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Abstract

In this paper, a reconfigurable transmitarray unit cell using liquid metal is presented. It
consists of three conducting layers where the geometries of the resonators, on the
different layers, differ and consist of an arrow shape together with rotated split rings. The
arrow-shaped conducting layer has the capability to convert the polarization of the
incoming waves by 90°. The split ring resonators, on the upper and lower conducting
layers, have the same dimensions but different orientations (horizontal and vertical po-
larization). Several fluidic channels are placed beneath/above the conducting layers. The
transmission behaviour of the unit cell can be changed by altering the geometrical pa-
rameters which is achieved by injecting the liquid metal into the channels. More than 300°
phase shift range with a maximum S21 of ~ —1.5 dB at 3.3 GHz is obtained. It exhibits
3 dB of insertion loss over a bandwidth ranging from 3.2 to 3.43 GHz. It is the first time
that a transmitarray unit cell, reconfigured employing liquid metal, provides a combina-
tion of low insertion loss and large phase shift range. The proposed prototype was
fabricated and measured within an open-ended waveguide and the measured results agree
well with the simulations and verify the effectiveness of the design. The reconfigurable
transmitarray unit cell can be used to design beam-scanning arrays, as well as for ap-
plications in wireless communications.
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by a computer program [6, 7]. However, PIN diodes exhibit
intermodulation distortion and significant power loss which

Transmitarray antennas are gaining an increasing interest for
use within satellite internet and radar applications due to their
advantages of low profile, high gain, and beam steering capa-
bilities. Transmitarray antennas convert the spherical phase
front from the feed to a planar wavefront which has higher
directivity. This is achieved by tuning the transmission phase of
individually unit cell locating on the transmitting surface at a
specific value. Dynamic reconfiguration of the transmission
phase of each unit cell enables beam steering. Commonly, one
of the following devices is used to reconfigute the phase of a
transmitarray unit cell: 1) varactor diodes [1, 2]; 2) PIN diodes
[3, 4]; or 3) microelectromechanical system switches [5]. These
devices have the advantages of fast response time and pro-
grammable features, which could be automatically controlled

will lower the radiation efficiency, especially in high frequency
band. Compared to existing approaches for reconfiguring the
phase, fluidic material is a promising approach which yields
lower power losses and is expected to allow greater power
handing capability together with enhanced tuning range. In
particular, liquid metal, based on gallium alloys, has attracted
more attention recently due to the above advantages together
with its low toxicity, high conductivity, and good flexibility.
Many reconfigurable antennas employing liquid metal have
recently been published [8-11], including: pattern reconfigu-
ration, frequency reconfiguration, and polatization reconfigu-
ration. However, most of above designs are focused on single
antennas, only a few designs employing liquid metal have
successfully achieved phase shifting or the unit cells applied in
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arrays [12-14]. Ref. [12] presents a fluidically tuneable trans-
mitarray unit cell which provides a 360°phase shifting range.
The unit cell is based on a fifth-order bandpass structure. By
moving droplets of liquid metal through a small distance, the
frequency response, and thus the transmission phase of the
unit cell, can be continuously tuned. In this way, a 360° phase
shift range can be achieved with 1 dB of insertion loss. Their
work demonstrates the potential for employing liquid metal in
transmitarray unit cells. However, the fifth-order bandpass
response consisting of nine metal layers and eight dielectric
substrates increases the difficulties involved in fabrication and
the actuation (or movement) of liquid metal. Refs. [13, 14]
demonstrate the possibility of using liquid metal on the split
ring resonators (SRR) to achieve phase shifting. However, they
have the disadvantages of narrow phase shifting range or high
insertion loss.

This paper presents a reconfigurable transmitarray unit
cell employing liquid metal with simplified structure. The
proposed unit cell has a low profile with only three con-
ducting layers. By actuating (i.e. moving) the liquid metal
into/out of the channels, the conductive regions can be
changed. Using this approach, the transmission phase of the
unit cell can be switched in several states. The paper is
organized as follows: Section 2 gives the design concept and
numerical results. Section 3 illustrates the fabrication pro-
cessing and the measured results. Conclusion is given in
Section 4.

2 | UNIT CELL DESIGN AND
NUMERICAL RESULTS

In this section, the design process, parametric study and nu-
merical results of the proposed unit cell are introduced.

