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Abstract This paper deals with the RF (Radio
Frequency)-MEMS  (Micro-Electro-Mechanical-System)
switches are integrated in CPW topology. Phase shifter is
integrated on high resistivity silicon substrate and loading
elements are 360 switch design using the coventorware
software and its superiority over the existing technolo-
gies like PIN Diodes and Field-Effect-Transistors regard-
ing size, power, Isolation The measured down state inser-
tion loss of —0.1 dB up to 40 GHz and switch resistance
is 1 Q. The measured reflection coefficient is dominated
bt t-line switch is —20 dB at 30 GHz. This switch used in
X-band and K-band phase shifter, switched capacitor bank
and tunable filter. The 1-kg class satellite plans to use the
MEMS TxRx switch as a functional component on its RF
communication board. Application of switch based Phase
shifters for satellite based radars (20 billion cycles), missile
systems (0.1-1 billion cycles), long-range radars (20-200
billion cycles). By cutting the mass of components onboard
the space vehicle, the launch costs and hopefully the over-
all budget for production can be reduced.

1 Introduction

Currently, PIN diode or Field Effect Transistor (FET)-
based switches are utilized for their high switching speeds,
high power handling, low drive voltage, low cost, and tech-
nology maturity. MEMS RF technologies offer the advan-
tages of low power consumption (near zero), low insertion
loss (~0.1 dB up to 40 GHz), and high isolation (>40 dB),
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as well as low volume and low mass. In the case of the
transceiver, lower insertion loss in the switches between
the antenna and the first low-noise amplifier (LNA) leads
to lower noise figures and higher sensitivity of the receiver.
This effect is magnified when more than one antenna is
used, which requires additional switches in the antenna-
LNA path. Half duplex systems utilize RF switches to
switch between transmit and receive modes. Redundant
systems use RF switches to change between redundant seg-
ments. Multiple antenna systems, such as diversity receiv-
ers or ping-pong mode radar systems, use RF switches for
antenna switching.

Virtually all spacecraft with communications or radio-
metric systems employ such configurations and their per-
formance currently suffers from high insertion loss/low
isolation in solid-state RF switches. RF MEMS used in
Satellite Communication Systems (12-35 GHz): Switching
networks with 4 x 4 and 8 x 8 configurations and recon-
figurable-Butler matrices for antenna applications (0.1 mil-
lion cycles), switched filter banks (0.1-100 million cycles,
depending on the application). Also, phase shifters for
multi-beam satellite communication systems (1-20 billion
cycles).

The primary cause of failure in contact MEMS switches
is degradation of the contact area metal due to repeated
impact between the base and the suspended beam. Pitting,
wear, metal migration, and contamination can all contrib-
ute to a significant increase in contact resistance and inser-
tion loss. The failure rate is amplified when operating at RF
powers over 100 mW because micro welding can bond the
pads together, resulting in a permanent short failure

Two key advantages arise when considering MEMS
devices in space applications. The first advantage is real-
ized by lowering launch cost. Currently, launching a space-
craft into low Earth orbit (LEO) costs about $10,000 per
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Table 1 Comparison between

: . Switch type Isolation Insertion Power consumption Switching Linearity
various RF Switches 40 GHz loss Power dissipation time
PIN diodes Medium Good More Good Poor
FET’s Low Good Medium Excellent Poor
RF MEMS 0.1dB Excellent 500 mW 2-100 ps Excellent
10-100 nJ
Anchor Beam advantage is the devices resistance to radiation and vibra-
Dielectsi tion. Two key advantages arise when considering MEMS
ECN devices in space applications. The first advantage is real-
ized by lowering launch cost. Currently, launching a space-
craft into low Earth orbit (LEO) costs about $10,000 per
Electrode (LEO) $10.000 p

Fig. 1 Series contact switch

kilogram, and placing a craft into a higher geosynchro-
nous Earth orbit (GEO) costs about $50,000 per kilogram
(Sharma et al. 2013). Obviously, by reducing mass, design-
ers stand to gain in reducing total project cost. The second

Fig. 2 a Shunt capacitive a
swicthes. b Shunt capacitive i
switch

kilogram, and placing a craft into a higher geosynchro-
nous Earth orbit (GEO) costs about $50,000 per kilogram
(Sharma et al. 2013).

Obviously, by reducing mass, designers stand to gain
in reducing total project cost. The second advantage is the
devices resistance to radiation and vibration.

