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60 GHz CMOS SoC for Millimeter Wave WPAN Applications
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2 =29ME 013 £m CMOS 38 AHE81d, )5 027) Aol AR A 28, A F& 72 ME 24
(LNA, Mixer, VCO, frequency doubler, signal generator, down converter)S-& A| ¢}z, Yo7t o] & sh}e JoE
A3t A7 60 GHz ©Y A A7) 728 Agdth AAY3E A8 current re-use TEE 242170 LNAS
7%, 116 mW o] A8 A% A, 56 GHzHH 60 GHz7HA EA4E FEAT(NF)= 4 dB ol3tolth. AHEE
A resistive mixer®] A4, Cgse] BA S|ZE £33l Y& L0 A3 A/ME 52 73RS 31%ith -94
dBe] W@ o5& HdFn), 20 dBS] LORF isolation 4 7}3th Ka-band VCOE 4.99 mW HE &F A
39 29 A3 371E 274 GHzol A -3 dBmo] =™, 26.89 GHzol M H-E 1 MHz offset 7|22 —113
dBc/Hz9) phase noise SA4-& K2tk 49.2 B9 ¥A3 A A58 ol Frequency Doublers & A8 2R}
9.08 mWY 7%, -4 dBm¢) 27.1 GHz Y& A5 A7} Al ~532 dBm®) fundamental A 5(27.1 GHz)Sh ~445
dBm2] V.band second harmonic 412(54.2 GHz)E ¥& & UNoH, ol -045 dBY WE o|5& Yehdth
60 GHz CMOS F°417]= LNA, resistive mixer, VCO, frequency doubler, 12X drive amplifier®Z FAH o glom,
AA A¥ AR 219 mWolth WLAN#S| 38 7H54dE $Istod, [F(Intermediate Frequency) bandwidth7} 5.25
GHz(4.75~10 GHz)°| ™, RF 3 dB bandwidth 58 GHzE EA10.2 62 GHzol T} o]0 ¢) W8 £4& —95 dBo]
®, 7 dB NFs} -125 dBm®) ¥ ¥ P1 dBE BF T Sivh ©J& 60 GHz RF 3|29 A3, #7143},
183 AYSHE B WPANE olFTE719 A& 7heAS YFe

Abstract

A low power single-chip CMOS receiver for 60 GHz mobile application are proposed in this paper. The single-chip
receiver consists of a 4-stage current re-use LNA with under 4 dB NF, Cgs compensating resistive mixer with —9.4
dB conversion gain, Ka-band low phase noise VCO with — 113 dBc/Hz phase noise at 1 MHz offset from 26.839 GHz,
high-suppression frequency doubler with —0.45 dB conversion gain, and 2-stage current re-use drive amplifier. The
size of the fabricated receiver using a standard 0.13 £m CMOS technology is 2.67 mmx0.75 mm including probing
pads. An RF bandwidth is 6.2 GHz, from 55 to 61.2 GHz and an LO tuning range is 7.14 GHz, from 48.45 GHz
to 55.59 GHz. The If bandwidth is 5.25 GHz(4.75~10 GHz) The conversion gain and input P1 dB are —9.5 dB and
-12.5 dBm, respectively, at RF frequency of 59 GHz. The proposed single-chip receiver describes very good noise
performances and linearity with very low DC power consumption of only 21.9 mW.

Key words : 60 GHz, WPAN, CMOS, Millimeter-Wave, SoC
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A Delnle s e WPANE 60 GHz CMOS SoC

& F4 FAlol 7hseith B3 60
£ Ao 93 Aste] E4 74
7b 37) s &-oll(16 dB/km), T7HAQ T35 A &L
o] 7Hgb, th-&-&F TAR(10 m o) ¥4 A&
7hs A, wlole Bob EACAE w¢ £+
7] W R, 7ol ANE BT 7igo] I FYUE
T Bed o)Futrl v A3e 54E 7t

N
2

o RO

olom, o= 1folrt 60 GHz W8 T
o] 43te] WPANS] #43t A1 F e A4
Zlgo] frk o|H{ & 7je9] @439 £8 Fo

