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Integrated linear basic circuits

Th. J. van Kessel and R. J. van de Plassche

Monolithic integrated circuits, which have developed in a@ matter of ten years fiom a
laboratory experiment into a mass-produced product, can be divided into two main
classes, digital and linear. The linear devices can fulfil many functions, but they always
contain the same basic circuits. The authors present some elegant solutions for these
linear basic circuits, making use of the special capabilities of mtegrated—c:rcwr technol-
ogy, in what amounts to a new departure in electronics.

Introduction

The unsuspecting layman viewing an integrated cir-
cuit for the first time under a microscope might well
believe that he is looking at a piece of modern art. The
abstract play of patches and lines, often beautifully col-
oured, does not suggest a deliberate pattern of shapes
designed to replace a whole board packed with resist-
ors and transistors.

It is not surprising that many people believe integra-
tion technology to be capable of making the impossible
possible. Admiration for an imperfectly understood
technology may lead people to overestimate its capa-
bilities. It should be remembered, however, that inte-
gration technology is only one of the methods of manu-
facturing electronic circuits. Like any other method, it
has its advantages and disadvantages, and a finished
product of high quality will not be produced unless the
electronic engineer’s design is able to exploit the one
and avoid the other, )

In this article we shall describe some examples of
linear basic circuits which take advantage of the par-
ticular capabilities offered by integrated-circuit technol-
ogy. To appreciate the beauty of these circuits we must
first, however, take a closer look at the features of the
new technology.,

Integration techniqnes

In recent decades constant efforts have been made to
produce electronic circuits more efficiently than can be
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done by making wire connections between individual
components (1],

The first step was the introduction of printed circuits,
the printed wiring pattern being applied to an insulating
base, usually a resin-bonded paper beoard, by a photo-
etching process. A second step was the advent of the
“hybrid” circuit [2), in which not only the wiring but
also the resistors and smaller capacitors are evaporated
on to a glass or ceramic substrate. The active devices
and other components are soldered on later. The cir-
cuits are cailed “hybrid” because of the combination
of individual components with vacuum-evaporated
ones; there is integration to the extent that some of the .
components are fabricated as a whole.

Both of these techniques obviously allow complete
freedom in the choice of the active devices. There is no
reason why NPN, PNP, field-effect and MOS transis-
tors should not be included side by side in the same
circuit. The introduction of these technologies there-
fore did not radically alter the work of the circuit
designer,

A complete change was brought about, however, by
the monolithic or solid circuit (31, which is usually what
is intended by the term “integrated circuit”. Here all
the circuit elements, both active and passive, are

11 P, W. Haaiiman, Integration of electronic circuits, Phlllps
tech. Rev. 27, 180-181, 1966.

21 B, C, Munk and A. Rademakers, Integrated circuits with
evaporated thin films, Philips tech. Rev. 27, 182-191, 1966.

3] A. Schmitz, Solid circuits, Philips tech. Rev. 27, 192-199,
1966,
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formed at the same time in a thin layer of a silicon
wafer by the “planar” technique, in .a succession of
oxidizing, photo-etching and diffusion processes. Final-
ly the elements are interconnected by means of anevap-
orated pattern of conductor. The fact that all the ele-
ments are formed in the same steps of the process
makes them interdependent. For example, the starting
material and the individual steps could be chosen so as
to produce optimum NPN transistors, But generally
speaking this choice would then not be optimum for
the other elements. The introduction of the monolithic
integration technique therefore demanded a different
approach from the circuit designer; the planar techi-
nique has its own special advantages, but it also has
its limitations. '

Capabilities and limitations of the planar technique; a
new electronics '

Advantages of the planar technique

In every circuit the external contacts are possible
sources of undesirable effects, and the reliability of a
circuit generally decreases with an increase in the num-
ber of contacts. Complicated circuits are more reliable
in integrated form than when they are built up from
separate transistors, since the total number of contacts
is then much smaller than the fotal number of contacts
of all the individual transistors. This greater reliability
is the important factor that has led te growing interest
in the building of systems from standard integrated-
circuit units.

Provided the masks for the photo-etching operations
in the planar technique are accurately drawn and the
various manufacturing steps are carried out with scru-
pulous care, it is possible to produce almost identical
transistors in an integrated circuit. The variation of
base-emitter voltage ¥agp with collector current f¢ can
be reproduced fairly easily (4Vss/Ver < 1%), but
less success is achieved with the current-gain factor
hee (dhelhre < 10%).

The reason for this is that, as can be seen from the
relation

Ie= I (eeVBE,-'kT —1) 0y

[N

(where e is the electronic charge, &£ Bolizmann’s con-
stant and 7 the absolute temperature), the collector
current fc at a given base-emitter voltage Vpg is pro-
portional to the leakage current fco, and J¢o is in turn
proportional to the surface area of the emitter. This
area is critically determined by the masks used. The
current gain factor g, on the other hand, is dependent
on the thickness d of the base layer, i.e. on the depth of
the base diffusion less the depth of the emitter diffusion
(fig. D, and of course the difference between these two
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diffusion depths is much more difficult to make iden-
tical than the emitter areas.

