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Abstract: The influence of outside inertial shock combined with RF signal voltages on the properties of a shunt

capacitive MEMS switch encapsulated in a low vacuum environment is analyzed considering the damping of the air

around the MEMS switch membrane. An analytical expression that approximately computes the displacement in-

duced by outside shock is obtained. According to the expression, the minimum required mechanical stiffness con-

stant of an MEMS switch beam in some maximum tolerated insertion loss condition and some external inertial

shock environment or the insertion loss induced by external inertial shock can also be obtained. The influence is al-

so illustrated with an RF MEMS capacitive switch example, which shows that outside environment factors have to

be taken into account when designing RF MEMS capacitive switches working in low vacuum. While encapsulating

RF MEMS switches in low vacuum diminishes the air damping and improves the switch speed and operation volt-

age,the performances of a switch is incident to being influenced by outside environment. This study is very useful

for the optimized design of RF MEMS capacitive switches working in low vacuum.
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1 Introduction

( MEMS)
technology is on the verge of revolutionizing radio

Microelectromechanical systems

frequency (RF) and microwave applications. RF
MEMS switches have been extensively studied
during the last decade"' ™ for many applications,
including signal routing in transmission and recep-
tion applications, impedance matching networks,
and wideband tuning networks.

Shunt capacitive RF MEMS switches, as
shown in Fig. 1, may be one of the most extensive-
ly studied switches since they are also used in
phase shifting and time delay circuits, such as in
phased-array radars and communications anten-
nas,and also since they have the advantages of
low insertion loss, high isolation,low return loss,
low cost,and low power consumption compared to
traditional semiconductor implementations (such
as FETs or pin diodes) . But capacitive switches al-
so have a number of drawbacks,such as relatively
high bias voltage in the case of electrostatic actua-

Article ID: 0253-4177(2007)04-0507-07

' and dielectric charging® . To

tion'*', stiction"
solve these problems, encapsulating MEMS swit-
ches in low vacuum environment is one of the
most useful methods,which reduces the air damp-
ing effect of the structures. Nevertheless, RF
MEMS switches in low vacuum packaging may be
incident to being influenced by outside inertial
shock. Therefore, the investigation of the influ-
ence of outside inertial shock on MEMS switch
performance is of great importance for the design
considerations of RF MEMS switches.
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Fig.1 Schematic cross-section of a capacitive switch

in low vacuum

In this paper, the effects of outside inertial
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shock on RF MEMS switches are investigated by
the conservation of energy and the kinetic energy
theorem considering the air damping around RF
switch membrane working in a low vacuum envi-
ronment. An approximate energy balance equation
of the shunt capacitive MEMS switch system is de-
rived. By the investigated results in this paper,the
minimum required mechanical stiffness constant
of shunt capacitive RF MEMS switches encapsula-
ted in low vacuum in some maximum tolerated in-
sertion loss condition and some known mechanical
shock environment or the insertion loss induced
by external inertial shock can also be obtained.
Thus the results will be of practical use for the op-
timized design of capacitive RF MEMS switches.

2 Insertion loss of a shunt capacitive
RF MEMS switch

Because an RF MEMS switch is a symmetrical
two-port network, the reflection coefficient can
be computed by the following equation"™ ;

S, = Zn—-Z, _ A+ BY, - C:Zo - D
Znw+Z2Z, A+BY,+CZ,+D
Here A,B.C’,D are the transmission parameters
of the RF switch, Y, is the admittance.and Z, is
the characteristic impedance of the transmission

@)

line. Therefore the reflection coefficient of a
shunt capacitive RF MEMS switch is
Vi_1+0XY, - joCZ, — 1__ joCZ,
Vi 1+0X Y, + juwCZ, +1 2 + juCZ,
2)
where V| and V; are the incident and reflected

S =

RF amplitude voltages on the t-line, respectively,
w 1s the operating frequency,and C is the capaci-
tance of the RF MEMS switch.

For a shunt capacitive RF MEMS switch in
the up-state,the amplitude voltage on the capaci-
tor of the RF switch is

Vew = Vi + Vi = (S, + DV (€D)
For an incident RF signal of power P, the inci-
dent amplitude voltage on the t-line is V, =

V2PZ, .Substituting V, into Eq. (3) ,the rms volt-
age on the capacitor by the RF-power incident on
the RF MEMS switch can be computed by

1WCZo \ 57| —
2+ijZo) bz, | =

VilLrlns

N

szirms = ‘ VSW | = ‘ (1 -
v Z,P

\/1 + <“’C2Z°

€Y

;

where Vi, ms ZJZL)—P is the rms voltage of the in-
cident RF signal.

