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Local Linearization (small signals only)

ELECTRONIC CIRCUIT
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Electronic Components
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Electrical Components

Independent sources

Dependent sources
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®
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ELECTRIC CIRCUITS
ANALYSIS
Superposition Principle DC %
Ohm's Low, KVL, KCL |
»| Voltage Divider > i
Current Divider ACILF } |
Thevenin Theorem \\ =
Norton's Theorem AC/HF | g
BodePlots N | »
Phasor Diagram §
I =)
Miller's Theorem DC Bias Point 5
E
SPICE DC Swep 8
Simulation Program with AC Sweep
» Integrated Circuit >
Emphasis Transient
OrCAD 9.1 Parametric Sweep
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Physical Models
(nonlinear)
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Small signal equivalent electric circuits

(linear)
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Output Stage and Negative feedback
Power Amplifiers Amplifiers
Oscillators
(positive feedback)

Bias Methods:

Discrete Circuits
Integrated Circuits

Bias Stability

Basic Single-Transistor
Configurations

1. Common Emitter

2. Common Collector
(Emitter Follower)

3. Common Base

1. Common Source

2. Common Drain
(Source Follower)

3. Common Gate

Basic Double-Transistor
Configurations

1. Current Mirror

2. Darlington Configurations
4. Cascode Configuration

5. Differential Amplifier

6. Dynamic Load

d

Frequency Analysis:

LF
(coupling and bypass
capacitors)

HF
(parasitic capacitances and
ohmic resistances)
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Sin ) S Sout
— Lcll_wa_r - A Large signal
ircuit H output
Operating point
Soth Q/
Small signal
output
_ U
Static gain —
—_=
Sia <> o Sin
= Small signal input
—
[=——
\_:——:" Large signal input
\ t
DINOPI-HOIN NN
Sin : Sout Sout
Nonlinear A )
Circuit Large signal
output
Operating point
\Q,. /
outQ .
/ Small signal
/- output U
Static gain — - Dynamic
gain
Q- e .
- Sina <§ o Sin
= Small signal input
[ ———
:: Large signal input
\N
Small signal gain (dynamic gain)
Suut Vout iout Vout iout
Sin Vin iin iin Vin
S ’ A V AI Vm gm
ou . . .
S voltage gain current gain mutual resistance mutual conductance
m NHN 923N 9% 92)n DTD MHTIINN 0110 MM
voltage amplifier current amplifier trance-resistance trance-conductance
Name amplifier amplifier
NN 921 9% 92 MINN 92Mm MM 921
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Electronic Circuit
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Power Supply
Electronic Circuit
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The only connection between the circuits

Circuit A Circuit B (linear)
C
\
MW \
\ \
- <> <§ :
} v }
D?* ‘
\
S J

Rin = 7

Circuit A Circuit B (linear)

C

Test Sources

It o Vt

Circuit A Circuit B (linear)
VN
7 MW \
} Rin VThevenin }
\ \
\ \
\ \
\ \
\
It ‘
S J

Circuit B (linear)

Circuit A with no independent sources
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The only connection between the circuits

@ Circuit C (linear) Circuit D
r"""""""""""T
} AW~ }
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} Y }
|
[ 777777777777777777777777 —
R=7?
@ Circuit C (linear) Circuit D
C T 1 -
i S
| - |
} Y }
|
S *jj
R=?
Test Sources
@ Circuit C (linear)
}f 7777777777777777777777777
| —MAN\—
} v, | — it it
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} e
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@ Circuit C (linear) Circuit D
7777777777777777777777777 :
Thevenin Ro

Circuit C (linear)
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Large Signal Circuit

79y MIN) 9230 &Y de MmN

AA

9231 ac N de X
("MOP” MIN) DIND INY

1

1
ID :*(VAA _VD) = _E(VD _VAA)

R

gp=lry=ip/vp

b
Dynamic Conductivity
Operating (dynamic resistance)
Point /
\ Vil Load Line
N Q/
Ing . > 4
t \\\‘xf y i \‘\
is “ -
Smal Signal P A TN e
= 7 ‘ 7 N >V
/ /V, Voo ¢ | ?
G=1/Ry,=1,/V, Yo 1
Static Conductivity v/ t v/ t
static resistance b in
( ) Smal Signal Smal Signal
Approximate
Large Signal Circuit
// Vy
’ 1% ; v,
i g = io _dlp _dlps(e” D]
v dv, dv,
Voo* Vo D D D
Ideal Diode VD
Vm@ A :IDsenT—IDS+[DS:IDQ+IDS‘ :IDQ
%
’ VT VT Ipo>>1 s VT
% K

Approximate From the point of view of small signals, the

above circuit is a linear one (they do not see
the only nonlinear component - the ideal
diode), hence we can build the small-signal
equivalent circuit by using the superposition
rule.

Small Signal Circuit
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nEtan VR IF A IR A

o

msnnm V)
—_— / Depletion region
MonnH NIV

n

o
++++

Ip=1Ips™" 1)

Aps = f(Si, Ge, ..., A, Ty mmnon—1Ip <

T NNVINVI NPNDN NTIT NIY WP 5T YA NN Ipg
. Genay 100 pA -1 (x2/10°C) SiMay 0.1 pA :5v 5T 700 NN Ipg

A 1o S TPNN NLYD W DN XM I

(Ipl) 22n=21 (Ip?1);n=AGe, Si, Ip) the emission coefficient ,nv>oan o1pn (Eta) — 7 <

:(the thermal voltage) »»nn nnnpn -V <«

g=1610"C V)
T=273+°C
k =138107 J/KK

V=26 mV @ ~300 K (25-30°C)

I b Ip 4 // h
/\ nv;
/ [D = ID 5€
iy
Ins Ip=1Ip,("" -1
Yo Vo
777777777777777777777 ~Ips
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(PYOIND DY NNVIMNL NYAYN) NTIT DY NNN-DIT PN

Si
/D’ A 15=0.1 pA
- 0.001 o 100°C
V=26 mv Ge, 20°c |
T Is=100 pA |
0.0008 |- | 20°C
I |
,,,,,, I
I
0.0006 F
[
0.0004 + ID1 /I
I
]
0.0002 | /
/ VD2 VD1
IDS // B
I . o s vy
. . . . 5,
x2/10°C ~-2.5mV/1°C = f(V)
( C= LY AT 91D HY 12110 : 29 1Y ) NTPTN DY HOVIIIY P
d -1 oy
C E&ZC-“+C': D+ Jj0
P =gy, Ty, m
D nvr (1-Vp/V,)
R S |
Cir C/
<

N TN 0P — Cuy

. Alp oc AQuir y AQ iy, TP TA 12080 WONRN MPY o€ Cyypr

VNN WO OIRYD GV OV YN OPNTIN— T

.(the mean life time for excess minority carriers)
. MONNHN NAVYO YN Wonn v o C; Imsnp - G

Vp=0mmynmsnnp - G

V=075V nmsnnnn— ¥,

.m <0.5> 0.2 (grading coefficient) no>no0 0TPN—  m

:SPICE -2 C;,nmsn 51200 noyn

Cj A
Extrapolation
Cjo
——————/ FC-is a SPICE
parameter \
oV FC v, A
~0.5V ~0.75V

(PIOINN DY NNVINNL NYAVN) NTIT DY NNN-DIT PN
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gp=lrp=ip/vpy
Dynamic conductivity
(dynamic resistance)

Operating point /

DQ

G=1/R,=1,/V,

Static conductivity
(static resistance)

v
‘DV

TIAYN NTIPI2 MO NTPT N OY PNRT NNMNNY OINI

V
1 g o L' —Ips+Ips _Ipo+ips Ipg
—=gp =— = = ~
rp qu:l VT VT VT
V.
I”Dz r
IDQ
_L_aIDNMD
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/ A
D
Al ) oAl
I Q
Al oA, |
v, A
%/_H_J
—AVD +AVD
Vpo+AV Vo
% v, d/p
IDs(e r —1)—1Ds(e r —1)—7(11/ AV
Al D VDZVDQ
Alp —Alp _ Al
B Voo +AV v,
Alp V=V, —V=Vy+AV % %
Ipse '™ —=D=Ips(e’™ =1)
AID
Voo AV Voo AV
V. v . AV
IDSe VT (e VT —1)—1Dse VT e VT _1_71/
_ T _ r <5%
Voo AV AV
v,
Ipse ™ ("7 -1 N
—<0.1
VT
Vpo—AV Voo iy
v, v, D
Ipg(e "7 —D-Ipg(e’” _1)_V (=AV)
Al D VDZVDQ
Alp —Alj B Al
N Voo—AV 1%
Alp V=V, —>V=V,-AV % %
Ips(e 7 —D)—Ipg(e'™ —1)
AID
V[)Q AV V[)Q AV
V. AV AV
Ipge e " -1)—-Ipge Vr et 1420
Vr Vr
= = <=5.1%
Yog AV -7
v
Ipge Vi (e Vr -1 e T -1 Ay
—<0.1
VT
Al — Al Al — Al Al — Al
D~AD| =D~ D 42D 7D <-0.2%
Alp V=Vy=AV V=V, +AV Alp +AV =1 Alp —AV =1



19
197 BY YIVININ 9IIVPON DIyn

NN 2vNY 09790 de -N DININN BN DN : NINRY

(.M MTY TN 93 5W 0ININRY NN Opd Vs, Ips) - Opa(Vipa, Ip2) RISND ¥)




