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Abstract: The authors report the design of an ultra-wideband (UWB), dual-polarised, tightly coupled dipole array (TCDA) with
an integrated balun for wide-angle scanning. A dual-pol dipole design enables massive bandwidth, large scanning volume, and
high polarisation purity, concurrently. To achieve wide-angle impedance matching without exciting surface waves, two types of
superstrates are evaluated on a finite array: (i) dielectric superstrate and (ii) novel planar frequency-selective surface (FSS). The
latter architecture is capable of scanning 70° in E-plane and 65° in H-plane and shows, on average, 5° scanning improvement to
the former. The impedance bandwidth is 5.25:1 (0.8—4.2 GHz) at the broadside (voltage standing wave ratio (VSWR)<2). The
bandwidth reduces to 4.3:1 (0.9-3.9 GHz) when the maximum scanning angle or 6,5 increases to 65° for the H-plane and 70°
for the E-plane (VSWR < 3.2). The proposed array is a great candidate for wide-angle wideband scanning applications covering

the entire L and S bands.

1 Introduction

Ultra-wideband (UWB) antennas and arrays are essential for high
data-rate communications, autonomous vehicles, and remote
sensing. Novel approaches such as the advanced multifunction RF
concept [1, 2] employ wideband apertures to reduce the number of
antennas and RF/digital hardware for communication and radar
applications. If wideband antenna arrays are capable of providing
wide-angle scanning simultaneously with dual polarisation, they
become significantly more attractive for a varied range of
applications.

Tapered slot antennas, also known as Vivaldi(s), are among the
oldest and most popular wideband antenna elements [3-5].
Similarly, arrays of Vivaldi are attractive due to their large
bandwidth and scan volume. Several variations of Vivaldi arrays
have been reported to address bandwidth, modularity, power
handling, and scanning [6-8]. However, since these arrays are
typically formed by long vertically tapered conductors, they suffer
from undesired radiation and reduced polarisation purity while
scanning. Low-profile versions of Vivaldi antenna (e.g. balanced
antipodal Vivaldi antenna or BAVA) have been shown to achieve
better polarisation purity with impedance bandwidths up to 10:1
[9]. However, the BAVA architecture suffers from low efficiency
while scanning, even for moderate scan angles (e.g. 45° from
broadside).

Tightly coupled arrays are low-profile alternatives with high
polarisation purity and excellent scanning [10]. Different designs
with integrated feed focus on impedance bandwidth [11],
modularity, and scalability [12]. However, most of these
approaches are limited to <60° scan angle due to resistive losses
[13] and surface waves [14].

In this paper, for the first time, we present a wideband dual-
polarised tightly coupled dipole array (TCDA) that operates free of
surface waves for scan angles up to 70°. A major challenge in
designing dual-pol arrays (compared to single-pol) is maintaining
low cross-polarisation (high polarisation purity or isolation) while
preserving large bandwidth and scanning volume. This is quite
challenging as the structure will have large overlaps with close
proximity between feeding points with each linear polarisation. In
summary, the proposed design exhibits the following unique
features:
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» Novel aperture design with overlapping dipoles providing dual-
pol operation when compared with single-pol in the previous
work [11, 15].

* The new design has the advantage of high polarisation purity
when compared with our previous FSS-based single-pol designs
[16, 17].

» Scanning capability of 65° in E- and H-planes when compared
with <60° [18] with two linear polarisation. Specifically,
superior scanning capability is 70° in E-plane.

* FSS planar superstrate layer using anisotropic material when
compared with dielectric slab previously reported [19]. As a
result, scanning performance is improved.

* A lossy and bulky Wilkinson power divider is removed in our
design. The new architecture has the advantage of not using split
unit cell of [19].

* Planar structure suitable for low-profile applications.

¢ Ultra-wide bandwidth covering 0.9-3.9 GHz (4.3:1).

