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ABSTRACT

In this thesis, the two mathematical models for studying behaviors of the
sine-wave oscillator and the square-wave oscillator forced by an input signal are
proposed. By using Multi-time technique, the first model can explain the behaviors in
3 states of the forced sine-wave oscillator. The first state is the non-locked state
where input frequency is far from the free-running frequency. In this state, the
proposed model can show that the upper envelope of the output signal will be
similar to the AM signal. If the input frequency is close to the locked range, the
forced sine-wave oscillator will be in the beat state where the model can show
periodic variations of the amplitude, the phase and the frequency of the output
signal. In the locked state, the output signal will synchronize with the input signal
when the input frequency is in the locked range and the proposed model can
determine the locked range which depends on the magnitude response of the sine-
wave oscillator.

In case of the forced square-wave oscillator, the relaxation oscillator is used
to study the behaviors of the forced oscillator. Thus the second model is developed
based on the mechanism of generating the output signal which consists of the charge
state and the discharge state. The forced square-wave oscillator has two states. The
first state is the non-locked state where the input frequency is not in the locked
ranges. In this state, the proposed model can show the detuning of the output
period. When the input frequency is in the locked state, the forced square-wave
oscillator will behave like an odd-number frequency divider. In this state, the
proposed model can determine the locked ranges when the input signals are a

sinusoidal signal, a triangle signal and a square signal.
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DIFBATNTUIEUNITANMBUAENATAGILUSIaMa1eA7  tiialilaaunis
Anauiteglusuln (Closed form solution)

o aunsAneuiiedluzula (Closed form solution) vzfinnantfiuaunis
ARBULTIAMAIN (Qualitative  solution) WaEEIN1TNBEUIENEANTTUVDS
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2.1 WUUI@INNNANAAIERAS

WUUSeemeadiadans (Mathematic Model) [26, 27] Aouuusiassiilalunis
B3UNLUAZNIANYINGANTIUYRITHUY M38NIIMIAMINGANTIUTDITEULTU U ARlAE1AY
awneadaianidsgnidlunaleainn 1y Inermans Imnssudians n1sunmg
wsugenans uardsautans Wusu wuudraemsadamandensayusenaudeviaaunis
WiognvesaNNs wuudtasmnadamansaunsanudladu 2 Usziam Aouvudiasadna
(Mechanistic Model) Laziuuanasutsusednt (Empirical Model)

2.1.1 wuuINaeImIAlndansiBeuszany (Empirical Model)

iesvvuiimdsgnfiansansiaududeusnn dwalvisinsenisinuinsolines
fasnss udszuumaiifnazanunsadariendmaiieuiumBunmesssuuld dunisaia
WINgANITUTaIsTUUlAeUIImIINNSIUIlanalnueIss uuIsEusaiinlalasan e uuinaes
napdineansidusedng wuusiaemsndamansussanifenisrinisusudulés
(Curve Fitting) -~ SzmineALeIdnPITsURUABUNATEITzUY auATAldvinnsUTuIduTAS
sV lanangaunIs 1L aun1sWedu (Linear Equation, y=ax+b), @1n15A19a51@N0
(Quadratic Equation, y=ax’ +bx+c), a4n13A1UN (Cubic Equation,
y=ax® +bx’ +cx +d ), aun1stded Quartic  Equation, v =ax® +bx* +ex? +dx+e)
wazaunsnlufiudea (Exponential Equation, y=ab* %38 y = ae*) {ufu

2.1.2 UUUIRRMNANNAIEASITINGA (Mechanistic Model)

wuudtassmsadamaniidanaidunuuiiasadignldifiesiinisdnwinalanis
auresszuy wuudasssadamansinarildendendnnsmainemansifieldaing
AUNNSYRIUUTIALY WU ngnsiAdouiivesindu ngueanesvenil uaznguesiana 1y
fiu wuudiaostianmtsngnainatuldvatsds 1wy ndnniseudnduazauna (Conservation
and Balance Principles) Laguann1s119geu (Principle of Superposition) tumu woiluiidl
wnaenIEIinsaiauuaemsadamanidaeitudnniseydnduazaugaity
wszdunuudaesiignidunn
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System Boundary

Generation, g(t)

.

Consumption, ¢(t)

\

Efflux, g,

=

o

UM 2.1 szuunilangndunanginssy [27]

Y

nann1sn1seusnYadeiuiungnIseysnendsunafendinulussuuasly
meluusazusanmyiniu snefindnnisaunaedisiutunisinavesdluszuuret
nameUimnahmuaiilnadisruuiiuUinanidlnasenainszuy WeRansanssuy
vilwwhevdnmanisousntuazannadiguil 2.1 aunisdmiurinniseSuienginssuvessuy
Jeenunsognidenldfaannisn (2.1)

) _ g0+ 80 g )e(0) @)

T 0(z) AeUunammanen nsiianis g, (¢) Aednsinisiialassuy q,, (1) AodRT

miluaeenanszuy g () Aedninnisiiinlussuuuas ¢(s) Aednsinisuilnaluszuy W

s

furdunainuudrasimundamaniiisnadnilnajazogluzvuesssvuannadeeyius
WU A1SUNTI9RIgNAY (28] N3N ULEZANBUTEUBIRAUUTEY [29] LUURIA0Y Lotka-
Volterra #aduamuTnnavesauazvie [30] wazuwuudiass Lorenz Weather [31] 89
osunensinauaulutuussane sy

auniseyiusamnsagninunesnleifu 2 Usziavilve [32] Aeauniseywusil
\Jw@adu (Nonlinear differential equation) wazaun1oYRUSTEY (Linear differential
equation) ez iIEN1sAUMNFIREUTRsALINTARsRAaIsagaLeanily 2 TBidudy
A3N5USNADITUUUE IR 12T (Analytical methods) 33nnstiazvhnsuiaunisdaenis
AnsgiseieiievinsdumAmeudeeglusuiitaiau (Exact analytical solution) uag
fmeuiilaiiteniustranniitasldaunsainnudlanginssuvesssuuldognadnda
NATABANNNTIAIAMNTIANIY LavanusansanBvsnavesiwsaelulasnieuenssuy
mmsal,%aﬂam'ﬁﬁmauﬁdwLﬂuaumﬁﬁflmauL%aammw (Qualitative solutions) usi33n1sil
fitodeluduigdenihmslinngimneiioiuhliondenismendneu lnslanizegiads
deaunsoyiusifunuvlidudadunszannsiliaunsadumleiturosinauld
lngnse wiazRedenAeiansussanailandunesdinau (Perturbation methods) [35] 38013
FumnouisfiaesfoTBn1suuuiBaay (Numerical methods) F8tiAeudnafiazaznan
\lasanagerdelusunsuneniinneiietisAumAneuresaunisoyusldiouaglvan
Fnoufinsiug wirzditeideluduiidnouildduazeglusuvestsinaliannsalia
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Wwlaseszuuladaaulnilauldsn1s@edaTev Sunanaunlainduinauldeausuu

(Quantitative solutions)

2.2 MITIATIATTUUANNITOYNUS LT

Mnidefiiuunfuganuiuudiasmsadamaniidanasinezeglusuves
aunsoyiius wienfuiuluinednudatuil auniseyiusedlugtauniseyiusidady
wuiu faiuluideimslinmeiuasmsdumenourosauniseyiudiaduigmitaue
Wielazmndenisiniaue sruvaunseyiussudiuiiaesazgniiansan uazanunsognidey
(!

azy"(t) + aly'(t) + aoy(t) = b2x"(t) + blx'(t) + box(t) (2.3)

A o

lne?l ¢ AadUIAU y(¢) way x(¢) AMUUTBaTE UaY a,.a,,d.,b,,h.b, POFUUTEAS
& = s a 3 a v
YBI3TUU WaNANt x(¢) way y(r) Saduilandusunnuaziednnvedssuudniie lussuy

v 6 A ct & 1 [ ~
AUNNTOUNUS p(¢) ABNARDUAUBIANYIATUTUNATINUDY 2 EIUASENNITN (2.4)

Y@ =y,(1)+y,(1) (2.0)

v v o

gl v, (1) ABHANBUANBISIIUMALDE v, (¢) AewanauaueInTlandudsdu  Lien

o LY a a [
ANNDUVDINANDUAUDIVIAY JUNTN (2.3) Q%QﬂL‘UEJUiMiJLUU

azy"f' (t) + aly} (t) +a,y, (t) = bzx"(t) + blx'(t) + box(t) (2.5)

MIMARaUTRsaNNTaINsaA LY lAnaes uiisideAentsliitifieuduusedns (The
method of undetermined coefficients) WagsigIsn1saananansaasUilandudnaula
Famns1ail 2.1

HANDUAUBISIINTA (, () Uszneume 2 daufenafiunnHaneuaueInn
wdsufidseglusruuiasnanevaussiavarvasiledfutsfu nsdumnanovauss

sysuRasasuiulasensimualy () Wuguduazaunisn (2.3) aznanaidu
@y, (O +ay () +a,,(0)=0 (2.6)
MualA y, (1) =A™ lae?l 4 uay 1 FeriAsfiwazyinMsnuasiuaunisn (2.6) agle

a,AVe" +a,AAe™ +a,Ae" =0 (2.7)



A15199 2.1 ouiguduUsEans (The method
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of undetermined coefficients)

x(t) v, (1)

ke”' Ke”
kcos(ot) v38 ksin(ot) K cos(ot)+ M sin(wt)
k, cos(wt)+ k, sin (o) K cos(ot)+ M sin(wt)

ke’ cos () 50 ke sin(at)

e’ (K cos(at)+M sin(a)t))

kt" Moo n=0,1,...

Kt"+K " +. . +Kt+K,

ef kk,k,K,M Wag B \Jua1nsd

MEWIIINNTINFUALNIT dunIAaIAnEE (Characteristic Equation) UesszUUANIOgN

Weuladu

P edas Do (G- 2)(A=4)=0

a, a,

lnfiAnsanvisdesvasaunisnuanvasianiu 4

(2.8)

q

a,

=—a+f Wy A=—a-f B a=

Qe

sanaluwiniy felunsalieisinysans

£ a

wiriuluanerdnusaduliagldvenatn) aunisauanuarignldssynginssuvesssuuiag
AOUAUDIRBNAIIUNANNNSTUSZUURALHINTUAYUBNTINABAY 4 @N1ILAIANTIN 2.2

TundagiansauanIgnIfan 1zl oY

aunsi (2.4) agnaneidy

y(t) = Ale_‘””ﬂ’ + 4,7

1%
Y

muuammimamauauaqauyim‘iu

vy, (1) (2.9)

loefl 4 uag 4, wamnsorulaandeulusuiuredssuy wageyiusuoiume

y'(2)

MvualiNeuluSuiuYesEULAD y(1=0)=Y, Uay

A(-as jB)e I+ Ay (~a— jB)e Iy (1),

(2.10)

=0 LATYININITWNUAISUAY

(1)
at

adluaunisn (2.9) wag (2.10) Feaun1svisaasnatadu

y(0)=Y0=A1+A2+yf(O)

(2.11)
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A15199 2.2 ﬂﬂ']’J%GUENi%U‘ULLaSEULLUU%@QN&@@U%U@QS??@J‘U’@

Ang Waulvvesnmaraniig FURUUYDINANDUAUDIEITUYA
2
I a -a —a—
NUUN 4| 4% 3, (£) = AP 4 gl
a, a,
2
1 a a a a .
NUWINE A 1| =42 ¥, (t):(Al +A2t)e t
a, a,
2
miatey 4| <4t ¥, (t)z A P 4 g it
a, a,
| 4 - jpt - jpt
du 5 =0 v, (t)=4e" + 4,e
2a,
y'(0)=0=4 (~a+ i)+ 4 (-a-jB)+y,(0) (2.12)

MNoIfEENNTST (2:11) way (2.12) Awes 4 Ae

_ el =(0)-75(0) (o= 2(0))

A=
1 Y, : (2.13)
vuefiAves 4, fe
~a(¥,~v,(0))+,(0) (¥-y,(0))
e _
] 25 + 5 (2.149)
fef 4 ez A, aunisuanevayesalysaasnansiiy
y(t) _ OK(K) _y/(O))_y}(O) " (YO _yf(o)) e—at+jﬂz
2B 2
(2.15)
+{—Q(YO _yf. (0))+yf(0) + (YO _yf(o)):le—at—jﬁt +yf(t)
J2p 2
o sl e’ +e . N e o
DIABANIVOI0BELABININ cos(x) = way sin(x)= > dun1In (2.15) g
J
annsadeulmiladu
(1) =|Y,|e™ cos(ft+ 21, ) +y,(©) (2.16)

1nen
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bbeYE

£

NAUNITILLAULAIINANDUAUDISTTUVIRATUBE A UARIdIUAaNEIuNA e lusz UL

(y(¢=0)=Y,) uagArFavmrvasiladduduna (1,(0), ~/(0))  uenandazifiuia

=

NanauALaIsTINRAEelundwulUTsezamil Wesnninisgaeig e

2.3 299509aTalaInes

waseeatalawmes (Oscillator circuit) 133, 34] \unsasiniiuszuanmilsiiananse
Alledayausgaulanisfiiiuedaslifesodudyauniguen muauautfnngaiu
FnaedunmsiuguiiieudfglufuiennssliihuarBidnnsedndifuegnann
gﬂ’LﬁifLﬁaa%ﬁQé’fgzgmﬂ?iuwwﬁé’m%’umiua@Lamé{’iyfy,mu,aw%gml,azmmﬁ gﬂsl%’l,ﬁaa%ﬁq
é’ﬁgﬁgmmﬁmLﬁai%’ﬁm%’umimu@u%’qmzmiv‘f’mumamwﬂvﬂﬁﬂ Wudu 1995
aaa%mama%mmmLLﬂq"LﬁmugiJﬂﬁué’mvﬁg'}m i Fyeradled dyaindvdsy way
Fyanmaumasu (Judu Fdasadienasesadaamesiildlunmsasedyaamanin
azuandeiy fedunsinsnandilenadnunzronsasisdinud iy Wesninieas
seadalawesdyaaleiuazdyyadmasuilassadefiunnseia fadunuusiams
dlnmansdniunsienziieAnwguantRZaunnseiu

2.3.1 2wseeadaiawnasdygyingule

[

Furadletl LuudnaswneatinAan sl

AU TeRATALALNOSER
LInNanfon1TIATIEeAuNINaUlYdY nMsAnulesieiaiunsavila 2

1% =

TulaluuIan wagnNITATIZNIULALLUANND  T9919 2 I59¢ilUaAwasdonoeikAnA9iY
panh

[

y nYUsTAIRD UG

el
A5ARNSIATIEN

=
9

2.3.1.1 N15AT1IERUlALIUARIUA
1119991N199500aTataL a5 JusruUTaUNdUUTLLANNTAT AU TO kAR
daudsenauvessvuulanegun 22 FaUseneulusne 2 diude diudeuluni

(Feedforward) %38 4(jo) wazdruleundu (Feedback) 38 f(jw) Meaesduilunain
dusluisasesadaawesiaell v, (jo) wag v, (jo) Wuilviduresdygyiadunauay

Yo A

@IANAN AR, 91NFUT 2.2 Tlatudeiuresszuuanunsaideulagail
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A3 Vou [39)

B(jw) |e—

5UN 2.2 spuuloundureniaseeadalalnes

A(jo)
~A(jo) pjo)

Vou (J©) = ) Viv(Jjo) (2.17)

=4

wilflosanigaseeadaiawmesiudnistoudyuiunisuen dstuieliszuvainisonan

A
dyanadleies Fyarainatulussuuagdesdinnudd viladmaliguinuduniadaunis
1 (2.18) @slundnimualianud () dadu o,

A(jo,)pjo,)=1 (2.18)

o

1 [ ¥ Y @ v ao w o A = a
agnlsfimunnaunisvesglinulanansliviudend Ay 2 deRadyaaluseuudannud
& ' o a1 g =
U o, svdwalivuinvesguinuilandunily

|[4(je@, ) B(je,)| =1 (2.19)
wavdwaliavesguinudianduy
ZA(jw,) B(jo,)=kx360° (2.20)

Toe@l & WWudnwiuleg annaunisiaesanansanaiiladn Weddygiasendnausingiu

T

LYY a

Tusyuu dygaazgniounduiiudiutdoundu (B (je)) wazuindiiudyyiuduna e

o a P

I3 ¢ v 1% ! Y] 3 aq v I
Jueud Thegngnauiediuleulun Jsdyaraserdnailazdudyarosiuiieningn

T o
[
! = Y

YIUMIEBNIIVeIenile wazgnideumaly £x360 e Weuludanarilignidnduluredn

Y Y
1 v

Barkhuansen Criteria 99nnsyuanMstsduasnuintunaunsinssdiuroudishouas
avaneen1sdumitoulen1sdunensas uwirsnuinsinssimelauauieindenis
fvsanmadsuwasesdyyns wagliansainisinnsandninavesdygianisuen
Ishileannguinusiadunis
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2.3.1.2 M5AATITAlulaUIaT

N33LAS1¥11995008TaLaLn a5 LU lALUULIAINABRNAIINNISILATIEII9TS
aaa%maLmaﬁuiﬂﬁu@ﬂLLUUﬁi’ﬂammﬂmﬁmmamiﬁTmﬂaé?faaumiﬁlﬁmﬂmﬁmeﬁ%@sﬂu
JUDIAUNTOYNUS LLavlmaﬂﬂanlﬂl,l,aﬂumsuaw 2.2 9naunsi (2. 16) mwmimﬂﬁiuu
ammmauwmﬂiﬂﬂgﬁ]uwmwmamamauauaaﬁﬁmﬂm Aowe ananderianiivuiniy

éﬁ’ﬂﬁmwalmwimmmwamaigzgmlmammamaq Frudslunnsegdesdmalmindoule

(%
IS

JUAB

e

a
a=——=0
2a, (2.21)

e 2a, > q Faazdamaaunsn (2.16) naneidu
y(1)=Y, cos(ft) (2.22)

FagnuiaunsannsanansnnuasunUaesduga wardvdsnavesiouluEududiing
nauaNUAYnve s LLGi%umaumﬁﬁumammsayﬁuﬂuimL;Jul,’aawzeé'fu%aummdﬂms
Fumitsidudsinlulaauanud wiidesenliondnusaduilfenisinwdnnaves
Funauneuendiinelsnseoadaianes éﬁ’qﬁ?umﬁLﬂiwzm‘iuimLuunam%aaumﬁauﬁuﬁ‘%

£

gnld

uannihaseeadiaaines 3 Ussinndslandnazvesdinilounduunneis
fu (@vinsfianantusluesssuudeundv) galdnuwangAnssuvesisaseosdaiaine il
nstenduananisueniiufie 199590a%aLaMesRUUTBLUSAY 199500aTIAWmaSuULLEeN
wla wazaivsenadalaneiLuumIannses Muleunsdureneasii 3 IABIgN

NN

1. 2995908TALALABTUUULIBUUTAY

Nazesataime fudafiaransautsoonduansdufiorsases
LAEI9INTOINNUAUAUHILFIGUT 2.3 29asnsesmmBuaurugnlfifusimuamiuing
furenasesatalames 1ngUilun v (1) Weodunguesaesven uasngvadeviuasld

(2.23)

v_(t)=———,(1) (2.24)
i TRy
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INFUALUA v, (1) WoprfAunguatpeivenauduiusveInua

lua v, (1) awsadeule

i (t) =i (t)+ I (t)

dieondunguadleviuazlaan

WAL (2.33) WAy (2.34) asluaunisi (2.32) azle

e Igt) e Cdv;t(t)

(2.25)

(2.26)

(2.27)

(2.28)

mien1sofengussiuliivesaesvenidl nasiuussnulniilugud

1 (Loop1) azanansaideuleiiu

1

Ri 1)+ i (1) =, (). (1)

woyiusvaaunsazaninsadeuld iy

(2.29)
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di, (t dv, (t) dv, (¢

W) 1, (= lt) (1) (2.30)

d C dt dt

W i (1) NNaNns7l (2.28) asluannisi (2.30) axlel
Ri{\q (t) N Cdv+ (t)} +l[v+ (t) LC dv, (t)} _ dv, (t) B dv, (t) (231)

dt| R dt C| R dt dt dt
AevidansingUanms aunnsd (2.31) awnsailouldlvidu
d’ d d

v (f) 3 ()1 D) (2.32)

+——h  y (t)=
dt* RC dt R3G? *() RC dt

INNANNITNITIATIEA I UEN1IET WE UV UwaNdazUssunalls
Iusadulni v duneuinminiuandunnau (v, (1)=v. (1)) I liaunsaaunsouny

v (1) YosaNn3N (2.24) adly v, (¢) Y997 (2.32) Feaglsl

R dZVO(t)Jr AR dvo(t)+ A Vi) 1 dv,(1) (233
2 B 2,2 4 T % Lin® o .
R +R, ‘dt RCR +R, dt 'wRC R+R/ RC dt
AENFRINN13IATUAUNNT LUUTIaBIAdAAIa0 SI89NA NV IIIT00aTAlaM O TUUY
Heuusadfeglugvaunseyiusanunsadeulan

d’v,(t) 1 R \dv, (1) 1
= fn W DPRTNE (K A v (t)=0
& re\A R ) a eV (2.59
MnTBnsuiaunseyiusluridon 2.2 dvuali
v, (t)=4e” (2.435)

1089 4 way A ABANAIT AEPSIINNITWIUANNTTN (2.35) ashuaunisi (2.34) azls

R
A2 Ae™ +R—1C(2—R—fJﬂ,Aeb + RZICZ Ae” =0 (2.36)

¥

wazn1endIndaglauns aunisaudnvisraRTanTalisulansil
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S el G A e (237)
‘VT’]ﬂ’]iLLEJﬂghﬂigﬂ’e]‘ULﬁ@ﬁ?ﬁﬁ’]ﬂ%@x‘iﬁmﬂ’ﬁﬁ]ﬂﬁ
(A-2,)(A-4)=0 (2.38)

Tnen

(2.39)

bbeYe

R %44 ~4r
PP 2 St ] a AT AN - i (2.40)
2RC R) 2rC\ R R

\ialhasaunsandndyanulamesiiues 29asvzseegluaniynsdufmI 2.2 &
lunsalfidoulunsduassssuume

R 2%
442(&] (2.41)
R\ R
i
(A=) (A-4)=(1-(=a+jw,))(2-(-a - jo,)) (2.42)

< R, R Bt . . . ~ |
Toeit @ =——|2- 22| uay 0, = 2 4 e 2 Gyl v, (1) gnilieuleludidu
2RC\” R 2RC\ R | R ¢

i i

on

v, (1)= 47 1 g el (2.43)

A o ! 9 a = a Yy = o v
dievhnismen 4, uar 4, mensfinnsandeuluiudu Saivuald v, (1) =V, uae

v, (t)|_, =0 Fauaunsii (2.43) nanendu

on

v, (0)=V, =4, + 4, (2.44)



20

e
v;n (t):():(_a+jwd)Al +(_a_ja)d)A2 (2.45)

AYNAIINNNTRAFUNITALIUIN
V. a
Al = A2 :7(14‘—) (246)

WU 4, uag 4, naunsf (2.46) adluaunisd (2.43) ald

- ejwdr +e—jwdt aV P eja)dt _e—jwdt
v (t)zVe ot Nenby o (2.47)
¥ ? b @, j2 ‘
o ik e +e ™ 3 e —e o
DIABANIVOI008LADINI cos(x) =——— UAZ 81n(x)=T aun1sn (2.47) g
J
I~
nanaLtdu
aV .
v, (t) =V, e cos(w,t) +_a) o\g s1n(a)dt) (2.48)
d

[

Fnguaunisineefognsiiin acos(x)+bsin(x)=a> + b cos(x~tan” (b/a)) aun1s

ANRBUTDITHUUYITOAUN TV S 10D IRNFYBIITTRDATALALN D SHUUIHUUIATI U150

gnsulagall
Y.
= j cos[a)dt—tan'1 (ijj (2.49)
a)d

v v
(3 (%

NnaunsiugnnuIvwIakavwavesdyyraednatuinediv o uay o, TN

s q

IS

gunsalfiegluaeas aglsinnusdinaziansanlv o derdesuniieliisesesadanes
aunsanandygalaedemeiile

2. 1970RaTAAmasIUULRIUE
JUT 2.4 FRrsaTeRadalam il uuiiounalnefidiureeasveny
Usznoulumeeeaduend, R, uaz R, vugiasdeunalseneusis R uag C 3900

vouapsveriarnguedlevy aunsveinszwanivarulun v (1) awnsadeulan



21

SUN 2.4 199500aTaLamaswULLdaUIE

v_(1)—v,(2) \ (1)-v,(¢) o

R, R (2.50)

dielitazmnsienisiiaisandsivual R =R MmevidsainnsiagUaunisezls
vi(1) = (k+ )y (e) =k, (¢) (2.51)

- Ri R v g & = v &
lagi Y wasNavoInIseyiusTasaNnt s saeulal du
ALE
dv, (1) dv (1) dv,(¢)

=(k+1 e 2.52
dt ( ) dt dt (2.52)

Adnefufunann1sAldmaun1sa (2.50) wieuiuerfeaduduius
YaInsrhakazhssulniivesdaunuyszy aunisiivansdenssuailnalulun v, (1) 39

anansoeulamdu

d(vi@=v,®) v, O)-v.®) _

C 0 (2.53)
dt R
AENIINNTIAGUANNS aunns (2.53) aznanendy
dv,(t) dv, (1)
# +o,v, (1) - Zt -~y (1)=0 (2.54)

Tt @ =
? " RC
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anuduiusvesnszuanivalulun v, (1) awsadeuliidu

Cd(w(ﬂ—vAﬂ)+v30)+cd(%(ﬂ—ﬂﬂﬂ):0

(2.55)
dt R dt
mwé’qmﬂmﬁmgﬂaums aunisaznaesdu
dv,(t dv, (t dv. (¢t
- VA()+2 VB()+a) vy (2) - vc()=0 (2.56)
dt dt ’ dt

'
=

Tuagninevensasesadalainesivuidouadolun v, (1) Fa
Arwduiusvesnseivasiulundal
d(ve()=vs (1)) vetr) . d(ve()=vo(r))

dt R dt

innsdnguauns

_dVB(t)+2de( )
dt

w,ve(t) = (1) =0 (2.58)
dt dt

mﬂmmuaumsw (2.51) uay (2.52) aﬂuaumﬁn (2.54) Azl9

dv_ (t) B dv, (t) / _de (t)_ 4
(k+1) = k e [(k+1)v_(t) kv, (t)} — w,v_(t)=0 (2.59)
Jaguaunisazla
dv, (1 dv_(t a7 G
—Xaglz(k+1}Jé§l+wqjv_O)—k—iagl—ayb@(0 (2.60)

° v A Iz = a1 &
nsuiaunsiiveyilaidures v, (1) FalAndu

vy (t)=(k+1)v_(t)+a kj t)dt—kv, (1) - kJ.vo (2.61)

n1sunu dv;_(z) Yosaunsi (2.52) uny dvz—(t) Yesaun"THl (2.60) UATUNY v, (1) V83
1 t

auns7 (2.61) asluaunisy (2.56) azle
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dt dt dt

—[(k+1)dv(t) —kdvo(t)}+2{(k+l)dth(t)+wpkv ()-k Lelt) —a)pkvo(t)}

p (2.62)
+0, [(k+1)v7( +w kj dt— ( )—wpkjvo (t)dt}— v;t(t) =0
Jaguaunisagle
dv;(t) ——k dv;(t) +(=3w,k) v, (1)~ @k [ v, (¢)dr
t e (2.63)
e+ 1)— =+ o, (3k+1)v. (1) + k(v (t)dt
yhnsBuiiinsaLiteman ve (1) 3tld
Ve () ==k, (1) + (=3, k) | v, (1) dt =k | | v, (¢)dtdt
( I I3t (2.64)

+(k+1)v-(t)+ @, (3k+1) v ()dz+a)k“ {)dudt

dvy (t o dv, (1 o
1Y VZ—() NAUNTTN (2.60) Unu VZ—() INANNITN (2.63) WAZWNY v, () INEAUNTT
t t

7 (2.64) asluaunsi (2.58) azla

{(k+1)dvd—t(t)+a)pkv_ (t)—kdvo—(t)—wpkvo(t)}

dt

—k (! ) ( 3w k)vo - kjvo

+2 dt
(k+1)d () p(3k+1)"_(f)+w;2;kjw(t)dt (2.65)
kv (6) (3@, k) [ vo (6)di =k [ v (e)audr | (1)
NN D<o ai] @

yhmsmHanseyiusaednsIvesaNn1sh (2.65) axld

3 6w k\d? 50°k *k

: :1?3(0 +[ kajfl jd :ziz(t) +( ka:-pl ]dvﬁlz(t) {ZJ% (r)=

3 6w k+3 2 *k
dv(t)+( o,k + ijd vz(t)+w;(5k+ljdv(t)+{wp ]v(t)

(2.66)

ar’ k+1 dt k+1 dt k+1

NUANNIINITIATIEALUAN TR duveteaUwandasUssunalaiusadulninnu dune
VINNAUBUNRRY (v, (1) =v_(¢)) B9 v, (1) =0 Fuiuauns (2.66) nanewlu
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d3v03(t) +[6a)pkj dzvoz(t) +[5a)§k]dv0 (1) +[ o’k ]vo (1)=0 067
dt k+1 dt k+1 dt k+1
nNEMIudaumseyiusluided 2.2 fuuali
v, (1)=Ae* (2.68)
Tl 4 uaz A Aornasil nMendsannsunuaunish (2.68) adluaunisi (2.67) asld
A +(60,M )27 +(50,M ) A+ (@M ) =0 (2.69)

