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Television Measuring Techniques

HERE have been many exciting developments in recent years in the field of television engineering.

For example, in the United Kingdom these have included the advent of colour television using the
PAL system, the introduction of transmissions at u.h.f. with the engineering of three colour networks
in this band, and the increased use of insertion test signals, automatic monitoring and unattended
transmitters. These innovations have meant that equipment and circuits are required to operate within
very much tighter performance limits than before.

Engineers working in the field of television measurements have succeeded not only in developing the
more advanced techniques necessary to ensure that the performance of the equipment and circuits can
be measured to these higher standards but also in devising new techniques for the measurement of
parameters which have recently acquired considerable importance. These developments have
reached the stage at which it seemed appropriate for there to be held a Conference devoted to Television

Measuring Techniques.

The Institution of Electronic and Radio Engineers with the association of the Electronics Division
of the Institution of Electrical Engineers, the United Kingdom and Republic of Ireland Section of the
Institute of Electrical and Electronics Engineers and the Royal Television Society has therefore
organized a three-day Conference which will be held at the Middlesex Hospital Medical School,
London, W.1, from Monday 11th to Wednesday 13th May inclusive: the outline programme of the
Conference is given on pages 137 and 138 of this issue. The Conference covers measuring techniques
used at all stages in the progress of the television signal from the camera tube to the domestic receiver
and the papers have been arranged in four main Sessions, each of which will include a survey paper.

The Studio Origination Session will include papers on the techniques adopted in the line up of studios,
measurement of colour sub-carrier phase, camera tube lag, small order non-linear distortions and
video noise in the presence of synchronizing signals, also colour monitor calibration. In the Networks
Session a number of papers are devoted to insertion test signal techniques and automatic measurement
and there will be a paper on the additive effects of degradation. The Receivers Session covers various
aspects of measurements on television monitors and receivers. The Transmitters and Aerials Session
includes papers on u.h.f. klystron transmitters, u.h.f. television transposers, and aerial, feeder and
field strength measurements.

In addition to the papers there will be a combined sherry party and visit to the 1.T.A. Television
Gallery and a visit, which unfortunately must be restricted in numbers, to the B.B.C. Television Centre.

The Middlesex Hospital Medical School is an ideal location for a Conference of this type being
situated in the West End of London and adjacent to the Post Office Tower. A small exhibition of
measuring equipment will be presented in an area adjoining the lecture theatre and the Conference
programme has been arranged so that there will be ample time for examining the exhibits.

The Conference will provide an all too rare opportunity for engineers working in comparable fields
to meet and exchange ideas. Great interest has been shown both in the United Kingdom and overseas
—papers have been received from the U.S.A., Germany, Italy and Denmark—and there is every

indication that they will be supported by lively and stimulating discussions.
R. LARRY
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INSTITUTION NOTICES

Institution Dinner, 1970

The Guest of Honour at the Institution Dinner in
London on Tuesday, 12th May next, will be His Royal
Highness The Prince Philip, Duke of Edinburgh. The
Dinner will take place in the Egyptian Hall ‘of the
Mansion House in the City of London in the presence
of the Right Honorable the Lord Mayor of London,
Sir lan Frank Bowater, D.S.O., T.D. Other official
guests will include representatives of government, the
universities and industry.

Members of the Institution intending to take part in
what promises a memorable evening are urged to
complete, and return to the Institution without delay,
the application form which is enclosed in this issue.
Tickets for members’ personal guests will have to be
strictly limited in number, and attention is particularly
drawn to the arrangements in this connexion stated on
the application form.

Conference on Automatic Test Systems

Present indications are that the Conference on
‘Automatic Test Systems’ to be held at the University
of Birmingham from 14th to 17th April, will attract a
capacity attendance; a provisional programme of the
Conference was published in the January issue of the
Journal. Applications for registration forms should
therefore be made without delay either by telephone to
the Institution or using the tear-out forms at the back
of this issue.

4th Annual Solid State Devices Conference

The Institute of Physics and The Physical Society in
collaboration with the Institution of Electrical
Engineers, The Institution of Electronic and Radio
Engineers and the Institute of Electrical and Electronic
Engineers, United Kingdom and Republic of Ireland
Section, is arranging a fourth Conference on Solid
State Devices from 15th-18th September 1970 to be
held at the University of Exeter.

The Conference will follow the established general
pattern, with the aim of providing a forum for the
presentation of new work in the areas of applied solid
state physics, device production and characterization,
together with their associated technologies. Leading
workers are being invited to present keynote and
invited papers in a wide range of topics.

The programme committee also invites offers of
contributed papers of either 20 minutes or 10 minutes
presentation time, including discussion, in this general
subject area, and would particularly welcome contri-
butions on the following.

Electroluminescence—Light sources and displays

Photon and particle detectors—including arrays

Semiconductor transducers
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Electron emission from semiconductors

Device physics

Device modelling

Effects of material defects on device yield and perform-
ance.

Microwave amplifiers and oscillators

Semiconductor memories—conventional and uncon-
ventional

Papers on materials in the specific context of device
applications will also be welcomed.

The Chairman of the organizing committee is
Professor D. H. Roberts (Plessey Company) and the
Chairman of the programme committee is Professor
E. H. Rhoderick (UMIST). The LE.R.E. is repre-
sented on the organizing committee by Professor J. C
Anderson (Member) (Imperial College).

Abstracts, of about 400 words, for contributed
papers, typed in double spacing on one side of A4
paper should be submitted in duplicate to the Con-
ference Secretary, Dr. D. C. Northrop, University of
Manchester Institute of Science and Technology,
Sackville Street, Manchester M60 1QD, to arrive on or
before Friday, 19th June 1970. Abstracts should not
include figures and should be suitable for photo-
copying.

Residential accommodation will be available in the
University Halls of Residence. Further details and
application forms will be available from the Meetings
Officer, The Institute of Physics and the Physical
Society, 47 Belgrave Square, London, S.W.1, in May/
June 1970.

Nuclear Technology in the U.S.S.R.

The Annual General Meeting of the British Nuclear
Society will take place on Thursday, 30th April 1970,
at 5.30 p.m. at the Institution of Civil Engineers, 1-7
Great George Street, London, S.W.1. 1t will be
followed at 5.45 p.m. by a lecture on ‘Some aspects
of nuclear development in the U.S.S.R.’, by Victor
Rojkov (Technical College of Physics and Engineering,
Moscow). Admission is by ticket only (for both mem-
bers and non-members), and applications should be
made to: The Secretary, B.N.E.S., 1-7 Great George
Street, Westminster, London, S.W.l. (Telephone:
01-839 3611)

Postcode for the Institution’s Headquarters

The postcode WCI1B 3RG should now be used
when writing to the Institution at 9 Bedford Square,
London. The postcode should be typed or written,
with the spacing shown, after ‘London’, either on the
next line or placed well away, and not underlined.
The object of postcodes is to enable the British Post
Office to implement mechanized postal sorting
techniques.
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An Experimental Laser-Photochromic

Display System
By

GEOFFREY G. FULLERY
B.Sc.

Reprinted from the Proceedings of the I.E.R.E. Conference on ‘Lasers
and Opto-Electronics’ held at the Unirersity of Southampton on 25th
to 28th March, 1969.

A laser display system is described which can produce real-time television

standard pictures, or alternatively reversible, stored images using photo-
chromic film. The development of components for the modulation of
laser beams is also described. The spatial modulators are acousto-optic
diffraction cells, and the amplitude modulator uses the electro-optic

effect in ADP.

1. Introduction

In the field of real-time, store or non-store display,
most requirements are currently met by the ubiquitous
cathode-ray tube in its many forms. However it is
recognized that besides being a fragile device because
of its large vacuum envelope, the c.r.t. has certain
characteristics which limit its performance, par-
ticularly in applications requiring bright large-screen
displays, a reliable reversible storage capability or very
high resolution. There is a need, therefore, for new
display technologies which remove these limitations
and it is felt that the laser could find potential applica-
tion in this field. However, in order to realize this
application, and indeed other suggested applications
of data storage and communication, it is necessary
first to develop the laser beam control technologies of
high-speed temporal and spatial modulation. This
laboratory has therefore developed such devices and
applied them in an experimental display system which,
although not purporting to reach high performance
limits, does serve to demonstrate the principles of a
laser display and enable a realistic assessment to be
made of the potential usefulness.

For spatial modulation, there are three basic tech-
nique classes; mechanical, electro- or magneto-optical
interaction, and acousto-optic interaction. Mechanical
deflectors have well-defined performance limits and
are mainly applicable to cyclic scan. Electrostatic or
magnetic fields can induce refraction changes in an
optically-active material which can be used directly
to give analogue deflexion, usually with very low
resolution (a materials limitation), or indirectly by
inducing polarization changes and converting these
into digital deflexion through a polarization analyser.
The latter effect can exhibit geometrically precise
positional accuracy, but since each element only
produces a binary output, a deflector having a practical
resolution requires many series elements, resulting in a
severe compromise between speed, resolution and

+ Space and Weapons Research Laboratory, Elliott Brothers
(London) Ltd., Frimley, Camberley, Surrey.

The Radio and Electronic Engineer, Vol. 39, No. 3, March 1970

optical efficiency. Acousto-optic deflexion has been
chosen for the system since although there is a speed/
resolution compromise, high efficiency operation is
possible, and the current materials situation less
restrictive.

The same three basic class divisions apply equally in
the case of extra-cavity amplitude modulators but the
performance criteria are now different, the emphasis
being on speed of operation. Mechanical devices
again are limited in speed unless used cyclically.
Electro- or magneto-optic devices can have high
speed and efficiency, while acousto-optic modulators
are generally limited in speed by transit time effects.
The field of electro- and magneto-optic modulators
is very broad and well documented, the main selection
parameters being optical efficiency, contrast ratio and
ease of driving circuitry. A good solution from the
point of view of the experimental display system is
provided by an electro-optic modulator first described
by Dore,! which has been engineered to interface with
the experimental display system.

2. Acousto-optic Deflexion
2.1. Principles

The basis of beam deflexion using acoustically
generated refractive index changes is well docu-
mented,?* the principle being shown in Fig. 1. A
plane acoustic wave is launched through a medium,
orthogonally to a parallel beam of light. The acoustic
wave generates periodic refractive index variations in
the medium, which are ‘seen’ by the light beam as a
phase grating, and result in diffraction of the output
beam. If the angles between a first-order diffracted
beam, the input (zero-order) beam and the acoustic
beam are adjusted so that the wave vectors have zero
sum, only one first-order diffracted beam results, a
condition analogous to that of Bragg diffraction of
X-rays in crystals. For a fixed input beam angle, the
output (first-order diffracted) beam may then be
steered by suitably changing the acoustic vector, i.e.
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Fig. 1. Bragg diffraction.

the acoustic frequency and its angle of propagation.
In practice it is possible to achieve beam steering over
reasonable resolutions by simply changing the
acoustic frequency whilst retaining fixed angular
conditions. By using crystal anisotropy* it is also
possible to achieve ‘automatic’ angle tracking with
frequency.

2.2. Design Criteria

The usefulness of a diffraction cell as a deflector is
expressed in terms of its number of ‘resolvable
positions’ N, that is, the angular sweep of the output
beam divided by its angular spread, the latter being
determined by the diffraction limit of the optical
aperture, width D. This can be expressed as

N =1Af

where 7 is the transit time of an acoustic wave across
the cell aperture, and Af the acoustic frequency
sweep.

For the case of a cell not having a steered acoustic
beam, there is a limit to the acousto-optic interaction
length, L, for a given frequency sweep which can be
defined by not allowing the light intensity to fall by
more than 1 dB at the scan edges. This condition
occurs when the deflexion angle varies from the true
Bragg angle by greater than 60 where

|4
00 =
4Lf
where V is the acoustic wave velocity. Expressing
this in terms of Af and f, we have
4v?
L foo (2)

" AAf4f3- A
A minimum limit restraint is imposed upon L by
consideration of the acoustic power density P, needed
for complete diffraction; this is given,? using standard
symbology, by
B 9pV 342
¢ 230+ n—2/n)?
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Since the power density available from practical
transducers is limited by conditions of electrical
breakdown, heating or mechanical damage, L has a
defined minimum value for a given transducer system.

The aperture of the cell D is defined by eqn. (1)
(since T = D/V) and by the fact that the acoustic
power is attenuated as it travels across the aperture.
If we consider the case of diffracting media which
exhibit a loss coefficient & proportional to f? (typical
of most liquids and of some solids over certain
frequency ranges) and permit a 3 dB loss across the
aperture at maximum frequency, it can be shown that

_ N2V2a(2fy +Af)
™ Aflog, 2
Equations (1) to (4) form the basic design criteria

for diffractor cells, and their application will be out-
lined in Section 2.3.

D

2.3. Practical Cell Development

The use of the design criteria in the previous section
can be demonstrated by reference to two specific cell
designs.

The first of these was designed for a system requiring
a resolution of not less than 100 at an optical wave-
length of 1-06 pm, and not less than 3 dB intensity.
fall off at the scan edges. The diffracting medium
was to be deuterium oxide (heavy water) since ordinary
water is less transparent at this wavelength. For this
system the cell transit time was not significant so that
the aperture was made large, thus avoiding the use
of a steered acoustic beam for such low resolution.
With the aperture calculated at 50 mm (a figure less
than the theoretically permitted maximum but limited
by the manufacturing difficulties of cylinder lenses),
the frequency sweep was then given as 2-8 MHz. For
the practical reasons of drive circuit design and
efficiency the acoustic power was generated using
lead zirconate titanate ferroelectric ceramic trans-
ducers bonded on to a coupling prism of fused
silica; this acoustic system has an acoustic bandwidth
of 259, to 1-5 dB, thus fixing the cell centre frequency
at 16 MHz. The bandwidth and centre frequency
then fix the maximum sound/light interaction length
if the Bragg condition is to be adequately met.

The ultrasonic power can thus be calculated and in
order to reduce this to a minimum, the optical
aperture was reduced to a thin slot shape in a direction
normal to the diffraction plane by the use of cylindrical
optics.

The completed cell was duly evaluated and with the
exception of some degradation of resolution caused
by imperfect cylindrical lenses, the device functions in
accord with the design predictions and exhibits an
optical efficiency (input light to diffracted output light)
of about 70%,.

The Radio and Electronic Engineer, Vol, 39, No. 3
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The deflector is one of a pair which are incorporated
into a practical field equipment which can produce a
digitally-controlled raster scan of 100 x 100 resolution
over a 5°x 5° sweep at an overall optical efficiency of
about 18%,.

The second cell to be described was for the experi-
mental display system and its specification was there-
fore determined by television 405-line broadcast
standards. This includes a maximum transit time (for
flyback) of 16 us and a resolution of 405,

For the particular case of a linear time-varying
(sawtooth) frequency sweep, the effective time of
scan from one spot position to the next can be made
very small compared to the cell transit time, the only
effect upon the diffracted output beam being to
produce an effective astigmation which can be
corrected by means of a fixed optic. However, since
a sawtooth is a regenerative waveform, time must be
allowed during the flyback period to allow the acoustic
swept wave to leave the cell aperture and be replaced
by a new acoustic swept wave; this requirement
modifies the basic resolution expression to:

N = tAf(1—1/P)
where P is the sweep period. For the television case,

t is the flyback period of 16 ps and P is the line scan
time 98-8 us, fixing a frequency sweep of 31 MHz.

Again for reasons of practicality, a lead zirconate
titanate/fused silica transducer combination was
chosen with a 3 dB mechanical bandwidth of 429/,
i.e. a minimum centre frequency of 41 MHz.

From eqn. (2) a maximum interaction length of
3-8 mm is given but this results in an unacceptably
high ultrasonic power density (eqn. (3)). In order to
overcome the maximum limitation, the cell was
designed so that the acoustic beam was steered with
changing frequency. A convenient method of
achieving this is to divide a wide acoustic wave front
into a number of discrete sections, and produce a
predetermined phase relationship between the sections,
either electronically or mechanically. The precision
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Fig. 2. Phased array steps.
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Fig. 3. Phased array beam steering conditions.

of phasing makes the implementation of electronic
systems very difficult, so that a mechanical system
was chosen where the transducer sections are mounted
in a staggered fashion, shown in Fig. 2. This results
in a characteristic where the acoustic beam angle
varies as 1/f, the required Bragg condition being a
linear f dependence as shown in Fig. 3. The two
characteristics can be matched over a frequency range
which is defined by the points where they differ by
the error angle ‘criterion’ given in Section 2.2 (see
again Fig. 3).

Since the operating bandwidth and frequency sweep
are already determined, for minimum frequency
operation the frequency limits also become fixed
(points f, and f, in Fig. 3). The shape of the 1/f
characteristic is determined by the aperture (trans-
ducer) width, S, of each section of the phased array;
when the error condition is related to this shape,
equations result relating the total array length, and
the section width, and having a unique solution.

For the particular case of this cell the resultant
solutions were
step width 3-8 mm
array length 40 mm

As in the previous cell, the power requirement was
reduced by the use of a cylindrical optical arrangement
resulting in a transducer height of 2 mm, and approxi-
mate power input of 350 mW.

The cell constructed in accordance with the fore-
going design procedure is shown in Fig. 4. The optical
efficiency at the centre of the scan is 129, and the scan
intensity falls off by approximately 3 dB at the lower
frequency end, but by some 6 dB at the high frequency.
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Fig. 4. Phased array cell.

The increased loss is in part due to the rapidly in-
creasing ultrasonic attenuation at these frequencies
and to the greater significance of geometrical imper-
fections in the manufacture of the array at short
wavelengths. A resolution of between 300 and 350
was recorded, but again some degradation was due
to imperfections in the ophthalmic quality cylinder
lenses.

3. Amplitude Modulator

The outline specification for the amplitude modu-
lator for use in the experimental system was that it
should have a bandwidth from d.c. to 3-5 MHz, be
capable of being driven continuously at 1009,
modulation depth with relatively uncomplicated
electronic circuits, have a good extinction ratio (at
least 25 to 1) and high optical efficiency.

An electro-optic modulator developed by Dore!
is shown to meet the outline specification and
additionally can be made from relatively cheap and
readily available material. An engineered model has
now been produced by this laboratory.

The modulator uses the transverse r,, electro-optic
coefficient in ADP (ammonium dihydrogen phosphate)
and is arranged as shown in Fig. 5. Two crystals of
ADP are used, the first 45° X cut and the second 45°
Y cut, separated by a natural quartz half-wave plate.
This configuration has the advantages of a net
addition of electrically induced phase changes for a
common applied field direction in both crystals, but
cancellation of natural birefringence and of phase
shifts produced by temperature induced path length
changes, provided that both crystals are maintained
at an equal temperature. Since the electric field
direction is common to the two crystals, the tempera-
ture condition can be easily met by mounting both
crystals on a thermally massive metallic plane, which
also serves as the ground electrode.

126

The effect of a changing voltage in the unit on an
input beam [, plane polarized at 45° to the input face
is to change its polarization through elliptical to plane
polarized orthogonally to the original plane. If this
beam is analysed by a polarizer, the intensity of the
output beam [ is given by

vV
l=losin2n<
2\ v,

where Vpy is the units’ half-wave voltage.

The engineered version of the modulator uses
crystals 2 mm thick, 3 mm wide and 50 mm long,
these dimensions representing a compromise between
maximizing the length to thickness ratio (thus
minimizing the half-wave voltage) and the restrictions
imposed by mechanical handling problems. The
analyser is a Nicol prism, mounted integrally, and
with a bloomed fused silica window to protect the
input face, the whole assembly is cemented together
to form a single optical unit. The measured half-wave
voltage is 190V at 0-488 um, the transmission
approximately 709, and extinction ratio greater than
25to 1.

4. Frame Scan Unit

The frame (vertical) scan unit for the experimental
system could have been another acoustic-optic cell,
but it was felt that the additional optical and electronic
complexity was not justified for a unit that was
required to produce a sawtooth scan at only 50 Hz.
Of the various mechanical methods of deflexion,
those based on rotating mirrors or prisms were found
to be optically incompatible (in a practical implemen-
tation sense) with the acousto-optic scanner, which
produces a fundamental angular scan of 16 minutes
of arc; recourse was therefore made to a piezo-electric
system.

The unit consists of a pair of parallel-connexion
bimorph bender strips carrying flat aluminized

Modulation

Modulated Beam
/Quartz Window
/Nicol Prism

~
45°x Cut C'qstal Ny
Half Wave Plate —

45_Y Cut ADP Crystal.

Heat Sink and Earth Electrode
Unmodulated Light é&m

Fig. 5. Amplitude modulator schematic.
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mirrors, and driven in phase. This configuration
produces additive angular deflexion but cancellation
of the positional deflexion normally resulting from
single bender deflectors. The high electro-mechanical
coupling coefficient for lead zirconate in conjunction
with a low electrical output drive impedance tends to
damp out ringing but it was found, in practice, that
additional mechanical (viscous) damping was required.

Although the fundamental resonance of the benders
was chosen to be compatible with the maximum
frequencies in the sawtooth spectrum, the unit was
deficient in high frequency response and resulted
therefore in a ‘folding over’ of the top part of the
television raster.

5. The Laser Source

The light source has to produce a uniphase wave-
front of high continuous power which has an output
wavelength suitable for the activation of available
photochromic materials. At the present time only the
argon ion laser meets this requirement and a tube has
therefore been developed for the system. The tube
has a ‘long’ cavity configuration resulting in a maxi-
mum single transverse mode output of 250 mW,
single line selection being by an intra-cavity Littrow
prism. The unsuitability of this type of high current
plasma tube in any practical system is appreciated
but the portents for the development of high efficiency
frequency doubling methods for application to solid-
state lasers operating at 1-06 um are good.

6. The Display System

A block diagram of the experimental display system
is shown in Fig. 6. The laser source is the argon laser
described in Section 5.

Amplitude modulation is impressed on the beam by
means of the electro-optic modulator, horizontal
deflexion being added by means of the acousto-optic
cell.

