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MEMS(Micro Electro Mechanical System)
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24 196000 2k A 71 o] H, ¥,
=, 7195 vio]laz 499 A 37E d=e
RozHe AEgie}. 19704 2 SolrMwA A
& 71 AA oA sl vle]a2mAld (Micro-
machining) ®E W3 #lo]aEmAld(Bulk
Micromachining)®] 7]& 7N&& 3-D optical
device, ink-jet & holography® A#s}gon],
19809 Fukel Eo1MWA thin-film 3-D &
& e H3e HAFE o]43d surface
micromachining 7]%9°] 270, o454}t =3
1990 3ol Sl X-ray lithographyE ©]
£3 LIGA(X-ray lithography, Electro-
forming, and Molding) 71%°] NLE=AA
high aspect ratio% Z+& FFZEE9 A|zto] 7}
A Hodck, & oA AS AR MEMS 7I&
o] 199013l ¥4t RF(Radio Frequency) 32
Hols} 71¢ £l HwA RF-MEMSeER= $41%

g, g A7AES] #AE B A
WA #HZ SoC(System on Chip), SoP(Sys-
tem on Package)®] 7FsAd$ A3 & &+ 9= 3l
e 7leE F5uka gl

%, 7129 22494 +2 €9 RF/Micro-
wave 2AFge] AUz sld HAE S5 %
o g o4 7beAdS AAshdA e Al
AE7E 7R Sl 718 3 Q g AN
k] MEMS 71%0] $451 9len =i A5Al
29 &£4& 4 sk T2Eo| AL 2 kA
< ¥}k =3 Alo) FZ(Control Circuit)S 4
Al Aztshked 7B 83 24191 PIN Diodevt
TR 7MH] 29HEE Aol Ay rn% &
459 £ MEMS 2942 FAEZ gler o
252 739 RockwellAe F-227]d A=
o] ¥ UHF Voltage tunable BPF AEE ¥4
st RF-MEMS7} A48Ee £ 47t 57
s, #2d Sl SAW Filterd 148 4
A SoC7} 7Fsdk FBAR(Film Bulk Acoustic
Resonator) & o]&3te 2439 d9EF o1}
Az} 71e el B A AHSo] WS Holx
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auew AgilentAb= 2001 AJA S ARG

o|¥% A A §& AT AHESo] #AY 7HeA
< 29l RF-MEMS 714 =3 483 = g
TARE SEeo g} dE Eo & power
handing ¢l packaging, 32 yield, ¥&
level®] AR}, AlgA 58 Holx 9lon} 7]&e]
Alg]lE CMOS, GaAs MMIC 3& 7|s%3} o
HE ks 7FeA gl B d7AES 39
Al Azt FAA Azhs FAe Hela 9t

ety £ §3%0e RF-MEMS 7164 o438}
of AAE 25 el HZ 2 97 AF =F
S5 AHET AT A%E A Be 713 E Abarl
g},

—
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A= Fejo} #2715 T oleA H$-
o8t Sao|tt. MEMS3AV|EZ:

type, micromechanical type, 2|1 FBAR
type ol cH1].

a%1.2 Planar type¥ sl slo]d 3417
& micromachining 71&-& o]-43}o] A2k 7o)
t}.(2) o8’ TRV 5 AuHl 2 gjo FHs
Aol ARE- Sk, s WHEQl gAe] 4]
srhs el glt,

=

Z93 planar

Microstrip Resonator  Microstrip Feedline

Shielding Via Grooves
18 1. 26.5GHz microstrip 317

Coaxial probe

Dielectric diameter = 1.5 mm
Probe diameter = 0.51 mm
Dielectric constant = 1.687

Brass top plate

38 2. Bulk micromachined Al2|2 HH|E|

type L2+
clamped-clamped, 83 free-free beam &
Z17] %o] e}, 23 2% Bulk micromachining
& o] 83t cavity®] ARElolt}, o] cavity 231719
unloaded Q#- 50601 Z7]+& 16*32*0.465mm
o} (1) vh&-2.2%& clamped-clamped FA17|&
cantilever beam &<l anchor’} 9lz, 1 %
ol#) electrode 719l W3t electrode Alo]lel 7}
AR 27} A8 g} o] w) ulojo] A} 7}a]
w cantilever o] o}z WeirtA Hx, w3
electrode Ato]9] AlHARA e ZolslAl e
o|ZA WsleE A2 bl w2} EA Fu}
F7h Wshe B4 Zeth 23 38 clamped-
clamped $21718] A1} &34 Aslo|r}(3),