The d.c. operating point of a transistor is affected by
the temperature (see equation 1). Now in integrated
circuits the distances between the elements are so small,
and the thermal conductivity of the silicon is so high,
that two closely adjacent transistors vary with tempera-
ture in practically the same way, provided that dissipa-
ting elements are kept sufficiently far apart.

This can be established by measuring the small difference in
drift of the base-emitter voltage ¥py between two transistors in
the same circuit that carry identical currents fo. A value of
1 #V/°C is quite feasible. Now it can be demonstrated that at a
Ve of 0.6 V — approximately the value of Vpg at 100 pA — 2
temperacure difference of 1 °C would cause a difference of 2 mV
in Vpg. This indicates that the temperature difference between
the transistors varies by only about 0.0005 °C for the same tem~
perature change of 1 °C. By using balanced circuits, such as
differential amplifiees, the temperature effects of the individual
transistors can be made to compensate each other almost com-
pletely. Any slight temperature drift remaining is not so much
due to temperature differences as to slight physical differences
between the devices.

The price of monolithic circuits is determined by the
initial costs, such as the costs of design and drawing the
masks, and by the production costs, which in turn de-
pend on chip size and en the number of contacts per
circuit. Where large quantities are produced the initial
costs are usually negligible; if the designer can succeed
in keeping the chip size down and minimizing the num-
ber of contacts required, then the planar technique is
very suitable for the inexpensive manufacture of reliable
electronic circuits of high quality,

Limitations of the planar tecitnique

It is not possible, as we have said, to choose the
starting material and processes of the planar technique
in such a way that optimum NPN and PNP transistors
can be produced at the same time, perhaps with MOS
or other field-effect transistors as well. NPN transistors

Fig. 1. Cross-section of an NP transistor in an integrated cir-
cuit. The integrated circuit is made in a layer of N-type silicon
applied epitaxially to a P-type silicon substrate. Part of the
epitaxial M-type layer, separated from the rest by a P-type dif-
fusion, serves as the collector, A P-type diffusion in the collecter
island forms the base of the transistor, an Nt diffusion in the
base forms the emitter. A second N* diffusion forms the contact
with the N-type collector. E, B and € are metal conductors for
the connections to emitter, base and collector. 4 thickness of
base layer.
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and resistors are usvally regarded as the main product
and PNP transistors as secondary products. Conse-
quently the starting material 1s an epitaxially grown
layer of N-type silicon, which serves as the collector
material, into which a P-type region is subsequently
diffused as the base, followed by the diffusion into this
P-type zone of an N-type zone as the emitter (fig. 1).
PNP transistors are made by diffusing two closely
spaced P-type areas into ther N-type layer. The charac-
teristics of these lateral PNVP transistors are not so good
as those of the NPN transisiors. The quality of the

- PNP transistors can be increased by means of a number
of extra operations, but these of course make the cir-
cuit more expensive. :

The resistors in a monolithic circuit are usually
formed by chaanels of P-type matenial which are pro-
duced at the same time as the bases of the wransistors
in the epitaxial ¥-type layer. As might be expected,
the accuracy of these resistors is not very high
(4R{R =~ 10%;), since the value depends not oniy on
the surface area, which is determined by the masks,
but also on the concentration of the P-type doping.
The relative values of two resistors are maintained
much more accurately (about 3%, and as good as 1%
for resistors of the same value).

The same applies to the temperature coefficient. This
is fairly high and, depending on the sheet resistance of
the P-channel, varies between 0.1 and 0.3% per °C
(the sheet resistance or surface resistivity is measured at
the surface between two opposite sides of a square; the
value is independent of the size of the square). Because
the temperature difference is so small, the temperature
coefficient of the ratio of two resistors may be much
smaller.

Integration technique imposes a certain limitation on
the size of the resistors. The area of one 10 k€ resistor,
for example, is equal to that of six trausistors. In the
circuits to be described transistors have deliberately
been used instead of resistors wherever possible.

In cases where high resistances are indispensable,
“buried resistors™ sometimes provide the answer. These
are resistors of P-type material covered by an N-type
layer that is applied at the same time as the emitter
diffusion. This has the effect of increasing the resistance
value about ten times. Such a resistor has a field-effect-
transistor configuration, and consequently the resist-
ance depends on the voltage and there is some spread
in the value, '

In an integrated circuit a reverse-biased PN junction
can be used as a capacitor. Its capacitance depends
strongly on the reverse voltage. Another possibility is
to apply an aluminium layer above an N+ layer with
the protective layer of silicon dioxide in the circuit
acting as the dielectric.
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The capacitance of both types of capacitor is propot-
tional to the area that they cccupy on the chip. A
200 pF capacitor occupies an area of the order of
0.1 mm2. Only capacitors of very small values are there-
fore eligible for integration in a monolithic circuit.

Inductors cannot be made by the monolithic tech-
nique.

