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CHAPTER 1

FUNDAMENTALS OF
SEMICONDUCTOR DEVICES

1.1 CHARGED PARTICLES AND THE
ENERGY GAP CONCEPT

The electron:
A) Negative charge = 1.60 x 10~ *coulomb
B) Mass = 9.11 x 10" % kg

Hole - In a semiconductor, two electrons are shared by each
pair of ionic neighbors through a covalent bond. When an
electron is missing from this bond, it leaves a "hole" in the
bond, creating a positive charge of 1.6 x 107C.

Shared valence

electron _ Covalent bond

1@

This valence electron

belongs to the nearby
‘:;//silicon atom

v hole
e
A

@@
®

Silicon or gf
germanium 4//

core

\

A broken covalent bond

[



The energy gap concept and classification of materials

Energy levels in
which electrons
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(c) Semiconductor (d) Conductors

Drift and the Diffusion Current:

A) The diffusion current - The movement of charged
particles due to a non-uniform concentration gradient.

B) The drift current - The movement of charges under the
influence of an electric field.

1.2 FIELD INTENSITY, POTENTIAL
AND ENERGY

Potential - The work done against an electric field in taking
a unit of positive charge from point A to B.

X (point B)

I E .dx
X o (point A)




Electric field intensity E:

Potential energy U (in joules) equals the potential
multiplied by the charge q.

Potential-energy barrier concept:

A|Vp VIiB
electron with initial
speed Vv 0
+ -
Vg

a
(a) Potential energy, U

l__ a __l energyﬂk

Distance, x q-Var---3
W P Total
enerqgy ,W

¢ Q
ol x I-S distance

(b) The potential

le- 4 —»

Kinetic energy, (W-U)
A) The kinetic energy is at its maximum when the electron
leaves electrode A.

B) At P, no kinetic energy exists; the electron can therefore
travel up to a distance x, from plate A.

The ev unit of energy: lev =1.60 x 1071J

1.3 MOBILITY AND CONDUCTIVITY

Mobility - When a metal is subjected to a constant E, a
steady state is reached where the average value of the drift
speed v is attained. v is proportional to E and is found
by v=uE, where p is the mobility of the electrons and



where the electric field has small values.

Current density:

p = n-+q is the charge density; v is the drift speed of the
electrons.

Conductivity: J=nq*v =neq°-u-E

d = gE, where o =nq-°u = conduct-
ivity of the metal

1.4 ELECTRONS AND HOLES
IN AN INTRINSIC SEMICONDUCTOR

(b) Broken covalent bond

(a) Covalent bond

(OJOXNO, O @® @=—ions
® ® ® @ (Q=—Hole has moved from

ion 6 to 7
(c) Hole contributing to conductivity.

In an intrinsic semiconductor:

n=p=n = density of the intrinsic carriers.




1.5 DONOR AND ACCEPTOR
IMPURITIES

Donor impurity:

Pentavalent impurity core
(5 valence electrons)

Excess electron (free,
donated)

Missing valence electron
(Hole)

1.6 CHARGE DENSITIES
IN A SEMICONDUCTOR

ND + p =N A + n, where ND = positive charges contributed

by the donor per meter ° , and N A negative charges

contributed by the acceptor per meter’.

n = ND (In an n-type material the free-electron

concentration is equal to the density of the donor atoms.)

2
n

p= I = Concentration of holes in the n type semiconductor
D
ni2
P> N, andn = (in a p-type material)
A N'X

5



Generation and recombination of charges - On average, a
hole or electron will exist for Tp seconds or Tn seconds,

respectively, before recombination. This time interval is
known as the "Mean Lifetime" of the hole or electron.

1.7 DIFFUSION AND THE POTENTIAL
VARIATION WITHIN A GRADED
SEMICONDUCTOR

Diffusion - The diffusion hole-current density J_ is, proport-
ional to the concentration gradient. p

= - L] -g’R
Jp q Dp ax

The Einstein relationship:

A) The Einstein equation: P=_T-y

= "Volt-equivalent of temperature"

<

it
=
'Ql'il

(B) T

= 11,T'6'—‘00 (T = temperature in °K)

C) At room temperature, VT =0,0259V and u = 38.6D

Total current:

=0 *U *nD°* k ~-~-qQ° OQE.
JpqupquDp ax

- . . L] . .g&
J, = up°n E+q° D, *§x

The potential variation in a graded semiconductor:

Vo g
« S 1 (E is the built-in field)

(A) | E=—2=- 5%




B)g:%,hence dv=-VT . c_lg)_
C)
“wn p-type n-type
Bi i, iNAg '
i X, X% 1%,
(a) A graded semi- {b) A step~graded jn
conductor, p(x) is
not constant
v -V = I P2
D)V, =V, -V, VT' lnpz
E) Vn/VT This is the "Boltzmann relationship
p1 =Pp2-© of kinetic gas theory".
-Va /VT
F) Mass-action law: n, =n, . e = Boltzmann
equation for
np, =n, .p, electrons

G) An open-circuited, step-graded junction

a) Vo =Vy =V

p
. Do = = - ili-
T In oo pl P thermal-equili

no Po  brium hole con-
centration

in p-side and P, =Pn,
= thgrmal-equilibrium hole in n-side

n
- - i
b) p = NA and pno 'N_]') , such that

Po
v_ «In Na'Np
T n,?

i

Vo




H) Analysis of p-n junction in thermal equilibrium.

Approximate doping profile for a p-n step junction:

log ' N, (%)

I) Unbiased p-n junction:

The equilibrium carrier concentration and potential as a
function of distance in a p-n junction:

a) The region xn<x<xp is called the "space-charge region"

or "depletion region".

Depletion
region \:l.

log n oxr| n
log p N/
t 1
P'xl
.
_,_I_L_A_.x
Xp ¥p
Potential |
Vg v
A
L} 1
1 1
4 b4
n “p

(a) Equilibrium
carrier construction
and potential

e _K-T _
b) VB = built-in-voltage q [In n In np]

where
n, = Electron concentration on n-side

np = Electron concentration on p-side



Depletion region width:

Y

(a) Heavy (b) Light
doping doping

J) Forward bias junction

Electron flow,Hole flow

— [

Forward
current
Ip : :
. .
L . kPot. with no bias
) 1
J Pot. with bias
X ]
: X
Vp 'V 0|

(threshold volt.)

The potential distribution in a p-n junction

n_ (electron concentration at x =w) =n = n.2/N
w po i A

n = Equilibrium electron concentration in p-region
0
x = 0 is the right-hand edge of the depletion region

n,= Acceptor concentration

nT = Electron concentration at x = 0
‘Q(VB—V)
fp T8y SXP )\ —xT —
n = n_ exp l:g__Y_:] , = electron concentration
T Po KT Po ) \
n -n
i . = . 3 gll- = . w T
Current density: Je q De ax q De —
D n.2?

=-q. I‘?A‘i’ (eXp[%XT] -1)



The hole current is small compared to the electron current.

Reverse bias:
The pdte_ntial distribution and.electron concentration profile:
----Zero bias
——Reverse bias

Reverse .
voltage Potential

----Zero bias jority hole
-——Reverse bias .
Minority hole flow

Ip

Majority electron

x Minority electron
flow

The total current flowing into the p-regin is:

q-v Q‘De‘niz°A
I= ls(exp KT -1) where Is = _T._NX__

10



CHAPTER 2

JUNCTION DIODE: THEORY
AND SIMPLE CIRCUIT ANALYSIS

2.1 THE OPEN-CIRCUITED
P-N JUNCTION

) Electrons Space-charge
Acceptor ion region 0.5um

Holsz '?unction ! ~
o@:’eieigg‘,@o,/l?onor (b) E' :lJ;l::Llstance from

000 :®@0e4 1on ' :

o_0_O ' (-]

000000 ,

000000 te) 1\|/ P Enconsig, Tigtd
p-type n-type, E=O0, '

otential-energy
barrier for

je— 0. 5cm —|

(a) An open-circuited

p-n junction ; n-side

(e) Distance from the
junction

Fig. 1 A schematic diagram of a p-n junction.
Since potential energy = potential x charge, the
curve in (d) is proportional to the energy for a
hole & curve in (e) is proportional to the -ve
of that in (d). (It is assumed that the diode
dimensions are large compared with the space
charge region.)
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2.2 THE P-N JUNCTION
AS A RECTIFIER

Reverse bias - The polarity is such that it causes both the
holes in p-type and the electrons in n-type to move away
from the junction. This cannotcontinue for long because the
holes must be supplied across the junction from the n-type
material.

A zero current would result, except that thermal
energy present will create a small current, known as the
"reverse saturation current," I,. This current increases with
increasing temperature.

Forward bias - In this case, the resultant current crossing

the junction is the sum of the hole and the electron minority
currents.

2.3 V-1 CHARACTERISTICS

Vin-Vp _

For a p-n junction, I =Ig(e 1),

VT = 11600 1:‘00 = Volt-equivalent of temperature

The characteristics:

(a)

The reverse-bias voltage VR is the voltage below which
the current is very small ( <1% of the maximum rated value).

12



I ®O9FUO033IOVTH

2.3.1 TEMPERATURE DEPENDENCE OF THE
V-1 CHARACTERISTICS

Io(T) = Ioy x 2T TV (1) =1 at T=m)

dv ~ - O'C
T 2.5 mv/

2.4 DIODE RESISTANCE, TRANSITION
AND DIFFUSION CAPACITANCE

Diode resistance:

The static resistance R is the ratio V/I.
For a small-signal operation, the "Dynamic-resistance" r is:

r= g—%l (depending on the oeprating voltage)

g_l—d_l.

S r " av
o
exp |5

=1
0 Vo

=(I + Io)/ﬂ'VT

For I >>1,, n-VT

Piecewise linear characterization of a semiconductor diode

I
Slope =
1/R¢
> V

‘ Yy

13



The break-point is not at the origin but at a point Vy
units from the origin. Vy is called the offset voltage.

Rf is the forward resistance.
Transition and diffusion capacitance:

In the reverse bias region, the transition capacitance
predominates, while in the forward bias region, the diffusion
or storage capacitance predominates.

Transition capacitance, CT:

= |49
CT | dv
Note: CT depends on the magnitude of the reverse voltage,

since the magnitude of the reverse voltage determines
the depletion width.

Diffusion capacitance, CD;
CD is introduced when the p-n junction is forward

biased due to the additional injected charge redistribution in
the n-region. Cp or Cp

—
O—

This type of capacitance limits switching speed in logic
circuits used as junction devices.

Static derivation of Cn:

=49 _ 4l _ =L
CD—d T'dv T'g_r
Tl
Cp ™7V

For reverse bias, g is very small and CD<< C

For a forward current, CD >> CT'

T

The diode time constant équals the mean lifetime of minority
carriers.

14



2.5 ANALYSIS OF SIMPLE DIODE
CIRCUITS: CONCEPT OF DYNAMIC
RESISTANCE AND A.C. LOAD LINE

2.5.1 THE D.C. LOAD LINE

The behavior of the diode at low frequency is marked
by V-I characteristics.

Other elements of a circuit beyond the region bounded
by the diode and its terminals can be replaced by a thevenin
equivalent circuit.

f linear position

(hevenin equivalent
o

T of the circuit

cmmemeanalg

Diode or other nonlinear element
For the non-linear element i_= f(v,), the thevenin

D
3 3 3 = Vv -1 o .
equivalent is given as A t " Ip RT
The problem is solved by plotting these equations on
the same set of axes.

load-line in

Diode characteristics .
forward region

i _ma 1D=f(v )

D D load line i Aip
reverse-biase t“
region t,
v
T, t, ¢,
\l.\.z -V, >,
T D T

D.C. load line:
(Characteristics of
the thevenin ckt.)

slope=—-i a_.d

50 V 'ﬁ;

(a) t (b) For sinusoidal
current

(v_=1l5sinwt)
L~ T

15



The straight-line characteristics of the thevenin circuit
is "D.C. load line." As long as RT remains constant, any

change in V_ is accounted for by a horizontal shift of the

T
load line.

If vT is sinusoidal, the corresponding current iD can

be found as shown in (b).

Small-signal analysis, dynamic resistance:

Small-signal - When the total peak-to-peak swing of the
signal is a small fraction of its D.C. component.

= + = + i
VT Vdc vi Vdc Vimsmmt

(where Vdc = bias voltage, and Vim << VDc)'

The operating point for vp = Vge is called "the
quiescent point"., It is found as follows:

i ma
Alp id
Q i mA
ﬂ D I
I b v /DQ
DQ -2 3 A JM
Vﬁ :"VD volts o> t
B 'D|i =0
Vac Vi I =V_ volts
r
Ye CQ'\Vim' sinwt
| D
Vdc*'Vim

A new set of axes i d- VD is constructed at Q (as shown
below) ;

ig =ip - IDQ’ Vag=Vp - VDQ

16



operating path

i
A D’mA A lD ,mA
0 v volts——b—»t
aN 0 > Vi WV
Vi sinwt
Ve

The operating path is "ab". The dynamic resistance r

of the diode is equal to the inverse of the slope of line

"ab"'
AV
r d = dynamic resistance = —32
D
Q pt.
If ry is found, circuit variables are obtained by using
Ohm's law.

The original circuit has two parts:

i, o

Vac-IIE; IDéDQ %RL

(a) For calculating Q

.si R V.
Vim sin(wt) R, L

(b) For calculating

small-signal
a.c. component

Calculation of r d
A"/
25mV_ ot T=300°K)

dv
r. =94 z_T _somV
d dij be Ing

Q point

Reactive elements:
Idm = (the peak current) = Vim/l rT dz, |

17



2.5.2 THE A.C. LOAD LINE

For the circuit shown below, the D.C. load line and Q
point are:

. A tgrma .
i +v0_ . b' ld
é Wy e I Q .C.
V=V; 7 sinut DQ____a_' A.C. load line \ £
v 3
I dIC IS r“ 2 R RL D.C. load line,slope = -1
dc, »Vy in volts IR,

2y

> D| iD=0=vT

ﬁ;\vmo sinwt
[}

When the A.C. signal is present, the effective
resistance seen by the diode is r, 4 (R1||RL). The A.C.

' s s _ -1
load line is drawn through Q with slope = [ri (R, “ RL)]

The equations for the D.C. and A.C. load lines are:

v (ri+R1) + VD D.C. load line

Q
v, =1, +Ry I R 1) +r, A.C. load line

dc - Ipq

2.6 SCHOTTKY AND ZENER DIODES

Schottky diode:
It is formed by bonding a metal (platinum) to n-type

silicon. A Schottky diode has negligible charge storage and
is often used in high-speed switching applications.

18



Platinum acts as an acceptor material for electrons when
bonded to n-type silicon.

Platinum v
Electron N R Vg
n silicon vp
a0 <0 <o - +'F‘
-0 «® <o :
voltage voltage voltage iD
b'4 x — X

(a) Potential (b) After
distribution application of
after initial a +ve voltage

diffusion

Zener diode:
i Reverse characteristics
D .
— 1 Forward |
* “v characteristics
i Z V. in volts
Z T+ D

Zengr knee

Unlike regular diodes, when you apply a high,
reverse voltage across a Zener diode, you produce an almost
constant-voltage region on the characteristic curve of the
diode. One application of this special property of the Zener
diode is voltage regulation.

The change of the Zener voltage VZ as a result of a

change of temperature is proportional to the Zener voltage as
well as change in temperature.

AV _ IV

T = Temperature coefficient = Z_Z

e ‘T x 100%/°C

19



2.7 DIODE LOGIC CIRCUITS

2.7.1 A DIODE “AND” GATE

The diode AND gate redrawn for each possible
combination of inputs. The diodes are assumed
to be perfect rectifiers.

2.7.2 A DIODE “OR” GATE

A Inputs |Output
B F A B C F
C 0O 0 O 0
R 0 0 1 1
1 01 o0 1
) 011 1
(a) l1 0 O 1
1 0 1 1
110 1
1 1 1 1

(b)

A diode OR gate. (a) The circuit. (b) The truth
table. The output is 1 if any of the inputs is 1.

20



CHAPTER3

THE BIPOLAR JUNCTION
TRANSISTOR

3.1 THE JUNCTION TRANSISTOR
THEORY

3.1.1 OPEN-CIRCUITED TRANSISTOR

Under this condition, the minority concentration is
constant within each section and is equal to its
thermal-equilibrium value np in p region and pno in n

0

region. The potential barriers at the junctions adjust to the
contact difference of potential Vg, such that no free
carriers cross a junction.

APotential, V
p-type I3 n-type base
emitter| Yy p-type collector

JET JC
(a) Potential

Minority-carrier concentration
s T SR BTN
Ig Je

21



3.1.2 TRANSISTOR BIASED IN THE ACTIVE REGION

Ig g ¢ Ic

\" A
EB (5B Vi SRy
+ -
[

==

Vee

(a) p-n-p
transistor
biased in the
active region.

Minority-carrier
concentration

.

Emitter-in barrier

Vo T VEBI o

v 5 _
"z ITE
-~ ~fF Base T (80—
Lridth g ob +
Wy Vel "
n-type T 8 >

p-type p-type

emitter

(c) Minority-carrier

(b) Potential variation
concentration

through the transistor.

The dashed curve applies to the case before the
application of external biasing voltages.

The forward biasing of the emitter junction lowers the
emitter-base potential barrier by |V EB | , permitting

minority-carrier injection. Holes are thus injected into the
base and electrons into the emitter region.

Excess holes diffuse across the n-type base, the holes
which reach Jc fall down the potential barrier and are

collected at the collector.

22



3.1.3 TRANSISTOR CURRENT COMPONENTS

Transistor current compoments for a forward-biased
emitter junction and a reverse-biased collector junction.

I E" Current due to holes crossing from emitter into
p base is the forward injection.

InE - Electrons crossing from base into the emitter.

= +1 : .
Iy = Lg * Ig (g has a magnitude proportional to the

slope at JE of the pn curve. Similarly, InE has a
magnitude proportional to the slope at I of the n

curve.)
-1 =1 +1 (1 consists of electrons moving
co nco pco  nco
from the p to the n region across J e’ and Ip co
results from holes across Jc from n to p.)

