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SUMMARY

In this project the key technologies for transceiver front-end modules for micro
PDAs are developed using MEMS technologies. The developed devices classified
into passive and active devices can be easily integrated and show high
performances. The passive devices are designed, fabricated, and evaluated including
RF MEMS switch, High-Q inductor, balun, transformer, MEMS filter, miniaturized
antenna. The switches show excellent RF performances and can be used in
reconfigurable RF systems including Multi-band/Multi -Standard RF modules. And
the novel fabrication processes for mass-production are developed for the high-Q
inductors. The inductors can be easily fabricated above IC and show high
performances. Wafer Level Hermetic Package and LTCC Package technologies are
developed for the package of RF MEMS devices and show high RF performances.
Also active devices and design libraries for Tx/Rx MMIC’s are developed including
VCO, LNA, mixer and power amplifier.' The developed VCO integrated with the
high-Q inductor especially shows high performances. The developed technologies are
expected to be building blocks for integrated RF front-end modules with high

performances.
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2 A= HEAYE FAHA MEMS 7]&S o] &3 nloj]ag PDAE 2/5GHz e x4
¥ RF MEMS X & (Switch, IF, RF Filter, Duplexer, VCO, Antenna's) ¥ WLHP (Wafer Level
Hermetic Packaging)s-¢] Front-end module #&d 24 71% /MYS W= ot

BGA Connection

RF MEMS & RFIC 2 &
(Switch,IF/RFFilter,Duplexer,VCO,
PA, LNA/MIXER, Antenna)

MIM Capacitor

Thin Film Resistor

>
-

Substrate MCM-D

& 1. RF Front—end module®] )H%tE

H 1. D0i2=2 PDAZ RF Front—end modulelt 2Z2] 2X Spec.

na = A

0%

- Tx ﬁLFJtDUt Power > +20 dBm
_ - Rx < 4 dB
Frontzend 1 £% Sensitivity < =100 dBm
= - Rx Input IP3 < =10 dBm
- Image Rejection < -80 dBc

- S& =0t4: DC ~ 6GHz
- &g =4 < 0.2d8
RF Switch — isolation: > 30dB
- & M <3V
MEMS & MMIC - 9 > 10’ cycles
Components

- SAF=0t=: 0.5-1GHz
MEMS IF Filter — Insertion loss: 12dB max.
— Rejection: 35dB min.
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MEMS & MMIC
Components

RF Filter/Duplexer

- BW © > 200MHz
- IL : < 2.5d8

RF MEMS VCO

b= 2/5GHzI S

M3V

FEH 1 -5dBm min.

~ SSB phase noise :
<-90dBc/Hz @100kHz
<-120dBc/Hz @1MHz

- 3J] : 5 x 5mm?

l
W Om g
¢ Jd

rﬁ
Ju
Ol
J
>

- 2/5GHz Dual power ( 100 mWatt, 1 W
- 0IS: 25 dB Ol &
: 30 dBc 04t
RE: 35% 0|4
- % dgh 3v

5x 5 mm?

3)

LNA

- Gain : > 15dB
- NF < 3d8
- VSWR : < 2.0

Up/Down Converter

- Gain : > 0dB
- NF < 10dB
- Input IP3 : > -15dBm

Tx Driver Amp.

- Gain : > 13d8
- NF < 8dB
- VSWR : < 2.0

Antenna

-S4 FU4 5GHz
~<=E=: 500 MHz Ol &
-0l > 10 dB (LNAXEE)
-3J] : < 5x8 mm?
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H o2 & 2ol J|avye M

gFe FEAoR PN MEMS d7F 3 fou $§BAHE THAMNE AA5ED
553 4TS o1 Ak W T oFFA SWAGATS AANGNA FFRES 2
Aste 7 Seslth Ty GUREY AL ok uFF Agolch wekd AFA o
923 & RF MEMS /19 o4& RF 94%% 2 37179 71e o] o704 Aot
AA o]FFA ©Ey] AR B AA WHAT stsAe] At E o] 7l&e PDA RF
module 2%} ojg} T E o]FF4l RF XE HEHEFE I royalty =5 AT 5 S
F=z AL Aol
S ST U U @Y
- Ka-band MEMS VCO % (98.4~99.5)
MAET (f=34.6GHz, Phase noise=110dBc/Hz@1MHz offset)
ez | COMA, PCSEHZIIZ Switch, IF & RF Filter, VCO, Antenna H¥E (99.6 ~
- 60GHz Tx/Rx front-end 28 MY (‘97~98)
- 4V S& Torsion Spring & MEMS switch & X (~5GHz Al S&)
KAIST — VCO with bonding wire inductor micromachined variable capacitor
( =122 dBc/Hz at 1MHz offset, 3.4% tuning range)
- 10GHz D8 MESFET, H&ES P-HEMT, HBT2 1 0IE8 2HES S
s=0 =0 M
- 2.0~2.5GHz GMPCS S22 Tx, Rx MMICIHZ
- RUSAUS AF otHILIHY (Electron. Lett., 32(19), pp 1741-1742, 1996)
- &g COHHILF AlAES AMS el ¥ CHEILINE, UstdXt38s =&d
Oot=0H 35(9)
— PCSZ narrowband =& T2 E| design, |IEEE Trans. Applied Super-
conductivity, 9(2), 1999
ETRI - GaAs =% EHEIIZ A0 g
— AGHzI Xl S&8t= resistive typel ARIX WY
Rockwell N
(aret& Al < 0.1dB, isolation: > 50d8, 21 2B SE, S XX 28V)
Ratheon TI |~ millimeter-wave WS WMA SZ6t= capacitive typel ARIX N
&4l < 0.25d8, isolation: 35dB @ 35GHz, &8 SEH, 30-50V)
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IMEC

- Integrated of passive componts for microwave filters in MCM-D,"Proc
of the 6th MCM Conference, 1997

— Spiral inductor integrated in MCM-D technology using the design space
concept,” International conference on MCM and High Density Packaging,
1998

- Chip package co-design of a 4.7GHz VCO," International conference
on MCM, 1999

— Chip package co-design of a 5GHz RF front—end for W-LAN," ISSCC,
2000

Conexant ﬁHBT MMIC®t LTCC Jl=2 2= module HE

Sanyo

= HBT MMIC® 6& LTCC JI=2 5x5 mm2 PCS MERg 2 &

Hel

r_,_'

University of
Michigan

- Micromechanical filters
(f=7.81MHz; 1.L.<2dB; Rej.=35dB, f=34.5MHz; 1.L.<6dB; Rej.=25d8
f=92.2MHz; Q=7450@10mTorr) )

-~ Low voltage Switch(Total loss=0.26d8)

- Low loss transmission line & Filter

L K CH

— Micromachined Filter

(Tunability:2.5%@32GHz, 12.5%BW, 3.8dB Insertion loss)
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A 1 A. RF MEMS Switch

| o 2y s

l.
4
I3
&

@ Concept design &

dAl=A &3

» Benchmarking 22 =4

» Switch Modeling for Stress & Modal Analysis

- AsF dADE
AW, Minimize Actuation voltage
=M, Maximize Natural frequency
ABH, Minimize self-deflection by gravity loading
— Actuation voltage®l 0ll&: FEM(ANSYS)E 0|88t
A, Simplified model® Analytic solutiong Ol&st

SotH =¥

= (?sE dimension

2 o
=
[e]]
0=

=
o

£3)
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o 2 ] = , of g - 24 )
» DI2 idea &=
30
—> < 250
300X300
t=1.0
© SAITSsXA 2 JI2 idea 60
=
18 3. 2s5 giot
> SHU A
material &% ' E(Gpa) | Dersity(to/n?)
» MaterialGil +2 g g’g 1899238
= Al H T MNX
= ol dlmenSIon\ao <THE>
1) switch on
.capacitance = 4.0 pF
.insertion loss = 0.169 dB
2) switch off
.capacitance = 0.07 pF
.isolation = 41.1 dB
3) on/off ratio= 571
.insertion loss=0.2dB
.isolation = 40 dB
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© EM o &

e
4
11
&

» EM test

8 4. EM simulation

- Insertion loss ¥ Isolation2 BtEAID]|D] st

dimension &% |

- &5 dimension Z&

> 2d

— SOLID45 element (Symm. BC)

- Spring Length = 120 um-

— Spring Width = 20 um

— Dielectric Material : PECVD Nitride
E = 210 GPa,
density = 3100 kg/m3,
Thickness = 0.2 um

- Spring & Contact Layer : Gold(Au)
E = 50 GPa (electroplated film),
density = 19280 kg/m3,
Thickness = 1 um

- Node no : 9000, Element no : 8000

16




© Switch &3

» Structure Design &
Electromagnetic Analysis
» Package pattern, test
pattern &

e
4]
[
o

» Package pattern, test pattern & A
Quartz Loss tangent = 0.00033

Frequency range
1. 824~894 MHz
2. 1850~1990 MHz
. Insertion loss is less than 0.1 dB ( S21 > -0.1)
. Isolation is more than 30 dB (S21 < -30 dB)
. Cw =50

-—

SN
Q
I
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© Switch M
» Mask ALY R
> RIA (STO)SH
X2 &g
> OHEZ PR
patterning S & &9

