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1.1 Physical Operation of Diodes

1.1.1 Basic Semiconductor Concepts

Basic Semiconductor Concepts -

Conductor «—— Insulator

Conductivity of semiconductor is between conductor and insulator
FEBL AwE 0 ko Si
Si Z M £ BataeEs  mEW @K

FEBRTHA
(1) Intrinsic semiconductor (A& & ¥ H 4¥)

(2) Extrinsic semiconductor (&£ % ¥ %8 > %)

fekEpbgd o T (carrien)F mAE > 5 A ¢
(1) & & & F(electron) ~ & R (hole)
QeaEFaETRANLEEEMHE EHER
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Intrinsic semiconductor :
n=p=n(T) (A% : nBHEFREE pBHETREE B Ecm’)
n’(T) = BT’ x exp(-Eg/kT) > T1 n=p=n; 1
H J B: material dependent parameter; k: Boltzman constant

Eg: 1.12eV energy gap; B for silicon = 5.4 x 10*!
Thermal equilibrium :

Generation rate G BReR] - BHEE T AANEFERY
Recombinationrate R: BAredf] ~ AT F > BT FERY
AEBET > G=R(#HF#H)and T1 GT) 1> ntpt> G>R
G(T) =£(T) and R(T) = n x p x f(T)

i Hall effect EBeh &% TR ERARLE —EAHEARE TR F

Two mechanisms carriers move :

Diffusion: /& & 6946 & & 4 3L

® A

Diffusion
Current

J=I/A (Alem?)

d,
J,=-qD, gp D,: Diffusion constant of holes (cm?/s)
dn o 2
J, =4qD, = D,: Diffusion constant of electrons (cm®/s)
he

dp dn
J=J +J =-qD —+qD —
P n qpl qndx

1-3




Drift: A 6946 & & £ 255
A
> E V(x) o Varift
o
® > X I >E

&= _d— (Electric field = negative Potential gradients)

x

) X 1 2

J,=qpu,€ H P 1 u, & mobility of holes (cm™/V o s)
J =qnu & # % g % mobility of holes (cm’/V o s)

Jdrift = Jp +"]n = q(plup +nlun)8 ;/H\: ‘:P : vdr;'ft = /,[8

Jdif =Jp_diﬁ+Jnfdw. =—qgD —+qD, —

FBTF D,=34cm’s and y=1350 cm’/V-s

D,=12cm%s and u,=480 cm’/V-s

Review

For intrinsic semiconductor :

n=p=n(T) (A% :nBEFEE pATREE B4 @Ecm)

dp dn
Jdif/" :Jp~dz)‘f +J n—diff z_quzx-—'_qD"_d;
1 1
koo 4 p o gn(u, +H,)

for Si : p=2.3x10" Q-cm

1-4
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Thermal voltage :

o
=

Einstein relationship : —2=—+*=V, = KT
H,  H, q

=259mV at T = 300K
25mV  atT=292K

Doped (Extrinsic) Semiconductor :
Extrinsic Si : Small carefully controlled impurity content
=Z41& B=>»p-type ZEAE P, As = n-type
Si ~ 10?2 /cm®; Impurity ~ 10'® /cm?
RAEBYTF m~10"/em’
PNBBHRE 2 BT REAARA n~10"°/cm’>>n>>p
FAE 4 E % 5EF 3k H (Donor impurity)

N, & THFHREHRE

Free
BRLEP /! electron
o

1-5




HeE > RFITIF4 4 ntype 9 F FRE G

n >>n; >> p and nyo >> Pro

Mno - In thermal equilibrium the concentration of free electron in the n-type silicon
(4£ 3t & majority carrier & & F)

Pno - In thermal equilibrium the concentration of hole in the n-type silicon

(#£ 3t & minority carrier & & JR)

Thermal equilibrium -

G(T) =R(T) A(T)=nxpxfo(T) P nxp=A(T)AT)=/f(T)

Intrinsic :

n=p=n>f(T)=n’

Inn-type (v L A3 E) -
n END

nxp=n*T) (mass-active law)

when T1 =» n= Np and n(T) 1 = p?

In p-type (/n L =B % H)
for Si : Si~ 10%/cm’ Impurity ~ 10'%/cm’
Ny~ 10"%cm® (N4 % acceptor % F)
Ppo = Ny

nxp=n*T) (mass-active law)

1-6
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Conductivity :
C=gXPX T qXNX =g X% (X thy +1nx i) GAR)
For intrinsic : 6 =g x nj X (14 + tn)
For n-type : 6 =¢ x Np x t

For p-type : 6 =g x Na x t4

Nps >Np; >Np, > Np,

— M~ Np, 1&2% A impurity scattering %
;\I\ Nps; 5 7% LA lattice scattering 2 £

|

! Np4
> T

ﬂ)\

1
1
300 K

FERA

A3 n-type KK p-type & ¥ AT T I o LA AFRS n-type K p-type
EFoRERSNEFRER  BRARETHG  ERNESTREDEL T M
REMERFEERGET > R mEEZRAE PR -

Graded (Non-uniform) Semiconductor :

Non-uniform Doping:

N(x)]

4 Nu(x)
Pa(X) ~ Np(x)

1-7




Build-in Potential : V,

iFfusi . dp
Diffusion current : J, ;. =—¢xD, X —
dv
Build-in field : €=——
dx

dp  dN
g4 p)~N,(x) > BrTa
dx dx

AEFET S, =S, gt pay =0

d
Bt J, = qxpxypx8+(—qupx3]Z):O
x

D
-8 Ly P 5 gy, ®
M, p dx p-dx P
< gz_d_V > dV:_gdxzﬂ
dx p
A 4k V21=V2—VI=IV2dV=—VT>< pZd—p:—VTxln—lzz—:VTxlnﬂ
" pop P P>

Vo=V, =V =V xn 2
p,

& nixpi=nxprd Vy=VyxlnLo=y xin®2
b ny
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1.1.2 Open-Circuit pn Junction

p(x)
A
dqN
% [@O®]""
© X
©
@ qN,
Wdep
E(x)
Xp X, > %

CICICIC)

p(x): charge density

Na_ X,
N, X,
2e, 1 1

W, =X +X —S(_—+ )V

dep n p \/ q (NA ND) (o]
Wep ~ 0.1 ~ 1um
For N,>>Np,
Wdep zXn = 2£Sivo oC 1

qND VND
E=— jp(x)dx
Esi

ggi = 11.7¢5 = 1.04 x 1012 F/cm
€g; - permittivity of Si

1-9



V(%)

dV(x) = - E dx
NaN,

2

Vo =V,inP1 v in
\Y/ pz ni
® VA4 % 0.6~0.8V

—» X V! junction built-in voltage

x5 X,
PS. (1) &b HREMM ML RAR Wepp LR
(2) # % linear graded junction B #2 & 4% TR —#

1-10
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1.1.3 Reverse-Bias pn Junction

$#% open-circuit pn junction W% he F BB (ke FE)
#w: pAHBERRES  ATRABHER 1 AEITFEES - #ERE
FABR o g mAER
KRLE RAI0PAGGENMNDBEAp BB ETFRER  nHETRBEK
RRBAEI °

Is: Reverse saturation
O -15
p n current (10°~10-15 A)
ID
= ]
|
| >V
Ve Is g

Is iR B XN B (Cdade) - 2 D BBRFHFE > L4400 28]
& Na> NpiREAZ » ZHBFHEIH 0 KD HBFHEHRD

> LT (babBERTFHIESD)

FREAER (TN DPnt D> VHBRFHERS DL EH -

Junction area @#& EFH =D Is L FH(UsocA) » X F% scale current o

1-11




[Tt L

'} # Reverse-Biased Circuit &
aNp

A-xp @ @ @ > X Wdep Z2EER:

"W —\/2"8‘ (s L)V, +Ve)

e q N, N
B ¥ VR &5k 4 B
V(x)
Vr#Vo
> X =+ 3"
VO
» X
Xp X,
Depletion (Junction) Capacitance :
EXE: AR - FuEREEEE -
dq, . . ) . .
C= v (junction capacitance of pn junction) ¥ & € F & 54
R
q; =qNpx,4
N,+N,

y gSi'q(NA'ND )L
dq, 2 N,+N, V, C

K 1+ & 1+/2
4 4

gs,"q( N, Np )L
2 N,+N, V,

for zero applied voltage C;

;E:‘qJCjo:A\/

1-12
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A

slope: C. = dq/dV
TR

Vr

(1+ VR /IV,)™
For step-graded junction: m=1/2

For linear junction: m=1/3

& £C;: C

m:ﬂ‘l'xmwdepﬁﬁcj :

C =Ax fs HXT@ARME
W, TZEHH

1-13




1.1.4 Forward-Bias pn Junction

lD
p n
T
+ —_
| —
Vv Vo lg v
p-region n-region

ppO

p0

x=0

Il B GHET  EBRBTR : pon>n)
Vi

P,(0)=p,xe (law of the junction)

P,/ ()= p,(0)=p,e = p, (0)=p,(0)- p,,

p, ()= p, (0)x e% " (&% L, & diffusion length of holes)
2, ()= pale’ ~Dxe 7 = p(0)= po(e 1)

b, ) __p© i,
dx

P

S pag = 1 (%) (BRSO FHEIERTIAL x 8 28

1-14
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ap dp,/(x) _ D,
R R

p

(1) R EAXFEoFE A BB - #HIBEE > V<0 A I Ex
¥ T34 p, (0) & 4 69 48)s

z -1)x e%p

Q) BEREZFH—EMER LS B LTARARAE—FH - TR LKL pn-
junction L@ R EM BRGEH - Rk B EEE — 2 R BE#E W ER
4% %0 %48 pn-junction &) E R > A b & I:E 4 L4 Depletion region K :t34E

HiL
2A Depletion region 3% & a9 4F &R

% Waep<<Lp > Wiegp<<L, > 4v }t7] LA®& 3 recombination F 1% s &
Eﬁ &> Hn- |9 o 53] 1lib'].‘ﬂg»-£- Lriny

Wdep
p-region :“—)‘: n-region

NHEHERAER=ERGBENR], ,, = = Axqx D, x

p—diff

m,(0) ..
Pi@éﬁ%%%nm ]"=A><q><anpL—ex n

n

' '0
I:quxDprnL(_O)Jrquanan( )

P n

—qu{D xi”°+D X } (e%/

p

1 v v,
= Ax g (D, Xt D, x P (" 1) = I, 1)
A

L,xN, L xN
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BEXTEE T XERBGEEMRG—F3E R EWN H0 Np 25 5)
UEXFILBFBAB TATFLARX

PO =%’ and 9, 0)=p,O)=pyg = pyx(€ =D

2 2
p =—— and n,, = "
0= 0=
" N, g N,

o

@b ddo B s~ 100 A

(by brand new technology * we may get Is = 108107 A)

Discrete diode <> intergraded diode :

Y,
I=Ix(""-1) Hen=1~2
n=1 (Using standard IC fabrication process)

n=2 (Discrete component)

Diffusion Capacitance :

40T

7. : Transit time
T (77 )

Q %3 & H 18y excess minority-carrier stored charge
Forward bias : C=C,; +C, =C,

Reverse bias : C=C, +C, =C,

1-16
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1.2 Terminal Characteristics of Junction Diodes

—> P4 1= Ig (exp(VinVy)-1)
PN
T_ _T1mA""— (1)V>0>
@ E VD I= I exp(VIMV;)
N 05v o7y (AV<0DI=-

ip
—_ o—Dl—o Cutin-voltage : 0.5V

- For Fully conductivity diode,
=0.6~08V

iy =1, ~1)
Forward bias: i, zlsevD/ﬂVT and v, =1V, 1n(iD/]s)
Reverse bias: iD =-1I S
If K:?}VTIH(]I/IS) and sznVTln(IZ/]s)

