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The second issue of the N.E.R.C. Review contains the following article by Mr. L. H. 
Bedford, C.B.E., a Past President of the Institution and vice chairman of the Projects 
Committee of the National Electronics Research Council. Reproduced here by permission of 
the Council, it will be of undoubted interest to all radio engineers. 

APRIL 9th, 1965 was a very important day in the history of electronics. On that day Early Bird, the 
first communication satellite with a commercial role, arrived on station. 

The history of the geo-stationary satellite is worth recalling. Perhaps the first explicit statement of 
the idea is that of A. C. Clarke. In retrospect one may say, as in the case of other major 'inventions', 
that the idea was obvious. It must be remembered that Clarke's papert pre-dated the achievement of 
the first Sputnik, so there would be some reason for arguing that if the idea was obvious to Clarke it was 
equally so to Newton. The difference was perhaps that Clarke was not daunted, as were some of those 
more closely concerned with the practical rocket problems, by the tremendous booster problems implied. 

Early Bird, and its Syncom predecessors, have not been achieved without a struggle. The opponents 
of the stationary communications satellite have argued— 

(a) that the launching, injection, and station-keeping problems were in advance of the art, and 

(b) that the propagation time of approximately 270 milliseconds was unacceptably high. 

The first argument would seem to have received the coup-de-grace in that Early Bird is not the last 
commercial satellite to be launched but the first. 

It remains to see whether the propagation-time problem proves to be real or ephemeral. Incidentally, 
it should be remarked that the launching of a satellite is rather an expensive way of making this par-
ticular trial, which would seem wholly amenable to simulated ground tests. Such tests have indeed been 
carried out on quite a large scale but no clear conclusion has been stated. 

Finally, one may inquire, what has this particularly brilliant space effort to do with electronics ? The 
answer is three-fold: 

The whole orbiting procedure is essentially an electronic control operation. 

The electronics of the 'Bird' is most advanced in both concept and execution; especially is this true 
with regard to component reliability. There are no mechanical moving parts other than the gas-jet 
control valves, which are 'bang-bang' devices with a movement of a few thousandths of an inch. 

Finally, Early Bird heralds a new era—electronic communication by satellite. It is designed not as 
an experiment but as a means of providing permanent commercial communication channels. Its 
240 two-way channels (to C.C.I.R. standards) about double the present transatlantic capacity. 

The fact that this is achieved with a single 6-watt repeater at a range of some 22,000 miles is some-
what surprising. To accomplish this has required the application of the most advanced communica-
tion techniques, but one sacrifice has had to be made: Early Bird is essentially a trunk system, that is to 
say it provides a trunk circuit between two stations only. Multi-access would reduce the total channel 
capacity drastically. But it is precisely the possibility of multi-access that gives satellite communication 
its operational and economic appeal. While so much has been achieved, there still remains the multi-
access problem, and it is an electronic one. 

t "Extra-terrestrial relays", Wireless World, 51, pp. 305-8, October 1945. 
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INSTITUTION NOTICES 

Symposium on Microelectronics 

A symposium of over thirty papers concentrating 
primarily on the applications of microelectronics will 
be held at the University of Southampton from 21st 
to 23rd September 1965. The meeting is being 
organized jointly by the Southern Section of the 
Institution of Electronic and Radio Engineers, the 
Southern Electronics Section of the Institution of 
Electrical Engineers, and the Department of Elec-
tronics, University of Southampton. 

Sessions will deal with thin-film and integrated-
circuit linear applications, digital-stores, computer 
and switching applications, the use of metal-oxide-
semiconductor transistors, system design and inter-
connection methods, and human and economic aspects. 

Registration forms are now available from The 
Symposium Secretary, Department of Electronics, 
The University, Southampton. 

Conference on Non-Metallic Thin Films 

The Electronics Group of The Institute of Physics 
and The Physical Society is arranging a conference on 
"Non-metallic thin films" to be held at Chelsea 
College of Science and Technology, London, from 
23rd to 24th September 1965. 

The conference will discuss the physical properties 
of continuous non-metallic films deposited on sub-
strates of a different material. It is proposed to 
include the following main subjects: formation of 
thin films, electronic structure, electrical conduction, 
electron emission, and electronic applications, especi-
ally in active devices. 

Further details and application forms are available 
from The Meetings Officer, The Institute of Physics 
and The Physical Society, 47 Belgrave Square, 
London, S.W.1. 

International Aerospace Instrumentation Symposium 

The Fourth International Aerospace Instrumenta-
tion Symposium (formerly Flight Test Instrumenta-
tion) will be held at the College of Aeronautics, 
Cranfield on 21st to 24th March 1966. The Symposium 
is sponsored by the College of Aeronautics and the 
Aerospace Division of the Instrument Society of 
America. 

Papers are invited for presentation at this sym-
posium and authors are requested to submit a 300-500 
word summary for consideration by the organizers. 
Appropriate subjects in the applied science and 
technology of instrumentation of aerospace vehicles 
may be chosen, but papers which are concerned with 
new measurement techniques and the application of 
computers to large-scale data handling problems are 
particularly welcome. 
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Further information may be obtained from Michael 
A. Perry, Symposium Organizer, The College of Aero-
nautics, Cranfield, Bedford, England, or E. K. 
Merewether, I.S.A. Aerospace Division, 4515 Canoga 
Avenue, Woodland Hills, California, U.S.A. 

Montefiore Foundation Prize 

The Association of Electrical Engineers of the 
Institut Electrotechnique Montefiore, Liège, awards 
every five years an international prize for the best 
original work submitted on scientific advance and 
progress in the technical applications of electricity in 
all spheres. The value of the award is 100,000 Fr. 
(Belgian) (about £725). 

The closing date for submission of entries to the 
Secretary of the Fondation George Montefiore is 
1st July 1965. Further information may be obtained 
from the Institution or from the Association direct 
at 31 Rue Saint-Gilles, Liège, Belgium. 

Conference on Medical Physics 

The First International Conference on Medical 
Physics is to be held at Harrogate, Yorkshire, from 
8th to 10th September 1965. 

This Conference, which is being organized by the 
U.K. National Committee for Medical Physics under 
the sponsorship of the International Atomic Energy 
Agency and the World Health Organization, will 
consist of a series of sessions on all aspects of medical 
physics, including applications in obstetrics, neurology, 
orthopaedics, physiology and radiology. Work in 
artificial environments, in functional replacements of 
artificial organs and limbs, in haemodynamics, 
electrophysiology, the use of mathematical tech-
niques and computers, ultrasonics in diagnosis and 
therapy, infra-red thermography, radiation dosi-
metry, and the use of radioactive isotopes in medicine 
will also be discussed. 

All inquiries should be addressed to The Secretary, 
First International Conference on Medical Physics, 
45-47 Little Britain, London, E.C.1. 

Back Copies of the Journal 

Because of the increasing number of requests by new 
subscribers, notably libraries overseas, several issues 
of The Radio and Electronic Engineer for 1963 are 
now out of print, namely, January, February, March, 
April, May and June (Volume 25). Members who are 
willing to part with their copies of any or all of the 
above six issues (in good condition) are invited to 
send them to the Publications Department, I.E.R.E., 
8-9 Bedford Square, London, W.C.1; payment of 5s. 
per copy will be made. Please note that these are the 
only issues required. 

The Radio and Electronic Engineer 
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Performance Calculations for 

High-definition Q-band River Radar 

By 

Ir. J. M. G. SEPPEN t 

Presented at a meeting of the Radar and Navigational Aids Group in 
London on 26th February, 1964. 

Summary: This paper discusses vital aspects of high-definition radar sets. 
It specially examines radial resolving power in connection with video 
bandwidth. A radio frequency sensitivity-time control circuit and a new 
technique for checking the correct tuning of the radar set are described. 

P.p.i. photographs from a Q-band river radar and a waterway super-
vision radar system are included. 

1. Introduction 

Considerations of economy increasingly stress the 
need to keep shipping traffic on rivers moving in 
periods when visibility is poor owing to fog, snow, 
rain or darkness. Radar goes a long way towards 
meeting this need, but it can only do so if it does not 
endanger traffic. The importance of this is illustrated 
by the fact that the countries on the Rhine have agreed 
on a minimum-performance specification for all radar 
sets to be used on the river. In Holland similar 
specifications are in force for all inland shipping. 
An essential requirement for safe navigation is high 
definition of the radar picture even on long ranges. 
Other fields where such detailed information is de-
manded are those of shore-based waterway super-
vision radar and airfield surface movement detection 
equipment. 

2. Tangential Resolving Power 

In river and canal navigation and also where ship-
ping is supervised by harbour radar, the usefulness of a 
plan-position display depends largely on the dimen-
sions of echoes measured at right angles to the radial 
sweep. 

Navigation in a narrow fairway under conditions of 
reduced visibility is not safe unless the navigator can 
observe an unobstructed path extending from his 
vessel to a point beyond stopping distance. The 
situation is complicated by such factors as the direc-
tion and speed of the current and the character of the 
vessel (push-boat, tug or tanker). Let us illustrate 
this with an example. 

In a fairway which is w metres wide two ships, Si 
and S2, each b metres wide and at a distance of dmetres 
from the shore are closing with each other. The ques-
tion which arises is: at what maximum distance does 
the radar set of one vessel permit the navigator to con-

t Philips Telecommunicatie Industrie, Huizen, Holland. 
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dude that there is a clear passage between the other 
vessel and the shore? 

The answer varies with the type of radar set used. 
Let us examine the situation with three radar sets I, 
IIA and JIB; I has a 'broad' antenna beam, HA and 
B a 'narrow' beam, while JIB uses a larger picture 
tube. All sets are supposed to comply with the regula-
tions for Rhine navigation. Their characteristics are 
shown in Table 1. 

Table 1 

Parameter HA JIB 

Horizontal beamwidth 
between — 3 dB points 
OH(- 3 dB) 

1.2° 0.6° 0.6° 

Effective picture tube 
diameter AT 

19 cm 19 cm 26 cm 

Spot diameter AS 0.05 cm 0.05 cm 0.05 cm 

Let us install these radar sets on board SI and set 
them to a range of 1200 m, off-centred to cover the 
situation up to 1800 m ahead. Now we have to 
examine the effect of ship-to-ship distance D (see 
Fig. 1) on the detail with which the radar screen 
represents clearance H between S2 and the shore. 
It will be assumed that the jitter in the synchro 
system transmitting the aerial rotation to the display 
is negligible.' 

Let us also assume that OH(_ 20dB) = 20H(_3d13), and 
that the reflective areas offered by S2 and the shore 
near S2 are so large that the effective antenna beam-
width in the case of radar set I can be equated to 
elH(-10dB) for H = 0. A further assumption is that 
the radiation energy of the antenna drops off linearly 
between the — 3 dB and — 20 dB points on each side 
of the beam. This can be plotted on linear graph 
paper with energy shown on a decibel scale on the 
vertical and degrees on the horizontal axis. 
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I.  

Fig. 1. Waterway situation illustrating the importance of 
tangential resolving power. 

Because Ili( — 3dB) = 1.2 deg, it follows that 
IH(— 10 dB) = 1.7 deg. The application of the equa-

tion shown on Fig. 2 now gives curve I. This takes 
account of the fact that the effective OH increases for 
lower values of D because stronger signals are receiled. 

Curves IIA and IIB are obtained along similar lines. 
In spite of the higher antenna gain, the signals are 
weaker as they are returned by objects at a longer 
range. Therefore the effective 011H for H = 0 has 
been corrected accordingly. 
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Fig. 2. Relationship between width of clear passage H and the 
distance D from which H is observed. Cf. Fig. 1. 
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where 114-6 is the lateral echo extension due to antennae beam-

width and -- . As represents the spot width in metres. 
A. 
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It is clear from Fig. 2 that SI can observe a free 
passage between S2 and the shore at a distance as 
great as 1800 m if a type IIB radar is used, but not 
beyond a distance of 600 m if the radar used is of 
type I. 

With the ever increasing volume of traffic, and 
particularly with the advance of round-the-clock 
operation using push-boats, there is a rising demand 
for radar sets which give a higher standard of per-
formance than that demanded by existing specifica-
tions. It will be clear now that the tangential resolving 
power as worked out above is one of the principal 
items of a specification which is to ensure safety of 
navigation. 

3. Radial Resolving Power 

This is another important property which enables a 
navigator to see what is beyond a buoy, a bend in the 
river, a harbour pier, etc. 

A radial resolving power of x metres means that 
two pin-point targets, say buoys, both located at the 
same bearing position but differing in range by x 
metres, can just be discerned as two separate objects 
on the radar screen. Let us now picture the situation 
with a large number of such pin-point targets in a 
line at intervals of x metres. The radar set is assumed 
to transmit perfectly rectangular pulses having a 
duration of Tp microseconds, Tp being x/150. If 
the echoes returned by the pin-point targets are dealt 
with by an ideal detector, they appear as in Fig. 3. 

The application of Fourier analysis to this pulse 
train, E representing the amplitude, gives the function: 

Tn 150 2 ( . T.150 300n . 106  
s(t) = E + sin - . cos t + 

X n x 

300 T 600n . 106 
+ sm . cos t + 

1 . nT 150 
+ -n sm Px n . cos t 

n 300n. 106 )} 

Tp 

Fig. 3. Echoes of pin-point targets arranged on a single line of 
sight at intervals of x/150 ps, obtained with a pulse of T, ps 

duration. 
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Fig. 4. D.c. and fundamental wave components obtained from 
a Fourier analysis of the echo pattern shown in Fig. 3. 

In this series we recognize the d.c. component 
E(T, 150Ix), the fundamental wave of frequency 
(150/x) x le, the 1st harmonic (300/x) x le, etc. In 
the practical calculation of the response of a video 
amplifier one does not proceed beyond the funda-
mental, whose amplitude is 2/n E sin 1; 150/x 7r. 

If a value of, say, 5/6 is taken for 7; 150/x, curve I 
of Fig. 4 is obtained. 

Comparing this with the original signal, we find 
distinct differences between the signal and no-signal 
states. When this signal is presented on a picture tube, 
however, the odds are that these differences are really 
no longer discernible, particularly if the signal 
threshold is low. At any rate it is useful to accentuate 
the differences between maximum and minimum. 
One way of achieving this is to give the ( 150/x) x 106 
frequency component additional gain by means of a 
response curve as shown in Fig. 5. Dash curve II 
in Fig. 4 shows how the differences between maximum 
and minimum are brought out by the use of this 
response curve. The criterion of good resolution, 

15106 (%) 

Fig. 5. Response curve of a peaked 
amplifier. 
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for minima of II equal to or less than 0, or for the given 
values of x and Tp, could be put in the following 
terms: 

(1 + a) 2 sin TP 150 n Tp 150 

it X X 

The theory given here, as far as it concerns the 
amplitude of the fundamental wave, extends without 
loss of validity to the case of single targets. This has 
been verified by measuring the unit-step response of a 
few video amplifiers. By unit-step or transient re-
sponse is understood the behaviour of the output 
signal of a video amplifier whose input circuit re-
ceives an instant voltage change E at time t = 0. 

Once this type of response has been evaluated, we 
may proceed as indicated in Fig. 6 and apply this 
method to amplifiers VA! and VAII. Figure 7 
illustrates the video response and unit-step response 
of VAI; Fig. 8 shows these responses for VAII.2 

t 

150 to.  

Fig. 7. Video and unit step 
response curves of VA!. 

—•••f if° le 

Fig. 8. Video and unit step 
response curves of VAII. 

t 
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Fig. 9. Graphic evaluation of response of VAI to signal pattern 
shown in Fig. 6. 
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Fig. 10. Graphic evaluation of response of VAII to signal 
pattern shown in Fig. 6. 

The result of applying the results given in Fig. 6 to 
VAI is shown in Fig. 9, whilst Fig. 10 gives the 
corresponding result for VAII; in each case it was 
assumed that Ti, 150/x = 5/6. It can be inferred that 
the amplitude of the fundamental wave of VA! and 
VAII is substantially equal to that obtained by 
multiplying the amplitude worked out according to 
the Fourier series by the amplification factor derived 
from the frequency response curve. This principle 
may, therefore, be applied to a radar set provided 
other elements which govern bandwidth are not 
overlooked. 

Incidentally, the properties of the picture tube itself 
(2R/AT . As) have to be taken into account in de-
signing a radar set with a certain radial resolving 
power. 

A means of improving the radial resolving power 
whilst maintaining flat video response is the use of a 
peaker or differentiator, which gives the higher 
frequencies more emphasis and thus produces the 
same effect as that accomplished in VAIL This 
method, however, impairs the presentation of 'long' 
echoes. 
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4. Some Circuits used in High-definition Radar 

4.1. Checking Frequency with a Curve on the Display 
Screen 

A portion of the signal energy is taken from the 
video amplifier and applied to a low-frequency 
amplifier tuned to the pulse repetition frequency of the 
radar set. If this amplifier is made to operate as an 
integrator, its output provides a measure for the num-
ber of echoes picked up. The output signal, a rectified 
alternating voltage V = , is fed to the time-base 
generator. The circuit is so arranged that the sweep 
stops when the sawtooth reaches the level of V _ . 
(See Fig. 11.) If this facility is introduced on a work-
ing radar set, the screen displays an endless trace 
formed by successive time-base stop pulses. In sectors 
where many echoes are picked up the sweep will be 
stopped later than in sectors of low echo density. 
Thus a bizarre outline is obtained on the screen as 
shown in Fig. 12 (trace I). If re-tuning the local 
oscillator causes the trace to spread to the position of 
trace II, it is evident that more echoes are received 
and the radar is tuned closer to its optimum frequency. 
When trace II is being written, trace I persists for a 
while so that it is easy to see whether the new trace is 
inside or outside the old one. When the trace en-
compasses the largest area, tuning is optimum. 

During the frequency adjustment the radar image 
continues to be written normally inside the trace. A 
well-designed circuit ensures that the tuning trace 

T„ 
LA F., ninX   

VIDEO AMPL 

AFAMPL. 

V. 

CR T 

SWEEP GEN   C.R.T. 

Fig. 11. Block diagram of circuit required to display a tuning 
trace on the display screen. 

Fig. 12. Tuning trace patterns displayed in different frequency 
settings of the radar set. 
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keeps at least half a radius away from the deflection 
centre in order that echoes in this region are not 
obscured. No steps have to be taken to keep the trace 
stationary when the display unit is switched through 
its various range settings. 

The circuit described offers an additional advantage. 
The alternating voltage output of the 1.f. amplifier may 
be fed to the transmitter-receiver unit where it can be 
picked up with a pair of headphones. While the 
antenna is scanning, a tone of the radar pulse repeti-
tion frequency is heard, varying in intensity with the 
'excursion' of the trace. (See I in Fig. 12.) 

When a new magnetron has been fitted, the head-
phones will not, as a rule, give a tone immediately. 
The local oscillator can now be re-tuned until the tone 
of varying intensity is strongest; this indicates opera-
tion at the optimum frequency. This method is 
convenient in practice because it is aural and makes no 
demand on the serviceman's eyes or hands. 

4.2. R.F. Sensitivity-Time Control 

Figure 13 depicts the mixer stage of a radar set. The 
echoes and the local oscillator signal are applied to 
left-hand extremity 1 of rectangular-section waveguide 
2. Plunger 3 terminates the right-hand extremity. The 
waveguide incorporates mixer crystal 4. A phasing 
control is fitted between the crystal and the plunger. 
It contains ferrite rod 5 which is polarized axially 
by a variable current through a winding 6 which 
surrounds the waveguide. If the waveguide wall under 
the winding were conductive, it would behave as a 
shorted turn and produce eddy currents which would 
prohibit rapid changes in the magnetic field in the 
waveguide. For this reason a portion of the wall 7 
is of insulating material having inside it a thin film 
of metal which acts as a screen. One end of winding 6 
is connected via resistor 8 to negative voltage source V, 
the other is earthed via variable resistor 9. The latter 
resistor is shunted by the emitter-to-collector path of 
transistor 10. The effective electrical length of wave-
guide between mixer crystal 4 and plunger 3 depends 
on the polarization of ferrite rod 5 and hence on the 
current through winding 6. Now this current may be 
passed through the winding in such a manner that the 
length of the electrical path is an even multiple of a 
quarter wavelength during and briefly after each radar 
pulse. The mixer crystal is then located in a null or 
node of the electrical field, both for echo signals and 
for the local-oscillator signal, and cannot deliver any 
appreciable i.f. energy to output terminals 11 and 12. 
During the remainder of the interval between radar 
pulses the current through winding 6 has such a value 
that the electrical length between crystal 4 and plunger 
3 is an odd multiple of a quarter wavelength. Being in 
an antinode, the crystal now delivers full output. The 
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Fig. 13. RS. sensitivity-time control circuit. 

transfer loss of the crystal is 0.2 dB when in an 
antinode and of the order of 60 dB when in a node. 
As regards the adjustment of the system, plunger 3 
should be set for optimum reception while transistor' 
10 is conductive; variable resistor 9 is then practically 
shorted out. When the transistor is cut off, the 
transfer loss can be adjusted with the variable resistor, 
which is located on the control panel of the display 
unit. The advantage of the r.f. sensitivity-time control 
is that it effectively prevents saturation of the mixer 
stage and the first stages of the i.f. amplifier. 

5. Practical Results obtained with High-definition 
Equipment 

5.1. Tangential Resolving Power 

The circuits described in Section 4 are employed in a 
transistorized river radar (Philips type 8GR 260) first 
produced in 1962. 

To achieve the high tangential resolving power 
whose importance was stressed in Section 2, without 
having to resort to the use of a large antenna, a fre-
quency as high as 33 Gc/s was adopted with a 
horizontal beamwidth of 0.6 deg between — 3 dB 
points. The reduction of antenna size is essential 
because river vessels rarely have space to spare. In 
this respect the use of transistors is another step 
forward. Other advantages offered by transistoriza-
tion are greater reliability and low power consump-
tion, which are marked assets on river vessels. Figure 
14 shows how the display of the 9 mm radar is cluttered 
up by a rain-shower when the r.f.-s.t.c. is switched 
off; Fig. 15 illustrates the same display with the s.t.c. 
circuit in action. It may be of interest to know that 
the operative range of this circuit extends to 900 m. 

Figure 15 shows residual rain clutter near the centre. 
This is due to the shape of the s.t.c. curve, which has 
to effect receiver regulation in the region correspond-
ing to the fourth power of range R as given in the 
radar range formula. Rain clutter, however, has only 
a second-power relationship to R. A similar residue 
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Fig. 14. Picture obtained with river radar set (type 8GR 260) in a 
rain shower with the r.f.—s.t.c. circuit switched off. Precipitation 

rate approx. 7 mm/h. 

of rain clutter is encountered in practice with the use of 
circular polarization. The 8GR 260 uses a double-
cheese antenna because a duplexer system for 8 mm 
waves is too costly and the t/r cells used in it are 
comparatively short-lived, thus defeating the design 
objective of highest possible mean-time-between-
failures. The need for a high m.t.b.f. has also prompted 
the development of a solid-state modulator for the 
magnetron, producing an r.f. pulse of about 35 ns 
duration. As for the noise figure, components now 
available permit it to be reduced to some 12 dB; 
in the 8GR 260 it is a few decibels higher. Generally 
speaking the price of r.f. components for a milli-
metric radar is higher than for a centimetric radar, 
partly because closer tolerances have to be realized 
in production. On the other hand the antenna drive 
equipment is less expensive because the antenna is 
small and of light weight and presents a small area 
to the wind, so its power requirements are low. 
Admittedly, a millimetric radar is more sensitive to 
rain than a radar working in the centimetre-band, but 
on waterways, where a range of a few thousand 
metres is all that is needed, the loss of range coverage 
caused by rain plays only a minor role. 
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5.2. Radial Resolving Power 

The 8GR 260 radar uses a video amplifier whose 
a-value (Fig. 5) is about 0.2 at 19 Mc/s. The radar 
pulse has a duration of 35 nanoseconds, which is 
accomplished by the use of a magnetic modulator. 

It may be shown that these values permit good 
target discrimination at x = 150/19 = 8 m. Applying 
eqn. (2) of Section 3 as a criterion: 

(1 + a) 2 sin T° 150 /I T° 150  

Thus the radar comes within the limits laid down for 
good radial definition. The lowest range scale of the 
display unit is 600 m, the effective diameter of the 
cathode-ray tube is 26 cm (12 in. model) and each 
spot has an approximate diameter of 0.5 mm, so a 
spot represents a length of 

2R 1200 
x 0.5 = 2.3 m 

AT 260 

Theory suggests that on the basis of this a radial 
resolving power of about 8 m is to be expected, and 
this is confirmed by practice. Figure 16 shows the 8 mm 
waterway radar on board a French push-boat. 

Fig. 15. The effect of the r.f.-s.t.c. circuit on the picture shown 
in Fig. 14. 
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Fig. 16. An 8 GR 260 set on board the push-boat Sûre (Communauté de la Navigation Française Rhénane). 

