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obtained on real transistors. As an example is given the application to the Schmitt 
trigger circuit in order to demonstrate that using simple design criteria and selec
tion of components it is possible to arrive to a remarkable stability without the use 
of a thermostat beeing requested. 

EUR 370. e 

TEMPERATURE DEPENDENCE OF CIRCUITS USING TWO EMITTER 
COUPLED TRANSISTORS by L. STANCHI 
European Atomic Energy Community — EURATOM. 
Joint Nuclear Research Center. 
Ispra Establishment — Italy. 
Engineering Department — Electronics Service 
Brussels, October 1963 — pages 18 — figures 6. 

The parameters of the transistors which are influenced by the temperature 
are examined. The analysis is made for difference amplifiers and Schmitt triggers 
and in general for that circuits which have two transistors with the emitters connec
ted together. The theoretical investigations is followed by some results which were 
obtained on real transistors. As an example is given the application to the Schmitt 
trigger circuit in order to demonstrate that using simple design criteria and selec
tion of components it is possible to arrive to a remarkable stability without the use 
of a thermostat beeing requested. 





EUR370.e 

EUROPEAN ATOMIC ENERGY COMMUNITY — EURATOM 

TEMPERATURE DEPENDENCE OF 
CIRCUITS USING TWO EMITTER 

COUPLED TRANSISTORS 

by 

L. STANCHI 

1963 

Joint Nuclear Research center 
Ispra Establishment - Italy 

Engineering Department 
Electronics Service 





C O N T E N T S 

1 — INTRODUCTION 7 

2 — EFFECT OF REVERSE CURRENTS ¡co 8 

3   VARIATION OF EMITTERBASE VOLTAGE WITH TEMPERATURE . . . 10 

4 — VARIATION WITH TEMPERATURE OF THE COMMON EMITTER CUR

RENT GAIN β 11 

5   EFFECT OF ICo OF ONE TRANSISTOR ON THE OTHER 12 

6 — EFFECT OF THE POWER DISSIPATION ON THE TRANSISTORS . . . . 12 

7 — APPLICATION TO THE SCHMITT CIRCUIT 13 

a) — Temperature effects of ¡co 13 

b) — Variation of VEB 13 

c) — Variations of β 13 

d) — Effect of Ico of one transistor on the other 13 

e) — Effect of power dissipation 15 

f) — Effect of the variation of the voltage drop on the diodes 15 

g) — Effect of the variation of the emitter current 1Έ1 corresponding to triggering 15 

APPENDIX 1 16 

APPENDIX II 16 

BIBLIOGRAPHY 18 



KEY TO THE F I G U R E S 

Fig. 1 — Circuit used for the theoretical analysis. 

Fig. 2  Tipical diagram of ¡co plotted against — VCB for a batch cf tiansistors 2N 384 of the 

production RCA of 1959. 

Fig. 3   Qualitative diagram showing the difference between the theoretical increase (φ) of Ico 

current for a given increase of temperature . Ι Γ and the actual value ψ as proved by the 

experience. 

Fig. 4 — Construction for obtaining the equivalent gap V(je at the absolute zero of temperature. 

Fig. 5 — Simplified schematics of dc coupled discriminator model DS 3 and ac coupled discrimi

nator DC 1. Resistance R and values of the voltage dividers which give V\ and V% 

are so arranged that for the minimum threshold the two bases in each circuit see the 

same de resistance. 

Fig. 6  Tipical diagram of the threshold variation against temperature of the two discrimi

nators. 



LIST OF SYMBOLS 

I A, IB Terms having dimension of current, used in equations of junction reverse currents. 

¡co The collector current when the collector is biased in the reverse direction and the emitter 

is open. 

¡cs The collector current when the collector is biased in the reverse direction and the emitter 

is dc shortcircuited to the base. 

¡BO The emitter current when the emitter is biased in the reverse direction and the collector 

is open. 

¡ES The emitter current when the emitter is biased in the reverse direction and lhe collector is 

dc shortcircuited to the base. 

