Terms—Multihyperuniform disorder, shared-aperture
antenna arrays, helical antenna, ultra-wideband arrays

I. INTRODUCTION

THERE have been many studies in the design of wide-
band/broadband antenna arrays that are compact and low

profile. One example, is the closely-coupled antenna arrays,
which consist of interconnected antenna elements that are
distributed in a periodic format. The operating principle of
these arrays is associated with the constructive use of mutual
coupling occurring between neighboring elements in close
proximity, which leads to an increase of the array’s operating
bandwidth. Some of the first efforts towards applying the
concept is a linear array of five connected stripline notch
antennas [1], as well as a 9×9 interconnected array of bunny-
ear elements [2], both operating in a 5 : 1 bandwidth. In
[3] the concept of employing capacitances between the tips
of neighboring planar antenna elements, in order to control
their mutual coupling was introduced for the first time, thus
paving the way for the design of planar closely-coupled
broadband antenna arrays. Some example designs that employ
this technique include a 8× 8 planar dipole array with inter-
digital capacitors operating in a 9 : 1 bandwidth [4] and a
9× 9 closely-coupled bowtie array, which operates in a 21 : 1
bandwidth [5].

Another approach to designing broadband antenna arrays
is through the use of multi-band intercalated shared-aperture
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antenna arrays, which consist of different types of elements
interleaving with each other in a periodically ordered format
and therefore multiple bandwidths of the radio spectrum can
be covered with one compact design. The design complexity
of such arrays is notably high, primarily due to the challenge
of preventing antenna element overlaps across different subar-
rays. This challenge arises from the necessity of maintaining a
fixed inter-element spacing in periodic distributions to achieve
radiation patterns free from grating lobes.

One of the first shared-aperture antenna array designs was
the dual-band antenna array presented by Pozar, et. al in 2001
[6], where the low-band elements are perforated so that some
of the high-band array elements reside within the perforations
and thus avoid any element overlaps. Since then, several
notable efforts have been made towards the evolution of the
idea of multi-band shared-aperture antenna arrays. A more
recent design that resembles this approach is presented in [7],
where a dual-band array of circular patches is designed with
the low frequency antennas having perforations on their edges
in order to accommodate the antenna array operating at high
frequencies over the same aperture. In [8], a dual-band array
of self-similar interleaving folded dipoles is presented. This
design principle was also employed in the tri-band antenna
array [9], where the low-band array consists of perforated
square patches, the mid-band array of cross patches and the
high-band array of regular square patches, all etched over
the same substrate. In a similar manner, Chang et. al [10]
utilized a comparable approach by interleaving a high-band
patch antenna array with a low-band patch antenna array,
enabling dual-band operation specifically for oblique beam-
steering angles.

Other approaches include a dual-band integrated design
[11, 12] or a novel technique [13], where the low-band
elements are designed as fragmented patches, while operating
as a 2× 2 array at the high-band frequencies, thus leading to
a dual-band antenna array. The other widely used technique
involves stacking various antenna arrays on separate dielectric
substrates, creating a layered configuration. During this design
process, it is crucial to ensure that the top layer array exhibits
transparency at the operating frequencies of the antenna arrays
below. Simultaneously, the antenna arrays below should be
designed to be fully reflective at the operating frequencies of
the antenna arrays above, effectively acting as a ground. The
underlying theory is that these planar arrays can be regarded
as Frequency Selective Surfaces (FSS). Since the FSS are
inherently narrow-band, this approach is often restricted to
multi-band array designs with low frequency ratios, which in
most cases are limited to the design of dual-band arrays [14–
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19]. A more intricate method is developed to design stacked
tri-band antenna arrays, where one type of element is designed
to resonate at its corresponding operating frequency, whereas
it acts as a FSS at the other operating frequencies [20–23].

The design of shared-aperture antenna arrays is a com-
plex and challenging task that involves optimizing numerous
interconnected parameters. In previous design approaches, a
common factor among them all is the utilization of periodic
array distributions. This greatly limits the design degrees of
freedom, due to the fixed inter-element spacing that is required
to achieve grating lobe-free radiation patterns. This is also the
reason behind the absence of any reported work in the existing
literature of more than three different arrays in an interleaved
shared-aperture array design. As such, it becomes evident that
in order to further enlarge the operating bandwidth of shared-
aperture antenna arrays and be able to cover more operating
frequency bands with a single compact design, optimized
aperiodic distributions need to be employed, so that the grating
lobes are suppressed for all frequency bands of interest, while
at the same time the employed elements will not overlap with
other elements in the distribution.

For the past twenty years researchers have been studying a
unique type of distribution found in many natural and biologi-
cal systems, that is hyperuniform disordered. Such a system is
statistically isotropic with no Bragg peaks, like a liquid, while
exhibiting suppressed large-scale density fluctuations, like a
crystal [24]. Examples include the receptors organized in a
well-adapted immune system [25], or the photoreceptors that
can be found on the retina of avian eyes [26]. Furthermore,
several standard cosmological models have been found to be
“super-homogeneous” [27, 28], which is an early term that
was used to describe hyperuniform disorder.

Due to their unique physical properties, hyperuniform dis-
ordered systems have been applied extensively in the fields
of material science and wave physics. In particular, this type
of point distribution has been deployed in order to overcome
the Bragg diffraction that is intrinsic to periodic structures.
In [29] the effect of hyperuniformity in composite materials
was investigated, which led to the design of a hyperuniform
disordered Luneburg lens, which has low radar cross section
[30]. Furthermore, antenna arrays with hyperuniform disorder
have been demonstrated to overcome physical limits, such
as bandwidth and induced grating lobes, which are typically
encountered by periodic arrays. In [31] the authors introduce a
16−element Vivaldi antenna array with hyperuniform disorder
that suppresses the grating lobes that the equivalent 4 × 4
periodic array suffers from, whereas in [32] a reconfigurable
reflectarray with hyperuniform disorder is shown to have iden-
tical performance with an equivalent reconfigurable periodic
reflectarray, but with 36% less elements required. The idea is
also applied to the design of scattering reduction metasurfaces,
which can be made polarization independent [33]. In addition,
this type of distribution has been applied in the field of
photonic crystals, where hyperuniform disordered systems are
employed to design complete bandgaps and subsequently high-
Q optical cavities and free-form photonic waveguides [34–
37]. Extraordinary directive emission properties were also
observed in hyperuniform disordered terahertz lasing devices

[38], as well as in a gold plasmonic surface characterized
by hyperuniform disorder, where a single broad scattering
resonance governs both the annular far-field light scattering
and directional emission [39].

