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1. INTRODUCTION.

• • . • • • • • • • • • • • • • , • • . . • • • • • • . • • • • . • • . • • • . . • • • • • . • • • • • . . 43

1.1 A clipping circuit is a non-linear shaping circuit which selects a section of a
wave either above or below a reference voltage, or limits an excursion of a
waveform to a reference voltage. Circuits include diodes, thermionic valves and
transistors operated under non-linear conditions.

1. 2 In pulse applications, clipping circuits, in association with amplifiers, are used to
control the amplitude of rectangular pulses, to reshape rectangular pulses or to
generate rectangular pulses from sine waves, to select required sections and to
remove unwanted sections of a waveform,and to clip noise components from
rectangular pulse waveforms. More specifically in television applications,
clippers are required to separate the synchronizing information from a composite
video signal, to prevent black picture signals from extending into the sync. region
of a broadcast television signal, and to prevent white picture signals from
reducing the carrier level of a broadcast television signal below the minimum
value specified in the television "standards".

1.3 This paper discusses the general considerations of circuits used to produce
clipping and sync. separation. Modifications to sync. separator circuits to
improve their noise immunity are riot considered. Also examined are voltage
comparator circuits which introduce clipping at two adjacent levels in order to
produce an output when the input signal has a particular level.

Circuits that are similar or identical to the clipping circuits considered in this
paper are used in the intermediate frequency stages of frequency modulation (F.M.)
receivers and are invariably known as limiters in this application. The term
"limiter" is sometimes used to describe the clipping circuits of pulse
applications. The purpose of a limiter in an F.M. receiver is to remove any
amplitude modulation components from the required frequency modulated signal, but the
operation of circuits for this purpose is not examined in detail in this paper.
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2. DIODE CLIPPING CIRCUITS.

2.1 Series Diode ClipPIUg Circuit, The unilateral characteristic of diodes which allows
current to flow in one direction but not in the other, makes diodes useful in
clipping circuits. The characteristic can be used in two ways. The first is by
arranging a diode in series with the signal path so that the diode is non-conducting
for input signal amplitudes to be clipped. Secondly the diode can be arranged in
shunt across the signal path in such a way that it is conducting for signal
amplitudes to be clipped.

A series diode clipping circuit is shown in Fig. la. Considering a perfect diode
with zero forward (conducting) resistance and infinite reverse (non-conducting)
resistance, the diode conducts when the input signal (e±n) is positive and the
input is directly connected to the output. However, when the input is negative
the diode becomes non-conducting, and the output is zero. The input and output
waveforms for the circuit are illustrated in Fig. lb.
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FIG. 1. SERIES DIODE CLIPPING CIRCUIT,

A sine wave input signal is used as this gives a good indication of the clipping
level. The output waveform indicates that the section of the waveform which is
more negative than the clipping level has been removed and the circuit is therefore
a negative series diode clipping circuit. The output waveform also shows that
the circuit of Fig. la is a half wave rectifier circuit. Used as a clipper,
however, greater attention must be directed towards the relative values of the
circuit resistance and capacitance, than would be necessar for a rectifier circuit.
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2.2 The series diode clipping circuit can be arranged to clip at levels other than zero
by including a reference voltage in series with the resistor Rl as shown in Figs. 2a
and b. The reference voltage can be of either polarity. The reference voltage
biasses the clipping diode and the input voltage must be more positive than the
reference potential before the diode can conduct to produce an output (Fig. 2).
Any section of the input signal that is more negative than the reference potential
causes the diode to become non-conducting and the output remains at the clipping
reference potential.,

Reversing the connections to the diode to give circuits as in Figs. 3a and b, allows
the sections of the waveform that are more positive than the reference potential to
be clipped. Examples of output waveforms for two different bias conditions are
illustrated in Fig. 3c.
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PIG. 3. BTASSED CLIPPTEG CIRCUTS.

A convenient means of providing vhe bias for a series diode clipping circuit is to
use the shunt resistor as part of a voltage divider supplied from a conveniently
available voltage as shown in Fig. h. The input voltage to this circuit must be more
positive than the voltage at the output set by the voltage divider, before the diode
can conduct and transmit the input signal to the output. The effective values of the
circuit shunt resistance and the clipping reference potential can be determined by
applying Thevenin's Theorem. Thecircuit in Fig. l is exactly equivalent to the
circuit in Fig. 2a when Rl s R2 Ro and ER R2 EHT•

R2+R3 R2+R3

+ EHT
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< Shunt Diode Clipping Circuit. Fig. 5a illustrates a shunt node clipping circuit.
when the input signal is positive with respect to earth, the diode is biassed in

direction. Since no load resistance is present across the
output, no voltage drop is present across the series resistor Ri) and the input
appears at the output without attenuation. For negative input signals the diode
becomes conducting and represents a low resistance - zero in the case of a perfect
diode [he complete input signal is then present across the series resistor (Ri)
and no voltage appears at the output. The section of the waveform that is more
negative than the clipping level has therefore been clipped from bhe signal
(Fig. 5b) and the circuit is a negative shunt diode clipping circuit.
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SEUNT DIODE CLIPPING CIRCUIT.

including a reference voltage in series
The reference voltage, which can be
the input signal must be more negative

the diode as shown in Figs. 6a and b.
either polsri • biasses

she reference voltage,
diode so that

before the diode
will conduct and produce negative clippins. hen cupping occurs, the output voltage
is "clamped" the reference potential. is used here in the general sense
where it means a point in s circuit is connected to a reference potential via a
low impedance snd its
n the course paper,

e cannot ary appreciably from the reference potential.
a special case of clamping adds

a DC. component to maintain a section at reference level without
significant change in the wave shape. Fig. 6¢ illustrates the waveforms associated
with the biassed shuni dice clippine circuits. Comparison of waveforms for the
shunt and series diode circui s indicates tit the circuiis in Figs.6a and b give
equivalent results to the circuits in Figs. 2a b respectively. By reversing the
connections to the diode the shunt diode clipping circuit clips input levels that are
more positive than the reference voltage produce output waveforms which are the
same ss those from tue circuits in Figs. So and b. Series and shunt clipping circuits
can be used in cascade to clip et one level vt, in most cases, this gives little
advantage.
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2.l Transfer Characteristics. The effect of a ciipping circuit on an input waveform is
conveniently estimated from a transfer characteristic for the circuit. The transfer
characteristic is a graph of output voltage (on the "y" axis) for each value of input
voltage (on the "x" axis). Consider the clipping circuit in Fig. 6b. When the input
voltage is such that the diode is non-conducting, that is, the input is more positive
than -ER, the input is transferred directly to the output.

The transfer characteristic for these input
voltages(Fig. 7) is a straight line with a
slope of 1 (the circuit has no loss or gain).
Notice that the line (or an extension of the
line in some cases) pass through the origin.
For any input signals more negative than -ER
bhe diode conducts and the output remains at
-ER. The transfer characteristic for voltages
below -ER is, therefore, a straight line parallel
to the "y" axis. The total characteristic is
illustrated in Fig. 7. This characteristic is
also obtained with the circuit of Fig 2b.
Transfer characteristics for other circuits
can be prepared in a similar way.

-f

FIG. 7. TRANSFER CHARACTERISTICS.

2.5 Clipping at Two Levels. Two biassed diode clipping circuits arranged to clip at two
levels will select a section of an input waveform. This is often called "slicing",
The circuit in Fig. 8a includes two shunt diode clippers; a positive clipper which
clips the sections of the input signal that are more positive than +5V, and a
negative clipper to remove section more negative than -5Y. The section of the signal
between these clipping levels is transmitted directly to the output. The transfer
characteristic for the complete circuit is illustrated in Fig. 8b. It has s centre
section with a slope of 1 indicating the levels for which the input is transferred
directly to the output. This concludes at +5¥ and -57 in horizontal sections
indicating no additional output for input signals above +5V and below -5V,

Waveforms for the circuit (Fig. 8c) illustrate an application for clipping at two
levels. The sine wave input clipped symmetrically about the zero axis has become
approximately a square wave. The transitions have a definite rise time but are
almost straight since the slope of a sine wave close to the zero axis is almost
constant. For given clipping levels, the rise time of the output square wave is
inversely proportional to the frequency, and approximately inversely proportional to
the amplitude of the input signal. The rise time of rectangular waves can be
reduced using the same technique of amplifying the signal and clipping at two levels
to select a "slice" of the input waveform. In addition, noise components of the
input rectangular wave are removed as shown in Fig. 8d.
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<. Series diode clippers can also be arranged to perform e clipping, but more
consideration must be given to the component values to cbtain the desired clipping
levels.
es those in Fig, 8,

example output waveform~

Consider an input signal such that SC1 is
non-conducting. The circuit voltages
forward bias $02 and current through RI, 802
and R2 produces a 100V P.D. across Ri and
a 10V P.D. across R2. The voltage at
point A and the output voltage is therefore
+5V. The input voltage required for 80l to
be non-conducting is therefore a voltage
greater then +5V, and input signals
greater than +5V, are clipped. As the
input signal is decreased below +5V, 8Cl
conducts and, with 802 still conducting,
the input signal is transferred to the
output. Because of the bias in series with
R2, 602 ceases to conduct when the input
signal (and therefore the voltage at A)is
less than -5V. Clipping of the negative
extreme of the input signal is then
produced. The circuit clips all inpuu
signals above +5V and below -5V. The
circuit in Fig. Pb is equivalent to the
eireuit in Fig 9a but includes a more
convenient method of obtaining the -5y
reference potential. This is a common

+705¥

practical form of the circuit Un some
applications this vype of clipping circui
is associated with the anode circuit of a
valve and is required to clip at two positive
values of voltage. Te opposite polarity bias
voltages of Fig, 9 are then not necessary.

Series and shunt diode clippers can also
be combined to provide clipping at two levels.
Fig. 9c illustrates a satisfactory arrangement
that has output waveforms as in Fig. 8.

R2

CLIPPING AT WO LEVELS.

2.7 Effect of Diode Resistance. Practical diodes differ from he ideal diodes so far
considered in that their forward resistance (R£) is not zero and their reverse
resistance (Ry) is not infinite. Further, the forward resistance is not constant,
since the current-voltage characteristic of diodes is curved, and also the "break" in
the characteristic representing the division between the low and high resistance
sections may not occur at zero voltage.

For the series diode clipping circvit to perform satisfactorily it is necessary for th
sunt resistance (Fl) to be much greater than the forward resistance of the diode (Re)
but for Pl to be much less than the diode reverse resistance (Ry). If this
relationship is not maintained, when the diode is conducting, Rl and Re form a voltage
divider which could attenuste the required section of vhe waveform. This is the most
important consideration when the value of Ri is reduced in an attempt to reduce the
eff=et of circuit capacitance as discussed in para. 2. 3.

Also, when the diode is non-conducting, the voltage divider formed by RI and could
allow portion of the waveform that should be clipped to be passed to the output. The
latter effect is most likely to troublesome when germanium diodes are used, and
can set a maximum value or Bl,



CLIPPING.
PAGE 7.

A diode suitable for use in a clipping circuit should be selected to have a low Rf,
a high Ry and so give a high value for the ratio R, to Re. The output waveform
for an exaggerated example of a negative series diode clipper where Ry and Re are
considered constant with Ry = 9R1, RI = 9Re end bhe ratio of R, to Re = 81, is shown
in Fig. 10a. he output waveform for the same circuit with an ideal diode is also
shown.

The transfer characteristic for the circuit
can be drawn to take into account the diode
resistances. Consider diode resistance in
the negative series diode clipper of Fig. l
such that R. = 9Rl and Rl = 9Rf. When the
diode is conducting the input is transferred
to the output but with a loss and, in this
case, the ratio of ©out bo 8in = 0.9. This
is represented by a line with a slope of
0.9. For negative input signals, the diode
is reverse biassed but Ry still transfers
some of the input signal to the output and,
in this example, the ratio of eout to ein =
O.1. The transfer characteristic for this
section, therefore, has a slope of 0.1.
The complete characteristic is snown in
Fig 10b. For comparison a transfer
characteristic for the same circuit
including an ideal diode is shown dotted.

€out
(WITH DIODE
RESISTANCE)

0e
%s
4z
km._

d

©out

%$
%¢
%#
%#
4s...

