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ABSTRACT: This paper presents the design and working of a phase shifter using the RF MEMS (micro electro-
mechanical system) technology. The phase shifters designed are electrostatically actuated and developed using the
concept of RF MEMS switches. The use of coplanar waveguide (CPW) for the transmission of signal is taken into
consideration. The phase shift is obtained by controlling the number of beams with the CPW structure. The
displacement of the beam is considered using COMSOL whereas the change in the phase of the signal is observed
using ANSOFT HFSS (ANSYS) by studying the S parameters of the signal. The design parameters considered includes
the beam length, air gap, dielectric material, frequency of operation. The experimental results show that by increasing
the number of beams the phase shift of the signal increases. The use of this technology is very efficient as it gives a
return loss of less than 20dB with an insertion loss of less than 0.1dB in the frequency range of 0-20GHz.
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I. INTRODUCTION

1].PHASE SHIFTER

Phase shifter is a microwave network in which the phase of electromagnetic wave of a particular frequency can be
shifted when propagating through a transmission line. A microwave phase shifter is a device used to vary the phase of a
electromagnetic oscillations at the output of microwave transmission line with respect to the phase of the oscillations
given at the input of the line. Thus the phase shift occurs due to change in the electrical length of the transmission
line[3].

Ideally phase shifters provide an output signal with an equal amplitude to the input signal, any loss in the amplitude is
due to the insertion loss of the component. The input signal is shifted in phase at the output based on the configuration

of the phase shifter selected. There are three main types of phase shifters:

1) Digital Phase Shifter —These phase shifters are digitally controlled. They are programmable or can by
controlled via a computer interface. USB phase shifters are a relatively new form factory, which enables the
phase shit of the device to be controlled from a computer.

2) Analog Phase Shifter —The phase shift in analog phase shifters is typically controlled by a voltage level. The
phase shift change based on the tuning voltage is specified for the phase shifter.

3) Mechanical Phase Shifter —The phase shift of the device is controlled manually with a knob. The phase from
the input to the output is adjusted by turning a knob.

2].RF MEMS

Radio frequency micro-electro-mechanical system (RF MEMS) is a micro-electro-mechanical system with electronic
components of sub-millimeter sized parts working at radio frequency. Radio frequency micro-electro-mechanical-
system (RF MEMS) is an emerging sub-area of MEMS technology which offers wide range of benefits. It enables
radar, sensors and broadband communication devices for various military and commercial applications. MEMS switch
promises to combine useful properties of both mechanical and semiconductor switches e.g. low loss and DC power
consumption, reduced size, weight and cost. RF MEMS switches or varactors are the essential blocks of RF MEMS
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phase shifter. Employing, capacitive switches in phase shifters can considerably reduce losses, size, therefore scaling
down the area of phased array antenna where thousands of phase shifters are mounted.[2]

Depending on the application, design approach of phase shifter is classified into two categories viz., analog and digital.
In analog approach, continuously varying phase shift is obtained from 0 to 360° and fabricated using MEMS varactors
while in digital approach, discrete set of phase delays are obtained and fabricated using MEMS switches.[1]

3].RF MEMS SWITCH
RF MEMS switches are surface micro-machined devices which use a mechanical movement to switch on or off in the
RF transmission line, designed to operate at RF frequencies up to millimeter wave frequencies (0.1 to 40 GHz).
RF MEMS switches are built using advanced surface micro-machining fabrication techniques, resulting in tiny
microscopic mechanical switch structures, which offer the ultimate in RF performance. The key advantages over
conventional switches include low power consumption, high isolation, low insertion loss, high linearity, reliability and
low cost[5].
There are two types of RF contact switches:

1) Ohmic contact
2) Capacitive contact
For the ohmic switch two metal electrodes are brought into contact to create a low resistance connection. While for a
capacitive switch a metal membrane is pulled down on a dielectric layer by means of electrostatic which forms a
capacitive sandwich.

