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Abstract — A high gain, low cost and easy to
fabricate millimeter-wave (MMW) antenna is
presented. To focus the radiation into a very thin
main beam, a concept based on employing a
cylindrical air cavity with a convex front-end
linking a microstrip patch radiator and a transparent
dielectric lens is introduced. This principle is
applied to enhance the coupling between the patch
antenna and dielectric lens at 60 GHz. The design
shows very directive and stable radiation patterns in
both the E and H-planes. The proposed antenna
exhibits a measured gain of 20 dB over the ISM-
band, as well as high radiation efficiency (greater
than 90%). The performance of the proposed
antenna makes it a promising solution for various
MMW applications, including short distance
wireless communications and MMW imaging.

Index Terms — Dielectric lens, high gain,
millimeter-wave antenna, unlicensed 60 GHz band.

I. INTRODUCTION

Due to the increasing demand for high data rate
wireless communications, there has been
considerable interest in the development of
prototype systems for the 60 GHz unlicensed band.
This band is free of charge and utilized in industrial,
scientific and medical (ISM) applications.
However, due to the resonance of the oxygen
molecule absorption in the air, the attenuation loss
at 60 GHz exceeds 13 dB/km [1]. This attenuation
may limit wireless communication system’s
transmission range capability.

Recently, integrated lens antennas have been
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used successfully in millimeter and sub-millimeter
wave applications, such as mm-wave imaging
systems [6], traffic collision avoidance devices [7],
radio astronomy [8], and satellite communications
[9]. A lens works as a focusing system when fed by
conventional elements, such as horns, waveguides
or microstrip antenna. The lens antenna is thus a
technique which can be implemented to increase
the antenna gain by focusing the radiated energy
[10,11]. Furthermore, there are alternative
techniques for increasing the gain of an antenna
[2,3.,4,5], such as the leaky wave antenna presented
as a hybrid microstrip antenna array [12] proposed
to operate at MMW antenna. A discrete lens
antenna is employed as linear and circular
polarization transmit-arrays operating at 60GHz
with an average gain of 20 dB presented in [13].
This antenna achieves a power efficiency of 50-
61%, which is low compared for example to feed
horn antennas. This drawback in efficiency is due
to loss associated with discrete lens.

Various lens shapes for antenna applications
have been investigated over the years. For instance,
spherical, elliptical and extended hemispherical
profiles are integrated with planar substrates,
[11,12,14,21,22]. Lens designs are governed by
geometrical optics (GO) laws [23]. A cylindrical air
cavity integrated with a lens antenna operating at 28
GHz was introduced in 2012 [15]. It has a reduced
lens size, although the flat end of this air cavity is
less efficient in reducing internal reflections. In
addition, from a fabrication point of view, certain
lens shapes, such as hyper hemispherical or
elliptical lenses, are more challenging and the
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complexity of the fabrication procedure increases
the cost.

High attenuation loss associated with
millimeter-wave (MMW) propagation could be
compensated for using high-gain antennas such as
large-aperture antennas and array structures [20].
However, in MMW applications lens antennas are
preferred for their small size and for the ease with
which they can be mounted on and integrated with
circuits and devices [7,8,22]. In addition, dielectric
lenses have highly directive antenna patterns and
thermal stability, and are compatible with
suppressing surface-wave losses and capable of
multiple-beam feeding. Furthermore, lens antennas
have wideband capabilities depending on the
feeding antenna’s bandwidth.

In this paper, the proposed antenna consists of
a full spherical dielectric lens, which is usually
inexpensive and easier to manufacture than hyper
hemispherical and elliptical lenses. The dielectric
spherical lens is fed by a single element, a circular
patch antenna, and supported by a cylindrical air
cavity. To our best of knowledge, this work is the
first one investigating the effect of a convex-shaped
lens mounted on the top side of the air cavity as a
key design parameter of the proposed antenna. This
convex shape collimates the beam in order to obtain
a more concentrated radiation from the patch
antenna compared to those from an extended
hemispherical lens with or without an air cavity
[15]. Thus, the proposed design with a cylindrical
air cavity increases the pencil beam directivity,
enhances the antenna radiation characteristic, and
improves antenna efficiency.