Therefore, the increasing popularity of hyperuniformity
in the realm of electromagnetics as a superior choice over
periodic or other forms of aperiodic distributions has now
become evident. Here, drawing inspiration from the photore-
ceptor arrangement found on the retina of avian eyes, we
apply a new concept of multihyperuniform disorder, to design
shared-aperture antenna arrays, where each point distribution
is associated with different intercalated hyperuniform arrays
operating at different frequency bands, for multi-band or
broadband applications. As such, our proposed methodology
is different from previously published work on hyperuni-
form antenna arrays where single hyperuniform distributions
are employed for wideband side lobe suppression, albeit in
a single frequency band. The proposed methodology can
also be regarded as a multiscale packing problem which
an ordered/periodic system would fail and a random system
would require computationally intensive optimization. Here,
we present the hepta-band multihyperuniform helical array
which is optimized to cover a 35 : 1 fractional bandwidth
with directive radiation pattern, suppressed grating lobes and
steadily increasing high realized gain over the whole frequency
bandwidth, while avoiding any element overlaps, which would
not be possible by employing periodic distributions.

This paper is dedicated to describing the design process of
applying multihyperuniformity in the field of shared-aperture
antenna arrays and is structured as follows: Section II is
dedicated to briefly introduce the basics of hyperuniform
disordered distributions and the rationale behind applying
multihyperuniformity in the field of shared-aperture antenna
arrays. Section III provides technical details on the employed
antenna elements and provides insights into various design
considerations, shedding light on the necessary trade-offs and
compromises when applying the multihyperuniform distribu-
tion in the shared-aperture antenna array. Section IV presents
the proof-of-concept design and the measurement results for
the fabricated hepta-band multihyperuniform helical array,
while Section V is dedicated to comparing the proposed design
with other existing state-of-the-art multi-band shared-aperture
antenna arrays. Finally, Section VI concludes the work and
discusses future design considerations.

II. MULTIHYPERUNIFORM DISTRIBUTIONS

Hyperuniform distributions are known to have short-range
crystal-like and long-range liquid-like pair correlations [24].
As such, the nearest neighbors in a hyperuniform disordered
point distribution are situated at fixed distances, whereas the
second, third, etc., nearest neighbors are randomly distributed
[31]. In turn, this indicates that the structure factor repre-
senting the point pattern diminishes within a circular region
surrounding the origin in reciprocal space. The structure factor
is a function that is proportional to the scattered intensity of
radiation from a system of points and for this reason it is
also referred to as the scattering pattern. For a configuration
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Fig. 1: Hyperuniform distributions of 500 circular disks distributed
over the same aperture area for different values of the stealthiness
parameter χ. Top panel: Resulting distributions. Middle panel: Corre-
sponding structure factor plots. Bottom panel: Stealthiness parameter
range with indications of the corresponding value for each distribu-
tion. From left to right the distributions have a stealthiness parameter
equal to 0.1 (disordered regime), 0.5 (wavy crystalline regime) and
0.9 (crystalline regime), respectively.

of N points residing within a square area of sidelength L at
positions r1, r2, ..., rN , the structure factor is defined as:

S(k) =
1

N

∣∣∣∣∣∣
N∑
j=1

eik·rj

∣∣∣∣∣∣
2

, (1)

where k is an appropriate infinite set of wave vectors. The
radius of the circular exclusion region around the origin for
which the structure factor diminishes is a positive integer
termed as K. This radius is associated with the amount
of disorder/order in the resulting distribution, leading to a
special type of hyperuniform disordered distributions which
are termed as stealthy [40, 41]. In order to quantify the
amount of disorder/order in such an N -particle system, each
resulting pattern is characterized by the stealthiness parameter
χ = M(K)/2N , where M(K) equals to the number of
wavevectors that reside within the circle of radius K in
reciprocal space and is termed as the number of constrained
degrees of freedom. In order to generate hyperuniform and
multihyperuniform distributions we employ the computational
model that is formulated in [42], where the process for
calculating M(K) is also described.

The stealthiness parameter ranges from 0 to 1 and three dis-
tinct regimes for the final configurations as χ varies have been
observed [43]: the disordered, wavy crystalline and crystalline
regimes, where the χ value belongs in the low end, the middle
and the upper end of the disorder/order spectrum, respectively.
The χ range for which the distribution belongs in the wavy
crystalline regime increases with the number of elements [43].
Employing the same geometric parameters (i.e., number and
size of points and aperture area), but tuning the χ parameter,
leads to the emergence of different distributions and structure
factor patterns. An example of this can be seen in Fig. 1,
where 500 circular disks of the same size are distributed over
the same aperture area, but with different χ parameter values.
The top panel illustrates the resulting distributions, whereas

the bottom panel illustrates the corresponding structure factor
behaviour. As it can be seen, when χ is in the wavy crystalline
regime, the structure factor is minimized within the circular
exclusion region. However, when χ is in the crystalline regime
of the disorder/order spectrum, the structure factor values
within the circular region become large compared to the
disordered and wavy crystalline distributions.

When antenna elements are integrated and the principles of
hyperuniform disorder are applied, it has been demonstrated
that the resulting radiation pattern of the array exhibits behav-
ior akin to the structure factor. This leads to the suppression of
grating lobes across a broad spectrum of frequencies and var-
ious beam-steering angles [31, 32]. Additionally, research has
revealed the existence of optimal combinations involving the
number of elements used and the corresponding stealthiness
parameter for such a distribution. As the number of elements
in the array increases, the ideal value for the stealthiness
parameter converges around 0.5, which positions it at the
midpoint of the disorder-to-order spectrum. Furthermore, the
size of the radiation pattern exclusion region (denoted as θexc)
of an array of radiation sources is interconnected with the
operating wavelength (λ), the side length of the square aperture
area (L), and the selected radius (K) of the structure factor
exclusion region, as detailed in [31]:

θexc = arcsin

(
λ

L

√
K

)
. (2)

Multihyperuniform distributions are a special case of hy-
peruniform systems that has been found in several natural
systems. This type of distribution consists of separate hy-
peruniform distributions of elements, all within the same
computational domain. Each separate distribution is termed as
species and the overall distribution is hyperuniform as well,
hence the term multihyperuniformity [25, 26]. In particular, it
has been found that the photoreceptor system on avian eye
retina follows such a disordered multi-element distribution
and each photoreceptor species is associated with sampling
different parts of the optical spectrum. As such, avian vision
is highly directive and enables for sampling parts of the
Ultra Violet (UV) spectrum, which other animals are not
able to see, due to the corresponding crystalline arrangement
of the photoreceptors. We apply the concept in the field of
shared-aperture antenna arrays to design, fabricate and test a
helical array made of seven different intercalated arrays, each
operating at different frequency bands, that follow a multihy-
peruniform distribution. An example of such a distribution, is
shown in Fig. 2, with the top panel illustrating the species
distribution and the bottom panel the corresponding structure
factor plots. The rightmost panel indicates that the overall
distribution is hyperuniform as well.