I = Complete collector current =1 -1
c c pe

Ic=Ico-—a°IE

Large-signal current gain o: This is the ratio of the
negative of the collector-current increment from cutoff (Ic

Ico)’ to the emiiter-current change from cutoff (IE =0),
e.g.,

-1 -1 )
a = ji_Lg- The large-signal current gain of a
E C-B transistor.

23



<+

o is not a constant, but vaires with emitter current IE’ v CB

and temperature.

A generalized transistor equation gives an expression
for Ic in terms of any Vc and IE:

\ARAY

- _ _ c T
Ic aIE+Ico(1 e )

A transistor as an amplifier, and parameter ':

A small voltage change AV, between emitter and base
i

causes a relatively large emitter-current change

AI. =a'.A = - == e . .
E AIc IE, AVL RLAIc o RL AIE

If the dynamic resistance of the emitter junction is r ,

then e
-a'*R

AV, =r_+Al,, and A= o'+ R (AL /r)AL =—L

E L E e E re

The parameter o':

-1

Al
o' = The negative of the small-signal = K'Tc—
Short-circuit current transfer E v
ratio CB
o' = - o (assuming o is independent of IE)
3.1.4 TRANSISTOR CONFIGURATION
The CB configuration:
Ic,mA vEBCollector open
A . .
A l-Active region V=0V
c // 0.5 c_:?v
E /f 0. -lOV
J*\T/_'}RL 7
VEB e o A O*C____.IE
Ve +08 | \0 -04 -QB‘ICQ
(a) cc ! \ Saturat:l.on region (c) Input
CB characteristics

(b) Output characteristics

24



The common-emitter configuration:

I

¢ A%
1eo BE }VCE=O'1' 1,
B & 120 o 2 v
+1 R 80
¥ -»j Ef’cs% L T =40
%E BENE _ Voo ' B £
I T Veg I,
(a) Iceo (c) Input
(b) Output characteristics
characteristics
I o-l
1 =%, B
c -a 1-a

o = .
B 1 L~ (1+B)Ico tBe Iy

CE cutoff currents - A transistor is in cutoff if IE = 0 and

Ic = Ico' It is not in cutoff if the base is open-circuited.

Common-emitter current gain:

Large-signal current-gain g = ’I‘CT(:%&")‘
B CBo
Ic
DC current gain hFE = B de - I-]-3-
Al
Small-signal current gain  h, = B! = .A_r;
VeE

3.2 THE JUNCTION TRANSISTOR:
SMALL-SIGNAL MODELS

3.2.1 THE HYBRID-Pi MODEL

It is useful to predict high-frequency performance.
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Model:

b'c
b Ib 5y ) I c
o »l"b% g vl
be xi.‘]e:: C ce ce
e & I'ee de
+
Im" Ve
b,e,c: external terminals
C is the depletion-region capacitance of the

b'e
collector-base junction. Cbe is an equivalent capacitance that

accounts for a reduction in gain and in increase in phase
shift at higher frequency.

Simplified circuit valid at low frequencies:

Vo _ _ . . . . s <
vb'e = -8, RL (which is equivalent to AV if LN rb'e)
Beta cutoff frequency f g * At this frequency the magnitude

of hfe has decreased 3dB from its mid-frequency value.

e "L T THiuluf

w, = 1/r
B ble(eyre* Cprc)
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1 .
f = (since ¢ >> e, )
B 2T Th1e *Cpre b'e b'e
g
f.= £ .f = 2 m
T e B T * Cpre
3.2.2 h-PARAMETERS

h-Parameters for Each Transistor Configuration in Terms of

the Other Two.

Common base

Common collector

h, _ﬂ’___ h,
ie hfb ¥ 1 ic
h
fb -
Bge | - g, * 1 (hg, + 1)
Common emitter
h ___hPP__ h
oe h o T 1 oc
h Piolob 1-h
TC
re 1 + hfb rb
Common emitter Common collector
hy, _Me M
1 hfe + 1 hfc
= h, +1
h hfe fe
fo | h_+1 -
fe hfc
Common base
h b hOe hoc
o —oe - 2
hfe +1 hf:‘c
h Niefoe h yehoe +h -1
rb he + 1 re he re
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Common emitter

Common base

ic

fe
Common collector

re

h M
le T hg
fb
-(1+h, ) -1
fe 1+ hfb
hoe hob
T+hg
1-h,
1-h_ =1(since h__<<1) hlbhob
re re ——'—‘"'1 + hfb

3.2.3 THE CONCEPT OF BIAS STABILITY

Q-point variation due to uncertainty in B :

iff Rb

<< BR
e
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The effect of temperature on the Q-point:

R
_K < AT b K AT
AICQ Re + [1 + ’R; ICBOl(e 1)
Stability factor:
Al Al Al
=_CQq cQ cQ
S, = s, S = , S, =
I Mego V' Ve B
for the common-emitter amplifier:
R I R, +R
z b T . CQi|__b e ]
SI 1+ Te , SV llRe, and SB £, Rb+(1+Bz)Re)
where BI,BZ,ICQ1 and ICQz are the lower and upper limits.

Temperature compensation using diode biasing:

Single diode compensations:

This compensation reduces the base-emitter voltage variation.

Av AV

. . . D _ BE
The diode is such that: T N e

29



- +
: _ V5 Vseg*InRa s A o
EQ R Ry %i+ B BT

Two-diode compensation:

The quiescent emitter current is independent of variations
of temperature if Rb =R a

- (VBB .Rd + 2VD' Rb)/(Rb+Rd)—VBE

Q
IEq R

e
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CHAPTER 4

POWER SUPPLIES

4.1 DIODE RECTIFIERS

4.1.1 HALF-WAVE RECTIFIER

v, (wt) =Vmax *sinwt Yi (st)
- -~ max
L/ R i) (wt) 7 KT"l/\ ©
‘D L% ﬂ\\//&ﬂ T
Fig. (a) Circuit _:6-—
max

Fig. (b) Input waveform

v, (wt) vD(wt)
e ut T_2T wt

G Y Y °l_-uvma\x

Fig. (c) Output Fig. (d) Output

Current voltage Fig. (e)
Voltage
across the
diode

I
1. =M8X = 0,3181
de m max

31



v =0.3181 «R_=0.318V
max L max

de

4.1.2 FULL-WAVE RECTIFIER

v, =V sinwt

i ‘max D,
. v (wt) :.D1 (wt)
I
vsmax max
t wt
Fig. (a) Circuit Fig. (b) Fig. (c)
Waveform Current in
across diode D1
secondary
windin
iy, (wt) 9 v, (wt)
T r |intet) V_(max)
o/ Tax max| Vacl S
wt @%22 e,
T 2T 3T 4 T 2T 3T we we
Fig. (e) Load Fig. (f) Output
Current voltage waveform
2 'Imax
I, =——= = 0.
de m 0.636 Imax

V. =0.636V
de max

4.1.3 PIV RATING

The PIV rating indicates the voltage which a rectifier
diode can withstand in a reverse bias condition.

PIV =2 .Vmax - for conventional full-wave rectifier

=V - for the bridge rectifier
max
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4.1.4 RIPPLE FACTOR

R _ rms value of the ac component
Ripple factor (RF) = dc value of the waveform

lac = lL -1 de (1L = the rectified load current)

—rr2 1243
Iac(rms) [IL(rms) Idc]

2 3
VL rms} -1

RF =
de

1.21 (Vers = -5

RFHalfwave

- _max _
VL(max) 0.707 V

0.482
max

ol

RFFullwalve

I
= - max _
RF 0.482 [I — =0.707 Imaxl

Bridge-rectifier L(max) /3

4.1.5 RECTIFIER EFFICIENCY

_ PL(dc)
n R
i(de)

For the half-wave rectifier: {

Prede) = lae” Vae

=12 .R =
Pi(ac) - Irms RL

g = 0.406

For conventional and bridge rectifier:

ng = 0.812
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4.1.6 COMPARISON OF RECTIFIERS

Rectifier Vdc RF foutput nR PIV.
Half-wave
0'318Vs(max) 1.21 finput 40.6% vs(max)
o0
g
Full-wave
u W 0'636Vs(max) 0.482 Zfinput 81.2% 2Vs(max)
vi(t)
s D )
Bridge 2 D, 0'636vs(max) 0.482 Zfinput 81.2% Vs(max)
v \3" Ko
L)—I Dy
% load regulation:
v -V
R = NE_FL 908
FL
v = No-load dc voltage

NL

V., = Full-load dc voltage

FL

A high % LR is poor regulation.

4.2 FILTERS

4.2.1 SHUNT-CAPACITANCE FILTER
D




Half-wave rectifier with shunt-capacitance
filter. (A) Circuit. (B) Output waveform.

vo(wt)

C
1
C2 Ca
wt
01 T 2T 3T
C3>C52>C1
(a)
vo(wt)
Ry, Ry, Bp,
wt

(o] [ 2T 3T

(B)

Output of Half-wave rectifier with
(A) C and (B) RL vary.

f-Wave Rectifier
Hal av [} e Vo(wt)

c% vogt) %RL Vac
] wt
(A)

Full-Wave Rectifier

Vo (wt)

a
C Vo (wt) RL c

(B)

The same value of capacitance used with a full-
wave rectifier in (B) produces a higher dc out-
put than when used with a half-wave rectifier
in (a).
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The dc load voltage of a full-wave rectifier with a shunt-
capacitance filter is given as:

VS max
- __s(max)
v 1

de
1+ ———r
af R C
RF = ——~
4v3 *£°C*R

4.2.2 Pi~FILTER

Full-Wave

v
émﬂ Rectifier

Full-wave rectifier and pi filter.

V. R
v, =v. -1, +p =29 L
de de de L RL+rL

RF = ./E/maoszocl-c2 ‘L

4.2.3 RC FILTER

Full-Wave | ! \

vi(wt) Rectifier kv' CR\Vae, RL
\ ]
DANDD AW
Full-wave rectifier and L-section (choke-input)
filter.
v <R
V. = de L
de RL + R
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4.2.4 L-SECTION FILTER

Full-Wave Rectifier
\ I
) L(dc)

v, ot 13

Full-wave rectifier and RC filter.

This filter is used with high-load current circuits.

4.2.5 VOLTAGE MULTIPLIER

The voltage multiplier is used when a high dec voltage
with extremely light loading is required.

v
T |-C1-! D, Ir(dac)

+ -
® ol C _ ,
vi(wt) Vs (ma:{) P1 CZI.-'-zv RLVC 2
%-l [ [ L
(a)

. (Vi (u)tl i[nput
Joam [ sw
™ o2m Y Jew
“Vs(max)f---~ ~ ~7

(B)

/6T wt

ez 2Vs(max)
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4.2.6 COMPARISON OF FILTERS

Filter Vdc RF
Shunt-Capacitance v
s (max 1
1+ l/(4fRLC) 4/3'fRLc
Rectifier FW
# For 60 Hz: For 60 Hz:
C R -
I § Vs (max) 2.41 x 1073
0.00417/R;C RLC
Pi +
Vs (max) R/ R V2
1 + 1/(4£R.Cy) w3CyCoLR
Rectifier FW
* L For 60 Hz: For 60 Hz:
(o]
= C
Vs (max) 'L/ R | 0.026 X 10-5
1+ 0.00417/R.C | C,C,R L
RC ; +
Vs (max) RL/ (R #R) A
1 + 1/(4fR;C)) w?C)C,R R
Rectifier FW
R For 60 Hz: For 60 Hz:
N B E
! Vs(max)RL/(RL+R) 9.95 10-6
1+ 0.00417/RLC ClczRLR
L-Section 0.118
v 0-636V (max) (w2LC)
Rectifier FW
v For 60 Hz: For 60 Hz:
¢ & 0.83 6
| . < -
0. 636Vs (max) “Ic 10
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CHAPTERS

MULTITRANSISTOR CIRCUITS

5.1 THE DIFFERENCE AMPLIFIER

5.1.1 BASIC DIFFERENCE AMPLIFIER

~VEE

The Differential-mode or difference-mode input voltage
Vd = Vy — Ve

v
The common-mode input voltage Va = V%l.
v
- 4
Vy = va + -3

Vg

vV, = Va -5 vd(t)/z vd(t)/z
Vl‘t)( v,(t)
v (t)+v_ (t)
v (t):l_z—_

a 2

V4 is the desired signal and is amplified while Va is
rejected.
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5.1.2 Q-POINT ANALYSIS

The differential-mode input is assumed to be zero.
(V, =V,)

The equivalent circuit for T; or T, when V,=V,=V
a

v =v, =(

Ex ‘E2 )R

i g, ~ VEE
= 1E(2Re) - VEE (when 1E1=1E2=1E)
The load-line equation for Va =V, =V, is
Vee = Voo T icRc T 5%Re) * Vg
*Voe * Vge " Ic(Bct2R,)
v +V__ - 0.7

. a EE
i, = n y (Voo =0.7))
Cc 2Re + [R]D : (hFE+1)] BE

5.1.3 COMMON-MODE LOAD LINE

. + -
e VCC Vee  Va Vamax

RC+2R, /I -0
a

X"Q
= VeE

CC EE
VEE -0.7
2Re+{Rb+(hFE+l)}
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The common-mode input va =0, for Q.

= when vV = Vv H
Q Qmax a amax’

= . when v = v . .
Q Qmm a amin

In both cases, vd =0.

The individual collector voltages vg and vg; will vary
with variations in Va.

Difference-mode load-line equations

These equations determine the effect of a non-zero
v
difference-mode input. (v, =-v, = —2d— » vy =0and Q is as

shown in the previous figure.)

AVCE1 =R, . Aicl’ using small-signal notation

c
v =-R, - i Av =-R_.
cex c Ci s CE, Rc Alcz s
or =-R i
Vcez Rc C2

These are "Difference-mode load line" equations, such that

VE1 = VEZ.

Difference mode load line

Slope =

R_
/ X
Common-mode load

line -1

iCc,mA

These can be -
determined by v

1 \ VeV
Operating region for
the two transistors.
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Small-signal analysis:

Equivalent circuit with all components reflected into emmiter.

v, -v
0,70 v
0 +"-L|- %
i R R i
c C,
voey- v =v+¥d (b) Output circuit
1 a 2 2 "a 2

(a) Input circuit

Circuit used to calculate ia and i a’

By
+
Ve .)va
(a) To calculate ia (b) Reduced equi,
circuit

1a = vaIZRe + hib + [Rb% (hfe + 1)1

(b) Reduced
equivalent circuit

(a) To calculate i

vd/2
i, = -
d hib + [Rb 7(1+hfe)]

R

c
Vgi1-Vg2 = y Vv
hib + [Rb -(1+hfe)] d

Assuming ic ~ ie’ and
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Common-mode Rejection Ratio:

R /2
The difference-mode gain = e
d hib+[Rb + (1+hfe)]

A

R
The common-mode gain = ¢ WEE
a 2Re+hib+[Rb + (1 hfe)]

A

v°1=Ad-Vd -Aa' Va andv°2=—Ad ovd—Aa A

Common-mode rejection ratio:

A R
z‘d' = ;:
S
a  DyptlRy/he)

"CMRR" =

v

If "CMRR" >> Vg , then the output voltage is proportional to
d

Vd.

5.1.4 DIFFERENCE AMPLIFIER WITH CONSTANT
CURRENT SOURCE

R, R,
CMRR , if is small,
(Vo Mg+ Ry he )y = e
R, - I
CMRR < _ev__‘i
T

CMRR can be increased only by increasing Re.

In the previous circuit, Re is replaced by another
transistor which is a constant-current source.
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constant current
source

Quiescent operation:

'
€
V...-V - 0.7
EE BB .
ICQa ~ Re' (I cQs is constant as long as

T 3 does not saturate.)"

The condition for keeping T; in the linear region is:

hee
VCE > VT 22 +1In Hf:

Load-lines that describe circuit operation:

Tl saturates

-1
slope=i{-
C

Difference ic
mode load] 1
lines \

zero-signal

Common-mode

e Q\! load line
Q point™ T, Y
0.35v v
CE,
\" 20.35v
(Vg 20-35Y)

Small-signal operation:

hie ‘

Equivalent circuit looking
into the bases

The input impedance Ri between the bases of T, and T,
is:



5.1.5 DIFFERENCE AMPLIFIER WITH EMITTER
RESISTORS FOR BALANCE

Difference amplifier with
balance control RU

To compensate for different hfeland hfez , Rv is

used when T1 and T: have different characteristics.

The condition which ensures that the emitter currents
of T, and T, are the same is:

I S ._1_]
hfel hfez

RZ_R1=Rb

Rv results in symmetrical operation but it causes a loss

in the current gain.

Rc
A, = ’
d 1 1
R + + 2h,, + Rv
b[hfe1 hfez ] ib
if R
" 1 b
(R) = >> h, + + Ra
e’ eff hobs iba fe,
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5.2 THE DARLINGTON AMPLIFIER

The Darlington amplifier is used to provide increased
input impedance and a very high current gain (hfel’hfez)‘

Basic Darlington amplifier

. 2 =
Current gain Ai a(1+hfe) +<x(1+hfe) a(1+hfe)(hfe+2)

2

hfze (assuming identical transistors)

=]
1}

hie;, * (1+hf'e)hie1

20
(1+hfe)VT . (1+hfe) V'I’
IEQ» IEQl

2(1 + hfe)hiel = 2 hie

4

Input impedance:

1 —9 :
! 1
' :
]
. Ty
“Zen
=) PR— 1
1 1 1
] ] 1l
I 1
S .
Ri=hie.,+(l+hfe)hie1
(a) Darlington
amplifier (b) T, replaced by hie1

In this case, emitter current in T, can be adjusted by setting

- , 0.7

R, , I
b EQy BQ: Rb
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Ri - 1'1ie., * (1+hfe)(Rb” hiel)

Rb
ig =h, i +h, (1+h, )i ¢ —————
fe by fe fe by Rb + hie1
R A
2 b
A. h 1+
i fe R Rb+hie J

Darlington amplifier with
bias resistor.