The paper is organised as follows: Section 2 presents the
geometry of the proposed design. Section 3 discusses coupling
between feed lines and orthogonally polarised radiating elements
which affect the overall bandwidth. Section 4 presents the full-
wave simulation results, displaying the performance of the
optimised array in terms of bandwidth, scanning, and polarisation
isolation. In addition, a novel FSS superstrate is introduced in
Section 5 showing improvement to the scanning performance.
Finally, our conclusions are presented in Section 6.

2 Antenna geometry

The design of UWB and scanning arrays imposes several
challenges. The bandwidth of connected dipole arrays significantly
degrades when a backing reflector is used as a ground plane. This
conductor acts as a shunt inductor at low frequencies. As the
frequency declines, it dominates and shorts out the array causing
impedance mismatch [20]. To mitigate the loading of ground at low
frequencies, capacitive gaps are introduced between neighbouring
dipoles along the FE-plane. This capacitance compensates the
inductive loading of the ground plane and provides better
impedance matching, resulting in increased bandwidth. This is the
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Fig. 1 8 x 8 Dual-polarised TCDA (left) and its unit cell (right)

a

Fig. 2 Major components of the unit cell of dual-polarised TCDA
(a) Marchand balun (short stub), (b) Marchand balun (open stub), (¢) Dipoles

main notion behind designing incredibly low-profile arrays by
using capacitive coupling, as proposed by Munk et al. [10]. A
major drawback of this approach is the need for a balanced feed
(i.e. baluns) for the dipoles which adds to the total weight height,
and volume of the antenna structure if external wideband baluns
are used.

The dual-polarised 8 x 8 TCDA and the corresponding unit cell
are shown in Fig. 1. The radiating dipoles are placed on a PCB
(RO4003C laminate with ¢,=3.55 and tand=0.0021) with two
copper layers, oriented parallel to the ground plane (shown in
Fig. 2a). The thickness of the dielectric layer is 20 mil and detailed
design of the overlapping dipoles is shown in Fig. 3. As shown
here, two orthogonal dipoles form the horizontal and vertical
polarisations. At the intersection of these two dipoles, however, the
second metal layer is designed providing overlap and capacitive
coupling between dipoles in each polarisation. This unique
architecture provides UWB operation while maintains low cross-
pol and large scanning volume.

Furthermore, the feeding structure is formed by a folded
Marchand balun [21] implemented on two vertically oriented PCBs
(RT/duroid 5880 laminate with e, =2.2 and tand = 0.001) with three
copper layers. The dielectric layer and bonding layer thickness are
29 and 4 mil, respectively. As seen in Fig. 4, portions of the
Marchand balun are perforated with square slots resulting in an
increase in the achievable characteristic impedance (Z;) of the
input line, in a manner similar to [16, 17]. In our first design, a
low-permittivity dielectric slab (ECCOSTOCK-LoK with ¢,=1.7
and tand =0.004) was used as a superstrate to ensure a large scan
range free of surface waves. The substrate of the array does not
include a thick dielectric loading. This feature helped to increase
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the onset frequency of surface waves (out of the scan range and
bandwidth of interest).

The proposed array was required to operate across 1-4 GHz
with a minimum scan angle of 65° in the principle (£ and H)
planes. The design parameters were substrate and superstrate
height (Agup, fsup), reactive loading of the shorted stub (Wgp, Lgn,
Hygp,), open stub (W, Lop), and the capacitive coupling (Heouple)
between dipoles. We note that the dipole width (#4) was not used
in the optimisation loop. As is well known, wider dipoles provide
better bandwidth, but degrade polarisation purity, especially while
scanning. Therefore, we chose Wy as 0.15d.q);, Where di) is the
size of the square-shape unit cell as shown in Figs. 1 and 3. Other
parameters listed above are tuned to improve the impedance
matching performance. The dielectric constant of the superstrate
slab was kept constant during optimisation. The chosen material is
a low-loss foam and can be used up to 10 GHz. These choices
assure that the array can be fabricated with commercially available
components at a reasonable cost. However, fabrication and testing
of the array was not pursued in this work.

