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ABSTRACT:

Radio frequency (RF) micro electro-mechanical systems (MEMS) switches are rapidly replacing thePIN diodes and
field-effect transistors (FET). Linear behavior, low power consumption, low insertion loss, high isolation,
improvement power handling and etc. are benefits of MEMS switches.This paper presents a high isolation RF MEMS
capacitive switchwith two shunt beams for Ka-band (27-40 GHz) applications such as in communications satellites
and uplink.Simulation results using Ansoft’s high frequency simulation software (HFSS) at Ka-band shows in the
down-state of switch, the isolation (S;;) is -47 dB and return loss (Sy;) is -0.3 dB.In the up-state, the insertion loss (Sy;)
is -0.15 dB and the return loss (Sy;) is -18 dB. Thepulldown voltage of designed switch is 5.13 V and down-state to up-
state capacitance ratio(Cy/C,=12.11pF/0.137pF) is 88.39.Also a novel index material (IM2) is proposed to determine
optimum material using Ashby approach. In this paper theAluminum (Al) is chosen for the membrane for having low
pull down voltage and silicon nitride (Si3sN,) is chosen for dielectric for having faster switching speed and largerdown-

state capacitance.
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1. INTRODUCTION
RF MEMS is an emerging technology with great
promise for reducing cost and improving performance

shown in Table 1.

Table 1. Comparison of MEMS switches with other
switches [4], [5]

in certain microwave applications. MEMS consists of RF
mechanical elements, sensors, actuators, and electrical Characteristic MEMS PIN FET
and electronics devices on a common silicon . Ve
. Size Small Y Small

substrate.Some of the advantages of MEMS devices are Small
highly linear characteristics over a wide range of D“V“‘Egv‘)/““age 10-80 35 3.5
frequencies, low insertion loss, low power Culrent
consumption, high isolation, moderateswitching (mA) 0 3-20 0
speeds, easy to integrate into systems and very small Power Consumption 0.05-1 5.100 0.05-1
size [1]. RF MEMS components are mainly used as (mW) i i
inductors, tunable capacitors, switches, in VCOs, and Switching Time 1-300 ps 1-100ns | 1-100ns
resonators [2]. Series 1(‘5;'“3““ 0.5-2 2-4 4-6
MEMS switches were first demonstrated in 1971 by Cutoff Frequency 20,50 ) 050
Petersen [3] as electrostatically actuated cantilever (THz) ) ) o
a@sused to swit.ch low-frequency electrical signa}s. llsil(l]aggln Very High High Medium
Since these switches havedemonstrated beneficial (I' Tt z)
performance at microwave frequencies,different switch (105_(;3 (]}Oan) Very High | Medium Low
topologies havebeen investigated and tested. RF Tsolation ) )

: . . High Medium None
MEMS switches can be classified by actuation (> 40 GHz)
mechanism (electros'tatic, thermal, el?ctromagnetic, and (Ldol;; 0.05-0.2 03-12 0425
piezoelectric), axis of deflection (lateral or -

. . . . . Power Handling

vertical),circuit configuration (series or shunt), clamp W) <1 <10 <10
configuration (cantilever or fixed-fixedbeam) or 3rd order harmonics | Very good Poor Poor
contact type (capacitive or metal-to-metal {DC}) [4]. Integration Very good | Very good Very
A comparison of MEMS,PIN and FET switches are Capability good
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The main application areas of MEMS switches are,
signal routing in transceivers applications, phase
shifters in phase array antenna, impedance matching
networks, wide band tuning networks, reconfigurable
antennas, filters, programmable attenuators and SPNT
networks [6].

RF MEMS switches have beenpresented by Rebeiz and
Muldavin [7-9], Yao [10], de Los Santos [11], Brown
[12] and other authors in the last fewyears[13-16].

The organization of the paper is as follows. RE MEMS
capacitive shunt switch is discussed in Section
2.Ashbyapproach for material selection is explained in
Section 3.In Section 4, high isolation RF MEMS
capacitive shunt switch for Ka-band application is
proposed. Simulation results are provided in Section 5
and finally the conclusion is given.

