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ABSTRACT: RF signals are widely used in various applications, including radar systems, wireless communication systems, and telecom-
munications. Phase shifters allow tuning of the signal’s phase, using digital and analog designs. This adjustment is essential for antenna
beam steering and shaping, signal cancellation, and frequency synthesis in antenna arrays. Phase control is essential to improve the per-
formance of wireless communication and radar systems by enhancing signal reception and transmission. This study examines different
types of phase shifters, including a comparative analysis of different phase shifter topologies and technologies, highlighting advantages
and limitations according to applications. In addition, this review includes a specific study on liquid metal phase shifters. Finally, the
article outlines future research directions for liquid metal phase shifters: It is emphasized that there is a constant need for innovative
design strategies to keep pace with the evolving wireless communications and radar fields. Therefore, this article can be a reference for

the next milestones in RF phase shifter research.

1. INTRODUCTION

Phase shifters are critical elements in numerous microwave
system designs and applications [1], such as phase modu-
lators, harmonic distortion suppression, and beamformers [2].
The most popular application of phase shifters is beamforming
using antenna arrays in phased array platforms. Beamforming
significantly enhances the link performance of wireless com-
munication systems. In addition, beamforming networks are
now widely used in advanced radar systems and evolving 5G
communication systems. Beam shaping can be done in the dig-
ital, optical, or analog domains [3]. Very flexible beamform-
ing can be done digitally by adjusting the time delay using
an analog-to-digital converter (ADC). However, some major
drawbacks of digital beam-forming techniques are high cost, in-
creased system complexity, and high loss in applications with
a large number of antennas (such as massive MIMO) [4]. In
analogue beamforming, two main technologies can be found:
passive and active designs. Passive phase shifters include all
classes of phase shifters that consume no power when inactive.
However, they may consume power when changing the signal
phase using, for example, MOSFET transistors. These compo-
nents use very little power when they are in idle mode. Ac-
tive phase shifters, on the other hand, are implemented using
high-current circuits such as variable gain amplifiers or Gilbert
cells. The trade-off for high linearity achieved with passive
phase shifters is high insertion loss (IL), noise figure (NF), and
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large on-chip space requirements. Active phase shifters gen-
erally occupy smaller physical areas than passive designs since
they can eliminate the need for large components like inductors.
Active phase shifters can provide low IL and often incorpo-
rate variable gain amplifiers (VGAs), allowing for gain control,
which enables amplitude adjustment in addition to phase shift-
ing. However, active phase shifters do have some drawbacks,
like decreased linearity compared to passive designs, and power
consumption, as they require biasing for active components [5].
In general, passive devices exhibit a significantly lower noise
figure compared to active devices. Phase shifters need to be
small, inexpensive, and have little IL within the intended band-
width. The phase shifter size is a crucial element because of
space constraints, especially when it comes to portable mi-
crowave devices. About half of the system cost is attributed
to the development of high-resolution monolithic microwave
integrated circuit (MMIC) phase shifters, which are still diffi-
cult to implement in tiny phased array formers [6]. Since the
performance of phase shifters mainly depends on the technol-
ogy used for their implementation, this paper studies various
topologies/types of phase shifters based on their phase tuning
mechanisms and techniques, focusing on their advantages and
limitations.

2. THE PHASE SHIFT THEORY

A phase shifter keeps a signal’s amplitude while controlling the
phase, so it is crucial in RF, microwave, and optical systems.
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There are many uses for phase shifters, such as phased array
antennas, beamforming networks, radar systems, and optical
communication systems. There is a lot to learn about phase
shifting in this section, including how it works, types, and key
performance metrics.

2.1. The Principle of Phase Shift

A phase shifter is an electronic device that modifies an electro-
magnetic wave’s phase angle without changing its amplitude.
To precisely match other signals or system needs, it adjusts
a signal’s time. Phase shifters are crucial components in mi-
crowave and radio frequency (RF) systems, allowing precise
control and manipulation of signal phases. Phase shifters play
a crucial role in enhancing signal processing efficiency by en-
abling precise timing and synchronization of signals, which is
essential for maintaining system performance and reliability in
various electronic applications. A phased array system’s fun-
damental component is an RF phase shifter. The input signal’s
transmission phase is adjusted using a control element. This
can be accomplished either actively or passively. Phase shifters
are used in many different applications outside phased array an-
tenna systems, such as image rejection receivers [7], lineariza-
tion of amplifiers [8], and as part of electrical testing devices
such as signal generators [8]. Changing the phase of an incom-
ing signal, ideally without altering its strength and frequency,
is the main function of a phase shifter. Accordingly, an ideal
reciprocal phase shifter with ® phase shift has the following
scattering matrix:

S = [ de o ] M

Even though ideal phase shifters only change the signal phase,
as demonstrated by Equation (1), practical RF phase shifters
suffer from performance degradation. Several parameters can
determine the performance of an RF phase shifter, including
the bandwidth, IL, return loss, linearity, power handling, phase
range/resolution, phase error, chip area, and power consump-
tion. Linearity serves as a crucial parameter in the design of
RF phase shifters. To prevent intermodulation effects and sub-
sequent challenges in signal demodulation at the receiver’s end,
it is essential that the output power level changes consistently in
relation to the input power. Similar to amplifiers, the linearity
of an RF phase shifter is typically evaluated using its third inter-
cept point (I P3), which can refer to either the input (IIP3) or the
output (OIP3). Naturally, passive phase shifters exhibit greater
linearity compared to their active counterparts, which incorpo-
rate active devices that are fundamentally non-linear [9].