K Boltzmann constant equal to 1.38 . 10~23 joules/°K. 

q electron charge equal to 1.602 . 10~19 Coulombs. 

T absolute temperature. 

VA a constant for a given semiconductor related to the energy gap by equation (3.2.) measured 

in electronvolts. 

VCB dc voltage between collector and base, taken positive if forward biased. 

VEB dc voltage between emitter and base, taken positive if forward biased. 

Vg value of the forbidden gap of energy between the valence and the conduction band, 

measured in electron volts. 

Vgo actual value of Vg at the absolute zero. 

Vge equivalent value of Vg at the absolute zero as it is obtained by the extrapolation of fig. 4. 

XN common base forward current gain. 

χι common base reverse current gain. 

β common emitter current gain. 

g experimental parameter defined by (4.1) and measured in "C^ 1 . 

φ theoretical ratio between ¡co measured at temperature T0 + Δ Τ and the same at the 

temperature 7o. 

ψ actual ratio between Ico measured at the temperature To + Δ Τ and the same at the 

temperature To. 





TEMPERATURE DEPENDENCE OF CIRCUITS USING TWO EMITTER 
COUPLED TRANSISTORS 

SUMMARY 

The parameters of the transistors which are influenced by the temperature are examined. The analysis is 
made for difference amplifiers and Schmitt triggers and in general for that circuits which have two transistors with 
the emitters connected together. The theoretical investigations is followed by some results which were obtained on 
real transistors. As an example is given the application to the Schmitt trigger circuit in order to demonstrate that 
using simple design criteria and selection of components it is possible to arrive to a remarkable stability without the 
use of a thermostat beeing requested. 

1 — INTRODUCTION 

The problem of the variations of the transistor characteristics as a function of the tempera
ture has been object of many works and in the literature many papers can be found. If on the one 
hand the characteristics of the semiconductors vary with temperature much more than the 
characteristics of the electronic tubes, on the other hand these variations follow fairly tight the 
well known laws and for that they can be foreseen and taken into account. The strong variations 
which can drive to a complete thermal run-away are not inspected but only the little variations of 
voltage which can occur between the bases of two emitter coupled transistor and which can affect 
the precision of the circuit, are analyzed. 

R 

Fig. 1 — Circuit used for the theoretical analysis. 

The analysis is made on the circuit of fig. 1 in order to evaluate the total effect of the 
variations of the temperature on the voltage difference between the bases. The quantities which are 
influenced by the temperature are examined starting from the equations of the intrinsic transistor. 



2 — EFFECT OF REVERSE CURRENTS Ico 

Be the transistors at the same temperature. This is not verified if the power dissipation is 

not negligible and the dissipations are not the same. The effect will be discussed in point 6. 

The base current has the value as derived in appendix I : (see list of symbols) 

IB = _ ' ~ g J V ¡Eo (&OEB/KT  1) + IC0
 1~XI (2.1) 

1 — a w XI 1 — XN XI 

The first term of second member is related to the emitter current and the variations with 

temperature are influenced by the variations of the common emitter current gain β. If the transistor 

is cut off, that is if VEB < O, the first term become ¡EO (1 — <*#)/( 1 — <*N ΧΙ) and can be negligible 

if ajv is still high and/or ¡EO is low (as for example for drift transistors). The second term is nearly 

equal to the saturation reverse current of collector to base junction (emitter open). 

The current ¡co gives rise to a voltage drop on the base resistances and that voltage is a 

function of the temperature. The reverse current ¡co as given by the junction theory follows 

the law (l) 

¡CO = ΙΑ ΙψΧβ  9VgjKT (2.2) 

where ¡A has the dimension of a current and Vg is the energy gap which varies linearly with tempe

rature in the range of ambient temperature. So it is possible to write 

V, = VBe+T ( ^ ή (2.3) 

where Vge is the value of the gap in electron volts as it is found extrapolating to zero the curve 
Vg vs temperature. The influence of reverse currents Ico can be compensated with some precision 
if two suitable transistors are used. It is necessary to choose two transistors having the same Ico 
and to design the circuit with equal base resistances. 

