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Millimeter-Wave Beam-Steering Antenna Using a
Fluidically Reconfigurable Lens

Tan Goode

Abstract— A fluidically reconfigurable millimeter-wave
(mm-wave)-lensed antenna is reported that covers the band
from 32 to 35 GHz. The antenna is a modified antipodal
Vivaldi antenna element with a fluidically loaded dielectric
lens to facilitate single-element beam-steering. The fluid used
in this work is ethyl acetate (C;HsO,) with ¢, =5.0 + j1.3,
tand = 0.26 at 33.5 GHz. The antenna element and lens
are manufactured using a substrate with ¢, =3.55 and
tan§ = 0.0027. Experimental results show that the antenna can
produce up to 25° of beam-steering at 32 GHz and up to 20° of
beam-steering at 35 GHz. The maximum realized gain of the
antenna is 8.6 dBi and the minimum realized gain is 5.6 dBi
over the band.

Index Terms— Antennas, antipodal Vivaldi, beam-steering,
dielectric fluid, ethyl acetate, fluidic, lens, lensed antenna,
microfluidics, microwave, millimeter-wave (mm-wave), planar
antenna.

I. INTRODUCTION
ECONFIGURABLE-LENSED antenna elements are
attractive as they allow for adaptable radiation patterns,

primarily beam-steering from a single element. In recent
publications, single element beam-steering has been reported
with a rotatable Luneburg-like lens [1], a mechanically
movable lens [2], and by moving elements over a lens [3].
The referenced works operate by re-distributing dielectric
material above the antenna aperture; however, they rely
on mechanical actuation systems to steer the beam. Beam-
steering has been seen with Luneburg lenses by moving the
feed point around the perimeter of the lens by switching
multiple elements around a lens [4] or by mechanically
moving an antenna around a Luneburg lens [3], [5].
Microwave or mm-wave lenses are often made from a
uniform dielectric material that is shaped to obtain the desired
beam-forming characteristics [6]. Other types of lenses like
a Luneburg lens or a Maxwell Fisheye lens have a variable
relative permittivity across their radius to give beam-forming
and beam-steering [7]. Lensed antennas have been used with
wideband antennas [8], [9]. In [8], a simple dielectric lens
is added to an antipodal Vivaldi element to improve the
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radiation pattern. In [9] a Luneburg lens was made using
metamaterials for pattern improvements of a Vivaldi antenna.
Further, variably permittivity lenses can be made using a
substrate perforated with a periodic pattern of holes to improve
the impedance bandwidth and gain of the antenna [10].

Millimeter-wave beam-steering has been seen by rotating a
dual-sided polyethylene lens over a horn antenna to realize
beam steering from a single element [2]. More advanced
lensing techniques use a Luneburg lens where the antenna is
scanned around the perimeter of the lens mechanically [3], [5],
[11] or multiple antennas are electrically switched [4], [12] for
beam-steering.

In many beam-steering lenses, physical movement of the
lens is needed to observe the desired effect [1]-[3], [5],
[11]; however, this mechanical actuation can be avoided
using a dielectric fluid to change the properties of the
lens to obtain beam-steering. Lenses with fluidic actuation
have an extended lifetime when compared with other actu-
ation methods, as the fluid can be hermetically sealed and
moved about using electrowetting. While fluidic tuning of
antennas and RF components is well established [13]-[23],
no works have yet explored in detail the design of fluidically
reconfigurable microwave or mm-wave lenses and only [24]
has reported a fluidic lens with a variable focus at optical
frequencies.

This article reports a millimeter-wave antenna with a flu-
idically reconfigurable cylindrical dielectric lens that can be
reconfigured by filling holes in the lens with ethyl acetate.
This lens can be reconfigured for single-element beam-steering
covering the range 32-35 GHz. The antenna element is an
antipodal Vivaldi and the lens is made by drilling holes
into the antenna substrate. To increase the volume of fluid,
the lens region of the antenna is made thicker by stack-
ing two layers of substrate. While the fluidically reconfig-
urable lensed antenna discussed in this work was fabricated
on a rigid substrate, it can be entirely implemented on a
low-loss polymer compound, such as polydimethylsiloxane
(PDMS). PDMS substrates are frequently used in wearable
flexible electronics. The field of wearable flexible antennas
has grown substantially in recent years. Examples include
ink-jet printed antennas [25], Vivaldi antennas with flexible
substrates for pattern improvement [26], and fluidically tuned
antennas using liquid metals in flexible substrates for fre-
quency tunable antennas [14], [27]. To the best of the authors’
knowledge, this is the first use of fluidically reconfigurable
mm-wave lensed antenna for beam-steering reported in the
literature.
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Fig. 1. Antipodal Vivaldi element with corrugations designed on 0.5 mm

