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Radiation Pattern and Polarization Reconfigurable Antenna Using Dielectric
Liquid
Jian Ren, Member, IEEE, Zhao Zhou, Zhao Hui Wei, Hao Ming Ren, Zhe Chen, Ying Liu, Senior Member, IEEE,
and Ying Zeng Yin, Member, IEEE

Abstract—A reconfigurable antenna with radiation pattern and
polarization reconfiguration capabilities is investigated in this paper. The
antenna consists of a central dielectric resonator antenna (DRA) and two
parasitic DRAs made of a liquid solution with low dielectric loss. Utilizing
the flowing of liquid, the existing of parasitic DRA can be changed to
produce different patterns. An omnidirectional pattern can be realized when
only the central DRA radiates, while a unidirectional pattern can be
obtained using the parasitic DRAs. Furthermore, the polarization of the
antenna with unidirectional radiation can be changed by forming different
parasitic DRAs, which can be realized via liquid flowing. Based on this
principle, three different radiation states, namely, omnidirectional radiation
and unidirectional radiation with x- or y-polarization, can be obtained. To
verify the design, a prototype of the antenna operating at 2.4 GHz was
simulated, fabricated, and measured. The measurement results indicate that
the antenna provides effective impedance matching over the band of interest
as well as radiation pattern and polarization reconfiguration capabilities.

Index  Terms—Pattern reconfigurable antenna, polarization
reconfigurable antenna, liquid antenna, dielectric resonator antenna.

1. INTRODUCTION

Over the past decades, considerable progress has been made in
wireless communication, which has had significant impacts on daily
life. Compactness, low cost, multi-functionality, and high integration
ability have become the main trends in wireless communication
system design. Traditional systems utilize different antennas to meet
the requirements of communication, navigation, sensing, and other
functions. However, using multiple antennas in a single system
substantially increases the size and cost, presenting new challenges.
Consequently, reconfigurable antennas [1]-[3], whose operating
features can be changed dynamically, have attracted considerable
attention. Based on reconfigurable technology, antennas with
functions of frequency changing [4]-[7], polarization manipulation [8,
9], and radiation pattern control [10, 11] have been realized. In
particular, due to the appeal of high integration ability, the
combination of multiple reconfigurable functions into a single antenna
has been investigated extensively, leading to the development of
frequency- and pattern-reconfigurable antennas [12]-[14],
polarization- and pattern-reconfigurable antennas [15], and
frequency- and polarization-reconfigurable antennas [16, 17]. To
realize reconfiguration capabilities, electrically controlled p-i-n diod-
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es are commonly used. These diodes have the advantages of low cost,
high changing speed, and compact size, although the antenna
efficiency may be decreased due to the diode insertion loss. Micro-
electromechanical system-based switches, which can be electrically
controlled, are also commonly used [18, 19], providing high speed and
low insertion loss. New materials, such as liquid metal [20]-[22] and
phase-changing materials [23, 24], have also been introduced into the
design of reconfigurable antennas.

Recently, liquid-based reconfigurable antennas have attracted
considerable attention. In [25, 26], the authors presented liquid-based
frequency-reconfigurable antennas. By changing the volume of liquid
in the antenna’s substrate, the effective dielectric constant could be
changed, altering the operating frequency of the antenna. Utilizing
distilled water as the material, a frequency-reconfigurable dielectric
resonator antenna (DRA) was investigated in [27]. As the dielectric
loss of water at low frequency is low, this type of antenna is suitable
for VHF and UHF applications. In [28], the authors described a
monopole antenna in which ionized fluid was used as the conductive
material. By changing the liquid tube length, frequency tunability was
achieved. Compared with frequency reconfiguration, radiation pattern
and polarization reconfiguration can change the power radiated by the
antenna, which has great potential for use in various applications. In
[29], by changing the operation mode of the liquid DRA between the
HEMins and TMois modes, the authors investigated a pattern-
reconfigurable antenna with omnidirectional and directional radiation
patterns. Also using a DRA, a polarization-reconfigurable antenna
was proposed [30]. Additionally, a circular beam-steering antenna
using a liquid tube as a parasitic reflector was investigated [31].
Liquid-based antennas utilize the fluidity of liquid, and by changing
the volume or shape of the liquid, different operating modes can be
obtained. Utilizing a liquid with low dielectric loss and low cost
provides these antennas with high efficiency, high power handing, and
low cost, making liquid-based antennas popular topics in recent years.

