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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 from 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 integr ated-ctrcuzt 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 techniques

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 [11,

The first step was the introduction of printed circuits,
the printed wiring pattern being applied to an insulating
base, usually a resin-bonded paper board, 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 called “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 (3], which is usually what
is intended by the term “integrated circuit”. Here all
the circuit elements, both active and passive, are

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

21 BE. C. Munk and A. Rademakers, Integrated circuits w1th
evaporated thin films, Philips tech. Rev. 27, 182-191, 1966.

181 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 tech-
nique has its own special advantages, but it also has
its limitations. ’

Capabilities and Timitations 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 total number of contacts
of all the individual transistors. This greater reliability
is the important factor that has led to 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 ¥pg with collector current I¢ can
be reproduced fairly easily (4Vse/Vee < 1%), but
less success is achieved with the current-gain factor
hFEF(AhFE/hFE < 10 %).

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

Ic = Igo (e¢VBE/kT — 1) 6))

Y

(where e is the electronic charge, k£ Boltzmann’s con-
stant and T the absolute temperature), the collector
current I¢ at a given base-emitter voltage Vsg is pro-
portional to the leakage current J¢o, and Icp is in turn
proportional to the surface area of the emitter. This
area is critically determined by the masks used. The
current gain factor spg, 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. I), and of course the difference between these two

A
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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 smali difference in
drift of the base-emitter voltage Vg between two transistors in
the same circuit that carry identical currents I¢. A value of
1 wV/°C is quite feasible. Now it can be demonstrated that at a
VsE of 0.6 V — approximately the value of Vpg at 100 pA — a
temperature 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 amplifiers, 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 on 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 technique

1t 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

o ol
v

Fig. 1. Cross-section of an NPN 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 N-type layer, separated from the rest by a P-type dif-
fusion, serves as the collector. A P-type diffusion in the collector
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 C are metal conductors for
the connections to emitter, base and collector. d thickness of
base layer.
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and resistors are usually regarded as the main product
and PNP transistors as secondary products. Conse-
quently the startingv 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 the N-type layer. The charac-
teristics of these lateral PNP transistors are not so good
as those of the NPN transistors. 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 channels of P-type material which are pro-
duced at the same time as the bases of the transistors
in the epitaxial N-type layer. As might be expected,
the accuracy of these resistors is not very high
(4AR/R ~ 109%,), 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 kQ resistor,
for example, is equal to that of six transistors. 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 propor-
tional to the area that they occupy on the chip. A
200 pF capacitor occupies an area of the order of
0.1 mm?2. 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 (P) can often be particularly
disturbing. This starts to conduct as soon as there is a
forward voltage across the collector 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 reer to make the
parasitic PNP transistor conduct, the current J will not

Fig. 2. Every integrated NPN transistor incorporates a parasitic
PNP transistor, whose collector is formed by the substrate. 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 part-of the current 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 [3). 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. 3a) is not suitable for
integration because of its many resistors and the large
decoupling capacitor across the emitter resistor. The
differential amplifier (fig. 3b) can fulfil the same func-
tion [4115], ‘and is very suitable for iritegration, 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. 3a 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 thisis 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 Circuits.

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 simplest controlled current source consists of
two identical transistors, one of which is connected as
a diode (fig. 4). The two transistors have the same
emitter area and therefore the same leakage current
Ico. Since they have the same base-emitter voltage Vg,
their collector currents Ic; and I, are also equal:

Icy = I = Ico (eeVoelkT — 1),
The base currents are thus Ici/hrs = Io/hre and are
supplied by the reference-current source Irer, so that
Iy = Iret — 2 Io/hpx or

Io = Iret (1 - @

2
hFE+2)’

where the difference term expresses the two base cur-

+ - +

a b

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

rents. Since /ipg is of the order of magnitude of 100,
I, is approximately equal to Irer. The circuit gives gain
because Ip 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 (eVpe/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 built up from
a number of diffusions of equal magnitude.

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

An investigation of the behaviour of the circuit as a
function of frequency involves the quantity hg, 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 /g de-
creases with rising frequency. The behaviour of /e as

i [

Ic;l
1

(e W)
!

Fig. 4. Controlled current source with two transistors. Tran-
sistor I is connected as a diode. The output current I, is inde-
pendent of the voltage across the output and is approximately
equal to the reference current fret.
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a function of frequency f is approximated by the ex-
pression

e g &)
1+ jleo f]fr
where /ireq is the value of |hire| at low frequencies, and fr
is the frequency at which |/ige| 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:

Iref
flfr  t+2iflfx
We see from this that the equality of I and /Jrer is no
longer adequate when f > } fr; the frequency char-
acteristic of this current source is given by curve a in
fig. 5.
The cotlector-emitter breakdown voltage V(pr)cro

of transistor 2 in fig. 4 is two or three times greater in
this circuit than that of the transistor itself.

/ ref

I
® 1+ 2/heeo

@

—10_2
Irefl 4

K |

3l

oot 2 5 01 2 51 2 510

— f/fy

Fig. 5. Frequency characteristic of the controlled current source
using two transistors (curve ¢) and of the controlled current
source using threc transistors (curve b).

This can be understood il" we treat the whole circuit of fig. 4
as a single transistor with a current gain of /i¥g
sider that in general:

I and con-

Vierycee = Vryeno (I + hpg) V&

(where Vigrjcno is the collector-base breakdown voltage and
N has a value between 2 and 4). For the individual transistor
e is about 100, and therefore V(ir)ycro is two or three times
lower than for our circuit as a whole, which has a breakdown
voltage of Vnryero = 0.7 t0 0.8 V(nr)coe. The breakdown
eflect 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 /o of the current source more accurately
equal to the reference current Irer (fig. 7). The circuit
of fig. 7 operates by feeding back variations of the cur-
rent through transistor 3 1o the base of transistor 3 in
the opposite sense by means of a current source like
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800pA

600

S5

Fig. 6. Current-voltage characteristics of the controlled current
source with two transistors (a) and of the controlled current
source with three transistors (). In both cases the breakdown
voltage is about 0.8 times the collector-base breakdown voltage
Visrieno of the output transistor. The curves in (b) are flatter
because ol the higher output impedance of the circuit with three
transistors.

1
|
Iref . Ir
|
Iofhee J
| oS r
-721 T ‘Lj?w
L]

Fig. 7. Controlled current source with three transistors. Jrer
reference current. [o output current.

41 G. Klein and J. J. Zaalberg van Zelst, General considerations
on difference amplitiers, Philips tech. Rev. 22, 345-35I,
1960/61.

51 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
Lh=LH{1l—— 1.
? 1( /1FE+2)

From the circuit it also‘follows that:
L=1I+ Io/hFE,
Iy = Iref— Io/hFE-

From these three equations we arrive at the output

current:
2 ) ©®
heg® 4+ 2hwe + 2/

A comparison with equation (2) shows that the differ-
ence term here is about /g times smaller than in the
case of the circuit with two transistors. There is no
difference term of the order of 1/hrg, since here Ires
and I, each deliver a single base current.

The output impedance of the current source is equal
to Lhrw times the collector output impedance of a single
transistor and therefore is $/irr 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
load.

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

Io =I,ef(1

Iy ~ I 1 2
o fret ( " M0 + 2 heo + 2)
142 flfr
1+ 2jfife + 2G /102

Curve b in fig. 5 shows the variation of |Io/frer| 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 Irer and I, are varied. If Irer changes
by an amount Aler, then I, and I1 change by the same amount
and if S is the transconductance the current change 21 produces
a voltage change 24I1/S across the base-emitter junction of
transistor 3 and across diode 1 [51, 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 Irer remains constant, and
since Iz follows the variations of I1 a variation of 441, occurs
in both the emitter current and the base current of transistor 3.
The base current variation 441, gives a variation in the base-
emitter voltage of 44[ohrr/S. Transistor 3 amplifies this voltage
u times (u is the amplification factor and is equal to the product
of the output resistance R, of the transistor and the transcon-
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ductance S§), so that a voltage variation of 4dlohrep/S =
1AIhreR, appears at the collector. The output impedance of
the current source is thus seen to be +/reR,, i.e. +/iirr 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 [6]. Using
the current symbols to represent a.c. components again, we can
write for the currents in transistor 3:

Iy = (e + 1) Io/hte.

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

: I
Io//Il‘e = Irot— o = Iret — W&:
from which it follows that
n=— frat . M
e +1 1 T 200

The Bode diagrams of /e + 1 and of 1 + 2jf]fr are given
in fig. 8a and 8b. Below % fr the second term is dominant in
the denominator of (7), since e +{1 is still > 1. Between % fr

|hee +1]

| |

o]

[r+2jf/f]

| .

A
Iref

|~

0

heg
heg+1

Jo_
Iref

|

Fig. 8. Derivation of the frequency characteristic of the three-
transistor current source represented by curve b in fig. 5, by
means of Bode diagrams. Combining diagrams (a) to (d) gives
diagram (e), which corresponds to the frequency characteristic.
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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 I1/Iret

is therefore as shown in fig. 8¢c. What we are interested in, how-
ever, is not IiflIrer but Io/Iret, which is given by

/Il’e
hrc +1

The Bode diagram of /hite/(fite + 1) is shown in fig. 84; 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-

Io/Ircr = Il/Irer-

" sistors is about 0.8 V(Br)cpo, just as in the case of the current

1

source with two transistors. This can clearly be seen from the
characteristics in fig. 6b, which, compared with fig. 6a, 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 I
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 emitter
areas and low cut-off frequencies. o

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 = (kT/e) 1n (fret/Io). ®)

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 kQ.

The use of emitters of different area does not upset
the symmetry of the circuit, because the quantity
eVse/kT 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/Arg which did
not occur 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

61 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:

IR = (kT/e) In p.
For a given R and p the value of I, is then fixed.

o

©®)

Irefl

}

Fig. 9. Controlled current source in which the reference current
and output 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
(upper circuit inside dashed lines) is connected with a current
source using three NPN transistors (lower 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 I,. .
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If it is desired for example to bias the circuit to give a cur-
rent of 100 pA, equatlon (9) indicates that for p = 2 we should
choose R = 180 Q.

The resistor does not have to be 1nc1uded 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
connected to the circuit, enabling it to act as a common
reference for a number of current sources, which can
be necessary in a large amplifier circuit.

From equation (9) we seé 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 S of the transistors,
which is given by S = el/kT, where [ is the current
at the operating point. If I is obtained from the current
source described here, we see from equation (9) that the
transconductance and hence the gain is independent of
temperature [7],

Amplifier circuits

The amplifier circuits we shall deal with are all based
on the principle of the differential amplifier with a cur-
rent source in the common emitter lead (fig. 3b). 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-voltage 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 [4] [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 AI = 1SVi. 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 241.