Fig. 17. Radar view of 
Cuxhaven area (Elbe estuary). 
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5.3. Narrow Beamwidth Antennae 

Waterway supervision radar systems are not always 
strictly shore-based like those in use at Umuiden 
(Amsterdam), along the Nieuwe Waterweg to Rotter-
dam, and along the Gironde (France). It may happen 
that supervision equipment is installed on lighthouses 
out at sea. Typical of this is the Elbe and Weser sur-
veillance system" in which land-based operational 
centres handle information collected via radio links 
from various radar stations. 

The topographical situation did not offer many sites 
where a radar unit could obtain a close-up view of the 
waterway, so stringent requirements had to be set for 
horizontal beamwidth in order that piloted vessels 
could be supplied with sufficiently accurate informa-
tion. To meet these requirements the Nederlands 
Radar Proefstation (Netherlands Radar Research 
Establishment) developed slotted waveguide aerials 
with OH( _3dB) values which were occasionally as small 
as 0.4 deg (IJmuiden radar system). The use of slotted 
radiators was dictated by the fact that many of the 
antennae had to be installed on lighthouses. Such 
radiators have little weight and present only a small 
surface area to the wind. If a large reflector were used, 
the varying wind forces would set the optical system 
of the lighthouse vibrating, which would have an 
adverse effect on the light beam at long distances. 

Figure 17 gives a radar picture of Cuxhaven on the 
Elbe. Full range is 16 km, and the interval between the 
calibrating circles is 2 km. In order to achieve a 
bearing accuracy of 0.4 deg, azimuth markers are 
written at intervals of 5 deg on ranges (in Fig. 17) of 
2, 3, 4, 6, 8, 12 and 16 km. They are produced by a 
magnetic pulse generator fitted in the antenna control 
gear of the radar station. The cursor shown in Fig. 17 
originates at this station from the point representing 
the radar site. A small circular range marker can be 
moved any desired distance along it. A north reference 
is provided by a row of dots. The fairway near the 
station is marked out with five 'lines of light'. 

6. Conclusion 

A significant reason for the increase of traffic 
density on inland waterways is the ever growing 
demand for efficient cargo handling. Means for 
satisfying this demand are push-boats and tankers of 
greater capacity in round-the-clock operation. In 

order to ensure safe navigation with these vessels 
under poor visibility conditions the need for radar 
sets with better definition becomes apparent. To 
realize this better definition and to avoid large 
antennae a transistorized river radar has been de-
veloped which operates at 33 Gc/s. A criterion 
based on the Fourier analysis of a pulse train is 
formulated to assess radial resolving power. It is 
verified graphically on a small number of pulses 
with two video amplifiers whose unit-step responses 
are known. A radio-frequency sensitivity-time 
control circuit is used to overcome serious clutter. 

A novel method enables a radar set to be tuned 
whilst retaining a picture of near-by echoes. A trace 
which outlines the inner part of the radar picture is 
adjusted for maximum enclosed area. The method 
is simple and easy to interpret. 

A photograph giving a radar view of the Cuxhaven 
waterway area shows the visual aids which enable an 
operator in a waterway supervision radar system to 
supply ships' pilots rapidly with accurate navigational 
information. 
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Summary: Exact numerical solutions have been obtained for unit step 
response of constant-k delay lines. Results are given for finite lines 
terminated at one end and at both ends with a resistance equal to the 
characteristic impedance of the line, and for the voltage output tapped 
off an infinite line after a finite number of sections. 

1. Introduction 

The behaviour of delay lines has, until recently, been 
investigated mainly through the properties of frequency 
response and phase shift." 2 With the advent of pulse 
and digital techniques the pulse response of delay lines 
became important. However, the solution of the mesh 
equations of multiple-section delay line with lumped 
constants is very tedious. Until now resort has been 
made to experimental techniques' or to calculations 
of a single section and simple extrapolation to com-
posite lines.4 

The tedium of numerical work can be considerably 
relieved by using a fast electronic computer and thus 
exact numerical solutions may be obtained. The only 
limit on the accuracy of the results is accumulation of 
rounding-off errors. 

In this paper we give the results obtained for the 
response of a constant-k delay line to unit-step 
excitation. Unit-step response is usually the most 
interesting feature of delay lines used in pulse circuits. 
Calculations were carried out on a Philco 2000 
(TRANSAC) computer operating in floating point 
arithmetic with 10 decimal significant figures. We have 
investigated the response of an infinite line and of 
finite lines terminated either on one side or on both 
sides with a resistance equal to the characteristic 
impedance of the line. 

2. Line of Infinite Length 

When a unit-step voltage, from a generator of zero 
internal impedance, is applied to an infinite line a 
solution in closed form, in terms of Bessel functions, 
may be obtained.' Let the first stage of the line have 
the form depicted in Fig. I. Since the line is infinite in 
length the impedance 'looking' into the output of the 
section is equal to the input impedance and the Laplace 

t Scientific Department, Ministry of Defense, Israel. 
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transform of the line impedance turns out to be 

2(z) = L.,1s2 ce2  (1) 

where 
2 

After infinite time, when the transients die away, the 
input impedance becomes (2LIC)+ and has dimensions 
of pure resistance. Using eqn. ( 1), the solution of the 
mesh for the Laplace transform of the output 
voltage yields 

) 1 (1, I S2 ± 012 _ .02 

Eci S 012 
(2) 

The transform of the output voltage tapped off after n 
sections is similarly 

E.\ = 1 (V's2 ot2 s)2n 

40) s Œ2N  (3) 

The inverse of the numerator in eqn. (3) is known' 
and is given by 

2" 
1(J s2 2n .a J2n(Ce0   

where J2 (at) is the ordinary Bessel function of order 
2n. 

By the convolution theorem the inverse of eqn. (3) 
is obtained in the form: 

Ea 

o  

Jw 

o 

at 

—En = 2n f n(r) clz 

E0 z o 
Ei/2 E 

"CrOtreCnta0"a--e--Irtftantaare----C) 

CT 
INFINITE 

NUMBER 

• OF SECTIONS 

o 

(4) 

(5) 

Fig. 1. First section of a constant k delay line with lumped 
constants. 
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Fig. 2. Voltage output of an infinite delay line after various 
numbers of sections. The input is a unit step. 

50 100 150 200 a / 

Fig. 3. Voltage output of an infinite delay line after various 
numbers of sections. The input is a unit step. 

A subroutine for calculating the value of Bessel 
functions was available in the library of the computer 
and the right-hand side of eqn. (5) was evaluated by 
numerical integration for various values of n and t. 
To make the curves universal the time axis is measured 
in dimensionless units of at. The results are shown 
in Figs. 2 and 3. The delay time (rise to 50 % of final 
value) after n sections is found to exceed the value of 
at = 2n (i.e. t = n\l(2LC)). However, the relative 
deviation decreases as the number of sections increases. 
The excess delay time (over at = 2n) as a function of 
the number of sections in the line is shown in Fig. 4. 

The increase in rise-time (10% to 90 % of final value) 
is shown in Fig. 5. It may be shown that the rise time 
deteriorates in the beginning more slowly than n'o. 

The results were checked in an independent way by 
obtaining the inverse of eqn. (3) in a different form. 
Thus if the square in eqn. (2) is expanded we obtain 

) U(\ = 1 (..1s2s2 ot2 _s) 

o s a 
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and inversion gives directly the output voltage after 
one section as 

El 2 , 
0 = 1 — — J Iva) 

at 
(7) 

This scheme can be extended further to yield 

2 
= 1 — 

E0 at 

 (8) 

The simplicity of eqn. (8) makes it well adapted for 
hand calculation with the aid of tables. 

Comparison of the results of using eqn. (8) with 
those from eqn. (5) showed good agreement to five 
significant figures or more. However, eqn. (8) was 
found more useful because it gave directly the desired 
value at any given point with no dependence on the 
results of all previous points, as required by the 
integral of eqn. (5). This feature was found convenient 
in calculating the response of lines with a large number 
of sections. 

10% 

10 

NUMBER OF SECTIONS 

100 

Fig. 4. Excess of delay time over at = 2n (i.e. t r. 2LC)after 
n sections. Infinite delay line. 
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(6) Fig. 5. Rise-time of an infinite delay line after variable number 
of sections. 
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Fig. 6. Voltage output of an infinite delay line after various odd 
numbers of half sections. The input is a unit step. 

Equation (5) shows that for each additional section 
the order of the Bessel function increases by two. This 
observation might suggest that the response after an 
odd number of half sections would be given by the 
same equation with functions of odd order. This, 
however, turns out not to be the case. The transform 
of the response after an odd number of half sections 
may be obtained by using eqn. (3) at the input and 
output of the nth section and calculating the voltage 
on the capacitor. The result is 

(
E n+ 4, 1 (.../ s 2 + ot2_ s)2n+ 1 

E0 S.CX2n ,152+Œ2 

and its inversion yields 
at 

(9) 

4++ - f J2„, t(r). dr 
E0 — 0 
= 1 - [Jo (at) + 2J 2 (« + 2J4(ca) + + 

+ 2J2n(cet)]  (10) 

The right-hand side of eqn. ( 10) is obtained, as before, 
by successive expansion of a second power factor in 
eqn. (9) before inversion. 

The response of a delay line after several odd num-
bers of half sections is given in Fig. 6. These curves 
have an interesting mathematical property. Each 
curve intersects the curves of the adjacent even 
number curves (i.e. the curves of delay lines with one 
half section more and one half section less) at all their 
maxima and minima. The first overshoot decreases as 
one advances along the line and becomes 27-46% 
after 99991 sections. For an even number of half 
sections the overshoot increases steadily as the 
number of sections increases (Fig. 7) and reaches 
27-39% after 10 000 sections. The first overshoot 
after one half section is 40-21%, indicating that the 
first capacitor should be rated to withstand this 
excess voltage. 

May 1965 

o 40 
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Fig. 7. The first overshoot of an infinite delay line for variable 
even and odd numbers of half sections. Curve F shows the 
overshoot of a finite line terminated only at one end and Curve 
FR shows the overshoot of a finite line terminated at both ends, 

as a function of the number of sections. 

Fig. 8. Diagram of a two-section constant k delay line terminated 
with a resistance equal to the characteristic impedance of the 

line. 

3. Line of Finite Length 

Evaluation of the determinants obtained in solving 
the Laplace transform of the mesh equations quickly 
becomes quite involved. The polynomial in the de-
nominator of the transformed voltage equation is of 
third power for a single section and increases by two 
for each additional section. For a two-section line, as 
in Fig. 8, the determinant is 

A — 1/Cs 

PA3 = — 1/Cs F —1/Cs 

O —1/Cs B 

where A = sL+1ICs; F = 2(sL+11Cs); B = sL+ R+ 
1/Cs and R = (2L/C)+, and the transform of the out-
put voltage takes the final form: 

2  (E2 =  1  

\ Bo) s(8s5 + 8s4 + 12s3 + 8s2 + 4s + 1) 

This third-order determinant and all the higher ones 
have some common features. The main diagonal is 
occupied only by the terms F except the first and last 
entries. The last is always B. The first entry is A when 
the pulse generator has zero internal impedance, or B 
if the internal impedance is R. The two adjacent 
diagonals contain only the terms —1/Cs and all the 
other entries are zero. These features enable us to 
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derive the polynomial of s, obtained by expanding the 
determinant, in a systematic way, convenient for 
computer programming. 

Let us define the subsidiary determinant PFm as 
follows: The determinant contains the entries F on the 
main diagonal m — 1 times, and the last entry is B. 
The two adjacent diagonals contain the terms — 1/Cs 
and all the other entries are zero. Thus the fourth 
determinant is: 

PF4 = 

It is easily verified that beyond m 2 
recursion formula holds: 

PF. = F . PF„,_ 1—PF„,_ 2.11(Cs)2  (11) 

By inserting convenient numbers for R, L and C 
(e.g. 2, 2 and 1 respectively), starting with PF2 = B 
and PFo = 1, and using eqn. (11) a series of poly- 3 0 1 2 

nomials in s is obtained as far as needed. 1 6 12 

Now if PA„, and PB„, are the polynomials in s for a 2 18 36 

generator impedance zero and R respectively, then: 3 38 70 

PA,„= A . PF„,_ 1— PF„,_ 2/(Cs)2  (12) 4 48 96 

5  PB,„= B.PF,„_ i—PF„, 2/(CS)2  (13) 64 96 
6 32 64 

For a delay line of n sections these equations hold with 7 32 32 

m = n+ 1. On insertion in the mesh equation, the 
Laplace transforms of the output voltage take, 
respectively, the form: 

2(41E0) = lls . An  (14) 

2(EnIE0)= lls.Bn  (15) 
where 

F — 1/Cs 

— 1/Cs F — 1/Cs 

0 — 1/Cs F — 1/Cs 

—1/Cs B 

the following 

Table 1 

Coefficients of the network polynomials in s (eqns. 
(14) and (15)) for finite delay lines with n sections 

n Power of s A„ 

1 0 1 2 

1 2 4 

2 2 4 

3 2 2 

2 0 1 2 

1 4 8 

2 8 16 

3 12 20 

4 8 16 

5 8 8 

An = PAn+i•sn+ i/2 and Bn = PBn+i .sn+112 

An and Bn are the required polynomials for a delay 
line with n sections. These polynomials are con-
veniently obtained by using recursion formulas ( 11), 
(12) and (13). The coefficients of the first few poly-
nomials are given in Table 1. 

Solution and inversion of eqns. (14) and (15) were 
approached in two different ways. In the first way the 
polynomials were factorized and inversion was carried 
out by summation of residues. 

It should be observed that the polynomials are of odd 
power and one real root is negative. The root is — 1 
for a single section terminated on both sides with 
resistances and increases towards zero as the number 
of sections increases. The real root was isolated by the 
Newton-Raphson method. All the other roots are 
complex and distinct. The reduced polynomial was 
factorized into second degree equations using the 
Bairstow process. The trial factor x2+px+q was 
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4 0 1 2 

1 8 16 

2 32 64 

3 88 168 

4 160 320 

5 272 464 

6 256 512 

7 320 448 

8 128 256 

9 128 128 

5 0 1 2 

1 10 20 

2 50 100 

3 170 330 

4 400 800 

5 832 1504 

6 1120 2240 

7 1696 2720 

8 1280 2560 

9 1536 2048 

10 512 1024 

11 512 512 
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Table 2 

Values of the constants in eqn. (16) for delay lines terminated on one end only 

1 - 0.801223 - 0198776 0.643692 - 0.647799 - 0.176101 0.860717 

2 - 0.982304 - 0188217 1-051539 - 0414567 - 0.259020 0.525075 

0-170522 - 0108721 - 0.033696 0.937260 

3 - 1143755 - 0.101317 1.347947 - 0.316395 - 0.236474 0.367889 

0.328700 - 0.231471 - 0.094546 0.735741 

- 0.083627 0.031042 - 0.010783 0.968696 

4 - 1.290648 - 0.004677 1.599001 - 0.259953 - 0.209459 0.282696 

0.426135 - 0.343749 - 0114182 0.585637 

- 0.178929 0.067720 - 0-041715 0-840171 

0-048119 - 0.012780 - 0-004668 0-981674 

5 - 1426875 0.093602 1.822613 - 0.222577 - 01 86855 0.229696 

0-501581 - 0453440 - 0117614 0482417 

- 0.245492 0.101050 - 0.060121 0.718165 

0108238 - 0.028237 - 0.021703 0.894489 

- 0-031055 0.006456 - 0-002418 0.988055 

Table 3 

Values of the constants in eqn. (16) for delay lines terminated on both ends. 
Normalized to give unity final output 

X Y 

1 - 1.000000 0.000000 11 54700 - 1.000000 - 0.500000 0.866025 

2 - 1.473680 0.000000 2.000000 - 0.647799 - 0500000 0.500000 

0.473680 - 0149605 - 0.176101 0.860717 

3 - 2.000000 0.171041 2.897327 - 0.500000 - 0428633 0.345733 

1.000000 - 0.377964 - 0.250000 0.661438 

- 0-171041 - 0.069389 - 0-071367 0.905146 

4 - 2.565018 0434574 3.840884 - 0.414567 - 0-371467 0.264543 

1.505305 - 0.721008 - 0.259020 0-525075 

- 0434574 - 0159116 - 0128533 0.764543 

0-059713 0.053387 - 0.033696 0.937260 

5 - 3163277 0.768488 4.824964 - 0-357613 - 0.328157 0.214696 

2.000000 - 11 54700 - 0.250000 0433013 

- 0.743751 - 0.219319 - 0153699 0.648265 

0-163277 0.143569 - 0-071194 0.833074 

- 0.024737 - 0.032558 - 0.018144 0.956712 
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Fig. 9. Voltage output of a finite delay line terminated only at 
one end for various numbers of sections. Input is a unit step. 

found always to converge to a solution by starting 
with p = q = 0. The method of Lin was also success-
ful for factorizing these polynomials. The second 
degree equations yielded pairs of complex roots. The 
real part is always negative (damping exponent) and 
the imaginary part gives the frequency. Summation 
of the residues at the poles yields the solution as a 
sum of a finite trigonometric series 

E/E0 = 1 + K . exp X . at + 

+ E exp yi.oct(Li . cos Wi . oct — Mi . sin W.; . t) 
j= 1 

j = 1, 2, ..., n ...(16) 

The coefficients of the first few equations are given in 
Tables 2 and 3. The results are shown graphically in 
Figs. 9 and 10. 

In the second way the denominator of eqns. (14) 
and (15) was divided into the numerator for obtaining 
an infinite series in powers of 1/s. The result was 
inverted term by term to yield a series in ascending 
powers of time (in at units). In order to reduce the 
rate of rounding-off error accumulation, the operations 
of advancing from one term of the series to the next 
were carried out partly by double precision calcula-
tions. However, rounding-off error accumulation 
limited the useful number of terms in the series to 
less than fifty. Results were found to be accurate for 
small values of at. At values of ca of about 20 the 
results were still good to five significant figures but 
beyond that accuracy deteriorated rapidly. Thus this 

Fig. 10. Voltage output of a finite delay line terminated at both 
ends for various numbers of sections. Input is a unit step. 

method served as a check on the results of the trigo-
nometric computations up to about 10 sections. 

The response of the finite lines approaches the 
response of the infinite line as the number of sections 
increases. Beyond ten sections the response of a delay 
line terminated on both sides is practically the same 
as the response of an infinite line. Finite delay lines 
terminated on one side only approach the response 
of the infinite line more slowly, as can be seen in Fig. 7. 
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Reprinted from the Proceedings of the Symposium on "Signal Proces-
sing in Radar and Sonar Directional Systems", held in Birmingham 
on 6th-9th July 1964. 

Summary: The type of radar array outlined in this paper utilizes individual 
receiving aerials followed by amplifiers and an intermediate-frequency 
phasing matrix. This matrix simultaneously issues data corresponding to 
orthogonal aerial lobes covering a wide angular sector. The general 
principles involved are outlined as well as supporting experimental work 
and current developments. 

List of Symbols 

distance between array elements 

voltage gain 

index for 'noise' 

noise voltage 

aperture width 

aperture distribution 

frequency 

'radiation' pattern 

conductance 

'power illumination' radiation pattern 

numbering of matrix rows 

current 

numbering of matrix columns 

Boltzmann's constant 

signal/noise ratio loss 

number of matrix rows 

number of matrix columns 

noise factor 

1. Introduction and General Description 

Arrays can be used either for providing the almost 
instantaneous scanning of one radar beam, or for 
delivering received signals (e.g. echoes) in several 
simultaneous channels. This latter type of array 
radar can provide an angular coverage Or = nO 
with n channels of individual coverage O. 

The present paper describes a small-scale experi-
mental model set of this latter type of receiving array. 
This model makes use of an i.f. phasing matrix and 

t Compagnie Française Thomson-Houston, Systèmes Elec-
troniques Radars, Bagneux, Seine, France. 
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P, 

r, R 

S, S', S. 

To 

u, U0 

V 

1 

o 
Go 
O 

or 

Pb 

integers 

total radiated field 

resistance 

signal, image, local oscillator voltages 

increase in side-lobe level intensity 

290° Kelvin 

spurious and no-error radiated fields 

voltage 

phase-shift 

correlation coefficient 

wavelength 

antenna gain 

angle 

maximum radiation direction 

beamwidth 

angular sector (coverage) 

noise resistance 

standard deviation 

its object is to verify the feasibility of such a tech-
nique.' The general principles of the receiving system 
are shown on Fig. 1. 

The antenna itself includes m sources lined up 
side-by-side. (These sources can be disposed along 
the focal line of a parabolic cylinder in order to 
narrow the beams in the transverse planes.) The r.f. 
signals received by each of these sources are mixed 
with a local oscillator and are in this way converted 
into if. signals, their respective amplitudes and 
phases being left unchanged. 

The output voltages V, of the m identical receivers 
are delivered on the inputs of the m rows ( 1, 2, . . 
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L 0 

SUPERHETERODYNE 
SOURCES RECEIVERS 

L 0 

R 
p.2 1" p.3 Vk 

ik CELL VECTOR DIAGRAM 

OUTPUT 
2 

CHANNELS 

Fig. 1. Basic details of the receiver array. 

. . m) of the phasing matrix. The outputs of the 
matrix are taken from the n columns ( 1, 2, . . k, 
. . . n). Each of these columns gives the equivalent 
of an individual antenna with its own equivalent 
`radiation' pattern. 

The phasing matrix operates as follows: The voltage 
Vi from the ith receiver is divided into four voltages 

exp (jpn/2) (p = 0, 1, 2, 3), in quadrature, which 
feed the ith row of the matrix. Through two of these 
voltages [V; = V. exp (jpir12) and = jV;], each 
element (or cell) ik of the matrix delivers an output 
voltage: 

vt vk 

Vik ' Vi eXP (jCeik) 
12;k R;k 

(Refer to the vector diagram of Fig. 1.) 

If the resistors ek and /27k across V; and V7 are: 

rik 

= cos (CEik — pit/2) 
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ru,  
k = . ...(1) 

sin (am — Pir12) 

and if V; and V7 (that is to say p) are properly chosen, 
the input voltage Vi can be outphased by any phase 
angle œ,k(0 aik < 2n). All the voltages Vik from 
the m cells of the kth column are summed in an adder 
of very low input impedance. 

A plane electromagnetic wave falling on the array 
under an incidence 0 induces in each source equal 
amplitude, progressively phased voltages. The object 
of the matrix is to restore these voltages in phase for 
n particular angular directions 0 = 0„. The equiva-
lent 'radiation pattern' thus measured at the output 
of the kth column adder has a maximum in the 
Ook direction if the phases are: 

2n . 
ctik = —A ta sin Ook 

(i can have any integral value between 0 and m — 1, 
a is the array element spacing, and A the wavelength). 

The proper value of rik (eqn. (1)) is determined by 
the matching conditions of the receiver outputs. In 
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the common case of uniform amplitude arrays all the 
rik are equal (r,k = ro), but a proper choice of these 
roc can offer the possibility of tapering the amplitude 
(side-lobe reduction) of the kth column. As will be 
seen in Section 2, the maxima of the equivalent 
radiation patterns are usually chosen in order that 
these patterns are two-by-two orthogonal functions. 
For a uniform amplitude array the matrix cell phases 
are in this case: am = ik2nlm (with i comprising 
every integral value between 0 and m— 1 and k 
between 0 and n-1; the integral values of k can also 
be chosen symmetrically around 0). 

The experimental model set which is described is 
an array of m = 8 sources. Thus the phase-shifts 
to be included in the matrix (am = iknI4) only 
require resistor values Rik (or R7k) = ro or rn\l2, 
plus, of course, infinite value (V; or V7 disconnected). 

The h.f. components of the model set are in the 
X-band. The if. of the matrix is 3 Mc/s. On the 
schematic diagram (Fig. 1), each superheterodyne 
receiver actually comprises two frequency converters. 
The first one mixes the h.f. received signals with 
in-phase local signals fed from an oscillator through a 
splitter network. The first if. is 36 Mc/s in order to 
obtain a reasonably good noise-factor (about 8 dB). 
The 36-Mc/s amplifiers are adjusted in order to mini-
mize their differential phase shift and gain (that is, 
in order to render each amplifier as identical as 
possible to the others). These amplifiers, which have 
a much wider bandwidth (20 Mc/s) than the matched 
bandwidth are of a similar design to the monopulse 
radar i.f. amplifiers. The second converter which 
follows these amplifiers transposes the i.f. to 3 Mc/s. 
This converter is of the single-sideband-type in order 
to suppress the image noise due to the wide band-
width of the 36 Mc/s amplifiers. 

The basic principles of the technique have been 
tested using this model (Sect. 4) and their extension 
to more realistic problems, which would need wider 
arrays, is being considered. 

2. Principles of Operation 

This section outlines some points of the theory of 
multi-beam receiving arrays with special regard to 
i.f. matrix arrays. 