A a k ~ v a o I3 P o
gl M Ao 7 wazie L RsanunsaNandy e ANAlaA IS NV LN SAME N Wl
+

msaveglugUresaunsi (2.70)
(/I—(—K))(/l—(—a—ja)d ))(/1—(—05+ja)d )) 5 O (2.70)

nefl K, o kay o, \Judrnandsaivesiudsiuaidaiuisaniunlsnignislaisnis
WSsuWsuduUsEans medsniseananinuinavesianlswianiazdeaaiu

2.
(6\/6) M2 +1
K=20 | ——— |,
" T2M +10 211
o= (—SOM—IJ (2.72)
»{ 72M +10 '
WAy
36M +5 30M -1 Y
o) =(oM) ——5——-0, K—j (2.73)
Tnesyuuideulyin
1
M>— (2.74)

[ | [ (% 1 Y] {
waz M AelAnnlng 3¢ VnamnnsAnana aunsi (2.68) agnaneilu
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v, (1) = Ae™ + 4T 1 g ) (2.75)

Ol

o ' 1 5y a1 1 a A a1 v (% 1 =
PNANTEUNANUIIAIVBIAMYS K azdlAunnlaganizegedaile M llﬂ’]lﬂlﬂﬂa % N

Jrdamalineunsnvesaunisi (2.75) anategesimsuaznatsidugud Weduusiaanden
10 Aeduaunsi (2.75) Jeamnsadeulalvsidy

v, (1) = Ay T 4 g ) (2.76)

A o ! 1Y) a = a v = o v
WeYINN1IMAT 4, uar 4 fensiinnsaneulusudu Sadwuald v, (1) =V, uae

on

v, (1), =0 Feduaumsit (2.76) nanerdu

v (0)=V, =4 + 4, (2.77)
Lo
Vo (1) =0=(-a+ jo,)4 +(-a=jo,)4 (2.78)

ANYURININNITUAAUNITAE WU
v, a
A8 :—(1+—J (2.79)

Lmusum@mﬂaumﬁﬁ (2.79) aﬂuaumiﬁ (2.76) azla

ej(o{,t +e—j(o{,t aV e.iwdf _e*./(Udf
v (t)=Ve™ +—2e ™ 2.80
(v (A | e[ £ 250
o e e +e ) e —e o
P1ABEATYBIDRBLADININ cos(x)=—— LAY sm(x)=_—2 dunnsn (2.80) 9z
J
I~
naneLdu
aV .
v, (1)=V e cos(w,t)+—=>e " sin(aw,t) (2.81)

@,
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[

Faguaunisineendognsiiin acos(x)+bsin(x)=va> +b° cos(x—tan (b/a)) @uns

AINBUVBITEUUNIDANNTVDIF Y101 NATINIATR0aTALaLMB L ULLAB WAL 509N

& J cos{a)dt —tan”' [iD (2.82)
W,

INFUNITILNUIHINTUVDIAINDU NI DTINTUVDIF VU ULDIANANIIASHANTUAAIE AU

A7} q

= 2KV dy
Weaulasail

WUV 1995008 TALANDTLUUIILUUTAY LNBILAAIIDY o WA o, JLLANAINAULTDIRIN
1AT9ET 19099937997

3. 193500ATALALNDSUUUALBLASLADS
JUN 2.5 A9393500aTaLalABsUULAIBATLI0T B1FuNaNNISWRLIiY

AUNNITIATIEN AT DDATALRLADSHUULI I UUSALALHUULADUNE ANUFUNUSUDINTLLEAN

@l v, (1) @mnseulaned

Vit (Vo (1) A () ¥a(8)) (2.83)
R dr

Jaguaumsiivemfladitu v, (1) aela

v, d
v, (t) =RCV”’C;—;(t)+v,»M (r)—Rc%(t) (2.84)

AANEAUAUANNIST (2.83) AUNITANUAUNUSVYRINTLLALUIUA

v, (1) @5 deuladsaunisi (2.85)

C d(vinvZ (t) Vo2 (t)) + Vi2 (t) =0 (285)
dt R

Mevaainsdnguazla

dvinvZ (Z) + vinvZ (Z) _ dvoZ (t)

=0 (2.86)
dt RC dt
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= o
vva(t) v, 1(’) !
U; VWV vou(t)
} t U
R S Vo (t) R + ] —o
Vionl (t)
vi(t) Rs 4

oL
T

5UN 2.5 199500aTaLan 03k UUAIBIATIABS

v A (% (% ! ¥
negareamduiuszrIanszualulun v, (1) ld

=S =0 (2.87)

Wesnnpuautaresesluenddinalvdiiuds v, (¢) uae v, , (1)
@ v A [ v 1 % 14 d' 1 [ & v o v
nangiluinfgrtulazdsdamabinisuiaunisivemaifmnevvesiiandu v , (1) ildein

A a A o ' o ¢ a o ” o a . .
L‘WE]‘WﬁﬂLaENﬂﬁQJfVﬂ@\‘]ﬂa'Tlﬂllﬂqiﬁ)HWUﬁQgQﬂW:ﬂqimqluaﬂiﬂ%ﬁ?@']LUUﬂ'Wi (Differential

= o

Operators) 3svilaann1snlaainnisiatsauinuduiusvesnssialulunisaiuanisa

2 '
[

Weulalnsadl aunisi (2.84) aznaiendu

v02 (t) = RCDvinvl (t) + vinvl (t) 13 RCDvnl (t) (288)

aunisi (2.85) aznanedy
v t
DvinvZ (t)+%c(y)_Dv02 (t)ZO (289)

wazaunIsi (2.87) agnanendu

(2.90)

N3IngUann1sn (2.90) kel
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1

Vi (t):DR3C+1v"1 (1) (2.91)

inmsunu v, (¢) MNaNn37 (2.88) asluannisil (2.89) axlel

Dy ()= RCDv,, (1)]=0 (2.92)

inv2 invl

vinvZ (Z)
1)+ — p[RCDv,,, (1) +,
( ) RC I: mvl( )
MENARINNIINUANNT aunis? (2.92) azanunsandeuldlniiu

Dv,,(1)+ VR;(?) +RCD?%, (t)=RCD?,,, (t)+Dv,,, (1) (2.93)

(7
& o

{0990 v, way v, (¢) Wududeiu Faduiinisuny v, (r) 31naunisi (2.91) aslu

inv2

(2.93) azle

1 1 1
pl-—= 3 —L\A b & RCD’
L)RSC i (t)} "RC [DR3C Y+ (t)} A a(0) (2.94)

=RCD%v, . (1)+ Dy, (t)

Jaguaunisazla

D+ ! D%+ k = D 12 = v (7)
R,C R,RC R,R*C

- 1 (2.95)
+
=|D*+=2——"DpD*+ =D v, (¢)
R,RC R,RC
yIN1SwUaIaNEIALTUY
d*v (t d*v (¢ dv (¢
VOIIS( ) + 1 VOIZ( ) + 1 2 VOI( ) + 12 3 v01 (t)
d  RC dt RRC* dt  RRC
(2.96)

_ d3vinv1 (t) + R3 + R dzvinvl (t) + 1 dvinvl (t)
dar’ RRC  df R.RC*  dt

NVANNINITIATIRAIUAN T RduveteawandarUssnaladusadulniinfu Bunn
VINWNAUNBUNRAU (v, (¢)=v_(r)) WM v, (1) =0 Feduaunsi (2.96) azla
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dv,, (t)+ 1 d*v, (1) 1 dv,(t) 1 (1)=0

i RC daf RRC a rrC Y @297)
NnNBMsuiaumseyiusluten 2.2 Auuali
v, (t) = A4e™ (2.98)
Ted 4 way 2 ferasii nMendaninnisunuaunsi (2.98) asluaunsi (2.97) aglé
AAe™ + L/Ier’“ + ~Ade™ + 12 —Ade” =0 (2.99)
o . R,R>C
Jaguaunisindagla
B b dt =0 (2.100)

+ S o~
R,C R,RC RR’C

AdefufvIasoaalawesuuuiaula alisasannsonandyaiatomnelaaisn
YodAINITAMENYEAITILOE lUUTasANNITN (2.101)

(2=(-K))(A~(~a—jo,))(A-(-a+jo,)) =0 (2.101)

o9 K, o way o, [Wuaiasndsaivesiudsinardarunsanmunlanienisleisnis

a

= d o £ v aa (% ! ! 1 % 1 dy v a1 1<
WIHUNBUANUIEENT AI8TNITNINANINUIIANBINILUTIA1UITADILAUUY

K +1
K=

w"(k-i—l} (2.102)

w,(k-1)

a=—r 7
2(k+1) (2.103)

13}
2

, @k(k+1)
= 7/ 2.104
D K +1 (2.104)

Tnedidauluin



NaNNITAMAN Y aun1s7 (2.98) avnanelu

v (t)zAze(*af/wd)f+A3e(*a*./'wd)f

on

MNImIA1 4 waz 4, srenisiansuiReulususu Janvualn

v, ()], =0 fatfuaunsii (2.106) naneslu
v (0) =V, = 444,
ey

Vi ()=0=(-a+jw, )4 +(~a - jo,)4,

AYMBIAINNISHAFUNITALINUIN

WUVUIAINEUANTT) (2.109) adluaunisi (2.106) azla

Jw,t —jw,t Jjao,t —jw,t
_ e +e O E & —e
W (t) =Ve™ e NG _

2 @, p

e +e e —e

@ sl 3
DIALENTUDIDDULADINI cos(x)= uay sin(x)= >
J

nanendu

v, (1)=V, e cos(aw,t) +aa)—V"e“’ sin(w,t)
d

[
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(2.105)

(2.106)

v, (1), =V, uag

(2.107)

(2.108)

(2.109)

(2.110)

A1n159 (2.110) %

(2.111)

Fnguaunisinuenfognsiiin acos(x)+bsin(x)=va’> +5° cos(x—tan (b/a)) @uns

AIANBUUBITEUUNIBAUNTVRIF YU NATI TR OATALALA DT HUUAIBALATLADTANNITA

IS YV dy
gnileulenadl
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d J cos[a)dt—tan'l (ijj (2.112)
wd

NFUNITILNUINHINTUVDIAINDU MIDWINTUYDIF U ULDIANATIINATHANTUAA 8 AU

g7} q

HINTUYD999T00ETALAMDTUUULILUUIAY LNBILAAIIBY o WAE @, ILUANAINNULTLDIRIN
1ATIETUDINATNFAU

2.3.2 2997008TAlAMaTARYYIMEIMAYY
199500aTalam Ay IMdmasululziaTULANIZ199T00aTaLALA DT LU
Houpane 1A51ai19989399T00aTaLaIneshuLNB AL INTaRanIlARIIUN 2.6 FaUsenau

1U#87995 Charge-pump @sfidnanseudluiin 2 A1de 1., way =1, 2935 Schmitt trigger

Fadlwssrulnidadeu 2 Amfeussiulni dnideusnudn (7,,) wazusedulnindadey

1
fuas (V) waeiinuuseq mensordenaaudivesianulszglunisassdyaio i
Tinalnnsvinnusialuaewifedruiusaymeusey wagsiesuuuuvaanalnnisvineuil

981171503LA51892995 bz Ul LAY

2.3.2.1 msaanzilulamuaad
INNITeeATALARsTUTUN 2.6 aunsadsudygraunuingluiasian

JUN 2.7 B9UsENDUMILdn10u01dnAUe3399300aTaLaLnes (v, (1)) M30dQQ10U099as

U o

[

Schmitt trigger (vy,, (7)) dayayraunszualniinveddsas Charge-pump (i (7)) wazdyayios
wsenulihwesdniuuseq (v (1)) 9ngudygramsnuidygraimusausauuady 2

anuzfeaniuznuUsey (Charge state) uazaniuzAIeUszy (Discharge state) AILUNTT

a 62 1 [ 1 [y
WATITNAWUWTY 2 @D 1ULLTUNY

Charge-pump circuit

JUN 2.6 293500aTalaLNSHUUNBUAANY
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dionsasegluanusiiuszy dyey10veneas Schmitt trigger (v, (1)) 9z0g

<

Tuanuzga (High state) F9vivl¥4as Charge-pump vinisdnenseualtin (i, (¢)) fandu

o

I, F9zdwmabiiunuiszgazyinisiulszaainussiuliihdaUdeusiue (7, ) audl

q

[

wserulihdauasuiugs (7, ,) aunsnisinudszganunsaideunsdl

ve(tn) 1 fisi2

dv.(t)=— | I.dt
1’@(’1) VC() C;‘: “ (2113)

ANV URNIRale

I
Vc(tm/z)_vc (tl):%(tlﬂ/z _tl) (2.114)

INFUN 2.7 WU v (1) =V, 882 v (h00) =V, AOUENNTST (2.114) 9znanendu

ALY < (2.115)

1

W0eWl AV, =V, —V,, Wag 7, =t., 1 AENARINNTIAgUaNNT szegaffuiy

a0

Usggrhnsiiuusgafiandu

Ty = (2.116)
Wawsaiulihvesiiudssaiandu v, 2995 Schmitt trigger (vy,, (1))
wiUdsuluagluaniugen (Low state) Fili935 Charge-pump vin1satenseualill (
i (1) fenwdu ~1,, Fsazdmalififulszginsaelszgainussiulnindauasusiugs

(7, ) udauwssiulaidadeususi (7,

th,L

) aunstuaniuzaguszyaunsailoulan

AN (2.117)

ve(n)

1%
dv, (t)ZE _[ =1 pdt (2.117)

ve(fn) LRV

I@Hﬁ Ve (tz) = Vth,L e ve (t1+1/2 ) = Vth,H
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Charge  Discharge

State State
A
Lep (t) Iep -
t
- ICP
v (t) A
c
Vth,H
>V
- > > t thL
Tin : T
A
Veen (t )
t L Elz t
1 i

sUN 2.7 dyyndluisasesadaiamesiuuraunay

ABURININKAANNTT SrEzatunMImeUsegausadaulau

(2.118)

ol AV, = Vir =Vo W82 7,586 — 4y,
nszEzatunIaiulszg wavaeuszgluaunisi (2.116) uaz (2.118)

AIULIAIEIIITIRTEsd 1A sneaIseTaula Ty

4 a= Ty +7,=

nat

(2.119)

WALAINUDNSITUVIAAD

[CP

(2.120)

A1NNITIATIZNTIIAUILNUIN1NTD0ETALALMD S UUNBUAAN LU N5 AT U DUNTEUY

YDINIT NI lAdunudn vz AuLerABUsTUeIR N UUsEY AIWII9939EI

q

nsasedyaariuingndeuliies
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2.4 19seeaTalameiignlaudyyindunn

nsfnwngAnssuszuuiiinnsdundenisgnnssduainaisuanldgnnuily
ViaInviaNea 1 33Inen Wand wardenssy Wudu msfinwngAnssuvesseuunisdy
ffimsdoudyanadunmazeglusuveauuuiassmsadnamansdsdinlngjinazeglusuves
aumsoyiuslasdsiuduiy enududou vidsrrududadumnntosunndnaiuly dy
iefagiaunuuitasanadamaniiaenndasatuaiiugmnenay ingUssasdvas
WEMINUS WUUTIaeInAinAmIEnslueAn TN NATUILABLENAINUTELANYDIIIT
seadaawmesdyanale warseadaamesdyandinde

5% sl

2.4.1 KUUINABINNAUAAIENSVBIINITDRET LA asd ey aulwindinnslau
Toysyraudunnluafin
911n15AN¥191UITeTUBAANUINAUUUINIA0INIIANAAIEASE1RS U9
seadalalnasdnalvdifinsteudyyradunaiiiiaula 4 wuudiaes dude 1)
LUUSIAEADNAENSLUUR RN [30, 36] 2) WUUIIABINNAGAAERSUDY Robert Adler
[1] 3) WUUTABINANAAIEASUDY Behzard Razavi kay 4) WUUTI8INNANAFIE@NITUD |.

Ali llagatdy [14]

2.4.1.1 wuuitsemeadincansvasszuunimsdunazgnloudy i
MeuanAIBIFRIAL

Tutlagtuuuuiiasmisadinmansyesszuuiinisdulazgnnszduain
aeueni] 130, 36] Ienaeiduumssuiugiudmivians wagdniand wuudiaomns

¥

AdaAadlgnuIanluFUveLUUT IR IANRMansnatn Bevinliedluguvesssuy

AUNTAUNUS LieazAIndon1IANWIRUVIIRRIlauNTIsaUUSTuaNNIIN (2.2) eQniley
Tnidsaunsn (2.121)

V(1) +28m, Y () + @ y(t) = b,x"(£) + bx'() + byx(?) (2.121)

Tnedi & Fefmiiiag o, Aerudsssuwd nndildnanlvluided 22 aunisdneu
auysalusENaume 2 ddufeNARUANBISTINYIR (1,()) WazHanauauaadsdu ()
[esnnitmngvesinginusionsinwingAnssuvessruuiifinisdunazgnnszduain
é’zgzgmmauaﬂﬁaﬁjuﬂ'ﬁﬁumL‘q"aulsumséi’usuaaizwamm'ﬁaqﬂ’uﬁ‘ﬁléfﬁmumﬁaLLlJﬂmJ'?N
fosgniinnsanfudusiuusn ievraneuauedsTIuvRANNTOYRUSH (2.121) @wnsn
Jeula s du

Vi) +2lw,y () + @y, () =0 (2.122)

ASAUNIHANDUAUDIFTITUIIRAIUITVININITAUM LA ULAEINUAUITEN 2.2 AatuaNnIg
HANDUAUDISISUTIR ST ReU LT
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¥, (t) = el g g, el (2.123)
Tne

@, =m,\1- & (2.124)

Aa o

Tuingrtinusaduillvaiuaulanisnszduainaisuenianumenis
Wasuwlasnilouilanduled iesanilsdduleluiladduiugiuvesiladdudug daluds
Avualy

x(1)=X, cos(,) (2.125)
wazauMseuST (2.121) agnaneily
Yi(0)+280,5 () + @, 3, (t) = b,x" (1) + bx'(1) +byx(1) (2.126)

NNTBNsuNaunIsmensiiisiievduUssansmungnna nlvluiden 2.2 uagansei 2.1
nanavausInilintuTfuninTaziluatnsaleuldnsaunisn (2.127)

¥y, (t)=Mcos(ag,t)+Nsin(a)ft) (2.127)
WUENNTST (2.125) uag (2.126) adluaumsi (2.127) azle

[—a)fM cos(@,t)—w.N sin(a)xt)]
+2§a),[ w M sin(w,t)+ o N cos(w,t) } [Mcos 1)+ Nsin(, t)] (2.128)
=b, [—a)iXO cos(a)xt)] +b [ -0, X,sin(o,t)]+b,[ X, cos(a,t) ]

AMeNdINNIsYNsiisuduUssansveanauladnazlaladaznuin

b0 +b ol )+bow, (2
M=Xf( - f)_(wz wa)+ lwf(zsgw"wf) (2.129)
(con a)f) +(2§wnwf)

bbeYE
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(—bza)} +b, )(2§a)na)f ) —bo, (a)j - a);)

N=X (2.130)
! (a)j —co_i )2 +(2§cona)f )2
Wislinesenisiansanaunisy (2.128) anunsadeuldluiiu
yf(t)z‘Y_f‘cos(a)ft—éYf) (2.131)
Tned
b — a*b 2+ w,b :
y|=x, u /22) (2 : 12) 2 (2.132)
(260,0,) +(a] - o7)
WAy
280w w w,b,
L= tan ™| L (T
= tan [wf—w?} an (bo—a);bz (2.133)

aun1sN (2.132)  war (2.133) AaN1Inauanevadszuuidsedyn un1euenaninuang
YUIALALLNAY DI Y YD IANAANEITU N1FRRVAUDIHYNAMUAMIEFUYTEANST NN
lassasnevesszuy munisinualilsulaisuduresssuuae y(1=0)=Y, uav

d t o 5 1 1 U o U ¥ {
? =0 LAY 1AgYUADUNITINAN Al b A2 WulReAuAUAITeN 2.2 @unIs
t

t=0

NaneuauBsaNyIalannsadeulanily

(Y=, ()60, + 7@ =3(0) i

W= :
3§y (2.130)
Loy O torriad+3il0) o |
J2w, '
Taofi
v,(0)=[¥,|cos(—27, ) =|¥,|cos( 2Y, ) (2.135)

bbEYE

¥ (0)=-a,|7,|sin(-27,) = o, |1 |sin(£Y,) (2.136)
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lngofiugnivedonsians aunisn (2.134) agnaneidu

=|Yn|e’“’cos(a)dt—LKI)+‘)’/.‘cos(a)/t—AY/) (2.137)
1nedl
~ a)f‘ ‘sm(LY
v,|= ( |7, |cos( 27, ))- o (¥ =[x ]eos(27,)) (2.138)

ey

ga)n_ a)f‘Yf‘sin(AY/)
o @, (¥, |1 Jeos( 1, ))

ZY, =tan”' (2.139)

MNAUMIHANDUAYDIANYTAl (2137)  nuitueNUAgaLaziAYuNOUNARBUALDY
ﬁiimmaazﬁuaQﬁumamauauaqmﬂﬁﬁ%’uﬂhﬁu o inansudoudygamse 1=0 ity
FadvihnisuiurnrSernuvesilsdtutifundsannaifanaiuds uendagauaziyla
YpdnounanaUALadsTINYIRar N sldsuuladle g dslumsufoRdngnniendnad
svuunanTui L dunanevauesssuTRssinsasuudas funuusaeangineans
LuUsaREsitesfnlunsesuneianisasunlaiengn

LY

Tunmsuuanuindlonnudneusnidilnaninudvesdygyandass ssuuay
LanINgAnIsUNgNISENIUTINgN138ltn (Beat Phenomenon) [30, 36] Tuanizllszuuay
nisasedygiaednndududyaialedanuiinis vasueuvigavesiuaziinig

= v a =~ o = o a s S a ayy Yy v 1
WasuwUaanganufmninagun 2.8 wuudnassndiamansiuuudafantanaidludaduly
aunsakanInIsiuisuanuzIndanalganiiedala uiagdasinisimuaeulylng
Weliaun1sAmnauaIstansngfAnssunisnisdale dadiseazideanineluil Weuluusn

Aesniaslusyuvasiianlugud dudsedns b waz b danlugud uazduusz@ns 4, den
Wunile fetuaunisi (2.121) agnanedu

y'()+a,y(t)=x(t) (2.140)

wiuruimualiilandudunmluilsidulaleddsaunisi (2.125) Jeulvnaasfeimualiia

Roulududu y(0)=0 waz »'(0)=0 NYNRIRIINATUAFUNT HANDUAUBIANYTAAINITH
= Y

gnileulandu
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0.8F

0.6

0.4

0.2f

Amplitude

0.2}

-0.4}

-0.6f

0.8}

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time(Sec)

Uil 2.8 Usingmsaidn
(1) == cos(@,t) +——"cos(w,1) (2.141)

9fuAENYUEYDINSINANR dun157 (2.141) awnsagnileulyaldidy

(t) Xf \ a)"_wft g a)n+a)ft ( )
y(t)= ——SIn sin| ————— 2142
w; — oy 2 2
Xf 7 , _a)f a Y} a = = Qll P
NNANUNIILNDU S 7 SIn > t ﬂasﬂuqﬂﬂﬁyﬁyﬂE]JLE]’](FW!G]GUQQJﬂﬁiLﬂaEJULLiJa\‘iﬂ’JEJ
o — o,
n f.

ANUDNAANISETINADBUNALazAUDSIINYIR Usingnisaliiduusingnisalfiuauls
wilduiindenedliaunsafiazgnesuigsgiweiiennmsinzineuniiil

2.4.1.2 ULUUIABINNANNAEATYDY Robert Adler

Tt a6, 1946 R. Adler [1] Iatianeuuudtasanispsiamansdmsufnm
nonssuvesNITeRadalawme i seudyyiameten KaseeadalameUszinnguals
grldiiletiauendnnslaefidyruneuengnssndiudyaadeunduiivinia (Grid)
YosmaenaINARIFUT 2.9 warannsauandriegluguvessruutounduldfagui 2.10
[37] uaﬂmﬂﬁ@m R. Adler éaldimunteulvdmiuiuuiasmadinmansilfitaue 3
fosnefiu 1) Auddunn (o) azdeseglugiumnudinumessasgud 2) szozsnailuns
USuneuuagavesnalnnisusuuun (Amplitude control mechanism) Aiastieenin 1/ Aa,
Tnefl @, Roruidaseuay Ag, =a, —a RoAuATn (Beat frequency) aedlsfiniulnag
drulngudinsasesadatamesaziinalnnisuivnenvagaidunvusiuiiule
(Instantaneous  type) Ingdaiedeguda onfiidunisdudivesgunsaivoniin faduaees

PoaTalalnosRINaAzNIURaulYd taz  3) AualisnTdIuIzinNTuInvesdy g

[

unm (E,) wazdgygloundu (E) deenin 1 win9 (E,/ E<1)

A7
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mensiuual E / E, <1 waziinnsanineasinalnnisaivauneudagn
v linenudgavesdymiaterdnainisiidsundaciaeuin AlungAnsTINYeeI99s

[y a

a sala a d' 'z
@@ﬁ‘(jaLaLG]'E]TV]llﬂ']3{]81413@1@7%@147!@%37\“0755”']LQW']Sﬂ']iLUaEJULLUﬁQGU@Q‘W\‘iﬂ'sﬁuﬁﬂ@\iLwa

(3 (%

(e (7)) VOITYUUDANAAIHINTS

e(t)zEcos(a),tJra(t))=Ecos(a)t) (2.143)

1089 @ ADAINDTIVUEIDII99T UATAINUALY Av=0—@ AAIUDTATIVME
(Instantaneous beat frequency) ¥943995uaNUNEANINAUNTOYRLGVBIeATU DL WA

a A

(a(t)) eAvagnAum Lasesllanldiiionaninginssufeawesinesunsudagun 2.9 uagld

Avuald ¢ ABNISABUINATININIATIUARIIUN 2.12 e 6 ABNITLaRUNATENING

Y
= o/ = L2 ¥

dryadunauasdygiaiedng flen1sEadyyinun1euenfedyy 10819893 ila

T o e

[

flanduanuduiusvessenindyyindunaiavdygadeundune

a)=a)+(a)1—a)l)=w1+Aa)=a)l+d0;§z) (2.144)
LYY
et
¢ =——Lsin(a) (2.145)
E
Fo 3
Ry
Cr E
g, b

5UN 2.9 19vR0aTalanasgnidAne [1]

LOCKING SIGN%L

T
| LIMITER TUNED
- €
€ AMPLIFIER linsTanTANEOUSI| [CIRCUIT °
FEEDBACK

5UM 2.10 szuuleunduvensasesataiamesignlddn
el E, =E, waz E,=E [37]

mulanmualiaudduns (o) wieseglugiuanudiuyenwsualuiieey W
UeANIANUDBUNAIaglugwnvila N TI Vs veRsiug AN 1Y way
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danalvnanauauaudunaveasyudzaglutiududuiigui 212 wazaunsalsy
ANUANTUS ARl

p=A(o-0,)=—(0-a,) (2.146)

A o~ = o 5o do(t av v =y
IWEW] A K39 Q ADAUTUYDININTY LNU ACOZ% V]lﬂ"i]qﬂallﬂqim (2.144) uay
@, t

auns7 (2.145) adluauns (2.146) agla

da(t) E o, .
- =—Elﬁs1n(a(t))+Aa)0 (2.147)

aunsfl (2.147) LReaunisoyiusvenlavesdynaidneiifesnns Fwsnuindenis
finsandananauniseuiusildduaunisoyiuslidudadususui 1

Tuanmeihaasesadatamesegluannzdeniavesdyanaiednnazasd
dawalvianunisi (2.147) ansnsadeulndlfidu

E w, .
0=___Osm(a(z))+Aa)0 (2.148)

JUN 2.11 waweslaszinsuveasesadalamaingnlydne [1]

lag

Lm

lead

JUN 2.12 nanauauenunaveI9asua [1]
Ingodunmandfvesilaidulodiidn [sin(a(r) <1 dwuleulvnisdenvonsasazainsa

Weulsmdu
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£20

Aw,
El a)O

<1 (2.149)

wainfinnsanaunsd (2.149) Snapmdsaznuihaunsiffeaunsiflédumeunisden
LUty

Tuanneiimnuddunadslivisgieulunisdenluannisd (2.149) aunis
meufleglugulnazanmnsadeulsidu

1 VJK’-1_ [B(t-1)
a(t)=2tan™'| —+ tan YK? -1
(r) { Al [ 5 H (2.150)
Tnefl k =20 L2% uay p=52 |fielfdnlansdouutannndsdu R Adler I

El a)O
Unauanaves cos(a(r)) uag sin(a(r)) Asgui 2.13 uag 2.14 a1y 9NN
HasFuainisiasundasmduidaniu arnudvesnisidasundasnanainiandy

B = X " —) \ | o X A %Y o
5\/1(2 -1 szmsuuagﬂuml,t,ﬂiaamu mumﬂmmﬂafgfmmauwm LA EFIUNEDINIRINA

