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Objective
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To Understand: how “Diodes,” and “Transistors” operate!
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21 Century Alchemy! )
Ohm’s law
v A
R= 7 — P= R Z resistivity

Resistivity is characteristic of the material

Art of VLSI design is:
to put together materials with different resistivity's next to each

other to perform a certain task.

Al,Cu < > Si0,

Insulator

par = 107° [Qcm] Psio, ~ 10'° [Qcm]

Conductor



Periodic Table of Elements
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Bohr Atomic Model

wave-particle duality
A=h/p

O

mvr = nh

de Broglie standing wave

Energy Bands:
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Bohr Atomic Model
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Single atom: 2 atoms:

E,
Nl
N B
T
R £
il
Ey |V 512
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Pauli exclusion principle

2N electrons
tlj ...hj
NS

1

forbidden
energies

I

allowed
energies
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Materials 3 [
4 o1,
5 11O
Conductor 1072 Semi-conductor 10° Insulator
. : >
p[Qem]
Conduction band
2 | &6
N electrons H— o
)
Valance band 8
(V]
=
N

E. (Si) = 1.1eV
E; (Ge) =0.7eV

empty seat / filled seat

Valance band

E¢ (SiO,) = 9eV

2N states



Intrinsic Semiconductor
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Covalent
bands

Valance
electrons



Intrinsic Semiconductor
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N electron density

Po hole density

Covalent
bands

Ng = Po = N

Valance
electrons

- - - @ useless!!

ni‘ =10%m™3 « n(Si) =2x10%3cm™3



n-type Semiconductor
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Donor: P, As, Sb

Ny electron density
.O.O. Po hole density
Covalent free electron for

bands ' each dopant no = Np
— a2
2 S e

Valance
electrons

Np up to 10*° cm™3 © n(Si) =2x10%3cm™3



p-type Semiconductor

D WNR

Acceptor: B, Ga, In
O—=0O—O o eecrn s
Do hole density
Covalent P gole f(?cr each
opan
bands g ng = N,

> &+ o
. ‘ ‘ NoPo = Tli
Valance
electrons

N, up to 101% cm™3 © n(Si) =2x10%3cm™3
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Energy Diagrams
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Kinetic Energy
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Energy Diagrams
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Energy Diagrams
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Density of States ; R
0111
5 EEEEE
Azad‘iv sta‘dvium | Boxing stadium

i~
L i S
e AL

In Stadium: Number of available seats could be a function of
distance from the center so ....

N: number of available states for the electrons could be function
of “Energy” : N(E)

Seats are not the same for fans so empty states for electrons!
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Fermi Function
Probability of Electron Distribution
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IE) = T o GEn/wt

If we are 3kT away from the Fermi energy then we might use

E Boltzmann approximation:
f(E) ~ e—(E—EF)/kT if
f(E) ~ 1 — e Er=E)/kT if
Ep + 3kT
Ep + 2kT 8
Eg + kT _e—(E—EF)/kT N(E) f(E) = # of electrons at energy E
F f .............. -y ...—..-n.!- —— -
gF:lz‘zTE ET =0 N(E)(1 — f(E)) = #of holes at energy E
Ey — 3kTF :
o5 1 /)

E¢ is called the Fermi energy or the Fermi level.

E—Ep > kT

E—Ep & —kT
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Materials 3 D
4 o1,
5 11O
Conductor 1072 Semi-conductor 10° Insulator
. >
p[Qem]
Conduction band
5 I Eg
N electrons H— o
: Valance band 8
(V]
=
N
O
Valance band =
)
\ (V)
E; (Si) =1.1eV >
N

E; (Ge) =0.7eV
E. (SiO,) = 9eV

empty seat / filled seat 16



Electron/Holes : Intrinsic
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intrinsic N(E) f(E) = #of electrons at energy E
N(E)(l — f(E)) = # of holes at energy E

E E .
n, =J N(E).f(E)dE
NC(E) Ec
g N(E).f(E)
C )
Er = E; (
E
Y N(E)(1 - f(E))
Ny (E)} 0
) Po =J N(E)(1 - f(E))dE
Ec

17



Electron/Holes : n-type ) D
5. o
n-type N(E) f(E) — # of electrons at energy E
N(E)(l — f(E)) = # of holes at energy E
E E ng = J ooN(E). F(E)dE
N¢(E) Ec
Ec i N(E).f(E)
Ex f(m N >> Po
Ev P NE(-fE)
Ny (E)t 2, 00
Po = j N(E)(1 - f(E))dE
Ec
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2 EEEEEEEEEE
Electron/Holes : p-type ; Cr
5 EEEEE|
p-type N(E) f(E) — # of electrons at energy E

