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= cf 4 = [ o A  as @ v :/l 9
Oscillator) [7] Tuumilaznandanannisversesdutadyaugdl lmivniu Tasezniuiaes

mutadynu lmiuualeaasives

2.2 79950509 YANUANNDEINIY (Low-Pass Filter)

R, R,
l AW AW
R v I
e AW + +

‘1 ;

31U 2.1 2993ns0edyUANUDA Y



Ui 2. iusesnseadamnannuddriudsdifendudw Teude [16]

H(s) =

S+w

o

MINNINTITYIUANNDAIHIUTUZUR 2.1 Anar v, i lann

yC
v, = SL__Vi(s) =
x ] 1

R+AC I+ sRC

Vi(s)

V.(s) = 1+&- v,(s) = 1+£ i Vi(s)
R, R, |1+sRC

v lafansunioToude

s

Taona Kk AodATIMTVLATHAZNY 1a91n

K = I+£
R.’
' ¥
AU 5= jo IUANNT (2.4) 9214
V.(jw) K

H(jw) = =
I V(jw) I+ joRC

AYAAAANUDAIHIL £, 1 -3 dB v 1dan

2.1

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)



YUIALATYWOIFNTWTOH RN

e K K
6o = retata ™~ TG o9

as

0 =—tan' (f[f,) (2.9)

Taoh £ Aodgaunud w yadygadimioiugia

nIMRUANTANNDVEINIINTBITYYIUAMMDAHIIAAIAIZUN 2.2

: .20 dB/decade

¢—— Pass band —t4—— Stop band —»

0 =
Hz
Iy

3UM 2.2 nsmlnaauianudvensnsoadygIunudR I

2.3 7993N30ITYYIUANNDGIHIY (High-Pass Filter)

'J\W'ii'ﬂ‘f’i 3.3 ﬁ]uawaniENf“ffgtgTf,uﬂ:nu3qaw'wua:ﬁﬁqﬁimhﬂauﬁ’mums (2.10)

i (2.10)

s+,

H(s) =

wazins A auiAveIeTnIesdygIuANNDgIRIUAIgUN 2.4


CLP10
Textbox


: ~
2

ll'—

0
+

317 2.3 29933090y IMAINDGIHIY

INNOINTBITYINUANMAGIUZIN 2.3 munsommidna v Tden

R §
Vabip R+1/sC s+1/RCVim

o = o v
Anagadyauean ldein
vi=|1+Re v o=[1+Be 5 vy
R, R, |s+1/RC '

9A31INTVIUANAIND

AUNSE
V/(s) s+I/RC

T = R A A ' M
AN K = I'I-( %) ADDATINITVYUIUABUAZINMTUNUA 5= jo ifz‘lﬂ
1

Hijwy= V0@ __joK__ __jwK
Vijw) jot+RC joto,

o a o ~
IAAAAIIUITINIUN 3-dB 1D

(2.11)

(2.12)

(2.13)

(2.14)


CLP10
Textbox


g2
~

= -2 = A5
2 2 2nRC 2.13)
ﬂ'wmﬂua:qnmmm"lﬁmn
. (w/w,) if, )K
H = “ = - 2.16
W6l = o P T T T i
uag
0 = 90° - tan’ (fif, ) 2.17)

. e [ ¥ 14
neInsedyaanNNdgeuiszsenldnnudigan £ e uanatinezgn

£}

o 9 ] q' ey d! = = ]
AMuanUNINvedIuaNud Tasnuauiavesssiuetlioads TnvnAvelin ) ssunw

I MHz n5mfaianiavedeesnsosdyaan b geiungaanagli 2.4

fo
-

0.707

ta4——— Pass band ——

- Stop band >

0 + ol

Hz
1

3UM 2.4 nsmlnaiernifvesisvsnseadynunui gy

24 HeesnsesdyanarunananuumnnastazdSumanudldnhalasms

1 9/ |
USumnszua laslvooiueni
s ' : = ' -1 o 1 B’I ) -y
IINTeFyaNaEuRIMuaiiog 2 nuvie JavInseadyanuHIUTaIAYiIaTiyy
19 s
pafmin wazsnseIdyY AU Muartatiyueemay  Tuideiise ldinsSns e

U q”d s ) ¢ o 4 A
2vsmaiigudumsesnuuuTavldeetueuihiernilansuaioTou yuesruazvuia 1o
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1l 3
weiluitug i lumsii hleenuuuilusesnsesdyanariunauastiaiiyuesamiy Taold

o o 4
Ty Twarsnsugmaes
2.4.1 29930503 UNUFNUNINUAT HATIBIAIAN (Phase — Lag All - Pass Filter)

R
AW
I(s) R
% la V_
V(s) O—9 v ——0 ¥V .[8)
+
AW +
R, g =

" 3
31N 2.5 2993 NI0ITYYIUFMUNINUABUANYUBIFMAY

117299531 2.5 awnsamamilandunioTeu'ldvin (17)

Afnan v, 1 1den
v, = 1/Cs b = B Cs (2.18)
R+1/Cs Cs| R,Cs+1
B
% RC 2.19
v, = ; oT= _
I+ st ! ( )
a1 v mlaan
v = R, (v +v,) = Vit Ve (2.20)
R+R " " 2 :
(2.21)

nnnaauiavesesusuies1d

INAUMT (2.19) uas (2.20) 9 18
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[ 4 )vlz"f”ﬂ (2.22)

{ 1 v,
v,.[ ——}: +—= (2.23)

I+st 2

¥ ¥
aniuflandunioTouvesrsesnseadygrurunimuasiaiiyuesmaiuie

v, 1-s7
—=+ [ } (2.24)

I+ st

nnaumsvesilangunio Teususorh lmmvmauazyuesmn 1dan

(2.25)

magnitude = 20log ke
V.

INAUNTN 2.24 92 14
magnitude = 20logN 1+ w’t* — 20logN 1+ w*t* = 0dB (2.26)

yuear (6) dmnsam 1dvn

B Bt = s 00 sy (2.27)
T

2.4.2 2393NIDITYYIMHIUNINNAT HATYNDIA 1IN (Phase-Lead All-Pass Filter)
3 0
NINTRITYNAUFIURIMIAY AT UM IEARIgIN 2.6 9IP9TITTUNT

@ o ] = S o Y P " o a 1 [
ﬁﬁUﬂ'lLlHNQ'l]Elxlﬂ'l]J"l‘lﬂﬂﬂif)lJFI’JGI'IlWﬂu%'\ﬂE‘IJTI 25 ua:mﬂqnﬂmmuiaum'lﬂmn

ViV vis)-v, R"‘E (2.28)

uaz
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V. R V. sC
I(s) = :;“) l-——t= () SCI (2.29)
d R+— R, R+—
sC sC
Rl
MW
](S) R
—35 % v
AW ——
ACE-S , 0 ()
11 - i +
11T
R
Ui 2.6 29snseadynUHIUTIUATTaTiuear
1In995 1¥ngAnamveunasyed vz ld
V. +IR -V =0 (2.30)
" e dl ar -1
mAnAMyadyyIvesnie
V.(s)=—I(s)R, +V
i
Vi(s) ¢ R
- *R(” SC R +——V(s) (2.31)
I R+— R+—
sC sC
Hantunwloune
I 1 / ]
e R__ §—-—
Vf'(s} - sC R € - |: RC (2 32)
Vits) R+ J R+i R+i s+—[—— ‘
SC sC sC RC
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M:—[l_"] Tt 5= jo Uz r=RC (2.33)
Vi(s) 1+st

o ar g o v
vindumsilanduniolou (2.33) annsoih ldmsvneauazyueam 1dnn

1

2
(5]
i‘: 2000g 3 \R) _pup (234)
V' 1 2
w’ + _]
R

magnitude = 20log

uazyuearm (0)1dnn

0 = 180° - (tan'wt)— (tan'wr) = 180° - 90° = 90° - a)=i (2.35)
T

Qaey & = d
2.5 AMTHUANUZ THUDIINVIDDTYAIAINDT

' v ¥
= a M A

poagaimneiiuresi inuiadyaugUnauiidnuuss q M (repetitive) Tao

u o L1l

Y A

lisuiluesiidyapailouliivissiyadyaasiitowaouumass o nszuaasani

»
as as s

u dyanudnaiyadyyiuesni ldernvzidudyanaled (sinusoidal) n3ee199e Ty

o o . . =3 y; 1 ar = = o
q;mu}m'lmu (nonsinusoidal) n‘lﬂwagnuwmanwiaaﬁmammm

2.5.1 HENVRIIIDIVOATAIAINDS
a o s @ 3 ' =)
HUINAYBINISBATAIAINDTUAAIAIZY 2.7 [18) MIngdezituinTeeadaanes

immhinfasumdanu Wi luglivved WaF iy Ived  Faenszeglugivesnau

ar o A : = - A A
ool dyyunaudivaoy vionauiuiey

TyuAnaMyadygIueon

unaanonseu Il 4% o———— JesesaFaawme; ———O W

Sy
L1V 1111

JUN 2.7 wansuifavesvseeadaanes
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29300aFaIIn03 Usznoudln 2svnedyaadmsulumsasimsvne (2903
= o o
yowewziilulimiudmaeinieenuendild)  uazrsesiloundunuuuin  (Positive
4 o a4 s = o a
feedback) F99stOUNGUNVLINTRMTRaSayueImuazi IMiRansaanou Tasa

