
CHAPTER-YIII 

AN INSENSITIVE LINEAR SINGLE-ELEMENT-CONTROL 

PULSE GENERATOR 

8.1 INTRODUCTION 

Generation of harmonic to relaxation oscillation using the 

non-linearity of the antisymmetric self saturating transfer 

characteristics (ASTC) of an emitter coupled differential pair 

(ECDP) has been presented in Chapter-VII, The ASTC had been 

approximated by a transcendental function of hyperbolic tangent 

type resulting in a two parameter non-linear differential equation 

and the mode of oscillation could be adjusted by the control of 

these two parameters. The two parameter control could be effected 

by changing the capacitor ratios or the resistance ratios in the 

frequency determining network or by changing the operating slope 

ab of the ASTC. Interestingly, the operating slope ab can be 

changed by bias voltage change of the ECDP and this was utilised 
2 

to obtain a VCO giving sinusoidal output. This has also been 

presented in Chapter-VII. However, the frequency range obtained 

was not very large. In practice, however, wide frequency-deviation 

ratio oscillators, basically, are of multivibrator type, providing 

pulse or square wave putput. Using the ASTC of the proposed ECDP 

a linear wide range, variable frequency pulse generator can be 

designed. This pulse generator can be conveniently adapted to 

instrumentation system with the control element replaced by a 

suitable transducer to provide a process parameter to pulse period 

conversion facility. 
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Since no closed form solution of the two-parameter non­

linear differential equation with a transcendental function is 

possible, an approximate analytical approach, to enumerate the 

design criteria and predict the behaviour of such a system in 

relaxation mode, to obtaining symmetric pulse waveform, has been 

presented in this chapter^ . The repetition rate of the generated 

4 
pulse wave form is obtained through jump behaviour , while hyber-

-1 
bolic tangent non-linear characteristic is used to obtain the 

shift in the operating point thereby correcting the repetition 

rate of the generator. The number of frequency determining para­

meters in such a system is reduced to a minimum with the provision 

for linearly varying the time period with a single resistive 

element• 

The validity of the analytical approach has been tested 

experimentally and the repetition rate and the region of linearity 

of the controlled generator have been found to agree closely with 

the theoretical analysis. Conditions have also been derived under 

which the frequency sensitivity of the circuit can be minimized. 

The effects of temperature on both the active and passive parameters 

have been considered and it has been indicated how the effect of 

temperature on the frequency determining parameters may be utilized 

for compensation, offering a scope of improvement which may be best 

exploited in integrated circuit implementation of such generators. 

Experimental results, covering several aspects of the 

proposed circuit with discrete components, for substantiating the 

theoretical analysis, are shown in tables and a graph. 
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Fig.81 Circuit of the propsed generator 

Fig.8-2 The normalized transfer characteristic of theECDP 
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8.2 THE SCHEME AND FREQUENCY OF OSCILLATION 

The scheme of the proposed circuit is shown in figure 8.1• 

While the capacitor is open R,, R^, Re and R^ are adjusted for 

balanced biasing and the differential pair acts as a tranaconduc-

tance element between the points 'p' and 'q' idiose saturation 

transfer characteristic is shown in figure 8.2 and is assumed to 

be represented by the transcendental form 

i « a tanh be (8»1) 

when the feedback path is closed through the capacitor, the 

positive feedback provided sets relaxation oscillation in the 

circuit which can be easily deduced from the equivalent circuit 

of figure 8o1 drawn in figure 8»3 ndiere R^ is R, Ri • Tbe system 

differential equation 

(8.2) 

represents the dynamic model of the oscillator. Considering the 

linearized saturation characteristic as shown by the dotted lines 

in figure 8.2 whose slope at the operating point is g and the 

fact that a Jump would occur in the system voltage to double its 

value on Just reaching the saturation level (because the coupling 

is by capacitor C only), one can obtain the repetition rate by 
4 

integration of equation (8.2) as 

T - C(R^ + R2) In (2gR̂  - 1) (8.3) 

If R, is controlled for governing the repetition rate, while the 

operating point remains fixed, both the product terms vary 
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simultaneously giving a large variation in the repetition rate. 

The normalized rate of this is in fact given toy 

which is much larger than that in conventional design. 

For linearity of the T-R̂  relationship, In (2gR^ - 1) should 

not vary substantially with R^, However, from equation (8,4), a 

range of values for R̂  can be obtained for nAiich this is approxi­

mately true and an almost linear variation of T with respect to Rj 

over this range is obtainable. 

