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Abstract

This thesis presents the extensive applications of .current
mirror circuits that both input and output signal are current.
-Current mirror circuits have a wide frequency response that is
very interesting to use them at high frequency. Three cqrrent
mirror applications have been studied.in this thesis as current-
mirror RC-oscillators, current-mirror phase-shifter oscillator,.
and a differential-current electronically-variable current-
mirror phase-shifter. All experimental results are. very satis-

factory.
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2.1 na1mn

AN TIRENBUNTEUANKA UL RAUUMIRENA1IAG LANIE IR IREADUN IZUR,
ﬁﬁtﬁ%u%nuwﬁwuétduﬁtﬁ1ﬁu Ysenaugapvasasiaunseuasuuniuiained 2
&7 wiauvutaisaniiudaiand (diode-transistor current mirror) 487
gedipunIzusuuuniuiainad 3 #7 #ilgst3un3 MUY Wilson (Wilson current
mirror) vasasfipunizuauvunsudaiend 4 ﬁaﬁu%uu§qu1qwnuuuuaq Wilson
unnaaniiil Nes3agfisunIzuaalnuanfvasedgy i ( differential
current mirror) uuumiudainad 4 #2 qmauﬁﬁaﬁﬁmnaaaqq1azﬁaun1xuﬂﬁ
eNMIN1IR’IBIARAR 1 BENENIE A (current gain) ﬁnwuﬁwuwwuﬁqaﬁmmwmtﬁw
(input impedance) u'a::mmﬁwumuﬁ'ﬂﬂﬁwmmaan (output impedance) 7ad
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2.2.1 AQANIANINATZURINA TS

n3mdaLnes Q1 gnda&uﬁnumxna41ﬂ1aﬂ1§uh11ﬁav1Luaﬁuuﬁﬁaataﬂxnai
g st afiniesunnaian  aeataatnadiua (Vee) A ifugud dnsayidul
n3uBainad O ﬂqagﬂuﬁvqné¢n11nﬁ01uUnﬁ (forward active region) Wi
NIz LINfuana3an  ApataALARddfinieaS (Vce) 1WEN Vee LABT 370WIAU
anAspa luaiiaes (Vee) Aifimanatfinsoudanainienntifuda ideaniudainas
Q1 URY Qz dAuaNTA indauAuNNYIENI uar auyAdin 2 wAunuigedeniuaan

va9 Q: ffguinautidisvanileiie A wdniuivasuaesuluadidawnaSfunizua

ARALAALADS (Ic) vaemIudainnd Aa

Ic
Ve = Veln I (2:1)

1D Vr AB WINARLNDINBR(thermal voltage) #A1L1#AAY KT/q dszuw

P - [ - a o -~ - o & dea
26 mV #naunay 27 C Ul Is ABNITUADURAD NﬂqﬂQﬂuﬂTNuﬂquwuﬂﬂuﬁlﬂﬂ%

q o

yaaniudainnd
LY 3 - - o N o [} O [ &
3Nl 2.1 LISAUANASAN LURDANA LABSUDY Q1 WRY Q2 A1 ivinfdu  Avily

& o
NICLFRDALaA LADSUAINIUBR LAaSHeaRedinedla 1 dusian

Ici = Icz2 (2.2)
ﬁﬁﬂ?t“ﬂﬂﬂﬁ?ﬁﬁﬁﬂalﬂﬂlﬁﬂ%ﬂﬂﬁ O
Iea
Iréf—ICl—Q = 0 (2.3)
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I = ! = (2.4)

By fn  FA31UHIBNITURIARIY (Ic/Is) vawmdwudained 61 By diAn

genan (agiaufidtazenm 200)  azndinizuasan (Icz)  dd1iadunazud

(31 (Ires) MHiAHUIZHN
Q & “ﬁ" - e Qs & - .Y LY
farundd@iviouiaiasd Q1 warQ: dauandd undiaudu [zlAdRI1vEENITUE

vaveasaziisundzuaifuniic  G13finsuiained Qi uar Q: fgmandAdAefiu ]

£ < -y (Y ] 1 Qs P+ a 2,2 - o [
PN INTACHAUNIEUANA DR ITVH BN ICUFTH INTINURUN LUDIRAHUN BHRLADIVBN

)
' o - . ¢ & ' ™
QO WA Q: #9Au veinen Is U (2.1)  vawnIudainadneanedngiu

] ' & -~ ~ -~ o 1 LY Y ) v
wAnIuBa iap SNvase  dldesuiuadiaiaadindu wdRIvENEnIzUALL AU
g ¢ ]

"

ANERT 1 UNUTAENA 1D SvaAN I B A LnaSYeaaY 1Bu GnundfiatanSvae Q: ilu

-

' & - - 'S £ o ] [

2 M1ENRUNERR LABSYDY Q1 azMAdAIVENENIEUE LANY 2
. E . ~ ~' 3 [ Y
uananiinisfuanaipunnatantaadifiniaadene Q@ Uar Qz  AuAnANiu

sznvaitfidninveanizuana’atadauaanty 118N’ INHAYAY  base-width

modulation whAfinIzuananiantansidy

Ve )] \
I, - Is[exp(-v—f):l[l+ﬁ:l (2.5)

Va A0 Early voltage ua<niiudaiand dAs11asdlhldesna 130 1180

> 4 - . & [) - -
finfusesunnaatanianivas Q: 1u 30 Than  wivAuadannaRLafLADg

FAnLRDSURY Or U Veecony UdzmAm 0.6 T2a%  dedudaiidiuves Ice

D Ic: Ad
Vera 30
+ =
Icz_, Va  _ 1"’130_“ 1.95
Ic, 1 Vepy 1.,,& T (2°6),
Va . 130
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2.2.2 puandfinienizuatiiadudograuniatan (small signal)
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AR 1IRNNNRTRE T AU SEnARLunS B and 2 #1 ADdgmaruialin sy

unundudaiaadfimaeaviadan uyy 2.2 [19] ifudeaatugil 2.3
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3 2.2 29a7iaipuvaeniuiaiand

Cu1 a2
S - 1
Gi'; . Jv\:\)‘l . r‘),.z , - <—°—°
"ol ¢ V'rr:% T"wz c'n’_l- @ o2 |
9mi vIrL . .l____ . Sm2 Y2
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3 2.4 29a3tafiauyaviesdaziisunzusnuuniiudaiand 2 F1 1iating

findrvaIsnIzuakaza R unufisadgniniiin

iin ’ "}‘2.
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AN I0UNUF 9N Iz E1EE S umuA Ry 1/ge:  tTpuaeasaml gy

2.5 1ay
Ci = Cm*Clu (2.7.1)
1 1
R’l = l'ﬂl//—‘//l'ol//l',,z 2 (2.7-2)
gml . 9m1+—

g

o

fiafdnin r,, uaz r,, ff1tndiAnediu A r, iudriadefs vindy

N3y 2.5  wauIsAuiianaian R 14

(Ry/71,2)i-

v = « (2.8)
"2 1+s(R;7/7,2)(C1+ ¢pa)
T,.>>R; mIanzacuu
R,i
Vo ® s , (2.9)
1+SR1(CI+CF2)
gl 2.5 wanszuaaan (io)
" "1
lo = gm2v:r2— —+scy2 vnz (2.10)
|

, & 1 - - v o . ' ' 2
AR LNAN — LUDNITNUATUDENIDN gez NN URTUNUAT V2 7N (2.9) 'n
T
u2

i, = (sz—scpz)Rlim . (2.11)

1+sR,{C,+e,)

1AEATIBHENIZUR AD
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A = _l_o_ - dm2R1—8R;Cys (2.12)
" im 1+sR,(Cy+cy) ’

Unue Ci waz Rr 370 (2.7.1) uway (2.7.2) 1w (2.12) ‘4 -

1 1
Om2 z |~ S z |Cu2
Smi1* Smi* #
4 f ¢

Ay o= _ : — (2.13)
1

l1+s (Cnl*'cnz*'cyz)

gml+,.—;

- L3

‘e - 'S o @ a [ o et [
OINIIUDTALIADT Q1 URE Q2 Nﬂmﬂunﬂl“nﬂunulla:ﬁiﬂ'ﬁun’l'ﬁ&u’ﬂﬂ"ﬂﬂﬂlﬂﬂ\i

nu
Im1 ® Gm2 = Gn (2.14.1)
Cri = Cpra = Cu (2.14.2)
o &
iy
1 : 1
C
1+ 2 S gut= u2
ﬂmf. T
A = - (2.15)
1 1 .
1+s| —3 (2c +cCua) l+s — (2¢, + Cu2)
n m .

INBNRA9TEY (2.15) 1Tudnsacu89an13nT29ANAFIHTUUALIETHANA NG

g9 iaminanuanuas (2.15) (fulineazvasnianiasamiidndin sxilvadadngn
vonnasuanay MaidaIwoanszua iy 1/(14—2/(gmrn)) Faiiddazum
wite  1flassan gor, fs SnirvpianszuaaduvaanauBaiead (B eadlUd

drtazane 200)  uazdlyadaaa mdAdu (cutoff fregquency, fu) BYf

gu+Z | '
£ = L (2.16)
Y 2n(2c,+cp)
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1ipeanAMdRER T Ve EnIzusYBInITuiainas ( B ) ifunila (£fr) An

Om (2.17)

fr = 2n(c,4-c”)

- ' -y ] « & o o
c, fdisfinunin ¢, war 2/r1, GA1tpEnd ga w0 AviuAIWdANAA
SA311HHNIEUAY BN IRETiBunsEuanuunIuddiand 2 A2 anaw 3 dB (fi)

TRplazeIn A

f, = fr (2.18)

. 31n (2.9) thadwfiumiuiiaadagieiin (2ia) e

Vs R
Z,. 2 - . (2.19)
11 1+sR,(C,+c,)
iin C1 uay Ri fm (2.7.1) uag (2.7.2)
UNUAT Ci WAL R: U (2.19) 4
1
2
. gml*}: )
Zin = : (2.20)

l1+s ——l”; (Cul*'Cuz*“Cuz)
9.,-1*,-;
1éaadmunauiiawianan 1/(gm1*'2/rn) ia g vewntudainndil
Argeazasiatii iy 1/ges i Tres uarfinlndgeariigin i unuanas
1apdyadanliufiagfi (2.16) uar (2.18)
Aanswnaufunufigadggiuean 1aeeatugy 2.6 aannaatibunazua

vinfigndaniaaan uarafinazuatdi ine = 00 wlmussdunnnioniigaduniusan
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1ApARNAUNUR YA dyYIEEAN AD

Z, = — (2.21)

1) ruz | (2>
p—" NN . o

x

a
[
[e]
il ||
*“4r
Cg
N
‘.__
5
0
N
I <
X
[

. -« 2 &~ « 6 a « [
Eﬂ 2.6 29I LANDUVANINIIATHAUAICUHAUVUNINUTBALABY 2 A IXDABHA

o @ .
A2 UAUNUNATYYIMBDN

23353131 Inun (node analysis) [17] w3l 2.6 a¥1vauni3tsitilu

Lo iec,vsc,, - L e v 0
R, T, 1 Tre2 T2 K2 (1)
= (2.22)
( ! +sC ) - + - + sC v i,—-g
- — — - A
T, . B2 Tos Tu2 uZ—J {2) x m2 (1).

1 2 1 1

— +—>»>— > —  URE TP T
. Rl 9mi I, T2 Om2 T2 u2 02

iada inpuiiddfiay uazfing gezvery 8B InENNIIH
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_ 1 r - - -
1 1
E:*S(Cl'*cuz). —(;':*Scuz) Vi 0
' 8 .-
= (2.23)
Om2"SCh2 - -+ SC,2 Vi2) ixJ
| 02 i L B N

WI# Lnaduuuk (determinant, A ) wasiuaind Y u (2.23) ‘i

1
A = l:R—l-+"s(Cl + cm):“irtz+ sc”2]+ [sz' SC”2]|:;:;+ SC”Z]

1
1 Om2 -Cl 1 1 1 2
= + + —+C e e e i - +s“C,c
RiTe2a Ty S["Toi ”Z(Rl To2 Gn2 T2 PTE2 (2.24)

WNUA1T C: uaz Ry 370 (2.7.1) uae (2.7.2) avlu (2.24) ﬁﬂLVlﬂN{’iﬁﬁ’\

fispsang #

gml+;_. Cdl+cﬂ2

2

A =~ —————r ‘+S —_—_r +-C”2(gml+gm2) + s (C,,l"’C,,z)C”z (2-25)
02 02

WIRILINEY Vv TINUA 2 1An3E Cramer's rule [17]

1 "\ s
[R—n+s(cl+c“2)]1" (2.26)
Vy = A

UNUAT Ri,C: WAt A 830 (2.25) aeiu (2.26) “#

2
V(2) 9m1+;+3(‘?n1+°n2+°u2)

2
1 g - —_—
x Bl [cxl*cxz
+

+ ng‘(gml + gmz)]"' Sz(cnl +'Cn2)cu2

Te2 To2

(2.27)
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]
-~ a

« & Lo v -
ANUUTARI THRIUN UM IAFRYINDDN {(Zo) fD

s
Toz 1+. z(cnl+cn2+cu2)

Im1¥—
Tx

Z'o - szroz
+ Cy2(gml + gmz):l+ g +3_(Cnl + an)Cyz

ml .

1+

STe2 I:Cn*czz
To2

2
P9 l’,—‘

(2.28)
ﬂuwuﬁ1un1uﬁgﬂﬁmm1maanﬁﬁ11uﬁﬁﬁﬁé1ﬂ1zn1m rez WA lilam21nd 10ANY
N8l d1ﬁ11uﬁ1un1uﬁ3ﬂﬁmm1maanazﬁﬁ1tuﬁuuiuﬂwu (2.28) iilaunu s #0 jw
2.2.3 wan17 3o Rguauanifsie niiitaziinuaduifalioe
tdsunuy (simulation) #2H PSpice
9% PSpice[16]3Lﬁi1zﬁwan11ﬁéuaua§n1Qﬂ11uﬁvﬂquqa1azﬁaun1zunuuu
niwmdained 2 #1  1esdiadchdnczuatuds 1 mAa  waztinsaudaiendiund
2N3904  3amayidsaiAsafun1ia$ie tisuspyisasasisunszuauuuniuiaian
2 #7 $wlUsuniy PSpice @tésanniaauan 0.1 tuasutinnvasingiiwuddu
& wnd1 wridiend (parameter) wANnITMAFAUTDINIWBE AR IRARIAINNA
784 PSpice 1Uunuﬁﬁiuaun11ﬁn115§1n35n1131ﬂiwzﬁ1nuaﬂuﬁ1ﬁa.2.2.2 fi1

. - 4 -
w3 LRadAaununl fa

gy, = 37.9%x107° 07! Ome = 41.7x107° 07!
Iy = S5.17 kO T, = S5.17 k0
ry, = 117 k0O r,o = 117 kQ
C,p = 22.8 pF Cpa = 23.9 pF
Cy = 4.93 DF © Cu; = 1.95 pF
fr, = 218 MHz fr, = 257 MHz

r:z = (rzl+rnz)/:2
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LTBUNIIHN 1 IADUAUBININANAYRNEAINVEIBATERASND  (2.13) 1Ty

MpufuNayay PSpice 1&15@31] 2.7

2.0 —
=
:-5 1.0 B

118

g a
S o.s LY
‘?_ x
c X
n %
-
g 0.2
€ — RUN1T (2.13)
2 DoD0o PSpice

100 1k 10k 100k 1M 10M 100h .16*

famh (Hz )
(n)

—~ 26
p-
= ;
a o BE%8E
= %
» =20 -
| od
[ =
=
c -40
-
= . .
e
c -s0
o %m
e — fun17 (2.13
3 g0 ( )
£ ooono PSpice ] 8

-100
100 1k 10k 100k 1M 10M 100M 16

m‘luﬁ. (Hz )
(1)
aq aq o [y
3'1] 2.7 UMY LNHUNITRADBUAUDSNINAINAU DN AR T NVUNUNTILUADAIINIRT

2 ’ - L4 @ a} % - oy a 4
ACNAUNTLUALYUNIUTALADT 2 A7 [NHANIRTALIDILATIICH

Truafunayay PSpice (n) wulAvagdRI1vEILNITUE (1) LHA

V298I IVHIUNTELS
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- - } A ol o 3 -
Lnuun'swmiﬂauaummqﬁnunummwmumunwmmmnn ]1n(2.20)

vipyifisuiuwayas PSpice ‘LHfiegy 2.8

YUIALEIAIIUR N U { TDYN)

“IHE Y09AI WAL (D417)

100 —=

°
20

)
R
- HUN17 (2.20) -
DoDa0 pspice
1 .
100 1k 10k 100k 1M 10M 100M 16

-

M40 (Hz )

{(n)

-40
—60 2 . 3
sgo| —— WMV (2.20) %Eﬂm
" popop PSpice
-100 2 2 :
100 1k 10k 100k | 1M 10M 100M 16
AWM (Hz )
(v)

LU HY LRBUN IR BUAUDNNINATINAYESAINAUN N AT s L TN

yavNasacfiaunszuanuunIudainnd 2 #n RO E VAL R G
a3 inuaffiunayee PSpice (n) BUIABBIAIIHAIUNIUNYA

Sowrwidia (1) odEvevaldiun iy deyisdin
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]
oy Q.

LT8UNIMNINBUAUBNAD WA VRIRINA N UNIATYINBEN [0 (2.28)

() 3uy L finuAunaya PSpice MHifivgy 2.9

3

)

Wy

(To

YUARVD IS WM

BELTRLE T £ TR TR Y

2.9

M

100k

10k

% : lsﬂﬂ“ﬂo
By
— M5 (2.28) 18999938%

100
oooop  PSpice

10
100 1k 10k 100k 1 10M 100M 16

aamd (Hz)

(n)

“ NS
 aun1T (2.28) lelgnﬂ ,DBB'% vt

oo00 PSpice . %79999""

1k 10k 100k - ™ 10M 100M 16

]
<3
o

'
-
[=1
(=]

—
f=2
o

avwn  (Hz)

(v)

LU LI EUATIRBURUBNNINANAVBIA A UN UAIATNYIUR AN

* - o .~ o 3 a as
BENNWATACHDUNITUARVUNIUTALADT 2 A7 SInHantalaulg
ek Tnuaffunayee PSpice  (n) BuIABBIAINEIUNIUAYAR

dunawpan (1) IMABBSAIINANIM AR gyImpan

17102
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HRANINBUAUBNN AN VASRuaANTRA19 AR NI A 1sRInun Wina

aveduidnriadividsunuuaeasdiay Pspice 1ffunvfudutgitaguniivaniuia

]
} e

in 2.2.2 uuwana‘lﬂ 'Nuanwmauauaqmqmmnuaqaﬁﬂuu'mn's.,ua uazaIl

o . . & ) -

Arununadensinte 19adan i (cutoff frequency) w3aminwdfinntd

[ 4

VUIARAAY 3dB INBUNRAAINDANAD £1/2 ﬁqﬁﬁ1gqu1nuﬁnan11ﬂﬂuauaqn1q
ﬁ11uﬁnaqa11uﬁ1un1u1ﬂﬁmm1maﬂnuﬂqaqqaaxﬁnun vuawuunIuBainag 2 #a i
A1 vifAeA U uyadoepantawmiuda e Sidauuudiniap$3m (common

emitter) Tetfinaniinauauasniearwmidaudiiedn  arinetifaw 1vdaaudiu
nUInannid g undnSantay AEINIINIANAABUAUDININAIIND TINAININAT

shaunIzuauuunIuiainad 2 #7 wdaevee 10-100 MHz 1§

2.3 smehisunizuguuumItudained 3 &7 n3IBUUL Wilson [20]

I
ref llcs"'-"o
iin "
—

@3
L— B

JU 2.10 29%73FcfiaunIzuauyy Wilson

’ a - o ) L
9RIaTNBUNIEUANYY  Wilson yiuugennannuuunituiained 2 faiKpak
fasrvoenszualufy g fianasuazafiamfiuniuiyednuiuaangedu 2ev7ifuds

U 2.10 Q1 uar Q: wivwmifluressashaunizusuuuniudained 2 71 e

uINsuAnaianAbaLlaatanfdlinLtans (Vce) v Q2 dfid1tidu 2Vee NIBRAY AN
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base-width modulation fifaiesiarfisunizuauvuniuiatned 2 #2(Q: ,Qz)
yk o [ - [ ’ " - o

anavhiuastivuiveseiunIndygmaan 1iiaesINNILNE Ies NBARIABTTAN

0: iffunszusidinneasashisunzud Q1,Q: fdrdaubnead uddnazdinv iudny

wlasuIssuiigadngrusaniinay 1d8 Ies fif1AsufineAInAaN T LUREULLRQ YD

wiesuigadgyinaan  finvifinazudaan Ics fifndpufineasiisaniiiudouutacag

2.