An integrated circuit always contains parasitic ele-
ments; the resistors and transistors, for example, always
have parasitic capacitance to the P-type substrate
(fig. 1). The parasitic PNP transistor formed in every
NPN transistor by the base diffusion (P), the epitaxial
layer () and the substrate (#) can often be particulazly
disturbing. This starts to conduct as soon as there is a
forward voltage across the coilector junction of the
NPN transistor, which happens when it is driven into
saturation. It may also happen, however, when the
NPN transistor is operated as a diode by connecting
the collector and base together (fig. 2), owing to the
effect of the parasitic collector series resistance reer
formed by the relatively poorly conducting epitaxial
N-type layer. If the current through the transistor in a
diode configuration becomes high enough for the volt-
age across the collector resistance seer to make the
parasitic PNP transistor conduct, the current f will not
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Fig. 2. Every integrated NPN transistor incorporates a parasitic
FPNP transistor, whose collector is formed by the subsirate, If
the NPN transistor is connected as a diode, the voltage across the
internal collector resistance reer can make the parasitic PNP tran-
sistor conduct, so that partrof the corrent flows to the substrate S.

flow entirely through the diode but partly through the
PNP transistor to the substrate, which is at a negative
potential to maintain the reverse-biased junction be-
tween substrate and epitaxial N-type layer. The col-
lector series resistance can be reduced by means of a
buried N+ layer under the N-type silicon of the col-
lector (31, The collector contact diffusion is sometimes
made so deep that it joins up with the buried layer,
forming a “collector wall”. '

A new electronics

The capabilities and limitations of integration tech-
nology make it necessary to rewrite or add new material
to our textbooks on electronics.
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In .the chapter on Basic Circuits, for example, the
ordinary amplifier stage (fig. 34) is not suitable for
integration bectause of its many resistors and the large
decoupling capacitor across the emitter resistor. The
differential amplifier (fig. 35) can fulfil the same func-
tion (41151, and is very suitable for integration, par-
ticularly since the load resistors can be replaced by a
controlled current source —- a new basic circuit that
consists entirely of transistors. The resistors needed for
limiting thermal drift in the circuit shown in fig. 3« are
superfluous here since the drift in two identical tran-
sistors operating at the same temperature is exactly the
same and does not give rise to any voltage between the
output terminals, and therefore produces no output
signal. Nor are these resistors needed for the d.c. bias,
since this is also supplied by a current source. Under the
heading of Basic Circuits a considerable amount of space
will therefore have to be devoted to current sources.

The use of differential amplifiers and current sources
also.offers a wide variety of possible ways of coupling
amplifier stages; these would have to be included in the
chapter on Amplifier Cireuits.

In the following we shall discuss in turn a number of
circuits (current sources, input amplifiers, output ampli-
fiers) which have been designed on the principles of this
new integration electronics. Combination of these com-
ponent circuits on a single chip of silicon gives com-
plete integrated circuits, such as the operational ampli-
fiers that are used in instrument electronics.

Current sources

A current source has to supply a current that does
not vary with the voltage across it; the ideal current
source therefore has an infinitely high outputimpedance.
In many cases it is desirable to be able to control the
magnitude of the output current; in the circuits de-
scribed here thisis done by means of a reference current.

Controlled current source using two transistors

The simpiest controlled current source consists of
two identical transistors, one of which is connected as
a diode (fig. 4. The two transistors have the same
emitier area and therefore the same leakage current
Tco. Since they have the same base-emitier voltage VaE,
their collector currents Iy and I, are also equal:

ITa=0L=1In (BEVBE”‘T— 1).

The base currents are thus feyfhre = Ifhre and are
supplied by the reference-current source JFrer, so that
h=FhLa—2 Io/hmg or

2
fivg + 2 ) ? @

where the difference term expresses the two base cur-

I¢.=Im;(1—

+ - +

a b

Fig. 3. a} Conventional transistor amplifier stage, not suitable
for integration. b) Differential amplifier stage, very svitable for
integration, particularly when the load resistors are replaced by
transistor circuits.

rents. Since hpg is of the order of magnitude of 100,
I, is approximately equal to frer. The circuit gives gain
because /o is delivered across a high output impedance,
the collector impedance of transistor 2, while the
reference-current source (see page 7) has a conducting
diode as its load and therefore does not need a high
output impedance. Because of the symmetric structure
of the circuit it is relatively insensitive to variations in
temperature (¢Vpe/kT has the same value for both
transistors) and to voltage fluctuations.

With transistors of unequal emitter areas the ratio of
the reference and output currents will be the same as
the ratio of the emitter areas. Since these areas are fixed
when the openings in the masks are drawn, their ratio
can be fairly well controlled. To ensure accuracy in this
ratio each of the two emitters is sometimes builtup from
a number of diffusions of equal magnitude.

As equation (2) shows, the emitter areas only deter-
mine the currents if the current gain fpg of the tran-
sistors is sufficiently high.

