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Abstract

Objective: RF MEMS has emerged as a technology with immense potential for wireless communication and defence
applications. In this work, a 5 bit RF MEMS switched line phase shifter is presented using cantilever switch achieving
low actuation voltage. Methodology: In this work 5 different phase shifters are designed to get 5 bit phase shift at a
particular frequency 10 GHz. The phase shifters consist of stubs like structure designed in the ground of CPW and MEMS
capacitive series switches. Solid-state phase shifters based on p-i-n diodes or Field-Effect Transistor (FET) switches are
used because they provide a good planar solution at a variety of microwave frequency ranges. Micro Electro Mechanical
Systems (MEMS) phase shifters are progress today are mainly have established designs because of which the solid-state
switch is replaced by a MEMS switch. Findings: By analysing theoretically and practically the results showed that a novel
RF MEMS switch was capable of liberating less than 0.1dB insertion loss and more than 19 dB isolation between input
and output ports at 20 GHz .This RF MEMS switch shows a 5V actuation voltage. Switching time of RF MEMS switches
is measured using a theoretical approach. The switches demonstrated maximum switching time of 0.1ps. By using this
switch a 5-bit miniaturized phase shifter is designed i.e. 180° bit, 90°, 45°, 22.25° and 11.5° bits were achieved using the
switched line type phase shifters at 10 GHz. A novel switched line type phase shifter loaded with multiple switch pairs was

developed and was capable of liberating a multiple phase shift angles within single design.
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1. Introduction

RF MEMS switch has vast applications in various areas
like telecommunication for satellite communication. RF
MEMS switches] have a number of advantages over PIN
diode and FET switches in basis of low insertion loss and
high isolation. Because of several advantages mentioned
above, RE MEMS switch is always in demand. This paper
takes a RF MEMS switch' with a new cantilever beam?
to analyse the mechanical characteristics’ of the RF
MEMS switch. In this paper application of RF MEMS
series* is shown which is used in the phase shifter design.
Phase shifters are used for several years and have a
usual application in phased array antenna systems. The
combination of the two technologies is the purpose for
this project. Furthermore, a phase shift of 11.25, 22.5,
45, 90, and 180 is needed, which requires a 5-bit phase
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shifter. The five-bit RF MEMS phase shifter consists of
five different phase shifts® such as 11.25, 22.5, 45, 90 and
180 kept in a similar arrangement. The phase shifters
consist of stubs like structure designed in the ground of
CPW and MEMS capacitive series switches Microwave
and micrometer phase shifters® are used in phased-array
antennas for telecommunication and radar applications.
Solid-state phase shifters based on p-i-n diodes or Field-
Effect Transistor (FET) switches are used because they
provide a good planar solution at a variety of microwave
frequency ranges. Micro Electro Mechanical Systems
(MEMS) phase shifters are progress today are mainly
have established designs because of which the solid-state
switch is replaced by a MEMS switch. MEMS-switch’
based phase shifters have some advantages like low-loss
and wideband performance. Single-pole double throw
MEMS switches have good performance are usually used
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in MEMS phase shifter applications, especially because
most of them i.e. MEMS phase shifters are generally is
a switched-line type phase shifters®. In this research, the
novel cantilever compact switches are being used as
building blocks in the designing of MEMS phase shifter'.
Below Figure 1 shows the switched line phase shifter'
using RF MEMS series switch!. When the transmission
lines are acting as a TEM (quasi-TEM, such as CPW), this
phase shift becomes a linear function of frequency, which
gives a true time-delay between the input and output
ports. The need for low-loss phase shifters are increasing
day by day, so does the Radio Frequency (RF) MEMS as a
solution to provide them. Approach is shown to in build
a low loss phase shifters using RF MEMS series switches.
By using a switched line" 5-bit resonating phase shifter,
an average insertion loss was attaining with better return
loss. A novel cantilever beam is designed having low
actuation voltage and better switching time to be used
in the switched line phase shifter. To our acquaintance,
these devices represent the lowest loss phase shifter There
are different phase shifter just like switched line phase
shifter'® such as DMTL it’s mainly have Shunt switches
but the main reason because number of shunt switches is
more and complexity of the design increases and it is very
difficult to get multi bit phase shift in DMTL because of
which use switched line phase shifter. It’s easy to design a
miniature phase shifter.