(a)

WITH DIODE
RESISTANCE

t +

SLOPE 0.1

As a matter cf interest, when the transfer
characteristic is determined for a clipping
circuit including bias end s diode with
resistance, the curve does not pass through
the origin. The diode current is zero
when the input voltage eguels the bias
voltage. Under this condition no potential
difference occurs across any of the circuit
components and the output voltage equals
the input voltage. This means that at this
point the characteristic coincides with the
ideal characteristic as shown in Fig, 10¢.
For input levels that are transmitted to the
output by the clipper, the diode resistance
causes the transfer characteristic to have
a slope less than unity and therefore the
transfer characteristic cannot follow the
ideal characteristic through the origin.
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FIG. id
i\ a EFFECT OF DIODE RESISTANCE,

For satisfactory overstion of s shunt diode clipping circuit, the circuit resistances
must have the same relationships ss those for the series diode clipping cir-ui 3
that is, Re must be much less than Ri end Fl much less then
clipping in this case is caused the diode conduction,

However, as the

results in poor clipping, and diode reverse resistance results in attenuation
the transmitted section ot the waveform, ma is reverse of the effe

e, shunt clipper, when the relsticn-nips
ss previously ennsi - •



2.8 The current-voltage characteristic of a diode is
curved, with the diode resistance decreasing as
the diode voltage and current is increased.
Therefore, increasing the signal amplitude
decreases the diode resistance and improves the
effectiveness of the clipping circuit. For
this reason, clipping is best carried out at
high signal levels.

FORWARD
CURRENT

(raA)

REVERSE
VOLTAGE

CV)

30

The curved nature of diode characteristics
produces curvatures in the transfer characteristics
of clipping circuits which include practical
diodes. Fig. l1 shows a typical characteristic
for a germanium point contact diode.

I

-REVERSE
CURRENT

EµA)
10

%
FORWARD
VOLTAGE

CV)

FIG. J1. DIODE CHARACTERISTIC.

The transfer characteristic for a circuit using this diode can be obtained by
drawing "load lines" on the diode characteristic for various values of input
voltage. Fig. 12a shows the transfer characteristic for a series diode clipping
circuit including a diode with the characteristic of Fig. ll, and a shunt
resistance of 1,0009. The diode reverse resistance is considered muon greater
than the circuit shunt resistance and is neglected. The amount that the
characteristic deviates from the ideal characteristic has the same form as the
section of the diode characteristic used. Notice that, in the series diode
clipping circuit, the non-linearity of the diode characteristic introduces non
linearity distortion onto the transmitted section of the signal.

Increasing the shunt resistance of the clipping circuit should improve the transfer
characteristic However, the improvement is not as great as might be expected
because, for a input voltage, increasing the circuit resistance reduces the
diode current and increases the diode resistance. This tends to offset the original
improvement. he transfer characteristic for a 10k0 shunt resistance is shown
dotted in Fig. I2a. The small signal amplitude sections of the transfer
characteristics in Fig. 12a are shown to a larger scale in Fig. 12b. These
characteristics indicate the poor performance of the clipping circuit at low signal
levels,
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FIG. 12. CHARACTERISTICS USING PRACTICAL DIODES.

The effect of the characteristic of practical diodes on shunt clippers is
illustrated by the transfer characteristics in Fig. 13. Again the curvature of the
sec'ion of the diode characteristic used appears on the transfer characteristic,
but in this case it determines the shape of the section of the waveform that should
be clipped. With a diode reverse resistance large enough to be neglected no non
linearity distortion is introduced onto the section of the signal that is required
to be transmitted to the output. As in the series clipping circuit, an increase in
the circuit series resistance does not improve the clipping greatly, because of the
increase in diode resistance with reduction in diode current. Fig. 13b shows the
rather poor clipping achieved at low signal levels.
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PIG. 13. CHARACTERISTICS USING PRACTICAL DIODES.

Junction diodes have a lower forward resistance than point contact diodes, but
because of their smaller junction capacitance, point contact types are usually
preferred in high speed switching applications. Also, transfer characteristics
for clippers including junction diodes end suitable values of circuit resistance,
have effective clipping levels that are displaced from the clipping reference
potential. This is because junction diode characteristics, when plotted on linear
linear paper, have a sharp change between their high resistance and low resistance
regions, which does not occur when the diode voltage is zero,
The non-linearity of diodes at low voltages is used to advantage in the "click"
suppressors of telephone circuits where two diodes are connected in opposite
directions across the telephone receiver. They act as positive and negative shunt
clippers, but because of diode non-linearity, clipping does not commence until the
signal at the receiver exceeds the normal maximum signal level.

2.9 Effect of Source Impedances. Zero input signal source impedance has been considered
in paras. 2.1 to 2.8. With a series diode clipping circuit (Fig. 1ha), when the
source resistance (Ra) becomes comparable with the resistance Rl, it must be
considered. his is likely to occur when Rl has a low value, in an attempt to reduce
the effect of circuit capacitance. The
resistors RI and Kg in Fig. lha form a voltage
divider which attenuates the signal passed by
the circuit during its transmission time.
A practical circuit which has source
resistance similar to the circuit of Fig.l4a is
shown in Fig. 1lb. The valve and its anode
load (R2) can be considered as a generator
with a source resistance equal to the parallel
resistance of R2 and the anode resistance (r")
of the valve. [he resistor R3 forms the shunt
resistance of the clipping circuit, and the
+200V supply is the clipping reference
potential. Alternately the anode voltage can
be found by considering bhe circuit as an
amplifier in which the valve of load resistance
changes dependent on whether or not the diode
is conducting. Calculations to find the
output voltage using either approach produce the
same results. The diode in Fig. lhb conduets
whenever the anode voltage is greater than
+200V and the signal is present at the output.
For signal voltages bhet cause the anode
voltage to fall below +200V, the diode
becomes non-conducting and the signal is
clipped.
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The source resistance is less important with shunt diode clipping circuits (Fig. 15a),
since it is in series with Rl which should be as large as possible within the
limitatations set by the diode reverse resistance and the circuit stray capacitance.
In many cases, the source resistance is used as the only series resistance in the
shunt diode clipping circuit. The circuit in Fig. 15b is in this category. Notice
that diode clipping circuits are often an integral part of amplifier circuits,
though this is not a necessity,
In Fig. 15b, for large values of anode current, giving anode voltages less than the
reference voltage of +2OOV on the cathode of the diode, the diode is non-conducting
and the circuit behaves as an ordinary amplifier. Additional negative voltage on the
grid causes the anode current to decrease and the anode voluage to increase until, at
an anode voltage of 2OOV the diode commences to conduct and the anode potential is
clamped, by the low resistance of the diode, to +2OOV. Further decrease in the anode
current, therefore, has no effect on the anode voltage and the positive extreme of
the output signal is clipped at +2OOV. The diode in this application is sometimes
referred as a "catching diode" as it "catches" or stops the increasing anode voltage.
The anode voltage can be confined between two specific levels by including in the
circuit both a positive and a negative clipper with appropriate reference potentials
as in Fig. 15c. Here the output signal is confined between +15OV and +2OOV. This
technique is commonly used in high speed transistor switching circuits to prevent the
transistor from being operated in the saturation region, and to accurately set the
limits of the switching waveforms at the output, under varying external load
conditions. It is also used to protect circuit elements, particularly transistors,
from excess voltage.

+250V +200v +250¥ +200V +150V
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FIG. 15 EFFECT OF SOURCE RESISTANCE.

2.10 A further consideration for correct operation of clipping circuits is the impedance
of the clipping reference potential. The reference voltage for a shunt diode
clipping circuit must be obtained from a low impedance source as any source
impedance has the same effect as increasing the forward resistance of the diode,
which reduces the effectiveness of the circuit. The reference source for the series
diode clipper is connected in series with the shunt resistor, and the internal
impedance of the source is far less important. For the clipping of the A.C.
component of waveforms, it is satisfactory that the reference potential be maintained
by a charged capacitor with a value such that little change of charge occurs during
the clipping time; that is the reactance of the capacitance is small compared with
Kl for the series clipper and Pr for the shunt clipper, at the repetition frequency
of the input waveform.

2.11 R-C Input Circuit with Cli~plug Circuits. For correct operation of the clipping
circuit it is necessary for the input signal to be direct coupled from a source
having a resistance that is low compared with the clipping circuit resistance. If
an R-C coupling circuit is included in the input as in Figs. l6a and b, the circuit
hes a peak rectifier clamping effect on the signals present across R2. Accurate
clamping of the peaks does not occur, however, because of the high resistance in
series with the diodes. For the peak rectifier clamping action to be negligible, Rl
must be much larger than R2.
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Fig. 16¢ shows the waveforms applicable to the series and shunt diode clipping
circuits of Figs. l6a and b. In each of these examples the discharge time constant
of the coupling capacitor is twice the charge time constant, and the waveform across
R2 has a negative area that is twice its positive area, because of peak rectifier
clamping. Also a tilt dependent on the circuit time constant is introduced onto a
rectangular input signal.

With no clamping action the coupling circuit
would remove any D.C. component at the input
and the waveform would be clipped at the
average axis of the input signal. The
circuits in Fig. 16, however, do not clip at
this level, but clip at the zero axis of vhe
waveform across R2. Note that the clipping
level will not be changed when the input
signal contains a D.C. component .
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FIG. 16. EFFECT OF R-O COUPLING CTRCUTT.
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. 1.2

The clamping action can be removed by Rl equal to R2 end including a diode
in series with R2 as shown dotted in rig Bobh charge and discharge circuits of
the capacitor then have the same time constant.

When the R-C combination of either Figs. I6a and b has values so proportioned that the
circuit is a differentiating circuit, and any change of charge on the capacitor is
completed between transitions of an input rectangular waveform, no peak rectifier
clamping occurs. With a square wave
input to the differentiating circuit the
output is a series of "spikes" with
polarities corresponding to the
directions of the transitions of the
input as shown in Fig. j7.

Because the time constant of the circuit
is changed when the clipping diode
changes from conducting to non-conducting,
the shapes of positive and negative
pulses across R2 differ slightly. After a
negative clipping stage (for example Fig.
16a) the negative "spikes" are removed and
the output is a series of pulses coincident
with only the positive transitions of the
input waveform. A posivive clipper
associated with the differentiating circuit
will produce output pulses coincident with

transitions of in.out.
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2.13 Effect of Stray Capacitance. The stray capacitance in both series and shunt diode
clipping circuit places a limit on the maximum values of shunt and series resistors
respectively that are allowable while the rise time of the output waveform is
maintained within prescribed limits.

Typical values of the capacitances across the diode and across the output of a
series diode clipping circuit are as indicated in Fig. 18a. For simplicity the
diode capacitance is considered to be fixed, although the junction capacitance of a
practical semi-conductor diode depends on diode bias. Consider the circuit at a
bime when the input is -5V and the diode is clipping the input square wave of
10V p-p as in Fig. 18b. The diode is non-conducting and the output is zero. The
output capacitance (Cl) is therefore uncharged.
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RTG. 18. PFFECT OF STRAY CAPACITANCE.

At the commencement of the positive half cycle of the input square wave the input
voltage steps by l0V and this change is divided between the capacitors in inverse
proportion to their values. The output voltege, therefore, steps by 0.2 of the
input voltage step, from zero to +2V. It then rises exponentially to a value
determine by the circuit resistances. In Fig. 18a, since is negligible compared
with Rl, the output voltage rises to +5V. Using Thevenin's it can be
derived that the charge circuit is equivalent to s circuit consisting of Cl and 02
in parallel, in series with Kr and Rl in parallel. But Rl can be neglected because
of its high value compared with Rf and the circuit time constant is:-

71 = (C1 + C2) Re

With the values chosen in Fig. 18a the equivalent circuit time constant is 0.005µS
and can be neglected.

At the end of the positive half cycle of the square wave, however, the effect of
the capacitance cannot be neglected. The 10V step in the negative direction again
divides in inverse proportion to the circuit capacitance and the output steps by
2V to +3V. However the input has stepped to -5V and has caused the diode to
become nor-conducting. Therefore, the time constant for the change or charge of the
capacitors is:-

72 = (C1 + C2) RI.

