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Today'’s lecture

 Lateral vibrating resonator:
Comb resonator

— Working principle
— Detailed modeling
« A) "phasor’-modeling

* B) modeling by converting between mechanical
and electrical energy domains



| ateral and vertical movement

e |ateral movement in the resonator
— Parallel to substrate
— Folded beam comb structure

* Vertical movement (next lecture)
— Vertical to substrate

— clamped-clamped beam (c-c beam)
— free-free beam (f-f beam)



Comb resonator

Fixed comb + movable, suspended comb
Suspended by folded springs, compact layout
Total capacitance between the combs can be varied

Applied bias (+ or -) generates an electrostatic force between left anchor-comb and
"shuttle”-comb. Shuttle pulled to the left in the plane
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Figure 7.9 lllustration of a micromachined folded-beam comb-drive resonator. The left comb
drive actuates the device at a variable frequency w. The right capacitive-sense-comb structure
measures the corresponding displacement by turning the varying capacitance into a current,
which generates a voltage across the output resistor. There is a peak in displacement, current, and
output voltage at the resonant frequency.



Detailed modeling

 Modeling of lateral comb structure

— A) "Phasor’-modeling ala UoC, Berkeley
» Detalled calculations included

— B) Conversion between energy domains
* Material from UCLA

 |n next lecture, LNQO9, the c-c beam will be modeled with reference
to the book
— T. Itoh et al: RF Technologies for Low Power Wireless

Communications”, chap. 12: "Transceiver Front-End Architectures Using
Vibrating Micromechanical Signal Processors”, by Clark T.-C. Nguyen



The Lateral Resonator as a “Two-Port”

2-part Lateral Microresonator

C. T.-C. Nguyen, Ph.D. Thesis,

EE C245— ME C218 Fall 2003 Lecture 26 EECS Dept., UC Berkeley, 1334




Calculation procedure

A. Model the comb as a two-port. Analyze first the input port

B. When the comb moves the input capacitance will have a static and a
variable component

C. Find the input current versus displacement, X, when the comb moves

D. Calculate the input admittance, Y ("motional admittance”)
— D1. Find Y versus X
— D2. X depends on the electrostatic force, F, and m, b and k
— D3. F depends on the applied bias, V

E. Find an expression for Y (dynamic behavior)

F. Compare the expression to Y for a L-C-R-circuit and find equivalent
elements

G. Define and set up an equivalent circuit for the input port

H. Find the output current for a given input

|. Calculate the ratio between the output and input currents ("forward current
gain”)

J. Set up a two port equivalent circuit

K. Set up a complete two-port-model



A. Model the comb as a two-port. Analyze first the

Input port

%‘9 o Q1:C1VD
v, (¢) _I_Cl’{ , : dv, dC,
s - tH)=1()=C,—+v,—
G,(t) =1,(t) = C; at | ° gt

vy (t) =V, +v,(t) -V, =V, +V,cosat
VPl :VP _V1

The Lateral Resonator as a “Two-Port”

Vp1 = positive when Ve >V1

C.T-C. Nguyen, Ph.D. Thesis,
EECS Dept., UC Berkeley, 1994
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B. When the comb moves the input capacitance
will have a static and variable component

ZVECEUG KAm
/ Movable comb

/

[/ kg* |

Fixed comb FAST KAm 8

Ci(t) = Cyy + Cpu (1)

C, - Gh & x2H
g g
C,(t) = C,, (fixed) +C..(prop _with _x(t))

oC
C,(t) =C,, + L x(t
()= Coy+ Lo x(1)

2
£(x) = f(0) +% £/(0) +% £7(0) + ... & general formula



C. Find the input current versus displacement, X

i dv dC
'1(J[):Cld—,[D"'VDd—,[1
dv, (t 0C, ox dv, (t
¢, MO vy T2 [c (t)} 10N
_c dv (t) 8C (t) 0C, ax v.(t) aC, ox
ot Pla W H
dv (t) ac: ov, 8x oC, ox
=C =) -V, — =
odt ox (o at) "L ox ot