& L h ( d
Lresufiandaginsandin Snear (duilnhaftfidnaafununadeyiueang

2.3.1 auandAn1enIzuainnig

LS LY

fini1uda iansyniadiquaini® indiauiu uay tdeniisdewavae  base-width

modulation #iifia Qs 31n7Y 2.10 wINITUa Ira BN NV EARIRa YR Qo

Al

| 2
IE3 = Icl+IBl+IB2 = Ic1(1+_) (2.29)
B: |

. £ o -
AUUNICIUTADALAARLADTIUDY Q3 AD

B L2 B
Ies = (ﬁ;jl)hs - %,(1+E:)(BP:1) (2.30)

fnaun1s (2.30) wliflu

_ -1
Ier = Ies - By
(1 ¥ E_r)(ﬁr*l)

ARNITLUAIHATIN LUAVDY Qa2

(2.31)

Ies
Ic2 = Iref—'E: (2.32)
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1 & & 3 o
WA Ica = Icz #NUU (2.31) inny (2.32) wasufaun 1 IANIZURDDN

- - (2.33)
IC3 Iref[l B?"' 2BF+ 2_J '

& ) [ 3 [y & ’
RnaunIs (2.33) L IAUTAIIRAINVEIBNICUATUNY ﬁ UAHANNININRG

chpunIsLaLULNIuIatand 2 #7 WnIENABINIARINTEIBATEUAN L tHuniienn
1§ 1RENTTLUREUAIAR TN TH BN ITUATENINATALNAUATEUALLUNIUTA 1ADS 2 fn
(Q:,0Q:) tdufineniidadiverunizuaiiiu 2 Adad veisnszuavaINaTaTTiDN

3 uk -'-A ¥
nyzuauuunudaiand 2 69 tfiu 1/2  auH Q1 nwunaumna%&ﬁu 2 1MUY

L e .
HundiriaaSva Q2

2.3.2 paanlifnienizuaiiadudyyiasuintln (small signal)
1#38n1nuutApaduleadachiaunizusunuumiudanad 2 41 udada
- P . - - A\ z ‘3
2.2.2 g7 0azi3EAngIunIARUIN 1.1 ApudnpveeIngdnud tduld Feann it

Fa3 B HnIzud (Ar) fa

2

Ap = {1+ SZQ(Cﬂ—cN)- > QEQ (3c“+cm) /
gm+;: gm(gm"';)
s2 s?
1+g +£(c,,+c“2,+cu3)+g (g +2)[c,(Zc,+2c”2+3c”3)+c”2c“3]
m - or, m\Ym™

(2.34)

ﬂiwuﬁ1un1un3ﬁ§mw1mtﬁ1 (Zin) AD



efeeer 2o ) e
Ow{9m ;—)

(2.35)

0&- . .. - - s ’ - . a
datfudrnansituniuiigedggis s i iangsznnla 2/gs w3 nvindy

2re UATAMAIUNUTgASYRINBEN (Zo) A

s2R
Im

Z, = {Rx+ x(cn"'cpz"'cpa)

s*Ry
2

.s2Ry 2 ] |
{1+ g cy3 gm+— +_(Cn+cp2+cp3)

-+

[ca(2c,+2¢,,+ 3C,a)* CpaCa |}/

m - rn ros
2 3 .
S 2Rx s 2Rx
+_'_—_'cus(2cu+cn2)+ "2 cﬂc#3.(cﬂ+cl‘2)} (2.36)
O 9
B
1 .
Ry = 2 1
o+ —

ImTales rus

Rx AnfAmAIUN Uiy danuaaniiaanien
2.3.3 san17 3oy finuauanlianie niitianzinuaduifatn
tiguuyy (simulation) #28 PSpice

1fi PsSpice 3lﬂ113ﬁﬂan11ﬂﬂnﬂuﬂﬂﬂ1ﬂﬁ11Nﬁﬂﬂﬂ7ﬂﬁ?ﬂtﬁﬂﬂﬂ?5uﬂuuu

s - o o - R (% - « ¢
Wilson TAHLAIICHNANICUEMNUAE 1 mA HRLIINIIUBILABILUDT 2N3904 I11ac

tBua 1 igafun13a%e L faunuy a9 IaefiaunsCuguyy - Wilson fauUunn

. y - - 3 2 ’ -~
PSpice g1finannaanuan n.2 usaufituaeingfinudidnid wdmIlieed
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Qs -, & [ ) 3 1] ~'
NN ITCURARVYBMNIUT S LAD SN SAINAIRINHAYEY PSpice MUUNUATIIUANATIINGA
- oy - Qs [3 -~ J -
15310350133 tadeiinuatutiniia 2.3.2 dmnIflieadiunnntt Ao

gn: = 38.0x107° 07! Omz = 38.2x107° 0!

r,, = 51.6 k0 I, = S1.6 kO

r,, = 117 k0 . 1, = 117 kO

C,y = 22.8 pf Cpa = 22.9 pF

€y = 4.93 pF . C,2 = 4.06 pF

fr, = 218 MHz " fq, = 226 MHz

Oma = 38.3x107° n°!

Tys = 55.4 k0 g. = (9m1* Gz * Gma)/3
r,s = 127 k0 Ty = (Ta1+ Tya+Tus)/3
Cpa- = 22.9 pF Cx = (Car+Cra*cra)/3

0”3 - 1-98 pF
fr3 = 245 MHz

-~ e‘& - o~ 0 .
r, ﬂﬂﬁiﬂ?ﬁﬂﬁﬂlﬂﬂ?ﬂ\lﬂ’]&llﬁu o LUANRIA T, HATGINAURS PSpice i

TAUAANATIIBN T,



LTHUASINAIIRDUARAININAIINATDN BRIV IHNICUAI N

tAnufuRRYDY

IR UDEAT T WA TSNS

s (evd1)

tH RvasdnTvuany

PSpice ‘lffiagu 2.11

2.0
1 'o Uuuuuwm'.ruuw\i;}a{.muuuuuuaﬁ;uuuwuumuuuwwmmgmwsﬁ_
N
; i\
R
0.5 !’\,
0.2 %
—— #uN1T (2.34)
ooooD  PSpice
0.1 L
100 1k 10k 100k M 10M 100M 16
Ay (Hz)

(n)

-80
~-100 — RUNTT (2.34)

00000 PSpice

=120

100 1k 10k 100k M 10M 100M 16

Amn (Hz)

(1)

(2.34)

23

RIRII

JU 2.11 LU HY LA HUN T IRAUAUDNY A INAYBNARIIVHIHNTEUAVALINRT

2 N - o~ o L4 [
CNAUNITUANUY Wilson INHANIATAPIGLRIITHINUA NUNA

Y24 PSpice (n) wulAvaNdaIvHIHnILud  (v)

vuEnNICU

INAYDIDRIN
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LHEun 3N 1A BUANBININAINABRIAINA UM RR AR duyas L §aIn (2.35)

L3pu 1 finufunauas PSpice “lfifivgl 2.12

100

E f : 3 } ?
‘Z
= B |
c s :
]
g
-
g 10
s
= .
g
[
4
Q
a2
& —— 8un13 (2.35)
S ; o000 PSpice
100 1k 10k 100k M 10M 100 16
‘wawd (Hz)
(n)
20
=
= A
o>
e
g
-
g
)s .
E
r‘ .
g —— guR17 (2.35) 'i%n
o -80 Gy
& Doooo PSpice
=
= -100 . -
100 1k 10k 100k M 10M 100M 16
awd (Hz)

(v)

ot o 2,

71 2.12 1030 LRBUNIIRAUAURIN A MAYAA WA U WA AT LRIULT
. 4 -

P89 ]NIALHBUNILUSUYY Wilson INHARIETaEAT Y LaI s

-

f

nup Auwavay PSpice (n) wuinvavad A ununRdnnwiLiin

(1) idavasa AN un{adugie i
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LT BunIIMN1IRBLAUENA MDA YRR WA UN N RdRYIEREN 3N (2.36)

tisuiisudunaypy PSpice Widagl 2.13

100M
; ;IOM lﬂnnnﬂnnn&m""
= Bog
2w 650,
g 4 %66899&1.\
00k
b~
S '
s 10k
g
-5 1k
[~} :
£ 00| —— ®n13 (2.36) oo00000,
g D0pOD PSpice
10
100 Tk 10k ’ 100k ™ 10M 100M 16
mun  (Hz)
(n)
20
g 0 —_— AUN1T (2.36)
e 00000 PSpice
g -20 -
< . .
z %k
e -4
< 3
g XR
€ -60
Q
: By
% -80
-100 .
Ko 1k 10k 100k ™ 104 100M 16
awn  (Hz)

(1)

JU 2.13 LU 38Y LHUAT IRBUANBININAIINAYEIA I WEUN LA A denIuaan
Y9N IALABUNITUAULY Wilson nWafi1ATAEIEd 1AL TnUA

funavee PSpice (n) wuravasalnfitnumunsadygaaan (v)

S SRR R QIR L ELTREREL
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&’ - oy 13 ~. Q
HR YA Guaa i 1ANITHANIIRBUAUBININANAYBIAR IV WA TTUS
wazAufun sy st irdigafinaliul (cutoff frequency) PR EAVRT
- & N . -
fr vawmstudaiee Seaaudfedidgenin  uAn1IRBLANBININAWATENANAY

Q -~ Q- -: H . & Q. &
NIUFARANINUBANNIAARAIWNADYIUYIN 1-10 KHz 1M7UU fatlutun1yr vz sl

“ _ b ¢
IINAMAUNUNIATYYINABNDBIINIIALHDUNITUAUUY Wilson WA #iD9
- e . - 0 - 1, &
AN RENIIRDUAUAIN AN NDEE DS IIARINGN A2 WA UR U TIRRATA AN
SN INIHHRABUAUBIN A WA VB INAVTATHBUNITUAULY Wilson w9 10 -

100 MHz 4

2.4 qasazhipundzuasuumiItudaiand 4 #

NAIRzHbUnITuauuunI s taas 4 #1 ugd 2.14  UFuYeRINIess
CNBUNIZURLLY Wilsen IHBRANAYDY base-width modulation HHABINSGT
[ N -l [ " -
aefiaunizuauuunIudatansd 2 §7 (Q:,Qz) iamitRunIwBIiAnS Q4 171U IKE

[ a a - 4 ay [ -
Wueiutudavawmiudataed 0 uar Q: HANINA LALefiunInhgn

- Vee
Iref l
iin lrc3+1°
—
%
Q4 Qq
e, H . Q,
Vee

JU 2.14 ex3azfiaunduasuuninudaiened 4 dn
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auaniAafi a1z inilaufuaeasacfiaunJzuauyy  Wilson ufdnIvmg
NITLaTaeINTEsfiaunszuuuunIndataad 4 &2 dd1funidetfiinenin

2.4.1 AEANTANINNITUTINAIY

aqssactipunszusuyunImBaiead 4 &1 1fsannidifamsiudaiaed  Qa
LHMUIErINe ABRLRALARTUEY Qz AU LUADBY Q.  AUINIIATHBUNITUANLL
Wilson M1iLIeAURNATANABRLIAALABSILE (Ves) 1BY Qi fu Qz  dfiA1AnA
LREefusaniy  wMAinavae base-width modulation B2V IATHBUNIZUN
Q1 ,Qz anatauliAnIAnlN tigeanauiifa 2.3.1  Mdanilefiewanas
base-width modulation afufiz  uwaznitudainad Q« ALidnasasunirinizua

ﬂ' O« e ) - U Qs -
JAINNLUADDY Qs ﬁquuaziﬁnsxuaaanlnuaununiﬁa 2.3.1 fAD

2 (2..37)
BE+2Bp+2

Iéa = Irﬁ 1-

lﬁﬂﬁﬂﬁﬂ??lﬂﬁﬂﬂé?ﬁﬁ??ﬂﬂ?ﬂﬂ?tﬂﬂﬁﬁﬂuWﬁﬂﬂﬁiﬁ quANBaE LABINLINGT

cfipunIzualyYy Wilson
2.4.2 aaniAnienszuatvadudguinruinidn
a%53n13unu tagafulesIacfisunszuauuuniudainnd 2 frtudafia 2.2.2

- ] - -~ . g 3 Qr
Tnus oAz L Bonagiuntanuan v.2 aaufiinueeInednud i Fanakddn i

vuNENIEua (A1) fB
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A, = {1+———(3c,+2C,p~2C,)

gm+}—
2
s : -
R ~[ea(26, % 20,0 5¢40) = 4€420,40]
gm(gm"':
c,C
_83___"_&3._(3cn+4c"2)}/
g?n(gm."'r_;)
{1+ —2 (3 + 26,0+ 2¢,3)
gm+}_. )
2 .
+ S [C,,(4C,,+6C“2+50p3)+4Cu2cu3]
gm(gm"':)
Cn
+33'——'——‘3—[0,,(2CI+40”24’30"3)"'40“20”3]} (2.38)
2
'gm(gm"'r_;) \

ANAUNURARYYIBLEY (Zia)  AB
S
2gm+: . s

Zln = { 3 + 3
: gm(gm+'|._;) gm(gm"';;)

c S
+ 52 (B + 4c,,) 3/ {1+ —(3c,*+2¢,,+ 20,
.g?n(gm"'—) gm"',.—.'

[c,,(4c,+ OCyua+ 50”3) + 40”20,,3]

(Sca+4c,)

—2——-—'1—3—[0,,(2c,,+ 4c,,+ 30"3)+ 40“2c"3]} (2.39)
gm(gm+ ;)

A2 miunufigadunimiinfin i iastizaiefa 2/ga W3IBLNINY 2re
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]
-~ [ L

193NN THIANNTIA WA MR WA A TYYIWEBNYB IR TRSABUN TEUALLY
wiudaiand 4 &2 daedidietnsdinuadaoaugesiniiuty Fedirtlandefiang
PBIAIINAUNUIATEA Q4 ﬁqziﬁﬁd1uﬁ1un1uﬁjﬁ§ww1maanuaq1QQ1azﬁaunﬁzua
wupniudaieed 4 &7  iwdlaudu a2 wAunuiigadneinaanyavlvaIaiauLLY

wilson Fvpulanid (2.36) iflumdnadfinunuiigadnaiasanyavicssasiaunazud

¢ -~ o LY
WUUNIUTALADT 4 RN

2.4.3 @an13 ey tipuauantAn1991nii i taseAnuaduiiaing
tdEuuyuRay PSpice
1% PSpice J1AIZANANTIABUAUBININAIINATANINATALTBUATTUAUYY

nyudataes 4 #1 apdiaizdinszuatuda 1 mA naziniuiainndiued

2N3904 1wuasmﬁua;ﬁu1ﬁunﬁ1a%1qL§uuuuu1qaiazﬁaunixuauuun11uiazﬂa% 4
&7 #7plUunan PSpice  gifinnnniawuan 0.3 tussufinpveeingriinudidy
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Ons = 38.5x10™° Q™% g., = 37.9x107° Q!

‘T, = 5.52 kn r,, = 5.17 k0
Tes = 126 k0 res = 117 k0
Cps = 22.9 pF Cns = 22.8 pF
C,s = 1.98 pF C,e = 4.93 pF
f:3 = 246 MHz frs = 218 MHz

In = (Gm1*Gnz*Tns+Tms)/4
ra = (rul+ru2+rza+ru4)/4

Ca = (cnl+cnz+cua+cu4)/4

o~ & -' ] . [
r, vawnsmdainainea il o 1fiav’n r, dd1geninusr Pspice W

THURANATYDN T,



31

LTEUNIINAIIRDUAUANNINAINATANAR IV INIZUES N (2.38) Y38y

\fisufunauay PSpice “fifwgu 2.15

2.0 -
§ 1 - 0 -nnnnn_nnng&nmnnnn I .nmnnnnnm‘-}s--sgu e
r ) 7]
c X
S 0.5 T
g , Y
s
< A X
is A \
g r 0.2 —_— ﬂun17(2._38)
&=
§ Doooo PSpice
0.1
100 1k 10k 100k M 101 100M 16
a0 (Hz)
(n)
20 : :
0 Lﬂﬁﬁﬂggeél;buuuuouL‘" -SL, ‘uuleLuuuu '
=20

- I —
T

iWRYENORI AL BN I U (avd1)

-80 -
-100 —_ ®#un13(2.38) %ﬁ
120 00000 PSpice | | “%

100 1k 10k 100k ™ 10M 100M 16

a11uﬁ (Hz)

(1)

-4 L J &
3ﬂ 2.15 13U LNELNNIIRALUAUBININAINHAYBSAAIIVYIHAILUAYDNINGTD

-~ o

- [ - - (4
cYipunIZuRRUUNIUIa LAl 4 #7 NHARIRTIRBITILAI IR
IvuaffuNapae PSpice (Nn) TUIAUBNAATIBHILNITUE (V) LNA

VANAANIVUIUNISUR



32

o 1 2 - [ 9 1 2
lflﬂuﬂiﬁﬂﬂ17ﬁﬂﬂﬂuﬂ~lﬂ'\~1ﬂ’lWNQUBQﬂ’JWNﬂWuﬂ’NW‘!ﬁﬂmI\HmL'D'l‘]'m (2.39)

L%y ifinufiunavae PSpice 1RANU 2.16

100 . T T y T T
t 1 1 t 1 1 1
3
5
g
g 10
e
=1
g
<
A
Q
; — §unI17 (2.39)
g ; 0oooD PSpice
100 1k 10k 100k ™ 10M 100M 16
f27mD (Hz)
(n)
20

-
.~
4 20
& %
s =40
: \
b~
g -60
s — #UN1T (2.39) %n,‘
2 -8 boice : :
¥ oooop  PSpic

-100

100 1k 10k . 100k ™ 10M 100M 16
ﬂ'nuﬁ. (Hz)
(v)
JU 2.16 ;u§uumﬁuun17aaugﬁa4nﬂ4ﬁaﬂuﬁvaqﬁd1uﬁ1un1uﬁ3ﬂﬁmm1mLﬁ1
ypeaeasacfinundzuauuuniudaanad 4 7 aneaitiianis
31a3zAInuafuRaYaY PSpice  (N) BUIRDENA2INAUNIUGYA

fugrada (3) eWavasamEunuiise dowisdn



33

100M

10M lﬂnnmnnnfigg‘:n_

=3
=

"""“‘9%%
[

100 — ®#un17 (2.36) ) 'ﬁﬁﬁeggﬂﬂn

00000 PSpice

-
[=)
s

-3
>

wamvon s unu (Tedy)

Y
o
L

100 - il 10k 100k ™ 10M 100M % -

awn (Hz)

(n)

20
— 8un1T (2.36)

<
E 00000 PSpice
=20
g
2 =40
*
‘3
~ ‘60 nn
s
=4
e -0
=

-100

100 1% 10k 100k M 10M 100M 16
amn (Hz)
(1)

30 2.17 (W3BULHEUNTIADUAUBNNINANNDESAINA W UN A TR INABN
PRYINRINEADUNILURULY Wilson [nuantfiIandfdiadneshinug

funayae PSpice #a¥ividnunuulIesIdTaunIzUaULUNIUBA

\apd 4 #7 (n) vu1ﬂanﬂ11nﬁwuﬂﬁuﬁﬁﬂﬁmmwmaan (1) ey

a3 B uNUh IR dyyIMBan



34

- -3 2 of .
dﬂ 2.17 lﬂuﬂ?jwnjﬁﬂﬂUﬂuﬂQﬁﬁjuﬂﬂﬂQﬁﬁjuﬁjuﬂju“?ﬂﬂmmjmﬂﬂﬂ II1N

. - a« [ - o .
(2.36) ﬁqtﬂuai1uﬂ1un1un1ﬂamm1maannaQ1qasazﬁnunizuauuu Wilson 1ad

1hd1%131ADT Q1 N Qs ypgl9aTacaunszuauuunimiainad 4 f1  1u3ny

~ o~ . o -~ g Y
INHUNUNAYDY PSpilce ﬂa%jqlaUuuUUQQQ7ﬂ5ﬁﬂuﬂ15“ﬂuUU"71uﬂalﬂﬂ? 4 A1

Y

& - ot 1 - - L7
HavnEeaneduaneatitiiuin  vssazfisunizuauuuniuiaiead 4 @1 fu

XY -l 2 - t
uﬂaﬂiwnnﬂnnszuawﬁaqn111ﬁLﬁunuquu

wuy  Wilson #amaniAtndifinefunin

NeRTAstaunICuaLULN I uEatARs 4 §7  fisnnd tdpenilaeanninieasasioy

nIcuAlnLlY Wilson

2.5 14%1axﬁﬂunsxuaﬁ11uuhnﬁ14aﬂqﬁmm1mtﬁ1 (differential current

mirror) uyuM3IUBELIAES 4 #1
| S - -~ o al
el Sl ennaanavadagiiaunscuauuuniudaiaad 4 &2 Tapiiagne

fonaifinfigae  figedgginiitvaiesiazfisunizuauvunitudaiand 2 41 (o1,

Qz) fivyy 2.18

. Vee
Iref
iiny Icz*+io
—
o
a8
Q Q
4 3
: iin2
P S
- o
b
Q2 LB
Vee

71 2.18 wrasfisunizuandinuandieaasdguistiruuuniudainnd 4

#2 a (fugsdgyruiiriinds war b (fugndugraiaiiane



35

[ L

wiitiaznanisfiatagiidnszuaiirandoyadindas s udeymnszuaady
vty sefuquandatasd i iniauduasasasfisunszuaummatudainnd 4 &
LR UAR 1AMANT ‘ﬁlﬁﬂdwngﬁﬁmmﬁmlﬁﬁﬁaaqrﬁuLﬁutﬂwﬁu

2.5.1 AUANTANINNITUFINATIY

LiaaInLin sz A Inn1ousn Lifigadeye faitaas Fafunuania
NANNIEUEINATIT Y iUy 1vadasfiaunIzuakuun I utaIaes 4 87 TAnIZUAI

a3428NT ABalamiABSURY Qs infiaufdy (2.37) auiqta 2.4.1 fn

2 .
Ies = I"'I:l—ﬁg“ﬂﬁr*?] - (2.40)

2.5.2 guanifnivniziaivadudoyinsuinidn

a e = [ L3 a [ 4 ("
9253501 UUL LANINUINITALNBUNITUAUVUNIUBALRDY 2 A2 udada
2.2.2 agdparidgangiunianuln 9.3 autnnY B I ANuS Ll AUANTR

f19qvpegadayistitnnilefinaatantanfoae Qd fuinfinufuivssachisunizua

[] ]
Qs o a4

- o (9 Qe - [ -
uuunIuiFiAag 4 A2 uRla 2.4.2  wiauaniantneiasfugadonsliniany

14fn310010nIEudvRenIEuaBanABnItua LiNfigadunniBiass (Aiz) A



36

*5
CxC
+s° (e +2¢,)¥/
gi(gm+-,—)
{1+ 83(30n+2qm+20ﬂ)
o+ Iy
s?
+ 3 [c,,(4c,,+6c”2+5c”3)+4c,,2c”3]
gm(gm + :)
+s° Cx

Y [%(2%*4%2*30”3)*46,,‘20,,3]}' (2.41)
gm(gm"':) :

waza2 Wi duretinane (Ziaz2) fb

Zpz = | + ' ) Ga(Cat Cua*Cua)* —(2¢,+2C,0+ C4a)

gtznrx(gm""%) g,zn(gm+;3: Tx

. a2
* > 3 [cu(cu+2cn2+cu3)+cu2cu3]}/
gm(gm + ,._)

{1+ —2—(3c,+2¢,,+2c,q)

gm+;:

* )[C,,(4c,,+6c”2+5c”3)+4c”2c”3]

3)[cu(2éu+4cp2+30”3)+40”20”3]} (2.42)



37

f317015ATIDEBNITuaRA2MAAY 370 (2.41) AR

G
Ty

Ap = -~ 3
(ga+2)

. &
r, = B/d, oMUl

WRZNAFAIVLNENITLAv BN nITuARBnRBNIEUT LI R dagnaidaninde (Ard) @

AaduBAN e N (2.38) tukala 2.4.2
A =1

o & . -
ANUUNAIZUABRDN 1o AD

i, = Anip* Azin

. . 2 . '
= (llnl- "11n2)+E_:._3'1‘°2 (2.44)
1apfiaty g diAazuam 200 ﬁqﬁunsﬂﬁLwauuaﬁwquaqémmwmlﬁwﬁqaaq "4

fiaundn iraz ¥ONUN @WIIOAA INBNRINDDY (2.44) 4

a - a ‘v - o -
R0 (2.42) A317w1R RN dyet iiiiaaefin s 14

gm"’}:
Zin2 2 . 3
gmrn(gm"':)
12
9mB 9nB(B+3)
l QU
— = T, fiviy



38

- | g 2r,
o2 B B(B+3)
= re
E (2.45)