o 4 [
ﬂgW\HlBQ'N%iﬂBﬁ‘Hﬂlﬁlﬂﬂﬁ!lﬁﬂﬂﬂ\lzﬂ 2.8

CC

%
2TV o out

sestleundunuuuan
mMIaAnau
+

2anaeua

U7 2.8 drulsznevvensssesagaanes
o a 3
2.6 Yszianvensasntiadaanagla

avsiudadygnug) lmiannsominugnsein 1414 4 Uszian e

2.6.1 299N uHATRIMNIY LC

avsiuliadyeanld Le fegwaiouny Wy wwui@enanudnneamnmes

1 4 -

e
@mivluTnars) niemsu (Gwmsvueama), 1Y Hartley, U Colpitts (udu 299599inil
HdedAneansonlasunlasniud ldhoiaz 1Fauludunutgelés  ualdeidoAombos
ammueanudddhimin  sasiilymlumssaaiiuiessauilesnndauniioniadialdon

uamiuesn lasuanuiion Taona 'l
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2.6.2 39 uadylagly RC
nestudadyyInlagld RC Inarouuy 94 WY Wien bridge, nuuiasuiwe (Phase
shift) 1Wudu nesuvviiidedieannson/founlanindld wazlFmluimnuigeld
ey 9 =) = [ 14 as
unldBIdoNoIa oI NINYDIII93 63 lidin

=y

2.6.3 2vsniadyanulag] TuHUNEN (Crystal)
a’ =1 = pa 9/ " ad' Vet
25szinilsziiadosnmmninnuddmn  wezaunselFauludunnutga14a
, 4 4, . 3 twy &
uanveidode msnlasunlasnnudildnnuie luawsonldsunlannudld o

¥ ] A '
ﬂf)\lcl‘ﬂ'N‘iﬁ BUUITIY

2.6.4 1vsnuHadImfegluglveiesim
4:1' a d? d'! g as 9/ 1] [
Wuresindatunuieadudygnulaommz  annsoldamldie  ligeon
annsaliunnun 1d laserdondnnisves VCO (Voltage Controlled Oscillator) HAZAISO
1 ar ] 4 o 4 H H 1
ongUitvesdyaa ldnarunuy wu sdaduled gUdmany wiemumaoy ualdeide

P o ¥ Y ' 0 "
Ao annsorh T 1saulalugunnuda 9 mniv

Y o a o d
2.7 ‘Ui’)ﬂ]HNﬂ‘“ﬂ\‘lﬂ]ilﬂﬂﬂﬁyﬁmiglﬂwu

msad st uiaduana lundazuuudeulYeMHUATEABZITNUANA IR Y

o o

=

T wu amsahasessuiladyanadmasy aansaadildislasmsaetssseetueullu

o

e/ v

anvazmsteundvuuvuinme s dyanadminuazavaduiuly  daumsadiences
o a w A o 3 N a a as t A aa -
Auadyaaiuassnamnsoaiielaie lasmssuninsmdyaadvaouniinnuioans
v as ’d £y LY A A ' = a 4 v a q"
uazmsadndyanalaninannsoade ldnanauiludsoru@ori  uasslinnuRamiou
as o,: Y [ a2 9 Ao a P £ 2 2
g3 A lumsasadyaa lnivedeadidswiey Faamrsoasy 14910 Barkhausen Criterion
a ' o i a Y .
doimuAves Barkhausen 1Aou101391 msadadyanalsmiiuians (pure sine)
vzanalsznouaioideu 1 3 Uszmsae
;:i 9o =Y s 9/ ar -
2:9:1 Na‘s‘n“1ﬂfmtuﬂﬁfytywmmmxﬁummﬁauna’uu’uuuan (Positive  feedback)
1Y
272 waguuennsvnweundu (p) nuoasimsvoeglidla (4) zdeaiinum
-
STRRTE
Y ; ¥ 4 Y oa A o .. &
273 AyuBIeN (Phase shift) ¥8939958319ANUDIzABAIMIaau T 0° M50 360

HazvzAAlNeInURe
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o o o d
2.8 nanmsvensasniiadayey g lani

¥
o o o o ]
Tasaadanuguvernssuiladyaa lanivzlsznoudrvesvoouas Tnsave

1@9NAMM (Frequency selective network) gnABLYsToUNTUUIN LaRIRagz) 2.9

x +
fo——(D)— | %o
( + AmplifierA H— > ¢ — >
X
s Frequency-selective
network }3

as

] 3
3UA 2.9 Tnseadanugiuvensesiuidadyanaland

]
i

=1 v a 3 o & o LS e oas ar b " 1
Daiivquasiuadyna Tl lilidygraiyedygraudualugleld

A J ° “a o o
l'l?"lu’Ilﬂi)\l'lﬂﬂﬂﬂ'ﬁ'n'lﬂ’NIJ!.‘i,l’ﬂ‘illmzﬂ‘ﬁ'lj'lﬁﬂﬁﬂﬂ’l‘iﬂ']ﬂu

2.8.1 Insaasamstlounaunuvuin

Tnsaaavenvsveeniinistlounduuuuuinuiesonit laezunsums maves

Ay

'
ar ar = o

4 (signal-flow diagram) uaAAazUN 2.10 Taoh x unudyanainszuansedna x
Aodyauiyadya ueen Tasiinnuduiusiudygaiyadygnands x fAe

x, = Ax, (2.36)

(]

ganuiyadyaueen  x, 2 lnaruTnasuazTuvaziRoinuignasdoundulma

= o

nunmmman1111mﬂﬁmmmmnmwmﬁmmmmﬂﬁmfmmaanﬂaU"lﬂnqﬂ

o

unyad

o

3 P
wanandh Taoi

o

X, = px, (2.37)

g AounnAesioUNaY (Feedback factor)
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Source

Load

31U 2.10 Tasaadramstlounauuuuuan

ar ar ar Y " " c; s .& a H
yaatloundy x, wuindudyyannumadineigedyanath « Faezlddyanuie

ar 9 =y r-| ar dl
Ay q Aedwyanu x, 1aoi
X, =X, +x‘,—

9A719010v8995v0tauna vy ldnnaums (2.37), (2.38) uag (2.39) w'ld

Tauh p4 AvdasIMIvowgY (loop gain : L) nazimuald

L=AB

I-L=0

2.8.2 13eulymsesadaian
weulvim¥anzveanisesagaannieg lanasa 11Ul 2 4o Ao
5.2.4.1 yuoamveagivzAeainy 0 3o 360 pam

5.2.4.2 0ATIMIVOBUTIAUVDIQUITADUMIND 1

(2.38)

(2:39)

(2.40)

(2.41)


CLP10
Textbox
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= ﬂ' ' é ~ o oo o =
Mnanmdsmils £ Hdanmasveegd 4y 1 ez ieums 2.40) 3 4, Sy

o o = -~ o cly o 9 o - s -
8UUA (infinite) HazNAMUD £, o9 IHsldyauiyadyauesnsenn’ldlaoh

s

19 Ao o Y A a 3
Tideatidygrutlounyadyanaud vindeulvveamsesagaance 14

uog

Lijew, ) = A(jw, )B(ew, ) = 1 (2.42)

=4 =1 "o o o a1 4 =
VINAUMST (2.43) MAUNANNND o, Yuoarmvesdasimsvoegiiimiiuguduazvunadl
Anilu 1 lumssuduesadaanzdealsudasimsvoogd nnnd 1idmioouazndaain

e a Y = Y
“l.lﬂ']'iﬂﬂﬁ‘]falaﬂlla'Jil\iﬁﬂawlll']‘l'ﬁlﬂ'lﬂll 1

2.9 2osiufadyanauuuneanmsioesiaglyeeiueui

v, &= C v, Oscillator

Feedback network

JUf 2.11 nesiuiadyguuuunieansiees
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NsfuliAdya uAIBARIIRes AR 2.11 Lﬂuaaaiﬁiﬁﬁnﬁﬂﬁmfmm 2 1y
fodyaaland (sine) naz Talmi (cosine) Tnviidnuaziiu Quadrature Muuaziiasianiu
90° MIMvTIuNTIdyyIUsenvoasIn A wwiudyanaln wazyadygyu
ponvesInY 4, wiiudyialaln uenvninesves A, sximihiiduaes
11mué’uﬁmsmaimunﬁ'mf'af‘fmumumuazﬁuummmﬁu -270° w30 90° AUV A,
i]zﬁmﬁ1ﬁ1ﬂu'mwmuﬁuﬁmsmaé’unu'lﬁﬂé'mfﬁmumumTﬂvﬁlgumﬁuﬁﬁu —90° 30
270° e W ilyuearmiiiy 360° auideu lvvesrsesduiladyaa HafsudwToumidnn
Tnsaotloundunoe
_Yis) _1/cCs 1/Cs

= (2.43)
V(s) R+1/Cs I1+RCs

B(s)