Y

%(X .Vl),_Where_V1 =V, Cosamt, X= X, cosat

(Xx-v,) = cos’ wt = %(l+ cos 2at)

\

double frequency, small contribution
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ov, (t) vV 0C, ox(t)

1, (t) = Coy — — Vi
ot ox ot
Current into the DC-capacitance "motional current”
t
C,[ (‘L‘)
g — tix

x> J
o T ! 7

/UT({')O :1TCO1 5’2/)( = Zl/vxo‘hbma/( (—f: CW\'.L)
— « °

. oC, ox(t) o ,,
L (1) =-V 1 — (. =L motional current
. oC, . .
I1x ( Ja)) = _VPl ox Jo- X ( J w) phasor-form of "motional current”

= current as function of movement (“displacement”)
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D. Calculate the input admittance, Y ("motional
admittance”)

« DI1.FindY versus X — Iyx ()w)

\/4 ()w) C01 V_BLJZ,X JW>

displacement

I - —
le(j(()) = i;X(Ja)) =—VP1%. Lo - X(JC())
(jow) X Vi(0®)  oage

« D2. X depends on the electrostatic force, F, and m, b and k

Y, (Jo)= Vplg jo- X(lo) F(jo)
x = Fy(jo) Vi(jo)
e ~—

voltage V1 creates an electrostatic force Fd

Fd depends of m,b og k
12



D3. F depends on the applied bias, V

Relationship between force and voltage can be found from:

U =1C1VD2('[) Potential energy, Vo is independent of x
2
ou 1 oC
F=== EVDZ (t) e non-linear relation
F=F+ fcosat, v, =-V,, +V,Ccosat Linearizing around a DC-point
F,+ f cosat = %(—Vm +V, COS at)’ 68—(:1 Substitute
X
= %(\/pl2 —2-V,, -V, cosat +V,” cos® t) %
X
%_J
cos2at —term
oC, :
f cosat =V, - v, cos wt e Comparing AC-terms
X
oC,
fq,= —Vpla—xvl(t) < LINEAR RELATION!
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F,(jo) = _VPl%'Vl(jw) In phasor-form

Fd(.la)) —=_V %
V,(jo) "L ox

Relation between displacement and force:

X(s) 1 ~ 1 kim
F,(x) ms’+bs+k k2

D2. X depends on the electrostatic force,

+—S+— F, and m, b and k
m m
@," =k/m, b/m=a,/Q Substitute
o Jkim _ Jkm
~ b/m b
X(S):i. a)OZ R l 6002
s=jw

Fd(S) k 32 +&s+a)02 k (0)02_0)2)"'_] é
X(jo) 1 !
Fd(Ja)) K [1—((()/0)0)2]+j &

W,
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E. Find an expression for Y (dynamic behavior)

Y, (jo) = v, & jo. XU@) F(jo)

ox "~ Fy(jo) Vi(jo)
:_VP1£° jo- 1/k .,
OX 1. o
[1—(0)/0)0) ]+J
2

oC
_y_
77 P1 aX

1/k

le(j(()) = 7]2 . Ja)
[1—(a)/a)0)2]+j @

2

le(ja)) — []Vl(Ja))

%,
OX

& n defined
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Calculation procedure

A. Model the comb as a two-port. Analyze first the input port

B. When the comb moves the input capacitance will have a static and a
variable component

C. Find the input current versus displacement, X, when the comb moves

D. Calculate the input admittance, Y ("motional admittance”)
— D1. Find Y versus X
— D2. X depends on the electrostatic force, F, and m, b and k
— D3. F depends on the applied bias, V

E. Find an expression for Y (dynamic behavior)

. Compare the expressionto Y for a L-C-R-

circuit and find equivalent elements

G. Define and set up an equivalent circuit for the input port

H. Find the output current for a given input

|. Calculate the ratio between the output and input currents ("forward current
gain”)