In practice it is not very easy to match the transistors for equal values of Ico. What it is 
possible to measure is the sum of various components which add to the true reverse current of 
the junction and contribute to the meter indication. These components (resistive components, 
surface leakage currents, channel components etc.) are reported in the literature (2). It is proved 
by the experience that all those components have variations with temperature which are in the 
same sense of the theoretical reverse current but are always smaller. Moreover the reverse currents 
which can be measured are not independent of the voltage. They are unforeseeably influenced 
by the voltage and this in a manner which is different from sample to sample, (fig. 2). The theore
tical value is on the contrary independent of voltage. We call φ the ratio between the theoretical 
value at the temperature Τ + Δ Τ and the starting value at the temperature T. If we measure 
the same ratio for actual transistors we obtain a ratio ψ = ψ (V) which has the maximum at the 
zero voltage (extrapolated value) (fig. 3). The value of ψ is variable from sample to sample. The 
criterium of selection of the samples must take account of these variations in order to calculate 
"a priori" the limits of the error. It is not reasonably possible to select transistors having equal 
¡co = ƒ(— VCB) and equal variation with temperature but it is necessary to reduce the selection 
only to one measurement of only one quantity. It comes that the matching is made by measuring 
the value of ¡co for only one value of voltage VCB at one given temperature. So doing there is 
an error which is composed of three different errors which must be taken into account : 

a) error in matching the transistors which will be coupled with a stated percentile error. 
b) error for the influence of the temperature in the measurement. 
c) error in the variation of Ico with temperature even if the initial values are the same. 



TRANSISTOR TYPE 2N384 

* - - V , eb 

Fig. 2 — Tipical diagram of ¡co plotted against — VCB for a batch of transistors 2N 384 of the production 
RCA of 1959. 
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Fig. 3 — Qualitative diagram showing the difference between the theoretical increase (cp) of Ico current for a 
given increase of temperature Δ Τ and the actual value ψ as proved by the experience. 



3 — VARIATION OF EMITTER-BASE VOLTAGE WITH TEMPERATURE 

The variation with temperature of the emitter-base voltage for constant emitter current is 
reported. Afterwards the same effect is shown for a current which is directly variable with the 
temperature. The first case is normally encountered in many circuits, the second is found in the 
Schmitt trigger where the first transistor has the firing current which is proportional to the tem
perature while the second transistor has almost constant current (3). The two cases are not strongly 
different. The results are obtained by means of the calculation of appendix II. 

a) emitter current is = const. 

düEß\ 
dT J IE 

, = ~ {VA —VEB) 
const. / 

where 

VA 
KT 

(3.1) 

(3.2) 

is a constant for a given semiconductor. 
The equation (3.1) is a very simple one, valid for any type of semiconductor and shows 

clearly the behaviour of the emitter to base voltage with temperature. It is apparent that VEB 
decreases when the temperature increases and the smaller is VEB the greater is the variation. 

The values of the energy gap are reported in the literature but the autors give slightly 
different values (4,5,6,7,8,0) Extensive discussions of these values can be found in bibl. (6) for 
silicon and (7) for germanium. It should be noted that the shapes of the energy gap vs temperature 
curves are representative of the behaviour generally observed in semiconductors, i.e. the rate of 
change with temperature is approximately constant at the higher temperature but tends towards 
zero near 0°K. From the curves it is obtained by extrapolation the value of Vge which is the 
equivalent value of the gap at 0°K as it would be if the approximately right line at ambient tem-

400° K 
Fig. 4 — Construction for obtaining the equivalent gap Vge at the absolute zero of temperature. 