20
BJT 970021390 0y 903199N 1990PHN Dayn

BJT 79005190 0y 90309X 90PN I 3

,,,,,,,,,,,,,

N0 OINNA BJT 70051905 nnn Svn 3.1

BJT 9900°0900 Yv Aay»mnn 3.1.1

N¥IM PINN BIT 1007170 Do

C A C I
Forward-active Ve
region l \
Saturation ‘ Ip=41 Iy
regio n Ebers Moll Model s B VCE
I5=31 l
7777777 VBE
Ig=21 E I

- A
/ ’ I,=0
} == == >

*VA\ Ve
Cutoff

Early voltage ~100 V region

.
Reverse-active 4!%
region
BC 1o ow asn BE n1v1n Yw asn onn
1991 N 1991 INIIIN
n9°9m n9°9m 199990
(ARLPAIAR P (ARLPAIAR P NYLPN
N9 N9M N 790N




21

BJT 970021390 0y 903199N 1990PHN Dayn

3.1.2

NOOINNHION NIPNIN

BJT

="y g=°
:uonewixo.iddy
juiod bnesado

o)

1
NGl TIRN NG Cd — S~ NGl TR NG« TRTT
@1 P =1 sonsuayoeseys indino @417 - sopsueyoeseys indu; (P4 1)1 sonsiisyoriey) Jajsue] (@32 (B 14D\ 21 apyseyorIRY D JojSuRL]




22

BJT 99005190 0y 290M5N "NI0PONR Divn

npn Mo BJT 7001909 sHprvra b mn

Real transistor

C
aple Py LIR
I(1-ay) v
i agly § r, =)
IF(’I-aF) L L +
-
, T Veea
£
f(Vee)
E

IE :IF+aR-IR

VEE

Ip =Igs(e™ -1

P —
VeerVeeo Voeo Vee<Veeo
n p PERY n
aglg Ig
f(Vee) - -
EL Gl O -
I aele
BE junction BC junction

Ideal transistor
(no Early effect)

Real transistor

IC :IR+C(F'[R

Vac

Ig =1Ics(e™ =1

3.1.3

314

(N TIR MO D19V HW) Ebers-Moll Y1
¢
/
IRL by e
1(1-ap) — I5(1-ag)
agly §
/FL v v
Model Ebers-Moll T
(for ideal transistor) E’
‘N f(Vee)
E



23

BJT 970021390 0y 903199N 1990PHN Dayn

(the Early effect or base narrowing) *59x nyayn  3.1.5

Concentration of electrons, n, JDMVPYHN 11O

Emitter (n) Base (p) Collector (n)
e o e e \
[SEECINCINC] O ~lq
lg eol|e >
e o o o N VCB
e o 6 0 5 e 6>
9 6 00 0 0 6 0
N
EB depletion Effective BC depletion
region base width region
\v v v IB S/
W /‘ V=0V ///
[/ V=315V
e e e o |\ ////
o000 R\ - !
f \ Ic +AIC _ | /&
E e o O - BQ /
—* oo ||le \ V'™V Vee=0.4V
© e e o ERCEN
o o0 6 0 © © of\
! »
. o ' . BE Ve
Potential variation through the transistor
VB A 4
Vo’VBE
vt Vo
BE
/
VCB
Effective
base width
Metallurgical
base width




24
BJT 970021390 0y 903199N 1990PHN Dayn

Ig>>1g 993 591) MINA NVOINIVY NN YN 3.1.6

C
aplg=plg
1(1-c)
g
Veea
N AVee)
E

Ic=Ig+aplp
=lp+ap(Ug—arlg)
=Ig+ap(Upg+Ic—agly)
=lp+taplptaplc—apagly
=aplg+taplc+(-apag)lp

1
Ic = ar Ip+ (I—apag)lp
l—aF l—aF

ar [B+1—aF+aF
1—0!F 1—0!F

= ar IB+ 1+ ar (1—0!F0!R)IR
1—CZF I—CCF

(I—apap)lp

a
Ic=plg+(1+p)(I-arap)ly; f=—"1—
>>1 <1 l_aF

IC|1R<<13 zﬂ[B

Ve
Ip=Igg(@"" 1) Ic=aplg=ply Iz="L1I,

B
ar Ic
Pp=———cf=—=v000n 0NN -F <
l—aF [B
B Ic ~
ar ap =—:>0VYn emitter-collector 01N DN — ar 4

T T,



25
BJT 99005190 0y 290M5N "NI0PONR Divn

(T 91) Ig>>1R M2y Y0P MR NVOIIVY AN DY 3.1.7

, DNV DMINYD 59225572 DPINIPI-NIN DDIN YD NN PONNY 1NN JOP MIX MY
TI2YN NTIPIA MW INMN Y]

Bl hyig

v
7 —
re Veea § re Veea
Ve ‘N Prevee
E E

MmNy I vovn 3.1.8

(1+k)R (1+1/k)R

ki I ki ki ki

—» Linear - —» Linear -

Circuit — Circuit

R
DINYHOHNRYN DIYN YW NDON NN NN TTIAD IWIND ID0 LIYN
,,,,,,,,,,,,,,,,, I=k1 I=k1
- -
I \ I v
;, >k / L Vo _ e <>Lk / __VD
V=(I+kI)R R V=(1+K)RI (14K)R §

(1+1/K)R

w ¢kl il ikl

: (14+K)R
. R T (1+1/K)R
L 1
LY_/%/—/
A ~ k.
14k 1 k 1+k
| S



26
BJT 7005190 0y 5005X 10PN Sayn

(7727 919) Ig>>1g MY Y0P MNA NVOINIVY NN DY 3.1.9

T 57m " 9N
. C
g ¢“
'y
hfe iB
+ 9nVeE
o,
A B2 g
r —-
grE § o |::> B
e hi=re(1+hy,)
h_ v
vBE i re’CE Vee hreVCE Vee

E L E

re(1+1/he)=0 oy " 777 5110 (1,,<0.001) h,.=0 oy 7 77 51N

E 2 =, <
-
Bo— c B c
hyig heig
hfe:re(1 +hfe) 9mVee 9nVee
rD ::> rD
VBE Provee Vee VBE ° Vee



BJT 79005%90 0¥ 590315X 90PN 99

CE 1512 909090 v o29vn9a-h 3.1.10
O MTINN - h;,, 4

RN Ealalalninbia ER/NANE |

Svonn-h, <

<

NPT MM — Ay ,CE S 100010 YT — 1= 1/h,,

0901299~/ Y NVNNN MYNPYN

NO0N N1dY THONN NNNN 2N DTN 72N N3N MO
_VBE _VBE _lc _lc
hie_ i hre_v hfe_l._ hoe_v
B 1y, =0 CElj, =0 Bly,, =0 CEl;, =0
Vr VatVee
hje = (hfe +Drp = (hfe +1)I_ hye =0 hfe ~p 1he = I—
E C

09991999-h HY NYIPI MYNYN

hre hoe
- NI PN
Earltheffect Early effect
IB A [
V=0V K
L1
P /1 Vee=3-15V

CE

hfe'
; B
T hfe :i

Q™

.D»WYYNN DIWNN DNVP D Y ON A, -) 1/h,, ,RONN DIN-D712N HTIN Y 29 1w

JI9IN NYMN NN PNIAVN NNPD W NPNTH INY NN A, Y 1A, DX 2WND 71D



28
BJT 79005%90 0¥ 590315X 90PN 99

SIVNIN-DI0 NINPT MTINN = 1 4

T
rEz = = ~— rE E}"D
ig | _ Ver Ip+Igg Ig’ o
n=1 v =
Igsle’™ —1 <IPAlf o1,

V;

N

Ig

Tes™>Tes

: (transconductance gain, mutual conductance) (M9 9230) MTINI MIPOM = g,, <

5[C ic .
Em ET = = 8mVBE =1IC
BE |y, =const VBE Vep=0
. ic vpe _ Ic
hpipg =hp———==——Vpp = g,VpE
hf. vgg  VBE
— ——
=i, =&n
Ve ) m VAP
h.
A 1e, " 1
j di e T 1 1 1
& = 'c = c = fe = fe = r— r—, ngC[COC[E
VBE dVBE 6VBE hfe +1 g ST hossl g
fe
iR 1Y)
&m * 8BE> Em =~ &BE




29

BJT 99005190 0y 290M5N "NI0PONR Divn

BJT 970021390 0¥ 90PN »90319N ayns ju7 MmN 19990 2Hvn

A
— Vee
Vero+ Vee
Vaeot Vin
T 957 "7 971N
Q C y
o
h, i p i i
e 'B B c
¢ 9nVee § r B
o .
iB § RC iis hfe g
s B ImVee .
o h o
VCE in N e v
in % rE BE CE
VBE E
L E 1 1

3.2

R, R,y A;y A, DN AYNY NN 119990 NIVNN

DMON IWN

- (NTIAYN NTIPI) D1VVD DMIVHNIN (N

[(DVNI93-A) DMNIT OMIVNI (2

Vin YOPN MIND NPN NN 0N v 01, Veg) 239010 SW NT2yn NTIPI NN RINNY 1 (N

Iyo
—>

y ﬁ Q

BEQ

BEQ

kel gR,

-— Vo

VEEQ

) Ip=Ig(e™r -1

2) Ic=aplp =

B
1+p

3) Vg =Vee —Relc

Ig

CEQ

YT N Vg Y Ic DX avn



30
BJT 79005%90 0¥ 590315X 90PN 99

DOND PYTAD WY D»NYTN DIVNINN NN NNONN DIV
.(Vge= 0.7V, Vzc=0) 99910 DINN XD NMODIIION

O MIN DTN INN PONNY IWIN ,27¥97 DINND KNI NOUDIIVNY ININI
:(D»VVLON MMPNRN) DITHN MINN MNPN NN VIR, 7777 W 1TV

N 260
[E Ic/af [C
a,~ V,=26mV
I.=1mA
L
Em f ry
Vo _ —&mVBE(o||Rc) (75| Rc)
) Avs—f’=%=—gm(rollfec)=—a,-L
Vin VBE g
~_g. R _Rc
V|r ssR. Y TCf ~
o c rg hfe>>1 g
:>af—>1
p
—hyi 0
i, feBro+RC 7, 1
2) 4i=—"*= : ==hg ==hg
i ig r, +Re 1+Rc /7,

Al'|ru >R ~hge

3) Riy=hig=rg(l+hg)
4) R=o

Ryp =dr, =1,

R =Ry =1,|Rc

R ~RC

7,>>R.