If a circuit with a higher output impedance than the circuit in
fig. 11 is desired, the transistors in the differential amplifier can
each be replaced by a cascode configuration, which increases the
output impedance of the differential amplifier /i times. In this
case a current source with three transistors must be used, which
as we saw earlier gives an output impedance 4/irg times higher
than that of a single transistor. If all the transistors have the same
parameters, the result is an output impedance 4/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 amphﬁcatlon factor can also be achieved with two amphﬁer
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

§ J
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I—AIi

l[ +AI

lZI

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 I 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- AT must therefore flow through the transistors 3,
and are therefore multiplied by the current gain /pg.

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 emitter 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 signal 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
(fig. 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

M A.J. 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 pA), 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 first place

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

1

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

i

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
infig. 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 lower cut-off frequenéy. Although the PNP tran-
sistors 3in 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 hwg of the PNP transistors is no drawback
in this application, as eq. (5) shows, provided that /ire
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 voltage 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 1, 2, 3

Philips tech. Rey.32,No. 1
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Fig. 16. Input differential amplifier in which the current source
formed by transistors I, 2 and 3 keeps the collector 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. voltage level at the output midway between the
positive and negative supply voltages, i.e. to earth potential.

and I, 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 I + 4/ 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' 4+ 2 AT 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 parallel 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 stage

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. I8
shows. The current source here consists of the tran-
sistors 1 to 5. A reference-current source I 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, so 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 v/
(y > 1) causes a decrease of the current in transistor 3
to Ify. 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 7 rises. The base current for this is
derived from the current source I.

The maximum output current during negative con-
trol is thus equal to the current 7 multiplied by the cur-
rent gain of transistor /. If this output current is not
sufficient, the circuit can be extended by adding a class
C amplifier to it, as shown in fig. 19. The values of the
resistors R are chosen so that transistors 7 and 8 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 a 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 11

All this has been made possible through the success-
ful application of the differential amplifier and a new
element — 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 useful 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 only passes the peaks of the
output current. This modification enables the circuit to supply
higher output currents.
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clear that circuit designers have accepted the chailenge
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.

Philips tech. Rev. 32, No. 1

Summary. Integrated-circuit technology has both special capabil-
ities and special .difficulties for linear-circuit electronics. Tran-
sistors can be made that are identical and all operateat the same
temperature; on the otHer 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-
trolled by a reference current, differential amplifiers, and input
and output stages. From these individual circuits complete inte-
grated circuits such as operational amplifiers can be buiit up.
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AVOID, a short-range high-definition radar

K. L. Fuller

Navigational aids for aircraft have been available for many vears, and they have now

reached such a state of perfection that aircraft can be landed hlind. To exploir these

aids 1o the full, the ground services at the airfield should be able 10 operate normally
even in fog. With this kind of application in mind the author and his colleagues have
developed a sysiem in which established principles from radar technique are combined

in an original way 1o produce a shori-range high-definition radar. The svstem has been
given the name AVOID ( for Airfield Vehicle Obsiacle Indication Device).

With the growing use of fully automatic landing
systems at airfields there is an increasing need (o drive
vehicles on the airfield at fairly high speeds in condi-
tions of very poor visibility. After a successful automatic
landing the aircraft has to be guided from the end of
the runway to the main terminal building. The “follow
me” car, which normally shows the route to be fol-
lowed, does not have sufficient visibility in dense fog to
be able to guide in a large aircraft safely. Although the
route could be indicated by means of signals on cables
buried in the taxi-tracks, this does not guarantee that
the route is frec from obstacles. Moreover a system of
this type involves considerable engineering installation
work and is not very flexible. In the event of a crash
landing it is obviously essential that fire tenders and
ambulances should be able to reach the scene as soon
as possible, without colliding with pieces of wreckage

K. L. Fuller, B.Sc. (Eng.), is with Mullurd Research Laboratories,
Redliill, Surrey, England.

and survivors en route, and here a really ellective aid
to vehicle navigation in zero visibility is required.
The most practical solution to this problem appears
10 be a radar system with a two-metre resolution over
a range from 3 to 160 metres, and scanning over a
sector of 60° ahead of the vehicle. Such a radar has a
resolution and short-range performance that is a great
deal better than those of current radar systems. In addi-
tion it needs a rapid angular scan in order o avoid
picture flicker and present a high enough information
rate for moving objects to be followed accurately.
The requirements which this implies in current
pulsed-radar techniques may be understood as follows.
In order to be able to discriminate between two objects
which differ in their distance by r, the length 7 of the
emitted radar pulse must be smaller than the time dif-
ference with which the echoes of these objects are ob-
served, or, if ¢ is the speed of propagation of the radar

waves, 7 << r/c. Forr = 2 m and ¢ = 3108 m/s this
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gives T < 7 ns. The microwave generator must there-
fore deliver pulses with a length of 7 ns and a power
of several watts. Although not impossible, this would
not be easy. To have a minimum range of 3 metres, the
radar system would have to be capable of switching
over from transmit to receive within about 5 ns, which,
with the high receiver amplification required, would
present problems.

Since the velocity of propagation of ultrasonic signals
is 108 times smaller than for radar signals, an ultrasonic
radar system appeared at first sight to offer a good solu-
tion. The pulse length can be 108 times larger. A draw-
back, however, of the much lower velocity of propaga-
tion is that the information rate is too small to produce
an up-to-date picture. Secondly, the attenuation of
ultrasonic radiation in air is so high that ranges in
excess of 20 metres are difficult to obtain with a reason-
able transmitter power. Finally the ultrasonic radar is
very sensitive to interference generated by jet-engine
noise.

Since a pulsed radar, whether microwave or ultra-
sonic, is less suitable for short-range operation, it was
decided to develop a system in which range is measured
by applying a linear frequency modulation to a contin-
uous microwave signal [11.

Range measurement with frequency-modulated radar

The way in which range is measured with this system
is shown in fig. 1. The line a gives the frequency of the
transmitted signal as a function of time. The frequency
of this signal increases linearly with time from a fre-
quency fp to a value fm, then decreases at the same rate

’f
1 N7 W

Fig. 1. Principle of range measurement with frequency-modulated
radar. Curve a gives the frequency of the emitted signal as a
function of time. Reflections from objects have the same modu-
lation, but with a time delay proportional to the distance from
the reflecting object (curves b and ¢). When these reflections are
mixed with a sample of the transmitted signal, signals at the
difference frequencies are obtained (b’ and ¢'). The difference
frequency increases with the distance of the object.

‘ Philips tech. Rev.32,No. 1

to fo, after which the frequency rises again, and so on.
The frequency of the return signals will depend on time
in the same way, but the phase of the modulation with
respect to that of the transmitted signal will be dis-
placed, and the phase shift will be greater the more
distant the target (lines b and c). If these return signals
from the targets are mixed with a sample of the trans-
mitter output, a difference or beat frequency is obtained
which is a measure of the target distance. The more
distant the target the higher the difference frequency
(b’ and ¢’ in fig. 1) becomes. In practice there will be a
whole spectrum of difference frequencies. These fre-
quencies will momentarily go to zero and return to
their original value at the turn-round points on the
main frequency sweep. This deviation is shorter, and
hence less disturbing, the longer the period of the fre-
quency modulation compared with the delay time cor-
responding to a target at maximum range.

In order to make the most efficient use of the return
signals it would be necessary to separate the associated
difference frequencies with a large number of filters,
whose pass-bands correspond to the range intervals we
want to separate. The energy passed through each of
the filters would then have to be integrated over a time
equal to the time that the target spends in one range
element. The complexity of a bank of filters is consider-
able, however, and it was therefore decided instead to
use a single swept superheterodyne filter. This filter
periodically scans the spectrum of difference frequencies
and converts the parallel returned information into a
serial range scan. The resultant loss of information has
little effect on the performance of a short-range system
of this type.

In order to have good range resolution it is necessary
to have a very linear frequency sweep. For example, if
it is required to resolve to one part in a hundred of the
maximum range, the linearity of the sweep must be
approximately 1%.

In a conventional pulse radar the range scan rate is
determined by the velocity of propagation, but in the
“AVOID” system any rate convenient to the system
can be used, because it now depends on the tuning of
the superheterodyne filter mentioned above. If the
range is scanned from minimum to maximum and back
again in a triangular form, and at the same time the
aerial is slowly scanned in azimuth, the picture will be
built up as shown in fig. 2a.

If it is desired to scan a picture built up in this way
at a frequency of 50 Hz, the scanning beam will have
to rotate at the same frequency. As it is very difficult to
make mechanically scanned aerials rotate at such a
speed, an electronically scanned beam must be used.
There are advantages of simplification in scanning the
beam by using a frequency-scanned aerial in conjunc-
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tion with the same frequency modulation that is used
for range measurement. If we compare the times needed
for one azimuthal scan and for one range scan, it turns
out that the frequency modulation can serve a dual pur-
pose only when the azimuthal scan of the aerial is faster
than the range scan of the superheterodyne filter. The
picture is then built up as shown in fig. 2b. For one
picture there are 80 sweeps of the beam so a 50 Hz
picture frequency requires a beam frequency of 4 kHz.

Fig. 2. Alternative ways of producing the radar display. @) Range
scan faster than angular scan. b) Angular scan faster than range
scan.

Speed of azimuth scan and range scan
In a system where the azimuth scan is derived from the fre-
quency modulation of the signal by using a frequency-scanned
antenna, each beamwidth of the total scan range must have a
separate frequency bandwidth. This individual bandwidth is de-
. termined by that needed to give the desired range resolution. If
the range resolution is » and the velocity of propagation of the
radar signal is ¢ then a range element corresponds to a time
difference 2r/c and the bandwidth to carry the information for
one range element is b = ¢/2r. For a horizontal beamwidth 4
and a total angular scan ¢ the number of azimuth elements is
N = ¢/6. The total bandwidth needed for one radar picture is
now B = N.b = (¢/6)(c/2r). Now azimuth beamwidth is chosen
so that angular and range resolution are equal at 4 of the
maximum range R. Hence + Rtan 8 ~ + R 8§ = r, and the to-
tal required bandwidth B = R/3r X c[2r = cR$/6r%. If now
our frequency modulation is linear with time and can be written
as f = fo + f't, then the time ra needed for one complete azi-
muth scan is:

cR¢
=57

-
7

This time will be compared to the time needed for one range
scan.

The time difference for a reflection at minimum range ro is
At = 2ro/c and with the frequency modulation as above this
results in a difference frequency in the detector circuit equal to
fiAat=f'- 2rofc.