III. DESIGN AND FABRICATION OF THE HELICAL ARRAY
WITH MULTIHYPERUNIFORM DISORDER

A. Element Design

As it is understood, a hyperuniform distribution can be
advantageous for reducing the side lobe levels and enhancing
the gain of an antenna array across a wide frequency range
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(a)

(b)

Fig. 2: A multihyperuniform distribution of circular particles with varying diameter. Each particle arrangement, termed as species, follows
a hyperuniform distribution and the overall distribution of particles is hyperuniform as well. (a) Hyperuniform distributions of five different
species and the overall multihyperuniform distribution is shown in the rightmost panel. (b) Corresponding structure factor of each species. The
rightmost panel illustrates the structure factor behavior of the overall distribution. Each corresponding structure factor is stealthy hyperuniform
and the overall structure factor is also stealthy hyperuniform.

when the constituent elements emit signals toward the central
direction of the array. Intuitively, we should use wideband
unidirectional antenna elements to create a multihyperuniform
ultra-wideband antenna array. Therefore, for our conceptual
multihyperuniform array design, we select the helical antenna
element operating in axial mode as the radiating component
without loss of generality. The helical antenna operating in ax-
ial mode operates in a 1.8 : 1 continuous frequency bandwidth
with unidirectional radiation pattern and high realized gain.
The operating frequency of the axial mode helical antenna is
associated with its diameter and the spacing between its turns
[44].

To fabricate helical antennas, we use the stereolithography
(SLA) 3D printing technology and in particular the Form 3+
printer and white photopolymer resin, both from Formlabs as
the printing material. We have tested the dielectric properties
by using the 85072A 10-GHz split cylinder resonator from
Keysight, which resulted in the relative permittivity being
ϵr ≈ 2.76 and the loss tangent tan δ ≈ 0.0046. The 3D
printed dielectric supports are printed with corrugations at
the positions where the helical antenna wires are wounded,
allowing for precise fabrication of the helical antennas. Thus,
these 3D printed supports provide rigidity to the helical
structures and meanwhile, they help with size reduction of
the helical antennas and the corresponding array aperture due
to the dielectric loading.

Since the Formlabs Form 3+ printer has a maximum x, y
sidelength of 145 mm, the lowest frequency helical antenna
will have a radius of R = 67.625 mm. Our objective is to
achieve coverage across a continuous frequency bandwidth.
Consequently, the lowest operating frequency of the subse-
quent helical subarray, referred to as “species” will be set
to match the highest operating frequency of the preceding
species, and this pattern will continue. It is apparent that
the lowest frequency operating elements will have the largest
diameter and spacing between their turns, since both are de-
pendent on the operating wavelength for axial mode operation.
As such, in order to maintain the height of the overall array

TABLE I: Essential geometrical parameters of the helical antenna
elements employed for the multihyperuniform array. Each helical
antenna type is termed as “species” with lower species number

indicating lower operating frequencies. D is the helix diameter, S
is the spacing between its turns, NofT is the number of turns and
flow and fhigh are the lowest and highest operating frequencies,

respectively for axial mode operation.

Species
no.

D
(mm)

S
(mm) NofT

flow
(GHz)

fhigh
(GHz)

1st 135.25 101.98 1 0.4 1
2nd 70.51 53.17 1.92 1 1.7
3rd 38.94 29.36 3.47 1.7 2.8
4th 22.66 17.09 6 2.8 4.5
5th 13.4 10.1 10 4.5 6.4
6th 9.27 7 14.6 6.4 10
7th 5.85 4.41 23.12 10 14

as short as possible we design the lowest operating helical
antenna with only one turn. All elements have the same
height and thus, the number of turns for each element will
be determined accordingly. Therefore, for higher operating
frequencies, more number of turns are employed for each
helix, leading to higher gain values and directivity. On the
other hand, increasing the number of turns for the higher
frequency helical elements increases their electrical height and
as such leads to the decrease of their radiation efficiency.
Nevertheless, in this work our aim is to illustrate how the
multihyperuniform distribution can be employed for ultra-
wideband high gain unidirectional emission arrays and as such,
we design our helical elements to have increased number of
turns as the operating frequency increases. Table I presents
the results of the aforementioned process, where the essential
geometrical parameters of the seven different helical antennas
that will be used in the multihyperuniform array are tabulated,
along with corresponding operating frequency bands. As it can
be seen, the elements can cover a continuous 35 : 1 fractional
bandwidth.
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(a)

(b)

(c)

Fig. 3: (a) The fabricated helical antenna elements. Each type of helical antenna is termed as “species” and from left to right the 1st to 7th
species are shown, which are designed to operate in the 0.4− 1, 1− 1.7, 1.7− 2.8, 2.8− 4.5, 4.5− 6.4, 6.4− 10 and 10− 14 GHz band,
respectively. Consecutive species have opposite turn directions in order to minimize the mutual coupling in the multihyperuniform array
design. (b) Measured, simulated and simulated with optimized feed Reflection Coefficient (RL) and Voltage Standing Wave Ratio (VSWR)
results for the seven different species shown in (a). (c) Measured, simulated and simulated with optimized feed peak far-field realized gain
and Half Power Beam-Width (HPBW) results for the seven different species shown in (a). The dotted vertical lines indicate the transition
between operating bandwidths of consecutive species.

Finally, in order to ensure that the helical antennas are oper-
ating in axial mode at the intended frequency bandwidths, we
simulated each helical antenna using CST Microwave Studio
and proceeded in fabricating these antennas (see Fig. 3a). It is
important to note that the fabricated helical elements are driven
by an SMA connector with 50 Ω characteristic impedance. In
our simulations, we drive the helical elements with feeds that
are optimized to match the individual elements to 50 Ω at the
corresponding operating frequency bands. On the other hand,
when fabricating the array, we found out that the employed
SMA connectors affect the impedance matching behavior of
the elements. As such, we introduced into our simulations
the SMA connectors that were employed for feeding the
fabricated elements and observed the impedance matching
behavior. The results of this can be seen in Fig. 3b, where the
dotted vertical lines indicate the transition between operating
bandwidths of consecutive species. As it can be seen from our
two different sets of simulation results, the helical antennas
with optimized feeds have improved impedance matching
performance compared to the fabricated elements and in most
cases the reflection coefficient is below the usual requirement

of −10 dB. We also measured the elements’ radiation patterns
in an anechoic chamber. As it is expected, the poor impedance
matching behavior of the fabricated helical elements results in
lower realized gain values as can be evidenced in Fig. 3c,
where the peak far-field realized gain and half power beam-
width of all elements are illustrated. The lower frequency he-
lices consist of few turns and as such, although the impedance
matching behavior of the elements with optimized feeds is
improved, the increase to the peak far-field realized gain (≈ 1
dB) is not as significant as for higher frequency helices. On the
other hand, for elements with more number of turns a greater
increase (≈ 5 dB) to the realized gain can be observed for the
case where optimized feeds are employed. It is interesting to
note that the Half Power Beam-Width (HPBW) of the elements
remains almost identical when optimized feeds are employed.

The measured and simulated results for the case where
the feeds are not optimized for 50 Ω impedance matching
generally agree with each other, with minor discrepancies
observed. In particular, for the 1st to 7th species elements,
the average difference between the simulated and measured
peak far-field realized gain is 1.9 dB, 0.8 dB, 1.2 dB, 1.3 dB,
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1.8 dB, 0.9 dB and 1 dB, respectively in the corresponding
operating frequency bands. Maximum difference is observed
at 14 GHz and for the 7th species element with the difference
being 6.4 dB. It is observed that for some frequencies, the
measured gain of the helical antenna elements is higher than
the simulated gain and this is attributed to four main reasons:
(i) slight misalignments of the standard gain antenna during
our gain measurements; (ii) discrepancies between the mea-
sured dielectric properties of the supporting material against
the actual dielectric properties at the overall frequency band
of interest; (iii) minor inaccuracies in the modelling of the
SMA-to-helix transition in our simulations; and (iv) coarse
mesh density in our simulations, where a finer mesh could
not be obtained with the computing resources at hand.