An investigation of the behaviour of the circuit as a
function of frequency involves the quantity /e, the
current gain for the a.c. component in the base current
of a transistor. At relatively low frequencies, e is inde-
pendent of frequency but at high frequencies A de-
creases with rising frequency. The behaviour of fe as

freft [

fcrl

Il,lfc?/"’—FE %ﬁz
}

Fig. 4. Conirolled current source with two transistors. Tran-
sistor I is connected as a diode. The output current [y is inde-
pendent of the voltage across the output and is approximately
equal to the reference current fret.




Philips tech. Rev. 32, No. 1 INTEGRATED
a function of frequency f is approximated by the ex-
pression

;‘Ih'.-n

hh- . .
| JMeo flfr

(3)

where /i is the value of |/

at low frequencies, and fr
is the frequency at which || has decreased to 1. Sub-
stitution of this expression in (2) gives the following
equation for the a.c. components in output and refer-
ence current:

Il"l'l

| 2 hl.-u

l‘l]'l'l

!l, - -
2ififr

— & (4)
2 flfr 1
We see from this that the equality of 7, and /et is no
longer adequate when f ~ 4 f¢: the frequency char-
acteristic of this current source is given by curve « in
fig. 5.

The collector-emitter breakdown voltage V pn)cro
of transistor 2 in fig. 4 is two or three times greater in

this circuit than that of the transistor itself.

2 — s
I, I
|
I('Ef 1 I .
)
5
|
2
o1 L |
001 2 501 2 5 T2 5 10
- flfr
Fig. 5. Frequency characteristic of the controlled current source
using two transistors (curve ) and of the controlled current

SOuUrce using three transistors (ecurve b).

I'his can be understood il we treat the whole circuit of fig. 4

as a single transistor with a current gain of Jipg I and con-
sider that in general:

Vinriceo Finmicno (1 hig)
(where Finwyono 15 the collector-base breakdown voltage and

5

V has a value between 2 and 4). For the individual transistor

hier 1s about 100, and therefore Vipwicro is two or three times

as a whole, which has a breakdown
Viswricro 0.7 0.8 |

lower than for our circuit

voltage of to T'he breakdown

effect is visible in the characteristics shown in fig. 6a.

Controlled current source using three transistors

By using a third transistor it is possible to make the
output current /, of the current source more accurately
equal to the reference current fror ( fig. 7). The circuit
of fig. 7 operates by feeding back variations of the cur-
rent through transistor 3 to the base of transistor 3 in

the opposite sense by means of a current source like

LINE

A
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800pA

400

400

Fig. 6. Current-voltage characteristics of the controlled current
with two transistors (¢) and of the controlled current
source with three transistors (h). In both cases the breakdown

source

voltage is about 0.8 times the collector-base breakdown voltage
Fosiyeno of the output transistor. The curves in (b) are flatter
because of the higher output impedance of the circuit with three
transistors

It 2 ‘ I
ref - 40
l !
i Io/hee ]
-
| 13
1y ™ |5
Y [ _ lr
2 ——17
F: -
L]
Fig, 7. Controlled current source with three transistors, fres

reference current. I, output current.

G Klein and 1. 1, Zaalberg van Zelst, General considerations
on difference amplifiers, Philips tech. Rev. 22, 345-351.
1960/61.

G. Klein and J.J. Zaalberg van Zelst, Precision electronics,
Philips Technical Library, Eindhoven 1967.
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the one shown in fig. 4. For this current source eq. (2)
shows that :

2
= 11( - @) .
From the circuit it also follows that:
h =TI, + Lfhrs,
Iz = Iret — IofhFe.

From these three equations we arrive at the output
current:

To = Irt ( ! hee® 4+ 2hre - 2
A comparison with equation (2) shows that the differ-
ence term here is about /ipg times smaller than in the
case of the circuit with two transistors. There is no
difference term of the order of 1/hrE, since here Irer
and I, each deliver a single base current,

The output impedance of the current source is equal
to 3hrg times the collector output impedance of a single
transistor and therefore is Lhrg times greater than that
of the circuit in fig. 4. The reference current source has
the impedance of two diodes connected in series as its
lIoad.

An idea of the high-frequency behaviour of this cor-
rent source can be obtained by substituting equation (3)
in (5). Since the value of fieo is high, some terms can be
neglected, and we obtain the following expression for
the a.c. components of the currents:

I Tret |1 2
o fret ( - e -+ 2 Aten + 2)
14 2jfifr
1+ 2jfife + 20/

Curve b in fig. 5 shows the variation of |Io/fer] as a
function of frequency. It can be seen from this that the
current source with three transistors can be used up to
higher frequencies than the one with two transistors.

©)

The input and output impedances of the circuit can be cal-
culated by determining the voltage variations at the base and
collector of transistor 3 when frer and Jo are varted. If fror changes
by an amount AJer, then fo and 1 change by the same amount
and if § is the transconductance the current change 211 produces
a voltage change 24/1/S across the base-emitter junction of
transistor 3 and across diode I 18, The input impedance is there-
fore 2/S, i.e. the impedance of two diodes in series.