5.3 THE CASCADE AMPLIFIER

The Amplifier:

The cascade amplifier is used as a dc level shifter when
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the voltage of interest consists of a small-signal ac
component V and a fixed dc level V . V from the level

shifter should have a dc level dlfferent from V Typically
this final output level is to be OV.

DC analysis:

T, 1is the emitter follower and T, acts as
constant current source. DC component of the output
voltage, V_:

L R
-1 _E2_o07 _g.
Vi I+er RC IEZ

Small-signal analysis:

v (small-signal component - i
: 3 +h, +
of the output voltage) Ls ( Ri hfe) hlb Rc
1/ hobz
1 R
. . + ,
Since B, is much larger than By, + h, Rc the
load voltage viox Vg while a negligible attenuation of the
signal has resulted from the shift in dec level.
Typical configuration:
v High _
! Diff.| | gain | |ZeVel output | v
Amp linear shifting am lifier_' °
V2 e— : circuit P
I amp.
noninverting
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CHAPTERG6

SMALL-SIGNAL,
LOW-FREQUENCY ANALYSIS
AND DESIGN

- 6.1 HYBRID PARAMETERS

6.1.1 GENERAL TWO-PORT NETWORK

1, 1,y 1 ! +

+ 1

— $+ + + : ‘1—2-
L} .

vl V2 vl hev hf'li ho V2

o : N AL :

Input circuit, Ouput circuit

(a) Two-part (b) Equivalent circuit of
network two-part network.

6.1.2 HYBRID EQUATIONS

<
]

1 hi-11 +hr .V, vy = hyei; +hy,e v,

1, = hf.ll +h°'V2 i2 = hzl.il +h22 'Vz
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6.1.3 TERMINAL DEFINITIONS FOR H-PARAMETERS

hl = i‘h = short-circuit input impedance
1
v,=0
\4
hr = 5+ = open-circuit reverse voltage gain
2
1= 0
h, =2 = short-circuit forward current gain
f ity _p
=
ho =‘1,—22 ) = open-circuit output admittance
11=

6.2 THE C-E CONFIGURATION

_———d

VCEQ
(b) Small-signal circuit (c) v, characteristics
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- _¢
h =7 = 5%
o Voo . BVee
ib=0 Q point

where ic and Vce are small variations about

nominal operating point.

"R Vo
h = ‘12 = ﬁ,lg
fe lb IB
Q point Q point
= 'be Vbe
e 1y b .
VCE—O Q point
v v
L B L .
IBQ fe ICQ fe IEQ
1C=Aic
iC
r p i . =A.
ICQ v/ ;b lB
Qi BQ
i
; VCE
VeEg
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Equivalent circuit:

h,
Base ie

Collector
+ VW *
+ h +
h ) oes v
be re vce / h. -i ce
_ fe b -
emit':ter I

This diagram can be simplified by ignoring hoe and hre
C-E amplifier equivalent circuit:

i
c c

Bp
] Pe— —
. v,
i b, ¢ Ry,
i I
Z# ‘%vabe 1e hfe""le:»w
|Z. lZO

1

- b
I Ry
A, = il-Ii = _hfe_
17 T T [(Zx 10D/ R ]

Requirement of high gain and stability:

VT
h, =h e —= <K<R << h, *R
ie fe IEQ b fe
Rb hle
Z1 = R 7h. bt h1 (if Rb>> hie)
b ie
v
_ ce -
Z,= —i'c llhoe
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6.3 THE C-B CONFIGURATION

ic

(c) Simplified circuit
(b) Hybrid model

For the hybrid model:

Vop =hpls # By e vy Shi (1) + R Yoy

i = i . = -i + .
e hfb I * hob Veb hfb( le) hob Veb
h =‘1?P- = ——IV x hie
ib "le IEQ 1+hfe
vcb-O
e ic
by 717 =N =-o
vcb—O vcb—O
ic
h —
ob Vcb
i =i.1=0
e
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Simplified equivalent circuit:

[ b
. s s e
le =(1+ hfe)lb =@+ hfe){ ]

h,
ie
- 'eb o Me :ﬁ
1b ‘e 1+hfe fe
cb_0
ic ~hfe .
hfb (short-circuit current gain) =T =Tm. =1
ely =0 fe
cb
hoe
h_ =
ob fe

Modified circuits:

CE ckt. for finding C-B equivalent for
'h' parameters of finding hob'
C-B configuration.

To find the CB parameters hob’ hfb’ and hib’ divide

the corresponding CE parameters by 1 + hfe'

6.4 THE C-C (EMITTER-FOLLOWER)
CONFIGURATION

Characteristics:

A) A voltage gain slightly less than unity;
B) A high input impedance, and

C) A low output impedance.
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i +
‘ie (l+hfe)Re

(c) Equivalent circuit

(b) A.C. circuit

- B 1
ri+Rb _1+[hie+(ri|| Rb)] /1( 1+hfe)Re]

>
1]
IR

Zi = hie + (1 + hfe)Re

T3
ib T T

Zo =h
fe
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6.5 SIGNIFICANT PARAMETERS

Configuration
CE EF (CC) CB
-hfe
Gain Aiw-hfe A= 1 Ai= -hfb=w
fe
Input h =(25x10-3)hfe 7 =h +(h +1)R h hie
impedance ie 1 i ie \ fe e ib 1+h
EQ fe
1]
Output 1 > 10%Q 2 ~h. + ri 1 _ 1+hfe
impedance h o ib h_ +1 h h
oe fe ob oe
Simplest B ¢ _fi__ +h 5 5
e?uiv?ient . llb i | B he 1 ib o 1le
circui i .
e + Pip e
Vi e Vel o o o
E - - B
o Jo: 0
c .

6.6 SMALL-SIGNAL EQUIVALENT
CIRCUIT OF THE FET

6.6.1 EQUIVALENT CIRCUIT

' o]
igg=0 tas
; r v
S ds ds
InVgs

S

+o

1
wo' o

6.6.2 TRANSCONDUCTANCE

g =%lpg
m sy
Gs

Q point
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For the MOSFET:

)2, and g = 2k (v )

GST

ps = ¥nVgsV

S
VGSQ

2/k ’iDSQ

g, of a FET is analogous to 1/hib in BJT:

[ 1 (g )
= g
!hb gy > Cm’FET

6.6.3 DRAIN SOURCE RESISTANCE
V.

r =S L1
ds  dlpg Ipg

Q point

The drain source resistance is analogous to h of the transis-
tor.

6.6.4 AMPLIFICATION FACTOR

= DS

Equivalent Model:

I3s
G e—e — D
+
v
C& gs  Vas
S e =~ * ~

6.7 THE COMMON-SOURCE VOLTAGE
AMPLIFIER

A=l - (R || Z) : ]
v v S AL 1+[ri%(R3+(R1HR9)]J
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with r, <<R 3+ (R1||R2) and RL << Zy, Avé—g R

DD
d Ccz-)-oo
—€ 0
v
R L
* o
D
-O
+
>
$Tas %Rd %RL VL
0

6.8 THE COMMON-DRAIN VOLTAGE
AMPLIFIER (THE SOURCE FOLLOWER)

DS%}

Equivalent circuit
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v Ty
Zy = i (as seen by Rs) = 1_+Ts > 1/g'm
Vi=0
(when u = €n" rds >>1)

A' (open-circuit voltage gain) = K = 1, when u >>1

v 1+
‘R
A = ‘_,§ = _u- _gm—._g_
vV 1+u 1+gm'RS
v
Zi = .i_g = v R,
1 1- V—S R82
+
g R51 R&
Rs(rds+Rs)
Zo2 (looking into the source) = ;—TZ-HT)T
ds s
+
> rds Rs
u

Equivalent circuit for Zi:

Assuming R_ >R _,
S2 S)

z, = (1+ VR,
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6.9 THE PHASE-SPLITTING CIRCUIT

- M ‘R
VoS TR +rd TR, Vi
(1+u) s ds d
(u/1+wR
02= S V.
R + Tds +id_ !
s I+ 1+y
o . Rs[rds+(1+p)RS]
Zn (looking into the source) = F I(FIDR
ds s
= R

s
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CHAPTER?7

AUDIO-FREQUENCY LINEAR
POWER AMPLIFIERS

7.1 THE CLASS A COMMON-EMITTER
POWER AMPLIFIER

The power amplifiers are classified according to the
portion of the input sine wave cycle during which the load

current flows.

i

[¢]
ICQ%’? .
t

(a) Class A

I CQ-.-.Q\Q_Q,

(c) Class B

Ieg N

(b) Class AB

(d) Class C current flows
for less than one-half cycle



Q-point placement:

2V,
Ci
RLC dc load line -1
slope = Ee-
AC load line
slope = ?q
(\“”%c VCE

\" Y4 -Re
CEQ™ cC [1 R, ]
DC-load-line equation:

Vee = Vee tigt R

AC-load-line equation:
v = -1 =1 .
ce - LR =1L " By

or

v

o loq "R Vor " )
e &, “ce Vceq

L

To place "Q" for the maximum symmetrical swing

- VCC
ICQ "R__+R
ac dc
= VCC/RL
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R A\
v =V L CC
CEQ cC =
RL+Re 1+( Re /RL)

x VCC (because RL>> Re)

Power calculations:
v

. . _'cC ..
ig=lgg*le " ®

L
1L = -lc
v
i =1 +i =1, =-LC
supply L 'C cQ RL
Vee = Vee T icBrs Vi TIiLRL T IR

For a sinusoidal signal current:

i, =1, esinwt, i =1 -« sinwt
i im c cm

v 2
. _ cC
Supplied power PCC VCC' ICQ % —R—I-,_
Power transferred to load:
2 . 2 .
P = v * By - Tem “RL
L 2 2
(since i = -iC, IL = -Icm).
I.2+R v.2
- C L _ CC =
PLmax "Q'R? (when Icm ICQ)'
Collector dissipation:
2 2
P =P - P _VCC _ lcm'RL
C ccC L TL 2
v 2
Pomin = Vec!#PL ® Pemax TR, T VCEQ'CQ
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Efficiency:

Variation of power and efficiency
with collector current

2 ( 2
. P ) Icm(RL/Z) 1 Icm]
Pcc VecTeq  Zlcq |
"max = 50%
Pc
Figure of merit = ;~MaX - 9,

L max
The maximum-dissipation hyperbola:

cmax=vcE 1c(after derating)

P (before derating)
cmax

VcE

BVero

Safe operating region

For the safe operation, the Q-point must lie on or below
the hyperbola v CE

«i =P .
(] Cmax
This hyperbola represents the locus of all operating

points at which the collector dissipation is exactly Pcmax'

The ac load line, with slope ;{—1-, must pass through

the Q-point, intersect the VCE atla voltage less than
BVCE o and intersect the ic axis at a current less than max
ic’ i.e.,
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<
2 VCC - BVCEO,

2 ICQ ilcmax.
ai —IC -1
Slope of hyperbola = avc = v——g- = R
CE CEQ L

Q point

7.2 THE TRANSFORMER-COUPLED
AMPLIFIER

ZICQ
ICQz
Yee
R,
1
Load lines:
ine: = +i_ e ~ vV +
DC Load line VCC Vee Vi Re > VeE lcRe

AC load line: i, -1 ,
Slope = v =+ (where Ri‘ =N RL).

1
ce L

1]
=]
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R

e

CQ*

Power calculations:

The signal iL is sinusoidal; thus,

i =1 * sinwt.
cm

c
v 2
i . = ° = CC
Supplied power: PCC VCC ICQ -FL,—
Load power:
ILZM Iefn '
Po=% Ry =7 By, Uy =N-lgy
2
P - VCC
Lmax ﬁEL'
Coliector dissipation
2 2
P = VCC _ Icm R
(o] R L
L
2
P = V—,—CC =V, 1
cmax RL CEQ cQ
Efficiency: 2
1
cQ
N nax - 50%
P
Fig. of merit = SM&X = o,
Lmax
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7.3 CLASS B PUSH-PULL POWER
AMPLIFIERS

Circuit:

(a) Input current (b) Base (¢) in T,
current in T,

J_J;Cl/ m=hfelin ic,I

0[ 0|

(d) Collector (e) Collector (f) Load current
current in T, current in T2

Load-line determination:

Cc2 T _Vcc
cm R, dc load llne

DC load line: v =V
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AC load line: i -1
Slope = € =

[
ce R
VCC
The maximum value of both i andi isl =g
Cy C2 cm
L
Power calculations:
i, =1, °* sinwt
i im
S lied r = P = 2., v LI |
upplied power = Xan =7 ° Voo ‘em
v 2 v?

P =Z Vv . cC = C.g.
CC(max) T CC RLI me
2
p =11> «R', P - Yec
L 2 cm L’ L, max 2RL'
Power dissipated in the collector:
Rl
cm

—E '] - - -
2P =5 Ve lem ™7 ~Pec T FL

VCc (The collector current at which the

=2,
I K R"  collector dissipation is maximum)
L

2

_ 2
2Pcmax et R'L

P 1
. . L s cm
Efficiency: n=—>=-= — ;
PCC 4 VCC7RL
=T _
Noax - 4 78.5%
Figure of merit: P
cmax _ 2 _1
P m™ =5
Lmax



Power and efficiency variation:

7.4 AMPLIFIERS USING
COMPLEMENTARY SYMMETRY

The circuit:

ic,
rs Ce2 i Vﬁl‘
1 1
; = _—_-l cz Ry AC load line
v, S
1 S R RL T Q ) VCE2

Circuit and load line for T, of complementary-
symmetry emitter-follower

Complementary-symmetry amplifier
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Each transistor is essentially a class "B" emitter follower.

VCC
Icm v (If v; is sinusoidal, 1L is also

L sinusoidal.)
1L = ICM * sinwt
v
= _CEC ¢ sin wt.
L
2
- VCC
L,max 2RL
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CHAPTER S

FEEDBACK AMPLIFIERS

8.1 CLASSIFICATION OF AMPLIFIERS

8.1.1 VOLTAGE AMPLIFIER

Ri>>Rs
" RO<<RL
+ R| * |
Vi :?i + VORL:'

- ' A\;Vi -~ -
= =

-V
A= °/vi

The voltage amplifier provides a voltage output
proportional to the voltage input. The proportionality factor
is independent of the source and load impedances. For the
ideal amplifier:

.9 %Rs %‘_i $Ro | 3Ry
7
AT

s

Norton's equivalent circuit
of a current amplifier.
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- IL (with R, = 0 representing the
Ai = i— 1
i short-circuit current amplification.)

R.<<R and R >> R
i s o L

8.1.3 TRANSCONDUCTANCE AMPLIFIER

G -v.
R [m V.
W
T =
Vi | S = SR.
> i SRy R, |70 L™
- 1
Ri>>Rs
R.o>>RL

Thevenin's equivalent in its
input circuit and a Norton's
equivalent in its output circuit.

Output current is proportional to the signal voltage and

is independent of RS and RL'

Gm (the short circuit mutual or transfer conductance)

I

- 0 -
_‘;i— for RL—O

8.1.4 TRANSRESISTANCE AMPLIFIER

oI

Ii Fm 1
—‘ AAA .
+l Ro +

Ri<<Rs

Ry<<Rp,

Vo is proportional to the signal current IS and is
independent of Rs and RL.
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v
- 0 . _ _ R .
Rm s with RL = (Rm = open circuit
i X
mutual resistance)

8.1.5 IDEAL AMPLIFIER CHARACTERISTICS

Amplifier type

Transconduct- Transresist-

Parameter | Voltage | Current ance ance
R, o 0 @ 0
i
R 0 ®© © 0
o
Transfer
Charac-
teristics V=AYV 1 =A1 I.=G V V =R 1

o v s'L 1is L ms O ms

8.2 THE CONCEPT OF “FEEDBACK”

Signal Feedback amplifier

Fe s = === == == = = =J=

1 I, I -

1 X — : IO"IL
—: Basic amp T —F

Mixer forward Sampling] <

! v, v v ‘,RL

1 | Network| "i| transfer| _ |Network|! ©

| gain = A| | T

! |

/ lIf L+ Feedback N/W | |

' Ve Reverse |

' —|transmission B |

L__ R |

Differential -ax—np_lif-ie—r

8.2.1 SAMPLING NETWORK

The output voltage is sampled by connecting the
feedback network in shunt across the output voltage or node
sampling.
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Current or loop sampling - The feedback network is
connected in series with the output.

8.2.2 TRANSFER RATIO OR GAIN

Each of the four quantities Av, AI’ GM and RM is a

different type of transfer gain of the basic amplifier without
feedback (A).
Af = g‘e}:lgzgﬁ?fer gain with _ Avf or AIf or GMf or RM

A\ I I
o

v
Ayt VoL A v Gye? T Rue

f

8.3 TRANSFER GAIN WITH FEEDBACK

8.3.1 SINGLE-LOOP FEEDBACK AMPLIFIER

//——Basic amplifier A
X=RX 1

Xe=BX, \| iRL

S— Feedback network B

Xd = Xs - Xf = Xi = The difference signal.

8.3.2 FEEDBACK AMPLIFIER TOPOLOGIES

Transconductance
Voltage amplifier (amplifier
V4 + +
+ v N I=I~
+ Vil Ry, Vo + i o L

+ 1

B L J - 5L
B BY’J B I BI=Y¢ 8

(a) Voltage amplifier (b) Current-series
with moltage-series feedback
feedback
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Current amplifier (Transresistance

Ii
— +
I N | N
: om| L@ | L § R
1 =) I -
: (SE
Ig=B I, =BV,
(c) Current-shunt (d) Voltage-shunt
feedback feedback

g = Xf B is a complex function of the
- X signal frequency and is often a
° positive or negative real number.

>
1}
H?<i o><

X
-0 .
Af_X’; 1384

If |Af| < |A|, the feedback is termed negative; if | Af|>

|A|, the feedback is positive, or regenerative.

In the case of negative feedback, the gain of the ideal
amplifier is divided by |1+ BA|, which exceeds unity.

