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IMPROVEMENTS
ARRAY RADIATORS

Introduction

In order to carry out a programme of work on
inertialess scanned aerial arrays> it has been
necessary to produce a suitable radiating aperture,
formed by the stacking of a number of linear
arrays of radiators. To produce a pencil beam of
width of the order 1° to half power, with no higher
order diffracted beams, we require of the order
10,000 radiators, in 100 rows of 100. Previous work
has shown that for the case considered this is best
achieved by the use of slot radiators in waveguide,
the advantages of other forms of radiator being
outweighed by greater complexity, cost and weight.
Improvements have been made in the bandwidth
and radiation patterns of slotted linear arrays for
this application.

The Waveguide

In order to prevent the formation of higher order
diffracted beams under all scanning conditions it
is necessary that thc waveguide arrays may be
stacked at a pitch of about a half wavelength. In
the case considered displaced slots in the H-plane
wall of the waveguide have been used as these are
found more successful than inclined slots in the
E-plane wall and do not have the disadvantage of
radiating cross polarized lobes. It is therefore neces-
sary to take special measures to pack the arrays
sufficiently closely. The method adopted is to use

5

IN MICROWAVE SLOT

G. J. Colley, B.Sc., R.NS.S.
Admiralty Surface Weapons Establishment

ridged waveguide which can have a much smaller
H-plane dimension than conventional rectangular
waveguide in any given frequency band. The work
discussed here was carried out in C-band (5 to
6 GHz), and a ridged waveguide section was used
giving a stacking pitch of about one inch, as com-
pared with the two inch H-plane dimension of the
standard rectangular waveguide.

Early cxperiments on waveguide of this
section®” were carried out by manufacturing wave-
guide from a milled ridged channel with a top
plate scrcwed or swaged on to complete the section.
This technique made possible investigations with
waveguides of different cut-off frequencies for the
optimizing of dimensions, particularly having
regard to slot bandwidth and the stacking pitch of
the arrays.

On extending this work to stacks of arrays and
further investigations on broader frequency band
working it has been found that satisfactory results
arc more cheaply and reliably obtained by using
drawn waveguide to the dimensions chosen. A
suitable ridged drawn aluminium waveguide of
section shown in Fig. 1 has been specially pro-
duced for this work and is now available in quan-
tity. The cut-off frequency is 4693 GHz, a
frequency not far below the working band of the
array. This is an intentional choice yielding a
resonant slot radiator bandwidth of a little over
1056 00
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FIG. I. The Slotted Ridged Waveguide.

Array of Slots

In the design of the arrays discussed here the
amplitude distribution along the array of slots

: S 1
taken as the design aim is - S —g— cos?f.
This is a commonly used function giving a reason-
able compromise between gain and side lobe level,
the latter having a theoretical level of 36 decibels
below the level of the main beam radiation.

[t is common experience that it is never possible
to achieve the theoretical level of side lobes in a
particular case, the difference between theory and
performance being greater as a lower level of side
lobes is attempted. In addition the performance
obtained with an array of resonant slots at the
design frequency quickly deteriorates with change
of frequency, due to the change in the coupling
factor of the slot radiators. Each slot being usually
resonant at the design frequency causes the power
radiated to fall at frequencies higher or lower. Also,
at frequencies other than slot resonance, the slot
is reactive and introduces cither advance or retard
in the phase of the remaining energy flowing past
it along the waveguide to the next slot. The magni-
tude of the phase shift is a function of the slot
coupling factor. This phase shift causes deteriora-
tion of the radiation pattern.

In the present design therefore, on the basis of
past experience on linear arrays, the following
points have been considered. First, an attempt has
been made to achieve a radiation pattern nearer
to the theoretical at the design frequency. Second,
this performance has been maintained by aiming
at holding the amplitude distribution along the
array near to the desired function over the maxi-
mum possible frequency band. Third, phase shift
past the slot radiators has been investigated and
its effect minimized,

Having these points in mind the following design
procedure was adopted.

=1
0-385

Slot Coupling Factor and Displacement

The coupling factor of the type of slot used is
determined by the displacement of its centre line
from that of the waveguide. Zero coupling is
obtained with a slot cut on the centre line. The
phase of the radiation from a slot is changed by
180° if it is transferred to the opposite side of the
waveguide centre line. To produce in-phase
radiators on a half wavelength spaced linear array
of slots alternate slots are cut on opposite sides
of the centre line (Fig. 1). The required range of
coupling factors needed for the chosen amplitude
distribution can be seen in Fig. 2 where the case
of a 62 slot array having 019, power in the end
load is illustrated. It is important to note that,
although coupling factors are required up to over
0-4, about one third of the radiators must have
coupling factors below 0:025. In establishing the
law relating coupling factor and slot displacement
it is therefore important to achieve high accuracy
in the small quantities measured, particularly as
errors in the first couplers of a series fed array are
cumulative in effect.

AMPLITUDE DNSTRIBUTION [ 'fr + &1 cas '8
POWER IN END LOAD 0.1 %
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COUPLING

FACTOR
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0.2 P

TR a L]
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FIG. 2. Coupling Factor as a Function of Slot Number
in the Array.



The law was established by measurement on test
lengths of groups of slots of constant displace-
ment. In the case of standard rectangular wave-
guide it is only necessary to establih the coefficient
of a sine? law, but this is not applicable to the
ridged waveguide. Fig. 3 shows the curve obtained
from eight test lengths of slotted waveguide.

SLOT DISPLACEMENT FROM CENTRE LINE (INCHES)

FIG. 3. Coupling Factor as a Function of Slot
Displacement from the Waveguide. Centre Line.

Slot Length and Resonant Frequency

The resonant frequency of the individual slot
is a function of its periphery, and in the case of
the particular arrays under discussion it is also
affected by the presence of a dielectric tape which
is placed over the slots as weatherproofing, since
the arrays are intended as part of an aerial system
needing no protective radome.

It has been normal practice to design the slot
radiators to be resonant at the design frequency of
the array, normally at the centre of the working
frequency band, resonance being defined in this
case as the frcquency at which a given slot couples
a maximum of power out of the waveguide. This
method gives the same distortion of aperture ampli-
tude distribution at each end of the frequency band.
However measurements have shown that the phase
shift past the slot along the feed waveguide is not
zero at resonance as defined by maximum radiated
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FIG. 4. Coupling Factor and Phase Shift of a Resonant
Slot as a Function of Frequency.
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power, but at a frequency above resonance in the
case considered. Fig. 4 illustrates this for the case
of a slot of coupling factor 0-2. This means that
distortion of the radiated phase front due to this
cause is greater at one end of the frequency band
than at the other. Both computation and measure-
nment have shown that better radiation patterns are

$ 9SGHL
—

SLOT OISPLACEMENT  (INCHES

FIG. 5. Phase Shift Past a Slot Resonant at 565 GHz
as a Function of Displacement, at Various Frequencies.

obtained over a given frequency band if the slot
dimensions are so chosen that the frequency of
zero phase shift past the slot, rather than the
frequency of maximum radiated power, is at the
centre of the working band. This condition gives
balanced deterioration of radiation patterns at
either end of the band.

Fig. 5 shows measured phase shift past a slot
resonant (maxmmum coupling) at 56 GHz as a
function of displacement, at various frequencies.

Improvement of Array Performance

Since the nature of the resonant slot radiators
is such that the power radiated falls at frcquencies
on either side of resonance, the power distribution
along the array is distorted at each end of the
frequency band as illustrated in Fig. 6. This illus-
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FIG. 6. Array Power Distribution Showing Deterioration
at the Ends of a 10% Frequency Band.
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trates the effect on a—;— + —g—— cosine? distribu-
tion when the slots are radiating half power, which
occurs at +59, frequency deviation in the case
considcred. The distribution is broadened in an
asymmetric manner, the taper at the load end
decreasing and the power absorbed in the end load
increasing from the design value of 019 to
approximately 49. This, together with the cumu-
lative phase shift past the slots, accounts for the
deterioration in radiation patterns at thc ends of
the band.
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FIG. 7. Compensated Array Power Distribution.

It would seem that an improvement in this per-
formance may be achieved by designing at centre-
band to give a distribution which is distorted in the
opposite sense to that illustrated in Fig. 6 for con-
ventional design. Such a distorted centre-band dis-
tribution is illustrated in Fig. 7, the upper curve.
It will be seen that this results in a much smaller
distortion in the distribution at the ends of the
frequency band of 59 In addition the distribu-
tion is correct now at two points in the band
(approximately +=39). instead of centre-band only,
and much less power is lost in the end load. The
new centre-band distribution is produced by com-
puting slot coupling factors for the required dis-
tribution and, before converting these into slot dis-

; 4
placements, multiplying by a factor = Thus,

using slot radiators which couple half power at
band ends, we have coupling factors varying

4 2

3 and 3
correct value being obtained at two points in the
band. This compares with the conventional method
of design where coupling factors vary between
correct and half of correct value, and are correct
only at one point in the band.

between of the correct value, the

Before illustrating the improvement in radiation
patterns produced by this type of distribution some
consideration is needed of the price paid in terms
of aerial gain. On looking at the new centre-band
distribution illustrated in Fig. 7 it is clear that the
;—multiplier reduces the aperture efficiency, the
power radiated being concentrated more towards
the aperture centre, with a consequent beam
broadening and loss of gain. To illustrate the mag-
nitude of this effect Fig. 8 shows a computed curve
relating the coupling factor multiplier and the rela-

1-2]
RELATIVE
BEAMWIDTH

0.6 .0 4 =
COUPLING FACTOR MULTIPLIER

FIG. 8. Variation of Beamwidth with Element Coupling
Factor Multiplier (Computed).

tive beamwidth, for the particular distribution con-
sidered. Thus if the case is taken of a multiplier of

133 as already mentioned we see that the beam-
width increases in ratio 107, representing a loss of
gain at centre band of about 0-3 dB. This loss
reduces towards the ends of the band as the dis-
tribution becomes less tapered.

Fig. 9 illustrates the improvement in the radia-
tion pattern over a frequency band obtained by the
use of a multiplier. The plot shows the highest
side lobe in the radiation pattern as a function of
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FIG. 9. Highest Side Lobe in the Radiation Pattern
over a Frequency Band, for Different Multipliers,




frequency for four different arrays. Array ‘A’ is

designed by the conventional methol for—17— & %

cosine® distribution at 5550 Mc/s and arrays ‘B’
and ‘C illustrate the effect of multiplying slot

coupling factors by 133 and 1'5 respectively.
Array ‘D’ differs from ‘C’ in having slot radiators
resonant at a lower frequency, illustrating the effect
of phase and amplitude distribution combining to
give a good result.
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FIG. 10. Number of Side Lobes in the Radiation Pattern
at a Level Greater than 30 dB below the Main Lobe.

The improvement in radiation patterns is also
illustrated in Fig. 10 where a plot is shown of the
number of side lobes at a level greater than 30 dB
below the main beam as a function of frequency.
The cases compared are a conventional array and
one having a 175 coupling factor multiplier.

Some radiation patterns at the centre of the
frequency band are illustrated in Fig. 11. This
illustrates very clearly that the fact of over-coupling
the slots at band centre has considerably reduced
the all-round side lobe level. This improvement is
to an extent greater than expected from the slight
increase in amplitude taper produced by the multi-
plier. The reason for this is not clear.

