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Unit- 3

¢ BJT Circuits at DC

s Applying the BJT in Amplifier Design
» Voltage Amplifier
» Voltage Transfer Characteristic (VTC)
» Small-Signal Voltage Gain
» Determining the VTC by Graphical Analysis
» Q-POINT

¢ Small-Signal Operation and Models
Transconductance

Input Resistance at the Base

Input Resistance at the Emitter
Voltage Gain

Separating the Signal and the DC
Quantities

The Hybrid-it Model

the T Model
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¢ Basic BJT Amplifier Configurations

» Common-Emitter (CE) amplifier without and
with emitter resistance

» Common-Base (CB) amplifier

» Common-Collector (CC) amplifier or Emitter
Follower

+»* Biasing in BJT Amplifier Circuits
» Fixed bias

» Self bias
» \Voltage Divider Bias Circuits

¢ Biasing using a Constant-Current Source

s* CE amplifier — Small Signal Analysis and
Design

** Transistor breakdown and Temperature
Effects

** Problem solving.
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Oper.ation Modes of BJT Mo EBJ CE]

*Active mode Cutoff Reverse Reverse
*Saturation mode Active Forward Reverse
*Cutoff mode i e i

Active Mode Operation of BJT Transistor(NPN BJT)

Active Mode Operation of PNP BJT




Operation Modes of BJT

*Active mode
*Saturation mode
*Cutoff mode

Cut off Mode Operation of BJT

Mode EBJ CE]

Cutoff Reverse Reverse
Active Forward Reverse
Saturation Forward Forward




BJT

Oper.atlon Modes of BJT Mo EBJ CE]

*Active mode Cutoff Reverse Reverse
*Saturation mode Active Forward Reverse
*CUtOff mode Saturation Forward Forward

Saturation Mode Operation of BJT
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BJ T le-—p> :/vfi —

Common Base Characteristics Output Characteristics V* Ves
Input Characteristics i T,,
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BJT

Common Emitter Characteristics Output Characteristics
Input Characteristics
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BJT Circuits at DC

Conditions and Models for the Operation of the BJT in Various Modes

 Only DC
Voltages are
applied

* \Vbe=0.7 V and
Vce=0.2 V

Cutoff
EJB: Reverse Blased
CBJ: Reverse Biased




BJT Circuits at DC

Conditions and Models for the Operation of the BJT in Various Made<

 Only DC
Voltages are
applied
* \Vbe=0.7 V and
Vce=0.2 V
Ii>(
Active Ro— S

EBJ: Forward Biased
CBJ: Reverse Biased 7= 077




BJT Circuits at DC

Conditions and Models for the Operation of the BJT in Various Modes

 Only DC npn
Voltages are
applied

* \Vbe=0.7 V and
Vce=0.2 V

Saturation A
EB]: Forward Biased -
CBJ: Forward Blased .77 -|-




BJT Circuits at DC-Active Mode(Problems)

Example, B is specified to be 100.
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BJT Circuits at DC-Saturation Mode(Problems)

Example, B is specified to be ATLEAST OF 50.

+10V
A

4.7 k()

+6V

3.3 k()

(a)

+10V

+10 V

10 - 5.5

4.7

0.96 mA 4'

4.7 kQ
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BJT Circuits at DC-Cutoff Mode(Problems)

Example

+ 10V




Applying the BJT in Amplifier Design

* The basis for this important application is that when operated in the active
mode, the BJT functions as a voltage-controlled current source: the base—-
emitter voltage(Vbe) controls the collector current(ic)

e Although the control relationship is nonlinear (exponential)
* we will shortly devise a method for obtaining almost-linear amplification
from this fundamentally nonlinear device.
> Voltage Amplifier
» Voltage Transfer Characteristic (VTC)
» Biasing the BJT to Obtain Linear Amplification
» Small-Signal Voltage Gain
» Determining the VTC by Graphical Analysis
» Q-POINT



Applying the BJT in Amplifier Design-VOltage Ampllfler

Vee

(a) Simple BJT amplifier
with input vBE and output
vCE. l

Upp

**Voltage-controlled current
source can serve as a
transconductance amplifier, that is,
an amplifier whose input signal is a
voltage and whose output signal is a
current.

A simple way to convert a
transconductance amplifier to a
voltage amplifier is to pass the
output current through a resistor
and take the voltage across the
resistor as the output.



Applying the BJT in Amplifier Design-VOltage Ampllfler

Uprp

Here vBE is the input voltage,
Rc (known as a load
resistance) converts the
collector current to a voltage
(Ic Rc ), and Vcc is the supply
voltage that powers up the
amplifier and, together with
Rc , establishes operation in

" the active mode, as will be

shown shortly.

(a) Simple BJT amplifier with input vBE and output vCE.



Applying the BJT in Amplifier Design-VOltage Ampllfler

*The output voltage is taken
between the collector and
ground, rather than simply across
Rc.

**This is done because of the
need to maintain a ground
reference throughout the circuit.

The output voltage is given by

Uprp

vep = Vee — icRe

(a) Simple BJT amplifier with input vBE and output vCE.



Applying the BJT in Amplifier Design-VOItage Tran Sfer Ch araCteriStiC (VTC)
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(a) Simple BJT amplifier with

input vBE and output vCE.

Active

A Cut off 1" mode | <— Saturation

Edge

**Output Voltage Vs Input
Voltage.

+Plot of VCE Vs VBE

Case-1:
For vBE lower than about 0.5V,
the transistor is cut off, Ic=0.

vCE=Vcc-Ic Rc
vCE=Vcc

Case-2:
As VBE rises , the transistor is

of Saturation turns ON and VCE decreases.

-

Upg

(b) The voltage transfer characteristic(VTC) of the amplifier in (a).



Applying the BJT in Amplifier Design-VOItage Tran Sfer Ch araCteriStiC (VTC)
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A Cut off 1" mode | <— Saturation
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*However, since initially Vce
will still be high, the BJT will be
operating in the active mode.
**This continues as Vbe is
increased until it reaches a
value that results in becoming
lower than by 0.4 volt or so
(point Z on the VTC in Fig. b).
s*For greater than that at
point Z, the transistor operates
in the saturation region and
Vce decreases very slowly.

-

(a) Simple BJT amplifier with 0 05V
input vBE and output vCE.

Upg

(b) The voltage transfer characteristic(VTC) of the amplifier in (a).



Applying the BJT in Amplifier Design-VOItage Tran Sfer Ch araCteriStiC (VTC)
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(a) Simple BJT amplifier with
input vBE and output vCE.
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Active :
A Cut off 1" mode | <— Saturation
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Edge
of Saturation

**The VTC in Fig.(b) indicates
that the segment of greatest
slope (and hence potentially
the largest amplifier gain) is
that labeled YZ, which
corresponds to operation in
the active mode.

s An expression for the
segment YZ can be
obtained by substituting
for Ic in Eqg. (6.24) by its
active-mode value.

-
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(b) The voltage transfer characteristic(VTC) of the amplifier in (a).



Applying the BJT in Amplifier Design-VOItage Tran Sfer Ch araCteriStiC (VTC)
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(a) Simple BJT amplifier with
input vBE and output vCE.

=03V

Active :
} Cut off —1"mode | < Saturation

Edge
of Saturation

E.:' f__E AP Vf_-'f__

— iR

UCE

< ..':’ [".
T UBE VT
= Vee-Rels e

-

**This is obviously a
nonlinear relationship.
**Nevertheless, linear (or
almost-linear) amplification
can be obtained by using the
technique of biasing the BJT.

Upg

(b) The voltage transfer characteristic(VTC) of the amplifier in (a).




Applying the BJT in Amplifier Design- Biasing the BJT to Obtain Linear Amplification

Vee *»*Biasing enables us to obtain almost-linear
YCE ) amplification from the BJT.
**The technique is illustrated in Fig.(a).
X Y A DC voltage VBE is selected to obtain
operation at a point Q on the segment YZ of
the VTC.
**How to select an appropriate location for
the bias point Q will be discussed shortly.

4
ICC

© Vi Frmseoosens O % For the time being, observe that the
; | coordinates of Q are the dc voltages VBE
Ve i and , VCE which are related by
|
| ; Upp’ Vr
. L. | .| vcr = Voo -Rels e
3 3 0 VBE Upr

(a) Biasing the BJT amplifier at a point Q located on the active-mode segment of the
VTC.



Applying the BJT in Amplifier Design- Blasing the BJT to Obtain Linear Amplification

Vec v “*Point Q is known as the bias point
or the DC operating point.
% ¥ “*Also, since at Q no signal

4 . ey
Vee component Is present, It Is also

known as the quiescent point (which
is the origin of the symbol Q).
**Note that a transistor operating at

Q will have a collector current given
by

O

VaE UBE

(a) Biasing the BJT amplifier at a point Q located on the active-mode segment of the
VTC.