4

2.5.3 wan13iuioninuguanian1e1aniii e eitruainifaioe

LAHUUNURIL PSpice

9% PSpice 31ﬁsw;ﬁnan11ﬂauauﬂqw1«ﬂ11uﬁuaqaqq1axﬁaunszuaﬁjﬁu
uansivassdanstitnuuninudainnd 4 #1 TapdtadnsRnnIsuatuds 1 mA Uay

afnyaudaiaadiund  2N3904  na1ipuiinuguantaiiinafiugedene bl

<

ol ' - « & oo
ﬁ11u51uﬂ1uﬂﬁﬁﬁmm1maﬂn uaxﬁ1w11ﬁuLﬁﬂ%ﬂ1ﬂﬂ1¥Rﬂ&ﬂﬂﬂﬂﬁﬂ11uﬁaLﬂﬂ?ﬂQﬂﬂ1

gifaan  #afe 2.4.3 ey Lisatigafuntaa$g L dsunuyeasasfaunizig

]
a a4 O

1 3 4 @ u' ~'
aanuanfteaasdngroiiindiis  Pspice idannquanlian Asaduyndnyratitiang

[ X - - [ 4 3
ﬂ1§q1nn1ﬁwu1n N.4 TUADUNIHYBIINHIURUD LANY



39

Lﬁuun'swnnﬂauaummqmwﬁumﬁmwmumzua (As 2.) 3n (2.41)

W3nu 1 inufunayay PSpice YRAeY 2.19

. TUAAYBNBATIVE N T SUE

IHRB0ORT ML WN TSI (041)

Ju 2.19

1.0 ; ;
=
K
\
‘
0.1 %_‘
—
il
— HUNTT (2.41) {
poooo  PSpice ]
0.01 L
100 1k 10k 100k ™ 10M 1008 16
nwd (Hz )
n)
270
0
— ANNT (2.41
-%0 (2.41)
00000 PSpice
-180 " _
100 1k 10k 100k M 10M 100M 16

n'nur'; (Hz )

(v)
W3 HY LT HUNNTRBUAYANN A INAVBNSRIN UL IEATELR (A1 2 )
PB4 IRLHBUNTLUFANUANA I T AR LTI nRan A Tan 3 F
Jiad1eiinueiunavae PSpice (Nn) BUAAYANARINUEIHNILUR

(1) 1HEVRNARINVLINNISUR



40

- [ £

LT NN TN IABUAUBNN A INADBIAI WA UN U IATYY I L T INAD

(Ziaz) 370 (2.42) 1u5puifinufunavae PSpice ‘iafegu 2.20

100
F —— AuN1T (2.42)

e}
= ooooo  Pspice
= . .
— o0
£ ‘35881
=
£
=
g 1 .
e
4
[~
ad
&
=
# .1 |000D00000$0000DG000E000000000§0000005¢
100 1k 10k 100k ™ 10M 100M 16 -

n;nuﬁ' (Hz)

(n)

180

O
o

o

?BBBBBBEMBBGB-

[}
O
(=)

— 8UNIT (2.42)
Dogoo Pspice

MHY0ATMATUN M (B 3A9)

-180

100 1k 10k 100k ™ 10M 100M 16

avwi (hz )

(1)

o o @ 1 2
31U 2.20 tﬂ%uuLﬁuun11ﬂauauaqn1Qﬂ11unanﬁ11uﬁ1un1un1ﬁamm1mtu1w
gpevavINaIazfinuntzuaaImuAngeanIdygstinanwan i ine
F531a31ef Inuafunayae PSpice (N) TUNAYANAIINAUNIUNGA

fpgmidafians (1) ivavavawmdunuiigadgyaiinfians



41

. Y 2.20 azifiwiiedudtunungadagnaliniaasissaaniuans

- & (] B a )
wLﬁﬁuazgnuﬁﬁuﬁﬁqwuﬂuunaanﬁﬂunq1nuwuwuﬁLauﬁ

2.6 ajl

of | 2 - ae a, o . o i, o 2 - 2
IINANNIINKIIRTIABIL I LATICH IBUANUHANTAIINNI TR I LRHULLUR A

. - a o ' )
PSpice WafardjUANANTANENAYYDINIIRLTHDUNTEURULUA N IAA G 293 7ATTiBY

2

nazuammmIudaiaed 2 d7 (3 2.1)  ddrdadnveenszuananninile t@nding

a N | 2 - (Y 2 e g

IUBNRINKHRVYDEY base-width modulation ﬂ11uﬂ1uﬂﬁuﬂ§ﬂﬂmmﬁmlﬂﬁuﬂ1
$ 1 Y -' - v (.

U3tut 1/9ge 3D re T9 re 1MIAY Vr/Ic Ll Vr 68 WINRULINAINEAR

-

(thermal voltage) #fizang 26 mV fipampd 27°C uar Ic  fa NIzud
Inpseinadunpa tan tadvaanaudaiaed @ A2 wEmiaaduniesenfia ro
pamImBaiand Q: Feuifu Va/Ic ifin Va An wiediuinndd vae @z uar Ic
ABNIZUAINAIIINARUADALAA LABTUBY Q:

NaTEziiaunIzuguNy  Wilson (JU 2.10) uar uwwuniwmdainad 4 @9
(71 2.14) deuaudftndtAneiuain IRENUABAIIVHIBNIEURDBN A TRETiBY
nyzuauuunimdained 4 #2  dd1andAnenilannnitun wilson uavdedns
nupsafiinI1veenssuatdind tioenienanndtuuuninudaiaed 2 47 a2wfiu
nuiyadygeifitveuyy wilson uazmituBainad 4 §2 A 2/g0 wIn 2re e
re = Vi/Ic iiia Ic Aanizusiipiviiiuaduanataninafvae Qo A2 MAUNIY
ﬁﬂﬁﬁmt_u‘xmaanumﬁqsraquuuﬁn T, 189 Qs vurufy %Bros #94 ros A0 ro
189 Qs WAL B ABAAIIVHLNILUARAY (ic/in) VBIMINUBALART Qs

NasafipunIzudamuAna A dyg st iqununiudaines 4 d1 (3

2.18) flquanitdi tnuaduyadegistinnie uaz Al ws unuNgadnyINaan Lniiay
fluleasacfiaunizuauuuniudaiaad 4 dwmnuieniy deIvpNEnITURAANAD

nyzudiiigadnyrwiiinnans  dduszena -0.99 aalriafausinuiiaiizing 1%

L3 % L3 ’ -l [] . 13 -' .
dadulingaufud1aaniafoy 1% SEIANIZURDDN do = itn1 - dtnz (8D dins



42

’
[ |

L - . L o 4o . o
WAT 1in2 A0 NITUA LY INAIAABR IV LY INBUILALABIA1UATIAL ﬂ']'lN;\'luﬂ“luVI‘!ﬁ

lu g ve

Ay LI MasNiAITNNe F,/f 1lD re Ad re YA Q1 UAT B

Qs usUnAuda re uar g vawinudainsfudardildrindiAnedu awnantunid

Auld



43

3

=,

un

98300 L dgy e eding iR E unus 2 LRl sz uar s Iaziaun Iz ug

3.1 nawn
QUUNT 2 ALEAIIH AU IR AUN TEUR LA RS UL UARHAN 1 IR DU AUDNAD
o 2 « & )
A2NONT N ﬂquuﬁ1uﬁaqa7azﬁaunszuau1nﬁtﬂuauuuqasnu1uﬂugu {Loop) va4

WA e ¥y edfisenafiifiesann i dag e aiinemdusieaniniag

TuumazninafieavaIn iiadanusodi 1 idaiunuda L iugsey Ianiaeasasiiau
nazud i suiinniing (lud e dens Feasiinaeaiin RC - €MO 31a3FMNAIN
yentdd Eeudramddndutaeree Hz suilenannd MHz wazuanediendaiuiy
1ﬁﬁazuﬁiua%wqLﬁuﬁqnﬁtﬁﬁﬁwmﬁmﬁﬁuﬁqmnﬁwQQTﬂuLaﬂwzaﬁﬁqﬁqﬁuﬁQQﬁawuﬁgq
Fer9a3nn indanres it fieatusay (operational amplifier) “Li@Inniomn

IU1H

3.2 afugINRT
- 3.2.1 ndnn1TRusIu
70 3.1 (fur9aIMugMYEe RC-CMO  4¥favfiaunszuauuy Wilson
2 #7 fin CM1 uay cM2 amfidmindauvesnizudiitdenizuasan fu 1:1 uac
1:n awandu  idipAndigadegistdn (input) wvae oMl fugadueiniiivas

vasuag Liiniadullaundy g(s) Afinszuainasanainivua 2 LilainIzuainag

]
-~ o

Wndiirue 1 azmnafinszuadaunduanninun 2 vasila i dannfiaadygisitves
cM1 funqstlaundunuuyan (positive feedback) ﬁqtﬂuﬁmauﬁﬁﬁQQQ1nﬁLﬁﬂ
CITTRIN RTIH UL N el

AR AR IL N ITHAYEN19 S miyAfnazuaidin eMr iy 40 nazus
aanyas cMl Rexiffu i #ow lesfifienacinaingadaegieaanyae oMy iiiaeann

cM1 ififnvnveonizuaidafunie  narua in gnudedIu Re war Co iapifut



44

Vee
CM2
t
I l 1 b n ‘
cq liinz |
lil l nRgi g
Rg+R
Rg ) ° in
L 1
2 e
i T Bes
1 14
1K
1 D1
CM1

Vee

% - [ » L4
EU 3.1 WITHUF U NN LRI INY 18U wiy RC-CMO

ANMRANNIIVDI I INUIATEUR 1RnTzudLin M2 ﬁﬁﬁﬂﬁ\ﬂ‘lﬁﬂﬂﬂﬂ‘l'\ﬂ‘iﬂﬁmﬂﬂml'ﬁ'\

yag cM2 iy

R +_l.

. g sc, .
“lip2 = —1 |h (3.1)
Rg + Rin2+ a

(]
-~ .

198 Riaz A8 AWMAUMIUNIadegntiives cM2  fiANTapd sz iy

2Vr /I:  iila Vr A2 thermal voltage #viina1dudrtuunil 2 §14% co dfid1g9

ALl HaRanN1TNANINAN NG AR 1/8Ce << Re 810 (3.1) “#i

PRSI (U LT . (3.2)
in 2 Rg"'Rmz



45

- - q 1 (9 « & o A
LUBNRIN CM2 URATVHIUAIEUA ININY n ANUUNICUADDNDEY CM2 {NANIY

1HARANRINIANYYIVBANYEY CM2 fB

P .1 T P (3.3)
°2 Rg+ Rz

£ e L q—k £ ¢
MITHEAIIDHIBNIZUAIININATALNBUNICUE 2 AU ﬁ1N1inﬂ1UﬂN1ﬂﬂ1ﬂ Rg

A DR, (3.4)
: Rg+Rln2 |

nrann ladyyinas tiafialuinanuana 19 iNaIEnIenIzua Lininun 1

P 4 QU k - A a '
LRLIBENIINTHUA 2 ﬂﬂﬁlﬁﬂliﬁﬂ?uﬁﬂuﬂaﬂlﬁu 2 ubnsny Wun1nigua WU

us

€8

v L dadullaundufiavainizusludaiunasin Inua 1 4 inwua 3 war Nun3
YudasIn Iruf 1 d9fun 1vue 2

n13n Lindeninsy Linf Loop-gain vinfunile [211 Aa
Bls)A, = 1 (3.5)

1iin B(s) fa fn13dedIunIzua (current transfer function) 189
e iadufloundy  unuAn s R jow, A (3.5)  uiusnnan tiudmanuau
A3vuarduduanan  whanniavesaeastinadsaeniinn s donne (Fo) wazan
SRI1DBIENTELR (As) HfiBenaa

1qa1;u31uﬂugﬂ 3.1 #aeniiaesaasiaunizud dnuiteda ikentmiing oiu
i¥inas (buffer) whdnnimeanigtfietn uananiarawdmunuiiyaden i d
129 CM1 (Y3zanm 2Vr/Ix)  szilusanAsuuudaayniafy a2iadituniuil inus 2

oy fin3adulloundy Feariiwadanaludvaeniinn tiladyy e tiaaluiuUNIUYaY



46

L L IAF U BUNAUNAIANDHAUTINTENIBHIANRN L IID1ABA LBHHATBNIAIINAIUNIY

] 1 Q

daadupiatitvas CML MR TApABAIAMNINREA 1 RARUA WA aduR e L

-

22,

. O

al P - a |~-lk
¥pe CM1 finavtyduusiud (branch) #iiwsrzanvasiiatiadudpsunduusd 35U
g Ian 1 sy udideduinua 2 (fudaifudszeatneide  Wadedandeluae

2.

-

LAUB IR TIUNINUHTAN LA 1AABUNITUF IREY 2 A2 UAEZAINIINTALTUNAVDNAINY
Frunuiaadyniat iafeiforna s
3.2.2 193Ul jif
ju 3.2 iffuressiiebeusiesangy 3.1 an @ §i9 Qs uay 0s dN
Q7 Usrnau U9 IRENBUNITIE 2 93T Q1 AN Q« ifudvssasdiaunszuaninu

uﬁnﬁwqaaqamwwmtﬂw (differential current mirror)

i2

O L

S | o v
VA* “ 23‘ -

— .

ipz e v

o g—ﬁ o ? d
a

L33

7U 3.2 2997%un19uAdAvas RC-cMo iffat#ivavazfiauntzuaaIuuAnd
anvdgyraida

WU INUPURFY 3.2 CM2 dafiu CM1  HAU Ri,R: HAE Cc Audnnue



47

n1adaunduuLLLIn  MIIRISARIIVEIENIZUANINNIREN  wardSuAI8aI1ve0e
NICUFIAN Rz 1APMNANAABULINAWIAAINNAATRNISBEN (HBNIINNU INAYBIERIY
YHIENITURIIN CM1 Ay CM2 fiyuiwaassiwdudninveienszuavae cM1 duq

2 @ -~ 1 & - 1
FATNDUNTSUANINAVYN IHEDN URTHHNLUA L'Jﬂﬂ’)uﬂﬂu

2

3.1 aguda  Felifpe1Eag
ndutdagiegy 3.2 1HaHIAINEIwR AN LauTyyaen T In Liladgyan el
N1l 3.2 auyAtinazuatingadggaiiohaasyes CcM1 (WiRaatlaniagd

v89 Qz) tffu i1 uaznizuapsnaINgaian (common) wvaw cM2 ifflu i #W’13EN

1.

QU

feaduenuaanuae cM2 (fimbataninadone Q-)  Aziinizudinatitrsaianinn?
vae o iffu i:i/2 ileesan cM2 flurgssacfisunizusuuy Wilson #iddnan
ypaunsua tinfiunile uarnizuaitnatingadewrmititvae cn2 fluffu i0/2 #aw
Ri Rz Mar Cc fpludnparnasivssfoundy  n3zud i:/2 iraaianianivas O

QNULNHIY Rz (irz) 6D

.

) R, 1,
Tr2 R,+Rp+2r,+1/sC¢ /2 (3.6)

(] ]
o~y =0

e 2re A2 A WA UNUNYAduR mLENAnierae CM1 §19% Cc diAunan
WTHATUN1IINRA2ING @I I0AA LNAN 1/sCc U4
NICULFDANYIN CM1 ADRLAALABSUBY Qs (do1) @B

lpa* 1 (3.7)

lol

uazfiae iy i /2 niln CM2 fa

—

. 1.
ig, = By (3.8)

(3.7) ivinffy (3.8) uwnuAd irz 370 (3.6) MEdATILHAENIZUS (A1)



48

A, = — = 2{1+R,/(R,+2r,)}
~ 2(1+R,/R;) . (3.9)
in 2re = 2vi/Ii  iffuaawdinumauiiyadugieiafndesae cMl faad

R: a4% @1m130dSudatnvansnizudtfifiaaniiliu Re nastédunupan tiunsedu

AnA3aN Ry
310 (3.6) 1HBRALNAN 2re Uax 1/sCc aantiauanni1I9nia Liu

i Ry L (3.10)

'r2 R,+R; )2 ’
UVNAT i: AUINBNYBY i1 8120 (3.9) avu (3.10)

) R,\.

12 = ’R_2 lin (3.11)

iaeaan 0 war 0z vaw cMl iffuavsvafiaunizuauuunauda aadan
. 4 - . . 2
f1  (definvzuanansinapaianiaafveey Q. 1du ire gatlunazuananann
anailaniepsvae 0z fAifu irz §7p witudaiasd Q: spiludnvaurvavisiaa A

< « & o o -
ar g umnunszudsdu iy re  sodunsedungadogroiinfraataniraioee Q:

(vcoz) @B

. 3.12
VCQ2 - '—lere ( )

unudn iz SN (3.11)  CtEewdunufigaduyisiinnaeataniaafuas

Qz fin '
7 o Yer (R} _ _ViRy (3.13)
g i ‘\R2 IR,

tiian2adunuigadgyra i iafasatan e fuee @ Adnusunhifannan

. ' ot - &
varetidns Iapdsaynanfaof 1B uniuiiida idafusuinvasemiunuaul i



49

Favuu1pnIzuaRazaNfunuiaadeiilic ( ieeaianiaiiye Q2 ) fif1vu
flugonpii LU NI INDN Vr ag#an Feawnrnvatvethiiagibiadtanizuaiingadu
pwgompdl 1oy L334 1ffufadienizud I uRfinfi Rz dAAw1NNdN 2Vr /I

wan Eaigaeaniiefan 1100 LyEnempiuaza1u I EA A uRTA g UnuA2

I ITUAR
puantinvas iiin i iadullaunduiuzy 3.2 #nedfinszuatudainasininug 3

WWinus 1 wazfunisudludaseniieinua 3 Auinua 2

3.2.3 uiatiadulsunau

(n)

(R)

U 3.3 iffaudafivdfuaesatugy 3.2



50

] ' LY

30 3.3 funduuasiiia L iafiusznaudian Srununiaviniu 2 i1 uay

k7 u‘u. ] QJ . a & o Q Q ﬂ' ": o+
Faifulszaniddarivndy 2 62 Vg L daneauiansucaanas oy L3auMy LNeINY

q

nazuatuda 2 fa fndrmudadudiadadan 3.2.1 uax 3.2.2 leidagy 3.3 0

. - t v L7 1] L
tfiu Wein network iflmiiavea ndfidnian13d9iUNIzUd (current transfer

function) indaufu [22] Ah

. .iz sT .
= = = - (3.14)
Bls) i, s2T2+3sT+1

iia T = RC

unud1vay B(s) s (3.14) asviu (3.5) wi23nanntanatd oy
.s?T2+(3-A,)sT+1 = 0 - (3.15)

198 A1 ADDAIIVHIBNIZURRN (3.9)

#x1IW1WUANIIE steady state &§IWTIOUNY s WU (3.15) #ia8 jw,

~w2T?+j(3-A)w,T+1 = O (3.16)
LEndIUSTIHINS S Az uuiuanwie Ly apvauniifa

1-w?3T? = 0 (3.17)

(3-AJw, T = O (3.18)

’ ’ 1 3 12 -
3N (3.17) unud w, fw 2xf, Wwar T = RC WAILAANNITLIAAIINN

vaenInY L iadyym An



51

f, = 1 (3.19)
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Mg = -g/29w = 1/T
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e o r o - o &
l“ﬂ"qqﬂﬂ75ﬂﬂln1ﬂsﬂaﬁm1mlﬂ1ﬂaﬂﬁﬂn AIUU
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= - -1 - .
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1N
(A B) _ tan A-tanB
tan " 1+tanAtanB
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a 1+wT(0.99w T)
" 0.0lwT
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1+0.99w3T?
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- 0.0lwT .
€ = tan ’(“0 99w2T’) (4.15)

- N ] £
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0.0lwT

(4.16)
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dw (1+0.99w?T?)? '
W (4.17) = 0 iHaw1gAINNFUTBY €  wazufimina i
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Rgs = Rgz + 2re (4.20)
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Lifiaeaniiediei3ani3anfaniea1niid 19 Rez daaqnsuﬁuauﬁuﬁﬁunﬁuﬁﬁﬂ
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e Ve iffu wsesuineinsa (thermal voltage) 1BNIBHAD pn WAL I

Wunszuatdaseanfidianizuaiugy 4.3

(Ri + Fini) Ci (4.22)

s
1

Tz = (Rz + rinz) Cz ’ (4.23)

\{d  Tina fin mwmumquaﬁmmmLuﬁnnuwa\n\nm:ﬁaum:uaﬂﬂu

Q
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- = —2tan"('wT1)—2tan”(wT2).

