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ABSTRACT

This thesis presents the design a Class-E power amplifier in 0.35m CMOS technology for RF
short range communications such as Bluetooth and WLAN. The power amplifier comprises the
driver stage and the class-E output stage. The spiral inductors and bondwires are implemented
with on-chip components. Simulation results using Spectre with MOS level 49 parameters show
that the power amplifier can deliver 18.86 dBm output power to 50- load at 2.4GHz with 64 %
drain efficiency and 59 % power-added-efficiency , respectively, under a single supply voltage of
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Mmax = D T Wop I | 2

2.7

]
_ at

uaznal§iauds wanssnuninusssuaudusudulidedingrin  funaml¥lsz@niom

YoIMAID WA uevInauMsh (2.5) Wou 18 niudly
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(e )
Pou: - (VDD Vdsat) (28)
2R,

yuzhnszumormya amsadoulnildidy
[ = DD Tdsat (2.9)

.
@ =

uaznnaumsh 2.6) Mlimasnumdsvesiignduaunnnaunasssusadu@ou na 1diy

Ps == VDD (VDD o Vdsat ) (2. 1 0)
R L

L] H v 4 1] : é 1 - <
UNUMANNITN(2.8) Hae (2.10) aaluaunish 2.7) mudnase Fe91d Uszdnsamlunia

URiAvesnvsveIsAMIae Ao

2.4 295venMal (Class B Amplifier)

' v
= o &

2vsvwaaad namddmeiirnuaduiuegludiudnoon uazduda ieenin
nsmudamesiauiiugieg audmizvesdygadunaiidiin Tﬂumi'luﬁ'aﬁﬂnmmza;jﬁ
seAuusaiuilugud Thad 8 szdvussdu@asy ( v,) uaTaomad§iaudausdonldusssuia
Gudhudunisgmaiaussninindnes uazinsud ndnde SUSIRUBUNANINAT
usaduTaisy voamsmFmmesFuinszuauaziam e s uda uAdwsaRusunAoond
ussiudasuseansgamnos hivha@non ) snfudrdmualiusedudaduiiusedudu
$1984 sz @ Tmiinszuave vvvsvonmai o [0- =] Feavsverenarad edradwild
nsUFdneIRIRYY uanaiazUi 2.4 (n) vaziigy 2.4 (V) uaz 71 2.4 (@) wansns lusa uas

yuhnszua lunaiad mwdiay
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v Vpp
Bias Circuit
L,=RFC
AC isolation = (L, I} JCIZ 1(0)
Rg & I 3 T
AA—I IR
) T d@ls T RV
Vin DC isolation 4 s
14 (0)
()
Vi, I;0
A A
Viins Vs ]
> t IDQ 26 T T > 9
0 T 2%
(v) Q)]

24 () vsvneamainldnsudamesantes @) msludaluresvoesaaad

(M) ynhnszualuesvevnarad

o o/ =)

ATNITUWVIVLUAATTY !ﬁﬂﬂi'lil“?ﬁ!ﬂﬂi"ﬁﬂ 1M nszuaasUee Iy AHURWIZIABIFIURDD

[

a - o o ¥ — & ﬂ 3 ar P o
vosdygusunaLasliyuiInTeue 20 =180° AegUn2.4(n) Fullumglidygunszuaiierd

2]

o

a £ y i . o : o
wavzdidnyaziludyyisnuunsinau (half-wave sinusoidal) Aa1iu299515 Tounuduuuauig
{ = o o o a do i o as [ ]
Tuavsvnamadnldnsmdaneidnder fadudaisuuneedodlddmsumsguusedud
¢ v o ¢ s 4 4 a ¢ & 0 q v
wna Ieenuniudygyia lanfuuuiduaau Savavesmaifas Tauuudiiu ez ldawse

NIDINEITNDINTYeINsEUMIATUGNAADITAINTIINA LnzaeTifisanszumasufinnudya
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§11( the fundamental drain current )17i11fu“7'i'lna'lﬂﬁﬂﬂaﬂ TasmMsAnsIEHa NSRRI
9T VLIUADTALD uﬂ"nimv?mﬂaﬁ'ﬁwmeg'”luiaqmmyumﬂszuaﬁulﬁ [0-x] wazainaun1sh
@.1)=(23) wuims lusa liiseduusaduiag iy ﬁﬂﬁﬁﬂ'waqﬂﬁ:uﬁmudmHﬁﬁqﬁfh
Yo eifvuiuaaiaie ﬁ'u'fuﬁwzmﬂauuazﬂi:mm"lﬁ'h msdmuams lusa 13 fsea

v oa a - o £ A 1=j s & ' o =)
u'smummsuuuﬂzm’lwnszuﬁmuumm Uy "IN‘0315’31ﬁ’uﬂ'l‘a"llil@ﬂ'izllfﬂﬂ’lﬂﬂﬂ f19
i4(8) = I, sin(0) (2.11)

o ar = o o 1 [] a o s ' :: o o o J
ﬁ'lﬁ‘)"l]’]\i'i]‘i‘llﬂ’lﬂﬂﬂ'lﬁﬁ mm%maimﬂuﬂg"luumaumuazﬂnaaﬂmmuﬁﬂununmuag

¥ ¥ ] H
Tugevesuinszua Mg [0-z] Avudwsemmaanumdsiiownald de

Poul = é‘ RL(IO Sm(e))z

2

1 %
= %.RLI:—J(IO sm(B))’} do

IRy
4

(2.12)

HAEMATNUIRAGNYNANAIWIVINUNAINIBUTIAU fiD

Py = Vpp -14(0)

Il

. Vop l:% I(Io sin(G))jl
0

Vip 1
= DD _-DC (2.13)
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& a a 1 P & 4 Vv
FalumanguUsdniamnunanga(n,, ) AV 1,= I, , V,= Vpp a1 = %
L

-~
HAD

.

— Pout _ IoRL_ m
nmﬂx Ps 4 -

= 0.785 (2.14)

a wa v a o a o a o o o s
uazmalfidudmansenuninussauduaasudn mldfsz@nimwuesmasuerdnnanas

u’: i { a e’)‘ o o o T
MIIEREIUINAUMIN 2.9unualudgumsi (2.12) uag (2.13) aaufMdssnueanadionIni

1

- (Vpp - Vdsat)z

P (2.15)
out 4RL
o s C‘- :E s Al J o = T
uazMdsnumdsvesngnauaunenurasoussdudonInd 185
P, = Voo (Voo ~ Vsar) (2.16)
K'RL
@ ::: o oA a wa A
niudszanimwlumeliavesrsesveeaarail fe
Voo ~ V,
— DD " Tda B o pi7eS (2.17)

VDD

q 3
2.5 Nasvengamaad (Class AB Amplifier)
= a o ar =) ¥ @ A c: A o L] ]
WNIIvYUA[ITIOU Vl‘i']'Ll“h"(’fmﬂii‘]ﬂ'lﬂﬂﬂ'vlglﬂU'ﬂﬂ']'lllﬁﬂﬂuilﬂliﬂ °11~1711°l11u1;uu1ﬂ5$uﬁ
] A = L o 1 1 I n'l s
wnnA5e lwda nafeliyminszuauindt 180° usioundn 360° 1ufie 180° <20 <360° 4
ﬂ’: - _— H H 1] 1 J L7 o g ﬂy s
wulsganinmininnngalunamguiogdsening 50% - 78.5% yuegiuyuiinszua nallseau

WuudamsiiausenIemsiau lududnesnuaziiuduaa SinaldniveansasuiiaG uigy

—

o { L é 1 L H ~ o
aonuluaaadin lananldudar Fresvneamraed edredenldmsuFamosauie uaag

AagUh 2.5 () vaeiigy 2.5 () uaz U7 2.5 () uaaanis luda uazyuinszualuaaiad aw
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Bias Circuit

AC isolation —» L,

(¥) G))
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wazwuims lusaussduiivunnluammo i3 Aszfumie niussiudadutiui 185
nszuadaumg il Saozaziae lilRuas W IdiAnTugud sofuannsadouanudniuies
ns:umﬂiuﬁa;i“iugﬂWaﬁ%’uﬂlmquﬁmizuﬂﬁxﬂumuﬁnm‘sﬁ(zs) 9 14(6) = I — 1, sin(6)
uawimc?mma%’ﬁqmﬁﬁnﬁuﬁNmagﬂwﬂ'qwamnﬂmszuaﬁ"uwi[o—( 7+0)] Fae 130N

o o 4 4 o A
fasrumdeieIayald Ao

R (1, sin(0))*

out

b | —

n+0

R, i 6[(10 sin(0))” | o 2.18)

B | =

v
[ ¥

HAZMAINURAINYNAUAINIDINUNAIDIVLTIAY AD

Y

Py = Vpp-14(0)

n+0

. [(tpc -1, sin(e)) (2.19)

= V... —
L
0

.A : 4 ar z ~ -
NI (r+0) < 2 Mluaumsi (2.18) uaz (2.19) fariuilszaAninim Ao

= 0.5 < < 0.785 (2.20)

T max P L2 ' max =

q 3
2.6 NveenaaY ( Class C Amplifier )
= a o @ c; ] o A & ° Y ) t
WATVUIHAATE wsmmﬁmasgn"luﬂﬂ"lﬁ’mmmsmwmm mwzm“lmgnmﬂs:uﬁuaﬂ

¥ c& = 4 o » M o
n11A39 lafia nanfe yuhnszuarioonii1s0°1iude 20 <180° n3a 6 <90° TaerialUnanad

w1

o o A ] = 4
ﬂmu‘flmwwmummﬁ"lmflm‘mﬁ'u (nonlinear power amplifier) 299515 TouuUs LC iyuvuiu

= o

3/ A 9 = < 1w P o a @ 3 o
neyaldyuie i ldanudis TauuudivhAuanuivesdyanadune duiuasess Tsuuud
o £V A::ﬁ A ) A A A o £ [ o )
mmihinluesasewnuanudruduruneiueludy Fahldussduedyauilsiulae

o a '3 or A a & = L] ' Hq v
asanuueuligavesosnlszneundnvesgdaiudynia F9svorsaaadodisdenly
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NIUFMA0IAUALY uaAAgUR 2.6 (1) vzl 2.6 (v) uag 31N 2.6 (A) uaasns luda uaz

yuhnszualuaaad mudiey

VDD
Bias Circuit
AC isolation —> ("L, Ipa G, i, (6)
Rg C; I i -
= B ST SR o
Vin DC isolation V4 ® 3 LVo®
1q(0)
()
1.0
Vi ©
A A
V. |
V.. I 20
bias T > G
DQO T 2n
(v) (!)