» MASK HI#

» HEE proto

1% 6. 2HE Mask

type

2 7. H&E Proto type

2 8. MRS Switch 22 SEM AMA
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1.1. CPW Line &}

RFE 2137 AS5E FAHoN Arje 49 HAsE 9t Ao S, £ @ HAA

el A4S HAHHE darvt doh. 2yt CPW Line 9ol wlojaz FxEo] XA =
o=z @A CPW Line Loss¥t n8dsixE HH3E & 4 glvh 2322 B HA 2 s
= TEEZHA 2T AEE 3] 43 FuldAEA J23] AFAH FA 2R A2S 23
stRon vlolaZFREHR] wEAL(self-actuation ¥ isolation)S 3t FZT AL 2

>

Eﬁézjlo] ;1823

o7 AAAC

¢

i

NS

L =1000 pm

18 9. HAE 28 CPW Line Model & QIXIE 9

0.05 T T T T T
i
CPW (for Au) —O— 900 MHz
004 w =100 um —0— 1900 MHz |
g= 60um
. “h =400 um
3 L R i
E 003 : ]
g 8
2 oozt N 4
5 0.
o oo -0—o— -—0—
001+ G OO O O]

0.00 L I 1 i 1 '
2 4 8 8 10

Thickness (um)

18 10. MO0 Cher a2
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100 T v T T T 0.07
o 9
- G=f(W), Quartz, & = 3.8, H =530 um, tand = 0.001 4 0.06
) /
of | p
| W G Loss 4005
4 40 6 0.06198 =3
oF 0 60 8 0.04106 ] £
3 8010 0.03084 004 3
5 \ {100 12 0.02476 a
= m] " {15017 0.01668 ooz =
O w©fF . % 20023 0.01217 Sl
ju g o] 30035 0.00799 2
. /7/ 600 92 0.00347 0z G
0. o
E o B-
o~ g 4001
Ooo T
[ L ! + 0.00
0 100 200 300 400 500 600

iy MRS SRRRER

o
it e easﬂﬂ B 2.8 o EE M
S i e ¢ et it
s M :
C #orEED B
1.9 G
g
o - &
B /’WM
% N 1
H i
- . ;‘4 .. v
e sroe USSR
O SRR G R, SPORIRG ¥ | LLUWA

2t (Au, 3pgm M, 100pm =, 12pm EXH2HA)

|
o
ro
o
e
>
0%
Y

D FAAN 2 ) AEE B3] quartz 7| BA AsHe & TR AARI AR

1. Ay, 3um 57|, 100um %, 12um HA 74
2. Au, 3um F7, 50pm X%, 6um FA XA

1.2. Poly—Resistor &M

RF 257 dshs BF&Fos Adz FrHl 8171 faiMe JAded A5 & AgS
dAstefol g} o] AL F@sy] 15t =43 poly siliconS of&3hEw] oW AYE
dAslor & FoTt itk o] & 95t ADSE o] &3 FASHA7IHl AHEE AT

Rt
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....... B A NN
k2 Y < < A Tapro
. Farmi L AR 7 £2 Term2
Numati o 0229 oF | RYLUGEZR R T im0
Z=50; Ohm R=30 "k Ohm Z=50 Ohm

]

& 13. Circuit simulation

L ‘ e toae
o 5 10 15 20 25 30 35 40 45 50 55
Resistance (k-Ohm)

8 14 Mgl E &4 A2

At 24 PPe olg3tel 24 ARSAE o 30kl h

A& mpela2F2Eo] &3l RF A5E 55 & A s 29
Age F2BY F¢ 2 BHY YHY WAV Ak TUEE 7RI

8 13, 29X 2sdiA 2D (Rs= )
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Pullin Pracess X
Convergence to-Stable Egulizrium

18 14, AL step8 ARIX B

20E-07
156-07
1 0E-07
50E-08
00E+00
~50E-080D
~10E-07 |
-156-07 |
—20E-07 |

g 15, ds oA 2

i 1 : -
SAIT/AElab 20.0kV 12.6mm x4.00k SE(M)

I8 16. WlZ2uty &8

AE D 3VAA FF] A e ¥4 2 24E 2AsAG A8 728

ok 0.8N/mo]t}.
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1.4. SAIT RF MEMS Switch with a Novel Movable Plate

1.4.1. Current Research : Verification of Limit Technology
a. Insertion Loss vs. Contact Force
: What is the minimum contact force required to satisfy the insertion loss Spec.?
b. Minimum Driving Voltage
Mechanical design considering deformation of moving plate
c. Power Handling Capability

: Effect of various contact materials

1.4.2. Mechanical Design

: Evaluation of driving voltage considering deformation of moving plate

due to the stress gradient

2 17. Finite Element Analysis of a novel movable plate

H 2. Design parameters of a novel movable plate

Model 1 | Model 2 | Model 3
Ra (pm) 120 150 170
G1 (pm) 20 20 20
Wh (pm) 20 20 20
Contact force 48 34 40
Restoring force 256 188 223
Driving vol:(age 30 15 8

23



1.4.3. RF Design
a. Series metal-to-metal contact switch
b. IE3D(MoM) filed simulation

c. ADS circuit simulation

Frequency: 1.9 (GHz)

8321.29 fAtm)

5 fmicran}

Electric Current

13 18. EM simulation of a SAIT switch (IE3D)

S21 [dB]

Rc [ohm] »

Rm Lm
R=0160hm L=0.3nH
R=

£
Rb
R=15 kO hm

Rc
R=Rc

==

SNP
File="cpwL500.sp"

Term2
Num=2
Z=50 Chm

e
|rﬂ‘q| S.-PARAMETERS I

VAR1
Rc=0

r;‘,é,’| PARAMETER SWEEP I

Sweepl

18 19. Rc (contact resistance) vs. insertion loss
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1.4.4. Fabrication

B23758B.18.8kV

1.4.5. Measurement

Xis

18 20. A fabricated SAIT switch

H 3. Measurement results of SAIT switches

Insertion Loss [dB] 0.17 @1.9 GHz
Isolation [dB] 56 @1.9 GHz
Reflection [dB] 33 @1.9 GHz
Driving Voltage [V] ' 18
Switching Speed [us] 50
Lifetime [cycles] ~2,000
IP3 [dBm] Resistive contact
Power Handling [W] >2.5
0.0 0 o
= % M s
= --20 5]
@ .02 : 2
° r
< 40
= o
& -0.4- =
0.6 ; . , [ 80
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freq [GHz]
18 21. RF Performance of SAIT switch
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1.4.6. Reliability evaluation

a. Lifetime evaluation
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& 22. Lifecycle test of a SAIT switch

b. Power handling capability evaluation

-20dB
I
Signal l () cy—p—\ou ° m
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Power isolator block
Amp.
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atten -"
Power
Meter
— — L g
DC
-20dB
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Termination

8 23. Test of power handling capability of SAIT RF MEMS switches {(1.9GHz CW used)

H 4. Power handling capability of SAIT switches

Hot switching >6W

Soft switching | >5.5W
Hard switching| >3.0 W
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18l 24. Power handling vs. contact material
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A 2 A. High-Q Inductor
2.1. Design of high—Q inductors above—RF IC

A SAIT high-q inductor are shown in the following figure. The low-k material, BCB
(BenzoCycloButanes), is used to minimize the effect of Si substrate (Resistivity= 1-10 ohm

cm). Also thick Cu (10um) electroplating is used to reduce the series resistance of the coils.

& 51. Mask layout of a SAIT ‘high-g inductor -

# 5. Design parameters of a SAIT high—qg inductor

Type R Rectangular { Substrate Test Si
Diameter | D 500 um BCB#1 10 um
Width W 30 um Metal#1 Cu 3 um
Space S 20 um BCB#2 10 um
Turns T 25 Metal#2 Cu 10um

45



The following figure show the IE3D simulation result (current distribution) of SAIT

inductors.

g 52, Simulated SAIT inductor

Then the obtained S-parameter is exported to ADS to extract inductances and quality
factors. The following figure shows the S-parameters. (S11 in Smith chart. S12 in log
magnitude) -

Use with S-Parameter Simulations
Reverse Transmission, dB

om

1 [

T
\
i!
|
|
|
n
u
dB(S(1,2))
&

7 "

R B e . e e e
freq (45.00MHz to 10.00GHz) 01 2 3 4 5 6 7 8 9 10
freq, GHz

18 58. Measured S—parameters of a SAIT inductor

Finally the quality factor and inductance is calculated and presented in the following

figures. The quality factor is as high as 35 at 2GHz.
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@R Q11=-imag(Y (1,1))teak¥(1,1)) L21=imag(1/ (2, )(2*pi*freq)

rﬁl 7 5E-9 3% !
] é * b " . = i
— [\
og n { ~ %o
] | 1E- }
]
-10. i T . T T T i y 0 T T T i ] i 7
0 2 4 6 8 10 o] 2 4 3 8 10
freq, GHz freq, GHz
fml m
gel :_23.503}%% H freq=2.036GHz

