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applied in microwave components, including electrical, optical, mechanical, and
material-based techniques. More attention is given to electrical reconfiguration
methods, which currently dominate the applications due to their high-performance
characteristics and ease of implementation. Optical reconfigurability uses
photonic elements to tune microwave components. It has the advantages of high-
speed modulation and immunity to electromagnetic interference. Mechanical
reconfigurability uses moving parts to change the physical construction of
microwave components and, consequently, allows for fine control, but usually
with lower switching speeds. Material-based reconfigurability is performed
by smart materials like liquid crystals and phase-change materials. It can
dynamically modify the electromagnetic properties of the microwave device. This
reconfigurable technique needs a complex setup and has a low switching speed.
The basic principles, the advantages, and the disadvantages of each reconfigurable
technique are stated. Moreover, this paper discusses the implementation of these
reconfiguration techniques, including biasing and measurement setup, with their
practical considerations. The main performance metrics of insertion loss, isolation,
power handling capability, dynamic tuning range, and switching speed are studied..

I. INTRODUCTION
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The rapid development of wireless communication |

technologies has greatly enhanced the demand for
reconfigurable radio frequency (RF) circuits, which form a
core in developing adaptable and multi-functional devices.
Such circuits change their operational characteristics in
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real-time, providing flexibility and efficiency in several

applications!'”. Multiple techniques are used in the tuning
process of microwave components, each with advantages

AF MEMS
Fig. 1: Different techniques used in tuning microwave
components.

and limitations. Reconfigurable circuits are widely used

in modern wireless applications like cognitive radio,
software-defined radio, and multi-band communication

systems.

of multiple dedicated circuits®'¢.
Several reconfigurability techniques

switches!7-231,

The reconfigurable microwave components by
enable a reduction in overall size and cost due to the lack

have
developed in microwave components, exhibiting different
advantages and limitations. The approaches can be broadly
classified into electrical, optical, mechanical, and material-
based reconfiguration methods, as shown in Fig. 1. For the
electrical reconfiguration, it is achieved utilizing active
elements such as PIN-diodes, varactors, and RF MEMS

In addition, optical reconfiguration methods rely
on changes in RF circuit characteristics, induced
illuminating pho- photo-sensitive materials or
photoconductive switches®*28!. Moreover, the mechanical
reconfiguration depends on a physical change in the
geometry of the circuit. Several techniques include
adjustment with structural elements or movable parts®-33],
Furthermore, the material-based approach makes
use of the unique properties of particular materials,
including liquid crystals and liquid metals, to achieve
reconfigurability®-**]. While these methods have certain
advantages in particular applications, the electrical
reconfiguration technique remains the most adopted method

been
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due to its high-speed switching capabilities, reliability,
and simplicity in integration with conventional RF
systemsl3¢38], These electronic components provide precise
control over circuit parameters and can be easily integrated
into traditional PCB and semiconductor manufacturing
processes.

The advantages and disadvantages of the different
reconfigurability  techniques, used in microwave
components, are summarized in Table 1. Electrical
switches usually possess high switching speed, compact
size, and easy integration, however, they involve the
requirement of a biasing network, have linearity issues, and
result in higher insertion loss. On the other hand, optical
switches provide high-speed operation with immunity
to electromagnetic interference, without biasing wires,
but come with some drawbacks like the high complexity
setup, the high cost, and the lossy behavior. Moreover,

mechanical switches have merits like high precision, low
insertion loss, and robustness at high input power levels,
but they are slower, bulkier, and require higher actuation
power. Finally, material-based switches offer a wide
control range, low loss for some materials, and passive
operation; however, they also exhibit slower response
times, temperature sensitivity, and limited applicability.
Thus, each technique offers different trade-offs in terms of
performance, feasibility, and application-specific needs.

First, the electrically reconfigurable microwave
components are presented in Section II, including a
comparison between different electrical switches. The
optical and the mechanical reconfigurable techniques
are then introduced in Sections III and IV, respectively.
Finally, section V includes tunable microwave components
based on material change.

