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Abstract—We present a new technique for designing a dual-band
patch antenna with closely spaced bands of operation, whose response can be changed dynamically using a ﬂuidic tuning mechanism. Using this technique, a dual-band tunable patch antenna
operating at around 2.5 GHz is designed and fabricated using 3-D
printing. Two oil-ﬁlled channels are placed in the substrate of the
antenna along the nonradiating edges of the patch and ﬁlled with
movable metal cylinders. As the cylinders are introduced underneath the patch, it starts to exhibit a dual resonant behavior with
both resonances having a similar electric current distribution. The
separation between the two resonant frequencies is a function of
the relative position of the metallic cylinders underneath the patch
antenna. As the overlap volume between the metal cylinders and
the patch increases, the frequency of the ﬁrst band, , starts to decrease and that of the second band, , increases. The maximum
separation between
and
is achieved when half of the lengths
of the metallic cylinders are underneath the patch. The prototype
device designed in this work can achieve frequency ratios in the
range of
–
. The antenna demonstrates similar
radiation characteristics at both bands of operation.
Index Terms—3-D printing, dual-band antennas, patch antennas, reconﬁgurable antennas.

I. INTRODUCTION

W

ITH the recent developments in wireless communication and voracious appetite for data, there is a growing
trend toward using wireless devices that operate at two or more
frequency bands. The frequency bands used for a given wireless
application (e.g., cellular communication) generally vary based
on the geographical location and the service provider. This has
been a motivating factor for developing antennas that can work
at multiple bands simultaneously and dynamically change their
operating bands that they work at if needed. Reconﬁgurable antennas in the past decade or so have gained a remarkable research interest. They are used to support multiple telecommunications standards, to mitigate strong interference signals, or to
cope with a changing environment [1]. Using reconﬁgurable antennas can also enable the efﬁcient use of power and spectrum,
reduce the number of complex hardware, and potentially reduce
the cost of the system.
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Reconﬁgurable antennas may be designed to provide tunable
frequency bands, dynamically alter their polarizations, or have
variable radiation patterns. Various techniques have been used
to achieve agility in frequency, polarization, and beam direction
of antennas. Among these, using radio-frequency microelectromechanical systems (RF-MEMS), variable capacitors (varactors), PIN diodes, photoconductive elements, physical alteration of the radiating structure, and advanced materials such
as ferrites and liquid crystals can be mentioned [1]–[3]. For
example, in [4], PIN diode switchable slots are used in a microstrip patch antenna to achieve circular polarization diversity. In [5], a rectangular spiral antenna is loaded with a set
of MEMS switches to provide scan-beam capability, and in [6]
a varactor-tunable, dual-band slot antenna is presented. While
there are many more examples of reconﬁgurable antennas available in the literature, these examples sufﬁciently illustrate the
variety of different electronic techniques used to reconﬁgure
the various properties of antennas. Electronically tunable antennas, however, suffer from nonlinearities under moderate to
high peak-power excitation levels. These nonlinearities can result in intermodulation distortion and RF-induced changes of
the antenna’s radiation parameters. This limits the use of these
tuning techniques mainly to the receiving systems or low-power
transceivers.
In this letter, we present a new concept for designing dualband patch antennas with closely spaced bands of operation and
similar radiation characteristics at both bands. This technique
can be used to design dual-band antennas with frequency ratios
as low as
. We also present a ﬂuidic technique that
can be used to dynamically tune the frequency responses of the
proposed antenna. The ﬂuidic tuning technique used in this work
is similar to those used to design tunable periodic structures in
[7] and [8]. In [7], these techniques were demonstrated to be far
superior to electronic tuning technique in terms of the linearity
of the response of the structure when subjected to moderately
high-power levels (tens of watts). A prototype of this dual-band
tunable antenna is designed and fabricated and experimentally
characterized in the lab. The results presented in this letter are
signiﬁcant for two reasons. First, designing dual-band antennas
with small band separation, and similar radiation characteristics at both bands, is a rather challenging task. Therefore, the
concept presented in this work (even in its static form) is expected to ﬁnd applications in practical systems that need to operate under such conditions. Second, the proposed mechanical
tuning technique is ideally suited for transceiver systems that
need to work with moderate to high peak-power levels. This is
an area where most conventional electronic tuning techniques
drastically underperform.
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Fig. 2. Transmission-line-based equivalent circuit model of the proposed
antenna.