Fig. 11 also illustrates the formation of grating
lobes in the conventional design of array, and their
gradual suppression with increasing coupling
factor multiplier. This behaviour would be con-
sistent with a phase perturbation on transmission
through the slot, the sign of which was dependent
on direction of displacement of the slot from the
centre line of the waveguide. Measurements have
shown that such a phase shift does exist for slots
of small displacement, in fact those having their
width partly covering the centre line. It seems
likely that current work will yield a complete ex-
planation of the grating lobe levels illustrated in
the radiation patterns of Fig. 11.
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Conclusions

An investigation into possible methods of
improving the bandwidth of series fed arrays of
radiating slots has yielded a technique which gives
a marked improvement in performance at the
expense of a small amount of aerial gain at the
centre of the working frequency band. It is pos-
sible to produce very good radiation patterns over
a 109 frequency band with a small loss of aerial
gain, and quite tolerable results can be obtained
over a 309 band if a reduction of acrial gain of
between 2 and 3 dB is acceptable.
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FIG. 11. Radiation Pattern Improvement with
Increasing Coupling Factor Multiplier.
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EXPERIMENTAL STUDIES OF MOTION

SICKNESS DRUGS

This paper is based on the findings made to
date in a programme of research into the causa-
tion and prevention of motion sickness. This is
being undertaken at the Royal Naval Medical
School, Alverstoke, by kind permission of the
Medical Dircctor-General of the Navy, and the
Medical Officer-in-Charge, Surgeon Captain S.
Miles. It is being conducted under the direction of
Professor W. L. M. Perry of the Department of
Pharmacology of Edinburgh University and Pro-
fessor R. A. McCance of Cambridge and with the
backing of the Survival at Sea Sub-committee of
the Royal Naval Personnel Research Committee
of the Medical Research Council.

The work so far has consisted mainly of a
detailed study and analysis of the previous experi-
mental work in this field, with special reference to
the use of drugs in the prevention and treatment
of the condition. This has been undertaken as a
basis for further systematic investigation of the
subject. This paper is an outline of our findings so
far: these are now reported more fully in “Pharma-
cological Reviews ™ (Brand and Perry, 1966). It
has been our aim in studying the experiments on
drugs used in motion sickness to clarify the present
status of our knowledge derived from experiments
in both man and animals. We have tried to deter-
mine which of the preparations used in man can
be clearly shown to be effective, and by so doing
perhaps gain some insight into their mechanism of
action, and also to see what laboratory tests are
available for the evaluation of such drugs, and
what correlation exists between the results
obtained in this way and in field trials.

In the vast literature on the subject there
is very little cohesion, and the results of the
various isolated experiments made under field or

J. J. Brand, M.B., B.Sc.
Royal Naval Medical School

laboratory conditions often appear contradictory.
In spite of the enormous amount that has becn
written there are still too few well established
facts. The first point then, is to consider in what
ways the action of drugs on sickness may be
studied in man, and to take a look at some of the
methods of study which have been uscd by investi-
gators over the past 20 years. It was of course only
about 20 years ago that any serious research on
the subject was undertaken in the realization that
it would become necessary to transport largc num-
bers of troops by sea and air for various missions
in the Second World War.

The actual method which gives rise to the
nauseating motion appears to be relatively un-
important in this sort of study: it suffices that it
shall be such as to produce vomiting in a fairly
high proportion of unprotected subjects so that
the protective effect of the drug may be clearly
shown. Earlier workers would certainly not have
agreed with this statement; to them airsickness and
car sickness for example, were separate entities,
and when the effectiveness of the drugs under
study appeared to vary with the form of motion
to which the subjects were exposed their beliefs
seemed to bc confirmed. The duration of the naus-
eating motion appears to be much more important
in drug trials than is its quality, and it is failure to
allow for this variable, among others, which prob-
ably led to the discrepancies which occurred in the
different trials. Some of the methods of study
which have been used are shown in Table 1. This
list is clearly not exhaustive and any technique by
which a subject is exposed to the effects of un-
familiar and conflicting labyrinthine stimuli can
probably be relied upon to produce symptoms of
motion sickness. This has been well shown in



TABLE I. Methods of Study.

A. MAN
(1) Field Trials
(a) Naturally occurring motion:
Ships, aircraft

(b) Artificially induced motion:
Life-rafts, swings, lifts

End point=
voniiting

(2) Laboratory tests
(a) Chemical emetics: apomorphine | End point=

e . . { vomiting

(b) Tests ‘of Labyrinthine function: Nystagmus or

Rotating platforms } “After sensa-
Parallel swings

’

tion ” times
B. ANIMALS

(1) General pharmacological tests: in vilro techniques
e.g. v. Acetylcholine
v. Histamine

(2) Production of swing sickness in dogs

(3) Antagonism of effects of Intracarotid D.F.P.
(“Adversive Syndrome )

(4) Chemical emetic agents; apomorphine, digitalis
(5) Tests of labyrinthine function:
Rotating platforms, parallel swings
Labyrinthine righting reflexes

recent American studies at Pensacola where head
movements in a sagittal or coronal plane have
been superimposed upon rotational stimuli, giving
rise to Canal Sickness. (Kennedy, R. S. and Gray-
biel, A. 1962). Such methods have only recently
been used in the evaluation of drugs (Wood, C. D.,
Graybiel, A., McDonough, R. G., Kennedy, R. S.,
1965).

As regards the action of drugs in man there are
then two main groups of methods of study which
are available: one may either expose the subjects to
motion of various kinds (which may be either
naturally occurring or artificially induced) and
estimate the protection afforded by the drugs in
question. Alternatively one may study the effect
of drugs on subjects in the laboratory, employing
tests which for various reasons might be considered
relevant. These are for example, the prevention
of vomiting after administration of chemical emetic
substances such as apomorphine, or the study of
the various measurable effects which result when
men are exposed to the effects of rotation or the
parallel swing. The parameters used include
nystagmus or sensations of after-turning with
rotational stimuli and compensatory eye move-
ments after parallel swinging.

In animals the main methods of study have been
as shown in Table 1(B). It is at once apparent that
a great variety of tests has been used in an attempt
to establish a correlation between effects observed
in animals under laboratory conditions, and in
field trials in man.
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This paper deals mainly with studies in man:
if these are considered in a little more detail, one
can attempt to show how some of the discrep-
ancies in the various experimental findings may
have come about.

The first controlled studies employing such
essentials as the random allocation of drugs on a
double blind basis were made some 20 years ago
when Holling, McArdle and Trotter (1944) exposed
soldiers to natural wave motion in coastal trawlers.
They were evaluating the drugs which were avail-
able at that time, viz., l-hyoscine, atropine, I-
hyoscyamine, and various barbiturates. Antihista-
mine drugs were then in their infancy, and it was
not until five years later that Gay and Carliner
were first able to confirm an accidental observa-
tion which had suggested that an antihistamine
drug might be effective in the prophylaxis of
motion sickness. This was diphenhydramine, as
Dramamine. This particular experiment was car-
ried out in a troopship, but many other techniques
have been employed to assess the effects of motion
sickness drugs in man, and these are set out in
Table 2. They may be seen to fall naturally into
two groups: (a) those involving motion of short
duration, i.e. less than eight hours, and (b) those
where motion of longer duration was used, usually
about 48 hours. (Group (a) includes coastal
trawlers, assault craft, and fast patrol boats, air-
craft, life rafts, swings and a linear accelerator or
lift. Group (b) includes the large American serics
of studics in troopships on the New York-
Bremerhaven crossings in the early 1950s, and
also a study made in Swedish minesweepers. All of
these were, needless to say, effective in producing
symptoms of motion sickness in all but the most
resistant subjects.

However, when the results of such studies are
examined more closely it is found that they are
frequently conflicting and it seems that many of
the discrepancies may be due to the experimental
design. In general, after 1950 American workers
used troopships for their experiments while in
Britain we used the method devised by Glaser and
Hervey in 1952, namely the exposure of men to
the motion of artificial waves in a large tank. After
the success of diphenhydramine (i.e. Dramamine
and Benadryl) other chemically similar drugs were
also shown to be effective in troopships. These
were promethazine (Phenergan, Avomine) meclo-
zine (Ancolan, Bonamine, Postafene), and cycli-
zine (Marzine, Marezine). In Britain however,
using life-rafts and artificial waves, hyoscine was
shown to bc greatly superior to any other drug,
and though promethazine and diphenhydramine
were found to have some effect they were clearly
much less active (Glaser and Hervey 1952). Again,
though some effect was shown for cyclizine, meclo-
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TABLE 2. Methods of Study in Man.

A. MOTION OF SHORT DURATION (under 8 hours)
Method

(a) Small Ships
(i) Coastal Trawlers
(i) Assault craft
(ii) F.P.B’s headed into waves

(b) Aircraft
(i) Routine training and trooping flights
(ii) Simulated turbulence using standard
manoeuvres

(c) Life Rafts and Artificial Waves

(d) Swings (14 ft. radius 150° arc)

(e) Vertical accelerator (Lift)

B. MOTION OF LONG DURATION (48 hours)
(a) Troopships on N. Atlantic crossings

(b) Naval Minesweepers on routine cruise

zine was found to be no better than a placebo
(Glaser and McCance 1959). American workers
on the other hand found that 1-hyoscine was in-
effective in preventing vomiting in troopships and
gave rise to a high incidence of side-effccts. (Chinn
1956).

1t now appears that these findings are, in fact,
reconcilable, if due consideration is given to the
variables involved in the field studies, and these
are outlined in Table 3. This table sets out the
main variables which must be taken into consider-
ation in designing any field trial of motion sickness
drugs: it would secem that failure to afford them
adequate consideration has led to a great deal of
confusion in the past.

It has already been shown how the duration of
the casual motion has varied in different experi-
ments, and this must also be true of the severity
of the motion in any experimental situations where
this wvariable is uncontrolled. These factors

TABLE 3. Variables in Field Trials.

(1) Duration of causal motion (20 mins. to 48 hours)

(2) Severity of causal motion
(Life-raft; Troopships—variable weather conditions)

(3) Individual susceptibility*

(4) Speed of absorption and duration of action of drug
under study (See (1) and (2) above)

(5) Size of dose given: dose/response relationships

(6) Parameter used to determine effectiveness

* Sensitivity of labyrinth to angular accelerations follows
normal distribution pattern (Hulk and Jongkees, 1948);
the distribution of sensitivity to linear accelerations
has not been determined.

Range of Duration Author

4-6 Holling et al. 1944
4 Hill and Guest, 1945
11-4 Glaser and Hervey, 1951
4-17 Lilienthal, 1945
1 Strickland and Hahn, 1949
1 Glaser and Hervey, 1952
20 mins Smith and Hemingway, 1946
20 mins Johnson, Wendt, 1964
48 Gay and Carliner, 1949
48 Arner et al. 1958
!er‘DI.L\-'l.
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FIG. I. Relationship of Effect to Speed of Absorption
and duration of action.

considered together with the speed of absorp-
tion and duration of action of the drug under
study may readily explain some of the conflicting
results obtained. This consideration is shown
diagrammatically in Fig. 1 which depicts the rela-
tionship between effective blood level of a motion
sickness drug and its rate of absorption or excre-
tion. It is evident that a speedily absorbed short-
acting drug may prove highly efficient against
severe motion experienced one hour after dosage
and lasting for only one hour, whereas the slowly
absorbed drug of longer duration of action, might
be ineffective under these conditions yet prove very
effective over a period of 48 hours especially if
repeated at eight-hourly intervals. Where the
motion is of long duration the protective effect of
the short-acting drug may well be obscured. There
is now some evidence that the absorption



and excretion curves of 1-hyoscine and prometha-
zine resemble those represented here as drugs
A and B, (Brand, J. J. and Colquhoun, W. P.
1964), but it should be emphasized that such
information for even these well-known drugs is
incomplete, and many studies were undertaken in
the absence of such data (Bain, W. A., Broadbent,
J. L. and Warin, R. P., 1949).

Considering the second variable listed in Table
3, viz. the severity of the causal motion, this must
clearly be different in each trial. There must also
be a difference in the individual susceptibility of the
subjects who took part. These two factors taken
in conjunction will give rise to a different incidence
of vomiting among the subjects in the placebo
group in any given trial, and necessarily to a
different degree of protection apparently afforded
by the same drug in different trials. The range of
incidence of vomiting in the placebo groups
found in the various field trials, where different
kinds of motion were used, is from 6 - 75%,. This
variable, resulting mainly from the interaction of
the first three factors given in the table makes any
comparison of data from trials in different situa-
tions very difficult indeed but underlines the
importance of including a placebo group in any
trial of this nature to provide a standard against
which the efficacy of any drug may then be judged.