This is 5µ8 with the values as in Fig. 18a, giving a rise time of 2.2 72= 11µ8. To
reduce the degradation caused by the circuit it is necessary to minimise the stray
capacitance and to reduce Ril to give s suitable rise time for bhe output waveform.
To achieve a rise time of 0.lµS, Ri in Fig. 18a has to be reduced to 4ki, and
values of this order are comon in practical circuits. However, this low value is
becoming comparable with Re and attenuation and non-linearity distortion of the
transmitted section of the waveform may be introduced. This type of deterioration
is partly offset since the low value for Ril increases the diode current and
decreases the diode forward resistance,
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2.1l In a shunt diode clipping circuit both the diode and the load capacitances are
directly across the output and during bhe transmission time of the circuit these
capacitances must be charged via the series resistor Rl. The circuit therefore
introduces loss at high frequencies and increases the rise time of transitions of
the waveform when the diode is non-conducting.

Consider the circuit in Fig. 19a at a time when clipping is occurring. The circuit
waveforms for a square wave input are illustrated in Fig. 19b. Since Rl is much
greater than the diode forward resistance (Re), the output is zero and no charge
exists on the output capacitance. With the positive step at the commencement of
the next half cycle, the output capacitance is charged via the series resistor and
the output voltage rises exponentially with s time constant given by
71= (C1 + 02) RI. The value of 71 for the components in Fig. 19a is 5u6.
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FIG. 19. EFFECT OF STRAY CAPACITANCE.

The next transition causes the input to fall to -5V, but the output capacitor
still maintains its charge and the shunt diode is sill maintained non-conducting.
The output voltage changes exponentially towards -5V with a time constant equal to
42= (C1 + 02) R1 until the clipping level is reached. The diode then conducts
and the output cannot change further. The negative transition is, therefore, the
first section of an exponential curve. The rise times of both transitions of the
output waveform of a shunt diode clipping circuit are improved by reducing the
value of Rl. When the diode has some forward resistance, and this is comparable
with RI, incomplete clipping occurs.

Comparing the output waveforms of the shunt and series clipping circuits indicates
that the series circuit has an advantage of a faster rise time for one of its
transitions. However, when the diode resistance is significant, the incomplete
clipping of the shunt circuit may be more acceptable than the non-linearity
distortion introduced by the series circuit during the transmission time.

2.15 There is an additional effect which increases the rise times of waveforms from
clipping circuits using semi-conductor diodes. The switching time of a diode from
the conducting condition to the non-conducting condition is not instantaneous,
A study of the physics of the operation of a diode shows that, when a diode is
conducting, minority carriers are concentrated in the region of the diode junction.
When a reverse bias is applied, a large reverse current flows until the minority
carriers are removed from the junction region mainly by diffusion across the
junction. The effect produces results which make the diode appear to have
shunt capacitance which is larger than its expected value. In point-conta
diodes, which ere usually vsed in high-speed pulse circuit=, the effect is st e
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2.16 Reducing the Effect of Stray Capacitance. Besides the improvement in the rise time
obtained by reducing the values of the shunt and series resistances of series and
shunt diode clipping circuits respectively, an improvement in the rise time of s
clipped waveform can be achieved by using the circuit in Fig. 20a. The circuit
produces clipping of the negative extremes of a waveform et a level set by the
clipping reference potential associated with the shunt diode. The shunt resistor
is returned to a large negative potential. An output capacitance of 25pF is
included in the circuit, but in Fig. 20 diode capacitance is neglected and the
clipping level is considered as zero. The circuit waveforms are shown in Fig. 20b.
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EFFECT OF STRAY CAPACITANCE.

Consider the circuit during the clipping time. The output voltage and the charge
on the output capacitance is zero. Following bhe positive transition of the input
square wave, SCl conducts and the output capacitance is charged in a very short
time constant circuit to the positive peak of the input sgvare wave. With the
negative transition of the input signal, SCl is reverse biassed, but the output
capacitance maintains its charge and S02 is held reverse biassed. The charge on
C2 changes via Rl, but, since the asymptote of the exponential charge curve is
-100V, it takes only s fraction of the time constant of the circuit for bhe output
voltage to reach zero voltage. At this time the diode S02 commences to conduct and
the output voltage cannot change further. S02 is maintained conducting by the
current through RI and the output voltage is "clamped" at the clipping level.
Negative input voltages causing SCI to be non-conducting, produce clipping of
input signals that are more negative than the clipping level. During clipping the
series diode is non-conducting and the shunt diode is conducting.

The circuit is the optimum combination of series and shunt diode clipping circuits
with both circuits clipping et the same level. The circuit can be arranged to clip
input signals more positive than the clipping reference potential by reversing the
polarity of the diodes and the asymptote supply (EP).

he rise time of the negative transition of the output waveform from the circuit of
Fig. 20a is approximately 0.2µ8 compared with llµS for the simple series diode
clipping circuit, considering an output capacitance of 25pr and no diode capacitance.
if diode capacitance had been considered in Fig. 20, an initial step preceding any
exponential changes would have been introduced onto the output waveform.

2.17 Thermionic Diodes. The preceding circuits have included s semiconductor diode
symbol. Thermionic diodes may also be used in clipping circuits. Their main
advantage is their infinite reverse resistance. However, they have the
disadvantages that they require a heater supply, and that capacitive coupling
of the heater to the cathode may introduce hum, particularly when the cathode is
not connected to earth.
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Also, the anode current does not fall to zero until the anode is slightly negavive
relative to the cathode (up to approximately 1V depending on the circuit
resistance). The latter is caused by contact potential and the initial electron
velocity of emitted electrons, both of which vary with cathode temperature.
As semi-conductor diodes continue to improve in their characteristics, thermionic
diodes continue to fade from practical circuits.

2.18 Zener Diode Clippers. Zener diodes have a sharply
defined "knee" in their reverse (normally non
conducting) characteristic (Fig. 21) and, for
higher reverse voltages than this "knee", the
dynamic resistance of the diode is low. The
forward characteristic of the zener diode is
similar to that of a normal diode.

FORWARD
CURRENT

REVERSE
VOLTAGE

The reverse characteristic of a zener diode can
provide clipping at a fixed level. The single
diode circuit in Fig 22a causes very
effective clipping for input signals more
negative than the zener voltage (knee voltage),
but, because of the forward characteristic of
the diode, clipping also occurs when the input
signal exceeds zero voltage. For this reason
the circuit has application when clipping at
two levels separated by the magnitude of the
zener voltage is required.

'KNEE

FORWARD
VOLTAGE

REVERSE
CURRENT

mTG. 2l.
ZENER DIODE CHARACTERISTICS

The transfer characteristie for the circuit is shown in Fig. 22c. The clipping
produced by the forward characteristic is not as effective as that prodvced by the
zener characteristic because of the higher dynamic resistance of the forward
characteristic. The dynamic resistance is inversely proportional to the slope of
the characteristic in Fig, 21. RN

Notice that the circuit is exactly the same as
the shunt regulator circuit used in power
supplies, in which case the input is a D.C.
voltage more negative than the zener voltage,
and the output is a regulated supply with a
magnitude equal to bhe zener voltage.

Clipping of the input signal at two levels on
either side of the zero axis is conveniently
achieved with the circuit in Fig. 22b. When
the input voltage is more negative than the
zener voltage of SC1 this diode has a low
dynamic resistance and $02 is forward biassed.
Jointly they form a low resistance path across
bhe output, and because of the series
resistance (RI), the input signal is clipped
at approximately the zener voltage of SC1.
When the input voltage is more positive than
the zener voltage of S02 the reverse occurs.
$02 has a low dynamic resistance because of
the zener characteristic end SCI is forward
biassed. Therefore clipping again occurs.
Between these two limits, one o£ the two
diodes is reverse biassed below the zener
voltage and is non-conducting, and the input is
transferred directly to the output. The
transfer characteristic of the circuit is
illustrated in Fig. 22c. This circuit, with a
large amplitude sine wave input, provides a
simple means of obtaining an accurate
approximately square were reference voltage
suitable for .B.0. calibration. The high
shunt capacitance of sener dioies limits their
use to relatively low frequency circuits.
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3.1 Grid Current 0liRE1mg Multi-element thermionic valves can be in a number
of ways to produce clipping. The circuit in Fig. 23a is equivalent to a shunt diode
clipper followed by s triode amplifier. When the grid is riven positive with
respect to the cathode, grid current flows. If Rl is much greater than the
grid-cathode resistance, the grid potential cannot vary far from the cathode
potential. A typical dynamic grid characteristic for a triode is shown in Fig. 23b.
Without the grid resistor the anode current would continue to increase as the input
to the grid was made positive. The grid resistor, however, causes an almost
constant anode current for positive input signals. A deviation from this condition
is caused by resistance of the conducting grid-cathode diode similar to that
considered for the shunt diode clipper in paras. 2.7 and 2.8. An input signal which
causes grid current is clipped in the grid circuit and results in a clipped anode
current waveform. The output voltage (Fig. 23¢) is an amplified and inverted replica
of the input, but with its negative extreme clipped at a voltage level dependent on
the anode supply voltage, the anode load resistance and the anode current for zero
grid-cathode voltage.

The transfer characteristic for the circuit can be found from the dynamic grid
characteristic when the anode load resistance and the high tension voltage are
specified. The transfer characteristic has the same shape as the grid characteristic
but, as is normal for common cathode amplifiers, the characteristic appears inverted.
The output decreases as the grid voltage goes positive and the slope of the
transmission section of the characteristic is negative. The transfer characteristic
is shown in Fig. 23d. The "break" in the right hand section of the characteristic
at point P is caused by grid current clipping. The slope of the characteristic
indicates the gain of the circuit which is normally greater than one for levels
that are not clipped. The circuit gain for the transmission condition is calculated
in the same as it is for a normal amplifier.
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The circuit can provide clipping at other input signal levels if a bias is included.
Bias inserted at point A in Fig. 23a does not alter the level for the clipped section
of the output waveform. The clipping point is changed by shirting the input
waveform relative to the fixed clipping level at zero grid-cathode voltage. On the
transfer characteristic this is equivalent to shifting the designations for ein
horizontally by en amount equal to the bias voltage as shown in Fig. 23. A
convenient place to provide bias in a practical circuit is at point B in Fig. 23a.
Bias at this point changes the effective high tension supply to the valve.

A disadvantage of the grid current clipper is that, as a result of Miller effect when
the valve is amplifying, the anode-grid capacitance multiplied by approximately the
amplification of the stage, appears across the grid-cathode circuit. The grid
cathode capacitance and the series resistance, limits the rise time of rectangular
waves st the grid in the same manner as a shunt diode clipper. The effect is
greater in this case because of the larger effective shunt capacitance. An
improvement is obtained with pentodes since pentodes have a very small anode-grid
capacitance.

3.2 Cut-off Clipping. In the amplifier stage of Fig. 23a, the anode current ceases
when, because of signal amplitude and bias, the grid-cathode voltage is made more
negative than the cut-off potential. The input signal and the bias shown in relation
to the grid characteristic in Fig. 2le causes anode current cut-off for a section of
each cycle. With no anode current, and therfore no voltage drop across the anode
load resistor, the anode voltage egvals the high tension voltage. The section of
the input signal that extends beyond the cut-off potential of the valve
characteristic is clipped. The output signal (Fig. 2kb) is inverted and the clipped
level is established at the high tension potential. The transfer characteristic for
cut-off clipping corresponds to the left hand section of the characteristic in Fig.
23 where the output voltage equals the high tension voltage when clipping occurs.

The resistor Ri in Fig. 23a is not necessary for cut-off clipping, but it is often
included to limit the possible grid current should the grid go positive. Capacitance
in the grid circuit is less or a problem with cut-off clipping than with grid current
clipping, since the series resistance in the gria circuit can be keni small. Also
when the valve is cut-off the circuit has no gain and no Miller effect capacitance
is reflected into the grid circuit.