For this frequency to be measured, at least two complete
cycles must be observed. This takes a time 7 3> 2 X ¢/(f’2rg) =
= ¢/(f'ro). As the range scan is linear with time this time is
available for each range element. The total number of range
elements is M = (R— ro)fr ~ R/r since R ro, and con-
sequently the total tlme tn for one range scan is:

R ¢
tR = Mt > — fro
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There are now two possibilities:

a) Range scan faster than angular scan as in a conventional radar
(fig. 2a). There must be N range scans for one angular scan:
Ntg = ta or:

Re cRgb

Nf’rro 6fr2"

This results in the relation:
2R ro

which is obviously not possible.
b) Angular scan faster than range scan (fig. 2b). Now there are

M angular scans for one range scan, or Mty = tr. With the
expressions for 14 and tg derived above this results in the equa-
tion:

R cR¢ Re

T X Zprs B Fio.

r 7 6f'r flrro

This relation simplifies to 7o > 2r/N, which is readily practicable.

The aerial

A familiar radar aerial system for varying the direc-
tion of the transmitted beam electronically is based on
the interference principle. In this system the aerial does
not consist of a single emitting element but of-a number
of elements in a row. Interference of the radiation
emitted by these elements produces a beam in a direc-
tion which is determined by the position of the radiating
elements and the phase relationship between them {21,
By making use of suitable fréquency-dependent phase
shifters it is then possible to use the same frequency
sweep as that already being employed for range meas-
urement to produce the angular scan.

For our purposes the simplest form of such an aerial
is a piece of rectangular waveguide for 3 cm waves, with
regularly spaced holes cut in the broad face. Microwave
energy is fed in at one end of the aerial; as the energy
passes through the waveguide a fraction is emitted
through each hole. To ensure that the same power is
radiated from all the holes, the diameter of the holes,
starting at the input end of the waveguide, must steadily
increase. The remaining energy at the other end of the
guide is absorbed by a matched load. The microwave
energy propagates in the waveguide in the form of an
electromagnetic wave pattern. This has a wavelength
Ae greater than the wavelength 1o of electromagnetic
radiation with the same frequency in free space. If the
spacing of the holes in the waveguide is equal to the
Agata particular frequency, the powerradiated from the
holes will be in phase and the aerial will transmit a beam

(11 The design, construction and testing of the system and the
aerial were carried out by K. Holford and "A. J. Lambell.
Much of the wotk was supported by the M.E.L. Equipment
Company Ltd., Manor Royal, Crawley, Sussex, England.

21 A, Meyer, Ph111ps tech. Rev. 31, 2, 1970 (No. 1).
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perpendicular to the waveguide. A change in the feed
frequency causes a change of the value of Zg, so that
the holes now radiate with a certain phase difference be-
tween them, and the beam accordingly deviates from
the perpendicular.

In the situation described above, where the spacing
of the holes is greater than 4o, the phase of the radia-
tion from the holes being the same, side lobes will
appear beside the main lobe broadside to the aerial.
Assuming for simplicity that the aerial consists of only
two elements with a spacing /, then the condition for
the appearance of a beam at an angle ¢ to the normal
on the aerial is /sing = nig (n =10, + 1, +2,...).
If / > J¢ this equation will have real solutions not
only for n = 0, which corresponds to the main lobe,
but also for n # 0. These are the unwanted side lobes
in the radiation pattern of the aerial. We can get around
this difficulty by filling the waveguide with a dielectric,
thereby making 2z smaller and thus reducing the
hole spacing. If the dielectric constant is sufficiently
high, it is possible 10 make Ag smaller than Zg, so that

!'sin ¢ = nig has only one real solution for n = 0, the
side lobes having been climinated.
By filling the waveguide with a material ol g, — 2.54,

the condition 4z <= Ag was obtained for the whole
frequency range of 8-11 GHz. The high dielectric con-
stant of the material in the waveguide causes a decrease
in the intensity of the radiation through the holes. To

obtain better radiation from the holes the outside of
the waveguide must also be covered with a layer of

dielectric material.

With an aerial having more than two elements the
situation is rather more complicated, and even when
the spacing of the elements is smaller than 2y there will
still be side lobes although their intensity will be much
lower than in the case of Az ~ Jy. The situation can
be improved by applying an amplitude taper causing
the elements to radiate with unequal intensity [3).
Since the radiation intensity from a hole depends on
its size, this can be achieved by tapering the diameter
of the holes towards the end of the aerial.

There was already a reason, however, for increasing
the diameter of the holes towards the end of the aerial.
These two arguments resulted in a particular pattern for
the diameter of the holes along the waveguide. With a
total length of 1.5 metres the aerial has about 80 holes.
If we were to give each hole the optimum diameter this
would mean having to use 80 different drills, most of
which would be of non-standard sizes. It is found in
practice that if the 80 holes are divided into ten groups,
each corresponding to a standard drill size, the aerial
works almost as well as it does when every hole has the

31 See fig. 15 in Meyer’s article 12],
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Fig. 3. Current pattern in the wall of the waveguide that forms
the aerial. The holes disturb this pattern and hence radiate micro-
wave energy. As the current patterns around the holes on both
sides of the centre line are identical, both rows of holes will
radiate in phase.

calculated diameter. This of course considerably simpli-
fies the construction of the aerial.

In the situation where the beam is broadside to the
aerial, not only is the radiation from all holes in phase,
but so are the minor reflections caused by the holes in
the waveguide. This results in a large standing wave in
the guide, which reduces the efficiency of the aerial. In
all other beam attitudes the reflections are out of phase
and their vector sum is so small that no troublesome
standing wave arises. The aerial is therefore designed
so that it scans from 57 to 65° to the normal through
the frequency sweep from 11 to 8 GHz needed for range
determination. The aerial must then be mounted at an
angle of 35" to the front of the vehicle.

The currents in the wall of the waveguide follow the
pattern given in fig. 3. The holes in the broad face of the
waveguide will have to be offset from the centre-line of
the face for maximum radiation. A sccond row of holes
can also be made on the opposite side of the centre-line,

T
z
T
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Fig. 4. The aerial mounted on top of a vehicle, The waveguide
in the focal line of the parabolic cylindrical reflector can clearly
be seen. The energy is fed in at the right and the fraction not
radiated is absorbed in a load at the left. The portable television
receiver for the display can be scen next to the steering wheel.
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each displaced by half the spacing with respect to the
other row. The two rows of holes then radiate in the
same phase and reinforce each other, resulting in an
appreciable gain in aerial efficiency. To limit the ver-
tical beamwidth, the waveguide is mounted in the focal
line of a parabolic cylindrical reflector. The holes in the
waveguide radiate backwards and the radiation is
reflected as a narrow beam in the forward direction.
The main lobe of this aerial has a vertical width of 10°.
This would not be sufficient to cover the range of
3-160 m in front of a vehicle if the aerial was mounted
at about 2 m above ground level, so the aerial is mount-
ed in such a way that the distant part of the total range
is covered by the main lobe, and the nearby part by
vertical side lobes. The reduced gain of these side lobes
is compensated for by the fact that nearby objects give
stronger reflections. The aerial mounted on a vehicle
is shown in fig. 4.

The display -

The distance measured by a radar system is usually
plotted on the display as a radius vector in the corre-
sponding direction. In this way a plan of the surround-
ings is generated (fig. 5a). It is, however, possible to
plot the distance vertically on the display screen while
the azimuth is used as the horizontal coordinate. The
scene of fig. 5a then appears as shown in fig. 5b; the
picture now approximates to a perspective view. A
slight correction to the range scan is sufficient to ob-
tain an almost correct presentation. This type of dis-
play is easy to produce since the two signals that are a
measure of angle and distance are already present in
the circuitry of the system.

It would be of.great-advantage if a perspective view
could be superimposed on the scene viewed through the
windscreen. This would be very expensive to arrange,
however, and true matchmg of scene and dlsplay would
be possible for only one position of the driver’s head.
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a b

Fig. 5. The radar display. a) The conventional display in which
the range of an object is plotted as a radius vector in the corre-
sponding direction. This gives a plan of the surroundings. b) The
type of display used in the AVOID system, in which the range
of an object is plotted as a vertical coordinate, and the azimuth
as the horizontal coordinate. A perspective view of the surround-
ings is obtained in this way.

It was therefore considered preferable to produce a
display on a cathode-ray tube which the driver can
look at it by glancing slightly to one side.

It may happen that large metal objects reflect so
strongly that the radar beam is reflected more than once
between the object and the front of the radar vehicle.
Every reflection is displayed as an object at a multiple
of the range of the original object.

Also, strong reflections may overload- the receiver
and thus give rise to higher harmonics. These can give
rise to spurious reflections, displayed at multiples of
the original range. As all these spurious reflections are
displayed as objects beyond the real object, they pre-
sent no direct problem to the driver of the vehicle.

The experimental system

A block diagram of the AVOID radar system is given
in fig. 6. The backward-wave oscillator Osc; is fre-
quency-modulated over the range 8-11 GHz by modu-
lation of its supply voltage. For this purpose the azi-

Fig. 6. Block diagram of the
AVOID system. Osci backward-
wave oscillator. P power supply

OSC7

j
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for the oscillator. Az triangular-
wave generator for modulating
the oscillator. C circulator. M

S

mixer, in which the reflected sig-
nal mixes with a sample of the
oscillator signal that appears as

“leakage” across the circulator.
A aerial. The fourth port of the

-r—————

==

circulator is terminated by the
load L. Osce local oscillator,
frequency-modulated by the

Az

triangular wave generated by R.
Mo mixer. MF. if. amplifier.
Det detector. D display, with

I horizontal deflection x, vertical

deflection y and intensity mod-
ulation z.
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muth sweep generator Az produces a periodic triangular
control signal with a frequency of 2.5 kHz. The rela-
tionship between supply voltage and frequency ol a
backward-wave oscillator is exponential, and therefore
the power supply has a correction circuit to produce a
linear frequency sweep. The power output from the
oscillator is fed via a broadband circulator C to the
aerial, and a small part goes directly to the detector as

BN S e e e T Sk
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difference frequencies are amplified, the high frequencies
corresponding to long-range targets being amplified
more than the low difference frequencies.

The next four blocks in the diagram comprise the
swept-superheterodyne filter, scans with a
triangular waveform through the frequency spectrum,
which is in fact a range spectrum. After detection and
amplification, the signal is used for brightness modula-

which

Fig. 7. a) View of a car park. h) The corresponding radar picture on the display in the vehicle.
In front of the display screen there is a graticule giving a range scale and two converging
lines indicating the free space required in front of the vehicle.

a reference signal for range measurement. The total
transmitted power is about 10 mW, resulting in a mean
power of 3 uW inany | MHz bandwidth. No frequency
allocation is available at present for this broadband
transmission but, in view of the very low power, its use
for emergencies might be permitted.

Return signals from targets go from the aerial A
‘through the circulator into a mixer stage M, where
they are mixed with the reference signal. The resuliant

tion of the display D. The horizontal and vertical de-
flection signals for the cathode-ray tube are obtained
from the azimuth and range sweep generators Az
and R.