N(E)(l — f(E)) = # of holes at energy E

E E ng = J ooN(E). F(E)dE
N¢(E) 5’ e

E, N(E). f (E)
- N\s® Po 2> Mo
F ~
il N(E)(1 - £(E))
Ny (E)

Po =]E N(E)(1 - f(E))dE
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Fermi Energy
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intrinsic

n-type
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Fermi Energy
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p-type
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Flow of Charge
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Drift Electric field > gravitational field
E

e
iy

</‘/@/y Ey {

Jn = qnué
Diffusion o
Charges move to be evenly distributed throughout
> space. Similar to perfume in room or heat in a solid
dn
Pl Jn = anE
dp
O ]p = —C[Dpa
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PN Junction
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o o ; EEEEEEEEEE
PN junctions > CrrTn
5: EEEEE
D n
ECp ____________
EFp ————————————
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1 EEEEEEEE
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PN junctions 3 CCrrrrD
4 1
5 EEEEE
p n

< Depletion region >




PN junctions
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depletlon reglon

]ndiff <—
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PN junctions , Reverse Biased
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< >

depletion region




PN junctions , Forward Biased
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«—>
depletion region

/S, .40 -
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BJT Electrostatics
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Emitter Base Collector

pnp

Under normal operating conditions, the BJT may be viewed electrostatically as
two independent pn junctions
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BJT Electrostatics
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Emitter Base Collector

pnp

Under normal operating conditions, the BJT may be viewed electrostatically as
two independent pn junctions
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BJT Electrostatics
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I ’)[7’) Emitter

Wk

Base

Collector
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JFET
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Junction FET Gate

g

Source Drain

Gate

32



JFET

VDNO

Vbs

33



JFET

V, > 0

Vbs
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4. o1
5. OT1
VDNO
P L
T wax
Vps
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JFET

VDNO

_‘_

Vbs

36



JFET A oD
5: o111
VG=O
I O O O
R=,0m o Ve = —2
S
Vps




Qualitative Theory of the NMOSFET
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Gate

Source

The potential barrier to electron flow from the source
into the channel region is lowered by applying V> V;

38



Qualitative Theory of the NMOSFET ; o
S T Ves > Vr D
n+ VDS ~ 0 A

Vps > 0

ST Ves > Vr TD

Vps > Vgs — Vr

Vpssat =Ves — Vr

39



Fermi Energy
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intrinsic n-type o-type
E E
Ec g L
Ey
E¢ -
f
EV 4%‘ %
Po 1 Do -
Nopo = N} n; s; = 5.2 X 1015 T3/2 g=Ea/2kT

n; s;(T = 300K) = 1.08 x 10*° ¢m™3
n; 5;(T = 600K) = 1.54 x 1015 cm™3

40



Drift
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OITTTTT]
OITTTITITT]
OIITTTT]
(]
o111

Electric field -
E

— >
/b//°’> "

P tare

Ve = —Hn& ] = qnun€ + qpuy€

Vp = ,up8

u, = 1350 cm?/Vs
U, = 480 cm?/Vs

Velocity Saturation at high fields!

gravitational field

Iy
iy

41



1 111
o . 2 EENEEEEEEE
Diffusion 3 e
4 EEEE
5 EEEEE
> Charges move to be evenly distributed throughout
space. Similar to perfume in room or heat in a solid
| — dn
Jn = anE
]p — _quE

Einstein Relation D kT

42
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PN junctions 3 CCrrrrD
4 1
5 EEEEE
p n

< Depletion region >




PN junctions
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depletlon reglon

]ndiff <—
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PN junctions , Reverse Biased
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< >

depletion region




PN junctions , Forward Biased
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Va

iz : S
< r g

«—> 174
depletion region

]ndrift

W = ZES(Vbi T VA)( 1
q Np




Wvs. Va
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The junction width for one-sided step junctions in silicon as a function of junction

voltage with the doping on the lightly doped side as a parameter.

10

Depletion width (im)

0.1

0.01

o
| e
............................ 1016
| T
"""""""""""""""""""" 1018
| 1 ........... | ,
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Wvs. Na

1. H

2. R

3. O1T1T1T1T1]
4. 11

5. 1111

Junction width for a one-sided junction is plotted as a function of doping on the
lightly doped side for three different operating voltages.

