IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 19 June 2023, accepted 18 July 2023, date of publication 7 September 2023, date of current version 12 September 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3308068

==l APPLIED RESEARCH

Phased Array Antenna System Enabled by Liquid
Metal Phase Shifters

SHAKER ALKARAKI1, (Member, IEEE), QUAN-WEI LIN“2, (Member, IEEE),
JAMES R. KELLY”3, (Member, IEEE), ZHENGPENG WANG "4, (Member, IEEE),
AND HANG WONG "2, (Senior Member, IEEE)

! Department of Electrical and Electronic Engineering, George Green Institute for Electromagnetics Research, University of Nottingham, NG7 2RD Nottingham,
UK.

2State Key Laboratory of Terahertz Millimeter Waves, Department of Electrical Engineering, City University of Hong Kong, Hong Kong

3Electronic Engineering and Computer Science, Queen Mary University of London, E1 4NS London, U.K.

#School of Electronics and Information Engineering, Beihang University, Beijing 100191, China

Corresponding author: Shaker Alkaraki (Shaker. Alkaraki @nottingham.ac.uk)

This work was supported by the Engineering and Physical Research Council under Grant EP/P008402/1, Grant EP/P008402/2, and Grant
EP/V008420/1.

ABSTRACT This paper introduces a proof of concept design for the first phased array antenna design enabled
by liquid metal (LM) technology. The proposed LM phased array antenna system is based on substrate
integrated waveguides (SIW) to excite an 1 x 4 printed dipole antenna array. To effectively control the phase
distribution on SIW power dividers, the liquid metals performed as a shorting pin along the body of the STW
are implemented. The proposed LM integrated SIW structure enables a large-phase tuning ratio of 360°. This
new LM based phase shifters perform stable, low loss and wideband performance for the phased antenna
array. In addition, a reconfigurability of the phase controls on the proposed phased antenna array can be
realized when the LMs are filled in and out on the designated vias on the SIWs. To validate the proposed
antenna array, simulation and measurement are carried out in this work. A prototype of the proposed LM
phased array antenna operates at 10 GHz is measured, which confirms the array can have a 12% impedance
bandwidth and the maximum gain of 8.3dBi with the scanning range of £38° along the end-fire direction.
This proposed technology is reliable and cost-effective for wideband phased array applications

INDEX TERMS Liquid metal, EGaIN, phased array, phase shifters, reconfigurable antenna, substrate
integrated waveguide.

I. INTRODUCTION

There is strong interest in beam steerable antennas for appli-
cations such as: millimeter-wave mobile access for SG com-
munications, satellite internet, radar detection, etc.. These
applications require high-gain beam steerable antennas to
compensate for the path loss in wave propagation and enable
mobility. The most popular techniques for steering a high-
gain beam, include: 1) phased array antennas, 2) mechanical
movement, 3) metamaterial, 4) mode switching, 5) element
switching. The techniques have been listed in approximate
order of popularity with item 1 being most popular and
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item 5 being least poplar. Let us briefly overview each tech-
nique. Phased array antennas [1], [2] are attractive because
they enable electronically controlled beam steering in small
angular steps. However, the approach relies on the use of a
signal distribution network incorporating phase shifters and
sometimes adjustable attenuators [1], [2]. This kind of signal
distribution network adds to the complexity of designing the
array together with the cost of fabrication. Additionally, ana-
logue phased array antennas require phase shifters which tend
to exhibit high insertion losses, especially at millimetre wave
frequencies. There is interest, therefore in developing low loss
phase shifting technology and that is the focus of this paper.
Mechanical steering can enable continuous beam steering.
This is typically achieved by moving the component on the
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antenna body such as feed, reflector [3], lens [4], or meta-
material surface [5], [6], [7], [8]. The RF losses associated
with mechanical steering are typically very low. However,
mechanical moving parts are often undesirable because they
require periodic maintenance, repair, and replacement. Meta-
material techniques are often deployed in conjunction with
mechanical steering and where this is the case they require
mechanical movement of a feed or metamaterial surface.
On other occasions switches or varactors [9], [10] are used
to tune the properties of the metasurface to steer or switch
a beam. Mode switching involves altering the eigenmode of
current supported within the radiating element of an antenna.
In this way it is possible to switch the main beam direction.
Typically, this is achieved by employing switching or tuning
elements, within the radiating element, to alter the current
path. Alternatively, it can be achieved by altering the location
of the feed excitation point [11]. This would require the use
of an SPxT switch (where x is an integer) within the feed net-
work and the associated disadvantages of this are discussed in
the following text. Element switching involves switching the
feed excitation between a series of radiating elements each
exhibiting a directional radiation pattern pointing towards a
different direction [12], [13]. In this way it is possible to
switch the beam direction. However, this involves using a
SPxT switch where x is an integer representing the number of
directional radiating elements. As x is increased so the losses,
within the switch, increase.

Recently, antenna researchers demonstrated Ferroelectric
Ceramics [14], [15], [16], Liquid crystal [17], [18], [19], and
Micro-electromechanical systems (MEMS) [20] for phased
antenna array design for low GHz to millimeter-wave appli-
cations. These approaches may produce a low-power con-
sumed solution for the large active antenna arrays but the
phase tunings are usually limited and the structures of these
kinds of antenna arrays are complicated. Among most of
the phase array designs, the employment of PIN diodes,
GaAs FETs, CMOS are the most popular in designing phase
shifters for the phased arrays Nevertheless, these technologies
have several limitations. On one hand, PIN diodes phase
shifters have high insertion losses [21] and phase shifters
based on GaAs FETs have relatively lower IL than com-
peting devices but have limited radio frequency (RF) power
handling capability [22], [23]. On the other hand, phase
shifters based on CMOS technology are small in size and have
high resolution and accuracy but their main disadvantage is
that of limited output powers and losses in amplitude with
relatively poor noise figure because of high IL and nonlinear-
ity [24], [25], [26]. For example, a typical IL performance for
a state-of-the-art CMOS based active phase shifter is much
higher than 10 dB at 10 GHz [24], [25], [26], [27].