Figure 1. Switched line phase shifter.

2. Cantilever and Phase Shift

2.1 Design Description

The switch is design on CPW platform with dimension
G/S/G=60/110/60 um for 20 GHz -dc in Figure 2. A
gold material is used for making the cantilever beam,
The substrate is made of silicon material. The dimple is
shown is mainly. A normal CPW' on a dielectric substrate
contain a centre strip conductor with semi-infinite
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ground planes on an either side of the structure as it help
quasi-TEM mode of propagation. The CPW offers many
advantages over a conventional microstrip line, first it
simplifies fabrication, and second it aid easy shunt as well
as series surface mounting of active and passive devices.
Our switch is a CPW series switch, consist of a cantilever
beam* having holes in it. The CPW line width should be
greater than the signal width as is displayed in Figure 2.
Substrate thickness plays less important role due to the
fact the fields are concentrated on the slots. It generates
elliptically polarised magnetic fields and all conductors
are connected in the same plane.

Figure 2. Side view of the switch.

2.2 DGS Structure

Defected Ground Structures (DGS)'? are shown much
potential for contrivance in different applications. They
offer a sharp, electromagnetic band-gap and show slow
wave factor, which help to make lesser size circuits. In
these structures, well-defined shapes are made. Coplanar
Waveguides (CPW) have both signal and ground on
the same surface. Though they preoccupy larger area
than microstrip lines, they can be considered as a good
supplement for DGS. The proposed structure has the
opportune of having an almost constant capacitance
while the inductance varies linearly as the number of
cell increases, which simplifies the design process. DGS
(defected ground structure is a periodic or non-periodic
etched from the ground of a planar transmission line
like microstrip, coplanar and conductor backed coplanar
waveguide DGS" mainly effect the shield current
distribution in the ground plane and cause the defect.
This causes a disturbance in the ground plane which can
rise the effective capacitance and inductance. Periodic
structure in DGS is applied in a planar transmission lines
and have a wide interest for their broad application in
microwave circuits. Transmission lines with an annually
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structures show pass filter and rejection band as low pass
filters. The properties of periodic structure is slow wave
effect. Periodic DGS consider the shape of the unit cell in
DGS and distance between two unit cells.

2.3 Phase Shifter Description

In terms Microwave and micrometer phase shifters* are
used in phased-array antennas for telecommunication
and radar applications. The phase shifters that are based
on p-i-n diodes and Field-Effect Transistor (FET) switches
are used because they provide a good planar solution
at a variety of microwave frequency ranges. Maximum
Microelectromechanical Systems (MEMS) phase shifters
are developed today are mainly have established designs
in which the solid-state switch is replaced by a MEMS
switch. MEMS-switch based phase shifters® have some
advantages like low-loss and wideband performance.
Single-pole double throw MEMS switches have good
performance and are usually used in MEMS phase shifter
applications, especially because most of them are switched-
line type phase shifters The above Figure 3 shows how the
cantilever is designed and used as a phase shifter. Four
cantilever beam* is used for each phase shift. Single-pole
double-throw switches is realized by differential phase
shift'’ of a reference transmission lines which is related to
the change in length between the reference and the delay
path, which is shown in the below equation. Where A ¢
is the phase difference, Ais the wavelength and 11 and 12
is the line length of the reference path and the delay path.

Figure 3. Cantilever phase shifter design.

A=Y 1) (1)
A
Four SP2T switches are applied to the connection of
reference transmission line and delay transmission line of
180 degree phase shift, delay transmission line of 90 degree
phase shift and delay transmission line of 11.25 degree
phase shift. While other four SP2T switches are connected
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to reference transmission line, delay transmission line
of 22.5 degree phase shift, delay transmission line of 45
degree phase shift.