Fig. 1. Layout of the ﬂuidically tunable, dual-band patch antenna. (a) Top view.
(b) Side view.

II. PRINCIPLES OF OPERATION AND DESIGN PROCEDURE
Fig. 1 shows the topology of the proposed antenna. Two 2.0mm-diameter channels, ﬁlled with mineral oil (
),
are located under the nonradiating edges of the patch. In each
channel, a metallic cylinder with a length of 32 mm is located
that can be moved when the liquid within the channels move.
The metal cylinders move along the -axis from right to left
[Fig. 1(a)]. The channels are connected to the inlet and outlet
using a symmetric pressure distribution network that ensures the
movement of the cylinders within each channel is synchronized
(see [8]). The patch operates at around 2.5 GHz without any
metal cylinders underneath it. As soon as the cylinders come
close to the patch, i.e., when
mm, the main resonance of the patch splits into two resonances, and the separation
increases with increasing
.
To understand the dual-band behavior of the antenna, a
simple model of the antenna was developed and analyzed. The
patch antenna was divided into three segments as shown in
Fig. 1(a) with dimensions of
mm for segments 1
and 3, and dimensions of
mm for segment 2.
The impedances, , , and , at the left radiating edge are
determined, and the total input impedance of the antenna is
then calculated. In Figs. 1(b) and 2, a detailed breakdown for
segment 1 (or 3) is shown. The left portion of the cylinder from
the
marker is modeled as an open-ended transmission

line with wave propagation constant of
and characteristic
impedance of
. The area between the cylinder and the
and
, is modeled as
ground plane, between
another piece of transmission line with
and
terminated
at a load of . The area between the cylinder and the patch
and
, is modeled as another
antenna, between
open-ended transmission line with the similar wave propagation constant and characteristic impedance of
. The right
marker is modeled as a transmission
section from the
line with
and
with the series combination of
and
as its load. The relative dielectric constant for segments 1
and 2 are extracted using CST Microwave Studio and Agilent
ADS to compute wave propagation constant ( ) values. The
characteristic impedances of these transmission line segments
are calculated using formulas available in literature to compute
characteristic impedance of a microstrip line. The impedance
of segment 2 in Fig. 1(a) is calculated using formulas (for
transmission line model of patch antenna) available in [9]. The
total impedance,
, looking from the left radiating edge is the
parallel combination of impedances ,
and
(see Fig. 2).
Fig. 3(a) shows the variation of the ﬁrst and and second resonant frequencies of the antenna as a function of the offset
distance,
, from both full-wave simulations and the proincreases,
posed analytical model. As can be observed, as
the frequency of the ﬁrst (second) resonance, ( ) decreases
(increases) ﬁrst. Subsequently, as
increases further, this
trend is reversed. From the simulations (circuit model), the ratio
of the frequencies
changes from 1.05 (1.02) to 1.31 (1.27)
as a function of the offset distance. Fig. 4 shows the electric current distribution on the surface of the antenna at the two resonances. Careful examination of these currents reveals that they
will result in similar radiation characteristics (polarization, radiation pattern shape, and the direction of maximum radiation)
in the far ﬁeld. Therefore, this dual-band antenna is expected to
provide similar radiation characteristics at both of its bands of
operation.
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Fig. 5. Photograph of the fabricated prototype with two visible brass cylinders.

Fig. 3. (a) Variations of the two resonant frequencies. (b) Ratio of the frequen, as a function of
.
cies,

Fig. 6. Simulated and measured input reﬂection coefﬁcients of the patch anmm,
mm, and
mm.
tenna for

chosen to be 4.5 times the patch length so that there was
enough space for the metal cylinders to rest without coming
in close proximity to the patch and also accommodate the
inlet/outlet channels.
Fig. 4. Simulated electric current distribution on the patch surface for
mm. (a) At
GHz. (b) At
GHz.