2.1. Orthogonality Conditions. Equivalent Radiation 
Patterns 

It has been shown" that the radiation patterns 
Fk(0). . . F,(0). . . of a lossless multi-beam aerial 
must be represented by orthogonal functions in order 
to avoid coupling between the different channels: 

+ co 

Fk(sin 0)F,(sin0)d(sin 0). 0  (2) 
- 
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This expression is rigorous only in the small angles 
approximation, i.e. for narrow, slightly deflected 
beams. The significance of the orthogonality relation 
in the post-amplification beam-forming-array case 
is explained in Appendix 1. 

If the pattern functions F(sin 0) are the same, 
except for their deflection angle, this condition 
becomes: 
+ 

f F(sin 0— sin Onk). F*(sin 0— sin 0e,) d(sin 0). 0 
- 00 

80k, Ow being the angles of the maxima of the radiation 
patterns for the channels k and 1. 

Finally, this condition can be written: 

H(0). 0 

with 
+1:112 

H(0)= f E(x).E*(x)exp ( — j2n/).. x sin 0) dx 
Dp, 

E(x) is the illumination function of the equivalent 
'radiating aperture' and D the width of this aperture. 

Thus the angular intervals sin 001—sin 00,„ . . . 
between the directions 00k, 801 . . . of the maxima of 
the radiation patterns must be equal to the zeros 
of the function H(sin 0). This function can be called 
the 'radiation pattern of the aperture power dis-
tribution'. 

For a uniform array with an element spacing a: 
i=m 

E(x) = E E.(x—ia) 
I= 0 

sin [m 7 (sin O — sin Ook)] 

Fk(0)= Fe(0)   •••(3) 

sin reel (sin 0 — sin Ook)] 

sin [m '11- sin 01 1 
H(0)= He(0) 

sin [le—a sin 0] 

E.(x) is the field intensity across an individual source, 

Fe(0) is the radiation pattern of a source (element 
factor), 

14(0) is the radiation pattern of one fictitious indivi-
dual source with a field intensity [E,(x)]2. 

Usually, the individual sources have a broad 
pattern Fe(0). In this case the first zeros of H(0) 
are also the zeros of the array factor. This means 
that: 

sin Ow—sin Ook = 
ma 

q being an integer. 

(4) 
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The maximum of a 'radiation pattern' then coin-
cides with the zeros of the other 'radiation patterns'. 

2.2. Phase Differences within the Matrix 

It can be shown from this equation that the phase 
differences within a matrix, which has uniform 
amplitude distribution and gives independent beams, 
are 

2it 
oc,k = ¡k-

as mentioned above. The orthogonality condition 
appears as a natural property inside the matrix: a 
plane electromagnetic wave with angle of incidence 
Ook gives a voltage which is proportional to 

m=1 2E 
E expji(l— k)—m 
i=o 

at the output of the /th column. This voltage is maxi-
mum for / = k (output of the kth column) and is 
zero for / k. 

2.3. Maximum Number of Effective Beams. Grating 
Lobes 

Shannon's Sampling Theorem can be applied to 
antenna theory': in this sense, an angular sector 0,-
can be analysed with an antenna of aperture D by 
resolving this sector in a number OT D/À of indepen-
dent samples. Thus Or DR is the number (n) of inde-
pendent (orthogonal) beams which can be received 
in this sector Or by an uniform array whose aperture 
is D(= ma). Now, the number of degrees of freedom 
in the array is, of course, equal to the number m of 
sources. Hence n m: the number of independent 
beams (number of columns) of the matrix cannot be 
greater than the number of sources (number of 
rows). 

The condition n = m would be realizable only if 
the array distribution had been kept uniform in all 
the directions of the 0 T sector. In other words, this 
imposes the condition that the element factor Fe(0) 
should be approximately constant (with 1 dB toler-
ance for instance) in the whole OT coverage. 

The number of utilizable beams can be calculated 
in another way from the tolerance to be kept on the 
maximum level of the grating lobes ( 10 dB for in-
stance). The side (and grating) lobes can also be 
considered as the consequence of the regular 'stepped' 
phase errors on the aperture distribution for deflected 
beams. 

The main results are outlined in Fig. 2. Figure 2 (a) 
shows that the number of independent (orthogonal) 
beams n can be almost equal to the number of m 
sources in the case of half-wavelength elements, but 
cannot be greater than m/2 if the element (source) 
width, exceeds about 0.9.1. Figure 2(b) shows the 
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Fig. 2. Array coverage capability. 

Or angular sector which can be covered by these n 
beams. 

Note that: ( 1) These results are valid only for a 
totally filled aperture distribution. The sources 
(elements) must be lined up side-by-side and their own 
aperture distribution must be uniform. Nevertheless, 
this latter condition can be relaxed for elements 
shorter than one wavelength. 

(2) Some special methods can be used, in particular 
applications, to reduce the number of elements (and 
consequently the number of rows in the matrix) 
without impairing the system performances. 

(3) In the theoretical case n = m, the first and the 
last beams are symmetrical about the broadside 
direction and have identical amplitudes; each one 
forms the grating lobe of the other one. 

2.4. Tolerances on Phases and Amplitudes 

The theory of the influence of manufacturing 
errors on antenna performances' s can be applied 
to the post-amplification arrays in order to calculate 
the tolerances on the alignment and stability of the 
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differential phase shift and amplitude (gain) between 
the m receivers. Such random variations of phase 
and amplitude: 

(a) Involve a loss L in the signal/noise ratio (equiva-
lent to a loss in antenna gain). 

(b) Raise the side-lobe level. The spurious radia-
tion pattern produced by the errors has an envelope 
which is the element factor Fe(0) and a maximum 
'gain' ( 1 — z)'Te, re being the element gain. This 
diffused radiation compounds with the no-error 
radiation pattern (according to random outphasing 
conditions). 

The main practical results can be summarized by 
the following formulae: 

(i) Loss of signal/noise level (equivalent loss of 
antenna gain) (decibels) 

= — 10 log ( 1 + a2) 

—4-3a2 (for a 0.3) 

a is the total standard deviation of the errors 

a2 = 2 2p 

a and o-„ are the standard deviations of the phase 
errors and amplitude errors. 

When the aperture amplitude distribution is not 
uniform, a must be tapered according to this dis-
tribution. 

a the standard deviation on differential phase 
shifts is, of course, measured in radians. 

aa can be measured by the differential receiver gain: 

20 log ( 1 + aa) 8.7a. 

(ii) Side-lobe level: In proximity to the broadside 
direction, the side-lobe level is raised (within a prob-
ability limit P) by an amplitude ratio t (see Appen-
dix 2): 

(5) 

z is a constant quantity which depends on P.t 

t This expression is valid for a uniform aperture distribution 

1  and for - , — < . z given by the following table: 
hV2Vni 3 

P: Probability limit of the increase for: 

One 
side-lobe 

The two 
symmetrical 
side-lobes 

0.71 

0.89 

O95 

0.975 

0.995 

0.5 

0.8 

0-9 

0.95 

0.99 

0.55 

1.25 

1.63 

2 

2.58 
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h is the relative amplitude of the theoretical 
side-lobe. 

For instance, if the theoretical level (- 13 dB or 
h = 0.224) of the first two side-lobes is to be raised 
not more than 1 dB (t = 1.12) within 90% prob-
ability (z = 1-63), it is necessary that: 

0.023./m 

For m = 100 elements a < 0.23 which can be divided 
(for instance) into: 

lap' 90, 0-05 (+ 0.4 dB) 

For m = 8 elements a 0.065 and, for example: 

0.05 (+ 0.4 dB) lapi 25°, 
(iii) Errors can be divided into: 

(a) Errors on r.f. components, which principally 
divide into: 

(1) Errors on T-R cells (not used on the present 
experimental set). These cells must be of the 
'controlled phase' type. The standard devia-
tions of differential phase shift and amplitude 
errors for this type of cell can amount to ± 3° 
(± 5° specification value) and ± 0.1 dB. 

(2) Errors on r.f. mixers. These errors are very 
small (± 1°). The conversion loss (amplitude 
errors) have a standard deviation about 
±0.25 dB. 

(b) Errors on the 36 Mc/s i.f. amplifiers. These 
errors can be adjusted to ± 2° and ± 1 dB (or less). 
These limit values are valid on the whole dynamic 
range. 

(c) Errors on the matrix elements: These errors are 
usually negligible. 

To sum up, the required tolerances are easily kept 
when the number of sources (m) is greater than thirty 
or so. For small arrays, very accurate adjustments are 
necessary. For big arrays, these initial adjustments 
are easy but the permanent test devices, which could 
be necessary in operational conditions, become 
complex and cumbersome. 

2.5. Noise Factor 

Firstly, it is necessary to recall the fact that the 
sensitivity of an array-type radar comprising m 
sources (elements) of individual gain re is the same 
in the two following hypotheses: 

The electromagnetic fields received in the elements 
are added by a r.f. process in one receiver. 

Or: The voltages induced by these fields are fre-
quency transposed and amplified in identical 
receivers of a type similar to the single receiver 
of the first case. Then they are added by an i.f. 
process. 
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t 

NOISY FOURPOLE EQUIVALENT 
SOURCE 

In the first hypothesis, the ratio of the maximum 
received signal voltage to the receiver noise voltage B 

is N/mre/B. In the second hypothesis, this ratio 
appears unchanged, being equal to mN/1",/,/mB, due 
to the fact that the total noise power is the sum of 
the uncorrelated noise powers from each of the m 
individual receivers. 

Now, it is nevertheless necessary to investigate, in 
the present case, the influence on the noise factor 
of the matrix resistors and of the adding process. 
The calculation has been carried out, for the sake of 
simplification, in the case of a broadside beam, i.e. 
for a column of identical resistors ek = rik = 1/G0. 
The noise current 4 (per unit bandwidth) arising from 
the m receivers and the m resistors is given at the 
adder input by: 

= 4m (Wo + N — 1 wo KTO N oWi Go 

where No, Wo are noise factor and power gain of the 
r.f. part of one receiver,t 

Wi are noise factor and available power 
gain of the section comprising the 
36-Mc/s amplifier, the 3 Mc/s trans-
position mixer and the matrix resistors. 

The addition of voltages is performed in a feedback 
amplifier whose input effective resistance (r) is very 
small, in order to obtain a good decoupling between 
the m cells of one particular column. This decoupling 
ratio is equal to rmGo. The feedback resistor is also 
1/G0, thus providing a closed-loop gain equal to — 1. 
The calculation of the adder's noise factor (N2) can be 
carried out by considering the equivalent diagram of 
Fig. 3. In this diagram, a noise equivalent fourpole 
stands for the internal noise sources of the ampli-
fier. 9, 10 

The equivalent noise sources of the above-mentioned 
fourpole are: 

A noise voltage generator (inducing the same noise 

as a resistor Pb). 

A first noise current generator. (This induces the 
same noise as a conductance Gb, and the current 

t In our experimental model set, there is no provision for r.f. 
amplifiers. Then, W. is smaller than 1 (conversion loss of the 
crystal mixer). N. is the ratio (noise temperature coefficient 

of the crystal)/ Wo. 
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Fig. 3. Noise equivalent diagram 
of summation process. 

ADDER 

noise is correlated to the voltage noise. This 
correlation is represented by an equivalent 
admittance Y.) 

A second noise current generator (inducing the 
same noise as the feedback conductance Go). 

The parameters Pb' Gb, Y can be derived from the 
noise characteristics of the components (transistors) 
of the adding amplifier. 

The result of the calculation is: 

G  pb  N2 = 1 ± o + Gb MG0 + rnGo Rm+1)G0+ Yr 

which, for m > 2, can be approximated by 

N2 1 + mGopb 

The total noise factor of one array channel (column) 
is: 

N-1 N2— i  
N = No + + 

170 "0"1 

In the present case, for instance 

Pb = 100 ohms, Gb = 5x 10 mhos, 

Y = 3 x 103 mhost 
and 

m = 8, 1/G0 = 675 ohms, No = 4.6, 

W0 = 0.32, Wi = 270 

From these data 

N2 = 3.8 
and 

N = 4.6 + 1.9 + 0.01 (that is 8.2 dB) 

The noise contribution of the adder is thus negli-
gible. But the result would have been quite different 
if the summation had been carried out on a simple 
resistor r followed by an amplifier. This amplifier 
would have been to give the same voltage gain 
A2 = 11rGo as the open-loop feedback amplifier 
which is actually used. The total voltage gain would 
have been the same (- 1) but the noise factor would 
have been: 

A2 Go + Gb Pb + —G [On + A2)Go + ) ]2 
MG0 m0 

The calculation of the adder's noise factor includes only the 
contribution of the first and second stages (which make use 
of high cut-off 400-Mc/s transistors). 
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RADAR RECEIVING ARRAY 

COMPARISON 
ARRAY 

ADDERS 

3 Mcis 

AMPLIFIER 

L-1 

IF L _1 

CONVERTERS I H F MIXERS 

AFC CHANNEL 

Thus the ratio 1 is about -1.1 2 which is equal 
N2 — 1 

to the decoupling ratio, between the matrix cells, as 
is to be expected. In our present instance, the noise 
contribution ratio of the summation device would have 
been equal to 55. 

3. Description of Main Components 

Figure 4 represents the experimental model set. It 
also shows the various equipments used for c.w. (or 
pulsed) experimentation, i.e. transmitter, various 
circuits (a.f.c., synchronizer, etc.), and, furthermore, 
two devices whose purposes are adjusting and testing, 
one comparison antenna and one i.f. simulator 
(monitor see, see Fig. 9). 

It should be borne in mind, however, that this set 
is constructed in the simplest possible manner so as 
to verify the principle involved. Thus, it is obvious 
that some components are of a standard-type and 
have not been specially selected. The array uses 
uniform amplitude elements, thereby achieving equiva-
lent beams which constitute sampling patterns. (The 
actual form Fe(0) of these beams is as given in 
equation (3).) 

3.1. Microwave Sub- assembly 

The array proper comprises eight horns, the 
aperture of which is 1.65 1 positioned side-by-side 

Fig. 4. Experimental model set and test equipment. 

X BAND 

TRANSMITTER 

upon a rigid framework (Fig. 5). The horn directivity 
is chosen in order to obtain sufficient antenna gain. 
Referring to Fig. 2(a), it can be seen that only four 
outputs correspond to effective beams, i.e. beams 
which are only slightly different from the theoretical 
beam. (There would actually be only three effective 
beams, i.e. one central beam and two symmetrically 
deflected beams. Moreover, the pattern characteris-
tics are still more disturbed owing to the fact that, 
for purely mechanical reasons, the horns are positioned 
in the H-plane (cosine illumination).) In point of 
fact, our one concern is to verify, on the eight outputs 
(matrix columns), that the experimental results com-
ply with actual computed patterns. 

To the rear of each horn is located a balanced mixer 
followed by an i.f. pre-amplifier. The local oscillator 
signals are distributed by a staggered divider, elec-
trically-balanced and made up of magic-tees. 

The comparison antenna is an array identical to 
the above-described one, the addition of r.f. signals 
being effected on one receiver, via a divider of the 
same type. 

3.2. The 36-Mcls I.F. Pre-amplifiers 

The technique applied in the 36-Mc/s i.f. pre-
amplifiers is very similar to that used on phase-
monopulse radar receivers. Studies carried out on 
the latter show good reproducibility in production 
and identical transfer curves can be obtained. The 
components are defined with a tolerance value of 1 %, 
and special attention is given to the wiring. The phase 
frequency curve slope (group-propagation time) is 
rendered very small in the signal-frequency band 
owing to the selection of an overall pre-amplifier 
pass-band which is much wider than the spectral 
bandwidth (20 Mc/s for a 1 kts pulse). Under these 
conditions, the phase variation could be rendered to 
approximately 1 deg. On the other hand, the ampli-
tude variations are not in excess of 1 dB (for amplifier 
gain of 35 dB) over a 60 dB/noise dynamic range. 
A trimming attenuator positioned at the amplifier 
output enables this amplitude variation to be lowered 
still further. 
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Fig. 5. RI. and if. ( 36 Mc/s) sub-assembly. 
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3.3. Second I.F. Mixing and Quadrature Outputs 
(Phase Shifting Converter) 

Here again use is made of the simplest technology; 
thus the matrix is achieved for a 3-Mc/s i.f. On the 
other hand, each row input must be fed by four 
voltages. The ir/2 outphasing between these voltages 
must be frequency independent, otherwise the 
aperiodic characteristic of the matrix would be hardly 
worthwhile. Finally, the i.f. mixing from 36 Mc/s to 
3 Mc/s should be so devised as to avoid the wide 
bandwidth of the r.f. and first if. (36 Mc/s) causing 
a deterioration in noise-factor. To this end, the 
noise components located around the image fre-
quency must be suppressed, and this is aperiodically 
achieved using a single-sideband circuit. 

Figure 6 shows a block diagram of this outphasing 
i.f. second mixer. At the output of both mixers, 
through beats between signal voltage S (36 Mc/s) and 
1.o. voltage So (39 Mc/s), if. (3 Mc/s) voltages jS„. S* 
and S.. S* are obtained. 

Each of these voltages is split up into two parts and 
each part is added to the other after a n/2 outphasing. 
The signal voltages thus restored in phase give voltages 
jS„. S* and — S. S* at the adding circuits' outputs. The 
image-frequency voltages are subtracted from each 
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Fig. 7. 2nd if. phase-shifting converters, matrix and adders sub-assembly. 

other and therefore cancel out. Finally, two it out-
phasing circuits, moreover, enable effective voltages 
of —jS,,. S* and S* to be obtained. 

These circuits are entirely transistorized, and are 
linear over a 60-dB dynamic range with image-
frequency suppression better than 20 dB. The output 
voltages are held in perfect quadrature in the 1-Mc/s 
bandwidth. 

3.4. Matrix and Adders 

Figure 7 depicts the sub-assembly comprising the 
phase-shifting converter, the matrix and the adders 
(shown at the top of the photograph). The achieve-
ment of this matrix has not entailed any special 
technology. The resistors are defined with a tolerance 
value of 1 %. The columns of the matrix correspond 
to k = — 3, — 2, — 1, 0, + 1,+2, + 3, +4 (k value of 
the phases formula: au,= ik2nI8). 

The operation of the adder has been described in 
Section 2.5. This adder comprises one high-gain 
amplifier with heavy feedback. Special precautions 
must be taken to secure its stability: near the fre-
quency of unity gain, the slope of the gain-frequency 
curve must be about 8 dB/octave (and, in any case, 
lower than 12 dB/octave). The need for high fre-
quency circuits and transistors can be avoided if this 
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slope is increased, close to the operating frequency 
(3 Mc/s), which is effected by the insertion of one 
high-gain frequency-sensitive stage in the amplifier. 
Furthermore, the high-frequency stability is still 
improved by a frequency-sensitive (near 100 Mc/s) 
phase-leading cell within the feedback impedance. 

4. Experimental Set-up and Results 

A phase-shifted i.f. signals simulator (monitor set) 
has been developed to allow accurate and easy 
adjustments. This monitor is also used to test new 
circuits and components and is a veritable antenna 
simulator. The block diagram (Fig. 9) shows that it 
is founded upon the same principle as a type of scan-
ning array." A frequency modulated voltage is 
mixed with a fixed frequency (36 Mc/s) voltage and 
the modulated voltage thus generated is divided into 
m voltages which, via m delay lines, are mixed again 
and restored to their original frequency (36 Mc/s). 
Each voltage (i) is thus phase-swept over 2ni radians 
during one modulation period and simulates the 
signal received at the source i during an angular 
scanning over the whole coverage of the array. 

The trials consisted of 'equivalent' radiation 
pattern measurements for the eight matrix columns 
as we'l as signal/noise ratio tests. The measured 
patterns and their computed counterparts are shown 
on Figs. 10 and 11 for the central beam (k --= 0) and 
the second right deflected beam (k = + 2). The 
correlation is rather good, especially as regards the 

36Mcis 
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F2 (Mc/s).— e  
4e(142j) 
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Fig. 8. Gain/frequency curve of the adding amplifier. 

(1) 3 Mc/s tuned circuit. 

(2) Video amplifier. 

(3) Open-loop curve (1) -F (2). 

beam deflections, the side-lobe level and position, and 
the depth between side-lobes. 

The sensitivity (signal/noise ratio) measurement has 
been made with reference to a comparison antenna: 
the two sensitivities are the same with a 1 dB uncer-
tainty, which approximately amounts to the accuracy 
of measurement. 
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5. Developments and Operational Modes 

Two main developments are now being considered 
in order to improve the above-mentioned studies: 

(1) Array comprising a large number of elements: 
The if. matrix technique seems particularly useful for 
large arrays. The adder circuits which have been 
described require some amendments in order to be 
adapted to large arrays. However, it is possible to 
envisage arrays comprising from 50 to 100 rows (and 
the number of corresponding columns). 

(2) Wide-bandwidth arrays: The term 'wide band-
width' actually expresses two different meanings: 

(a) R.f. wide-bandwidth: Although the device itself 
is intrinsically aperiodic, some 'radiation' character-
istics are frequency-sensitive. For instance, beam-
width and deflection angles are in inverse ratio to the 
frequency (in the case of small angles approximation, 
i.e. for near broadside directions). On the other hand, 
the shape and orthogonality property are frequency-
insensitive.t 
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Fig. 11. Third right beam. 
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If the received signal frequency is known, it is 
possible to determine the actual direction of the 
receiving beam. 

(b) I.f. wide-bandwidth: A wide i.f. bandwidth 
appears necessary either if the received signals' fre-
quehcy is unknown, or if these signals themselves 
have a wide spectrum. The i.f. bandwidth of the 
model set is approximately 1 Mc/s. 

The elaboration of a wide i.f. bandwidth array 
implies the utilization of a high i.f. The miniaturiza-
tion of the matrix elements therefore becomes indis-
pensable. Moreover, line effects within the matrix 
are of considerable importance. Not only must 

t Some types of multi-beam arrays use delay lines as phase-
shifting circuits. In this case, the deflection angles are frequency-
insensitive if the i.f. (and thus also the 1.o. frequency) are kept 
proportional to the r.f. This latter condition implies wide-band-
width i.f. circuits. On the other hand, the orthogonality property 
is, in this case, frequency-sensitive. 
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great care be taken in the arrangement of elements 
within a column, but, still further, special means must 
be taken in the addition of the voltages from the 
column elements. These problems are the subject 
of current studies. 

The operational utilization modes of multi-beam 
arrays must also be considered: from an information 
theory standpoint it appears logical to utilize uniform-
amplitude arrays (as has been done on the model 
set) since the corresponding patterns behave similarly 
to sampling functions. However, these patterns 
comprise high side-lobe levels. It would then be 
appropriate to contrive an operational utilization 
mode in which this characteristic would not be 
adverse. 

It is also possible to envisage tapered distributions, 
for instance, the simple cosine distribution resulting 
from the addition of two neighbouring columns, but 
too low a cross-over of the independent sampling 
patterns may then be a drawback. It might then 
appear necessary to sacrifice the orthogonality con-
dition at the expense of a sensitivity loss in the signal 
comparison (see Appendix 1). At all events, such a 
comparison (monopulse interpolation) is usually 
necessary to determine angular directions. 

In all of the foregoing, we have only considered 
receiving factors. It is obvious, in effect, that the 
best operational field as regards multi-beam antennas 
is that of simultaneous reception in all of the various 
channels. It is therefore, normal to associate this 
type of receiving antenna with a transmitting antenna, 
which radiates according to a wide sector pattern 
ensuring the same coverage. It is a well-known fact 
that under these circumstances such a radar possesses 
the same performance-factors as a radar scanning 
the same sector, via a narrow transmitter/receiver 
beam, when a given measurement time is allotted, 
when the receiver is of the coherent-integration-type, 
and when the gain of the scanning antenna is identical 
to the equivalent gain corresponding to the various 
channels of the multi-beam receiving antenna. 

The choice between a scanning radar and a multi-
beam radar depends on the operational specifications 
and on the various available technologies. It should 
be borne in mind that electronic scanning high-power 
array radars give rise to difficult design problems 
where the transmitter energy division as well as the 
scanning devices (phase-shifters, etc.) are concerned. 

In the multi-beam antenna category, the following 
solutions can be compared: 

(a) i.f. matrix array (dealt with in this paper); 

(b) r.f. matrix array 12-15; 
(c) antennas comprising focusing optics and mul-

tiple feeds (especially of the parabolic-torus-
type). 
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All of these solutions usually comprise, for a given 
number of beams, the same quantity of receivers. 
However, solution (c), the optical system of which acts 
as a matrix, may necessitate a certain number of 
additional r.f. or i.f. channels in order to comply 
with orthogonality conditions or to compensate 
optical aberrations. Solution (b) necessitates extremely 
cumbersome r.f. circuits in cases of large arrays. There 
is no ready-made solution and the choice depends 
upon specifications applicable to each case. 

The if. matrix is a member of the 'family' of the 
means available to the system designer, and is in a 
position to promote relatively simple and advan-
tageous equipments. 