Rogers R04003C substrate prior to the addition of the lens. The two axes
show the two orientations of the primary radiation pattern sweeps.

II. ANTENNA ELEMENT AND LENS DESIGN

The base element used here is a antipodal Vivaldi antenna
with corrugated edges depicted in Fig. 1. This section details
the design and integration of the fluidically reconfigurable
dielectric lens onto the Vivaldi antenna element. This design
started with full wave electromagnetic simulations in ANSYS
HFSS.

The conventional approach for beam-steering using a
Luneburg lens is to physically move the source around the
perimeter of the lens [3], [5], [11]. Instead of mechanical
actuation, multiple antennas located around the lens can be
switched to move the source [4], [12] or a rotatable Luneburg
lens with a modified distribution of dielectric material can be
used for beam-steering [1]. The lens proposed in this work
uses a dielectric fluid to load a cylindrical dielectric lens
asymmetrically to facilitate beam-steering. In the fluidically
loaded dielectric lens, a region of the hole-perforated lens is
filled with dielectric fluid to steer the beam in that direction.
To change the beam’s direction, the fluid is moved to a
different region of the lens. The lens was designed in a two-
part process. First the beam-steering was simulated by moving
an offset cylinder of dielectric around a cylindrical lens. The
model was updated by adding a dielectric lens with holes that
can be filled with fluid to facilitate beam-steering to emulate
the shape of the offset lens.

Lens Geometry: The lens design started by adding a solid
cylindrical dielectric lens to the end of the Vivaldi element,
shown as the leftmost circle in Fig. 2(a). The dimensions
and location of the cylindrical lens were varied to focus
and sharpen the radiated beam across the operating band.
Next, a second cylindrical dielectric lens was added with an
offset to the first as shown in Fig. 2(b). Beam-steering was
seen in simulation by rotating this offset cylinder. The offset
cylinder added dielectric material on one side of the element
to asymmetrically slow the propagation velocity through that
region, causing the beam to steer. The offset distance between
the cylindrical lenses was varied in simulation to find an
optimal combination of beam-steering and peak-gain.

var. d | R 0
(mm) | 5 | 10 -45°

Fig. 2. Antenna element with offset cylindrical lens at (a) 0° and (b) 45°.
This offset angle is varied in simulation to provide beam-steering.

var. R1 | R2
(mm) | 10 16

Fig. 3. Outline of the final lens is overlaid in black on the offset lens, which is
rotated at three angles of @ = 0°, +60°. The inner region, R1 is always filled
with substrate, whereas the outer region includes dielectric material based on
6. This outer region shows the area of the final lens that will be perforated
with holes that can be filled with dielectric fluid.

Next, the lens was modified so that the distribution of
dielectric material could be moved using fluids, rather than
rotating the lens in simulation. When the offset lens is swept
over the range —60° < 6 < 60°, the result traces out the
structure in Fig. 3. The inner circle (R1) is the region that
is always filled with dielectric material. The outer region
R1 < R < R2 is sometimes filled with dielectric material
depending on the offset angle 6. This outer region of the lens
will be perforated so that it can be variably filled with fluid.

Fluidic Lens Design: The holes which hold the dielectric
fluid to control the beam-steering are drilled around the outer
perimeter of the lens as shown in Fig. 4. These holes line up
with the region between R1 and R2 in Fig. 3 to emulate the
action of rotating the offset lens in Fig. 2. The empty holes
represent the area without substrate in Fig. 2. When the holes
are filled with ethyl acetate, they locally increase the effective
permittivity of the lens. The final structure shown in Fig. 4 is
a lens that has a two-step dielectric permittivity profile.