March 1970

piezo-electric bimorph benders carrying front surface
mirrors.

At this point in the system the information to be
displayed appears as a modulated raster scan approxi-
mately 2 x 3 mm square. There is then the option to
project this image directly on to a screen at any
required magnification to be viewed as a real-time
picture, or to allow it to store on a photochromic slide,
the stored image being projected as in a normal slide
projector with condensed, filtered white light and a
projection lens.

The three modulator units have been driven directly
from a television broadcast receiver chassis, from a
television camera, and from a c.r.t. graphic display
joystick controller.

6.1. The Optical Interface

The system optical assembly is shown in Fig. 7.
The beam leaving the laser is approximately 3 mm in
diameter. This is collimated into a 0-5 mm beam,
passed through the amplitude modulator and then
re-collimated by a reverse telescope to a diameter of
40 mm equivalent to the line scanner aperture. A
pair of confocal cylindrical lenses causes the beam to
come to a line focus in the line scan cell and be re-
collimated at the output. The first order diffracted
beam is brought to a focus, the frame scan unit being
positioned in the convergent part of this beam, so
that a full raster scan is produced at the focus, with

Screen J
|
Laser
Amplitude

Modulator
e "
{--
Frame Scanner

Line Scanner

Primary Focus -
Projector Lens

Fig. 7. System optical assembly.
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a size approximately 3-0x2-5mm. The effect of
astigmatism produced by having a linear frequency
sweep in the line scan cell is removed by readjustment
of the cylindrical lens positioned near the frame scan
unit. In the direct display mode a short focus lens
projects the raster scan on to a back projection screen
to any desired magnification by interchanging lenses
or altering the projection throw.

All the optical components are anti-reflexion coated
at 0-488 um. The short focus lenses are microscope
objectives. The larger lenses are cemented achromats
and the cylindrical lenses plano-convex, both working
at approximately f/12.

6.2. The Photochromic System

When operating in the storage mode a photo-
chromic film is placed at the primary system focus so
that the display is recorded in an analogue fashion on
the film. Simultaneously with the recording, the
image on the film is projected on to a screen as is a
colour slide in a conventional slide projector. The
arrangement of the photochromic slide and projection
optics is shown in Fig. 8. Just before the primary
focus, the scanning laser beam is deflected through
90° by a small surface mirror. The photochromic slide
is also placed near the focus of the quartz-iodine lamp
condenser system, the mirror being small enough not
to interfere seriously with the evenness of the projector
illumination. Together with the condenser lens is the
filter which matches the photochromic unactivated
transmission spectrum, in this case a Schott OG2
orange. The photochromic film currently being used
is Cyanamid type 63-071 which has absorption
characteristics shown in Fig. 9. When projected
with OG2 filtered incandescent tungsten light, an
energy input of approximately 1 joule/cm? is required
to produce an effective image density of unity (contrast
ratio 10), the image appearing to the viewer as a
black trace on a bright yellow/orange background.

6.3. System Performance

In the direct projection mode the system can be
made to produce real-time broadcast television
pictures, as shown in Fig. 10. Although notable picture
degradation occurs due to the frame scan deficiencies

Laser scan
Screen
Lamp

¢

Heat absorbent glass

Water cell
Condensers

DO

0G2 Filter

Projector
lens

Photochromic film

Fig. 8. Photochromic projector optics.
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Fig. 9. Absorption spectra of photochromic film,

(cf. Sect. 4) and to severe radio frequency interference
between the line cell driver and the broadcast receiver,
the picture approaches the required standard, as
evidenced by the 1-5 MHz bar resolution on test
card D.

Most notable however is practical demonstration
of the inadequacy of display brightness when attempt-
ing to use the laser light directly as the illumination.
This is for two reasons, firstly the limited power levels
that are currently available from c.w. visible light
lasers, and secondly from the nett low transmission of
any optical complex containing a number of laser
modulators, typically between 19, and 109.

However, the use of the lasers’ unique characteristic
of being able to be focused to high power densities
has enabled the photochromic system to be realized.
With the relatively simple projection system using a
100 W lamp and f/2 condensers, a 75 x 90 cm (24 x 3 ft)
picture has been obtained on a back projection screen
at a brightness of 50 ft lamberts (538 lumens/m?).
The present laser system transmission loss limits the
writing rate of a complete television frame to several
seconds, but when the display is used in a line or

Fig. 10. Photograph of direct television picture.

The Radio and Electronic Engineer, Vol. 39, No. 3



AN EXPERIMENTAL LASER-PHOTOCHROMIC DISPLAY SYSTEM

character drawing mode where the effective screen
information cover is reduced by a factor of 102,
full frame writing can be achieved in real time.

7. Conclusion

The construction and operation of this experimental
display has been helpful in enabling a real assessment
to be made of the current and near future potential
of acousto-optical deflectors and the role of lasers in
display technology.

It is felt that the potential of direct laser light
displays for large screen viewing is not good but that
coupled with a light amplifier system, e.g. a photo-
chromic or other imaging light valve technique, a
powerful display technology could be developed. In
addition to display applications, the demonstrated
ability to deflect and modulate laser beams at high
random speed and efficiency should aid the develop-
ment of other proposed laser system applications, for

The Author

example holographic and magneto-optic stores, servo
beam tracking and etc.
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An optical fixed data storage system is described which is designed to
hold 4 M bits of information on each exchangeable photographic plate.
The store, intended as an integral part of a computing system, enables any
of 65,536 69-bit words to be retrieved with a random access time of a few
microseconds. Writing time for each data plate is approximately 1 hour.
To record and retrieve the data, a spot is positioned on the face of a high
resolution electrostatic cathode ray tube, and multi-imaged on to a
photographic plate by means of a lens/square cross-section mirror
tunnel/lens system. Word readout is achieved using one 11-stage photo-

multiplier as detector for each bit of the word.

1. Introduction

In many data processing systems there is frequent
reference to information which is rarely changed. This
information is typically held in a storage subsystem
having a large random access time but a high data
transfer rate, from which blocks are transferred as
required to a rapid random access store.

1t was decided to develop a store providing rapid
random access to large quantities of fixed information,
and having an appreciable cost advantage over core
stores. The store to be described is designed for this
purpose with the following goals:!

(i) 64k words of storage;

(ii) each word at least 50 bits;

(iii) random word access time a few microseconds;

(iv) information recorded in one such store to be

retrievable in any other similar store.

It was further decided that the storage medium
should be a photographic emulsion since their
limiting resolution is upwards of 200 lines per milli-
metre. A photosensitive emulsion-coated glass plate
of quite reasonable dimensions can be used to store
the required number of bits of information, the data
being retrieved by focusing on the plate spots of light
whose positions are accurately controlled.

2. Evolution of Store Design
We shall now briefly discuss the progress of the

optical store to its present form, and then examine,

more fully the performance required of each major
component in order to achieve the design goal.

Clearly data can be recorded in a photographic
emulsion either by incoherent or coherent radiation,
and may, for example, be in the form of discrete spots
or interference patterns. In view of the target speed,

1 Research and Advanced Development Organisation, Inter-
national Computers Limited, Stevenage, Hertfordshire.
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cost and capacity for the store, a cathode-ray tube
(c.r.t.) light source was chosen with its correspondingly
well-proven deflexion techniques. Discrete spots on
the processed photographic plate represent stored bits
and light passing through the plate is detected by
means of photomultiplier tubes (p.m.t.).

To achieve the desired word length an optical
system is required which produces at least 50 images
of the c.r.t. face on the photographic information
plate. This can be done using many separate lens
systems?, but a single lens system with a square cross-
section mirror tunnel® was chosen to avoid the
problems associated with mounting and adjusting a
large number of components. Multiple reflexions
within this tunnel are imaged by one lens (the pro-
jection lens) on to the information plate (see Fig. 1).
The used semi-angle of the projection lens and the
number of reflexions needed in the tunnel together fix
the length to cross-section ratio (aspect ratio) of this
component. A solid glass tunnel could be used, but
would of course need to be longer and more absorbtive
than a hollow one.

Having chosen the projection lens semi-angle and
fixed the tunnel aspect ratio, the scale of the photo-
graphic plate is determined by availability of suitably
sensitive p.m.t.s, the minimum diameter for these
tubes fixing the pitch from one image area on the
information plate to the next. Further an examination
of the probably achievable c.r.t. spot size makes it
clear that 64k spots in a matrix of 256 x 256 could not
be provided by an electrostatic c.r.t. within a suffi-
ciently small area to result in a tunnel of reasonable
length. Thus it becomes necessary to form a reduced
image of the c.r.t. face within the end of the tunnel by
means of a second lens (the minifying lens). The
resulting physical configuration of the store is then
as shown in Fig. 2, which also illustrates the addressing
or spot positioning optics, yet to be described.
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Fig. 1. Mirror tunnel.

Each of the 64k defined positions of the light spot
on the c.r.t. face represents one computer address: by
multiple reflexions in the mirror tunnel asingle spot is
imaged as more than 50 precisely positioned spots,
one within each bit area on the photographic plate as
shown in Fig. 1. During the writing of information
only one bit area at a time is unmasked to allow
exposure of the emulsion, this being achieved by a
multi-position mask. After processing the plate all
50 focused images of the c.r.t. light spot are allowed
to impinge on the plate during reading cycles: the
many p.m.t. outputs provide the parallel read-out of
50 bits.

Since the light spot on the c.r.t. face must be
positioned within limits small compared with the
pitch between adjacent spots, it is clear that servo
positioning of the c.r.t. spot is necessary. The posi-
tional feedback is obtained by imaging the c.r.t.
light spot on a series of opaque/transparent coded
plates. By use of a separate such arrangement for each
c.r.t. deflexion axis the spot address can be deduced
for comparison with the address requirement:
necessary corrections are calculated and applied. A
large proportion of the light emitted by the c.r.t.
phosphor is not collected by the minifying lens. The
address servo optics use some of this: the servo
p.m.t.s receive more light than the data reading
p.m.t.s and can therefore operate at a higher signal to
noise ratio, or at a higher speed.
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The data reading and address servo mechanical
components must be held stably and precisely in a
framework with adjustments provided as necessary.

Individual system components will now be more
fully described.

3. Performance of Major Components

3.1. Photomultiplier Tubes

These components are required to operate as data
bit detectors and as address servo light detectors: the
former application is examined as it is the more
critical due to lower light levels. These p.m.t.s are
required to produce a signal of adequate signal/noise
ratio after integration of their outputs for 1 ps. This
requires that the uncertainty in photocathode electron
emission should be small compared with the charge
accumulated in this time: other factors of course
influence the noise level, but a current of 30 pA from
the photocathode is the minimum acceptable due to
the stated consideration. As high as possible a
photocathode sensitivity is clearly essential and it was
decided to select for high sensitivity from available
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and M F
69 light pipes) I*
e 48
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Fig. 2. Physical configuration.
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p.m.t.s with S11 photocathodes, this type of cathode
being chosen due to its good spectral match to several
very short persistence phosphors. The minimum
illumination having been determined at 0-4 micro-
lumens and the output circuit bandwidth setting a
maximum for the anode load, the required p.m.t.
current gain was deduced to be approximately 106, A
survey of available p.m.t.s having the required
mechanical and electrical characteristics resulted in
the choice of the Mullard XP1110 for both data and
address light detectors:

Cathode Sl

Cathode sensitivity > 72 nA/lumen
Overall sensitivity 150 A/lumen
Overall diameter 19 mm

Overall length 88 mm

Useful cathode diameter 14 mm

All the p.m.t.s in the store (a total of 89) are operated
from a single low impedance power supply, consisting
of eleven identical voltage stabilizers in series. Each
sub-unit has adjustable voltage output and current
trip level, being the source for one of the inter-dynode
voltages. The tubes are used with their anodes near to
ground potential and with the cathode ends of the
glassware supported in insulating rings.

3.2. Projection Lens and Mirror Tunnel

The choice of p.m t. fixes the minimum dimensions
of the bit areas at the photographic plate as
25 mm x 25 mm.

The projection lens is required to resolve 10 spots
per mm to the extremes of its image field: this implies
a resolution much greater than 10 lines per mm, since
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if possible it is required that 90% of any spot’s
luminous energy be focused within the nominal spot
area. A maximum field semi-angle of 15° was chosen
to ease the problems of field curvature and a focal
length of 200 to 225 mm devolved from tunnel length
considerations.

A tunnel length of approximately 500 mm was the
largest considered since the flatness required of the
glass blocks involved polishing on machinery which
could conveniently cater for lengths of this order:
following the decision to minify the c.r.t. face into the
tunnel end, a 17-8 mm square section tunnel was
calculated to be large enough. At 15° maximum
semi-angle for the projection lens the tunnel operates
at 75° minimum angle of incidence. In order to
obtain at least 50 bits in the word (50 images
of the c.r.t. on the photographic plate) it can be seen
from Fig. 3 that a maximum of eight reflexions are
needed, four in each axis, to give a square field of
9%x9 images. A circular approximation to this
removes the three images from each corner of the field
leaving 9x9—-4(3) = 69, with a maximum of six
reflexions. The aspect ratio of the tunnel must be
20 : 1 for this configuration, requiring a tunnel length
of 355 mm. The use of only three reflexions in each
axis would give an inadequate word length of 45 or
37 bits. The tunnel is constructed of four blocks of
silvered glass for the inward facing mirrors, with
two end-windows to position them accurately.
Calculations of the flatness and other physical
requirements gave for the tunnel:

Opposite pairs of surfaces to be parallel within
3-5 seconds of arc.
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Average plane of one pair of opposite faces to be
perpendicular to the average plane of the other
pair, within 3-5 seconds of arc.

Difference between two ‘equal’ widths of the tunnel
at one end, within 0-0025 mm.

Difference between ‘equal’ widths of the tunnel at
opposite ends, within 0-025 mm.

Mirror faces to be flat to 1 of a wavelength over
any 100 mm.

The projection lens chosen had:
F =225 mm
aperture = f/7-7
This lens is operated at 4/3 magnification, the
minimum aperture being determined by the need to
avoid excessive vignetting with the tunnel end.

3.3. Minifying Lens

In order to take full advantage of the projection
lens semi-angle and to allow at least 50 images to be
produced with a minimum variation in brightness,
the minifying lens must have an exit cone semi-angle
of at least 15° over its whole image field. A mini-
fication of 1 : 4 was chosen for this lens and it became
clear from discussions with manufacturers that a lens
would have to be specially designed and built to
provide the required performance. The specification
included the following:

F=51mm+1-5%
Object size 58-5 mm x 58-5 mm
Image size 14-6 mm x 14-6 mm
Wavelength range  370-500 um

(peak at approximately 440 um)

Resolution such that a 0-20 mm diameter object
is imaged to give 959 of the light within a
circle of 0-057 mm diameter.

An implication of the required exit angle is that an
aperture of f/1-5 or larger is required, even though for
a single spot on the c.r.t. face the lens operates at
approximately f/13:in fact f/1-0 was attained, the lens
being designed for an image plane within the end
window of the mirror tunnel.

3.4. Cathode Ray Tube

In order to enable rapid movement of the spot
across the c.r.t. face an electrostatically deflected and
focused tube was specified with a phosphor decay time
of a few hundred nanoseconds. Suitable phosphors
with peak emissions at 410 pm, 450 um and 500 pm
are available. Since maximum luminous energy
emission and maximum life are both needed, a robust
efficient phosphor was chosen. In order to allow
tubes to be changed, an event which could be made
prematurely necessary by very frequent use of a single
position on the tube face, the faceplate thickness and
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tolerance are closely defined. This is necessary to
avoid changes in apparent phosphor plane position
causing loss of focus at the photographic plate and
parallax errors in the address servo optics.

With a tunnel cross-section of 17-8 mm x 17-8 mm,
containing a % size image of the 256 x 256 matrix of
c.r.t. spots, the used area on the tube would be a
maximum of 71 mmx 71 mm. However, a guard
space is left at the tunnel end around the image
matrix referred to the c.r.t. This reduces the required
area to 58-5 mm x 58-5 mm implying spots at approxi-
mately 0-23 mm pitch. A target of 0-15 mm was set for
the spot diameter being defined as below in the tube
specification.

Spot size: 909 of the light output of a spot
to originate from inside a square
of 0-15 mm maximum.

Phosphor: Imperfections in the phosphor
shall not cause the light output
to be less than 509 of the
nominal value at any point.

Faceplate tolerance: Thickness, parallelism and wedge

tolerance to total not more than
4+0-038 mm.

Repeatable measurements of c.r.t. resolution can be
obtained by use of spatial frequency measuring
techniques. This method was used to compare the
performance of several tubes, but the specification
quotes the resolution in a manner corresponding as
closely as possible to the way in which the c.r.t. is used.

3.5. Address Optics

The optical system used to deduce the spot position
for one c.r.t. axis consists of a pair of cylindrical
mirrors forming line images of the c.r.t. spot as shown
in Fig. 4. Only one mirror per axis is illustrated for
reasons of simplicity. As the spot moves across the
tube face, so the focused line follows a curve of
radius related to that of the cylindrical mirrors, the
focus being improved by an aperture restriction.
Sections of opaque/transparent Gray-coded film are
fixed along the curve of focus, 8 digital channels being
used to give a resolution of 1 in 256. By means of
perspex light collection optics, the light passing
through each channel of Gray code is directed on to a
separate photomultiplier: comparison of the digitized
and decoded outputs of these detectors with the
required address enables corrections to the spot
position to be calculated and effected.

In addition to the digital servo system described
above, two other optical/electronic channels are used
to produce an analogue correction signal, thus
accurately centring the light spot within the desired
digital address area. These two channels consist of
one clear section (reference section) and the centring
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section: the latter is divided to form the Gray-coded
channel next lower in significance to the finest of the
digital section. A comparison of the reference and the
centring p.m.t. signals enables accurate fine position-
ing of the c.r.t. spot, due regard being paid to the gain
and bandwidth of the circuits to ensure stability of
action.

The ten sections of optics needed for each c.r.t.
deflexion axis are mounted five on each side of the
tube face, because of the limited space available.
Clearly, the tolerance required of the coded films and
their positioning must be small compared with the
0-23 mm spot pitch. (Further details of the address
servo will be found elsewhere.*)

3.6. Photography

Since the total store capacity is 256%x 69 bits
(maximum), i.e. approximately 4 x 10° bits, and each
bit to be written requires a separate photographic
exposure, a reasonable writing time for a full plate
necessitates the use of a fast emulsion: ‘reasonable’
writing time may be taken as a time which is very
short compared with the life of the information
written on to the plate.

The totalenergy of approximately 0-4 microlumens is
contained within a focused spot of 0-08 mm diameter
on the information plate and, for a one-hour plate
exposure time, no more than 1 ms exposure time per
bit can be permitted. Several blue sensitive, medium
resolution emulsions can provide this performance, the
faster emulsions recording images with the poorest
definition. Writing of a full plate of information must
clearly be performed under computer control, a
further indication of the need for fast emulsions. By
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off-line contact printing of the exposed and processed
plate on to a slower emulsion, positives (i.e. clear bits
on a black field) can be produced with a corresponding
improvement in resolution.

Reliable reading of the written information requires:

(i) The maximum possible plate transmittance in a
nominally clear zone.

(ii) The maximum contrast in transmittance from a
nominally clear zone to a nominally opaque
zone.

Reversal onto a high gamma emulsion can improve
both (i) and (ii).

3.7. Mechanical Construction

In order to permit the adjustment of the optical
components and to maintain their relative positions,
great attention must be paid to the manner of mount-
ing each sub-assembly. The frame to which all the
components are fixed is shown in Fig. 5.

The c.r.t. is fixed accurately in the vertical, tilt and
yaw modes, approximately in X and Y position, and is
rotatable. The accurate location is achieved by one
of two means; either the tube is fitted with a mounting
ring precisely related to the apparent phosphor plane
and this ring supported on three ground pins, or the
tube front face may be held against three such pins. In
either case the mounting pin faces must be set to
0-012 mm relative to the address servo or spot
positioning optics. The address servo itself corrects
for X, Y and rotational errors in c.r.t. position which
are within its designed operating range.

The polished steel cylindrical mirrors of the servo
are assembled on a precision plate with their reference
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edges exactly aligned and square as needed. The plate
is kinematically attached to the store framework;
X, Y, tilt, yaw, rotational and vertical adjustment are
all provided. The four sections of servo code plate
mechanics and optics are semi-kinematically mounted
on the store framework.

The mirror tunnel is held within a steel tube by
fixed pins and springs, to produce no twisting or
conflicting strains. This tube, with the minifying and
projection lenses screwed in at either end, is mounted
kinematically at its lower end in gimbals with X and Y
adjustment. Three adjustable spherical ended feet
provide vertical support and vertical adjustment;
rotation is also possible. To avoid applying con-
flicting strains the upper end of the tunnel is fixed
between three horizontal adjustable pins, spaced
mutually at 120°.

The photographic plate is mounted kinematically
in the plate holder, whose three feet rest in three
grooves; tilt, yaw and vertical movements are possible
by means of adjustment of the feet. It is possible to
remove the plate and/or plateholder and replace the
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same to a tolerance small compared with the spot
pitch at the plate. The data light collection optics
and photomultiplier assembly are not adjustable.

Clearly no amount of care in the kinematics of the
mounting and in the adjustment of all the optical sub-
assemblies will suffice, if the framework to which they
are fixed is dimensionally unstable or susceptible to
excessive vibration. As shown in Fig. 5 the structure
is a space-frame which approaches a theoretically
non-redundant design. The final step in the jigged
assembly of this framework is to join the prefabricated
corner pieces by steel tubes: this is a brazing process,
obviating built-in stresses and the need for stress
relieving heat treatment which would result from
welding. In order to isolate the framework from
floor-borne vibrations it is supported within an outer
frame on three damped spring assemblies.

4. Performance

The storage system described above is in the process
of final commissioningand evaluation. The philosophy
behind the construction of the store was that:

(i) The store’s average random access time must be
of similar order to that for magnetic core
stores.