Figure-of-merit (FoM) is a commonly utilized metric for
the comparison of phase shifter performance [16], [17], [18],
[19], and is given in (1).

Agmax

FoM = 22max 1
© 7 M
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where, IL,,,; is the maximum insertion loss and @,
is the ratio of maximum phase shift and at particular
frequency.

The use of LM in for design of various microwave devices
such as: antennas, filters, phase shifters and switches have
been proved by prior works [28], [29], [30], [31], [32], [33],
(341, [35], [36], [37], [38], [39], [40], [41], [42], [43], [44],
[45], [46], [47], [48], [49], [50], [51], [52]; however, there
was no demonstration for: 1) phase shifters achieve very
high phase shift up to 360° and 2) for the phased antenna
array by the integration of LM network. For instance, the
phase shifter discussed in [32] attains a complete 180° phase
shift, while achieving an FoM of 78.3 °/dB at a frequency
of 10GHz. This phase shifter implementation utilizes the
switched line technique, relying on an array of LM vias to
facilitate switching between multiple SIW transmission lines,
each with distinct electrical lengths. However, it is worth
noting that this approach has its limitations. The maximum
achievable phase shift is confined to 180°, and the opera-
tional bandwidth of the phase shifter is relatively narrow.
Furthermore, phase shifters has notable physical size. The
design complexity of the phase shifter outlined [32] stems
from the substantial quantity of LM vias needed to redi-
rect electromagnetic waves along various pathways. These
characteristics prove to be disadvantages when considering
the integration of such a phase shifter with other circuitry,
such as the feeding structure associated with a phased array
antenna.

In this paper, we introduce an innovative approach to
develop a large phase tuning range technique for a phased
antenna array. The approach of using liquid metals (LM),
based on alloys of Gallium, to perform a control of the phase
for a SIW-type power divider such that the beam forming
from an 1 x 4 antenna array can be achieved. Our proposed
phased array is designed based on liquid metal phase shifter
that is the first LM based phase shifter having a tuning
range of up to 360° together with a very low IL and a small
electrical size. The phase shifter showcases an impressive
FoM of 131.3 °/dB at 10GHz. This FoM is exceptionally
high. Additionally, another significant benefit of the sug-
gested phase shifter is its relatively compact total electrical
length. This attribute enhances its suitability for integration
within an SIW feeding network, facilitating the realization of
a beam-scanning phased array.

In addition, the liquid in-and-out controls for the LM phase
shifter can enable beam configurations for the phased antenna
array. Also, we hypothesize that the proposed phased array
will be able to handle very high RF power. This observation
arises from the absence of factors within LM that could
potentially constrain its capacity to handle RF power. Conse-
quently, the RF power-handling capability of the STW phased
array will be solely bound by the inherent characteristics
of the SIW transmission line. Our expectation is that the
proposed phased array will deliver notably improved lin-
earity performance [53]. Finally, the suggested LM phased
array antenna stands as an excellent choice for applications

VOLUME 11, 2023



S. Alkaraki et al.: Phased Array Antenna System Enabled by Liquid Metal Phase Shifters

IEEE Access

i DL
1 (]
e AL
[ [ @
(a)
1 1
—_— 232 1 iL4_
= = =R = =
; o o & elte -
§ .% LZ Ll Eg . . .
§ H 3
L i od o« H i, .
g % .gg.
Y | S A [ S50 et
£ g i ‘§L3‘§ f—
i H - £ g
E .m;.mi g l 1 i am:mz a ;
ia o} o o
| Se— . goononends 1 X [ —— oo vsx
i i
) I 4 |

(@ (©
FIGURE 1. The schematic of the entire phased array antenna system
enabled by LM technology. (a) Inset view of the printed dipole antenna,
(b) top view of the entire phased array, (c) bottom view of the entire
phased array. Key: substrate = light violet, copper = yellow, copper plated
vias = yellow, liquid metal vias = red.
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FIGURE 2. The schematic of the proposed LM phase shifter used within
the phased array antenna. (a) Top view showing the dimensions, and (b)
photographs of the prototype. Key: substrate = light violet, copper =
yellow, copper plated vias = yellow, liquid metal vias = red.

demanding a combination of low loss performance and robust
power handling capabilities.

Il. STRUCTURE OF THE LIQUID METAL PHASED ARRAY
AND PHASE SHIFTER

Fig. 1 shows the structure of the proposed LM phased array
antenna along with the fabricated prototype. Fig. 2 shows
the structure of an isolated LM phase shifter along with a
fabricated prototype. Our first step was to design the phase
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TABLE 1. The dimension of the proposed phase array and phase shifter