WUsv09I3UY
fihnsmeuusvesaNnIsh (2.150) wiefin1snnaves sin(a(r)) Tugud

=

218 $afuannisf (2.147) sgwuinmnadvesdyy aeIdng (w=w, +da(c)/dt) 2w
nRnssunsidesvuithaulanafeninuiavesiiludissyesnamiuasdaainiuae
Deawuaruiegnunnludndruniawosnsm wagnsidesvuludnsusdidussain
ogdlsfinamginssutazgnosuisogsdnutulunuiseres B. Razavi [2] fignamni
dalu dwihmsfiansanaediedsesdagiaieinaaiiandy

2
hop /—Kz_lz%% (&5 “’J 1 (2.151)
a)O 1

= Y 1 a d’ 3 M va 1 - 1 a —_—
%ﬂﬁNﬂWiLLﬂﬂﬁlﬁLMUQ’]ﬂ'ﬂﬂJﬂLQ@SL@W@WWI@JI@N@’]LWWﬂU @ LANABYN o + Aw

Y

N N\ r ANA
N\ Y \ /
Ul 2.13 mswasuuUaseailedidy Ul 2.14 mswasuuasesileddy
cos(a(t)) [1] sin(a(t)) [1]

PNUVVTIBDIMNANFIERITUDY R. Adler sldvinnisaznisidsuniauns
LoNUAnvatdyaIateIANARI8N1TAMUALY E/E <1 wagyiin1siiansuanisiile
ANUDBUNAOEIUYIEIULOUHIUYDINITIUARIAUNITN (2.146)  Li@NALAINITONINTT
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Uszanaunnudiiusvesmnuiuazmaldlaedie daalaunisoyiusalatdnuaylidude
Wudusuil 1 aunsdmeviildeglugulndsiiderlundvesnisiansundvisnavesiud il
soszuuldognedmiausiannisi (2.149) war (2.150) wmdufiudeneiuuusiansd
Paueldlafimsssuiisunadildmnnmsunaznaannismeassusegisla

2.4.1.3 WUUTIADINNANAAIEATYY B. Razavi

Tul A.A. 2004 B. Razavi [2] laniausiuudnaoaneadinean shuuLas
Annghdmiunsfnunisdoniaznisieisasesadaiawmeininsloudyanunieuen
Tasnisunausldwvsoanidu 2 923 92305093 U@UBMUIANNITUSUAIT992995
seadammadiiiovhnmsdendymianieuen LLazmi%’ﬂwﬂﬁN%a;Euiiuaﬂnzﬁé’qmamﬁzgzgm
L1l Tafeansdumgunisien PrsiaesiansmIAuannseyusvuWa oAU
mim?iawumW\IammﬁmmwmmﬁwmLﬁmqmaﬂiuamazﬂm wWIRRgNILaNRlAge A 19as
aaaezfat,aLmaimammmmmwmmmaaw 2 Faguil 2.15 ET ST L,C,R,,
wea M, uazdniwes u,mﬂmuLiumumaﬂﬁmwamaafma%aaa%aLamaﬁﬁ]uqummsm
0611ls fnseseeadalainesgniingunsaliviimsidouafssud 2.16 naflldforsasaglyl
msaedygradidanud o, 3ndeluuiasdeulufianud o wnuds u AE2999
@juﬁazﬁwﬂmﬁauLWamaaé’m@mﬁmwhﬁ’u 4, L‘ﬁa%ﬂmmm?ﬁamﬂaiugﬂiﬁﬁﬁwwhﬁ’u 360°
FansmAdn YAz Y8IsTUATUTUN 2.17 Wity fidsuainnisideuasiogunsal
deuwlaunstleudygranauen (1,,) flnnauasamd (o,) Avsnzay 15959ssh
MsHARdYA AR TANE o, Weliduy uniiuninsuseugUreniasziing
Boumlanintu 360" MgUR 2.18 91nsreesesadatawmasgnioudyaninieuen (7,,) 9
ViATUTemed M, uagsiufunsuna Ly wamiuvesnssuaiadestaliunswua I, azgn
doulihgreasguddenaliiinnisidouanazgnioundusoued M, uastvinesas
naneLdunseud Iy nssha e egnaauiunseua 7, uasgnlewdigi99sieasguddn
pds nmsnetadudomnandyguaisuen aunsoudnInNduiusAna1lugy
Tusuveamaweslnozunsudsguil 2.19 lnofl o Aowasavassning 1, wag Ly oz ¢

Inj

AonaRINaTEINg I, uag [ szNLﬂumammmwagummmwﬂqmaﬂwmwwLWaIugﬂﬁ
1 [ 14 a ¥ U U saq v v dy
2.17 ghunsaenannsarunidlagsuduminduiusiiliaanniaweslaozinsunsil

sm(¢0) —I—SIH \/1 d .sin(@) (2.152)

2 o+ 12 +21,.1,. cos(0)

= I I
YIazUAIFEALUY

(2.153)
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I .
cos(9)=—1’i (2.154)

Nnflaifumsideunavenasgudiin tan(a)~(20/ @,)(w, -

w,,) wazaun1sh (2.153)
1 @ a VY
grunisaonaunsadaulatiu

o, == Ly 1
(g lime— e
201, r (2.155)
/7%

lnefl tan(gy) =1, /12, — 1} ~ INAUNTILNUILIUNISANTUBY IUAMENBULYBIINAS

ue LaNURnvedya e IAns UavleuUignvesdaniubuns

- Voo
L4 % =C = Rp
-1

© Vout

5UN 2.15 299700aTa1a100% JUN 2.16 29a500aTALAMB S TIgNLAY

nlgdnauowuafa [2] gunsalifouwa (2]

- Vpp
Ly % .I. C;=Rp
1

© Vout
v/t

M, ¥/ osc
I:.L linj
= Winj

UM 2.17 nominauanwagniala

U 2.18 19sR0atalamesngnieu
YDIIITIUA [2]

dugranieusn [2]



a4

(b)

(@) (d)

Tinj Tinj
JUN 2.19 wlaweslassunsuvesdyainnsvualuins [2]

?‘Vm

= V|n],p COS(DI"] t . T =VOSC,P cos ((Dinj t +9)

5UN 2.20 wuudaeweniseeadaanainidnuvileidua [2]

nMsFumgumsdon grumsaenitlsasgniianideslesiuannisoyius
gosiladdumaiils aneaseeadaiames B. Razavi Hvhn1sdausuuusIaeivenses
ooadalalnTLUUITIUARITUT 2.20  Feogluguvasssuulounduildldldsasvene
Lﬁaqmﬂléfﬂmimﬂﬁuamﬂagmaaé’m@mmwanﬁwﬁﬁaamﬂLﬁauﬁ’uLL@@JU%@WU@&
dyananersing (7, <7, ) dunileuiuteulvvesnas [1] wonanassleinsiansan

inj,p osc,

v
f v A

AnanUAn1sdeuareRsguanall fliddunsideumavenasaunsadeuladu
(2.156)

dnantulavinnsUszuaud neuentilf lnaduAIIudddTEUINAUNTLNIE1UNE
UszanaranaweInudfidsasslondy

o — o :(a)o +o )(a)o -® )z2a)(a)0 - ) (2.157)

matuilandunisimavenesyuanateu

tan ()~ ==(w, - ) (2.158)
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Iﬂ&lﬁl %— tan™ (x) =tan"' (x_l)

a

MnUNaTIMvdy g udunLardy s dnnansadeuladu

VX = I/inj,p Cos(a)injt) + I/osc,p Cos(a)injt + 0) ~ I/osc,p Cos(a)injt + l//) (2 159)
e Vien ® \/V;}fj,p Vo, 2V, Vo c0s(0) V<V, uay
V.. ,sin(6)
tan(y) = et (2.160)
I/inj,p =" I/oxc,p COS(&)

nflaidunsideuaignussana Wodyan ¥, Wudngeasaun dyaiaiednne
Ju

_11 20 d
Vi %V cos[a)mjt +y +tan” {—(a)o o __'//]D (2.161)

@,

119991 UUILADIIINISUS UM Aatiuantaannaunisi (2.158) azAaq

L d
W+ tan” {—Q(wo =, ——Wﬂ =0 (2.162)

@

aunsiziuaunsasuildlunsmaunmseyiiusveuva viin1siansaaun1si (2.160)
NUI

d_l//_ I/azvc,p +I/r)sc,pl/[nj,p COS(Q) ﬁ~ﬁ (2 163)
dt Vi, +2V, V. 'cos(@)+V,  dt - di '

osc,p osc,p’ inj,p inj,p

WazdINasan v, =V, +V,, Wneofemaneslaosunsuaznui

inj out

y

inj,p

V. . +V

osc,p inj,p

sin(¢9) V,-,,jp )
~ 2 sin (6
cos(0) 7 sin(6) (2.164)

osc,p

tan(0—y) =
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+T

(a) F F .......

==

T

S
~Y
<

(0)

Quasi Lock Phase Slip

JUN 2.21 wgfnssunisilasuslaslarensasiiesyluaniieision (Quasi Locek) [2]

2
.= v,
2
PDF of
a@
(a) O Smr=
7
- -
+ - Dinj Mo+l @
i : -1 ]
P ,
N T Cdam Y~ iy oL Do a

EIY -~ T
(Log Scale) T ? ?
i : i Al

(b) mmc'% L d) O Oy 20, [9)
j / \ } Wjnj+Wp u)i,,|+'3(ob
B
3

JUN 2.22 wgAnssunsivasuutatanudvessesdiesgluaniazisden (Qusi Lock) (2]

AYNAIINAFUNUANNITN (2.163) Uaz (2.164) asluaunisn (2.162) aun1soynusvodia
Jzasaleulanadl

do :
o= (@, - @, )- o, sin(0) (2.165)
d‘ a, V,‘n‘ = ! Q’IJ IS v o sa o
e o, ==L Fagnuhaunsilvileudvauniseyiusiiiauelagau R. Adler [1]

osc,p

LLaSﬂiJﬂ’ﬁﬁ’W]@UﬁﬁJ'ﬁﬂL‘?JEJUL‘T]U

6=2tan"| — 2 a_)b tan[%btﬂ (2.166)



a7

0e? o, =\/(w0 )

2 1 L wyvo a ) a
) —@ 1enand B.  Razavi Salévinisussersiivafivaniizln
Wadndninannziiduusdeseandu 2 annsfieaniziden (Quasi-Locked) uazan1ie
Tm157 (Fast beat)

= & I3 = aa Yo aa =
aﬂrngﬂﬂaaﬂL‘Uuaﬂqjgﬂﬂ'ﬂuﬂ@u‘WﬁﬂJﬂ'ﬂﬂaﬂUﬂ'ﬂ']llﬂ@ﬁiglnﬂ‘Vﬁ@

q

wO_a)inj ~1

(2.167)

[
=1

Tuannginsivasuuvasesassivasuuuasedaludmudgui 221 (@ - b) Feay
denalvidyaainisifeuaagedundufigun 2.21 (o) Wevhn1siansannisiuaeunwlas
mananluguresnnudeznuianudvesdygaeidnnagiinuadunnluszeziiamila
d' ! 1 U d‘ U d‘ ! ¥ £ [ 3 a o
waziUduAag9datlioriagun 2.22 (b) uazdwalvaiunasuuasdyaaieinnilanvee
AeguR 222 (d) Tnefaunnvesaiinasuasduegiuiedduniunuiniuiiazlu
(Probability density function) fsgu# 2.22 ()
Tuanazdenidniraznuinvavesdyaraoidnnaziinisidsunlasedns
Judenudieguil 2.23 @ - b) wagilleviinisiiansanisildsuudamanudidsguin 2.23 (o)
gnueiinisdsuwdasiiludinuguiu anudvesdyaaerdunagyinnisyudn
AudBunsuadilitanuddunn wezdounauliegnssimsa woRnssuddsdmalianasy
a v [ PN i < [ a a 1 A o 5 19 Y
fidnwaedsgun 2.23 (d) agnlsimudumindemeduanisnaassndnanetulildiduves
199500adalaweINInslouduaaduns uinansveaosiiiauaduvensasaiongy
Msesadaiamestuuudsundasmuwseiulii (vCO) gndoudayananiewen Il
gnsian1siigtiiuudnaasmeAdinanansiiauela

-\ G S
o S S S e b b
(a) (b)

o, D o .
- - !

Output

Spectrum
(Log Scale) l? A
@inj [ 0pt20p | Opt40p O
Wijpj+Wp Wijnj +3Wp
(c) (d)

JUN 2.23 nginssuvensasiieagluanizdnga (Fast beat) [2]
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2.4.1.4 WUUIADINNAUAAIEATUDY |. Ali LazAe

Tud 2012 1. Al wazamg [14] TaddueluudnasmIAdnAI@nsItang
asendmiunisfnenginssuvesisaseeadaiamneiiinisdoudygunisuen lng
wuuaseadamanifiiiausannsneiutenginssunisilasullasueauenUage uay
mnudviiavesdygaienalddaunndaainuuuiasmsadamansvesiu [1, 2]

WUUS180IMIAGRAIAAS IS LA UAI8115 T 8UI99T B ULRB IV 99999
oeadalalnesninisteudyyinnisusndaguil 2.24 Fsuszneufediiuusey (C) i
witlenth (1) §ad (G,) wndsiidindayananieuen (is (1)) wazlalen (G, (¥, (1)) g
1nnsulasgunsaiveniividrensiinnsanenulidududuiudeanandnsgienii
weneleu (G, (x))

9INNATAUNITVOIF e U FNR LT

vy (£) =V, (£) ") (2.168)
Tnefidgyanaduwaiu
(1)< V.G, (2.169)

F9 Vy Aeussnulnihduieanandyayiadunn aunisendengnssualniivesaosven
aunsvessrUvaslaulilu

[G (7 (1) + G @) |v, (£) = s (£) =V, G, ™ (2.170)

Tne?

Vo(t) $
Lbe1 e
, 1 dv,(t d
G(jo)=G,+2C 0 ;t( +](a>1—a>0)—]d—f

P8N15NATUITENSHULTUADIEIURRAILTIUIUIS AT A LR U N TN TR AT AL Y
aun1seuNUSTaIIALAzIlavDIdy Qe AN LARaTl

da(t)
dt

:b[l—az(t)]a(t)+dcos(¢(t)) (2.171)
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is(1) E;;?' T §L @ va(t)

—

5UN 2.24 25iiguifvsvetopadaiawnas [14]

do(t d . d .
d(t )=(a)1 —a)o)—wsm(ﬂt))=Q—wsm(¢(t)) (2.172)
. 2 B
QN b:m, d=%, Gzziﬂ, Vgsza GL, anO(t), Q:CULC ey Vo
2 QGL 2Q VOS 4 G2 VOS GL

[ (3

AowanUdInvesdyaraeanaiilalitnsloudayaaiBunn (1 (1 =0) =¥, ) 1INAUNITN

ansazwudilsidunalausingluauniseuiiusvasvuin wazilenduvuinnlyvsnglu
aunseyitusvealawiuiy Wulithdunaitaumseyiuvesileiduun (a(r)) Lilddu
mummmé’mmmmﬁwmimmqLLm'L‘ﬂuﬁqﬁ'*i'fuﬁuawmmaqé’zyzyﬂmmﬁwmﬁgﬂmiﬁaEJEum@
yosdanatednaiolildygaumeuen (V)

Soanntu 1 AU I uauongAnsuvesssuy fensuladu 2 nsdl ndl
LLsﬂﬁmumiﬁéumWUENé’zyﬁgmﬁuwmﬁmﬁaammﬁwzl:u'a'amamiLU?ﬂ'wLLanawmm@ﬂ
Fyanaevinadeziumasi uasaunseyiususamaznanedu

deg(1)
dt

=Q - Ksin(¢(t)) (2.173)

1087l K =d=(a,/20)/ (Vs V) @umsiaenndosivaunisues R Adler [1] uazveq

B. Razavi [2] F9A181&I91NNISHAENNNT auniIsAmavaiusaieulaldu

1 VX' -1 KNX? -1
}-ﬁ- tan (t—to)

=2tan”’
¢(t)=2tan % 5 (2.174)
Tagfl X =Q/K 9naunsi (2.26) dyanasendnmanunsodeulnilidy

v (1) =V, cos(a)lt —¢(t)) =V, cos(a)lt)cos(¢(t)) +V, sin(a)lt)sin(;/ﬁ(t)) (2.175)

Tne
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cos(4())=2vX" —1{2(—1)” r"sin(n (2~ ﬂo))} (2.176)

sin(g(¢))=r—20X° —1[2(—1)” r" cos(n (28— ﬂo))} (2.177)

28=KNX—1(t-1,) waz B =tan"VX>—1 uwaziflevhmsunuaunisi (2.176) uay
(2.177) adluannsi (2.175) uwusasmandinmaniazaisouansaiunnduueadya o
WAl uardsaansonanmginssudesluansdmiiaeddiufeannsdniuazane
Asdion

Tunsdiflaeuievinisiiansannisaguulasunnvesdynmiednnsu
ilesnanndgaanieuen nuiraunsoyiiusvesmuauasiwaigndumlunoud (@unns
7 2171) uag aunsd 2172) azgnuiuusisianumilesanauniseyiusisansdily
4nN12AINIUIATBIAYIBDIENE (Vg ) snfiutunnuunalunsalilifiduauneuen
(V) mwé’qmﬂ%umaumiﬂ%’uLwiaaum'ﬁaqﬁuﬁ‘ﬁu’aaawzﬂmaL*‘ﬁlu

dA;t(t) = BDAa(t)+ K'cos(¢(t)) + 4, (2.178)
dg(1) RN
=0 - t
2 5 (t)sm(cﬁ( ) (2.179)
oot k' = Yos B,=b(1-3a}, ), 4, =b(1-a)g, ) WE a,, = Vosu: yausmunli
20 Vs Vos

a, (t)=1+Aa(r) 0813lsfeuan | Ali lddiAunanizAneuvesannIsvuInwelile

Y LauadunsYansagndln

t~4

—-

)

JU# 2.25 waseeataiamesuuulaaiin [14]
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wuudrasamnsadamanifiinauegniigatilaglissasesadaiaimesuuy
Trafindsgudl 2.25 uazuvadu 2 dr dunsnidunsieuiisunaildannsduaiuna
NN5T18DINTITYINNIU LAZNISIUSHUEUNANITATUIMLATHANISNIAABINITYINNIY IANANTT
WUl desdIunUIHanIsAuIAALN eI un1sEe nuazAA TR el Uy
nan1sTaesaznsvaaedindfisady uwiduiiundsnieiwanisiuadesduiinasezdes
fosaniilillgiaue dunsnaeveuavesgiunisdendanisinauenasindniazueand
Tifiuanuldidudadusgrsdaauuninniiaunitsuesgiunisden wazdiufiaesie
dyaasodnalulawunaiwazaunsuveaiunszduingUszasrnanuosuudiananig
AdinAansTiaue

2.4.2 wuuIasmeRdinA1anivedntesesaTalaesF g uAmABNTITng
Uaudysyraudunnluann

Tud e 2010 K. Zhu [50] Wazanglfinaueisasmsnnuilagendensas
paadalawmesiuukauaalsfienIsteudygyindunalidneasasyiaunssuane1ieas
Charge-pump FailensiUSsuLie UM IANNADLNUIN 2995 IATIATIoNFE9aS
ooaalalme SuvuHeunmeiinseudyyradunauilaaidmusiinineseeataianes
figniiausluefin wiluiudeeeinnuidesnanlilminauesaunisdmsuiumey
ANudBuwAaTamIsarhnnsmsidesegndios nseilanudndudeniseonuuuisas
ileUszgndld Wevimsduaiuiudusmudnigihddidemadelaiiiausuuuiiasmis
AdlnAansTvaInsaRIIEuANTIIALATeINs witifesridetunteilngd Aoauas
annsaflazininuiudsaiiessuisnginssudnanlafdadunues N. Soltani uavame
[46]

2.4.2.1 wuuII@INeAAIRATEASUBS N. Soltani uazaue [46]

Tu¥ a.f. 2010 N. Soltani uazansy [46] leiaueisasimadengUlneendy
29T00aTAAN DS LU LHBUARB TN udyn A unn ﬁaﬂmiaguﬁmmﬁﬁmmmz
ans1Audfinasld wieutududldinauouuudiaemieadnm1ansveiiaas
poadalamesiuukouameniimsdeudyaadunadnie

’Nmaaa%Lama%ﬁﬁmsﬂaué’ﬁgﬁmmﬁuwmmmmLLamléfﬁagUﬁ 2.26 F19z

a

wuhdaadunnazgndoudigrasiinunusiaiiulsey warazdwmasenszuiunisasng

)
(3

5ww7mLaﬂmwmﬁ’ﬂuﬁzjwﬂﬁlﬁuﬁivﬁlLLﬁ“’ﬂﬁEﬁJi‘“‘\] M stoudygIuninanIANNEuRuS
maqammmiuswummiaLLamlmmiUw 227 wuusasameadinmansiviaussifonaln
msaimamzummmwmﬂanﬂa%wmimmmﬂaauuﬂawaqmummwmwmmmmﬂwm
iﬂammﬂﬁma LLaummsaLsusmammisuaqmimml,aumamva;Luagﬂﬁumumaafgapm
Buneled

dv, (t)
dt

C =1.+1 cos(wt+d) (2.180)
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Yo

@Ie \? i(t)

e
@IC $ w/o i;(t) —\
Vo J_

JUN 2.26 299s0Rafaiawesiuuraunaeniin sUeudyyindunm [46]

vy

Ve®F
Vi
000 AV
ViL
ot
VY, (€ «
@( M & ’EIFH g ‘sl'm Q%QEELJ!LE@

=

sUN 2.27 dgyanalinaiseeadalamesiuusaunang iinsUoudyaudunn [46]

lnefl v (¢) feusssulnihaesiniulsey, 1. Aenszualniineisas Charge pump waz
I, cos( @t +¢) Aoy 1aBunm NMendsnnnIsuiaunisi (2.180) szagaainisiiulseq
Tudndns & awnsadeulaly

T 1 .
Thm :?n_gliSIH(a)iTk,H +¢k)_51n(¢k):| (2.181)

wazsyoziatlunsmeyszgludndng & awnsadeulidu

ThL =%+%[Sin(0ﬂl +¢k)_Sin(a)iTk,H +9, )J (2.182)

i

~

a9l T ADAIULIAISTINGIR tag m=

-~

PMNFYYIUVOITEUUTUTUN 2.27  BWUANMUEUAUSAIN B, =4, + @1, ,
T o ] 1 >

=

Waz 7, =4 + ol Fudofinnsansiuiuszeziainisnulssuazaieysyqluaunisi
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(2.181) waz (2.182) AzaWITOMIAINFURUSITNIUNALATITEZLIAININUUITYUIT]
05 k lansaunsi (2.183)

a . a .
B, =4, +?°—m[sm(¢k +?°j—sm(¢k )} (2.183)
wagamdussEnaaLazauaesiging & lidaunsd (2.184)
. a .
7, =@ +a,—4m sin’ (fjsm(ﬂk) (2.184)

0y a, =0T, usnAINUTRENUTNIIIIINITHAITUIANFNRUSYsd g Idluszuulng
asBunwNUBNI B, =7+ 4, AT 7, =27 +4,, Feildansadouaunisuaniawes

waladu
Ap. =00 —0. =q +aSin(¢k+l/2) (2.185)
aofl @, =a,~27(T, L)/ T, = (0 - ,)T, Wag a=4msin* (a,/4) Waziilglfaninsodum

aunsmmeugUlale aunmsuasiasluaunisi (2.185) aggnudantuauniseuriusasaunisd
(2.186)

df(x)

dx

=a, +asin($(x)) (2.186)

Taofidhuds & azgnivdeudu x ieuanaduiudsdodes wazaumseyitusvealad
(2.186) ﬁﬂzwu:hmﬁauﬁ’uﬁ’uammiaigﬁuﬁ‘suaat.vdaﬁuaq [1, 2, 14] 9In@UN157 (2.185) uay
(2.186) ﬁ]z‘wmfﬂLWaﬁmSLU?ﬁJuLLUmas}NL*?jJuL%QﬂwusﬁﬂaﬂmiaLLamlﬁﬁqgﬂﬁ 2.28 oy
AYNFIINNITUAANNTOUNUS aunnsuanansasunlatwavenssazannsadouls
D

tan(@j e (%) (2.187)

a 4

0efl a’ =a’ —a® Feaunsnlelazdl o, WDududsirmunannzvessyuu 61 ¢, 1Hum
a = [ s I 153 1 I~ 3 = a 1 [
Fawsariiuaud 1asageglulddenndnfeaiuiatendnnazinisiuisunuasegiay
BaAnU wagin o, WWudwaudunnm asavegluannivion
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]

¢0‘

|

| |
0 i 2 3 4 k k+i x

gﬂﬁ 2.28 MywABuLUaNWa [46]

v
= !

INNTTUIUNTUAATICRUU VIO NALAAIERSUD [46] UALWUIEINITA

(%

a5 UNNOANITUVD 99 T0ATALALMDI LU UHBUAAeNTN T U udyyradunalaviaaning

q
o [

lifion uazan1azfen uiuvuirassidsdifedesnaredutiufe auntsdineudiniunis
oSunan1siUdsundasuesauanednmegluguieandenisiaudilanginssuves
szuy vaugdiluanizdon teulunisfenniediunisdenhiligniiauedinginnsumis
menwininlinesisegluaning uendniagnuiuuuiaessadamanslliiiaue
wgAnnssvesEUUlanNuAuNed AN e LRsTII NG



unii 3
WUUTIADINNANAAIENIVDIIIDIDDATALALNDS
dyauadlaingnisUoudygradunm

Tutidetluvudraemundamansidanadnivaiseseeadaianeifiinisdou
doyaunieuenazgniiaue lngeden 1 suAaNnISMEnannIsYeINITiATIEiaemATlasm,
wsinaivanedaves (23] Adeazgmitnufulssanudaauvesiiuyiian Tusdodl
uenanivdnnsitldanmsuiudsasgninuldlumsfinsmgnssuvesdudatudensea
Falamos

=

3.1 msasessuundntsaunaziinislaudyyiaBdunadismnatindauys

LIATNAYAD

NnvdnnsvesvadafuUsiamanesiigniiiausiag seds udying uazams
23] eannsothllflumsiieseiszuulumeiiand (24, 251 Idogretmau usiiudagn
nUTIRnTetALduTUSTeRazi il shadslitan deduielhinanudaauinn
fatumadafinaasgnusulse

udnmsveamaiiafulsnamateffignusuussluinendnusadtuilldgniauniy
91NNSERNANANIINAFBINIURTR lagiinsdunannuduiusseninedynin 2 dyaiu
ﬁgﬂa%ﬁammmdqﬁ%ﬁm A uay B F9daszanniu 5Wﬁ1ﬂ1ﬁ®é’1’§g§gmﬁ% 2 fendes
seadalaataulnedl CH.1 vhnsiaduanmainuasindn A way CH.2 s Tadauainmin
WARINILLA B éﬁ’ﬂgﬂﬁ 3.1 Jufinsufuiinmsinduaiasienieosadalaglnuazdesi
mstwualidyanns CH.1 wie CH2 Judyimdieds Wedvuali cH1 Judyaya

17 a

91984 nauInginvinthseuanswadyain A Ty CH.1 aglufinsiedoun lumendudiu

[

deynad B Tu CH2 avindeuiinaeatian Tuviuesimeafudyinnisidenty CH.2 {Wudyae

T

€

a [

91999 dyeyrad A Tu CH.1 avirfeuinasdgaa B Tu CH.2 aglifinsindoulna a1nnis
VAaBIRINaEIIsadaNyAgIuladn Usingnisaanaiiatuiiesannuuainiiie

[ 1

dunausazuvasinrududassiu nanfersausiwinnsuandyuiulaeldauladnede

A
'

=4

1HIaNTU LA aLBLALNULANITNUIN WnaInHIRF Y 1A AT AL I99IAIUANTINIY
W392995as 19 d I NuinilemvAudmzlunisndndyaranduvesnuies Fsawise
nanlaiunasiniadygiuiuinuduvesnuieiuasdaszaninasdus nsenanionie
nilsfouvasiuiadygradifmulsnanurewnuies
nsiunasidaddnusnanduvesnuedddlinnumuneitfnusie ¢, uey r,
MapdazagAuazlam wWinesuamkUsaiasseglulawudediu egdlsiniuainnis
naasssinanlulatiuafiuyusaiiies 2 Aty wedidsnuilsdind1Ayfesuusiiaives
Vo ) a Y A Yo o Y Y 2" ) Y Ao W
Hauns (@1aduuinideilovesyduns) lnedmualndy ¢ dudsnaiilududsnd gy
o & Y a ™ = o = 1 ° v Y Y a !
wszdudunaigieduasiUIeumeuasgui 3.2 mensivualy ¢ 1 udiud 391984 e
ANUANIVS (£, ) SymmnsduUsnaI1B ez dUsiianduy ausodiouladu
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p
dpﬁwﬁvﬁv’“ &)
Source A

Source B

ooooo
22 o

JUN 3.1 nsveasdlumesUfURTgndsnmiunudaseniennunan

Tg?,o 7, =0 ,Tm:()

vie) A VI AN NS
N 11/ 50U N \J
va(T2), .
Vm(‘[n?)' m OO mm T
ﬂ NN E B g o
(Vo )

5UN 3.2 Mudsamvaeiilulawiife e iuwdsnatensds (5,0,,..7,,.f)

gLy y (3.1)