Loop gain:
The loop gain = -A ¢ 8 = The return ratio.

The return difference D =1 + AB

N = dB of feedback = 20 log

A
f|_ 1
T‘—2010g —__1+AB‘

8.4 FEATURES OF THE NEGATIVE
FEEDBACK AMPLIFIER

Sensitivity - The fractional change in amplification with
feedback divided by the fractional change without feedback
is the sensitivity of the transfer gain.
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IdAf/A‘fl _

1
dAT™ © [1+BA4]
A
_ pe el _ 1
S = Sensitivity ——ll T8 A|
Desensitivity =D =1+ B A.
Af =A/D
. - _A A__1
i [BAl>L A =77 5ox T8
Frequency distortion - If the feedback network does not

contain ractive elements, the overall gain is not a function of
frequency.

Reduction of noise - The noise introduced in an amplifier is
divided by the factor D if feedback is introduced.

8.5 INPUT RESISTANCE

Voltage-series feedback:

I .=RI
I g7 I,
7 —
4 T+
I l +
s A.I, v
- 3171 b S O
M sassni
T |- -
[ R’
R _Y_i. Rof' of
if Is
Vo AV RL
Av=vi_= R ¥R 7 Vo=A, 0L o By
Vs = IR1+BV
VS
Rif=r= Ri(1+ BA ).



A = lim A
v RL_)oo v

Current-series feedback:

Ry, = R(1+ 8G), G = RhL'P»o Gy,

G =Io_ M o
M V. " R +R_
i [ L

= 0 _
A —I— = Ai hd RO/(R0+ RL)
Is =(1+ B AI)Ii

\'A R,
R = i - i
if  (1+ BAI)Ii 1+BA

I

Ai = Rl:‘n-lo AI

Voltage-shunt feedback:

R V. R-R
Ry =T By =v2 ° Rbr
if T+ 8K, "M~V " RE,
Rm= RI;TOORM

8.6 OUTPUT RESISTANCE

For voltage sampling, R f< R ; whereas, for current
sampling, R . > R . ° °
of o
Voltage series feedback R

=V . __ o -
RQf i 1q'_BAv,whereD-1+ BAv

(K



' =
Rof

Voltage-shunt feedback:

R

R . =——2—o!,
of 1+BRm

Current-shunt feedback:

R'/1+B8A ,
e} v

Vo
Rdf-Rq/1+ BRM

=y -
Ry=7 = Ry(146A)
| 1+8A,
Ros = Ry T+BA,

\
where R =R [ R,

' —
= Rof (for RL S, AI =0 and Ro- Ro).

Current-series feedback:

1
R . .= Ro(1+ BGm) and Ro

of

f

!
..Ro

1+ BG
m

T+8Gy,

8.7 FEEDBACK AMPLIFIER ANALYSIS

Topology Voltage Current Current Voltage
Characteristic shunt shunt series series
Feedback signal Xf Current Current Voltage Voltage
Sample signal Xo Voltage Current Current Voltage
Input circuit: sett Vo =0 Io =0 lo =0 Vo =0
Output circuit: sett Vi =0 Vi =0 li =0 Ii =0
Signal source Norton Norton Thevenin Thevenin
B = xf/xo lfIV0 lfllo Vt.llo Vf/Vo
A= xo/xi Ry = vo“i Al = lolli GM— lo/vi Av = V';’/Vi
D=1+ B8A l+BRM l-i-BAI 1+BGM 1+BAV
Ag RM/D AIID GM/D AVID
Rif RiID RilD RiD RiD
R R, R,

of T+ BR. m Ro(l + BAi) RO(I + BGm) T+ BA\’

= R! v 1+ BA v 1+ 8Gp | R

Rle= aofl |RL _% Ry 5 i | Rl 5 -3—

8




Analysis of a feedback amplifier:

Identify the topology - The input loop is defined as the
mesh containing the applied signal voltage VS and either (a)

the base-to-emitter region of the first BJT, or (b) the
gate-to-source region of the first FET, or (c) the section
between the two inputs of a differential amplifier.

Mixing - There is a series mixing in the input circuit if
there is a circuit compoment y in series with Vs and if y is
connected to the output. If this is true, the voltage across

y is the feedback signal X ' Vf.

If this is not true, test for shunt comparison. Shunt
mixing is present if the feedback signal subtracts from the
applied excitation as a current at the input node.

Type of sampling:

A) Set Vo =0 (i.e., set RL =0). If Xf
original system exhibited voltage sampling.

B) Set Io = 0. If Xf becomes zero, current sampling was

becomes zero, the

present in the original amplifier.

The amplifier without feedback - The amplifier configuration
without providing feedback but with taking the loading of
B network into account is obtained by applying following
rules.

To find the input circuit:

A) Set V0 = 0 for voltage sampling. (i.e., short-circuit the

output node)
B) Set lo = 0 for current sampling. (i.e., open-circuit the

output loop)

To find the output circuit :

A) Set V, = 0 for shunt comparison.

i

B) Set Ii

open-circuit the input loop

0 for series comparison. In other words,

R,

Outline of analysis - To find A if

steps are carried out:

£ and Rof the following

9



A) Find out the topology first. It will determine whether X ¢ is
a voltage or a current. The same applies to Xo .

B) Using the above rules, draw the basic amplifier circuit
without feedback.

C) If Xf is a voltage, use a Thevenin's source; use Norton's

source if X £ is a current.
D) Substitute the proper model for each active device
(h-parameter model).

E) Indicate Xf and X0 on the circuit obtained by steps B,

X

C, and D. Calculate B = X’f“

o

F) Apply KVL and KCL to the equivalent circuit obtained
after step D, to find A.
G) Calculate D, A,, Rif’ R _and R' from A and B.

f of of
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CHAPTERY

FREQUENCY RESPONSE
OF AMPLIFIERS

9.1 FREQUENCY DISTORTION

A plot of gain (phase) versus frequency of an amplifier
is called the amplitude (phase) frequency-response
characteristic.

If the amplification A is independent of frequency, and
if the phase shift ¢ is proportional to frequency (or is
zero), then the amplifier will preserve the form of the input
signal, although the signal will be shifted in time by an
amount ¢/y.

Frequency-response characteristics:

A) Low-frequency region: The amplifier behaves like a simple
high-pass circuit.

B) Mid-band frequency: Amplification and delay is quite
constant. The gain is normalized to unity.

C) High-frequency region: The circuit behaves like a
low-pass network.

Low and high-frequency response:

Low-frequency response:

€y
+

o—|(—-——.
v, 3R Y,

| ]
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The low-frequency region is like a simple high-pass
circuit.
VvV = __BJ_ V. = __l_v

o 17 i
R+ 5c; S*rcC,

f
_ 1 -1 - L
| AL(f)| 1‘i(fL K fL I7R.CY GL arc tan

The low-3dB-frequency: At this frequency, the gain has

fallen to 0.707 times its mid-band value A ; f = fL is the
low-3dB frequency. °

High-frequency response:

=1
i =T+ SR.C, Vi

- =- f
| Ag(®] = 1/ A+EE )2 of = -arc tan I,

fH =1/2 '"RzCz

The high-3dB frequency: At f = fH’ the gain is reduced to

1//2 times its mid-band value, this is called the high-3dB
frequency.

Bandwidth: B.W. = frequency range from fL to fH.

9.2 THE EFFECT OF COUPLING AND
EMITTER BYPASS CAPACITORS
ON LOW-FREQUENCY RESPONSE

An emitter resistance Re is used for self-bias in an
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amplifier and to avoid degeneration; Cz
R'O

zb =jwc

and Z'=(1+h )
b e

1+h fe
Z

jw 'y = -1_
] (Zb+Ze) Cb +

1
C:

b 1+h

fe

1
1- j/wcl(Rs+hie)

ie

~he R
A = mid-band gain = =% C

1

is used to bypass

1+]LuC

R

’

R_+Hh_ (£, 1D

Low-3dB freq.

=1/27C, (R +h ) (atf Rs+hi

83
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9.3 THE HYBRID-T TRANSISTOR MODEL
AT HIGH FREQUENCIES

r =—1_

W 9
B 'bb' B'| % c

1 )
rl:fe"'@;': va,e I Vi
ce,lz/ (
Ee-
\rce =_1_

gce

Cc = Cb'c is the measured CB ouptut capacitance with

the input open (IE =0). ( Cc is the transition capacitance,

which varies as V_, where n is% or %). Ce = CDe +
CTe’ where CDe is the emitter diffusion capacitance and
C Te is emitter-junction capacitance.

The diffusion capacitance:

2
w . .

C., =8 w— (D, = the diffusion constant

De m 2DB B for minority carriers)

Simplified model:

C. (cm)
o C

e = CcCTI)?gm'VUe
e E
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Variations of Hybrid-T barameters:

Dependence of parameters upon current, voltage and temperature

Variation with increasing:

Parameter | | I, | | Ver I T
g |1 c | Independent | 1/T
Tyb Decreases Increases
Tore /| c | Increases Increases
C, 1 o | Decreases
Cc Independent | Decreases Independent
h fe Increases Increases
h, /|1, | Increases Increases
ie C

9.4 THE C-E SHORT-CIRCUIT
CURRENT GAIN

Approximate equivalent circuit:

I, B' c
—
-~ 9m I
= C+
e };f—g‘ Le*Cc@gpy Ve \\
I = -
L €m Vb'e

Vb'e = Ii/gb’e +j w(Ce-l-Cc)

I -g -h
. = _m = fe
T I (gt wlC_*C 1 1+(f/f

g)



g

f = gb'e =1 __Cm
o 2'n'(Ce*Cc)

B 21r(Ce+Cc) hf
At f = fB’
value, hfe‘

lAil is equal to 1/¥/Z = 0.707 of its low-frequency

B.W. = The frequency range up to f g
The parameter fT:

fT is the frequency at which the short-circuit

common-emitter current gain attains unit magnitude.

g g
fp = heet £ =21r(cm+C) o
e e ¢ m e

Variation of fT on collector current:

f’r' mH,

IC (log scale) ,ma

f,_ also represents the short-circuit current gain-bandwidth
pT-oduct.

The plot of the short-circuit CE current gain versus the
frequency:

2010g]a; |
dB

20logh fef

6dB/octave=20dB/decade

»logf
logfy logfq

At fT (the highest frequency of interest),

ch 21T-fT Co _ C

€m

- c
gm Ce*cc

=0.03
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9.5 THE COMMON-DRAIN AMPLIFIER
AT HIGH FREQUENCIES

The source-follower and its small-signal high-frequency
equivalent circuit:

(g HwC_)R
A_ = The voltage gain = m g8 5

1+( gm+gd+jw CT)Rs

T gs ds sn

A (at low f ) €p R fm
a oW requency N — ]
v 1."(g'm+g'd)Rs g'm"‘gd

= K
1+

Input and output admittance:
y; = ]ngd + ]ngs(l-Av) x ]ngd
Yo = B * €4 +]wCT

Ro (at low frequency) = llgm +gy = llgm
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9.6 THE COMMON-SOURCE AMPLIFIER
AT HIGH FREQUENCIES

gd D
M a +
r 3
+%s¢ @ ﬁZLo
mVi
< - s
- +
‘7 _ €m ygd
. ¥
Vi YLt €3* V45t Vga
g, "8 'TyZ
A (at low frequencies) = +m = -mr_fz_L =-g o2

The input admittance is

A =ygs + (l-Av)ygd = Gi + ]cuCi > ]ngd

9.7 THE EMITTER-FOLLOWER AMPLIFIER
AT HIGH FREQUENCIES

v
e
RS RL‘: ==CL
+
Vs
High-frequency equivalent circuit Emitter-follower
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Fig: Equivalent circuit using Miller's theorem
The nodal equations at the nodes of B' and E are:

! = 1 [
GIsVs [Gs * Epbte * S(Cc+Ce)]Vi (gb'e * SCe)Ve
1
= - 1 —
0=-(g+sC V] +I[g+ R, +s(C eIV,
! = =
Gs l/Rs + rbb' and g g + e

Single pole solution:

K=V/V
e 1
. - -
v -fm Ve _ Em AN /Y (for K=1)
T . . T T1IHwCc.R. -
e Ri-+ijL WG Ry,
L
K g °*R

K=__'.°_., K = __l;ﬂ_____L_ 1.
1+]f/fH o 1+g'm-RL
1+g'm-RL g _f -C

f_ = m
H 21T°CL- R

~ - _T
L ZTTCL C

Input admittance:

I
1 = ..P_ =i - -
Yi 7 ]uu[Cc + (1 K)Ce] +(1 K)gb'e
1
1- K0 + jf/fH
t =32 . i of o
2 Ce
' =3 e i L] - .
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9.8 SINGLE-STAGE CE TRANSISTOR
AMPLIFIER RESPONSE

Equivalent circuit:

c
Rs BTow ® ©¢

+
R

3 | ImVpe 3y

Tce ‘S [e]
9 i =

The transfer function:
-G . -8

Vo _ Gs RL(g‘m Cc)

4 = o . ] []
V; s? Ce Cc RL +s [Ce+Cc+ccRL(gm+gb'e+Gs)]+Gs

The transfer function is of the form

v - _Ki(s-80)

A = _2 —— 8
vs vs (s-81)(8-82)

Approximate analysis:

R'-R +r c K-1
[«

K ¢

+

\'

= ¥ == © $Ry

rce c -k _

jlli In'be

After application of Miller's theorem

Vee
=_C¢ | for |K| >> 1. Also the output capacitance is C
Vb'e c
and the output time constant is Cc . RL.

K = g, RL (neglecting Cc)
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i = + .
Input capacitance C =C_+C (1 +g R.)
N — = '
Input loop resistance =R =R_ I *pre

= = (- . . \ 1
Ao v lvg = (g R Gs)/(GS+ e+ 8C)

A = YSO
vs 1+]j f/fH
i Gs' * Bpre 1
The high 3-dB frequency = M- “ IR C

A
IAVSl = —J-—LS9—|—; , 6, =-7- arc tan f/fH

[1+ (f/fﬂ)zl
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CHAPTER 10

OPERATIONAL AMPLIFIERS

10.1 THE BASIC OPERATIONAL
AMPLIFIER

Inverting input

R
V _=A_V, 2 |-
2 \ o AvVi v "’4?4— " T
\Y -2 R. R
20 e i g_ Vi i AvVi o L
Vi A< Ml T _
Vio— Ry, 1 [+ Av L
l —
Noninverting Low-frequency model
input of opamp

Basic opamp

Ideal op amp:

A)Ri= B
B)RO=0
C)AV=-‘oo
D)B.W. = o«

E) Vo =0when V, =V,, independent of the magnitude of V,

F) no drift of characteristics
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Inverting
terminal

Ig I o
+
lIN=o v,

Noninverting
terminal

Ideal op amp with
feedback impedances

This 1is the. basic inverting circuit. This topology
represents voltage-shunt feedback.

N =Z'
A__, = voltage gain with = —
vf  feedback Z

Inverting operational amplifier:

Zl
Inverting AN
terminal 7

g CF\“

w Unloaded voltage gain
Nonlnvertlng terminal

Small signal model
For a small-signal model, |Av| # o, Ri # » and R0 #0,
- (1
Ae= "Y/Y' - l;; ](Y"*Y"'Yi)
)

(where the y's are the admittances)

v A +R y'
g (With 2) = —ropro—
1 o

-A
v

Non-inverting op amp:
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The configuration is that of a voltage-series feedback
amplifier, with the feedback voltage, Ve equal to v,.

Z
The feedback factor B8 =¥1 = gagr (12=0)
o

If A _g>>1, then
v

Configuration:

10.2 OFFSET ERROR VOLTAGES
AND CURRENTS

L

Input bias currents I and I and offset
B B2
voltage Vio'

The input offset current is the difference between the input
currents entering the input terminals of a balanced amplifier.
In the figure above,

Iio = IBl - IBz (when Vo =0)
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Input offset current drift - This drift is described by the
AV

A,go ,where

ratio

Avio = the change of input offset voltage
and AT = change in temperature.

Input offset voltage - When applied to the input terminals,
this voltage will balance the amplifier.

Input offset voltage drift:

AV, = change of input offset voltage.

Output offset voltage - This voltage marks the difference
between the dc voltages measured at the output terminals on
grounding the two input terminals.

Input common mode range - This is the range of the common
mode input signal for which the differential amplifier remains
linear.

Input differential range - This range is the maximum
difference signal that can safely be applied to the op amp
input terminals.

Output voltage range - This is the maximum output swing
that can be obtained without significant distortion at a
specified load resistance.

Full-power bandwidth - This bandwidth is the maximum
frequency at which a sinusoid whose size is the output
voltage range is obtained.

Slew rate - This is the time rate of change of the
closed-loop amplifier output voltage under large signal
conditions.

The model of an op amp and balancing techniques:
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Model:

Inverting
V,y O _(') +
. '
Vio -
Noninverting

Universal balancing technique:

It is necessary to apply a small dc voltage in the input
to bring the d output voltage to zero.

The following circuit supplies a small voltage in a series
where, the non-inverting terminal is in the range iv[ﬁ%ﬁ—]
2 3

= +15mV, if *15V supplies are used.

(50k9)
Pot.

Potentiometer
(50kQ)

10.3 MEASUREMENT OF OPERATIONAL
AMPLIFIER PARAMETERS

Input offset voltage Vio:
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$E8600 II SOINOYLOATA J0 STHIVIINISST Vdu

R' (10kQ)
AV

l_oV

Amplifier
under test

Set V! =0 to get V0 = 0. The close s; and s,.

If V0 = 0, then Vi = 0, and Vio appears between the

inverting and non-inverting terminals.

V
= 1y = I —
v T(R+R ) 1001V x> 10 Vio= Ve
From the meter reading V; in volts, we get Vio in mv.

AV,
. . s io
Power supply rejection ratio iV (AV io and Avce the

€€  difference in the two

input offset voltages)
Input bias current:

S, and S, are open and closed, respectively, and V' =

R+R

Voltage across R = Vio - RB B, and V = (V RB- IB )
z 103(Vi - 1d'1 )=V,

1
~IB1 =(V,-V3)1077A = 100(V,-Vy)mA
Open s, and close s;; V' =0 and we get IB .

