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Abstract—A novel single-feed microstrip antenna with 

polarization agility is proposed. Loading the distilled water 

cylinder(s) at the four corners of the square patch with different 

heights, the effective permittivity of resonant mode is changed. By 
perturbing the heights of the four water cylinders, the circular 

polarization (CP) radiation with a wide 3-dB axial ratio (AR) 

beamwidth can be obtained. In addition, the polarization 

reconfigurability with right-hand circular polarization (RHCP), 

left-hand circular polarization (LHCP) and linear polarization 

(LP) can be achieved by controlling the height of the water. To 

demonstrate the design concept, a prototype antenna was 

fabricated and measured. The simulated and measured results are 

in good agreement.  

 
Index Terms — Microstrip antenna, distilled water, polarized 

reconfigurable, single-feed. 

 

I. INTRODUCTION 

ECENTLY, due to the rapid development of satellite 

navigation, radio frequency identification, and other 

mobile communications, the requirement for adaptive antennas 

with frequency and/or polarization tunability becomes readily 

apparent. Therefore, designing reconfigurable antennas with 

multiple frequency operation and/or multiple polarization is 

highly desirable, particularly for the microstrip antennas [1], 

[2]. In the previous reconfigurable antennas, the switching 

components usually involve the PIN diodes, varactor diodes, 

and RF-MEMS switches. More recently, the liquid dielectric/ 

metal materials were widely studied for applications to 

dynamically adjust the properties [3-5]. Compared with the 

solid tuning mechanisms, the fluidics-based tuning methods 

have three main advantages: 1) the fluidity and high linearity. 

They are promising to be beneficial in the high-power RF 

application due to their power handling capability. 2) 

commonly, the solid tuning components need the extra circuit, 

thus increasing the complexity of the designs. Meanwhile, the 

self-resistance may affect the efficiency of antennas. 3) 

employing soft materials using common technologies can result 

in flexible and wearable designs [6]. In [3], with the aid of the 

mobility nature of liquid metal mercury (Hg), the movable 

parasitic director and reflector elements were achieved to steer 

the beam of a circular Yagi-Uda array. In [4], the frequency 
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tunability was implemented by changing the physical length of 

a monopole formed by a liquid metal. [5] demonstrated a 

frequency reconfigurable annual slot antenna, which was 

loaded with different dielectric liquid materials with diverse 

permittivity. Dielectric liquid materials offer tunability by 

changing the effective permittivity values of radiators. As a 

special type of liquid, water perhaps is the most attractive due 

to its high permittivity, transparency, and easy access. A 

frequency-configurable water antenna was presented in [7], but 

the frequency tunability was only for RHCP. [8] proposed a 

polarization reconfigurable spiral water antenna, however, it 

could only be switched between the LHCP and RHCP. Few 

water-based reconfigurable antennas have been reported that 

can reconfigure both the frequency and the polarization (LP, 

LHCP, and RHCP). 

The single-feed CP microstrip antennas are usually more 

compact when compared with the dual-feed ones [9]. Various 

types of single-feed CP microstrip antennas have been reported 

in [10], [11], which could generate CP radiation by introducing 

some asymmetry perturbations such as slots, stubs and so on. 

Commonly, CP can be achieved for single-feed patch antenna 

by exciting two orthogonal modes with equal magnitude and a 

90° phase difference. 

In this work, a novel single-feed microstrip antenna is 

investigated with polarization reconfiguration. The distilled 

water is utilized to dynamically tune the effective permittivity 

of the microstrip substrate. To obtain the CP radiation, some 

specific differences of the distilled water cylinders placed at the 

four corners of the square microstrip radiator are introduced. 

By loading the four water cylinders with different heights, 

polarization reconfiguration can be realized.  

II. DESIGN AND ANALYSIS 

The cross-sectional-view configuration of the proposed 

design Ⅰ is shown in Fig. 1. The substrate adopted here has a 

relative permittivity of 2.16, a dielectric loss tangent of 0.009 

and a thickness of 2 mm. Four identical PVC (ɛr ≈ 2.7 ~ 3) tubes 

with a thickness of 5 mm are used to hold the distilled water. 

