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PREFACE

This book of problems with worked solutions is designed to be used in connection with the study of

the book Electromics by Crecraft, Gorham and Sparkes, published by Chapman & Hall (1993)

[ISBN 0 412 41320 5 (0 442 30880 9 in USA)]. Throughout this work, that book is referred to for
as “the texthook™.

(=

The chapter numbers in this book correspond exactly with the ch bers in the textbook

which explains why this book has no content to its Chapwr 12 thapter 12 of the textbook is
concerned with the technology of the f .and as such has no
objectives relating to problem solving. This book tbetefm i to the

material of that chapter. Some chapters of the textbook contain mure pmb]cm-solwng related
mmim than others, and because of that some chapters of this book contain more problems than
s,

The problems contained in this book have been chosen to serve one or more of several pu

The first purpose is to provide the mumt y for the reader to practise skills which have been
taught in the textbook, pamcnﬂaﬂy I have judged a skill as being difficult to acquire. The

second purpose is to requi from more than one chapter of the

textbook in solving a problem. somelhmg which the textbook self. ions do not
Iy pt. A third purp |smuseapmblunudlhewwdmgcf1tsmluummclanfya
point which I id lly ¢ i th i fourth p has been

to hlg['lll,%h‘ some aspecs of the material wl'ucll I l:onauder important, but which has not been
specifically highlighted in the textbook.

Do not expect to find a direct parallel to each question posed here in the self-assessment questions in
the textbook. Most of these questions will prove more c]u].len?mg than those in the textbook, not
only because some require you to integrate different aspects of the textbook material, but becanse
they have been designed to require you to think about kow to apply the theory to the specific
problem in hand.

The solutions to the questions are fully worked, and, where explanations of why
the approach taken to obtain the solutum is the most appropriate. 111cy even, occasmnally, contain
some teaching where it has pprop or Y.

Having said all that, it is also true to say that all the theory and method required to solve these
problems is contained in the textbook. You are not required to search other texts in order to be
equipped to answer them.

When solving a problem in El ics, or designing a circuit or system, it is normal good practice

days to test a solution by smmlauns the circuit or system using an appropriate software
package. Regrettably, owing to lack of time and access to at the right time, the
solutions given here have not been 5o checked. If you deci t.uchnck them and find any
plﬂsedunothesmwmpmnlﬂmnomwmcmthepubhstmsotlmﬁmmdmmhavcu
benefit of more fully tried and tested solutions.

From time to time t.his book refers to fi in the textbook, and this ionally a

1 for ﬁgurcs in this book and figures in the textbook. Unless spec{ﬁmfly
stated otherwise, all figure references in problems and their solutions are to figures in this book, not
the textbook.




SYMBOLS USED IN THIS BOOK

Symbols are listed under the heading of the chapter in which they are first used. Greek symbols are
listed after English ones. The values of constant quantities are given.

Chapter 1

he

R St §
N

€ (epsilon)

na

@ (omega)
hapter 3

0

(ST a2

Current (d.c., a.c. amplitude or a.c. r.m.s. value)
Norton equivalent circuit current source

D.C. resistance of a resistor

Norton equivalent circuit resistance

‘Thévenin equivalent circuit resistance

Voltage (d.c., a.c. amplitude or a.c. r.m.s. value)
Thévenin equivalent circuit voltage source

gapanir.mcc

requency

Current, instantaneous value
Inductance

Time

Supply voltage or source voltage
Voltage, instantaneons value
Reactance

Electric permittivity (¢ = g¢,)
Permittivity of free space (= 8.854)
Relative permittivity

Angular frequency (w=28/)

Voltage fer function (phasor op )
Current phasor

Volage phasor

M:r'lg:ame (phasoroperulor}

Phase angie

La

Low-frequency voltage gain of an amplifier dimensionless
Voltage gain of an amplifier (phm operator) dimensionless
Low-frequency closed-l nofa fuedhu:k h.ﬁer dimensionless
Closedloupg:moft mggu amplifier (| m;: di ionl
Equivalent input noise current ot’ an amplaﬁ:r ampere

Input bias current of an amplifier ampere

Input offset current of a differential amplifier ampere
Equivalent input noise current of an amplifier (r.m.s.) ampere




Slope resistance or small-signal resistance

equivalent input noise voltage of an amplifier

Input offset voltage of a diffferentival amplifier
Equivalent input l‘louse voltage of an amplifier (r.m.s.)

Smul.ldslﬁmlm I (phasor of )

pn junction diode corrent

Saturation current of a pn junction

Saturation current of the emitter-base junction of a

bipolar transistor

Boltzmann's constant (= 1.3806 x 10-2%)

Constant = g/kT =40 at T=293 K

Intrinsic carrier density in a semiconductor

Equilibrium electron dmmy in p-type senncmdm:wr

Eqmllbm:m density of el ina ie
donor density in a semicond

qullbmnn hole denmy in n-type semiconductor

Equilibrium density of holes in a semiconductor

Electron charge (= 1.6 x 10-19)

Temperature

Early voltage in a bipolar transistor

D.C. voltage applied to a diode

D.C. current ratio of a bipolar transistor (I/fg)

D.C. current ratio of a bipolar transistor (Io/ly)

Electron mobility in silicon

Hole mobility in silicon

Resistivity

Conductivity

Conductivity of n-region, p-region of silicon

Small-signal conductance
Input, output conductance

2

or
input, output slope resistance of transistor
D.C. supply voltage
Time constant

base coll cut-off
Cmnmon{miuﬂ collector cut-off current

Charge
Minonty carrier charge in the base region of a bipolar
Sahmmclmgtmm:bmmgmn

volt
volt
volt

dimensionless

m? V-1 g-1
m? V-1 g1
Om
Smt
Smt!

siemens
AV

volt

ampere
ampere

coulomb
coulomb
coulomb




Qﬂ
To Loar
[T

e

(lambda)

L]

Chapter 13
10

Chapter 14
A (u.c. delta)

Chapter 16
C,

3

CI
Co
Ca
fo
T
h
h"
hy,
Ty
¢ (phi)
Chapter 17
¢
v
Z,

Charge required to turn off a transistor switch
Charge required to turn on a transistor switch
Turn-on, turn-off time of a transistor switch
Delay time, fall time, risetime, saturation time of a
transistor switch

Threshold voltage of a MOSFET

Inverse d.c. current ratio (Jg/l;)

Gain factor of a MOSFET

Channel length modulation factor (MOSFETSs)
Base transit time of a bipolar transistor
Saturation time of a bipolar

Qui output

A finite increment

Collector capacitance

Transistor input capacitance

Emitter diffosi .

Emitter transition-region capacitance

Common-emitter current-gain cut-off frequency
Transition frequency

Frequency at which hg) = 1

Low-frequency, small-signal common-emitter curent gain
High-frequency, small-signal common-emitter curent gain
Extrinsic base resistance of a bipolar transistor

Contact potential of a pn junction

Speed of light and other electromagnetic waves
Propagation velocity
Characteristic impedance of a line

ion per unit length of a transmission line

a Attenuation
T (u.c. gamma) Voltage reflection ient of a transmission line

i

TREEREE

dimensionless
dimensionless
ohm
volt

'-I
ms!

g

neper m-!




1 D.C. CIRCUITS AND METHODS OF CIRCUIT

ANALYSIS

QUESTIONS

1.1 For the circuit of Figure 1.31 (page 20) of the textbook, write down the Kirchhoff voltage
law equations for loops FﬁBCC?E!Eeand EDBCGE.

1.2  (a} Use Thévenin's theorem to obtain the Thévenin equivalent of the circuit contained in

()

)

the dotted box in Figure 1.1. Hence calculate the voltage across a 1 k€2 load resistor.

olO ]

Figure 1.1

Use Norton's theorem to obtain the Norton equivalent of the circuit contained in the
dotted box in Figure 1.1. Hence calculate the current through a I kQ load resistor.

Confirm that the answers obtained in parts (a) and (b) are compatible.

13 A moving coil multimeter has a coil resistance of 500 £ and a full-scale deflection current of
0.5 mA.

(a)

®)

)

14 (8)

®)

What value of resistance must be connected in series with the coil to provide a full-
scale deflection voltage of 100 V?

What value of resi must be d in parallel with the coil to provide a full-
scale deflection current of 1 A?

What is the “ohms-per-volt” figure for the meter?

Using any appropriate method, calculate the voltage across resistor Ry in the circuit of
Figure 1.2

The voltage across R is measured using the 10 volt f.5.d. range of a 5 000 ohms-per-
volt moving-coil multimeter. Assuming negligible ermors in the meter, what will be the
meter i




D.C. circuits and methods of ciruit analysis

suvrc

Figure 1.2
(c) What error has been introduced into the reading by the measurement method?

F -

(d) Whmmllbe{he reentage error if a 20 000 £/V moving-coil meter is used instead?
ig:]mkdeﬂecumvolwmuﬂlﬂv.)

1.5 (a) Calculate the curent flowing in the 1 Q resistor of Figure 1.3.

Figure 1.3
(b) This current is measured, using the same multimeter as in Question 1.4(b), switched to a
current range of 100 mA. The meter coil resistance is 1 k{2 and a shunt resistor is used to
establish each current range. Assuming that negligible eror exists in the meter, what will
be the meter reading?

(c) What percentage error has been introduced into the reading by the measurement method?

1.6 (a) Hmlﬂa)wﬂnmuda%tmhmmhdﬁvmmmdvﬂmm

the values of the Thévenin equivalent
cumntfwr.hebnd Henmcliwlmohmwlugcﬁmmmmnlnﬁod
with a resistance of 1 k.

(b) F 1.4(b) is the circuit of the same bridge as in (a), but supplied from an ideal
ﬁm@mc@mhmm?@vﬁ’:‘:ﬂwl




Questions

11000 10000
v T( 10 maA I@
Vart 9000 10000 Vot
L«
(®) ®)

Figure 1.4

(c) Without performing any calculations, deduce the approximate Thévenin equivalent
resistance of the bridge arrangement of Figure 1.5.

1000 o

1

et
1100 10000

210
9000 1000 & Fast
——
Figure 1.5
1.7 Using Norton’s theorem together with the lculate the Norton

nqmvalemc:mmmmpommw]nﬁfofmcmufﬁguml ﬁ Hmduduneﬂnmmmm
will flow in a load resistance of 330 Q0.

WO ~1O =

Jroma

Figure 1.6




D.C. ci

its and methods of circuit analysi

1.8

(a) l]JgIc nodal analysis to obtain the values of all the node voltages in the circuit of Figure

(b) Thcan:lhand4kﬂrmswrufﬂ|ecuuntnfﬁgur:l'?lsr:plamdmﬂlaIDmAJdu]
current source acting upwards. Using nodal analysis, re

Sa 100
1ka

I

15a
2k 2kn

— e
| e

(BT"W 4ko 4u.[|] |l;m sa 150 250

Figure 1.7 Figure 1.8
Use nodal analysis to obtain the simultaneous equations specifying the node voltages of Figure
1.8.

Figure 1.9 represents a “cube”™ structure of 12 resistors, each resistor having the same value of
1 k£2. A constant current source of 60 mA is connected across opposite corners of the “cube™.
Calculate the voltage across the current source.

(Hint: rather than having to perf ions or solve a large number of
simultancous mmsmc\fahm mmm-mﬂﬁnmgm lead to a solution
with minimal

Figure 1.9




SOLUTIONS

Question 1.1

For loop FABCGEF, the Kirchhoff voltage law equation is:
V,~ LR~ LR~ LR~ IR =V, =0

while for loop EDBCGE the equation is:
IR+ IR, - LR, ~ LR, -V, =0

Question 1.2

(a)

To obtain the Thévenin equivalent resistance Rt of the circuit contained in the dotted box in Figure
1.1, we first replace the voltage source with its intermal resistance, which in this case is zero.
Redrawing the figure gives the arrangement of Figure 1.10, from which you can see that the
%vahmmimmufmemlkﬂrﬁismwsinpan]]eiissmﬂ,sodmﬂ:va!neufﬁis(m+

in parallel with 500 £, giving:
500 x 1000 1000
= 0=—0
& 1500 3
500 0
—
1ke tka S00a +—Ar
Figure 1.10

To obtain the Thévenin equivalent voltage, the load is removed, so that the open-circuit voltage V1
can be calculated. In this case, Vo will be exactly one-half of the voltage V) in Figure 1.11.

ol o)

...............................

Figure 1.11




D.C. circuits and methods of circuit analysis

V| can be calculated as the voltage across 1 kil in parallel with (500 + 500) £2, i.e. across 500 £2.

500 10
Hence: =10vx=2 By
10V>1500 =3
110, 5
d so, Vy=axDy=2y
andso Rl T
“The circuit of Figure 1.1 can therefore be rep d by the Thévenin equivalent shown in Figure
112,
1000/3 a
siavt load
Figure 1.12

When the load is 1 k€2, the voltage across the load is given by:

5 1000 5
-3 Svx3a
V=3 V> 1000+ 10007) 3 x4 125V

®)
For the Norton equivalent circuit, Ry will be equal to Ry of part (a), so Ry = 100073 Q

Iy can be found from the circuit of Figure 1.13(a), and a convenient way of finding the value of Iy is
to use a Thévenin equivalent forpa.ﬂoflheurcu:lasshown in Figure 1. ll(h) %mmillisﬁgum it
can easily be seen since no current will flow in the b of the
short-circuit across it, /iy = 5 mA.

1ko S00n

mv] 1ka I 5\,1

Figure 1.13

The Norton equivalent circuit is shown in Fi, 1.14, and the value of the current in the 1 k(2 load
can be calculated using the current divider rule as:




1000/3

I=5 R et el
mA X 1500 +100073

=1L25mA

SMI Imﬂn IM

Figure 1.14

(©)

These two results are entirely compatible, since 1.25 mA flowing through 1 kQ prodi a voltage
dropof .25 V.

Question 1.3

(@)

For a full-scale deflection voltage of 100 V, the total resistance of meter coil and series resistor must
bemIODV+0.SmA=2WkQ.T'valhlecflhewriesmmi!mfmmm—jmﬂslﬁj

®)

For a full-scale deflection current of 1 A, the t th h the shunt resistor must be 999.5 mA
whenﬂncunentlhmughmmmr:sosmm:wmnunfmeshmmzhudmequﬂw
resmaace ofﬂl&cml divided by 999.5/0.5. Hence the value of the shunt resistor is 500 x 0.5 +
995.50=025

(e}

The meter has an “ohms-per-volt” figure equal to the reciprocal of the full-scale deflection current,
ie. 1/(0.5 mA) =2 000 UV,

Question 1.4

There are a number of methods which can be used to obtain the solution to this question. For
example, referring to Figure 1.2, the vnll.nge across R) can be mlculalcd as a proportion of the

voltage across R3, which can be calcul of the across Rs, which in tum
can be found as a proportion ol’ﬂteswmevullage Ana.lmmaﬁvelslousemdﬂmalymwubmin
equations defining the node volugtsandﬂmmlmﬂmeqmmwommemmmdmmr
Another alternative is to use either Norton's th to obtain the equivalent
circuit of everything but resistor Ry, and hence calculm the voltaga across R).

In this question, the clue as to which is the best method to use is given by the other of the
question, where parts (b) and (d) clearly indicate the need to repeat the calculation with an altered
value of Ry. With either the first method suggested above, or the use of nodal analysis (unless, of

7



D.C. circuits and methods of circuit analysis

course, you are using a software package), changing the value of R) mgmhpanofﬂn
calculation for the new value. However, with either Norton's theorem or s theorem, since
all but the final step of the calculation is made with Ry removed, only the final step will need
repeating for each new value of Ry. Whether you use Norton's tt or Thé s isa
o%pemna]dmnc,mdlhwcdmnmnseﬁévmmsﬂmm

(a)

To simplify the ion of the Tt in equivalent circuit, I have chosen to apply Thévenin's
theorem in steps to of the circuit. To start with, [ am going to find the equivalent circuit for the
source, Rg, Rs and Ry with R3, R and R) removed.

The equivalent circuit component valves will be given by:

I3x68

Ry =47k + =2 k0= 69.2 k0

=50V =337V
50 x33+6ﬂ 337

{since there is no voltage drop across Ry).
Using these values gives the equivalent circuit of Figure 1.15.

692 ka 7 ko
37 VT 47 ko 20kn
Figure 115

Removing the 20 k€ resistor (R}) allows the Thévenin equivalent for the whole circuit (less Ry) to
be obtained.

47x69.2
47+69.2
47

=33 —_—=136V
Vo 33?Vx47+69.2 13.6

R, =2TkQ+——kQ=55kQ

The voltage across Ry is then given by:

=363V

20
V, =136 Vx
& 20+55




®

When a 5 000 £V meter on its 10 V range is connected across Ry, the value of the combination of
resistance and meter is 20 k) in parallel with 50 k2 = 14.3 kQ. Using the same values of Rr, and
VT, a5 in part (a), the value of the voltage across R becomes:

14.3
Ve, =136 VX—--—-—"=281V
& 14.3+55

This, therefore will be the meter reading.

()
The percentage error introduced by the meter will be:

3.63-2.81
E-Txlw%= 23%

(d)

If a 20 000 LV meter is used to measure the voltage across Ry, the new value of the combined
resistance will be 200 k€2 in paralle]l with 20 k2 = 18.2 kQ).

The new value of the voltage across Ry will then be:

18.2
V, =13.6 VX————=338V
& 18.2+55

and the new value of the percentage error will be:

3.63-3.38
=_— % =6 .
E 163 *100 6.9%

Question 1.5

Again, there are a number of different methods for calcolating the value of the required current.
Again, as in Question 1.4, the requi to re-calculate the value of the current with a ¢l
value of resistance for part (b) suggests that enher a Thévenin or a Norton equivalent circuit will
the most I have again chosen to use the Thévenin equivalent circuit
gecme in this question, the open-circuit voltage is easier to calculate than the short-circuit current.

(a)

The open-circuit voltage of the circuit, with the 1 £ resistor considered as the load on the circuit,
can be found by calculating the difference Vp - V) in Figure 1.16.

Using the current divider rule,
=TE+TNA=TN3IA

h=6/6+T)A=6/13A




D.C. circuits and methods of circuit analysk

So, Vr=Vp-Va=4Qx 6/13A-3QxTM3A=(24/13 —21/13) V=313 V.

IAI@ B A

da 1»& 3o Tn-s

Figure 1.16
To calculate the value ot R, replace the current source with its infinite internal resistance, giving:
Rr=6Qinparallel with 7TQ=6xT/A6+T) R =42/13 Q.
The value of the current in the 1 Q resistor connected between A and B can then be calculated as:

W Z:V 3
‘f';e,nn (#2{3+1)0 g5 A=S4SmA

®

If the moving coil meter has a coil resistance of 1000 0 and full-scale deflection current of 0.2 mA
(the reciprocal of the “chms-per-volt” figure of 5000), the vol drop across it at full-scale current
must be 0.2 V. Hence, when shunted to provide a full-scale ion current of 100 mA, the total
resistance of meter plus shunt mustbe 0.2 V + 100 mA =2 Q.

To measure the current in the 1 € resistor, the meter is connected in series with the resistor, so
increasing the resistance of that branch of the circuit from 1 £1to 3 2.

The new value of the current can then be calculated as:

|2 A
I=—1-= =A=37.0mA
R +3 (43{3+3 Q 8

and this will be the meter reading.
(€)
The p ge error introduced by the hod can be calculated as:
54.5-37.0
E=—x——x100% = 32%
54.5

10



Question 1.6

(a)

As in the previous question, the value of Vr can be found as the difference between the voltages at
the two output terminals. So,

1000 900
= -10V =5V-4. =0.
Vi IOin =i 10Vx 1100 5 45V=035V

Replacing the ideal voltage source with its zero internal resistance gives the value of Rt as:

10001000 . = 9001100
000 Q 0+4
R,=l r + +1mn=sm +4950Q=995Q

When the bridge is loaded with a resistance of 1 k2, the output voltage will have the value:

1kQ 1
Vo=V x— ——=05Vx
T TR 1k 1.995

=025V

(b)

Because both halves of the bridge have equal total resistance of 2 k(}, the current from the source
will divide equally between them. The Thévenin equivalent voltage can therefore be calculated as:

Vy=5mAx1000Q-5mAx9000Q=05V

Replacing the current source with its infinite internal resistance gives the Thévenin equivalent
resistance as (1000 + 1100) €2 in paralle]l with (1000 + 900) ©; i.e.

2100 x 1900
Re = 100 +1900 2= 2752

©

Since the Thévenin equivalent resistance is almost exactly 1000 Q with both a zero resistance
mltn,ge source and an infinite resistance current source, the Thévenin resistance must be practically

of the of the source of bridge energisation. Hence the Thévenin equivalent
resistance ufthccucuuofﬁgum 1.5 will also be almost exactly 1000 £

Question 1.7

Re-drawing the circuit as in Figure 1.17, the valoe of Ry can be seen to be 30 £ plus the parallel
combination of 33, 33 Q, and 330 Q.

The resi of the parallel bination can be calculated by adding the conductances and then
ﬁndmg!herumpmmloflhe sum, i.e.

11



D.C. circuits and methods of circuit analysi

=157Q

- 1 =1 330
R_Ufﬁ%s’f}ﬁw)n (2}530)“ o’

33 3En s

OO Ta18 [

Figure 1.17
Hence, R, =(30+415.7)Q=457Q

Iy is the current which will flow in a short circuit across the output terminals of the network as
shown in Figure 1.18.

in

d0X0  Fale -

Figure 1.18

To find the value of this current we use the superposition principle, calculating the ibution to fiy
of each source in tum, all other being replaced by their | resistances.

First, the 1 V source alone (Figure 1.19).

{

E<F] Ia

Figure 1.19

12



1V 1
=Kl= =—A=104
hy=ki }4[339+ n] %A 10.4 mA

The contribution of the 3 V source will be just three times that of the | V source (since they are both
in series with a resistance of 33 Q), so

I =312mA
‘The contribution of the 10 mA source (Figure 1,20) can be found using the current divider rule.

us

Iny
soa [Joe (] 2]
f—— ?BI

[ :!Onl _ mA

Figure 1.20

),

s

0
(30+15.7)

Adding these three contributions together,
Iy = Iy + Iyy + I = (10.4 +31.2 - 6.56) mA = 35.0 mA

Iy =-10mAx -6.56 mA

The current through a 330 Q load will therefore be (Figure 1.21):

'-’SMI I ml?
Figure 1.21
!-SSAOmAxﬁnl.%mA
Question 1.8
(a)

Figure 1.22 shows the circuit with node voltages and branch currents labelled.

13



D.C. circuits and methods of circuit

Atnode 1, h=h+ly n

Atnode 2, h+h=Is (2)
I3 ika

2kn W 2ka Iy 74

luv1(¥> 4k

Fxsm 1.22

Tuma.l:er.he.eqmuonsc]urer.uwmaﬂvolmmmwlu.al!mu:nmjmmmdm
in The for the in terms of node voltages can then be

w

10-V, f!zvl';vi_ ;‘-h ;,.1’1

4’ 4
Substituting these current expressions in equation (1),

10-V, V-V, ¥V
2 2 4

1. 1. 17V
i §
3= V[Z 2 4} 2

20=5V, -2V, ()}
and in equation (2),

V=V 10-V, _V,

2 1 4

10= Vl[l

17 V,
— |-
4+I+2] 2

40=1V,-2V, O]
Multiply equation (3) by 2 and equation (4) by 5 and add.




240=31V,
V,=774V
Substitute for V3 in equation (3),

20=5V,-1548
35.48
VI =T
=71V
)
Replacing the right-hand 4 k€ resistor with a 10 mA current source gives Figure 1.23
F ko
£ 2ke ¥ 2ke Iy v
A
10 VIC') d4ka @IIDM
Figure 1.23
Atnode 1, Ir=I+1ly asbefore.

At node 2, L+ +10=0.
The expressions for currents [y, I, I3 and I4 will be unchanged from part (a).
The node | equation will therefore be the same as in part (a), i.e.

20=5V, -2V, 3)
The node 2 equation is:

VI;qu.m;qu.]o:o

0=3v,-V, O)

15



D.C. circults and methods of circuit analysi

Solving these two equations in a similar manner to part (a) yields
V=108V, Va=169V
Guestion 1.9
In the circuit of Figure 1.8 there will be 4 unknown node voltages as indicated in Figure 1.24

4 Y% 100 4

d
. 1y
£ 150 {3 V%
ed

FARE ¥ 2 &

.om]g? o] [Jise -

v

= [Js

Figure 1.24
The node equations (all currents in mA) are:
100=1,+1, m
L=L+I, 2)
L=6L+l 3
L+L=1, (C))]
The current expressions (with all voltages in mV) are:
Vv, -V, V,-V, v, V,~V,
=12 mid =-1 ==l1
I, ra A T Iy 5 1, T

V,-V, V. vV,
J=—d—t =2 [ ==X
T 5 TS

Equation (1) yields
|m=—|——lv_v+-———?—v'_v
5 10
1 11 v, V.
=Vt —|-d-2
100 '[5 w] 10 5

1000 =3V, -V, -2V, (A)

Equation (2) yields




hw-v, n-v %

10 15 5

1
v LAY
0= [m 5t 5 1
0_1|v,—3vl—zv‘ (B)

Equation (3) yields
V=¥ _h-V W,
5 10 15

1. 1. 17 W,
e
0=11V, -6V, -3V, ©)
Equation (4) yields
V,

h-v V-V, v
10 15 25

0=v [I 1 1:[ A
1015 25] 15 10
0=31V,-10V, 15V, )
Question 1.10
Figure 1.25 is Figure 1.9 with the branch currents identified.

Figure 1.25




D.C. circuits and methods of circuit analysis

Becauseoi‘ttmsynmwynfdmmmlLﬂlevalumofﬂlebrmhcumumbemily
deduced. For eumple.a&mdea.&nsotmmnlwﬂldivldequaurbemoenwm
resistors connected to that node, so that the currents /1, Iz and }y will each be 20 mA.

Similarly, at each of nodes B, C and D,ﬂnmmmﬁu&:mdcwiﬂdiﬁdeeclﬂ
between the other two branches connected to the node, so that Iy, Is, I, J7, fg and Jg wil
be 10 mA.

At nodes E, F and G these currents recombine so that Iyg, /) and /|2 are each 20 mA.
Finally, at node H, these three currents combine to form the current of 60 mA flowing
through the source.

The valoe of the voltage across the source can be evaluated by considering any one of the
paralle] paths between nodes A and H, for example the path ABFH. The voltage drop along
this path will be:
V=1kQx20 mA+1kQ2x10 mA +1 kQx 20 mA

=50V.

hL]



2 SIGNALS, WAVEFORMS AND A.C. COMPONENTS

QUESTIONS
21 Figure 2.1 shows a square-wave voltage which is sy
Wiy
K ___________
[1] I 7 37 47| 57|
-l/. ------- - - — - S —
Figure 2.1

(@) What are the mean and r.m.s. values of the waveform?
{b) The voltage is measured on a rectifying moving-coil meter, calibrated to indicate the

r.m.s. value of a sinusoidal input v
the r.m.s. valoe of the square-wave b of its non-si

| about the time axis.

s

the meter itself introduces no significant error into the measurement?

22 A single cycle of a repetitive voltage waveform can be expressed mathematically as:

V=(10-4n)V

V=-10+40-1)V
(a) Sketch the waveform.

for t between 0 and 1 seconds
for t between 1 and 2 seconds.

(b} Calculate its mean and r.m.s. values.

<

£,

23  The following

voltage

ples of a
intervals and cover the whole of one cycle of the waveform.

(a) Find the mean and r.m.s. values of the waveform.

(b) What is the fi

Samples (in volts):

0,1.2,1.8,20,2.1,29,54,6.8,6.3,43,1.0,-1.5,-2.8,-29,-2.7,

-34,-4.5,-6.1,-74,-1.2,-4.6,-2.3, -0.9.

s y of the form?

4

Whnmwnlllhetebemﬂnemmunof
I nature,

m were taken at | ms

19



Signals, waveforms and a.c. comp

24 }l‘he Fourier series for the triangle voltage waveform of Figure 2.2 can be expressed in the
orm
v=ky +ksinayd + ksin2a,0 + kysin3a + ...

where f, =au/2x is the fundamental frequenc, swmdthevalmofh.h k3, etc. can be found
by substituting values of n=1, 2, 3, etc. into

o]

K=10Y

time {ma

1o " 26 s 40  so  eo 70  #0 g0
Figure 2.2

(a) Usmgﬂusupma;nmcﬂculm&wﬁmbmofﬂwanwsemanddnwﬂnu
as a line

{b) Which is the first non-zero harmonic with an amplitude less than 10 mV? (You do not
have to calculate the amplitude of each harmonic until you find one less than 10 mV.)

25 A music is filtered to produce a stgnal having the power density spectrum shown in
Figure23 is the r.m.s. voltage of the signal?
mean square voltage denasity! ¥ipe™

0.7x10™2

'
'
'
"
'
"
"
'
"
"
"
"
"
"
Il
I
+
3

Figure 2.3




Questions

26 A capacitor is constructed from two conducting surfaces, each having dimensions 20 mm x
250 mm, separated by a dielectric of relative permittivity £ = 350 and thickness 15 pm.

(8) What is the capacitance of the capacitor?
{b) What is the reactance of the capacitor at 2 kHz?

{c) What current will flow in the capacitor when it is connected across an a.c. supply of
240 V at 50 Hz?

27  (a) What is the time constant of the circuit of Figure 2.47

b A that the capaci tsmmlllyunclm‘ged,whatmllbeﬂ'le“lucoflheonwm
voltagc 4.5 seconds after the switch position is changed from 1 to 2

(c) What will be the values of the output voltage and the capacitor voltage after
15 seconds 7

(d) After 15 seconds, the switch is retumned to position 1. Sketch the variation of output
voltage with time after this change, annotating both axes appropriately.

12,F
11
11
2 ! 4Tka Vot
157 -|-
Figure 2.4
28 (8) Use Thévenin's theorem to find the time of the charging of the capacitor in

Figure 2.5.

(b} What will be the final value of the capacitor veltage when the charging is complete?
{e) What will be the time constant of the discharge when the switch is opened?
Ay

i
T

Figure 2.5




210

(d) Find the time of the charging of the i mFi,gurelﬁ and the voltage
amssﬂwcapa:mxonehmcmnsmmnﬂ.ermeclosmnfﬁnswi

1.2ka
330,4F

Figure 2.6

(a) A coil having inductance 20 mH and negligi 1 across a 20 V
r.m.s., | kHz sinusoidal supply. Whmulheunphmde ofr.h:current flowing in the
circuit?

{b) The same coil is connected in series with a 220 £ resistor. What is the time constant of
the circuit?

(¢) This seri bination of and ind d, via a swiltch, across a
30 Vde. m:ppiy Whumﬂbeﬂnevolmgemﬂnmduﬂorﬂstafmlhosmtch
closure?

{d) What will be the current flowing in the circuit 0.1 ms after the switch closure?

A transformer has a pri coil having 3000 tums and two coils, coil 1 ha

250 turns, emlihmg%mm'n:g mmm\' Sﬂmnawgg
having negligible source resi Ig of the former can be
considered negligible.
(8) A 20 £ resistor is connected across coil 1, while coil 2 is left circuit. Calculate the

voltage across the 20 £ resistor, the current flowing in it and taken from the
source,

() The 20 Q resistor is left connected to coil 1 and a 16 £ resistor is connected across coil
2. What will be the input resistance of the primary of the transformer, and what is the
total power taken from the source?




SOLUTIONS

Question 2.1

(a)

The mean value is the average measured over one half-cycle and is therefore simply V.

The mean square value is simply Va2 (since the square value remains constant at V,2), and so the
r.m.s. value is also Vy,

{b)
When a rectifying moving coil meter measures a sinusoidal waveform, it actually measures the
mean value, which for a waveform of amplitude Vis Vy x 2/, If the meter is calibrated to indi

r.m.s., it then displays this value as V3/N2. Thus a mean value of V volts would be indicated as V)
mqurlied by ®f2,ie. a5 Vx T/(2V2) volts. Thus the indicated value will be 7/(2v2) = 1.11 times the
actual mean value measured.

