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Astronomy, Space and Radio

S a branch of science, radio astronomy is barely twenty years old: space research is even younger.

Progress in electronic technology has enabled both to develop at an almost incredible rate and
they are now major scientific disciplines involving expenditure of much money, industrial effort and
intellectual activity.

In Great Britain the Science Research Council has set up the Astronomy, Space and Radio Board
to co-ordinate the work in these related fields which is being carried out in the Universities and in
Government research establishments, and a statement of the policy and programmes of the Board
has recently been prepared to provide the S.R.C. with information on which to base its plans for
1969-74.1 The greater part of the published document presents the scientific interests of the Board
especially in their relation to the classical aim of the astronomer—whether he uses radio or optical
waves—namely, the investigation of the whole of the Universe, and in particular its origins. This
part can be recommended as a good and clear introduction to present cosmological theories.

The second, abridged part of the Report discusses satellite and rocket programmes as well as
astronomical investigations into distant radio sources, cosmic rays, x-rays, and ultra-violet and infra-
red radiation. Clearly, future levels of resources will limit the extent to which plans can be implemented
and priority is proposed for British sounding rockets, for a successor to the Ariel III satellite, for large
optical telescopes in England and Australia, and for the three-mile array of fully steerable dishes at
Cambridge University’s radio astronomy observatory. The Radio and Space Research Station is to
continue exploitation of its steerable aerial at Chilbolton and to expand work in the millimetre wave-
band—of considerable potential value for both space and terrestrial communications.

Although it is often believed that much of this research into the nature of space and the Universe is
purely academic, the techniques and instrumentation are in the forefront of contemporary industrial
interest. Outstanding examples can be found not only in space research, but also in radio and optical
astronomy, and technological advances which have been made so far involve, for instance, low-noise
parametric amplifiers, solid-state multipliers, techniques for steering paraboloids, and improved
automatic control techniques as a result of attitude stabilization for the Skylark rocket.

Apart from straight technology, the Board believes that it can help to meet national needs by fostering
a steady supply of postgraduate students trained in techniques which have a direct relevance to the
requirements of modern industrial research and development. The radio astronomy schools have good
records of providing government and industry with people trained in a variety of modern techniques.
Space research is also very suited to the training of research students provided there is sufficient
continuity and an adequate number of overlapping projects in a university department to allow Ph.D.
work. These conditions are met in the large groups where young research workers are also brought into
close contact with firms concerned with producing equipment to the exacting specifications for
space flight. The work therefore produces individuals with the broad and flexible approach needed
for employment in modern industry.

The ‘fall-out’, both in technology and in vocational training, from the work of the Astronomy,
Space and Radio Board, is clearly a justification for continuation of these programmes.
F. W.S.

+ ‘The scientific ‘mteres{s of the Astrbnomy>, Space al{d Radio- Board anci i{s presentAand planneci programmes’. A
report by the Board to the Science Research Council, July 1968.

The Radio and Electronic Engineer, August 1968 69
B



INSTITUTION NOTICES

Standing Commiittee of Kindred Societies

Collaboration over a wide range of disciplines should
result from the recent decision by four learned Societies to
form a ‘Standing Committee’ to co-ordinate activities
arising from their common interests. The participating
societies are the Institution of Electronic and Radio
Engineers, the Institution of Electrical Engineers, the
Institute of Physics and the Physical Society, and the
Institute of Mathematics and its Applications.

The Committee’s first act has been to put on a regular
footing the arrangements whereby members of each of the
four societies may attend the meetings of the others. All
technical meetings of each society (for which no fee is
charged to members) will thus in future be freely open to
all members of the other three societies.

At the same time the Committee has reached an agree-
ment in connection with conferences. When one of the
four societies proposes to hold a technical Conference
which embraces the objects or normal activities of any
of the other three societies, it will invite the relevant
society or societies to be joint sponsors of the conference.
The societies accepting such an invitation will join in
organizing the programme, normally by appointing one or
more members to the programme committee and their
members will be admitted to the conference on the same
terms as those of the originating society. (Conferences on
technical or non-technical matters which are solely appro-
priate to members of one Society will not be covered by
this arrangement.)

Co-operation of this kind has been taking place from
time to time and with growing frequency in the past, but
the new agreement will embrace all technical meetings and
conferences arranged by these societies in future. The
Committee will continue to consider ways in which the four
societies may work together to provide improved services
to their members and to their professions.

The Committee’s Chairman is Mr. J. A. Ratcliffe,
C.B, C.B.E, C.Eng, F.R.S., who is Immediate Past
President of the Institution of Electrical Engineers, a Past
President of the Physical Society and a Fellow of the
ILE.R.E. Representation of the Institutions on the Stand-
ing Committee is by the President (or nominee) and the
Executive Secretary of each. The I.LE.R.E. is represented
by the President, Major-General Sir Leonard Atkinson,
K.B.E., and by the Director, Mr. Graham D. Clifford,
C.M.G.

Conference on Lasers and Opto-electronics

The LE.R.E. is organizing a three-day Conference on
Lasers and Opto-electronics to be held at the University of
Southampton on 25th to 27th March 1969. Further details
of its scope will be given in the next issue of the Journal, but
in the meanwhile offers of papers within the broad field of
the Conference are invited by the Organizing Committee.
The Organizing Committee is under the chairmanship of
Professor W. A. Gambling, D.Sc., C.Eng., F.LE.R.E., and
includes representatives of the Institute of Physics and The
Physical Society, the Institution of Electrical Engineers, the
Institute of Electrical and Electronics Engineers and the
University of Southampton.
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Electronic Weighing Conference

Because the range of modern electronic weighing
techniques is expanding rapidly, particularly load cell
weighing, the LE.R.E. has organized a two-day Con-
ference to be held on Wednesday, 30th October-Thursday,
31st October 1968, at the Middlesex Hospital Medical
School, Cleveland Street, London, W.l. Some sixteen
papers on many aspects of this important subject will be
presented and discussed.

Coverage will include the nature and performance of
load cells, the achievement of Board of Trade weighing
accuracies, weighing of vehicles in motion, check weighing
of packages, belt weighing and crane weighing. There will
be papers covering digital, solid-state, and telemetering
techniques; also the problems and experiences in special
environments such as the steel industry.

It is intended that the Conference will serve to dis-
seminate present practice and provide a forum for dis-
cussion between designers and users. There is an increasing
awareness that, due to modern digital techniques, weighing
devices can tie in with automatic process control and
computers.

Further information and registration forms can be
obtained on application to the Conference Registrar,
LLE.R.E., 8-9 Bedford Square, London, W.C.1. (Tele-
phone: 01-580 8443, extension 3).

Northern Ireland Section

The Council of the Institution approved the establish-
ment of a Northern Ireland Section, based initially on
Belfast. A Committee of eight members under the Chair-
manship of Mr. J. D. McEwan, B.Sc., C.Eng., M.LE.R.E.,
has been formed, and the Honorary Secretary, from whom
further information may be obtained, is Mr. J. T. Attridge,
C.Eng., M.LE.R.E,, at 33 Kilmakee Park, Belfast BT5 7QY.

Quebec Section

At the Annual General Meeting of the Quebec Section,
held in Montreal on 29th April, 1968, Mr. W. J. Willetts,
C.Eng., M.LLE.R.E., was re-elected Chairman and Mr. R.
C. Caston (Associate) was elected Honorary Secretary.

Offers of papers suitable for presentation at future
Section meetings will be welcomed and should be sent to
the Honorary Secretary, whose address is: Suite 600,
90 Beaubien West, Montreal, P.Q.

Correction

The following two corrections should be made in the
‘Discussion on Gain and Stability of Transistor Amplifiers’
published in the February 1968 issue of The Radio and
Electronic Engineer:

Page 113, Col. 2, line 3, the expression for g.., should
read:
I | pay
LY 2P

Page 114, Col. 1, the value of yg, should read 70 mmho
(not 70 umho).

(Other announcements will be found on page 82.

Gmax =
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U.D.C. 621.376.23

Experimental Tests of the Theory of
an Amplitude-limited Correlation Detector

By

M. J. YERBURY,
B.Sc.(Eng.), Ph.D. (Graduate)t

Summary: A sensitive correlation detector has been constructed in which
the input signal and noise voltages are amplitude-limited. The correlator
is described and experimental results are given in support of the theory.
A method of analysing the data from the correlator to obtain the maximum
output signal/noise ratio is discussed for the case where the signal and
noise voltages depend on slowly varying functions of time. Particular
reference is made to the analysis of data from observations with the
stellar intensity interferometer for which the correlator was specifically
designed. It is concluded that the dual-channel amplitude-limited
correlator is stable and that it can be used to obtain accurate, meaningful

and linear results despite the non-linear operations involved.

List of Symbols

AC, correlation expected in the rth 100-second
cycle from the multiplier-correlator
AC, correlation measured in the rth 100-second

cycle with the amplitude-limited correlator

total phototube anode current in channel /

i phototube anode current due to starlight
alone in channel i

low-level transfer function of the limiter in

channel i
T total integration time
1 . .
:/—_ distortion factor
o
¥,2(t)  cross-correlation function of the undis-

torted outputs of channels 1 and 2

Y1, 1,(v) cross-correlation function of the outputs of
the limiters in channels 1 and 2

¥;{0)  mean-square value of the background noise
in the undistorted output of channel i

¥12(7)
pra(r) =
VHi1 22
o; r.m.s. value of the limiter in channel i
or = [o#+nal]* effective noise output of the
amplitude-limited correlator at time T
T time delay between the two input channels
M = ¥i(0)+¥,2(0)
oy drift uncertainty

t Formerly at the Cornell-Sydney University Astronomy
Centre, School of Physics, University of Sydney; now at the
Center for Radiophysics and Space Research, Cornell Univer-
sity, Ithaca, N.Y.
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1. Introduction

In an earlier paper® the theory of a sensitive corre-
lation detector in which the input signal and noise
voltages were amplitude-limited was given. One
advantage claimed for this technique was that insta-
bility of the correlator zero datum appearing in the
form of a steady, unidirectional drift in the output
voltage, should be considerably reduced. The work
described was part of an investigation into the possi-
bility of improving the existing correlation measuring
equipment in the optical stellar interferometer? at
Narrabri Observatory, New South Wales. Since this
equipment is in almost constant operation, a separate
correlator had to be constructed and this has been
used to test the theory of dual-channel amplitude
limiting when applied to a sensitive correlation detec-
tor. The final part of the investigation is presented in
this paper.

2. The Stellar Interferometer

This unique instrument, a brief description of which
follows, has been applied during the last few years to
the measurement of the angular diameters of 15
stars.?

Two composite mirrors, roughly 6-5 metres in
diameter and mounted on trucks separated by the
interferometer baseline, are guided round a circular
track 188 metres in diameter. Light from a star is
collected on the cathode of a photomultiplier tube
placed at the focus of each of the two reflectors and
the radio frequency noise at the output of each tube
is conveyed by coaxial cable, supported by a steel
catenary, to a control building situated near the centre
of the track. This building houses the multiplier-
correlator which accepts the noise outputs of the two
phototubes (in a bandwidth of 10-110 MHz) and
measures the correlation between them.
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The interferometer determines the correlation
between the fluctuations in the intensity of the light
originating at a star and falling on the photocathodes.
Each photocathode surface may be considered to
behave as a square-law detector* which produces
beats between the Fourier components of the incident
radiation field. Because of this square-law relation-
ship, the intensity interferometer is relatively insen-
sitive compared to the Michelson type of interfero-
meter: the effective signal/noise ratio at the output of
each phototube is typically less than —50 dB and at
the output of the multiplying element of the correlator
it is less than — 100 dB. Unusually stringent limits
are therefore set to the tolerable instability of the
correlator.

A detailed description of the original equipment
has been given elsewhere.> The new correlator
differs from this in several respects, in particular it
uses the technique of dual-channel amplitude limiting
and, to achieve high reliability, has been constructed
entirely from solid-state components.

3. Brief Description of the New Correlator

3.1. The System

A block diagram of the correlator is given in Fig. 1
where the two channels have been labelled A and B
respectively.

The voltage in channel B is phase-inverted 5000
times per second by an electronic phase switch within
the correlator so that when the noise from the photo-
tubes is partially correlated, the multiplier produces a
5 kHz square-wave at its output in addition to the
random noise. This 5 kHz signal is a measure of the
correlation which in this way is separated from the
d.c. terms in the multiplier and precludes the need
for high-gain d.c. amplifiers with their attendant
problems of instability.

A similar phase switch, in this case situated close to
the phototube of the channel A reflector, inverts the
phase of the noise once in 20 seconds. This renders
any radio frequency coupling between the coaxial
cables ineffectual; it ensures that external radio
signals and noise intercepted by the cables do not
appear as correlation, and eliminates the effect on the
measured correlation of drift in the integrator output
voltage.

Differences between the gains of the two sides of
each phase switch result in amplitude modulation of
the noise voltages at the switching frequencies. This
modulation is detected by the non-linearities in the
multiplier and is a major contributory factor to
correlator instability.! It is possible, with these phase
switches, to reduce the depth of modulation to about
1% but this figure depends on the width and shape of
the spectral density of the corresponding input noise

72

voltage which in turn, is a critical function of the
phototube operating conditions. The amplitude-
limiting technique was therefore chosen as perhaps
the best means of reducing the effects of amplitude
modulation on the correlator stability.

B Phototubes A
1
1 0-05Hz
! Phase switch
: !
| 1
1 I
5kHz M
Phase switch I
Multiplier !
r.f.amplifier/ limiter r.f.amplifier/limiter
|.f.transfer '
admittance B
Display Decode‘
Synchronous Count
rectifier Blank
"~ Reset
Integrator =
ControlT
Read o 005
A Divider ' Hz
L
10kHz_oscillator Ji
S5kHz

Fig. 1. Block diagram of the dual-channel amplitude-limited
correlator.

Each channel contains a high-gain, wideband r.f.
amplifier which precedes the first of two amplitude-
limiting stages. The amplitude-limited voltages from
the two channels are combined in a multiplier and
its low-frequency output is converted into a current
which flows through the 5 kHz synchronous rectifier
and into the integrator. The signal input to the
integrator is therefore a direct current which reverses
its sign every 10 seconds; in addition a large noise
current is present. At the end of this interval, the
integrator is reset to zero by a standard input current
of suitable sign. During the reset, a gate is opened
admitting a train of pulses to one of two counters.
These respectively accumulate positive and negative
correlation as selected by combining the sign of the
integrator output voltage and the state of the slower
phase switch. Every 100 seconds the readings in the
counters are transferred to the first two columns of
a printer which also takes their difference and prints

The Radio and Electronic Engineer
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this in a third column in the form of a running total.
This represents the total integrated correlation since
the beginning of the observation. In the remaining two
columns, the results of integrating the phototube
anode currents during the previous 100-second cycle
are printed. These are required in the reduction of the
data as illustrated in Section 5.

3.2. The R.F. Amplifiers and Limiters

The total attenuation of each phase switch and
coaxial cable is about 8 dB at 20 MHz, increasing to
12-dB at 100 MHz. If it is assumed that the spectral
density of the noise from each phototube has a
rectangular shape then the frequency responses of the
two input channels should also be rectangular for
optimum system performance. Compensation for
the cable losses is achieved by including an equalizing
circuit within each r.f. amplifier. The resultant low-
level frequency-response characteristics of the ampli-
fiers, up to and including the first limiter stages, are
shown in Fig. 2.

The mismatch design procedure® was adopted
for the r.f. amplifiers because of the advantages of
low interaction between stages and the fact that
two substantially identical amplifiers were required.

Each amplifier comprises six series-shunt feedback
pairs in cascade. The fifth and sixth feedback pairs
are used to drive the second and first limiters respec-
tively. Typical circuit diagrams of a feedback pair
and an amplitude-limiting stage are given in Figs. 3(a)
and (b), the former having a gain of about 14 dB and a
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(a) Typical feedback pair used in each r.f. amplifier.
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Fig. 2. Low-level frequency response characteristics of the r.f.
amplifiers up to and including the first limiting stages.

bandwidth of 260 MHz. The limiter diodes are
matched pairs capable of switching times of about
750 ps. Their characteristics when connected as a
limiter and driven from a 220 Q resistive source, are
shown in Fig. 4 for comparison with the theoretical
model” used in the analysis.

From this figure the r.m.s. value of the limiter,
defined as the input voltage at which the slope of the
limiter characteristic has its maximum rate of change,
was chosen to be 0-7 V.

+15v

2754

) o-5-5p?(>

2N3137

0-022 uF

1-8k —4H Y

—15V

)
(b) An amplitude-limiting stage.

Fig. 3.
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3.3. The Multiplier

A description of the operating principle and con-
struction of the multiplier has already been published.®
A more advanced form has since been developed for
use in the correlators at Narrabri Observatory. The
response of this multiplier to r.f. inputs falls by 5%
of its midband value at 470 MHz and the noise due to
‘self detection’ at each input can be reduced by
careful adjustment, to less than 1% of the product
term.

3.4. The L.F. Transfer Admittance and 5 kHz
Synchronous Rectifier

The output of the multiplier is restricted to a
bandwidth of 200 Hz-30 kHz which causes a loss of
about 39 or 0-13 dB in the correlator output signal/
noise ratio. However, this attenuates most of the
undesirable higher harmonics of the 5 kHz switching
wave for which the r.f. amplifiers have significant
gain.

Synchronous rectification is achieved by using two
insulated-gate field effect transistors in a shunt-series
chopper configuration. These are connected between
the input of the integrator and the output of the
transfer admittance which can deliver up to 0-5 mA
from a source impedance of 2 MQ through a series
coupling capacitor. The 5kHz reference wave
switches the field effect transistors alternately so that
during one half-cycle current flows directly into the
integrator and during the next, it is bypassed to ecarth.
All excess charge stored in the series capacitor is
eventually released to the integrator. Any relative
delay between the signal into the synchronous
rectifier and the reference wave causes a nearly
proportionate loss of output signal/noise ratio. This
is prevented by means of an adjustable delay circuit
for the 5 kHz reference wave.

4. Preliminary Tests

Five tests were made with the correlator installed
at the Observatory, four of which, described in this
section, were direct experimental tests of the theory.

Initially, however, it was necessary to devise some
means of introducing a known amount of correlated
noise into each channel together with the uncorrelated
noise background. The equivalent effect was pro-
duced with a cross-coupling network in which a
coaxial T-junction was placed in each coaxial cable
close to the respective phototube. The free ports of
the junctions were connected to 470 Q ‘buffers’ which
were then joined by coaxial attenuators. Using this
network it was possible to obtain a check on the
performance of the equipment under typical operating
conditions and this method was therefore adopted as
a system calibration procedure.
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Measurements were made of the power outputs of
the phototubes as functions of their anode currents
and voltages. The r.m.s. noise into a 75 Q load was
then determined and using the measured gains of the
two channels, the degree of amplitude distortion was
calculated.

It is useful to introduce here the term ‘distortion
factor’ which will be defined as 0
o 1

o Va

__r.m.s. noise at the limiter stage in the absence of limiting
- r.m.s. value of the limiter

For the phototubes currently in use at the Observa-
tory, the r.m.s. noise output is about 2mV in a
bandwidth of 70 MHz when the anode current is
100 uA and the anode voltage is 176 kV. The
overall midband gain of each channel is approxi-
mately 64 dB so that under these conditions and

(b)
--I-o

V), Volts —
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-20 -1'5 -0 ~0'5
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(=]

¥, Volts —
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Vvj,Volts —

-2:0 =15 =1:0 =05

._0.5

....1.0
Fig. 4. The theoretical limiter characteristic (upper curve)
given by

V,
1 = Io, erfa‘—“/? (after Baum”)

The lower curve shows the resulting characteristic of the limiter

diodes when driven from a 220 Q source resistance.

Note added in proof: The values of ¥; on the lower curve
should be doubled, i.e. to read —4-0, —3:0, —2-0, —1-0, 1-0,
2:0, 3-0, 4-0.
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assuming ¢; = 0-7 V, the nominal distortion factor
would be 4-5.

The exact values of the distortion factors are uncer-
tain for several reasons. Firstly, the r.m.s. value of
the limiters &, is estimated by inspection of the limiter
characteristic which does not conform exactly to the
theoretical shape (Fig. 4). In addition, it is necessary
to know what the r.m.s. noise level would be at the
limiter stage in the absence of amplitude limiting and
this requires knowledge of the shape and magnitude
of both the spectral density of the phototube noise and
the overall frequency response of the r.f. circuits up
to the first limiter in each channel. This response
is not easy to measure accurately because the amplifier
noise alone is sufficient to partially-saturate the limiter
and introduces an uncertainty into the low-level gain
measurements.

4.1. Signal Output from the Correlator

In the earlier paper! it was shown that when the
input signal/noise ratio is much less than unity the
correlation function at the output of the dual channel
amplitude-limited correlator is given approximately

by
o« +
RCETRORI N [m] e
where
9 __ 9
= 050 ™ P00
Equation (2) can be written as
KI
- o 3
N fwwe) T ©
where
k=24 v® (@)

N ANV

and is proportional to the effective input signal/noise
ratio when it is small and when sources of noise other
than the phototube shot noise are ignored.

The purpose of the test now described was to
examine the validity of eqn. (3) for the special case

of equal input levels, that is when o ~ B’ = «, for
which eqn. (3) becomes
KI
Y, (D) = a+s (5)

The photocathodes were illuminated by separate,
adjustable sources of uncorrelated light so as to
produce equal anode currents at a fixed anode
voltage of 1:76 kV. For each setting of the light
intensity and hence the noise level, the correlator out-
put and the mean phototube anode currents were
recorded. The cross-coupling network ensured that

August 1968

the effective input signal/noise ratio was maintained
constant throughout the test.

Neither the phototubes nor the frequency responses
of the two channels are identical but their differences
are small enough in this case to permit the geometrical
mean of the distortion factors to be used as the
nominal value of 1/,/a. This was calculated by using
the relation 1/,/a = 0-43,/i, where i is the geometrical
mean of the phototube anode currents in micro-
amperes and the factor 0-43 is derived from measure-
ments of the phototube power outputs, the gains of
the two channels and on the assumption that
o, =07V.