N 26 () 25vnvamadnlimauFamesauder @) mslusalurwswnvaaiad

) yuhnszualussvnonaad

MIMNUVDINITVNEANTE NI UTaRDs Tansaduiuiuegluduimosnuazdud
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milounufivlunsdivesnaratuozied uasziiyminszuaitioondi iioann1@sums ludand
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Ipe =1, sin(0 Jpe —1,sin(0) 2 0
ld(e) — DC oSln( ) DC 05?11( ) (221)
0 JIpe —1,sin(0) <0
A a =2 a a - = aw o P a "y
eNnsandaszaninmiuniigalumanguf dafuaumsii2.21) @oulnd @iy
Ing = Ipp sin(® JIpo —Ipp sin(0) 2 0
i (6 = JToa ~Toosin®)  +Ioq ~Inp s o)
0 Ipg —Ipp sin(0) <0

{ &
NBI 1, =Ip, BOT Ipg =Ipc

=

P ar 3 A P a fa o . u’:
taznnaumsn(.22) dunalddn ludeulvinswdanesiTuiiam 1. —1,p sin(0) = 0 1iudl

i 1 ” é \ o =
Autluuan sxnu e 2 Iy, sin®) Fedisuduau uazaumsluglvesaninssuadon1dio

Ipg = —Ipp cosy (2.23)
&
Ny
.
Y= am »IDQ —Ipp >0 (2.24)

I
arccoy — —2 .
Inp ,otherswise

dunai luaumsi2.23) 1218 dmfvaanaie (y = =) wazaanad (y = g) vz

b Y] n,: { i L) s
) ANTUNITTUTATUIRAY( I ) NYNANAININUMAIT WIS IV UAD

2n
Ipe = — [iy(8) do (2.25)
2n 8

{ & a < o ] U a o (] ' = o e’a‘
N ugamesinnueyludmduiuazegianmszning g+’y <b< g —y vod lmfAa daiy

Wonerumin.25)nd 1d
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—+y

1
Inr = — i (0) dO
oc = 5 Jin(®)
.9
-y
2
1 .
= —;(IDQ7+IDD sin y)
UnuManmsn (2.23) luaumsi (2.26)
IDD -
Ipc = ——(siny—1ycosy)
9
o af Al L ar =}
HaEMAINUNINUMEITIBIS U (P, ) fip
Vol .
P, = Vpplpe = —22-P2(siny—ycosy)
T
[ ::i o =}
HOZUIIAUNIDIANA fiD

Viie = V.8(0)

A 4 o o d.' a J A ' q’:
NBIAUTIAUDIANANINNG A inavuennasey Ivan R, INTIEREUU

127:
Vo = —— _[id(e) R, sin® do
& 0
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(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

VINAUMSIN (2.30) NILUNIATUIRAY( I, ) INIUOYHIIATEN I %+ y<6< g—y vo4lwifia

aaiwdsuaumsn(.30)lnlddy

s
—+y

2
o jid(e) R, sin® do
T

!
Il

max

Ty
2

(2.31)



22

HAZUNUAT 14(0) = I ~Ipp sin(0) NINAUMSN (2.22) asluaumsi (2.31) msizazniuldn

R
Wi = 2—;(4%@ siny + 21y +Ipp sin 2y) (2.32)

max

' ﬁ:: H A '
HAZUNUAY I, MINAUMSN (2.23) asluaumsh (2.32) Fanah 14 Ao

I5R
Vi = —2—L (2y —sin2y) (2.33)
s

max 2

4 o a LY ar n’: o o o
WouseAuiasuad ldgaganiiiy vy, dauiu Mdsnueaya (p,, ) fio

out

2
P - vmax = VI%D

2.34)
= =y IR (

i { & { 4 o o
uag P, Aoainaumsh (2.28) N¥ vy = V,,, wag Vv, feaunsi (2.33) #4149 dmsu
ane & sxlilszdninmuiniiga Ao

P __ 2y-sin2y (2.35)

4 4(siny — ysiny)

d -
2.7 Nasvenanaaa (Class D Amplifier)
= =) /A Y a o [N o

wesvnwnnad unesvnelszanaindFalnua Taemsldnaudanes 2 draduiu
o P a - - » & a ° v [
Mauluniemuveslxifia nieiGend “wa-ya » Fmswdmaeinnuegluimingloauas
a o s @ a A 9/ a oJa A 1 A:id”d!. a oA
Anearaauiu MuANYULYRITyRNUIURATId 2195 IngFa nan lunifiAotasadadya

E
o . . 4 a £

TuTMuaLs 39U ( zero voltage switching ) daulu Tvuanszuaniu ansodn 1dam 3] F329
vvewna1ad Nldmaudanes 2 A1 uaasdegilii 2.7 (n) izl 2.7 () uag 31H 2.7 (A)

HAAINITAUYDLASAUAN YL UNU DV IAUIZATZUAYDINTVWATA ANEIAY



23

L, i,(0)

@ _fMV(e) R, V(e)
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Var 0,
Vop o
0 >0
V,©) | |
- |
: VOT“ :
| |
0 | ; »0
Vom | |
| |
i) o
t B
| |
| |
0 | | ;e
Loy,
K | |
Idm | |
] I
0 I I >0
T 2n
(M)

31 2.7 (M) 29svRmaRLDDYY-Na
(V) MITAVYAVDINTVWAMAA

(M) AUANYALFUIDDYDWTIAUIALNIZUAUBINIT VAR

¥
Tumsinsanmanmshaueennssnsmanmad doainrsandis foauudgiu dail
1. fi1 RF choke Apuiumifiuinwe envzh Idnszuadunade) Inarhu ldednanai
¥ o a o 9/ A oA o o a [ s
2. M Q Y9315 Iauundoynsunioayadoalimnumnnosunsenailiussduerdyadiu

, T N
dyana lnluiuuAuglaau (sinusoidal)

E4
s

a a 3 a : ] { a o ar
3. midiadveansudmnesiilunuugaund mszaziune il Ron vnizfiadaminau dui
& o ' a o Y - A a o
‘Ufuz‘l’llliﬂﬂuﬂﬂﬂi@ﬂﬁjﬂ‘ﬁﬂzlﬂ"lﬂﬂf.fuﬂ HINAD az!ﬁﬂﬂ]iﬁuﬂc‘llﬁﬂﬂq']ﬂ%"l’]uluﬂ\m'lﬂﬂﬂl'iﬁ?ﬂ‘lf
v g a P ) A A ¢ oA
4. aunulsyymoluvesneamiudmnes IantevunnwSeiliasesmnauilugud ufozazia

- o [} o1 o o = o
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5. MUNAIMIAINT (1% 50 % (duty cycle =0.5)
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Awdeauuagmdradu deadasilaees mugli 2.7 @) wldhussdunanasouainditiu

V,(0) = Vpp B%S(e)}

]
L=

wauzh SO) fio Wudyanadimaouiazdouldidy

[+1 sin(8)>0
SO = {-1 sin(0) < 0

TasmsAnszddeynsuyiSesveailansumuiiiudyanadindon az'1ddh

S(0) = %

{sine +—;,-sin39 +%sin59 +}

unua luaumsh (2.38) aslu aumsi (2.36) fariu

V,(0) = Vi {%;l—%sin6+%sin39+—5%sin59+...}

(2.36)

(2.37)

(2.38)

(2.39)

P o ) & a o 4 o q ¥ 4
ua:manssummm‘gm"lﬂamu'msxﬂmmucnmgniummﬂvgm(Lo 2 CD) ‘-]Niwﬂﬂﬂﬂiﬁllﬁlﬂ’lﬂ

wailaui

2V, sin©

L (0) =
1,(6) ey

(2.40)

é = i ] 1 { o v u’: o é
nszuenie IdafiduuanTnadummzluganam i) iaumniu ues dygimnssuanda

a 4 g ' ' { ° v v w ° " A e ow
l’lr‘]ﬂﬂaﬂlﬂuﬂUﬂ‘IHﬁN']ulﬂw1$1u‘]f'J\3ljﬂ1ﬁ i2(6) NMNIUNMMUUYUAU Hﬂzﬂzﬂ%ﬂurﬁuﬁﬁﬁunu

T Wunaliwasuvesnszuaiordymiy
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2Vpp
ioo= (2.41)
out ﬂ:RL
o (4 =
LHDZUTIAULDINNA AD
2Vpp
Vo oy Vmax = T (242)
v o o w (4 =
AUUNMNINUIDIANA AD
Vi 2V
P,=—2 = 20 (2.43)
2RL 'Y RI
& =S a — = L | [ £ P
FINTLUARATRAY (Ipe ) NYAAIDIININUMAINIONTIAY dwnsan Idenaumsh (2.41)
Ipc = 2o = 2Vop (2.44)
T 'Ry
ar n’: o o c; = .} ar =
JUUMAINIUNGNAIDINUHDIVIUUTIAU (P,) 7D
- _ 2V
P,= Vpplpe = 5 (2.45)
'R
mszRziulszanimmnmnnngalumangsg Ao
P
nm: I‘;‘“ = ] (2.46)

)

