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ABSTRACT The scenario of using a spatially distributed antenna for miniaturized applications is presented
in this work. A model of lens antenna with a low profile, compact, and high focusing superstrate, which
exquisitely combines the conventional lens and resonant cavity superstrates, is proposed. Based on this
model, the parasitic lens superstrate is introduced with high performance and simple configuration. The
parasitic lens includes a low dielectric substrate and high resonant parasitic elements. By manipulating
the surface currents of parasitic elements concentrating at center region of superstrate, the focusing effect
is obtained. A prototype of the parasitic lens antenna was implemented with the source and parasitic
superstrate’s lateral dimensions of 0.510 x 0.51¢ and Xq X A, respectively, and the profile of 0.54A¢. The peak
gain is 10 dBi, corresponding to the enhancement of 5 dB. The measured results perspicuously demonstrate

the efficiency of the compact parasitic lens.

INDEX TERMS Antenna miniaturization, compact, gain enhancement, high focusing, parasitic lens.

I. INTRODUCTION

Due to the avalanche of 5G handset [1]-[6], wearable
[7]-[13], and implant wireless devices [14]-[19], the needs
for antenna miniaturization are increasingly extended. How-
ever, the reducing dimension of antenna causes the restriction
on its performance including bandwidth, radiation efficiency,
and especially for gain [20]-[22]. The antenna miniaturiza-
tion inherently has a narrow radiation area that broadens the
divergence of the emitted wave results of the low directiv-
ity and gain. Relatively, the gain enhancement method is
classified into two kinds, planar and spatial structures. The
planar structure such as antenna array enhances directivity by
adding more radiation elements [2], [3]. However, this tech-
nique significantly broadens the lateral size of antenna which
is restricted in some applications such as bio-implant or
highly integrated circuit. Meanwhile, the spatially distributed
antenna delicately manipulates 3D structure to enhance direc-
tivity of an excited source [17], [19]. Even though it is a
prospective approach, current works have not obtained a
significant enhancement. These works all set up parasitic
elements in reactive region of sourced antenna to reduce the

The associate editor coordinating the review of this manuscript and

approving it for publication was Yingsong Li

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

profile of structure. However, this is the main reason of the
low enhancement in comparison to the high profile antenna.

Resonant cavity and lens structures are two common
types of high gain spatially distributed antenna which all
use the superstrate to enhance the directivity of an excited
source. In the case of resonant cavity antenna (RCA),
the superstrate is configured as a partially reflecting surface
[23]-[28] while the ground of the feed source is a perfectly
reflecting surface. The gain enhancement is proportional to
the reflection between two reflecting surfaces. Consequently,
the dimension of the sourced antenna must be as large as
the superstrate, which prevents it from many applications.
Compact and high gain structures have been proposed but not
enough for miniatured applications [28]. On another hand,
the lens antenna installs the superstrate as a high focusing
lens in front of a small antenna element as a focal point
[29]-[31]. Currently, metamaterial/metasurface is a popu-
lar superstrate of the lens antenna due to its high perfor-
mance and ability of easily combining with printed antennas
[32]-[41]. The meta-lens is constituted by meta-cells which
are configured with high transmission and zero/low/gradient-
refractive-indexes or phase gradient. Meta-lens antenna
allows the sourced antenna in compact size; however,
to achieve the high gain, the superstrate is paid by large
lateral dimension [32], [35], [40], high profile [32], [39], [40],
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multilayer [32], [39]-[41], or complex structure [32], [37],
[39], [40]. The compact and high gain meta-lens antennas
have also been propounded. However, these structures present
an issue that the sourced antenna has the same lateral size with
the superstrate due to the large ground [37], [39]-[41]. This
configuration diminishes the focusing and focal behaviors
of the superstrate and feed source, respectively. In addition,
the role of ground and its interaction with the superstrate have
not been considered thoroughly.

In this work, a scenario of using the spatially distributed
structure is proposed to significantly improve the perfor-
mance of antenna miniaturization. The capability of this
scenario is discussed in two specific applications including
biomedical implant and highly integrated circuit. Based on
this scenario, a model of the spatially distributed antenna with
a compact superstrate is proposed, which manipulates the
reflecting and transmitting characteristics of the superstrate to
obtain the high focusing. The theory of field regions applied
to the small sourced antenna is the fundamental basis of
the analysis. Finally, a high gain and compact parasitic lens
antenna is introduced. The novel parasitic lens superstrate is
low profile, compact, and high focusing. The simplicity as an
inherent advantage of parasitic structure is also expressed.