2
; 1 S -

Bias current IB =3 (IBl +IB2) and Iio(offset) = IB1 IBz .

Open-loop differential voltage gain Av =A q

97



S5, and S, are closed, and V' is set to the output
voltage = -10V then, V'0 =-V' = 10v.

v
R+R'
V = * 3 .._Q =
R (Vio+vi) 10 Vio +A Vg
V)
10%.v
A = (o] = 4 _V
v VsVs 10°/Vs-Vs

If we want to know the voltage gain Av when there is a

load, it is necessary to place R

between Vv and the
ground. o

L

w o vV
Buffer

Close S, and S, ; V' = 0; apply signal V-

= . + . =
V0 A(_1 Vd Ac Vc 0

R' R . V.R
s R YRR Vst R

v, :VS and V, =V
V.=V, -V,-v. =Rwiy
d ! 27 "o R
V =V + (VR/2R")
c s

R (
“Ag gy (V+Va) + A [V
If the measured value of V is Vs, then
R
PRy (Ve+Va) = v

Slew rate - The slew rate is the maximum rate of change of
the output voltage when supplying the rated output.
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Inverting terminal

Noninverting terminal

For a single-ended input amplifier, adjust Z = R = 1K
and Z' = R' = 10KQ.

VS is a high-frequency square-wave. Its slopes are

measured with respect to the lines of the leading and
trailing edges of the output signal.

The slower of the two is the slew rate.

Frequency response of the op amp:

T TR TTF:
ecad
0
68 70 -20 dB/decade -45
60 _-45%{decace N I ’
50 Phlaselcl;fl—A'/ N Y -90
o 40 -----_4-'-' “"‘:-_ L/“" N-40 dB/decade _135
< 30 -90% /decade I -180
— 36dB4. ~135% /decade N-20 dB/decade _
> 20 H +—t 225
= 10 —__45%/decade -270
0 ' \‘ul:wase of -A/
-10 i i 0%/der' .
20 -60dB/decade A
f1 £, ‘ﬁ N
12.5 MHz
Z1 L1t
100 k 500 1M S 10 M 50 100 M 500
f,Hz
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CHAPTER 11

OPERATIONAL AMPLIFIER
SYSTEMS

11.1 BASIC OPERATIONAL AMPLIFIER
APPLICATIONS

11.1.1 SIGN CHANGER, OR INVERTER

Vo g
=7 = = = -
If Z =12'", then AVf V; 7 1.

The sign of the input signal is changed at the output.

The circuit acts as a phase inverter.

11.1.2 SCALE CHANGER

A
If the ratio 27 = K (a real constant), then Avf = -K.

The scale has been multiplied by the factor -K.
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11.1.3 PHASE SHIFTER

If Z and Z' are equal in magnitude and differ in angle,
then the op amp shifts the phase of a sinusoidal input

voltage.

11.1.4 ADDER . i

-R!
v =_§_(v1+v2+vs), ifR,=R,=R; =R

11.1.5 NON-INVERTING ADDER

For n equal to resistors, each of value R'2

Rl
P, __ Rbi(n-1) _1
! 1 X [ - -
R2+ sz R2+ [R2 :(n-1)] n
v, o= 1 (v! +v! )
. a . AREPR
R! =R'1|| R; ”R:.” RI'1

P,

101



11.1.6 VOLTAGE-TO-CURRENT CONVERTER
(TRANSCONDUCTANCE AMPLIFIER)

For a floating load A grounded load

Floating load (neither side is grounded):

The current in ZL = lL =R,

Grounded load: lL(t) =- R,

cl
rooikee
!
R' —
1s
. =i gt
ig R —*V,="14-R

C' is used to reduce the high-frequency noise as well as the
possibility of oscillations.

v _=-iR'
o s

The circuit acts like an ammeter with zero voltage across the
meter.
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11.1.8 D.C. VOLTAGE FOLLOWER

V0 = VS (because the inputs are tied (virtually) together)

The follower has a high input resistance and a low output
resistance.

11.2 AC-COUPLED AMPLIFIER

This is used for amplifying an ac signal, while any dc
signal is to be blocked.

R' rR C R'
_rR C + bbby }—f I+
V eAn I I v
S VO A VS o

Equivalent circuit

-V
V =-IR'= S_ R
o 1
R + sC
A =V0 :i S
vi V. R 1
S S+RC

fL = low 3-dB frequency = 1/27 RC

AC voltage follower:

This follower is used to connect a signal source with
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high internal source resistance to a load of low impedance,

which may be capacitive.

C1 w —-vo
V_ i

R 3 C
1 i 2
1y

c i r L€

— i
v ! Yo
>, $ -
L

Integrator Equivalent circuit

S P
Voo G Ildt RC Ivdt

If the input voltage is constant, v= V, then

. A
output will be a ramp, v0 ®C

e T+
1 C’_J v
- °

N +
\% — - -
s T
Differentiator Equivalent circuit

=_Rr =-gc v
Vo = TRy =-RC §

the

If the input signal is v = sin yt, then the output will
be v, = -RCwcoswt. This results in amplification of the

high-frequency components of amplifier noise, and the noise

output may completely mask the differentiated signal.
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11.3 ACTIVE FILTERS

11.3.1 IDEAL FILTERS

la, (0 | |2, (6) | |2, () |
4
f =f ‘
O OM r————-
f — ~f — T = f
OL OL oM
Low-pass filter High-pass Bandpass
filter filter

An approximation for an ideal low-pass filter is:

AV(S) )

A P
vo n

1
(s)

where Pn(s) is a polynomial in the variable s with zeros in
the left-hand plane.

11.3.2 BUTTERWORTH FILTER

Pn(s) = Bn(s) , known as the "Butterworth polynomial"

1

( Z
|B )] =|1+ —‘*’—]
" leJ

Butterworth low-pass filter response:

1.0

0.01

d.1 1.0 10.0
The transfer function is
Av(s) 1

A, = (7w )2¥2K(s/yy ) + 1
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where wy = ano = High-frequency 3-dB point.

This represents a second-order filter.

AV(S) -

For the first-order filter, = 1
Vo ot 1
Circuit o
R, R,
N v
R
Vg o
I:C
First-order low-pass
section
Second-order low-pass
section
Mid-band gain of op amp,
A - o _RuRYy
vo Vi R
Av(s) 2
= - +
'y 1/[(RCS) + (3 Avo)RCS 1]
vo
obtained by applying KCL to node V',
w =1 and 2K =3 - A
o RC vo '
A (s)
by comparing the coefficients of s* in AV and typical second-
order transfer function. vo

Even-order Butterworth filters are synthesized by
cascading second-orders prototypes such as those shown
above and choosing A of each op amp such that A =3 -
2K. vo vo
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Normalized Butterworth polynomials:

n Factors of Bn(s)

(s+1)

(s%+1.414 s+1)

(s+1)(s?+s+1)
(s2+0.7655+1) (s+1. 848s+1)
(s+1)(s?+0.618s+1)(s%+1.618s+1)

G B W DN =

Odd-order filters - Cascade the first-order filter with
the second order.
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CHAPTER 12

FEEDBACK AND FREQUENCY
COMPENSATION OF OP AMPS

12.1 BASIC CONCEPTS OF FEEDBACK

Standard inverting configuration:

Amplifier without f.b.

Rg Pa¥a S

TN T
i( 1 : b ’,//’ L
- L - _T:
Re
(a) Configuration
Foomso o - === -- == -= il
_ 1 Rf Re I|+ | Re R, : +
+‘;‘3 ey EA e R S E
! L T Y 2 d =
| ! ! —
I | Lo __
(b) f.b. network (c) General equivalent
equivalent ck. circuit
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¥L¥ouL

Current-differencing negative feedback circuit:

I 4
/

T
s
e
-
0 l
'DJ< +

=
[P —

\ \

\

__drtﬁé? .%T—_A——
Feedback __»

(B) network A

~

\///

(a) Current-differencing -ve - feedback ckt.

amplifier

\\\/ VL

+  + MAS<— —et
Va OPa¥a T

= -

9

A

-

A

P

Re
+
kvL Ry
(b) Voltage-differencing
-ve f.b. circuit

1
1
Ps+ &
c
\
\
\
\

Gain of a feedback amplifier with current differencing:

v, + - :
S V3 i2=vd+KvL L . a
! s ’ Ry T d R;

<
1}

L= "OpAy FROR I Re) FI1+ (A" K/Rf)(R4|Rf)]

e

—[Rf (K *R )]v, ... (For inverting config-
s uration K = 1)
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Loop-gain T of the amplifier:

‘AdK /
< (RS /1 Rf)

T :V.;L'_ = YE V_d ld
v! P v
1 vi _0 d d L

Open loop gain, or gain without feedback AO:

v —Ad
AO =‘;;- Y- il (R ”R )
L s
Overall gain: L _ Ao
A =-=2=_-29
v i 1-

For voltage-differencing circuit:
T =-A d
Ve zviAd/(1+AdK)
The loop gain T:

The loop gain controls the "amount" of feedback present
in a circuit.
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If T =0 (K=0), there is no feedback.

When T >>1, the gain of an amplifier with feedback
approaches Av = VL/Vi = —(Rf/KRS) for the

current-differencing configuration, and Av = %for the

voltage-differencing configuration. (These amplifiers are
shown in the diagram above.) We note that in both cases the
gain with feedback is more or less independent of the
amplifer gain, A a Consequently, the amplifier employing
feedback is much more stable against variations in
temperature and other parameters as the loop gain increases.

The feedback also has the effect of decreasing the gain

A
o

(1-T) °

Feedback amplifiers and the sensitivity function:

from Ao (without feedback) to

A
¢V dAa_/A
Sensitivity function: J = HKLIAX'
A oo
o
A
;v
J =1/(1-T)
A
o

12.2 FREQUENCY RESPONSE OF
A FEEDBACK AMPLIFIER

Bandwidth and Gain-bandwidth Product:

For current-differencing negative feedback Amplifier:
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Single-pole amplifier:

A
= dm_ = oai
Ad = Trslup Adm gain at low frequency
_ _Tm _ Adm .K(RS”Rf) ~ _Aom
T= S ? Tm - R ’ AO = —_S ,
1+ [—] £ 1 +[_]
w3 w1
_ AanRlIRp
- RrR_
om s
A = :om 1 )
v +T B
m {1+ g" (14T ) J

A pole is located at s = -w,(1 + Tm)

fn(upper 3-dB frequency) = fy(1 + Tm)

Gx(B.W.) = |A .f = A « f;(A constant, inde-
V(f=0) n pendent of feedback)

Characteristic:
increasing f.b. 'Jw
3% 3¢ o
- 0
w, (1+Tp) /‘
(a) locus of pole motion
|2l
A = A [|No feedback (Ty=0)
Vo om
6db/octave
A
Avo _ _om
1+Trn
. w, log scale
Wy ) \ 1799
(01 (1+Tm)

(b) Gain versus frequency.
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Double-pole amplifier:

dm m
A (s) = 5 T = ,
d [1 + 3]2 [1 + =
wa (R}
—Aom _Aom
A = 0—rnu—1-""—, A (s) =
o [1 + _S]z v 1+ T+ (2shn)*(s2/w)
Wi
Poles are located at s =-w (§*vE2- 1), ¢ = 1
n VT+T

Characteristics:

Jjw

increasing
Tm

|a_|
v
No feedback 212db/octave

Actual curve for
large feedback

W;log scale

Actual curve for
small feedback

113



12.3 STABILIZING NETWORKS

No frequency compensation:

6dB/octave
80 S
N\ as5e phase margin
60| R
59 SN [ PR\ i
™\ Zero phase margin
49 b ---- S s 12dB/octave
40 : 18dB/octave
|
[}
20 | |
]
I
' f,MHz
0 0.1 1 Mo\ 100 '
i 118.5
1
Phase,‘Po N 1 8: 1 18.5
o ‘.‘ \IlOr/ 100 »f,MHz
R
| 1
-90° i
i 1
-135° i
-180°
-270° | ~

Bode plot for amplifier

The amplifier's open-loop gain is

_ -10"

A =
o S S S
[1 * 2n106] [1 *om x107] [1 * Zm30x 106}

If sufficient feedback is applied to make |[T|= 1 at 18.5
MHZ, the amplifier is said to be marginally stable.

If sufficient feedback is applied to make |T|= 1 at a
frequency < 18.5MHz, the actual phase at |T|= 1 is < 180°.
The difference between 180° and the actual phase at |T| = 1
is called "Phase-Margin".
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The frequency at which |T| = 1 is called the gain
crossover frequency.

_ . =K __
T() = Ao(3) KIRGIR), 6 = 73 D)
AO(S) -1 .
A TTER e v B W IT(e)] > 1)

For a 45° phase margin,
|T(8MHz)| =1= 8 |Ao(8MHz)| ~ B(936), B =~ -59dB
At low frequencies, T = B-A = 21dB
m om
For a 45° phase margin:

B =1/ |A0( w corresponding to 135°) |

- o
ITmaxl |Aomi Aom | A o w corresponding to 135 )|
Simple lag compensation:

Simple lag compensation is designed to introduce an
additional negative real pole in the transfer function of the
open-loop amplifier gain, Ao'

J

The pole o is adjusted so that |T| drops to OdB at
a frequency where the poles of A contribute negligible
phase shift.

AL (8) = A (s) * [

QIW

This pole increases T but decreases the cross-over
frequency.

Effect of lag compensation:

| T|aB )
—emen ;10 compensation

lag network added

~— £,MHz
\



Lag compensating network:

lag compensating
= network

The break frequency of this lag filter:

a 1 .
2 - W .-+ (assuming R+R <<R,).

Lead compensation:

The transfer function H(s) = s'—g:

(8§,>8,, i.e., the pole is located at a higher
frequency than the zero.)

Bode diagram for H(s) and the network:

y |H] 6 ——
+ + 1‘ ! §18,
vi C VY, St aN
NN o R VN
= 61 8, 61 62
(a) circuit 521
1= /Rlc
- 1
T w]RC

This network introduces a low-frequency attenuation:

H(0) =Rz # (Ry+R,) = §,/6,

116



CHAPTER 13

MULTIVIBRATORS

13.1 COLLECTOR-COUPLED
MONOSTABLE MULTIVIBRATORS

Stable-state:

<I:+vCC
R ) ]
m% C SR 3R
v Il I 3 C2
p O U —Ov
Q < 0
1 R 2
1 ——
= ) -
2l
Rzi N
“VEE

Collector-coupled monostable

In this state Q, is off, Q, is saturated and v, is low.

xV and v_ =0, the current in R must be
ce c,

v
Ci

sufficient to saturate Q,, i.e.,
I =1 =£Vcc_VBESZ) s> 1 - Icsz
B2 R R BSZ B

or
Ve VBES, , Yec VCES,

R - B, -Rcz
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C, is a speed-up capacitor to couple change in v, to

V. , turning Q,; on rapidly.

Ba

Circuit operation:

i
j.__ .

Voltages for the monostable shown in the figure in steady-
state and just after triggering into the Quasi-Stable by a trig-
ger pulse at t = 0.

VC1 VB2 v0 VB1 Q: | Q2

Stable state (t=0) ‘:Vcc ~0V ~0V <0V off on
Quasi-stable state (t=0+) ~0V ~-V ~0V on off

~V
ce cc

The initial trigger pulse need not be of amplitude Vcc'

It only starts Q, off; the circuit's regenerative action itself

drives v to = Ovand v_ to = -V .
c1 B2 ce

Output pulse width:

The equivalent-circuit at the collector of Q, at t = 0"
when Q1 has just turned on and Q: has just turned off.

17 (Time constant with which VB2 moves toward Vcc)

=(R+Rx). C ~R+C, (R>r )

sat

_ _ _ -t/
VBz(t) = VF (VF VI)e

(where V, =V -V _+V

BE, ce CES,

= initial value of v B,’ and
2

VF = Vcc = the final value of VBz)
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T = The duration of the output pulse

2 - -
= 1 +ln Vcc VBESz VCESI
Vcc - VBETz

Es ¥ Vees ¥ 2VpET

T >~ TIn2 = 0.691 *‘0.69Rc

Fora typical transistor, VB

Recovery time:

This is the time one must wait before the monostable
multivibrator should be triggered.

When the quasi-stable state ends at t = T, the output
returns low although the circuit has not returned to its
stable state.

= = v =
Att=T , vc L VCEsl’ B, VBETz and the voltage across C

is

v =V 0.

e “Vees: VBEm ©

The vc increases exponentially from v, E VCES

1
towards its final value, Vf = Vcc, with

i = + .
T R (Recovery time constant) (Rc1 (R|| Ri 2) C
x (Rcl+Ri2) «C

. + .
Vcc Ry VBESl Rc:

-0 R1+R02

' _ .
Vcc (the output-volt with VEE
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Waveforms:

v,
B2

VBESz

0

Vees, VecVeEs:

Ve

Y t
/<

Vee

VCESl.

