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Communication
Connected-Slot Array with Artificial Dielectrics:

A 6 to 15 GHz Dual-Pol Wide-Scan Prototype
Daniele Cavallo, Waqas H. Syed, and Andrea Neto

Abstract— In this work we report on the design, manufacturing
and testing of a dual-polarized array of connected slots radiating
in the presence of an artificial dielectric superstrate. The proto-
type array consists of 512 elements, i.e. 16×16 connected slots for
each of the two polarizations. The antenna array is realized with a
single multi-layer printed circuit board (PCB), which represents
an advantage in terms of cost and complexity with respect to
the typical configuration based on multiple vertically arranged
PCBs. The performance is investigated in terms of simulated and
measured matching characteristics and radiation patterns. The
proposed structure achieves active voltage standing wave ratio
(VSWR) lower than 3.1 over about an octave bandwidth (6 to
15 GHz), within a wide scan range (±60◦ in the H-plane and
±80◦ in the E-plane).

Index Terms— Artificial dielectric, connected arrays, wideband
arrays, wide-scan array.

I. INTRODUCTION

THERE has been a growing interest, in the last decade, in
the development of phased arrays that can operate over

wide bandwidths and wide scan ranges. Such characteristics
are desired to support multifunction operation for both com-
munication and radar applications and to reduce the number
of antennas on complex platforms, where there is limited
space available to accommodate an ever increasing number
of sensors. To include communication services, these arrays
should also provide polarization agility, to allow variable
settings of radiation and higher information capacity.

Several solutions have been proposed to realize wideband
wide-scanning arrays. These include stacked patches [1], ta-
pered slot antennas [2]–[4], metal flared-notch elements [5],
[6], long-slot arrays [7], [8] and tightly-coupled dipole arrays
[9]–[12]. These examples have attained wideband properties,
with bandwidths spanning from 40% to over a decade, but typ-
ically broader matching bandwidths are achieved at the cost of
increased cross-polarization (X-pol) levels, reduced scan range
or decreased total efficiency. Moreover, most of the above
mentioned designs are based on array configurations where the
radiating elements and the feed structure are printed on vertical
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Fig. 1. Unit cell of a connected array of slots in the presence of a backing
reflector and loaded with ADLs.

printed circuit boards (PCBs) [13]. This arrangement can lead
to costly assembly whose complexity increases when scaling
down the array dimensions to operate at higher frequency.

In this work, the goal is to implement the array with a
single multi-layer planar structure, targeting a frequency range
that includes the Ku-band, which is commonly utilized for
different communication services. This configuration would be
low-cost and easier to manufacture, compared to the vertical
arrangement of the antenna PCBs. A planar solution for
wideband phased array was presented in [14], where a 3:1
planar design was shown to scan up to 45◦ in all azimuth
planes, maintaining efficiency above 80%. Another planar
design was shown in [15] for a narrower bandwidth 8-12.5
GHz, but wider scanning up to 60◦ and 75◦ on the H- and
E-plane, respectively. However, in this last design, the feed
is not realized with plated-through holes but by inserting
metal pins in a foam substrate, which is a non-standard PCB
manufacturing process.

Recently, we presented an alternative concept that allows for
a completely planar implementation [16]. This consists of an
array of connected slots with artificial dielectric layers (ADLs)
as a superstrate, with a 6-to-15 GHz bandwidth. The artificial
dielectric is used in place of a real dielectric because of its
anisotropy, [18] which is a key property to avoid the excitation
of surface waves and the occurrence of scan blindness. The
ADLs also perform a wideband impedance transformation, as
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Fig. 2. Stackup of (a) the simplified array unit cell and (b) the detailed array
unit cell, including the integrated feeding network, the vias and the perforated
dielectric substrate.

proposed in [17]. Figure 1 shows the idealized array unit
cell including the connected slot element and the ADLs,
which are layers of periodic, electrically small, metal patches
included in a dielectric host medium to synthesize a higher
equivalent refractive index [19]. When the array is loaded with
a single or multiple ADL slabs, the radiation from the slots
is mainly directed upward, thus the distance from the ground
plane h can be greatly reduced without strongly degrading the
impedance matching properties. This lower distance enables
the realization of the feeding lines by means of standard via-
hole technology, e.g. for X- or Ku-band designs. Consequently,
a fully planar implementation of the array is enabled.

In this article, we report on the development of a prototype
based on the concept introduced in [16]. Following up on that
work, the design presented here is improved on a number of
aspects: the array in [16] was single polarized and scanning up
to 50◦ and its performance was only characterized in terms of
infinite array simulations; here the goal is to extend the design
from single-pol to dual-pol operation and to further increase
the scan range to 60◦ or above. Furthermore, we present the
first experimental validation of this antenna concept and report
on the measured performance.