Cut-off clipping is commonly used, particularly for non-exacting applications, but
the clipping level is not very stable. It is dependent on anode voltage, screen
voltage for pentodes, and cathode temperature (heater voltage). Also, because of
curvature of the valve characteristics, the "break" between the transmission and the
clipping sections or the transfer characteristic is not very sharp. This is
apparent in Fig. 23d in the vicinity of point Q Sharp cut-off valves with high
amplification factors, particularly pentodes with fixed sereen voltages give the
most definite division between the transmission and the clipping conditions.
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3.3 Basic &gne. Separator. Clipping at two levels is possibie with thermionie valves
using both grid current and cut-off clipping. The transfer characteristic in
Fig. 23d indicates this. The voltage between the two clipping levels, referred to
the input signal, is fixed and equal bo the magnitude of the cut-off voltage. A
more usual combination than this for clipping between two levels combines peak
rectifier clamping and cut-off clipping.
The circuit of Fig. 25a illustrates a typical example of a clipping circuit combining
peak rectifier clamping and cut-off clipping. The positive extreme of the signal is
clamped to the cathode potential by peak rectifier action (as with grid leak
biassing) and the signal is of sufficient amplitude to make the required clipping
level coincide with the cut-off potential.
An application for this type of clipping is the removal of amplitude variations of
rectangular pulses. In television practice the circuit is used for sync, separation.
The composite video signal with sync. pulses positive going (Fig. 25b) is applied to
the grid circuit and the tips of the sync. pulses are clamped to the cathode potential.
The tips of the sync. pulses produce grid +u
current and a charge is accumulated on
the series capacitor (Cl). This charge
is maintained between sync. pulses, because
of the long time constant of the discharge
circuit and it inserts a D.0. component
which maintains the syne. tips st
approximately the cathode potential.
The signal amplitude and the cut-orf
potential are arranged so that blanking
level is more negative than the cut-off
potential and all of the picture
information causes anode current cut-off.
The output signal at the anode is inverted
and contains the sync. information only.
It has a constant amplitude varying from
the high tension potential to the anode
potential for zero grid voltage.
Details of peak rectifier clamping circuits
are discussed in the course paper "D.C.
Restoration and Clamping". From this
discussion we see that the time constant of
the peak rectifier clamp circuit must be
long so that little change of charge occurs
between clamping times, but short enough so
that clamping is maintained in the presence
of changes in the D.0. component of the
input signal. The time constant required is
related to the low frequency characteristics
of the preceding amplifier stages since eny
tilt introduced by these steges will affect
the extent of the variation of the sync.
level to be clamped.
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FIG. 25. BASIC SYNC. SEPARATOR.

The design of the peak rectifier clamp circuit for sync. separator applications is
far less exacting than that for restoration of the D.0. component to establish
reference levels of a composite video signal. The circuit is commonly designed so
that the signal at the grid is considerably clipped because of grid current through
a high source resistance as is considered in the course paper "pC. Restoration
and Clamping". When this occurs the grid can only become slightly positive with
respect to the cathode and the negative peaks of the pulses at the output are always
at the same low anode voltage level as determined by the high tension potential,
the anode load resistance and the anode current for zero grid-cathode voltage.
The circuit, then, combines cut-off clipping, grid current clipping and D.C,
restoration by peak rectifier clamping.
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It is also common in sync, separator circuits for considerable tilt to exist on the
grid waveform between line times. This makes the circuit fast acting to prevent the
loss of clamping in the presence of rapid changes of input signal levels. The shape
of the output signal is not changed as long as a large signal amplitude always
maintains the blanking level beyond cut-off.

Valves used as syne. separators are selected so that they have a short grid base;
that is, the range of grid voltages between zero volts and cut-off is small. This is
often obtained by reducing the anode voltage, and also the screen voltage for
pentodes. Sync. separators sometimes have anode and screen voltages as low as 20V.
Under these conditions bhe cut-off voltage is typically -2V and large amplitude
video signal inputs are not required.

This simple type of sync. separator circuit is only adequate if no noise, particularly
no pulse noise such as petrol engine ignition interference, is present. For signals
containing noise components some gating technique is required to reduce the
possibility of generation of false sync. pulses. Syne. separators designed for
noise immunity are not considered at this stage.

3.4 Saturation Clipping. A third type of clipping is possible using thermionic valves and
this makes use of the anode current saturation characteristic of valves at low anode
voltages. In this region the anode current is determined mainly by the resistance in
the anode circuit and grid voltage has very little effect.

The circuit for a saturation clipper is the same as the grid current clipper in
Fig. 23a but without the series grid resistor. The operating conditions of the
circuit can be examined by superimposing a load line on the enode characteristic.
The anode characteristic cf a triode is illustrated in Fig 26a. Curves for positive
values of grid voltage are included. The load line for an anode supply voltage of
250V and an anode load resistance of 50k0 is straight and passes through Ey = 250V,
Ia = 0 and Ea = 0, = 5ma. The output waveform at the anode of the valve can be
found by projecting grid voltage via the load line to find the anode voltage.
This is illustrated in Fig. 262. By similar projection, the transfer characteristic
in Fig. 26b is constructed. The characteristic shows output voltage versus grid
voltage. The input voltage will be displaced from the grid voltage by en amount
equal to the bias included in the grid circuit. The characteristic has a "break"
at point R corresponding to e grid voltage of approximately +5y but the position
of the breek is not very well defined. Because of this and because the clipping
occurs in the positive grid voltage region where considerable grid current would be

produced, saturation clipping using triodes
has little practical application. It
should be noted that anode current
saturation is not related in any way to
the current limiting effect associated
wibh maximum cathode emission.
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3.5 Fentodes are more useful than triodes as setre+ion clip s because, with suitable
values of anode losd resistance the break in the dynamic characteristic can be
arranged to occur while the grid is still negative. The anode characteristic of a
pentode is shown in Fig. 27a and superimposed is a load line for an anode load of
50k8. The transfer characteristic derived from this information is shown in
Fig. 27o. This shows e "break" et approximately -1.5y which will provide effective
clipping. The "break" is usually sharper than that provided by saturation clipping
with a triode. When saturation clipping occurs at negative grid voltages, it
overrides any grid current clipping. With low values of load resistance the slope
of the load line can cut the zero grid voltage carve st higher anode voltages than
the knee in the characteristic. The saturation region is then outside the negative
grid voltage region.

The output voltage at the anode of the valve, derived by projection or the grid
voltage via the load line, is shown Fig. 27a. During saturation clipping the
output voltage is very low, typically less than 10V. The valve in this condition
is sometimes referred to as being "bottomed". This is because the anode voltage in
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is capable of producing an anode
current close to the maximum current
that is dictated by the anode load
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3.6 Overdriven amplifier Squarer. It is commonly
required to prodvce approximately square
waves from a sine wave input. One
convenient means of doing this makes use
of two met: ods of clipping possible with
thermionic valves to clip both positive and
negative peaks approximately symmetrically
about the axis of the sine wave. Saturation
and cut-off clipping are normally combined
for this purpose, but grid current end
cut-off clipping is also satisfactory. The
combination of peak rectifier clamping at
the grid and cut-off clipping is not usually
suitable for symmetrical clipping. If the
input signal is to be capacitively coupled
into the circuit, a high value of resistance
could be included in series with the input
to prevent effective clamping.
Alternatively, a diode could be included in
series with R2 (as shown dotted in Fig. 28)
with Rl equal to R2, so that the time
constants for charge and discharge of Cl are
bhe same.
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FIG. 28,
OVERDRIVEN AMPLIFIER SQUARER.
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A typical circuit for en overdriven amplifier for producing "squaring" is
illustrated in Fig. 28. Pentodes ere usually used when saturation clipping is
required and low anode and screen voltages give a short grid base if this is
required. The transfer characteristic for the circuit is as shown in Fig. 27b. In
this case, however, both "breaks" in the characteristic are used. To provide
symmetrical clipping the valve is biassed so that the axis of the input signal is
midway between the signal levels for cut-off and saturation clipping. The
peak-to-peak amplitude of the input signal must be large, relative to the voltage
difference between the two clipping levels, for square waves with fast rise times to
be produced. As discussed in para. 2.5 the rise time of the output square wave is
inversely proportional to frequency and approximately inversely proportional to
amplitude.

3.7 Cathode Coupled Squaring Amplifier, The three types of clipping using multi-element
valves are possible in any configuration; that is, common cathode, common (
grid and common anode (cathode The preceding paragraphs have discussed
bhe popular common cathode circuit. An example of a circuit which combines a
common anode stage and a common grid stage to give cut-off clipping in esch stage
is shown in Fig. 29. The circuit is a cathode coupled amplifier and is often called
a difference amplifier or a "long tailed When driven with input signals of
sufficient amplitude the circuit provides clipping of the input signal et bwo levels.

conditions of the
circuit are determined largely
both valve currents flow. The voltage seross RK provides the bias for both valves.
A more detailed analysis to indicate a method of determining the operating conditions
of this and similar circuits is included in ctr» 5. For best performance, the

r&
) end is typically

drov ecross sueh e
resistance. Suitable hies for the valves is provided in Fig. 29 by returning the
grids to earth and the cathode resistor to a negative high tension supply,
Alternatively the biss can be derived from s oltege divider across the +H.T.
>µply with the cathode esistur returned to earth potential.
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and increases the voltages at the vale cathodes. Tis increase reduces Ia, and,
es before, the in total cathode current is offset, Because of the

initial bias selected, before the input has increased sufficiently for the grid of
Vi to become positive with respect to its cathode, Ve is cut-off by the voltage
introduced at its cathode and I2 is zero. Further increase in input voltage
increases the cathode voltage, but since V2 is cut-off this valve no longer
influences bhe opereting conditions of Vi. The cathode voltage of Vi tends to
follow its grid voltage.

The output voltage at the anode of V2 is dependent on I2. When V2 is cut-off the
output voltage equals the high tension voltage. When Va is fully conducting with
Vi cut-off, the output falls to its minimum value. he input signal is clipped at
two levels by the cut-off characteristics of the two valves. The transfer
characteristic of the circuit is illustrated in Fig. 30. The circuit voltages and
currents are considered in more detail in Section 5. Because the circuit is not
balanced, since Vi has no resistance in its anode circuit, the output signal is
not clipped symmetrically on either side of the zero axis. An anode load is
included for Vi in some cases to provide circuit symmetry. Assymmetry in clipping
is also introduced by the change in the mutual conductance of valves throughout
their operating range. Compensation to produce symmetrical lipping can be
provided by returning one grid to a small adjustable voltage supply.

FIG. 30. TRANSFER CHARACTERISTIC,

The cathode coupled circuit is very useful for producing a square wave from a sine
wave input ond also for decreasing bhe rise times of rectangular wave input.
The peak-to-peak amplitude of the input signal must be much greater than the
difference between the clipping levels at the input.

In the example of Fig, 29 the input signal is capacitively coupled to the cathode
coupled clipper. If the signal produces grid current, peak rectifier clamping
occurs and symmetrical clipping will be upset. Peak rectifier clamping can be
reduced as considered ir para. 3.6.

3.8 Effect of Anode Circuit Capacitance. All of the clipping circuits considered in
this section are affected by capacitance at the circuit output. This capacitance is
across the anode load resistor. The effect of the capacitance is the same as its
effect in video amplifiers; that is, the higher frequency output signals are
attenuated and the rise times of such signals are increased. An improvement, at
the expense of loss of gain, is obtained by reducing the value of the load resistor.
Compensation in the form of "peaking" inductances, as is included in video
amplifiers, can slso be used to both improve the amplitude-frequency and phase
frequency characteristics. Since the details of the compensation in the anode
circuit of clippers corresponds to that for video amplifiers, it is not examined
at this stage,
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4. TRANSISTOR CLIPPING CTRCUTTS.

4.1 Effect of Series Base Resistance. Clipping circuits using transistors are allied to
circuits using thermionic valves in many respects. However, in some cases they are
quite different. An example of their difference occurs in a transistor circuit with
a configuration similar to that for a valve grid current clipper. Such a circuit
is shown in Fig. 3l. The series resistor (R) in the base circuit has a high value
compared with the base-emitter resistance. Because of this the base current is
practically independent of the base-emitter characteristic and is approximately
proportional to the input voltage.

