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ABSTRLCT

The thesis is concerned with the bandwidth conpression
of television signels. A survey of cexisting boandwidth
reduction schenes hos been neade. These schemes fall into
two cctegories: those which exploit the "nerceptual
redundency" or limitations of hunon vision and those which
exploit the statisticol structure of the signol.

Deteiled investigotbions hove been nade to assess the
practical realizibility of & stctistical scheme for television
bandwidth cormpression pronosed by Cherry end Gouriet(l).

In this system a picture is sconned with vaericble-velocity, the
velocity of scen being controlled by the amount of "detail"
in the picture. A flying-svot varieble-velocity scenning
system has been decsigned ond built. The problemns in the
design of wide-beand electro-megnetic deflection systemnshave
been studied. The tronsmitter is essentially a non-linear
feedbeck encoder and hcs led to sone interesting problems
related to stability bf the systern and to the signal to noise
ratio. The effect of source noise on the systen »nerformcnce
has been emphasized. Certoin limitations due to the
photormltislier tube, and the phosphor cheracteristics and
their effects on the svstem hove been pointed out.

The "run-lengths" or the intervecls between the significant
transitions in the picture heve been defined, The run-length
statistics of test card 'C' have been obtained. The potential
bandwidth compression of the picture has been calculated,

An apparatus has been constructed to measure the "run-length"
statistics of various pictures.



An open-loop system of bandwidth conpression has been
discussed which use§ veriable rate sarmpling. Using the
statistics obtained from test card 'C!, the storage recuirement
of the open loop systen has been computed.

The weakness of the deterninistic detoil detectors has
been pointed out end the need for statisticel detzil detectors,
capable of combating noise, has been stressed.
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1. INTRODUCTION.

The enormous bandwidth requirement of the standard
television service is undesirable for many reasons. Firstly,
this precludes picture transmission in the long range radio
bands, through ocean cables or by any other means except
co-axial cables, Waveguides~and line-of-sight radio frequency
linksj secondly there are some applications of television e.g.
recording and storage which are made considerably more
difficult and expensive due to the large bandwidth requirement.
Finally, there is & growing demand for spectrum space by
colour television and other civil and military sources.

There are two aspects of this problem: broadcast service
where the simplicity of the receiver is the main consideration;
and television relay where the complexity of the equipment is
relatively unimportant(e)a In broadcast television, the cost
of the receiver, which has to be produced in large numbers
is the primary consideration and spectrum utilisztion takes a
secondary place, . Hence, for this purpose, only those systems
will be of interest which reduce the bandwidth without
increasing the receiver complexity. On the other hand, when
television signals have to be relayed over long distances,
either by cebles or by radio-frequency links, the bandwidth
has substantial influence on the economics of the system in
terms of cable cost; repeater spacing, repeater amplifier
design etc. In such cases, if some complicated terminel
equipment, at each end, could reduce the channel bandwidth,
this would be well worth having.

Information theory has given great impetus to this
subject and a number of suggeétions have been made which aim
at reducing bandwidth of television signals, One of the few
suggestions, which seems to have possibilities in the brozdcast
as well as relay field, achieves reduction of bandwidth by
variable -~ velocity scanning.(l) Preliminary work on



varieble - velocity scanning has already been done by other
workers(®1*) yhich will be discussed later in this thesis.

This investization was started with the following zins
in view:

(1) To design end develop a variable - veloclty scenrev
with an eauivalent video bsndwidth of 3 Mc/s.

(2) To assess potential bandwidth compressibility of
typicel pictures by this or similar means by measuring a
relevant picture statistic .

(3) To make a survey of the field and to suggest
improvements on the present system of codinz and consider
the possibilities for the future:

The justification and relevance of these esims will
bebome apparent after the basis of the present dsy television
transmission and some of the more important develovments
the field have been studied.

1.1, Philosoohy of Present day Television.