Toedl m fAodwil

gﬂﬁ 3.3 (Jushegansinnsanssuuiiaunsondndyaradldieditueuand
WWEITIBNIBUBNTIUIN M unad LaeTiudazundsasiiduusnanfuremuies
(21, Ty Ty s Ty ) HOIRRBSZULT A NA W SONAR T e 0L ST Ul TuFadifuys
naduresueatuiy (1) wienfududagniinnsumluiusnadnsdednde fududi
N15AATUNTLUUAINGIAILISUUANNTOUIUS AUNITAINBUANYTUVRITEUUAINNTOLTEY
fsaunsd (3.2)

y(t,z'l,z'z,...,z'm,...,rM ) =Y, (t)+yf1 (z’l)erf2 (72)+...+yﬁﬂ (z'm)+...+ny (TM) (3.2)

Taoil y, (1) Aenamauausssssumduas v, (r,) Aenansuaussiliiduliafuanuvasiine
Siuit m
iieliiazaandenisinaueszvuanniseywussufuiiaesazgnltifionananisii
wmnilafulsnavatsfnUszendldmuuunfnves (23] 91nvaded 2.2 szuvaunis
syiusufufiaeailofinnsanemzuvaidgneuendfuil m szanansni@oulyiliiy

V'(t,7,) + 280, y!(t.7,) + @, (1.7, ) = bx! (7,:) + bx), (7, )by, (T, (3.3)
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@. 2 (T5)

JUN 3.3 unasidedyananieusnuarnigluvesssuulianududaszandu
F950D9AUSHIANBATTINNAY

aun1sansuALIAIMBUANTIRTUTIA VAN sadsulaRsaun1sh (3.4)

y'f'm (Tm ) a 2§wnylfm (Tm )+ wjyfm (Tm ) = b2xr'i’z (Tm ) Ty blxr'n (Tm ) + boxm (Tm ) (34)

I3
=

FINTLUIUNTUIHINTUAIRBUAINTALTI DN NI UEUUSEENS (The  method  of
undetermined  coefficients) ﬁaﬁgmﬁwmua‘iuﬁa%’aﬁ 22 d@ufuaunisatraund
NANBUANRISISUYIRIEALS sl DU

yi(t)+28w,y; (t)+@,y,(1)=0 (3.5)

LAZINTUNDUNITHIHAROUAUITITUYIANGNULAUD ANNTHANDUALBISIINYIAAIL
Weuladu

¥, (t)=4e" cos(aw,t) (3.6)

1871 4 ARUUINVBIFYIN @ =Ew, haT w, = o \1- &

'
v A

AUNNTHANDUALDIANYTUTONAITUILNAITIURNIZ UGN UBNTIGTUTT m
ausagnideulans

y(t,7, )= Ae™ cos(w,t)+y,,(7,) (3.7)

NAUNITA (3.7) N1sWIA1 4 @1unsavnbauienduiuiidef 2.2 wudu ety
HanaUaueaNysalanunsagnisulans

v(t.7,)=K[ Y, =y, (7,) e cos(@,t) + v, (z,,) (3.8)
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A 1 d t=t ’Tm 1A v Y a
laghl K = y(t=1y,7,)=Y, way M:O LULAYINUTNN T

e cos(w,t,) dt

dvBnavewnAtIngAguaNNFIaNNSHARaUALRIaNy Salanusagnieulaluiag (3.9)

y(t,rl,rz,rm,....,rM):K[YO—yf(r)]e"’” cos(a)dt)+yf (r) , (3.9)

Tnedl
V(7)== (2) 4y () + v, (5,) F et v (74) (3.10)
Kee L Y(t=1),7,75, Ty e Ty )= Y, UAY dy(t:tO’T"Tz’T"”""TM)=0 N

e ™ cos(w,ty) dt
aunns7 (3.8) wae (3.9) gndunalainvwavesvenanuddaselulmiuenmdnaoluudius
Ignanedunasiuszmineainsilaguesszuy (1,) waznansvaussiaduiduilsiduvaaian

109 (», (7)) Feisnmsaszrinuunusal

3.2 mMsAnEINNANTINYBIITBRATALANR NN sTaudy B UNA
wuuTaemsadarandidanalndmiuesuienginssuverntasoeadaiaine S
mﬁﬂaué’zyzgmauwngﬂﬁqLauaiuﬁﬁm‘j wuudiaesmsadamaniiienaiinausaze
Tuguvesanniseysiudiinisiinseilaseifemaiadudsiaamateds uazAneuveq
aumseyiusaveglusumneulisiinsizyt (Analytical Solution) n3eeglusuta (Closed-
form solution) axn1sAmeUfInazgnltiilossuIENgANTIIVENIRTUFAZAINE
n1sAnuIngAnsnvessaseeadalanesidnisdoudyyrudunnluiites
svunlidyanadunadudyaaloiniennud mstivueldyyudunadudygia
ieziﬁwﬁamm?iLﬁaammﬂé’fgﬁyﬂmiszfﬂlﬁuaaﬁﬂszﬂauﬁugmﬁuaﬁﬁgwmﬂszLﬂmﬁuq Foruds
Guasiinyaufiagyinisfnsmginssuiugiurenaaslasddygnadunndudyniled

AL q

aunsvesdyaaledaunsagmieulanad
x(7)=X, cos(a)fr) (3.11)

lngfl X, uar o, AevuinuarANivedyyIMBunn
3.21  MsATIENIRTesadalamesninslaudyyindunadiemaiiagy
wustaamiangia
nsfnwIngAnssuvesszuundnisdulunsliindsusznovludivaosdiufe
MavenguarlaTinedounduasguil 3.4 agenfesyuvaunisouiusduRuNass niouiuiy
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seldimaliansinszissuuninisdumemuwlsnairaiediniasun1susulganussynals
AetiuanNTeYUsYeITEULURUNaailalinsUaudyyruniguanae

V'(6,7) 428w,y (t,7)+ @ y(t,7) =bx"(7) + bx' (1) + byx(7) (3.12)

Tae@l y(t,r) Aeflaiduvesdyaaiednnuesszuudaseneulufenanauausssssuvii
(Natural Response, y,(¢)) wazgHanauauasdafy (Forced Response, y, (7)), & Aaf
Uszneunsminesszuy, x(z) Aeladdudyanadunmluaunisi (3.11), o, Aendud
SI5UVNR way bbb, AodNUsEANEURITTUY ‘mmEJLm’jwé’mﬂisﬁwéﬁy’wmiuammiﬁ
(312) lFunaingunsnivesiisastensuazastioundy uiiiesanszuugndoensly
aunsaaedyaulameiiieuazasegnaaniia TURNEAILI AT NOUNIS VLI
zdpafiantonuin 970 (3.12) nanavauassIsHTIA (1. (1)) Tuan1agfifinnsdu (Oscillation)
ansnsognisuldsed

Y (8)=¥,e cos(ayt) (3.13)
Tne? ¥, 1uAussmuliindumuesasvesuas o, = J1- & Aernuldasy 015vuy

Ladfinssunulag aunistinfedyg nisasosadalamesnantuan1izund
dwsuaninaduiloswnanndyaaneuen (y,(¢)) @awnsamlaan

y‘/" (T) +260,y; (z’) + a)fy/ (T) = bzx"(r) + blx'(r) + box(r) (3.14)

el 0, <o, MUuRARBUALENRIN x(7) Afe

ylr)=X, ‘H(a)f)‘cos(a)fr+4H(a)/.)) (3.15)
X Y
Amplifier >
Input Output
Feedback |
Network

5UT 3.4 luwavensasesadaiamesiendelassaiisvesszuuleundu
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270 (3.15) AdmUsnaAgyastane

(b -bye?) +(ba?) |
|H ()= ; (3.16)

(a)j - a); )2 + (2§Sa)na)f)

= & 1 a a .
FUUUNANDUANDINBANALTIIUIN (Magnitude Response) UB93995UaY

2
by —b,; @, — Oy

b 2 :
ZH(w,)= tan™ (Lf”z] —tan”' [&] (3.17)

o

ABHANBUAUDIRBAIINANINIE 1NVENNITNITIATISRANN TOYNUSIU AU JUNT
HanaUaLasALYIalaNITagnNiTeulAd

[1 - r(a)f )cos(a)ff - LH(a)f ))}e”” cos(aw,?)

y(t.7) =Yg,
+r(a)f )cos(a)f.r + LH(a)f ))

(3.18)

\Heannaasesadaiamaiinalnnsauanieuuagawlsazinvsaiuatlivenyaaliiiu
Y, Muudvinisuanealadaunisaig Y, wisliluuinaesinaansiauslndine

o A o Z X A . -
funeuuRunndiga lagh r(a)f)zy—f‘H(a)f)‘ PNAUNITN (3.18) e NUUONUAIAUDY
Sat

IMDUNARBUALDISTINYIRAETNSIUABuLAsT W a9 BB Navesdy g uBune
uenIniaumstldrudssavsfildanngunsaivesinssuensuazasasioundul ivoun
wiaunsfmeuiidedlusuiitudoutiendesndussavinatgnsndlilunanouauaes
Dl RRIC R NIRCIE R

(a) 01k

0.05f

y(r=t+e)

-0.05f
-0.1F

-0.05 0 0.05 0.1 015 7 Second

. . . L ]
0 0.05 0.1 0.15 0.2 t;Second

5UN 3.5 dygyrnannileaidudefuuazdyaiuainuanauauedanysaiaInaunisi (3.18)
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Wielviazainden1sussengaunisi (3.18) fegndygiuntaanaunisazgnly
JUN 35 (b) Feafiegedyannanauauesanysalvataunisi (3.18) aren1sivunli
Fyaasssurdiouiady Y, =1 uazaudegd f, =100Hz VusNNanUAUDIIN

Y

& v v v d‘ IS X A 1l
ilartudedulugui 3.5 (@) Twuadu r(a)/)zy—f‘H(a)f)‘:O.l ANUDBYN f, =20Hz
Sat

v o

wazwlaedi £H (o,)=-=/2 usnanifaimualidyarunisusndiingiininiiia

[

dYINSITUYIAMEIAT £=0.05ms  IINFYYIUNANDUAUDIAUYITUNUIINTBUVDS
o d‘g a dd‘ oflq dd‘ 1 [ a dd‘ 1
AYQYIUAINAISIUNTT Oms AUNTERIUINN 0.05ms UANIBWRIDINIUITAT 0.05ms WU
nsourasdyaIMinsdsuLlasaanndasiuiudyyrudunnuainsiuasusUawiused
osd QI N5 UABULUAITRINTBUNAINMBULINYBIANNTTN (3.18) Fuullouduaunis
YoId Y1 HBALERATUEIA (Amplitude Modulation Signal) wagillesiuiumeudl 2 ¥eq
aun1sziiansinaedmalinsauduasvesdya s 21030 3.5 (b) YUIAYeINIS

i dy L 1 X ¥ N i
WaguwUasuegiuAives r(a)f):—/‘H(a)f)‘ wenINUINFU 3.5 (@) uag (b) dalduans
S

a

ﬂ’ﬂllL‘U‘L«!’e)ﬁiusdaﬂﬁnLL‘lJiL’Ja’WI\‘iﬂEJ\W]’]QJVIﬂﬂU’]LGUE]IUWJGU@‘VINTHMW ﬂanﬂaammmauwm

o q
U

Limmuammﬂm%mmmmanm‘m Oms VBIAILUILIAY 7 VU mﬂiwﬂgiuammwm

g}
|

NANDUAUBIANYTAMTIIA 0.05ms Tusuusina ¢ usnantilauanslFifiugsnanuunnsis
suaqé{’zyigwzuwamauauaqamysd%mwiaaa‘%aLaL@@%ﬁﬁ‘[mqa%ﬁaumﬁhﬁu NITIATIENA
195lngedEmATAf L SNaMA18f YDA TeaaTRARESII 3 yindanzgnuiaue
Sasteluil

1. 199500aTALAMDITUUULIBUUIAD

1938eadalameskuLAsuUIediiin1sTeudyaadunmaiznsouandldi
Ul 3.6 MsfrunwanevaLesTINYR@savIFITwRIuRUTdeR 2322 aunis
HaMPUAUDIsTINTRA LA T ulm Ty

Vouy (1) = 4’ + A7 (3.19)

i 1 R 1 & o U U
Wi o, =0, =— waz k, =—L=2 ludiuremanavausianilindudsdu aunis
RC R

i

RIILTE R EANIG R PRI K

d*v ( ) dzvm T dv, (7
—;f; + @ Vo (7) = —27()—60),%#—2&)@,\/- (z) (3.20)

=

Menannsunuilsitudunaluaunisi (3.11) aduaunisn (3.20) wazodeISiiey
duuszdnsazlai
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Vo (7) =V, [H (@, )| c0s @,z + 28 (@,)) (3.21)
Tned
(a)2 -’ )2 +(3a) o. )2
(@, ) — — (3.22)
(a)rfW - a)zi )
bl
4H(a)l.n ) = tan”' (—j}g:”ia;"i J (3.23)

d' ¢ a s = a  ea
NANUNTIIN (3.19) Lay (3.21) Na@@Uﬁu@@auuﬂimm@ﬂ’)ﬂ%i@@aeﬁaLaLW@iLLU’UL'ﬂEJu‘Ui@‘Dﬂ@

Vow (t ,T) St 1 P al ANl

H(a, )

cos{a, 44110, ) 529

AAUALA vy, (1= 0,7) =V, WaZ v, (1=0,7)=0 Fwuaun1si (3.24) sznaneslu

Hy (@,)

ow

Vo L HELE Vo (1 o ;/f” cos(a)mr +/H, (a)m ))J cos (@, 1)

(3.25)
+V,

m

H(a)m )‘cos(a)mr + ZH(a)m ))
mﬂaumsamﬁu’jwmmﬁuaqmamamauauaﬂﬁiimwaLfluﬂqﬁ%’mamm%umﬂ@i’mmmmﬁ

FATIZATTUUALNITOYNUSLUUAAANTIT LAAIT

Vo(t,T)
Vin (T) Vi e

Ry
AN
+
1
b T YA
Vi C R

R C

A4
5UN 3.6 193TR0aTALAMOTWUULIBUUSAT
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2. 199500dTALALNBTHWUULADULNE
~ =~ a & A aa Y]

SUT 3.7 Apravseeadalamaiiuuidoumaninisdeudygyunieuen a0
N15N1580ULUNITFUVDINASIUUNT 2 FUNITVDINANDUAUBISITUIRA 1L TaTeule
<
WU

Vonp (t) = A,/ + Ae (3.26)
o 0 k 1 o
Wehw, =—~, o _ L , M, =—Lt—=— lay kpzizi ANNTUNANBUAUDIAN
N e 1+k, 30 R, 29

A
Handutaduanunsamlaannauniseyiusasaunisn (3.27)

3

d*v (T) w. d’v (T) W dv (T) )
P 0D o ()
3 2 2 3
N d an3(7) i 3w, d vmz(r) 2 34w, dv, (7) +&an (7)
dr 10 dr 30 dr 30

(3.27)

v a

Mevnennmsunuilsitudunnluaunisn (3.11) aduaunisn (3.27) uagendedtiiey
duUsgansazlan

vou (2) =V, |, (@, ) cos(@,7 + 28, (@,)) (3.28)

Tnen

(a)3 - 93w, 0’ )2 +(34a)2a) -300’ )2 -
p p W, 'p W,y o

H, o, )= (3.29)
e (0} = 6w, ) + (5030, ~ @)
bbale
[ 340, 0 -300; 500 -300°
£H (o, )= tan™ | =5=E = | an | et (3.30)
Op — 93(0Pa’m Wp — 6(0})6%

NENNIIN (3.26) wae (3.28) namauauesanysalaunsadeulalvaidu

Vop (t,r) =Vp (t) +Vop (r) = A, e’ + Ao + Vo (Z') (3.31)
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A _ p—
A &%(t,r)

v (r)@ >
C
R

v ve C
% -
R

UM 3.7 waseeadalamasuuidoulia

mensisaReulusuay Jadmuely v, (1=0,7)=V,, Wag v,,(1=0,7)=0 Ay
aun1si (3.31) nanewdu

Vor (1,7) =Vyp (1 c ;” H, (ﬁ)m) cos(a),.nr +/H, (a),.,, ))Jcos(a)d,,t)

or

(3.32)
+V.

wn

HP(a)

in

)‘cos(a)mr +ZH, (a),.,, ))

3. 299709FTALAADIUUUABLATIADT
\Welsaseeadalamesuuumaingiiadlugun 3.8 agluaniiznsdu auns
NANBUALBISTINYIRVDNIATANIN ST Ul Ty

Vono (t) 5 Azejwdgt 2 Aseijwdgt (3.33)

a
lnghl o, =

R ! ~ U fay Yy
@0, Wy =—— e kQ =—=1 "ﬂgv\lU']']sUmgwagJﬂf]ii’]UWUﬁVﬂEUWUW']
RC R "

nanavausIInilaituausaeulau

dv. . (r d*v, (t v, (7
OfQS( )+(0Q OfQZ( )+a)é OfQ( )+0);ngg(f)
dr dr dr
R ) (3.34)
d’v, (1) d*v, () ,dv,(7)
= 3 +2a)Q >+ @,
dr dr dr

Menasnnsunuilsidudunaluaunisi (3.11) asluaunisi (3.34) uazerdedsiniey
dulszansazlan

Voo (7) =V, |H, (a)m) cos(a)mr+LHQ(aJm)) (3.35)
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| =
o v o
U MN voi(t,T,
; 2 V()z(l‘,‘[) U1 o
+
Vzn(T)
@ R
_L AN
T

5UN 3.8 199500aTaLaM 03 UUAIDIATIIBS

Tnen

2
H - 4 in"Q in in) . 6

(—2a).2a) )2+(a)éa) o

bbeYe

2 3 P s
w,. — 0. — Q-

4Hg (@, )= tan Tt s tan | (3.37)
—2a)ina)Q a)Q —a)Qa)”’

NANNIA (3.33) wae (3.35) nanauauessanysalasnsaoulavidy

Voo (l‘, Z') =Vono (t) + Yoo (T) = Azejw"gt + A3e_jw"gl Vo0 (T) (3.38)

AEN1SNTIReUlUELAY B el v, (1=0,7)=V,, Wag v),(1=0,7)=0 Ay
aun13? (3.38) nanetlu

Voo (t,r): Voo [1— s H, (a)m) cos(a)mz”rZHQ(a)M))Jcos(wth)
VOQ (3.39)
+V,|Hy (a)l.n) cos(a)l.nz”r LHQ(a)M))

MNMTIATEENITeRaTalamasa 3 uuuieTrUUaNNseyTusAldnadagh
wsnamaefamyinsUuuuaunsRaneUaLesaNyIaivaa 3 2sasdenadesiufuaunisd
(3.18) uawia 3 199592 LINT1ATUTENTNVUIAVIFY Y1 UBUNALATIUINVBIF Y Y 160U
lendnaiouiinstoudyyinunisusndsguiienans uausdfeLAITIVUINYD92993
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X ¢ o < o
(r(a)_/.)zY—f‘H(a)f )‘ ) WuuvlrmesnsvunvuinveInsildsunlasnseuresd g
Sat

Wi Hanavaussiam WAl ([H (o, )) waswa (ZH(w,)) V03 3 @13150

wamalaidsguit 3.9 Tnefmuslinnuiidaszegi 1 Kiz Wevhnsi3suifisunanouausssio
pnuBiuianazslavensasia 3 wui lunsdfieruivesdyyudunasiniiaanud
DaTy VWAV YYIAUNANDUAUDIINTRATUTIAUTDI1AT00ETALALI O TLUULIBUUIADLAY
Beuarzgnuens vazfinsasmsiasiaesvuiavesdyaaazaameu lunsdifiniuives
é’fgfg’lméuwquﬂdmmuﬁﬂﬁﬁu VUNAVOIF Y QY UHNANDUAUDINTHINTUTIAUVDI2995
poatalawaih 3 awgnueny uwiegndlsfinudvsvesgunsaieniingslaildgnfinnsandslag
il gUnsafasUszngindrefiuasasnsesaniuie fiuisaseoadaiameiuisUszay
Fyramansvaussnnilsidutifuiiauigezlivinng vagilunsdinnudlndiu
AAnsdu KssazegluannizdendaazgnnailunieaziBenludedaly

3.2.2 danuzvesiasessdalame fniinslaudyniadunn

anuzvenIseeadaames N sdoudyyudunndl 3. annzieanizlifen
anzhen wazannzdn laglunisunausngfinssuazivualivuinvesdyayiudunniia
tfoy uazimualinadduns (@,) WayANadasE (@,) fefiuand1efuuing e
finrsananzliben 5ma1ﬂ5uazﬁwmiﬂ%’umm?{ﬁuwmL%’ﬂmmmﬁaai:ﬁLﬁaﬂmimﬁﬁaa
Waswrihuan e faarntezinisiansanannzdadaduannziiniuludiueu 9 1nd

g1uNTA8N waznegaIgynsAuigIunTsaenluanIzaen

Weinbridge Oscillator
—— Phase-Shifter Oscillator

Magnitude
>

200 T T T T T

100 - —

Phase (degrees)
o

Weinbridge Oscillator
— Phase-Shifter Oscillator
Quadrature Oscilltor

-100

10° 10 10 10° 10 10 10
Frequency (Hz)

JUN 3.9 NaNaUALDIHBAUATULIALAZIAYD9TRRATALALA DTN 3 UTBLN
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3.2.2.1 anzlidenuaznisilasuanndnzlidenludsaauzn
annglidonduannizinsaseeadaiamesludslasludiudyyruniousn
lagfiNai1an19A130 (Aw) 581INANNABUNN (0,) wazAuddasy (o,) dAndwali

a

dyanaduwslivssgdoulunsden Tuaneddsanunsouudliidu 2 nadl nadiusnifunsd
finnuddunaiianiesnitanuddaszanng waznsdi 2 Wunsdiimnudduneuinnin
Arwidaszang euananginssuvessasluanneivest 2 nsdlunniuisendeion
ATUEITUSTH 7 =1+ 2 DnauNST (3.18) TeaansaiBeuldlmdd

cos(w,t)

_MCOS((% oy )t aps+ ZH (o, _a)f))

y(tt+e)=Y,

at

r(a)d . (3.40)

_%‘H(% + o, )‘COS((“’d 7 a)f)H_ D SN LH(C‘)" Ty ))

+r(a)f )cos(a)ft toe+ LH(a)f ))

INANUNTTN (3.40) WUNAYIRL y(£,¢+&) NRINMITTIUAUVBFYIN & AudaIEiU
AowauANRBase (w,) nleglusyuusiuaiuiy neuaudvesdyyInguen (o))
LAZINaNAUATUARNNNIANTURD @, —0, UAY o, +o, Baluninduasnuiivuinves

LAAZDIAUIENIUILTUBYAUNARDUAUDIAINNNVUIAVDITEUULALIUNDNAUD DATE

Y

1. NIl o, <o,

nsailagninausluilesfuuailuiiten 3.2.1 wazdlavinnis
dondayaranordnnvessyuuluanisiidudiegnadiguil 3.15 F1aanguasnuinsaures

oo

=

€

10k Ne T UAsuLUasanAR e i U Y 1B UNe wagAR e AuAUNgANTTUTBS
MNEAARLTIUIN (Amplitude Modulation Signal) 61%11N13RA15UNENNTTT (3.40)

lunsdlll alnesuvesdygyaazarinsananslaneguil 3.10  3mnguaznudalnaiuves
doyaaurzUsenaulueig 2 diu dinusnialoutuivaunasuvesdyayiuuegianniuuin

a
oy

=

Fausznaulumemennuddase (e,) ANudNas1 (@, -0, ) LarAuinauIn (o, +o,)

1% '
LY ! a

Fatudniiaesfoaunaduveanenmiuitnasdeifeimeun i duns UaNINTNUIIEN
”@fywmﬁuwmiﬂlﬁLﬂuﬁﬁgﬁgﬂmﬁzmmiasmﬁéfaqmil,wiLﬁuﬁﬁgﬁgmiumu aun1sii (3.18) ¢
wansliiuidyanasumuiesdilusumuduaasassassdnvaniong iy Jufeduay
Winlusuniu (v, ) vesdayqradasslumenusn warsunuLuuUIniaeastlumeudiass lu
é’ﬂwmzmiiumuaﬂ'wLLiﬂ‘f‘:aamﬂé’aaﬁuﬁ’quaﬂismaﬂﬁmmmsumuﬁgnwumnlu
geadaLawmesiuAonis Up-conversion [21, 43] dwaliiAnlesuuudiilifesnisiuvend 2
war 3 luaunisi (3.40)
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2. N3l o; >,

Tunsdlfinuddumne (o,) UINNIANNADASE (@,) WINY TEUUAE
mauauawiaﬁigigmﬁuwmﬁ@EJmmﬁaamﬂé’igzyﬂm@uwmagjuaﬂsimmsmauauawaﬂizw
wavarhidwaliifnmenmnd o, +o, War o, -0, YurifavesdyaIUBuNRgN
ifudarlfeglndauisassanniuudlivssadeulunisiendsgud 3.11 wuinmeuaanud
o, + o, 91UNNgliIunszgnidneenluiienuan YL T INANDUALBINITUINVDS
58U (r(0, +0,)) wavnsmevaussnuivesgunsaluendivl (W slew rate lusey
weud) drmmonmud o, -, eaghivsngliiiumsizgnidneenlusmenadnuas

YDINANDUAUBINVUIAVDITLUY (1@, — @, ) LTUnY

MNsEenstidieaundunngausulmdimaiuddaseavdaaln
szuudsuananiyazliddenludiannzdn fnansildsuriuainansliamnsawiady 2
NIAMUAIANUDDUNA NN 0, < @, INAUNITH (3.40) HoANUDNBUNAARBUTILIIM

AMUDDATE 19ATPRATALAW B IsanIUIINgNsataule 2 Usingnisallagiansan
flafdudsiusansigdeguil 312 Usingnisalusndie |H (o, )| szfve tisduna

Y} 4' a s ¢ a o r(wd + a)f)
@maﬂwmzmqmmmwaaaa%aLamas Uiﬂﬂgmimwaamammaq — LAY
rw, —w,) NN Y o < Ly
— e %amawumzmumuaam’lmauaummmzmmaam:ﬁazm%

Magnitude
\ AM Spectrum
Information
Spectrum
rwy- )2 | r(wq+ w)/2
r(ey)
oy Wd-Qf Qa4 Wat Op O

JUN 3.10 anuzlifonnsdl o, < o,

Magnitude
‘ 1
r(wy
r(wq- wy)/2 r(wa+ w)/2
Wy - Oy Wy wr Wyt O o

UM 3.11 anglidonnsdl o, > o,
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Magnitude
‘ 1
r(wy)
-wy/2
re wf) T r(wg+ w)/2
Wyq - Wy Wy (OF] Wy + Qr @

JUN 3.12 maasuiwananiglifenidnganiizden

Y 1 1

N3N o, > o, \ewnlunsdaiuddunsinageduandiuns

Y
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nanzliddanuazdnanisidsuriuaniugluiided 3.221  auds
anngdeniazgnnardtuiitedall s9seeadammesiiimsteudyaadunndalidnaniie
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Y, cos(a@,t) /

i Xf |J{-J_'(|r.o_’r )|cos[mfr+ lH(mf))

Xf cos[ruf.f)

UM 3.13 M350 U0 INaNUALDITIAULAL NAND UALDITTTUYIA
Tneodulawaslnosknsy

[

naun1sit (3.41) Wumsrufuvesdyain 2 dyyiadaianuiunnig
fiu Asn1suindyyin 2 aesdygalunaimnssudnazlduaweslnozunsunazinaiges
SU’eNmii’mﬁiym’lmﬁgﬁﬁmﬁﬁﬂmﬁﬂLLﬁ@ﬂlﬁ@]}ﬂgﬂﬁ 3,13 Ineflawesuiazsuduadivney
YosuAar g Inkariin1sesdidyayiuaieusn eedernuduiusves Cartesian

coordinate [43] LavgAsUBIaYNTNYBLNLADS ANN15T (3.41) avanansoiTeulnilsidu
y(t)=A(t)cos(w,t + 0(1)) (3.42)

18 Aw=0, -0, AOHANNTENINAINDIUNR (o,) baeANTdaTe (o,) Tuinaggn

= i P da
L3N T AU

A=Yy 147 ;) + 20 )eos(u () (343)

( )sm( 1))
1+ r(a)f )cos(u(t))

6(1)= tan" (3.44)

LY
u(t)=-Awt + ZH(a)f) (3.45)

91NEUNI5N (3.42) enuItuan1zln 299500aTalawma3IeTINIHANFY Y IeANAT

A7}

yuanazig utsanudiduilsdduvenian tasifuiiunaulasgraunniinisiasunlas

& U U = a = P o = o Xf a

999914 3 fledduiuiinnuieiilosiu fausdi (e, ) Ty —‘H(a)f)‘ uazLAn
Yllt

NMsIngUmuilanaluneudu widwinisiiansanesduseneukarnsusngbuaunisy

(3.42) 9 (3.45) agnunduduiulsninud Ay ed1aunAeIEuy 3NENNITIENUIN

r(o,)  Uszneulumednsdiusznitawenddgavesdygradunnnasdygyrudasy
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dunm (X ) wiegedrufel lunmenduiudinisasnieienuignvesdyaiusunauazi
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< v = SR VR~ gy A
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wazaNN1IURILaNUanvzNATLTY

N | =

A1) =Yy, (1 +7? )% [1 + lcos(u(t))}

T e (1) () (3.47)
:}’Sm(1+r2)2 1+;(1_(23(,(12!)2)(4n)/1"cos”(u(l))

2r(“’f)
1+r2(a)f)