The tubes are vertically located at the four corners of the 

microstrip patch and sealed with Cyanoacrylate Adhesive. The 

inner radius is r1. The length of the square patch is labeled as L, 

and the dimension of the ground plane is 135 mm × 135 mm, 

which is the same as that of the substrate. A coaxial feed is 

positioned along the X-axis with an offset of x0 from the patch 

center. Four distilled water cylinders are located symmetrically 

at the four corner points (±L/2, ±L/2). The heights are h1, h2, h3, 

and h4, respectively. 
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The distilled water has a relative permittivity of about 78, 

and a loss tangent around 0.04 in the operating frequency band. 

The heights of distilled water cylinders are very important 

parameters for achieving the polarization reconfiguration with 

fine tuning of the resonant frequency. When all the heights of 

cylinders are equal (h1=h2=h3=h4), two degenerate modes have 

the same resonant frequency, thus the antenna exhibits LP 

radiation. But when the heights are slightly changed with a 

specific difference, two degenerate orthogonal modes can be 

properly split in resonant frequency, then CP radiation can be 

achieved. The CP sense can be switched by simply swapping 

the heights of the four water cylinders. When the height of the 

water is changed, theoretically, we can fine-tune the resonant 

frequency for each polarization. The frequency tuning range of 

the antenna is mainly determined by the location and the 

aperture of the loading water. To prove this point, three cases 

are considered and compared here. For the design Ⅰ, the 

configuration is shown in Fig. 1. As for the design II and III, 

four water cylinders are placed symmetrically on the ground 

plane at points (±L/2, ±L/2), the side view of which can be seen 

in Fig. 2. A coupling disk with a radius of 8 mm is loaded at the 

top of the probe to compensate the probe’s inductance. After 

optimization, the final dimensions of the three designs for 

polarization agility are listed in Table Ⅰ. The tuning ranges for 

the three designs are given in Table Ⅱ. Since the electric field 

between the patch and the ground is much stronger than the 

field on the patch surface, the water cylinders of the design Ⅱ or 

Ⅲ have a greater influence than that of the design Ⅰ. Clearly, the 

tuning range of the patch antenna is significantly related to the 

loading location and loading aperture. For simplicity, only the 

simulated reflection coefficients of the design Ⅱ and Ⅲ with 

different water heights for LP are shown in Fig. 3.  

III. RESULTS AND DISCUSSION  

To prove our design concept, a prototype of design Ⅰ was 

fabricated, as shown in Fig. 4. In this section, we will discuss 

the tuning process. Then the reflection coefficients, axial ratios, 

and radiation patterns will be presented. 

A. Tuning for LP and CP radiation 

For a square microstrip antenna, when the feed point located 

along the X-axis, the TM01 mode is excited. When the four 

distilled water cylinders with same heights and radii are located 

symmetrically at the four corners of the patch, the LP property 

is not affected. Nevertheless, when the heights of the four 

distilled water cylinders are different by some values, the 

effective permittivity of the two modes are different, thus the 

resonant frequency of the mode along the 135° diagonal line 

direction is not same as the one along the 45° diagonal line 

direction. By tuning the position of the feeding point, the two 

modes can be excited with a 90° phase difference and equal 

magnitude, thus the CP radiation can be produced.  

In theory, the resonant frequency of the mode can be 

adjusted by changing the heights of the distilled water as they 

influence the effective permittivity [12]. However, the electric 

field of loading location is not very strong and the loading 

aperture is limited, so we can only tune the resonant frequency 

in a small range. Fig. 4 shows the simulated and measured 

results of the |S11| for LP. Good agreement between simulation 

and measurement is observed. 