BLa7] #8te], 2001 FCC(Federal Communica-

tions Commission): 57~64 GHz F3 99 7

GHz Y9 Z g v 98 gigoz &33 oz, 3

s e 2006 7€, $Y H9E £F¥eE 7

2 E7he BA 3 AFEE 4 e vl e oY

Z g5t o] Fugdle Sl HARE —71:4-’1:

ol S5 & AaA 43 A & e %

o F, o SR EA Aol Ve £&

o} A% thS(FACS: Flexible Access Common Spec-

tum) 22 & &8 Are @01 EAelt}, @A) 1EEE

802.15.3c%} WiMedia 5 2190l A 712 WPANY tjf

A ¢ #F3 A5 1B Ao IEEE 802

15.3¢ Task Group 20053 3€e] Z1§& #Adsho,

802.1539) WPAN 88 ®lg o= 57~64 GHz ol

| millimeter-wave based PHY model® EF 38t 2

A AF Ty, F8 & Tk DVD 5 I

A A GA e} v 2 F 0] THusage model 1)3+ Kiosk o

S A7k E4(Usage Model 5)01tH WiMedia

22 7]1& ECMA-368 ¥Z9] A9E MB-OFDME

60 GHz theol 2-8-817] 8kd ECMA TC32(Tech-

nical Committee 32) W&l TG20(Task Group 20)l 4]

60 GHz tl9 2 & 1& WA 54 Al2gls 4

3 wzs d7E 200735 fasa ol

ol g} Bl¥o], 300 GHz o4+l Ag Fop4¢k Ao

27 Fue 54E HolE CMOS 719 A

60 GHz W99 TF53Z &zt Mg A7H4stE

WsA sten, ol tdE £ Ado] shs e

olsraty)e] st} A7tAgle] d3stA

otk Mk B A4 =85 53 60 GHz CMOS

o A7 SR T glou, ol HE v A

$87] ek b BAL ARG A FS7H
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o438l sAsfor & HAAE ol sle Agtolt
EENNE 0.13 £m CMOS T4 & AH&ata),
o]FTEY] gAll A A AY, A Fe +2 )
¥ 22HLNA, Mixer, VCO, frequency doubler, signal
generator, down converter)E-& A ¢St Yobr}t o]
£ shte] Ao JA8 AA, 5.8 GHz WLAN(Wi-
reless Local Area Network)#+e] Z&A S 9%t FE
5.8 GHzE 8} 60 GHz @Y J $417] +XE Al¢t
g

A
2
=
[

I. M&= 60 GHz SHYUE 47| &H

39 12 & =7A Atshe $417] FA4E0)
th £ 60 GHz 42171 LNA, resistive mixer, 227
27.1 GHz VCO % frequency doubler, drive amplifier &
0] 5017 LO block 2.2 FA €t} 5.8 GHz WLANT
9 FEAE A8 IFE 58 GHzolth. B¢, BE 3
EE CMOS A4 top metal(metal 8)& AE Mo &
T43t3, bottom metal(metal 1)& HAHE o]F =
MSLE olFol# 3t} Metal 83 Metal 19} FAE
22} 335 pm, 026 #mol™, Si0,9] F7E 63 um
ot & TR olFofx AIHY HEE&E
5.96x107 Simolth. EE AlE#H AL 3D electro-
magnetic(EM) Al E#H B & o] &35 ch

2-1 LNA
RE Mixer
g O
60GHz ~ % X
LNA DA X2 vCco
27.1GHz
5.8GHz
IF

J8 1. 60 GHz $417) 4%
Fig. 1. Block diagram of a 60 GHz receiver.

A8 2. CMOS microstrip line®] @d FAE
Fig. 2. Cross-section of CMOS microstrip line.

672

1% Stage e 27 Stage >

12 3. 60 GHz LNA AA 2%
Fig. 3. Schematic of 60 GHz LNA.

FolEH B2 FEATE 47] YA, LNAE 4
/H2) common source amplifier”} cascade® 2= o]
A 2ot Microwave oA £3] cascode
T2 £F7F A, millimeter HHAAE
cascode inter-stage 3, & common source T
common gate TX7} AAHE FEY 714 capaci-
tance JE AIA 2 o5 7Tt A7) W&,
cascode 3% THAISl, common source®] cascade =
£ AHEE, 3 ol 5, ARLEE ¢+ Utk 19
32 LNAY 3 EEE BAFT Ut Cascade® ¢
2 g9 3l F /44 common source 737} dh}e]
stage® ©lF3, AA F 719 stage”} ThA] cascade®
AA= o], £ 4712 common source”} cascadeE AA
go] gl FXolth Ed 7} stagew DC AY 4R
& F4837] 9381, current re-use 71H-E HEA]
ZOEN, $Y DC ARE AHE3t] AAgs) 3y
=