2.1.1. Resolution and Phase Range

Equation (2) indicates that the phase range is the phase differ-
ence between the reference phase (¢ ¢) and maximum possi-
ble phase shift (©max)-

Cprange = Pmax — Saref (2)
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The reference value can be subtracted from the actual phase
shift to normalize the phase state :

D = — Prey 3)

The reference value can be subtracted from the actual phase
shift to normalize the phase state :

Q=0 = Pres “
The resolution of a phase shifter is the smallest phase shift value
that separates two successive phase states. Resolution is a help-
ful characteristic, especially for digital phase shifters or phase
shifters with digital phase control. It is expressed as follows,
and it depends on the number of bits IV of the phase shifter de-
sign [6]:

(I)max
N

Presol = (%)
The max phase range is 360°. With a 2-bit phase shifter, the
resolution is ®,..;,; = 90°, and the potential phase states are
d, = 90°, &y = 180°, &3 = 270°, and 4, = 360°. The num-
ber of control bits is occasionally used to express resolution.
The resolution of many digital phase shifters used in real ap-
plications can reach up to 8 bits, and their phase range is 360°.
Analog phase shifters rely on the constant analog control volt-
age to determine their resolution, whereas digital phase shifters
have a limited resolution [10], as inferred from Equation (5).

2.1.2. Power Handling

Power handling is an essential parameter of phase shifters, par-
ticularly in high-power applications like satellite communica-
tions and radar systems. It describes the highest RF power
that a phase shifter can withstand without suffering physical
irreversible damage or appreciable performance deterioration.
Due to transistors’ limited P1 dB compression point, passive
phase shifters are better at handling power than active phase
shifters [6]. It is important to consider power handling when
designing RF phase shifters, especially for high-power appli-
cations such as radar, satellite communication, and electronic
warfare. Because passive phase shifters do not have active
components, they have higher breakdown voltages, and they
are more thermally stable, whereas active phase shifters have
nonlinear transistors and compression effects. When choosing
phase shifters, you must think about power requirements, ther-
mal management, and frequency-dependent performance.

2.1.3. Phase Errors

According to [11], the RF phase shifter’s phase error is the dif-
ference between the desired and measured phase shifts.

¢, = — D (6)

where the measured and desired phase states are denoted by
® and P, respectively. The accuracy of the phase shifter is
frequently assessed using the Root Mean Square! (RMS) phase
error. Every potential phase shift is used to calculate the RMS
error.

'Root Mean Square
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2.1.4. Surface Area

The size of a phase shifter is an essential consideration that
must be managed effectively. RF phase shifters are often quite
large due to the significant space required by inductors com-
monly used in their design. Area consumption for passive
phase shifters is primarily determined by their operating fre-
quency, process technology, and resolution/phase range. For
lower operating frequencies and higher phase resolution, their
circuit size is larger [6]. In contrast, active phase shifters of-
ten take up less space than their passive counterparts because
they use area-effective blocks like attenuators and active blocks
like amplifiers for phase tuning [6]. In order to achieve a bal-
ance among performance, integration, and application-specific
requirements, the RF phase shifter design needs to be managed
effectively. The passive phase shifters may be more effective in
high-power applications, but they’re bulkier at lower frequen-
cies. Active phase shifters are more space-efficient than pas-
sive ones because they employ smaller tuning elements such as
varactors and amplifiers. Integrated circuit phase shifters, such
as CMOS, GaAs, and MEMS designs, are getting smaller and
more effective because of the rapid advancement of technology.

2.1.5. Power Consumption

Like other radio frequency modules, phase shifters should have
low to no DC power consumption. However, many active
phase shifters conduct phase adjustment using VGAs (Variable-
gain amplifiers), resulting in decreased DC power usage. Am-
plification is also necessary for certain phase shifters to increase
the signal’s strength and quality. Consequently, the amount of
used DC power rises. In contrast, digital phase shifters usually
use very little DC power because they mostly use passive com-
ponents such as capacitors and inductors, which don’t require
voltage consumption.

2.1.6. Figure of Merit

The figure of merit (FOM) typically represents the perfor-
mance of frequency-aggressive phase shifters [12]. This num-
ber, which is expressed in dB, is the ratio of the relative phase
shift measured under control to the IL (I L = —201log; |Sa1]):

Apmax

FOMgg = 77|

(7

An alternative FOM is calculated as the ratio of the maximum
phase shift to the length of the line (L). It is expressed in cm and
evaluates the component’s effectiveness based on its size [13]:

Awmax

FOMen = =7

®)

However, FOM does not consider several important crite-
ria, such as volume or applied voltage value, and therefore
should not be the only point of comparison between tunable
phase shifters [14]. RF phase shifters are classified according
to the technology used for their implementation, and include
mechanical, ferromagnetic/magnetic, micro-electromechanical
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systems (MEMS), and electronic phase shifters that are based
on a phase tuning mechanism. The components or building
blocks of RF phase shifters are used to classify them as either
passive or active. Also, depending on the control voltage, phase
shifters can be either digital or analog. However, this usually
means electronic phase shifters [6]. The next part talks about
the different kinds of phase shifters and how they are set up.

2.2. Phase Shifters as Key Components in Phased Array Sys-
tems

Phase shifters are very important for low-loss beam steering or
scanning because they are a key part of phased array antenna
systems. Phase shift and IL must meet the following perfor-
mance requirements [15].

1. mm-Wave phase shift of 0-360° or 0—180° achieved with-
out exceeding IL limits.

2. Over the whole phase shift range in the target frequency
band, the IL variation is negligible. With bias control, the
IL fluctuation is minimal. In order to reduce beam distor-
tion during antenna beam steering, this is done. The sig-
nal amplitude in each channel has a considerable impact
on signal combining and nulling in unwanted directions;
therefore, the phase shifter needs to have both low IL and
consistent loss across its phase tuning range [16].

3. High phase shift resolution.

4. Control is facilitated by factors such as low frequency or
DC bias, along with a linear phase shift-voltage response
and minimal power consumption, exemplified by a bias
voltage of less than 10 V [16].