The theoretical curve of the normalized output
signal as a function of 1/\/x has an asymptote at

Y, L.(7)
KI

The corresponding asymptotic value of the experi-
mental curve is not known and in view of the direct
dependence of the distortion factors on a number of
inexact quantities a least-squares fit was applied to
the experimental points. This involved normalizing
the results to an asymptotic value of 40-23 V in 100
seconds and increasing the nominal distortion
factors by 209;. These experimental points are plotted
in Fig. 5 for comparison with the theoretical curve
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Fig. 5. The signal output of the dual-channel amplitude-limited
correlator as a function of the equal r.m.s. noise input levels,

when the input signal/noise ratio is constant.
4

where there is generally very good agreement. The
departure from the curve of the point corresponding
to the highest input level, is caused by overdriven
stages in the r.f. amplifiers.

It can be shown that the presence of excess noise,
due for example to the r.f. amplifiers, increases the
effective r.m.s. value of the limiter in the denominator
of eqn. (5). This is another way of expressing the
fact that the gains of the r.f. amplifiers for very small
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input levels are lower than predicted because the
internally generated noise is sufficient to partially-
saturate the limiters. It follows that the effect of this
noise and of the loading of the inputs by the cross-
coupling network have been allowed for in Fig. 5.

4.2. Noise Output from the Correlator

The theory shows that when the input levels are
equal the noise output of the dual-channel amplitude-
imited correlator can be written in the form

© 1 1 2n 4
ok S LN 6
R rI Cl EEE
where
K,,=61621112J2C ...... ™)
n B

and B is the mutual bandwidth of the input noise
voltages which are taken to have rectangular spectral
densities.

In this test the correlator was run for a preselected
time with fixed, equal input levels of uncorrelated
noise. The r.m.s. noise per cycle of operation
(~ 100 seconds) and the drift per cycle were then
estimated from the numerical data and the experiment
was repeated until a wide range of input levels had
been covered. The normalized output noise ¢'7/K”
was then obtained as a function of 1/\/a and plotted
for comparison with the theoretical curve.

The time required to obtain an estimate of the noise
and the drift increases as the inverse square of the
desired accuracy. The number of cycles associated
with an uncertainty of +p9% in an estimate of the
r.m.s. noise for one cycle is
5

020 ...... 8)
P

so that for an uncertainty of +19, the correlator
would have to be run for 143 hours. Apart from the
obvious impracticability, such a run would be
unlikely to yield the desired accuracy due to extraneous
noise and the probable existence of diurnal, periodic
drifts. Therefore runs lasting approximately 13 hours
were used, except in the measurement of the noise
due to the r.f. amplifiers which lasted for 3 hours.
The uncertainties were then reduced to about +3-59%,
except in the latter case where the uncertainty was
+77%.

In Fig. 6 the experimental points have been plotted
as a function of 1/,/a for comparison with the
theoretical curve which has an asymptote at ¢'7/K”
= 1-282. Since the asymptotic value of the experi-
mental set of results is not known, they were nor-
malized to 118 V in 100 seconds. This figure was
obtained by applying a least-squares fit using the

n=

76

vertical co-ordinates of all the points excluding the
point due to the r.f. amplifier noise. This has been
plotted against a distortion factor of zero in order
to show the trend of the curve caused by the presence
of excess noise not included in the calculation of the
distortion factors. All the nominal distortion factors
have been increased by 329, in Fig. 6 to account
for the 209, increase derived from Fig. 5 and an extra
129, due to the fact that the cross-coupling network
was removed for this test and hence did not load
the input channels,

The agreement between the theoretical shape of
the curve and the experimental points in Fig. 6 is
quite good when it is considered that the true uncer-
tainties in the latter are probably higher than those
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shown due to extraneous noise and slight changes in
the equipment performance during the period of the
test.

Table 1 shows estimates of the drift in the correlator
output voltage and their dependence on the input
noise level. The uncertainties in the results are large
because the time needed to obtain a given accuracy
is more than twice that required for the same accuracy
in a noise estimate.

TFable 1

Drift at the output of the dual-channel amplitude-
limited correlator as a function of the equal r.m.s.
noise input levels.

Distortion Drift in Distortion Drift in

factor 100 s factor 100 s

R.f.

amplifier —0-07 - 005V 4-40 +001 + 007V

noise
1-06 -0-02 + 0-04 5-67 —0-01 - 0-07
1-63 -0-11 -+ 0-05 672 +0-09 + 0-08
2-11 -0-11 0-05 721 —0-01 0-07
2-96 —0-17 - 0-06 8-05 -0-03 + 0-07

The results suggest that the relation between the
drift and the input level is possibly similar to that
between the square-law detected output of a limiter
and the input level, the graph of which appears in
Fig. 7. A drift characteristic proportional to the
2nd or even 3rd power of the square-law detected
output might be expected, depending upon the exact
mechanism of drift generation.

4.3. Linearity of the Dual-channel Amplitude-limited
Correlator

It is shown in the Appendix that for a correlator
where some form of amplitude limiting has been
applied to both input voltages, the output signal is

Fig. 8. The linear relationship between
the input signal/noise ratio of the dual-
channel amplitude-limited correlator and
its output signal/noise ratio.

practically proportional to that from a multiplier-
correlator if the input signal/noise ratio is much less
than unity.

In order to test this point experimentally the cross-
coupling network was used to inject a small amount
of correlated noise into each channel. The degree
of coupling was varied by inserting different coaxial
attenuators into the network while the phototube
anode currents and voltages were kept constant at
120 pA and 1-76 kV respectively. For each setting
of the input signal/noise ratio, the correlator was
run for a time sufficient to estimate the output signal
with reasonable accuracy. The connection of several
attenuators in series produced an extra relative delay
between the correlated components which was
partially compensated by the use of non-attenuating
cable lengths. The length of the attenuating section
was nevertheless measured and a small final correction
applied where necessary by using a calibration/cross-
coupling delay curve. In consequence, the uncer-
tainties in the delay-corrected results were increased.

The effective input signal/noise ratio was taken to
be the negative of half the total attenuation in the
cross-coupling network (in dB) and the measured
output signal/noise ratio was expressed as
1010g,0 (S/N)ou. dB. The results are plotted in
Fig. 8; the slope of the graph is unity if the correlator
is linecar. The figure shows that over a wide range of
input signal/noise ratios and within the experimental
errors, the dual-channel amplitude-limited correlator
is linear.

4.4. Comparison with the Multiplier-correlator

Since the absolute scales of the experimental and
theoretical results have not been compared, an
accurate determination of the signal/noise ratio
obtained under a given set of conditions was made
with the amplitude-limited correlator and the multi-
plier-correlator. The latter instrument, situated at
the Observatory and in its latest state of development,

w!o
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was taken to be close to the ideal multiplier-correlator
in terms of the directly obtainable output signal/noise
ratio, that is excluding such effects as long-term drift
and unreliability.

The cross-coupling network was used to produce
an effective input signal/noise ratio of about —40 dB
with phototube anode currents and voltages of 120 pA
and 1-76 kV respectively. Under these conditions,
each correlator was run for 30 cycles prior to a noise-
measurement run lasting 450 cycles and again for
30 cycles afterwards.

From these 60 cycles in which the signal/noise ratio
was relatively high, an accurate estimate of the mean
output signal was obtained.

‘The noise output of each correlator was estimated
from the 450-cycle run. This was made with the
cross-coupling network still loading the two input
channels but with the coupling section broken and
terminated to exclude interference. Since the photo-
tube anode currents varied slightly during the signal
and noise runs, the mean anode current product was
determined in both cases and the results were nor-
malized to allow for the small differences between the
conditions of the tests on the two correlators. Refer-
ring to the multiplier-correlator as correlator-1, the
output signal/noise ratio achieved in 100 seconds was

S
2) =282+14
(), -2+

and for correlator-2 the output signal/noise ratio in

100 seconds was
(§> ~ 209410
N/,

The loss of output signal/noise ratio compared with
the multiplier-correlator is given by

(3).

F =-10log,o —+

S
®),
and was found to be
F =1304029 dB

The expected value for F under the conditions of this
test where the distortion factors were roughly 5-7, is
090 dB. There is therefore an excess loss of
0-40 1 0-29 dB.

Two points are worth noting. Firstly, the true
uncertainty in this figure is probably higher due to
extraneous noise in both correlators. Secondly, part
of the excess loss is explainable since, as pointed out
in Section 3.4, there is a known loss of about 0:13 dB
in the output signal/noise ratio due to restriction of
the L.f. bandwidth in correlator-2. The corresponding
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figure for correlator-1 is probably less than 0-04 dB.
Other possible causes of this extra loss are discussed
in the Conclusions section.

5. Comparative Observations of a Star

To complete the series of tests on the dual-channel
amplitude-limited correlator, some observations of a
star were made between 10th and 19th October 1967.

The intention was to ‘interleave’ the observations
by using each correlator on alternate nights; in this
way it was hoped to be able to compare their per-
formances under nearly identical conditions of atmos-
pheric extinction and background light. However,
due to poor weather it was not possible to keep to
this plan and in fact conditions changed considerably
over the observing period. As a result, the method of
analysing the data was quite rigorously tested.

5.1. The Method of Analysing the Data

The correlation measured by the multiplier-
correlator is proportional to the square of the intensity
of the light from a star and is therefore proportional
to if'i. However, the phototube shot-noise is pro-
portional to the square-root of the intensity of the
total amount of light falling on the photocathode
and hence the noise output from the multiplier-
correlator is proportional to ./(i;i,). The anode
currents vary throughout the observations for a
variety of reasons including tracking errors at the
reflectors, cloud, atmospheric extinction, atmospheric
scintillations and changing background light. To
record these variations the currents are integrated
during each 100-second cycle and the results are
printed out at the end of the cycle. At suitable times
during the night, the reflectors are pointed to an area
of the sky close to the star and the integrated anode
currents due to the background light are recorded. It
is then possible to distinguish between i¥ and i;.

Finally, when the data from several nights of
observations are to be combined, the dependence of
the measured correlation on the anode currents is
removed by normalization and a weighted mean
correlation is determined by accounting for the
uncertainties in the individual sets of results.

The signal output from the amplitude-limited
correlator in one cycle of an n-cycle observation is,
from eqn. (2)

AQ:AqlfL

Vi,
where k is a constant and F, is the equipment
calibration figure determined immediately before and
after the observation by measuring the mean signal

output of the correlator with the cross-coupling
network.
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It is required to estimate AC, from the set of
measurements AC, + o/\/n, Where o7 is the observed
noise per cycle. Firstly, a new set of readings

Ur\/h'z
AC,+ ——==—""—""=+"
\/n kF, kF x/n

are formed and are then normalized to their anode
current dependence to give on the right-hand side
of the above equation:
Vigi, 1 or Vi 1
iti3 kF. ™~ \/n ili3 kF,

o, AC~ 1112

AC,

The separate readings may then be summed after
first weighting each by the inverse square of its uncer-

tainty. Hence, the normalized weighted mean
correlation becomes
n F iti3
Z (ACI te ;/l '2
C, == L (15)

z": kF? [ iti3 ]
— =
r=1 OT Vila

where d is the mean drift per cycle which, with its
uncertainty a,, represents the correlator zero datum.
To measure this drift, separate sources of uncorre-
lated light are used to produce roughly the same
input levels as those from the star. The correlator is
then run both before and after the observation and
an estimate of the drift is made. It is implied in
eqn. (15) that the drift is independent of anode current
variations. This is not true in the case of the dual-
channel amplitude-limited correlator but the change
in d during an observation should be small and hence
unimportant, if d < AC,. However, the uncertainty
g, in the zero datum is not usually negligible; for an
n-cycle observation with ‘dummy runs’ lasting a
total of N cycles the correlator output noise is, in
effect, increased by the factor \/[1+(n/N)*] due to
this uncertainty.

The observed noise is o7 per cycle and is almost

independent of anode current variations. Because of
this, the uncertainty in C; may be written
2 +
o7 N i 1i 1
c=]—+o0 ] [ ] ...... (16)
[ '1 12 av kFc
Putting
itis
2. %)

\/'1'2

the signal/noise ratio obtained in one cycle can, from
eqns. (15) and (16), be written as:
1 -1
— ...(18
G o

Z(AC —d).A

N 2 ’2 214 2
[GT +n0'd] ZA
r=1
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5.2. Results

Observations were made on two nights with the
amplitude-limited correlator and on three nights with
the multiplier-correlator. The total observing times
were about 144 hours and 13 hours respectively.

Since the ultimate object was the comparison of the
signal/noise ratios that would be achieved by the two
correlators under identical conditions, the individual
noise estimates were all scaled to a standard mean
phototube anode current product. On this occasion
the drift at the output of each correlator was taken
to be the mean value of all the estimates made during
the observing period. In this way it was possible to
ignore the noise contributions due to the drift uncer-
tainties and hence obtain a true comparison of the
two systems.

The individual sets of data each corresponding to
a night of observation with one correlator were
weighted and combined into final estimates of the
normalized mean correlation and the scaled output
noise. These results appear in Table 2 from which
the loss of output signal/noise ratio, given by eqn. (11)
is
F=1724046 dB

Table 2

Results per 100 seconds obtained from a series of
stellar observations using the amplitude-limited corre-
lator (2) and the multiplier-correlator (1)

Corre- Mean Normalized Qutput
1 Drift normalized output signal/noise
ator ¢ : .
correlation noise ratio
1 —-003V 5704027 3004016 1904 0-13
2 0 429 4- 022 337 £ 017 1-28 £ 0:09

The ratio of the anode currents during the stellar
observations was i,/i, ~ 1-5, the highest mean value
of i, during an observation being 95 pA. As a result,
the values of F obtained in this Section and in
Section 4.4 cannot be combined into a single figure
although it is considered probable that the loss
incurred by the dual-channel amplitude-limited corre-
lator is roughly the same over a small range of
anode currents for which i, i, is constant.

The uncertainties quoted in the last column of
Table 2 are not derived directly from those in the
third and fourth columns because the latter are
partially interdependent.

6. Conclusions

It has been shown that a practicable method for
the measurement of the correlation between small
signals in noise is to distort severely the signal and
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noise voltages in both channels of the correlator by
limiting their amplitude fluctuations. From these
experiments it appears that the theory adequately.
describes the behaviour of the dual-channel ampli-
tude-limited correlator although the relative scales
of the results have not been established with much
certainty. This is mainly because the process
of achieving accurate estimates is very time-con-
suming particularly when it is necessary to measure
the difference between two nearly equal quantities.

The values of the drift in the correlator output
voltage given in Table 1 as a function of the input
levels-are-very uncertain. However, the results of some
more accurate work suggest that the amplitude-
limited correlator described here is practically drift-
free provided the distortion factors exceed roughly 3.

The measured losses of the output signal/noise ratio
are greater than might be expected from the theory
and could be due to a loss of signal, an increased
noise output or a combination of both effects. Signal
information can be lost in several ways but mainly
occurs as a result of imperfections in the equipment.
For example, each of the following conditions will
produce a loss of output signal/noise ratio of about
109 or 0-45 dB:

a relative delay of 5 us between the signal at the
5 kHz synchronous rectifier and the reference wave;

a relative delay of 1 ns between the signals in the
two r.f. channels;

a mark/space ratio of 0-82 instead of unity in the
5 kHz phase-switching wave.

A further mechanism by which signal may be
lost in the amplitude-limited correlator concerns the
fact that unidirectional pulses, whose amplitude
considerably exceeds the r.m.s. noise level of the
Gaussian noise, are known to exist at the outputs
of the phototubes. The combined noise applied to
each limiter is therefore asymmetrical and the Gauss-
ian noise which contains the required information is
not symmetrically limited, the effect being enhanced
if the limiting diodes are not identical. This results in
a loss of output signal (as a theoretical analysis using
a model for a limifer with bias will show) and, it is
inferred, a loss of output signal/noise ratio.

An additional effect of these pulses is to reintroduce
the phase-switching wave at the output of the limiter.
In the case of the 5 kHz square-wave there is sufficient
gain in the rest of the system to result in a considerable
offset current flowing into the integrator. This current
is directly dependent on variations in the pulse content
of the noise which, in turn, is a function of the
phototube anode current, gain and temperature.
These quantities may be expected to vary during an
observation and hence indirectly produce low-
frequency noise at the correlator output.
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With the multiplier-correlator, extra noise is
introduced if the spectral densities of the multiplier
input voltages are not rectangular in shape and signal
is lost if the two r.f. bands do not coincide. In the
case of the dual-channel amplitude-limited correlator,
it is difficult to say how the noise is affected by changes
from the ideal rectangular shapes. However, the
signal output, given by eqn. (3), is affected through
a’ and B’ only and hence is practically independent
of such variations provided &’ and B’ are much less
than unity and the responses remain parallel. The
latter restriction implies no relative phase shifts.

When the voltage consisting of the sum of a signal
and noise is applied to a limiter, beats occur between
the signal and noise spectra and hence more noise is
introduced. The correlator output signal/noise ratio
is therefore less than that of the corresponding linear
multiplier-correlator. Also, as the degree of distortion
is increased, the spectral density spreads so that signal
and noise terms appear at higher frequencies. It is
therefore necessary, in order to avoid further loss of
output signal/noise ratio, to ensure that the band-
widths of the circuits between the limiters and the
multiplier inputs are as wide as practicable. '

The main object of this work has been to produce
a correlator which may be applied to the measurement
of the correlation between small signals in noise
with a reasonable chance of obtaining accurate results.
To achieve this object it was clearly desirable to avoid
impracticable idealizations in the mathematical theory
so that the behaviour of the correlator under varying
input conditions can be best understood. With a
variety of input levels this correlator has successfully
detected very small correlated components in noise
and, at the same time, has exhibited a highly stable
zero datum. The experimental results described
here confirm, with tolerable accuracy, some of the
theoretical work and show that this unusual technique
can be used to obtain meaningful results despite the
non-linear operations involved.
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9. Appendix: Linearity of the Correlator
Output Signal

The signal output of the dual-channel amplitude-
limited correlator has been determined! using the
smooth limiting function.” When the input signal/
noise ratio is small it was shown that the input
cross-correlation function is practically proportional
to the output cross-correlation function. To show
that this is true when any type of amplitude-limiting
function is employed it is first necessary to define the
term ‘limiter’. A breoad definition of a limiter is that
it is a device for which the slope of the transfer
function tends to zero at the limiting levels + D;.
However, the effect of the limiter on Gaussian noise
would be negligible if D; exceeded about three times
the r.m.s. levels and the term ‘limiter’ in a practical
sense implies that the noise amplitude is limited to
less than about three times its r.m.s. value.

Consider an amplitude-limiting function fi(V})
where V; is the sum of the Gaussian signal and noise

voltages in channel 7 of the correlator. Let the
function be specified by
fi(V)=0 when |V|=D;, ... (20)

where the prime denotes differentiation with respect
to V. Price’s theorem? is then used to give

] () D, D,

L. L> ~ , )

iy =4 a f SRV, V)
...... (21)

where

P(VlaVz,T)

_ Vl2 _ sz + 2p12(D)V 1 V>
_ [1-p1:(D)] exp P K22 \/.“11#22

27‘(\/;[“/122 z[l_pfz(‘t)]

is the joint probability density of V| and V5.
Since it is assumed that the input signal/noise ratio
is very small, then pZ,(1) < 1 and eqn. (21) becomes

Dy D:
W@, 1 de de x
oY 12(7) 271\/;1“;122_0 1_0 z

V2 V2
Xf{(V.)fz’(Vz)exp[— G ]x

2#11—2ﬂ22
Vi V.
x[l+p12(t) L2 +] (23)
\/.“11#22

If the limiters are symmetrical about the line of
zero input voltage, only the even powers of (V, V) in
the expansion on the right of eqn. (23) contribute to
the result. Since there is negligible contribution to the
result of the integrations for V|, = D, and V, = D,,
all terms except the first in the summation may be
ignored if

DDy
2011 122
When eqn. (24) and the requirement p3,(1) < 1 are
satisfied, eqn. (23) is reduced to the form

Yo, L0 2 ¥ f1(X). L) . (25)

This result is interesting since it shows that no

matter what form the amplitude-limiting functions

take, provided they are symmetrical and the above

elementary conditions are satisfied, the cross-corre-

lation function of their outputs is proportional to
the cross-correlation function of their inputs.

sz(f) .

Manuscript first received by the Institution on 29th January 1968 and in final form on 4th June 1968.
(Paper No. 1201/1C2.)

© The Institution of Electronic and Radio Engineers 1968

August 1968

81



Institution Premiums and Awards

The Council of the Institution announces that the
following awards are to be made for outstanding papers
published in The Radio and Electronic Engineer during
1967.

CLERK MAXWELL PREMIUM
‘New Thin-film Resistive Memory’ by J. G. Simmons
and R. R. Verderber (August).

P. PERRING THOMS PREMIUM

‘The Development of a Pay-Television System and
Equipment’ by G. L. Hamburger (April).
HEINRICH HERTZ PREMIUM

‘Mechanisms in Gunn Effect Microwave Oscillators” by
J. E. Carroll (July).

A. F. BULGIN PREMIUM
‘Automatic Recognition of Low-quality Printed Charac-
ters using Analogue Techniques’ by J. R. Parks (August).

ARTHUR GAY PREMIUM

‘The Preparation and Application of Tantalum Thin
Film Passive Components’ by R. Naylor and R. Fairbank
(April).
LESLIE MCMICHAEL PREMIUM

‘Design of Simple Frequency-division-multiplex Com-
munication Systems without Band-pass Filters, with par-
ticular reference to the Use of Constant-resistance Modu-
lators’ by Professor D. G. Tucker (November).

LORD BRABAZON AWARD

‘Radar Signal Processing for Resolution beyond the
Rayleigh Limit’ by A. A. Ksienski and R. B. McGhee
(September).