Table 1: A comparison between different reconfigurable techniques+333-],

Reconfigurability technique Advantages Disadvantages
-Fast switching speed -Require biasing network
Electrical -Compact size -Non-linearity
-Ease of integration -Lower insertion loss
-High-speed -High complexity
Optical -No electromagnetic interference -High cost
-No biasing wires -Lossy behavior
High precision -Slower
Mechanical Low insertion loss -Bulkier

Robust at high power

Based on material change -Broad control range

-Low loss (in some materials) Passive operation

-Higher power for actuation

-Slow response time
-Temperature sensitivity
-Limited applications
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Fig. 2: (a) A PIN-diode!™ connected to a coplanar transmission
line in series. The equivalent circuit of the PIN-diode (b) ON-
State (Forward bias). (c) OFF-State (Reverse bias)!"®.

II. ELECTRICALLY RECONFIGURABLE RF
COMPONENTS

There are three major technologies used to
implement electrical reconfigurability in microwave
components, including PIN-diodes!!”!®31"57 varactor
diodes???*5%¢1 and RF MEMS switches!!*217074, PIN-
diodes are used as a simple RF switch, varactor diodes as

a variable capacitance depending on the applied voltage,
and RF MEMS use mechanical movements to implement
switches. They allow microwave components to be
tuned electronically, enabling frequency and impedance
adjustments in applications such as filters and matching
networks.

A. PIN-Diodes

PIN-diodes are semiconductor devices consisting
of three regions: a P-type (positive), an intrinsic (I), and
an N-type (negative) regiont”). The intrinsic layer is
sandwiched between the P and N regions. In this region,
charge carriers recombine, allowing the diode to act
as a variable resistor at high frequencies. A co-planar
waveguide (CPW) transmission line with a mounted
PIN-diode, connected in series, is shown in Fig. 2(a).
PIN-diodes have two operational states (discrete-tuning).
The equivalent circuits of the PIN-diode in its ON and
OFF states are shown in Fig. 2(b) and (c), respectively.
When a PIN-diode is in the ON-gtate, it behaves like a low
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resistance to current flow, thanks to the depletion of charge
carriers in the intrinsic region. Conversely, it acts as a high
resistance, effectively blocking current, in its OFF state.

To use a PIN-diode in the tuning of a microwave
component, a biasing network is required. It consists of a
DC bias source to provide either forward or reverse bias
voltage to supply the required power for turning the diode
into either a high-resistance or low-resistance state. Also,
an RF choke-inductor is required to keep the RF signal
away from the DC bias source for handling the interaction
of DC and RF signals, and allows the passage of the DC
current. Moreover, a capacitor is used to decouple the RF
signal from the DC bias. To set the bias current, a resistor
might also be a part of the biasing network. In the parallel
coupled lines bandpass filter, presented in"®!, four PIN-
diodes are used to control the signal level attenuation
between the two ports. The top and bottom layers of
the fabricated tunable filtering attenuator are shown in
Fig. 3(a) and (b), respectively. As shown in Fig. 3(a),
three inductors (RF chokes) connect the DC biasing source
with the fabricated bandpass filter. Also, three grounded
capacitors (DC blocks) are attached to the DC biasing
source, as shown in Fig. 3(b). The measurement setup is
shown in Fig. 3(c). The ports of the presented filtering
attenuator are connected to the vector network analyzer
(VNA) to measure its S-parameters, while the four PIN-
diodes are connected to the DC biasing source to switch
between their operational states.

The measurement results, of the fabricated filtering
attenuator in"®, are shown in Fig. 4. The measured
S-parameters are shown in Fig. 4(a). It can be seen that the
measured transmission coefficient (S21) has an attenuation
dynamic range of 14.58 dB (from —2.24 to —16.82 dB),
depending on the applied biasing DC voltage (from 0 to
0.62 V). Fig. 4(a) shows that the measured attenuation
level of (S21) increases with the increasing value of the
biasing voltage.

