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Ultrawideband Array With 70° Scanning
Using FSS Superstrate
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Abstract— We present a wideband tightly coupled dipole
array (TCDA) with integrated balun and a novel superstrate
consisting of printed frequency selective surface (FSS) for wide
angle scanning. Although previous TCDAs have had decent
scanning performance up to ±60°, use of dielectric superstrates
are usually required, resulting in additional cost and fabrication
complexity. In this paper, we replace the bulky dielectric layer(s)
with periodic printed elements and yet achieve wide-angle and
wideband impedance matching. The proposed approach provides
superior performance of 6.1:1 bandwidth (0.5–3.1 GHz) with
VSWR < 3.2 when scanning ±75° in E plane, ±70° in D plane
and ±60° in H plane. The FSS, radiating dipoles and feed
lines are designed and fabricated on the same vertically oriented
printed circuit board, resulting in a low-cost and lightweight
structure as compared to other low profile arrays. Measured
scanning patterns of a 12 × 12 prototype are presented, showing
good agreement with simulations.

Index Terms— Low profile arrays, ultrawideband antennas,
wide angle scanning arrays.

I. INTRODUCTION

FUTURE mobile and stationary communication platforms
are expected to have multiple sensors to cover the desired

frequency bands and/or scanning range. To address this, novel
approaches like the advanced multifunction RF concept were
proposed to reduce the number of antenna apertures and
RF/digital hardware for communication, radar, and electronic
warfare [1]. Ideally, this concept requires a wideband phased
array to provide single aperture for multiple operating frequen-
cies and communication links in different directions. In other
words, a very wideband antenna array with large scan volume
is an essential component of such systems.

A tapered slot array, also known as Vivaldi, is a popular
wideband scanning antenna. Different versions of this array
focus on bandwidth, modularity, scanning, or power
handling [2]–[4]. These arrays can typically cover
10:1 impedance bandwidth with ±60° scan angle [3].
However, they suffer from low polarization purity when scan-
ning in the intercardinal plane, even for moderate elevation
angles. Although correction algorithms have been proposed
for dual-polarized arrays, they do not provide simultaneous
coverage across the entire bandwidth and scan volume [5].
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More recently, low profile versions of Vivaldi arrays
have been proposed to address the cross-polarization issue.
One particular example is the decade bandwidth BAVA
array [6], using an impedance matching approach similar
to Vivaldi. The total height is less than half a wavelength
at the highest frequency of operation, resulting in excellent
polarization purity. However, the BAVA array has poor
impedance matching when scanning across the H plane,
limiting their typical scanning range to 45°.

Another class of wideband arrays is referred to as con-
nected arrays. One example of these is the long slot array
that exhibits large impedance bandwidth [7]. However, the
bandwidth is reduced to less than 50% when the array is
backed by a conducting plane. A ferrite loaded substrate
can be used to mitigate ground plane effects and provide
10:1 impedance bandwidth with 60° scan angle [8]. However,
ferrites are typically heavy and increasingly lossy at higher
frequencies.

Munk et al. [9] proposed capacitively coupled dipoles
instead of electrically connected radiators. The idea was to
mitigate reactive (inductive) loading from the ground plane
using capacitive coupling among neighboring elements. Since
the antenna elements are closely spaced and tightly cou-
pled, the current on the dipoles is almost constant, real-
izing Wheeler’s current sheet [10]. Munk’s concept could
achieve up to 4.5:1 impedance bandwidth [11]. But adding
two dielectric slabs above the array aperture can increase the
bandwidth to 9:1 with scan angles up to 60°. However, external
wideband 180° hybrids were required to avoid common mode
resonances along the feed lines of the dipoles. As a result, the
feed is bulky and expensive.