CHARLES BABBAGE AWARD

‘The Design of a Magnetic Thin-film Store for Com-
mercial Production” by R. S. Webley and A. T. Gibson
(March).

LORD RUTHERFORD AWARD

‘Field-effect Studies on Indium Antimonide Films' by
C. Juhasz and Professor J. C. Anderson (April).

MARCONI AWARD

‘Design and Control of a High Precision Electron Beam
Machine’ by J. G. Vaucher, S. F. Gourley, C. J. Hardy
and G. R. Hoffman (February).

The award of the Bose Premium and the Mountbatten
Premium is under consideration by the Council of the
Indian Division who will make recommendations to the
Institution’s Council later this year.

The following Premiums and Awards are withheld as
papers of high enough standard have not been published
within their respective terms of reference: Rediffusion
Television Premium, J. Langham Thompson Premium,
Vladimir K. Zworykin Premium, Dr. Norman Partridge
Memorial Premium and Hugh Brennan Premium.

Joint Conferences

International Broadcasting Convention

The Postmaster-General, the Rt. Hon. Roy Mason, will
open the International Broadcasting Convention, which is
to be held at Grosvenor House, London, from 9th to 13th
September 1968. Over 100 papers are to be presented, of
which a quarter will come from countries outside Great
Britain. Survey papers will be given on the following
subjects:

Transmitters—Dr. R. Busi (Radiotelevisione Italiana).
Recording—J. A. Flaherty (CBS Television Network).
Studio-complex problems—Dr. H. Schonfelder (Fernseh GmbH).

Television Systems—Professor R. Theile (Institut fiir Rund-
funktechnik GmbH., Munich).

P. L. Mothersole (Mullard Ltd.).

Propagation—K. Bernath (Enterprise des Postes, Telephones et
Telegraphes Suisse).

Receivers

The Convention is sponsored by the Electronic Engineer-
ing Association, the Institution of Electrical Engineers,
the 1.LE.R.E., the Institute of Electrical and Electronics
Engineers, the Royal Television Society and the Society of
Motion Picture and Television Engineers. Further infor-
mation and registration forms may be obtained from the
Secretariat, International Broadcasting Convention, Savoy
Place, Victoria Embankment, London, W.C.2, or from the
ILE.R.E,, 8-9 Bedford Square, London, W.C.1.
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Conferences on Microwaves

The Institution of Electrical Engineers, together with the
ILER.E. and the 1.EE.E. is organizing a European
Microwave Conference which will be held in London from
8th to 12th September 1969. The Organizing Committee
would welcome particularly papers on the following
subjects:

Advances in Microwave Circuits: microwave networks and
integrated circuits; filters and directional couplers; ferrite
devices; delay lines and microwave acoustics; microwave
and optical waveguide and waveguide components
(excluding specific application to long distance tele-
communications).

Microwave Antennas: inertia-less scanning adaptive aerials;
active aerials.

Solid State Microwave Devices: low noise receiving and
amplifying devices; power sources; control and switching
devices; bulk effect devices.

Synopses of papers (about 500 words) should be sub-
mitted by 5th January 1969 to the Joint Conference
Secretariat, 1.E.E., Savoy Place, London, W.C.2.

An associated conference on an important aspect of
microwaves will be held in the following week, namely 15th
to 17th September, on ‘Trunk Telecommunications by
Guided Waves’. Further information on this Conference
may also be obtained from the I.E.E.
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High-density Soldered Interconnections

By Reprinted from the Proceedings of the Joint LE.R.E~I.E.E~1.S.H.M.
Conference on ‘Thick Film Technology’ held at Imperial College,

A. G. COZENS, London, on 8th to 9th April 1968.

C.Eng., M.1.Mech.E., M.I.Prod.E.} Summary: Various interconnection techniques for use in conjunction
with thin film planar devices are described. The special character of the

AND substrate imposed a number of limitations on processing and assembly,
the most restrictive being that all interconnections should be made at

J. E. TOMLIN, the lowest possible temperature, at the same time being capable of repair.

The method of mounting integrated circuit chips directly on the 2 um
thick copper circuitry uses soldering techniques for both chip mounting
and the connections from chip to copper circuitry. The connection system
used to make ground and signal connections between adjacent planes and
the special handling and soldering equipment produced for this work,
and the processes used to manufacture connection straps and overlays
are described. The metallurgical aspects of soldered interconnections are
discussed, particularly with regard to the effects of short range diffusion
which greatly influences both the metallurgical structure and the resultant
mechanical integrity of joints in the size range covered.

B.Sc., A.C.T.(Birm.), A.LM.}

1. Introduction

With the present trend towards the use of glass,
metal and ceramic substrates for electronic sub-
assemblies, the need for suitable interconnection
schemes of appropriate density and reliability has
increased. The work to be described was directed
towards investigating the possibility of mounting
integrated circuit chips directly on substrates of
suitable size, and interconnecting these substrate
assemblies. One important objective was to find the
highest pitch density that could be achieved using
conventional techniques.

A number of problems associated with the sub-
strate material and the small physical size of the
parts were met and overcome. Although this work
was carried out on evaporated films, it is considered
to be equally relevant to thicker films.

2. Substrate Design

The substrate itself consists of a copper base 2 mm
thick, with an insulation layer of silicon monoxide
12 pm thick followed by a copper film 2 pm thick.
Chromium is used at interfaces to provide adequate
adhesion. The copper film is plated with 200 nm
(2000 A) of gold to the circuit pattern, and the
exposed copper etched away. Figure 1 shows the
etched substrate and a complete cross-section.

The assembly of the substrate required the mounting
and connection of unencapsulated silicon integrated

-’r_lB—N_lﬂU;ted Kingam-l Laboratories Ltd., Hursle_y Park,
Winchester.
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circuit chips, and the connection of a ground plane
and conductor lines to adjoining substrates. This is
illustrated in Fig. 2. The chosen connection techniques
had to fulfil certain fundamental requirements:

(a) Substrate temperature to be held below 200°C
at all times.

(b) All connections to be repairable, and all chips
replaceable.

\GrROUNO

) cHIp
CONDUCTOR LINE MOUNTING i::‘;‘““m
CONNECTION AREA PAO
2,umCOPPER CHIP nynSio

PAOS ANO LINES.
—

S —— ——— 1

3 . O T 4—4h
NANANNNNN
SECTION A-A-VERTICAL SCALE EXAGGERATEO

/
+O80 IN. COPPER

Fig. 1. Typical substrate used for interconnection experiments.

(¢) The chips to be mounted so that all heat
generated is rapidly dissipated to the substrate.

(d) Minimum impedance discontinuity between
ground and conductors on substrate-to-sub-
strate connections.
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Fig. 2. Interconnected substrates—showing mounted chips, ground connection and conductor connections.

3. Mounting and Connection of Integrated
Circuit Chips

The chips to be mounted were 1-5 mm (0-060 in)
square with fifteen lead/tin solder pads 0-#3 mm
(0-005 in) diameter connected to the aluminium
expanded contacts beneath through a protective film
of 1 um of glass (see Fig. 3). Thermal considerations
previously mentioned dictated that the chips be
mounted back down for best heat dissipation. Accor-
dingly the back of the chip was metallized with
successive layers of chromium, copper and gold so
that a solderable surface was obtained. Thus the chip
could be soldered back down giving good cooling
and yet still be replaced should the need arise.

Fig. 3. Integrated circuit chip used for chip mounting
experiments.

84

The method of soldering the chip to the substrate
presented certain difficulties due to the heat-sink
effect of the substrate, and additionally it was not
possible to solder-plate either the substrate or the
back of the chip. It was found that placing a fluxed
solder preform between the chip and substrate and
heating the chip by means of a 400°C nitrogen jet,
resulted in a sound joint with a shear strength aver-
aging 900 grammes. A substrate preheat of 150°C was
necessary. A heated probe contacting the chip face
was also found to yield satisfactory bonds, but the
method was abandoned due to the risk of damage to
the chip.

The connection between chip and substrate land
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4
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e 060 SQ.

€4 SOLDER PADS

=/ —s0LDER
PREFORM

AR ——

f
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g
;:%59095:‘ 2 )mCOPPER

/
651 O
= +20004 SOLP

Fig. 4. Strap frame chip mounting concept.
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Fig. 5. Chip soldered into strap frame (X 12).

also had to be repairable, and therefore solder joints
seemed to provide the most suitable system, again
using substrate preheat of 150°C. The use of individual
cranked solder plated wires was proposed, but
although reasonably good solder joints were produced
handling difficulties were too great. This resulted in
the development of the lead frame or strap frame
concept shown in Fig. 4. The lead frames are etched
from 0-013 mm (0-0005 in) thick copper and plated
with 60/40 tin lead solder and chromium (as a solder
resist) in appropriate areas. These frames are punched
and formed so that the necessary crank is produced
in the straps to carry the connection from the pad
level to the strap level. To assemble the chips on the
strap frame, the chips are placed so that the solder
pads on the chip contact the solder lands on the
straps. The complete assembly is then passed through
an oven, where the chip solder pads reflow on to the
straps. During this operation the solder pads support
and align the chip due to surface tension. The assem-
bly now appears as shown in Fig. 5, and the chips
complete with their straps must be removed from the
frame prior to mounting. It will be seen that only
10 of the 15 pads on the chip receive straps. Due to
the size and obvious fragility of the assembly two
methods were closely studied—firstly a small and
somewhat intricate press tool, and secondly electron-
beam cutting on a Zeiss 3 kW electron-beam welder,
In fact, both methods proved practical, but the
electron-beam method shows better produgtion
potential (see Fig. 6).

August 1968
c

When the chip/strap assembly is removed from the
strap frame, it is picked up using a vacuum probe,
lightly fluxed, and positioned over the appropriate
lands on the substrate. The land which is to receive
the back of the chip has the solder preform already
placed upon it. The first operation is the soldering
of the back of the chip to its land, and the assembly
is heated 'by hot gas jet as described above, until the
solder is seen to reflow. The solder joint between
strap and chip also reflows during this operation, but

Fig. 6. Chip/strap assembly (x 35).
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Fig. 7. Chip mounting machine.

again the effect of surface tension results in the solder
holding its shape and position and yet at the same
time allows strap movement to relieve stresses. The
machine used for these mounting operations is
illustrated in Fig. 7.

Fig. 8. Soldering chip/strap assembly to substrate.

86

Once the chip is soldered down, an'arch-shaped
probe is brought down to straddle the chip and hold
the straps on two sides of the chip against the sub-
strate lands (Fig. 8). The probe is heated during this
operation to 350°C, but when the solder at the strap
to substrate joints is seen to reflow, a jet of nitrogen
cools the probe and the joints solidify, whereupon
the probe is withdrawn.

4. Metallurgical Considerations—Chip Mounting

In joints of conventional size the quantity of inter-
metallic compounds produced during soldering has
relatively little effect on joint integrity. However, high-
density interconnection technology demands a much
reduced joint size and as a consequence diffusion
products begin to assume an importance approaching
that given to them in silicon chip fabrication.

The 15 connector pads on the chip appear at the
surface as a ball of solder 95/5 Pb/Sn. These are
positioned on straps with solder pads of 60/40 Sn/Pb
and the junctions are reflowed in a furnace designed
to achieve a temperature of 340°C at the interface
(Fig. 4). The 95/5 to 40/60 Pb/Sn solder joint is shown
in Fig. 9. Attempts were made originally to use a
simple wire or strap as a connection. Gold wires
0-025 mm ¢0-001 in) diameter could be continuously
fed into and dissolved by molten 95/5 Pb/Sn solder,
or, if held against the molten solder, the solder
flowed along the gold surface. Gold-plated copper
strap was also tried and successful joints were formed
(Fig. 10), but these were eventually superseded by
the solder pad strap, on which chromium was plated

The Radio and Electronic Engineer
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<————copper strap

<——solder pad

<——silicon chip

Fig. 9. Strap to chip pad solder joint (X 420).

<——gold-tin intermetallic compound

<———copper strap

Fig. 10. Gold-plated strap to chip pad solder joint ( x 420).

<—-——copper strap

<——copper-tin intermetallic compounds

<———copper conductor line

Fig. 11. Chip strap to substrate conductor joint (X 2400).
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“
<——copper strap

<——copper-tin intermetallic compound

<—— copper conductor line

Fig. 12, Chip strap to substrate conductor joint after repair (X 2100).

<——copper strap

<—— nickel

<—solder

<——copper conductor line

<—silicon monoxide

<———copper substrate

Fig. 13. Chip strap to substrate conductor joint showing effect of nickel diffusion barrier (x 2100). .

in order to retain the solder on the areas chosen so that
the risk of shorting the pad to the chip side or base
was eliminated.

Due to temperature limitations imposed on the
substrate, it was not feasible to solder the strap-to-
substrate joint under the same controlled temperature
and atmosphere conditions as used for the strap to
chip joint. The heating system used relied upon a
heated platen to raise the substrate temperature to
150°C and a hot probe on the top of the strap to
raise the temperature of the junction to above the
melting point of the solder at that point. In order
to achieve this the probe was held at a temperature
of approximately 350°C. It is, therefore, obvious
that the joint has a temperature gradient across it,
and the strap must be raised to a much higher tem-
perature than the 183°C required for the nominally
60/40 Sn/Pb solder to become molten. The resultant
joint is illustrated in Fig. 11. The amount of copper-
tin compound constitutes a reliability hazard which
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is further exaggerated if replacement soldering is
required. In fact, after a third replacement the joint
consists almost entirely of intermetallic compound
with very little solder remaining. (See Fig. 12.)

The higher diffusion rate at the strap side of the
joint resulting from the higher temperature in the
strap had to be counteracted by some means. As a
balanced heat input could not be achieved because
of the temperature limitation on the substrate,
metallurgical solutions were investigated. Chromium
proved to be too effective a barrier and de-wetting
occurred, but nickel appeared to provide a suitable
balance. It was decided to plate a nickel diffusion
barrier under the solder-pad and as shown in Fig. 13,
this permitted some diffusion of the tin into the nickel
surface without permitting diffusion to the copper
strap with its consequent brittle intermetallic for-
mation. Palladium coatings were also tried and,
although causing some loss of strength, appear to be
promising for some situations.

The Radio and Electronic Engineer
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<——silicon chip

<———chip metallization

<——copper-tin intermetallics

«——copper land

<—silicon monoxide

Fig. 14. Chip back to substrate pad joint (x 1200).

e e

<«——COpPer Strip

t

The heat sources for the chip-substrate joint were
originally identical to those used for the strap-sub-
strate joint, but the resultant heat balance is some-
what different. The copper strap readily transfers
heat from a heated probe to the joint but, as the
thermal conductivity of the silicon chip is much
lower, heat transfer to the solder is lower and slower.
This results in the thermal gradient being much lower
across the chip substrate joint and consequently the
build-up of intermetallics is at a reduced level. (See
Fig. 14) Whilst this technique proved successful

August 1968

<——copper substrate

Fig. 15.
Section through chip/strap/substrate

Cpm e s pept oo S

from a mechanical strength standpoint, it was found
during electrical testing of the mounted chips that
occasional mechanical damage to the active surface
could occur. The heated probe was replaced by a
hot gas jet which was of such a temperature and
pressure that the chip was held in position whilst heat
transfer took place. The heatinput was slightly different
to that resulting from the heated probe but the thermal
gradient across the joint was similar and no great differ-
ence in diffusion rates was observed. A section through
the assembled chip and connections is shown in Fig. 1 5.
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To overcome the problems caused by surface
oxidation of the copper conductors at the preheat
temperature of 150°C, protective layers of gold or
palladium are used. However, much concern has
been expressed in the literature on the embrittling
effect of gold on soldered joints,!™* and as the size
of the joint decreases so the influence of any pro-
tective coating on the joint integrity increases. How-
ever, it is possible to use Foster’s limiting criteria® as
a guide in specifying the thickness of gold permissible
as a protective coating. Palladium protective coatings
do not give rise to embrittling effects in the same
manner as gold, as the palladium does not dissolve
in the solder at the same rate as gold.> Microprobe
analysis shows the presence of an alloy layer of
70% Sn and 30°% Pb remaining at the palladium-
protected surface without any palladium being present
in the solder in the joint. However, it must be noted
that this is at the sacrifice of some strength.

Much difficulty was experienced in obtaining tin-
lead solder of the correct composition, as this required
great care in plating, particularly on small compo-
nents. The usable life of parts after plating was
found to be very short, seldom longer than 72 hours.
A final coating of about 1 pm of electroless tin
extends this period considerably.

4.1. Joint Interaction

Whilst development of techniques for each of the
above joints could be carried out separately, even-
tually on assembling the whole package the effects of
making one joint must affect and modify the other
joints being made. The joint at the chip active face
was between 95/5 Pb/Sn and 60/40 Sn/Pb, and the
resultant alloy should melt at a higher temperature
than the 60/40 Sn/Pb solder preform used under the

s T

-,'n.'q rm’:r ;

Fig. 17. Connection overlay.
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chip or on the strap pad. However, when making the
chip-substrate joint with the hot gas jet some melting
of the chip strap joint occurred. Its action, fortunately,
was beneficial in that it relieved stress in the pad to
some extent and permitted the strap ends to settle
on to the substrate prior to soldering. Similarly, when
the strap ends were soldered to the circuit, there was
sufficient heat-flow along the strap to cause softening
at the chip joint and to cause stress-relief of the formed
strap whilst under the strain of the soldering probe;
the chromium plating prevented the pad-solder from
spreading down the strap.

5. Substrate to Substrate Connections

The connections required from substrate to sub-
strate consisted of a ground connection from copper
base to copper base, and signal connection overlays
0-13 mm (0-005 in) wide on 0:25 mm (0 010 in)
centres. These connections are illustrated in Fig. 16.

=003 IN. DIA COPPER
PLATED WITH SOLDER

003 IN, KAPTON

AN 2WMCOPPER +2000 A COLD
\, 12pmSi O
n / plmsic
i ‘1’ Z 4 g S S—

— ]

+OB0 IN. COPPER

\GROUND CONNECTION
-Q005 IN. COPPER FOIL

Fig. 16. Ground and conductor connections between substrates.

The ground connection between substrates is made
using opposed carbon electrodes to reflow the solder
plated on the copper foil. An alternating current
of 200 A at 3 V provides enough energy to reflow a
length of 127 mm x 32 mm (4 in x } in) wide. The

l:,!;;ur l,wiln" ‘; I H
|f |

p' 'UH”‘!,‘H" e

L Mﬂ 4 !
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electrodes are stepped along the substrate to provide
a continuous seam.

The signal connection presented problems because
of the high connection density and the heat sink effect
of the substrate. Due to the temperature limitations
on the substrate, and the necessity for repairability,
a soldering technique was again chosen. Two overlay
designs were investigated, one being an etched copper
comb 0-013 mm (0-0005 in) thick plated with solder
and having a bonded Kapton spacer to position and
support the straps during soldering. The second
design utilized round solder-plated copper wire
wound on a former at the correct pitch and also
bonded to a Kapton spacer. These overlays are
illustrated in Fig. 17.

The method chosen to heat the solder and reflow
the joint had to hold the strap or wire against the
substrate, reflow the solder, and allow the solder to
solidify without movement. A resistance wire formed
to hold the strap or wire to the conductor and pulsed
for 1-5 seconds at 80 A was found to reflow the
solder adequately. During this process the resistance
tip, which was formed from 0-13 mm (0-005 in)
stainless steel, reached a temperature of approxi-
mately 500°C. This tip is illustrated in Fig. 18. No
substrate heating was used during this operation.

The alignment of the conductors to the lines on
the substrate was accomplished by hand with the aid
of a microscope. The subsequent alignment of the
resistance tip over each conductor was not easily and
consistently achieved until the machine illustrated in
Fig. 19 had been completed. This machine is arranged
so that the resistance tip and its operating mechanism

e

5

Fig. 18. Resistance tip used for soldering.

Fig. 19 (below). Overlay connection machine.
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! Fig. 20. Overlay joint using flat connection strap (x 300).

Fig. 21. Overlay joint using round wire (x 300).

is positioned by the left-hand micromanipulator, and
the connection overlay, held on a vacuum pencil, is
positioned using the right-hand micromanipulator.
Resin-alcohol flux is painted on the substrate. When
the overlay has been positioned by completing a
few joints, the tip can be rapidly moved the 4 mm
from one joint to the next. One joint every 5 seconds
can be achieved by a skilled operator.

Early experiments were carried out with etched
straps which by nature of manufacture were rect-
angular in cross-section. With this method some
difficulty was experienced in solder exuding from the
Joint (Fig. 20) under the load from the resistance tip,
and shorting to adjoining conductors. In addition,
the difficulty in obtaining a controlled thickness of
solder resulted in undesirable intermetallics as
mentioned later. The advantages of good planar
rigidity for alignment afforded by the etched comb
were felt to be important, but a superior joint was
obtained using round copper wire (Fig. 21) and there-
fore this method was adopted. In this system the wire
is plated with tin-lead throughout its length, and the
heat and load of the resistance tip causes the wire
itself to push down through the solder and bottom
on the conductor. The solder continues to flow as
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more heat reaches the joint area and the effect of
surface tension produces a neat, controlled fillet.
Undesirable intermetallic compounds are minimized,
and reproduceability is of a high order.

The design and manufacture of the overlays is
worthy of mention as their quality and accuracy is
extremely important. The wire used is plated with
60/40 tin lead solder 0-01 mm (0-0004 in) thick,
and each batch is checked for plating composition
and thickness. The carrier is a strip of Kapton
0-076 mm (0-003 in) thick coated with a thermo-
setting adhesive. Kapton is a polyimide with high
resistance to shrinkage and degradation at elevated
temperatures.

The wire is wound into accurately pitched notches
on a jig holding the adhesive Kapton laminate, and
the assembly is heated to 150°C, when the adhesive
flows and fillets round the wire before curing. Pitch
accuracy is maintained to within 0-05 mm (0-002 in)
on an overlay 25-4 mm (1 in) long. Unfortunately,
at the temperatures reached during the process rapid
oxidation of the tin-lead occurs and the operation
must be carried out in a vacuum oven or plated after
curing.