-
10 "
.
.
.
.
.
‘e
™
— “ee,
E - P
.
.
.
.
.
.
.
.
LN
j. o ~
.
.
.
.
.,
— A te,
. .
. .
. .
e ‘e
. .
. .
. .
., .
. ‘e
., .
. .
. ‘e
. ‘e, Yo,
. o -
. N .
. . .
. . .
LN ., N
* — e N
. v .
. . .
™ ‘e ‘e
. v, .
. . .
. ] -
. . .
. ] -
. . .
. . .
. . 0
. . .
., LN .
o . . .
e . ‘e
. . .
. . .
. . .
. . .
. . .
. . .
. . .
. . .
. . .
. . .
‘e ™ .
* m— \ e N .
N ., .,
. . .
N . .
. . .
. . .
N . .
. . .
LN ‘. ‘e
LN ‘e L
] ' LN N
— ‘e Ye, ‘e
Te. ‘. T,
te. T, Yo
‘e te, .\
. .
‘e e .
. ‘e ‘e
.
'. ‘e ‘e
. . .
. . .
. . .
. . .
. . .
. . .
. . .
. . .
‘e ‘. .
. . "
‘e, e ‘e
. i\ LN
‘e . .
. . .
. . .
. . .
. . .
. . .
. . .
. . .
. ‘e .
. . .
.
‘e, T, te.
N e, ‘e,
‘e . .
. . .
. . .
. . .
v, N LN
L —— oy e, .,
e, ., e,
.\ ‘e .
. . .,
a, N ,
. .
. .
. .
. .
e ™
. .
. .
. .
. .
. .
. .
. .
‘e ‘e
. .
. .
a, v,
. .
‘e ‘e
N .
. e
‘e, e
e, e,
‘e, .
.
.
L
.
s
e,
e
O ] O 1 | | | | | | | | )



pn Junction: |-V Characteristic
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2

+

2

= I;(e?V/*T — 1)

T = 300K
A = 100 um?
Lp = 30 um.Ln
= 20 um,

~~

- I = 1.77 x 10717 A

e
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1 EEEEEEEE
. 2 EEEEEEEEEE)
Small signal model : [
5 Eamam
o, small signal equivalent circuit _
l
— Vb * B N v 7
D Up V4 Tg — T/I __________ :
o TwTT
= = - ) Ip i
- Va
ip = Is(ed"p/kT — 1) ” : Up
D
= Lol kT/q = Vy
— ISeUD/VT eﬁ\i sin wt/Vr iD — ID + id
7; sin wt vp=Vp+vy =Vp+7;sinwt
= IsevD/VT 1 + — 4 .-
Vr
~ [ vn/Vr (1 4 ZiSIMOT BIG IFFFF! B, < Vy
S VT
% Va
ID+id :ISevD/T 1+—
Vr
Vd
g la
La D V.

50



BJT Types and Definitions
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The BJT is a 3-terminal device, with two types: PNP and NPN

pnp B npn B
Asymmetric!
Emitter Collector Emitter Collector
E o FeCc E o e C
p+ I P- n+ P n-
Base Base
+ VEC — - VCE +
Ig I Ig Ic
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o . . 2 OTTTTITTT]
BJT: Bipolar Junction Transistor ; CECCITD
5 (NN
oo D BB
F : Forward i A —P—C Vee
R : Reverse ] A Sl o )
F L 1:F 1:F ok __ ____ i
R ] 2:R 2:F n
V . (—— J— JE— —
T eeanamesananet > VD ACtIVG Saturatlon
> Vg
Cut-Off Reversed
o B , 1:R 1:R n p n
1 , 2R 2:.F 1 5
B ¥ é
C
®E
B Qn
se—{ o i
e .
®c



BJT Electrostatics
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Emitter Base Collector

pnp

Under normal operating conditions, the BJT may be viewed electrostatically as
two independent pn junctions

53



BJT Electrostatics
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Emitter Base Collector

pnp

Under normal operating conditions, the BJT may be viewed electrostatically as
two independent pn junctions

54



BJT Electrostatics
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I ’)[7’) Emitter

Wk

Base

Collector

55



BJT Electrostatics
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pnp Emitter . W Base Collector




Collector Current (PNP)
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IIFII 'I‘i ”R”
Vegg > 0 B ™ Vg <0 The collector current is comprised of:

2| Holes injected from emitter, which do
3 not recombine in the base

< 3| Reverse saturation current of collector

L
pr\ — junction

4 L

o~
)

