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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

 Lateral 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

— "Phasor’-modeling ala UoC, Berkeley
» Detailed calculations included

— Conversion between energy domains
« Material from UCLA

* Inlecture L11 the c-c beam will be modeled with reference to the
book
— T. ltoh 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 G218 Fall 2003 Lecture 26 EECS Dept., UC Berkeley, 1934




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



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

iInput port
i-gﬁ) : 0, =Cvp
o— 13
Uy (¢ —C . . dv dC
g G =00 =C, =2+ vp
Vo () =V, + v, (t) -V, =V, +Vv, cosat
Ve, =Vp =V,

The Lateral Resonator as a “Two-Port”

VP1 = positive when Vp >V1
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B. When the comb moves the input capacitance
will have a static and variable component
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< general formula



C. Find the input current versus displacement, X

i dv dC
Il(t)zcld—f-i_VDd—tl
dv, (t 0C, ox dv, (t
¢, MO vy T2 [C (t)} 10
_c dv(t) ac (t) oC, o ()Qa_x
ot Pla ot Y ox ot
dv (t) 8C OX 0C, ox
-C RV S
ot ox “(x at) "L ox ot
\ N J

%(X .Vl),_Where_V1 =V, Cosat, X = X, COS it

(x-v,) =cos’ wt = %(1+ cos 2at)

\

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

i1 (t) =~ Cos

VP
ot ox ot
Current into the DC-capacitance "motional current”
t
¢y (‘Lz)
—71 — x

+o._...——£

i ' .
/Uf(fg l:){fcwsz/x = Z pmothionad (‘1!: Cm4.>

—

I

0C, ox(t) Ry aC,
ox ot Lot

) "motional current”

ilx (t) — _VPl

s N 1 :
I1x ( Ja)) - _VPl Ox Jo- X (Ja)) phasor-form of "motional current”

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

« D1.Find Y versus X ) = I (w)
© N L
Valyw) Cor gj Zix (Jw)

. displacement

. 1. (o) oC, . X(jw)
Yx(Jw): X . ==V —1]a) .
1 V.(jw) " ox Vi(Jo) «_ voltage

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

| oC, . X(jw) F,(jo)
Y (jo)=V, — jo- ——F- =
' " ox F.(jo) V,(jo)

/

Fd depends of m,b og k voltage V1 creates an electrostatic force Fd

12



D3. F depends on the applied bias, V

Relationship between force and voltage can be found from:

U= EClsz(t) Potential energy, Vo is independent of x

o 1 oC
F=—==—v ). —= o )
ox 2 P (®) ox non-linear relation

F=F, + fcosat, v, =-V,, +V, COS it Linearizing around a DC-point

ac,

F, + f cosat = %(—VPl +V, COS a)t)2 . ™ Substitute

ac,

1 2 2
=§(\/P1 ~2-V,, -V, COS ot +V,” cOS° at) - ™

H_J
CoS 2wt —term

f cosat =-V,,-v,cosat - a@—cl Comparing AC-terms
X

f,, = —Vpl%vl(t) & LINEAR RELATION!
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: oC )
Fd(Ja)) = _Vpla—xl'vl(la))

Fuio) oG,
Vi(jow) " ox

Relation between displacement and force:

In phasor-form

D2. X depends on the electrostatic force,

F,and m, b and k

X(S)_ 1 _1 k/m
Fi(x) ms’+bs+k ko b, Kk
m m
2 _
@, =k/m, b/m=a,/Q Substitute
Q_Jk/m_%km
b/m b
X(S)_l a)OZ R 1 C()OZ
= —. s=jo |,
Fo(s) kg2 05+, (a)oz_a)g)+Jagt)
X(jo) _ 1 1
Fa(io) K i (wra)?]+ j-2
[ ((l) 0)0)] JQa)o
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E. Find an expression for Y (dynamic behavior)

o, X(jo) Fy(jo)

Y, (joo) = -V, <2
U= o () i

oC, . 1/k
_Vpla_xl. -
[1— (w/wo)2]+ J

@

0

oC
—v,, &
n P1 ox

1/k

) (_VPl

Vi (jo) =7 jo- ;

