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 

Abstract—A fully dielectric packaged liquid patch antenna based 
on liquid metal alloy is presented. In this work, there are two hollow 
cavities embedded in a dielectric box, including a rectangular cavity 
placed at the upper portion acting as the radiating element, and a 
non-planar cavity with a central groove under the radiating 
element serving as the ground plane. The antenna is realized by 3D 
printing technique, alleviating assembly tolerance and uncertainties 
from printed-circuit-board approach which would degrade 
antenna performance. The radiating element and the ground plane 
are fully metallized by filling liquid metal alloy. Unlike traditional 
liquid antennas, the liquid packaging antenna is completely 
metallized by conductive liquids which does not contain any solid 
metals. The proposed antenna is designed to operate at 5.2 GHz. 
Results show that the proposed liquid patch antenna produces a 
satisfactory impedance matching, and a good agreement between 
simulation and measurement in terms of radiation characteristics is 
achieved at the desired frequency. 

 

Index Terms—3D printing, conductive liquid, EGaIn, liquid 
metal alloy, package-in-dielectric. 

I. INTRODUCTION 

Liquid antenna is a research hotspot in recent years. The 
liquid antenna has many advantages compared with traditional 
solid metal antennas, such as easy to achieve reconfigurable 
performance, feasibility to conform with various shapes and 
low cost. Currently, many types of liquid antennas have been 
reported. On one hand, from a perspective of liquid materials 
adopted for the antennas, water-based antennas [1]-[4], liquid 
metal antennas [5] and water-mixture antennas [6] are found in 
literatures. On the other hand, from a perspective of antenna 
performances, there are frequency reconfigurable antennas [7], 
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pattern reconfigurable antennas [8], [9] polarization 
reconfigurable antennas [10]-[12], and gain tunable antennas 
[13]. Most of the above-mentioned liquid antennas are realized 
through a complicated assembly process, i.e., the antennas are 
disassembled into several separate parts first, and then each part 
is manufactured by machining or 3D printing technique 
independently. This non-monolithic processing and reassembly 
approach is time-consuming and costly, as well as introducing 
more factors affecting antenna performance, which limits the 
practical application of the liquid antennas. 

In order to alleviate the above complex processing problems, 
liquid packaging antenna is proposed in this work. The 
proposed liquid packaging antenna is a kind of liquid 
metallized antenna. Unlike the traditional liquid antennas 
[1]-[13], the liquid packaging antenna is completely metallized 
by conductive liquids which does not contain any solid metals 
other than the feeding probe, and is fully packaged by dielectric 
materials. Recently, antenna-in-package (AiP) technology 
attracts lots of investigation in various applications [14]-[21], 
but little attention has been paid to the integration and package 
of liquid antennas. 

In this paper, package-in-dielectric (PiD) liquid patch 
antenna rested on gallium-based liquid metal alloy EGaIn 
(σ=5.1×106 S/m with a melting point of 11.3 °C) is investigated, 
designed, and verified by experimental results. The proposed 
liquid packaging antenna is designed to operate at 5.2 GHz. 
Both simulated and measured results show that the liquid patch 
antenna can achieve a good impedance matching and 
acceptable radiation characteristics at the desired frequency.  

II. ANTENNA STRUCTURE AND CONFIGURATION 

The configuration of the proposed liquid patch antenna is 
shown in Fig. 1. A T-shaped dielectric box is printed by using a 
ZRAPID Stereo Lithography Appearance (SLA) printer [22]. 
The printer enables printing photopolymer resin with a layer 
thickness precision of about 0.02 mm. As the properties of the 
used photopolymer resin at high frequencies are unknown, its 
dielectric constant and loss tangent are measured in advance 
through an in-house dielectric assessment kit (DAK) [23], the 
measurement setup of which is shown in Fig. 2. In this work, 
the dielectric constant and the loss tangent of the selected 
photopolymer resin are about 2.7 and 0.005 respectively, which 
is also tasteless and non-toxic, and especially suitable for 
bio-medical engineering and industrial applications. 

