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A Multistate Frequency Reconfigurable Monopole
Antenna Using Fluidic Channels

Aditya Singh?, Ian Goode

Abstract—A reconfigurable microstrip monopole antenna that
uses three closely spaced substrate milled channels filled with either
air or dielectric fluid is presented. Based on the number of chan-
nels filled with fluid, four states—namely states 0, 1, 2, and 3—of
operation are selected. Introduction of fluid (distilled water) in the
channel modifies the effective permittivity of the dielectric medium
and perturbs the E-field distribution in vicinity to the antenna
arm. The position and size of channels are optimized to maximize
the shift in operating frequency and S;; < —10 dB impedance
bandwidth through full-wave electromagnetic (HFSS) simulations.
A prototype of the antenna is fabricated and measured, exhibit-
ing frequency shifts of 12.0%, 17.9%, and 23.7% with impedance
bandwidth of 32.0%, 30.1%, and 29.9% in states 1, 2, and 3 of the
antenna, respectively. The reference state, i.e., state 0, offers 34.7 %
impedance bandwidth. The measured peak gains achieved are 2.4,
1.6, 1.2, and 0.3 dBi for states 0, 1, 2, and 3, respectively. In all
the states of operation, the radiation pattern remains stable and
omnidirectional.

Index Terms—Antennas, dielectric fluid, distilled water, fre-
quency tuning, high-power, microfluidics, microstrip monopole,
microwaves, reconfigurable, tunable, wearables.

I. INTRODUCTION

ECONFIGURABLE antennas are envisioned as one of the

key components in realizing modern-day wireless links for
applications such as cognitive radio [1]. Efficient utilization of
available spectrum calls for tunable microwave front ends to
sense the communication channel and switch to available fre-
quency band [2]. The use of fluids in microwave components
and antennas for tuning and reconfigurability has sparked wide
interest because of their compatibility with wearable electron-
ics, their power handling capability, low-noise behavior, and
their long lifespan compared to microelectromechanical system
techniques [3], [4]. Numerous recent works have employed lig-
uid metal such as mercury and eutectic gallium indium alloy
(EGaln) to design antennas with reconfigurability in frequency
[5]-[7], polarization [8]-[10], and radiation pattern [11]. Liquid
metal can serve applications demanding flexibility, high average
power, and linearity requirements. However, liquid-metal-based
designs face critical challenge in antenna integration and suffer
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from problems like stiction and leftover metal oxidation. Differ-
ent types of treatments are required to overcome these issues,
which is an active area of research [12], [13]. An alternative way
for tuning planar antennas consists of using dielectric fluids to
alter antenna characteristics. Typically, fluids are selected based
on dielectric constant and loss tangent. Various combinations of
antenna geometry and fluids have been explored. In [14], slot
antenna with microfluidic channels patterned on polydimethyl-
siloxane is proposed. Liquid dielectric contained in the channels
is used to perturb the E-field on a slot antenna resulting in fre-
quency tuning but with a narrow bandwidth, low efficiency, and
need for different types of fluids to realize variable effective
permittivity for tuning. A microfluidic cavity placed on top of
the radiating edge of a coplanar patch antenna and injected with
ethanol, hexanol, and water is reported in [15]. A maximum
frequency shift of ~13% is observed when loaded with water.
Furthermore, some nonplanar designs have also been proposed.
A flexible membrane-based cavity is enclosed below the antenna
and pumped with ethyl acetate in [16] to achieve continuous fre-
quency tuning with best simulated efficiency of 69% and 6.8%
bandwidth. Moreover, a hybrid layer with tunable height ratio of
air to liquid is used as substrate below a patch in [17]. It employs
low-loss transformer oil to extract better efficiency with contin-
uous tunable frequency range with limitation of being nonpla-
nar. Water has also been employed to provide radiation pattern
reconfiguration [18] and polarization reconfiguration as in [19].
Recently in [20], a wideband microstrip monopole water-loaded
antenna with a water-filled channel for frequency switching is
presented. However, only two states are available for operation
of the antenna.