In this paper, a liquid-based reconfigurable antenna with both
pattern and polarization reconfiguration capabilities based on DRA is
presented. The antenna consists of a center cylindrical DRA operating
in TMois mode and two parasitic cylindrical DRAs made of liquid,
operating in HEM11s modes. To achieve different states, the functions
of the parasitic DRAs beside the center DRA are changed by adjusting
the flow of the liquid. When only the center DRA exists, an
omnidirectional pattern can be obtained. In contrast, when one of the
parasitic DRAs exists, unidirectional radiation can be realized, whose
polarization depends on the location of the parasitic DRA. Using this
working principle, different radiation patterns and polarization states
can be realized. In this study, a dielectric material with & = 15 was
used for the center DRA, while ethyl acetate solution was employed
as the liquid to form the parasitic DRAs. For verification, a prototype
of the antenna operating at 2.4 GHz for WLAN applications was
fabricated and measured. The working mechanism of the antenna was
examined by performing a full-wave simulation, and the antenna
characteristics, including the S-parameters, radiation patterns and
antenna gain and efficiency, were measured.

0018-926X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

Ground plane
Central DRA  Hole for probe

Feeding probe

Parasitic LDRA2

Parasitic LDRA

X
(b)
Fig. 1 (a) Diagram of the designed reconfigurable antenna. (b) Side and top
views of the antenna. The following dimensions are marked: d; =36 mm, d,=
42 mm, A, =19 mm, h, =23 mm, d, = 1.27 mm, and A, =9 mm.

II. ANTENNA CONFIGURATION AND WORKING MECHANISM

Figure 1(a) depicts the designed reconfigurable antenna, which
consists of a central DRA and two parasitic liquid DRAs (LDRA1 and
LDRAZ2). For simplicity, the supporting structures are not shown. In
practice, depending on the operation state, only one parasitic LDRA
or no parasitic LDRA exists beside the central DRA. Figure 1(b)
presents top and side views of the antenna, including the dimensions.
The central DRA is cylindrical with diameter d1 and height /. Located
in the center of the ground plane, the central DRA is fed by a probe
with diameter dp and height /,. Low-loss material, provided by Laird
Technologies, with a dielectric constant & of 15 forms the central
DRA. To achieve pattern and polarization reconfiguration capabilities,
ethyl acetate, a low-toxicity liquid with a dielectric constant e of 6.6
[29], is used for the parasitic LDRAs. The parasitic LDRAs are also
cylindrical with diameter d> and height /2. By utilizing the fluidity of
the liquid, the parasitic LDRAs can be formed beside the central DRA
and act as parasitic radiators. When a different LDRA exists, different
radiation characteristics can be obtained, as will be discussed in detail
later. The whole antenna has a ground plane with diameter dy of 80
mm. The working principle and radiation characteristics
corresponding to different states are now discussed, as obtained by
performing full wave simulations using ANSYS HFSS, which is based
on the finite element method.

A. STATEI: Omnidirectional Radiation

In STATEI, only the central DRA exists, as shown in Fig. 2(a).
Using the simulation software, the vector E- and H-fields in the
meridian and equatorial planes of the DRA were obtained, as depicted
in Fig. 2(b). With reference to the figure, we can see that the H-field
is well contained in the resonator and forms a loop with constant
magnitude in the azimuthal direction. The E- and H-field distributions
clearly indicate that the TMo1s mode is excited in this case. Figure 3
shows the simulated 3D radiation pattern of the antenna. These results
clearly demonstrate that omnidirectional radiation was obtained.

http://dx.doi.org/10.1109/TAP.2020.2996811
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Fig. 2. (a) Diagram of the antenna operating in STATE1. No LDRA exists, and
the central DRA acts as the radiator. (b) Simulated E- and H-fields in the
meridian and equatorial planes of the DRA.
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Fig. 3. Simulated 3D radiation pattern of the DRA in STATEL.

Given the frequency of 2.4 GHz and dielectric constant & = 15, one
can calculate the radius 7 and height 4 of the central DRA for the
TMois mode according to the operating frequency formula of a
cylindrical DRA [32]:

/3.832+(%)2
It should be noted that the structure presented here is different from
that in [33], where a probe covered by a dielectric was used to feed
four cylindrical DRAs, generating monopole-like radiation, and the
small central dielectric rod only acted as a modified probe. In the
present design, the central DRA acts not only as the feeding structure
for the parasitic DRAs, but also as a DRA operating in its TMo1s mode
in STATEL.