(3.47) Agwuinfendu A(¢) ameduivaunisvesdyanuegianLauUdaatasaaeiuiy

lagil A= PNNgRnTINNMTUAsULUAeIaNURRaluIUN 3.14 uazaunisii

NIFTUNIUVDIFYYIUTUNIU [21]
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wia (6(t)) vesdyaanerdinmiu 0, tan(r(o,)), 0, —tan"'(r(w,)), 0 usinsfiarsan

WYANTIUVBINITANNNITN (3.45) Aputadudou Awudteandueunsumeans wasngugly
lulilva (Binomial Theory) 9111

=" (3.48)

n C n n— C n n—
(x+y)' = {k}c "y"=2(k}c"y ‘ (3.49)

Y31
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/‘)sin(nu(t)) (3.51)

NAUNISNUINIATWWALRRIINKaT NIRRTl IR AMUATUTILIL 7 WNUBIANLD
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Aumlalasdreiilesanauniseglusuilddudon vasfinsAumauninvesadnniuves
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lunsdlfl (o) fdrifosunng aunsiauenvagavesdyaraiendnnliiinnis

Wasuwawde 1 2 (0, )+2r (o, )cos(u(t)) wouUdgavesdaynniedwaluannisi

(3.47) aznanewlu
A(1)~Y,, (3.53)
wazileridumialuaunisi (3.51) nanedu
0(1) = (e, )sin(u(r)) (3.54)
fefuaunsieinavesssosataamesluaunei (3.42) ansnsodoulvalldii
»(1) =¥y, cos(@,1+ (@, )sin(u(1))) (3.55)

Tngo1fgnsmMemBInadiifian cos(a+b)=cos(a)cos(b)-sin(a)sin(b) wazsimsUszan
0 cos(r(@/.)sin(u(t)))zl 1H sin(r(a)/)sin(u(t)))zr(a)f)sin(u(t)) Faaunsi (3.55)

Aznatesu
(1) = Yy, [eos (@) =r (@, Jsin(u(t))sin(a,1) (3.56)

vhegeldansmanslnadai
. . 1 1
sin(x)sin(y) =Ecos(x —y)—zcos(ery)

aunisi (3.56) aznaneiu

r("’f)YSa

y(t)= Y, cos(w,t)— tcos(a)dt—u(t))+wcos(a)dt+u(t)) (3.57)
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y(1) = Yy, cos(a,t)
_r(‘”f)YSm
2

Y. (3.58)
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andu 0(¢) Yszanalaidu

2

49(t)z—r(a)f)sin(u(t))+%sin(2u(t)) (3.62)
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Magnitude Magnitude
A A
Y;‘at Y
|r(a)f)YSa, |r(a)f +Aa))YSm |’”(a’f _Aw)YSat |r(a)f)YSat
BER RN o 2
0, @ (o,+h0) (0, -ho) 0, o, o
() o, >w, ) 0, <o,

JUT 3.22 alnaSuvesdaanednnluanizdnvesaunisi (3.60)

uwagdanalyt 0" (1) Nl n>4 Terdesunnilleiguiuneudus) WUl MENaRINNITUNY

fladu 0(r) Tuaun1sn (3.62) asluaunsi (3.61) wisuiuviiMsinguaunis aunisved

[ 3 a Y
doyaauednnraninsneulaliy

»(1)= W[ﬂo + 2 %}cos(%t)

+Y .| B, +%+%}cos(@,t—u> 7 |:ﬂ1p ﬂo izh}cos(a)dt+u)
I y)
a ﬁ2”+%+%}°s(a’ﬂ 2”)+Ym{ﬁzp By 'i”}cos(a)dHZu)
+Y, /33" /wz” %}cos(wdt 3u)+Y, [,@F 4B, J}cos(a)dt+3u)
+......
el
4—(pl +p3)
ﬂo :f
3
B, = 4/_% (pl +2p2 4p, _8)5 B, :ﬂ(_ﬂ2 —4p, _2/022 +8)
3 2 2 3
ﬁZn (2,01 sz +2,01 P +p2) ﬂZp (2/01 +8p2 2/01 P _pz)

48
e,
B 24_18(12[)2 +3p22 ) ﬂ3p

p=" p2=F2/2

(12/02 =3p; +p )

(3.64)
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NnauMs (3.61) waz (3.64) sewuindauls 4 e?fﬂmmﬂmil,ﬂ?ﬁ'auuﬂaﬂﬁuaﬂLLamﬂégvaiJ
Usingluruinvesusazines dsandaognduguil 316 uay 3.17 lauansliifiuiinig
Lﬂ?isjul,mawaqLLamJﬁgma311Jﬁf1msammauﬁumWuawaﬂaLﬂﬂm%’mé’mﬁaqmmmmﬁ
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WelmAnAudauuIngtiy fegransAuinvuinlzgnitauslagivuali
ANUDBUNATBENIIANRDATY waziieliasnInden sNaIsanIaivuall A=0 Tunsdif
r=03aun1sdgarasodnnaiunsadeulady

y(1)=0.977Y,,, cos(,t)
+0.1516Y,,, cos( @, —u)—0.1465Y,,, cos( @, +u)

sat sat

—0.0107Y,,, cos(@,t —2u)+0.0332Y,,, cos(w,t +2u) (3.65)

sat

—0.00297,,, cos (@, —3u)—0.0039Y,, cos(w,t+3u)

sat sat

=~ al o 3 a v &
LLa%IUﬂimV] r=0.7 dun3 @@,quaqmwmanqiﬂL%quLﬂL‘Uu

¥(1)=0.8625Y, cos(w,t)

sat

+0.3662Y,, cos( @yt —u)—0.2966Y, , cos(w,t +1u)

sat sat

—0.0453Y,, cos(@,t —2u)+0.1678Y, , cos(w,t +2u) (3.66)

sat

—0.0384Y,,, cos( @, —3u)—0.0474Y,,, cos(@,t +3u)

sat sat

wazannsauanslvaglulawuanudladsgun 3.23 9naun1si (3.65) Lazgui 3.23 (a) 9y
WUIVUIAVOUNBUAIUD @, —Aw =0, Ua2 @, + Aw giiAlnalAgeiugn Yy

vouvouALBBugardadesn Weviinisdia » 1w 0.7 ssnudmuinsemnmoniindu
wiludndauiidnsfudawaliiAnnalisuannsvesadnndu Tulsnuidunnaziiiangy
ArwiBuwnh s Ruin e aiuldte vneilulwsstutuynimenasivuaiiiuiy
wavasmduiuasly

JUN 3.23 awnesunilaannis

&lded b

| g Uszanauelaunisi
& 5 '
(o, —200) o, (@,+A0) (o, +240) (3.63) Lo
Rad's
; ARON @ r(a)=03

R was (b) r(w,)=0.7

L . || PSRN,

@, —2Aw a,
(@ ) @

&

(@, +A0) (o, +2A0)
Rad/s
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3.2.2.3 @n13zden (Locked state)
Weaudvesdyaadunadnlndanuddassunnne dygiudunnazuss

D Ag]

a [
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q
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)= [

A0nARINURYYINBUNG ﬂanaﬂuwumammmmawmwmmmwmvummwﬂ‘um’ma
vesdyyiaimeuen  nieufuturuinuay wavesdynnanerdnnazdudinsilifinng
LiJasJuLLiJaﬂm mﬂan'nymna'nmw'ﬂmmmimmawumsaaﬂimawmsmmﬂwqmmiw
Antu luanmedi 2 duitdddenisinnsanie dauusniedeulvnsdonuazgunisden
mmzﬁdauﬁamﬁaé’mmmmﬁwmaqswﬂuamwﬁ

a < ' <
1. veulun1sdenuazgrunisaen
dienavseeadaiawmesegiuaniivaen uavesdyyianednnazll

T o
s

wUsiumunaIduRanseuiusveuavesdy b unselianlugud wazaunsnideu
aglugtaunslansil

(3.67)

do(r) d 7 [ rsm( (t)) ]
1+rcos( (t))

aa ! d v & - <
91ALgnTRUNUTHT NI i %tan‘l(;zﬁ):{;}% PRUUANNTIN (3.67) AznanaLlu

1+¢°

1

o(1) =0~ [ rsin(u(t)) ]
C(Crsinu(n) ) a1l reos(u () (3.68)
i 1+rcos(u(t))
msdnguaunisazla
1 2
0'(1)=0= ( ”COSZ(”(t))) 214 rcos(u(t))
(1+rcos(u(t))) +(rsin(u(t)))
-1
cos(Aa)t - LH(a)/.)) = (3.69)
mﬂﬂmauummmﬂﬂmm'} |cos |<1 muuammim (3.71) aznaendu
= (3.70)
p

Y I3 ~ v
LLaza:uﬂﬁiLﬂ@ﬂ%ﬂ’]iﬂ@ﬂ%ﬁ’]MiﬂLSUEJulﬂLiJu
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)=t (371)

a

naun sy iiiiuindeulunisdenuusiunseiuruavesdyaudunniazruinvesilendu
anelou vauzAideulvnsdenuusiunduiuruinuesdyaudase 31N99TeeaTalalnes 3
Ussiniignldidudiegnddunisfinwil aunisdeulanisdenvensasesadamesiuuiou

a [ 3 = Y @
usndazamsadsulaidu

P 2\2 3 2
(a)nW _a)in) ( a) a)zn)

2
2 2
(a)nW - a)in )

s>
Y,

Sat

|k | =2 >1 (3.72)

AA' e a s d' a v g
allﬂ'ﬁLﬂau‘lmﬂqia@ﬂﬂeﬂjﬂﬂiaaagﬂfaLG]@?LL‘U‘ULaBULwaﬂgﬁquqiﬂLsUﬁJuvL@LUu

(a)f,—93a)Pa),.) (34a),,a) -30w; )

(co;—6a),,a);)2 (Sa),,a) - o )2

X
|kP|: Y_f

Sat

2% (3.73)

wazann1sauluNIsAeNUeNI9TRaTANB S WU UABLA TR azanIN T T sulmT

S 2
‘kQ‘ ) f/(_f (32(0’"0)93 :—(Q)QZU’” a)M) 2 2 (3.74)
Sat (a)Q —CL)QCD[,,) +(a)Qa)m _a)m)

ilevinisfinnsanaunisideulunisdonveeaseeadataneine 3 wuudznuieulvves
aumstuuanssiuet staudiinenlased e nasiuaneaiu

ﬁasJmﬁmﬂammu‘%‘éulsumsﬁaniuaumaﬁ (3.71) g1unsaDNULY
2a500aTaLaNDIT miﬂauamﬁmmauwmmmiaLsuaulmLUu

1
— (3.75)
H(“’f)

x| 2 |vs,

wazannsadoudunswlédnui 324 Tasflunudfwasunuueufovunauazanuives
dyanauBunmnud iy angunuInsriiidnvasiliaumsiadeunteiugusa v fafign
thiauslunuddosuaumn [1, 2, 14, 15, 17) maldaunasdnuazvensmidunails
1NNEILNAUTB AR UALBINNATIATignIanasmuLInYesdngaBasy e
AudNvAILYNAR A LB SsdsHaliAnA I iiaesulaud o, u
1989 pllilasnasarunngedsdaaudevuiavesdygadunaiaumin wefiarsan
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a v v 1

ANUNIBsEUNIsAENNUIEIURINa1ITLUHUR I UL AR Sy B UNe AeiIBE

[ '

lugdagnuinie X, > X, NWAND @, =0, — 0, JWTuveIA 1IN X, 3

1% 1 1 d' = &
NINNIYIUANND o, = o FWUUVDIVUIN )(f1

max,l min,1

Inaseeadaiawes 3 Ussianiignldiludiedalunisfineiil
AUNNTEIUNTITADNVDIIIATBRATAMDI LUV BUUSATIza s Ul

‘YSat

X‘Z
‘f 2

5 (a)fW -, )2 + (3a)nWa)m) (3.76)

2
2 2
(a)nW - a)in )

AUNNTEIUNTITADNVDIIIATDATAM DS UL dU Az AN sandul ety

‘YSat

‘Xf‘ 7 2 2
(03 ~930,0, ) +(34030, ~300;) (3.77)

3 h 2 “RY
(a)P—6a)Pa) ) +(5a)Pa)m—a)m)

LLaﬁﬁﬁJﬂ’ﬁEh‘Llﬂ’ﬁéaﬂ‘U@\‘i’J\‘l“ﬂi@@ﬁ%aLG]B%LLUUV’YJ’E]L@‘JLQ@%QSﬁ’]@J’]iﬂL%EJu‘lﬁLﬁu

¥,

‘Xf‘z 2 2
(—2a);a)Q) +(a)éa) —a).3) (3.78)

m mn

(=05 + (o~
delAnanudniauinndaty Megsgunisdentesisasia 3 Swgnthiauedsgud 3.25
ImEJﬁmuﬂﬁmm55633%@&%@% 1 KHz wazamualiaussaulai (v, ) fandu 1
Tad  angtasfiudignunisdentesio 3 fdnvusldaummsidesninaudnumses
naRpUALEINLTLTLIA UBnINERTNUINITDsaTaESLUU A e uaTun15dend
nafige vauzisasesadalalesLUUABIsID SN SonLAUTign

Mnaunsiteulunisluaunisi (3.71) sgwuindvhnisdaguanns
Tnidoulvnisdonasannsndouldiedsdl

at

v,

=|# (o, )X, (3.79)

PnaunsasiuIansiladuaunisnannseninuInvesdyy 1 UBUNALARANBUALDS
a

PNVUINVBITEUU A1USU995008TaLaLM 85 UNIUTEANTARHINTUdIHURTduAULINAIN 2

= A

P39 3 NNFIATIEANINANDUAUDINIVUINYDITZUUM DL u g e ulunisdaniiu

Fugauwazylegan  waeeAULN 189NN IEVRIENNTST-(3.79) - aulun15Aands
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aunsamlaainnisinassnslusunsuasuimes (Computer Simulation) 88191%u SPICE
FEMIAUIHANDUAUDIMNIANNATIVUINYNIRTNNA QY IUBUNA UEWINTIIANAAT
vilinanouauamsamRiBsadavitfuruaveswenUigavesdyyiunnuidas:
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JUN 3.25 61uN1589N199299500aTaLAMOIIY 3 ¥ila
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2. AnwadynyIL1ANAYDITEUY
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Womudvesdyyrudunaussaiioulun1sdenvesieas
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opatalales wnud |r(e, )21 wifionudnvuzvomanauausmImNALTIUINDE

q

WUITUEIUNIT HARDUAUDINIIAMUDLTIVUIAETAILINY AstuTsUszutulain
r* (@, ) 1+2r(o, Jcos(u(t)) wazaunswenUagavesdnyq nie1dnnanaunIsi (3.43)

aunsaeulnalondy

A(r)= YSat\/,fZ (a)f ) +1 +2r(a)f)cos(u(t)) =X, ‘H(a)f )‘ (3.80)
WunuLWEYDY ”zy}z:gwmmﬁwmmn&mmaﬁ (3.44) aznanenu

4 r(a)f)sin(—Aa)t + AH(a)f ))

o(t)= ==A /ZH
(t) = l+r(a)f)cos(—Aa)t+4H(a)f)) o (wf) (3.81)
Favlanunsadeuaunisues Feyayrouresmn e du
y(t):Xf‘H(a)f )‘cos(a)ftJréH(a)f)) (3.82)

a a

NENNITITNUIN995008TaLaLn DI NTN TUD U Y Y 1B UNP IS NARF Y QY IUNAND UAUD 6D

q

a wua 1

doyraudunaiissegafiedlasauysel wiainlunisujianuiueuudgnazgnaiununie
nalnnisuSurwesudunaniaingunsaiveniinild fegradu ussuliihdud uas
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U &

dyananeinaiiAngsdn Aetuaun1sn (3.83) Judeulnaloniy

y ()= Y cos(a)ft+ZH(a)f )) (3.83)

[ & a 1w [y
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9
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IngenfenasiunavesdymnsednaLazdyginduns 9]
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4.1 wgAnssunIemennnazdadenisaen

nadeil 2.3.2 u,azgﬂﬁ 2.7 %gumaummamé’aﬁgflmﬁuamwsaaa%Lama%u,w
HOUAAITYNADY LﬁaizaznawammﬁuﬂazqLLazmsjﬂﬁqumﬁ’u Famaoadundnils
YDIATUIAITITUVIRAIANNT

nnsfaun1stesuaziuaslaty auianssualiiivednsas Charge Pump (ig (1)) 71978 (

A I gj < e = I gj
|I.,|) \ilaraasegludunaunisiiudsey uavvuianseuanas (|-1,|) Wedsasegludunis

AeUsgazdeiavini Fdwmalinasiusznitnisduninsanszualniiludanisiiiveas

a0

AeUszgiandugudisaunisi (4.2)

Y

liyi2 t

jvc(t)dt + jvc(t)dt

L 4 Charge time hire Discharge time

B (4.2)

1 b 1 153
Al .[ I pdt o I ~1 pdt

L 4 Charge time LBt Discharge time

(e}
Il

L
g Ty =l —4 WOY 7, =1, — ),

a

NNYANIIUAINAN LilevinsUeudyaaiduna (i, (1)) 19183935 29959891

v a

a

[ o a =38 d' o/ a = a =~ |
N138NAYYIUOUNANABILD FYYIUBUNINAIING (@, ) kazthauuagn (1, ) Ninzaun
bisasausasnwInIsasadyaaednafignieitufe stuzaivensiiulsey
wareeUszuiiu InefiviaaesdunsmiieuesnIuna e dNARIauNTs

out

2

Tow =T =

[y

G o v 1 a a 1 @ a0 < 6 1
s linasmseninamsduiiinsanseualivhluranisiivuasaeusealianduaudiuiu
AIFUNTN (4.3)

T2 &)

0= [ ve(t)t | [ ve(e)de
L 4 Charge time 12 Discharge time

bai ty

= I (]CP +1i, (t))dt + J. (_ICP +i, (t))dt (4.3)

L 4 Charge time YR Discharge time

T

2
=| | Ipdt + I—I dt +[i~ t} J{i' t}
I cp cP m( ) Charge time m( ) Discharge time

Charge time i Discharge time
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A d' a I a v & v 1 1
N 7, =4, —t, 88 7,, =1, —,,,,, N13NANN15N (4.3) wTuasalatiu dnsradiusening
AIULDIFNALAZAUBUNAIABLTUT LAY

r " (4.4)

Toefl n udwudy Welinanudsnaunssuandsvesdygrudunnlugasnisiiulszy (
[im(t)} ) wazAeUTEy ([im (z)] ) fAdugud uasngAnssulanunsouans
Charge time

Discharge time
mmé’mﬁuﬁ‘maﬂé@mﬂmiusswléfﬁqgﬂﬁ 4.2
) faifudaly
wwfumsfinsananuunniwes n lngerfeaunisniniuuszauenasdannsadouls
Faaunisi (4.5)

ve(tim) LRI
1 =
I dVC (t) = E J. [ICP + [in sin (T_ﬂ-l & Zd,l jjdt (45)

ve(n) h in

P < v o s o ° g
W n @1un 5L ulansduiuing (n,,) wardnuauiueg (n

even

lne Ve (t1+1/2 ) =Vyus Ve (tl ) =V, Wog AV, = Vth,H _Vth,L

Charge  Discharge

E ( t) { state State
[
FRAVAVAVAVAVAY,
R Ty
iin(t)
______ 4
. §
icp(t)
[ % W ¥ ICP
- L ep
A
V,
ve(t) .
‘ t: Vth,L
Vsen(t)
I ti+ip b t
_ Unm i T
) Tout:Tl -
5UN 4.2 dynivensasesadalamesuuuneaunateninisleudyaasuns
Wensasinsusuaunatednn (7,,,) luaenadasiuaiunarduns (7,)
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Mevaavinisuiannis aunisuseiuliinlugasnisiulszganusade

1 I.T, 2r 2
AV, = E{ICP (t1+1/2 -4 ) _7{005 [Etm/z +i44 J - COS(EQ +14 j}} (4.6)

o LY A v @ 4
‘l/l’]ﬂ'ﬁ"ﬂ@Eﬂﬁmﬂ’]iLW@ﬂu‘Vﬂi%U%L’Jaﬂ‘Nﬂ’ﬁLﬂ‘Uﬂigﬂ‘ﬂ%lﬂ

T —T"“’+an cos 2”1‘ +1 cos 2”t+t @a.7
LT T, by T 14172 Tla T 1t la g
i 2AV, C I Y o 17 o q v
Weh 7, =t, —t, Te=—-2" WAz a=—" 0imuali 4 =0 Wy 1,,=7,
]CP ICP

wazaun1sN (4.7) aznangiduy

o L, 27
Ty = . +a2 cos T_TI,H+td,1 —cos(td’l) (4.8)

1 in

a AV v v v ¥ o o a ! T
nngAnssuluilananlutisiu drasinsfendyaradunsagnuit ¢, =7, = 2

uwag T, =nT, aun13i (4.8) aznanewdu
g Lo +i[cos(n7r+t )—cos(t )]
2 MIe5) 1 .1 (4.9)

mﬁ’aqmm’ﬂnmﬁaﬁfh cos(a+b)=cos(a)cos(b)Fsin(a)sin(b) ke

n RN, & : .

—=—"% 4 —1| cos(nr)cos(t,, )—sm(nrx)sin(t,, )—cos(t

2 o1 2”|: ( ) (d,l) ( ) (d,l) (d,l)] (4.10)
AMENFWIIN1TIngUaNN1T ATNAENITUSTEVIAIUIaIBUNA (7,) WaTATULIAISITUYIA
(1) awnsadeulansaunisi (4.11)

nat

T.=T, {n —zl:(cos(nﬂ) —~1)cos(t,,)—sin(nz)sin(1,, )]} (4.11)

T

Tunsdiit » Wusrwudsznuinney (cos(n,y,m)-1)==-2 uay sin(n,,7)=0

fatiuannisy (4.11) aznatedu
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T.=T, |:nodd +27acos(td’l )}

msdnguaunisazla

7 [ T
COS(Zd,l) = ol Noia (4.12)

m

odauanTAn1anIInadAnii |cos(a)|<1aunsloulunisdonlunsdin  luduiud

aunsaleulasaaunisn (4.13)

L N Moda
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~ v ' A = = =~ v A =
\Welidgsenisiinnsan aunisweulumsienaiunsaleubvedlulawunnudlalvidu

J 2c
T

nat

(4.13)

|(-fin - nodd nat )| S M (4 14)

T

naunsla gl ’mﬁmmim/‘hmiﬁaﬂé’q;iymauwmﬁﬁﬂ’nmﬁ'qmdﬂmmﬁﬁiimmﬁ
18 wazdeulanisdeniidindetuiudeulunisdenvonsesesadaiamosdayaadleiiiuds
funssfusnadiuszninsuesddgadunauazuenuagedasy dideulansdenlunden
nslagbiwnufafuuontdgedunm wozunuiaduenudduns uasivueli

q

Aj(nodd 5 |(‘f1 ~ nodd nat)

(4.15)

grun1sionvosiaslunsd n,,, awnsananslansgud 4.3 Fsaznudn Tunsdlsasanunsasin
nsUsuAuaeIANe (7,,,) 31nauasssud (7,,) ludiawlu n,, 7,

out

even

lunsdl n,,, 9wnUIUNLY (cos(n,,7)=1)=0 uag sin(n,,7)=0 aunsi

(4.11) 9znaneidu
T = Meven Ty (4.16)
wazddeueglulamuninudagledn

f;n = nevenfnat (4 17)
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nat

1
= /

4.2.1 MIAATILNIRToRaTALamTHYITmaENNiIn1sUUd Y BUNA

v v
[

Weomnudvesdyaadunnedludu n,, [, I8UUILIIN1IUTUAIULIEITEY

Fryaunaneneng (7,) wiarigdnsWiiandlng ny, 7, We1nnseuinn1snandyyinves
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n,,
Liman = (Tm,H tlim ) - (LJ (4.18)
win
wazmwEIIUSaN 1, .., W 7, fo
Moda
Limn = (z—m,L Tl men ) _( o j . (4.19)

INANNITA (4.18) Uag (4.19) SxugIaINITMUNAN 4, Ve 7, W 7, ve3Ay
T

m+1

R

.

mn

7)
=TS +td,m)—("”dd ”) (4.20)

willlpsanaunisiuegiuaiamuian 7, ssudvivinllesiduduseuresnismen T,

125217 e A
. l‘d,l td,[*l/? l‘d,Z td,m td,mfl/Z td,nkl
TNy 14 !
ve(t)
— Yyt
Tiu Tir Tonn Tz T 1,1
chh(U Tl s Tm Tm 1
s % t
f f f f f f
/ 2 m m+1 m
JUN 4.4 Ufyaadluiasiliodyaabun mﬁm’maaﬂﬂamu Lo
3 3
l'm(l) lai Lot (t"i / /fdm Lame1r2 Lym+1
AVAVAVEVASEVAURVEY
ve(?)
Tiu TiL o Tt Tt Toetat
T T o
Vsch(t) -
I I I I I
2 m m+1 m

1
JUN 4.5 suduaadwasitledyaduneiianudegladdi 37,
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Wewnaunaedne 7, fenasiuseninssernainisiulsey (7, ,) wagss

wansAelsEy (7,,) MNUAZEIRTUIMSEEZIAINISNUYSEY (7, ) Now dun1s

Tugrnisiuuszgluingdng m fe

v (twa) )

dvc(t)ZE | [ICP+1m sin(a)m(t+td’m))}dt @.21)

ve(tn) I
N v (2,)=V,, Wag ve(t,.,,)=V,, MevainIsuiaun1sduiinsnazla

1

AV, = %%,H _%%[COS(WM (Tm,H Flym )) by Cos(a)intd,m )} (4.22)

mn

loefl £, =0 uae 1., =7,, NENAWINNITINFUANNT S5828MNNUUTTUR9959T

nsUoudyanuBunnfe
T =zl +_|:COS(CO (T +t ))_COS(Q) t ):|
m,H 2 in m,H d,m in"d,m (423)

Weh a=1, /I, aumamszeaanluyieniglssy Worsinmsteudygyiunieuen
ansadoulaidu

VC(thl ) 1 Lt

v, (t):E I [—ICPJrIm sin(a)l.n(t+td,m))]dt (4.24)

ve(tuar2) Inarja

e v, (£, )=V, DIENERINATIATUANNTT SrEIANTUNITA8YTEURII9TNTNTT

Joudyaadunmao
Tl = % _%[COS(@n (Tm,H ol il )) = Cos(a)m (Tm,H Tlm )):| (4.25)

lneivuali ¢, =7, , +7,, 3INAUNITN (4.23) kae (4.25) AULAIINT m 3la

Tm = z-m,H + Tm,L

o cos(a)m (Tm’H +ty, )) —COS(a),-,,ld,m) (4.26)

@, —cos(a)m (rm’H + Tty ))+cos(a)m (Z'm’H g ))
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U U v [ a Qadll a+b a_b
mﬂﬂmmamwuﬁwwmiﬂmmmﬂ cos(a)+cos(b)=ZCos > CoSs > GEUINP]

(3 [ ¥
ﬂ?UL’JﬁWL@’]WW@ﬂ@’]HLﬂUQS‘lﬂ

m nat

T =T +2—acos(a),-,,(fm,H+’d,m))

20.’ a)in (Tm,H + Tm,L) a)in (Tm,H + 7’-m,L)
—0CoS| ———+w, ! coS| ———

o, 2 o .m 2

(4.27)

MNSWNUAT 7, , Wae 7, lwaun1sn (4.23) waz  (4.25) adlu (4.27) wiouduiinis

v v

Uszanailauende Taylor's series Men1savduiuas (High Order) ved o 3tla

y W T
T;n = Tnat + 4_asul2 [a)l"4 e jcos( a)mz gk + a)inzd,mJ (428)

el Ao, = o, =n,,,,,
kO V= a)[nT;lat * (a)m . nOdda)nat )]:mt i nOdd 2” (429)

by

k=Aaw, T (4.30)

Nodd nat

flatiuaunIsy (4.28) aznatendu

Tm = T’nat +k_zcos(&+a)intd mj (431)
, 2 ¢

o (Ao, T, o 7 o p
187 k, = 4acos — | andums (4.31) wangliliiuInA U1 veIF QY 1 ULE AN

= Y a A = v a k k I
fawhiuaunansssuad (7,,) fgnideauulumeUsunm —2003(?°+ ot j agralu
a)in ’
WIAIU WU T, 9naun1si (4.31) adduaunisi (4.20) aglel
k k k,
Atd m :_1+_ZCOS _O+a)intdm (432)

P v v a 1 ) a v oA d' =
L‘W@IV‘LGU']IQWQmﬂiiusﬂ@ng‘U‘Uaﬁqﬂﬁﬁ@Lﬂu td,m %ﬂﬂwmimﬂmﬂumLL‘UW@LUBQI@EW] m U3

Y

dudvilvegindnshesudsau wayaunisi (4.32) awisadioulalnsiiu
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dt,(m) k  k k
iil(n )zw%+w%cos(?°+wintd (m)j (4.33)

m m

aun1seyiusnladiduaunisuanimgAnssuvesisasniinisdeudygranisuen wazidud
Wauladnauniseyiusiladunilouduauniseyiusvesnawas R Adler [1] uag B. Razavi
[2] 8nee vinnsdaguaunisavla

l(,(m) m
dt, (m) =£J‘dm
o 1+ Kcos(kzo+ o, j @in o (4.34)

in"d,m

~ k 'Y v = | P Yo ~
IG]EJV] KZFZﬂ'TEJMaQLLﬂalIﬂqﬁ ﬂ'ﬁLUaEJULL‘UaQL')aquuj\i%@ﬂi}qqﬁaflﬂfﬁﬂLGUEJuvLﬂﬂ\iallﬂqul
1