5. Fast response.

6. Robust, reliable (for instance, capable of functioning in
humid conditions and varying temperatures).

7. High power handling capacity (needed for high-power,
low-loss transmitters).

8. Compact for being integrated with other components and
subsystems.

A phased array transceiver can use this low-loss, high-tuning-
range phase shifter technology to perform several tasks, includ-
ing 5G mobile communications (57 GHz—66 GHz in Europe),
satellite communications (60 GHz), gesture sensing (60 GHz),
and car radar (76 GHz-81 GHz), among others [16].

Figure 1 shows the basic block diagram of a phase shifter
application.

2.3. Topologies

As mentioned in the first section, phase shifters are essential
components of millimeter wave and microwave systems be-
cause they control a signal’s phase. These components’ per-
formance characteristics, such as phase shift range, bandwidth,
and IL, are directly influenced by their circuit configuration, or
topology. Topologies that are frequently used include:
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FIGURE 1. Block diagram of common phase shifter application in an-
tenna phased arrays.

* Transmission Line Phase Shifters

* Ferrite Phase Shifters

 Reflective Load Phase Shifter (RTPS)
* Hybrid Coupler Phase Shifters

+ Semiconductor Phase Shifters

* Digital Phase Shifters

Numerous research projects have explored different types of
phase shifters. This section will discuss and elaborate on rele-
vant designs. To begin with, a brief definition of a phase shifter
based on a comprehensive literature review is provided.

2.4. Types

Phase shifters can be categorized into three primary groups
based on how the phase-shifting functionality is implemented:
digital, optical, and analog.

2.4.1. Digital Phase Shifters

State switching is made possible by digital phase shifters, which
discretize the phase into predefined phase states by digitally
managing each phase-shifter bit. The bit count of the digital
phase shifter determines how many phase states the system can
switch between. Accurate state alteration is one of the most
crucial features of digital phase shifters. Several methods have
been used to implement digital phase shifters.

1. Microelectromechanical systems (MEMS): The pri-
mary feature of MEMS is its ability to perform electrical
and mechanical activities. Their architecture is mechan-
ically flexible and/or movable in response to pressure,
electrostatic, thermal, piezoelectric, or magnetic pressure.
Electrostatic control is the most utilized actuation method
in microwave applications. Switches and radio fre-
quency variable capacitors are the two main applications
being pursued. Both devices operate under the same
concept [17, 18].
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INPUT OQUTPUT

FIGURE 2. A switched line phase shifter’s basic schematic [19].

» Switched line phase shifters: The switching line
implementation is the simplest of all phase shifters
in terms of methodology and design requirements.
Their losses are similar to the total losses of lines and
switches. SPNTs (Single Pole N Throw) switches
can be used in either a series or parallel configu-
ration to construct this kind of phase shifter. In
Ka-band, 90° and 180° phase shifters with phase
delay lines were constructed [19,20]. Figure 2 il-
lustrates the simplest version of the Switched Line
Phase Shifter (SLPS), which uses four Single Pole
Single Throw (SPST) switches to transmit signals
between two transmission lines of varying lengths,
thus different phase shifts. Phase shifter size reduc-
tion can be achieved using fractal designs [21,22].
Equation (9) gives the differential phase shift be-
tween the two-phase shifter states.

A® = B(Ly — L) )

Figure 3 illustrates the schematic layout of a typi-
cal RF-MEMS three-bit switched-line phase shifter
with a MEMS series switch. The sequence displays
three distinct segments, or bits, each of which gener-
ates linearly cascading phase shifts of 30°, 60°, and
120°. Every section (bit) has switching elements, de-
lay lines, and a reference line. The delay line gener-
ates the necessary phase shift, such as 30°, 60°, or
120° phase shifts, and the reference line has a phase
shift of 0°. This allows for the independent selection
of each transmission line segment in order to attain
a predetermined phase shift value at the output. For
example, the first and third bits must be chosen to
produce a phase shift of 180° [23]:

* Loaded line phase shifters: The general idea of
loaded line phase shifters dates back to the early

RF MEMS

Series
Switches W ‘

Input‘ L ,0 0° 0° Output

FIGURE 3. The switched-line phase shifter’s schematic layout [23].
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1960s and has been described in several research
publications [24, 25]. Both digital and analog phase
shifters can be realized by employing the loaded
line technique, which is similar to the switched-line
method. The phase shift mechanism of this circuit is
based on a transmission line with a low reactance.
More specifically, the design concept is to load a
transmission line with two distinct impedances. A
central line segment that connects the phase shifting
sections may be utilized as a matching network to
maintain input and output impedances close to 50 €2,
as shown in Figure 4.

Each load arm
can also be
represenled as

Input ——= Output P

Transmission Line

Quarter
Wave Line

Z,=f
(Short Stub)

PIN Diode

Z,, Z, can be resistive or reactive Ioads
Z,is a quarter-wave section.

FIGURE 4. The load-line phase shifter’s basic schematic [24].

Radial stubs are used in microstrip technology to
connect to MEMS switches located at regular inter-
vals along the line. The phase shift occurs as a result
of their simultaneous switching [24].

* Reflection phase shifters: As demonstrated in the
earlier examples, RF MEMS-based reflection-type
phase shifters can be constructed in both digital and
analog formats; however, the analog format is not
frequently used because of its intricate design. Un-
like switched-line and loaded-line phase shifter im-
plementations, reflection phase shifters use 3-dB hy-
brid couplers as one of their primary components, as
illustrated in Figure 5.

RF IN RF OUT

o—I 3-dB Hybrid Coupler '—o

——

Reflective Reflective
termenating termenating
circuit circuit

FIGURE 5. A reflection-type phase shifter’s schematic diagram [26].