B. STATE?2: Unidirectional Radiation with x-Polarization

In STATE?2 and STATE3, one of the parasitic LDRAs exists beside
the central DRA. The parasitic LDRA is excited by the central DRA
and acts as the radiator. Figure 4(a) illustrates the antenna producing
directional radiation with x-polarization. In this case, the parasitic
LDRA is located beside the central DRA, Fig. 4(b) and 4(c) illustrate
the vector E- and H-fields in the meridian and equatorial planes of the
antenna. For the H-field, the observation plane is located at /2/2 above
the ground plane. In this case, the fields of both the central DRA and
LDRA are strong, indicating that the central DRA works as the
radiator and feeding structure for the parasitic LDRA simultaneously.
The magnetic field of the parasitic DRA shows a dipole-like
distribution, and the polarization is along the y-axis. Meanwhile, the
electric field of the parasitic LDRA shows a half-circular distribution.
Thus, it can be said that the HEM115 mode of the cylindrical DRA is
excited in the parasitic LDRA. The dimensions of the parasitic LDRA
can be calculated using the mode formula with a given frequency and
dielectric constant according to the operating frequency formula of

HEMuis [32]:
6.324

f= =X (0.27 +0.36 ) + 0.02(5)? (2)
where 7 is the radius of the cylindrical DRA, /4 is the height of the
DRA and e; is the dielectric of the used material. As the TMo1s and
HEM1s modes are excited simultaneously, the radiation pattern is a
combination of these two modes, with a certain spatial displacement.
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Fig. 4. (a) Diagram of the antenna operating in STATE2. LDRAI exists, and
the central DRA acts as the radiator and feeds LDRALI. (b) Simulated E-field
in meridian plane of the antenna. (c¢) Simulated H-field in equatorial plane of
the antenna.
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Fig. 5. Simulated 3D radiation pattern of the DRA in STATE2.

For the HEM 115 mode, unidirectional radiation with x-polarization can
be obtained and the maximum radiation direction is along the z-axis.
Meanwhile, for the TMoi1s mode, omnidirectional radiation can be
obtained and there are both x- and y-components, which increases the
cross-polarization of the whole antenna. Accordingly, the initial
dimensions of the parasitic LDRA obtained from (2) were optimized
towards the objective of achieving low cross-polarization. It should be
noted that although the size of the LDRA is changed, it can still
operate in its HEMi1s mode as the bandwidth of the mode is not
narrow. Figure 5 shows the simulated 3D radiation pattern of the
LDRA with the optimized size. Unidirectional radiation with x-
polarization is clearly observable. The maximum value of the realized
gain in this case is about 6.32 dBi.

C. STATE3: Unidirectional Radiation with y-Polarization

When LDRA1 is moved and LDRA2 exists beside the central DRA,
unidirectional radiation with y-polarization is obtained. The antenna’s
configuration for this case is shown in Fig. 6(a). As the working
principle of this state is the same as that of STATE2, only the
simulated 3D radiation pattern of the antenna is shown (Fig. 6(b)).
Compared with STATE2, only the location of the parasitic LDRA
differs, so the shapes of the radiation patterns are quite similar despite
their 90° displacement along the z-axis. As the parasitic DRA is the
main radiator in this state, the antenna has a unidirectional pattern with
y-polarization. The maximum value of the antenna gain in this case is
also about 6.32 dBi.

III. FABRICATION AND MEASUREMENT

Based on the above discussion, the antenna has three different
radiation states corresponding to different states of the parasitic
LDRAs: omnidirectional radiation and unidirectional radiation with x-
or y-polarization. In practice, the different antenna states are obtained
by controlling the flow of the liquid to form different LDRAs. Differe-
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Fig. 6. (a) Diagram of the antenna operating in STATE3. LDRA2 exists, and
the central DRA acts as the radiator and feeds LDRA2. (b) Simulated 3D
radiation pattern of the DRA for STATE3.

nt kinds of liquid, such as water [34] and oil [26], have been used in
reconfigurable antenna designs. In the developed system, ethyl acetate
is used to obtain a high radiation efficiency. This material has a
dielectric constant of 6.6, as measured using an Agilent 85070D
system [29]. Further, ethyl acetate is a low-cost solution with low
toxicity. To contain the liquid, two containers fabricated using 3D
printing technology are employed. Photosensitive resin with a
dielectric constant of approximately 2.7 and loss tangent of 0.02 is
employed as the printing material. Although the dielectric loss of the
printing material is not low, the energy is mainly distributed in the
DRA and an acceptable radiation efficiency can be obtained. Figures
7(a) and 7(b) depict the prototype of the fabricated liquid container,
and Fig. 7(c) shows an exploded view of the whole antenna structure,
including the central DRA, liquid containers for LDRA1 and LDRA2,
feeding probe of the antenna, and ground plane. In addition, two
circular grooves are etched on the ground plane so that the walls of
the containers can be inserted into the grooves to avoid liquid leakage.