There are two cavities inside the T-shaped dielectric box. 
The upper cavity is a rectangular cavity, which forms the 
radiating patch; while the bottom cavity is a non-planar cavity 
with a central groove, which constitutes the ground plane. The 
antenna is finally fed by a coaxial SMA connector. The inner 
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conductor of the SMA connector is inserted in the T-shaped 
dielectric box and completely contacted with the upper 
radiating patch, while the outer conductor is connected to the 
ground plane. It is worth mentioning that the SMA connector is 
wrapped by a layer of insulating material (green color shown in 
Fig. 1), which is able to further prevent the liquid metal alloy 
inside the upper radiating patch from leaking to the ground 
plane. Fig. 1(a) and (b) show the vertical 3-D cross-sectional 
view and vertical 2-D cross-sectional view of the proposed 
antenna, respectively. Fig. 1(c) exhibits the exploded view of 
the liquid patch antenna without the T-shaped dielectric box. 

The radiating patch and the ground plane are obtained by 
metallizing the two cavities with filling liquid conductive 
material (EGaIn). There are many liquid conductive materials 
with good conductive property available in markets. Carbon 
nanotube pastes, graphene solutions, saline water are aqueous 
mixtures with high conductivity, but they are easily to exhibit 
dispersive phenomenon and energy absorption characteristic. 
Though mercury is a good conductive liquid with a low melting 
point that can be used for designing RF devices, it is harmful to 
human body as well as the environment. Recently, it is found 
that the Ga-based eutectic alloys, such as EGaIn, EGaSn, and 
EGaInSn, show tunable melting temperatures from -19 °C to 
far above room temperature, depending upon their composition 

[24]. Furthermore, the Ga-based eutectic alloy has the 
characteristics of environmental-friendly, low-cost, and 
reliable properties, which is a good candidate for designing 
flexible and reconfigurable RF devices [25], [26]. 

III. SIMULATION AND ANALYSIS 

The liquid conductive material used in this work is a kind of 
Ga-based eutectic alloy (EGaIn), with high conductivity of 
σ=5.1×106 S/m and a low melting point of 11.3 °C. The EGaIn 
has stable fluidity when the temperature is larger than its 
melting point, and it can be stored with plastic bottles due to its 
non-corrosive property. Numerical simulations are conducted 
by using the electromagnetic simulator CST Microwave Studio. 
The proposed liquid antenna is designed at the frequency of 5.2 
GHz, which is suitable to operate in WLAN band for indoor 
communication. The major dimensional parameters of the 
proposed antenna are listed as follows: L1=32 mm, W1=18.8 
mm, W2=45 mm, W3=12.7 mm, w1=w2=1.5 mm, b1= 7 mm, 
c1=18 mm, h1=6 mm, h2=9 mm, g=2 mm, s=1.5 mm. 

The working mechanism of the proposed liquid packaged 
antenna (seen in Fig. 1) is similar to the conventional 
bottom-fed microstrip antenna, but the significant difference 
between the liquid packaged antenna and the traditional solid 
metal microstrip antenna is that the former must be fully 
wrapped by dielectric material due to the fluidity feature of the 
liquid metal alloy. Therefore, the effect of the dielectric layer 
on the antenna performance is worth studying, especially the 
thickness of the top dielectric layer (thickness: s). The electrical 
performances in terms of resonant frequency and radiation 
efficiency are investigated under various physical 
configurations of the top dielectric layer. 

Fig. 3 shows the reflection coefficient of the proposed 
antenna when tuning the parameter s from 1 mm to 2 mm with a 
step increment of 0.5 mm. When s increases, one can observe 
that the central resonant frequency shifts to lower band from 
5.25 GHz to 5.21 GHz. It can be understood that the thicker the 
top dielectric layer is, the lower the overall effective dielectric 
constant will be, and thus the resonant frequency becomes 
lower. Furthermore, the resonance depth rises at the same time 

Fig. 1.  Configuration of the proposed liquid patch antenna (a) vertical 3-D 
cross-sectional view, (b) vertical 2-D cross-sectional view, (c) exploded 
view without the dielectric box. 
 

Fig. 2.  Photos of Dielectric Assessment Kit and photopolymer resin. 
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as the impedance matching is also affected by the effective 
dielectric constant. 