2% 4o YelolE free-free beam Z37)E 4
M®] anchorZ beam$ F5olA A Hsle +25
Zt7] Wge | clamped-clamped E317]¢l u]s)
stiffness 7} A3 Q #= AHA 22 =c}(3).

clamped-clamped 33174} free-free beam
A7 FA FoE A MHzR U7 ool
HIodle QE it Brh 2o Fu g4
(0.5~6GHz) A AH&e] 7153 FBARS et &

Micromechanical cavity,
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38 4. (a) freefree beam &

Ale] Folx| i ¢jc}. Krishnaswamy ®B#l
ol o)F FIFeEH 1.5GHz~T7.5GHz 4
oA 10000149 Q & Z+= FA7IE AA
t}.(4) 2§ 5(a)« WrH4 $lq +3d% FBAR
A9 Bgolc(1).

I. 24

7F% odukzlql MEMS BPFY] e o 18
63} 2] I8 A= 2 A7As}e] BE Aolth5).

L=16um, WaBum
fm2um, de300A
WemBum, Vpu35V

fa::“ 2MHz

CasknPadarmance
L=17.8um, Wa1
h=2um, d=1.2
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Transsalasion [d8)
N it

T71el SAM ARX (b) BN

o419 tunable el A7HHE Hlojoird o}
g} Wshe A& U8 ol 83l W electrode A
ole] sRHAEA k& variable A FoEA
tunable & ¥ej9] FA71E HEATHSG). 2HTE
A& W% 1 57} IEE Y o] Fol=
AEY He FE Bk 7] ¥8 electro
flatting 71 AHSste] wigdgjel = & HES
Z%A7 LIGA 758 w5224 ASY He= 7
A& yA she g =3 A8 FHd6). a1 8=
LIGA ¥ei9] ARAl3 &4 Aolct,
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38 8. (a) LIGATXR AR28t BPF2 7% (b) SAM AR (c) LIGA HEQ 53 A

chee 99 FEel sk SUEAS A
7] sla) uelel dejol 2% P SeHT).
Yo Fadt gk And vl Hze 7
she AeRA AT} o) e T A
v 5 e 138 ) Hee e4g Ha8
o,

PuAe TEE 0|43

)
end-coupled filter, 28|12

4
2

BH&Z%+ SIR filter,
hybrid filterse]

oz, 27k 289, 10, 114 vehigich

aF 12w 7188 FeEd 5 d9E3 S Zde
ceramic resonator® AHE3 o] Hefolch(g).
ceramic resonatorg A3 Hele] Heje 419
edge coupled line®} v]5:¥F efjo|u} ~ERE]]
& AH3he o] ohg} ceramic FA171E AHEs)
o 3-poled 79 1GHz, 5-poled %= 2GHz
o] PGS Z+= 53 A9 EXE 2
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23 132 tunable & passband HES 73 AMHI Qi
&7] 94 cantilever AYAE A3 Do)} MEMS Phase shifter+ $4-8X10l AR-57]
(9). 29127} 23l w2t passband W& = A% BH2Z /sl e =3 MEMS Switch
A & 4 =E AA =Hsid, WS F3l ST s =i

Blasing pzé RF inpat

(a) (b)

"

Akl ) o
ol 114
- Vi ’x_ Weasewad
18 e Lo
8 : R N = »
. s 2 2
A
Yy ,ﬁ';ﬁ . L2
Aty
OB oW OX 2 oD
Frocumcy OHL
38l 13. (a) cantilever A9 (b) cantilever A%|XI@ 0|8%# tunable BPF
(c) up state® me| &3 Zn} (d) down state® mo| %3 23},
M. Phase Shifter MEMS 7]14-& o]-43 MEMS Phase Shifter

© pHEMT, MEMSFET, Varactor dicde &
Phase shifter= telecommunication 2} A} ¥k=A Phase Shifter S3 ge] 43o]x,
radar application 4 otelvboll 83 Compo- FAZ} 7B9H, 7HAxE sz, &4e) Act, 1%
nent® AM-E I 9t} Uubg o2 Phase Shifter o]+ MEMS Switch7t #7402 Fatslmg
£ o] EE o]43t H}o]E Phase shifter = & 7]AAQ 2o sluz Al2d g DC
2|3 pHEMT, MESFET, Varactor diode} 2 Af7F 98 §lo] A8 2n]E FHagez & 4 gl
o] wk=A 44} Phase shifter7} glor =3 o}
MEMS 71%¢% 14§ MEMS Phase shifter 7} =3} Isolation 54 4] FHojue},
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wbd WA Phase shifter + 2 % 4%}
lus ©J3t o]#%t MEMS Switch £ 2 ~ 50uS
ghe 71 53t Alzde] Al e =d 29047}
F33517] $ldiME =& DC Aol s He
Aol 9ldt.