400'K 

perature would be prolonged up to zero (fig. 4). It is to be noted that the value of the equiva
lent zero gap Vge is somewhat greater than the true value Vgo of the gap at absolute zero. It is ob
tained for germanium : 
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Vge = 774 mV and -£? = — 0.38 mV/0 K and for silicon : dT dV Vge = 1.192 V and —£ = — 0.27 mV/°K. dT 
b) emitter current proportional to the temperature 
From appendix II : 

(dvEB\ 1 / KT\ 
[-df-JiEOzT = - T \ V A - V * ? Tj 

, ΙΕΊ . , JESI \ , - , x 

/n— + In-. (3.4) 
JES2 J 

= -ΎΙνΑ-υΕΒ - j (3.3) 
the result is analogous to that for constant current. The term into parenthesis differs from (3.1) 

KT 
of , that is about 26 mV. 

1 
The full variation with temperature can be obtained by integrating (3.1) and (3.3). For 

the circuit with two emitter coupled transistors it is important to know the voltage difference 
between the bases in a finite interval of temperature. From the equation (B. 13) of the appendix II 
we have for a variation from 7Ό to Τ = 7Ό + Δ Τ : 

a) constant currents 
Δ (VEB2 — VEBl) = (νEB2 VEBl) TQ+Λ Τ — (νEB2 — VEBl) T0 = 

ΚΑΤ I ÌE2 , ,_IES\\ 
q \ ÌE1 

where ¡E2 and 1Έ1 are kept constant. 
An increase of the emitter current or a decrease in the same ratio of the emitter junction 

reverse current have the same influence. Obviously if the transistors are equal (IESI = IES2) and 
the currents are kept equal there is no variations of the voltage difference between the bases for 
a variation of temperature. 

b) ÍE2 constant and ÍEI proportional to the temperature. It is obtained in the appendix II 

Δ (VEB2 — VEBI) = —: (in4^ + In r^j ln ψ (35) 

q \ lEio 1ES2¡ q Jo 

where ÌE2 is constant and ;'BIO is the value of ¡EI at the temperature To and 

Τ 
ÍEI = ÌEio TfT (3.6) 

.f o 

If ÍE2 > ÍEIO (as in the Schmitt trigger if ÌEW is the firing current) the first term of (3.5) is 

greater than the second; equation (3.5) is analogous to (3.4) but the variation is decreased by the 

second term. 

All these results were obtained starting from the theoretical law of the rectification for 

pn junctions deduced by Shockley in his famous paper (10). However some departures from that 

law were observed and the logarithmic I, V caracteristic is not always verified. Theoretical and 

experimental investigations show a deviation from the Shockley law ( n ) (12) which is evident for 

silicon leading to a semilogarithmic slope greater than KT I q volts per e (natural log base) ; on the 

contrary the germanium follows fairly well the theory up to moderate values of injection currents. 

Experimental tests made on germanium transistors (13) proved that the logarithmic law 

was very well verified on several decades with the semilogarithmic slope perfectly equal to KT/q 

so that it was possible to use this fact for a pulse multiplier. 

4 — VARIATION WITH TEMPERATURE OF THE COMMON EMITTER CURRENT 

GAIN/3 

The variation of the dc common emitter current gain β causes a variation in the base 

current and therefore in the base potential. It is here intended β ai, the ratio between collector 
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current and base current calculated without Ico For germanium alloy junction transistors the 

temperature dependence of β obeys fairly well to the following law 

βτ = β το ■ e^T (4.1) 

The law is experimentally verified in the range between 0°C and 45°C. For higher tem

peratures the variation of β becomes irregular. The parameter ρ varies with the current and 

decreases as the current increases. For transistors 2N384 we found in 1959 a value of ρ between 

0.01 and 0.018°C"1. If the temperature varies from T0 to J and if we neglect 1 in respect to β the 

variation in the voltage drop va caused by the base current is : 

A vd = (»„)  (vd)T = iB RB(±L)=!lJi{le "■*) (4.2) 
o \PT PToJ PTo 

For the two transistors the voltage difference between the bases is 

I VU2  I vin = (1  e ~^) £ * £ _ (1  e ^ ) ^ (43) 
P\' 0 P2Í0 

5  EFFECT OF lc0 OF ONE TRANSISTOR ON THE OTHER 

If the transistors are dc coupled it is apparent that the variations of ¡co of one transistor 

causes a variation on the base potential of the other. In fact ¡co of one transistor acts in opposite 

sense on the bases of the two transistors and the two variations contribute to increase the voltage 

difference between the bases. If the circuit is not simmetrical and/or there is only one dc coupling 

the full effect must be taken into account. If the circuit is simmetrical this effect adds to the effect 

of chapter 2 in the sense of increasing the error due to an imperfect matching of Ico currents. 