* Based distributed-line phase shifters: The
distributed-line phase shifter, or more specifically
distributed MEMS transmission line (DMTL) phase
shifters, are the most widely used RF MEMS-
based phase shifters. The bulk of research about
MEMS-based phase shifter designs that is still being

37

studied falls into this category. The way they work
is that passive parts, such as switched capacitors
or varactors, periodically load a transmission line,
such as a CPW or microstrip line, to create a phase
shifter.

2. Transistors: In [27], transistors were used as switches,
while resistors and capacitors were used to create the
phase-shifting function. Compared to passive designs, in
active phase shifters [28], differential phases are obtained
using transistors rather than passive networks. This results
in high integration with high gain and accuracy, as well as
fine digital phase control under a constrained power bud-
get.

3. PIN diodes: These are frequently used to regulate the
phase shift of signals in digital phase shifters. When used
as a switch in digital phase shifters, the PIN diode can be
biased either forward or backward. A forward-bias PIN
diode allows current to flow through it and functions as
a low-resistance switch. The diode has a high impedance
and operates as an open switch when reverse-biased. To
produce distinct phase shifts, phase shifters use a large
number of PIN diodes. The biasing status of every PIN
diode is influenced by a different control signal. In dis-
crete states, the phase shift can be controlled by turning on
specific diodes in each design. In Figure 6 [29], the PIN
diodes were modeled as separate components representing
forward and reverse states. Loads were produced utiliz-
ing a single inductor coupled in parallel with PIN diodes,
eliminating the need for high-isolation diodes.

INPUT OUTPUT
%0° 000 000 %°
Hybrid Hybrid Hybrid Hybrid
Coupler Coupler Coupler Coupler
180° bit 90° bit 45° bit 22.5 bit°

FIGURE 6. 4-bit PIN diode reflection-type phase shifter configura-
tion [29].

2.4.2. Optical Phase Shifters

In many different RF over-fiber applications, optical phase
shifters are essential. The advantages of using optical phase
shifters for microwave systems include a wide bandwidth, su-
perior isolation, resistance to electromagnetic interference, and
the ability to remotely activate an antenna [30]. Optical phase
shifters are implemented using optical delay lines [31]. De-
spite this, optical phase shifters require a large number of opti-
cal switches, which significantly increases the overall cost and
complexity of the system [28]. Numerous works have been pro-
posed to achieve integrated optical switches. A thermo-optic
effect [32] or MEMS actuators [33] are two examples of princi-
ples that are frequently used for optical switches to achieve high
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MZI Ring resonator Disk resonator MEMS switch
X W
Optical phase shifters MEMS actuator
Plasma dispersion effect by carrier modulation Thermo-optic effect Mechanical movement
using pin, pn, SIS structure by metal heater of actuator
i n
Pgghn p+ n+ | | 1
u i " m S m | P
pn junction pin junction SIS capacitor

FIGURE 7. Schematics of different optical switches in Si PICs on a
large scale [35].

scalability and low crosstalk, although electro-optic effects are
the main modulation principles for optical modulators [34]. As
illustrated in Figure 7, an optical phase shifter is inserted into
the interferometer or resonator structures in the case of electro-
optical and thermo-optic switches. As a result, effective mod-
ulation schemes covered in earlier chapters are also partially
effective for high-performance optical switches. In contrast,
each optical pass is connected by mechanically moving the
MEMS actuators of MEMS optical switches made of silicon-
on-insulator (SOI) or poly-Si.

2.4.3. Analog Phase Shifters

Another significant type of phase shifter is an analog one, which
alters the phase of an input signal using analog circuits. Many
different types of phase shifters have been made using this con-
cept.

1. Ferrite phase shifters: The magnetic properties of fer-
rite materials are used by these conventional analog phase
shifters to create phase shifting. Ferrite phase shifters are
based on the Faraday effect and how a magnetic field in-
teracts with microwave signals [36,37]. Since they offer
fine phase control at moderate to high levels, ferrite phase
shifters have been utilized in microwave power applica-
tions for more than 20 years. However, because this type
of phase shifter is usually large and power-hungry, it is not
appropriate for small and low-cost microwave systems.
For more than 20 years, ferrite phase shifters have been
employed in applications requiring precise phase control.
According to [38], a typical ferrite phase shifter is illus-
trated in Figure 8.

2. Solid-state phase shifters: These phase shifters modu-
late signals and regulate the phase shift using solid-state
electronic components. Because they do not require ex-
pensive digital equipment in the network, they are less ex-
pensive to run. In order to enable low-cost and downsized
microwave systems, a significant amount of research and
development has been directed towards these [23]. PIN
diodes [23, 38], varactors [39, 40], tunable inductors, tran-
sistors, and MEMS devices are a few examples of these
shifters. Typically, the voltage applied to the tuning ele-
ments is changed to modify the phase shift within a cer-
tain [40—44].

» PIN diodes typically operate as switches, preserving
two separate states “ON” and “OFF” that produce

38

(a) E==3 Non-magnetic material
\.a — Ferrite material
[ 1 . — Embedded Windings == Windings Core material
N
A )
Y -
\ AN @ Integrated Ferrite LTCC Package

(b)

DC pads

RF GSG pads

H 1 mm
N

FIGURE 8. A typical ferrite phase shifter [38]. (a) The design of a
substrate integrated waveguide (SIW) phase shifter with embedded
bias windings in ferrite low-temperature co-fired ceramic (LTCC). (b)
Phase shifter prototype that was manufactured.

a phase difference. As a result, phase shift values
are typically preset and restricted to particular incre-
ments in phase shifter units that only use PIN diodes
for control [45]. Researchers used a phase shifter
that included several connected reconfigurable de-
fective microstrip structures (DMS) units in a prior
study [46]. These units were made by inserting a
slot into a microstrip line and using PIN diodes to
connect it. The DMS units were able to alter the cur-
rent paths and create the required phase shifts by ma-
nipulating the PIN diodes and switching between the
“ON” and “OFF” states.