L (/) ]+ ]

Wy

L (jo) =] Vi(j)

oc,)
OX

< n defined
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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

K. Set up a complete two-port-model
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- Series L-C-R Admittance

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

+ ;= 1) _ JoC .
[ F(jw) l1-lw/o,] + jloRC)
\V 2
C m, =LC

 zn

Match terms in motional admittance -2 find equivalent elements

EE C245- ME C218 Fall 2003 Lecture 26
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— 1

T o )

%

= C

Introduce

Current through the L-C-R-circuit

V =1(sL+1/sC +R)
1(s) sC
V(s) s°LC+sRC+1

V(ioy- 4@ iaC
V(jo) -&°LC+ joRC+1

ok ot
L’ 4JLe
: jaC jaC
Y — . . —
(Je) ll—(a)/a)O)ZJJrja)RC []+ ] @
@,Q
RC = 1 0= 1 _JLC_ L 1
@,Q w,RC  RC C R
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Which gives: Y (jo) = JaC
b i@y

w,Q
Compare to Y, (jo)=n"- jo-1/k _
-0/ )]+ |
Wy
This results in:
C.=n1k
of =kim=1/LC=> L, =~.m_k m_m
C k o k n
RC = 1 = 1 =R _i. 1 _k \/ﬁ_\/km
Qm, Qvk/im ~ ™ C Qvkim #n*Qvk Qn?
n = Electromagnetic coupling coefficient
V(@)

At resonance the impedances from L and C cancel

| (@) = R
x1



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

. (_Jal)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 L, ¢, C,, and R,,

?."? I : o ceC :
Ly=— Cy= F R, = kﬂf 1 =V, —+= electromechanical
n k Cooon” cx

coupling coefficient

capacitance cancel out =

Vy

R‘ﬂ Ix'. - L

L * :
+ | At resonance, the impedances
a1 L of the inductance and the
g Rxl

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

* 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
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H. Find the output current for a given input

oC

i1x (t) - _VPl @—'[1

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

: oC 0C, oX
1, (t) = V5, 5—'[2 =V, 5—)(25

I2(jw):—vpz%- jo- X (jw) In phasor-form

X
. 1/k .

- (/@) ]+ =5

F,(jo) :—Vpl%-vl(jw) voltage - force - displacement - current

1, 86

PLYP2 A,
= 1,(jo) = KK —. jo- (1K) Vy(jo)
- (@r@))

[0)
° 23



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

"Forward current gain”

oC, . : oC

_ vy P x at')

= l,(Jo) _ 7 ox Jo- X(Jo) _ Ve, ox
(] aC, . o . . V. aoC
U v, G do Xy Y

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)

= . = *
+ Jr.k'*l [ | fz +
-
1 I, V=0V
IL;1 —C,, C, 0211y 3
- R‘HI -
PR !

EE C245- ME CZ218 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

» K. Set up a complete two-port-model

27



Complete Two-Port Model

xl
L / (o 1
4 e, _c<>m ol o
x g RxE

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

13
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Equivalent Circuit for
Symmetrical Resonator (¢, = ¢, = 1)

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

¢’12ixz i i‘_ ¢'21 Ly LIC Berkeley, 1994
.

I |
Ef - - .{3
V; O———1- 000 =AM~ | T —4—=—0 V;
B e - Rl o o
—t—|
Cni — C"I:IE'
" - 7
N
L C o L, =200 kH
e e L. oot % o ot Rl SO0 KO
= = Cu.C., = 15fF

14
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Alternative modeling

* Exploit conversion between mechanical
and electrical energy domains

— Slides from UCLA

* Supported by lecture notes -

30



| T

Two-Port Micromechanical Resonator
Using Comb-Drive Actuator

2-port Lateral Microresonator

T _r
15 EE NEZ=02 | MAE MZEZ | ENME MIz0E u

31



Conversion between energy
domains

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

domains
| g

. . *o—1 ¢ 0% . .
Electrical domain Y F Mechanical domain

- o——M0QO.9) o -

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= Tk => |
— L=m k > x N
1
A4
- R= m |—>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. 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