3 Reduction in cross-polarisation

In this section, the effects of coupling between cross-polarised
elements and the resulting resonant common modes are discussed.
Advanced Design Systems (Keysight Technologies) were used for
initial design of the feed structure, ANSYS-HFSS was later on
used for full-wave unit-cell simulation. In addition, 8 x 8 finite
array simulation is using time-domain CST Design Studio. For
simplicity, the input lines (Z;—Zs) inside the Marchand balun were
removed and the array was simulated using 200 Q gap sources,
placed at the dipole inputs (see Fig. 3). The electrical current
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density at common mode resonance frequency (f;s = 0.821 GHz) is

compared to a non-resonant case (0.850 GHz) in Fig. 5. At
resonance, high magnitudes of current are flowing through both
active and terminated dipoles and baluns as shown in Fig. 55. On

TOP PCB
Top view

Fig. 3 Top view of the unit cell containing the radiating elements with
overlapping dipoles

the non-resonant structure, current density is much weaker and
mostly confined to the active element (Fig. 5a). This indicates the
common mode resonance is due to the coupling between the
orthogonal dipoles and feed lines.

We acknowledge that even though the Marchand baluns were
designed to provide differential current to the dipoles, they mostly
carry common modes at f;.s. These common mode currents on the
active and passive baluns are in opposite directions. This indicates
that the two orthogonally polarised dipoles with the baluns
construct a resonating loop. Moreover, it verifies that the resonance
is due to the coupling between cross-polarised dipoles and feeds.

To examine the parameters that affect f,;, we computed the
port-to-port coupling (Sj;) between the feeds of orthogonally
polarised dipoles. This was done as a function of frequency and for
different geometrical parameters: Hyy,, Lgp, Agyp (see Figs. 1-4). For
simplicity, the superstrate and the PCB substrates were removed
during this parametric study. The resulting S, data for Ly, =2.5
cm, hgyp=3.5 cm, Hy, =0.7 cm, and de; =3.45 cm (unless stated
otherwise) is depicted in Fig. 6. From this figure, we observe that
decreasing the balun width, H,, and increasing the ground plane
height, Ag,p, lowers fres.

The shorted stub length, Lg,, has no significant effect on fres.
This observation further verifies that the resonating currents flow
on the dipoles and through the outer edges of the baluns to form a
loop, rather than passing through the shorted stub. Smaller
frequency steps in Fig. 6 would actually indicate higher S}, values
at the spikes. However, we were only interested at the value of fie
and not the exact magnitude of coupling. Using Ludwig's third
definition [22], the far-field cross-polarisation purity around fe is
computed and depicted in Fig. 6d. We observe that the cross-
polarised radiation can be as high as the co-polarisation (at 45° in
D-plane). This is because, at the resonance, the radiating element is
a loop formed by the orthogonal dipoles and the feed lines.

A similar loop resonance was reported in [12] due to
unbalanced feeding of the crossed dipoles with via pins. As noted

Side View

8r=l.;:‘|‘—‘ ,—| ] H|J I '

T\ | - —

I | ™
- 11

Z5

Fig. 4 Detailed geometry of the feeding baluns and input lines with three copper layers. The input lines are formed by five-stage impedance transformer (Z;,

Z) ... Zs). Z is implemented as microstrip with perforated ground plane and Zy—Zs is implemented as stripline
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Fig. 5 Electrical current distribution inside the unit cell when only one polarisation is active
(a) Current distribution at non-resonance, (b) Current distribution at common mode resonance
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Fig. 6 S;) versus frequency, as the unit-cell parameters are varied

(a) S versus balun width, (b) S12 versus ground plane height, (¢) S12 versus shorted stub length, (d) Normalised cross-polarised radiation for Agyp =3.5 cm, Hgy =0.7 cm, Lgh =

2.3 cm. The common mode resonances can be observed as sharp increases in S17 and cross-polarised radiation