* In contrast to phase shifters controlled by PIN
diodes, which have discrete and fixed phase shift
values, varactor diodes allow phase shifters to
continuously adjust the phase shift by adjusting the
capacitance. The varactor diode-based coupled line
construction is an example of a miniature analog
phase shifter that was used to achieve a continuous
transmission phase ranging from 0° to 180° [40]. It
was made up of two identically lengthened parallel
coupling lines that were connected at one end and
loaded with a short-circuited stub and a varactor
diode. There were two varactor diodes connected
in series. When tested to maintain an IL between
0.95 and 1.35dB at 5.6 GHz, this phase shifter
continuously produced less.

» High power levels are achievable due to tunable
inductor-based phase shifters. These phase shifters
have minimal IL, strong linearity, and a wide phase
adjustment range. Additionally, they offer more con-
sistent performance over temperature changes than

WWwWw.jpier.org
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FIGURE 9. A typical graphene-based phase shifter. (a) The graphene-based phase shifter’s geometry. (b) The measurement setup and the graphene-

based phase shifter prototype.

TABLE 1. Comparative analysis of active and passive phase shifters.

Type Benefits Limits References
Active phase shifters - Lower insertion losses - Higher DC consumption
- Simple architecture - Degraded linearity [5,48]

- Compact geometry

- Limited transmission power

- Low cost for silicon surface area

Passive phase shifters

- Improves linearity

- Reduces DC consumption

- Less compact circuits

- Higher insertion losses

other options because they are less affected by tem-
perature fluctuations.

* High linearity, wide bandwidth, quick switching
speed, low IL, and high power handling capabilities
are some of the benefits of RF MEMS switches. PIN
diodes, FETs, and complementary metal-organic
semiconductor (CMOS) transistors are all frequently
replaced by MEMS switches [45].

3. An additional category of analog phase shifters:
Analog phase shifters can also use novel materials like
graphene [46] or Bag 7 Srgz TiOs [40]. In [47], a
graphene-based phase shifter achieved a maximum phase
shift of 40° within the 5 to 6 GHz range, with an insertion
loss of 3 dB (see Figure 9). Because of the non-toxicity
of gallium-based liquid metals such as Galinstan® and
EGaln, there has been a renaissance of research into liquid
metal applications, particularly in the last 10-15 years.
Some of the applications pursued by researchers (as
outlined in the literature review) include reconfigurable
antennas, stretchy antennas, strain, pressure sensors, and
more [47].

In summary, several variables, including frequency range,
intended phase resolution, IL level, power consumption, and

2Insertion Loss

3Return Loss

4Single-Unit Two-Bit Reflection-Type Phase Shifters
3Switched-Type Phase Shifters

6Reflective-Type Phase Shifters
"Loaded-Transmission Line Phase Shifters
8Vector-Sum Phase Shifters
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geometric dimensions, influence the phase shifter implemen-
tation strategy. Every design approach has unique advantages
and disadvantages in terms of manufacturing complexity, per-
formance, size, and power consumption. Additional details and
a comparison of various phase shifters will be provided in the
section that follows.

3. COMPARATIVE STUDIES

Phase shifters are divided into two categories in the literature:
active and passive. Table 1 provides a summary of both the ben-
efits and drawbacks. The use of passive phase shifters is often
restricted to Ku-band and lower due to several drawbacks, such
as high IL, large size, and narrow bandwidth [49]. Active phase
shifters, on the other hand, solve these problems by offering a
smaller chip area and a larger gain. Table 2 compares various
design topologies currently used to implement phase shifters,
with summarized specifications and performance.

A summary of the performance of different electronic phase
shifters is shown in Table 3 [47]. Compared to active phase
shifters, passive ones, mainly STPS, RTPS, and LLPS, are
more linear, have a greater power handling capacity, and con-
sume less power. However, VSPS offer a smaller chip area,
higher gain, and a relatively larger bandwidth than passive
phase shifters. The majority of passive and active electronic
phase shifters, except STPS, which is a digital phase shifter,
can be configured to offer either continuous or discrete reso-
lution. The MEMS solution has been the subject of a lot of
recent research in an attempt to attain respectable performance
in terms of power capability, bandwidth, IL, and chip area.

Table 4 shows the benefits and limitations of each type of
phase shifter.
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TABLE 2. Comparison between different phase shifter topologies from the literature.

Reference  Type Control  Frequency (GHz) IL?(dB) RL’ (dB) Ap(®)
[50] Switched line Digital 13-18 2.7 22 349.3
[51] Reflection type Analogue 2 1 13.4 385
[52] Network type Digital 0.5-1 2.5 13 360
[2] Loaded transmission line ~ Analogue 1 2 15 183
[53] GFET CS Amplifier Digital 3 -2.5 0.9 197.9
[53] GFET CS Amplifier Analogue 3 0 0.4 84.5
[29] RTPS Digital 1.37-1.43 2.3 > 15 180
[54] Schiffman Digital 1.5-6 1.2 > 10 323
[55] Inverted-E Digital 0.44 0.46-1.8 >12->15 100
[56] SUTBRTPSs*/single-unit ~ — 0.9-1.1 2.1 > 19 180

TABLE 3. Comparison of electronic phase shifters.

Performance STPS®  RTPS® LLPS’ VSPS®
Bandwidth Narrow  Narrow Narrow Wide
Passive/Active Passive  Passive Passive Active

Phase control Digital Digital/Analog  Digital/Analog  Digital/Analog
Power consumption Low Low Low High

Chip area Large Large Large Small

Linearity High High High Limited

Output power High High High Low to medium
Insertion loss High High High Low

Return loss Medium  High Low High

TABLE 4. Comparative analysis of main phase shifter types.