It is now possible, by careful assessment
of all the data derived from the various experi-
ments, to state that there are five drugs whose
potency against motion sickness is undoubted and
which have proved their worth in a variety of
different situations. They are I-hyoscine (Scopola-
mine), meclozine (Bonamine, Postafene, Ancolan),
cyclizine (Marzine or Marezine), promethazine
(Avomine or Phenergan), and diphenhydramine
(Dramamine and Benadryl). There are also other
drugs chemically similar to the above whose
efficacy is less clearly defined. It has not been
possible, until recently to say much more
about them beyond the simple fact that they are
all effective to a greater or lesser degree. It
has certainly not been possible to define the
drug of choice on any grounds save those of rather
indefinite information about duration of action or
supposed absence of side effects.

This leads to the fifth factor mentioned in Table
3, viz., the size of dose used. In most of the studies
the drugs have been given at single fixed dose levels
e.g. 1 mg. of hyoscine hydrobromide or 25 mg. of
promethazine hydrochloride. Very few studies
have been made where the drugs have been given
at different dose levels in the same experiment, i.e.,
there has been no attempt to define the dose/
response relationships of the effective drugs. This
means that practically nothing was known about
their range of activity at therapeutic dose levels.
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This gap in our knowledge assumes the greatest
significance when it is appreciated that in the
absence of such data it is impossible to assess the
relative potencies of these drugs in establishing a
correlation with any laboratory test. The absence
of such information is also most unfortunate
because all the effective drugs have undesirable
side-effects in the doses at which they are com-
monly used. For example 1-hyoscine may impair
mental performance and cause dry mouth and
blurred vision, and, in common with the antihista-
mine drugs it has a central depressant action.
However it now seems possible that one may be
able to reduce the dosage of the effective drugs to
levels at which their side-effects cease to be
troublesome although their protective effects are
maintained. In other words the dose/response
curves for these effects might well have different
slopes. Further study is necessary to clarify this.

It is not yet clear whether some impairment of
mental performance is inevitable if protection
against motion sickness is to be secured and studies
are proposed to obtain dose/response information
for the effects of drugs on mental performance and
compare this with similar information for protec-
tion against vomiting induced by motion. Recent
experiments have indicated that, in the case of hyo-
scine the effects of the drug on mental per-
formance can be minimized by reducing the dose
(Colquhoun and Brand 1964). As stated above
there is very little information in the literature
about the effect of different doses of the effective
drugs in the same experimental situation. How-
ever, on reviewing the experiments in which hyo-
scine has been used it became apparent that this
drug had been used over a wide range of dose
levels but in different situations, e.g. in aircraft.
ships, and life-rafts and on swings. 1t had been
shown to be effective in all of them, but the degree
of protection obtained when related to the num-
bers who would have vomited without its protec-
tion that is to the incidence of vomiting in the
placebo group) was naturally very variable.

It was thought that it might be possible to
arrive at some relationship between dose and
response by the application of statistical methods.
The results were analyzed by Mr. A. H. Gould,
of the Army Medical Department, Stanmore,
who corrected the figures relative to a standard
incidence of vomiting in the placebo group,
and by so doing was able to produce a rela-
tionship betwcen dose and response for l-hyo-
scine, based on all previous experiments which
we considered to be of reasonable design. The
dose/response relationship so produced for I-hyo-
scine is shown in Fig. 2. Further analysis showed
that the curves derived from data taken from
experiments in aircraft, or in small ships were
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parallel to this and did not differ from it or from
one another by significant amounts.

This was the first time that a dose/response
curve had been produced for any of the motion
sickness drugs. Perhaps the most striking feature
about it was the potency of l-hyoscine at doses
much lower than those in general use. Previous
workers had frequently given 1 mg. of the hydro-
bromide (i.e.=07 mg of the base), and there was
no doubt that at this dose level it afforded a very
high degree of protection against motion of short
duration. It was also evident that side effects due
to its central depressant and peripheral parasym-
patholytic actions were also very troublesome at
this dose. Little was known about its effects on
motion sickness at lower dose-levels and we were
inclined to doubt the somewhat high level of pro-
tection given on the curve. However we have
since been able to confirm its potency at this
level using a dose of 01 mg I-hyoscine base (or
015 mg of the hydrobromide) in a trial at Alver-
stoke where volunteers were again exposed to the
motion of artificial waves. This trial was carried
out with the support of the Survival at Sea Sub-
committee of thc RNPRC to whom the results
have been reported in full (Brand, J. J., Colquhoun,
W. P., Gould, A. H., McCance, R. A. and Perry,
W. M, 1965). It is evident that the protection
afforded at low dosagc was at least as great
as we suspected; the incidence of dry mouth was
reduced to about half what it was at the higher
dose, and there was no subjective blurred vision at
thc smaller dose level. This report is now being
prepared for publication in the open press.

The compilation of such a curve has also been
of great value in other respccts. It now proved
possible to gain sonie idea of the relative potencies
of the effective drugs used in ficld trials. This was
done by extrapolation from the hyoscine curve,
using data derived from field trials of other effec-
tive drugs where an cquivalent level of vomit-
ing was found in the placebo group. This also gave
us the opportunity to comparc relative potencies
against motion sickness to potencies as shown by
in vitro tests of anti-acctycholine and antihista-
mine activity, in case therc was some correlation
which might afford useful information about
mechanism of action: these are set out in Table 4.

In all cases promethazine has been given a
potency of 1-0 to make the figures more manage-
able. It now becomes apparent that I-hyoscine is
by far the most active of all the drugs against
motion sickness weight for weight, while meclo-
zine has half the activity of promethazine, and
diphenhydramine and cyclizine are approximately
of equal effect. It is interesting to relate these
potencies against motion sickness to other in vitro
pharmacological actions. Many workers have won-
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FIG. 2. A Dose/Response Curve for l-hyoscine.

dered whether a clue to the mode of action of
motion sickness drugs lay in the fact that they all
possessed some antihistamine or anti-acetyicholine
activity, This seemed improbable insofar as peri-
pheral anti-acetylcholine activity was concerned,
in that many synthetic drugs which were developed
and used for their peripheral spasmolytic proper-
ties were inactive against motion sickness.
When the relative activities of the drugs on tests
of antihistamine or anti-acetylcholine potency are
considered the discrcpancies are obvious and it is
apparent that in neither of these situations can their
potency be taken as an index of anti-motion sick-
ness effect. For example, 1-hyoscine has very little
antihistaminic activity although it is the most potent
in the other tests. Chlorpromazine, although about
30 times as active as diphenhydramine against
acetylcholine, and of equal antihistamic potency,
is wholly inactivc against motion sickness. Again
cyclizine which is as active against motion sickness

TABLE 4. Relative Potencies.

Human Studies In Vitro Tests
Drug Vesti- Vs. Vist
Motion bular  Hista- Acetyl-
Sickness  Tests miue choline
Hyoscine 60 (+) 0-0004 140
Promethazine 10 (+) 10 10
Meclozine 0S (+) Nil Nil
Diphenhydramine 03 (+) 01 09
Cyclizine 03 (+) 007 Nil
Mepyramine Nil Nil 24 0003
Chlorpromazine Nil Nil 007 004
Phenindamine Nil Nil 03 003

1. All potency ratios are relative to promethazine.

2. Potencies v. motion sickness derived by extrapolation
from dose/response curve for l-hyoscine.




and histanmiine as diphenhydramine, has no anti-
acetylcholine action.

It is also most important to consider laboratory
tests of motion sickness remedies in man. It would
obviously be advantageous to have some method
of assessing drugs in the laboratory so that one
could then predict with confidence their activity
under conditions of naturally occurring motion:
this would be very useful in the evaluation of new
drugs, avoid the many difficulties of arranging
field trials, and perhaps give a clue as to their site
and mechanism of action. Some of the methods
which have been used are outlined in Table 1.
The tests which have been used include the admin-
istration of emetic substances e.g. apomorphine
(Isaacs 1954, 1956), and the assessment of the
effects of drugs on labyrinthine function, using
such devices as rotating platforms and parallel
swings (Hulk and Jongkees 1948, De Wit 1953).
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If tests which involve stimuli more specifically
directed towards the labyrinth are considered, the
position does look a little brighter, and since there
is now little doubt that disorientating stimuli
mediated through the labyrinth play the grcatest
part in the production of the motion sickness
syndrome, there would seem to be some hope of
evaluating motion sickness drugs by their effcct on
the measurable parameters of such stimulation
under laboratory conditions. Turning tests were
pioneercd by Hulk and Jongkees in 1948 in Hol-
land and applied morc specifically to the problem
of motion sickness by De Wit in 1953, Such
methods fall naturally into two classes, (a) those
involving the use of controlled angular decelera-
tions by which the cupulae of the semi-circular
canals are stimulated, and which give rise to meas-
urable sensations of after-turning, or to nystagmus,
and (b) those involving linear accclerative changes,

TABLE 5. Drugs Used in Motion Sickness.

Methods of Study of Effects of

Vestibular Stimulation in Man.

A. Involving Stimulation of Cupulae—{semi-circular canals)
Acceleration
Technique Parameter Method produced or Refereunce
Recorded simulatred
Caloric Nystagmus Objective Angular Henriksson
irrigation (Electro- 195S
nystagmography)
Rotating Post-rotatory Objective: Angular Hulk and
platform nystagmus (EN.G)) Jongkees
1948
Rotating Post-rotatory Subjective: Angular Hulk and
platform sensation (timing with Jongkees
stop watch) 1948
De Wit 1953
B. Involving Stimulation of Otoliths (Utricles)
Parallel Compensatory Objective: Linear Philipszoon
swing eye (EN.G)) Vertical 1959
movements

When drugs known to be effective against motion
sickness were evaluated against apomorphine the
results were disappointing. L-hyoscine at 0-5 mg
(base) and promethazine (50 mg of Phenergan)
had some effect in reducing vomiting, but chlor-
promazine (Largactil 50 mg) was clearly much
more powerful. However chlorpromazine has
never been shown to be active against motion sick-
ness in spite of its great clinical usefulness in deal-
ing with vomiting from other causes. Some of these
discrepancies may be explicable in a similar man-
ner to those in the field trials, but the method does
not appear to be promising as a possible screening
technique. The explanation may well lie in a
different site of action of the anti-emetic drugs.

which are thought to stimulate the otoliths: one
way of studying thc latter is by measuring com-
pensatory eye movements. These methods are
outlined in Table 5. None of these tests has yet
been fully or systematically cxplored in testing
motion sickness drugs, but there are certain clues,
apart from a priori considerations, which makc
them appear to be of possible value in future
research.

In 1948 Hulk and Jongkees described what they
called the sensation and nystagmus Cupulogram.
They stated that by subjecting men with normal
labyrinthine function to a series of controlled
decelerative stimuli on a rotating platform they
could demonstrate a linear relationship between
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the duration of the sensation of after-turning and
the log stopping stimulus at any given rotational
speed. This also appeared to be true for duration
of nystagmus. These workers further defined
normal slope values and thresholds of perception
for such stimuli in a group of 50 subjects. These
arc shown in Figs. 3 and 4.

In 1953, De Wit used similar techniques, and
suggested that labyrinthine sensitivity as shown by
the slope of the sensation cupologram appeared to
afford some index of susceptibility to motion sick-
ness, in that a small group of severely seasick indi-
viduals had steep cupulogram slopes while those
of the relatively non-susceptible were flatter (Fig.
6).

He also suggested that diphenhydramine (Dram-
amine 100 mg) given orally two hours before
a determination of the sensation cupulogram
caused a shortening of after-sensation times,
resulting in a flattening of the slope—ie. a
lessening of sensitivity to the effects of angular
aceelerations. Although these findings are open to
criticism on many counts, particularly that any
drug effect on this test may well have been obscured
by habituation phenomena, they do provide a
basis for further study.

In the parallel swing technique compensatory
eye movements are evoked and these are held to
be the result of otolith stimulation. This method
has not been widely used in the study of drugs but
may possibly be of value. It was used by Philips-
zoon in 1959 who found that normal compensatory
eye movements were greatly reduced in amplitude
after administration of cinnarizine. He also
showed that this drug had a positive effeet on the
sensation and nystagmus ecupulogram. It was
shown to be active against motion sickness in a
troopship trial at about the same time.

Thus there is a series of pointers which indicate
that tests involving labyrinthine stimulation in the
laboratory may be of value in the investigation of
motion sickness drugs.