When the waveform of Figure 2.1 is rectified, its value remains constant at V, and so the mean value
is Vy. This will be displayed by the meter as 1.11V,. Since, for the square wave, the actual r.m.s.
value is also Vy, the displayed value will be in error by 11%.

Question 2.2

(a)

The waveform is shown in Figure 2.7,

iy

timels

Figure 2.7

®)
The mean value = 12 < (I0V+6 V) =8 V.




Signais, f and a.c. p ik

The r.m.s. value can be calculated by first finding the mean square value.

The mean square value can be found by integrating over the first half cycle, since the symmetry
means that the second half-cycle will have the same mean square value as the first. Hence,

l-rf =% rvzdl'
1 2
=i£{w~4r} dt

= [}(100-80r +16¢°)ar
=[1m:-4m’+’:‘;—]:

=100-40+164
,I%Av’
So, the r.m.s. value is:
Vems. =V(19673) V=808 V.
Question 2.3
(@)
Summing all the sample values and dividing by the number of samples (23) gives the mean value as:
Mean=-125V+23=-054 V.
Squaring each value and summing (remember that all squared values will be positive), then dividing
by the number of samples gives the mean-square value as 384.75 V2 + 23 = 16.73 V2, The r.m.s.
value can then be found by taking the square root of this value.
r.m.s. value =V16.73 V=4.09 V.
)
One complete cycle is represented by 23 samples taken at 1 ms intervals. The period of the
waveform is therefore 23 ms and the fundamestal frequency is 1000/23 Hz = 43.5 Hz.
Question 2.4
()
In the expression v =Kk, + k, sin @yt + k, sin 2@y + kysin 3wyr + ..., k, represents the average value of
the waveform, which, from Figure 2.2 must be Vy2=5V.

24



Using the equati g_=p_[5i“( )]’

k= V.[n:gz]‘ = V.[é]! = V,(%)z =041V, =41V

(
k= V.(’—'"'s—"n-), = v.(—z—)1 =0.016V, =0.16 V

The fundamental frequency = 1 /(25 ms) =40 Hz.
The line spectrum is shown in Figure 2.8

ampltude! ¥
5
44
"
z-
N
l 1 Irequency ! Hz
40 [ 120 160 200 240
Figure 2.8

(b)

For a frequency component to have an amplitude less than 10 mV, the expression V(2/nr) must
have a value Jess than 0.01 V, and so the expression (2/a%)2 must have a value less than 0,001.




2
[i] <0.001
nw
% < +/0.001 =0.0316

n > 20 0316x =20.15

Hence the twenty-first harmonic will be the first non-zero harmonic with an amplitude less than
10 mV.

Question 2.5
Considering Figure 2.3,
from 500 Hz to 1.5 kHz,
V¥ = area under triangle
=4 x base x height

=4x1 kHzx0.7x107 V! Hz"

=035 V?
from 1.5 kHz to 3 kHz,
¥ =15 kHzx0.7x10” V? Hz™
=105 V?
from 3 kHz to 6 kHz,
v =4x3 kHzx0.7x10” V? Hz"
=105 V*
s0, overall W =(0.35+ 1.05+ 1.05) V¥ =245 V2

Hence, r.m.s.voltage = 1.57 V

Question 2.6

=)
£=£,€, =8.854 pFm™ x350~3100 pFm™

£A _ 3100 pFm”' x20x10” mx250x10” m
d 15x10° m

C=

=103 pF




®)
At 2 kHz, the capacitive reactance is given by:
Xe =loC=120C =1f(2xx2x10" Hzx103x10 F)

(e
At 50 Hz, X =77 €2>(2000 Hz){(50 Hz) = 3080 2

Current [ = V/X, =240 V/3080 Q=78 mA

Question 2.7
()
Time constant = CR =32x 106 Fx47x10° Q=155

®)

4.5 seconds is equal to 3CR, after which time the capacitor voltage will have reached 95% of its
final value, 1.e. 14.25V.

The output voltage will therefore be (15 - 14.25) V=075 V.

(c)
After 15 seconds, the value of the output voltage will be given by the equation:
Veu = Viexp(Yg)
=15 Vexp(~13{ 5)=15 V exp(-10) = 0.7mV
‘The value of the cap Itage will therefore be 15 V minus 0.7 mV which is, for all practical
purposes, 15 V.
@

The sketch of the variation of output voltage with time is shown in Figure 2.9.

Whmﬂaesmwhssmovedbanktopomuonzlhecapmtwvultagemlsv but the total e.m.f. in the
circuit is zero. The initial discharge current flowing from the capacitor must therefore be such as to
glenmwanlnma] wlugcacmssﬂnmwtwof—li?(solhﬂlfn+?c 0 V). As the capacitor
scharges, its voltage falls, so that the mag of the tage also falls. The result is that
the output voltage initially drops p 1 from zero to =15 V, then decays
expunenunllytowudsmmmunnoousmt CR-IJ s,ass}m'mmﬁgﬁm




¥
;i 3+ f ¢ et
25V
S.0Y <
REL R
-10.0¥
~125Y <
-15.0Y
Figure 2.9
Question 2.8
la)

Thévenin's theorem can be used to create the Thévenin e?olﬂakm of the circuit of Figure 2.5 with
the switch closed and with the capacitor considered as the

Removing the capacitor, the component values of the Thévenin equivalent circuit are given by:
R, = R, in parallel with &, =—0 and V, =V, x —_.

R+R, R+R,
: nargi : CRR,
the fi the =CR, =
Hence, the time for charging L R, Yy
®)
“The final value of the capacitor voltage will be vF{j}nj

{©)

‘When the switch is opened, the capacitor can only discharge through R2. The time constant of the
discharge is therefore CR2.

@

Again, a Thévenin equivalent circuit for Figure 2.6 can be d, with the capaci id
the load on the circuit.

Removing C gives Figure 2.10(a) and the equivalent circuit is Figure 2.10 (b).




A
Ika 1.2kn
B A
0y~ "i']
0ikn 1.5ka B
L] (0]
Figure 2.10

Ve=V, =V, =10VXL527-10Vx091.9=556V-4.74 V=082V
Replacing the voltage source with a short-circuit gives:

R,=(1'3__,"?ﬁ+“:—';'9)m={u.m+u4?4)m=1.14m

The time constant is = CR, =330x10” Fx 114 x10° Q=376 ps

The final capacitor voltage =V = 0.82 V, so the voltage across the capacitor after one time constant
will be 63% of 0.82 V=052V

Question 2.9

(@)

The inductive reactance of the coil = Xp = ol = 28fL =2t x 103x20x 103 Q= 126 Q
Therefore, r.m.s, current = 20 V + 126 2 = 159 mA.

The amplitude of the current is therefore 159 mA x V2 =225 mA.

®)
. L 20x10°H
=== T
The time constant = 200 091 ms
()

The inductor voltage after 0.2 ms is given by the equation:

v, = Vgexp(~181 ) = Vyexp(-0-34 1) =30 Vx0.111 =3.33V

©
After 0.1 ms, v, = Voexp(-034 09) =30 Vx0.333=10V
So, vg=V,—v, =20V and the current i=20V/220 =91 mA




Signals, waveforms and a.c. comp

Question 2.10

(a)

The voltage across the 20 £ resistor is 240 V multiplied by the tums ratio.

e V=240 V x 250/3000 =20 V

The current flowing in the resistoris =20V +20Q=1A

The current taken from the source is equal to the secondary current multiplied by the tumns ratio.
ie. Primary current = | A x250/3000 = 83 mA

()

The voltage across the 16 £ resistor = 240 V x 400/3000 =32 V and the current flowing in it is
therefore 2 A.

Using the relltlonuhtp i1Ny = iaN2 + i3N3 (see a:nswer to SAQ 21 on page 90 of the textbook), the
current flowing in the primary can be

i=1Ax250/3000+2 A x400/3000=0.35A
The input resi of the fi is therefore 240 V + 0.35 A= 686 Q
The power taken from the source is Vx /=240 Vx 035 A = 84 W,




3 PHASOR ANALYSIS OF A.C. CIRCUITS

QUESTIONS

a

Referring to the descriptions of capacitive and inductive reactance given in Section 2.5
of the textbook, and to the description of phasor diagrams given in Section 3.1 of the

book draw, as ly as you can, the phasor d g the relationshi
lV een the n ,ln&ncmﬂofﬁguuﬂﬁudﬂnvohsgwi’g,ﬁ,md
C-
68a  soomH 1OWF
-— -—
Ve v, v I=035in 100at A
|
(SO0Hz)
Figure 3.1
() On the same

©

2 (a

diagram, construct the or the ly voltage, and
hence deduoem phase difference bcmq:n”&nmstm Volg WPP 4 o
(ii) the magnitude of the supply voltage.

and the current and

‘What relationship between Vi, and V¢ is necessary for the current to be in phase with
the supply voltage?

For each of the circuits in Figure 3.2, obtain an expression for the circuit impedance in
(a + jb) form.

[0} ]

w
—
11
I
2l

Figure 3.2




Phasor analysis of a.c. circuits

®)

(e)

®)

34 (o)

(b)

a5 (a)

If R = 1.8 kQ, C =0.33 pF and L = 200 mH, evaluate the expressions derived in (a) for
@=3000rad 571

For each circuit, calculate the frequency at which the current taken from the source is
45° out of phase with the source voltage.

For the circuit of Figure 3.3, show that the voltage transfer function A = Vo/V; can be
expressed in the form:

1
As—fo 1

&+R,xl+jaﬂ"
where  T=C—RP

R+R,

.
VsI "JI: R v
Figure 3.3

Sketch the igh ion to the Bode amplitude plot of the voltage

transfer function \ﬂmﬁ'] =1 kﬂ.C 100 nF and Ry =2 kQ2.

leheurl:mlongme33 show that the impedance Z;, seen by the source can be
expressed in the

-(&"‘R;)Xlﬂmr

where r=%% and T,=CR,

Furﬂmnn:fvijmsol:eklr&iaongﬂgnmqlumm33{b). &hldlttwvlu'sm:;cf‘l'!:
magnitude in a straight-line approximation Bode plot, wi
mmmZEIqlaMﬁ

Show that the voltage transfer function of the circuit of Figure 3.4 can be expressed in
the form

Yo L, (Qbjol)
Ve T, (+jel)




where T]:CR‘MT:-EB.

R+R,
i
i

Ay

Figure 3.4
If Ry = 4.7 k€, Ry = 1.8 k€2 and C = 10 pF, calculate the output voltage amplitude
when V5 = 10 sin(50r) V. Also calculate the phase difference between the output
voltage and the supply voltage.
Sketch the straight-line approximation to the Bode amplitude plot of the voltage
transfer function of the cimmpttt::len'ly labelling both axes.

The voltage transfer function of the circuit of Figure 3.5 can be shown to be

Yo _ joT; -T)
Vs (-0 T+ jo(T, +T;)
where T,=CR, and T,=}/R'
R
“|@)
L Ry ‘ ¥V,
—_—
Figure 3.5

(i) What conditions will cause ¥ to be zero when Vg is non-zero?

(ii) If Vy is not zero, at what frequency will the output voltage be in phase with the
supply voltage?




Phasor analysis of a.c. circuits

(t) IfR =Ry=1kQ,C=2nFandL=1mH,

(i) At what frequency is the output in phase with the supply?

(ii) What is the amplitude of the output voltage when the supply voltage has
amplitude 10 V and frequency 10 and what is its phase relative to the
supply?

(iii) Show that the angular frequency at which the output voltage leads the input
voltage by 45° s given by the positive root of the quadratic equation

@'TT, +a(T,+T,)-1=0
and evaluate this angular frequency for the comp values given,

37 For the circuit of Figure 3.5 with the component and supply values given in Question 3.6
part (b), use Thévenin's theorem to find the current which flows in a load resistance of 2 k)
connected across the output terminals, when the supply frequency is 10 kHz.

38 (a) Obtain an expression for the voltage transfer function of the network shown in Figure
3.6 in the form (1 + jaTy W(1 + juT3).

Tcl

Figure 3.6

®) Skmhﬂ:sum mmMBodeamphmmfmﬂnmm
=75k, Ry = ZTmC 0.1

(c) Calculate the phase shift of the network at a frequency of 300 Hz.

(d) A buffer am, ugllﬁer having a gain of 10 and zero Fhm shift over the of
frequencies of interest is placed between the output of the network of Figure
the input of the network of Question 3.5 (Figure 3.4). Sketch the stn.l -lme
approximation to the Bode gain plot of the whole network, clearly labelling axes.

(e)  Draw a rough sketch of the Bode phase plot of the complete network.




QGuestions

3.9  An amplifier has the straight-line approxi Bode gain plot of Figure 3.7. It is placed
betw:mmldmucalsmgh-lng CR networks with C =50 nF and R = 1 k1.

(a) What is the voltage transfer function of the amplifier?
(b) What is the voltage transfer function of the complete network?

{c) Comsux‘c‘l the straight-line approximation Bode gain and phase plots for the complete
netwol

{d) Calculate the total phase shift of the network at a frequency of 3 kHz,

Igainl /dB

40

zn -----------------------

"
)
)
H frequency

Tz 10kHz o~
Figure 3.7

3.10 A coil having an inductance L and a resistance r is connected in parallel with a capacitor C
across a current source f as shown in Figure 3.8,

Figure 3.8
(a) Obtain an expression for the input admittance Y7 of the circuit in (a + jb) form.

{b) If resonance is defined as the condition when YTt a pure d show
that the resonant angular frequency is given by:

7
%=\ 7




Phasor analysis of a.c. circuits

(e)
)

(e}

U

Show that the dynamic impedance has the value /7,

IfL=1mH,r=10Qand C= I nF, calculate the frequency and the dy
1 3

If N = 1 mA, what is the tude of the vol across the coil and the capacitor (i) at
mnmoemd(u)atvcry.l?wphﬁeqmcy lage g

What p ge error is introduced into the calculation of the
fi if the ion for ay, is lubeq,—tN(bC)lmuadofﬂteomm
axpmmonglvmm(bj?




SOLUTIONS

Question 3.1

(2)

The resistor voltage is given by |V,|=f]x R and is in phase with the current.
The capacitor voltage is given by [V|=|f]x I/~ and lags the current by 90°.
‘The inductor voltage is given by |V,|=|I|x &L and leads the current by 90°
Therefore, Vul=HIxR=03Ax680=204V

1
V| = 1% =03AX— - Q=955V
Vel =Ml Yoc 100%x10%10
[V,]=M|xaL =03 Ax(100nx0.8) Q=754 V

The phasor diagram is shown in Figure 3.9

v, v

A
e+,
Ve Ve
Figure 3.9 Figure 3.10

(b)

Since Vi and Vcare in ite directions, the sum of the two phasors will be a phasor in the same
g!h}ujonassl%nlm. with length equal to the difference in the lengths of the phasors, as shown
in Figure 3.10.




Phasor analysis of a.c. circuits

(i) vol is equal to the phasor sum of Vg and V1 + ¥, as shown in the fi The
supplyvo? uﬂgtfmhgsmewmlbymmgleowm g

+V, _955-754 )
tang = —‘——-"-V. a8 - =0.985

Hences = tan-! 0.985 = 44.6°
(ii) The magnitude of the supply voltage V is found by phasor addition and is:

M= Vi + Ve +Vif =v20.4" 4207 =286 v

(e}

For the current to be in phase with the supply voltage, the length of the phasor representing Vy, + V¢
must be zero, since that is the only condition which results in the phasor representing Vg + Vi + V¢
being in the same direction as the current

Hence the magnitudes of Vi, and Vo must be equal.

Question 3.2

(a)

®  Z=R+Yope=R-jYuc

Gi) Z=R+joL

iy R—}/ oC R___R(i-jocR) __ R joCR
R+/Vmc j@CR+1 1+@’CR 1+0'CR 1+0'CR

Rjol _jolR(R-jol) _a’L'R . jelR

R+jol R +o'l R +0’l R +o’L

(ivy Z=

®

3
@  Z=18x10°- a =1.sxm’_j% Q =(18-j) k

. 1
J3X10° x0.33%10°
i)  Z=18x10°+j3x10°x200x107 Q =18x10+j600 =(18+j0.6) k
i) (14 @’C'R*)=1+9x10° x(0.33) x10™ x(1.8) x10° =1+318=4.18

Im‘z_l.8><l|:l’ .3x10° % 0.33% 107 x(1.8)' x10°
418 4.18

i) R +o'L=(18)x10° +9x10° x4x 107 =3.6x10° O

0 =(0.43-j0.77) kQ




Solutions

9x10° x4 x107 x1.8x10°  .3x10°x0.2x(L8) x10*) _ _ .
z [ 36x10° * 3.6%10° Q=180+j5400Q
(<}
The current will be at 45° to the source voltage when the impedance phasor has angle + or - 45°,

Using the results from part (a) and equating real and imaginary parts,

0]
R=1/oC so @=YCR and f=Youcp
] .
a1 ___yp-2p0
so = axLax10 x033x10< 2= 270
@)
R=ol so o=RL and f=R/2rL)
1.8x10°
- =14
e f = mx0g Hz=lakiz

(iii) R =wCR2, so @=1/CR and f=270 Hz (as in part (i})).
(iv) 0?L2R = wLR?so o= R/L and f= 1.4 kHz (as in part (ii)).

Question 3.3
{a)

There are a number of different methods of tackling this problem, I have chosen to show three
different approaches so that you can see which results in the simplest mathematical manipulation.

Method 1 treats the circuit as a voltage divider having two impedances Z) and Z as shown in
Figure 3.11, where Z is simply R; and Z; is the parallel combination of C and R2.

Z,

| 1 -
L — e
‘GIE:‘D Z; 1]

Figure 3.11 -
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) AT R,
ie. Z,;=R, and Z,-R:_'_ jmc-l'?‘jﬂf&

Using the voltage divider rule,

A=Yo4, - A"‘Jmckz) - Ry

R s socr) R HIBCRE AR t&m)nmcm

- x_'FCRl
T

Method 2 uses Thévenin's theorem to create a Thévenin equivalent circuit for V;, Ry and Rz, with C
as the load on the circuit, as shown in Figure 3.12.

A
uf R c== =
" Figure3.12
V=V, —R_ g =AR
R+R, R+R,

By analogy with the result for the simple, low-pass CR circuit (p.113 of the textbook),

So, =
1+ ;E(R.Hm
Hence,
EQ_H‘!I.X_Q
v! v’ V‘(
=B am‘;:
R+R 14d /"‘1"’&)

Method 3 uses a Thévenin equivalent circuit with R; as the Joad, as shown in Figure 3.13.




Ay Zr

A e o) A
1.

Figure 3.13

Vi=V,x %mC =V, x .] deT=R"%mC= R|
R,+)JZmC 1+ jaCR, R,-t-%mc 1+ j@CR,
Yo__R R R(1+jwCR,)

Vo RAZ RAR cp) RetieCREAR

LB
R+R 4]

1+ joCR,
(R+R)

Vo Vo Vi ¥, 1 R, 1
Rl L VLA P VY = x
Vi Vi ¥V, V. (+joCR) R+R, 1+J°’C&%§+R’,

{®)

Hence,

¥, R, 1
£ = x -
v + jﬂlCRR/
s R+R 14 1 (R +R)
= 0.67x— ! =06 ——
1+ jox100x10" <0.67x10 1+ joo x 6710

The low frequency amplitude of the voltage transfer function = 0.67 (= -3.5 dB).
The comer frequency is at = 1/(67 x 10-5) rad 5! = 15 x 10® rad 51,

The straight line approximation Bode plot of the voltage transfer function is shown in Figure 3,14,
Compare this with the generalised Bode plot shown in Figure 3.30 (page 120) of the text-book.

4



Figure 3.14

Question 3.4

(a)
The impedance Zin seen by the source consists of Ry in series with the parallel combination of C and
Ra.

So,

R Jioc 2
Zu=R+ R+ Yor R+ acr 1
_JoCRR +R +R,
jOCR, +1
JOCR R,
=(R‘+R:)x.ll_—‘_/.[£ﬁl
1+ joCR,
.(g,,,g,,x_ﬂi’ﬂ

1+jwT,
{b)

When Ry = 1 k€, Rz = 2kQ and C = 100 nF,

7 o CRR,__100x10” x10’x2x10’
"R +R, Ix10°
T, =CR,=100x10" x2x10" 5 =200x10™ 5

s=67x10"s




1+ jox67x10™

3
So, Z,=3x100Q x—F—
" 1+ jeox200x10
At very low frequencies, when terms containing @ can be neglected, Z,, =3x 10° Q. This is in
accordance with an intuitive examination of the circuit, where at low frequencies the reactance of
the capacitor is very large, and the input impedance is simply the series combination of the two
resistors.

At very high frequencies, when the 1's in the fraction can be neglected, Z_ =10’ Q. This again
accords with intuitive reasoning which says that at high enough frequencies the capacitor becomes a
short circuit, so that the input impedance is simply Ry.

Ali.ntumediamfmmmnncs,ﬂrway in which the impedance changes can be found by plotting the
variation of Ziy gular frequency. Figure 3.15 shows the straight I.lmzlﬂp imation to the
plot of 20 logip Zinl ag . The low-frequency value is mﬂm 69.5.
mmghﬁequmcyvameasztllogmlmﬂ GOThmm(l+jmx2wx10'6)mmedanomnm
introduces a corner from zero slope to a slope of -20 per decade at an angular frequency of
1/(200 x 10-6) rad s~} = 5000 rad s~!1. The term (1 + jwx 67 x 10~6) in the numerator introduces a
corner from a slope of —20 per decade to zero slope at a frequency of 1467 x 10-5) rad s-1 = 15 000
rad 571,

20l0g ol ZI
69.5—
L '
i
1
P
40 - Vo
' 1
' 1
' '
' 1
' 1
20 ' i
' '
M '
H '
102 ;lu‘: 10% 105 w/mdst
Ll LI L) L]
' 15000
5000
Figure 3.15
Question 3.5
(a)

Considering the circuit of Figure 3.4 to be made up of two impedances Z; and Z3 as in Figure 3.11,
where Z; is simply Rz and Z is the parallel combination of R) and C,

we can write Z:=R;
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__R(+joCR)
R+ R+ joCRR,
(1+ joCR)

3
TRAR(TREL )

_L (+joT)
T, (+jaly)

()
When Ry =4.7 kQ, R2 = 1.8 kQ and C = 10yF,

4
T,= CRR, _10x10 xi?xlO:xlExlO
R +R, 6.5x10

=13x107 s

7,=CR =10x10"* x4.7x10° =4.7x107 s

. -2
Vo x(lﬂlﬂ) N‘{l+‘|¢:ox4»'1'x10 )
V. T, (+jaT,) 4'-' [i”mxIlell ]

‘When Ve = 10 sin (501), IVy = 10 V and @ = 50 rad 5-1, so0
v, =10x0.28x L Hi235)

{1+j0.65)

Vi+2.35

Vo|=2.8x =60V
vl Troes

£V, =tan"'2.35-tan" 0.65 = 34°
©
j 1+ jox4.7x10
The voltage transfer function is ~& = 12x 19T _ g o5, ( )
V, T, (+jaT, (1+jox13x107)

The numerator term will provide an upward break point at an angular frequency given by

4



=1f(4.7x107)=21.2 rad 5™
The denominator term will provide a downward break point at an angular frequency given by
0=1/(13x107) =77 rads™

The low frequency gain is 0.28 (or —11 dB), while the high frequency gain is 1 (or 0 dB).

The required sl:my'n line approximation to the Bode gain plot of the voltage transfer function is
shown in Figure 3.16.

[k/%]| /8
slope =+ 20 dB/decade

w/rds
=20 ——1— Ly
w212 !100
T
Figure 3.16

Question 3.6

(a)

(i) ¥, will be zero when T2 = Ty, so making the of the fer function zero.
Under this condition, Vo will be zero whatever the frequency ofﬂle supply voltage.
Vowullalsohevarymalluverylow ]! (w hing zero) when the numerator

much than the d and at very high frequencies (o approaching
infinity) when the ¢ term in the denominator becomes much larger than the @ term in the

numerator.

(ii} If ¥y is not zero, the output voltage will be in phase with |h: su'pp]y vulmge wben (1-w?T1T2)
is zero. In this case, the real pant of both the be zero, so that
both numerator and denominator have a phase angle of 90' The total phue angle of the
voltage transfer ratio is then zero. Hence the frequency at which the output voltage is in phase
with the supply voltage is given by

w=INTT; or f=(nyTT)
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®
(i) Using the values Ry =Ry=1k), C=2nFand L =1 mH,

= =107/ 104
T=bp =107 p=10% s
T,=CR,=2x10° x10° =2x10° s

The frequency at which the output voltage is in phase with the supply is given by

1 =Yer(TT;) =1 (2mV25107 ) e = 10°/(2xvZ) Hz

=112.5kHz

(ii) Substituting the values for T} and T2, together with @ =2xx10* rad 51 (i.e. f= 10 kHz) into
the expression for the voltage transfer function gives:

Yo_ jo(T, ~T))
Vs (-0 TT)+jo(T +T,)
jx2mx10 x10™

= (1-4x" x10" xleo"')+jx2xx10' x3x10™

- jx2mx10”
(1=8x" %107 )+ jx6rx10™
j 0.063
T 0.992+;0.188

Hence,

__ 063
°70.992+j0.188

0.63
= =062 V

UGy vy

LV = —tan” (01887 5 )=-10.7°

(iii) The output will lead the input vo by 45° when the phase of the denominator of the voltage
transfer function is 45° (since the of the numerator is 90°).

This occurs when the real and imaginary parts of the denominator are equal, i.e when:
1-0’T,T, = (T, +T;)

or T\ T, + (T, +T,)-1=0
The roots of this equation are:




oo AT T - 4xT T, (1)

T,

AR )T T var,

2T,

Clearly, smcemcqunutyunderﬂwsqmmollsmthan(T+Tz] one root is negative
andomlspmme Since @ must be a positive quantity, the required value must be equal to the
positive root.

For the component values given,

=3x10 +‘\I|9xl'l] +8%10™"

= =12

4x10
=3+417
= =0.28x10" rds”.
4x10

Question 3.7

Figure 3.17 shows the circuit of Figure 3.5 with the load connected, and this is re-drawn in Figure
3.18 with the load removed and the voltage source replaced by its zero internal impedance.

c

] jg‘_“

"I@ 1 ; A -—2Z,

A
‘ ’ . ‘jj—a
L
Figure 3.17 Figure 3,18

zrﬁi”— - &[%]”:[ ]
R +jol R+ 1+ joCR,

=R joT, 1 ]
1+ jroT, l+ joT,

For the component and supply values given,
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4 =1
=°%=21|:xlﬂ x10 =0.063
10

= aCR, =21 x10° x2x10” x10° = 0.126

= 10.063
z,_m[“_ 0.063] [l+]0126]

0] 10:063+ 1 0.008-+1+0.063
(1+70.063)(1+  0.126)

]

107 _0:992+j0.126
= s s s 202 100
1+ 0.008 +j0.188

107 0.992+50.126
0.992+0.188

The open-circuit output voltage V7 has already been calculated in Question 3.6, part (b) to be:

__ joe3
T 0.992+j0.188

The current through the 2 kQ load resistor is therefore:

jr=er, - "0'%.992+jo.1ss} A
+R, 3| 0.992 + j0.126 k]
ml-————m92 mss]»fzxm
j0.63
= 0.992+0.126+ 1,984 +0.376
- j0.63
2.976+j0.502

0.63 0.63
= mA==——mA =021 mA
2976 +0.502° 3.02

-10.502
£ = 90°-tan” ——— =80.4°
YT

Hence, I=0.21£80.4" mA




(a)

Vo R+ Yoc __1+joCR___1+joT,
V, R+R+ Vo 1+J@CR+R)  I1+jeT,

where T,=CR, and T,=C(R +R,))
)
When Ry =75k, R3=27k2and C=0.1 yF,

s =3
_&: 1+ jox0.27x10

V. 1+jox102x10”

The numerator provides an upward break point at

m=-—!——_;n1ds—l =3.7x10" rads”
0.27x10
The denominator provides a downward break point at

1 -1 3 -1
= rads™ =0.9 rad
BT

‘The low frequency gain (a5 @ approaches zero) = 1 (= 0dB).

The high frequency gain = 0.27+ 1.02 = 0.26 (=-11.5 dB).
The straight-line approximation to the Bode gain plot is shown in Figure 3.19

o

=115

w/rads-!
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©
At300Hz, =22 =19x 103 rad 57!, s0

z%v- =tan" o, —tan” @T, = tan" (L9x10" x0.27x10”) - tan”' (1.9 x 10° x .02 x 10™")

i
=127.2°-62.7°=-35.5°
@

mnndegamplolmﬂbedumhmmonofﬂnplosofﬁyrcSSIgmd3!6,phnaﬁeqmcy-
independent gain of 20 dB from the amplifier. This combination is shown in Figure 3.20.

loaini/dB

212 n 480 700

{e)
The Bode phase plot is sketched in Figure 3.21.
phese/degrees

+45




Solutions

‘The phase is zero at both very low and very high fi ling with the horizontal
portions of the Bode gain plot), is positive when the g;:;a;lul Im an upwa.rd s[ope and is negative
when the gain plot has a downward slope. You have already calculated the phase of one network at
an angular frequency of 50 rad s~! to be +33% audalthlslowrr?uencym se of the other
network is very small, so that the phase of the combined network is almost +33°. You have also just
calculated the phase of the network of Figure 3.6 at a frequency of 1.9 x 10% rad s~! to be -35.5", and
at this frequency the phase of the other network is very small.

Figure 3.21 shows all these phase values and also shows the approximate shape of the curve joining
these points.

Question 3.9

(a)

The low-frequency gain of the amplifier is +40 dB or 100.

The downward break-point is at a frequency of 1 kHz or 6.28 x 10% rad 1.
The voltage transfer function of the network is therefore:

=100 . =100,
A A“‘Jmf”e) ‘/{l+jmxl.6xlﬂ"]

(b)
The voltage transfer function of a single-lag CR network having C=50nFand R =1 kQ) is:

A= =
}fnjmxsoxw"xlo’} %Hjmxsxw”)
The voltage transfer function of the compl k is theref

A= 100
(1+jox16x107 )1+ jox5x107 X1+ jo x5x10")

{c)

gain plot of the complete network will have a low value of 40 dB, will have a
duwnward at f= | kHz from the amplifier, and will have a double downward break point (i.e.
from a slope of -20 dB/decade to a slope of —60 dB/decade) at @=1/(5%10"")rads™
=2x10* rad 5™, ie. f=10"/m Hz=3.2 kHz, from the two equal single-lag circuits.

Figure 3,22 shows the straight-line approximation Bode gain plot.

The straight-line approximate phase plot will be the combination of three phase plots like that of
Figure 3.31 of the textbook, one with a break-point frequency of 1 kHz (6.28 x 103 rad s~1) , the
other two with break-point frequency 3.2 kHz (2 x 104 rad s-!). The combined phase sum of the
three is shown in Figure 3.23.




Phasor analysis of a.c. circuits

losrd /2B

Itk 32K
Figure 3.22
phuse/degrees
[N —— .
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Figure 3.23
(L]

At a frequency of 3 kHz, w=2nx 3 x 10% rad s = 18.8 x 103 rad s~! and the phase shift will be:

_ 188x10°
ﬁ.zsxw‘) 2xtan (
=—71.6°-2 x(43.3°) = ~158°

= —tan"'{18.8x10° ]
¢ m[ 2x10*




Question 3.10
(a) .
Y = Yo + Yoo = 7 #J0C
r—joL
=11 +jeC
r+ol !
r il
= +jloc
reol J( r’+a}1£-’}
(b)
At resonance, since Y is a pure cond -—m[m(:— al )Eo‘
ol
Hence,
C"_!_ﬁ'L =0
r+w’l
'+ L)=L m
ollC=L-Cr
m’-—'--rj
T
17
W, =y —=
*Ve T
(c}
At Y, = ——C— but, from equation (1) above, * + L’ = L/C so that ¥, =C
r+o’L ° L
and the dynamic impedance is simply L{(Cr).
(L]

When L=1mH, r=10£and C = | nF,

1 10° -1 (B W -t o -1
o, =-J—;;——.4—-—_; rads =v¥10" 10 rads =10 rads .
° 107 x10° 10

Hence, the resonant frequency = ay/2r = 160 kHz.