0

v,V
o’ C2

Vée

VcES?2

0
VB1
VBES1

01—‘—1 ot

VB1F

ff £f£f
Ql ° EL *jgl gn

Waveforms for the collector-coupled
monostable

13.2 EMITTER-COUPLED MONOSTABLE
MULTIVIBRATORS




Circuit operation:

(RtR_)I_ +R_ -1 = V (KVL equation for Q,
E" B. E c BESZw1th Q. off and Q. on)

RE : IB2 * (RE+R02)IC2 = Vcc - VCEz

V) =V R, (Ve Veps, )/ (Be, *RE)

=RV Vegs,) ®e,*Be) * Vegs,
VE(0D) =V (07 = Vg,

v, (O = v (0) + Voo

v_ (0) <

VE(O) + VBET1 (To maintain Q; off)

0) = i ff
v01(0) Vcc (with Q ; off)

+ Vcc.R 2 n
VB2 Ve, "®_ww_ * V5,®

+
Vg(0) = Vg, = Vpgs,

+ + — + +
~ i = V = -1
101(0 ) 1E1(0 ) E(O)/RE, VCI(O )=V, . 101(0 )Rcl

The condition for Q ; in a quasi-stable state:

+ +
RE Rc L RBl R
RE RBZ

B,
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Voltages with a Narrow Trigger Pulse Applied at t = 0

Stable state Quasi-stable state
Parameter t =90- t=0+
(Q,off, Q,saturated) (Q,saturated, Q:off)
R
- - C2
Vo VCC (VCC VCESZ) R, +R
E C) v
R ccC
zy 1- — C2
CC RE + RC2
v vo(0~) -V -
E CES; VBl VBE81
R
_ _ _ C2
Vec VCESz){ Rp * RCZI *Vee B
Ry *+ Rp,
=v_ |1- RC; 1
+
cC RE Cs
v v (07) +V -1 4 +
B, E BES sz(o ) [VC1(0 )
R -
= - C2 -V (0 )
Vee ™ Vers?| - =% c(™]
C:2 R
~ B2
+ =V —
VBES: CC{Rp *Rp,
R __Re.
~ C R_.+R
=V 1 E C:2
cc RE * RCz
VB1 = v RB& =V RB 2
" =
CcC R31 B, CcC RBl + RB2
Vea A v_(0Y) +V
ccC E CES
-~ VCCRBg
RBl * RBz
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Condition for operation:

Conditions for Operation of the Monostable
1) VBl(O') < VE(O_) + VBETl

2) iBz(O‘) >icz(0")/s

3) v01(0+) < VB1(0+)

4) VB2(0+) < VE(0+) + VBETz

Waveforms - With Q, saturated and Q, off in
quasi-stable state and Q,; off and Q, saturated in
stable state.

T
T
1
(o] |
Vcc__.._
61
TR"L -
T | T Vt
v i
Vv, 1
cchE Tﬁgz\__
62
+
VC1(O ) ‘"'I : .
v T
Vg, (07 422 Cr R
Vo (0h) +v F==--->
E BET2 '
LA
BZ { ' ~t
v | X -
E
vpon S
Vg (0t) -
E
0 T t

Pulse width and recovery:

s
T=1 = vV
F E BET2
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R R

1+ %2 - Bl%
R+ R, +
< R oC ln E RCZ Bl B2
1- 22—
+
RBl B

TR = (Recovery time constant)

=(R, * }\ﬂ2+ Ro I RCZ)C

R determines the circuits retrigger rate and the rate of

decay of the overshoot.

o
]

Model of an emitter-coupled monostable multivibrator during
the recovery time t > T.

The recovery time for the emitter-coupled monostable
multivibrator is greater than in the collector-coupled
monostable multivibrator.

13.3 COLLECTOR-COUPLED ASTABLE
MULTIVIBRATORS
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-9 -

Typical waveforms at each collector and base:

Vv,
c2 T, Tgy
Vedh - - \.' ______

C1 0,0f Q; on 0, off
Ve ——-ﬁ - -
R1 1
v
CES1 i pooooo . £
A% 1 1
1 rr +
Blt} TRz ! IRy !
BES1f - A~ - -~ - N
Tz /2
ed A

T, = 0.69R1C 1

T, = 0.69R,C ,
T, > 4TR2 = 4RCZ. Cz
T2 2 4 TRl = 4Rcl° C]_

7, = RiCjy, T, = R2C»

x . s x R oC
TRl RC1 Cy TRz C, 2

13.4 EMITTER-COUPLED ASTABLE
MULTIVIBRATORS

When the bias levels in the emitter-coupled monostable
multivibrator are properly adjusted, the circuit becomes

125



astable. Only one capacitor controls the timing of @, and Q,.

To keep Q , active with c open, require

vV_.,.-V V. .-
B oi, < i orB-( cc Vs, < _£¢ ‘e,
BZ CS2 R RC ’
2
which, with VB2 = VCZ, reduces to B - RCz< R.

To keep Q; active with ¢ open, VB should fall inside the
following interval: 1

R(1+8 YVoo™ Vo) <v

L e DR, B,

< VCC °RE[R+(1+B)RC1]+VBE-R-R
R(R01+RE)+(1+ B)RE ‘R

Ci

Ca

v (0)
T1 = RCIn —Tc,’c—vB———
Ve VB,

T (R01+R”R02”RE)C x (RCI+R02"RE)C

TR, [(1+B)RE||R]c

VB2

Vg (ty)r=mmmmmm- -
VB2(t2 e i

Waveforms:

Q, active,
19, off 0, off



Approximate Voltages

t=0 t=0
Q1 off Q1 active
Q. active Q 2 off
v v V. -v.(0HR . /R
ci| 'cc cc” Vg'? IRq, 'Ry
v v V. -v_(0HR . /R
B2 B: B1 E Ci E
VE VB1 h VBEz VB1 - VBE1
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CHAPTER 14

LOGIC GATES AND FAMILIES

14.1 LOGIC LEVEL CONCEPTS

"1" and "O" limits must be separated by some voltage
range to ensure that the state of a line can be determined
even in the presence of noise, etc.

Voltages Ge v Si v VBET: The VBE threshold

v voltage below which
BET 0.1 0.5 little conduction

ocecurs.

Vees |77 | 0T V...and V___: The

v BES CES
CES 1.0 0.1 VBE and VCE values

.2 .6 in saturation
VBE 0 0
(active)

‘A high or "1" level corresponding to a voltage above
some minimum upper level and a low or "0" to a voltage
below some maximum lower level.

v and V :

Graphical interpretation of VBET’ BES CES

Approximate iC
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Demonstration of the logic level concept:

v
I
Rp
—
vI 7
T
Input Inverter
Waveform Circuit Transfer curve

ICS = (VCC—VCES) + RC....In saturation, with no load

IBS = ICS/B ....Corresponding base current of
the edge of saturation.

...Voltage to
saturate a
transistor

‘[R (V,.-V )*(BRC)] +V

B" CC CES BES®

The circuit will saturate for any

[RB(VCC CES) : (BRC)] + VBES =5.65

...[Assuming VCC = +10V, RC = 1K, RB = 10K]

With v satisfying the above equation, Vo = VCES =0.1V.

Inverter logic levels for Fig. 2.2:

vI ,Volts Vo ,Volts A\ Level
>5.65 0.1 5.65 to 10v| "1"
- <0.5 10 -2 to 0.5V non

Voltages above 5.65V are designated as "high" or "1"
levels; and voltages below 0.5V, as "low" or "0" levels.

The wupper "1" limit and the lower "0" limit are

arbitrary, depending on power supply and breakdown
voltage.
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Logic level notation:

Parameter Definition

v oL Low or "0" level output voltage

VOH High or "1" level output voltage

vIL Low-level input voltage

VIH High-level input voltage

VIL Maximum VIL level

VIH Minimum VIH level

TIH_’TIL Input current for VI = Vg and
VI = VOL’ respectively.

I OH’IOL tlY:;xi;nurg s‘lfvaila:g(ei o‘}Jtp:utV load current

(o) OH (0] oL’

respectively.

14.2 BASIC PASSIVE LOGIC

14.2.1 RESISTOR LOGIC (RL)

AND function can be implemented with passive
components only, such as resistors.

v, R, A 1(v)| vIz(v)l v ()
1
v Vo 0 0 0  R;=R,=IK
T2 g 0 10 | 3.3
= 10 0 3.3
2 10 10 | 6.7

Voltage Truth Table

Fan-out (FO):

The number of equivalent gate inputs that can be
driven from the output of a similar gate is the fan-out.

130



Noise Margin (NM):

This is a measure of the amount of noise that can be
tolerated on signal lines before the voltage levels on these
lines cease to look like "1s" or "0s".

Graphical Interpretation of NM and "1" and "0":

Vi:Vo
V, V, f
OH=VCC v
Off
VOH //('/' NMH
Vin - .
__;— /ﬁf’;}ag?ﬁ:gﬁ éctlve
1L M
V,
oL ///ﬁoﬁ// “saturation

14.2.2 DIODE LOGIC CIRCUITS

L+1ov VoV [V, V] VY
3R 0 0 | 0.7
] 0 5 | 0.7
Vije——— v, 5 0o | 0.7
5 5 | 5.7

Vipe—ie—

Basic Circuit

14.2.3 LOGIC CIRCUIT CURRENT, VOLTAGE,
AND PARAMETER DEFINITIONS AND NOTATION

Parameter Definition and test condition

VIH Minimum input voltage that will look like a "1"

S at the input of a gate in worst case.

VIL Maximum input voltage that will still look like
a "0" at the input of a gate in worst case.

VOH Minimum output voltage which, when applied

—— to FOH =N H other gate inputs, will look like
a "1" at the input of each driven gate with a
NMH'
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v Maximum output voltage which, when applied

OL to FOL = NL other gate inputs, will look like
a "0" at the input of each driven gate with a
NM, .
L
IIH Current required at a gate input with V OH
present at the input. —_—
IIL Current required at a gate input with V oL
present at the input.
IOH Available output current when Vo =V oH"
IOL Available output current when V_ = VOL'

FOH= |IOH/IIH| Fan-out for a high-level output.

FO = II OLlliLI Fan-out for a low-level output.

FO The smaller of FO and FOL'

\IMH VOH - VIH Noise margin for a high-level output.
NML VIL oL Noise margin for a low-level output.
NM The smaller of NMH and NML'

14.3 BASIC ACTIVE LOGIC

14.3.1 RESISTOR-TRANSISTOR LOGIC (RTL)

+
I, Ry Vee
VIlﬁ:==aMF
I I
2 B
vy, 22 o |T8 Sy
I; R Q1

B
V130===~ww =

NTL NOR Gate
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RTL parameter expressions:

- )
1) YEI-:%E Y_p_cl%g_@ +FOL |1 ||+ VLo - 2V -

2 Vog = NMy + Viy

D Vou = VoeRp + FOuVppg Ro)/(Rp + FOuR ()

b IIOHl = Vee = Vou?'Re

Iy = on ™ Vpes'/Bg

6) FO, = IIOH/I'IHI

D Vi = Vger

8 Vo = Vip, ~ NMp = Vg

9 Iy =g - Vpeg)/Ry

100 1oy, = BlVig = Vggs = 2(Vggg - Vo)l Ry~ (Vo Vopg) B
11) Fo, = ,IOLIIILl

14.3.2 DIODE-TRANSISTOR LOGIC (DTL)

1.2 1.4

Transfer
DTL Nand gate Characteristics

133



DTL NAND gate characteristics:

Table 1 Table 2

Vou= 8V FO, =FO =9

VoL = 412V | NM_ = NM = .788V

Vg =14V | I =-0.83mA

V= l2v Iyp, = 12.2mA
DTL NAND gate aprameters:
Vig “Vox * Yoy * Ves " Vb’ Vi " Vox * Vpy *V
IIILI Ve Vo Vers?® "Verst™p Vpx Vv Ves
Lo B(V,o-2.1) i B(V5ps*Vpg) Voo Vers
oL Ri R2 R

C
V., -V

- cCc oL

VoL = Vces * [__'R_C — + (FOp) | IIL[} Tsat,
[
Vor = Vi, = NMp,

BET
/R,

- VD1

14.4 ADVANCED ACTIVE LOGIC GATES

14.4.1 TRANSISTOR-TRANSISTOR LOGIC (TTL)
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\

VCC’ Rcl and RB’are chosen so that with Q; and

Q2

3
off, the current from VCC through RCl is sufficient to

saturate Q3:

Vee ~ Vaess “L >
<+ —
Rcl RB3 Bs - "BSs
_Vec " Vers |, FO. 1
R L IL
Cs

Q. and Q, are off when both inputs Vh, and Vlz’

are

low. Furthermore, Q3 will be turned of if Q; or Q. , or both

are turned on when V. or V_,
Ia 12

this circuit acts as a NAND gate.

Totem-pole output with phase-splitter driver:

Totem pole
output

Phase-splitter
transistor

or both, are high. Hence,

The circuit's response to a positive pulse at the base

of Q,: With v low, Q, is off, V
while Q, is off and v, is high.

C,
goes positive, Q, saturates and V

When vI c,

turning Q; off. V. 2'chen rises and Q, saturates.

({3+1)IB output current quickly discharges CL and vo

N
rapidly falls to VCES' 1
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is high and Q,is on,

droops,

When v_ drops from a high level to



OV, Q. turns off. VE falls to OV, turning Q, off; and
2
chrises, turning on Q;. Q; operates as an EF and
quickly charges CL with the large available current (B+1)IB
3

and v, rapidly rises.

The totem-pole output thus utilizes EF @ to rapidly
raise v, and the CE transistor Q, to rapidly discharge v,

The phase splitter Q, provides the proper phase drive for
the totem-pole output transistors. Other topologies, such as

DTL, can also use this output connection.

Circuit for calculating
switching time (b) Propagation times

SWITCHING AND PROPAGATION TIMES
Characteristics:

Guaranteed Input and Output Voltage Levels for TTL

Value,
Parameter| V Interpretation for a TTL NAND gate
VIL 0.8 | An input voltage < 0.8V is guaranteed to
turn on Qi(E-B junction forward biased).
VIH 2.0 | An input voltage > 2.0V is guaranteed to
—_— turn off Q,(E-B junction reverse biased).
~ . . < r .
v oL 0.4 | With VI < VIL’ the output is guaranteed
to be < 0.4V under full fan-out.
. . N ’ .
VOH 2.4 | With VI > VIH the output is guaranteed
to be > 2.4V under full fan-out.
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Vo,Voﬁts

TTL Transfer curve

14.4.2 EMITTER-COUPLED LOGIC (ECL)

iVCCIOV
R.$
3330082 Q =
270%R, | 0 *
i

VIl 43‘\;01 Eog))

E——o NOR
v :EZKQ ZKQ ©2 "
I2 O— I,]| o —O0 Vgg,-5.2V

1
1.24KQ

Basic ECL OR/NOR gate
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CHAPTER 15

BOOLEAN ALGEBRA

15.1 LOGIC FUNCTIONS

15.1.1 NOT FUNCTION

input NOT gate output

N N,
L mb Fig. (b) Symbols

Fig. (a) Circuit

Logic equation and truth table:

s [L=S
= 1 0
L=S 0 1

15.1.2 AND FUNCTION

The AND functioning circuit:

[
*1 s, ®
{14 ]
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Logic equation and truth table:

L=A%*B A|lB|L
ojo0ofoO
01110
110¢}o0
11111

15.1.3 OR FUNCTION

S, A

f{j i |
v S, \571 llvlsz D

Logic equation and truth table:

L=A+B A|B|L
0j0]0
011]1
110(1
1 ]1}1

15.2 BOOLEAN ALGEBRA

Boolean Theorems:

Theorem Name

A+B=B+A Commutative law
A+-B=B A

(A+B)+C = A+(B+C) Associative law
(AB)-C = A+(B-C)
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A+ (B+C) =A+-B +A-C Distributive law
A + (B +C) = (A+B) - (A+C)

A+A=A Identity law
A-A=A

A=A Negation

A=A

A+A -B=A Redundancy

A - (A+B) = A

0+A=A

1 -A=A

1+A=1

0-A=0

A+A=1

A-<A=0

A+A-B=A+B

A-(A+B)=A'B

A+B =A ‘B De Morgan's laws
A*B=A+B

Proof of theorems:
Proof of theorem (A+B) +(A+C) = A + (B+ C)
(A+B) *(A+C) = AA + AB + AC + BC
=A + A(B+C) + BC
= A(1+B+C) + BC
=A + BC

Proof of theorem A+ A+ B =A

A|B|A'B A+A-B

-0 o
OO
- oo
[l I =
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Proof of theorem A + A *B = A +

Proof of theorem A+B = A

Simplify

B
A| B |A+B| A | AB | A+AB
0 0 0 1 0 0
0 1 1 1 1 1
1 0 1 0 0 1
1 1 1 0 0 1
A+B B
A|B|A+B| A+ B | A|B | A+ B
0 0 0 1 1 1 1
0 1 1 0 1 0 0
1 0 1 0 0 1 0
1 1 1 0 0 0 0
Manipulations of logic equations:
L=XY+XY+XY
=Y(X+X) +XY
=Y(1) +XY =Y +XY
=Y +X

If L =XY + XY, find L.

I =

XY + XY

(XY) (XY)
()=(+S_{)(7(+§')
(X+Y) (X+Y)
XX +XY+YX+

XY +YX

Y
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15.3 THE NAND AND NOR FUNCTIONS
The NAND function:

Logic equation: L = ABCD...

The NAND operation is commutative, i.e., L = ABC = BAC
= ..., but not associative.

Truth table:

A — L=ABCD A|B |1 |aB
g o lo |1 0
D — 0 1 1 0
1]o0l1]| o
1]1]o0]| 1

The NOR function:
The logic equationis L = A+B

, The NOR operation is commutative, i.e., L = A+B+C... =
B+A+C... but it is not associative.

Truth table:

A }ﬂmc A|B|L]| aB

B olol1] o

¢ ol1]o]| 1
1lo|lo] 1
1|10 1

The exclusive OR function:
The logic equation is L = A(H)B = AB + AB
The function is both commutative and associative.

In practice, these gates with more than two inputs are
not available.
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Truth table:

A

AB
I=A(® B
A B Output L
0|1 0
0|1 1
1|0 1
I=A®B@®C it 0

=) >—

15.4 STANDARD FORMS FOR LOGIC
FUNCTIONS

Sum of products (SP):

The logic function is written as a simple sum of terms,
e.g.,

L=(W+XY)X +YZ)

(W+ X)X + (W + XY)YZ

= WX + XXY + WYZ + XYYZ

WX + XY + WYZ + XYZ (the desired form).

To find the logic equation for L from the truth table:

Select the rows for which L = 1, these are -called
"Minterms."