Nevertheless, although there exist some slight discrepancies
between the measured and simulated gain values, the fabri-
cated helical elements have unidirectional radiation patterns
with the peak realized gain over 5 dBi over most of the
0.4 − 14 GHz bandwidth and thus can be employed for our
proof-of-concept demonstration of the ultra-wideband shared-
aperture array with multihyperuniform disorder. Furthermore,
as it was expected, the helical antennas with larger number
of turns have more directive beams and higher peak realized
gain. Finally, as it is well known, helical antennas operating in
axial mode have poor impedance matching performance [45–
47] with usual reflection coefficient values ranging around −5
dB, while better impedance matching can be achieved with an
increase to the number of turns. This is also evident in this
work, as Fig. 3b suggests where the measured and simulated
Reflection Coefficient (RL) and Voltage Standing Wave Ratio
(VSWR) of the fabricated elements is given. In the existing
literature there have been reported some techniques to match
the impedance of a fabricated helical antenna to 50 Ω by
employing a quarter wavelength transformer and applying stub
matching techniques [47, 48]. In this paper, since our focus
is to demonstrate the concept of multihyperuniform disorder
in the design of shared-aperture antenna arrays, we will not
put any additional effort in improving the impedance matching
behavior of the fabricated helical antenna elements.

B. Multihyperuniform Shared-Aperture Helical Array Design

In order to determine the multihyperuniform distribution in
the shared-aperture antenna array design, several factors need
to be taken into account, such as the array aperture and the
number of elements for each species. As it can be understood,
since these parameters are intertwined, a compromise needs
to be made with regards to the array’s performance, its
overall size and the number of elements to be employed. The
employed helical antenna elements are designed to cover a
continuous bandwidth in the 0.4 − 14 GHz range and the
square aperture sidelength is chosen to be L = 460 mm, which
equals to 0.6λ and 21.5λ at the lowest and highest operating
frequency of 0.4 and 14 GHz, respectively.

Since the lower frequency elements are the largest ones and
in order to maintain the aperture as small as possible, we
only employ four elements for the 1st species and arrange
them periodically in a 2× 2 distribution, as shown in Fig. 4a.

A parametric study for the 1st species inter-element spacing
showed that a distance of 0.8λ at the highest corresponding
operating frequency of 1 GHz is optimal for obtaining the
highest peak-far field realized gain, maintaining low side lobe
levels and leaving enough space for the rest of the elements
to be distributed.

The size of the 2nd species elements also lead to using only
five elements and arranging them periodically by employing a
cross distribution, as shown in Fig. 4b. A similar parametric
study for the 2nd species inter-element spacing showed that
a distance of 0.8λ at the highest corresponding operating fre-
quency of 1.7 GHz is optimal for obtaining the highest peak-
far field realized gain, maintaining low side lobe levels, while
also avoiding element overlaps with the already distributed
1st species elements. The first two arrays take up most of
the space in the shared-aperture array distribution and thus
we can no longer apply a periodic distribution for the next
arrays, while avoiding element overlaps. As such, for the rest
of the subarrays to be distributed we employ hyperuniform
disordered distributions.

To design the multihyperuniform antenna array, we may
choose point distributions with different structure factor be-
haviour. This process is somehow similar to the conventional
antenna array design, where different element distributions can
be found to manipulate side lobes and beam patterns. They
include Chebyshev, Taylor or binomial distributions. Radiation
patterns of hyperuniform disordered arrays can be described by
a unique quantity termed as “exclusion region” that surrounds
the main lobe, where the level of sidelobes can be maintained
to be extremely low. By employing Eq. (2) we can choose
the stealthiness parameter and the number of elements for
each species so that the radiation pattern exclusion region will
have a predetermined size θexc at the operating frequencies of
interest.

Furthermore, for generating hyperuniform distributions,
there exist optimal pairs of (N,χ) values for the number
of elements and the stealthiness parameter (see Fig. 2 of
[31]), which can lead to the desired θexc. Generally, for
θexc ∈ (10◦, 35◦), the resulting radiation patterns are highly
directive with the directivity increasing as θexc decreases.
However, from the aforementioned process it can be un-
derstood that low θexc values lead to an increased number
of elements. Having these considerations in mind and by
employing the aforementioned methodology we were able to
determine the number of elements for each array and the
results of this process are tabulated in Table II. In order to
generate the hyperuniform distributions, while maintaining the
optimal (N,χ) combinations and avoiding element overlaps
we employ the computational model presented in [42]. Our
design leads to a total packing fraction (available aperture area
that is occupied by the elements) of around 60%. Moreover, in
order to decouple the different species as much as possible and
to decrease the undesired out-of-band mutual coupling in the
multihyperuniform antenna array design, the helical elements
of consecutive species have opposite directions for their turns,
as can be evidenced in Fig. 3a. That is, the 1st, 3rd, 5th and
7th species’ turns are right handed, whereas the 2nd, 4th and
6th species’ turns are left handed.
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Fig. 4: The multihyperuniform distribution of seven helical arrays (species) over the same aperture area. (a) 1st species, (b) 2nd species, (c)
3rd species, (d) 4th species, (e) 5th species, (f) 6th species, (g) 7th species, and (h) overall multihyperuniform distribution.

TABLE II: Distribution parameters for the multihyperuniform
distribution shown in Fig. 4. θexc is the exclusion region radius in
the radiation pattern at the central operating frequency (fcentral),
N is the number of elements for each array distribution and χ is

the corresponding stealthiness parameter associated with each
hyperuniform distribution.

Species
no.

θexc
(degrees)

fcentral
(GHz) N χ

1st − 0.7 4 −
2nd − 1.4 5 −
3rd 35 2.3 9 0.3
4th 23 3.7 12 0.38
5th 21 5.5 14 0.4
6th 14 8.2 17 0.41
7th 11 12 20 0.44

IV. ARRAY SIMULATION AND MEASUREMENT RESULTS

The multihyperuniform array of helical elements was simu-
lated using CST Microwave Studio and specifically the built-in
Time Domain Solver. Firstly, we simulated the performance
of the isolated subarrays as these are shown in Figs. 4a-
4g and observed the resulting radiation patterns. The arrays
were simulated by means of simultaneous excitation with
no phase offset so that the main lobe of radiation will be
directed towards the array’s boresight in all cases and with
the individual ports defined as lumped ports with 50 Ω input
impedance. Due to the very large electrical size of the array
at the high operating frequencies, in order to be able to
simulate the arrays we have employed the Hexahedral TLM
(Transmission Line Method) mesh option in CST1. Note that
the computer used for our CST simulations has a 64-bit
operating system with 512 GB RAM and a 2.1 GHz processor

1It is well known among experienced CST users that the Hexahedral TLM
mesh option is optimal for simulating sparse electrically large structures, since
the non-significant areas are meshed more coarsely than the significant ones,
which helps to reduce the required computational resources and time.

with 2 × 24 cores, which should be sufficient for running
accurate simulations of such electrically large structures.