(UNIT: MM).
a=14 L=121.1 W= 70 L1=225
12=63 13=115 L4=16 AL =42
d=1 d1=138 DL =69 k=138
c=3 TL=638 TW =4.1 b1=26
b2 =6 b3 =57 b4 =62 b5 = 6.1
b6 =6 b7 =63 b8 = 6.2

shifter, shown in Fig. 2, in isolation. Its performance was then
fully characterized and measured. Next four phase shifters
were integrated within an SIW feeding structure to design the
full phased array antenna, shown in Fig.1. Both the proposed
phase shifter and phased array were designed to operate on a
Rogers 4003C substrate. 4003C has a dielectric constant (&)
of 3.55, aloss tangent (fand) of 0.0027, and a thickness (%) of
0.813mm. Four LM phase shifters, each incorporating eight
LM vias were integrated within the SIW feeding structure.
The length of the phased array antenna was (L) and the width
is (W). The width of the SIW is a and the length of the
first stage of the SIW power splitter is L1. The length of the
second stage of the SIW feeding structure, which incorporates
the phased shifters is (L2). The copper vias which are used
within SIW have a diameter of d. In addition, an array of
four identical printed dipole antennas was integrated within
the phased array, as shown in Fig.l1 (a-c). The separation
distance between each of the four printed dipole is (L4) and
the dimension of each printed dipole are as follows: dipole
arm length (AL), dipole length (DL) and width of dipole (k).
One SMA connector was used to feed the entire phased array
antenna, as shown in Fig. 1 (d-e) and two SMA connectors
are used to feed the isolated phase shifter as shown in Fig. 2.
The SMA connectors are attached to the SIW by means of a
short transition incorporating a tapered section of microstrip
transmission line. The width of the transition is (TW) and the
length of transition is (7L). Each phase shifter incorporates
eight drill holes. Those drill holes can be filled with or
emptied of liquid metal in order to alter the phase shift. Hence
forth they will be referred to as LM vias or simply as vias. The
maximum available phase shift, available from each phase
shifter, is ~360°. The LM vias have a diameter of d1.The
distance between the edge of SIW and first LM via is (b1),
while the distance between the first via and the second via
is (b2). Similarly the distance between the second LM via
and third LM via is (b3) and so on for the other vias. The
distance between all of the LM vias and the center of the SIW,
in the y-direction is c. Table 1 gives the dimensions of the
proposed liquid metal phased array antenna and an isolated
phase shifter.

Ill. OPERATING PRINCIPLES AND RESULTS FOR THE
ISOLATED PHASE SHIFTER

A. OPERATING PRINCIPLES

Established theory shows that a phase shift can be gener-
ated by a high pass filter when it is used as a switched
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FIGURE 3. Rectangular waveguide with conductive posts. (a) Conductive
posts incorporated in the waveguide, and (b) single post’s equivalent
circuit.

high-pass/low-pass topology [54], [55], [56], [57]. A spe-
cific configuration of a high-pass filter, extensively examined
within rectangular waveguides [54], [58], [59] and involves
the utilization of conductive posts as illustrated in Fig. 3.
These conductive posts bear similarity to vias employed in
SIW transmission lines. For isolated metal post, the phase
shift is controlled by the post diameter and the horizontal
position of the post s with respect to the E-plane wall of the
waveguide. In addition, one post, can be represented by a
lumped element equivalent circuit consisting of a T-network
of components. Such a network behaves as a high-pass fil-
ter [54], [56], where the susceptance B and the reactance X
control the phase shift (¢) as shown in (2):
B +2X — BX?
Y= 20 —2Bx)

Indeed, the inclusion of one via within an SIW transmis-
sion line induces a phase shift, which correlates directly with
the diameter (d1) of the via and inversely with the distance
(c) separating the center of the SIW transmission line from
the via’s position along the y-axis orientation. An individual
via causes an advance in the phase of the electromagnetic
(EM) wave as it propagates inside the SIW transmission line,
as depicted in Fig. 4. To be precise, incorporating the via
reduces the electrical length of the SIW causing a shorter
electrical path that inherently advances the phase of the EM
wave. By incorporating more vias, the electrical length of the
path is further reduced, as illustrated in Fig. 5. Consequently,
this leads to an increased phase advance, which contributes to
a greater degree of controllable phase shift. The magnitude
of the phase shift can be controlled by varying the distance
between the vias along the x-axis direction.

For a fixed via diameter, the phase shift and the insertion
loss (IL) contributed by a single LM via can be controlled
by the horizontal position of the via (c) as shown in Fig. 4.
Specifically, the phase shift caused by a single via is inversely
proportional to the value of c¢. For instance, when the via
diameter is 2 mm, a range of phase shifts from 7.8° to
88.8° can be achieved in increments of approximately 1° by
gradually varying ¢ from 5.5 mm to 0 mm as shown in Fig. 4.

Moreover, by incorporating additional LM vias, the overall
phase shift delivered by the phase shifter can be improved.
The precise value of the phase shift and the corresponding

@
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FIGURE 5. The distribution of electric field distribution within the
proposed phase shifter, both in the presence and absence of LM vias.
(a) No vias, (b) 3 vias and (c) 8 vias.

IL can be controlled by adjusting the horizontal spacing
between two LM vias along the x-axis direction (b2 to b8).
This relationship is demonstrated in Fig. 6. For instance,
adding any additional LM via after the first LM via yields a
phase shift ranging from 22.5° to 58° per additional LM via,
as shown in Fig. 6(a) which corresponds to IL within a range
1.65dB to 4.8dB, as shown in Fig. 6(b). Adding additional
LM vias enables us, to design a reconfigurable phase shifter,
incorporating eight LM via that can achieve a phase shift of
up to 360°. The phase shifter can have 9 states with a step size
of ~45°, as summarized in TABLE. 2.

The dimensions of the SIW transmission line were deter-
mined using the design process outlined in [60], [61], and
[62]. The width of the SIW transmission line (a) determines
the cut-off frequencies of the TEj¢ and TE>9 modes. In more
detail, the TE|( and TE»( modes establish the lower and upper
cut-off frequencies, respectively, for the SIW transmission
line. In this particular case, the lower cut-off frequency was
set at 5.7GHz, while the upper cut-off frequency was chosen
as 11.6GHz. These cut-off frequencies were calculated using
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FIGURE 6. The S,; of the proposed phase shifter for different horizontal
separation values between the LM vias. (c = 3 mm). (a) Phase and (b)
amplitude.