- s
2.8 Nasvenana1ge (Class E Amplifier)
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5. MUAIMIAING tﬂu 50 % (duty cycle =0.5)
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Co Lo ,Jx i@
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c, wazlusanazil nszuanioglu c, Aesvwnszuasonlinuadou niona1fe usIAu v, (0)
a 1 9 = d A a o o = n’: & o A o
nanfsuc, desldigud Adoudiaiadeziinisiladeesdaadanila udoanuduves
o A a 4 A : 1 o [
dv¢(0)/d©) Aeallugudiiioadydiniees adailminennuii nssuai @) douilugud nda
P [ n’; 1 [ A a o o A a & 1 a
vinfadsalanes auuee lilindanungedansslusimiziaiadians Faeehifans
. ¥ v 1
masudNUsENIN(overlap)usadunaznszua luan g dousinilalees liduilaiees 9
e dy o 9/ o o - o = d.l 1 =
nanmsiailiwesvnemasiivsed@nsnimga 100% Tungud) iiesnnhilims gapdennu

a o o v {1
§oU(loss) 1INMSAINT LAZHANNITYNIZUNTT “soft switching  2995nFBAUDUANNDMIUIADN A

]
o o

A Tdimmnzifisanadyag u(fundamental) voeussauiiinsu v, T Tnanlunsdliidyao
a i‘_l da u’,: d 1o o o
dunalumsueganuuumaun deyanlieglumsueqaiunezgndariullduorrnadie
TumsTinsizdaumsusWunazasuave s veMIdInaIad ansodinsied 14 1as
Amuald AuIa1 (Duty cycle ) M1y 0.5 nazangui 2.8 () veanudliussiunaznszud

winafenszuai lvarusesis Tauunddudyanaland Taslaumaiiu

V, = csin(0+¢) (2.47)

o

bt

= -—E—sin(B +0) (2.48)
Ry

o

a4 A = a A v [ - o
NI 0 = ot AD AVNDLPINY  UDS ¢ AD l.ﬂﬁi2;’11'31\3lli\?ﬂullﬂﬁiﬂﬁzllﬁﬂlﬂ'm?!ﬂ
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=] o | a sg A 1 1 = o P a a o (s o
ANTUDAUANY (jX) lﬂﬂ‘Uul‘NB\‘l'i]'\ﬂFITIJJFYNlﬂﬂ‘UﬂQﬂ'Iﬂ'IﬂT‘ﬁlﬂﬂiliﬁSﬂ"lﬂuﬂﬂmﬂi'ﬂlﬂ'lﬂwﬂ 1
Ed

HURDITMSRUTAID Al

V,(0) = V,(0)+V, (0) = csin(0+q)+ xRicos(e +¢)
L

I

c, sin(0 +¢,) (2.50)

=h.
S
b

2

¢, = cfl+—
2

Ry

o %
¢ = @+tan” | —| = @+y
RL
A a  Jd a o @ n’: il = ] o o & ] [ =
LD INY ﬂi?ﬂ%ﬁlﬂﬂﬁiﬁﬂ?Q‘ﬂ‘i muunixu's'm"lﬁamu“lummuﬂixg ADHAANNITEHINNTELUTA
=) o =)
FUASNTSLUNIDIANA AD

i.(0) =1, —Ec—sin(e+ ) (2.51)
L

= ] w g o 3
uagnszuan marmuduiulszy annsofanlden

dv

i.(0) = ©-C, —2 2.52
1.(6) ' 30 (2.52)

aarlunnaumsi (2.51) uaz (2.52) Woulni'1d 15
Iy, S A= G (2.53)

de R]_, lde .

6 . Ve(®)
[l ~—=sin(®+9) 0 = - [C, dv, (2.54)

0 R, 0
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I -0+ RﬁL—[cos(G + @) — cos(y)]
o-C,

= Ve(0) (2.55)

msyinuluanmeiimuizeay ( Optimum Operation ) Hufs TauRoulvues Vo (1) =0 1ude

unua 0= adluaumsh .55 wld

Iy -:rc—]%gcos((p) =0
L
n30 cos(g) = R 2Ry, (2.56)
2e
HAZVINAUMSIN (2.51) ic(n)=0 WUAD
I, +——sin(p) =0
dc RL ¢
W
%50 sin(p) = o Ri (2.57)
WauMsh (2.56) 13RI duN1s N (2.57) Aariu
2
tan(p)= —— (2.58-n)
. T
jvc (0) cos( + ©)do .
E) EX— = tan(g) = 2 (2.58-%)
& J'vc (8)sin(0 + ©)do
0
o = -0.567 I51AUU (2.58-A1)

uazAvedudAnuAud (L, ) M1A Ao

X = R, -tan(@, — 0) (2.59)



A o w o ar o_ o
cmmmammmmaq&nuusqmuun:mmqmtmﬁwm fio

CZ

Iy *Vpp = K
L

) lﬂ. d‘. o o 1w Y n’.:
wag ldaunish (2.57) omMaamauls ¢ aariu

2V
Ie= —o>sin®(9)
L
- 0_577!.12.12_
i RL
2 wa Vop — V
wazlumaluiauda I, = 0.577-D0 — Yosat

L

»
@ o

AUMAIIUIINUNAINBUTIAY 7D

P

VDD (VDD - Vdsat )

= Vpp Iy, = 0.577

uazMdenueinn fie

P

out

= 0.577
L

& a oa c: =S A d'l
Fssansnmuinige lunangul Ao e v,, =0

(Vo = Vasar)
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(2.60)

(2.61-n)

(2.61-%)

(2.61-n)

(2.62)

(2.63)

(2.46)

" ] o
AL Mdaumsi (2.57) inedidamves 1, -R, 9I0auMI(2.59) FaiuaunsomAIfig

uys( e) vosmwenlsyavousaiuerina iy
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c = —2-Vpp-8in(p) = 1.074V, (2.63)
v o 4 a &4 4
USIAUNATUNINNG R (V0 ) INAVUIND 6 =2tan™ (2/m)

Vomax = 21 Vpp tan”™ (%) ~ 3.562 Vpp (2.64)

2.9 1os5vengna1men (Class F Amplifier)

2vsvwieianaiden[s] ldmdannisvoanisaeyauparanss lsuuudnalsgaiiersina
397130071 “multiple-resonator ” tHoiluMInILgUAATEIBISUDTINTUSIAU NTDNTTUATIDIA

- v & 1 "o 5.
wa ke WgluuuussdunSenszuaiiordnan)douuladl) romailh iidvesnnugy
. ; o a a J @ o a Y
[ (power dissipation) anasuazinlilszdninmgan Taenlresvneidnaraeviiia
samilu 3 ¥ia 1dun 1.299svenenmaenfildansueiindfaiy ( Third-harmonic peaking class-F )
= 4 a Jd . .

2 2vsvneaaaen i IFesuetindNans ( Second-harmonic peaking class-F) 3.2435910Aa1d

{ 1 . g r " .é U i =Y o o [
A 1¥a8aa( Transmission line with class-F ) Fa91nna1283 lunaazsiialudnuae i

Y ¢ a Ja
2.9.1 2sveneammennlFasNelind ey
g ¥ o a od Y g o = o A (Y
wWesvnenaaennl¥esueindns uaalviruasgi 2.9 (n) 1veslanyuzmiloudy
a a g a r a a 1 : a
Fanadud aard 4 nie aard & endumsasiiugas Tsuuug L,C, 1l dunaduieiia
:; (J oA =1 o ci =1 " 9o ' T a A
AL Tsuuusyu Movhuaus (Z) 7 InaaszimiomnizaInIuaIunIu (R) dauaidui
o o v A a 1 o o 1 a A o (Y
s 7 Inaavzitlueudiileninudidu svihwesniudis Teuuud uazadufinaud vz
n‘a; ci ] :!'l A 3 . o _ o = g/ = a 4:!‘.’
Aud NANUDMBYY Famsiinuvenssvneidenme oW Taslideaunagiuddeliil
v o " A A { o a L]
1. MYUARIATIOAIAUT (RF choke) Apuiilumiiuinwe iefivzviI¥nszuadunadde) Inasu
9 L c;
Ihod1anai
' sl 7 Yy A A o o q ¥ Y I
2. 1 Q ¥89299515 lyunudneAnadedimiuinwesunseiah IRus s rdyaiiy
W a =
dyayros Tl (sinusoidal)
] o a w 3 o Y A ' v =
3. wod Ny MFMAvsIUVgANAR Aaiuiihmiiowuunas swnszuaned
4. Tufinausafuanasoy uoamauFanes lududud tazuse AuanAsouNI T tADs

TudmlnsTona (lufe lufiusedin : vy,,)
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IDC Z= R, at £
Z=00 at 3f
L Z =0 ,otherwise

4]

} o = {
51 2.9 (n) 29svwRmmenaINaind Na

Va (B)A

o=

| 27

311 2.9 (¥) udnvazzliveIsRUIBENsTIAV S INTRMTEW S UaTind Ny
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TasndnmsvesnmaeWarsueiindnay Aoiilodyarudunadundunvuanii e
niugamehdumiounuunaitionszuaniil eadlszneunasuolindvonsuaasugn
1 [ @ s & o P o 9 Y a v o o
darudansud s Tsuuuduuvuuioaya L,C, wadnldifaussduiiednya

= 1 a J A o = a o = ﬂ: & ¥ = o a o
nanasou InaaiNavu VUSNAYYIUDUNANIVINNVUIAGIVU FIM AN U020 A

da 4 o

A2 A d o aquw a w e - o’ a e ) o &
gagdatvzim I luvazimonuuunanavegIsyustndNa LN YUR IR LT IA U IAS Y
L] s 1 { 1 U a/ A
Uszanmiuilu dgyanudmaoy vaennszuaasulszaI iy dryanain3aland (half rectified
" . & = o a oy . d 1M os = A
sinusoid) ¥ lungufives ammenud) dygradunavzitluaiafivui@erny nard 8 nie i
ar é 'd [ a wa | s = Qs A '8 Y ]
dayanunialand ualun§iid dauuin ﬁtyﬂ,pmau‘v!m:rfluﬁigﬂymﬂ'jq"lmulsa:gﬂ"luaﬁ LY
=3 ar A = A a A o =Y o = oo
@y doulyluaaad ¥alszdninmmvesnmidenssvotndna lumangugudd iy
88.36% saudmivaaraen ersuoidndnaiu lugdi 2.9 (n) awrsoRasansiuIumIa

v o 3 @ A a o o o "
A1ae) 18Asi [6] (8] Tmousasuivuasu (Mnmsimszaiaddu lnidisoynsumiad ) 918