Applying the BJT in Amplifier Design- Blasing the BJT to Obtain Linear Amplification

Vee

- O

|||——:|J‘ | +
'll——f\

YeE A

| |
Cutoff —=| Active |« Saturation

| mode |

UBE

BJT  amplifier
biased at a point
Q, with a small
voltage signal vbe
superimposed on
the DC  bias
voltage VBE.
**The resulting
Output Signal vce
appears
superimposed on
the DC collector
voltage VCE.
*The amplitude
of vce is larger
than that of vbe
by the voltage
gain Av.




Applying the BJT in Amplifier Design- Biasing the BJT to Obtain Linear

veE A

Amplification

| |
cc Cutoff —| Active |-=— Saturation
i | mode |

(r—=  vpe() = Vpp+op(D)

--

Time



Applying the BJT in

Amplifier

Design-

Small-Signal  Voltage  Gain

< If the input signal Vbe is kept small, the corresponding signal at the
output Vce will be nearly proportional to with the constant of
proportionality being the slope of the almost-linear segment of the VTC

around Q.

*** This is the voltage gain of the amplifier, and its value can be determined
by evaluating the slope of the tangent to the VTC at the bias point Q,

A,

=y
7

4= o oy
: d’“m, _v
YBFE= YRBI
7 ."')';’!'" |
ce = Vec—Rels e

1. The gain is negative, which signifies
that the amplifier is inverting; that is,
there is a 180 phase shift between the
input and the output.

2. The gain is proportional to the
collector bias current and to the load
resistance.



Applying the BJT in  Amplifier = Design- Small-Signal Voltage Gain

.]_‘ I’CC
A == R, A
1 ( VT) C a
TR~ Vor I
Ay =t _ X ]"r:’:‘{".' = VE'E' - V{’.’f:' gkc
Vy Vy

Where VRC is the dc voltage drop across RC,

—0
'/ VCE
A = - Vee — Versa @ . k}_
VT V' 3£ I
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Applying the BJT in Amplifier Design- Determining the VTC by Graphical Analysis

Load line Verp — UEE — jl'r':‘ﬁ,r':

Vee _ Vee  IcRc
R Ry R¢

Ver _ Vec _
Re R, °©
Vee 1




Applying the BJT in Amplifier Design- Q-Point

ic A
lL.oad-line A

UcE

l.oad-line B



Small-Signal Operation and Models

» Trans-conductance

» Input Resistance at the Base

» Input Resistance at the Emitter

> Voltage Gain

» Separating the Signal and the DC Quantities

» Hybrid-nt Model
» T Model



Small-Signal Operation and Models

Ver/ Vr
I = Ise r

][;‘ = [(/C(
Vee
A —
L 4
= | L-I/8 =

@) | Vg = Vee—IcRe (b)




A x2 x3 xn
Transconductance e =1+x+5+5+=+—+-
vBE = VBE + vbe----- (1)
Ic = Iﬁ'fﬂws T = f.g-er Vpp+ 0400/ Vr
- I‘:-.ELHJ FEIELII'JE-“" ["1' Vee
U c?/' l; -----
ic = Ice" (2)
If vbe < VT,

E&%E= ]_+(!-"ba)+ [?'[,?_b:) {EF—E:)

; ( Yhe )
e Vr 2! T 3! T ir=I\1+= ‘,‘| _____ 3)




Transconductance

Ube Ube
~bs Vg F) {F)
*‘r=1+( E')+ LT +.o e 3
© V. )T 2 31 (3)

This approximation, which is valid only for vbe less than
approximately 10 mV, is referred to as the small-signal
approximation.

- f Yhe . Ilf:'
ic = I\ 1+ _L_ﬁ || —) i = I+ %0,
) . . -

Thus the collector current is composed of the dc bias value
IC and a signal component ic,

L
1(. - —::[.?0

;




Transconductance
I

It

I

“be

This equation relates the signal current in the collector to the corresponding base—
emitter signal voltage. It can be rewritten as

Ic

I- = Bmpe Em = E

dic

a 4 BE j(_v: [C'

gﬂ)




Transconductance

i A
Slope = g,

| NN
(ARYARVANS
..
UBE
3k
&2 UBE|ip=I,




Input Resistance at the Base

T B BBV
Thus,

ip = Ig+1i,

where IB is equal Ic/6 to and the signal
component ib is given by

"
T
Substituting for IC/VT by gm gives
_ &

Iy

ﬂ Yhe

The small-signal input resistance
between base and emitter, looking

into the base, is denoted by rrit and
is defined as

g E Substitute
g
n gm and
_ Replace Ic/B
i, = b by IB



Input Resistance at the Emitter

If we denote the small-signal
resistance between base and

, I Ip 1, . L .
Ip = o E’+¢_;* emitter /ooking into the emitter
by re, it can be defined as
ThUS, T';f
. . r.=—
Ip = IJ’: T Ia I
: V’-f
where [E is equal to IC /oe and the Ie = i
signal current ie is given by |
_ 7 7 ; a 1
I . | f = = —
: : - Sm Sm

_I. — — = ——7 — —q
€ P EL{J' be L{Ir_ be



Input Resistance at the Emitter

The relationship between rrt and re can
be found by combining their respective
definitions

vy, = Iply = LI,

Thus, o

ry = {ff"th]rf'

which yields

Fg = {ﬁ+ 1)r,




Voltage Gain

Vep = Ve — iR, Thus the voltage gain of this amplifier Av is
= Vee—Up+ i )R v
A = = = -g RC‘
- T 3 m
= (Voe—IcRe) - iR U pe
= Vep— i.R¢
_A_ . I{:.'R{:1
Here the quantity VCE is the dc bias o V _
voltage at the collector, and the 1

signal voltage is given by

v, = —i.Re = —go, . Ke

ce

— (-ng(')t'b('




Transconductance

Input Resistance

at the Base
ip = Ip+1,
Vi
B =
X I_EI

Small Signal Operation

Input Resistance
at the Emitter

I.F — IF‘" I.r.‘
V
r.=—-
If‘.’

o 1

r,=— = —

Em Em

Voltage Gain

1 )

s A
A!| = Ube - gn’RC

IR

=2




Separating the Signal and the DC Quantities

‘*Every current and voltage in
the amplifier circuit of Fig.(a) is
composed of two components: a

'« dc  component and a signal

component
**For instance, vBE = VBE + vbe,
iC=1C+ic, and so on



Separating the Signal and the DC Quantities

The dc components are
determined from the dc circuit
given in Fig. 6.36(b) and from the
relationships imposed by the

transistor.
Ve " 2 ; : Vi Vs
v g1 c = 15€ j‘.rjr_.,l = Jrir’(ﬁ
. 4 r F
72— 11 — ]('/C( i”r."f- = I’t"t"—ft‘R::'




Separating the Signal and the DC Quantities

*On the other hand, a
representation of the signal
operation of the BIT can be
obtained by eliminating the dc
sources, as shown in Fig.
‘*Expressions for the current
elements(ic, ib, and ie) obtained
when a small signal vbe is
applied.

**Small-Signal Circuit Model.



HYBRID it MODEL

RC BC- OC
- .

C

: -- l’be ).- @
O “
. — EmUbe

Av ’ ‘I ,'._. A —
-
Pt
B l\s

9
E - E© l [ = —
O

*
= (a)

M Oo———»
[l |

This model represents the BJT as a voltage controlled current source
and explicitly includes the input resistance looking into the base, rrt



HYBRID it MODEL

(a)

In this model

i|rr: = gm J.E:le
V
- " he
IE} —
}"l

i




HYBRID it MODEL

EmUbe

(a)

In this model
le=ic+ib
0 C
. Lb{, b(’
(.—_'*'gm Uhe = (1+gm Iz)
I Iy

Ube
= 214 p)
- (




HYBRID it MODEL

Slightly different model can be
obtained by expressing the
current of the controlled
source (gmvee) interms of base
current ib

Emlpe = om(lbl )

= (om )4 Ib = :BIb

Equivalent circuit model is

B O o C

.
Bip

E
Here the transistor B

represented as a current-
controlled current source,
with the control current being
ib.




HYBRID it MODEL




HYBRID it MODEL

pnp Hybrid-IT Model



‘ npn T-Model \

C
-

$

7

B o "

(a)

T Model le=ic+ib | ib=ie-ic
N ]

.V Y ,
IE} =—==— gml'be _ _E(l_ grﬂfe)
T T
V V
=2(l-a)=-% (1_i)
7 7 p+1
— vbe — vf:re
B+Dr, 1,

The current of the controlled source
can be expressed in terms of the
emitter current. .

gmvbe = gm(.lere)

(8nl.)1. = ai,



‘ npn T-Model \

T Model

- E?E':' E?E':'
IE.':_ r _gmlbe B (1 gm e)

15}9 (1 &,) — Vhe (l_ 18
7 7 p+1
155? 15}9
(;3+1)f 7

The current of the controlled source can
be expressed in terms of the emitter

current. , = 3
gnvae = gm(.lele)

(8nl.)1. = ai,



T Model

C




APPLICATION OF THE SMALL SIGNAL EQUIVALENT CIRCUIT

1. Eliminate the signal source and determine the dc operating
point of the BJT and in particular the dc collector current IC.

jI'EJjI'E.J jI'E and I["?E

2. Calculate the values of the small-signal model parameters:

g1:f_{ f,_:h f 5ol ﬁ I'ZEF—”
N I

_ 1
g £ o
glrllll g.f.'.' g.f.'.'