¥
or

& v, Wudnafigadyanuesnyennsune 4, uazdnmiyanduiddyaiude v, 1'ld

RV

ol

v
V.= - RCsVy (2.44)
R+1/Cs 1+RCs

A ar o v 1 :j n‘.: 1 ar :
LUBDININANAT fgiy'lﬂlllﬁﬂFI’N‘iSH')'lG‘U'J‘IJ‘EN’N‘i]i“ll[l'lﬂ?l\lﬁﬂxlﬁﬂ'lﬁﬂﬂﬂ'lﬂ (Vd»O) muuﬁ]::"lé'

auns

vf = Vx - Vlf » Iv.! (2.45)

V.(s)  RCsV,

= (2.46)
I+RCs [1+RCs

ar :f‘ o o ' ar 1 as Y
aaiudanduoiolouvnsnnvsvew 4, :aun Insavoteundues1d

Vau(s) _ 1

G (5) =
GG V.(s) RCs

(2.47)

UNUAM s = jo TUANMS (2.44) uae aums (2.48) 3z 19
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Biw) = 1+ joRC (2.48)
nay
. 1 j
G - = _
AGGe) jwRC wRC (2.49)

Handuaio Touversssvorodyanm A, Ao

) v, . 1 j
G,(jw) = —= =_—— = 2.50
2(jw) v, () JwRC WRC ( )

nnaums (2.51) wliyuesrumiiy 90 e AU B G, gw) vzABATYUBIAUMAY —90
AN VINAUMST (2.50) MVBY |B G,(jw)| vzABalinwiIn 1 e W 1Ayupammiiy —90

e v .
BIFN AU wRC = 1 HazANUDVITIUN 1D

fo= o (Hz) (2.51)
wanwd 7 doe 14

B=8 G- ]—:;; - % (2.52)
aasmsveglmlann

PA(jw) = G, (jw)pG, (jw) = J * = A 1 (2.53)

’ wRC  joRC o’RC

Fuiusanmsveoue e A, wag A, m1den

A =to 2 =14142 (2.54)

B

=1 " o a0 a0 4 v
VNAUMST (2.55) ILHUIIDATINTVOIWRMALMINY 14142 uagnngli 2.11 azmuni

" oA ' = L4 a oo s & o E Y
ﬂ'liﬂﬂ‘lﬂuﬂﬂﬂ‘iﬂﬂ D, uag D_,ﬂif)llﬂﬂh‘lﬂﬂﬂi C Y9I NVITDUNINTIADST "D’Qlﬂuﬂ'liﬂ'lﬁlﬂ']\'l

3 a oo o'

IR UHATYYIUADAATIIOI LA DTNIN
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2.10 aju

y ;

TuunitlénantessnsesdyyaTasldooduoui] 1wy 1wsnsesdayananimd
AR 34%5niaqﬁmm1mﬂa1u3qad1u Ni)iﬂsaqﬁ'mumu1mﬁi1mfmnmsﬁﬂﬁuummmu uag
'mnn'sﬂqﬁ'mquwhuﬁgmumﬁﬂﬁqnmmm Tavldamssimemilandunio Teuraninses
ANwBIRIUF 0T INHAIMWITVDNINTBITYIUAAZHDVLRE NN TUo 0 Tou
fil&vzuendenving UBIMUAZYARAN T VeI NT o dy i TunAaz Y YonNil
daldnandnuamiduazdeimuavesarsiuiiadya uniag Taomwizavsiuiia

dygyrunvumemnsvessuundnmshldlumsosnuuuluinoinug
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DIVNYTYYIUANNUANA (Differential Amplifier)

3.1 nan

Y ¥

ar ' ° o
vsvnedyyIvaNuananingih lldszgaaldedenavnadumsadiaoens

U o

sy Tudgadyaaiiivesestuend 2esvmnennund 21995v010A M0 7s ArAIY

o

vsaeIninnluniAsaen wennniindrluressanine 15995 vnduaununand1e

o as Av

Tumsivadyanui idesmsfisanniuuvassisdls 2esvnedyanuainuianmaily

as

d’.’ A o = = o g dy Qs v :
wugnddy luinotinug  Tagldldnanmstilumsesnnuuisnsnsesduyanusiuia
] o = s r ::; ¥ ¥ ot '
HUATUANNHDIATUN 7NﬂTiJﬂ'J'IlJfﬂ.lll'lﬂ'ﬂ!ﬁzﬂiﬂﬂ’lﬂﬂl'l'l]ﬂvlﬂﬂ?'lﬂiﬂUﬂ’lfi'l.}ﬂ,lﬂ'lﬂizllﬁ Tu
¥ ¥

UNHIZNANTINUFINVOIVNITYINUAIIANAN  HazaTIATIEH9IT YT N

" a o - o { vw
Anuanal lugluuuvesdyguvna@Rn  MIIRTICHRARRYTUBIA D UBNIINTIT

lédnantnesazieunszualasldnsmudamesuuuluTnars
= d Y (v
3.2 MIIATNZHNANDUAUBIT QY I UBIINDT VY BAYNNIUANIUANAI

i ' as o = 4
vinEuIN Idnaninesauyadyanuunamn 1azdinseiHaAs IAUBIAID
o = o " ° - o o 1 &
voeluTnasnsugmaes  ae llezshinmsdiaszssveedyanuaiuanan  Fuilu
s § o o a = o ° - o ar
HanNMINA AU INIINUE  Tagexinmsains iU sauyadyaIuvINAIRn 1oz

a o @ o dqu - & v v o
?lﬂi’l%'ﬂ?i‘lﬂ?ﬁ:ﬁﬂﬂuﬂSﬁllﬂﬂiﬂcl‘lﬁlﬁ“l‘h'ﬁmﬂﬂuﬂl lUTWﬁ']i!Iﬁzllﬂﬁ

3.2.1 2199 3UBAYAIMANNUANG 1IN 2 BUNN

2003714 3.1 Hhuassvnedyanunmmands Tastleudyanuiisadayanmdhila

o o

¥
AN UUATYIUBIANAIATIN AU



vZ :'—V“(f)

v, =v (t)
e

=,
e-\—-4
ANV

as

®

3UN 3.1 2vsvnedyauanuuandiiidyguiyedygrautumny v,

Voo i ar v
VINNIIMANANYAdY I IAD

vitfﬂ: = vu - (- Va ) = 2va (I)

23

v (t)

(3.1

(3.2)

(3.3)
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v (1) D v;,g Yo lﬁ[_ §RC ch v ’m%:m ;')va(t)
- ol bl

4 ar < as 1
U 32 uranvsauyadyaNavNARNYEINTVNd YR AR MIANAYBagY 3.1

1ngY 3.2 wnsnldmmdyapungadygpueen v, uaz v, 14 Tasiunnmsm

' a o = g ¥ o s o o Y
AnszuaBuwndyIuvIIAGN i, uaz i, 1InMslEnguiiduveanesseniigy A 14
Va (I) - ['Vu (‘[)] =V Vo = byl =yl (3.4)

= o - o o
dmausawmes o uaz o, ldnvuzmieutunmlszmsein i g, =4, - g, uas

r,=r,=r. 958y IuvuiaanizianyusanyInsasnszuan IMak U A Ve

xl

nsWFAMAns Q, wwnunszuai InariuviuauemiuFmaes o
by =1y (3.5)

NNAUNS (3.4) Az (3.5) v ldnszua 4, uaz i, Ao

v
b = (3.6)

AL o (3.7)
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AIzUAUATYIUUANANIINANMS  (3.5) uaz (3.6) i linadnaanaseu

NIUFAADINNDARAADS Laza115an1 1@

vm' == i{'IRC = _ﬁuih.f‘RC = _rﬁﬂ vu (t)RC (38)
; : +
Vnz == ICZRC = = ﬁnIbZRC = rﬁﬂ va (t)RC (39)

m

" ¥
Wea9n299s lugd 3.2 Tanwaumasarodyaimnnuuanandaiunsumuan

UHAIDENTLUAIZTAUMNUUATIATDIINeAT At iUz U Tnseua Ivariuaua NI

¥
4 @ @ o

r, uazh MMussduanaseniiauiugud aniuilvue B widlumilounsndaiiou (virtual
ground)

msmiAnmiyadyueenz fadnaanaieuszninuineaannesues 0, uaz
0, Fuiludaymnmesnuuudyyauani ﬁﬁummwsgﬂ 32 mmnsofigmsasims

verwdyaauAna1 (Differential-mode gain : 4,, ,, ) 1AAITNMS (3.10)

m

A _ V.';I — vr}?.
dm-diff —
V.

idm

_ (—ﬁav‘,RC/?‘,rz)—( VaRe/T,) _ —B.Re (3.10)
v

a Te

== gm‘RC
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e ] < = d
3.3 gaeavameadveslulnainnudmnaes

Ui 23 ihnsssveedyanannmmnmay o Tnarsmudaaesinldums

s HmguaiAnGg

EE
d' araey =1 4 - o
7UN 3.3 pumnianeagves lu Tnarsnsudaaos

ey A o o o =4 o e o o A
Auauianagveslu Inariniugmaeswuaasdinnuduiuiveusiduiiga
' »
Tyaauduazussdunyadyyiaeen lumsinneiezoguuauyigmde i

s =)