RF MEMS Switches are used for make and break con-
tact between the transmission lines, and operates in the
frequency range 0.1 GHz—40 GHz. In the last two decades
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Fig. 3 a Solid cantilever switch. b Side view of cantilever switch

MEMS provided very strong and effective solution in the
various passive circuits applications like varactors, switches
and in various complex networks like filters.

As per recent generation requirements in terms device
should be small in size, should be effective in performance
such as low loss, less DC power consumption, less insertion
loss and high isolation between the plates and for high fre-
quency applications device should have high Q-factor. These
all requirements full filled by the MEMS technology and
practically implemented as effective technology for Military
applications, mobile, wireless and satellite communications.

The RF MEMS technology dominates over the existing
technologies based devices like PIN diodes and FET. As
per following characteristics mentioned in the Table 1.

MEMS Switches combine advantages of Mechanical and
Semiconductor Switches together and yields the advanced
switches which will fulfill all the requirements like small in
size, low DC power consumption, lower insertion loss, high
off-state isolation (Grant and Mansour 2002).

Because of electromechanical isolation, RF circuit
doesn’t leak or couple significantly to the actuation circuit.

And electromechanical coupling is done through electro
statically through air less power required because power
consumes only when actuation occurs.

Based on MEMS actuation, MEMS switches can be
classified by following three characteristics;

(i) REF circuit configuration
(i1) Mechanical structure
(iii) Form of contact.

Basically from a switch contact perspective, there are
two types of switches based on the MEMS technology
Application point of view- Series Contact Switches and
Shunt Capacitive Switches.

1.1 MEMS switches

The cantilever is fabricated using low stress niride or oxide
layer with metal portion at its tips. The metal layer is com-
posed of Au layer and is isolated from another layer by
oxide or nitride (Fig. 1).

2 Design parameter
2.1 Model construction: design parameter
2.1.1 Shunt capacitive switches

RF MEMS capacitive shunt switches, a grounded beam is
suspended over a dielectric pad on the transmission line.
When the beam is in the up position, the capacitance of the
line-dielectric-air-beam configuration is on the order of ~50
pF, which translates to a high impedance path to ground
through the beam. However, when a dc voltage is applied
between the transmission line and the electrode, the induced
electrostatic force pulls the beam down to be coplanar with
the dielectric pad, lowering the capacitance to pF levels,
reducing the impedance of the path through the beam for
high frequency (RF) signal and shorting the RF to ground.

The insertion loss of the capacitive switch is lower than
1.2 dB up to 40 GHz, the extracted up-state capacitance
is 30 PF and isolation is 1.3, 26, and 27 dB at 1, 20, and
40 GHz respectively. As one end is free it requires lower
actuation voltage compared to Air bridge MEMS switch
(Brown 1998). The capacitive MEMS switch is as shown
in Fig. 2a, b.

2.1.2 RF performance
For designing cantilever beam as an actuator we should

know the pull-in voltage, hold down voltage, spring constant
for cantilever and the resonant frequency for cantilever. Also
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Fig. 4 Displacement/stress (direct integration): displacement result (viewed for different entities separately)

switching lifetime and switching time need to consider. The
Solid structure of RF MEMS Cantilever Switch looks as
shown in Fig. 3a and its side view is shown in the Fig. 3b.

2.2 Theoretical considerations
2.2.1 Actuation voltage

The working of the cantilever switch is mainly depending
on the applied electric field to the electrode V, because of
this applied field the electrostatic force F is exerted on the
beam, this electrostatic force is measured as in Eq. (1),

A 2
Fo oA
2g%

where, V is the applied voltage, A is the contact area
between electrode and beam and g is the deflected gap
between electrode and the beam, and K, is the spring con-
stant. When the applied voltage goes on increasing the
electrostatic force exerted on the cantilever beam is goes on
increasing which will tends to beam pull down towards the
electrode tends to decreases the gap present between the
beam and the electrode.

F, o« K. Ax (1)

1. When this applied voltage goes on increases the time
comes at certain value of applied voltage beyond that

@ Springer

voltage the electrostatic force F is greater in magnitude
than the restoring force which is exerted by the anchor
because of the spring constant of that material. At this
applied voltage the electrostatic force dominates over
the restoring force as shown in the Fig. 4, which pulls
down the beam towards the electrode, which will short
circuits the input and output line causes the signal to
move from input to output. This makes the switch
on. In this work we designed the Cantilever switch of
length 150 pm, width of beam (W) 40 um, go is 2.2 um
and thickness of the beam is 0.7 um from the theoreti-
cal pull in voltage is 38.8 V while from Coventorware
analysis it is 40 V as shown in the Fig. 5. This voltage
at which the beam pulled down towards the electrode is
called as the pull-in voltage V,, and is given by (Hung
and Senturia 1999) (Senturia and Osterberg 1997) the
Eq. (2) as,