The proposed antenna achieved 20 dB gain
while maintaining high efficiency by utilizing only
one radiated element. Using arrays to increase the
gain has a drawback in the overall antenna
efficiency due to the losses caused by the feeding
network [13]. In general, 60 GHz antennas are
proposed for short range wireless applications [18].
For instance, this frequency band offers the
opportunity of developing new industrial
applications; short-range radar, high-resolution
target detection, classification, miners wireless
communications and tracking, and imaging
detection systems. As demonstrated in [19] using
real mining environment, 60 GHz antennas,
including the proposed antenna, are adequate to
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work in the mining industry.

II. ANTENNA GEOMETRY

A. Antenna element

The proposed geometry consists of three
components: a lens, the air-cavity, and a microstrip
patch antenna, as illustrated in Fig. 1. The spherical
dielectric lens antenna is fed by a circular
microstrip patch with radius r, = 0.78 mm. The
patch is etched on a thin Rogers RT Duroid 5880
(hp=0.254 mm, &, = 2.2, tand = 0.0009) substrate.
It is aperture-coupled by a resonant slot with length
Lg=0.835 mm and X width W,;= 0.1524 mm. This
rectangular radiating slot has an approximate length
of Ay/4, where A, is the guided wavelength at 60
GHz. The slot was drilled with offset from the
center of the patch by d = 0.3 mm; this distance can
be tuned to ensure that the optimum energy of
TMo1o excitation mode is passed through the feed
line to the circular patch antenna. The microstrip
feed line sits on the back side of the second thin
layer composed of Rogers RT Duroid 6010 (4, =
0.254 mm, &~ 10.2, tand = 0.0023), which excites
the patch via a resonant slotted ground plane. The
microstrip patch, feed line and ground plane are
simulated as glossy copper sheets of thickness t =
0.035 mm with a conductivity of ¢ = 5.80x107 S/m.

B. Lens configurations

Figure 1 (c) shows the dielectric lens model.
The spherical lenses have the advantage of a multi-
beam option, which gives them the ability to
simultaneously collect signals from all directions.
Another advantage is their ability to be
manufactured with inexpensive dielectric materials
and without the need for active elements. The
spherical lens is a homogeneous dielectric sphere
[23] which, for dielectric constants in the range 1<
&1< 4, focuses paraxial rays to a focal point (the
radiated element) outside the sphere. The distance
F of the focal point from the centre of a lens with
radius r;,, and dielectric constant &y, is
approximately determined by geometrical optics
(GO) and is given by:

= oo ()
2(VErL-1)’

The lens was selected with same characteristics
as those of RO5880. The optimum diameter of the
dielectric spherical lens antenna was chosen to be



DL =2Xr, =20 mm =4 X Ao (4, is the wavelength
in free space) at the central frequency, 60 GHz.

C. Air cavity design

The cylindrical air cavity surrounding the
circular patch antenna has important features for
enhancing antenna performance. The proposed air
cavity resonates at a slightly different frequency
than that of the patch antenna, which increases the
multi resonances surrounding the main resonance at
60 GHz. This leads to improving the antenna
bandwidth as well as potential reduction of the
surface-wave interactions in an array environment
by isolating each antenna element. Furthermore, the
cylindrical shape of the air cavity offers several
advantages. One advantage is to guide the near-
field propagating wave into the antenna lens, which
enhances the directivity and increases the gain of
the antenna without a loss in radiation efficiency.
Another advantage is that the circular shape of the
top of the cavity forms a perfect match to mount the
spherical lens antenna. In addition, the top of the
air-cavity is covered with the convex lens shape
which creates more focusing of the radiated waves
that come from the patch antenna, and the
optimized dimension of the air cavity maintains the
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patch antenna at the focal point.
The cylindrical hole of the proposed air cavity
is drilled on a Rogers RT Duroid 5880 (4= 1.575
mm, &z = 2.2, tano = 0.0009) substrate with a size
Wi x Ly = 10.5 X 9.872 mm?. The starting design
point for the radius (rx) and height (/) of the
cylindrical air cavity depends on the focal point
distance (F) and the space between the lens end
surface and the patch antenna, d;. In Fig. 1 (c), the
aperture angle to the air-cavity edge (@) is
described by:
Oy = sin~ (1 /11). (2)
The distance from the center of the lens to the
edge of the cavity (d,) is described by:
d, = 1% — 12 3)
This leads to determining the lens inset distance
into the air-cavity, d, =1, —d,, and d; = h}, —
d; — t, where the copper thickness t is taken into
account in particular at MMW frequencies. Thus,
the focal point is determined as F =1, +d; by
substituting /' in equation (1). d; is expressed by
equation (4), which considers the theoretical GO
value as the initial value to determine the
approximate focal point at the patch antenna level:
_ _TErL
%= e ®