The dynamic impedance is given by: z,=%,='°‘%0_.xw=m’n
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(e)

(i) Iftll =1 mA, the amplitude of the voltage across both the coil and the capacitor at resonance is
103 Ax105Q=100V.

(ii) At very low frequency, the reactance of the coil is simply r because al will be very small,
while the reactance of the capacitor is infinitely large. The circuit impedance is therefore r and
the amplitude of the voltage across the circuit is 10-3 A x 102 =10 mV.

(U]

As can be seen from the calculation of my, in part (d), the error introduced into the calculation of ay?
by ignoring the second term in the expression is 108 in 1012 or 1 part in 10%. The error in the
calculation of a is therefore half this amount or 5 parts in 105

[Note: this halving of the error when taking a square root can be justified as follows:

If an actual quantity x, is measured with a fractional error of £, then the measured value
Xm can be expressed as x, = x,(1£ ).

The error in the measurement of x,2 can then be evaluated as:
x i =x21te) =1 (1£2e+€)

If £ is very much smaller than 1, the £2 can be neglected and this expression becomes
x =x}(1£2e)

m if&mmhﬁemmmmof:.:s&ﬂammﬂnmmdx.’ is 2e.

lly, therefore, it follows that if the error in the calculation of ax,2 is 1 part in 104,
ﬂwmﬂnnsmmthculmlmonofn,mstbehﬂfufﬂnvﬂ ve.]
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AMPLIFIERS AND FEEDBACK

QUESTIONS

41

42

(a) In SAQ 2 of Ch :f‘“ 4 of the textbook (Pa,ge 153}. m  amplifier with an open-circuit
voltage gain Ay of 100 is shown to prod in the signal developed
across a load by a given signal source. Explam why 1hls occurs.

(b) In the situation described in SAQ 3 of the same chapter, if R; = Ry, by what factor is the
voltage across the load increased when the amplifier is introduced between the source
and the load? Explain why this increase factor is so much less than that in SAQ 2.

An operational amplifier having the following characieristics:

Low-frequency gain Ay =2x103
Input resistance riy =60kQ
Qutput resistance rog =2k

is connected in the circuit configuration of Figure 4.1.

1M

>__°

Vin 1ko Vout

Figure 4.1
Calculate the low-frequency closed-loop gain, input resistance and output resistance of the
feedback amplifier.

The amplifier of Question 4.2 is now replaced by a comp d ional amplifier having
the following characteristics:

Open-circuit gain Ay = 1%+ j0.0160)
Input impedance zj =100k
Output impedance z, =100

Calculate the closed-loop gain, input impedance and output imped of the feedback
amplifier at (a) 10 Hz and (b) 1 kHz.
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4.4 The amplificr in the circuit of Figure 4.2(a) has the open-loop gmnffm‘mcy characteristic
s.huwn in Figure 4.2(b). Assummg that the effects of the amplifier’s input and output
can be i the itude of the closed-loop gain at frequencies of
15, 30, 60, lzoamﬁom:.mmhcamsulmmunmsmwﬂmmﬁgmumwoﬁ
the 3dB bandwidth. Compare the open-loop and closed-loop gain-bandwidth products.

|gein| /4B

24ka 106 —

slope=-20 dB/ decade

Y
|

loglirequency)
SHz N
() )
Figure 4.2
IclosedHoop gain|,/dB
..... T L SR T
* : : T :
F1 1= EEEE L LR e Feeme- L Y -
' ' ' ' '
203 ----- L JE. SRR, bameme e L
H . ' : H
----- ’------. L LI ,-
s H H : : H
L " L]
10g---- i H F T o
' ' H : '
- I it St H
' ' \ \ 1 frequencyikHz
1 15 30 50 120 240
Figure 4.3

45 In the circuit of Figure 4.4, if the low-frequency differential gain Ay of the amplifier is
sufficiently large, then vj is a small voltage which can be considered zero. Assume that
!ilelufutlmpe;il?nccofﬂle usl&rgu gh to be dered infinite, and the output

P sm ‘,L to be

(a) Assuming that v; is zero, show that, for the circuit of Figure 4.4, ?,:—:T(V,—V,}




Ay
"?I
]
[ y
ut e |7 ’
Figure 4.4

() For the circuit of Figure 4.5, show that V, = RE(%A-+ l;:-] where Ry is the equivalent
A
resistance of R,, Ry and R¢ in paraliel.

Figure 4.5

(¢} Usingthe msults of parts (a) and (b), evaluate V,, in terms of Vy, V2 and V3 in the circuit

of Figure 4.
5:1 (;Ivs [

Figure 4.6

R

[

| SR
k]
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46 In the feedback circuit of Figure 4.7, Z; = 2(1 - j 0.01w) k€ and Z, = 20 ki2. Assuming that
the virtual earth approximation is valid, what will be the closed-loop gain at angular
frequencies of 10, 100 and 1000 rad s-1?

Zr
Zs
K] ]
Fig.urr 47
4.7 (a) By calculating the Thévenin equivalent circuit ters for the input circuit of the

;eedbackunpliﬁeroff"iguretl‘ , show that the closed-loop gain can be expressed in the
form

] ¢
a &+R, *Trjor " TER4k,

Figure 4:3

) If, :nﬁgu:ed&!h =Ry =5k, Rp = 200 kil and C = 0.5 yF, skeich the closed-loop
Bode gain plot over the frequency range | Hz to 10 kHz. (Assume that the amplifier has
adequate gain over this frequency range for the virtual earth approximation to be valid.)

{c¢) If the amplifier has gain &,=2xlo’f(l+j0.03na). is the virtnal earth assumption valid
over the range of frequencies of interest? Explain your answer.

48 An operational amplifier has the following offset characteristics:

Input offset voltage Vi, =2mV
Input bias current I =150 nA
Input offset current [, =50 nA




Questions

{a) The amplifier is used in the circuit of Figure 4.9, Calculate the output offset voltage.
2kn

e
—_—

120kn v

30kn

Figure 4.9

(b) What simple change to the circuit will minimise the contribution of 7 to the output offset
voltage without changing any other circuit characteristic?

49 A 741 operational amplifier having the noise characteristics shown in Figure 4.31 of the
textbook (page 190) is connected into the circuit shown in Figure 4.10.

Figure 4.10

(e) Calculate the output noise voltage of the amplifier in the frequency band 10 Hz to 100
kHz, assuming negligible noise in the other circuit components.

(b) V¥ and V3 are similar signals, differing only slightly in amplitude, so that V7 can be
expressed as V| + v where v is a small amplitude signal at the same frequency as V).
Assuming that the input signal frequency falls within the frequency band 10 Hz to 100
kHz, and that all other frequencies can be filtered out of the output signal, what is the
minimum value of v which will provide a signal-to-noise ratio of at least 10007

410 The amplifier in the circuit of Figure 4.9 has a slew rate of 10 V ps~1. The input signal is a
i voltage of amplitude 2 V.

(a) What is the maximum signal frequency which can be amplified without distortion due
to slew rate?

(b) Assuming that the amplifier has adequate gain-bandwidth product, what is the
maximum input signal amplitude at a frequency of 1 MHz which can be amplified
without distortion caused by slew rate?
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SOLUTIONS

Question 4.1

(e)

The amplifier performs two functions, firstly it amplifies the input voltage and secondly it reduces
the loading on the source caused by the load.

In this case, without the amplifier, the signal voltage from the source, when connected directly to the
Ioad,lsamcnnmedbyafamrofl()(smced)esoummsumu9mmdﬂnlmdmsmls1
kfl). With the lifi the source and the load, the amplifier itself loads the
source, but by much less, and the attenuation of the signal by the in resistance of the amplifier is
by a factor of 1.1 only (since the amplifier input resistance is 91 mﬁm At the output of the amplifier,
ﬂemﬁmofﬂ:signﬂmmadbyhhudmuampliﬁerwtpmr:mmutsmafmrof
1.1 only (since the Joad resistance is 1 k€ and the lifier output resistance is 100 £2). Combinin;

these two attenuations with the amplifier gain of 100 gives an overall vollagngamohbumszg
compared with the attenuation of 10 which occurs without the amplifier.

)

In SAQ 3, if R; = Ry then, without the ampllﬁcr.ﬂusux;na.l would be attenuated by a factor of 2
because the load on the source would equal the source resistance. When the amplifier is interposed,
because R; = rip = row = Ry, there will be two attenuation factors of 2, combined with a gain of 10,
giving an overall gain of 2.5 and an increase in load voltage by a factor of 5.

This is much less than the increase factor of (a) because (i) the amplifier gain is lower, (ii) the
amplifier input loads the source more and (jii) the load causes greater attenuation at the amplifier
output because of the higher output resistance of the amplifier relative to the load resistance.

Question 4.2

Low frequency gain
A 2x10°
1+ pA) T T+ 100 x2x10°

1&1

Input resistance
R =(1+A)r, =3%60 kQ =180 kQ
Output resistance

{l+ﬂ&}_‘i k{1 =667 Q

Do not make the mistake of assuming that Ay is much greater than 1 without checking. In this case
its value is only 2.




Question 4.3
With the new amplifier,

10/ \

G=_A__ (1+j0.016w) _ 10
TI+BA, 14107 <100 T 101+j0.0160

A 14107 x Ai-jﬂ.m(m]) )

10° x10° 5
=(1+pBA =|l+—————|x10" Q
Z=(1+PA)s [+l+j0.0|6m]x

- (101 -t_l,{.'l.llilﬁcl}!)I< 10° 9

(1+]0.016@)
100 Q

10°
1+ A +0.0160)

1+j0.016@
{101+ j0.016w)

Z,="1+pa)"

x100 Q

()
At 10 Hz, =20z rad s~ and 0.016 = 1.

Hence, = 10° =990/ - 0.6°
101+

_(101+})
Y

_(‘_JL - o
Z,= g 5 X1 @ =14csa @

x10° Q =7.1£-44.4° MQ

®)

At 1 kHz, @ = 20007 rad s~! and 0.016& = 100.

10*
Hence, Gs——— = 7042 - 44.7°
101+ 100

(0145100 1o 0 0142447 MO
{1+ j100)

_ _(1+j100)

= x100 0 =70£44.7° Q
" (101+100)
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Question 4.4

From the graph of gain amplitude against frequency, the low-frequency gain is 106 dB which is a
gain of 2 x 105, while the break-point is at 5 Hz.

2x10° _ 2x10°
" is therefore A_ = =
The open-loop gain is a5 14)02/

The closed-loop gain G=A%+Ba')whme B=Yss.

Hence
Gn 2”0’{1+j0.2n _ 50%10° __50x10°
1+2X10/’£5{[+jﬂ2f] 25(1+0.2/)+2x10°  2x10°+j5f
- B
1+]2.5%10°F

The low-frequency gain is 1/ =25 (=28 dB).
When f= 15 x 103 Hz, G=25/(1+j0.375)  |G|=234 (=27.4dB).
When f=30x 10° Hz, G=25/(1+j0.75)  |G|=20 (=26dB).

When f=60x 103 Hz, G =25/(1+j15) G|=13.9 (=22.84dB).
When f= 120 x 10° Hz, G=25/(1+j3) IGI=7.9 (=184dB).
When f= 240 x 10° Hz, G =25/(1+j6) G{=4.1 (=12.34dB).

These values are plotted in Figure 4.11. The 3 dB point is at a frequency of about 40 kHz.

k.

|closedHoap guni,/dB

i frequency/kHz

240

al..

3dB point
Figure 4.11




The closed-loop gain-bandwidth product is therefore 25 x 40 kHz = 1 MHz.
The open-loop gain-bandwidth product is 2 x 105 x 5 Hz which is also 1 MHz.
The gain-bandwidth product is unaffected by the feedback, as expected.

Question 4.5
(a)

Since negligible current flows in the input terminals of the amplifier (infinite input impedance), the
voltage at the non-inverting input of the amplifier can be evaluated using the voltage divider rule as:

vav, P
R+R,

Since v; is negligibly small, the voltages at the two input terminals of the amplifier must be equal, so

L

‘_—V:,J_
B R+R

At the non-inverting input of the amplifier, since the input current to the amplifier is negligible, the
current through the input resistor K| must equal the current flowing in the feedback resistor R2. So,

'lnl"l—v_=v,—'if'2

R

Substituting for v_,

wyr %

R R R
and hence,

Vo'_'%(vl _vl)
®

In the circuit of Figure 4.5, a convenient method of evaluating V,, is to use nodal analysis. The only
node whose voltage is unknown is the junction of R, Rp and Rc, and writing the current law
equation for this node gives:
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Vi-Vo a-Yo Vo

R, R K

Vv, ¥ 1 1 1
ALV —+—+—]=V
R R °[R. DA

Vv, ¥
Hence, Vo,=R|2+-L
e ° R"[RA R.]
(e}
In the circuit of Figure 4.6, since all resistors are of equal value, using the result of part (b) gives:
v=v, "%{Vz +Vy)

and at the non-inverting input,

Vi—v_=v_—VI
R R

V,=2v_-V,
2, .2
V=3Vt

Question 4.6
In the circuit of Figure 4.7,
G= Ly _ 20 - 10
Zg 2(1-j0.0iw) (1-j0.010)
Ato=10rad 571,
10

= ==1045.7"
a=jon - 104

['naisowlduquallyheex‘pu-medu +10.£185.7°, but I prefer to retain the minus sign to reflect the
inh i ion in the feedb.

k amplifier configuration.]
Atw=100rad s, G=--9_ = _70s45°
(1-J)
At @=1000 rad 51, G=-t s
(1-j10)




Solutions

Question 4.7
(s}

The input circuit of the feedback amplifier of Figure 4.8 is shown in Figure 4.12, together with the
Thévenin equivalent circuit. You are required to obtain values for Vyand Z+.

rs a z;
—{__ }—o
ul — = v
R,
Figure 4.12

Clearly, since there is no voltage drop in B2 when there is no load, the value of Vr is given by

lfjwC 1 1
V.=V, x =V, x =V, x
TTUETR+joC T joCR +1 % 14T,

Zr will consist of Ry in series with the paralle] combination of Ry and C.
_pJRxljeC_ R
L=t o Bt jacr 71
_‘mC + R+
JOCR, +1
) 1+ J0CRR/(R + )
(ks ) x LHICRR/E
= (R + R)x 19T

1+ ja,

Replacing the input circuit of Figure 4.8 with the Thévenin equivalent circuit of Figure 4.12 results
in the circuit of Figure 4.13.

Ay

I

V,‘ ¥

Figure 4.13




Hence,
Yo B__R  Itjel
Vi Z; R+R 1+jol,
VoY Vi R Ivjl, I
Vi V; ¥V, R+R l+jol, l+joT,
C B !
R+R 1+jaT,
which is an expression of the required form.
®)
For the given component values,
»
r,= SRR, _05x10 XBXI0° o
R +R, 10
3
G=_Vl=200x‘lﬂx : 1 — ‘20 -
v, 10 1+j1.25x107 e 1+j1.25%10" @

The low-frequency gain = 20 (= 26 dB).
‘The break-point frequency = 1/(1.25x10”) rad 5! = 800 rad 5! = 127 Hz.
The straight-line approximation to the closed loop Bode gain plot is sketched in Figure 4.14.

Jowiri /28

100

80

amplfier spenlosp
§0 9

40

Figure 4.14




(c)
Also plotted on Figure 4.14 is the amplifier’s open-loop Bode gain plot.

For the virtual earth assumption to be valid, it is necessary that the loop gain A,f shall be much
greater than 1 over all frequencies of interest.

Expressing gains and the feedback fraction in dB,

20 log,o 1Ay >> 0 dB
or 20 log,y 1Ay 1 + 20 log,, |fl>>0dB
and 20 logyp IAW - 20 logy 11/ >> 0 dB
Since the closed-loop gain will be equal to 1/8 provided Ayp is much greater than 1, for a first
assessment of the validity of the virtual earth assumption we can look at the difference between the

Bode gain plots of the amplifier gain (20 log,; lAyl ) and the closed-loop gain (assumed to be 20
log;p 11/8. If this difference is significantly greater than 0 dB then Ay is much greater than 1.

Looking at Figure 4.14, the difference between the two plots is at least 50 dB (i.e a value of Ap of
about 300) over all frequencies of interest, and hence the virtual earth assumption is valid over this
frequency range.
Question 4.8
(a)
The equation for output voltage offset given in the textbook (page 187) is
V, = (14 Re/R)Vio + Io[ Re = Ry(1+ Re/R)] + o [ Re + Ry(1+ R/ )| 2
For this example, Rp = 120 k€}, Ry = 30 kf2 and R3is 2 k0.
Hence,

120 - 120 120
V,= {[u_ﬁ]uxw +150%10” x[uo-z[uﬁ]]xw’uoxm"x{m +2(l+¥]]uln’}'z} v

= {mxm" +150x10™ x 110+ 50x10™ xl:m,rz}v

={10+16.5+3.25} mV
=29.75mV

®)

To minimise the contribution of /g to the output offset voltage, the resistance B3 should be equal to

the parallel resistance of R and Rg. In this case therefore, R3 should be increased to 24 ki (30 k2
in parallel with 120 kQ) by adding a 22 kQ resistor in series with the signal source. Since the input
resistance of this non-inverting amplifier configuration is very high, the extra resistance will cause
no significant change to the closed-loop gain of the amplifier.
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Question 4.9

(a)

The r.m.s. value of the total noise output voltage of an amplifier can be calculated as
Ve = V' + V'

whereVyy is the r.m.s. output noise voltage due to the equivalent input noise voltage generator vyu
and Vi is the r.m.s.output noise voltage due to the equivalent input noise current generator iya.

The expressions for Vony and Voyp are:
Vo =(1+Re/R)Vyy and Vg = L[Re + R(1+ R /R)]
where Vn, is the r.m.s. value of via, Ina is the r.m.s. value of ina -

The value of Vyy is found from the graph of spectral density in Figure 4.31(a) of the textbook as
follows.

From 10 Hz to 1 kHz, the average value of the graph is about 10-15 V2 Hz-1, 50 the contribution to
Viva of this portion of the frequency range is

Vel (D=10" V? Hz™ %990 Hz ~ 107 V?

From 1 kHz to 100 kHz, the value of the graph is constant at about 4 x 10-16 V2 Hz-l, 50 the
contribution to Vya of this portion of the frequency range is

P t(2) = 43107 V¥ Hz” x99 % 10° Hz ~ 40x 107" V?

The total mean-square noise voltage over the frequency range 10 Hz to 100 kHz is the total area
under the curve and is therefore the sum of these two contributions, so v,,* =41x107% V*

Hence the r.m.s. value is Vg, =6.4uV
The value of Iy, is found from the graph of Figure 4.31(b) of the textbook in a similar manner.

From 10 Hz to 1 kHz the average value of the graph is about 7 x 1024 A2 Hz~! while from 1 kHz to
100 kHz the average value is about 5 x 10~25 A2 Hz-!. Hence

el =(7x10* A*Hz™' x990 Hz)+(5x10® A Hz"' x99 kHz)
= Tx107 +50x107% A?
=57x10 A?

Hence I =2.4x107"" A =240 pA




Solutions

The component values in the formulae for Voyy and Voypare By = 10 k), Rp = 1 M2 and R3 =
10 k£2 in parallel with 1 MQ = 10 k. Hence:

Voo = (14 Re/R Viep = 101X6.4X10° V =646 pV
Vi = L [Re + Ry(1+ Re/R )] = 240x 107 % (10° +10* x101) V
=482 puv
Hence,

V= Voo + Vg’ = V4827 +646° =806 puv

(b)

As established in Question 4.5, the amplifier configuration of Figure 4.10 produces an output
voltage which is 100 times the difference between V) and V3, i.e 100 times the voltage v,

For a signal-to-noise ratio of 1000 or more at the amplifier output, the signal-related amplifier
output voltage must be at least 806 mV. Since the amplifier gain is 100, the differential input
voltage v must be at least 8.06 mV.

Question 4.10

(a)

']I;l]mvcloscd-loop gain of the amplifer of Figure 4.9 is 5, so the amplitude of the output voltage is

At a signal frequency a, v, =V sinar

dv,

and 4 = @V, cosax

Hence the maximum value of @ is given by
(dvfar) /' 10" vs" 6
WOy = v, = oy =10 rads
Hence Sous = @y f27 = 160 kHz

®)
To amplify 1 MHz without distortion, the maximum output signal amplitude will be given by

7T 7
V.o =IGA=1%M“0. V=16 V

and hence the maximum input signal amplitude will be
(V) = (V, )puegain = 1.6/5 V=032 V




5 COMBINATIONAL LOGIC CIRCUITS

QUESTIONS

5.1 A combinational logic circuit is required which produces an output D from four input signals
A, B, C1 and C2 according to the following rules.

(a)
®
()

@

i If C1 and C2 are both 1, the output D must be 0.
(ii)  1f Cl and C2 are both 0, the output D must be 1.
@iii)  IfCl=1and C2 =10, then output D must be equal to input A.
(iv)  IfCl=0and C2= 1, then output D must be equal to input B,

Construct the truth table for D.
Construct the Kamaugh map for D.

By combining 1s in the largest possible groups on the Karnaugh map, obtain an
expression for D in the simplest sum-of-products form.

Draw the gate implementation of the logic circuit to generate the output D using AND
gates, OR gates and inverters,

52 Two 2-bit binary numbers A8 and C D, when multiplied together, produce a 4-bit binary
product EFGH, where each binary digit has its usual positional weighting.

(a)

Complete the truth table of Table 5.1.

A B|C D|E F G H
0 o]0 ©
0o 0|0 1
0 o 1 0
0 o 1 1 c 0 0o o0
0 1 0 0
0 Lo 1
0 1 1 0
[ | 1 1 o 0 1 1
1 oo 0
1 0jo 1
1 0 1 0
1 0|1 1|10 1 1 0
1 1 0 0
1 110 1
1 1 1 1]
1 1 1 1
Table 5.1
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(b}
{e)

Construct the Kamaugh map for each of the four output variables.

From the Kamaugh maps, obtain an expression for each of the outputs in the simplest
ﬁasslblz sum-of-products form, and draw the circuit to generate each output using only
AND gates and inverters.

From the same Karmaugh maps, by ing together Os, obtain an expression for the
complement of each output, and hence draw the circuit to generate each output using
only AND and NOR gates. (You may assume that the complement of each input variable
is available, as well as the variable itself.)

A logic circuit is to be designed which has, as inputs, two 2-bit binary numbers, AB and CD.

'Ihc cm:l.m is reqmred to generate three

output signals, G, L and E. G is to be 1 only when the
lhanthemunberCD wabelonlyw]mthemm«.w{slessu:m

thenumberC while E is to be 1 only when the two input numbers are equal,

(a)
(b}
()

Construct the truth table with AB and CD as inputs and G, L and E as outputs.
Construct the Karnaugh maps for each of the output variables.

Use the Karnaugh maps 1o obtain an expression for each output variable in the simplest
possible sum-of-products form.

(d) By re-arranging the expression for E using the commutative and associative laws, show
how this variable could be generated from the input variables using two XNOR-gates and
one AND-gate.

The Gray code is a binary code often used with 1 a digital signal

pmpumom] to rotary or linear movement. A four-bit Gray cnﬁe has the form shown in Table

A B C D | denaryvalue

0 0 0 0 [1]
o 0 0o 1 1
o 0 1 1 2
o 0 1 0 3
0o 1 1 0 4
0 1 1 1 5
o 1 0 1 6
o 1 0 0 7
1 1 0o o0 8
1 1 0 1 9
1 1 1 1 10
1 1 1 0 11
1 o 1 1] 12
1 [ | 1 13
1 o 0 1 14
1 o 0 0 15

Tahle 5.2
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5.6

(a)

®)

(c)

@

®)

(a)

®)

You are required to design a Gray code to binary code converter. As a first step,
complete the truth table of Table 5.3.

input Gray code output binary code
A B C Dla b ¢ d
0 0 [
0 0 0 1
0 0 1 0
0 0 1 1
0 1 0 0
0 1 0 1
0 1 1 0
[ 1 1
1 0 o 0
1 0 1] 1
1 0 1 0
1 0 1 1
1 1 0 0
1 1 0 1
1 1 1 0
1 1 1 1
Table 53
Construct the for each of the output variables and, from these write
an expression for cachsh m:FlIJle in the simplest p"q;:::hlc sum-of-products mmaps

By selectmg groups of zeros, write an expression for the compl of each output

cUm-of-

Draw the gaI.eAnn)lmemanon of the logic functions for b and ¢ derived in Question 5.4
part (b), using AND-gates, OR-gates and inverters.

Draw the NAND-gate implementation of the same logic functions.

Make the required additions to the simplified logic diagram of the PAL 14L8B in Figure
5.1 to show how the code converter of Questions 5.4 and 5.5 could be implemented using
just one PAL 14L8.

[Hint: you may find it more convenient to think about using the complement functions
derived in Question 5.4 part (c) as part of your solution.]

Using the relati ined in Question 5.4 parts (b) and (c), show how the logic
fnncuons for b, ¢ .md d' can be numpnlat:d m:ng the nmnmulauv:, associative and

ive laws to estat that all three can be d from the input
variables A, B, CaMDumngmlylhruZ—mmeORgnes mddmwlherequuedme
implementation.




Figure 5.1
57 A 4-bit Gray code (as described in Question 5.4) is to be used to drive the 7-segment indicator
of Figure 5.2(a).The display to be produced by each of the 16 possible input codes is shown in
Figure 5.2(b). Asume that a logic | input is required to illuminate a segment.

0000 0001 0011 0010 0110 0111 0101 0100

. DhEEEEET

' EARCEN

74



Questions

5.8

(a) Construct the truth table showing all possible states of the input code and the 7 output
signals to be generated by the logic circuit required between the Gray code input and the
display device.

{b) From the truth table, construct the Kamangh map for each of the output variables.

For the design exercise of Question 5.7,

(a) Obtain an expression for each of the output variables in the simplest possible sum-of-
products form.

() Draw the NAND-gate implementation of the logic circuit for each of the output
variables.

B L

Figure 5.3 (for Question 5.9)
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58 Could the complete logic circuit of the solution to Question 5.8 be implemented using one
PAL 14L8B? If so, show, on Figure 5.3, the way in which the device would be used. I? not,
work out how many PAL 14L8s would be required and indicate on Figure 5.3 how yon would
obtain maximum possible use of one such device.

5.10 The design of Questions 5.7, 5.8 and 5.9 is to be modified on the assumption that only the
Gray s corresponding to the denary numbers 0 to 9 will ever occur as inputs, and that
therefore the display generated by the unused codes is immaterial,

Repeat the design process of Question 5.7 parts (a) and (b) and Question 5.9 for the new
situation. Another blank diagram for the PAL 14L8 is provided as Figure 5.4 for your answer.

— I

L]
f

Ui

Figure 5.4




SOLUTIONS

Question 5.1
(a) The required truth table is shown in Table 5.4,
A B Cl C2 D
0 [] 0 0 1
0 1] 1] 1 ]
0 0 i 0 1]
0 [i] 1 1 1]
0 1 ] 1} 1
0 1 0 1 1
0 1 1 0 o
0 1 1 1 0
1 ] ] 0 1
i 0 o | 0
1 0 I ] 1
1 ] 1 | 0
1 ] 0 (1] 1
1 1 0 1 1
1 1 1 1] 1
| 1 1 1 0
Table 54
{b)  The Kamnaogh map is shown in Figure 5.5, with the chosen groups of 1s.
A8 (.‘1»'.‘30 0 1w
00 r? ] 0 0

o[t 1] of o

a1l J] o r1—

o] o o [ls]
Figure 5.5

{c)  Fromthe Kamaughmap, D=AC2+B.CI+CLC2

)] The logic circuit is shown in Figure 5.6
A

&
c2

cl
Figure 5.6
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Question

The complete truth table is shown in Table 5.5

(a)

OO0 =0 ~00000 =0 -

CoOQOoO O DO -0

COoO0O0 00000 = =00 =0

CoOoOoOoooooLoLDoOoo—

—_0 =00 =0 =0 =0 =0 -

Table 5.5

The Kamnaugh maps are shown in Figure 5.7

C D|E F G H

o e DD e DD DD

B

OO0 = =000 0~

CPOCOCO O OO D — ottt

)

&0
o u

A8

o
o0

A8

1

L1}

L]

£

L1}

w| o

co

A8

Figure 5.7




© The logic functions are:

E=AB.C.D

F=AB.C+ACD
G=A.B.C+ABD+AC.D+BCD
H=B.D

The logic circuit to generate the output signals is shown in Figure 5.8.

(d

The Kamaugh maps with grouped Os are shown in Figure 5.9

The resulting expressions for the pl of the output variables are:
E=A+B+C+D
F=A+C+BD
G=AB+AC+B.D+C.D+ABCD
H=B+D

which give the following expressions for the output variables:
E=A+B+C+D
F=A+C+BD

G=A.B+A.C+B.D+C.D+ABC.D
H=FE+D
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co co
A8 00 01 1 10 AB 0w o1 1 10
o [[o)] o] o [{o] o|fo [0)] o o]
otflof| of| o [|o) ot]lo [{o]] o) oJ
uffof| of] 1 [|o ullo [Lel] oJ] 1
MOIDIE o) oilo [o)f1 |1
£ ' F
co co
ABN 0| o1 1 10 ABN® o1 11 10,
o~ ~ T . =
oo|(0]] o] o [lo) wllo)] o | o |(o)
aflol] o)1 |1 ool 1 {1 |lo
ullo]| 1 [@] 1 ulofl1]1|[o
=5 A
o] |1 'u 10__&, o (o o]
e i oy f
Figure 5.9

The circuit to implement these functions using only AND and NOR gates is shown in Figure 5.10

A A
ja) ]
] g
—_ £ A
£ T
D ol
Z} 2 c
[ F =
. Z
D
5 A
]
7 : >—"” a
0
Figure 5.10




Solutions

Question 5.3
(a)

The required truth table is shown in Table 5.6.

A B C D|G L E
o 0 0 0]0 0 1
0o o0 0 110 1 0
0o 0 1 0]0 1 0
o 0 1 110 1 0
o 1 0 011 o 0
o 1 0 1|10 o 1
0 1 1 0|0 I 0
0 1 1 110 1 0
it 0 0 011 o0 0
1 0 0 1 1 o 0
1 0 1 oo o0 1
1 0 1 110 1 0
1 I 0 0|1 0o 0
1 1 0 1 1 L ]
1 1 1 011 0 0
1 1 1 1o o 1
Table 5.6

®)

The Kamaugh map for each of the output variables is shown in Figure 5.11.
co o o

AN 01 11 10 ASN 0 01 11 1 A8\ 0 o1 11
vo| 0 0 ] ] w0 1 1 1 ol 1 Q 1]
o1 1 o ] 0 o1) 0 /] 1 1 o1} 0 1 1]
ni1 1 0 1 1m| o 0 0 a 1m| o 0 1
wl 1 1 0 0 wio|o0 1 0 w{io|o ]

L
Figure 5.11

©

The simplest possible sum-of-product expressions for the outputs are:

G=AC+ABD+BC.D
L=A.C+A.B.D+B.C.D

E=A.BC.D+A.BC.D+ABC.D+AB.CD




(d)
The expression for E can be re-arranged as follows:

E=ABCD+A.BC.D+ABCD+ABCD
=A.C(B.D+B.D)+A.C(B.D+B.D)
=(A.C+A.C)(B.D+8.D)

- (7&¢) (58 T)

The gate implementation of this expression is shown in Figure 5,12

g

£
[~ i
o
Figure 5,12

Question 5.4

(s)

The completed truth table is shown in Table 5.7.

input Gray code output binary code
A B C D)|a b ¢ d
o 0 0 ofjo0o O O 0O
o 0 0 1o o o 1
o 0 1 o0j0 0 1 1
o 0 1 1o o 1 0
0 I 0 o]0 1 1 1
0 I 0 1]0 1 1 0
0 | 1 o0 1 0 0
0 1 1 1yo 1 0 1
1 0o 0 0 1 1 1 1
1 0o 0 1 1 1 1 0
1 o 1 0 1 1 0o o
1 0 1 1 1 1 0 I
1 1 o 0 1 0o 0 0
1 1 0 1 1 0 0o 1
1 1 T o1 0 1 1
1 1 1 1 1 0 1 0
Table 5.7




®)
It is clear from the truth table that a = A.