Control of the liquid is an important issue in this design. Figure 8(a)
illustrates the liquid control system used in this antenna. The liquid
control system contains a liquid reservoir, two pumps, and four pairs
of injection/outlet pipes. Each pair of pipes includes a longer one for
air injection/outlet and a shorter one for liquid injection/outlet. The
liquid reservoir is placed beneath the ground plane to preserve extra
liquid. Through the two pairs of injection/outlet pipes inside the liquid
reservoir, the reservoir is connected to two pumps. These pumps are
connected to the injection/outlet pipes in the LDRA1 and LDRA2
containers, respectively. Driven by the pumps, the liquid can be
transferred between the LDRA containers and reservoir to generate
different working states. During the process of the liquid filling, there
may be some bubbles with quite small size at the top part of the
container. As the volume of the air is incomparable to that of the liquid,
the effect of the bubbles on the performance of the antenna is
negligible. The pumping speed is set as 30 m//min and with this speed,
it costs about 1 minute to pump the liquid into the container. Note that
a single reservoir serves both LDRA containers simultaneously.
Considering that all of the aforementioned working states involve no
more than one LDRA, a single reservoir can certainly meet the
requirements of this liquid control system. Also, it is noted that two
pumps with single channels is used to control the liquid. The
commercially available pumps with two separate channels can be used
here to reduce the complexity of the control system, which may
increase the cost of the antenna.

For verification, a prototype of the antenna with the optimal
parameters was fabricated and measured, as depicted in Fig. 8(b). The
S parameters of the antenna were obtained using the Keysight vector
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Fig. 7. (a) Side view and (b) Back view of the prototype container. (c) Exploded
view of the whole antenna structure.
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Fig. 8. (a) Illustration of the liquid control system for the antenna. (b) Prototype
of the proposed antenna.

network analyzer 8753, while the near-field radiation measurement
system Satimo StarLab provided by Microwave Vision Group was
used to obtain the far-field characteristics of the antenna, including the
radiation pattern, antenna gain, and radiation efficiency. During the
measurement, all of the antenna structure and control system of the
liquid was included in the chamber. During the measurement, the
control system would not work. As there are metal structure in the
pump, the liquid control system may have a little effect on the
performance of the antenna, mainly on the antenna radiation pattern
at the back direction. To avoid the effect, we placed the control system
a distance to the antenna and the liquid was injected through a long
tube. In this case, the effect can be minimized.

A. Reflection Coefficient

Figure 9 shows the simulated and measured reflection coefficients of
the antenna corresponding to different states. With reference to the
figure, we can see that the simulation and measurement results agree
well in all of the investigated states. For STATEI, the impedance
bandwidth can cover 2.35-3 GHz, with a relative bandwidth wider than
22.9%. For STATE2 and STATES3, the antenna has a wide bandwidth
around 23%, which can cover 2.34-2.95 GHz. The bandwidth overlap
of the different states can fully cover the 2.4 GHz WLAN band (2.4—
2.48 GHz).
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Fig. 9. Simulated and measured reflection coefficients of the proposed antenna.
(a) STATEL. (b) STATE2 and STATE3.
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Fig. 10. Simulated and measured radiation patterns in different planes in STATEL.
(a) f=2.4 GHz. (b) f=2.5 GHz.

B. Radiation Pattern

Using the Satimo StarLab near-field measurement system, the
radiation patterns of the different antenna states were obtained. As the
antenna is designed for 2.4 GHz WLAN, the radiation patterns
corresponding to 2.4 GHz and 2.5 GHz are presented here. Figure 10
shows the omnidirectional radiation corresponding to TMois mode,
together with the simulated radiation pattern for comparison. The
simulation and measurement results agree well at both frequencies. A
radiation null in the boresight direction can be found in the elevation
plane (xoz plane). The maximum radiation occurs at approximately 0 =
35°. In the azimuthal plane (@ = 35°), the antenna produces
omnidirectional radiation. As the cylindrical DRA is the central antenna,
the pattern variation in the azimuthal plane is less than 0.3 dB, despite
the existence of liquid containers for LDRA1 and LDRA2.
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Fig. 12. Simulated and measured radiation patterns in different planes in
STATES3. (a) /= 2.4 GHz. (b) f=2.5 GHz.