In this letter, a microstrip-fed monopole antenna with three
substrate milled channels orthogonal to length of monopole is
proposed. Distilled water filled in the channels is used to modify
the effective permittivity and to perturb the E-field distribution
beneath the monopole arm, resulting in frequency reconfigura-
bility with good tuning range and efficiency.

II. FLUIDIC ANTENNA DESIGN

Fig. 1 shows a diagram of the proposed monopole antenna
and the backside fluidic channels, including the design parame-
ters and dimensions. The basic monopole follows the structure
in [21], but here it has been redesigned for a 1.52 mm thick
Rogers-4003 substrate (e,, = 3.38, tan § = 0.0027) to radiate at
around 5.6 GHz with a 35.5% —10 dB impedance bandwidth
(IBW). The length of the monopole arm is set to A4/4, where A4
is the guided wavelength in microstrip environment [22]. The
bottom metal layer serves as the ground plane for the feedline
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Fig. 1. Microstrip monopole antenna. (a) Front view (dashed lines show

channels on back side). (b) Back view without back cover. (c) Cross-sectional
view in state 2: Ly = 20 mm, L; = 20 mm, L., = 8.7 mm, W, = 30 mm,
Wi = 3.2mm, hp = 1.52 mm, wy, = 10 mm, hs = 1.52 mm, [, = 4 mm,
ge = 0.64 mm, [, = 27 mm, h, = 1.0 mm, and w, = 1.08 mm.

and monopole. The ground plane size and arm width are opti-
mized for the best IBW in state O through simulations on ANSYS
HFSS. Ground plane size was further optimized and chosen as
(0.61x4 x 0.92), at 5.5 GHz) to achieve an omnidirectional
radiation pattern [21] and compact size.

For fluidic tuning, three open channels were created on the
back side of the antenna by partially milling out the substrate
beneath the monopole arm as shown in Fig. 1(b). Another piece
of the same substrate is attached to the back side of the antenna
using a hot-melt glue gun to create cuboid-shaped closed chan-
nels. As a result, one end of each channel remains open to be
used as an inlet/outlet port as shown in Fig. 1(c). The width of
the channel and the gap between the channels have been inten-
tionally chosen to optimize the frequency shift and allow for
in-house fabrication with an LPKF ProtoMat circuit plotter.

The antenna’s resonance around A,/4 shifts slightly down-
wards when the substrate material below the monopole arm is
removed to simulate air-filled channels. Since another substrate
of the same thickness is added on the back side, this results in
downward resonance shift as the effective permittivity exhib-
ited due to combined effect of two substrates and air may be
higher. For reconfigurability, the air channels are filled with dis-
tilled water. The dielectric constant and loss tangent for water are
modeled by using the experimentally verified data (e, ~ 74.6
and tand ~ 0.12 at 3 GHz) from [23] with piecewise linear
interpolation between the frequency range of interest. This in-
troduces discontinuities in the modified medium owing to high
relative permittivity of distilled water. Water-filled channels per-
turb the E-field distribution around the monopole arm exhibiting
higher effective permittivity of the modified medium. Thus, the
Ag/4 resonance of the antenna shifts to a lower frequency. Since
there are multiple channels, multiple reconfiguration states are

TABLE I
RECONFIGURATION STATES FOR THE ANTENNA

State  Channel 1 Channel 2  Channel 3
0 air air air
1 water air air
2 water water air
3 water water water
0
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Fig. 2. Measured and simulated S1; response for different operating states.

possible. Table I shows the four operating states selected for the
antenna. In state 0, all the channels are vacant, and states 1-3 cor-
respond to the configuration when channels are filled with water
from the tip of the monopole towards the ground plane (i.e., chan-
nels 1-3). A total of seven operating states for the antenna are
possible if all (3Cy +3C4 +3C3, where "C}, denotes n choose k)
combinations for filling three available channels with water are
considered, where either one, two, or three channel(s) are filled.
However, based on considerable performance change from one
state to another, only four operating states are selected.