2.4 Formulae
2.4.1 Pull in Voltage

The actuation voltage can also be calculated by following
formulas also

F=ma (2)
F=K Ax 3)
ay-F _ma _(wt)pa (4)
K K
8Kg,3
V. =V(2g,/3)= 0 (5)
P ( 8o ) 27eWw

Where F is the force applied in the beam, m is the mass
of the cantilever beam, K is the spring constant value Ax
is the defection of the beam, a is the acceleration which is
9.8m/s? 1 is the length of the beam, w is the width of the
beam and t is the thickness of the beam. The mass here is
calculated by multiplication of length, width and thickness
of the beam. By this calculate the spring constant of the
beam and this spring constant value will put in the pull
in voltage and calculate the actuation voltage of the series
switch. Vp is the pull in voltage of the switch

2.4.2 Stress Analysis

The stress condition is due to the different conditions
that are encountered by the lower and upper layers of a
uniform beam. In most of the design, it is important to
reduce the stress factor® because it shows the positive and
negative beam curvature.
azM2_T2 ©
2El 2

Where I is the moment of inertia of a rectangular
beam (I=wt3/12).The stress difference between the upper
and bottom layers must be kept less than 5MPa.

2.4.3 Switching Time

The switching time depends strictly on the applied voltage
since the stronger the electrostatic force and larger will be
the voltage. The solution follow.
T =3.67-2 (7)
vswo
The applied voltage should lie from 1.3-1.4Vp to result
in a fast switching time at a sensible voltage level.
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2.5 Simulation Result
2.5.1 Cantilever HFSS Result

Below Figure 4 shows the design of cantilever beam
series switch. The simulation of switch for taking the RF
characteristic is done in HESS software.

T Input CPW
oo anchor
T CPW ground

"""""" *Au Cantilever

* Dimple (10x10um)

110um

Figure 4. The cantilever switch.
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Figure 5. RF characteristics of the switch design.

The series switch must got the return loss below 10dB
and the insertion loss should lie between 0.1-0.3 dB from
the above Figure 5 can see that at 20GHz it is showing
insertion loss as 0.1dB at 20GHz and 19dB return loss at
20GHz.

2.5.2 Cantilever INTELLISUITE Result

Figure 6. Actuation voltage of the switch.
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ZDisplacement vs Voltage

669340010

-1.16334x107

i
.
:

1 65334x10°

Disp2

~2.16934x10°

266934x10°

Figure 7. Pull in voltage of the switch design by holes.

The mechanical analysis of the design, of the cantilever
beam is done in INTELLISUITE software .The above
Figure 7 present the pull in voltage of the switch. The
stress decreases because of the holes in the cantilever
beam design. The actuation voltage is 5V and after giving
holes in it reduce to 4v shown in Figure 7.

2.5.3 Cantilever Stress Result

Figure 8 shows the stress factor® of the switch. Stress is so
low because of the holes in the cantilever beam design.
In this design a stress factor” in Figure 9 of 0.96 MPa and
after giving holes the area decreases so the stress of the
switch increases to 1.96 Mpa. Below Figure 10 shows the
stress factor when holes are given.

Figure 8. Stress of the switch.

Figure 9. Hole effect in the switch design.

Indian Journal of Science and Technology



Snehanshu Sengupta and K. Usha Kiran

2.5.4 Phase Shifter Result

The switched linel0 mainly used for miniaturization. It
can give 5 different phase just in one design The above
Figure 1 shows the switched line phase shifter design.
Here will generally discuss about the phase shift i.e. 11.25
degree, 22.5 degree, 45 degree, 90 degree and 180 degree.

Table 1. Calculation for phase shift
Phase Shift 51-35.16=15.84
Phase Error 15.84-11.25=4.59

2.5.4.1 Phase Shift 11.25

The formula discuss in previous section is used for making
the stub like structure for the reference path!! and the
delay path. The below Figure 10 shows the first bit having
the length as 124.6pum and delay path is124.5um so will
get the phase shift of 11.25 degree are getting phase of
35.1 degree at 10GHz. Now will see the RF characteristics
at 10 GHz. Getting 11dB return loss and 1.1dB insertion
loss. Now will find the phase error. So will subtract the
phase shift which is achieved in CPW line and the present
one. From the above Table 1 are getting the phase error as
4.59 degree.

Figure 10. Phase shifter with 11.25.

2.5.4.2 Phase Shift 22.5

The below Figure 11 shows 13dB return loss and 0.8dB
insertion loss. The below Figure 12 shows a phase of 27.66
degree so the total phase shift is obtained by subtracting
by the normal CPW line and the phase shift obtained
is shown in Table 2. The phase error is obtained by
subtracting measured phase shift and the actual phase
shift what to be obtained.