221 ANUAMUMUIATYY NN VDINTIUFHADITMBTUA 1 = o

o/

1Y a L o - LY 4
222 AVTUATUNUIATY Y IUDDNVDINT IUSTADILUHAIDIUNT LT nmﬁ‘_lummﬂ

REEZOG

1ngUn 3.3 M¥ngnszuaveunssvoraz1d

Vo = Vg F Vg - Vg, = 0 3.11)
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AQUNAIR vy vpm >> V, HaEnTzuaia lna (leakage current) AiiiuAe 1, =1, =1, uaz

‘il']ﬂi’Tllﬂ1iﬂi$Llﬁﬂ.lflﬁﬂ'i"lu‘q]fﬂlﬂﬂ{ﬁ];‘ihlﬁ

Vigy: = VT!";i = Vrl";i (3.12)
s Ly
az
Vop = v,m}i = v,,zn’lﬁ (3.13)
52 5
wnua luaums G.11) azld
vy — vrm'lﬂ +VTlnl—;2——v32 =0 (3.14)
5 5
@ A
Hune
V= Wy B VT[MIC—’ - ln‘ﬁ] (3.15)
]S IS
=}
kL)
ic, Ve — Va2 Vid
L = exp = exp| 4 (3.16)
f(-z { VT ] {VT ]
Taon v, = vy -V,

) s dd aa s a 4 v
nhfﬂaﬂi:’:llﬁﬂﬂilﬂﬂ'ﬁ‘h’ﬂﬂﬂﬂnﬂumﬂ'i'llﬂﬁ'ﬂ'l"lu‘h'ﬁmﬂi ‘i]:vlﬂ

Foe
I, = ;('Cf‘*"cz) (3.17)

Tavh « = B, /(1+4,) » 1 VINAUMS (3.16) uaz (3.17) 9214 i., waz i, Ao

; @ I 1 Tunsaii v (3.18)
i, =—2* o« v, >> /
Cl ]+€Xp(- V,,,/V—r ) Q id T
nas
: al, cl o
iy 0 UNSAUN v, >> V, (3.19)

- 1+exp(v,[Vy) ’

L " 4 ’
AT INTZUT i, INUTU NITUD i, VEDADIDL iy, + iy, = ol = al, V2TAING
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[ »
i 3.4 Wunswiszninnszuanoaanmesvemudmaninsaeaiatudne v,
IR o o v Vo e
vnnswhemiud Tunsdifusedn v, >>v, nszud i, waz i, vz hiduegiudnany, uas
i ¥ "
nszuanIuAe Inakunsuganes o udoammiy lunsain v

id

v o ) = @ ' o a 4
i, WlanuduiusuuFady msnlasunasvesdnauaneis Av, vz inamsiasu

<V, NSTUA i, U

i

wlavesnszuann i, = 0.91, oz i, =0.10,11u i, =0.11,u02 i, = 0.91, TavSonnsdiil

U é =
1 Transition voltage #3921A11)52110 2V, = 52.6mV

—AVy -3V -2V VSRR 2 3 AV,
~120-100-80 —601-40 20 D 20 &0 160 S0 100 120 ¥
~2¥p = -S26mV 2V, = 526mV
g;_ o o s n; ar v a:i ar

JU7 3.4 nszuaABAAINDINUUITIAU v, 7UN 3.5 Anmuananiigadyaueen

inAasnyadygIvueena1son lden
Vor = Vee =i Re (3.20)

uaz

Viz = Voo — i Re (3.21)

AnmATNyedyamoenuana1am Iden
Voi = Var = Vo = Re(icy - i, ) (3.22)

1NAUNI(3.18) Uaz (3.19) 92 1a

Vi aIEERCtanh{— ;‘" ] (3.23)

T
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Tunsain x A ios q 9219 anax = x 90aUMS (3.23) 9219

V.
Vg =—alg R, (5’5‘] (3.24)

T

P ar o o ar Ad o o as
NN gl 3.5 finen v, sziduilanduvesdna v, lunsdindna v ifluguddne v ez
¥ ¥
ihuguisuiRoanu aniussvneiitatuiesvesdygiunuuanaesa q nannesy

'
o

il da 2 2 P a4
Iinapevausanwiz lunsdindnanyadygisudsaesdainnuuanaanumniy

3.4 2993aENOUNITZUA

34.1 Hﬁ’nmsaama:ﬁaunssua

CE2

H a o ar y T a
31N 3.6 20vsazeunszumuUNT IMTmMAes 2 @41 3UN 3.7 unasswnszualunigauna

—a ﬂ (Y & 3 o o a o
37U 3.6 1WUNITAENOUNITZUAFITZNOUANTIUTAADT 2 AAZAIWAIUNIY
= ﬂ 1 a & ~ =1 ' ) o '

uazzUi 3.7 Wuumasnionszualunegaund $91031UN 3.6 WHUTIMIUTNADT Q, AD
» ¥

aguuylalealasimsdevuumiinuvineamamesiIidnaianas sudiisaeailugud

vy =0 MInsWTames guaz 0, eoglugrninmind (active region) auyAld
= l‘: - | aa o — o

nsuFmmeinaesiilguaviamiouiunnlszns  anudumuiyadyg aeenves

»
s

o, imganou hideamiiate woannnsugmassneaemiimdnaia-slnesiminu
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o ' -
(Vagr = Vag ) DITUTAUAZNTEUAADAAAADTUAUWMN (1, = [, 002 1, = I,,) 910 N571

3.14 awnsomimnszua 7, 1aon

Tp=doy+ Tg+ Ipy =1+ 21, (3.25)
£
10N I, = B0, 92 18

"R:Im"'z[m:lm""?]cr/ﬁr (3.26)

v 4 A
wldnszianeaannes 7., Ao
I V.-V i
.[ = ] = L3 = cc BEI x 3.27
e 1+2/8, R, 1+ 2/, ( )

o

TunstinoasimMsvoonszud g, >> 2 Npaums (3.27) w1

Y A (3.28)
< ' o ) o n‘: L - - | | ¥
VMU INTLUAADALAAAD T VDINTIUFAABI NIADIAILAUNDUIMAUFIMINIANUIINTZUA
o - = o =; o
I, Wlunszugazfouves 1, vwes lunsdifinsmgmaesianudumunydyanaeen

Wusriudvziianavesfngl v, Ao Early voltage 9214

Io=1, {mp(‘—%ﬁ]-;}{fﬂ:;—':] (3.29)
Y a

P o ar A o’ d aa o 9/
t]'IﬂﬂNﬁ‘I}Elslﬂ'lilﬂﬁUUllﬂﬁQﬂizllﬂﬂﬂalﬁﬂmE)5El‘NI.'LI'EN?J’H]1ﬂﬁﬂﬂ1ﬂﬂﬁlﬁﬂlﬂﬂi-0ﬂlﬂ'ﬂ‘i i]:ﬁ'lﬂ
6ATIAINVBINTZUARBALDAADST A

L= I+V,

—a
£z _ (E./ A (3‘30)
]{‘J I+V(.‘E.’/VA
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UM 3.8 2vsauyadyyvvinaanildmannudumuiyadya uesn

L]

b
1IN N9592 19

A
o

Ru

W O A

L®  Er O *a=1ok,
+
O

L -

U7 3.9 umaanionszuaueinu

UM 3.10 2095 uyamntiu
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(3.31)

11n3U 3.9 waz 3.10 Wuresauyauesauuazmnu MYty eNVeNaIIuNI LI

ar " ¢ o as ' a o
Waneseziifng - v, AnAsennIsdInfednaIanaisunsugmaes o,
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3.5 2995 UATANMUVD  Current-mirror Phase-shifter (Current-mirror

Phase-shifter Oscillator)

VCC
M,
o]
31 (*) Rsl
q,Rgl
c, 1
'_"CMI
, o]
—
l[
= C, /ﬁ'{}{]
PN —
| 1
| :
|
Lo (P o,
| |
| |
|
l .
@ Q
| DCM :
| [T bcow, i

g‘l.'ﬁ 3.11 Current-mirror Phase-shifter Oscillator

3U7 311 1Tu2993 Current-mirror Phase-shifter Oscillator [13] 91090392171
Usznoudiorsendeunla (Phase-shift) TuTwuansznanlérsnsazviounszuannudynyin

: - ' Y :
HANANIHBIIUVIRD IV I UIAZAWDYeIMTED AT AN TUBG T UAIAI A UM IUIALF 1

AIIMY AITUNT (3.32)
/

f,= =R, +r, (R, +r,
2

T oo ol (R (3.32)

i v ¥
wiudyguiyadaygiueeni Ide1veziindiiiou (distortion) g4



o A w d d 4
3.6 20t uHaayanalBUUAIPAASINBSANND 1 GHz ( 1 GHz Quadrature

Sinusoidal Oscillator)

2R,

" o =Y s Y s 1
31 3.12 20esmiadyaia IminuunleansinesAWd 1 GHz

d . 4 3
2193304 3.12 Thnsesudadyaw lnliuunleansinesniwid 1 GHz [8] $a91n

4 1 qY W o e & v = &
’Nfli"il:!ﬂ‘u’)ﬂ‘b’ﬂ'dﬂﬂ’l?’d@fl'Nﬁ}‘iﬂiﬂ\lﬂiyfg'lfuﬂ’ﬂllﬂﬂ'lﬂ1u wﬂz‘lﬁmmnvlﬁ’qqsummmn