_F<
x -4

J8 14. (a) HHEQ! Phase shifter
(b) MEMS Jl&i& OI®8 Phase shifter (10}

a8 15. 50( lined} HAER {48t Probe padili Szl
DMTL Layout

a3 158 DMTL-E single analog control
voltage® center conductore] 7}3teEH
Phase shifter2 ¥ "k Voltaged 37}
A)7}o) w2} Bridge?} center conductorel 7Hg
A A3}l e} Capacitance 9 3te] Z7lsHA
531 Phase velocity & 74 34 €t (11)

o|2]§t Phase velocity WEE o]43lo
true-time delay Phase shifter2 A8t}

DMTL:Distributed MEMS transmission
line
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38l 19. (a) Phase shifter® Circuit schematic
(b) 4Al®| Phase shifter ARXl A 2I0| 8,58mm
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38 20. (a) "Series” MEMS Capacitive switch 7%
(b) SRR

2% 199 Phase Shiftere- MEMS Capac-
itanced ©)-4% one-bit A &4 K/Ka =4
A el7] oltt. A ARE Bl 25GHzolA
180( $14 Hoj7} slz 1.7dB £4& 7K+ A%

& vepln] 35GHzelAE 270( 9 $4F Hele}
1.69dB] ¢4& 713t =8 0 ~ 35GHz ¥E
4 11dB4 Return lossE 71 qleh.(12]

a3 22014 R At o] o] At A
A Zo)7} 8.58mm ©]z CPW F2E 7% gle
o 117§¢] MEMS Capacitance® °]Fozig)t}.

DC Aste] 714 % AH=(UP-State)
Membraneo] $loll 9= A7} 5z DC ASkol
Y el wE MEMS Capacitanced]
Membrane®| B3 ol = Wei7k4 Down-State
7} €It} w2k Membrane o} 2 Wiz zto) wet
loading Capacitance g% 3718t =1 o] 24
Cgrol WA =}, o]¥ C Y W3E o] 8aly
S Aolg oA e

Dillpevatiol ] taan wbitt jimcpess]

“rezvency [ANZ

18 21. Down state 9 T &HIX| o &X%

SOHR siote
S-pammuta Ja0y
T d T

BH MG [dE)
ol 2w =3
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A=l 9t} Varactore MEMS bridge2t MIM
Capacitorg®] A& ZAYFLE o]Folx] 9ir}.(13)
Distributed Phase shifter~ Quartz sub-
strateel Az=e] 9tk 10GHzelM True-
time delay® &33l= ©| Phase shifter=
Reflection coefficienty 15dBRr} 2H& 3t}
180(/dB9] Insertion Loss& 7}tk ¢] Phase
shifter+ bias Voltage 3335522 Bridge 7}
down 3¢ Capacitancegte] WH3siAl =
Phase shift 34 =t}

38 22. (a) Insertion loss 9 Return loss &&gt ( UP &

] Y Y
— Mwaweltwpl  —— Mumwd k) ]
o] T Mokiedlopy  ——= Blodelsd (domap

ENRd m)
(b) Insertion loss 2 Return loss &zt ( Down
AENQ) m)
MBS G G
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o | B S ¥
b R | x s] |
0w
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________

8 23. (a) MEMS bridge # 0|28t CPW phase

shifter & MIM capacitors
(b) Distributed lumped 2%

(c) MEMS bridge 9 St

g .
T
§ Wt \ _,f"
[ y ol i
4 \ W ]
¢
.50 L
4 6 ] Hy
Fowgoucy (TFRES
L
“.“ T '

g
§ L2 | e Moesured (npi

e BT tap)
VB | e Meaguscd (dows!
e Ninbebeth {Acviad
L1 L L
4 [ 4 1]
Propavy (Gl

1% 23°] Wideband distributed Coplanar-
Waveguide (CPW)7-%& ¥ phase shiftere

ib)

28 24, TN Modeled 242 (a) Return loss

(b) Insertion loss

X- bandolA F2EEE A gl o] A4
Aol7l+ DMTLFEE 7|23 A glov
Varactor®] High capacitance zt& o]43}od A
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&3 clegrees

bracuency fiH2)

38 25. MEMS Phase shifter 9 &XX|a} DRIX|

by
(a) 3-bit distributed MEMS Phase shifter
(b) Close - up MEMS switch

a8 26.