Moreover, PIN-diodes are integrated with different
microwave components to alter the signals’ paths between
their ports, as in the four-port filtering RF T-type switch
in™. The operational states of the RF switch are shown
in Fig. 5(a), each state consists of two channels. The
layout of the RF switch is shown in Fig. 5(b), showing the
biasing circuit of the utilized PIN-diodes. It consists of a
ring resonator. Each feeding port is coupled to two half-
wavelength resonators along with the ring resonator. A
PIN-diode is loaded to each resonator. Switching between
the ON and OFF states of the PIN-diodes, the coupling
between the feeding lines and the resonators is controlled,
and an operational state is identified. The simulated and the
measurement results of the fabricated RF switch are shown
in Fig. 6(a), (b), and (c) for states 1, 2 and 3. For state 1,
the PIN-diodes (D1) are ON, while (D2 and D3) are OFF.
The input signal from port 1 is coupled to port 3, while
the power flow from port 2 is directed to port 4. Similarly,
states 2 and 3 are identified.

For the reconfigurable wideband power divider stated
in® two PIN-diodes are used to switch its working states

between a two-way and a four-way power divider. The
schematic of the power divider is shown in Fig. 7(a). The
stated power

divider acts as a two-way power divider when the PIN-
diodes are reverse-biased. Conversely, when the diodes
are forward-biased, it acts as a two-way power divider.
Photographs of the fabricated prototype are shown in
Fig. 7(b) and (c) for the top and the bottom views,
respectively. The biasing network consists of an AC-
blocking inductor and a biasing resistor. A comparison
between the simulated and the measured S-parameters of
the stated power divider is shown in Fig. 8(a) and (b) for
the two-way and the four-way states. An insertion loss of
about 1.7 and 1.25 dB is measured for the two and four-
way functions, respectively.

Fig. 3: The realized filtering attenuator with the
measurement setup. (a) Top-view. (b) Bottom-view.
(¢) The measurement setup!”..
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Fig. 4: The measurement results of the tunable filtering
attenuator. (a) S-parameters. (b) The variation in the
attenuation level with the applied DC bias voltage!’.
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Fig. 5: (a) The schematic of the filtering RF switch, with
its different operational states. (b) The Layout!™
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Fig. 9: For the varactor diodes, (a) The equivalent circuit. (b)
An example for the variation of the junction capacitance with the
supplied reverse bias voltage. (redrawn from!®!)

B. VARACTOR-DIODES

Another lumped element used to electrically tune
microwave components is the varactor diode (varicap). It
is a semiconductor device that acts as a variable capacitor.
Fig. 9(a) shows the equivalent circuit of a varactor diode.
It consists of a parasitic capacitance (Cp) connected in
parallel with a series resistance (Rs), a series inductance
(Ls), and a series capacitance (Cj ). As shown in Fig. 9(b),
the capacitance (Cj ) varies along with the applied reverse-
bias voltage, making the varactors useful in the continuous
tuning of the microwave components but with a low
dynamic range(®2-4¢],

In®7, a high-selectivity two-path mixed coupling filter
was realized by adding a resonance circuit to achieve
tunable transmission zeros. The two transmission zeros
are controlled via the source-load coupling, as shown in
Fig. 10(a). Also, two more transmission zeros are produced
from the input network and tunable via the transmission line
(LS5). It is realized using two transmission lines electrically
coupled with varactors at one end and magnetically
coupled using semi-lumped through-via at the other end.
It also offers flexibility in varying the coupling coefficient
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in this mixed coupling approach to obtain a wide tuning
range. The fabricated prototype is shown in Fig.

10(b). A biasing resistor is used with a capacitance
(Cb) that acts as a DC block. A comparison between the
simulated and the measured S-parameters of the fabricated
tunable filter is shown in Fig. 11. As can be seen, the
resonant frequency of the filter is continuously tuned with
the variation of the supplied DC voltage.

Moreover, a reconfigurable dual-band coupler is
presented in®. Its lower band is independently adjustable
in resonant frequency and coupling coefficient. The
fabricated prototype is shown in Fig. 12. It consists of a
circular patch with four coupled line transmission lines,
each connected with a varactor diode. The used diodes
provide a capacitance range from 0.7 to 22.45 pF when
biased with 30 to 0 Vdc. Each diode is connected with a
DC block and an RF choke. A comparison between the
simulated and the measured S-parameters is shown in Fig.
13(a) and (b), for the tunability in resonant frequency and
coupling coefficient, respectively. The proposed work has
a measured insertion loss of 2 dB.