Type Benefits Limits References
Ferrite - High power - Low integrability [50,51,56]
- Excellent reliability, radiation tolerant - Slow response (long tuning time)
- Suitable for high-power applications - Expensive, not suited for mass production

- Significant power consumption

p-i-n diodes/Varactors - Continuous tunability - Limited phase-shift resolution [53,54]
- Good isolation and reflection - High loss at mm-wave bands

- Simple, low-cost, easy to manufacture

MEMS - Very low insertion loss - Reliability issues [55,56]
- High linearity over a wide bandwidth - Limited maximum operating frequency

- Lower power consumption than semiconductors

Tunable dielectrics - Easy control and implementation - Complex configurations [54,55]
- High tunability and resolution - Expensive
- Nearly linear phase tuning - High power consumption

Liquid crystal (LC) - Low insertion loss at high frequency - Limited phase range in some designs [57,58]
- Wide tuning range - Slower switching speed than semiconductors

- High phase resolution
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TABLE 5. Comparative properties of liquid metals.

Generic galinstan
. EGaln (Ga 75%, . ®
Property Mercury Gallium In 25% Galinstan (Ga 68.5%, In 21.5%,
n
) Sn 10%)
Color Silver [61] Silver [62] Silver Silver [63] Silver
Odor Odorless [64] Odorless Odorless Odorless [62] Odorless
Toxicity Hight Low Low Low Low
Boili Estimated simil
ormne 356.73°C [36,61] 2204°C [63] sumatec simtat > 1300°C [63] Similar to Galinstan®
point to Galinstan®
Melting o o o o o
” —38.83°C[61,63] |29.76°C [62,65,66] ~ 15.5°C [65] —19°C [63,67] 11°C [60, 68]
poin
Density 13.534 g/em® [61] 5.904 g/cm?® [62] 6.2275 g/em® [69] 6.44 g/cm® [63] 6.44 g/em® [60, 62]
Solubility Insoluble [64] Insoluble Insoluble Insoluble [62] Insoluble
1.526 x 1073 1.921 x 1073 ~2.25x 1073
Viscosity * 5 1.99 x 10°% Pa-s[69] | 2.4 x 10~3 Pa-s[59] ~
Pa-s @ 25°C [60] | Pa-s @ 50°C [60] Pa-S @ 25°C [70]
Thermal | 8.541 W/(m-K) [60
erma (m-K) 1601 g wim 10 [62] | 26.43 Wim - K) [70] 16.5W/(m-K)[59] | ~ 25.41 W/(m-K) [62]
conductivity | 8.3 W/(m-K) [61]
. 2.299 x 106 S/m [59]
Electrical 3.46 x 106 S/m [67]
1.04 x 106 S/m [61] | 7.1 x 106 S/m [62] 3.83+0.16 x 106S/m | 3.46 x 106 S/m [64]
conductivity 3.4 x 106 S/m [59]
@ 3-20 GHz
Surf > 0-5N/m [13] > 0.5N/m[15
triace > 0.4N/m [67] > 0.5N/m [15] ~ 0.624N/m [66] SNmMIISE o 21N @ 20°C [62)
tension 534 + 10.7mN/m [15]
~ 0.435N/m w/HCI [67]

Mercury and other liquid metals have been around since 1500
BC[47], but gallium and its alloys were not found to be mercury
substitutes until the 19th century. The characteristics of liquid
metals based on gallium and mercury are summarized.

* Mercury: Mercury has been discovered in Egyptian
tombs dating back to 1500 BC [58], Mexican pyramids
from 1800 years ago, and ancient Chinese and Tibetan
histories [47]. While it is impossible to identify exactly
what it was used for back then, it has modern applications
in dentistry, lighting, gauges, mining, and electronics, to
mention a few.

* Gallium: Gallium is not a liquid metal at ambient tem-
perature, like mercury, but its melting point is low enough
(29.76°C [85.58°F]) to melt in a human hand and refreeze
when removed [59]. When combined with other metals,
some gallium alloys can have melting points as low as
—19°C (—2°F) [59]. Since its discovery in 1875, gal-
lium arsenide (GaAs) and gallium nitride (GaN) have been
widely employed in electronics, particularly semiconduc-
tors. However, due to their non-toxicity, gallium liquid
metal alloys have lately been employed as a replacement
metal for a variety of mercury applications, including the
thermometer [60].

Table 5 compares the properties of gallium, EGaln, Galinstan® |
and generic Galinstan, which includes mercury.
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A thorough evaluation of the liquid metal (LM) phase
shifter’s performance in comparison to numerous cutting-edge
LM phase shifters and other technologies operating at a
frequency of 10 GHz is provided in Table 6. The recom-
mended LM phase shifters in [58] offer low IL and RMS
amplitude changes (< 1.5dB in all states). The suggested
phase shifters have a lower IL than any other cutting-edge
phase shifters that allow for a 360° phase shift. At 10 GHz, the
proposed phase shifters offer remarkable FoM performance
of 131.3 and 122.4°/dB. Regardless of the technology being
used, this FoM is significantly higher than all state-of-the-art
phase shifters. Additionally, the suggested phase shifters
are powered by SMA connectors and constructed using SIW
technology. High levels of RF power can be handled by the
suggested phase shifters. In all states, the LM phase shifters’
proposed work cite alkaraki202310 achieves low IL and RMS
amplitude changes (< 1.5dB). With a 360° phase shift, the
suggested phase shifters outperform all state-of-the-art phase
shifters in terms of IL performance. Phase shifters can achieve
impressive FoM performance of 131.3°/dB and 122.4°/dB
at 10 GHz thanks to liquid metal technologies. Regardless
of the technology used, this FoM is significantly higher (i.e.,
superior) than all state-of-the-art phase shifters. Additionally,
the suggested phase shifters are fed via SMA connectors and
constructed using SIW technology. High levels of RF power
can be handled by the suggested phase shifters. Furthermore,
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TABLE 6. Comparison of different phase shifter technologies.