2. RF MEMS CAPACITIVE SHUNT SWITCH

A shunt capacitive MEMS switch consists of a thin
metal membrane “bridge”’suspended over the center
conductor of a CPW (CoplanarWaveguide) and fixed at
both ends tothe ground conductors of the CPW line. A
dielectric layer is used to DC isolate the switchfrom the
CPW center conductor. When the switch is up (off), the
switch presents a small shunt capacitanceto ground.
Also when the switch is down (on), the shunt
capacitance increases. The schematic of typical shunt
capacitive switch in up-state and equivalent-circuit
model are shown in Fig. 1 [8].

MEMS bridge dielectric
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Fig. 1. (a) Cross section of a MEMs membrane switch
in the up-state [17], (b) equivalent-circuit model [8]

When a DC-bias voltageis applied between the
twoconductors, charges are induced on the metal which
tends to attract the two electrodes.Above a certain
threshold voltage, the force of attraction is sufficient to
overcomemechanical stresses in the material, and the
membrane snaps down to the downposition shown in
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Fig. 2 [17].
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Fig. 2.Shunt capacitive switchin down-state [17]

2.1. Pulldown voltage

The MEMS bridge becomes unstable at2g, /3, where
g, is the zero-bias height. The voltage at this instability
occurs in the pull down voltage and is given by [8]:

v s g, (1
P\ 27eWw

Where k is the effective spring constant of the
membrane,W is the CPW center conductor width, w is
the membrane width and £ is the permittivity of free
space. The effective springconstant of the membrane is
given by [8]:

32EtW  8o(1-v)tw
= +

k
L’ L

@

Where E is Young’s modulus of the membrane
material, tis the membrane thickness, L is the
membrane length, o is the residual tensile stress in the
membrane, and vis Poison’s ratio for the membrane
material.

2.2. Hold down voltage

The voltage required to keep the membrane in the
down-state is given by [18]:

A3)

Wheretd is the dielectric thicknessand &, is the relative
permittivity (dielectric constant) of dielectric.

2.3. Switching time
The switching time is calculated by [19]:

Vp
wV

0" S

t, =3.67
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Where @, = 4/k / mis the mechanical resonant
frequency ofthe bridge (mis the mass of the bridge), V4 is
the source (applied) voltage. The applied voltage is 2-3
v, for high speed switch [19].

2.4. Equivalent-circuit model

The RF capacitive switch can be modeled by two short
sections of transmission line with characteristic
impedance, Z , and a lumped series resistor—inductor—
capacitor model of the bridge, as shown in Fig. 1 (b).
The membrane of the switch is demonstrated mainly by
the bridge resistanceR,, bridge inductancel and
variable bridge capacitance C. The variable bridge
capacitance changes according to the position of the
switch. The impedance of the bridge is given by [8]:

Z =R, +j@f,L -

5
27t ,C ®)

Where C=Cy or C, and2zf, =@. The LC series
resonant frequency of the switch is [8]:

1
fo=—""—"F7— 6
0 27/ LC (©)

The impedance of the shunt switch can be
approximated by [8]:

1/27rf0C, for f «f,
Z =9R,, for f =f, 7

27f L, for f >f,
2.5. Capacitive ratio

The parallel plate capacitance of the MEMS shunt
switchis [8]:

Ly ®)

The down-state/up-state capacitance ratio is:

E,6. A
C t
Coraio =~ = ‘ ©)
C, [ &A ]+C
f
go+td/8r

Where C; is the fringing field capacitance ofMEMS
switches (C; =0.3-0.4 C ;) and A=w*W.