(i) The cost per stored bit must be considerably
less than that for core stores.

(iii) It must be possible to read data which have
been previously written on the same or any
other optical store made to the same specifica-
tion.

In (1), it follows from the method of positioning the
spot that a change of address involving a large spot
movement may require cycles around the address
servo loop which are not needed by a small movement.
Corresponding variations in access time will be
detected. However, analysis of the frequencies of
various computer program jump lengths shows that
the average access time will approach the minimum.
To date experiment shows that a random access time
of 10 ps will be achieved as an average of many
typical accesses. However, a long-term random
accessing test has yet to be performed. Redesign of the
servo loop and the use of faster logic could reduce the
access time but even so it is unlikely that it will fall
below 1 ps, due to the non-zero phosphor persistence,
maximum attainable efctron beam deflexion speeds
etc.

Considering point (ii) above, the estimated pro-
duction cost for stores as described is a third of a core
store. An enlarged development of the store having
(say) four times the present capacity could be built
for a small increase in cost, resulting in a cost advan-
tage over core store of up to 10 to 1.
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The reading of previously written information (iii)
depends on several factors. It has been made possible
to interchange c.r.t.s by providing each with a precise
glass face-plate and mounting the tube within the store
with reference to this face. Calculation shows that for
the present steel structure a temperature stability of
+2 deg C will be required: however the use of a con-
structional alloy having a temperature coefficient of
expansion closer to that of glass can increase this
range to +15 deg C. Every store will be optically
adjusted to the same standard using index marks on a
glass master setting plate.

Experimental evaluation of the store’s reliability
has not yet been undertaken. Apart from component
failures, the major control of reading reliability is the
signal/noise ratio of the data photomultiplier outputs
after integration. This is dependent on the absolute
light level at the data plate and the integration time,
the former being set by the c.r.t. beam current (and
thus related to the tube life), the latter being adjusted
to the minimum consistent with the required signal/
noise ratio.
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‘Insertion Test Signal Equipment,’ J. SCHAEFFER and I. LEVER, ITA.

‘Signal to Noise Ratio Automatic Measurement in the Blanking Interval of the Video Signal,” P. D’AMATO and
G. BARBIERI, Radiotelevisione Italiana.

‘Measuring Differential Phase Distortions by using only One Line per Frame,” K. VoIGT, Institut fur Rundfunk-
tecknik.

‘A Set for Annulling Gain and Delay Inequalities,” D. A. CoLEs, Post Office.

RECEIVERS
Survey Paper, B. J. ROGERS, Rank Bush Murphy.

‘Colorimetric Error Measurements with the Vectorscope as a Measure of Picture Impairment,” C. W. RHODEs and
A. KASTELEIN, Tektronix.

‘Electro-optical Measurements of Television Monitors and Receivers,” Dr. H. GRosskoPF, Institut fiir Rundfunk-
technik.

‘Evaluation of Convergence Requirements of Colour Television Receivers,” A. CIUCIURA, Mullard Mitcham.
‘Behaviour of E.H.T. Triplers under Picture Tube Conditions,” A. Cluciura, Mullard Mitcham.

Wednesday, 13th Ma
LA 4 TRANSMITTERS AND AERIALS

Survey Paper, W. WHARTON, BBC.
‘U.H.F. Klystron Transmitters,” J. F. H. BINNS, Marconi.

‘The Relationships and Measurements of Cross-modulation and Intermodulation on a Combined Signal Working
C.C.LLR. System A V.H.F. Band Il Relay System,” J. W. MoORRis, /TA.

‘Measurement of U.H.F. Television Transposer Characteristics,” E. J. WiLLs, Pye TV'T.
‘New Test Signal Generator for Transmitter and Studio Measurements,” P. HEJBERG, Philips Radio, Copenhagen,
‘The Measurement of Television Service Areas,” G. A. VICKERS, Marconi Research Laboratories.

‘The Measurement of Field Strength and Signal Quality at the Site of Proposed U.H.F. Television Relay Stations,’
R. J. BYRNE, ITA.

‘Automatic Supervision of Remote Television Stations,” E. CASTELLI, Radiotelevisione Italiana.
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‘Amplitude Shaping and Group Delay Equalisation of Television Measuring Demodulators for System 1,” B. D.

WarTson, ITA.

‘Aerial Measuring Techniques,” M. B. ANDERs, E.M.I. Electronics.
‘U.H.F. Aerial and Feeder Measurements,” R. G. WILLs, Marconi.

Practical demonstrations will be staged at the Medical School and there will be visits to the ITA
Television Gallery on 11th May and to the BBC Television Centre on 13th May (attendance limited).

Registration Forms which include details of charges etc. are now available from The Conference
Registrar, Institution of Electronic and Radio Engineers, 8-9 Bedford Square, London, W.C.1.

FORTHCOMING

Instruments in Working Environments

It is easy for instrument manufacturers to concentrate on
what rather than where their brain-children measure. That
is unfair to instrument users. It is just as unfair to manu-
facturers if users expect a standard instrument to work
perfectly under abuse or attack.

Users who think that manufacturers are complacent or
ignorant will be able to tell them so, in instructive detail, at
the 1970 Conference on instrument in working environ-
ments, organized by the British Scientific Instrument
Research Association at Eastbourne on 5th and 6th May,
1970. The manufacturers will learn a lot from this, but they
will no doubt have a thing or two to say about users’
practice. They will probably point out that users must
balance the extra capital cost of foolproof, fireproof,
waterproof and anything-else-proof instruments against
the higher running and maintenance cost of simpler devices.

Not only the measured variables—temperature, voltage,
velocity, pressure, flow, pH, weight and the rest—but also
the facts of environment are the common (and sometimes
sad) lot of instrument users. So although there may be
much for instrument makers to learn about users’ problems,
users can also learn something from each other’s solutions.

The conference is being organized as six discussion
sessions with named opening speakers, representative of
manufacturers and users, on the following subjects: Fluid
Environments; Electro-magnetic and Ionizing Radiations;
Human Environment; Varying Thermal Conditions;
Vibration and Shock; The Problem of Specification.
Registration and hotel reservation forms can be obtained
from Industrial Communications Group, S.I.R.A., South
Hill, Chislehurst, Kent BR75EH. (Telephone:01-467 2636.)

Computer Graphics Conference at Brunel University

A three-day Conference on Computer Graphics—
CG.70—is to- be held at Brunel University, Uxbridge,
Middlesex, from April 14th to 16th. The Conference will
comprise a major exhibition and a symposium, which has
been organized into 20 sessions, four running parallel at any
one time with video-recorded repeats. Of the 100 speakers
at the conference about 50 are from the U.S.A., 35 from
the U.K., and others are coming from U.S.S.R., Canada,
Australia, France and Hungary.

In addition to basic sessions on the techniques of
computer graphics, there are sessions on specialist applica-
tions such as in the design of electrical circuits, in the
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design and construction of civil engineering projects, in
architecture, hospital administration management inform-
ation systems and text processing for printing.

The registration fee of £40 covers preprints of all the
technical papers, admission to all sessions and the exhibi-
tion, as well as lunches and an invitation to the Conference
banquet. Further information may be obtained from
CG.70, Department of Computer Science, Brunel Univer-
sity, Kingston Lane, Uxbridge, Middlesex.

Recent Advances in Bio-Medical Engineering

A Conference and Exhibition is being held by the
Biological Engineering Society at Oxford from 7th to 10th
April 1970, to mark the occasion of the 10th anniversary of
its formation. The Society was founded in 1960 to further
co-operation between workers in the fields spanning
Engineering and the biomedical sciences, and its members
represent some 30 or more professions.

The field of Bio-Medical Engineering is now too wide
for it to be covered adequately at one meeting, so this
conference will be concerned mainly with those subjects in
Bio-Medical Engineering in which progress has been most
marked. Sessions include the following:

Education and Organization of Biochemical Engineering
Computer Applications and Science

Clinical Application of Biomedical Engineering
Automation in Pathology

Biomedical Engineering in Surgery and Intensive Care
Biomedical Engineering in Research

External Prostheses Implants

New Materials in Medicine and Biology

Aids to the Aged and Infirm

The Conference is being held in the Examination
Schools at Oxford, and there is residential accommodation
at Christ Church.

The Organizing Committee for the Conference is under
the Chairmanship of Mr. K. Copeland (Member), who is
the immediate past chairman of the I.LE.R.E. Medical and
Biological Electronics Group Committee; the Programme
Chairman is Mr. W. J. Perkins (Fellow), who was chairman
of the institution’s Group Committee on its formation.
Applications to attend the Conference should be sent to
the Secretary, Mr. J. D. Gasking, C.Eng., M.LLE.R.E.,
Department of Pharmacology, The Medical College of St.
Bartholomew’s Hospital, London, E.C.1.
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Six New Delay Functions and their Realization
using Active RC Networks

By

Six new delay functions with three right-half s-plane zeros and four left-

half s-plane poles are obtained from the application of Budak’s technique

T. DELIYANNIS,

to the Bessel and Chebyshev all-pole delay functions. These are compared

with three well-known similar delay functions and three of them found to

B.Sc., Ph.D.T

have some advantages over the existing ones. Active networks, which are

useful in the realization of the functions, are examined and experimental
responses are given.

1. Introduction

King and Rideout' have studied the possibility of
using low-pass non-minimum phase functions of order
3,4 (3r.hss. zeros and 4 l.h.s. poles), in order to
avoid the initial spike or precursor which charac-
terizes the step response of all-pass delay functions.
The two functions K3 4 and R; , which they in-
troduced have a better transient response than the
P 4, the corresponding Padé delay function.?

Budak® has shown how to modify the all-pole
Bessel delay functions so as to achieve an adjustable
magnitude response. The resulting functions are of
order m,n, where m < n, and consequently need
more complex networks for their realization than the
corresponding all-pole ones. A fourth-order all-pole
Bessel delay can thus be modified to obtain three
r.h.s. zeros and its magnitude can be properly ad-
justed in order to have the same half-power frequencies
with each one of P; 4, K34, R34 A comparison
of the phase and transient responses will then reveal
whether Budak’s technique can produce delay
functions of order 3, 4 which are more useful than the
P; 4, K34, R; 4 This is done in the first part of
this paper. Budak’s technique is also applied in order
to modify a fourth order all-pole Chebyshev delay.
Thus, three more F; 4, delay functions are obtained
each having the same half-power frequency with one
of P3 4, K3,4, R34

The second part of the paper is concerned with the
realization of these functions using RC active net-
works. Some recently developed networks employing
operational amplifiers are used and experimental
transient responses are given.

2. Application of Budak’s Technique
A Bessel delay function is an approximation} to

e”%. In order to obtain delays with controllable

;r West Ham College of Technology, Electfical Eng:wering
Department, London, E.15.
1 Delays normalized to 1s are used throughout this paper.

The Radio and Electronic Engineer, Vol. 39, No. 3, March 1870

magnitude response from the Bessel all-pole delays
Budak has applied the following technique: Intro-
ducing a constant k& and splitting e~ * into two terms
gives
—ks

e"‘=e_(k_ S O0<k<1
e * and e * ! can then be approximated in-
dependently using Bessel all-pole delay functions. If
n poles are used to approximate e~ **, and m poles to
approximate e~ 1% the Budak-Bessel function,
which results after substitution in (1), will have m
r.h.s. zeros and » L.h.s. poles. This function can then
be multiplied by a suitable constant in order to obtain
a magnitude equal to unity at zero frequency. As k
is reduced from unity the useful bandwidth increases,
overshoots and transient ringing in the step response
increase and the rise-time decreases.

In order to examine the usefulness of Budak’s
technique m =n—1=3 was selected. Using a
digital computer, k was adjusted until the Budak-
Bessel 3, 4 function had approximately the same half-
power frequency as P; 4. This function will be sub-
sequently referred to as the B-P; , (Bessel-Pade)
delay function. This was also done in order to obtain
two more functions, the B-K; , and the B-Rj; 4,
which have the same half-power frequencies with
K;,4 and R; , respectively. The pole-zero locations
of these functions are given in Table 1 together with
those of Pj 4, K3 4, Rj 4.

Next, Budak’s technique was applied to an all-pole
Chebyshev delay. Macnee* has studied a number of
all-pole Chebyshev delays with various ripple con-
stants ¢ in the phase response. The 3- and 4-pole
functions with ¢ = 0-05 were selected to approximate
to e~ =13 and e~ ** respectively in eqn. (1). Next k
was adjusted as before and three more 3,4 Cheby-
shev-Budak functions were obtained. These are the
C-P3,4, C-K; 4 and C-R; 4, each having the same
half-power frequency as each of P; 4, K3 4 and R; 4
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respectively. Their pole-zero locations are also given

in Table 1.
Table 1. Poles and zeros of the F; 4 delay
functions
Group F3.4(s) Zeros Poles

P34 5-64854-j0-0 478724 j1-5675
4:67584-33-9135 -3:21284j4-7731

1 B-P; , 5-43364-j0-0 5-05784-j1-5145
4-3028 -+ j4-1050 — 36740+ j4-6408

C-P; 4 3-57114j0-0 2-62444-32:1176
3-09994-j5-5844 2:20094-j6-1764

K;., 5-4694 - j0-0 2-8464 1-j1-6516

4-6991 -1 j6-5529 3:64364-j6-0258

2 B-K; 4 8-19524-50-0 -4-0414 4-31-2101
6-48961+j6-1913 2-93564-j3-7082

C-Kj 4 6:7925-+30-0 —1-97304j1-5921
5-89624-j10-622 —1-65474-j4-6435

Ra,e 6:2942-+30-0 2-6076-j1-9189
4-5556+j5-5086 —3-4424 4-j5-7933

3 B-R; . 7-45494j0-0 —4-206641-2596
5-90341-j5:6320  —3-0556-+3-8597

C-R3 4 5-90204-30-0 2-05854-j1-6610

5-12324-j9-2292

—1-7264 1 j4-8446

3. Comparison of the F,,, Functions

In order to compare the functions in Table 1 the
following quantities were calculated:

(a) The frequency at which the phase error
AP =(w— ¢(w)) is 0-1 rad.
(b) The ratio of the delay time to the rise-time in the
step response (Tp/T,).
(c) The peak value A4, of the transient ringing or

precursors.

(d) The maximum overshoot.
Quantities Tp/T,, A, and maximum overshoot were

obtained from the actual plot of the unit step response
of each delay function. This response was calculated
using the conventional Laplace transform inversion
method at 80 points in the range 0-4 seconds.

The corresponding all-pole Bessel and Chebyshev
delay functions were also considered in the com-
parison.

Results are summarized in Table 2.

It can be seen that the Bessel-Budak functions do not
differ significantly from the corresponding P, ,,
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K3,4 and R, , functions. However, the Chebyshev-
Budak functions show a considerable improvement

Table 2
(WAé=0-1rad W3 ap (s)h‘:or; A% T /T,
(rad/s) (rad/s) °', B HRYH
o

Ps.q — 5-25 699 3-11 —16-8 2-298
B-P; . 0-572621 4-95 1-64 —16'5 2-157
C-P3,s 0-589602 7-47 2119 —109 2-590
Ks . = 3-25 3-28 0-62 -4-16 1-421
B-K;, 0-71664 4-50 1-05 -1-95  1-441
C-K;,. 0-784235 5-83 2:88 —1-:05 1-474
Ra. — 4-50 3-54 1-82  +4-33 1-608
B-R;., 0-688502 4-65 1-12 -3-20 1-511
C-R3,« 0-751678 6-05 2-99 1-06 1-608
B, 1 325 2:10 0-83 0 0-940
Cho, s 1 4-60 2-36 2-63 0 1-088

S
S=ESS 2

Time (seconds)

2-
1t :
a(t) Jis
0 7 §=-«-——---— 2
| Time (seconds)
|
~2}
(b) Delay functions of group 2.
Fig. 1. Response to a unit impulse of the delay functions in

Table 1.

The Radio and Electronic Engineer, Vol. 39, No. 3



DELAY FUNCTIONS REALIZED USING ACTIVE RC-NETWORKS

Fig. 2. Analogue computer circuit for the implementation of

P3.4-

Numbers in parentheses give an alternative set of

potentiometer setting values times amplifier gain values.

over the rest except for the overshoots of C-K; 4 and
C-R; 4, which are higher than the overshoots of
K34 and R; 4 respectively. The C-P;, has the
largest useful bandwidth and the largest Tp,/7,. It can
also be seen from Table 2 that in each group the
better the phase response the smaller the 4,.

The responses of the delays of the first two groups in
Table 1 to a unit impulse are shown in Figs. 1(a) and
1(b). The corresponding responses of the delays of
group 3 are very similar to those of group 2.

4. Realization of the F; , Delay Functions

The realization of the delay functions, which have
been examined in the previous sections, will now be
considered.

King and Rideout have given analogue computer
circuits realizing Py 4 and K, ,. These configura-
tions can also be used to realize all 3,4 functions in
Table 1. Some alternative circuits using operational
amplifiers are given below.

4.1. Analogue Computer Circuits

The well-known nested form has been used by King
and Rideout in order to implement P; , and K, ,.
An alternative circuit based on the use of the dummy
variable form and realizing P5 4 (1 s delay) is shown
in Fig. 2. A second set of potentiometer setting values
times amplifier gain is given in parentheses on the same
figure. Both have been tested on a Solartron SCD.10
analogue computer, and found to work satisfactory.

4.2. Circuits using Fewer Operational Amplifiers

For sensitivity reasons we will exclude networks
whose transfer functions have the denominators
formed from the difference of two quantities. Since
the functions under consideration are not highly
selective their realization can be achieved in one or
two stages in cascade.

March 1970

4.2.1. Realization in a single stage

A suitable active network employing the method of
single inversion is given in Ref. 5. Its transfer voltage
ratio is

v,

L]

Y-,

Vi —JVi2
where Y, and Y, are RC driving-point admittances
associated with the forward path network and —y,,
is the transfer admittance of an RC 3-terminal network
connected in the feedback of an operational amplifier.
A second operational amplifier is used as a sign
inverter feeding Y,. The feedback network can be
properly designed® to realize the two pairs of complex
conjugate poles of each F; 4 using only eight passive
components. The normalized network realizing
P, 4 is shown in Fig. 3.

Although this network realizes a fourth-order
function in one stage each component in the feedback
network affects only one pair of poles. The pole
sensitivity is not expected to be unduly high.

This network denormalized to an impedance level of
10’Q was built using Solartron AA1054 operational
amplifierst; the results agreed with theory.

1 1

0-1887 0'\&67 009705 0-%'\705

Totle 2359 107 3207

0-5714

01507 3-038 -
Vio— }
0-06104 1-217 - —Vo
—
Fig. 3. Realization of P; 4 in one stage using two computer

amplifiers. Component values in ohms and farads.

T All circuits described here were built using resistors and
capacitors of various types selected to within 1% of their
nominal values.
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0-189° '0-189

0-01955 5-318

Fig. 5. Normalized network realizing C-Pg 4.

Vi o

4.2.2. Realization by two stages in cascade

F3 4 is written as the product of two functions f,
and f,. One of these, say the f;, is a non-minimum
phase biquadratic of the form

st—a s+a,
Ys2 4B s+ B,

and the other, the f,, a quadratic with a zero on the
positive real axis, i.e.

fi=

fi=

ky 5L

25246,5+6/
/1 can be realized by network 1 in Ref. 6. Theoretically
/3 can also be realized by the same network but this is
not achieved accurately in practice, since it means a
complete suppression of the s? term in the numerator
of the network function and this requires the opera-
tional amplifier to have infinite gain at all frequencies.
However, we can use the single inversion circuit on
which the network in Fig. 3 is based.

Networks realizing P; 4 and C-P; , in two cascaded
stages are shown in Figs. 4 and 5 respectively.
The responses of the denormalized networks (10°Q
and 0-1 s delay) to a step and a triangular wave are
shown in Figs. 6 and 7 respectively.

Function f, can also be realized by the network
shown in Fig. 8. Its transfer voltage ratio V[V is given
byt

9:9:(1-K)—Kga9; __

Vo _K(9:+93) s+94/C2 KCi(9:+95)
i C; $+9gs/Cs sz+gz+gs+g4s+ 9293
C, C\C,
...... )

+ Conductances g, and g5 can be dispensed with if a chopper
stabilized operational amplifier be used as the second amplifier.
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Fig. 4. Realization of P; 4 in two cascaded stages using

Yo three integrated circuit operational amplifiers.

1
11 1
U

b i L
0-0512' 0-0512 il
8875
0-03374 5733 T 0-04172 T"
01353
1-408 b Ve
KAT09 wATAY
004

(@)

(b)

Fig. 6. Responses of the network in Fig. 4 denormalized to
R =10%Q and T = 0-1s. (a) Step response. (b) Response to a
triangular wave (time-base 0-1 s/cm).

where
4.
IETS
This can be simplified under the following conditions
ga _9Gs
c, = c, (5)
g2=9s=9 ... (6
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Fig. 9. Normalized network
realizing C-K; 4.
Vi

(b)

Fig. 7. Responses of the network in Fig. 5 after being denormal-
ized to 10%Q and 0-1 s delay (time-base 0-1 s/cm).

Then
US4y
Vv, 2Kg 2KC, o
Vii C3 5, 29+4. g>
s°+ s+
C, ¢,C,

Vo

Fig. 8. General network realizing a quadratic function
with a positive real zero.

March 1970

It can be shown that the sensitivity of the zero on the
positive real axis with respect to K can be minimized if
K takes the value

g1
K=——"+- ... 8
29, +9) )

Component values can be found by equating co-
efficients of equal powers of s in eqns. (3) and (4) and
making use of eqns. (5) to (8). However, since
resulting equations are fewer than the components,
some component values will have to be selected
‘arbitrarily’.

This network was used to realize the f, factor of
C-K; 4. The overall network realizing C-K; 4 is
shown in Fig. 9. The responses of the denormalized
network (10°Q, 0-1 s delay) to a step and a triangular
wave are shown in Fig. 10.