The common emitter current gain of a
transistor is almost constant throughout
the operating range. This is indicate
in Fig. 32 by the almost constant slope
of the current transfer characteristic
for a particular collector voltage. Where
a load resistor (R,) is included in the
collector circuit, the collector-emitter
voltage varies es the collector current
varies, an increase in collector current
reducing the collector voltage. In an
approximate examination, the collector
(output) characteristic of the transitor
(Fig. 32) shows that for collector voltages
above about 4OOmV, bhe collector current (Ig) is affected only slightly by the
collector voltage. The output voltage at the collector, therefore, is approximately
equal to the product of the change in collector current and the load resistance
(when RI, << the A.C. resistance of the collector-emitter circuit) but is reversed in
phase compared with the voltage st the input.

i
8out

i
FIG. 31. TRANSISTOR AMPLIFIER.

Since output voltage is proportional to collector current, collector current to base
current, and base current to input voltage, the output voltage is proportional to
the input voltage. he circuit is, therefore, linear and no clipping occurs because
of base current. This circuit does not produce clipping because the transistor is
basically a current controlled device, and because the input circuit gives current
approximately proportional to input voltage.
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FIG. 32. TRANSISTOR CHARACTERISTICS.
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4.2 Transistor Characteristics. A more detailed graphical analysis of a transistor
circuit operating in its "linear" region indicates that the collector load resistor
does have an effect on the linearity of a typical circuit, but not to the extent
that a sharp break in produced in the characteristic that will cause clipping.
Consider a transistor, with a collector characteristic as in Fig. 32, in the circuit
of Fig. 31. A collector supply voltage of 1OV and a load resistance of hk9 gives the
load line indicated (line C). he transistor voltages and currents for these
operating conditions must be at some point on the losd line.

A dynamic current transfer characteristic can be plotted using this information. As
an example, point X representing a base current of 2OµA is projected horizontally
until it intersects the 2OµA base current ordinant in the base current-collector
current quadrant. Other points on the load line are transferred in a similar
manner. Joining the points obtained gives the dynamic characteristic (Curve B).
For reference the collector voltages have been included at several points on the
characteristic. Note that the characteristic is curved and indicates that the
small signal current gain of the transistor amplifier is reduced slightly when the
collector voltage is reduced by voltage drop across the load resistance. Smaller
values of collector load resistance cause less departure of the dynamic characteristic
from the practically linear static characteristic.

When the input to the base circuit is supplied from a current source with current
proportional to input voltage, the characteristic relating input voltage to collector
current has the same shape as the current transfer characteristic. To examine the
effect of the input voltage being supplied via a finite resistance in series with
the base circuit of the transistor, the dynamic input characteristic must be known.
This characteristic can be derived from information about the collector voltage and
base current at points along the load line on the collector characteristic and from
information obtained from the voltage feedback characteristic. However, it is
usually found that the static input characteristic varies very little with variation
of collector voltage, except at very low collector voltages. Therefore the dynamic
input characteristic is almost the same as a typical static characteristic,

Assuming that the dynamic input characteristic for the transistor circuit is the
same as the static characteristic for a collector voltage of 4,5V es in Fig. 32, the
base current for a given input voltage is found by constructing a "load line" on the
characteristic corresponding to the input voltage and the series base resistance.
When the input voltage is O.2V and the series base resistance is 1Ok, the required
load line is line D in Fig. 32. This intersects the input characteristic at point Y
and gives a base current of approximately 9.5µA. Projecting the base current via
the dynamic current transfer characteristic the collector current is obtained and is
approximately 0.7ma. By assuming other input voltages, other points on the input
voltage-collector current characteristic can be determined. Fig. 33 shows the
results obtained with series base resistances of zero, 5kO, 1Ok0, and 2Ok@.

C (mA)

0.2 0.4

ern (V)

0.6 0.8

FIG. 33. EFFECT OF SERIES BASE RESISTANCE.
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Notice that with zero base resistance the characteristic is very non-linear with an
abrupt knee at approximately 70mV. This knee straightens as the series base
resistance is increased, indicating that the input voltage must be supplied via a
high value of resistance to obtain linear operation over a large signal range. The
effect of the curvature of the dynamic current transfer characteristic is evident
in the input voltage-collector current characteristic (Fig. 33).

4.3 Cut-off Clipping. In the circuit of Fig. 31, when the base current is zero, the only
collector current is a very small "leakage" current caused by minority carriers.

The input current and output voltage waveforms for the circuit in Fig. 31 are shown
relative to the collector characteristic in Fig. 34. When the base-emitter junction
is forward biassed the circuit is an amplifier and the input signals appear
amplified and inverted at the output. The voltages corresponding to the input
currents are determined by projection via the load line.
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FIG. 3U. CUT-OFF CLIPPING.

When the input current is zero, the output voltage is almost equal to the collector
supply voltage, the deviation from this voltage being because of the leakage current.
The leakage current in this case is that obtained in the common emitter connection.
This is the base-collector leakage current amplified by the transistor action as the
current flows across the base-emitter junction. The common emitter leakage current
is significant for germanium transistors but negligible for silicon transistors.

When a reverse voltage is applied to the base-emitter junction, the base-collector
leakage current is prevented from crossing the base-emitter junction, and no
amplification of this leakage current occurs. The collector current, then reduces
to a low value equal to the leakage current for the common base connection. Input
signals that reverse bias the input, therefore, almost cut-off the collector
current making the collector voltage practically equal to the collector supply
voltage. The input signal is clipped at approximately the zero axis and the clipped
level at the output is established at the collector supply voltage.

A p-n-p transistor is cut-off when the base is more positive than the emitter and
negative base-emitter voltages will cut-off an n-p-n transistor. The clipping
produced by the cut-off region is not particularly sharp. This is indicated by the
curvature near zero input voltage in the characteristics in Fig. 33 relating input
voltage and collector current.
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4.l mhe circuit in Fig. 3l is not very suitable in practice since it does not include any
circuitry to improve its thermal stability. Further the base resistance (Ry) is
often not present as a separate identity, but is commonly the output resistance of
the preceding stage. Also a means of varying the clipping level is often required.

A more useful circuit is shown in Fig. 35
where the clipping stage is direct
coupled to the preceding stage. The
series base resistance for improving
linearity is the output resistance of
the first stage. [he emitter resistance
provides D.0. negative feedback to
achieve satisfactory thermal stability.
This resistor can be bypassed to prevent
loss of gain when the A.0. component of
the input signal is to be clipped.
Variation of the clipping level is
arranged by changing the bias on the
clipping stage by altering R2 or the
amplitude or polarity of the bias supply.
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FIG. 35. CLIPPING CIRCUIT.

4.5 Effect of Emitter Resistance. An alternative method to series base resistance, for
improving the linearity of the input voltage-collector current characteristics of
a transistor operating as an amplifier makes use of an unbypassed emitter resistance
as shown in Fig. 36. This produces negative current feedback at all frequencies
and gives a feedback voltage proportional to the emitter current, which is, in turn,
approximately proportional to the base current. The input voltage between the base
and earth is the sum of the base-emitter voltage (EBE) and the voltage across the
emitter resistor (ERE). When ERE is much greater than EBE, the input voltage
differs only slightly from ERE• The input voltage then, is approximately
proportional to the base current, or inversely, the base current is approximately
proportional to input voltage. This means that the input circuit is approximately
linear and the input resistance is approximately constant. Also, since the input
voltage is much greater than EBE, but the base current is unchanged, the input
resistance is much greater than it was without negative feedback.

A graphical analysis can be carried out to show the effect of an emitter resistance.
A load line is drawn on the collector characteristic for a resistance eq_ual to the
sum of Ry, and RE. The collector current for selected values of base current is
read from the load line. The sum of the base current and the collector current
gives the emitter current from which the emitter voltage (Egg) is calculated,

The base-emitter voltage (EBE) for the
selected values of base current is
determined from the input characteristic.
The input voltage is ERE + EBE: Fig. 37
shows the relationship between collector
current and input voltage when the
transistor has characteristics as in
Fig. 32. Curves are drawn for emitter
resistors of 1000, 2009 and 4000 when
the collector load resistance is 4k9.
The characteristics derived for series
base resistance are included for
comparison. The curves show that
the linearity is good except in the
region approaching cut-off.

l
8out

FIG. 36. TRANSISTOR CIRCUIT VITE
EMITTER RESISTANCE.
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+.6 Reverse Voltage Protection. Many transistors can be damaged by a small reverse
voltage on the base-emitter junction. The maximum reverse voltage for germanium
"drift" type transistors is approximately 0.5V. To prevent damage, a diode is often
provided in parallel with the base-emitter circuit as in Fig. 38a. When the
transistor is cut-off, the diode is forward biassed and it limits the maximum
transistor base-emitter voltage.
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FIG. 37. EFFECT OF EMITTER RESISTANCE.

The diode has an additional effect when signals are capacitively coupled into
the base circuit. With no diode, input current flows only when the base-emitter
junction is forward biassed. This causes a D.0., component to be introduced by
peak rectifier clamping action. The inclusion of the diode maintains input current
during the transistor cut-off time, thus tending to prevent the introduction of the
D.C. component.
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FIG. 38. REVERSE VOLTAGE PROTECTION.

Another method of using a diode to prevent damage to the base-emitter junction is to
include the diode in series with the emitter connection as shown in Fig. 38. When
the base-emitter unction is forward biassed, so also is the diode, and the circuit
is affected little by the presence of the diode. An input to reverse bias the
emitter-base junction, also reverse biasses the diode. The applied voltage then
divides in proportion to the reverse resistances of the transistor junction and the
diode. These resistances are selected (or obtained artificially by including a high
resistance in parallel with the base-emitter junction) so that the majority of the
applied voltage appears across the diode. A diode used in this way still allows
peak rectifier clamping to be used to establish the position of the input signal
on the input characteristic.
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hi.7 Peak Rectifier Clemping and Cut-off Clipping. When a large amplitude input signal is
capacitively coupled into the base-emitter circuit of a transistor amplifier, base
current causes peak rectifier clamping to occur. Consider e square wave input signal
to the circuit in Fig. 39a which includes a p-n-p transistor. Resistors Rl and R2
provide bias in the absence of an input signal.

For effective peak rectifier clamping to occur, the input signal must be supplied
from a low resistance source. Under these conditions the input signal (ein) is
almost the same as the source voltage (eg). During the negative section of the
square wave input signal, base current is produced and the capacitor in the base
circuit is charged with a polarity as indicated in Fig. 39a. For the positive
section of the signal, with a signal amplitude sufficient to cause cut-off, the
capacitor discharges slightly via the base bias resistors. However, the time
constant for change of charge under these conditions is arranged to be long and
little of the charge on the capacitor is lost. The capacitor, therefore, provides a
bias which introduces a D.C. component to the signal at the base.

(a)

8out

!
FIG. 39. PEAK RECTIFIER CLAMPING AND CUT-OFF CLIPPING.

Since the break in the base-emitter characteristic is not well defined, the level at
which the negative peaks of the input signal are established is also not very
definite. The clamping level also depends greatly on the signal amplitude and the
source resistance as discussed in the paper "D.C. Restoration and Clamping". In
practical examples the negative extreme of the input signal will be established
approximately coincident with the apparent knee in the input characteristic when it
is drawn on linear graph paper. The knee occurs at approximately 0.2V for germanium
transistors and at approximately 0.6V for silicon transistors.

The input signal is shown relative to the input characteristic in Fig. 39b. Since
negative peaks of the input signal are clamped at approximately 0.2V or 0.6V, only a
small amplitude input signal is required, to cause cut-off. The output voltage with
the transistor cut-off is approximately equal to the collector supply voltage. On
negative peaks of the input signal the output voltage can be found at the point on
the collector load line corresponding to the base current determined from bhe input
characteristic. In many practical cases the clamped peak of the input signal will
give a base current that is sufficient to produce saturation clipping (see para. 4+.8)
in the collector circuit.

Since, for effective clamping to be produced, the source resistance must be low, the
circuit in Fig. 39a is non-linear when it is operating as an amplifier between the
clamping level and the cut-off clipping level. The circuit is, however, very useful
for clipping of signals when the output signal is a rectangular wave. Applications
are, stabilization of the amplitudes of rectangular pulses and sync. separation.
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The linearity of the circuit is improved by adding series base resistance or by
using negative feedback. This, however, reduces the effectiveness of the input
circuit as a peak rectifier clamp, and the input signal extends further into the
negative region. Therefore, large amplitude input signals are required to produce
cut-off clipping.