Differentiating equation (8,4) with respect to R. 

g (R, - R^) - 1 (8,5) 
h (2gR^ - iy 

one observes that a near linear T-R. relationship is obtained for 

g(R, - R^) - 1 (8,6a) 

From equation (3) one finds that the oscillation condition requires 

Rl> 2~ (8.6b) 

Showing compatibility of equation (8.6), 

For a given value of R2, therefore, a range of values for 

R̂  is to be chosen following eq%MBtions (8,6a) and (8,6b) such that 

P is nearly constant over that range. Deviation from linearity at 
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any value of T can be obtained from equations (8,4) and (8,6a) 

for the corresponding value R̂  « R^^ (say) 

C--J' 
f' 2 + lnC2gRp + 1; 

2g(VR,^) ̂  2 

(8,7) 

vftiere r is obtained by substituting equation (8,6a) in equation 

(8,4), For allowable S. , the limiting values ©f R̂ ĵ  can now be 

evaluated from equation (8,7). 

8.3 THE OPERATING POINT AND VALUE OF g 

The value of g is obtained from the actual plot for balanced 

bias conditions with compatible values of R^'s, ̂  » '1»3»4,5,6 as 

dictated by equation (8,6b) and for better linearity in T-R^ , also 

by equation (8,6a). However, as oscillation seta in, the operating 

point of the transistor CL. (figure 8.1) shifts, thereby changing 

the value of g. This shift in the point is only graphically obtai-
5 

nable through complex analysis for an arbitrary mode of oscillation. 

As only relaxation oscillation is considered here, this shift is 

maximum and is calculable from the non-linear saturation transfer 

characteristic. When shift occurs, the approximated linearized 

characteristic changes such that the slope g is also different. 

In fact this increases the value of g, as the constant current 

source (CCS) at the emitters decreases the saturation voltage in 

the ASTC of the differential pair, when the idealized and linearized 

model of this is considered. At hard relaxation the input • 
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(figure 8,1) via the base-emitter Junction reduces the effective 

saturation voltage to half its balanced bias condition. Therefore, 

from equation (8,1) the effective value of g is calculated 

&, g cosh^e - g cosh^(0.5) - 1.27g (8,8) 

This value of g^ is used in equation (8.3) for calculating the 

repetition rate as FL is controlled. As relaxation through juap 

phenomenon occurs, the waveform at the output point q is not a 

square-wave. The wavefoiTB undergoes a certain change, retaining 

however the pulse nature, because of the difference in voltage 

across Qp and R. • The output waveform becomes nearly square when 

these voltages are very close, A square-wave can, however, easily 

be extracted by standard clipping techniques, 

8,4 EFFECT OF NON-IDEAL CURRENT SOURCE 

Vhen the current source at the emitters is replaced by a 

simple resistor Rgg of correct value, the basic operation of the 

generator remains unaltered, but there is a marginal shift in 

the controlled frequency range. This occurs because the *nen-ideal* 

current source tends to shift the operating point in a different 

manner, producing a different linearized slope g-, however close 

its value may be to g^. In the balanced biased condition in this 

case, let I^Q denote the balanced emitter operating currents on 

each side. In hard relaxation oscillation let this value be Igg, 

Let EQg be the amplitude of base drive at p (figure 8.1) due to 

this oscillation, then one can write the approximate equation 

during oscillation for transistor Qu as. 
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% S " -̂ EQ * 
^OB " ^%E ^^ES " -^Q^ . 

E ^ 'IE 
FE (8.9) 

*4iere hjg and hpj, have the usual significances. Equation (8,9) i s 

siiHplified to 

h.S " 'EQ 

E 
1 + OB 

^EQ ^ E ^ "̂  ^ ^ E ^ 

( 8 , 1 0 ) 

showing an increase in the saturation current. In fact when 

relaxation oscillation occurs, the amplitude at the base is 

fixed by the non-linearity of the slope of the characteristic 

and actual saturation occurs at a higher value of e, say Eggg, 

but this apparently does not change the saturation current, 

l£gQ(say), The oscillation amplitude would, however, cause a 

change in the actual emitter current for the changed slope that 

occurs because of the shift in the operating point. This is 

calculated in equation (8,10) irtiere EQ^ is to be replaced by 

Eggg, iiAiich in turn is calculated from equation (8,1) by assiuning 

a linearized and idealized model of the enhanced-slope saturation 

characteristic with tanh be •» 1, as saturation current is assumed 

constant. This gives 

^OB ' ̂ BSS ^ tanh-'' 1 - EgsQ tanh-^ 1 (8,11) 

The parameter b is obtained from the standard saturation model. 