L21=4.188E-9.
18 54, Measured Q & L of a SAIT inductor

2.2. QIEHO] SIJI3l2 simulation

A E X Q-factors} self-resonance frequencyoll =LA &S v 7|BAERS Tota)y)
13t simulationg WFYPSATE 2zt AR JFS dolr ] Y oty @ H o
REHA= d9HY S RA shte ZA GRS MEA71B A simulationd 33t T

Item Data - Item: | Data

Port| Port 1
DTI_W | : Ls(nH) | 2307 | Cox(fF) | 64
nl

r
-
>

; ol | Rs(Q) | 201 | Csub(fF) | 37.63
- R / Cs(fF) . | 1868 | Rsub(®) | 444
Csabl Rsubl Cgubz Rsubz
6 JMHES 2

8 56. Equivalent circuit of a inductor

Rs¥HS HIAIFIWH A simulationdt Z3E= 28 5794 RoF31 Aoy AFIAAE
capacitor®] A& FAT 5= g17] hFo] Q-factor= AHEIS} Rso] AE AA=zv B 5 9l
o mEbA] AFato) A 9] Qfactore Rsof whuldlste] Yehvde dAE B 5 Aok
19 582 Rsube] F3FS vtebd adolth Rsvt AFdhel X €] Q-factor] 712718 ZAAAH
W, Rsube wFdtoll Al Q-factore] 71&7]1E AA3A Hoh Rsube UYEHe WAIdZE &
T A7 W] LF o= RsubZt F7hshell whet Qfactor® F7lele 2e 2 5 Utk ®
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. Zh , sy
- B —

freg, GHz fraq, GHz
18 57. factor 2 Rs2 2 & 58. factor 2 Rsub2l &M
Rs=1, 1.5, 2, 2.5, 3(Q) Rsub=400, 800, 1200, 1600, 2000(R)
718 A Gl A &4l o8] Qfactors A7l Aol Bls| 714 capacitore 1FHE
245 AYE) A2 ddEY AFE £ dE A FE EJo2ZH QfactorE A A
Zith ¥ 569 AYE 5713 E2olA Ho]FEo] capacitore IEES} HEZ AAFo] o).

wetA] 1FEHE 442 capacitord] AU ATE ZASte AZT £ JdE oA o] Fo
Q-factor7} 7+4-stA €}
19 59-612 247} Cs, Cox, Csub® WA o velvde @4 Jehd a2gelnh

Increase C; 2o

P
o

e 15
) HI
By 3 R
(t ¥ : 0 T TY H Ty ¥ M S S S M A kl
™Y T Ty LA TTTTTEY CRSCI N £ l |
| 2 3 l :! £ : : e 4
freq, GHz . freq, GHz
el 59, Q-factor 2 Cs2f 23 2 60. factor & Cox2 23|
Cs=50, 100, 150, 200, 250(fF) Cox=25, 50, 75, 100, 125(fF)
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g ':Y\!%Irzg NS S S S S

e
-
ool
LA
e
e
—

freq, GHz

1 61. Q-factor @ Csubll 22
Csub=20, 40, 60, 80, 100(fF)

Simulation A3} Q-factor®} self-resonance frequencyE 7§43} 7] 3 ofgiel e WS A
Algd ¢ doh

- RsE €9 : Thick metal 2 A}-&

- Rsub ¥ : High resistivity substrate2 A}-§-

- CoxE ¢ : Top metald} substrater}o] ] dielectricS T4 A 3r}.

Y

2.3. TSMC QIGiEl 55 2 24

Y 62v TSMCAAM Agste <198 Y Q-factor grapholth 593 Z3138}oll A substrate
o] doping FE7ro] YElA S W 2] self resonance frequency$} Q-factore] H3E & RAF
o |

od

8
m ’ s ,V,,,—/»w\,\_ / Non epi layer
65— e '
& z‘/ \ EDI layer
- /
ey J e s
[ i 4] {({/}/’ \\
a / “~ ) .
7) NG
0 rd g 1 ¢ | -
O ’ ¢ 6 8 10
freq, GHz

8 62. TSMC 2EH 5321

AdoR epilayers AERE Ak AEHA Qe AF B Agel A LeAA @
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o AdEH 57132 simulationo| A & 4= ARo] AFFo| A= Rsell 3] Q-factorr} A4
o] H7] WM& 1CGHz o|AZA &= A ZL Qfactors ZHA Ao 18|31 F347) 873
e} Rsube} g&Fo] HolA H o] self-resonance frequency7} Rolx& AL #eld 4= U

2.4. 21EE29 EM simulation

Q19 H 9] EM simulation& 3D simulationo] 7}53 HFSSE Al&3ted 2839t} Q-factor
£ 7131, self-resonance frequency® Z714)7]17] )&l QlEE 2] metal lineS FZA &
o RsE F°]|31, 7|7 metal linezte] 1148 524 CoxE 9 QfactorE FFAZH

50 . : . . 2.0
4o {15
5 "

8 \1.0 &
E ol g
g 2

{105 5
10 x
) L 1 ] 0_
% 2 4 6 8 107"
Frequency(GHz)
1% 83. 91 E{9 Physical Layout 18 64. Simulation &1t

19 63, 64= A9H layoutd} simulationdt ZAi}ojt}. Simulation A3 <Y ElAE 1.3nH,
23 3.8GHzoll A4 Qmax=37¢ <9<& 4 AUttt Qmaxy} 3.8GHz o]AdA JeEbFOo ZH
58GHzol| A 400]3¢] Q-factor® 92 4 It o] 7193} metal line Abole] 2kHS o
58 CoxE ZFolAY &2 AFE zte 73S A& o ZH self resonance frequencyZ

58GHzE T} A @5 & 90L& Aojth

2.5. Transformer—based resonator

VCO9] 714 F 83 spec.?l phase noiseZ 3A4HA17]7] YdfiA+ LC-tank®] Q-factorE =&
oF 3t} LC-tank9] Q-factor® AAAE 7bF £83 948 QUE 9 Qfactoro]th ¢HA A
Hek QgE o FAHS WIAA QfactorE Z7HA7]E WP o]9]o] transformerE A}L-5tH

LC-tank?] Q-factorE =9 4 9
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O3
1 |
—wwuu—’\’\/\’\"

§ Tc ljc"Rm
f)

) Transformer based resonator
( ) Equivalent circuit

a3 65 ()9} 2ol ¥ 79 LC-tankE transformerE AM&-3te] =4S
D)} 22 SUBIEZEA REE 5 I weF G=Cy, Lp=Ls, Rep=Res}d,

A7l 28 65
S7t3l 2 e A&

AHEE ofef o} 2 e spHTh

Ceq = ZXC]

Leq = LP

Req = Rsp/ 2
Z, transformer-based resonatorZ A}&3 729 A9 E o AA Z|BAGAHAE ol 1/27F Ho
AYE 9 Q-factorr} 28)7} H 31 AF LC-tank®] Q-factors} 2w/} Ak 18 66 99 3=
£ HPADSE %3}9 simulation® &3+ ZAijojr}. A HDEE A}L-3F resonator$} transformer
E AFE3F resonatorE 7+o] plotdle] Q-factor7} 28 Arsste AL & 4+ Ytk

()

1000

_| Transform | Transformer —based _
800 e
1inductor ) {Inductor >g /
: \ 508 a '/ s
: : o /
: A £ T A ; 5
: / [Nt / { Y
S 408 v , T
: e i
i & ~1 7
o] /4 ?ﬂg_/ S « \
A o i e .
1S S N
50 1T T T T T T 71 8 T 1 )
104 106 108 140 112 114 116 118 120 172 104 1068 108 140 112 114 B16 118 120 122
freq, GHz freq, GHz

1 66. Simulation Z 1t
Transformer—based resonator : k=1,

LP=LS=5nH, RSP=RSS=3Q, C=2pF

Inductor based resonator : L=10nH, R=6Q, C=2pF
Transformer-based resonatorE AAT AS$ ZFQ31A4 zelxolor & Aol ZH7e
resonatorg TASE AEH} A E o} olgle]l mEEe B RSl 2 A

FAEo
€-ofl inductance®} capacitance® M3 A]A 7}AA] simulationdt Z 7ot}



& 1000

—= ] 7l ‘

# ;;fjﬁfw 800 ﬁ¥8 m .
= - - :’?f” R (\/‘). 1’1. ﬁﬂqg'i’ 260HZ
o A 4 B0 LA 161=2,000000 |
5 ool Vi 5 /7 Re1=834.660
% E j’?} = 400 {' E mB
S R R : v freq=1.126GHZ

A i , WO ¢1=1.000000

e 1 Rp1=670.594
-8 Tt : r ' " : et Oty N I L L R L
106 106 BB LI 192 T LI 1L 138 1R 104 136 1O 1 192 L1 11B 113 1B 1z
frony by Fran {00

g T

18l 67. Capacitance H3l0l (12 Q-factorgt & X&o B3}
k=1, LP=LS=5nH, RSP=RSS=3Q, C1+C2=4pF

a9 672 C/CE 1pF/3pF, 2pF/2pF, 3pF/1pFo 2 %1 simulationdt Z#olt}h. ttE& %
Aol FYE A F Y LCtank capacitance?} 2-& 739l Q-factor’} ©h2& F 7299
Ha) of 1248 2A J&E FA & Yok 283 G/Cr} 1pF/3pF, 3pF/1pFY A$-olle
93t Q-factorE zt=t}.