The insertion loss (i.e. voltage transmission
coefficient) of the shunt capacitive RF MEMS
switch can be defined by

S, = 201g(M) = 20Ig

sw_rms

oCZ, )2 )
2
3
From Eq. (5),it can be gotten that the inser-
tion loss of a capacitive switch is relative to the
capacitance of the switch. If the MEMS switch in
the up-state suffers from outside inertial shock,
the capacitance of the RF MEMS switch will be
changed.,and the transmission efficiency of an RF
signal through the MEMS switch will be influ-
enced. If a shunt capacitive RF MEMS switch
works in a low vacuum environment,the influence

1+(

will be enlarged.

3 Air damping of a shunt capacitive
RF MEMS switch in low vacuum

Air damping is usually the most important
factor in determining the quality factor of MEMS
devices. Therefore, to diminish the air damping,
the MEMS devices are encapsulated in a housing
where air pressure is in low vacuum (p <<
1000Pa). In this case, the quality factor is still
mainly determined by the energy losses to the sur-
rounding air molecules™® . If a molecule before en-
tering the RF MEMS switch microstructure has
the velocity components of v, in the x-z plane
and v, in the y-direction,the extra kinetic energy
gained by the molecule via collisions with the RF
MEMS switch microstructure can be computed by
the equation™”

yﬂ

(6)
where m is the mass of the gas molecule, ! is the
lateral travel distance under the switch,and y and

2 2
Uyo

(dy = ¥V

2]U2vo
. +
(d, — y)szo Y

Aek = %m[

)'; are the displacement and velocity of the MEMS
switch microstructure induced by the outside iner-
tial shock.

According to the Boltzmann statistics, the
number of molecules moving across the boundary
of the RF MEMS switch per unit time from out-
side to just under the moving switch microstruc-
ture is
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o = L(dy — y)ngjxf(u)udu 0
0

where n, is the concentration of the molecules,
and L is the peripheral length of the MEMS

switch microstructure. f(v) =/m/2xkTe ™ /%7 is
substituted into Eq. (7),giving

kT 8)

Noym — L(do - 2 m
T

y)no

Since the molecules under the switch microstruc-
ture come from peripheral four planes, we define

the average velocity of the molecules v =

V8kT/mm ,and k is the Boltzmann constant, and
T is the absolute temperature. Thus Equation (8)
can be written as

noyum = %n() ;L(d() - y) (9)

For simplicity, we express v,y and v, in
Eq. (6) by the average velocity of the gas mole-
cules,i.e.v=+3v, sv.z0 =+2v, . Therefore, the to-
tal energy loss of the RF MEMS switch micro-
structure to the gas molecules in the first quarter
vibration cycle induced by outside inertial pulse
shock is

AE‘quriair = %(OO EL % X

o 2 2 2
L [74(161140—&)”0052” + lAjé”Ucosw}d(wt) (10)
where py = nom is the density of the gas,y is the
displacement of the switch microstructure induced
by the outside inertial shock at time t,and A, is
the maximum displacement of the MEMS switch
membrane in the first quarter vibration cycle.
Suppose that the amplitude of the outside inertial
pulse shock a is large enough and the duration of
the shock At is so short that the velocity and the
displacement of the seismic RF MEMS membrane
at the end of the pulse is very small. Then the in-
ertial pulse shock response of the RF MEMS
switch encapsulated in low vacuum and whose air
damping is small in the first quarter vibration cy-
cle can be approximated as
0L r<<T/4
an
where w, is the natural angle frequency of the RF
MEMS switch, ¢ is the damping coefficient, and

y - y] eig Sinwol g y]sina)o t,

T = 2n/wy. Thus the average cnergy loss of the
RF MEMS switch microstructure in the first quar-
ter vibration cycle is