From equations (8,10) and (8,11) Igg is calculated and used to 

obtain I 
fl. . ES 

^ ^BSO 
(8,12) 
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which Is the new value of g with the non-Ideal constant current 

generator. 

8,5 SENSITIVITY TO SUPPLY. TEMPERATURE AND PASSIVE PARAMETERS 

It would be observed from equation (8.3) that In the proposed 

oscillator, the frequency changes utoen g Is affected. As g is 

basically dependent on the emitter current, \dien an ideal constant 

current source supplies the emitters of the differential pair, g 

is not affected. Even when the supply voltage changes within 

prescribed li^iits, the current remains xinaltered, and once relaxa­

tion oscillation sets in, g^ would not change its value from the 

one calculated from equation (8,8), 

If however the 'approximate current source' obtained with a 

resistor between oommon emitters and ground is considered, I„p would 

change as the supply voltage is varied. This can easily be seen 

from equations (8,9) and (8,10), In fact, if one assumes hjg and 

hpg do not change to the extent to warrant any consideration, Igo 

changes directly with I^Q as the supply changes. From equation 

(8,10) it can further be shown that if the supply varies by + 2^E , 

i AlgQ is given by 

KAE 
i ^ ^ E Q - i ^ (8-''3) 

where K is a constant determined by the biasing chain. Frequency 

variation due to supply change is therefore dependent on K and R^g. 

For CCS, R E E " ^ '^ giving no variation in frequency due to supply 

fluctuation. Table-8,1 gives these results both with ideal and 

non-ideal CCS for a ;f IO96 supply variation. 

file:///dien
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TABLE-8.1 

EXPERIMENTAL SENSITIVITY FIGURES TO SUPPLY VARIATION 
mmtmfmmmm'limvm'm^mmmimmmm'^-m^i^'l^ •••Wi"»i»«i«i»i^ 

- 10.0 
- 7.5 
- 5.0 
- 2.5 

0 

2 .5 
5 .0 

7 .5 
10.0 

-w-i- X 100 

(%), with CCS 

- 0.440 
- 0.300 
- 0.200 
- 0.100 

0 

0.095 
0.180 
0.280 
0.390 

J^pi X 100 

i%), with Rgg 

- 5.60 
- 4.20 
- 2.80 
- 1.40 

0 
1.50 
2.70 
4.20 
5.50 

Frequency shift due to temperature variation is more serious, 

particularly with the CCS design when the CCS is not individually 

compensated. The differential pair is self-compensated as regards 

temperature but this degree of compensation is also important. A 

shift in the value of g occurs because of the bias unbalance 

resulting due to inequality in the temperature coefficient of Vgp 

of the pair. As the differential temperature coefficient is likely 

to be small for a matched pair mounted in the same header g varies 

almost linearly with it. From equation (8.3) neglecting higher 

order products of the differential quantities, one can easily 

derive the change in the repetition rate with changes in resistances, 

capacitances and the transconductance with temperature as 
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^ T A C ̂  ̂ R ̂  ln[l H- (^g/8) > (AR/R)j 

^ ^ ** ln(2g R̂  - 1) 

Where it has been assumed that 

R̂  R^ n 

As can be seen from equation (8,14) ̂ T / T can be made zero, if 

either 

^ . ̂  . ; ^ . 0 (8.15a) 

or 

^ - - ; ^ » - ̂  (8,15b) 

While equation (7.15a) is a little hypothetical, equation (8,15b) 

is more easily satisfied in practice particularly in integrated 

circuit forms. Actual yalues of ̂ T / T would depend on the magni­

tudes and signs of-^C/C, -AR/R andAg/g, and thus a third 

probable alternative for AT/T • 0 is 

^ C ^R In U •*• (^g/s) + (AR/R)] 
^ + ̂  « = — =• (8.15c) 
^ ^ In (2gR̂  - 1) 

The wrost-case shift in T with the change in temperature is 

studied for the proposed circuit and it is shown that eren when 

adequate compensation is not provided the change in repetition 

rate is within tolerable limits. 
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The circuit of the CCS used is shown in figure 8.4, The 

temperature coefficient of the base-emitter Junction diode of 

transistor Q, being equal to the temperature coefficient of the 

biasing diodes. With the rise in temperature, the base driving 

potential would decrease as the biasing chain contains two diodes, 

thus decreasing the transistor current and making^g/g negative. 