21 | Pro-design

Split Ring Resonator (SRR) is commonly used within micro-
wave circuits and antennas. Recently, it was demonstrated that
an SRR tuneable filter incorporating liquid metal can be tuned
by adjusting the size and position of the air gap within the
section of liquid metal [14]. This is because a single SRR can be
modelled using a lumped element LC circuit, as shown in
Figure 1. The resonant frequency (@) of the SRR is given as
follows:

o=1l1a (1)
where the capacitance (C) is associated with the gap and the
inductance (L) is related to the conducting track. However,
conventional SRR structure cannot provide the phase shifting
range needed by the transmitarray unit cell. Adding new
resonator can help expand the phase shifting range. Thus, an
arrow-shaped resonator in the middle layer is designed.

FIGURE 1 Equivalent circuit of a single split ring resonators (SRR)
structure.
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FIGURE 2 The topology of the proposed unit cell.

2.2 | Unit cell configuration

According to transmission matrix theory, the transmission unit
cells with at least three metal layers can provide sufficient
phase shift [15]. A fix transmission unit cell was proposed in
the authors' previous work. Inspired by that work, a dynamic
design is further proposed here.

Figure 2 shows the topology of the proposed unit cell. The
structure consists of three conducting layers separated by
dielectric substrates. The dielectric substrate is RO4003c¢ with a
permittivity of 3.55 and a loss tangent of 0.0027. Each of the
three conducting layers incorporates a different resonator ge-
ometry. The arrow-shaped conducting layer has the capability
to rotate the polarization direction by 90° [16]. It is orientated
diagonally and placed on the middle layer. The SRR, on the
upper and lower conducting layers, have the same size but
different orientations.

Figure 3 shows the parameters of the unit cell. Table 1
gives the values of the parameters. By changing the length of
the arrow arm along with the gaps of the split rings, the
transmission behaviour of the unit cell can be changed. To do
this, the channels, marked by blue, within the unit cell must be
filled with liquid metal. These channels having a depth of
1.52 mm are made by cutting some slots into the dielectric
substrates. They ate placed beneath/above each conducting
layer. In that case, the liquid metal can be in contact with the
printed copper, thus the expected parameters (i.c. the arrow
arm length and the gaps of the split rings) can be changed.
Another two substrate layers are employed to form the up-
permost and lowermost layers and act as covers to prevent the
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liquid metal from leaking out of the channels. The residual
liquid could affect the results of antenna. In this work, to
reduce the effects of residual fluids, the size of the channels are
designed as small as possible. The smaller size of channel is,
the lower wettability the liquid metal has, the less residue it will
brings [17]. Also, the liquid metal is recycled and reused. Im-
purities such as dust and residual of the material that the
channels (in previous designs where liquid metal is used) are
made of will affect the antenna gain.

2.3 | Parametric study

To investigate into the sensitivity of the proposed unit cell, a
parametric study was performed. The transmitarray unit cell is
designed in an infinite array environment with Floquet ports
excitation. The parametric study was undertaken within the
full-wave simulation tool CST Microwave Studio 2019. Based
on this study, the resonant frequency and transmission coef-
ficient of the unit cell is primarily determined by the widths of
split rings and arrow (including the width of liquid metal
channels), respectively. Figure 4 shows that by increasing the
width of split rings, the resonant frequency increases. By
increasing the width of the arrow section, the transmission
coefficient reduces. The transmission phase shift will not be
significantly influenced. In this case, the insertion loss of the
proposed unit cell could be further improved by tuning the
widths of rings and arrow sections without affecting the phase
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FIGURE 3 Top view of the (a) split ring layer, and (b) arrow layer.
(c) Cross-sectional view of the unit cell in the xz-plane.

shift range. However, better insertion loss requires narrower
channels, which adds to the difficulty of injecting the liquid
metal, in practice. So, we tried to make the channels wider
whilst still providing an acceptable transmission coefficient.

2.4 | Numerical results

The arrow arm length and the gaps within the split rings are
changed by injecting liquid metal into the channels.