TABLE 2. Phase shifter scheme.

State NumlI)JeI\r/Io\f;iI:ctlve Total Phase shift

State 1 (S1) 0 0

State 2 (S2) 1 45°
State 3 (S3) 2 90°
State 4 (S4) 3 135°
State 5 (S5) 4 180°
State 6 (S6) 5 225°
State 7 (S7) 6 270°
State 8 (S8) 7 315°
State 9 (S9) 8 360°

equations (3) and (4).

Fk,mn =

k my\ 2 ny2 3
2./¢, (a) + (h) )
F, _ e 4)

C,m0 2 «/Er
where: k is the light speed in vacuum, m and n are integers
and £ is the height of SIW.

Subsequently, a tapered transition was developed to facili-
tate the seamless transition from microstrip to SIW. A repli-
cated version of this transition was incorporated on both
sides of the SIW transmission line. To finalize the design,
each of the microstrip lines were terminated with an SMA
connector. The design guidelines provided in [61] and [63]
were employed to ensure the proper design of the tapered
transition. The optimization of the transition’s length (7L)
and width (TW) was carried out using the CST Microwave

VOLUME 11, 2023

0° = = 1450 mmm=iQQ0 arsara: 135° ====:180
180 — AR E
% :
4 1 Is
3 |
K N |
(NS 1 It
. LY [ H
g |\ B S
qg’, op i 1! kX li
@ Y 1 KA [
o \ oy
< N IR N [
N E !
Ty i \‘\',“ |i
I b i Nk H
' e \
1 1%! \
i \‘\;‘-?‘i '%
-180 L% ARl
8 1 12
Frequency (GHz)
(a)
180° mmmmmi2250 = = 12700 sesssses
180 x> .
TN
MRE X
U
i
— LE
12 H
g M i)
5 0 YK
o) L Ll
e i
N Ly
3 AN
A s
\i\l-._‘.-\ \
kY ‘|.:‘
-180 LA
8 9 10
Frequency (GHz)
®)

FIGURE 7. The measured S21 phase response for all operating states of
the proposed phase shifter. (a) 0° to 180° and (b) 180° to 360°.

Studio®. Furthermore, the phase shift of the phase shifter
was controlled through the incorporation of more LM vias.
In essence, the design methodology of the proposed phase
shifter can be succinctly outlined as follows:

A. To obtain the desired phase shift, the initial step is to
introduce the first LM via and optimize its position
along the y-axis (c). The position of b1 has no impact
on the phase shift, as the phase shift is controlled with
c. In the case of the proposed phase shifter, ¢ was set
at 3 mm to achieve a phase shift of 31°. This specific
value was chosen to ensure that the /L remains below
2.4dB at 10GHz.

B. optimize the distance b2 to achieve a phase shift of
~45° after the addition of the 2" via.

C. The process described in step B is repeated for the
remaining LM vias, from the third via to the eighth via,
by optimizing the parameters b3 to b8. A phase shift
value of approximately 47° was selected for these vias,
ensuring that the phase shift achieved by all eight LM
vias sums up to 360°.

B. EXPERIMENTAL RESULTS

The total phase shift achieved by the isolated phase shifter
is up to 360°, with step of ~45°. The achieved phase shift
depends on the number of used LM vias. The measured and
simulated Si1, S22, and S»; performance of the proposed
device are shown in Figs. 7 and 8. At 10 GHz, for all
phase shifting states, the proposed phase shifter has an IL
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FIGURE 8. Measured S-parameters for the proposed phase shifter.
(a) S11, and (b) S21.
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lower than 2.8dB, as shown in Fig. 8 (b). In addition, in all
operation states, the RMS amplitude error of the proposed
phase shifter is below 1.5dB and the RMS phase error is
less than 20° over wide bandwidth ranging between 9.6GHz
and 11.5GHz. In the frequency range spanning approximately
9GHz to 9.25GHz, notable elevation in both IL and return
loss (RL) values is evident, particularly in instances where
the phase shift surpasses 180°. This phenomenon can be
attributed to the inherent characteristics of the proposed phase
shifter, which exhibit traits resembling those of high-pass
filters. Furthermore, the phase shifter’s behavior gives rise
to the emergence of a quasi-filter effect, complete with a
3dB cut-off frequency. The specifics of this cut-off frequency,
where signal power dwindles by half (-3dB), are contingent
upon the phase shifter’s operational state. Across all oper-
ational states, the 3dB cut-off frequency spans the interval
from roughly 8GHz to around 9.5GHz. The simulated and
measured phase results exhibit notable alignment. The pro-
posed phase shifter achieves a cumulative measured phase
shift of 368.6°, whereas simulation yields a phase shift of
360.5° when all LM vias are activated. The specifics of the
phase and /L outcomes at 10GHz are succinctly presented in
TABLE 3. Discrepancies between measured and simulated
phase shifts are primarily ascribed to fabrication tolerances,
particularly concerning the positioning and dimensions of
each via hole. For instance, sensitivity analyses conducted
in simulation reveal that a fabrication tolerance of 0.1 mm
in the ¢ value could introduce a phase shift alteration of up to
2.8°. Similarly, a 0.1 mm tolerance in the b2 to b8 dimensions
might lead to a phase shift variance of up to 2.5°. Lastly,
the IL of the phase shifter is mainly due to losses associated
with matching and dissipation within the substrate. Table 4