(4.35)
[ i 2
t,(m)=- 2 B el Analdn X m+C, (4.35)
2a)in a)in 1—K2 2
Tnefi
TR 1.(0
Ctztan_l I—Ktan &.'.CUI'L() (436)
1+ K 4 2

aun1sfl (4.35) Aeflarduriamuiivawaazining m waziinmsidsuudased sy

[

diefinsanaunisiilaesgldeanuinflaiduves ¢, (m) Yusgiv VI-K* 3ad |K| 1Dusn
wsdAguaraNsoudnssIvazidunalafsaung

4

_ | 4o P Aa)w Tnar
= ‘ cos (4.37)

Y o

PMNAUN1TITIINI K| Tuegiududsnandify 2 fawdsiunaindiudsnelunazuen

e

v A ] = = 1 a a
JEUU MIUINAD o =—2 FguagiuwouUuagndunmuazvuInreInsewaliyie9s Charge-
CcpP

a

pump f11aeRe Aw, T, =(®, —Mp® ) T SUUBLAUANUADUNALALAIUDTITUYIA
odd Y

nat nat q
a a

drimualiiudsnelussuunsi Aagnud K| svudsiumunenyagdune (7,)

Y 9

wazAINDBUNA (£, ) TBnssldgunUasiianunsauansiieg 19bafsgun 4.6 | way 4.7 lag
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1 1% I [ = a v Y v =]
anngldfion uazt |K|>1 w3sazegluannzdendsasgnasurgluiidedaly uenainidn
[

6

MNSIUS U UNITLUUS 1809 9AEAAIERSE11S U9 T00adalamasdy g uletiney
1 Ly = VY] Ly d! I3 Y dll 1 [
wud Ml K| willeuiunuimuds || Bedududsiievenaniusiiuniu

£, (MHz) I, (UA)
JUN 4.6 malldeuen |K| vesduiiosninnvuiaiaranuivesdy neunnlagi

pvaTalaWIlAND (£,,) 5.42MHz Uag I, HA1 25 UA
Wepnuvesdyaadunnaglugiu 17,

a

UM 4.7 Mmadeudn |K| vesduilosninnvuinuazainuivesdygindunnlagi
poadalamasinud (£, ) 5.42MHz wag I, 3A1 25 UA
Wepudvesdygadunneglugu 37,
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4.2.2 an17zURINRTRRaTalamasHwAsunTnsUaudy gy IBunn
193seRaTalawmaskuLHaURaeinsloudyaadunad 2 annizfie an1ie
Laddon uavanmyden

4.2.2.1 anneliden

« [ & [ s aa a a 1o

Wesvuvegluan1ieil ¢, (m) wluileanduninisiuiousuandenu wivin
nsiasanlaeniiesainaamvudatesunnlunsuiun deluielidesenisfine
WOANTIU AULIANBIANAILYNNANTUIUNU INAUNTN (4.31) AU VDI IR
7139305 m Fagniinsanbilusulssedesde

T(m)=T,, -l—k—zcos(k—zo-l—a)mtd (m)j (4.38)
o

n

wnuaunnsi (4.35) aslu (4.38) azls

/ 2
T(m)ZT,w,+£cos 2tan” JHiztan fy 12 | m+C, (4.39)
@, 1-K

naunIsIzmivInde m fn1sinateguseilion 7(m) azlinsdsunvasegianduds
AU Wetiipanaunisiuediuileidunilnuda 3 fanduisiliendenisiiansun me

aad

N8 AEERTN RN

9 2
cos(Z tan™" 9) = w

(1+6%)
LATYNTULAB I
N=w 2n+1
¢ . - 1) X
¥ e s

AUNNSN (4.39) Feaunsaauaunis ey

T(m)=T,

. —alj—l(l—\/l—Kz)JrfU—kl\/l—Kz S cos(p(kI\/I—K2m+2Ct)) (4.40)
in p=1

in
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eN r=

1-vJ1-K?
K

PN ! 3 = ~
NAUNIIN (4.40) ‘W‘U’J'W’]'TUL'Ja']Laqmwm"ﬂzﬂﬂqsLUﬂﬂL‘Uu@@ﬂ‘lﬂ"ﬂqﬂ

ATUAISITUYIR (7, ) n15lssuuiiliaosdnuuzao N19t0sauuiunaInAIAed Lagn1s
Weavunifudsaudsdiauvesindnadu

2z

M= (4.41)
1

'
| [

R ~ M ~ o M o
TneNndangedniile m=(0, 27, 4x,..)— wazdaegadle m=(z, 3z, 57,..)—— anwus

Y 9 9

2r 27
a (3 1 Y ! ! ~ 1
mMsiasunlaswasniuatodneasnsauddlmndu 2 99 Fradonuugean (1)) uazdas

Dessnan ([2) Feanunsouanslidsguil 4.8 ansuasnuaiuatetinaazinisideauud
Hudanu uazadefuiuinindsavuansivensasesataiamasdnyaailuiluuni 3

91NMABUILYAITBIAUNALDIAHALUANNIST (4.40) LNUIIENTD
fsanmgAnssunsa (Pulling ) Surdlessnandyanadunsldegrsdaiau dwihnisdum
AlderasmUnaLoIANe wazaninsaldeuldfannsi (4.42)

T(M)=T,m,—£—l(1—\/1—1<2) (4.42)

in

MenNdNILSIeY K =k, / k dgwuindlonnuddunaidilnddiunisden 7(m) agdandn
InaanudgunNINTUUAY

Vsen ( U“

U lm+1/2: b+l

o
SV

M [ M [
M B

5UN 4.8 AnuduiugszinanunaIvesdyaaeans lulaumuiaiuazlawu m
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4.2.2.2 gauzaen
1. Reulumsdenuazdiunisasn
91NN ANTINVDINITOREaTaLamosdy g alainiinsloudyyu

T o g7
[

dumn wavesdyaaiednmazlifinisdoavudndely Werasidhganizden noAnsIw
mﬂanmaﬂumﬂmwaﬂummumiaaﬂ ‘U\‘iﬂﬂ@@‘l&WUﬁ‘U@ﬂLWﬁ‘\]uiJﬂﬂLUuﬂuEJ e
Nﬁ]iaaa%aLaLmaiammmamaaqumﬂiiumiwmLuumaqL’;amu’m%mmﬁuuﬂu Fathy
AUNNTOYNUGLIAMUIRINAUNITN (8.33) azanunsaliulalniilu

dtd (m) kl k2 kO
=—+—cos| —+w,t,(m)|=0
e . (m) (4.43)
msdnguaunisala
_kl ko
—=COoS| —+w. 1,\m
k2 ( 2 in d( )j (444)
91AgAMANYUENNESINMTRNI | |21 Seulvnisenvenssisamnsadeulddy
COS
k
K|=|-%>
K= (4.45)

91N k= Aa) T

nat ? nat

% Aa)ndd]—;mt
k, =4acos T | 4ad Ao, T, =(o,1,0,,)T,, d1013

Weulaludidu

21 (4.46)

Lma’mﬁaaiuam’g ghoney Ao, T, =(®, 10, )7, deiatosuin uazvili

2 Aa)n T;tal = = 1 &
cos T ~1 @unsh (4.46) aunsadeulyiiu

_bda
Aw

Mogq ~ NAL

>1 (4.47)
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msdaguaunislvadagle

do

(4.48)

Modd

nat

(4.49)

20
ﬁzat
T

> ‘Afnm

o

= e v =~ | I DY) ~ '

Feaun15u v lia1u1soL e uaNnNITEIUNITARALRAIANNIST (4.50) WATANNISOLAAILIU
< Y d'

nsaanlasasui 4.3

Y

1

@a—%%m

) <, < (a)l N ‘Aa)n .

) (4.50)

AIENYANTIUVBIITTIUANITRToRaTAlaW RS UUNBUAR18Rsa 1 s iUy na LUl
Juaeasdalasiudlunsdin n,, =1 warldilulrasmsanuddudualunsdd n,, =3,5,...
manuanURvasgunIsdenveuaarguiviniy duidudunisiiefinzineasilulssyndld

2. M3WAsUILUAYALLIAMLINUAZATULIANDIANA

e K| 21 29asazdaganivfenuasyild VI-K = VK -1
AatuaNnISN (4.35) aznaneidu

2
ly (m) \ _(ko/za)m ) + a)im'[an‘1 j%tan[jleT\/—_l

m+ th,lockedJ (45 ]-)

'
I =

el C e PORIATITILFAINNITBUTINIRTIDNRSddn 880N DfEmNduRUSYNg
F3NUlANI1 tanh(6)=—jtan(j@) aun1si (4.51) aansadeulvaladu

kO

[ 2
t(m)z— ﬁLitan’1 _ KAl tanh kK _lm
¢ 20 2

2
in a)in K - 1

NAMENYMEYeIeAdy  tanh(0) awwuIntedudsangluienduiiauintu deddu

[h¢Kﬁq
2

[
Y

tanh (0) Agiing 1 detiuile m TAwnTuLINlA tanh m | g 1 vl

NaMUNaE T UANPINAIALNITN (4.53)
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k :
t(m)=——0 % an- (ﬂj (4.53)

NNAUNITN (4.53) nUd wenINIaIMINTuegiuaMuddunnLe §aziusgiuieuly
N1380N1993993 (K ) 8nee dvihnisunuiaiviasilaaduaunisi (4.38) aunaieidng
= < = Vo =
Wignsedluaniizdenazanunsalisulanaunisi (4.54)

T(m)=T,, +a]§—i2ncos(2tan1 [%D (4.54)
mevdnininsinglannisiaeenfernuduiusiin cos(2tan™ 9):% ATULIAN
IAnNmaznaeLdy

T(m) = nyuT, (a.55)

a 1 |

aun1slllawandliiiinda Weanuddunauasueuuigadunadmalil |K|>1 ssuvazidng

~ Y

anmzden wazazimsusumunatewnalvdanly n, Winvesmuadun

=

4.3  2933%13AUD LAY IABITDBETALALNBIA Y IMAMRB NN 3T o U

TeuauIauBunem

InMsIeTeRluideiiiuen wuusiasmindamansldwandiiiuii 1993
aaas?iaLaLmaﬁﬁigﬁgflm?im?iammmmﬁﬂmiﬁaﬂﬁzyzg’]mﬁuwmﬁﬁmm?igqm"ﬂ,éf %qwqaﬂiiu
fannsainnseeatanwmesdnyndvislulszndlfiiuvnsmsaudld Taeunfud

TumsuuRdaaradunalulidudygalediiissediader daulumdeidiunsdenves

ALY
'
aa v a

299TeRatalan sy udmasunidyaadunadudyaaled fygrudimasy uay
dryeynadauvias
aunsvesdyaadunaansadeulvieglusuveseunsuniseslanad

i, (t)=1, iax sin(xa)m (t +1,, )) (4.56)
x=1

A a a A =

Tnedl I, AousNUAINBUNS @, ABAIILD

Y 9

a

U ¢, PRLIAMUN a, ARAUUTEANT way x

[y [ [y

onuil adygradunaludyaraled x zdauvinnu 1wty daz o =1 odygu

o q A7}

o))

'
a =

sunmludyaaaumdey azddsd x Wuavaviiy waslduuszansae

axodd = (457)
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fndayyradunmdu Tyaadmae il x Duavwiniuduiy wariidudsyansie
4
a =
Xodd (ﬂ-xodd ) (458)

o @ = 4 o ) a Y
‘U’]ﬂgﬂ’)ﬁ‘ﬂi‘ﬂﬂﬂ'ﬁﬂ@ﬂﬁ U7 4.1 Wevinisteu SUEUIUBUNALVIENT dUNTT

A

[

dmsumeaarlufiulseafiigdng m fe

ve (tue2)

dv, (t)=%mjy2{ oo i a, sm( xo, (t+td‘m))}dt (4.59)

ve(ty) Xodd =1

AYNFIINNITWAFUNNTILIG
ICP

vC (tm+1/2 ) ( ) — F(th/Z 7 tm )

I

g . aa) [cos( 2N, 7 (tm+1/2+td,m))_cos( X, (l‘ +tdm)ﬂ
Xoaa =1 *odd

(4.61)

a ° )
JGEN Ve (tmu/z) = Vth,H » Ve (tm ) =V, wag AV, Vth H Vth,L Myuali T M

(%
U

wag ¢, =0 ftuaunsn (4.61) aznatedu

I o (4.62)
—% Zl X ; a) |:Cos(xodda)m ( m H N td,m )) Y Cos(xodd mtd m ):|
Xoaq =1 “odd

MENFRINTNTUANNT s8N 1snulszguentesidnisleudyaadunnazaiuise
Tnaileidu

7:111 a < a»"m
Tm,H = ! +— z “ |:Cos(xadd a)m (Tm,H + td,m )) - Cos(xodda)mtd m ):| (463)
2 a)m Xoda =1 xaa’d
2AV,C I de o .
Tefl 7, =200 yay o = £AMindns m awnsomlaann
]CP ]CP

ve (tya) )
[ a1 T |t 130 i 1) (669

ve(twan) Lns1/2
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lng Ve (tm+1) Virs Ve (t ) =V, Wy AV, =V, , =V,

th,

1
_AI/th = _EICP (tm+1 - tm+1/2)

(4.65)

<. a

11, N
Co Z x_m[cos(xodda’m (tm+1 Tlim )) - cos(xodda) (tm+l/2 Tlim ))]
=1 Yodd

in Xodd

ML IIUAMA £, —1,00 =7, NTBUAUYIINTIRFUANNTT SPEIaTluNsAEUsEqas

annsadeulaidu
T, = a [cos(xadd m(T iy, ))—cos(xgdda)m (rm’L +td’m))} (4.66)
Biy %001 Xodd

MNAUNTA (4.63) uay (4.66) munaLedNAvTeNaITosatalame ST Toudyga
uUNMAD

Tm T T
wi ili [cos(xadda)m (Tt +t0)) = €05 (Xaa it )} (a.67)
o7 B o (s, (T, 1)) 05 (g (7. 41, )
in Xoqq =1 “odd
B, =), + ) ke 2008(5,0 @, (7 + 1110 )) €08 (s, 0,) (4.68)

@y x0=1 Xoqa —COS( X, @ (T +1, ))

INANNTTN (4.68) - ALNUIIAIWNRANBWNAILYNUAUULUIINAIULIANETTTUYIF LTB991N
duanaBunn nndenidrusnlivansiindedsaseglugnnzdon aunateidnmazien
DudunuiAuauna 1BuneAEunIs

T, =nT, (4.69)

wagszazaTunsiulszquazaelszqasiianlursmilivasmunaiedne

Tm
Tm,H = Tm,L = 7 (470)

Fatiuaunish (4.68) azarunsaleulalnaidu
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N
3
8
[

n Xodd

1 td m td m
T = 2cos| 27zxn| —+—— | |—2cos| 27zx_, ,n——
in nat 2 Pyt X, [ (2 Tm jj ( odd Tm j (471)
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f; (Hz) o, w, w, — 0, w, +, @, +Aw HATI

5 0.295471 | 0.155065434 2.954711 0.155065 - 3.5603129
10 0.295471 | 0.148086339 2.694728 0.135056 - 3.2733422
15 0.295471 | 0.112334976 2573446 | 0.112335 - 3.0935867
20 0.309396 | 0.102450716 2.694728 | 0.102451 - 3.209026
25 0.323978 | 0.081379496 2.954711 0.085215 - 3.4452828
30 0.323978 | 0.067688517 2.954711 0.085215 - 3.4315918
35 0.339246 | 0.070878578 3.093962 0.074219 - 3.5783059
40 0.355234 | 0.064642032 3.093962 0.067689 - 3.5815271
45 0.371976 0.0537669 3.093962 0.064642 - 3.5843472
50 0.371976 | 0.056300856 3.093962 0.074219 - 3.5964581
55 0.371976 0.04472136 3.093962 0.046829 - 3.5574886
60 0.407864 - 3.093962 - - 3.5018258
65 0.447214 § 3.093962 ; - 35411758
70 0.46829 z 3.093962 : - 3.5622523
75 0.49036 - 3.093962 - - 3.5843221
80 0.49036 - 3.093962 - - 3.5843221
85 0.589542 - 3.093962 - = 3.6835045
90 0.617327 - 3.093962 - - 3.7112888
95 0.64642 - 3.093962 - - 3.7403825
100 0.74219 - 2954711 - 0.0537669 3.7506677
105 0.813795 - 2.821727 - 0.064642032 3.700164
110 0.852148 - 2.573446 - 0.070878578 3.4964722
115 1.024507 . 2457622 ’ 0.070878578 |  3.5530072
120 1.176292 S 2.457622 - 0.077716816 |  3.7116299
125 1.289778 - 2.457622 : 0.093436163 |  3.8408358
130 1.623734423 = 2.140498845 - 0.107279069 | 3.871512338
135 2.044160527 - 1.780389391 - 0.112334976 | 3.936884895
140 2.69472839 - 0.892308434 - 0.070878578 | 3.657915402
Anade | 358355116




A15199 5.5 YuavaawsanulnidnluksasimenmIudLasNasIy

VYD9NITOATALANDTUUULRD UL

159

ff (HZ ) Wy @, Wy — @y ,; + W, +Aw NATIU
3 0.107279 0.046829 3.985795 0.053767 - 4.193670347
5 0.141421 0.067689 3.985795 0.067689 - 4.262593755
7 0.178039 0.064642 3.985795 0.064642 - 4.293118368
10 0.245762 0.053767 4.078636 0.053767 - 4.431932416
13 0.309396 0.038951 4.078636 0.038951 - 4.465934034
15 0.389507 0.030585 4.078636 0.03166 - 4.530388981
17 0.427086 0.028217 3.552344 0.028217 - 4.035864067
20 0.501782 - 3.552344 - - 4.054125766
23 0.631706 - 3.552344 - - 4.184049853
25 0.795271 - 3.552344 - - 4.347614587
27 0.795271 - 3.16603 - - 3.961300525
30 0.795271 - 3.16603 - - 3.961300525
33 1.001187 - 2.821727 - - 3.822913556
37 1.001187 - 2.821727 - - 3.822913556
40 1.260419 - 2.821727 - - 4.082146191
43 1.260419 - 2.821727 - - 4.082146191
45 1.586774 - 2.821727 - 0.03094 4.439440363
47 1.780389 - 1.99763 - 0.022936 3.800955003
50 2.514867 - 1.780389 - 0.017003 4.312258837
53 2.821727 - 1.260419 - 0.015329 4.097475232
55 3.552344 - 0.316603 - 0.01382 3.88276706
57 3.985795 - 0.251487 - 0.010978 4.248259843
Aade 4.150599
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ff (HZ) Wy @, Wy — @y ,; + W, +Aw NATIU

2 0.089231 0.050178 3985795 | 0.050178 - 4.175383
4 0.100119 0.035523 3985795 | 0.035523 - 4.156961
6 0.089231 0.03166 3985795 | 0.03166 - 4.138347
8 0.100119 0.028217 3985795 | 0.028217 . 4.142349
10 0.112335 0.022414 3985795 | 0.022414 . 4.142958
12 0.112335 0.017804 3.985795 | 0.017804 . 4.133738
14 0.141421 0.017804 3985795 | 0.017804 . 4.162825
16 0.141421 0.017804 3985795 | 0.017804 . 4.162825
18 0.141421 0.015868 3985795 | 0.015868 . 4.158952
20 0.158677 ) 3,552344 : 0.056301 3.767322
22 0.199763 f 3.552344 - 0.079527 3.831634
24 0.251487 - 3552344 - 0.100119 3.903949
26 0.251487 ; 3.16603 > 0.112335 3.529851
28 0.39858 - 316603 : 0.178039 3.742648
30 0.563009 4 2.821727 = 0.39858 3.783315
32 1.12335 g 2.821727 = 0.563009 4.508085
325 1.414214 d 1414214 . 1.12335 3.951777
33 1.99763 ) 1.001187 ; 0.563009 3.561825
Anade 3.997486
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M13197 6.1 eazdenveaunIal

Device names W(um)/L(um)
M1, 2,7,8, 11,13, 14 4.2/0.7
M3 25/0.7
M4, 5,9, 10, 12, 15 14/0.7
M6 70/0.7

M13199 6.2 AMANYUYVDIIINTORATAANDS

fauls
Vien 2.75V
Virs 0.65 V
y & 25 UA
Capacitor 1 pF
Vir 3.3V
e 5.42 MHz
, M 0.1845uS

L4 a

6.2 WORNIIUVBI9ITRRETALAmBINANTsUaUF U B LN

v v 9
< [

19959RaTalamesLUUHBUAR18 zgnUBud Yy 1B UNANAIAUUTERRIIUT 6.1

T°9 q ER
a saa

NLUUTIADINNAURAIAASTIUNEUDL DO UENEANTINVDINITORATALELN NN 50U
doyeyraudunmazgniiuUsguiunanlaanni1s31a8en1Tvu F9a81n15HTUIN 2
dannyfedanyin uazanizaen

6.2.1 an1azliiden
aunlandlulumewdu 1 K| <1 19asazegluaniigliden luaniizliaems

P0ATALAMBIALANNTNIINTTLAUUAIUALIANADENIINAUDTTTUYIA tHoANUDDUNA
aglndgu n,, 1, fuluannglifensgnaniiamelieauddunneglugiu

ood J nat
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‘WQﬁﬂiiﬂ%@ﬂ'ﬂﬂ%iiﬂﬁﬂ’]’lglma@ﬂ"ﬂSLL“UQL‘Uu 3 @IUNIBNU
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1. ﬂqiLﬁENLUuﬂ']UL’Ja’ILQWWV\!ﬂ
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37, =0.19353uS ﬁagﬂﬁ 6.3 (a) IﬂaﬁuﬂuﬁgﬁammummLmﬁwmaumuuauﬁaﬁ%ﬁ (m)
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$pdns dvimsusuanuddunaidnlng 37, wndetwdu 15.6MHz , 15.7MHz  uae
15.8MHz Fsflanuiiandu 0.06451uS , 0.06414S, 0.06369uS WAz 0.06329uS AUAIRY
wanssraeamsihaulduandifiuinunatedwnazideauudm 37, mﬂﬁﬁuﬁﬂgﬂﬁ
6.3 (b) 59 (d) waruuaNBuMUEITU venanissnuianisAuansdonuures
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Y
14 [
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3. n'ﬁuJ?iEJuLLUmﬂ'mﬂJaﬁgé'ns (M)

uananM st uuveIMUaLOENALET asnuitauYesiginsAiing
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doyayruBuneilneuudgm 3ud LLazmmﬁasﬂushu £, ImﬁLmué?qﬁamunawaﬁgﬁﬂs(
M) uazinuusuferuddung ( £,) Mnxansdiaesaznuiniilenuddunmdilndaud
s39uR AUaesiging (M) agifiuaniy waziilonsesiingannzdonaunaiiendng
wliazduileiduvesdvd m  Snsiold dvimisimualirnudduwseglugiu 37, waz
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amm?iam%aﬁuamﬂégmﬂu 3u4 warllauidu 37 =162MHz nan 5318835y
mimimm?iﬁuaqé’igmmﬁgqammmmLLamlé’frﬁ’qgiJﬁ 6.8 1Az 6.9 mngﬂﬁ%aawzwudw
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unil 7
A3UNa38 LazUalEuauUE

Tuinenfinusaduil WUUTIADINNADNAIANSEINTUNITOTUIBNGANTTUVDIINAT
ooatalanes 2 Ussianiisinistoudyniauduns (Forced oscillator) gniiiaue Hufeidas
peadalawmesduaalviiazosalaiamesdunadmasy wwusiaemndinman o 2
aguuﬁugmmmLLUUﬁhaaﬂmﬂmﬁmmam%l,%ﬂﬂalﬂ (Mechanic mathematical model) 3%
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Abstract. In this article, an excited oscillator which is
analyzed by using a multi-time linear analytical model is
proposed. An obtained closed-form solution can be ex-
ploited not only to explain phenomena in the beat and
locked states that are mostly studied in literature but also
in an additional state called the non-locked state. With the
proposed analysis, it is found that the non-locked state of
the oscillator behaves similarly to the up-conversion proc-
ess. It provides a new point-of-view to the phase noise
oscillator. Moreover, our principle indicates that the im-
portant factor defining the behavior in each state and state
transition is the transfer function of the system. The pro-
posed mathematical model is verified by the experimental
and numerical results.

Keywords

Forced oscillators, non-locked state, beat state, locked
state, locked range.

1. Introduction

Nowadays, an electronic circuit [1], [2] which has
small size and low-power consuming is in high demand
due to an increasing in commercial competition. For this
reason, a circuit combining many functions of different
electronic circuits is extensively developed. For example,
based on the behavior of an oscillator circuit that is forced
by an input signal, FM-to-AM conversion circuit [3], FSK-
to-ASK conversion circuit [4], demodulating circuit [5],
[6], or frequency divider circuit [7] could be possibly
made. Nonetheless, bringing forced oscillator into the
broader applications, more study of circuit behavior should
be further investigated.

From previous works [8-11], it is found that there are
two states considered as fundamental phenomena of the
excited oscillator; mamely; sthe | beati state “and; the/ locked

state. The beat state exists when the input frequency is
close to a locked range, the system’s output signal behaves
like a frequency modulation but contains an unsymmetri-
cal-sideband in frequency-domain. The unsymmetrical-
sideband has a deviation frequency equal to a frequency
difference between the input frequency and the free-run-
ning frequency, called the beat frequency. In the past, vari-
ous of the mathematical models [12-16] was proposed,
these models illustrate that the unsymmetrical sideband
will be shifted towards the free-running frequency when
the input frequency is moved closely to a locked range.
However, in these studies have not been stated how much
the amplitude of each component should be. The mathe-
matical model proposed in this article will provide the
clarification in this issue.

Another state is the locked state in which the output
signal of the system synchronizes with the input signal. In
the other word, the output frequency is equal to the input
frequency. The output amplitude is constant and the output
phase is shifted compared to the input signal. With these
characteristics of the system in this state, the system is thus
applied for a FM-to-AM conversion circuit [3], FSK-to-
ASK conversion circuit [4], demodulating circuit [5], [6],
or frequency divider circuit [7]. In general, the objective of
the analysis in this state is the finding of an accuracy
locked condition or a locked-range equation, which they
are associated. In the study of [8], [9], [17], [18], the graph
of the locked ranges is the symmetrical V shape where the
x-axis and the y-axis are amplitude and frequency of the
input signal, respectively. The symmetrical V shape is
a linear relationship between these variables which is de-
rived only from the elements of the feedback circuit. How-
ever, based on the studying in this paper, the locked-range
shape is not symmetrical due to the non-linear relationship
between both variables which derives not only from the
elements of the amplifier but also from the elements of the
feedback circuit. Additionally, it is found that the ampli-
tude and phase of output signal will change if the input
frequency changes. This phenomenon is-applied for FM-to-
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AM circuits [3] and FSK-to-ASK conversion circuit [4] but
the explanation about this phenomenon is not given in
these researches. But with our proposed model, this phe-
nomenon can be clearly explained.

In practical, rather than those two states previously
described, there is another state of the excited oscillation
system that has never been discussed in the literature. It is
the multiplication phenomenon between the free-running
signal and the forced response signal. This state appears
when the input frequency is far from the free-running fre-
quency. In case of the frequency of the input signal is
much less than that of the free-running signal, the system
will behave similar to the up-conversion process [19] of
a low-frequency noise signal in an oscillator. The behavior
in this state will be discussed in this article.

Recently, K. Prompak et al. [20] studied the phenom-
ena of an external excited system in physics application
and proposed a mathematical model to explain such phe-
nomena. The model was based on the principle of funda-
mental system analysis, system transfer function and inde-
pendence of parameters. From the inspired features of the
model in [20], the concept is extended to electrical oscilla-
tion system to explain the behavior of the system.

Organization in this paper begins with the idea and
mathematical analysis proposed in [20] which is given in
Section 2. In Section 3, this model is later applied to ana-
lyze and explain the behavior of an oscillator circuit that is
stimulated by an external signal. Section 4 illustrates the
results in three states of the system obtained from the
simulation and experiment. Finally, conclusions of this
article are drawn in Section 5.

2. Analysis of Linear System Based on
the Technique of [20]

From the idea of research proposed in [20] which is
a principle of multi-time technique, a system can be con-
sidered by two relative parameters. These parameters are ¢,
which is an inherent time parameter of a natural response

of a system (y (t) ), and 7, which is another time parame-

ter of a forced response (y ; (7) ). Since an external signal is

fed into the system after the system starts oscillation by
amount of time, e.g. At, hence, let the relationship be-
tween these parameters be 7 =t + A¢. Based on this con-
sideration, a complete response of the system is

y(t7) =, (1) +v,(7) (1)
and the differential equation of the system is

aQy” (t, 7') + aly’ (t,T) +a,y (t, T)

— b0 (r) + b () +ba(r)

where a b, are coefficients of the system and ;1:(7-) is

an external signal. When the system is oscillated, the out-
put signal can be written as

Y, (t) =Ae™™ cos(wdt) 3)

and A is a real

constant. For the forced response, it can be determined by

a2y_;’(7) +a,y; (T) T 0y, (T)

= bziL'”(T) + bl.CL'/(T) + b,z (7) @

where a form of the solution y ; (7-) is dependent on :E(T) .

The complete solution can be rewritten as
y(t, T) = K[Y0 -y, (T)]g_“” cos(wdt ) +y, (7) &)

where

d
K=e—Lt  yt=t,=Yand

e " cos(w,t,)

(t:t077—) :0

From (5), it is apparent that the amplitude of the first term
is not a constant but it is a summing of a constant and the
forced response. This result is different from the complete
solution derived by the conventional analysis [21], [22].