(b)

Fig. 10. Responses of the network in Fig. 9 after being
denormalized to 10%Q and 0-1 s delay (time-base 0-1 s/cm).
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5. Conclusions

The all-pole Bessel and Chebyshev fourth-order
delay functions have been modified using Budak’s
technique to give six new delay functions of order
3,4. Each modified Bessel and Chebyshev function
has the same half-power frequency as one of P, ,,
K3 4, R3 4. The modified Chebyshev delays show a
considerable improvement when compared to the rest.

The functions have been realized using RC networks
combined with operational amplifiers. The networks
which have been considered are expected to have low
sensitivity to variations in the component values.
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STANDARD FREQUENCY TRANSMISSIONS—February 1970

(Communication from the National Physical Laboratory)

: 14 Relative phase readings . ¢ Relative phase i

Dev ';:::ru mote - a Y in mi:':’rose:ov!ds * DSV 'i:uo::ru i |°n,' te Y in mz:rosocor!:iasdm”
IF;7% (24-hour mean centred on 0300 UT) (Rea':i.:.;t.:sl‘;&obT ) IF9e7b6 (24-hour mean centred on 0300 UT) (Read?ﬁ:;L;t_lsgsalt;‘T)
GBR MSF Droitwich *GBR tMSF GBR MSF Droitwich *GBR +MSF
16 kHz 60 kHz 200 kHz 16 kHz 60 kHz 16 kHz 60 kHz 200 kHz 16 kHz 60 kHz
I — 300-0 + 0-1 + 0-1 649 564-3 IS — 2999 + 0-1 + 01 644 562-6
2 — 300-0 + 0-1 0 649 563-8 16 — 2998 — 0-l + 0-1 642 563-4
3 — 300-2 0 0 651 5636 17 — 2999 + 01 10 641 562-8
4 — 2998 0 0 649 563-4 18 — 300-1 0 + 0-1 642 563-0
5 — 300-0 - 0-l 0 649 564-0 19 — 300-1 —fo-1 + 0-1 643 564-4
[] - 2999 0 0 648 564-2 20 — 300-2 + 0-l + 0l €45 563-5
7 — 2999 0 0 647 564-2 21 — 2999 0 0 644 5639
8 — 300-0 0 0 647 564-2 22 — 2998 + 0-1 0 642 564-5
9 — 299-8 0 0 645 564-2 23 — 300-0 0 + 0-} 642 564-3
10 — 300-1 0 0 646 5638 24 — 300-2 +10-1 + 01 644 563-7
1 — 300-0 0 646 - 25 — 2998 + 01 +,0-1 642 563-1
12 — 2999 + 0-1 0 645 563-8 26 — 300-1 — 01 + 01 643 563-7
i3 — 300-0 0-1 0 645 564-6 27 — 300-| +0-1 +'0-1 644 562.7
14 — 300-0 + 0-1 + 0-] 645 563-4 28 — 2999 + 0-1 +.0-1 643 561-9

All measurements in terms of H.P. Caesium Standard No. 334, which agrees with the N.P.L. Caesium Standard to | part in 10,
* Relative to UTC Scale; (UTCyp, — Station) = + 500 at 1500 UT 3Ist December 1968.
tRelative to AT Scale; (ATypL — Station) = + 4686 at 1500 UT 3Ist December 1968.
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Instantaneous and Time-Varying Spectra—

An Introduction

Several definitions of ‘time-varying’, ‘short-time’ and ‘instantaneous’

By

spectra exist.

The paper relates these to the time-frequency energy

distribution of a signal and to the time-varying power spectrum of a

M. H. ACKROYD, B.Sc.t

non-stationary random process.

The treatment emphasizes physical

interpretation, rather than mathematical rigour.

List of Principal Symbols

e(r,f) time-frequency energy density distribution of
a signal

elt, ) version of e(t, f) smoothed_in the r-direction.

/3 energy

E; total energy

f frequency

Af frequency interval

G(f) ‘short-time’ spectrum according to Fano.

h(t) impulse response

H(f) transfer function corresponding to A(t)

i(t) current

p(t, f) ‘instantaneous spectrum’ according to Page

P(t, f) time dependent power spectrum of a random
process

q(t) power

R(t, T) time dependent autocorrelation function

Re (-) ‘real part of (- )

s(2) signal as a time function

S(f) Fourier transform of s(z)

t time

At time interval

T effective duration of a signal or an impulse
response

u(t) unit step function

w effective bandwidth of a signal or filter

X(f) reactance

Y(f) admittance

(~.) ‘ensemble average of ( - )

1. Introduction

For the usual purposes of time-invariant system
analysis it is sufficient to consider a signal as a function
of time alone or as a function of frequency alone.
However, in certain situations (which are usually
associated with the study of time-varying linear
systems) one is concerned with both the time and the
frequency characteristics of a signal at once. One such

University of Technology, Loughborough, Leicestershire.
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situation is in the study of speech and the vocal
mechanism.”*?  Another is in radar system theory
where signals suffer both a time delay and a frequency
shift between being transmitted and subsequently
being received after reflection by a moving target.>*

Intuitively, it is evident that the energy of a signal
does have a distribution in time and frequency in
some sense. For example, the acoustic energy of a
short blast on a whistle is ‘obviously’ located both at
the frequency of the note which is blown and at the
epoch in time when the whistle is sounded.

Many definitions of ‘short-time’, ‘instantaneous’
and time-varying power and energy spectra can be
found in the literature.>"® In addition various
instruments have been constructed to measure short-
term spectra.'® ! Thus further implicit definitions of
short-term spectra couched in the mechanisms and
parameters of these instruments have been introduced.
The questions arise: How are these definitions related ?
Can they be regarded as approximations to some
‘exact’ or ‘true’ instantaneous spectrum? How are
they to be interpreted in physical terms?

In what follows it is shown that an exact definition
of e(t, f), the energy density distribution in time and
frequency of a signal, can be made. This definition
applies whether the signal is deterministic, such as a
pulse of specified shape, or whether it is random. If
signals originate in a random process, then each
individual signal from the process has its own energy
distribution in time and frequency. The time-varying
power spectrum of the random process, P(t,f), is
found by averaging all the possible energy density
functions in accordance with their probability of
occurrence.'> '®  In other words, P(1,f) is the
average of e(t, f) over the ensemble. P(t, f) itself, for
a well defined random process is not a random
function any more than is, for example, the mean of
the process.

The short-term spectrum measured according to a
particular definition can be interpreted in two ways:
it provides an approximation to the time-frequency
energy density distribution of the signal and it can also
provide an estimate of the time varying power spec-
trum if the signal is a random one.
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o>»— Xl |}—

Fig. 1. ldealized circuit.

A xtr)

Fig. 2. Reactance of idealized circuit element.

O

2. Energy Density of a Signal in Time and
Frequency
This section derives an expression for the distribu-
tion of the energy of a signal in the time-frequency
plane.'®

Replacing the real signal by the analytic signalf
would have allowed the mathematics to have been
made slightly more elegant and would have given
substantially similar results. However, the conceptual
difficulties involved in assigning physical meanings to
the various results would have been increased
(although this can be done in a satisfactory way). To
minimize the difficulties of visualizing the results, the
analysis is presented in terms of the real signal.

The definition of the energy density function can be
understood by considering the circuit shown in
Fig. 1. X(f) is supposed to be a purely reactive
circuit element having infinite reactance at all fre-
quencies except over a narrow band where it has zero
reactance. The reactance of this element is shown
diagrammatically in Fig. 2. The admittance between
the terminals of the circuit is

Y(f)= [lg fx < |f| Sfx'*'Af

=0, otherwise.

Such an idealized admittance function is not
physically realizable. However, it is nevertheless
possible to calculate the current that would flow in the
circuit in response to a given voltage waveform.

From the waveform of a signal, s(¢), the distribution
of its voltage as a function of frequency is given by the
Fourier transform

L)

S(f) = [ s(t) exp (—j2nfnydt
Conversely, the waveform is given by the inverse
transform

s = I () exp (22 S0

Applying the signal s(7) as a voltage to the terminals of
the circuit, the current that flows only has frequency

+ The analytic signal3-3-1% is a complex function of time. Its
relation to the real signal is simple; the analytic signal is derived
by doubling the amplitudes of the positive frequency components
and eliminating the negative frequency components of the real
signal. As an example, the analytic signal corresponding to the
real signal A cos Q1 [= A/2(exp jQt-+ exp —jQ1)] is A exp jQr.

146

44 A, AR 7
components lying in the frequency range f; to f, +Af.
The waveform of the current is given by the inverse
Fourier transform
Si+Af
i() = ff S(f)exp (j2r f)df+
-
+ J
-fi—A

S1+Af
=2 Re [ [ S(f)exp (j27tf')df]
i

‘The power entering the terminals of the circuit is
given by the product of the applied voltage and the
current which flows:

g(t) = s()i(1)
Thus the energy which enters the circuit between a
time f, and ¢, + At is given by

fS(f ) exp (j2n f1)d

t +Ar
E= [ s(ni(ndt
51
This quantity is defined as twice the part of the energy
of the signal contained in the frequency range f; to
Si+Af and in the time interval ¢; to t,+ At in the

t-f plane. Thus the energy density at ¢, and f| is
given by
e(t,, fi)= lim YE/AtAf ... )
&5

Substituting equations (4) and (6) into (7) and writing
t and fin place of ¢, and f, gives

e(t, f) = s(1) Re [S(f) exp (j2nf1)]
This is the required expression for the energy density
distribution in time and frequency.¥

Asw

Fig. 3. Pulsed carrier signal of example.
(Shown for T — 4.0, fo = 1-0.)

+ Reference 18 derives the complex energy density function of
the analytic signal. The present definition appears in reference 8.
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Example

The pulsed-carrier signal shown in Fig. 3 can be
written (using Woodward’s rect function®t)

s(t) = A rect (t/T) cos 2mfyt.

The corresponding energy density function is
2

e(t, )= /—:— rect (¢/T) x

[cos 2n(f+ fo)t+ cos 2n( f—fo)t] x
[ﬂl o f+fo)T sin n(f—fo)T]
(f+/fo) (f—fo)

which is shown graphically in Fig. 4. Note that as T,
the duration of the pulse, is increased the spread of the
energy density on each side of the carrier is reduced.
Eventually, as T becomes infinite and the signal
becomes a pure cosine wave, the whole of the energy
density becomes concentrated at the frequency of the
carrier.

The example illustrates that, for values of ¢ where
the signal is zero, e(t, ) is also zero. If the waveform
of the example were applied to a bank of bandpass
filters and square-law envelope detectors in the
arrangement traditionally used to measure ‘short-
term’ spectra, the output voltage of each filter would
not immediately fall to zero at the end of the input
pulse. Instead, it would die away gradually due to the
response time of the filter. In fact, the function of
time and frequency measured by a filter bank is an
approximation to e(t, f'), as explained in Section 4 of
this paper.

The function e(t, f) is symmetrical about the time
axis; the negative frequencies merely mirror the
positive frequencies:

e(t, f) = e(t, —f).

This results directly from the symmetry properties of
the Fourier transforms of real signals. Thus in
plotting e(t, f') it is only necessary to consider positive
values of f.

" Integrating e(t, /) over all values of f gives the
energy density (that is, the power) of the signal at
time ¢. This is readily verified by integrating equation

(8):
e, )df = s(1)?

Similarly, the energy density spectrum of the signal is
got by integrating e(t, /) over all time;

T eti, frar=|senf?

1 The rect function is defined by

I, lf]|<T/2
rect (t/T) = 0’ H - T;Z.
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Fig. 4. Sketch of e(r, f) of example. Note: Cross-sections at
S=10,1-3, 19 are shown.

The total energy of the signal is thus found by inte-
grating e(t, /) over the whole time-frequency plane;

[T et f)de df = E

There exists a misconception that it is not possible
to measure exactly the r—f energy density function of a
given waveform and that this is a consequence of
Gabor’s uncertainty relation.'® However, the
uncertainty principle of waveform analysis is not
concerned with the measurement of —f energy density
distributions: instead, it states that if the effective
bandwidth of a signal is W then its effective duration
cannot be less than about I/W (and conversely, the
bandwidth of a signal of effective duration 7" cannot
be less than about 1/T). In fact, given the waveform of
a signal, its t-f energy density distribution can in
principle be computed exactly using the defining
relation (8). However, if e(t, /) is measured approxi-
mately by the use of a bank of bandpass filters each
having a bandwidth W, then it is evident that varia-
tions of e(t, ) in the f-direction which are finer than
W will be obscured. I[f the effective duration of the
impulse response of each filter is 7, then details of
e(1, ) in the r-direction which are finer than 7 will be
obscured. The only sense in which the uncertainty
principle applies to the measurement of t—f energy
distributions is that it prohibits filters from having
both short impulse responses and narrow bandwidths
(as the impulse response of a filter, like any other
signal, is subject to the TW > 1 uncertainty relation).
Thus a bank of fixed bandwidth filters cannot provide
both good spectral and good temporal resolution
(although the resolution may be entirely adequate for
practical purposes, of course).

Exactly parallel limitations on resolution apply
when short term spectral analysis is performed by the
process of multiplying the time waveform by con-
tiguous ‘time window’ functions to produce a succes-
sion of short waveforms which are each subjected to
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WHITE fie)
NOISE
GENERATOR

Fig. 5. Non-stationary (time varying) noise source.

Fourier analysis to produce a succession of cross-
sections of a short-term spectrum. (The use of this
procedure is described in detail in reference 20.)

3. Power Spectra of Non-stationary

Processes!?-17

A non-stationary process is one whose statistics
vary with time. Here, one is interested in processes
which are non-stationary in the wide sense, that is,
with processes whose mean or whose autocorrelation
vary with time, Figure 5 shows a model of a particular
non-stationary process. Stationary white noise (from
an ideal noise diode held at constant temperature, for
example) is applied to a time-varying attenuator.
Intuitively, one feels that the output signal has a
time-varying spectral density. Many non-stationary
processes can be represented as a time-varying net-
work excited by a stationary random process.

The autocorrelation of a real process is defined

R(t, 7) = s(1)s(t+7)
The line above the product indicates that the en-
semble average is to be taken, that is, the product is to
be averaged over all possible pairs of values of s(¢)
and s(+ 1) in accordance with their probability of
occurring jointly. R(¢, 7) exists for signals whose total
energy is finite and also for signals whose total energy
is infinite but whose average power is finite.

Taking the Fourier transform of equation (12) with
respect to 7 and denoting it by P(t, f) gives

P, f)= fw R(t, 7) exp (—j2nfr)dz

e e

= _J s(t)s(t+7) exp (—j2nfr)dr ...... (13)

Assuming that the order of averaging and integrating
can be interchanged, and that the F-transform of
s(t) exists,t equation (13) becomes

P(, f) = s(t) | s(t+7) exp (—j2nf7)d

= s()S(f) exp (j2nf1)

Equation (13) is the time-varying analogy of the
Wiener-Khintchine relation, which states that the
power spectrum of a stationary random process is the
Fourier transform of its autocorrelation function.

+ These assumptions are always satisfied for physical signals.
The requirement for the Fourier transform of s(¢) to exist can be
relaxed by the use of the generalized harmonic analysis.
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P(1, f) is generally a complex function, in contrast to
the purely real power spectra of stationary processes.
This happens as R(¢, 1), unlike the stationary case,
is not generally an even function in .

The real part of P(t, ) is the ensemble average
value of e(t, f) as given by equation (8). The physical
interpretation of this quantity is that Re [P(¢,, f{)IAS
is expected value of the power entering the circuit of
Fig. 1 at time ¢, when s(¢) is applied as a voltage
across its terminals. The imaginary part of P(z, f) is
of no direct interest here, but the following brief
discussion explains its significance in a different
context.

Had the analytic signal been used in the foregoing
arguments, then P(1,f) would have played an
analogous part to the ‘complex power’ of a.c. phasor
theory.?! Its real part would have represented the
power entering the circuit of Fig. 1 and its magnitude
the volt-amperes. As in the case of complex power,
the imaginary part has little physical significance but
is useful in analysis in that it provides the discrepancy
between the real part and the magnitude of P(z, f) in
the correct way.

Relations similar to (9), (10) and (11) apply to
P(t, £).1%'7 The ensemble mean power of the signal
is given by

T P fyar= sy

The expected energy of the signal, if it is finite, is given
by

I PGS d = Ey

- —

By integrating P(¢, /) with respect to time in the case
of a signal of finite energy, or averaging over time in
the case of a signal of finite power, it is possible to
define a mean energy (or power) spectrum of the
process. This is discussed in detail in references 16
and 17.

4. Short-term Spectra—Relations between

Definitions

Many definitions of short-term spectra exist, as
was mentioned in the Introduction. Some were
introduced to provide Wiener—Khintchine-like rela-
tionships with corresponding short-term autocor-
relation functions”*® and others to accord with the
results of physical measurement, being cast in terms
of the past and present values of the signal.®*® This
Section shows that the various definitions can be
regarded as approximations to e(t, f).

The block diagram of the system which produces
e(t,f ) from s(t)is shown in Fig. 6. The relationship
between this block diagram and equation (8) becomes

The Radio and Electronic Engineer, Vol. 39, No. 3
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—_—
hit)=
cos2mfit

Fig. 6. Scheme for measuring e(z, f).

clear when it is realized that Re [S(f,) exp (j2nf 1)] is
simply the response to s(¢f) of the system whose
impulse response is

h(t) = cos 2nf,t
This is not a physically realizable system as its impulse

response is non-zero for negative t. Nevertheless, its
output can be calculated or it can be simulated.?* The

transfer function corresponding to the impulse
response /(t) is
H(f) = H(f+f)+o(f=fD] .. (18)

which represents a filter having an infinitely narrow
bandwidth (Fig. 7).

A HUf)

-5 A 77

Fig. 7. Transfer function of ‘ideal’ filter.

4.1, Page's Definition

Page® defined an ‘instantaneous power spectrum’
in terms of a ‘running transform’;
t

S(NH= _f s(t) exp (—j2rfrydt  ...... 19)

The running transform depends only on the past and
present values of the signal and not on its future
values. His instantaneous spectrum was defined as
the rate of change with time of the squared magnitude

of S(f):
0
Pt )= o 1SN

Equations (19) and (20) can be manipulated into the
alternative form

p(t, f) = 2s(t) Re [S(f) exp(j2nft)] ...... (21
Now Re [S(f;) exp (j2rf,t)] can be shown to be the
response to s(¢) of a filter whose impulse response is

h(t) = u(¥) cos 2nft

March 1970

Hif)

T = = = —>

- f i

Transfer function of physically realizable filter of
equation (23).

Fig. 8.

where u(t) is the unit step function. This impulse
response is physically realizable in the sense that it is
zero for negative ¢t. The transfer function correspond-
ing to this impulse response is
H(f) =if2n(fE—1*)
whose magnitude is shown plotted in Fig. 8.
p(t, f1) is thus produced (except for a scale factor)
by a system having the block diagram of Fig. 6 in
which the ‘ideal’ filter of equation (18) is replaced by
the less perfect (but realizable) filter of equation (23).
p(t, f) can therefore be thought of as an approxima-
tion to e(t, f) with poorer spectral resolution.

4.2, Fano's Definition

Fano’-? defined a ‘short-time’ power spectrum by
the expression

G(f) =1 f s(t) exp [(—a+j2nf)(t—7)]de|* ...... 249

(A scale factor which is not of interest here is omitted.)
This definition was chosen by Fano as being the
Fourier transform of a ‘short-time’ autocorrelation
function. Equation (24) can be rewritten

G(f) = f s(z) exp [ —a(t—1)] cos 2nf(t—t)dt|*+
+ f s(t) exp [ —a(t—1)] sin 2nf(t—)dt |*.....(25)

Thus G(f}) is produced by the system whose block
diagram is shown in Fig. 9. The signal is applied
to two filters whose impulse responses are
u(t) exp (—at) cos 2nf ¢t and u(t)exp (—at)sin 2nf ¢
and the outputs of these filters are squared and
added to yield G (f)).

—_— ———
hy(t)=
u{t)e""'cosZn/,t — SQUARE  — "]
s(t) 61(1,)
ADD  |—o
I 1
utttetsinzmfye ] SQUARE |-
Fig. 9. Scheme for measuring G.(f).
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hit)=cosanf,t
sit) es(t.fy)
MULTIPLIER Lowpassht/—o
Fig. 10. Scheme for measuring eJ(?, f) (e(t, f) smoothed in the
t-direction).

Suppose that in measuring e(t, ) the fine structure in
the t-direction is of no interest. This irrelevant detail
can be removed by smoothing e(t, /) in the r-direction
with a low-pass filter., Figure 10 shows the block
diagram of a system to produce e(t, f;), the smoothed
version of e(r, f1). This is simply the system of Fig. 6
which produces e(t, f;) with the addition of a low-pass
filter at its output. The smoothed version of e(z, f) can
be expressed by the convolution integral

et,f) = | e(e, fHh(1—1)de

where A(t) is the impulse response of the low-pass
filter. Equation (26) becomes, on substituting the
defining relation for e(, f),

ef(t, f)=Re [ j'o S(f)exp (j27rfr)s(r)h(t—r)dr]

- a0

...... (26)

= Re [S(f) exp (j2rft) x

J' s(7) exp[ —j2nf(t— 1) [h(t—1)d7 ] ....... (27)

eft, f) can thus also be calculated by the scheme

shown in Fig. 11, which is the block diagram repre-
sentation of equation (27). The similarity between

Fig. 9 and Fig. 11 becomes exact if, in Fig. 11,

(i) the filters having impulse responses cos2nff and
sin2nft are replaced by filters having impulse
responses u(r)exp (—ar)cos2nft and wu(r)exp
(—at)sin2nft, respectively; and

(ii) the impulse response of the low-pass filter, h(t), is
given by

h(t) = u(t) exp (—at)

From the similarity of these block diagrams it is

evident that Fano's definition of the short-term

spectrum, G(f), can be thought of as an approxima-

tion to e(, f).