96992

provides a comprehensive comparison of the performance
exhibited by the proposed liquid metal (LM) phase shifter in
contrast to a range of cutting-edge LM phase shifters, along-
side alternative technologies, all functioning at a frequency
of 10 GHz. The proposed phase shifter has exceptional FoM
of 131.3 °/dB which is higher than all other alternative phase
shifters reported in [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26], [32], and [51], and including dig-
ital phase shifters in [24], [25], [26], and [64]. Furthermore,
the suggested liquid metal (LM) phase shifter exhibits very
low insertion loss (IL) and minimal root mean square (RMS)
amplitude variations, with values below 1.5dB for all states.
Notably, the /L performance of the proposed phase shifter
is better (i.e. lower) than all of state-of-the-art counterparts
capable of providing a phase shift of up to 360°, demonstrat-
ing superior performance in terms of lower /L. In addition,
the LM phase shifter is designed using SIW technology and
is fed through SMA connectors. It is anticipated that the LM
phase shifter possesses the potential to effectively manage
exceedingly high levels of RF power. This anticipation is
rooted in the observation that there are no apparent char-
acteristics of LM that should inherently constrain its power
handling capacity. The capability of the LM phase shifters
to manage power is expected to be primarily bounded by
the power handling limits of the SIW transmission line it
employs, and this limit is notably substantial. Furthermore,
the proposed LM phase shifter exhibits a significantly greater
phase shift of 360°. This stands in contrast to the phase
shifts of 180° for [32] and 67° for [51]. Moreover, when
compared with [32], the suggested phase shifter presents a
notably simpler design, requiring significantly fewer LM vias
and occupying a considerably smaller footprint. Additionally,
the proposed phase shifter boasts the capability of seamless
integration within a phased array system, as exemplified
in this paper. Conversely, the design outlined in [32] lacks
suitability for integration within an SIW feeding structure.
The phase shifter detailed in [32] features larger dimensions
and relies on switching between distinct SIW transmission
lines with varying electrical lengths to achieve phase shift.
This methodology demands a substantial physical size to
accommodate the divergent paths necessary for achieving the
intended phase shift. However, the proposed phase shifter
does have certain drawbacks, primarily in terms of resolution
and physical size when compared to CMOS, GaN, Ferro-
electric, and LC-based phase shifters. Notably, other phase
shifters documented in [14], [15], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26], and [64] offer significantly better
resolution and are more compact in size than the proposed
LM phase shifter. On the other hand, the alternative phase
shifters in [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], and [64] exhibit inferior figures of merit
(FoM) and insertion loss (IL) performance when compared to
the proposed LM phase shifters. Additionally, these alterna-
tive phase shifters are also limited in their power handling
capability, unlike the proposed LM phase shifters.
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TABLE 3. The measured results of the proposed phase shifter at 10 GHz.

State Number Simulated Measured Measured
of active total phase total phase IL (dB)
LM vias shift (phase shift (phase
step) step)
State 1 (S1) 0 NA NA 1.7
State 2 (S2) 1 30.5°(30.5°) | 31.2°(31.2°9) 2.3
State 3 (S3) 2 77.8°(47.3°) | 81.8°(50.6°) 1.9
State 4 (S4) 3 125.3°(47.5°) | 132.3°(50.5°) 1.9
State 5 (S5) 4 172.7°(474°) | 179°(46.7°) 2.0
State 6 (S6) 5 219.5°(46.8°) | 223.8°(44.8°) 2.1
State 7 (S7) 6 267°(47.5°) | 277.9°(53.1°) 2.7
State 8 (S8) 7 313.9°(469°) | 323.4°(46.5°) 23
State 9 (S9) 8 360.5°(46.6°) | 367.6°(442°) 2.8
Total 360.5 367.6

FIGURE 9. Schematic of the SIW power splitters incorporated within the
phased array antenna. (a) Top view of the entire 1 x 4 power splitter,

(b) 1 x 2 power splitter associated with Stage 2, (c) 1 x 2 power splitter
associated with Stage 1 T-junction. [m1, m2, m3, m4, m5 stand for
matching vias with diameter d3 = 1.6mm]. [W1=18mm, p1= 5.4mm, p2=
5.9mm, p3= 4.85mm, d3= 1.6mm, W2=9.4mm,x= 2mm, x1=7.1mm)].

IV. DESIGN CRITERION FOR THE LM PHASED ARRAY

A. DESIGN OF 1x 4 SIW POWER SPLITTER

Firstly, a 1 x 4 SIW power splitter was developed. Fig. 9(a)
shows the configuration of the power splitter. The SIW feed-
ing structure can be split into two stages. Each stage consists
of 1 x 2 SIW power splitter. Fig. 9(c) shows the configuration
of the first stage of the feeding structure. Fig. 9(b) shows
the configuration of the second stage of the feeding structure
Fig. 10 shows the performance of the entire 1 x 4 SIW
power splitter together with that of the 1 x 2 power splitters
associated with stages 1 and 2. Fig. 10 (a) shows the reflection
coefficients (S11) and Fig. 10(b) shows the transmission coef-
ficient (S71) of the entire 1 x 4 SIW power splitter together
with that of the 1 x 2 power splitters associated with stages
1 and 2. All structures are designed to have a good impedance
match together with a low IL at the centre frequency of
10GHz. The entire 1 x 4 SIW power splitters has a 10dB
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FIGURE 10. Simulated reflection coefficient (511) and transmission
coefficient (S21) of the entire 1 x 4 power splitter together with those of
the 1 x 2 power splitters associated with stages 1 and 2. (a) S11 and