EWAZE M9 271 A9 LNAY #EF A5
€ AAsted /Mg F2% Aol 9ok Maximum
oscillation frequency(fue) S LA, EAA L
M8 width(W) Sk length(Z)®] BI(WILYE ZA ETF,
& trans-conductance(g,) S ¥&  YoH ol £
oj52 4S & YFFH A, AL EFE Y S
Atk LE2 CMOS TR g8 Ao HE=, 13
o] 2 Urk= 27 del, WILE 3] 7]7]
AAAME Wk Adist AAk g, ol A3,
fingers& F7HA71H AA wgkol AR FAl,
gate A o] 723kl gate thermal noiseE £



{b)

J8 4. ERA2H 3 AA finger width7} FYA),
(a) =9 fmger widths HAEA1T finger
+& HUgl A7 layout, £ (b) finger®
width® & HZ A7 layout

Fig. 4. Layout consideration regarding (a) many fingers
with the minimum unit width and (b) the opti-
mized number of fingers, each with the same
total widths, and a longer unit width,

F Atk 28Y M9 layoutS Y st A8 fin-
gerTE AAs okt itk I ol R, I¥ 4a)llAl
B et o], EAA2H ] @Y finger widthe
7bE BAA FAANTHA FA finger & Huhs)
17]”4 YR NEE Zhe A8 1 ERALY
& AAs] i 271 EA AT Mo
o) Hoj Aol gtk YA Aw g vl mEH A5
Aol HAWo] EAslaiol 813, o]& CMOS ¥4
A8 b e Aol YA F e metal 191 98
dol Hth A% CMOS 2% Al ol whe}, A H
¢ metal 13} ERR2H Abololl= G Fu 57}
EAA HI, o] FUEE F3NAM, metal 1] 3}
S AT CMOS substrate noise?} M@ Mo} JTFE
FA ok 24, Eaﬂﬂiﬁg}«] AZ< 93 Hof
A ASAHY B B substrate noise”} A3FE w7
e Aotk ey I8 4(byel A 2o], Edx
29 finger -1—9Jr width2 A3 2435 EdR
2B YEFEES NoMe] A& Y8 44
AlA FH9, °N—: Ao FHRE Hast AA
substratei-‘?—ﬂ U2E noise E3E Y 4 A H
I, Yotk AA LNAY noise SAE ZUA7A 2
ot IHIE M widthe] A 271830 pm(3 #
mx10)Z MdFOZH, o= EY
#o] A7 A, AeMe] HoARE BAFH FA,
upoloj AE A sl HE YEE 150 pzA/ unE

E.
A gozH, HagaAsE M+ IAES

2

Al

A
€

A0 2 elelg Y WPANE 60 GHz CMOS SoC

it AAl finger width7F 24 pm(d pmx6)]
WA2E ME AF YETHITS pA/ pmZ HA
Aol Hr A d 7 U AR 2 F
Lo} S

ES o e AR YRQ00 pA pm)e] F
#

MSLI1, MSL2, 23] ¥ MSL3
AR o] Aol A gF& st
of 142 9@A 4A AAHAG EE, current re-
use AT MSL4, MSLS, MSL6, coupling capacitor
€2, 183 bypass capacitor C3& o] &3] A=,
ol A WA common source M;# F WA common
source MxE S1ASHA Hrh I9 39049 2ol M,
My 22 DC ARFE AL slon, ME 9
g4 60 GHz 9 9] AaE Mo 3] FFH L, 9
ZZ¥ ANTE high impedanced ZHAIE AAE
MSLASH 3o 98l, M9 sourceZ 029 A3 AL
& w27, €29 MSLS, MSL6 L E oA inter-
stage 1 ZE T35t M9 gaeR YHET
M:9) source o] AAH A= C3o sl M9
source FH-& HAE HolA HI AX M co-
mmon source amplifier® & F234A =ol, Mol ¢
a8 SEEAE 60 GHz ] Aos T & ¥ M
oM ZEso] HOE A Hrh