Il. DESIGN ANALYSIS

A. SCENARIO OF A SPATIALLY DISTRIBUTED ANTENNA
MINIATURIZATION

In a number of applications, the lateral size is required to be
strictly restricted, but the spatial dimension is not since it is
a prerequisite for superstrate installation. However, to effec-
tively deploy a high gain spatially distributed antenna, the free
spatial dimension must be larger than the reactive range of the
sourced antenna. The feasibility of this scenario is assessed
through two applications, biomedical implant and highly inte-
grated circuit, as illustrated in Fig. 1. In bio-implant applica-
tions, the space between the implanted chip antenna and the
outer of the body facilitates the installation of a superstrate.
The range of this space is from mm to a few cm, depending on
the position of the implanted substance. Within the bounds of
the operating frequency from 10 MHz to a few GHz [42], this
range allows the setup of the superstrate outside the reactive
region of the sourced antenna. Similarly, it is possible for
setting the superstrate on the case of an electronic device to
enhance the antenna which is embedded inside the integrated
circuit. The feasibility of this structure for ultra-thin devices
such as mobile-phone can exist when the mobile frequency
lifts on the millimeter-wave band. At this band, the physical
distance between the integrated antenna and mobile case,
a few mm, can meet the electrical gap condition of the
superstrate. To accommodate this scenario, the ideal spatially
distributed antenna must satisfy the following conditions:

1) Small feeding antenna (receiving antenna in case of
receiver).

2) Compact superstrate.

3) Low or wide range of profile.
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FIGURE 1. Scenario of spatially distributed antenna miniaturizations.
(a) Bio-implant application. (b) Highly integrated circuit application.

4) High directivity (focusing) and radiation efficiency.
5) High isolation, low side-lobe and back-lobe levels.

In this work, a low profile, compact, and high focusing super-
strate takes precedence over others.

B. FIELD REGIONS OF AN ELECTRICALLY

SHORT ANTENNA

With the objectives of high focusing and low profile,
the superstrate should be confined in the radiating near-field
region of the source. However, the boundary among the field
regions of an antenna is vague, especially for an electrically
short antenna [44]. This work introduces an approach to
define the field regions of the electrically short antenna with
quasi-spherical emitted waves, as shown in Fig. 2(a). The
ranges of the reactive and radiating near fields are Ry and R»,
respectively. The range of radiating far-field is from its
boundary with the radiating near-field to the infinity. The
reactive region is approximately Ao/2m, where X is the air
wavelength emitted by the source. Meanwhile, the boundary
between the radiating near-field and far-field is determined
on basis of the angular field distribution’s dependence on the
distance from the source. In the radiating near-field, the field
distribution has a quasi-spherical waveform, but the angular
decreases far from the source. In the far-field, the field dis-
tribution has a pattern closing as a plane wave in which its
angular field distribution is independent of the distance. Due
to the broad divergence of emitted waves caused by the small
radiation area, the radiating near-field region of the short
antenna is wider than the long one. Figure 3 plots the field
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FIGURE 2. Field regions of an electrically short antenna with
quasi-spherical emitted waves: (a) Without superstrate. (b) With
superstrate.
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FIGURE 3. Plot of the field regions of a small microstrip patch antenna.

regions of a conventional square microstrip patch antenna
with its length of 1¢/2. The radiating near-field range is up to
R> ~ 3Xp which is much wider than the range calculated by
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the common formula of 2D? /Ao (Ry = Xo/2), where D is the
largest dimension of the source.

Based on this approach, the function of the lens superstrate
is recognized in another aspect. The lens superstrate typically
has a function of transforming the quasi-spherical wave of the
source into the uniform plane wave which is more directive
than the quasi-spherical wave. By observing the field regions’
aspect, the lens superstrate effectively reduces the range of
the radiating near-field region, as illustrated in Fig. 2(b).
Ideally, if the superstrate has enough low profile and perfect
transforming function, the radiating near-field region may not
exist. Reduction in radiating near-field has a considerable sig-
nificance for compact ranges in various applications such as
antenna pattern measurements, gain comparisons, boresight
measurements, radar reflectivity measurements, and the illu-
mination of animals and humans to study biological effects
of microwave radiation [44].