Figure 11 shows the simulated and measured radiation patterns in the
E-plane (xoz plane) and H-plane (yoz plane) of the antenna in STATE2.
The simulation and measurement results agree well at all of the
investigated frequencies. Unidirectional, x-polarized radiation is clearly
observable. For the E-plane (xoz plane), a small tilt angle is evident as
the antenna is asymmetric in this plane. A cross-polarization level as
low as -20 dB is obtained. For the radiation in the H-plane (yoz plane),
the maximum direction is the boresight direction (6 = 0°). As the
antenna structure is symmetric in the yoz plane, the radiation patterns
for co- and cross-polarization are symmetric. In the boresight direction,
the cross-polarization level is lower than —20 dB, and in the other
directions, the cross-polarization increases as 6 increases. This trend
occurs because in the boresight direction, the radiation of the HEM
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mode dominates, while the power radiated by the TM mode can be
ignored. Further, the antenna has higher cross-polarization at higher
frequency, because in this case, the total radiation of the antenna is the
combination of the TM and HEM modes. As discussed in Section II, the
cross-polarization was optimized by choosing the properties of the
parasitic DRA at 2.4 GHz. As the frequency increases, the cross-
polarization may increase slightly. Ultimately, unidirectional, x-
polarized radiation is obtained. Also, it can be seen that the sidelobe of
the antenna in xoz plane is not quite low. This can be explained by the
electric field distribution in the antenna, as shown in Fig. 4(c). The field
is like that of the higher order mode, making the sidelobe high. The
sidelobe also can be suppressed by optimizing the size of the LDRA.
The simulated and measured radiation patterns of the antenna
corresponding to unidirectional radiation with y-polarization are shown
in Fig. 12. The radiation patterns are quite similar to those in STATE2
except that the antenna has different polarization. Reasonable agreement
between the simulation and measurement results is observable.

C. Antenna Gain and Efficiency

Figure 13 shows the simulated and measured antenna gain in
STATE]1, where the maximum gain of 4.2 dBi occurs at approximately
2.4 GHz. Over the entire operation band from 2.4 GHz to 2.48 GHz, the
average antenna gain is around 4.1 dBi. The simulation and
measurement results agree well over the entire band, with the measured
values slightly lower than the simulated ones. The measured total
efficiency of the antenna is also shown in Fig. 13. Over the entire
operation band, the efficiency is higher than 85%, and the peak value
occurs at approximately 2.6 GHz. Considering that the radiator for
STATE], the central DRA, is composed of material with extremely low
dielectric loss and that the main loss originates from the material of the
LDRAI1 and LDRA2 containers, the high total efficiency of the antenna
is reasonable.

Figure 14 shows the simulated and measured antenna gains and total
efficiencies for STATE2 and STATE3. Again, the simulation and
measurement results agree well. Note that the antenna gains depicted are
those obtained in the boresight direction. Over the operation band, the
antenna gain is higher than 5.3 dBi and the measured values are
approximately 0.5-0.7 dB lower than the simulated ones. The maximum
antenna gains occur at approximately 2.4 GHz, as expected. The total
efficiencies are greater than 70% over the entire operation band. As the
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liquid and central DRAs radiate simultaneously in this case, the loss of
the LDRA is acceptable despite the high dielectric loss of the liquid used.
It is worth mentioning that the efficiency of the proposed antenna is
generally higher than those of the antennas proposed in [29], where the
same liquid and DRA mode were used. The antenna gain and efficiency
can be further increased by using a liquid with lower dielectric loss. In
short, the obtained antenna gain and efficiency demonstrate the good
radiation performance of the proposed antenna.

IV. CONCLUSION

In this study, we investigated an antenna with radiation pattern and
polarization reconfiguration capabilities. The antenna consists of a
central DRA and two parasitic DRAs of ethyl acetate. The antenna can
be reconfigured by utilizing the flow of the liquid. When only the
central DRA exists, the antenna operates in its TMois mode,
generating omnidirectional radiation. When one of the parasitic
LDRAs exists in addition to the central DRA, the antenna emits
unidirectional radiation, and the polarization depends on the location
of the parasitic LDRA. The radiation characteristics can be changed
via liquid flow, and three states can be realized: omnidirectional
radiation and unidirectional radiation with x- and y-polarization. For
verification, a prototype antenna operating at 2.4 GHz was simulated,
fabricated, and measured. The simulation and measurement results
agreed well. The measurement results indicated that the antenna
provides good impedance matching for all three states over the entire
band of interest and that the antenna radiation can be reconfigured. As
expected, different radiation states were obtained, and reasonable gain
and efficiency were achieved. For demonstration, here only two
LDRAs are used to obtain radiation pattern and polarization
reconfigurable capability. More LDRAs can be introduced into the
antenna to obtain additional operation states, such as the unidirectional
radiation with +45°polarizations.
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