I9 5% open stubs} AF HEE o] &8 inter-
stage "13-E YER I otk B 24 B wieh 7
o] z,oll 93 EF3F Ho] Sl= Z1 opT M E vl
e dudrey, 29 ds mEst Hol e
72 op= ME viEtEE 99dsE & 1, o] F ¢
T2 MSL6 28 FAIol smith chart®] 7wl
2 o]%3}A drh o, open stub MSL5+ WA S
o A e FH, ole M My Aele A
64 A28 AA AA 5L PPN, o=
Uobrh AA) HSASNE) B4 BANFA Bk

1% 6(a) LNAS] Szt Al d ol 23E ]

2E agelth AA 48 AU 116 mWE W =
AE §, 3 Sp 27k 572 GHzRE 67 GHz, 121
55.1 GHz% &l 67 GHz7HA] —10 dB °l3te] A#HE
BoFET glon, 52 577 GHzoIA 108 dBE B
o £ gith 3 dB bandwidth+= 55 GHz¥-H 61.2
GHz7HA) 6.2 GHzolW, Spe & thgolM -38 dB

o m(
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3% 5. Inter-stage matching 323 714
Fig. 5. Inter-stage matching procedure with a transmi-
ssion line and an open-stub.

ojste] A%E HAFT vk I8 6b)olM BHe
Bh9} 7ol 56 GHzHEl 60 GHz7HA] £3¥ NF:= 4
dB ol3tolsy, 3] 57.5 GHzolA 3.2 dBS] NF &4
AFHE Hox3 vk T3 ¥ Pl dBE -128
dBmelt}. o= #A LEH V-band Y CMOS
LNAZ 7H¢ @& & AFE BYFT gtk

2-2 Mixer

Mixer HA| T2 resistive mixers 7|2 FRE
S} Resistive mixere AY L 27504 ¥7] g&
o, o]z @Lrle] E717] 93 HLF AAY 3
2o A3, £33 Hojd AFA S HAFT ¢}
o I3 S 1ff noise TS 7HA1 T, stability E 3
OE 5% mixer? HlY Al $-73 A5 S BoRoh
FRARGE, AHOZ % L0 powerdl & S}
7} g, A 60 GHzS] £ LO A3 & FHEof )
71 918 vl $ 2 AY ARE "R T 3T Uvke A

674

S11. S 85 [dB)

Gain, NF [dB]

2+
. =il Gain
: —&— NF

T

6 565 57 ’57.5) 58 585 59 !5&5 80 605
Frequency [GHz]
(b)
18 6. LNA &% 23}
Fig. 6. Measurement results of 60 GHz LNA.

Ag 7ot Al A28 A F O Z LO source &
dxe #atE 29 ¢ Aok IHY IHFS re-
sistive mixer= 2 (1)o41 9} 7ol 2 source-gate capa-
citance(Cg0) w3 source-drain capacitance(Ce)®l 9
3, B33 LO powere] F717F B7hw s, § %
& RF-LORF-IF isolation Z2#& BAFL Sltt

P05+ Vigh 0"+ (CootCa)’ * [{(R, * RYRAR}HR]

4y
o] &) &t resistive mixerd] FA AL s} 237 $isl,
s 18 7% 2L mixer TEE AMH
- AutA <l resistive mixerd) A& st EdlA A
E AbEsle vk A ¢kl mixerd] M 71E dh
EWBAXLH source F¥o T shte] EWA L

o & 3o



Vit
MSL2 R2 R3
(@3]
o M1
LL.O MSL1 MSL3
Cc3
| ———
Lt IF

M2

R1

Vare

8 7. Resistive mixer 3]2%

Fig. 7. Schematic of resistive mixer.

6E-14

SE-14-5 BB 00, OConvemional
070 g
g
@0 Gag. e

1E-14 3 Proposed .a a

o-ta.g.0.q0.g aa a.aaa®
0 T T T 1T I T T 17T [ T T T T
50 52 54 56 58 60 62 64 66 68 70

Frequency [GHz}]