Tests involving rotational stimuli have been
studied in much greater detail than those using
parallel swings and are perhaps somewhat easier
to quantify. Less attention has been paid to the
effects of drugs on caloric tests but the results
are encouraging. Perhaps the most important single
fact is that all labyrinthine tests give positive
results with drugs which are of proven ecfficacy
against motion sickness. Unfortunately there are
also indications that other drugs whose value is
not clearly established may also modify such tests.
Further research is obviously needed to evaluate
the tests fully and to assess their possible use as
laboratory screening techniques.
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Space does not permit more than a bricf dis-
cussion of studies which have been made using
animal tests. The main experimcntal techniques
which have been used have already been referred
to. On the whole the results have been very dis-
appointing in that it has not yet been possible to
demonstrate a clear corrclation between the effect
of motion sickness drugs in any animal experiment
and in field trials in man. There appears to be a
very great species difference between the effects
of drugs in man and the various cxperimental
animals which have been used, and this was

' ' PR
A
35 /,/
3o /7/
t L’.q
25 A A p ——i
/ y
' /’i%f”
.,,20 /,1
a A
§ 15 ’/“_*7'/:’ A
g /| LAY dn ke
Z 10 /) A& 4
= ¢ ¥ Y-
z 2 ;;j
9 5 '/r L. ik r
L /,r 5
. L1+
00

RS 6 2 253 4 5 6.8 1012516 20 2530 40 50 6O
IMPULSE %/SEC
average cupulogram of seasick persons before use of suprimal
average cupulogram of seasick persons after use of suprimal
average cupulogram of normal persons before use of suprimal

average cupulogram of normal persons after use of suprimal

i
-

FIG.6. Diphenhydramine (Dramamine) and the Sensation
Cupulogram {We Wit, 1953).

- Motion Sickness Drugs: Brand 87

especially true when attempts were made to pro-
tect various species against the vomiting induced
by chemical emetic agents. Perhaps the closest
correlation between human and animal work was
that obtained by Richards and his co-workers
(1963). They showed that four of the established
motion sickness drugs modified various para-
meters of calorically-induced nystagmus in the
guinea pig. It is not yet clcar, howcver, whether
this property is shared by any drugs which are
inactive against motion sickness in man and sincc
there was no dose/response information for the
effective drugs in the animal study it is not known
whether their relative potency in producing this
effect corresponds with that against motion sickness
in man. Much further work is needed to clarify
these points but the technique may be of possible
value.

It remains truc thcn, that there is, so far, no
reliable method for the bio-assay of motion sick-
ness drugs in animals and the value of laboratory
tests based on labyrinthine stimulation in man is
still uncertain. If a new drug is produced and there
is any reason to bclieve that it might be of value
in the prevention of treatment of motion sickness
in man, it is still regrettably true that the only way
of demonstrating its efficacy is by a properly con-
ducted field trial in which due allowance is made
for the variables already discussed. Potency
against vomiting from other causes does not afford
a reliable index of a possible protectivc action,
and there is so far no known chemical or pharma-
cological test which can be relied upon to predict
such protective activity. It might yct becomc pos-
sible to develop a laboratory method in man or
animals based on the modification of responscs
to labyrinthine stimulation, and furthcr research
is contemplated to clarify this.
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THE ART OF DECISION MAKING

Instructor Lieutenant R. W. Sudweeks, B.Sc., M.LE.EEE., R.N.
H.MS. Neptune

What is decision-making ? Surely decisions are
made after a logical application of known prin-
ciples to known facts. Using this basic working
definition it would appear that decisions are made
as a result of a long, cool and detached analysis
of a given situation, and are in fact a result of
applied commonsense. Nothing could, in practice,
be further from the truth. The key word in the
premise above is ** detached .

The ideal situation outlined is very largely how
we think that we make decisions, based on how we
know that we ought to make them. This approach
could be put into a flow diagram shown in Fig. 1.

&3
DECIDE T0

MAKE A DECISIDN o THIS ITSELF MAY

BE A PRDBLEM

INFORMAT ION

FIG. 1.

NO

WE OBTAIN MORE
INFORMATION

OBTAIN IT
AND GO TO
POINT Y

—=4

There are several ways in which this basic flow
of constructive thought can be modified. Block 8,
for instance, instructs us to give up trying to make
a decision if not enough information is available,
and this block could be modified by replacing it
with that in Fig. 2.

A further modification could be in the section
starting at 3—"* Have we had long enough to make
the decision ? 7’ The flow shown in Fig. 1 implies
that unlimited time is available for the decision to
be made and this itself may be impracticable. Thus
the section of flow from point § may be re-drawn
in Fig. 3.

The most important modification however raises
the question of *“ detachment ™ posed in the basic
definition. How often in everyday life is * non-
detachment ”’, as opposed to *‘involvement” a
modifying factor just ahead of point § ? How
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E
THE DECISION
THEN
?

GIVE UP!

&
MAKE DECISION

often is the question of expediency brought in
before the decision is made, when expediency was
not one of the original items of informational data ?
It is a great pity that statistical data is so difficult
to obtain on the number of decisions, logically and
correctly arrived at, which are
aborted due to non-relevant ex-
pediency. One could, T am con-
vinced, quote several instances
each day of just this sort of
irrelevant step in the decision-
making process, resulting in
wrong decisions being made, or
no decision being made. The flow
posed so far, then, is as shown NO
in Fig. 4.

The decision problem is com-
pounded since each of the dia-

FIG. 3

»

of time are wasted, and it is in an attempt to bring
the expediency problem to people’s attention that
this article is written, If expediency is recognised
as a control condition, the whole decision-making
process can be aborted at the point of first entry
to the *“ give-up ”” box without excessive waste of
time. If it is not recognised as a control parameter,
i.e. at the inception of the problem expediency is
not considered to be a control parameter, then
its casual insertion as a final decision box is grossly
wasteful of decision time. Committee decisions
which are over-ruled because they ** might offend
are prime examples. Security regulations flouted
because their application “ might be inconvenient *’
are other examples.

The most important decision to make, at time
zero, is the decision to stick by the decision made
as a result of the application of the known prin-
ciples. Involvement and motivational decisions can
be tragic in their results in this computer age.

&

=]
DECIDE TO
MAKE A DECISION

15
ENOUGH
INFORMATION
\I'ML:).IBI.E

MORE
INFORMATION
BE

mond-shaped boxes is, in itself,
a decision box. Each decision box
therefore contains, as a micropro-
gram, this whole flow shown in
Fig. 4, and the chances of abort-
ing the whole decision, i.e. the
original overall decision, multiply
with each subsidiary decision box
inserted in the flow. Also it will
be apparent that the nearer one

AVE WE
HAD LONG
ENQUGH TO
DEC_;DE

MORE TIME
AVAILABLE

is to making the final decision,
the more the time wasted in-
creases when a possible *“ abort ™

decision box is inserted. There

can be no complaint about expedi- E

ency when expediency is one of ‘ Gwm
the controlling parameters, It is ;
when it is not that vast quantities FIG. 4.

?
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THE POWER OF THE LOGISTIC FUNCTION

In previous papers™ ® the use of the logistic
function in assessing radar performance has been
discussed, with reference to examples, and the
theory of subjective probability proposed by Dr.
I. J. Good has been featured. In this paper the use
of the logistic by other workers will be considered
and the function will be examined in the light of
views held by Dr. Good, Professor Hogben, Dr. J.
Berkson and other scientists. An example from
Reference " will be referred to briefly to explain
a choice of model and two fresh examples will be
given to illustrate some further deliberations.

Frequent reference will be made to works by
Dr. Good® and Professor Hogben®. Good’s
theory of probability has been called a landmark
in subjective probability—the  behaviouristic
approach to statistical theory suggested by Hogben
has not been enthusiastically received. Where some
writers would advocate the use of two probabilities
to cover objective and subjective phenomena,
Good’s view is that if a single theory covers both
aspects, so much the better. He considers that in
the last resort one must define one’s concepts in
terms of one’s subjective experiences—the oppo-
site view is that degrees of belief can be interpreted
only by the methods of experimental psychology.
Good also emphasizes that his theory is essentially
practical.

On the other hand Hogben claims that if we are
content to discuss the status of the calculus of
probability as an instrument of research in terms
of what goes on in the mind we have little hope
of agreement—he insists on some acceptable dis-
tinction between knowing and believing. Behavi-
ourism has no concern with structure or
mechanism—the behaviourist is content to discuss
probability in the vocabulary of events. One par-
ticular concern of Hogben’s has been to remedy
a widespread disposition among younger research
workers not to examine the credentials of statis-
tical principles used in their work.

We have seen already that the use of the logistic
is compatible with both points of view and we
shall see further the relevance of their views to the
logistic and to its use in radar assessment work
and in other fields. In the previous papers it has
been shown that the function brings a desirable
simplicity and unity to complex theoretical and
practical problems and while being admirably
suited to the gross description of phenomena with-
out relation to its underlying structure, it never-

K. W. Harrison, R.NS.S.
Admiralty Surface Weapons Establishment

theless affords opportunities for analysis. The
logistic has a satisfying philosophical rationale but
to discuss this would be to enter largely contro-
versial topics and discussion will be confined to
more demonstrable matters.
The equations of the logistic are in their simplest
form:—
K .
V=T rerm W
and
K

]_i_ea+hx+v;x'2

= (i)

Equation (i) is a symmetrical logistic, Equation
(ii) is an asymmetrical, or skew, logistic, and K
is the asymptotic upper limit to growth: for des-
criptions of population growth perhaps N is a
more appropriate symbol. It is often very con-
venient to divide both sides of the equation by K
(or N), thus obtaining a simpler function and an
ordinate which ranges from 0 to l—as does a
probability distribution. The function has bcen
called variously the *‘growth” function, the
*“ autocatalytic curve ™ or sometimes the ** Pearl-
Reed ™ curve.

Pearl and Reed used the curve extensively for
various biological purposes, all involving popula-
tion growth, and they used it particularly to
describe human population growth in various
regions or countries. Their use of it to describe
human population growth is not universally
accepted. Some argue that although the logistic
curve is appropriate enough to fruit flies in a bottle,
its extension to human society is unwarranted.
Human beings have, and exercise, the power of
modifying their environment and rationally con-
trolling their rate of reproduction. As we have
seen in our applications of the logistic it has an
underlying parametric structure which could some-
times reflect the influences of factors such as these
upon the overall pattern, and their use of the
logistic seems justifiable. For example, consider a
case where the population of a large city over the
years has been broken down into suburban growth
and the growth of each suburb has been described
by a logistic curve. Suppose, over the same period,
there has been an influx of sub-populations into
the various suburbs, whose attitudes to size of
family and density of population are governed by
religious or socio-economic pressures, It is very
likely that the relationships between the parameters
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of the logistics would reflect the presence of these
influences. A similar method of analysis would be
available in certain biological experiments where
controlled conditions are difficult to achieve and
the outcomes are often represented by logistic
curves.

The logistic is frequently a better model in bio-
logical work than the normal curve. Hogben from
the theoretical point of view, and Berkson®® from
the practical, have much to say about choice of
model—Berkson particularly about the choice
between logistic and normal. The logistic function
is very close to the integrated normal curve (this
was seen in ‘) and it is not limited to biological
and economic data but has been applied to a wide
range of physico-chemical phenomena. In fact Dr.
Berkson has suggested that it may have a better
theoretic basis than the integrated normal curve.
Hogben constantly points out as a biologist the
inadequacy of the normal curve as a model for
biological phenomena and Good, also, points out
that the normal curve is often a good fit to data
except in the tails. From the radar field, a direct
contrast between the fit of a logistic and the fit of
the normal curve to experimental observations on
sea clutter can be seen in Fig. 1. In this case the
relevance of the logistic as a model can be under-
stood clearly by regarding the sea clutter as a
population of retlectors.

Returning briefly to the structure of the logistic
function, it is possible by a transformation to
obtain from the simple logistic the measure log
(p/q) or log (odds) in terms of a polynomial in
the independent variable. Although the utility of
this measure was arrived at independently () dur-
ing a search for approximations, Good, Berkson
and Fisher had also previously utilized it. Good
calls the measure the ** plausibility . Berkson calls
the corresponding experimental quantities *‘logits™
and Fisher uses it in his “z” transformation.
Hogben also favours the expression of probabilities
in terms of ‘‘ odds ™.