DO

hole

D+ Fmitter In Rase

Ie = agclp + Icpo

N

where I-po is the collector current
which flows when I = 0

Ic = agc(Uc + 1) + Icpo

a I
IC _ dc IB n CBO
1— Xdc 1— Xdc
= Blg + Icpo

57



1. oo
. . . 2. EENEEEEEEE
BJT: Bipolar Junction Transistor 3 Coorrn
y T
b AID C . OA
A —P+— C LB K
Be—={ Qn
+
P n
Vg VBE e
> >
VBE
ip & eVp/mVT ip oc eVBE/MVT
Avp my Avpg my
ﬁ A —2 lD=Cte AT ~ _2 iE=Cte
ic(T2)

ip(T) ~ 2(T2=T1)/10K
ip(T1)

ic(Ty)

~ Z(TZ—Tl)/loK

58



BJT Circuit Configurations
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RET — =, -
— N - | B
: - ’ Fa i
| 7
O (i £

CB: Common Base

CE: Common Emitter

I.1/”‘( A -;

Saat 'Pf_‘
(i) ” |
.

r_,,,, 'A\,

)

4

n Jy L

£
L

y i
foni)

D
=

CC: Common Collector

Output Characteristics for Common-Emitter Configuration

Lc




BJT Configurations
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CE: Common Emitter

[ [
_& <L
- ® O
+ C +
UBE Qn UcE
B
- 7 E - \

Input Characteristic

Output Characteristic

Transfer Characteristic

CB: Common Base

Qn

1 °

_ E b o C +
UBE ¢ B Vcp

+ -

ig VS. vgg for different V.

ic VS. v for different Vg orip

ic VS. vgg Or ig for different Vg

CC: Common Collector

i i
R 15
+ C +

VBH Qn VEc
B £

60



1
. 2 [
CE: Common Emitter 3 Eemmeey
4 [T
5 [T
lp lc Input Characteristic i A g =0
— < !
(o C. O ,l, VCE > 0
+ + !
UBE | o I:Qn ,," very little
B /! dependence to
B E* > output voltage
Output Characteristic
Active:
VBE v
. —ZE CE
ic = Ise™T(1+ T)
—V/4 Early voltage E A
i ASaturation Ve T W T 111
c1 620my
600mV  Active

560mV

/ Var < 9.5V
Cut-Off
7 0.2V Veg
61




1 oo
. 2 EENNEEEEEE
CE: Transistor Model ; CECCITD
5 111
iB /lC 5 1 .
%— ® _ O Lc AE i Le P\G“\Ie
+ c + % s
VBE 5 Qn UCE !

SOA:
Safe

Operatin 0.2V
g Area

VCEmax VcE

62



CE: Output Characteristic
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[ [
B tc

- ¢ O
+ C +
UBE on Vep

B

Ei,

aturation
QN

>CUt'Off
VYBE Vceg VeE
g =Lsemr(d Va Is ZBE _ Ucg
| VBE  pgp B = EQ"VT(l +5)
ic = Ise™'T(1+ V_) A
A
|deally linear: _ e _ I B I,
i %
BDC =fpc ==  =pr(l+)
SPICE BF = fip = a0l i
B _ = — = —
Vep=0 dig|, _, i
c=Iq

63



1. OOaaTTd
. 2. COIITT1T1TT1T1]
CE: Common Emitter 3 e
; (o
T =100°C
’B 1 T = 25°C ’8 |
! : I > >
1/100 1 100 I¢(mA) fr f

64



L. O
2. EEEEEEEEEN
CB: Common Base 3 gEeEsas
4. o1,
5. 111
g i Input Characteristic Output Characteristic
2“‘[) o — _ i /O\.' c MC Active
v + + INn p- UBC E Lu,,' 7 o) ST
ELE + + very little S”," K Ec STA
o il /A
/ (V)
i Icpo Ig =0
________ —m——s > j
e VER —04V Cut-Off Vpgc
Active:
iE ATZ iC — aiE
T, I
f+1
Avgg mVv
~ —2K ipr=cte
> AT E
UBE

Icpo Leakage current of BC diode

Determined by nq as ngcg > vpo
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1 oo
. 2 o
Large Signal Model ; Easas=s
5 Eaman
_ c A
lp lc AR I five A
— <= lc | € AC lB
—‘ c? 2 — I
VBE 4 :' ¢ Uce
K" VcE /
- E - VcE VBE
? : 3
Active Saturation Vi
C B C C
% B C 0.4
5 Sl — °
B I ideal? Bl
1 Iss A Pl =Y T /ctsat Be—— Is
s 0.2~0.3V ;
E
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Qualitative Theory of the NMOSFET
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Gate

Source

The potential barrier to electron flow from the source
into the channel region is lowered by applying V> V;
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Qualitative Theory of the NMOSFET
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S T Ves > Vr D
N+

ST Ves > Vr D

Vs > 0

S Ves > Vr TD

Vps > Vgs — Vr

Vpssat = Ves = Vr

68



MOSFET I-V Curve
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Q= WLCOx[VG - VTH]
QW) = WCoxlVe = Vryg —V.(y)]