4.3. Other Definitions

The definition of e[, f) given above (in which A(r)
can be any low-pass filter impulse response) was
termed by Schroeder and Atal® a ‘short-time spectrum
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of the second kind'. This definition was used by them
as it is the Fourier transform of a corresponding
short-time autocorrelation function.

Their ‘short-time spectrum of the first kind’
represents a generalization of the short-term spectrum
of Fano in which the simple band-pass filters of Fig. 9
are replaced by band-pass filters of a more general
form. Their ‘short-time spectrum of the third kind’
is measured by a system similar to that used in
measuring e,(f, f) in which the ideal band-pass filter
is replaced by a physically realizable one. All these
definitions thus provide approximations to e(t, f).

The effect of using non-ideal band-pass filters in the
various short-term spectrum measuring systems is to
give reduced spectral resolution which is equivalent
to a smoothing of e(r, f) in the f-direction. The
various definitions of short-term spectrum thus
correspond to modifications of e(t, ) made by smooth-
ing in the - and f-directions with various weighting
functions.

5. Measurement of Short-term Spectra

Roughly speaking, situations in which a short-term
spectrum is to be measured can be placed in two
categories, although the division between categories
is by no means clear. In one category, the signal
itself is the prime object of interest, for example in
sonar signal design. In the other category, the
principal object of study is not the signal as such, but
rather the process from which it originates. Examples
here are the spectrographic study of the speech
forming process and seismology.

In the first category, the r—f energy distribution is
required, perhaps in the finest detail possible. The
finest possible detail is provided by computing
e(t, /) directly from its defining relation.f However,

—— cos2nfit |— —

_

MULTIPLIER } S

—{ hitlcos2afit | N
e (t.f)
ADDER —0
7| SEAS | —=L
’( MULTIPLIER |>> - —J

—]httrsin2ms b |-

Fig. 11. Alternative scheme for measuring e(t, f).

+ This can be done economically by using the fast Fourier
transform algorithm. Reference 22 is an entire issue devoted to
this subject ; reference 23 gives a FORTRAN sub-routine.
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the fine structure of e(t, /) (such as its fluctuations over
a period of one or two cycles of the frequency con-
cerned) may be of no interest. Then a degree of
smoothing can be provided in the r-direction by an
appropriate choice of A(t) in computing eyr, f) as
given by equation (26).

In the second category of situations, one often
wishes to estimate the power spectrum of a time-
varying random process. If P(7, f) changes with time
at a rate which is of the same order as the rate at
which the signals fluctuate, there is little that can be
done with a single signal. With a set of signals from
the process, however, e(t, /) can be computed for each
member of the set and the average taken to yield an
estimate of P(¢, f).

If the time variation of P(t, f) is slow compared with
the rate of fluctuation of the signal then P(¢, /) can be
estimated by smoothing e(, f) calculated for a single
signal from the random process. However, at the
present time the question of what the best
smoothing operation is in a particular situation is not
well understood. Ideally, procedures would be avail-
able by which the optimum smoothing operation
could be chosen on the basis of the available a
priori knowledge of the process being studied. (For
example, in measuring the spectrum of the noise from
a vehicle moving past a fixed microphone at a particu-
lar speed certain features of the non-stationary noise
process such as the rate at which the level changes, the
total Doppler shift, etc., are known beforehand.)
Developing such procedures is a matter for further
research.

In the absence of systematic methods for choosing
the smoothing operation to be performed on e(z, f) it
is necessary to rely on the intuition of the investigator.
In short-term spectrum analysis as it is usually done
(using a filter bank or by Fourier analysis of weighted
sections of the signal), the smoothing operation is
implicitly chosen by the investigator when he chooses
filter bandwidths (and so on) so that the measured
short-term spectrum appears ‘best’ according to his
subjective judgement.

6. Conclusion

The intention of this paper has been to serve as an
introduction to the concepts of the +—f energy density
distribution and the time-varying power spectrum and
to clarify the physical meaning of the results of
practical short-term spectrum measurement.

The idea of the 7—f energy density distribution of a
signal has been used to relate the various definitions of
‘short-time’ and ‘instantaneous’ spectra and to inter-
pret them in physical terms. The -/ energy density
distribution of a signal can in principle be calculated
exactly if its waveform is known. The uncertainty

March 1970

principle of waveform analysis makes no restriction
on the accuracy with which e(t, f) can be computed.
The only sense in which it does apply is that it re-
stricts the +—f plane resolution that can be obtained
when short-term spectrum measurement is made by
a bank of bandpass filters or by an analogous method.

The time-varying power spectrum, P(t, f), of a
random process can be regarded as being the average
of the r—f energy density functions of the individual
signals from the process. A smoothed version of a
measured e(t, ) function can provide an estimate of
P(t, f), but as yet rules which specify the ‘best’
smoothing operation for a given application do not
exist. Thus the design of a short-term spectrum
analysis remains a matter in which heavy reliance
must be placed on intuition.
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LETTERS

Advertisements in the Journal

Whilst agreeing with Mr. Shepherd’s observations on
the ethical reasons for banishing advertisements from the
Journal (see his letter, page 112, February 1970), 1 feel
he severely underrates advertisements as the best means
of: (1) concisely disseminating useful information, and
(2) breaking up the format to give the Journal greater
eye-appeal.

As a consultant in the world of banking, I am only too
painfully aware of the harmful effects of brash adver-
tising. Not uncommonly the pages of some periodicals
as distinguished as our Journal prove, on careful analysis,
to be carrying advertisements that are not all they seem—
which proves how difficult the task must be for those
whose responsibility it is to enforce minimum standards.
But there is one good rule: any advertisement manager
who feels he is compelled to use lavish superlatives or
claims to novelty (except in an obviously humorous
context), or depends heavily for appeal on sex portrayal,
is effectively advertising a weakness in the product or
service he is paid to promote!

Typographically imaginative and factual advertisements
enhance appearance by resting the eye from pages of
uniform type and—often with advantage—jog one’s
memory. Even the Russians discovered that a journal
without advertisements had very low appeal!

All that T would beg is that advertisement promoters
should be given far more encouragement to book a series
of spaces in which the text of each advertisement is
different. Britain has set a standard for Europe in the
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appeal of light-hearted and informative advertising, and
it will be a commendable advantage if British electronic
exports are promoted by this type of British media.

F. P. THOMSON
39 Church Road,

Watford WDI1 3PY, Herts. 26th February 1970.

Although 1T am clearly an interested party, 1 suspect
that the cloistered and superior attitude of Mr. Shepherd
is shared by few members of our Institution. Whatever
our personal feelings about advertising—and that much-
abused word certainly covers a multitude of sins, and
virtues, in the electronics field—it is hard to argue against
the many readership surveys that have examined the
noting and recall of material appearing in engineering
journals. They show conclusively that engineers remember
editorial and advertising content about equally; this would
hardly be possible if we all abhorred advertising with
Mr. Shepherd’s passion. It appears, in fact, that we rely
on good (i.e. clear and informative) advertising for much
of our knowledge about what is actually happening in
our own industry.

Only if Mr. Shepherd believes that the industrial side
of electronics (as opposed to research and cducation) is
irrelevant or sordid do his strictures against advertising
in the Journal make sense.

ALFReD L. COTCHER

Howard Panton Limited,
Panton House, Howard Street,
London, W.C.2. 27th February 1970.
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A Function Generator using Hybrid Techniques

By

The principle of operation of a novel function generator is outlined and

some applications are reviewed. The basic function produced by the

R. N. BARNES,
B.Sc.(Eng.)t

generator is a ‘box-car’, or discrete, type function having fixed thresholds
with respect to the input voltage, and output voltage levels that may be
independently set in any segment. By using a sampling technique, linear
interpolation may be applied across any of the discontinuities in the ‘box-

car’ function to produce an ‘analogue’, or continuous type function. This
arrangement allows for the independent adjustment of the value of the
function for input voltages midway between the threshold voltages. In
the discrete mode, good accuracy is maintained for full amplitude input
swing up to 80 kHz and in the continuous mode up to 5 kHz.

1. Introduction

Variable function generators have found consider-
able application in general-purpose analogue com-
puters for the simulation of non-linear functional
relationships, but their application in other fields, such
as complex waveform generation for test purposes,
has been somewhat limited in the past. This was
because of the complexity involved in setting up the
desired function, the limitation of the number of
segments that may be employed, and the fact that
only continuous functions may be generated. These
limitations arise directly from the conventional
method of function generation using diode resistor
networks, and a significant improvement in versatility
and simplicity of operation can only be achieved by
utilizing a fundamentally different technique of
function generation. The generator described in this
paper radically departs from conventional techniques
and overcomes the above limitations.

The normal techniques of function generation
employing diode resistor networks in either input or
feedback paths of an operational amplifier are well
known,'*? and lead to a piecewise linear approxima-
tion of the desired function as shown in Fig. I(a).
The most common method of synthesizing this func-
tion involves the addition of the individual functions
F,...F, shown in Fig. I(b). The breakpoints,
V...V, and the slopes of these individual functions
are usually variable. It is clear that with this technique,
the slope of any one segment of the total function is
the sum of all of the slopes of the individual functions
to the left. It also follows that adjustment of slope in
any one segment alters the slopes of all segments to the
right of that particular segment. In short considerable
interaction occurs.

It should also be noted that the absolute value of
the output of the function is only defined at the most
negative breakpoint voltage. The above effects lead to
complex setting-up procedures, and limit the number

+ West Ham College of Technology, Electrical Engineering
Department, London, E.IS.
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of segments that may be employed since any drifts that
occur cause large errors at the extreme right of the
function due to cumulative action.

Miura et al.® have described a method where the
slopes of the segments in the total function may be set
independently. Thisis achieved by summing individual
functions of the form shown in Fig. 1(c), and leads to a
simpler setting-up procedure, and is less susceptible to
the effects of drift. However the mechanization of the
individual functions G,...G, requires matched dual-
ganged potentiometers, which is a distinct dis-
advantage.

The function generator described in this paper
employs techniques that allow the absolute value of the
synthesized function to be set independently (i.e.
without interaction) at particular input voltages. This
approach eliminates the effects of drift and results in
an extremely simple setting-up procedure. If, for
example, calibrated potentiometers are used, then
functions may be set up directly without the need of
applying test voltages, and if the potentiometers are
rectilinear types and are mounted adjacently and in
correct sequence, then the shape of the function is
graphically displayed by the potentiometer indicators.
There is no limit to the number of segments that may
be employed, and the method allows for discon-
tinuous as well as continuous functions to be simulated.

2. Principle of Operation

The generator basically produces the discrete type
functional relationship between input and output as
shown by the broken line on Fig. 2 and the amplitudes
of the equal width segments may be set independently.
Selective interpolation may be applied to the dis-
continuities of the basic function to produce a con-
tinuous functional relationship as shown by the con-
tinuous line on Fig. 2. It may therefore be appreciated
that discontinuities in otherwise continuous functions
can be arranged by omitting interpolation at the
required input level. (An example of this is shown in
Fig. 8.)
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Fig. 1. Action of conventional diode resistor function generators.

It will be noticed on Fig. 2 that the breakpoints of
the continuous function occur at the mid-point of the
discrete segments, and that the amplitude, or ordinate,
of the function at these points equals the amplitude of
the basic discrete segment. The setting-up of the
generator is therefore much more simple than with
conventional types, since not only are the ordinates of
continuous functions set independently but they are
directly related to the potentiometers that set the
discrete function.

The prototype generator is capable of producing 13
discontinuities corresponding to the input levels
Vi...V,; of Fig. 2, and thus 12-segment discrete
functions or 13-segment continuous functions can be
generated. A partial block diagram for three dis-
continuities is shown in Fig. 3.

The input voltage is applied to 13 high-speed
comparators, C,...C,; which are biased to switch
when the input voltage is V...V, respectively. Let
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Ay A,

In general therefore the output of the nth com-
parator is

A, =1 if V>V,

The comparator outputs are connected to the logic
clements which generate the function given by

B,=A,.A,+; (whenl,=1,and I, =1)

Thus the output of the logic following the nth
comparator is at logic 1 when the input voltage is
given by

B,=1, V,<Vi<V,yy U, =1,1,=1)

The voltage corresponding to the B, signal is then
adjusted by the potentiometer K, whose output D, is
the amplitude of the discrete segment corresponding
to an input voltage described by

Vo < Vi< Viay

The voltages D,...D,; are then summed, with
inversion if necessary, to produce the discrete charac-
teristic of the form shown by the broken line in Fig. 2.

The generator has a number of important applica-
tions in the discrete mode of operation and some
applications are reviewed in Section 5.2.

] Fig. 3. Partial system block diagram.
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2.1. Interpolation

To obtain interpolation across a discontinuity, a
high-frequency triangular wave of peak-to-peak
amplitude equal to the discrete segment width is added
to the input of the comparator corresponding to that
discontinuity. The action of the interpolation voltage
(Vg, see Fig. 4) is to sample the magnitudes of the dis-
crete segments alternately on either side of the dis-
continuity. This produces a rectangular wave at the
output with high and low voltage levels equal to the
respective discrete segment magnitudes, and with a
mark/space ratio dependent on the instantaneous
value of the input voltage relative to the comparator
bias voltage. The average value of the rectangular wave
so produced lies on a straight line drawn between the
mid-points of the two discrete segments.

2.2. Logic Inhibiting
The logic circuits associated with each comparator
have additional inhibiting inputs. In the normal mode
of operation previously outlined, the inhibit lines are
set to
I,=1 and [,=1
Reference to Fig. 3 shows that if
I,=1 and [,=0
the output of the nth logic element is given by
B, = A,
Under these circumstances, the output of the
generator, for a given input voltage, is the cumulative
sum of the settings of all segments in the region V, up

to V,. In general therefore the output voltage is given
by

Vo = Zl GLK,

where G is the operational gain of the summing
amplifier,
L is the logic 1 voltage,
K, is the potentiometer setting of the rth

segment,

n is the number of the segment corresponding
to the input voltage.

This expression for the output voltage should be
compared with that for the normal independent mode,
namely

V, = GLK,

In the cumulative mode the potentiometers set the
change in level between segments rather than the
absolute level as in the independent mode, the setting-
up procedure is therefore morecomplicated. However,
the cumulative mode does have application for discrete
functions as less switching is involved, and con-
sequently higher speeds are possible.
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Fig. 4. Development of the rectangular waveform from the
interpolation voltage.

When the /, inhibit input is set to logic 0 the out-
puts of all the logic elements B, ... B, are at logic 0
irrespective of the input voltage to the generator and
of the state of the I, inhibit line. Under these circum-
stances the output of the generator will be zero. This
is a very valuable feature and finds considerable
application in the generation of pulse shapes as out-
lined in Section 5.1.

3. Bandwidth

The question of bandwidth raises some interesting
points in this form of function generator. It is obvious
that completely different situations exist for the con-
tinuous and discrete forms of operation. As far as the
discrete mode is concerned, the performance can be
related to the rise-time of the discontinuities in the
function. However, since the switching actions that
occur as the input voltage varies do not depend on
positive feedback (i.e. on a bistable action) but rather
on the gain (including the logic elements) between
input and output, the rise-time depends on the rate
of change of the input signal. In the limiting case,
namely when the rate of change of input signal is very
high, the summing amplifier will limit the rise-time. In
the present generator this is better than 100 ns and
thus ‘good’ pulses of 0-5 us width may be obtained
in the discrete mode with independent setting, and
slightly better pulses of the same duration with
cumulative setting. Thus for a 12-segment generator,
the maximum input frequency corresponds to a half-
period time of about 6 ps, i.e. approximately 80 kHz
bandwidth.

In the continuous mode of operation, bandwidth
considerations are not so straightforward as sampling
action is involved in the interpolation process. The
ultimate bandwidth obtainable will depend on the rise-
time of the comparators and associated logic and
summation, since the rise-time dictates the maximum
interpolation frequency that may be used for a given
linearity of interpolation. The maximum bandwidth
possible in a sampling process (without ambiguities
occurring) is f/2; however, as filtering is required to
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Fig. 5. Bipolar summing amplifier.

extract an average, the maximum bandwidth is likely
to be limited to /20 or even less. As the rise-time of
the comparator-logic-summer chain is better than
100 ns, then reasonable pulses (for averaging pur-
poses) of 200 ns duration can be achieved. If the
periodic time of the interpolating triangular wave is
made 10 times greater than the minimum pulse length
of 200 ns, it is possible to obtain good linearity
up to 10 : I mark/space ratio in the sampling process.
This then yields linear interpolation over at least 90 %
of the segment width.

In the prototype generator the interpolation
frequency is about 450 kHz, and thus after filtering,
the maximum practical bandwidth is about 20 kHz.
However the actual bandwidth has been set to approxi-
mately 5-0 kHz.

4. Circuitry

Integrated circuits are used exclusively in the
instrument, and the comparator and logic arrange-
ments are completely standard and do not require
further description. The summing, filtering and high
frequency triangular wave frequency generator ele-
ments are functionally more complex and further
details are given below.

4.1. Summation

Figure 5 shows the arrangement adopted for sum-
ming (with or without inversion) the signals D, ... D,,.
Inversion and summation of an input is obtained when
the switch for that signal is in position 1. The gain in
the channel in this case is —1.

Non-inversion is obtained when the switch is in

position 2. In this case there is an attenuation to the
positive input terminal of the amplifier such that,

e, = ! D
+ = 1+n r
by virtue of the potential divider action.
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However, the gain of the amplifier for signals
applied to the positive input is
Vo =(n+1)e,
Thus the overall gain for non-inversion of a signal
is again unity.
This is a convenient way of achieving ‘bi-polar’

summation as no great demands are placed on the
operational amplifier for the following reasons:

(i) The common mode range does not have to be
high since the maximum voltage that can occur
at the positive input terminal is 1/n when the
generator is in the independent mode.

Although the gain in any one channel is unity,
the feedback fraction is 1/(1 +#) and stabiliza-
tion presents few difficulties. The large signal
bandwidth of most operational amplifiers
depends on the output slew-rate limit and this
invariably depends directly on the degree of
stabilization (either lag or lead) that is re-
quired. Thus since the degree of stabilization
required is small, a relatively high large signal
bandwidth is achieved.

The source resistance of both input terminals of
the amplifier is R/(1+#) and thus the effects of
bias current on output offset are negligible and
temperature effects are also small since the
source resistances are relatively small if n is
large.

(ii)

(iif)

(iv) Since the source resistances are small the input
resistance of the operational amplifier does not

have to be high.

4.2. Filter

The gain of the summing amplifier configuration is
unity and since the maximum input signal to any
channel is L volts, i.e. about 4 V, the maximum out-
put of the summer will also be about 4 V, and this is
the maximum output when the generator is used in the
discrete mode.

For generation of continuous functions, the output
of the summer must be filtered, and is amplified to
give a peak output of approximately 12V. The
filter and final amplifier are shown in Fig. 6. The

1k

S00pF S00pF

2k 2k

I 1000pF

Fig. 6. Filter and final amplifier.
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Fig. 7. Triangular wave generator.
R, 56 kQ input resistor; R, 150 kQ feedback resistor.

twin-T network provides a notch at the sampling
frequency, and this is followed by a first-order lag
filter and a non-inverting gain of x3 is provided by
the operational amplifier. The output of the amplifier
is buffered by a 1-5 kQ output resistor to render the
output proof against short circuits.

4.3. Triangular Wave Generator

The standard method of using an integrator and a
defined hysteresis switch in a closed loop has been
adopted in the oscillator (see Fig. 7).

The hysteresis switch operates when the voltage
at the input terminal of the amplifier is zero, i.e. when

where V, is the positive or negative saturated output
voltage of the amplifier, and is 449 V.

The threshold levels are therefore +1:8 V and the
hysteresis width is therefore 3-6 V.

The integrator in the circuit is in fact an open-loop
operational amplifier with the output slew-rate
defined by 0-01 pF capacitor across terminals 9 and
10 which are the collectors of the first stage differential
amplifier. For the MC 1430 device the output slew-
rate is characterized for the capacitance between
terminals 9 and 10, and is 3-0 V/us for 0-01 pF.

The half-period time of the oscillator is the time
required for the output of the integrator to slew across

OUTPUT / | =
wvov. | ||

Lo .
2ms/Div.
Fig. 8. An arbitrary function with two discontinuities.
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OUTPUT
5V/DIV.

7

INPUT
10V/DIV.,

200ps/DW.

Fig. 9. Showing the frequency doubling action of a square-law
function.

the hysteresis width thus

T
= 1-2 ps.
2 -
The frequency of the oscillator is therefore cal-
culated to be approximately 425 kHz, and was found
to be 450 kHz.

5. Applications of the Generator
5.1. Continuous Mode

5.1.1. Non-linear function

The generator may be used to simulate non-linear
functions with discontinuities if required, as described
in Section 2. A typical response is shown in Fig. 8.
Figure 9 shows the response of the generator to a sinu-
soidal input with the generator set up to a square-law
function, the frequency doubling action being clearly
apparent.

5.1.2. Waveform generation

If the input to the generator is a triangular wave-
form, then the waveform at the output will be the same
shape as the function set up on the generator for the
positive half-cycle of the input waveform. The
negative-going half-cycle of the input also generates the

OUTPUT

2V/D.

INPUT N N

10V/DIV. | T I
200ps/ DIV

Fig. 10. Generation of an arbitrary waveform.
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QUTPUT
2V/DIV.
INPUT
10V/DIV.
200us/DIV.
Fig. 11. Generation of an arbitrary pulse. This is the same

setting as for Fig. 10, but with the output suppressed for
negative-going input signals.

shape of the set function but in a reverse direction.
The generated waveform will therefore be sym-
metrical about the point in time corresponding to the
peak of the input. Figure 10 shows an example of
arbitrary waveform generation from a triangular wave
input.

