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Abdract

A novel time-domain technique is proposed for the analyss of
MEMS-based variable devices involving motion to arbitrary
inplane directions usng the adgptive body fitted grid
generation method with moving boundaries MEMS
technology is growing rapidly in the RF fidld and the accurate
desgn of RF MEMS switches that can be used for phase
shifting or reconfigurable tuners requires the computationally
effective modding of thelr trandent and steady-dtate behavior
including the accurate andyss of their time-dependent moving
boundaries Due to the limitations of the conventiona
time-domain numerica techniques, it is tedious to smulate
these problems numericaly. The new technique proposed inthis
paper is basad on the time-difference time-domain method with
an adaptive implementation of grid generation. Employing this
tranformation, it is possible to goply the grid generation
technique to the analysis of geometries with time-changing
boundary conditions. A variable capacitor that congds of two
meta plates that can move to arbitrary in-plane directions is
anayzed as a benchmark. The numerical results expressing the
relationship between the velocity of the plaes and the
capacitance are shown and the transent effect is accurady
modeled.

1. Introduction

The accurate knowledge of the eectromagnetic field variation
for a moving or rotating body is very important for the
redlization of new optical or microwave devices, such as the
RF-MEMS gructures used in phase-shifters, couplers or filters

[1,2]. Computationa method for moving boundary problems
have been presented earlier in heat and fluid flow area[3-6]. In
this paper, we propose a new numerical approach for the
andydsof thistype of problemsthet dleviatesthe limitations of
the conventiond time-domain techniquesin the e ectromegnetic
field [7-12] and shows good agreement with andytica results
[23]. Employing the trandformation with the time factor, it is
possible to apply the grid generation technique of [14] to the
time-domain anadyds of geometries with moving objects
With such a grid, the FD-TD method can be solved very eesily
ona“ddic’ (time-invariant) rectangular mesh regardless of the
shape and the mation of the physicd region, something that
makes it an egpecidly good tool to andyze arbitrary shape and
motion. In this paper, this Smulation method is gpplied to the
andyss of a two-dimensond MEMS varigble capacitor with
abitrary in-plane maotions of itsinterdigitated fingers.

2. General Theory of the Body-Fitted Grid Generation
M ethod with M oving Boundaries

This technique is basad on the finite-difference time-domain
(FD-TD) method with an adeptive implementation of grid
generdion. The key feature of thismethod isthet thetime factor
isadded to the conventiona numerica grid generation. Wehave
improved the grid generation of [14] to the present onehaving a
coordinate line coincident with arbitrarily shgped moving
boundaries or moving bodies. Employing this transformetion, it
ispossbleto gpply the grid generation technique to the andlysis
of geometries with time-changing boundary conditions. With
such agrid, the FD-TD method can be solved very eesily using
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atime-invariant square grid (rectangular computationd region)
regardiess of the shgpe and the motion of the physica region.
Employing the trandformeation with the time factor, the partid
differential equetion in the physica region (X,Y, Z,t) is
related to the computationd region (¢,77,¢,T) asfollows

X=X(£,17,¢,1), @
y=y(.n.61), @)
z=2(¢,17,6,7), ©)
t=t($,n,6,1). @

Theinversetrandformation isgiven by

$=4(x%Y,2), ©)
n=n(xy,2), ©)
¢=¢(%Y,2), ()
r=1(X,Y,2). ®

According to the tranformation, the first derivatives are
transformed asfollows,

d/0x 0/0&
d/oy|  |0/on
d/oz| | 0/o¢ ©
a/ot d/or

Theinversetrandformation isgiven by,

0/0 [o/ox
o/on| | o0/dy
djoc | - d/0z 10
d/or a/ot

where the matricesK and L are given by
0&/ox 0n/ox 0¢/ox OT/0x
_|9¢/0y onjoy dgjoy or/dy
0&/0z dn/oz d¢/oz 0t/oz
d&/ot anjot ac/ot ar/ot

1)
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dt/o&
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L=K™"= 12)

By this transformation, there is a unique correspondence
between the computationa region and the physicd region. The
tranformed region can be eadly solved in the rectangular
computationa region by FD-TD method. The stability criterion
for FD-TD dgorithmisdiscussad in [8].