_g2.,2
Alsqur,air = %‘O() UL l 4ycllw0 X
0

/_1—);%(7(/2+y])+2(—1+y%)xl
: {arctan(yl/x/l -y - } X
1 arctan(Cy, — D //1 =y J

1 1 -, Iy
e — + 7[00 U“L — (12)
yivi-yo V6

where ;1 =y, /do.y, = Ay. To simplify the prob-

lem,we use the average value of [” and [,i.e.[* =
2a,b,/x"*", and a, and b, are the length and
width of the switch microstructure. If the atmos-
pheric pressure is P,, and the specific mass of gas
corresponding to P, is p.:saccording to the ideal
gas state equation, then the specific mass corre-
sponding to pressure P is py = (,o.di,/Pair)P,and for
pair/ Pair = My /RT , then py = (M,,/RT) P, where
M., is the molar weight of the gas and R is the u-
niversal gas constant. Therefore the average ener-
gy loss to air damping in the first quarter vibra-
tion cycle induced by outside inertial pulse shock
can be written as

M.
—mp x
RTP

V1= 3i(r/2+ 1) +2(— 1+ y9) Xl
< {arctan(yl/«/l -y - } X
arctan((Cy, — 1)/+/1 = yD) J

L+ L (L /ia,b,d) Py, (13)
JT—37 Br
where f, is the natural frequency of the RF
MEMS switch.

1
AL g e = Efo(Lapbpdo)

4 Effect of mechanical shock on the
capacitance of a capacitive RF
MEMS switch

If the RF signal through the MEMS switch is
V', the potential energy of the shunt capacitive
switch can be computed by the following equa-
tion,where the energy is relative to the state of y

equal to zero™® ;

E(y) = %kyz - %(C(y) —CHVE )

Here Co=eesA/do- C(y) ey A/dy (1~ y),y =
y/d,,and k is the spring constant of the RF
MEMS switch membrane. According to the de-
fined notation, the above equation can also be
written as
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E(;;) :Lkd(—; ;2_lx€€()Axv2><_.LN
2 2 " d, -y
(15

With the notation p = ey AV?/2di/kd, = F./
kd, ,the normalized potential energy equation of
the capacitive RF MEMS switch is

E(y) = lkdﬁ(? - 2p LN>
2 1-y
The initial potential energy of the MEMS

(16)

switch is E(}o),where }0 is the normalized dis-
placement induced by the RF signal through the
shunt capacitive switch, which is in the up-state in

the condition that ;)U is smaller than the normal-

ized pull-in location y ., .which can be computed
by the following equation:
dE(y) _
dy

~ 1
ikdﬁ(zy_zpiw? =0
2 (1 -y

an
We have the assumption that the amplitude

of the outside inertial pulse shock a is large e-
nough and the duration of the shock Af (At K

V2/w,") is so short that the velocity and the dis-
placement of the seismic RF MEMS switch mass
at the end of the pulse is small. Then the initial
velocity condition can be gotten, and is found to

be yo=a(A1).

Therefore, if the maximum normalized dis-
placement of the shunt capacitive RF MEMS
switch microstructure induced by the outside iner-

tial shock a is ;;1 »the energy balance equation of
the MEMS switch system which works in low vac-
uum environment can be written as

1

7MP(12(AI)2 = E(;)l) - E(S)()) + AEqur,uir =

%kdi(@? — ¥ - 2p

n ),
1=y -y

AE g air (18)
where M, is the mass of the switch microstruc-
ture,and AE,, .. is the average energy loss for air
damping in low vacuum,as shown in Eq. (13). The
above equation can also be written as

a(At) =

\/<wodn>2 <(S)T) - yﬁ)—Zp
19

Therefore,if a shunt capacitive RF MEMS switch
whose dimensions have been known is shocked by

y;‘ — y“ ~ >+lAEqur air
(1-yDA=-y»/) M, -

an inertial pulse @ whose duration time is At ,the

maximum normalized displacement ;11 (<;/max) in-
duced by the inertial shock can be computed ac-
cording to Eq. (19), and thus the capacitance
change of RF MEMS switches can also be ob-
tained. Thus the effect of the change of up-state
MEMS switch capacitance induced by the outside
inertial shock on the insertion loss S, can be
found by Eq. (5).