Table 1 Optimised design parameters for unit cell

Parameter Value Parameter Value Parameter Value
hsup 15 mm Lop 15 mm Z4 92Q
hsub 30 mm Wop 0.25 mm Zs5 58 Q
& 17 Wy 5.2 mm Eq 38°
Lsh 23 mm Heouple 2 mm Eo 39°
Wanh 2mm 74 140 Q E3 9.4°
Hsh 9mm Zo 98 Q Ey 9.9°
deell 35 mm Z3 64 Q Es 40°

here, even balanced feeds (Marchand balun) cannot avoid this loop
resonance. This is an important distinction that is typically not
discussed in array designs. A loop resonance, despite using a high-
quality differential feed, indicates that the excitation of this type of
common mode is associated with the geometry of the unit cell
rather than the quality of the individual feeding elements. As
reported by Holland and Vouvakis [12], one can estimate the
resonance frequency (fres) of the common mode via the expression

C

Sres = 1
e = 3 Jeet Qeloens + Hpy — Hy) M

Here, e.r represents the effective dielectric constant for the
resonant path. Of course, . is close to unity when the substrate of
the array is air. Equation (1) provides a simple way to approximate
the resonance frequency and sets a limit at the low end of the
operational bandwidth. We emphasise that the resonance frequency
also depends on the coupling, Hcoyple, between dipoles. However,
Heouple 18 @ design parameter and not available at the beginning of
optimisation process. Therefore, (1) should be used only as a
coarse guide before optimisation of the array geometry.

4 Performance of the optimised array using
dielectric superstrate

The array design parameters (Wgh, Lshs Hsh, Wops Lops Heouple) Were
first optimised with ideal gap sources (200 Q). Next, a five-stage
impedance transformer was designed to match the 200 Q input
impedance of the balun down to 50 Q of a standard connector
placed below the ground plane. To do this, we employed a five-

stage transmission line matching network as shown in Fig. 4. The
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impedance and electrical length of each stage are denoted by Z; and
E;, respectively. Since the dipole input impedance is moderately
high (200 Q for wideband operation), for a practical stripline or
microstrip, we perforated the ground plane of the transmission line
for the first stage (Z;, E;). This approach is similar to [19] and
makes it possible to fabricate a stripline with such high
characteristic impedance (Z; =140 Q) without exceeding standard
PCB fabrication limits (e.g. 4 mil minimum copper line width).
Detailed design parameters of the finalised unit cell are provided in
Table 1.

Assuming a standard 50 Q source at the end of the five-stage
transformer, simulated voltage standing wave ratio (VSWR) for
different scan angles are plotted in Figs. 7 and 8, respectively.
Fig. 7 shows that the bandwidth for broadside is 5.25:1 (0.8-4.2
GHz) in case that VSWR is <2, while the bandwidth is 0.9-4.1
GHz (VSWR<3) for 45° active scanning. As can be seen in Fig. 8,
the array can scan to 65° along the E-plane and 60° along the H-
plane with 0.9-3.9 GHz bandwidth (VSWR<3.2).

The port-to-port coupling between orthogonal elements is
depicted in Fig. 9 when scanning along the D-plane. It is observed
that the coupling is less than —17 and —10 dB for 45° and 60°,
respectively. Furthermore, we chose D-plane as the port-to-port
coupling is expected to be significantly larger than E- and H-
planes. The normalised cross-polarised radiation is illustrated in
Fig. 10 and is less than —20 and —17 dB for 45° and 60°,
respectively. As well known for these type of dipole arrays, the
cross-polarisation radiation and coupling performance is much
better for the broadside and principle planes (less than —30 dB for
our case). Therefore, when compared with the broadside and
principle planes, only the D-plane results are shown in Figs. 9 and
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Fig. 7 VSWR of the optimised array showing that 6 = 45° for the principle planes covering the entire 0.8—4.2 GHz band
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Fig. 8 VSWR of the optimised array showing that 6 = 60° for the principle planes covering the entire 0.9-3.9 GHz band
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Fig. 9 Coupling values between input ports of the orthogonally polarised dipoles when scanning in D-plane