Berkson, justifying his use of * logits” rather
than “‘ probits” (the corresponding quantity
based on the normal curve), says that in spite of
earnest prayer and the greatest desire to adhere to
proper statistical behaviour he could not see why
the method of maximum likelihood is to be pre-
ferred to other methods, particularly the method
of least squares. Berkson collected as many ex-
amples as he could find, within the field of appli-
cation, of data in which the observations were
sufficiently numerous and for which the integrated
normal curve had been used already, The logisti~
function was applied to the same data and the
results were compared. On the basis of the com-
parative y* values either the results were practic-
ally the same or there was an advantage in favour

NUMBER PER THOUSAND GREATER THAN A GIVEN VALUE

) ) [ [ _L_‘_l___J
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FULL LINE CORRESPONDS TO GAUSSIAN OfSTRIBUTION.

FIG. 1. Differences between normal curve and logistic in fit
to observed data on sea clutter.

(From Ross—Analysis of present information on

the scattering of radar signals by the Sea—Pt. 1.)

of the logistic. In no instance did the normal curve
appear the better of the two. This illustrates very
well several points stressed by Hogben—that
several models can exist and that one’s choice of
model can be governed by one's approach; that
the normal curve does not always offer the best
model and that research workers are well advised
to consider the principles underlying their choice
of model.

In Reference ‘¥ an example was given of the
use of logistic curves to approximate to complex
mathematical formulae representing theoretical
distributions of probability of paint. Similarly in
Reference @ logistics were used to represent
theoretical distributions of probability of detec-
tion. Unlike the cases of sea clutter, where the
logistic as a model clearly relates to populations
of individual reflectors, no explanation of the
logistic as a model for these probability distribu-
tions could be offered. One way to understanding
lies in the study of the transport properties of
solids—their capacity to conduct heat and elec-
tricity. Referring to J. M. Ziman’s lucid and evoca-
tive book on this subject ‘-, it can be seen that
the Fermi-Dirac distribution function



|
exp{(ek—0)/kT}+ 1

is in the form of a symmetrical logistic. This func-
tion is used in the description of the occupation of
the energy levels by electrons in the thermal layer
of a proper metal. It can be seen therefore that by
using the logistic for the approximation of the
theoretical probability distribution we were in
effect replacing a complex mathematical model by
a simple physical one. In the first example a skew
logistic gave a good fit over the whole range of
P but the approximation using a symmetrical
logistic broke down for large values of P (or close
ranges of the target)—it is noteworthy that a
similar degeneration occurs with the Fermi-Dirac
distribution; the function becomes the Boltzman
distribution—as if the electrons made a classical
gas. The Boltzman distribution is of form

" 1
— exp{(e—Q/KT)

and it can be seen that its form is similar to that
of the Fermi-Dirac function except that a para-
meter previously of value +1 has become zero.
Referring again to Ziman’s book, the Bose-
Einstein distribution (see footnote) is also in the
logistic form. This function is used to describe the
transport of heat through solids in terms of
phonons (phonons are quanta of the lattice vibra-
tional field analogous to photons of the electro-
magnetic field) and in this case the changing para-
meter has the value —1! There is, therefore, a
pattern to be seen in the formulae used to repre-
sent the different particle statistics. Can this
pattern be related to any changing circumstances
of the physical events being described ?

If the logistic is considered in its general form
Y=1/a(l + bc*) it can be seen at once that the
Fermi-Dirac and Bose-Einstein functions may be
put into this form but the Boltzman cannot. The
parameter a can now be related to N (from the
logistic in its simplest form) and this is known to
represent the upper limit of population growth. To
consider all possible values of N it becomes neces-
sary to introduce the idea of the ** transfinite ™.

The brilliant mathematician G. Cantor demon-
strated the existence of two distinct orders of
infinity. The lower order infinity includes all
integers and rational fractions which are “de-
numerable . The higher order infinity includes all
real numbers—it is the “ continuum ” and is not
denumerable. Cantor showed this by a special
counting technique. He also showed that there
existed still greater orders of infinity. This series
of “ transfinite ” numbers he called the “Alephs .
Thus Aleph nought is the denumerable infinity of
the integers, Aleph one is the non-denumerable

fo (ek) =

fo(e)
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infinity of all geometric points, Aleph two includes
all geometric curves—no one has yet been able to
suggest what Aleph three represents !

If we count our populations of particles in these
terms, ie. we express N in terms of transfinite
numbers, we have a direct correspondence between
a and N, shown in Fig. 2. Here the change of sign
of a indicates the operation of transfer from finite
to transfinite. Counting in transfinite numbers
serves several purposes:

(a} it is consistent with models of balls in cells;

(b) it emphasizes the operational aspect of the
transition from finite to transfinite;

(c) it introduces Aleph two and the higher
Alephs which have some philosophical
implications;

(d) it has relevance to theories developed
explain the latest experimental results on
gravitation and relativity;

(e) it indicates a way of approach to particle
physics which is consistent with current
views of elementary particles as simply
“abstract attributes concealed in the sym-
metries of transcendental mathematical
spaces ”.

Each of these points will be expanded in turn.

(a) The drawing of a parallel between the Bose-
Einstein statistics and the transfinite is con-
sistent with the model of an unrestricted
number of balls being allowed to occupy a
cell. Cantor’s diagonal counting procedure
will show that given an infinitude of cells
and balls the number of possible populations
is non-denumerable, The concept of dividing

Footnote
There are three kinds of statistics commonly used in
particle physics to describe the behaviour of particles.
These are Fermi-Dirac, Maxwell Boltzman and Bose-
Einstein statistics. Fermi-Dirac statistics describe the
behaviour of electrons, protons and neutrons; Bose-
Einstein the statistics the behaviour of photons, nuclei
and atoms with equal numbers of elementary particles,
Maxwell-Boltzman statistics are not wholly satisfactory
for particles of any sort. Customarily space is conceived
as a grid of cells to each of which one or more balls
can be allocated. The statistical models then descrihe the
allocation of balls into cells undcr the postulates, in
order:—
(a) the balls are indistinguishable, and onc cell can
only accommodate one ball;
(b) the balls are indistinguishable, and there is no
restriction on the number per c:ll;
(c) the balls are distinguishable, and there is no re-
striction on the number allocated to any one cell.
The relevance to solid state transport theory is clear.
In the Fermi-Dirac distribution, concerned with the con-
duction of electricity, the exclusion principle prevents
more than one electron occupying the same state of
momentum and spin and in the Bose-Einstein, concerned
with the conduction of heat, any number of phonons—
“ Bose-Einstein ”’  particles—may go into any given
¢nergy level.
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space (also time) into cells has been sug-
gested by many—notably Arthur March who
proposed a system of geometry based on the
concept of the existence of a minimum
length, space having the characteristic of a
cell-like structure. Alternatively an infini-
tude of particles may be considered—each
particle being composite and made up from
truly fundamental particles popularly known
as " quarks ”. Such an idea was suggested at
last year’s high-energy physics conference
at Berkeley in California. There are several
points arising at this conference which are
worthy of mention.

A scheme for grouping all known strongly
interacting particles into discrete families of
particles is provided by plotting Regge
trajectories. It was reported at the conference
that by considering the extension of trajec-
tories to the NEGATIVE-mass side of the
abscissa it has become possible to predict a
hitherto inexplicable experimental observa-
tion (a region of negative effective mass is
also found in transport theory, where the
concept of a hole in the energy band has
been introduced to deal with it). If all the
known nuclear particles seemingly lie on
Regge trajectories it could be concluded that
all the known particles are composite—that
is made up of other particles.

An over-simplied way to understand this
conclusion comes from noticing that the
mass or rest-energy of the members of a
family of particles making up a trajectory
increases with each increase in spin number.
One would expect the energy of a system to
increase with spin only if the system has
some finite dimension or structure which can
“rotate” and hence possess rotational
energy. Discussion on these topics moved a
well known theoretician G. F. Chew to
observe that we are probably soon going to
conclude that the number of nuclear par-
ticles is infinite. The picture of matter at
its most fundamental level, then, would be of

|
0
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(b)
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an infinite set of particles, each of which is
composite.

The change of sign accompanying the opera-
tion of transfer from the finite to the trans-
finite in our example, and from positive mass
to negative mass with Regge trajectories (and
in transport theory), deserves further atten-
tion. Gunther™ and Campbell have shown,
by the methods of symbolic logic, that a
technique which eliminates the quantization
of matter is logically possible and as a con-
sequence the underlying mathematical theory
is changed from denumerable arithmetics to
transfinite Cantorian numbers. The technique
involves adding to the three parameters
recognized to-day—the objective parameter,
Matter; the dimensional parameter, Space;
the relational parameter, Time—a fourth
cosmical component, the operational para-
meter, P. If Dr. Good would prefer to call
it a subjective component—who would dis-
agree ?

(c) This leads to a brief mention of Aleph two

and the other Alephs. With their introduc-
tion comes the implication that in the realm
of the transfinite subjective probability
comes into its own. One can visualize vast
numbers of sets of relationships differing
only minutely, where the outcome of a trial
is governed by the locality in which the set
of events takes place; all other identifiable
circumstances appearing the same. This con-
cept might bring cheer into the life of these
statisticians belonging to the frequency
school who cannot accept Bayes’s postulate.
These say that ““ it is asking too much of the
universe  for states of events corresponding
to various q’s (hypotheses) to be distributed
with equal frequency in some population
from which the actual g has arisen, if Bayes’s
postulate is to be applied. In this respect it
is not without significance that the sym-
metrical logistic gives a straight line in terms
of plausibility and consequently for equally
spaced points along the abscissa there is a
constant increase in the weight of evidence .



(d)

Furthermore much of the usefulness of the
logistic lies in circumstances where there is
no prior knowledge of the situation.

R. H. Dicke, of Princeton University,
recently in the news for his experiment
demonstrating the oblateness of the sun,
proposes a theory to explain gravitational
phenomena whereby each point in space has
a specific physical quality to which a single
value can be assigned. In essence this is not
a novel concept—it has been suggested by
others.

These ideas run parallel to those emerging
in particle physics where it is being thought
that “‘the only permanent elements of nature
are not particles but certain of their abstract
attributes lying concealed in the transcen-
dental symmetries of fictitious mathcmatical
spaces. The Harmony in nature is now seen
in particle theory as synonymous with
abstruse symmetries incalculably more
sophisticated than the obvious geometrical
patterns trapped by the ‘Real’ space and
time of man’s apperceptions ’—®.

(e) Lastly to consider particle physics. The latest

views on this, as evidenced by reports from
the Berkeley conference, suggest that the
concept of large populations of particles is
consistent with descriptions by logistics of
observed phenomena. Alternatively, they
suggest that the idea of the phenomena as
reflecting characteristics of mathematical
space is compatible with the idea of Cantor’s
transfinite numbers, to which the logistics
can lead. The suggestion has been made by
H. Bethe that more powerful mathematical
tools are needed to tackle the problem of the
nucleus. This was taken up by Gunther and
Campbell who proffered Cantor’s theory
of non-denumerable sets as a possible key
to the problem. These ideas fit in very well
with Ziman’s opinions. He says that in cer-
tain circumstances we must replace the
individual article by a collective model. It
seems likely, thereforc, that there is further
use for the logistic in this field.

Ziman also says ** the main conclusion to be
drawn from the general theory of lattice
dynamics is that its results are impossibly
complicated in detail.” W. O. Lock, author
of ** High-Energy Nuclear Physics ® says
much the same thing of certain particle col-
lisions—that they can only be described in
phenomenological terms. It has been shown
that much of the power of the logistic lies in
its reduction of complex situations to simple
ones and its capacity for describing events
about which little or nothing is known.

Logistic Function: Harrison 95

To illustratc these points a logistic was fitted
to the first set of experimental data which
could be found—selected at random from
the library shelves on nuclear physics. The
data, the theoretical curve fitted by the
expcrimenters and the fitted logistic are
shown in Fig. 3. It is noteworthy that over
the central parts of the distribution thc
logistic and the theoretical curve coincide
and that in the tails the logistic gives a
better fit. This example is in fact taken from
Lock’s book.

