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Abstract—This paper presents a method to achieve high gain
(> 20 dBi) and wide bandwidth (> 55%) from a compact
antenna that is less than one wavelength tall and only 2.6λ0

in diameter at the lowest operating frequency. The antenna
comprises of an optimized single-layer superstrate, made out
of four dielectric sections, and a ground plane, which are
separated by an air cavity. The permittivity and thickness of the
dielectric sections decrease in the transverse direction. Two-step
optimization method was implemented employing a customized
full-wave optimizer to optimize the width and thickness of each
dielectric section in the superstrate, while maintaining a fixed
overall diameter of the antenna. This optimization results in an
antenna with a high gain and a large 3-dB gain bandwidth,
without compromising on antenna footprint. A prototype of the
new antenna having a superstrate with stepped thickness was
fabricated and tested. It exhibits a measured peak broadside
directivity and a peak realized gain of 20.7 dBi and 20.2 dBi,
respectively. Its measured gain-bandwidth product of 5969 and
directivity-bandwidth product of 6580 are almost three times the
best figures for resonant cavity antennas (RCAs). The total area
of the new antenna prototype is 5.3λ2

0 and its overall height
is 0.89λ0 at the lowest operating frequency. It is significantly
more compact and its directivity-bandwidth product per unit
area and aperture efficiency are significantly greater than those
of lens-based antennas. Its measured 3-dB gain bandwidth of
57% is unprecedented for high-gain short antennas, including
RCAs. Moreover, over the entire bandwidth, side-lobe levels of
the antenna are around -12 dB and -21 dB in the E- and H-planes,
respectively.

Index Terms—Resonant cavity antenna (RCA), Fabry-Perot
cavity (FPC), wide bandwidth, high gain, radiation pattern, lens.

I. INTRODUCTION

Directive antennas play an invaluable role in the rapid
deployment and robust operation of modern wireless commu-
nication networks. Although high gain can be achieved using
reflector antennas, they are bulky, have large apertures and not
suitable for some applications that require compact antennas
with sub-wavelength heights [1]–[8]. An array is another
possibility but arrays require large feed networks. RCAs have
recently gained significant research interest due to their planar
simple configuration and compactness. Unlike lens antennas,
a common RCA requires a partially reflecting superstrate
(PRS) as well as a fully-reflecting ground plane (of at least
the same area) to form a cavity in between them [9], [10].
The electromagnetic field inside the cavity undergo multiple
reflections between the PRS and the ground plane, resulting
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in spreading of the fields away from the center towards the
edges of the antenna, creating a large effective aperture and
hence a narrow beam towards broadside. Thus, their principal
operation is significantly different from lens antennas, which
uses a nearly transparent lens that refract rays to form a beam.
Main advantages of RCAs over conventional lens antennas
include low profile (height < λ0), small area and significantly
large directivity bandwidth product per unit area (DBP/A)
[11], [12]. Hence, RCAs are more suitable for space-limited
applications, whereas much taller and wider lens antennas are
more suitable when very large directivity bandwidth product
are demanded by the application. They have a huge potential in
applications such as point-to-point links, range extenders, and
machine-to-machine directive links in 5G/WiGig applications,
largely due to recent research breakthroughs that led to a large
reduction in antenna area and huge improvements in antenna
bandwidth.

Although recent breakthroughs led to a RCA with a small
footprint and an extremely large bandwidth [11]–[13], its
low directivity strictly restrains its use in several applications,
which demand high directivity around 20 dBi. For example,
a flat mono-slab superstrate with permittivity variation in
the transverse direction has demonstrated an extremely large
directivity-bandwidth of 52.9%, but its gain is limited to 15.8
dBi [12]. On the other-hand, RCAs with directivity greater
than 20 dBi have limited bandwidths less than 15%, and
their footprints, some times as large as 37λ20, are a significant
limitation for most telecommunication applications [14]–[17].
Recently, a hybrid of multi-layer RCA and a conical horn
has demonstrated a peak directivity of 19.1 dBi, with slightly
better directivity bandwidth of 26% [18]. Its area is 8.55λ20
and height is 1.5λ0 at lowest operating frequency of 10 GHz.