The simulated design and the measurement setup can be
seen in Figs. 5a and 5b, respectively where the fabricated
multihyperuniform array is shown in the inset of Fig. 5b.
Note that before conducting our measurements, we follow
the calibration techniques that are suggested by the VNA
manufacturer so that all cables are calibrated to have equal
phase and amplitude at their ends that are connected to the
helical elements. As such, the losses associated with the
connection cables are taken into account and we make sure
that all elements are driven with equal amplitude and phase.
The array is securely mounted on a rotary table, precisely
aligned with the center of the double-polarized feeding horn
situated at the opposite end of the anechoic chamber and we
use a 24-port ZNBT-8 Vector Network Analyzer (VNA) from
Rhode & Schwartz with a maximum measurement frequency
of 8.5 GHz. For higher frequencies and for measurement
frequencies below 1 GHz, we employed the use of the dual-
port MS46322A Anritsu VNA with a maximum measurement
frequency of 20 GHz. When employing the dual-port VNA,
one element at a time is excited, while the rest are terminated
with 50 Ω loads and the measurement process is repeated for
each element in the array. Note also that when measuring
the radiation properties of the multihyperuniform array, the
elements that are not intended to operate at the measurement
bandwidth (out-of-band elements) are terminated to 50 Ω
loads.

We first proceeded with measuring the performance of the
isolated hyperuniform disordered (Isolated HuD) arrays as
shown in Figs. 4a-4g. This was made possible by physically
removing the out-of-band elements for each operating band-
width and measuring the isolated species. The aim of this
measurement is to firstly make sure that the subarrays are
operating with satisfactory radiation characteristics and sec-
ondly to compare our measurement results with the simulation
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(a)

(b)

Fig. 5: The multihyperuniform array of helices. (a) Simulated design
where the simulated radiation pattern at 12 GHz is shown. The Peak
Side Lobe Level (PSLL) is at −7.6 dB, the Peak Back Lobe Level
(PBLL) is at −25.9 dB and both are calculated taking into account
the overall 3D radiation pattern. (b) Measurement setup with the
fabricated array shown in the inset.

results of the isolated hyperuniform arrays. By employing this
approach, we are able to guarantee the reliability of the ob-
tained measurement results, thereby establishing a benchmark
for our measurement setup. This process is very important,
since we were unable to simulate the multihyperuniform array
for higher frequencies due to unmanageable computational
burden and thus following the same experimental process can
guarantee reliable measurement results for the case of the
multihyperuniform array.

The measured co-polarized and cross-polarized far-field
radiation pattern results for the isolated HuD arrays are shown
in Fig. 6 for both principal planes. With respect to Fig. 4, the
ϕ = 0◦ and the ϕ = 90◦ planes correspond to the horizontal
and vertical planes that cross the center of the array’s aperture.
For each species, the measured results are plotted at the
corresponding central operating frequency. Note that the 1st,
3rd, 5th and 7th species are Right Handed Circularly Polarized

(RHCP), while the rest are Left Handed Circularly Polarized
(LHCP), due to the direction of the helical elements windings.
As such, the co-polarized and cross-polarized components
alternate between the two directions of circular polarization for
consecutive species. Note that in order to measure the RHCP
and LHCP for each array, we follow the methodology that is
presented in [49].

As it can be seen, the cross polar levels for the 1st species
are as low as 5 dB, since these helices are comprised by only
one turn and increase as the operating frequency increases.
This is due to the increase of the number of turns for the
higher frequency species with the cross polar levels reaching
up to 30 dB for the 5th species. For the 6th and 7th species the
cross polar levels slightly decrease to about 20 dB. Note that
both the 6th and 7th species helices which operate for small
wavelengths have many turns and slight wire displacement
during the fabrication process, combined with minor misalign-
ments of the helical elements during the measurement process
can lead to the observed decrease of the cross polar levels
for such small operating wavelengths. Nevertheless, the cross
polar levels are kept over 20 dB for the 2nd species onwards.

The simulation, as well as measurement results for the
isolated hyperuniform disordered (Isolated HuD) arrays are
shown cumulatively in Fig. 7, where the dotted vertical lines
indicate the transition between operating bandwidths of con-
secutive species. In the same plot the simulated results are
given, when the helical elements that form the subarrays are
driven with feeds that are optimized to match the antennas
to 50 Ω, in order to investigate the effect of the element
impedance matching to the multihyperuniform array’s radi-
ation pattern behavior. In particular, Fig. 7 illustrates the peak
far-field realized gain, axial ratio, peak side lobe levels and
half power beam-width for the Isolated HuD arrays for all
operating frequencies in the 0.4 − 14 GHz bandwidth. Note
that no phase shifting is applied to the excitation ports and all
species are designed to radiate towards the array’s boresight.
As such, for all frequencies the peak far-field realized gain
is situated at the array’s boresight and no beam-steering is
applied. We have measured the radiation properties for both
orthogonal planes and with respect to Fig. 4, the ϕ = 0◦

plane corresponds to the horizontal plane, the ϕ = 90◦ plane
corresponds to the vertical plane, whereas θ = 0◦ is situated
on the array’s boresight where the main lobe of radiation is
found for all operating frequencies in the 0.4−14 GHz range.

As observed, the peak realized gain values exhibit an
upward trend as the operating frequency increases, reaching
a maximum measured value of 25.5 dBi. The arrays with
optimized feeds have higher gain values compared to the
measured arrays and especially for the 4th to 6th species
arrays where a maximum increase of about 4 dB is observed.
At the same time, the Half Power Beam-Width (HPBW) is
constantly decreasing, reaching a minimum value of around
2◦ for both planes and for both the case of the measured
designs and the simulated ones with optimized feeds. The Peak
Side Lobe Level (PSLL) values are in most cases fluctuating
around −10 dB with the highest value being around −6.3 dB.
Nevertheless, all arrays manage to suppress the grating lobes at
corresponding operating bands while maintaining high realized
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(a) (b)

(c) (d)

(e) (f)

(g)

Fig. 6: Measured normalized radiation pattern results for the isolated hyperuniform disordered (Isolated HuD) arrays shown in Figs. 4a-4g
for both principal planes orthogonal to the array aperture. Both the measured co-polarized (black solid line for ϕ = 0◦ and red dotted line
for ϕ = 90◦) and cross-polarized (blue solid line for ϕ = 0◦ and green dotted line for ϕ = 90◦) radiation patterns are shown at each
species’ corresponding central operating frequency. (a) 1st species at 0.7 GHz, (b) 2nd species at 1.4 GHz, (c) 3rd species at 2.3 GHz, (d)
4th species at 3.7 GHz, (e) 5th species at 5.5 GHz, (f) 6th species at 8.2 GHz and (g) 7th species at 12 GHz. RHCP indicates Right Handed
Circular Polarization and LHCP indicates Left Handed Circular Polarization.