L Z - tanHwT,)+tan”}(w T,) (4.24)
. &
Fatiu
tany = wT,*w T, (4.25)
2 l—sz!Tz )
¢
R PRI
. 1
w2 - - . (4-26)

Hj'r]uﬂufi'l Ty uay Tz 3n (4.22)(4.23) Uss w = 2nxf, qu (4.26)
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2”\/ +rlnl R2+rin2)ClC2 (4.27)
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nﬂuﬁﬁﬂﬁmmwmxﬁwuaq CM3 way CM4 Feawnsnmlufatadaniiiunicuatiuda

bg

¥ v¢

D3
P2
o3

Py
1 v
el l = T, lx-x;,, in

} L7 |-

| Y
Ve

—d -

—_—
2¢T+41pd l I-i4n I

P ——
I+ign l 2¢I-11p )

1 4 1 1D

2(1-;;,,>l cH2

0

cna lzc:ou,.)

|
1
l 2CT+a pd 2¢I—L1p > l

Vee

’ U 5.1 WNRTLRDULHA

sanjl 5.1 HAVIUIEIUTANINRTAIANAINAANH 1N L THUINS T LALDUNY

FugruntuaadutAsegl 5.2 1da 2ii.  1funizuasingadin (common)  pav

CM1 UR¥ CM2  rins WRY ria« tTuAMHUMIUAadyg siitues CM3  uay

CM4 auahdy



[g]

(S 1 2>

ring % T 24, p

>
241p l

214 lI T 214,
rin3

3u 5.2 24T LANDUN NN IZUATAUIDSAIUINRINTBIAINAAIN U

ujl 5.1

1fuuann13mun (node) [17) 37njy 5.2 6

+sC -sC Vi) 2i,

(5.1)

Ting

] . - L -

e

IR Lnalinuun (determinant, A )  YASINAIN Y AU (5.1) 1§

1 .
A = ( +sc)( 1 +SC)—8202
Tina Ting
1
_ +S( 1,1 )C . (5.2)
IF'in3Ting \Tiwa Tins
2435 cramer's rule [17] “#

v = {( 1."+sc)(-21,,,)'-s'C(2'i,,,)>/A

Ting

1 (21 (5.3)
Tmse\ A

66



67

Unual A 3in (5.2) u (5.3)

1 .
( )Qlin )
Tin4
Vey = (5.4)
1) 1 1 1
Tinaling Tms Tina
FetuUNTEURINRHAY rias AB
v 2i '
21, = —2 - — L (5.5)
Tins 1+ S(rln3+rln4)c

LT ARANICLAEIHANIY Tine AIANITUAAINDANHUATLANINY (5.5)  uAnd

g . Q& & -~ -~ l‘l ﬂl Qr
prctwatimafaifutazy ¢ Aviufiaienseanadfianuiunuiigedagiscitvas

cM3 fiu CM4 #Aa71Y0Y aan (5.5)

. iln
1ip ] '?'3421'11:-0 (5.6)

LD Tris = Irianas = Tindg

ria  tua A unuNgadyRInLiiuee CM3 uar CM4  Fedinszudludativa

dau cM3 uay cM4 1ffu 2T dadiu rie = Ve/I (Tpusnnia (5.6) AWdhiuinan

R CASIL AL
. ilp
e T TasT _ (6.7)
- 2VTC
i =

303U 5.1 ®IAINITUADAN To:

I,, = 3I+2i,p-ig, ' (5.8)
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unudn ice 890 (5.7) Au (5.8) ‘4

-

1-sT).
Iol = 3‘I+(1+'ST)1."I (5.9)

aanacuannn To:

I,o = 31-2ip+i, : (5.10)

WAUAT ire %70 (5.7) U (5.10) “#

. 1-sT). .
| Y =‘31-(1+ST)11n - (5.11)

INBNRANTBNANNTT  (5.9) uar (5.11) (fuinanypeaun1I1aDUIHE LAY

frafidvunatiaenin 31 WINT AWK IUNIULATAUN N TYYINNITUATIUYDSIATDA

1 Qr S & .
D1 -De udiazfiaiu vi/(31) AIUUATINA MNIUDYNINVDY D1 -Da  URY Da —De

. ; s & " : - .
usaryniflu Vi /I Aviunasdunan (ve) ujl 5.1 @n

-
g -

v =

QVT(I"ST)- (5.12)
° I

1+sT/®

gniudainnd Q1,0 vl tuasunseduiiiunazua [25] fip

I
i, = ——v (5.13)
' in 2VT in
UNUAT iin 990 (5.13) AU (5.12) 1REAIVBIBUINAUAR
Vo _ 1-sT (5.14)

;;i 1+sT
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anwarifpnuund 4 Ayuda (6) YRNUINAUDANIAZILISAULENR N

(5.14) fn

V.C\’
‘—2—(9—1—) (5.15)

6 = -2tan"( .

MARIWNIINALANN LHERAI MDA TRfenITuatuds T
5.3 JiarzArasinad i tlu e tinseeal i ununandygini e
arfiBUN LU

#arwnaainaactl iiu B iuresaaufiunuigndynrafitvas CM3

1
a

war cM4 0 5.3 iflursasfitwaaiiufituniuiisndoeiaiinyaeessasisunizud

fitbermangy 5.1

©

IIN+11nl lIo"'io
Q3
02 F___A 01

S

- e e o « [
519 5.3 2NAINVTRIAINHAMUNIUNARAUYIB LY IVDIINRT
. [}

cfipunizuaiujl 5.1



AAULTIAUN LLUAYBY Q1

vbel vbe2
I. I
Viin = - V.iin =2
Is Is
LTy I, = Io

Io + i¢ = Tin + 1itn

: &
NICUFIHAIY To = Iinv LHINEATUY

io = iln

gatiudavrvnrunszuaidnsay 1u i Be b

wianTudaiapdgndadinizua Lo vinfin AaMAdn

n3udaan Syndadidn iy wisdunaadanuiin Ae

Vin+Vy, 2V + 2V,

RIAUTURUSIERI NS LT (i1a) AUKINAYU Vi

AUWI9AYU Vbe [26]

Ve
I, = Isexpif;

IlN + lln

70

(5.16)

VB E ILRE Vvbe BN

IINFNNIINICUF Ic

(5.17)



& &
ERDN
2V
Zln = i
in
- 2VT1n(1+.1£) (5.18)
in IlN
aﬁw%nn1ﬁﬁn1ﬂ11uﬁ1un1uﬁ3ﬁﬁmm1mLiwunq CM3 WAy CM4 ANILUFIUDR
Ity = 2T NIEUE it 40U 2ire WRY -2ire @RTU CM3 WAy CM4 s ua"AU
3710 (5.18)
Vi irp (5.19)
. LP
Vv -1
Iip I . (5.20)
NI (5.19) war (5.20) ujtvaNaynInia [27]
Vol i 1 i) 1{ir)’
ras = —| T35\l T) -
il T 201 3\ 1 (5.21)
r,, - _Vr _lﬁ_l(i_ﬁ_’)z_l(ﬁ)s_ (5.22)
t i.| 1T 2\T1) 3\1
3 [25] 18 its [ngnitudainnd Q1 ,Q: Ab
i, = Itanh Via (5.23)
in 2V1-
nan (5.23) %ugﬂuﬂﬁagn1u1§
3 A4 S
i { QLI Vin +-7;(—-—"') - (5.24)
tm 2v. 3\2v,) "1s\2V.
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in

10 (5.24) f11% < 1i3zaan (5.24) A

T
I
i = (5.25)
lin (2VT)Vin
« &
A3UY
ih; Vln
_— = < 1 .
I 2V, (5.26)

& . ; - . ;.
IWIEaTiY i, /] < 1ilaesin i S i
NAEEINNI0UITHIB  rine WAY rine W (5.21) uar (5.22) HKImA
& - &' : ) L £,
Vi/I  §4iMaIuNI0RfARa0ea NARtHBuYBIn 13 tTu e Be Lt Buthfiaani3al via

HUUIARINIY 2Ve 1IN9

5.4 J1AIICAHASIINATIINARIALARBUDENDAINVHIHNICUE
LUNINUHTR I TACHBUNITUAILHAIAIINARIA LARDUI BN BRIV IINILUFURY

a a4y [] - » o & -~
IapUnAlAIINLINY 1% aapatavnszuacieu 1““7%61&?5“‘1ﬂ177lﬂ115ﬁ“&

-

AINAIINAR N LARBUV DDA IIVHIINICURNUADINN T LRDU LHA

ANNAHINTEENDUN TEUAUAREANA IR INAR A LARDUVDNDAIIVL BN IEUR
b [ &

fD dem B9 dea sz liupInuIaaufitd seadutisuaduduiudsenitenszudtitnay

nyzuananté
Jo = (1 + dem) Itn (5.27)

AUyl 5.1 dadierizdnszuatuaesiiauaniieiiy dea o A
NILUAINAAINgAII  (common) yEY CM1 way CM2 iy Ix uay Iy . AIWAMAY

STAL:
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Ix (2 + dem1 )T + (2 + dewmt )itn (5.28)

Iy = (2 + dem2)I - (2 + demz }itn (5.29)

I8 demi.demz LTUAIAIINARIALARBUTBNSAIIVHLNILUAYEY CM1 URY
CM2 ANRYHY

finrmn (5.1) tdpuanniianel s tUAsud 9980 TEuENIN21daYaNANNATT
30 2i1n 14 (2 + demi)itn  WRY -2i1a iU —(2 + demz)ita udIuf

ANNTTIUNNBUZ LANMH NILUAINAHIY Fins (i1ns) Wy NITUEMMAHIU Trins

(i1nd«) ﬁ?]
- (2+dw), STins(Qem1~dem2)C (5.30)
lin3 = 1+ST"‘lm+ 1+ST lln
D _(2+dm2)_ _sr,na'(dcm,-dcm,)c_

. 1 1
in 4 1+ST in 1+ST in (5.31)
I8 T = (rins + Xina)C

3 & -
ENUUNITUR Toi 'l‘u;i‘ﬂ 5.1 fn

Iy = (1% dens)(I-in)+ (14 dens){(2+ dmy)I+ips)  (5.32)

AT INANAU  (5.32) URACARIVNBUHAANITHINNAIAIINARIA LARDURDIAD

IHESIINAIARIINARIR LARDUNA AT H

I,, = 3I+ (dcml+dcm2+2dcm3)1 - i’ln = demaipm

+iln3+dcm3iln:3 (5.33)

UNUAT dims 870 (5.30) U (5.33) wardninaudiddfiant
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1-sT).
Iol = 3I+(dcml+dcm2+2dcm3)1+ -1_'*'_3? lin

1 +sr,,CY. 1"'5(1'1113'*'21’1114)0 .
+d —_— |i,—d - 1y,
cml l‘*‘ST in cm 2 1+sT i

+d m 3 —1_ iin
€ 1+sT (5.34)

AnBuUL AN To: WINIZUE Ioz ‘I

.

' 1-sT
102 = 3I "'(dch-*'dcm2+2d‘"“4)1m(1'*V'ST)Im

l1+s(2r,3+T;14)C 1+sr,,;3C)\.
+dcml< ( =2 134) }iln-dch( = )lln

1+sT 1+sT
2 . .
— — l.
qm‘(1+sT)’“ (5.35)
fetiuntefuann fa
Vo = 3vp:1 — 3Vpa (5.36)

{3 Vp1,Vp4 AB WIWAUATEN MATEA Dr WAY Dd ANATAY

3Vrig 1
vo | I 3+dcqal+dc1;12+2dcm3

_3Vrie 1 ) (5.37)
I 3+dcml+dcm2+2dcm4 k

I8 do: WAL oz A8 FYNIMNILUARAULAY Tos ( = 3I + (demi+demz+
2dems)I + io1) URY Toz ( = 3I + (dewi+dcmz+2dcma)I + 1o2) ATNATAY

UWNUAT de1 WAY 1oz %70 (5.34) uar (5.35) 1w (5.37) udnizrans

inaNBaN#



6V 1 1-sT STy;3C
Vv ol { —dcml T . T
° I \3+Xd., 1+sT 1+sT

Srin4C l . '
—dcm2(l+ST-)+(dcm3+dcm4)(m)}lin (5.38)

Zdém - dcml+dcm2+2dcm3
= dcml+dcm2+2dcm4
T = (rln3+rln4)c
UNUAY i1n U (5.38) #iam (5.25) ‘14

Vo 1 l_ST Sl‘,nac
Ve 3<3+£dcm>{(l+s’l‘) d“"-‘(1+sT)

STy,4C 1
- dcm2( 1+ ST) + (dcm3+dcm4)( 1+ ST)}
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5118 dem vBOI9RTATRBUAIzUARNAIMAN LIATURIAIANAN Y den AT

18D T = (risa + Trine)C

310 (5.40) wui'mrmﬂa'mmﬁauuaqﬁm’mnmnwuauﬂsﬂ\mmxﬁau

NITUALARZAIRENI AR LAAAIAINARIA LARDBUTDITUIAYANULIIAUDAN

ﬁawﬂLﬁﬁauLﬁaqaﬂnu1Qﬁuaanﬁﬁmmwmaawuﬁﬁﬁ%aaanu1§1ﬂ

Ve 1 A ]."‘ST 1
= _ 5.4
Vin 3<3+4dcm>{(1+d°m)(l~+sT)+dcm(l+ST)} ( o)

waz dAyuia
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5.5 Han1MAap-
5.5.1 @n¥mraiImeiuiily
U 5.4 dunyadnudaiudisndteguina wazdainsenouienuiunIzus

Mudd ¥89INRIUY 5.1 #inlwd 20 kHz, uay 100 kHz' wfifa1fimiszy ¢ 0.01

JERRULEURELLEEEL Tl AT VL INRusE LTg U nngedinssuaiuda (21)

#fnnin 20 JA
C = 0.01 pF
oo o g
180 I nmw(s.u)bbbuammﬂaa\:/ IR .
— - 1.0 .
[-]
°0 r 468 & ll
~—~ >‘H
€ 106 _®
= g <
~ 0 . 0.4 2 |
= - . o
£ AWl =20 kHz\ 0.2 &€
3. : < R
-90 } ° a - 0.0
ry b
A\\ -
NAYWD = 100kHz
-180 A B NN M

10 100 1000

nasualuda (21) [pa]

Q [ 4 ’

73U 5.4 awduRudininegs inauarda i venINAuiun ITUEIU |

AANTANT

2.

(.4 '

78 5.5 tunymamdnRuiszninaeniind  wardninseguINAuNuNITUE

] )
a4

twdanm i iiagu et i —2/2 8dfugaey 0.01 pF wwindnszualudadn

favbeiguIefuszaratainIafaInIcuatuds uREHinIzusudageyu inasy

s tuutyaanuuInae Liunged (5.15)
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LI L T 1R BRI 1 i L eTTTrT

/ LERLERY

O

100k —

LR

M -~ ~
T 5 . >.E
— ~
- - - (=]
o A2UD =
(=]
[} -l
! B — =
]
*
-
“I=
1= Y]
2 10k 0.1
P C = 0.01 pF

HUN15(5.14)

i 1 3. 111

° ° SHRAIINAIDN

‘k (X - th_llll 1 [] 11t 111

10 _ 100 1000

nizudtudd (21) [ pA]

38 5.5 awdaiudienieanuiuaziaiseisuiesduiunizuaiyss

fiyn (dansd #i —/2

;2 ~ N N j N £
HaaINN13a 19 LAnUULYI9eT (simulation) #7 PSpice [16] uaAdH

: . a o o - . o4
1wt @ imguanimaficinna 3o luuiinazuatudage fs bulk resistance fi
fiininnfvawnitudainnd B9 bulk resistance suiimafinizustudages  ile

. . . - - » o o [P
Te (dynamic resistance) YBINIUIALABINAIRT URE AN LHARIAYNNIARDRIN

VUHRINAUAARNNNICURIUD RANAD favrvaunIzuavaanIudaLian s U487

arfisuntrugudacfliidianay
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-

5.5.2 a7771A LYENINAURJA

30 (5.15) wudndlynvaenritdsuinadanduiudidy v Fenuaduiaen g

L - a e -. N L
fugongiianyid (absolute temperature) ANUUYNYBINTTIABUINALYIAUIAY

a

pivfiugengdl  wAEINNI0EA LEEtAf a1 BRI en sruaiwdIAu AR Ty gamd

tdu LM334 [28] iffufadnsnizuatudaifiaeaitugy 5.1

21 =200 pA C =0.01 pF
AN = 27 kHz o o o WALYY
a a alyvalyn
'goﬁh > o ° o ° ° ° ° o ° ° ° ° ° o ‘o ° o ° o
- .A
=94 a -
a
-98 F a
a
[
-102 |- a
- a
= a
3 -106 F a
= a
-110 } . a
% a
a
= -114 | a
= .
= e a [2Y
-118 | ¢ e
1 1 1 1 ! 1 1 ! 1 1 1 ] 1 1 1 1 [l Nl L ]
30 40 : 50 60 70

gunnuumaey [ °C1l.

a

U 5.6 adnduRuSsenitenn idaduaangi tianIn1350 L e 9 gungidl

uALtUMEa LYY

3 5.6 tlunsvadwndniudva inafupanniain 30-70 ¢ nazkatuda

(21) dgangd¥acifiu 200 pa arwdvasdoiw 27 kHz  #ifiuequuy

metallized polyester film 0.01 PF 1un1&ﬁ1ﬁn1zuﬂ1uﬁaﬁ4ﬁ1ﬂu1ﬁ LM334

PHUBNLANBY  §NDBINTT LT DU INAsT IR UA N gEngANAN tdann1isaLrEni

[
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RaMpRIABAf  LM334 AHuLA1BURAIL yWURNNII LB INAABUT 1AL I THUA Y

- & _ % o & Y @&
E]ﬂm.mllimuilil ﬂ\luunanﬂljﬂﬂaﬂ\“laﬁ\ﬂﬂ“L“u'l']'z\ﬂ'QTEll H.1 AWIINVALYHNAVDY

pangiité tiunt 194

5.5.3 HAUBNAMAEY

Q. & 4 R - .
71 5.7 waneuanliAnA21uigeraeINasgy 5.1 1apld Pspice Jininuh

57998 L ANULYY  wUuRvaBY (model) vBamIuiatmpiitfudasdiqidunuyyas
Gummel and Poon uazfiw13IMinaadfie 9 (dudqfladigupe [29] 1Hnvzus

Muda (I) = ImA %9Wa31n PSpice uay guand@luganad (5.15) ECRRL

. O & of a &
U 5.7 unuuauifludvaedafnlazy © wnua L Jua AN LAR LR RU LN E

-n/2

1G TS T T ITTT I R S N R B A S N BN YR R B | T T
N

/
(NN

T
/

(5.15)

100 M

Lt 1t1at)

1 IITTTI_I/‘
'

[H:]

-1 10M |- .
2 - 3
[ -
c B 1 i
< - N
[ 1=1mA ]
» N _
AN
\\Q
N
M| - > -
- .
;.. pe
- -
- N
100 k Lt v vty P11t rdy I 1 1t 11 oy
1p 10p 100p 0.001p 0.01p

dunulazy  [F]

1l 5.7 a1anduiudaenitearmduacddifudseafin ik ifanuing —n/2
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AN LR STRIULLANRDINIUTR LADSNAY  (HanTzuAluiE 1 mA  aEH

unity gain frequency (fr) ~Yszuas 500 MHz iuua'tfi‘tuwﬁgﬂ 5.1
271N AHIN T LRBULHANNINIUIA LAUA2 WA 100 MHz
- z L3 )
5.5.4 A7 INAR INBUYBIAYRIG

£

. R S . & ,
%152 5.3 tHuaavfitiuiniisfitiaaluiiniwouliay  ApeARNITUR it

70 5.8 iffunwdsdyyrwain oscilloscope vasdpgrutiinuardnyisasn
3102995 gl 5.1 whiuinszuatuda 2T = 1 mA wisAusInupaniienan (peak

Y & o
to peak voltage) 1aNAQYIGNNABNIUIENIG 20 mV P RN LR [ T T A Uk

71 5.8 A wdIHIIN oscilloscope vavdayatituasdagiaann
P - K ' a . % o
HRNNINARDIUAASAH LAUTEANAR LHBUY RN Ay iny L BARILINAURN

HAANNHRAYDILINAULT M LAY 20 mV  sRaagaenszuatuds 2I aan 30 PA iy

u1nndt 1 mA
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5.6 @7l
st 1EUAReIEn 1115292 3aE A aUN TEHAN IR L AU AT AN INAIWANLN
LB HES N NI LATUSR 29 INNNUABAARBNAUNOE) URZHARIINNIIEEIN

LRUURLLIYRY  (simulation) #i7s PSpice Waavd#ifiuinivaInveiuniaiiud

R

2

-' 2 1] Qr . 1
9aTiABuINatugl 5.1 udnaraiduszuudie 9 14 1ty A§idu  phase

modulator AUILUUNIIRBANT NI WWAIINT LUATYNILT BIRY SUA2 MDA 18I 5Ny

- ¢ - | 2 ) Ve . “
nMNIsuUnd LUBRATINITERDULAA 2 IN’T ADNU lﬂﬂuﬂ’]'ﬁﬂﬂu

o
28

. NUNIQNABY UALAW

= ]

Qs &, . -, e ZE- . ~ ) o -:
AuiA LAuY BN N tiad s 1MULLAE loop gain  sxMudufus2udYENNAS
Midadyyis  aneszifgadulesInniiadgpras ot uuni 4 natdfiastd ace
(automatic gain control) AUBINNILURBUAINONINNINLAUMY &8 liapniN

100 @ 1
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unn 6

unajl

ﬁmaaﬁﬁgﬁunaqaqua:ﬁaunizua An  AWANBUAUANNINATNAYDNSAIIVENY
NIZud  (current gain) uagamfitunufigadyyratt (input impedance)

3 - & o - - a~
NS940 TABNNADNARYAAAAI N (cutoff frequency) fi fr/2 NIBYBNINAT

iiaunIzuauuunIUuBatAnSaaefY  uREf £ WNIEYEINIIREHDUN ICUALLY

1
oy

wilson  uar wuuminudaiasiddr  yadaaudvasadusuniuianduniuasn

QU

WaMHATMYNIT A NAUNUNIATYYIMBAN

Lo
3.