At a variation of I, the value of frer remains constant, and
since J» follows the variations of /1 a variation of 4/, occurs
in both the emitter current and the base current of transistor 3.
The base current variation ¥AJ, gives a variation in the base-
emitter voltage of ¥41hrE/S. Transistor 3 amplifies this voltage
u times (u is the amplification factor and is equal to the product
of the output resistance Ro of the transistor and the transcon-

2 JECY
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ductance S}, so that a voltage variation of 4dlohrctfS =
YALhenRe appears at the collector. The cutput impedance of
the current source is thus seen to be AR, i.e. Ak times the
output impedance of a single transistor.

It can be shown that the frequency characteristic should have
the shape of curve b in fig. 5 by using Bode diagrams [9), Using
the current symbols to represent a.c. components again, we can
write for the currents in transistor 3:

= (e -+ l) Ioﬁlrc-

Making use of equation (4), we can also write:

' I
Toffiee = frot — fo = Jret — m.
from which it follows that
Il - !Mf . (7)
O, T
o1 7 1 4 2jfife

The Bode diagrams of e + 1 and of 1 + 2jfifr are given
in fig. 82 and 8b. Below ¥ fr the second term is dominant in
the denominator of (7), since hss +11 is still 3 1. Between ¥ fr

|heg+1|

! .

o5 1

—f/tr

|25t |

| |
A
Iref

hF ] 1
hFE"' H

_fo_l
Iref [

Fig. 8. Derivation of the frequency characteristic of the three-
transistor current source represented by curve & in fig. 5, by
means of Bode diagrams. Combining diagrams (@) to {(d) gives
diageam (¢), which corresponds to the frequency characteristic.

[=3

s}

I,
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and fr both terms become equal to each other, and above this

- value the first term predominates. The Bode diagram of Iiffeer

is therefore as shown in fig. 8¢c. What we are interested in, how-
ever, is not Iiffree but foffeer, which is given by

g
f 1 — I 1ffrer

The Bode diagram of /(e - 1) is shown in fig. 8d; by
adding fig. 8¢ and fig. 84 we get fig. 8, which does indeed cor-
respond to curve b in fig. 5.

The breakdown voltage of the current source with three tran-

Toflvet =

" sistors is about 0.8 ¥ipr)cne, just as in the case of the current

source with two transistors. This can clearly be seen from the
characteristics in fig. 65, which, compared with fig. 64, also
show the higher output impedance of the circuit with three
transistors,

Output current unequal to reference current

We have already seen that by giving reference diode 1
and transistor 2 of the current source in fig. 4 dissimilar
emitter areas we are free to choose the ratio between
reference and output current. This applies only within
certain limits; ratios that are too high give large cmntter
areas and low cut-off frequencies. _

A fixed ratio between output and reference current
can also be obtained by incorporating a resistor in the
emitter lead of diode or transistor. For the circuitshown
in fig. 9 it can be shown that

IR = (kTfe) In (Iretf ). ®

By adding relatively small resistances sources can be
made that supply a very low current. If for example we
have Irer = 100 pA, then for an output current of
I, = 10 pA, (8) shows that R should have a value of
6 k2.

The use of emitters of different area does not upset
the symmetry of the circuit, because the quantity
eVsEfkT is not dependent on the emitter area. The
symmetry is however upset by the introduction of an
emitter resistance, and the circuit no longer retains its
basic insensitivity to temperature fluctuations. The
temperature effect caused by the resistance is some-
times used for compensating other temperature effects.

It will be evident that the feedback current source of
fig. 7 can also be designed with emitters of different
area or with an emitter resistance. In that case, how-
ever, the expression for the output current again con-
tains the difference term of the order 1/hpe which did
not oceur in equation (5), since now all base currents
nd longer have the same magnitude.

Reference-current source

A reference-current source, which is an important
element in the circuits dealt with here, is often obtained

41 H. W. Bode, Network analysis and feedback amplifier de-
sign, Van Nostrand, Princeton, N.J., 1959,
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by deriving the current from the supply voltage via a
large resistance.

A much more attractive current source for integra-
tion, which has only a small resistance and which is
moreover independent of the supply voltage, can be
obtained by combining two of the current sources de-
scribed above (fig. 10). The resistor R serves for ad-
Jjusting the output current.

The upper current source, consisting of PNP tran-
sistors, causes identical currents I, to flow in both
branches. To make the currents identical in the lower
current source when there is a resistor R, transistor 2 -
is given a larger emitter area than transistor 1. Equa-
tion (8) shows that R and the ratio p of the areas
should then satisfy the condition:

IoR = (kTje) In p. ©9)

For a given R and p the value of I, is then fixed.

Irefl Fo

}

Fig. 9. Controlled current source in which the reference current
and ouwtput current are unequal.
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Fig. 10. Reference-current source which is independent of the
supply voltage. A current source with three PNP transistors
(wpper circuit inside dashed lines) 15 connected with a current
source using three NP transistors (fower circuit in dashed lines) ;
the output current of the one current source is the reference cur-
rent for the other. An extra pair of transistors provides a con-
stant current f,.