1% 269 3-bit K-band Phase shifter +
MEMS Capacitive Switchs o]&3}o] F=ta})
Tt AAE BA 26GHzelA 1.7dB
Insertion loss 7} 4712 7dB A% Return
loss7} A=), (14)

3702] One-bit Phase shiftert® 2 180,
90, 8|3 45%9 944 HEHE JIAEE A E
ek, 47 MEMS Switch® F2A7o®
Phase shiftg A|7]4 =t}

24

Diifasuntial Phase Shitt (Dagires)

Fragueaney {AHz)

a8l 27. RE MEMS switching MENOM Differential
Phase shifter Z%%|

lap] ssoy umiay

sertion Lose 8]

1§ 28. 2E MEMS switching AEHOA Insertion loss
ot return loss &3

Low loss Phase shifter= RF MEMS
series  29*9  Single-pole four-throw
(SPAT) switch® &35 7122 AA o] g
o] Y14 Hol7]= 200um FA1 GaAs7|gol |2t
o olth, 54 A7E B 8~12 GHzolA 37

# 1.26GHz0IM 3-Bit Phase shifter data

Phase 0.0 45.0 9.0 | 135.0 | 1800 | 2950 | 270.0 | 315.0
States

Measured | 0.0 495 | 856 | 1433 | 183.7 | 2193 | 2629 | 3213

Phase Error | 0.0 45 4.4 8.3 3.1 5.7 71 6.3




[ 1852 - FE MEMS 7|55

&4o] -0.55dB |3 Reflection loss?} -17dB
olc}. 2-bit Phase Shifter= 18GHzolA HH
-0.85dB A:Ale] A7]8 DC~18GHz 744 434
&+ A A 3 & ik

SP4T

1]
a8 29. 2-bit Phase shifter (a) SP4T, and (b) SP2T

% 299 Phase shifter ¢ §2h& Atd ndd
a3 313} o] SPAT, SP2T A81A Bo| $2h&
st} 42b9] delay lineg ZAAsH =i olE ¥
84 Phase ShiftZ &l ®c}.(15)

< FROO m o r—g

Ype pad -
v
~Hioia
1 I
K ~ BEMT
- N ~~hh
oioe I ]
mmching
- eam

38 30. Low-loss SP4T 2-bit Phase shifter AIEl

=las Ancs

K
moichicg - oy
<] pend

38 31. 4-bit SP4T Phase shifter

SPATel 93|+ 8~12GHzolA Hd -0.504
-0.6dB9] <4 9A H12 2F 4719 StateolA]
Reflection loss¥ -17dB¥c}t =A] ¥t} (2
32)

77+ §, 3.0, 49.0 28]z 72,8Ps9 Time
delay® 74 slz 2] wal 25GHzelA 0.
90.1, 177.8 zg|lm 272.0° ¢ t©}& Phase
ShiftE 7HA =t (2333)

o] Phase Shifter¥ 18GHz7HA A3AE 44
sz H -0.85dBY Al -11dBEr £
Reflection lossE 7|2 Qitt.

inooion Loss (o8]
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a8 32.

(a) Insertion loss &HX|
(b) reflection loss &Ex|
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s o 1
-0 e
S .aan >~ ~. T A
= we T~ ~. ]
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640 | Py -]
P N
720 | S
Q00 L —
1] 10 2
Fraquancy [GH

38 33. SPAT 2-bit Phase shifter & phase shift ZXx

V. RF MEMS Switch

197019 bulk, surface micromachining
71€9 &3 o]¥ Petersond electrostatic
actuationg 583 cantilever beam type<
mechanical RF switch® #8 Ax&t} (16)

Movable 224l mechanical RF switche
dubd ez AME 9l PIN-diodett FET
switche} ¥lszsted 2 712 AHE x|z g},

Wide bandwidth, Low insertion loss
(0.02~0.2dB), Isolation (RF MEMS
Switchese off “elelA] air gapo] &AJ3}7]
ol CoffE Zerh. webd 0.1~40 GHzoAA $
$3F A2]A-& 1elt}), High linearity (32 &4

%), Compact design(um~mm), low power
requirements FETsY PIN-diode switchel]
Hgte] B2 Aol girt, Wk A91%] AF43lE 9
3 sAslor & FAMES X2 Qi)

Packaging(291x¢] Al2Ads} Agtsl= 4714
@7l aleleg AAl A4 AR:) High-
power handling(h¥-% 20~50mWel= 0.2~10W
744 power handling7§41¢] QA ¥ +5A
H20~80V)E& 878 A< Wt A(voltage
up - converter chip)e] B83lc} = shiel o
AL AR AL o] 4t HIE A Axlol w]she
L2j}. Membrane switcht 8sec, cantilever
switche 20secy Eo|c}.