The non-linearity of the base-emitter characteristic, indicates that the base-emitter
resistance varies with base current. Because of this, a D.C. component is introduced
even when the input signal amplitude is not sufficient to cause transistor cut-off.

4+.8 Saturation Clipping. The collector characteristic of a common emitter connected
germanium p-n-p transistor is shown in Fig. h0. As the magnitude of the collector
voltage of a transistor is reduced, for a given base current, the collector current
decreases only slightly until, at low values of collector voltage, the collector
current rapidly falls to zero. The section of the collector characteristic at lower
voltages than the voltage at the "knee" in the characteristic is known as the
saturation region. In this region the collector voltage is smaller in magnitude than
the base voltage and both the collector-base and the base-emitter junctions are
forward biassed. The minimum collector voltage that can maintain the collector in
saturation with a particular value of collector current is known as the "saturation
voltage", This voltage is indicated for a particular operating condition at Point A
in Fig. h0. The saturation voltage of germanium transistors is in the region of 0.2V,
and of silicon transistors, approximately 0.6V, the actual potential depending on
the values of the collector and base currents.
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FIG. lO. SATURATION CLIPPING.

The clipping produced by collector saturation is examined by considering a load line
on the collector characteristic. As the base current is increased by the input
signal, the collector current increases and the collector voltage decreases following
the load line. When the base current is increased sufficiently, the load line cuts
the collector characteristic, for the base current in question, below the "knee" in
the saturation region. Further increases in base current produce negligible
changes in collector current and collector voltage. The collector current is at its
maximum value which is determined mainly by the resistance in the collector-emitter
circuit. The collector voltage is at its saturation or "bottomed" value of
approximately 0.2V or 0.6V for germanium or silicon transistors respectively. In
Fig. h+0 the collector current and output voltage waveforms, which show saturation
clipping, are obtained by projection from the base current via the load line.
Saturation clipping is responsible for the "break" at high base currents in the
dynamic current transfer characteristic shown by the dotted section of curve B in
Fig. 32.
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So that the base current is proportional
to the input signal amplitude when the
circuit is operating as amplifier, the
signal is provided from an approximately
constant current source (by including
a high value of resistance in series
with the source generator) or negative
feedback is included (by an unbypassed
emitter resistor). Both methods
increase the source voltage required
to cause clipping. The curves in
Fig. l1 indicate the linearity of the
input voltage-collector current
characteristic and show the "break" at
high collector currents produced by
saturation clipping. The "break" is
usually very sharp and good clipping
is produced.
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FIG. 41. TRANSFER CHARACTERISTICS.

However, saturation clipping has a disadvantage. When a transistor is rapidly
switched from the saturation region to the linear active region of its characteristic,
the collector current is maintained for a significant time at almost its maximum
value before a decay occurs. This results from minority carrier storage in the base
region at the instant that the input is removed. This effect will be discussed
further in a paper considering the transistor as a switch.

4.9 Overdriven Amplifier. For clipping at two levels both cut-off and saturation clipping
can be used. This makes use of both "breaks" in the input voltage-collector current
characteristics of Fig. hl. A typical circuit, shown in Fig. 2, is that of a normal
amplifier, but greater than normal input signal is provided to drive the stage into
its non-linear operating sections.

The amplifier provides a convenient means of obtaining an approximately square wave
from a sine wave input. For symmetrical clipping of the input signal the circuit is
biassed half way between the two clipping levels. The diode in Fig. 42 prevents high
reverse base-emitter voltages and reduces peak rectifier clamping.
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FIG. h2. OVERDRIVEN AMPLIFIER CLIPPER.

4.10 Emitter Coupled ClipPIPg Circuit. Transistors can be used in any configuration to
produce either cut-off or saturation clipping. An emitter coupled circuit (long-tailed
pair) is commonly used, and, by suitable design, clipping can be produced at two
levels by the cut-off characteristics of the transistors. A circuit in a
symmetrical form with load resistors in each collector circuit is illustrated in
Fig. 43a. The circuit is useful for producing "squaring" of sine waves and for
decreasing the rise time of rectangular pulses.
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FIG. 43. EMITTER COUPLED CLIPPING CIRCUIT.

With no input signal the circuit is balanced and equal currents flow in each
transistor. When the input signal causes the base of SC1 to go negative, base current
increases, the emitter current of SCl increases, and the current through the common
emitter resistor tends to increase. This causes the voltage at the emitters (point A)
to go negative which decreases the base current of SC2. The reduction in base
current reduces the emitter current of SC2 which partly offsets the original increase
in total emitter current. This total current through the common emitter resistor
(the "tail" current) is maintained approximately constant. Any variation is reduce
when Ry is increased. Further negative changes on the base of SCl will eventually
cause SC2 to be cut-off (if the circuit is designed so that SCl does not saturate
before this occurs) making the collector current of $02 practically zero.

When the input signal produces a positive change at the base of SC1, I1 decreases,
the potential at the emitters goes positive and I2 changes to partly offset the
initial change in I1. With a large enough positive change of input signal SCl is
cut-off and I2 reaches its maximum value.

The output voltage at the collector of S02 depends on I2, being a minimum negative
value when I2 is a maximum and approximately equal to the collector supply voltage
when SC2 is cut-off. The transfer characteristic for the circuit is shown in
Fig. 43b. The voltages and currents in the circuit are considered in more detail in
Section 5. In a symmetrical circuit using capacitive coupling of the input signal
to the base of SCl, clipping occurs approximately equally on either side of the
average axis of the input signal. Unbalance will upset this symmetry. Diodes may
be necessary to protect the base-emitter junctions of the transistors against excess
voltages and to reduce the possibility of peak rectifier clamping for capacitively
coupled inputs.

4.11 High Frequency Characteristics. The high frequeney response, and, therefore, the rise
time of output rectangular waves from a clipping circuit, are limited by shunt
capacitance across the load resistor, This effect can be reduced, by including
"peaking" or selective negative feedback, to improve both amplitude-frequency and
phase-frequency characteristics. However, this is often not the limiting factor in
transistor circuits when the load resistor is low in value. The high frequency cut
off characteristic of the transistor itself may be the limiting factor. This cut-off
depends on the transistor mechanism and is related to the transit time of minority
carriers in the base region. The above considerations apply also to video amplifiers
and will not be discussed further at this stage.
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5. VOLTAGE COMPARATORS.

51 Applications. In many electronic circuits, it is required to derive output pulses
coincident in time with the input signal being equal to a selected reference level.
Such circuits are known as voltage comparators or voltage selectors. Applications
for voltage comparators are found in the trigger circuits of high grade C.R.O's and
in electronic counters used for time and frequency measurements. Trigger pulses
have to be derived from the input signal to trigger the time bases and counting
circuits. A suitable method for determining the timing of the trigger pulses is to
compare in a voltage comparator the input signal and a variable reference voltage
provided by the "trigger level" control. Trigger pulses are generated when the two
signals have equal amplitudes. Varying the reference voltage by operation of the
"trigger level" control, allows pulses to be produced at any selected time
throughout the cycle of the input signal.

Another important use for a voltage comparator occurs in the delayed sweep circuits
of many C.R.O's. A timebase sawtooth signal is generated, triggered from some
section of the incoming signal. This sawtooth and a variable reference voltage
derived from a "delay" control are both fed into a voltage comparator. An output
is produced when the sawtooth signal equals the reference voltage. The «output will
be a definite time after the commencement of the sawtooth, the time being dependent
on the rate of change of the sawtooth and the amplitude of the reference voltage.
When both of these variables are known, the "delay" control can be calibrated
directly in "time".

Some types of digital voltmeters also use voltage comparators. In one possible type
an internally generated sawtooth signal is applied to two voltage comparators.
Earth is the reference for one comparator and the D.C. input signal is the reference
for the other. Pulses are generated when the sawtooth voltage equals zero and also
when the sawtooth voltage equals the input voltage. he time between the two pulses
is proportional to the input voltage and the rate of change of the sawtooth
waveform. This time is measured by counting the number of cycles of an accurate
oscillator which occur between the leading edges of the two pulses. [he time
measured is calibrated directly as voltage.

5.2 Possible Comparator Circuits. The main difference between voltage comparator
circuits and clippers is that in a clipper sections of the output waveform are
required to maintain their original shape, while in a voltage comparator, the shape
of the output is not important. It is required to derive a pulse or a step
coincident in time with equality of two signals. Most of the clipping circuits so
far considered can give this information, for example, a negative diode clipping
circuit with the reference voltage used as diode bias (Fig. hla) will give no output
when the input is less than the reference, but the input will be transferred to the
output, when the input is greater than the reference. Equality of the two signals
occurs at the time the output starts to increase. Diode non-linearity causes the
position of the break in the diode clipper characteristic to be indefinite so that
voltage comparison is not very precise. Amplifiers either before or after the
clipper can give some improvement in the accuracy of voltage comparison but these
systems are little used.

Some regenerative circuits, for example, the "Schmitt Trigger" multivibrator, can be
used as voltage comparators, but these will not be considered in this paper.

Cut-off clipping in valves and transistors can also be used to give the information
required for voltage comparison. To allow the use of an input and a reference
potential each with one terminal earthed, the reference can be included in the
cathode or emitter circuit as shown in Figs, hlb and c. Output commences when the
input signal causes the valve or transistor to become conducting. One disadvantage
of this arrangement is that the reference supply must carry the current for the
circuit and it must have a low output impedance so that changes in the circuit
current do not change the reference voltage.
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FIG. 44. BASTC VOLTAGE COMPARATOR CIRCUITS.

Another disadvantage of the circuits in Figs. hlb and e is brought about because
the reference potential is required to vary over a large range. For trigger circuits
of C.R.O's and electronic counters a typical reference voltage variation is from
-0V to +1OV. In O.R.O, timebase delay circuits, the range is typically 2OOV for
valve circuits and 2OV for transistor circuits. The voltage applied to the valve
or transistor, therefore, is varied over an appreciable range and this may produce
variations in the cut-off potential. (The cut-off potential of triodes will
vary with anode voltage change and of pentodes with screen voltage change. The
collector voltage of transistors has little effect on their cut-off potential).
A cut-off potential variation prevents a variation in the reference potential from
being accompanied by a similar variation in the clipping level of the input signal.
Ideally , an equal change in both reference and input should leave the valve
operating under unchanged conditions. Variations which cause equal changes at each
input are called "common mode" signals. Voltage comparator circuits should be
independent of "common mode" signals.

5.3 Common Modde Rejection. The effect of common mode signals on a circuit is usually
defined by the "common mode rejection ratio", Consider that both the input and the
reference signals to a voltage comparator circuit change by an amount equal to
AE. If there is some common mode effect, this will cause some output from the
circuit. This output could have been caused by a change (Aein) in the input signal.

The ratio "E is the common mode rejection ratio.
e1.n

The common mode rejection of voltage comparators can be examined by considering the
circuits in their linear operating region before the onset of clipping. In the
linear region the voltage comparator is called a differential amplifier or a
difference amplifier, because the signal output is proportional to the difference
between the two input signals with minimum effect being produced by common mode
signals.
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In the circuit of Fig. llb the grid-cathode voltage of the triode is the difference
between ein and ER. This is one factor determining the anode current, and therefore
the output voltage (esut) is approximately proportional to the difference between
the input signals. To examine the common mode rejection consider ein and ER are
both varied by the same amount. This leaves the difference unchanged and the grid
cathode voltage unchanged. However, the variation of Eg changes the high tension to
the valve, which changes the anode current and produces an output voltage dependent
on the common anode signal.

The common mode rejection ratio of this circuit is poor and is approximately equal
to the amplification factor of the valve. The common mode rejection of the circuit
using a pentode is better than one using a triode, but there is the inconvenience of
having to maintain a constant screen to cathode (not earth) voltage. Transistors are
similar in characteristics to pentodes but without the complication of the screen
supply, however, the reference voltage, current and impedance disadvantages still
exist.