In conclusion it is suggested that by the fit-
ting of this curve the power of the logistic
was again reaftirmed, for one of Hogben’s
criteria for a good model is that as well as
describing observed events it should also
point to further unsuspected regularities of
nature !
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FIG. 3. The differential cross-section for

350 M,, V protons scattered from carbon

(From Lock—High Energy Nuclear Physics)
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RECEPTION OF SIGNALS OF LARGE
TIME-BANDWIDTH PRODUCT VIA A
VARYING PROPAGATION PATH

R. Benjamin, Ph.D., B.Sc., A.C.G1., CEng., F.LE.E., R.NS.S.
Director, Admiralty Underwater Weapons Establishment

SUMMARY

Any band-spread signalling system is vulnerable to
variations in the generalized signal path occurring within
the time, frequency and aperture spread of the signal.
However, a system’s vulnerability 1o such changes
depends on the nature of the modulation. This depend-
ence is indicated in arguments using the concepts of the
“ambiguity function” and frequency-time resolution
quantum. It is then derived and discussed more fully,
without depending on an intimate familiarity with these
concepts. The discussion is also extended to tolerances on
angular rates or changes within the near field of the
transmitting or receiving array. The choice of modula-
tion waveforms and of partially coherent receiving filters,
to reduce vulnerability to any or all of these changes,
is briefly considered. Most of the considerations referring
to varying paths are also applicable—mutatis mutandis—
to multiple simultaneous paths, and the relations between
these two phenomena are briefly discussed.

Introduction

Many systems for information gathering or
transmission require to use relatively long signals,
in order to transmit the required energy within
given limitations on peak power, or possibly in
order to permit the accurate determination of the
received spectrum (or Doppler shift). On the other
hand, many systems require the signals to cover a
wide bandwidth, for instance in order to provide
a high time resolution of received signals, or a high
discrimination against signals reflected from un-
wanted scatterers or arriving via undesired propa-
gation modes. These requirements of long dura-
tion and wide bandwidth can be combined by
deliberately spreading the signal in the frequency/
time plane, prior to transmission, and re-com-
pressing it on reception, as described below.

Ideally, an initially short pulse may be spread
out in time, by a tapped delay line, into a number
of consecutive pulses, which can be independently
controlled in amplitude and/or phase. An inverse
network can then restore essentially the original
pulse. Similarly, a series of mixers can transpose
the frequency spectrum of a simple ‘“ burst ”’, i.e.
pulse, of CW into a number of independent parallel
spectra, which may then be independently con-
trolled in amplitude and/or phase. Again an
inverse network can restore essentially the initial
signal, and the same is true for simultaneous
spreading in the time and frequency dimension.
See Fig. 1.
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FIG. 1. Simple schematic of signal spreading and re-compression.

The sequence in which interchangeable transfor-
mations take place is by definition immaterial. Sub-
ject to this condition, a propagation path may be
inserted between the spreading and recompression
networks without altering their joint effect on the
overall circuit. The interchangeable transforma-
tions need not always be ““ linear ”’: If harmonics or
inter-modulation products fall outside the pass-
band of the system, or if they are removed by an
inverse non-linear element before they become
relevant, a square-law, exponential or other power-
series amplifier (or other non-linear circuit element
with a single-valued input-output relationship)
may also be inserted in a sequence of transfer net-
works. (Care is however required lest the sequence
of such apparently reciprocal signal transforma-
tions has a deleterious effect on the output signal/
noise ratio.)

On the other hand, the effects of a limiter can
be critically dependent on any preceding ampli-
tude transformations. Similarly, the effects of a
frequency-selective filter depend on any preceding
frequency transformations, including those due to
the Doppler effect, and the effects of any time selec-
tion or transformation can depend critically on
preceding time transpositions. In particular, any
spreading of the signal in time and/or frequency
will increase the limits of time and frequency with-
in which changes in system parameters will affect
the eventual output after recompression.

During the operation of a practical system, the
propagation path may change due to:—

(i) changes in the characteristics of the medium,

(ii) changes in the homogeneity of the medium,

(iii) movement of inhomogeneities in the

medium,

(iv) changes in the location or orientation of:—

the transmitting transducer or aerial,

the receiving transducer or aerial,
intermediate specular or irregular re-
flectors,

(v) movement of the effective reflecting *“point”

on an irregular reflector,

(vi) various combinations of effects (i) to (v)

above.

Systematic changes in position or velocity may
affect the choice of receiving filter in which
matched reception takes place, and may compli-
cate its design. However, the quality of the result-
ing match is then only affected by the departure
from this matched condition, within the duration
of the signal from one point target (or one * bit
of transmitted information). In principle it is of
course possible to design an array of filters or cor-
relators to observe, independently, each possible
and resolvable signal location in time and (if
relevant) in Doppler, and each discrete pattern of
distortion that could be associated with this. (The
number of independent observations of this type in
fact cannot exceed the bandwidth—observation
time product of the receiving system, i.e. all others
can in principle be synthesized or computed from
these). However, such an array of filters or cor-
relators, matched to a range of potential variations
of the propagation path, can be helpful only if
the probability of noise alone producing a “ false
alarm ™ output, matching any one of the distortion
patterns catered for, is small. In practice, well
before this *‘false alarm ™ limit is reached, the
cost and complexity of the system are likely to
become prohibitively large.

Hence the number of patterns covered by the
range of such matched filters is likely to be very
small, compared with the number of patterns the
receiver is capable of passing. However, even
when purely random distortions are excluded, the
number of such potential patterns increases highly
super-proportionally with both the duration and
the bandwidth over which coherence has to be
maintained (i.e. the two-dimensional limits over
which time or frequency dispersion has to be
avoided). We are therefore concerned with making
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the best use of a limited amount of ** hardware ”
available for such generalized ‘‘ matched filters .

General

A large time-bandwidth product implies that a
single element of information is represented by a
large number of signal elements, separable on the
frequency/time plane. Each such signal element
is equivalent to one cycle at its ‘‘ instantaneous
bandwidth ., A ““ matched filter > must transpose
all these elements in time, phase and possibly
frequency, to permit their phase-coherent addition.
(It should also scale them in amplitude to optimize
the resulting signal/noise ratio.)

Any progressive departure from the matched
phase, over the total signal duration, leads to a
corresponding reduction in the matched-filter out-
put. (With signal elements of equal ** weight ” and
a linear phase-shift of 26 over the duration of the
signal, the loss factor is sin%4/6%.). The time “avail-
able” for troublesome phase-distortions, not
covered by the filter, to develop is clearly the signal
duration T. More generally, the signal must retain
the relative amplitude and phase pattern, to which
the filter is matched, over its duration T and band-
width B. A wide bandwidth implies a fine resolu-
tion in time (i.e. path-length), and a long duration
provides increased opportunities for this path-
length (or some other characteristic) to change
sufficiently to spread the signal over several resolu-
tion quanta.

The response of a matched filter may be plotted
as an amplitude, which is a function of the two-
dimensional displacement of the apparent signal
source from the matched position on the time/
Doppler plane. This is the *“ ambiguity function ™,
and it normally takes the form of a *“ main lobe "7,
representing full response at the matched position,
surrounded by a pattern of low-amplitude “ side
lobes ™.

Any modification, diversification or variation of
the transmission path can then be defined as an
equivalent smearing of the single-point target loca-
tion on the range/Doppler (i.e. range-rate) plane
into a two-dimensional *‘ target function >, Subject
to appropriate amplitude weighting, the proportion
of the received signal power accepted by a correla-
tion detector will then correspond to the propor-
tion of the target function that falls within the
detector’s ‘“ambiguity function” on the range/
Doppler plane. (This statement refers to the ** in-
stantaneous ” target function, if the target position
itself varies within the echo duration.)

If the ‘““smearing” takes the form of discrete
multiple propagation paths, differing by more than
the width of the ambiguity function main lobe, the
received power is dispersed between multiple,
pseudo-independent received signals.

Any progressive increase in range must clearly
be associated with a positive mean range-rate and
vice versa for a progressive decrease in range. Thus
an ambiguity function in which range and range-
rate are positively correlated is likely to be more
tolerant of such changes in the propagation path.

In wave-forms producing this type of ambiguity
function, the signal *‘cycle-time” (i.e. interval
between positive going zero crossings) must be
positively correlated with time within the wave-
form, so that Doppler time expansion shall cor-
relate with overall time expansion—i.e. increase
in path length. This implies a downward frequency
sweep.

The volume under the ambiguity function corres-
ponds to the (normalized) total power incident
upon the matched filter, and this is always unity.
With a smooth progressive change of wave-form
and power (which can be conveniently achieved
with a quasi-linear frequency modulation and
quasi-Gaussian amplitude modulation) there will
be no significant side lobes, and hence the main
lobe, (of unit amplitude) will occupy roughly unit
area on the ambiguity (time/Doppler) plane. With
increasing departure from such smooth variation
of modulation, the output of a matched filter be-
comes more sensitive to small misalignments in
timing (range) or in Doppler frequency. Hence the
main lobe of the ambiguity function is reduced in
area (and the proportion of the signal energy going
into side lobes is increased).

A quasi-random *‘ noise ” signal, of bandwidth
F and duration T, covering FT=N frequency-time
quanta, has a lobe width of 1/T in the frequency
dimension and 1/F in the time (range) dimension
of its ambiguity function. Thus its main lobe covers
only 1/N of a *“quantum ” on the range (time)/
Doppler plane, and this defines the permissible
spread of the target function due to changes in
the system during the integration period of the
matched filter (or due to overlapping multiple
paths, combining in a single output). See Fig. 2.
The maximum permissible spread, defined by the
size of the main lobe is thus less than one
“quantum’’,

Thus we obtain the apparent ** resolution > due
to a main lobe of the ambiguity function, of unit
amplitude, occupying an ‘“‘area™ of 1/N of a
quantum on the frequency-time plane. The volume
of this main lobe represents the proportion of the
received power, from a target in the main-lobe
location that would in fact emerge from a filter
matched to that location. Hence this signal power
is only approximately 1/N of the power received
jointly from the N? side lobes. In fact we can
obtain the accuracy represented by this lobe width,
but only if the distribution of targets is such that
the power received from the signal lobe is more
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FIG. 2. Ambiguity function of a
random spread spectrum signal.

than N times the power received from the average
background lobe of the ambiguity function (i.e. if
the signal power exceeds the background power
from a typical quantum of space on the ambiguity
plane).

Thus the average density of equal targets must
be less than one per quantum, to resolve the
targets, but subject to this limit, a pair of targets
can be resolved if they are separated by one lobe
width.

The tolerances on changes in the propagation
path or medium, for two limiting wave-forms, are
discussed in more detail below.

Doppler Tolerances for Linear F.M.
and Pseudo-Random Noise

Consider a linear frequency sweep of F Hertz in
T seconds. This sweep will be within the passband
of a receiver of bandwidth B (B<F) for time

t,=(B/F) T,
if the time of sweeping through the bandwidth is
the dominant factor. On the other hand, the sweep
may pass through the receiver passband very
rapidly, giving an output for the transient response
time
t.=1/B.
See Fig. 3. When these two conditions coincide,
the response time is
= ==/ T
the * instantaneous ’ bandwidth is then
B=\F/T,
the square root of the frequency-deviation rate,
and the joint resolution in time and frequency is
Bt=1,
i.e. one quantum (unit arca) on the frequency-
time-plane.
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The total signal could thus be resolved into
\/FT=n independent quanta. A matched filter of
n frequency-selective networks and n delay net-
works could be used to bring these into coinci-
dence. The resultant signal would then have a
total bandwidth of F and overall duration of T/n.
However the n frequency components, spaced one
from the next by n/T cycles/sec, would remain
in phase for only 1/n of this time. Hence the
resultant signal would give a ‘ main-lobe”
response for T/n?*=T/FT=1/F seconds, corres-
ponding to a properly reconstituted short pulse.
(The same result would of course be obtained with
a matched continuously dispersive delay line.)
Similarly an f.m. correlator would give a C.W.
output of duration T and bandwidth 1/T. The
frequency modulation would move it outside this
passband if it were displaced, in time, by

1T\
t—(—F—— T=1/F.