4].RF MEMS PHASE SHIFTER

The insertion loss of RF MEMS phase shifters is usually several dB less than that of transistor-based phase shifters,
especially at millimeter wave frequencies. This allows multiple phase shifters and antenna elements of a phased array
radar or communications system to be driven by the same transmitter power amplifier, thereby saving cost and power
consumption. For additional cost saving, RF MEMS phase shifters can be integrated with antenna elements on the same
glass or ceramic substrate.[3]

Il. RELATED WORK

The RF MEMS phase shifter is implemented using a cantilever switch which is based on the principle of capacitive
contact. A dielectric is deposited on top of the bottom electrode of the capacitive contact switch. When the suspended
beam is in the upstate the capacitance is in the range of fF. When a DC actuation voltage is applied between the
actuation electrode and the suspended beam, the suspended beam will move downward and collapse on the bottom
electrode. Amongst various actuation mechanisms, electrostatic actuation technique is often preferred due to almost
zero power consumption, small electrode dimensions, ease of fabrication steps and better compatibility with 1C
fabrication techniques. This will increase the capacitance in the range of pF, 20-100 times higher than the upstate
capacitance. The upstate capacitance depends mainly on the initial gap. The downstate capacitance depends on the
dielectric thickness, dielectric constant etc. SiO2, Si3N4, TiO2 can be used as dielectric for RF MEMS switches. The
capacitive contact switch is suitable for high frequency application. At low frequency (DC), the impedance always will
be very high for a capacitive switch, whatever the capacitance.

MOVING BEAM

SIGNALIN g SIGNAL OUT s

ACTUATION

Fig 1:Representation of basic RF MEMS phase shifter structure.
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COPLANAR WAVEGUIDE

Coplanar waveguide (CPW) is a planar transmission line. In this Signal line and two ground lines are on the same
plane. The Z0 of the line is determined by G/W/G dimension. The parameters considered for the designing of the
coplanar waveguide are:

Relative permittivity of Si substrate=11.9

Height of substrate=20um

G/W/G=25/44/25

Thickness of conductors=2um

Using these values the impedance of the waveguide is obtained as:

Impedance(Z0)=52.79 ohms

The design parameters considered for the phase shifter structure along with their values for its operation in the range of
0-20GHz are:

DESIGN PARAMETERS VALUES
Number of bridges 1
Beam length 130um
Beam thickness 2um
CPW configuration 25/44/25
Dielectric thickness 0.5um
Air gap 2.5um

ACTUATION VOLTAGE

When the bias voltage is increased, the system becomes unstable and the bridge collapses suddenly when the deflection
reaches one third of the gap height. This voltage, which results in the point of instability, is called the pull-down
voltage. The applied bias voltage between the MEMS bridges and bottom electrodes changes the height of the MEMS
bridges, which in turn varies the distributed MEMS capacitance. This results in a change in the loaded transmission line
impedance and phase velocity, which in turn causes phase shift.

The actuation voltage can be reduced by decreasing the bridge height or adopting bridge materials with a relatively low
elastic modulus such as polymer. However, it is not advisable to decrease the height of the MEMS bridges to reduce the
actuation voltages because the narrow height makes fabrication difficult and there is a need to keep the bridge height as
large as possible to increase the fabrication yield.

z

0w 400 (um)

Fig 2(a): Cantilever beam in upstate Fig 2(b):Cantilever beam in downstate
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1. SIMULATION RESULTS

1)MODAL ANALYSIS

Modal Analysis or rather, the Eigen frequency analysis refers to the calculation of natural frequencies of vibration of
the beam. Modal analysis is the study of the dynamic properties of structures under vibrational excitation. The Eigen
values are used to determine the natural frequencies (or Eigen frequencies) of vibration, and the eigenvectors determine
the shapes of these vibrational modes. Modal Analysis aids in computing the values of these mechanical resonant
frequencies of vibration of the beam. FEM simulations employing COMSOL Multiphysics provides the deformed
shapes of the beam when subjected to the various modes of vibration. The simplified governing equation has been
written as under-

12k

m = 0.35(IWt)p ......... (i)
where,

fO=natural frequency of vibration (in Hz),
k=spring constant of the beam,

m=mass of the beam (in kg),

I=length of the beam

w=width of the beam

t=thickness of the beam

p=density of gold=19,320kg/m3.

In order to perform accurate Modal Analysis in COMSOL Multiphysics, the various application modules used are-
a) MEMS Module

Structural Mechanics

Eigen frequency analysis

b) COMSOL Multiphysics

Deformed Mesh

Moving Mesh (ALE)

Static Analysis

The displacement of the cantilever beam under different actuation voltages gives the following outcomes. It is observed
that the actuation voltage is below 12V.