To avoid complex baluns, different approaches have
been proposed. One approach is to place shorting pins
between the dipole aperture and the ground plane to
shift the common mode resonance out of the operational
band [12]. This approach provides 5:1 impedance bandwidth
and ±45° scanning using a single layer of dielectric superstrate
and a single stage matching circuit. The latter is printed after
the feed lines and below the ground plane. However, the
radiating elements are embedded inside dielectric slabs having
a relative dielectric constant of εr ≥ 1.96. The substrate and
superstrate layers of the array combine to form a thick
dielectric slab over the ground plane. This leads to surface
waves (SWs), even for moderate scan angles [13]. To address
this issue, perforations across the dielectric layers were
proposed to reduce the effective dielectric constant and
push the onset of SWs out of the intended scan range
and frequency band. However, practical arrays are still
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limited to less than 60° [12], and therefore, not suitable
for wider angles. Munk’s coupled dipole concept was
recently enhanced with an integrated feed [14]. Specifically,
a printed circuit board (PCB) implementation of folded
Marchand balun [15] was used to excite the dipoles. The
balun was in effect a two-stage impedance matching circuit.
It was optimized together with other array parameters
to achieve an impressive 7.35:1 impedance bandwidth.
However, scanning was limited to 45°. Single layer of
dielectric superstrate was used to compensate impedance
variation while scanning. It is important to note that the
radiating elements of each unit cell were split into two small
dipoles along the E plane, following the approach proposed
in [16]. This was done to reduce the input impedance for
easier matching. The dipole pair was then fed by a Wilkinson
power divider. However, this approach caused resistive
loss while scanning in the E plane. Although the reported
resistive loss was <0.5 dB up to 45°, it increases for larger
elevation angles. A similar feeding mechanism was used
in [17] with resistive frequency selective surface (FSS) inside
the substrate of the array. The bandwidth was 13.9:1 but
increasing loss was again limiting wide angle scanning. This
paper builds on the work of [14] and [17] but provides
several new contributions to enable wide-angle scanning
for low-loss, wideband arrays. Among them are: 1) an FSS
above the tightly coupled dipole array (TCDA) to replace
dielectric the superstrate; 2) elimination of the Wilkinson
power divider; and 3) a modified stripline-based Marchand
balun for wideband impedance matching.

This paper is organized as follows. Section II introduces
the basic structure and parameters of the unit cell for the
new TCDA. Measured data are then presented in Section III,
using a 12 × 12 prototype. Our conclusions are provided
in Section IV.

II. FSS INTEGRATED TIGHTLY COUPLED DIPOLE ARRAY

As already noted, this paper proposes a new array that
builds on the TCDA concept in [14] and [17]. Of impor-
tance is the replacement of the dielectric superstrate by an
FSS while still using a single PCB. This approach is of
much lower cost and also provides for larger scan volumes.
The integrated Marchand balun operates similar to the one
described in [14] but has a modified structure so that the
Wilkinson power splitter is removed. More important, the
FSS, dipoles, and balun are fabricated on the same PCB. The
height of the array above the ground plane is 0.67λhigh with a
0.11λhigh meandered stripline below the ground. The unit cell
is a 0.43λhigh × 0.43λhigh square, chosen to be smaller than
half-wavelength to ease scanning in the E plane.

The proposed TCDA with FSS superstrate is depicted
in Fig. 1. It is a single-pol array, implemented using
three-layer PCB technology. Three copper layers are hosted by
two RT/duroid 5880 (20 mil and εr = 2.2) substrates. These
layers are bonded using a 4-mil-thick polyflon material, result-
ing in 44 mil overall thickness for the PCBs. They are verti-
cally placed over the ground plane [see Fig. 1(c)]. We remark
that the low εr of RT/duroid 5880 makes it possible to design

Fig. 1. TCDA with FSS superstrate. (a) 4×4 array. (b) Unit cell. (c) Copper
layers forming the PCB.

high-impedance striplines within standard fabrication toler-
ances. However, other materials with reasonably low dielectric
constant (e.g., Rogers 4003C and εr = 3.55) can be used.

Wideband impedance performance was achieved by code-
signing and tuning capacitively coupled dipoles, ground plane
height, printed FSS layer, and the Marchand balun. We note
that the FSS superstrate was chosen to operate well below
its resonance frequency. This is necessary as it is intended
to provide shunt capacitance for a plane wave propagating
along (or close to) the z-axis. This reduces the characteristic
impedance of the medium, in the same manner as a dielectric
superstrate does. As already noted, added capacitance miti-
gates the inductive loading due to the ground plane.