J. Set up a two port equivalent circuit

K. Set up a complete two-port-model

16



& Series L-C-R Admittance

The current through an L-C-R branch is:

N ) = 1) _ Joc .
[ Fjw) 1-lw/o,] + jloRC)
V -2 ;
C m, =LC

3w

Match terms in motional admittance -2 find equivalent elements

EE C245 - ME C218 Fall 2003 Lecture 26
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Current through the L-C-R-circuit

-~ T
T )
2 L V =1(sL+1/sC +R)
v T e 1(s) sC
~ % R V(s) $2LC+SRC +1
V(oo LU0 joc

V(jo) -a’LC+ joRC+1

Introduce 0% :%, WOZ%
V(jo)=p— A=
[1—((0/(00)2J+ JaoRC (] ] @
0Q
Re-_t -1 _JiC_ L1
@,Q @,RC  RC C R
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Which gives: Y (jo) = JaC

1—(wla)? |+ -2
[ ( 0)] Ja)OQ
Compare to Y, (jo)=n?- Jo-1/k
2 )
L= (0! ,)?]+ |
0Q
This results in:
C.=nlk
6002=k/m=1/LC:>LX1:£-m:£2.m:ﬂ2
Ck n k n
1 1 1 1 k VYm km
RC = = :>RX1:_. =— — )
Qao, Qvk/m C Qvk/m 7°Qvk Qn
n = Electromagnetic coupling coefficient
V(o)

At resonance the impedances from L and C cancel

| (@) = R
x1



Calculation procedure

A. Model the comb as a two-port. Analyze first the input port

B. When the comb moves the input capacitance will have a static and a
variable component

C. Find the input current versus displacement, X, when the comb moves

D. Calculate the input admittance, Y ("motional admittance”)
— D1. Find Y versus X
— D2. X depends on the electrostatic force, F, and m, b and k
— D3. F depends on the applied bias, V

E. Find an expression for Y (dynamic behavior)

F. Compare the expression to Y for a L-C-R-circuit and find equivalent
elements

G. Define and set up an equivalent circuit for the
iInput port

H. Find the output current for a given input

. (_Zal)culate the ratio between the output and input currents (“forward current
gain”

J. Set up a two port equivalent circuit

K. Set up a complete two-port-model 20



G. Equivalent Circuit for Input Port

A series L-C-R circuit results in the identical expression =
find equivalent values L4, C,, and R,

L 1 : I|I cC i
Ly=— ti?..l=;r— R kﬂf 11 =V, —-= electromechanical

2 X xl 2 «
n k on “*  coupling coefficient

_,'f I | At resonance, the impedances
A L, of theinductance and the
— Cx’l
R.r*l

capacitance cancel out =2
ol
.-
N er

EE C245- ME C218 Fall 2003 Lecture 26 0
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Calculation procedure

A. Model the comb is a two-port. Analyze first the input port

B. When the comb moves the input capacitance will have a static and a
variable component

C. Find the input current versus displacement, X, when the comb moves

D. Calculate the input admittance, Y ("motional admittance”)
— D1. Find Y versus X
— D2. X depends on the electrostatic force, F, and m, b and k
— D3. F depends on the applied bias, V

E. Find an expression for Y (dynamic behavior)

F. Compare the expression to Y for a L-C-R-circuit and find equivalent
elements

G. Define and set up an equivalent circuit for the input port

e H. Find the output current for a given input

|. Calculate the ratio between the output and input currents ("forward current
gain”)

J. Set up a two port equivalent circuit

K. Set up a complete two-port-model

22



H. Find the output current for a given input

oC

ilx (t) = _VPl 8—'[1

This displacement causes the output capacitance C2 also to change.
Output current due to displacement (v2 = 0V, short-circuited):

: oC oC, OX
L) =V, —%=-V,,—%—
0= Vea 5= Ve 5 o
1, (jw) =—VP25—CZ. jo-X(jo) In phasor-form

OX
: 1/k .