6. Conclusion 

Although the model set, described therein, is a 
small-scale, non-sophisticated entity, it has, never-
theless, enabled a contribution to be made to multi-
beam array radar technique. More research into the 
matter is of course required, but it would appear that 
the i.f. matrix technique affords a simple and efficient 
solution to the multi-beam receiving radar. 
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9. Appendix 1 

Orthogonality Relation in the Case of Multiple-Beam 
Forming Arrays 

The orthogonality relation (equation (2)) has a 
very straightforward significance in the case of multi-
beam arrays which do not include individual receivers: 
this relation means that, in each channel, the radiation 
pattern and the antenna gain are the same as if the 
other channels were non-existent. It is possible to 
devise radiation patterns whose shape and/or direc-
tions do not meet orthogonality conditions, but this 
can only be achieved at the expense of losses intro-
duced within junction circuits and, therefore, at the 
expense of gain. 

But, in the present case, the addition of signal 
voltages takes place after the introduction of the 
noise sources emanating from first amplification 
stages. Under these circumstances, the reception 
conditions might appear independent of the relative 
angular position of the various beams. But this is not 
actually the case, and the relation (2) expresses, even 
in this instance, the independence of the various 
channels (matrix columns). 

This independence arises from the uncorrelated 
character of the noise voltages from these various 
channels. If the noise from two channels are corre-
lated, all and any comparison between the signals 
delivered from these channels, is effected in non-
optimum conditions regarding sensitivity (signal/ 
noise ratio) and, hence, precision. 

Now, such a comparison can be used to measure 
accurately a target's direction (monopulse inter-
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polation). It is, in any case, always necessary to 
weigh the strongest signal, i.e. to determine which 
lobe is the nearest to the direction of the target. 

We shall establish the condition of uncorrelation 
of noise voltages in the simple case of a uniform 
amplitude array. The proof is closely related to the 
reasoning of Section 2.2. 

Let Blo, B20, . 13,0, . . B„,0 be the (uncorrelated) 
instantaneous noise output voltages from the 1, 2, . . 

. . . m rows' individual receivers. These receivers 
being identical: 

DZ = = e0= ... B„,20= 

Let Bk and B1 be the instantaneous total output 
noise voltages from the k and / column adders. 

Bk = E Bik Bi = E 

The main directions of the beams corresponding to 
channels k and / are Ook and 001 .B ik is the output 
noise voltage from ik cell, i.e. phase shifted by 
2n/À. ja sin 0øk 

Bk = Bio exp (j. 2n/). ia sin 00k) 

and similarly 

Bio exp(j.2n/À. ia sin Om) 

The correlation coefficientt of Bk and Bi noise 
voltages is: 

Bk. Be  

171= flti 

_IBk.Bri  

mB2 

The time averages of products like Bik .B„ are zero 
if i (uncorrelated noise output voltages from two 
different receivers i and 1'). 

Thus 

Bk.B = 
2m E Teo exp {j ia (sin Ook— sin 004 

= B2 
2m 
j E exp  —1 ia (sin Ook— sin Om)} 

sin [m ma (sin Ook— sin Ow)] 

m . sin ma (sin Ook— sin 001)1 

t A coherent demodulator, which can be used in the signal 
voltages comparison between k and / channels, delivers a 
voltage somewhat similar to that coefficient. 
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whence 

ly1 = 1 for sin Ook = sin 00, (two identical channels) 

and 

171 = 0 for sin Ook— sin Ow = ema 

which is the same condition as (4). 

10. Appendix 2 

Influence of Aperture Distribution Errors on 
Side-Lobe Level 

We want to give a proof of formula (5) 

2 o 
t = 1 + —=„-

12\12 

The various symbols are defined in Section 2.4. 
Let U0 be the electric field 'radiated' in a given 
direction by a perfect (no-error) antenna and u the 
disturbing field introduced in the same direction, 
because of the presence of phase and amplitude 
errors. 

The probability-density function of the absolute 
value of the total field Q = U0 +u is given by: 

1 
1' 0(Q) dQ = exp Q2+  

u2 u2 ) x 
2Q U0\ 

x Q .250( — dQ 
u 2 

50 is the Bessel Function of order zero and imag-
inary argument. This formula is founded upon the 
fact that each of u components (projected on U0 and 
transverse to U0 components) obeys a Gaussian 
probability distribution. 

In the vicinity of the broadside direction and for 
u < U0 the formula can be approximated by a 

Gaussian distribution: 

\ 
Po(Q) do2 = -1  x 

NinN/P e P( (Q— Uo)2 )dQ 

Now J2 = (a2/m)F for an antenna whose maximum 
gain is I" and which comprises an array of m equal-
amplitude sources. The probability that Q does not 
exceed a limiting value Qiin, is 

Q  P(Qiim) -= ++ Y ( iim — Uo—  

Y is the Galton function 

Y(z) = -f exp (-- )2 ) dy 
Nhir o 2 

If z is the value corresponding to the chosen 
probability (see Table in Section 2.4) 

whence: 

QIim 

Qiim UO 
= z 

,i =u2 

2 

= z _ • + 1 
U0 ,/2,/m U0 

This formula is identical to (5) with 

U0 
h= — 

I 1- 

= QIim 

U0 

Manuscript first received by the Institution on 27th April 1964 
and in final form on 12th November 1964. (Paper No. 9791 RNA42) 

(relative field intensity) 

(relative increase of this field intensity) 
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DISCUSSION 

Under the chairmanship of Dr. M. I. Skolnik 

Dr. R. Benjamin: In passive reception, would the phase 
relation between four i.f. outputs associated with each 
source be conveniently maintained by means of phase 
changes applied to a common 1.o. signal feeding four 
separate mixers ? 

Mr. J. Salomon (in reply): By the term common 
I presume that Dr. Benjamin means the second 1.o., that 
is, the second i.f. conversion (36 to 3 Mc/s). The process 
described, which does not make use—in each cell—of the 
four quadrature voltages, would entail a loss in the signal/ 
noise ratio, if four separate first mixers were used in each 
source. Therefore, referring to the second i.f. conversion, 
Dr. Benjamin's suggestion appears quite feasible. In the 
present case, however, it has not been used owing to the 
fact that the single-side-band circuit chosen for the mixer 
almost systematically delivers the four quadrature voltage. 
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Mr. P. Bradsell: I understand that the Maxson array 
uses some 500 elements to produce 100 beams. Would this 
by your standard be an inefficient array? 

Mr. Salomon (in reply): Maxson's array was only 
mentioned for the sake of comparison. I gathered that 
an F.A.A. air-height surveillance radar uses three Maxson's 
arrays, each one of which covering 120 deg in azimuth. 
The elevation beamwidth of the lobes is approximately 
1/8th deg and the number of sources in the region of one 
thousand (per array). I do not know the number of 
elevation lobes, but I imagine that about 100 beams are 
sufficient to cover the required measurement range of the 
elevation angles (say up to 13°). But, of course, the array, 
whose elements seem to be spaced at approximately one 
half-wavelength, would be intrinsically able to give many 
more beams and is by no means an inefficiênt array. 
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Naturally, the question of the efficiency regarding the 
waveguide losses is quite another problem. 

Dr. J. B. Payne: What is the loss in the matrix beam-
forming network ? 

I would like to draw attention to similar technique which 
has been investigated by the Lincoln Laboratory and is 
described in their report "Phased Array Radar Studies".t 

Mr. Salomon (in reply): The loss in the matrix resistors 
must not be considered as an individual entity. In fact, 

t Lincoln Laboratory Technical Reports 228 (August 1960), 
236 (November 1961) and 239 (February 1963). 

one column of the matrix cannot be dissociated from its 
output adder. The open-loop gain of the amplifier of 
this adder is approximately 50 dB. It has been explained 
in Section 2.5 of the paper that under the chosen conditions 
there is no noticeable loss in the signal/noise ratio for each 
column. This means that each adder delivers the same 
signal/noise ratio which would have been delivered by 
the conventional process comprising one antenna of the 
same dimensions feeding one source and one receiver. 

Regarding the point raised in connection with studies 
similar to the subject discussed in our text, we are aware 
that such techniques have been broached in the U.S.A. 
(cf. reference 1 in our paper). 

STANDARD FREQUENCY TRANSMISSIONS 
(Communication from the National Physical Laboratory) 

Deviations, in parts in 10 10, from nominal frequency for April 1965 

AP,' 
1965 

GBR 16kcfs 
24- hour mean 
centred on 
0300 U.T. 

MSF 60 kc/s Droitwich 200 kc¡s 
1430-1530 U.T. 1000-1100 U.T. 

April 
1965 

GBR 16 kc/s 
24-hour mean 
centred on 
0300 U.T. 

MSF 60 kc/s 
1430-1530 U.T. 

. Droitwich 200 kc/s 
1000-1100 U.T. 

I - 149.4 - 498 -- 6 16 - 148.7 - 150-4 - 4 
2 - 150.7 - 150.3 - 6 17 - 149.7 -- 5 
3 - 150.0 - 148.9 - 6 18 - 148.6 - 148.0 - 5 
4 - 149.0 - 149.3 - 5 19 - - 150.0 - 149.1 - 4 
5 - 148.9 - 151.6 - 6 20 - 151.0 - 151.7 - 6 
6 - 151.1 - 150.2 - 6 21 -- 151.2 - 151.4 - 5 
7 - 149.6 - 149.8 - 5 22 - 149-3 - 148-4 - 5 
8 - 149.3 - 150 8 - 7 23 - 1511 - 150.7 -- 5 
9 - 150.0 - 149.4 - 7 24 150-3 - 150-2 - 5 
10 - 150.6 - 150-5 - 5 25 - 150.4 - 5 
II - 150.0 - 149.9 - 5 26 - 150.0 - 150-6 -- 4 
12 - 150.1 - 151.7 - 5 27 - 150.2 - 150.2 --.4 
13 - 1 - 150.3 - 7 28 - 149.9 - 150.4 -- 4 
14 - 152-0 - 5 29 - - 149.5 --- 149.1 -- 4 
15 - I - - - 5 30 - - 150.4 - - 151.3 -- 4 

Nominal frequency corresponds to a value of 9 192 631 770 cis for the coesrum Fm (4,0)-F,m ( 3,0) transaron at zero field. 

CHANGES IN N.B.S. RADIO BROADCASTS 

The time signals broadcast by the U.S. National Bureau 
of Standards stations WWV (Greenbelt, Md.) and WWVH 
(Maui, Hawaii) were retarded 0.1 second at 0000 U.T. on 
1st March, 1965. This follows the announcement by the 
Bureau International de l'Heure (B.I.H.) of such a retarda-
tion to be made by all coordinated stations, due to changes 
in the speed of the earth's rotation. 

The time pulses will continue to occur at intervals 
greater than 1 second by 150 parts in 101°, a frequency 
offset also coordinated by the B.I.H. 

Station WWV has been transmitting audio tones of 
400 and 600 c/s by upper single-sideband modulation on 
2-5, 5, 10, 15, and 20 Mc/s and on double-sideband only 
for the 25 Mc/s transmission. Beginning 1st March, 1965, 
at 0000 U.T. these tones were modulated by double-
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sideband modulation at all carrier frequencies and all 
single-sideband transmissions were discontinued. These 
audio tones are now included with the voice announce-
ments, time ticks, code announcements and time code 
which are transmitted at all frequencies used with double-
sideband modulation. This change was made to simplify 
station operation and because of the results of a recent 
questionnaire which indicated that few users need the 
single-sideband feature of the past transmissions. 

The time signals broadcast by NBS Station WWVB 
(Fort Collins, Colo.) will be retarded 0.2 second at 0000 
U.T. 1st April, 1965. This phase adjustment ensures that 
these second pulses will remain within about 0.1 second of 
the U.T.2. scale. It is made necessary because of changes 
in the speed of rotation of the earth, with which speed 
the U.T.2. scale is associated. 
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6-8 p.m.—Symposium Reception 

Thursday, 1st July (9.30-11 a.m.) 
p-i-n DIODE CIRCUITS 

Papers will include the following: 
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'Broad-band p-i-n Diode Switches in the Range 7-16 Gc/s'—N. A. D. PAVEY. 

`Wideband Coaxial Variable Alternators using p-i-n Diodes'—J. R. JAMES and M. H. N. Porox. 
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'An Investigation into the effects of Charge Storage on the Efficiency of a Varactor Diode Doubler'—B. C. HEAP. 

'Broad-band Varactor Frequency Multiplier Chains—Fundamental Problems and Realization'—W. HEINLEIN 
and A. KURZL. 

'Transient Analysis of Varactor Bridge Doublers'—A. UHLIR. 

(4-5.30 p.m.) 

TUNNEL DIODE CIRCUITS AND MIXERS 

Papers will include the following: 

'A Tunnel Diode Oscillator with Wide Tuning Range (0-7-4.9 Gc/s)—D. R. PERSSON. 
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Friday, 2nd July (9.30 a.m.-12.30 p.m.) 
LOW NOISE DEVICES 

Papers will include the following: 

'Noise Limitation of a Helium Cooled Parametric Amplifier for Satellite Communication'—K. GARBRECHT. 

'Parametric Multi-port Networks for Microwave Signal Processing'—H. B. HENNING. 

(2-5 p.m.) 

SYSTEMS 

Papers will include the following: 

'Applications of Parametric Amplifiers in Satellite Communications'—H. N. DAGLISH and D. CHAKRABORTY. 

'Parametric Amplifiers in Radioastronomy'—R. D. DAVIES. 

'A Survey on Possible Applications of Tunnel Diodes in Antenna Systems'—H. H. MEINKE. 

`Recent Advances in Microwave Diode Switches and Limiters'—R. TENENHOLTZ. 

Synopses of some of the Papers to be presented at the Symposium 

Advances in Microwave Transistors and Diodes 

H. F. COOKE. (Texas Instruments Inc., Dallas, Texas.) 

This paper will discuss solid state microwave devices in three specific areas: 

Microwave power generation with transistors; 

Low noise amplifiers and power amplifiers using transistors; 

Low noise mixers using the Schottky barrier diode. 

The advances in performance which will be described are a result of much improved high-frequency 
characteristics. A number of new technologies now being applied to semiconductor fabrication have made 
possible the many improvements which give better device performance. 

Silicon Variable Capacitance Diodes for Use at Low Temperatures 

A. H. BENNY. (Ferranti Limited, Wythenshawe, Manchester.) 

The main source of noise in variable capacitance diode parametric amplifiers is that contributed by the 
diode itself. This noise may be reduced by lowering the temperature of the diode, a convenient operating 
temperature being the liquefaction point of nitrogen (- 196°C). At this temperature the cut-off 
frequency of silicon diodes has been found to be considerably poorer than the room-temperature value. 

This paper describes the design and construction of silicon variable capacitance diodes with cut-off fre-
quency at — 196°C as good as, or better than the 25°C value. Such diodes have been operated in an S-
band parametric amplifier at — 196°C to give a noise figure of 1 dB. 

The Development and Properties of Microwave P-I-N Diodes 

J. G. GissING. (Associated Electrical Industries Limited, Rugby.) 

The course of development of a p-i-n device from the first attempts to use an alloyed wire type power 
frequency rectifier to the final form of the alloyed sphere diode, type CV7599, is traced. The merits and 
demerits of the use of an evaporated and alloyed metal film or of solid state diffusion to produce p-i-n 
devices are discussed and a reference is made to recent methods employing epitaxy. 

The equivalent circuit for a p-i-n diode is examined with reference to its form at microwave frequencies, 
and in terms of the changes due to application of bias. The problems of measurement of the basic diode 
parameters in its conducting and non-conducting states at microwave frequencies are difficult and the 
most direct way of allowing the element to terminate coaxial line of suitable dimensions is described. 

The necessity to correct the measurements for line attenuation is demonstrated. Such measurements can 
now differentiate between the basic properties of p-i-n's made by different processes such as alloying, 
diffusion and epitaxy. The order of resistance change attainable with current p-i-n's produced by different 
processes is indicated. 
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Intrinsic Frequency Limitations for Semiconductor Microwave Devices 

H. V. SHURMER. (Associated Electrical Industries Ltd., Rugby.) 

The upper frequency of operation for a semiconductor microwave device is usually considered in terms of 
the equivalent circuit parameters associated with the immediate neighbourhood of the active element, 
together with any stray reactances of the package. Whilst it is generally recognized that in the semi-
conductor contribution both the resistive and reactive terms may have a frequency dependence, the exact 
nature of this is difficult to determine experimentally and its importance is generally obscure. This paper 
seeks to give a brief survey of the various mechanisms which can conceivably introduce frequency depen-
dent effects and attempts to gauge which of them is likely to b n. important in devices of present interest— 
crystal valves, varactors, tunnel/backward diodes and p-i-n switches. The mechanisms discussed include 
such items as skin effect, carrier/phonon collisions, dielectric relaxation, carrier lifetime, transit time, etc. 

The Application of Instabilities in Semiconductors to Microwave Oscillations and Amplification 

J. S. HEEKS AND C. P. SANDBANK. (Standard Telecommunication Laboratories, Harlow, Essex.) 

The type of oscillation obtained in GaAs and InSb (the Gunn effect) represents one of the most important 
advances leading to the use of bulk semiconductor devices at microwave frequencies. The oscillations 
occur when the d.c. field across a thin wafer of the semiconductor exceeds a well defined threshold. This 
causes a current instability associated with a sharp voltage step to move through the crystal. 

This paper describes work aimed at a better understanding of the effect so that the full potentialities of 
devices might be realized. Coherent signals at repetition rates of 50 Mc/s to 4 Gc/s and peak powers 
up to 10 watts have been studied. The technique for studying the instabilities is to apply a short trigger 
pulse superimposed on the d.c. drive. By independently varying the amplitude of the triggering pulse 
and the d.c. drive, the conditions around the threshold are investigated. Using this technique to trigger 
only one cycle of operation, it is shown that instabilities of increasing amplitude are launched across the 
specimen as the d.c. field is raised towards the threshold for self-oscillation. There is a certain minimum 
d.c. field required if instabilities are to be launched across the specimen by the trigger pulse. This minimum 
field corresponds typically to 50 % of the threshold field required for self-oscillation. The apparent gain 
observed when operating the device in the triggered mode suggests ways in which devices may be used for 
amplification as well as oscillation at microwave frequencies. 

Acoustic Amplification in Semiconductors 

R. W. HARcouRT, J. FROOM AND C. P. SANDBANK. (Standard Telecommunication Laboratories, Harlow, Essex.) 

If the application of semiconductors is to be extended to microwave frequencies, the limitations due to 
electrode capacitance and transit time must be overcome. To a certain extent this can be done by reducing 
junction size and using majority carriers where possible. However a much more sophisticated way of 
overcoming these difficulties is to try to realize, in semiconductors, the type of continuous interaction 
obtained in travelling wave tubes. 

In the paper the present state of the art on acoustic amplification in semiconductors is reviewed. Although 
net gain at microwave frequencies has not yet been obtained, the experiments at lower frequencies have 
given some general indications about the feasibility of achieving this. The main problems lie in coupling 
into the crystal in such a way that the insertion losses are minimized and the shape of the acoustic wave-
front within the crystal is not disturbed. The amplifiers described use quartz transducers to couple into 
and out of a CdS crystal. Recently, deposited CdS transducers have been operated at X band for this type 
of application. This suggests that there are reasonable chances of making low loss delay lines and ulti-
mately amplifiers for microwave applications. 

The importance of the acoustic amplifier as a diagnostic tool, leading to a better understanding of other 
microwave phenomena in semiconductors, is discussed briefly. The experiments relevant to the mechanism 
of the Gunn effect are reported in the paper on microwave instabilities in semiconductors. 

Varactor Diode Measurements 

F. J. HYDE, S. DEVAL AND C. TOKER (University College of North Wales.) 

The effects of losses in the measuring systems on the values of the small-signal parameters have been 
investigated experimentally for the well-established relative-impedance method originally described by 
Harrison and Houlding. Both silicon and gallium arsenide diodes have been considered. Measurements 
have been made using coaxial components in the u.h.f. band and microwave components at X-band and 
the results correlated. A comparison is made with results obtained using De Loache's transmission 
method at X-band. 
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Evaluation of High Quality Varactor Diodes 

D. A. E. ROBERTS (Mu/lard Research Laboratories) AND K. WILSON (A.S.M. Wembley Laboratories.) 

Recent measurements procedures used between 1 Mc/s and 40 Gc/s in evaluating very high cut-off 
frequency varactor diodes are discussed. The types of measurement are: bridge measurements at low 
frequencies, microwave coaxial line measurements, a transmission method near the diode series resonant 
frequency, and a transmission method at diode parallel resonance. 

Typical results from each type of measurement are given. The effect of bias on the parameters of the 
simple equivalent circuit is described. 

Correlation of data from the four types of measurement has led to the adoption of a new equivalent 
circuit for the varactor, which recognizes the effect at the junction of stray capacitance. 

Some attempt is made to relate parametric amplifier performance to the results of diode measurements. 

p-i-n Diode Modulators for the K and Q Frequency Bands 

L. F. BURRY AND L. J. T. HEsITON. (E.M.I. Electronics Ltd., Hayes, Middlesex.) 

An experimental investigation into extending the operation of p-i-n diode modulators from 18 Gc/s to 
40 Gc/s is described. Wafers of stacked p-i-n diodes are considered but most success is achieved with 
arrays on unencapsulated post-mounted diodes. By reducing the dimensions of diodes of this type used at 
lower frequencies, broad-band modulators can be designed to operate at frequencies up to 30 Gc/s. A 
minimum on/off ratio of about 10 dB and an insertion loss of 2 dB can be obtained over a 1.5 to 1 band of 
frequencies. 

Operation at frequencies higher than about 30 Gc/s is at present restricted by a resonant condition in 
the p-i-n diode microwave circuit. 

Broad-Band p-i-n Diode Switches in the Range 7 to 16 Gc/s 

N. A. D. PAVEY. (Royal Aircraft Establishment, Farnborough, Hampshire.) 

It is shown that the bandwidth of a microwave p-i-n diode switch is limited by reactances which are partly 
inherent in the diode and partly result from the mechanism of coupling into the transmission line. Three 
techniques to optimize switch performance over a given bandwidth are described. These are: 

(i) The choice of a suitable transmission line geometry to minimize reactive effects; 

(ii) Local tuning of the diode using reactive transmission line elements; 

(iii) The employment of multiple diodes in a filter configuration. 

Design features of a number of microwave switches using CV7599 diodes are described, and the perfor-
mance of an experimental broad-band switch is given. This switch has an insertion loss of approximately 
1 dB and an attenuation of at least 20 dB over the frequency band 7 to 16 Gc/s. 

An Investigation into the Effects of Charge Storage on the Efficiency of a Varactor Diode Doubler 

B. C. HEAP. (Department of Electrical Engineering, University College, London.) 

A paper on power dissipation in fourpole networks by A. Weissfloch is adapted to calculate the power 
dissipation in the input and output matching networks of an experimental varactor doubler and therefore 
to calculate the true input and output powers from semiconductor bulk material. 

Experimentally measured values of input and output power for specified biases are then compared with 
predicted values for the same biases calculated using an approximate analysis suggested by D. B. Leeson 
which assumes a non-linear depletion layer capacitance mechanism for harmonic generation. 

Reasonable agreement is achieved at power levels and biases which do not involve forward conduction. 
At high power levels the results show that if charge storage does occur when forward conduction takes 
place then it does not enhance the efficiency to any greater extent than could be accounted for by depletion 
layer non-linearities. 

An analysis of the impedance changes of the varactor diode under high power conditions shows that this 
could account for the decrease in power loss in the surrounding circuits and could well explain the large 
increases in overall efficiency of the harmonic generator under these conditions. 
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Wideband Coaxial Variable Attenuators Using p-i-n Diodes 

J. R. JAMES AND PROFESSOR M. H. N. POTOK. (Electronics Branch, Royal Military College of Science, Shrivenham.) 

Using a conventional equivalent circuit for a p-i-n diode, a computer program has been written which 
permits the compilation of data for use in designing a coaxial wide band variable attenuator. Measurement 
on attenuators designed from the data agree well with calculated results. The data can also be used to 
design strip line attenuators and levellers. 

Effects of inductance and capacitance are considered and steps taken to reduce the inductance are described. 

Broad-band Varactor Frequency Multiplier Chains—Fundamental Problems and Realization 

W. HEINLEIN AND A. KURZL. (Siemens & Halske AG, Central Laboratory, Munich.) 

Broadbanding multipliers require the use of multiple tuned circuits, at least for input and output fre-
quencies. In general frequency selectivity must be met over several octaves of bandwidth. This condition 
can scarcely be fulfilled in broadband multipliers with distributed circuitry. Therefore a new circuit 
technique was developed which is demonstrated with a three stage 3 times multiplier chain of 6 Gc/s output 
frequency. 

The useful bandwidth is determined by the spectral purity of the output signal too. The output signal 
is more or less deteriorated by noise generated within the varactor multiplier. A model of noise genera-
tion showing the physical causes of noise is presented and experimentally and theoretically explained. 

Stability problems are discussed and related to varactor properties. Criteria for stability are derived 
which result in design rules for multiplier circuits. The typical differences between commonly available 
GaAs- and Si-varactors and the requirements for optimum circuitry are discussed. 