In®, a single-pole, double-throw (SPDT) RF switch
is presented. As shown in Fig. 14(a), each two Substrate-
Integrated-Waveguide (SIW) evanescent-cavity resonators
are connected with each other with a pair of varactor
diodes. The varactors are used to tune the transmission
between resonators by adjusting the coupling among them
by controlling the supplied DC bias voltage. The simulated
and measured S-parameters of the RF switch are shown in
Fig. 14(b) and (c), for states 1 and 2, respectively. Biasing
voltages of 4.6, 7.5 and 4.6 V are supplied to the varactors
connected to the resonators 1, 2, and 3, respectively.

Fig. 10: (a) The configuration of the tunable filter. (b) The
fabricated filter with the biasing network®7..
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Fig. 12: The fabricated prototype of the reconfigurable
dual-band coupler presented in!**,
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C. RF MEMS

Microwave components can also be tuned using MEMS
(Micro-Electro-Mechanical Systems). They integrate
mechanical and electrical components on a single chip.
These systems typically range from a few micrometers to a
few millimeters in size. RF MEMS have a relatively high-
quality factor with a great capability to handle a wide range
of frequencies?**”. However, they have a slow switching
speed and require high control voltages. Moreover, MEMS
have a limited life cycle due to the repeated mechanical
movements, which lead to material degradation over time.

A frequency-tunable filter is presented in!l. As shown
in Fig. 15, it consists of two waveguide cavities, coupled
with each other with an inductive iris. An RF MEMS
switch is mounted to the inner wall of each cavity, as
shown in Fig. 16(a), where the amplitude of the current is
maximum. Changing the state of the RF MEMS switches,
the distribution of the electromagnetic field of the resonant
mode is perturbed, which leads to a shift in the frequency
of the resonating mode as shown in Fig. 16(b). A high-
quality factor of 1000 is measured. Also, a 90 V biasing
voltage is used.

Table II compares different electrical switches used to
tune RF components. The comparison is based on a number
of key aspects, including switching speed, power handling
capability, insertion loss, linearity, power consumption,
reliability, and complexity. In the case of using PIN-
diodes, high-speed switching response and high-power
handling capability are obtained, hence they are suitable
for high-power and fast switching applications. While
the varactor diodes maintain a relatively lower insertion
loss and low power consumption, they can handle lower
power input signal levels. Furthermore, using RF MEMS
provides a linear response and a very low insertion loss,
but they are more sensitive to the external environment.
Also, they have the slowest switching speed.

III. OPTICALLY RECONFIGURABLE RF
COMPONENTS

Photoconductive switches are finding an increasingly
important role in the tuning process of advanced microwave
components?7-2833:309297 - They consist of semiconductor
materials that change their conductivity, creating electron-
hole pairs when interacting with light (laser). In this way,
the state of the switch is changed with the exposure of light.
Common materials for such switches are Gallium Arsenide
(GaAs), Silicon (Si), and Indium Phosphide (InP), each
with different performance characteristics.

Photoconductive switches offer several key advantages
over traditional tuning technologies. Some of these
features are the ultra-fast switching speeds in the order
of picoseconds, excellent isolation during their OFF

state, and a low insertion loss obtained during their ON
state. Moreover, they offer high reliability, as there are
no mechanical parts in their structures. Furthermore, they
are biased by an optical laser source, which guarantees
minimal electromagnetic interference (EMI) between the
control signals (light) and the RF signals. On the other
hand, using an optical laser source increases the cost and
the measurement complexity, as the light source must be
perfectly aligned with the used RF switches.

A SIW-SPDT switch is presented in®. The input signal
is derived to the output ports through two SIW junctions,
as shown in Fig. 17(a). A photoconductive switch is
attached to the top layer of each junction. Actuating the
switches, their operational states are manipulated, hence,
controlling the transmission of the input RF signals through
the junctions. A photograph of the fabricated prototype
SIW-SPDT switch is shown in Fig. 17(b), showing the
used photoconductive switches. Moreover, a comparison
between the simulated and the measured S-parameters
is shown in Fig. 18(a) and (b) for states 1 (PE1 OFF and
PE2 ON) and 2 (PE1 ON and PE2 OFF), respectively. The
results show relatively low insertion loss levels.