The Marchand balun and the shorting pins were used to
push any resonant common modes out of the frequency band
of interest (0.5–3.25 GHz) as described in [18]. We fur-
ther note that the employed balun is in effect a multistage
matching network as proposed in [14]. It can be seen that
one side of the balun, carrying the incoming stripline, is
perforated (see Fig. 2). This modified stripline has higher
characteristic impedance as compared to a regular stripline
of same dimensions and PCB substrate. As emphasized later,
these perforations are critical for matching the dipole to
a 50-� standard microstrip or coaxial cable feed. Therefore,
they serve to eliminate the earlier use of a Wilkinson power
divider for impedance matching [14].
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Fig. 2. Detailed geometry of the unit cell for the TCDA with FSS.

Fig. 3. Unit cell of TCDA with (a) FSS and (b) dielectric superstrate. Feed
lines are excluded for simplicity. dx = dy = 0.5λhigh .

A. Printed FSS Layer as Superstrate

It is well known that dielectric layers can improve the total
scan volume of a dipole (or slot) array [19]. Stacked parasitic
elements above apertures can also be used (particularly for
patch antennas) to improve bandwidth and scanning [20], [21].
Recently, a slot array with multiple stratified patch
layers as superstrate was proposed [22]. Cavallo et al. [22]
achieved 2.2:1 impedance bandwidth up to 50° scan angle.
The slabs of printed patch layers are simply anisotropic
artificial dielectrics [23] incidence. However, the periodic-
ity of these patches along the aperture normal is typically
very small (<0.01λ) [24]. This results in a large number of
PCB stratifications and increased cost.

Instead of multiple planar layers, we propose to use a
single layer of a printed superstrate consisting of vertically
oriented conductors [see Fig. 3(a)]. The periodicity of these

Fig. 4. S11 of the TCDA with FSS superstrate across 0.9–3.75 GHz.
Data are given for different coupling gaps (gFSS) while hFSS was kept
constant at 2 cm. The scan angle was (a)–(c) 45° and (d)–(f) 60°.

vertical printed elements is dy along the H plane and
dx /4 along the E plane, where dx and dy are unit-cell dimen-
sions of the infinite dipole array. In contrast to [22], the feature
size of the periodic elements is rather large. As a result they
cannot be approximated as an anisotropic dielectric material.
Therefore, we refer to it as FSS throughout this paper, even
though it always operates below its resonance frequency and
provides capacitive loading.

The proposed FSS was simulated together with the TCDA
[Fig. 3(a)]. For simplicity, the feed-lines were excluded as the
focus was on studying the FSS. To verify the performance of
the FSS, the same TCDA was also simulated using a uniform
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Fig. 5. S11 of the TCDA with the dielectric superstrate of different dielectric constants (εd = 1.7 and 2.2) and slab thicknesses (hd = 1.5, 2, and 2.5 cm)
across 0.9–3.75 GHz. The scan angle is (a)–(d) 45° and (e)–(h) 60°.

dielectric superstrate [Fig. 3(b)]. We note that if the FSS is
to replace the dielectric superstrate, it should provide better
(or at least similar) frequency/angular response when placed
across an array aperture.

In our parametric full-wave simulations of the TCDAs with
FSS and dielectric loading, only the superstrate layers were
modified. The ground plane height, balun geometry, and dipole
dimensions were all the same and kept constant for both arrays
in Fig. 3. The specific values were: 0.9 GHz < f < 3.75 GHz,
dx = dy = 4 cm, and hsub = 3.5 cm. We note that the
lattice dimensions (dx , dy) are half-wavelength at the highest
frequency, typical for a wideband phased array. The vari-
ables were εd and h1 for the dielectric slab, and gFSS for
the FSS (see Fig. 3).