gain and directivity. Furthermore, the measured axial ratio
values are below 3 dB for most frequencies, indicating circular
polarization. At lower frequencies, the employed elements
typically have one or two turns, resulting in increased axial
ratio values, as expected. However, at higher frequencies,
elements with more turns are used, and this leads to a different
behavior with lower axial ratio values. The AR results that are
given in Fig. 7a reflect the co-polar and cross-polar radiation
pattern results that are shown in Fig. 6, where the cross
polar levels between RHCP and LHCP are increasing as the
operating frequency increases. In order to measure the axial
ratio we employed the dual-polarized horn that is located
at the opposite end of the Antenna Under Test (AUT) and
by switching between the two polarizations, we are able

to obtain the real and imaginary part of the transmission
to the AUT for both polarizations. Then by employing the
technique presented in [49], we are able to determine the
axial ratio of each AUT at the boresight. The measurement
and simulation results are matching each other pretty well
over the 35 : 1 operating bandwidth with slight discrepancies
at high frequencies being attributed to fabrication inaccuracy
and slight misalignment of the elements in the array. These
results allow us to follow the same measurement process for
the multihyperuniform helical array shown in Fig. 4h and
obtain convincible results. Furthermore, it is of interest to
note that when driving the elements with optimized feeds, we
observe an increase to the peak-far field realized gain and a
decrease to the back lobe levels compared to our measured
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(a)

(b)

(c)

Fig. 7: Measured, simulated and simulated with optimized feeds
radiation pattern results for the seven different isolated hyperuniform
disordered (Isolated HuD) arrays that can be seen in Figs. 4a-4g. (a)
Peak far-field realized gain and Axial Ratio (AR) where the 3 dB
threshold for circular polarization is also shown. (b) Peak Side Lobe
Level (PSLL) and Half Power Beam-Width (HPBW) for the ϕ = 0◦

plane and (c) Peak Side Lobe Level and Half Power Beam-Width for
the ϕ = 90◦ plane. The dotted vertical lines indicate the transition
between operating bandwidths of consecutive species.

results. On the other hand, the PSLL, AR and HPBW of
the measured arrays and the simulated ones with optimized
feeds have almost identical behavior. This is due to the highly
directive nature of helical antennas operating in axial mode
and the unique type of distribution that is employed. In turn,
this indicates that multihyperuniform disordered distributions

(a)

(b)

(c)

Fig. 8: Measured radiation pattern results for the seven different
isolated hyperuniform disordered (Isolated HuD) arrays that can be
seen in Figs. 4a-4g and the multihyperuniform disordered (multi-
HuD) antenna array shown in Fig. 4h. (a) Peak far-field realized
gain and Axial Ratio (AR) where the 3 dB threshold for circular
polarization is also shown. (b) Peak Side Lobe Level (PSLL) and
Half Power Beam-Width (HPBW) for the ϕ = 0◦ plane and (c) Peak
Side Lobe Level and Half Power Beam-Width for the ϕ = 90◦ plane.
The dotted vertical lines indicate the transition between operating
bandwidths of consecutive species.

lead to ultra-wideband grating lobe suppression and steadily
increasing realized gain values, even for the case when the
employed directive elements’ reflection coefficient lies over
the usual −10 dB requirement.

As such, we proceed with the testing of the multihyper-
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uniform disordered (multi-HuD) helical antenna array without
physically removing the out-of-band species. In this case, the
arrays that are not operating in the frequency bandwidth of
interest have their elements terminated with 50 Ω loads, so
that the scattering of the wave due to the out-of-band elements
presence can be mitigated as much as possible. The results of
these measurements are shown in Fig. 8, where the already
presented isolated hyperuniform disordered (Isolated HuD)
arrays’ measurement results are also given for comparison
purposes. Observing the peak gain and side lobe level results
and benchmarking them with the Isolated HuD case, we can
conclude that the presence of the terminated elements affects
the radiation pattern of the array that is excited. In particular,
it can be seen that the physical presence of the terminated
species reduces the peak gain value of the active species by
a maximum of 3 dB, while also increases the side lobe levels
by up to 3.4 dB for some frequencies. This is attributed to the
large amount of lossy dielectric material that is present in the
multihyperuniform array, as well as the detuning effect that the
terminated species have on the active species. As expected,
the effects become more pronounced with the increase of
the operating frequency, since the lossy dielectric materials
employed to support the helical antennas lead to undesired
scattering of the electromagnetic wave to various directions at
these frequencies. Having that in mind, we have fabricated
these supporting structures by employing the least amount
of dielectric materials possible, while maintaining the array’s
integrity and fabrication accuracy. Furthermore, the employed
dielectric has a loss tangent tan δ ≈ 0.0046 which is rather
high compared to other commercial dielectric materials. Thus,
as future work we intend to employ a dielectric support
material that has lower losses than the one employed here.

Fig. 9 illustrates the simulated radiation pattern results for
the isolated hyperuniform disordered (Isolated HuD) arrays
without optimized feeds and the measured radiation pattern
results for both the isolated HuD arrays and the multihyperuni-
form disordered (multi-HuD) array. Specifically, for the sake
of brevity we only show results at the corresponding central
operating frequencies of all seven species for both orthogonal
planes. As it can be seen, as the operating frequency increases,
the main lobe becomes more and more narrow leading to
increased directivity and peak far-field gain values, as Fig. 8
suggests. Furthermore, as it was suggested earlier, we observe
a very good agreement between the simulated and measured
results with respect to the isolated arrays, especially around the
main lobe region. This verifies that the measurement process
is accurate and thus, although we could not obtain simulation
results for the multihyperuniform array, we are able to trust
the obtained measurement results. The results presented in
this Section indicate that when all the elements are physically
present over the same aperture area, the performance of each
array deteriorates, since the physical presence of the out-of-
band elements and the induced mutual coupling will scatter
parts of the wave that is radiated by the elements of active
species. At the same time the physical presence of the closely
spaced out-of-band elements leads to a slight detuning of the
active elements. In turn, this leads to an increase of the PSLL
values and thus to a reduction of the peak realized gain values,

TABLE III: Measured port-to-port isolation (in dB) for the
multihyperuniform helical antenna array. For each species and at its
corresponding operating frequency band (left column), the minimum

(top row) and maximum (bottom row) measured port-to-port
isolation over the corresponding frequency band is given. The

results are given for helical antennas belonging in the same, as well
as different species, indicated by the species number in the top row.