In®, a waveguide SPDT switching architecture is
proposed. Four embedded evanescent switch posts are
used to control the transmission of RF signals as shown
in Fig. 19. Each channel contains a pair of switch posts.
The switches are constructed using multiple silicon wafers.
The ON and OFF states of the switches are represented by
simulating the posts with different conductivity values, 0.1
and 425 S/m for the ON and OFF states, respectively. The
measurement setup is shown in Fig. 20(a), in which fiber
optic cables are used in the photo-excitation process. The
measured S-parameters of state 1, where port 2 is matched
and port 3 is isolated, are shown in Fig. 20(b).

A dual-band reconfigurable bandstop filter is presented
in®s. The configuration of the proposed filter is shown
in Fig. 21(a). It consists of a transmission line coupled
with two split ring resonators (A and B) that differ in
their resonant frequencies, which define the stop bands.
A 73-um silicon chip is positioned in the gap of each
resonator. A laser diode is positioned above each silicon
chip, as shown in Fig. 21(b). Changing the light intensity
directed to the silicon chip, its conductivity varies, and
the proposed bandstop filter can switch its stopbands ON
and OFF. The ON state is defined at a light intensity of
20 W/cm2 with a Si conductivity of about 2000 S/m.
Furthermore, the OFF state is defined when the laser diodes
are turned off. A comparison between the simulated and
the measured S-parameters is shown in Fig. 21(a), (b), and
(c) for states 1, 2, and 3, respectively. A measured insertion
loss of 1.2 dB is obtained in the upper and lower bands. It is
worth mentioning that the laser diodes should be precisely
positioned above the Si chips in the measurement setup.
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Fig. 15: The geometry of the frequency-tunable filtering
waveguide. (redrawn from®!)
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Fig. 17: For the SIW-SPDT switch, (a) The structure. (b) The
fabricated prototypel®®!
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Fig. 18: A comparison between the simulated and the measured
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Fig. 19: The geometry of the SPDT waveguide switch, showing
the embedded evanescent post switches!*’).

Fig. 20: For the SPDT waveguide switch. (a) The fabricated
prototype with the measurement setup. (b) A comparison between
the simulated and the measured S-parameters!®.

Fig. 21: For the reconfigurable bandstop filter. (a) The
configuration. (b) The fabricated prototype with the biasing
setupl®.
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IV.MECHANICALLY RECONFIGURABLE RF
COMPONENTS

Another mechanism used in tuning RF components,
is the mechanical tuning technique. Simply, the
performance of the RF circuit is tuned due to a certain
physical adjustment in the circuit’s structure. Tuning
elements include plungers, rotary vane tuners, and tuning
slugsB3#3% 100104 Uging these methods provides a low
insertion loss and a high-power handling capability. These
advantages make the mechanical tuning competitive in
applications needing reliable power handling. On the other
hand, this technique has various limitations, including the
relatively slow response times compared to the electrical
or optical tuning techniques. Also, a higher power
consumption is required for the related action mechanisms.

Inl'%] a fourth-order frequency-tunable filtering
waveguide is introduced. As shown in Fig. 23(a), it
consists of four waveguide resonators (operated in T
EO11 mode), in addition to a coupling one (operated in
T E111 mode). The fabricated prototype of the filter is
shown in the inset of Fig. 23(b). As seen, each resonator
has a tuning plunger to change its length. The bandwidth
of the proposed filter is tuned by changing the length of
the coupling resonator. The measured S-parameters of
the fabricated prototype are shown in Fig. 23(b), showing
narrow and wide band responses. Moreover, the resonant
frequency of the proposed filtering waveguide is tuned by
modifying the lengths of all the resonators. The measured
S-parameters, with different resonant frequencies, of the
narrow and wide band responses are shown in Fig. 23(c)
and (d), respectively.
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Fig. 23: For the frequency-tunable filtering waveguide, (a) A 3D
geometry. (b) The measured S-parameters of the narrow / wide-
band filtering responses. (c¢) Frequency tuning of the measured
S-parameters of the narrow-band filtering response, at multiple
resonant frequencies. (d) Frequency tuning of the measured
S-parameters of the wide-band filtering response, at multiple
resonant frequencies!!®,
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Fig. 24: The structure of the fourth-order frequency-tunable
cavity filter, showing the corrugated contactless plungers!'%l.
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Fig. 25: A comparison between the measured and the simulated
S-parameters of the frequency-tunable fourth-order cavity filter,
showing the fabricated prototype and the measurement setup!!®®