5.1.3. Pulse generation

Repetitive shaped pulses may be generated using
similar techniques to those in the previous application
but with the output of the generator suppressed during
either the positive or negative-going half-cycle of the
drive waveform. The majority of triangular waveform
generators simultaneously produce a synchronous
square wave, and this may be connected either directly
or through an inverter to the 7/, inhibit input of the
function generator to suppress the output during the
required half-cycle.

The pulse shown in Fig. 11 was obtained with the
generator set as for the response shown in Fig. 10 but
with the output suppressed during the negative-going
half-cycle of the input.

Figure 12 shows another example of pulse generation
where the pulse has the form

sin x

oS

X

Fig. 12. sin x/x pulse.
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Fig. 13. A pulse amplitude sequence.

Sps/ DIV

On examining the response shown on Fig. 11, it
is clear that if the input to the generator was a saw-
tooth waveform with fast flyback, then the pulse
would be expanded out into a continuous waveform.
This technique of waveform generation is not re-
stricted to ‘symmetrical’ type waves as is the technique
previously discussed.

5.2. Discrete Mode

Figure 13 shows an example of a pulse amplitude
sequence of approximately 25pus duration at a
repetitive rate of 1 kHz. This was achieved by driving
the input of the generator with a truncated triangular
wave so that the input window of the generator was
scanned in a time very much shorter than the half-
period of the input, the reverse sequence being
suppressed as described before. By generating this
sequence with the instrument in the independent mode,
the amplitude of any individual pulse may be adjusted
without affecting the amplitudes of the other pulses.

5.2.1. Quantization

If the outputs of successive segments increase by
equal increments, the generator may be used as a
quantizer, and an example of this application is
shown in Fig. 14.

ho

Al

Fig. 14. The quantization of a 1 kHz sine wave.
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6. Some Possible Extensions

All of the applications reviewed in the previous
section are capable of being achieved on the prototype
instrument described in Section 2. However, certain
not very extensive additions to the basic generator can
yield some useful additional functions.

If the logic outputs B,...B,, are made externally
available, the following applications become possible.

6.1. Pulse Height Analyser

If a pulse is applied to the input of the generator,
one of the B, ... B, logic signals will be at logic | for
the duration of the pulse, indicating that the magnitude
is between the voltage levels corresponding to that
channel. The /, inhibit input may be used to strobe the
input pulse if necessary.

6.2. Amplitude Density Function Measurement

If a random signal is connected to input of the
generator, the smoothed output of each of the B logic
signals gives the amplitude density of the input signal
corresponding to the mean bias level of that input
channel. The collective results of all of the outputs
yield the amplitude density function. The cumulative
density function will be given if the generator is used in
the cumulative mode.

6.3. Two Functions of a Variable

By duplicating the potentiometers, summer and
filter, it is obviously possible to generate two functions
ofithe input variable. One possible application of this
is the sequential positioning of an electron beam in

The Author

beam welding processes. The generator would allow
the independent adjustment of the X and Y co-
ordinates of the beam at any point in the sequence.

6.4. External Control of the Function

The ordinates of the generated function are set by
adjusting the potentiometers which effectively control
the amplitude of the B, to B, , signals. Now the level
of these logic signals could alternatively be set by
external voltages controlling simple clamps. Thus the
generated function, whether it be continuous or dis-
crete, could be controlled by external voltages. This
might find application in adaptive control schemes.
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1. Introduction

Reprinted from the Proceedings of the L.E.R.E. Conference on ‘Lasers
and Opto-Electronics’ held at the University of Southampton on 25th
to 28th March 1969.

Progress is outlined in the design of c.w. and pulsed lasers, using methyl
cyanide, dimethylamine and a mixture of methane and nitrogen, for use at
wavelengths in the 337 pm region. Output stability is stated to be a func-
tion of cathode material, gas type and pressure and discharge current
for any given laser design. Brass appears to be the best cathode material.
With input power at 1 kW, outputs of 7 mW (c.w. laser) and 1 W (pulsed
laser) were obtained, the gas used making no significant difference to these
figures. An optimum working pressure of 0-55 torr was established using
a mixture of 609, methane and 409 nitrogen. Tube life with all three
gases is typically 100 hours. Initial investigations into transmission proper-
ties of various materials at sub-millimetric wavelengths show that p.t.fe.
and t.p.x. (polyolefin thermoplastic) make the best lenses and windows,
and that black polythene makes the best attenuator. Investigations into
atmospheric absorption at this wavelength indicate that, dependent on
temperature and relative humidity, attenuations of between 36 dB/km and
204 dB/km can be expected.

et al.” However, Steffen et al.® have reported laser

Progress made in the design of cyanide gas lasers
operating in the sub-millimetric region of the electro-
magnetic spectrum is reported in this paper. The laser
emissions are produced by gaseous discharges in the
vapours of various cyanides and other organic com-
pounds, and in gas mixtures containing H, C and N.
Laser action at a wavelength of 337 um, using methyl
cyanide in a pulsed discharge, was first reported by
Gebbie et al.! in 1964. Continuous operation, with
emission at 337 um and 311 pm, was obtained by
the same authors in 1966.> Cyanide laser lines have
also been found at a number of other wavelengths
between 72 um and 373 pm by Mathias et al.® using
pulsed operation, and many of these lines have been
observed with continuous operation in the experiments
of Miiller er al.* Outputs in the region of 10 W with
pulsed discharges and a few milliwatts continuous
have been obtained for the strongest lines at 337 ym
and 311 pm.

A mechanism involving the vibration/rotational
transitions of the CN radical, suggested by Chantry
et al.,? did not explain all of the above laser lines and
Lide and Maki® proposed a mechanism based on
HCN as the emitting species. This explanation is
supported by the experimental findings of Hocker

t Formerly* with  E.M.I. Electronics Ltd.; now in Physics
Department, University of Victoria, British Columbia,
Canada.
1 Systems Research Division, E.M.I. Electronics Ltd., Wells,
Somerset.
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emission in BrCN and ICN at 310 ym, 337 um, 538
um and 774um which cannot be explained by the HCN
theories because of the absence of hydrogen atoms.

2. Design Considerations

The long wavelength of the emitted radiation,
relative to the optical laser, necessitates a careful
analysis of the resonant cavity of the laser in terms of
its Fresnel number (F = @?/L1, where a = mirror
radius, L = mirror separation, A = wavelength) to
avoid excessive diffraction losses. Unlike their optical
counterparts, resonators for lasers at sub-millimetric
wavelengths usually have Fresnel numbers around
unity. These lasers are therefore more susceptible to
diffraction loss, which is usually the major factor
governing oscillation, especially in the higher-order
modes. Furthermore, with optical lasers, there are
frequently many cavity modes possible within the
Doppler-broadened linewidth of the amplifying
medium. The gain-width of cyanide lasers at 337 ym
is in the region of 3 MHz and the separation of the
axial modes or higher-order transverse modes of the
cavity is at least an order of magnitude larger.

The cyanide laser will thus usually operate in a
single mode, tunable by adjustment of the Fabry-
Perot resonator length. The presence of more than
one transverse mode from a c.w. laser with a high
cavity Fresnel number (where diffraction losses for
high and low-order modes are comparable) or from a
high-gain pulsed laser has, however, been indicated by
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a beat frequency in the 1 MHz region in the detected
laser signal.

Theoretical calculations of the diffraction loss for
various modes of a symmetric confocal resonator, with
and without coupling aperture, have been made by
McCumber® for Fresnel numbers between 0-6 and
2:0, and by Li'® for confocal and non-confocal
resonators.

Increase in laser power output can be obtained by
an increase in resonator length, with a suitable
increase in diameter to keep the diffraction loss down
to a practical figure of about 19 per pass. For a
5 ¢cm bore tube, the maximum possible length between
confocal resonators is about 180 cm. However, a
660 cm long x 5 cm diameter laser has operated with
a pulsed discharge, the theoretical loss per pass with a
hole-coupled output being about 70%,. This should
lead to an unrealizable threshold condition and tends
to confirm the hypothesis of Steffen and Kneubiihl'!
that the effect of the walls of the tube cannot be
neglected in sub-millimetre lasers.

3. Wavelength Measurement and Radiation
Detection

A simple method of measuring the wavelength of
the emitted radiation is to monitor the laser output
as a function of resonator length. The distance moved
between successive resonance peaks corresponds to
A/2. This method suffers from the disadvantage of low
resolution and the difficulty in distinguishing between
different transverse modes of the same wavelength or
peaks corresponding to two or more laser emissions
at different wavelengths. However, in most cases it
can be used to separate the high-gain 311 pm and
337 pum lines.

Greater accuracy and resolution is provided by a
reflection-grating spectrometer, whose layout follows
the style of Czerny and Turner (M. F. Kimmitt'?).
Several blazed gratings are available to cover a
wavelength range from 28 pm to 2300 pm. The resolu-
tion of this instrument is normally limited (to about
1%, at 300 um) by the accuracy with which the vernier
on the grating-angle scale can be read, i.e. +6 minutes
of arc. Interpolation between the vernier scale
divisions is obtained by mechanically driving the
grating turntable and using a revolution indicator on
the drive spindle. In this way a resolution of better
than 0-29 can be attained, sufficient to permit the
separation of the close laser lines around 310 pm
and 311 pm. The physical size of this spectrometer is a
disadvantage and, due to its path length of 250 cm,
evacuation of the instrument is necessary when making
comparative measurements at the shorter wavelengths
where attenuation by atmospheric water vapour is
appreciable. :
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The radiation detectors used in this work are the
commercially-available Golay cell, a specially-
developed point-contact gallium arsenide diode!?
and a pyroelectric detector.!* The output power of
the lasers is usually monitored by a Golay cell. A
c.w. laser beam is mechanically chopped at 11 Hz
and the manufacturer’s calibration figure is used to
convert the Golay output voltage, measured on an
oscilloscope, to output power. Allowance is made for
the difference between the detector aperture and the
laser beam diameter with the detector set at a fixed
distance from the laser. Black polythene attenuators
are used to avoid overloading.

Point-contact gallium arsenide diodes, mounted in
waveguide, are also used as video monitors.!* Due
to their nanosecond response time, these diodes are
also suitable for observation of the pulsed laser
output (0-5 ps rise-time, several microseconds dura-
tion) without distortion.

A pyroelectric detector with frequency-compensated
amplifier is also used to monitor pulsed laser outputs,
but microphony has been a problem with c.w. lasers
due to acoustic breakthrough from the mechanical
chopper. One advantage over the point-contact diode
is the wider acceptance angle.

Indium antimonide (liquid helium cooled) detec-
tors'® have the best sensitivity in the sub-millimetre
region, but the ancillary cryogenic equipment required
is a disadvantage.

Table 1. Comparison of detector parameters

N.e.p.

Wave- Typical for 1 Hz Response Operat-
Detector length  respon- band- time ing

range sivity width  (seconds) tempera-

(um) (V/IW) (watts) ture

Golay 50-5000 10° 10-1° 10-2 room
cell (quartz

window)
Point- downto 01 10-7 at < 10°%  room
contact about 337 pm
GaAs 100 10-¢ at
diode 100 pm
Pyro- sub-mm 100 5%10°% 5x10°% room
electric'*  down to

1 um
InSb 200 200 2x10-1t 2x10°-7 1-5°K
(with 500 500 1x10-1*
magnetic 1000 1000 S5x10-12
field)*®
InSb 300 300 Sx10-1 10-¢ 1-8°K
(without 8000 (trans-
magnetic : former
field) dependent)
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COOLING WATER

\ WATER QUTLET

MICROMETER - CONTROLLED
MIRROR MOUNTING

The detector parameters are compared in Table 1.
A comprehensive review of sub-millimetric radiation
detection techniques has been made by Putley and
Martin,!é

4. Experimental Details and Results

4.1. C.W., Laser System

A schematic diagram of a typical c.w. laser is
shown in Fig. 1. The Pyrex discharge tube is 150 cm
long, 5cm internal diameter, with an anode-to-
cathode separation of 115 cm. The Fabry-Perot type
resonator consists of two polished aluminium mirrors
in micrometer-controlled mounts, one of which can be
moved along the axis of the tube without tilting. The
aperture in the output mirror is sealed with a quartz
or p.t.f.e. window. An alternative coupling system has
also been used, with one mirror external to the laser
tube and a p.t.f.e. beam-splitter within the resonant
cavity. The laser tube window is 0-4 mm thick
p.t.f.e. and is normal to the cavity axis. This system
allows the extraction of two beams from the cavity.

The anode consists of a water-cooled brass tube
which also serves as the connexion to the vacuum
system. The concave shape of the water-cooled
cathode, which was determined experimentally,
minimizes cathode spot wander.

The gas under investigation, methyl cyanide,
dimethylamine, or the mixture of methane and
nitrogen suggested by Stafsudd et al.,!” is fed into the
discharge region via the central hole in the cathode,
and a rotary vacuum pump maintains the gas pressure
in the tube between 0-2 torr and 0-8 torr, dependent
on the flow rate.
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Fig. 1. Typical gas laser.

The 2-5kV d.c. power supply unit is smoothed to
minimize current fluctuation of the arc, and to reduce
amplitude and frequency modulation of the laser
output. Ballast resistors are used to limit the dis-
charge current, once the arc has struck. Under
operating conditions the voltage drop across the
115 cm discharge path at a current of 1-5 A is in the
region of 800 V.

4.2. Pulsed Lasers

The construction of a pulsed HCN laser is simpler
than that of the c.w. laser because, since the power
dissipated is much less, i.e. 1072 W for the pulsed
laser against 1 kW for the c.w. laser, water cooling
is not necessary. Mechanically, therefore, long
pulsed lasers, with their greater gain per pass, are
more easily produced than long c.w. lasers.

A typical pulsed laser 2-5m long, 5cm internal
diameter, can produce pulses with peak powers of
1 W at p.r.f. rates up to 10 per second. The power
required for such a laser is of the order of 10 kV
at 100 A. This is supplied by a simple modulator fed
from a 20kV, 20 mA mean d.c. supply. Using a
recently-constructed laser 6:6 m long and 7-5cm
internal diameter, peak powers of up to 20 W have
been obtained at 337 pm. !

Although the mean power obtainable from a pulsed
laser is considerably less than that obtainable from a
typical c.w. laser, the high gain per pass produces
strong outputs at 373 pm, 310 um, 211 pm and 128 pm
as well as at 337 um. These outputs are useful when
investigating the properties of various materials in the
sub-millimetric region.
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4.3. Stability of Output

The laser output stability is dependent to a large
extent on the stability of the discharge arc. Slow
frequency drifts, due to thermal variation in cavity
dimensions, have been reduced by water-cooling the
discharge tube. (Under operating conditions, about
1 kW is dissipated in the discharge.) The arc stability
depends on the cathode material and design, gas type
and discharge current.

Aluminium, brass, carbon, molybdenum, stainless
steel, tungsten and zinc have been used as cathode
materials. Brass has been found to be the best cathode
material with the least cathode-spot wander. A
concave electrode shape also assists in limiting the
extent of cathode spot movement. The current density
in the cathode spot is in the region of 150 A/cm?,
and Joule heating plays an important part in actual
evaporation of the cathode material. This is explosive
in nature and gives rise to localized melting of the
cathode. Transitions between thermal and cold
electron emission take place as the cathode spot shifts.
Kesaev'® has related the arc stability of a cold cathode
in a vacuum arc to the nature of the cathode material,
and his results show that the most stable arcs are
obtained with solid cathodes with low thermal and
electrical conductivity and low boiling-point. In this
work, it has been found that high boiling-point
materials, e.g. tungsten, cause a marked reduction in
arc.stability and it is probable that the arc stability
with a brass cathode is a direct result of its high zinc
content (melting point 420°C). The arc spot on a pure
zinc cathode is more stable, but rapid erosion limits
the electrode life to a few hours.

The i.f. output signal from a point-contact mixer,
obtained by mixing the output of two 337 um lasers,
can be adjusted by cavity-tuning between 100 kHz
and 1 MHz and the stability of this signal is directly
related to the mean arc duration of the discharge.
Discharges in methane/nitrogen provide the most
stable beat-frequency for periods up to several seconds.
These gases are fed from cylinders at a constant pres-
sure. The variations of vapour pressure of the
volatile methyl cyanide and dimethylamine cause
fluctuation in discharge gas pressure and flow rate,
and reduce the stability of the discharge.

4.4. Qutput Power

The output power of a cyanide laser of given
dimensions is dependent on gas type, pressure and
flow rate, discharge current, output coupling and
reflector configuration. :

The optimized outputs of c.w. lasers of similar
dimensions and mirror configurations were compared,
using methyl cyanide or dimethylamine vapour and a
mixture of methane and nitrogen gas. The outputs
obtained with all three gases were the same within the
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limits of experimental error. The maximum output of
7TmW at 337 um was obtained using CH,/N, with
the 160 cm c.w. laser, at a power input to the dis-
charge tube of about 1 kW. This system is the most
convenient to use, since the constant-pressure feed
from the methane and nitrogen cylinders requires no
adjustment once the optimum gas mixture (in the
region of 60% CH,, 40% N,) has been set. Further-
more, the mixture is far less toxic than methyl cyanide
and dimethylamine.

The gas pressures, flow rates, pulse-repetition
frequency and power input were also optimized with
each gas in a 250 cm long, 5cm diameter, pulsed
laser. The peak power output at 337 um was in each
case in the region of 1 W.

2:0

\

ZE B

AN

%

POWER OUTPUT (LOG ARBITRARY UNITS)

0 2 4 6 8 10 12 14
COUPLING HOLE DIAMETER (mm)

Fig. 2. Total power output from a 160cm c.w. laser as a
function of coupling hole size.

To investigate the variation in output with gas
pressure, the discharge current was altered at a series
of fixed gas pressures and the optimum output
recorded. The gas used was a mixture of CH,/N, and
maximum output was obtained at a pressure of 0-55
torr. Further increase in pressure results in an in-
crease in plasma resistance, and measurements at
higher pressures are at present limited by the maximum
voltage obtainable from the power supply. Below the
optimum pressure, gain saturation of the medium
occurs and no increase in output is obtained with
increased current. Further increase in excitation then
causes a reduction in output.

The variation in output power of the 160 cm c.w.
laser with coupling hole diameter is shown in Fig. 2.
The maximum output is obtained with an 8 mm
coupling-hole in the 50 mm diameter mirrors and the
power is within 3 dB of this peak for hole sizes be-
tween 6 mm and 11 mm. The laser gain is a function
of the tube parameters, and variation in these alters
the position of the peak on the power/coupling curve.
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Fig. 3. Variation of attenuation with wavelength.

A high-gain 660 cm long pulsed laser, 7-5 cm internal
diameter gives maximum output with a 2-5cm
diameter coupling aperture.

Recent work with a 300 cm long, 7-5 cm internal
diameter c.w. laser has produced a significant increase
in output power over the 160 cm long, 5 cm internal
diameter c.w. lasers. The output from these lasers
has not yet been optimized, but powers of the order
of tens of milliwatts have been obtained at 337 pm.

4.5. Tube Life

The typical polymerization products of C, H and
N discharges coat the wall of the discharge tube in the
form of an orange film with all of the gases investigated.
For safety reasons, samples of this film have been
analysed and show less than 1 portion in 10® of
cyanide. The life of a discharge tube is typically in
the region of 100 hours before polymer, flaking from
the tube wall, interrupts the radiation in the laser
cavity. The CH,/N, discharge produces less polymer
but has not given, in the lasers used, the clean
operation described by Stafsudd et al.'”

5. Components

Work in this new region of the electromagnetic
spectrum has necessitated investigations into the
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transmission properties of various materials for use as
lenses, windows and attenuators. The materials in-
vestigated included t.p.x. (polyolefin thermoplastic,
dielectric constant = 2-12), p.t.f.e., translucent poly-
thene, mylar, fused quartz and black polythene.
Graphs of the transmission properties at different
wavelengths are shown in Fig. 3.

T.p.x. and p.t.f.e. have the lowest transmission losses
and lenses are normally made from these materials;
t.p.x. has the added attraction of being transparent.
Commercially-available black polythene is the best
attenuator, 1-5 mm thick material realizing attenua-
tions of 5dB at 337 ym and 13 dB at 128 um (the
reflexion loss amounts to only 49 of the attenuation
at 337 ym.)

6. Atmospheric Attenuation Measurements
The absorption of radiation in the sub-millimetre
range of the spectrum due to water vapour is appreci-
able. The radiation at 337 um is near the centre of an
atmospheric window, but the fact that atmospheric
water content can vary considerably from day to day
necessitates a knowledge of the attenuation under
various humidity conditions. A beam of 337 um
radiation from a c.w. laser was transmitted over a
known atmospheric path length and received by a
parabolic aerial. Golay cells monitored both trans-
mitted and received signals. The air temperature and
humidity were recorded along the signal path. The

. _
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@

Fig. 4. Variation in atmospheric attenuation at 337 um with
atmospheric water content.

relationship between attenuation and atmospheric
water vapour content is shown in Fig. 4. For saturated
air at 0°C, the attenuation of 337 um radiation is
52+5dB/km. This figure is close to that obtained by
Burroughs et al.'® For relative humidity and room
temperature changes between 509, and 1009, and
4°C and 20°C respectively, losses of between 36 dB/km
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and 204 dB/km may be expected at this wavelength.

This atmospheric attenuation will limit any communi-/

cations application at this wavelength and variations
of attenuation with humidity have to be considered in
applications involving metrology.
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Semiconductor Diodes as Detectors and Mixers
at Sub-millimetric Wavelengths
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Reprinted from the Proceedings of the 1.E.R.E. Conference on ‘Lasers
and Opto-Electronics’ held at the University of Southampton on 25th
to 28th March 1969.

The application of germanium, silicon and gallium-arsenide point-
contact diodes and gallium-arsenide Schottky-barrier diodes as detectors
and mixers at sub-millimetric wavelengths is discussed. Figures of merit
for these diodes, when used as video detectors or mixers, are also discussed
and prove greatly dependent on junction radius and carrier mobility. The
fabrication of point-contact diodes in a waveguide mount is described
and comparisons are made between various combinations of whisker and
semiconductor materials. Measurements of conversion loss, n.e.p. and
voltage responsivity have been made, using both c.w. and pulsed HCN
lasers. The n.e.p. of the germanium point-contact diode, used as a super-
heterodyne mixer, is superior to that of the well-known Golay cell; it also
has a much shorter response time. Schottky-barrier diodes, whilst not
being so sensitive, are proving useful at much shorter wavelengths than

hitherto reported.