6. Metallurgical Considerations—Jumper Connections

As with the joints on the chip, the effects of diffusion
become important due to the size of the joint. The
joints at the ends of the circuitry are made without
preheating the substrate. The result of this is that the
thermal gradient across the joint is even greater
than that across the strap substrate joint from the
chip. However, the use of a nickel barrier under the
overlay solder pad was sufficient to restrict the tin
diffusion to the nickel leaving the copper strap
unaffected; the amount of diffusion into the nickel
was insufficient to produce brittleness. The joint
remains ductile as long as the layer of gold used for
oxidation resistance is kept to such a level that
Foster's criterion* is not exceeded. The use of palla-
dium as an oxidation resistant coating also does not
result in a brittle joint.

The problem of diffusion is diminished if a round
wire is used in place of the flat strap as the solder mass
becomes greater in volume than the intermetallic
compounds formed. The ratio of brittle to ductile
constituents is therefore decreased and thus the
intermetallic compounds are more readily accommo-
dated. In addition, the shape of the wire appears to
permit more rapid melting of the solder in the joint
area, thereby reducing the time during which the
joint is at high temperature with a consequent reduc-
tion in intermetallic compound formation.

The shear strength of wire joints produced varies
with the pad areas, but the pad size selected results
in joint strengths of the same order as the wire strength.
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7. Conclusions

It would appear that reliable soldered connections
can be made at a density of ¥ mm pitch (100 connec-
tions per inch) and that the limitations on increasing
this density are due to the ability to produce a system
of making and placing the parts to be connected
accurately enough rather than the soldering process
itself. However, the importance of being able to
plate solder of accurate composition and thickness,
maintain an oxide-free surface prior to soldering and
providing suitable solderable conductor surfaces,
cannot be too highly stressed.

Adequate consideration must be given to the
metallurgical aspects when attempting work on this
scale. On normal size soldered connections there is
sufficient volume of solder available to absorb
undesirable intermetallics. However, when solder
films have to be restricted to below about 0-025 mm
to avoid shorts to adjacent conductors, then appro-
priate diffusion barriers apd oxidation resistant
surfaces must be provided. The use of solder at all
may be questioned, but no other system has the
advantages of low process temperature and good
repairability, with minimal risk of damage to expen-
sive substrates. The heat-sink effect of any substrate
material should be considered in any joint design,
and preheating of substrates avoided if the surface

finish will not resist oxidation at temperatures above
ambient,

In general, it appears that many electronic pack-
ages and devices are now so compact that their further
development could be restricted by lack of suitable
connection systems. Nowhere is this more apparent
than in the semiconductor field, and any new
advances may well originate in that industry.
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STANDARD FREQUENCY TRANSMISSIONS

(Communication from the National Physical Laboratory)

Deviations, In parts in 10'9, from nominal frequency for July 1968

July 24-hour mean centred on 0300 U.T. July 24-hour mean centred on 0300 U.T.

1968 GBR 16 kHz MSF 60 kHz | Droitwich 200 kHz 1968 GBR I6kHz | MSF60kHz |Droitwich200kHz
| — 3000 + 01 + 0-1 17 | — 2999 + 0-1 | + 0-1
2 — 2997 + 02 0 18 — 2999 + 01 + 01
3 — 2999 + 02 0 19 — 2999 + 0-2 + 0-1
4 — 2999 + 02 0 20 — 299-8 + 01 + 0-1
5 — 299-8 + 02 + 01 21 — 299-8 + 02 + 0-1
6 — 300-0 + 01 0 22 — 2998 + 02 + 02
7 — 2999 + 0-1 0 23 — 2997 +0-3 + 02
8 ~— 3000 0 0 24 — 2999 + 02 + 02
9 — 2999 + 0-l 0 25 — 2998 + 0-1 + 0-1

10 — 2999 + 02 0 26 — 299-8 +0-2 + 0-1
11 — 2998 0 0 27 — 300-1 0 + 0-2
12 — 3000 + 01 | 0 28 — 300-1 — 01 + 0-1
13 — 2999 0 + 0-1 29 — 300-1 — 01 | + 0-2
14 — 2999 + 0-1 + 0-1 30 — 3001 — 0 i + 02
15 — 2999 + 01 3l — 3001 — 01 + 02
16 — 299-9 + 0-l + 0-1 |

Nominal frequency corresponds to a value of 9 192 631 7700 Hz for the caesium F,m (4,0)-F,m (3,0) transition at zero field.
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New Light—Visible and Invisible

The clamp of military security has operated perhaps
more tightly on the publication of information on the
techniques and uses of infra-red radiation than it has on
many applications of electronics. It is therefore encourag-
ing to record that some of the work in this field which has
been carried out at the Signals Research and Development
Establishment of the Ministry of Technology, at Christ-
church, Hampshire, has now been ‘de-classified’, to use the
military jargon. This Establishment which is mainly con-
cerned with communications equipment for the British
Army is now also concerning itself with the potentialities of
fibre-optics communication, an application of opto-
electronics which uses lasers—hence the title to this report.
The Ministry is hoping that industrial applications will
emerge from the military work.

Infra-red Applications

Two types of active infra-red devices were demonstrated
recently at Christchurch to a representative of the Journal.
The requirements of an active infra-red system are an
infra-red source, which is a normal lamp with a filter which
filters out the visible part of the spectrum, and a viewer,
which consists of an optical system incorporating an image
converter tube. Because the system relies on reflected
radiation the relationship between the viewing distance and
the source power is inverse fourth-power law. The filter
used can be either a dyed plastic on glass or a coloured
glass. The optical components of the viewer differ from
conventional visible-spectrum optics in choice of glass,
and in the blooming, which must cope with longer wave-
lengths than the visible, and is therefore thicker. The image
converter tube consists of a photocathode, a conical anode
and a phosphor screen, all enclosed in a glass envelope.
The photocathode is made from caesium silver oxide,
evaporated on to the front surface of the envelope.
Radiation from the scene is focused on to the photo-
cathode. The electrons emitted, as a result, are accelerated
across the tube by a 12 kV potential and are focused by the
conical anode to create a spatial replica of the photocathode
scene pattern on the phosphor. The phosphor is looked at
through an eye-piece, and the devices can be used indoors
or out of doors for search or surveillance.

Far-infra-red devices, operating as heat-seeking heads
in missiles, have been in use for some years. In the
civil field, equipment for finding hot spots in cables has
been made and it is now possible to make devices which
can discriminate a |1 deg C difference between an object and
its background. As a result it is possible to produce a device
which will detect the presence of an animal, a vehicle or a
human being. A remote alarm or counting device can be
attached and thus the whole could be used as an intruder
alarm, vehicle counter or to give evidence of the presence of
animals in an area.

A more advanced type of far-infra-red device is a
thermal imager. This incorporates one or more detectors
and has a scanning system. The signal is applied to a
cathode-ray tube and a television type of display is
produced, forming pictures from heat contrasts rather than
from colour and brightness contrasts. This type of system
has also been employed in medical applications.t
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Passing now to applications of infra-red to communica-
tions, standard pairs of binoculars have been modified to
provide two-way voice communication up to ranges of
800 metres whilst retaining their normal function. A
pulse modulated infra-red beam from a gallium arsenide
lamp is used for transmitting from one half of the binocu-
lars, and a silicon photodiode in the other half is used for
receiving. Pulse frequency modulation at 20 kHz is
employed, thus overcoming difficulties due to signal path
variations (e.g. heat haze or hand shake).

Fibre-optics Communications

Until recently practical optical communication systems
depended on propagation either through the atmosphere or
through lens relay systems in large diameter pipes. How-
ever, the use of dielectric waveguides, in the form of glass
fibres only 0-0l cm in diameter, is a most attractive
alternative with many superior qualities.

A simple system using a short length of glass fibre and
a gallium arsenide laser in a pulse-coded speech link opera-
ting in the near infra-red region was demonstrated at
S.R.D.E. The glass fibre is inherently flexible and has high
tensile strength ; thus, if suitably protected from crushing, it
can be used in much the same way as electrical wires are
used at present, i.e. drawn along cable ducts, made up into
multi-core cables, etc.

Clearly the fibre offers a considerably increased band-
width over that of ordinary wire. In addition the small
size allows, for example, 200 separate fibres to be packed
into a diameter of only 2-5 mm. The glass is electrically
insulating which suggests its usefulness where mutual
interference with its surroundings may occur or where
electrical isolation is required.

At this stage the successful implementation of optical
fibre communication depends principally on the manu-
facture of fibre from very-low-loss glass. Optical glass at
the moment has attenuation exceeding 200 dB/km whereas
this application requires a minimum of 70 dB/km. Theory
and experiment indicates that this is perfectly feasible and
attempts are being made elsewhere to make suitable glass
and fibre. Full exploitation of the system also requires
increased efficiency and mean power of the source and
improved detector performance.

According to their particular construction, glass fibres
can support propagation of either single or multi-mode
optical waves. Where very large bandwidth is not required,
the multi-mode fibre is preferable because it allows
simplification of the complete system. Some features of
propagation in such fibres were also demonstrated, and
micro-photographs illustrated imperfections in present
samples. Typical performance figures for single-mode
operation on a 1 um diameter fibre clad by glass of 109,
lower refractive index to 100 ym diameter was 10 GHz
over 1 km; multi-mode fibre using a 80 xm diameter core
with a cladding thickness of 5 um gave 5 MHz bandwidth
over 1 km,

+ Lloyd Williams, K., Cade, C. M. and Goodwin, D. W., ‘The
electronic heat-camera in medical research,” The Radio and
Electronic Engineer, 25, No. 3, pp. 241-50. March 1963.
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Summary: In spite of the fact that inter-element coupling in a receiving
array markedly affects the amplitude of the output signals when the
beam is deflected from its normal axis, and also introduces correlation
into otherwise-uncorrelated noise outputs from the various elements, yet
its effect on signal/noise performance and on the beam-steering itself is
small and usually negligible. The correlation introduced by inter-element

coupling and the way it adds to correlation already existing in the acoustic

field is examined and discussed in more detail.

It is shown that it has

important implications for a class of sonar systems in which signal and
noise are distinguished by their inter-element correlation.

List of Symbols
Ny number of elements in the array (= 2N+ 1)

v, output voltage of element n when the wave
directly excites only the element n, the others
being excited only through the mutual
coupling between them and element n

v, r.m.s. value of v,

A output voltage of element » when all elements
are directly excited by wave

| 24 r.m.s. value of v},

rg, Uy r.m.s. signal and noise voltages from one

element when the wave directly excites only
that one

Uso, Uno ditto when there is no mutual coupling
between elements

Vs, Vi total r.m.s. signal and noise voltages from
array

my mutual coupling coefficient representing the
complex voltage transfer between adjacent
clements of the array

m,, my, ditto for elements separated by twice, three

etc. times, etc., the inter-element spacing

¢ phase shift increment per element to deflect
beam to match angle of arrival of wave

Y, correlation in applied field between elements
spaced ¢ inter-element spacings apart

/4 correlations between outputs of elements
spaced s inter-element spacings apart

ditto when the elements are numbered n
and n+ s and their position is significant (e.g.
in a short array)

l/I;(n)

t Deparzment of Electron‘ic and Electrical Engineering,
University of Birmingham.
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/% correlation due to inter-element coupling
when field is uncorrelated

A wavelength

1. Introduction

In a previous paper,! the effect of inter-element (or
mutual) coupling on the signal/noise ratio in a uniform
array was considered; it was assumed that a coherent
unidirectional signal field is applied in the presence
of a narrow-band noise field which is uncorrelated
between one element of the array and another. The
array is phased to suit the direction of the coherent
signal wave. The conclusions drawn were that for an
infinite array (whether planar or linear, although the
analysis was that for a linear array), with equi-spaced
non-directional identical elements, the signal/noise
ratio is not altered at all by steering the beam or by
the inter-element couplings; and that for a finite
array the signal/noise ratio is altered, but only very
little. In the infinite array the phasing required to
steer the array to a particular signal direction is not
affected by the coupling, although for the finite array
it is affected. The inter-element coupling has a very
marked effect on the amplitude of the signal when
the beam of the array is steered off its normal axis.

The analysis given in the paper referred to was
based on certain definitions which were stated to
‘have a certain vagueness’ so that the method was not
rigorous. The working was, moreover, hard to relate
to physical conceptions. The author now thinks that
a much better and more rigorous analysis can be
given which is at the same time much simpler to
understand. It is outlined in Part 1 below. This
method lends itself well to a calculation of correla-
tions between the resultant outputs of the various
elements of the array, and this is dealt with in Part 2.
This calculation has a special importance in relation
to sonar systems in which signal and background are
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distinguished by the presence or absence of correla-
tion between the outputs from adjacent elements.

A line array is assumed, of identical small elements
uniformly spaced, with mutual coupling coefficients
m,, my, ms, etc., where m; is the complex voltage
transfer ratio between adjacent elements, m, is that
between elements spaced by twice the inter-element

spacing, etc. For ideal, loss-free elements (which are
not mutually coupled electrically) these coefficients
can be expressed in terms of the more familiar self-
impedance Z,,, mutual impedances Z,,, Z,,, etc.,
and load impedance Z; thus:

my=Z,(Zyy+Z); my=Z5/(Z,,+Z,);

Part 1. SIGNAL/NOISE RATIOS AND BEAM STEERING

2. The Infinite Array

Consider an infinite line array in which the centre
element is numbered 0, elements to the right are
numbered +1, +2, +3, etc., and elements to the
left =1, —2, =3, etc., as shown in Fig. 1. The
elements are connected to the output terminals via
phase shifters with phase shifts given by n¢ on
element number n. Consider an incident wave to
impinge only on element +1 and thus to excite
directly only this element. (The fact that this
would be difficult or impossible to achieve in
practice is of no relevance here. It can in any case
be easily simulated by electrical injection.) The other
elements are excited, however, through the mutual
couplings with element + 1. This definition is different
from that used in the paper referred to, where it is
assumed that only the one element is excited at all.
It overcomes the difficulties associated with that
assumption.

Then we take the output voltage (before the phase
shifter) of element +1 to be v,,. The contribution
to the output from element 0 is v, m,, that from
element —1 is v, ,m, exp (—j¢), that from element
+2 is v, ,m, exp (j2¢), and so on; while that from
element +1 itself is vy, exp (j¢). Clearly all the
terms except the last-mentioned can be arranged in
pairs, and since

exp (jng) + exp (—jng) = 2cos ne,
we get a total output from the wave directly exciting
only element +1 of
v,,exp(j@).(1+2m cosp+
+2mycos2¢p+2mycos3p+...) ...(2)
This makes it clear that the output voltage when
only element +1 is directly excited varies according
to the phasing provided for beam steering. Evidently
if we consider any other element, say that numbered n,

to be the only one directly excited, we obtain a similar
result for the output, namely

vexp(jng).(1+2m;cosp+
+2m,co82¢+2mycos3p+...) ...(3)
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If the signal is coherent, and comes from a direc-
tion for which the phase shifts are correct, then as
we consider each element to be, in turn, the only
one directly excited, all the contributions to the output
are co-phasal. Thus, since the superposition theorem
holds, the total output is the sum of these co-phasal
outputs, i.c.

Vs=[1+2m, cos ¢+2m,cos2¢p+...|> vs (4
where
Yvs=...40_3+0_ 3 +0o+0ey+ ...

when all the v are r.m.s. values and equal to ¢, and are
co-phasal.

WAVE INCIDENT
ONLY ON ELEMENT +1

-3 = -1 0 + +2
~O-— O~ — O — O —
T T \mZ\-_/
-3¢ -24 -¢ 0 +¢ 2¢

Py

ouTPUT L
Fig. 1. The infinite array.

Clearly, the value of phase-shift required to steer
the beam to a given direction is unaffected by the
inter-element coupling, but the amplitude of the
resultant signal is a function of coupling as well as
of direction.

If the incident wave field is just noise, uncorrelated
between the positions of one element and another,
and with its bandwidth narrow enough for phase-
shifts to be assumed constant over the band, we see
that the successive contributions to the output as each
element in turn is the only one to be directly excited
by the wave are all uncorrelated, since the voltages
Vg, D41, Vag, ctc., are all uncorrelated. The total
output of noise is therefore given by the summation

The Radio and Electronic Engineer
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of powers, so that the r.m.s. noise voltage is
Va = |14+2m, cos p+2m,cos2¢+...|. /Y vk (5)
where
Yod=...+02, + i, +0d+0i,+. ..
when the v are all r.m.s. noise voltages vy.

Clearly, if the total number of elements is Ny (— ),
the overall signal/noise power ratio is

() = w2 - m ()
129 UN Uno

irrespective of the inter-element coupling and of the
direction of beam-steering. Here vso and vyg are the
outputs which would be obtained from each element
if mutual coupling were absent. This is the result
obtained in the paper! and also by Mangulis.? It
is clear that although this result will not hold if the
noise is partially correlated between eclements, as it
usually will be in practice, yet the conclusion that the
inter-element coupling has no effect on the signal/noise
ratio will still apply.

It is worth noting that when all elements receive the
incident wave, the output from each contains a
contribution via inter-element coupling from all the
others. The resultant output from element » is
then v, which is different from v,. When the incident
wave is uncorrelated noise, the v, are uncorrelated as
discussed above; but the v, are partially correlated
because of the common components of their wave-
forms. This is examined in more detail for a two-
element array in Section 5 of the original paper and
in reference 3. It is calculated in more general terms
in Part 2 of the present paper. It is therefore not so
easy to calculate the signal/noise performance in terms
of the resultant element voltages v,; and this explains
why we introduce the artifice of considering only one
element to be directly excited at a time.

3. Finite Arrays

Obviously, if the array is not infinite, we no longer
have the complete pairing of terms in eqns. (2) and (3)
which led to the co-phasality of the various contri-
butions, and the conclusions reached above are not
properly valid. The finite array has a different and
limited number of terms or phasors on each side of
the directly-excited element, so that in addition to
the symmetrical terms giving

exp (+jn@) + exp (—jnd) = 2 cos ng,

there will be remaining terms exp(+jr¢) or
exp (—jr¢) on one side only which will cause the
different resultants (as different elements are directly
excited in turn) to be of different phase. This argument,
of course, assumes that the value of ¢ is the same for
a given beam deflection as in the infinite array, or in
the finite array with no inter-element coupling.
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Thus when a coherent signal wave is applied, the
various contributions from the different elements do
not add co-phasally and the total signal output
voltage is therefore less than it would be if the addition
were co-phasal. On the other hand, the noise con-
tributions are uncorrelated as before, and the total
noise r.m.s. voltage is not affected by the phase. It
is clear therefore that the overall signal/noise ratio is
less than it would be in the absence of inter-element
coupling. Moreover, the signal is not maximized for a
given direction by using the values of ¢ which are
calculated on the basis of no coupling.

Even so, however, the discrepancies in signal/noise
ratio are usually very small, and accounted for
entirely by terms in m}, m3, m,; m,, etc., i.e. by second-
order terms which will be negligible if the coupling
is not large. This can be seen clearly by considering
the case of a three-element array, in which only
elements numbered —1, 0 and +1 are retained. The
phasor diagrams for this case are shown in Fig. 2
with the simplifying (but unlikely) assumption that
the arguments of m, and m, are zero. The lack of
co-phasality as each element is in turn made the only
one to be excited directly by the incident wave is clear.
The resultant output from a coherent signal wave is

v, m, explj2é)

-
O\ =
L
RS \
() _ - | ¥m, explid)
— |
/
-~ o~ Lo~
v > IN-PHASE COMPONENT
vg m exp(id) Vomy exp(-jd)
(b)
¢ Ve RESULTANT
(c) Vs  IN-PHASE COMPONENT
= > g
I .
~ | /vsm, exp(-i$)
PE\ ~
Sy,
(T4~r\ ~
~ - v, my exp(-j2¢)

Fig. 2. Phasor diagram for three-element array.

the sum of the resultant of the centre diagram, and
of the in-phase components of the other two. Now
the relation of the resultant in phasor diagrams (a)
or (c) to the in-phase component is that of a right- e
angled triangle with sides 1, x, and J(l+x2); i.e.
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the hypotenuse is different from the longer of the
other sides only by second-order quantities.

The signal output for a given direction can be
maximized by an alteration in the value of the phase
shifts such that the resultant phasors are brought
into co-phasality. But even then it can be seen that
the signal/noise ratio is reduced slightly by the mutual
coupling, since the various resultants are not of
equal amplitude, so that

D vs]’/Z & < N1.(vso/tno)?

Part 2. CORRELATION DUE TO

5. Calculation of Correlation

It has already been noted that when all elements
of the array are excited by the incident wave there is
a partial correlation between the outputs from the
various elements due to the inter-element coupling.
From the point of view of the factors considered in
Part 1, namely signal/noise ratio and beam-steering, this
is of little importance. There-are, however, applications
where this correlation is of fundamental importance.
An example is a sonar system in which the degree of
correlation between the outputs from each pair of
adjacent elements is used as a criterion of whether
it is signal or noise that is being received; such a
criterion applied particularly to phase differences
rather than to the amplitudes lends itself particularly
well to a cheap system of electronic equipment using
digital methods and microelectronic construction.*>
The significance of the effect of inter-element coupling
in this application will be considered after the method
of calculation has been set out. For this calculation,
the symbols are used exactly as in Part 1, but the
array is not considered to be infinite.

If the field is applied only to element r, then the
output of element # is

’"I"_’I U,

Thus the total output from element n when the field
is applied to all elements is

r=+N
th= 3 Mpp_py¥, e Q)
r=-N
where
2N+1 =Ny
and
me=1

The total output from element n+ s when the field is
applied to all elements is
+N
Z "'|n+s—r[vr
N

r=-

The correlation between the outputs of elements n

’
Upts
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4. Conclusions to Part 1

Although the results obtained in the previous
paper' are still thought to be correct, a clearer yet
more rigorous approach has been outlined here. In
spite of the fact that inter-clement coupling markedly
affects the amplitude of the output signals when the
beam is deflected from its normal axis, and also
introduces correlation into otherwise-uncorrelated
noise outputs from the various elements, yet its effect
on signal/noise performance and on the beam-
steering itself is small and usually negligible.