A corrugated contactless plunger is used in tuning
the frequency of the fourth-order cavity filter presented
in"%l, The structure consists of four waveguide circular
resonators, connected with each other with rectangular
irises, as shown in Fig. 24. The tuning process is done
by moving the plunger vertically in each cavity, hence
changing its resonant frequency. A 0.2 mm gap between
the plunger and the resonator’s side wall exists to provide
contactless tuning. The fabricated prototype of the cavity
filter is shown in the inset of Fig. 25, including the
3D-printed actuators and holders. A comparison between
the simulated and the measured S-parameters is shown in
Fig. 25, showing the variation of the resonant frequency of
the proposed filter.

A reconfigurable RF power splitter is presented inl'"".
The structure is based on the WR90 waveguide, as shown
in Fig. 26(a). A short-circuit piston is used to mechanically
tune the splitting ratio of the proposed splitter. The structure
of the utilized contactless piston is shown in the inset of
Fig. 26(a). The fabricated prototype is shown in Fig. 26(b).
As the position of the piston varies, the division ratio of the
output ports changes, as shown in Fig. 26(c).
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V. RECONFIGURABLE RF COMPONENTS
BASED ON MATERIAL CHANGE

Material change reconfigurability technique in RF and
microwave circuits uses changing properties of materials
within the circuit to affect a change in its behaviort!-35108-113],
These involve changing the material’s permittivity,
permeability, or conductivity to dynamically tune circuit
parameters. Liquid crystals are a class of material whose
dielectric permittivity is changed by applying an external
electric field, allowing for dynamic RF circuit tunability.
Moreover, liquid metals have been explored recently due
to their unique properties for RF circuit tuning. Commonly
used liquid metals are based on gallium, indium, and tin,
which are capable of remaining fluid at room temperature
with high electrical and thermal conductivity.
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Fig. 27: For the SIW-SPDT switch, (a) The geometry. The
electric field distribution. (b) State 1. (c) State 2. (d) A cross-
sectional view. (e) A magnified cross-sectional view of a single
via. (redrawn from!!#!)
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Fig. 28: For the SIW-SPDT switch, (a) The fabricated prototype.
A comparison between the simulated and the measured
S-parameters (b) The reflection coefficients. The transmission
coefficients. (¢) S21 and S31. (d) S23. (redrawn from!''¥).
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Fig. 29: For the proposed tunable phase shifter proposed in!"7,
the signal path with the electric field distribution of the excited
mode. (a) State 1. (b) State 2. (c) State 3.
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Fig. 30: For the proposed tunable phase shifter proposed in 7
(a) The fabricated prototype. A comparison between the simulated
and the measured S-parameters (b) State 1. (c) State 2. (d) State 3.

In the SPDT switch presented in!''¥, a gallium-based
liquid metal is used to control the signal’s path between
its output ports. The structure of the switch is shown in
Fig. 27(a). The input signal is propagated through SIW
transmission lines. The switch has two operational states,
state 1 (a channel is created between ports 1 and 2) and
state 2 (a channel is created between ports 1 and 3). A
removable wall, composed of a series of drill holes, is
positioned in the SIW transmission line connected to each
output port, as shown in Fig. 27(a). When a channel needs
to be disabled, the propagation to its output port is blocked,
and the vias-wall is needed. So, the holes are filled with a
gallium-based liquid metal, creating vias. When the wall
is no longer required, the liquid metal is removed from
the holes. The electric field distributions are shown in Fig.
27(b) and (c) for states 1 and 2, respectively. Two reservoir
layers are implemented as shown in Fig. 27(d) and (e).
The holes are being emptied and filled using a syringe.
Removing residues after filling out the liquid metal from
the vias must be considered.