3. Phenomena of an Oscillator Excited
by an Input Signal

In this section, three states of fundamental behavior of
an oscillator that is excited by an input signal are studied.
Let the exciting signal be a sine wave which is

x(r) = X, cos (wfr) (6)
where X, and w; are amplitude and frequency of the exter-
nal input. From (6), both X;and w, are parameters that can
be varied. However, in order to clearly understand the
influence of both parameters to the system, firstly, X; is set
to be a small, fixed constant and later its influence will be
considered. Therefore, behavior of the system, especially
during state changing from non-locked state to beat state
and to the locked state is studied through the parameter wg
The closed-form solution obtained by using an analysis
technique of [20] is considered by changing e, from value
that is much less than until equal to the free-running fre-
quency ().

3.1 Analysis of an Oscillator based on Multi-
Time Technique

To study behavior of an electrical oscillation system,
a second order system consisted of an amplifier and a feed-
back network as shown in Fig. 1 is employed. From ana-
Iytical technique of [20], the second order differential
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equation when the system is excited by an external signal
thus is
y” (t,T) + 2£Sw"y’ (t,T) + wzy (t, T)

=ba" (7’) + blx/(r) + boa?(T) 2

where y(t,r) is an output signal which is composed of
a natural response (y (¢)) and a forced response (yf (7) ),
:r(r) is the forcing function given in (6), w, is natural
frequency, b,,b,b, are the system’s coefficients, and ¢ is

damping factor of the system. As given in (7), it is seen
that all the coefficients in (7) are derived by considering
not only from the amplifier but also the feedback network.

Since the system is demanded to generate a constant-
amplitude signal by itself, the damping factor has to be
a very small value. From (7), the natural response (y ())

in oscillation state can be written as
yn (t> 3 YSat cos (wdt> (8)

where Y, represents saturated voltage of an amplifier and
w, =w, |1—¢ represents free-running frequency. If the

system is not perturbed, this signal is therefore the output
signal generated by the oscillator in a normal state.

For a forced response y, (7) which is related to the

external signal, it can be derived by

/" () + 26,0 {r) + w2y, (7] ©)
=ba" (T) + bz’ (7‘) + b, (7‘)

By given W, KW, the forced response resulted by x(T)

thus is
Y, (T):Xf|H(wf)‘cos(wf7+4H(wf)). (10)
From (10), the important parameters are
1/2
I L) S

2
(w: —w;) + (2§ w"wf)
which is the magnitude response of the oscillator. By con-
sidering typical oscillators such as Wien-bridge, Twin-T or
Colpitts circuits, their normalized magnitude responses as
shown in Fig. 2 are similar to that of a low-Q low-pass
filter. It implies that any signal will be eliminated if it is
outside the pass-band of the system,

ZH(w (12)

f

which is the phase response. In Fig. 3, the phase response
of Wien-bridge, Twin-T and Colpitts circuits are depicted.

As can be seen, the graph of Wien-bridge circuit is inverse
compared to those of Twin-T and Colpitts circuits. But
when the feedback network is included in consideration,
phase of the oscillated signal will be 360 degrees which
achieves the Barkhausen’s condition.

From the idea given in [20], the complete solution
thus can be written as
y(t,7)
= {Ysm - X, ‘H(wf)‘ cos (wa + ZH(w/))} cos(wdt ) (13)

+X, H(wf)| cos (cufT +/ZH (wf))

which is seen that the amplitude of the natural term
changes according to the forced response. Although this
equation covers all the coefficients derived from necessary
elements of the amplifier and the feedback network, it is
not complicated since these coefficients are collected in
a form of the transfer function. The obtained transfer func-
tion will be an important factor employed to identify each
state of the system. The equation given in (13) will be used
to describe behavior of the circuit when both frequency
() and amplitude of the input signal is varied.

X Y
Amplifier >
Input Output
Feedback |4
Network

Fig. 1. Model of an oscillator based on a feedback structure.

'

—— Wienbridge Oscillator
—O— Twin-T Oscillator
= Colpitts Oscillator

—25
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-100 :
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Fig. 2. Normalized magnitude response ‘ H (wf)‘of Wien-

bridge, Twin-T and Colpitts circuits.
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-180d
30RHz

Fig. 3. Phase response /H (w f) of Wien-brigde, Twin-T and
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Colpitts circuits.
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3.2 Non-Locked State

This state is the state in which the oscillator is not
synchronized with the external signal. The different
frequency between the input frequency and the free-
running frequency is much larger. In the other word, the
input signal does not achieve the locked condition of the
system. From (13), At in the relationship of 7 =¢ + At is
assumed to be zero [20], it thus yields

y(t) =Y, Cos(wdt)

Sat
H(wd — wf)
! 2
H(wd +wf)

—X/ 5 Cos

w fwf)t

e
cos| —-/ZH (wd — wf)

(1, +,)1 “4)

—AH(wd + wf)
+X, ‘H(wf)| cos(w,t + ZH(w,)).

As shown in (14), y(¢) is a combination of four signals

with different frequency, which are free-running frequency
®y (inherent frequency of the system), external-signal fre-
quency w; modulating frequency w,— w;, and modulating
frequency w,+ @ Moreover, it is found that the amplitude
of each term depends on the transfer function of the sys-
tem, except that of the free-running frequency term.

The non-locked state can be divided into 2 cases. The
first case is when w; << w, as shown in Fig. 4. In this case,
frequency components are similar to those of an AM signal
whose carrier frequency is w,, information frequency is
and side-band frequencies are wy— @, and w,+ w, Since
the o, term is a part of the output signal, this output signal
then cannot be directly used as the AM signal. However,
the system output is fed back through a band-pass filter
(see Fig. 1) which can eliminate the w, term. Then, a pure
AM signal can be obtained from the output of the feedback
network. In addition, if an input signal is a noise signal,
(13) shows that the noise signal will simultaneously disturb
amplitude (Y, ) of the free-running signal which is directly

| Voltage |
‘ |
Information AM Signal ‘Y
Signal } Sat
\
\ ‘H(wf—wd) ‘H(wf—i-wd)‘
X
e T2
|
X ‘H(w )‘ l Frequency
4 | I (Rad/Sec)
L
w ¢ W~ w PR +w,

Fig. 4. The non-locked state when ;<< w,.

addition as shown in the second term. The noise distur-
bance to the amplitude of the free-running signal corre-
sponds to the up-conversion which is disturbing process
generally found in oscillators [19]. This disturbance results

in the unwanted sidebands as given by the second and the
third terms in (14).

For the second case, it is when ©,;>> w, as shown in
Fig. 5. In practical, the w,+ @, term may not be appeared
because it will be eliminated by characteristic of amplitude
response (H(w, +w [)) of the system and frequency re-

sponse of active devices (such as a slew rate in op-amp
[23]). Similarly for the w,- e, term, it will not be appeared

because it is eliminated by amplitude response
(Hw, - w,) ) of the system.
| Voltage |
‘YSat
H(w +w )
phiil f d
x H(wf "“'a) XI‘H(wf)‘ Xf — 2 |
J 2
| | Frequency
(Rad/Sec)
= W, W et

Fig. 5. The non-locked state when @;>> w,.

3.3 Beat State

In previous subsection, before the system changes
from the non-locked state to the beat state, the system
demonstrates two interesting phenomena when the ampli-
tude of the input signal is fixed and the input signal fre-
quency (w,) moves to the free-running frequency (w,)
where (14) and the o, << w, case are considered.

First phenomenon is that values of
X, |H(w, +w,) /2 and of X |H(w, —w)/2| will de-
crease and eventually are significantly less than other
terms, then both terms can be neglected. The other phe-
nomenon is that value of |H (@, )| is a constant at the begin-
ning and gradually increases according to a frequency
response. Both phenomena are depicted in Fig. 6. In case
of w;>> wy, the phenomenon of ‘H(wf)‘ is similar to that

of the w;<<w, case but for X, |H(%+w_/‘)/2| and

X, |H (w, —w,)/ 2| , they will not be appeared according to

the transfer functions as described in the previous sub-
section. Therefore, the output of the system is given as the
following.

y(t) =Yy, cos(w,t) + X, ‘H(wf)‘ cos(w,t + ZH(w,)) (15)

In (15), it expresses an equivalent equation which is fa-
miliar in physics, beat phenomena [24]. But for electronic
oscillation circuits, it provides different behaviors [12-16].
By considering the case w,< wg, using a relation of Carte-
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sian coordinate [19], and letting Aw be a beat frequency
which is the difference between the free-running frequency
and the external signal frequency (Ao =w,— w)), (15) is
rewritten as

y(t) =Y, cos (wft + H(t)) (16)
where
; (t) T k sin (Awt —/H (wf)) a7
1+ kcos(Awt —/H (wf))
and
k:%|H(wf)|. (18)

Sat

Simultaneously, it is assumed that Y, > X P 1H (wf)',

amplitude of the signal shown in (16) is approximated as

1/2

2 2
~ YSat + Xf

2
~ i (”f)|
+2v, X, |H (w, )

(18)

Sat

cos(Awt — ZH(wfm
From (18), it is found that k£ varies linearly with a ratio of
X, /Y, whereas k depends on nonlinearly characteristic

of ‘H (w f)‘ . Moreover, it is found that in the locked condi-

tion (described in the next subsection), the circuit will not
be in the locked state if tk, <1.

A Amplitude ‘Y
(Voltage) /«}\ Sat

! 2 - X 2
=TT s N \‘\\Frequency
<t ] NN T ! ~ (Rad/Sec)
“TY o W Wy, W,

Fig. 6. Phenomenon of the circuit when @, moving into beat
state.

When the system is in this state, 6(¢) will be a periodic
function whose frequency is Aw. It causes y(t) to behave
as a FM signal, whose an instantaneous frequency of y (t)

in this state is

di(wft + G(t)) =w,
t . (19)
+Aw; (—1) k" cos (n (Awt —/ZH (wf)))

This equation points out that the output frequency deviates
periodically, from the free-running frequency and the

deviation strength depends on k. By solving (19), the
output signal equation in this state thus is

()=

Y, cos|w,t+ i (fl)n k—”sin (n (Awt —/H (wf )))
n

n=1

] (20)

In order to gain insight into the behavior in this state,
the frequency components of the output signal will be
determined. In case that the input frequency (wy) is above
the non-locked state range and a locked condition cannot
be achieved, the frequency difference is Awp. In this
situation, & shown in (20) is a small value and also for &%,
K,... which can be neglected. Hence, the spectrum of the
output signal in this situation is

y(t) =Y, cos (wdt)

+Y gsin(wﬂt + 4H(“’.fl))

Sat

@1

-Y.

k .

ot 55111((% + Awﬂ)t — 4H<wﬂ)).

From (21), it is found that the sidebands at w,and w,+ Aw,
depend on % and have equal magnitude. If the input fre-
quency (@, is moved closely to the free-running fre-
quency, it causes amplitude of & and &* shown in (20)
dominant. By using the power series approximation, the
components of the output signal will be

Y (t) =Y., [1 — % — %] cos (wdt)

HY é + g cos (wft + /H (wf )) (22)
+Y,, %3— g] cos((wd + Awf)t — AH(wf))‘

This equation shows that amplitude of w,+ Aw; and wy
terms decreases whereas amplitude of @, term increases,
resulting in unsymmetrical sidebands. This behavior indi-
cates that the more the input frequency is close to the free-
running frequency, the more power it gets, which is con-
tradictory to the other two terms. This amplitude variation
appears until the system moves into the locked state. How-
ever, amplitude of each component cannot be exactly de-
termined since an oscillator is always controlled by
an amplitude adjusting mechanism which is naturally in the
circuit. According to [9], the probability is employed to
indicate how much the amplitude of each spectrum should
be in this state. It is found that the probability function
whose £ is a factor given in [9] is identical to the normali-

zation of (22) by the free-running amplitude (y (t) [ Ye)-

3.4 Locked State

The locked state is the state in which the output signal
is synchronized with the external signal. In the other word,
the output frequency is identical to the frequency of the
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input signal where the amplitude and phase of the output
signal are constants. This behavior is happened when the
external signal achieves the locked condition.

When the circuit is shifted to the locked state, it will
generate the oscillation signal whose frequency is equal to
that of the input frequency. Therefore

d [wdt +6 (t)] -
Y
and by using
d. 1 |dl¢
Etan 1<¢): 116 %

hence, (17) becomes

1+kcos(Awt74H(wf)) =0. (23)

From j — ﬁg@f)

Sat

and .cos(¢)‘ <1, the circuit condi-

tion will move toward to the locked state, if (24) is true.

)

17 g ¢ (24)

Sat

From (24), it is found that the locked condition depends
directly on the input-signal amplitude and the transfer
function, but depends inversely on the free-running signal
amplitude. Note that, £ is not only a key factor of the
locked condition but it also determines the amplitude of
each component in the beat state. From the locked condi-
tion, the locked range which is

Vol ()

can be shown in Fig. 7 where the x-axis and y-axis are the
amplitude and frequency of the input signal, respectively.
In Fig. 8, an asymmetrical shape of the graph is resulted
from the inversed transfer function which is scaled by the
free-running signal amplitude. Asymmetry of this graph
will be obviously appeared when the input-signal
amplitude is large.

x| = (25)

Amplitude Input

4 (Vf)l_t?ge) Wi =W T %,
\\‘ Wiy =Wy, —W,,
w : ""
X[~ ke T 7 “high,2
Xfl - — — 501’0—1”1 wHigh,l Frequency
; (Rad/Sec)
w, "

Fig. 7. Theunsymmetrical locked range.

For some types of oscillators whose order of the
transfer function is greater than two, handout analysis of
the transfer function may be impossible. However, the
locked condition in (24) can be achieved by using a com-
puter simulation such as SPICE to find the amplitude
response due to the input signal. The frequency that has
amplitude response equal to the amplitude of the free-

running signal (Y, ) can be employed to determine the
locked range of the circuit, as an example shown Fig. 8.

Amplitude
A Response

Frequency
(Rad/§ec)

Fig. 8. Finding of the locked range by using amplitude
response and voltage saturation.

In addition, after considering (11), it is found that
when w; gets much closer to w,, &, will usually be small in

order to maintain an oscillation of system. Consequently,

the value of H (wf) will increase rapidly due to

2
?) as shown in the denominator of (11). When the

system condition reaches to the locked state, the constraint
shown in (24) must be obtained, which is |k| > 1. The

(WZ 5 (U
n

output signal of the circuit at this state can be rewritten as

y(t):Xf|H(wf)|cos(wft—I—ZH(wf)). (26)
This equation shows that the circuit only responses to the
influence of the input signal. Therefore, phase and ampli-
tude of the output signal depends on the phase response
and magnitude response of the system, respectively.
Throughout the analysis, the considered output is the out-
put of the amplifier (see Fig. 1). But in real world applica-
tion, it is difficult to correctly define the amplitude of the
output signal in practical. Since the amplitude is controlled
by controlling mechanism related to characteristics of the
employed active device, for example, the voltage saturation
and the slew-rate of an op-amp [25]. However, amplitude
of the output signal is always not greater than the voltage
saturation of the circuit. Let us consider the practical out-
put signal whose the amplitude is maximum, hence, (26) is
rewritten to be

y(t) =Y, cos (wft + AH(wf)). 27)
It is seen that phase of the output signal depends on fre-
quency of the input signal and the relationship is linear if
the input-signal frequency is much closer to the oscillation
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frequency (w,). With this characteristic, the excited oscil-
lator in the locked state is thus applied to be a demodulat-
ing circuit by using the phase difference between the phase
of the output signal and the phase of the input signal [6].

From the structure of the system in Fig. 1, the signal
in (27) will be fed back through the feedback network
which generally is the band-pass circuit, the feedback-
network output is then given by

wft —|—4H(wf)
+/ZH,, (w/>

Ypp (t) = th HBP (w/ )‘ Cos . (28)

This equation shows that not only phase of the output is
proportional to frequency of the input signal; amplitude of
the output also depends on frequency of the input signal as
well. With these features, the circuit can be applied for FM
-to-AM conversion circuit [3] and FSK-to-ASK conversion
circuit [4].

4. Experimental Results

In this section, the proposed principle is verified by
experiment. All three states are confirmed by supplying the
input-signal to an oscillator circuits. Moreover, in order to
observe the behaviors clearly, both the output and input
signals will be shown in time-domain using a low-
frequency oscillator constructed by an active device (Op-
amp) and RC passive devices.

4.1 Non-Locked State

The Wien-bridge oscillator depicted in Fig. 9 which
has a second-order transfer function will be employed to
show the behavior in the non-locked state. This circuit is
designed to oscillate at 150 kHz (@ = 0.23m), where
an op-amp is LM351 and the power supply is + 5V. The
input signal is a sinusoidal signal whose amplitude and
frequency is 0.1 Vp and 10 kHz, respectively.

M\

Ri
’Ui(T) '\/\/\, - '_'Ué,(ta T)
©

|_
(&

R R

Fig. 9. Structure of Wien-bridge oscillator for testing non-
locked state.

When the input signal frequency is moved closely to
the free-running signal frequency, there are two interesting
behaviors occurred in the circuit. First, the sidebands move
away from the free-running signal frequency and their
amplitude decreases until fade away. Second, amplitude of
the forced response slightly increases. These phenomena
are demonstrated in Fig. 10(a-¢) whose amplitude of each

RIGOL STOP -M’W@\N\N\N\d F SE Bl

202,08 kH: /i § galtsa i ‘2§ BB

28, BBkHz /dw &

=30 . d8kHz
kHz

o 20 HoB i 2P .08 /31y S

CHi= Z@@ml CHz= 5.8l Time 56.88us GH@.0008s CH1= Z@@ml)

(a) The input frequency at 10 kHz.

RIGOL STOP -rvwm@vqu

F SE - Bl
o

2& BBkHz /dlU Sa =2 BBBI“tSa
CHZ= 5,060

CHi= Z@@ml Time 56.88us GH@.0008s

(d) The input frequency at 40 kHz.

CHZ= S.@@l)

(b) The input frequency at 20 kHz.

Time 58.00us 0@ .0008= CH1= Z8@ml. CHz= 5.8l Time SO.88us 0 .0008s

(c) The input frequency at 30 kHz.

.adB/sttw 20 00is 74y Sa=2 poArEa |
CHI= Z@emy

CH2= 5.@al Time 58.00us @ .0808s

(e) The input frequency at 50 kHz.

Fig. 10. The experimental results of the Wien-bridge oscillator for w f < w, case.
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Fig. 11. Numerical results in time domain (top) and frequency

components (bottom) are of Wien-bridge’s complete
solution obtaining the proposed analysis.
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Fig. 12. Amplitude of each term of the output signal in the non-

locked state when w;<< w, where (a), (b), (c¢) and (d)
are amplitude of w; w4 ws+ oy and w, - o, terms,
respectively.

circuit. Fig. 13 shows the experimental result where the
input signal (Ch.1) is a square wave signal with 15 kHz
and 0.1 Vp. As can be seen, upper envelope of the output
signal (Ch. 2) is similar to the input signal. This results
from the multiplication of the free-running term and the
external response term. In the frequency domain (Ch. m),
the spectrum is divided into two parts where the low-fre-
quency part is of the external response and the other part
consists of the free-running frequency and sidebands which
is up converted from the low-frequency part.

RIGOL STOP (M b fEidinnrnnnnd

T T v T

F =24 .8ml)

SA8.aksa
Time 288.0us DH-408.0us

FFT :28.6dE-div 25.88)kH: ~div
[MEFER  ZEGM

CHZ= 5.@@l)

Fig. 13. Experimental result in the non-locked state when the
input signal is a non-single tone signal (the square
wave signal).

4.2 Beat State

In this state, the Wien-bridge oscillator which is em-
ployed in experiment of the non-locked state will be con-
tinuously used. The sinusoidal input signal is set to the
frequency above 55 kHz which is in a range that the
wq+ or and o, - w; terms are faded away. When the input
signal frequency is close to the locked range, the system
will fall into the beat state. Fig. 14(a) is the experimental
result in this state where Ch.1 is the sinusoidal input signal

RIGOL @ i
3 H g T T ko

B 24 . @ml)
4 T

frequency component is drawn in Fig. 12. These phenom-
ena also agree well with the proposed principle given in
Section 3.5.

The experimental result is shown in Fig. 10(a) where
Ch.1 and Ch.2 demonstrate the output and input signals,
respectively. It is found that upper envelope of the output
signal is similar to the AM signal, whereas lower envelope
is not, due to the last term of (13). Moreover, the spectrum
of the output signal can describe the multiplication of the
signals shown in the first term of (13). To obtain more
clear result, the complete solution, derived by the multi-
time analysis technique given in (13), is numerically plot-
ted in Fig. 11 where (A) is the normalized complete re-
sponse and (B) is the component of normalized complete
response. This figure clearly illustrates that the signals in
both domains derived from the experimental results in
Fig. 10(a) are in accordance with the theoretical analysis as
expressed in (13).

In order to clearly illustrate the multiplying phenome-
non in this state, a non-single tone signal is fed into the

CHi= Z@@ml [CH. ===l Time 180.8us D-512.0us

(a) The input frequency at 125 kHz.

RIGOL STOP @M brrrrrffmdnnenned =24 .8ml)

sl 28 AdB iy 25 .80kH: ~iv Sa=1.008MSa
CHi= 208mJ  CH2= 5.88U

Time 188.0us D»-525.0us

(b) The'input frequency at:133 kHz.
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CH1= 2@@ml)

CHZ= 5.BaU
(c) The input frequency at 137 kHz.

Fig. 14. Experimental results in the beat state of the system.

with 125 kHz and 0.1 Vp and Ch.2 is the output signal
whose envelope varies slowly. This envelope is resulted
from a narrow deviation of the free-running signal frequen-
cy which equals to the beat frequency. The spectrum of the
output signal (Ch. m) is similar to that of a narrow—band
FM signal but are not symmetrical. Additionally, a distance
between each spectrum is 25 kHz. In Fig. 14(a-c), the ex-
perimental results are obtained when the input signal fre-
quency is increased. It is found that amplitude of the w;
term increases and amplitude of the w,; term decrease con-
tinuously. Moreover, amplitude of w,;+ Aw is apparent
when the input signal frequency is located at 100 kHz and
increases continuously. When the input-signal frequency is
about 136 kHz, amplitude of both w,; and w,+ Aw terms
decreases gradually. Finally, the system is in the locked
state. Amplitude variation of each frequency component is
concluded in Fig. 15.

Amplitude of each component (dBVrms)
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Fig. 15. Amplitude of each frequency component in the beat
state where (a), (b) and (c) are amplitude of w; wg, and
w,+ Aw terms, respectively.

4.3 Locked State

To confirm the locked range obtained from the
proposed analysis, the Wien-bridge oscillator is employed
in experiment as well. The locked range obtained from
experiment and numerical results of using (25) are
compared. In the experiment, the designed oscillator is set
to maintain frequency at 70 kHz based on LM351 op-amp.
To study the impact of amplitude of oscillation and
external signals, free-running signal amplitude (V) is
selected as 5 Vp, 10 Vp and 15 Vp and the sinusoidal
external signal is chosen to be 0,1 Vp to 2 Vp.

The experimental results are shown in Fig. 16(a) to
(c). It is seen that the locked range is directly varied with
the input-signal amplitude but depends inversely on the
oscillation signal amplitude as explained in (22). In case
that the free-running signal amplitude is 5 Vp, the locked
range appears unsymmetrical V shape which is resulted
from the transfer function. But for the other two cases
(Fig. 16(b), (c)), this asymmetrical shape is not apparent.
This is because the transfer function is scaled by the large
oscillation signal amplitude. Additionally, the results also

25
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v+ Experimental Result

Fd = 70kHz, Vsat = 5V

20 F

Input Voltage (V)

. . L . .
0 50 100 150 200 250 300
Input Frequency (kHz)

(a) The oscillation-signal amplitude at 5 Vp.

25

Fd = 70kHz, Vsat = 10V —e— Calculation Result

v+ Experimental Result
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0.0 L : : :
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(b) The oscillation-signal amplitude at 10 Vp.
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V- Experimental Result
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1.0
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I
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(c) The oscillation-signal amplitude at 15 Vp.

Fig. 16. Locked range of the Wien-bridge oscillator (50 kHz),
due to the influence of amplitude of the external signal
and the free-running signal.
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demonstrate that the locked range obtained from the
proposed analysis is close to the result obtained from the
experiment.

To confirm that frequency, amplitude and phase of
the output signal depend on the input-signal frequency, this
relationship is confirmed by the computer simulation. The
Wien-bridge oscillator whose frequency is 95 kHz and
amplitude is 4 Vp is set up. Fig. 17 shows the simulation
result of circuit when applying the input signal whose am-
plitude is 50 mVp. In this figure, Ch.1 is the 95 kHz input
signal, Ch.2 is the output signal of the amplifier and Ch.3
is the output signal of the feedback network. It can be seen
in this figure that phase shift of the output signals (Ch.2,
Ch.3) are obtained from the input signal (Ch.1). It is found
that the output signal of the amplifier (Ch.2) is saturated by
amplitude adjusting mechanism.

Input signal (mV)

NP

Amplifier output signal (V

- W/V\
-5.0v

2.0v Feedback network output signal (V)

AV TAT AT

-2.0v
9.90ms

5.92ms
Time (mS)

9.94m5 9.95ms

Fig. 17. Simulation result of Wien-bridge oscillator having
95 kHz and 4 Vp by feeding sine wave.

Due to amplitude limiting of the circuit as shown in
Fig. 17, it thus makes the consideration of the amplifier’s
output signal in time domain difficult. Hence, amplitude
variation of the output signal will be only considered at the
feedback-network which is shown in Fig 18.

1.46

Feedback Network Output (Volt)
“ & 2 s &
o © o N >

@
b
T

1.32 L L L L L L
91 92 93 94 95 96 97 98
Frequency (kHz)

Fig. 18. Simulation result of amplitude variation of the
feedback-network output with respect to the input-
signal frequency.

The variation of graph shows a curve whose maximum
point is at 94.5 kHz. This curve is corresponding to
frequency response of the feedback network described in

(24). With this feature in the locked state, the forced
oscillator can be applied for FM-to-AM conversion circuit.

From the simulation result as shown in Fig. 19, the
phase relation in the locked state is demonstrated where
(@) denotes the phase relation of the amplifier output and
(o) represents the phase relation of the feedback-network
output. It can be seen that phase shift in both output signals
are resemble but not identical. The reason is because of the
phase shift property of the feedback network. The output of
the feedback network will have a very small phase shift
when the input-signal frequency is very close to the natural
frequency of the feedback circuit, having the structure
similar to the band-pass filter or the tuned circuit. With the
phase shifting property, the oscillator in the locked state
can therefore be applied for the demodulating circuit.

350 T

—e— Amplifier Output
O Feedback Network Output

300 -

250 -

200

Phase Delay (Degree)

150 -

100 | L I |
90 92 94 96 98 100

Frequency (kHz)

Fig. 19. Phase shifting of the output signal of the amplifier
(@) and the feedback network ( O') compared at each
input-signal frequency.

5. Conclusion

This article proposes the study of fundamental be-
havior of the oscillation system fed by a single tone signal.
This study is based on the multi-time analytical model. The
closed form solution obtained by the proposed model can
be employed to explain all behaviors in 3 states and also
during the state transition.

For the oscillator in the non-locked state, it expresses
the multiplication behavior between the free-running signal
and the forced response. The product of the multiplication
depends on the transfer function of the system. This state
occurs when the input frequency is much far from the free-
running signal frequency. In case that the input signal fre-
quency is much less than the free-running signal frequency,
the output signal will behave like an AM signal added with
the forced response of the information signal (if the input
signal is considered as an information signal). Therefore,
the circuit in this state can be applied for the AM modula-
tor. On the contrary, if the input signal is a low-frequency
noise signal, the sidebands of the free-running signal fre-
quency will become a skirt-like spectrum [26]. This be-
havior is according to the noise up-conversion process. It
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implies that the proposed mathematical model provides a
new point of view to an issue of disturbance due to the
low-frequency noise signal.

When the input frequency is close enough to the
locked range, both sidebands will fade away and the sys-
tem will be in the beat state. The output signal behaves
similar to the narrow-band FM signal whose the sidebands
are not symmetrical. The solution in this state also can
answer the question that how much the probability should
be. This probability function depends on the transfer func-
tion, the input signal amplitude and the oscillation signal
amplitude. When the input signal frequency is in the
locked range, overall power of the output signal will over-
come that of the forced response signal.

Finally, the locked state, the locked condition or the
locked range depends on the input signal amplitude, the
free-running signal amplitude and the transfer function,
which is a function of the input signal. Because the char-
acteristic of the transfer function is not linear, the locked
range thus has unsymmetrical V shape. Moreover, the
amplitude and phase of output signal are varied with the
input signal frequency. The circuit in this state can be ap-
plied for the FM-to-PM and FM-to-AM convertor.
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Enhanced Mathematical Model for Studying
Fundamental Behaviors of Injection Locked
Relaxation Oscillator

A. Kitipongwatana, P. Koseeyaporn, J. Koseeyaporn, and P. Wardkein

Abstract—This article proposes the analytical model for
studying behaviors of injection locked relaxation oscillator
(ILRO). The proposed model enhanced from N. Soltani’s
model can be used to demonstrate behaviors of the ILRO in
case the input frequency is higher than the natural frequency,
namely, necessarily physical conditions for locking, locked
ranges, detuning behaviors and frequency division. The
proposed model is verified by simulation results of the ILRO
based on 0.35um-CMOS technology of TSMC.