(a



31
BJT 79005%90 0¥ 590315X 90PN 99

BJT 90051590 1% 05909199 -7 NN 33

MINY NN MNaY 029099 -/ NWIVN  3.3.1

— } h,, I - 1 2
‘ ‘ — -—
T T
T } h12V2 h21l1 } T
| | ? Two-port ?
v, } § 1/hy, } v, v, Network v,
| | |
‘ } i ‘ O—— oM ——-oO
| |
{Vl } _ {hn h w }
I, hyy oy ||V
Vi 4 I, I,
h11:1_ 12 =77 hyy =— 22:V—
Lly,=0 215=0 Lly,=0 215=0
h — stands for hybrid
AP MK TINY NI NOIWN NNAY DIV -4 NXHIVN
A v, v, ol, ol,
11 =% 12 =457, 21 = &, | 2 =5
all V,=const aVz 1, =const all V,=const aVz 1, =const
Vi Vi Iy Iy
by =— hyy =— hy =— hyy =—
Uy, -0 V2 li=0 hly,=0 2 =0
0P mNa BJT 99900190 M3y 02901999 -h ne9vn 3.3.2
e A
—_— | = _ | - CE
B 3 ,\51\[/5\, h11 hoe_ h22 1 C
|
| .
T } heeVee hyg § i T
Vo =V | 1/h,, | Ve =V
BE 2 } hre = h12 oe } CE 2
‘ I h= hy, | ‘
NO0N N1dY TI9NN NNNIN 2N DN N NYIN MM
VBE VBE ic ic
hie =—"4 hye =—4 hfe =T hpe =——
B 1y, =0 VCE|;, =0 Bly,, =0 VCE ;=0
Vr Va+Vee
hie:(hfe+1)rE:(hfe+l)I_ hye =0 hfezﬂ 1/h0e:1—
E C




32

BJT 79005%90 0¥ 590315X 90PN 99

DYIVNID -4 NTTH MLV




33
NTY VPO NVOIIV OY MIVININ INIVPIN Jayn

DTY OPIAN YHVDIIVY NNNN DHIYD SINIPY O 3.4

:TITYN LPAR PNVDINIV HY DMND NV DIV

, (normally open) Yo nn NV by vo1an JFET (N

(normally open) MoMNNMN NVW Yy ovann MOSFET (2
.(normally closed) Nawyn nvow by oo1ann MOSFET-

N9yN DY DYNLDMNIVA 1IN VX .p -1 7 NON NYYN DY DNV BIw> MOSFET -1 JFET 5w no Y52
32110 NN TION 91T MXY HTINIY ONINI ,p NON NYYN DY DNV TN2Y DI 1) 77> MMM .T292 7 NON

O NHNN
JFET | MOSFET
normally open (70) normally closed (nc¢)
depletion mode | depletion and enhancement mode enhancement mode
n-type p-type n-type p-type n-type p-type

D D D D b b
G G 6 |~ |8 G |- B G |« B
s s S B G |S s s

JFET 3101 7109971970 YW 19I1v90 11909 1Ian

o] A Ch
n
G __l/Ds G ____VDS G —L~Ds
p|(n||p p| | |p p i p
ID ID
Vs S Vs S Vs S
YoP Vpe 28n Vpg=—Vp,nvasn asn Vog> —Vp, NN asn
(Vps = Ves=Vp) (Vps > Vgs=Vp)

Vpe=—Vp : ND¥ANN 2NN .NAIYN MPON A

MOSFET »01 0110921370 Y N21Y90 11309) N0

no MOSFET nc MOSFET
50,
D
m VDS
S0, S0,
S G D S | pCod | D
VGS n* n* v VGS n* n* v

DS

=1 =1

Vpg=—V; :N0>A8N 28N . N3N Mpon e

o]



34
NTY VPO NVOIIV OY MIVININ INIVPIN Jayn

Large Signal Circuit

FET 950051590 0y »90319K 99)90P9N yn

Vos= Vp , pinch-off
é Ry
VDS VGS
D +—> VO
Voo
G —_
VG J:
S
V. AL
" L>>AL
Pinch-off: VDG =VD87VGS> Vp
VGS
I I, &
D Load Line 0
IDSS
> VDS VDS
v

Ip= K(VGS _Vp)2

14
=KV (1--2)?
( Vp)

V
= Dss(l__p)za Ipss = KVﬁ
v

i
Em EVL = 2K(VGS _Vp)

GS
= \/E\/ID :Vi\/IDSS\/IDQ
P

Ip=KVgs _Vp)2(1+1/VDS)7 %OC Vy= 1,

Vv V:
_YGs _ T — _
Fn="T"7 Ji I >> Rleakage Tip =0
Igs | GSS|_| GS|

Pinch-off parabola:
Ip,=KWVss, =V, =K(Vps, +V,-V,)’

Ip, = KVL%SP



35

NTY VPAR NVOITIV DY SIVININ INIVPIN DIyN

MOSFET 709090

Normally Closed
(enhancement type)

Vo= OV

T

Normally Open
(depletion type)

Vv,

bs> Ve _—L

DS

Vs> V,



36
NTY VPO NVOIIV OY MIVININ INIVPIN Jayn

1Y VPIAN NMOVINIVY POV DN 3.4.1
JNP 129N
no IEj‘ nc Vs
Ip=K (Vs =V,)? Ip=KVis  Ip=K(gs=V? b , Tho ne
/ ! A A
0.7V !
Ipss Ipss OAV 2Xr
//’// o Vp‘ Ve
Vv
v, ov Vv, 2V, GS Vs
Pinch-off condition
_ gho _ 2 _ gnc  _ 2
IDlVGS:O =l =KVp [DlVGS:ZV, =l =KV,
VGSp - VDS = Vp/t
P/ S
p="—"1 Vgs=Vp _ " bpss 2
Vp Ip= V2 Vas =¥ Pinch-off parabola
2 2 2
2
- 1-tes e [1-Yes Ipy =1 S| projne Jbs.
Vp Dss Vt Vp/t Vp/t
£ RD
«» V
E ° VDD
Vin ( _:)
Ves
I dlp 2K Vs - V) =20K [T o Vs ’
D = = - = _ yno )
&m AV g |V ps —const Gs ~ Vi DQ A Ip=17|1- % A+ AVps)
Iy vps =0 . p
IDlVDS ?% =0
1/A+Vpso
/ . I'ps =1 =
ip Ipo
D

of

P Vesa

s .
0 VDSQ

Voo Vps




37

NTY VPAR NVOITIV DY SIVININ INIVPIN DIyN

LNON 20N

10 NON NTY VPR NVLOIIV

22YN PN

NI PN

Ohmic Region Saturation
Depletion Mode / Vpsp= Ves Ve Gs™ P
;" Pinch-off parabola Vg0V
Enhancement
< —
% lpss Mode Ves=1V
o}
o
% Ves=2V
]
O
Vs V/J
v > »
4 0
Ve OV yimitfor O Vs
JFET
nec NON NTY OPAN MLV
Ohmic Region Saturation
Enhancement i Vosp=Ves™V; es P
Mode /
| Pinch-off parabola
Ipss
S V=V, +2
4 Vv
5 Vo=V, +1V
s
© 517
Vs 0 v

oV

Ds

D>NVDIIV NAY DYYAN DINNN NITHIN 22X0 DTAN N .1PNIN DIND NIN DN MY (PIN0IY) DP¥IN DINN

DI NI RS DI NI DY XD 12w own  BIT

V) 8 —1) nv>axn NN :no NoN MV My Vp 4

V) 8—1)qon nnn :nc non v My V, 4

Vgs= 0 qwno 1P1In drain-source D91 : 10 10N MV MY Ipss 4

Ves= 2V, 7wNd 1NN drain-source DY : nC NON M0 MY Ipgs 4

Ipss = KVt2

Joor [l (zmio|l -k <

.K=f(geometry, the surface mobility of electrons in the n channel)



38

NTY VPAR NVOITIV DY SIVININ INIVPIN DIyN

DNIND OINNA XX PN

2
Vv, v,
o { 1 1)
VP VP VP

: Pinch-off parabola

2
v,

Vosp =Ves =Vp = Ipp :IDSS(VLS)

P

£-9 91N NSIAN PINN DNVP Vg NIY

V, 4
Ip = 21Dss[ﬁ_ ]LS
Vp Vp

Vs = const -1 DMYP Vg 92y N8N MTHNN

L alp _2pg [VGS ~ 1]
RDS aVDS VP

— 7

Rpg o€ ————
Ves =Vp

(D231 Y Hyan DINNN) NPNIN OINND NN PN

2
Vs
Ip :IDSS( __V j
P

DOMNON PN (X

VYN PN (2

2
V.

Ip =1Ipss 1--& (I1+AVps)
Vp

BJT omoonw My, ¥V, 9w nm | [®@X 040 [ 0Z™ - 1/A <

(1,=0, _  nnownssy)
r, = D5 s -[DI(TlTe Teen -, 4
dID Vis=const
_1/A+Vps

o

Ip




39
NTY VPO NVOIIV OY MIVININ INIVPIN Jayn

ATYN VPN NODINIVY VP MND NN JIYN

‘ .
G 1D iy
oO——O ———O
i
T \ T 9nVes |
\
\ L ‘
Ves | Vs ; o | Vbs
\
| | |
? ,,,,,,,,,,,,,,,,,,,,,,,,, IS
[T
G } Iy 1D i
o—0 —MWA—0
T T InloVes=HVes
Ves v,