3. Eliminate the dc sources by replacing each dc voltage source
with a short circuit and each dc current source with an open
circuit.



APPLICATION OF THE SMALL SIGNAL EQUIVALENT CIRCUIT

4. Replace the BJT with one of its small-signal equivalent
circuit models. Although any one of the models can be
used, one might be more convenient than the others for
the particular circuit being analyzed.

»Hybrid-nt Model

» T Model
»Hybrid Model

5. Analyze the resulting circuit to determine the required
quantities (e.g., voltage gain, input and output resistance).

[_:l
A, = _8 R_and R,
2




Basic BJT Amplifier Configurations

»Common-Emitter (CE) amplifier without and
with emitter resistance

»Common-Base (CB) amplifier

»Common-Collector (CC) amplifier or Emitter
Follower



Hybrid Equivalent Model

I; I,
2
e e o7 $“ Vi=Input Voltage
Port 1 Port 2 V, =Output Voltage
Vi (or) (or) Vv, B
Input Port : Output Port l; = Input  Current
— |, =Output Current

Two -Port Network



Determination of Hybrid Parameters
/

0

I |
O

——AAN
+ his + l | +
V haVs N\, CUNE B o

O

V,=h,l;+h,V, I,=h,l.+h,V,



Determination of Hybrid Parameters

—
o—— AN
e+
Vi h12Vo ,\J
o ] h;;-Q and h,, — mhos
V. =h,.l.+h,V h12, h21 — Dimension Less.
V. . -
h,=— = Input Impedance with output part short circuited( Q)
| V, =0V
h, = % = ReverseVoltage Transfer Ratio with Input part open circuited
0 ]I,=0Vv




Determination of Hybrid Parameters

/

0

—
O
‘ s
hyy 1 ‘ hy, Vo
\ -
h,,-Q and h,, —mhos
— _ h \ 11 _ 22 _
lo =Nzili + 2V h12, h21 — Dimension Less.
I . .
h, == =Forward Current Gain with output part short circuited
l V,=0V
I : - .
h,, = V—° = Output Adm ittance with input part open circuited( mhos)
0 l1;=0A




General h-Parameters for any Transistor Configuration

h. 10
— ! ——
o

+ +‘ |
r‘o ,\[ ‘ hfIi ho Vo

=~
>
=~
+ O

o
gl

V.=h |.+h V h1 = Input Resistance(Vi/I1)
o r-o hr = Reverse Transfer Voltage Ratio (Vi/Vo)
I2 — hf Ii + h0 Vo ht = Forward Transfer Current Ratio (Io/I1)

ho = Output Conductance(Io/Vo)



General h-Parameters for any Transistor Configuration

|
hi 4_0_
o O
i1 b +| \ +
v ny, N\, { wi hy v,
hy
- —I | — V, =0V
o O
Vi=h i +h V[l . N
— - + I r 0]
o= Ne li + 0o Vo V, =0V ;=0A ;=0A




Three Basic Configurations of BJT Amplifier

A B e C) e
| —J + . . J + .
1\ N9 | | RL ; | | RL
: '& ks UR B A/ Ves B T\
kil ¥ L v N Dy Y
A Ves . Vic Vee




Three Basic Configurations of BJT Amplifier

® O —

L

(a) Common-Emitter (CE) (b) Common-Base (CB) (c) Common-Collector (CC)
or Emitter Follower



Hybrid Model for BJT lCo
C b

V. =0V

nfigurations-CE
hle ’

Ib:OA



Hybrid Model for BJT Configurations-CC




Hybrid Model for BJT Configurations-CB

¢ li,=0 A

¢ li,=0 A



Hybrid Model for BJT Configurations-CE




Hybrid Model for BJT Configurations-CE

ib h 1e L C
. B AAANM - - )
B lb 7 3 ‘b LA l A
1. .. | &C |
’ | il ! l |\ 2h,

Vise Ny / A . ) < v
T)\' - F Vee Vhe bW, \ J4 3o Vee
Y ‘ ‘ hrcvcc hfcib

. : J
(a) E.I'I. N JEI::-E g B hﬁ.‘ v-a'-r.' (h)
Ie - JIL'I:J']':| IJ':' T h-r:-f.' 'I-’ﬁ_



Hybrid Model for BJT Configurations-CB

/
; % hip /e




I\-;J\w;y < %
E ic " ic C T /;\ //;\ i
- E 3 ' ! { |
¥ o oK /' i~ ; veb g/) \\! / hUb va
\f 0 i\x/ vfb hrbvcb | hibic
; B 3y 2

v,=h,i +h,v
(a) eh ih e rh " eh (b)

I-r:' N J'."!:,lf.i'? I-r:' i hm'? F-E'.l'?



Hybrid Model for BJT Configurations-CC

B Jic b <3
(B NN - ‘ Py
/ :'./.'\' A '\
R = ¢ E
¢ b \ .-\g.l, = Vbc 1\\':‘"') ".\"" / % '10(: \'CC
[ r "
o hrc‘ ec hfc Iy ‘
C C o
o . . - ‘ C




CE Amplifier Without Emitter Resistance

(Using Hybrid Model)

le Ve

Iy

hrch @ hfcig 1’ho‘ RL

Determine :

1.Current Gain or Current Amplification A;
2. Input Resistance R;

3. Voltage Gain or Voltage Amplification A,
4. Output Admittance Y,

5. Output Resistance R,



CE Amplifier Without Emitter Resistance
(Using Hybrid Model)

A B Ib e IC

=11EW 1

RL VC VS Vb hrevc GD hfelb 1/h°e VC
PR
VS R
S Qx| !
E

Y =

Determine :

1.Current Gain or Current Amplification A;
2. Input Resistance R;

3. Voltage Gain or Voltage Amplification A,
4. Output Admittance Y,

5. Output Resistance R,



CE Amplifier Without Emitter Resistance

B Ib hue

(Using Hybrid Model)i

RN T

= T

C

Jim,. |

L

]RL

E

I I
¥ ic:hfeib+hoevc

e

<

i

* Current Gain or Current
Amplification:
* Current gain is defined as the

ratio of the load current | to
the input current |,.

VS Vo hVe Gahfelb [
B Y
Q - |
E & S 2

Vc:iL RL:_ic RL
i.=h.i.+h..Ci. R

i.0+h..R)=h.i,

iC: hfe
b 1+heeRL




CE Amplifier Without Emitter Resistance
(Using Hybrld Model)

g I Input Resistance R;

T CILA Ri:ﬁ

@ e h_V. thgb []“hoe [] RL v Ib
R l . =

_I_ 2 S \ Vb:hieib+hrevc

BUtA__I_b:>I =AY VC:iLRL:_icRL:AibRL

b:hielb hre(AIb RL)I Ve
Vb:ib(hie+hreA RL) :Ri:i_b:hie_l_hreAi RL




CE Amplifier Without Emitter Resistance
(Using Hybrld Model)

- : le = =, Voltage Gain A,
AT N A L
@ : l . | E v ' Vs

A= =oAL ViR LR AR,

1 _ib :>A_V AIIbRL AR,
R, V. Vi W R




CE Amplifier Without Emitter Resistance
(Using Hybrid Model)

5 I h . Output Admittance Y,
RS f ' = IL A I
| D bl LV
V, h_ V. )h 1/h,, A ] c
@VS R IC:hfe|b+hoch
E +———+—— —~  Dividing By V,
ic _ hfe|b+ hoch:> ic _ hfelb_l_hoe ib B hre
Vc Vc Vc V VC —> — =—
V. R.*+hs

VS:O’ RSib+hieib+ hrch =0

h
(RS_I_hie)ib:_hreVC =Y 6= Noe™ R.+ H.ee and Ry,=-




CE Amplifier Without Emitter Resistance

(Using Approximate H

2
w
< —

B

== .

ybrid Model)

I

o8

& & &
T E

Ri:%: hie+hreAi R,

e N e
AT LrheR
b
oemL Neglecting
I _
A== Nte| |n..=0and =0
b

—R.=h.