Asel & FAHE <dzUE RF MEMS
Switch A+ 252 kel Hs} 2t}

Industry Academic
Raytheon Lincoln Labs
Rockwell Science Northeastern

Center University

Analog Devices

University of Michigan

Hughes Research
Labs

Purdue University

Thomson CSF

University of Hlinois

t}&-8 RF MEMS Switch® 71& /el o)
t}Fo] 2o} WA, RFASE Adsis whoi 2
74 contact type°] 9o}

-+ Metal-to-Metal contact(ohmic contact)
- Capacitive contact(metal-to-dielectric)

S7HE) R

|
5

2744 type OFF

:

T

ohmic contact type ON capacitive contact type ON
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]

FOM(figure of merit)
g dubdal 33,

—

R

2R, Cop 0] A9 vl A 7Ved 713
2 F95 F cut off FIHFE 4viEtY, GaAs

MESFETY PIN-diodedl ®]s] 10w} oAt & %
A GHzi A4} (17)

. MEMS 29149 W& &4, J& 714X #
S-S 9T =8 AR st M e F
5 °3‘51€— %koﬂ o8 A"}

Z5 £ F2 cantilever, bridge,
membrane TEE 50 A7 gon 294
on/off ¥WAldl wel series switch®} shunt
switchZ vhdoh. 22717 A=)zl 29149 F
2+ B3-S A A

MEMS Series Switches

9 23 F 7K E819 MEMS Series
Switches ¢ltk. (a), (b)E broadside switch
o] (¢)+ inline series switcho|t}. F Elgl9]
AolHL actuation®] el F (a), (b)E
cantilever’} transmission lines} 3] 2 (c)
v 4Xgd, FEAe Aole (009 A RF
signal®] inline switch® =dt} Aoz
inline switch AAE FAL A22 Azso} &

Swriten
Gartans

Fulll Doum
Elpcimise

Aneror

{a)

38 34. (a) One electrode

t}. wHH, broadside switch® contact H+& ¥
2% dgAy b vMA actuation
dielectric ¥+ dielectric/metal cantilever
¥+ fixed - fixed beam #eo]t}.

MEMS Series Switch®] electrical model

AAH 2 up-state capacitance® 2~4fF,
contact 1%, 40GHz7HA
insertion losse -0.1dB olslo]Z cut off
frequeucy= 30~80THzell o]},

resistancet

MEMS Shunt Switch

RaytheonAtelld A& AgKE  MEMS
Capacitive  Shunt  Switche]c}.(18),(19)
fixed - fixed metal beam tizke] FehgA F74
9] anchor’} CPW ground planed] $J#|3}.
Ao g gk F402 wHEolal membrane®]
ground §¥< & 4 3tk 10~60VY pull-
down voltage¥ Electrode(transmission
line)oll 7}to24 electrostatic actuationo)
dofdel. 2927} up-state positiond
ground$} Al3A  Ab7b low  capaci-
tance(25~75{F) 3% 29127} ON F2tsle] RF
signale] £3}3l7 =v, down-state positionel

ol (<}

(b) Two electrode  (c)lnline switch
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Anchor

- Digloclric

{a)

Ancher

Yo

4 1

A Memcrane

(" = T

Pull-Down
lectrode

b)

—-T_g—_-

Z Z
0 _,T c.cC, 4
L

{5

I3 35.

ME 1.2~3.6pF9 capacitancel £3) short
circuite] =] 2927} OFF &2k3iA ot vl
# spring constant’} 2 membrane type<
cantilever beam type 2t} ¥ A4S 873}
£ A 243 $=r} wiad, 2 & actuation
voltage® 9V7}A| HelE=l meander spring-
suspended switch’} 2E5+= 5 switch 7H41-&
3 A7t AR Sl 9k (20)

19954, dc-contact(series), capacitive

(shunt) switch7} 2EH o]F 25
0.1-120 GHz7}A ekt switchge] 753 §l
t}. &% RF MEMS Switchd] ¥ 74 94538
WAk clekdt B4l Alade] S8 Wbl o
A=),
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