2.6. S-parameters
The relationship between the capacitances and the S-
parameters of the switch can be expressed as [4]:
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-jaCyZ,,
S, = ——u=0 (10)
2+]aCuZO

1

Sy =
it jacy 2,/2

(11)

Where Spjand Spare the up-state return loss and the
down-state isolation, respectively. The loss of a MEMS
switch is:

Loss =1-|S,,[" =[S

|2

(12)

In other hand, in the up-state and for S;;< -13 dB, loss
is given by [4]:

21

Loss = w’C;R,Z, (13)
And in down-state for Sp;> -10 dB, loss is given by [4]:
Loss =4R, /Z, (14)

3. ASHBY APPROACH FOR MATERIAL SELECTION
Materials selection is an important subject in micro-
technology. The Ashby approach [20] is widely used
for optimum selection of materials.The steps involved
in the material selection using Ashby approachare
illustrated in Fig. 3.

All materials taken into
consideration |low precision)

l

According to the application
requirement, screen the
materials (high precision)

l

List the screened materials as
per the objectives and seek
details based on the analysis

l

Final material selection

Fig. 3. Ashby approach for material selection [21]

3.1. Materials selection for a bridge

According to equation (1) pull down voltage is
proportianal to the square root of theYoung’s modulus
(V, =VE ). Another important parameter inRF
MEMS switch is the quality factor (Q = p_] Ywhere p
is the electrical resistivity of the material [22].In
MEMS switch low pull down voltage, low losses and
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high quality factor are needed. The following index
materialis defined:

IM1=1/Ep (15)

The material withhighlM1 value is suitable for
bridge.So the material with low the electrical resistivity
and low Young’s modulusmust be selected. Fig. 4 is
material selection chart with the electrical resistivity
plotted against the Young’s modulus.

10°4 Diamond
SiC
LW o —
‘o i F;Er Si
= R
o CAPd.py
(D 10! .Cu .Ta e o
~ ] «Au "
w 1 -5
A I
{ Ag°All g,
*Pb
10" | Polymers
10° 10”7 10° 10* 10"
p, (Qm)

Fig. 4. Young’s modulus versus electrical
resistivity. The lower left corner exhibited materials
with low pull down voltage, high speed and high
quality factor
(23]

According to Fig. 4, silver (Ag), gold (Au) and
Aluminum (Al) are the best material for having high
speed, low losses and low pull down voltage. Among
these materials, Aluminum is the optimal choice. Notice
at present polymers is not widely used in MEMS
application [23].

3.2. Materials selection for a dielectric

According to equation (3) and equation (9), hold
down voltage and capacitive ratio is proportional to
relative permittivity (&,). For a low hold down
voltage, high down-state capacitance and low up-state
capacitance the value of & must be large. Also for
having minimum losses, loss tangent (tand) must be
small. The following index materialis defined:

IM2 =g [tans (16)

Fig. 5 is material selection chart with the tand plotted
against the relative permittivity (material with a &,
between 3.9 and 25 have been selected). According to
Fig. 5, for a low hold down voltage, high down-state
capacitance, low up-state capacitance and low loss
silicon nitride, Aluminum oxide, Aluminum nitride and
hafnium oxide are the best diclectric layers.
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Fig. 5. Loss tangent versus relative permittivity. The
lower right corner exhibited materials withhigh

capacitive ratio and low loss

4. DESCREPTION THE HIGH ISOLATION
TWO BEAMS K,-BAND RF MEMS SWITCH

The structure of designed double bridge switch over
CPW transmission line and equivalent-circuit are
shown in Fig. 6. The length of midsection lineis chosen
such that the reflection from the first bridge and the
reflection from the second membrane cancel at theinput
port when the switch is in the up-state.
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Fig. 6. (a) Top view of designed switch in the up-state
[17], (b) equivalent-circuit model [8]

Theswitch is designed on anAluminum CPW line with
dimensions G/W/G=100/150/100 um (50 Q) for low
loss and highisolation for Ka-band applications. The
switch has 400um length (L), 120 um width (w) and
Ium thickness. The anchors with 1.5um height (air-
gap height) are connected to the CPWground planes.