2 av.(y) } Ip = WCoxlVe — Ve — Ve lun d;y)

y=L VC=VDS
f Ipdy =j W, CoxlVe — Ve — Vo) 1dV.(y)
y=0 V=0

69



MOSFET I-V Curve
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W
Ips = %T .UeffCOx 12(Vgs — Vru)Vps — VDZS]

(1W .
o 5L UerrCox[2(Ves — Vry)Vps — Vis] Vps < Vpsg,, Linear
DS — 1W
A terrCox(Ves — Vr)? Vbs > Vpsegr = Vs — Vr
Saturation
Linear :
A (Triode) | Saturation

Ip

-1 B
W 1
=\7 terfCox(Vgs — Vr)
Vps=0

“channel-length modulation”

70



Voltage Amplifier
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iB lC
< e b
+ +
(%
BE 5 EQn vCE +
+ Vo
= vl ]
A vt 0-1v
‘e Vee™ 1~
10v\/\/
j Vi U
> >
cut-off ° saturation
=
i)
(@]
©

NN\

Vo = Vee — Relic

v
ic = Pigp = I(e'T —1)

71



1. o
o e 2. EEEssEEEEE)
Biasing: Vge = cte 5 corrm
5. IO
VCC
w/DC-coupIed
Rc
\% i +
7o Vo
SOEE
:IT: VBE
N UOA 0.1lv
Iy ct N
lOv\/xV/
Vg Vg
e > >
cut-off saturation

active

NN\
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1 oo
o o 2 EEEEEEEEEE
Biasing: I;=cte ; CrTD

5 (EEEEN

I B I VCC - 10V

B0 I.=1mA S =100

I, = BI

c = Fls I, = 10uA

For max swing: Ve~ 5V - Rc ~ 5kQ)

For max gain: Ve~ 03V - R; ~9.7kQ
00 . Ip = Vec = Vee What is the problem?
\| R
1l I\l B
Vs Uy L -
} VCC =10V 200D o
= - Rp= 930kQ
I = 1mA
Replace it with transistor with = 250 I
IC = 2.5mA VCE =10—-5%x25=-25< VCESClt

73



Biasing: I =cte
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LT - I 1

Vece =10V [, =1mA B =100

For max swing: V.~ 5V

VC_VBE=’3VC_VBE

R. =
s Ip I¢
— Rp= 430k}
Negative feedback!
- Vel
- Izl
- I

74



1. oo
< . 2. EEEEEEEEEE)
| _ = 3, Eamamam
Biasing: I =cte 2 o
5. Eamam
VCC
Vgg =V
R, I, = BBR BE
Vo + E
® te v
;5, % 0 I independentof Vgg
Vg - R -
E
I VBB = V
= Vep > Vg Vg~ 2.7V
10V 10V
il = Re 6V R, <5k()
vt 10v
2.7V Vi, ¥ 0
ZV\L 1mA N lc Ve Vee
v
%RE = 2kQ) o4
) Where is the >
trade-off? 0.7V 6.7V VI
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1 oo
2 EEEEEEEEEE)
Biasing: I =cte ; CorrTn
5 11
VCC 10V I Vee 10V
IB -
Il\l/%R %Rc—él-kﬂ B 11\1/ R,
o\o ! 2 7V|) 6V Assume: 11 > IB VB
] \l/ 1mA ¢ ?
(4} RZ R B
Vee 10V
Ve = Vg — Vggon
R
l-lc I, = LE Ip=alg ~ I Ve = Vee — IR
Vs : V. E = R, c = g = Ig C cc — Ichc
— Vg Vee 10V
?
%RE Vi 0.1mAY g 5
= R1<: 73kQ) Vo o
0 6V
)| 2.7V |) ¥ This is for design
/1 — 1mA _
. @ 10ud 2V how about analysis
I
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1 - o,
1act 2 EEEEEEEEEE
Biasing: I =cte Z o
5 mamng
Vee 10V _
’ Assume: I, > I I, = 0.1mA Vee
Ri< 73kQ) . Vg = 2.7V Ve =2V % R,
iy 27v )6V O v
1 = Vima  lp=1mA  Iz=001ma L Vs
v, @ 10pA ) 2v I
L R f 2710 %RE 2L What if 8 was 10! f R,
) B Vee 10V
VCC éRC
Il\l/T R R1 | RZ vO
%Rl Vee R, + R, ’\/‘ — l) Ve
VB IC/:B
-1 /\ %RE aIC\l/
B

+ VBEOTL + aREIC - IC = ..