TH. J. VAN KESSEL and R. J. VAN DE PLASSCHE

Philips tech. Rev. 32, No. 1

If it is desired for example to bias the circuit to give a cur-
rent of 100 pA, equation (9) indicates that for p = 2 we should
choose R = 180 Q.

The resistor does not have to be mcluded in the current source
" with the unequal emitter areas. If it is not necessary to have
identical currents in both branches, the resistor could be incor-
porated in the PNP current source.

Two extra transistors can be connected to the circuit
to give a high-grade current source that could be used
in a differential amplifier. Several such pairs can be
connecied to the circuit, enabling it to act as a common
reference for a mumber of current sources, which can
be necessary in a large amplifier circuit.

From equation (9) we see that I, is independent of
the supply voltage but proportional to the absolute
temperature, indicating that there might even be an
application as a thermometer. This feature can be
utilized for making the gain of a differential amplifier
independent of temperature. The gain here is deter-
mined by the transconductance § of the transistors,
which is given by § = effkT, where I is the current
at the operating point. If 7 is obtained from the current
source described here, we see from equation (9) that the
transconductance and hence the gain is independent of
temperature [73,

Amplifier circuits

The amplifier circuits we shall deal with are all based
on the principle of the differential amplifier with a cur-
reni source in the common emitter lead (fig. 36). In the
differential amplifier the input signal is the difference
between the base voltages or currents of the two tran-
sistors. The difference between the collector currents is
the output signal. Consequently, temperature and sup-
ply-voitage fluctuations, which cause the same variation
in both collector currents, cancel out in the output
signal, and the same is true for signals that appear in
the same phase at the two bases (41 (5],

If a differential amplifier is followed by an output
stage, the coupling is usually via a single-ended output;
if it is followed by a second differential amplifier stage,
then the coupling is balanced.

Differential amplifiers

When a controlled-current source is used as the col-
lector load of a differential amplifier, the result is a
circuit like the one shown in fig. 11. A voltage Vi be-

* tween the input terminals gives rise to difference cur-
rents A7 = 3S5Vi. The controlled current source causes
the difference currents to be added at the output, so that
a current SV, appears there across an impedance which
is equal to the output impedances of the differential
amplifier and of the current source in parallel.

Since there are no collector resistances there is very

little decrease in the collector voltage at a steep increase
in the current I, This enables the circuit to handle
signals appearing in phase at the two inputs even when
the signals are almost equal to the supply voltage. A
low impedance, e.g. a transistor, should be used for
taking off the difference current 2471,

If a circuit with a higher output impedance than the circuit in
fig. 11 is desired, the transistors in the differenttal amplifier can
each be replaced by a cascode configuration, which increases the
output impedance of the differential amplifier /irr times. In this
case a current source with three transistors must be used, which
as we saw earlier gives an output impedance 4/yp times higher
than that of a single transistor, If all the transistors have the same
parameters, the result is an output impedance d/ire times that
of a single transistor. The amplification factor of the circuit thus
obtained, which is the product of this output impedance and the
transconductance S, may in practice be as high as 105 The same
high amplification factor can also be achieved with two amplifier
stages connected in series, but the circuit indicated here has the
advantage that only a single time constant is significant at high
frequencies, so that any negative feedback present will not give
rise to instability.

An example of how a balanced coupling can be made
between two differential amplifiers is shown in fig. 12.
The load for the collectors of the input stage is a double
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Fig. 11. Differential amplifier with single-ended output.
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Fig, 12. Differential amplifier with balanced coupling.
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controlled current source, which has two output tran-
sistors 2 and one combined reference diode I with an
emitter area twice as large. The current in diode / is
the sum current, which is independent of the drive and
equal to 27, and since this diode keeps the base-emitter
voltages of transistors 2 constant current I also flows
through each transistor 2, The difference currents
4 A7 must therefore flow through the transistors 3,
and are therefore multiplied by the current gain hpg.

The circuit can be extended similarly with a third
amplifier stage by incorporating another such balanced
circuit, now with NPN transistors, in the collector leads
of the transistors 3.

The collector voltage of the input transistors is equal
to the supply voltage less two diode voltages. A positive
in-phase signal at both inputs approximately equal to
this voltage can be applied. The same applies to nega-
tive in-phase signals when the current source in fig. 7
is incorporated in the common emitier lead of the input
transistors. This means that the differential amplifier
with balanced coupling as described here is capable of
handling exceptionally large in-phase signals.

Input circuits

After these general examples of differential amplifier
stages we shall now examine the particular require-
ments which a differential amplifier must satisfy if it is
to form the input stage of an integrated circuit.

When there is a d.c. coupling to an external circuit,
both the input signai and the d.c. bias for the bases of
both transistors have to be supplied from outside. In
many applications it is desirable that the d.c. base cur-
rents should be small. This has led to the development
of differential amplifiers with a low input current. A
familiar example is the Darlington amplifier, a differen-
tial amplifier with series-connected emitter followers
(frg. 13).