C. A MODEL OF LENS ANTENNA WITH COMPACT
SUPERSTRATE

As shown in Fig. 2 and 3, the field distribution near the source
has a high intensity and wide angular variation. The former
behavior allows a compact superstrate which makes a signif-
icant contribution to the far-field performance of the antenna
while the latter is a real challenge. The manipulation of many
incident waves with different angles reaching to a narrow
area is hardly efficient even with infinitesimal structures
such as metamaterials. Commonly, a meta-unit-cell is con-
figured to adapt a small range of the incident angle, and the
effectiveness is only obtained with enough number of cells.
As aresult, current meta-lens shows strong enhancement with
the high profile and large dimension, but the performance
is quickly dropped in the opposite case. On another hand,
the RCA which is made from two parallel reflecting surfaces,
the ground of the source as a perfectly reflecting surface and
the thin superstrate as a partially reflecting surface, is capable
of significantly improving the directivity of the source with
a compact microstrip superstrate. The incident waves can
pass through the cavity only when they are in resonance with
it. This effect guarantees every leaky-wave from the cavity
is obtained in phase with the source. In addition, the high
resonance of microstrip elements attracts the incident waves
to focus on themself, which reduces the range of the inci-
dent angle. This focus is repeated with the partially reflected
waves which are generated by two reflecting surfaces. As a
result, the high gain broadside radiation pattern is obtained
with the compact superstrate. Relatively, the restriction of the
RCA in comparison to the lens antenna is the large lateral
size of the source due to its ground as one of two reflecting
surfaces. However, in the case of compact superstrate as
mentioned above, establishing a part of the superstrate as a
partially reflecting surface is appreciable.

A novel model of the lens antenna with a compact super-
strate is proposed in this work, as shown in Fig. 4. The
superstrate is divided into two parts, high transmission and
reflection. The highly reflecting part at the center of the
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FIGURE 4. Proposed model of a lens antenna with a compact superstrate.

superstrate combines with the ground as a pair of reflecting
surfaces. The outside region of the superstrate is configured
as the conventional lens antenna with high transmission and
low reflection coefficients. The contribution of each region
to the antenna’s performance depends on their dimensional
relation. The reflecting region expands when the source’s size
is large, and vice versa. The gap between the source and the
superstrate is Ag/2 to satisfy the resonant condition of the
RCA. The thickness of the two substrates is much smaller
than their gap to compact design and be considered as planes.
The multi-function of proposed superstrate leads to the
need of a non-periodic microstrip structure. For the RCA,
the hybrid-parasitic superstrate has been introduced with high
gain and compact size [28]. This structure is also much
simpler than others such as frequency selective surface or
metamaterial that is valid to reduce cost and design time.
Even though the parasitic structure is a good candidate to the
compact RCA, it has not been applied for the lens antenna.

Ill. PROPOSED PARASITIC LENS ANTENNA

This work proposes a parasitic lens superstrate with objec-
tives of high gain, compact size, and simple structure,
as shown in Fig. 5. All designed component parameters are
also presented in the unit of mm. The operating frequency
is 5.8 GHz. The source is a square conventional microstrip
patch antenna with a width of 1 /2. Its narrow ground helps to
decrease the lateral size but causes a reduction in the realized
gain and an increase in the back-lobe level. The superstrate
has a width of A and is suspended in the air at hp = Ag/2. The
parasitic elements are etched on both sides of the superstrate
with one rectangular ring on the bottom and 7 hybrid elements
on top. The categorization of elements (EO, E1, E2, and E3)
and the arrangement of the hybrid structure are inherited
the RCA as in [28], but the configuration is different. Both
source and superstrate use the same substrate of Taconic
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FIGURE 5. Proposed parasitic lens antenna and its parameters (mm).

TLY with the dielectric constant of 2.2 and the thickness
of 1.2 mm (0.021¢). The aim of using low dielectric constant
substrate is to reduce the superstrate’s reflection which will
be dominantly controlled by the parasitic elements.

To explain the proposed parasitic array, the study on funda-
mental single parasitic elements is prior presented. Figure 6
illustrates Poynting vectors of two single parasitic elements,
parasitic patch and ring. Two elements have the same resonant
frequency of 5.8 GHz, but the ring is more compact than the
other. The Poynting vectors indicate that the reflection and
the self-resonance of the ring are larger than those of the
patch which has a good transmission and low reflection. Their
co-polarization radiation patterns associate the reflection and
transmission effects with the antenna’s performance, as illus-
trated in Fig. 7. The ring antenna has higher realized gain and
back-lobe level than the patch one. Especially, when the ring
is located at the bottom of the superstrate, the highest gain and
back-lobe level are presented due to the strong reflection.