> V,-Vi=nV;InL/I, 3 V,=V,+nV;Inl,/],

P.S.: & EX T4 584G 40— Diode £ X ER (REF) ¥ MHBHER (X
TR RSB  Iso n> RERL VoL F5R b —FEF i RIFU
EER-

Temperature dependence :
BERFHME

Is e 5+ 1°C > Bp3gjo 7 % o

B (1.07)'° ~ 2 » I§(T) = I(T1)x2TTV/10

Bl —4& ip F > vo § 23 -2mV/°C »

1-17




1.3 Modeling the Diode Forward Characteristics

1.3.1 Exponential Model : most accurate and most difficult

(a) Graphical analysis ([ ## %) :

Q : Quiescent point or Operation point (Ip, Vp)

Ip = Is exp (VpinV;) (1)
Vop =Ipx R+ V, (2) R

(2) Load line
slope = -1/R

(1)

Q: operation point or
hp-=-==-=--- quiescent point

(b) Iterative analysis (& 2 #7) :
%% V=07V In=(Vop- Vo)/R = (Vop- 0.7)/R
UREXKF L BFEAXTF V2=V +nxVrx In(l/l)
H Bz, V) EX: V=07 Vat];=1mA

TRE V2 BHE Ip=op-V2)R4#F Ip

1-18


弘晟資料複印行


1.3.2 Piecewise-Linear Model : (Battery-plus-resistance model)

iD A 1
i .
| Slope = Aip/Av, ,\’fv o, o
=1/(AvplAip) r +
1 D
=1II'D vDD — VD
Voo -l— -
O

T vo<VpoPip=0

Voo — Vo

r, +R

’i"’é’ VD>VD()9 Ip = and vp=Vpo+ip X 1p

1.3.3 Constant-Voltage-Drop Model :

Ip A

1 R
" VWW O
| 1 1+
, ’ Voo -|— V,=0.7V
R \D _—
V,=0.7V °

’E’l;’I’D<<R9 AR rmp=0> VD=0.7V91'D=(VDD—O.7V)/R

1.3.4 Ideal-Diode Model :

Forward bias: vp = 0

I Reverse bias: i =0 Symbol for
! R ideal diode
’ W -0
y +
/
VD Vo Vo=0V \V4
V=0V -0

(1)-(4) model : DC-model ~ Large-signal model
(2)-(4) model : Piecewise linear model

1-19



1.3.5 Small-Signal Model -

i~ =1 \'"/
ip = Isexp (wmVy) (1) Small signal & linear approx
vDD+vs=iDXR+ vD (2)
i
R ipy=Il,+i, PA
MW— o @R

o

- L
Yo)
VDD vs
A
y Lv“v“vc‘v*
> ¢ t
I i p =

A
7
Y
-
+
-+

. __ Vp+va) Ve _ Vo/nVr va [MVr
I,+i,=1e =1 xe Xe

e =1+x+..)

I
zID(l—l- Y ]=10+ D xv,
nv; nvr x<<l, e" =l+x

#v, [NV <<1 (v4<< pV1=50mV or v4 < 10mV)
=» small signal approx.)
1 Av, v, nV;

- _ D
L E XY, >

nv; Ai, i, I,

E}"d

rp - diode DC equivalent resistance
rq - diode increment resistance or diode dynamic resistance

1-20




LAy vy L [ T
HEMy 4 AiD :

Ly (éiA) nvr I,
Av,
DC analysis:
(Remove AC source)
ip = Is exp (vp/nVy) (1) R I
_ N\
VDD+vs—lDXR+vD (2) m w O
+
ip=Iy+i i L %_
R /D\ o Voo — V. Yo
VWA \ o f *T -
+ -0
Vs AC analysis:
v Y w=votv, (Small signal)
DD ;
- R U
VW 0o
HSLI’D~rd9id=vs/(R+rd) Vs rd vd
vd = id er 5—
EXAMPLEL : Ifn=2;1;=2mA,V;=0.7V
(1) DC analysis (2) Small-signal analysis
R=10 kQ R =10 kQ
- ——MWA—
v, =+t1V + v, =11V +

-‘-VDD=1ov _ _

(1) DC analysis :

_(10- 0.7% ) N
=% Vp=07V {I»= 1okq = 0-93mA(= lmA)
v, =07V




(2) Small-signal analysis :
¥y 2x25mV 50

. =20 _53380
I, 093md 093
0.0538
=tV x———m——=535mV (< 10mV
Vi (pea) 10+ 0.0538 ( )

v, =V, +v, =07V +535mV = 0.7V

w ~10% and 5.35mV
10V

=0.8%

EXAMPLE2 : [fn=2;1,=2mA,V,=0.7V

(1) DC analysis (2) AC analysis
R=1kQ R=1kQ
YWW + YWW
v,=+1V ve=1t1V +

-l-vDD=1ov _

(1) DC analysis :

% Vp=07V=2Vp=3x0.7V=21V,Ip=(10-2.1)/1k=7.9 mA
% Vp=0.7+ nVrxIn(7.9mA/ImA)=0.8V

10-0.8x3

2/, = 7.6mA

(2) AC analysis :

3 _3X77><VT _ 3x2x25
¢ I, 7.6
3x6.6

Vy =WV x————=2%19.4mV
1k+3%x6.6

Vo/ Vo=0.8%

=3x6.6Q2=19.8Q

av, *19.4mA
AV +1V

=19.4mV/V Line regulation



EXAMPLE3 : 3% D1 > D2 A3 454 -

B
= R=5kO R = 10kQ
V-10v -10V
(a) (b)
(a) % DI : ON (conduct) and D2 : ON (conduct)
10-0 0—(~10
b2 =g =1 mA; 101+1D2=——§—k~—)=2mA
I,,=2-1=1md

(b) 14 Era¥H4% > F452% DI : ON (conduct) and D2 : ON (conduct)

10-0 0—(~10)
IDZ Z—Sk—=2 mA, ID1+ID2 :—ial;‘—':

1 mA

I,=1-2=—1md (R4
F#H183% » 2% DI : OFF and D2 : ON (conduct)

_10-(-10)
DX 5k +10k

Ve=-10+133x10=33V>0V DIl # % % OFF -

=1.33 mA
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1.4 Zener Diodes

v\b
v
0]0]0]

IBreakdown

i/vZ

Two breakdown mechanisms -

. [00e
<

—

(1) Avalanche multiplication -
VRT-)ST-)an-)aT-)vT-)mvzﬂT

NpF Noad Deldvz?T
YRR
- p|OS@® | N - < ¢ 9
e.e@|@ eie...
TS © )e
~—1 > © eeo
N K4 e
(2) Zener breakdown :

VeT =2 eT2x10"Viem) D qe T
NpFe Na T vz

o /:D
- o - 6V
P lele| N | \
o® , >V
o I
Critical €
pe < '}
> ®

Avalanche Zener
() breakdown breakdown

V,>7V  V,<5V
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Temperature effect :
(1) For avalanche multiplication :
TT = free path I DEFauitprdr, T (positive temp. coeff.)
(2) For Zener breakdown :
TTDSisereBHIHREHBEETF
277 | (negative temp. coeft))

AV,
= (%)
Temp. Coeff.#) % +2mV/°Cor + 'z (o ~E0.1%°C

Zener diode
[>1 <« I
| +

-6V
+2 mV/°C : V,
[ 1 —O)
TT I 1 -+ +
o V,
: 2mvec )Y Vo
p - Vz+\
! K + Indep.
+ ° ft ;
Avalanche Zener 2 mVieC Vz of temp
breakdown —_— -
breakdown -

Zener diode £-# A2 -

|VrI<|Vzo| = open
[VrIP|Vz| = turnon

Iz
Slope =1/r, =
'IZmax T VZO




EX : Given: Vz=68Vatl;r=5mA ;rz=20Q;Vs=10V; R=0.5kQ
6.8V ="Vzn+5mAx20Q; V=6.8-5x10°x20=6.7V

10—V,  10-6.7

DC analysis : I, = =
R+r, 05+0.02

=6.35mA

Vz=6.T7T+17x0.02=6.7+6.35x0.02=6.872V

2y 20

R+7, 500+ 20

AV, ) _+38.5mV _
/VZ = 6.827y = T0-6%

i ion: AVz/  _38.5mV,/ _3g5mV
Line regulation : %Vs = %V =38.5 %/

PS. : A LA IC §34414Y voltage regulator RE/X E 4h &y Zener diode #4849

Small signal analysis : £ AV, ==+£1V x =138.5mV

voltage regulator °

DC analysis Small signal
V=10V V=10V anaIyS|s
0.5 kQ % 0.5 kQ AVs =21V
:> ro) 0.5 kQ
+ + o
r,=20Q
1 Vo V, r,=200 +
-7 I Vzo=7? +AV,=?
Vi =-6.7V, V2=Vt 71z
-Vz B 4 >
I
I
rz=20Q —————— 'IZT='5mA
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1.5 Rectifier Circuits

% % ideal diode
(@)% vi>0V = Diode ON = vo =y
(b)% vi<0V =» Diode OFF 2 vo=0V

Rectifier Circuit

ideal A 1 Yo
O diode /\
4
'AU" R Yo v . . > ¢
/ 7
— \ 7 \ /
o © ‘\\ ! ‘\\ )/
Ripple
W —
I Diode |A N\ NJ| rier |E1505 | Voltage a
iRectifier |Regulator
—O— Emmnn ® amny —O
3% 4 battery-plus-resistor
(a)'?"-? vi > Vpo = Diode ON =>» Vo= (VI - VD0) X
R+r,

(b)‘?,‘lif’ i< Vpo =>» Diode OFF = vo=0V

Voo I
po o
VTC 4 Yo Sslope = RI(R+ry)
+
R Vo
1z "
o Vo
A i Vo
~ ~
/, \ /, \
/ \ / \
/ \\ / \\
\ 4 \ ) t
\ / \ /
\ / \ /
\ / \ /
\ 4 \ 4
-’ -




1.6 Limiting Circuits (Clipping Circuits)

%% D : Constant voltage drop (0.7 V)
(1) vi<0.7 V= Diode OFF=» vo = v
2)vi>0.7V =>» Diode ON =2 vo=0.7V

R vTC:
Ay

+ + P (break point)
12 SZ Yo
o O
V,
OA

RN ¢ RN

/ \ / 5

0.7V \ \

%% D : Constant voltage drop (0.7 V)
(1) v <0.7V =>» Diode ON = vo=0.7V
(2) vi> 0.7V =» Diode OFF =» vo =v;

R vic %

W co7v |

!
% \ Vo ,
4
--f -o7v

BP (break point)

+0

Y

\ 4

Pl
ol

- 0.7_V_I\. - 7 X . 7 \> t




Double limiter :

Zener diode (% #y —#&¥) :

o1
o




Limiting circuit Z#& T —REHR -

r-——-- ~ -7 1
ofl ||4¢ |
1 1
+ 1 ; Next !
v | | 1 Stage |
Iy 1 . . 1
o Py Circuit
o—t L—O :
| P -- -'_J Circuit
amping Protection
Circuit
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Chapter 2: Bipolar Junction Transistors (BJTs)

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9

Device Structure and Physical Operation
Current-Voltage Characteristics

Large-Signal Model

Operation as a Switch

Graphical Representations of Transistor Characteristics
Graphical Analysis

BJT Circuits at DC

Biasing in BJT Amplifier Circuits

Small-Signal Operation and Models

2.10 Single-Stage BJT Amplifiers




2.1 Device Structure and Physical Operation

Review of P-N junction diode:

O——DI—O 2 — Terminal Device

B R KR RAR KRR - RLARAR -
Large Signal:

D
o > o
+ +
v, /—) R ’
o, -0
Small Signal:
Ty
W o
+
®v R v, =vx—~v
r,+R
O
HE% (=#%): voltage controlled
+V
o -—=--
(o]




Signal source representations: (small-signal, ac signal)
(1) voltage type (Thevenin’s)

(2) current type (Norton’s)

-~ S

~
Rl TN 94

a. output “short”

R e
W]
O

b. output “open”




4w {7 % 4F — 1@ current controlled, current amplifier &) 7T/ ?