- (/@) ]+ -2

0

F(jo) :—Vplaa—():(l-vl(ja)) voltage - force - displacement - current

0C, 0C,
_ VoVe, X ox _ _
:>|z(Jw)=[ 2] jo-(1/k) -V, (jo)
1—(w/ '
(0l wy)” |+ ] 0,0
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|. Calculate the ratio between the output and input
currents ("forward current gain”)

"Forward current gain”

8C 5C

. -V X
= l,(jo) _ P2 8 Jo-X(jo) VP2 GX
| . (i oC, V. oC
xl(Ja)) _VPlg' ja)X(ja)) P1 a_xl

l,(Jo)=®y-1,,(Jo), V,=0

24



Calculation procedure

A. Model the comb is a two-port. Analyze first the input port

B. When the comb moves the input capacitance will have a static and a
variable component

C. Find the input current versus displacement, X, when the comb moves

D. Calculate the input admittance, Y ("motional admittance”)
— D1. Find Y versus X
— D2. X depends on the electrostatic force, F, and m, b and k
— D3. F depends on the applied bias, V

E. Find an expression for Y (dynamic behavior)

F. Compare the expression to Y for a L-C-R-circuit and find equivalent
elements

G. Define and set up an equivalent circuit for the input port

H. Find the output current for a given input

|. Calculate the ratio between the output and input currents ("forward current
gain”)

J. Set up a two port equivalent circuit

K. Set up a complete two-port-model
25



J. Two-Port Equivalent Circuit (v, = 0)

4
T

b21lx1 V=0V

EE C245 - ME C218 Fall 2003 Lecture 26
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Calculation procedure

A. Model the comb is a two-port. Analyze first the input port

B. When the comb moves the input capacitance will have a static and a
variable component

C. Find the input current versus displacement, X, when the comb moves

D. Calculate the input admittance, Y ("motional admittance”)
— D1. Find Y versus X
— D2. X depends on the electrostatic force, F, and m, b and k
— D3. F depends on the applied bias, V

E. Find an expression for Y (dynamic behavior)

F. Compare the expression to Y for a L-C-R-circuit and find equivalent
elements

G. Define and set up an equivalent circuit for the input port

H. Find the output current for a given input

|. Calculate the ratio between the output and input currents ("forward current
gain”)

J. Set up a two port equivalent circuit

o K. Set up a complete two-port-model

27



Complete Two-Port Model

("= G._c<>mzf T g o, v

Symmetry implies that modeling can be done
from port 2, with port 1 shorted = superimpose

the two models

EE C245 - ME C218 Fall 2003 Lecture 26
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Equivalent Circuit for
Symmetrical Resonator (¢4 = ¢, = 1)

C. T.-C. Nguyen, Ph.D.,

dlli"iﬂ i /::\_q}mim UC Berkeley, 1994
_ NS
1 I | ‘ :
E!I —- - 13
V) 0———-000" WA~ | T —+4—=—0 ¥,
el i - gl B L e gy o
I |
I |
Gnl Gu&‘
N /
| C,=05fF
L C R L. =200 kH
e i B b Ce R,=500kQ
- - Gm‘ ,G,_-,,u = 15 fF 14
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Alternative modeling

* B) Exploit conversion between mechanical
and electrical energy domains

— Slides from UCLA

e Supported by lecture notes -

30



T

Two-FPort Micromechanical Resonator
Using Comb-Drive Actuator

2-port Lateral Microresonator

.-,r
15 EE MZeDZ ' MAE MZIEL ' EMIE MIslE u
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Conversion between energy domains

« Both vertical and lateral resonator structures may
be described by a generalized non-linear
capacitance, C, interconnecting energy-
domains

/ g
. . to— o . .
Electrical domain v F Mechanical domain

- D._WQ@)_—-Q -

Transducer

Interconnecting where there is no energy loss

32



Procedure

First, transform the mechanical domain impedances to
an electrical representation

— The mechanical components are modeled as lumped electrical
components

NB! You are still in the mechanical domain!