The expression of basic parasitic elements essentially
explains the parasitic lens’s configuration. Two parasitic
rings, EO and E1, at the center on both sides of the superstrate
are to enhance the reflection with the source. The others
are divided into two groups, E2 and E3. These elements are
subtracted where is adjacent to the center ring, especially for
E2; two subtractions are conducted. By the subtraction, each
element is divided into two parts, ring part adjacent to the
center ring and patch one at the outside. This configuration
enhances the reflection at the center and reduces the same
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FIGURE 6. Poynting vectors of various single parasitic elements:
(a) Parasitic patch. (b) Parasitic ring.
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FIGURE 7. Radiation patterns of various single parasitic elements.

at the outside of the superstrate as the intension. The mean-
ing of this work is distinctly plotted in Fig. 8. The surface
currents of the proposed parasitic lens are concentrated at
the center of the superstrate, which is totally different from
the uniform currents of the periodic parasitic patches. The
proposed Poynting vectors illustrate strong reflection at the
center, low reflection and high transmission at the outside.
Hence, the proposed antenna shows a stronger focus than the
periodic one.

The re-distribution of the surface currents on E2 and
E3 is conducted by two essential effects, skin and proximity
effects. Due to the skin effect, the E-field tends to concentrate
at the edge of the parasitic patch, which also explains the
equivalence of the parasitic ring and patch. On another hand,
the proximity effect induces the currents to concentrate at
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FIGURE 8. Surface currents and Poynting vector expressions: (a) Periodic
parasitic patches. (b) Proposed parasitic lens.

the adjacent region between elements. Deliberately, this work
reduces the distance between the center ring and the others
to increase their proximity effect. Because the increasing
proximity effect causes the increment of the self-resonance,
the size of these parasitic components should be enlarged to
calibrate the resonant frequency. Therefore, the subtraction of
E2 and E3 not only handles the reflection and transmission
of the superstrate through the surface currents of parasitic
elements but also reduces the size of parasitic patches.

For the purpose of comparing various parasitic structures,
Figure 9 plots their realized gain versus the size of the
source. The periodic rings have high performance with the
large ground due to high reflection, but their performance is
quickly dropped with the small ground. In contrast, the peri-
odic patches have higher gain with the small source, but
lower gain with the large one. Overall, the novel parasitic lens

13

114
5
T
E= —=— Sourced antenna
S 91 —e— Periodic parasitic patches
3 —4— Periodic bottom parasitic rings
% ~—v— Periodic top parasitic rings
Q —»— Parasitic lens
x 7

5 T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0

W, (&)

FIGURE 9. Realized gain of various antenna versus lateral size of the
source.
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FIGURE 10. Quasi-spherical wave to plane wave transformation.

presents a considerable improvement in both cases, especially
for the small source. As the featured characteristic of the
lens superstrate, the conversion from quasi-spherical to plane
waves in both orthogonal planes is shown in Fig. 10. The main
difference between the proposed lens and the conventional
meta-lens could be easily realized that the emitted E-field
from the source highly focuses at the center of the superstrate.
The strong focus of parasitic lens antenna is clearly indicated
at the far-field region.

IV. RESULTS AND DISCUSSION

To validate the proposed antenna, its prototype is fabri-
cated, as shown in Fig. 11. To align with the superstrate,
the source is covered by an aligning structure that does not
affect the antenna’s performance. Measurements of reflection
coefficient and radiation pattern are conducted, as shown
in Fig. 12. The reflection coefficient S is measured by using
HP 8719D vector network analyzer with covering frequencies
from 50 MHz to 13.5 GHz. The radiation characteristics are
measured in the microwave anechoic chamber with the range
from 600 MHz to 6 GHz. The prototype is placed in the
far-field of transmitting antenna and mounted on a position
that can be freely rotated. To measure the radiation pattern
as a function of angle, the prototype is rotated so that the
transmitting antenna illuminates the prototype from different
angles.

The measured reflection coefficient and realized gain ver-
sus the operating frequency are shown in Fig. 13. Due to the
location near the reactive region of the source and the high
reflection from the center of the superstrate, the impedance
of the source is influenced, which increases its resonant fre-
quency. Furthermore, the soldering in the fabrication causes
the shift-up of the source’s resonant frequency. Consequently,
the resonances of the source in simulation and measurement
are 5.9 GHz and 5.95 GHz, respectively. Because of this
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FIGURE 12. Measurements setup: (a) Reflection coefficient. (b) Radiation
pattern.

shift-up, the lens antenna resonance also moves from 5.8 GHz
in simulation to 5.87 GHz in measurement. The simulated and
measured realized gain of the proposed antenna is 10.6 dBi
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at 5.8 GHz in simulation and 10 dBi at 5.87 GHz in measure-
ment. In both cases, the gain enhancements are 5 dB. The
peak gains at 5.87 GHz with the co-polarization radiation
pattern in two principal planes (¢ = 0° and ¢ = 90°)
are plotted in Fig. 14. The corresponding 3D radiation pat-
tern measurement is shown in Fig. 15. The lens antenna’s
beamwidth is much smaller than the source’s due to the
high focusing effect. The side-lobe level is almost neglected;
however, due to the small ground and the high reflection from
the center of the superstrate, the back-lobe level is quite high,
approximately 12 dB. Nevertheless, this parameter can be
improved by the trade-off with the realized gain or using other
substrates with the high dielectric constant to enlarge the area
of the ground.