THE INTER-ELEMENT COUPLING

and n+sis
UhUhes

Vemy = ﬁ where V', is the r.m.s. value of v,
mefaks (11)

2
[Z 'nln—r| . '"|n+s—r| v, +
r N

+ Z Zlm|n—r| . m|n+s—r:tq| v, Ur:tq]
rq= )

Sy ey

Here it must be remembered that the m are all
phasors and in the above process the product m,.m,
is the ‘dot product’ or scalar product, |m,||m,| cos 6,
where 0 is the difference between the arguments of
m, and m,,

Now if the correlation in the applied field is ¥,
between elements spaced by ¢ inter-element spacings,
then

_ Urvr:tq
'/lq Vr Vr:tq
where V, is the r.m.s. value of v, and to a quite close
approximation all the V are identical. Therefore let
us normalize the system by putting V, = V,,, = 1.
Then

v04,=Y¥, and v’ =1
The denominator of eqn. (12) is
V/{Z |m|,,_,||2;? + Z ; M) - Minertq Vs Ut q) X
XJ.VZInr|n+s-r|Izt7+

+ Z Z '"|n+s—rl 0 '"|n+s—riq| U, Ur:tq
r q

=A/«'Zlmln-rllz'*'zZ’"ln—rl-mln-riql'/’q}x
Lr roq
x’/‘l‘2|"1|n+s—r||2+z Zm|n+s—r|"n|n+s—riq['/’q}
r r oq
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while the numerator of eqn. (12) becomes
Z m]n-r| 'm|n+s-—r| +Z Z mln-Fl 'm|n+s—r:tq|l//q (17)
r r q

Thus in expressing /¢, as the quotient of expressions
(17) and (16) we have expressed the correlation
between the outputs of two particular elements as a
function only of the known coupling coefficients and
the given correlation function of the applied field.
Apart from the assumptions that all the V are iden-
tical and that m depends only on the spacing and not
on the position in the array, this result seems rigorous.

In a long array, it may well be argued that the end
effects may be neglected and that over most of the
array the correlation ¥, is practically independent
of n; and moreover that all the ¥’ in eqn. (11) may be
taken as equal. (Note that this last assumption is
obviously a much coarser approximation than that
of taking all the V' to be equal.) In this case, #» becomes
an arbitrary choice and we may take it to be zero.

We then have
Yomymy_ g+ qulrl Mgy iq¥y
r r

Z lmlrliz+2r: ;mlrl'mlriqld’q

Although this formula has been derived only for the
central part of a long array, yet it can be seen to
apply also to a two-clement array and to other
special cases.

Yy = (18)

6. Two-element Array

For a two-element array, we put r = Qorl,qg =1
and s = 1 so that eqn. (18) becomes (if f is the
argument of m,):

V= 2|my| cos B+(1+|m,|* W,

YT 1+ {my|? + 2|my | cos By,

Defining ¥, as the correlation introduced by mutual
coupling when the field is uncorrelated, we have

2|m,|cos B
=—_—"70 .. 20
Ve 1+|m,|? (20)
If m,| < 1 by a sufficient margin for [m,|*> <€ 1 to
apply, then
l/’m'*"l/ll
12— ... 21

Vi " (21
and since ¥, < 1 in most likely applications, we
have

P (22)

This will apply as a rough approximation even in long
arrays.

7. Discussion of the Results in Relation to a
Sonar System

As stated earlier, this work is very relevant to a
particular type of sonar system in which correlation
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between elements is used as a criterion of signal
versus noise. True isotropic noise could (in the
absence of inter-element coupling) give Y, = 0. If
the received wave is entirely signal, then y; = 1 and
from eqn. (21) we then have that y{ = 1 irrespective
of Y. The system then operates by determining
whether the correlation is above or below a certain
threshold.

In such a system, the ‘noise’ is very often rever-
beration, i.e. the back-scattering of one’s own trans-
mission from inhomogeneities in the body or boun-
daries of the sea. Such reverberation is, of course, not
isotropic. In a typical system, where a wide sector
is insonified and then searched by the high-resolution
receiving system, the value of Y, may well be
around 0-2.

The significance of y, is that it modifies the actual
correlation between elements and so disturbs the
criteria discussed above. However, it is not easy to
put in numerical values, as the values of m are not
usually known. Moreover, the elements are usually
large in the sense that they occupy most (or all) of the
space between their centres, and being also of finite
width in the perpendicular direction, necessarily
disturb the field to some extent. It is no easier to
measure self and mutual impedances, although these
may have more basic value as they are not dependent
on the circuits connected to the transducers. Very few
data have been published.

From calculations of mutual impedance made by
Sherman® for a transducer array which was not too
different from the linear kind which would be used
in the system referred to, we can estimate that for an
inter-element spacing of 0-754 (which is the spacing
for which we quoted Y, ~ 0-2 above), a typical
transducer used around 50-100 kHz might have
m, ~ 0-07 with p = = radians. The correlation
introduced by this mutual coupling is seen from
eqn. (20) to be ¥, =~ —0-15. The sign is significant
here, so that the total correlation y, is reduced from
0-2 to only 0-05. At first sight it might seem that this
must improve the performance of the sonar system,
since the reverberation and noise background now
has negligible correlation, so increasing the gap
between signal and noise. Indeed, this conclusion
might actually be true for a particular practical
system; but it cannot be true of an ideal system, since
the addition of more distortion (in this case the coup-
ling between elements) cannot increase the informa-
tion, and must usually decrease it.

The value of y,, is certain to be negative over some
part of the range of element spacings between say, 0-3
and 1-0 4, and this is where the magnitude of coupling
is relatively large. At larger spacings the sign of ¥,
becomes positive, and then alternates as the magnitude
diminishes.
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It is clear that the effect of inter-clement coupling
may often not be very large, but it must be taken into
account if optimum performance is to be obtained.
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Letters to the Editor

The Commercial Engineer

SIR,

I was delighted with the content of your editorial of
May 1968t and I would like to believe that the views
expressed indicate a change of attitude on the part of our
professional institutions towards sales engineers.

I have been employed in the electronics industry for
more than twenty years and hold graduate qualifications
for our two major institutions. My tactical error was,
however, to join the sales force of a major radio com-
munications company who, at that time, employed com-
paratively few chartered engineers. For all practical
purposes the door to chartered status is closed to this type
of applicant and after numerous enquiries I resigned
myself to this fact.

I am now in a position which necessitates control of
sales staff selling communications systems to the public
utilities, major oil companies and a number of specialist
users. The sales engineer requires consultancy skills to
put at the disposal of the end user and expertise on the
marketing research aspects of our profession. The need
to improve the engineering status of our marketing is
self-evident but there is reluctance on the part of the young
engineer to jeopardize his professional future by accepting
a position which badly needs his skills but is not recognized
by the institutions as a path to Chartered status.

In my opinion the country’s economic growth is ad-
versely affected while this state of affairs exists.

T. W. RICKETT,
Graduate.

28th June 1968.

44 Pierce Lane,
Fulbourn, Cambridge.
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SIR,

In undeveloped countries, such as Sabah, the Sales
Engineer, although he is sometimes looked down upon by
his more academic colleagues in research and development,
has to play a vital role and play it in accordance with the
highest ethical standards of our profession. Rarely does a
client know what he wants except in general terms, and
he must therefore place himself entirely in the hands of
the sales engineer who in the end writes out the client’s
order for him.

This does not, as many engineers believe, call merely
for super-salesmanship and a glib tongue. A good sales
engineer has first to be a widely-versed technical expert,
in every way au fait with the latest developments in an
ever-expanding field of knowledge. All too often he is
considered to be a mere jack of all trades or at the best a
‘general practitioner’; although the good old G.P. in
medicine and in engineering does most of the donkey work.

I think your editorial will greatly cheer and encourage
all sales engineers, and as one of them I wish to express
my sincere appreciation.

A. B. AVERy,
C.ENG., F.L.E.R.E.

¢/o O’Connor’s Ltd.,
P.O. Box 1197, Kepayan,

Kota Kinabalu, Sabah. 13th July 1968.

1 ‘The commercial engineer.’
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Pull-in Range of Phase-lock Circuits
with Arbitrary Feedback Filter

By

R. LEONHARDT, Dipl., Ing.t
AND

H. H. FLEISCHMANN;, Ph.D.}

Summary : Existing methods for the theoretical determination of the capture
range of selected automatic phase control loops, using a sin g-phase
comparator, are analysed. From the results of this analysis, an equivalent
method to the one used by Goldstein in his treatment of loops with saw-
tooth comparator is developed that can be applied to a wider variety of
interesting loop filters. The method is based on the experimentally
suggested hypothesis that all non-synchronized states of loops of most
interest are asymptotically periodic. A function is derived which allows
quick determination of the capture range of most stable a.p.c. loops
containing one large integration time-constant in their filter branch. The
method is directly applied to a few technically interesting cases, and very

good agreement with experimental results is found.

1. Introduction

Automatic phase control (a.p.c.) loops in various
modifications are used for many applications, such as
oscillator synchronization, signal tracking, or simply
noise suppression. Due to the basic characteristic of
the phase comparator, their system equation generally
is highly non-linear. For loops using a saw-tooth
comparator, a closed-form theory of their non-linear
characteristics, in particular of their acquisition
behaviour, has been achieved by Goldstein! and was
tested by Byrne.2 However, no similar exact treatment
has been reported so far on the more common loops
using a sin g-comparator. The behaviour of these
loops has been extensively investigated for the
synchronized state. In this case, closed expressions for
various characteristics can be obtained by lineariza-
tion and extensive theoretical data have been accumu-
lated for a variety of conditions. In contrast, still
comparatively few results have been published on the
basically non-linear acquisition behaviour of these
circuits. In this respect, the theoretical analysis is
still limited to a few cases with rather special loop
filters, the results being contained almost completely
in References 3-8. The loop filters treated in these
papers are probably those most frequently applied.
However, in many applications these filters can be
approximated only roughly, or the use of more
complicated filters would at least seem advantageous
for the achievement of wanted loop characteristics in
the synchronized state. The pull-in behaviour of
those more general loops has been investigated by
Rey.® However, as shown in Section 3, his results are

a t i{c;h;ie and Schwarz, Messgeraetet;al: Munich; Germany.

1 General Atomic Division of General Dynamics Corpora-
tion, John Jay Hopkins Laboratory for Pure and Applied
Science, San Diego, California; now with Department of
Applied Physics, Cornell University, Ithaca, N.Y. 14850, U.S.A.
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only applicable for a sufficiently small time-constant
in the filter branch.

In this paper the pull-in behaviour of a.p.c. loops
with one imperfect large time-constant integrator and
additional networks in the filter branch of the loop is
investigated, with particular emphasis on the pull-in
range, assuming constant signal frequency. First, the
approaches of the mentioned theoretical papers®~?
are analysed. Following the conclusions from this
analysis a semi-linear method is devised that allows
additional networks to be added to a basic imperfect
integrator in the filter loop. For this, only the
frequency dependence of the phase shifts and the
amplitude ratios of these additional filters need to be
known. The mathematical foundation of the under-
lying assumptions is discussed. Using this method, an
expression is derived that makes possible a direct
determination of the pull-in range of these loops from
the frequency characteristics of their filters. In the
following section, this formula is then applied and the
results illustrated for various loop filters, including the
already known case of the imperfect integrator and
the cases of an added RC-integrator and an added
ideal delay line. These theoretical predictions are
found to be in very good agreement with published
experimental results of Gruen* and our own careful
experiments. Finally the limitations for the applied
method are assessed. It also appears possible to
adapt this method to the determination of related
characteristics of these loops.

2. Basic Assumptions and Equations

In the experimental literature, a variety of individual
designs for a.p.c. loops is described. For theoretical
analysis, however, most of them can be transformed
to the block diagram shown in Fig. 1: a * signal * (with
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the angular frequencyt w, and the phase ¢,) and the
output of a voltage-controlled oscillator (v.c.0.) are
fed into the phase discriminator. Its output voltage
Up, after passing through a linear filter with the
characteristic K, F(p), in turn controls the frequency
of the mentioned oscillator.

SIGNAL VOLTAGE - out
PHASE < CONTROLLED
w,, ¢, DISCRIMINATOR w,, ¢>2 OSCILLATOR
Yp Ye
» Kz Fip)

Fig. 1. Basic block diagram of automatic phase control loop.

For the following analysis it is assumed that:
(a) The frequency of the * signal’
w; = ¢, = constant
(b) The frequency w, of the v.c.o. varies linearly

with the controlling voltage around the centre
frequency wy, which is obtained for U, = 0,

w, = wo+al,

(c) The output of the phase discriminator is propor-
tional to the sine of the phase difference

¢ =0¢,—¢;
between signal and oscillator:
U,=K,sing

and only the low beat frequency between signals
and oscillator passes through the filter.

It has been shown?®~7 that under these conditions
eqn. (1) can be derived for the phase difference ¢
between signal and oscillator:

@+ KF(p) sin ¢ = éw

In this equation, éw = w, —w, denotes the difference
between signal frequency and centre frequency of the
v.c.o. K = aK, K, is the frequency shift of the v.c.o.
produced by the maximal output voltage of the phase
discriminator, i.e. the maximal frequency shift of the
v.c.o. in this circuit, and F(p) is the filter transfer
function in operational notation, with

d

FO)=1 and pP=g

Equation (1) is the basic equation for the loop
which is being investigated. For the synchronized
state, i.e. ¢ = 0, one obtains two equilibrium phase
angles ¢, and ¢, with sin ¢, , = dw/K. Only one of
these, namely, ¢, > m/2, can be stable against small

1 In this paper all frequencies are angular frequencies.
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perturbations, whereas the second, with ¢, > /2, is
principally unstable. By linearization of (1) around
the *stable’ equilibrium point, ¢,, the small signal
response function of the system in the synchronized
state is obtained. For an investigation of the acquisi-
tion behaviour, however, the full eqn. (1) has to be
used.

In these loops, the ‘capture range’ or ‘ pull-in
range’ is defined as maximum deviation of the signal
frequency from the centre frequency of the undisturbed
oscillator for which synchronization is achieved
independently of the initial condition.

~

3. Analysis of Existing Approaches

A closed mathematical analysis of the system in the
non-synchronized state can only be done for F(p) = 1
(first-order loop). In this case synchronization is
accomplished if and only if dw £ K. For all other
filter functions F(p), only approximate expressions
can be given.

Preston and Tellier® investigated an a.p.c. loop
with a simple RC-integration filter (Fig. 2(a)). In this
case eqn. (1) becomes

d2¢
dr?
By introduction of y = d¢/dt, they then convert this
equation to
dy .
Ty ~—+ y+ K sin ¢ = dw
do |
and integrate it graphically in the phase plane y = y(¢).
As a necessary and sufficient condition for synchroni-
zation to occur independently of the initial conditions
of the system, they compute the trajectory starting
with y, — 0 from the unstable equilibrium phase ¢,
mentioned in Section 2. If this trajectory does not
cross either of the phases ¢, + 2=, then the system
will always become synchronized.

O O .
1 1+t p
F(p)-1+1-p F(P):th—p-
T = RC tz = (R,+R2)c
t, = R1 c
(a) (b)

Fig. 2. Integrators and their definitions.
(a) Normal. (b) Imperfect.
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The validity of this criterion is evidenced by the
equivalence of eqn. (2) to the equation of motion for
a circular pendulum which is accelerated by a constant
torque dw/K and decelerated by a velocity-dependent
‘friction’ (1/t)d¢/dr. Synchronization, of course, is
analogous to a stopping of the pendulum. For stop-
ping to occur independently of the initial conditions,
the energy of the pendulum lost by friction during one
full 360° cycle has to be smaller than the energy added
by the torque for all initial conditions. Due to the
velocity dependence of the friction term in eqn. (2)
the frictional losses are smallest if the pendulum just
barely passes the unstable equilibrium point. Thus the
criterion used is justified. Using this criterion and a
perturbation approach for small dw and 1/Kt we
computed the capture range 2 analytically. Employing
a third-order approximation we obtain the relation

(K7)™t = (n/4}Q/K)/(1—0-3(Q/K)?) ...... (4)

which, for large Kz, is very close to the relation

1

— = 0-64(R/K)?

< = 064QIK)

derived graphically in Preston and Tellier’s paper. But
eqn. (4) should hold up to Kt S 1.

This same criterion is applied by Gruen* for an
a.p.c. loop with the imperfectly integrating filter shown
in Fig. 2(b). His results, together with experimental
points, are reproduced in Fig. 3, from his Fig. 7. They
show good agreement for Kt, < 100, but fail for
Kt, > 100. A case of failure of this criterion also is
evident in the phase plot in Fig. 16 of Viterbi’s paper,’
where a stable non-synchronized state exists in spite
of an apparent fulfilment of this criterion.

A good perceptual explanation for this failure can be
obtained by means of Preston-Tellier’s pendulum
analogue. For this filter, eqn. (2) is replaced by

dz(p tl l d(p K
=L —_1 = —Vsi =
+ [<t2>K cos ¢ + tz] T + <t2> sin @ w

de?
in which an additional ‘ friction term ’
(2,/t;)K cos ¢ de/dt

appears. Computing again the energy’ dissipated
over one full cycle, one can see that this new term
contributes only through a difference in the average
of the ‘ velocity * de/dt in the upper and lower halves
of the cycle where the cosine has a different sign.
Those differences are mainly due to the * gravity’
term (K/t,)sin ¢ and become smaller with larger
average velocity. Thus, as the later correct treatment
brings out, the minimum of the ‘ frictional > energy
dissipation no longer occurs at the trajectory which
just barely passes over the unstable equilibrium phase
angle, but at higher average velocities de/dt, i.e.
higher average beat frequencies. Thus Gruen’s
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Fig. 3. Capture range with imperfect integrator for Gruen’s
parameter £ = (t3/K)*(1/t2 + Kn/t;) = 05
Experimental result of Gruen: O—Q. Theoretical predictions:
Gruen, 1; Richman, 2; Viterbi, 3; Equation (10b), 4.

criterion can provide only an upper limit for the
capture range, and it particularly breaks down for
large values of Kt, where the described effects become
prominent.

The criterion used by Rey,® in particular his con-
dition (32) and the preceding, are similar to Gruen’s
argument, although somewhat more stringent. Corre-
spondingly, his result (34) is a good approximation for
sufficiently small values of Kt, or Kt,, but it becomes
invalid for large values of Kr, and Kt, where our
treatment will give better results. This is evident in
his Fig. 13 where the extrapolation for

w,/K = (Kty)t >0

is incorrect. An analysis of his formula (34) shows
that /K — 0-27 for w,/K — 0, but not Q/K — 0.

Also Richman® and Viterbi” investigate the acquisi-
tion behaviour of these loops for fixed signal frequency.
After transforming eqn. (5) into an equation similar to
our eqn. (3), Viterbi first uses a phase plane analysis.
From this he observes that for sufficiently large value
of Kt, the relative fluctuations of the beat frequency
between signal and oscillator within one beat period
are small for many trajectories, including the * stable
asymptotic non-synchronized ’ trajectory. In the same
cases, the relative change of the beat period from one
beat period to the next is generally small. He takes
these facts as basis for his analytic treatment. Richman,
although somewhat different in his mathematical
approach, has essentially the same starting point. The
corresponding results of both papers are also included
in Fig. 3. Asis to be expected, they agree very well with
the experimental results for large values of Kt,. For
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small values of Kt,, however, the applied analytic
approximations break down, and the theoretical
results of Gruen agree better with the experiment.
The larger deviations of Viterbi’s results at this point
are probably due to the assumption, in his eqn. (48),
that w(e) is constant within a beat period.

As is already apparent from the pendulum analogue,
the success of this approach for large Kt, is due to the
fact that the decision over a final achievement of
synchronization occurs at beat frequencies Aw < 1/t,.
Thus the filter strongly attenuates the a.c. output of
the phase discriminator and the beat frequency fluc-
tuates only little during one beat period. At the same
time, however, due to the non-linearity of sin ¢,
slow changes of the d.c. component of the oscillator
control voltage can occur, i.e. the oscillator frequency
drifts until it reaches either synchronization or a
non-synchronized equilibrium state. This same basic
idea will now be extended to a treatment of a.p.c. loops
with more general filters which include one large
integrating time-constant.

4. Derivation of General Formula

A direct extension of the mathematical techniques
used by Richman and by Viterbi to a.p.c. loops with
more complicated filter systems is hardly possible. In
this case, the resulting differential equation for the
phase angle ¢ is of higher than second-order, and the
asymptotic behaviour of the solutions has to be
investigated for all possible initial conditions. This
makes, as Viterbi mentions, the graphical phase-plane
approach very impractical. Also, the analytic tech-
niques used by both authors are generally no longer
applicable. In the following, therefore, a somewhat
different viewpoint will be exploited. The capture
range of an a.p.c. loop is generally defined by the
condition that the loop, for all signal frequencies
within this range, becomes stably synchronized finally
with the signal, independently of the initial conditions
of the system. For all other signal frequencies, at least
for some initial conditions, the system will proceed
into one of possibly more asymptotic non-synchronized
states which will only very grossly reflect the initial
conditions. Thus the defining condition for the cap-
ture range is equivalent to the non-existence of a stable
non-synchronized state.

Viterbi’s * limit cycles * correspond to such a state.
In this case, due to the structure of (2), these states
must be periodic in ¢ and also in time. However, the
same is experimentally found true for a very wide
variety of more general loop filters which include one
large integrating time-constant. Based on this experi-
mental evidence, in the following treatment, it will be
assumed, for all investigated systems, that all non-
synchronized states are simply periodic in time. Then,
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correspondingly, the capture range is determined as
the signal frequency range for which simply time-
periodic non-synchronized states do not exist.