RE P
iO
‘, |
is CT) RS §RL
load
o o)
o o)
_Av, R = A%
"N ° A,
B AR

Independent current source

Dependent current source

@ Independent voltage source

Dependent voltage source



Requirements:

1 A X

(2) ii = is ’ RS ‘S
R+ R,

3) i,=4-ix R, —>A-i; =¥ R >R,
R + S

4

,
)

forward pn junction

X 14
small R, ?\ {6 large R,

reverse pn junction

1
|

small R,

large R,




R > AR
Transfer Resistor =2 Transistor
% 2 822589 A Bardeen, Schottky, Brattain, in Bell Lab, 4% 3£ B @ #3324 -

Small w
W << L,

Ie

\ ecombination Collector
recombination

Base

Ny >> N,
W, <<L, } Large A



Circuit Symbols and Conventions

p —>n
npn: pnp:
C E
* fe {p * Iz
* +
B
" Iz “ {e
E C
EBJ ECJ Mode Note
Forward Reverse (Forward) Active I, 21.>>1,
Reverse Reverse Cutoff I;=0, I,=0, I,=0
Forward Forward Saturation
Reverse Active
Reverse Forward
( or Inverted)




Operation in the Active Mode

Small w
W<<L,

IE : recombination

recombination

Iy =1y +1p

B ERATHIFFE RARB &-FA A £ Base B E R
4 recombination °

P # B R Ao Hh B AR ELL

BEHERGEFETH D BELTHTER

Current Gain~ 1, Voltage Gain=?? & & % amplifier &)z #E ?

common base configuration:




g BRI T g AR e
%‘U\%F&%&“m _ AR « ANEER
%ﬁ‘&%@%ﬂ%ﬁ b RS « HEER

#w AT AT i th 5 RAR

ER A HHuER S>> BAER (R, > )

> E%@é@i‘%é

>4\ \a\>>1

W << L,
P n

J ot = gD, W
B
v
e
Lag) = A5 Ja) = A:qD, 7 1) (Base Regio® ¥y &&%é’ﬂﬁ%&%‘iﬁ)
B
ent of BIT Scale Current

AqD.1
I = ,’?q/W"/pg BT Saturation Curr
B

> L =1 erBE )
n(dlff) S Y VT
> i =L =1 ex@%)
¢ ® Lnlaiff) s €XP V;
, 4o Bas
jtter Junction )

Base ?ﬁé@%@(\’@)é‘&%ﬁ
) éﬁ@%ﬁ(flc)fﬁ%ﬁa%’ mEZH Em

(VBE)7E B e )

e-Fmitter Sk B
@A)
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AWM (BRSMERE > 4.>>4.) -

MmERLE > AR XBREETHBEHAYPAE -

ERMAEFE > ERa#EE A A collector junction & - FTIAE I L E B % X
#) collector junction ¥ Bf#x #h

tb# Diode #21 BJT #y Scale Current

Dn D p D D
iode: | Iy = Ag| —2%+ =220 | = Agn? x| = 4 2
Diode: | fs {L L T\ TN, LN,

n p n D

D, 0
BIT: Is = AECI

B

Ei%‘ﬁﬁ é’]ﬁf\ﬂ %IML ’ 7{,%

=>» Base region ¥ #%) minority current & diffusion current o

% emitter 3% OPEN = [, =0

2> [.=0 ??

g collector #% 47> base # “-“> Base-Collector Junction i# &) 16 B &4 E A+ E 2 o
2>/

CBO

TR BRANRES

ic =1y exp(v%j—'_ICBO’ L opo T B o
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E
v D,n,
i.=1 exp( E%T) Where I, =A.q WBP
Ip =i +ig
Iy =g +ig

7, : minority carrier (mean) lifetime (before recombination)

1
Qn=—2_"]'WB'”p(O)'AE nP(O)znpoeXp(VBE/VTj

v
gWsAgn,, exp( I% ) 2
> 0= - =1s.(“WB—]'eXp(v%)
T

27, 2t,D,




i
p=te
Ip
ot
Ig
a:i p=—2_
p+1 -«

AE! I UEHEREATK R ABBER(Ip)FRE °




2.2 Current-Voltage Characteristics

C
o
&
iB
B ->
+ I::
vBE
_ * i,
o
E

Active Region

ic =1 exp(vB%T ) where V, = 25mV

~N—— RN — R — ~

# Aa:0.99 — 0.995

=099 > =22 _og9
1-0.99

2=0995 > p=—2 _jg9
1-0.995

Aoty 8 ALk B AR K 0 AB #y 8 AL
DERHAELMS LHRIRT > FRA-BVROERBELSTAREER -



2.3 Large-Signal Model

Equation Model:

(1) =1 exp(V%T)

Q) i =icti

Circuit Model:
NPN Type:
Circuit Model:
C
(o]
i
iB
- e I:
B
Vi
(o]
E

(1) m-model CEEgnAss PNE@meyER -

2-14

i@ i@ 3T H 4 Base %)



(2) T-model  (##A¥ PN @ey & o i@t A4 Emitter 33)

PNP Type

(1) m-model (g s PN @y ER - @83 E 4 Base 3$)




(2) T-model (F#Ass > PN N @eyER > @@t E 4 Emitter 3%)

M, >u,; D,>D,

B #b > npn type tb pnp type FAEE R 2R pnp IR E R X2 AT AEGER -

xE:

TRBHEDARARFERERXATAHRMIE) ) RARAAKTRELW?

>RE |

DEEERBAGARER > FAELEMEE - 22 > PREE R AMES
FEE 3 ho |

DAE  REERTRE ?

PAEHEEHERERRECRM - KB FHAE -




Example:

+15V Given { Vpe = 0.7V at iC =1mA
£ =100
({50 2:98)
Ie= 2mAl Rc Design the circuit »
W1, =2mA ARV, =5V » RR.ARR, 414 -
V=S (a3t )
Vs (=& A exponential model)
+
V
BE _ VE
1
-15V
Sol:
R =2V 50
2mA

I, =£+—1><IC =1.01x2mA =2.02mA
B

Vi =0.7+V, ln(%m—jj = 0.7V +25mV xIn2 ~ 0.717V
m.

Therefore, V, =0-0.717=-0.717V

~0.717V)-(=157)
2.02mA

=7.07kQ2

R, =

AEEHTHE model REZEMAR » AREBROWEERE -
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Example:

15V Design the circuit
1%]0 =2mA L;(&VC =5V » ;]LiRC .LX&REQ‘J@ °
(7 #:t5)
L :2mAl R, (DRV,, =07V + [.=1,)
V.=5V
VB
+
VBE
VE
1
Ev RE
-15V
Sol:
R. - 15V -5V _5k0
2mA
RE:(‘OjV)_GJSV)=745m2 (L—{a%% > R, =7.07kQ)

2mA
4 discrete 89 F %3 0 T AR A Ik K AEFE 03T E 0 B A discrete ERAYE IR R
Begey > LARB®™E -
ERAEIC ERGRAEAT > TRTUESHRAZE > WHATETHEY
HEAAER -
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2.4 Operation as a Switch

B

Ve (vo )

EBJ: constant voltage drop 0.7V

CBJ: constant voltage drop 0.5V

(Generally, because of Iy >>1g,)

Emitter &) % & 3 K7 collector 8978 = N.<<N,
Collector junction &) & #& A#* Emitter junction ) @# = 4. >> 4,

=> Collector junction & scale current i% A% Emitter junction #j scale

current
> [ >

(1) v, <0.57(0.7V)

@) v, >0.7V, ve>Vy,, =02V

= EBJ: #1465 & CBIJ: 1B

> € 5#(Q 44 cutoff region
2> i,=0, i.=0

> Vo=V —ig xR, =4V,

=> EBJ: )& & CBI: #1k

= Q T4 4& active region

S5 l.B:v,~0.7V
RB
D> =i, BFEHI LK)

2> ve =V —i. xR,

2-19




3) v, ™M

= Q i A saturation region

> v =V, =02V (0.7V-0.57)

> i S Vow

RC C,sat
iB
1
cut-off active saturation
> VI
iC
A ,
U4
V4
’
,ﬁ
IC,saI
l ' Y ;
Ve
A
+Vee
l Vg =02V
0.7V - 0.5 = 0.2V -
‘\ T » vl
\
\
\
\




i . . .
S =-5 (in active region)
Ip

#E S8 T k4 saturation region:

ic <f-ig

ic _Ie,

T = .Sat Eﬂforced Sﬁ
g Ip

Bloeea: T BB IR F B 0T > 4050 BIR(L ., )F» Base Ei(1,)8Lt o

BORMA

#R.—>o0 (Open)> v, BEER » ERB T FAMESR?

Cutoff Region Incorrect
Active Region Incorrect
Reverse Active Region Incorrect
Saturation Region Correct

Discussions:
(1) Cutoff Region?
# 18 junction (EBJ, CBJ) % & reverse bias # & T4 4 cut-off region
12 5% EBJ & forward bias =» Not cutoff region

(2) Active Region?
% # active region » Rli. = f-i, B 3L

Esi. =0 - f2&i,#0 | | =>» NotActive region

(3) Saturation Region?
BRI R I B R me| R4 faig o KE Bp # A\ saturation region o
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;n: EP iC = IC,sat

fedbcase’ i.=0 > HEABWES?
“RSEF

TR EANEEF0 & 7

D> RE i <P, D HFEAENE -

2 i, =0<p0, 20 REXRIL

st 0 6 E S 8% T 4F 4 saturation region

(fafoTRHOZaf0 > BB i =0<p-i,#0)

i ¥ {8 junction (EBJ, CBJ)454 2R 1R ©

VCC - VCE,sat
lC =

=I..,—0
RC

C,sat
Re—o




% Q T4k 4 saturation region & » 3 ARITH %R BT ?

Review of the Large-Signal Model of transistor, Q, operating in active region:

I exp(v‘%T) or fi,or aiy
b

Large-Signal Model of Q operating in “saturation region”
B o— —OC
|+

.
=0. v T -T- VCE,sat

E

FE B IR B A KRS -
(K3 > A E &E TR A active region e ER ©)
i G EA D EF M (switch) €A P T &R

£ AR eF o (2 BA active region)
> KEEHAK 0 v, BHIK 0 £ ELHBEA cutoff ve By BALY o

=0.2V

> ZERHGAF v, EAS Vi ERBREANENE P Ve =Vipw =02V




g Ic V¢

A
Ve Ve 3 .
& 1 c
< I C,sat
iB

A

x >V,
w'ksx

cut-off active “saturation

Ip(s0s) 4= Edge of Saturation & #4i, i -

-l R (3 S IB(EOS) xp= IB(EOS) x :Bforced =1 su

9 IB(EOS) — C,sat - C,sat
IB ﬂ forced
1, )
= overdrive factor
1 B(EOS)

— 2R 0 b E DRI A4 A & BF 0 overdrive factor K #ER 2~10 4% »
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2.5 Graphical Representations of Transistor Characteristics

Review:

(1) Equation Model

(2) Circuit Model

(3) ... to be discussed in this chapter
B A2k

Input characteristics — i, or i, V.S. vy,

w= o7,
=—=exp| ZE
Ig i P v,
= e,
i, =—exp| B¢
ET, p v,

lplg
A

From equation,

»
P Vpp




Transfer characteristics — i, V.S. v,

i
A

Tt

-me%

Output characteristics — i, V.S. v

From equation:
i =1y exp(vl% ) independent of v,
T

Gk AR )
— common base type (i, V.S. v)

— common emitter type (i, V.S.