CE Amplifier Without Emitter Resistance
(Using Approximate Hybrid Model)

$0O

h, I
g I M e s — -

=
w

—

O

—_—

£
A
e |

E t : —l— : .
AR._AR Pl p L
:>A\/: L L =Y, = h N “and R, =
R, N : :
=Y, ,=0and R, ==




CE Amplifier With Emitter Resistance

-




CE Amplifier With Emitter Resistance
(Using Hybrid Model)

b hie 0 O \ .
S AN — .
es 7\ ‘&‘L T
4 hve V. (~ ’v‘\_ \V
Ye » ] <
.\ c g |Me” Q ‘Ll
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CE Amplifier With Emitter Resistance
(Using Hybrid Model)

0

hfe _ hoeRe_hfe
A 1 hoeRL 1+hoe(R|_+Re)
Rs%:hiﬁhm ar| ||[R=h+h.AR+RJR.A-AFReh,
AR, _ AR
A="g A, R
fo N 1+ -R.
Yoh%_gfif; iR L RflTw: R htheh R) oy = L




CE Amplifier With Emitter Resistance
(Using Approximate Hybrid Model)

\b hle

r\

42
| . Ve
hre R
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CE Amplifier With Emitter Resistance
(Using Approximate Hybrid Model)

A = MoeRe 1 A="Nte
1+hoe(R_+Re)
R=h.th.AR*RJ*R.L-A)}-Reh, R =h.*0+h.JR.
AR, ARL —h.R.
AV o RI Av | "‘U_—l—hf)
R0:1+hfe+(Rs+hie)(1+ N.. Re)andYO: Y,=0,and R, =

1
N.. .. R. R,




CB Amplifier(Using Hybrid Model)

E lc hlb c E.

o—r—{  }— +

A A
+

Vo o hyve g_) N 70 LR | [ S

b : 4

B (a) CB confiauration B



CB Amplifier(Using Hybrid Model)

|e E hib 'c (2_
I§ E C | d I ——— -——‘
R
Ra 5 | s h
V. R, b ey Vgl 170, []RLVC
VARAY, V,
5 L B B - B

(a) a.c. equivalént circuit (b) Equivalent Circuit using h-model



CB Ampllfler (Usmg Hybrid Model)

<<
@)

. .

i Ai IL ic

)h L[, IRV, . )
Q Ic:hfb|e+hobvc

B

Noi* ( i.R

L@+hwRJ=th

VC:iL RL:_ic RL

A- . _ h b
l. 1+hobRL




V

CB Ampllfler (Usmg Hybrid Model)

R —
. Q >h L[, [[RVs Ie
’ Ve — hib Ie T hrch

B

But, A, ———:>| =—-A, |
l.

c:iLRL:_iCRL:AieRL

V.=hei.*ho(Ai. R

Ve — Ie(hib hrb A RL)

— Ri:%:hib_l_hrbAi R.
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B Amplifier (Using Hybrid Model)

)

h )| [1h, [|R V.

B

V.= R,

:_iCRL:AieRL

= A=

Ve

Ve

V. _ AlLR._ AR

R,




CB Ampllfler (Using Hybrid Model)

R

Q

e C Output Admittance Y,
|
Y, =-"%
V. )hfble 1/, [[R V. V.
| Ic:hfb|e+hobvc
Dividing By V.
ic hfbl obV hfbl +h i h
V. V. V. vc v, ' ° - t=——-0
- h . VC RS T hib
VS:O1RS|6+ ible_l_lﬁlrbV(;:O
. hih 1
(Rs+hib)|e:_hrch =Y, = hob_ and Ro=

s+hib _Y—O




CC Amplifier(Using Hybrid Model)

R




CB Amplifier(Using Hybrid Model)

| hic

; . E
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CB Amplifier (Using Hybrid Model)

N, I E

Rs

I
: o J/ [] ih, R
gl

+ l

—_—

|

L L
vV, ie: hfcib+hocve
| v=iR=iR

L 4 e r—<— _ L__h
LY T A = -

i.=heis+h..Ci. R
i.0+h..R)=h.i,

Ai:!e: htc
b 1+ho,.RL




l, |, E
>»——___} <@
lL
IR
V
: &5 \l/ 1/h,, R,
@ hrcve hfclb
Y 3 _ °-
L C

CB Amplifier (Using Hybrid Model)

2, Vo
I

Vb — hic ib * hrcve

BUt,AiZ—_—e:>ie=—Aiib Ve:iLRL:_ieRL:AibRL

I,

\"[ hicib+ hrc(A ib RL)

\"[ ib(hic+ hrc A RL)

— Ri:%:hic_l_hrcAi R.




CB Amplifier (Using Hybrid Model)

S
V, V. _
@ h%\J) @ﬁ [Jom.. =] l But, A, _—I—b:>| =-Aj,

01s c
Ve:iLRL:_ieRL:AibRL
i_L :A:Ve:AiibRL:AiRL
R: V. VeV R,




CB Ampllfler (Using Hybrid Model)

®

E

Output Admittance Y,

= 17
I | v,k
S .y 0 V
: "\ N 1, R i - -
hrcgb <2|b [] [] Ie = hfc|b+ hocve
! . o ¥ Dividing By V,
le _ thIbJr hObVe:> le _ thIb+hoc ib _ hrc
Ve Ve Ve Ve Ve :> T
L V. R.+hs
VS:()!RSIb_I_ iCIb_l_hrcve:O
fch

(Rs+hic)ib:_hrcVe




Conversion Formulae for Hybrid Parameters
From CE to CB

From CB to CE
h.
hiv: ’rh
[+ hﬂ,
h,.= I—h—‘;’i—
+N ﬂ’
~h
h fe= ',b
‘ I + h_ﬂ’
hay b
hr( 1h "ol " hrh

h,
I +hy,

hib =

h, _ e
obh

~h
.
hﬂ’— | + hf(’

hic’ l loe

b=

: hfe - h,,

From CE to CC

hﬁ,z (1 + lzfc.)

hn_: I —hu,z l



CE Amplifier Circuit

s*Collector terminal (output

terminal) is connected to

ﬂ supply voltage V.. through the

collector resistor R..

& U **Base terminal is provided with
the AC signal which needs to be

amplified.
s*Emitter terminal is grounded

(hence also referred to as
Figure 1 A Simple Common Emitter Amplifier Grounded Emitter

7 - configuration).
‘O — YCOC — I C RC’


https://www.electrical4u.com/voltage-or-electric-potential-difference/

CE Amplifier Circuit

Figure 1

A Simple Common Emitter Amplifier

**In this kind of arrangement, as
the input voltage V. increases, the
base current | also increases
which in turn increases the
collector current I...

**This causes an increase in the
voltage drop across the collector
resistor, R. which results in a
decreased output voltage V, as
emphasized by the following
relationship

e 4
Vo =Vee — IcRe



https://www.electrical4u.com/voltage-drop-calculation/

CE Amplifier Circuit

Figure1 A Simple Common Emitter Amplifier

lr - '3
‘O _ ‘/CC =1 C RC’

s*Similarly as the input voltage goes on
decreasing, |; and hence |- decrease, due
to which the voltage drop across R also
decreases thereby increasing the output
voltage.

**This indicates that for the positive half-
cycle of the input waveform, one would
get amplified negative half-cycle while
for the negative input pulse, the output
would be a amplified positive pulse.
Hence there exists a phase-shift of 180°
between the input and the output
waveforms of the common emitter
amplifier for which it is also referred to
as Inverting Amplifier.



https://www.electrical4u.com/inverting-amplifier/

CE Ampllfler Circuit

**R1 and R2-Voltage Divider Bias

>-—
i
:

Ci and Co-Coupling Capacitor
for blocks any DC Components
and passes AC Signal for
Amplification

Rc for Controlling Ic and
Provide Output Voltage.

RE provides biasing
stabilization.

CE provides low reactance
path to the amplified AC
signal.

Re

I

Figure2 Common Emitter Amplifier with Biasing and Decoupling Details



CB Amplifier Circuit

+VCC




CC Amplifier Circuit(Emitter Follower)

O +Vcee




Comparison of BJT Amplifier

Characteristics CE Amplifier CB Amplifier CC amplifier
(Emitter Follower)

Current Gain High Less Than Unity High

Voltage Gain High High Less Than Unity

Input Resistance Medium Lowest Highest

Output Resistance Moderately High Highest Lowest

Phase Shift between | 180 ° 0° 0°

Input and Output

Application For Audio Frequency | For High Frequency | For Impedance

Applications

Applications

Matching




Biasing in BJT Amplifier Circuits

Fixed Bias(Base Bias)

Self Bias/Voltage Divider Bias Circuits

Biasing Using a Collector-to-Base Feedback Resistor
Biasing using a Constant-Current Source



Biasing in BJT Amplifier Circuits

Ic

() Saturation Region

(transistor “fully-ON")

Q-point
(active region)

R

Cut-off Region
(transistor “fully-OFF")

20
10 = U
Vee (V
0 {4 2 3 4 5 6 o
Veesa Whenlc=0

Vee =Ver

¢ The biasing problem is that of establishing a constant dc current in the
collector of the BJT.