- C=1k 91: | |
1
A4
_ R = m l—>F F -
b b
Spring-mass-dashpot system Equivalent circuit

Power-variables
— Effort = force - voltage
— Flow = velocity - current

33



Interconnecting different energy domains

1. Each energy domain is transformed to its electrical
equivalent

2. Domains are interconnected by a generalized non-
linear capacitance, C

3. Transformer and gyrator may be used for
Interconnecting if a linear relationship exists between
the power-variables!

— Problem: Transducer C is generally NOT a linear 2-port

4. Then, must linearize the 2-port transducer to be able
to substitute it with a transformer

5. The transformer can "be removed” by recalculating the
component values to new ones

— = Electromechanical coupling coefficient used! = turn ratio
— =2 Results in a common circuit diagram

34



Interaction between energy domains

e Suppose linear relation between power variables
— —> Alinear 2-port element can be used:
— Use a transformer or gyrator

h fa
é_

o — —0 +
Two-port e

2
element
- O O -

€1

Figure 5.11.  General two-port element.

power in = power out NO POWER LOSS

erifi+exfa =0 (5.41)
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Transformer

TRANSFORMER:
e _ n 0 €1 _ 42
(2)= (5 -3)(%) 54
h f
—» in €. = M- €
¥ 3 ~ f

A SRy

Transformer

"

n ="turns ratio”
Ex. V and F can be interconnected

36



Gyrator

GYRATOR:
eo _ 0 n e1
(2)=(_39)(%) 42
A )
= 5 <= €a =M 7—4
+ +
B -
Sl O - S

Gyrator

37



The impedances

2::«(5) = Z/m(z)

= coupling coefficient between
energy domains

2,90 =¢
e,

can be transformed

h D)
—>» 1n €—
e

[
+

Z;n(s) ‘. ggg ey | 29

= O

Transformer

n-
Z(s):_]c 1

2
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Lumped Element Model (Senturia’s Book)

]-r-‘f,/f;; ‘-‘x\_ Lumped Elsments In

-o—| - _~|_Machanical Domain
c ' ¥ m ."II 1
WV | F Fou 5 ‘__--"’H T'EErE:iT;a:n
- '
_ Equivalent Clroult
Transducer Load EIEEItET: Domain

. Linsarize 2-port capaciior | ” |
2. Impadannegrt atlar

[Gae HW problem Tor detalls] —_ —.

11 I
WL iy 16 EE MIZEDS | MAE M2EZ | ENIE MISDE I.l
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£
i i | <
‘:Il:l | i1 ] Y *_ v 'i"'"'l:'l',gl
l-;rq_ SraTE | 'I.'n.uT.lq_'-:r. Laad
Lingarized Equivalant Circuit
i i Transformer =
— - 1:n —g. MV
+ O _‘_ i 'ﬁ‘ J_
v -I-J.":ﬂ %Eé F ]- 1k
- c. =
Electrical | :
: Cil e Mechanical
Dhormiain > Dioimiii
ML G Wiy

Linearized Transducers

Fhyslcal Clrcult

E[:|IJI'|'HIEII1|: Clreult [I'-IlZlI'lIII'lEEr]
Fpoal Latemal Micmmeannsior

ol
17 EE WZE0Z | MAE M2s2  BME mzsoe [GHA
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Procedure

 Investigate relation between "efforts” and
"flows” In the 2 domalins

o Efforts: calculation procedure

— 1. Start with an expression for potential
energy

— 2. Calculate force
— 3. Look at perturbations around the DC-bias

— 4. Find the relationship between AC-terms
= Alinear relationship is obtained!