2
For the above numbers: I, = = 0.92mA

0.99 x 2k + 0.01 X 19.7k
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. . 2 OITTTITITT]
Biasing: I =cte ; Crrrn
5 O1T1T1]
VCC
®
R, IR, +i = Vadon + IgRE
Vo V R
I/ Il ~ ce IE == _Ell
W R, +R, R,
imi V Ig

1_2 _ [s; _ AQZ
I Is; Ag1
area

78



1. o
o o 2. EEEEEEEEEE)
Biasing: Example 01 N Frrrr
a. mmna)
5. O1T1T11
o 15V B =P, =100 Vg =07
%150*@ %5-61@ %3.91@ y 1.26mA
0.07mA o4 10.1V Q1 Q:
v y |;Q2 IcmA] | 1 | 1.26
4V 5.9V
——{ o1 VeelV] | 61 | —4.2
01n 1.26mA CE
0.01mAY, 5 5, Vv 1.26m
f56k£2 %3.31@ 4.7kQ
v1imA L
) - ' 15V I
. 3.9I'; + 0.7 = 5.6(0.9 — ?E)
15 KVL 3.9k | I'g ,
I'y = 1.13mA
%5 6kO I'y/B 5 10.59V
Ie/B h— 02
150||56 V0.9 9.89V & 31y
408 KQ:L
41kQ 3y 4.7kQ
Vg =
KVL 3.3kQ .

= 0.91mA

| =
= £ 33+4408/101
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. . 2. EEEEEEEEEm)
Biasing: Example 02 N Frrrr
4. [T
5. O1T1T11
¢ Vce=10V B1 =B, =100 Vg =0.7
1.05mA
% 8.2kQ 0, 0,
- Q2 | ., =149mA
—> N Cc2 m
0.015 \/ Ve[V 1.4 9.3
01 ) 0.7V
I, = 1.05mA ~
L ’%f 0.01V f 4700 | 4 4oma
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L. o
oy 2. EEamssEmEn
Biasing: Example 03 y Frrrr

4. [0

5. EEnEm

’ Vce=9V Bi =P, =100 Vg =07
Q1 Q2
¢§ 3.3kQ % 2.2 kQ ¢ P . -
5.26V
— N
0.007 V 9V
_L/le_
83—v
= 3.3 kO 2.2 kQ
0.7v 76 33k | $ $
1.7V
< M v+0.7 | o,
0.023 X 1kQ (
1
! Alel
47K
83—v wv-—0.7 "
330 47 ?_ 0.7 W %
' 1kQ
47k 81
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Linear BJT Amplifier
\/Voc Vr =26mV Vy =200V
R g VBE VcE VBE
oV, iC = ISe"VT(l + v ) =~ ISe"VT
A

vgg = Vg + V; sin wt

; VB Dj sin wt
Vo = VCC — RlC = VCC RISeVTe Vr

V;

1Z
= Vec — R, (1 +—sma)t +Fsm wt + -

Vr 7

U
= VCC — RIC — RICV_Sin wt

\ J \ T J

T
Vo v,

Vo —R¢l¢

A = = = — R
114 Vi V. Imhic

)



1. oo
. 2. EEEEEEEEEE
Amplifiers . D
4. mEm)
5. EEEEE
Voltage
Amplifier |deal:
A Vout
Vo V. Rip = o0
open circuit voltage gain
Current .
Amplifier Lout .
P Ajs =~ Ry =0
T Wour=0 Rout = @
short circuit current gain
iout R:. = oo
m = V mn B
M ly,.,:=0 Roye = o0
short circuit Trans-conductance
Trance-Resistance
Amplifier L., R H V
- 1 1 out _
i ! Rm = i Rin =0
: i T Hour=0 Rout = 0
i i
1 1

open circuit Trans-resistance



BJT Small Signal Model (h-r)

ip lc
= c® <
+ _L +
VBH 0—an Ve
B
- Ei _
Input resistance:
dvgg
r, = —— =
n alB
Output resistance:
GUCE
T, = —
0 alc
Trance-Conductance:
i,
Im =
dvgg

VEB 1%
i =1 (eVr —1) +%
A
YEB 1%
= JgeVT (1 + ﬂ)
Va
Ic

dig \T [ dic\ (I
<5”8E> _ﬁ<a”BE> _ﬁ<

Un
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1. oo
2. EEEEEEEEEE
Example 01 -CE 3 Eeemesy
a. O
5. Emaa)
Assume [ =100 Vy~
Design for I, = 1mA and maximum swing
Find Ay, Rin, Roye
: 10V
window
forv, -7 Vo=5 Re=>5k

gy O

7
oy
o t Il R I

Vo = —gImVrlc

A = Vo R T —BR, _ —R, _ Collector resistance
v = = T9mhc = = e
72 rw+R, 1 +R, 1,+Rs/B Emitter’s circuit resistance