O

-

3.4.2

External independent
sources and resistors
define operating point

g,— the mutual conductance

ol
g, ==7"
Vs

D

AV,

aGs

A

VDS=const VDs=const

H— the gain’ H= VDS/ VGS =&

p 5w r8pN9d g, VN

_llpss(=Vgs /Vp)*1_ 2

_ dlp
gm - aVGS

6VGS

Vs =const

———Ipss(1=V5s /Vp)
Vp

gm|,,,, :%\/[DSS \/E

1
gm|nc:2\/f\/l_’ K= 5§S

t

= 8m € [D

.1/100-1/10000 S &N g, DY 1N TIY



40

NTY VPAR NVOITIV DY SIVININ INIVPIN DIyN

TN Hap

Vs =Vg —Vs =Vg —IpRs =Vpp F

il

g

LS

)

Rs

3
1k

NTYH VPAR NVVINIVY NININD DIy VINIYY NPT 3.4.3

V,, 15V
R, y

1k C2 o

TN Hap

G 3R

NPy Hap

Vs/Rg = 9mA

Ves =Ve —IpRs

Ip =5(Vgs =V, =5(4-3F =5[mA]

NI 2H¥NN NIV NN

Ip="5gs—3)* mA
=(53%)(1-Vgs/ 3)> mA
=KV} (1-Vgs/ V> mA
=Ipss(1-Vss/ Vi)’ mA

V=3V

Ipss=45 mA

A,=7?

:dc M (N

O(p, Vps) DT1ayn NP IR ONOXIN (1

R 1) Re=9-5(Vgs =3P 1 = Vs —4[V]
|+ Ry

7973 )IN9

Vps =Vpp —IpRs —IpRp =15=5(1+1)=5[V]

Vps >Vgs — Vi

5V>4V-3V

:Vps> Vgs — V, DI R 01 (2



41

NTY VPAR NVOITIV DY SIVININ INIVPIN DIyN

:ac MM (2

SN DHYNY YOP NN NNHN DHIYN DN (1

R|R

2w =2VK [T =245-107 45107 ~10mS

:NNNN 2N NN DIAVNN (2

=_0° __ 'p =-10mS-1k =-10



42
FET- BJT »01 0005190 ¥ 0V 09250 Mon

FET- BJT 391 09005190 YW 09 0NN MMon 4

(92925 YW DN DIvN) 0N AN 4.1

Source Voltage/Current Amplifier Load
””””””””””” i i |
Is L L D R, Voltage : —0>% ‘ R Amax
AVi Ay, Current Ayl A Ay Ay
V. R
in ' L
Vin Rin Ru Vo Rin o0 0 0 0
R,| 0| ©| |0

200 XXM DNNNN DAY NNIT,19-2I97 PNMAY ,JOP NINI NVDIITON Y NNINN DAY DN
MXMN NNSM NNXN Dow Maxd v .CE/CS, CC/CD, CB/CG : My mMNsN viby »ab 920D 1N 10oIIv
TNYH MNON YY1 20

102 PITAD ONNN DI HY MNONN DX RINND NIWN 00 DXNDN DY DMOIYARD DOWIDIVN ONN PIAND 1T
DY DMWY ON

BJT 9905090 v o'nan - 4.2

(omn apw) CC

TTTF

NXIN-NDD HY DNDN T N ITHN NN NO

-w DWN ,(Ctrio® 7 N»YIHYn”) 1151 DOYYN DINDN NYIDY DIMOP

D5 7NN NVPYIPI DOWNPNYND K (N
MVDIVN NN 0PN XY CE -1 CB onnsy Yo

NP Ag 92P) AN MODINIVN NN TION 127N DN)

.(YOP ip) R¥ID N2 DYV DOWNNYN KD (2



43

FET- BJT »01 0005190 ¥ 0V 09250 Mon

FET- BJT 99095190 S¥ 09w osnn May A, - Ay R, R, VN 4.3

:DNAN ONDNN MW AV Ay R, Ry AWM rs=0,h,, =0, 1/h,, >> R-,R; BIT 10017010 Mayw non

57y NINA DN

YOP NN DO

AV rAI aRo aRin

CE

Ry =(+h g )rg, medium
R, =0, high

A[ Z—h/'e, hlgh
—hgipR
AV _ 1 }{e B‘ C
(+hg)igrg >l
R R
~——C - "C  high
rg rg +RE

R, =(1+hy)rg +Rp), high
R, =rg, low
A; =1+hy,, high

R

A4y =—— ~1, low
rg +R
E E R, >>r,

R, =rg, low

R, =, high to very high
ho
A; = i =ay~1, low
1+hfe ’
h_feiBRC
Ay ;
(1+hfe)lBrE hé>>1
~—< high




FET- BJT »01 0005190 ¥ 0V 09250 Mon

:DNAN ONDNN MW AV Ay Ry Ry AWM rs=0, 1, >> Ry, R¢FET 001700 Mayw non

9773 TN DIvN TOP MIN2 2N Ay A1,R, Ry
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Ay = ~8nYasRp
VGs
R
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/g,

—
rg=1/g,, for BIT

R, =0, very high

m

1
R, =—, o rgfor BJT, low

0

&m
A;,nosense
A = EmVosRs
y=——m 03
Vgs +&mVasRs

Rg

= — z1,10\7\7
1/g’" +RS Rg>>1/g,

1
R, =—, o«rgfor BIT, low

R, =0, high to very high
A; =1, low
dy = gmYesRp

VGS

R
~—C | high
/gy
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Fixed-bias circuit

Fixed-bias circuit with collector with collector and Self-bias circuit
feedback emitter feedback
VCC VCC VCC VCC VCC
RC ¢ IC RC L IC

RB RC ¢ IC RB’I RC ¢ IC RB RB RB’I RC ¢ IC
T VCE T VCE T VCE T VCE T VCE

RB2 RE RBZ RE

VBE:VCC VEs:VccRszl(RE1+Rs2) VEs:VccRsz/(RE1+R52)

Large signal equivalent circuits

| A |

losoRs g P 3

B I | I

e R | |

lﬂlﬂ - (B+DR,

Equivalent input circuits

l.. R I R,
@B Re B @t Ry B lessRey R B
Iy (B+DR; Iy I'y
v ¢ Ve L Vg Vee L

BE
Vv l Ve (B+DR, l (PR,
L Ves= L

VCCRBZI(RB1+R52)

Ip :f(ICBos Vee, ﬂ)

I'y= Ve —ViE + 1cBoRpB I'y= Ve —VBE +1cBoRp I'y= Vs —VsEe +IcroRp
Rp Rp +(B+D(Rg +Rc) Rp +(B+DRE

Ic=pl'p+lcg, = Ic=fUcpo:VE:P)
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o BV —Vpe)+1c,(B+D(Rp +RE)
Ic=p1I'p+lcp, = Ry +(+DR,

Alc = f(Alcpy, AVpe. AB)

MCBO z><2/100C
AVBE ~-2.5 mV/O C
AB~0.1-03%/° C; MBpecimen = 500...1000%

(I 5Y M) NN SV My 5.1.2

A]CBO +SVBEAVBE + SﬂAﬂ

CBo

—C ANy +—S AV +—SAB = S
CBo BE g Vit I

INNY NNHNN DIYHN NIY MDD NI — S; 4

RB \L 2S]CBU ‘L
_(B+D(Rp+RE)

RET:SIC&;\L Iep, RB+(ﬁ+l)RE

(lcgo*Ago)Rg Re B SI
(f+DR
Stcp, max =Sl o =" & L=+
(P+DR
SICBO min = SICBO = E -1

Ry<<k;  (B+DRp

Sy = i ~ !
Vs " Ry +(B+D)Rr Ry !B+Rp
SVBE
Sy, AV >0 !
——
<0 <0
_ (Vg =VBE + IcpoRp)(Rp + RE)
Sp = S

[Rg +(B+DR:T

iﬂmm DR
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lel

RB +RE
B Rg+(f+DRg

Ves —VBE Rp+Rg

[-5%O0n M»wa MoNd I 9Y YDN NPV

IRy >0 Rp+(B+D)Ry Rg+(B+DRg

AB

Ap =

Al _AB

Ic ~ B Rg+(B+DRg|p __p

Rp+Ry | JAB 1
BB

Al

C IRy<

x100% zﬁixloo%
BB

<Rp

Rp +Rp
P Ry +(B+DRg

Ap

1% 297 I w5 D7) =100 -2 100% 5S¢ NPY NN, Rp << Rg TWNI : NnNTH

:01D0

Fixed-bias circuit

S Fizfr(ijﬁas ] ] Self-bias circuit
with collector feedback with collfe;c;t(c;g;t;{d emitter
(B+D(Rz +Re) (B+D)(R; +R. +R;) (B+D(Rz +R)
O e Ry +(B+DR, R, +(B+D(Re +Ry) R, +(B+DR,
s _F B —p -
Ve R, R, +(B+DR, R, +(B+1)(R. +R,) R, +(B+DR,
s Vee = Ve (Vg —Vpe)(Rp + Rc) (Vs —Vge)(Ry + R+ Ry) (Vg —Vpe)(Rp + Rg)
’ Ry [Ry + (B +DRF [R, +(B+D(R+ R, [Ry + (B + DR, T
AL A (Vg =V ) Rp +R¢) (Vg —Vpe)(Rg + Rc + Rg) (Vs —Vpe)(Rg +Rp)
Bspecimen |~y €= 7ﬂ ([RB +(B +DR(] J [[RB +(B +D(Re + Rg)] J ([RB +(B +DR] j
c