3. Two Dimendonal Variable Capacitor with Arbitrary
Motions

The geometry to be consdered here is shown in Fig. 1. Under
the combined effect of mechanica and eectrical force, the two
plates are assumed to move with different velocitiesto arbitrary
in-plane directions. For the two-dimensond TM-propagation
case, there are only Ex, Ey, Hz nonzero components with a
time variation given by the following eguations,

oH, _ 1(0E, OB} (13)
ot ul oy 0x

OB _Lf0H, ;| (1)
ot &\ oy

oE 1(0oH

J:_* z +J 1 1
ot 5( ox y] (13

where €, | are the conditutive parameters of the respective
media. In Fig. 1, the configurations of the physica and of the
computationa regions are shown. The interdigitated fingers are
assumed to move to abitrary directions in the xy-plane with
velocitiesv and u, respectively and the direction of their motion
is shown by the angles £, and g, . Using a coordinates
transformation technique, the time-changing physica region
(xyt) can evolve to a time-invariant computationa domain
(é,n,1) . To transform the equations, it is easy to separate the
physica regionin 25 subregions, where (n, m) aretheindices of
each subregion in x- and y-direction. The number of subregions
depends on the geometry of the moving parts of the geometry.



Different subregions are characterized by different velocitiesin
amplitude and/or direction. The transform equations between
the physica and the computationa regionsare chosen as

— X=hy(t)

AT NCECS O R o
— y- gm—l(t) 1
7 g - g T 0
r=t (18)

where =1, 2, 3, 4, 5 nFl, 2, 3, 4, 5 and hy(t), h(t),
h, (1), hs(t), hy(t), hs(t), go(t), 9.(t), 9o (1), g5(t),
0, (t), gs(t) aewrittenin the following form assuming thet
the plate velocities remain congtant for the whole time of their
motion. a,_; , By, a@e coefficients to normdize the
computationa region. The coordinates X, X,, X3, X, , ad
Vi, Y2, Y3, Y, represent theinitia postions of the plates,

hy (t) =%, + (vcos@,)t, (19
h, (t) = x, + (ucosg,)t, (20)
hs(t) = %3 + (vcoso))t, (21
h, (t) = x, + (ucosg,)t, (22
g,(t) =y, +(using,)t, (23
g, (t) =y, +(vsing,)t, (24)
gs(t) =y; +(vsing,)t, (25)
94(t) =y, +(using)t, (26)

The functionshy(t), hy(t), hg(t), hy(t), cu(t), g(t), gs(t),
g« t ), describe the movement dong the x and y axis,
repectively, and dlow for the redization of a rectangular grid
with stationary boundary conditions, wherehy(t) =0, hg(t) =
Ly Qo(t)=0,05t) =L, 0s8 s360° 0 5§ <360°. By
choosing the angles, it is easy to goply this technique for the
anaysis of arbitrary motions. The partid time-derivativesin the
transformed domain (&n,7) can be expressad in terms of the
partid derivetives of the origind domain (xyt) usng egs
(16)-(26). The FDTD technique can provide the time-domain
solution of the rectangular (&,n,7) grid. The stability criterion in
this case is chosen as ¢ At < &/ 0.707, where 0 = Ax, = Ay,
assuming the grid is uniformly discretized in both directions. In
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generd, ¢ is the minimum space increment (minimum cell
gz6) for xand y directions[§].