=

ar - o o o " = s " i " °
paveIAIMleniazannulszy naeestivaidenonsdiumnudanceasiuildon
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o A w d = a g a d [V | Vv ‘
3.7 'N"t]iﬂ1!uﬂﬁmuty'Iﬂ!ﬂ'Jﬂﬂlﬂiﬁ]?]‘iﬂ’J1319@;(1ﬂ!ﬂﬂﬂ‘iﬂuﬂﬂ!!ﬂﬂﬂﬁﬂﬂﬂﬂ (ngh-

Frequency Electronically Tunable Quadrature Oscillator)

¢ e a)
<N
Qﬂ )TI Qﬂ
O 0 - ”\1
Qm;? ? ﬂ> Qn

gﬂﬁ 3.13 High-Frequency Electronically Tunable Quadrature Oscillator

—“ [ ° = s i a -
19N 3.3 dhsesiwiadygyiumeamsinesanuigedannseiindiuy

s 4 =1 " o a0 o 1
Ysuamld (11 vineesezmiuiniuisessiusuiiaduananuumennsinesilszneudis
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9 as

; ; < ; ; o i <
relaxation oscillator #uilu nonlinear oscillator 1tazvzyirls iymumﬁ&),ﬂ iyiymaanﬂ"lﬁma

¥
UANWINWIU (distortion) g4
3.8 ayll

dyb ¥ ' < ef [ v & dr = oo
111‘1]1'114 lﬂﬂﬂ’l'lﬂ\‘lwuﬁ']u‘llQ?\Wi“l.ltl'lflﬁﬂ;ﬂ‘!'lmﬂ?'mlmﬂﬂ’l\i‘h’ﬁlﬂﬂﬂ”ﬁ1ﬂ1ﬂﬂ1i'ﬁ]ﬂ

° = a ar a " = LY =
TagldimsTinnzimeasnimsvnedyaiunnuuanaie. nsinzinuauianeadves

¥
' = ' ar " = o
TuTwasmsudaaes  nazisesasiounszua uenvniise ldnantamanumsisenans

3

= =Y " o a o | a o
pOdFaIARIFIAA N AneAYUABAIATIvRspaaTammeT e 1FiTudeyalunsinise

v
o =

=1 o

HAZVZMUINNAIUNI e TR s 4 1Faatuoutl wSeo1vez 19maTuTadveslyInars

a s 1de q W o 1 EY ' o a4 4
nuFmassuanialsnisdivannudumunazminwylunsdsoauaniaituaees
- o . o 9/ d’ s o o‘/’ = - R o
POATAINIADTUVY nonlinear MIMHAIMNIUVRIAY QIS dariuludnetinusaaléi
o A o v P o = w P @
U intadyaw Iminuualeamsivesiuy Ininannsodsuawd 18 Tasnms sy

mnszialasldmaluTaduuy luTwarsnsudaaes
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N1500NIULINTNTOITYIMHIUNIHNAT HARYHD IR
= LY | d' v Y
05uaNuasnastazlSumanudlanig

TagmsdSumnszua

4.1 nan

¥ ¥
Tuuniiezna1densee iy NTOIAYYIUAIUNINUAYTIATINUBIANIN (Phase-
Lead All-Pass Filter) ailasnssuvearsesildes hisdusudeunazamnasdoduyniu
1 9 A o - 4 " a1
anuanal  lumseenuuvezldma TuTadvesluTwarimsmugmaes  mvesyadariu
" H A " o ar v A
AWD £, 1 9ANYUIA (Magnitude) HAZYUDIAT (Phase shift) voeHanTut10ToU (Transfer
function) Hauilu 0 wFwa uaz +90 esmamdawy galfum IdnhawuFaduaneasiu
o ' s 1 as 1 s ' o 9
AN 1000 1 TaemsdFuawesnszua luda smyadarunamd £, 15audszana 220

- o & il o - ° 4 a I'd
IUNZIFTAY ‘H\ilﬂuﬂ?u'ﬂ"!ﬂm‘,ﬂ5]5”1‘11”‘]?111ﬂ"|5'E]'E']ﬂl!‘l.!‘l.llﬂu'N%?ﬂ?ﬂﬂlﬂi!ﬁ]ﬂiﬂﬂﬁ‘ﬁﬁlﬁlﬂﬂi
4.2 ianN1580NIUL

v v ¥

vindiruimaiail¥lumsesnuuulssnsesduanuruianuaszds hidhuoy

i = o ] c: =
aufa (Fully balanced) [19]-[21] 29933107 4.1 [23] hudevsnsesdyanuruanuaytiaiiyy
891111 (Phase Lead) 2995uanuaninasuazlsuainimd ldndalasnisdsumnszua #1d
=4 ' a = s i
MNMIBBNIUY NNNITIzMUINIzneudIon I uFamesiia NPN 10 @1 (Q,-Q,) W

- ar = o =< v oo = ar 9
miloununnlszms aAnhdines C nazaasdsnszud 7 uaz 1, manafgadyanuuiu

ar ' a i a 0

nuUdgROURMIANANINAEN V,, taz V,, gadeurhiivivavemimdmanig Q,-Q,
oz Q-Q, 3¥MININuUA A LAz B HazdzldnAIMadyn 1neonnuIanavIaEan v,

" { aa 4 = o H o o
ANASOUNVIBNINDSYOINT FMADST Q, Az Q,, N IVUA G 1Ay F Aud 1A
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Q, Q,
Qs Qy
D E
© Q, @-i—D' 'E—i—@ Q,
G o—e p—o F
=
4 5
®v2 o DB, Q@)ﬁ*@ Q,
(I:I
I
0 ® O ® O,
' S/

] ¥ "
310 4.1 299snseedyNUFIIMNATTALyUeIAMIN T WaNaTazlsuAIAD

TandaTaonsdSuanszna

nszua 1/2 vzludaniudmees Q,-Q, nar QQ, luwwmzdinszua 1, vl

= o N =
NIIUTAADS Q,, Q, Q, 1102 Q,, Q,, Q, MNNVTvzMuNNanilasnssuNTUIVVANIIAS
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4.3 m3InIEHRMENTAveININTB T IR IIAYiaTNe s Ty

(v T c;. v Y [V L
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{ a o o 4 ~
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4 ad . '
Falunsaitiuanansglii 4.2

laz 4.4
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+°..1 V. > 90—
Q@ o, Ch '—@Q; Q, ) o
v, bay ’
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e |
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A+
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+ ) < +
Vin (i-) velg re Y '8""["-' ﬁ.,zir;z > re2 vez V
* L id] J -

s

UM 43 2vsauyavesnszuaiigadyanuesnnnuuAng

U o

1 4.2 dndoudussauya lddazli 43 wasdidnedyyiannuuanda

o o

= ' o ar ' -4 a
nnaian v, anasenTnua D uaz E Anaidyapannuuananvinadniiyadyanadh v,

v ldiianszuaniuuanamaiyadyaueen i, Tvauasiimdaaums

a

. VUl
by = 7 (4.1)
Z=2r,+—
s
I +st ,
Z= . Sl ot B4 (4.2)
cs
unue z Tuaums @.1) 3218
C
[y = _S—Vm (4.3)
I+ st
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p= B DittC (4.4)

= ar o L - ) & W o a o

V, A9 USIAUIMOITUBA (Thermal voltage) ¥Y0I500ADN-10U VoIansnasdi Tasndvziin

Uszunm 25 mV Nguugiies mngUR 42 nszue i, 2 Twaruanudiunu Tnaadiien
{ a = 4 J o :

4r, = 4V, /I, FUAANNNIUTAADT Q5, Q6, Q7 Haz Q8 5eMINIvuA D uay E suiuay'ld

o = @ & . v o &4 o
Anaiigadanaeenio v, =i, ) 1z lailinduniTeudgegluziuesisesnseaduanu

ANUDGINILAD
4r.C
ol = 'iZf = M in (4‘5)
I+ st
Yo _ 25 (4.6)
‘/r'fl 1+‘5‘T

annsainiliuanifsgii 4.4 wazdorinndouduiasauyase 1883107 4.5 dnanii

g ~ o =2

wdyaaud v, wwmliifanssuadyapuniuuanasinadyaiuesn i, Fam'lden

l—hu = "/in &= vm (I_f] (4.7)

nIzud i, 9% IvakuanudumuInaaiiim 2-, = 2v,(27, ) FuRaIMIsIUGaReT Q,
uaz Q,, 3eMIInuA F uaz G vz lddnaiyadygimeen v, = i,er, ) oz lailansu

[

oo Teusglugdvenivivles fo

V. = ip2r,
V. 2r,
- n [ 4‘8
2 2 (4.8)
Vv
T2 g 49
% (4.9)

o =

o s VoA as =
VINMIMNVAVAVBINITIUFAADS Q, LD Q,, NAVMADN IMuA D taz F fagi 4.1

ar

as = " =4 "
v lddnengadyaamonauianievinabn 7 anasenTnua G ez F ainmsldmgui

o0

b ar Sl = v o v as
MISTFBUNY (superposition) AD V, =V,, -V, uazaz lafandunislonvenssnseadayau

0,
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AuIMuaYiiatywesrni 2siinnuaumasuazysumanud 1dn e Taomsysus