The simulated data for the input impedance of both arrays is
provided in Figs. 4 and 5 up to 60° scanning. A quick glance
at the plots reveals that the impedance locus of the FSS array
is more confined as compared to the dielectric-loaded array,
implying better bandwidth during scanning. A more detailed
inspection shows the main difference is at the higher end of
the band, especially for larger scan angles. Specifically, as
the frequency increases, dielectric-loaded arrays detune due
to higher order modes starting to dominate. This detuning is
more obvious for higher contrast dielectric (εr = 2.2) with
the reflection coefficient reaching unity at f ∼ 3.6 GHz
[see Fig. 5(e) and (f)]. This is expected, since it is easier
for Floquet modes to couple to an SW mode when the
substrate/superstrate material is thicker or has higher dielectric
constant [13]. Another important observation is that although
Fig. 4(d)–(f) seems more promising than Fig. 5(e)–(h), it is
also clear that the FSS-loaded array is not well matched either.
In other words, FSS-loaded array has different impedance

response during 60° scanning along E and H planes. However,
we note that the substrate layer of a fully integrated array
typically have vertically oriented feed-lines. These conducting
feed-lines also have a different response to TE (H plane
scanning) and TM (E plane scanning) Floquet modes [14],
which can be used as an additional parameter when designing
the array for wide-angle scanning. Therefore, the impedance
matching seen at Fig. 4(d)–(f) can be improved once a practical
feeding structure is integrated to the unit-cell of the array, as
shown in the next sections.

B. Folded Marchand Balun With Perforations

We used a stripline-based Marchand balun to feed the
wideband array. Similar approaches were proposed before
in [14] and [17] using striplines as transmission lines for the
incoming input signal. However, as noted before, [14] and [17]
used Wilkinson power dividers to achieve impedance matching
to dipoles. To avoid losses due to the power divider during
scanning, we pursued an alternative approach. Specifically,
we placed rectangular perforations on the ground layer of
a stripline (Fig. 2) to increase the achievable characteristic
impedance (Z0). This way, the high dipole impedance can be
fed by a single balun without employing dual low-impedance
dipoles in each unit cell. Z0 values for different perforation
dimensions are shown in Fig. 6. As seen, the maximum Z0
can be increased from 110 � to more than 160 � without
changing fabrication tolerances.

A possible drawback of the perforated stripline is the
lack of shielding for the inner conductor. This may cause
coupling to the substrate region and excitation of a resonant
common mode. To examine this, we simulated the TCDA
using a perforated balun for multiple scan angles. The resulting
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Fig. 6. Characteristic impedance of the perforated stripline for different inner
and outer conductor geometry. The parameters are based on Fig. 2 with the
PCB substrate is 44 mil thick (εr = 2.2).

Fig. 7. Field distribution across the array unit cell when scanning to 60° in
the E plane at 3 GHz. The incoming electric field via the stripline is well
confined within the balun. This indicates that the perforations do not cause
significant coupling between the substrate of the array and the inner conductor.

electric field distribution inside the signal line of the balun and
the substrate region is depicted in Fig. 7. This plot refers to
the case of 60° scan angle in the E plane with 0.4λ unit-cell
size. As shown, the electric field of the incoming stripline is
well confined inside the balun. This indicates that perforating
the balun may not be an issue. However, resonances can still
exist if the separation between feed lines of neighboring unit-
cells is large enough to support a common mode. To avoid
this, we used shorting pins (see Fig. 1) at the boundaries
of the neighboring unit cells. This was done in an effort to
suppress possible common modes. The shorting pins were
placed at the edges of the unit-cells but in the middle layer
of the PCBs. Therefore, they are capacitively coupled to the
dipole arms that are placed on the outer layers. This helps
the dipole performance on the lower end of the bandwidth:
When the shorting pins are electrically connected to the dipole
arms, they create resonant loops with the balun at low end
of the frequency band. However, when placed on the middle
layer, they are practically along the virtual ground of the
differentially excited dipole arms. Therefore, coupling to the
pins is very small, implying minimal effect on the impedance
behavior of the dipoles.