Ethyl acetate (¢, = 5.0 + j1.3, tand = 0.26 at 33.5 GHz
measured using the Keysight N1501A Material Measurement
Performance Probe Kit) was chosen as the working dielectric

Authorized licensed use limited to: Queen's University. Downloaded on September 03,2021 at 18:48:46 UTC from IEEE Xplore. Restrictions apply.



GOODE AND SAAVEDRA: mm-WAVE BEAM-STEERING ANTENNA USING A FLUIDICALLY RECONFIGURABLE LENS 685

var. R | dl | d2 | d3 T LT
(mm) | 16 | 4 1 1.3 105 35

Fig. 4. Model of the designed fluidic lens with holes that can be filled with
fluid. The fluid holes are located between R1 and R2 from Fig. 3 and are
dimensioned to maximally fill this area.

fluid as its relative permittivity is greater than the relative
permittivity of the lens, but is low enough to avoid a large
discontinuity in the impedance of the media when the lens is
loaded with either fluid or air. Additionally, ethyl acetate was
chosen as it has a lower loss tangent relative to other dielectric
fluids with relative permittivity between 5 and 10.

The holes in Fig. 4 are selectively filled to emulate the shape
of the offset lens at different angles of  to see beam-steering.
Large holes with a diameter d; = 4 mm were perforated
around the perimeter of the lens. Two additional rows of holes
of smaller size, d» = 1 mm and dz = 1.3 mm were added to
increase the density of holes and provide greater versatility
in the amount and location of fluid that could be added to
the lens. Additional pieces of base antenna substrate (Rogers
4003C) were cut and stacked above and below the substrate of
the antenna as depicted in the cross section drawing in Fig. 4.
Identical holes were drilled in all three layers of the lens to
increase the volume of ethyl acetate in each hole.

Fig. 5(a) graphically illustrates outgoing beam when all the
holes in the lens are air-filled and Fig. 5(b) shows the beam-
steering effect when a region of the lens is filled with ethyl
acetate (red-colored holes). The beam is steered towards the
ethyl acetate filled holes as was expected from the rotated
offset lens in Fig. 2.

The antenna and lens structure were fabricated in-house
using an LPKF Laser & Electronics AG milling machine. The
substrate was 0.5 mm thick and the lens was 3.5 mm thick by
layering additional pieces of 1.5 mm Rogers 4003C (¢, = 3.55
and tan 0 = 0.0027) substrate above and below the substrate of
the element. The thick part of the lens was made by stacking
and adhering pieces of substrate to each other using pieces
of thin, double-sided PDMS tape, ARseal 90880. To stop the
fluid from draining out of the bottom, tape was applied to the
ground plane side of the lens. The tape was not modeled in
simulation due to a lack of permittivity and loss tangent data
for the material. However, the lensed element was measured
with and without the bottom tape for the air-filled case and

—_—m

(b)

Fig. 5. Beam-steering on loaded lens, the shaded holes in the lens represent
holes that are loaded with ethyl acetate (b) and in (a) all holes are air filled
and no beam-steering is seen. Here the blue lines represent a wavefront to
show beam-steering.

Fig. 6.

Image of fabricated lensed element.

no appreciable difference in peak gain or pattern shape across
the band was observed.

III. MEASURED RESULTS

Radiation pattern measurements were taken at Queen’s Uni-
versity’s anechoic chamber and all measured data is presented
as realized gain. The system uses a signal generator (Anritsu—
MG3694A) to produce a single tone that is then amplified
and transmitted through a standard gain horn and the antenna
under test (AUT) is rotated through the illuminated area in
the E- and H-plane cuts. The AUT is then connected to a
50 Q coaxial cable and connected to a microwave power meter
(Anritsu—ML2437A). The system then gives realized gain by
calculating the system losses and path-losses using a standard
gain horn where the standard gain is provided as realized gain.
In this setup, the gain loss from the impedance mismatches
between the test antenna and the 50 €2 measurement setup is
included. Input reflection data were measured using an Anritsu
MS4644B vector network analyzer calibrated using an Anritsu
3652A-2 coaxial calibration kit.
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Fig. 7. Six filling combinations used with ethyl acetate for the high frequency
lensed Vivaldi. The same nomenclature is used for all legends in this section.
These figures show the lens in the same orientation as Fig. 6(a). The red filled
holes show the holes that are filled with ethyl acetate, and the nonfilled holes
are air-filled for each setup. (a) Left 2. (b) Left 3. (c) Left 4. (d) Right 2.
(e) Right 3. (f) Right 4.
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Fig. 8. (a) Measured input reflection for the high frequency lensed Vivaldi

with all holes air-filled. (b) Measured input reflection for all filling cases for
the high frequency fluidic lens.