X[Rg + (S, +DR(]

*[Rg +(fr +D(Rc + Rp)]

X[Rp +(By +DRE]
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@LRm

5; = 10/,=100mA

(e}

/

Rgp -YRp nvnay monnsopy 5.1.3

1) [ERE ~0.1 VCC

2) Rz <0.1(B+1)Rg

:>IRBI z[RBZ ZIOIB

logo = lng15=90mMA

@¢R52

(7) Rgy= (Voo V) lpg=(15-2.2)/100mA=128k

Rip= V! In,=2.2/90mA=24 4k

(9) Rg=VJ I=1.5/1mA=1.5k

Re= [(Voe-Ve)/2)/ 1,=[(15-1.5)/2]/1mA=6.75k

N0 NINT

A= 100

Io= TmA

Vee= Vre=(VeoVe)2
Rg =7

Rg=7

Rg="7

Re=?
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VO
I i int diat
s (input stage) (in ZZ’;e)Ia e (output stage) §RL
CE
Vin cB 47 ’—> gg 47 ’—V gg -+
Rin 1 Ro 1 Rin 2 Ro 2 Rin 3 Ro 3
Av’ AI’ AG’AR A=f(rs’Ai’Rini’ Roi’ RL)
R Stage R YY) NN 7TON DY ODDIAN 7T NNIT-27 DI NN
i1 2 3 ° DYTNPN DWW DITYPHN OYI2XND YNON) .NINITH
] (.X99117 9 TN NN 997D 91D
A, | high | CE |CE/CC| CC | low
923N NYYA NN NI MITY INTIY DONIT NYAVN *9D)
A, | low | CB |CE/CC| CE | high
(.oMPN TYNNA P TOY NPITHN NDON NN N .M
A, | high | CE |CE/CC| CE | high
A, | low | CB |CE/CC| CC | low

NHITI (DXNHIN 19 ON) ONNNN 772 TYN DINVDIIV-1T DI NN NND OINMP ,MHITT-127 DN GONI

WI9N 2301 01T DN ,(cascode) TIPOP NN ,NOI1SIT INDN 071 ONT 19, MTN2

+

.

S NINAN NPINP MNXN WNHNA IIND 1N DINVDIIIT0 INY NN KA PN

Current Mirror

.
i

Cascode

-
LD

Differential Amplifier Dynamic Load

s

Darlington Configurations
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Az =aplp; DN ©Y2INON T MYNNNY, Ve MYSNIND [ DN DXNON DIVONI - 2D Iy

dc =Y por 9y Y9un K21 VYN F-209W TN NIRNIND

Current mirror

+Vee +Vee +Vee
ol R
RREFg /% R, REF , . I
IRer L 1E
Ty =Yec=VbE Ve lex=arplp ﬁ: 5
Rpgr L ~ I pgp i Iy=
07v @ i /EL 0T BLIE
' Ips B+1
—»
Q1 ’7*‘0 iy Qz Vg # const Q1 ’747 *‘4» Qz
%2 T ' 1 1
BE —lg —
@L L@ /EL F+1E Bl E VE
Igy=1Igpr —1Ipy Vg1 =Vper = Ip=1Iga
~Ippp

__F L, - B
Ingr =5 g 1e+ 25 e =5 U2/ Bl

1 1 Vee—Vag
=————lRer =
1+2/p 1+2/8  Rpgr

Ip

(N2°9m X2 BC 111 n20m BE 11 1) »MIiNodD 0INNa R8N O MOOMWMI0 - :aY mdY

.0Y02M NOVPIPN PAINPO MM (I = S 1) NVDIVI TPONN)

ONPOT OIVOINI

» Voo Ve
T "
V0.7V
RREF§ ¢/REF : — :
ﬁ Sink
0.7V
~®
PN
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NOYY 99010 BY DIV IXI

! ! ! g
+Veeo
Rref§ Stage i Stage j Stage k
| | | >
~Vee

_Vee -VaE g~
1
Rref

| S —
1,y

ref

VBE VB E

1
V. ES1 V.
ICi—aiIEi—aiIESi(enr_1)—aiIESiI (6777—1)_—

ES1

Ii# f(B) M

. m
[CI|VC(7>>AVBE ;tf(VBE)

SicBo =SicBomin =1 < Rp =0l

Irg; T
a ESi [Elz ESt[

i ref
Igsy Igsy



53

MNHT-229 BN
-NMIA) XX MTINN OY BIT ONI

Wilson circuit

+Vee li R,
hfe3ib3 ~0.5 h,+1 ¢ |
~0.5h, 1, @ ® Rrer i Irer ’
A § foes i=1 1.4V 1 Q
Pt s (D 0.7V ’
E3 .
07V
RREF§ roe1 § Q Q
1 2
~0.5h,r, ~O.5h,erET Ie 0-7v
Rrer loE1

<<0.5, provided that
Rrer>>hferE and ro>>hierE

0.5h7, M0 NOYTY NSWON MTINND R,P>>het s, 15>> herp -y a=1-w nnna
.O(1mA) - V,=100 V ,h,=100 M2y R, = 5SMQ ,non1d

Improved Wilson circuit

» Voo

Vee-0.7V

Voo 0.7V

Voo-1.4V

Veo1.4V L |
0

REF i Irer
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93T MIND NINN YIvn

To provide
differential output
or to provide +VCC +VCC
better symmetry
\
%RC l ~I/2 ~I/2 l R,
V' a——e v,
Vin1 Yo Q, Q,
A A T + v
Vo ’ Ve |
7 I " 112 } ; 112
Vinz T Val2
B A
/ * R
_VCC
OP MIND NN HYN
NN <
Vo YWD NN — Vy,
Ad =— :OVI9NN MIND H2XD
Va Vers =0 (differential signal)
v mMwunn MmN -V,
Ay =—2 :9MVYNN MIND 2N 1 ’ l «
Vem V,=0 (common mode signal)
Ad GMYNN NINND N1”PNT ON>
CMRR =201log
cm (common mode rejection ratio)
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Ay VI9NN MIND 9230 2N

V = const

§ R Ry y=2 (h 1),
v=0

— v /2=0->v,/2
VEZO—)O

CE with R=0

A ,MWYNI NN 230 2N

3R @ Ver

CE with R.= 2R >>r,

v R
Ay = V—” = ngc ~ 2_C >>1 £WI9NN MINA 12N
7,
d Verr=0 ¢
_ Vo _c
A, = = «1 MW NIND 1D
Vouly o 2R

Acyrr =201og

~20loglg,, R, Acymp Y= f(f HzT)
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r= f(Signal) >n»71ony <

R # f(Signal) :> 000 D0y <«

NVWN NIPY

[/

E A c

Q, //fm le,
le

Static Load

Q 1r,
IE1V - leq
Ve
22T O VIV
Open circuit for ac
Voo
o Ve 1 /hoe Next Stage
Q 4
3 J Ro
gm vm 2 ﬁ vofgm VinRo
+
Vin2 v, 2
Ground for ac
Static load (CE)
|4 |zR—Cz20><V | =200
vm rg cc Vee=10V
Active load (CE)
1/(2h Vy I V
|4 Vhee) VTVl ~2000

V’"|R 1/h
in > oe I’E ZIC Z,Z; ZVT |VA=100V

1/2h,, 1/ 7,
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9)¥02 DINONI PN

NN AN 2V PANY >75.Q2 HY VPN YN Q1 HYW VIYPNN DI MNPYW NN J9OWN YIINN 22 DN ON
DTIP AV NI TPINN NNND 1N HAPI TN IRNINDT,VIVA DIT NPHRL IMN PINI DTN ONI DY TPINN

R

Open circuit for ac

v Ve 4 /

/
‘D Vo = gm( Vin /2)R0

_Vcc v
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nearty constant potential

IINNIND V9N APV DY RIINT 1NN YT-DY AXPH PNNNNN NODITIIVN DY VPN HNONIVIO TIPOP NP2
7VOIIVN DI VTN APIY NN RIN JPPOYN NVDIIVN : 27 WOY) .N2T NTHI NOVIANN MIN NYNN ,TON

(.88 955 CB 120y ,CE Mnw ,nnnnn
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.Cascode vy CE 5w R, mvn avn : NNy
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- ~ (ﬂ1+1 )’B
BOT\ — Q,
2v (BSy+1)] $ i (B 1)(B, 1)
s 1772 B 2 1 B
e i e
to improve turn-off
speed and provide
cut-off mode E
: 07 9v NNNNN PVINY NNV O; DY NNNNY : 2D 1Y
IE
BE
(Sziklai) *N9p*¥ 12N N (complementary) DXYWN NVIIDIT NN
: p-n-p NON I n-p-n NoN
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/' oF s} C
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; ﬁ2ﬂ1ls
I Q - .
B 1
(BN
B R BB,
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—
Qz
$ T (B (Bl +
: +1)5.1 1 B 1 B
ﬂ~ﬂ1ﬂ2 e i (ﬁz )ﬁ1 B ﬂ~ﬁ1ﬂz i ;32/81IB
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LBL hie1 (hf£1)ls1 ¢7777777777‘}
herhfe1iB1 IE»
B AN AAA—

ig=(Nieg* iy c R,.nr = et gy 0 ——

Ry =t =i =(hpy +1 Ry =—t = hyy +(h gy + D)
in _i__ o1 = ( fol + )rE1|h”>>1 in = i =1 = Njel fel ie2
t ¢ -