II. ANTENNA ELEMENT DESIGN

By following the same procedure as [16], we first design a
unit cell as shown in Fig. 2(a), employing analytical models
that allow the prediction of the active impedance, in an infinite
array environment, with negligible computational costs. The
ADL slab includes 8 layers, whose geometrical parameters
are optimized to implement a wideband transformation from
the free-space impedance to 65 Ω at the input port on the
slot, while maximizing the scan range. The bonding layers to
be used in the real ADL stackup are taken into account in
the analytical tool already from the early design phase, since
they can significantly influence the ADL properties. The unit
cell in Fig. 2(a) is still idealized because it considers a single,
linearly polarized, slot fed with a delta-gap excitation (as in
the inset of Fig. 1) and a homogeneous substrate with low
relative permittivity (εr,back = 1.5) between the slot plane and
the backing reflector.

Fig. 3. (a) Three-dimensional view of the final unit cell and (b) active VSWR
for broadside and scanning to 60◦ in the H-plane and to 75◦ in the E-plane.

The optimized unit cell in Fig. 2(a) is subsequently mod-
ified to include two orthogonal slots for the dual-polarized
operation, and to incorporate a realistic feed realized with
microstrips and integrated coaxial lines. Moreover, a perfo-
rated dielectric is employed to realize the material with low
permittivity (εr,back = 1.5). The final unit cell stackup is shown
in Fig. 2(b), with the choice of the used materials and the
dimensions.

The three-dimensional view of the unit cell with the details
of the feeding structure is shown in Fig. 3(a). This detailed
unit cell has been simulated with CST [20] and the resulting
active voltage standing wave ratio (VSWR) is shown in Fig.
3(b) for broadside and scanning to 60◦ in the H-plane and
to 75◦ in the E-plane. The active VSWR is lower than 3
over about an octave bandwidth, from 6.5 to 15 GHz. The
scanning performance is better on the E-plane because, as
highlighted in the dispersion analysis of ADL slabs [21],
ADLs do not support transverse magnetic (TM) surface waves
that limit the scanning on the E-plane. However, the ADL can
support transverse electric (TE) surface waves, that degrade the
performance at high frequency for extreme scan angle above
60◦. The period of the unit cell is dx = dy = 9 mm, which
corresponds to about 0.45λ, where λ is the wavelength at the
highest frequency of operation 15GHz. The overall height of
the layer stack is about 11 mm, which corresponds to 0.55λ.

A. Simulated X-pol Level

The simulated X-pol level is shown in Fig. 4(a) for the two
diagonal planes φ = 45◦ and φ = −45◦, according to the
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Fig. 4. (a) X-pol levels for scanning in the diagonal planes to θ = 60◦:
φ = 45◦ with single port excitation (continuous line), φ = 45◦ with the
two ports excited with proper weights to cancel the X-pol at 12 GHz (dashed
line) and φ = −45◦ (dotted line); (b) active VSWR for the two ports when
combined to cancel the X-pol for φ = 45◦ and θ = 60◦.

third Ludwig’s definition [22]. It can be observed that the X-
pol radiation is not the same in the two diagonal planes, due
two the asymmetry of the feed and the dielectric grid used
for the substrate. In the worst case, the X-pol is about −6.5
dB at the highest frequency of operation. These levels of X-
pol are in line with what is expected from planar arrays in
the presence of dielectric superstrates. It is known that the
X-pol of linearly polarized sources might increase due to the
presence of dielectric slabs [23] and artificial dielectrics are
not an exception.

However, it is possible to combine the two orthogonal ports
in such a way to perfectly cancel the X-pol at a certain
frequency for a specific angle. For example, the dashed curve
in Fig. 4(a) shows such cancellation done at 12 GHz, for
scanning to 60◦ in the diagonal plane (φ = 45◦). It can be
noted that the compensation is wideband, as the X-pol level
is reduced to below −12 dB over the entire target bandwidth.
On the contrary, a similar compensation is very narrow-band
when attempting to cancel the X-pol caused by common-mode
resonances in arrays of tightly-coupled dipoles or Vivaldi
antennas [24]. Moreover, when combining the ports to cancel
the X-pol, the matching remains good, as shown in Fig. 4(b).

III. INVESTIGATION ON THE EDGE EFFECTS

In connected arrays, it is especially important to assess
the finite edge effects [25], [26]. To demonstrate the effect
of the finiteness, we simulate infinite-by-finite arrays using
the semi-analytical tool presented in [16]. Maps of the active
VSWR as a function of the frequency and the element index
are presented in Fig. 5. The array is assumed to be finite
in the plane in which the elements are connected (H-plane),
where typically the edge effects are more severe [26], and
to be scanning to 60◦ in the same plane. Figure 5(a) refers
to the case in which all the elements of a 16×∞ array are
uniformly fed. It can be seen that some of the elements, even
the ones close to center, exhibit high values of VSWR (≈ 4).
The simulated VSWR of the same array fed with a raised
cosine amplitude taper is presented in Fig. 5(b) and exhibits
improved matching properties for the elements in the center
of the array, while strong mismatch occurs for the elements
close to the edge that are weighted by lower amplitudes. The

Fig. 5. Active VSWR as a function of frequency and element index: (a),
(b) 16×∞ elements without and with amplitude taper, respectively; (c), (d)
60×∞ elements without and with amplitude taper, respectively; scanning to
60◦ in the H-plane is considered.