Fig. 1. Antenna geometry: (a) top view, (b), side view, and (c) side view of the proposed antenna.

1. SIMULATION RESULTS
The proposed antenna was studied numerically
using the commercial electromagnetic simulator

CST Microwave Studio® (CST-MWS). The model
was simulated to investigate the effect of different
design parameters and their performance at
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operating frequencies from 55 GHz to 65 GHz.

A. Parametric study
1. Cylindrical air cavity design effects

In this study, the aim is to increase the overall
antenna gain while keeping a low antenna profile,
which reduces the radius of the spherical lens
without affecting the broadside directivity. This is
accomplished by modeling an optimal combination
of the radius and height of the air cavity. For this
purpose, a CST model for the patch and air cavity
is investigated. As shown in Fig. 2 (a), when the
radius of the cavity (rv) is increased from 1 mm to
4 mm, there are significant changes in the antenna
gain, and the resonant frequency goes up. When the
radius is close to that of the circular patch (1 mm),
the reflected field caused by the cavity is very high

10 10

-

-
==
~

=10 -

$11 (dB)

— rg=1mm

-20 1 rg=2mm L o

\ B === r=3mm
-30 - AV T kedmmbo
T T T T T -4
56 58 60 62 64
Frequency (GHz)
(a)

Gain (dB)

ACES JOURNAL, Vol. 30, No. 5, May 2015

and causes drops in the antenna gain. Also, in form
7t > Ag the cavity has a close response to the patch
antenna which adds to the overall gain.

The reflection coefficient and antenna gain
results are shown in Fig. 2 (b) when the height of
the cylindrical air cavity, 4 is changed. The return
loss response shifted slightly upwards when the
height of the cavity was increased. Furthermore, a
higher antenna gain was obtained at hy=1.575-mm,
with no major influence on the antenna impedance
bandwidth. Therefore, hi ~ A4/2 in the substrate and
7t ~ Ag were the values selected to obtain a good
match between the patch and the lens, which is very
important in order to optimize the plane-wave
radiation of the lens. In addition, these values match
the optimum focal point of this model’s selected
lens material.
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Fig. 2. The simulated antenna’s gain and return loss |S;;| of the patch antenna with air-cavity: (a) considering
the effect of varying the radius of the air cavity (rx), and (b) the height( hy).

Figure 3 shows wave propagation comparison
between an air cavity with a convex end lens as
opposed to one with a flat end lens. The propagating
wave of the patch antenna is more focused for the
convex-end cavity. In other words, the diffraction
angle Oc of the convex end is less than the
diffraction angle 6 of the flat end. Furthermore, the
convex shape of the lens provides the appropriate
phase distribution to focus the radiating wave at the
desired distance.

Figure 4 shows time snapshots of the electric
field generated by CST. The snapshots show six
travelling guided wavelengths (Ay) for three cases:
(a) without an air cavity, (b) for a cylindrical air
cavity with flat ends, and (c) for a cylindrical air
cavity with a convex end. The snapshots show that

the combination of the spherical lens and
cylindrical air cavity with convex end has increased
the focus of the propagating wave caused by the
convex shape of the lens. The cylindrical air cavity
under the dielectric lens concentrates the planar
wave into a narrow beam. The wave propagation
illustrates inside the cavity with different phases are
shown in Fig. 4. It can be noticed that the cavity
with flat end is less efficient in wave concentration
on the focal point (patch antennas) where the focus
width Wr > Wyc > We. Therefore, the air cavity
covered with the convex lens shape increases the
focus of the radiated waves from the patch antenna.
This convex shape also enhances the bandwidth of
the antenna, as shown in Fig. 5.
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Fig. 3. Illustrates the wave distribution behavior
comparison of the air-cavity with a convex end and
with a flat end.