This paper presents an optimized compact high-directivity
antenna with a single-layer superstrate and a ground plane. It
evolved from an RCA in [12] but its measured gain-bandwidth
product is 66% greater than the best figure from all previous
RCAs. Alternatively, this antenna can be viewed as a near-flat
lens positioned very close to a ground plane of the same size,
for the purpose of reducing the size. From this perspective, it
is significantly smaller than all lens antennas and its DBP/A
is more than twice of the best figure from lens antennas.
To achieve this performance, the superstrate was constructed
using concentric sections and the dielectric constant and
thickness of the sections decrease in radial direction in steps. A
customized Speed-constrained Multi-objective Particle Swarm
Optimization (SMPSO) was employed to optimize the width
and thickness of each of the sections in the superstrate. The
combination of optimized stepped thickness and permittivity
variation leads to extremely improved radiation characteristics.
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(a) (b)

Fig. 1: Predicted broadside directivity and configuration of: (a) Superstrate I: a planar TPG with optimized section widths and
uniform thickness, and (b) Superstrate II: a TPG superstrate with optimized section widths and thicknesses. Diameter of each
superstrate is 2.6λ0 at 10 GHz. A slot coupled waveguide is used to feed the antenna cavity. The optimized parameters of the
two superstrates are given in Section II-B and II-C, respectively.

The initial goal of the optimization was to achieve a broadside
directivity greater than 20 dBi along with at least 50% 3-
dB directivity bandwidth, within a fixed antenna diameter of
2.6λ0. At each subsequent iteration, the last best selected
solution value was updated only if a higher value of directivity-
bandwidth product was found, enforcing that it should have
a minimum directivity of 20 dBi and minimum bandwidth of
50%, until a maximum number of iterations were executed.
The optimization yielded a superstrate with stepped thickness,
demonstrating a broadside directivity of 20.7 dBi, with a
remarkable 3-dB directivity bandwidth of 56% and a gain
bandwidth of 54%. The diameters of both the ground plane
and the superstrate are 2.6λ0 at the lowest operating frequency
of 10 GHz. This is contrary to the conventional approach,
where the footprint of the RCA is severely compromised to
improve its directivity [15], [16]. A prototype antenna was
fabricated and measured to validate the predictions. Pattern
measurements of the new antenna demonstrated consistently
low side-lobe levels within the operating bandwidth (around
−12 dB in E-plane and −21 dB in H-plane). This is particu-
larly important for practical applications because the usable
bandwidth of wideband antennas is mainly constrained by
increasing side-lobe levels at higher frequencies [11], [19]–
[21].

II. SUPERSTRATE DESIGN

In this section, the configurations of the two superstrates and
their optimization process are discussed. Significantly trun-
cated mono-slab superstrates with a uniform dielectric constant
have been studied in the past to achieve increased directivity-
bandwidths of 19% and a peak broadside directivity of up to
17 dBi [21], [22]. However, despite their small superstrates, a

larger ground plane is required to achieve this level of gain and
the overall compactness of an antenna is lost. The approach
presented in this paper uses a mono-slab superstrate with
transverse permittivity gradient (TPG) [12], however, contrary
to the flat Superstrate I in Fig. 1(a), the new Superstrate II
consists of four distinct sections with different permittivity
and thickness values, as shown in Fig. 1(b). While keeping
the dielectric constants restricted to commercially available
values, a two-fold optimization process was used in which the
width and the thickness of each of section were optimized,
while keeping the antenna diameter (i.e., both the superstrate
diameter and ground plane diameter) fixed to 2.6λ0, as shown
in Fig. 1. The objective of this optimization procedure was to
achieve a peak directivity greater than 20 dBi, with a large
3-dB directivity bandwidth. At the end, Superstrate II with
permittivity variation and stepped thickness demonstrated a
peak gain of 20.2 dBi, which is 4.4 dB more than that of the
RCA in [12]. Further, almost three-fold increase in directivity-
bandwidth product has been achieved (6580 verses 2309 in
[12]). The side-lobe levels (SLLs) produced by the Superstrate
II are lower than those produced by Superstrate I as well
as the recently reported wideband RCAs in both principal
planes [11], [19]–[21].