~ (g + D gy + Drgs = (g +Drgy + (h gy + Dhypp

|

hieZ

= (hp1 + D(hpop + Drga + (Mg + Dhier
h
ie2

= (h_fel + 1)hie2

=2(h g1 + Dhiey

P RIAY

DDVDPOIITNT Ry, =hiphign =) DWOIPOVT NDN N R, =2h 1 hjep :93P) ap =1 -w MM

N3 IMTINN NN

R,=(2/3)r, NOa»57T NN

62x 107V

1A
107k 9v,~2x 107V

11x102A | ¥2x 107/ 19, ~1x 102+2x 10?°A
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21x2.6k/260k " 100i,,
=0.01A 52 R ~(2/3) 105
10% o
2.6k ~(2/3) (1/h,,)
E
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61x102A | M1x 107/ 9j~1x 102+1x 102
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v, i
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100]
v 105 1R ~(1/2) 108
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Improving
turn-off speed,
providing cut-off
by extracting I g,
from the base

Coupling
capacitor \ C
Is

cc

RB1
Protection
against
shortcircuit
at load

S

1

B2

Negative
feedback

~— ~— ~— ~—
Source Bias CE CE Load

Complementary
darlington
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Evolution of electronic circuits

Discrete

Circuits &

in

ﬂ Integrated Circuits

- Vcc
ﬂ Differential Amplifier

Vv

cc

Vee=10V

% R, ~Vge=-10V
hy,=100

R~0.5h,r,
R~h.r 3 V,=100V

o fe'o
Vo

L R~ hgf,

to increase R,

r,=100 kQ

rg2
v, 12
R lh/ero L100-100k02
lay|r e =3 — -3 __ ~128.10°
e g 26Q
°=Vee
,NMNON NVIOIDNNRN ,”D”NW\JPbNV\P’)Q DYDY 1NI8Y NI9NY 99N

7PADN M RN NITY 10 P19, 3 PN
.142-143 -y 85-128 1y (0797910 MNDINT D)
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.= unn nnonn —f
SO
Se =S8 =Sy Anunn — X

Sin=5:%51 noranmx—S,,
Sp=p-S, VNN MR- S
Se=Sn =S meoawn x-S,

S S, S
(T 0N PN Ay, B = —"S—f = S—f w29 WY W) 9NN 130 Ao, B

S

& o &

0

YN0 NN 9N — A

in

Af = So — SSAOL — SSAOL
Sy S, +Sf S, +S. 40 B

AOL
Y=, s
OL

A
Ap = # < Ao Y 719,(Aorf= 0,727 MN MY IR) 1440, > 1 595w 2wn May
oL
TN 2NN TINA 7 — - NN DY) O : 29 1Y
SO SD
Ao S
__ 4oL
Y 1+ AOL ﬁ
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792300 D10y 7.2.1

1 ©X f( £-2791 90 NN2 7230 ,(10° NIW 71230 N2V IMIN TIN) Ay, —> 0 NIY

(F10—1: B -9 9N NNV)

e Aoy | 1
;=
T Agy + Ao BT Aoy |

App >

92300 MYNY MVpn  7.2.2

0Ar 0 4o __ 1 oy f 1 _1+doB-AoLB __ Aov 1 1
0o, O l+dAof 1+ AoLP (1+ 4o B)* (1+ 4o B)* (+A4oLf) I+ 4oL f) Aoy

4

Sor = f(0,t°, specimen, 1)

o4, 1 odoy
Ay 1+A4g B Ao
—— — 1 o i
i, Sop My = m f(O,t”,specimen, t)
OL

2WUNN NS 1+ 4,5 1T <

910 NN 92XN2O0N? NP ,2IVNN NIND 9,99 ,1PNMIYHYNI MVPN MYIY DINY)
AN NN 2N YON NPYW NNWY
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B=1:100 Aor =0 4;=0
Yo 4 / oAy 1 4oL
Apr =100 ) _ )
/// /,/ A/ 1+ AOLﬂ AOL
A, =1000
o Ny Af:L:SO
1+100-0.01
- > Aor, = f(Sin)
//:/ Vin
~ 1000
/7 1+41000-0.01 y 1 £5)
=Tz Gin
P 1+ 4o, B

va-aMmI NN 7.2.4

R § DY NNONNN NMEPNOY 120 N1
RO

YT-2Y TN Ao (fw) ,,MNa N2

Aot
1+ jo/w,

Ay, (jo)= ST 20

=
H

=

3
4

, N0 NN NNMONNN NXPND AVN)

A a4 NN TN VTN NN N PITIN AL w)

Ao, MO

Aop I+ jw /@)
1+ 45, /(A+ joo/@,)

slope 1:1 (-20 dB/dec)

Ap(jo)=
1+4o. B

(ammount of

AOL
feedback)

- 1+ A4, p+jo/ @,
i 1+A0Lﬁ 1+L
* » -

@y 0L @, =0 , dec Ay ZUO(I-I-AOLﬂ)

=@, oL(1+ oL B) Dot

Ao o) =11p
Ao, j@)B=1

118 1+A4o p
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Contribution of S, , into the superposition

5 = GintSpin)doridor
o
1+ Aop1Aor2 B

Swidory  _ Spaxl |
I+ o2 fAory 1+ Aop1dora B |A0L1 >>1

OL2 =

z(Sin""svnin)_'_ Snl + Sn2

B I+ Ao p 1+ Aop1dor2 B
S,1 S
S ~100- (S, + S, ) + 2Ly 202
0 P in nin 103 l04

Ao1=10°
A0L2=10
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, Moy 3NNV, @) 1IN, 1 -9 @5, VTN Ay, (@) B YW 199y P vIaNn IR DT <

CA@  ¥aMN WD °180 -0 @ VTN, p( Ay, ) YOWIN M P2 YIANM

Equivalent scheme

R1 R2 R3 v,
Ao »
T "I L
Ap (o)
B=f@) =
Bode diagram Phasor diagram
) Vo Vr
orGap|=1=5=H = |r/]=IV]
A, dB e o
g Vo Viu =1y
|A_/-(JZU1)| =%
A - 20 dB/dec l+e /2
oL Im‘
N\ - 40 dB/dec
| V,/B=V,
N L oot
| n(0.
i / ﬁSI ( (/))
A; | I .
Vg Gain Margin  AA 5, Ao @) =1
! J — 60 dB/dec Ap
‘ > 5V,  Re
1IR1CT 1/R2C2 1/R3C3 | @, \ @, dec
KA, ), degh
ot @ | Dygp0 _
@, dec
~180 - TAp
Phase Margin
, 0.5-V7;
G| =05 P
Bsin(0.5-Ap)-V;,

1 0.5

4 Gn] = 3 sin(0.5A0)

y Ap () , MO 0N 700 ,0° -5 02PN, Ag YONNONYIURD  Mmpon e

L0210 2IWN5 TANY N5Y YW NWN) © -D GNIVY




68
Y 2IUN 120

2UNN N 295 892N IND 7.4

Rr‘n = rs+Rm A+Ro B

R,=RIIR IR, ,

oo

NO202 YNV NN OY NNN VN 1IN
voltage-series feedback

Ry, = R,(1+ Ao B)

__ K
Rof_1+A0L,B

RA"A ROA
. F
Vi
R/nf V\/\(@
AR
,’?9@ ,,,,,,,,,,,, 'imﬂ,
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Ry p = Ry(1+40Lf)

10292 °92pN NN DY DIT NIVN N
current-shunt feedback

R

mn

R ,=—""=4H
inf 1+A0Lﬁ

R, =R,(1+ 4. )

0953 93PN NN OY HNH YN 9230
voltage-shunt feedback

R, =—Tin__
" Ao

Ryy=—Po
s 1+ 4018

:NY9 MIpON E

NN RIAND HMNINNIY T2 DN POPN IN Y71 : REINDY RIAND (MA5Y) MNTININN 799WN” Y50Y 2)Wn
SOINNNN PONITIRD 92M0N DY RN NIANH HMYTINN DX MIAIPHN (N3N 1Y ANI) MO Jo1 9230 HY



YHY YN OY MUYN MHIVPIN NN Y NNonn 8

YOIV 21V Y92
VMNP NI : DINT

NN 2NN

YOP MRS NNPN YN

G! D! ﬂ
Is
AN
A . r
Rg s, Pl s
)
Sin Vo S an
s,
1 1 1
Feedback signal, S',
;I Hn <
mavyn nNOMN TN pleanh]
B, VBE VGs Se=Sin =Sy INAYN MN S,
i vy Sy =S:AoLBls _ 2UNN N S;
liny Vin Sin=S8g+Sy =8 (1+40.P) NN MN S,
4 =50 MIND MNA 4239
OL = B AOL
e gz—g VN NOY 1INY 92000 YN
G= Sg 105390 NNONN G
Sinla,, =0 (= p=0) 2211 N)2NY MND NPH P2 NNDLN
p=So NPYIN NNOHRNN b
Sin Ay, =0 (= f=0) NSIND 2NN NN P NNONN
S
p= s, YN NNONN B
S,,=0
S r
M 0N Aorf =~ NN AN | Ay S
¢ S[n=0
AV 5 A[ s S
st Ap=—> 990 N3 9230 Ay
Arfs4c Sin A
ioy Vo Sy =Sidy N$INN N S,