In turn, this tunes the transmission behaviour of the unit
cell including the resonant frequencies and transmission phase.
In this paper, a design having three reconfigurable states is
proposed. Table 2 shows three reconfigurable states. When
there is no liquid metal in all channels, the state is called State 1.
When the gaps within the split rings on different conducting
layers are full of liquid metal, the state is called State 2. When
all channels are filled with liquid metal, the state is called
State 3.

Figure 5a shows that the resonant frequency alters as the
state alters. Figure 5b shows the corresponding transmission
phase (£521) for the three states. When the state of unit cell is
altered from State 1 to State 2, the transmission phase is
changed from —57° to —147° at 3.3 GHz. When the state of
unit cell is altered from State 2 to State 3, the transmission
phase is changed from —147° to —377°. As a result, the total
phase shifting range of the unit cell for the two tuning steps is
around 330° at 3.3 GHz with 1.5 dB insertion loss. The unit
cell has a 3-dB transmission bandwidth from 3.2 to 3.43 GHz.

3 | FABRICATION AND
MEASUREMENT RESULTS

In this section, the fabrication consideration, actuation of
liquid metal and measured results of the proposed reconfig-
urable unit cell are discussed.

3.1 | Fabrication and actuation

In the proposed design, the liquid metal based around an alloy
consisting of 75% Gallium and 25% Indium (EGaln) is
employed. The conductivity of EGaln is 3.4 x 106 S/m.
Figure 6a shows the fabricated unassembled unit cell and its
channels. Figure 6b shows the assembled unit cell inside an
open-ended waveguide.

The waveguide method is an effective alternative to verify
the performance of a unit cell [18, 19] and was selected to
simplify manufacturing complexity, and to validate the simu-
lation process. Figure 7a shows the measurement system. A
horn antenna (ETS-Lindgren double-ridged horn 3115) was

TABLE 1 Optimized Dimensions of the

P ter P R
Design Unit Cell (Unit: mm). arameter

Wr

w.as ¢ L L, 0 h, h, h; h; hs hs h,

Value 26

11.16 1.8 4.2 0.68 139 101 26

57 0.813 1.52 3.04 152 456 152 0.813
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FIGURE 4 Parameter studies on (a) the width of rings and (b) the
width of arrow.

TABLE 2 States of liquid metal.

State i Double-rings channels Arrow-head channels
1 No liquid metal No liquid metal

2 Full of liquid metal No liquid metal

3 Full of liquid metal Full of liquid metal

used to receive the signal transmitted from the section of
waveguide incorporating the unit cell. The horn was placed at a
distance of 1m from the unit cell. The unit cell is excited by a
standard WR284 waveguide (72 x 34 mm®). By injecting liquid
metal into the channels, it will be possible to alter the gaps
within the split rings () and the length of the arrow
heads (Ca).

The liquid metal was injected manually using a syringe as
shown in Figure 6c¢. This technique is widely used in the literature
within proof-of-concept designs [20-31]. Inserting liquid metal
manually into the channel when the structure is open and split
into parts is not suitable for reconfiguration. This would be
further improved by designing external inlets and outlets for the
liquid to flow in and out. In this work, altering the method of
actuation would have minimal effect on RF performance of the
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FIGURE 5 (a) Transmission amplitude and (b) transmission phase of
the three states.

FIGURE 6 (a) The unassembled unit cell and its channels; (b) The unit
cell inside at the end of waveguide; (c) The unit cell drained by a syringe.
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Polarization of waveguide is along X-axis

Designed unit cell works as
a polarization converter

| Polarization of horn is along Y-axis

b

FIGURE 7 (a) The experimental setup of the open-ended waveguide;
(b) The configuration of the simulation system which has the same settings
as the measurement.

proposed antenna. Consequently, for this application, it is
possible to control the liquid metal using a micropump [8] or
electrochemically controlled capillary action [32].

3.2 | Measurement results

Due to the different environment between simulation and
measurement, the fabricated unit cell cannot be compared
directly with the unit cell simulated with periodic boundary
conditions. Consequently, a system with the electrical boundary
conditions as the measurement was simulated and compared
with the measurement results. Figure 7b illustrates the simu-
lation system; it shares the same configuration as the mea-
surement system. By comparing the measured and simulated
results of Figure 7, we could verify if the unit cell can be
modelled correctly within the simulation environment. When
the measured results agree well with simulated results,
reasonable inferences can be drawn that the simulated results
of the unit cell under periodic boundary conditions are reliable.