Transient Analysis of Varactor Bridge Doublers 

A. Mum. (Microwave Associates, Inc., Burlington, Massachusetts.) 

A direct digital integration of circuit equations is used to study the transient behaviour of a varactor 
bridge doubler circuit. A suddenly-applied sine wave is assumed for the fundamental drive and a piece-
wise-linear varactor characteristic used. The calculation shows that good efficiency and rapid transient 
response can be obtained for certain ranges of tuning and bias. 

Experimentally observed input-output power relations are reproduced remarkably well by theoretically 
calculated results. These include an abrupt increase from negligible output to high efficiency as output 
is increased, for fixed bias voltage. Also, instabilities are observed when the power is too high for a given 
bias. The calculations thus prove that side-effects such as rectification and avalanche multiplication 
in the varactor diode are not necessary for the presence of spurious oscillations. 

An S-Band Tunnel-diode Mixer 

S. BASU MALLICK AND PROFESSOR W. A. GAMBLING. (Department of Electronics, University of Southampton.) 

The paper describes a theoretical and experimental study of a waveguide-mounted, S-band, tunnel-diode 
mixer. In designing a mixer the d.c. characteristic of the tunnel diode is first measured, from which the 
conductance/voltage and the equivalent shot noise current/voltage curves are obtained. In the presence 
of local-oscillator drive the dynamic conductance and the equivalent shot noise current can each be 
expressed as a Fourier series, and using a 24-ordinate scheme the appropriate Fourier coefficients are 
derived. A computer is used to determine values for the gain, bandwidth and noise figure over a wide 
range of parameters such as source and load impedances, d.c. bias and local-oscillator amplitude. From 
these results the optimum operating conditions and circuit parameters are obtained. Measurements have 
been made of gain, noise figures, bandwidth, dynamic range, etc. and are compared with the computed 
results. 

Up-Converter Type Transmitter for Radio Link 

W . KWIATKOWSKI. (Standard Telecommunication Laboratories Ltd., Harlow, Essex.) 

An up-converter suitable for use as the transmitter of a 4 Gc/s f.m. radio link is described. The output of 
the transmitter is 1 watt. Some theoretical consideration regarding overall efficiency and bandwidth are 
discussed together with the characteristics of the i.f. and r.f. circuits. The up-converter transmitter de-
scribed combines the features of high efficiency, ease of adjustment and freedom from spurious responses. 
The results of some overall performance tests are given. 

Continued on p. 312 
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Seismic Recording Techniques 

in Oil Prospecting 

By 

D. W. N. DOLBEAR, Ph.D.t 

Presented at a Symposium on "Modern Techniques for Recording and 
Processing Seismic Signals", held in London on 13th May 1964. 
Summary: Seismic methods for the detection of underground geological 
structures have been widely used since their introduction some forty 
years ago and a large manufacturing and research effort has gone into 
their development by oil companies and seismic contractors as well as 
the electronics industry. 

Both reflection and refraction methods are practicable and details are 
given of the various sources of seismic energy, geophones, amplifiers, 
recorders and methods of presentation that are available. The design 
and operation of these are discussed in relation to the type of signal and 
the background seismic noise. Analogue systems are most widely used 
but in recent years digital recording and analysis has been introduced in 
attacking prospecting problems that are more easily solved numerically. 

1. Introduction 

Gas, oil and water exist in the ground in the pores 
of the rock. When the strata are of a suitable shape 
and are capped by a layer impermeable to these 
fluids, separation under gravity occurs. These rock 
structures may be some hundreds of feet high and 
some miles long and wide but at a depth below the 
surface of thousands of feet. Should the porous 
rock be permeable enough to allow the flow of the oil 
or gas such a structure is a potential oil or gas field. 

A simple anticline was the first structure to be 
recognized as an objective for exploration but many 
other types of trap exist. All of these can be detected 
with varying degrees of certainty by seismic pros-
pecting methods. It is emphasized that the structure, 
not the oil, is detected and when drilled it may contain 
only water. 

Although the geology may be relatively simple, 
acoustically the layers are often complex and frequent 
increases and decreases in the velocity of sound occur 
with depth." Figure 1 shows this variation over 
an interval of 900 ft in a borehole in England. Not 
only these changes in velocity but also any changes 
in density produce changes in acoustic impedance 
which are the discontinuities that are used in seismic 
prospecting. Elastic waves are generated near the 
surface of the ground by some means, generally by the 
detonation of an explosive charge, and the analysis 
of the travel times of particular wave groups which are 
detected at the surface after reflection or refraction 
in the rock yields the slope and depth of the principal 
layers. 

t The British Petroleum Company Ltd., BP Research Centre, 
Sunbury-on-Thames, Middlesex. 
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2. Reflection Work 

2.1. Shot, Cable and Geophones 

Reflection prospecting uses the reflection at nearly 
vertical incidence of compressional waves within a 
bandwidth of, say, 10 c/s-100 c/s. A number, gener-
ally twelve, of seismometers, or geophones as they 
are called, is arranged in a line on each side of the 
shot point. The spread covers a distance of about 
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half a mile and reflections may be received from a 
depth of as much as 10 000 ft or 20 000 ft (3000 m or 
6000 m). Half the spread is then moved and the next 
shot detonated at the centre point of the new spread; 
and so on. 

A commonly used charge is about 20 lb ( 10 kg) of 
dynamite loaded into a shallow, drilled hole perhaps 
50 ft ( 16 m) deep to get below the weathered layer. 
The hole should not be allowed to blow out as the 
debris interferes with the recording of the signal. The 
shots are often multiple,' that is, a pattern of small 
charges is detonated rather than a single larger 
charge, with the object of improving the signal/noise 
ratio under particular circumstances. 

Fig. 2. Reflection geophone. 

As there is a large component of low frequency 
noise at about 10 c/s in the ground motion after the 
explosion (the so-called ground roll) the natural fre-
quency of the geophones is chosen to be higher, say 
20 c/s, in order to filter out much of this motion. Just 
as the shot may be arranged in a pattern so the 
geophones, too, may be spread over a considerable 
area, as many as 36 small geophones being connected 
in a series/parallel arrangement to a single ampli-
fier." The geophones are moving-coil transducers 
each damped with a parallel resistor if necessary. 
Their design is such that they are rugged, keep a 
constant natural frequency and sensitivity and have 
no unwanted resonances to affect the output—sensi-
tivity to horizontal vibrations is particularly un-
hesirable. As Fig. 2 shows they are physically small 
and a seismic party may have as many as 1000. 

The multi-core cables used for this work have 
connectors at each end so arranged that, with a 
choice of input sockets at the vehicle, the geophones 
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are connected to the appropriate amplifiers in spite 
of the change in observing position with successive 
shots. There are 13 twisted pairs and an insulated 
straining wire within a strong plastic sheath. Each 
pair is taken in turn at about 120 ft intervals to exter-
nal tapping-points or 'take-outs' to which the geo-
phone leads are temporarily clipped. 

For so-called 'multiple cover',6 when severál shots 
at different positions are used for the same reflection 
point, switching boxes are used by the observer to 
enable each of the 24 amplifiers to be connected to 
the appropriate geophone position. 

Multiple shots, geophone patterns and multiple 
cover are some of the field methods used to improve 
the signal/noise ratio. The term 'noise' includes 
unwanted multiple reflections from below the surface 
of the ground,' shot-induced reflections from else-
where than vertically below the geophone spread, and 
any seismic disturbances produced, for example, by 
traffic or the wind.' Some thoughtful experimental 
work is often required to obtain optimum results and 
a considerable literature has accumulated on this 
side of the field operations. 

2.2. The Signal and Analogue Amplifiers 

In the more developed areas pick-up of mains-
frequency signals is likely to occur and this is balanced 
out in a bridge arrangement on each channel before 
the input transformer. At this point the lines can be 
checked for open and short circuits. The input 
transformer matches the line and source impedance 
into the amplifier and converts the floating input to 
single-ended. These transformers are high-grade 
components with an excellent low-frequency response 
and well shielded with several screens of mu-metal. 

Before discussing some details of the reflection 
amplifiers it is desirable to comment on the nature 
of the signal received from the geophones. In Fig. 3 
is plotted the peak-to-peak amplitude recorded by 
two amplifiers using 4.5 c/s geophones under different 
filtering conditions with time variable gain. From the 
background level of 20 µV the signal rose to a maxi-
mum of about half a volt soon after the shot instant. 
The wide band record still showed a predominantly 
10 c/s signal 3 seconds later and even after 8 seconds 
the original background level was not regained; 
whereas the signal on the filtered record (30-60 c/s) 
returned to background after 3 seconds. 

Such data vary with the nature of the ground—this 
record was taken in a fen district where the unsteady 
ground doubtless accounts both for the persistence of 
the low-frequency ground roll and the high level of 
background noise. 

The sudden increase in signal by a factor of 10 000 
or so and the rapid change in level afterwards pose the 
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Fig. 3. Change of reflection signal level with time after the 
shot instant. 

main technical problems. The dynamic range is too 
great for conventional analogue systems. 

In order to avoid overloading of the amplifier at 
any stage in the record yet to keep the record easily 
readable, recourse is had to two practices, automatic 
gain control and initial gain suppression. 

One method of providing a.g.c. over the required 
range uses the rectified signal from the output of the 
amplifier to provide a varying d.c. bias which controls 
the current in two double diodes which are normally 
cut-off.9 These diodes shunt the incoming signal at 
the grids of two of the amplifying stages. Matching 
of diodes, bias batteries and other components is 
required for an acceptable performance. 

An alternative method is to use the output, when 
further amplified, to increase or decrease the intensity 
of a small lamp which illuminates pieces of semi-
conductor material.' The semi-conductor can be 
used as series or shunt resistors at suitable points in 
the amplifier circuit. A control range of 120 dB is 
achieved. 

On either system a choice of compression or expan-
sion times is often available, the time constants 
lying between, say, 50 and 500 ms. That is, the circuit 
may be set to give, for example, a fast compression 
but a slow expansion of gain. 

May 1965 

Such an a.g.c. system is not suitable by itself for the 
conditions of working. Clearly before the detonation 
of the charge, when the geophones are picking up only 
background noise, the gain would be high and the 
sudden onset of energy immediately after the explo-
sion would saturate the amplifiers. To avoid this, 
initial gain suppression is employed. This involves 
feeding into the first stage of the amplifier a signal 
from an oscillator at a frequency high enough 
(5-10 kc/s) so that none will appear on the final 
record owing to the high-cut filtering in the output 
stage. Any intermediate high-cut filter is by-passed 
for this frequency. The high frequency output is 
taken to the a.g.c. amplifier and control circuit which 
has already been described. Thus the same a.g.c. 
action occurs but using this artificial signal whose 
level can be separately controlled in each amplifier. 
The suppression signal can be removed simultaneously 
from all amplifiers by using the first break of seismic 
signal from a chosen channel (e.g. one farthest from 
the shot) or any other signal to open relay contacts 
—the so-called 'trip'. The individual controls allow 
for giving more suppression to those channels nearest 
the shot where the signals will be of greatest ampli-
tude. Time delays are generally available for use both 
at 'trip' and for the removal of suppression. The rate 
of removal is also variable. 

The level of the suppression signal can be controlled 
by the integrated seismic energy on one channel 
which thus controls the gain of all the other channels. 
The suppression technique can also be used as the 
control in programmed gain applications. In the 
latter, skilful adjustment eliminates the need for a.g.c. 
in the ordinary sense. 

The quiet record before the first breaks resulting 
from the use of suppression increases the accuracy 
to which the time of arrival of the first breaks can be 
read. This time is used as one of the corrections in the 
interpretation of the record. 

A wide choice of low-cut and high-cut filtering is 
available in all types of analogue reflection amplifiers 
although in these days of magnetic recording it is 
perhaps less important than formerly when the use 
of filters could make or mar the once-for-all oscillo-
graph record. Filtering is, of course, extensively used 
on playback as are suppression and a.g.c. 

Both valve and transistor amplifiers are used. 
Little need be said here about the relative advantages 
and disadvantages but portability, ruggedness, ver-
satility, reliability, power consumption, complexity, 
and sensitivity to climatic conditions are some factors 
of importance. A typical valve amplifier may have 
two or three double-triodes and two double diodes, 
excluding a central control amplifier common to all 
the seismic channels. 
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Fig. 4. Transistorized reflection equipmentSIE PT-100 (24 channels). 

As an example of a recent transistorized design 
Fig. 4 shows the S.I.E. PT-100. The unit on the left 
includes the 24 amplifiers and, in the centre, the con-
trol circuits common to them all. The low-cut and 
high-cut filters are mounted in the right-hand unit. 
Each amplifier has 27 transistors plus a number of 
other semi-conductor elements. Photo-resistors are 
used for a.g.c. and suppression. Although germanium 
transistors are used, temperature compensation cir-
cuits allow operation up to an ambient temperature 
of about 120°F. 

Timing lines 
(10msec intervals) 

1 

300 

Shot instant ( trace 2) 

IUp-hole geophone 1(trace 4) 

The input impedance is 500 ohms and the frequency 
response with a.g.c. off is 5 c/s to 500 c/s. There is a 
choice of four a.g.c. speeds with control for inputs 
from 1 µV to 1 V; additional circuits control unusually 
large or small temporary changes in signal. A choice 
of eleven low-cut and ten high-cut filter frequencies 
is available. 

2.3. Analogue Recorders 

Formerly the records were taken only on photo-
graphic paper oscillographs as in Fig. 5 and these are 

First 
arrivals 

Reflections 

Fig. 5. Oscillograph reflection record. 
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Fig. 6. Corrected variable density reflection cross-section. 

still widely used. They contain 25 or 50 small moving-
coil galvanometers each in in diameter with a 
natural frequency of 100 to 200 c/s. Each is damped 
with a shunt resistor. The paper width is 6, 8 or 10 in 
and the paper speed for reflection work is 12 or 
15 in/s. Accurate timing lines are flashed on the paper 
at 10 ms intervals by a rotating cylinder whose speed 
is controlled by a tuning fork. The timing accuracy 
is 1 part in 5000 or so within the temperature or 
voltage range normally encountered. 

As already mentioned, records are now taken almost 
invariably on magnetic tape. This may be mounted 
on a drum or moved across a flat bed and a choice 
of direct recording with a.c. bias, pulse width or 
frequency modulation is available in different equip-
ments. The tape speed is mostly 7+ in/s and tape 
width varies from 21 in for two 14-track heads inter-
leaved to 7 in or 7+ in for 27 heads individually 
movable along the tape. The operator will normally 
try to record so as to use most of the dynamic range 
on the recording medium, any further control being 
imposed at the playback stage. The same heads write 
and read. 

For monitoring or for field playback the tape out-
put may be fed into the seismic amplifiers again, using 
the movable heads for putting in corrections for the 
geometry of the geophone spread, velocity in the 
weathered layer, etc. The control of these heads may 
be with cams or servomotors. The immediate inter-
pretation can then be carried out on this corrected 
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record which can be made on an oscillograph of the 
type described above or on a special camera which 
produces a variable-area or variable density record. 
Many records can be placed side by side as in Fig. 6. 
The individual shot-points, and therefore records, 
are numbered along the top and the surface relief 
and shot-hole depth are shown graphically. The 
correlation from record to record of the wave-groups 
is very striking and gives a useful impression of the 
changes in the sub-surface geology. A wide river is 
the cause of the gap in the section. Major changes 
in the strata, faults, salt-domes, etc., show clearly 
in this type of representation. 

2.4. General Performance 

It is clear that since the basic measurement is time 
correlation the individual parts of the whole chain 
from geophone to recorder must be well matched 
between channels. It is generally accepted that the 
scatter in time-shifts due to the response of geophones, 
transformers, coupling circuits, filters, a.g.c., galvano-
meters and write and read amplifiers shall be not more 
than about 1 ms for the type of signal received. 
Tolerances of from + 2% to + 5%, depending on 
the particular component, are required to achieve 
this. 

Because of the large signals that can occur at the 
input and the wide frequency band of interest, har-
monic distortion can be troublesome. Cross-feed 
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between amplifiers must be low. Power supply 
impedances (including the common leads) are the 
usual built-in causes of cross-feed but wet and leaking 
cables and geophones give intermittent faults of this 
kind. Undamped resonances, particularly in geo-
phones and galvanometers, are occasionally found 
and are particularly undesirable. 

2.5. Digital Conversion and Recording 

In recent years several oil companies and seismic 
contractors have been independently developing 
digital recording of seismic data with subsequent 
digital processing. 

Programmed gain preamplifiers are required for 
two reasons: firstly, to raise the level of the geophone 
output to that specified for the digitizing equipment 
(typically + 10 V), and second, to ensure that when 
the later, low-level signals are digitized they yield a 
reasonable number of bits. In addition these pre-
amplifiers can filter the input signal to get rid of 
unwanted low and high frequencies which convey no 
useful seismic information. Otherwise the low 
frequencies, such as the ground roll, would use up 
dynamic range to no purpose; and the high frequencies 
would provide an unresolved noisy background to 
the highest frequency that can be analysed at the 
pre-determined sampling rate. 

The outputs from the 24 pre-amplifiers are then 
switched in sequence by a high-speed multiplexer to 
a sample-and-hold unit at a rate which gives the band-
width required (e.g. d.c. to 100 c/s). The analogue-to-
digital converter must be presented with a constant 
input potential when operating and the sample-and-
hold unit provides this. The switching time from 
sample to hold is finite so that the potential stored 
is within the range of values through which the input 
passes during the 'aperture time'. This results in the 
output of the converter being in error by an amount 
which increases with input frequency, amplitude and 
aperture time. Sample and hold units with an aperture 
time of less than 1 Lis are available and are suitable 
for reflection seismic work. 

A fast 13-bit analogue-to-digital converter may 
operate at a rate of 2 µs/bit plus 2 jis and has an 
accuracy approaching 0.01 % with a correspondingly 
low input noise level (13 bits is equivalent to + 4095 
on the decimal scale). To achieve this accuracy the 
multiplexer and sample-and-hold must be allowed 
adequate settling time and after allowing for this, 
with 24 input channels and a scanning rate of 1000/s 
in each channel, the converter is working at almost 
full capacity. 

The dynamic range using such equipment is thus 
about 80 dB, a considerable improvement over any 
analogue recorder even under laboratory conditions. 
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The digitized information can be written on the 
magnetic tape in a number of formats. The simplest 
is to write each 13-bit word together with clocking, 
parity, etc., as a single character across the tape. This 
allows monitoring of records to be done, one channel 
at a time, easily and cheaply by simple logic and a 
digital-to-analogue converter feeding an amplifier and 
single track pen recorder. A more complex monitoring 
assembly will, of course, allow all 24 channels to be 
monitored simultaneously. Monitoring would nor-
mally be regarded as essential when the data process-
ing is done elsewhere. Such a record would require 
either to be edited on replay into a format suitable 
for computation in a standard, general-purpose 
computer; or, if the economics justify such a step, a 
special-purpose computer might be designed. 

Alternatively the field record might be produced 
directly in computer format. Monitoring is then 
more difficult and the field equipment becomes more 
complex and more expensive. 

The same equipment can obviously be used to 
convert analogue records to digital form. This is 
being done by some companies in preference to direct 
digital recording of the geophone output. 

Apart from the increase in dynamic range the in-
terest in digital recording arises from the sophisti-
cated approach to data analysis that is then possible." 
Small amplitude events can be picked for correlation 
from larger amplitude noise more exactly than by 
analogue methods and numerical correlation, numeri-
cal corrections, numerical and inverse filtering are 
often more easily performed. Much effort is now 
being devoted to the programming side. 

2.6. Alternative Energy Sources 

A very large proportion of the work in seismic 
exploration is done by the method outlined above 
using an explosion as the source of seismic energy, 
but alternative sources are available. The dropping 
of a heavy mass (3 tons from 10 ft) on the ground» 
a gas explosion in a heavy, inverted vessel resting on 
the ground, and the forced vibration of the ground 
by a programmed mechanical or electro-magnetic 
vibrator' are all in use. These are useful sources 
for work in towns or areas of hard outcrop where the 
drilling of shot-holes would be expensive or unpopular. 

Such low-intensity sources are essentially repetitive 
and require a different recording technique from the 
conventional method. The signal is not much above 
background noise and may indeed be considerably 
below so that many recordings properly aligned in 
phase must be added to enhance the signal relative to 
the noise. An elegant way of doing this is a direct-
recording magnetic drum with ten narrow, write 
heads which record ten successive records in phase 
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side by side. These records are then simultaneously 
read by a head of normal width which therefore sums 
all ten tracks. The output from this head can be 
recorded on a further narrow track and so on. Thus 
multiplicities of a hundred or so are not difficult to 
achieve for each geophone position. 

The seismic amplifiers in these low-energy tech-
niques are much simpler than those already described. 
Since the dynamic range of the signals along the record 
is small and there is no large onset of energy at the 
beginning, suppression and a.g.c. are not required. 

The third system imposes a frequency-modulated 
wave on the ground rather than a sharp pulse. The 
frequency may change from, say, 15 c/s to 90 c/s in 
seven seconds and such frequencies are transmitted 
by the ground without any major change in their 
character. The final presentation is obtained by 
analogue cross-correlation of the original signal with 
the complex record composed of many small-ampli-
tude signals of this kind in varying phase relationship 
and the background noise. 

Large geophone patterns are used as well as source 
multiplicity in these techniques. 

3. Refraction Work 

The refraction method as used in the exploration 
for oil is essentially a long-range technique. 

3.1. The Shot, the Signal and the Geophones 

A large charge of 1000 lb or so (500 kg), which may 
be loaded into many holes for ease in drilling and 
efficiency in propagation, is exploded perhaps 12 miles 
(19 km) from the line of 24 geophones which are 
themselves 1000 ft (330 m) apart. The sound wave 
spreads out and produces local reflections and refrac-
tions but if there is a deeper, high-velocity layer and 
the geophones are far enough away the first arrival 
at these points is the energy from this layer. The shot 
instant is transmitted to the observing van by radio 
which also provides a communication link between 
observer and shot-point. 

If there are several successive layers of increasing 
velocity there may be later arrivals on the record 
which will occur as first arrivals if the distance between 
shot-point and geophones is further increased. 
Correlation between records often enables them to be 
picked out even when they are not the first arrivals. 

The signals are of lower frequency than in reflection 
work and a band-pass of 1 c/s-60 c/s is required to 
cover all exploration areas. 

The impedance of the geophones is, typically, a 
few hundred ohms and the cable resistance for the 
farthest geophones may bring up the source impe-
dance to, say, a thousand ohms. This variation in 
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total source impedance may be corrected by additional 
resistors in the input of the amplifiers if it would 
result in unacceptable phase or sensitivity differences 
between channels. 
The natural frequency of the refraction geophones 

may be as low as 1 c/s but these must be clamped 
during transport and positioning to avoid damage. 
A higher natural frequency (2 or 3 c/s) has an advan-
tage in this respect since continued serviceability is 
required and non-technical local staff normally 
handle the geophones. 

The amplitude of the signal, as well as depending 
on the transmission characteristics of the sub-surface 
will be determined by the amplitude of the seismic 
background noise. In quiet desert areas the noise 
signal may be as low as a fraction of a microvolt 
in terms of the impedance already mentioned. Rela-
tively small charges can then be used and a satis-
factory signal/noise ratio still obtained. In more 
noisy areas the charge, and therefore the signal, is 
proportionately increased. 

3.2. Amplifiers 
All electrical noise associated with the equipment 

must be kept low compared with the signal corre-
sponding to the seismic background noise of desert 
areas. As well as being technically satisfying this is 
economically important as explosive, especially if it 
has to be transported for thousands of miles, is 
expensive. This is a stringent specification and 
particular attention has to be paid to the design of 
the input stages, battery connections, the type of plug 
and socket, the lay-out of common leads, cross-feed 
between amplifiers and the absence of parasitic 
oscillations. 

As the dynamic range of the signal along the record 
is small, straightforward high-gain amplifiers suffice. 
A choice of high-cut filters is useful to discriminate 
against wind-noise and the like. 

The variation in input signal along the line and 
from area to area is accommodated by variable 
attenuation, some of which is applied at the input and 
some at a later stage in the amplifier. The first of 
these does not affect the amplifier noise whereas the 
second decreases the amplifier noise with the signal. 

Both valve and transistor amplifiers are used. 
In terms of equivalent input noise a transistor input 
stage has to compete with valve noise decreased by a 
factor depending on the turns ratio of the input 
transformer. The design of a competitive transistor 
amplifier has awaited the manufacture of transistors 
in which the 1/f noise is much lower than in those 
originally available. Recent improvements in this 
respect have been very welcome. Silicon rather than 
germanium transistors are preferred because of the 
severe temperature environment to which the ampli-
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Fig. 7. Transistorized refraction equipment—BP Mark 4 ( 12 channels). 
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fiers are exposed—germanium transistors become too 
noisy at temperatures around 120°F. Much the same 
tolerances in performance are required as for reflection 
work but as some applications require the measure-
ment of absolute amplitudes of the first arrivals 
careful calibration of the sensitivity of each channel 
is required. This requirement demands reasonable 
stability in the geophones, cables, amplifiers and 
galvanometers so that the calibration need be 
repeated only when one of these is changed. 