This configuration has a number of serious draw-
backs. One is the considerable voltage drift, which is
particularly undesirable in an input circuit. The cur-
rent gain of the two inner transistors may differ ap-
preciably, resulting in unequal currents through the
outer transistors and thus causing an unbalance that
leads to a marked voltage drift. Another drawback is
that the output impedance of the outer transistors and
the input capacitance of the inner transistors introduces
an RC time constant which may be fairly high, since at
the low emitter currents that flow the output impedance
of the outer transistors is high.

The unbalance and the extra RC time constant can
be reduced by taking an extra current from the outer

1M AT W, M. van Overbeek and W. A, J. M. Zwijsen, Tunable
integrated circuits, Philips tech. Rev. 27, 264, 1966.
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pair (fig. 14). This minimizes the effect of the unequal
base currents of the inner pair. The RC time constant
becomes smaller because the emitter output impedance
is reduced. The extra currents do not have to be high
(e.g. 10 wA), but of course they cancel out to some ex-
tent the advantage of the Darlington amplifier.

The circuit in fig. 14 is not so attractive for integra-
tion because it contains fairly high resistances. In the
version shown in fig. 15 resistances ten times smaller
can be used, and this circuit is therefore much more
suitable for integration. _

A small d.c. bias on the base is not the only require-
ment for the input stage of a differential amplifier. In
some cases it may be necessary to stabilize the collector
currents to keep the transconductance of the input
transistors and the dissipation constant.

Fig. 16 shows a circuit that meets this requirement.
The emitter leads of the differential amplifier in this
circuit incorporate two PNP transistors 3 which per-
form three functions simultaneously. In the fiest place

Fig. 13, Differential amplifiers with an emitter follower at the
input to reduce the input currents (Darlington amplifier).

T

Fig. 14. Circuit as in fig. 13, in which extra currents are takén
from the emilter {followers to minimize the influence of the un-
equal current gain of the inner transistors.

.

Fig, 15, Version of the circuit in fig. 14 with smaller resistors.
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they raise the breakdown voltage between the two input
terminals to about 30 V; with the emitters connected
the breakdown voltage would be equal to the Zener
voltage of one of the base-emitter diodes, i.e. about
6 V. In the second place they give an output with a
high internal impedance at the emitter end of the differ-
ential amplifier, i.e. at a d.c. voltage level close to that
of the negative supply voltage. The advantage of this
is that with an extra NPN transistor (shown dashed in
fig. 16) an output is obtained at a d.c. voltage level
midway between the supply voltages, i.e. at earth po-
tential — a facility that is often required for the fol-
lowing stages. With an output at the collector end as
in fig. 11 it is also possible to include an extra transistor
to obtain an output at earth potential, but in this case
the extra transistor must be of the PNP type, which
has a [ower cut-off frequency. Although the PNP tran-
sistors 3 in fig. 16 have a lower cut-off frequency, this
does not matter so much since they are incorporated
in a common-base configuration.

In the third place these same transistors help to sta-
bilize the collector currents of the differential amplifier.
This is because they form part of a controlled current
source as in fig. 7, which also includes the transistors /
and 2. Unlike the configuration of fig. 7, there are two
transistors 3. The rather variable magnitude of the cur-
rent gain hye of the PNP transistors is no drawback
in this application, as eq. (5) shows, provided that Are
is greater than about 5. -

In this circuit, as in fig. 11, the difference signal is
taken off by means of a current source consisting of
two transistors. Here again, very large in-phase signals
are permissible at both inputs.

D.c. level restorer

In the foregoing we have seen how the single-ended
output of a differential amplifier is brought to a d.c
voltage level between the positive and negative supply
voltage, i.e. earth potential, by means of an extra tran-
sistor. This is desirable when this output has to be con-
nected to an external load, whether or not via an output
stage. In the circuit shown in fig. 12 we encountered a
balanced output in which the amplifier stages shown,
with possible extra ones, brought the difference signal
to a level that lay alternately a few diode voltage levels
above the negative or below the positive supply voltage.
In this case a d.c. level shift is needed before the signal
can be applied to an output or to an output circuit.
Fig. 17 shows a d.c. level restorer of this type. The
signal is taken off this circuit by means of transistors
in a common-base configuration. The veoltage gain ob-
tained with the circuit in fig. 16 is not obtained here,
but on the other hand the bandwidth is greater.