Find the logic expression for these in the product form.

j.e., Row #3 (Minterm): XYZ =010=1
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Take the sum of all the minterms:

L=XYZ+XYZ +XYZ + XYZ + XYZ

Row|X|Y|Z | L
#
1 |{0]j0]0 | O
2 |0joj11]0
3 (0j1}0 |1
4 (011 |1
5 |1]0(0 |1
6 (1(0(f1 {0
7 111110 |1
8 |1(1]1 |1

Product of sums (PS):

This consists of a product of terms in which each term
consist of a sum of all or part of the variables.

L = (WX Y)(X4YZ) = (WHX)(WHY) (X+Y) (X+Z)
To find a PS form from the truth table:

Pick-up rows for which L = 0, these are called the
"Maxterms".

Express the logic expression for these in the sum form,
i.e.,

For row #1: X+Y+1Z
Take product of all these "Maxterms", i.e.,

L = (X+Y+Z) (X+Y+Z) (X+Y+Z)

15.5 THE KARNAUGH MAP

It is a graphical technique for reducing logic equations
to a minimal form.
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Two variable Karnaugh map:

A
B\A=0 A=1
B=0
B=1
Two-variable
map
Term in logic
A B .
equation = to 1 B A 0 1
oo AB o|aAB|aB
0|1 a -
A ]3 1{AB|AB
1 0 A B
1 1 A B

Correspondence with truth-table

Truth Table

== O oY

= O+ O|w

- -~ ol
o

An example

Set of rules for simplification:

A group of two adjacent cells combines to yield a single
variable.

A single cell which can't be combined represents a
two-variable term.

It is permissible for groups to overlap because of the
fact that in boolean algebra, A+A = A.

145



Three-variables map :

AB
AB /- ‘
o 8 o1 1 10

Cc+0|ABC | ABC | ABC | ABC

1|aBc | aBc | aBC | ABC

A primary map

The set of rules for simplification:

A group of 4 adjacent cells (in-line or square) combines
to yield a single variable.

A group of two adjacent cells combines to yield a
two-variable term.

A single cell which can't be combined represents a
3-variable term.

Use of these terms:

AB
AB c
C\[00 01 11 10 ;1110\ 00 01 11 10 Q0 01 _
(1] pa o' iT]1) (11}
T Tt 1z o
D] 1 uly L
c L=A+C L _ -5
5 = L=B
Four-cell grouping Map continuity
AB
c
_.1110\00 01 11 10 00 Ol
T L} - T ==
1
I © e
] f Y | !
L1 [GldD: i
- L 1 r-EsG+ac+Bc

BC ABC AC BC

Two-cell groupings and single cell.
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Four-variable map:
The rules are:
Eight adjacent cells yield a single variable. 4-adjacent

cells yield a two-variable term. Two adjacent cells yield a
3-variable term. Individual cells represent 4-variable terms.

A B
c&B 30/01 11 10
ABCD

c 790 AB

D - = -
o1 ABCD ABCD
11 |aBcD
10 ABCD

Primary map

AB
eb\}pp 0l 11 lQTOQ 0}"11Tl‘109—0}1l}T];1
OOI T ) | | ! I 1 | : ) | |
R T A

:__l_J_.L_.L-_l_.:.__:_.t_.:._.;__:_..4
ll. : : | l : \ : | | 1 | :

S e S T B il St S
lOI | f I ) f | | | ! J 4

huliaiie Bdiafiadbn St RN N B e A |- -

oo, , ' ! —L L —+Primary
p--_I_J.~T_ _T-L_..l__|
ol 1 | | |
| ! [

A B R
lll : I | ! | I !

e R S i
lol ! | ! ! 1 l:\

L R v TS ST T Auxiliar
00, 1 | ) | i A . : | f | 'ux iary
o1y TTTTTTTITITI LTI T

L A L g
ll‘ | ' | ! ! ! ' ] ! ' ! !

:__.r_.r_.'._l...L_-L--'.--l»—-l-_.'__l__l
10, « v o b e e

[ S S TR N NN A KR (AR SO I N |

Continuity with auxiliary maps
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CHAPTER 16

REGISTORS, COUNTERS
AND ARITHMETIC UNITS

16.1 SHIFT REGISTERS

16.1.1 SERIAL~IN SHIFT REGISTERS

[ealilea
DataCF_D D D
e

Input 0

o
—

W

w

0110
01 10

of°

1

Clock lC.Pl CP, CPy CP,
t

vy o
1LSB ! | MSB
Data i 1, p 1
f ] L .t
v Y ]
1 |1 . 1
QO L\ <1 ~0 [ -t
0 LN 1K
Ql |~ ~ 01 ¢ { | t
0 0 0 S I o
2 [~ <~ 1 [ L.+
o, b0 0 o AL~ - N
(b)

Four-bit shift registers:(a) logic diagram;
(b) waveforms
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Data can be taken from this register in either serial or
parallel form. For serial removal, it is necessary to apply
four additional clock pulses; the data will then appearon Q,
in serial form.

To read data in parallel form, it is only necessary to
enter the data serially. Once the data are stored, each bit
appears on a separate output line, Q , to Q.

16.1.2 PARALLEL-IN SHIFT REGISTERS

The flip-flops have asynchronous preset and clear
capability.

The unit has synchronous serial or asynchronous
parallel-load capability and a clocked serial output.

Parallel data inputs
N

r A}
P, (MsB) P, Py P, (LsB)
PE 0— ? ?
(Parallel
enable)
A B c D Output
s PrQo s PrQl—S Pr Qz—s Pr Qs
Seria
anut C _ C _ C _ C
R o Qof-Re QfHR c1 2[R a1

[]
SRR —

Simplified 54/7494 4-bit shift register.
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16.1.3 UNIVERSAL SHIFT REGISTERS

PE
Tpl sz P,

Gl G2 Ga
Y L y
) s S
ceol cpo cpo,
D, D, D, 3,

Cp || B, Cp || 2, Sp

T T l
0 b :
Ql Q2 Q3

J [k |9y |Dy

0O (0OfjO] O —

o (o 1]1 PE=parallel enable
Q 11010 X

0 1 1 0 Pys-..,Py=parallel inputs
1 (0] O 1 —

1 0 1 1 MR=master reset

1 1 0 1 J,EQinputs

1 1 10

Qo,---,Q3=outputs

g

This register contains four clocked master-slave
flip-flops with D inputs.

Data in
Clock in (CLi)
q, 0d, q, q, q, q, q1 qo
Sd Sd Sd Sd Sd Sd Sd Sd
Data
Q7P %P5 Qs{Py Q[P % 1% Q" P1 & 120 _gutput
C C C C C \C \C
Clock ¢
(o)
out
(CLy) —o q,
U —O d1
p-down| o g,
‘ —0q
CLi ——icounter oqi
—9 95
CL., —» —0 qg
o —O0 q5
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16.2 COUNTERS

16.2.1 THE RIPPLE COUNTER

This counter uses the maximum count capability of the
three stages; hence, it is a mod- 8 counter (the maximum
modulus of an N-flipflop counter is 2N).

Count C = (Q,x 22 + (Q, x2') + (Q, x 2°)

To obtain the decimal output, a binary-to-decimal
decoder as shown below is used.

Qo Q1 Q,
Input _j
J FF, o) IFm 9 J FF, Q)
K 20 Hk 10 HK Qo
1 1 1

1 2 3 4 5 6 7 8 1 2
mpuep {1 1 T1 MM M MM MR
R N I N N I A I
o LofmlomdiofTd offifi] [
o 1511!111 i:il!:? -
' [ | !
9. lo o o o~ 10 of—
1t ! ' N | T : O T
1 1 1 P | ll| I
o llo o o oAt b
211 : { ' i ' v ' ] :
' 1 010=2 | 100=4 | 110=6 . 000=0 ,

[
001=1 011—3 101 5 111-7 OOl—l

Q29190 (b)
=000=0

Mod-8 ripple counter: (a) logic diagram;
(b) waveforms.
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Qo 5; Qlé; QzaéStrobe

PYTYTTYT

Q
~

a

Binary-to-decimal decoder

16.2.2 THE SYNCHRONOUS COUNTER

Clock

]

M2 ) J1 \
% % 7 9 N J1 )J2 2, tg_g 5 Q
C C C C
K, ) oS N
) K Ky J X, K3 J Ky

1

Circuit of synchronous parallel counter

The state table:

State table

Q1 Qo
Counter state | (22) | (29
0 0 0
1 0 1
2 1 0
0 0 0
1 0 1
2 1 0
0 0 0
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FF, must change state (toggle) with each clock pulse.
This is done by connecting J, and K, to a high level.

FF, must change state whenever Q, = 1. This is
achieved by connecting J, and K: directly to Qo.

FF, changes state only when Qo = @,= 1. Thus Q, and
Q, are connected through AND gates to J, and K,.

FF , changes state only when Qo = Q, = Q,= 1. This
requires 3-input AND gates connecting Qo, Q, and Q,to J,
and K.

Each following stage requires an additional input to the
AND gate.

The propagation delay of an F-F increases with the load
and limits the speed attainable with the counter.

1
f <
max tpd(FFa) + tpd(AND) + ts

16.3 ARITHMETIC CIRCUITS

16.3.1 ADDITION OF TWO BINARY DIGITS,
THE HALF ADDER

A

s a S
§>’ A—] [
B HA
B—] I
o c
B c

Circuit with AND,
OR, & NOT gates Truth Table:

AlB|s]c

[ -}
[ )
O = O
[ =2 =2~
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The logic equations:

C =AB and S = AB + AB

16.3.2 THE FULL ADDER

B, Cn_
AnTBnT Cn-l ?
HA
c él A @B 1-bit
full adder

A,B
Jee L
A, ®B, Ch S,

Truth table for adding An and Bn and a carry C

>
=1
o]
=
Q
]
]
-
wn
=1
Q
=]

HHNOOHRMHOO
O OO O
e S N — = — =]
OO OO
RREHOROOO

Logic equations:

= A B + C K B +A E
Sn Cn—l(Aan+Aan) Cha®nPn™n n)
= Cn—1 ® (An ® Bn)

= + +B
C_=AB +C._(AJB)
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16.3.3 PARALLEL ADDITION
Qo ® ©®»0Oo DO

A, B, A, B, A B A, B,

(5 Tl TTen TTec, -

Fa, Fa, FA, FA,
1 :
1 1 1
Cout Si S, 5, Sy

® @ OO © ©)
4-bit parallel adder.
If the propagation delay time t A 2tp d is the same for
each adder, then the carry from FA_, appears at FA, after
time t A’ the carry from FA; appears at FA, after 2t ,

A
and so on.

16.3.4 LOOK-AHEAD-CARRY ADDERS

P —
Ci+1
s A. B.
Aj4y, 1] past 171
carry-
.out
circuit
FA ] G FA;
it
l Cl-l
Si+1 (a) Sy
Cn+3
Fast
%T3Bn+3 Last
M= out
circuit
c I
n+2 n
A FA [FA
n+3 nt2|“n+1 n+l FAn
C/
l l n-1
Sn+3 Sn+2 Sn+l Sn

(b)

Carry-circuits: (a) 2-bit adder with a fast
carry output; (b) 4-bit adder with fast carry
output.
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CHAPTER 17

OSCILLATORS

17.1 HARMONIC OSCILLATORS

A harmonic oscillator generates a sinusoidal output.

17.1.1 THE RC PHASE SHIFT OSCILLATOR

Amplifier with RC
feedback network

CE version of the
circuit

For the feedback network:
R3C3 =R,C, =R1C1 = RC

A

i _ _jwRC
V, 1+uwRC
Ve f(juwrc)’
The overall transfer function = v, - l—}__1+j OR CJ
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The circuit will oscillate at the frequency for which the
phase shift from Vo to \é{ is 180°.

fo = 0.577/2T7RC

v
X

e
o

- (3] -

I’

oo| =

i.e., the voltage is attenuated by a factor of 8.

17.1.2 THE COLPITTS OSCILLATOR

qv I
VigRj =ecm 4 x:: 4c. 3R,V
9 i T¢, ¢ i x
e o
ZX
_ . — . . 1/jw01
Vx - Ix Zx’ Ix €m Vi (1/juCy)+ “’L"'ZX

Ix [1/jwCi+w L+Zx]
'ng 1/jwe,]

V =V,andI -Z =
X i X X

Ri[llj wCT]
’x T RFIAGC, TuCp)

1+g R - w2LCI+j(wc1Ri+wCTRi-w3LclCT R) =0
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C) +CT

3 . = . 2 S e——
w LC1CT Ri wClRi+ wCT Ri’ w L'CT Yo
C1'CT
f_=1/2/LC, where C =
o C1+CT

Condition for sustained oscillations:

g R = CI/CT (since Ri=r , ., g R, = EnTpre = Bre)’
hfe =C 1/CT

17.1.3 THE HARTLEY OSCILLATOR

<

The feedback factor: B =X = h2
v Vo h,
The Hartley oscillator and its ac and output equivalent
circuit:

S D
n,
(a) Circuit (b) Equivalent

A.C. circuit

1
stvgs<9 %Ro %Rp sk :ERL(equ)

(c) Output equivalent circuit
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o s < R
The voltage amplification: Av RL Yeq

The Barkhausen's criterion: n,*R’
L = 1/0°
Y g = 1[0

n,

n, _ 1
[
L fs

n, R

17.1.4 THE CLAPP OSCILLATOR

] _ |-
]U)OL w°C3 LUOC
wL-—1_ = 1/ucC

o woCs o
) CSC
£, = 1/2m VL G2

+ix
L
1ou

—3x

]
|
]
|
1
1
v
1
1
]
'

Resonant crystal, equivalent circuit and
impedance characteristics
The series resonant frequency:

fi= . — , f = The parallel resonant

21/L1C 1 2
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frequency = 1 =f1 / 1 +%:—

2mv/L 1C1C J/(C1+C>)

The Clapp and Colpitts crystal oscillators:

Clapp crystal
Oscillator

Colpitts Oscillator

17.1.6 TUNNEL DIODE OSCILLATORS

These oscillators exhibit negative resistance when
suitably biased.

Dynamic resistance: r= AVF/AIF.

Tunnel diode dc biasing circuit:

ER2
R Er R 4R
1 Rp T R)*R,
L I
_[:: $R, -¥ Ep [, A R = RiR,
1) T R 4R,
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Tunnel diode oscillator:

Cy
]
4 [o - s
L RL RT(' Y ;RPéL 3 RL
Oscillator Equivalent circuit

AC equivalent circuit for deriving criteria for
oscillations:

L C v
RL 1

Y. =Y1+Y2, Y1=1/Z
jk

_ 1
Z, = RT * [r”jwm]

-r

RT = I-FTZI‘Z_C—;Z- (The condition for oscillations at W )
2 -(r+RT)
fmax Tr2 R_z_TC 2(eme The highest possible frequency.
-1 1
f, (The actual frequency = .
of oscillations) o f.C r -Cy
1+ ——21
C( r+RT)
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17.2 RELAXATION OSCILLATORS

The unijunction transistor (UJT) oscillator:
Useful relationships:

R =R

+ X . .
BB B RBz (RBB is the interbase resistance)

= io = +
n = The standoff ratio RB1 /RBl RB2

Equivalent circuit and characteristics:

vv//
. IE
Cutoff Saturation
region region
-ve resistance
region

\J

UJT oscillator:
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-
-

>t

T (c) 2T

(a) Circuit of UJT oscillator;
circuit for (a);

for the circuit of (a).

(b) AC equivalent
(c) emitter voltage waveform

]
I

(R -C)in l

s, K=1In Iil

1
1-n 1-n

[y
n

o = The frequency of oscillations

1/RCK

1]

Plot of K as a function of n:
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CHAPTER 18

RADIO-FREQUENCY CIRCUITS

18.1 NON-LINEAR CIRCUITS

A non-linear circuit is defined as any circuit that
produces frequencies not present in the input signal.

I v Response
0 0|/\‘Of the RLC
N circuit
\
| | ] .
£ £ f - £ f f
1 0 T2 = 1 0 2
Tuned at fo Output voltage
Output current spectrum for I,
frequency and the tuned
spectrum circuit
This trap
resonates
at £,
This trap r_—'f [¥To I [Vol Response of
resonates 1, 1 the RLC circuit

T
!
1
. '
t

1 Icl: ! 2
I T

Lo——a

at fl \’: ! :L R =
i

1
!
|
2: /T, and traps
’
) \
'
d

Tuned circuits with traps
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Class 'C' amplification:

input signal

Input Input signal Class 'C'

signal frequency amplifier v,
A [ speictrum - F—_R_-LTC
\/ t T fO £ - =

(a) (b) (c)

Frequency C amplifier and
spectrum for (a) output tuned
circuit

Waveforms and frequency spectra for a class 'C' circuit:

Output signal (current) Frequency spectrum for Ip
Input signal ,T~Tuned circuit
- ) l‘&y/ response
Ky 1’/\‘- | ! '\ |
ro t o £, 2¢, 3f, &
A - v 2 3%,
Conduction
angle
Frequency v
spectrum

A
£, |\/ \/

Frequency multiplication:

Diagram and signals for a frequency multiplier:

This RLC will
resonate at a

Xn frequency nfy .

frequency input

multiplier
I t

0
£ - | v input ~—

0 — e S
| L 1 spectrum
! L 2R = C: I
i H £
L= £,



Spectrum for I

Spectrum for I°

1 f 1 1 1 f
17 E, 2f, 3t 4f, 'f0 2 3F  Af

tank response
if tuned at 3f,

Vo

1[\/\/t

Mixing | \/ \/

Two signals are combined to yield an output signal with
a frequency content which includes both the sum and
difference of the two input frequencies.

Vo: Amplitude-

modulated carrier
Carrier
(frequency: £,)

Active
Device

» £
fO
|
> £
3 l
| |
-t
f o X
£-fy | fotfg
LEIL) il
fO
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18.2 SMALL-SIGNAL RF AMPLIFIERS

Tuned amplifiers are mainly characterized by 1) center
frequency f,; 2) a bandwidth (Bof 3dB3) power gain at fo:
Go and a noise figure at fo, NF.