Common Base Type:

Ver)

1) % emitter open (i, =0)=> i. =1
E C CBO

(2) i; >0, in active region, i, =a iy

1R -

i V.S, v o R, B

» Vi

A .

hi, T

i, =0

-0.5V

ICBO

> Vg

l;pEBO




Common Emitter Type:
(1) % Baseopen (i, =0)=> i. =1,
(2) iz >0, in active region, i. = f-i,

B i VS. vy 0 i, A A

(usually, 7.zo > 1:p50)

Ic
C A
O * Ic A T
Ip
B > *
+ Vee r
Vee B ¥
=0
o =0 |
E / BV cxo
— [CEO
VCE,M ~02V
ic
A
i,=1
I, + g =1p
i,=1
I, + B~ 1p2
i,=0 ‘
. Vg
BV o
] -1
B = AZ_C _la=le #% % incremental S HZL L,
Aiy Ty —1Ip
i
IBdc = L
Ip
lBac ~ ﬂdc




Early Effect

VaE3

ic Ip
A A
VBE2
/ VBE1
A - |-
» Vee » Vg
. A%
lC BE3
A
Q Vpe2
leo b AL
i  Adc
4” ---------- A .
- Ve
o / VBEI
R P
-, Pl
’/ ‘—’
/,f ———— ‘ /
T eeemT
/’;’a""‘ —————————
gz=--
—te » Ve
- VA 0.2V VCEQ

V,: Early Voltage

T
W ¥~ ¢ :ﬁ
|
|
]

2157 & VR 4L active region & ° R & 435 constant 0 My & KE F v, 3 ho T 38 Jo ?

= & collector junction i# %) 14 & 3% AuB¥ » H depletion region % £ T » % 24 &) base
width €% % > BFEABEH VD ERTFHsHFAERE R

D> BRERGR (BAHBERT ANV HBTFH MR REL)

v, T2 W4 > 1,1 D> i1 (ISOC%V)



Rk - ERMAXEHNMEE >

. %
i =1 exp(vBE/VT )(1 + —VC?E)

E &8 F T4 4 active region 7 A& 3L (v > 0.21)

Ai, 1
Av.. (Av
c ( % ic)
V,+V, v
Output resistance 7, =—% =-—-"—SL~x—4  (V >>V,,)
Oi. - I, Iep

V, (Early Voltage) £ ##v Base 89 L% A B -
=> Base &  Early Effect &t RBASE > V, 8K ; R > Base & > V, %/ -

%% & Barly Effect » BIR T 280 A TR FHLHEE 0T
c BO— -

LY Dtz

B Q -

= O—e@
¢

OoC

7

o




2.6 Graphica] Analysig

1 /g graphica] analysig »
Example - (DC analysis)

g é@ﬁ%i«?”iﬁ%\l;ﬁ”éﬁi °

B 0.2r Yes
0.7y
Sol:

(1) Iy Vs. p

(2) VBB = 'BRB + Var




3) i. vs. Vep

(4) VCC = iC-RC + VCE (Load Line)

Example : (AC analysis)

LRt SN RA B REms . TRBE ML example o

Vo




' iB3
T o)
LR g — A/ Ny
cQ AN >
i

-
NP Ve

0.2

i

|

~

Aic zﬂAlB

Qe BEZB P » # %A AL > A saturation region 2, cut-off region |
FHEBE NIRRT 15 Q BE:EIE £ active region F F] ) B Rk 4F -




2.7 BJT Circuits at DC

Je 3k section - €4% A AL ey3t B Ak 0 RIE A B AR ML -
REREXRBEEHBEA -

2 2L

B

(M

2)

3)
“4)
)

v,

Veg s =02V

B %

HEHt:r, >

Iepo =03 ICEO =0

Example 1 :

+V,

cc =

S5V

sEony = 0.7V > constant voltage drop model -

(Vi—>o)Dd I.=p-1;

KRB seERAE DC sfagddik 1, 1., I,
Vs Voo Vi e

(note: R, BHMBA > 1, REAAK » MREDBEANfTE)

>4

Sol:

IR G R IRTH + ]y ARV 4205 016 TR S |

(1) V, =0V
() V,=0+0.7V =0.7V

3) I

B =

2.5V -0V
50kQ

=0.036mA

% E 52 active region
@) I.=p-1,=100x0.036mA =3.6mA
(5) V. =5-3.6mAx1kQ =14V
(>V,=0.7V  =» reverse biasing = 3% & 3L)
6) I,=1,+1 =3.636mA




Example 2 :
Voo =5V % B3+ f & 100 B4 A 200
Kb EH AL DC wragsste t 1, 1., I,

Ve, Voo Vi oo
R =1kQ

(1) V, =0V
Q) V,=0+0.7V =0.7V

@) 1, =207 6 036ma
50kQ2
% E & active region
(@d-a) I, =p-1,=200x0.036mAd =7.2mA
(5-2) V,=5-72mAx1kQ=-22V (R4
(<V,=0.7V =» forward biasing = {&IX R 3L)

40 E & 4% T 45 £ saturation region

(4-b) Vo=V, +Vep =0V +02V =02V

(5-b) 1. = SV-02r =4.8mA
1kQ
6) I,=1,+1.=0.036mA+4.8mA=4.836mA
Discussion:
WIBR BB BT AERE
SAE 16 B B % > THEEE(Q)IE B 148y ¥ AL/ R4S % » & — Bad biasing design

182 » voltage gain fE3% R 4% o (/N9 444L » B 9% A A8 A 80 SHAL ) -
BB TEAN BT -



Example 3 :

*ﬁﬁb%%’& DC E‘*réﬁﬁ‘fi IB: Ica IEa
Vg, Vo, Vi oo

I. 1=V, 1=V, =11

Re : emitter degeneration resistance

Sol:

(1) V, =4V
Q) V, =4V —0.7V =3.3V

3.3V
3) I,=——=1mA
(3) I, 33
B3 E &3 T 15 4 active region o
a=-P __190_499
B+1 101

@) I,=al, = % x1md = 0.99mA
(5) I, =1mA—0.99mA = 0.01mA
(6) V,=V..—I.R. =10V —0.99mAxSkQ =5V

Vo=5V>V,=4V =¥ CBJ A reverse bias & OK!



Example 4 :
V=107 % e 100 3% 200 KEERA DC BFehdt
My, 1o, Ig, Vi, Ve, Vi oo

Sol:

(1) V, =4V
() V, =4V -0.7V =3.3V
3.3V

=1mA

@) Iy =27

B3 b E &3 T 45 & active region ©

a:—ﬂ—=@:0.995
p+1 201

4 I.=d, :%%(I)XImA =0.995mA

35

(5) 1, =1mA-0.995mA =0.005mA
6) V.=V,o~I.R. =10V —0.995mAx SkQ = 5V
V.=5V>V,=4V =» CBJ % reverse bias = OK!
Discussion:
PhofET BRGRBEZALERKR BT, #ILBEILHKR
Bt BAREAR TAMNEREL QRIFFHB/E -
2> #HBEBREH RN > X —18 good bias design!
> 2% > R AAEI A 4F49 voltage gain (4, ) » voltage gain #& R, 5B Hp o



Example S :
Ve =107 BV @AV AV REWERE

DC BTQ’J#‘*]']?#. IB’ [ok) ]E) VB’ VC’
Vg
1Cl R, =5k
V=6V
A I, Ve
5
v,

B =100

Ve
I, l R, =3.3kQ
Sol:

1) ¥, =6V

Q) V, =6V —0.7V =53V

5.3V

3 I, =—

3 I;= 33400

3% b E 5 3% T4 4 active region :
B 100

=——=0.99
"B+l 101

@) I.=al %xl6m/l 1.59mA

=1.6mA

(5) I;=1.6mA—-1.59mA=0.01mA
6) V.=V, —I.R. =10V —1.59mAxS5kQ = 2V
V.=2V <V, 6V = CBJ % forward bias = f3%4L3% |

R 3% b E & 3% T 4% 48 saturation region > V,, 153% % 0.7V :
(1) ¥, =6V
() V, =6V —0.7V =53V (R

5.3V .
(3) I, _%—1-6%‘1 (R Ar)

@) Vo=V, +Vp, =53V 402V =55V (>2V)

sat

10V =5.5V
5) Io=——""—=09md (<1.59m4
) le=—23 mA - ( mA)

6) 1,=1.6mA-09mA=0.7m4 (> 0.01mA)
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2.8 Biasing in BJT Amplifier Circuits

i8R R TR E gt E 3 E 546 Biasing Point (Q)  HBEBEMEE ¥ -
4o b E B B AE MR BS > R € i cut-off region LA & saturation region * i AEH) 445 f
active region °

(#£ cut-off region BA & saturation region ¥ > & R AE & A M K&yzh H)

Example:
KA sbERA DC Bragide © Iy, 1o, I,
Vs Voo Vi o

+Voe =10V

(note: st 2y # A 6y /& A £ discrete BIT 8915 & & %)
NN > > (V) =V d D> 1) > ..
2> TAEE(Q)FEE | (dueto R;)

(A EB » HTFELAXATHEN: I.T>TT>1. T thermal runaway)



Sol:

Thevenin's Theorem Ry =R || R,

—R® - W—R®

R,

R +R, '——]:

VCC

(ix E#@% 94§ © K H Open circuit voltage (V,

pen

), short circuit current (/,,,,)

> Fmwma’ vy )

short

> 44 % &% > # A Thevenin’s Theorem 1L f§ :

183% 8 58 Q T4 4 active region :
(1) Vg =I14Ry +Vip + 1R, (Vg =0.7V)
I
2) 1,=—E
2) I, Ail
LTS L, AR, D RGBT AR T e AR -
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> IB — VBB - VBE
RBB + (ﬂ + I)RE
IE=(ﬂ+1)I = VBB(ﬂ+Bf) (ﬂ 1)_ ;E
= B+1)

> (R4 e base w0 RMAK(B+1)E > BAHERL =(5+1)],)
(Z Bp emitter 3% &4 E A » R 41 B| base 3)

D> (84 4 emitter 385 0 R, & (B+1) 1 BATHI, I%B_H))
(ZBp base 3R &9 E A > R 4 %) emitter 3%)
D RE AL BA TEMRS ) a9 & - 4 A & active region - )

+Vye =10V
A

B VBB VBE IE — VBB VBE
" Ry +(B+1)R, R, + Ko Ry
1)

— R2

Where |2 = Ve R +R,
Ry =R || R,

Io=al,~I, =_V*M;_TZM_
R, + 2

(B+1)

Ed o V(TR AT RBEG BB B TRNBEFCH TG Y

> (1) Vy>>Vy(T) D R<<R, D 12: ([ R-+V)d DV,
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Vg =V =V =V =07V > Vol DR QEBRBMMITE

HMARTFEAET > B2 QB REA )
2 FHit R#AR R <<R, !
R
?) —ﬂ(TB)BH«RE > R,y D R.R L A2y R.R, 451,17

)
> {R. \

mn

2> —RmE > RLR FRRNEMUAEARG F g h4E | |

FEGFIFRE  (BHRAT)

1 1 1
AV %~ Vees Vey®Vees Vg +AV, Jx Ve
3 3 3
1 1 1
P VexVeer Vs ®7Veer 1eRe ™ Vee
3 3 3
2 1
AVRl =I.R.+V, ngCC, AV, ngcc
R 2 o
> T (FoEEM?? QY QY MO?)
2

> GHRXAFRGRR, ZHEFL 1,1, ~011,~1, !