Fig. 4 shows the radiation efficiency under difference values 
of the parameter s. It can be seen that the thickness of the top 
dielectric layer has little effect on the radiation efficiency. 
Small difference (1%) is obtained at the corresponding 
operational bands when s increases from 1 mm to 2 mm. Hence, 
a conclusion can be drawn that this dimension has certain effect 

on the reflection coefficient but limited influence on the 
radiation efficiency. 

On the other hand, in order to obtain an operating center 
frequency at around 5.2 GHz, the width (W1) and length (L1) of 
the proposed radiating patch are set to 18.8 mm and 32 mm, 
respectively, with reference to patch antenna design 
methodology. In this work, the calculated length (L1) of the 
radiating patch is slightly larger than a half-wavelength 
(λ0/2≈29 mm). As the radiating patch is metallized by the liquid 
metal alloy, its thickness (w1) mainly depends on the cavity 
volume as well as the accuracy of the 3D printer. In order to 
investigate the effect of the thickness (w1) on the antenna 
performance, parametric study is performed. As can be seen in 
Fig. 5, the resonant frequency is getting lower when w1 is tuned 
from 1 mm to 2 mm with a step increment of 0.5 mm. 
Additionally by considering the 3D printer’s accuracy and 
processing convenience, the thickness of the radiating patch is 
set to 1.5 mm. 

Fig. 6 demonstrated the simulated surface current 
distributions and 3D radiation patterns of the proposed antenna. 
As presented in Fig. 6(a), high order resonance of TM02 mode is 
generated due to the specific feed position. Fig. 6(b) exhibits 
the corresponding radiation patterns at 5.23 GHz. One can 
observe that unidirectional dual-beam patterns with maximum 
gain of 7.5 dBi are obtained. All the simulated results 
demonstrate the feasibility of the proposed liquid patch 
antenna. 

IV. FABRICATION AND MEASUREMENT 

Fig. 7 shows the proposed fabricated antenna as well as the 
used tool (syringe) and the liquid metal alloy (EGaIn). The 
simplified fabrication process is illustrated in Fig. 8. The first 
step is to realize the T-shaped dielectric box by using an SLA 
printer. As afore-mentioned, there are two hollow cavities 
embedded in the T-shaped dielectric box: a rectangular cavity 
and a non-planar cavity with a central groove, which are 

Fig. 3.  Simulated reflection coefficient with various values of s. 
 

 
Fig. 4.  Simulated radiation efficiency with various values of s. 
 

Fig. 5.  Simulated reflection coefficient with various values of w1. 
 

 
Fig. 6.  Simulated (a) surface current distributions and (b) 3-D radiation 
patterns at 5.23 GHz. 
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metallized to form the radiating element and the ground plane 
respectively. In order to inject the liquid metal alloy into the 
two cavities, several small inlets of air holes with radius of 0.5 
mm are reserved. As can be seen from Fig. 7(a), there are five 
air holes are drilled on the top surface of the antenna. Among 
them, the air holes marked with “1, 2, 3, 4” are utilized to inject 
the liquid EGaIn so as to metallize the non-planar cavity 
(ground plane); while the air hole marked with “5” is left for 
metallizing the rectangular plane cavity (radiating element). 
The second step is to install the SMA connector. The lower part 
of the SMA inner conductor is wrapped by a layer of insulating 
material (white color shown in Fig .7(b)). The SMA connector 
is inserted to the dielectric box and sealed by using insulating 
glue. The last step is to fill the liquid EGaIn into the two 
cavities to form the metallized radiating element and ground 
plane by using syringes. When the liquid metal alloy is full 
filled in the planar cavity (radiating element), the radiating 
element is able to well contact with the SMA inner conductor. 
Similarly, once the liquid metal alloy is full filled in the 
non-planar cavity (ground plane), the ground plane can well 

contact with the SMA outer conductor. After the two cavities 
are filled with liquid EGaIn, all the inlets (air holes) are sealed 
with insulating glue. 

The tests are conducted at room temperature about 25.2 °C. 
The simulated and measured reflection coefficients are shown 
in Fig. 9. The measured reflection coefficient has acceptable 
variation compared with the simulated one (shifting to lower 
frequency and the resonance depth rises). Fig. 10 illustrates the 
co-polarization (Co-pol.) and the cross-polarization (X-pol.) 
gain patterns of the proposed antenna at the operating 
frequency of 5.23 GHz. The measured (mea.) gain is a bit lower 
than the simulated (sim.) one. The difference between the 
simulation and the measurement may be traced to the tolerances 
caused by the manufacturing process, as well as to the 
manually-operated syringe which is employed to inject the 
liquid metal alloy into the proposed antenna. In general, the 
experimental results show that the proposed 
package-in-dielectric patch antenna exhibits a good impedance 
matching and acceptable radiation characteristics at the desired 
frequency. 