A. Optimization Approach

Particle Swarm Optimization (PSO) is a well-known opti-
mization technique, which has been used to optimize various
complex antennas in the past [23]. A detailed background
of PSO and its use in electromagnetic applications can be
found in [24]. During the optimization process, the particle’s
movement in the search space depends on particle’s velocity.
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To bound the particle’s movement, a constriction coefficient χ
can be derived in [25]:

χ =
2

2− ϕ−
√
ϕ2− 4ϕ

(1)

where

ϕ =

{
c1 + c2 if c1 + c2 > 4

1 if c1 + c2 ≤ 4
(2)

In addition to the constriction coefficient χ, the accumulated
velocity of each variable can be bounded by employing a
velocity constriction factor presented in [26]. This approach
is generally called Speed-constrained Multi-objective PSO
(SMPSO). In this method, the accumulated velocity of each
variable j (in each particle) is bounded according to:

vi,j(t) =


(Uj − Lj)/2 if vi,j(t) > (Uj − Lj)/2

−(Uj − Lj)/2 if vi,j(t) ≤ −(Uj − Lj)/2

vi,j(t) otherwise
(3)

where Uj and Lj are the upper and lower bounds respectively,
of each variable j. In our optimization, we have not used
equation (1) and (2), instead the velocity of each particle was
multiplied by the constriction factor χ of 0.001 as in [26] and
the resulting value was further constrained by using equation
(3). The role of velocity constriction equation is vital as out of
bound particle values, which can occur in classical PSO, either
become a source of resource wastage or lead to a physically
invalid design. For the case presented here, the values of c1
and c2 were fixed to 1.6 and 2.5, respectively and population
size was Ns =

√
Ds+10, where Ds is the dimension of the

particle, initially set to 12. In order to obtain a large 3-dB
directivity-bandwidth product (DBP), the objective or fitness
function F was defined as

F = G0 ∗ (fH(3dB) − fL(3dB)) (4)

where G0 is the (linear) peak directivity, and fH(3dB) and
fL(3dB) are the upper and the lower bounds of 3-dB directivity
bandwidth. During the optimization process, the best solution
was selected while insisting at least 20 dBi with at least
50% directivity bandwidth. In the next iterations, the solution
is updated if a higher value of F is found, provided that
it still meets the conditions G0 > 20 dBi and directivity-
bandwidth > 50%. In this way, the solution selected at the
end has the highest F while meeting these minimum individual
performance criteria. To optimize the superstrate, the SMPSO
algorithm has been implemented in MATLAB. It uses the
transient solver in CST Microwave Studio to carry out full-
wave analysis during the optimization cycle. Isolating the
optimization algorithm from the full-wave solver provides
significantly increased flexibility in defining and tailoring the
goal for optimization, since it allows access to the optimization
code, as opposed to built-in optimizers in most commercial
design packages. This approach results in Superstrate II shown
in Fig. 1(b), which has a predicted broadside directivity of
20.7 dBi, 3-dB directivity bandwidth of 56% and a diameter
of 2.6λ0.

B. Design of Superstrate I with Planar Configuration

The configuration and parameters of the Superstrate I with
optimized section widths are shown in Fig. 1(a). It has a
permittivity gradient in the transverse direction due to four
dielectric sections with decreasing permittivity εr1 = 10.2, εr2
= 9.2, εr3 = 6.15 and εr4 = 3.55. Since the number of dielectric
sections in the superstrate is important in manufacturing, we
first investigated the selection of the number of dielectric
sections (N ) for Superstrate I. In this investigation, dimensions
of the superstrate (i.e. diameter D = 2.6λ0 and thickness t =
0.25λ0) were fixed and N was increased from 1 to 5 using
the permittivity values of commercially available materials
(10.2, 9.2, 6.15, 3.55 and 2.53). All dielectric sections have
the same width, given by (ri = D/N ). This investigation
revealed that the superstrate with four dielectric sections (εr1
= 10.2, εr2 = 9.2, εr3 = 6.15 and εr4 = 3.55) outperformed
the rest in terms of DBP. Hence, N was set to 4 for all
subsequent investigations. To attain the maximum DBP from
Superstrate I with four dielectric sections, the dimensions of
the dielectric sections r1, r2, r3 and thickness t were optimized
using the process discussed in Section II-A, with the following
constraints:

Cr =



t = [0.1λ0, 0.4λ0] = [3 mm, 12 mm]
r1 ∈ [0.1λ0, 0.5λ0] = [3 mm, 15 mm]
r2 ∈ [0.52λ0, 0.85λ0] = [15.5 mm, 25.5 mm]
r3 ∈ [0.86λ0, 1.2λ0] = [26 mm, 36 mm]
r4 = 1.3λ0 = 39.5 mm

(5)
where Cr is the set of constraints for each iteration. The range
of the thickness t and antenna diameter 2*r4 were chosen such
that the height and diameter of the antenna are less than λ0
and 2.6λ0 respectively, to make the antenna compact and low-
profile compared to the previously reported high-gain antennas
[14]–[18]. The performance of the new antenna is compared
with previously reported RCAs and lens antennas in Section
III. The results of this optimization, i.e., the optimum thickness
and section widths, are

R0 =



t = 0.39λ0 = 11.9 mm
r1 = 0.33λ0 = 9.9 mm
r2 = 0.66λ0 = 19.8 mm
r3 = 0.98λ0 = 29.6 mm
r4 = 1.3λ0 = 39.5 mm

The broadside directivity of the new antenna with Super-
strate I is shown in Fig. 1(a). It has a peak directivity of 20.3
dBi and its 49.6% 3-dB directivity bandwidth is from 10.3
GHz to 17.1 GHz. Its 3-dB gain bandwidth is 49%, with a
peak realized gain of 20 dBi. The radiation patterns of the
new antenna with Superstrate I at eight different frequencies
over the frequency range from 11 GHz to 18 GHz are shown
in Fig. 2. In E-plane, the SLLs of this antenna rises to -5 dB
and SLL in H-plane remains around -15 dB. The degradation
of the SLL is common in extremely wideband RCAs and the
SLL in the E-plane often reaches upto -5 dB [11], [19]–[21].
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(a) (b)

Fig. 2: Computed radiation patterns of the new antenna with Superstrate I in: (a) E-plane, and (b) H-plane.

C. Design of Superstrate II with Stepped Thickness

Superstrate II with stepped thickness was designed by
optimizing the individual thickness of each superstrate sec-
tion (t1,..., t4). The main goal here was to further improve
the peak directivity and 3-dB directivity bandwidth, without
significantly compromising the superstrate profile and area.
The configuration and parameters of Superstrate II are shown
in Fig. 1(b).

The thickness of the each dielectric section in the superstrate
was optimized with the following constraints:

Ct =


t1 ∈ [0.2λ0, 0.4λ0] = [6 mm, 12 mm]
t2 ∈ [0.2λ0, 0.4λ0] = [6 mm, 12 mm]
t3 ∈ [0.2λ0, 0.4λ0] = [6 mm, 12 mm]
t4 ∈ [0.2λ0, 0.4λ0] = [6 mm, 12 mm]

(6)

where Ct is the set of constraints for each iteration. The results
of this optimization, i.e. the optimum thickness set, is

To =


t1 = 0.396λ0 = 11.90 mm
t2 = 0.373λ0 = 11.20 mm
t3 = 0.356λ0 = 10.70 mm
t4 = 0.293λ0 = 8.80 mm

The broadside directivity and realized gain of the new
antenna with Superstrate II is shown in Fig. 3. It has a peak

Fig. 3: Computed broadside directivity and realized gain with
Superstrate II. The computed VSWR of the new antenna is
also given.

directivity of 20.7 dBi and its 56% 3-dB directivity bandwidth
is from 10.4 GHz to 18.4 GHz. The antenna exhibits a 3-
dB gain bandwidth of 54% with a peak realized gain of 20.4
dBi. Fig. 3 shows small ripples (∼ 1 dB) in the broadside
directivity and realized gain of the new antenna. To investigate
the variation of gain within the 3-dB bandwidth, near-field
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(a) (b)

Fig. 4: Computed radiation patterns of the new antenna with Superstrate II, with ground plane in: (a) E-plane, and (b) H-plane.