The Karmnaugh maps for the other three output variables are shown in Figure 5.13.

co cD co
A8 0 o1 1n 1w A 00 01 11 10 A8N 0 01 11 10

wlofolo|o| elojo |G D] wlo]i]o]n

|G [ [t D] e|G[D]ofo]| aft]|o|1]o

nto 0 0 0 1| o 0 tl 1] 1| o 1 0 1

oG] (1 [ D] »|GD|o]o w1 fof1]o

Figure 5.13
From these maps, using the groups shown,
b=A.B+AB
c=A.B.C+A.BC+ABC+ABT
d=A.B.C.D+A.B.CD+A.BC.D+ABCD+ABC.D+ABCD+ABC.D+ABCD

(e}
Using groups of 0s instead of groups of 1s we get,

b=A.B+AB
¢=A.BC+ABC+ABC+AB.C

d=A.BC.D+ABCD+ABC.D+ABCD+ABCD+ABCD+ABC.D+ABCD

Question 5.5

(@)

The AND, OR and INVERTER gate implementation of the logic functions for & and ¢ found in
Question 5.4 part (b) is shown in Figure 5.14,




Figure 5.14
(b)
The NAND-gate logic implementation of the variables b and ¢ is shown in Figure 5.15

A

8

L= 1
I~
L=

<

Figure5.15
This can be deduced by using deMorgan's theorem as follows:

If Z=V.W+X.Y then Z=V.W.X.¥ and Z=Z=V.W.X.7 which can be implemented using only
NAND-gates.




Question 5.6

(=)

Figure 5.16 shows one possible implementation of the code converter using a PAL 14L8. There are
other valid configurations. (I have deliberately omitted the connection which shows that a = A
because it does not involve the PAL device.)

This solution is arrived at as follows.

Using the relationship developed in Question 5.4 part (c),
b=AB+ABso b=A.B+AB
which represents the output of the uppermost 2-input NOR-gate.

Similarly, since ¢=A.B.C+A.BC+ABT+AB.C,

c=A.BC+A.BC+ABC+ABC
which is the output of the upper 4-input NOR-gate.
The function for d is less easily implemented, since there is no provision of an 8-input NOR-gate in
%&f;?:' and hence the product terms must be grouped together before being input to the final
I'have chosen to combine the product terms into four pairs as shown below.
@=(AB.C.D+ABCD)+(ABC.D+ARCD)
+HABCT.D+ABCD)+(ABC.D+AB.CD)
=W+X+¥+2Z

So, d =W+ X+ Y + Zwill be generated by the lower 4-input NOR-gate. The inputs to this NOR-
gate need to be W, X, ¥ and Z, but the 2-input NOR-gates generate W, X, ¥ and Z, so these terms
must be fed through inverters before being fed, via single-input AND-gates to the final NOR-gate,
as shown in the figure,
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®)
The expression for b derived in Question 5.4 part (b) is:
b=A.B+A.B which can also be written b=A® B
The expression for ¢ is:
c=A.BC+ABC+ABC+ABT
which can be re-arranged as:
c=(A.B+AB).C+(A.B+AB)C=b.C+bC=boC
The expression:
d=ABCD+ABCD+ABCD+ABCD+ABCD+ABCD+ABCD+ABCD
can also be re-arranged in a similar manner to give:
d=(AB.C+ABC+ABC+ABC)D+(AB.C+ABC+ABC+ABT)D
=t.D+c.D=c®D
Hence the comnplete decoder can be implemented by the circuit of Figure 5.17.

A o—9 a4
8 D ! é
c <
d
be ;]D
Figure 5.17

Question 5.7
(a)

The complete truth table is shown in Table 5.8. Note that the input codes have been written in the
order of the denary which they rather than in pure binary order, which previous
truth tables have used. This means that a little more care is required in constructing the resulting
Kamaugh maps. For your convenience in checking your solution, Table 5.9 contains the same
information, but with the input variable states listed in pure binary order.
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(®)
The Kamaugh maps are shown in Figure 5.18.
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Figure 5.18

Question 5.8

(a)

Possible sum-of-prod pressions for the output variables (there are altenatives) are:

a=AB+A.C.D+A.C.D+B.C.D
b=A.B+C.D+A.D+A.B.D
c=A.B+AC+A.D+B.D+C.D+ACD
d=AD+B.C+B.D+A.B.D
e=AB+AC+AD+BC.D+B.CD+ABC.D
f=AB+B.C+BD+ACD+A.BC.D
g=AC+A.C+B.C+B.D




(b)

The NAND-gate implementations of the logic circuits for the output variables are shown in Figure
5.19. The full gate requirement for cach variable has been shown, but in practice, gates producing
the same ouput fi would probably not be duplicated. For example, there would only be 4
inverters, one for each input signal (provided the gate fan-out was not exceeded); the function A.B
might be generated only once, even though it is required for both a and f; etc.
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Figure 5.19




Solutions

Question 5.9

As in Question 5.6 part (a), the best approach to the use of the PAL 14L8 device is, because of the
NOR gate outputs, to start with the logic functions for the complement of each output variable. This
means extracting the Os from the Karnaugh maps.

From the maps of Figure 5.18, the required expressions are:

a=ABC+ABD+ACD+ABCD

b=A.B.D+A.B.D+A.CD

c=ACD+ABC.D+A.B.C.D

d=ABD+ABD+BC.D

e=A.BC+ABD+A.CD+ABC.D+ABC.D

f=B.D+ABC+AB.C+A.BC.D

g=A.B.C+A.C.D+A.B.C.D
Clearly, there is a requirement for two 4-input NOR gates {tu genenm a and J), five 3-input NOR
gates and one 5-input NOR gate. H er, as in Q ions can be split into pairs of

product terms to enable 2- lnputNORgmmbeused.Fwemnpk.ﬂwemmmfm b can be re-
arranged as:

b=(A.B.D+A.B.D)+A.CD or b=(A.B.D+A.B.D)+AC.D
which can be implemented using two 2-input NOR gates and one inverter.
The expression for £ can be re-arranged as:

¢=((A.B.C+A.B.D)+A.C.D)+(A.B.C.D+A.B.C.D)

e=((A.B.C+A.B.D)+A.C.D)+(A.B.C.D+A.B.C.D)
which can be implemented using four 2-input NOR gates and three inverters.
So, to implement the whole logic circuit would rogmrc two 4-input NOR gates, twelve 2-input NOR
gates, 11 inverters (4 for the input variables and 7 for the NOR-OR conversions) plus the requisite
number of AND gates (32 in this case).

One PAL 14L8 is therefore not able to implement the whole circuit, and another one would be
required.

One PAL 14L8 could, however, implement the circuit to generate five of the required output
variables, as shown in Figure 5.20.
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Figure 5.20

Question 5.10

The truth table for the new problem will be the same as that of Table 5.8 except that the last 6 lines
of the table will contain all “don"t care” conditions.

The Kamaugh maps for the output variables will be similar to those of Figure 5.18, but will have Xs
(representing the don't care conditions) in six squares, as shown in Figure 5.21.

Selecting of Os to obtain the complement of each of the output variables, as shown in Figure
5.21 gives the following expressions.




a=A.C.D+B.CD

B=ZBD

c=B.C.

E=AD+AB§+ECD
e=AD+BC+C.D+ABD+B.C.D
f=B.Cc+B.D+A.B.C.D

¢g=B.C+A.CD
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Figure 5.21
Can these 7 d using only one PAL 14L87 Variables a and g clearly each

need a 2-mpul'.$l0R e wlll require a 4-input NOR plus a 2-input NOR, d can be implemented
using two 2-input NOﬁewlukfcm use the other 4-input NOR. Since b and ¢ can only be

by each utilising a 2-input NOR (even though they in no NOR function) b the only chip
outputs are from NOR gates, it seems as if the circuit needs one more 2- mpmNORgawrhmﬂ:e
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PAL 14L8 contains. However, if you look carefully at the expressions, you will see that # contains
the three terms (A.D+ A.B.D + B.C.D) which is the complement of d. So d and f can be generated

using the two 4-input NOR gates, while e can be generated using two 2-input NOR gates plus two
inverters as follows:

ée=A.D+BC+CD+A.B.D+B.C.D
=d+B.C+C.D
=d+B.C+C.D

So, e=m

The complete circuit can therefore be implemented using one PAL 14L8, as shown in Figure 5.22.
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6 SEQUENTIAL LOGIC CIRCUITS
QUESTIONS

6.1 (8) Figure 6.1 shows the timing diagram of signals applied to the § and R inputs of the
controlled bistable circuit of Figure 6.1 of the tex (page 261). Assuming Q is

initially 1, sketch on Figure 6.1 below the waveforms of the Q and @ outputs.

PO N 1
P nn ri

aQ

a

Figure 6.1

(b} Show that the circuit of Figure 6.2 is also a controlled bistable circuit and identify the
functions of the A and B inputs. Complete the timing diagram of Figure 6.3 to show the
variation in Q and 0.

SO r
P11 -

Figure 6.2 Figure 6.3
62 (a) Ui%ﬁ)ﬂumuluonmﬁmﬁ.l(b).dedmﬂzchmﬂtofaclmkad RS latch using only
N. gates.

(b) Complete the timing diagram of Figure 6.4 to show the changes occurring in @ and J
of this new clocked RS latch.
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w1 1 1 ] [

Figure 6.4

6.3  For the circuit of Figure 6.5, complete the timing diagram of Figure 6.6. Describe the
function of the circuit.

input 4 _lPR
1—2 a O Q-output s clock n n I'I I'I

1 —pc —>C =
a- a A
CLR | S

Figure 6.5 Figure 6.6

64  The circuit of Figure 6.7 has all flip-flops initially set to 1. It is then fed with clock pulses
until the flip-flop ocuputs are once more all 1s. Complete Table 6.1 to show all possible states

of the output word
e
—2 a o a o Qq o Q)
—pC > >c >C
‘_ ar r ar F ar
A B [ [
clock : |
v A
@ -] @ b

Figure 6.7




number of

clocl:F]scs qa qa qs @

Table 6.1

65  (a) Figure 6.29 of the textbook shows a 3-bit natural binary ripple up-counter. From the
description of that circuit given in the textbook, deduce and explain the operation of the
circuit of Figure 6.8.

Qs Qc

J G"—| 1- Q

1= W
clock — g5 >C —|—¢>C‘
1= X & 1-K @
Figure 6.8
(b} Figure 6.9 shows a 3-bit namul binary npple counter. What is the intended
function of the input X? By the timing diagram of Figure 6.10, deduce

whether the circuit behaves in the wxy in which the designer in

J
>C
K 3
Figure 6.9
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s /L1117 107 1

Q.

Figure 6.10

66 (a) Complete Table 6.2 for the circuit of Figure 6.11 and hence complete the timing
diagram of Figure 6.12 relating the waveforms at land 02 to the symmetrical square-

wave clock signal,
1 2
2l @ 0 0 nm e e
apv‘.:lses o1 @ Y N
0 0 0 1—K & X
3 1 7
3 clock
Table 6.2 Figure 6.11
w111 MM
a1
Q2
Fal| | | {
Figure 6.12

(b) By examining the timing diagram, deduce (i) the NOR-gate logic circuit and (ii) the
NAND-gate logic circuit which, using the fIi outputs and the clock as in can
produce a qﬁ“&mwmminveumddhclmmymm

at the bottom of Figore 6.12 (signal X).




Questions

6.7

68

{s) By using a table and timing diagram similar to those used in Question 6.6(a}, deduce
the way in which the ouputs G, Op and Q¢ of the circuit of Figure 6.13 are related to
the input clock waveform. (Assume that the initial state of the circuit has all Q outputs

equal to 0.)
Qa Q Qe
| !
Lol
>c —d>C —>C
|—K a X 8 L)
clock
Figure 6.13

ical

(b) What simple addition to the circuit of Figure 6,13 is required to produce a s
ouq;msmmewnvemahrquencyofunemnﬁofﬁwinputdockfmqnmcy?’

Section 6.6.5 of the textbook contains a description of a modulo-10 counter (page 284)
where the most significant bit prod a sy ical sq output at a uency of
one tenth of the input clock fi Using the method described 1n Secti .8 of the
textbook, complete the state table of Table 6.3 and then design such a counter using D fli
flops and NAND gate logic. Remember that, although there are counter states whix:g shou
never occur, your design must cater for the possibihity of such a state occuring erroneously,
and allow the correct state sequence to be rapidly re-established.

present state mts&mﬁ Olltzp‘lll

A B C D|E F G

0 0 0 0 1]
0 0 0 1 0
0 0 1 0 0
c 0 1 1 0
01 0 0 4]
01 0 1

01 1 0

01 1 1

1 0 0 0 1
1 0 0 1 1
101 0 1
I 0 1 1 1
11 0 0 1
11 0 1

1 1.1 0

1 1 1 1

Table 6.3




Sequential logic circuits

6.9

6.10

&sequenha]lug;carcmtlsmquu’od.b&sadonthcgmeml sequential machine of Section 6.8
of the textbook, to detect a of three consecutive 1s in a serial input bit stream. The
nurpmshouk:lmrmx]lybeﬂ butslmuidl:hangcto 1 on the third of the three consecutive 1s,
Should more than three 1s occur consecutively, the output should remain at 1 until the next 0
is received. An example of a possible input stream and the required output is shown below.

Input (carliest bit on the left) 0010110001110010110111111011100
Output 0000000000010000000001111000100
(8) Construct the state ition diagram for the required circuit.

() Construct the state table in both in the state symbol version (as in Table 6.6 of the
textbook) and in the binary version (as in Table 6.7 of the textbook).

(¢) Construct the state assignment table for the circuit and use this table to design the
required next-state logic circuit to implement the detector using AND gates, OR gates
and inverters.

{d) Sketch the complete sequential circuil.

An interface circuit to be attached to a computer has stringent power switching requirements
10 protect the computer’s operation. A power on-off switch on the interface controls the

pow:r to a]l inte; _circuits in the interface ble of sendi to the

i The switch itself ndes only a digital slgnnl to a separately-
powered sequl:nml logic circuit; the output of that circuit is used to energise a relay which
switches on the main interface power. The comp itself p her input to this

sequential logic circuit, a binary signal RUN which is 1 whcn the computer is switched on
but not executing instructions, and 0 otherwise.

You are required to design this sequential logic circuit to have the following characteristics.

(i) At initial powerhug[of the sequential circuit (not the interface) the power to the
interface must be whatever the position of the ON/OFF switch. At this stage, the

circuit should not respond to the RUN signal becoming 1 unless the ON/OFF switch is
OFF.

(ii) Once the RUN signal has become 1, changing the ON/OFF switch from OFF to ON
should cause the interface power to be switched on. Simi]a.dhpraﬂdmg the RUN
signal remains 1, changing the ON/OFF switch from ON to OFF should result in the
interface power being switched off.

(iii) Once the interface has been powered-up, a l:ha.ngc in the RUN signal from 1 to 0
should result in the interface power g of the position of the

ON/OFF switch, Only when the RUN si usmmorelsbouldnbepmbkto
switch off the interface using the ON/OFF switch.

Your design should be based on the g 1 describ ‘m"‘ i 6801'
the textbook. You should first devise an appmminm state-transition di

the state table and state assignment table to enable the next-state logic lmhe.dscl

Use only NAND gates and inverters for this next-state logic. Your complete circuit 1d
use a register with the smallest number of bits compatible with the specification of the
problem.




SOLUTIONS
Question 6.1

(a)
The completed timing diagram is shown in Figure 6.14.

Jnpnrng

. ni iHiMun

Figure 6.14
(b)
In the circuit of Figure 6.2, when inputs A and B are both 1, the @ and § outputs of the circuit are
the complement of cach other, and each may be either 0 or 1, as shown in Figure 6.15.

NAND
inputs | output

Figure 6.15

When only one of the inputs A and B becomes 0, the output of the corresponding NAND gate
becomes 1, the output of the other NAND gate becoming 0. Thus a 0 on input A causes Q to become

1(and { to become D), while a 0 on input B causes O to become 1 and hence output O to become
0.

The A input is therefore the SET (5) input to the bistable circuit while the B input is the RESET (R)
input.

If both A and B become 0 at the same time, the outputs of both NAND gates become | and the two
outputs are no longer the complement of each other.

The completed timing diagram is shown in Figure 6.16.
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Figure 6.16

Question 6.2

()

By mﬂuﬁy with the clocked RS latch of Figure 6.5 of the textbook, since the inputs to the cross-
coupled NAND gates of Figure 6.2 must go to 0 to perform the SET and RESET functions, the
clock can convcni.enﬂ‘g.l:e combined with set and reset signals in NAND gates, giving the circuit of
Figure 6.17. Notice the R and § inputs will need to be normally at 0, and to change to 1 to
perform the setting and resetting functions when the clock also changes to 1. This circuit therefore
behaves in exactly the same way as the circuit of Figure 6.5 of the textbook.

s
Q
clock
" a
Figure 6.17

®)
The completed timing diagram is shown in Figure 6.18. Notice the cross hatched arcas. These
represent times when the behaviour of the circuit 1s unpredictable. This is t both R and § are 1

ﬂ:eclockch:nnﬂafmm 1 to 0, and therefore the final state of the circuit will depend on delays
inherent in the N. gates, rather than on the history of the input signals.

a1 1 1 ™ [
a1 1 01 1

Figure 6.18
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Question 6.3

Considering Figure 6.5 and the timing diagram of Figure 6.6, since the initial output B from the Q
terminal of the right-hand D flip-flop is 1, the @ output of that flip-flop must be 0. The active low
CLR input ufiheleft-tmdﬂipﬂogisﬂmfuteomdﬂngouwofm flip-flop must also be 0.
‘This Q output is connected to the inmunfﬂaeaeoondﬂip—ﬂop.southefa‘liingedgeofmzmt
clock pulse the Q output of the second flip-flop must change to 0. This is shown on the timing
diagram of Figure 6.19 as the instant (a).

‘This change of state of the second flip-flop changes the CLR input of the first flip-flop to 1,
removing the asynchronous clear signal, but the first flip-flop output remains 0.

Because the clock signal is not connected to the first flip-flop, as long as the asynchronous preset
input PR remains at 1, no change in the state of the first flip-flop will occur. However, when the A
input signal (which is connected to this PR input) falls to 0 for the first time, the Q output of the first
flip-flop changes to 1 (instant (b)). At the next falling edge of the clock waveform therefore, the 0
output of the second flip-flop (which is the circuit output B) will also change to 1. At the same time,
the @ output of the second flip-flop changes to 0, so resetting the first flip-flop's @ output to 0
(providing the PR input of that flip-flop has by then returned to 1) (instant (c)). At the next falling
edge of the clock pulse, the second flip-flop’s  output returns to 0 because of the 0 at its D input

(instant (d)).
clock n n rl ]-I n

The circuit therefore, in response (o a single input pulse (or to several pulses occurring very close
together) produces a single pulse of accurately defined length equal to the period of the clock
signal. Sometimes, a single pulse generated at one part of a circuit can arrive at another part of the
circuit with “ringing” on it, caused by stray capacitances and inductances creating a resonant circuit.
The circuit of Figure 6.5 therefore up” such a pulse ready for use in other circuits.

Question 6.4

The completed table is shown in Table 6.4

Since the four ﬂip—l‘km: form a right-shift register, at each clock pulse the contents of the register are
to

shifted one place right (the right-most bit being lost), while the signal at the I input of the
left-most flip-flop is entered into the register. Since the signal at that D input is the exclusive-OR of
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Qc and Qp, its value can be deduced for each state of the shift register. [ have shown the value of
this input in an additional column in Table 6.4 called D1. Whenever Q¢ and Qp are equal, the si
Dlis();when:mﬂ:];{md:ﬂem’ t, the value of D1 is 1. The value of D1 in any state of the
register becomes the left-most bit of the register in the next state,

The pattern starts to repeat itself after the fifieenth clock pulse, and there are therefore 15 different
states of the register.

number of
c!wkgm %"‘ qn q‘; qn D1
1 1] 1 1 1 0
2 0 0 1 1 0
3 0 0 0 1 1
4 1 0 0 o0
5 0 1 0 o0}fO0
6 0 0 1 o]
7 1 0 0 1 1
8 1 1 0 o]0
9 0 1 1 (1} 1
10 1 o 1 1 0
11 0 1 0 1 1
12 1 0 1 0 1
13 1 1 0 1 1
14 1 1 1 ol
15 1 1 1 1 0
Tabie 6.4
Question 6.5
(a)

Assuming that the contents of all the flip-flops of Figure 6.8 are initially 0, the first clock pulse will

change the state of flip-flop A from 0 to 1. Its § output will therefore change from 1 to 0,

generating a falling edge at the clock input of flip-flop B. Flip-flop B will then change state from 0

Wafﬂng@u%chﬁiwdﬂip—ﬂwc"I‘Iwremlloflhisﬁmclockpulu'u
ore a change in the flip-flop contents from 000 to 111.

The second clock pulse will change the state of flip-flop A from 1100, its J output changing from
0 tol. This rising edge at the clock input of flip-flop B will not cause any further changes of state.
The second clock pulse therefore changes the contents from 111 to 011. Subsequent p change
the contents in the sequence 011 = 101 - 001 — 110 — 010 = 100 — 000. If Q4 is considered the
least significant bit and Op the most significant bit, this represents binary down counting. Writing
the bits in the order QcQpQ2a, the sequence is 000 —+111 - 110 —+ 101 — 100 - 011 — 010 - 001
—+ 000 etc. The circuit is therefore a 3-bit natural binary ripple down counter.




®

Examination of the circuit of Figure 6.9 indicates that either the  outputs of each flip-flop or the
outputs are gated through to the clock input of the next flip-flop by the signal X. If X is 1, the 0

output is connected to the clock input, if X is 0, the ﬁompulisoonnecwdwﬂnclockinpmm
circuit therefore appears to be a natural binary ripple up/down counter, where input X controls the
direction of counting; if X = 1, the count is up, if X is 0, the count is down.

The completed timing diagram for the circuit is shown in Figure 6.20.

w1 TT T
P ] 1
ol T T T 1T T 1T 11T

count ] 1 2 3 (] 3 20 13 2 1
Figure 6.20

The first two stages of the counter behave as expected for the first four negative clock edges,
coummgup()( 1) from 0 to 3 then back to 0 on the fourth edge. The fifth and sixth clock pulses
are also 1y, the count changing from O to 3 to 2 ( isnuw())atthemg:cmeedgwcf
the clock pulses. Things start to go wrong at the next change of X from 0 to 1, which initiates a
change of @2 which is not in synchronism with the trailing edge of the clock pulse. The count
therefore changes to O then 1 (the count should have changed to 3) before finally reaching the
correct count at the negative edge of the X pulse! The final count ends up being what it should be,
but there are two intermediate spurious counts.

The counter cannot therefore be said to be working as the dﬁlgner intended. The lem could be

avoided by ensuring that changes in X are sync th the negative edge of the clock pulse.
Question 6.6
(a) The completed table is shown in Table 6.5.
number of
clockpulses | 01 Q2 J1I Kl J2 K2

[1] [ T 0 1

1 1o 1 1 1 0

2 0 1 o 1 0 1

3 o 0 1 1 0 1

Table 6.5
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Because K1 is always 1, Q1 will toggle whenever J1 is 1 (i.e whenever Q2 is 0) and will change to
or remain at 0 when J1 is 0 (i.e when Q2 is 1). Q2 will take the previous value of Q1 at each clock
pulse.

cluckl_ll_ll_ll_ll_‘l_l

al [T 1
@l I T

Figure 6.21

®)

By examining the waveforms for the clock (C), @1 and (2, the truth table of Table 6.6 can be
constructed, and hence the Kamaugh map of Figure 6.22. (The two “don’t care” conditions occur
because the two (s are never 1 together.)

11|10 x |1
Figure 6.22

Table 6.6

{i) For the NOR-gate logic circuit, extract groups of 0s from the Kamaugh map, giving:
X=2+C.01=02+C+Q1

X:Qz+Z+EI

(ii)  For the NAND-gate circuit, extract groups of 1s, giving:

X=01+C.02=0LC.02




The two logic circuits are shown in Figure 6.23.

c
al £

9 8l »
3¢

Q2

Figure 6.23

Question 6.7

(a)
Table 6.7 shows the way in which the state of the circuit changes with each input clock pulse.

Table 6.7

The timing diagram is shown in Figure 6.24.

s L1 TT 1T T
ad [ 1 1

a 1 1
a 1 I

Figure 6.24

®)

The waveforms of Figure 6.24 are at a frequency equal to one fifth of the clock frequency, but they
are not symmetrical waveforms. If a waveform 1s generated which is exactly one half of the
frequency of any of the O outpats, triggered by the edge of a ¢ waveform, the result will be a
symmetrical squarewave at a frequency of one tenth of the clock waveform.
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The circuit of Figure 6.13, with the necessary addition, is shown in Figure 6.25.
Qa Qs Qe

b 4 I

J Q) J Q| 1
> —a>C

L
:

Q
Q

' output

XY S
o
)\
X
o
3
o
XY S
o
T

clock

Figure 6.25

Question 6.8

The complete state table is shown in Table 6.8, There are only 10 intended counter states, and
therefore there must be 6 erroncous states, which I have marked with an asterisk.

In constructing this state table, I have assumed that if the counter somehow enters one of the
erroneous states, it should, on the next clock pulse, be returned to the 0000 state ready to re-
its proper I have kept to the simplification of using A (the most
significant bit) as the symrmmui output waveform, which means that during the existence of a
spurious state, the cutput is 1 for some and 0 for others.

present state next state ougm
A B C D|E F G H

0 0 0 OJO O 0 1 0

¢ 0 0 1|O O 1 O 1]

o 01 00 0 1 1 0

o 01 1|01 0 O 0
01 0 0|1 0 0 0O 0

0O 1 0 1|0 O 0 O 0 .
01 1 0]0 0 0 0 o *
o 1 1 1|0 0 0 O o =
1 00 0)J1 0 0 1 1

I 00 1|1 0 1 0 1

1 01 0|1 0 1 1 1

1 01 1|1 1 0 O 1

I 1 0 0|0 0 0 O 1

1 1 0 110 0 0 O 1 *
I 11 00 0 0 O i he
1 11 1|0 0 0 O I .

Table 6.8




Solutions

(An equally valid alternative treatment for erroneous states would be to add a logic circuit whose
output was 1 for all valid states and 0 for any erroncous state, and to use this signal to
asynchronously clear all flip-flop outputs to the 0 state. This method would ensure a faster return to
the valid sequence, but since this clear signal would return to | as soon as the counter state was once
more valid, it would be possible (if some flip-flops cleared more quickly than others) for the counter
to be reset to a valid state other than DmO‘l“l';ac would also, clearly, be the possibility of changes of
state of the counter which were nol in synchronism with the clock.)

The state table can also serve as the truth table for the design of the next-state logic circuit b
considering A, B, C and D as the circuit inputs and E, F, G and H as the circuit outputs. The output
will be, as I have already said, the most significant counter bit, A.

From the truth table, the Karnaugh maps for E, F, G and H can be constructed. These are shown in
Figure 6.26.

co co
4 00 01 11 W A8\ o o u, 1w
wlo|ofo]o| w[ofo|le
al(|o]ofo| wjofo|o]e
uj{ofojo|o u|0{oj)o
w|G 111 D] wlofo (ﬂ 0
= —t
co o

A8% 00 01, U 10 A8N o0, 00 1

anf0|oOofjDOD|O otf 0| 0O | O

i
0
u|ojojo}|o ujlojojo|o
1| 0 ﬁ] 0 (q m_ﬂ ofo f_

Figure 6.26

The logic functions derived from the map are:

E=AB+ABC.D
F=B.C.D
G=B.C.D+B.C.D
H=B.D
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Sequential logic circuits

The counter will take the form shown in Figure 6.46 of the textbook (page 286). There will be no
inputs other than the clock signal. The next state logic must implement the above logic functions to
establish the inputs to the register ready for the next clock pulse. The output from the circuit is the
most significant bit of the carrying a sy ical square wave at a frequency one-tenth of
the clock frequency.

Using D flip-flops for the register the complete circuit is as shown in Figure 6.27.

oulput

dock pc a
Figure 6.27

Question 6.9
(a)
One possible state transition diagram is shown im Figure 6.28.

Figure 6.28
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Solutions

State a is the initial starting state, and the output is 0. A 0 in the input bit stream leaves the
sequential machine in this state. A 1 in the input bit stream moves the machine to state b, checkin,
fnrﬂweswonduunmmivel;lhcontputzsstl.l.lﬂ‘a\tlmpulmllrcmmthenw:innemsm:l,lf
input will move the machine to state ¢, checkin rthc dnrd consecutive 1. A 0 again returns the
machine to state a, a 1 will move it to state d wl t becomes 1. In this fourth state, a 0
will return the machine to its initial state, wlnleﬁmherls leave the machine in the state and so
maintain the 1 output.

()
The state table corresponding to this state transition diagram is shown in Table 6.9

present state next state output
= =
a a b [1]
b a c 0
c a d 0
d a d 1
Table 6.9

The state table with binary values substituted is shown in Table 6.10. The states are allocated
arbitrary binary numbers (so yours may be different from mine), but each state must have a different
number. For 4 states, a 2-bit register will be required.

present state next state output
TP=0 TP=1

00 00 (1] 0

01 00 10 0

10 00 11 0

11 00 11 1
Table 6.10

(c)

2‘?gnn‘aent table is shown in Table 6.11 and the Karnaugh maps for C, D and Z are shown
in Figwe 6.29. (See Figure 6.47 of the textbook for the significance of each variable. Z has replaced
P and Q of that figure.)

—o=o=00oo|f

R -1-1-1- %
P -1-L -1 Y
—o—mo=0~o|a
- - 1-1-%- [~]
——oooocooN

E
o
-
-
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1Mo|1]1}]0 1jfoj1]1]0 1ojpof1]1
[ D Z
Figure 6.29
The logic expressi btained from the K gh maps are:

C=AU+BU=(A+B\.U
D=AU+BU=(A+B\U
Z=AB

(d)

The complete circuit of the sequential machine is shown in Figure 6.30. Note the use of one D flip-
fhplommﬂntchmgﬂimUdonmucmratﬂ:emmtdwm:mcmbmnsc]onkedmmlhe
This that propag: delays inh lntbene:tmmluglculmmpnm
erroncous next state, | have assumed that the clock waveform has the same frequency as the input bit
stream and that the register is positive edge triggered. I have therefore included a negative edge-
triggered D flip-flop so that changes in U occur one half clock cycle away from changes in the

register contents.

L

c

8
o ) >
N
i ) S
input bit stream
g o a v
clock =
>C a-
Figure 6.30

Question 6.10

Figure 6.31 is one possible state transition diagram which satisfies the conditions specified in the
question. The circuit has two input signals, the ON/OFF switch 5 (1 = ON, 0 = OFF) and the signal
RUN from the computer. The change conditions of the state transition diagram are specified in the

order 5, RUN. There will be one output from the circuit, the signal P which switches the interface
power on and off (P = | means power on, P = 0 means power o
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Figure 6.31

‘When the separate supply to the sequential circuit is first switched on, the circuit is in state a,where
the main supply to the interface is off, whatever the position of the ON/OFF switch. (A switch-on
reset circuit for the register would need to be included to ensure this starting state.)