6 — EFFECT OF THE POWER DISSIPATION ON THE TRANSISTORS 

If the transistors drain current, they dissipate. Therefore if the dissipations are not the 

same there is a difference in the temperature of the two transistors. Therefore there is a temperature 

effect on ¡co, β, and so on. The computation of this effect on ¡co is reported below. The other 

effects are normally negligible. 

It is assumed that transistor T¿ dissipates more than transistor T\. We call Ico the reverse 

current of transistor Γι. In the transistor T2 the reverse current is indeed « ¡co where « > 1 is 

depending on the temperature difference caused by dissipation. Beeing the second derivative of 

Ico in respect of temperature very little depending on the temperature, it is possible to suppose 

that both reverse currents will variate in the same ratio for the same variation A Τ of the tem

perature. So we have after a variation of temperature .1 Τ : 

in transistor T\ : mico 

in transistor Tt : mn ¡co

The voltage difference between the bases is varied by the quantity : 

Δ Vio = ¡CORB2 (mn — n) — ¡CORBI (m— 1) 

and if the resistances are the same : 

Avw = (in 1) (n 1) ¡coR (6.1) 

where R is the resistance which is seen by each base. 

12 



7 — APPLICATION TO THE SCHMITT CIRCUIT 

The criteria indicated in the preceding paragraphs were applied in the design of the thresh
old discriminator model DS3 and the single channel discriminator model DC1 of the transistor 
counting chain of Ispra (10). The two discriminators are of the Schmitt trigger tipe, the first with 
dc coupling, the latter with ac coupling (fig. 5). The discussion on the opportunity of dc or ac 
coupling is far from the intention of this report and is widely discussed in the literature, (e.g. ( u ) ) . 
There only the differences in regard of temperature effects will be considered. The simplified 
schematics of the Schmitt circuits are reported from the complete instruments. The two diodes 
in series to the emitters absorb reverse voltage and allow the use of drift transistors which demon
strated to be very suitable for that circuit. Moreover the diodes have another task that is they 
reduce the hysteresis that in a circuit as in fig. 5a would be higher than 100 mV without diodes. 
Also this discussion is not in the purpose of this paper. The points indicated in the preceding 
paragraphs are here investigated with relation to the circuits of fig. 5. It is considered a variation 
of temperature from 20° C to 40° C. 

a — Temperature effects of Ico 

In paragraph 2, methods for compensating temperature effects of ¡co are indicated. 
Transistors 2N 384 were first used because they have a function Ico = ƒ(— Ve) verY regular and 
of subhorizontal type. 

Experimental tests demonstrated that it is sufficient the only measurement of one quantity 
for the acceptable accuracy. This is the value of Ico for Vc = — 40 V at a temperature of 20° C 
and the samples which have in this condition ¡co < ΙμΑ are accepted. The 50% of samples were 
accepted with this test in 1959. Afterwards the quality of 2N 384 changed and it was no more 
possible this selection : we obtained some better result with 2N1177. Last year we had good 
results with Philips AF 118P with 90% of samples which passed the test. 