Since both the resonant frequencies of two modes can be 

adjusted by changing the heights of water cylinders, the 

minimum AR frequency can also be varied by changing the 

heights. Fig. 5 shows the measured and simulated |S11| for four 

sample states. The eight curves are shown in Fig. 5 correspond 

to the states from 1 to 4 listed in Table Ⅲ, which are selected to 

demonstrate the frequency agility. Good impedance matching 

is achieved over the operating frequency bands for all the four 

states. The CP performance of an antenna is defined by its AR, 

which should be less than or equal to 3dB. To get an insight of 

CP performance of the proposed antenna, the AR results of the 

 

 
Fig. 1.  Geometry of the design I. (a) Cross-sectional view. (b) Top view. 

 
Fig. 2.  Cross-sectional view of the design II and III. 

TABLE Ⅰ 
DIMENSIONS OF THE THREE DESIGNS (units: mm) 

 Design Ⅰ Design Ⅱ Design Ⅲ 

L 102 106 106 

x0 18 28 28 

r1 5 5 10 

TABLE Ⅱ 
PERFORMANCES OF THE THREE DESIGNS 

 Design Ⅰ Design Ⅱ Design Ⅲ 

Tuning band 

|S11|<10dB (LP) 

4.6% 17.8% 48.5% 

Tuning AR band 

AR<3 dB (CP) 

3.6% 10.7% 33.6% 
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Fig. 3. Reflection coefficients with different water heights for LP radiation. 

(a) the design II.  (b) design III. 



1536-1225 (c) 2016 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.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/LAWP.2017.2703821, IEEE
Antennas and Wireless Propagation Letters

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

3

proposed antenna in the broadside direction are plotted as 

shown in Fig. 6(a). It is clearly observed that the measured 

results are in reasonable agreement with the simulated ones, 

which indicates good LHCP performances are achieved for the 

four sample states. The measured bandwidth for |S11|≤ -10dB is 

14.5 MHz (948.4- 962.9 MHz) and the 3-dB AR bandwidth is 

3.7 MHz (952.9-956.6 MHz) for the state 1 of LHCP. The 3-dB 

AR bandwidth is within the -10-dB |S11| bandwidth. 

To demonstrate the CP performance of the proposed antenna, 

the simulated surface current distributions for state 1 of LHCP 

are plotted in Fig. 7, showing the direction of the distributed 

current at ωt = 0°, 45°,90°, and 135°. In this figure, the rotating 

current distributions are clearly observed, which indicates the 

antenna radiates the LHCP.  

By exchanging the value of h1 and h4, and simultaneously 

exchanging the value of h2 and h3, the phase difference between 

the two diagonal modes changes from 90° to -90° or from -90° to 

90°. Therefore, the sense of CP is reversed. The resonant 

frequency of the mode along the 45°diagonal is a bit lower than 

the one along the -45° diagonal for RHCP. The four sample 

states for RHCP are given in Table Ⅳ. Since the geometry of 

the antenna is axially symmetric, in theory, the |S11| parameters, 

and ARs for LHCP are almost the same as these for RHCP. For 

simplicity, just the AR results for RHCP radiation are shown in 

Fig. 6(b) to further validate the polarization reconfiguration. 

Reasonable agreements between simulations and 

measurements can be observed. Therefore, the polarizations 

reconfigurability can be conveniently realized by swapping the 

heights of the water cylinders. 

B. Radiation pattern, efficiency, and gain   
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Fig. 6.  ARs for CP at different states. (a) LHCP. (b)RHCP. 

 
Fig. 7.  Simulated surface current distributions for LHCP at state 1. 

TABLE Ⅳ 
WATER HEIGHT FOR DIFFERENT STATES 

 h1(mm) h2(mm) h3(mm) h4(mm) polarization 

state 1 0 0 0 1 RHCP 

state 2 0 1 1 1 RHCP 

state 3 1 1 1 10 RHCP 

state 4 1 10 10 10 RHCP 

-50

-40

-30

-20

-10

0
0

30

60

90

120

150
180

210

240

270

300

330

-50

-40

-30

-20

-10

0

 

 

 

0
30

60

90

120

150
180

210

240

270

300

330

 

 
Fig. 8. Simulated and measured normalized radiation patterns. 
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Fig. 9.  Simulated and measured normalized radiation patterns for CP. 