Since the change in the transistor current is linearly related 

to its base potential and the temperature coefficient of the 

diode is large, as shown subsequently, one derives 

A, 
g > 

such that the last term in equation (8.14) is actually negative. 

The approximate value of Ag/g can be calculated from the diode 

temperature coefficient ( A E ^ / * C ) and the temperature coefficient 

of the input offset voltage of the differential pair (AE /^C). 

The approximate relation is 

g ± y r I V V" 
AE, 

T R (8.16) 

Tjrpical values of AEpl and j ^ E ^ j are 6 i< V/«C and 2.5 mV/«C 

respec t ive ly and for the proposed c i r c u i t Egg - 2.117V, 

IgQ = 0.77 X 10~^A, and R^ - 390 ohms, from idiich one can oas i ly 

show t h a t 

I ^ E p j /(Egg + JAEpI ) < ^ ^ E ^ /^EQ^e ^^^^ ^ ^ t , one can always 

wri te 
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g EQ^ 

Further (AR/R)/»C - 50 p.p.m. and (AC/C)/«C - - 150 p.p.m. and 

using the above data A T / T can be calculated from equation (8.14), 

If however, a non-ideal current source is considered the 

last term on the right-hand side of equation (8.16) is replaced 

by A R/R such that 

8 - "BB 

\ ^ % \ rp^ ^ R 
- IT (8.17) 

Evidently 

-^R 
IT < 

A,K 

ÊQ̂ e 
(8.18) 

so that, in general it is true that 

A.T 

'EE 

(8.19) 

Experimental results confirming the above are shown in 

Table-8.2. Equations (8.14) - (8.17) also confirm that it is 

possible to reduce the temperature sensitivity of T to a minimum 

by correct component choice and appropriate design of the CCS, and 

as such, temperature sensitivity should not pose any problem for 

the generator. 



TABLE-8>2 

TEMPERATURE SENSITIVITY; NOMINAL TEMPERATURE 30»C 
1— • 
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^ with CCS, X 10-3 

^ e o r e t l c a l I &q>erlBient..r 

^ with Rgg, X 10*3 

Itoeoretical Experiaeutal 

Q«e ahoul* , l „ , « h o . t h . r e p e t l t l i . . 
« . . tolerance U . i t , „ , . h . " J " * " ! ' " r a t . oh.Bg., , i t h 

O'ing th. i.fi,itlo. .f claaal.,-, «!. Ra and C. 
WA cxaaslcal sensltlrltv ««-

equation (8.3). ^ivity one gets fro« 

1-1,2 ^Ri • Sc - 2 + 
^^s'^pnTGiT^SItprT (8.20) 

Since 2gR,'^ 1 oT 
^ « 1 ^ 1.S «v.r t..,. to b, vary 1„^._^ 

^ a n „ , ,^,,.^ ^^^^^^^ «• • -»ta«t currant ..„rc. 

-th th.«....,,,,., c Z r """' "•' •'•"" •^'-
• "" " - ^ «-5- « - " " . are .... ̂o ,. 
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quite in agreeaent with the analysis. The results with a simple 

resistor have not been shown in figure 8,5 as they are almost 

coincident with those using the CCS. In both theoretical and 

experimental results, except for a small region of low R̂  the 

T-R. relationship is found to be almost linear. Using equation 

(8,7) it can be shown that the linearity of repetition rate is 

within ^ 3% for a range of 0,36 ms to 1.12 ms, ndien R is varied 

from 750 ohms to 3k ohms. From figure 8.5, the practical figure 

for linearity is seen to be nearly the same in this range of R^• 

However, if larger non-linearity is tolerable the range can be 

extended further. 

For varying supply voltage the shifts in the repetition 

rate from a nominal value of 0.833 ms are shown in Table-8.1 for 

both cases. While the percentage variation obtained with the CCS 

is less than 0.45%, that with a simple resistor is as high as 

5.69̂  yiken the supply is varied within j^ 10%, 

The theoretical and practical data for temperature sensiti­

vity of the repetition rate at its nominal value of T^ - 0,833 ms 
o 

are given in Table-8,2 with the CCS and Rgg. As predicted, this 

sensitivity is larger with the CCS. For a 25*C increase in tempe­

rature, T^ is shown to shift by about 6.1456 with the CCS, while 

with Rgg the change is only about O.356. It is interesting to note 

that practical A T / T S with the, CCS are less than the calculated 

values, %Aiile with Rgg the nature of the variation is the opposite. 