5 Result and discussion

To show the effect of outside inertial envi-
ronment on insertion loss of MEMS switches
working in low vacuum,as an example,we analyze
the capacitive shunt switch™'**1 whose dimension
parameters and schematic cross-section are shown
in Table 1 and Fig. 2,and which is assumed to be
encapsulated in low vacuum to obtain sufficiently
fast switch speed and decrease operation voltage.
The air damping of the MEMS switch in low vacu-
um can be computed according to Eq. (13). When
the switch is shocked by an inertial pulse, the
maximum reliable operation displacement (i. e.
pull-in happen) and initial displacement induced
by RF signal of the MEMS switch which works at
some radio frequency voltage can be computed by
Eq. (17).The change values of capacitance of the
MEMS switch in the conditions that the switch
has the maximum tolerated insertion loss and is
shocked by a different inertial pulse in a different
vacuum extent can be computed by Eq. (19). Ac-
cording to these, the effects in different kinds of
situations on the properties of the capacitive shunt
switch are shown in Fig. 3~Fig. 6. For easy com-
parison with the analyzed results, we define the
notation p=a (A1) /wid,.

Table 1  Properties of the MEMS switch under
shock study

Parameter Variable Value
Gap in open state do 1. 5um
Actuation area A 107000,.m?
Mass of membrane m 1. 3pg
Spring constant k 124N/m
Measured stiffness 2! K test 49N/m
Membrane length ap 332um
Membrane width b, 332um
Air pressure P <_1000Pa
Environment temperature T 298K
Universal gas constant R 8.3145
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a(t)

Fig. 2
switchH?

Schematic section of the capacitive shunt

From Fig. 3,it can be seen that the effect of
an outside inertial shock pulse on the insertion
loss is very evident. When outside inertial pulse
increases from 5= 0. 151 to 0. 971 (At is 0. Ims),
the insertion loss changes from 0. 1756 to 1. 944dB
if the air pressure is 1000Pa. When the air pres-
sure reduces to 600Pa, the insertion loss changes
from 0. 1811 to 3. 1024dB. Thus the effect of the
extent of low vacuum of the air around the MEMS
switch membrane on the insertion loss is also very
evident. The damping of air in a low vacuum envi-
ronment (<{1000Pa) around the switch plate must
be considered when MEMS switches work in a
badly inertial environment. From Fig. 4,it can be
seen that the minimum stiffness constant increases
from 73 to 476,33 to 350.,and 12. 5 to 278N/m for
maximum tolerated insertion losses of 0.5,0.6,
and 0.7dB at 2GHz and radio frequency signal
voltage V = 2.5V, respectively, when the MEMS
switch is shocked by inertial pulse from 3400 to
5000m/s*. If the air damping is not considered
(i.e. in a very high vacuum environment), the
minimum stiffness constant increases from 5.9
to 784, 624, and 531N/m for maximum tolerated

e
=
T

+ P-1000Pa
+ P-600Pa

Insertion loss,S,,/dB
— [\S] [38)
n =3 n
T T T

,_.
=)
T

=
W
T

4 1
1000 1500 2000 2500 3000 3500 4000 4500
Shock pulse a/(m/s?)

Fig.3 Shock pulse and insertion loss

insertion losses of 0.5,0. 6,and 0. 7dB, respective-
ly,when the shock pulse changes from 0 to 5000
m/s*. Therefore, the air damping is very useful for
the reliable operation of an MEMS capacitive
switch, for example, the minimum stiffness con-
stant of Coster’s switch''""'*/ working in low vacu-
um where air pressure is 1000Pa is 206N/m when
the inertial pulse is 4000m/s* and radio frequency
signal is 2GHz and V;=2.5V for a maximum tol-
erated insertion loss 0.5dB, while the minimum
constant of the switch increases to 444N/m if air
damping is not considered.

800

+5-0.5dB
700fF ©s-0.6dB
+5-0.7dB

600
g 500
€ 400

—> No
consider

—>Consider
air

g
=< 300
200
100

.

s 1 1 1
0 1000 2000 3000 4000 5000
Shock pulse a/(m/s?)

Fig.4 Shock pulse and k i,

Figure 5 shows that the insertion loss of the
switch increases from 0. 7901 to 3. 275dB at 2GHz
if the air pressure of the working low vacuum en-
vironment of the switch is reduced from 1000 to
550Pa when the switch is shocked by an inertial
pulse of 3800m/s* and 0. 1ms duration time. If the
duration time of the shock pulse increases to
0. 12ms, the insertion loss will increase from 2. 155
to 4.1868, even when air pressure only reduces
from 1000 to 850Pa.