When the RUN signal from the computer becomes 1, the circuit must change to state b only if the

ON/OFF switch is in the OFF position. In this second state, as long as the RUN signal remains 1,
the circuit waits, with the power to the interface off, for the Ol switch to be moved to the ON

position. Should the RUN signal become 0, the circuit returns to the initial state,

When the ON/OFF switch is moved to the ON position, the circuit moves to a state ¢ in which the
interface power is on, In this state, moving the ON/OFF switch to the OFF position returns the

circuit to state b. However, if the RUN signal becomes 0, the circuit must remain in state ¢ to ensure
that the power supply 1o the interface remains on until the RUN signal again becomes 1.

The state table corresponding to this state transition diagram is shown in Table 6.12, where the next
state is specified for each combination of § and RUN in each state.

next state (C.D)
present state (inputs S, RUN) output
AB [ 10 11 2
a a b a a [1]
b a b a c 0
€ € b < [ 1
Table 6,12

Table 6.13 is the binary version of the state table. To simplify the logic, the unused combination of
Cand D (1 1) has been allocated the same output signal as state ¢, and the same next states as state
.
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Sequential logic circuits

next state (C.D)

present state (inputs 5, RUN)
AR 00 oplm 10 11 m?n
00 00 01 00 00 0
01 00 01 00 10 0
10 10 01 10 10 1
11 10 01 10 10 1

Table 6.13
Table6.14islhem-asmgummuhleda-ivedfrmTahlsﬁ.ISuilhA.B.Sandmmmd
the input variables and C, D and P considered the output variables.
ABS RUN cop
— 000

0001 010

0010 000

0011 000

0100 000

0101 010

0110 000

0111 100

1000 101

1001 011

1010 101

1011 101

1100 101

1101 011

1110 101

1111 101

Table 6.14

S RUN S RUN
A8 00 01 11 W A8 o 01 11 1o
wlojole]o wiof|™]o]o
aflo oMo aflofl1]]ofoe
u-_q 1] :1‘, rq ul( o 1 0 0
m__1J o (U L1} 10 l:l|l1 o|o

< D
Figure 6.32

Figure 6.32 shows the Karnaugh maps for C and D derived from Table 6.14. The output P is clearly
just the variable A.
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The logic functions for C and D are:

C=AS5+ARUN+B.S.RUN
D=5.RON

The complete circuit of the

ine is shown in Figure 6.33.

output 2
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7 ANALOGUE-DIGITAL CONVERSION

QUESTIONS

71 (a)

{b)

72 (a)

(&)
(e)

73 (a)

®)

(c)

A 4-bit D-A converter, using the circuit of Figure 7.7 of the textbook, has register output
voltages of +3.6 V (1) and +0.3 V (0). It has mtsturva]ne.sRl a2 I:ﬂmdﬂ‘z- 1 k.
Assuming that the output resistances of the ison with the
resistances of the binary weighted network, calculal.e the out ]pus voll.ngc of the converter
for each of the following input codes: 0000, 1111, 1000, 0100, 1100. Comment on the
linearity of the converter.

What is the maximum quantisation error of the converter if it is used to produce a
sawtooth waveform whose amplitude varies from 0.9 V to 10.8 V? What is the dynamic
range of the converter?

The D-A converter of Question 7.1 is to be modified to provide an output voltage of 0 V
for an input code of 0000, using the circuit shown in Figure 7.1. Calculate the value of
the resistor R3.

Bl ﬁ@“

Figure 7."
What will be the output voltage for an input code of 11117
By calculating the output voltage for an input code of 1000, check whether the circuit
change has affected the linearity of the converter.

The converter of Question 7.2 is to have resistor R3 changed in value so that the ou
;?iuge from the converter is zero when the input word is 1000. Calculate the new v
R3

With this new value of R3, calculate the output voltage of the converter for input words
of 0000 and 1111.

Aremvahnswhatmmldhavcupmd*%ylmhwmﬂuml voltage range
increased significantly from that of the converter of Question

"7



Analogue-digital conversion

74

75

76

7

(a)

®)

(©)

(a)

b)

An B-bit R-2R ladder network D-A converter uses the circuit of Figure 7.12 of the
textbook (but, of course, with an 8-bit register and 8 switches), with a reference voltage
of +2.75 V. The required output voltage for an input code word of 00000000 is 0 V and
for 11111111 is -1 V.Ipr:‘Okn what must be the value of R? (You may neglect
the ‘on’ resistance of the switches in your calculation.)

The same D-A converter is now to be modified to have zero lboxmfr.'rnmilzl:nnt:cmle
word of 10000000 using the circuit of Figure 7.14 of the tex bt with a positive
reference voltage source of 275 V, mrumanegauveune 'l'lwcunmtwun;e!wii
to be implemented using a -9.1 V source and a the req

value.

With this new circuit, calculate the value of the output voltage for input code words of
00000000 and 11111111, Compare the total volitage ranges of the converter in its
modified and unmodified form.

A lD-hlt coumcr ramp AD converter, as described in Section 7.3.2 of the textbook, is

I a signal with bandwidth 5 kHz. The signal amplitude is
such asm%mdirﬂofﬂwmulmmmmge The converter is preceded
by a sample 1d device. At what frequency must the converter clock run in order to
ensur:rérhqn every sample is converted to the maximum available accuracy of the
conve

If the converter is now changed for a 10-bit tracking counter ramp converter, what will
be the required clock frequency to give the same accuracy of conversion?

A 16-bit successive approximation converter is now used instead of a counter ramp converter
to sample the signal of Question 7.5. What is the required clock frequency for this converter?

Figure 7.2 is the schematic diagram of a system containing a successive approximation A-D
converter.

input sample
Lo and |+ aADconverter udﬂu:">

held 1]
digital
I T:‘i‘ recording
SAMPLE |  CONVERT . dedce
.| oore

i

ogic
clock | BN

Figure 7.2
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Questions

The converter is to be controlled so as 1o take samples at the fastest possible rate compatible
with its conversion time, The A-D converter is preceded by a sample-and-hold device. The
converter must be supplied with two binary signals from a sequential logic circuit which is
controlling the sampling process. SAMFLE (S) is a signal which, when equal to 1 causes the
sample-and-hold device to track the input voltage, and when equal to O causes the device to
hold the current analogue voltage value, This signal also enters the previous sample from the
A-D converter into a register where it is held ready for collection by the digital recordin,
device. CONVERT (C) is a signal which, when it changes from 0 to 1 causes the A-
converter to COMMEnNce Conversion.

The converter has one output signal DONE (D) which changes from 0 to 1 when conversion is
complete, and which changes back to 0 when the converter receives a CONVERT signal. This
signal is one of the inputs to the sequential logic circuit.

There is one other signal to the system, it is a RUN (R) signal from lhe device which is to
receive the digitized data. When this signal ct to 1, the | circuit muost initiate
taking samples, and when this signal changes to 0, the system must immediately stop
sampling.

Misisinislininininls
anl | L

SAMPLE, ﬁ I_I
CONYERT [_I

I—!
DONE I ]

Figure 7.3

You are required to design the se:%| uential logic circuit as an g
machine as described in Ch of the textbook. The clock stgna] o!' Fi 72and 7.3

zyﬁc}n-mises the operation of the sequential circuit. You should construct the state transition
iagram, the state tables {s mbolic and ) and the amc-nsmg:nmen: table in order to
design the next-state Iogic. logic circui be implemented using AND gates, OR
gates and inverters.
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Analogue-digital conversion

SOLUTIONS

Question 7.1
(a)
With the values specified for R) and Ry, the closed-loop gain of the operational amplifier is
=Ptk _,
R,
When all input bits are 0, the equivalent circuit of the input to the operational amplifier will be as

shown in Figure 7.4, Clearly, the voltage Vj, which is the input voliage to the op-amp, will be 0.3 V.
The output voltage of the converter will therefore be 3x 0.3V =09V,

Figure 7.4 Figure 7.5

When all the input bits are 1, by the same reasoning, the amplifier input voltage must be 3.6 V and
the converier output voltage must be 10.8 V.

When the i ulwm'dlslmﬂl.he uwaiemcucumsasshawnmﬁgwe?jandrhempmvollage
mmeamphrgefcmbe L ﬂnglhe perposition p as follows.

The contribution of the most significant bit will be {/ / stands for “in parallel with™):
(2R/ /4R /8R) Z36Vx 8R/7 =-s-x3.6V‘

3.6Vx =
R+(2ZR/ AR/ IBR) R+8R/T 15
The contribution of the next most significant bit will be:
0.3Vx R/ M4R]ER) =03Vx LD 4><tl3\||'

2R+(RI/MRIBR) 2R+8RI1 15
The contribution of the third bit will be:

(RINRIBR __o o BRA3 2 0.
4R+(R/ 2RI 18R) 4R+8R13 15
The contribution of the least significant bit will be:

0.3Vx
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(RI 2R/ 1AR) =03Vx AR =Lx0.3\"'.
BR+(R//ZR/I4R) BR+4R/T 15

Adding these contributions together gives:

0.3Vx

lr".-=%xlﬁv-l-%xﬂjV=1.92V+I114V-—-2.06V,

The output voltage from the converter is therefore 3x2.06 V=618V,
By similar reasoning, when the input code word is 0100, the input voltage to the amplifier will be:

v, =£xo.3v+ixlﬁv+ixo,3V+I—‘§xo.3v=l.lav,

15 15 15
The output voltage from the converter willbe 3xLIB V=354 V.

When the input code word is 1100, the input voltage to the amplifier will be:

8 4 2 1
V=—x36V+—=x36V+=x03V+—x03V=294V,
T 15 15 15

The output voltage from the converter will be 3x2.94 V=882V,

To check the linearity of the converter, these three voltages need to be compared with values

btained by linear i lation between the end-point values comesponding to 0000 and 1111
inputs. Since there are 15 intervals between 0000 and 1111, the difference between the two output
voltages (10.8 V - 0.9 V) must be divided by 15 to find the linear output increment. This value is
therefore 0.66 V.

Table 7.1 shows the output corresponding to each input code assuming exact linearity of the

converter.

—input code | output volage/V
0001 1.56
0010 222
0011 2,88
0100 3.54
o1m 4.20
0110 4.86
0111 5.52
1000 6.18
1001 6.84
1010 7.50
1011 8.16
1100 8.82
1101 9.48
1110 10.14
I 10.80

Table 7.1

i



Analogue-digital conversion

Comparing the calculated output values with the assumed linear values shows that the converter is
linear.

®)
The maximum quantisation error is equal to the output interval and is therefore 0.66 V.

The dynamic range is 20log,,(2" 1) = 20log,,15=23.5dB.
Question 7.2

(a)

With the circuit of Figure 7.1, the voltage at the non-inverting input of the lifier is +0.3 V when
the mput code i is moo (see ﬂl: solution 1o Question 7.1 part (a)). The 5 V supply is therefore

an equal voltage at the inverting input of the amplifier so as to balance the
vo-iugcanbenun-mvmmgm]m!mdsoa]bwﬂwmph T output o be zero. (Remember, the op-
amp output is an amplified version of the difference between the two input voltages.)

The output of the a.mphﬁer. together with the feedback potential divider Ry and R can be
d by its Thé circuit, as shown in Figure 7.6, where V1 = Vo/3 and Ry is
lhepan.llelcomblmmofR]andRzmdlslhmfmequﬂmzfjkﬂ.

W
I ke

Figure 7.6

Because the current flowing into the amplifier input terminals is negligibly small, the equivalent
resistance of the binary weighted resistor network plays no part in the calculations.

The required value of R3 can be calculated from Figure 7.6 as follows.

As already stated, when the input code word is 0000 the voltage at the non-inverting input to the
amplifier 1s +0.3 V. Assuming the amplifier to be ideal, the voltage at the inverting input must also
be +0.3 V while the amplifier output voltage (and hence V) is zero. So,

(5—0.3}V 03V-V; _03V

R, k Za

_47V
——— X 44 k2 =10.4 kQ.
T 03V %
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M)

When the input code word is 1111, the voltage at the non-inverting input is +3.6 V, so the voltage at
the inverting input must also be +3.6 V. The output voltage can therefore be calculated (again using

Figure 7.6) as follows:
(5-3.6)V_36V-V,/3
R, %m
1.4 Vx 24 kQ 26V
10.4 kQ ) of3
v‘,-ax(ssvu%v] ~105V.
(c)

When the input code word is 1000, the voltage at the non-inverting input of the amplifier is +2.06 V
(see solution to Question 7.1 part (a)). The voltage at the inverting input must therefore also be
+2.06 V. The output voltage is therefore given by:

(5-206)V_206V-V,/3

R, 24%Q
29V v
104kQ2 of3

= 3><[2 mv—iisv) =561V.

This value must be compared with the d linear value for an input of 1000 which, by analogy
with the calculation in Question 7.1 part (a) will be:
A05V-0V) o _sev
15 o
Within the limits of y of the calculation, the ppears linear.
Question 7.3
(@)

Since the voltage at both amplifier input terminals is +2.06 V when the input word is 1000, the new
value of R3 can be calculated using the circuit of Figure 7.6 as follows.

(5-2.06)\‘_ (2.06-0)V
R, 7k

294V

R=206v

%24k =0.95kQ.
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Analogue-digital conversion

(b)
For an input word of 0000, the amplifier input terminal voltages are both +0.3 V.

(5-03)V _03V-V,/3

0.95kQ kQ
M 03V-V
0.05kQ ) of

Vp=3x%(03V-33V)=-9V.
For an input word of 1111, the amplifier input voltages are both +3.6 V.
(5~3.6)V _36V-V,/3

0.95kQ k2
l.4Vx%m
= V-V
0.95kQ 36 of

Vo=3%(36V-098V)=T9V.

(c)

If you have been regarding the addition of the +5 V supply and R3 as introducing just a d.c. shift in
the converter output, you are probably surprised to find that the total output voltage range has
increased from the 9.9 V (10.8 D9V)urQoation7l{n)mlﬁQVinpan(b)afﬂlisquesﬂon.
The reason for this increase is that the voltage gain of the op-amp has also been increased by the
introduction of R3. The gain has been increased because, looking from the amplifier output into the
feedback network, Rj is effectively in parallel with R, so reducing its value. With an B3 of 0.95 kQ,
the effective value of R2 has been reduced to a little less than 500 £2. This reduction in B3 reduces the
feedback fraction f, in this case to about one fifth, and so increases the closed-loop gain of the
amplifier to about 5.

Question 7.4
(a)
When the input code word is 11111111, the current flowing in R will be 255/256 x I. Since the
output voltage is required to be 10 V, the required value of the current I will be given by:
255 2560 V
=22 =10V ... S .
‘J.'SGIXRF 10V or I= T35% a0 K0 0.25 mA

Now I'=V /R so R=V, /I =(275V)/(0.25mA) =11 k2.




Solutions

®)

When the input code word is 10000000, the current f; flowing in the feedback resistor in the
unmodified converter is /2 = 0.125 mA. To reduce this current to zero and hence obtain zero output
voltage, an offset current of 0.125 mA must be extracted from the virtual earth point. This can be
established using the 9.1 V source and a resistor of value 9.1 V + (.125 mA ~ 73 kQ.

()

When the input code word is 00000000 the input current from the R-2R ladder network will be zero,
so the t I in the feedback resistor will be just the offset current fopp (which is 0.125 mA) and
lheoulpmvuhagewﬂlbe+0.li§mﬁx40kﬂ +5V.

When the input code word is 11111111 the input current from the ladder network will be 255/256 x /
and the total hrough the feedback resistor will be (235/256 x I )-lopr. The output voltage is
therefore:
Vo= {256 1~ low | R:
=~{0.25mA ~0.125 mA] x 40 k2
=-5V.

The total output voltage range of the converter is 10 V in both the modified and unmodified form.
The addition of R3 has not affected the gain of the amplifier, merely introduced a d.c. offset to the
output voltage.

[The reason why the gain has not been affected in this converter (as it was in the converter of
Question 7.3) is that this time the non-inverting input of the amplifier is connected to 0 V, so that the
inverting input is a virtual earth point. The addition of extra resistance between the virtual earth and
0V cannot affect the overall amplifier gain from signal input to signal output.]

Question 7.5
(a)
To ple a 5 kHz bandwidth signal adequately requires 10 000 ples per second. The total

conversion time must therefore not exceed 0.1 ms.

A 10-bit converter requires 1024 clock pulses to change the output through its full range. If the
counter is reset to zero at the start of each , since the does not specify where in
the range of outputs the signal voltage lies, the maximum perrmued conversion time must provide
time for the full 1024 clock pulses.

The d clock frequency is therefore 10.24 MHz.
(&)
With a tracking counter converter, the maximum possible change in output between any two

successive samples is one third of 1024 (since the input signal amplitude occupies only one third of
the total input range) or 342 clock pulses.

.|
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Analogue-digital conversion

The required clock frequency is therefore 3.42 MHz.

[This is a very conservative estimate of the required clock frequency. If the bandwidth of the signal
15 5 kHz, since the amplitudes of the higher frequency components fall as the frequency increases,
the likelihood of a 5 kHz component at an amplitude eqml to one third of the total anjlable nm,gc is
extremely remote. A significantly lower frequency would therefore almost inly be ]

Question 7.6

A 16-bit Ve appr ion converter
(one CLEAR pu]sc plus one pulsc for each bit).

The required clock frequency is therefore 170 kHz.

quires 17 clock pulses to achieve cach conversion

Question 7.7

Figure 7.7 shows one possible state transition dsaﬁ:am for the sequential circuit, The input variables
are listed in the order RUN (R), DONE (D) ﬂwouq:mvm-inhlumljuedg:lheom
SAMPLE (§), CONVERT (C).

Figure 7.8 shows the link between the state transition diagram and the timing diagram.

The state table corresponding to this state transition diagram is shown in Table 7.2.

next state (¥.Z)
present state inputs (R.D) outputs (S,C)
(WX 00 01 10 11
a a a b b 00
b a a ¢ c 10
c a a d d 01
d a a d b 00
Table 7.2
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RUN
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DONE

‘The state table with binary values is shown in Table 7.3

The state-assignment table is shown in Table 7.4
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Analogue-digital conversion

The Kamaugh maps obtained from Table 7.4 are shown in Figure 7.9 and the logic functions derived
from these maps are:

Y=W.X.R+W.X.R+W.R.D

Z=X.R+W.R
§S=W.X
c=wX
RO "o
WAN 80 o1 a1 10 WAN w0 u »)
w|o|o)ofo wlofo L1_ 1
alo|o|GCID| w|lo]o]o]o
ufo]ofoff) ul ool 1)
w|o|o (1_._1) w|o|o]|[1]1]
¥ F2
#0 AD
w e 81 1 w o u
wlolo]o|o wlofla|lofo
MIIEEEED) NMEREAERE
u|ojojojo ufo (ojfojo
wlo|lofofo NOEREEED)
¢
Figure 7.9

The sequential circuit is shown in Figure 7.10

B

Z

doct‘—‘J

Figure 7.10




M and
82 A of program for a microp ists of the i ions shown below.
address instruction
B Toad the accumulator with the contents of location 80
34,35 branch if the accumulator is zero to location 47
36 decrement the accumulator contents
37,38 store the accumulator contents in location 80
39,40 load the accumulator with the contents of location 81
41,42 addwﬂuwcumlatwﬂumwntsoﬂwmunﬂl
43,44 store the in location 81
45,46 jump to location 32
47,48 load the accumulator with the contents of location 81
80 5
Bl 1
(a) Assuming that, prior to execution of the segment, locations 80 and 81 contain
r.hcnhmnhuwnhaﬂx:uhlo.whnmuzaﬂ after of
the instruction in locations 47 and 487
[Hint: list the contents of locations 80 and 81 each time the instructions are executed, ]
(&)  If the initial contents of location 80 had been n and the contents of location 81 had been
x, what would be the contents of the accumulator after of the i in
locations 47 and 487
8.3 An MC68HCOSB6 is to be set up so that port A and pins 4 to 7 of port B form a 12-bit data

input port, while pins 0 to 3 of port B and port C form a 12-bit data output port.

(a)
(b)

()

What data must be placed in which storage locations to achieve this?

Once set up, what instructions are required to (i) collect data from the input port and (ji)
write data to the output port?

What is the result of ing the following prog
been set up as described?

g assuming the ports have

addresses instructions
32,33 Toad the accumulator with 0
34,35 store the accumulator contents in location 1
36,37 load the mmulamr with ?_'5510

38,39 store the in location 2

40, 41 load the 1 mththe of location 0
ﬁ':g branch ﬂr&dd\e equal vith 0

v 1o are

46,47  jump to location 45




B4

85

(a)

®

{e)

(d)

A

addresses msl:mwuns

52,53 branch to 56 if they are equal

54,55  jump to location 40

56, 57 load the accumulator with 15

58,59 store the accumulator contents in location 1

60, 61 load the accumulator with 0

67..63 store the acc in location 2
continue

The A-D converter on the MC68HCO5B6 is required ges so
ltmanmpmuf+3Vgenemesadlsua]valwolemDOzmd of+38V
generates a value of 101100102, What must be connected to tenminals and VRL of
the microcontroller?

What short section of program is required to select channel 4 on the A-D converter

multiplexer, wait for conversion to be complete and then read in the converted value to
memory location 801¢. Assume that the progr gment starts at location 32p.

Give the dcnlrry (or hexadecimal) code for the instructions which select the channel, start
the conversion and test whether conversion is cumglete. (The two-byte instruction “load
the accumulator with the value n” has the 66 as the first byte and the number n

as the second byte.)

The MC68HCO5B6 is now required to sample the signals on all 8 1 input
channels in tum. The pmmsor is supplied with a quarlz crystal which fixes the
oscillator frequency at 4 that the i “load the accumulator with

a constant” takes 2 ciock cyclu that the instruction “store I.he accumulator contents in
location n” takes 4 clock cycles and that the instruction “branch if bit n is set” takes 5
clock cycles, what is the maximum permitted frequency component of the input

analogue signals?

step waveform has sample values O (prior to the step) and 200)¢ (afier the step). A digital

filter defined by the equation

Yo=x,-x,_,+08y,,

is applied to this sampled step waveform.

®
®)
©
«@

Calculate the output values and sketch the resulting output waveform,
What sort of filter is this?

If the sample time is 0.5 ms, what is the time constant of the filter?
With the same sample time, what is the cut-off frequency of the filter?

L)



Question 8.4

(a)

The difference between the digital values at analogue input voltages of +3 V and +3.8 V is 1100102
= 501¢. The input voltage difference is 0.8 V. The required A-D converter sensitivity is therefore 16
mV per bit.

The output code 000000007 therefore corresponds to an input of 3 V - (128 x 16 mV) = +0.952 V.
The output code 111111113 corresponds to an input voltage of 3 V + (127 x 16 mV) = +5.032 V.

Hence, +0.952 V must be supplied to pin VRL and +5.032 V to pin VRH.

()
The program segment will be:
addresses instructions
32,33 load the accumulator with 36)9
34,35 store the accumulator contents in location 9
36,37,38  branch to location 41 if bit 7 is set in location 9
39,40  jump to location 36
41 continue processing
The instructions in locations 32, 33 and 34, 35 select channel 4 and start the conversion.

Theinstmcti?nﬂ;nlocaﬁonsﬁﬁ.i!‘?andii&chukswheﬂnrhh?hasbcenminIwaﬁonQbylhe
letion o joo g

O]
The binary, denary and hexadecimal codes for the instructions are shown in Table 8.1
address binary decimal hex

32 10100110 166
33 00100100 36
34 10110111 183
35 00001001 9
36 00001110 14
37 00001001 9
38 00000010 2

S2888REZ

Tabile 8.1
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(d)
If the oscillator frequency is 4 MHz, the processor clock frequency is 2 MHz.

Selecting a channel and starting conversion uses one load a constant instruction and one store
and hence requires 6 clock cycles and takes 3 ps.

The c ion process requires 32 clock cycles and so takes 16 ps.
Checking for conversion complete requires 5 clock cycles and so takes 2.5 ps.

A g that the p of collecting the data can overlap with the next conversion process, the
total time for nhr.nuurlg one snmple on one channel is therefore 21.5 HS.

The total time le all 8 channels is therefore 172 ys. The maximum sample rate on
each channel is umefom umi us) = 5814 samples per second.

The maximum permitted frequency
ple rate, or approxi ly 2.9 kHz.

I of each analogue input signal is therefore half this

Question 8.5
(=)
Assuming that the step input occurs some time between samples 2 and 3 being taken, Table 8.2

shows the values generated at the filter output (x,-1 does not have a valid value until sample 2 has
been taken). These values are plotted in Figure 8.2

n Xn = Xp-1 -1 0.8 =Xy —Xp-] = 0.8
7 L — gl et =mtel
1 0 - 1] 0 -

2 0 0 ] 0 0

3 200 200 0 0 200

4 200 0 200 160 160

5 200 0 160 128 128

6 200 0 128 1024 102.4

7 200 0 1024 819 81.9

8 200 0 81.9 65.5 65.5

9 200 0 65.5 52.4 524

10 200 0 524 419 419

11 200 V] 419 33.6 336

12 200 0 336 26.8 268

13 200 0 268 21.5 215

14 200 0 21.5 17.2 17.2

15 200 o 17.2 13.7 13.7

16 200 o 13.7 11.0 11.0

17 200 o 11.0 8.8 B8

18 200 o 8.8 7.0 7.0




%
200 1
150
100-
50-
1 2 3 4 5 6 7 6 8 10 11 12 13 14 15 16 17 18 4

Figure 8.2
()
‘The shape of the step response of the filter indicates that it is a first-order high-pass filter.
{c)
The time constant can be estimated from the step response, since the output will fall through 95% of
its total decay in a time to 3 time constants. 95% of 200 is 190, so the time taken for the output
to reach the value 10 will be 3 time constants,

If the sampling interval is 0.5 ms, the time to reach 10 V is about (16 -3) x 0.5 ms = 6.5 ms,

The time constant is therefore 6.5 + 3 = 2.2 ms.

(d)

The cut-off frequency of the filter is given by @, T = 1 where Tis the time constant, so
o, =1000/2.2 rad s

and

=100 0 2.2 Hz
=72 Hz.




9 DIODES AND TRANSISTORS
QUESTIONS

8.1 (a)

®)

A thin cylindrical slmc of silicon has diameter 5 ¢m and thickness 0.4 mm. The
the flat faces is 100 L. What is the conductivity of the

silicon?

The temperature of the silicon slice is increased by 25°C. A ing that the conductivity
of silicon increases by 8% per "C, what will be the new slice resistance?

8.2 Silicon slices dimensionally identical to those of Question 9.1 are doped with:

(a)
{b)
(e}

acceptors to a density of 1022 m-3;
donors to a density of 1021 m-3;

donors to a density of 5 x 1020 m-3 and acceptors to a density of 102! m-3.

Calculate the resistance of each slice measured between the flat faces.

9.3 (a)

®)

(c)

)]

94 ()

®)
(€)

)

A piece of n-type silicon has a doping density of 3 x 1020 m=3 What is the minority
carrier density po at 25°C?

What is the minority carrier density at 25 °C in a piece of p-type silicon having doping
density 5 x 1021 m=3?

What will be the minority carrier densities of the two pieces of silicon at a temperature of
100°C?

For each piece of silicon, calculate the temperature at which the minority carrier density
becomes 10% of the majority carrier density.

The p-region of a pn junction is doped with boron to a density of 3 x 102! atoms m~3,
‘The junction is forward biassed by 0.5 V. What is the density of electrons in the p-region
next to the depletion region if 7=25 *C and K =40 V-1?

If the temperature increases by 20 "C, what is the new value of the electron density?

The same pn junction is now biassed with a voltage of ~-0.15 V. What is the
electron density in the p-region next to the transition region?

If the of the pn junction in (¢) i by 20 °C, what is the new value of
the electron density?
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Diodes and transistors

8.5

87

{a) A silicon diode has a value of /; of 3 x 10-13 A and a K of 40 V-1, Calculate the
ﬂu\u;ngmltudmdeatfwward bias voltages of (i) 0.5 V, (i) 0.6 V, (tu)lJ?de(nr)
0.8

() Re-calculate the values of current for a diode having the same value of I; but a value of K
of 35 V-1,

{¢) For the diodes of parts (a) and (b), calculate the reverse bias voltage at which the
amplitude of the reverse current becomes 99% of the saturation current J;.
In the diode equation In=f,[en°—-l].ﬂtmeoreﬁml value of K is g/kT where g is the charge

on an el k is Bol 's (1.38 x 10-23 ] K-!) and T is the temperature in
kelvin (see the margin note on page 392 of the textbook).

(a) Calculate the value of K at (i) 25°C and (ii) 50 °C.

(5) Foradiode with I =3 x 10-13 A at 25 °C, calculate the current flowing when the forward
bias is 0.6 V (i) at 25 "C and (ii) at 50°C.

(Remember, Iy will also be affected by temperature changes.)

A bipolar transistor having § =300, VA= 120 Vand Isg = 2 x 1013 Aat Vcg = 10 V is
connected in common-emitter configuration.

(@) If Vcg =5 V and Vg = 0.65 V, calculate the values of Ic, Ig and /g assuming that
K=40 V-1,

(b) What is the output resistance of the transistor at this operating point?




SOLUTIONS
Question 9.1
(s}

The equation for the resistance of a piece of silicon is R=1Ifoa where [ is the length, a is the cross-

sectional area and & is the conductivity of the silicon. Hence:

1.1 0.4 %107
=Lxt=001x—2X10___gp
=R xxx(leD"]/-l

=0.01x0.204Sm™"

=2.04x107" Sm™
()

If the temperature of the silicon is increased by 25 ‘C, the conductivity will rise by a factor of

(1.08) = 6.85, so the conductivity rises to
o=2.04x10"x6.855m™
=14.0x107 Sm™

Question 9.2

(a)

Conductivity =o, = N, qp, = 107 x1.6x107"" x0.045 Sm™ =72 Sm™
. 1

Hence the resistance =%’a=ix0‘204 0=28x10" Q

®)
Conductivity =0, = N,qu, = 10" x1.6x10™* x0.15 Sm™ =24 Sm™

Hence, the resistance =% a= x0.24 0=85x10" Q

1
21
(©)

Since N, =10" m and N, =5x10" m~,

Resulting acceptor density (N, - N,)=5x%10" m™.
Hence, =510 xL6x 10" % 0.045 Sm™' =3.6 Sm™'

and the resistance -ﬁxo.zm Q=56x10" Q
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For the p-type silicon, p, =5%10* m™ and so n, =5x10®m™
(1087 = SXI0¥X5x107/7 s =111x10°

log,o(11.1x10%) -

2T-50= 80 Aswsﬁm
T=175°C

Question 9.4

(a)
The equilibrium density of electrons in the p-region at 25 °C is given by

1
n =i=(l.5xlw‘) 5 _225%10%
?UN, 3x10Y 3Ix10¥
=0.75x10" m™

‘This density is increased by the forward bias by the factor
exp(K V,) = exp(40x 0.5) =® =4.85x 10"
The electron density next to the transition region is therefore
n,=0.75%10" x4.85x10" m™ =3.64x10" m™
(]
If the temperature increases by 20 °C, then n® and n,, increase by the factor (1.08)40 = 21.7.
The electron density in the p-region next to the transition region therefore becomes
n,=364%10" %217 m? =7.9%x10® m"
{©)
As in part (a), 1,0 =0.75x10" m™. This is changed by the factor
exp(K V) = exp(40x-0.15) =™ = 2.5x107
The cl density is therefi
n,=0.75x10"x2.5x10” m™=19x10" m™

()
With a 20 °C temy i the el density will be
n,=19x10'x2L.7 m™ =4.1x10° m™

1“4



Diodes and transistors

Question 8.5

(a)

(i) Using the equation [, = J;(e™ —1) with ;=3 x 10-13 A, K =40 V-land Vp =05 V,

By=3x10""x(e®~1) A = 3x10™?xe® A =015 mA

(ii) When Vp=06V, [, =3x10"xe* A =7.9 mA

(iif) When Vp=0.7V, 1, =3x10"xe® A =043 A

(iv) When Vp=08V, ], =3x10"xe" A =24 A
This last result, while correctly calculated from the formula, must not be taken too seriously.
Firstly, with such a voltage and current, the power dissipation in the device would be almost
20 watts, enough to melt all but high power silicon rectifiers. Secondly, the bulk resistance of
the silicon from which the device is made would, at such a current, cause voltage drops which
would reduce the forward bias of the junction very significantly. Thirdly, for a diode capable
of carrying a current higher than tens of milliamps, a value of K of 35 V-! is a more typical
value, giving more ble values of as you can see in part (b) of this question.