Measured port-to-port isolation (dB) between species
Frequency

Band (GHz) 1st 2nd 3rd 4th 5th 6th 7th

1st species 12 13 7 11 7 7 7
(0.4− 1) 54 60 71 76 82 77 78
2nd species 15 17 15 14 13 15 10
(1− 1.7) 61 68 72 91 89 81 84
3rd species 17 15 20 12 15 16 10
(1.7− 2.8) 81 80 80 86 84 96 87
4th species 20 19 16 26 14 15 13
(2.8− 4.5) 86 97 87 98 94 87 87
5th species 20 19 20 21 26 18 16
(4.5− 6.4) 86 86 99 87 91 107 99
6th species 21 26 19 21 18 27 17
(6.4− 10) 74 83 85 77 81 83 102
7th species 26 18 28 27 28 23 31
(10− 14) 87 98 86 84 96 83 89

as is evidenced in Fig. 8.
Nevertheless, for all operating frequencies and both ϕ

planes, the grating lobes are suppressed with the maximum
side lobe reaching a value of −5.8 dB, which is a 2.8 dB
increase compared to the isolated HuD case maximum side
lobe level. The peak realized gain values reach a maximum
value of 24 dBi, which is a 1.5 dB drop compared to the
isolated HuD case maximum measured gain, whereas the axial
ratio has a similar behaviour to that of the isolated HuD arrays
with circular polarization being achieved over most of the
operating frequency band and especially at high frequencies.
It is noteworthy to observe that the ascending trend in the
peak far-field realized gain values is maintained even when
all helical elements are physically incorporated in the shared-
aperture antenna array design.

In order to evaluate the mutual coupling between elements
of the same, as well as of different species, we perform
extensive port-to-port isolation measurements between all the
elements in the multihyperuniform array distribution shown
in Fig. 4h. As it is understood, there are several different
combinations for these measurements, since the overall array
is made of 80 elements. To that end, we employ the use of
the 24-port Rhode & Schwartz VNA and fix one port to one
element at a time, while the rest 23 ports are used to measure
the port-to-port isolation between this element and all the rest
of the elements in the distribution and we repeat this process
for all the elements. Table III tabulates the results of these
measurements and due to the sheer amount of measured data,
for each of the seven different operating frequency bands,
we provide the average minimum and average maximum
measured port-to-port isolation between elements belonging to
the same, as well as elements belonging to different species.
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(a) (b)

(c) (d)

(e) (f)

(g)

Fig. 9: Simulated normalized radiation pattern results for the isolated hyperuniform disordered (Isolated HuD) arrays (black solid line)
and measured normalized radiation pattern results for the isolated HuD arrays (green dashed line) and the multihyperuniform disordered
(multi-HuD) array (red dash-dotted line) at each species’ corresponding central operating frequency. (a) 1st species at 0.7 GHz, (b) 2nd
species at 1.4 GHz, (c) 3rd species at 2.3 GHz, (d) 4th species at 3.7 GHz, (e) 5th species at 5.5 GHz, (f) 6th species at 8.2 GHz and (g)
7th species at 12 GHz. For all cases the left and right figure is for the ϕ = 0◦ and ϕ = 90◦ result, respectively.

As Table III suggests, the isolation between the elements is
kept over 10 dB for most cases, with lower isolation values
being observed at the operating frequency band of the 1st
species and with elements belonging to other species. This
is to be expected, since looking at the multihyperuniform dis-
tribution in Fig. 4h, it is evident that many elements belonging
to other species are in close proximity to the 1st species ele-
ments, due to the dense multihyperuniform distribution of the
array’s elements. Furthermore, at these operating frequencies
(0.4−1 GHz) the inter-element spacing between the elements
that are in close proximity with the 1st species elements is
very narrow compared to the operating wavelength (in some
cases even lower than λ/10). On the other hand, the arrays
become sparser with larger spacings, compared to the free-
space wavelength as the operating frequency increases, leading
to higher isolation between the elements at these frequencies,
as evidenced by observing the lower rows of Table III.

V. COMPARISON WITH STATE-OF-THE-ART
SHARED-APERTURE ANTENNA ARRAYS

In order to compare the proposed fabricated and measured
antenna array with other similar designs in the existing liter-
ature, we focus on comparing several specific performance
attributes and radiation pattern properties. In order for the
comparison to be fair we have taken into account the number
of different arrays that make up the shared-aperture array, as
well as the central operating frequency of each array. The
bandwidth of each array is defined with respect to the 3 dB
gain drop from the peak gain that is reported. Additionally,
we consider the peak side lobe levels for each array at its
central operating frequency, along with the corresponding peak
realized gain value. Furthermore, the number of elements used
in each array design, as well as the thickness of the overall
design relative to the wavelength at the central operating
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TABLE IV: Shared-aperture antenna arrays state-of-the-art comparison. Frequency indicates the central operating frequency of each array.
The percentage bandwidth is calculated with regards to the 3 dB gain drop with respect to the peak gain value. CP, indicates circular

polarization, DLP indicates dual-linear polarization, SLP indicates single-linear polarization, LHCP indicates left-handed circular
polarization and RHCP indicates right-handed circular polarization. The thickness of the arrays is calculated in wavelengths at the central

operating frequency of each array.

Ref. Frequency
(GHz)

Bandwidth
(%) PSLL (dB) Peak Gain

(dBi)
No. of

elements Polarization Thickness
(λ)

[7] 5.3; 8.2 21; 21 −12.5; −15 14.5; 17.5 4; 16 CP; CP 0.08; 0.13

[9] 9.6; 14.8;
34.5

3.6; 6.7; 5.1 −11; −15; −12
13.8; 18.1;

19.2
4; 16; 16 DLP; DLP;

DLP
0.04; 0.06;

0.15
[10] 20; 29.8; 2.5; 1.7 −12; −11.5 17.7; 21 16; 43 CP; CP 0.7; 1
[11] 5.2; 10; 7.7; 11 NaN; −10.5 10; 12 4; 4 DLP; DLP 0.06; 0.12
[12] 19.7; 29; 18; 12 −12; −14 20; 22 64; 96 CP; CP 2.63; 3.9
[13] 5.7; 14.2; 8.8; 10.6 −13; −15 12.9; 19.3 4; 16 LP; LP 0.14; 0.36
[14] 5.3; 9.6; 4.5; 7.3 −14.5; −15 16.4; 20 1; 4 DLP; DLP 0.9; 1.64
[15] 3.6; 25.8; 25; 1.2 NaN; −11.2 10.9; 22.4 1; 64 SLP; SLP 0.08; 0.59
[17] 0.9; 4; 30; 22.5 −20; −18 8.1; 14 1; 16 DLP; DLP 0.27; 1.22

[20] 1.9; 3.3; 9.5 42.1; 21.2;
10.5

−8; −11; −15 6.3; 14; 21 2; 4; 36 DLP; DLP;
DLP

0.29; 0.5;
1.43

[21] 2.2; 3.5; 4.9 45.5; 8.6; 4.1 −12; −11; −13
13.5; 17;
17.8

4; 8; 8 DLP; DLP;
DLP

0.26; 0.42;
0.59

This
work

0.7; 1.4; 2.3;
3.7; 5.5; 8.2;

12

85.7; 50;
47.8; 46;
34.5; 43.9;

33.3

−24.4; −14.2;
−10.4; −9.9;
−8.6; −8.3;

−8.2;

7; 13; 16.1;
15.4; 14.9;
19; 23.1

4; 5; 9;
12; 14;
17; 20

SLP; LHCP;
RHCP; LHCP;
RHCP; LHCP;

RHCP

0.27; 0.55;
0.9; 1.44;
2.14; 3.19;

4.67

frequency, has been taken into consideration. It is important
to note that there exist previously published works that share
a similar foundation by employing hyperuniform disordered
distributions in antenna array designs [31, 32]. These works
employ a single hyperuniform distribution to design a wide-
band antenna array and a reflectarray, respectively, but are both
single-band array designs. We compare our work with other
multi-band shared-aperture antenna arrays and since these
hyperuniform array designs operate in a single frequency band,
we do not include them in our comparison.