The circuit consists of the two current sources 7, 2, 3
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Fig. 16. Input differential amplifier in which the current source
formed by transistors f, 2 and 3 keeps the collecior currents
constant. An NPN output transistor (dashed lines) is used to
bring the d.c. level of the output signal to earth potential {(mid-
way between the positive and negative supply voltages).
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Fig. 17. Differential amplifier with d.c. level restorer, which
brings the d.c. voliage level at the output midway between the
positive and negative supply voitages, i.e. to earth potential.

and #’, 2, The preceding differential amplifier is shown
in simplified form on the left. The current through the
source I', 2’ with double output transistor 2’ is deter-
mined by the reference-current source I’; the reference
current for transistor 2 of the upper current source is
equal to the sum of I’ and the current 7 4- 47 through
the differential amplifier. The current through diode 1
is the same; the differential amplifier takes a fraction
T— AI of this, and the remainder I’ - 2 A7 flows
through transistor 3, and then divides between tran-
sistor 2° which carries a current I', and the output.

The output impedance is equal to the parailet col-
lector impedances of transistors 3 and 2. The circuit
can be driven to within a few diode voltages of the
supply voltage.
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Class B output siage

Since a small load on the level shifter is sufficient to
cause a loss of gain, it may be desirable in some cases
to connect to the shifter an output stage that gives cur-
rent gain only. A controlled current source can again
successfully be used in such an output stage, as fig. /8
shows. The current source here consists of the tran-
sistors [ to 5. A reference-current source f causes a
constant current of about the magnitude of 7 to flow
in the left-hand branch; this has the effect that the sum.
of the voltages across the base-emitter diodes of tran-
sistors 2 and 4 is constant.

This constant sum voltage also appears across the
two base-emitter diodes of transistors 3 and 5. This
does not mean that the same current necessarily flows
through these transistors. This is the case, though,
when there is no output signal ; a current approximately
equal to I then flows in both transistors. However, if
the voltage at the input of the circuit rises, the base-
emitter voltage of transistor 5 rises with it, as does
the current through this transistor. At the same time
the base-emitter voltage of transistor 3 decreases by the
same amount, 5o that a lower current flows in this tran-
sistor. Because of the exponential diode characteristic
(1), an increase of the current in transistor 5 to pf
(y > 1) causes a decrease of the current in transistor 3
to ffy. This is in fact a type of class B amplifier, but
one in which the current in one branch never drops
completely to zero. _

If the voltage at the input of the circuit decreases, the
current in transistor 5 also decreases and the current in
transistors 3 and / rises. The base current for this is
derived from the current source 7,

The maximum output current during negative con-
trol is thus equal to the current 7 multiplied by the cur-
rent gain of transistor J. If this output current is not
sufficient, the circuit can be extended by adding a class
C amplifier to it, as shown in fig. 79. The values of the
resistors R are chosen so that transistors 7 and § do
not conduct when the output current is small. When
the output current is increased there comes a point at
which the transistors start to conduct because the cur-
rent supplied by transistors 3 and 5 increases the voltage
across the resistors R. When this happens transistors 7
and & start to supply a large part of the output current.

Conclusion

We have seen from the treatment of basic and other
circuits that in linear-circuits design today the trend is
to adapt the circuit to the requirements of integrated-
circuit technology in such a2 way as to obtain the opti-
mum product. There are hardly any resistors. The cir-
cuits are as far as possible laid out symmetrically, thus
minimizing temperature effects.

INTEGRATED LINEAR BASIC CIRCUITS i1

All this has been made possible through the success-
ful application of the differential amplifier and a new
¢lement — a current source that can be controlled by
a reference current. The introduction of this element
is associated with a design approach in which current
sources and current control are the dominant consider-
ations. The voltages generated by the controlled cur-
rents are usually limited to diode voltages. A relatively
low supply voltage is therefore sufficient, in spite of
the stacking of transistors which characterizes linear
integrated circuits today.

in this development the computer is an extremely
useful tool. It is particularly vseful in design calcula-
tions for determining high-frequency behaviour and the
effect of spread in the elements and parasitic effects.
The computer is also of great value in the drawing of
masks and for circuit testing in production.

But it is the electronic engineer who will be respon-
sible for the creation of new basic circuits. It is already
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Fig. 18, Class B output stage.
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Fig. 19. Extension of the output stage in fig. 18 with a class C
amplifier (transistor 7, 8) which onily passes the peaks of the
output current. This modification enables the cireuit to supply
higher output currents.
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clear that circuit designers have accepted the challenge
of integration with some enthusiasm and have found
that there is much to be gained from the wealth of pos-
sibilities that it offers. Well may the layman look with
some astonishment at integrated circuits, for in taking
up the monolithic technique the electronic engineer —
aided by the skill of the technologist— has produced cir-
cuits that are at least the equal of the traditional ones.
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Summary. [ntegrated-circuit technology has both special capabil-
ities and special difficulties for linear-circuit electronics. Tran-
sistors can be made that are identical and ali operate at the same
temperature; on the othier hand, resistors and capacitors take up
too much chip space and their use is to be avoided as far as pos-
sible. This is leading to a new electronics in which wide use is
made of balanced circuits, e.g. differential amplifiers, and in
which resistors are being replaced by current sources built up
from transistors, Examples are discussed of current sources con-
teolled by a reference current, differential amplifiers, and input
and output stages. From these individual circuits complete inte-
grated circuits such as operational amaplifiers can be built up.