Fig. 6. Amplitude taper.

considered taper is shown in Fig. 6. It can be also pointed
out that an array of 16 elements is still rather small, while an
operative system for Satcom or radar applications would likely
consists of a much larger number of elements. To assess the
properties of larger arrays, Figs. 5(c) and (d) reports the active
VSWR for 60×∞ elements scanning to 60◦ in the H-plane,
without and with tapering, respectively. It is evident that larger
radiating apertures suffer less from edge effects and mismatch
issues, especially when illumination taper is applied.

IV. ARRAY PROTOTYPE

Based on the design described in Sec. II, a prototype
array has been manufactured, consisting of 512 elements, i.e.
16×16 connected slots for each polarization. The photos of
the demonstrator are shown in Fig. 7. More specifically, Fig.
7(a) displays the antenna board with connected slots before it
is assembled with the ADL slab, whereas Fig. 7(b) represents
a view of the entire array with the ADLs and the antenna
bonded together. The slots at the array edges are extended
by about 4 ∼ 5cm, so that power propagating attenuates by
radiation and undergoes reduced reflection at the termination.

In this section the measured results of the demonstrator are
presented, including the matching characteristics of a central
element and the radiation patterns of the entire array.



4

Fig. 7. Photo of the array prototype: (a) connected array of slots and (b)
same array with ADL superstrate.

Fig. 8. Measured active VSWR of a central element of the array as a function
of frequency and scanning angle in the (a) H-plane without amplitude taper,
(b) H-plane with amplitude taper, (c) E-plane without amplitude taper, (b)
E-plane with amplitude taper.

A. Measured Matching Properties of a Central Element

The measured active (VSWR) of a central element of the
array is shown in Fig. 8, as a function of the frequency and of
the scanning angle. Given the high number of elements, the
coupling parameters were measured for one quadrant of the
array (8× 8 S-parameters for each polarization) and assumed
to be symmetric for the remaining quadrants.

Figures 8(a) and (b) refer to the case of scanning in the H-
plane, without and with amplitude taper, respectively, whereas
Fig. 8(c) and (d) are relative to E-plane scanning, without
and with amplitude taper, respectively. The Active VSWR
for scanning in the H-plane remains below 2.5 over a wide
scan range and starts to degrade at around 60◦ scanning, for
frequency between 12 and 14 GHz. Improved matching is
observed when considering a tapered illumination of the array,
as it can be seen from Fig. 8(b). Better performance is obtained
for scanning in the E-plane, for which active VSWR lower
than 2.4 is measured for scanning up to 80◦, when tapering is
applied.

To better visualize the VSWR levels, a few curves for
specific scanning angles are presented in Fig. 9, considering
amplitude taper. The VSWR is lower than 2.6 from 6 to
14.5 GHz, scanning up to 40◦ in the H-plane and to 80◦

in the E-plane. The VSWR increases to 3.1 for 60◦ scan
in the H-plane. These results are in fair agreement with
the performance predicted by the infinite array simulations
in Fig. 3(b). The differences between the measured and the

Fig. 9. Measured active VSWR of a central element of the array in the
(a) H- and (b) E-plane for different scanning angles and in the presence of
amplitude taper.

infinite array simulation are mainly due to edge effects arising
from the truncation of the array. However, we showed from
simulations in Fig. 7 that better matching performance can be
expected from larger radiating apertures.

B. Measured Active Element Pattern

The active element pattern of central element of the array
has been measured on the main planes and the two diagonal
planes. Figure 10 shows a number of cuts of the active element
pattern, at the two frequencies of 8 and 13 GHz. Fluctuations
of a few dB can be noted in the co-polar patterns, which are
mainly due to reflection from the metal frame around the array.
It can be observed that the X-pol levels are lower than −15
dB for the entire scan range in the main planes and in one of
the diagonal planes (φ = −45◦). However, higher X-pol levels
are obtained in the other diagonal plane (φ = 45◦), especially
at the higher frequency. Such result is consistent with what
observed from simulations (Fig. 4). The active element pattern
is wider in beamwidth in the E-plane (Fig. 10(a)) as compared
to the H-plane pattern. This is a consequence of the better
matching performance of the array when scanning in the E-
plane to wide angles.