Displacement v/s Actuation voltage

05 0 20 46 86 100 120 140
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2)ELECTROMAGNETIC SIMULATIONS

The electromagnetic analysis of the phase shifter is done by using HFSS. The key characteristics of the RF MEMS
switch are insertion loss, isolation, and actuation voltage. The aim is to increase the RF parameters while reducing the
actuation voltage. A MEMS switch in upstate and downstate position is shown in fig. 2(a) and fig. 2(b) respectively.

a)Upstate simulation

The switch structure is simulated in the upstate position by HFSS simulator. There is CPW which contains transmission
line, a substrate, and grounds. There cantilever beam situated on top of the CPW is at the air gap distance from the
ground plane. The S parameters are taken from the range of 0-20 GHz.

Return Loss v/s frequency HFSSDesignl
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— _— dB(S(l,l))J
— Setupl : Sw eep
]
25,00 —| L

dB(S(1.1)
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T
10.00
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Fig 4(a) Return loss for upstate cantilever beam

The Return loss (S11) is better than 20 dB in the frequency range of 0— 20 GHz, thus minimising the losses incurred.

Insertion loss v/s Frequency HFSSDesignl
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Fig 4(b) Insertion loss for upstate cantilever beam

Insertion loss (S12) is less than 0.1 dB hence the effective transmission of signal takes place in 0-20GHz range.
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Fig 4(c) Variation in phase of cantilever beam in upstate position

b)Downstate simulation
The switch in its downstate position is formed due to the contact of the cantilever beam with the ground plane of the
coplanar waveguide. The S-parameters are taken from the range of 0-20 GHz.
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Fig 5(a) Return loss for downstate cantilever beam

The return loss for downstate position is even better than upstate position with a value of less than 30dB.
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Fig 5(b) Insertion loss for downstate cantilever beam

The efficient transmission of signal is ensured even in the downstate as the insertion loss is nearly 0.04 at 12 GHz.
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Fig 5(c) Variation in phase of cantilever beam in downstate position

The phase shift obtained with the cantilever structure can be controlled by varying the number of cantilever beams
suspended on the coplanar waveguide. The increase in the phase of the signal is obtained by cascading more number of
beams in the structure. The results for two cascaded beams have been tabulated along with the single beam structure
indicates that the phase shift almost doubles with increase in every beam in the structure.

SHORT 2 CASCADED OPEN 2 CASCADED SHORT
OPEN BEAM BEAM BEAMS BEAMS
S21
(DEGREES) -4.4 -5.32 -7.487 -9.665
S11 (dB) -26.79 -32.23 -23 -30.5

IV.CONCLUSION

Despite the fact that MEMS switches operate slower than their electronic counterparts, they are still useful in many
applications. One important advantage of MEMS switches is their linearity. Unlike electronic switches made with
metal-semiconductor or p-n junctions, the contact area for MEMS switches is perfectly linear. This means that well-
designed MEMS switches do not create nonlinearities or distortion such as harmonics or intermodulation products. The
electromagnetic simulation results indicated that return loss is better than 20 dB at lower frequency and Insertion loss is
less than 0.1 dB which is good enough for the reconfigurable devices. Thus the RF MEMS phase shifters are designed
with minimum loss and also produces linear phase shift in the transmitted signal.

V. FUTURE WORK

In wireless communications, radio frequency micro-electro-mechanical systems (RF MEMS) technology is attracting
tremendous interest across the world as the needs of frequencies gets higher, data bandwidth gets larger and multiple
broadband signals have to be handled in the same device. Compared to other technologies, components based on RF-
MEMS provide superior RF performance and tuning, and can perform over a much broader range of operating
frequencies. In particular, the RF MEMS switches enable the reconfigurability of RF front-end circuits and their
excellent linearity, lower insertion losses and improved isolation recommend them for high frequency applications.
Phase shifters and tuneable filters in X to Ka-band frequencies for beam steering/forming of antenna phase arrays and
for bandpass or rejection can take full advantage of the RF MEMS switches. The present open challenges of RF MEMS
devices are the reliability, the packaging and their 3D integration with RF ICs.
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