Fig. 4. A time snapshot of the electric field for three
cases when the patch antenna fed the lens: (a)
without an air cavity, (b) a cylindrical air cavity
with flat ends, and (¢) a cylindrical air cavity with a
convex end.
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Fig. 5. The simulated antenna’s gain, and the return
loss |S11] of three cases: (a) without an air cavity, (b)
a cylindrical air cavity with flat ends, and (c) a
cylindrical air cavity with convex end.
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2. Focal point distance dL

The space between the lens end surface and the
patch antenna dr is a distance associated with the
height of the air cavity /. After calculating the
value of dr using equation (4) as a starting value,
the optimized value has been obtained using CST.
The value of di was selected to ensure that the focal
spot appears on the patch antenna’s level.

Figure 6 demonstrates the effect of variation in
the di on the input reflection coefficient and the
antenna gain. In Fig. 6, |Si1| responses for the last
two values of di, 1.75 mm and 2.25 mm, are almost
identical and dp = 0.75 mm is selected since it gives
a higher average gain over the ISM band. The
simulated radiation efficiency of the proposed
antenna is 93 percent at 60 GHz, and 88 percent at
63 GHz.
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Fig. 6. The simulated reflection coefficient and gain
ofthe proposed antenna, which results from varying
the end surface of the lens and the patch (dL).

IV. EXPERIMENTAL RESULTS

A. Fabrication procedure for the proposed
antenna

A standard milling machine with low-cost PCB
processes was used to fabricate the two layers slot-
coupled patch antenna as well the third layer cavity
and the lens holder. The copper thickness of the
substrate is 35um with a conductivity o = 5.80x10’
S/m. A photograph of the fabricated prototype is
shown in Fig. 7. The antenna layers are manually
attached using a thin film of bonding material and
are correctly aligned to ensure that the feed line, the
aperture slot, and the patch are in their positions.

As shown in Fig. 1, additional length from Ref1
to Ref2 was necessary to create a large enough
ground plane for the SouthWest V-connector (1.85

473



474

mm connector). In addition, and as shown on the
right side of Fig. 7, a circular shaped gap was drilled
through the first layer to insert the screws of the V-
connector. The 12.7 mm radius spherical dielectric
lens is made of polymethyl methacrylate PMMA
(Acrylic) material, a lightweight transparent
thermoplastic with &, = 2.57, tand = 0.0032 at 24
GHz, and &1 = 2.61, tand =0.002 at 71 GHz [16].
According to the dielectric constant of the lens
material given in [16], the interpolated value of the
dielectric constant at 60 GHz is ¢, = 2.6, tand =
0.0026.

Fig. 7. Photographs of the lens antenna with the
circular microstrip patch, fed with the holder
substrate.

B. Measurement of the reflection coefficient

The measurements of the reflection coefficient
(S11) for the proposed antenna are done using
Anritsu 37397C Vector Network Analyzer and
Anritsu 3680V 60 GHz Universal Test Fixture. The
reflection  coefficient = measurements  were
performed with the through-reflect-line (TRL)
calibration kit, instead of the standard coaxial line
calibration. The TRL calibration technique is a
more accurate way to determine precise values for
the reflection coefficient, especially for the MMW
band, where any inaccurate connection during the
measurements could cause inaccurate results for
measured antenna parameters [17].