BJT Amplifier Circuits

; I‘Z\ Saturation Region
hen \/ _‘\m / (transistor “fully-ON")
en v ~E —
= Ve
=
Rac 60
: bl Virp .
' 50
‘”? ié - Q-point
B 40 (active region)
30 R Cut-off Region
(transistor “fully-OFF")
20 Y _~ "
10 I B
- Ige=0
— — — ‘1 2 3 4 : 6 i

Sizar When le =0

** This current has to be calculable, predictable, and insensitive to
variations in temperature and to the large variations in the value of 8
encountered among transistors of the same type.



Biasing in BJT Amplifier Circuits

Ic Saturation Region

e ‘.i(mA) (transistor “fully-ON") :‘AnOther |mp0rta nt

consideration in
60 bias design IS
B0 Gpont locating the dc bias

(active region
40 . gion)

point in the iC-vCE
R Cut-off Region

(transistor “fully-OFF") plane tO CI//OW fOI’
maximum  output
signal swing.

30

20

|
|
|
]
{
l
]

10

W//////////////

1 2 3 4 5 6

3




(a)

Fixed Bias/Base Bias

A

Rs 3

7
ICC'

(b)

A

2%

N/
|

./ﬁo:" {VCE :VCC_ICRC

=41

:VCC Ve

lc

Rc

V; =0]

Vee :Vc _V E

Ve :V C

Vee :V B_V E

VBE :V B

Two obvious schemes for biasing the BJT: (a) by fixing VBE; (b) by fixing IB. Both
result in wide variations in IC and hence in VCE and therefore are considered to be

“bad.” Neither scheme is recommended.




Fixed Bias/Base Bias

First, attempting to bias the BIJT by fixing the voltage VBE by, for
instance, using a voltage divider across the power supply VCC, is
not a viable approach:

The very sharp exponential relationship iC—vBE means that any
small and inevitable differences in VBE from the desired value will
result in large differences in IC and in VCE.

Second, biasing the BJT by establishing a constant current in the
base,where is also not a recommended approach.

Here the typically large variations in the value of B among units of
the same device type will result in correspondingly large variations
in IC and hence in VCE.



Fixed Bias/Base Bias
ADVANTAGES OF FIXED BIAS CIRCUIT

1. Simple circuit as it uses few components.

2. It provides max flexibility, because the biasing conditions are easily set by
changing the value of R;.

DISADVANTAGES OF FIXED BIAS CIRCUIT
Poor stability

1. There is no means to stop self increase of |- due to increase in temperature.

So, thermal stability is not provided.

2. If B increases due to transistor replacement then, Ic also increases by factor B
Therefore there is a chance of thermal runaway I = Blg



SeIf Bias/Voltage Divider Bias

. cc

RE 22
£ N wd

(a) (b)
Classical biasing for BJTs using a single power supply: (a) circuit;
(b) circuit with the voltage divider supplying the base replaced
with its Thévenin equivalent.

**The arrangement most
commonly used for
biasing a discrete-circuit

J- transistor amplifier if only

a single power supply is
available.
**The technique consists

of supplying the base of

the transistor with a
fraction of the supply
voltage VCC through the
voltage divider R1, R2.
**In addition, a resistor
RE is connected to the
emitter.



SeIf Bias/Voltage Divider Bias

CC

RE §R— | -3 . Ry § v R — Rle

(a) (b)
Classical biasing for BJTs using a single power supply: (a) circuit;
(b) circuit with the voltage divider supplying the base replaced
with its Thévenin equivalent.



Self Bias/Voltage Divider Bias

) The current [E can be
Vee determined by  writing a
= Kirchhoff loop equation for the
base—emitter— ground loop,
labeled L, and substituting

Vee

ANA— 2
s
™

e

| =
;|

12| Ve = 1gReg +V o tIERE

|
)’ VBBz(—EjRB+VBE+IERE

2 %

— — f+1
(a) (b) —
Classical biasing for BJTs using a single power supply: (a) circuit; |E ZV BB V BE
(b) circuit with the voltage divider supplying the base replaced R_ + RB
with its Thévenin equivalent. E ,8 +1




Self Bias/Voltage Divider Bias

2 %

(a) (b)

Vee

VBB =VBE + |BRB+ |ERE
VBE :VBB 'IBRB_(IB"' IC)RE

VBE :VBB 'IB(RB JrRE)_ICRE

VCE :Vcc B ICRC — IERE

Classical biasing for BJTs using a single power supply: (a) circuit;
(b) circuit with the voltage divider supplying the base replaced

with its Thévenin equivalent.




Self Bias/Voltage Divider Bias

Ve **Biasing the BJT using two power supplies.

Resistor RB is needed only if the signal is to be
capacitively coupled to the base.
, R, ** Otherwise, the base can be connected
o directly to ground, or to a grounded signal

source, resulting in almost total
B -independence of the bias current.

R, e

£
s

v _ Ve Ve
R

Re

| B
£+1




Biasing Using a Collector-to-Base Feedback

**The circuit employs a

ReSiStor resistor RB connected

Voo Ve between the collector and
the base.

| I+, =1, “**Resistor RB provides

Y negative feedback, which

fod - helps to stabilize the bias
‘ ) point of the BJT.

. ol Vae + 1R,

. “ | SR v

B {}r% > |/+ Vee = leRe+ 1 5Re+V e
| Vee = | eRe +ﬂ_ER 5tV e

() (b

(a) A CE transistor amplifier biased by a feedback resistor RB.
(b) Analysis of the circuit in (a).

_l.‘__. —_—




Biasing Using a Collector-to-Base Feedback

Resistor
l,.-’{..c_ 1-":;'_'{- _
Ve Ve
| To4Ig=1Jg| E R
; R +—2
CE
R R £+1

s W N . R.
| ?IT'"'VCB_IBRB_IE,B_I_:L

() (b

(a) A CE transistor amplifier biased by a feedback resistor RB.
(b) Analysis of the circuit in (a).



Biasing Using a Constant-Current Source

H T F i -
i Current Mirror I Vee — (=Vip) — Vg
Ve Vee REF = R

0O, l ]. lQZ [= Ty = Vee + I}f:_ Vie
Rg r) VB ‘\W
®

(a) (b)




Transistor Breakdown and Temperature Effects

ic A
|

Saturation —><——-—1—— Active region _
ig = I /

reglon | il
!

aly, I = 11524_/

L\

0 Uer

—— Expanded —>
scale

(a) (b)

The BJT common-base characteristics Including the transistor breakdown region.



Transistor Breakdown and Temperature Effects

|

Saturation
reglon
ﬂ-&ﬂctivc region

tg = Igy

" :M

'!:.H' - jﬁﬂ.’_j

—

|

|

r.ﬂ:-li-i I
: |

|

|

-
A
0 Verp b ver

BVero

The BJT common-emitter characteristics including the breakdown region.



Transistor Breakdown and Temperature Effects

heg (B) A

ool Typical dependence of B on IC and
on temperature in an integrated-
circuit  npn  silcon  transistor

intended for operation around 1
mA.

= 125°C

300

0 | | | I R R ..J..q
1 10 10¢ 10 104 10°

(1 mA) (10 mA) (100 mA)

——> [ (LA)
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Unit- 4

** MOS Field-Effect Transistors (MOSFETs):

*¢* Introduction

¢ Device Structure and Physical Operation
» Device Structure
» Operation with Zero Gate Voltage
» Creating a Channel for Current Flow

» Operation for Different Drain to Source
Voltages(Vds)

** The P-channel MOSFET

** V-l Characteristics
» iD —vDS Characteristics
» iD — vGS Characteristics
» Finite Output Resistance in Saturation
» Characteristics of the p- Channel MOSFET

“*MOSFET Circuits at DC

*Applying the MOSFET in
Amplifier Design
» Voltage Transfer Characteristics

» Biasing the MOSFET to Obtain
Linear Amplification

» The Small Signal Voltage Gain
» Graphical Analysis
» The Q-point

**Problem solving.




Introduction

e Compared to BJTs, MOSFETs can be made quite small (i.e.,
requiring a small area on the silicon IC chip), and their
manufacturing process is relatively simple .

* Also, their operation requires comparatively little power.

* To pack large numbers of MOSFETs (as many as 2 billion) on a
single IC chip to implement very sophisticated, very-large-
scale-integrated (VLSI) digital circuits such as those for memory
and microprocessors.



Historical Background

e Evolution of IC Technology

Year Technology Number of components Typical products

1947 Invention of transistor 1 —

1950—-1960 Discrete components 1 Junction diodes and
transistors

1961-1965 Small-scale integration 10—100 Planner devices. logic
gates, flip-flops

1966—1970 Medmum-scale integration 100—1000 Counters, MUXs, decod-
ers. adders

1971-1979 Large-scale integration 1000—20_000 8-bat up. RAM. REOM

1980—-1984 Very-large-scale mntegration  20_000—-50_000 D5Ps. RISC processors.,
16-bat. 32-bat uP

1985— Ultra-large-scale mtegration = 50,000 64-bit pp. dual-core pP

MUY multiplexer, @FP microprocessor, RAM random-access memory, ROM read-only memory.
DSFP digital signal processor, RISC reduced instruction set computer



Introduction

* Analog circuits such as amplifiers and filters can also be
implemented in MOS technology, albeit in smaller, less-dense
chips.