(output impedance) #ffputin

o - g

n
) .: i) - Q- &
ﬂﬂﬂﬂ??uﬁﬂLﬂﬂ%ﬂﬂﬂiuaﬂﬁmtﬂuﬂLﬂﬂ???“ FIUUGIURAIINATUN U TIRARVDIINNT

AN AUNITUE agiunﬁﬁ%auiaﬁu NRINIIOLARAN 1A DUAUBININAI NG TIHRIININRY

SefiBUNIZURAUTINDEY 10 - 100 MHz “§

undi 2 uans auandfvavleasasfisunizuauuudie 9 AAIINNNIREISLEDY
WULINRIfI8  PSpice uwar aun13ftAaInIFIiAI1zAInuR (node analysis)

1anfeaneIsvinasanadneiutfuagief

undi 3 waasni1Ifiteasasvisunszuaiudrvanedygaiuguuaenianiiia

@ [-3

Yunrarapd Tapdfafiunudafudsey diudinsueslufivasniinn e dyysuay
din13v%d 18 uE N naun LA’ NNt B UN AU AR 1N TACHAUN ICURAIHUANA IR D
Fygratiittipafianaunanratseda vavs1a AU Uy Inlin vasdIuless

voreduyae Atsunauiiiacia veefafiunau dnfluary  Fefludananuseiiad

yaNnIn LA sy

unih 4 lunstfitevsasdiaunszusanuandeaasfugiuL ianh eI LRau

WA 1apEuANN1INTY NIZUAVBNNITLABU LN LAARINNTZUFAWNAAY W 1UALE 28

nazuanmtigediu  aaufinnifluniitdagasifauinall apvaesada L Tuefunaz iy
o - - o e o

daun1atioundy  iRaARlFetIn ladoyresaedl Feanudadfdsznhasialandyas

n1ann il dgnratdudsszandasiveisuguueenianvdiadyyia tidpvsndaan
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4 2 - 2 , - - e
ﬂUWUUBQQQQTlaau‘ﬂﬂ"ﬁaﬂqqqqTNﬂqﬁQﬂﬁaﬂﬂﬁQQﬁjjunﬂﬂqnjinﬁluﬁﬂwmjm

unh 5 tfun199b9asaziaunIzuauuy Wilson Y433 LRDULHE 1apandy

ARNNTIIINNITUAVBIN T LADU LN A LU ITRAA MR R R vuaiA 1 mdsn 1

a

1 ziu -4'
89V NUBNNIZU LERUAIENIzUA LD uans g IR IR 30U TN

- ar 2

LRauinatAfe N e 1 8nnIaind vz addia A unungadgyintinreeaess

ehiaunszua tdudinmuayu 1aau InaraeI9ar Jedrarwmdtuniuiandngia i invag

NATASHBUNTTUAF W IINA VAN AR 8N SLua U d PR ERHTRINRITETY- (TRt
-~ o ) - -~ 3 & L3 -~ .:
vinvaveasaziiaunszuaazidnsue i fui Be 1 dunasiid 1 vufugumngd eRERVITY

& & - -k 2 -~ 2 2 o
LAUBNAINIINRANRIININNITDIN IWUULA TﬂﬂﬁﬂLﬁﬂqmﬁguﬂlﬂﬂ111%ﬂ15uﬂ1ﬂﬂﬂuﬂ1

o

E A ) - A b a ~
vudugomgil  usr aswaudentliiduidetan daontaieAunizuadgeis L i1anii6n
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. Test current gain and Zin of 2 Tr. CM
.OPT ACCT LIST NODE OPTS NOPAGE
-WIDTH OUT=80
.AC DEC 10 100 1GHZ
.OP
vCC 1 0 DC 12
IIN 1 2 DC IMA-AC 1
VMET 1 3 DC O
Q1 2 2 0 Q2N3904
Q2 3 2 0 Q2N3904
:MODEL Q2N3904 NPN(IS=100.9E- 15 XTI=3 EG=1.11 VAF=115.7 BF=278

+ NE=1.894 ISE=14,35E-12 1KF=.1594 XTB=1.5 BR=.118
+ NC=2 ISC=0 IKR=0 RC=.6 CJC=4.93E-12 VJC=.75

+ MJC=.3333 FC=.5 CJE=7.707E-12 VJE=.75 MJE=. 3333
+ TR=290.3E-9 TF=294.3E-12 ITF=.1 VTF= 10 XTF=2)
.PRINT AC IH(VMET) IP(VMET) VM(2) VP(2)

-PROBE :

.END

fayau1edausin  PSpice. HuMUAEAUNIIMIAAIIVEIBNITUAURTAINAIY
nungadgrimtitquiilis 2.2 vuiavsvdainvepnIzud As IM(VMET) (IN@UBN
fnanvuipnizud Aa IP(VMET) fmiapiffu aedq (degree)  puinvAvAIMAIY

nungadgyratdin Aa vM(2) dmiaeidu Tedn (ohm)  wazidavasAImdIUnU

fyadunnidn s VP(2)  dimdapidunedn

xxxx BIPOLAR JUNCTION TRANSISTORS

Q1 Q2
MODEL Q2N3904 Q2N3904
1B 6.29E-06 6.28BE-06
b {e 9.87E-04 1.08E-03
VBE -595 .595
veC .000 -11.4
VCE .595 12.0
BETADC 157. 173.
GM 3.79E-02 4.17E-02
RPI 5.17E403 5.17E+03
RX .00E+00 .00E+00
RO 1.17E405 1.17E+05
CPI- 2.28E-11 2.39E-1M
cMy 4.93E-12 1.95E-12
CBX .00E+00 .00E+00
ccs .00E+00 .00E+00
“BETAAC 196. .215.

FT 2.18E+08 2.57E+08



*xxx  AC ANALYSIS TEMPERATURE = 27.000 DEG C

- FREQ IM(VMET) "IP(VMET) VM(2) VP(2)
1.000E+02 1.087E+00 <-4,.742E-05 2.609E+01 -4.570E-05
1.259E+02 1.087E+00 -5.970E-05 2.609E+01 -5.753E-05
1.585E+02 1.087E+00 -7.516E-05 2.609E+01 -7.243E-05
1.995E+02 1.087E+00 =-9.462E-05 2.609E+01 -9,118E-05
2.512E+402 1.087E+00 -1.191E-04 2.609E+01 -1.148E-04
3.162E+02 1.087E+00 -1.500E-04 2.609E+01 -1.445E-04
3.981E+402 1.087E+00 ~1.888E-04 2.609E+01 -1.819E-04
5.012E+02 1.087E+00 -2.377E-04 2.609E+01 -2.290E-04
6.310E+02 1.087E+00 ~2.992E-04 2.609E+01 -2.883E-04
7.943E+02 1.087E+00 -3.767E-04 2.609E+01 -3.630E-04
1.000E+03 1.087E+00 -4.742E-04 2.609E+01 -4.57CE-04
1.259E+03 1.087E+00 -5.970E-04 2.609E+01 -5.753E-04
1.585E+03 1.087E+00 -7.516E-04 2.609E+01 ~7.243E-04
1.995E+03 1.087E+00 -9.462E-04 2.609E+01 -9.118E-04
2.512E+03 1.087E+00 ~1.191E-03 2.609E+01 -1.148E-03
3.162E+03 1.087E+00 -1.500E-03 2.609E+01 ~-1.445E-03
3.981E+403 1.087E+00 ~-1.888E-03 2.609E+01 -1.819E-03
5.012E+03 1.087E+00 ~-2.377E-03. 2.609E+01 -2.290E-03
6.310E+03 1.087E+00 -2.992E-03 2.609E+01 -2.883E-03
7.943E+403 1.087E+00 <-3.767E-03 2.609E+01 =3.630E-03
1.000E+04 1.087E+00 -4.742E-03 2.609E+01 -4.570E-03
1.259E+04 1.087E+00 -5.970E-03 2.609E+01 -5.753E-03
1.585E+04 1.087E+00 -7.516E-03 2.609E+01 -7.243E-03
1.995E+04 1.087E+00 -9.462E-03 2.609E+01 -9.118E-03
2.512E+04 1.087E+00 -1.191E-02 2.609E+01 -1.148E-02
3.162E+04 1.087E+00 -1.500E-02 2.609E+01 =-1.445E-02
3.981E+04 1.087E+00 -1.888E-02 2.609E+01 =-1.819E-02
5.012E+04 1.087E+00 -2.377E-02 2.609E+01 -2.290E-02
6.310E+04 1.087E+00 -2.992E-02 2.609E+01 =-2.883E-02
7.943E+04 1.087E+00 =~3.767E-02 2.609E+01 -3.630E-02
1.000E+05 1.087E+00 -4.742E-02 2.609E+01 -4.570E-02
1.259E+05 1.087E+00 -5.970E-02 2.609E+01 -5.753E-02
1.585E+05 1.087E+00 -7.516E-02 2.609E+01 -7.243E-02
1.995E+05 1.087E+00 -9.462E-02 2.609E+01 -9.118E-02
2.512E+05 1.087E+00 -1.191E-01 2.609E+01 -1.148E-01
3.162E+05 1.087E+00 -1.500E-01 2.609E+01 -1.445E-01
3.981E+05 1.087E+00, ~-1.888E-01 2.609E+01 -1.819E-071
5.012E+05 1.087E+00 -2.377E-01 2.609E+01 -2.290E-01
6.310E+05 1.087E+00 -2.992E-01 2.609E+01 ~-2.883E-01
7.943E+405 1.087E+00 -3.767E-01 2.609E+01 -3.630E-01
1.000E+06 1.087E+00 -4,742E-01 2.609E+01 -4.570E-01
1.259E+06 1.087E+00 -5.970E-01 2.609E+01 -5.753E-01
1.585E+06 1.087E+00 -7.516E-01 2.609E+01 =-7.243E-01
1.995E+06 1.087E+00 -9.462E-01 2.609E+01 -9.118E-01
2.512E+06 1.087E+00 -1.191E+00 2.608E+01 -1.148E+00
'3.162E+06 1.087E+00 -1.499E+00 2.608E+01 =~1.445E4+00
3.981E+06 1.087E+00 -1.887E+00 2.608E+01 =-1.819E+00
5.012E+06 1.086E+00 -2.376E+00 2.607E+01 -2.289E+00
6.310E+06 1.086E+00 -2.990E+00 2.606E+01 =-2.881E+00
7.943E+06 1.085E+00 -3.762E+00 2.604E+01 -3.625E+00
1.000E+07 1.084E+00 -4.733E+00 2.601E+01 -4.560E+00Q
1.259E+07 1.082E+00 -5.951E+400 2.596E+01 -5.734E+00
1.585E+407 1.079E+00 -7.478E+00 2.588E+01 -7.205E+00
1.995E+07 1.074E+00 -9.387E+00 2.576E+01 -9.042E+00
2.512E+07 1.066E+00. -1,176E+01 2.558E+01 -1.133E+01
3.162E+07 1.054E+00 -1.470E+01 2.530E+01 -1.416E+01
3.981E+07 1.036E+00 ~1.820E+01 2.487E+01 =-1.762E+01
5.012E+07 1.010E+00 ~2.265E+01 2.422E+01 -2.179E+01
6.310E+07 9.714E-01 =-2,780E+01 2.33QE+01 -2.671E+01%
7.943E+07 9.187E-01 ~3.373E+01 2.204E+01 -3.236E+01
1.000E+08 8.503E~01 -4.030E+01 2.040E+01 -3.858E+01
1.259E+08 7.677E-01 -4 .729E+01 1.841E+01 -4.512E+01
1.585E+08 6.753E-01 -5.438E+01 1.619E+01 -~5.165E+01
1.995E+08 5.794E-01 -6,129E+01 1.388E+01 -5.785E+01
2.512E+08 4.869E-01 -6.780E+01 1.165E+01 =-6.347E+01
3.162E+08 4.024E-01 ~-7.381E+01 9.615E+00 ~6.837E+01
3.981E+08 3.288E-01 -7.935E+01 7.836E+00 -7.251E+01
5.012E+08 2.667E-01 -8.453E+01 6.331E+00 -7.595E+01
6.310E+08 2.155E-01 -8.952E+01 5.084E+00 -7.875E+01
7.943E+08 1.741E-01 -9.449E+01 4.067E+00 -8.102E+0t
1.000E+09 1.410E-01 -9.963E+01 3.245E+00 -8.284E+01
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Test Zout of 2 Tr.

.OPT ACCT LIST NODE OPTS NOPAGE

.WIDTH OUT=80

‘.AC DEC 10 100 1GHZ

.OP

vec 1 0 DC 12
IIN 1 2 DC 1MA
VMET 1 3 DC 0 AC 1
Q1 2 2 0 Q2N3904
2 3 2 0 Q2N3904
?MODEL Q2N3904 NPN(IS=100.9E-15 XTI=3 EG=1.11 VAF=115.7 BF=278
NE=1.894 ISE=14.35E-12 IKF=.1594 XTB=1.5 BR=.118
NC=2 ISC=0 IKR=0 RC=.6 CJC=4.93E-12 VJC=.75
MJC=.3333 FC=.5 CJE=7.707E-12 VJE=.75 MJE=.3333
TR=290.3E-9 TF=294.3E-12 ITF=.1 VTF=10 XTF=2)

.PRINT -AC IM(VMET) IP(VMET)

+ 4+ 4+ +

.PROBE
.END

CM

[

NIRARNUIBABN

90.

fayauavdIuain Pspice fwrtuiduntmialmfinuniuigedugisaaniui’

2.2

TAUIUIRVBIAIINATUN U

*xxxx  AC ANALYSIS

FREQ
.000E+02
.259E+02
.585E+02
.995E+02
.512E+02
.162E+02
.981E+02
.012E+02
.310E+02
.843E+02
.000E+03
.259E+03
.585E+03
+.995E+03
.512E+03
.162E+03
.981E+03
1012E+03
.310E+03
.943E+03
.000E+04
.259E+04
.585E+04
.995E+04
.512E+04
.162E+04
.981E+04
.012E+04
.310E+04
.943E+04
.000E+05
.259E+05
.585E+05
1.995E+05
2.512E+05

NOOWWN = = o

S LS NONWWNSA S S L YO PWWN = = =

IM{ VMET)

8.534E-06
8.534E~06
8.534E-06
8.534E-06
8:534E-06
8.534E-06
8.534E-06
8.534E-06
8.534E-06
8.534E-06
8.534E-06
8.534E-06
8.535E-06
8.535E-06
8.535E~06
8.535E~06
8.535E-06
8.535E-06
8.536E-06
8.537E~06

8.538E~06

8.540E-06
8.544E-06
8.550E-06
8.559E-06
8.573E-06
8.595E-06
8.630E-06
8.686E-06
8.773E-06
8.909E-06
9.121E~06
9.448E-06
9.943E-06
1.068E-05

IP(VMET)
~1.800E+02
-1.800E+02
-1,800E+02
-1.800E+02
-1.800E+02
-1.799E+02
-1.799E+02
-1.799E+02
-1.799E+02
-1.799E+02
-1.798E+02
~1.798E+02
-1.797E+02
+1:797E+02
-1.796E+02
-1.795E+02
-1.793E+02
-1.791E+02
-1.789E+02
-1.786E+02
-1.783E+02
~1.778E+02
-1.773E+02
-1.766E+02
~1.757E+02
~1.746E+02
-1.732E+02
-1.715E+02
-1.693E+02
-1.666E+02
~1.633E+02
-1.594E+02
-1.546E+02
-1.492E+02
-1.431E+02

¢

TEMPERATURE

FREQ
3.)62E+05
3.981E+05
5.012E+05
6.310E+05
7.943E+05
1.000E+06
1.259E+06
1.585E+06
1.995E+06
2.512E+06
3.162E+06
3.981E+06
5.012E+06
6.310E+06
7.943E+06
1.000E+07
1.259E+07
1.585E+07
1.995E+07
2.512E+07
3.162E+07
3.981E+07
5.012E+07
6.310E+07
7.943E+07
1.000E+08
1.259E+08
1.585E+08
1.995E+08
2.512E+08

3.162E+08.

3.981E+08
5.012E+08
6.310E+08
7.943E+08
1.000E+09

fandgywaan Aa 1/IM(VMET)

-IP(VMET)-180

27.000 DEG C

IM(VMET)

1.176E-05
1.328E-05
1.540E-05
1.825E-05
2.203E-05
2.696E-05
3.330E-05
4.141E~-05
.173E-05
.479E-05
.129E-05
.021E-04
.284E-04
.614E-04
~030E-04
.552E-04
.208E-04
.028E-04
.053E-04
.325E-04
.894E-04
.806E-04
.210E-03
.479E-03
.787E-03
.129E~03
.501E-03
.907€E-03
.362E-03
.897E-03
.560E~03
.406E-03
.500E-03
.916E-03
9.740E-03
1.207E-02

NP VA WWRNNN S S O NONEWNN == =00

IP(VMET)
-1.366E+02
-1.301E+02
~1.238E+02
-1,180E+02
-1.130E+02
-1.087E+02
~1,052E+02
-1.023E+02
-9.999E+01
~9.819E+01
-9.681E+01
-9.578E+01
-9.505E+01
-9.459E+01
-9.437E+01
-9.438E+01
-9.462E+01
-9.510E+01
-9.583E+01
-9.685E+01
-9.817E+01
-9.982E+01
~1.018E+02
~1.040E+02
-1.064E+02
~-1.087E+02
-1.106E+02
-1.117E+02

fintian i

fwdan1du

-1.119E+02 ~

-1.110E+02
-1.094E+02
-1.072E+02
-1.048E+02
-1.025E+02
-1.003E+02
-9.855E+01
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Test current gain and Zin of Wilson CM
.OPT ACCT LIST NODE OPTS NOPAGE

. WIDTH OUT=80

.AC DEC 10 100 1GHZ

.OP

vCC 1 0 DC 12

IBIAS 1 2 1MA AC 1A

VMET 1 4 DC 0

Q1 3 3 0 Q2N3904

Q2 2 3 0 Q2N3904

Q3 4 2 3 Q2N3904

.MODEL Q2N3904 NPN(IS=100.9E-15 XTI=3 EG=1.11 VAF=115.7 BF=278

+ NE=1.894 ISE=14.35E-12 IKF=.1594 XTB=1.5 BR=.118
+ NC=2 ISC=0 IKR=0 RC=.6 CJC%4.93E-12 VJC=.75

+ MJC=.3333 FC=.5 CJE=7.707E~-12 VJE=.75 MJE=.3333
+ TR=290.3E-9 TF=294.3E-12 ITF=.1 VIF=10 XTF=2)
.PRINT AC IM(VMET) IP(VMET) VM(2) VP(2)

.PROBE

.END

fayauedluaan  Pspice futyafiuniawndnirvaisnizuanazandiu

nunigadugistintuiada 2.3 YuIATENEAINIBNENIEUA AR IM(VMET) LW&wDY

e

A310818NIEUE  fin IP (VMET) dwdawidu avedn (degree) YUTRVDIAIINAY

=

wigadgyaida Aa vM(2) dwideidu e (ohm)  wariNAvEIAIMAUNIY

fyndouinidn Aa ve(2)  dmidaifupedn

xx*x BIPOLAR JUNCTION TRANSISTORS

Q1 Q2 Q3
MODEL Q2N3904 Q2N3904 Q2N33804
iB 6.29E-06 6.29E-06 5.8SE-06
IC 9.89E~04 9.94E-04 9.96E-04
VBE .595 .595 -593
vBeC .000 -.593 -10.8
VCE .595 1.19 11.4
BETADC 1567. . 1587 169.
GM 3.80E-02 3.82E-02 3.83E-02
RPI 5.16E+03 5.16E+03 5.54E+03
RX .00E+00 .00E+00 .00E+00
RO 1.17E405 1.17E+05 1.27E+05
CPI 2.28E-11 2.29E-11 2.29E-11
CMU 4.93E-12 4.06E-12 1.98E-12
cBX .00E+00 .00E+00 .00E+00
ccs .00E+00 .00E+00 .00E+00
BETAAC 196. 197. 2r2. :

FT 2.18E+08 2.26E+08 2.45E+08



X kXK
FREQ
.000E+02
.259E+02
.585E+02
.995E+02
.512E+02
.162E+02
.981E+02
.012E+02
.310E+02
.943E+02
.000E+03
.259E+03
.585E+03
.995E+03
.512E+03
.162E+03
.981E+03
.012E+03
.310E+03
.943E+03
.000E+04
.259E+04
.585E+04
.995E+04
.512E+04
.162E+04
.981E+04
.012E+04
.310E+04
.943E+Q4
.000E+05
.259E+05
.585E+05
.995E+05
.512E+05
.162E+05
.981E+05
.012E+05
.310E+05
.943E+05
.000E+06
.259E+06
.585E+06
.995E+06
.512E+06
.162E+06
.981E+06
.012E+06
.310E+06
.943E+06
.000E+07
.259E+07
.585E+07
.995E+07
.512E+07
.162E+07
.981E+07
.012E+07
.310E+07
.943E+07
.000E+08
.259E+08
.585E+08
.995E+08
.512E+08
.162E+08
.981E+08
.012E+08
.310E+08
7.943E+08
1.000E+09

DO WWN = 422 g OWWNS A dONWWN = 2 a2 ONWWN A = a2 JONWWN 2 a2 2 ad O NWWN = = O TWWN = —

N 0o bt bttt et 2 2 (O OO O WO WO OO

AC ANALYSIS

IM(VMET)

.954E~01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
954E-01
.954E-01
954E-01
954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E-01
.954E~-01
954E-01
.954E-01
.954E~01
954E-01
.954E-01
954E-01
9.954E-01
9.954E-01
9.954E-01
9.954E-01
9.954E-01
9.955E~-01
.955E~01
.955E~01
956E-01
.957E-01
.959E~-01
.962E-01
.966E-01
.973E-01
.984E-01
O00E+00
003E+00
007E+00
.013E+00
.023E+00
.037E+00
.054E+00
.074E+00
.088E+00
.078E+00
023E+00
.153E-01
.767E-01
.369E~01
. 143E-01
4.,140E-01
3.346E-01
2.729E-01
2.257E-01

.

WOOVWOWWWWWYWIWWWWWWWWWYWWIWIWIWWWILWIOWEIWIWWOW oW

.