The frequency of the azimuth generator is 2.5 kHz
and that of the range sweep generator 50 Hz. The com-
plete picture scan rate is 50 Hz. The target resolution
is 2° in azimuth over a 60° scan, so that there are thus
30 picture elements in the azimuth direction. The range
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resolution is 2 metres over a maximum range of 160
metres, i.e. 80 elements, so that the complete picture is
built up from 2400 elements. The same system can also
produce a picture rate of 25 per second, which doubles
the number of lines on the screen without changing the
resolution. The effect is to produce a picture which
appears to have a better definition, but at the expense
of some flicker. The display system used for our experi-
ments consists of a modified portable television receiver.
Fig. 7 shows the driver’s view ahead.

An extensive programme of trials with the system
showed that the driver needs a short period of familiar-
ization, after which the radar picture is found very use-
ful. Blind driving, with the windscreen completely ob-
scured, was tried in two locations, a fenced empty car-
park and a deserted airfield. Although the driver com-
pletely lost his sense of direction, having no visual or
compass information, the vehicle did not collide with
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any of the numerous obstacles, and it was easy to drive
through a route marked by corner reflectors. The title
photograph shows another blind-driving demonstra-
tion.

Summary. To allow vehicles to be driven on an airfield under
conditions of poor visibility a radar system has been developed
with a range of 3-160m, 2 m resolution and a 50 Hz picture-
frequency display. Range measurements are made with a fre-
quency-modulated c.w. signal. Electronic angular scan is ob-
tained by using an aerial consisting of a length of waveguide
with a large number (about 80) of radiating holes. In this way
the use of a slow, mechanically scanned aerial is avoided and a
picture frequency is obtained that is adequate for a flicker-free
daylight-viewing display.

By filling the waveguide with a dielectric, unwanted side lobes
in the radiation pattern of the aerial are suppressed. Comparing
the time needed for one azimuth scan and one range scan shows
that azimuth scan has to be faster than the range scan if the same
frequency modulation is to be used for both range measurement
and azimuthal beam scanning.
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Parametric amplifiers for a radio-astronomy interferometer

R. Davies and R. E. Pearson

Microwave parametric amplifiers can now be designed that give diode noise tempera-

tures not far above 10 K when cooled by liquid nitrogen. For applications such as radio

astronomy, these devices are more practibal than masers, which are more complex in

themselves and require a more elaborate cryogenic system since they are operated at

liquid-helium temperatures. The article below describes a cooled parametric-amplifier
* system for the radio interferometer at Defford, England. '

Introduction

In radio astronomy it is often important to be able to
locate a faint source of radio noise and measure its
angular diameter. To detect such faint sources it is
clearly desirable to have a low-noise input stage for the
receiver system, and the angular diameter of the source
can be measured by using an interferometer arrange-
ment. A radio interferometer has two aerials, each with
its own receiver system; the diameter of the source is
derived by training the aerials on it and measuring the
correlation of the output noise as a function of aerial
spacing [11.-

The radio noise that reaches the Earth from such
sources is in the microwave range of frequencies, so the
radio interferometer must be a microwave system.
Since the background noise from outer space is very
low indeed, a great deal may be gained by using a low-
noise amplifier in the system. The low-noise amplifier
first used in such systems was the maser [2], which can
have an-effective input noise temperature 3 of about
6 K. However, although the maser has such a low noise
temperature, it has two great disadvantages. It can only
be used with complicated and expensive support equip-
ment, in particular the cryogenic equipment associated
with the liquid-helium cooling; and its bandwidth can
never be very large. The maser introduced the micro-
wave systems engineer to the spectacular benefits of
low-noise devices, and at the same time convinced him
that there would be much to be said for a simpler and
perhaps broad-band device, even if the noise tempera-
ture were a little higher.

In fact, work on such a device had begun in the mid
1950s. This was the varactor-diode parametric ampli-
fier, based on the varactor or variable-capacitance

R. Davies, Ph.D., and R. E. Pearson, B.Sc., Grad. Inst. P., are
with Mullard Research Laboratories, Redhill, Surrey, England.

diode (4151, TIts reactive method of energy transfer [6]
promised a low noise level and the varactor diode itself
was tiny and very suitable for use in microwave circuits.
Since those days there has been a good deal of progress
and today the parametric amplifier has superseded the
maser for almost all applications in which a low-noise
microwave amplifier is required. Even with fairly simple
tuned circuits the bandwidth of the parametric ampli-
fier is better than that of the maser, and it can be in-
creased further by using simple filter techniques [71.
The parametric amplifier can also give quite good noise
performance at ordinary ambient temperatures. How-
ever, in applications where maser-like performance is
required cooling is still necessary, but the temperatures
required are usually not so low that liquid helium has
to be used.

8

This principle and its application to optical stars have been
treated earlier in this journal: R. Hanbury Brown and
A. Browne, The stellar interferometer at Narrabri, Australia,
Philips tech. Rev. 27, 141-159, 1966.

Masers for the radio-astronomy interferometer at Defford,
near Milvern, England, have been described earlier in this
journal: F. W. Smith, P. L. Booth and E. L. ‘Hentley, Masers
for a radio-astronomy interferometer, Philips tech. Rev. 27,
313-321, 1966. ) )

The effective input noise temperature (often called the ampli-
fier noise temperature) is the temperature at which the input
termination must be held to produce an output noise power,
per unit bandwidth, double that which would occur if the
termination were cooled to absolute zero.

141 H. Heffner and G. Wade, Gain, bandwidth and noise charac-
teristics of the variable-parameter amplifier, J. appl. Phys. 29,
1321-1331, 1958.

C. S. Aitchison, Low noise parametric amplifiers, Philips tech.
Rev. 28, 204-210, 1967.

One of the first to recognize the low-noise potentialities of
non-linear capacitances was A. van der Ziel, then working
at Philips Research Laboratories. He published the classic
paper: On the mixing properties of non-linear condensers,
J. appl. Phys. 19, 999-1006, 1948.

1?1 B. L. Humphreys, Characteristics of broadband parametric
amplifiers using filter networks, Proc. IEE 111, 264-274, 1964.
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Fig. 1. One of the two acrials for the radio interferometer at Defford, near Malvern, England.
To vary the length and direction of the base line each aerial can be moved along its own
special double railway track: the two sets of tracks intersect at an angle of 67°. The two
aerials are trained on a radio source and the noise received is amplified in a separate channel
for each aerial. Receiver noise is kept low by using a varactor-diode parametric amplifier as
the first stage. Measuring the correlation of the output noise as a function of the acrial spacing
will give the angular diameter of the noise source. The tripod structure carries the extra
rellector of the Cassegrain feed.
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In the present article we shall describe the parametric
amplifiers that have been developed to replace the
masers in the Defford radio intérferometer (fig. 1).
There are two parametric amplifiers, one for each
receiver channel, and they operate at a frequency of
about 2.7 GHz. The amplifiers are cooled to 80 K by

"liquid nitrogen to bring the effective noise temperature
of the receiver below the specified value of 35.-K.

On the face of it, it would seem that a microwave
receiver with a noise temperature of 35 K for its first
stage is going to give a much worse performance than
one with a maser first stage whose noise temperature
is about 6 K [2]. However, we have to remember that
there are noise contributions from the parts of the
system that precede the first stage. In the Defford radio
interferometer the aerial itself has an effective noise
temperature of 20 K and the aerial feeder system has a
noise temperature of 10 K. Noise contributions after
the first amplifying stage will not be significant because
of the gain of the first stage, so we can take the total
system noise temperature to be 36 K with the maser
and 65 K with the parametric amplifier.

Now the sensitivity of the receiver system can be ex-
pressed in terms of a minimum detectable source tem-
perature A7, which is equal to Ts/)/2Bz, where Ts is
the receiver-system noise temperature, B is the band-
width of the.receiver and 7 is the post-detector integra-
tion time. The relation shows that when the parametric
amplifier is used the post-detector integration time has
to be increased by just over three times to keep the
minimum detectable source temperature at the same
value (assuming the same bandwidth). This is a dis-
advantage, but one that is more than outweighed by
the advantages of a system that, because it requires no
liquid helium, is simpler and less expensive to run.

The parametric amplifier

Let us begin by indicating the main elements of the
varactor-diode parametric amplifier used in this system.
The most vital element is the varactor diode. This is a
P-N junction that behaves as a capacitance that varies
with applied voltage [8]. The varactor diode is driven
by a local source called the pump, which applies a
voltage at a high frequency f; across the diode. Under
these conditions the diode appears to small signals as a
time-varying capacitance. Pumped in this way, the diode
forms the link between two circuits as shown schemati-
cally in fig. 2, where C is the time-varying capacitance.
For clarity the pump circuit is not shown. The circuit
to the left is known as the signal circuit, because it is
connected to the source E of the signal at frequency f;
the right-hand circuit, connected only to the diode, is
known as the idler circuit. The reactance X; is provided

v
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Fig. 2. Equivalent circuit of parametric amplifier. The left-hand
circuit is the signal circuit and the right-hand one is the “idler”
circuit. They are coupled by the varactor diode, which is driven
by a pump signal to make it behave as a time-varying capaci-
tance C. (The pump circuit is not shown.) Loss in the diode is
represented by the spreading resistance Rq. The reactance X5 is
provided to make the signal circuit resonant at the frequency f,

-and -reactance X resonates the idler circuit at the frequency fi.

Band-pass filters Fs and Fi confine the currents to the appropriate
circuits. Parametric amplification is achieved when fz + fi= fp,
where fp is the pump frequency.

to make the signal circuit resonant at the frequency fs,
and similarly the reactance X; is provided to resonate
the idler circuit at f;. Band-pass filters Fs and Fj are
also included to confine the signal- and idler-frequency
currents to the appropriate circuits.

If the resonant frequencies and the pump frequency
are so chosen that

Js +1i=lo )

then [41191 the capacitance C varying at the pump
frequency is able to transfer energy from the pump to
appear at the frequency fs (or at f;). The circuit will
then function as an amplifier. The gain can be consid-
ered to arise because the circuit behaves as a negative
resistance for aninput signal of frequency fs. A simple
physical explanation of the action is given in the Ap-
pendix.

A circuit like the one shown in fig. 2 is not partic-
ularly suitable as it stands for use as an amplifier, since
the output signal will appear at the same terminals as
the input signal. It is much more convenient to include
a circulator, which separates the incident and amplified
signals, as shown in fig. 3. (Port / couples to port 2,
port 2 to port 3,etc.). In this configuration, the negative
resistance presented by the amplifier at the signal fre-
quency gives a reflection coefficient greater than unity,
and thus a gain since input and output signals are separ-
ated. The circulator also prevents the gain from being
affected by variations in source impedance.