Errors a) and b) of par. 2 were kept less than 5% and error c) results experimentally equal 
to about 5% for a temperature variation of 20° C. Adding all the errors a total variation of 1 mV 
max is obtained raising the temperature from 20° C to 40° C. 

b — Variation of VEB 

The current iB of the left transistor in the instant of tiggering was proved by test to be 
directly proportional to the temperature as indicated in bibl. (3). By applying equation (3.5) it 
was obtained a variation of 2.5 mV for the considered increment of temperature. 

c — Variations of β 

Equation (4.3) can be used but for pulses the contribute of the term due to transistor T\ 
is negligible because the current of the first transistor is a signal current which acts on the low 
impedance of the signal driving point. The second transistor has a steady current of 2 mA and 
the mean value of ρ was found to be 0.012oC_1. This gives a variation of 3.6 mV for the considered 
variation of temperature. Measurements in dc, that is with the contribute of the emitter current 
i*Ei of the first transistor, gave a variation of 3.2 mV. 

d — Effect of Ico of one transistor on the other 

The first transistor acts on the second one increasing the potential of the second base of 
0,8 mV max for the increase of temperature from 20°C to 40°C. This effect is only present in the 
circuit of fig. 5a and not in that of fig. 5b. . 

13 
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a) b) 
Fig. 5 — Simplified schematics of dc coupled discriminator model DS 3 and ac coupled discriminator DC 1. 

Resistance Ä and values of the voltage dividers which give V\ and Vz are so arranged that for the minimum 

threshold the two bases in each circuit see the same dc resistance. 



e — Effect of power dissipation 

Eq. (6.1) gives a variation of 1.5mV for the stated variation of temperature. 

'f — Effect of the variation of the voltage drop on the diodes 

For the diodes the effect is of the same type and magnitude as that due to the variation 
of VEB- (equation (3.5)) . 

g — Effect of the variation of the emitter current ÍEI corresponding to triggering 

The current of the first transistor corresponding to the triggering acts on the second transis
tor base as Ico does but this effect has a sense only if measured in dc. For pulses it is necessary 
to consider the effect of charging the capacitances so that the voltage variation of the base of the 
second transistor is very little. For dc measurements the variations of ÍEI with temperature follow
ing a law as (3.6) drives to a threshold variation of about 1 mV. 

The effects due to the variation of temperature present some compensation. In fact an 
increase of temperature lowers the threshold for the effects b) d) f) g) and increases the threshold 
for the effects c) and e). The effect of point a) may be in both senses so it must be taken low 
with the appropriate compensation in itself. The total variation can be evaluated adding all 
the previous values. A figure of 2.1 mV for the dc coupled discriminator model DS 3 and some 
tenths of mV for the ac coupled discriminator model DC 1 were calculated. Experimental tests 
on 10 samples proved that only one had a variation of 3 mV that is 0.15 mV/°C. All the others 
were less than 0.1 mV/°C. 

0 20« 30' 40e 50° C 

-1 

-2 

-3 

^ > 

^ 

mV 
Fig. 6 — Tipical diagram of the threshold variation against temperature of the two discriminators. 
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Tipical curves representing the total variation for the two types of discriminators used 

in the transistor counting chain of ISPRA are reported in figure 6. 

AKNOWLEDGEMENT 

I wish to thank Mr. C. Köchler whose collaboration was precious, not only in deriving 

with an exceptional care and precision all the experimental data, but also in giving skilful sugges

tions in every theoretical investigation. 

APPENDIX I 

The equation (2.1) is immediatly derived writing down the general equations of the intrinsic transistors 

using the symbols of the IRE standards ( l e) : 

(eQvEB/KT _ D °H ¡co (eqvCB/KT _ i) 

(Al) 

1  XflXl 1 —XNX¡ 

¡c = —¡EO (e1vEB/K'i' — I H — (edi>CBjKT _ {) 
I —x¡\xi 1 —α,να/ 

and considering the active region ÜCB <Ü 0 where the second terms into paranthesis are — 1. 

Writing : 

i Β   UÈ + ¡c) (Α. 2) 

equation (2.1) is immediatly obtained. 