e . 1200 =
 lreq=1.111GHz | ey m g
= 10-11=5,000000 | : ol /X lreq=1.125GHz
-~ |phase(5(1,2))=-25677] n}%ﬁ Y /7 |L1=5.000000
7 e SR ot B A ] " Rp1=834.985
: R ‘ ] m8
at V e o o jm o \mg
E e mid freq=1126GHz V.. |freq=1.1260Hz
) AS= &eg;‘lsgggggz 0. gjg.?ggggga “'*-ug?_soooes
W phase(S(1.2)=344 o bt [Re1335297
1110 HI‘!-B 17;20 1_1‘35 5 104 106 108 110 132 114 196 158 120 122

18 68. Inductance B30l 2 Q-factoret HE N&o B3
k=1, LP+LS=10nH, C1=C2=2pF

tor

a9 682 Li/L,E 25nH/75nH, 5nH/5nH, 7.5nH/2.5nHE W3}A|A7bH A simulation$h
Adolth. Q-factore= 5 709 LC-tank®] inductancer} #& uwj 713 & &, 75nH/25nHY
Wok g W %S 7HAA 8o $A% Lo-tanke] MR Q@HE AGZE 25nH,/75nH
duj 7HE 2 FE RoFEth
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= - A
e i =Ll
Al - il a g - Ty
S - ol g .,-‘( N e
L X o \ =
% k J(} \\ o e
e £ s . £y g T
& ,f‘[x k=1 zig ¥ i g dkw;«*""wm
g » N e
& ¥ ~ k=05 £ s e \ k=1
D S T k=0 - =0
£ T T T T Y | L A 453 I 7
104 LB 0B 1D 112 W 1S 113 120 13 1110 1415 1.420 1425 1130
freq, Hz ot £
iy 40
[£1: 30 T
600 2z i e
) 4 i i I
T ann - = [ =t
4 - Ea ; & e
P - - ‘, . M k=0'5
I - —— v T — v — i A0 5 .
104 1% TR LI 1D 1% LIE g 19 13 L, . e s -
sy, 2%

J& 69. Coupling coefficient B15H0l (12 Q-factor®t B Matol W13l C1=C2=2pF

a8 69

coupling coefficient(k)e]l @& Qfactors} W3 AFL vehd aelch
Simulation A3} o} &} 7o A3E AL &= o]gi;]_
Q=1 = 2xQx~g
" Q=05 = 1.5xQx
et 7 & Qfactorg: A7) _?,}éﬁ;q: Coupling coefficient® Hojgsta 719

LC-tankE Y34 wrEo] Fojof dtte AL & 2= ok

2.6. Transformer2 EM simulation

SiGe HBT ¥goll X AH&H= 7|#L lossyd EAL AR D Z 58GHzolA AFR T &=
ER=T ] g

A7t Basith oy ATgME

j —
A=

25D EM AjE#o]8 ¢ Momentum<
AR&3te] IBM SiGe HBT &4 7L o]&3l9 58GHzolA] E&sE EaATHE AA459
O A 71E] R ERHAY EdEro 2P AT A §F ol AL vlmste] A g o]
/do] g /‘~ 07\2]—’{: 3«\]3 742_0}%\5} 137 702 /K—?;ﬂa‘]_ Ea}}/\iu«}_/] Layout_. E-O:]TJ—

H 712 transformer?} A]E @ o] ZAxlo|t).
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-10—

dB(S2.1)

freq, GHz

2 71. Transformer simulation 234

& 70. Transformer layout

AlBeolH A7} 58GHzo| A 4dBS) g RIT. Te TP EdxTrd) AHWS Do}
Baluno 2 SAARE We| ABaold Aviolr.

S
a6 107
afes
TO

15 //

20 L L I

0 2 4 6 8 10
freq GHz
8 72. Balun simulation & 1t
ER2XHE Baluno 2 H3A1Z uf o] o g 3dBY ﬂﬁm gAofok dt=Hl, simulation

Roz Usith o ad T EA
Agoln 3F capacitance FdS Ed &
o}
AR

=8

rlr

A 58GHzoAM ¢ 6dB Ax9 a7 o
capacitance F'd2 3}A] SfolA mfAo] A o

= © ] =
4~5dBe] HAHE Zte ERIrY 5SS 4S

4 0

54



Al 3 A. Tx/Rx MMIC

4 CMOS MMIC etolE=eiel =5
1) N-MOSFET 2to1=zi2l

Cds
:[: C=Cds fR

Pt
e AN———i=] i P2
P -l 2 Num=1
Pl Rg Rds s Rbulk
Num=2  R=RgOhm 2 R=RAL.0fmRbukOhm
MOBFET1
e l=MOSFETM]

Length=0.18 um

Width=Width um
Ad=#4 8e-12
As=g .8e-12
Pd=21 um
=21 um
oy Nrd=DrainN
PB Nrs=SourceN
Mult=DeviceN
Num=3 N
Region=1
Temp=25
Mode=nonlinear

2! 73. N-MOSFETS SJt3l2

Ll Unit Gate Width 10 um : 4, 8, 16, 32 fingers
[J Unit Gate Width 20 um : 4, 8, 16 fingers
O Unit Gate Width 40 um : 4, 8, 16 fingers

— :model, O : measured — :model, O : measured

(a) 10 um x 8 fingers (b) 10 um % 16 fingers
d8 74. N-MOSFET modeling 21t
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2) Inductor 2tolEe42|

L

Rs2 G
M i
Rsl Ls
R{(3.0319NN 1663083925, 64068) Ohrm LXO24006NN 0.66199NHL 11084 nH
O e
PL L . f: P2
Nt 1= N2
L ke
[ T TCDQ
§C:(Q046%>1\- HO2H3N R &
Csubl
C(105234NN 303765062 1) fF
B
R = = RSuEE
Raubl R(1LY62NH51421) Ohm

12 75. Inductor £t312

J Inner space 60 um : 2.5, 3.5, 4.5 turn
O Inner space 120 um : 1.5, 2.5, 3.5 tumn

Smeas(l,1)

— :model, O : measured — model, O : measured

(a) 2.5 turn (b) 3.5 turn

2 76. Inductor fitting 23 (Inner space = 60 um)
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3) Capacitor ctolE2iel

Port ‘

Nurel

o | VAR
o | VAR

fop area
N=area

8 77. Capacitor Sotalg

[J Capacitor size : 5 7 30 um

Smeas(l, 1)
Smeas(l, 1)

— :model, O : measured — :model, O : measured

(a) 20 um x 20 um (b) 30 um x 30 um

& 78. Capacitor fitting 2
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4) Resistor 2tolE 22l

<
Rsub3

("

Cl
R=73.9269 Ohm C=68 6835\ﬂ:
. I
i A% +— |
Rs
R=63p0.27 Ohm
Do - O >
Py 3 Port
E Ls
Pl p2
Nl | L=241.899 pH L NITED
Csubl Esub2
C=16.3R13fF =16, fF
: Rsub2

R=2253 Ohm
subl
R=2253 Ohm

& 79. Resistor 57132

O N+ Poly resistor
[J Resistor type : width (2 um), Length (15, 25, 50, 75, 100 um)

Smeasl, i

— :model, O : measured — :model, O : measured

(@) 2 um x 15 um (b) 2 um x 50 um

& 80. Resistor fitting Z 1t
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€ CMOS RBRx/Tx MMIC &

1) Low Noise Amplifier

— - v_pcf v_pc v_DC v_DC
- sresf = Sres ~skc3 = srea -
v.ocf v.oo = VdcEDWde=2V = Vde=0. Vde=2V Lot "-.'
~srcl]= sre2 + + o ‘e
M dc=0.8 VWde=2 V A . indector_space.
. Y ra resisiof 2x5(0C_Feed resistor 260 0O _Faad N X8 %
Noise DC_Feedd X6 DC_Feed3 s -
resistoryg 2x50 - ‘
- X2 IC_Fesd * -
matching ;
> .
capacxtc{;no £ a2 :
I 1 Capacitori®s ' ingycior space g0 Tem
' capacitor_model _dg area=30 M 2 T Term2
TN NN Capacito N=1E T Num=2
------- . C;;x;e-torﬁ I arRag30 capacitor_model_dg Z=50 Ohm
o* . T, ! )| ] =30 3 Capacitor?
* * capacttormocs: i 2/ al capacitor_model_dgvbs_10x15  aea=30 —
Capacitor3 X5 .

ot
inductor_s pace:.’;q Capacitorl
-

Teml | ducior space & qrea]=30 ~.‘=1 o .]_ (::’«”’! 9‘"-':’.«3%: -
* inducior space :,‘z SRl d : cito
Num=l v o N=35 (:393"' BN 3:3:3:3'0

inigme % ama=30
X11

capacitor_meca! gg,

. N5 ?ea‘clapacitorz X3
—3Y - area=30
. ¥
-

- .
.......

matching

8 81. #3& LNAS 32&

-10- -

20

_1E 82, HHlEl LNAS S-parameter AIZ2di01d 2

L1821 : 14.97 dB (@ 5.8 GHz)
L1811 : -20.77 dB (@ 5.8 GHz)
L1821 : -25.23 dB (@ 5.8 GHz)

[J NFmin : 3.68 dB (@ 5.8 GHz)

L] Noise Figure : 3.75 dB (@ 5.8 GHz)
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72l 83. LNAS Mask Layout
] Chip Size : 1.58 mm x 0.71 mm

2) Down converter

N% 1 Capacatore.
7=80%hm  area=30
P=dbmtow(LO_power)
Freq=LO_freq GHz

I C=pa:|:01177

area=11

Capacitord
area=30

P=dbmtow(RF _power)
Freq=RF_freq GHz

g 84.