(a) (b)

Fig. 5: Computed radiation patterns of the new antenna with Superstrate II, without ground plane in: (a) E-plane, and (b)
H-plane.
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amplitude distribution in the antenna aperture was studied.
It revealed that at certain frequencies (i.e. 14.0 GHz, 16.0
GHz, 17.2 GHz) field distribution is more uniform, which
resulted in slightly higher gain than at those frequencies at
which amplitude has a strong taper. The non-uniformity in
amplitude distribution can be attributed to the large permittiv-
ity contrast and thickness step between the adjacent sections of
the superstrate. The radiation patterns of the new antenna with
Superstrate II, taken at eight different frequencies within the
directivity-bandwidth, are shown in Fig. 4. They reveal that,
unlike Superstrate I and the other extremely wideband RCAs
in [11], [19]–[21], the SLL of the Superstrate II in E-plane are
below -10 dB even at the higher end of the bandwidth. From
Fig. 4(b), it can also be seen that the SLL in H-plane does not
exceed -19 dB. It should be noted that the Superstrate II not
only shows improvement in terms of performance but also is
lighter in weight than the Superstrate I because of its stepped
thickness configuration.

To excite the antenna cavity, a slot-coupled WR-75 waveg-
uide (feed antenna) was placed h = 16 mm away from the
Superstrate II, as shown in Fig. 1(b). The voltage standing
wave ratio (VSWR) of the new antenna with Superstrate II is
shown in Fig. 3. It can be seen that the input matching is good
(VSWR < 2), over the frequency range from 10 GHz to 18.2
GHz.

D. Effects of the Ground Plane
In order to assess the significance of the cavity formed

by the superstrate and the ground plane on the performance
of the new antenna, it was simulated without the ground
plane. Broadside directivity and VSWR of the antenna with
and without the ground plane are compared in Fig. 3. In
the absence of the ground plane, a significant drop in the
broadside directivity can be noticed especially from 10 to 15
GHz. The 3-dB directivity bandwidth decreases from 56% to
26.8%, the lower limit of bandwidth increases from 10.4 GHz
to 14 GHz and the electrical size of the antenna at the lowest
operating frequency increases from 5.3λ20 to 10.8λ20. In other
words, an ground-less antenna operating from 10.4 GHz would
have a more than twice the physical area, be approximately
40% taller and have less bandwidth. Radiation patterns of
the antenna with and without the ground plane, compared in
Fig. 4 and Fig. 5 respectively, indicate a significant rise in
back radiation (radiation into lower hemisphere, i.e. θ > 900)
without the ground plane. The backlobe level increases by
more than 9 dB across the directivity bandwidth, with the
worst case occurring at 11 GHz where it increases from -28
dB to -10.5 dB. These results show that the ground plane is
essential to make the antenna compact while achieving a large
gain-bandwidth product. The internal field distributions of the
new antenna in the y-z plane, at eight frequencies across the
directivity bandwidth, shown in Fig. 6, indicate confinement
of field in the cavity formed between the ground plane and
the superstrate.

III. MEASUREMENTS AND RESULTS

A new antenna with superstrate II was fabricated and tested.
The antenna prototype with and without the superstrate is

(a): 11 GHz (b): 12 GHz

(c): 13 GHz (d): 14 GHz

(e): 15 GHz (f): 16 GHz

(g): 17 GHz (f): 18 GHz

Fig. 6: Electric field distribution on the y-z plane at eight
frequencies within the directivity bandwidth.

TABLE I: Parameter values of the new antenna prototype with
the stepped thickness superstrate. The values of width and
thickness of dielectric sections in the superstrate are given in
mm.