Although the mathematical formalism is different,
this criterion is fully equivalent to that applied by
Goldstein! in his treatment of a.p.c. loops with saw-
tooth comparator. His ° discontinuity point con-
dition ’ corresponds directly to our basic assumption.
As in his case, no clean mathematical proof of our
criterion can be given at this point. Thus, mathe-
matically, this criterion only constitutes a necessary
but not a sufficient condition for the capture range. In
particular, disturbances might arise from multiple
periodic solutions with non-rational frequency ratios,
produced, for instance, by additional feedback oscilla-
tions. On the other hand, the existence of such solu-
tions in systems with one single large time-constant
does appear rather unlikely. For more than one large
integration time-constant, the system is generally
unstable anyhow. Thus we would expect our criterion
to hold rather generally, in spite of its principal mathe-
matical insufficiency.

Similar to Viterbi’s results, also in many experi-
ments with more complicated loop filters, only small
variations of the beat frequency over a beat period
are found, even for signal frequencies close to the
capture range. This fact will also be used in the
following derivation as a heuristic principle. In this
case, however, a self-consistency check of the final
results can be made.

To make maximum use of the already known
behaviour of a loop with an imperfect integrating filter,
the filter transfer function will be used in the opera-
tional form

1+ pt,

Fp) =1 o, T(p)
In this equation, the splitting of F(p) into the factor
(14 pt)/(1+ pt,) and the ‘additional transfer function’
T(p) is somewhat arbitrary. The selection of both is
not necessarily defined by the circuit. Both ¢, and ¢,
may not be explicitly realized in the actual circuit, but
may contain an aggregate of time-constants of the
entire circuit. T(p) is then only defined by

T(p) = F(p)(1+t, p)/(1+ pt,)

However, it is felt that best results generally will be
obtained if ¢,, at least, very nearly agrees with the
largest time-constant of the filter network. On the
other hand, in the definition of the time-constant ¢,,
one is certainly considerably less bound. In this
respect, one has probably only to make sure that the
loop corresponding to the filter function

(1+p1)/(1+pty)
falls into the region of validity of the treatments by
Richman or Viterbi.

The Radio and Electronic Engineer
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Due to splitting (6), the basic differential equation
of the system becomes
(1+pt,)pe+K(1+pt)T(p) sin ¢ = dw
Here, in principle, T(p) would have to be used in its
operational notation. In this case, a new differential
equation would be generated by each filter form and
the corresponding difficulties already discussed would
arise. Therefore, due to our intentions to investigate
only periodic asymptotic solutions it seems more
appropriate to use 7T(p) in the form
T(p){ =>a(w) e 734
where a(w) designates the amplitude and e&(w) the
phase of the transfer function of the ‘additional
filter . Using these definitions, we now investigate
the asymptotic non-synchronized states of eqn. (7).
The details of this treatment are given in the Appendix:
due to our basic assumption, deg/ds and sin ¢ can
be expanded into Fourier series with the periodicity
of a basic beat frequency Aw. Separating eqn. (7)
into the various harmonic components, a relation can
be derived between Aw and the difference éw between
the signal frequency from the free-running-oscillator
centre frequency w,. As shown in the Appendix, one
obtains an incomplete second approximation:

éw/K =RAw) ... C)
whereby
Aw 1 a, K83
RA®)=— + . 32
(Ao) =+ 3  Kerwr+1

1
X<t Aw(1l + cos &, —
{l < tltZAw2> '
(1-7)snes}
—|(1——=)sing -+
t
2,2 14
ajtiK .
+(a,—a;) ———, [t; Aw cos g, —sin g; |+
( 2 l)]6t§Aw4[l 1 l]
ajt?K*
8t2 Aw*
ata,t?K*
8t Aw*

[#,Aw cos 3¢, —3 sin g, |—

[t;Aw cos (2¢, +&,)—

1
—(5/2) sin (2¢, +¢,)]+0 <A_w6>

where a,, ¢, and a,, ¢, designate damping and phase
shift of the ‘ additional filter > at the frequencies Aw
and 2Aw respectively.

The accuracy of eqn. (10a) depends essentially on
how fast the Fourier series converges and thus on the
size of the frequency fluctuations during one beat
period. As mentioned, experimentally these fluc-
tuations are often small compared with Aw. A general
evaluation cannot be given, but a good approximation
of the neglected higher terms with (1/Aw®) is obtain-
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able from the relative contributions of the terms with
(1/Aw*). However, it should be noted that these last
terms themselves are not fully complete in eqn. (10a),
as mentioned in the Appendix, but they still give a
useful approximation for most cases. The relative
contributions of these terms can thus provide a self-
consistency check.

In the region of the stable non-synchronized equili-
bria generally, the terms with (1/Aw*) are small
compared with the lower terms. Thus for most cases,
sufficient accuracy is obtained from the simplified
function
. a K
R(Aw) = (Aw/K)+[t; Aw cos &, —sin & ]

2t, Aw?

which generally will be accurate within a few percent.

In the regions where the used approximations and
basic assumptions are good, eqns. (9) and (10) make a
connection between the frequency deviation éw of the
signal and the resulting asymptotic beat frequencies
Aw in a non-synchronized asymptotic state of the loop.
In particular, from the discussion at the beginning of
this section, it follows that the absolute minimum of
the expressions (10a) or (10b) determines the minimal
frequency deviation dw of the signal for which a
periodic non-synchronized state exists. Thus for the
determination of the capture range of a given loop
only the computation of the absolute minimum of
(10a) or (10b) is required and the size of the correction
terms with (1/Aw*) indicates the quality of the
approximation.

The following section will present an illustration
and a comparison of the theoretical predictions with
experimental results for loops with a few selected
¢ additional filters ’.

5. Application to Particular Networks

5.1. Ideal Imperfectly Integrating Filter [T(p) = 1]

This is the case extensively treated by Richman and
Viterbi. Due to the close relationship of their principal
ideas with our basic starting point, no essentially new
results can be derived from eqns. (10) for this case.
Thus in this section, only an illustration of our method
and a comparison with these old results are given. The
basic formula, eqn. (10b), simplifies to

R(A®) = Aw/K +(t,/2t,)K/Aw) ... (11)

Here the second term on the right-hand side is the
result of the ° velocity-dependent friction > mentioned
in Section 3. The general form of eqn. (11) is
shown in Fig. 4. For each sufficiently large value
of dw/K, two equilibrium states exist with the corre-
sponding beat frequencies Aw,; and Aw,. By some
arguments (also derivable from the pendulum
analogue), it can be shown that only equilibrium states
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Fig. 4. Principal form of R(Aw) for imperfect integrating filter.

Aw, that correspond to a positive slope of the curve
are stable, whereas the states Aw, with negative slope
are always unstable. The states Aw, constitute the
desired asymptotic states of the system for all initial
conditions with de/d#(t = 0) 2 Aw,, independently
of the initial phase @(+ = 0).

As discussed in Section 4, the minimum of eqns.
(10a) or (10b) defines the capture range £2. Thus one
obtains

Q= K(Qt/t,)*

The corresponding curve for Gruen’s parameters is
also shown in Fig. 3. As is to be expected, the results
for large values of 1, coincide with the results of Viterbi
and Richman. For values of 2 < 0-6K, the results of
eqn. (12) are in better agreement with the experimental
results of Gruen than the older predictions and
approach them within about 10%,. This limit corre-
sponds to the point where the absolute values of the
higher terms of eqn. (10a) come into the order of
magnitude of the lowest order terms.

From Fig. 4, it also can be seen that, for the stable
non-synchronized equilibria, the beat frequencies
Aw, are always smaller than the deviation dw of the
signal frequency. Thus even when no final synchroni-
zation takes place, the v.c.o. frequency is already
pulled towards the signal frequency. This appearance
becomes the stronger the closer the signal approaches
the capture range. However, as indicated in Fig. 5,
the asymptotic beat frequency goes steadily down only
to £2/2 and then jumps to zero when the signal enters
the capture range and does not approach zero steadily
as Richman assumes in his Fig. 23(a). This is also very
evident experimentally.

5.2. Additional Independent RC-Integrator
(T(p) = 1/(1+pt3)]
5.2.1. Theory

This case applies, for example, to the widespread
custom of suppressing the r.f. output of the phase
discriminator by means of a simple RC-integrator.
Here the time-constant used is generally too small to
affect the acquisition behaviour. But an additional
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Fig. 5. Pulling of oscillator frequency by signal for the case of
an imperfect integrator.

integrator might also be used to improve the selectivity
of the entire loop against signals just outside the
normal frequency range. Also an additional term
like this would occur for an i.f. tuned circuit when i.f.
conversion is used in the loop. Generally, in all these
cases, there is still some coupling to the imperfect
integrator, but the idealization treated in this section
is a good approximation.

Taking T(p) = 1/(1 +pt;) we obtain
a(w) = (1+w?3)~*
cos e(w) = (1 +w?13)~*

sin g(w) = ot3/(1 +w?3)F ... (13)
Thus eqn. (10b) becomes
Aw t,—t; K 1
R(Aw) = = o0———— 50000 14
(A0) =+ o Aw " [+ (Awty)? (14)

From this, the general form of R(Aw) shown in Fig. 6
follows.  Here, £, designates the capture range
obtained by the basic imperfectly integrating filter
alone. The curve for t; = 0 applies to that same case.
For0 < 13 < 1/, the curves approach the asymptotic

R(AW) — =

,// i "\63>t|
OI== T
|« g/2k
|
Awhk —

Fig. 6. Principal form of curves R(Aw) for filter with imperfect
integrator and additional integrator with time-constant f5.
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curve R = Aw/K somewhat faster. In the region of
interest around the minimum of the (t; = 0) curve,
no essential changes occur. Thus only the pulling of
the v.c.o. outside the capture range is decreased, but
the capture range itself hardly changes. For t; of the
order of 1/£2,, t; produces only some decrease in the
factor multiplying (K/Aw), but 1/[1 +(Awt;)?] may be
treated as constant in the vicinity of the minimum.
Thus one obtains, to a good approximation,

Q _Qo< l_t3lt1-
K K \14+(Qt5)?

In the indicated range, the accuracy of this formula
should be better than a few percent, with the exact
values of £2 being somewhat higher.

For 2/£2 > t; > t,, the minimum of eqn. (14) must
be computed. In Fig. 6, this case corresponds to the
lower, but still concave, curves. Here the capture
range and thus the frequencies important for the
acquisition process, may become rather small. There-
fore, the magnitude of the higher terms in eqn. (10a)
may have to be investigated. For ty = ¢,, the filter
degenerates to a simple RC-integrator, in which case
eqn. (14) fails to determine the capture range.

For ty > t,, the synchronized state of the loop is
unstable. The second term in eqn. (14) then becomes
negative, and one obtains the convex curves of Fig. 6.
Here in all cases dw> Aw, i.e., in the unsynchronized
state, the v.c.o. is pushed away from the signal.
Furthermore, eqn. (14) does not show a minimum.
This means that no synchronization is predicted even
for negative dw/K. If one moves the signal frequency
from one side across the centre frequency w, of the
v.c.0., the actual v.c.e. frequency is pushed by the
signal until the beat frequency becomes so small that
the theory no longer applies.

+
> for t35Qp .....(15)

5.2.2. Experimental test of the predictions

To test the predictions of eqn. (14), some careful
measurements were carried out on a slightly modified
Rohde and Schwarz Sideband Selector NZ1. The
filter used is shown as an inset in Fig. 7. Mainly two
parameter combinations were investigated:

(I) K= 1-5kHz = 0:95x 10*rads ~!, R, = 4kQ,

R, =220kQ, C,; = 4 uF;
i.e. t; = 16 ms, t, = 0-88 s, and

(2) K, R,, R, as above, C, = 8 uF;

ie. t; =32ms, t, = 1-76s.

In both cases, C, was varied to change f;. The d.c.
attenuation by the divider 70 kQ/10 kQ is already
included in the given value of K. In Fig. 7, the
experimental results are confronted with the predic-
tions from eqn. (14). Agreement is found generally
within a few percent, which corresponds to the
experimental accuracy.
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The disappearance of the capture range for time-
constants t3 ~ t, was well verified. As theoretically
predicted, in this region very clearly a transition from
pulling to pushing of the v.c.o. by the signal was
evident. By careful operation it was possible, in this
case, to increase the signal frequency from below the
centre frequency w, of the v.c.o. to above it without
synchronization occurring. At the same time the
v.c.0. was being pushed to an even higher frequency.
Then after a further increase of the signal frequency
the v.c.o. either became unstably synchronized or the
v.c.0. frequency jumped into another non-synchronized
state with a frequency below w,. In the last case the
beat frequency was the same as if the signal had
adopted the same frequency coming from the high-
frequency side. The corresponding phenomena
occurred when the signal frequency was lowered from
above w,.

The explanation for these findings is evident from
Fig. 8 which shows a complete plot of eqn. (14). The
observed jump of the oscillator frequency corresponds
to a jump between the unsynchronized states | and 2.
Although the circumstances are somewhat different,
this occurrence is similar to the ¢ swing over > shown

nozi-sxm’s“ 70k 10k R2
0-2
+I 10kn m=c2 SR
c1
! ; S S 5}
x
P
|5 ty=176s
o Cy= 4pF / ¥ Gz BpF
ty=0-88s
0 1 ! [ 1 1 Lot {
w0 107 —

ADDITIONAL INTEGRATION TIME-CONSTANT (s)

Fig. 7. Experimental and theoretical dependence of capture
range on additional time-constant ;.

Experimental points: case I, O—O; case II, A—A.

RAW) =3

[}
Aw/K —

Fig. 8. Complete plot of R(Aw) for t3 > t,.
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by Viterbi’s phase-plot (Fig. 11 of Ref. 7) where the
oscillator frequency also runs across the centre
frequency w,.

5.3. Additional Delay Line T(p) = exp Gpo)t

For many low-pass filters, the transfer charac-
teristics for frequencies smaller than the cut-off
frequency are very similar to that of an ideal delay
line. For our purpose, this applies mainly to the use
of a series of decoupled RC-integrators or, corre-
spondingly, a series of i.f. tuned circuits in the filter
loop, when the total cut-off frequency is larger than
the inverse of the resulting total low-frequency time
delay. In view of these applications, a discussion of an
a.p.c. loop with an ideal additional delay line in the
feedback loop is given in the following.

In this case

aw)=1 and gw)=10

where 7 designates the corresponding delay time. Thus
the function (10b) becomes

A K
R(Aw) = Yw +(t; Aw cos TAw —sin TAw) 2Aw—2t2
Aw T sintAw Q2 K
== Aw)— —, == 20 =
K TSt = 1K hg

where £, again means the capture range for T = 0.
Also for this case no general analytic results can be
derived for the capture range. Therefore our dis-
cussion will be limited to general features of the
acquisition behaviour of these loops. For this purpose,
it will be assumed for the moment that t < t,, so that
the second term in the bracket of eqn. (14) becomes
negligible. Then eqn. (14) simplifies to
Aw Q.2 K

R(Aw) = " + ‘Ioz e cos TAw
The general form of (16) is shown in Fig. 9 for various
delay times 7. In this figure, curve I corresponds to
7 = 0, i.e. to the curve of Fig. 4. As shown in curve II,
for 2yt > 1 the delay line introduces changes
primarily in the asymptotic behaviour for Aw > 2,/2.
For increasing Aw, instead of a monotonic approach
to the line R = Aw/K, oscillations with decreasing
amplitude are found around it. Thus when the signal
frequency approaches the v.c.o. centre-frequency, one
obtains a periodic change of attraction and repulsion
of the oscillator frequency, instead of the mono-
tonically increasing attraction discussed in Section 5.1.
In the vicinity of Aw/K = (2,/K), curve Il is not very
different from curve I, i.e. the capture range is only
slightly decreased by the delay line.

For larger 7, the decrease of the capture range
becomes more pronounced. Furthermore, the

t Note added in proof: Some of the results in Section 5.3 are
similar to features described in the book ‘Phase-lock Techniques’,
by F. M. Gardner (Wiley, New York, 1966).
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Fig. 9. Principal form of R(Aw) for various additional delay
times.

attraction of the v.c.o. frequency at the limit of the
capture range decreases and changes to repulsion for
1829 2 2n)* (curve III). At this limit, one finds
£ ~ 0-65Q2,. As shown in curves IV and V, this
repulsion can increase to the point where one has to
move the signal frequency into the v.c.o. centre-
frequency, or even across it, to obtain synchronization.
This occurrence can be observed experimentally. In
the sense of the word defined earlier in this case, the
capture range is zero, since due to the negative branch
of R(Aw) (not shown in Fig. 9), a non-synchronized
state exists for all signal frequencies. However, in
contrast to the case applying to Fig. 8, synchroniza-
tion always occurs when the signal frequency is
slowly moved over the last minimum of Fig. 9.
Therefore, this effect is sometimes called © negative
capture range ’.

Furthermore, in this case, the oscillations of the
function R are already large enough for secondary
minima to occur. Experimentally, this results in a
jumping of the oscillator and beat frequency when the
signal frequency is continuously moved in the range
of the oscillator centre-frequency, and may look like a
sideband synchronization. This effect, too, is some-
times found experimentally.

In the above discussions the second term in the
bracket of eqn. (15) has been neglected. For v > 1,
this term causes only an aggravation and slight shift
of the effects described. For 7 2 t,, similar to the
effect described in Section 5.2, a change in sign of the
bracket in eqn. (15) results for the limit Aw — 0, i.e.
the capture range vanishes. However, the approxi-
mations made in the derivation of (10a) are then no
longer valid. On the other hand, the synchronized
state s already unstable in this case, and thus the whole
question is without interest.
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For 1 < 2/Q, the capture range can be determined
by a series expansion of the cosine and sine terms in
(15). Computing the mmimum in this approximation
one obtains

Q272\4 =
Q=90<1— ‘;;) <1—;> for Q1 <2
1

to an accuracy generally better than 59,. The decrease
in capture range is about one-half the decrease in
Section 5.2, for t = t;. For 12, £ 1 the diminution
of the capture range caused by the delay line is less
than 10%.

6. Conclusions

In total, the method used, and in particular eqn.
(10a) seem to provide a good way to determine the
capture range of a wide variety of a.p.c. loops. The
basic assumption of the existence only of singly
periodic non-synchronized states seems at least to
hold for all cases discussed in Section 5. However, we
want to emphasize that this is also only additional
experimental evidence. An investigation using the
method of Benes'® might show how far this assump-
tion carries beyond that.

As indicated in Fig. 3, the approximations made in
the derivation of eqn. (10a) will generally break down
when the main integrating time-constant is too smatl
or £2, > K. A second limit for the validity of the
approximations occurs when the capture range deter-
mined by (10a) comes close to the one defined by (4)
when substituting ¢, for 7, i.e. when the filter effec-
tively becomes a pure RC-integrator. In Section $ this
limit was reached wnen 73 ~ ¢, and t ~ ¢,. Both
these limits are built into the separation (6) of the
filter function. Beyond these limits, phase-plane plots
have to be used, and theoretical predictions become
rather difticult. The same applies to a close investiga-
tion of the observed ° flip-over * and of the " negative
capture range’ mentioned in Section 5.2 and 5.3,
which both are, however, probably only of theoretical
interest.

Regarding the ‘ pull-in time’ necessary for the
transition to the synchronized state, no good estimates
can be given at present. However, a derivation similar
to the method used by Viterbi is being investigated and
seems closely related to eqn. (10b).
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9. Appendix

In the following, we want to show the derivations
which led from (7) to (9), (10a) and (10b) in some more
detail. For this purpose, we introduce the new terms
and variable:

s = 1/(Ktp)¥, r=Ki1,/(Kt,)* and

Thus eqgn. (7) becomes
d? d d . . 0
—d_‘cff +s d()f +rT’ dx sin o+ T’ sin ¢ = Kw

where, in operation form,
T'(d/dx) = T(sK - d/dx)

Due to our hypothesis on the simple periodicity of the
non-synchronized states, one can expand, after proper
time normalization:

x = sKt

o0 o0
@ = px+ ) o, sin mpx+ ) f,cosmpx ...... (19)
1 1

Here, p = Aw/sK is just the renormalized beat
frequency. Abbreviating the two sums in (19) by S,
one can then write

sin ¢ = sin px-cos S+cos px-sin S

Then we assume S < | and neglect the higher than
linear terms in the expansions of sin S and cos S,
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i.e. we put

o0
sin ¢ = sin px+cos px- ). a, sin mpx+
1

o0
+cos px- ). B, cos mpx
1

This is multiplied by 7’ in the representation given in
(8) and by
d/dx T’ =T'd/dx

Abbreviating further

a, = a(mAw) and
one obtains for the d.c. component of (18)

sp+aofi/f; = dw/K

Similarly the coefficients of sin px and cos px yield
respectively

o q
—p?oy —spB,—rpa, [%2 cos &y — <1 + f) sin sl] +

&, = e(mAw)

+a, l+°2> cossl-{-g—zsinsl] =0
2 2
and

a .
— p*By +spay +rpa, [(1 + ~23> cos &y + ':}23 sin sl] +

o
+a, ['?2—2 cos sl—<1 +—23> sin sl] =0

and the terms with sin mpx and cos mpx for m = 2

0 = —m?p*a,,—spmp,,—

[ﬁm—l ';ﬁm+l

—rmpa,, COS &,,—

- [ q
_%_-*-lsln 8M:|+
Oy + 0 -1+ .
+am[ m 1';' m+1C058m+ﬁm lzﬁm-i-l smsm]
...... (23)
and
=—m?p*a, —spmp,—
—rmpa,, [ﬁ—"'_l-;ﬁ"'“ sin ¢, +
Opy—q 0
+ m 12 m+1'0058m:|+
[ P o . — :f- m
+am [% sSin sm_ﬁml%cos sm]
...... (24)

In principle, from eqns. (21) and (22) the coefficients
o, and 8, can be computed for a given p as a function
of a, and B, and of the various constants. Also, due to
eqns. (23) and (24), the higher coefficients can be
derived. Thus, neglecting eqn. (20), all coefficients «,,
and B, with m = 2 are defined only as a function of
oy, and B, and of the systems constants s, r and dw.
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Therefore even after introducing eqn. (20), two
variables, e.g. p and a,, remain free. In principle we
would have to check for which values of p and «, the
resulting set of coefficients «,, and §,, would represent
the coefficients of a converging Fourier series. How-
ever, due to the above assumption that § < 1, it
follows from eqn. (18) that
Iam-i-l/aml = Iﬁm-i-l/ﬁml =~ (rp+1)/p2

for large m. Thus a good approximation should
generally be obtained by putting

Oy =PBm=0 for mz=N
Also, from physical arguments good reasons for this
truncation can be given.