Figure 7 shows a 12-channel refraction outfit 
(BP Mark 4) which is fully transistorized. Two of 
these may be used on a 24-geophone spread separated 
in • order to minimize the amount of cable which is 
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required. Each sub-unit contains two amplifiers with 
some of the controls in common and there is a spare 
sub-unit. 

The input impedance is 10 000 ohms so that the 
effect of variations in cable resistance on sensitivity 
can be ignored and the equivalent input noise (1000 
ohm source) is 0.5 µV peak-to-peak measured with a 
bandwidth of 1-24 c/s. At maximum gain the input 
without distortion is 100 µV and attenuation, in 2 dB 
steps, up to 60 dB is available. There is a choice of 
five high-cut filters. Outputs for both galvanometers 
and magnetic tape recorders are available, the latter 
being unfiltered. This specification is maintained 
from 5°F to 150°F. 
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3.3. Recorders 
The record is taken on a paper oscillograph of the 

same type as that used in reflection work but with a 
paper speed of 6 in/s as the record is rather long in 
time. Records may also be taken on magnetic tape, 
generally using frequency or pulse width modulation 
because of the required low frequency response. 
Direct recording can be used provided the tapes can 
be played back at an increased speed so that the lower 
sensitivity of the heads to long wavelengths on the 
tape is overcome. An increase of 8 or 16 times is 
required. 
The numerical corrections are made on playback 

and a variable area record such as Fig. 8 produced 
of the survey line. With a single refracting layer of 
constant depth and velocity the effect of the correc-
tions is to align the first arrivals in a straight line 
from left to right. The geological situation represented 
by this record is obviously much more complex and 
a detailed study is required to unravel the changes 
that are taking place along the line. 

Digital recording has also been used. 

4. Work at Sea 

So far we have been concerned only with explora-
tion on the land surface. With increasing demand 
for oil the effort has extended to cover the shallow 
seas of the continental shelves. The actual drilling 
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for oil is then much more difficult and much more 
expensive, but the search for suitable structures is, 
in terms of square miles covered, cheaper and quicker 
at sea. 

Most of the seismic work done at sea in oil explora-
tion is by reflection. The ships available for these 
surveys are owned or hired by contractors rather than 
by the oil companies. The economics demand full 
use of the equipment and the ships are suitable for 
working in any part of the world. 

If a single ship is used, in one method of operation 
the receiving cable, which may be a mile long and 
contains hydrophones as sensitive elements, is towed 
from right aft while successive charges are exploded 
alternately from lines fixed to the port and starboard 
sides aft. Just before a charge is fired the receiving 
cable is allowed to run free so that the hydrophones 
are momentarily at rest in the water while the record 
is taken. While the next charge is reaching the firing 
position the cable is winched in to its towing position 
before again being released for the next shot. A record 
is taken every few minutes and the ship is stopped 
only when faults occur. 

The're is again a choice of analogue and digital 
systems. Both may be used if this is thought to be 
desirable. Since the ship machinery continues to 
operate during the record, analogue magnetic tapes 
tend to be noisy as these systems are usually sensitive 

10 15 20 miles(approx ) 

Fig. 8. Corrected variable area refraction cross-section. 
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to vibrations even when well insulated from the 
ship's structure. Digital recorders have therefore a 
substantial advantage in this respect. Smaller explo-
sive charges can be used and the substantially bigger 
dynamic range eases the observing problems. 

One peculiarity of marine reflection work is the 
occurrence of 'ringing"4' " or large amplitude, inter-
fering signals caused by multiple reflections generally 
between the sea surface and some deeper layer. At 
their worst this interference may completely obscure 
the ordinary reflections on an analogue visual record. 
While special analogue playback methods have been 
devised to assist interpretation under these conditions, 
the greater dynamic range available with digital 
recording and the flexibility of digital processing 
enable the difficulties to be overcome more effectively. 

The transmission of sound through the sea-bottom 
is usually very efficient since with a soft bottom there 
is no sudden discontinuity from water to ground 
and the coupling between the water and the hydro-
phones is good. For deep reflections explosive charges 
are essential but for shallow work high energy spark 
sources or gas explosions may be used. 

Radio navigational systems and ultrasonic ' depth 
indicators are in continual use during the survey to 
obtain the necesgary positional and correction data. 

Long-range marine refraction has hitherto been 
almost a monopoly of various academic research 
groups," but recently the necessary equipment has 
become commercially available." The signal either 
from a geophone on the sea-bottom or a neutrally 
buoyant hydrophone is transmitted by cable to a 
floating buoy where it frequency-modulates a 5-kc/s 
sub-carrier. The main radio-frequency carrier is then 
amplitude-modulated and the signal transmitted with 
a power of 1 watt. The r.f. carriers from the buoys 
are crystal controlled and 25 kc/s apart so that the 
signals can be readily separated by crystal-controlled 
filters on the receiver. 

The receiver and recorder are mounted on the ship 
which steams away from the line of anchored buoys 
firing small depth charges at suitable intervals. 
Successive refraction records are thus obtained of 
horizons at increasing depth below the sea-bottom. 
The ranges from the ship to the buoys are based on 
the time of arrival of the direct water wave. 

All the equipment is fully transistorized. 

5. Acknowledgments 

Thanks are expressed to the Chairman and Direc-
tors of The British Petroleum Company for per-
mission to publish this review. 

6. References 

1. C. B. Vogel, "A seismic velocity logging method", Geo-
physics, 17, pp. 586-97, July 1952. 

2. G. C. Summers and R. A. Broding, "Continuous velocity 
logging", Geophysics, 17, pp. 598-614, July 1952. 

3. A. E. McKay, "Review of pattern shooting", Geophysics, 
19, pp. 420-37, July 1954. 

4. L. V. Lombardi, "Notes on the use of multiple geophones", 
Geophysics, 20, pp. 215-26, April 1955. 

5. C. H. Savit, J. T. Brustad and J. Sider, "The moveout 
filter", Geophysics, 23, pp. 1-25, January 1958. 

6. W. H. Mayne, "Common reflection point horizontal data 
stacking techniques", Geophysics, 27 (Part II), pp. 927-38, 
December 1962. 

7. J. W. Hammond, "Ghost elimination from reflection 
records", Geophysics, 27, pp. 48-60, February 1962. 

8. V. A. Olhovich, "The causes of noise in seismic reflection 
and refraction work", Geophysics, 29, pp. 1015-30, Decem-
ber 1964. 

9. S. A. Scherbatskoy, "Automatic volume control", U.S. 
Patent 2,329,558,1943. 

10. F. W. Hefer, "The use of photo-resistive cells as losser 
elements in a transistorised seismic amplifier", Geophysics, 
26, pp. 550-9, October 1961. 

11. E. A. Robinson and S. Treitel, "Principles of digital filter-
ing", Geophysics, 29, pp. 395-404, June 1964. 

12. E. B. Neitzel, "Seismic reflection records obtained by 
dropping a weight", Geophysics, 23, pp. 58-60, January 
1958. 

13. J. M. Crawford, W. E. N. Doty and M. R. Lee, "Con-
tinuous signal seismograph", Geophysics, 25, pp. 95-105, 
February 1960. 

14. G. C. Werth, D. T. Liu and A. W. Trorey, "Off-shore 
singing—field experiments and theoretical interpretation", 
Geophysics, 24, pp. 220-32, April 1959. 

15. M. M. Backus, "Water reverberations—their nature and 
elimination", Geophysics, 24, pp. 233-61, April 1959. 

16. M. N. Hill, "The Sea", Volume 3, pp. 39-46. (Inter Science 
Publishers, London, 1963.) 

17. J. B. Gurney, "A geophysical telemetry system", Lucas 
Engineering Review, 1, pp. 16-23, October 1964. 

Manuscript first received by the Institution on 9th September 1964 
and in final form on 1st February 1965. (Paper No. 980IEA20.) 

OD The Institution of Electronic and Radio Engineers, 1965 

306 The Radio and Electronic Engineer 



U.D.C. 545.37: 621.317.31 

An Apparatus for Automatic Quantitative Analysis of 

Electrolytes by Controlled Potential Coulometry 

By 

G. HALL, B.Sc. 
(Associate Member) t 

Summary: An electronic instrument is described which is interesting as 
an application of the direct application of an electronic servo type system 
to chemical analysis. An outline of the basic physical chemical principles 
and of the circuits of the all-transistor control system is given, with a 
description of a special output circuit to control the smallest overshoot 
on switch-on of the electrolysis current. Consideration is given to the 
problems of preventing oscillations in such a system. 

' 1. Physical and Chemical Principles 

The apparatus described in this paper is used for 
controlled potential coulometric analysis, a highly 
precise technique for the determination of elements 
in solution by electrolytic reduction or oxidation 
under controlled conditions. 

In this technique electrolytic reduction or oxidation 
is carried out at one electrode of a specially-designed 
electrolytic cell, the potential of which is accurately 
controlled with respect to a suitable reference elec-
trode (calomel or silver half cells). The arrangement 
of electrodes in such a cell is shown in Fig. 1 and a 
practical arrangement is shown in Fig. 3. 

AUXILIARY 

ELECTRODE 

REFERENCE ELECTRODE 

— —;-- CONTROLLED 
V 

VOLTAGE 

WORKING 

ELECTRODE 

Fig. 1. Electrode arrangement. 

The working electrode may be either mercury or a 
solid metal (e.g. platinum) and can be controlled 
within the range + 2 V. The value of the working 
electrode potential is chosen by considering the 
electrochemical potentials of the systems involved 
and this potential has to be accurately maintained 
throughout the electrolysis in order to avoid inter-
ference from unwanted reactions. The optimum 
potential can be determined experimentally using 
solid electrodes with the equipment by means of a 
`coulogram'. This is a graph showing the variation 
in electrode potential with integrated current, and a 

t Formerly at the Atomic Weapons Research Establishment; 
now with the Central Electricity Research Laboratories, 
Leatherhead, Surrey. 
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typical example is shown for a mixture of two sub-
stances A and B in Fig. 2. 

E° voltages are the standard electrode potentials 
for the materials concerned and represent the voltage 
at which equal amounts of reduced and oxidized 
species are present at equilibrium. It can be seen that 
any desired fraction of element may be reduced or 
oxidized by appropriate selection of working electrode 
potential and in practice for reactions involving a 
one electron change 100% reduction or oxidation 
takes place at voltages of (E°-0'2) and (E° + 0.2) 
respectively. 

Clearly quantitative determinations of A without 
interference from B is only possible if the difference 
in their standard potentials is greater than 0.4 V. 
If this difference is less than 0.4 V then interference 
results but its extent can be readily calculated pro-
vided the working electrode potential is known and 
remains constant. 

During electrolysis the current falls exponentially 
with time and its integrated value, i.e. the total 
quantity of electricity involved, in coulombs, is 
related directly to the amount of material in solution 
by Faraday's law. By careful correction for back-
ground currents and reagent blanks a precision of 
0.1 % can be obtained. 

A comprehensive treatment of the subject is given 
in references 1 and 2. 

INTEGRATED 

READOUT 

(VOLTS) 

A (red).--.A (ox) 

B(red)*8 (ox) 

E° e 
WORKING ELECTRODE POTENTIAL 
VERSUS REFERENCE ELECTRODE 

OL Ts) 

Fig. 2. Coulogram for a mixture of two substances A and:B 
in solution. 
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2. Desired Performance 

The earliest experiments in electrochemical analysis 
used an elementary manual system as shown in 
Fig. 4. The first automatic systems were those of 
Kelly, Jones and Fisher' and Hickling.' These were, 
in the main, systems where the manually-operated 
potentiometer was replaced by an amplifier and 
motor-driven potentiometer and the response was 
therefore slow. Some later systems' have used tran-
sistor output stages but no completely satisfactory 
system existed up to the time of development of this 
apparatus by the Atomic Weapons Research Estab-
lishment, where it has been in use for about three 
years. 

Fig. 4. A rudimentary manual system. 

REF ELECTRODE 

The design requirements were based on experience 
with earlier models and the requirements were: 

1. A d.c. stability and accuracy of voltage at the 
controlled electrode of + 1 mV with + 5 mV 
ripple. 

2. Automatic change-over in the machine from oxi-
dation to reduction and therefore a need for 
centre-zero indicating instruments. 

3. No surges of current through the cell or over-
voltage at the control electrode at any time during 
the electrolysis. 

4. The controlled current to be 100 mA down to a 
background current of several microamperes. 
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AUXILIARY ELECTRODE 

VYCOR TUBES 

+FE 11,504 

WORKING ELECTRODE 

Fig. 3. 

Typical electrolytic cell. 

5. The whole apparatus was to be capable of being 
used by laboratory assistants and should be simple 
and rugged for routine analysis with an automatic 
read-out from the integrator. 

6. The speed of response should be such as to correct 
for changes of resistance of the electrolyte with 
stirring which is particularly vigorous in the case 
of the mercury cathode cell. This stirring can be 
rapid and introduces alterations of cell resistance 
at up to several hundred cycles per second. 

3. The Apparatus 

The overall scheme of the apparatus (Fig. 5) is that 
of a straightforward control loop with the potentio-
meter backing off the voltage to be maintained. The 
difference voltage is amplified to operate the con-
troller which varies the cell current and the integrator 
measures the total amount of charge which has passed 
during the experiment. 

3.1. Amplifier 

The resistance of the reference electrode varies 
from a few hundred ohms to 50 k and it was thought 
that the input to the amplifier should have an impe-
dance of greater than 100 ki Also the input should 

POWER 

SUPPLY 

CONTROLLER 

RI INTEGRATOR 
D. V. M. 

POTENTIOMETER AMP 

Fig. 5. Block diagram of apparatus. 
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R1 

be arranged so that there should be negligible current 
drain through this electrode. In order to stabilize 
the gain to some extent and to obtain these input 
characteristics the input stage of the amplifier is 
arranged with feedback as shown in Fig. 6, where 
R6 and R7 are the feedback components. 

An a.c. input impedance of greater than 100 kû 
was obtained and by varying R2 to supply base 
current with the input earthed, the d.c. drain at 
balance can be reduced to whatever level is required. 

In order for this to be true and to obtain the 
required stability in a varying environment all the 
amplifier transistors were contained in a temperature 
controlled copper block. This system is very depend-
able and maintains the temperature of the block 
to within + deg C. With silicon 0C202 transistors 
in the input stage, stability of output voltage referred 
to the input and the d.c. drain from the reference 
electrode is always satisfactory. It is believed that by 
using planar transistors with lower leakage currents 
even better stabilities could have been obtained but 
this has never been found to be necessary. The 
remaining stages of the amplifier are conventional 
with one further amplifying stage and an emitter 
follower to drive the controller. The overall gain of 
the amplifier is about 2000 and the response is 3 dB 
down at about 5 kc/s. This response is modified by 
CR networks as described in Section 5. 

3.2. The Controller 

Because of the large range of current required 
and the very small minimum current to be controlled, 
some backing-off method for the Ic.„ of the transistors 
used is necessary. Push-pull emitter followers could 
have been used but no voltage gain would then have 
been obtained from this stage and the amplifier would 
have had to provide + 25 V, the maximum voltage 
available to the cell. 

In this case, therefore, a composite grounded 
emitter stage with feedback to stabilize the gain is 
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Fig. 6. Schematic of amplifier. 

CONTROLLER 

used. Feedback is necessary as the resistance of the 
cell changes during electrolysis and therefore the gain 
of the stage without feedback would vary consider-
ably. It is seen from the block diagram (Fig. 7) that 
the stage is essentially the usual grounded emitter 
stage with load and power supply exchanged and 
pnp and npn transistors working back to back. At 
low currents the feedback action of the system turns 
on one transistor to back off the 4, of the transistor 
which is passing the current in the desired direction 
through the cell. Feedback by R1 and R2 maintains 
the gain of the stage at about 15. 

®  VT2 

RI VII 

INPUT 

CELL 

Fig. 7. Schematic of output stage. 

The controller also includes extra transistor stages 
as shown in Fig. 8 to control the switching on of the 
equipment. Because of the nature of the chemical 
arrangement (the desired parameter being preset and 
the current being switched), it is impossible to avoid 
overshoots at switch-on merely by overdamping the 
system; and because of the exponential nature of the 
current decay, the slightest overshoot at switch-on 
will destroy completely the accuracy of the result. 

When the circuit is completed by switching to RUN, 
VT1 and VT2 are biased hard off and their turn-on, 
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INTEGRATOR 

CELL 
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VT4 

R1 

INPUT 

Fig. 8. Schematic of controller. 

and therefore application of the supply voltage to the 
cell current control circuit, is controlled by the 
relatively long time-constant of several seconds of CR. 
The control system takes over smoothly when the 
current reaches the value necessary to obtain the 
desired voltage at the reference electrode. The 
'switch-on' transistors VT1 and VT2 become bottomed 
and remain with no control on the circuit while the 
experiment takes place. This arrangement ensures 
that at no time does the controlled voltage exceed the 
desired value and in fact when viewed on an oscillo-
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scope this voltage takes the form of a ramp with a flat 
top. The base of the ramp is the 'back e.m.f.' of the 
cell formed by control electrode and cathode, and the 
flat top after the ramp is the controlled voltage. 

3.3. Potentiometer and Reference Voltage 

The potentiometer, made of precision resistors, is 
fed from a Zener diode which is fed from a small 
stabilized power supply. It is possible to calibrate the 
potentiometer against a standard cell using the 
amplifier as detector, by switching the apparatus to 
CALIBRATE. A switch is provided to reverse the polarity 
of the voltage from the potentiometer in order that 
the working electrode can be held at positive or 
negative potentials with respect to the reference 
electrode. The potentiometer has a maximum output 
voltage of 3 V in steps of 10 mV. 

3.4. The Integrator 

The current from the cell is passed into a precision 
Miller integrator which is composed of a high sta-
bility commercial amplifier, and precision resistors 
and capacitors. This apparatus has ranges which 
closely approximate to the ranges marked on the 
range switch but is not absolute and is calibrated with 
a known current source before use. In order to 
obviate drift due to zero setting at the input a switch 
position is provided which gives a gain of 1000. 
The outpuf can then be set with the digital voltmeter 
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Fig. 9. Circuit diagram of integrator. 
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to within a millivolt ensuring that the zero error at 
the input is less than 1 µV. A circuit diagram of the 
integrator is shown in Fig. 9. 

4. Stability 

Various cells are used with the equipment depending 
on the material to be analysed. Response curves of 
the cells are difficult to measure and vary enormously 
between cells of different size and shapes. Typical 
measured curves are shown in Fig. 10. It is obvious 
that phase changes of up to 90 deg are introduced by 
the cell and attenuation of from 10 times to zero 
can be obtained between the input to the cell (current 
electrode) and the reference electrode. Similar curves 
are reported by other workers.' 

4, dB 
e 0 

200 - 10 

400 - 20 

600 - 30 

80° 

loo° 

120° 
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PHASE CHANGE 

GAIN 

10 100 
FREQUENCY c/s 

1000 

Fig. 10. Typical cell response. 

10000 

For the required stability therefore and to provide 
voltage for all types of cells an error input of 1 mV 
should provide 20 V across the cell and a phase lag 
of 90 deg should be accommodated with zero atten-

uation across the cell. 

The overall amplifier system therefore should have 
a d.c. gain of 20 000 with the gain falling to zero 
before the phase change has reached 270 deg. This 
is achieved by resistance-capacitance networks pro-
vided in the amplifier and stability has been found 
to be satisfactory using all cells so far encountered 
using both platinum and mercury electrodes. 

The stability of the system is always based on a 
compromise. By restricting the frequency response 
a very stable system on all cells can be assured. But 
in order to maintain accuracy in the apparatus the 
response should be maintained to as high a frequency 
as possible because the stirrer revolves at approxi-
mately 2000 rev/min and the consequent variation of 
cell resistance must be counteracted by the apparatus. 

The transfer function of the cell varies from cell 
to cell but in the sector from 10 c/s to 1 kc/s does 
appear to have a slope approximating to 6 dB/octave. 
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In order to obtain maximum frequency response 
together with stability, the gain of the amplifier is 
arranged so that only one attenuating network in the 
amplifier is operative when the open-loop response 
curve crosses the 0 dB line, and this is adjusted to 
happen before any attenuation takes place due to the 
cell. Once the networks C2 RIO, C3 R13 have been 
arranged in the amplifier to do this no trouble with 
stability is normally experienced when cells of the 
same type are used. If a differently designed cell is 
used, the reference electrode voltage should be 
observed with an oscilloscope and if necessary the 
network adjusted to obtain stability. 

5. Read-out and Results 

The output of the integrator is read on a five-digit 
voltmeter. Results have been obtained' which have 
a standard deviation and accuracy of better than 
0.1 %. Several complete sets of apparatus are working 
at A.W.R.E. and it has been possible to arrange for 
one digital voltmeter to read results from several 
machines. 
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SYMPOSIUM ON MICROWAVE APPLICATIONS OF SEMICONDUCTORS 

(cont. from p. 296) 

A Tunnel Diode Oscillator with Wide Tuning Range (0.7-4.9 Gels) 

D. R. PERSSON. (Decca Radar Limited, Hersham, Surrey.) 

The tunnel diode is coupled weakly to a relatively high Q resonator essentially of the hybrid coaxial type. 
This construction ensures a wide tuning range and a frequency of oscillation that is relatively insensitive 
to temperature change, supply voltage variations and interchange of diodes. In the basic form of the 
oscillator, using a 2 mA peak current germanium diode, stable and continuous oscillation is sustained 
over the full tuning range of 0.7 to 5 Gc/s with a power output greater than 1 mW up to 4 Gc/s. Alter-
native forms of the oscillator still under development give power outputs approaching 1 mW at some cost 
in frequency stability and tuning range. 

Parametric Multi-Port Networks for Microwave Signal Processing 

H. B. HENNING. (Advanced Development Laboratory, Raytheon Company, Sudbury, Massachusetts.) 

This paper investigates multi-port linear networks in which pumped variable capacitances shunt and inter-
connect the several ports. A preliminary example of a two-varactor parametric amplifier is followed by 
a general analysis and reduction to a practical synthesis technique. Further examples include a negative 
impedance converter, impedance transformer, non-reciprocal coupler, three-port and N-port circulators, 
distributed parametric amplifiers and " steerable amplifiers" for phased array receiving antennas. 

Applications of Parametric Amplifiers in Satellite Communications 

H. N. DAGLISH AND D. CHAKRABORTY. (Post Office Research Station, Dollis Hill, London.) 

Varactor diode parametric amplifiers have been used for a number of applications in satellite communica-
tion earth stations. The paper describes some of these applications, illustrating them by reference to 
experimental parametric amplifiers designed and constructed at the Post Office Research Station, Dollis 
Hill, and at the Post Office Radio Laboratory at Backwell, for use at Goonhilly Satellite System Earth 
Station. These include uncooled and refrigerated non-degenerate communication amplifiers and a 
cooled degenerate amplifier intended for a radiometric measurement of aerial gain. The likely require-
ments for devices for use as first stage amplifiers in future operational satellite communication systems 
are discussed. 

Parametric Amplifiers in Radioastronomy 

R. D. DAVIES. (University of Manchester, Nuffield Radio Astronomy Laboratories.) 

The operating requirements for parametric amplifiers when used in radioastronomy will be discussed in 
this paper. Extraterrestrial signals with an intensity corresponding to aerial temperatures as low as 
0-01°K are currently being studied. Their detection requires a parametric amplifier with a low system 
temperature and a high overall stability. With appropriate switching techniques a stability of 1 in l04 is 
achievable in a system. 

In spectral line studies 1 dB bandwidths of 10-20 Mc/s are desirable. Interferometry experiments in-
volving two aerials and receiving systems require phase stabilities of several degrees per hour. It is ex-
pected that workable systems cooled to liquid nitrogen temperatures will soon be available for radio-
astronomy. 

A Survey of Possible Applications of Tunnel Diodes in Antenna Systems 

PROFESSOR DR. H. H. MEINKE. (Institut für Hochfrequenztechnik, Technische Hochschule, Munich.) 

It is well known that tunnel diodes integrated with antenna-systems can be used for amplification and 
mixing. It may become more important to influence the current distribution on radiators and so influence 
the radiation pattern. We can also change the mutual coupling between parallel radiators and find 
combinations with very low mutual coupling. In broadband problems new possibilities have arisen, 
because the input impedance of radiators loaded with tunnel diodes offers frequency dependent curves 
which in combination with passive networks may solve some broadband problems. As in all applications 
of negative resistances some stability problems arise. In some cases the stability problem is alleviated if 
the tunnel diode works in its current maximum (infinite resistance) and is pumped by an auxiliary 
frequency. In this mixer case the diode has an interesting frequency-dependent input impedance, which 
can be changed by idler circuits. This impedance integrated with a rod antenna in an appropriate position 
can produce broadband qualities. 
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Impedance Characteristics of Glow-discharge 

Tubes in the Frequency Range 200 C S-70MC/S 

By 
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Ph.D.t 

Reprinted from the Proceedings of the Symposium on "Cold Cathode 
Tubes and their Applications" held in Cambridge from 16th-19th 
March 1964. 