Since the method of energy transfer is based on a
time variation of a reactance, which gives no thermal
noise, it would appear that the amplifier should have a
low input noise temperature. In fact, the diode is not
quite a perfect reactance; there is a small resistive loss
(the “spreading resistance”) caused by the resistance of
the ionic lattice to the movement of the electrons and
holes. This spreading resistance is represented by Rq in
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the schematic diagram of fig. 2. By carrying out a
theoretical analysis in which sources of resistive noise
are taken into account, it can be shown [9] that for
high gain (say 10 dB or more) the effective input noise
temperature Tomp of a parametric amplifier of this type
is given by:

Tomp = Ta [i 45 (1+ )} @
P fi

Here Tq is the physical temperature of the diode and
P = Rg/Ra where Ry is the source impedance at the
signal frequency fs. The quantity p is known as the
overcoupling ratio.

It would appear from (2) that all that has to be done
to give a low value of input noise temperature is to
make p high and fs/f; low. However, p and f; are already
related: it can be shown 0] that for high gain

Ssfil + p) = (/)3 ©)

where y is a measure of the capacitance variation of the
diode defined by y = (Cmax— Cmin)/2(Cmax + Cmin)and
Je is the cut-off frequency defined by fo = 1/2nCRq4[11],
The relation (3) is derived by setting the effective nega-
tive resistance in the signal circuit at signal frequency
equal to the total positive resistance, a condition which
is met to a good approximation for high gain. From (2)
and (3) it can be shown that there are theoretical op-
timum values for both p and fi, giving a minimum noise
temperature for the amplifier. This is

Tamp min = 2fs Td/‘}/ﬁ:- (4)

The quantity y/e is thus a figure of merit for the varactor
diode, for it indicates the lowest input noise tempera-
ture that it will give in an “optimum” amplifier. The
optimum idler frequency is equal to this figure of merit:

Jiopt = yfe. (5)

Amp

Fig. 3. A circulator is used to separate input and amplified signals.
The circulator Circ directs the signal from the source E to the
amplifier Amp via port 2 and returns the amplified signal via
port 3 to the load R;, which has the same impedance R; as the
source. .
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The best commercially available diodes (e.g. the Mul-
lard CXY10) have a yfc of 40 GHz or more.

The power gain G and operating bandwidth B for
a parametric amplifier with simple tuned circuits as in
fig. 2 are related by:

G*B =2/(Bs~! + Bi™Y), (6)

where Bs is the bandwidth of the unpumped signal cir-
cuit and B; is the bandwidth of the unpumped idler
circuit. As indicated in the Introduction, greater band-
widths can be achieved, at the same gain, by using
simple filter techniques [71 [12],

Design and performance of the amplifier system

Design of basic amplifier

As we saw earlier, the effective input noise tempera-
ture had to be less than 35 K for radio astronomy. The
lowest operating temperature for a diode cooled by
liquid nitrogen would be about 80 K, and the amplifier
was to operate at about 2.7 GHz.

With yfc taken as 40 GHz, eq. (4) shows that the
minimum noise temperature that can be obtained at
this frequency from a diode cooled to 80 K is 10.5 K.
The relations (5) and (1) show that to achieve this
minimum value the idler frequency should be about
40 GHz and the pump frequency should be about
43 GHz. However, it was not as easy to design a
practical parametric amplifier with a noise temperature
below 35 K as these figures might suggest. There was
no convenient source that would deliver pump power
(about 150 mW) at a frequency of 43 GHz, and because
of the stray elements of the varactor diode it was incon-
venient to provide an idler circuit resonant at 40 GHz.
Moreover, the figure of 35 K for the noise temperature
would have to include noise contributions from other
parts of the parametric amplifier unit such as the cir-
culator and the microwave feed paths. As we shall see
below, the circulator alone can contribute some 10 K
of noise.

The highest frequency for which there was a conve-
nient pump source available was 40 GHz. As (1) shows,
the idler frequency should then be about 37 GHz. In
practice it was not possible to achieve this, but the

8] See pp. 206-207 of the article by Aitchison 5],

191 L. A. Blackwell and K. L. Kotzebue, Semiconductor-diode
parametric amplifiers, Prentice-Hall, London 1961.

1101 See for example C. S. Aitchison, R. Davies and P. J. Gibson,
A simple diode parametric amplifier design for use at S, C,
and X band, IEEE Trans. MTT-15, 22-31, 1967.

1111 Crax is usually taken as the capacitance at 1 wA forward
current and Cmin as the capacuance at —6 V reverse bias.
The cut-off frequency fe is probably best defined for the
value of C cotresponding to zero bias, but manufacturers
often quote cut-off frequencies for —6 V reverse bias.

(121 C. 8. Aitchison, R. Davies and C. D. Payne, Bandwidth of -

a balanced micropill-diode parametric amplifier, IEEE Trans.
MTT-16, 46-47, 1968.
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CXY10 diode does have a resonance at about27 GHz,
due to stray inductance in series with the junction capac-
itance. Equations (2) and (3) show that the noise tem-
perature of the resulting non-optimum amplifier will
only be about 3 K higher than the minimum value of
10.5 K. From eq. (3) it can be shown that the over-
coupling ratio should be about 20.

. Some earlier work had already been done on a design
principle that could be used with the CXY10 diode to
provide resonant circuits for the signal, idler, and pump
frequencies required. In this approach [51[12] a second
diode is introduced. The final design for the amplifiers
for the radio interferometer is based upon this arrange-
ment. We shall now look at the design of the amplifier
with the aid of the schematic drawing shown in fig. 4.

The two diodes D are located inside the pump wave-
guide W with their top ends connected by the flat bar B,
and in opposite polarity. (An enlarged sketch of a single
diode is shown on the right.) The centre of the bar is
joined to the coaxial input system C; by the post P.
The lower end of each diode is connected to a coaxial
circuit Cs. The pump waveguide W is terminated in a
matched load behind the diode structure, and there is a
tunable filter in the pump waveguide (neither of these
is visible in the figure). As the figure shows, the coaxial
input system consists of a cascaded series of lengths of
coaxial line /; and /, stepped in the way shown. At the
top of the coaxial system there is a connection to one
port of the circulator (port 2 of fig. 3).

Let us now try to explain how the arrangement cor-
responds to the schematic diagram of fig. 2. At first
glance it seems as though it cannot do so, for there are
two diodes. However, at the signal frequency the two
diodes may be considered to form a single unit, since
the bar connecting the diodes is much smaller than the
wavelength, and the diodes are therefore effectively in
parallel. The filter Fs is not present as a separate item;
its function is achieved by making C resonant with X,
which therefore has to be an inductance (see fig. 5a).
An inductance L; is provided by the bar-and-post
structure, which also serves to couple the pump power
into the two diodes. The tunable filter mentioned above
(but not shown) is used to match the diode to the pump
source.

At the idler frequency, the two diodes are again com-
bined, but in such a way that they form a closed reso-
nant loop (see fig. 5b), connected to the outside world
only by the parametric action of the varying capaci-
tance. In each diode the stray inductance Ly and the
junction capacitance C give the series resonance men-
tioned above, so that the complete idler loop thusformed
is resonant at about 27 GHz. The element F; of
fig. 2 therefore represents the filtering effect of the two
simple tuned circuits that form the loop; X; represents
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the reactance due to diode stray inductance. With iden-
tical diddes connected in opposite sense this idler cir-
cuit is balanced, i.e. no idler voltage will appear across
the terminals 44, which correspond to the lower end
of the post P in fig. 4. The diodes cannot be con-
nected directly together since they are not small com-
pared with the idler wavelength A (a1 cm) and so
are connected instead by a transmission line that is half
a wavelength long at the idler frequency. (A half-wave

.line has no transforming effect.) Physically, this trans-

mission line is a microstrip line formed by the bar B
and the lower wall of the waveguide.
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Fig. 4. A schematic diagram of the diode circuits of the para-
metric amplifier. The diodes D are located in the pump wave-
guide W (axis into the drawing) and linked by the bar B. The
diodes are connected to the bar in opposite sense and are con-
nected to the signal input and output (i.e. to the circulator) by
the inductive post P and the coaxial-line system C1. The stepped
coaxial lines form a double quarter-wave transformer at the
signal frequency fs and a stop-filter at the idler frequency fi;
Iy = Ag/4 and Iz = Ai/4 where As is the signal waveléngth and A4
is the idler wavelength. The distance between the two diodes is
made equal to Ai/2. The coaxial circuits C2 are low-pass filters
for the diode current monitoring circuit. An enlarged sketch of a
single diode is shown on the right.
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The coaxial structure C; has two functions: it trans-
forms the input impedance to the correct value and also
provides a low-pass filter that will pass the desired signal
but reject signals at the idler frequency (such signals
may arise if the diodes are not quite identical). We saw
above that a single diode should be fed from a signal
source whose impedance is about 20 times greater than
the spreading resistance Rq. With two diodes effectively
in parallel the source impedance should be about 10 Rg,
and at the signal frequency the coaxial structure acts as
a double quarter-wave transformer to transform the
standard 50-ohm input impedance to the appropriate

A

Qo
lo

Fig. 5. a) At the signal frequency f; the diodes are effectively in
parallel, since the bar connecting the diodes is much shorter
than As. The inductance L1 due to the bar-and-post structure
corresponds to the tuning reactance X5 of fig. 2, and the series
resonance of L; and the junction capacitances C provides the
filter action of Fs. b) At the idler frequency fi the two diodes
are combined in such a way that they form a closed resonant loop.
In each diode thestray inductance Lg gives a series resonance with
the junction capacitance C. For the CXY10 diode this resonance
isnear 27 GHz, so that the complete idler loop is resonant at this
frequency. Here the stray inductance corresponds to the tuning
reactance Xj of fig. 2, and the series resonance inside the loop
provides the filter action of Fi. With identical diodes connected
in opposite sense this circuit is balanced, and no idler voltage will
appear across the terminals 4A4.

value. The line of length /1, equal to a quarter of the
signal wavelength s, is the first stage of the transformer
and the second stage is formed by the alternate low- and
high-impedance lines each of length /». This second
stage of the transformer also acts as the low-pass filter;
it is designed with /2 equal to a quarter of the idler
wavelength and therefore rejects signals at the idler
frequency but passes the desired signal.

Since the idler circuit is well decoupled from other
circuits by the balanced arrangement and ‘thé low-pass
filter it has quite a large bandwidth (about 3 GHz). This
makes it easier to obtain a sufficient signal bandwidth
(see eq. 6), and also makes it easier to stabilize the
signal phase against pump-frequency variations. The
coaxial circuits Cs are also low-pass filters: they pfovide
the connections to the monitoring circuit.