C. Infinite Array Design

Having verified the FSS performance and the perforated
Marchand balun, we proceeded to optimize the array for

Fig. 8. Impedance profile of the 18-sections stepped transformer. Stripline
feed was used to match the TCDA to 50-� coaxial cable.

maximum bandwidth and scan volume. Specifically, all para-
meters of the TCDA shown in Fig. 1 were tuned, except for the
tapered stripline below the ground plane. Our process involved
optimization at three scanning cases: broadside and 60° scan in
the E and H planes. The final dimensions are given in Fig. 2.

The input impedance for the tuned array was found to be
around 150 �. To match this array to 50 �, we designed
an 18-section stepped transformer as part of the stripline feed.
The electrical length of each section was 18° at 1 GHz,
making them 1 cm each for the PCB substrate (εr = 2.2).
This 18-cm-long transformer included the meandered line
below the ground and the perforated stripline on one side of the
balun (see Fig. 2). The impedance profile of the transformer
is plotted in Fig. 8. As shown, the optimized curve resembles
an exponential function, indicating that a continuous, expo-
nentially tapered line could also be used. We note that the
TCDA array and the transformer were designed separately.
Because of this, there is a small decrease in efficiency as
compared to the case when the TCDA is excited by a gap
source. This is because our meandered feed line is not an
ideal transition between 50 and 150 �. However, if the array
and the transformer were optimized synergistically, the overall
efficiency or bandwidth can be further improved.

The simulated mismatch efficiency of the TCDA with
the FSS, balun, and transformer is given in Fig. 9.
We observe that for scan angles of θ ≤ 45°, the bandwidth
is 6.5:1 (0.5–3.25 GHz) with VSWR < 3.2 (1.4-dB (1.4-dB
mismatch loss). For θ ≤ 60°, the bandwidth reduces to 6.4:1
assuming the same level. When scanning beyond 60°,
we observe some additional mismatch losses, up to 2.5 dB
for the H plane. Concurrently, E and D plane mismatch
efficiency is still better than −1 dB for most of the bandwidth.

The normalized cross-polarized gain in the D plane was
calculated using Ludwig’s third definition [27] and is shown
in Fig. 10. As seen, the normalized cross-pol gain is
around −14 dB at 45° and −9 dB at 60° scans except at the
very high end of the 0.5–3.25-GHz band. These values are
close to the ideal linearly polarized dipole apertures where
the cross-pol levels are −15 and −10 dB at 45° and 60°,
respectively. Degradation of 1 dB is due to the vertically
oriented conducting sheets in the FSS layer. However, reduced
polarization purity above 2.7 GHz is caused by the feed
structure starting to support common modes due to a resonance
around 3.5 GHz (out of the intended band). As already noted,
this issue can be addressed by small reduction of the distance
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Fig. 9. Mismatch efficiency of the optimized TCDA at various scan angles
along the principal and intercardinal planes.

Fig. 10. Normalized cross-polarization ratio along the diagonal plane
at 45°, 60°, and 70° scans. Dashed curves show the cross-pol levels of an
ideal, linearly polarized aperture scanning along diagonal plane, based on
Ludwig’s third definition [27].

between the shorting pins and the balun legs and then retuning
the unit-cell parameters for the same bandwidth. However, for
the scope of this paper, the cross-pol level below −9 dB for
scan angle θ ≤ 60° was acceptable and no further attempts
for improvement were made.

Although the noted wideband and wide-scan performance of
the FSS-loaded array is impressive, it is important to quantify
the improvement using a figure of merit value. To do this, we
use the metric from [11]

PA = B|log(1 − ηmin)|
2 cos θmax

(1)

Fig. 11. Fabricated 12 × 12 prototype.

TABLE I

COMPARISON OF STATE-OF-THE-ART WIDE-ANGLE ARRAYS

where B = ( fmax − fmin)/
√

fmax fmin, θmax is the scan angle,
and ηmin is the minimum efficiency for the claimed impedance
bandwidth and scan range. This minimum efficiency includes
mismatch and ohmic losses. For the proposed work, the overall
loss is 1.9 dB at 60° scan angle in the H plane and at
the very high end of the frequency band of interest. In the
E and D planes, the overall loss is mostly below 1 dB
for θmax ≤ 60°.