5.4 Triode Cathode Coupled Voltage Comparator. The circuits using cut-off characteristics
as voltage comparators are improved if a cathode follower (or emitter follower) is
used to apply the reference voltage to the cathode (or emitter) of the clipper. It
is also common for the two inputs to be reversed. A typical arrangement using
triodes, as shown in Fig. 45, has the "input signal" applied via the cathode follower,
and the reference voltage connected to the grid of the clipper. This circuit has the
same form as the cathode coupled clipper of para. 3.7, but a variable reference
voltage has been added to one grid and the "input 11 is, in most cases, direct coupled.
An advantage of the cathode coupled circuit is that the reference voltage is
connected to a high impedance point in the circuit, thus giving no current or
impedance problems.
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FIG. 45. TRIODE CATHODE COUPLED VOLTAGE COMPARATOR.

As a voltage comparator the circuit is conveniently considered as a two level clipper
which selectes a small section of the input waveform. The section selected is varied
by varying the reference voltage and the input is clipped approximately symmetrically
(depending on the symmetry of the circuit) about the reference voltage. The rise
time of the output "rectangular" waveform depends on the rate of change of the
selected section of the input waveform. Rise time is improved by reducing the voltage
between the two clipping levels, or by including amplification before the comparator.

5.5 he operation of the cathode coupled circuit is now examined. Values of Ry, and Ry
are each equal to 1Okf and the two triodes each have anode characteristics es in
Fig. 46 (12AT7). The methods used to obtain values of voltage and current in the
circuit under various conditions, are also useful for the examination of other
similar circuits.
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FIG. 16. ANODE CHARACTERISTIC OF TRIODE.

Consider that the input voltage (e±)
and the reference voltage (eR) are
both zero, and that the voltage
between +H.T, and the valve cathodes
is +2OOV as shown in Fig. l7.
Consider also that the cathode
potential is +3V with respect to
earth and, therefore, each valve has
a grid-cathode voltage of -3V. From
the valve characteristics, Vl with no
anode load has an anode current of
2.5mA. V2 has en 1Ok anode load an
2OOV is applied to the valve and
load. The 1Ok0 load line from +2OOV
in Fig. h6 indicates that with 3V
bias the anode current is 1.&mA. The
total cathode current is then 4.3ma
and the voltage across Ry is 43V.
These conditions are satisfied when a
negative supply of hOV is provided as
shown in Fig. l7,

gi[. +\

ER=0 i
©out

i
2.F)-mA m3 2 ..,.

10KO

4.3mA ♦
-40V

FIG. W7. OPERATING CONDITIONS.

An input signal is now applied which causes Vl grid to go negative, This decrease Il
and therefore reduces the cathode voltage. As a result the grid to cathode voltage of
V2 becomes less negative producing an increase in 12 which tends to offset the
original decrease. The circuit tries to maintain a constant cathode current. Some
change must occur, but this is small and decreases as the value of cathode resistance
is increased. Consider that the input signal is decreased by an amount sufficient to
cut-off Vl. The cathode current then equals the current through V2. V2 has a total
of 2Ok9 resistance in its anode and cathode circuits and a 2l3V supply. A load line
for this voltage and resistance is shown in Fig. 46. Half of the total circuit
resistance is in the cathode circuit providing cathode bias. Note, however, that the
grid is not at the same potential as the lower end of the cathode resistance. To
determine the bias on V2, assume various values of bias, determine the cathode current
that will give these conditions and plot these values on the anode characteristic to
form a line which intersects the load line. For example, if the bias on the valve was
zero, the cathode voltage (relative to earth) would be zero, and the voltage across
RK would be hOV. The current through RK would then be 4ma. Similarly if the bias
on V2 was -1V, since the grid is earthed the cathode voltage would be +lV, the
voltage across Rx, 41V, and the cathode current, 4.1ma. Further, if the bias was -2V,
the cathode current would be 4.2mA. The line joining these points is almost straight
and horizontal, and it cuts the load line at a grid cathode voltage of -1.8V.
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The stable condition of the circuit gives a cathode voltage of +1.8V with respect to
earth. From the valve characteristics, with an anode voltage of approximately 2OOV,
approximately -¥ bias between grid and cathode is required to proaudo out-off.
Therefore, V1 will be cut-off when its grid is more negative than -3.2V (+1.8 -5V).
With a cathode voltage of +1.8V, the voltage across Ry is l1.8V giving a current of
4.1&mA. The reduction of cathode current below its no signal value is only O.12mA.
The circuit voltages and currents for this condition are shown in Fig. 48a.

When the input voltage is made positive Il increases above its no signal value and
the voltage across Ry increases. This makes the grid of V2 more negative relative
to its cathode, which reduces I2 thus tending to maintain the cathode current
approximately constant. When the input is increased sufficiently to make the cathode
voltage +5V, V2 is cut-off. The cathode current under these conditions (Fig. h8b) is
4.5ma, an increase of only O.2mA from the no signal condition. The anode to cathode
voltage of Vi is +198V and with this voltage 4.5ma is produced when the bias is -2,lV.
(This same value is obtained by finding the intersection of a 1Ok9 load line from
2l3V, with 4.5mA anode current). An input voltage of +2.6V(+5-2,lV) or greater will
therefore cause V2 to be cut-off).

A-@.._--am+'lf\ O_-E)if\

-3.2V i +2.6¥ t
©out

0out

i
_____--i-a[1\
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10KO
-::-

a_ -At\

(b)

FIG. 18. OPERATING CONDITIONS OF CATHODE COUPLED CIRCUIT.

Input voltages more positive than +2.6V will still cause Ii to increase, but without
the compensating decrease in I2 (since V2 is cut-off) VI behaves as a simple cathode
follower. Increase in Il causes an increase in cathode voltage which provides
cathode bias attempting to offset the input voltage change. The result is that
large increases in input voltage produce only small changes in grid-cathode voltage
and small increases in cathode current. The cathode current actually continues to
increase at approximately twice the rate of the total cathode current increase when
both halves are conducting. Considerable increase in input voltage is possible
before zero grid-cathode voltage is produced on Vl. In the example considered the
input voltage required for this condition is +72V.

The output voltage at the anode of V2 is dependent on I2. When V2 is cut-off the
output equals the +H.T. voltage of +2O3V. When V2 is conducting fully with Vi cut-off
V1 is 4.l&mA, causing 41.8V to be present across RL,, so that the output voltage is
161.2V (2O3-41.8V).

5.6 The operation of the cathode coupled circuit can be summarised with the aid of Fig, 49,
Imagine an input signal increasing from a very negative voltage at a linear rate.
With input signals more negative than -3.2V, VI is cut-off and V2 is conducting fully
with I2 = l.1&mA. When the input signal is made more positive, V1 starts to conduct
and, as I1 increases, I2 decreases, so that the total cathode current (I1 + I2)
increases only slightly. An input signal increase to +2.6V causes V2 to cut-off and
V1 supplies the total cathode current of 4.5mf. Further increase in the input signal
produces a small increase in cathode current, but does not modify the output voltage
at the anode of the cut-off V2.
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Because of the linearly increasing input voltage, the output voltage shown in Fig. h9c
has the same shape as the transfer characteristic for the circuit. Notice that the
circuit produces a gain but no phase reversal.

From the preceding we see that the input signal is not clipped symmetrically on either
side of the zero axis. This is because of the unbalance of the circuit, since Vl has
no resistance is its anode circuit. An anode load is included for Vl in some cases.
Assymmetry in clipping is also caused by the change in the mutual conductance of
valves throughout their operating range. Compensation to provide symmetrical clipping
of the input signal about the zero axis can be provided by changing slightly the
reference voltage.

The example illustrates the smell variation of cathode current in the circuit between
clipping levels. This variation is further reduced if the value of the common cathode
resistor is increased, but this necessitates the use of a higher negative H.T. supply
if the operating conditions of the valve are to be unchanged. Another method of
increasing the effective resistance of the common cathode circuit uses a valve and is
considered in para. 5.8.
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FIG. 19. CATHODE COUPLED CIRCUIT WAVEFORMS.

The cathode voltage variation is shown in Fig. 49a with the input voltage. The
cathode voltage remains constant below the lower clipping level and is slightly more
positive than the voltage on V2 grid. For input signals above the upper clipping
level the cathode voltage is approximately a constant amount above the input at Vi
grid. This shows that the cathode voltage tends to follow the more positive of the
voltages at the two grids.
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Between clipping levels the cathode voltage change is approximately egual to half the
input voltage change. This can be justified by considering the cathode coupled
circuit in its balanced form as in Fig. 50. With ein equal to ER, and identical
valves, Il equals I2. If e5n is increased and BR decreased by a small amount (AE),
I1 will increase and I2 decreases by the same amount, when both valves are operating
on linear sections of their characteristics. The total cathode current is therefore
unchanged, and the cathode voltage unchanged. If, however, both ein and ER are
increased by the same small amount (AE), when a large cathode resistor is included,
the cathode voltage will tend to follow the grid voltages and also increase by AE.

_.----El+kl T

t
8out

-
_j']

FIG. 50. VOLTAGE COMPARATOR.

Adding these two changes gives a change of 2AE on Vl grid, no change on V2 grid and
a change of AE at the cathodes. That is, with a constant reference voltage, the
cathode voltage variation is half the grid voltage variation. This is also
approximately correct when the load resistance is not included in the anode circuit
of VI. It will be noticed that, in the example, the no signal bias was chosen greater
than half the cut-off bias. This was so that one tube is always cut-off before the
other tube reaches the zero bias condition which may cause grid current clipping.

5.7 Common Mode Rejection. To examine the effect of the common mode signal, consider the
balanced cathode coupled circuit (Fig. 50) with ein equal to ER. With identical
valves, I1 equals I2 and eA between the anodes of Vi and V2 is zero. An equal
variation of ein and ER causes both anode currents to change by the same amount.
The circuit remains balanced with e4 still zero, so that the common mode signal does
not appear between the two anodes. However, since both anode currents change, eout
must also change and the unbalanced output from the circuit contain a proportion
of the common mode signal. The common mode rejection is improved when the effect
of the common mode signal on the total cathode current is reduced. Therefore, the
improvement can be obtained by making Ru very large so that the valve has only
a small effect on the total cathode current. The combined valve currents can be
considered as being from an approximately constant current source and large common
mode signals can cause only a small variation in valve current and a small change
in output voltage.

The effect of the cathode resistor value can be explained in an alternative way.
The voltage variation at the cathodes of the circuit follows closely the common mode
variations of ein and ER being considered. The variation is present across any
large value of common cathode resistor, practically independent of its value. But

t . L. ( ,~, • /\Ethe cathode curren variation ai is equal to Ru• Therefore, AI is smaller and the
common mode rejection ratio is improved when Ry is made larger. The common mode
rejection is approximately proportional to the value of the common cathode resistor.
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This information can be used to make a further observation, Considering on input
signal variation only, for any large value of cathode resistance in a linear circuit,
the cathode voltage variation is approximately half the input voltage change. The

Ae
change in total cathode current (AI) is approximately equal to 5*. Therefore,

for a given input voltage variation, the change in total cathode c{rent is reduced
when Fy is increased; that is, when the common mode rejection ratio is improved. The
variation in the total cathode current between clipping levels is, therefore, an
indication of the common mode rejection ratio.

For a given change in total cathode current, the common mode rejection of the circuit
with a single load as in Fig. h5 is slightly better than that for the balanced
circuit of Fig. 50. This is because the load resistance in V2 anode only, makes the
variation of I2 (which determines the output) less than bhe variation of Il, and
therefore less than either valve current variation in Fig. 50, For the common mode
rejection ratio of an unbalanced cathode coupled comparator to be better than that
for the basic triode clipper (Fig. hli) RK must be greater than the anode resistance
of the valves.

5.8 Increasing the common cathode resistance improves the common mode rejection, but this
has the disadvantage that large voltage drops occur across the resistance, and large
D.C. potentials are required. For example, if the common cathode resistance (Ru) is
1MO and the cathode current is 1ma, the voltage across Ry is 1,000V. his
disadvantage is removed by using either a pentode, or a valve including negative
current feedback, as the common cathode resistance. This gives an effective cathode
resistance equal to the A.C. output resistance at the anode of the valve.