=1
NIZUTAND

""=_["“] (4.10)

1 o o i as 1 : o =
DN (4.10) iWuianFunisTeuvennansnsesdyanuriunanuasiiasial
yuearmi1 [17] Tagfinawd o, 19429935330 & yaniivinaiis i o mduauayueanm

M0 +90 0971 AN

(4.11)
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<> Boity Boaina L % V.2 K

SN

3N 4.5 2vsauyanszuaiyadygnueennuuRna i

4.4 wam3iaamsnaualellsunsu PSPICE

¥ ’ H

IINTRIFRIUE U Iuarialyuesrmith Idvinmsesnuuuuaaisazn - 4.1
& a a 4 v @ P 1w
gaoonuuy Taoldmsuddaosaiia NPN 1085 Q2N3904 Galianadariuanud £ iy
300 MHz uaz ldhinmssiasamsiianunes ldnamssasadagilii 4.6 Fuilunamssrananm

L @ = Y o ' a St
vinauazyueamuesilanguni lounuaiwi laslemedavesnnhsimesiiisnimg C =
0.01 uF , NTZUA 1,=200 pd 1T I,=40 ud, 200 pd, ImA Uae 5 mA AWEWD 9037 4.6
=1 3 { 1 e = o ' '

MU U PANYUBIAUNIAY +90 831 92TAMD (f, = ,/27) Tunsazmues 1, fio 12.7

kHz, 65 kHz, 320 kHz 1182 1.6 MHz 18190 Tnolnvuiadssuiat 0 1ngiua
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P + Up(Uo2_1)

Frequency

[ o o " a i
U1 4.6 LaAIWEABALDIVDIVUIA (dB) 1AZ11DAM (degree) UDARIATUEIE TOU FuAIILD

1.00E+10 60
1.00E+09
= S0
1.00E+08 - =
1.00E+07 - 40
Frequency f,
1.0OE+06 - =
~ 30 =2
Ideal Frequency 2
1.OOE+05 g
-}
-20 &
1.00E+04 - =
1.00E+03 A - 10
Magnitude
1.00E+02 el
------- a--cmT
e S - =0
1.00E+01 = Ideal Magnitude
1.00E+00 T T TTTITT T T T 11T T T T TTTTT T T T TTTTIm T T TTTTITm T T T TTTIT -10
1.00E-06 1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 L.LOOE+00

Current I, (A)

314 4.7 nsmluanan i f, (Hz) nazviadB) funszua I, (A)
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MNFUN 4.7 1aAIWansTIaeIMSNNUYRAAARIUANND £, = w,/27 HAZYUIA
yoaflandunoTon v /v, w ﬂﬂnuumﬂumnu +90 DIFUALVUIANINY +90 DIF TZHIN
nszud 1, Tavldanhdines C=0.014F uaznszua 1,=200 ud AIVEUAAINANIINAR BN
v ¥ ° a“ay v ° ° A Y d 1 1 Anw
N lannmssasatazin lannmsfaiudn INHANITIIDIN IAvzriuIan lannwHans

A Y ° A Y W a @ MY ¥ a
naavuazan lanmsannalimlndifisaiy wazaid £ gnifumldnhausadu

ARBAtILANNDDY 1000 1 Tasmstsvmveanszualuda

50 1.OOE+11

- 1L.OOE+10

Ideal Frequency “u
. - 1.OOE+09

- 1.00E+08
30

- LOOE+07

20 - 1.OOE+06

Magnitude (dB)
Frequency (Hz)

Frequency I,
R " - LOOE+05

- LOOE+04

Ideal Magnitude - 1.O0E+03

Magnitude at +90 Degrns - 1.00E+02

-10 T T T T T T T T T T T I T T T T I T T T T T T T T T T T 1.00E+01
1.00E-05 1.00E-06 1.00E-07 1.00E-08 1.00E-09 1.00E-10 1.OOE-11 1.00E-12 1.00E-13
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NIIUFAADT VDT 2N3904 LAz 2N3906

.MODEL 2N3904 NPN

+ IS =6.734E-15

XTI=3.00E+00 EG= l.11E+00

+ BF=4164E+00 NE = 1.259E+00 ISE = 6.734E-15

+ XTB = 1.50E+00
+ IKR = 0.00E+00
+VIC = 0.75E+00
+ VIE = 0.75E+00

+ VTF = 4.00E+00

BR =737.1E-03 NC = 2.00E+00
RC = 1.00E+00 CJC = 3.638E-12
FC = 0.50E+00 CIJE =4.493E-12
TR =239.5E-09 TF =301.2E-12

XTF = 2.00E+00 RB = 10E+00

.MODEL 2N3906 PNP

+ IS=1410E-15

XTI=3.00E+00 EG=1.11E+00

+ BF=180.7E+00 NE=1.5E+00 ISE = 0.00E+00

+ XTB = 1.50E+00
+ IKR = 0.00E+00
+VIC = 0.75E+00
+ VIJE = 0.75E+00

+ VTF = 4.00E+00

BR =4.977E+00 NC = 2.00E+00
RC=2.05E+00 CJC=9.728E-12
FC =0.50E+00 CIJE = 8.063E-12
TR =239.5E-09 TF =301.2E-12

XTF = 6.00E+00 RB = 10E+00

VAF =74.03E + 00
IKF = 66.78E-03
ISC = 0.00E+00

MIC = 308.5E-03

MIJE = 259.3E-03
ITF = 0.40E+00

VAF =18.7E + 00
IKF = 80.00E-03
ISC = 0.00E+00
MIJC =577.6E-03
MIE = 367.7E-03

ITF = 0.40E+00
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AWHIY M1y
IS pn saturation current A
BF [deal maximum forward beta
NF Forward current emission coefficient
VAF(VA) Forward Early voltage Y
IKF(IK) Comner for forward beta high-current roll-off A
NE Base-emitter leakage emission coefficient
BR Ideal maximum reverse beta
NR Reverse current emission coefficient
IKR Comer for reverse beta high-current roll-off A
RB Zero-bias (maximum) base resistance Q)
RE Emitter ohmic resistance Q
RC Collector ohmic resistance Q
CJE Base-emitter zero-bias pn capacitance (C}.m) F
VIE(PE) Base-emitter built-in potential (thz ) A%
MIE(ME) Base-emitter pn grading factor
clC Base-collector zero-bias pn capacitance (C o ) F
VIC(PC) Base-collector built-in potential Ko Y
MIC(MC) Base-collector pn grading factor
CJS(CCS) Collector-substrate zero-bias pn capacitance E
MIS(MS) Collector-substrate pn grading factor
FC Forward-bias depletion capacitor coefficient
TF Ideal forward transit time S
TR Ideal reverse transit time s
EG Band gab voltage (barrier height) eV
XTI(PT) IS temperature effect exponent
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A Fully Balanced Wide-Frequency Current—Tunable
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Abstract

A new integrable fully-balanced wide-frequency current-tunable phase-lead all-pass

filter is presented. The architecture of the circuit is relatively simple and symmetry with differential

signals. The frequency f, where the magnitude and phase shift of the transfer function are

approximately O dB and +90 degrees, respeciively, is linearly tunable, through a bias current,

over a wide-frequency sweep range of approximately three orders of magnitude. The maximum

useful frequency f, is in excess of 220 MHz.
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1. Introduction

All-pass filters are utilised in many applications such as in sinusoidal quadrature oscillators
in an integrated receiver. It is usually desirable that the architecture of such devices is fully
balanced with differential signals so as to enable, for example, accurate quadrature outputs with
maximum symmetry over a wide tunable-frequency sweep range. There are other significant, well
understood advantages in employing a fully balanced realisation [1]. However several techniques
of all-pass filters have not been fully balanced [2]-[4]. Recently, a fully balanced wide-frequency
current-tunable phase-lag all-pass filter has been reported with the maximum useful frequency of

approximately 112 MHz [5]-[7].

In this paper, an integrable fully balanced wide-frequency current-tunable phase-lead
all-pass filter is presented. The architecture of the circuit is relatively simple and symmetry with
differential signals. The frequency @ where the magnitude and phase shift of the transfer function
are approximately O dB and +90 degrees, respectively, is linearly current-tunable using a tunable
r, network where r, is the small-signal dynamic resistance of a forward biased base-emitter

junction of a bipolar transistor. The maximum useful frequency is approximately 220 MHz.

2. Circuit Descriptions

Fig. 1 shows the basic circuit configuration of the fully balanced current-tunable phase-

lead all-pass filter consisting of ten matched npn transistors Q1 to Q10, a capacitor C and current
sinks /, and /. The differential, small-signal, input voltage V., is applied to the bases of two

differential pairs (Q1-Q2) and (Q3-Q4), between nodes A and B. The resulting differential,

small-signal, output voltage ¥, is taken across the emitters of Q9 and Q10, between nodes G and F.

The current sinks /| and ff may be implemented through the conventional Wilson current
mirrors. Current /, /2 biases the (Q3, Q9) and the (Q4, Q10) branches, whilst a frequency
setting current /, biases the (Q1, Q8, Q7) and the (Q2, Q5 and Q6) branches. It can be seen

from Fig. 1 that the architecture of the circuit is symmetry and fully-balanced. The circuit is also

relatively simple and is “integrable” as all active devices can be fabricated on-chip.