The overlapping area between the bridge and the
dielectric layer, A=w*W, is 120pmx150pm. Thesilicon
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nitride dielectric layer has0.1 pm thicknesswith
dielectric constant of 7.6. Both bridges have the same
dimensions. The separation distance between the two
bridges, Lg, is 280pum. All the necessary dimensions
and material of thisdesign are given in Table 2.

Table 2. Material and geometrical parameters

Parameters Value
Al Young’s modulus (GPa) 70
Al Poisson’s ratio 0.33
Dielectric constant of Silicon Nitride 7.6
Length of the membrane (um) 400
Width of the membrane (um) 120
Thickness of the membrane (pm) 1
Dielectric thickness (um) 0.1
Air-gap height (um) 1.5
Width of the transmission line (um) 150
Distance between membranes(pum) 280
Dimension of dielectric (pum) 160*130

5. SIMULATION RESULTS

The proposed switch is simulated in up and down
stateusing HFSS software. The effects of various
geometric dimensionalparameters (different membrane
width and different dimension of dielectric) and effects
of the variousmaterials (different membrane material
and different dielectric material) on the switching
behavior of proposed designare studied and
simulated.The simulated S-parameters of the designed
dual beam switch in down-state are shown in Fig. 7 and
Fig. 8.

= = = DB, BM=Gold, DM=Si0,, W=100 um, DD=110un*130um
== = DB, BM=Gold, DM=Si0,, W=150 um, DD=160um*|30um
= === DB, BM=Al DM=Si,N,, W=100 um, DD=110um*I30um
s DB, BM=AL DM=Si;N,, W=150 um, DD=160um*130um
—»— SB, BM=Gold, DM=Si0,, W=100 um, DD=110um*130um
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Isolation (dB), S,

Frequency (GHz)

Fig. 8. Isolation in down-state

According to Fig. 7 and Fig. 8, return loss is -0.3 dB
and isolation is -47 dB in ka-band.The simulated S-
parameters in up-stateareshown in Fig. 9.

0---—"----?—‘**777———‘———

I o] AR IR IR < T
20—t
/A .
S = = = Insertion loss (S,,)
-30
|
| = Return loss (S;)
-40 ——— L - L L R —|
l l l l
| | | |
_50 1 1 1 1
0 20 40 60 80 100
Frequency (Hz)
e« DB
. BM=Al
e  DM=Si:N,
. W=150 um
. DD=160um*130um

Fig. 9. S-parameters inup-state

The insertion loss of the switch in the up state is -0.15
dB and the return loss is -18 dB. Table 3 shows the
results of the RF and DC simulation of the proposed
switch and similar switches.

Table 3. Results of the designed switch and
comparison with similar switches

0
e
~
m
Z 5
172}
w2
2
=]
Yt
g 10
o -
~
Frequency (GHz)
. DB: Double bridge
. BM: Bridge material
. DM: Dielectric material
. W= Width of the transmission line
. DD= Dimension of dielectric
. SB: Single bridge

Fig. 7. Return loss in down-state

Parameters Proposed [24] [25]
S11, Up-state -18 dB -12dB -18 dB
S21, Up-state -0.15dB -0.22 dB -0.18 dB
S11, Down-state -0.3dB -0.5dB -0.5dB
S21, Down-state -47 dB -10 dB -13dB
Frequency 27-40 GHz | 27-40 GHz | 27-40 GHz
Pull down voltage
(o =0) 81 s13v N/A N/A
Capacitance (Up) | 0.137 pF N/A N/A
Capacitance (Down)| 12.11 pF N/A N/A

145



Majlesi Journal of Telecommunication Devices

6. CONCLUSION

Highisolation dual bridges MEMS capacitive shunt
switch for Ka-band applications is designed and
simulated. The simulation results represent high
isolation in down-state and better return loss in up-state.
This switch has isolation more than -47 dB in 27-40
GHz and the pull down is 5.13 V.Aluminum and silicon
nitride materials are chosen for the membrane and
dielectric for having best performance respectively. The
designed switch is suitable for various Ka-band
applications including phased array antennas/radars,
impedance matching circuits, transmitters/receivers,
phase shifters and etc.
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