Table I shows the performance parameters of the proposed
array using the figure of merit from (1). The PA value from
previous work on scanning arrays for θmax > 45° is also
provided. As seen, our FSS-loaded FSS-loaded array outper-
forms all of the referenced literature, except [3] which refers
to an antenna array of However, we note that the impressive
performance in [3] refers to a much thicker antenna array.

III. FABRICATED PROTOTYPE AND MEASURED RESULTS

A 12×12 prototype was constructed as depicted in Fig. 11.
The array includes 12 vertically placed and equally spaced
PCBs over the ground plane, each hosting 12 unit cell
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Fig. 12. Active elements of the 12 × 12 prototype during (a) E-, (b) H -,
and (c) D-plane measurements are shown with dark color. For D plane, only
one row is used to acquire an active element pattern, instead of the scanning
pattern of the full array.

elements. The aperture was 0.23 m2 and the ground plane
extension was 15 cm on each side from the aperture.

The Ohio State University anechoic chamber was used
for pattern measurements. The active part of the aperture
was chosen to be 8 × 12 with the longer side of the active
array aligning in the scanning plane [see Fig. 12(a) and (b)].
The measured E and H plane scanning patterns of the
array were obtained using the unit-excitation unit-excitation
active element pattern (UEAEP) method [28]. Typically,
UEAEP of each radiating element should be and combined
during postprocessing, implying 96 measurements to obtain
the radiation pattern of the array for each scanning plane.
However, as we are only interested in the E and H plane
patterns, certain unit elements have always the same
phase/amplitude when scanning in these planes. Therefore,
they can be excited by a power divider and measured together.
Specifically, when scanning in the E plane, each radiator in an
active eight-unit-element row [see Fig. 12(a)] has same phase
and amplitude for a uniformly excited array. Therefore, they
can be excited by an divider (Mini-Circuits ZN8PD1-53+).
Since there are 12 of these eight-element rows, the required
number of measurements is 12 instead of 96. The same
analysis is also true for the H plane, where the eight-element
columns [see Fig. 12(b)] replace the eight-element rows.
In this manner, we were able to create scanning plots in the
principal planes (E and H ) for any elevation angle without
a need to measure each unit-cell separately.

For the D plane, only one row along the diagonal of
the aperture was excited to obtain the element pattern
[see Fig. 12(c)]. Six elements were excited together due
to lack of a true center element in the 12 × 12 array.
The reason for combining multiple elements is that each
off-center element has different beam shapes; slightly tilted

Fig. 13. Broadside gain of the prototype. Measured values agree well with
the simulations (generated from infinite array simulations) at high frequencies.
At low frequencies, gain approaches the aperture limit of total array (12×12).

main beams from broadside and different X-pol levels depend-
ing on their location on the aperture. These differences are
less noticeable at higher frequencies, indicating that they are
due to the prototype being small in size without edge element
termination. When multiple elements are used as a single
radiator [see Fig. 12(c)], edge effects on each element are
averaged out as they are not strongly correlated. We also note
that the six-element linear subarray is aligned orthogonal to
the D plane. Therefore, it has the same radiation pattern (only
along this plane) with a single element placed at the center of
a large array.

The measured gain at broadside is depicted in Fig. 13.
As can be seen, the simulated and measured data agree
well for most of the bandwidth. At lower frequencies, the
measured gain exceeds the active aperture area limit and
reaches up to total area (12 × 12) directivity. This was
expected, since prototype antenna is electrically small at the
lower end of the frequency band. Therefore, even if the edge
elements are not excited, they still contribute to the array
radiation due to coupling from active elements. The ground
plane can also cause unintended radiation, since it extends
only a quarter wavelength (at 500 MHz) away from the
aperture and has no edge treatment. The predicted normalized
cross-polarization (X-pol) isolation was 34 dB, but measured
data was only 26 dB. This was due to the feed antenna
(ETS Lindgren 3164 Dual Polarized Horn) used during the
measurements. The polarization purity of this horn antenna is
reported to be 26 dB, limiting the X-pol measurement.
Nevertheless, the bottleneck for the performance is
the D plane. Our simulated values for the D plane
were approximately −10 dB when scanning to 60° elevation
angle. This indicates that 26-dB cross-polarization isolation
for the feed antenna was sufficient.