* Also, both analog and digital functions are increasingly being
implemented on the same IC chip, in what is known as mixed-
signal design.



Device Structure and Physical Operation-
Device Structure

Metal

Insulated-gate FET or IGFET

D G /—I [——oB

-~
\/

[ Oxide (510,)
Source S
region

| / o

p-type substrate G

(Body) : ”—l
Channel ///
region /’/

) O R _adl )
B B / S

Dramm region. physical Structure of the Enhancement-

(a) type NMOS transistor: (a) perspective
view;



Device Structure and Physical Operation-
Device Structure

Source

i

Physical Structure of the Enhancement-
type NMOS transistor: (a) perspective
view;



Device Structure and Physical Operation-
Device Structure

Source (8) ate () Drain (D)

Oxide (S102) Source Gate Drain

(thickness = r..)

_ didill Metal
Channel
# ; Bl Polysilicon
4 reilﬂﬂ b Oxide
e— > Diffusion
p-tvpe substrate substrate ] Depletion
(Body)
‘ D D
Ba::d}'
(B)
(b) G /—I f—<B G 0—|
(b) Cross Section.
Typically L =0.03 um to 1 ym, W =0.1 um to
S S

100 um, and the thickness of the oxide layer
(tox) is in the range of 1 to 10 nm.



Device Structure and Physical Operation-
Device Structure

_; |
o e Go s

(a) Physical structure of the PMOS transistor



Device Structure and Physical Operation-
Device Structure

Source Gate Drain Source Gate Drain

.I.'i' 1I.F.ll‘.l |
LU T

BR Metal
& Bl poysilicon
Oxide
B¥ Diffusion
p-substrate p-substrate Depletion
a b

(a) nMOS enhancement-mode transistor
(b) nMOS depletion-mode transistor



Device Structure and Physical Operation-

Operation with Zero Gate Voltage
Vos

**With zero voltage applied to the gate,
two back-to-back diodes exist in series
between drain and source. |
**One diode is formed by the pn junction :
between the n+ drain region and the ptype :
substrate, and the other diode is formed : P-Tvﬁ@sf-fdie

by the pn junction between the p-type « _ _ _ _ _ . __ _ -
substrate and the n+ source region. . !VGS =0V
sThese back-to-back diodes prevent  seurce brain

current conduction from drain to source
when a voltage vDS is applied.

s In fact, the path between drain and
source has a very high resistance (of the
order of 10712 Q).

Body



Device Structure and Physical Operation-
Creating a Channel for Current Flow

Oxide (S10,)

S

-

0 G

Gate electrode

Induced
n-type © D
channel

\

— e —— —

——

> nt ]
g V|
. w

p-type substrate

Depletion region

**The enhancement-
type NMOS transistor
with a positive voltage
applied to the gate.
*An n channel is
induced at the top of
the substrate beneath
the gate.

Vos >\ (0.3V 101.0V)
Vos =V 1=V o




Device Structure and Physical Operation-
Creating a Channel for Current Flow

Q=-CV

c-A
D

c-A
D

Gate electrode

N Bl
— ; Induced
SO oG ”-r}.rpe
Oxide (S10,) channel
|' ut - T >
i A

\

p-type substrate

—— i — e

/
Depletion region

oD

Q=CV

% i Cox

WL
c - Eo
Lox
- 5OXWL
Q B V eff

tOX



Device Structure and Physical Operation-
Creating a Channel for Current Flow

i =) Gate electrode ]
e UGs I —7 _ gOX
- = Induced ox
So oG n-type @ D tOX
Oxide (S10,) channel
\ Where £ is the permittivity of the silicon dioxide,
i a o+
i < L > i ]
| . 0 : :
1 4 i . A J
\qﬁ_‘_—_—_ d_“ﬁ_..-f h"‘",_______'_d.f/f
/ p-type substrate
/

Depletion region
%B £.=3.9x¢g O:gox8.854x10‘12

= £, =345x10 F/m



Device Structure and Physical Operation-
Creating a Channel for Current Flow

.I:‘;f-'rl.q _;_ _|_
= = s (small)
I - G o 4/ ; 0 l Vg 1 ollle
1 G =
-.J_.- - in ¢ )

D =

Induced n-channel

p-type substrate

Applying a Small vDS

*An NMOS transistor with
vGS > Vt and with a small vDS
applied.

**The device acts as a resistance
whose value is determined by
vGS.

e Specifically, the channel
conductance is proportional to
vGS - Vt and thus iD is
proportional to (vGS - Vt)vDS.
**Note that the depletion region
is not shown (for simplicity).



Device Structure and Physical Operation-
Creating a Channel for Current Flow

—_ iD,current is the charge per unit

Vs = —

g __L

<(small)  channel length
G C \l/ f~=1{)

=5 1‘ Is = i o PT Q - COXWLV eff

TT J - Iﬂi _T % - COXWV eff

Induced n- cha.nnel

"

p-type substrate

The voltage vDS establishes an electric field E across the length
Applying a SmallvDs | . of the channel,

il E:VDS
i} L



Device Structure and Physical Operation-
Creating a Channel for Current Flow

Vs =

-+ Applying a Small vDS

Uns {small)
N G G \l/ I =10 . =
= ¢" D This electric field in turn causes the
channel electrons to drift toward the

e !_,! _L 2 "’I. e drain with a velocity given by
?1+ / DAL n+ V
Induced n-channel T = E — DS
n ll ; n lt ; n |

p-type substrate

—r J7 mobility




Device Structure and Physical Operation-
Creating a Channel for Current Flow

The value of iD can now be found by

s _;_ 1 T::k_mm”) multiplying the charge per unit channel
_é__ ~ G o ¢ i =0 ¢ | D% : "- length by the electron drift velocity
S0 1~ is = ip .= f T
TT””"’/”J’*”"’J{’TT Ve
Induced n-channel T COXW V eff /Ll
B 4
p-type substrate I D (ll’ln Cox) \ijv eff :| VDS

Applying a SmallvDS | B

i i (W
= Io= (,unCoQ\ j(ves VT)}VDS




Device Structure and Physical Operation-
Creating a Channel for Current Flow

Vs =

N G o \I/ e = ()

The conductance of the channel
_|_
—IL Ins {small)

iy QD= gD |:(,Ll Cox)[ j(VGS VT):|

TTT

VDS
" l ;
k

= UpCoy

Induced n-channel

p-type substrate

n

i = K (WL

/A

Applying a Small vDS ' B

k, = (u,C,,) (WL

g DS— b = [kn (VGS _VT)]: aneff
VDS




Device Structure and Physical Operation-
Creating a Channel for Current Flow

The conductance of the channel

fg_: +

—_— —
g

e G o ‘I/ ) . l ng {small)
'-J:" | - 3 Qi = 0 . \L | o=
S0 1‘ e = ip g . (,Ll Cox) (VGS VT)

e v
oy i__f Y

Induced n-channel I'ng = -
5DS

p-type substrate E 1

1 =
T DS ~ (1, C, )W/ L)ogy
Applying a Small vDS 5B

_ o 1
= B CEE A Dt — )




Device Structure and Physical Operation-
Creating a Channel for Current Flow

_l_

Yas T + Ip A
B U {small)
G Q ¢ f.(; =) ; -
fllir) QL'( D =
T Is =1p
Induced n-channel
p-type substrate
Applying a Small vDS
B

Slope = gps =k, Vo
- — I/ %
Vs = Vit Vors
= 4 7
vgs = Vit Vom
, Y 74
Ugs Vs = Vit Von

e e < V.

Ups



Device Structure and Physical Operation-
Creating a Channel for Current Flow

-+

‘os T
r—3

A +

'I.."l '.lr ':} D -

n-channel

p-type substrate

7\

Operation as vDS Is Increased

Operation of the
enhancement NMOS
transistor as vDS s
increased. The induced

channel acquires a tapered
shape, and its resistance
increases as is  vDS
increased. Here, is kept
constant at a value > Vt;
vGS =Vt + VOV



Device Structure and Physical Operation-
Creating a Channel for Current Flow

i Operation as vDS Is Increased
Ip
The drain current iD
| versus the drain-to-

-€— Triode —>|-<— Saturation ———>

(tps=Vor) | (tps = Vor) source voltage vDS
K /: \ for an enhancement-
transistor operated
with vGS = Vt + VOV

é‘%




Device Structure and Physical Operation-

Creating a Channel for Current Flow
" L] ¥ [k (VGS VT)]VDS

“** __L _fﬂﬂs
Goyi=0 | iD - |:kn (Ve — EVDS)j|VDS
Mic=i, ip A

> D
=€— Triode —>I<— Saturation ——>
-/ (Ups=Vor) | (tps = Vo)
I'I l “hivrs hende hanaiica '/‘—l
R-Channe Curve pendas oecause K | ] ; :
. g Rt . Current saturates because ihe
[ie cnanne! resistance % ?
Seciiese vtk o | hannel 1s pinched off at the
p-type substrate
with slope pr 7\11
’f“.': » V . = V + V..