4. Numerical Results

To vdidate this approach, numerical results are calculated for a
two-dimensiona variable capacitor withitsfingers moving only
to the x-direction. The grid includes 200x200 cells  whereL, =
L, =L =5\ Ax=Ay=L/200, and At =L/800c. Inthiscase, as
the plates are moving only to the x-direction away from each
other, the angles areg, =0°, 6, =180° and as the plates are
approaching other, the angles are 4, =180°,6, =0° . The
initial plate separation is L/5 and the grid is terminated with
Mur’s absorbing boundary conditions. The relation between the
velocity and the transent value of the capacitance between the
moving fingers, assuming that they dart to move away and
gpproach each other at t=40 time-step and stop at t=60 time-gtep,
is shown in Fg. 2. The capacitance is derived from [15] and is
cdculated in the area of Nno.43 in Fg. 2. Theoreticaly, the value
of the cgpacitance is derived from C = £9d, whered = A, S=
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Fig. 1. Physicd region (top graph) and
computational (bottom araph) reaion.
Ax1. The gtationary value (u=v=0) in Fig. 2, is agreed with this
theoretical vaue. It can be observed that different velocity
vaues lead to different vaues of the capacitance, since they
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affect the gpacing of the fingersfor agpecific t, time-gep. Fig. 3
displays computationd results of the time dependence of the
trandent cgpaditance for velocity vaues in the range of
u=v=2x10"3c to u=v=8x10"3c, assuming that the
plates move away from each other from t=10 time-step to t=60
time-gtep. The horizontd axis indicates the normaized time
expressed in time steps and the vertical axis indicates the value
of the trandent capacitance. The dationary vaue (v=u=0) is
displayed for reference reasons and demondrates a (smoother)
time-variation due to the time evolution of the excitetion
function itsdf. In Fig. 4, the time dependence of the trangent
capacitance is demondrated for various velocity values,
assuming that the plates approach each other from t=20
time-gtep to t=60 time-gtep. Following this gpproach other, the
anglesared, =0°, g, =180° and as the plates are approaching
other, the angles are §, =180°, 4, =0° . The initid plate
separation is L/5 and the grid is terminated with Mur's
absorbing boundary conditions. The relation between the
velocity and the trangent value of the capacitance between the
moving fingers, assuming that they start to move away and
gpproach each other at t=40 time-step and top at t=60 time-gtep,
isshown in Fig. 2. The capacitance is derived from [15] and is
cdculated in the areaof N0.43 in Fig. 2. Theoreticaly, the value
of the capaditance is derived from C=¢,S/d , where
d=A,S=Ax1. The dationary vaue (u=v=0) in Fig. 2, is
agreed with thistheoreticd vaue.

It can be observed that different velocity vaues|ead to different
vaues of the capacitance, Snce they affect the spacing of the
fingersfor a specific t, time-step. Fig. 3 displays computationa
results of the time dependence of the transent capacitance for
veocity velues in the range of u=v=2x10"3c to
u=v=8x10"3c, asuming that the plates move away from
each other from t=10 time-step to t=60 time-step.
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Fig. 3. Time dependence of trangent capacitancefor each
velocity, where plates go away from t=10 time
stepsto t=60 time steps.
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Fig. 4. Time dependence of trangent capacitance for each
velocity, where plates approach each other from
t=10 time- gepsto t=60 time-steps.



The horizonta axis indicates the normalized time expressed in
time seps and the verticd axis indicates the vaue of the
trangent capacitance. The gationary va ue (v=u=0) isdisplayed
for reference reasons and demondrates a (smoother)
time-variation due to the time evolution of the excitation
function itsdf. In Fg. 4, the time dependence of the transent
cgpecitance is demondrated for various veodty vaues
assuming that the plates approach each other from t=20
time-step to t=60 time-step. Following this gpproach for the
whole period of the mation of the fingers, it is easy to perform
an accurate andysi s of the trangient response of the structure and
predict the ringing parasitic effects. It is clear thet the trangent
effect ismore pronounced for the higher values of velocity.

Conclusons

A noved time-domain modeling technique thet hasthe capability
to accurately Smulate the trangient effect of variable capacitors
with arbitrary in-plane motion of their plates has been proposad.
This technique is a combination of the FDTD method and the
body fitted grid generation technique. The key point of this
goproach is the enhancement of a space and a time
tranformation factor theat leads to the development of a
time-invariant numerica grid. The numerical results of the
relation between the capacitance and the velocity of the motion
are shown for aMEMSS capacitor and demondtrate the proposed
technique’'s  unique computationa advantages in the modeling
of microwave devices with moving boundaries.
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