Vp(©) = Vpp + Vo sin@+ 'V, sin30+ V, sin564,... (2.65)
o ar =)

wazaumMsMInFuUnIzIAATY AD

ip(0) = Ipc+IgmsinO-1, cos20-1, cos40+,.. (2.66)

4 o 4 ia
1o 0 = ot uaz o= 2nf 1% f Ao Anudduya
& o o _ o « a a a o
Famstmum Masuedyauazdszaninmlasmsauuamiines y, , y,, 8, uay
@ o dao d o [ s

8, [6] MuanuduRuiiuesnlsznouvewssiumaznszualunndtuas lumaedaaae 1l
auuAdumMsIs LA Ty

Vom = Yv VoD (2.67)

113}

Vb 8y Vop (2.68)

max
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& a a Ai' r'd ﬂ
Wéﬂé"lﬂﬂu Iﬂﬂﬂ'l‘iﬂﬂllﬂﬁlm'liﬂ'izuﬂﬂlﬂ'lﬂﬂﬂ U
L= Vil (2.69)

laz
iszm = 6[I{‘l(: (270)

o A

A a Pa A 7 4 a P & L o o =
LWBWTUIMDUNLUAUTNIDIAWA UUAD Z(f)= RL naANUIYaFIU Cﬂdﬁ]ﬂﬂ.ﬁ']'\lﬁﬂﬂuli’ﬂﬂﬂﬂ fo

N, = LRy (2.71)
ar 3 o o o -
JUUHMNNUIDTIANWA AD
V2 2v2
p = —om _ ¥v'op (2.72)

HAZAIAIIUIINUNAINIUSIAY AD

V2
= Vpplg = ]

; (2.73)
7iRL

YvYi
2

P
= & = 2.74
n P, (2.74)

a o

P =1 1 A o o a o a rg o o o ) o A
Wﬁ]1iﬂl1ﬂ~1§ﬂﬂ 2.9 (A1) IKUN lUﬂTI'ITJTN“UENH‘liﬁﬂuﬂﬁlwu‘UUIﬂuﬂuuﬂ il sAUN

[
=

= o o P = a, o 1 A o a  d ]
‘UHﬂi'LIlJﬁﬂHmtl‘ﬂuﬁ@ﬂg'lﬁllﬁmﬁﬂi]lﬂﬂﬂf!ﬂdu‘YI'NQGIm"m) aAUNAN tuaawuaunmﬂu 30

XY o Ao o = o o i = " W 1 ' ]
8 ﬂnﬂﬂymzti’luﬂmunpmnuaﬂym:ﬁvmmu ﬂﬁwﬂnﬁiyﬂpmﬁmaumwﬂu um'lummm (aﬁ

a ar =

= = R s a o v & P o o aa
nWisuifevduidedussvetindilueiud  Falaom I dyanausedunil dnvazSou
o = 1 o l:; d =) =4 ﬁ:ﬁl ' ﬁ: A"’
LU ANI38AT1 “ flatten voltage ” UsIAUNMATUMINAUNSH (2.65) T fagaRinniiswnigaile
; o d 4 4 5
0 = n/2 uazganiia YAinga 1o 0=3n/2 UaESI cos(n/2) = cos(3n/2) =0 WU

A d a o w o o
Mudunsh (2.65) Taumslfeynsunad Rn1surdriduvesoynsuveafansud mouves
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' ¥ ¥ ' i 1 B §
cos(0) ﬂzxﬂuﬁuﬁﬁ 299U INTIZRSUUUTIAUNGIVUUUNNINNG A ﬂﬂ%ﬂﬂllﬁﬁﬁﬂlﬂiﬂﬂﬁ'l

aa nanfousaiuiiasu Fugud e 6= 3n/2

n=1
2
VD.V /\
1-| /
0 T T ——
3
= n=]
2 <
vp, ¥
D
ol
0 . : - 4
3
7 n=s
2
vp. ¥ / \
‘—‘ ‘/
0 i T
3
b ne =
2
vD.V ;
Vm-l'-'
0
] T 2=

:; o o A o o o a  d ad a 5
31]71 2.9(m) AUANHUSVDULTIAUNIATUNUITIUIUVDITNIIUDUNTAUANINUYY

d‘l = J = s = — Aa; o a J 4 = oSt
I.W’O‘ﬂﬂx?l"lﬂ'l‘Uﬂﬂ“Uu’lﬂlLfli.lﬂ'i@ﬂmﬂQll‘iQﬂuﬂiﬂﬂ?llﬂﬁﬂﬁhhﬂﬂlumnﬂ‘uu‘luEl'lilli)‘uﬂﬂ'“fl

o A & [
oy Iﬂtlﬂ'l’iﬂ']’ﬂuwuﬁmﬂﬁilﬂ'liﬂ (2.65) “]Ni]zulﬂ’ﬂ

d*v, . . :
dGZD = -V, sin0-9V,_ sin30-25V,_sin50 (2.75)
uag
d*V, : : ;
Ty = V,,sin0+81V, sin30+625V,_sin56 (2.76)

UNUAIVDY 0 = 371t/2 aaluaumsn (2.75) uaz (2.76)
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s

o
Il

V, -9V, +25V, 2.77)

uaz

(=]
I

=N LBV, ~625V;. (2.78)

o o a S & ' =) o ) o ] o’/‘
ﬁ'mmmsmmmaunﬁm FIUWIUAITNIN "lnmgmmmmauﬂﬂﬂ S Y INIIZRTUY

¥ '
o o ar =

v i A v
V., =0 uazunumaluaunsn@77) Faegldan v, =1/ Vv, suiuussduimsuaiuay

S5m

M3t (2.65) Tldagud # 0= 31/2 (azumum 0= 31/2 asluaumisi (2.65) Bnnsa

0= Vpp -V, +Vi, (2.79)

om

V, = ©8) Vy, (2.80)
=& : o o A a P
¥z 1491 7, = (9/8) wag V,,=(1/8) Vp, msizaziuussauiiasuimnige fo

VDmax = VDD +Vom —VBm = 2\/DD (2-81)

4
W 5, =2

-

Wenswudan mavessiueindiaiy vesnaraeon M ldussduedya (V)= (9/8) Vyp

¥
@ W o

aaiu MasueIAna Ao

b Ve _ O®VE_ 8IVE
>~ 9R, 2R, 128R,

(2.82)

A = - 1 1 = J 4 4
alszAnFamnuinngan,, ) lunnnguq wevwie 1 - I, V., =V o V, uas

om

A a o P s o A
Iorn flo lI,ﬂ111.[3gﬂﬁlﬂ\uﬁﬁﬂullﬂ$ﬂ5$llﬁﬂlﬂ"lﬂ7!ﬂ HUAD
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_ Von _ O/8)Vpyp

- (2.83)
R, R,
9 I, = (1/m)
Ay .. =L
18V
= 'SE% (2.84)
T KRy
HAZMAIIUIINUHAIDIVLTIAU 71D
P =V,l,. = 18 Voo (2.85)
£ DDADBE = o 1 .
8t R,
gaiu dszanininme
P
Tlmasz—" = % = 0.884 (2.86)

; ¢ A da
2.9.2 1v5venenmeniliarsueiindfiaes
§ a a g { [
1vsvnenaaen i ldarsueiindiaes uanaldiiudagli 2.10 (0) 1wesildnuae
g a o v a o 1
milounresvesamaenesuedndiaw BSuudmsifias Tsuuud voaL,C, swilumoaun

s

i a a i o 1 o
‘ummmﬁamw Nﬁ“llf]d?ni(llﬂuﬂﬁ”ﬁﬁf)q (Second-harmonic peaking ) e ldaduiuaud
" " EY a = o« - | d 1w o oA =
(@ZM1ny MANUAUMIU (R, ) AN Tsuuus uazamduiiuaud niifuewud ieaud
'ﬂ 1 o o A A o " w o o4 & o
Wuaeamaoannuig Tsuuudg HAsMONNUAUFISIMINUFUY NAVDDU) FINTNINIUVDIN

vwugwammen anannsanlaslddoauudgiuasi ldnariunuds



31 2.10 (n) 2N9svAMAEHEISUBIINd N0

Ve
F1 )‘L

FATS

DD

3UN 2.10 (v) RudnvazgduuuvesIINIRNsTIAYBI NS UIIAMIBN T NB TN idDs
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a o =) o 4 ar = o i o
Tagndannisvesgrsuelndnaes Aolllodyyrusunmdndunuunniild
a o  a s o o o =)
nsmFamoshnumieuiuunasniunszuani eanlsznounnasuetindveanssumasugn
¥ ' [ P c: o« LY Y a a = s ‘:;
daru1ldinsud F9esyunuuviuieye L,C, swainlvifauseauiioidnanan
' = Af A a - 9 =1 J £ o £ =) o A w 4 A
asou Inaaiadu vushdygisdunandundvnagaugai linnudmaoiszdudd Fada
dy ° 9/ = o n'a a o =Y u’:!'. = .; o Y Y [ c;
Hagm i luvazi@orduiueuianavessrsuetindnasunadu K119 147 ussduiasu
1 or o ] s A o & L=l
dszanaiudu dygaland uazaszumasu dsznandudyanadimaoy dalunmangui uds

Aq v o a o4 = P a '3 o o
aaasvnwandednldasuvoindndns %:uﬂimmmwag‘n 84.9 % (Tﬂﬂﬂ?i?lﬂﬁ?&ﬁﬁﬂﬂ‘ﬁﬂ

Taidasoynsumiad) szldwssduimsulunsdivesnmmenasueiindiaos fo

Vp(0) = Vpp + Vg, sin@+V, cos20 (2.87)

4 o4 {a
1o 0 = ot uaz o= 2nf A% f Ao AIINDTURA

=1

s - 4 A JdA 1 o A — o '
RUUMPIGANYA 0= 3n/2 UAZMNAVDIFTNDUNTUMAINGANTA 0= 1n/2 UUUAAIN

usauiitoiigamsodszunainiluguiiiazSounuuiign 0 == /2 1fuies

q

ID,-\ 2—-
13
n'\ /\

1]44 @ @ o o a 1d A 4
Jun 2.10 (M) AUDNBUSVDINISUNATUNAVITUIUVDIZNTUDUNT AV NIWUUU

v
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A ' a &4 o A cu:f A a J o - )
mimn:wmwewumuanﬂsgﬂmamuﬂsﬂﬁuummmnmu'lua‘lmauﬂﬁwﬁm TﬂU