The proposed unit cell was measured and simulated in
three reconfigurable states. Figure 8 depicts the comparison of
the measured and simulated results. In Figure 8a, b and c, the
transmission coefficients (S21) in three states are plotted
against the frequency. The black curves represent the simulated
results while the red curves represent the measured results of
the proposed unit cell. In Figure 8d, the transmission phases in
three states are plotted against the frequency. It can be
concluded that the simulated results of the unit cell achieve
good agreement with the measured results.

In Figure 8a, b and ¢, we notice that when the simulation
shares the same configurations with the measurement, the
simulated S21 is about 0.2 dB higher than the measured S21.
The difference might be resulted from the misalignment,
simulation and fabrication inaccuracy. Material loss might also
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FIGURE 8 Simulated and measured transmission amplitude of the
transmit-array unit cell under the measurement setup for (a) Statel,

(b) State2, and (c) State3. (d) Simulated and measured transmission phases
of the States 1, 2, and 3 versus frequencies.

contribute to the difference between measured and simulated
results. The 0.2 dB difference is within the tolerance. It is
worth noting that, by comparing the simulated results under
periodic boundary conditions in Figure 5 with measured results
in Figure 8, the simulated transmission coefficients have higher
values than the measured results. Based on our measurement,
the different results mainly come from the open space between
the horn and the unit cell. The open space introduces free-
space path loss, thus increases the attenuation of the trans-
mission coefficient. Meanwhile, the mismatching of the cross-
sectional dimensions of the unit cell and waveguide brings in
attenuation. The agreement between the measured and simu-
lated results under the same configurations validates the ac-
curacy of our simulations of modelling the unit cell. We can
infer that if the same boundary conditions is provided in the
measurement, reasonable measured results can be achieved
with a constant difference between simulated results. That is,
the measured results should be 0.2 dB lower than the simulated
results, under periodic boundary conditions.

In Figure 8d, the measured transmission phase shifts
achieve good agreements with the simulated results. At
3.3 GHz, the measured results of phase shifting range is more
than 300°. The simulated and measured phase shifting has a
difference of 10°, which is only 3% of the phase shifting range.
We consider the difference tolerable.

Based on the above analysis of measured and simulated
results, we presume that at 3.3 GHz, our proposed transmit-
array unit cell has a transmission coefficient of around
—1.5 dB and can reasonably shift the phase by more than 300°.

Table 3 shows the comparison between the transmission
properties of our proposed unit cell and other reconfigurable
transmit-array unit cell reported in the literature. Our work im-
proves the insertion loss of currently reconfigurable unit cell.
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Ref. Freq. (GHz)  Phase shifting range (deg)  Insertion loss (dB)  Control TABLE 3 Comparison for unit ccll
performance.
2] 5 400° 3.6 Varactors
[13] 8.8 360° 3 Liquid metal
3] 15 0°/180° 2.58 PIN
34] 135 0°/180° 1.8 PIN
Our work 33 330° 1.6 Liquid metal

Although three discrete states are shown in this paper, it is worth
noting that if it is possible to inject liquid metal continuously into
channels, the continuous phase shifting range of this unit cell can
be obtained. To produce a fully controlled phase change, 0.2 mL
volume of liquid metal needs to be injected.

4 | CONCLUSION

This paper presents a reconfigurable unit cell for use within
transmitarray applications. The transmitarray unit cell is changed
by employing liquid metal. The proposed unit cell incorporates
three conducting layers with different geometries. Several
channels are placed beneath/above the conducting layers. The
transmission behaviour of the unit cell can be changed by
injecting liquid metal into the channels. A 330° phase shift range
with an §21 of ~ —1.5 dB at 3.3 GHz is obtained. The proposed
unit cell exhibits 3 dB of insertion loss over a bandwidth ranging
from 3.2 to 3.43 GHz. Compared with conventional electroni-
cally controlled unit cells, the proposed unit cell yields a good
improvement in low insertion loss, large phase shift range, and
reduced design complexity. The proposed prototype is fabri-
cated and measured within an open-ended waveguide. The
measured results agree well with the simulations and verify the
effectiveness of the design. The proposed prototype is an
attractive candidate for future transmitarray applications.
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