70

YW VN 9

YPoW 21WN DY SWYN 1IVPIN 9231 Y D0Y7I1Ya NNIINT

8.1

Superposition

YO W DY TPYYN IMIIVPIN NN YW NNIDNRN

GAp; +D G
== A rx—= %= f(A m
T 1+ 4., 8 4 f)‘iL:;;L B J(By= J(dor)




YW VN 9

950 MN2A H2XHN IYIN 8.2

D97 9% XY DTV ©INNNN YIN) NIINA NN DIV PIN XIY NIIYNN NN NN — NN NN

AoB

D//=0
R/ND ROD
S'=1
Se= *ig A, AOL1+ S,
G//=0 |——s
RinG ROG anA ROA
S -
S,=0 o
= S< B 4—(’\)
5S, |r R >~ -
o ingl
{1 V2
/ +
1=V V2 _L j_
— %/—/
v ?‘72 SPICE
+
Ao B=v,/ v,
RN
> D
\\ Rip Rop
S S
| A =0 + o
JE G ;@ oL L3 e
R/HG ROG - anA RGA
$,=1 A=k
D//=0 Ao
R

NN 9330 — Ao WIN

NNONN PN ,TIN IRIND) .S;,=0 oy1p (1
("D "G mysnNa

NINIDIND 2)NY 92002 NN NPH DINOND (2
N N9Y 1ND293,5 =1, NN MIN N
D¥21n1) .S, ONMNIRND NDMION MNX NN NND
9231932 9NN NPRN DN DXONN ,NINK
{Aorx1 ononva Mpnd

Aorff= — S, Davnn (3

N9 NN — G HYwn
PWN NoRn—D -

S,=1oynp (1

NI IPIND 20NY TN NIN NP DININD - (2
NIN 1199 DN XYY ,INDIOL DAN NIN NN
TINK DX132) STNHNN NDNON NN
(92372 "YNN MPNRN NN DIV

.S=Goavnn (3

.D=S,0mavnn (4

PN N2 9230 — Ao IYWIN
S,=0ovayp (1
UN S* MIN YD DODNN NDMIOAY DN (2

(21N Y MIPan dpTN) S IR DaNN
NINIDIND 20NY 12N NON NP DINOND (3
N NOY ,1N0253,5 =1, NN MIN IR

DY1n1) .S, ONNNRD NDNON MNX NIN NNRD
92)92 MONN NPHRN NN DPONND ,MINK

{Aorx1 MomOonYa Mpny

LAor = S,0awnn (4

S*-1 S, Pamon v Ox P a9 MY

Aor ) S, IR NINNY T S* 00awnn N

S,=A0;+D/G IR S;= 1 \9N) DN : 29 MmOV

_Gdp, +D

I 1+ 4y, B

$990 N2 925N IVOIN




955y WM 92
YV 2IWM 920 YW XN Nyann MmN 8.3

—_—
S S S
+
b e ) a,
RinG ROG ST 4 anA RDA
f
-
RS
sm P S ﬂ -
Rox' Rin7
—_—
e D' ]
S, N
'in
—»
viG v S,

in &
'\/R?/\/ % < Rina Al R
/ \ oL
vTin @z, s { 2 \) oA .
lQ \ //’ @2,
N ~—__-7
R
in f Ve -— — R,

Ro B D" Rin B
I
e
S
0‘
Rina A’ R g
N N OL, 0A
T @ Rs @,
l
R.
inf - - = Ro p
ﬂ'
v | R,
Ro y D inp

A4+A o f,mMY00 DTN DTPN 2 (NNOHYN MIN) 12392 VWY MIRD DX POPN IPOY 1WN 1Y OV

S =8uG-Sp =8, - SgAoL P
Sg + SgAOLﬁ = SinG
8,6
N+ dgp
[ ————}

Desensitivity
Factor

S S, G

in

eOL ~ S8|A0Lﬁ=o =

Y3 DY NOND MTHNN OO , 00N DIINW) PN ) v OYNOY DY Vi N i DMNVP 190N NN 19

LPONTIN) Y92aPN NN OY DN 1+45,579 NTIM NDD2 PHNITIN) YNV NN DY DIvna 1+A4o. S



73

YW VN 9
N1 ANNWYN) NI YN0 NN NIY, Ry, 7, NI0N MITIND (N
Ao f#0 . .
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Rin f Voltage or Rin o
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© R ) © 7
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Desensitivity
Voltage source Ser;'(-:lsm(;/nc;gsge) Factor Rin oL = RS + Rin 4+ Ro B
T T T
_Vin|_ Vi _ VinRina _ Ring Lo Ve _ Rin 4 Rin 4
Ry r=—H= R - T. TG (1+40.8); G = 7 =R TR . R
Lin Vg/ in A VinG Vinlg —o s T Ripgt of in OL
_ lin~ oL =
1+ AOLﬂ
= Riy r =Rior (1+ 4o B)

Note that the above equation for R, . is obtained for the voltage input

source that sees all the loads in series. Current input source should be
replaced with its Thevenin equivalent.

Example

Series summing decreases the voltage, v, seen by the R, , by a factor of
1+A,, B. The input current of the circuit decreases by the same factor. As a
result, the output resistance increase by a factor of 1+A,, .

Voltage-series
feedback
rS
-
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r
S
V,-,, r r
* -
R*,=? R,=?

RS Ran Rn,/?

R
. Ry, r=(Rg+Rp+h,)|1+h;, —FE—
in f ( S E le) fe RE +hie+RS
| ——
AOLﬁ

:RS +RE +hie +hfeRE

=Rg +h, +(l+hfe)RE

R, =Ry, r—Rs =M, +(1+hfe)RE :(1+hfe)(rE+RE)

R*;, = Ri'n"RB +7g

NBII! R*, # Ry, ¢

= Rg||R;, = R|(1+ e Jrg + R )
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Current source SPUnt(current) Factor Riy o, = Rs "Rin A"Ro B
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R f:‘}zl:lsRinA __inG o, il = GRina . (_1e. _ (Rs|R, p)Rin 4 w1
in N N in A/ tin ) N
iin iin 1+ 4o 8 1+ Ao B iin |4, -0 (Rs|Ry p)+ Rin s Rina
oo p? Tind
RS Roﬂ RinA

= Ry p=Riyor 1+ 4o1.B)

Note that the above equation for R, is obtained for the current
input source that sees all the loads in parallel. Current input
source should be replaced with its Northon equivalent.

Shunt summing decreases the current, i, seen by the R, , by a factor of
1+A,, B. The input voltage of the circuit decreases by the same factor. As a
result, the output resistance decreases by a factor of 1+A,, f.

Example

hie§ Ag=0 %1/’709
I N

-

Voltage-shunt
feedback
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— — s hie
rg +hie+hféi’s hie+(1+hfé)rs

B rg (l+hfe)rE
(+ g +(+ s

= rS"VE

Rl{n"rS:Rinf:rS"rE = Rj,=rg

R*in - . R::'l :F5+R;nf=I”S +rg
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Voltage or
current summing
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Sin %0
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Voltage or
current summing

N
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R, 0
‘ Rof

Voltage sampling
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Example

A%yy=0 = -V,

No feedback
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1,41 01Gr + Dy

r . Vooc _ "
of =7
oSC

_Vindy 0.6y + Dy 1
lindrorGr + Dy g 1+ doLB
1
1+ Ao, B

=R, oL

Voltage feedback decreases the V, _ of the circuit without

feedback while keeping the output current unchanged.
As a result, the output resistance decreases.

Ry o1 =R [V hoe |1
RL RnA Ri"ﬂ

cc

Voltage-series
feedback

1
/Ro 7 =Rg|1/ oo

Rg1/ hye

I hye RE|V e + i
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Ry= Lin(ArorGr +Dp) g
)B D * % Rin B Vo oc l
| V %
77777777777777777777 0SC = 00L(1+A0Lﬂ)
Ro f
Current feedback decreases the I, . of the circuit without
feedbackwhile keeping the output voltage unchanged. As a
result, the output resistance increases.
Example

current-shunt . ¥ 1/h,
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I\M __\/CE
1/hoe i,‘r, IB C L
T

(index y stands for index BC, index 7 stands for index BE) : ©¥7Tnn DX0N190 NN 4

rg is the ohmic base resistance

1z 1s the dinamic resistance of the base - emitter junction, 7, = (hg, +Drg;rg =Vr / |I E|
h =¥g +71,

C; is the capacitance of the base - emitter junction, C; = Cyipr + C;

C, is the depletion capacitance of the base - collector junction, C w=C;= C,<<(;

Short-circuit current gain as a function of frequency

A . _ A[s (] 0) _ hfe . _ 1
s = T iax  r. (C.4C) P T (C.+C,)
14— J 3 rT%u z\br Thu
(o R seen by C,, C
when i, =0 "
Current gain—bandwidth product (GBP)
@, (GBP) is defined as the frequency at which /;, <«
extrapolates to unity:

A ()}

h , hye
A(0) fe Ajo)=—F—=1=

i L4 j—+
11 De

A0) i o 1= A(0) *Aw 1+jﬂ=h/
Al i wrx]: Ale)* o w,. hpe>>1
0 1 > @

, —=~hg; ~ hy )
Bandwidth Pc @ @ @ (dec) o " " Gafi; ﬁ;{%
%/—/%/—/
Aw A(0) GBP

@, 1s also defined as the unity-gain frequency.