Table 2. Calculation for 22.5 degree phase shift
Phase Shift 51-27.66 = 23.34
Phase Error 22.25-23.34=1.09
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To find the 22.5 degree phase the second bit reference
line and the delay line is ON and the rest of switches are
kept close.

XY Plot 1 H5i0mgn 4.

ay

wan

w=1a7 o

Figure 11. S parameter for 22.5 phase shift.

Wana | K| ¥ XY Plot 2 WFEEDoUg A
m 121000 1m0 Zarveints
— — v s 11
o0 | \\\_/ “\ ol
000 —| e
e
~
g 5000 — \"\\ 1
= TS
o003 N 1
% 17 \'\.___.f'""‘
L
1000 — .
] st
o0
ey 00 e [ T 105400
Frag (ot

Figure 12. 22.5 phase shift.
2.5.4.3 Degree Phase Shift

Figure 13. Phase shifter 45 degree Design.

For the 45 degree will switch on the reference path and
the delay path, the below Figure 15 shows the phase shift.
For 45 degree phase shift: The above Figure 13 shows the
how the 45 degree shift works. The below Figure 14 and
Figure 15 shows the RF characteristics and phase shift.
The below Table 3 mainly shows the phase shift and the
phase error. Here, are not getting any phase shift error.
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Figure 14. S parameter of 45 phase shift.
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Figure 15. 45 degree phase shift.

Table 3. Calculation for 45 degree phase shift
Phase Shift 45
No Phase Error

Phase Error

2.5.4.4 90 Degree Phase Shift

For the 90 degree phase the fourth bit is switched on and
making all the other switches off and this will give the
phase shift For 90 degree phase shift: The above Figure
16 shows the working principle of 90 degree phase shift.
The below Figure 16 shows the RF characteristics and the
phase of the design also phase error of the design.

Figure 16. Phase shift with 90 degree phase shift design.
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XY Plot 1 HF5S0mgn A

Figure 17. S parameter of 90 degree phase shift.

The above Figure 17 shows the return loss of 20dB and
insertion loss of 1.4dB at 10GHz frequency. The below
Figure 18 shows the phase of 39.96 degree at 10GHz
frequency. This Phase is added to the CPW line and the
total phase shift and the phase error is calculated that is

shown in Table 4.
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Figure 18. Phase shift of 90 degree phase shift.

Table 4. Calculation for 90 degree phase shift
Phase Shift 51+39.96=90.96
Phase Error 90.96-90=0.96

2.5.4.5 180 Degree Phase Shift

For 180 degree phase shift Figure 19 shows the RF
characteristics. Phase shift and phase error are shown in
Table 5. Figure 19 shows at 10GHz return loss is 16 dB and
insertion loss is 0.5 db. The Table 5 also shows the error
as 5.59 degree which is obtained by adding the obtained
phase shift from the CPW line and the measured phase
shift when the cantilever switch is ON at 180 degree.

Table 5. Calculation for 180 degree phase shift
Phase Shift 51+134.59=185.59
Phase Error 180.185.59=5.59
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Figure 19. S parameter of 180 degree phase shift.

3. Conclusion

In this paper RF MEMS switches join the assistance of
traditionally used electromechanical switches having low
insertionlossandhighisolation withsomemajoradvantage
of solid-state switches having low power-consumption.
Single-pole Single-Throw (SPST) DC-contact switches
have been designed at a frequency 20GHz with a return
loss of 19 db. However, previous work on compact MEMS
series switches has mainly focused on cantilever based
on metal to metal contact designs. In order to make the
cantilever beam indifferent to stress factor, relatively thick
beams are used. However, such a thick beam is very stiff
and difficult to be pulled down. With a new design, this
paper focused on the development of metal-to metal
contact DC-contact switches using thin cantilevers to
achieve high return loss and very low actuation voltage
simultaneously. It has shown good results up to 40 GHz
and can ultimately contribute to other application in
higher frequency performance. The tip deflection is well
controlled at a gap of 2.5um and a single-pole-single-
throw switches is designed up to 20 GHz with insertion
loss 0.1 dB and isolation better than 19 dB; 3) using these
switches to build switched line phase shifters up to 10
GHz. RF characteristics of phase shifters up to 10 GHz
are presented. The 5 bit phase shifter (11.25°, 22.5°, 45°,
90°, 180°) shows the capability of achieve desired phase
change at 20 GHz.
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