MIoYRUTIN UM (2.66)

2.
dip I, sin0+4I, cos26+16I, cos40 (2.88)
de’
ae
d*i, .
+— = —1,,8in0+16I, cos20+256I, cos46 (2.89)
do

UNUMUDY 0 = /2 avluaunisi (2.88) Lag (2.89)

0= I, —4I, +16I, (2.90)

0 = —I_ +16I, —256I, 2.91)
& nszuaiiviooiiqa Ao

lgmn = Lio—Ig+lm—1 (2.92)

luag AIUININNNGA AD ( Ngn 0= 31/2 )
iDma.x = Idc + 1’c.\m +I2m - I4m (293)
= 4 a  dd & v 14 4 a Jdd U 3
drinsanasueiindides Famneniwi hilyavesarfueindiid og msizaziiu
1 { A 1 s 3 ﬁ:{
L, =0 uazunumadluaumsn@.oo) ¥a1dn 1,, =141, dulupszumasuauaumsi

o ' P> a & & '
(2.65) luflaguéiign 0= n/2 uazumum 0= n/2 asluaumsii (2.92)8na5 Faez1d

I, = @3)I, (2.94)

1 A g Ci o n’:
WagwuN v, =43 uaz I, =(1/3) I,  Fumum I, asluaunmsi (2.93) daiu
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ipme = (8/3) I, (2.95)

& @ A a @ s 4 4
¥ 8, =83 U0 LAz WoNMITIMTIAUEIHA Fevzldh

v,.- IR, (2.96)
fide I = @3)l,
V, = @3, R, (2.97)
e V, = IR,
USIRUIDIAYA AD V.= @43)Vy, (2.98)
Fniumdiom fio
= % = §V‘§D (2.99)
2R, 9R,

uazwu ussAUIATUNINNTGA fie (V,,,, ) = 8/3V,,

£ s A
FIVHIAUDINTELUNIDIN A Ao

_ g_VDD (2.100)

o =
HazNITUTDIANA ?Uﬂ']!.'ﬂ‘u
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SN

o (2.101)

MaunIsn (2.100) N aumsn(2.101) aldn

27 'V
g = 2 Y (2.102)
3 R,
wae nyzuaad (I,) fio
1 'V
I, = —i o (2.103)
dc 2 D max 3 RL
AHUAAIUVINUHAIDIBUTIAY fD
V2
P, = Vpply, = 3 RDD (2.104)
L
AanulsEaNTNIN Ao
B i
Ny = —= = — = 0.849 (2.105)
E 3x

2.9.3 2Nvsveneamaernlymeds
Ha v 1 .. . v = s
wesvonaIdeHi 1¥ava(transmission-line)gn 19umuNn 139515 Tsuuudvosganiugu
a oA | & 1 n‘.: o " []
ssueiindaeanieiiam Famsldmedaiundlasldglnselsziammada (passive) 151
L-C Tums Tumaunuusiaes n3efiizondn « lumped-element  [9] lugii 2.1 (n) nansaaes
vwnmaei ldmods vafigli 2.1 () uaasTunanSouvudraosveadivds uazgili 2.1

(M) uarasgldyanuvesdyanuussuaznszuave s vnsaaaen 1dauds
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VDD
I
be Z=Rat f
(B0 BE2E A
RFC | Z=00 at 3f°,5fu,...
Cy i ~nrr/d— i (0)
e —,
o T 1,
@  C= JL, RLVI(B)
‘Jiﬂ i

Ui 2.11 (n) vsvnoaaraewi 19mvda

Zofwo

e e o I
- o m—p !

ol T

3N 2.11 () msldgunseitsznmmada Lo Wunuuiassvesmuda

G

Vv
d (9)“

2V

14(0),

V, () I

A:;. w o P Vv 4
31U 2.1 (1) udnvazgluuuvenssulaznssiave sy oA Favd.
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HANNITNITRINIUYB IS VAa WA 1daeaa Ao 199515 Touuusuuyuiy
o c‘ o = o 1 1 1 [ A Vv a
(L,C, ) azannvsnnanuiasvednd uandiwaveamsnoyavedaivaszi)douulasliing
as P o a Lol - o a ol & o 9 v o Qs
msaanesinnesuetndg uavlarnsinnasuetnda Fasi lduseduimsuiludyana
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uagsimsuda¥s Juds R, AlA1 =50 Q Tagaunsh (4.6) uaz (4.7) $99A2WD 2.4 GHz
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\% Wy V¥
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_ Vdd25V

51U 4.7 2vvsvewaaaeduIIsvsIEHIAIRaIaD A IATIULINN Y

= a oo 4 £ =
1Inglii 4.7 Budnuaud (L, -L,) gneenuuy 13 lursessaudlunnuvaaindeu
4 o = .
uuununey Faliluaanugdn 3.18 (a) TavlsTusunsy “ASITIC > Tuniseenuuy &9
=] ¥ = a  w ¢ &4 A
awsofn Idanianuan v vazi L, ez L fududnmesnuuveuas dediluna

Azl 3.30

13197 4.1 LAAIAIWIT NI VR ULU 103U svAalansuL L UHosN 1911993

L T Ls T
C, (fF) 0.59 0.15 0.20 0.13
L, (nH) 32 3.982 2.026 1.092
R, (Q) 7.211 15.24 6.804 4.931
Coy (fF) 145.8 133.3 137.6 88.05
Corr (fF) 149.3 135.2 138 84.74

Ry = Rops (2) | 6986 699.1 665.65 7753

Cant = Cupar (PF) 1.50 1.50 1.58 135
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4 = i Y
A15199 4.2 LAAVUIAN NI NYBITARIANIULLUAUYBEN 14111993

I Ls L Ty

Dy (pm) 220 220 250 180
Metal width (pm) 14 8 14 12
Spacing( pm ) 6 6 1 3

Turn (N) 2.75 3.5 2.5 1.75

Q factor 3.43 3.0 3.85 3.17

A13197 4.3 Ll.ﬂ'ﬂdfi"lﬂ’]i’lﬁlﬂ@{‘tlﬂQﬂlﬂﬁ')ﬂllﬂﬂﬂ*ﬂu’ﬂﬂ‘ﬁjﬁuﬂﬁﬂﬁ

B Ly
L, (nH) 1.2 4.4
R, (@) 0.68 0.87
C,y (fF) 53.5¢ 132.4f
C,, (F) 53.5f | 1324f
R, (mQ) | 671 35
R,,(me) | 671 35

Tasn1si1a09n15%197UR20 11515 SpectreRF Tag1dinaTulad Fued 0.35 um

HAZHUUIIABIYARIABIULUDAUNDY AIUAITIIN 4.1 - 4.3 WUTITZAVUTIRUTNIATUYDY
4:{ =Y =Y 1o n./ [ o/ ar o

M, Tunziadad@eansudmanss) luviem Wude ussdu v, ,, Wudygyraiaduag

B9z 1Russiuiasuves M, anlszunm 7.1 Trad daguli 4.8
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61.7n  62.8n __  62.3n 62.6n 62.9n
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He$19891159%19U9892905 TRMIEI1U01ANA (Pout ) = 119.6 mW  MasuilasTY
¥ '
(Pdc) = 185 mW LA RIAIIUBUNA (Pin) = 10 mW AIUAINTDNIEAIUINNAVRLSY
v ' ¥
ANTNIN(n ) YsednTamilnuluveaninaau (PAE) 1agons 1w8101i1a4 (Power Gain ;

PG)) 18aasie il

n= -2 = 649% (4.20)
pdc
Pou — P,
PAE = % = 5% (4.21)
dc

[ o w " s 1 o o o J o o
LaZdAII1VI0RIA (Power Gain ; (PG)) 1114910 8ASAIUVBIMAINUDIMNAABIITINY

GIIT

b}

P
. PG = 10|ogPL"‘ 10.77 dB (4.20)

n

[%] Aousiowy3 -peppy-lemod

Output Power[dBm] & Power Gain [dB]

Input Power [dBm]

o w

U7 4.9 Midanuduya uaz MdsueEye / 951910189 / PAE
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L]

o/
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v Y A

{lu 6.2 dBm uaiu Tl ldnuiennudn Mdssueidys uagPAE Asalinnnniiganiulidae

Y Y - = a1 A -3 g [ Vo 3 o Yo w o
wazduna 1dan vazhd UIUBUNWANAUNNYUANLA [8 - 12] dBm LI ldmaanued
3

WALAZPAE UANNNAY 11239 10AATN 192 BN UADATIV8181183(Power Gain) NAVUAAA
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(Y] 3 = t:; di YN Yo @ o 3/ P} a a0 oW
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Va o a

4 o
Uszuiw 8-9 dBm cuwxm“l.wnmmammmww ~20.77 dBm UsLANTAIN =~ 64% PAE

~ 59% LAY OATIVUIWNIAY =~ 11.3dB

22 70
20 60
E
50
CRE =
5 40 =
3 16 =
< 0 F
214 =
8 - 20
12 & —o— PAE L 10
—o— DE
Y Ay 0

1011142131415161.7181.9202122232425
Suppy Voltage [V]

‘ﬂﬁ 4.10 LWIDIUUTIAY LD mmammmwm /Us2anEN N / PAE

~ Y 3 =2 o w o o o a A
ﬂ"lﬂg'll“ﬂ 4.10 LAAI IR UDY ANFUNUTUDS NAaNIULIDTIANA Useaninw nay
e do w o a =
PAE mm‘i‘luﬂqn‘vunmmmmmtsmu Klﬂﬁlﬂumlﬂ"l"l ﬂ"Iflx‘lﬂuli]'lﬂ'i"lﬂﬁnﬂiﬂ“ni]“’ﬂ'illlllﬁfju

9052370 11.8 dBm 849 20.77 dBm funassiousssusendne 1 1as 942.5 Taaa

E
@ 20 -
- m
s T
1 -
& " i
2 g
18 =
9] - 20
17 4
Vdd =25V
16 r ' T . . . 0
2.40 245 250 255 260 265 270 275 2.80