V. CONCLUSION 

A package-in-dielectric liquid patch antenna based on liquid 
metal alloy is presented. The radiating patch and ground plane 
of the proposed antenna are metallized by filling the liquid 
metal alloy EGaIn. Simulated and measured results verify that 
the proposed liquid patch antenna produces a satisfactory 
impedance matching and a good agreement of radiation 
characteristics at the desired frequency. This work proposes a 
possible approach for designing RF packaging devices by 
combining 3D printing technique with conductive liquids. 

 
Fig. 7.  Fabricated liquid antenna (a) top view and (b) back view; (c) inject 
liquid EGaIn into the proposed antenna by using a small syringe; (d) liquid 
EGaIn. 
 

Fig. 8.  Fabrication process. 
 

 
Fig. 9.  Simulated and measured reflection coefficient. 

 

 
(a)                                                          (b) 

Fig. 10.  Simulated and measured radiation patterns (a) xoz-plane, (b) 
yoz-plane. 
 



1536-1225 (c) 2019 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.2019.2932048, IEEE
Antennas and Wireless Propagation Letters

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

5

REFERENCES  

[1] Lei Xing, Yi Huang, Qian Xu, and Saqer Alja’Afreh, “A wideband hybrid 
water antenna with an F-shaped monopole,” IEEE Access, vol. 3, pp. 
1179-1187, 2015. 

[2] Lei Xing, Yi Huang, Qian Xu, Saqer Alja’afreh, and Tingting Liu, “A 
broadband hybrid water antenna for hand-portable applications,” IEEE 
Antennas Wireless Propag. Lett., vol. 15, pp. 174-177, 2016. 

[3] Ya Hui Qian and Qing Xin Chu, “A compact broadband water patch 
antenna,” IEEE Antennas Wireless Propag. Lett., vol. 16, pp.1911-1914, 
2017. 

[4] Ya Hui Qian and Qing Xin Chu, “A broadband hybrid monopole-dielectric 
resonator water antenna,” IEEE Antennas Wireless Propag. Lett., vol. 16, 
pp. 360-363, 2017. 

[5] Masahiro Kubo, Xiaofeng Li, Choongik Kim, Michinao Hashimoto, 
Benjamin J. Wiley Donhee Ham, and George M. Whitesides, “Stretchable 
microfluidic electric circuit applied for radio frequency antenna,” 
Electronic Components and Technology Conference, pp. 1582-1587, 
2011. 

[6] Ju Hee So, Jacob Thelen, Amit Qusba, Gerard J. Hayes, Gianluca Lazzi, and 
Michael D. Dickey, “Reversibly Deformable and mechanically tunable 
fluidic antennas,” Adv. Funct. Mater, vol. 19, pp. 3632–3637, 2009. 

[7] Mustafa Konca and Paul A. Warr, “A frequency- reconfigurable antenna 
architecture using dielectric fluids,” IEEE Transactions on Antennas and 
Propagation, vol. 63, no. 12, pp. 5280-5286, 2015. 

[8] Jiajun Liang, Guan-Long Huang, Tao Yuan, and Shengli Zhang, “An 
Azimuth-Pattern Reconfigurable Antenna Based on Water Grating 
Reflector,” IEEE Access, vol. 6, pp. 34804-34811, 2018. 

[9] Zhe Chen, Jun Xiang, and Hang Wong, “Pattern reconfigurable antenna 
with flowing liquid switch,” 2017 International Applied Computational 
Electromagnetics Society Symposium (ACES), pp. 1-2, 2017. 

[10] Ya Hui Qian and Qing Xin Chu, “A polarization-reconfigurable 
water-loaded microstrip antenna,” IEEE Antennas Wireless Propag. Lett., 
vol. 16, pp. 2179-2182, 2017. 