(b)

With J;=3x 1013 Aand K =35 V-1,

(i) When Vp=05V, I, =3x10""xe™ A =12 pA

(i) When Vp=0.6V, [, =3x10"" xe* A =0.4 mA

(iii) When Vp=07V,J, =3x10"xe** A =13 mA

(iv) When Vp=08V, I, =3x10" xe® A =0.43 A

©

Using the equation In"fs{e "ﬁl}wrﬂjaverylu'genegm“ulueo”fnglmfn ~I;, so the
ever bias a value (provided breakdown of the junction does not occur)
of-Ig,

Hence, to find the diode voltage at which the reverse current reaches 99% of the saturation value, for
the diode with K =40 V-1,
—0.991, = I(e™ - 1)= k(e 1)
e _1= 099
e = 0.01
40V, =In0.01=—4.6
Vo= =012 V
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Diodes and transistors

Since =300, &= f/(1-B)=0.997.So, I, = &l =39.0 mA and /, = I./B =0.13 mA.

These are the values at Vg = 10 V. To find the currents at Veg = 5 V we use equation 9.13 of the
textbook (page 392) as follows:

VA+V,
Ic=msmx—m.mjwm constant = —1cVA_
VA VA+Vg

Hence,
I.x120V - 39.0mA X120V
120V+5V 120V+10V

I =39.0mAx 123, =37.5mA.

Iy=1I./B=0125mAand I, =l +/,=37.6 mA,

®)
The output conductance can be calculated using the equation
- IG =3'.-'.5m

S S YAV 125V

=0.3mS

Hence, the output resistance r,, =1fg., =(1000/0.3) Q=33 kQ




10

ANALOGUE TRANSISTOR CIRCUITS

QUESTIONS

104 (a)

®)

(e}

A bipolar transistor has § = 400 and VA = 60 V, What are its equivalent circuit
parameters when operating at Ic = 1 mA and Veg=30V?

An NPN transistor is specified by the manufacturer as having a g of 100 and an rg of
11 k2 when operating at a collector current of 15 mA. and a collector-emitter voltage of
10 V. What will be the values of gm, g and g when Ic = 10 mA and Veg =5 V?

AbiBolarPNPmsislmllﬂsn= 1 k2 and ry = 35 k) when operating at I = 5 mA
and Vg = 15 V. What are the values of f and VA, and what are the values of gm, g; and
gowhenlc=2mA and Veg=3 V7

102 A current-mirror current source having the circuit configuration of Figure 10.7(b) of the
textbook (page 422) has +15 V power supplies and is required to supply a current of 50 pA.
The value of Ry is 20 k£2; what is the required value of Rg?

103 (a)

®)

()

The current-mirror current source of Question 10.2 has Rg changed to 10 kQ. Show
that the value of the output current is defined by the equation

Irl["ll f“)::-ix 10°1,

where Iy and oy are in amperes, and the value of X for the base-emitter junctions of
the transistors is assumed to be 40 V-1.

The value of Ry is changed to 33 kil so that /| becomes 890 pA. By completing Table
10.1, and then adding further entries for appropriate values of lyy, calculate the value
of gyt to an accuracy of 1% or better.

| fow | DMow | Inlhflow) | 4x105
1 uA
10 pA 89
100 pA 89
Table 10.1

If R} is now changed to 10 k€2 and Rg to 15 k€2, calculate the new value of the output
current to an accuracy of 1% or better.

104 A common-emitter amplifier having the circuit of Figure 10.11 of the textbook (page 429)
has the following component values: Rg = 1 k{J, Rc = 4.7 ki, Ry = 100 kf2, R2 = 22 k) and
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Questions

10.7

108

(b)

(c)

(a)

(b)

e

22kn

(a)

What new gain would result from increasing R to 1.8 k£ without changing any other
c‘::t:uit cgmponents? What would be the new maximum output signal amplitude before
clipping?

Calculate the new value of Ry required to set the d.c. collector voltage to 5 V with this
increased value of Re. Re-calculate the gain of the amplifier. Comment on the result
obtained.

If, in the circuit of ansunn 10.6, the circuit conl"gurauon and the value of the load
resistor are fixed, and the cannot be changed, what type of changes to Ve, Rg
and Rp will allow the gain to be increased to at least 120 when the required maximum
output signal amplitude (without clipping) is 4.8 V? Calculate suitable new values for
the changed components to give this new gain.

Instead of the component changes suggested in (a), the gain is to be increased by using
a dynamic load on the transistor as in the circuit of Figure 10.2. What will be the gain
of this circuit? (Assume that T1 and T3 have the same output conductance g.)

‘What simple addition to the circuit of Figure 10.2 will change the gain to 120?

=15Y

Figure 10.2 Figure 10.3

A long-tailed pair amplifier has the configuration shown in Figure 10.3. The output
voltage V, is required to be 0 V when Vs is zero, and to have at least a
M&ulnyﬂls:gﬂa[lspmmmumhuw‘ =110 V and f = 60.
signal source has internal

(i)  Suggest a suitable value for the operating-point base voltage of the

(ii) Calculate the value of Rg to give an operating point output voltage of 0 V.
(iii) Calculate the required valve of Rp.
(iv) Calculate the gain of the amplifier.




(&) The tail resistor in the long-tailed pair is now replaced by the current source shown in
Figure 10.4,

+15Y

A Ag A
S6kn

Figure 10.4
(i)  If the operating point output voltage is to remain 0 V, calculate the new values of
Rc and Rp.

(ii) Calculate the new gain of the amplifier.

(c) A load resistor of 5 kL2 is now connected between the amplifier output and the 0 V line.
(i) Calculate the new amplifier gain.
(ii) For signals, as far as the load is concemed, the circuit of Figure 10.4 can be

represented by a Thévenin or Norton equivalent circuit. Evaluate the Thévenin
and Norton equivalent circuit components in terms of Vy

10.8 (a) The transistor in the circuit of Figure 10.5 has § = 100 and VA = 90 V. What value of
Rp will give an output d.c. voltage of 0 V?
+12¥

Figure 10.5
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10.10

®)
(c)

(e)

If R = 120 kL2, calculate the output d.c. voltage.

The transistor ified by the manufacturer as having a typical value of § of
100, but with diffe vices having a range of values of j from 50 to 200. If Rp is to
made up of the senes connection of a resistor and a pot (connected as a variable
msistm)soanohcableto adjust the output d.c. voltage to zero whatever the g of the
transistor (within the specified range), what is the minimum value of the pot's
resistance?

If Rp is fixed at 120 k€, what is the range of values of the output voltage which could
be obtained with this transistor type?

Calw]alcthcmpmandoutpu{ms:moeoflhcumutwhenkg is 115 k€ and g = 100,
given that a load of 500 £ is hed, that the of the source of Vj is 10 kQQ
mdmmewmoeufﬂncapacmnsneghg:bh.

In the amplifier circuit of Figure 10.6, I} = 200 pA, /2 = 2 mA and f3 = 20 mA. The output
voltage is zero when the input voltage is zero. The transistors have the following parameters:

(a)
®)

()

NPN transistors, B=100, VA=100V
PNP transistors, A=200, VA=60V

Calculate the values of all resistors in the circuit.

Calculate the vol gain of each stage of the amplifier and hence calculate the overall
voltage gain of the amplifier when the source resistance of the input signal is
negligible.

Calculate the input and output resistance of the amplifier.

v +15Y

A ﬂ] Ra
15
T T2 T6
Az — o
w,q , P
' 73 Vout
A4 oy

T4 T3

15¢
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Anajogue transistor ci

SOLUTIONS
Question 10.1
(a}
8a=Kl. =40V x10” A=40mA V"
& = 8,/ = (40/400) mS = 100 p5
-3
gﬁ'ﬁfﬁf(&ﬁf)‘v:""s
®)

¥,
From the data given, since r, =I,J’g,=-g'-‘T+-—1. VA = Ior, = Vg Hence,
c
VA=15%10" Ax11x10°Q-10V =155V

Atlc=10mA, Veg=5V,
=K. =40V %107 A=400mA V"'
8 = 84/ =(400/100) mS =4 mS
1, 107 A
_— - " 63
& Vaive ssanv K

©
Atlc=5mA, Veg=15V,
8= Kl.=40V"' x5x10” A=200mA V"'
&= 8a/P 50 B=38./8 = 8.5, =200mA V"' x10° Q=200
VA= I,V =5x10" Ax35x10°Q-15V=160V

Atlc=2mA,Vcg=5V,
fo=Kl =40V "' x2%10” A=80mA V'

& = 8./P =(80/200) mS = 400pS or r, =25k
)
I _2x107A

- =210 A =82.5kQ
VA+Ve (60+5)V 2PN

£

Question 102
The voltage drop across R; =30V -0.65V =2935V.

With Ry =20k, I =29.35 V + 20 kQ = 147 mA.
When the output current is 50 pA, %_ =14704,=29.4.
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Question 10.4
(a)

As a first approximation, assume that the current through Ry and R7 is much greater than the base
current of the transistor (we will check this assumption later).

‘The current through R and Ry is therefore [=9 V{100 +22) kil=T4 pA.

The voltage at the base of the transistor is therefore 9 V x 22 kQ + 122 k2 =1.62 V.

Since the base-emitter voltage of the transistor will be very close to 0.65 V, Iheermmrvolugemust
be close to 0.97 V. Tlncmnt!hmughkemlsz&mfmbcog?v+lkﬂ 0.97 mA. Since the
current gain f is large (200), this is also the value of the collector current.

The collector voltage is therefore (9 V - 097 mA x 4.7 k) =44 V.

‘The base current of the transistor will be 0.97 mA + 200 = 5 pA, which is much less than the 74 pA
flowing through Ry and R; .

[If you wish, the values of the voltages and currents at the operating point can be re-calculated,
allowing for the base current. The calculation proceeds much as the one above, except that the
calculation of the base voltage of the transistor is slightly more complicated.]

If the current through K2 is assumed to be J pA then the current through Ry is (/ + 5) pA and the
equation for the bias resistor chain becomes:

(T+5)x10* Ax10° Q+Ix10° Ax0.22x10°Q=9V
This gives I = 70 pA and hence a base voltage of 70 pA x22kQ = 1.54 V.
Repeating the calculation as above gives: Vg =0.89 V, [g = Ic =0.89 mA, Ve =4.8 V]
(®)

Using the equivalent circuit of Figure 10.10 of the textbook (page 426), the current equation at node
2, neglecting g is:

BnVio + VeuBo t Vou8c =0
and so the gain of the amplifier is given by:
A =Vosf o _En
O R

Now gm = Klc. where K = 40 V-1, and /. = 0.97 mA (using the approximate values calculated first
in part (a)), so

v, 40V~ x0.97 mA

A= % = ———

TT19uS+213p8 -167
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v x107? AV
The gain _u.:__sn_=_L=|3?
Ve  Bt8ct8  (B3+147+100)pS
Vv V.
The amplifier gain E?:—f-x;l 50 we need to find Vip/V;, and to find this ratio we need to
know the input resistance of the amplifer. This input resistance will be the reciprocal of the sum of

giand g, i.e.
Input resistance = R, = /(560 +1.2)pS=1.8kQ

v 18k Vo VY,
Hence, Yoo 18K 405 ng You o You Vi _ 137500752103
Y, T 18kn+60 0 v, v,V

Hence the amplifier configuration of circuit (a) has sufficient gain to satisfy the specification.

For circuit (b), assume, as in Question 10.4, that the current through the base bias resistor chain is
much greater than the base current. This current will then be:

I=12V[(56+9.1)kQ =184 pA.
The voltage at the base of the transistor is therefore 12V x 9.1 k2 + 65.1 kQ=1.68 V.
Since the base-emitter voltage of the transistor will be very close to 0.65 V, the emilter voltage must
be close to 1.03 V. The current through Rg must therefore be 1.03 V + 1 kQ = 1.03 mA. Since the
current gain §is 63, = /(1 + §)= 0.98 and the collector current /¢ = 1.03 mA x0.98 = | mA.
We can now re-calculate, allowing for the base current of the transistor.
The base current of the transistor will be 1.0 mA + 63 = 16 pA.

for the I through resistor Ry of the base bias voltage chain (/in mA) will now

';lw q
56 kQx(1+0.016) mA + 9.1kl x/mA=12V
65.1k0x/=12V-56k0Qx0.016 mA=11.1V

I=1L1V+651 k=170 pA

The base voltage is then 170 pA x 9.1 k2 =1.55V, and the emitter voltage is 1.55 V - 0.65 V =
090V.

This gives a more accurate value for /g of 0.9 mA and for /c of 0.9 mA x 0.98 = 0.88 mA.
The collector voltage will then be 0.88 mA x 6.8 k{2 = 6 V as required by the specification.

The values of gm, gi andgy will be the same as for circuit (a), as will gc and gi, so that the gain
V,./V,, will be 137 as before.

The input resistance of the amplifier will this time be the reciprocal of the sum of gj, g1 and g2,
where g; = 560 uS, g1 = I/R) = 18 mS and g2 = 1/Ry = 110pS.
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ie. Input resistance = R, = 1/(560 + 18 +110) pS=1.45 k0

v, 145 kQ vy VoV,
= —— =071 and - =St x_0=137x0.71=97
Hence, = L5k +600 0 v, v,y T

Hence the amplifier configuration of circuit (b) does not quite have sufficient gain to satisfy the
specification, but is very close to it.

®)
For the circuit of Figure 10.1{a), the input circuit time constant is

1
t-t’.‘x[& vy ){] [561“3+6000]=Cx2.38kﬂ

If the low-frequency 3 dB point is to be 200 Hz = 400x rad s-1, then 400n7 = 1.
400 x Cx2.38 k2 =1
C =1/(400m x 2.38 k(1) = 0.33 pF

So C must be at least 0.33 pF.
For the circuit of Figure 10.1(b), the input circuit time constant is

1
f_cx[s.ﬂ.m R‘) ({sao+1s+1w}ps’6°°“]
= Cx(L45 k2 +600 Q)

=Cx2.05kQ
Hence C 2 1/(400% x 2.05 k€}) = 0.39 pF
Question 10.6
(a)

Unless otherwise specified, the operating d.c. collector voltage of a transistor amplifier is
imately half the supply volmge 1o allow cqual si amplitude either side of the operating

point. In this case th voltageis +5 V,

The operating collector current is then /e =5 V + 1.2k =4.2 mA.

The required base current is therefore 4.2 mA + 300 = 14 pA.

So, required value of Rp = (10 V - 0.65 V) + 14 pA = 670 kQ.

Using the equivalent circuit of Figure 10.10(b) of the textbook,




To achieve this, Voc needs to be increased as well, so that the increased d.c. voltage drop across Re
does not reduce the collector voltage below the level necessary to achieve the required output
voltage signal amplitude.

For an output signal amplitude of 4.8 ¥, a d.c. colk ltage of 5 Visa q

For example, if a Vo of 15 V is used, Re could be increased until the voltage drop across itis 10 V
when the original collector current of 4.2 mA is flowing through it. This would give a value for R¢
of 10V +42 mA =24 k) and a gain of
=1 -3
Voo S0V x42x10°A o
V,  (25+417+1000)pS

which is close to the required value.

With the same value of Ve, alowervail;le of Re, m'?l??:l:ed;:kuﬂl.“ :mﬁ:asemﬂlemllectordk.t
current /c would give even greater gain. urcunple,: and the voltage drop across
|sst|lltobe[0t_\fﬂ:coolloctnrmmn1m increased to 5 mA (by reducing the value of Rg), so
giving a gain of

.3
Vog . 40VIx5x107A .,
v, (2s+5oo+1mo)us
Clearly, there is a value of R which will satisfy the specification, and to d ine that value

without resorting to trial and error, we can use a mathematical approach. At the same time, I will
revert to the original concept of the optimum collector voltage being just half the supply voltage.
For a small-signal gain of exactly 120,

Vou - 120240V

2 {251+ g +10005)
which gives

I =3V x(25p5 + g, +1000 uS)

=3Vx1025uS+3Vxg.

=3.075mA+3Vxg,
Re-arranging, we get gc -19;3‘3—0:—,5’-"-‘1 or *"Ifg'u‘;sj m
If the d.c. collector voltage is to be half the supply voltage, then [ .R. =V /2
Fromegquation 1, 3V =V/2— R x3.075mA

-6V

which can be re-arranged to give R.= -ﬁm

So, for any chosen value of Vo greater than 6 V, a value of R¢ can be found which will give the
amplifier the required gain of 120, However, to meet the output signal amplitude criterion, we have




©)

(i) Ifn]oadmsiuorRLnimisnowoomnecwdwﬂuoutpm,llmpinis:

—{f

=24

10.4%10°
=x

+gc+gL 19%107 +200x 10

(ii) For the Thévenin equivalent circuit, the voltage source VT is the output voltage with the load
removed, which is 274 x V5. The resistance Rt is the output resistance of the amplifier without

Ry which is 1/(go + gc).

Hence, V;=

1 1

=274V, and R, = ——=————=53k}

g, g 19%10°S

For the Norton equivalent circuit,
Iy =Vi[R =274V [53kQ =52 mSx V|

R, =R, =53k

Question 10.9
(&}

1f the d.c. output voltage is zero, then fg = 12V + 1.2 k(2 = 10 mA.
Since f=100, a=0.99 and so Ic =9.9 mA and Iy =99 pA.
Hence, Rg = (12 V - 0.65 V) + 99 pA = 115 k2.

o

If Rg = 120 k€2 and the d.c. output voltage is V|, then, in the emitter circuit,

In the base circuit,

But
So,

V, = (~12V)=J; x1.2kQ
&=v+uv
12 kQ
12V =(V, +0.65 V) = I, x120 kQ2

V412V

Iy=1.[B=1/B= m

12V —(V,+0.65V)= I, x120kQ=V, +12V
-0.65V =2V,
V,=-0325V.
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Solutions

In this calculation, g, is negligible in the and gm is by far the largest term in the
denominator. In this case therefore, the simpl i 8(8: +8.)/8, =(8c + 8 )/B could
have been used, and would have given the value 28 uS for l.he mpul conductance.

The input resi is the reciprocal of the input cond, and is therefore 37 k€L

The output resistance can be found using equation 10A.9 of the textbook (page 456), since the
requirement that g gg and g, are much less than g is satisfied, as is the requirement that g, is
much less than gg.

The source resistance is specified as 10 k£, so g5 = 100 pS, while gp =1/Rp = 8.7 uS.

So,

=!Ss+h!&.+&h - 109 % 396m+396x&33us

E+E& T8 505
=9200uS

The output resistance is therefore = 110 Q.

Question 10.10
{a)
The total current flowing in Ryis [3 + [2 =22 mA, so Ry =15V + 22 mA = 680 Q.

The voltage across R is the base-emitter voltage of T6, whlch is very nearly 0.65 V. The current
flowing through R3 is 2 mA, so R3=0.65V +2 mA =325

The base current of T6 is 20 mA + 100 = 0.2 mA, so the total collector current of T5 is 2.2 mA.
The base current of TS is therefore 2.2 mA + 200 = 11 pA.

The emitter current of T2 is one-half of the “tail” current and is therefore 100 pA. Since the current
gain f = 100, the collector curent will be 99 pA and the base current will be 0.99 pA.

The current through R3 is therefore 99 pA - 11 pA =88 pA.
The voltage across R is the base-emitter voltage of T5 and so R3=0.65 V+ B8 pA =74 ki)

For I to be 200 pA, the current through R} must be 200 pA, so
= (30 V - 0.65 V) + 200 pA = 147 kL.

®)
(i) The long-tailed pair.

The voltage gain of the long-tailed pair is A, = §x—3‘1—
Byt Bt 8y
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where
8oy = Kley =40 V™' X100 pA =4 mA V™

Iy _ 99 pA oA

VA+Vg, 100V+(15-0.65-(-0.65)V 115V

=l/R, =13548

_Enumv“xznm

8is .B 200

By = 86 |.IS

=400 S

The voltage gain of the long-tailed pair is therefore:

4mA vV 2000
A T 15 a0 s 5%

The common-emitter stage.
The commeon-emitter stage gain is A; = £osRy waty = Bums/ Buowanty WHETE 81y = Bints) + Bos:
&in(s) is the input resitance of the emitter follower stage. For this emitter follower, the resistor

R1 is directly in paralle]l with the g; of T6 and therefore results in the equivalent circuit of
Figure 10.7 (compare this circuit with the equivalent circuit on page 455 of the textbook).

Figure 10.7

The results derived in Appendix 10A of the textbook must therefore be modified by puttin
gp = 0 and replacing g; with (g; + g3). There is also no load on the emitter follower so g = g
The modified form of equation 10A.4 of the textbook is then:

o B+ 2808 +8)

&
B Bos B H (81 + 81)+ Eus

where g, =Kl =40 V"' x20 mA =800 mA V™, g, =g_,/B=8000 S,

I, 20 mA

= = . =t =
YR, = 3080, 8 = = Tisv

=174 S and g, = /R, =1470 1S




_ {8000+ 3080)174 +1470) us
Bt = 17471470+ (8 000 + 3 080) + 800 000
11000 1600
soo
=22us
Now gae—to o 22mA .o

VA+Vg, 60V +(15-0.65V

B _40V'x2.2mA

= 1700
Xnm*'So: 52us

Finally, A, =

(iii) The eminter follower.
The gain of the emitter follower is very nearly 1.
The overall amplifier gain is therefore 3.7 = 1700 = 6 300.

{c)

The input resistance of the long-tailed pair is the sum of the input resistances of the two transistors
and is therefore equal to 2/g;. With 100 pA current in cach transistor, gm = 4 mA V-! and g; = gn/f
=40 pS.

Rﬁ}{pﬂt resistance of each transistor is therefore 25 kL and the input resistance of the amplifier is

The output resistance of the emitter follower is given by equation 10A.9 of the u:xtbook {page 456)
amended to suit the new equivalent circuit (Figure 10.7). The amended equation is:

g, = SusBue ¥ (8 + 808,
- Bas s+ 8)
where g,, =30 S, g,, =800 mA V™', g, =8000 S, g, =3080 S and g, = 1470 S.

Hence,
_ 30800000+ 11080 x1470

l 30+11080
and the output resistance =r,, = /(3630 uS)=2754Q.

= 3600 S




11 BASIC TRANSISTOR DIGITAL CIRCUITS

QUESTIONS
111 Figure 11.1 shows the d.c. of the i :nthccuw:tongu:el]ZThe
lnputvol‘n,gecanonlyheelitlermﬂlebmd()m-l-().j\-’onnthehmdﬂVto+$
To/ut
24
Tofea
8+ 50
74 ]
0
5
%
57 30
4 -]
3 0
15
FE
10
b 5
Y
1 2 3 4 5 8 7 8 9 10
Figure 11.1 Figure 11.2
(s) By constructing a load line on Figure 11.1, determine whether the output voltage will
also be in one or other of these two voltage bands.
(b) 1t'aIoadr:s:mrofiildllsnowoonnecwdbetweenﬂlcontpmmdlheﬁ\l’hne,wd]
the output voltages now lie within the two specified voltage bands?
(c) If the output voltage requirement is not met in (b), what changed value of (i) Rg or (ii)
Ry will satisfy the output voltage requirement?
112 The circuit of Figure 11.2 is now required to have a noise immunity of 0.7 V at the input, so

that when the input voltage is between —0.7 V and +1.2 V, the output should be between
+4 V and +5 V, and when the input is in the range 3.3 V to 5.7 V, the output should be in the
range 0 Vio+0.5 V.

(a)
(b)

)

Will the original circuit without the load satisfy the requirement? If not, why not?

Is there a combination of values of R¢ and Rp which will enable the circuit to satisfy
the requirement?

Could the addition of a diode to the circuit enable the requirement to be met, and if so
where should the diode be placed? Would a change in the value of R¢ or Rp or both
also be needed?
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Basic transistor digital circuits

13

1.4

15

(a) Calculate the collector-emitter voltage of the transistor in Figure 11.3 at 25 °C if gy =
200 and a; = 0.45. Assume that the series resistances within the transistor are
negligible. Calculate the value of K using the formula K = g/kT, where g (the charge
on an electron) = 1.6 x 10-12 coulombs, & (Boltzmann’s constant) = 1.38 x 10-23 J K-1
and T is the temperature in kelvin.

+15Y
18k
1Mn
ov
Figure 11.3
(b) Assuming no significant change with temperature in the values of By and oy, what will
be the valve of Vg at 75 °C?
The transistor of Question 11,3 has ¢ base cut-off current Icpp=0.2nA at 25 °C.

(a) Calculate the value of Jcpg at 25 °C.
(6)  Calculate the value of /g at 75 *C.

In the circuit of Figure 11.4, the transistor has the following parameters:

+5Y
transit time 7 =025ns
saturation time 7 =15ns el [15ka
emitter capacitance C, =1.2pF
collector capacitance C; =1 pF 24ka
current gain § =120 = Vot
saturation voltageVegsay =02V K.I 8
oy
Figure 11.4

The input voltage changes between two levels, 0.2 V and +4.3 V with rise and fall times
which are negligibly short. The input voltage source has a resistance of 1 k.

{a) Calculate the four response times 14, ff, s and 1 and hence calculate 1o, and fopr.

() If the base resistor Ry is reduced to 1.5 ki2, esti (without performing calculations)
cl'lanwwhldlwlloumrmrmnndinﬁ

{c}) Re-calculate all the response times to confirm the validity of your estimate.




SOLUTIONS
Question 11.1
{s)

Figure 11.9 shows, marked (a), the load line for Re = 1.5 kQ drawn on the transistor characteristics.
Tt joins the points o =0, Veg=5Vand Veg=0,lc=5V+ 1.5k =33 mA.

Tefma

9
Tifer

4 6 7
Figure 11.9
wnhl!us]oadhne.fwmecmputvolmgewbemﬂﬂun4V the base current must be less than 5

pA. When Vip is 0.5 V or less, the base istor must be negligible, so the output
voltage will be +5 V.

When Vig = 4 V or more, f.a%%-‘i:ﬁju& At this base current, the output voltage is,
from the load line, about 0.3 V, which is well within the required 0.5 V.
The circuit therefore meets the output voltage requirements.

®)

Whm a load resistor of 2.2 ki2 is connected between the nutput and the +5 V line, the effective
is 2.2 kQ in parallel with 1.5 kQ , i.e, 890 .

The new load line is shown on Figure 11.9 marked (b). From the load line, it is clear that at a base
current of 33.5 pA, the output voltage will be about 1.8 V, which is well outside the required voltage

m



Basic transistor digial circuits

(e}

(i) Tomnettheﬁﬁmt.chcedsmbeinmasedlmtilmccﬁocﬁvemsismoeofkcandﬂL
in pual.le] is sufficiently large to allow a base current of 33.5 uA to result in a collector voltage
less than 0.5 V. The mimimum value of collector resistance which will satisfy this requirement
is sh:ﬁn by load line (c) on Figure 11.9, This represents a resistance of 5 V + 3.7 mA =
1.35

The new required value for R is therefore given by,

Rex22K,, 5510

R.+2.2kQ
2.2R, 2 L35R, +2.97kQ
Ro235KQ

Any value of Re greater than or equal to 3.5 k£} will satisfy the requirement when Rg is
100 k.

(i} For this transistor, any load line which indicates saturation at a base current greater than 45 pA
will also show a saturation voltage above 0.5 V. With load line (b), saturation occurs at a base
current a little above 50 pA, and at a collector-emitter voltage of about 0.6 V. Any reduction in
the value of Rp to increase the base cumrent cannot therefore reduce the saturation voltage to
satisfy the output voltage requirements.

Question 112

(@)

When the input voltage is +3.3 V, I, = 3"’;;]03 ¥ ~26.51A. At this base current, the output
voltage = 0.9 V (see load line (a) on Figure 11.9), which doecs not satisfy the output voltage

requirement.
_(L.2-065)V
the | 12V, Ij="—rv——
When the input voltage is + "= 100

+4 V, which just satisfies the requirement.
®)

Any increase in Re will reduce the slope of the load line, so allowing a lower base current to create
saturation in the transistor when the input voltage is high and hence reducing the low output voltage.
Having increased Re, an increase in Rp to reduce the saturation base current will also reduce the
base current when the input voltage is low, so increasing the high output voltage.

For example, if Rc is made 2 k€ (load line (d) on Figure 11.10), an output voltage less than or equal
to 0.5 V can be achieved with a base current of about 22 mA or more. To obtain sufficient base
current,

=5.5pA and the output voltage is about

&s%’l-mu}
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Figure 11,10

However, to satisfy the high ouput voltage condition with this value of Rc, the base current must be
less than or equal to about 4 pA, giving:
{1.2-0.65) V 0.55V
A —Z4pA or Ry 2————]40k.0
Ry 4pA

These two requirements are clearly dictory, so no suitable value of Rg can be found to satisfy
both the high and the low output voltage requirement.

Similar calculations for higher values of Re will show similar results. For example, for Re = 2.5 kQ
(load line (¢) on Figure 11.10), the req on Rp Rp =150 k2 and Rp = 180 kL.

1t is therefi ble to lude that there is no suitable combination of values of R¢ and Rp
which will satisfy the noise margin criterion.

(c}

There are four possible places in the circuit of Figure 11.2 where a diode could be introduced, and
they are (i) in the emitter circuit, (i) in the collector circuit between the +5 V line and the output,
(iii) in the collector circuit between the collector and the output and (iv) in series with Rp. (In each
case, of course, the diode must be in the correct orientation 1o allow the circuit currents to flow.)

(i) In the emitter lead of the transistor, the diode would increase the emitter voltage to about
+0.6 V and would theref: the base voltage to about 1.25 V. The output voltage
would also increase by 0.6 V for any given value of Vg, As a result, there would be no

sibility of the output voltage falling below about 0.8 V, however large the value of Rc.
Elosmvcr, the base current for an input voltage of 1.2 V would fall to a negligible value, so
allowing the high output voltage requirement to be met.
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Basic transistor digital circuits

(i)

Iulhccoilectnrcuulu,betmﬂwsm?lyhueandltuuutpul.ﬂnmofﬂwduﬂewould
reduce the collector voltage by 0.6 V for any significant collector current. In effect, the load
line is moved to the left by 0.6 V except at extremely low collector currents, giving the load
line marked (f) on Figure 11.11 for Rc = 1.5 k). An extremely low value of base current
{about 1 pA) would be needed to satisfy the high output voltage requirement, and this could
only be obtained with a very large value of Rg, which would prevent the achievement of the
low output voltage requirement.

Ip fuh

]

T
[ 50
F 48
40
]
kL
s 0
4 FL]
3 w0
15
2
10
! 5
\‘\:\_L M/ V
T T T L
1 2 3 4 5 L] 7 g 10
Figure 11,11
(iii) In the collector circuit, t the coll andrheoutput,ljudiudewou]dmahcmeomput

@iv)

voltage 0.6 V more than the collector-emitter voltage at any significant collector current,
effectively moving the whole set of transistor characteristics 06% right. The output
voltage at saturation could then never be less than the 0.6 V of the dlode. and with
Rc = 1.5 kQ the output voltage at saturation would be about 0.9 V, provided the base cument
was 32 uA or more.

A diode in series with the base resistor Rp will add 0.6 V to the base-emitter voltage of the
transistor at all but negligible base currents. When the input voltage is 1.2 V, the base current
flowing will be negligible, since a voltage of about 1,25 V (0.65 V for the base-emitter
junction of the msmandﬂ.GVforﬂtediode)ism@ﬁmdmcmmyti,pﬁﬁmlwmm
ﬂow'l‘hnomrx;u tage will therefore be +5 V. When the input voltage is +3.3 V, the voltage
across Rg wi be(l.’i—l%)\'mdﬂ»valmofkncmbereduoedtogmabmcmmtof
30 pA or more, which is the current necessary to saturate the i when the
resistor is 1.5 kL) (see load line (a) on Figure 11.11). The required valve of Rp is then (3.3 -
1.25) V + 30 pA = 68 ki)

The diode should therefore be placed in series with a reduced value of Rg.