COOLED PARAMETRIC AMPLIFIER 25

The amplifier-circulator unit

We saw above that a microwave circulator is used
with the parametric amplifier to separate the input and
output signals. The circulator characteristics of im-
portance are the isolation between ports that should not
be coupled, and the loss between coupled ports. If the
isolation is too low there will be an appreciable reflected
signal, and hence mismatch, at the input port. The loss
in the circulator is undesirable because it reduces the
signal and has the effect of increasing the effective input
noise temperature of the receiver. o

Both coaxial and waveguide circulators were avail-
able when the equipment was designed, but the one
whose performance was most suitable was a waveguide
version. This was a four-port device with an isolation
of 40 dB and an insertion loss of 0.15 dB. With this
degree of isolation the reflected signal at the input is
sufficiently small (at 20 dB gain the voltage reflection:
coefficient is less than 0.13). A loss of 0.15 dB at room
temperature corresponds to an increase in noise tem-
perature of nearly 12 K, and this is acceptable in our
system provided that the waveguide-to-coaxial transi-
tion that connects amplifier and circulator is cooled:
The effect on the noise temperature of the various losses
in the amplifier-circulator unit is discussed below. A
schematic arrangement is shown in fig. 6.

1 4
Circ

2 3

-

1 i |
L E
=l =
-| Amp ;

Fig. 6. A schematic diagram of the amplifier-circulator unit. The
signal enters at port I of the four-port waveguide circulator Circ,
which is at room temperature. It emerges at port 2, which is ter-
minated in the parametric amplifier Amp, cooled by liquid nitro-
gen. The amplified reflected signal arriving at port-2 emerges at
port 3. Port 4 is terminated in a matched load at room tempera-
ture. T indicates a waveguide-to-coaxial transition.
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Calculated noise performance of the amplifier system

Table I lists the physical temperature, loss and theor-
etical noise contribution [91 for each component of
the parametric-amplifier system. (The noise contribu-
tion from the amplifier is of course calculated from
eq. 2.) Adding up the noise contributions in the right-
hand column shows that at a system gain of 23 dB the
noise temperature of the amplifier system should be
31.K. Some of the components in the Table are listed
twice -since they are encountered by the signal both
before and after amplification. The rather high opera-
ting temperature of 320 K for the uncooled components
was chosen because of the heat generated by the pump
klystron: this will be discussed later. .

Table I. System noise temperature at 23 dB system gain in terms
of the contribution of each component

Component Physncal Loss Noise
temperature dB contribution
: K

Input waveguide © 320 0.02 2.25
Circulator (input) - 320 0.15 11.8
Downlead 80 0.05 1.34
Transition . 80 0.10 2.3
Amplifier 80 — 13
Transition 80 0.10 0.004
Uplead 80 0.05 0.002
Circulator (output) 320 0.30 0.09
Transition 320 0.1 0.03
Coaxial output, lead 320 0.3 0.09
Total noise temperature 31 K

Fig. 7. Sectional drawing and top view of the cryogenic system.
Outer diameter 31.8 cm, inner container-diameter 10.2 cm and
length 58.4 cm. D is a standard 34-litre liquid-nitrogen dewar
made of stainless steel. The amplifier 4 is mounted in an atmos-
phere of helium gas inside the sealed container X, whose upper
part is made of glass-fibre bonded resin to reduce the nitrogen
boil-off rate. The lower part C is made of copper, and is joined
to the upper part by steel flanges F with a gold O-ring vacuum
seal. T waveguide-to-coaxial transition. Ws signal waveguide:
this has very thin walls of copper-plated stainless steel. S; vacuum
seal of thin plastic sheet mounted across the signal waveguide.
The pump waveguide Wy, is made from silver-plated nickel, and
has a sliding vacuum seal S to allow for differential contraction.
M remotely adjusted matching unit to match pump power to the
diodes. To keep down the boil-off rate plugs P; and Pz of ex-
panded PVC are mounted beneath the top plate Q; the horizontal
lines represent annular aluminium-foil radiation shields. The
thermal connection between the liquid nitrogen and the amplifier
is formed by the copper base C, the copper fingers ¥ and the
diaphragm spring Di, which allows for differential contraction.
Further heat transfer is also provnded by the helium gas. The
baseplate nitrogen-vacuum seal Ss is demountable, with a locklng
sealant, so that the amplifier can be removed from the inner con-
tainer.

On top of the inner container: Wy, pump waveguide, Ws signal
waveguide, M pump-match control, Ehelium safety-valve, B diode
bias connector, I helium inlet valve. In the filling process the
inner container is initially evacuated through I, then flushed with
helium gas and evacuated again. Finally it is filled with helium
gas at a pressure of about 1.1 atm. With the helium supply still
connected via I the dewar is then filled with liquid nitrogen
through Ni. When the fill is complete I is closed and the helium
supply disconnected. Nz sensing point for liquid-nitrogen level;
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this can be used with an automatic nitrogen-replenishing system.
Gaseous nitrogen can escape through the nitrogen vents Ns,
which have heated release valves. Switch S will connect a meter
into the varactor-diode circuit, which is short-circuited under
operating conditions. :
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Thermal considerations

The cryogenic system

The cryogenic system, which contains the cooled
components of the amplifier complex, is shown in fig. 7.
To keep the volume occupied by the cooled components
as small as possible, the waveguide-to-coaxial transi-
tion T is of the “end-fire” type [13l. The amplifier 4
and the signal and pump waveguides are suspended
from a top plate Q and are housed in a thermally de-
signed sealed container K, which is filled with helium
gas. The container keeps the microwave components
free of water vapour and liquid nitrogen, which would
introduce losses and also variations in performance as
the nitrogen level changed.

The container must introduce only negligible thermal
loss to the outside while providing a good thermal con-
nection between the amplifier and the liquid nitrogen.
The thermal loss is minimized by making the upper part
of the container of glass-tibre bonded resin, and good
thermal contact between the amplifier and the liquid
nitrogen is ensured by making the lower part C of the
container of copper. The resin tube and the copper
section are joined by a pair of special stainless-steel
flanges F, one brazed to the copper and one bonded to
the resin. Between the two tlanges, which are bolted
together, there is a gold O-ring to form the vacuum
seal. The seal is unaffected by repeated temperature
variations between 77 K and 300 K. Good thermal con-
tact between the amplifier and the copper wall is en-
sured by copper fingers Vand a diaphragm spring Di
which allows for differential contraction. Further heat
transfer is provided by the helium gas inside the con-
tainer.

A view of the end-fire transition and the amplifier
assembly is shown in fig. 8.

The waveguide feed W, for the 29.5 GHz pump
signal (internal dimensions 3.56 X 7.12 mm) is electro-
formed from nickel and plated inside with 5 pm of
copper to give good electrical conduction. The larger
signal-waveguide feed (3.404 < 7.214 cm inside) could
not be made in this way, however, since the thermal
conduction would then be too large. This waveguide is
fabricated from 0.038 mm stainless steel sheet in two
halves, which are welded together. This waveguide is
also plated inside with 5 um of copper. There is a row
of six holes along the centre of one broad face of this
waveguide to prevent it from collapsing when the
vacuum is released during the filling process (see cap-
tion to fig. 7). Fig. ¥ shows a photograph of the sealed
container and the amplifier complex.

The sealed container is suspended in liquid nitrogen
contained in a stainless-steel dewar of standard dimen-
sions. To reduce the boil-off rate the underside of the
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Fig. 8. For a compact design the parametric amplitier 4 is
connected to an end-fire waveguide-to-coaxial transition 7 at
the end of the signal waveguide 7. The pump waveguide Wy
is on the right.

dewar top plate is lined with a 15 ¢m thick layer of
expanded polyvinyl chloride (PVC). Heated nitrogen
vents are included in the top plate to prevent a danger-
ous build-up of pressure. A safety valve (10 Ibs/in2, i.e.
about 0.7 kg/ecm?) is also fitted for the helium gas in the
sealed container.

In the design of the cryogenic system great care was
taken to allow differential contraction of the various
components while keeping the structure rigid enough

[31 J. C. Dix, Design of waveguide/coaxial transition for the
band 2.5-4.1 Ge/s, Proc. IEE 110, 253-255, 1963.
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Fig. 9. The sealed inner container of the cryogenic system (foreground) has an upper part
of glass-fibre bonded resin and « lower part ot copper. The PVC rings (P2 in fig. 7) can be
seen at its upper end. The amplifier complex, which fits into the container, is shown behind it.

to give stable operation. The design was also arranged
so that the number of demountable seals immersed in
liquid nitrogen was as small as possible.

A single filling of liquid nitrogen will keep the system
adequately cooled for 100 hours when the dewar is kept
vertical. However, the complete cooled amplifier system
is rigidly attached to the aerial, and may therefore tilt
through
will keep the system cooled for 72 hours.

An automaltic nitrogen-replenishing system has also
been added which can be used if there is a need for a
long period of continuous operation. It also allows the
amplifier system to be operated more easily at the
primary focus of the aerial.

45°. Under these conditions a single filling

The temperature-stabilized enclosure

The temperature of the varactor circuits is stabilized
at about 80 K by the liquid nitrogen, but to achieve the

stability necessary in interferometry the temperatures
of the pump klystron and the circulator also have to be
stabilized. These components are therefore housed in a
temperature-stabilized enclostre mounted on top of the
dewar.

The temperature-stabilized unit is shown in the
photograph of fig. /0. Since the klystron gives out
nearly 60 watts of heat it i1s convenient Lo stabilize the
enclosure to a temperature above the highest ambient
value. This is done by using air blowers with heaters
that are automatically controlled by a mercury-contact
thermometer.

The outer surface of the unit, through which the heat
is dissipated, is finished in a white enamel paint that
has an emissivity of about 0.8. The unit measures
50x37.5<25 cm. A weather-proofing cover, finished
with the same paint, is also available: this enables the
stabilizer-dewar unit to be used out of doors.
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Performance

The main details of the performance of the amplifier
system are given in Table I1.

The noise temperature was measured by the Y-factor
method, used earlier with the masers [2! that the para-
metric amplifiers replace. In this method matched loads
at room temperature and at 77 K are connected in turn
to the input and the difference in noise output is record-
ed. In use, however, the noise performance of the system
is a function of the aerial match: there is a room-tem-
perature matched load at the fourth port of the circula-

Table II. The main performance figures for the parametric am-
plifiers for the Defford radio interferometer.

Signal centre frequency

2.695 GHz (11.12 cm)

Gain 23 dB
Eflective input noise temperature 31 +3K
3 dB bandwidth 40 MHz
Input voltage reflection coefticient 0.13

0.25 dB/hr
0.5 dB/day

Gain stability

Phase stability 2%/day
Pump frequency 29.5 GHz
Pump power 150 mW
Operating temperature 77 K
Operational time (vertical) 100 hours
Operational time (with tilting

through + 457) 72 hours

tor, and any mismatch in the input circuit will therefore
cause noise to be reflected back into the system.