Reference  Technology Freq. (GHz) IL (dB) Phase shift °) BW (GHz) FoM RL (dB) Size (mm?)
[71] Liquid Metal 367.6 < 2.8 13.3 ~ 45 20 <15 57.2 x 14
[72] Liquid Metal 180 2.3 78.3 10 10 NA 87.2 x 56.2
[73] Liquid Metal (Non-uniform) 367.6 <28 131.3 ~ 45 20 <15 57.2 x 14
[73] Liquid Metal (Uniform) 379.5 < 3.1 122.4 ~ 45 20 <15 57.2 x 14
[74] Ferroelectric based 413 10.3 40.1 NA NA >3 3.8 x 2.3
[75] Ferrite-LTCCC 215 <7 48 NA NA NA ~ 45 x 45
[76] Liquid Crystal ~ 60 2.5 24 NA NA NA NA
[77] Liquid Crystal ~ 101 ~5 15.2 NA NA NA NA
[78] Liquid Crystal 461 4.35 105.9 NA NA NA NA
[79] GaN 180 14 12.8 11.25 4.5 ~ 0.6 4.7%x5
[80] 0.25 um SiGe BiCMOS 360 <12 < 30 11.25 6.4 > 3.0 1.87 x 0.88
[81] 0.13 pum CMOS 360 - 27.3 5.625 4.1 ~ 0.8 2.06 x 0.58
[82] 0.18 um SiGe BiCMOS 360 11.9 30.25 5.625 4.6 ~ 0.6 NA
[83] 0.25 um SiGe BiCMOS 360 ~ 13 27.7 5.625 4 ~ 0.6 3.42 x 0.95
[83] PIN Diode-STW < 180 ~ 2 ~ 90 NA NA > 0.8 NA

high linearity can be attained because no active components
are needed.

4. APPLICATIONS

One of the most important devices in the fabrication of recon-
figurable PICs is the phase shifter. Several high-performance
reconfigurable devices based on phase shifters have been pro-
posed, including optical filters [84, 85], modulators [35, 86],
and tunable delay lines [87]. On-chip spectrometers, pho-
tonic accelerators, optical phased arrays, and large-scale neu-
romorphic computing systems are all made possible by effec-
tive phase shifters with high modulation speed and low power
consumption. The following systems’ primary reconfigurabil-
ity technology, according to the literature, is phase shifters:

* Advanced optical computing systems: In the post-
Moore era, conventional computers based on the von
Neumann architecture — which physically separates
the processing module from the storage module — are
running into speed and integration density constraints.
Many scientists began looking at the next generation of
computer architectures and offered numerous interest-
ing computing platforms in an attempt to get over the
limitations of Moore’s Law. There are two kinds of:

— Neuromorphic Computing System
— Photonic Accelerator

+ Optical phased array: Over the past 20 years, the optical
phased array has advanced quickly, influenced by array
radars in electronics. Due to its accurate and adjustable
steering angle of emitted light, OPAs have emerged as a
strong contender for spatially resolved optical sensors, Li-
DAR mapping, and optical communication in free space.
Typically, an incident light coupler, a phase shifter array,
and grating emitters make up an OPA.
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* Multi-functional signal processing systems: In electron-
ics, Perez et al. suggested a hexagonal mesh structure that
was influenced by FPGAs [88]. Ring-loaded MZIs, op-
tical ring resonators, coupler resonator waveguides, side-
coupler integrated spaced sequences of optical resonators,
and single-input/single-output FIR filters are just a few of
the many functions made possible by this structure’s phase
shifters on either side of the hexagon. The photonic in-
tegrated circuits’ functionality and scalability are signifi-
cantly enhanced by the architectures.

* On-chip spectrometer: In laboratories and industry to-
day, spectrometers are crucial instruments for calibration
and measurement. Spectrometers are currently trending
towards downsizing, and researchers have made signifi-
cant efforts in this respect, even though bulky, contem-
porary spectrometers are capable of high-resolution ob-
servations [89,90]. The spectrometer application may be
made possible by the integrated phase shifters’ on-chip
light splitting and routing capabilities, which produce on-
chip light interference.

5. CHALLENGES AND FUTURE TRENDS OF PHASE
SHIFTERS FOR PHASED ARRAY SYSTEMS

5.1. Liquid Metal-based Phase Shifters

Since they allow for more flexible tunable systems, liquid met-
als have been used to create reconfigurable components such
as filters [90], sensors [91], frequency-selective surfaces [92],
and antennas [93]. We have already covered a number of phase
shifter types in the comparative study section. Phase shifters
and reconfigurable liquid metal surfaces are the particular top-
ics of this section. The focus of our study is on recognizing,
resolving, and enhancing the problems related to this kind. Ad-
ditionally, Table 7 will be presented, which lists various liquid
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TABLE 7. Comparative analysis of Liquid Metal phase shifters.

Ref. Liquid Metal Benefits Limits
[66] Galinstan - Enable reversibility and reconfigurability - Limitation in frequency range
- Wide operating frequency range - Nonlinearity
- Flexibility
- Efficient performance
[89] Galinstan R and EGaln - Stretchability - High weight and sagging
- Safe handling and operation - Air gaps
- High performance - Fabrication complexity
[72,94] Gallium - Reconfigurability combining planar - Reconfiguration speed
antennas, mmWave, and [oT - Fabrication complexity
- Wide phase shift range - Reliability issues
- Low insertion loss - Performance restrictions
[66,89] Gallium - Easy reconfigurability - Performance impact
- Wide phase shifting range - Corrosion and oxidation
- Low insertion loss - Higher cost than solid-state materials
- Compact design
[68,69] Gallium - Wide phase shift range (0°—360°) - Gap between measured and simulated results
- Operation at 10 GHz with low losses
- Exceptionally low insertion loss - SIW integration challenges (reliability, longevity)
- Compact footprint - Need for optimization
[72] Galinstan/EGaln - Large phase tuning ratio - Impact on RF performance

- Low insertion loss
- Compact design
- High power handling

- Size considerations
- Fabrication difficulties

- Integrity maintenance

metal-based phase shifters along with their drawbacks based on
current research findings.