Taking first N = 2 and eliminating «; and f§, in
eqns. (20-22), one obtains the wanted relation between
dw and p in the form

a a, s .
—. 14+—)coseg;—(1—rs)sine
sp+ 2 s [rp( +rp2> 1—(1—rs) 1]
asr a, .
~ 0 ————sineg; ... 26
sp+2aopc S &y Saqp? in g, (26)

Since F(0) = 1, we obtain a, = 1, and (26) becomes
equal to (10b).

To obtain an estimate on the validity limitations of
(26) one has to put N = 3. The derivations then
become rather lengthy and cannot be given here.
They result in the higher terms of (10a). In this case,
however, the higher terms of the expansions of sin §
and cos S also become important, and these correc-
tion terms are basically incomplete. However, in most
instances, they should still give a good approximation
of the necessary corrections.

A further criterion on the quality of the used
approximations can be obtained from the magnitude
of the first expansion coefficients, which to first order
are :

ay 5
oy = I-’i (rpsin g, +cos &)

a q
B = ;; (rp cos g, —sin ¢;)

and

a,4a; ,

o, ~ — ? r cos (g; +¢,)

aa )
By~ ;22 r? sin (g, +¢;)

Therefore the predictions of (10a) or (10b) should be
rather good in cases where rfp > 1 in the vicinity of
the minimum of (10b).
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on 16th April 1968. (Paper No. 1204/CC17.)
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Study of the Q-factor of a Surface-wave Resonator
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Summary : By applying field theory and transmission line theory, the
Q-factor of a surface-wave resonator is derived. A new technique for
determining the Q-factor is developed. Attenuation constants of
Sommerfeld and Goubau surface-wave lines of different diameters are
determined from a large number of measurements of Q-factor as a
function of length of the resonator. The effect of tilt and rotation of one
of the end-plates on the Q-factor is also studied. Radiation loss is evaluated.
The paper also contains power-flow "calculations and experimental
verifications of the radial field spread for Sommerfeld and Goubau lines.
Physical realizability of the Sommerfeld wave is confirmed.

1. Introduction

The investigations on electromagnetic wave pro-
pagation initiated by Sommerfeld! ™3 and Zenneck*
and followed by Bouwkamp, Barlow and many
others® =33 have led to the modern concept of surface-
waves and evolution of different types of surface-wave
structures which can be used as waveguides or
antennas depending on the nature of surface reactance.
Chandler,®* Scheibe, King and others®*~37 have
contributed significantly to the development of
surface-wave resonator technique.  The present
investigations on surface-wave resonator have been
motivated with the object of: (i) studying the variation
of the Q-factor with change of length of the resonator
and with different surface wave lines such as bare
copper wire and enamelled copper wire of different
diameter; (ii) utilizing the above data to determine
the attenuation constant; (iii) studying the effect of
tilt of one of the end-plates on the Q-factor; (iv) cal-
culating the percentage of surface-wave power which
flows outside a radius equal to that of the resonator,
when bare copper wires and enamelled copper wires
of different diameters are used as surface-wave lines;
(v) evaluating the radiation loss which occurs due to
the finite size of the end-plates; (vi) estimating the
minimum radius that the end-plates should have so
as to make the radiation effects negligibly small;
and (vii) determining the nature of variation of
surface-wave field in the radial direction for different
gauges of bare and enamelled copper wires.

2. Field Components

The solution of Maxwell’s equations in cylindrical
co-ordinates is expressed in terms of Bessel functions.
For the case of surface-waves on cylindrical conduc-
tors, the boundary conditions require the use of
Bessel functions of the 1st kind for the field compo-

1 Formerly at the Indian Institute of Science, Bangalore; now
at the Indian Institute of Technology, Bombay.

1 Indian Institute of Science, Bangalore.
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nents inside the conductor and the use of the Bessel
functions of the 3rd kind, i.e. Hankel functions for
the field components outside the conductor.

The mode of primary interest in cylindrical surface-
wave transmission is the Ey-mode since all the other
modes have very high attenuation. For bare conductor
surface-wave lines, i.e. Sommerfeld lines having
radius s (see Fig. 1) and immersed in air, the field
components of the Ey-mode in cylindrical co-ordinate
system (p, ¢, z) are given by Barlow and Brown!3 as:

E,, = B exp(—7y2)Jo(juy p)
g U .

E,; = B' — exp(—=y2)J,(ju, p)
Ju,

T ) exp (=121, )
...... (1) when p < s

E,, = Bexp(—yz)H§ (ju, p)

Y .
E,= Bj—u_ exp (—yz)H{ (ju, p)
2

Hyy =B’<

u,

WE, Q
Hy; =B —u—° exp (—y2)H{ (ju, p)
2

...... (2)when p > s
where the symbols have the following meaning:
B’ and B excitation constants, V/m
y axial propagation constant = a+jf
o attenuation constant, nepers/metre (N/m)
B phase constant, rad/m

u, radial propagation constant for the region inside
the conductor = a, +jb,

u, radial propagation constant for the region out-
side the conductor = a,—jb,

g, dielectric constant of the conductor, F/m

g, dielectric constant of the region outside the con-
ductor, i.e. air, F/m

w angular frequency of the wave, rad/s.
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The time variation of each of these field components
is according to the factor exp (jwt) and is omitted
in eqns. (1 and 2) for the sake of convenience.

The surface-wave resonator is formed by ter-
minating the two ends of a short length L of surface-
wave line by conducting plates (see Fig. 1). The
end-plates are assumed to be of infinite size in the

END-PLATE

SURFACE-WAVE LINE

Fig. 1. Schematic diagram of the surface-wave resonator.

theory. Due to reflections taking place at the two
end-plates, there will be waves travelling in the +z
and —z directions inside the resonator. The standing
waves that result due to the superposition of these
waves are represented as follows:

EzZs = E12+ +E12—

E,,=E,++E,;.

H¢23 = H¢2+ +H¢2_
The subscript ‘s’ represents the standing wave and
the subscripts + and — indicate components of the
wave travelling in the +z and —z directions respec-
tively. Since the travelling waves are produced as a

result of reflections at the end-plates, the following
relations hold good.

EzZ— =+E12+
Eyp-=—-E,, ... (3a)
Hyy. =+Hy; 4

Using eqns. (2), (3) and (3a) and neglecting the
attenuation term « in y, since the length of surface
wave line is small, the field components of the
standing waves inside the resonator are

EzZs = 2BH9)(Ju2p) Cos ﬂZ

L 1(0uy psin pz
2

E,5 = —2B=H{ (u,p)sin Bz ... (3b)

we )
H,, =2B 79 H{V(ju, p)cos fz
2

The field components of the standing wave given in
eqn. (3b) satisfy the boundary conditions at the
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end-plates, i.e. E,,, =0 at z=0 and z =L (see
Fig. 1). For E,,, to be zero at z=0 and z = L,
sin BL must be zero which requires that f = nn/L,
where n is a positive integer indicating the number
of half-cycle variations of the field components in the
z direction. Substituting § = nrn/L in eqn. (3b) yields
the following expressions for the field components
of the resonant waves

. nnz
E.p, = 2BH(jup) cos <T>

Haze = 2822 MGy p)cos ("7
u, 1L

When the fields inside the surface-wave resonator
are completely described by eqn. (4), the mode of
oscillation is pure and is designated as the E,, mode.
If the frequency of excitation or the distance between
the end-plates is so adjusted that eqns. (4) are satisfied,
the cavity is said to be in resonance.

3. Q of the Resonator
3.1. Field Theory Approach
The quality factor, Q, of a resonator is defined as

W,
P
where w is the angular frequency at resonance, Wy
and W,, represent the maximum energy stored in the
electric and magnetic fields respectively inside the
resonator, and P is the total power loss inside the
resonator.

W
Q=w—1r—:—2 or

The maximum energy W stored in a magnetic field
is given by the expression

4 fwm
= b a0V
1 4

where H,,, is the maximum value of the magnetic
field intensity, V is the volume of the resonator and
u is the permeability of the medium inside the volume
considered. The maximum energy Wy stored inside
the resonator is, therefore, given by

o 2n L

WM=’;—°J J JIHmaxlzpdpd¢dz ..(52)
p=s¢=02z=0

where u, is the permeability of air and p dp d¢ dz
represent an element of volume. Since the magnetic
field possesses the azimuthal component only

|Hana|* = |Hg2e?
Using the relation
|H¢2r|2 = H¢2rH:2r
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where the asterisk indicates the complex conjugate,
and evaluating the integral in eqn. (5a) as shown in
Appendix 1, we get from eqns. (4), (5a), (5b) and (5¢)

27!;103260282L
uauz(u3®—u3)
x [ —jut sH{O(Gu, HE(— juks) -
—ju,sHEOGu, s)HP (= ju3s)] ...(6)

The total power loss P is the sum of the power loss P,
in the two end-plates and the power loss P, in the
surface-wave line. The power-flow P into a conductor
is given by the relation.

R S T
p-MN/GSﬂHuA &

where H,,, is the magnetic field intensity at the surface
of the conductor, S represents an area normal to the
direction of power-flow, w is the angular frequency
of the wave, and ¢ and u are respectively the con-
ductivity and permeability of the conducting medium.
The power-flow into the two end-plates and the
surface-wave line are, therefore, given respectively
by the following expressions

5 \/2\/% f f |Hol2 pdpde
p= S¢

2\/2N/wﬂ1 f f |Henl2sdp dz

$=02z=

WM=

o)

where g, = conductivity of the surface-wave line,
Q 'm™!
o, = conductivity of the end-plates, Q™! m~

i, = permeability of the surface-wave line,
H/m
and ., = permeability of the end-plates, H/m,

1

p dp d¢ and s d¢ dz represent elements of areas on
the surface of the end-plates and the wire respectively.
The tangential component of the magnetic field
possesses the azimuthal component only and so

lHtaniez = iHlanii = lH¢2rlz

Evaluating the integrals as shown in Appendix 1,
we obtain from eqns. (4), (5¢), (7) and (7a)

P.=_ J5ﬂ§ _ GadgaRy
TN 20, upuii-ud
x [ —ju3 sH{ G, s)HG(—juzs) —
—juz sHE(ju, )H(— juzs))

P qul 2nB%w sOLs
v 20'1 uzuz

H{P(Gu, SHPH(—ju3s) ...(8)

August 1968

Substituting eqns. (6), (8) in eqn. (5), an expression
based on field theory for the Q of the resonator
containing Sommerfeld line is obtained:

0= _ N \/w’fO[_A_] I -
4 s(u uz)
—[A] - ——= H{V usH‘Z’ uls
L\/20’e[ \/0_1 (JZ) (Jz)
...... 9
where
[A] = —ju3sH{Gu, )HE(—ju3s)—
—juysHVGu, ) H P (—juls) ... (9a)

In most of the practical cases, the magnitude of
arguments of the Hankel functions in eqn. (9) is less
than 0-05. Therefore, using the small argument
approximations (see Appendix 2), the expression
for Q (eqn. 9) reduces to

- \/@l‘o 0,0,
220, abp20,
L s[n(az—b )+2a2b2m]
The values of a, and b, are obtained from the solution
of the following characteristic equation'?
Uz H“’(Juzs)
Weg H( (u, s)

...(10)

juy Jo(ju,s)
oy +jwey Ji(juys)

This is solved by using small argument approximation
|juys| <€ 1 for the Hankel functions and large argu-
ment approximation |ju,s| > 1 for the Bessel func-
tions when the following values for a, and b, are
obtained.

11232 5
=— = o500 12
a, . 0052 (12)
1-123[¢72 6
b, = L e (13)
2
6*
A o — — 1
[
= 1
) I } |
}
0’ | |
10°® 0% 107 1073

ml —
Fig. 2. Relation between |£| and |5 according to egn. (15).
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where
T 1
5=_4<"1n|c]+1> ...... (14)
=lnl =g L (15)
and
. -14
_2OxM0T (16)

n ——F—
=27
The relation between |5| and |¢]| is plotted graphically
in Fig. 2 for the convenience of computation.

3.2. Transmission Line Theory Approach

By adopting the same analytical approach as
outlined by Barlow and Cullen,*® the surface-wave
resonator with its exciting and receiving loops (see
Fig. 3) is reduced to an equivalent circuit (see Fig. 4)
consisting of lumped constants Z_, the impedance
offered by each of the end-plates to the surface wave,
a transmission line of length L and the coupling of
the sending end and receiving end loops with the
surface wave line represented respectively by M,
and M, Z, is the wave impedance of the surface-
wave and y = a+jp is the axial propagation constant.

Assuming M, and M, to be small

o Z,+ZytanhyL

S

Z
1+ ~Z': tanhyL

~Z.,+ZytanhyL

=R, +JR,+ZytanhyL  ...... 17
since
2.2y <1
and 7
Z, =R, +iR, = J - (18)
ae
where B
Rm =que‘ ...... 19
2. (19)
The voltage developed at the receiving loop is
e.=iZ(w) ... (20)

where
Z(w) = 0*M M, /[2R,, +j2R,, + Z, tanh (oL +jBL)]
which is easily derived from the relations

e, =—joM,;i ... 21)
e,=—joM i, ... (22)
ii=ef[Zn+2Z] ... (23)
At resonance, w = w,
2R, +I,[Zotanh(aL +jBL)] =0 ...... (24)
which yields the condition for resonance as
2R, +Zono =0 ... (25)

14

END -PLATE

s

SURFACE-WAVE LINE

|/

> D g

e

EXCITING LOOP OUTPUT LOOP

- L ———

Fig. 3. Schematic representation of the surface-wave resonator.

Fig. 4. Equivalent circuit representation of the resonator.

since at resonance

BL=nn+n, ... (26)
and aL, and L being small
tanh(aL+jpL) ~aL+jn, ... 27

n is an integer and n, is small so that it satisfies

eqn. (24). Hence, at resonance (w = wo), Z(w)
reduces to
2
Wo Ms Mr
Z = - 28
(@) = R ¥ Zyal (28)

When o changes from w, by dw the value of g
will change by én from 7, so that

2
oM M,
Z W)= —— -_— ... 29
(@o+00) =t ZoaL+izgon Y
if
Zyon =2R,+ Zyal ... (30)

the response of the circuit will reduce to 0-707 of its
maximum value. The half-power bandwidth is
therefore

Afy = 26f = (v/nZy L)(2R,,+ ZpoL) ...... (31)
since

2nLd
on = 8BL = "; /
where v is the velocity of surface-wave propagation.
Therefore,
Q

I

nfoLZo/[v(2R,, +ZyaL)]
nZ,

21.R.

g vm

L
where 4, is the guide wavelength.

+ 4, Zy0
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4. Attenuation Constants
4.1. Sommerfeld Line

The attenuation constant of Sommerfeld line is
calculated from the relation'?

c
«=—(ayby)
w

which is derived from

y=a+jp
u, = a,—jb,
k3 = 0*pgeo = —(y*+u3)

by assuming that in the microwave range,
k3 > (a3—b3)

and a, > b2

4.2. Goubau Line

The loss in a Sommerfeld line is the ohmic loss the
wave suffers due to the finite conductivity of the wire,
whereas, in a Goubau line, the loss is not only due
to the finite conductivity of the line but also due to
the dielectric loss of the coating. So the attenuation
constant of Goubau line is a = a.+a;, where a
and «; are the attenuation constants due to the above

two causes respectively.!®
1 [oweu 1

~ — R —— N/m ... 35

%= 2N 20 Inya’+038 V™ (3%)

,yIZ P

-5
(h 82 <1 -
2K g;—¢ Iny'a’+0-38
“The radial propagation factor is obtained from

in which @’ —a = thickness of the dielectric coating and
g is the permittivity of the dielectric coating. The
function G(y'a’) is represented graphically in Fig. 5.

10! T T

(y'a’) ] I

10°¢ 107° 10e
G(y'a’)
Fig. 5. Relation between (ya’) and G(y’a’) according to

eqn. (37).

5. Power-flow

In calculating the value of Q, the power lost has
been assumed to be only due to the loss at the surface-
wave line and loss at the end-plates. The radiation
loss which may arise due to the finite size of the end-
plates has not been taken into consideration. An
estimate of the effectiveness of the end-plates as
terminations for the surface-wave line is obtained
from the power flowing outside a radius p, corre-
sponding to that of the end-plates.

5.1. Sommerfeld Line

1 2 .
Gy'a’) = — <y20_> In(08%'a) ... (37) i Tl.le total power-flow N outside the surface-wave
ji4 ine is
2r ®©
In(a’
where  G(ya’) = @19 . (38) N=4Re [ [E, H}pdpds ... (39)
() &)
g8/ \a which reduces to (see Appendix 3)
{  moeyyB? Sk (L) s @) s kN s @ _: %
N= ReUuz_ug(ugz—:u%)[JuZSHl (Juz s)HG(— ju3s) +juy s Ho (u, s) HiP(—ju3s)]
2weq B2p ;s a2
-_— naz bz(a§+ bg)z [(bz "az)n—zaz b2 m] ...... (40)

using small argument approximation (see Appendix 1) for the Hankel functions.

The energy-flow outside a radius p, is

2z

N,,°=}Ref przH;Zpdpqu
$¢=0p=pe

nwe,yB?
=Re{.— - *2_
2uz (U3 —u
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2)[ju;peH{1)(ju2 pe)HSJZ)( —ju;pe)+ju2peH(()1)(ju2 pe)H(IZ)( _Ju;pe)]} (41)
2
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The percentage of power-flow outside a radius p, is

14
(N,.[N)x 100 = 100 =20

5.2. Goubau Line

Goubau!® calculated the percentage power-flow
outside the radius p, (@' < p. < o) by first cal-

culating
2n o

N, =3Re f f pE,, H2,dpd¢
¢=0 po
by using appropriate field components. The total
energy-flow N outside the wire is obtained by extend-
ing the lower limit of p in the integral to the wire
surface. The expression for the percentage power-flow
N,./Nx 100 is given by
723 ’
Now o 100 = — ZZVF0'pe)

P Iny'a’+0-38

where

2
F(y'pe) = (¥'p.)? {— o JHEGY pH Gy pe) —
—[HS”(jY'Pe)]Z—[Hﬁl’(jv’p,)]z} (44

in which a’ and y’ are the radius of the outer surface
of the dielectric coating, and radial propagation
constant respectively.

6. Numerical Calculations
6.1. Q-factor of the Resonator with Sommerfeld Line
The value for Q@ of the resonator containing bare
copper Sommerfeld line has been calculated by two
methods, namely, field theory and transmission line
theory.

a3+ bDp. Re {y{iuH (Gu p HE(=ju po)+jux HE (g p) H(—u3 )]}

[n(a3—b3)+2a,b,m]

6.1.1. Field theory

The Sommerfeld line under consideration being
bare copper wire and the end-plates being aluminium,
the following values are used for the various para-
meters in eqn. (10):

® =21 x9-5x% 10° rad/s
Uo=126x10"% H/m

6, =58x10"Q 'm™!

6, = o (aluminium) = 3-54x 10’ Q" 'm~

Using these values, the expression for @ (eqn. 10)
obtained by field theory approach reduces to

1

108
Q=_——
L4 e (45)
L
where
0-678a,b
e (46)

s{n(aj—b3)+2a,b,m]
The values of m, n, a, and b, are given in Appendix 2
and eqns. (12) and (13). The values of a, and b,
have been calculated for different values of the radius s
of the surface-wave line from 0-5x 10™* metres to
15%x10™* metres and conductivity ranging from
0-1x107 to 7x107 Q! m~!. By substituting the
values of a, and b, for the case of copper (6, =
58x107Q 'm™!) the Q@ of the surface-wave
resonator containing different lengths of bare copper
Sommerfeld line has been calculated. Some of the
values are shown in Table 1.

Table 1

Values of @ of the surface-wave

resonator with bare copper wire

f = 9500 MHz; o, =58 x107Q"tm~!; L is the length of the resonator in metres
Q
4 — . = . B
s X 10 e 101500 ‘L;E)l_ B i—O%S B 7 ‘L—075 -
metres
Field Transmission Field Transmission Field Transmission
theory line theory theory line theory theory line theory
0-5 782 862 1250 1140 1270 1150 1280 1160
3 167 168 5440 5380 5750 5710 5920 5880
6 88-3 88-3 9430 9430 10460 10490 11040 11040
9 61-0 60-7 12760 12770 14710 14770 15800 15870
11 50-8 50-7 14660 14640 17300 17510 18830 18870
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6.1.2. Transmission line theory

The Q of the resonator has also been calculated
according to eqn. (33) derived on the basis of trans-
mission line theory. For the case of bare copper
surface-wave line and aluminium end-plates, the
following numerical values hold good for various
parameters in eqn. (33).

w = 21n x9-5x 10° rad/s

R, = JZ’“° =3-26x 10~ 2 ohms

O

£o = 8:85x 10712 F/m
to = 126 x 10~ H/m
0. =354x10"Q 'm~!
Ag~314%x107*m

2n
A WE

g 0

Zy=E,[Hy, = ~ 374 ohms
Using these values eqn. (33) reduces to
0= 10¢
176 o1s0
o
L

The values of a (Section 6.3) are obtained from
eqn. (48). The values of Q calculated for some
values of L and s are given in Table 1 for the sake of

1000

~
w
o

T

MEAN VALUE OF K AND 10150 & ——=
3
o
I

»

w

o
T

S.W.G.
3429 2322 18 16 13
ol 1 1 1t ! L 1
T 1 _
0 5x10°4 10x16°4
RADIUS OF BARE CONDUCTOR, (m) — >

15x10°4

Fig. 6. Mean value of the terms K and 10150« as a function of
radius of bare conductor.
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comparison. [t can be seen that there is a slight
difference between the values of Q obtained by the
two different approaches. This divergence is due to
the difference in the numerical values of the terms
containing K and 10150 occurring in these equations.
The difference is only of the order of the error involved
in calculation. Figure 6 shows the mean value of K
and 10150a plotted as a function of the radius of the
wire.