1. Introduction

The development of a coherent source giving useful
power at around 0-3 mm wavelength (the cyanide gas
laser) has established a requirement for a detector,
fast enough in response time to observe microsecond
output pulses or the beat frequencies (100 kHz to
1 MHz) which result from the non-linear mixing of
two cyanide lasers.

Detectors may be classified into three groups
according to the physical process responsible for their
operation:

(i) thermal,
(i) photoconductive,
(iii) semiconductor junction.

The relative merits of all these have been discussed
in a review article by Putley.! Thermal detectors in
general have a slow response time with good sen-
sitivity, but do require cooling to low temperatures to
improve their sensitivity.  The photoconductive
detector (for example,cooled bulk indium antimonide)
requires cooling to at least liquid nitrogen temperature,
is very sensitive and has a response time which can be
as fast as a few tenths of a microsecond. The metal-
semiconductor junction in the form of the point-
contact diode has a response time which is only limited
by the time taken for the current carriers to cross the
junction., Hence these detectors may be used for
observing nanosecond pulses or as superheterodyne
mixers with microwave intermediate frequencies.

+ Systems Research Division, E.M.I. Electronics Ltd., Wells,
Somerset.

The Radio and Electronic Engineer, Vol. 39, No. 3, March 1970

There are other detectors for this region of the
spectrum, for example the Josephson superconducting
junction,? which are in an early stage of development,
but at present the point-contact diode is the only
detector combining very fast response time with
reasonable sensitivity at room temperature.

Point-contact diodes have been used since the early
days of radio, but they have always suffered from
instability, and uncertain lifetime (at least for the
smallest junctions). For these reasons their use at the
lower microwave frequencies has now been largely
superseded by the Schottky-barrier diode, which offers
stability and long lifetime, lower noise and more
efficient mixing. Even at the higher microwave
frequencies Schottky-barrier diodes are competing
with point contacts,® but where the very smallest
junction areas are required the point-contact diode
must be chosen. Nevertheless, what is believed to be
the first mention of the operation of a Schottky-
barrier diode at 0-337 mm wavelength is reported here.

The performance of point-contact diodes at sub-
millimetric wavelengths depends on the mobility,
doping and hardness of the semiconductor material,
and on the whisker metal.

Because of its superior electrical properties, point-
contact diodes were initially made with n-gallium
arsenide. However, because of the extra hardness of
p-silicon and n-germanium, it has recently been found
possible to produce smaller contact areas on these
materials. The strong dependence of diode per-
formance on contact area more than compensates for
the lower mobility of silicon and germanium and
results in a better performance at sub-millimetric
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wavelengths. For diodes whose contact area does not
depend on pressure, e.g. the Schottky-barrier diode,
n-gallium arsenide is expected to be the superior
material.

2. Theory

The criteria by which the performance of a diode is
assessed depend on the use to which the diode is to be
put.

When used as a video detector, two criteria com-
monly used are the voltage responsivity and noise
equivalent power (n.e.p.). The noise equivalent power
is the level of signal power into the diode which pro-
duces a detected signal equal to the r.m.s. noise level
for a specified bandwidth. As a mixer, the per-
formance of a diode may be specified by its noise
figure and the conversion loss from r.f. (in this case
890 GHz) to i.f.

The conversion loss is made up of three separate
parts:

(i) mismatch losses due to incomplete coupling of
the incident signal power into the diode
junction;; g

(ii) inefficiency of conversion by the junction from
r.f. toi.f;

(iii) loss due to power dissipated in the ohmic
resistance of the diode.

Loss due to (iii) may be written in terms of the
diode’s ohmic resistance R and junction capacitance
C, and the mean non-linear resistance R,. In this way
a figure of merit may be derived in terms of mobility of
the semiconductor and the contact radius of the junc-
tion.

The same expression may also be shown to be a
figure of merit for the diode used as a video detector.
This figure of merit is strongly dependent on the
junction radius.

Since, of the three most commonly used materials
for diodes (n-germanium, p-silicon, n-gallium
arsenide), n-gallium arsenide has the highest mobility,
it would also be expected to have the highest figure of
merit. However, this does not take into account the
technological difficulty of producing small contacts
with a pointed whisker pressing on the surface of a
semiconductor,

Taking into consideration the relative hardness
coefficients of the three semiconductor materials,
germanium has the highest figure of merit with silicon
and gallium arsenide next, in that order. However, for
diodes with evaporated metal-junctions, gallium
arsenide should be the best.

The noise power generated within a metal semi-
conductor junction limits the n.e.p. and, since the
noise spectrum is not ‘white’, the n.e.p. will vary with
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the video or modulation frequency of the r.f. signal.
Measurements on a gallium arsenide point-contact
diode show that above about 300 kHz, with only a few
microamperes of current flowing, the noise power is
approximately thermal in nature and thus is propor-
tional to temperature and bandwidth only. Below
300 kHz measurements indicate an inverse frequency
dependence of the noise power.

3. Fabrication of Diode Mount Suitable for
Mixing and Detection

3.1. Description of Detector and Mixer Mount

A conventional microwave mixer or detector con-
sists primarily of a diode mounted in fundamental-
mode waveguide. Fundamental-mode waveguide at
0-337 mm wavelength has dimensions 0:254 mm x
0-127 mm; the difficulty of fabricating waveguide of
this size, together with problems associated with
mounting the diode in such a small cavity, has led,
initially, to the use of circular guide approximately 10
wavelengths in diameter.

The power is coupled into the diode structure
through a waveguide horn feed and a phase-correcting
lens at the mouth of the horn. This method of coupling,
whilst not significantly improving the match, does
make the alignment of the mount with respect to the
laser beam less critical. The lens and horn are
designed to accept a collimated beam.

The mount consists of two parts:

(i) aremovable insert containing the semiconductor
and whisker assembly and i.f. output connector;

(ii) the main body with its horn feed, waveguide
structure and micrometer short-circuiting
plunger.

This latter feature is analogous to the short-circuit
used in a conventional microwave detector mount.

The semiconductor chip is attached to a removable
post held in an insulating bush so that the surface
of the chip is level with the waveguide wall. A second
post with the pointed whisker attached is placed
diametrically opposite the first. The whisker post is
arranged to be a press fit in the insert, enabling the
whisker point to meet the surface of the semiconductor
at the required pressure.

This method of construction greatly facilitates
interchange of semiconductor material and whisker
metal for rapid diode assessment.

The mount may be used either for detection or
mixing. In the latter case both the local oscillator
and the signal are coupled into the diode using a beam
splitter to combine them prior to entry into the single
horn. A simple modification to the detector mount
includes a second feed horn, orthogonal to the first,
allowing mixing to take place without the use of a
beam splitter and its associated losses.
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3.2. Diode Fabrication

Several different semiconductor-whisker combina-
tions have been assessed both as detectors and mixers.
The results are summarized in Tables 2 and 3.

Certain whisker-semiconductor combinations pro-
duce good sub-millimetric diodes; these are indicated
by a tick in Table 1, and those combinations that do
not make good sub-millimetric diodes are indicated
by a cross.

Table 1. Whisker-semiconductor combinations

Whisker material Semiconductor

n-Ge p-Si  n-GaAs
phosphor bronze 1 — — Vv
platinum — — 4
platinum iridium — — Vv
(85:15)
gold/copper X X NG
(75 : 25)
tungsten v v X
titanium X — —

The whiskers are 0-025 mm in diameter and are
electrolytically-pointed to an included angle of
approximately 30°. The table shows that while n-type
gallium arsenide will form a useful diode at sub-
millimetric wavelengths with a variety of whisker
metals, it does not, however, form a reliably-stable
diode, and deterioration of its characteristics may
occur. The gallium arsenide diodes require the use of
forward bias which produces a large inverse frequency
noise component at low video frequency. Somewhat
improved stability may be obtained with a combination
of p-type silicon and tungsten. Such a diode can be
operated without bias and the noise output is then
reduced.

The best sub-millimetric performance has recently
been obtained with a combination of n-type
germanium and tungsten. This diode has similar
characteristics to the silicon diode with the same
whisker and also operates without bias both as a
detector and a mixer.

The factors governing diode lifetime are not well
known, and diodes are easily destroyed by stray
fields or circulating earth currents. However, these
particular diodes do have the outstanding advantage
that unless the diode is destroyed by excessive energy
input to the junction, it may be reformed by re-
pointing and repositioning the whisker.

4. Measurements

A description of the point-contact diode mount has
been given in Section 3 and measurements taken with
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this mount will be described here. The HCN lasers
used for this series of measurements are described in a
companion paper® and typically have | to 5mW
output. The radiation is coupled out through a small
hole in one end-mirror and the beam divergence is
approximately 3-5°. For this reason collimation of the
beam is necessary for operation at a distance from the
laser.

4.1. Detection

The detected output voltage for most point-contact
diodes in this wavelength region is less than 0-5mV
so some amplification is required. This is generally
accomplished with a low-noise transistor amplifier
with an input impedance high enough to prevent
current flow and loss of output due to voltage drop
across the internal impedance of the diode. Bias, where
necessary, is applied via the amplifier. To facilitate the
measurements, the laser radiation is mechanically
modulated at 2 kHz and the bandwidth reduced by
passing the detected voltage through a tuned amplifier
at 2 kHz.

The voltage responsivity is deduced from the laser
output power, measured with a Golay cell, and the
detected diode voltage. Because of the mismatch
losses due to the use of oversize waveguide, the actual
power arriving at the junction will be one or two
orders less than the power radiated by the laser.
Consequently, even with the unattenuated laser power
incident on the diode, it will still operate as a square-
law device.

The voltage responsivity obtained with point-
contact diodes of silicon, germanium and gallium
arsenide and with a gallium arsenide Schottky-
barrier diode are given in Table 2, together with the
n.e.p. measured at 2 kHz video frequency.

Table 2. Performance of diodes as detectors

Diode N.e.p. (at f, = 2 kHz) Voltage
in1Hz responsivity ()

p-Si PC 38 X 1078 W 20 mV/W

n-Ge PC 95 X 1077 W 60 mV/W

n-GaAs PC 3-8 X 1075 W 47 mV/W

n-GaAs sB — 65 mV/W

PC point contact. sB Schottky-barrier

4.2. Mixing

Mixing is a useful way of increasing the sensitivity
of a system. By arranging that signal and local
oscillator sources are about | MHz apart in frequency,
the intermediate frequency falls in that region of the
noise spectrum of the diode where inverse frequency
noise is negligible (this is only the case at the low bias
currents flowing in these sub-millimetric detectors;
at higher bias currents, inverse frequency noise may
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exceed thermal and shot noise even into the microwave
region).

Although the linewidth of the transition involved
in the 0-337 mm cyanide laser is very small, Doppler
and pressure broadening, together with plasma
instabilities, cause the output power to have a spec-
trum of frequencies extending from 1 to 2 MHz on
either side of the centre frequency. Moreover, the
centre frequency of oscillation may be changed within
this broadened line width by slightly altering the length
of the cavity. This enables two such lasers to be mixed
in a diode to produce an i.f. in the required region
(100 kHz to 1 MHz).

It has already been pointed out that the parameter
which limits the sensitivity is the diode conversion loss.
The noise generated by the diode is not far from the
thermal level when inverse frequency noise is in-
significant and low bias currents are used, so that the
limiting sensitivity is worse than the thermal level by
about the magnitude of the conversion loss.

Conversion loss measurements have been made to
show the dependence on diode material and on local
oscillator power. To extend the range of measurement
of the latter, a pulsed laser was used to supply up to
0-5 W of local oscillator power.

Table 3 gives the results of the conversion loss
measurements for different materials together with the
n.e.p. measured in a bandwidth from 100 kHz to
1 MHz. Comparison with the results of Table 2
clearly demonstrates the improvement in sensitivity as
a result of mixing.

Table 3. Performance of diodes as mixers

Conversion loss (L) N.e.p. in 1 Hz

Diode (at 3 mW local (from 100 kHz
oscillator) to 1 MHz)

p-Si 89dB 3-8x107 1 W

n-Ge 77 dB 24X10712W

n-GaAs 85dB 1-:2X10-1'' W

The variation of conversion loss with local oscillator
power has been measured for one particular diode and
approached an optimum at about 140 mW of laser
power. At this point the improvement was 13 dB and
represents a conversion loss of 64 dB for the best diode
shown in Table 3. Comparing this figure of 64 dB
loss with a commonly-encountered value for a mixer
operating at 80 GHz with optimum local oscillator
power, the degradation is considerably greater
than the expected /2 dependence would suggest.

The major part of the discrepancy is thought to
be due to the mismatch loss between input waveguide
and the junction. In addition, some loss will accrue
since the junction itself is not expected to be as
efficient a mixer at the higher frequencies.
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As a result of this, careful attention will be given in
future designs to methods of reducing the mismatch
loss which will also have the added advantage of
reducing the required local oscillator power.

5. Discussion

The parameter 1/R; C? may be shown to be a figure
of merit, expressed in terms of the diode parameters,
for sub-millimetric diodes used as detectors and mixers.
This figure of merit may be expressed in terms of the
material parameters and shown to be largely in-
dependent of the doping concentration of the semi-
conductor. In our work to date no correlation of sub-
millimetric performance with doping concentration has
yet been observed.

Table 4 shows figure-of-merit values for four
types of diode evaluated from both conversion loss and
voltage responsivity measurements. In both cases, due
allowance has been made for mismatch loss (a value of
20dB was assumed) and 10dB junction loss to
ensure that the figure of merit is calculated from the
effect of the parasitic elements of the diode only.

In addition, a further 13 dB is subtracted to reduce
the results of Table 4 on conversion loss to a value
consistent with optimization with respect to local
oscillator power.

Table 4. Figures of merit for diodes

Figure of Figure of Junction
merit merit derived radius
Diode 1 from voltage derived
RsC,2 responsivity from
from loss ()] B
n-GaAs (pC) 2x10%* 1x10% 5%X107¢m
n-Ge (pC) 6x10%4 1 X102 3X10°¢m
p-Si (pC) 4x10%8 5x10%* 2X107¢m
n-GaAs (sB) — 21028 SX10-¢m

The figures of merit for all three diodes are seen to be
lower when evaluated from the conversion loss: this
may be due to the junction loss being greater than the
10 dB assumed. n-type germanium has the highest
figure of merit with n-type gallium arsenide next.

The voltage responsivity results have been used to
evaluate the contact radius by expressing the product
RsC} in terms of the mobility and dielectric constant
of the semiconductor, and contact radius, a. The
results are shown in Table 4 (column 4). Not too much
significance should be attached to the absolute values
obtained because of the uncertainty of the mismatch
loss, but the relative values are such that silicon has
the smallest contact radius with germanium next. This
is in the same order as their hardness coefficients, as
indicated in Section 2.
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The smallest contact areas may therefore be achieved
on silicon. Unfortunately, the low mobility of p-type
silicon reduces the figure of merit to below that for either
gallium arsenide or germanium, but the lower barrier
voltage of the silicon diode compared with gallium
arsenide means that it can operate without bias. How-
ever, since no bias is required with the silicon diode, it
therefore produces less noise than gallium arsenide,
and the result is that the sub-millimetric performance
lies between that of germanium and gallium arsenide.

The Schottky-barrier diode has a figure of merit
approximately equal to that of the germanium or
gallium arsenide point-contact diodes, but, because of
the higher barrier voltage of gallium arsenide, it does
require biasing. However, the lower inverse frequency
noise properties of Schottky-barrier diodes should
enable a lower n.e.p. to be obtained at lower video
frequencies. These diodes are in an early stage of
development and few measurements have yet been
taken, but it is interesting to note that the effective
junction radius achieved is similar to that of the point-
contact diode.

Table 5. Comparison of diodes for detection and
N mixing

Diode N.e.p. detection N.e.p. mixing (3 mW)
Ge 9:5%x10°7W 2:44x10712 W
Si 3-8x10"¢W 3-8x10-1''W
GaAs 3-8x10°%W 1-2x10-1' W

Table 5 compares the n.e.p. on detection and
mixing for different diodes. The results agree with the
predictions of Section 2, germanium and silicon making
the best detectors and mixers. The improvement
brought about by mixing is seen to be considerable—
this is due in part to the adoption of a high inter-
mediate frequency where inverse frequency noise is
much reduced. Measurements show that the reduction
in inverse frequency noise in going from 2 kHz to
100 kHz is approximately 20 dB for a gallium arsenide
diode. The remaining 30 dB and the major part of the
improvement for the germanium and silicon diodes is
due to the mixing action.

The results of Table 5 were taken with a local
oscillator power of 3 mW. The improvement in
n.e.p. to be obtained by increasing the local oscillator
power to over 100 mW could be up to 13 dB (due to
the improvement in conversion loss). An n.e.p. of
10713 W should then be possible with the best diode
of Table 5 in a 1 Hz bandwidth.
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6. Conclusions

In agreement with the predictions of Section 2,
germanium and silicon form the best sub-millimetric
detectors and mixers. As a detector, a germanium
diode is able to detect about 107® W at a chopping
frequency of 2kHz and, as a mixer, a power of
107'2 W, the bandwidth being 1 Hz in both cases.
The latter result implies that point-contact diodes may
be used in a mixer system with a measurement
capability better than that of the Golay cell and with
appreciably wider bandwidth. (Alternatively, the
diode may be used for observing very short pulses, in
which case the sensitivity is correspondingly reduced.)

Further improvements to the structure, designed to
improve the coupling of the sub-millimetric power into
the junction, should lead to even lower n.c.p. of
about 10”8 W as detectors and 107!* W to 10~ ° W
as mixers. This may provide a serious competitor
to any known sub-millimetric detector or mixer in
terms of response time and noise equivalent power.

The Schottky-barrier diode is beginning to compete
with the point-contact diode even at sub-millimetric
wavelengths and promises long lifetime and robustness.
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The Two-Frequency M.T.l. System

By

J. KROSZCZYNSKI
Dr.habil.Eng.t

Clutter motion relative to the radar may seriously degrade the efficiency
of moving target indication (m.t.i.) systems used in radio location. This
problem arises in shipborne radar, airborne radar, or when the clutter is
being carried by the wind. Although various methods have been devised
to overcome the effect, the problem still exists because these have their
inherent drawbacks. As another approach, the two-frequency m.t.i.
system has been proposed occasionally in the past few years, but it seems
that a more detailed consideration of this method is as yet not available
in the literature. A basic theory of the two-frequency m.t.i. system,
together with a discussion of its significant characteristics, is presented in

this paper.

1. Introduction

In practical applications of the m.t.i. systems used
in radio location it is often required to cancel clutter
in situations where there is relative motion between
the radar and the clutter. This can occur either when
the interfering reflecting objects are moving, for
example, the water droplets in a drifting cloud, or
the radar itself is in motion, as in the case of a ship-
borne or airborne radar. The clutter spectrum will be
then Doppler-shifted, which degrades the efficiency of
clutter attenuation,! unless some method of compen-
sation is used.

The compensation for the relative motion by adding
a correcting frequency to the coherent oscillator (coho)
output may be used, but the difficulty of this method
lies in deriving an accurate control signal for the shift
frequency.? For example, if a programmed variation
of the coho frequency with azimuth angle is used, it
may happen that the frequency shift will be not
optimum for some range intervals. Various ‘clutter-
locking” schemes may be more effective, but have also
their drawbacks in confrontation with intricate
clutter configurations.®* The same can be said about
the non-coherent m.t.i.; its chief limitation is that the
target must be in the presence of relativelylarge and un-
interrupted clutter signals if moving target detection
is to take place.?

Another method has been proposed for over-
whelming the difficulties mentioned above, in which
the target is illuminated simultaneously at two radio
frequencies and two coherent receivers are inter-

the phase difference between the received signals at
the two frequencies.®** Although this system shows
many interesting features, it seems that an analysis of
its theory and characteristics has not yet appeared in
the available literature. It is the purpose of this paper
to present an elementary theory of the two-frequency
m.t.i. system, and to discuss its basic characteristics.

2. Theory and Characteristics of the System

Consider a radar transmitter, emitting coherent
signals at two different carrier frequencies f; and f;.
Signal appearing at the input of the first receiving
channel may be written as:
Vi = E, cos (2w 1+ @y +9,.)+

+ C, cos (e t+@,+¢,)  ...... 1

where E;, = amplitude of the target echo;

a, = 14+v, ~1 -+ 2v,/c, where z, is the radial target
velocity and c¢ is the velocity of propagation;

¢, = initial transmitter phase in channel 1;
¢, = effective phase of echo reflected from the target;
C, = clutter amplitude; a, = 1+v, ~1+420]c,
where ¢, is the radial velocity of passive reflectors;
¢, = effective clutter reflexion phase.

Similarly, signal received by the second channel is:
Vy = E; cos (xewat+ @3 +9,) +

+C, cos (awat+ @3+ @) ... )

The beat signal, obtained at the output of a narrow-
band multiplicative mixer having ¥, and V, at the
input, is given by:

Vo = ${E, E; cos [2(@0; —0)t +(01,— 0,0 +(91.— 020+
+C, C; 0s [a (@, — @)t + (01— @20+ (@1 — 02)] +
+E, C; cos [(2.0, —2.@)t +(901,— 920 + (91— 0,)] +
+E,C, cos [(aw, =20t +(9y — 020+ (04— 0201} .. (3)

1 Przemyslowy Instytut Telekomunikacji, Warsaw, Poland.
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In the single-subtraction m.t.i. canceller, direct and
delayed (by T, time interval between pulses) signals
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1
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Fig. 1. The differential Doppler frequency f5. as the function
of the carrier separation f; and the radial velocity v of a reflecting
object.
are subtracted from each other. Using known
trigonometric relations and considering the necessary
condition for i.f. cancellation, which in this case may
be written in the form (w, —w,)T = n.2n, where n is

an integer, the canceller output is:

60 (a;¥ )| norm

S -
160 180

1 1
120 140

=y | L _t
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«*

Fig. 2. The normalized two-frequency m.t.i. velocity response
(single subtraction canceller, stationary clutter).