Table 7, shows the difficulties associated with each liquid
metal-based phase shifter. Subsequent research could use this
information as a foundation to enhance and progress the liquid
metal phase shifter. Making the phase shifter smaller in size
could expand its potential applications. Additionally, a smaller
phase shifter would be more manageable and flexible during
the phase shift calibration process. Further enhancements to the
phase shifter could involve refining the structure for dispensing
liquid metal. Moreover, future investigations could explore al-
ternative designs, such as a flat phase shifter, which might be
more suitable for confined spaces.

5.2. Future Trends of Phase Shifters for Phased Arrays and
Emerging Applications

Phased array antenna techniques continue to be the most popu-
lar beam-steering methods because of their special advantages,
which include excellent SNR/SIR, broad coverage, and quick
scanning. This is particularly relevant given the development
of 5G and other communication networks. To accommodate
the bandwidth requirements of billions of linked devices, cur-
rent 5G wireless systems are expected to continue using mm-
wave bands, which can deliver up to 10 GB/S of data through-
put with 1 ms latency [60,95]. Meanwhile, as mentioned be-
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fore, phase shifters largely determine the cost and performance
of phased array systems. Since precise and low-loss phase
shifters are frequently implemented through expensive process
technology, future research on electronic phase shifters aims
to develop phase shifters with respectable performance at mm-
wave frequencies using cost-effective techniques. The most
popular phase shifter type for silicon technology is still active
phase shifters because of their gain and small size. However,
the poor phase resolution of active phase shifters resulting from
phase gaps and relatively high power consumption will need
to be addressed in future research. Additionally, MEMS tech-
nology is a popular alternative to CMOS technology for con-
structing low-loss phase shifters. Finally, there is increasing
interest in using liquid metal (LM) to create phase shifters with
large phase ranges and minimal loss [6, 60, 96]. Similar to the
LC device, LM-based phase shifters are very new and hence
need further investigation, particularly at mmwave frequencies
where LMs have difficulties with confinement and correct ac-
tuation [60]. The design of low-cost and low-loss beamform-
ing and power-feeding networks is also necessary for the phase
shifters to lower the overall system cost, even though improv-
ing and making electronic phase shifters more cost-effective is
still necessary. Although electronic phase shifters need to be
improved and made more cost-effective, the phase shifters also
need to be designed with low-cost, low-loss beamforming and
power-feeding networks in order to lower the entire cost of the
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system. Due to its affordability and compact size, the Butler
matrix (BM) beamforming network has attracted a lot of in-
terest [60]. However, mm-wave BM structures require very
small transmission lines, posing fabrication challenges. There-
fore, in order to get over this restriction, future research on BM
feeding networks will involve creating strategies such as us-
ing metamaterials. But the mm-wave BM structures need ex-
tremely tiny lines, which are hard to make. As a result, fu-
ture research on BM feeding networks will focus on creating
strategies like using metamaterials to get around this restric-
tion. Finally, feeding networks, including coherently radiating
periodic structures, are being investigated to provide a reason-
able scanning angle while lowering the system cost by reducing
the overall number of phase shifters [97]. These methods, how-
ever, are still in their infancy and primarily cover frequencies
below 10 GHz with a narrow range of beam angles. To create
novel beamforming networks with fewer phase shifters at mm-
wave frequencies, more research is required.

In addition to phased array antennas, phase shifters are be-
coming more and more popular in several other application
areas. They play a crucial role in reconfigurable intelligent
surfaces (RIS), which manipulate wavefronts to enhance spec-
tral efficiency and coverage in next-generation wireless sys-
tems [98]. Phase shifters reduce payload weight and complex-
ity while enabling adaptive beam steering in satellite and space
communications. In radar and sensor systems, where accurate
phase control enhances imaging resolution and detection ac-
curacy, it is equally crucial [99]. Additionally, phase shifters
are being investigated for adjustable modulators and small in-
terconnects at optical and terahertz frequencies [84, 100]. In
biomedical applications, which are expanding beyond tradi-
tional engineering fields, phase shifters allow for promising
methods for noninvasive imaging, diagnostics, and maybe ther-
apeutic systems [88, 101]. When combined, these varied ad-
vancements high-light how phase shifters will play a signifi-
cant role in enabling wireless, photonic, sensing, and medici-
nal technologies in the future, going far beyond phased array
antennas.

6. CONCLUSIONS

Phase shifters are thoroughly examined in this comprehensive
review. It talks about the field’s future directions and com-
pares performance. Transmission line phase shifters, ferrite
phase shifters, hybrid coupler phase shifters, semiconductor
phase shifters, digital phase shifters, and reflective load phase
shifters (RTPS) are some of the important technologies that
have been discussed. Additionally, a novel liquid metal-based
phase shifter technology was covered. Future studies are sup-
posed to concentrate on developing and refining liquid metal
phase shifters, possibly by making them smaller in order to ex-
pand their possible uses. Additionally, it would be simpler to
manage and modify a smaller phase shifter when adjusting the
phase shift. The review highlights the significance of evaluat-
ing a variety of performance indicators. For engineers and re-
searchers working on the design of liquid metal phase shifters
for a range of applications, it is an invaluable resource. It also
identifies important obstacles and potential paths forward in
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this area. Therefore, future research will focus on developing
suitable feeding networks that call for simpler fabrication pro-
cesses and deploying phase shifters with low phase errors and
loss using economical technologies in order to reduce the over-
all cost of phased array systems for wireless 5G/6G communi-
cation systems.
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