APPENDIX II 

From (A.l) and the following relations 

'no ICO 
'ES = ics = (B.l) 

I —Χ,χΧι 1 —Kti χι 

it is obtained in active region (l'en <̂  0) 

¡E = IES (e<>vEBlKT — 1) + xi Ics = IES e^EHjKT _ (iES—x, Ics) = IES eV»EBlKT — IES (1 — XN) (B.2) 

The last term comes from the relation : x¡ Ics = χκ IES 

The second term in (B.2) is very little and for normal values of current completely negligible. 

Considering that IES obeys a law of the type (2.2) : 

Ita = 1B ly\ e*v,l*T (B '3) 

it is possible to write 

and from that 

and 

is = ¡ni— J e9/KT ( vgvElì) (B.4) 

KT / IB TX 
DEH = Vg In h 3 In — ) (B.5) 

</ V IE T0 

dvEH dVg K / lu T\ KT fdinlBÜE 3 ' , 

IF--¡ΕΤΙ K
 + 3 1 n

d - T h ^ -
 +

 7 
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T w o cases are cons idered : 

a) Constant emitter current 

dvEB _dVg K I IB 

IT ^ ~d~T~~q~ 

Τ 
3 In h 3 

¡E To 

A d d i n g and subs t rac t ing V,, : 

dT Τ 

Wri t ing r e m e m b e r i n g (2.3) 

dvEB 1 / KT IB KT T\ 1 / dVg KT 
— Vg I n  . 3 I n — Vg — Τ—^ + 3 

IE 

dVn 

To 

KT 
V.4 = Vg  T   + 3 — 

dT q 

and r e m e m b e r i n g (B.5) it is o b t a i n e d : 

dvEB 1 

dT T 

b) Emitter current proportional to the temperature. 

( VA — VEB) 

d T 

KT 

(B.7) 

(B.8) 

(B.9) 

(B.IO) 

iE = ¡EO ; 

Using the same e l abo ra t ions , from (B.6) : 

KT I 1 3 

— Ι   τ 

η 

dvEB dVg K IB Τ 
= In ¡ 3 In — 

dT dT q \ IE To 

dVg K 

dT 

IB T 
In  + 3 In h 2 

q \ ¡E To 

1 / KT 

7 ( V A  » E B  T 

( B . l l ) 

(B.12) 

F o r the two cases we can ca lcula te the vol tage var ia t ion be tween the bases of the circuit of fig. I. W e apply 

the case a) with t w o t rans i s to rs hav ing cons t an t cu r ren t s and case b) with one t rans i s tor having cons tan t cu r r en t and 

the o the r a cu r r en t p r o p o r t i o n a l to the t e m p e r a t u r e . 

I) b o t h t rans is tors having cons tan t cur ren t (case a) . Us ing (B.7) for a var ia t ion in t empera tu re from To to 

T = To + AT: 

A (VEB2 — VEBl) L( 
fdVEB2 dVEBl\ KA T 

— : ] dT 
d T dT J 

¡E2 , IBI 

n h In 
'E l IB2 

(B.I3) 

II) T rans i s to r Τι having cons t an t cur ren t a n d T\ a cur ren t p ropor t iona l to the t e m p e r a t u r e as in (B.I 1). 

F o r a var ia t ion of t e m p e r a t u r e from T o t o Τ = To + Δ Τ, using (B.7) and (B.12) : 

A {0EB2 — VEBl) £( 
dVEB2 dVEBl. 

dT dT J 
dT 

Κ rTI IB2 Τ 
— In — + 3 In — 
q JT \ ÌE2 T0 

IBI TO 

. 3 — In . 3 1 
To /'BIO T 

T \ K r T / lB2 ¡EIO T\ 

η 2\dT = In . + 1 + In — 

To J 1JT\ Im 'E2 T°J 

dT 

Κ 

q 

Γ , ¡B2 
T I n 

IBI 

'£10 

— + τ + 
ΙΕ2 

Ι τ 
T I n 

Ι
 τ

° 

ν 
Ι 

} \ 

ΚΑΤ Ι IBI , « ¡Λ KT Τ 
1η h In In — 

q \ IB2 ÍEioj Q To 
(B. 14) 
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