B

= Operation as vDS Is Increased

5y



Device Structure and Physical Operation-
Creating a Channel for Current Flow

+

S L] 14+ =
“:b ; fﬂﬂs I D
e 0¢ =0 -

In & ) D=
n

n-channel
p-type substrate
B
Operation as vDS Is Increased

kn (VGS _VT) - %VDS)

ip A

Vs

-<— Triode —>|<— Saturation ———>

(Ups=Vor) | (tps = Vo)

5y



Device Structure and Physical Operation-
Creating a Channel for Current FIow

+

E’r_.'sf—L;— = “DSID: kn(VGS_VT)VDS VDS )

G 0¢ in=0 | -

ip A

>D
-<— Triode —>I<— Saturation ———>
/ (ops =< Vor) | (tps= Vop)
|

B

Operation as vDS Is Increased

n-channel Curve bends because “ | \ 2 : '
. g Rt . Current saturates because ihe
e channel resistance %
inereases with v | hannel 1 ;*t;lxj'E'A~w_E off at the
p-type substrate \L
with slope pr yportional
0

5y



Device Structure and Physical Operation-
Creating a Channel for Current Flow

_|_
o T
G 0¢ [ = ()

In

n-channel

p-type substrate

'&}D
?I+

+ ] (W 1 2
?f |D:{kn(Tj(VGS_VT)VDs_EVDS )}

ip A

Ir
S ~<— Triode —>I<— Saturation ————>

o / (Ups=Vor) | (tps= Vop)
. ja il
Curve bends becau ) : ,
the channel esi Current saturates because the
e T e ‘hannel 1s pinched off at the
1l iSe V1T |

frain end, and no lon

B

= Operation as vDS Is Increased

5y



Device Structure and Physical Operation-
Creating a Channel for Current Flow

1:,-5: A+ . 1), (W 2
"=l 7f |D_§{kn(fj(VGS_VT)}

ip A

-<— Triode —>|<— Saturation ———>
(Ups=Vor) | (tps = Vo)

E Rala a
H-Chﬂﬂﬂﬁl Curve bends because | 3 - .
the: chatiinl setistancs N\ Current saturaies because ine
| ‘hannel 1s pinched off at tl

Operation for vDS>VOV

Shcroncas With . o pmcied oir at the

T B | fram end. and - no longes

p-type substrate | PP i
A lmoct 3 stratohit line / |
with slope pr '\E"V‘l\".“‘Il.-’l / I

B to Vj; | = V.4 Vor
V |
|
0

5y

‘DS:at = ‘IVOY



Device Structure and Physical Operation-
Creating a Channel for Current Flow

iD =0fory . <\,

Triode Region

i (W 1 2
Ib= |:kn (Tj (VGS_VT)VDS _EVds )} forVGS = V5 and Vs = Vest
Saturation Region

- 11, (W 2
Ib= E{kn(fj (VGS_VT) }fOI’VGS = V7 and Vs = Vest



p-Channel MOSFET

3
O

G

D

) |

n-type substrate

om

(a)

P+




p-Channel

MOSFET

e 4

mduced p channel

n-type substrate

k, = k(W/L)

5B
L



Complementary MOS or CMOS

\WIDS P"'vIDS

2 (Gate
cuzude Po ‘v%ﬁlif[)ﬂ
Thick S10; (1solation) SlD
- b

@ i

n well _,/)

p-type body




Current-Voltage Characteristics

»>iD — vDS Characteristics
»>iD — vGS Characteristics

» Finite Output Resistance in Saturation
» Characteristics of the p- Channel MOSFET

**These characteristics can be measured at dc or at low
frequencies and thus are called static characteristics.

D

D D
O ] f']
) /—I %ﬁ B G o III o B G ’b—l
(a) (b)

S
(c)



Current-Voltage Characteristics

Ip A

< Triode .| Saturation
- + Ups < UVor I Ups > Uoy
, I
> |} i i
+ —k' — Vo= ——_——_ — — —
. = e -7
+ Ups '
: Ugs = Vm + Vor
|
Ugs |
I | Cut-off
S 2 ~ I rd)
o = e Slope = — ! Gs < Vim
|
gDS = '%S 0 \ / >
- ',(_TLL) Voy Yoy Ups

B v.g< V,,:nochannel; transistor in cut-off; i;; = 0

® v, = V,,+v,y:achannel is induced: transistor operates in the triode region or the saturation region depend-
ing on whether the channel is continuous or pinched-off at the drain end;



Current-Voltage Characteristics

‘ |
I !

Iriode Kegion Saturation Region

Continuous channel, obtained by: Pinched-off channel, obtained by:

vep> Vin vep < Vi
or equivalently: or equivalently:

Ups<Vov Ups = Vov
Then, Then

W , 1.2 1., (W, Al
Ip = l‘ﬁ(j) [('L'cs‘ Via)VDs— ‘2‘1'1)5} Ip = é/‘n{_f)(l'cs‘ Vin)

or equivalently., or equivalently,

Ip = k;l(%j("o K= %1-'1)5) Ups Ip = %1‘2(\_ %)fn



Ip

ik ( )Vou

‘1! kn ( W) VOI'3

" n( )VOI"

% kr; (IL_r) V(-;T'l

Current-Voltage Characteristics

A lbs S i-‘o;y { =
Triode ! Ups = Yor
- ‘ .
region >,’ < Saturation region >
tgs=V:+ Vors

Vs =V, +Vomr

Ves=V:+ Vom

Vs =V, T Von

0 VOI'l VOI“ VOIB VOI4 &vGS =V (CUtOﬁ) s
Taer 1

When the MOSFET is used
to design an amplifier, it is
operated in the saturation
region.

Ip = % (%J -V’

Ip = ‘kl(%) oV



Current—Voltage Characteristics

D i

UnDs = Vgs— Fz-?r

Vs

=
i oy (A
3 ]

-
-

The iD-vGS characteristi¢ of an NMOS transistor operat/?ﬁ}grin the saturation region. The iD-vOV
characteristic can be obtained by simply relabelling the horizontal axis; that is, shifting the
origin to the point vGS = Vtn.



Current—Voltage Characteristics- Finite Output
Resistance in Saturation

Source Channel

|

|

|

|

I — VoV ‘|‘ |

L |

|-L‘ L — AL >-|

| |
|
I

- ]
A

Channel-length Modulation

Increasing vDS beyond vDSsat causes the channel pinch-off point to move
slightly away from the drain, thus reducing the effective channel length
(by AL).



Current—Voltage Characteristics- Finite Output
Resistance in Saturation
iD: lAL %{kn(v_l\_/j(VGS_VT)Z}
)

L

AL
L ~1-A\/ o
1

Ip = E{k’n (vaj (VGS—VT)Z}(1+ AV )

Channel-length Modulation

| =L-AL=1

Increasing vDS beyond vDSsat causes the channel pinch-off point to move
slightly away from the drain, thus reducing the effective channel length
(by AL).



Current—Voltage Characteristics- Finite Output
Resistance in Saturation

Sour Channel | Drain
} A is a device parameter
} having the units of reciprocal
- ¥ ¢, ¥s ™ Yoy
_, |1 volts
L7 AL ‘ _JI_‘
| A
\ _ L, (W ;2 |
[ I ID — an(l‘,(l'c:s'— I/!n_) (1+/{?'D5)

Channel-length Modulation

Increasing vDS beyond vDSsat causes the channel pinch-off point to move slightly away from
the drain, thus reducing the effective channel length (by AL).



Current—Voltage Characteristics- Finite Output
Resistance in Saturation

Triode

—Vy = —U\

Effect of vDS on iD in the saturation region. The MOSFET parameter VA
depends on the process technology and, for a given process, is
proportional to the channel length L.



Current—Voltage Characteristics- Finite Output
Resistance in Saturation

G o———O » oD
;-1
N N 1‘=[8m}
o=
UGS % ki, rwlffm- — 1 ; r, g 49 U psu ¢ constant
» l * O
’ 7 -1
S r,= 22 Wy vy
— ~g— |
0 2 L G in

Large-signal equivalent circuit model of the n-channel
MOSFET in saturation, incorporating the output resistance ro.



Current—Voltage Characteristics- Finite Output
Resistance in Saturation

ol ' k, W 5
a . --':—:ID {/1——'2(‘ _Lm.)}
1 W

Ugs — J!. s 7 Uy 'r’mf T Uy F.i=

) 2 L ; ) i ilr;_-;
l . O ; Lr:;
S o — T
W , If}

Large-signal equivalent circuit model of the n-channel
MOSFET in saturation, incorporating the output resistance ro.