Example:

o R EHE DC HFORL: L, I, Iy,
Ves Voo Vi e
_VEE
(note: 7% % # A a4 & A 4 discrete BJT #91& & & 8&) (W 42 power supply)

Sol:
(A#ER TERRS ) BB ILER)
% E 5B Q #:4F 4 active region

. = O_VBE_(—VEE)

E
RB
R
(1)
I.~1, = V]? Ve
— B+ R,
(8+1)



Example:
Kb ERA DC By I, I, I,
Ves Voo Vi e

(note: 7F & #7444 & A £ discrete BJT &8 & & #) (% 42 power supply)
Sol:
(ABER TEmRS, ISR LER)

% b pnp & 5 4% Q #E4F 4 active region

V., =07V

5V -0.7V
IE —_‘m—33m14
IhQ+——

(30+1)

Io=1,x| -2 |~33m4
p+1
> V. =V +33mAx10kQ=28V D> FAHIE! CBIIEE!!

(R RN E 2 1, X KM i\ saturation region)

BASK > b pnp E &8¢ Q #: 4k 4 saturation region ¥ FAR 4 R A4 A !
Vi =07V, Voo =0.7V =057 =02V

I, =1,+1,

ay YV v, +VC—(—5)
hQ  10kQ  10kQ

(2) V,=V,+0.7v

(B) V.=V, +0.5V




Ve (T——#H)
Ve (T——#H%)
VC

(T——A8)
I, (T——#&H)
I.=0.86mA
1, =0.31mA
B, #1 A & A& K4F overdrive factor= B
forced

I, 086md

= = =28 < pfB._. =30 (insaturation region
ﬂforce 13 0.31mA ﬂmm ( g )

Poin__ 30 ~10 => fRJE &y saturation
ﬂforce 2.8
p_ L,

( overdrive factor = =
forced I B(EOS)

1,1
BAC I




Example:

Ves Voo Vi o

(note: 75 Z A o4 f& A £& discrete BIT #4916 & &%)
Sol:

EB] = —=Z)Ek CB] =2 —xi#1p

2> TS Q2 AKRIEH S active region

V.—-0.7 I.=pB-1,={ .
2] T >yl > =< I > ¢ 5 RIE R
=1 c B R, {IE=(ﬂ+l)-IB:>¢ 16 B 45 7€

(negative feedback, & ®4%) R, ARk a @A eyErm
> TTARA R, T e R BEAE T -

Vee =1 " Re+ 1y Ry +Vy =1 -Ro+1, Ry +Vy,

Iy =1,(B+1)

4 VCC=[ERC+ﬁRB+VBE

> Lol =T (g 7,,(T) R A(T)
RC+(—EfT)

BTRBRERALBERICHAE R
D) VeV, (T) D> E2rite

RB e =
2 m<<Rc 2> FEWHREE

Kb E% A DC Fagssit ¢ Iy, I, I,



TR AR R R ERY - ERNERIRES

1
RV = 5 Vee

Ve T > Vo T > sy Q 2582 3 active region 8 ¥ M B 3 °

Example:

ceae _.K o C, : bypass capacitor

- VEE -
ofTig 1. 48 7 2 #4E—18% 7 E R(constant current source) R4 & |
(note: 7% % f& A 4 Integrated Circuit ¥ & A % R 6916 & T &)

Sol:
4o 7] constant current source ( current mirror) ??

+Vee

B=p=p

(1) O1=Q2(matched) =» {ISI 1 =1,

~
g
<
=

() VBE] =Vpg, = Vg

Il _l l B&: (@) f>>1 > [, >0
C1

(b) V,>>1 =>» rhigh

Q1 T Q2 > . Fuv, £ P neglect Early effect
i
I Q0154 A active;, # Q2 A active

Vg HEUREBERT » I,=1, =1z




J.=I1.=1] _+VC _(_VEE)_VBE_VCC+VEE—VBE
c2 —4c1 —LRrer — R = R

: constant current source ¥ ML E I H & !

2T 4 discrete 89 BIT B ¥ R AL EH ?
> R RE — A — Ak (matched)®y & 582 -

EICE ¥ RAETEC, RRICEM » HEH EBA?
= {# A differential amplifier °

+Vee

- VEE

DA ac MIEAHE 0V BEK A ac 0 MAFEAC, !



2.9 Small-Signal Operation and Models

NERIREY level & %0 o FAEH B A BIT /NSEAE R 547 2

BIT /N#SE 649 TAL R B4 ?

Review:
BJT &4 Large-Signal Models :
B O———
+

I
Ve SZ E

Dol 5

T—OC

-
E
BE-—EERXERWNE & HARS +RERS
i,=1,+i
roe .b g = Vae + Vi
ic=1,+1i,
. . E:VCE+vce
ip =1, +1i,




Ak
&V, <<V;

2> I, +i ~Igexp Vor | [ 142
VT VT

%
2> i~ |X|l=gv
c C [VT] g m " be
£ g, = :C = !VQ (mutual conductance # transconductance)
be T
Oi 0 % I
(g,= avc ' =3 |:Is exp(;@ﬂ —V—C)
BE |y, BE T Vs T

Bp g 2 3R (v, <<V, )BF > i RIRE v, MR EALMMA L =g,

Xd =I—Sexp[‘;/ﬂj

B T
& # : Base resistance (BB A TR MIF A EABRMAN T F MK L) ¢
r = Avgp _ Vr
A, 1,

n-model (Hybrid-n model):
B O—— —O0 C
+

e e
iC

- l gm: :—{g—
vbe VT
V.
et
E i I,
1.
y =—=
&'ty 1 B
g = ic :—I—C—
" Ve Vi
|, w %
" i, I
gm'r,,=-1£=ﬂ
L Iy




Analysis Procedure:

DC analysis=>» I, = g, = rﬂ(= ﬁ] => ac analysis

m

# J& Early Effect :
A7, AR 7, B« BBy i Ao Ve B A — R AR -

B | OC
+
7 g.v _ L —]—C
Ve z m"” be v, En v, VT
_ Ve Ve
IB

E T
fer-model ¥ > v, FER BV, -




2.10 Single-Stage BJT Amplifiers

3 basic configurations:
CE (Common Emitter Configuration)
CB (Common Base Configuration)
CC (Common Collector Configuration) (Emitter Follower)

v ;
" P I
B T v
V m
CB DC Iy— > = /
— X /1
CC Analysis |V, :
(Circuit) V ~ ~— —
B
v, !
)y AC
Analysis

3% -
E SRR & activeregion ® B Q BL BB E -
TTLAERER EAERKE ©

Vv,, <<V, =» small-signal approximation

HIL=HAEEH(CE -~ CB -~ COF B ARSFHFN ©  (F R FI183A)
R, R,, 4, A4, EATAf s gdirade ~ TR E - TRHR)

BN GHUIRR8 FOT AR ¢

Thevenin's Norton's
+
A% .
IS:RS R, v,=i xR =v,
s

R AT ERYHE -




Common Emitter (CE) Amplifier :
3% DC Analysis ©4& 5%k * 1% KRR -

+Vee

Vg =Vs+v,

...........

Thevenin's equ. ckt R —l —d — —

HH R, R, 4, 4,
1 A m-model 4 #7 $bE % -

<
O f Ov,
C
B lb<
R
gVs J'> r"g § ¢
® <«
E
R L =
Ro Rout
(1) R="t=lr=y
i lb
.1 )% o
I ey N
i_ii b L v, +Re




Note: r, >, R.—>0 =2 4 ->p
Rt > EEFEHY RN > f£% € Early effect 24%(V,, r,)
[ EIEREN R L > & A  common emitter short circuit current gain

3 Av"v" Ve Yo _ Tk X(—gm"”)x(”oHR )_ —g, - (,, ”Rc) d:

. v, v, R +r, v, L+,
r
Vv, =V, x—*=

Note: % », >>R., R <<r, & 4, —(-g,R.)

> 5, T >IT D> Frghz
24,7
> RT DV T D gz trade-off needed!

# R. oA activeload » T3 4 > TRER »BERE GV,

wle =P
Enle =&
ﬁz_gm(ro ||Rc)=—a (’"o ||Rc)
Vb .

Note: r, || R, : total resistance in collector terminal

r, : total resistance in emitter terminal

total resistance in C

Voltage gain between base and collector =-ax - -
total resistance in E

4) R,?
Set vy =0 and i; =0 CEEILAIEREZS O0)

ckt v,

o

3
<
|
o
.




=7

2> R =1,
> R,=RIR,)=(1R)

Discussions R;:
#EHRKERAIR = 1 A Thevenin’s equivalent circuit

Target: g,v,

vV_=v X
 ° R +R

Bt > &2 ERAIRBAK > RIRATA ZHA TR AR 6 FACA AT
2 R <<R
> RAMRME ]

# ERAERMIE 2 1A Norton’s equivalent circuit

Target: S xi, _i .....

. R,
lbIISX
R +R,
H b 2 2R R KR 0 B &RAIHA N T AR 6918 46480 )N AT
2 R >>R

> RAIAE |




Discussions R :
FEEHH A THRME D 1A Norton’s equivalent circuit

. ~
Target: i, ———— RN N——O v,
NN
+
v v § rir gmvfr r, g RC
L =—g,V, % 2 "
r,+ R, -
- “|
RO = VO Ro I r—
L ==g,V, % 2

R, +R.
Bk > # 28 EAREAK > BIA L8 E A RKGBIA AT D R >> R,
2> R AMXAMAE |

K BHERAE D {18 A Thevenin’s equivalent circuit

Target: v A M
o  eoeaeaee v,

R, v, § 7, <t> ~A-v, R,

Vo:(——A'Vﬁ)X -

r,+R. 4__|
‘ rR1 ™=

R =1, =

o

v, = (- Aoy, )x e

R, +R.
Bk > 5 24 ERAFAK - B BATA Lo TR IR 09 3B ALAR AR
2 R <<R,

2 R, AR

> RURR ZMEAERITHAN  EBRERTARTERAEHKAFRN -



Common Emitter (CE) Amplifier with R, :
3% DC Analysis &% * T @EE ERIFHIR -

+Vee

R,

C I

) R0
R, B KRB REREZ: R, R, 4,
Wy °_|: A,

Thevenin's equ. ckt ~ p R,

i

{# A T-model %5 #7 s B :
| C
——O—¢—Ov,
]
<¢> o xi, :
Rs lz ib ngbe
Vg —p § R,
£\
W—o— =,
B +
z |
Vs vbe e—
- ) Rout
E R,
R

fB3&: % o (r, > > 2= Early effect)
(B BRRAGILEAA 2R EHBRELE)

2-56



1) #8 TEmRy, s
R =(8+1)-(r,+R;)
HELEALEARS M -

Rt Re) () om,)
i A

Emitter 3%/ A R, T AR HWATA |

3) szizﬁg._f_: Yo ol Y2 —ax Re X R,
v, vV, v, Vv, v, r,+ R, R +R,

total resistance in C

Review: Voltage gain between base and collector  =-«a

R, +1)-(r, + R,
i AVz[““(n+REH{RS(f<ﬁ31()‘<n+z)eE>}
+1)- R,
> ‘*2‘“Rs+((§+1>)-(re+ze£>
Note: #m R, £ voltage gain &K »
BRSO RERE ] € (B+1)(n+R,)>>R
4) R =7
R, > (%k71,)
R, =(R, | Rc)=R:

X
total resistance in E




Common Base (CB) Amplifier:
3% DC Analysis & 25 > 14 BRI -

+Vee

vo
C
= <"|
R out

B
E RUKARBHEZ: R, R, 4,

= £EO 4,
R,

Thevenin's equ. ckt

{# B T-model 7 #7 b E - :
C
*—O—¢—Ov,
]
axi, ! .
& gmvbe ' N
B Bxiy § R,
1 =
+
-, g ll;
- e R()IA!