(a)LHCP. (b) RHCP. 
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Fig. 4.  Reflection coefficients for different sample states of LP radiation 

(h1=h2=h3=h4). State 0: h1=0; state1: h1=1mm; state 2: h1=3mm; state 3: h1= 

5mm; state 4: h1= 7mm. 

 

TABLE Ⅲ 
WATER HEIGHT FOR DIFFERENT STATES  

 h1(mm) h2(mm) h3(mm) h4(mm) polarization 

state 1 1 0 0 0 LHCP 

state 2 1 1 1 0 LHCP 

state 3 10 1 1 1 LHCP 

state 4 10 10 10 1 LHCP 
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Fig. 5.  Reflection coefficients for different sample states of LHCP radiation. 
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Fig. 8 illustrates the measured and simulated normalized 

radiation patterns for LP radiation of state 0. A higher cross 

polarization levels are observed in measured results than those 

in simulated results, but the cross polarization is still less than 

-20dB. For brevity, only the results for state 0 are shown. 

The radiation patterns for CP with two senses of rotation 

both at state 1 are shown in Fig. 9. The cross-polarization level 

is less than -20 dB for both two states. Meanwhile, the radiation 

patterns in Fig. 9(b) are almost identical to those in Fig. 9(a), 

but RHCP has been obtained, as opposed to LHCP. The results 

also indicate that the sense of CP can be conveniently switched 

by simply swapping the heights of the water cylinders.  

The results of the antenna efficiencies and gains for the three 

polarization states are shown in Fig. 10. Both simulated and 

measured results show that the antenna efficiencies are all 

above 75% over the whole operating band for the states with 

three different polarizations. Also, the antenna has stable gains 

around 6 dBi across the entire operating frequency band for 

these three states. However, the measured antenna efficiencies 

and gains are all lower than the simulated results due to a 

slightly higher cross-polarization level in the measured results. 

The discrepancies between the measured and simulated results, 

as shown in Figs. 4-10, can be mostly due to the fabrication 

tolerance and measurement errors. 

Fig. 11 depicts the simulated AR as a function of polar angle 

(θ) at the frequency of the smallest AR for four states of LHCP. 

Under the usual 3-dB AR definition, the 3-dB AR beamwidths 

of four states at XZ-plane reach to 206°, 195°,163°, and 202°, 

respectively. On the other hand, the 3-dB AR beamwidths at 

YZ-plane reach to 180°, 206°, 206°, and 188°, respectively. It is 

concluded that the proposed antenna has a wide 3-dB AR 

beamwidth when operating with CP radiation. 

Table Ⅴ shows a comparison between some recent 

liquid-based reconfigurable antennas and the proposed antenna. 

It can be seen that our design has a clear advantage of 

polarization diversity. Our design can be switched between the 

LP, LHCP, and RHCP. In addition, the resonant frequency of 

our design can be tuned in a small range for each polarization. 

IV. CONCLUSION 

A novel reconfigurable antenna design with polarization 

agility has been presented. Distilled water cylinders located at 

the antenna corners are employed to get three polarizations and 

achieve the tuning of frequency for each polarization state. The 

method of obtaining CP property for the single-feed microstrip 

antenna is based on loading the different height of the distilled 

water to perturb the patch. Two degenerative orthogonal modes 

with equal amplitude and a 90° phase difference are excited due 

to the different effective permittivity of two modes. The 

antenna has an excellent CP property over a wide angular range. 

Good agreements between the simulations and measurements 

for all states have been demonstrated. Therefore, the antenna is 

very attractive to many modern advanced communication 

systems. 
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Fig. 10.  Simulated and measured antenna efficiencies and gains. 
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Fig. 11.  Simulated AR as a function of the polar angle (θ) for the designed CP 

antenna. (a) XZ-plane. (b) YZ-plane. 

TABLE Ⅴ     
COMPARISON OF RECONFIGURABLE ANTENNA 

Reference Frequency tunable  polarization 

[4] Yes LP 

[7] Yes RHCP 

[8] No RHCP/LHCP 

This work Yes LP/RHCP/LHCP 

 