Frequency [GHZz]

511 4.11 920 uaz MdsueIaya / Usza@nan/ PAE
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o a

P ¥ d A v o o w o
mﬂgih’l 4.11 ll’dﬂﬂ‘l‘ﬂlﬂuﬂﬁ ANUTUAUTUDI NANTUIDIANA ﬂizﬁ“ﬂ‘ﬁﬂ'l’w o

=y

PAE Lﬁ"mi'flu":‘lqﬁ%’uﬁummﬁmmﬁ'ﬁgmgmﬁunﬂ Tasmsimualdszauvesdyainduya

wazumassrousady Haaned Fusiulgime S1dearueIane Jsz@nnin uay PAE fim

iRounfinaeas9ANd 1F91uTEN 919 [2.40 - 2.48] GHz nafio MAIIDIAHA DgsENIng

[20.47-20.77 ] dBm wmizfillszAnFnInogsening [64%-61.9%] ung PAE o5zni1a [59%-
CO o

yu.t o o 1 o a a -l
57.5%] u'ﬁ]ﬂﬂ'lﬂﬁﬂﬁffﬂlﬂﬂtﬂuvlﬁ?'lﬂﬁ NTIANNTUHIDIANA ﬂﬁzﬁﬂﬁﬂ'lw Iay PAE 4104904

A 4 &
WoNNNDYIVU

43.1 WavesmIs1aeaMIMIMVBIIDIHIeBUNAITuTYRNM GFSK
Lﬁmﬂmuquﬁ TdyUunuvesmsuequaanuy GFSK fufusziaesmsiauess
wluannufiodyanadunaiiudyaruiignueqaauuda dalumsinesmsinue
12985 19 T1)sunsy “ADS2003A » lunisadudyainusgianiuy GFSK S swda 1y
M391a99M5M19IM892995420 Tavinrsanvdenlawunsuvesmsaiie dyqia GFSK

A9l 4.12 1AL M15190 4.4 LAAINUANYUZVDIUYNS [32]

Bit Rate = 1 Mbps 500 KHz™\ Mod index = 0.32

Gaussian Lowpass FM

1o 1|—>| By — GFSK SIGNAL
Filter (BT=0.5) Modulation

A%

71 4.12 vdenlawunsuvesmsadaduanu GFSK

M3VBYLAALLUY GFSK v oufingimsvegoadyaaziuendyanaiiogiugl

493 Rectangular pulse 11H11299505090210 B 1D VIN T 1F 01 (Gaussian)F 0 U 1119491077
o5y Q19 Rectangular pulse Lﬁagﬂdm’fﬂﬂ“lmiﬂaé‘r‘fgqﬂmﬁﬁuuuﬁﬁﬂﬁﬁﬁﬁmzﬁawﬂﬁ
foygnaadadainisnszerweyluunuinm (Time domain) iansnszarelysunudyaind

AR 13037 Inter Symbol Interference(ISI) [35] TaomsiAnauyes Is1 Hazvilfazi I

[ as = a 3
ﬂ']5551‘)"Ji]ﬂll‘UENﬂ'Iﬂ‘ilI’E]’li]lﬂﬂﬂ'ﬁﬂﬂ"l‘iﬂ'lﬂ"lmvlﬁ‘
JJL | M
M M

JUN 4.13 wansznuveImaLia ISI

-
H
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Yz BT Av uounuausda’lad (Normalize Bandwidth)u®4 294950584A21U1D

o (-3 = L A
uazd1MTU GFSK 1 A1 BT = 0.5 #3a115011 14910

BT = f_y5/ bits rate (4.21)

M3199 4.4 AUANYULVBIUGNS

AMANHMZUDI VYYD
sUnUMINeIAN: GFSK
GFSK BT: 0.5
BATINTNOYAA (Bits/s): 1.0e6
AstimsuogIan: 0.28-0.35 (0.32)
FIUIUBRIT YYD 79 (0-78)
BFOIVNITHINTBIT YR (Hz): 1.0e6
IMUOUAIN (Ha): 2400.0e6 — 2483.5¢6
FosnNudgUina1s (Ho): 2402.0¢6 — 2480.0¢6
adeevidn MAINUMIAS
M+@[550 1450 KHz] -20 dBc
IM-N|= 2 -20 dBm
IM-N| 23 -40 dBm

) o/ o =] i [ o [ as A 1a w
uazdmsuanudesviva I IimemsTamauavesdasivesresdygiuiegannu

(Adjacent channel power (ACP)) 1U0AN1SUNTNAOANUIENINNYOITy Q1N 50 L ufe

MUIOT Pry(f) < 20dBm 18 [M—N|= 2 1182 Py (f) < -40 dBm 110 |[M-N| > 3

& M uaz N fuinnuiivesinnuvesesdyae awisaesieldgadl fe

1. M+ @[500 — 1450 KHz] mneanuh drifmualianudguinasedi 2.402 GHz + @1
MHz m31zasii LA Savue dyn s egszn19maa [2.401 - 2.403]GHz Heshishag

[
171 =20 dBc AABATIUAINDNUY

o s

2.|M-N|= 2 nueanud Mdmuald M innwdgudnaisegi 2.402GHz uaz N finawid
o =

] B " b ¥
f1ENa190gN 2.404GHz HarTu |M-N|= 2 Yiufenansznuin ISI ifadu fagilii4.13

ACPUDTLAUAIEIUARITAIAINTT 20 dBm
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3./M=N| 2 3 weanud fsmuald M Sawtgudnaiegi 2.404GHz az N i
ANNAUINaBgN 2.450GHz Hariu |M—N|> 3 tiufienansenuain ISI ATy gl

11 4.13 ACPYBITEAVMAINUADITAAINT —40 dBm

ez O TITSIF 5
v IR +] sRCt
SRC2 Vac=25V
2 Vdc=25V -
=2.026 nH -
= o5 <
. €=0.24 pF e
Rt e RS =10 mOhm
Cl0 < r=6.004 Orgn -
=ees10m 0
9y | TRANSIENT o i a
@ 3 E o .
T oe ey cr ki2rH ¢ ci8 u
Tram ocl c=145.8(F c=1pF  EAANH
StartTime=0.01 nsec r=658.2 Ohm , )
StopTime=10 nsec . you
MaxTimeStep=1.0 psec m
MnTmeStep=0.1 psec L '
E22nH RY7
0
|-l —-I h R=50 Ohm
c=2pF sl
* e s IV A
SRCS r=739 Ohm ccfusm =7.211 Onn s
Viow=-1.0V L Gmssan ) cn =
Vhgh=1.0V LPF1 -
Rate=1 MHz Fpass=500 kHz s
Rse=1rsec Apass=3 08 Motr o CB
Fab=1 rsec GOpass=0.707 MIX1 “
BaSeq="101010" P
NP alhl ek e
ModePathinchue
Mos=Typcal Mean
Res=Typical Mean
Ui
Bip=Typical Mean
ind=T ypical Mean
g Yoo
cz +| SRC4
c=BAT4IF Vdc=0.87 V

c=13.31F

o b o

ra s R4 3 R15
=e650mm B r=745.6 Ohm =805 Ohm

=

' ¥
31U 4.14 299590 idananuanazdIuveIMs a3 NdYRIMBUNALLY GFSK
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2.402 GHz #iinsueqian =0.32 ANWDveIdyRIutoya =1 MHz 99z 147
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freq=2.402GHz
Sptrum_Out_dBm=19.909
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Spectrum
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57 4.17 aulansuves dygrasedyaiisuiudyaudune

i a 4 &
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4.4 unagy

msthsesvonuuinmsan lifuasesvneiidinaasunuiigluuniduildesune
HUUTBTAIINTINEINS A WIT0 1FA TS U ALANTAIR19 W WNUTAL RF choke 14 Spiral
Inductor gﬂ%’ﬁﬁaﬁﬂzﬁﬂﬁmm:ﬁuﬁ"umsaanuw‘luawssmmnﬁu 2NITVPIWNFINAAD
Aiaduuuinms il annseliudouidaanierdnald 910 11.8 dBm - 20.77dBmlaums
wdounasumasiions sy fwd 1v- 25V Feannsofinysessy msdedisuuyldme
5$a:§u"lﬁ(81uetooth) HazdIMIUANINITIIA8INITNINIULDY Pre-simulation Y8I995V1Y
wﬁaﬂmﬁ%ﬁyfrwmmﬁ'wimﬁﬁwm;mﬁvgﬂ"lﬂﬁﬂﬁaﬂ 50014 119.6 mW "39 20.77 dBm
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aisz@nnw ogn 64 % uaz PAE 59 %
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Dummy Capacitor

Substrate : Guard ring

Dummy Capacitor
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Air
Layer 1 : Oxide Metal 2 It=0.925um
lviat]  }d=1um

t = 50um Metal 1 [t= 0.64um

eps =3.9 Metal 0 I t=0.67um
A } a=1.205um

Layer O : Substrate

t=725um
rho = 10 ohm-cm
eps = 11.9
72 VI TSI IO T T IIIIET OISO TIIII IO

sU w1 maTuTadlda 0.35 luaseu

msiousmuama TuTat 1Wa A2u1151n53 Notepad

; Process parameters - 035 CMOS technology file

<chip>
chipx =512 ; dimensions of the chip in x direction
chipy =512 ; dimensions of the chip in y direction

fftx = 256 ; x-fft size (must be a power of 2)
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tfty = 256 ; y-fit size
TechFile = oil.tek

TechPath = ./usr/Asitic/tek

freq=2.4 ; frequency of operation
<layer> 0 ; p(-) bulk layer
rho=10 ; ohm-cm
t =725 : microns
eps=11.9
<layer> 1 ; Oxide Layer
rho = lel0
t=50
eps =3.9
<metal> 0
layer =1 ; in oxide layer
rsh =80 ; sheet resistance3
=0.67 ; thickness
d=1.205 ; distance from bottom of layer
name = ml

color = yellow

<via> 0 : metal 1 to metal 2

top =1

bottom =0

r=1.5

width = 0.5

space = 0.5

overplot] =.2 ; to metal 1
overplot2 = .2 ; to metal 2

name = via0

color = purple
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<metal> 1
layer =1
rsh = 80
t=10.64
d=12.205
name = m2

color = LightSkyBluel

<via> 1 ; metal 2 to metal 3

width = 0.5

space = (.5

overplot]l = .2 ; to metal 1
overplot2 = .2 ; to metal 2
name = vial

color = cyanl

<metal> 2
layer =1
rsh =50
t=0.925
d= 3.205
name = m3

color = light green
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PlNn lopplj
$ asitic.exe

ASITIC DEBUG version Grackle (WinZk_Intel)
Analysis & Simulation of Inductors and Transformers for ICs
Technology File Name? oil,tek

Reading .asitic init file,..
Warning: Unable to open init file ,asitic,
ASITIC> sq name=a len=220 w=14 s=6 n=2,75 xorg=150 yorg=150 metal=m3 exit=m2

RSITIC> pix a 2.4

Warning: KCL violation at port 2 of segment 11 in device a,
Warning: KCL violation at port 2 of segment 12 in device a.
maxL = 3125,00, maxT = 1,77, maxll = 1,77 (lambda = 62500,00, delta = 2,21)
Performing Analysis at 2.4 GHz

Generating capacitance matrix (B84x84),,.