Sthg
Vp =1/ 2
P 27 €0 A @

where K, is the spring constant of the beam material, gg
is the original gap between the beam and the electrode
and €g is the permittivity of the material. The spring
constant K is calculated by the Eq. (3) as,
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Fig. 5 Explains fabrication process of cantilever type switch. a Sub-
strate, b Actuated electrode formation, ¢ Deposition of SiN;, d Depo-
sition of sacrificial layer, e Deposition of metal, f Deleting sacrificial
layer

c EWr 3
Tan €)

where, E is the young’s modulus of the material, t is
the thickness of the beam and /,, is the enforced length
of the beam is given by the Eq. (4) as,

ln=1—W—1 4)

where [ the length of the beam, W is the width and /; is
the isolation length of the beam. The movement of the
cantilever beam switch because of the applied voltage is
as shown in the Fig. 6 (Graph 1). Initially as the applied
voltage goes on increases the gap between the beam and
ground electrode gradually reduces, after the gap becomes
2/3 of original gap cause the beam suddenly pull downs,

Large stable tip
deflection

Fig. 6 Movement of cantilever switch verses applied voltage
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Graph 1 Graph between actuator deflection and applied voltage
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Graph 2 Graph of voltage vs displacement of beam
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Fig. 7 Displacement of tip of beam

is shown in Graph 2 and the Fig. 7 represents the volt-
age required to pull down the cantilever beam to make
switch as an on. The Graph 3 shows the electrostatic force
exerted by the applied voltage to the electrode.

Also from the different analysis on the structure it is
observed that the actuation voltage required pulling the
beam downward to make switch on is varies according to
the length of the beam and also by Varying area of the actu-
ated electrode. This is shown in the Table 2.

2.3 Switching times

Using 4-point resistance measurement and the laser vibro-
meter the electrical resistance and mechanical displacement

@ Springer
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of the switch is measured as a function of time. The clos-
ing time depends on the actuation voltage and the opening
time depends on the mechanical properties of the switch.
By scaling the MEMS devices the switching time is also
scale downs, as t, = 10.6 and 4 us (Au and Al beams)
V, K

ty 3.6 fo=1/— o)

Vswo m
where (wo,fo) is resonant frequency, V), is pull-in voltage
and V; is applied voltage.

2.4 Up state capacitance

S parameter is measured in up state position
Cop = 8WW/ (g +ta/er)
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Graph 3 Applied Voltage verses electrostatic force on the beam

Table 2 Specification of RF switch

Length of MEMS beam /=300 pm,
Thickness t=0-2 pm
Pull down electrode length width W =100 ym
Bridge width w =100 um
Gap height 0.5-3 um
Spring constant k=10N/m
Residual stress (Au and Al) 9.5 MPa
Mechanical resonanat frequency f0 =103 kHz
Switch time 4/10 ps
Capacitive ratio 80-120
Intermodulation 66 dBm, Loss = —0.07
(10-40 GHz)

Isolation [dB] —20 (10 GHz),

—35 (30 GHz)
Modulus of elasticity, E + 3 GPa 190
Density, 190 p # 0.05 g/cm? 2.33

@ phase delay = jwCyZo/2 = 0.897 rad

S11 = (—jwCuZo)/ (2 + joCuZo)

2.5 Down capacitance

S21 is measured when capacitance is in the down positions

Sa1 =1 — (jwCuZp)/2 =132

Cd = eoerwW / (g + ta/er)

3 Device fabrication process

In the fabrication process of the cantilever switch is
explained roughly step by step as bellow,

3.1 Substrate creation

To form the cantilever type structure we require the plat-
form is called the substrate, silicon dioxide (SiO,) material
used as the substrate. In this design the substrate of 150 pm
length, 110 um width and 5 pm thickness is used.

3.2 Electrode formation

With the help of generic plasma enhanced chemical vapor
deposition (PECVD) and generic dry etching process, elec-
trode is formed by exposing the part of the deposited elec-
trode material through the openings in the masking layers
and removes the unnecessary material. In this design Alu-
minum material is used for the electrode purpose, as shown
in Fig. 5b.

3.3 Deposition of silicon nitride layer

To avoid the stiction problem, arises in the metal to metal
contact occurs which affects on the smooth switching oper-
ation without this layer. In this design 0.2 um thick SiN;
layer is deposited over the electrode by PECVD process, as
shown in Fig. 5c.