" 5 h/e 1 [E/VT [C/VT
~ 0 . = ~ = ~
t(rstands fortest) = Tfee = (o +C,) rg(Cr+C,) Cr+C, Cp+C,

High-frequency parameters given by manufacturer: hie> Cyy 5

and @; (GBP)
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Wien bridge is a resonant RC network (originated by Max Wien in 1891). €y 9w) .
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capacitors and
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on the contrary;
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DYNVOMIVN NNNNDI PIDY 2IVN VIDY

YIHY 2IWNI VIV

n
v, ~0.6V

——o 4V, ——o 4V,

cc
R,
B ~ov Vi,
AW

standby

+ AoV, v,
v, Vv, A o -y
— ° v [ RS Y o
R, ) R,

—e—0 _ —
v cc

With R,

Q, Q,
e
A No feedback
v, v,
With feedback
VCC
06V,
Vin
i i Crossover distortions
. ‘
Vin
No
L feedback
‘w With feedback
q v
ty
Sinusoid

A Vno feedback ~ 0.6V

V. = AVno feedback

AV ith feedback = Vz ~ 0.6V

Apy, =10°

AOL
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+V,

cc +Vee
L’co LICQ
vo vo V/‘n vo
1 R, » R,
AAA R
TIcQ z TICQ TICQ
Iy O _ O _
cc cc cc
Q, Q
—
/ C / o T
Vee
Q,
Q, I t
— I
IB
ty

Simplified operational amplifier circuit

Bias circuit, current mirror

L Aj O +Vcc
\ \
Darlington Darlington
Configuration Configuration i - >V
o
I a
Il
]
1
L
2
3
< 0
- Vcc
Input stage Intermediate stage Output stage

high-gain differential amplifier

emitter follower and CE

complementary emitter follower
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Noise
Thermal Noise (Johnson—Nyquist Noise)

Thermal noise is caused by thermal (Brownian) motion of electrons and occurs in any impedance
having an active resistance component, R.

Purely reactive impedances, capacitors and inductances, generate no thermal noise (no thermal losses
in a system means no thermal noise).

v v
i A 4 Noiseless resistor
%
©. 00 f\ J\’\A A 2v \
| | |

= R —) 1kQ

\ 20
Ut U AV O Y ;
%R IR P v /1/

oL I AL L

— 112
e? e 2= 4KTR[VAHz & 4nV/Hz

Jv)

~ f(Hz)

To calculate the thermal noise power density of a resistor, let us (o) =
temporarily connect a capacitor to the resistor: 1+(@RC)?

1) Anysystemin the thermal equilibrium possesses a mean energy per degree of freedom equal to £77/2.

Therefore,
Cvie _KT
2 2
2) % =0uc = I%T
3) oic= Rnc(r)‘ﬁo = iieﬂH(jw)Fejmde:O = %]9 I+ (wlRC)zdw - jc
e,% kT 2

4)

=== e, =2kTR| = 4kTR
2RC C O<@ <o

Nyquist formula (proved at the end of 1920-th) for thermal noise power density and noise rms voltage:

e = 4kTR [V2MHz],  V,ms = VAKTRB [V/\Hz]

O<@<oo
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Shot* Noise

*Shot here means small shrapnel (in Hebrew: vo1).
Discovered by Schottky in vacuum tubes in 1918.

“Shot noise results from the fact that the current is not a continuous flow but the sum of discrete pulses
in time, each corresponding to the transfer of an electron through the conductor. Its spectral density is
proportional to the average current, /, and is characterized by white noise spectrum up to a certain cut-
off frequency, which is related to the time taken for an electron to travel through the conductor. In
contrast to thermal noise, shot noise cannot be eliminated by lowering the temperature.” [Physics
World, p. 22, 1996].

Shot noise occurs in p-n junctions and in very short conductors, such as mesoscopic (microscopic)
resistors and nanostructures.

Shot noise is absent in macroscopic, metallic resistors where electron scattering smoothes out current
fluctuations that result from the discreteness of the electrons.

20

J)

N

Ins i2 i
Iiedt:e3i8z16OpA

n n
0

1=Zie

1 i% = 2el [A%/Hz]

I=10 mA, B=1 Hz

f(Hz) i, =40 pA/Hz'"?

1) [I=eN,where N is the average number of electrons reaching the anode during 1 s.

2) Let us assume that electrons reach the anode one by one, and A4 is the event of reaching the anode
by an electron in the time interval (¢, #+Af). The probability of the above event, neglecting values
of the order of AZ,

P, =NAt.

3) Let us denote Py(¢) the probability of not reaching the anode by any electron in the time interval
(0, ). Then,

Py(t+Af) = Py(t) (1-NAY)
For At—0, and taking into account that Py(0)=1,

% =—NRy() = PB)y=e™
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4) Let us denote P,(¢) the probability of reaching the anode by #n electrons in the time interval (0, 7).
Then,

P(t+Af) = Py(f) (1-NAf) + P,.1(t) NAt
For At—0, and taking into account that P,(0) =0,

d};t(t)_ CNP,()+ NP, (1) =  P,()=

o
n!

which is the Poisson distribution low.

5) The average number of electrons, ny , reaching the anode during time interval T

(NT) VT N (NT)"!
ny _nz(:) — NTe Z P = NT.

6) The average squared number of electrons, nT2 , reaching the anode during time interval T’

nT = Z 2 (NT) Z[n(n -D+ n]—(NT')n e M =

n=0 n=0 n
® n—-2

:nT+(nT)2z%e_NT =nT+(nT)2
= (n-2)!

7) The variance of the number of electrons

o2 =n? ~(np | = NT.

8) The average current during time interval 7

9) The variance of the current

Considering the Nyquist criterion 7= 1/2fy,
O-izzzelfH = lyms =v2elfy -
10) The spectral density of the current noise

i,% =2el .

i2 =2el [A*Hz],  iyyns =~2el [A/NHz]

O<@ <o
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Mathematical models of analog parts

Diode

Equivalent electrical circuit

Large signal

Small signal

full simplified
A
A
SRS(Y) o troma A
Vb
Iy=Ip" -1) Co} v, P (Eg M Co > % %
K K Ke
Parameter
Meaning Units Default
Theory SPICE
I IS saturation current at 27 °C A 1E-14
n N emission coefficient - 1
— RS ohmic resistance Q 0
Ci CcJO zero-bias p-n capacitance F 0
v, \2) p-n potential Vv 1
m M grading coefficient - 0.5
FC FC forward-bias depletion capacitance coefficient - 0.5
T TT transit time s 0
° T _MEASURED temperature of measurements °C
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Bipolar Transistor

Equivalent electrical circuit

Large signal (simplified)

Small signal (simplified)

o
c, % RC
B —
e
RB
A9 M
B B’ G,,/BF
G,/BF S Che=— v G,
Gbe VBE_Gbc VBC
% RE
E
Parameter ) )
Meaning Units Default
Theory SPICE
I IS saturation current at 27 °C A 1E-14
n N emission coefficient - 1
p RB base ohmic resistance Q 0
- RE emitter ohmic resistance Q 0
— RC collector ohmic resistance Q 0
Br BF ideal maximum forward beta - 100
Br BR ideal maximum reverse beta - 1
V4 VA Early voltage A% 0
cJc base-collector zero-bias p-n capacitance farad F 0
CJE base-emitter zero-bias p-n capacitance F 0
TF ideal forward transit time S 0
viC base-collector built-in potential \Y 0.75
VIJE base-emitter built-in potential \% 0.75
° T_MEASURED temperature of measurements °C
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Junction FET
Equivalent electrical circuit
Large signal Small signal
D
RD
Cen %
[ 6, p
I=fUss. Vs, V)
> 9ImVes
v T
o 3
,*D'*,
| S
Cos % RS
S
Parameter . .
Meaning Units Default
Theory SPICE
BETA transconductance coefficient AV 1E-4

A LAMBDA channel-length modulation v 0
n N gate p-n emission coefficient = 1
m M gate p-n grading coefficient - 0.5
vV, VTO threshold voltage Vv -2.0
Ces CGS zero-bias gate-source p-n capacitance F 0
Cop CGD zero-bias gate-drain p-n capacitance F 0
° T_MEASURED measured temperature °C

Ip = BETA(1+ LAMBDA-V pg )(Vgs —VTO)*

BETA =ID%.
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MOSFET
Equivalent electrical circuit
Large signal (simplified) Small signal (simplified)
CGB
I
I
D
RD g D
Cep C o— r———
I 9nVes
4'4_‘
RG RB § ro
o—ANN— Rleak. + VVVy—o°
G Bulk
Cos I=f(g, Vs, V) S
=JUss:VGs>Vp
S I=fgs,V, V[
RS % Cas =fUss:Vas, Vo)
S
Parameter )
Meaning Units Default
Theory SPICE
KP transconductance coefficient AV 1E-4
w W channel width m DEFW
/ L channel length m DEFL
A LAMBDA channel-length modulation v 0
n N gate p-n emission coefficient - 1
m M gate p-n grading coefficient - 0.5
Vy VTO threshold voltage v -2.0
Ces CGS zero-bias gate-source p-n capacitance F 0
Cop CGD zero-bias gate-drain p-n capacitance F 0
° T_MEASURED measured temperature °C

W KP

2

= (1+ LAMBDA -V pg )(Vgs —VTO)?

I
KP = 2D—~§S for no MOSFET;

Ve

I
KP=2K = 2D—§Sfor nc MOSFET.

Vi
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PSpice Analysis Tvypes

Standard analyses

Analysis Signal type Analysis type or Option Swept variable
DC sweep Large signal DC Sweep source parameter,
temperature
DC Bias point Large signal Bias Point
Small-signal DC transfer Small signal Bias Point
DC sensitivity Small signal Bias Point
AC Small signal AC Sweep frequency
Transient Large signal Time domain (transient) time

Simple multi-run analyses

Parametric Sweep

component’s
parameter

Temperature Sweep

temperature

Statistical Analyses

Monte Carlo

Sensitivity/Worst Case