Generating inductance matrix (96x96).....

Pi Model at f=2,4 GHz; 0 = 3.86 , 3,893 , 4,216
L=2205nHR=7,211

Cs1l = 145,9 fF Rsl = 658.7

Cs2 = 149,2 fF Rs2 = 738.7 Est, Resonance = 8,875 GHz
ASITIC>
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smfdnnzia TunaveauanIAGouuuLunes daof1ds >> pix a 2.4 AIOMIF
fimnoanuh s wisTuea o in0wd 2.4 Gz Faveldmududsd
L=2205 nH R=7211Q
Csl = 145.9 fF Rsl = 658.70Q
Cs2=149.7 fF Rs2=738.7 Q
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ansahni Iddundurads@y e IWillunuuiassfiauyseiadu amzl 3.8 (a)

a1 Taw

1. fmuald Ry, =Ry, = h‘—jzR—s“"—i (v.1)
° €, ¢ R u(si

2. fimuald C,,, = Cupsy = —I‘;—iﬂ (1.2)

sub

Pripe [ YY) aa
¥ e, = 11.9 fe MIFuUFURNT Vv09FaNoU ( relative permittivity of Silicon )
e, = 8.856E-12 F/m

R sp= MANudumuduinivesganeudumain (T lulianlszua 10 Q-cm)
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¥

(self-resonant frequency ; (SFR)) A'laanluTalsunsy “ASITIC ” Yufo

SFR =~ ‘ (1.3)

2n L (C, +Cyy )

v o 1 dyyd o 1 w = o w " A B
?Nuuﬂ'nﬂqﬂl“ﬂﬂwuqmiﬁﬂiﬂﬂﬂ1ﬁﬂﬁnﬂ15ﬂ (0.1) - (0.3) INFIZRNEUU 11!?1')?)5'1\1“1 "Uzhlﬂ

] ] 3 3
Neidoundauiinludsde il @azmianuavesvaaladounuuiunes (L, -L,)

HAAIRA luA15199 4.1)

C, = 94.13aF
L, = 2205nH
. = T4
Cpy = 459 fF
Cor = 1459 fF

ox2

Rsubl = RsubZ = 72320

Csubl = Csub 2 1.45 pF
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A 0.1 -W CMOS Class-E Power Amplifier for Bluetooth Applications

Phairoj Luengvongsakorn and Apinunt Thanachayanont

Faculty of Engineering & Research Center of Communications and Information Technology
King Mongkut’s Institute of Technology Ladkrabang Thailand

Tel. +66-2-737-3000 Ext.3309, Fax. +66-2-739-2429
e-mail : s4611304@kmitl.ac.th , ktapinun@kmitl.ac.th

Abstract: This paper describes the design of a CMOS
class-E RF power amplifier for Bluetooth applications in a
standard 0.35-um CMOS technology. Simulation results
using Spectre with MOS level 49 parameters show that the
power amplifier can deliver 100 mW output power to 50-
Qload at 2.4GHz with 52 % drain efficiency and 50 %
power-added-efficiency respectively under a single supply
voltage of 2.5 V.

1. Introduction

The demand for compact, low-cost and low-power portable
wireless personal communication devices has prompted the
quest for single-chip radio transceivers realized in a low-
cost standard CMOS technology. One of the most difficult
remaining challenges is the integration of the power
amplifier (PA) that meets the required output power with
high power efficiency. Recently, there have been
considerable interest and research effort in the design,
analysis and implementation of monolithic CMOS class-E
tuned PAs [1]-[3]. This is due to its high power efficiency,
simplicity and high tolerance to circuit variations,
comparing to other types of PA.

This paper presents a highly-integrated 2.4-GHz, 0.1-
W PA for Bluetooth applications in a standard single-poly
triple-metal 0.35-pum CMOS technology. The amplifier
exploits the soft-switching property of the class-E topology
a class-F driver stage a common-gate switched CMOS
class-E PA for short-ranges RF Bluetooth applications. The
spiral inductors are also used for the system on-chip
components.

2. Class-E Power Amplifier
Fig. 1 shows the circuit diagram of the class-E PA, which
was designed for the Bluctooth standard. The switch
transistors M2 and M3 realise the common-source stage
and the common-gate switch respectively [1]. The class F
driver was designed to provide the suitable switching input
signal for the class-E PA [4]. It is realized by the transistor
M1, two parallel-tuned LC circuits (L1//C1 and L3//C3),
which resonate at the first and third harmonics of the carrier
frequency. The input matching network is realized by L2
and Cb. All components within the dotted box are designed
such that they can be realized on chip. The inductors L1-L4
are designed by using the spiral inductor lumped element
model shown in Fig. 2. The component values for each
inductor were calculated by using ASITIC [5] with the
0.35-um process parameters. Table 1 summarics the
components values used to model each inductor and Table

2 shows the sizes of its respectively. The dc-feed inductor
Lw and the series tuned output Lo are realized by using a
finite inductor implemented by using bondwires. The
resistance Rw represents the resistive loss in the bondwire.
The capacitor Cbl and the inductor L4 are used to tune out
the input capacitance of M2 and thus achieve maximum
power transfer. ’

Vdd 2.5V

r
ON-CHIP

I
I
|
|
|
|
I
|
1
'

L.
o L
10 pF!
Rs!l =
50 :Cb L-
Vin Lo

Fig 1. Class-F drives a common-gate switched class-E

2.1 Spiral Inductor

The on-ship spiral inductors are modeled by the typical
lump element network as shown in Fig.2 ,where Ls is the
inductance,Rs is the resistive loss, Cox is the oxide
capacitance and Rsub is the substrate resistance. The
component values are extracted from the physical layout
using ASITIC [5]. In this design ,metal 3 trace is used for
the top layer of the spiral inductor as metal 2 trace is used
for the underpass layer.

Ls Rs

Q_TMV\__W,I_-O 4+——dout—
Cox1 e Cox2 W
Rsubl§ Rsub2 ,

i Underpass
i

Fig 2. Spiral inductor model and layout

- :
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Table 1. Component values for the spiral inductor model

L1 L2 L3 L4
Ls (nH) | 2.2 3.982 | 2.026 | 1.092
Rs(Q) |7.2:1 | 1524 | 6304 |4.931
Coxl (fF) [ 1458 [ 1333 | 137.6 | 88.05
Cox2 (fF) | 1493 | 1352 | 138 84.74
Rsubl(Q) | 658.2 | 665 6462 | 745.6
Rsub2(Q) | 739 7332 | 685.1 | 805

Table Z. Componeni sizes for the spiral inductor valucs

L1 L2 L3 L4
Dout (um) 220 220 250 180
Metal width (pum) 14 8 14 12
Spacing (pm) 6 6 1 3
Tum (N) 2.75 | 35 2.5 1.75
Q factor 343 |3.0 3.85 |3.17

2.2 Class-F Driver Stage

The Class-F driver stage, as shown in Fig.l is used to
produce a ‘fatten’ waveform signal to drive the Class-E
output stage efficiently. The two parallel-tuned LC circuits
operates at the first and the third harmonics resonance of
the input frequency where the inductance values can be
computed by equations (1) and (2)

1

1* harmonic; Ly= —3 (1)
(‘OOCI
i3 . a 1 .
3" harmonic; Ly = 3 (2)
9M,C,

where @ =27Tf is the input frequency -

The LC resonators are used to eliminate the even harmonics
whiie the first and third harmonics are passed to next stage.
The threshold voltage of the transistors is 0.7 V, thus
setting the gate biasing of M1 to 1V makes it operating in
saturation. This optimizes the design of input matching
neiwork.

2.3 Class-E Amplifier

Fig. 3 shows the cascode Class-E power amplificr. The
residue series reactance (jx) is produced by the difference
in the reactances of the inductor and capacitor of the series-
tuned circuit. The residue reactance is finite only at the
fundamental frequency and infinite at harmonic
frequencies. The internal capacitance of the transistor M3
is used for charging and discharging of the drain voltage of
the transistor between the ON-OFF states. The internal

capacitance (Cy,,) and the de-feed through inductance
(L) can be computed by equation (3)

|
W, = — 3)

¢

W CCdlot
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Fig 3. Cascode Class-E power amplifier

As in a typical Class-E stage, the output power is
approximately given by equation (4)
2

_ DD
Pou = 0.577%— 5 (@)

wiere R is the load resistance before the 50- output
matching network and the resonant frequency of the tuned
output network is given by equation (5)
1
£, B (5)

2Tt C,
when L is the total inductance values ( | B ij +Lg)

The merit of using cascode stage is for protection the
breakdown voltage problem suck as when consider the OFF
state, we found that the maximuin drain-source voltage

between of M3 is Vbs —'w’g3 — Vi3 - This also avoids the

existence of the input driving stage with a low impedance
node. Finally, L-type matching network is designed to
transfer 50-Q in crder to find a transformation ratio, we get
R
M=t - ©)
R
which R is in equation (4)
The shunt capacitance and the series inductance can be
computed by equations (7) and (8)
* Shunt capacitance Cp, :

Rpe—=—x & @)
M~] @.Cs
Scries inductance L;:
Xi =Ry M~~~ L¢ (8)

3. Simulation Results

The class-E PA in Fig. 1 was simulated by using Spectre
with the 0.35-um process parameters. Fig. 4 shows the
transient waveform at the gate of M2 and the drain of M3
when applying the maximum input signal of 2 V at 2.4
GHz. Under this condition, the PA delivers the maximum
output power of 100 mW with 52 % drain efficiency (DE)
and 50 % power-added efficiency (PAE). Fig. 5 and 6
shows the output power, DE, and PAE of the amplifier as a
function of power supply voltage and carricr frequency
respectively.