3.4 Sacrificial layer formation

To make the cantilever beam over the free space and sepa-
ration between the CPW lines, BPSG material is used of
2.2 ym in hight as shown in the Fig. 5d.

3.5 Forming cantilever beam

By using low chemical vapor deposition (LPCVD) 0.7 pm
thickness and 2.2 pm hight Aluminum cantilever beam is
formed, as shown in the Fig. Se.

3.6 Removing the sacrificial layer

After cantilever beam structure formation the BPSG mate-
rial is deleted to make the beam free in the air by using
plasma etching process, as shown in Fig. 5f.

4 Results and discussion

4.1 Analysis and their results

We have simulated and analysis different structure of
RF Switches with cantilever, we conclude that cantile-
ver configuration and dimension determine the mem-

brane performance when its material has been decided
(Graph 4).
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Fig. 8 Switch bouncing ® 2DViewer - [default]
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Fig. 9 a Displacement for frequency analysis X, Y and Z Displacement(Y displacement is not significant. It takes place due to elastic nature of
aluminum). b Graph of Z displacement vs time

Fig. 10 Observed reaction
forces for different axes is
observed. Reaction forces in the
Z direction is more significant
than X and Y directions
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Fig. 11 Stress/Displacement/Electrostatic (direct integration): here distribution of stress in different Planes is observed. Szz (forces in z-z plane)

is greatest

4.2 Static analysis: thermo electromechanical relaxation
deformed shape

4.2.1 Dynamic analysis

Effect of pressure The pressure of the environment in which
the sensor can affect the results produced. If the pressure
of the environment increases, the dynamic viscosity of the
damping fluid increases. This increase in damping reduces
the Q-value and can also reduce the deflection of the can-
tilever which both, in turn, decreases the data quality and
reliability. In addition to changing the damping, an increase
in pressure will also alter the concentration of the gas in
the environment, which can affect the absorption rate, and
equilibrium giving shifted results (Figs. 8, 9).

Featuire of extract planar data Distribution of stress is
observed for 3 different modes: b. Stress invariant analy-
sis: [Analysis type: displacement/stress (mode based)]
(Figs. 10, 11)

4.3 Frequency analysis

4.3.1 Static stress

Natural freq result Natural frequency is the fundamental
frequency of the switch. For us, mode 1 is most significant.
Here the natural frequency is 118 kHz. That means, the

switching time for the designed switch is 8.33 ps. Theoreti-
cal value is around 10 ps.
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capacitance is important for us. It is 5.13 nF

Capaciance Diloy

Fig. 12 Charges density and C-V characteristics

Fig. 13 Pressure distribution Pressure:
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Table 3 Shows different lengths beam and the required pull in volt-
age

Length of beam (um) Pull in
voltage Vp (v)

150 40

180 16

200 11

250 7

280 5

Table 4 CV characteristics and model analysis, transient analysis

Charge Capacitance Modes Natural
(x10e-06) frequency (KHz)
1.508 2.76167e-07 Mode 1 117.385
1.428 2.5116E-07 Mode 2 740.637
1.280 2.259E-07 Mode 3 1,432.95 K
1.145 2.008E-07 Mode 4 1,802.3 K
0.9.985 1.757E-07 Mode 5 2,083.92 K
0.8567 1.506E-07

0.7131 1.004E-07

0.57047 0.759E-07

0.42787 0.5029E-07

0.28512 0.251E-07

0 0

4.3.2 Capacitance

Capacitor is created between two conductors due to the
potential difference [entity 4 (15 V) and entity 1 (0 V)].

This table shows the self capacitance and mutual capaci-
tance between entity 4 and entity 1. Mutual capacitance is
important for us. It is 5.13 nF (Figs. 12, 13)

Charge distribution is seen in the entities where the
potential is applied (Fig. 14).

Pressure distribution is observed in the part where reac-
tion forces are more (Graphs 4, 5).

4.3.3 Thermoelectromechanical relaxation

As actuation voltage goes on increasing, the natural fre-
quency decreases Tables 3, 4.

5 Conclusion

In this Paper presented electromagnetic model of MEMS
switch. Pull down voltage 5 V is achieved with design for a
gap height of 1-4 pm. The low spring constant has shown
excellent characteristic up to 40 GHz with a low inser-
tion loss (—0.1 dB up to 30 GHz).Isolation of —40 dB is
achieved at 0.1 —5 GHz and decreases —20 dB at 40 GHz.
Static and dynamic analysis has described in this paper.
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