V()=V,(t—T) = E, E, sin (AwPT/2) sin [Awt +Aw(t— T/2)+A¢,+ A, ] +
+C, C, sin (AwPT/2) sin [Awt+Aw2(t—T/2)+Ap,+Ap ] +
+ El CZ Sin [(w[l)e - wIZ)c)T/z] Sin [A(l)t + wli)e(t - T/'Z) - w[l)c(’ - T/Z) + A(P, +(<P1e - (p2c)] +

+ EZ Cl Sin [(w[l)c - wIZ)e)T/z] Sin [A(J)t + w[l)c(t - T/'2) - wIZ)e(t - T/Z) +A(P, + ((pZe - (plc)]'

where Aw = 0, —w,;

D

w;. = vew,; is the signal Doppler angular

frequency for the first channel;

w;. = v.w, is the clutter Doppler angular
frequency for the first channel;

ws, and w;, are the similar Doppler frequencies

for the second channel;

the differential
frequency for the

Aw, = of.—w3, = vAw s
Doppler angular
signal ;

Aw? = similarly for the clutter;

A@, = @1 = @215

A(pe = QPre—Paes

A(pc = Q1 P2

Figure 1 shows the differential Doppler frequency
Jo. as the function of the carrier frequency difference
f. =f1—f, and the radial velocity v of a reflecting
object.

The above considerations were formulated for c.w.
signals, but it is easy to see that for coherent carrier
waves, similar results are obtained for a train of short
pulses having the recurrence frequency equal to 1/T.

From eqn. (4), the following conclusions can be
drawn:

(1) For target in the clear (C, = C, = 0), the

average output signal amplitude depends on the
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Fig. 3. The characteristics of single-subtraction two-frequency

m.t.i. system (moving clutter, § = [°).

radial target velocity as in the case of a con-
ventional single-frequency m.t.i. system having
carrier frequency equal to (f; —f5).

(2) When clutter only is present (£, = E, = 0), the
amplitude of clutter residue at the canceller
output depends on the radial drift velocity v, in
the same way as the target echo amplitude in
case (1).
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(3) For a target in clutter, the relations are some-
what complex, and will be discussed in detail
below.

Assume that the target echo amplitudes in both
channels are equal, £, = E, = E; a similar assump-
tion, C, = C, = C, is quite reasonable for the clutter
also. Consider at first the case of stationary clutter
(v. = 0). As the phase angles Ag,, ¢., ¢, are random,
the average amplitude of the output pulse train may
be, according to eqn. (4), written as the r.m.s. value:

Go = VE*sin? (AwPT/2)+ E? C[sin? («®,T/2) + sin® (3. T/2)].

Denoting y = C/E; o = AwiT/2; p = w,/Aw;
q = w,/Aw, eqn. (5) takes the form:
Gola; 7) = EX/sin? a+9%(sin? pa+sin? ga)

Figure 2 shows the normalizedt Gy(«; y) function
fory=0;1;3;10and p = 7, q = 8. The curve for
y = 10 differs not much already from the result for
y — oo. It may be noted that for large values of y
the shape of G, is similar to the characteristics of a
staggered p.r.f. single-frequency m.t.i. system® for
the stagger ratio T, /T, corresponding to p/qg = w,/w,
in eqn. (6).

Gl=

VE*sin’ (AwlT/2)+ E* C*[sin® (02, — wB) T/2 + sin’ (@], — 03)T/2] + C* sin® (AwlT/2)
C?sin (Aw2T/2)

Figure 2 indicates that the velocity characteristics of
the two-frequency m.t.i. system are fairly good in the
case of targets in strong clutter, but for targets in the
clear there is some signal loss for slower objects.
Some method of gating may be therefore advised,
allowing the m.t.i. system to operate mainly in clutter
regions, outside of which a simpler receiving system
could be used.

For the case of drifting clutter objects, it is con-
venient to define the ratio of r.m.s. amplitudes of

(target + clutter)/(clutter alone) at the output of the
canceller. This can be expressed as

r.m.s. output amplitude in presence of the target
r.m.s. output amplitude in absence of the target

RN )]

where the r.m.s. value of eqn. (4) for a given set of
parameters should be inserted in the numerator, while
the r.m.s. value of eqn. (4) for the same parameter
values, except that £, = E, = 0, should be used in
the denominator. It follows, that for a single canceller,

Using notation similar to that in eqn. (6), and § = Aw?27/2, we obtain

Gy(x; B;7) =

Gy (a;Biy)

— 1 n 1 1 | 1.
(o] 20 40 60 80 100 120 140 160 180
a

Fig. 4. The characteristics of single-subtraction two-frequency
m.t.i. system (moving clutter, y = 10).

t IGO(90°; 7)Inorm = 1.
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Vsin? a+22fsin2_(poz.— ap) —; sin® (pB {qa)] +9* sin? B.

y% sin

y puit
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L S e e e ) R ) e B
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Fig. 5. Expanded portion of Fig. 4.
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It may be noted that the radial clutter drift velocity
corresponding to a given § value is:

v, = Bc/AwT
Several diagrams of the G,(x; f#;y) function are
shown in Figs. 3-5. Figure 3 contains curves for
B = 1°and y = 10; 4/1000; 100; p — 7;q = 8.
Figure 4 shows the results for y = 10 and g = 1°,
2°,...5% Ashift—equal to § in value—in the position
of the minimum can be observed (this may be seen
better on the expanded scale in Fig. 5) as well as the
deterioration of signal/interference ratio resulting
from increased f values.

It may be seen also from eqn. (9) and Figs. 3 and 4
that to obtain a good signal detection the approximate
condition y sin # < 1 must be fulfilled.

Similarly, taking eqn. (4) and forming a second
difference equation, the expression for a double-
subtraction canceller may be obtained:

"y I d : - .
Gl B3 y) = sin a+y°[sin® (px—gqp)+ sin* (pf— qu)] +y* sin* B,

In this case, the approximate signal-detection
condition ysin? B < 1 is valid. It follows, that
the double-subtraction circuit gives approximately
(1/sin B)-times better results than the single canceller.
Figure 6 shows diagrams of the G,(x; 8; y) function
for f =1°andy = 100;4/10°;1000; p—7;¢—38. Figure7
contains the curves for y = 100 and § = 1°,2°...5°,
As it may be seen from the above, the double canceller
should be possibly preferred for use in the two-
frequency m.t.i. system.

3. Clutter Attenuation in the Two-frequency
M.T.l. System

The diagrams in Figs. 3-7, although instructive by
themselves, should of course not be taken as the actual
standards of performance for the two-frequency
m.t.i. system. In real situations, the influence of
antenna scanning modulation and stochastic clutter
fluctuations must be taken into account ; these (besides
of equipment instabilities) are the main factors

CAy = ——
l1—e

and for the double canceller:

CAZ =

1 This may be derived by taking into account that the
spectrum of the product of two independent stochastic pro-
cesses is equal to the convolution of the spectra of these
processes.

March 1970

3—de” 712 cos (AwPT)+e¢™ 2848 co5 (2AwPT)

Fig. 6. The characteristics of double-subtraction two-frequency
m.t.i. system (moving clutter, § = 1°).

y*sin? B

degrading the effectiveness of signal detection in
clutter.

For most practical applications the clutter spectra
in both receiving channels of the two-frequency
m.t.i. system may be assumed to have equal and
Gaussian shapes. The spectrum at the canceller
input is also Gaussian in shape, but has a 4/2-times
broader bandwidth.t This effect brings about a slight
decrease in clutter attenuation. On the other side,
the two-frequency m.t.i. system is more immune to
the Doppler shift of the interfering clutter signals.
The clutter attenuation of moving clutter in a con-
ventional system has been derived!; for the system
described here, in place of the Doppler frequency
shift w?, the differential Doppler frequency shift Aw2
must be taken. Taking together the two effects
mentioned above, the clutter attenuation in the case
of the two-frequency m.t.i. system may be written for
the single canceller:

05
- g 12
712K cos (AwPT) (2
s (13)

where k is the ratio of the half-power clutter bandwidth
to the pulse repetition frequency.!
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Fig. 7. The characteristics of double-subtraction two-frequency
m.t.i. system (moving clutter, y = 100).

As an example, the curves in Fig. 8 show the clutter
attenuation CA, as the function of v, for k = 0-02;
curve | is valid for the conventional single-frequency
system, while curve 2 applies for the two-frequency
system with Aw = 0-0l(w, +w,). 1t may be noted
that already for a comparatively small clutter drift
speed the effectiveness of a single-frequency system
falls off rapidly, while for a two-frequency m.t.i.
system the clutter attenuation remains fairly good for
much higher drift speeds.
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Innovation and Industrial Expansion

To the economist the electronics industry in Great Britain and in other major industrial countries presents a

paradox. It is, relatively speaking, a labour-intensive sector of manufacturing industry, despite the extension
of automated production methods, and while most labour-intensive industries should display low overhead
costs per unit of output, this is not the case in the electronics industry: its problem lies in its high rate of tech-
nological advance and innovation which call for far greater capital and current expenditure on research and
development. In discussing the implications of this state of affairs the recently published Economic Assessment
Report of the Electronics EDC* points out that the industry is hampered by the exclusion of R & D expenditure
from the Government’s investment grant scheme. The significance of this may be seen from the EDC’s cal-
culation that R & D costs in electronics are approximately five times as important in relation to conventional
capital investment as the average for manufacturing industry.

The key to prosperity of the electronics industry is seen in the Report to be the encouragement of innovation
but, in looking forward to the 1970s, concentration of effort over a more limited range of activities is regarded
as essential. This calls for identification of areas and formulation of policies to assist industry in their develop-
ment, processes which must take place both within firms and between industry and government, and the Report
recalls some of the ways in which the Ministry of Technology has acted in recent years.

Computers have been the object of considerable industrial reorganization and this seems to have been success-
ful in promoting central processor production and sales; there is,however, a serious need to expand production
and sales of peripheral equipment for which the industry still depends heavily on imports. By contrast, while
British companies have not been laggard in innovations in industrial automation systems, yet the Report is
forced to point out that the market is at present only a quarter of the size of the computer market and has
hardly grown in the last three years. Clearly this calls for co-operation between manufacturers, users, trade
unions and government to build up a home base for what will be a world-wide growth area in the coming decade.

The EDC’s Report finds that in general the telecommunications industry is improving its competitive strength,
although it is suggested that the well-developed telecommunications network in the U.K. has tended to reduce
the incentive to the industry to produce the most modern equipment required by those countries now building
up their own networks. The association with the computer industry through the expansion of data transmission
services is an important factor in promoting the spread of technological innovation and developments.

Because electronics is essentially in the role of a service industry to marine technology and depends on decisions
to innovate and exploit resources that must be taken in other industries, the potentialities of electronic tech-
niques have been realized rather slowly. The Report pays tribute to the stimulation which has been given in
this direction by professional society activities such as the I.LE.R.E. Conference on Electronic Engineering in
Oceanography in 1966; a second Conference, on Electronic Engineering in Ocean Technology in September of
this year, will give further support to Governmental efforts such as are provided by the Interdepartmental
Advisory Committee on Marine Technology and by the National Electronics Council.

Several other areas for concentration of effort are identified in the Report-—for instance integrated circuits
and medical electronics. The policies for finding financial resources to maintain internationally competitive
capability in all these sectors are seen to fall into the categories of tax concessions, direct grants and non-
commercial loans, as well as market enlargement based on a large rapidly growing home market. These points
have recently been made with some feeling by the Electronic Engineering Association. Innovation clearly
cannot flourish without adequate financial backing-—nor, we may add, without adequate manpower
resources, another thorny subject which the Electronics EDC is investigating and will report on later this year.

F.W.S.

* ‘Economic Assessment to 1972. Industrial Report by the Electronics EDC." Published by the National Economic
Development Office, Millbank Tower, London, S.W.1. (Free).
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INSTITUTION NOTICES

Appointments to the Indian Council

The following appointments were made by the
Indian Council at its meeting in February 1970:

Professor K. S. Hegde, M.A., B.E. (Fellow), of the
College of Engineering, Madras, succeeds Professor
J. N. Bhar as Chairman. Dr. A. N. Daw (Member)
of the Institute of Radio Physics and Electronics,
Calcutta, succeeds Mr. C. P. Joshi as Honorary
Treasurer. Air Vice-Marshal K. Narasimhan, B.A.
(Member), Director of Signals at Air Headquarters,
Ministry of Defence, joins the Council.

Postponement of London Meeting

The joint meeting of the I.LE.R.E. and 1.LE.E. Com-
puter Groups announced for Wednesday, 27th May
has been postponed. This Colloquium on Economics
of Computer Maintenance and Operation will, it is
hoped, be included in the Programme of Meetings
for the 1970-71 Session with a slight change of
emphasis in its theme. Offers to contribute to this
Colloquium will be welcomed by the Joint Committee
and should be sent to the Secretary of the Computer
Group Committee, I.LE.R.E., 9 Bedford Square,
London, WCIB 3RG.

Cancellation of London Engineering Congress

The Council of Engineering Institutions has
announced with regret that LECO 70 (which was to
have been held from 4th to 7th May next) has been
cancelled. Whilst interest had seemingly been high
with a very brisk demand for information, the number
of registrations received by the end of March was
judged unlikely to have led to sufficient delegates to
make the Congress viable as planned.

Reprints of Journal Papers

Reprints are prepared of all papers published in
the Journal and copies may be obtained from the
Institution, price 5s. 0d. each (post free). Requests
for reprints may be made using the form which is
included in the end pages of most issues of the
Journal. 1Tt is particularly asked that remittances be
sent with orders to avoid book-keeping entries and
thus reduce handling costs.

Institution Giro Account

Members are advised that for the convenience of
those who wish to remit their annual subscriptions
and other payments through the National Giro, the
Institution now has a Giro account. The number is
578 0101 and it may be used in precisely the same
manner as any other Giro transaction.
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Conference on Laboratory Automation

In recent years, automatic techniques have been
introduced into many laboratories to speed up
experimental and analytical procedures, and to
reduce time spent by staff on repetitive work. On-line
computers have been installed, facilitating the hand-
ling of large quantities of data, with immediate
processing and presentation to the experimenter. In
some cases, the computers have been used to control
the actual experiments, for example the movement of
a set of detectors to new, accurately controlled
positions when sufficient data have been accumulated.
Automatic equipment has been designed for carrying
out chemical and biochemical analyses on a large
number of samples simultaneously, such as blood and
urine in a pathological laboratory. Similar applica-
tions have occurred in other research laboratories.

A Conference on Laboratory Automation has
therefore been arranged to bring together workers
who are already applying automatic techniques in
their laboratories, or who may be interested in so
doing, and designers and manufacturers of such
equipment.

Organized by the Institution of Electronic and
Radio Engineers with the association of the Institu-
tion of Electrical Engineers, the Institution of Chemi-
cal Engineers, the Royal Institute of Chemistry, the
Institute of Physics and the Physical Society and the
Institute of Measurement and Control, it will be
held at the Middlesex Hospital Medical School,
Cleveland Street, London, W.1, from Tuesday, 10th
November to Thursday, 12th November, 1970.

The main themes of the Conference will be Auto-
matic Analysis and Computer Controlled Experiments,
and will include:

Sensors and measurement techniques

Automatic tests and calibration

Data acquisition

On-line data reduction, presentation and analysis
Control techniques and instrumentation

Automatic sample preparation and handling
Automatic sample processing and dispensing of reagents

The term ‘Laboratory’ is intended to cover scientific
observatories and routine testing laboratories as well
as research and development laboratories. It is hoped
to receive papers from workers in many fields,
including geophysical, agricultural, chemical, bio-
chemical, nuclear, electrical, rubber and building
laboratories.

Synopses of proposed contributions are invited
and should be sent to the I.E.R.E. as soon as possible.
Further information and registration forms for the
Conference will be available in due course from the
Conference Registrar at 9 Bedford Square, London
WCIB 3RG.
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The Synthesis of Asynchronous Digital

Pattern Generators
By

The paper describes a method for designing circuits which generate pre-

determined digital waveforms when triggered by an input. To do this an

M. C. WATERS. B.Tech.t

and

asynchronous sequential machine is caused to move through a number of
states under its own control.
be adjusted without interfering with the rest of the output sequence. The

Individual portions of the waveform can

circuit can also be made to give different output sequences for different

inputs.

D. P. BURTON, Ph.D., M.Sc.,t

1. Introduction

Many digital processes require a circuit which
generates predetermined waveforms when triggered by
an input signal. This paper considers the flow table
structure of such devices and gives a general design
method. The principle used is to introduce a series
of multiple transitions into an asynchronous sequential
machine by using delayed feedback from output to
input. Lewin' has described a method for using the
transition time of an asynchronous machine to
produce a delay which is a function of the gate
propagation time. However, gate delays tend to
drift and the present system overcomes this problem
by controlling the transition time with delays external
to the machine. Figure | shows a schematic diagram
of the pattern generator which is composed of a
sequential machine and one or more feedback delays.
The delay can be a simple CR network, a self-
controlled shift register or any other device which
can effectively delay the rise and fall of a single pulse.

2. Basic Principles

Suppose two pulses of known width are to be
generated from a single poorly defined input pulse as
shown in Fig. 2(a). Figure 2(b) gives the flow table
of an asynchronous machine which will perform this
function; the single output Z is fed back through a
delay 7 to the input.

Let the machine be in stable state 1 with x and Z
equal to ‘0’ and let x now change to ‘I’. The machine
will move to state 2 as defined by input column 10.
For state 2 the output Z is ‘1’ and after passing
through the delay it will arrive at the input. The
machine now has inputs Z = ‘1’ and x = ‘0’ or ‘I’
and this causes the machine to move to state 3. In
state 3 the output goes to ‘0’ and after a delay will
change the machine into state 4. Here again the output
alters and the device goes to state 5. At this stage the
machine remains in state 5 until x returns to ‘0’. If x
has gone to ‘0’ during the transitions the machine
transits to state 1 after the output for state 5 has

t Department of Electronics, University of Southampton.
{ Formerly at the University of Birmingham; now with
Husband & Co., 388 Glossop Road, Sheffield, S10 2JB.
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reached the input. Thus each input pulse generates
two output pulses whose width is primarily governed
by the feedback delay.

In effect the machine oscillates through a number
of states and the oscillating variable, in this case,
performs the dual purpose of being the output and
providing the ‘clock’ pulse for initiating changes of
state. By varying the delay the pulse width can be
adjusted. This type of pulse multiplier flow table can
be generalized for any number of output pulses.
Rows 1 and 5 represent the starting and finishing
rows respectively and appear at the top and bottom
of every flow table of this type. The remainder of the
flow table is of conventional binary counter form
with the sole exception of the ‘don’t care’ state in
row 2. It is well to consider how this ‘don’t care’
state can be used. If the entry is assigned as a transition
to state 1 then the input x must be ‘1’ at least until
the machine has entered state 3; this implies a
minimum input pulse width of (t+8), where & is the
transition time of the sequential machine. But if the
entry is filled in as a stable state 2 then the next input
pulse need only be long enough to take the machine
into state 2, which can be as little as three gate delays.
Figure 3 shows the general form of a pulse multiplier
flow table. The number of states in the flow table is
equal to (2n+41) where n is the number of output
pulses required from the machine.

3. Extensions of the Method

So far only tables with one input and one feedback
delay have been considered. In this Section examples
are used to show how the procedure can be extended
to the design of pattern generators which give different
outputs for different inputs and those which use more
than one delay.

Figure 4 shows the flow table for a circuit which
gives three output pulses if x, is put to ‘1’ and two
output pulses if x, is triggered. It is assumed that
X; and x, are mutually exclusive and that a second
trigger pulse does not occur until the machine has
completed the transitions in hand. If x, is put to ‘1’
the machine successively moves through states 1 to 7
generating three output pulses in the process, but if
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INPUTS

Fig. 1. System model. q

X, is put to ‘1’ the machine ‘jumps’ to state 4 before
beginning its series of transitions.

More flexible behaviour can be obtained by using
a number of feedback delays and Fig. 5(a) shows the
flow table for a pattern generator which uses two
delays t; and t,; Z, is fed back via t, and Z, via
1,, Z5 is the pattern output and its theoretical shape
is shown in Fig. 5(b). If 7, is altered only those parts
of the waveform that depend upon t, are changed
and similarly for 7,. The circuit is primarily intended
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Fig. 2. Pulse multiplier.
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Fig. 3. Generalized pulse multiplier flow table.
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to function for the case when 7, is greater than 1,
and a series of possible transitions made by the
machine under these circumstances is shown by the
arrows in the right-hand half of the flow table.

Suppose that the machine is stable in state 1 and
all inputs are at ‘0’. Now let x go to ‘1’ and remain
so for the rest of the transitions. In this way the
discussion of the circuit’s behaviour is restricted to the
right-hand half of the flow table although in fact it is
only necessary for x to be at ‘1’ long enough for the
machine to get into state 2. To continue: the x change
causes the machine to enter input column 100 where
it makes a transition to state 2. In state 2 outputs
Z, and Z, go to ‘I’. The machine remains in state 2
for time 7, until the Z, change reaches the input,
whereupon it moves to input column 110 and goes to
state 3 causing Z, to return to ‘0’ and Z, to change
to ‘I’. For a time neither of these changes will reach
the machine’s input and the circuit will be stable for
input 110. Eventually the Z;, change will arrive
(assuming 1, < 1,) and the machine will move to
column 100 which is also stable for state 3. When the
Z, signal gets to the input the machine moves to
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Fig. 4. Pulse multiplier with two inputs.
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