The fabricated prototype of the proposed SIW-SPDT
switch is shown in Fig. 28(a). The vias-wall connected to
port 3 is filled with liquid metal, while the one connected
to port 2 is empty (state 1). A comparison between the
simulated and the measured S-parameters (state 1) is shown
in Fig. 28(b), (¢), and (d). As can be seen in Fig 28(a), port
1 and port 2 are matched while port 3 is unmatched. A low
measured insertion loss and high isolation levels are shown
in Fig. 27(c) and (d).

Additionally, a tunable SIW phase shifter is presented
in'") The input power flow is switched between three
different paths. Each path has a different electrical
length. A number of vias act as barriers against the
direction of the power flow, enabling the switching
mechanism. Fig. 29(a), (b), and (c) show the operating
states of the proposed phase shifter for states 1, 2, and
3, respectively. For example, the first state has a phase
shift of -60° and is defined when the upper and the lower
vias are filled with liquid metal. Moreover, states 2 and 3
provide a -120° and -180° phase shift, respectively.
Fig. 30 shows a photograph of the fabricated prototype.
The measured phase shift is shown in Fig. 30(b), (c), and
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(d) for the states 1, 2, and 3, respectively.

Twelve fluidic channels are used to tune the resonant
frequency of the branch-line coupler proposed in!''!,
The channels are distributed in each branch, as shown in
Fig. 31(a). The proposed coupler has two reconfigurable
states; state 1 is defined when all the channels are empty,
while state 2 is defined when the channels’ slots are
filled with ethyl acetate. A photograph of the fabricated
prototype is shown in Fig. 31(b), showing the channels’
slots. A syringe is used to fill the channels with the
utilized liquid. A comparison between the measured and
simulated S-parameters is shown in Fig. 32(a) and (b), for
cases 1 and 2, respectively. The proposed coupler has a
tuning range of 410 MHz.
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Fig. 31: For the proposed frequency-tunable branch-line coupler.
(a) The configuration. (b) The fabricated prototype!!'..
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Fig. 32: A comparison between the simulated and the measured
S-parameters of the proposed frequency-tunable branch-line
coupler. (a) State 1 (channels are empty). (b) State 2 (channels
are filled)!",

Fig. 33: For the frequency-tunable planar cavity filter, (a) A 3D
geometry, showing the liquid crystal tank. (b) The fabricated
prototypel!¢l,
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Fig. 34.:The measured S-parameters of the frequency-tunable
planar cavity filter at different biasing voltages!''®!.

Moreover, liquid crystal is used in tuning the resonant
frequency of the planar waveguide filter presented in''¢l,
The structure of the filter is shown in Fig. 33(a). It consists
of two vertically aligned substrates on top of a metalized
layer. The lower substrate acts as a liquid crystal tank,
while the upper substrate contains a half-mode corrugated
SIW array of quarter-wave open-circuit stubs, with a
single complementary split ring resonator (CSRR) cell.
The modulation voltage is applied to the liquid crystal
layer. Input feeding ports consist of a co-planar waveguide
structure. The liquid crystal is filled through a drilled hole
in the upper substrate. A photograph of the fabricated filter
is shown in Fig. 33(b). A 1 kHz square wave modulation
voltage (ranging from OV to 30V) is applied through
a function generator. Varying the applied voltage, the
orientation of the liquid crystal molecules is changed, and
the resonant frequency of the proposed filter is tuned, as
shown in Fig. 34.

VI. CONCLUSION

A comprehensive review of reconfigurable microwave
components and various techniques of implementation
is introduced. The analysis of various methods of
reconfiguration suggests that electrical reconfiguration
remains the primary method of reconfiguration, owing to
its reliability, fast switching time, and compatibility with
existing RF systems. While PIN-diodes, varactors, and
RF MEMS switches remain the mainstream solutions,
alternative techniques such as optical, mechanical, and
material-based reconfiguration offer unique advantages
in specific applications, despite their limited widespread
adoption. In summary, as wireless communication systems
continue to advance, the importance of reconfigurable
microwave components in meeting the demands of future
applications will escalate proportionally.
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