B3 &% o (r, >0 > B Early effect)
(BB AR R 2R A REFL)
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1) R=r, (&)
2 1475—" —ai, =+a <1
ll —le
3) szv_o_(—axie)ch_ axR.
_vs -1, x(r +Rs) (re+Rs)
EREEZNK
TR S H LRI B E ] 12 voltage gain “critically” depends on R, !!
@) R >
Rout =(Ro ” RC)=

Common Base #: %X A Lilith4: 8 » EX CB SRAERRA L LB RKRE T
RIFH e

i@ % » Common Base % #v
Common Emitter —A¢E A

4v £ B Cascode Amplifier 22
CB
% -
# & amplifier 89375 | ! j
- — CE




Common Collector (CC) Amplifier: ( Emitter Follower)
3% DC Analysis && Tk 124 K MITG 35 ©

KUK AXBREZ: R, R, 4,

Thevenin's equ. ckt

() #ATERRS, s
R=(B+1)-(n+7,lIR)=(B+1)-R, @ (r,>>R, >>r,)

(ﬂ+1)xibxr :’R .
@) 4==-= b= (1)~ (+1) @

Z, v+

o

~.
S)

I
|

~.




914 — Ri x ro ||RL ~ (ﬂ+1)‘RL X ro ||RL
" R+Rr+r IR, R +(B+1R, r,+7,|R,

__ (B+D)x(r1R) -
94“&+w+0h+(nmﬂ L@
(7,

(<1)-(<1) = <1

IR,)
[r.+(r, 1 R,)]

Dor 4, = z

(8+1)

Discussions:
TREZHAIN ] 2E
EREZHLRICOBEN -
TR ZHR #ILhBE ) -
(R, ~T 48 % AT — & amplifier & & rA.H50)
4) #ATERRS, S

R - R R,
R°={(ﬁ+l)+re}”r°~[—~(ﬂ+1)+4 @ >>{(ﬂ+l)+r6}
R, | R i R,
out :[m+re:|”ro IR, ~|:(ﬂ+l)+re]||RL o >>|:(,B+1)+re:|
big R, big R,
MWy ov, cc v,

Vs small R, - R, Vs small R,
v() VS

big R, small R e

ZFRy K R /o

TEAEMEBEER R, ~ R, FREER  IAMBEERAR  XRERARHBEE !
RtFE—EAEHR > LEHROPFIRETRE  MATER  @EErm !

= & A Common Collector amplifier R & 1 4 8 & (buffer) o TR L LB A -

Discussions:
B % common collector B A S8 AFALIL » LA RARE H AL ey 45 M B i@ % A

&y 4 4 (output stage) > 3 4 f 2 (buffer)f A |




Chapter 3 MOS Field-Effect Transistors (MOSFETS)

3.1
3.2
3.3
3.4
3.5
3.6
3.7

3.8

3.9

Device Structure and Physical Operation
Current-Voltage Characteristics
Large-Signal Model (In Saturation Region)
MOS Circuits at DC
Biasing in MOS Amplifier Circuits
Small-Signal Operation and Models
Single-Stage Discrete-Circuit MOS Amplifiers
3.7.1 Common-Source (CS) Amplifier
3.7.2 Common-Gate (CG) Amplifier
3.7.3 Common-Drain (CD) or Source Follower Amplifier
Single-Stage Integrated-Circuit MOS Amplifiers
3.8.1 CS Amplifier with Active Load
3.8.2 CG Amplifier with Active Load
3.8.3 IC Source Follower
Depletion —-Type MOSFET




3.1 Device Structure and Physical Operation

1. MOS (Metal Oxide Semiconductor)

Metal
Si0,
Oxide
i i e O
4 Semiconductor
D (substrate)

2. Concept:

a.I~0, #| A ER &% E3 > % B voltage control - (BJT % current control)
b. Body is always connected to Vss. (5 & & /&) # device PJ 2 &4 pn junction & %

c. Four terminals device ° (BJT is three terminals device)

a o op

Gate (G)

Source (S)

V ~0 Drain (D)

n+

n+

D (substrate)

TBody (B)

3. dwfaTF) A 2L 4 gate BB FE MOS T4 ?

JRE

EHH o REER -

Dy

Hhogate TR > HiwEY AR RBNETFTHITRARE
% R #8 /& (inversion layer) £ & 89 854% » T R LBFBY v, =V, (t: threshold) -
TV 2V B k@A % ni@iE o (induce n-channel)
1¢ A& drift current > & diffusion current - (unipolar)

CREE18)

B3 0 RI|EF -

CGRE &)




4. Summary
a. Voltage control (v,)

b. Unipolar (¥ — 4 F T 4k)

c. 4 drift current » & diffusion current

d R =0=i,=0

e. 45 7L (symmetry device) » source Fv drain R AR ]

f. B4 1 3 (thermal stability) - 7 T= i, |

g. Z 4 n-channel # MOS HBABENMOS Rz » A 4 p-channel & & PMOS

h. Enhancement type (3% 7% %!): MOS & BEFEIN LY gate ER A4 E 4
Depletion type (% 2 #1): MOS # 1k 85 » 3 €48 &1, 418 %

5. % {7 A& V; (threshold voltage)
a. ¥ g, /1,
b. 3¥ #u source #v drain region 897 /& (Np)
c. F#& substrate 69 B BE(Ny) (2% & % 29)

6. MOS dimension
a.L: @@k & (channel length)
b. W: i@ T (channel width)




7. Circuit symbol
a. Enhancement type NMOS

=)
oT
oC

||—
GO 'l( OB GO
o

T
o
=

1

¥ L

(o,
»n O
(o,

b. Enhancement type PMOS

o
-0 \»»
0

p»>——o0B Go

1
TYT
e
o
o}
I
T L

(wle
o
o



3.2 Current-Voltage Characteristics

D
i,=1i
l'G___O ¢+D S
Gv%l O vps
vGS_ ¢:S
S

1. For v <V, Q : cutoff

i,=0

2.For vg >V, and vpg <vge =V, (v, >V,)

w
o

= continuous channel Q : triode region

) (W 1 ,
ip =k, (—L_jli(vcs - Vt)"Ds —Evzzas :l’kn =u,C,

nt| channel | n*

Vvt By BRAE
channelfl, & & -

1
g Vps RN B BRHE _I—_fﬁr,@mgavgs WA
R E AT AL B
. 4
ip =k, (_L—)(VGS -V, )VDs

i v, 8RR

= @ : ohmic region

3.For v >V, and vy > v =V, (vg, <V))

nt n*

\
VDSi"gf’ A
channel ¢ -

= pinched-off channel Q : saturation region

LT

2"\ L v,




4. Channel length modulation
a. FAV, REE T8 TR ER A

b A=) = =2k 2 s R F 0 )

___VDS+VA ~VA

I I

-1
c. TEMHE S, :(aalbj

Vps

Vos=Vas

no offset

V, :Early voltage



3.3 Large-Signal Model (In Saturation Region)

1. Large-Signal Model
a. r, A %k model channel length modulation

ic =0 Ip
Go— — P
1 (W
Vs 5 k, (f](vas -V)y ¥, Vbs




3.4 MOS Circuits at DC
1. BJT and MOS DC analysis
a. BJT

O &B4%a : Vgg=0.7 V (constant voltage drop)

@ #K:Ig~Ic~ I~ and Vg
b. MOSFET

O €4a : I =0 mA (input impedance is infinite)

@ &K Ip-~ Vss~ and Vpg

Vop =3V

Example 1
Design 4% Ip=0.5mA ~ Vp=1V
Given V,=0.7V -~ k, (%j =1 mA/V
Vi— oo (7\. = O)
Fn'j RD=? N IeS:‘7
Sol:
R, = Vor =V _371_ 4 40
I, 0.5

Vo =V,=0-1=-1V<V,=07V
.". pinched-off channel
= Q is in saturation region.

w
(VGS - Vz )2

ID_lk;l'f

2

2

=05 :%XI(VGS -0.7)

=V, =V, —07=1 (-1V R

)

Ve =V, +V,, =07+1=17V
_-1.7-(-3)
05

R, =2.6 kQ

I,=0.5 m4 l
—-OOyy -1y

Ry

V==3V

Ve =V =V =0-17==17V




Example 2
Design 4% Ip=1mA
Given V,=1V - k, (-VLKJ =2mAV* ~ Vi—> 0 (L =0)
FlR=7- sbB§ Vp="?
Sol:

V,,=5V
Vep=0V<V,=1V ”
.. Q is in saturation region.
Iy =2k -7y R
2 I,=1md l
:>1=%><2(VGS—1)2 oV
=V,, =1 V(-IVRA52) —'I 0




Example 3
Design 4% Vp=0.1V
Given V,=0.5V - k;[%j =1mA/V* ~ Vy— o (A = 0)
FIR=7?> 8§ rps="?
Sol:

AN
Vip =V =V, =3-01=29 V>V, =05V
.. Q is in triode region. % R
(W 1
I, zkn(‘ZJIZ(VG _I/t)VD _EVDZS:I

1

:>]D=1x[(3—0.5)x0.1—5(0'1)2} _I 0

=0.25-0.005=0.245 mA

R= = =11.8 kQ
1, 0.2
pe=tos 01 4500
I, 0245

3-10



Example 4

Given V;=1V k,;(—yg-J=o.5mA/V2 “A=0

RGl=5MQ‘RG2=5MQ‘RD=6kQ‘
K58 m (V, .V, V) R&EHR (I; ~ 1,

Sol:

I.=0 mA

10
=——=1 ud
5+5 #
5
5+5

{i3% Q is in saturation region

I =1,

V,=10x——=5V

1. (W
1y =3k 2 |we-r ) -0)
Vo =Vg=Vo=5-1,x6 ---(2)

=1,=1mA or ID:g mA

RS=6kQ.
N ]l N ]2)
Vop =10V
%Rm RD
1, D

If I,=1md V,=1x6=6V>V,=5V (F4)

4
]D =§ mA

8 =gx6=2.67V<(VG —Vt)=5-1=4 V(&)

v, =10—gx6=7.33 v

Check

Vo =V,—V,=5-733=-233 V<V, =1V

.. Q is in saturation region. (R 3% & H &)
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Example 5
Design %1% Q, in saturation region * [p=1mA ~ Vp=3 V(BF Vps=-2 V)
Given V,=-1V~ k, (%}:2%4/1/2 “A=0

FlRp=7~Rgi=? Rs2=? % K Rpyawx="?