Sectionn εn tan(δn) Material rn tn

1 10.2 0.0022 Duroid 6010 14.0 11.9

2 9.2 0.0022 TMM10 20.0 11.43

3 6.15 0.0022 RO3006 29.6 10.16

4 3.55 0.0022 RO4003 39.5 8.108

shown in Fig. 7. A simple slot antenna, shown in Fig. 7(a), was
used to feed the cavity between the superstrate and the ground
plane. The design parameters of the fabricated prototype are
given in Table I. A slight variations in r1, r2, t2, t3 and t4
from the optimised values is due to the use of commercially
available substrate materials. A 16 mm thick foam layer was
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(a) (b)

(c) (d)

Fig. 7: Fabricated prototype and parts: (a) ground plane and
slot coupled WR-75 waveguide feed, (b) Superstrate II placed
above the ground plane to form the new antenna, (c) side view
and (d) top view of the Superstrate II. Diameter of the ground
plane is same to that of the Superstructure and the dimensions
of the slot are Sy = 9.525mm and Sx = 14.31mm.

Fig. 8: Measured broadside directivity and realized gain of the
new antenna prototype.

used to support the superstrate above the ground plane.

A. Measured Directivity and Gain

The radiation properties of the prototype antenna were
measured in the NSI-700S-50 spherical near-field measure-
ment system at the Australian Antenna Measurement Facility
(AusAMF). The antenna gain was determined using a gain
comparison method with WR-75 and WR-51 standard horns.
Fig. 8 shows the measured boradside directivity and realized

Fig. 9: Measured S11 of the new antenna prototype.

gain of the prototype antenna. This new antenna exhibits a
measured peak directivity of 20.7 dBi with a large 3-dB
directivity bandwidth extending from 10.75 GHz to 19.0 GHz,
which is 56% at the center frequency. It also exhibits an
excellent 3-dB gain bandwidth of 57%, which extends form
10.75 GHz to 19.3 GHz, along with a peak gain of 20.2 dBi.

B. Input impedance matching

The input reflection coefficient (S11) of the new antenna
was measured using a vector network analyzer HP8720D.
The measured |S11| of the new antenna is shown in Fig. 9
together with that of the slot-type feed antenna only (without
any superstrate). It was found that, for both configurations,
|S11| is below -10 dB over the frequency range from 10.0
GHz to 18.4 GHz except for a sharp spike observed at 17.6
GHz in both results. This is possibly due to the commercially
available SMA to WR-75 waveguide transition, which was
not modeled accurately in the simulation because its internal
details are not available.

C. Radiation Pattern

The measured radiation patterns of the new antenna pro-
totype taken in the two principal planes at six different
frequencies within the directivity bandwidth are shown in
Fig. 10. These patterns confirm the directive nature of the
new antenna, with low SLLs in both planes. Although the
SLLs in the E-planes are higher than in the H-planes, their
value remains below -10 dB. On the other hand in the H-
plane, the SLLs remain close to -20 dB and reaches -16.5 dB
at 17 GHz. The new antenna with Superstrate II also exhibits
an excellent cross-polar performance, which is a requirement
in some of the applications. The measured cross-polar level
varies between -20 dB to -35 dB in the E-plane and -20 dB to
-33 dB in the H-plane, over the 3-dB directivity-bandwidth,
as shown in Fig. 10. The measured radiation efficiency of our
prototype varies with frequency between 90.3% to 99.4%. Its
average over the directivity bandwidth is 94.7%
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(a) (b) (c)

(d) (e) (f)

Fig. 10: Measured radiation patterns of the new antenna prototype with Superstrate II: (a) f = 12.6 GHz, (b) f = 13.0 GHz,
(c) f = 13.5 GHz, (d) f = 14.0 GHz, (e) f = 15.0 GHz, (f) f = 17.0 GHz.

TABLE II: Comparison of performance of the new antenna with previously published wideband and high-gain planar and lens
antennas (LAs).