41



Relation between "efforts”

o
LA P
ar 2 ol

F=F_+ 1 sinicr)
F=F, +v-snfax)
P PR | &
F, + 1 -sinfex’ =7-1I,=|r +v-sin{ex ) —

=2lir, P +2-F, -v-sinfan) |25

ol
Lodl
F=F, —v #— ACtarmg
dx

effort (mechanical domain) = const. * effort (electrical domain)



Similarly for relationship between FLOWS:

Linearization — Small Signal Analysis

Relations bataasn “Efforta” Ralations betwean “Flows"
F_-E'H"_lr: il g=F-C
_&-_:I ol ol aY |, al .
_ I=F- —F .- ) =T. X
F=F,+ ] sin{a) ot al ot ¥

X=X, —x-sinfen) megative cign o
Fy +f -sinfr) = (T, +v-sinfar)) 25 o denattion of Row
: o j-__]: El’ dreatlon
1 e T i
FI.“.._]E+]-I1-_E-1--'5.I.11I:|:1E__|JE
r._i- -E.l - I!'.I:ta
& ke a:l.- J L EE
1:n
i " :
Linearized capacitive ':fi H Dl I'H,:‘-I -
transducer is a | A= 0 —_ I
Transformer =y . H,.-'RI«" E
i

Turm Ratio: # =]'-T_j__—

L T 15 EE MIslE | MAE MZEZ / EME MIBDE

F =F, +v-sinfax) I'=1I, +i-sinfex) /

o run'r

flow (electrical domain) = - const. * flow (mechanical domain)
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Current direction, mechanical domain

* Flow In the mechanical domain is defined as positive
Into the 2-port transducer

e Choose the current to go out of 2-port C. Then we have:
— Current goes into the electrical domain
— -2 Creates an attractive force on the comb
— = spring stretches
— —> potential energy is built up
— —> equivalent to charging of an 1/k-capacitor

— —>Current increases - charge on the capacitor increases 2>
attractive force increases - displacement (x) decreases

44



Compatible relations both between "efforts
and "flows”

« effort (mechanical domain) = n * effort (electrical domain)
e flow (mechanical domain) =-1/n * flow (electrical domain)

* A linearized capacitive transducer implemented as a
transformer can be used!
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Impedance Transformation

/i l:ﬂﬁ

S
Ef."i I::E} -‘ €.
Equivalent Impedanca In . s )
Elgctrical Domaln |’ f *i o ‘3'1 vy ai
"-u':li-.-" ,__-D _;.‘.II‘-\-?.-'I
1
Lo 1% EE MZE0E

Z(s)

3

Impedanca In
Mechanical Comain

rnf
MA&E MZEZ | EME MIsDE unl“
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Transformation of impedances

Inductor

Resistor

Capacitor

1
ZeI:F°Zmek

1 sm m
SI—eI :F Lmek _F: I—eI _F

1 b
ReI:F'Rmek:F
1 1 1 1 k n‘

— - — 2._:>Ce|—_
sC n® sC n K
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Small Signal Equivalent Circuit of Microresonators

J. Trﬂlli.funn-:r :
1:Fi

Electrical Hm:-ha.ﬂu:al
Dyomain < I — Diomain

Unit of n®k

Equivalent
Electrical Circuit

. .,r
WL T W 0 EE NMZE0E [/ MAE MZEZ / EME MIs0E “
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Both methods result in the same equivalent circuit:

Equivalent Circuit of 2-Port Resonator
(in Electrical Domain)

cl.n.l._- ; tl-l IJ

- L v il

C G
C.=051fF
a |l ! L. =200 kH
L, C., R, ’
Ca C. R,=500k0
Flxad slactrical /’ : - C..Co =15fF
Capacitance nd
Batwesn flxed comb ¢ - -0 P £ oo,
And ground plans " Aot W T Ve
m |