IfRS - 0: Ay = —gmRc

85



1 oo,
2 EEEEEEEEEE
Example 02 - CE 3 [T
4 EEEE
5 EEEEE
10V
h g — ~ ' .
0 1mAd %RC‘“‘Q Assume B =100 Vy~o  Find A,,Rin,Rous
R1$ 73kQ) Ry
Reo | 2y Hﬁﬁo%_. "o N .
o | — 1mA AC i R | oV,
in 1kQ) 10uA © 2V circuit L v, e ’\f <_E- I) R¢
szzwm %RE | |
[ [ 2ka | fis B <Rs =

Rin Un Vo = —9mVnRc Ry Il Ry ~20kQ
Uy e— AN 1\ Yo __RilR, R, = Ry | Ry Il R
Vn<rﬂ ImV fRC Uth = Ry I R, + Ry vin e i )
- mvm
KVL - Vg (%5
1 KVL: —Ven +Ryp—+ vz +Rg—(1+B) =0
. lvn T gm "n T
E _ VUn 1 Unr = Utn =
= = (1+5) Rip + 1 + Rg(1+ B)
Al = Vo — _ﬁRC i
vy Ry +1,+Rg(1+P) 4 _Vo _Ven Yo _ 20 4 =—-1.8
_ —R¢ Tovg v vy 21 35 , 5,101 |
I (ﬂ) 100 * % * 100
B E\ B
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Example 02 - CE

nhwhNPeE

Bypass capacitance
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1 T
2 OIIITITITT]
Example 03-CC ; Crorrrn
5 OT1
10V Design a buffer I = 1mA window for Vg
{RB .
- R, AC circuit

V4 v R J

|—0 Vo ® I\/\
RE R vO |
[ % 5 %RE Rg = 5kQ
= = _10-57

Rs v Rp = = 430k()

VN \n/ n 1 KVL: 0.01m

+ Uy Uy
—Vip + RSr_+ v + Rg (r—+gmvn> =0

T T

v = Vin
T Rg 1
E+1+RE('gm+a>
+ gm) RE
Rg .
RS + T -
i+p tRe
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1 oo
2 EEEEEEEEEE]
Example 03-CC 3 Easaesy
4 mmnn|
5 11
V: s T Vo _ RE V- R 0 T
o L )
Rin 1+ ﬁ E Rin
VU, Vo
RE RE
R vﬂ/ Rin =1 + Rg(1+ )
”l]l,nFJ\/L :N " =
v’fgr” GmVn
remitip ” I

=1, +Rz(1+ )

Rout = Rp Il ™

1+p

= Rg |l
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Example 04 — Multi-stage Amplifier

nhwhNPeE

1014 Design an amplifier:

f 930k R
1kQ <73k T " v
\ 10 — 3

NS 0 = — R, = = 7k

in 1m
= 10 -5
f27kﬂ 2kQ :_—L: Re, = = 5kQ)

oV,

AC circuit vy Vi Vs Uy

Rin Q fSkQ Ay=—=—— —

1kQ vy 1|) 2 v, VU VU Uy
E’V\ Q1 f f

S |
S A, = 10143
I v—z = —gm,5 = —200
27173 v
| v—j = —Gm, (711930 Il 13,,) = =73
vy 20% || 1y,

— = = 0.69
v 20F |1y, + 1%

I, = 1mA

B =100
A, = 1000
V., =10V
Rg = 1kQ
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Example 05- CE, CB, CC > oD

T N
R . . T & T e v

AC circuit % 7k %2" Ij-
A o " .
® k
Uin I\j_l - f 4 f430k 5k vO
208 = - -

Ry <7
0
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2. OIII1I1T1T1T1]
Common Base . [T
4. 11
5. 111
®C
Be— C
_ +
E_L/‘ - Un%rn
- gmvn
iE ‘
E
cC _ E ®
= o
ImVn v,ﬁ”’”n %Tm ImVn
+
- o
E C
.—
1S Te ImVn
Tl
B
To =Ty | 7y =1 p =T,
B+