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

h fa
<—

+ —— ——O0 +
Two-port e

2
element
- O—i —0 =

€1

Figure 5.11.  General two-port element.

power in = power out NO POWER LOSS

erfi +exfa = 0 (541)
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Transformer

TRANSFORMER:

(2) - (

h f
> 1 €=

—— ——0
+ +

@ 88 =

_

Transformer

Ex.V and F can be interconnected

o 1) ()

M- €

[\
o
1]

{
(

Nn !

P

n ="turns ratio”

(5.42)
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Gyrator

GYRATOR:
eo _ 0 n €1

INE IS
hi b
—> § < eq =,
1_1) +
€1 €2
16 ook
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The impedances can be transformed

A f
'? 1:n e:
2(s) w0 . s
20(s) = Mj e A 8 « [
Transformcr-

= coupling coefficient between
energy domains

2,00=¢
e,

n -
Z(S)= f E =

L)

38



Lumped Element Model (Senturia’s Book)

]Fk,//-;- ‘-‘“\_ Lumped Elsments In

'°_| .- _|_Machanical Domain
c ' ¥ me ."II 1
wevg | F Fou b 4__--"’#! T’Lﬂﬁ:ﬂ?ﬁ:n
- !
_ Equivalent Clrcult
Transducer Load EleEItT: Domain

. Linaarize 2-port capaciior | ” |
2. |r11|:nﬂ-:|=an|:nangrt atlan

[Ga& HW problemn for detalls| —_ —.

11} I
ML Wi 16 EE MAZE0E | MAE MZEZ | EMIE MISDE I.l
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Linearized Transducers

Fhyslcal Clrcult

Equivalent Clrcult (Honlingar)
Fpoal Latemal fdcmmeannsior

Iy
f i | €
W, o -0 ] ¥, t N WY 4
!';r-:. SraITE | 'I.'n.uT.lq_'-:r. Laad
Linsarized Equivalant Circuit
Transformer
i I
— - 1:n —. TV
.y 1:.‘-_‘_ s 'ﬁ‘ J_
V -I-J.":n % F 1k
- c. =
Electrical | :
. Cil e Mechanmical
Dhamain > Daomain
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Procedure

 Investigate relation between “efforts” and
"flows” in the 2 domains

« 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
« = A linear relationship is obtained

41



Relation between "efforts”

T -
podT _LpaiC
agr 1 ox
F=F, + ] -sinfar)
F=F,+v-cnlax)

NP N |
F, + - siof o) =;'Zf¢ + %51 ex )" —

— 1 ' r o o . ¥ -.. -'.-II:
_Fl_I_II=I F+2-F -<.|:|-_.c1-.|;r;_|E
.
.-r.=il|j'. % J '.-I'-I:tarmﬂ
dx

effort (mechanical domain) = const. * effort (electrical domain)
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Similarly for relationship between FLOWS:

agr 1 ¥
F=F,+ [ sinfear)
F=F, +v-sin(ex)

Relations batasasn “Efforte”

Fyu+f-sinjew)=—(F, +v-sinfex)}” —
" Ll - 1 . L

Linearization - Small Signal Analysis

Ralatlona betweaan “Flows"

g=F-C
Al . aC ar . ac
‘T'r'a.- =i 'ai"a:'l'ar

I=1, +i-sinfex)

X=X, -x

X

-SIME0F]  msgative cign dus

fo definiitlon of oW

X c J__]- % dirsotlon
- ' r > N T { -.I- il
_FI'I'I"] +2-T 'i.lII_n:lH'___lE
.o
f=Fg - — % #— AC torms
dx
. Y 1:n
Linearized capacitive | J i . .1 (v 1 -
transducer is a A7l 0
Transformer L n ,.' E
) o
Turn Ratio: n =1