Capacttor7 o
area=30

Capacitorld
area=30

&A= Down—converterd] 32 &
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ol N\
N/

'25 FT T T YT T TP T TT TP I T T T TV T T T I T TTT T T T T

4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 80

2 85. AAE Down-converter® S-parameter AZ2dI0IE 2

O LO matching : —18.}7 dB (at 5.5 GHz)
1 RF matching : -23.3 dB (at 5.8 GHz)

5 : 5
4 : |
3 - 0 - //(
2] T e
T -5t . o
1| T 7
. -
0— RN .10 .
1+ ~ //
2] - -15 et
-3 7
4 . 20—
-R‘Il‘lIIIIIIIIIIIIITXIIIIIXI ‘25 ||T[I|I|I(lllllllllTIlYl||
a2, 5 0 5 0 5 25 20 15 10 5 0 5
(a) RF input vs. conversion gain (b) RF input vs. IF output

18 86. #3i= Down-converter AIE01E Zut
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18 87. Down-converter2l Mask Layout
O Chip Size : 1.17 mm x 0.73 mm

3) Up—converter

RrTRGes21IbIMT
iPiea- €O MR —
10vreg=RAreg - Fireg -

<rpetice gdef g =
WneZy P
vgp 105 Y Camdiory ole) I\J

e

31 |
2T .
g s s
CapcionZ
e B
BIF
Fe=bp1 A

eroUky By dm:
pas -]
L rid

=T

gy

!
?.ﬁ

it
3
a
b

- i z-snom
Fammicw(RowEr_¥3
= freq-Freg

AT G g
CaEos
e

cageynn, Aol BEL
Copadbrd
meme12

% iTre
FORTY
et 1 L
Z>E00hm

g Rdhmiool Poe & _10}
Freg- Lotz

% 88. A Hi=l Up—converter2l &
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freq (100.0MHz to 6.000GHz)

18 89.

dBm{Wrf)

-10
-20
-30
-40
-50
-60
-70
-80

-15

-20

-25

-30

-35

¥ T T T [T T T[T 7T [T TT7T T T T°T

1 2 3 4
freg, GH

A& Up-converter? S-parameter AlI2I01& 23

ArAs W'Y
11T

L L B

20 25 30

freq

ConvGain2

5.800GHz

-3.413

8 90. EHIE Up-converterel 24 AZ2201& 2
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1% 91. Up-converter® Mask Layout
O Chip Size : 1.09 mm x 0.73 mm

4) Drive Amplifier

8 92. & H = Drive amplifiers) sl2&
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m3 m4 ms
freq=5.800GHz freq=5 800G Hz freq=5.800GHz
dB(S(2,1))=18.086 | [dB(S5{2,2))=-16.249 {|dB(S{1,1))=-20.237
i
20 m.;r\nu
15 i el
10 )'/ = <
J— - ) f‘!‘ *“"-,,\‘
Nes / s
Nt g ! T
7 A R oy oY
ey N —
-10 ;"3 N . /:”JFM
s | \ &
] N1y
-20 { B
251
8 1 2 3 4 5 B 7 B @ 10 1 12

freq, GHz

18 93. 8AHE Drive amplifier® S-parameter AlZdi0iE Z Dt

0 S21 : 18.09 dB (@ 5.8 GHz)
[1S11 : -20.24 dB (@ 5.8 GHz)
11821 : =16.25 dB (@ 5.8_(G3H7)

m8 m7
Power_in=-18.000 Power_in=-4.500
dBm(Power out[ ,17)=0.073 ||dBm(Power_out{:;, 1])=12.442
] Y
=10 7
2] |
§ 5
:‘,_5\' -
Ot -
= 1 mB .~
T 1Y
_/
-5 B
-20 -15 10 -5 0 5 10
Fower_in

8 94, A& Drive amplifierel €54 Alsdiold 21t
[JP1 dB: 12.44 dBm (@ RF input = —4.5 dBm, Freqguency = 5.8 GHz)
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2! 95. Drive amplifier2 Mask Layout
] Chip Size : 1.42 mm x 0.73 mm

€@ Active inductor2 0|28 CMOS Amplifier & X

& 96. Common 2-stage amplifier?] =%
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*

A e ®
° 36 e
DC_Feedds
§ s
*
= *
;o =
= ;dc:‘zv - SRCY| - SRC2
= = Vdc Vde=2 V
& 8 = = =

1_. SRC3 |- SRC4
— Vdc=l V== Vde=2 V
L 4

CapaC|tor4 )
area=20

éapacitoﬁ'
area=30

area=30

A& 97. Active inductorE 0|88t 2-stage amplifier? 32 %

a) active inductor : 5600 um?2 {b) passive inductor : 44000 um?2

2 98. dAH = inductor dI0I0t®

b) Using active inductor (0.59 mm2)

a) Using passive inductor (0.74 mm?2)
8 99, 8" £=2)2] Mask layout
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@ Power Amplifier
1) SiGe HBT A A9 wd 3
dutA o 7 HBTY Gummel-Poon

wdlo] gol AgHT L} A

&A-8 HBTY 3¢ <

of o] ANl g & aNE ¥ s RHdo] FHo|th wgbA Gummel-Poon T
a2 248 NdstRc ole

4 Jies 9 ARE ¥Pshe
2o] TAAU

HPADSo| A 17 1003}

Tyses . ToOwsec
Ri=00Mn | RI-0CH
© C Fafoim . REDOW.

o] mdeo] delulElE 417]0]W =

A%317] 913te] 48-finger HBTS .z‘,szgs}i 1\]%3]]
3& 3] dFdvte AL AFdAT 1
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— tEal
= 1
iy
’_;) 1E4 |
N
—1ES
=

1ET |

1E-8

T T T

= 10U Mewwroment

Pulsed Measuremsnt

T T "
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A 4 4. VCO

4.1. VCO proto e

—) 1 !—I—{:
bias bias g
<O
output

bias

=<
bias 3

® %% ®

8 105. 5 GHz VCO9 3lE2%

8 106. 5 GHz VCO2 ArH
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{ a E
6.1 ] 15 1
w— 1 T
g 8.0 4 - B 104 4
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Tuning voltage (V) Tuning voltage (V}

8 107, HEE M 20 2 oscillation frequency2t output powerSl B35t

ATTEN 30dB MKR . 58dBm 18 dB~s SPCT FRQ = 6B88. B8 kHz
RL 20. BdBm ladB~ 5. 4458GHz RL -58 dBc~/Hz -1P81.67 dBC-Hz

:

il i

| I

CENTER 5.44E58GH=z SPAN 180.8MH=z 180 FREQUENCY OFFSET 1
R&‘lﬂ 1.BMHz UBMW L. BMHz SWP 50.0ms kHz FROM 5.448 GHz CARRIER MHz

22 108. 5.44 GHz oscillation frequency @ phase noise &S
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2) spiral inductorg& ©]-8&3 6 GHz band oscillator

ATTEN 18dB MKR 1.67dBm 18 dB” 5POT FRQ = 6580.8 kHz
RL. BdBm 1@dB~ B. 4467 CHz RL -58 dBc-/Hz -188B.P8 dBC-Hz

CENTER E.44B67GHz SFAN 186.8MHz 108 FREQUENCY OFFSET L
RBW 1.BMHz UBW 1.8@rMH=z SWP 58. Pms kHz FROM B6.448 GHz CARRIER MHz

2 109. 6.44 GHz oscillation frequency @ phase noise 8=

3) bondwire inductorE ©]-&3F 6 GHz band oscillator

18 dB/ SPOT FRQ = EBY. B kHz

RL -58 dBc/Hz -113.58 dBC/Hz
11y [ 1 1

189 FREQUENCY OFFSET L

kHz FROM B.722 GHz CARRIER MHz

8 110. 6.44 GHz oscillatior@ phase noise &8s
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4) MEMS inductor7}*t ( L=2nH at 2GHz)
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4.2. VCO He

*AWSC InGap/GaAs HBT ZA
Ft=30GHz ,Fmax=45GHz, Maximum current Density= 0.20

Maximum power density=1.0

1) On-chip 19 HE o]83% 7.9GHz 2] oscillator(CMRR=20.79)
(foundryol A A &3k AYE o))

5.8GHz oscillatorZ 57| 93le] AWSCOl A A&3teE 0.724nH A EHE AL8-31o] AA s}
fou Al =425 Agd Rdde ta A7t Sle 04nH7E Uit mebd, ExFaae