1. o
2. OTTTTITTT]
Example 05-CE,CB, CC 3 oo

5. o111

y = Y

v—l = —gm(1.5% Il Rip,) = —1

S Vo V1 Va2 Uy
v, Ay = Ve Vs ' v, vy 160

= +gm (4% | (1, + B5%)) = 160
1

Uy 5k

IR
—

%) 5k _|_T;T_2

B
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Cascode Amplifier , CE-CB

1 oo
2 EEEEEEEEEE
3 I

4 1

5 11

neglecting 18Ve
base %1 5k
current I <6.8% 11_5)
L LI012]
||—)I > Igz
%5_6k 10.5
4.3
® )| » > I/Q1\L
Vin [l J
f4.7’< 1k
18
I = = 1.1m4
6.8+ 5.6 +4.7

AC circuit:
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2. EENEEEEEEE

Some Notes: 3 Cr
5. (EEEEE

B | B
o+l =7 | = v =7 v, d}
UZI Tn VU [0 U7_T Tn mUr [0 i <71y A o Vny <71
7\‘ E B\, ) C
Q = *+ -
- ’ B vﬂ< n mVrn é T % "
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Summary

u b WN PR

Vin |J-
@

R | ]
V\
IRin RO
D,
Ryl °

Vo _ RE
V: _R5+Tn
m it Re

Rip =1 + RE(l + B)

R5+T'n-
1+p0

R, =Rg |

Vo —R¢
v. R+
C ¥l THRe

Rip =17 +RE(1 +,8)
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u b WN PR

ERO
”I"O=OOT
Vo RE
Vin RfTJ’;’%RE

Rip =1 + RE(l + ﬁ)

R5+T'n-
1+p0

R, = Rg |l

Vin & |—>VT
| ﬁ &
Rin |.vo
fRE 7,
Vo _ RE ” To
. Re+r
m o I FHRe T

Rin =1+ (R I )1 + )

R5+T'n-
1+p0

Ro =Rp Il i
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Input/ Output Impedances

u b WN PR

1 Aunwsliyeies

\'{/{fzfé:}

s, : |1 b
""J(t‘}il :-:§::; »/:J lﬁl : ]’ j _ ll

. fl L . :: =2 N
W @y . 0 P, (R ‘ w I
1{.,}..j ( 2 l ,Il. (C}f) A 10.(0,1;1'. e} ' {2 l \',;{:"llﬁ

L2 N, _: :-:;: I ' I;‘\.: E )
W | . (O] oA | : { (-JO 5 2
R v:,,j.::-.::- : {, _:") © . [ o l '

.............................................
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1. OI11111]
2. EEEEEEEEEE
9 v 3. EEEEEEE
* VA
4. o014
5. (EEEEN
= R, i
R R, = R¢ I Ry <= Uy
elegv RS I) vx Ré=_
I 0 /\/\ T Lx
R Rin \l: R = °
S N I/ ) =
vin. J\/\ rO RE
Rg -
= RS vn'/r éx
(v % - * ' =
1%
Ri—+ v, +Rg|i +—”>=0 Un< Ty , To E *
) Srn " E(x I - & ImVn § \L? 1
. . Urn Ry
kvxzro(lx_gmvn)‘l'RE lx+r_ \l/ _I_vﬂ
n RE l.X' o
T
Uy BRE )
R == = 1 R R
° =% r"( +RS+T'7T+RE)+ (s 4 )
. BR;
=r0(1+Rs+Tn+RE R _0 _){RE<<T7T.R(I)=TO(1+ngE)
S I/
RE >> TTL' . Ro :,BTO
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Nonlinear Transfer Function g T
Biasing . %m
V+’§ Vbp
LT
_‘
{ vy = Vi +v(t) v (t) * +
vOUT = VO + Avvi(t) ' VIN -I_ UOUT
VI 1: - = -
-
GJ ' : v{-‘ V=10V
4 v, Coupling Capacitance —r o

R, \ % R1
= = IV, =V o
V=0-4,=0 1 cC R, +R, v

VI — VZ - Av = ( ﬁin(t) f R2

out

vout(t) = Voutr + ApUin(t) 100



Practical Consideration
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100V
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Practical Consideration: g e
Input / Output Resistance ; o

A ANVA

41

NOTE: You need to make sure circuit is in
its linear operation regime




1 S oaom
° 2 OI11aoI1rnm
Amplifier Frequency Response ; e
5 Eamam
' Vec=10V f Coupling
C | CC .
ngzcl?[gnce Capacitance V=10V
\ § R \oo
ﬁo | v, (t)
OUt C
9in(t)é ‘3w vi(t) |
= v;(t) = V;sinwt v, (t) =V, sin(wt + @)
vO
Transfer Function: T(w) = -
i
IT(w)| =+
Vi —3dB l
Amplitude in dB
Half
power Band Width
4T (w) = @
Phase
wy, Wy \
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