TEMPERATURE =
IP(VMET) vM(2)
-1.503E-05 5.206E+01
-1.893E-05 5.206E+01
-~2.383E-05 5.206E+01
-3.000E-05 5.206E+01
~3.777E-05 5.206E+01
-4.754E-05 5.206E+01
-5.985E-05 5.206E+01
-7.535E-05 5.206E+01
-9.486E~-05 5.206E+01
-1.194E~04 5.206E+01
-1.503E-04 5.206E+01
-1.893E-04 5.206E+01
-2.383E-04 5.206E+01
-3.000E-04 5.206E+01
-3.777E-04 5.206E+01
-4 .754E-04 5.206E+01
~5.985E~04 5.206E+01
-7.535E-04 “5.206E+01
-9.486E-04 5.206E+01
-1.194E-03 5.206E+01
-1.503E-03 5.206E+01
-1.893E-03 5.206E+01
-2.383E-03 5.206E+01
~3.000E-03 5.206E+01
-3.777E-03 5.206E+01
-4.754E-03 5.206E+01
-5.985E-03 5.206E+01
-7.535E-03 5.206E+01
-9.486E-03 5.206E+01
-1.194E-02 5.206E+01
-1.503E-02 5.206E+01"
-1.893E-02 5.206E+01
-2.383E-02 5.206E+01
-3.000E~02 5.206E+01
-3.777E-02 5.206E+01
~4.754E-02 5.206E+01
-5.986E-02 5.206E+01
-7.535E-02 5.206E+01
-9.487E-02 5.206E+01
-1.194E-01 5.206E+01
-1.504E-01 5.206E+01
-1.893E-01 5.206E+01
-2.383E-01 5.206E+01
-3.001E-01 5.206E+01
-3.778E-01 5.207E+01
-4.758E-01 5.207E+01
~5.993E-01 5.207E+01
-7.550E-01 5.208E+01
~8.515E-01 5.208E+01
-1.200E+00 5.209E+01
~1.515E+00 5.211E401
-1.915E+00 5.214E+01
-2.428E+00 5.219E+01
~3.089E+00 5.226E+01
-3.953E+00 5.236E+01
~5.102E+00 5.252E+01
+6.663E+00 5.275E+01
-8.841E+00 + 5.306E+01
-1.195E+01 5.339E+01
-1.646E+01 5.359E+01
~2.291E+01 5.324E+01
~3.169E+01 5.155E+01
—-4.249E+01 4.766E+01
~5.411E+01 4.156E+01
-6.506E+01 3.442E401
-7.461E+01 2.761E+01
-8.282E+01 2.184E+01,
-9.014E+01 1.721E+01
~9.704E+01 1.357E+01
-1.039E+02 1.072E+01
-1.109E+02 8.477E+00

27.000 DEG C

VP(2)
-2.012E-05
-2.533E-05
-3.189E-05
-4,014E-05
-5.054E-05
-6.362E-05
-8.010E-05
-1.008E-04
-1.269E-04
-1.598E-04
-2.012E-04
-2.533E-04
-3.189E-04
-4.014E-04
~5.054E-04
-6.362E-04
-8.010E-04
-1.008E-03
~1.269E-03
-1.598E-03
-2.012E-03
-2.533E-03
-3.189€E-03
-4.014E-03
-5.054E-03
~6.362E-03
-8.010E-03
-1.008E-02
~1.269E-02
-1.598E-02
-2.012E-02
-2.533E-02
-3.189E-02
-4.014E-02
-5.054E-02
-6.362E-02
-8.010E-02
-1.008E-01
-1.269E~01
~-1.598E-01
~2.012E-01
-2.533E-01
-3.189E-01
-4.015E-01
-5.055E-01
-6.365E-01,
-8.015E-01
-1.009E+00
-1.271E+00
-1.602E+00
-2.020E+00
-2.548E+00
-3.220E+400
-4.075E+400
~5.175E+00
-6.600E+00
~8.475E+00
-1.098E+01
~1,439E+01
-1.909E+01
-2.550E+01
-3.388E+01
~4.379E+01
~5.395E+01
-6.287E+01
-6.983E+01
~7.493E+01
-7.859E+01
-8.124E+401
-8.318E+01
~-8.463E+01

92
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Test Zout of Wilson CM

.OPT ACCT LIST NODE OPTS NOPAGE

.WIDTH OUT=80

.AC DEC 10 100 1GHZ
.oP

VCC 1 0 DC 12
IBIAS 1 2 1MA

VMET 1 4 DC O AC 1
Q1 3 3 0 Q2N3904
Q2 2 3 0 Q2N3904
Q3 4 2 3 Q2N3904
.MODEL

+

+

+

+ .

. PRINT

.PROBE

.END

©

’ L]

]
o Qs

TECELREEEE

Q2N3904 NPN(IS=100.9E-15 XTI=3 EG=1.11 VAF=115.7 BF=278
NE=1.894 ISE=14.35E~12 IKF=.1594 XTB=1.5 BR=.118
NC=2 ISC=0 IKR=0 RC=.6 CJC=4.83E-12 VJC=.75
MJC=.3333 FC=.5 CJE=7.707E~-12 VJE=.75 MJE=.3333
TR=290.3E-9 TF=294.3E-12 ITF=.1 VTF=10 XTF=2)

AC IM(VMET) IP(VMET)

TRnBUNAYBIA AU IUAIAFRRINBEN fin 1/IM(VMET)

93

fauau1eduain PSpice MUMUAHIUNIINIAINA M IUNATYQIMBBNAURT

dniiae Ly

1a%u UAY lﬂﬂﬂﬂQﬂiWNﬁﬁuﬂﬁuﬁQﬁﬁmmﬁmﬂﬂﬂ fin ~IP(VMET)-180 dindan il

*BNEN

£33 3 S
FREQ
1.000E+02
1.259E+02
1.585E+02
1.995E402
2.512E+02
3.162E+402
3.981E+02
5.012E+02
6.310E+02
7.943€+02
1.000E+03
1.259E+03
1.585E+03
1.995E+03
2.512E+03
3.162E+03
3.981E+03
5.012E+03
6.310E+03
7.943E+03
1.000E+04
1.259E+04
1.585E+04
1.995E+04
2.512E+04
3.162E+04
3.981E+04
5.012E+04
6.310E+04
7.943E+04
1.000E+05
1.259E+05
1.585E405
1.995E+05
2.512E+05

AC ANALYSIS

IM(VMET)

.547E-08
.550E-08
.554E-08
.560E~-08
.569E=08
.584E-08
.608E-08
.646E-08
.705€E-08
.798E~-08
.943E-08
.168E-08
.512E~-08
.031E~-08
.796E-08
.090E-07
.245E-07
.457E-07
.742E-07
.116E-07
.600E-07
.222€E-07
.015E-07
.022E-07
.296E-07
.905E-07
.935E-07
.249E-06
.572E-06
.978E-06
.489E-~-06
3.134E-06
3.944E-06
4.965E-06
6.251E-06

N2t OVONEWNRN S =2 (0 OMO N~~~ ~ N~~~

IP(VMET)
~1.781E+02
-1.776E+02
-1.77DE+02
-1.762E+02
-1.753E402
~-1.740E+02
-1.725E+02
-1.706E+02
-1.682E+02
-1.653E+02
-1.617E+02
-1.574E+02
-1.524E+02
-1.466E+02
-1.404E+02
-1.338E+02
-1.273E+402
-1.212E+02
-1.157E+02
-1.109E+02
-1.069E+02
-1.035E+02
-1.008E+02
-9.864E+01
-9.688E+01
-9.548E+01
-9.436E+01
-9.347E+01
-9.276E+01
-9.219E+01
-9.174E+01
-9.139E+01
-9.111E+01
-9.089E+01
-9.071E+01

TEMPERATURE

FREQ
3.162E+05
3.981E+05
5.012E+05
6.310E+05
7.943E+405
1.000E+06
1.259E+06
1.585E+06
1.995E+06
2.512E+06
3.162E+06
3.981E+06
5.012E+06
6.310E+06
7.943E+06
1.000E+07
1.259E+07
1.585E+07
1.995E+07
2.512E+07
3.162E+07
3.981E+07
5.012E+07
6.310E+07
7.943E+07
1.000E+08
1.259E+08
1.585E+08
1.995E+08
2.512E+08
3.162E+08
3.981E+08
5.012E+08
6.310E+08
7.943E+08
1.000E+09

BBWWNINSG ALY RWWN=A =+ 2 OVOBWWN = = =

27.000 DEG C

IM(VMET)

7.869E-06
9.906E-06
.247E-05
.570E-05
.977E-05
.488E-05
.133E-05
.944E-05
.965E-05
.251E-05
.869E-05
.908E-05
.247E-=04
.571E~04
.978E-04
.490E-04
.137E-04
.952E-04
.982E-04
.283E-04
.932E-04
.003E-03
.269E-03
.608E-03
.033E-03
.552E-03

.724E-03
.242E-03
.703E-03
5.201E-03
5.852E-03
6.749E-03
7.973E-03
9.606E-03
1.174E-02

.138E-03"

IP(VMET)
-9.057E+01
-9.047E+01
~9.038E+01
~9.032E+01
-9.028E+01
~9.025E+01
-9.023E+01
-9.023E+01
~9.024E+01
-9.026E+01
-9.030E+01
~-9.035E+01
-9.042E+01
-9.051E+01
-9.063E+01
-9.078E+01
~-9.098E+01
-9.124E+01
-9.157E+01
-9.201E+01
-9.260E+01
~9.341E+01
-9.455E+01
-9.619E+01
-9.859E+01
-1.020E+02
-1.066E+02
~1.116E+02
-1.159E+02
-1.181E402
~1.179E+02
-1.158E+02
-1.128E+02
-1.094E+02
-1.062E+02
-1.034E+02
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Test current gain and Zin of 4 Tr. CM
.OPT ACCT LIST NODE OPTS NOPAGE
.WIDTH OUT=80

.AC DEC 10 100 1GHZ

.OP

vCC 1 0 DC 12

IBIAS 1 2 1MA. AC 1A

VMET 1 4 DC O

Q1 3 3 0 Q2N3304

Q2 5 3 0 Q2N3804

Q3 4 2 3 Q2N3904

Q4 2 2 5 Q2N3904
.MODEL Q2N3904 NPN(I1S=100.9E-15 ‘XTI=3 EG=1.11 VAF=115.7 BF=278
NE=1.894 ISE=14.35E-12 IKF=,1584 XTB=1.5 BR=.118

+

+ NC=2 1SC=0 IKR=0 RC=.6 CJC=4.93E-12 VJC=.75

+ MJC=.3333 FC=.5 CJE=7.707E-12 VJE=.75 MJE=.3333
+ TR=290.3E-9 TF=294.3E-12 ITF=.1 VTF=10 XTF=2)
.PRINT AC IM{VMET) IP{VMET) VM(2) VP(2)

.PROBE

.END

gﬂﬂﬁﬁﬁ?ﬂQWH PSpice UMY FIUN1IMITAIIBE BN IZUARAZAIINA Y

=13
<]

vaudiaadgymiiaudadia 2.4 vuiAvavdaIvENENITUE Aa IM(VMET) (AdpBY
fm31vuaunasud Ap IP(VMET) dwianidu aedAn (degree)  wmuAvANAWGNU

vudsnduganida Aa vi(2) dmianiu Tade (ohm)  waziMEvaLRIWAIUNIY

fandunraidin Aa ve(2)  diminpifluasdn

xxxx BIPOLAR JUNCTION TRANSISTORS

Q1 Q2 Q3 Q4
MODEL Q2N3804  Q2N3904  Q2N3804  Q2N3904
18 6.32E-06 6.32E-06 5.92E-06 6.29E-06
ic 9.94E~04 9.94E-04 1.00E-03 9.88E-04.
VBE .595 .595 .593 .595
vVBC .000 .198E-02 -10.8 .000
VCE .595 .593 1.4 .595
BETADC 157. 157, 169. 157.
GM 3.82E-02 3.82E-02 3.85E-02 3.79E-02
RP1 5.174E+03 5.14E+03 5.52E+03 5.17E+03
RX .00E+00 .00E+00 .00E+00 .00E+00
RO 1.16E+05 1.16E+05 1.26E+05 1.17E+05
CPI 2.29E-11 2.29E-11 2.29E-11 2.28E-11
CMU 4.93E~12 4.94E-12 1.98E-12 4.93E-12
cBX .00E+00 .00E+00 .00E+00 .00E+00
ccs .00E+00  ..00E+00 .00E+00 .00E+00
BETAAC 196. 196. 212. 196.

FT 2.19E+08 2.19E+08 2.46E+08 2.18E+08



*xx*% AC ANALYSIS TEMPERATURE = 27.000 DEG C
FREQ IM(VMET) IP(VMET) VM(2) VP(2)
1.000E+02 1.001E400 ~7.545E-06 5.208E+01 -1.,451E-05
1.259E+02 1.001E+00 ~9.499E~06 5.208E+01 -1.827E-05
1.585E+02 1.001E+00 ~1.196E-05 5.208E+01 ~2.300E-05
1.995E+02 1.001E+00 +1.505E-05 5.208E+01 -2.896E-05
2.512E+02 1.001E+00 ~-1.895E-05 5.208E+01 -3.645E-05
3.162E+02 1.001E+00 -2.386E-05 5.208E+01 -4.589E-05
3.981E+02 1.001E+00 -3.004E-05 5.208E+01, -5.777E-05
5.012E+02 1.001E+00 -3.782E-05 5.208E+01 -7.273E-05
6.310E+02 1.001E+00 -4.761E-05 5.208E+01 -9.157E-05
7.943E+02 1.001E+00 -5,993E-05 5.208E+01 -1.153E-04
1.000E+03 1.001E+00 -7.545E-05 5.208E+01 ~-1.451E-04 -
1.259E+03 1.001E+00 -9.499E-05 5.208E+01 -~1.827E-04
1.585E+03 1.001E+00 -1.196E-04- 5.208E+01 -2.300E-04
1.995E+03 1.001E+00 -1.505E-04 5.208E+01 -2.896E-04
2.512E+03 1.001E+00 -1.895E-~04 5.208E+01 -3.645E-04
3.162E+03 1.001E+00 -2.386E-04 5.208E+01 -4.589E-04
3.981E+03 1.001E+00 -3.004E-04 5.208E+01 -5.777E-04
5.012E+03 1.001E+00 -3.782E-04 . 5.208E+061 -7.273E-04
6.310E+03 1.001E+00 -4.761E-04 5.208E+01 -9.157E-04
7.943E+03 1.001E+00 ~5.993E-04 5.208E+01 -1.153E-03
1.000E+04 1.001E+00 ~7.545E-04 5.208E+01 -1.451E~03
1.259E+04 1.001E+00 -9.499E-04 5.208E+01 -1.827E-03
1.585E+04 1.001E+00 =-1.196E-03 5.208E+01 ~2.300E-03
1.995E+04 1.001E+00 ~-1.505E-03 5.208E+01 -2.896E~03
2.512E+04 1.001E+00 -1.895E-03 5.208E+01 -3.645E-03
- 3.162E+04 1.001E+00 -2.386E-03 5.208E+01 -4.589E-03
3.981E+04 1.001E+00 -3.004E-03 5.208E+01 ~5.777E-03
5.012E+04 1.001E+00 -3.782E-03 5.208E+01 -7.273E-03
6.310E+04 1.001E+00 -4.761E-03 5.208E+01 -9.157E-03
7.943E+04 1.001E+00 -5.994E-03 5.208E+01 ~-1.153E-02
1.000E+05 1.001E+00 -7.545E-03 5.208E+01. -1.451E-02
1.259E+05 1.001E+00 -9.399E-03 5.208E+01 -1.827E-02
1.585E+05 1.001E+00 ~1.196E-02 5.208E+01 -2.300E-02
1.995E+05 1.001E+00 -1.506E-02 5.208E+01 -2.896E~-02
2.512E+05 1.001E+00 -1.895E-02 5.208E+01 -3.645E-02
3.162E+05 1.001E+00 =-2.386E-02 5.208E+01 —4.589E-02
3.981E+05 1.001E+00 ~-3.004E-02 5.208E+01 -5.777E-02
5.012E+05 1.001E+00 -3.782E-02 5.208E+01 -7.273E-02
6.310E+05 1.001E+00 -4.761E-02 5.208E+01 -9.157E-02
7.943E+05 1.001E+00 -5.995E-02 5.208E+01 -1.153E-01
1.000E+06 1.001E+00 =~7.547E-02 5.208E+01 -1.451E-01
1.259E+06 1.001E+00 -9.503E~-02 5.208E+01 -1,827E-01
1.585E+06 1.001E+00 -1.197E-01 5.208E+01 -2.301E-0t1
1.995E+06 1.001E+00 =-1.507E-01 5.208E+01 -2.897E-01
2.512E+06 1.001E+00 -1.89SE-01t 5.208E+01 -3.648E-0t1
3.162E+06 1.001E+00 =-2.393E-01 5.209E+01 -4.594E-01
3.981E+06 1.001E+00 -3.017E-01 5.210E+01 -5.786E-01
5.012E+06 1.002E+00 -3.808E~01 5.211E+401 -7.291E-01
6.310E+06 1.002E+00 -4.814E-01 5.212E+01 -9.193E-01
7.943E+06 1.003E+00 -6.099E-01 5.215E+01 -1.160E+00
1.000E+07 1.004E+00 -7.7585E-01 5.220E+01 -1.466E+00
1.259E+07 1.007E+00 -9.916E-01 5.227E+01 -1.856E+00
1.585E+07 1.010E+00 -1.279E+00 5.238E+01 ~2.357E+00
1.995E+07 1.015E+00 -1.670E+00 5.255E+01 -3.009E+00
2.512E+07 1.024E+00 -2.220E+00 5.281E+01 -3.870E+00
3.162E+07 1.036E+00 -3.023E+00 5.321E+01 -5.032E+00
3.981E+07 1.055E+00 +4.244E+00 5.381E+01 -6.643E+00
5.012E+07 4.083E+00 -6.163E+00 5.465E+01 ~8.948E+00
6.310E+07 1.120E+400 =-9.236E+00 5.573E+01 -1.233E+01
7.943E+07 1.164E+00 +-1.413E+01 5.685E+01 -1.735E+01
1.000E+08 1.200E400 -2.161E+01 5.730E+01 -2.463E+01
1.259E+08 1.198E+00+ ~-3.201E+01 5.577E+01 -3.440E+01
1.585E+08 1.125E+400 -4.450E+01 5.103E+01 -4.573E+01
1.995E+08 9.831E-01 -5.709E+01 4.354E+01 ~5.664E+01
2.512E+08 8.141E-01 -6.814E+01 3.531E+01 -6.552E+01
3.162E+08 6.561E~-01 =-7.729E+01 2.793E+01 ~7.204E+01
3.981E+08 .5.242E-01 -8.498E+01 2.193E+01 -7.664E+01
5.012E+08 4.194E-01 -9.182E+01 1.722E+01 -7.989E+01
6.310E+08 3.378E~-01 =-9.831E+01 1.356E+01 -8.222E+01
7.943E+08 2.750E-01 -1.048E+02 1.070E+01 -8.393E+01
1. 000E+09 2.270E-01 -1.116E+402 8.464E+00 -8.521E+01
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Test Zout of 4 Tr. CM
.OPT ACCT LIST NODE OPTS NOPAGE
.WIDTH OUT=80
.AC DEC 10 100 1GHZ

.OP

VvCC 1 0 DC 12
IBIAS 1 2 1MA

1

1
o [

nInAgyINaDN

Q2N3904 NPN(IS=100.9E-15 XTI=3 EG=1.11 VAF=115.7 BF=278

NE=1.894 ISE=14.35E-12 IKF=,1594 XTB=1.5 BR=.118

NC=2 ISC=0 IKR=0 RC=.6 CJC=4.893E-12 VJC=.75
MJC=,3333 FC=.5 CJE=7.707E-12 VJE=.75 MJE=.3333
TR=290.3E-9 TF=294.3E-12 ITF=.1 VTF=10 XTF=2)

VMET 1 4 DC O AC
Q1 3 3 0 Q2N3904
Q2 5 3 0 Q2N3904
Q3 4 2 3 Q2N3904
Q4 2 2 5 Q2N3904
.MODEL
+
+
+

+

PRINT

. PROBE

.END

AC IM(VMET) IP(VMET)

96

fiayauaediuann Pspice AuNlUtEUnINIRWA MUY duR MR N WUR

2.4

TABIUIRTANAD WA UNIUN AT Ry BB AR 1/IM(VMET)

dindap 1 fu

10%N WAL INAYANAZINAIUNUNYadgnIuBRn AR -IP(VMET)-180 dimiapiilu

BNAN

% Xk XX
FREQ
1.000E+02
1.259E+02
1.585E+02
1.995E+02
2.512E+02
3.162E+02
3.981E+02
5.012E+02
6.310E+02
7.943E+02
1.000E+03
1.259E+03
1.585E+03
1.995E+03
2.512E+03
3.162E+03
3.981E+03
5.012E+03
6.310E+03
7.943E+03
1.000E+04
1.259E+04
1.585E+04
1.995E+04
2.512E+04
3.162E+04
3.981E+04
5.012E+04
6.310E+04
7.943E+04
1.000E+05
1.259E+05
1.585E+05.
1.995E+05
2.512E+05

AC ANALYSIS

IM(VMET)

7.602E-08
7.604E-08
7.608E-08
7.614E-08
7.624E-08
7.639E-08
7.662E-08
7.700E-08
7.759E-08
7.852E-08
7.997E-08
8.221E-08
8.565E-08
9.084E-08
9.848E-08

*1.095E-07

1.251E-07
1.463E-07
1.748E-07
2.123E~07
2.608E-07
3.232E-07
4.027€E-07
5.036E-07
6.314E-07
7.927E-07
9.963E-07
1.253E-06
1.576E-06
1.983E-06
2.496E-06"
3.142E-06
3.955E-06
4.979E-06
6.268E-06

IP(VMET)
-1.781E+02
-1.776E+02
-1.770E+02
~1.763E+02
-1.753E+02
-1.741E+02
-1.726E+02
-1.707E+02
-1.683E+02
-1.654E+02
-1.618E+02
-1.575E+02
-1.525E+02
-1.468E+02
-1.405E+02
-1.339E+02
-1.274E+02
-1.213E+02
-1.158E+02
-1.110E+02
~1.069E+02
-1.036E+02
-1.008E+02
-9.868E+01
-9.691E+01
-9.550E+01
~9,438E+01
-9.348E+01
-9.277E+01
-9.220E+01
-9.175E+01
-9.139E+01
-8.111E401
~9.088E+01
-9.070E+01

N

TEMPERATURE

FREQ

w
o))
N
m
+
(=]
(3]

.981E+05
.012E+05
.310E+05
.943E+05
.000E+06
.259E+06
.585E+06
.995E+06
.512E+06
.162E+06
.981E+06
.012E+06
.310E+06
.943E+06
.000E+07
.258E+07
.585E+07
.995E+07
.512E407
.162E+07
.981E+07
.012E+07
.310E+07
.94 3E+07
.000E+08
.258E+08
.585E+08
.995E+08
.512E+08
.162E+08
.981E+08
.Q12E+08
.310E+08
.943E+08
.000E+09

WWN = aaagooi

S NOVWWN -4 = 22 dDPNWWRN = = =g DOy

27.000 DEG C

IM(VMET)

7.891E-06
9.934E-06
1.251E-05
1.574E-05
1.982E-05
2.495E-05
3.141E-05
3.855E-05
4.979E-05
6.268E-05
7.892E-05
9.936E-05
1.251E-04
1.576E-04
1.984E-04
2.500E-04
3.150E-04
3.973E-04
5.014E-04
6.338E-04
8.028E-04
1.020E-03
1.300E-03
1.663E-03
2.127E-03
2.695E-03
3.317E-03
3.886E-03
4,.331E-03
4.714E-03
5.164E-03
5.796E-03
6.691E-03
7.920E-03
9.562E-03
1.171E-02

IP(VMET)
-9.056E+01
-9.045E+01
-8.037E+01
-9.030E+01
-9.025E+01
-9.021E+01
-9.019E+01
~9.017E+01
-9.016E+01
-9.017E+01
-9.018E+01
-9.020E+01
-9.023E+01
-9.027E+01
-9.033E+01
~9.042E+01
-9.052E+01
-9.067E+01
-9.087E+01
~9.115E+01
-9.157€E+01
-9.222E+01
~9.325E+01
-9.484E+01
~9.768E+01
-1.019E+02
=1.076E+02
-1.137E+02
=1.184E+02
-1.203E+02
~1.194E+02
-1.167E+02
=1.133E+02
=1.087E+02
-1.063E+02
=1.034E+02
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Test current gain and Zin of 4 Tr. DCM

.OPT ACCT LIST NODE OPTS NOPAGE

.WIDTH OUT=80

.AC DEC 10 100 1GHZ

.OP

VCC 1 0 DC 12

IBIAS 1 2 1MA

I2 1 3 DC O AC 1A

VMET 1 4 DC O

Q1 3 3 0 Q2N3304

Q2 5 3 0 Q2N3304

Q3 4 2 3 Q2N3904

Q4 2 2 5 Q2N3904 .