The patch antenna is designed to operate at 2.5 GHz. Accura
60, a type of photopolymer resin that is 3-D printed, is used
as the substrate of the antenna. The substrate is 3.35 mm
thick and has a dielectric constant of 3.2 and a loss tangent
of 0.05 [8], which is included in the simulations. Note that
this material was used solely because it was readily available
for our use in this proof-of-concept demonstration. However,
for a system-level application it is recommended to use 3-D
printed materials with lower loss values. The patch antenna has
dimensions of
mm . In the initial simulations, the
antenna was fed with a lumped port placed at the edge of the
radiating slot [see Fig. 4(b)]. This is done to calculate the input
impedance of the antenna at the edge of the radiating slot. The
value of this input impedance was subsequently used in the
impedance matching process. The response of the antenna was
simulated using CST Microwave Studio. The patch and metal
cylinders were modeled as copper and brass, respectively, in
the simulations. The substrate length is approximately four
and a half times of the length of the patch, and the width
is twice of the patch width. The length of the substrate was

III. PROTOTYPE FABRICATION AND MEASUREMENT RESULTS
The substrate of the proposed antenna was fabricated using a
Dimension Elite 3-D printer and is shown in Fig. 5 (notice that
the substrate is transparent). An impedance-matching network
consisting of a series of transmission lines was designed to ensure proper matching for all values of
. The patch antenna
along with the matching network was assembled on top of the
substrate with copper tape (see Fig. 5). Two 32-mm-long brass
cylinders with diameter 2.0 mm were inserted into the channels. The openings were later covered with 3-D printed pieces
and sealed off with epoxy. The channels were ﬁlled with mineral oil using a 10-mL syringe through one of the inlets/outlets. After the channels were ﬁlled up, the other inlet/outlet was
mounted with a partially oil-ﬁlled 10-mL syringe. One of the
syringes was pressed to move the cylinders together along the
channels and position them at a speciﬁc
. The
of the
antenna was then measured using an Agilent N5225A PNA for
three different offsets,
mm,
mm,
and
mm. The results are shown in Fig. 6. It can
be seen from the results that there are discrepancies between
measurements and simulations in the form of frequency shift
and lower/higher reﬂection coefﬁcient values at the resonant
frequencies. These can be attributed to several factors such as
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proposed design. The radiation efﬁciency of the antenna can be
signiﬁcantly enhanced if lower-loss materials are used to implement the substrate. The mechanical tuning speed of the structure
is constrained by the 10-mL syringes, the inside surface roughness of the channels, and them being free of any residues that
remain from the fabrication process. Based on the availability of
various commercial micropumps, the tuning speed of antennas
of this type is expected to vary between hundreds of microseconds to hundreds of milliseconds.
IV. CONCLUSION

Fig. 7. Measured normalized gain patterns of the antenna. (a)–(d) Radiation
patterns [co-pol (blue) and cross-pol (red)] at 2.35 and 2.93 GHz when
mm. (a) H-plane at 2.35 GHz (
dBi). (b) E-plane at
dBi). (c) H-plane at 2.93 GHz (
2.35 GHz (
dBi). (d) E-plane at 2.93 GHz (
dBi).

TABLE I
TOTAL EFFICIENCY AND PEAK DIRECTIVITY
RESONANT FREQUENCIES FOR

OF THE

ANTENNA AT
, AND
mm

THE

The design and principles of operation of a new type of dualband patch antenna with closely spaced bands of operation were
presented and discussed. It was also demonstrated that the response of this antenna can be made tunable using a ﬂuidic tuning
technique. A simple transmission-line-based equivalent circuit
model was also developed to predict the behavior of the two resonances of the antenna when it is tuned using the proposed ﬂuidically tuning mechanism. The frequency variation trend predicted by the model closely matches the trend extracted from
the full-wave simulations. A prototype was also fabricated and
characterized. Measurement results show a return loss better
than 10 dB and consistent, similar radiation patterns at both
bands of operation across its entire frequency band of operation. In the speciﬁc example discussed in this letter, a frequency
ratio of
–
was achieved from measurement.
The radiation efﬁciency of this antenna can be enhanced dramatically if a lower-loss dielectric substrate is used. This antenna is
expected to be useful both in its static mode of operation (i.e.,
nontunable) in conventional dual-band systems and its tunable
version in systems that need to transmit signals with high (tens
of watts) peak power while maintaining linearity.
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