Sol:
i V,-0 3-0 i
R,=22-2D_ 34,0 A A
L, 1
1w R
I, ==k, T(VGS -V,) é Gl

2

:>1=%><2><[VGS —(—1)]

=>Ves==2V (H—BF ¢ I

&)

Vo=Ve+Vg=5-2=3V
=

o Ba 2 Choose R; =2 MQ ~ R., =3 MQ
R, 3

% K Romax T Quif TN 4EF & » Ip= 1 mA

The boundary of saturation region and triode region

= Vs | =[Vss V| or Veol =V

:>lVDS|:|—2—(—1)=1 V ‘.'VDMax:4 V :RDMM=?=4 kQ
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Example 6
. (W (W )
Given Q, =0, (match) V=-V,=1V ~ k,| —| =k,|— | =2 md/V" ~
L N L P

Ve =Vp|=% ~ R, =5 kQ

FlEg@v, =0V ~®)v,=3V& > Iy=? Ipp=? vo=?
Sol:

(a)gv, =0 Vx>

v 0y =0, HEBRAH
bk v, =0V
IL =0

Ve|=0<V|=1V

.. @ is in saturation region

1. (W
I, :Ekn[f)(VGS _Vt)2

=1, :%><2><(3—1)2 —4md I, =1,=4mAd

(b)&v, =3V
0,2 V=0V > .. Q, tcutoff> 1,,=0
R-3<V, <0 Vo, 23V >V, =1V

. Qyis in triode region. =1, = k;(%j{(VG —V, W, —%Vﬁs]
BINO, Ve =0 .Q, off.> W I=—1,,

1 1
183% (Ve =V, Wis >>EV;S Bp ,@%EV;S g

Ipy =2x(6=1)x[v,=(=3)] () {]DN =0.588 mA

Ny 9% _ V% - (2) vy =-294 V~-3V

DN — RL 5

Ipp=0md~ I,,=0588 md ~ v,=-294V

Check V,y3=v,—(-3)=-294+3=0.06 V<<V -V, =5V (BEBZXAEHH)
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3.5 Biasing in MOS Amplifier Circuits

The design of MOS DC bias
Design 1# 4% Ip = 0.5 mA
Given V, =1V ~ k;(%jzl mAIV: ~ V, =

Fﬂﬁ R(;jz?‘RG2=?‘RD:?‘RS:?

Sol: +Vpp =15V
2
Choose VD:EVDD=10 14
RGI RD
1
VS:§VDD=5 V I,=05 mAl
g, SV 1571000 ,__ll:Q
I, 0.5
RS:VS_O=§_—0=10 kQ

I 0.5 R, R,
Q is in saturation region

1, (W
1 =3 s -

:>0.5=%><1><(VGS—1)2 SVe=2V or V=0V (R4)

R
Vo=V 4V =5+2=7V ala_ 8

G2

Choose R; =8 MQ ~ R, =7 MQ

% Discussion

a. Choose voltage drop across each of R, ~ V¢ ~ Rg % %VDD

b. Vp =10 7 > Rl#r i 3RIEK A PRA] 2
(O Maximum positive signal swing :

%

Dmax

V=V =V, =15-10=5V
(2 Maximum negative signal swing :

Vo =Vimn =Vo =V =V,)=10-(7-1)=4 ¥

min



c. TAREAEEME
B ERB VXA LSV Bl DR ?

Vs :VDDX$—=7 vV (fixed)

Gl G2
1 2
Iy =—x1x(Vgs =1.5) =M 20455 ma
Ve =T=Ves +Vs =V +I,R,-+(2)

Al =0.455-0.5=—-0.045 mA (9% #43% £)

H b A discrete circuit 16 & & %
a. w1{E power supply b. Gate-drain self-bias

+Vop +Vop
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Current mirror (& 7 4%)

a. 0, =0,

1711=I/t2=]7t
= k;ﬂ:k;zz:k;x

.--.-..--.
>~
o

b. Q, : saturation 'V, =0
c. O, - saturationif Vg, >V, =V,
d. VGSI = VDSI = VGS2 = VGS

and Vg, =V,

1. (W
ID] =IREF =§kn(fj (VGS —Vt)z =+ (1)
1

Voo =V,
I, =1 ==__£El}€__£ﬂl (2)

AV, V,+Vy V,
AIO 10 IO
h. Current source & PMOS 48 7%, ; current sink &g NMOS 8 g, °

g %iﬁ%é@%ﬂj%ﬁﬁ_ r0=




Example

Design 1 4% Iz =100 A
Given V,, =3V ~ 0, =0, "V, =07V ~V,=20 V/um ~ k, =200 pA/V* -
L=1um ~W =10 um

Bl @R=7 rn=2: (D)EBAV, =1V > BIAl, =?

Sol
(@)
1. (W 2 E
I, =—k|— | V.. =V :
D1 ) n(le( GS z) Elloz
—0V
:>100=l><200><&><(VGs—V,)2 )
2 1 I o
I 2
=V, =0316 V
VGS :I/t +VOV
=0.7+0.316=1V
...R=VDD_VGS=3_1:20kQ iOA
1 g 0.1 V45 = constant
V, V,xL
r,,z:—Az ; AVO ¢
02 02
=20><1=200 Q. > v,
0.1
(b)
AV
For :i:“l_zzoo kQ = A, =5 pd
Al y, Al 5,

Bpt V, ¥ hal V o 81, 8B I, =100 pd 3¥ha5 pd
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3.6 Small-Signal Operation and Models

1. Concept of MOS small-signal model
a Aip=ly+i, ip= —;—k;(%)[(%s v, )=V
=iy = s 1 201 02
< s =P 2t -] when v, <<20r55-7)
rewrite i, = %k; [—VLK)[(VGS V.Y +2(Vas =V, v, ]= I, +i,

. (W (W
ld = kn (TJ(VGS - I/t )vgs = gmvgs Where gm = kn [TJ(VGS - I/t)
b. BHMA

iy _ 0ij,

85 avGS Vs =V s

2. Small-signal model

i, =0 i
g d
Go—=— —'>+ =— oD
Ves EmVes %

Vos _Vz)
c. 9 b.9[4o
O g, OC(VGS _Vt)

@ g, <\,

® g, x—
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A Ly = XEm

3. Comparison with MOS and BJT
MOS BIT
gm ID ID <
gp =7~ ﬁ/]\ g, =— éxjg
(VG - Vt )/2 VT
Tin Py >0 8K v, B
ICH/#E | &@f) REHE wAR > R
BAERME |T)=>ml =1 Tt =lIct
Tt =Vl =Ip!
total TT "—‘>]D \L
4.
a. Hybrid- 7 model b. T model
i, =0 i, D
Go__—_>_+ =_— 0D
vgs gmvgs ’:)
S
5. Body effect in small-signal model
i,=0 j
g d
Go—iJr =—o0D
gs gmvgs v, gmbvbs 9
_ vbv
o

S
where y=0.1~0.2
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3.7 Single-Stage Discrete-Circuit MOS Amplifiers

1. Definition

a. Input resistance R, =

Vi
li

. . v,
b. Input resistance with no load R, =-*

g

R, =
. v
c. Voltage gain 4 =%
vi
o . %
d. Open-circuit voltage gain 4, =—*
i R, =0
e. Overall voltage gain G, = —2
V..
sig
— : %
f. Overall open-circuit voltage gain G, =—°
V..
sig RL:CO

. v
g. Output resistance R, =—

l)C

v.vig =

h. Output resistance of amplifier proper R, = v—"

lX

v;=0

R,




3.7.1 Common-Source (CS) Amplifier
1. Conventional CS amplifier

Rsig \2 Co =
Vsig % R;
Rin

U Bt

D
OV
+
VgS g m vgs ¥, R DW R L
- S
r— hr—yd Rout hr—d

a. R, =R, =R,
- (” o[ Rp “RL ) total resistance in drain
b. 4 =—2%=- R IR, |I= —
Y En (r” olRe ) g, total resistance in source
Avo = Av R, = = _gm(ro RD)




\ R
G, =—+=-"x—"=—g (r|R,[|R G
‘ ’ vsig Vz g vstg gm (ro P || ‘ )Rsig + RG
— - RG
Gvo "‘Gv R, = - gm(o D)Rsig +RG

2. CS amplifier with source degeneration (R, )

U En it



R, R,
r— Rout':
ro
a. R, =R, =R;
v “EmVygs (RD ”RL ) \ 1 R, ||RL
A =—"= & = =
b A= v, R Tvg, R, Vg, +R,
1
A, =4
vo VIR, =0 Enlip 1+ mRS
— Yo Z_Y_o_ [ S \| 1 RG
¢ Gv - vszg vi xvstg gm( D" L/1+ mRS XRsig +RG
1 R
=G - G
Cro = Ol = ~8nfo ngwa-+RG

d E@mehdES > By, MR EERIEE K BPARLKE

3. CS amplifier with negative feedback (R,;)

+Vpp




oY
% RD RL
— Rout —
Uohamse g i1t

D
OV,
&nVes % 7, % RD<_‘ R,
—_ e R

out e

Given V; =15V - k;(%)=0.25 mA/V? V,=50 V(A=0.02 V)

R,=10 kQ ~ R, =10 kQ ~ R, =10 MQ ~ V,, =15 V

Bl Rn=2>Rou=7~4,=7
Sol

1. DC analysis
Voo =0<V, .. Q isin saturation region

2 L
VGS:VDSZVDD“'IDRD VGS=15_IDX1O (2)

1. . (w 1
- ID=—kn(—)(VGS—V,)2 - ID=5x0.25x(VGS—1.5)2---(1)

I, =1.06 mA
T\ =44V

2. AC analysis
(W
g, =k, (f)(VG ~V,)=0.725 mA/V

v v, R,  R;
" I; (vi_vo)/RG l_vo/vi 1-4

(Miller’s theorem)




4,= ‘:,_ o Enle (: %olR). ¢, |Ro|R,)=-3.3 /¥
R =R _533 M
iy

R, =1|Ry|R, =824 kQ

= Re #R.

3. £LER T 0 R, =R, in
1+gm }"0 RD

R, =

RO = Rout

=R

Rg;g=0

=0

out * sig

4,
a. Unilateral : 34 AR 28 g 2 &
b. Non-unilateral @ &y A\3% % & 3k % & - 3 A A internal feedback



3.7.2 Common-Gate (CG) Amplifier

U gt



G, =G,

vo

R, = = ngD

1+ ngsig

d' Raut = Ro = RD
b SRy AEHNENTEEIET KR BPAR AR

[¢]



3.7.3 Common-Drain (CD) or Source Follower Amplifier

+Vop

R, v, Cey =0
0
vsig RG
— 3 I
Rin

b’ RL
R

(27 Sr—a

U it







3.8 Single-Stage Integrated-Circuit MOS Amplifiers

1. Property
a. £ J& r, #v body effect

b. %A EXEHAME E R - (Active load)

2. Three basic amplifier configuration

a. Common-source amplifier (CS)

+Vpp

¢. Common-drain amplifier (CD) or source follower

+Vp



3.8.1 CS Amplifier with Active Load
+ Vo

)

7"02)

R
b. 4 =&)_=—gml(rol

A=A, . ==g.r,
¢. G, =4,=—g, ()

G, =G|, . =~gus
d. Ry, =R, =(r]r,)

© Ilpge =1p =1p,

if I T fordiscrete circuit A, ~-g, R, T g, oI,

forIC 4, ~-g,r, 4 g, oI ~rooc1'1:>Av°C/
D D \/E




l'DA

OVos =Voma =Vb _(vSGZ _thpl) if vo>Vop =0, : triode

1. Input and output voltage range
a. Output characteristic curve

AV, =V,

wY—v, =V,

— load curve

=

v, <V,

Vo

OVop =Vomin =V —Viy  if Vo <Vpu, = 0O * triode
b. Voltage transfer characteristic
v il
A1 Ny IV
VOA 1 i
Vog === ;’:
—T H > v,
VIA I/IB
v, $tE MOS # #&
RegionI | v, <V O, : cutoff
Q, - triode
RegionIl | V,, <v, <V, Q, - saturation
0, : triode
RegionIIl | V,, <v, <V Q, - saturation
Q, : saturation
Region IV | V; <v, Q, : triode
Q, : saturation