3. Ideal Analysis

Referring to Fig. 1, assuming that the bases of Q9 and Q10 at nodes D' anu & are
temporarily disconnected with nodes D and E, and as a result the bases of Q9 and Q10 at D' and

E" are then temporarily connected together with an appropriate bias voltage say Viias- Such a

ias "
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temporary case is illustrated in Fig. 2 and 3, where the resulting differential, small-signal, output
voltage across nodes D and E be ¥, as shown in Fig. 2, and that across nodes Fand G be V,,
respectively. The differential, small-signal, input voltage V. results in a differential output current

i, as shown in Fig. 2 and therefore

o
xR
o

Qs - K Qs
) D' ) 5 4
_D 0_93—‘—?‘——" ‘E‘T—K Q10
V1 4 D ¢
‘ﬁ (3 0 +O0F
) ) % ) B )
) Q3 ﬁ*—‘*’% Q1 Q2 ey QL
{2 4 c { ‘
S | )
(,' ] I 1 '
DR v C
Yinl If EC‘D Vin2

Fig. 1 Schematic diagram of the fully-balanced wide-frequency current-tunable phase-lead all-pass filter.
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Qs

- TT
: Yol

-.
= 7

R
Q2

?O_ID

L Qa4

1d1
&
0
N | ¢ "
_A DN €O B €Y R ) IJ )
‘fmlf I Ief r‘f‘m2

Fig. 2 Differential output current iy resulting from Vm_
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NB )
- O-S 0_8 s
R B
Q
O Qo b1 D N L a0
Vl bias
G o i 15 5
- o
—
A B

. ' i . v ! =
® o3 Kar | oo o4

Vin1 ' Iy 1 Vo
eI O ONG
L If If- 4
Fig. 3 Differential output current { , resulting from Vi
£
Iy = - Vin (1)
l+s7
2V,C
FErC=— (2)

V; 1s the usual thermal voltage associated with a pn junction and is approximately equal

to 25 mV at room temperature. As shown in Fig. 2, the current i,, passes through the loading
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resistance 4r_ =4V_/I formed by Q5, Q6, Q7 and Q8 between nodes D and E. The output voltage

v =(i ‘)(4r l). The 1st-order transfer function v, /V;, therefore represents a high-pass filter of
ol d &

the form

Tr
r

2st

o= (3)

v l+s7

mn

In addition, V.

n

N A
T (4)

As shown in Fig. 3, the current /,, passes through the loading resistance 2r q=2VT(2/l!)

also results in a differential output current i,, as shown in Fig. 3 and

therefore

formed by Q9 and Q10 between nodes F and G. The output voltage V 2=(id9)(2r _)- The transfer

function ¥,,/V,, therefore represents a buffer of the form

=] (5)

By reconnecting the bases of Q9 and Q10 with nodes D and E (as shown in Fig. 1), the
resulting differential, small-signal, output voltage V, taken across nodes G and F, is obtained
through superposition and therefore ¥, =¥, -¥,,. Consequently, the transfer function ¥, /V,, is
of the form

Ve _ | 1—87
V.o [l+sr} 5

n

It can be seen that equation (6) represents the transfer function of a phase-lead all-pass
filter [8]. The frequency @, of the phase-lead all-pass filter where the magnitude and phase shift
of the transfer function ¥,/V,, are approximately O dB and +90 degrees, respectively, is of the
form

1 1,
"¢ 2CF

(7)

It can be seen from equation (7) that the frequency @, is tunable through the bias current

I, and hence the name “current-tunable phase-lead all-pass filter”.
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4. Simulation Results

The performance of the circuit shown in Fig. 1 has been simulated using PSpice. The npn
transistors are modeled by Q2N3904, where the transition frequency fr is at 300 MHz. [9]. Fig.
4 illustrates magnitude (dB) and phase shift (degree) of ¥, /V,, versus frequency (Hz) obtained
from the simulation using, as an example, capacitor C = 0.01 pF, [;= 200 HA, 1f= 40 LA,
200 HA, 1mA and 5 mA. It can be seen from Fig. 4 that, for the phase shift at +90 degrees, the
corresponding frequencies f, = w, [2x for individual values of I, are at 12.7 kHz, 65 kHz, 320

kHz and 1.6 MHz, respectively, with the corresponding magnitude of approximately 0 dB.

Bl i AR S i e = R R S SR S s n o eSS |
E Lk S
d § ; i
8 N — —
i IR Drntem i
7gnl .......................................................................................... .
o a ﬂB((U(UO?_l)-U(UOZ_Z))l(U(UinT)*U(an2)))
o1 T DRSS
d
e
9
' F0H
SEL>>!
Y TS e e
1.0KHZ 10KHZ 1B0KHzZ 1.0MHZ 10MHZ
a a Up(Vo2_1)

Frequency

Fig. 4 Magnitude (dB) and phase shift (degree) of },/V,, versus frequency (Hz) using the
capacitance C = 0.01 uF, | =200 pA and | = 40 1A, 200 pA, 1 mA, and 5 mA.


CLP10
Textbox

CLP10
Textbox

CLP10
Textbox


MIAFIVBUAEARIUT WIS, UN 24 2UUN 1 NNTIAN-UEIEU 2544 83

Fig. 5 depicts the simulation results of both the frequency f, = @, /27 and the corresponding
magnitude (dB) of ¥, /¥, , at the phase shift of +90 degrees, versus the bias current {f using
capacitor C = 0.01 pF and [ = 200 PA. For purposes of comparison, the expected (ideal) results
are also included. It can be seen from Fig. 5 that both the expected and the simulated results are

consistent, and the frequency f, is linearly current-tunable over a “wide-frequency” sweep range

of approximately three orders of magnitude.
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Fig. 5 Frequency fo and the corresponding magnitude (dB) of VQN“, for the phase shift at +90 degrees
versus the bias current I, (A) . using a capacitance C =0.01 puF and I| =200 pA.

Fig. 6 shows the simulation results of both the frequency f; = @, /27 and the corresponding
magnitude (dB) of ¥, /V,, , at the phase shift of +90 degrees, versus the capacitance C, using bias
current lf =4 mA and /, = 200 HA. For purposes of comparison, the expected (ideal) results are
also included. It can be seen from Fig. 6 that both the expected and the simulated results are linear

and consistent. By using a minimum frequency setting capacitance of 20 pF, the upper frequency

fo can be expected at 220 MHz.
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Fig. 6 Frequency fn and the corresponding magnitude (dB) of VuN', for the phase shift at +90 degrees,

versus the capacitance C (F). using a bias current =4 mA and l‘ = 200 pA.

5. Discussion and Conclusions

A new integrable fully-balanced wide-frequency current-tunable phase-lead all-pass
filter has been presented. The architecture of the circuit is symmetry with differential signals. The
circuit is also relatively simple and integrable on-chip. Both simulated and expected results are
consistent. The frequency f, where the magnitude and phase shift of the transfer function are
approximately O dB and +90 degrees, respectively, is linearly current-tunable over a wide-
frequency sweep range of approximately three orders of magnitude. The maximum useful frequency
/o 1s approximately 220 MHz. Eq. (7) suggests that if much smaller value of C (e.g. using stray
capacitance) and better transistors of much higher £ (e.g. in the region of several GHz) are

used, then much higher and more useful frequency £, could be expected.
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Abstract

A fully-differential integrable sinusoidal quadrature oscillator is presented. A current-tunable phase-lead
all-pass filter using a signal-differencing technique is realized as the frequency-selective network. The
implementation is fully differental so as to enable accurate quadrature signals with symmetry. The oscillation
frequency is current-tunable over a wide-frequency sweep range of approximately three orders of magnitude. The
quadrature signals possess the amplitude matching and the quadrature phase matching of better than 0.004 dB and
0.17°, respectively. The maximum useful frequency of oscillation is approximately 19 MHz.

Keywords: Signal-differencing technique, Phase-lead all-pass filter, Current tunable, Sinusoidal quadrature oscillator

1. Introduction reported with maximum useful oscillation frequency of
approximately 8 MHz [16].

Quadrature oscillators typically provide two In this paper, an integrable current-tunable
sinusoids with 90° phase difference for a variety of sinusoidal quadrature oscillator is presented using r.
applications such as quadrature modulators and carrier tunable phase-lead all-pass filters as the frequency-
recovery circuits. Integrable quadrature oscillators based selective network, where r. is the small-signal dynamic
on relaxation [1] and ring oscillators [2] have been resistance of a forward-biased based-emitter junction of
reported. However, both types of oscillators are a bipolar transistor. Such a phase-lead all-pass filter is
generally classified as nonlinear oscillators where realized using a signal-differencing technique. The
periodically switching mechanisms are employed and implementation is fully differential so as to enable
therefore outputs may not be readily low-distortion accurate quadrature signals with symmetry. The
sinusoidal waveforms [3]. Although two-integrator oscillation frequency is current-tunable over a wide-
oscillators have also been suggested for integrable frequency sweep range of approximately three orders of
quadrature oscillators, they usually include some forms magnitude. The quadrature signals possess
of relaxation [4][5] or ring oscillators [6]. amplitude matching and the quadrature phase matching