[11] Z. X Hu, S. Y Wang, Z. X. Shen, and W. Wu, “Broadband 
polarization-reconfigurable water spiral antenna of low profile,” IEEE 
Antennas Wireless Propag. Lett., vol. 16, pp. 1377-1380, 2017. 

[12] Z. Chen, H. Wong, J. Kelly, “Polarization-Reconfigurable Glass Dielectric 
Resonator Antenna Using Liquid Metal,” IEEE Transactions on Antennas 
and Propagation, vol. 67, no. 5, pp. 3427-3432, 2019. 

[13] Zeng-Pei Zhong, Jia-Jun Liang, Guan-Long Huang, and Tao Yuan, “A 
3D-Printed Hybrid Water Antenna with Tunable Frequency and 
Beamwidth,” Electronics, 7, 230, 2018. 

[14] Z. H. Chen, Y. P. Zhang, A. Bisognin, D. Titz, F. Ferrero, and C. Luxey, 
“A 94-GHz Dual-Polarized Microstrip Mesh Array Antenna in LTCC 
Technology,” IEEE Antennas Wireless Propag. Lett., vol. 15, pp. 634-637, 
2016. 

[15] Sheng-Jie Guo, Kwok Wa Leung, Jun-Fa Mao, and Nan Yang, “A 
Dielectric Resonator Antenna-in-Package Design and its Electromagnetic 
Interference Investigation on Amplifier,” IEEE Access, vol. 6, pp. 
54994-55003, 2018. 

[16] Chen Ying and Y. P. Zhang, “A Planar Antenna in LTCC for Single-Pack 
Ultrawide-Band Radio,” IEEE Trans. Antennas Propag., vol. 53, no. 9, pp. 
3089-3093, 2005. 

[17] Bing Zhang, Camilla Karnfelt, Heiko Gulan, Thomas Zwick, and Herbert 
Zirath, “A D-Band Packaged Antenna on Origanic Substrate With High 
Fault Tolerance for Mass Production,” IEEE Trans. Compon., Packag., 
Manuf. Technol., vol. 6, no. 3, pp. 359-365, Mar. 2016. 

[18] Shaowei Liao and Quan Xue, “Dual Polarized Planar Aperture Antenna on 
LTCC 60-GHz Antenna-in-Package Applications,” IEEE Trans. Antennas 
Propag., vol. 65, no. 1, pp. 63-70, Jan. 2017. 

[19] M. Sun, Y. P. Zhang, Y. X .Guo, K. M. Chua, and L. L. Wai. “A Novel 
Antenna-in-Package With LTCC Technology for W-Band Application,” 
IEEE Antennas Wireless Propag. Lett., vol. 13, pp. 357-360, 2014. 

[20] D. G. Kam, D. X. Liu, A. Natarajan, S. K. Reynolds, and B. A. Floyd, 
“Organic Packages with Embedded Phased-Array Antennas for 60GHz 
Wireless Chipsets,” IEEE Trans. Compon., Packag., Manuf. Technol., vol. 
1, no. 11, pp. 1806-1814, Nov. 2011. 

[21] W. B. Hong, K. H. Baek, and A. Goudelev, “Multilayer Antenna Package 
for IEEE 802.11 ad Employing Ultralow-Cost FR4,” IEEE Trans. 
Antennas Propag., vol. 60, no. 12, pp. 5932-5938, Dec. 2012. 

[22] http://www.zero-tek.com/cn/index.html. 
[23] https://speag.swiss/. 

[24] Guyue Bo, Long Ren, Xun Xu, Yi Du, and Shixue Dou, “Recent progress 
on liquid metals and their applications,” Advances in Physics:X, vol. 3, no. 
1, pp. 412-442, 2018. 

[25] V. Bharambe et al., “Liquid-Metal-Filled 3-D Antenna Array Structure 
With an Integrated Feeding Network,” IEEE Antennas Wireless Propag. 
Lett., vol. 17, no, 5, pp. 739-742, 2018. 

[26] K. Y. Chan et al., “Low-Cost Ku-Band Waveguide Devices Using 3-D 
Printing and Liquid Metal Filling,” IEEE Trans. Microw. Theory Tech., 
vol. 66, no. 9, pp. 3993-4001, Sep. 2018. 
 