The active broadside gain of the central element has also
been measured and is presented in Fig. 11. The gain is
multiplied by the number of elements, to give an idea of
the total array gain, if all the elements behaved like the
central one. The array gain from a 16×16 array simulated with
CST, under infinite array approximation, is also shown. This
corresponds to the maximum theoretical directivity that can
be achieved from an aperture equal to the area of 16×16 unit
cells. Since the ADL superstrate is larger than the slot array
and effectively increases the aperture size, the gain exceeds the
theoretical curve in most of the operational frequency band.
The directivity limit is computed also using the total area
including the extended artificial dielectric structure, to match
better the obtained gain levels.

Moreover, an array of 16×16 is still not large enough to
be accurately described by the infinite array approximation.
Therefore, measured patterns of the entire array are needed to
further assess the radiation characteristics.
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Fig. 10. Measured normalized co-pol and X-pol active element patterns of
a central element of the array at 8 GHz and 13 GHz: (a), (b) E-plane; (c),
(d) H-plane; (e), (f) D-plane φ = −45◦; (g), (h) D-plane φ = 45◦.

Fig. 11. Array broadside gain assuming all elements are described by the
measured gain of the central element, compared with the simulated gain with
CST under infinite array approximation. The theoretical maximum directivity
for the aperture is also plotted, using both the area of only the active slots,
as well as the larger area including the extended artificial dielectric structure.

C. Measured Radiation Patterns with Existing Beam Former
To measure the radiation patterns of the entire array, the

prototype has been tested in combination with a beamform-

Fig. 12. Measured co-polar and cross-polar radiation patterns for scanning
to 0◦, 30◦ and 60◦: (a) H- and (b) E-planes at 8.4 GHz, (c) H- and (d)
E-planes at 11 GHz, (e) H- and (f) E-planes at 14.5 GHz.

ing system previously developed in [12]. Uniform amplitude
illumination of the array element is considered. The measured
co-polar and cross-polar radiation patterns for scanning to 0◦,
30◦ and 60◦ in the H- and E-planes are shown in Fig. 12,
for three frequencies (8.4, 11 and 14.5 GHz). The patterns
are normalized to the maximum power measured at broadside
scanning, thus the variation of gain with scanning can be
determined from the figures. A 2 to 3 dB drop for scanning to
60◦ can be observed for the co-polar component, with respect
to the broadside value. The X-pol ratio is also below −13 dB
for all considered scanning conditions on the main planes.

The measured co-polar and cross-polar radiation patterns
for scanning to 60 degrees in the two diagonal planes are
presented in Fig. 13. As it was predicted from simulations,
the X-pol level is higher for one of the two diagonal planes,
an reaches −5.5 dB at 14.5 GHz for scanning to θ = 60◦ and
φ = 45◦. This value is 1 dB higher than the one calculated
with infinite array simulations.

The measured gain of the array when fed by the beamform-
ing system is not provided because of the large uncertainty
related to the beamformer itself: an accurate characterization
of the S-parameters of the beamformer for all different settings
of amplitude and phase was not available, especially when
loaded by the array; moreover, amplitude and phase calibration
at each output channel of the beamformer was not applied.
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Fig. 13. Measured co-polar and cross-polar radiation patterns for scanning to
60 degrees in the D-plane: (a) φ = 45◦, θ = 60◦ (b) φ = −45◦, θ = 60◦ .

V. CONCLUSIONS

We presented a dual-polarized array prototype operating
from 6 to 15 GHz, based on connected arrays of slots radiating
in the presence of artificial dielectric superstrates. The array
includes 512 elements, i.e. 16×16 for each polarization. The
proposed concept is cost effective, since it is realized by a
single printed circuit board with multiple layers and does not
require complex assembly. The array was tested and the mea-
sured matching and radiation characteristics were presented.

The artificial dielectric slab, because of its anisotropy,
allows to shift the onset of surface waves to higher frequencies
compared to a real dielectric slab, thus enabling wider scan
ranges. Experimental results showed scanning capability up
to 60◦ in all azimuth planes with scan loss (compared to the
broadside maximum gain) better than 3 dB.

The measured active VSWR for a central element was
also reported to be lower than 2.6 from 6 to 14.5 GHz,
scanning up to 40◦ in the H-plane and to 80◦ in the E-
plane. The VSWR increases to 3.1 for 60◦ scan in the H-
plane. The edge effects were investigated by means of full-
wave simulations and were shown to be a likely cause for
the observed differences between infinite array simulations
and measurements. Larger arrays are expected to have higher
matching efficiency from simulation-based predictions.

Measured X-pol levels are below −13 dB for the main
planes and they reach −5.5 dB in the worst case for diagonal
plane. We showed nonetheless how an opportune combination
of the two ports with proper weights can be used to cancel
lower the X-pol levels over the entire bandwidth of operation.
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