Summary: Impedance-frequency characteristics of glow-discharge tubes, 
filled with pure neon, over the frequency range 200 c/s-70 Mc/s have 
been obtained at several values of steady tube current. Molybdenum, 
nickel, zirconium and tantalum were used as cathode materials and in the 
case of molybdenum tubes the gas pressure was also varied. 
The measurements confirm that there are several delayed effects in the 

glow discharge which affect the impedance characteristics considerably. 
A detailed analysis of the results for a tantalum-cathode tube gives the 
magnitudes of the consequent delay times and the complete equivalent 
circuit of the tube. 

1. Introduction 

The impedance presented to a small alternating 
signal, superimposed on the steady operating voltage 
of a glow-discharge tube, increases with frequency. In 
some tube applications it is desirable to have a low 
audio-frequency impedance and in certain voltage-
stabilizer circuits the transient response of the tube is 
an important factor which can be assessed if its 
equivalent circuit is known. 

Many attempts have been made to explain the 
origin of the effects observed when impedance-
frequency characteristics are measured.' An early 
theory due to van Gee1,3 derived by considering 
perturbations about the steady-state maintenance 
condition and assuming that physical quantities in the 
discharge are functions of the instantaneous current 
and voltage alone predicts that the impedance loci 
(reactance-resistance curves) should be semi-circles 
(neglecting displacement current). The impedance 
locus of a tube has the form predicted by this theory 
if it is extended to include several delayed effects.' 
Secondary processes of electron production can be 
regarded as retarded functions of current and voltage 
since they are associated with a delay time; these 
affect the tube impedance locus considerably. 

Impedance measurements on glow-discharge tubes 
have been carried out by Benson,"' " Chalmers,' 
Mayo," Reed,' Dix,". 9 Ahsmann," -12 Oskam," 
Marx' and Weston."' " The complex impedance 
of the discharge in• a rare gas has been observed by 
Ahsmann and Oskam" to be considerably reduced 
by the addition of another rare gas of lower ionization 

t Department of Electronic and Electrical Engineering, 
University of Sheffield. 
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potential, in fact, both the real and imaginary parts 
decrease. The impedance is nearly independent of the 
anode distance provided an anode fall does not 
develop. The addition of one rare gas to another of 
higher ionization potential also strongly influences the 
recovery time of the discharge. 

Reed' and Die. have made spectral-noise 
measurements on 85A2 reference tubes in the fre-
quency band 20 c/s to 10 Mc/s and have correlated 
the noise properties with the measured impedances of 
the tubes. Weston"' 16 has measured the variation 
of the impedance of glow-discharge tubes with gas 
pressure in the audio-frequency range. No simple law 
could be obtained relating the impedance or its 
measured components with pressure. Weston 
attempted to correlate his results with van Geel's 
theory. Parallel-plate tubes were used for the initial 
experiments but it was found that the results were 
unaffected by geometry provided there was no anode 
fall. Later tubes therefore had wire anodes. Tubes 
were constructed with different cathode areas and 
filled to pressures within the range 15 to 100 torr with 
a 99 % neon-1 % argon mixture. Weston also investi-
gated the effect of current and cathode material on 
impedance; molybdenum, zirconium and nickel were 
used. 

Crawford" obtained impedance-frequency charac-
teristics of hot-cathode d.c. mercury-vapour plasmas 
at a pressure of about 1 i using several values of anode 
current and frequencies up to 2 Mc/s. Many other 
investigators have commented on the increase of 
impedance of a glow-discharge tube with fre-
quency" -26 or the dynamic characteristics of tubes. 27 
Some dynamic aspects of the cathode-fall region of a 
d.c. glow discharge have been studied by Severin" 
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and the properties of an a.c. glow discharge have been 
investigated by Deutsch." 

In an attempt to confirm theoretical predictions 
Benson and Chalmers' made measurements over the 
frequency range 300 c/s to 5 Mc/s on tubes with 
pure-neon fillings at various pressures and several 
neon-argon mixtures. To understand the impedance-
frequency characteristics of tubes better and to obtain 
more information about the physics of the discharge, 
the delayed effects and the equivalent circuit of a tube 
the measurements have now been extended up to a 
frequency of 70 Mc/s using pure-neon tubes having 
cathodes of various materials with several gas pressures 
and steady tube currents. The results of these measure-
ments are presented and discussed here. The tubes 
used for the investigations each had a rod anode 1 mm 
in diameter and a cylindrical cathode 7.5 mm in 
diameter and 10 mm long. The electrode structure 
was mounted in a glass envelope having a volume of 
about 8 cm3. The tubes were sputtered before 
examination using standard reference-tube technique. 

2. Theoretical Treatment 

The impedance (Z) of the discharge tube, derived 
by considering n delayed effects has the following 
form': 

Z = ao (  a' \ kv'n ak 
1+ jcot') k4.,1 1 +jurri; 

where ao, a', al . . . at . a., have the dimensions of 
resistance and T; *T . . . . r„' are time-constants 
associated with the various delay processes. The 
second term of this expression, which itself involves a 
delay time r', may be regarded as the contribution 
from the discharge process itself and the last term is 
attributed to the secondary mechanisms or delayed-
effect processes which were called after-effects by van 
Geel. 

If two such delayed processes only are considered 
as an example the impedance may be written in the 
form: 

(1) 

Ri R2 R3 
Z = R o    (2) 

1 +jarri 1 +jon2 1 +jcos3 

where Ro, Ri, etc., have been used instead of the 
previous a terms. 

Impedance loci satisfying this equation can be 
represented by the sum of three vectors whose 
individual loci are semi-circles of diameters Ri, R 2 and 
R3. For positive values of R1, R2 and R3 and T1, r2 
and t3 and r > T2 > T3 the locus is shown on Fig. 1 
and the construction has been discussed by Benson 
and Chalmers.' 

When (n — 1) delayed effects are considered the 
quantity Ro in equation (2) is given by: 

314 

Ro = RT+Ri +R2+ ...-ER,,  (3) 

where RT is the slope of the static voltage-current 
characteristic. 

Thus, for (n — 1) delayed effects: 

R arri  cor2 „jcot,,  
Z = RT j R2 j. . R  (4) 

1 + Joni 1 -Ficur2 1-1-yor. 

Defining 

L1 = Riti, L2 = R2T2, etc., 

R jcoLi R2 icoL2 R„jcoL„  
Z = RT . . 

R +yoLi R2+ FOL2 R„-FicoL. 

 (5) 

Fig. 1. Theoretical impedance locus, where ri : : T3 as 
100 : 10 : 1. 

The second and subsequent terms of equation (5) 
represent a parallel combination of L and R and the 
equivalent circuit, including the effective tube capaci-
tance, takes the form shown in Fig. 2(a). Each 
parallel combination has a time-constant associated 
with a particular process in the discharge mechanism. 

Benson and Chalmers' observed that the effective 
tube capacitance of all the tubes approached a 
limiting value at frequencies above about 4 Mc/s 
(higher in the case of pure-neon tubes of 40 torr 
pressure and pure-argon tubes) seemingly independent 
of frequency. This capacitance, which was found to be 
independent of the anode-cathode spacing and elec-
trode geometry, was taken to be the effective capaci-
tance Cd of the discharge. It was found to be of the 
order of the capacitance of the cathode-dark-space 
region of the discharge. To compare the results with 
theory, which does not take into account displacement 
current, the effective tube capacitance had to be sub-
tracted from the measured values of capacitance. The 
resulting modified impedance loci, when analysed 
graphically according to the theory, could be repre-
sented approximately by a series of vectors whose 
individual loci were semi-circles each having a different 
time-constant. 

It appeared from the results of Benson and 
Chalmers' that if the frequency was increased beyond 
their upper limit of 5 Mc/s the unmodified impedance 
loci would move towards the origin as would be 
expected if Cd alone shunts the circuit of Fig. 2(a). 
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(a) 

BRANCH 1 I BRANCH 2 

(b) 

Fig. 2. Equivalent circuits of discharge. 

Reed' and Die. 9 have shown, however, that there is 
a resistance r in series with capacitance Cd which 
represents the dielectric loss due to gas molecules. 
They found that for the 85A2 type of tube r varies 
from 160 û when the direct tube current is 10 mA 
to 2 ka when the current is 1 mA. The complete 
equivalent circuit of a tube is therefore that shown in 
Fig. 2(b). 

3. Measurements 

Impedance measurements were made in the three 
frequency ranges 200 c/s-50 kc/s, 50 kc/s-5 Mc/s, and 
5 Mc/s-70 Mc/s. For the first range a balanced trans-
former bridge as designed by Weston' was used and 
a tunable twin-T network was employed for eliminat-
ing harmonics from the input signal to the detector. 
For the other two frequency ranges Wayne-Kerr trans-
former bridges type B601 and B801 were used respec-
tively with radio receivers as detectors. With the B601 
instrument (in which the normal wire-wound main 
resistance-dial potentiometer was replaced by a low-
capacitance carbon one) it was sufficient to place the 
tube mounting and circuit on a Perspex board above 
the terminals but with the B801 bridge the tube 
mounting was actually built on the terminals to keep 
the connecting leads as short as possible. 

The alternating signal was applied to the tubes 
through the bridge in all three cases and its voltage 
was maintained at a sufficiently low level (always 
< 100 mV and < 50 mV at frequencies below 1 kc/s) 
to avoid any effect on the measured impedance. 

The accuracy of the measurements was studied in 
some detail since the computational method used in 
analysing the results depended to a great extent on the 
mean deviation to be expected on each experimental 
reading. The accuracies of the frequency and direct-
tube-current measurements were both about 1 %. 
With the low-frequency bridge the accuracy of the 
resistance measurement was approximately 2% or 
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+ lû and that of the capacitance measurement 3% 
or + 20 pF. With the B601 bridge resistance could be 
determined to within 2% and capacitance to within 
2% or + 0.05 pF. The corresponding figures for the 
B801 instrument were (resistance/1000) % above 
10 ka (and generally 10% in the range used) and 
+ 0.5 pF (approximately 10% in the range used). 

The results were obtained in the form of an equiva-
lent parallel tube resistance (R9) and capacitance (C9) 
at various frequencies and tube currents. The cathode 
materials used in the tubes were molybdenum, 
zirconium, tantalum and nickel and the gas filling was 
pure neon at a pressure of 40 torr. For tubes having 
molybdenum cathodes pressures of 30 and 50 torr were 
also used. Measurements were made at direct currents 
of 10, 8, 6 and 4 mA. 

4. Results 

The typical curves illustrated in Fig. 3 show the 
variations of the measured values of parallel resistance 
and capacitance for a zirconium-cathode tube. 
Figure 4 gives an enlarged view of these curves at the 
higher frequencies. 

Impedance loci were plotted to facilitate the analysis 
of the results and to compare them with the theoretical 
predictions. For this purpose the equivalent series 
resistance (Rs) and reactance (Xs) were used as they 
give a better picture of the characteristics, particularly 
where X,—> 0. The necessary conversion from the 
experimental results was done using the formulae: 

Xs= 

where X, = 11coCe 

0.1 

0.01 cp 

1000 pF 

100 

10 

Rs= R91{1+(2,14)2} 

cp 

100 c/s 1 kc/s 10 100 1 Mc/s 10 

32 

28 

24 

20 

RP, kn. 

16 

12 

8 

4 

o 
100 

Fig. 3. Typical curves of measured capacitance and resistance. 
Tube: 40 torr neon, zirconium cathode at 6 mA. 
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Fig. 4. High frequency detail of Fig. 3. 
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Measurements were made on several tubes with the 
same structure, gas filling, pressure and cathode 
material. No significant differences were observed in 
the results at frequencies above 10 kc/s. Below 10 kc/s, 
however, the differences become significant being 
about 5 % at 10 kc/s and as much as 100% at 400 c/s. 
This divergence between results for different tubes of 
the same kind was also observed by Reed' and 
Dix.8' 

Figure 5 shows typical impedance loci for a molyb-
denum-cathode tube with a pressure of 40 torr at 
various direct tube currents. Enlargements of these 
curves at the high- and low-frequency ends are given 
on Fig. 6. Typical loci for tubes with different cathode 
materials are compared in Fig. 7. The effects of 
changing the gas pressure on the impedance loci of 
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Fig. 5. Typical impedance loci at various tube currents. 
Tube: 40 torr, neon, molybdenum cathode. 
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A 

• 
4 mA 

6 mA 
8 mA 

10 mA 

molybdenum-cathode tubes can be seen from Figs. 
8-10. 

It may be noted from the various curves and 
particularly from Fig. 6 that the loci have definite 
intercepts on the resistance axis at frequency f = 
and also when f —. co. Table 1 gives the intercepts as 
f —> oo for all the tubes tested at various currents. It is 
evident from Fig. 2(b) that these intercepts give the 
values of r. For the zirconium-cathode tubes values of 
r were also found at currents of 12 mA and 3 mA 
and these are included in Table I. The results show 
that r is inversely proportional to the direct tube 
current I. 
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X kn. X3 
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Fig. 6. Upper and lower frequency characteristics. 
Tube: 40 torr, neon, molybdenum cathode. 

 O  4 mA 
 A  6 mA 
— — — — x — — — — 8 mA 

 •  10 mA 

From the circuit of Fig. 2(b) when f = 0, Z = R. 
Table 2 compares the low-frequency intercepts and 
the gradients of the static voltage-current characteris-
tics of the tubes (d Vid!) at corresponding currents. 
There is reasonable agreement between RT and 
dV/d/. The lack of agreement in certain cases is 
mainly due to the difficulty of extrapolating from 
f = 200— 400 c/s to f = 0. 

From Fig. 4 it is seen that, for f > 8 Mc/s, Cp is 
nearly constant and is approximately the capacitance 
of the cathode-fall region. Benson and Chalmers' 
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Table 1 

Values of r for tubes filled with pure neon 

Cathode 

Molybdenum 

Molybdenum 

Molybdenum 

Nickel 

Zirconium 

Tantalum 

Tube type r (ohms) at various direct tube currents 

Pressure 
(torr) 

12 mA 10 mA 

30 

50 

40 

40 

40 

40 

140 

150 

200 

160 

180 

180 

180 

8 mA 6mA 4mA 3 mA 

180 

300 

200 

250 

200 

250 

250 

400 

300 

350 

400 

350 

400 

1300 

550 

650 

550 

550 

750 

Table 2 

Values of R, (i.e. Z at f = 0) and d V/d/ for tubes filled with pure neon 

Tube type 

Cathode 

Molybdenum 

Molybdenum 

Molybdenum 

Nickel 

Zirconium 

Tantalum 

Pressure 
(torr) 

Direct tube currents (mA) 

10 8 6 4 

RT dVIdl RT 
(Q) (s) 

d VI& 
(n) 

RT dVIdl 
(n) (il) 

RT 
(n) 

d 

30 510 526 470 

50 0 o —50 
40 o —77 —50 

40 500 600 400 

40 o 80 o 
40 250 260 50 

526 400 426 o o 
—90 —100 —300t —200 — 600t 

—175 —150 —175 —250 —275 

400 400 300 200 200 

20 —50 —53 —150 —125 

67 300 268 100 60 

f The V// characteristic of this tube, at I < 8 mA, had large steps due to the glow jumping from one glow area to another. 
Hence, the value of d Vitt! was difficult to assess. 

took this to be exactly so. The effect of r, which is to 
make C,, < Cd, becomes more pronounced, however, 
as the frequency increases (see Fig. 4). 

The loci intercepts R(x0) at f •-•• 2 Mc/s are 
approximately proportional to 1//, e.g. considering 
the molybdenum-cathode-tube results of Fig. 5, 
Table 3 is obtained. 

Comparison of Figs. 7 and 10 shows that changes 
in cathode material do not seem to affect the frequency 
(X=o) at which X. goes through zero (i.e. changes from 
inductive to capacitive) but changes in pressure p do. 
As p increases so does fg =0). This may be explained 
by the dark-space capacitance being inversely propor-
tional to pressure, as stated by Benson and Chalmers.' 
Since (x=0) is the frequency at which the inductance 
of branch 1 of Fig. 2(b) balances the capacitance of 
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branch 2 any decrease in capacitance will cause an 
increase in (X=0) (the inductance will tend to increase 

Table 3 

Values of the impedance loci intercepts R(x 0) for a 
molybdenum-cathode tube filled with pure neon at a 

pressure of 40 torr 

Tube current Roc- 0)(kil) 
(mA) 

10 

6 

4 

10 

13 

16.5 

25.8 
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Fig. 7. Impedance loci for tubes with various cathode materials. 
Tubes: 40 torr, neon, at 10 mA current. 

— — — — — — — — Tantalum 

 •  Zirconium 
— • — • — x — • — • — Molybdenum 

 O  Nickel 

12 

1 Mc/s 
o 

10kcis 
..- 

c/s 

50 ...— 
.............. 

2'1...12 

1 Mc/s . 

‘..., 

• 
2 

60 Mc/s 25 s.,2 5 

it 

\ 2.5 

I 
i 

2.5 

5 

\ 
4 

..›....--44-• 

/ 
/ 

..." 
/ 

5 ,.............. ..4.. ......". 

5 Mc/s 

o 4 8 12 
• kn 

14 

Fig. 9. Impedance loci for various tube currents. 
Tube: 50 torr, neon, molybdenum cathode. 

 O  4 mA 
6 mA 
8 mA 

 •  10 mA 

with p due to the increase in collision frequency and 
will reduce the effect of capacitance). 

Definite bumps are present in the various impedance 
loci, which may be associated with individual delayed 
effects, but the number and magnitudes of the delayed 
effects are difficult to determine from the curves. It 
was therefore decided to analyse the results using 
digital-computational techniques. Previous analyses 
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Fig. 8. Impedance loci for various tube currents. 
Tube: 30 torr, -neon, molybdenum cathode. 
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Fig. 10. Impedance loci for tubes with various gas pressures. 
Tubes: neon, molybdenum cathode at 10 mA. 
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have been mainly limited to graphical methods which 
are very approximate. Benson and Chalmers' con-
cluded from their graphical analysis that for pure-neon 
tubes and neon-argon tubes with less than 0.1 % argon 
there are five time-constants to consider but one of 
these involved a negative inductance. For neon-argon 
tubes with more than 0.1 % argon only four time-
constants seemed to be involved. Since their measure-
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ments were made only at frequencies up to 5 Mc/s the 
effect of r was not observed. Reed' and Dix°, 
made measurements up to 30 Mc/s and discovered 
the effect of r. They were using a neon-argon tube and 
by construction found only three time-constants. It 
is evident from the previous studies that the general 
form of the equivalent circuit evolved is basically 
correct. There is difficulty, however, in determining 
the number of delayed effects and the exact values 
of the resistances and inductances in branch 1 of 
Fig. 2(b). It is also desirable to get a more accurate 
picture of the other constants involved, i.e. RT, r 

and Cd. 

The analytical method used was the least-squares 
best-fit' one.3° In this method the theory is assumed 
and programmed into the computer. The computer 
is then fed with estimated values of the parameters, i.e. 
r, RT, Cd, R1, LI, etc., from which it calculates the 
values of the equivalent parallel capacitance Cp, and 
resistance Re predicted by the theory. The computer 
is also fed with the measured values of Cp and R p at 
the various frequencies together with standard devia-
tion for each value pf Cp and Re It compares the 
theoretical and measured values of resistance and 
capacitance and then makes corrections to the values 
of the estimated parameters so as to obtain a better fit 
between the two sets of values. The cycle of events is 
repeated using the corrected values of the estimated 
parameters until the best fit is obtained (if the first 
estimates are within 50% this is probably after six 
cycles). The program prints out the theoretical and 
the measured values of Cp and RA, at the various 
frequencies for comparison and also the overall error 
of the fit 4. It will also, on direction from the console, 
print out the theoretical values of Xs and Rs for 
comparison with the Xs— Rs graphs. 

Initially it was decided to divide the fitting procedure 
into the high- and low-frequency sections. At the 
high-frequency end (f > 10 Mc/s) the circuit was 
approximated to by the arrangement of Fig. 11 and 
the values of R, r and Cd determined. The values of r 
and C were 'removed' mathematically from the circuit 
as in Fig. 2(b), thus effectively isolating branch 1 and 
the fitting procedure repeated on the pseudo experi-
mental results. This method proved unsatisfactory 
due mainly to the fact that it requires the high-
frequency results to be very accurate since the 
'removal' of branch 2 involves the subtraction of two 
numbers of approximately-equal magnitude (i.e. the 
values of Cd and Cp) the difference of which is of the 
same order as the experimental error. This only 
applies for f > 3 Mc/s as below this frequency the 
method is valid and is effectively the same as the 
graphical methods used previously.7-9 It was then 
decided to use the best-fit method on the results as a 
whole and this proved to be satisfactory. 
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The locus for a zirconium-cathode tube at a current 
of 6 mA was chosen to test the theory since this tube 
had the smoothest voltage-current characteristic and 
6 mA is about its optimum current. The least-squares 
best-fit procedure was tried for a total of three, four, 
five and six time-constants (i.e. P = 3, 4, 5 or 6). 
Figure 12 gives a comparison of the practical curve 
with the various theoretical ones. It can be seen that 
e= 5 gives the best fit to the experimental points. 
Although P = 6 was tried the final error was almost 
the same as P = 5 but the program could not clearly 
define six time-constants probably because (a) the 
data were not sufficiently accurate to permit the 
resolution of six time-constants involving fifteen 
parameters or (b) there was no sixth time-constant 
present or if there was it was too small to be resolved 
and so would not greatly affect the component values 
in branch 1 of Fig. 2(b) obtained by assuming P = 5. 

Fig. 11. Approximate high frequency equivalent circuit. 
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Fig. 12. Comparison of various theoretical loci with measured 
locus. 

Tube: 40 torr, neon, zirconium cathode, 6 mA. 
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Table 4 

Circuit parameters for P = 3, 4 and 5 for a zirconium-
cathode tube filled with pure neon at 40 torr 

P = 3 P = 4 P==5 

r(0) 367 377 391 

Cd(pF) 4.28 4.29 4.32 

/27.(n) 203 18.5 12.5 

LemH) 61 64.4 

R1(n) 319 297 

La(mH) 38 30.3 30 

R2(kû) 2.55 2.76 2-34 

L3(mH) 3.49 2.66 3.44 

R3(kfl) 3.79 3.63 1-67 

LemH) 1.18 

RekO) 2.81 

L5(pH) 648 626 589 

/25(kO) 22 22.9 24.6 

4 342.2 79.34 43.52 

Table 5 

Circuit parameters and time-constants for a zirconium-
cathode tube filled with pure neon at 40 torr 

[F(Z) f(Zin2 E ...(6) 
i=1 [a(Zi)]2 

where N is the number of experimental results. 

F(Z) is the experimental result 

f(Z,) is the corresponding theoretical result at the 
same frequency, and 

e(Z1) is the error in F(Zi), i.e. the experimental 
error. 

Table 5 lists the parameters and time-constants 
obtained, assuming P = 5, for a zirconium-cathode 
tube and several tube currents (I). 

5. Discussion of Results 

Since a complete analysis was performed on the 
results of one tube alone only general conclusions may 
be drawn from the comparative graphs of Figs. 7 and 
10. However, from a consideration of the impedance 
loci and the actual measured results it follows that: 

(a) Tubes with zirconium, molybdenum and tan-
talum cathodes will yield similar results. Tubes 
having nickel cathodes will give somewhat 
different results, as can be seen from Fig. 7, 
probably due to the running voltage being 
about 140 V compared with about 104 V for the 
other cathode materials used. 

(b) Changes in pressure affect the impedance to a 
/(mA) I 0 8 6 4 greater extent than cathode material due to the 

pressure dependency of diffusion, collision 
r(0) 179 259 391 691 frequency, mean-free path, etc. 

Cd(pF) 6.48 5-46 4.32 3-11 The approximate values of Cd obtained for the 
RT(n) -5-68 64-4 12.5 -65-8 molybdenum-cathode tubes with different pressures 
Li(mH) 44.8 50.3 64.4 107 and a tube current of 8 mA are: 
R1(û) 180 224 297 435 

reps) 249 225 217 245 

L3(mH) 20.3 22.5 30 45.2 

R2(kO) 1.47 1.82 2.34 3.37 

reps) 13.8 12.4 12.8 I which are in agreement with the theory.' 
3.4 

L3(mH) 2.3 2.65 144 4.94 

R3(kO) 1-08 1.24 1.67 2.46 

I'dfis) 214 214 2.06 2B1 

LemH) 0.787 0.937 118 1.69 8 

R4(k1) 1.85 216 2.81 3.99 
6 

reps) 0.425 0.433 0.420 0.424 CC1 ,PF 

LemH) 0-328 0.429 0.589 0.939 
4 

R5(kû) 15-7 19.6 24-6 33.07 

rd(ps) 2.08 x 10 -2 2.186 x 10-2 2.39 x 10- 2 2.84 x 10-2 
2 

61-53 32.79 43.52 67.25 

Table 4 gives the various parameters found by the 
best-fit procedure for P = 3, 4 and 5 and also the 
overall error LI where Ll is given by: 

320 

p = 30 torr, Cd 6.5 pF 

p = 40 torr, Cd cf. 4.8 pF 

p = 50 torr, Ca 4.5 pF 

8 10 0 2 4 6 
mA 

12 

Fig. 13. Variation of dark-space capacitance with tube current. 
Tube: 40 torr, neon, zirconium cathode. 