= 5.8GHzE U & 79CHz® =X ch
o

H—aj—f
p

bias bias
e R R -0
ouput 12 output
® ®
e 113. 7.9GHz oscillatorel 8l2% 1€ 114, 7.9GHz oscillator AtE
ATTEN 2@dB - MKR —1 . 67dBm =
RL 1@.BdBm 18dB/  7.98347GHz L2 AR ey OV RO RRe
L
S }
CENTER 7.9@347GHz SPAN Z28. 88MHz 16 FREQUENCY OFFSET 18
¥RBW 1BBkHz UBW 180kHz SWP 50. Bms kHz FROM 7.981 GHz CARRIER MHz
& 115, 7.9GHz Oscillation freguency 8 116. 7.9GHz Oscillator phase noise
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2) On-chip JIYHE o] L3 79GHz g2 oscillator(CMRR=0)

ch CT_

o r bias bm‘ E O

outpuk

®

& 117, 7.9GHz oscillatorel s2&% -
1% 118. 7.9GHz oscillator AF&l

4435} differential type?] oscillatorol 4] 3} & 2] CMRR©] phase noiseo] %
2 & 3,19\11:}. 3|2 9] CMRRE oscillatore] Wz A3 £ even harmonic®] = 7|
. CMRRE =40+ A2 even harmonic?] =77l €& AL 9

harmonic®] =77} ZolEthE AL Hajimiri model o] ¢35t even harmonic

=}l O = L

e Foue A
o
=

7} fundamental frequency®] close in phase noise® conversion ¥l Zo] Zolti AL ¢

wl g,

ATTEN 28dB MKR -1.83dBm - SPOT FRQ = 1.80 MH
RL 1@. BdBm 10dB~/ 7.938A3GHz é-E 01?59 dBec /Hz -1B7.58 dBC/ZHz
S
CENTER 7.938B3GH=z SPAN 28. 88MH=z 19 FREQUENCY OFFSET 19
FROM 7.937 GHz CARRIER MHz

¥RBW 180kHz UBW 10@8kHz SKWP 50. Bms LHz

1% 119. 7.9GHz Oscillation frequency 18 120. 7.9GHz oscillator phase noise
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® 7 & AFAY A Adx Aot 23pd = AHAE vlg o g technology9} CMRRY|
mE Oscillatord] 545 12 At & Heoldo
I 7. Technology vs. Oscillator &4
Item Unit MESFET GaAs HBT GaAs HBT
(CMRR=0) | (CMRR=0) | (CMRR=20)
1 Supply voltage \% 3 3 3
2 Operating GHz 6.3 7.93 7.90
frequency
3 Output power dBm -3.5 -1.83 -1.67
4 | Phase noise | 4po, 0 —104.5 ~107.5 ~112
(at 1MHz offset)

3) PLL 3|2 7%.
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4) F3}= divider
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A 5 A. Filter
5.1. 24 O Xl
AFF = stripline?] 727 W3ld] wre} signale] AA W32z 3D AlEHO|HE ol

&3] resonator Atole] AT, A FA, TA T, stripline?] A F Fo| ¥sE FHEA H
Aol %S Ze ¥HE YA ok

1) resonator Apo]e] A#] ol W2 bandwidth®} insertion loss2] H]u!

bandwidth®] 13}

800
700
600
500 |—
400 |

300

200 = bandwidth{MHz}

100

bandwidtt{MHz)

0 100 200 300
resonator AtOI12) H2|

712 125. Resonator At0ISl JHeloll & Bandwidth

e d

2 12594 B npe} o] resonator Alo]d] Azl AESE bandwidthe Hxlg2 43S
A%S Hloh '

insertion loess| Bi#}

1
e

insertion loss{dB)
h

-7 bB= S

resonator AHOI2] H 2i(um)

& 126. Resonator AHOISl Heloll M2 insertion loss B &)
1% 12694 B+ vle} 2+o] resonator Alo]¢] Aele] wWElo] wat insertion lossvt & %9_3

WHashA "k mrebx] AAIAY resonator Aol A E AAEA 2HoZH bandwidth
¢} insertion lossE ZAT 4 9 th

79
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BW 10% FAA A SHZ0IAE d8
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Insertion Loss(dB)
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0 20 40 a0 B0 100
FAA FHUm

a8 127. R SN TE Fiter &5 H3t

%ol W&olx HRIg A, 7} resonator Alo]e] HAo] WAASFE thgFo| FolA|i
insertion loss 7} =7}8HS & 4 2%tk Narrow bandwidthE 71A+ A2E F+4d317)] -.48}]
X} resonator Alolo] AHE]E ZF7FA[7)31 o] Z7}3l+= Insertion lossE HA3}s7] s 43
Ao} T2} insertion loss o] FAE Lolusitt a9 1278 A AF9] S-parameter é%%ﬁoﬂ
A UdEe 3902 Fel f1A SA) WakE o A Azoluk

3) TA FAd & w3}

SH S M LU EEEW 10%)

0 10 20 30 0 50
=H S um)

8 128. SHSM Bl M E insertion loss2 gt

upA]2t 0 Z Insertion Loss o} 488 v x|= FactorZ T4 2] FA99] FAAE LolR St
oh =ARre] e FErl A3 29 1273 vPEVEA R g ES AR e el Y
Insertion Loss W3lE 1% 1289 vehf it

GolH B AR HE wgog 2xe NRAN YL F2F F Tralerrors 53

719 1299 3z 7 weielelg S IEEE 802.11a Spec. o] HAs AL FAstAch
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7y 32 gepal el W3] 3219 FEM Al &4 ©]E] 9] Parameter Sweep &S w52 o2 43
st HFHOZE 37kAY AxE AAIINeH 1 Ade & 8% Zrh

a8 129. MMIC Compatible Integrated
Combline Filter

H 8. UIX2l8t devicell AH

device 1 (um) device 2 (um) device 3 (um)
C1 1090 1520 1520
Cc2 1560 1590 1500
P1 650 626 536
P2 1020 710 800
W 90 100 100
S 170 350 430
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9 OAAF B 45

Aot #o] YAl BH 9 Aol 4= vad 2ok

Al S80]ME 1}
— 311
— 812
frequency(GHz)
2 130. Simulation Z 1t
I 9. AE30I4& GI0IE
center frequency 5.74GHz
insettion loss -0.847dB
return loss -24.95dB
bandwidth 320 MHz
5.2. MEMS Z&dE& 0|88 HX
P MMIC compatable filterE oj2] 7}x] MEMS &3S o]&3] 783t A &A= o
&% 2o
2 .

Cleaning

insulation layer deposition

Ground layer deposition
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— Aluminum layer deposition

~ Aluminum layer &&= etching

- PR HA
— Seed layer HlH
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P 2A2 FH3Z MMIC compatible BPFS] A& 23 2t}

a8 131, &4

& 132. Caibration kit

£doiole

— 311
— 512

frequency(GHz)

18 133. & Data

SRR
- polyimide 4 @l Az FEA Popd HPF A wWssl AAw

lithography FA 4 ¢Fzkel 2x7F AA Aol dAARNZ A%rt Hex Bk

o AA .
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Z7}3kar  center

H 10. 88 ZHe ds
Center frequency 5.446GHz
insettion loss -16.205d8B
Return loss -8.383dB
Bandwidth 770 MHz
5.4, &=4lo Aol
1) $3% FA W
- QoA TR W AFARe) HAF FA @eldsS Ede 3
frequency= HA ol
0
-5
=10
-15
-20 - g1
- :?mzmm
-390 e J0UM 812
i)
-40
-45 k
-50 L
3t
- 18 134004 & F Y50 A= S o o 8dB HEo] &Aool A
8}5l center frequencyk® ZHAZHS AlEFH oA ES B3 & 4+ AT
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2) AR 78] &F ZHog 23 loss

- 58GHz tj oA ]9 skin depthe= 0.8um o]t}
- Surface profiler2 T=F8 F XHS HoA4 23 2L AH4E Ao

Normal measurement Compensaton OFF 1: ,
On sampling lengths 1 0,000’0 mm U. OHbnn 2CRPC.25

Profile 1L:F

Jo30C A

Ra = M.7400pm BACIATC Grapk
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3) resonator Alo]e] kAo w3}
el AF3A%0] resonator Alo]2] kAol Folyo| wiel band width7} 43 F7HgES

4 4 it} lithography®] ¥ Q32 Q18] ¢ 20um 7t 7h2 o] Foldo| wre} band width
7t AEHolAG AFE G o 24 Yo

211, 38 2

Mz @xt
CIZtel st gt Arz MEE 8
F&E(polyimide) 50 um 30 um
microstrip line width 100um 120 pm
MIM capacitor area 2.42 2.48
resonator AHOIS| Hel 350 um 330 um
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5) Dry etching®] {-=