The contribution of this work is demonstrated by a compar-
ison table which summarizes current works of high gain spa-
tially distributed antennas, as listed in Table 1. The proposed
antenna achieves a good gain enhancement with compactness
and simplicity. In comparison with the RCA, the small source
of the proposed antenna exhibits as the most advantage that
allows it to adapt various miniatured applications. In addition,
compared to the meta-lens antenna, the proposed antenna
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possesses the parasitic lens which displays as a low profile,
simpler and more compact structure than the meta-lens. Sim-
plicity, with only single superstrate and eight microstrip ele-
ments, is the most outstanding characteristic of the parasitic
lens which remarkably reduces the cost and design time.
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TABLE 1. Comparison with a few recently proposed RCA and meta-lens antennas.

Year/Ref Dimension Gain Superstrate
° Feed source(A\g X A\g)  Superstrate(Ag X Ag)  Profile(A\g)  Peak gain (dBi) = Enhancement(dB) Type Number of layers/cells
2015 [24] 1.93 x 1.93 1.93 x 1.93 0.63 13.80 5.30 RCA/HDS 1/0
2017 [25] 2.75 x 2.75 2.75 x 2.75 0.56 16.00 8.20 RCA/HDS 1/0
2017 [26] 2.21 x 2.21 2.21 x 2.21 0.58 16.35 12.50 RCA/MM 125
2019 [27] 1.95 x 1.95 1.95 x 1.95 0.58 15.75 N/A RCA/FSS 1/99
2019 [28] 1.35 x 1.35 1.35 x 1.35 0.63 15.80 4.50 RCA/HPR 177
2015 [32] 0.40 x 0.40 4.34 x 4.34 1.80 18.50 11.6 Meta-lens 4/169
2019 [35] 2.93 x 2.93 3.30 x 3.30 0.55 18.60 11.00 Meta-lens 1/76
2016 [37] 1.00 x 1.00 1.00 x 1.00 0.50 10.70 5.50 Meta-lens 1/256
2018 [39] 1.54 x 1.54 1.54 x 1.54 0.83 14.50 5.00 Meta-lens 2/120
2019 [40] 4.42 x 4.42 4.42 x 4.42 1.10 19.40 11.30 Meta-lens 4/676
2019 [41] 1.80 x 1.80 1.80 x 1.80 0.56 15.49 10.70 Meta-lens 3/48
This work 0.50 x 0.50 1.00 x 1.00 0.54 10.00 5.00 Parasitic-lens 1/8
Ao Air wavelength N/A: Not available HDS: Homogeneous dielectric superstrate
FSS: Frequency selective surface MM slab: Metamaterial slab. HPR: Hybrid parasitic ring
V. CONCLUSION [5] M. Aboualalaa, I. Mansour, H. Elsadek, A. B. Abdel-Rahman, A. Allam,

This work presents a scenario of using spatially distributed
antenna miniaturization in various applications, i.e., biomed-
ical implant and highly integrated circuit. Low profile,
compact, and high focusing superstrate is defined for this
scenario. Based on the analysis of the small source’s field
regions, a model of high gain spatially distributed antenna
with a compact superstrate is proposed. The model is a
sophisticated combination of two popular superstrates, partial
reflection and lens. The parasitic lens is then introduced as
a high focusing, simple, low profile, and compact structure.
By manipulating the surface currents of parasitic elements,
the novel lens has a strong reflection at the central region,
strong transmission and weak reflection at the outside. In con-
sequence, the high focusing lens is obtained as the intention of
the proposed model. A prototype of the parasitic lens antenna
was implemented. The lateral dimensions of the source and
the superstrate are 0.5A¢ x0.5A0 and 1o x Ao, respectively. The
profile (center to center distance) of the antenna is 0.54A¢.
The peak gain is 10 dBi, corresponding to the enhancement
of 5 dB. A comparison of the proposed antenna’s performance
with the designs’ in the literature is illustrated to prove the
contribution of this work. Compactness and simplicity are
two outstanding features of the parasitic lens in comparison
to the conventional meta-lens.
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