The Radio and Electronic Engineer 



IMPEDANCE CHARACTERISTICS OF GLOW-DISCHARGE TUBES 

40 

36 

32 

et' 
2.8 

o 
ce 

2. 
o 

ce 
20 

1.2 

o 

0. 

'Ix' 
/ 

/ / 

, / 

if 

i, 
/. 

./,' 

/I 

/ 

/ 

, 

/ R 

>4 
S-' I, 

6, 
/,' 

/ 4  
• 

/ 

. 

R, 

3 

e) 

el,/  

/ 

j. • 

" 1. 

/d 

r 

„..*"...... 
, •-.. 

' 

o 0.1 
1 Li mA -1 

02 

Fig. 14. Resistance values for theoretical circuit obtained by 
analysis of zirconium tube. 

By reference to Fig. 12 and Table 4 it can be seen 
that the theory assuming P = 5 is a good fit to the 
practical results; better than 3% for the most part. It 
may be noted that for P = 3 the computer eliminated 
the first time-constant, which is defined by only a few 
results and effectively resolved the same delayed 
effects as P --- 4. Also, whatever value of P was 
chosen, the parameters and hence the time-constant 
(r,) for the last delayed effect are approximately the 
same. 

Figure 13 shows that the dark-space capacitance Cd 
is proportional to the current I. This is expected for a 
normal glow discharge with a constant current 
density. The slight divergence of the proportionality 
at I > 8 mA is thought to be due to cathode edge 
effects. From Figs. 14 and 15 it can be seen that 
r, RI, R2 . . . R. and LI, L2 . . . L. are inversely 
proportional to I. 

The respective time-constants given in Table 5 for 
each current are the same and on average are: 

Ti = 234 kts, 12 = 13-1 jis, 13 = 2-09 

14 = 0-425 Jis, 15 = 0-024 µs. 

Thus, it may be concluded that for this tube the 
mechanics of the discharge are the same for any value 
of I provided the discharge is normal. 

The relative values of RI, R2, R 3, R 4 and R5 should 
give an insight into the importance of their respective 
mechanisms as current carriers in the discharge. It is 

found that: 
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Fig. 15. Inductance values for theoretical circuit obtained by 
analysis of zirconium tube. 

• 

R 5 : R 4 : R 3 : R 2 : R 1 :: 1 : 9 : 16 : 11 : 86 

The values of RT found by analysis are not con-
sistent with the slopes of the voltage-current charac-
teristics for the particular zirconium-cathode tube 
considered. This may be expected because the values 
of RT are small in this case and the data does not 
clearly define any effects below 400 c/s. 

It is not proposed at this stage to attribute all the 
various delayed effects to any particular discharge 
phenomena but merely to suggest some of the agencies 
which may be associated with them. It is hoped to 
make a detailed correlation in a later paper when all 
the results have been analysed and some further 
measurements have been made on both the tubes used 
during the present investigations and on tubes with 
different gas fillings. 

When the delayed effects are small and ti T2 > r3, 
then Ti and 12 are associated with T, and T2 respec-
tively, the time-constants of the two delayed effects on 
which the transport factor is dependent.' Further, 13 
is associated with the degression time which in turn is 
associated with the time taken for the space-charge to 
change. Benson and Chalmers' thought that a larger 
delay time could be due to thermal lag connected with 
the heat-conduction mechanism from the cathode and 
that another possible delayed effect may be associated 
with the lateral growth of the discharge. The expan-
sion or contraction of the cathode glow due to a 
change of current will depend on the nature of the 
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cathode surface and the results do in fact show spreads 
for tubes of the same type at frequencies below 
10 kc/s where the effects of the larger time-constants 
are predominant. Differences in results for a given 
type of tube were also reported by Reed8 and Dix.8, 9 

Tubes having more than 0.1 % argon in neon were 
found by Benson and Chalmers' to have one less delay 
process than tubes filled with pure neon. This may be 
attributed to the fact that in the former tubes a delay 
time associated with the lifetime of neon metastable 
atoms is reduced to a negligibly small value by ionizing 
collisions with argon atoms. 

It is well-known that nearly all the potential drop 
in a glow discharge is across the cathode-fall region 
and it has been stated by many previous workers that 
there is a delayed effect due to the transit time of 
positive ions across this region. By analysis of ion 
energies at the cathode of a glow discharge Davis and 
Vanderslice' showed that for a normal glow dis-
charge the ions arriving at the cathode, having suffered 
multiple charge-transfer collisions en route from the 
space-charge to the cathode, are predominantly low-
energy ones. Severin" assumed that appreciable 
fractions of the ion momentum are transferred to the 
atoms during collisions and summed the transit times 
between collisions, there being di/ collisions in all. 
The resulting transit time t is found to be 

T = 2,fi(c/c//)+/D, provided that de» 1, 

where de is the width of the cathode-fall region I is 
the mean-free path and D is the ion plasma frequency 
as defined by Severin. 

For the pure-neon zirconium-cathode tubes dc was 
estimated to be 2.4 x 10-2 cm from the capacitance 
measurements and D = 1.28 x 108. Thus, for 
/ = 10 mA, since I = 5.157 x 10-4 cm, t = 15 x 
10-2 µs, and for I = 4 mA, since / = 4.69 x 10 -4 cm, 
= 15.8 x 10-2 µs. 

Severin" deduced an alternative value of t derived 
from a non-conservative differential equation, i.e. 
one including a dissipative term. This gave 

T = 3(c/c//)+/2.S2 

This expression gives: 

for / = 10 mA, T 7.98 x 10-2 Lis 

and for / = 4 mA, T 8.38 x 10-2 µs 

An alternative method of calculating t has been 
derived by Benson and Gillespie." This method 
divides the cathode fall into high- and low-field regions 
and then makes use of the relationship between drift 
velocity and field strength proposed by Hornbeck. 33 
The expression for t is: 

3.,./3(c/p+ri f d\] 6dcdp 
T 

2.‘/5 k2( V„)+ L c/c 5ki(dIdc)+V„ 
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where V. is the normal cathode fall, d is the extent of 
the low-field region in the cathode-fall space, and k1 
and k2 are coefficients relating the positive-ion velocity 
and (electric field strength/p) in the low-field and high-
field regions of the cathode-fall space. 

For the particular zirconium-neon tube under 
consideration this gives 2 17.4 x 10-2 µs. 

The delay time t5 in Table 5 is thought to be related 
to the positive-ion transit time. The above calcula-
tions, which involved preliminary estimates of dc 
based on Cd and the current density are somewhat 
higher than the practical results. Inaccuracies in 
current density and de may account for some of the 
errors but space-charge distribution in the cathode-fall 
will modify the simplified calculations to some extent. 
It may be seen from Table 5 that as I increases t5 
decreases and the reductions are about the same as 
those predicted by the calculations considering 
changes in mean-free path with variations in tempera-
ture caused by tube current. 

6. Conclusions 

The impedance locus of a glow-discharge tube can 
be explained effectively by the extended form of van 
Geel's theory developed by Benson and Chalmers' 
which takes into account several delayed effects. 
These delay processes affect the impedance locus 
considerably. Detailed analysis of the impedance locus 
gives the magnitudes of the various delay times and 
the complete equivalent circuit of the tube which is 
quite complex. It has been concluded that for a tube 
with a zirconium cathode containing pure neon at a 
pressure of 40 torr there are a total of five delay 
processes having time-constants: 

T1 = 234 µs, t2 = 13.1 µs, t3 = 2.09 µs, 

t4 = 0.425 µs, and T5 = 0.024 µs. 
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DISCUSSION 

Mr. T. Poorter: The frequency response measurements 
made by Dr. Benson have resulted in a complex equivalent 
circuit for a gas discharge diode valid for small sinusoidal 
variation of voltage and current superimposed on a d.c. 
level. It is desirable from the circuit engineer's point of 
view to have available a more simple equivalent circuit that 
might be a first approximation to the one presented and 
that should give a response sufficiently accurate for actual 
practice. It may be possible that such a circuit can be 
derived more easily from step response measurements; in 
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any case this approach will give a result which has a closer 
connection with the kind of operation actually met in 
practice thus indicating the relevant parameter more 

clearly. 

Moreover, measurements could be done on step response 
excitation of lower amplitude which would be of still more 
interest in practical cases; those responses cannot be 
derived from the frequency response data because of the 

non-linearity involved. 
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DISCUSSION 

It appears that the equivalent circuit presented by Dr. 
Benson could be regarded as a first step in the attempt to 
come to an equivalent circuit that can be handled by a 
circuit designer and can produce quantitative information 
of a sufficient accuracy about circuit operation. It presents 
a link between circuit operation and the physical processes 
involved such that it might be possible to design a gas 
discharge tube according to the circuit operating require-
ments. 

In the transistor field, starting from a frequency response 
approach, a simple and approximate charge control theory 
has evolved, based on a qualitative insight into the physical 
processes involved, leaving out details which complicate 
the equivalent circuit and do not give a great improvement 
in accuracy of response. This has brought the quantitative 
treatment of transistor transient response within the grasp 
of the circuit designer and might well account for the 
ready acceptance of the transistor as a fast switching 
device. 

Moreover, it has been possible to define from this 
approach several important parameters characterizing the 
transistor as a switching device. These parameters can 
easily be measured and are used in comparing the switching 
performance of different transistors. In addition it has 
been possible to extend this approach to other devices such 
as vacuum tubes and photoelectric devices so that now 
vacuum tubes and transistors can be compared more easily 
in their ability to perform similar operations. It would be 
of great interest if this approach could be extended to 
gas-filled tubes. 

R R3 

RI. R --`"AlV" 

•,.A.AAP—• L 2 •—• L 3 

00\-

Fig. A. 

In this respect it is of interest that an analogy can be 
drawn between a semiconductor diode and a gas-filled 
diode. The cathode-fall region in a gas-filled diode can be 
compared with the depletion layer in a semiconductor 
diode, both being regions containing an electric field and 
carrying nearly the full voltage drop. The plasma region 
of a gas-filled diode can be compared with the bulk region 
adjacent to the depletion layer of a semiconductor diode 
service in both the current flows by ambipolar diffusion in 
which the electric field is virtually zero and they do not 
carry a substantial voltage drop. 

It should be pointed out that, in the case of the semi-
conductor diode and the transistor, a crude approximation 
of the density distribution of holes and electrons together 
with an assumed constant mean-lifetime of the minority 

carrier, already gives rise to an equivalent circuit which is 
sufficiently accurate over a wide frequency range; more-
over a fairly accurate transient response can be obtained 
from the equivalent circuit for large current step excitations. 

Dr. F. A. Benson (in reply): Figure 2(b) of the paper 
shows the complete equivalent circuit for the discharge 
tube over the frequency range investigated, i.e. 200 c/s-
70 Mc/s. For a restricted frequency band within this 
range, however, the equivalent circuit may be simplified. 
The impedance of a parallel combination of inductance and 
resistance may be approximated to by a resistance at high 
frequencies and an inductance at low frequencies. Further, 
since the value of C, is small (of the order of 6 pF) it may 
be neglected at low frequencies. Thus, for example, at 
audio frequencies the equivalent circuit may be reduced to 
that shown in Fig. A and at megacycle frequencies it may 
be approximated by Fig. B. 

We have not made any step-response measurements. 
Mackay and Morrist observed the transient responses of 
a number of glow discharges and showed that the perform-
ance of tubes in pulse circuits may be poor. Each tube 
(1/25 watt neon or argon tubes were used) was placed in 
series with a resistor and fixed bias source. Superimposed 
on this fixed voltage was a square-wave signal (rise and fall 
times of less than 0-3 ps with no overshoot), the response to 
which was observed across the resistor. From the response 
time of several microseconds and the characteristic over-
shoot it was suggested that a tube could be replaced by an 
equivalent circuit consisting of a combination of resistance 
and inductance. 

Fig. B. 

Dr. C. Grey Morgan: Have you observed any pressure 
dependence of the delay times? 

Dr. Benson (in reply): From Severin's formula for 
transit time r given in Section 5 of the paper it is found 
that T cc 1/p. Measurements on pure-neon tubes with 
molybdenum cathodes and gas pressure of 30, 40 and 
50 torr show that as the pressure decreases the various time 
constants increase. Further measurements are now being 
undertaken over a wider pressure range in an attempt to 
confirm the result predicted by Severin's expression. 

t R. S. Mackay and H. D. Morris, "Transient response of 
glow-discharges with applications", Proc. I.R.E., 42, p. 961, 
1954. 
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A Light Absorption Detector for a 

Computer Controlled Film Scanner 

By 

P. de BRUYNE, B.Sc. 
(Associate Member)t 

Summary: Computers can process photographically recorded data both 
rapidly and efficiently. It is shown that a general purpose computer may 
be readily adapted to read film information. A standard computer display 
monitor is used as a scanning source. The detector employs a photo-
multiplier and transfers the digitized data to the computer. 

I. Introduction 

Scientific data photographs may be selectively 
scanned under control from a programmed computer 
in a way similar to punched data cards. Instead of 
using a number of bulbs and phototransistors, a 
spot from a cathode-ray tube is focused on the film. 
The transmitted light is detected by photomultipliers. 
The spot may be programmed to scan in a fashion 
most efficient to the work at hand and is thus more 
versatile and faster than a conventional flying spot 
scanner. Extraction of data and computation of 
results can proceed simultaneously at a high speed 
even though the plotting of a single point may take 
much longer (50 its) than with a flying spot scanner. 
No time need be wasted scanning unfruitful areas 
and only the required data are read out and in the 
required sequence for rapid processing. The computer 
need not permanently store all data. It may use 
temporary storage and write on tape only the results 
as soon as they are produced. What can be done is 
limited by the imagination of the programmer; it is not 
limited by a mechanical raster scanner. 

Although undoubtedly useful in other areas (satel-
lite data photographs, star mapping, etc.) the scanner 
was primarily built for the analysis of nuclear tracks 
in spark chambers. Spark chamber pictures can be 
analysed with a micrometer microscope but the 
method is tedious for the large numbers of such 
pictures usually involved. 

The equipment to be described is designed for use 
with a medium-speed general-purpose computer and 
consists of a film transport mechanism, light absorption 
detector and data buffer. 

2. Description of System 

The computers has a display unit capable of addres-
sing 1028 x 1028 points on a monitor tube (Raytheon 
16A7DP34). The spot size is about 0.8 mm. The 

useful area is 235 x 235 mm and the measured 
aberration is maximum 1.5 mm and generally less than 
0.5 mm. 

An optical box (Fig. 1) containing a lens and an 
automatic film transport for 70-mm film was made to 
fit the monitor housing. A half-silvered mirror and 
two photomultiplier tubes are used to detect film 

CCMFU TER 
DISPLAY 
TUBE 

FILM TRANSPORT 
REFERENCE MECHANISM 

PHOTOMULTtPLIER 

USEFUL AREA 
235.235.. 

HALF - SILVERED 
MIRROR 

1 = 
OBJECT 
PHOTOMULTIPLIER 

Fig. 1. Optical arrangement. 

density. It was found advantageous to use two tubes 
connected differentially because the random variations 
in spot brightness on the screen were of the order of 
2 to 1. By adding the dynode current of the reference 
tube to the anode current of the object tube (or vice 
versa for positives), the resulting signal applied to an 
emitter follower allows detection of less than 10% 
absorption in the film. 

The two photomultipliers 6199 are connected as 
shown in Fig. 2. Dynode-anode operation can be 
interchanged using switches so that either negative or 
positive film may be used. Photomultiplier voltages 
are always adjusted so that the anode-connected 
tube current slightly exceeds the magnitude of the 
dynode-connected tube current. The summed current 
is thus predominantly negative with positive excursions 
at positions of film data. 

t Cyclotron Laboratory, Harvard University, Cambridge, Type PDP1, Digital Equipment Corporation, Maynard, 
Massachusetts, U.S.A. Mass., U.S.A. 
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Fig. 2. Photomultiplier 
corrections. 
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3. Computer Interface Circuits 

The peak negative output voltage of the summed 
photomultiplier signal is detected and stored by the 
use of an operational amplifier, a diode and a capacitor 
(Fig. 3). This voltage corresponds to maximum spot 
brightness at non-data positions on the film. The 
stored voltage is allowed to decay with a time-
constant adjustable from 1 millivolt per millisecond to 
100 millivolts per millisecond. The instantaneous 
output voltage of the emitter follower is constantly 
compared with a set fraction of this negative stored 
voltage using a second operational amplifier. The open 
loop voltage gain of each amplifier is about 5000. 
The output of this second amplifier is standardized 
to the logic levels — 3 V for negation and 0 V for data 
assertion. It is then sampled in a gate with a strobe 
pulse at the time the scanning point has reached a 
maximum brightness. 

The output of this gate sets a flip-flop which may be 
sampled by the computer. The flip-flop is reset to 
zero at the beginning of each brightening pulse. 

DISCRIMINATOR 

INPUT 
FROM 
MIXER 

.... 

0 JPF1 

S_ICING LEVEL 

SET 
DECAY TIME 

Fig. 3. Logic diagram. 

209 

/I 
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EC 4301 Y INPUT 

The two operational amplifiers and level stan-
dardizer are mounted on a blank module card 
(Fig. 4). The gate and flip-flop and delay units are 
standard modules. The delay is set to a value such 
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15V 

OUTPUT TO 
DISCRIMINATOR 

CROSSL,NK 

that the output pulse is obtained when the spot is at 
maximum brightness. 

The only other controls besides those for the photo-
multiplier voltages are the slicing level or sensitivity 
control at the input of the second operational amplifier, 
and the decay time control. 

The photomultiplier voltages are set around 900 V 
so that each tube by itself would produce about 3 V 
across the 10-kil load. As the currents are in opposite 
directions they subtract and should leave about 0.2 V 
negative in the 'no data' positions during brightening 
of the spot. 

The slicing level may be set to about 0 V for photo-
graphs with normal detail. This then requires a 
difference voltage of 0.2 V or more to obtain assertion. 

By setting the decay control to a long decay, large 
numbers of assertions may be stored consecutively. 
Each time a single negation is obtained the storage 
capacitor is recharged to the peak negative voltage. 

A short decay time is permissible for most spark 
chamber photographs as the lines are only a few 
positions wide. The operation can then be made 
relatively insensitive to variations in film base density 
and optical differences which produce slow variations 
in the negative peak voltage. 

4. Resolution 

The capacity of the store is such that only about 
4000 locations of assertion may be stored. This, 
however, proves to be sufficient to hold all the tracks 
of an average spark chamber photograph. Operation 
of the equipment was checked and adjusted by re-
displaying the locations of assertion on the monitor 
screen. Dark lines of 25 microns width on clear film 
could be recorded over the entire film window of 
63 mm x 72 mm. 

The Radio and Electronic Engineer 



DETECTOR FOR COMPUTER CONTROLLED FILM SCANNER 
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The resolution was limited to about 250 lines over 
the full horizontal and vertical distances. The limita-
tion in resolving power is entirely due to the monitor 
tube. 

Preparations are being made to improve the re-
solving power by using a 5-in precision cathode ray 
tube capable of resolving 2000 lines over a distance of 
3 in. It will then be possible to resolve 512 lines, or 
even more if the number of addressable locations is 
increased. 

Despite the limited resolving power of the present 
tube it is interesting to note that even faint 25 µ wide 
tracks can be recorded. This is because absorption of 

May 1965 

Fig. 4. Discriminator circuit. 

only 10% of the transmitted light is sufficient to trigger 
the circuit in the presence of random point to point 
screen brightness variations of 2 to 1. 
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Radio Engineering Overseas... 
The following abstracts are taken from Commonwealth, European and Asian journals received by 
the Institution's Library. Abstracts of papers published in American journals are not included because 
they are available in many other publications. Members who wish to consult any of the papers quoted 
should apply to the Librarian, giving full bibliographical details, i.e. title, author, journal and date, of 
the paper required. All papers are in the language of the country of origin of the journal unless other-
wise stated. Translations cannot be supplied. 

ANALYSIS OF A TUNNEL DIODE STORE BY 
ANALOGUE SIMULATION 

In the course of designing a store consisting of a current-
biased Esaki tunnel diode combined with two conven-
tional diodes and characterized by high speed of operation 
and large level of read-out signal, the authors of a Japanese 
paper had to choose appropriate values for parameters 
specifying both the cell itself and driving waveforms. 

For this purpose, an analogue simulation technique 
seemed to be highly suitable, in which non-linear charac-
teristics of the elements would be approximated in linear 
piecewise manner by an appropriate limiter circuit using 
vacuum-tube diodes. 

The method adopted and the resulting data are described 
in the paper. The results may be summarized as follows: 

(1) Assuming the read-drive is fixed, the read-out 
level is an increasing function of CED (junction capacitance 
of Esaki diode) and independent of CD, (junction capaci-
tance of read diode). On the other hand, the noise level 
is independent of C„ and proportional to CD ,. 

(2) The function of so-called current-reading which is 
basic to the cell is much improved by addition of an 
appropriate capacitor parallel to the Esaki diode. In this 
case, it is found that the switching time of the cell still 
remains within practical limits; typically it does not 
exceed 10 ns. 

"Analysis of an Esaki diode memory cell by analog simula-
tion", Teruhiko Bessho and Keiichi Tsukada Review Electrical 
Communications Laboratory, NTT, 12, 7-8, pp. 447-68, July-
August 1964. 

VARIATION OF IONIZATION IN THE 
IONOSPHERE 

The solar wave radiation responsible for the production 
of the ionization in the ionosphere varies in its intensity in 
close correlation with the period of the 11-years' sunspot 
cycle. Furthermore, intensity variations with a quasi-
persistent 27-days' period can occur in cases where sun-
spots are unsymmetrically distributed in heliographic 
longitude and where the sun in the course of its rotation 
in about 27 days exhibits alternatively disks with many 
spots and with few spots. 

In a paper published in Germany recently it is shown 
that such intensity variations produce considerable 27-day 
variations with the same phase in the critical frequencies 
of the F,-, F2-, and El-layers as well as in the MUF 3000 
(maximum usable frequency for the 3000-km distance), but 
27-day variations with reversed phase in the M3000 factor 
(conversion factor from vertical to oblique-incidence 
critical frequency for the 3000-km distance); 27-day 
quasi-persistent variations in the average temperature of 
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the F-layer may be responsible for the production of these 
M3000 variations. Numerical data are given for magni-
tude and seasonal variation of the average relative ampli-
tude of the 27-day variations of the ionospheric data 
mentioned above. 

"Ionization variations in the mid-latitudes of the ionosphere 
and the variation of the usable frequencies for long distance 
short wave propagation, with 27-day period as the effect of 
solar wave radiations", G. Lange-Hesse and E. Schott. Archiv 
der Elektrischen Übertragung, 19, No. I, pp. 59-65, January 
1965. 

HORN ANTENNA CHARACTERISTICS 

The authors of this Czech paper have investigated the 
influence of the reflector on a microwave horn antenna 
with various reflector distances, using multiple reflections 
between the antenna and the reflector. Experimental 
measurements of the reflection factor corroborate the 
theoretical conclusion that the resultant reflection factor 
forms a family of concentric circles around a centre point 
determined solely by the reflection factor of the antenna 
alone; the radii of the circles indicate the reflection factor 
for a given distance. The measurement results are being 
used for determining the gain of a horn antenna. 

"Determining the influence of reflector distance on a horn 
antenna", F. F. Hanna and A. M. Bishai. Slaboproudj Obzor 
(Prague), 26, No. 2, pp. 85-7, February 1965. 

TELEVISION TRANSMISSION SIGNAL/NOISE 
RATIO IMPROVEMENT 

Methods are described by a German engineer for 
utilizing the correlation of the brightness values of tele-
vision picture elements which are adjacent in time and 
space, to effect an improvement of the signal/noise ratio. 
Possible fields of application are, among others, magnetic 
picture recording, television programme relay links, tele-
vision broadcasting, television satellites, and space probes. 

"Methods for improving the signal/noise ratio in television 
transmission systems", G. Krause. Archiv der Electrischen 
Übertragung, 18, No. 10, pp. 601-6, October 1964. 

TUNNEL DIODE SAMPLER-QUANTIZER 

A video sampler-quantizer which uses a tunnel diode 
as the threshold switching device is described in a recent 
Australian paper. Sampling the waveform allows back-
lash to be reduced by means of a set-reset method of 
operation. By using a parallel connected system the speed 
of operation is reduced to a minimum. A rise-time of 40 ns 
has been measured. 

"A sampler-quantizer for television waveforms", J. O. Limb. 
Proceedings of the Institution of Radio and Electronics Engineers 
Australia, 26, No. 3, pp. 113-17, March 1965. 
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