The output resistance of a pentode is equal to its A.C. anode resistance (re) when it
is operating above the knee of its characteristic, end this is typically 1MO,
However the voltage across the valve needs only to be greater than approximately 50V.
Negative current feedback, as can be obtained by including an unbypassed cathode
resistance, increases the output resistance of a valve. The output resistance is
approximately equal to the products of the amplification factor (u) and the cathode
resistance ( In an example where u = 50 and Ry = 0.1M0 the output resistance
equals approximately 5M. A circuit of a voltage comparator, which includes as a
common cathode resistance, a triode with negative current feedback, is shown in
Fig. 5le.

5.9 When precise selection of a particular level is required, two cascaded cathode coupled
stages are sometimes employed. An example is illustrated by the simplified circuit
in Fig. 51b. he first stage is a differential amplifier with load resistances in
each anode circuit. The push-pull outputs available at the anodes are direct coupled
to the second stage which gives the required single ended output.

t
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FIG. 5L. VOLTAGE COMPARATOR CIRCUITS,
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5.10 Transistor Cathode Couvled Voltage Comparator. The collector current and the cut-off
point of a transistor are affected very little by change of collector voltage.
Because of this the basic transistor voltage comparator (Fig. hlic) inherently has
better common mode rejection than the triode circuit. However, this is often not
adequate, and also the reference power supply impedance and current carrying
requirements are still a problem. The cathode coupled configuration is therefore,
commonly found using transistors. A typical symmetrical circuit using p-n-p
transistors is illustrated in Fig. 52.

SC3

R2

sC2

SC4

(_)«a

FIG. 52. TRANSISTOR CATHODE COUPLED COMPARATOR.

A detailed analysis for the transistor "long bailed pair" can be carried out in a
similar manner to that explained for the valve circuit in para. 5.5. However, in
the transistor case there are the extra complications of base currents and leakage
currents. The details of a graphical analysis are not considered here but the
results are shown in Fig. 53. These waveforms summarise the operation of the
circuit.

5.11 Consider the circuit in Fig. 52 with a reference voltage of zero and an input voltage
that is decreasing linearly but is sufficiently positive to cause SC1 to be cut-off.
It will be assumed that germanium transistors are used and that the leakage current
is negligible. With SC1 cut-off the collector current of S02 is determined largely
by the values of the emitter resistor and the positive supply voltage. This
transistor will be operating at its maximum base and collector currents (for the
assumed reference voltage) and the emitter will be typically between +150 and
+200mV (say +180mV) with respect to the base voltage of zero. The total emitter
current is the emitter current of $C2 which is greater than the collector current by
an amount equal to the base current. This condition is maintained for all values
of input voltage that cause SC1 to be cut-off and is shown by the waveforms at the
left hand end of Fig. 53. Notice that the currents are shown with negative values,
because of the use of p-n-p transistors, so that the input voltage and current
variations have the same polarity. However in the following discussion a
"reduction in current" will mean that the magnitude of the negative value of
current is decreased. The base currents in Fig. 53 are drawn to a different
vertical scale to that used for the collector and emitter currents.

SC1 will remain cut-off until the input voltage is negative with respect to the
emitter voltage. Therefore SC1 will come out of cut-off when the input voltage
decreases to less than +180mV. When this occurs base current will commence in SC1,
producing collector and emitter currents. The emitter current tends to increase the
total emitter resistor current, but the voltage developed across this resistor is
of such a polarity that the base, collector and emitter currents of S02 are reduced.
Any change in emitter current in SCl tends to be offset by an opposite change in
emitter current in 802, and the total emitter current is maintained almost constant.
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FI0. 53. EMITTER COUPLED CIRCUIT WAVEFORMS.

A slight increase must occur with increase in input base current to SC1, but the
magnitude of the change reduces as the value of the common emitter resistor is
increased. Since a small change in transistor base-emitter voltage has a large
effect on collector current, the total collector current is almost constant even
with a relatively small value of emitter resistor of approximately 1,OOO0.

As the input voltage continues to decrease, the exchange of currents between the two
transistors continues, as shown in the centre section of Fig. 53, while the total
emitter current is maintained practically constant. In the balanced circuit being
examined, when the input voltage has fallen to zero, the two transistors share
equally the total emitter current. When the input voltage becomes negative SCl
provides the major share of the total current and $02 approaches cut-off.

Accompanying the decrease in input voltage while both transistors are conducting the
emitter voltage decreases as indicated in Fig. 53. When the emitter voltage has
reached zero SC2 is cut-off and has no further effect on the emitter current. The
emitter current of SC1 is then determined mainly by the input voltage, the positive
supply voltage and the emitter resistance. In this condition the emitter current is
approximately at its maximum value and the base-emitter voltage will be typically
-18OmV. Further negative changes in the input voltage will cause only smell changes
in both emitter current and base-emitter voltage. The emitter voltage of the circuit,
therefore, tends to follow the input voltage but is more positive than it by
approximately 18OmV.
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5.12 The clipping levels of the signal at the input are small compared with similar valve
circuits. In the example of Fig. 53, clipping occurs at input signal levels of
±180mV. Leakage current in the transistors causes the emitter current to be
slightly greater than that considered and each transistor in turn is cut-off with
a slightly smaller input voltage.

The output voltage from the circuit at the collector of SC2 is equal to the collect
supply voltage when SC2 is cut-off and leakage current is zero. It is more positive,
by an amount determined by the collector load resistance and the collector current,
for other conditions. The output voltage variations at this point have the same
polarity as the input voltage variations. Variations of opposite polarity are
available at the collector of SC1.

Fig. 53 shows that for a linear change in input voltage the collector current between
clipping levels is non-linear. This is caused by the non-linearity of the
transistor input characteristic. However both the base current and collector
current waveforms have similar shapes and this suggests that, if linearity is
required, it can be obtained by feeding the circuit from an approximately constant
current source.

5.13 Common Mode Rejection. In para. 5.7 relating to the valve cathode coupled circuit it
was derived that an indication of the common mode rejection was obtained from the
variation of the total cathode resistor current with change of input voltage. This
applies also to the transistor emitter coupled circuit; that is, the common mode
rejection is improved when the variation of emitter current, for a given change in
input voltage, is reduced.

Increasing the value of the common emitter resistance improves the common mode
rejection. However, since the base-emitter voltage has a large control over the
collector current and collector-emitter voltage has only a small effect, the common
mode rejection of the transistor circuit is good even with relatively small values
of emitter resistance.

The effective emitter resistance can be increased by substituting a transistor for
the emitter resistance. However, this is not usually necessary, since high values
of resistance of the order of 20k9 to 100k9 give extremely good common mode
rejection. These values require high voltages by transistor standards, but the
voltages are not hard to obtain. For example, with a 100k9 common emitter
resistance and a 1mA "tail" current, the emitter supply voltage required is 100V.

5.1l Voltage Limitations. The amount of variation of reference voltage (and also input
voltage) possible in a voltage comparator circuit, is limited by a number of factors.
It is required that sufficient voltage be present across the valve or transistor to
allow it to operate correctly, therefore, the reference voltage cannot approach too
closely, or exceed, the anode or collector supply voltage. The other extreme of
reference voltage depends on the requirement that a considerable voltage be present
across a common cathode or emitter resistance for it to appear as a constant current
source. If an active device is used as the common coupling "resistor" a minimum
voltage must appear across it to give correct operation. At the latter extreme
of the reference voltage, the voltage across the cathode or emitter coupled valves
or transistors is at a maximum, and the maximum voltage ratings of the device
must be considered. Because of the lower values of supply voltage and the lower
maximum voltage ratings of transistors as compared with valves, the change in
comparator reference voltage allowable in transistor circuits is normally
considerably less than that possible in valve circuits.
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6. IESI QUESITONS.

1. (ช่) Da a basie series diode cไp่pนg eวนป่ป างใีcใh จปไีไ cไip ooไageธ more poธitiงe
than +20V.

(่ี) Dra a tanefer chaaeteristic for the ceiuit and deseri.be hou the cนหcนวt
produces the seetions of the eharaeteristii.c.

2. (จ) Tn the ciuit of Fig. 54a, at uhat inpนt งoไนagูe งoนไdี eไป่pูpนg่ oeeu'?

(ช่)่ Coneideriig an ideal dode, ~ไไอtdte the etfeet o the cนit on a satooth
วหpนt uapefom uhich oaes betee +70V and +110V.

(ชำi) the diode ชn Fg. 54a has a constant f'oruard reeistanee of ธ000 and a eonestant
meoese 2esistanee of 60kS, uhat is the output uaoefor fom the ciทcนปt theท
the วpนt oaeorn is่ thhe samre ae that in @นestio 2(ช)? Mark signป่_fieat
ooไtagูeธ on the oauef'orm.

+250V

15K0

sc1 -d sC1

o INPUT

} }
ejก 10K eout

l +

(a) (b)

+250\

18ห.

OUTPUT

RVT
25หK0

82ห0

Ov

rIG. 54. CIRCUTIS FOR QUESTTONS 2 AD S.

3.What funetione ขoนld the tollouig eorponente perform i the oirouit่ of Fg. 54b?

() E1, (S01, (ช0) 12, (ชง) 01, (อ) RV1.

4. (ช) Da a basie shumnt diode oไp่pนgู ชนหชนนt wใีch งนีไไ produce negatipe eไippนn่gู
at -15V.

(ช่)ี Sketch the ideal output uauefor fom the eicuit for a sine uape ipนt of 40T
p-p.

(ชว)ี Ho oนไd the output uaueform be afeeted i the diode fomand wesistanee uas
eigni'ieant?

5. Bplain, uith the aid of approaiima.te tranef'er eharaeteristiee, uhนู clippวng ciชนวนอ
ueig pactieal diiodee are not oeru effeetipe uit์h ไou ipนt signal ooไtageธ .

6. (ช) Da a eiouit o a oaไงe amplifie uh.ch uses to "eateh d.odee" to ไทtี the
anodle ooltage paiatiion to betueen +160V and +180V.

(วำี) 'This cieui่t ean be eoneideed as a shunt dode elippig eicuit. What cortponents
f'omm the eouialent oy the series resistor of the shunt di.ode eไปืppนg้ cวจ่@นปีป?

7 A eieนit eonsiste of a diferentiating eiouit folloued bu a poeitipe eไppนng
ปcนช.่ พhat ouไ่d be the output uaueform if the ipนt uaeom i.s rectangula งชtีใh
peak oalee at:- () +100 and+150V, (ช) +140V and +2407?
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2. Describe the 0ms
to

9. In the circuit of Fig. 55a, VI
with no input signal ia 20mA.
wove signal 12V
xc bitege waveforms
Mark on the wavefom

+ 250V

operates as a
V1 ha8 a w

Linear
20 and an ra

is
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and the anode current
5k9. When a sine

sC1. Drow the
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(a)

PIG. 55. CIRCUITS FOR QUESTIONS 9 ARE 10.

(b)

10. Draw a transfer characteristic re
(eout) for the circuit of Fig. 55b.

the operation of the circuit.
11. A negative series diode clipping circuit, vhich clips at zero voltage, has a shunt

resistance of 10k0 and a shunt capacitance across the of What is the
output vavefom when the input is a 20¥ p-p square wave no D.C. component? ani
significant voltages and time constants on the relevant sections of the waveform.
Consider that the diode tom resistance is constant at 1009, the reverse
resistance is negligible and the diode capacitance is a constant 4pE.

anode voltage of Vi
the voltages at occur~ an

12. (i) Dr~v a basic circuit that would be suitable for extracting
information from a television composite video signal.

(ii) Describe the operation of the circuit and shov the circuit waveforms.
13. Does the addition of a series base resistance in a transistor

Give reasons for your answer.
14. Describe, with the aid of a circuit, hov a transistor

protected against excess reverse base-emitter voltage.
can be

15. Drau an emitter coupled circuit and
16. Describe briefly tvo applications of a voltage comparator in a
17. What is meant by:- (i) Common mode (ii) Common mode
18. Describe briefly the operation of a cathode coupled voltage comparator, Droo

circuit vavefoms or characteristics to assist in the description.
12. (i) Drow a circuit of a cathode coupled voltage comparator using a triode valve,

with negative current feedback, as the common cathode resistance.

.P.0.

(ii) What advantages are obtained using this for of common cathode resistance?

END OF PAPER