The comparison is shown in Table IV, where the afore-
mentioned attributes are tabulated for different state-of-the-art
shared-aperture antenna arrays that can be found in the existing
literature. First and foremost, it is evident that the maximum
number of different arrays accommodated within the same
aperture area in previous studies is three. This limitation arises
from the periodic arrangement of the elements and the non-
overlapping condition mentioned earlier. Furthermore, it is
worth noting that most of the existing shared-aperture antenna
arrays are employing planar elements which are narrowband
compared to the helical antenna elements that are employed
in this work. As such, it is observed that our array has a
fractional bandwidth of at least 33.3% for high operating
frequencies and reaches up to an impressive value of 85.7%
for low frequencies. On the other hand, most of the reported
works have a fractional bandwidth ranging from 2.5% to
12% with some exceptions observed in the works presented
in [7, 15, 17, 20, 21], where the fractional bandwidth can
reach up to 45.5% but only for low operating frequencies. In
addition, the majority of the reported works have low side
lobe level values ranging from −15 to −11 dB, whereas, in

this work for high frequencies the side lobes are around −6
dB which is a result of the coupling between the out-of-band
elements in the shared-aperture array design. Nevertheless, for
all operating frequencies the side lobes are suppressed and are
below −6 dB.

The peak realized gain values that the multihyperuniform
shared-aperture antenna array manages to achieve are higher
than the ones achieved in reference arrays operating at similar
frequencies. It is worth noting that in some of the referenced
works the peak gain values are comparable to the high
frequency gain that is presented here, but with a steep increase
to the number of employed elements. In particular, the designs
presented in [10, 12, 15, 20] have peak gain values equal to
21, 22, 22.4 and 21 dBi by employing 43, 96, 64 and 36
elements, respectively. On the other hand, our array achieves
a remarkable peak gain value of 23.1 dBi, which stands as
the highest among all reference arrays reported so far and
is reached with only 20 elements. This is achieved due to
its unique hyperuniform disordered distribution that provides
increased directivity while being sparse, thus maintaining a
low number of employed elements. Lastly, most of the reported
works employ planar elements, which operate in a narrow
bandwidth and the electrical thickness of these designs varies
from 0.04λ to about 0.6λ for most cases. A few exceptions
can be found in [12, 14, 17, 20], where the thickness of the
reported works can reach up to 3.9λ. On the other hand, for
this work we employ the wideband non-planar helical antenna
to achieve high peak gain values over a 35 : 1 bandwidth. It
is expected that employing non-planar elements for a shared-
aperture array that operates for such a wide bandwidth, leads
to increased electrical thickness and especially at the high end
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of the operating frequency band. This can be observed in this
work, where our array’s electrical thickness is as low as 0.27λ
for low operating frequencies but reaches up to 4.67λ for
high frequencies, which is the highest array electrical thickness
among the reported works.

VI. FUTURE WORK AND CONCLUSION

In many of the reported works on multi-band shared-
aperture antenna arrays, the antenna elements were designed
so that they can mitigate the out-of-band scattering and thus
maintain their radiation pattern attributes even in the physical
presence of the out-of-band elements. For this work, we aim to
demonstrate a novel approach based on the multihyperuniform
distribution. Our results have proven that it is a viable and
efficient alternative to conventional methods based on periodic
distribution of elements in shared-aperture antenna arrays
and as such, we did not employ any scattering suppression
techniques to further optimize the array performance. It is
important to note that since the hyperuniform distributions
that are employed are non-periodic distributions, they are
naturally robust to element position errors. Of course, the
robustness increases with the number of employed elements
in each hyperuniform distribution and decreases when a dense
multihyperuniform distribution is employed, due to the nec-
essary non-overlapping condition that is enforced between
the elements of different species due to their geometry and
dimensions.

Here, we have employed the helical antenna elements for
the proof of concept and in the future, we intend to employ
planar antenna elements to decrease the array’s profile, while
also applying scattering reduction techniques to implement
ultra-wideband, steerable and low profile planar arrays with
multihyperuniform disorder. As such, less out-of-band scatter-
ing is expected. However, it should be noted that most planar
antenna elements, along with the associated scattering reduc-
tion techniques, exhibit narrowband responses. As a result, this
approach is likely to restrict the bandwidth of the final design.
As such, in the future it would be of interest to employ a
different type of wideband and unidirectional antenna element
with lower profile than that of the helical antenna employed
in this work. A good candidate for such an implementation is
the magneto-electric dipole antenna which consists of a planar
electric dipole combined with a shorted patch antenna [50].
This type of antenna can also be reconfigured for polarization
diversity [51, 52]. Furthermore, the magneto-electric dipole
antenna designs that can be found in the associated literature
are scalable in most cases and therefore can be designed to
operate at different frequency bands.

Moreover, in the future it would be of interest to fabricate
and measure the helical antenna array with multihyperuniform
disorder where the elements are driven by optimized feeds
and matched to 50 Ω in order to achieve even higher gain
values than those reported here. In addition, as future work we
aim to combine the proposed methodology with optimization
techniques to jointly optimize the phase and magnitude of
the elements along with their positions to further decrease the
side lobe levels and enhance the beam-steering performance

of the overall array. Here, our aim is to illustrate a straight-
forward, fast and efficient method to optimize multi-band
array distributions by employing the idea of hyperuniform
disorder and more specifically multiple hyperuniform disorder
to suppress the sidelobe level for ultra-wideband frequencies
without having to resort to additional optimization techniques
or complicated excitation schemes and amplitude tapering.

To conclude, we have presented here how the idea of
multihyperuniformity can be employed in the field of shared-
aperture antenna arrays. Taking inspiration from the distribu-
tion of photoreceptors on the retina of avian eyes, we have
utilized helical antenna elements in a similar manner to mimic
the photoreceptor arrangement. This approach aims to achieve
wideband unidirectional emission across a broad frequency
range of 35 : 1 using a single design consisting of seven
distinct subarrays. The resulting array, which has been suc-
cessfully fabricated, effectively suppresses grating lobes across
the entire frequency spectrum and demonstrates progressively
increasing peak far-field realized gain values. Furthermore, the
proposed array can be employed as a subarray and scaled up
to large arrays of any size by simply repeating them in both
directions. Mathematically, it has been proven that the final
resulting array is still globally hyperuniform disordered [53].
Finally, the multihyperuniform distribution of elements in a
shared-aperture antenna array allows for electromagnetically
efficient use of the available space and provides a viable
solution to low-profile ultra-wideband and small/compact an-
tenna array designs. This work extends the limitations for
the realization of multi-band antenna arrays, surpassing the
previously reported designs that operated in a maximum of
three frequency bands. By incorporating optimized disordered
distributions within a shared-aperture antenna array design, we
have successfully developed ultra-wideband array distributions
suitable for various scenarios.
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