(b) S21. [S31 performance is identical to S21 for both stage 1 and stage 2.
Similarly, for the entire structure, S31, S41, S51 are all identical to S21].

return loss bandwdith of 2.6 GHz ranging from 9.15GHz to
11.45GHz. For example at I0GHz the simulated IL of the 1 x
2 SIW power splitter associated with stage 1 is 3.7 dB and he
IL of the 1 x 2 SIW power splitter associated with stage 2 is
3.38 dB. The IL of the entire 1 x 4 SIW power splitter is better
than 7.36dB over a |GHz bandwidth ranging from 9.5GHz to
10.5 GHz, while the IL is better than 8 dB over the 2.6GHz
from 9.15 GHz to 11.45 GHz. Accoding to simulation the
total losses within the 1-to-4 feeding structure is 7.36dB at
10GHz. Given that an ideal 1-to-4 feed has a splitting loss
of 6dB. We can conclude that 1.36dB is caused by matching,
SMA connector and dissipation losses within the substrate
material.

B. PROTOTYPE FOR THE ENTIRE PHASED ARRAY
INCORPORATING PRINTED DIPOLE RADIATORS

The next stage in the process of designing the phased array
antenna is to integrate the four LM phase shifters within the
1 x 4 SIW power splitter and add 4 printed dipole antennas,
as shown in Fig. 11(a). The printed dipole antenna array
consists of four radiating elements. Each element resonates
at 10 GHz with a 10 dB return loss impedance bandwidth
of 1.5 GHz ranging from 9.2 GHz to 10.7GHz, as shown in
Fig. 11(b). The radiating element was designed, based on the
principles discussed in [66], [67], and [68], to resonate and
achieve peak directivity at 10GHz. The resonant frequency
of the dipole is controlled by the length of the dipole DL
and the depth of resonance (i.e. matching at the resonant
frequency) is controlled by AL. The physical spacing between
each of the printed dipole elements, within the array, is L2 =
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FIGURE 11. Schematic and the simulated reflection coefficients
performance of the 1 x 4 element printed dipole array antenna. (a) Top
view of the array and (b) reflection coefficients for each individual
element.

16 mm which corresponds to 0.534 ; where A is the free-space
operation wavelength at 10GHz. The isolation between any
two adjacent elements in the antenna array is less than 14 dB.
The peak simulated gain of each of Elements 1 to Element
4 1is: 4.9dBi, 3.9dBi, 3.9dBi and 5.4dBi, respectively. Element
2 and Element 3 has lower gain performance than Elements
1 and 4 due to the increased mutual coupling between neigh-
boring elements. Furthermore, Element 1 has a simulated side
lobe level (SLL) of 9.2dB, element 2 has a SLL of 8.3dB,
element 3 has a SLL of 8.3dB and element 4 has a SLL of
9.3dB. The simulated total efficiency at 10 GHz is higher than
90% for Elements 1 and 4 and higher than 85% for Element
2 and 3.

V. FABRICATION CONSIDERATION

This section of the paper discusses the fabrication of the
hardware prototype, shown in Figs. 1 and 2. It also discusses
the actuation of liquid metal (LM). The hardware prototype
was fabricated and actuated as shown in Fig. 12. The structure
responsible for confining and guiding the liquid metal con-
sists of a three layers arrangement using transparent Perspex
material. In Fig. 12(a), these layers are designated as layer 1
(#L1), layer 2 (#L2), and layer 3 (#L3). Within this setup,
layers 1 (#L1) and 2 (#L2) serve as reservoirs to contain the
liquid metal (LMRs), while layer 3 (#L3) functions as a pro-
tective cover. External to the SITW, multiple metallic screws
(MS) are positioned to secure the distinct Perspex layers
together, as depicted in Fig. 12(b) and Fig. 12(c). Importantly,
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FIGURE 12. The entire phased array incorporating printed dipole
elements and a Perspex cover above the LM channels. (a) cross section
view in the z-y plane, (b), and (c) top view. Key: MS = Metallic screw,
#L1 = Perspex Layer 1, #L2 = Perspex layer 2, #L3 = Perspex layer 3,
LMR = Liquid metal reservoir, LMV = Liquid metal via, CV = Copper via.
Metallic screw = green, Substrate = purple, Perspex = Orange, Copper
plated vias = yellow, Liquid metal vias = red.

these screws exert no influence on the RF performance of
the proposed phase shifters and the associated phased array.
This lack of influence stems from the screws being situ-
ated outside the SIW structure. LM is introduced into and
extracted from the drilled holes through the utilization of a
syringe. This method of actuation is widely employed and
has been documented in numerous studies, such as those
in [33], [34], [35], [36], [37], [38], [39], [40], [41], [42],
and [69]. Several alternative actuation techniques are also
present in the literature, including: a) utilizing a microp-
ump, as reported in [43], [44], [45], [46], and [47], and
b) employing electrochemically controlled capillary action,
as explained in [48] and [49]. It is worth noting that any
of these techniques could potentially be adopted to actuate
the proposed devices in this paper. Importantly, altering the
actuation approach will not cause any impact on the RF
performance of either the phased array or the phase shifters.
This is due to the feasibility of situating the actuation circuits
either above or below the ground plane of the SIW feeding
structure in the phased array. Moreover, these circuits can be

VOLUME 11, 2023



S. Alkaraki et al.: Phased Array Antenna System Enabled by Liquid Metal Phase Shifters

IEEE Access

positioned far removed from the radiating elements, where
the intensity of the electric field (E-field) and magnetic field
(H-field) are exceptionally low.