The phase stability was measured by means of a
phase bridge and the results are shown graphically in
fig. /1. The measurements were made for a wide range
of ambient temperatures and indicate a stability of
better than -+ 2° per day 114

The authors would like to thank the United Kingdom
Ministry of Defence (Navy Department) for permission
to publish this article, which refers to work carried out
under a CVD (Coordination of Valve Development)
contract.

Appendix: Physical explanation of parametric amplification

The explanation of parametric amplification given some years
ago in this journal 53] was limited (o a rather simple case. Here
we shall extend that explanation a little further in the way indi-
cated by H. Mooijweer [16].

We consider a simple lossless LC circuit ( fig. 12) in which there
is a current of frequency f = 1/2zyLC. The charge on the capac-
itor and hence the voltage across it then vary sinusoidally with
time. The capacitance is the reactive element that is varied, and
it is assumed that the capacitance variation shown in fig. 12 is
obtained by moving the plates of the capacitor. Every time that
the charge reaches a maximum value, the plates are pulled sharply
apart, and they are moved together again at the zero points
of the charge curve. The first movement requires work to be
supplied, butjthe second requires no work, There is therefore an
overall flow of energy to the circuit in each period of the oscilla-
tion; this energy goes to aid the oscillation. The amplitude of the
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Fig. 10. Photograph ot the temperature-stabilized enclosure. Air
is sucked over the components by the main blower B, then forced
over the low-thermal-capacity heaters H; between the two skins
of the case. The klystron K/ is blown by the small blower Bz;
the sensor S, which is a mercury-contact thermometer, is situated
between Be and the klystron. The anti-condensation heaters Ha
are switched on when the amplitier is switched to standby.

+2°| \ M
20[0 ~—"""10 206
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Fig. 11. Phase stability of the parametric-amplifier system over
three days’ continuous operation. A indicates nitrogen fillby pour-
ing. At Bthere was a disturbance in the measuring system. C marks
the start of automatic nitrogen filling. The phase stability is

i)
Sl &

per day.

[14] The phase-stability information was made available by Mr.
G. Moule of the Royal Radar Establishment, Malvern,
England.

[15] B. Bollée and G. de Vries, Experiments in the ticld of para-
metric amplification, Philips tech. Rev. 21, 47-51, 1959/60.

L161 H. Mooijweer, Ned. T. Natuurk. 30, 145, 1964.
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voltage across the capacitance consequently increases in steps,
since the charge tends to remain constant when the capacitance
is altered because of the presence of the inductance. The effect
is like a sort of “negative damping”. In this way spontaneous
oscillations in the circuit can grow from a small disturbance be-
cause of the periodic variation in capacitance (the pumping
action) at a frequency equal to twice the resonant frequency f
of the circuit. This implies that a small signal introduced into
the circuit at its resonant frequency will also grow in magnitude,
i.e. be amplified.

For a circuit with losses, the situation would have been much
the same except that some of the energy supplied by pumping
would have been dissipatéd in the losses.

Fig. 12. Parametric excitation in
a simple LC circuit. The capac-
itance C is the reactance that is
varied; it is assumed that the
variation is caused by moving
the plates apart and together.

of the voltage V and charge Q
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components-are equal, but this is not essential. The total charge
isthen Q = Q1+ Q2 = 2Q0sin# (w1 + w2)t cos (w1 — w2)t, an
oscillation of frequency $(wi + ws) modulated in amplitude at
a frequency 4(w1 — ws). (The carrier is suppressed.)

The pump source again provides a capacitance variation in the
form of a square wave. The capacitance is increased at the zeros
of sin (w1 + w2)t and reduced half-way between the zeros.
This means that the pump frequency is now equal to fp = f1 + fo.
Moreover, the energy flow from the pump source to the capaci-
tance is no longer the same at every decrease in capacitance be-
cause of the amplitude-modulated character of the charge. How-
ever, it is never negative, since the capacitance is always increased
at the zeros of the charge curve.

a) Original variation with time Q'TV

on the capacitance. b) Periodic
variation of the capacitance C.
¢) Increase in the circuit energy
E caused by the pumping action.
d) Growth of the voltage V

:

across the capacitance(“negative
damping®). b

If the phase qS of the pumping signal is varied with respect
to the situation shown in fig. 12, (qS = () the energy transfer is
reduced 97 and can even be negative for 45° < 95 < 135°
Now if the frequency of an input signal deviates a little from half
the pump frequency the effect is the same as a continuous change
in phase: there will be an amplitude modulation of the amplified
signal. In many applications it is desirable to amplify a fairly
wide band of frequencies and such an amplitude modulation
would then arise.

This difficulty can be avoided by using a slightly more com-
plicated circuit. Instead of a single oscillatory circuit with period-
ically varying capacitance or inductance, a circuit is used that
has two (or more) resonant frequencies f1 and f2, with the coup-
ling at the periodic reactance. It is found that in this configuration
the phase condition described above is no longer present. We shall
explain this with the aid of fig. 13. Again, it is assumed that the
circuit is lossless and that C is the reactive element that is varied.
It is also assumed that one loop only supports current at fre-
quency f1, and the other loop only supports current at frequency
f2. The total charge on the capacitance then consists of a com-
ponent 01 = Qo sin w1t and a component Q2= Qp sin wat, where
w1 and wg are the angular frequencies corresponding to f1 and f2.
For convenience we have assumed that the amplitudes of the two

Once again, spontaneous oscillations can arise and grow
through the periodic variation of a reactive element in the circuit.
It seems however that the phase condition should remain the
same as for the earlier situation. In fact, this is not the case: in
a practical amplifier only the current varying at frequency f1 is
supplied (as the signal); the current of frequency fz only arises
from the effect of the pumping action on the impressed signal,
as a mixing product across the varying reactance. This current
generated in this way at f2 then has the correct phase automati-
cally. If the wrong phase were to appear, it would be quickly
damped out anyway, since this energy would be extracted from
the circuit by the pumping action. The mixing product, the charge
or current varying at fp — f1 = f, is the idler signal.

In this arrangement, with the phase condition no longer rele-
vant, we can choose the frequencies f1 and f2 far enough apart
to separate them with filters.

The arrangement with the two resonant circuits can be con-
sidered as a more general case; the arrangement with the single
resonant circuit and f1 = fz = 4fp is therefore referred to as
the “degenerate” case.

In an ordinary LC circuit with loss represented by a resistance
R in the loop a disturbance will give rise to a damped waveform
of the form exp (—R/2L)t cos (wt + qS). But in the pumped
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Fig. 13. Parametric excitation in a circuit with two resonant fre-
quencies. @) Component Q; of the charge varying at frequency fi.
b) Component Qs of the charge varying at frequency f. ¢) Total
charge 014 Q2 on the varying capacitance. d) Periodic variation
of the capacitance C. ¢) Energy increase in the circuit, due to the
pumping action.

circuits we have been considering here, the oscillatory waveforn.
grows with the pumping action (before it is eventually limited by
non-linearity). Now assuming that the waveform grows exponen-
tially, the coefficient of the exponential would have to be positive
— which would imply an effective negative resistance. In analysis
it is frequently convenient to consider the pain action as being
due to the introduction of a negative resistance into a circuit.

The pumping action in the above simple description was as-
sumed to be a square-wave variation of capacitance, caused by
mechanical action. In practice, of course, the time variation of
capacitance is obtained by driving a varactor diode with a large
sinusoidal voltage.

Summary. A parametric-amplifier system has been developed by
Mullard Research Laboratories for the radio-astronomy inter-
ferometer at Defford, England. Two of these systems replace the
two masers previously used. A very stable and sensitive receiver
system is required in radio astronomy, and such requirements can
be met by using a varactor-diode parametric amplifier, cooled
with liquid nitrogen as the first receiver stage. A brief recapitula-
tion of parametric-amplifier principles is followed by an account
of the design approach of a two-diode amplifier and a description
of the complete system. Special attention is given to the effect of
loss and other imperfections in the signal-feed system, and the
resulting noise degradation is evaluated. Stability is ensured by
careful temperature stabilization of the uncooled microwave com-
ponents. The amplifiers operate at 2.695 GHz and are pumped
at 29.5 GHz. The noise temperature is 31 4 3 K and the
3 dB bandwidth for 23 dB peak gain is 40 MHz. Gain stability
is 4 0.25 dB over 1 hour, 4 0.5 dB over 24 hours, and the phase
stability is 4 2° over 24 hours. The system will operate for
100 hours on one filling of nitrogen, and automatic replenishment
can also be used.
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The SO; monitoring network in the Rhine estuary region

H. J. Brouwer, S. M. de Veer and H. Zeedijk

In the industrial countries a great deal of effort is being put into projects for monitoring
and controlling pollution of the environment. The article below describes a network
designed by Philips for monitoring air pollution in the industrial zone of the Rhine estuary.

Introduction

Since the beginning of human life on Earth man has
produced waste substances and discharged them into
the atmosphere. With the advance of technological
development their quantity has rapidly increased. The
general public has now come to know many of these
waste products by name: carbon dioxide, carbon
monoxide, oxides of nitrogen, sulphur dioxide, ozone,
unburned hydrocarbons, to mention only a few. Con-
trary to popular belief, the production of most of these
substances by man is an order of magnitude smaller
than their natural production. It is mainly because
artificial production usually takes place in geographi-
cally limited areas that we are now having to pay so
much attention to it. Considerable local concentrations
can arise, particularly if the weather conditions change
for the worse. Unpleasant odours, irritation of the eyes
and of the respiratory tract, headaches, and damage to
plant growth are frequent causes of complaint. There
may even be an increase in the death rate, particularly
among people more susceptible to air pollution because
they have diseases of the respiratory organs.

In most industrial countries air pollution has become
a matter of particular concern to the public authorities.
The Dutch Government gave Philips a contract to
develop a fully automatic network for monitoring the
concentration of sulphur dioxide in the Netherlands.
The first regional monitoring system, in the industrial
belt of the Rhine estuary (Rijnmond), has meanwhile
been completed and was put into service in October
1969 (1. This will be the subject of the present article.

Drs. H. J. Brouwer and Ir. S. M. de Veer are with the Philips In-
dustrial Equipment Division, Eindhoven; Ir. H. Zeedijk is on the
staff of Eindhoven University of Technology.

Similar monitoring systems have now also been
completed in other industrial areas of the Netherlands,
in particular in the Provinces of Twente and Zeeuws-
Vlaanderen. In the future these regional systems will be
coupled to a nation-wide monitoring network with a
wider “mesh”. Negotiations are still in progress on plans
to extend this future Dutch network to cover Belgium
and part of West Germany. Preparations are being made
at the same time to make the network suitable for moni-
toring other air pollutants, such as ozone, oxides of
nitrogen, and carbon dioxide.