R T

i
E'.‘I.' il I
15 EE BiZsl= | MAE MIEZ F ENE MIsDE u

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

« Choose the current to go out of 2-port C. Then we have:
— Current goes into the electrical domain
— -» creates an attractive force on the comb
— =2 spring stretches
— =2 potential energy is built up
— -2 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”

e De
(f ‘/ttae, ?—- v M-V 0&' M = [/Jc(g—“
)3
l = .._./ . __(o_)__c‘ - — ___l .
de Hx M- X =4 X ol A

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

* A linearized capacitive transducer implemented as a
transformer can be used!
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i 1:n ;i

: |
Z. (5) —H’l‘__%% €5 Z(s)
[ T

Impedance Transformation

3

E[]IJ|"|'E|EIF|1 |I'I'IFIE-I:|E nean g i % . |I'I'IF]E'I:|EHI:-EI In
Elacirical Domaln |'r i B E IDI (v Mechanical Domain
-ls 1]
XS n
1
£,(s)=—542(3)
2

| T

ol
19 EE MZE0S | MAE M252/ BME mzsos | CbA
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Transformation of impedances

1
L :F'Zmek
1 sm m
Induct sL,=—-sL.,.=—=>L,=—
nauctor el nz mek nz el nz
1 b
Resistor R, = pra Rk = -z
1 1. 1 _1k_ . _M
Capacitor sC n2 sC n2 s el K
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Small Signal Equivalent Circuit of Microresonators

I Tmlli.funn-:r &
153

Electrical < I_} H’Jc:huu:al

Domain Diomain
Unit of n®k
]1 is Farad
| mvn’
+ O 'M‘
%1 . ~ac
V FK =T
- O I::UT 1 "=l 'Eh

A

Equivalent
Electrical Circuit

11 I
s EE WEZelE= | MAE MIEZ F ENE MZISDE u
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Both methods result in the same equivalent circuit:

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

':'_-\.I._- ; tl-l IJ

- - < il

C G
C.=05fF
T |l ! L,= 200 kH
L. C., R,
Ca C. R,=500k
Flead slactrical /# : - C..Co =15fF
Capacitance 3
Batwesn fleed comb ¢ - -0 P £ oo,
And ground plana . Ao T Ve
[FE] TI.'!

I —
e Lt |
Mg

15

G T-C Hguyesn, “Ricromesohianical raconabors Tor oeollabore and fRsrs, ” Procasdings
EEE Intsrmiatlonal Ulraconkoss Symipoclum, Saatts, WA, pp. 283480, Mo, 7-10, 1986

B W ] | EE BZalE | MAE MIEZ iV ESIE MIsDE

[
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Comb-Transduced Folded-Beam Microresonator

* Micromachined from in sifu phosphorous-doped polysilicon
Sustainin (Input) o
AmpﬁﬁEl:g - ""-'-u_‘__il"ir:.r--iﬂpnrru""l:

Comb-Transducer
Anchors Shultle
Mass

Folded-Beam
| Suspension

im

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

*1 Q= 2T at atmospheric pressure)

u II'II.H |l-II..i'.'I 'll:i-l- '|I-;|H '|I-;.i'l 180
*Problems: large I'I'I?H = limited S
to low frequencies; low coupling

7
ML £ Wy ¥1 EE MIEOE | MAE M2EI | EME MIEDE uﬂ"
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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/Md (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

* [o=d/dt (Q) =d/dt (C*V) =Vd * dC/dt =
Vd * dC/dx * dx/dt

e [0=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%*Y,
— Kk _total =2 * k _beam

. - 1 t 1
Electrostatic Spring beam i :ﬁ;c ;:::n |
comb actuator g i Y i
tanlat ectrostatic sense i :
SHILE et comb structure E fr !
] 1
e 1 :
i i i
Motion i : :
: i E
1 [ P ———
VO
° Resonant frequency:
e l Kiotal
Output " 2x \| myt+ 0.25m+ 0.34m,

resistor

G- vy(w) Anchors ktotar= System spring constant

ac input signal m, = Mass of shuttle

= Vp

'[ R 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. 53



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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