Figure 8 compares the measured reflection
coefficient and antenna gain with CST results for
two antenna configurations of the radiated element
with and without the lens. The measured impedance
bandwidth (< -10 dB) is 3.5 GHz corresponds to
5.84% at 60 GHz. In the measured result of |Syi,
there is a shift in resonant frequency compared with
CST results — this may be caused by inaccuracy in
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the substrate material properties at 60 GHz and/or
by the effects of etching and alignment tolerances
in the fabrication process. The material used in the
simulation for the microstrip feed line is RO6010,
and the patch’s substrate is RO5880. Dielectric
constants of both substrates are slightly different at
60 GHz, from those specified by the manufacture at
10 GHz. As noted in Fig. 8, the measured and
calculated reflection coefficient of the proposed
antenna responses are fluctuating due to exciting
multi-high order modes resonated in the air-cavity,
which results in a 3-4 dB gain variation.
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coefficient of the proposed antenna.

C. Radiation pattern

The radiation patterns within the bandwidth
range (from 58 GHz to 61 GHz) are measured in an
anechoic chamber. As shown in Fig. 9, the E-plane
is the yz-plane, and the H-plane is xy-plane. Two
prototypes are measured: the first is the radiating
element (a circular patch with cavity), and the
second is the proposed antenna (a lens mounted on
the radiating element). In both cases, the radiation
pattern is measured with the antennas directly
mounted by a 1.85 mm South-West Microwave
connector.

The measured and calculated E- and H-planes
radiation patterns for the patch antenna with the
holder only (no lens) within the ISM frequency
band at 58 GHz to 61 GHz are shown in Fig. 10.
Both the CST and measured results agree well
within the main lobe and HPBW range. In the
results, the back lobe radiation of both the E- and
H-planes was higher than expected due to the small
ground plane and strong resonance. Furthermore, a
higher side lobe level (SLL) within an angle range



of 150° to 270°, the side of the setup and the
antenna’s connector was observed for the measured
E-plane pattern.

Reflector

5 —— H-Plane Calculated |~ |
9| ——— E -Plane Calculated 9
0| — E -Plane Measured

- Plane Measured

300

0 AN
270 270

Fig. 10. The normalized E- and H-plane co-
polarization patterns of the circular patch with
holder for 58 GHz - 61 GHz.

In Fig. 11, the measured and the calculated
results of the far-field patterns are presented for
both the E- and H-planes of the proposed antenna,
at 58 GHz to 61 GHz. The HPBW of the measured
results agreed with the CST results for the entire
ISM band. Moreover, the measured results of the
H-plane agree quite well with the calculated results.
However, the SLL in the measured results of the E-
plane is higher than expected. This is mainly due to
the effect the antenna’s setup and the reflection
from cable and connectors. The high reflection is
caused by the Southwest connector, which is
perpendicular to the E-plane, as seen in Fig. 9. A
large reflection from the lab setup is also affecting
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the side lobes in Fig. 11, especially from the feed
line side. Meanwhile, the radiation pattern in the H-
plane is far from the connectors, and thus the
measured results of the radiation pattern agree well
with CST results. Therefore, in a practical
deployment of this antenna, this effect would not
appear when mounted using a proper packaging
system. This high gain hybrid antenna is a good
alternative candidate to array structure for some
applications such as mine wireless communications
[19]. In addition, it could also be used as an array
element taken into account the spacing between the
elements and a proper lens diameter to fit in the
array and avoid grating lobes. The estimated
radiation efficiency from the measured gain and
directivity is greater than 90 percent at 60 GHz, and
it is 85 percent at 64 GHz.
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Fig. 11. Normalized E- and H-plane patterns of the
proposed antenna at 58 GHz - 61 GHZ.

V. CONCLUSION

A circular patch slot-fed antenna loaded with a
dielectric lens, optimized for operation at 60 GHz,
is successfully implemented. An air cavity holder
provides a noticeable enhancement, and makes the
spherical dielectric lens simple to mount on the
antenna. This prototype achieves a high measured
gain of ~ 20 dB along the ISM band. The antenna
impedance bandwidth is 3.5 GHz within the ISM
unlicensed band. The proposed low cost antenna
with a simple structure and a small size of
12.412x10.5%27.553 mm® would be useful and
suitable for millimeter-wave band applications,
especially for imaging and mining applications.
Moreover, the antenna can fit into portable devices.
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