The simulated broadside realised gain is presented in Fig. 11.
As can be seen, the simulated pattern agrees well with the
theoretical gain calculation. Figs. 12 and 13 show the simulated E-
and H-plane realised gain pattern at different frequencies from 1 to
4 GHz with step size of 1 GHz. The unit-cell size is designed based
on highest frequency; therefore, the finite array can scan up to a
limited angle. As expected, at the lower end of the band, the 8 x 8
array is electrically small. While the maximum scanning angle is
determined at the highest frequency, as can be seen at 4 GHz, the
maximum scanning angle is 65° at E-plane and 60° at H-plane. It is
observed that the first sidelobe has the magnitude of —12 dB with
respect to broadside beam.

IET Microw. Antennas Propag., 2019, Vol. 13 Iss. 3, pp. 313-321
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5 Performance of the optimised array using FSS
superstrate

For the array proposed in Section 4, the overall impedance
bandwidth is 4.3:1 (0.9-3.9 GHz) when using 60° as scanning
volume. As discussed in Section 3, the lower frequency limit is
determined by the loop resonance. The upper limit is simply set by
the electrical size of the unit cell which is 35 mm or 0.471 at 4 GHz
(highest frequency). The highest frequency (4 GHz) of operation is
slightly smaller than the grating lobe frequency (4.4 GHz for 70°).
The reason is that the higher order modes begin to dominate near
the grating lobe frequency and it becomes quite difficult to
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Fig. 11 Broadside realised gain of the 8 x 8 antenna array showing that simulation agree well with the theoretical calculation
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Fig. 12 Realised gain patterns along the E-plane for the 8 x 8 array showing that the maximum scanning angle is 65° (four frequencies are illustrated). The
adjacent array elements are phased for scanning angles of 0°, 30°, and 65°

simultaneously impedance match the array across the entire scan To improve scanning volume, an FSS superstrate is used, as
range of interest. shown in Fig. 13. Unlike dielectric superstrate, FSS superstrate is
318 IET Microw. Antennas Propag., 2019, Vol. 13 Iss. 3, pp. 313-321

© The Institution of Engineering and Technology 2018



f=1 GHz

-
o

N
o

Realized Gain (dB)
o

/

-90 -60 -30 0 30 60
0 (Deg)
=3 GHz

N
o

-
o o

Realized Gain (dB)
3

90 -60 -30 0 30 60
0 (Deg)

f=2 GHz

N
o

=N
o

N
o

Realized Gain (dB)
o

9 60 -30 0 30 60 90
0 (Deg)
f=4 GHz

= : . : :

T 20 60° |

= |

©

é 10 |

® 0 '

N

3 -10

4

90 -60 -30 O 30 60 90
0 (Deg)

Fig. 13 Realised gain patterns along the H-plane for the 8 x 8 array showing that the maximum scanning angle is 60° (four frequencies are illustrated). The

adjacent array elements are phased for scanning angles of 0°, 30°, and 60°

Fig. 14 8 x 8 Dual-polarised TCDA using FSS superstrate(left) and its unit cell (right)

anisotropic with different response to TE and TM waves. As can
been seen, it consists of two PCB layers (RT/duroid 5880 laminate
with ,=2.2 and tand =0.001) and 5 X 5 embedded patch elements.
The dielectric layer and bonding layer thickness are 125 and 10
mil, respectively. The variables are df, for patch size, gg for
element spacing, and /g, for superstrate height (shown in Fig. 14).
To satisfy impedance matching for E- and H-plane scanning, the
specific values are: dgs= 3.5 mm, ggs=7.5 mm, and hgy, =7.375
mm.