Dry etching F3A] 30Eritt ¥Hz: =3 7]i etching & Zol& A=, 24

7F 30&
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Al 5 A. Antenna

S.1. ¢ 29 otHiLE M

How
= =2 Q¥ 7HAY MU g E
5‘:} ZA 48 HVUE AATE 9 2t
el 4 QAY HFF)e s
g den, olgd o|gg uigoez & il
£ 5l By A 74T Qew T WA AAE vokvias e 277
AAstAT 423 HA Qkel(compact folded patch antenna)x HloKvia) 92 F4d W}
A WAL RN AR s A2 1o} WAkt
2o YA A7 Jhset AHEE BALAI} AR AHe fAgo] Ba (EL
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_ | ADSE 0IZ5t01 0150l 10 dB Ol&Ql H&S SEZI2 &ASHAC
ADSE 01850 o - o .
HYs ZEE A 2.0 GHz Uige 22 MES &=I12 0IS2 13.68 dB, NF(Noise
o mol oo | [9WE)E 0.548 0Bl S LIYOB, 5.8 GHz HeiSl FR0ls N
;x:gm;o g | S SZ01S 0IS2 13.05 dB, NF= 1.188 dBSl &S 20 &
=" Mm= 5 ==Zj1= o XMl & of o == A o
oL ez | 2 EONE QEILISH AN o101 SEILES 01SE 10 d8d Ol
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d F JAEE g
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H AL = = = A
M 6 & AFIHLUTTEOAM st sielotev|=dE
: II:I/IZIIT:sfac trer Product/Technology | Main Technical Comparison with IMP
Picture Specifications Target Specifications

* Year of Issue

« RF MEMS switch
» Dow-key Microwave
» 2001

- Insertion loss: 0.3dB max

- Isolation: 40dB

- Operating voltage: 8V

- Power handling: 2W max

- Life cycles: 10,000,000 min

- Insertion loss: 0.2dB max
- Isolation: 40dB

- Operating voltage: 3V

- Power handling: 2W max
- Life cycles: 100,000 min

- CSP

» Amkor Technology
+2000

(Chip Scale Package)

- BGA & Flip Chip

- Chip Size

- Fine pitch

- High density

- Short electric path
- Medium cost

- WL-CSP

- High performance
- Small volume

- High density

- Simple assembly
- Low cost

» High-Q inductor

-Q>40@ 2 GHz above IC

-Q>30@ 2~5GHz

e Year of Issue

* MEMSCcAP - Integration with RF IC - Integration with RF IC

+ 2001 (CMOS, Bi-CMOS)

: T]:]/jamef Product/Technology Main Technical Comparison with IMP
anutacturer Picture Specifications Target Specifications

- Support for IEEE 802.11a,
802.11b

- 0.1 um Technology

* MMIC - 5 GHz Radio-on-a-Chip -3um x 3um
. Atheros comm. - 2.4 GHz Radio-on-a Chip - System On Chip (SOC)
* 2002 - CMOS technology - base - One chip solution Baseband
- Low power consumption chip and RF chip for PDAs
- High reliability
- SiGe HBT .
* Power Amplifier - 3.3V operation - SiGe HBT |
- 1800MHz - 3.3V operation
* IBM o . - 5150~5850 MHz
- Output power: 32dBm .
. ! RO - Qutput power: 23dBm
2001 - Efficiency: 45% - Efficiency: 40%
- GSM/IPCS/WCDMA Y- 40k
- 0.25pm CMOS process
«Q-VCO ~£,=1.57GHZ - 0._1 8um CMOS process
. . - f;=2GHZ
Peter - Phase noise : - % 10dBo/Mz
" 2002 - “133.8dBaltz at 100kHz offset
at 600kHz offset
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«Name
* Manufacturer
* Year of Issue

Product/Technology
Picture

Main Technical
Specifications

Comparison with IMP
Target Specifications

+Antenna - Frequency: 5.8GHz - Daul-band chip antenna
+ SAIT/Aju Univ. _ Bandwidth-13.6% - Bfoadbgnd Antenna

* 2001 - Size:5.5x 4% 5.6mm - High gain

«Filter - Frequency: 5775MHz - Tunable filter

* UBE electronics
* 2002

- Bandwidth: 100MHz
- Size:4.23x2.82x1.92mm

- Filter bank
- MMIC compatible

+ IPM (Integrated
Passive Module)

* IMEC
* 2001

- MCM-D for integration
of passive devices
- Flip chip bonding above IC

- Direct Integration of passive
devices above RF ICs
- Development of high
performance diplexers, LFPs,
power dividers, LC Tanks etc.
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A2y &8A A

o

L ATHE 2 WE
HEeA A2 FAH2A MEMS 71&S o] &3 vlo]la & PDAS 2/5GHz ti¥e] =43 RF
MEMS -3 (Switch, IF, RF Filter, Duplexer, VCO, Antenna%) % WLHP (Wafer Level
Hermetic Packaging), BGA Interconnection, MCM-D7]% -8 9]-8-3%F Front-end module ##

.3__/1\_713 7H E‘—_._]_’.

7} EHEEAD) 5 ARES
wroyo) =avs sAAR s20 sz |
0=
QEMZLEM,ZHEHZ WS ) g | 2
A Caviys 0153 =) P2000-0046345 | 2000.08.10 | &BEMF) | 5
2y
=Oi4 €0y PUS 2= w3 ~ AT | s
S mmol 2 B P2000-026472 | 2000.05.17 | MHETF) | @3
MR ¥ AXQ BHAZH | -
iy ;9 l_mgl“ﬂ,s,w = P2000-034506 | 2000.06.22 | AAFIHE) | &=
DIOI32 ASIE AR P2000-079182 | 2000.12.20 | ANFIHZE) | &=
0012 ASIE AX P2000-079183 | 2000.12.20 | MSFIHE) | o2
g0im M WINol Jiss ] (= | s
EMS AT 2 T g P2000-086261 | 2000.12.29 | MAFIHE) | &=
A Xl A al x
Jo1a= 2918 A0 R A ME | pog01-011734 | 2001.03.07 | AAWTF) | @32
ey = ) . J
s 32 Asio MEuy P2001-011735 | 2001.03.07 | &ANAX(F) | &=
OIZ o) BlMot ey P200T-11984 | 2001.03.08 | AMFIHZE) | =
1 CH AFIZ2 ples
iFolf_:l‘ INSEIE 0188 MEMS | 05001014303 | 2001.03.20 | H8FIE) | &=
o
ct AEIZ ol25t
'ii,";l ANSEE 018 MEMS | 05001018640 | 2001.04.09 | SuER(EF) | &=
AHERE MEMS AT P200-1018950 | 2001.04.10 | 4HETHF) | &2 |
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MEMS Zid0l & 3 MXgte P2001-022676 | 2001.04.26 A E XH(E) gt=
Hid8s MEMS AZ2E2 0|28 € ALA R -
— - . . DOI_I = E’_}E
U= HIAIE P2001-0025570 | 2001.05.10 ES)
HeAirZhctyoz Azis JHA AbAL R TL( 22 =
- oo T °|_|'E{
of MIIX DEA Y R E P2001-025571 | 2001.05.10 TH=F)
RF MEMS Power Sensor P2002-0020554 | 2002.04.16 | A& XHZE) &=
Multi-standard RF Module _
- N PSPVIES 5=
using RE MEMS P2001-0044203 | 2001.07.23 HZE)
HI&E MEMS AZ2s o|gst A AL _
Tunable Capacitors P2001-0025570 2001.05.10 HE)
RF & HXAEHES 0128 MEMS _ R -
A3 P2001-0014303 2001.03.20 A E XHZE) ot =2
HISER 2810 ATaZ X ~ A (2 0=
= MEMS A Xt P2001-0009955 2001.02.27 AFME KH(EE) ol
High power MEMS switch P2001-0070029 | 2001.11.12 ALS T THE) st=
LC TankE 0|8 RF IC ¥ 0=
=1 P2001-0071101 | 2001.11.15 A E THE) U=
Module o o1
ENATHE HWHE 0|28 s 0=
SEIo LC 2R Mo HO| Za) P2001-0072471 | 2001.11.20 A THE) oy
N M N M g9XE A9 P2001-0074818 | 2001.11.29 | &HTTH(F) 8=
RF IC ¥ RF MEMSAXIZ 98t AL _
Wafer Level CSP 2t P2001-0025571 2001.05.10 HE)
MEMS ZidI0] & O "X P2001-0022676 LA E RHE) 01=
= < 2001.04.26 U
o=
fxAe 0|28 HIEE YdolH A a=
Tt 2 Mg P2001-0038806 | 2001.06.30 | AIMMIH(=) ;2
=3
MEMS 220 UM =22 29 -
HErs HEY Y P2001-0085107 | 2001.12.26 AL E THE) &=
S mia 3 o=
atsl ME XIUE Sil S92 o
KNANHE 2= MEMS X2 M= | P2001-0080358 | 2001.12.18 | MAHIHF) -
g =
o
AHICIE H=2g pR:s .
Hilcl RFMEMS P2002-0012985 | 2002.03.11 A E TH(ZE) st=2
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gl=
dEI|HEEZE 0128 HNIEY As2 A A R U=
- = - r_‘v<:>1_I =S
HIRZ RE MEMS A9%X X P2001-0073574 | 5001.11.24 AN =
=4