TABLE 1
SUMMARY OF BEAM-STEERING AT 33.5 GHz
Filling Peak Gain Steer Angle HPBW*
(dBi) (deg) (deg)
Left 4 7.4 -12 13
Left 3 7.3 -10 16
Left 2 7.3 -8 18
Air 8.2 0 15
Right 2 7.5 6 20
Right 3 7.2 12 21
Right 4 6.4 14 12

* Half Power Beam Width

The six liquid-filling patterns shown in Fig. 7 were used
to test the behavior of the lensed antenna. The baseline case
where all the holes are air-filled was also characterized. The
six liquid-filled combinations were chosen from the simulated
data to provide beam-steering while minimizing the impact on
the peak realized gain.

The measured input reflection coefficients of the antenna
element for the air-filled case and for the six filling patterns
are shown in Fig. 8(a) and (b), respectively. For the measured
input reflection as seen in Fig. 8(b) the addition of the ethyl
acetate has a minor impact on the element’s impedance match
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Fig. 9. (a) Measured peak realized gain for all fillings across the operating
band of the element under all used filling conditions for the fluidic lens. (b) and

(c) Measured and simulated beam-steering across the three left (b) and three
right (c) used states for the high frequency fluidic lens.

and its —10 dB impedance bandwidth remains unchanged for
all filling combinations.

The measured peak realized gain of the antenna for the
seven filling conditions is_plotted in Fig. 9(a). Here the peak
gain was taken from the E-plane measurement when the test
antenna’s steered beam was pointing at the transmitter with
all fluidic holes being air-filled. The highest measured realized
gain is 8.3+0.4 dBi for the air-filled case over the 32-35 GHz
band and the minimum realized gain is 5.9£0.5 dBi for the
right 4 case. The decrease in peak realized gain with an
increase in the number of filled holes is due to the loss tangent
of the ethyl acetate.
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Fig. 10. Measured radiation pattern in the E-plane for the seven beam filling
states with each pattern show measured realized gain. The 6 sweep is limited
to the range —30° < @ < 30° to emphasize the beam-steering. (a) 32 GHz,
(b) 33 GHz, (c) 34 GHz, and (d) 35 GHz.
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Fig. 11.  Measured radiation patterns for —90° < 6 < 90° for all the

frequencies presented in Fig. 10. Showing the Right 4 filling.

The measured and simulated broadband beam-steering is
compared in Fig. 9(b) and (c). The measured results show that
the lensed antenna can produce up to 25° of beam-steering
at 32 GHz and up to 20° of steering at 35 GHz. Table I
summarizes the beam-steering performance at 33.5 GHz.
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Fig. 12. Measured radiation pattern in the H -plane or all of the frequencies
presented in Fig. 10 for the air-filled case.

Fig. 10 shows the antenna’s realized gain radiation patterns
for the seven beam-steering states at four different frequencies.
The data is plotted over the range —30° < 6 < 30°.
A wide-angle sweep of the antenna radiation pattern over the
range —90° < € < 90° is shown in Fig. 11 for the case of
maximum beam steer from 32-35 GHz. The wide-angle scan
shows that the side-lobes are more than 8 dB below the main
beam.

The antenna’s measured realized gain radiation pattern in
the H -plane for the air-filled case is plotted in Fig. 12 from
32-35 GHz.

IV. CONCLUSION

Through this work, the design and measurement of a single
element fluidically steerable lensed antenna was seen. This
antenna covered a band of 32-35 GHz and was able to
realize up to 25° of beam-steering with seven incremental
beam-steering states. This work showed usable fluidically
reconfigurable beam-steering from a single antenna element,
which is the first known application of a fluidically loaded
lens at mm-wave frequencies.
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