Basic circuits:

12| @
migh o0 |Z].9
R oT 1
Low Q !
B
! , %%RL
4 »f ,Hz . > £ ,Hz
| 4 I ’
fo fo =
Equi. load seen
by the
transistor

Bandwidth is a function of the circuit Q. A high Q

means a narrow bandwidth, while a lower Q results in a
wider bandwidth.

ganged capacitors
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ganged capacitors

i, "
~ A SRL
Ry 8
b - (c)
(a) RF amplifier with tuned input and output;
(b) AC circuit for (a); (c) DC circuit for (a)

Both the transformers are wound around an air core,
that is, a non-magnetic core. The air core is used at high
frequencies because the inductance required is small and the
core losses are small, yielding a high Q.

18.3 TUNED CIRCUITS
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18.4 CIRCUITS EMPLOYING BIPOLAR
TRANSISTORS

Figure:
Cpre
i
rbb- o
b 0~—“»/‘v".T ’}N\« 9 O C
bc
Vbie %I'He = Cble %gmvbb P4 rce
e o + . —0 €
(a)
e 1 oc
vai(% %Rz TC,
S + O €
(b)

= Ry ¢, - &
‘1’§+In_\OF—’W\'—'n l—o—((x) )—_|? v
b o > AA—— ¢ €oc
BV, G °
$R, LC, I, vai R, =C,

(c)

b 0—y Oo— $0C
‘)
T vaidf T
e O * * 2 O e
(a)

AA

e O

(a) Transistor hybrid-pi model; (b) transformed
version of the circuit in (a); (c¢) unilater-
alized circuit; (d) unilateralized circuit
including loading on input and output due to
Ry, C,, Rn' and Cn.

The circuit of Fig. (a) is transformed to (b). The
parameters are:

+
"ble * Tbb!

R1 =r.,.,%tr,
bb! * “ble rb'e+rbb'+“’2(cb'e+cb'c)2(rbb'rb'ez)_
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2 (C +C )2

1 Tore bb' " "b'e b'c
1 (1 1 -t
+ +u 2
_ 1 1 rb'c lrbb' rb'e] w Cb'ecb'c
Rz = 'r_ + r_ + m i1 i 5
ce b'e Tt + w2C,, 2
bb' Tble | ble
g (1 1
m lrbb' Thre
2
Ca=Cpye 17 LI ] +w’C,, 2
Tub' Tble ) b'e
+
Ry=r__ |1+ Core |, * rb?'/rb'e
1 . .
bb Cb'c Tpre "W Cb'cz
cozc  /l1sob _ Tob Spre
]
ble "ote  Tble Cble

(. Tbb
G =g / 1+5
m m b'e

2
. 2
] + [rbb’ w(cb'e+cb'c)]

Ideally, the amplifier should be wunilateral, i.e., it
should be possible for a signal to be transmitted from the
input to the output, but not vice versa.

A method for unilateralizing a transistor:

If =-1  (so that there is no net current
leaving point b)
Vb--Vc _ Vb - (-n- Vc)
R3+(1/jwCy) R+ (1/jwC_)
n n
-V n v

c - c
Rs + (1/jwCs) ~ Rn + (ll]an)
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Cs Vx
Rn—n-R3 and Cn—T’ n=v;

Once the circuit is unilateral, the input and output may be
treated independently (Fig. d).

18.5 ANALYSIS USING ADMITTANCE
PARAMETERS

The performance of an active device is predicted using
Y-parameters, because these can be obtained at any specific
frequency.

I1 I,

Y.V
r2
Vl 0 YfVV2

Using Y-parameters, because these can be obtained at any
specific frequency.

e , Y, =32 |
Y'l Vi |V2= f R "2
I I
Yy V2|V1=0’ Yo V, (V=0

A Y-parameter model with source and load added:

Yevy Iz
SEREININE
S 2
) .
v v/ lyo
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(y_ .y
Y =h. =Y. - f r
A K. |

Vl =-V, YI‘/Yi + YS’ I, =

Yo=Yo- (Y, Y /¥, +Y)
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CHAPTER 19

FLIP-FLOPS

19.1 TYPES OF FLIP-FLOPS

19.1.1 THE BASIC FLIP-FLOP

(c) Circuit implementation

The basic flip-flop simply consists of two RTL
inverters.

19.1.2 R-S FLIP-FLOP

R | S 0
s Q
1 1 unchanged
— 1 0 1
R Q 0|1 0
0 0 undefined
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19.1.3 SYNCHRONOUS R-S FLIP-FLOP
(CLOCKED R-S FLIP-FLOP)

The output state is set in synchronization with clock
pulses.

NAND-gate implementation:

Rh Sn Qn+1
oo o
0 1 1
(a) Functional diagram 1 0 0
1 1 ND

(b) Truth table

o—R oo [C t,  tha

C
e | 10 R,
(c) symbol (d) Clock waveform

Gates 3 and 4 form an R-S latech with steering gates 1
and 2, used to input data to the device.

The clock is normally low, the outputs of gates 1 and 2
are then normally high and the state of the flip-flop cannot
change. When C is high, the R and S inputs are steered to
gates 3 and 4 and the flip-flop responds according to the

truth table.

If R and S are low, the state of the flip-flop does not
change, while Q in tn+1is the same as it was in tn, i.e.,

Qn+1 = Qn'
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19.1.4 PRESET AND CLEAR

Synchronous
Rn Sn Qn+l
0 0 Qn
0 1 1
1 0 0
1 1 ND
Asynchronous
clear |preset
0 1 0
1 0 1

(b) Truth table

General R-S Flip-Flop ?
Signal Polarities preset
O0— R Qo
If S is high, 0=1 o—c
If R is high, 0=0 o—s o]
If preset is low, Q=1 clear
If clear is low, Q=0 é
(¢) Symbol

The two dec control lines are normally high.

The functional diagram: The two dc control lines do not
require the clockpulse and, in fact, override the clocked
inputs.

The asynchronous or dc truth table holds for the dc
clear and preset inputs.

19.1.5 D-TYPE FLIP-FLOP

C
D g e Dn Qn+l O—D g —O
O—E R 0 1 1 °c or°
0 0
(c) Symbol
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With the D input connected to the S input and an
inverter between R and S, the undefined output state that
occurred in the R-S flip-flop is not possible here.

19.1.6 J-K FLIP-FLOP

°o—J or° Jn Kn Qn+l
o—C
o— K Ql—o 0 0 Qn
(a) S ol 0 1 0
v 1 {o 1
1 1 Qn
Q Q J K
+1
n n n n (b) Truth table
0 0 0 X
0 1 1 X
1 0 X 1
1 1 X 0

{(c) Excitation table,
X = don't care

The J and K inputs listed in the truth table are the
inputs present during time tn. The output state is the

flip-flop's state during tn+1 after a clock pulse at nT.

Excitation table: If the state Qn of the flip-flop before
clocking is known and the desired state Q +1after clocking is

known, the necessary J and K inputs can be read from this
table.

19.1.7 T-TYPE FLIP-FLOP

t

Functional Diagram Waveforms when T=1
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19.1.8 MASTER-SLAVE FLIP-FLOPS

Master “Master Slave Slave
control flip-flop control £lip-flop
gating FFl gating FF2

t
Summary of Operations in the M-S Flip-Flop
Time Operation
t1 disable slave from master
ty enable master (slave remains disabled)
t, disable master (slave remains disabled)
ty, enable slave

19.2 FLIP-FLOP TIMING

o.sv::ﬁ' :3
t
1
: t For an edge-triggered
hold g g9
0.5V N >J—K flip-flop

F:ilfsetup
v ._-_:__-
O w AN
! t
1
¥P



Hold, set-up and propagation time for a flip-flop:

The input data (J and K, R and S, or D) must be
present and stable for some set-up time prior to the clock
transition edge and for some hold time following the clock
transition.

The clock transition edge is the rising edge of the
clock pulse for a positive edge-triggered device and the
falling edge of the clock pulse for a positive edge-triggered
device.

Propagation time is measured from the 50% point on the

clock transition edge to the 50% point on the output pulse
edge.

19.3 COLLECTOR-COUPLED FLIP-FLOPS

+Vcc=7
R

Collector-coupled ff

Test Conditions for a Flip-Flop

1) Do two stable states exist, in each of which at least one
transistor is not active?

2) Is the incremental loop gain, with all transistors active,
greater than 1?

With Q; off, IB2 (VCC BESZ)/(R +R) If Q,

saturates, ICz = (VCC CES, )/R

The condition for Q, to be saturated when Q, is off is:

I (VrnVeard)
C2 __ CC "CES
I * (Voo Vaps)/Re*Rp) 24~ " —p5+®w- R
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which is satisfied by any transistor with a minimum g,

A  Vec " Vcrs Rc 'R R 'R
“Vee ” VaEs R Re

22

19.4 EMITTER-COUPLED FLIP-FLOPS

(a) Circuit (b) Equivalent circuit,
Q, off

With Qi off and Q. saturated, the emitter voltage is

VE = (IB2+ IC 2)RE. With Q. saturated, V]32 = VE + VBESZ

= + .
and ch VE VCESZ

(v -V -V

I = CC Ca . Ca2 mA

C. RC RB1 * R32

[ = Vee VB, VB,

+
B Ro*Rg R,

Q. will saturate when Q; is off, if and onlyif B > IC /IBz'
2
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19.5 SWITCHING SPEED
OF A FLIP-FLOP

Transition time: This is the time required for
conduction to occur between two transistors. The transition
time is reduced by using speed-up capacitors.

speed-up capacitors

+Vcc J

&Veg
Fixed bias flip-flop
Without C, present, the input capacitance G;, is at the
base of Q; will limit the time constant with which Vg, can
1

rise, and thus the rate at which @ can turn on to:
+ +
[Roll rgee, ¥ Ry, + (Rg, Il RDIC,

A model for Q; is turning on: The optimum value of

C, for which VBlrises in zero time to its final value with no

overshoot or undershoot is

(a) Compensated
attenuator
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Equivalent circuit with Q; off and @, saturated:

(b) Settling time
for C

The voltage across C, changes at a rate
= +
T = [(Rp ] Rp 1C2,
T, * (RB1|| Rp )Calwithr_ very small]

Equivalent circuit for determining the recharging rate
for C,:

The value of the voltage on C; changes from its

initial VC value as soon as Q; has turned off. As @
2

continues to be off, C, approaches its final steady-state

value of

v A v at a rate T, = [(Ri2+Rc)|| Rm] +C;.

C, 'Ci 'B,
The settling time of the flip-flop: The time taken for C,
and C, to recharge from their voltage levels (VC = VC -
1 2
and V=V _ - V to their new values (V_, =V _, - V
Ve, Ve, " Ve, Vp) Ve,”Ve,” Va,
and V_ =V __ -V_ ). (The values are interchanged.)
C;, C, B
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The resolution time is the sum of the transition time
and the settling time. It is the total time the circuit requires
to settle into its new steady state. It is a measure of the
input trigger frequency that the circuit can resolve.

The maximum frequency to _ 1
which the flip-flop will respond The resolution time

19.6 REGENERATIVE CIRCUITS

Schmitt trigger:

Circuit Transfer curve

Transfer curve:

The lower trace is the output response from VI=0 to 2.6V.

The maximum voltage for which Q, will remain off

VCC'RBz Ve
V.=V, = = 2.6v.
+ +R
IL B, R 1R1 B,

C. B

While VI VIL’ the output voltage is
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<
=]
<
<

— _ B C2 _ ~ 1 _E B2
Vo Voo  —m—— “Vor|"Prlc,* g, =g *
E E E
=4.8v.
When Q3 is ON and Q; is OFF, the nodal equation at VCl is
Yeeoor o, L, o
R Ca R, tR
C1 Bl B2
The minimum VI = VIH for which Q) shuts off occurs when
VI =vg =VB2. With Q1 on and Q: off,
v - Vcl.RBz
+
B2 RB1 RB2
Hence,
+
Vo, =V = V—-———CC - S +RBl 8. =1.7v
I 'B2 Ry |Rp Ry Ry R,
For vI >vIH =1.7, Vo =VCC.
i i = > > =
For inputs in the range VIL 2.6V VI 1.7 VIH’

the output will be either high or low, depending on its prior
time history.
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CHAPTER 20

WAVESHAPING AND
WAVEFORM GENERATORS

20.1 COMMON WAVEFORMS

The step function: This function has an instantaneous
change in level.

£(t) £(t)

(s) (s)

A ramp function:

v v v
V ’ —jzt
t t
| (s) | \ (s)

The exponential function:

v v v

(s)
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Pulse wave:

Pulse repetition time (PRT) =t + trp =T.

p
Pulse repetition rate (PRR) = %
t
=_DP_
% duty cycle PRT X 100%

20.2 LINEAR WAVESHAPING CIRCUITS

RC low-pass circuit:

R _|_ c

If the sinusoidal input e, is applied, then
( 3
X
...'X
R-j c

e =e, L
o 1

27fe

, Where X =
c
)

At low frequencies, -ch >> R, then e,

114
[¢]

At high frequencies, —ch<<R, then e =

[t
[=]
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Frequency response:

e
o
1.0/.84
0.707F—=---~- 1
) f, Hz
fhc

Cut-off frequency or half-power point frequency: The
frequency at which the output (e ) becomes 70.7 percent of
the input e °

1 1
f = = — = Ti
ne ~ 27RC Tt T 'fI“illrtn:rconstant of the
Step input to an RC low-pass:
R
[N
—_—E. ::c
-[ * )i
)

= =1 +
Ei VR + VC lR VC
dvc
=RC g + 7,

¢ = The instantaneous =1R|1- e—(t/‘r)
¢ voltage across C o
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Curve characteristics:

t =0and v_=0 ts3 =2.31, v 0.9E
o c c

=z E,
c 1

= T, v =20. = 9T,
t1=0.1T, c 01Ei ty =5 v

t= T, V. = 0.632E,
[¢] 1

~+
1}

The rise time = t3 - t; = 2.271

Pulse wave input to an RC low-pass:

20v

ov 6 12 18 t

Input waveform

In steady state: V0 = V, and Vv, = v,
=F - _ -(t/7)

V1 Ei (Ei Vo)e

vz = E - (Ei—vl)e_(t/T)

Effects of the circuit T on the output waveform:

ol 2 t 1W3 t
t
—1 P
Input waveform Short T (t_>10T)

circuit
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v

2

prd

f

AR
A/ 3

Medium T (10T<t_>0.1T)

p

RC high-pass circuit:

E
O/El

0.707

{ R
e = T
o l R-]xc

= = _1 .
Lower-cutoff frequency fch =1/2wRC = o7

Pulse wave input:

r

circuit

N

€.
1

x =1/27f
c c

Al

Step input

} 2 3 t(s)

Peff?ut wave
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_ _ -(t/7)
= - = +
vR Ei v0 (Ei * Vci)e

- - -t/t _
Vg "B, TEje (for Vi, =0)

Effects of T on the output waveform:

+5

: short

Fractional tilt Ft = t'R
t

(t_ = pulse width, tt = Tilt time to reach
p 0 volt)

An R-C high pass circuit under short T condition is called
a differentiator.

RLC circuit:

Step input to a series RL circuit:

v

E.|--
I
v )
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Current in a underclamped
circuit

Attenuators:
R, B
E; E :
R
2 ::%RL
Simple attenuator
Ei Ro
Attenuation factor: E = R
E, Rz”RL
(withR_) = ————=——
E L’ " Ri+(R7|[R)

Uncompensated and compensated attenuator:

R1 .
1 v
° input
R, ==C I
‘ t
U::ompe:sated overcompensated
attenuator A S undercompensated
B roperl
v compensated
t
uncompensated
Compensated
attenuator
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Rznxc

E
o _ i [ — S
E-i— Attenuation factor R1+(R2||XC)

For proper compensation:

RiC: = R2C:2

20.3 SWEEP GENERATORS

Voltage sweep principles:

v
1 2
\4 .
Final slope
Initial
Slope Simple sweep-generating

circuit

- ’t”‘ -
Fopl e

= Sweep time, the time during which the function
Sp increases linearly.

t = Retrace or flyback time, the time the function takes to
re drop back down to the initial base voltage.

Initial slope-final slope

initial slope x 100%

% slope error =
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Astable sweep circuit:

R
s ®e,
v Output
v Fe X FL
T cc diode

Four layer diode
sweep generator

VBO = (Breakdown voltage)
-(t Sp/Tc)
= VCC - [VCC-VD(ON)]e
VCC—VD(ON)
tS = 1 .In —ﬁv——— (S)
P cCc 'BO

VD(ON) = Voltage across FL diode when it is on

TC=RC

Transistor sweep generator:

Wee

B

1 2 3
Input pulse waveform

m

b _
T 1C ,-—"‘\

Vg a1 - NTo V.,
VeE(ON)L [T -5 - F -~ -

(ty) &

Ve=voltage across capacitor just
before the transistor is ON
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(charging time constant) = RL + C seconds

4 (discharge time constant) = RT . C seconds

\% CE(ON )
R, = Equivalent resistance of = T (oM ohms
T the ON transistor

(ON)
t =t,-t;=1-In CC SE seconds
sp ¢ Vee e
VC—V (ON)
Slope error = x 100
Veeo CE(ON)
Miller sweep circuit:
C
cc I__u_.
"8 R R L Ve
ei eo ei } A meo
= N Ri
Practical 1-Vliller sweep Miller integrator
v‘ input waveform
S P Rﬂj .
\Y : o
th isF| A
v output waveform L

Basic circuit

Basic circuit: V_ is a fictitious voltage and is made such that

f
its terminal voltage is always equal to the voltage across C
but opposite in polarity. In such a case, a constant current

Ei /R will flow n the circuit.
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V =E

c i volts

A

Miller integrator: This simulates the basic circuit.

Equivalent circuit:
Ci =C(1+A)
Vt‘h = Ei(Ri/R+Ri)
Rt‘h = RiR/Ri+R

- _ e—(t/R C.)
Vei " Vin ™ Vin th i

... Capacitor charge

equation.
e =A-e
o i
-(t/R C.)
= A A . th i
A Vth A Vth e

The slope of the output for a high A:
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