As can be seen from Fig. 15, the array with FSS superstrate can
scan up to 70° along the E-plane and 65° along the H-plane with
0.9-3.9 GHz bandwidth (VSWR<3.2). Figs. 16 and 17 show the
simulated E- and H-plane realised gain pattern at different
frequencies from 1 to 4 GHz with 1 GHz as step size. In
comparison with dielectric superstrate, it is improved from 65° to
70° at E-plane, from 60° to 65° at H-plane. This improvement is
the result of anisotropic dielectric behaviour of the FSS. We note
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that we are operating FSS at frequency well below its resonance
frequency (i.e. acting as a capacitive layer). As can be seen, the
first sidelobe has the magnitude of —12 dB compared to broadside
beam. Consequently, the proposed 8x8 array using FSS
superstrate can provide 0.9-3.9 GHz bandwidth with VSWR<3.2
when scanning 70° at E-plane, 65° at H-plane.

6 Discussion and conclusions

In this paper, we presented two versions of UWB dual-polarised
TCDAs with large scanning volume. For a dual-pol antenna,
impedance bandwidth limitation is due to coupling between the
orthogonal elements, resulting in a low-frequency resonance [12].
To suppress the modes of this resonance, we examined port-to-port
coupling by optimising the design parameters of superstrate height,
reactive loading, and capacitive coupling.

For the first design, dielectric superstrate was used to enhance
the scanning volume free of surface waves. The impedance
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Fig. 16 Realised gain patterns along the E-plane for the 8 x 8 array showing that the maximum scanning angle is 70° (four frequencies are illustrated). The

adjacent array elements are phased for scanning angles of 0°, 30°, and 70°

bandwidth (VSWR < 2) for broadside was 5.25:1 but was reduced
to 4.3:1 when scanning to 60°. The maximum scan angles were 60°
for H-plane and 65° for E-plane.

In order to achieve a larger scanning volume, the novel planar
FSS superstrate was designed to push surface waves to higher
frequency. Compared with dielectric superstrate, the FSS
superstrate acted as an anisotropic and extra matching layer that
enhanced scanning. Consequently, the maximum scanning angles
were 65° for H-plane and 70° for E-plane. The impedance
bandwidth (VSWR < 3.2) was 4.3:1 when scanning to 65°.
Therefore, the FSS superstrate improved the scanning by 5° when
compared with the dielectric superstrate. We note that this
improvement is the result of FSS anisotropic dielectric layer
operating below its resonance frequency.

To improve bandwidth at the lower frequency end, a feeding
structure/balun with a smaller footprint (Hg,) can be used, as
suggested by Fig. 6a results. Another option is to use dielectric
loading in the substrate layer of the array. This can increase the
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electrical length of the resonant path, and therefore, decrease the
common mode frequency. Consequently, wider bandwidth can be
achieved. However, a thicker substrate would also result in a thick
dielectric slab (hgyp + hsyp) over the ground plane, causing earlier
onset of surface waves and limiting the scan range. For bandwidth
improvement at the higher frequency bands, the height of the
superstrate material can be reduced. This way, the onset of surface
waves can be pushed to higher frequencies and larger scan angles.
Since we already achieved the required bandwidth and scan range,
we did not pursue these improvements.

The designed FSS array achieved wide scanning impedance
match without excitation of surface waves. The latter design was
capable of scanning 70° in E£-plane and 65° in H-plane, showing 5°
scanning improvement to dielectric superstrate. In addition, the
impedance bandwidth was 5:25:1 (0.8—4.2 GHz) at the broadside
(VSWR<2) and it was reduced to 4.3:1 (0.9-3.9 GHz) for the
maximum scanning angle (VSWR<3.2). Although, achieved at the
expense of a more complex superstrate structure, the FSS
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Fig. 17 Realised gain patterns along the H-plane for the 8 x 8 array showing that the maximum scanning angle is 65° (four frequencies are illustrated). The

adjacent array elements are phased for scanning angles of 0°, 30°, and 65°

superstrate and antenna array can be simultaneously fabricated
using PCB technology.

For validation of the design, we have previously shown in [16,
17] that the measured patterns have a good agreement with full-
wave simulation of a finite array. Although fabrication and
measurement was not the scope of this work, simulated pattern of
the finite array presented in Figs. 12, 13, 16, and 17 serve as an
initial verification and proof of concept.
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