2. Example 1
Given V, =[V,|=0.6 V ~ k, = u,C,, =200 pd/V* ~k,=pu,C, =65 pd/V’

O, 0, L=04um W=4um-V,, =20V ~

V=10V

RlA =2V, =2~Vp=2-Vy, =2~V =7~
large-signal voltage gain = ?
Sol
3% O, ~ O, are in saturation region

AV =—gml(r01 roz)
= Vax ~ 20 _ 500 k0
Fpp = Ve~ 10 _100 402
Trgr 0.1
= Av =_gml(rol 702)2—42 V/V

Vos =Vop — (VSG3 - |VtP|)= Voo =Vors

1. (W V.
= Lper = _kp(_) (VOV3 )2(1+VLD3‘J
3

2 L P

1 4 V,,+0.6
=0.1= 565(BZJ(VOV3 )2 (1 + _Oﬂlo*—j Vips =Vsgs =Voys +0.6

T4V, 053V
= Vs =Vops +|Vp| = 064053 = 1.13 = ¥,

Vor =Voo = Vs = Virl) = Voo =Vors =3-053=2.47 ¥

X1, =1,, HBfregionlll 8 Q, - Q, are in saturation region

LotV —y oyl 1ePos |2 L (W i P g Ko
:>2kn(le(v1 VtN) (H—V J ka(sz(VSG2 |VrP|) [1+IVAP|}

AN




= L1002, —0.67[ 1422 =165(i (1.13 -
2 104 2 104

20
1-0.0
= 8.55x (v, —0.6) == 208xvo
1+0.05xv,
855(sy 06 =1-013xv, -+ L7008x%
1+0.05xv,

= v, =7.69-65.77x(v, —0.6)’
£ AZEOYEE v, =V, =247V

=V,=088V
ZBEWEE V=V, —Vy=V,;-06

=V, =093V V¥, =033V

Large-signal voltage gain
Av, 0.33-2.47
Av, 0.93-0.88

1

= KMIEEY I B Fo N IR B A QB E o

=828 V¥V

0.6)2(1 + 33&)
10

~1-0.13xv,




3.8.2 CG Amplifier with Active Load

G D
-QV
L= ’
gs 2 R,
R S
V; T
BO
vsig [ -
r,+R,
a m =
1+(gm +gmb)ro
R, =R, R=o

b. A '—‘&‘:&‘:RLX[(gm+gmb)ro+1]_AvoX RL

’ i Rin ro +RL 7"0 +RL
Avo =(gm +gmb)ro +1
c. G, Yo o R _ » R,
Vg Rs +R, R, +r,+ A4, Ry
Gvo = Gv R, =0 = Vo

d' Rout =RS +ro +(gm +gmb)RSro :ro +[1+(gm +gmb)ro]‘RS =ro +AVRS

e. 45 R, /NR, K = 4 current buffer

3-35




3.8.3 IC Source Follower

v, O
Rin
G D
o—o—
+ +
Vi vgs gmvgs gmb vbs ro
S
vbs
+ Yo

a. R, =R =00
b A =Ye— ngL, R -<1  where R, =R,|lr, L
vi 1+ ngL l/gm +RL mb
A, =4 =— Sl o & 1 g5 09

B 14(g, + 8y &m T &m 14X
X
c. G, =4, =—2n"L_

"l+g,R,
Gvo:Avoz gm = 1
gnt8&m 1+
d' Rout:Ro=( 1 jroz 1 1
gm +gmb

gm +gmb - gm(1+Z)

e. #MH R, K R, /)= 7§ voltage buffer



3.9 Depletion —Type MOSFET

LR L NMOS A 1]
© enhancemant type Rt i@ V>0

Vos <V, , cuttoff i, =ig =0

_I Vog >V, , Q conducting

—>I (a) triode: Vg <V =V, (Vop > V,)

_ . 1

A [Ra A

(b) saturation: V3 2V =V, (Ve <V,)
N Y
) :Ekn (%)(VGS _I/t)z

© depletion type & A @il V <0
B V,=-4V

_I

Vos <V, cuttoff , i, =iz =0
Ve >V, , O conducting
—I (a) triode: Vg < Vs =V, =V +|V,|
, , 1
ip =k, (%j[(VG —Vt)VD _E(VGS _Vt)2:|
(b) saturation: V,3 2V -V,

. 1.
Ip :Ekn [%j(VGS _Vt)2

] enhancemant type R, » 2 £EX &V, <0

Vge= OV

” VDS




I PMOS |

NMOS enhancemance enhancement % .
type depletion type
depletion type A Ipss type Ipss
V; I \/ Ves \/ Vi Ves

© TEHERKREME ?

V 1 gm
4,=—2>=—gm (” 175, I J=“ l
Vi A gmb, gmb,



Chapter 4 Operational Amplifiers (Op-Amps)

4.1 The Ideal Op-Amp

4.2 The Inverting Configuration

4.3 The Noninverting Configuration
4.4 Difference Amplifiers

4.5 DC Imperfection

4.6 Integrators and Differentiators



4.1 The Ideal Op-Amp

1. Circuit symbol and terminals

+V,
CC1Q___\

:||:|||_l 1

a. Terminal 1: inverting input terminal
b. Terminal 2: noninverting input terminal
c. Terminal 3: output terminal

d. Terminal 4(5): positive (negative) power supply terminal

2. Differential signal and common-mode signal:
a. v, =v,—v, differential input signal

1 . .
b. v, = E(VI +v,) common-mode input signal

v, =V = Via
Vid 2 1 Vi = Viem 2
C. 1 ( 4 ) = v
V. =—\V \% ;
fem 2 ' v2 = vicm + “
2




Ideal op-amp:

a. Input impedance = o =R, =
b. Output impedance = 0 =R, =0
c. Open loop gain = o = A4,=0

d. Common-mode gain=0 = 4, =0 (infinite common-mode rejection)

e. Bandwidth = «©



4.2 The Inverting Configuration

1. Ideal op-amp

. v R
a. voltage gain G=-%2=-—2%
v, |

v2—v1=:1—0:0 (vA,=0) =v,=v, (EHsEK)

Vi
i=-L=j
1 R 2
7 vl vo R2 . .
Vo =—h,R, = _E_Rz =>—= "R (inverting)
1 v] 1
b. R, =R,
c. R, =0
d.
-O
+ +
R
Vi Ri = Rl - —]—QAVI Vo
1
2. Finite 4,

i

a. voltage gain G = Yo _ _ RRI
vV, 1+(1+ %)/Ad
1




Vo =—hLR, +v, - (1)
V=R +v, - (2) R%
PO T e |
ll_lz—v ( Vi 1+(1+R/)/A
V1=—0 - (4) R, a
4,
b. R, =R+ R,
A4,+1
3. T-network

&
+
vy
a. voltage gain GEV—O-_—_&(H_ 4 +&]
vl Rl 2 R3
v
® =L
1 Rl
@ lzzilzv—l
1
R
@ x 242 Rl I
0-v R
@ i3_ x 2 ;
R3 R1R3
R
® iy=i+i,=-"L+—2
) o 1 R1R3 !
® v,=v, —i,R,



b.

Design {£4% R, =1 MQ, G=-100

Given & R<1 MQ

Sol:

R =R =1 MQ

Let R, =R, =1 MO

1 1 1

Bl G=-100=—|1+-+—| =R, =102 kQ
1 1 R

3

4. Application
a. Weighted summer




b. Weighted summer with weighting factors of both signs
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4.3 The Noninverting Configuration

1. Ideal op-amp

a. voltage gain G = Yo _ 1+ &

v, R1

. -V

v —v =A_0=0 (vA,=0) =vi=vi=v, (E#HER)

.V
L, =—=1
1 Rl 2
i 2 Vo Rz . .
Vo=V, +iLR, =v,+—*v, =-%=1+—  (noninverting)
1 v[ Rl
b. R =
c. R =
d.
O
+ +
Vi R; =0 [1+ Zjv, Vo
— 1 _
2. Finite 4,
1+R%
a. voltage gain G=—2=— = 1
Vi 1+(1+ le)/Ad
b. R, =




3. Unit gain buffer

a. A;=0 =v,=v,
A,

b. Finite 4 =y, =—49 y F -2=
¢ °T 4 +1 " Ty, 14 1

4. Negative impedance converter



弘晟資料複印行


4.4 Difference Amplifiers

VO

R, l
WA
Ro——WA % +
R3
R4

1. Use superposition

a. Differential voltage gain

R, R, R +R,
Vo = _F"n + R Via
1 3+ R, R,

Lot Roo| R JRR R _R & R=R, R =R,
R \(R+R | R R,

e

then v, = %‘(Vn —vpy)

i
YW +
Viem R,
%R‘t




b. Common-mode gain

S 1—&&\)
° R,+R, R R, )™

=~

Let BB LY g oy o
R, 4 Viem

c. Ry=R #R,=R,+R, (SAMEHF—#)
d. R,=2R, (R =R,

m»‘

2. Instrumentation amplifier

v, O +

—W\ R,
R

_|_

V2O

c. %f‘é&@%vkmﬁk[H%—J B 5 hERESBMf o = CMRRI

1
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3. Improved instrumentation amplifier design

Vi (o +

A r

C. v =V, =V, HAHEERMRBR > FE—BHEFRKKRY,, » #E5Fv,=0
= CMRR —
d. THRKER &~ HEEBEEES



4.5 DC Imperfection

1. Definition
a. Output offset voltage: & # A2 BT > AR TR o

b. Input offset voltage (V,s): & #3# H BRE % 0 & 542 - WA E R £ B8
fBEaMER -

Actual op-amp

c. Input offset voltage drift = AAV;S

d. Offset-nulling terminal:

+ Ve

Op-amp

- VEE

e. Input offset current (/,5): I, = Iy —1

B2 vo=0

f. Input offset current drift = Al

4-13
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2. Input offset current &% %8

“I‘&&]Rz - IB2R3

b. v, :(131_

1

If I,,=0 = I, =1I,,=1I, :VO:JB[RZ—R{H%H

1

When R,=R||R, =v,=0



c.If I,4#0

1
Let I, = E(IB1 +1,,)

I I
=1y =1 +_;S" Ig, =1, _%

Rl vo=1p Ry #0 (v, =1y R, RV, =1 R)
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4.6 Integrators and Differentiators

1. Integrators

R

v, O W

—
I
-
I
L
1

-G [ vi(t)at

b. RC = integrator time constant

a. v, (t)=-Ve

c. Input offset effect
(O Input offset voltage
Z 00
A=—"F=——=-0 (v, M&tafe
Z, R ( 0] <l efn)

@ Input offset current

32 C
|L
I
R 1
-i—'_ \%/‘ 71;‘- Vo
_J_ \W —>+

B

N

I
vo(t)=—I,,R+ %t
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d. Solution
Ry
%
C
¢ | ¢
W
,. —_
4:— R Yo
C wWW +

R
:>v0=VOS(1+—Rf—j+IOS-RF GER A A B)

2. Differentiators

R
WA

.

a. v, =—RC- 2

b. 8% f 1= 4, :——OR——)—oo
# @K K S FEH) noise © 3 EAAv o (noise magnifier)

4-17
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c. Solution

R
]
vio—WA 1| -
Vo
I
HERGHERD - GPRRHEHB)
1
3. Analog computation
2
i—;+Klﬂ+K2v—vl =0
dt dt
Initial condition /]
1"
d*v ¢ v &
d—gz ARN‘ '_—_I|>|_-__n;17 ARIM _—||>I__— )4 -Kyv—-K —+v
2 1 1
R
R, W
R "|>""°
R W R
—WAH =W
R Kl"d?_vl
vo—" — WM
where —=1, i€—=K1, —Ig—sz
Rl R2
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