However, in both cases results are quite confirmatory. The 

discrepancy may be attributed to the fixed idealized data assumed 

in the calculations. 
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The temperature sensitivity is considerably improved with 

the CCS feeding the differential pair, if the CCS is individually 

compensated* A scheme of such a compensated CCS is shown figure 

8.6« The Zener diode D^ should have a zero temperature coefficient. 

The base drive potential here does not change with temperature as 

the variation in Vgg of the transistor Q-a would tend to be compen­

sated by an opposite change in diode D̂  voltage drop. Table-8.5 

shows the theoretical and experimental sensitivity of time period 

with temperature. 

TABLE-8.3 

TEMPERATURE SENSITIVITY OF TIME PERIOD WITH A COMPENSATED 
CCS FEEDING THE DIFFERENTIAL PAIR; NOMINAL TEMPERATURE 30»C 

Cc) 

- 10 
- 5 

0 

5 
10 
15 
20 
25 

- ^ X 1 0 " ' 

Ttieoretical 

0.993 
0.496 
0 

-0.504 
-1.007 
-1.511 
-2.015 
-2.517 

Experimental 

1.00 
0.46 
0 

-0 .57 
-1 .37 
-1 .80 
-2 .37 
-2 .93 

The above results have been obtained using discrete 

components and a matched pair of transistors. 
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It may be shown that the contribution of the last term of 

equation (8,14) is negligible for the case ndien the coupled emi­

tter is fed from a compensated CCS and the temperature sensitivity 

of the time period is predominantly dependent on the temperature 

coefficients of the passive parameters. Hence the temperature 

sensitivity of a fixed-frequency pulse generator can be made to 

approach zero by adopting hybrid integration techniques, irtiere 
7 

the passive components should be of the thin-film type . 

However for a variable time period symmetric pulse gene­

rator, two of the frequency-determining elements FL and C 

/"•̂ qwfî tion (8*3)jr are externally controlled and the rest of the 

circuit may be integrated. In such a case the expression for the 

temperature sensitivity of T is obtained from equation (8.3), 

neglecting the higher order products of the differential quanti­

ties, as 

/s,T A c ^ ^ ^ R g ln(1-h(Ag/g)H-(Z!^/R,) 
"T" " "TT •" R, + Rg * R. + Kg •" ln(2gR, - 1) 

^ (8.21) 

In equation (8.21) the contribution due to the last term is still 

negligible such that equation (8.21) reduces to 

-^T ^ C ^ ^ 1 ^ ^ 2 ,^ ^ ^ v 
-T—T-^Wprq + iq-TT̂  (8-22) 

If, now, the frequency-determining passive elements are appropri­

ately chosen (AIL,/R^ - + 100 p.p.m./»C, e.g. Nichrome potentio­

meter; A R2/R2 " - ''^ P.p.m,/»C, thin-film integrated),AT/T is 
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easily shown to be essentially dependent on the thermal drift of 

the capacitor alone. If a high quality ceramic chip capacitor 

with a temperature coefficient of NPO HH 30 p.p.m./*»C is used', 

the temperature sensitivity of the time period would tend to be 

of the same order, which is about one order lower than that 

obtained with discrete component design, 

8.7 CONCLUSION 

A pulse generator scheme with a single emitter-coupled 

differential transistor pair was studied and by means of an 

analytical approach it has been shown that by using a temperature-

compensated constant current source feeding the coupled emitters, 

the generator can produce very stable oscillation. Experimental 

stability figures ©f JK 0.44% for n̂  10% supply voltage change and 

less than 150 p,p.m./**C with temperature variation are easily 

obtained in the scheme. Conditions for further improving these 

figures, particularly the te«q?erature sensitivity, have been 

obtained when this configuration is adopted in an integrated 

circuit, as can be seen from equation (6.22). Besides, the 

repetition rate has been shown to be linearly varying with a 

single resistive element and the experimental figures actually 

show a linear variation of +̂  55% around 0.65 ms for a resistance 

variation of + 62% around 1.6k ohms. 
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