I8 8. Yk resistive mixert A3 mixero] Cpo W
33 v

Fig. 8. Comparison of Cyy variation between common
and proposed resistive mixer,

HE stackingdle] zZt ERNAHZ LO A3 9 RF
AZE 742 77 E FZoY, o] FZ2E B4,
LO portel] Al BlghE ] BHolR (Cpp gho), EAHX2H
M8 Coo, Con, LB Ciooll Y3} ZHe}AA| =,
AFHOZ @& L0 powerd| M E&o] 71584
kAt 19 82 LO porto) A wheHE capacitanceZt
o] Histo|t}. shte] EAAAHE ARES dnkE ol
mixer®] 749 54.2 GHzoN A 49.4 fF9] capacitance S &
AFA T F He] ERXNAHE AHEE AU mi-
xer® AollE FY FopeolA 54 Fo) A4S B
oEth ol R E 3= LO powerE WA 7MAZ
T T ERE HoE

MixerE T5A717] 98] 228 A Lo 99,
PLOE 2] ()l 3] CooSt Con BT o} sour-
ce, drain, 12| gate resistances] 2JIAE A o)

A D nEl g g WPANS 60 GHz CMOS SoC

"ok O 43, ol & Jest, ERAAHY A7)
96 #m(6 pmx16)22 A48t} LO matching 3] 2
£ C1, MSL1, MSL2, MSL3¢l| ¢lal A =m, MSL2
£ LO port F-EolX RF A3 AA J&L 3
%3k RF matching 3] 2+ C2, MSL4, MSLS, MSL69]
93 FA Y, vlR7FAZ MSL5= RF port F-3-]
A9 Lo AZ AA 4EE stk 3 G2 F A
3 ZolH, Re AS MY drain2 29 A &4
7] 98 8-S Ak M M9 HlolojaE F
W3 £48 98 threshold A Y042 VIO HAS
At

I 9= resistive mixerd] ©3F £4 =3 Aijo]
o} 19 9a)E -15 dBm2] 60 GHz RF A3 ¥ 7
T, 542 GHz9] LO & WA A S W o] W &
Aolm, LO power7t 0 dBm¥ 7%, k9.3 dB] W
3 &4o] A7ITE IY 9(b)E 542 GHzS LO power
7b0 dBm% 7%, RF Foh #iste] mhg W3 &4
27 ZAzto|t} 56 GHzH-¥ 63 GHz7HA 10 dB ©] &}
o] Mg &A8 2T vk T8 9(c)= 60 GHz RF
N9 power HE] mE 20 dBe] LO-RF isolation
24 235 BoFT gtk 19 9d)= -10 dBm
¢} 60 GHz RF 2135 Q17} A, LO F3}42] wisto] w}
g 48 HAFI Ak 9A] 53 GHzH-H 59
GHz ©]%} 10 dB ©]3}9] W3 &48 HoEr

©:

B o

ikt ar e

—

p

2-3 Signal Generator(VCO and Frequency Doubler)
2-3-1 Ka-band VCO

VCO9 AA| 2 I8 10004 BE nie} o),
VCO core H3#3} AC-coupled &3 B3 amplifier™
ARG, 2R F9RE AHAE LC-resonator
H2 9] inductance= - phase noiseE 3] MSLE
o] &3k High-Q inductorE AA3AoH, FA =
< self resonant frequency(SRF)E I3l Concave-sha-
ped inductor® TIAQISETE 2¥ 112 Gwb in-
ductor8k MSL< ©]-&&to] AA S inductor ] Qua-
lity factor(Q-factor)& Bl ¥t ZAF}olth 30 GHzoll A
71Z inductors 179 Q-factorE HolE dhd MSL
inductore= 279 Q-factor® Eo5H, 38 100 GHz
o]44¢] SRFE HAETh

19 12 VCO core® ¥ &£X7F 499 mW
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o | *Pes 150Bm(@60GHZ) |

Conversion gain [dB]

LO power [dBm] (£254.2GHz)
@

30

DB A

LO-RFisolation [dB]

RF power [dBm] {@©60GHz)
(c)

38 9. Mixer 24 Z3#

[}

+Po: 0dBm (@54.2GHz)
29 oPge: 10dBm |
' N o

Conversion gain [dB]

RF frequency [GHz]
(b)
0
*P o 0dBm
2. Pre: -10dBMm@60GHz [
7 U

Conversion gain [dB]

-12 4 T T T T T T T
S0 51 52 53 54 55 56 57 58 59

LO frequency [GHz]
(d)

Fig. 9. Measurement results of resistive mixer.

fo-strip Inductor

Voo, butter

Ve
c1 c2

LC-resonator

l}—*—-‘ M3

WE l’lm .