.MODEL Q2N3904 NPN(IS=100.9E-15 XTI=3 EG=1.11 VAF=115.7 BF=278
NE=1.894 ISE=14.35E~12 IKF=.1594 XTB=1.5 BR=.118

.+
~ o+ NC=2 ISC=0 IKR=0 RC=.6 CJC=4.93E-12 VJC=.75 .
+ MJC=.3333 FC=.5 CJE=7.707E-12 VJE=.75 MJE=.3333
+ TR=290.3E~9 TF=294.3E-12 ITF=.,1 VTF=10 XTF=2)
.PRINT AC IM(VMET) IP(VMET) VM(3) VP(3)
.PROBE
.END

ﬁﬂgaqudauaﬁn PSpice ﬁuﬁiﬂiﬁﬂunﬁanjﬁﬁsﬂuﬂjnnizuauﬂqnszuaﬂan
' % e g & a -l o e
ABNITUA LT INIRNRY UL TN uazﬂuﬁuﬂﬁuwﬁuwiﬂﬁmmﬁmLﬁwnqﬂﬁmmwmLu1naﬂq
uilin 2.5 VUIRVBNEAIIVENENIZUE Aa IM(VMET) IW@BDNERINVEIENITUR
fa IP(VMET) dimianiflu aedn (degree)  vunsvasadinuniuniadgyiniin

An vM(3) dmiapiflu 1eWn (ohm) waz iNavaeal i unufanduysi iy fa

VP(3) dindqpiflunvdn



xxxx AC ANALYSIS

FREQ
1.000E+02
1.259E+02
1.585E+02
1.995E+02
2.512E+02
.162E+02
.981E+02
.012E+02
6.310E+02
7.943E+02
1.000E+03
1.259E403
1.585E+03
1.995E+03
2.512E+03
3.162E+03
3.981E+03
5.012E+03
6.310E+03
7.943E+03
1
1
1
1
2
3
3
5
6

U ww

.000E+04
.259E+04
.585E+04
.995E+04
.512E+04
.162E+04
.981E+04
.012E+04
.310E+04
7.943E+04
1.000E+05
1.259E+05
1.585E+05
1.995E+05
2.512E+05
3.162E+05
3.981E+05
5.012E+05
6.310E+05
7.943E+05
1.000E+06
1.259E+06
1.585E+06
1.995E+06
2.512E+06
3.162E+06
3.981E+06
5.012E+06
6.310E+06
7.943E+06
1.000E+07
1.259E+07
1.585E+407
1.995E+07
2.512E+07
3.162E+07
3.981E+07
5.012E+07
6.310E+07
7.943E+07
1.000E+08
1.259E+08
1.585E+08
1.995E+08
2.512E+08
3.162E+08
.981E+08
.012E+408
.310E+08
.943E+08
.000E+09

=N 0w

IM(VMET)
9.

904E-01

9.904E-01
9.
9.904E-01

904E-01

.904E-01

904E-01

9
4
9.904E-01
9.904E-01
9.904E-01
9.904E-01
9.904E-01
9.
9
9
9
9
9
9
9

904E-01

.904E-01
.904E-01
.904E-01
.904E-01
.904E-01

904E-01

.904E-01
.904E-01
.904E-01

904E-01

.904E-01
.904E-01
.904E-01
.904E-01

904E-01

9
9
9
9
9
9
9
9
9.904E-01
9.904E-01
9.
9
9
9
9
9
9
9
9
9
9

904E-01

.904E-01
.904E-01
.904E~01
.904E-01
.904E~-01
.904E-01
.904E~-01
.904E~-01
.904E-01
.904E-01
9.904E-01-
9.904E-01
9.904E-01
9.904E-01
9.904E-01
9.904E~01
9.903E-01
9.902E-01
9.902E-01
9.901E~01
9.899E-01
9.897E-01
9.892E-01
9.885E-01
9.872E-01
9.
9
9
9
9
8
7
6
4
2
1
9
4
1
3
1

849E-01

.809E-01
.732E-01

580E-01

.276E-01
.683E-01
.634E-01
.109E-01
.396E-01
.887E-01
.760E-01
.910E-02
.890E-02
.673E-02
.727E-03
.667E-02

TEMPERATURE =
IP(VMET) VM(3)
1.800E+02 1.279€E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02  1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E~01
1.800E+02 1.279€E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.272E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.279E-01
1.800E+02 1.280E-01
1.800E+02 1.280E-01
1.800E+02 1.280E-01
1.800E+02 1:280E-01
1.800E+02 1.280E-01
1.800E+02 1.280E-01
1.800E+02 1.281E-01
1.800E+02 1.282E~-01
1.800E+02 1.283E-01
1.799E+02 1.286E-01
1.799E+02 1.289E-01
1.799E+02 1.295E-01
1.799E+02 1.304E-01
1.799E+02 1.318E-01
1.798E+02 1.341E-01
1.798E+02 1.375E-01
1.797E+02 1.428E-01
1.796E+02 1.508E~01
1.796E+02 1.627E-01
1.794E+02 1.800E~01
1.793E+402  2.044E-01
1.791E+02  2.379E-01
1.789E+02 2.831E-01
1.786E+02  3.427E-01
1.782E+02  4.202E-01
1.778E+02  5.199E-01
1.772E4+02  6.471E-01
1.765E+02 8.088E-01
1.756E+02 1.014E+00
1.744E402 1.272E400
1.729E402  1.599E+400
1.711E402  2.010E+00
1.688E+02 2.528E+00
1.658E+02  3.181E+00
1.621E+02  4.001E+00
1.573E402  5.028E+00
1.511E+02° 6.304E+00
1.431E+02  7.862E+00
1.328E+02 9.676E+00
1.195E+02 1.157E+01
1.033E+02 1.308E+01
8.531E+01 1.360E+01
6.798E+01 1.288E+01
5.315E+01 1.135E+01
4.133E+01 9.568E+00
3.214E+01 7.878E+00
2.494E+01 6.402E+00
1.894E+01 5.161E+00

-1.€11E+02  4.139E+00
-1.672E+02  3.308E+00

27.000 DEG C

VP(3)
5.616E-03
7.071E-03
8.901E-03
1.121E-02
1.411E-02
1.776E-02
2.236E-02
2.815E-02
3.544E-02
4.,461E-02
5.616E~02
7.071E-02
8.901E-02
1.121E-01
1.411E-01
1.776E-01
2.236E-01
2.815E-01
3.544E-01
4.4G1E-01
5.616E-01
7.070E-01
8.901E-01
1.120E+00
1.410E+00
1.775E+00
2.235E+00
2.813E+00
3.539E+00
4.452E+00
5'.598E+00
7.034E+00
8.829E+00
1.106E+01
1.383E+01
"1.721E+01
2.129E+01
2.611E+01
3.165E+01
3.775E+01
4.417E+401
5.058E+01
5.665E+01
6.210E+01
6.677E+01
7.063E+01
7.368E+01
7.599E+01
7.762E+01
7.862E+01
7.903E+01
7.885E+01
7.809E+01
7.667E+01
7.452E+01
7.150E+01
6.739E+01
6.190E+01
5.459E+01
4,.491E+01
3.232E+01
1.678E+01
-5.658E-D1
~1.746E+01
-3.209E+01
-4 ,394E+01
-5.334E+01
-6.080E+01
~6.674E+01
-7.147E+01
~7.525E401

98
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1.1 fuandfinnszuaivadudoyiesuinidn (small signal) vee29RIATfiBu
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c
M3
I
W
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rn3 l
Cu2 _| 3 =
in
N <1 Fya2 2>

U B.1.1  WATLAABUVDNINAIASHAUNICUALLY Wilson 1A R
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1
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m]l
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1535318312 M1e (node analysis) [17] &314auniytié
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-
-1—+ 1 +—1 + 1 +s(c. +C +C ) ! + 1 + +
- - 3 2 3 =] —+*—+SC SC 5
Tps Yo2 Tuz T,z " # # Tpz Tu2 3 k2
1 1 1
| —+—+sc,3+sC 2 —_— —+ +-——+3(C +C_ .+C
(rza T2 = Ri Taa Toz Ty 1+ Cas* C o)
- . B -
Vi) Lin =T m2Vy2)
Viz2) gms(Vuf'Vuﬂ
| 4 - . }

@ .'“ " - .IB Qs Q@ R
AR LNBNNIHARDANN T SHDBUAT NN INBANTINYINDNYUNUVUINAUTHURAA ININAN

VERLRVIAT
F 1 . S 1
r SC“3+SC”2+SC”3 - —gm2+"—+SCn3+SC#2
x3 T'r3
"(gma"' +SCyz+sc,, Onat o=+ —+sC,+sC,3+sC,,
r.—za 1 rua
- N
Vii) iln
= (v.1.1)
Vi2) 0

WA Lnadiuuuy (determinant, A) wvauinadnd Y u (v.1.1) 4§



101

1 1
A = | ——+5sC,53+SC,,+SC,, Gma* +—+sC 1 +SCr3+SC,,
Tx3 rn_a

1
_(gm3+r +Scn3+sc gm2 +scn3+sc
3
A= |2 1
Trs Tps 1

1 1
+ r—+sc,,3+sc”2+sc — r—+sc,,3+sc 2+SC,5 [SC,
n3 n3 n3 :

+SCn3+SC”2+SC”3 SC,sz+ (_+SC,,3+SC +sc )scuz
3

1 1
- + — + —
Im2 (gms 1‘a3+scx3 Scuz)(rna)

T3 )
1 1
“{ Oms* +8Cu3+SC,0 |SCrz | O3t +8Cu3+SC,2 |SC,2
Trs Tns
1 gxn2
29 m3
mes R Tz TIps

1 1
+ S[gmaicpa"'R (cn3+cu2+cu3)_+ T (Cl+cu3)+ gmz(cns"'cuz):l
1 n3

2 .
+s [Cl(cn3+cu2+cp3)+cnacu3+cy2cy3]

(1.1.2)
. 1 1 1 )
N30 ¥.1.1 WNUA1 — = g, +—+— WAL C, = C,,*C,o
¢ Rl I'n1 T2
agiu (1.1.2) 4
1 1 1 1
A = (o I o +——(_+_)
gm29m3 rns( m! m2) Fpa\Tx1 Tn2
1 1 '
+S[gmacu3+gml(cn3+cu2+cu3)+ r_+_ (Cnaf"cuz"'cua)
il T y2

1 .
+I‘ (cnl+cn2+cp3)+gm2(cn‘3+.cp2)]
n3

2
+s [(Cnl‘."'ch)(cn3+cu2+cp3)+ cnacp3+cuch3] (1.1.3)
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4 ) , B ' -
L'ﬂﬂ'i‘hﬂ&lﬂ']?ﬁ\i']ﬂﬂﬁl‘]’éﬁﬁﬁ']ﬂ?&ﬂ']mﬂﬂ\l A 3n (9.1.3) uaN’In  Ic

- ) Qr - 4 e Q- o4 & - )
vpnsuiatanIuAasA s 1Nd tAnefuNIn ANUUARTY Tms Tx  URY C,
vanuiataasudazsdid 1 vindu A

gml = gm2 = gm3 =~ OUn .
Tpp = Tpo %™ Tpy = Ig
i i (1.1.4)
cul = cn2 = Cxa = cx
[ 9 & &
Avtuatn (3.1.3) 1A
; 2
r. r2

+ S[ng(cu""cuz"'cua)"' r_l'(4qu+2°u2+3cu3)]
n

+ sz[cn(20u+2c”2+3cna)+ c‘,z_c”a]
a ot o (] 2. 1
AR LNDURANRADRNN 1 THDHS

Om
A = .g§1+2r—-+ Sng(C,,+C”2+C”3)
n
. ,
+ s [Cn(20u+20”2+'3cy3)+cpzcua] (v.1.5)
3N (D.1.1)RIuI9uiinug 1 uazinus 2 #2835 Cramer's rule [17]

1 1 R iln
v = +—+ —+g(C, +sC +sC _—
(1) {gm,a Rl I'pa S 3 “2><A} (v.1.6)

1 i (.1.7)
V(z]- = gm3+_+scx3+scy2 Z
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a3l v.1.1 nIzuABAn (i.) AB

. ( _ ) 1 1
1, = Gms\V()~™ Vi)~ r—3—+sc"3 Var— e Vi2)
]

K
o (gms—scua)v(l)—gmav(i’) {(p.1.8)

UNUAT very [0 (3.1.6) WAy vezy 30 (9.1.7) asiu (v.1.8) 14

T3

-g 3(9 3""'1—""50::3"'30 2)}<1ﬂ>
m m T.s u A

. g 1 1.
i, = {—Rm13+s|:gmacl—C,,a(gma*‘ﬁ—l*;—3):]
n

. 1 1
1, = {(gma-sc‘m) gm3+ﬁ—_;+—+scl+scn3+scu2

iin
—92-0,‘3(01"'(:;:3"'0”'2)}{'5} {(1.1.9)
UNUAN L gm1+-l—+—1— war C; = €+ Ca2 a9du (1.1.9)
R, Tpgy Tr2 ‘
i { + 1 + 1
i, = —+ —
0 Im19m3* Ins Tmi Tu

1 1 1
+8 gm3(0q1+cn2)-cy3.gm3+gm1+ + +

I'mi rn2 Txa3

i
2 in
-8 cu3(cﬂ1'+cn2+cn3+cu2)}<z} (1.1.10)

1fa1Uszuman (v.1.4) uayr A ’7n (v.1.5) unuiu (9.1.10) UATAR

- o ' £ b %%
INBUNUHAABIUNITUBETA

Lo {gfn-;-gg-“i-r» ngm(c,,»—cys)-szc”3(30a+c”2)>/

iin : n

(g%+222+52g, (o Cha* o)
n

+ Sz[ca(Zc"+2c"2+3cus)+ cu2cu3]}
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o & L h -
fAuiutfdaIIvenenIzud (As) AB

. 52 s“c
A, = 11_ = 1+ S 2(c,,,—cus)-- 43 (3c,, cyz) /
in Om* gm(gm r_)
{lfgs+3icn+c”2+cuﬂ
2
+__s..__;_[cn(2cu+2c’”2+3cu3)+cuzcus]}(‘u.l.ll‘)
gm(gm"':)~

2 o & % %
mm']ml'u']ﬂ\‘luuvlﬂﬁth&iﬂ 11U

2l

aun17  (v.1.6) funaeduiiinua 1 Feifuas

nufigadyinidn (z1a) Ao

- v | 1 . .
Zy = .(1) = {g,m3+§—+——+ S(Cl+c,3_+c”2)}/A (v.1.12)
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CURRENT-MIRROR PHASE-SHIFTER
OSCILLATOR

Indexing terms: Circuit theory and design, Oscillators

Recently proposed differential current mirrors have been
used 1o realise phase-shifter circuits. Two of these phase-
shilters are then cascaded to form a high-performance sinus-
oidal oscillator, where all active functional blocks are current
mirrors.

Introduction: Recently, a differential current mirror (DCM)
configuration has been proposed,’:? having both the usual
noninverting input and an inverting input, where the output
current is the difference between the noninverting and the
inverting input currents. A singular salient property of this
new current miirror (CM) is that the input resistance at the
inverting input is very low—of the order of r/8, where r_ is
the usual dynamic resistance associated with a forward-biased
pn junction and B is the common-emitter current gain. Such
jow input resistance and the ability to invert current offer
several novel and economical circuit applications for DCMs.

This letter proposes a new high-performance current-mode
phase-shifter using only a single DCM. The resulting phase-
shifters are then cascaded to form a sinusojdal oscillator,
using two additional conventional unity current ratio CMs to
supply the required loop gain as well as to isolate the output
load [rom the oscillation path.
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Phase-shifter circuit: Fig. | shows the new current-mode
phase-shifier, where Q, to Q, form the DCM.! It can be
rcadily shown that the current flowing through R into the (Q,,
Q,) branch and through C into the emitter of Q, are of the
lowpass and highpass forms, respectively, where the angular
3dB frequencies are given by 1/C{R + 2r,). Therefore, the
output current iy can be written as

io = ipp = iyp = i{(1 — ST + 5T} (1)

where i p and iyp are the lowpass and the highpass currents,
respectively, and T = (R + 2r,)C.

Vee

o i

—_— ol Qz
i) c
-
Q3 Qs
Vee

Fig. 1 Basic current-mode current-mirror phase-shifter
The resulting phase shift can-be written as
6=—21an"YwT) 2

where,at 8 = /2, w = 1/T.

Fig. 2 shows the basic properties of such a phase-shifter, for
R values of 1kQ2 and 10k, respectively. The DCM has been
formed from a single package of an nmpn transistor array
(LM3046). It is seen that the experimentally measured results
agree quite well with the theory.

C=0-001pF, I=1mA
—theory «.: expenmems/ga-n

o180 s—
© ~ 08 =
& 90 0-6.©
4 phase -
o

0
v
8
£-90

-1 .
BO"( 10k 100k ™
frequency, Hz L)

Fig. 2 Response of phase-shifter of Fig. 1

From eqn. 1 it is readily seen that any mismatches in the
current ratio betwcen the normal noninverting input current
to the output current will result in leakages of either the
lowpass or the highpass currents, corresponding.to the cases
of higher and lower than unity current ratio, respectively.
Since normally the current ratio accuracy is better than 1%,
therefore, the leakage currents can be expected to be less than
1% of the phase-shift current.

Oscillator circuit: Fig. 3 shows a sinusoidal oscillator circuit,
using two cascaded phase-shifters, consisting of (R, C,, Q, to
Q.) and (R,;, C;, Qs to Q,), respectively. Each remaining
conventional unity current ratio CM (CM, and CM,) consists
of three matched pnp transistors. From circuit inspection, it is
scen that CM, isolates the output load R, from the oscillation
path and also provides a current gain factor of 2. CM, pro-
vides the necessary additional P1 phase shift to the oscillation
current. R, , having the same order of magnitude as (R,, + 2r,),
will shunt away approximatély half of the oscillation current

22
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to maintain the required unity loop gain for sustained steady-
state sinusoidal oscillations. R,, is added in to reduce distor-
tions due to the nonlinear nature of the input resistance of
CM, (= 2r,), which is approximately equal to Vy/I for small-
signal cases, where V is the usual thermal voltage associated
with a pn junction.

v

0

B}

Fig. 3 Current-mirror phase-shifier oscillator

Assuming infinite C,, exactly unity current gains for both
the two phase-shifters and CMs, and {R,, = R,; + (Vy/1)},
then it can be shown that steady-state sinusoidal oscillations
can be maintained at the frequencies given by

Jo=12a{(R, + r XR; + r,,;))C,C,}'? (3)

where r,,, and r,,, equal 2V, /f and V,/I, respectively.

Since the unity loop gain condition is independent of egn. 3,
the oscillation frequencies can be tuned by varying either R,
or R,. However, greater frequency-variable range can be
obtained by setting R, = R, and varying both resistances as a
pair of ganged potentiometers, where it shouid be noted that
close tracking between R, and R, is not required.

Fig. 4 compares the experimental results and the theoretical
plots of the oscillation frequencies against resistances, for the
casc of C, =C, =C and R, = Ry =R. All npn transistors
used are in the form of arrays (LM3046s), while ‘selectively
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Fig. 4 Oscillation frequencies against resistances of circuit in Fig. 3
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matched pnp discrete transistors have been used for the con-
ventional CMs. The slight deviations from straight lines when
R is low are due to the presence of significant-input resistances
at the normal (noninverting) input of each DCM. It is seen
that eqn. 3 accurately predicts the oscillation [requencies
against a given time constant RC. High-purity sinusoidal
oscillations at several megahertz can also be readily obtained.
The oscillation amplitudes and distortions can be readily
adjusted by R,,, which can be replaced by an FET in the
cases when automatic gain controls are required. However, for
each setting of R,,, low distortions and stable amplitude oscil-
lations can be obtained without using an AGC circuit for 2
frequency-variable range of approximately 1 to 10. This is
because the unity loop-gain maintenance conditions are inde-
pendent of the oscillation frequency setting conditions.

Conclusions: An accurate phase-shifter has been realised using
only one unit of the recently proposed DCMs. An application
of the phase-shifters as high-performance sinusoidal oscillators
has also been proposed.

S. POOKAIYAUDOM, 17th October 1986
K. SAMOOTRUT

iy Faculty of Engineering

King Mongkut’s Institute of Technology Ladkrabang

Ladkrabang .

Bangkok 10520, Thailand
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Current-mirrors RC-oscillators
S. POOKAIYAUDOMt, K. SAMOOTRUT#+, and W. KURUTACH+

A new type of sinusoidal RC-oscillators using only current mirrors as the active
elements are proposed and experimentally demonstrated. Accurate performance
can be obtained over several orders. of magnitude of frequency range. They show
good potential as a practical class of high performance sinusoidal oscillators.

1. Introduction

Current mirrors (CMs) are used extensively in analogue integrated circuits
(Grebene 1984). They should also be useful as wide-band current amplifiers in
general circuit applications. Recently, the basic npn-transistor Wilson CMs
(Grebene 1984) are also available commercially, thus, it is now quite practical to
consider the use of these CMs in general circuit applications.

This paper proposes a new type of sinusoidal RC-oscillators using only CMs as
the active elements, which will be referred to as RC-CMOs. Low distortions sinus-
oidal oscillations can be accurately obtained over several orders of magnitudc of
frequencies, from a few Hz to several MHz. They show good potential as another
practical class of high performance sinusoidal RC-oscillators, particularly in the
higher frequency range than is normally available from using operational amplificrs.

2. Circuit description

2.1. Basic principle

Figure 1 shows the basic circuit principle of a general RC-CMO using two con-
ventional Wilson CM’s, where CM, and CM, possess 1: 1 and 1 : n input to output
current ratios respectively. From circuit inspection, it is seen that the direction of
the feed-back signal current is in the positive sense. Part of this signal current is
shunted away by R, thus, the current gain from the input of CM, to the output of
CM, can be written as

A; = nR/(R; + R;,,) (N

‘where R,,, is the-input resistance of CM,, which is approximately equal to 2V; I,
where V; is the usual thermal voltage associated with a pn junction (Gray and
Meyer 1984).