Index Terms— Injection locked relaxation oscillator (ILRO),
Locking condition, Locked range, Detuning.

1. INTRODUCTION

ASED on interesting behaviors of an injection locked

oscillator, many mathematical models were proposed
which are divided into 2 main groups, namely, the manual
analytical models and the analytical models using numerical
methods to determine the solutions. With the pattern of
analysis of the first group [1-3], profound understanding to
the influence of the parameters appearing in the system on
the detuning and locking processes is possible. However,
these models are limited to the harmonic oscillator. For the
other group [4-6], the method can be employed to determine
the accurate solutions of both the harmonic and non-
harmonic oscillators which are fed by an input signal but it
is not yet a suitable tool for deeply understand the detuning
and locking process.

In 2010, the manual analytical model for ILRO was
proposed by N. Sotani et al. [7]. But only the input
frequency around the natural frequency was considered and
the explanation of the detuning process is quite difficult to
relate with the practical results. However, in this paper, the
model in [7] is enhanced in order to explain the detuning
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and locking processes when the input frequency is higher
than the natural frequency.

An organization of this article begins with the
fundamental relaxation oscillator in section 2. Studying
behaviors of ILRO is discussed in section 3. Section 4 is to
demonstrate comparisons between simulation results and
calculation results. Finally, section 5 is for conclusion of
this article.

II.  RELAXATION OSCILLATOR
In general, a structure of a relaxation oscillator [8, 9] is
composed of 3 parts as shown in Fig. 1 (where a current
source i, (t) is neglected). The first part is a capacitor (C)

where the second part is a charge-pump circuit which
supplies constant currents (x|, ). The third part is a

Schmitt trigger circuit where V., and V,, are two

threshold voltages. The natural period of the oscillating
signal, consisting of charge time (7, ) and discharge time

(7 ),is T,y = 2CAV,, /1o, where AVy =V, 4~V -

III. RELAXATION OSCILLATOR
INJECTED BY AN INPUT SIGNAL

In this article, studying behaviors of ILRO is considered
in case of an input signal is sinusoidal signal. Let the input

function be i, (t) =1, sin(w,t) where |, and @

), are

amplitude and frequency, respectively.

Physical behavior and locking condition of ILRO

The signal-generating process of the relaxation oscillator
comprises of charging and discharging of the capacitor. For
generating the suitable output signal, it is necessary that the

charge time ( 7, ) must be equal to the discharge time ( 7 ).

Fig. 1. A structure of the relaxation oscillator which is fed by an input
signal
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In other words, the current magnitude ( -+l ) of the charge
pump circuit which is delivered to the capacitor is equal to
the current magnitude (—lp) of the charge pump circuit

which is derived from the capacitor. Therefore, to adjust the
output period to correspond to the input period, average
amplitude of the input amplitude in the charge time has to
be equal to average amplitude of the input signal in the
discharge time but opposite sign. With this physical
behavior of the ILRO, the shape and, especially, the period
of the input signal have an influence on the ILRO.
However, the influence of the shape is less than that of the
period, therefore, only the influence of the input period is
considered to determine the locking condition.

When the oscillator locks to the input signal where
T,=T/n, n is the integer number and T is the detuned

period of the output signal. The equation employed to
determine the charge time of ILRO can be written as

Ve (t2) 1 b
dve (t)=—=
ve (t) C Y
where 1, is the
Lo, = TiH =T/2, Ve (t] ) :VmL
After solving (1), it yields

delay time. Define t =0,

and Vg (t1+1/2) =V -

[ [1ep +1i,sin (e, (t+1,)) Jt (1)

signal is absent. After rearranging this equation, it can be
rewritten as

T

nat

=T=n,T (6)

— "'Even "in

This equation points out that the oscillator will lock the
input signal when the input period is 1/ng,, times of the
natural period and the output period cannot be detuned like
the Ny, case. From Fig. 2, (6) is used to be boundaries of

odd-harmonic locked ranges, and (4) is odd-harmonic
locked ranges whose width is directly proportion to « .

IV. BEHAVIORS OF ILRO
WHEN THE INPUT FREQUENCY IS IN THE Ngyq Ty RANGE

A. The relationship between the input signal and the

output signal

Because of the signal-generating process of relaxation
oscillator and the input signal being a function of time,
behaviors of the ILRO will be considered cycle-by-cycle. In
other words, the variation of the charge and discharge times
due to the input signal will be considered from the cycle-

m" variation to the cycle- (m + l)lh variation as shown in Fig.
3. When the input frequency is in the ny,f, range, the
oscillator will try to adjust the output period (T, ) of each

cycle to Ny, T, . With this adjusting process, a relationship

AV, = (16T /2C)+(1;,T /n22C ) cos (@t )[1 —cos(;zn)]. (2) between the input signal and output signal is determined by

It is found that voltage of the capacitor changed from
Vi, to V

.y consists of two parts. The first part is

o T /2C due to the charge-pump circuit. The other part is
[1,,T /2Cnx][ 1=cos(zn) |cos(amyt,) which stems from the
input signal. In case the input period is T /Ny, where

Nog =1.3,... The voltage changing of the capacitor from

Vi to Vi 1s

AV, = (1T /2C)+ (1, T / Nogg2C ) cos (@, ty ) 3)
From the relationship that T, =2CAV, /I, and

—1<cos(wt,y ) <1, (3) will become

Toat /(1+2a/n0ddﬂ)£T ST /(1—2a/n0dd7r) @)

where @ =1,/ 1. This equation points out that the output

period can be detuned from the natural period (T, ) to

T

nat

/(1i(2a/ nOddﬂ)). In case the input period is T /n

Even

where N, =2,4,6,..., the voltage changing of the

capacitor from V| to V,  is

AV, =1,T/2C (5)

From, «5), it  is, found that, the' voltage -due] to- the input
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using delay times, t, , and ty ...

«
Locked ranges
0 1'f;7u1 ‘ Sf;ml ‘ 5f;m/ ‘

2f;zm 4f;mt G'f;zat

| | |
T.J1 PN g 5]

T2 Tu/t  T.[6
Fig. 2. Boundaries and locked ranges of each harmonic of the ILRO

3 37
td.l td.l}\ /2 ! 2 } t[[_,“ t«].;rv+1,’2 td.y}n +1
i, (1)
AWAIAWAWES AWAIFAW A
AVEVAVAVAVEIVAVRVAY
Vg (t -
= — —1
7—1.11 Tl,L Tz,u Y Tm,L 7—7n+l.H
o I L T 7.
- t
I ‘ b - 1 b T—m
Fig. 3. The relationship between the input signal and the output signal
when the input frequency is in the 3f,, range
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The delay time, t is an amount of time between the

dm >
input-signal zero-crossing time at w,, (tm —tim ) =0 or 27
and the time where the capacitor starts to charge (t,) as
shown in Fig. 3. Similarly, t, ., is the delay time which is
an amount of time between the input-signal zero-crossing
time at a, (th,Z +td’m+l,2)= 7 and the time where the
capacitor starts discharging (t,,,, ). Moreover, from Fig. 3,

the relationship between t,  and t

=(T,+t,,)—n(27/ @,)

d,m+1 1S

td,m+1 (7)

This equation points out that the delay time depends on
the period (T,,), hence, the procedure for determining T,
will be followed. The equation used for determining the
charge time can be written as

Ve (tnra)

dve (t) =

tnaarz

.[ [ICP + 1, sin(a)in (t i ))Jdt

1
c (8

Ve (tn)

where V¢ (t,) =V, and Vg (t,.5)=Vyy . After solving

this integral equation, the charge time equation is

nat

I

+—[cos(a)m (z’m’H 318 ))—cos(a)intd,m )J 9

WH
m 2 o

n

where a =1, [l , t,=0 and t , =7, . The integral

equation used to determine the discharge time is

Ve (ty- sl

:!11 dV = I [ eprt s sin(a)m (t+td,m)ﬂdt

sz

(10)

where Ve (tm+1) :Vth-l— i

time is

After solving  (10), the discharge

w, —cos(a)in (Tm,H +td,m ))

T

Tm,L

where t,., =7, +7, .From (9)and (11), the period at

the cycle-m™ is

T, =T +(2a/ o, )Cos(a)m(rm’H +td’m))

nat

(12)
—(20:/a)in)cos(a)i T./2+o.t, m)cos(a)me/Z)

Substituting (9) and (11) for 7z, and 7 respectively,

m,L >
then using Taylor’s series and neglecting the higher order
terms of « , the output period is

nat (k / )COS( 0/2’+ |ndm) (13)
Where K, = (@, —Nogq @peg ) Trae *Nocg 27, Ky =AaT
k, =4acos’ (AT, /4) and Aw =@, —Noy@,, - Note that
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(13) is valid, if 1, is much less than I, .
(13) into (7), it thus yields

w =k /@, )+(k, /o, )cos(k /2+ mdm)

By substituting

(14)

will be

considered as the continuous variable and (14) can be
rewritten as

To gain insight into the behaviors of ILRO, t;

dt, (m)/dm :(k,/a)in)+(k2 /a)in)cos(k0 12+ o,t, (m)) (15)
and

f[ m) :ﬁTdm
5 1+Kcos 0/2+ mdm)

(16)

where K =k, / K, . By solving this integral equation, the
continuous delay time thus is

ty(m) = =(k,/20,)
1+K

2 ol kV1-K?
+—tan tan m+C,
o VI-K? 2

J1-K? [%
—tan| —

where C, =tan™'
1+K

(17

4+i‘"ntd2(0)]}, From (17),

t,(m) has the periodic variation which depends on K.
Because |K| is dependent on amplitude and frequency of

the input signal, the variations of |K| which are due to these

factors can be shown in Fig. 4. It is noted that the
discontinuous position of graph means that the values
converge to infinity. It is seen that the more the input

frequency moves close to 3, the more |K| get increases.

Moreover, increasing of the input amplitude will accelerate
an increasing of |K| When considering both |K| and

Vi-K?

IKI >1 which will be discussed in the next subsection.

can be divided into two parts, |K| <1 and

1, (MEEz)

I (a8)
Fig. 4. A variation of ‘K‘ due to amplitude and frequency of the input
signal whose f, and |, of the relaxation oscillator are 5.42MHz and

25uA, respectively and the input frequency is in the 3f  range.

nat
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B. The output period detuning process (|K|<1)

For considering t, (m) in practical, it may be impossible

because this parameter is small and varies all the time.
Therefore, the output period will be used to study the
oscillator behaviors instead of t,(m).

t;(m) of (17) into T(m) which is considered to be the

continuous variable, the output period can be rewritten as
T(m) =T, —(k /a)m)(l—x/l— K> )
TS cos( p(klx/l— K2m+2C[))

Din p=1

By substituting

(18)

where r=(1—\/1—K2) /K. This equation shows that the

output period composes of two terms. The first term is a
constant value. The second term is a periodic function of m
whose period is

M :27[/(k1\/1—K2) (19)

The second term reaches its maximum and minimum
if 2zm/M +2C, =0,27,4x,... and

2zm/M +2C, = 7,37,57,..., respectively. The pattern of

values

variation of this term is very interesting when the value of
M changes. For small M, T(m) will quickly change from

the maximum value to the minimum value. It is also found

that if the input frequency ( ;) moves close to Nyy foa »

M will increase and the rate of the variation of T(m) will
decrease. The slower variation of T(m) implies that the

output period is adjusting to the period of the input signal.
This behavior of deviation of the output period is
demonstrated in Fig. 5. Moreover, the relationship between
the m-domain and the time-domain of the output signal is
also illustrated. For convenience of considering the
influence of amplitude and frequency of the input signal,
average of the output period is also employed to study the
oscillator behavior active in a pulling state.

T(m):Tnat—(k]/wm)(l—\/l—Kz) (20)
U, (1‘) T_
I m I
LA L
Y T T S Sy B
SRR 30 N
T(""") 1 ‘ 7—; ‘ ,1—‘3 ‘ ‘ m m+1
\: A JAN—
/1 /\ o
! ! ., m
0 M M g

Fig 5. The relationship between the time-domain output signal
and the M -domain output period.
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From (20) and K =k, /K, it is found that when the input

frequency moves close to the locked range, T (m) will also

move close to the period of the input period.
C. Locking State (|K|>1)

For |[K|>1, (17) becomes

ty (M) =k, /2a,

2 ke (((kmr2)VKE ) @1
+—tan ftan

@in K™ -1 +JCLI0cked
where C,, ., 1s a constant value which is derived from

solving the integral equation. By using the trigonometric
identity tanh(@)=-jtan(j@), (21) will be

K 2 K+1
t =——2 — " tan' 22
d(m) 2a)in win o {\IKZ—IJ ( )
By substituting t,(m) of (22) into T(m) and using a

trigonometric identity, the output period can be rewritten as

T (M) =Nogq Tin- (23)
From (23), it is found that for ‘K‘Zl, the oscillator
behavior will move to the locked state and the output period
will be Ny, times of the input period. Based on this
behavior of the ILRO, the locked range determined by using
the relationship of ]KIZI be

‘40: cos’ (AwT,, /4)/AeT

nat

can written  as

>1. When the oscillator is in

the locked state, cos’ (AaT,,/ 4) ~ 1. Hence,

|Ao| < (41, /T ) (24)

From this equation, the input-frequency range which the
oscillator will lock, therefore is

(nOdd a)nat —IACUD = a)l = (nodd wnat + ‘Aw‘) (25)
Because |AOJ| =|60,n —Nogq a)na[| , the locked range of each
(25) is similar to (4)
which determines the locking condition. With this behavior
of the oscillator and equal locked range for all Ny ., , the

Nogs T T@nge is equal. Moreover,

relaxation oscillator is therefore easy to be applied for the

synchronization oscillator in case Ny, =1 and the

frequency divider in case Ny =3,5,....

V. SIMULATION AND CALCULATION RESULTS

In this paper, the basic relaxation oscillator is used to
study the behaviors of the ILRO as shown in Fig. 6. This
oscillator is designed by 0.35um-CMOS technology of
TSMC and the dimension of each. MOS is showed in Table

IMECS 2015



1. The Schmitt trigger circuit has 2 threshold voltages,
which are 0.65V and 2.75V. The charge-pump circuit is
designed to deliver 25uA. The capacitor has a capacitance
of 1pF. The supply voltage is 3.3V. The simulation output
of the oscillator without the input signal is shown in Fig. 7.
These signals illustrate that the charge time and the
discharge time are equal because there is no any
disturbance. The output period is 0.1845uS or the output
frequency is 5.42MHz.

A. The output period of each cycle (T, )

Fig. 8 is an example of the oscillator behavior when the
input frequency is in the 3f,, range. It is found that the
output signal deviates from the natural period (0.1845uS)
and this deviation moves close to 3T, . The more the input
frequency moves close to the locked range, the more the
output period moves close to 3T, . Not only the output
period moves close to 3T, but also the variation from the
maximum value to the minimum value gets slower than and

the M period gets wider. Moreover, the calculation results
of (18) are also similar to the simulation results.

B. Average output period (T(m))

Fig. 9 shows comparison between the simulation results
and the calculation result from (20) of the average output
3f,. and 5f ranges. It is found that the
output period will deviate from the natural period,
0.1845uS, and moves close to Ny T, . Moreover, when the

periods of 1f

nat >

input frequency moves to the locked range, the output
period will equal to Ny T;, -

C. The periodic variation (M ) of the cycle-m™ of the

output period

From the simulation results in Fig.8, it is seen that when
the input frequency moves close to the locked range, the
variation of the output period will be slower, in other words,
the period of M gets increase. This behavior appears in
every Noy . range as the simulation results depicted in

Fig.10. Moreover, the cycle variation of the simulation
results and the calculation results are similar.

Tl

VDD
M3
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Fig. 7. The simulation outputs of the relaxation oscillator without the input
signal where (a) is V. (t) and (b) is Vg, (t) .
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Fig. 8. The variation of each cycle when the input signal has amplitude of
3uA and frequency is in the 3f _, range where (-0-) is simulation results
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Fig, 9. The simulation result and the calculation result of the average
output-signal period when the input amplitude is 3uA.

Fig. 6. The structure of relaxation oscillator.

DIMENSION OF TRANSISTORS

Device names W(um)/L(um)
ML,2,7,8, 11, 13, 14 42/0.7
M3 25/0.7
M4, 5,9, 10, 12, 15 14/0.7
M6 70/0.7
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D. Locking behavior of the oscillator(|K|>1)

When the input frequency is in the 1f, range, the
oscillator shows the synchronizing behavior that is the
oscillator generates the output signal whose rhythm is
similar to the input signal (see Fig.11). When the input
signal is in the 3f , range, the results are given in Fig 12.
Not only the output signal synchronizes the input signal, but
also the output signal is a dividing result of the input signal
atratio 1/3; Fig. 13 is the simulation result when the

IMECS 2015
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Fig. 11. The simulation result when the oscillator is in locked state and in
the 1f range where (a) is the input signal whose amplitude is 3uA and
frequency is 5.4MHz and (b) is the output signal.
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Fig. 12. The simulation result when the oscillator is in locked state and in
the 3f, range where (a) is the input signal whose amplitude is 3uA and

frequency is 16.2MHz and (b) is the output signal.
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Fig. 13. The simulation result when the oscillator is in locked state and in
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the 5f,, range where (a) is the input signal whose amplitude is 3uA and

frequency is 27MHz and (b) is the output signal.

input signal is in the 5f, range. The oscillator shows

behavior similar to that of the 3f , case but the dividing

nat
ratio is 1/5. Fig. 14 is the locked-range comparison between
the simulation result and the calculation result of each range
(1f,, 3f, and 5f

characteristic of the locked range implies.that the locked

). From this figure, the V-shape

nat » nat
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Fig. 14. The simulation results and calculation results of the locked ranges
of the ILRO where (@) is simulation results and ( © ) is calculation results

range directly depends on the input amplitude. Moreover,
the locked range of each frequency range is equal.

VI. CONCLUSIONS

In this article, the enhanced mathematical model is
proposed to study behaviors of the ILRO. The proposed
technique considers the time variations of the output signal
cycle-by-cycle due to the input signal which occurs during
in the charge time and the discharge time. Moreover, the
simulation results show that the proposed model can be
clearly explained behaviors of the ILRO.
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Abstract

The mathematical model for determining locked ranges of frequency divider based on an injection
locked relaxation oscillator (ILRO) is proposed. The proposed model can indicate that an appropriate
frequency division ratio of the injection locked relaxation oscillator is an odd number. Locked ranges of
the oscillator which are derived from the proposed model can not only be determined from the influence
of a pure sinusoidal input signal but also from non-pure sinusoidal input signal. The verification of the
proposed model is provided by using the simulation of the injection locked relaxation oscillator based on

0.35um CMOS of TSMC.

Keywords : Relaxation oscillator, Frequency divider, Injection locked oscillator (ILO)
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Locked Ranges of Frequency Divider based on
Injection-Locked Relaxation Oscillator

Arum Kitipongwatana, Jeerasuda Koseeyaporn,
Paramote Wardkein

Faculty of Engineering, Department of Telecommunications
Engineering, King Mongkut’s Institute of Technology
Ladkrabang, Ladkrabang, Bangkok, Thailand 10520

Abstract—In this article, the principle for determining locked
ranges of the frequency divider based on the injection locked
relaxation oscillator (ILRO-FD) is proposed. The proposed
principle shows that the ILRO has many frequency-division
ratios and can indicate that which ratios are suitable for
frequency dividers. In addition, based on the proposed principle,
it is found that the patterns of frequency-division ratios of ILRO
depend on the charge-pump circuit’s current ratio. Moreover,
the proposed principle is verified by the simulation results of the
ILRO-FD based on 0.35um-CMOS technology of TSMC.

Keywords—injection locked relaxation oscillator (ILRO);
locked ranges; frequency divider(FD)

I. ~ INTRODUCTION

Nowadays, frequency dividers based on injection-locked
oscillators play an important role in a modern communication
system because of lower power consumption comparing to
conventional frequency dividers. Mostly, injection-locked
frequency dividers (ILFDs) are designed by using LC

oscillators [1, 2] and ring oscillators [3, 4]. In 2013, the
frequency divider based on the injection locked relaxation
oscillator [5] was proposed. Power consumption of this ILRO-
FD is lower than the FDs based on other types of the
oscillators (as shown in Table 1 in [5]). However, the
mathematical model for determining locked ranges of the
circuit in this paper has not yet been studied.

In this article, the mathematical model for determining the
locked ranges of the ILRO-FD and the effect of the charge-
pump circuit’s current ratio on the pattern of the frequency-
division ratios are therefore proposed. This article is organized
as follows. Section 2 introduces the basic of the relaxation
oscillator. The locked ranges of the ILRO-FD are determined
and the effect of the current ratio is discussed in section 3.
Section 4 is to demonstrate comparisons between the
calculation results and the simulation results of the ILRO-FD.
Finally, section 5 is for conclusion of this article.

II.  BASIC OF RELEXATION OSCILLATOR
In general, a structure of a relaxation oscillator is composed
of 3 parts as shown in Fig. 1 (where a current source i, (t) is
neglected). The first part is a capacitor where the second part is
a charge-pump circuit which supplies constant currents (/g

978-1-4799-7961-5/15/$31.00 ©2015 IEEE

Poolsak Koseeyaporn

Faculty of Technical Education,
Department of Teacher Training in Electrical Engineering,
King Mongkut’s University of Technology North Bangkok,
Bangsue, Bangkok, Thailand 10800

and —hl,, where h is the current ratio) according to a
controlling signal. The third part is a Schmitt trigger circuit
where V,, and V, , are two threshold voltages. These
threshold voltages are maximum voltage level and minimum
voltage level of the capacitor. The natural period (7}, ) of the

oscillating signal consisting of charge time and discharge time
is found to be

Ly =Ty +7,=BCAV, [ 1. (1)
where f= (1 + h) / h and the natural frequency is

Foa =V T (@)

From (1) and (2), it is found that the natural period and the
natural frequency depend on C, AV, and /., .

II. LOCKED RANGE OF FREQUENCY DIVISION-
INJECTION LOCKED RELEXATION OSCILLATOR

In this article, the input signal is defined to be an sinusoidal
signal which is i, (t) =1, sin(@,t) where I

) . and @, are the
amplitude and the frequency respectively. The input signal is
fed into the relaxation oscillator as shown in Fig.l. The
equation employed to determine the charge time of the circuit

is given by

Fig. 1. A structure of the relaxation oscillator which is fed by an input signal



ve(tn) LY

dv,. (z)=é j [ICP+I,.,, sin(a, (t+1, ))]dt A3)
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where ¢, is the delay time.By solving (3), where f, =0,

L =Ty, Ve ([1 ) =V, and V¢ (tm/z) = Vth,H (as shown in

Fig. 2), the voltage difference can be written as

AViy =AY,
“4)

Lo o eos(an (1)) os(ens)]

From (4), it thus yields

Ty = C[AV/’ +a)i|:cos(a)m (71,11 +1, ))—COS(C()inld ):| 5)
cr 7

in

where a=1, /1.

For discharge time, the following equation is employed

ve(t) b
dv, (z):% [ [Alep +14,,5in(a, (t+1,)) it~ (6)

ve () L

where £, =T}, t.,, =74, Ve ([2) =V, and v (tm/z) =Vur -
The solution of (6) is found to be

AV, =-AV, = _(h[CP /C)TI,L

_(jm /(Ca, ))[cos(a)l." (1, +2, ))—cos(a)m (110 +1, ))] o

where t,—t,,,=7, =1 -7, . By rearranging (7), the
discharge time of the circuit thus is

T = I ~TOu = (CAVth /(h[CP ))

(®
—(a/(a)mh))[cos(a)m (T, +1, ))—cos(a)m (e +1, ))]
iin(t) \/ /-\\/ ‘
t tivip itz
icr(t) o
| -2cp
T1H /L
ve(t) t
T,
VSch(t {

Fig. 2. Relationship of signals when the relaxation oscillator is injected by
the input signal

When the ILRO is in the locked state, the ILRO will
generate the output signal whose the period is

T, =nT, ©)

where n is an integer number. Moreover, the sum of AV, ,
and AV, will be zero, hence, from (4) and (7) the relationship

between the charge time and the output period can be written
as

Tin :Tl/ﬂ- (10)
From (5) and (8), the output period is given by

T=1,+7,
- —(1/h)cos(a),.” (T, +t, )) (11)

=" a)_m +ﬂCOS(CU,-n (z‘l)H+ld))—COS(a)mtd)

nat

By substituting 7, ,, from (10) into (11), it becomes

o DR h)cos(a)m (T, +¢, ))

3T —_—
0, | +peos(o, (7 19)+1,))~cos(@,ts)

1 nat

(12)

Also, by substituting 7, from (9), then (12) can be rewritten as

T, 2
Vadl or afﬁ,f 24«»{%} cos(@,t, +0) (13)
where @ =—tan (sin(27m/ﬁ)/[l—cos(27m/ﬂ)]). By

using the trigonometric identity, (13) will become

in — " nat

iy 4T +@xsin(ﬂn/ﬂ)‘ cos(a,t, +6) (14)
V1

From —1<cos(a)<1, the input-frequency ranges of each n
that can be locked by the oscillator are

(o =)< o (W + ) (15)

where Af = f,, (af/(27))[sin(zn/ B)|. From (15), it is seen
that the locked ranges depend on o, S and n.

In order to describe the effect of the current ratio of the
charge pump circuit on the frequency division ratios, the
determination of the locked ranges of the ILROs of which the
current ratios are 1 and 2 will be studied in this paper.

In case of the current ratio of the charge circuit is one,
h=1, Af is found to be



A = f, (a/ 7)|sin(zn/2) (16)

and for n=1,3,5,..., the locked ranges will be

(nf;lat _ﬂlata/”) S -fin S (n ;rat +fnata/ﬂ-) (17)

This equation implies that the widths of all the locked ranges
for n=1,3,5,... are equal. For n=2,4,6,..., the ILRO will

lock only when the input frequency is

Sin = W (18)
From (17) and (18), it implies that for the current ratio of the
charge circuit is one, the ILRO is suitable for the odd-number

frequency divider. The locked ranges of this case can be shown
in Fig.3(a).

In case of the current ratio of the charge circuit is two,
h=2, Af will become
Af = f,(a3/(4r))[sin(27n/3). (19)

For n=1,2,4,5,7,...,

[nfm, f,m,gij—f [ W + %ij (20)

where all the locked ranges are equal. For n=3,6,9,..., the
ILRO will lock to the input signal only when

the locked ranges will be

f;n B nf;’xat " (2 1 )

From (20) and (21), it implies that for the current ratio of the
charge circuit is two, the ILRO cannot be applied for frequency
divider for n=3,6,9,.... The locked ranges in this case ~2=2
can be shown in Fig 3(b).

IV. SIMULATION RESULTS

The proposed principle is verified by simulating the
relaxation oscillator on SPICE which uses 0.35um CMOS
technology of TSMC. The ILRO structure is shown in Fig. 4
and the dimensions of MOS is shown in Table I. The Schmitt
trigger circuit has two threshold voltages, which are 0.65V and
2.75V. The capacitor has a capacitance of 1pF and the supply
voltage is 3.3V.

]m(a) 241 24f 1,-(:)) 24f 24f 24f
Www!vvwf
S 26 3 4 S 26 3 e

Fig. 3. Locked Ranges of ILRO-FD where (a) =1 and (b) h=2

In case of & =1, the charge pump circuit has /., ,, =25uA
and /., , =-25uAd and the natural frequency is 5.4MHz. Fig. 5
shows the frequency dividing results when the input signal has
the amplitude of 3uA and the frequency of 16.2MHz which is 3
times of the input frequency. The locked range when the range
of n from 1 to 4 is depicted in Fig. 6. In case of n=1 and 3,
the calculation results are close to the simulation results. For
the case of n=2 and 4, the slightly deviation occurs between
simulation results and the calculation results using (18)

In case of /=2, the charge pump circuit has /., ;, =25ud

and I, = —Z(ZSMA) =-50uA (the dimension of M7 in table
I. will become 8.4um/0.7um) and the natural frequency is
7.1MHz. Fig. 7 illustrates the divide-by-2 frequency division
results when the input signal has the amplitude of 3uA and the
frequency of 14.2MHz. For Fig. 8, the locked range results
where n is 1 to 4 is given. As seen in Fig. 8, the circuit can
perform well for the frequency dividing circuit when n=1,2
and 4. Moreover, the calculation results are in accordant with
the simulation results.

VDD

SN

EM M8 %a

M13

~

Fig. 4. Frequency-division injection locked Relaxation oscillator

TABLE 1. DIMENSION OF TRANSISTORS
Device names W(um)/L(um)
Ml,2,7,8,11, 13, 14 4.2/0.7
M3 25/0.7
M4,5,9, 10, 12, 15 14/0.7
Mo6 70/0.7
16v (a)\ sch

S [T TT L] ]

)\ul:

ST

10.0ps 10.2ps 10.4ps 10.6ps 10.9ps 11.0ps

Fig. 5. Frequency division result when the input signal has 3uA and
16.2MHz
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(a) Vsch
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N

T
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Fig. 7. Frequency division result when the input signal has 3uA and
14.2MHz

V. CONCLUSION

This paper proposes the determination of the locked ranges
of the injection relaxation oscillator that be applied for
frequency divider. The proposed principle shows that the
pattern of the frequency-division ratios depends on the current
ratio of the charge pump circuit. Moreover the locked ranges
calculated based on the proposed principle are close to the
locked ranges obtained from the simulation results.
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