Figs. 14 and 15 show the measured and simulated
E and H plane patterns at different frequencies. At each
frequency, the 2-D patterns are normalized to the broadside
gain. Beamwidths and gain levels of the measured and sim-
ulated patterns are in very good agreement. As expected,
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Fig. 14. Normalized patterns along the E plane for the active array.
The array elements are phased for scan angles of 0°, 20°, 40°, 60°, and 70°.

Fig. 15. Normalized patterns along the H plane for the active array.
The array elements are phased for scan angles of 0°, 20°, 40°, 60°, and 70°.

when the array aperture is electrically small, the antenna
can only scan up to moderate angles. However, the proto-
type can scan up to 70° at higher frequencies. We observe
that sidelobes are at −13 dB for angles close to broad-
side as expected for a uniformly excited aperture; but
increases for larger angles. We also note that the main beam
broadens more than expected in the E plane at 70°. We
believe that these degradations are due to the SW being
stronger at larger scan angles. These SWs are not the
well-known dielectric-guided waves [13] and exist only in
finite arrays, due to reflections from the aperture edges [29].

Fig. 16. D plane pattern for the central row along the diagonal of the
aperture.

Fig. 17. D plane pattern across the whole scan volume and frequency range.
(a) Normailzied co-pol. (b) Normalized X-pol.

It is possible to mitigate these waves by terminating a few
elements from the edges with appropriate resistors as proposed
in [29]. But since our prototype was already small at the lower
end of the frequency band, we did not employ such edge
termination.

As mentioned before, we only measured one row of ele-
ments along the aperture diagonal to obtain the D plane pat-
tern. The measured 2-D patterns for the six-element row and
simulated values for a single unit cell are depicted in Fig. 16.
Excellent agreement is observed for co-pol gain values. How-
ever, the measured X-pol is higher predicted at the lower
end of the band, for large elevation angles. We believe that
this is due to the small ground plane. At higher frequencies,
the measured X-pol levels align with the simulated values.
The measured data across the entire frequency bandwidth
and scan volume are provided in Fig. 17. We note that the
normalized co-pol pattern indicates scanning capability up to
70° across most of the frequency range.

IV. CONCLUSION

A novel TCDA with integrated feed and FSS superstrate
was presented. The feed structure was the widely used folded
Marchand balun, but modified to facilitate wideband matching
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at large scan angles. Infinite array simulations showed that the
impedance bandwidth was more than 6:1 when scanning 75°
in the E plane and 60° in the H plane. The FSS consisted
of one conducting layer, which can be placed on the same
PCB as the radiating elements and the feed lines. No dielectric
slab was used for scan impedance compensation, implying
a simple, lightweight, and low-cost array structure. We note
that, additional circuitry for T/R modules or phase shifters
can be placed on the same PCB extending below the ground
plane, providing an extremely compact/integrated scanning
array. Of course, this is true for relatively low frequencies
(e.g., f < 10 GHz), where the vertical PCBs over metallic
platforms can be practically implemented. For millimeter-wave
applications, both the FSS layer and the feed-lines should
be modified so that the overall array can be fabricated using
multilayer planar/conformal PCBs.

A 12 × 12 prototype was designed, fabricated, and tested.
The measured radiation patterns were compared to simu-
lations. The 3 dB (compared to aperture directivity limit)
gain bandwidth of the prototype was 6.9:1 for broadside
radiation. Maximum scan angle was limited to about 50° due
to electrically small size of the prototype at lower end of the
frequency band. But ±70° scanning capability was verified
at higher frequencies, for the two principal planes and the
diagonal plane.

To our knowledge, the proposed TCDA is the first
low-profile design to achieve more than 6:1 bandwidth with
such wide scan angles (75° in E plane and 60° in H plane).
This capability was achieved without using a bulky dielectric
material over the aperture, making the proposed approach even
more attractive.
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