4.0F X t-0.1ms
01-0.12ms

3.5F
b

3.0

Insertion loss,S,,/dB
[\
w

2.0

1.5

10 1 1 1 1 1 1

550 600 650 700 750 800 850 900 950 1000
Air pressure P/Pa

Fig.5 Air pressure and insertion loss
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According to Fig. 6, if the stiffness constant
of an RF MEMS shunt switch is 49N/m, which is
the
switch"'**) ;and the maximum tolerated insertion

same as the measured one of Costers
loss of the shunt switch is 0.5dB, its power han-
dling capability will be reduced by more than 90%
when the working inertial environment of the
MEMS switch is deteriorated from a = 3100m/s*
to a. = 3300m/s*. When the air pressure is
1000Pa,the maximum tolerated RF voltage being
handled decreases from 6. 5 to 0. 25V. If the maxi-
mum tolerated insertion loss of the switch is in-
creased, the switch can endure a worse working
environment.

3800

3600
3400

3200

Fo—o—t-o0 o o

3000 e
L

2800} T

1 1 1 1 1
2600 1 2 3 4 5

Maximum tolerated RF signal

Shock pulse a/(m/s?)

Fig.6 Power handle and shock pulse

Compared with the Coster’s model,by which
the fabricated MEMS switch can sustain shocks up
to 3800m/s* when an RF signal of 2. 5V is presen-
ted and the insertion loss is allowed to shift from
its nominal value of 0. 1~0. 5dB at 2GHz, the de-
vice can only sustain shocks up to 3270m/s” in the
same RF signal conditions according to the above
low vacuum model when the air pressure is
1000Pa. This is because the low vacuum encapsula-
tion significantly reduces the air damping com-
pared with the situation of air atmosphere encap-
sulation.

In this analysis, instrumented acceleration
tests typically report the load applied to the pack-
age rather than to the MEMS substrate. However,
for purposes of analysis, we assume that the at-
tachment mechanism (e.g., solder, adhesives)
does not significantly alter the shape or intensity
of the shock pulse®
effect of inertial shock using the energy conserva-

, and while analyzing the

tion method, it is assumed that the energy of the

shock signal is transmitted completely to the mi-
crostructure plate of the MEMS switch by the
spring between the microstructure and the sub-
strate. To simplify the problem,the above analyses
have not considered the effect of the holes that
are etched for etching the sacrificial layer and de-
creasing the air damping. Since the energy dissipa-
tion mechanism of the air in low vacuum is due to
collision between air molecules and the micro-
plate,the energy loss of the RF MEMS switch mi-
crostructure to the gas molecules in low vacuum
can be approximately computed by Eq. (10) ac-
cording to the size of the entity of the MEMS mi-
crostructure.

6 Conclusion

In this paper,the influence of the outside in-
ertial shock combined with RF signal voltages on
the properties of a shunt capacitive MEMS switch
encapsulated in a low vacuum environment has
been analyzed considering the damping of the air
around the MEMS switch membrane. An analyti-
cal expression that approximately computes the
displacement induced by outside shock is ob-
tained. According to the expression,the minimum
required mechanical stiffness constant of the
MEMS switch beam in some maximum tolerated
insertion loss condition and some external inertial
shock environment or the insertion loss induced
by external inertial shock can also be obtained.
The illustrated with an RF
MEMS capacitive switch example, which shows
that outside environment factors have to be taken

influence is also

into account when designing RF MEMS capacitive
switches working in low vacuum. For example, if
the maximum tolerated insertion loss is 0. 5bdB,its
power handling capability will fall by more than
90% if in a working environment in which the air
pressure is 1000Pa and there is a 3300m/s* pulse
shock;and when the outside inertial pulse increa-
ses from 700 to 4500m/s”, the insertion loss in-
creases from 0. 1756 to 1. 944dB if the air pressure
is 1000Pa. The results also show that the air damp-
ing is very useful for the reliable operation of
MEMS capacitive switches. For example,the mini-
mum stiffness constant of the switch example
when working in low vacuum in which the air
pressure is 1000Pa is 205N/m when the inertial
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pulse is 4000m/s* and the radio frequency signal is
2GHz and V, = 2.5V for a maximum tolerated
insertion loss of 0.5dB, whereas the minimum
constant of the switch increases to 444N/m if air
damping is not considered.

While encapsulating RF MEMS switches in
low vacuum diminishes the air damping and im-
proves the switch speed and operation voltage,the
performance of switches is incident to being influ-
enced by the outside environment. Therefore, this
study is very useful for the optimized design of RF
MEMS capacitive switches working in low vacu-
um.
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