VCO core Buffer

38l 10. Ka-band VCO BZ2%
Fig. 10. Schematic of Ka-band VCO.

(0.638 Vx7.81 mA)Y wel &4 Aot &4 A
Aol &40 27 GHzAlA 45 dBYS ZHE o,
Z4E 29 A% A7]= 274 GHzl A -3 dBmo]

676

Inductance [pH]
(0) s0308) Klend

ST 71T T T T T 1 1°
5 W 1B 20 25 30 35 4 45 W

Frequency [GHz]
38 11, <ut inductors} AIFeF MSL inductor Q-fac-
tor W& 23
Fig. 11. Comparison of Q-factor between general and
proposed MSL inductor.

5, o] millimeter ¥ CMOS VCOA 73 &
29 BYE HodFoh T3 2689 GHzOIMRH 1
MHz offset 71F 22 ~113 dBc/Hz9] phase noise &
A& Hejzn o] T3 millimeter Y CMOS VCO
Z 7V 92 phase noise 5A41& Ho)x gith T8



o
2

y m1
» i req=27 41GHz
/ raceA=-7.500]
3 * |
O
Y
- 60
-80
B U S S S AU B
2736 2738 2740 2742 2744 2746 2748
freq, GHz
<output power including cable loss of 4.5dB @27GHz>»
(@)

(b)

18 12. Ka-band VCO 4 A3}
Fig. 12. Measurement results of Ka-band VCO.

Vadoutier
2
L3 G2
[
] M
N
R
27.1GH 4 = MSLA
Vaavuier
Fraquency doubler Vot mter
{2110H2 > 542Gy} Bufles amplifier (542611}

& 13. V-band frequency doubler 3 2%
Fig. 13. Schematic of V-band frequency doubler.

3 control voltage7} —0.4 VY€ 0.4 V7HR] ¥ 3k A,
229 tuning range 26.85 GHz¥-¥] 27.5 GHz7HA]
650 MHzo]th,

2-3-2 V-band Frequency Doubler

A4 delvlein 9 WPANS 60 GHz CMOS SoC

10 — 120

100
8-, 12¢ “t
=80
‘Fg 83 b ‘d:
el - B/ S S R 7 1/ 360 oF
N —r
o o
? 40 §
4— 3.
20
2 T T T |’ T T T 7 ' 0
50 52 54 56 58 60
frequency [GHz]

T8 14, ¢ 98 FAE inter-stage W YIEL
Fig. 14. Inter-stage matching impedance improved by
Cs.

V-band frequency doubler®] A%, 71E2# co-
mmon source amplifier 2ol A 7HE & second har-
monicS P& & Y& AF vlojojs EUEZ 4A
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Fig. 15. Measurement results of V-band frequency dou-
bler.
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Fig. 16. Photograph of 60 GHz CMOS single-chip.
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Fig. 17. Measurement results of 60 GHz CMOS sin-
gle-chip receiver.
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H 1. V-band CMOS single chip 7] ¥
Table 1. Comparison of V-band CMOS single chip re-

ceiver.
Lg Freq. | C.G |IP1 dB | NF | Pdiss
Ref.
mm)| AP | (GHay | [0B] | [@Bm] | [dB] | [mw] | <€
-85
LNA, mixer, 6.1~
90 KL e |~ | -26 u |16
VGA s 635
LNA, mixer,
90 | IFamp, |57~66| 32 | -30 | 8 | 130 | (7]
VO, PLL
2 LNAs, -23
90 | véa,1Q | 62 | ~ | - - | 206 |8
demod. 15.7
2138

Ant, LNA, (61.34~
mixer, synth, | 63.4

22.5
26
LNA, mixer, _ 6.9~
90 VO, divider 49~53 255 83 80 | [10]
315
go |MNA mixen | g | —at | 7 | e0 |1m
IF amp.
LNA, mixer,
130 | VCO, doub., | 60 11.8 | -158 | 104 | 768 |[12]
IF amp.
LNA, mixer, .
This
130 | VCO, doub., [ 59 | -95| -1254¢ 7 219
A work]
drive amp.
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e [F £ F94 45 T 0E W 540
t}, 59 GHzS RF A5 98 A] 9.5 dBY] 7H¢ 22
W3 4% B2t £ Z49 99 Pl dBE
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€ w3 Aol b’lE 90 nm CMOS F3 K.tk
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IV. Conclusion
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