The chosen via size (via diameter, d) is set at 1.8 mm to
enable a smooth and repeatable process of filling the holes
with liquid metal (LM), minimizing any associated issues.
Based on our experience, filling vias with LM becomes
technically challenging if their diameter is below 0.9 mm.
Conversely, vias with diameters larger than 0.9 mm prove
more manageable to fill. This is due to the fact that larger
vias possess greater surface area; for instance, a via with
a diameter of 1.8 mm boasts nearly four times the area of
a 0.9 mm diameter via. Interestingly, simulation findings
indicate that the via size has a relatively limited impact on
the RF performance of the phase shifter. Vias with diameters
less than 2 mm remain electrically small at 10GHz, result-
ing in negligible radiation and power leakage. Consequently,
arecommended via size falls between 1 mm and 2 mm for the
intended application. The primary advantage of employing
larger vias lies in the ease of filling them with LM. However,
when the via diameter exceeds 2 mm, a notable /L emerges
when the vias are devoid of LM. For example, increasing the
via diameter to 3 mm introduces an additional /L of around
0.25 dB. Importantly, we observed that no LM residues
remained after emptying the vias. In addition, we routinely
employ the liquid metal multiple times to actuate both of
the proposed devices, and our observations reveal that this
repetitive usage has no discernible impact on the RF perfor-
mance of either component. As for the reconfiguration time
of the proposed phased array, it is projected to fall within the
range of milliseconds to seconds, as detailed in [43] and [45].
This range is relatively slower compared to certain alternative
devices. Notably, the literature reports LM actuation speeds
of up to 30 cm/s [70], and it is reasonable to expect that further
advancements could lead to even higher actuation speeds. The
velocity of actuation hinges on the volume of liquid metal
being injected. Given that the actuation of a via entails the
movement of a minute volume of liquid metal (sub-uL), rapid
speeds are anticipated.

VI. EXPERIMENTAL RESULTS OF LM PHASED ARRAY

This section of the paper presents the measured results and
the numerical simulation results for the proposed LM phased
antenna array. The array of printed dipoles produce a beam
that can be steered in the x-y plane). The performance of
the phased array was predicted through computer simulation
in CST Microwave Studio. The phased array was tested in
several states which provide beam steering up to a maximum
scan angle of £38° in the x-y plane. Note that the electric
field radiation pattern (E-field) is in the x-y plane, while the
magnetic field radiation pattern (H-field) is in the x-z plane.
The beam of the proposed phased array is switched in the x-y
plane which is equivalent to beam scanning in a conventional
phased array. Fig. 13 and TABLE 5 shows the simulated and
measured radiation patterns for the proposed phased array in
each of the seven steered angles considered (note that those
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FIGURE 13. The normalized radiation patterns associated with the

proposed phased array antenna at 10 GHz in the E-plane (x-y) plane.
(a) Simulated result and (b) measured resuit.
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angles are labeled case A to G). The figure shows radiating
patterns at 10GHz. There is very good agreement between the
simulated and measured radiation pattern and beam steering
angle as shown in TABLE. 5. Measurements results show
that the main beam of the proposed phased array antenna can
be scanned, in the x-y plane within range of £38°. TABLE
6 summarises the phase difference between the phase shifts
provided by the four LM phase shifter in order to steer the
beam towards a certain angle. In case D: the phased array
radiates in the end-fire direction with no beam steering i.e.
towards (91°). The difference in phase between the LM phase
shifters is 0°. In cases C and E: the phase difference between
consecutive LM phase shifter is £45°, respectively. While in
cases B and F the phase difference between consecutive LM
phase shifter is +90°, respectively. Finally, in cases A and G,
the phase difference between consecutive LM phase shifters
is £135°, respectively.

Good agreement is observed between the measured and
simulated S1; performance, as shown in Fig. 14. In all cases,
the measured 10dB return loss bandwidth of the phased array
is wider than 1GHz. In addition, the phased array provides
beam steering over this entire bandwidth. Fig. 15 plots the
measured gain as a function of frequency along with the
measured side lobe level (SLL) and scan loss as a function
of steered angle.

At 10 GHz the proposed phased array exhibits a measured
gain of 8.3dBi which is 0.8dB less than the simulated gain
at the same frequency. The peak value of measured gain
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TABLE 4. Performance comparison between the proposed Liquid metal phase shifter and other alternative phase shifters.

Phase RMS RMS

Frequenc, shiftin, IL FoM | Resolution hase amplitude Size

Reference Technology ( GqHz) ¥ Range (go) (dB) /dB) ©) le)rror egror (mm)
@) © (dB)

This work | Liquid Metal 10 367.6 <2.8 131.3 ~45 20 <15 57.2 x 14
[32] Liquid Metal 10 180 2.3 78.3 10 10 NA 87.2 Xx56.2
[51] Liquid Metal 5.6 ~67 ~ 70 NA NA NA NA
[14] Ferroelectric based 10 342 <8 52 NA 8.5 >2.5 2.8 %3
[15] Ferroelectric based 10 413 10.3 40.1 NA NA >3 38x%x2.3
[16] Ferrite - LTCC 10.6 215 <7 48 NA NA NA ~45 X 45
[17] Liquid Crystal 10 ~60 ~2.5 ~24 NA NA NA NA
[18] Liquid Crystal 10 ~101 ~5 ~15.2 NA NA NA NA
[19] Liquid Crystal 10 ~100 ~3.9 NA NA NA >3 <4x1
[20] 5 bit MEMS 10 360 x ~60 11 <10 >4 ~9 x1.2
[22] GaN 10 180 14 12.8 11.25 4.5 ~0.6 4.7 x5
[23] GaN 10 22.50r45 <5 ~11 NA ~5.6 1.1 ~1 x1
[24] 0.25 um SiGe BiCMOS 10 360 > 12 <30 11.25 6.4 >3.0 1.87x 0.88
[64] 0.13um CMOS 10 360 13.2 273 5.625 4.1 ~0.8 2.06 X 0.58
[25] 0.18um SiGe BiCMOS 10 ~348 ~8 ~43.5 11.25 4.6 0.6 NA
[26] 0.25um SiGe BiCMOS 10 ~360 ~13 ~27.7 5.6 4 0.6 0.94 X 342
[65] PIN Diode - SIW 10 <180 =2 =90 NA NA >0.8 NA

TABLE 5. Phased array beam switching in the x-z plane.