III. RESULTS AND DISCUSSION

The fabricated prototype of the antenna is shown in the inset
of Fig. 3. A syringe was used to fill the channel with water, and
ports were closed with adhesive tape to retain the water. The
antenna’s S1; response for different operating states defined in
Section I is shown in Fig. 2. Overall, a good match is observed for
S11 response of the antenna showing a close correlation between
the simulated and measured response. When all the channels are
vacant (filled with air), the simulated center frequency consid-
ered at the minimum S7; value is 5.52 GHz. Also, the —10 dB
IBW in state 0 is ~2.04 GHz (36.9%) where the percentage
bandwidth is calculated with respect to center frequency. In state
1, when the channel closest to monopole tip is filled with distilled
water, antenna operation shifts to center frequency of 4.98 GHz
with IBW of ~1.16 GHz (23.3%). Furthermore, when switched
to state 2, since more volume of the substrate is replaced by wa-
ter, the center frequency shifts further downwards to 4.67 GHz,
and IBW is ~0.97 GHz (20.7%). The simulated center frequency
in state 3 is found to be 4.48 GHz offering a maximum frequency
shift of ~20.7%.

The simulated IBW drops as states change from 0 through
3; this can be attributed to the discontinuity introduced in per-
mittivity of the medium due to the water-filled channel. As the
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Fig.3. Measured Sp; hysteresis and antenna prototype (inset). (a) Front view.

(b) Back view (showing glued back cover). (c) Side view (showing vacant
channels).
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Fig. 4. Surface current distribution on monopole. (a) State 0 (5.5 GHz).

(b) State 1 (5 GHz). (c) State 2 (4.7 GHz). (d) State 3 (4.5 GHz).

quantity of water increases, it results in higher local effective
permittivity. This presents more discontinuity and adversely af-
fects the IBW. Therefore, the IBW in state O is deliberately kept
large to keep IBW around 20% in lower bands. The differences
in IBWs seen in the measured and simulated results can be at-
tributed to fabrication tolerances for the channels, deviation from
modeled losses and profile of distilled water inside the channel,
and mismatches caused by the glue used in assembly. In the
above experiments, the channels were dried with forced air be-
fore more water was added. To ascertain the effect of residual
water in the channels on S7; without drying, a hysteresis anal-
ysis was done, and the results are plotted in Fig. 3. The S1;
responses for all states are reasonably reinstated as the antenna
undergoes state change from state 0 to 3 and back from state 3

Fig. 5. E-field distribution on antenna substrate. (a) State 0 (5.5 GHz).
(b) State 1 (5 GHz). (c¢) State 2 (4.7 GHz). (d) State 3 (4.5 GHz).
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Fig.6. Realized gain and 3-D radiation pattern. (a) State 0 (5.5 GHz). (b) State
1 (5§ GHz). (c) State 2 (4.7 GHz). (d) State 3 (4.5 GHz).

TABLE II
SUMMARY OF ANTENNA PERFORMANCE

Ant. | Center IBW (%) Freq. Gain Effi.
State| Freq. (GHz) Shift (%) (dBi) (%)
sim. | meas. sim. | meas.| sim. | meas.| sim.| meas.| sim.

0 5.52| 5.82 369 | 347 | - - 24 | 24 97.9

1 498 | 5.12 2331 320 | 9.8 120 | 2.4 1.6 93.7

2 4.67| 4.78 20.7 | 30.1 | 1541 179 | 2.2 1.2 91.7

3 448 | 4.44 20.71 299 | 18.8| 237 | 19 | 0.3 90.4

to 0. However, the resonant frequency and the IBW do change
compared to Fig. 2 due to the water residue, which confirms
that pumping air through the channels to remove the water is the
preferred approach.