Sinusoidal oscillations can be sustained at frequencies where the phase-shifts
between the currents eutering node 1 and leaving node 2 of the feed-back network is
2r. In addition, from the practical point of view, the feed-back network should be
able to let the bias current flowing through from node 1 to node 3, and to block the
bias current from flowing between node 1 and node 2.

Received 18 December 1986; accepted 8 January, 1987.
+ Faculty-of Engineering, King Mongkut’s Institute of chhnology Ladkrabang, Ladkra-

bang. Bangkok, Thailand 10520.
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Figure 1. Basic configuration of the oscillation path of the RC-CMO.

For sinusoidal oscillations to be sustained, the loop-gain must be unity, which
can be written as

B(S)A; =1 @

where B(S) is the current transfer function of the feed-back network. Upon substitut-
ing S with jw, and setting both the real and the imaginary parts of eqn. (2) to zero
simultaneously, one obtains the oscillation frequency (f;) and the required current
gain (A,) respectively.

The basic circuit of Fig. 1 requires, at least, another CM to be used as 4 buffer to
obtain output signals, in addition, the significant positive input resistance of CM,
(also approximately equal to 2¥;/I,) adds serially to the node 2 of the feed- bacl\
network, and can affect the oscillation frequencies when the feed-back network
resistances are low, say of the order of a few hundred Q. The effect of this finite

input resistance can be compensated in some cases by adding a small resistance

having the same value as the input resistance of CM, to an appropriate branch:in
the feed-back network. However, such compensation cannot be achieved in general,
particularly’ when the branch connected to node 2 contains only capacitances.

" Therefore, a more practical circuit, requiring only two CMs, with the property that
the input resistance eflect can be compensated in general will be discussed in the
next section. -
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Figure 2. Practical RC-CMO configuration using DCM.

2.2. Practical circuit

Figure 2 shows the practical version of the circuit of Fig. 1, where Q, to Q. and
Q, to Q, form the two CMs respectively, and Q, to Q, is in the form of the recently
proposed differential CM (Norman 1986, Wilson 1986). From circuit inspection, it
can be readily shown that the AC current gain, between i, and i;, can be given by

Ay = iyfi; =2{1 4+ Ry/(Ry + 2V¢/1,)} = 21 + Ry/Ry} &)

where 2V4/I, is the input resistance of CM .

Keeping R, constant then, the current gain can be varied by adjusting R;, and
the output waveform can be conveniently taken across R,. Furthermore, one can
show that the input resistance at the emitter of Q, is negative and is approximately
equal in magnitude to (V3/I,)(R,/Ry). Therefore, it can be easily compensated by
adding a series resistor of the same magnitude to the emitter node of Q,.

Both the current gain and the input resistance are dependent upon the ambient
temperature through the term Vr, which can be compensated by using absolute
proportional temperature current source for Iy, for example, using LM334 to supply
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Figure'3. Band-passed networks suitable for RC-CMO of Fig. 2.

1,. However, in most cases, such temperature compensation is not required, provid-
ed that R, is much greater than 2V4/I,, and the current source I, can also be

replaced by a single large resistor.
The feed-back network should also possess the ability to let the bias current to
flow from node 3 to node 1, and to block the bias current between node 2 and node

L.

2.3. Feedback networks

Figure 3 shows a class of network consisting of two pairs of equal value resistors
and capacitors, satisfying the two aforementioned conditions concerning the bias
current. It is seen that the network in Fig. 3(a) is the classical Wein network. All
three networks possess identical current transfer function of the form

B(S) = i,/i, = STHS*T* + 3ST + 1) (4)
where T = RC. -
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Upon substituting eqn. (4) into eqn. (2), and rearranging we have
T2 +(3—A)ST+1=0 )

where 4; is now of the form of eqn. (3) instead of egn. (1).

For steady state sinusoidal oscillations, we can substitute S in eqn. (5) with jw,
and A; with egn. (3), and upon setting the real and imaginary parts to zero simulta-
neously, we have, respectively, the frequency of oscillation and the required current
gain condition, which can be written.as

Jo=1/21RC (6)

R,/R, =1/2 )

where f, denotes the oscillation frequency, and the ratio R,/R, sets the required
current gain factor of eqn. (3).

It is further seen that the bias current flows through R in Figs. 3(a) and (b), but
flows through 2R in Fig. 3(c). Therefore, the frequency variable range of the
network in Fig. 3(c).is approximately only half of the two previous cases. However,
Fig. 3(c) is one example of the feed-back networks that the circuit of Fig. 1 cannot
give accurate results.

3. Experimental results

The circuit of Fig. 2 has been bread-boarded and its performance verified experi-
mentally. Npn transistor-arrays (LM3046) have been used to realize CM,, while
selectively matched discrete pnp transistors have been used to realize CM,, and
LM334 has been used as the current source. The input resistance at the emitter of
Q4 has been confirmed experimentally that it is negative and approximately equal in
magnitude to (V3/1,XR,/R,).

Figure 4 shows the plots of the frequency of oscillation versus the matched
resistances, R, for different values of C. It is seen that a frequency variable range of
greater than three orders of magnitude can be obtained, and the oscillation fre-
quencies remain accurate even with R of the order of 10Q. The upper frequency
limit of approximately 5 MHz can be readily obtained in the present oscillator.

As is common with any variable frequency oscillator, automatic gain control
(AGC) mechanism is needed to stabilize the oscillation amplitude against yariations
in both the current gain and the mismatches in the network parameters as the
frequency is varied. In the present proposed circuit, AGC can be readily incorpo-
rated, if needed, by using a FET as a variable resistance in place of R, .

4. Conclusions

A new-type of sinusoidal RC-oscillators using only CM- as the active elements
have been proposed and experimentally demonstrated. These RC-CMOs give accu-
rate performance over several orders of magnitude of oscillation frequencies. They
¢an also be easily implemented, using only two CMs. Therefore, RC-CMOs should
be considered as another practical class of high performance RC-oscillators, with
potential for high frequency applications, in the frequency range from a few kHz to
a few MHz, where conventional RC-oscillators using operational amplifiers are not
practical.
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A differential-current electronically-variable current-mirror
phase-shifter

SITTHICHAI POOKAIYAUDOMt and KANOK SAMOOTRUT?

Commercially available discrete current mirrors are used to realize a differential
current electronically-variable phase-shifter, capable of operating at high fre-
quencies. The phase-shift is controlled -by varying the bias currents, which change
the input resistances of the current mirrors, resulting in corresponding changes in
the phase angles of the differential currents. The present phase-shifter is also
readily cascadable. Experimental results are given and some applications are dis-
cussed.

1. Introduction

Recently, discrete current-mirrors (CMs), having several fixed output-current to
input-current ratios, are available commercially (Texas Instruments 1984). There-
fore, it is now practical to use these devices in discrete designs. This paper discusses
a new differential current phase-shifter, using only unity current ratio CMs. The
resulting phase-shift is dependent upon the input resistances of the CMs, and can be
electronically varied by changing the bias currents of the CMs. Since only npn tran-
sistor CMs are used, the resulting phase-shifter can be expected to be able to
operate at relatively high frequencies. Experimental results of the prototype circuit
are presented.

Previous current-mirror phase-shifter using a four-transistor CM (Norman
1986), which is not available commercially, has been reported for the single-ended
case only (Pookaiyaudom and Samootrut 1987), and the resulting phase-shift
cannot be varied electronically.

2. Circuit description

Figure ‘1 shows the basic circuit of the phase-shifter, consisting of four unity
current ratio CMs (CM, to CM,), in conjunction with a phase controlling capac-
itance C. The differential pair (Q,, Q,) is the input interface, converting the input
voltage (v;,) to a signal current (i;,), while the two serially cascaded diode strings (D,
to D,, and D, to D) convert the output differential currents to an output voltage
(vo)- The constant current source supplies a bias current of 2/ to the differential pair,

which splits up this current into two equal parts to supply CM, and CM,. The,

resulting bias currents of CM; and-CM, are supplied respectively, in turn, by CM,
and CM,, and are equal to 2].

Each CM is connected as a well known Wilson circuit with three matched npn
transistors (Grebene 1984). The input resistance of such CM at low frequencies is
approximately equal to 2V;/Iy.s, Where Iy, is the input bias current of the CM
and V; is the usual thermal voltage associated with a pn-junction (Grebene 1984).
Therefore, it is seen that the input resistance of each CM is inversely proportional to

Received 24 September 1987; accepted 19 October 1987.
t Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Ladkra-
bang, Bangkok, Thailand 10520.
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Figure 1. Basig circuit of-the phase-shifter:

the input bias current. The present circuit relies upon the controllable input resist-
ances of CM, and CM,, and the cross-connected capacitance C, to generate the

phase-shift.
From a straight forward inspection of the circuit in Fig. I, the equations for the

output currents Io, and Iy, can be written as
IoJ=31+(—1)J—”(iLP”":HP) (n

where J = 1 or 2, iyp = iinf(1 + ST) and iyp = i;, STA1 + ST), where T = 2(V7/I)C:
The difference between i;p and iyp is the phase shifted current. Further inspec-
tion of Fig. 1 shows that the voltage transfer function ¢an be written as

vo/Vin = (1 — ST)/(1 + ST) )
which is the well known first order all-pass phase-shift equation (van Valkenburg

1982), and it can be easily shown that the phase angle between the input and output
" signals can be written as

ANGLE = —2 tan™! QwV; C/I) 3).

where it is seen that for each given angular frequency w, the phase angle can be
controlled by the bias current [.

Further manipulation of eqn. (3) shows that for a given phase angle, the. required
angular frequency is directly proportional to the bias.current [.
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The distortions resulting from the non-linear nature of the dynamic inpu't resist-
ances can be reduced to acceptable levels by limiting the magnitude of i;, relative to
I. This is automatically satisfied for all values of I by (Q,, Q,), provided that v;, is
much smaller than V;. Furthermore, the use of differential arrangement also ensures
that the even harmonics will be cancelled out at the output. Experimental results
will confirm that the distortions can be easily controlled to adequately low levels for
the circuit to be useful in practical cases.

3. Error analysis

In the analysis of the previous section, we have assumed exact unity current
ratios in CM, to CM,. The small signal input resistances between CM; and CM,
are also assumed to be identical. However, in practice, the current ratio accuracies,
from device to device, as well as over the entire input current dynamic range of each
device, are usually less than + 1%. Therefore, it is of interest to analyse the effects of
cufrent ratio inaccuracies and input resistance mismatches upon the output accu-
racy of the phase-shifter.

To simplify the analysis, we will consider these two effects separately. We will,
firstly, consider the effects due to current ratio inaccuracies, where it is assumed that
all CM’s possess identical current ratio errors. Let dg, be the current ratio error,
where in general, dc, can be either positive or negative numerically. The relation-
ship between the output and the input currents can then be given by

loul = (1 + dCM)lin (4)
From circuit inspection, using the above relationship, it can be shown that
Ioy = (3 + 4da)! + (= 1D)Y (1 + demdipuase + domive} (5)
where J =1 or 2, ipyasg = ip — iyp, and second order terms in de, have been

neglected.

From eqn. (5), we can see that the expected maximum errors in the output cur-
rents, I, or Iy,, consists of +1-33% of the bias current, + 1% of the phase shifted
current and a leakage of + 1% of the low-passed current, where it has been assumed
that the maximum numerical value of dey is +1%. However, the error in the bias
current / will cancel each other out at the output voltage vy, where as the error in
the phase-shifted current and the low-passed leakage current will add at v,.

Next, we will consider the case of unequal input resistances of CM, and CM,.
Let the low frequency input resistances of CM, and CM, be r,,; and r;,, respec-
tively. Then, it can be readily shown that the low-passed differential input signal
currents of the two CMs must still be equal, and can be written as

ip = iip/{1 + SC(rin3 + Tina)} (6)

Therefore, the time constant T in all the previous equations must now be modi-
fied to C(riys + rina)-

4. Experimental results

4.1. Basic operations

Figure 2 shows the plots of phase-shift angles and voltage gains versus bias
currents of the circuit in Fig. 1 at the frequencies of 20kHz and 100kHz respec-
tively, with a 0.01 uF capacitor. It is seen that the experimental results, especially the
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Figure 2. Phase-shifts and gains versus bias currents, at constant frequencies.

voltage gain ratio, deviate significantly from theory only at low bias current cases,

when 21 is less than 20 pA.

Figure 3 shows the plots of frequencies and voltage gains versus bias currents,
keeping the phase-shift angle at a constant value of —n/2, using the same 0-01 uF
capacitor as in the cases of Fig. 2. It is apparent that at low bias current values the
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voltage gains drop with decreasing bias currents. However, at high bias -current
values, the constant phase-shift characteristics also deviate from the ideal relation-
ship. Numerical analyses of the circuit, using PSPICE circuit simulator program
(MicroSim 1986), show that the main contributors to these deviations at high bias
currents are the small contact and bulk resistances in the emitters of the transistors,
which are significant only at high bias current levels, when the small-signal dynamic
resistances r.’s are small. Also the main contributors to thé drops in the voltage
gains at low bias currents are due to the drops in the current gain factors of the

transistors in each CM.

4.2. Temperature compensations

Referring to eqn. (6), it is seen that the phase-shift angle is dependent upon Vi,
which is linearly dependent upon the absolute temperature. Thus, the phase-shift
angle is strongly temperature dependent. Such dependence of phase-shift upon tem-
perature can be compensated by using a temperature dependent current s.urce to
supply the bias current, such as a LM334 (National Semiconductor 1982), which can
be connected as a linear temperature dependent current source, as shown in the top
part of Fig. 1.

Figure 4 shows the plots of the phase-shift angles versus ambient temperature
variations from 30-70°C, with a nominal difféerential pair biasing current of 200 uA,
with a signal frequency of 27 kHz, and using a 0-01 uF metallized polyester film
capacitor. It is seen that in the case of constant bias current, when the LM334 was
outside the oven, the phase-shift angle showed a strong temperature dependence.
However, when the LM 334 was included in the oven, the phase-shift angle remained
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& & o6 uncompensated
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Figure 4. Phase angles versus ambient temperature for cases of temperature compensated
and uncompensated circuits.
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.
substantially constant over the entire temperature range. Thus, it is experimentally
verified that good temperature compensation can be obtained with the circuit of

Fig. 1.

4.3. High frequency effects

Fig. 5 shows a plot of the expected high frequency performance of the circuit of
Fig. 1, using PSpice circuit simulator (MicroSim 1986), running on IBM personal
computer. The model used for each individual transistor is the full Gummel and
Poon circuit (Vladimirescu et al. 1980), using the typical values as given in the
reference. The bias current I has been set at 1 mA. Both simulated and ideal charac-
teristics are shown in the figure. The horizontal axis shows the frequency controlling
capacitance C, and the vertical axis shows the corresponding frequency at which the
resulting phase shift is — /2. It is'seen that, using npn transistors with average unity
gain frequency (f) of 500 MHz, the circuit of Fig. 1 can be expected to operate up
to a frequency in excess of 100 MHz.

4.4. Distortions

_As mentioned previously, the use of a differential pair to convert the input
voltage to differential currents ensures that the signal current i, remains much
smaller than the bias current I, provided that v,, is much smaller than the thermal
voltage V;, which is approximately 26 mV at 25°C. This is true for all values of the
bias current. '
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Figure 5. Frequencies at —n/2 phase-shift versus the controlling capacitances.
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output g

Figure 6. Oscillogram of the output and input waveforms of the circuit of Fig. 1.

Figure 6 shows the oscilloscope photograph of the input and the output wave-
forms of the circuit of Fig. 1, for bias current 2 of 1 mA. The peak to peak voltage
levels for both waveforms were approximately 20mV, and the frequency was
approximately 100 kHz, where it can be seen that no substantial distortions have
been added to the output waveform, when the input voltage level has been limited
to a peak to peak level of 20mV. This result is valid for bias current 2] ranging from
30 uA to greater than I mA.

5. Conclusions

A new electronically variable phase-shifter using commercially available CMs as
active elements has been demonstrated. The circuit gives accurate characteristics
and shows good potential for operations at high frequencies.

The circuit should be useful in many practical systems, for examples, as phase
modulators in communication systems, or as an electronically tunable sinusoidal
oscillator by using two circuits in cascade with appropriate feed-back. A singular
advantage of using such circuits in a sinusoidal oscillator is that the loop gain is
independent of the oscillation frequencies (Pookaiyaudom and Samootrut, 1987),
thus, automatic pscillation level controlling circuit is not required in cases where the
frequency tuning range is not excessively large, say, less than 100 to 1.
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Efficient circuit implementations of current conveyors, negative
impedance converters and nonlinear impedance converters using
operational transconductance amplifiers :

SITTHICHAI POOKAIYAUDOM+t and KANOK SAMOOTRUT?

This paper points out “that a commercially available dual-operational trans-
conductance amplifier package (CA3280) can be efficiently used as both positive
and negative second-generation current conveyors, floating negative impedance
converters and floating nonlinear impedance converters. In many situations, no
other active devices are required to implement the above circuit functions.

1. Introduction

Recently, the usefulness of the second-generation current conveyors (CClIs) as
active circuit elements are well accepted (Sedra and Smith 1970). However, the
implementation of CClIs in actual circuits is still mconvement since no commeércial
CCII is available. Consequently, several CCII realizations using off-the-shelf inte-
grated circuits and discrete devices have been suggested (Pookaiyaudom and
Srisarakham 1979, Senani 1980, Wilson 1984, Fabre 1985, Normand 1985, Wilson
1986). All these methods require several integrated circuit and discrete device pack-
ages, as well as careful matching of either resistors or transistors.

This paper points out that a commercial dual operational. transconductance
amplifier (OTA) package (CA3280) can be used as either positive or negative CCII
with only one external current source. Therefore, CClIs can now be efficiently rea-
lized and conveniently used in actual circuits.

The method can also be used to provide floating negative impedance converters
(NICs) and floating nonlinear impedance converters (NLICs), where in. the former:
no additional circuit element is required, and in the latter only two external current
sources are required. Therefore, these two methods of realizing NICs
(Pookaiyaudom and Kuhanont 1978) and NLICs {Pookaiyaudom and Surawat- .
panya 1978) are immediately applicable in practice.

2. Circuit description

2.1. OT A equivalent circuit

Figure 1 shows an equivalent circuit to the commercially available OTA
(CA3280), where D, and D, are the linearizing diodes. The differential pair Q,, Q,
converts the diode signal i, translinearly to differential currents i,, which are reflec-
ted and summed by the current mirrors to the output iy (= 2i,). When D, and D,
‘are not used, the differential pair Q,, Q, simply functions as a differential voltage-
to-current converter, to which the input voltage must be substantially smaller than
thermal voltage Vi for linear operation. The diode and the differential pair bias

Received 8 October 1987; accepted 2 November 1987,
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Figure 1. Equivalent circuit of an OTA (CA3280).

currents are set independently by external resistors. The main advantage of this
particular OTA over other commercial OTAs is that emitter point of the differential
pair js accessible.

2.2. CCII realization

Figure 2 shows the use of a single OTA as a positive CCII, where the base of Q,
is left unconnected and the linearizing diodes are not used. Therefore, Q; is off, and
the total differential pair bias current T flows through Q, and is reflected by the
current mirror CM, to the output, where an external current sink, such as an
LM334, is connected as shown in the figure. From circuit inspection, it is readily.
seen that the circuit of Fig. 2 functions as a positive CCII, where the voltage v, at
point y is transmitted to point x, and the current i, flowing into x is copied to pomt
z, also flowing in. The impedance at point y is relatively high, and at point z is very
.high, whereas at point x the impedance is low (of the order of. r,, where r, = V;/I).

The main departures from ideal CCII properties in the present circuit are the
voltage drop of one Vg between points y and x, and the nonzero input resistance at
point x. However, in most applications only AC signals are used, therefore, the one
Vge voltage drop does not introduce serious application difficulty, and using

maximum bias current of 10mA, the input resistance at point x is of the order of

2:5Q, which again is low enough for most practical applications.

A negative CCII can also be readily realized from the same circuit, but this time
Q, is set at off, and point y is the base of Q,. CM, and CM, is now active. The
external.current source is.now connected from the positive voltage rail to point z.
Therefore, it is seen that both positive and negative CCII's can be equally conve-
niently realized.
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Figure 2. Using the OTA as a positive CCII.

2.3. NIC realizations

Figure 3 shows the realization of a floating NIC without using any additional
circuit element. The basic concept has been previously published (Pookaiyaudom
and Kuhanont 1978). The internal linearizing diode bias currents have been used in
the place of external current sources. From circuit inspection, it can be readily seen

vee
CcM3 ] ICM, CM,’] ]cm,’
[ ] [ ] o |
L .
. |1, -l | i
vce ‘.i vce vee i-? Vi:c_:
1
)
z
| SE
-
21 (D1 [1Di:| L<11 V1 ()21
_ ICM;, CM;’,J ﬁ) '
: : - .

Figure 3. Using thf: OTA as a floating NIC, without additional circuit element.
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Figure 4. Using the OTA as a floating PIC.

that the impedance across points a and b is equal to —(Z + 2r,). Care should be
taken, to ensure that Vg¢ does not cause the negative input transistors of the OTAs,
ie. Q;s, to breakdown. It is apparent that using the circuits of Fig. 3, ﬂoatmg
negative impedances can now be very conveniently realized for hardware implemen-
tation.

24. NLIC realizations

In a previous publication (Pookaiyaudom and Surawatpanya 1978), the NIC
circuits of Fig. 3 and another similar circuit functioning as positive impedance con-
verters (PICs), as shown in Fig. 4, have been connected in parallel to realize
extremely versatile voltage-controlled nonlinear impedances, where the bias currents
of NICs and PICs will determine the break points of the nonlinear impedances.
Again using the present OTA packages, the hardware implementation problems
have been effectively solved. It should be noted that in connecting NICs and PICs
in parallel, their terminal bias currents partially cancel and, at worst, only two exter-
nal current sources are needed to cancel the remaining terminal bias currents.

3. High-frequency limitations

In using the present OTA package, the main limitation to the high frequency
performance is the bandwidth of the lateral pnp transistor current mirrors, namely,
CM, and CM,. However, the specifications quoted a gain-bandwidth product of
9MHz for the OTA. Therefore, it is expected that the resulting CCIls, NICs and
NLICs can function at relatively high frequencies of the order of several megaHertz.
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4. Conclusions .

The use of commercially available dual OTA packages as positive -and negative
CClls, floating NICs and floating NLICs has been discussed. All the realizations
can be done very efficiently, and in many cases no additional circuit elements are
needed. Therefore, the practical hardware implementation problems of the afore-
mentioned circuit functions are now effectively solved:
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