174



Question 11.3
®
The base current [, = 'SI:‘S ¥ o 143pA.

The collector current I, =15 V/18kQ2=0.83 mA so I, =581,.
If oy = 0.45, By = af(l - a;) = 0.82.

. _a. 16x10™ C ) N
Atatempenature of 25°C, K= 4 = T S K @B K - o0V
Substituting these values in equation 11.5 of the textbook (page 464),

1 (""‘alj-‘-(;cm'[ }
Ve =—=—In —2
= K { "l"“cl"ﬁu}
oL [lossessi 08
389 1| I, -581,/200
. [22+70.7 i
=l — V=— = v
389 °{ 1-0.29} 389 (1028 V=012
)
. q L6x10™° C "
M7, Kk=Z- =333V
! AT I38x100 K x (2134 75)K
and Ve =0.12 V x38.9/33.3= 0,14 V.
Question 11.4
®

Using equation 11.4 of the textbook (page 464), Iy = (15 )/(1 — 0ty ) = I f(1- 0).
If By =200, ay = Py /(1 +By) = 2007201 = 0.995.

_02x107A _
0.005

So. Ieso 40nA

(b)
The current /g (or Iog) is approximately proportional to n;2, where n; increases by 8% per *C.
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Basic transistor digital circuits

Hence,at75°C, o =0.2x10" Ax((1.08)')" =0.2x 10 Ax2200= 0.44 pA

and Jegy = 200X g = B8 A

Question 11.5

(a)

The currents available to switch the transistor on and off can be found as follows:
Tyony =(4.3-0.65) V/(24 +1) kQ = 146 pA
Inorm =(0.65-0.2) V/(24 +1) kQ = 18 pA

The ON collector current of the transistor is:
oy =(5-0.2) V/L5 k=32 mA.

So, 0, = IeionyT, = 3.2 mA X 0.25 15 = 0.8 pC
and
Qas = 75(Taiomy = Teromy/B) = 15 1 X (146 A ~ 3.2 mA/120)
=15nsx119 pA

=18pC
The change in input voltage is from 0.2 V to 4.3 V, so the initial input voltage (and hence the initial
bgsgsvsl }i‘sn()‘zo\i’;n&thechangeinbauvollagnwhichmustmumswﬁchdrmsimmis
(0. -02V)=045V.

(C.+C)x8Vay _ 2.2pFx045V _

So, the delay time ¢, = 6.8ns

‘ Tniom 146 pA
4 ime 1 = Bt C XAV _08pCHIpFX(5-02)V o

and the fall time #, Toom 146 A 3B ns

When the input voltage changes from 4.3 Vto 0.2V,

the saturation time {, = Qys /1y 0er, = 1.8 pC/IBHA = 100 ns

and the rise time 1 = Qo t G XAV _08pCHIpFX(S-02)V _, 0
R 18pA

Hence, le=t,+t,=68ns+38ns=45ns

Lg=1,+t,=100ns+310 ns =410 ns




{®)

The reduction of RB to 1.5 kQ reduces the total base circuit resistance to 2.5 k{). This increases
Ip(on and g opr) by a factor of 10, but also increases Qg by a factor greater than 10 (since Qps
depends on the difference between g oy, and Loyany/B.

14, tr, and t will therefore be decreased by a factor of 10, while r; will increase. The overall effect
should be a reduction in foq by a factor of 10 and a reduction in fof1, but by a lesser amount.

{c)
As stated above, 1y, I, and 1 will decrease by a factor of 10 so the new values will be tg = 0.68 ns, if
=3.8 ns and £ = 31 ns.
Qus = T (Iomy = leyom /) = 15 ns x (1460 pA - 3.2 mA/120)
=15ns %1433 pA
=215pC
t, = Qas /1y 0my =21.5 pC/180 pA =119 ns
Hence, Iy =ty +1;=0.6Tns+3.8ns=4.5ns

fg=f+t=119ns+31 ns =150 ns

Question 11.6

As calculated in Question 11.5, 1y gy, = 146 BA, Jyom, =18 PA, looy, =32 mA, 3, =0.8 pC and
Qp =1.8pC.
From these results, the total charge required to tumn on the transistor is given by
2. =(C+C)xAVL + G, +C x AV,
=22pFx0.45V+08pC+1pFx4.8V
=6.6pC
and the total charge required to tum off the transistor is
Q=G+ 0 +C, XAV
=1L8pC+0.8pC+1pFx48V
=7.4pC

The speed-up capacitor in the base circuit must be large enough to supply the larger of these
when the change in input voltage occurs. Since the wm-off d‘nqge is the larger, we should check the
adequacy of the capacitor for this change before p

Prior to turn-off, the left-hand end of the ca 3;:w:ltl:ir will be at +4.3 V while the right-hand end is at
+0,65 V. The capacitor voltage is therefore 3.65 V and the stored charge is:

m
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Q@=CV=10pFx3.65V =36.5pC.
This is much larger than Q, so the capacitor is sufficiently large.

To determine the actual switch-on and switch-off times, the initial capaci at each tra
must be calculated.

m‘mt voltage changes from 0.2 V to 4.3 V (or vice-versa), the initial capacitor current will
b:eqlnlm voltage change divided by the resistance in series with the capacitor. This resistance
will be simply the 1 k€2 of the source, since the input resistance of the transistor itself is only valid
for small signal analysis when the collector current has been established, and we are only concemed
with supplying the tum-on charge 0, or the turn-off charge Q4

So, the initial current is 4.1 V + 1 k€2 = 4.1 mA and the time taken to supply Q,,, will be
ty =0, /I, =6.6 pC/4.l mA =16 ns

and 1y = O/l =7.4 pCf4.1 mA = 1.8 ns,

Question 11.7

In Question 11.5, the collector-base junction forward bias when the transistor was switched on was
065V-02V)=045V.

With the Shottky diode across the collector-base junction, the forward bias is limited to 0.35 V.

The forward bias is reduced by 0.1 V and so KV, for the coll junction is reduced by the factor
40V-1x01V=4
Since the charge density next to the coll junction is an ial function of the j

vahage.ﬂnchargedmsuy.mdhemegn.umdmedbyﬂwfnme‘ 55.
So, Qs is reduced from 1.8 pCto 1.8 pC /55 = 0.033 pC.
Ci quently, the ion time #g b

= Qgs/licorr, =0.033 pCfIBmA =18 ns

Question 11.8

(@)

The value of A can be found from the pmumofmyafﬂuchnmusucmanee-ln:s
the point on the Vnsmsalwiuchdnmgh‘lhms if projected, woul

Using the Vgg =5 V line at Vps =5 V, Ip = 6.8 mA and Vps =9 V, Ip = 7.3 mA as indicated on
Figure 11.12, the slope of the line is:

V, +l)‘l S\N-lfl 9V +I/A
Iy 6.8mA  T3mA




¥

LY

S T

Figure 11.12
from which,
YA(1.3mA-68mA)=(68mAx9IV)-(7.ImAx5V)
YA=494V=50V

V7 can be estimated by examining the points at which the characteristic curves change from straight
lines (the saturation region) to curves (the linear region). These imate points are marked on
Figure 11.12, and since these points must satisfy the equation Vps = Vs — V7, they show that
Vr=0V.

®)
The load line for the 1.5 ke resistor is drawn on the transistor characteristic curves in Figure 11.13,

| fa/mh.

T4 7 1 7 & &0
Figure 11.13

When the input is +5 V, the load line shows that the output voltage is +1.6 V. When the input
:gh‘a}gc is zero, since the threshold voltage is zero the drain current is zero and the output voliage is

i



22k0 50kn
svT 0.33pF ¢ 0.33pF c
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Figure 11.14

The time for the voltage on the capacitor to change from 10% to 90% of its final value is 2.2 CR
(see the textbook, page 76)

50, nsetime= 22x22 k{}x0.33pF =16ns

and fall time = 2.2 x 50 k2 x 0,33 pF = 36 ns




12 INTEGRATED-CIRCUIT TECHNOLOGY

This chapter of the textbook has no problem-solving objectives and
thersfore there are no problems associated with its subject matter,
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134

(a)
(b)

Calculate the new values for R and Rg.
What is the amplitude of the current which must be provided by the signal source?
M

input o

Figure 13.1

Figure 13.2 shows the configuration of a complementary-symmetry MOSFET output stage
in which the load is a 16 £ loudspeaker.

(a)

)

()

)

Assuming that the MOSFETSs have adequate current handling v:apw and power
dissipation, what, typically, will be the maximum available output po ty pe

The MOSFETs have the following characteristics: 8 = 2 A V-2, 4 = 0.025 V-1,
Vr =2V (positive for the n-channel device, negative for the p-channel device). The

circuit is to be biassed to o in Class B, with an Ip of 50 mA. Calculate the
uired Vg bias voltage. (You will need to use the MOS d.c. equation introduced
;:thnpmr 10 of the textbook.)

Ifthe current / = 1 mA, select appropriate values for R, Rp) and Ry to establish the
given that the § of T3 and T4 is 200, and that
lheubuemﬁuwlbgcsmbo‘hﬂﬂsv

‘What, approximately, is the power dissipated in cach MOSFET at full output power?

[NOTE: the result of the analysis on page 541 of the textbook cannot be applied to this
configuration, since the peak load voltage is comsiderably less than the supply voltage.
Instead, assume that the maximum power dissipation in the transistors occurs the load
power is a maximum.]
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Figure 13.2

135 The output s of an audio amplifier is required to provide 1.5 W of audio frequency
power to a loudspeaker from & 6 V supplies, usm; output transistors having a maximum

oo]lectorcmentonAnndmnmumfn of 0.6 W. Loudspeakers of 4 0,
80, and 15 Q im are available. Tt has been decided that the Sziklai confi ion of
Figure 13.3 will be used, but the amplifier can be biassed to Class A or Class B mode of

operation.

(a) Which mode of operation should be used, and which loudspeaker should be chosen?
(Assume that Vgg3 = Vgges = 0.75 V and (for this part of the question only) that
Vaez= Vpes=0.65V.)

(b) Asmmatdtdmlsmhasbeentakmwuscmassli P with a
current of 50 mA. Rg is to be selected to jon due to variation in output
resistance. What should be the value upr,"

{c) Transistors T1, T2, T4 and TS5 all have the following parameters: VA = 80 V, g = 100,
K =389 V-1, Isg =5 x 10-14 A, while transistors T3 and T6 have current gain = 50
Choose suitable valoes for Ra, Rp and Rc.

(d) For your circuit, what is the :m.nmum cumnt which would flow in the ou ul.

transistors when the load is short that the did not
up before such a current level was rmhed)" What would then be the power dmsipal.ed
in each output transistor?

187



Power amplifiers

138

(a)

b)

input

Figure 13.3

The power amplifier of question 13.5 is required to have short-circuit protection of
1.5 A in each output transistor. Sketch the circuit which will give this current
protection and calculate the required value of the current sensing resistors, and of any
other resistors in your circuil.

An operational n lifier having the configuration shown in Figure 13.11 of the
textbook (page )mmbeuudasaﬁmmgampl:ﬁ ding the power
ampl.iﬁwof part (a) so as to give the amplificr an overall dgmn 100, 'I‘heamphﬁeru
to have a passband undmgfmmBDme?ﬂkﬂz(S points). Aswmngthatﬂw
operational amplifier has ady gain b duct over the make
Ry = 1 kQ and select suitable values forRs,Rp,Cp.Cl and G;. (['ostnﬁ.ﬂhllm:a
value for Cy such that its at all fy is much less than the
mueo)fm. then consider C to be a short circuit whn]e mlculaung other component
ues




SOLUTIONS
131
(a)

(i) If the power in the loudspeaker is | W, the r.m.s. voltage across the speaker is given by
(Vem.s PR = Power, so (Vems =1 Wx8Q=8VZand Vs =2V2 V.

Hence the peak value of a sinusoidal output voltage =¥2 x Vi s =4 V.
The amplitude of a sinusoidal load current = 4 V + 8 £ = 500 mA.
Hence, the required quiescent current /g = 250 mA.

(ii} The quiescent power in each transistor = Jg x V() =250 mA x6 V=15 W,

(iii) At maximum inj s: amtnde Vg varies sinusoidally between (6 - 4}Vand(6+4)\'
i.e. between 2 0V, while Jg varies sinusoidally between 500 mA and 0 mA. The power
dlsmpﬂ:ndlsﬂ'lcnﬂw Iavernge =6 Vx250mA = 1.5 W.

(iv) Since the gain of an emitter follower is very nead% 1, the input signal amplitude must equal
the output signal amplitude, which in this case is 4

®)

To minimise di ion due to variation in output resi the value of Rg should be 0.6 reg, where
Feo is the output resistance of each of the emitter-followers in the quiescent state (see Figure 13.10
of the textbook, page 539).

For an emitter follower driven from an ideal voltage source,
ro =g, = VKl =1/(40 V' x250 mA) =0.102.
Hence, Rg = 0.06 Q and Vi, = 0.06 2x 250 mA = 15 mV.

(e}

At the positive peak of the input signal, T1 emitter current will be 500 mA, and since p = 50 the base
current will be 10 mA. At the same time, the base voltage of T1 will be 4.75 V (the output voltage
plus the Vg of the transistor), so the voltage across Ra = (6 V -4.75 V) = 1.25 V. Since the base
current for T1 must flow through this resistor, the maximuom value of Ry is 1.25 V + 10 mA
= IZE_LD. To allow for any variation in the current gain of the transistor, a suitable choice for Ry is
100

The required value of Rp can now be calculated from the quiescent condition requirements. The

quiescent base current is (250 mA) /8 = 5 mA and the quiescent base voltage is 0.7 V. These values
are shown in Figure 13.4, from which,

(I +5mA)x100Q=(6 V-0.7V)=53V
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The emitter resistors Rg are required to have a voltage drop of 100 mV, so their value must be
100mV +08A=0.1250.

To calculate the values of R4 and Rg. we need to establish the base-emitter voltage of the
transistors, and the forward voltage of the diodes, in the quiescent condition.

The base-emitter voltage of each transistor in the quiescent condition can be found using the
equation:

I, =l e x[MﬂJ
£ VA

. 1 I VA
from whic| Vg =—In| —E-x
m which, =g "[.!,E 'th,]

Inthequiemtcund‘rlion.!a:()%&and Veg = 16 V. Using the given values of VA, Isg and K,

L ) v
Ve = 355 "[10" J 339]"(063’”0)

= ——(In0.63+17In10) V
38,9(“ * )

=10V

This value of the base-emitter vohage will not change significantly when the emitter current doubles
to the peak value required by the load,

The diode forward voltage cannot be calculated until we have established the diode quiescent
current, which depends on the value of R4.

To calculate the required value of Ry, we consider the peak input situation.
When the input voltage is at its i itive ion, the voltage at the base of T1 is the

load voltage (12.75 V) plus the emitter m:t::]mhagc (0.2 V) plus the base-emitter voltage of the
transistor (= 1 V), which is 13.95 V.

In this condition, the collector current of T1 is 1.6 A, so the base current is 1.6 A + 40 = 40 mA.
So, the maximum allowable value of R, =(16 V-1395V)/d0 mA =51Q

Make R s =47 £1, and calculate the value of Rg by considening the quiescent condition.

The quiescent values are, Vy, = Vg + IoR =11 V, [, =0.8 Afd0=20mA.

If the guiescent diode current is Ip, then
(I, +20 mA)x47Q=16V-11V

149V
47Q

I= -20 mA =297 mA

1
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We can now calculate the forward voltage of the diode using the equation I, = I, ¢*® which gives

v (Y1, (297x107
= — —E:— —
=% r,] 35 6x10'“]
-l in(49.5%10°) V=070 V
35
So, Ry=Yu=Vo LIV-0TOV_, .0

I 297 mA
(e)

The amplitude of the current taken from the source is found by subtracting D1 current from D2
current at the positive peak excursion of the input voltage.

Current through D1 = (Vg - Vi) + Rp=(1.1.V-07 V) + 1.3 Q =297 mA.
Current through D2 = (16 V + 12.75 V - 0.6 V) (47 Q2 + 1.3 ) = 583 mA.
Hence, current required from the source = 583 mA — 297 mA = 286 mA.

Question 133
(a)
With the Darlington pair, the qui ltage at the base of T1 is

Varar = Vazs + Voes + lgRe =10 V40T V401 V=18V

At the maximum positive excursion of the input, the voltage at the base of T1 is

Vaspeak) = Vit + loRe + Vg + Vg = 1275 V402 V4+LOV+0.7V=14.65V
At the same positive excursion, the base current of TI will be 1.6 A + (40 x 70) = 0.57 mA.
Therefore, the maximum allowable value of R, = (16 V ~14.65 V}/(0.57 mA) = 2.4 k2
Make Ra =2 ki2 and calculate Rp by idering the qui condition.
The quiescent T1 base current is half the peak current = 1/3(0.57 mA) = 0.235 mA.
If the current through the biassing diodes is Ip, then,

(I, +0.235mA)x2k2=16 V-L8V

:,,=%-u.zasm-s.gm




The voltage across each of the two diodes in series will then be

1. (6.9x107?
vy =—] =—In| —— |V=06V
f,] 35 [ ] 06

K 6x10™2
o=2Vy _L8V-12V
B!t ] 1] =
50 Ry = I =T eomA 870
(b)

At the peak positive excursion of the input, the current through the upper pair of diodes remains 6.9
mA. The current through the lower diodes is (12.95 + 16 - 1.2) V+ 209 kQ =13.3 mA.

The current taken from the source is therefore 13.3 mA - 6.9 mA = 6.4 mA.

Question 13.4

(a)
Since the gate-source voltage of a MOSFET is typically about 3 V, the output voltage swing will

limit at about 3 V less than the supply voltage. Hence the peak value of the load vo! is about
6 V. The maximum output power is therefore

P !Vﬁ! 36V

= =L1W
om0 =R R2Q

{b)
Using equation 10.7 of the textbook (page 418),

Iy =(B/2)x(Ves - Vs ]2{1 +AVgs)

from which,
21,
V.= |—=LB2_— 4V
SUNB(+AV,) T
- 250 mA +2V
2AVT (1+0.025%9)
=22V
(c)
The actual values of Rg) and Rpz are not fixed bythemformmon given, although their ratio is
important. T will assume that one half of the t I flows the , the other half

through resistors Rgj and Rpz. (You may have chosen ndiffmnt fraction for the transistor current
and hence obtained different, but equally valid, resistor values.)

The collector current of T3 is to be 0.5 mA, so the base current of this transistor will be 2.5 pA
(since B = 200), which is much less than the 0.5 mA flowing through Rp) and Rp>.
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Therefore,  Vip/Vig =(Ry + Ry;)fRy; andso (Ry, + Ry, )/Ry, =2.2 V/0.65V =3.38.
Also, Ry, + Ry =2.2V/0.5mA = 4.4 kQ

50 Ry =4.4kQ+3.38 =13k

andhence Ry, =4.4kQ-13kQ=31kQ

The resistor B 4, which takes a current of 1 mA, has a voltage drop across it of (9 V-22 V) =
6.8 V, so the required value of Ry = 6.8 kiL

(L]
AtmnximmInldpuwaf.ud:m;imromdu:tsforonlyoneha!f-csycleoﬂheiuputwnvefom.
the transistor current varying sinusoidally from the quiescent value of 50 mA to the value of 6
V + 16 Q2 = 375 mA. At the same time, Vps vanes sinusoidally from 9 V to 3 V. So, for this
conducting half-cycle,

Lerge =[50 +(375-50)x 2/x] mA = 257 mA
and Ve =[3+(9-3)x2/n] V=68V
So, the average power in the conducting half-cycle = 25T mA x6.8 V=175 W.
During the other half-cycle of the input waveform, the current in the transistor decreases rapidly to
zero and remains at zero for almost all of the half-cycle, so the power dissipated is negligible. Hence

the average power dissipated in one whole cycle, which is the total power dissiplwd.hy the
transistor, is 1/2 x 1.75 W = 0.875 W.

Question 13.5

(@)

In the Sziklai configuration, the maximum voltage swing at the load is 2Vs - 2Vpg = 10.5 V. The
peak load voltage is therefore 525 V.

Now the maximum load power =(V,,, )’ /2R, and the peak load current = Vg, /R, .
Thesc valucs are tabulated below for each available loudspeaker.

1.31

From these the 15 0 loudspeaker is not suitable for the power requirement with the
specified supply voltages.

The current carrying capacity of the transistors would allow any of the loudspeakers to be used.
However, the power dissipation must also be checked for both Class A and Class B operation.
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In Class A operation, the maximum power dissipation per transistor is equal to the rated maximum
power in the load, so that any of the loudspeakers would cause a transistor overload at maximum
power.

In Class B operation, the power dissi i is = 0.2 times the maximum
output power, and would therefore be 0.34 W for lhe 8 Q lous; and 0.68 W for the 4 Q

loudspeaker, Since the maximum power rating of the transistors is 0.6 W, the only possible selection
which satisfies all the criteria is to use the 8 {1 loudspeaker and to use Class B operation of the

output stage.
When the amplifier is providing 1.5 W to the loudspeaker, the peak load voltage will be

s =P X2R, =TS WX1681=4.9V.

The peak transistor current will be V. /R =4.9V/8Q =610 mA

®)

With the Sziklai configuration, to obtain minimum distortion due to output resistance variations,
R =0.12r,,, where 7, =1/Kl, =1/(40 V"' x50 mA) =05 Q.

Hence the required value of Rg = 0.06 Q.

(©)

Re 1s chosen to generate the Vg of T3 at a current which is one tenth of fg.

Hence, R.=075V/SmA=1500.

To find the required value of Rs, we must consider the voltage at the base of T2 when the input
voltage is at its most positive. The T2 base voltage will be the sum of the peak load voltage, the
voltage across R and the base-emitter voltage of transistor 2.

The value of the base-emitter voltage can be calculated from the given transistor parameters using
the formula:

I ._=‘rm=ﬂu xﬂ"‘_vm

VA

. 1 (1 VA
which t 5 Ve =—1n —_—
re-arranges to give X [ ™ 7y VG]

In transistor T2, [g =[5 + (610 + 50)) mA = 17.2 mA and Veg = (6- 0.754.9) V=035 V.
Using the given values of VA, [sg and K,
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1 17.2x10° 80

39" sx10™” xso:s]v 3&9«"‘[1“"m )v

1
=——(In3.4+11xn10) V

Vﬁ:

=0.68V.
Thercfore, at the maximum positive excursion of the input voltage,
Vi =V, + ¥, + Vi, = 4.9V +{0.61 Ax0.06 Q) +0.68 V
=56V
The maximum possible valuc of Ry is then (Vs ~ Vi) + fgz = 0.4 V + (17.2 mA / 100) = 23 k2.

To allow for small variations in the current gains of the transistors, it is sensible to make the value a
little lower than this maximum, say 2 k.

To find the value of Rp, we must consider the quiescent condition and choose Rp to give the correct
base-emitter voltage for T2.

In the quiescent condition, T2 has an emitter current of 5 mA (one tenth of Ig), and a collector-
mm:rvollaguf(ﬁv 0'?5\"} 5.25 V. A repeat of the above calculation for these values gives
Vpe2 = 0.65 V, and Va2 = 0.65

The current through R is then (6 V - 0.65 V) + 2 k2 = 2.7 mA. Since the base current of T2 is only
50 pA, the emitter current of T1 is also 2.7 mA.

The diode d transi T1 will have a collector-emitter voltage to its base emitter
voltage which with this value of emitter current can be calculated to be 0.635 V.
The difference b this voltage and the required base-emitter voltage of T2 is 0.015 V, which is

the voltage drop which must exist across Rp.
The required value of Rp is therefore 0015 V+27mA =56 Q.
(In practice, this voltage difference between the base-emitter voltage of T2 and the base-emitter

voltage of T1 is so small that a better solution is probably to reduce R so that the emitter-base
voltages of T1 and T2 are equal and then Rp can be made zero.)

i)
Iflhelondum-mrcuncd,ﬂ:ecunmwhwhwﬁlﬂwmdwwqmt i
due to temy in the transi uhmmdhyﬂunwnmumavdhﬂebmm'ﬁn

maxmmmm:whmhcmfhwmmﬂnhmafﬂ(mg}wnnghmmdmpwmskgandﬂ»
Vggof’I'Z,bothofwhdlwwldwdnmmecwreulsomewhﬂ)mﬁ\'+2kﬂ 3 mA. Its collector
current would be 100 times bigger, i.e. 300 mA ( g the i ble of handling such
large currents). Thswmldﬂmheappmummlyﬂlehsccmmﬂofﬂ(mnumlysmﬂowl
through Rc) giving a theoretical collector corrent of T3 of 15 A! At such a current, the power
ﬁwpﬁmuf%muuwwmmmm]dmlﬁhaﬁmmﬂumamﬁml
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between these two, i.e. about 2.7 mA. Under these fault conditions, the voltage across Ry will be
ﬂ:eVgEnI"l‘Z]essmeVmofﬁ i.e. about 0.45 V if T7 is fully saturated. The maximum value of
Ry is therefore 0.45 V + 2.7 mA = 170 £2 and a value of 150 £2 would be appropriate.

®)
Figure 13.6(a) is a functional diagram of the amplifier arrangement.
If the reactance of C is to be much less than the value of Ry over all frequencies of interest, then,
1/(27fC) << 1000 2 when f =30 Hz. So,
1
>3 —————
2rx3x10*

If we make C) = 100 uF, this condition will be well satisfied. With this value, the reactance of C) is

smz]lenu for the presence of Cj to be ignored during the analysis of the circuit, simplifying the
iagram to that shown in Figure 13.6(b).

F=53uF

Figure 13.6
The feedback fraction of the amplifier in (b) is:

B= R - R

R+ XVI®Cy g, &
R +Vjol, JOCeR +1
_ _R{joGR+1)
R(jOCeR; +1)+ R
___R(joGR, +1)
JOCRR, + R + Ry

R (1+iaCR;)
"Rk, (1+j0GRR/(R +R,))

The closed-loop gain G = 1/8 50,




Vier

Figure 144
145  Figure 14.5 is the circuit of a d.c. power supply specified as capable of supplying in
the range 40 mA to 400 mA.
30:1
240¥rma.
S0Hz
load
Clempm 2.5 100
T mF an
Figure 14.5
{a) What is the peak-to-peak ripple voltage across C; at maximum load current, and what

®

©
«

(e)

is then the peak current taken from the transformer?

If the Zener diode has an internal resistance of 9 L1, what is the peak-to-peak ripple on
the output?

What is the line

gulation for a 10% change in supply voltage?

Assuming that the output transistor has a current gain of 50, what is the load
regulation?

‘What is the maximum power dissipated in the output transistor?

If the transistor, p!ususbn‘lsmkand ing, has a th 1 resi of 25 "C W-1,
and the maximum all is 100 "C, what is the maximum
amhmlmammwhmhlhcpomsupplyslnuldbcopcm”
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(g) Assuming that the output transistor still has a current gain of 50 at very high currents,
what will be the short-circuit current, neglecting the effects of a rise in the transistor

p (and ing that the tramsistor does not blow up). What will be the

power dissipated in the output transistor under these conditions?

You are required to design a power supply using the configuration of Figure 14.6.
Dardington .
pelr °
T L
output
= —* bandgap comparator ¢
trans- bridge capacitor reference [ ampiifier [*|samping
tormer reclifier smoothing plus circult
—- — s fitering o
Figure 14.6
The supply should meet the following specification.
Qutput voltage range 2Viw20V.
Output current range 50mAtol A
Output ri <10 mV.
Load regulation {min,]io full load) ) gg%
Line lation (10% line voltage chan, %.
Ovzdomf; ion current & 2A.
Usable temperature range 0°Cto40°C.

Sketch the circuit of the power supply and specify the value of all circuit components.
Specify the required l:rmtg;nnrwms ratio and the maximum peak current requirement of
the transformer and the diodes. Specify the required current, voltage and power handling
capacity of the Darlington pair output transistors. Specify the minimum gain for
the comparator amplifier.

The bandgap voltage refi quires a minimum current of 10 mA and has an internal
resistance of 5 1. You may assume that an output transistor for the Darlington pair is
available having a current gain of 30, and a driver transistor having a current gain of 50. The
thermal resistance of the output transistor, together with its mounting (but not its heat sink) is
0.7 *C W-! and the maximum operating temperature of the silicon junctions of the output

istor should be d to be 110'2'.

[Hint. The minimum gain requirement of the comparator amplifier can be determined from
the load regulation requirement and the effect of feedback on the reduction in output voltage
change. Don’t forget to include the sensing resistor for the current protection circuit when
calculating the load regulation.]
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SOLUTIONS
Question 14.1

(a)

With a wms ratio of 30:1, the transformer secondary voltage is 240 V + 30 = 8 V r.m.s. The peak
secondary voltage is therefore 8 Vx¥2=113V,

The voltage drop across two conducting diodes in series is about 1.3 V so the peak value of the load
voltage = 10 V.,

The bridge rectifier produces full-wave rectification, so the average value of the output is 2/x times
the peak value.

Hence the average value of the output, which is the d.c. level, is 20 V=64 V

®)

The peak-to-peak ripple voltage = 10 V because there is no smoothing of the full-wave rectified
output.

{e)

With the 4 mF smoothing capacitor, the discharge time constant is 4 x10™ Fx 250 Q =15, This is
much greater than the discharge time of 10 ms, so the rate of discharge can be considered to be
constant throughout the discharge. The initial rate of discharge of the capacitoris WCR=10V + 15
=10V 5~!, This rate of discharge lasts for approximately 10 ms, so the voltage fall is 100 mV. This
is the peak-to peak value of the ripple voliage.

@

Sinccvihe output voltage varies linearly from 10 V to 9.9 V in each half-cycle, the d.c output is
995 V.

(e)

Since each diode conducts for 1 ms in each cycle, the capacitor discharges for the remainder of each
half-cycle (remember, this circuit is a full-wave rectifier), i.e. for 9 ms.

The current flowing in the load = 10 V + 250 = 40 mA, so the charge lost from the capacitor
during the discharge is 40 mA x 9 ms = 360 pC.

The charge gained in cach half-cycle must therefore also be 360 pC, and since the charge lasts for 1
ms, the average current during the charging must be 360 mA. Since the current pulse has a roughly
triangular shape (see Figure 14.8 of the textbook), the peak value of the current will be about twice
the average, or 720 mA. ﬂ]nsmllbeanomuweofﬂwpukva]ua.bmllm:sanmurnnume
safe side when trying to determine the former current




Regulated d.c. power supplies

Question 14.2
Figure 14.7 shows the arangement of the power supply.

240¥rma. +50Y
S0Hz

-50Y
Figure 14.7
With 50 V d.c. output and 2 V peak-to-peak ripple, the output varies between 51 V and 49 V. Since
transformer secondary peak

only one conducting diode is in series with a load at any time, the
voltage required is approximately 51.7 V.

ThpnkinpmwhxgcmﬂwmfomisMOVxJZHMV.WMWmmGWquwwh
half of the transformer = 340 V + 51,7 V = 6.58:1.

[A fractional turms ratio is pafectly acceptable, the primary can have a number of turns which is a
multiple of 658, and each half of the secondary would then have 100 turns for cach 658 on the

primary.]
The load current will be 25 mA, so the load resistance is 50 V + 25 mA = 2 k€L,

Ifthenpple 152Vpeak-lo-peak the rate of change of output w:lugc during capacitor discharge
g a linear d in voltage) =2 V+ 10ms =200 Vs-1.

However, the initial rate of fall of capacitor voltage in a discharging CR circuit is V/CR, so
V/CR =200 Vs™'. Hence,
_ 51V
2k0x200Vs™

With 2 V peak-to-peak ripple, the capacitor starts to charge when the former voltage reach
49 V, and continues charging until the voltage reaches 51 V.