The surface current distribution on the antenna and E-field
distribution (on substrate) are plotted in Figs. 4 and 5 to under-
stand the behavior of the antenna in different operating states.
It is observed that with introduction of water into each channel,
the electric field tends to concentrate near the channel, and the
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Fig. 7. Measured and simulated radiation patterns in E-plane (yz). (a) State O
(5.5 GHz). (b) State 1 (5 GHz). (c) State 2 (4.7 GHz). (d) State 3 (4.5 GHz) and
H-plane (xy). (e) State 0 (5.5 GHz). (f) State 1 (5 GHz). (g) State 2 (4.7 GHz).
(h) State 3 (4.5 GHz).

TABLE III
COMPARISON WITH REPORTED FREQUENCY-RECONFIGURABLE ANTENNAS

Ref.  Fluid (Antenna type) Planar Min. Tuning Sim.
IBW (GHz) Effi.
[14]  water (slot) yes 7.5% 7.88-5.44 16%
[15]  water (patch) yes 13% 3.40-3.80 -
[16] ethyl acetate (dipole) No 5% 0.90-1.44 69%
[17]  transformer oil (patch)  No 53% 1.49-1.90 87%
This  water (monopole) yes 29.9% 5.52-4.48 90.4%

magnitude reduces near the open end of the monopole arm. The
current distribution in each state is identical, with dominant cur-
rent component on the monopole arm, while the ground-plane
edge currents cancel due to opposite polarity along horizontal
edges and consolidate antenna currents along vertical edges. The
3-D realized gain plots for the antenna are shown in Fig. 6 with
a gain of 2.4 dBi in state O pertaining to all channels vacant
case. However, as the state of operation is switched, the mini-
mum simulated gain is 1.9 dBi in state 3, while the maximum
is observed in states 0 and 1 at 2.4 dBi. All the states exhibit
ominidirectional radiation pattern identical to basic monopolar
radiation pattern. This is due to minimal effect of water-filled
channels on the current distribution on the antenna as shown in
Fig. 5, resulting in similar far-field behavior. Thus, the reconfig-
uration methodology can maintain stable radiation pattern and
gain when the operating frequency changes in respective state of
operation. The minimum simulated radiation efficiency is 90.4%
in state 3, while states O, 1, and 2 are better at 97.9%, 93.7%,
and 91.7%, respectively.

Normalized far-field radiation patterns on the principal planes
are shown in Fig. 7 for all operating states where E-plane is yz
and the H-plane is xy. To characterize the prototype antenna ra-
diation, measurements were done in the anechoic chamber. The
measured results in all the states show omnidirectional pattern
correlating with simulated patterns. Furthermore, the measured
realized maximum gain was calculated using the Friis transmis-
sion formula and shown in Table II. The deviation in measured
gain in states 1-3 may be due to higher losses in water compared
to modeled values.

IV. CONCLUSION

A multistate operable microstrip-fed monopole antenna has
been proposed. The antenna works in four states with stable
radiation pattern and gain while showing frequency reconfig-
urability. Since distilled water is used for reconfiguration, the
frequency shift is achieved through modification of effective
permittivity while maintaining identical current distribution on
the antenna in all states. Thus, radiation patterns are identical
in all the states, being omnidirectional. The antenna shows a
minimum (state 3) simulated realized gain of 1.9 dBi and ef-
ficiency of 90.4%. A comparison with similar reported works
has been presented in Table III. In the fluidic planar antenna
category, the proposed design offers best-in-class IBW, tuning
range, and efficiency. Hysteresis analysis revealed that with in-

jection, the retention of water in channel leads to a downward

offset frequency. Therefore, to overcome this issue, the authors
aim to include micropumps to clean channel with pressurized
air in the future. Also, the aim would be to reduce the design
time with initial estimates of channel design parameters through
an equivalent circuit model for channel for a desired frequency
shift.
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