Clearly all these variants of a filter can dis-
criminate signals differing in Doppler by F or in
effective timing by 1/F.* Thus the ambiguity func-
tion main lobe in this case occupies one quantum
on the time/Doppler plane. Hence the area of the
side lobes and proportion of the signal power
going into side lobes should be relatively small
(and in the absence of sharp amplitude discontinui-
ties in the signal, the amplitude of the side lobes
should also be small). This is the result of a modu-
lation representing a smooth progressive time dis-

- — = = — (
t.<t il [ SLOW
| y 14 FREQUENCY
S ~ | SWEEP
\1\

 [FasT
B | SUFREQUENCY
| SWEEP

() SRR

FIG. 3. Duration of transient
due to frequency sweep.

*“ effective timing~ defines the combined «cffects of
timing and Doppler shift of thc input signal on the time
of occurrence of the filter output pulse; Doppler resolu-
tion is the frequency shift which would preclude any
output from the filter.
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FIG. 4. Ambiguity function due to
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persion of the spectral components of a pulse by
progressively sweeping through its spectrum, avoid-
ing any sharp discontinuities.

The dispersion of the signal spectrum in time
must however lead to a corresponding dispersal of
the acceptance pattern. Hence the corresponding
ambiguity function is a diagonal strip across the
time/Doppler plane spanning F cycles per second
of Doppler and T seconds of time. Since this strip
has unit arca (as shown above), its thickness must
be 1/T Hertz in Doppler and 1/F seconds in time.
See Fig. 4.

In fact Fig. 4 implies the assumption that the
centre frequency is large compared with the
frequency sweep (and compared with any likely
Doppler shift). Where these conditions are not
satisfied, the linear frequency sweep may be
regarded as composed of several ‘ Doppler-
invariant 7’ sections, in each of which the cycle
time (between positive-going zero crossings) varies
linearly with time—i.e. hyperbolic frequency modu-
lation. The ambiguity functions due to these
individual sections would differ in slope, so that
their combined result is a *“double fan . Further-
more their individual lengths will be less, due to
their reduced time and frequency span. Thus the
diagonal of the ‘“double fan™ is less than the
length of the single *“strip™ ambiguity function
shown in Fig. 4, as is indeed required to maintain
the unit volume under the ambiguity function.

Consider now a signal in a region of the
frequency/time plane bounded by a frequency
interval F and a time interval T. Then, by
the quantum limitation on measurement, FT >
1. In fact, let FT > 1. See Fig. 5. Then a time
interval less than T may contain a part of the
signal spanning its full frequency spectrum. Simi-
larly, power within a limited part of the bandwidth
F may be present for the whole of the signal
duration. More generally, less than the full

frequency/time pattern of the signal may be
sufhcient to define the span of the signal on two
separate axes on that plane. (The signal com-
ponents, suitably transposed, could then generate
several quite independent full bandwidth pulses or
full-duration C.W. signals.)

The signal pattern on the frequency-time plane
could then be divided into a number of constituent
patterns, each occupying unit area on this ‘* signal
plane . These constituent signals could each pro-
duce an ambiguity function of unit area on the
time/Doppler plane. Since all refer to a common
real target position, these ambiguity functions must
clearly overlap, and the vector addition of the cor-
responding constituent signals would define a com-
posite, resultant ambiguity function whose side
lobes cover the total area defined by the lobes of
any of the constituent functions, and whose main
lobe is restricted to the area (less than one
“‘quantum *’) common in signal phase and range/
Doppler space to all the constituent main lobes.
See Figs. 6 and 9.

The signals emerging from filters matched to the
individual constituent signals may then be regarded
as inputs to a further matched filter, and their
normalized vector addition will define the lobe
structure of the overall ambiguity function. The
constituent ambiguity functions will have main
lobes of (approximately) unit area, and the in-
phase addition of the corresponding signals will
produce a combined main-lobe peak whose area
cannot exceed the area common to all the con-
stituent main lobes. (Variations in relative phase
between constituent main-lobe signals may narrow
the overall main lobe further.)

Hence, if the constituent ambiguity functions are
ellipses of various inclinations (positive, negative,
horizontal or vertical) and various aspect ratios,
the resultant must also be skew-symmetrical—i.e.
identical with itself turned through 180°.

|
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FIG. 5. Modulation pattern of 3 quanta within space
F X T of 1l quanta.
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FIG. 6. Generation of Composite
ambiguity function with main lobe less
than one quantum.

This way of considering the formation of
ambiguity functions may be helpful in the choice
of modulation wave-forms and signal-processing
systems meeting various specific requirements
arising, say from a non-uniform distribution of
noise, interference, clutter or reverberation.

A randomly modulated signal of duration T and
bandwidth F occupies the full rectangle of FT on
the frequency-time plane. This corresponds to FT
“ quanta ”, which can be defined, e.g. by splitting

this rectangle into VFT rows by VFT columns.

The rows then have a width of VF/T each, in the
frequency dimension, and the columns have a

width of VVT/F each, in the time dimension. The
analysis above shows that a linear frequency sweep
is equivalent to a single diagonal of this rectangle.
This diagonal may be built up of some of the
quanta, but each quantum is then the sole occu-
pant of its row and column. Linear frequency
modulation provides no scope for altering the
aspect ratio of the resolution quanta (VF/T in the
frequency dimension by \/T/F in the time dimen-
sion). With randow modulation, however, they are
infinitely alterable, subject to the boundary con-
ditions that the limiting time resolution of the
system is 1/F (with the quanta each spanning the
full bandwidth of the signal) and its limiting
frequency resolution is 1/T (with the quanta each
spanning the full signal duration). See Figs. 7 and 8.

As discussed above, the full-occupancy ** pseudo-
random noise”’ signal would permit the employ-
ment of several independent filters, matched to
independent parts of the received signal. The final
resulting ambiguity function must then have its
main lobe at the intersection of the constituent
ambiguity functions. Clearly we can form such
functions for C.W. of duration T or pulses of
bandwidth F, or for both positive- and negative-
going f.m. sweeps spanning T and F. Hence the
intersection defining the main lobe of the resulting
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(a) Time Resolution=1/F

(b) Frequency Resolution 1/T

A
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(¢) Time and frequency
resolution=1

FIG. 7. Three ways of analyzing a
signal occupying 9 quanta of
frequency/time space.
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FIG. 8. Linear FM in 3 quanta. A coherent filter can
reduce this to a single thin diagonal quantum.

ambiguity function must be restricted to duration
1/F and Doppler width 1/T, as already inferred
earlier. Comparing this with the ambiguity
function of f.m., it will be noted that the latter
constitutes a ‘“‘ridge >, equivalent to a diagonal
line of FT of the sharp, pseudo-random-noise
ambiguity peaks, placed side-by-side. See Fig. 9.

The common main lobe, formed in the manner
discussed above, defines the combinations of
frequency and time misalignments which jointly
constitute tolerances acceptable to the filter. Com-
paring the diagonal ridge of the ambiguity function
for f.m. with the single sharp peak of equal width,
for pseudo-random * noise ’ modulations, it will
be found that the tolerances in unfavourable cir-
cumstances (i.e. ‘‘across’” the ridge-shaped
ambiguity function) are much the same. However,
in favourable cases, (i.e. for deviations along the
axis of the ambiguity function), the f.m. system
can be up to FT times better off. (Short pulses or
long C.W. signals may also be regarded as having
ridge-shaped ambiguity functions, .’
parallel to the frequency and time
co-ordinates respectively).

One likely cause of distortion is
a varying range rate. Each part of

1§

the transmitted signal waveform ! LEN 5

] Y \ e
R I\M/\/\/\/\/\T———-» COMPRESSED REPLICA

is then compressed (or stretched)
in accordance with the instan-
taneous range-rates, expressed as
fractions of the speed of propa-
gation. The pertinent range rates
are those of:—the transmitting
transducer (at the time of emission of the given
portion of the wave-form), the receiving trans-
ducer (at the time of arrival of the relevant part
of the echo), plus twice that of the target (at the
time of reflection).

f o w—

As illustrated by the dotted lines on Fig. 10,
frequency modulation (more accurately cycle-time
modulation) of the initial wave-form requires a
time shift to make the initial and Doppler-com-
pressed wave-forms match (for much of their
length). Indeed this is the origin of the diagonal
shape of the ambiguity function on the range/
Doppler plane.

MAIN LOBE OF

AMBIGUITY FUNCTION
FOR PSEUDO-RANDOM
SIGNAL OF FULL Fx T

1t —— T

FIG. 9. Four intersecting ambiguity
functions due to:—

(a) " Upwards" f.m.
{b) C.W. of duration T.
{c) " Downwards " f.m.

{d) Pulse of bandwidth F.

If the modulation produces a progressive
increase of cycle duration with time, as in Fig. 10,
then the aggregate range displacement during the
echo, resulting from a sustained range rate, will
contribute towards the time shift otherwise
required to balance the Doppler shift. With a
modulation law producing a linear increase (or
decrease) of carrier cycle time, with time within
the wave-form, the time shift required is constant
over the full length of the received signal, and
hence the design (or response) of a matched filter

P TIME SHIFT TO
MAKE WAVE-FORMS MATCH

N )

'\ 5 | ORIGINAL
LA \ 7 *, -

FIG. 10. Doppler compression of f.m. waveform:—
{a) Transmitted wave form.
{b) Compressed echa.

— — — Joins original to compressed replica
------ Joins compressed wave to portion of original equal length.



is virtually independent of steady Doppler effects.
See Fig. 11. This diagram shows how, under Dop-
pler compression, the characteristic modulation
line moves parallel to itself, on the time/cycle-
duration plane, and each part of the wave-form
moves on a straight-line locus joining it to the
origin. Thus, by similar triangles (all angles equal),
all parts of the wave-form and their relative tim-
ings are compressed by the same ratio.

/ TRANSMITTED SIGNAL
i
e
— £ o
| s g |SAME SIGNAL AFTER 20%
G e DOPPLER COMPRESSION
» _— - .v ‘7/
5 L
CONSTANT SPACING
ot [RANGE DISPLACEMENT
> SEQUIVALENT' TO DOPPLER
bt |sHiFT
74
TIME WITHIN WAVEFORM 1 —em
B . "
FIG. 11. " Doppler-invariant "' frequency

modulation. Linear cycle time modulation
equals hyperbolic frequency modulation.

Effects of Rapid Random Signal Perturbations
on Matched-Filter Reception

In addition to progressive systematic departures
from the basic signal pattern, we may be subject
to rapid, random fluctuations. These may be—
somewhat arbitrarily—considered from the point
of view of amplitude, timing, frequency and phase
distortions:—

Unless there are large variations, with frequency
or time, in the amplitude of the transmitted signal
or in the received noise level (and hence in the
relative gain of the elements of the matched
filter), amplitude fluctuations by themsclves are
unlikely to have much effect on the coherent signal
power emerging from the filter. They may how-
ever degrade the resulting signal/noise ratio.

Any steadily progressive changes of timing, due
to a single, but varying, propagation path, can be
catered for by the appropriate Doppler-matched-
filter (whose tolerance to Doppler frequency shifts
varies inversely with the total signal duration).

Since each constituent signal element (i.e.
“quantum *) lasts for one cycle at the **instan-
taneous bandwidth 7, the tolerable random timing
error is proportional to this duration, and hence
is inversely proportional to this ‘‘instantaneous
bandwidth . If the modulation exploits the poten-
tially available bandwidth in full, we are clearly
concerned with the total bandwidth of the trans-
mitted signal. Thus the system’s tolerance to small
random timing distortions, arising within the signal
duration, is inversely proportional to the band-
width of the signal.
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The system’s tolerance to rapid fluctuations of
frequency, on the other hand, is clearly propor-
tional to the ** instantancous bandwidth ™.