What is the point of measuring only a few of the
many pollutants and why should sulphur dioxide be the
first to be chosen? The weather conditions partly
responsible for the formation of heavy concentrations
have in principle the same effect on all air pollutants.
An increase in the concentration of a particular com-
pound is therefore a warning indication that the other
compounds may also be present in larger concentra-
tions. Moreover, experience has shown that air pol-
lutants produced by sources of the same type — e.g.
the carbon monoxide, oxides of nitrogen, and hydro-
carbons from the exhaust of motor vehicles — are
present in fairly constant ratios. For a given collection
of sources the concentration of one compound there-
fore provides information about the concentration of
the others. Sulphur dioxide is one of the most represen-
tative air pollutants in the sense that it is produced and

111 The monitor was designed in cooperation with the Govern-
ment Institute for Public Health (RIG). Mention should also
be made of the contributions from Prof. Ir. J. G. Hoogland
of Eindhoven Technical University and from G. W. Meijerman
of the Netherlands Institute of Public Health, with whom
many valuable discussions were held.
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discharged in relatively large quantities nearly every-
where in urban and industrial areas. What is more, it
is a substance that rarely occurs naturally. A high SOs
concentration is therefore a clear warning sign. For
these reasons SOy is sometimes referred to as a tracer
or indicator.

As we saw above, meteorological conditions have a
considerable influence on changes in the concentrations
of air pollutants. The vertical temperature gradient in
the atmosphere is a particularly important factor.
Normally the temperature decreases with increasing
height. If, for reasons which we shall presently discuss,
the temperature drop falls below a particular value or,
even worse, if the temperature increases with increasing
height (“temperature inversion™) the air then becomes
- heavier in the lower layers than in the higher ones. The
air pollutants then accumulate in the lower layers
because there is no upward movement in the atmos-
phere.

Temperature inversion often takes place during a
cloudless night as a result of cooling due to radiation
from the Earth’s surface. The inversion layer is usually
broken up during the day by the sun and wind. It may
happen, however, for example if there is no wind, that
an inversion layer persists for a few days at a height
of between 100 and 300 metres. These are the days
when there is a greater likelihood of an increase of air
pollution. :

The monitoring network installed in the Rijnmond
area takes continuous readings of the concentration of

Fig. 1. Principle of SOz, measurement by the “coulometric”
‘method. [ indicator electrode of platinum. R reference electrode
of Ag-AgBr. G generator electrode. .Aux auxiliary electrode.
:C voltage- source. Amp amplifier. The air sample is passed
through a measuring cell filled with a‘solution of 0.1 M potassium
bromide and 2 M sulphuric acid, together with a small amount of
free bromine. The SOzq in the air reduces the bromine. The resul-
tant decrease of the bromine concentration changes the potential
difference between I and R, and this induces a current between
G and Aux, generating a quantity of bromine that compensates
for the amount consumed. The current between G and Aux is a
measure of the quantity of SOz supplied per unit time.
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SO2, changes in pollutant levels being immediately re-
corded and passed to a computer for processing. This
rapid recording and processing makes it possible to
detect at an early stage the weather conditions favouring
air pollution (2], so that industry can be alerted in good
time to take preventive measures. This early-warning
facility is a special and unique feature of our system.

Principle of the measurement

The SO2 concentration is measured on the principle
of continuous “coulometric” titration [8]. In the moni-
tor that we have developed the air sample is passed

-through a measuring cell filled with a solution of 0.1 M

potassium bromide in 2 M sulphuric acid, which also
contains a small concentration of free bromine ( fig. I).
The SOz in the air sample causes a decrease in the
quantity of bromine by reduction of the free bromine to
bromide ions. The concentration of bromine is kept
constant by means of a control circuit consisting of two
pairs of electrodes, a voltage source and an amplifier.
The first electrode pair  and R “measures” the bromine
concentration as a (redox) potential difference, and at
the desired value of the bromine concentration this
voltage is compensated by the voltage source C so that
the output from the amplifier Anp is zero. A decrease
in the bromine concentration as a result of reaction
with SOq produces a change in the input signal of the
amplifier, causing a current to flow between the second
electrode pair G and Awux. Bromine is then formed by
electrolysis until the bromine concentration has
reached its initial value. The current that forms the
bromine is recorded as a measure of the SOz concen-
tration in the air.

An important characteristic of this principle of mea-
surement is that no reagents are used. This is important
because the monitor is required to work for long
periods without supervision or inspection (for at least
three months), and to some extent this determined the
whole concept of the monitoring system.

The monitor

Air is drawn in by the SOz monitor at the top of a
pole three metres high, known as a “sniffer” through
which it passes to the measuring cell contained in a stur-
dily built box at street level (fig. 2). This box contains
two removable compartments, one for the chemical

2] L. A. Clarenburg, A telemetered system to predict unfavour-
able weather conditions, paper (No. 68-55) presented at the
61st Annual Meeting of the Air Pollution Control Associa-
tion, St. Paul (U.S.A.), 1968.

Bl P. A. Shaffer, Jr., A. Briglio, Jr., and J. A. Brockman, Jr.,
Anal. Chem. 20, 1008, 1948; H. Landsberg and E. E. Escher,
Industr. Engng. Chem. 46, 1422, 1954,
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Fig. 2. An SOz monitor and “sniffer” pole at Schiedam.
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equipment, which includes the measuring cell, and the
other for the electronic equipment ( fig. 3). The com-
plete monitor is shown schematically in fig. 4.

The top of the “sniffer” pole is fitted with a dust
filter /, electrically heated to a temperature which

S SR oy A TR
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fluctuates from about 100 to 120 °C, depending on the
outside temperature. At this high temperature no SO»
is adsorbed on trapped insects or particles of dust, and
in fog the filter is protected from drops of moisture,
which could also take up SO:. There is no oxidation of

Fig. 3, View inside the SOz monitor. Below, the chemical compartment; above, the clectronic

compartment.

Fig. 4. Diagram of SOz monitor
(see fig. 2). The pump 2 sucks in
air, and the capillary 3 Keeps the
air current at a constant value.
The tilter / removes dust, insects,
etc. from the air stream, and til-
ter 6 removes many gaseous im-
purities in the air (except SO2).
On arrival in the measuring cell 9
the SOz in the air sample induces
anelectricsignal in thecell, which
is made compatible for trans-
mission by telephone line by the
output amplifier /3 and the tele-
meteringunit /2. Thesignals {from
the monitor are received in the
central control room, where a
computer is installed. Using the
same telephone link the compu-
ter sends control signals to the
motor 5, which controls the po-
sitions of the three-way valve 4.
The valve is shown here in the
measuring position (a). In the
calibration and zero-mode posi-
tions of the valve the air passes
over an activated-charcoal filter 7, in which all SO¢ is adsorbed.
In the calibration position (5) the SO» source 8 adds a known
quantity of SOz to the SO»-free air. By comparing the measuring

18 e 17 Jeit

signal with the calibration and zero signals the computer calculates
the SO2 concentration of the input air. /0 Pelticr cooling element.
Il circuit for switching this element on and ofl (see text).
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SOs or decomposition of dust particles at this tempera-
ture. Other measures to prevent adsorption of SOz are
a nylon coating for the aluminium parts of the inlet and
the use of a “Teflon” tube for transporting the air to the
measuring cell. The pump 2 sucks in the air, while the
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filter 7, in which all the SOz is adsorbed. Moreover, in
the calibration position (h) a constant quantity of SOg
gas from a source 8 is added to the air stream. During
regular maintenance this added SOs is compared with
that from another SOs source, which in its turn is cali-
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Fig. 5. Typical recorder track, showing the variation in the SOz concentration on January 9th,
1971. The time scale runs from right to left. The calibration and zero levels are indicated by

arrows. The calibration level corresponds to a

capillary 3 ensures that the air flow remains constant at
about 150 ¢cm3 per minute. The tube which conducts
the air to the measuring cell contains a “Teflon” three-
way valve 4, whose position is controlled by a motor 5
for three modes of operation. In one position the
system ts in the measuring mode; the other two posi-
tions are for the “zero” mode of operation and for
calibration. In the measuring mode (a) the air is con-
ducted direct to the measuring cell through a filter 6,
consisting of a roll of silver gauze heated to about
120 °C. This filter reacts with or decomposes constit-
uents that could interfere with the SO» measurement
such as H»S and ozone. In the zero and calibration
positions the air passes over an activated-charcoal

concentration of 0.56 mg/m?.

brated by means of a photometric determination with
pararosaniline 141 [n the Rijnmond system the valve is
switched to the different positions twice a day by tele-
metering from a central control room, the measuring
signal then being compared with the zero signal and
the calibration signal. Fig. 5 shows a recording ob-
tained in this way.

The measuring cell ¢ consists of an inner and an
outer vessel (not shown in the diagram) each of which
contains two electrodes ( fig. 6). The air is passed to
the inner vessel, where the principal reactions take
place. Firstly, the SOz in the air is oxidized by the free

14 F. P. Scaringelli, B. E. Saltzman and S. A. Frey, Anal. Chem.
39, 1709, 1967.



38 H.J. BROUWER, S. M. DE VEER and H. ZEEDIJK

bromine. Secondly a redox potential which depends on
the bromine concentration is generated across the
platinum electrode I. The corresponding electrode in
the outer vessel is an Ag-AgBr electrode R, whose
potential with respect to the electrolyte is practically
constant since there is a large excess of the Br- ions,
which determine the potential of this electrode. The
third important reaction in the inner vessel is the release
of bromine from the electrode G as a result of an
electrolysis current. The associated electrode Aux is in
the outer vessel.

The inner vessel of the measuring cell is made fairly
small, because the time constant of the control circuit
that keeps the bromine content constant is determined
by the volume of the electrolyte in this vessel. The inner
vessel is connected to the outer one by a small aperture.

Inl Outl

ITTETHTHR T
LAY ID NI

”Il“l

AT

L

i

Fig. 6. The measuring cell. The inner vessel In contains the
indicator electrode I and the generator electrode G; the outer
vessel Out contains the reference electrode R and the auxiliary
electrode Aux. Inl air inlet. Ourl outlet aperture.
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The electrolyte in the outer vessel dilutes any con-
taminants that may arise in or enter the inner vessel.

It is of the utmost importance to keep the tempera-
ture of the measuring cell constant. The temperature
affects the measured potential differences, the volatili-
zation and other parameters. The temperature chosen
for the instrument described is 37 °C, which under
normal circumstances is higher than ambient tempera-
ture. The measuring cell does not therefore have to be
cooled, which would have required rather complicated
and expensive measures. At the temperature selected
the volatilization of bromine and evaporation of water
is not excessive. The volatilization of bromine is auto-
matically compensated by the control circuit. Thus,
even when the air contains no SOs, a small “zero cur-
rent”, flows between G and Aux. The SO concentra-
tion is then measured as an increase above this zero
current. The evaporation of water is compensated by
means of a Peltier coolin