In contrast, linear oscillators employ frequency- of better than (0.004 dB and 0.17°, respectively.The
selective networks such as LC or RC circuits and maximum useful frequency of oscillation i
therefore low-distortion sinusoidal outputs can be approximately 19 MHz.
readily generated [3][7]). On one hand, planar inductors
[8], bonding wire inductors [9] and under-etched coils 2. Circuit descriptions

[10] provide a good basis for integrable inductors, most
LC oscillators are difficult to tune over wide frequency

ranges [7]. On the other hand, most sinusoidal Figure 1 shows the basic circuit configuration of
quadrature oscillators using RC all-pass filters are based the current-tunable sinusoidal quadrature oscillator
on the use of operational amplifiers [11][12]. Current- consisting of two identical stages in series. Each stage is
mode RC al]-pass filters and other current-mode formed bya fully differential current-tunable phase-lead
approaches[13][14][15] wusually require switching all-pass filter connected to a differential amplifier. For
among different resistors (or capacitors) for a tunable the first stage, the phase-lead all-pass filter is formed by
frequency range. Recently a sinusoidal quadrature ten matched transistors (1 to Q10), a capacitor C and

oscillator using a phase-lag all-pass filters has been current sinks I and Ip, where the small-signal,



differential, input voltage V. is applied to the bases of
Q1 and Q2 across nodes A and B, and the small-signal,
differential, output voltage Vgp is taken across the
emitters of Q9 and Q10 between nodes G and F. The
current I /2 biases the (Q3, Q9) and the (Q4, Q10)
branches, whilst the frequency setting current Ip biases
the (Q1, Q8, Q7) and the (Q2, QS5, Q6) branches. The
differential pair (Q21 and Q22), functioning as a
voltage-to-current converter, constitutes the required
loop gain controllable by the loop-gain setting current I
to initiate and to sustain steady-stead oscillations.

Similarly, for the second stage, the phase-lead
all-pass filter is formed by ten matched transistors (Q11
to Q20), a capacitor C and current sinks I and Ip, where
the small-signal, differential, input voltage Vyy is
applied to the bases of Q11 and QI2 across nodes M
and N, and the small-signal, differential, output voltage
Vop is taken across the emitters of Q19 and Q20
between node O and P. The current 1/2 biases the (Q13,
Q19) and the (Q14, Q20)branches, whilst the frequency
setting current Ir biases the (Q11, Q18, Q17) and the
(Q12, Q15, Q16) branches. The differential pair (Q23
and QQ24) constitutes the required loop gain controllable
by the loop-gain setting current Ig to initiate and to
sustain steady-stead oscillations.

The input of the first stage Vap, across nodes A
and B, is connected to the output of the second stage
Vaw, across nodes A’and B’, but they possess the
opposite polarities. On the other hand, the input of the
second stage Vg, across nodes M and N, is connected
to the output of the first stage, and they possess the
same polarities. The circuit is fully differential so as to
enable accurate quadrature signals with symmetry.
There are other significant, well understood, advantages
in employing a fully differential realization [17]. The
circuit is also relatively simple and integrable as devices
can be fabricated on-chip.

3. Ideal analysis

The analysis of Fig. 1 assumes that each
transistor acts as an idealized voltage-controlled current
source (VCCS), where the collector current is simply
equal to the small-signal voltage across the base-emitter
nodes divided by r., where r. is the usual ratio of the
thermal voltage and the emitter bias current. The
common-emitter current gain factors (B’s) are also
assumed to be infinite. As the two stages of Fig. 1 are
identical, only the first stage will be described. For
clarity, the phase-lead all-pass filter of the first stage can
be described by the isolation from other connections
such that the inputs of the phase-lead all-pass filter at
nodes A and B are disconnected from the outputs of the
second stage at nodes A’ and B’, respectively, and that
the outputs of the phase-lead all-pass filter at nodes G
and F are disconnected from the inputs of the
differential amplifier at nodes G’ and F, respectively.

123

88

For such isolation, it can be assumed for the
moment that the bases of Q9 and Q10 at nodes D’ and
E’ are temporarily disconnected from nodes D and E,
respectively. As a result the bases of Q9 and Q10 at
nodes D" and E” are then temporarily connected together
to appropriate bias voltage say V. In such temporary
cases, let Vo, be the small-signal, differential, output
voltage at node D with respect to node E, and V, be the
small-signal, differential, output voltage at node F with
respect to node G. The input voltage V.5 results in a
small-signal, differential, output current iy, = sCV,p /
(1+s7) passing through nodes D and E and the loading
resistance 4r,, where r,, = (Vy / Ip) is the emitter
resistance of either Q1, Q2, Q5, Q6, Q7 or Q8, V7 is the
usual thermal voltage of approximately 25 mV
associated with a pn junction at room temperature, and
time constant T = 2Cr,;. Therefore the transfer function
Voi/ Vas = 251/ (14s7) represents a first-order high-
pass filter. In addition, V 4z also results in another small-
signal, differential, output current ip = V,g / 2r.,
passing through nodes F and G and the loading
resistance 2r.; where 1, = (2Vy / 1) is the emitter
resistance of either Q3, Q4, Q9 or Q10. Therefore the
transfer function Vo, / Vap = 1 represents a buffer.

By reconnecting the bases of Q9 and Q10 at
nodes D" and E’ to nodes D and E, respectively (as
shown in Fig. 1), the total output voltage Ve, at node G
with respect to node F, is obtained through
superposition, i.e. Vgr = Vg, -V, and hence the name
‘signal differencing’. Consequently, the transfer
function Vg / Vp represents a phase-lead all-pass filter
with phase angle 6 of the forms

Ef_:_ I-sT (1)
Vg I+st
8=2tn" (w1) (2)

where8=r/2atw=1/1=1;/ (2CVy).

As mentoned earlier, Vg across nodes A and B
and the resulting small-signal, differential, output
voltage Vup acoss nodes A’ and B’ possess the
opposite polarities. By reconnecting the phase-lead all-
pass filter to the original connections as shown in Fig. 1,
the relationship between V45 and V45 can be written as

Ve _ _ [G[_l'—srﬂ?
Vi 1+5T

where G = R / r; is the gain of each differential
amplifier and r; = (2V / Ig) is the emitter resistance of
either Q21 or Q22 of the first stage, or either Q23 or
Q24 of the second stage. For steady-state sinusoidal

oscillations to be sustained, the ratio V3 / Vag must be
unity. Setting (3) to unity and rearranging yields

3
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Upon substituting s in (4) with jay, and setting the real
and the complex parts to zero simultaneously, the
required value of G to sustain steady-state sinusoidal
oscillations and the angular frequency of oscillations @,
can be written as

T )
rtl 2'VT

1 dy 6

Wy =—= ( )
“Tr 20V,

Equation (5) shows that the required condition
for steady-state oscillations can be set by adjustments of
Ig. Equation (6) indicates that the frequencies of
oscillations are linearly proportional to the bias current
Ir and hence the name ‘current-tunable’. By substituting
(6) in (2) for @= w, it follows that the phase angle 6, of
Vmn of the second stage is different from the phase
angle 6, of V,z of the first stage by 84-8, = /2. In order
words, Vyy and V,p provide quadrature oscillation of
values cos B, and sin 8, respectively, and hence the
name ‘sinusoidal quadrature oscillator’,

4. Simulation results

The performance of the circuit shown in Fig. 1
has been simulated through PSPICE. Q2N3904 and
QMPS3640 model the npn and pnp transistors, where
the average transition frequencies (fy) are at 300 and
500 MHz, respectively. As an example, the values of
capacitor C is equal to 1000 pF, R = 50 , bias current
and I are approximately 200 HA and 1.2 mA,
respectively. Figure 2 shows the resulting sine and
cosine oscillograms of the quadrature waveforms V,
and Vygq, respectively, at Ip = 700 HA where the
oscillation frequency is measured to be 2 MHz. Figure 3
illustrates  comparisons of the plots of oscillation
frequencies and amplitudes versus bias current Ip for
cases of ideal analysis and PSPICE analysis. As shown
in Fig. 3, the oscillation frequencies are tunable by the
bias current Iz over approximately three orders of
magnitude. It can be seen from Fig. 3 that the maximum
useful frequency of oscillation is approximately 19
MHz.

Figure 4 depicts the amplitude matching (dB)
in terms of the ratio Vas/Vmy, as well as the phase
matching (deg) in terms of [(phase of V) — (phase of
Vun)] of the quadrature signals versus frequency. The
amplitude matching is as near as 0.004 dB, whilst the
phase matching for 90° is better than 0.17°,

5. Conclusions

89

A fully-differential current-tunable sinusoidal
quadrature oscillator has been presented using r, tunable
phase-lead all-pass filters as the frequency-selective
network. The filter is realized through the use of a
signal-differencing technique. The oscillation frequency
is current-tunable over a wide-frequency sweep range of
approximately three orders of magnitude. The amplitude
matching and the quadrature phase matching are better
than 0.004 dB and 0.17°, respectively. The maximum
usefal frequency of oscillation is approximately 19
MHz.
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Figure 1. Circuit diagram of the fully balanced high-frequency sinusoidal quadrature oscillator
using current-tunable phase-lead all-pass filters
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Figure 2. Oscillograms of the quadrature waveforms Vs and Vygy at Ip =700 pA
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