Excluding apparent or actual frequency fluctu-
ations due to engineering imperfections, frequency
variations are likely to be due to the Doppler
effect associated with path-length variations. How-
ever, since the Doppler effect depends on the rate
of change of path-length and any timing error
depends on the aggregare change of path-length,
the two aspects may normally be considered separ-
ately. Hence the probability density function of
“ instantaneous signal location”” may be repre-
sented as an elliptical ** splodge ™ on the time/
Doppler plane (tilted only if the two parameters
are correlated), and we must design the overall
system to keep this as far as possible within the
main lobe of the **ambiguity function ™ on that
plane. The f.m. ambiguity function (i.e. a ridge
of the same width as the single peak for pseudo-
random noise of equal time-bandwidth limits) can
offer a useful advantage in tolerance to such ran-
dom pertubations along its major axis.

Any effects tending to influence the instant-
aneous phase within one frequency/time quantum
are averaged vectorially, and appear as a mean
change of phase and amplitude of the resulting
signal element. The permissible tolerance to the
rmiean phase over a signal element may be
related to the preceding discussion on random
time fluctuation, since the duration of one signal
element represents one cycle of phase.

“ Optimum ” Mix of Coherent and
Non-Coherent Integration

Any pattern of instantaneous signal vectors
A’ expjd’, differing from the reference pattern
A exp )6, will modify the matched-filter output in
the ratio (A’ exp (9 —6’) }/A. The attempt at
coherent integration, implied in the use of a
matched filter, is then beneficial only over such
intervals of time as satisfy, say,

—7/2<(0—0") < + =/2.

Hence the ideal matched filter can be optimally
adapted to the expected signal distortions, by split-
ting it into smaller constituent filters meeting this
criterion, and then combining the outputs of these
partial filters non-coherently. Thus if, say, acceler-
ations produce a significant change in the Doppler
shift, within the signal duration, one way of hand-
ling this problem would be to split the receiving
system into p adjacent, smaller matched-filter
arrays, each using a separate portion of the total
received signal energy. For instance the output
bus-bar of Fig. 1 might be divided into p consecu-
tive sections, each handling 1/p of the transmitted
wave-form. This would allow only 1/p of the time
for a significant change to develop within the signal
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FIG. 12 (a) High velocity resolution.

in the reduced coherent matched filters. Those
combinations of outputs corresponding to plausible
and relevant changes of the Doppler shift, from
one of the p partial filters to the next, could then
be combined non-coherently. Ideally the frequency
and time resolution of the partial filters should
bear a common ratio to the Doppler frequency
(i.e. velocity) and time spread of likely target
signals. See Fig. 12.

If the received signal retains its internal coher-
ence over less than one cycle of its ideal * instan-
taneous bandwidth ** (corresponding to that of the
transmitted signal), the filter bandwidth would
clearly have to be widened appropriately. The sub-
sequent non-coherent signal integration, in accord-
ance with the above principle, would then merely
result in the determination of total power (or pos-
sibly in weighted power addition).

If thus p equal, previously coherent portions of
the received signal must now be combined non-
coherently, and if these p partial signals have
similar, fairly low ratios of signal to (non-coherent)
noise, the loss of coherence will degrade the
resultant signal/noise ratio by

1/v/p’ where p’ <p
However, in general the full p-fold coherent
integration would also imply the selective recep-
tion of signals arising from one of p regions of the
range /Doppler plane. Hence the reduced degree of
coherent integration will:
(i) avoid the need to “look * separately for
signals from these p regions,
(ii) lose the opportunity to classify signal sources
according to these p regions of origin.
(iii) lose the opportunity of discriminating
against noise or interference not coinciding
with the wanted signal in these p regions.

TIME —ea=

FIG. 12 (b) Reduced velocity resolution.

For Fig. 12 (a}
For Fig. 12 (b}
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FIG. 12 {c}. Non-coherent filter combinations to
cover given velocity pattern.

FIG. 12. Partial matched filters with ambiguity functions
of different ""Aspect Ratios "' combined non-coherently.
{Note. Actual range and velocity pattern shown by
curves in (a) and {b).

The smaller shaded area in {b) implies less noise

and better pattern selectivity.)

The main objects of partially non-coherent
integration in the time dimension (apart from
economy) are likely to be:

(i) to accommodate multi-path arrivals,

(ii) to allow less time (within each coherently
integrated section) for significant changes
in the transmission path to take place, and

(iii) to increase the frequency tolerance.

With linear f.m., the use of p partial filters, each
accepting 1/p of the frequency sweep, reduces by
1/p both the time and frequency spans of the
signal to be integrated coherently. This results in
an ambiguity function which is still a diagonal
strip of unit area on the time/Doppler plane, but
its length is reduced and its width is increased
p-fold, and thus its tolerance to random or un-
favourable changes in horh dimensions is improved
by the same factor. This contrasts with random
modulation, where a partial signal of p times
shorter duration still contains the full spectrum—
and hence retains its full sensitivity to timing;
however the p times shorter observation time does
give a p times coarser frequency discrimination—
and hence wider frequency tolerance.



Tolerances in Direction of Arrival and
Further Generalizations

The discussion so far has been concerned with
collecting the signal energy despite changes of its
position in the time and Doppler dimensions.
Similar problems can arisc in the angular dimen-
sions of azimuth and/or elevation. In this case it
is the size of the transducer array, in wave-lengths,
which determines the fineness of its angular dis-
crimination.

If the beam moves by less than its own width,
the danger of a receiver or reflector drifting out
of the beam, within the signal duration, decreases
with increasing range—where full sensitivity norm.
ally matters most. The propagation path can be
broken by rotation of the transmitting or receiv-
ing transducer (or a reflector), or by relative lateral
translation. In addition, the path might be bent
by time-dependent refraction effects.

Once again, these possibilities—if significant—
can be taken into account by appropriate elec-
tronic steering of the beam for ecach likely and
relevant pattern of angular changes, or by restrict-
ing coherent detection to p consecutive portions
of the signal, and then non-coherently combining
plausible sequences of these partial signals, associ-
ated with adjacent beam positions.

The spatial phase coherence over a transducer
array can be effected by inhomogeneities in the
propagating medium or irregularities in any reflect-
ing surface, provided these disturbances are in the
near field: any irrcgularities within the main lobe,
in the far field, are, by definition of that lobe,
irresolvable. Their relative amplitude and phase
will jointly determine the amplitude and phase of
the received signal, but they cannot significantly
affect the distribution of that amplitude and phase
over the receiving aperture. (With ** super-gain ”,
the main lobe is narrowed, the aperture distribu-
tion becomes irregular, and the spatial limits of
the ** near field ™ are extended. However, subject
to these provisos, the above statement still applies,
even though the aperture distribution itself is
neither smooth nor uniform.)

Where near-field inhomogeneities are limiting
the size of aperture over which coherent integra-
tion is possible, we are faced—once again—with
only part of the signal (now limited in array space,
in two or three dimensions) being integrated
coherently, and the outputs of several such in-
tegrators being combined non-coherently. Since
this widens the beam, it also provides an alterna-
tive means of coping with unexpected rotations or
translations of the propagation path. The total
requirement for non-coherent array processing—
if any—arises then from the statistical combination
of the effects of these inhomogeneities and of the
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movements of the propagation path discussed
above.

Similar limitations to the coherent array aper-
ture arise also in scatter communications, where
either:

(1) the volume of medium common to the trans-
mitting and receiving beams must be kept
large enough to give an acceptablc prob-
ability of containing a suitable scatterer, or

(i1) the volume contains a large number of such
scatterers, and any increase in (coherent)
receiving aperture gives a proportionate
increase in collection efficiency of the
energy from a proportionately reduced pro-
portion of the transmitting beam. If the
scatterers can be regarded as coherent, there
is then no net gain from the increased aper-
ture. This could be thought of as an ex-
tended effective source of radiation which
can maintain coherent illumination—
arising from the full source—over only a
limited receiving aperture.)

If the receiving aerial sensitivity is inadequate,
signals from several parallel receiving acrials will
then have to be combined non-coherently, in the
same manner as in ‘‘ space-diversity reception .
These may be small-aperture aerials each encom-
passing the whole of the scattering region within
their beam-width, or largc-aperture ones, each
covering a separate proportion of the scatier
region.

A suitably weighted additive combination is
clearly the optinlum processing of such parallel
signal channels when the signal-to-noise ratio in
all of them is low. At higher signal levels, various
logical processes to minimize interference, distor-
tion or fading may be more appropriate. These con-
clusions apply of course to diversity reception in
the time and frequency dimensions as well as to
spatial diversity.

In a medium of variable dispersive character-
istics, the relative phasc of different spectral regions
of the received signal may not be maintained
adequately for coherent integration over the full
spectrum. In this case (as an alternative to the pro-
vision of a range of alternative phase changers),
the spectrum may be broken up into a number of
partial spectra, each with its own partial coherent
matched filter. The outputs of these filicrs would
of course be combined non-coherently.

The most likely change in the frequency dimen-
sion is however thc Doppler effect, ie. a com-
pression or expansion of the time scale of the com-
plete received wave-form without alteration in its
intrinsic wave shape (or its signal energy). This
need then not preclude coherent integration in an
appropriate filter, matched to the given Doppler
range-rate.

Signal Reception: Benjamin
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In pulse-to-pulse integration, a changing effective
path-length, in addition to producing Doppler
frequency shifts, can in some cases make it quite
difficult to keep the signal within a range-gate or
time-slot for the appropriate observation time. A
filter matched to a high Doppler velocity may then
have to be designed to be also associated with an
appropriately moving time (range) slot. However,
once again the time for a change to become signifi-
cant can be decreased by the use of p consecutive
partial matched filters. The outputs of appropriate
sequences of range/Doppler filters, each sequence
representing plausible and relevant target man-
oeuvre (or othcr physical situation), can then be
combined non-coherently. See, for instance, Fig.
12b.

Quite generally, the received signal, to be
integrated coherently for matched-filter reception,
is distributed over the two dimensions of the
frequency-time plane and the two geometrical
dimensions (or three, including end-fire array
elements) of the receiving aperture. If a departure
from the expected pattern of relative amplitudes
and phases exists—or develops—in any one (or
any combination) of these five co-ordinates, this
can impair or destroy the internal coherence of the
received signal. The liability to all these coherence
losses mwust therefore be assessed, prior to the
design of a specific system.

Conclusions

It is shown that, in a band-spread signalling
system, it may not be permissible to choose the
bandwidth solely according to the timing accuracy

desired—or the circuit bandwidth available.
Neither may the duration of the spread signal be
determined solely by the desired frequency
accuracy or by the ratio of desired energy to avail-
able mean power. Nor indeed may the receiving
array configuration be wholly defined by the
desired angular gain—or the aperture available,

If the elements of received signal energy, dis-
tributed in frequency and time and over the two
(or even three) dimensions of the receiving array,
are to be integrated coherently, changes affecting
the coherence of the signal within these dimensions
must be avoided. This paper indicates in general
terms an approach to:

(i) assessing the tolerances arising from this
consideration,

(ii) assessing the magnitude of the possible
coherence loss,

(iii) the choice of modulation law and other
system characteristics to take account of
these tolerances,

(iv) the optimum combination of coherent, non-
coherent and logical processing to match
given systems constraints,

(v) (incidentally) the selection of a modulation
law to produce an ambiguity function, meet-
ing given special requirements.
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SUMMARY

This paper is concerned with the engineering (as
opposed to system techniques) design problems of
electronics and ancillary equipment, experience being
drawn from aircraft and ground military radars, and
S.A.G.W. systems. The paper outlines the basic problems,
attempts to define " extreme” conditions, touches upon
listorical experience, indicates how the basic problems
influence design, surveys contemporary approaches for
alleviating the environment and suggests a possible
wholesale solution to many of the problems by the
application of microelectronic techniques.

Introduction

The problem of designing and achicving an
acceptable standard of reliability in military equip-
ment for normal deployment becomes even more
intractable when trying to meet °‘‘ cxtreme’’
climatic conditions associated with military activi-
ties. The task for normal applications is made more
difficult by lack of systematic feedback of field
defect data and analysis. In the case of climatic
extremes, there has been virtually no field experi-
ence which, over the years, might have fed back
defect problems for analysis in the laboratory.
Except for performance, the primary problem of
design is defining in engineering terms the environ-
mental conditions e