ITC-CSCC 2003
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T.'flblc 3. Compares the key performance of the PA in Fig. |
with those of the previously reported Bluetooth PA

Ref. | Tech. [vdd | Power PAE | Class
(6] 0.25um | 2.5 |24dBm | 48% | AB
(7 0.18pm | 2.4 | 23dBm | 42% | AB
(8] 0.24um [ 2.5 [20dBm | 31% | AB

wiswork | 6.35um | 2.5 | 20dBm | 50% | E
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4. Conclusion

A 2.4-GHz 20-dBm class-E power amplifier for Bluetooth
applications has been designed and simulated in a 0.35-pm
CMOS technology. All circuit components, except the
output matching nectwork, have been designed on-chip
resulting in a highly-integrated amplifier. On-chip
inductance are realized by using spiral and bondwire
inductors with physical lumped element models. The power
amplifier achieves the maximum power with 50 % PAE.
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Abstract—This paper describes the design of a CMOS
class-E RF power amplifier for Bluctooth applications in a
standard 0.35-um CMOS technology. Simulation results
using Spectre with MOS level 49 parameters show that the
power.amplificr can deliver 100 mW output power to 50-
Qload at 2.4GHz with 64 % drain efficiency and 59 %
power-added-efficiency respectively under a single supply
voliageof 2.5V, -

. L. Introduction

The demand for compact, low-cost and low-power portable
wircless personal communication devices has prompted the
quest for single-chip radio transceivers realized in a low-
cost standard CMOS technology. One of the most difficult
remaining challenges is the integration of the power
amplificr (PA) that meets the required output power with
high power efficiency. Recemtly, there have been
considerable interest and research effort in the design,
analysis and implementation of monolithic CMOS class-E
tuned PAs [1]-{3]. This is due to its high power efficiency.
simplicity and high tolerance to circuit variations,
comparing to other types-of PA.

. This paper presents a highly-integrated 2.4-GHz, 0.1-
W PA for Bluctooth applications in a standard single-poly
triple-metal 0.35-um CMOS technology. The amplifier
exploits the soft-switching property of the class-E topology
a. class-F driver stage a common-gate switched CMOS
class-E PA for short-ranges RF Bluetooth applications..The

spiral inductors are also used for the system on-chip

components.

2. Class-E Power Amplifier
Fig. 1 shows the circuit diagram of the class-E PA, which
was designed for the Bluctooth standard. The switch
transistors M2 and M3 realise the ‘common-source stage
and the common-gate switch respectively [1]. The class F
driver was designed to provide the suitable switching input
signal for the class-E PA [4]. It is realized by the transistor
MI, two parallel-tuned LC circuits (LI1/CI and L3/C3),

which resonate at the first and third harmonics of the carrier _

frequency. The input matching network is realized by L2
and CB. All components within the dotted box are designed
such that'they can be realized on chip. The inductors L1-L4
are designed by using the spiral inductor lumped element
model shown in Fig. 2. The component values for each
inductor were calculated by using ASITIC (5] with the

0.35-um process parameters. Table | summarics ‘the
components values used to model each inductor and Table
2 shows the sizes of its respectively. The de-feed inductor
Lw and the series tuned output-Lo are realized by using a
finite inductor implemented by using bondwjres. The
resistance Rw represents the resistive loss in the wire,
The capacitor Cb1 and the inductor L4 are used to tune out
the input capacitance of M2 and thus achieve maximum

power transfer.
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Figure 1. Class-F drives a common-gate switched class-E

2.1 Spiral Inductor

The on-ship spiral inductors arc modeled by the typical
lump clement network as shown in Fig2 .where Ls is the
inductance,Rs is the resistive loss, Cox is the oxide

- capacitance and Rsub is the substrate resistance. The

component values are extracted from the physical layout
using ASITIC'[S]. In this design ,metal 3 trace is used for
the top layer of the spiral inductor as metal 2 trace is used
for the underpass layer.

Ls Rs
Cox1 I I Cox2

Rsubi

* Figure 2. Spiral inductor model and layout
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Table 1. Component values for the spiral inductor model

LI - L2 L3 4
Ls(nH) |22 3.982 2.026 1.092
Rs(a) [7.211 15.24 6.804 | 4931
Cox1 (fF) | 145.8 1333 137.6 | 88.05
Cox2 (fF) | 1493 135.2 138 84.74
Rsubl(Q) | 6582 | 665 646.2 | 745.6
Rseb2(02) | 739 733.2 685.1 805

Table 2. Component sizes for the spiral inductor values

Li L2 L3 L4
Dout (pm) 220 220 250 180
Metal width (um) | 14 8 14 12
Spacine (um) 6 6 1 3
Turn (N) 2.75 | 3.5 2.5 1.75 °
Q factor 343 |3.0 385 |37

2.2 Class-F Driver Stage
The Class-F driver stage, as shown in Fig.l is used to
produce a “fatten' waveform signal to drive the Class-E
output stage efficiently. The two parallel-tuned LC circuits
operates at the first and the third harmonics resonance of
the input frequency where the inductance values can be
computed by equations (1) and (2)

| s

1™ harmonic; L= e m
(oocl

" . 1 -

3" harmonic: Ly= 3 )
salc,

where O, =27T( is the input frequency

"The LC resorators are used to eliminate the even harmonics
while the first and third harmonics are passed to next stage.
The dc voliage at the gate of M1 is set to 0.7 V, which
cquals to its threshold voltage ,thus forcing M1 to operate
in class-B. The transistor M1 never enters the triode region
because of the limited input voltage swing from the mixer.

2.3 Class-E Amplifier :

Fig. 3 shows the cascode Class-E power amplificr. The
residue serics reactance (jx) is produced by the difference
in the reactances of the inductor and capacitor of the series-
tuned circuit The residue reactance is finite only at the
fundamental  frequency . and  infinite at  harmonic
frequencies. The internal capacitance of the transistor M3
is used for charging and discharging of the drain voltage of
the transisior between the ON-OFF states. The internal
capacitznce (C,,.. ) and the de-feed through inductance

( L) can be computed by equation (3)

!
@, == (3)

[¢]
L C cd’lot

. state, we found that
. between of M3 is Vo —~V,, ~Vana- This also avoids the

Ly Cyjx -1
r- .
Va1 ;‘ =y
T R_\_ £ .
— s €3 xR
HITS L
(W . 1 l
Cu +
&
v,/ La l
vﬁ!

Figure 3. Cascode Class-E power amplificr

As in a rypical Class-E stage, the output power is
zpproximately given by equation (4)
2

A\
o = 0577 x—;:’ (4)

where R is the load resistance before the 50-0 output
matching nctwork and the resonant frequency of the wned
output network is given by equation (5)

1
T ——— (5

ZTIJLTCI_
when Lo is the total inductance values ( L+ L+ Lg)

The merit of using cascode stage is for protection the
breakdown voltage problem such as when coasider the OFF
the maximum drain-source voltage

existence of the input driving stage with a low impedance
node. Finally, L-type matching network is designed to
transfer 50-0 in order to find a transformation ratio, we get

R
M=t (6)
- R
wiiich R is in equation (4)
The shunt capacitancé and the series inductance can be
computed by equations (7) and (8) )
Shunt capacitance C,, :

Ry ]
M—=1  ®©.C,

0]

Xe=

Series inductance Lg:

X, =R/M—1= @, Lg ®

3. Simulation Results
The class-E PA in Fig. | was simulated by using Spectre
with process parameters from a 0.35-pm technology. Fig.4
shows the layout of the power amplifier. Fig. 5 shows the
iransient waveform at the gate of M2 and the drain of M3
wien applying the maximum input signal of 1.1 V at 2.4
GHz. Under this condition, the PA delivers the maximum
output power of 100 mW (20dBm) with 64 % drain
efficiency (DE) and 59 % power-added cfficiency (PAE).
Fig. 6 shows the output power, power gain, and PAE of
the CMOS class-E amplifier as a function of input power.
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While Fig.7 and Fig.8 also show the output power , DE and
PAE of the amplifier as a function of power supply. voliage
and carrier frequency respectively.

Figure 4. The layout of CMOS Class-E PA which the total
of die area is equal I x I mm?

4

- N
$L7n ¥

83 i
R
SN . U N A
;“ - H L | I ® _' 7 A T

- & i H 5

T2e N \._,v‘, & { A :I L
: |
i’

I

2.9n

€232 7
Gme (5]

200 €28a [3

Figure 5. Transient waveform at the gate of M2 and the
drain of M3
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Table 3. Compares the key performance of the PA in Fig. |
with those of the previously reported Bluctooth PA

Ref. Tech. [Vdd [ Power PAE | Class
(6] 0.25pm [ 2.5 | 24dBm | 48% | AB
7 0.18um |24 |23dBm | 43% | AB
(8] 0.24um | 2.5 | 20dBm | 51% | AB
Ehis work | 0.35um | 2.5 | 20dBm | 59% | € j

4. Conclusion .

A 2.4-GHz 20-dBm class-E power amplifier for Bluetooth
applications has been designed and simulated in 2 0.35-pm
CMOS techinology. Al circuit components, except the
output matching network, have been designed on-chip
resulting in a highly-integrated  amplifier. On-chip
inductance are realiged by using spiral and bondwire
inductors with physical lumped clement models. The power
amplifier achieves the maximum power with 59 % PAE.
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