RF MEMS ARIX 22X P2001-0025568 2001.05.10 AT (F) gt=

AN SE XS (]} AL

;{f’o“’ OROISZ0N= 23 P2001-0018959 | 2001.04.10 | AEAXH(F) | &=

oI 2HAYE Ji=g 0188 = 3 Ab T TL 2 512

OHA ME ASF P2001-002868% 2001.05.24 AT XHEF) ot=

T2y FEEE

s
w3k WY
A=
HAF L ADE
ANZE ' Hs

RF MEMS Switch msemo'n loss: <0.2dB, isolation: >40dB @ 2 GHz, Pull=in
voltage: 10~20 V

RF Inductor L=1~10nH, Q=30~40 above Si substrate @ 2 GHz

VGO GaAs HBT, Supply voltage: 3V, Operating freq: 7.9 GHz,
Output power: —1.67 dBm, Phase noise: -112 dBm

Tx/Rx MMIC LNA, Mixer, Power Amplifier modeling and library

RF Filter Combline filter, Center freq: 5.74 GHz, insetion loss: —-0.847
dB, Return loss: -24.95 dB, BW: 320 MHz

Antenna 5.8 GHz R4 RAEM & 0IdH QHHILE, 8HE 0|S: 2.2 d8,

B SHE 0|S: 1.9 dB @ 5.78 GHz
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=AA AH
st=x oy - H= A
IEEE 5~6 GHz-Band GaAs
Microwave MESFET-Based 2000
and Wireless Cross—coupled Differential 01 02' IEEE 0l= Y
components Oscillator MMICs with Low ’
letters Phase—-Noise Performance
A H% 1
3] BRAH
st235|0 3 He E ] =
L@E MEMSS! 3| RF MEMS Al W2 & 2001.04.13 gt=3
- o= B-stage EpoxyE 0lZ8& MEMS =
&t = =l et=
St= MEMSSE! 3] AT OITH M AR Ij= 2001.04.13
N&Y 58GHz 4 PDAS -
gt=
Rx/Tx MMIC chip setSl & X 2001.05.12
ool =20 ¥ S I
XN} &t sl A8 BEH X CHEILE 2001..05.
; —
Symposium on
Design, Test,
Integration Micromachined RF Switches 2001.04.24 oA
Packaging of
MEMS/MOEMS
N
Progress in
) A Compact Foled Patch oIt
Electromagnetics Antenna for IMT2000 2001.05. =
Symp.
Electrical Properties of Mg
FMA 18 doped (Ba0.55r0.5)TiO3 Thin 2001.05.30 st=
Films
_ MEMS RF Switchg d32s3g 2002.4. _
X == st=
NI D= o 2002.04. vol.13 No.2 ot=
F _ MEMS SIS HE 0l=0HH
e GAZOz ANHE 2.6GH 20020412 | ppag-18 | mm
= HMOHOl AT
}.*
= A Novel Wafer Level Packaging
)jligl EAEMS of the RF—-MEMS Devices with 2002.04.12 pp.70-75 gt=
st=[l3 -13
Low Loss
1SC2001 Nonlinear Micromachined 2001.10.11 pp. &=
Flexure for Stiction Reduction -12 265266 -
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o1& s - ATE fIgt M&EA . =
Q‘A)AES(UHﬂ EF MEMSU” _X} XT H&Ea 2001.11.19 pp st =
-Korea 2001 frofig e mald 124-128
_ = HESZE HZEAME AISE
IMAPS (I 71 & & _ Lol ol (tey pp. -
31)-Korea 2001 EFEME,\;A:;S ;;GJ 01 o &t 2001.11.19 129-133 ot =
Sy IMHFE 8t =
ISP ¢%i } T REMEMS | 5002.04.12 | pp.44-52 sz
=3 ool3ar ¢
S s=l3] = | A8 TS OIX ertdlLt 2001.05. pp.93-96 o=
=4
Vol.12,
SIS S Hetard A HE2 2ts e -
;;_I}u}ﬁgl HTE M_HH 5001.12. No.7 53
== 28 BH WX CHEILE pp.1094-
1101
=4 ololZ2=Zn . - - S -
o M e =03l 0l e A8 mO WX QHHILE 2002.05. =
- == orgtstd MESE 2= CPW 2d pp. =
S22 X =13 Sl =2
SSRAMMEE | o oy 2% et oL 2001.09-21 | o5 oep &=
- oy = 5.8 GHz R4 FAM & -
st KIS S et=
st=2 M AUt st 5| Dl =T ool 23 o 2002.05.25 ot=
OHOIF2T 2 T | Combline RXO CHHED ZE I} _
S22
S EES WZE Jis8 PCB 2001.11.09 ==
s oMz Djoofl &EE
ChstE D et 3| Combline® X2l 2.4GHz 2001.11.03 &r=
EENEH
RF MEMS Package with Veitical ’
1SC 2001 Via Hole for Low Loss %?21’10'” 22‘7—248 gt=
Characteristic
HEEZH HZEANE AZst
aolag2&8 i ¢ ~ aTLOl ol T - _ Vol8, No4 sp=
WIIR &8 J EFEMEAQF ;jf_l UOIH o= 2001.03.01 pp11-16 ot=
MSMZ2O0 02 | Nonlinear Micromachined Flexure 2002.04.21 pp. e
Proceedings for Stiction Reduction -25 283-286 o
A 3-Voltage Actuated
T ' . . .06.
ransdpoers 01 Micromachined RF Switch for 2001.06.10 =¢
proceedings o L -14
Telecommunications Applications
Development of Si NMOS
2001 low-power Tx MMIC chipsets for pp. 1=
AWAD 5.8 GHz wireless PDA 2001.07.07 309-313 =
applications L
I
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SPIE Packaging of the RF-MEMS pp.
switch 234-243
A Ku Band InGap/GaAs HBT

MTT-S 2002 MMIC VCO with a Balanced and ?8(7)2'06'02 op.1-4 E

a Differential Topology

IEEE

International A High-Performance MEMS 2002.01.20 | pp. e

MEMS 2002 Transformer for Silicon RF ICs -24 653-656 -

Conference
A novel extraction method for a

MTT-S 2002 fully electro—thermal large—signal ?8(7)1’06'02 ol=
model of HBT

Progress In

Electromagnetics

Research Symp., 2 ?ompafct T&ﬁfgoggtm 2001.07.18 8=

Osaka, July 18. ntenna for

2001
A Novel Low-Loss Wafer-Level

IEEE MEMS . N 2002.01.20 | pp. -

9002 Packagmg of the RF—-MEMS o4 681-684 0i=
Device

A 2 32

3. AT
=
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2H&E4A Front-end & &3 40=
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B Vs Faus

[71=9 718]

MEMS J|£8 0I805l0, D032 PDAE 2/5GHz (1Yol & &4 Front-end &2
SN0 AN QARES FEGIACL HEEH Ri2EFse 450l &
M3 g0lotH, 3N 85408 sS4AKNZ 2L =840 2= RF MEMS
switch, High—Q inductor, balun, transformer, MEMS filter, &8 antennalt &M,
HE, HOIZAD, S5l HLE RF switche %8 RF 852 LIEHWH  Multi-band/
Multi-Standard RF moduleS XZ&'&t Reconfigurable RF system® #A4Dt &
Ao MAECH L8 High-Q inductore RF IC2Hel A0l S04 M2dS
Aot JIESQ MEMS inductorets €2l AMECz ok Jisst S HES
ol AL SH SSLA X2 VCO, LNA, Mixer, Power amp.& HZ3dtD M=E
Tx/BRx MMICS modellingE HIEE922 Design library RSFoIA}ALH. 31 High—Q
MEMS inductoret H3E VCO= R+8 s B0 =UCH 1 A0 RF MEMS
A X2 packageE I8t 24 RAJ|== Wafer Level Hermetic Package2t LTCC
Package 3&2 JH26l RF MEMS switch® packaging2 Sdli Jisd2 236t

ULk

S=otd &

o

0l

<71=3% 54>

(1) MEMS DI 0I28t High performance/Reconfigurable &S A XAt
HgE RF MEMS £ A X1 'RF MEMS  switch, High—Q inductor, Balun,
Transformer, MEMS filter, 48 antennas 248 RF 452 UEUWH 53l
switch&= &35 reconfigurable RF system2 s{AlAXIDF € 20ICH

(2) MEMS Jis 0188 s AKXt A5

MEE RF MEMS £=AXs EHEQ 018 Z2F32=Z MNEEO integrated
passive moduie® N 0| Jlsotlh.

(8) MEMS JI&2 0188 ss/+8 AXS HHS
HYE RF MEMS =S4 Xte A0 018 2222 HEHN ss4A4% &

0l E0IotLCt.

[8% - o] &&°}]

{1) Passive module N
HeE ¢l deviceE 0/238t0  Filter, Diplexer, Balun, Coupler, Power
combinerS2l Integrated passive deviceE F83st1) 0l 280l R+8 ds
O] passive moduleS M &HC}.

(2) Reconfigurable RF circuit JHgt
HeEl RF MEMS swtichZ2 01260 £=R2F 2ot U= Multi-band/Multi—
Standard RF module2 ZE &St Reconfigurable RF system=2 JH 2 &tC}

(3) 0t0122 PDAE RAS44 Front-end 28 Jlz Y
NetE ss/=2 RS JIBOZ TOC(Transceiver On Chip)lt 22 &
Front— end Module JHgdl M= &2& A= 0|Ct.
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