Peak Bandwidth Height Footprint DBP DBP/A Peak Aperture
Directivity (per Efficiency
(dBi) (%) (λ0) (λ20) λ20) (%)

New Antenna 20.7 56.0 0.9 5.3 6580 1241 86

RCA in [12] 16.4 52.9 0.75 1.54 2309 1499 85

RCA in [17] 24.0 13.2 1.57 36.96 3315 89 57

LA in [1] 30.5 38.4 10 85.22 43086 530 74

LA in [2] 25.5 28.57 − 67.24 10137 150 53

LA in [3] 20.5 76.92 − 14.05 8623 614 44

LA in [4] 25.0 36.84 4.3 15.62 11650 745 38

LA in [5] 18.2 37.62 1.98 5.4 2485 461 71

LA in [6] 18.2 24.8 2.65 19.6 1638 83 27

LA in [7] 10 40 6.75 18.1 400 22.1 3

LA in [8] 20.5 66.66 1.67 14.05 7479 532 45

D. Comparison

It is well known that an increase in the antenna directivity is
often accompanied by a decrease in its directivity bandwidth.
Hence DBP is a very important figure of merit. To the best of
our knowledge, only one mono-slab RCA has demonstrated a
DBPs greater than 1000 [12]. The measured performance of
the RCA in [12] is compared with that of the new antenna in
Table II. The new antenna demonstrates a DBP of 6580, which

is about three times that of the antenna in [12], at a small
expense of the DBP/A. Moreover, the measured performance
of a three-layer RCA having directivity > 20 dBi is also given
in Table II. Although the RCA in [17] demonstrated a DBP
of 3315, this performance was achieved by employing 4 x 8
slot array feed and the total footprint of the RCA was 37λ20.
The DBP and DBP/A of the new antenna are about two times
and fourteen times, respectively, of those of the RCA in [17].



0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2017.2700016, IEEE
Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 9

It is also worth mentioning the new antenna demonstrates this
performance using single slot feed antenna. By compromising
the directivity-bandwidth of the new antenna, its DBP and
DBP/A can be significantly increased further close to 9000
and 1700, respectively, while maintaining the same footprint
and height of the antenna.

Also in Table II, the performance of the new antenna is com-
pared with several previously reported lens antennas. It can
be seen that its total height (0.9λ0) and the footprint (5.3λ20)
are significantly less than those of lens-based antennas [1]–
[8]. This compactness leads the new antenna to a very high
DBP/A of 1241. The lens antennas reported in [1]–[4] and
[6]–[8] demonstrate a greater DBP than the new antenna but
at the expense of height (4.3-10λ0) and large area (14-85λ20).
The large area typically leads a lens antenna to a relatively
lower DBP/A and aperture efficiency. The DBP/A of the lens
antenna in [4] is the highest among lens antennas, but its height
and footprint are about 4.7 times and 1.5 times, respectively,
of the new antenna. The comparison given in Table II reveals
that lens-based antennas can provide a higher gain or a larger
bandwidth at the expense of high profile, large footprint, low
radiation efficiency and low aperture efficiency.

IV. CONCLUSION

A high gain (> 20 dBi) and an extremely large bandwidth
(> 50%) can be achieved from an antenna by optimizing the
width and thickness of each dielectric section in a superstrate
with transverse permittivity gradient. A ground plane is es-
sential to achieve a large gain-bandwidth-product from this
type of compact antenna. The new antenna with the optimised
superstrate also demonstrates a significant reduction in SLL
in both principal planes. A measured 3-dB gain bandwidth of
57% has been achieved alongside a measured broadside direc-
tivity and a peak gain of 20.7 dBi and 20.2 dBi, respectively.
To the best of authors’ knowledge, no RCA prototype has
demonstrated such a large gain bandwidth, or a directivity-
bandwidth product of 6580. Moreover, this performance is
achieved with a small antenna area of only 5.3λ20. Low profile,
small area, wide bandwidth and high gain make this new
antenna highly suitable for space-limited applications. The
presented antenna design can be scaled to millimeter-wave
frequencies to achieve high gain and high efficiency in a
small area, without feed losses associated with millimeter-
wave arrays.
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