Phase difference Simulated Measured
Case between phase Beam Direction Beam
shifters Direction
A 135° 55° 52°
B 90° 65° 64°
C 45° 77° 78°
D 0° 91° 89°
E —45° 102° 106°
F -90° 115° 117°
G —135° 130° 128°

TABLE 6. Phased shifters configuration in the Phased array antenna.

Phase State Phase State Phase State Phase State
State (Phase (Phase (Phase (Phase
shifter 1) shifter 2) shifter 3) shifter 4)
A S4 (= 135°) S6 (= 270°) S2 (= 45°) S5 (= 180°)
B S3(=90°) S5 (= 180°) S7 (= 270°) S9 (= 360°)
C S2 (= 45°) S3 (= 90°) S4 (= 135°) S5 (= 180°)
D S1(0°) S1 (0°) S1(0°) S1(0°)
E S5 (=~ 180°) S4 (= 135°) S3 (= 90°) S2 (= 45°)
F S9 (= 360°) S7 (= 270°) S5 (= 180°) S3 (= 90°)
G S5 (= 180°) S2 (= 45°) S7 (= 270°) S4 (= 135°)

occurs at 10.2GHz and is 8.5dBi. This is 0.6dB less than
the simulated gain at the same frequency. Overall, the mea-
sured gain of the proposed phased array remains higher than
7.9 dBi over a bandwidth greater than 1GHz, ranging from
9.6 GHz to 10.8GHz. In addition, the minor discrepancies
observed between the gain of the proposed phased array
antenna depicted in Figure 15(a) from the simulated and
measured results can be mainly attributed to errors that arise
during the manufacturing process of the PCB. It should be
noted that the difference between the simulated and measured
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FIGURE 14. Reflection coefficient (S;;) of the LM phased array antenna
in all states. (a) Simulated result and (b) measured result.

gain of the array falls within the range of 0.2dB to 0.8dB
across a bandwidth of 1.5GHz, spanning from 9.5GHz to
11GHz. This difference can be attributed to the tolerances
in fabrication that pertain to the position of LM vias, the
dimensions of the feeding networks and the dipole antenna,
as well as the dimensions of the microstrip to SIW transition.
Good agreement is observed between the simulated and the
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FIGURE 15. Gain, side love level (SLL) and scan loss performance.
(a) Gain, (b) SLL at 10 GHz, and (c) scan loss at 10 GHz.

measured SLL performance for all of the seven steered angles
considered (note that they are labeled case A to G). Fig. 15(b)
shows that the proposed phased array has a measured SLL
of —11.1dB in case D, —12.5dB in case E, —8.6 dB in case
F and —4.9 dB in case G. In addition, the measured SLL is
—7.1dB in case C, —7.3dB in case B and —4.5dB in case
A. However, the proposed phased array antenna is suitable
for application where high RF power handling capability is
required. In the future, the SLL performance of the phased
array can be improved by integrating an antenna element
that have lower SLL than the proposed dipole antennas that
radiate in the endfire direction or with antenna elements
that radiate in the boresight direction. For example, a slot
array antenna that radiate in the boresight direction and
capable of delivering high gain and low SLL in similar
manner to designs in [71], [72], [73], [74], [75], and [76]
can be integrated with the proposed SIW feeding structure
and LM phase shifters. Fig. 15(c) shows that the measured
scan loss is less than —0.5dB in cases C and D. Further-
more, the scan loss is —1dB in case F and —1.2dB in case
B, while it drops to 1.4dB and 1.5dB in cases G and A,
respectively.
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VIi. CONCLUSION

This paper introduced the first experiment proof of using
liquid metals to perform a wide range of phase control to
design SIW phased antenna array. The proposed phased array
antenna is based around SIW which is used to excite 1 x
4 printed dipole antenna array. The proposed LM phased
array is a cost effective solution which offers low loss and
wideband performance over the existing technology.

Novel LM based phase shifters are integrated with the
SIW power dividers to effectively control the phase distri-
bution inside the SIW. This provides a large-phase tuning
ratio of 360°. Four LM phase shifters are integrated with the
SIW feeding structure to realize the proposed phased array.
Each phase shifter incorporates 8 LM vias and thus the total
phase shift is divided into 8 steps of ~45° each. Recon-
figuration between the different phase states is achieved by
adding/removing LM vias. Each phase shifter incorporates a
total of eight LM vias.

Measured and simulated results, provided in the paper,
serve to demonstrate that the performance of the proposed
phased array antenna is excellent. The proposed phased array
antenna operates on 10 GHz with the scanning range of £38°
along the end-fire direction with an impedance bandwidth
wider than 10% and peak gain of 8.3 dBi. Finally, the pro-
posed phase array antennas is an innovative solution offers
various important advantages over the existing technology,
including: low insertion loss (IL) and wideband performance
with the potential for very high power handling capability.
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