[ | | —
L4 ) L ol |
Mg

15

G T~ Hguyesn, “Rioromesohianical raconabors Tor oeollabore and fRsrs, " Procaedings
EEE Intarmiatlonal Ulkraconlss Eymmiposium, Saaits, Wa, pp. 283480, Mow. 7-10, 1986

M. T Wiy ]| EE WZslE | MAE MZ2ZEZ 7 EME MZslE

[
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Comb-Transduced Folded-Beam Microresonator

* Micromachined from in sifu phosphorous-doped polysilicon
Sustaining (It s
Amplifier-  Comb-Transducer P IR il s s
Anchors Shultle
Mass

Folded-Beam |
| Suspension

im

* At right: @= 50,000 measured at
20 mTorr pressure

*| Q= 2T at atmospheric pressure)

*Problems: large mass = limited e
to low frequencies; low coupling

P
WL . W 1 EE MIEDE | MAE M2EZ | EME MISOE I‘;ﬂ"

™ A | | ™
felEl sl JEGE  iBEH fEEE
Feeqamncy [Ha]
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Comb resonator, summary

Summary of modeling:

Force: Fe =~ dC/dx V "2 (force is always attractive)
— Input signal Va * cos (wt)
— Fe~Va*2 * 2 [1 + cos (2wt)]
— Driving force is 2x input-frequency + DC: NOT DESIRABLE
Add DC bias, Vd
— Fe~Vd”"2+2Vd*Va*cos wt+ negligible term (2wt)

— Keep linearized AC force-component ~ VVd * VVa, which oscillates
with the same frequency as Va: w

C increases when finger-overlap increases (comb
moves)

- ¢*A/d (A = comb-thickness * overlap-length)

dC/dx = constant for a given design (linear change, C is
proportional to length-variation)
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Comb-resonator, output current

« A time varying capacitance is established
at the output comb

— Calculate output current when Vd is kept
constant and C Is varying
e lo =d/dt (Q) = d/dt (C*V) = Vd * dC/dt =
Vd * dC/dx * dx/dt
e lo=Vd*dC/dx * w * x_max
* |o plotted versus frequency, shows a BP-
characteristic
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Comb-resonator, spring constant

Spring constant for simple beam deflected to the side
— k beam=const*E *t* (w/L) exp3
* E =Youngs modul, t = thickness, w = width, L = length

Example in figure 7.9:
— const=1=4*1Y; (e.g. cantilevers)
— Kk _total=2 *k_beam

) t m 1
Electrostatic Spring beam ; :ﬁ:lc ;:r i
comb actuator BT : y H
te plate ectrostatic sense ! f :
S P comb structure E " :
L] ]
TR E 'E E
1 ]
. ] 1
Motion ' i
i H
P N S e e Y 1
vO
0 Resonant frequency:
o 5 Kiotal
Output = 2z \[ my+ 0.25m+ 0.34m,

resistor .
kiotar = System spring constant

@ V(@) Anchors

ac input signal my, = Mass of shuttle
— Vp
'[ Drive dc bias m.= Mass of connector

mj, = Mass of spring beams

Figure 7.9 lllustration of a micromachined folded-beam comb-drive resonator. The left comb
drive actuates the device at a variable frequency w. The right capacitive-sense-comb structure
measures the corresponding displacement by turning the varying capacitance into a current,
which generates a voltage across the output resistor. There is a peak in displacement, current, and
output voltage at the resonant frequency.



Design parameters

To obtain a higher resonance frequency:

Total spring constant must increase

Dynamic mass must decrease
— Difficult to achieve because a minimum number of fingers are needed
» To have good electrostatic coupling (voltage - force)

— Process resolution determines how small the lateral structures can be
fabricated (geometrical design rules)

Frequency can be increased by using another material with larger
E/p than Si
— E/p is a measure of the spring constant relative to weight
» Elastic modulus versus material density

— Aluminum and titanium has E/p lower than Si

— Si carbide, poly diamond has E/p higher than for Si (poly diamond is a

research topic)
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