Current—Voltage Characteristics- Characteristics of
the p-Channel MOSFET

4 == ipp<— Triode —sle Saturation —s
v - E Usp< |vor| | Usp > |vor|
(SG 8 { | -
#ﬁ 1 37 (W2 Lo =k
- T—|| Usp TLP(T)LOV i A
UnG ,l, D _ | UsG = |Vrp| + |vor|
- | Cut-off
, B Y | Usg < |Vpl
Slope = —3 | yd -
gps=-L 0
> 'ps [wor] Usp

= k() leorl
056 < | Vip|: no channel; transistor in cut-off; ip = 0

e = |th| 23

v oy : a channel is induced; transistor operates in the triode region or in the saturation region
depending on whether the channel is continuous or pinched-off at the drain end;



Current—Voltage Characteristics- Characteristics of

the p-Channel MOSFET

I | ]

Triode Region Saturation Region
Continuous channel, obtained by: Pinched-off channel, obtained by:
vpe> | Vil vpe < |Vl
or equivalently: or equivalently
Vsp < |T’011 Usp = 1'01,|
Then, Then
+( W) 1 2 . 1,,(W 2
y == ¥ Y¥ O | 7 b A < oy B 248 T 7
ip = k| L.J[(‘so | Vil s 2*‘50} ip = Sk T ) (wse Vi)
or equivalently or equivalently
> ’ ( ["1"’.' ( 1 \ . 1 /I" [’1‘;" 2
Ip = kaI/,-I |‘, Z’01.-'| - QI'SD,’Z’.S‘D Ip = ékpt f‘}‘é’or



MOSFET Circuits at DC

* Consider circuits in which only dc voltages and currents are of
concern.

* Design and analysis examples of MOSFET circuits at dc.

* The objective is to instill in the reader a familiarity with the

device and the ability to perform MOSFET circuit analysis both
rapidly and effectively.

* Generally neglect channel-length modulation,A=0

Vet =Ves ™ Vin' Vet = Vs — th




Applying the MOSFET in Amplifier Design
* The basis for this important application is that when operated in
saturation, the MOSFET functions as voltage-controlled current

source: The gate-to-source voltage controls the drain current.
e Although the control relationship is nonlinear (square law)
* we will shortly devise a method for obtaining almost-linear
amplification from this fundamentally nonlinear device.
» Voltage Amplifier

Voltage Transfer Characteristic (VTC)
Biasing the BJT to Obtain Linear Amplification

Determining the VTC by Graphical Analysis

>
>
» Small-Signal Voltage Gain
>
» Q-POINT



Applying the MOSFET in Amplifier Design-
Obtaining a Voltage Amplifier

I s*Voltage-controlled current source can
DD r
serve as a transconductance amplifier,
that is, an amplifier whose input signal is
| a voltage and whose output signal is a
I 1y current.
I‘I’ Rp A o
A simple way to convert a
I ~ transconductance amplifier to a voltage
° e . p g
. amplifier is to pass the output current
O I through a resistor and take the voltage
() = 11, across the resistor as the output.
Yo Vo=V bR
~ Vos=Voo o o
Lo——lfi




Applying the MOSFET in Amplifier Design-
Voltage Transfer Characteristic (VTC)

) Cut- , Saturation , , ,
UDs A .-;Ef :"‘— I Triode ™ VGS < VT
I" A : : The Transistor is Cut-off
'DD | | - 0
| =
| I | I D !
I | -
I — —
| : : Vs _V oo~ Ip RD
|
| | —
: | | VDS V DD
| | |
| | |
| I
. ;
— Fil || g | I . |
I G.S‘B I t | | I
! | 4

0 7 Vesl, Voo




Applying the MOSFET in Amplifier Design-
Voltage Transfer Characteristic (VTC)

Cut-

DS A off

Vop

Vol
Dsl,

- VG.‘:’-“B_ Vi

Saturation |,
|e— i —

LA

—

p C

Vas = Vr

The Transistor is Turns ON

Vs :VDD_iD Ro
Vo ¥ Decreases

s*However, since initially vDS is
still high, the MOSFET will be
operating in saturation.

**This continues as VvGS s
increased until the value of vGS
is reached that results in
becoming lower than by volts
(point B on the VTC)

-

I:DD

Ugs



Applying the MOSFET in Amplifier Design-
Voltage Transfer Characteristic (VTC)

Cut- , Saturation |, , ,
U = —<— Triode —=
e A Off I

**For vGS greater than
that at point B, the
transistor operates In
the triode region and
vDS decreases more
slowly.

A

Vop

Vol
Dsl,

ITG.S"B_ Vi

1-——————————————-"_

» C




Applying the MOSFET in Amplifier Design-
Voltage Transfer Characteristic (VTC)

gy U St »The  segment of
off. | greatest slope (and
hence potentially the
largest amplifier gain)
is that labeled AB,
which corresponds to
operation in the
saturation region.

I :%[kn(VGs—VT)Z}

=

A

Vop

Vol
DSB

|
I
|
I
|
|
|
|
|
|
|
|
|
|
|
ITG.S"B_ Vi :

1-—————————————_:_




Applying the MOSFET in Amplifier Design-
Voltage Transfer Characteristic (VTC)

Cut- | Saturation |,

DS A off — < Triode — ] 1 5
- ! S LN g[kn (Ves—vr) }
DD X | |
| | -
i : | VDS:VDD_IDRD
| \ ! !
I | | 1 2
| L
: ! Vs TVDD_Ekn RD(VGS_VT)
I
|
rDS‘B T _i_ i :
— I’TG.S'I.B_IJ; | : :

T r? F | J
0 Vi / GS‘,‘B Vbp vGs



Applying the MOSFET in Amplifier Design-
Voltage Transfer Characteristic (VTC)

Cut- , Saturation |, , ,
U L —<— Triode —=
L A fo I

1 2
' Vs :VDD_E K. RD(VGS_VT)

LA |

Vop

»This is  obviously a
nonlinear relationship.
»Nevertheless, linear (or
almost-linear) amplification
can be obtained by using the
technique of biasing the
MOSFET.

Vol
Dsl,,

ITG.S"B_ v,

p C
: o

0 Vi I'IGS}B Vbp vGs




Applying the MOSFET in Amplifier Design-
Voltage Transfer Characteristic (VTC)

_ Cut- _Saturation_, | . »Before considering  biasing,
DS p off —»<— Triode —> _ :

off however, it is useful to determine
the coordinates of point B, which
is at the boundary between the
saturation and the triode regions
of operation.

Ves =V esg @MU vps =V psg =V esp V't

1
Vos :VDD_E Kn RD(VGS_VT)2

J2knRoV pp+1-1
kn RD

Vop |

Vol
Dsl,,

=Ved, .

Vesp=ViT
L

I
I
I
1 I
.-"r ,--:r .-'r _P ¥
0 J ¢ J (;5‘ / DD vGs




Applying the MOSFET in Amplifier Design-
Biasing the MOSFET to Obtain Llnear Amplification

Ups A

VDS VDD_E k RD(VGS_VT)




Applying the MOSFET in Amplifier Design-
Biasing the MOSFET to Obtain Linear Amplification

Vbp

i o Ves =V as T Vs (t)




Applying the MOSFET in Amplifier Design-

:VGS:V GS




Applying the MOSFET in Amplifier Design-
Small Signal Voltage Gain

_ 0Vos
dVes

A,

:VGS:V GS

1
Vs :VDD_E kn R D(VGS_VT)2

1
av.. ZO—Ekn Rp-2(Vgs—VvT)
A =-k,Rp(Vas—VT) =—K.RoV «

if%[kn(Veffﬂ

2
kn: ID 2
(V eff)
Av:_kn RDVeff
2}
Av:_ s ZRDVeff
(V err)
inR
A=

V eff
2



Applying the MOSFET in Amplifier Design-
Determining the VTC by Graphical Analysis

in A Ues = Vpp

Triode ——~<— Saturation

Y



Applying the MOSFET in Amplifier Design-
Locating the Bias Point Q




Unit-5

** MOSFET Small Signal Operation
Models
— The DC Bias

— Separating the DC Analysis and the Signal
Analysis

— Small Signal Equivalent Circuit Models
— The Transconductance
— The T Equivalent Circuit Model

¢ Basic MOSFET Amplifier
Configurations
— Three Basic Configurations
— Characterizing Amplifiers

— Common Source (CS) Amplifier without and
with Source Resistance

— Common Gate (CG) Amplifier
— Source Follower
— The Amplifier Frequency Response

**Biasing in MOSFET Amplifier
Circuits
— Biasing by Fixing VGS with and
without Source Resistance

— Biasing using Drain to Gate Feedback
Resistor

— Biasing using Constant Current Source
s*Common Source Amplifier
using MOSFETSs

— Small Signal Analysis and Design

— Body Effect
**Problem Solving.