=130 uF

If the input voltage is represented by v = Vsin 8, the charging takes place from 8 = sin~! 49/51 = 74*
to 0 = sim! 51/51 = 90".

So, the charging occurs for 16" out of each 180" of the sinewave voltage. Hence, the charging time
=16/180% 10 ms = 0.9 ms and the discharge time = 9.1 ms.




@
Figure 14.9 below is a repeat of Figure 14.3, and I have labelled the voltage V) at the j
and R3.

A K /R

Vo c Iy Vi

Il

Figure 14.9

Yau__n

Vi Ry+r,
IL: z
V. R+Z

where Z is Cin parallel with R + ry.

1

) g
LI 1+ j@C(R, +1,)’
jw+(R’+r'] +joC(R, +r,)

50, Z=

and
Y (R+r)/(1+joC(R +1,))
Vo R +[(R+r)/(1+jaC(R +1))|
= R.l"'rl
T R +JOCR(R +r,)+ R +r,
o R+r 1 =R|A!R,+r.!
Rk +r, jathgel " Rt Rl s

Vo Ve Vi _n  (Rtr) 1
Ve TV VT RAn) R R AT GaChg 71

r x 1
(R+R +r,) joCRy,+1
For the component values of the circuit of Figure 14.2(b),

CR(R. +7,) 10 x50%56.5

s=26.5ms
R+R +r, 106.5

CReq =

of Ry




6.5 1 __0.061

= —_—

5 j630%26.5x107 +1 jl6.7+1

50,

< <
<k

0.061

= =3.65x107
V6T 1

If [V|=1V then |V, |=3.65mV, which is the same result as was obtained in part (c) using the

approximate equation. It is clear that for this example, the approximate equation gives an accurate
result.

=

(e}
If C is changed from 1 nF to 100 pF, then, using the approximate equation,

1 r, 1 6.5
' = Vi X——x =1Vx X——=36.5mV
@CR, "~ R,+r, 630x10" x50 56.5
Using the exact equation,
CRy = c&(n,w) 10~ x50 % 56.5
+ R *r, 106.5

s=2.65ms

Vg _ 65 1 __0.061
V, 1065 j630x2.65x10°+1  jL67+1

Iv ] 0.061
= =31.3x10"
Vi J67 +1

If [V,|=1V then |V,.|=313mV, which differs from the result obtained using the app
equation by about 17%.

For this example, the approximate equation gives the correct order of magnitude, but not an accurate
value for the output ripple. This is because the reactance of C at 100 Hz (= 16 £2) is not very much
less than the resistance of resistors Ry and Rz, and so the second part of the network of Figure 14.9
loads the first part of the network to an appreciable extent.

Question 14.4

(a)

The bandgap voltage reference source has an output voltage VRgr = 1.236 V and zero temperature
coefficient.

If the circuit of Figure 14.4 is a bandgap reference source, the voltage across R3 will be 1.236 V —
0.65 V =0.586 V, and f» will be 0.586 V + 1200 Q = 488 pA,




Question 14.5

@

The peak value of the transformer output voltage =240 V x¥2 + 30 = 113 V.
After full-wave rectification, the peak value will be 113 V -2 x0.65 V=10 V.

The maximum current taken by the load = 400 mA, so the current taken from capacitor Cy = 400
mA - (10 V-4.7 V) + 164 Q= 430 mA.

This is effectively a resistive load on C| of Regr= 10 V+ 430 mA =23 00,
The discharge time constant = C) Rer=2.5x 10~ Fx 23 Q = 57.5 ms.

This time constant is much longer than the discharge time (= 10 ms), so the discharge will be almost
linear at a rate
v nov

CR, 57.5ms
In 10 ms, the voltage falls 1.74 V, so the p-p ripple voltage across capacitor C is 1.74 V.

TofndIhcpcak:un'emmdactnnsfomxrmonduywmdmg.wenwdtoknowﬂ:enmeforwlueh
the Asin Question 14.2, we can calculate that time as follows.

=174 Vs,

Representing the sinewave:?r v = Vsin 0 then when v= (10~ 1.74) V, 0 = sin-1 8.26/10 = 56°, which
resents a charging time of (90" - 567) + 180" x 10 ms = 1.9 ms, and consequently a discharge time
of 8.1 ms (not 10 ms as previously assumed).

[This new value of discharge time can be used to re-calculate the ripple itude and so re-calculate
the angle 6 and the charging time. You could continue this iteration of the calculation until the
exactly the same result was obtained on two sumsswe nmuum. but ﬂns is far too r.ndmus and

y for the ired in this type of the
more accurate estimate that the ripple amplitude is about 1.5 V and the chnrpng time is 1.7 ms,
which are the figures I shall use.]

The charge lost from C| in 8.3 ms = 440 mA x 8.3 ms = 3.7 mC, so the average charging current
during the 1.7 ms charging time = 3.7 mC + 1.7 ms = 2.2 A, This means that the peak charging
current will be a little less than twice this figure, or about 4 A.

(b)
The equivalent circuit for the ripple calculation is shown in Figure 14.10.

82a 82a

~=90

X
H

T

Figure 14.10

n



gulated d.c. power

1 1
At 100 Hz, the reactance of the tor =——-———" 0 =164, This
reac o capacitor is given by X. = ZTI?C TR I00%107
is considerably smaller than 82 L, so the approximate formula (equation 14.] of the textbook) can
be used. A more accurate value could be obtained by using the equation developed as part of
Question 14.3.

Using the approximate equation,
V. r, 1.5 9
Vs x—li oy V=20mV
“TOCR, R +r, 630x10"x82 8249 O

The ripple across the Zener diode is 29 mV, and since the base-emitter voltage of the output
transistor does not change to any significant extent with small changes in output current, the output
ripple at maximum current is also 29 mV.

()

To find the line regulation, we need to d ine by how much the Zener voltage increases with a
10% increase in the supply voltage.

If the supply voltage increases by 10%, the voltage across C| will increase by 10%, i.e. by 1 V, and
the voltage across the Zener diode, and hence the output voltage, will increase by

1V x9Q/(164 +49) Q=52 mV.

Hence, line regulation = 22 t" x100% = 1.3%.

(d)

To find the load regulation, we need to know the change in output voltage as the load current
from its to its value. This change will be made up of any change in the
Zemr voltage, cnmbmnd with any change in the base-emitter voltage of the output transistor.

As the output current increases from 40 to 400 mA, the change in Vg can be calculated using
equation 9.14 of the textbook:
VA+V,
o=l x—mﬂ’s

L (1 VA )1 1 1 (VA
Vie = KI"[:S, VA+VG)_fID(IC)—?h(I”)+EM[VA+lr’c,]

SinceVr_-EchanEgh very little as the load current changes from 40 mA to 400 mA, the last term will
be the same for values of current, giving:

from which

0.4

AV = V(1) - Vi (2) = —lﬂ(O 4)-— h(ﬂ 04) = x .00

] %m(m},

02



Solutions

1
So, AV =W]n(10]~58m\t
This change is an increase in Vgg with increase of current and therefore represents a fall in the
output voltage.

When the load current increases from 40 mA to 400 mA, the base current must increase from
0.8 mA to 8 mA, arise of 7.2 mA. This must be ied by a reduction in the Zener current of
7.2 mA, which causes a decrease in Zener voltage of 7.2 mA x 9 Q =65 mV.

Also, when the load current is only 40 mA, the ripple on Cj will be less than the ripple at 400 mA

by a factor of 10. The average voltage on Cy will be larger, being 10 V - 0.075 V (half the ripple)

instead of 10 V = 0.75 V at 400 mA, i.e. very nearly 10 V instead of 9.25 V. Thus an increase in

load current from 40 to 400 mA will result in a decrease in Zener voltage of, from Figure 14.10,
90

V. =0. —_—
AV, DTSVx[MQ+90 39 mV

The total change in output voltage will therefore be 39 mV + 65 mV + 58 mV = 162 mV.

The load regulati isﬂwn=lﬁf;nvxlm=4%.

(e)

The maximum output istor power dissipation occars at maxi load and is:
P=Vgl, =(10-4)Vx400mA=24 W,

L}

The maximum power dissipation in the output transistor is 2.4 W, so the temperature rise above
ambient = 2.4 W x 25 *C W-1 =60 "C.

Since the i junction temp is 100 *C, the maximum ambient temperature = 40 °C.

@

With a shont-circuited output, the base voltage of the output transistor will fall to about 0.7 V, the
Zener diode will stop conducting and all the available current through the two 82 £ resistors will
flow into the transistor base.

The short-circuit base current is therefore (10 V - 0.7 V) + 164 Q = 56.7 mA, and the short-circuit
output current will be 56.7 mA x50 = 2.8 A.

The power dissipated in the transistor willbe = 28 Ax 10V =28 W,

[This calculated power would amost certainly be sufficient to destroy the transistor, unless it had
been chosen to handle such a large power disstpation.]
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Regulsted d.c. power supplies

Question 14.6

As with all design exercises, two people working independently will arrive at different solutions,
depending on s made about adequate safety margins etc. You should not therefore expect
my solution to be the same as yours, but the overall circuit should be similar, and components
should have similar calculated values.

Your circuit configuration should be as shown in Fi 14.11. T1 and T2 form the Darlin i
whileﬂnﬂﬂsfmmmeovedoadproiuﬁoncimnifm glon pair

T2 As

240Y¥rma.
S0Hz ] foad
] & I':::’E’pl g
T T - oy
Figure 14.11
Transformer turns ratio

To obtain a 20 V output, the minimum voltage at C} should be about 22 V to allow for the voltage
drop across the Darlington pair. This minimum voltage should exist even at the lowest point of the
ripple voltage.

A reasonable starting point is to assume a maximum vol!ageof'MVa: C), with not more than 2 V
p-p ripple. (If Y, this g point can be reviewed as the design progresses.)

Allowing for the voltage drop across two diodes, the transfo peak output voltage should be
25.4 V, which gives a turns ratio for the transformer of 240 V 33;+25.4V =134.

Capacitor Cy
The current taken from C) will have a maximum value of | A (the current through the reference is

negligible in comparison) and this must not reduce the capacitor voltage by more than 2 V during
one half-cycle.
1A %10 ms

So, 2va andso G, 25x10’ F=5mF,
1

Normally, C is not made any larger than necessary r,o minimize the amplitude of the current spikes
in the transformer and diodes, mﬁa\m chosen Cy =5 mF.

;V‘i‘rm this value of capacitor, the average voltage at C; will be 23 V and the ripple amplitude will be
P-p-
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Resistors Ry and Ra

The bandgap reference voltage source requires a current of 10 mA at a voltage of 1.236 V, so0

(23-1.236)V

=2.2Kk02
10mA

R+R<

To give some measure of safety against any reduction in C) voltage, make Ry = Rz = 1 kL

Capacitor C2

The ripple requirement at the output of the power supp[)r is = 10 mV P-p. and the worst case for
le will be when the output voltage is 20 V (t npfele is amplified by
1.236 (= !G)umﬂvo]mgc)andwhenﬂwourpmwmnslh(whcnl:he at Cy, and hence

at the voltage reference, will be largest).
At 20 Vontsum. to obtain an output ripple < 10 mV, the voltage reference ripple must be less than 10

mV + 16 = (1,6 mV, and when the output current is 1 A, the ripple at C is 2
V. r
So, using the equation VvV, =—fl-x—1t
¢ “TWCR R+,
we obtain,
QZ—Lx ! x—li_ = 2V *® ! x—§—=26uF

V. @R’ R+r, 0.6mV 630x10° 1005
I will choose to make Cz = 30 pF to provide some margin of safety.

[As a check, at 100 Hz the e of a 26 uF capacitor is 61 £, which is much less than 1 k€2, so
the use of the approximate equation was justified.]

The sampling circuit

The resistance of the sampling circuit must be much r than the load resistance, but much less
than the input of the or amplifier. As we have seen previously, the

input
resistance of mog—umpmbevcnr]arge , while the load resistance must be in the range 2 02 (1 A at
2 V) and 400 £2 (50 mA at 20 V). A reasonable starting point for the selection of the resistor values
for the sampling circuit is to say that the total resistance should be of the order of 10 kQ.

Rj is present to limit the available output voltage at the low end, while R4 is to Limit the output
voltage at the high end.

If the total resistance of the sampling circuit is RT, then when the wiper of the pot is at the top of its
travel, we have,

BB 1236V andhence Fr=B J1B8V 618
x x . X -V .

If I choose & 10 kL2 pot for RV}, and ignore, for the moment, the resistance R4 (which will, in any
case, be small compared with RV} and R3), then,




Regulated d.c. power supp

10k [0kQ2-6.18kQ

=0.618 and R, = 62k0
10 kQ+R, R 0618

Any resistance less than this will allow the output voltage to fall to less than 2 V, so to ensure the
;nt!,l ks}:yfciﬁed output voltage range, I choose the nearest preferred value below 6.2 k€2, which is

At the low end of the pot (the high output voltage end),

R, L1236V = =
R 20V 0.062, so R, =0.062x15.6 k2=9700
The nearest preferred value is Ry =1 k€L
To check these choices,
. 16.6 k2
V,(rmn}=V,,,xrn_’E=l.236Vx 1a =186V

and

16.6 kQ
V. (max)= v,,x%ﬂ,m vx 225220V

These values therefore more than meet the specification for the output voltage range, and allow a
margin of safety for component tolerances.

Overload protection

The overload protection sensing resistor Rs must be chosen to generate a voltage drop of 0.65 V ata
load current of 2 A. Hence its value must be 0.325 £). When the current reaches 2 A, T3 staris to
conduct and takes base current from T2, so preventing any further increase in load current.

Load regulation

Any change in output voltage with an increase of load current will be caused by (i) an increase in the
base-emitter voltages of T1 and T2, (ii) an increase in the voltage drop across Rs and (iii) any
change in the voltage reference.

These changes in the base emitter voltages and the ch in the voltage across Rs will all be
reduced by the feedback factor (1 +A4§) of the voltage mbilrsing circuit. The change in the reference
vol urillnot.siuoer.hepug)oseofﬂlestahihan' i %lbopismmainulnﬂlenutpmofdwnm i
citcl'lausteaqul.lmﬂp Itagy In fact, any ge in the refi ltag willbeampﬁm
by the ratio Vou/Vrer.

(i) The change in the base-emitter voltage of a i due to a change in the emitter current
from [} to J; can be evaluated using the equation

6V,E=%h[-;1]{whichwu‘ loped in the solution to Question 14.5).
1




Solutions

(i)

(iii)

So, for an increase in load current from 50 mA to 1 A, the base-emitter voltage of T2 will
increase by

f] 1 1A
— x|
I

=T75mV
v mm] Sm

AV = Il(-ln[

and the base-emitter voltage of T2 will increase by

1 1A/30
——xn
40V 50 mA /30

AV, = ]: 75mv.

So, the total voltage between the base of T1 and the emitter of T2 will increase by 150 mV
when the load current increases from 50 mA to 1 A.

At the same time, the voltage drop across R will increase from 0.325 £ x 50 mA (= 16 mV) to
0.325Q x 1 A =325 mV a change of approximately 310 mV.

The total change in the voltage drop between the base of T1 and the output will therefore be
460 mV, but this will be reduced by the stabilising circuit which tries to compensate by
changing the base voltage of T1. As a result, the change in output voltage due to these two
causes will be reduced by the factor (1 + Af) where A is the gain of the comparator amplifier
multiplied by the gain of the Darlington pair, while g is the feedback factor, which in this case
is the proportion of the output voltage fed back to the comparator amplifier.

There will be a change in the reference voltage when the output current changes from its
minimum to its maximum value, due to the change in the average value of the voltage across
C) as the ripple increases.

The average voltage across C) at 50 mA load current will be about 24 V, because the ripple
will be very small. At 1 A, the ripple is 2 V p-p and so the average value is 23 V.

This | V change in the unstabilised voltage will cause a change in reference voltage due to the
internal resistance of the reference source which is given by
50

-
AV = AV, % = |Vx =2.5mV
! ST R+R 41y, 2kR+5Q

When the output voltage is 20 V, this reference voltage change will be amplified, by the
sampling and stabilising circuits, by the factor 20/1.236 = 16, and so the change in output
voltage guc to this cavse will be 2.5 mV x 16 =40 mV.

When the output voltage is 2 V, AV will be amplified by the factor 2/1.236 = 1.6, and the
change in output voltage due to this cause will be 2.5 mV x 1.6 =4 mV.

Note that this is 0.2% of the output voltage in both cases, and would be the same irrespective
of the actual output voltage setting.

Thc specification rr.qmres a load regulation of 0.5%, so the ining 0.3% is available for the

within the feedback loop.
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gulated d.c. power

‘When the output voltage is 2 V, this 0.3% represents 6 mV, so the 460 mV change inside the loop
must be reduced by the factor 460 + 6 =77, so (1 + AP) must be at least 77. At this output voltage,
B=1236/2=0.62s0, (1+0.624)277 or A2123,

When the output voltage is 20 V, this 0.3% represents 60 mV, so the 460 mV change inside the loop
must be reduced by the factor 460 + 60 = 7.7. At this output voltage, p = 1.236/20 = 0.062 so,
(14+0.0624)2 7.7 or A2108, which is a less exacting requirement than at 2 V.

Theloadre%hr.ion Jui will therefore be met provided the gain of the comparator amplifier
is at least 123,

Line regulation

If the supply voltage increases by 10%, the voltage at C| increases by 10% i.e. by 2.3 V. The
bandgap reference voltage will then increase by 2.3 V x 5/2005 = 6 mV. This change in the
reference voltage will produce an ou of 6 mV x Vg + 1.236 V which represents a
percentage change in output voltage of 6/1236 x 100% = 0.49%,

The line regulation requirement of the specification is therefore met.

[If the specification had not been met, consideration would have to be given to increasing the
stability of the reference voltage source, for example by preceding the bandpass reference source
with a Zener diode voltage reference. A two-stage reference of this sort will “insulate’ the final
reference source from much of the change in the smoothed output of the bridge rectifier.]

The transistors

The overload protection circuit should limit the output transistor emitter current to 2 A, but for
safety, an output transistor should be chosen which can carry a somewhat higher current than this .
suggest the following transistor parameters:

T2 maximum collector current >25A
maximum collector-emitter voltage >30V
maximum power dissipation >48 W (with suitable heat sink)
(see heat sink calculation)
T2 maximum collector current >100 mA
maximum collector voltage >30V
maximum power dissipation >3 W (with suitable heat sink)
T3 maximum collector current >100 mA
maximum collector voltage >30V
i power dissip 3 W (with suitable heat sink)
The transformer peak current

To calculate the charging time, again we represent the rectified half-wave by v = Vsing, so that, for
2V peak ripple, 8= sin~1(22/24) = 66° when the charging commences. Assuming charging ceases as
soon as the half sine-wave starts to fall, charging ends when 8= 90",
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Waveform generation

153 (a)
®)
(e)
(d)

What are the forms at the two cutputs of the circuit of Figure 15.37
‘What is the peak-to-peak amplitude of ootput 17
‘What is the peak-to-peak amplitude of output 2?7
‘What is the frequency of each output waveform?

15kn

oulput 2

oput 1

Figure 15.3

154 A Wien bridge oscillator is rﬁuu'u:l to produce a low-distortion sinewave output, variable in
kHz,

frequency from 100 Hz to 1

and in amplitude from 0 to 5 V. The oscillator must

oyu'alefromﬁvﬂ:pphmmdmmhwkmwﬂeﬂwhwﬁedmlmphud:mma

load of 20 £2. Sketch the required circuit and

and
values. Make any reasonable assumptions about the characteristics of other componmu
which are necessary for the calculation of component values.




SOLUTIONS

15.1
®
The two resonant frequencies are :
M @, -[LC,]—; =[0.1Hx0.1 pFﬁ-lo' rads”
and so fi=o2x=(10"2n) rad s = 1.59x10° Hz
L 1
(ii) , =[é’cj‘ér =[°"§_;‘:l'__'+"f:l:’ BE ¥ 105107 rad s
and so f,=w,/21=105x10"2xrad s =1.67x10" Hz

The Q factor of the crystal is:
Q= ayL/R=(10" rad 5™ x0.1 H)/sonaz x10°

)
The frequency of oscillation of the circuit is:
1
e 1? aG
= where C = C
o [Ew. GG
_ 10 pFx10 pF _
So, c’_——-—zopF +1pF=6pF
1
and o, =| QLEXSPEXOIPFTE ) o107 g oo
6.1 pF
and fu=0,28=1.01x10" 2nrad s™ =1.60x 10" Hz
Question 15.2
(a)
The period of the waveform T =2CR=2x6nF x5 k&2 =60 s,
and so, f=YT=17kHz
()

The period of the waveform T=CR=03nFx33kl=10ps,
and so f=1T =100 kHz




‘Wavetorm generation

©
“The period of the waveform T = 2cm[“*] where k= R/(R +R,)=4

50, T=2xll0]qulOkaln]i%]::xlO“lnB:lzxID"s
and f=1YT=45kHz.

Question 15.3

(a)

Output 1 is a square wave and output 2 is a triangular wave.

(&)

The square-wave at the output of op-amp 1 is limited by the combinations of Zener diode plus diode
to about H4.7+ 0.6) Vie. to 253 V.

1 is the output of op-amp 2, which is a non-inverting amplifier with a of(47+56)+56
=lt.g‘4n0mpul 1 is therefore a squam-wnv:mlhpeak\ra]ucgsﬂsil\'x] 84)83111

The peak-to-peak amplitude of output 1 is therefore 19.5 V.
(c)
mhpggm of op-amp 3 will be the voltage across the feedback capacitor of the integrating

Bemuse&emvmngmpnlcfﬂwopm)puammaleaﬁh,dhsltumemﬂomgrhmu@ﬂm
input resistor R and through the feedback capacitor C, then

dr
1V, 1
50, P,-—E —’;dl"—ajvhdf

(which is why the circuit is called an integrator).
In this circuit, Viq is output 1, and is therefore either +9.75 Vor 9.75 V.

9.75V
10 uF x 10 k2

and the output of op-amp 3 ramps down at 97.5 V s~}
Similarly, when the input voltage is ~9.75 V, the output ramps up at 97.5 V 51,

When Vip=+9.75 V, v_=_éjo.7sv¢u=- x1=-97.5Vx1




Waveform generation

resisances Ry and R are equal, the maximum resistance of RV1(a) and RV 1(b) must be at least 9

times R).

If we make the pot resistance 10 times Rj, then there will be a small overlap of the two decade
ranges, which can make operation of the oscillator more convenient.

Convenient values to use are 10 kL2 for &) and R2, and 100 k£ pots for RV1(a) and RV1(b).
from smpifier output

Figure 15.5

Since, for the Wien bridge oscillator, f =1/(2=CR), the frequency will be at its highest when C and
R are at their minimum values.

With the variable resistors set to zero, the required value of C can be found from the equation
C=1/2nRf.
Far a frequency of 10 kHz,

1

6=6= axiommxiorm - o"F

For a frequency of 1 kHz,

1
G=G= oo w0

When the variable resistors are set at their maximum value, R = 110 k€2 and so, on the higher

CY range, )

= IxxLomFxIlOkm O HE

!

and on the lower range,
1

* Iexlearxiionq - 0o H

f




The oscillator amplifier

The oscillator amplifier with its amplitude limiting circuit is shown in Figure 15.6.

The gain at low output amplitude is required to be about 3.2 to ensure that oscillation starts reliably,
and the gain shouald fall as the amplitude increases until it falls just below 3 before Iimiutimfs
caused by power supply voltages occur.
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Figure 15.6

For the amplifier to have a gain of 3.2 at low signal amplitude, i.e. before the diodes start conducting
to any significant extent, (R3 + Ry) + R3 must equal 3.2, which means that Ry + Ry =22,

We can make R3 = 10 k2 and R4 = 22 k. These nlneswillnot_phc.emysi;niﬁcm load on the
output of the op-amp, and yet are not so large as to be a source of significant noise pick-up.

To ensure that the gain falls below 3 at higher si amplitudes, if the total feedback resistance is
Ry, then (Rp + R3)/R3 must be less than 3, or Re/R3 must be less than 2.

Since R3 = 10 k€2, Rg must be less than 20 k2 when the diodes are conducting. Then,

E%cmmandsm R, =22k, R,<220kQ.

So we can make Rs = 200 k2, and the gain will drop to 3 when the diode looks like a resistance of
20k, i.e. when Ip =06V +20 k2 =30 pA.

When the current in the 200 k€2 resistor is 30 pA, the voltage across it will be 6 V, so adding the
diode forward voltage of about 0.6 V, the output amplitude will be 6.6 V.

The output of the oscillator amplifier will therefore limit at an amplitude of about 6.6 V.
The amplitude control and output amplifier

A possible configuration for the amplitude control and output amplifier of the oscillator is shown in
Figure 15.7. Other configurations are, of course, possible, as you saw in Chapter 13,
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Figure 15.7

The amplitude control pot RV2 must not unduly load the oscillator amplifier, and must not be
unduly loaded by the input resistor of the pre-amplifier, so a reasonable value is 10 k€1. Resistor Rg
can then be made 100 kL2 without the load on RV2 being significant.

Since the litude of the sinewave from the oscillator lifier is about 6.6 V, the gain of the
output amplifier could be made less than 1, but since the amplitude calculation is only approximate,
itis y safer to give the output amplifier a gain of 1 by making R7 equal to Rg at 100 k.

Rg will need to be equal to the parallel combination of Rg and R7 so as to minimise the effect of
input bias currents, so Rg will be 50

Iwi![assummeland‘[‘Zhaveammginﬂofﬁﬂandavngofﬂ‘TVwmmng,a:nd
D

that D1 and D2 have a forward voltage drop ¥p of 0.6 V.
To reduce the possibility of distortion, T will Class A operation of the double emitter-
follower output stage.

Since the peak load current is 250 mA, the required quiescent current is 125 mA.
(The remainder of this calculation follows the steps of the solution to Question 13.1.)

To minimise distortion due to the variation in t resi of the emitter followers, Rj3 and R4
should each be 0.6reg, where req is the emitter follower output resistance in the quiescent state.

Since the op-amp output is fairly low resistance, it approximates to an ideal signal source and the
emitter follower output resistance is then

T =Yg =Kl =1f(40 V"' x 125 mA) =0.202
and

R,=R,=0.6x020=012Q.




The required values of Rg and R/ can be found from the peak signal conditions.
Atas Vlggsitive excursion of the input signal, the T1 emitter current = 250 mA, and so the peak
value of the base current is 5 mA. At the same time, the base of T1 will be at a voltage equal to the
load voltage plus the base-emitter voltage of T1. (The voltage drop across Ry3 is negligible in
comparison with the other voltages.) The base voltage of T1 is therefore 5.7 V, leaving a voltage
across Rg of 9 V - 5.7 V =33 V. The maximum value of Rg is therefore 3.3 V + 5 mA = 0,66 k(L
I will choose Rg = Rj2 = 620 £, which is the nearest preferred value below 660 Q.
To find the value of R1p and Ry we must consider the quiescent condition.
In the quiescent condition, the base current of T1 = 125 mA + 50 = 2.5 mA, and the base voltage is
0.7 V (since the output voltage is zero). If Ip is the current through the diodes in the quiescent
condition, then

(J'D +2.5mA)x620Q=9V-0.7V

I, +2.5mA=83V/62002=13.4 mA

I,=10.9mA
Hence, Ry=R,=(0.7V-0.6V)/10.9mA=9Q

This completes the specification of the resistor and capacitor values.




The high-frequency behaviour of transistors

Figure 16.1

164 The amplifier of Figure 16.1 is now connected to a signal source having an internal
resistance of 1 k{). Re-calculate the voltage gain, the two 3 dB points and the gain-

165 An operational amplifier has the circuit of Figure 16.2. Each transistor can be assumed to
have the following parameters:

p=100, VA= 100V, Cc = 5 pF, fr= 120 MHz, n, = 100 Q.
The op-amp can be assumed to have zero output voltage when Vig is zero.

20

+15Y

Figure 16.2

(a) Calculate the low-fi y open-circuit gain of the long-tailed pair (i.e. the gain with
no load other than ‘Rz}. assuming that the signal source has negligible internal
resistance.




Questions

(&)

(©)

Represent the long-tailed pair by its low-frequency Thévenin equivalent circuit as
shown in Figure 16.3 (where A is the low-frequency gain calculated in (2) and gou is
the output conductance of the long-tailed pair) and hence draw the hybrid-x small-
signal equivalent circuit of the common-emitter amplifier (T5) connected to the long-
tailed pair. The equivalent circuit should be in a form which will allow the results of
the analysis of Appendix 16A to be used to calculate circuit performance.

g,

AV,,I

Figure 16.3

Assuming that the input conductance of the emitter follower (including R3) is 22 uS
(¢f the solution of Question 10.10 part (b)), calculate (i) the overall lowjmqmcy gain
of the amplifier and (ii) the 3 dB frequency of the Bode gain plot.

A capacitor is to be added to the amplifier, connected between the base and collector of
TS5, to reduce the 3 dB frequency to 150 Hz. What value capacitor is required?




The high-frequency behaviour of transistors

SOLUTIONS
Question 16.1
When the bias is zero, using the equation

Ce= const (-9~ Vye)”

8 pF= const x(0.65)"
andso  const=8 pFx(0.65)!

The reverse bias on the collector-base junction =15V -0.65 V=14.35V, s0

C.= BpFx(0.65) x(0.65+14.35)% =2.8 pF

Now C=C,+C,
where Co=g,7 =K1,
and C, = const x(—¢—Vy)?

With zero bias, 5 pF= const x(0.8)} andso const=5pFx(0.8)}

With 0.65 V forward bias,
C, = 5pFx(0.8)' x(0.8-0.65)" =8.7pF
C, =Ki.7,=40 V"' x1mA x1 ns = 40 pF
and so, C =C, +C, =B.7pF+40 pF = 49 pF.
Question 16.2
(@)
Using the equation @, (C+C)=|gn ~ jurC]
and substituting len - jCel = o2+ 07C7
we obtain

oG+ C) =g, +07C
0}(G} +26C+ G - CF) =4,

hence q=m




The high-frequency behaviour of transistors

©
The “intermediate frequency” range is defined as that range of frequencies for which
oC, <<g, and g <<a(C+C).

If @C, <<, then @<<(40 mA v")/[28x10™ F)=14x10" rad s” and f <<2.3 GHz.
If g << @(C, + C¢) then since g, = g./B.
@>>(40 mA V")/[200% (49 pF+2.8 pF)| =3.9x10° rad 5™ and £ >>0.6 MHz.
The intermediate frequency range for which the approximate equation for lhg! is valid is:
0.6 MHz >> f >>2.3GHz.

Question 16.3
@
At 10 kHz, the reactance of Cy = X,, = I/(2nfG) =1/{2nx10* Hzx10™ F) =16 Q

At the same frequency, the reactance of C2 = X, =lj{21l:xl0‘ Hzx10™® F]=L69

Comy mﬁﬂ;aﬂwf i values in the circuit, the reactances of capacitors Cy and Cz can be
slected in v

The d.c. base current fg = (15 V - 0.65 V) + 1 M2 = 14.4 pA, so the d.c. collector current Ic =
14.4 pA = 200 = 2.8 mA and the collector-emitter voltage Vecg=15V - (28 mAx25kQ) =8 V.

The transistor parameters are therefore:
gu=Kl, =40 V' x2.8 mA =112 mA V-
2,=8./8=112mA V" +200=0.56 mS (r, = 1.8 kQ2)
8, =1c/(VA+Vg)=3mA+(80 V+8V)=34 S (r, =29 kQ).
C. = 8pFx(0.65V)! x(0.65V+(8-0.65 V) =3.5pF
C,=C,+C, =87pF+112mA V' x1ns =121 pF
Figure 16.5 is the small signal equivalent circuit of the amplifier, neglecting C; and C,. Col i

ng
this circuit with that of Figure 16.10(b) of the textbook (page 622), you can see that they are the
same except for the addition in Figure 16.5 of Rg and Ry
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