6.2. Q-factor of the Resonator with Goubau Line

The value of Q for the surface-wave resonator
with Goubau line has been calculated from eqn. (47),
and using the value of a = a,+a; as given by the
expressions (35 and 36) for different gauges of Para-
mex enamelled copper winding wirest Type-M
(medium covering) and Type-X (extra thick covering).
The values of « are calculated with the help of eqns. (4),
9), (50) (51) and Fig. 5. Some of the results are
given in Table 2.

Table 2

Q values of the surface wave resonator with
‘Paramex’ enamelled copper wires

f = 9500 MHz; L is the length of the resonator in metres

Gausgiv of wire 101502 I __Q - -
W8 L=01 L=025 L=075
13X 178 5100 5410 5560
14X 289 3260 3380 3440
15M 199 4610 4850 4980
18 X 397 2410 2480 2510
19M 310 3050 3160 3210
24 M 445 2160 2210 2240

Theoretical values of Q obtained for Sommerfeld
and Harms-Goubau lines are plotted as a function
of length of the resonator in Figs. 23 and 24 respec-
tively for the sake of comparison with the values of
Q obtained experimentally.

6.3. Attenuation Constant of Sommerfeld Line

The attenuation constant of Sommerfeld line at a

frequency of 9500 MHz is from eqn. (34):
o = 0-503(a, b,)

The values of a, and b, have been calculated for
different values of the radius s varying from
0-5x107* metre to 15x 10™* metre and conductivity
o, ranging from 0-1x 107 to 7x 107 Q™' m~!.

+ ‘Paramex Winding Wires Catalogue’, The Inaa_ Cable Co.
Ltd., Publication No. 571, pages 11, 18-21 (Bombay, 1957).
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Fig. 7. Log-log plot of relative attenuation constant as a

function of conductivity of the wire.

IR
N

=1

RELATIVE ATTENUATION CONSTANT —3»

1074 10? 1072

RADIUS OF BARE CONDUCTOR, {m} —>

Fig. 8. Log-log plot of relative attenuation constant as a
function of radius of the wire.

The variation of attenuation constants with con-
ductivity and radius of the wire is represented graphi-
cally (see Fig. 7 and Fig. 8). In the first case (see
Fig. 7) the attenuation constant is normalized with
respect to the attenuation constant of wire having
conductivity 0:1 x 10’ Q™! m~!. In the second case
(see Fig. 8) the attenuation constant is normalized
with respect to the attenuation constant of wire
having radius equal to 0-5x 10™* metre.

6.4. Attenuation Constant of Goubau Line
Using the following values for Paramex wire
6, =58x10"Q 'm™!
p. = 1:65x107¢ H/m
e=2885x10"'2 F/m
tan d = 0-027
A=32x10"?m
the following values for «, o; and G(y’'a’) are obtained
1 1
%SGR 2a <1n y’a'10'3§>
, 1
S (ERLID =y <2 "I y'a’:+-0;38_>
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1sx16*

Fig. 9. Theoretical attenuation constants of ‘Paramex’ enamelled
copper wires as a function of radius of bare conductor.

Solid-curves indicate the attenuation constants corresponding to

the average dimensions and shaded regions indicate the range of

possible variation due to variation in wire dimensions within
manufacturer’s tolerances.

G(y'a’) =705aIn(a’la) ... (51)

It is found that the dimensional variations of these
wires within the tolerances specified by the manu-
facturer give rise to appreciable variation in the
attenuation constants. Hence, the attenuation con-
stants for conditions of maximum and minimum
attenuation and also for average dimensions are

> @
{ I

PERCENTAGE POWER-FLOW OUTSIDE RADIUS pe=0'l5m —
~

SW.G.
34 219

322 18 16 13
1

0 1 1 |

T T
- B -4
0 5x107* ox107* 15x10

RADIUS OF BARE CONDUCTOR, (m) ——>

Fig. 10. Power-flow outside a radius p, = 0-45 metre as a
function of wire-radius for bare copper wires.
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RADIUS CF BARE CONDUCTOR (m) —3
Fig. 11. Power-flow outside a radius p, = 0-45 metre as a

function of wire-radius for enamelled copper wires (‘Paramex’,
Type-M).

calculated for each wire. For any particular gauge of
wire, the attenuation constant is maximum when the
diameter of bare conductor is at its lower limit within
the tolerance with the coating thickness at the upper
limit, whereas the attenuation constant is minimum
when the diameter of bare conductor is at the upper
limit with the coating thickness at the lower limit.
The results of the calculations are presented graphi-
cally (see Fig. 9). The curves corresponding to the
average dimensions are shown by solid lines. The
range of possible variation of the attenuation constant
due to dimensional variation within the tolerance is
shown by dotted and hatched regions.

6.5. Power-flow: Resonator with Sommerfeld Line

The percentage power-flow expressed in eqn. (42)
outside a radius p, = 0-45 metre corresponding to
the radius of the end-plates has been calculated for
lines of radius varying from 0-5x 10”* metre to
12 x 10™* metre. The results are presented graphically
in Fig. 10.

6.6. Power-flow: Resonator with Goubau Line

The results of calculations of power-flow outside
a radius p, = 0-45 metre for Type-M and Type-X
Paramex wires are shown graphically in Figs. 11
and 12,
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Fig. 12. Power-flow outside a radius p, = 0-45 metre as a
function of wire-radius for enamelled copper wires (‘Paramex’,
Type-X).
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Fig. 13. Magnitude of the radial propagation constant of bare
copper wire as a function of radius.
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6.7. Radial Variation of the Magnetic Field

The variation of the magnetic field is governed by
H{(ju,p) in the case of Sommerfeld lines and by
H{"(jy'p) in the case of Goubau lines. The variation
of [u,| with respect to the radius of bare conductor is
represented graphically in Fig. 13. The Hankel
functions have been calculated with the aid of Bessel
function tables. Some of the results of calculations
are given in Figs. 21 and 22 for the sake of comparison
with experimental results.

7. Measurement of Q

The experimental set-up (Figs. 14 and 15) is used to
display on the oscilloscope screen the resonance
curves which are photographed, magnified and ana-
lysed for computing Q. The two frequency meters
are adjusted such that the pips lie on the skirts of the
resonance curve, one above and the other below the
resonance frequency f, (see Fig. 16). The two fre-
quencies f; and f, are noted and the resonance
curve is photographed. The sweep voltage is switched
off and the input to the resonator is reduced by
3 dB by using the precision variable attenuator. The
resulting trace, which is a vertical line with an ampli-
tude 3 dB less than that of the resonance curve is
recorded on the same film by exposing it a second
time,

Assuming the frequency to be a linear function of
the reflector voltage between f; and f;, it is evident
that the half-power bandwidth is proportional to e
The half-power bandwidth is

l
Ao = (f; ~f2)t ...... (52)
Hence,
fO 12
= - 5
¢ N ~f2 I (53)

8. Effect of Tilt of the End-plate

The shape of the resonance curve and the Q of the
resonator depend on the planeness and parallelism
of the end-plates. To test the sensitivity of the
resonator to departure from parallelism of the end-
plates, the bottom plate was adjusted to tilt in steps
of 2 minutes from —1 degree to +1 degree with
respect to the reference position in which the resonance
curve was sharp and symmetrical. At each setting of
the tilt of the end-plate, the corresponding resonance
curve was photographed, magnified and analysed
for Q (see Fig. 17 and Fig. 18). The variation of Q
as a function of the tilt of the end-plate for different
lengths of the resonator is represented graphically in
in Fig. 19,

Fig. 14. Experimental set-up.
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Klystron “Uniline” Ferrite Precision Precision Precision
Klystron (723 A/B) isolator freq. meter var. attenuator freq.meter |
power supply s Feed CRC PRD o PRD o PRO
Model 88-968 Type 558-A (Typ¢ 185-B Type sse-A)
3
Sawtooth | — Resonator Y
generator [ —
Coaxial Waveguide - to- H-Plane
AN : | erystal mount Al | coaxial adaptor Tejunction | |
PRD - ( Microline PRD
(Type 612-A Model 249 Type 461
CRO.
( Du Mont Y
Type 304-A
—o o
Y
Flap
‘gt . ), Detecting attenuator
Preamplifier - o ~ PRD
(Typc 160

Fig. 15. Block diagram of the experimental set-up used for displaying the resonance curve.

: ]°=9492 MHz

13 5.W.G. BARE COPPER WIRE
L=741cm
9494 139
Q=282 B3
AT g = 3560
L/Q = 00207
3dB POINT

N

PIP MARKER

lr< 3-9¢em >
J’=9A97MH2 9MHz fz=9488MHz

Fig. 16. FEnlarged resonance curve showing the method of
calculation of Q.

9. Effect of Rotation of the End-plate with
the Loop

The shape of the resonance curve is modified if there
is direct coupling between the exciting loop and the
output loop. The degree of direct coupling between
the two loops is changed if the orientation of one loop
relative to the other is altered. In order to check
whether there is any direct coupling between the loops,

August 1968

the bottom plate with the output loop was rotated
about its own axis in steps of 15 degrees to cover a
range of a little over 360 degrees. At each step the
corresponding resonance curve was analysed for Q.
The result of analysis when the Sommerfeld line is
24 s.w.g. bare copper wire and L = 0498 m is
represented graphically in Fig. 20. The curve exhibits
periodic variation having a period of about 40 degrees.
These periodic oscillations can be taken as an indica-
tion of the presence of higher-order modes.

10. Measurement of Radial Variation of
Magnetic Field

The variation of the magnetic field (Hy,) in the
radial direction is determined with the help of a small
magnetic probe which is inserted into the resonator
through a long, narrow, rectangular slot cut radially
in the movable end-plate (see Fig. 15). The loop is
mounted on a small carriage running on rails fixed
to the outer surface of the end-plate. The output of
the probe is passed through a crystal tuner to the
oscilloscope (see Fig. 14) with the time-base switched
off. For different positions of the vertical trace on the
oscilloscope the output is maintained constant by
means of a precision variable attenuator in the input
circuit of the resonator. The results of measurement
in the case of Sommerfeld and Goubau lines are
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: e--10'
Q= 1745 0= 1400

6= -18’ 8--20'
Q= 1390 0=1350

6=-30'
0= 980 Q=870

o= -38’ o= -40’
Q= 1065 0=1045

8=-50"
0= 790 Q=770

o= -58' 9= -60’

= 800 0= 800
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o= -12'
Q=165

9= -22
Q=1300

0=-32'
Q=885

6= -42’
Q- 1015

8= -52'

Q=695

= -62’
0= 825

Q= 1360

0=-24'

= -34/
= 920 Q: 980

= =14/ o- -6’
Q: 1440

H75 Q=1090

0= -44' e=-46'

= 1025 Q=880

- -54' . @=-56'
= 760 0= 775

Fig. 17. Resonance curves.

Bare copper wire s.w.g. 13.
Length of wire = 0-205 metre
0 = tilt of end-plate.
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©=+48" 0= +46' 0=+44"' a-+42' 6=+40"'
Q = 910 Q= 1095 Q= H60 Q=130 Q=120

8- +38' 8=+36' 8=+34' 8= +32' ©=+30'
0 - 890 Q=930 0-925 Q=910 Q= 1140

6= +28' 6= +26' e=+24' e-+22" 6= +20'
Q= 1300 Q=1725 0=1840 " Q=1900 Q- 1870

6=+18" 8=+16" 8= +}4' 0= +1}12!' ez*'ol
Q=870 Q=1970 Q= 2190 Q-=2100 Q=1870

e=+8' 8=+6'
Q- 2240 Q= 1440 Q=1440 Q= 1605 Q= 1910

Fig. 18. Resonance curves.

Bare copper wire s.w.g. 13.

Length of wire = 0-205 metre.
8- ~-6' 0
Q= 2330 : Q= 2290 Q= 2100

e=-2' o= -4’

tilt of end-plate.
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BARE COPPER WIRE
13 S.W.G.

L=0-868m Al
L~
r=’%"N

7
/N 20-443
Ld

=50 -40 -30 -20 -10 0 +10 420 +30 +40 +50
TILT OF END-PLATE IN MINUTES

Fig. 19. Variation of Q with tilt of end-plate.

compared with the theoretical values discussed in
Section 6.6 (see Figs. 21 and 22). It can be seen that
there are superimposed periodic oscillations on the
measured field decay curves. These oscillations are
considered to be due to the presence of higher-order
modes generated by the discontinuity presented to
the surface-wave field at the edges of the end-plates.

~—— —+— Position of
1 output loop
for field

A measurements

Angle °

Position of output loop
for attenuation measurements

g fotation of the

11. Measurement of Attenuation Constant

The measurement of the attenuation constant of
Sommerfeld and Goubau lines is based on the
relation (3) which can be rewritten as:

L o)L 2R,7
— = T mTe
Q T nZO

The plot of L/Q against L (see Figs. 23 and 24)
is a straight line the slope of which gives the value of
adg/n and the intercept of which on the L/Q axis
gives the value of 2R, 1,/nZ,. The value of Ag is
determined from a plot of the length of the resonator
versus the number of half-wavelengths corresponding
to it (see Fig. 25). The number of half-wavelengths is
determined by moving a thin glass rod held perpen-
dicular to the surface-wave line and observing the
sharp reduction in amplitude of the oscilloscope
trace when the rod passes through an antinode of the
electric field. The observed values of the attenuation
constants are compared with the theoretical values
in the case of Sommerfeld as well as Goubau lines
(see Figs. 26 and 27).

Position of
input loop

O
270 o\l

¢\'\¢'9\

Fig. 20. Variation of Q with rotation of end-plate with the loop.

t The angle is measured from the plane of the exciting loop to that of the output loop
looking from the input end towards the output end of the resonator.
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Fig. 21. Radial variation of magnetic field
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Fig. 22. Radial variation of magnetic field
0 0 intensity for enamelled copper wire.

126 The Radio and Electronic Engineer



Q-FACTOR OF A SURFACE-WAVE RESONATOR

5-0x10°4

25x10%}-

L/a ~—»

m———t = =7

0-25 0-50
L —>»

0-75

4

50 x10

5.0x10 ?

August 1968

50x10*

1

-4
25x10

L/a —

50x10*

2-5 x10°%

L/7a —>

0-25 0-50 075

50x10 4

25x10?

L7a —

0-2% 050 075

==+ EXPERIMENTAL CURVE

~— — THEORETICAL CURVE
L LENGTH OF RESONATOR IN METRES
F 229500 MHz
Ag =3.2x10 METRES

Fig. 23. Plot of L/Q against L for bare copper wire.
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Fig. 24. Plot of L/Q against L for enamelled
copper wire.
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Fig. 25. Length of the resonator as a function of the number
of half-wavelengths.

12. Evaluation of Radiation Loss

In order to determine the contribution of radiation
loss to the measured values of «, an effective value
0.5 for the surface-wave line is calculated and attenua-
tion constants of wires having conductivity o, are
calculated. A sample calculation is given in Table 3.

Table 3

Calculation of the attenuation constant of
wire having a radius 0-5x 10™* metre and
conductivity 0-1 x 107 Q™' m~*

A
Gaol;ge ’ Arel a/dre, ;I;:::lge
wire (N/m) iy (N/m)
34 531 x10°2  0-595 89 x 10-32
29 346 x 1072 0-340 102 x 10~2
9-9 x 10-2
23 200 x 10-2  0-185 10-8 x 10-2
22 1-60 x 10-2 0-165 97 x 10-2
Attenuation constant of wire having
radius 6-5 X 10~* metre =99 x 1072 N/m

Attenuation constant of the above wire
relative to the attenuation constant of
wire of radius 0-5 x 10~ * metre and
c=01Xx10Q"*m™? = 0-1285
Conductivity g corresponding to the
value of 0-1285 of relative attenuation
constant =43 x10°Q"1m~!
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Fig. 26. Variation of attenuation constant with radius for bare
copper wires.
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Fig. 27. Variation of attenuation constant with radius of bare
conductor for ‘Paramex’ enamelled copper wire.

The attenuation constants of wires having con-
ductivity o, is calculated and compared with experi-
mental values (see Fig. 28). The difference between
the experimental and theoretical curves may be
considered to be the loss due to radiation.
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Fig. 28. Evaluation of radiation loss in the case of bare copper
wires.

13. Proper Size of the End-plates

In order that the end-plates may be effective as
terminations, the loss due to radiation should be
negligibly small. It is observed (see Fig. 28) that
for wires of diameter less than that of 22 s.w.g. wire,
the radiation loss is insignificant. For 22 s.w.g. wire,
the power-flow outside a radius 0-45 metre is 1-75%,.
Hence it can be concluded that the performance of the
end-plate will be satisfactory when the power-flow
outside a radius corresponding to that of the end-
plates is less than 1-759,.

14. Concluding Remarks
As a result of the investigations, the following
contributions are regarded as interesting:

(i) method of measuring Q,

(i) evaluation of radiation loss and an estimation
of the minimum size of the end-plates,

(iii) calculation of the percentage power-flow out-
side the resonator,

(iv) calculation of the effective conductivity of the
Sommerfeld surface-wave line.

The nature of the variation of the magnetic field in
the radial direction and the loss measurements on the
surface-wave line confirm the physical realizability of
Sommerfeld wave.
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PRODUCTION OF FREQUENCY ANALOGUE SIGNALS

Measured intelligence can conveniently be transmitted by
frequency-analogue signals, which are insensitive to
interference and are readily combined with digital tech-
niques. This requires special converters, which can take
the form of oscillators (preferably harmonic) whose
frequency is solely and correctly determined by the output
signals of amplitude-analogue passive transducers. To
simplify further processing it is desirable to have a linear
relation between the frequency (or period) and a single
circuit parameter, e.g. a resistance value. An essentially
linear characteristic can be achieved by applying a new
kind of amplitude control: When this method is applied
to an R-C oscillator with two R-C chains, a change in one
of the resistances, controlled by the measured quantity,
initiates a change in the other resistance of such a magni-
tude that the two R-C chains always vary to the same
extent. A large relative variation in frequency for only
a small relative variation in resistance is obtained if this
oscillator is connected to a specially designed self-balancing
electronic compensator. A German engineer with the
Philips Laboratories in Hamburg describes a device of this
type intended for use with a strain gauge bridge. Measure-
ments of departure from linearity, temperature drift and
the effects of varying the supply voltage in the experimental
versions of these converters indicated errors of 0-01
to 0-05%.

‘A process for converting quantities to be measured into
frequencies’, D. Meyer, Philips Technical Review, 29, No. 6,
pp. 189-196, 1968.

LINEARLY TUNABLE SELECTIVE SYSTEM

The design of a selective system linearly tunable over a
wide range, throughout which its Q-factor remains con-
stant, has aroused considerable theoretical and practical
interest in recent years. The systems of particular interest
in this context are amplifiers and oscillators linearly tunable
over the entire audio and supersonic band.

Though R-C oscillators have been in use for a long time,
they have undergone remarkably few changes over the
years, and are a long way from satisfying the requirements
of linear relationship between the frequency and the
variable resistance (or capacitance). The problem of
resolving the contradictory requirements of a wide tuning
range on the one hand, and a linear tuning scale and a
constant Q over the range on the other has also not been
successfully tackled.

In circuits based on R-C networks the tuning frequency
is inevitably a non-linear function of the variable com-
ponent. In similar R-L circuits a linear dependence can be
obtained, but only by achieving a proportional variation
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of three linear variable impedances, by mounting them
on a common shaft. Apart from the practical difficulties
of doing this, there is a considerable drop in the circuit-Q
as the tuning frequency falls.

An oscillator circuit using two Wien bridges forms the
basis of a selective circuit which can be tuned linearly over
a wide range. A Soviet paper describes the circuit which
uses two double-T networks and finds the relation between
the scale non-linearity and the width of the tuning band.
Design formulae for the circuit components are also
derived.

‘A selective system linearly tunable over a wide range using
one variable component’, 1. D. Vul’man, Telecommunications
and Radio Engineering (English language edition of Elektrosvyaz
and Radiotekhnika), pp. 84-90, No. 12, 1967.

IONOSPHERIC MEASUREMENTS BY
VERTICAL TRIANGULATION

The measurement of the distant ionosphere by means of
ground backscatter observations has been described in
many papers. The main interest has been concentrated
on the maximum usable frequency, on modes and on
irregularity studies. The main observations have been of
echo structure and of time delay, particularly at the skip
distance, as a function of frequency and of azimuth. Some
observations of angle of elevation have been reported, but
these were not used to deduce the height of the distant
ionosphere. Estimates of the equivalent height of the
ionosphere are needed for the precise interpretation of the
vertical geometry of skywave propagation over short
ionospheric paths; when the length of the path is about
1000 km the minor inaccuracies in the verticle angle
measurement tend to be submerged by the inaccuracies
which arise when the equivalent height of the ionosphere
is measured at one of the terminals of the transmission
path instead of at the distant point (or points) of reflection
along the path.

An Australian paper briefly describes a simple experi-
ment on locating backscatter sources which was carried
out at St. Kilda, South Australia, in October 1960, in
which observations were made of the angles of arrival in
three dimensions and of the time delay of high-frequency
backscatter returns, and suggests how these results provide
an estimate of the height of the distant ionosphere using
the technique of vertical triangulation. The method of
Appleton and Barnett using transmitters at known
distances is also discussed briefly.

‘Triangulation of high frequency backscatter returns’, R. F.
Treharne, Proceedings of the Institution of Radio and Electronics
Engineers Australia, 29, No. 4, pp. 109-14, April 1968.
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