The primary function of a television system (Fig.l) is
to produce on the screen of the receiver & visuzl pattern
which best represents to the viewer the subject before the
camera. A scene, for its com_ lete specifications, needs
three spatial dimensions and one of time if it is chenging.
When a scene, by its projection on a plane, is transformed
into a picture, the brightness becomes a continuous function
of the vertical and horizontal position (x,v) within the
picture area, and of time t(5). - It is not possible to
.express the brightness distribution as the function of a
single variable, viz. time. Therefore, the information
contained in = picture cammot be transmitted in its
entirety over a channel of finite bendwidth and in finite
time and to describe the picture, quentisation becomes a
logical necessity.(6).

A picture can be approximated by an arrayof dots -~ the
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smaller the dot, the higher the resolution. It is well
known that the resolving power of the human eye is limited,
so that decreasing the dot size, and increasing theix number.
beyond a certain limit does not produce a better visual image.
Thus, only a finite amount of data is needed to reconstruct =
stetionary picture which the viewer cannot distinguish from
the original, Another property of the human eye, persistence
of vision, is utiiised in cinematography and picture transm:- -si-
to create the illusion of smooth motion by superimoosing in
rapid succession a series of stetionary »ictures.
It is obvious, now, that to revnroduce a moving picturec,
transmission of only finite amount of information is necessary.
The problem of coding the picture information, which hsas
two spatial dimensions and one of time, for transmission
through an one-dimensional (time) chamnel, is solved by th.
scanning »orocess which was first suggested by M. Senlacqg and
successfully used by Nipkow(7). The picture, in the Britizh
system, is broken into 405 horizontal lines and the intensiiy
of each picture point in the line is specified. To create
the illusion of continuous motion, the picture 1s scanned 20
times per second. An interlaced scanning 1is used in which
the scanning beem completes 2 patterns of 202 1/, lines each,
displaced by the width of half a line in order to cover a
complete victure. This process reduces the overall flicker
at the cost of high detail flicker to which the eye is
- relatively insensitive.
The bandwidth of the transmission is based on the
following assumptions:
(1) The effect of line structure is ignored.
(2) The number of active picture elements per unit lewzth
is mede equal in the vertical and horizontal dirccéion
(3) The system is designed to be capable of handling
Black znd White Chequerboard.
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The Marconi - B.M.I. SpecificationS(B) allow for 4.94%
vertical blanking time in the 405 - line system, so that
the number of active picturepoints in the vertical direction
can be calculzted to be 385. The line duration is 98.8 yu
sec of which 15% is used for blanking lesving an active line
vperiod of 84 1 sec, The aspect ratio of the picture is
4:3, hence, for the picture to have equal vertical and
horizontal resolution, the active line must be capecble of
heaving 385 x % = 513 1independent picture points.

-

To transmit 513 independent picture points in 84 p sec., thc
minimum bandwidth necessary is = 513 % 1O6
84x2

>~ 3 NMe/s.

1.1.1. Capability of the System.

With the advent of the statistical theory of
communication (9’10); there hes been a much better
understanding of communication systems, their capacity and
their efficiency. It has disclosed that our communication
systems are used well below their cepacity. The excess
capacity is used up in transmitting "redundant" or repeated
information. If some of this redundancy is removed an?d th
signal is recoded, so as to present information to the
channel at a constant rate, the channel will be used at mueh
greater efficiency and hence bandwidth may be reduced. The
redundancy associated with the signal, however, is not
totally undesirable, It offers resistance to noise
degradation in transmission and also serves as a protection
against perceptual errors.,

An alternative way to look at this is as follows: The
present television system is capable of sending nearly
500 x 400 = 200,000 independent picture points in every
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frame. For reasonable picture quality, each picture poi=zs
can assume, say, one of sixty four of levels of intensity-
Thus, the total number of possible pictures are (64)200’000
A vast majority of these so-called pictures, which .the
present systems are perfectly capeble of transmitting, will
never occur in this age, because the average picture
statistics virtually preclude their occurrence(ll).
the present communication system, based on an absolute
independence of picture points, considers all these 64 2GC,000
pictures to be possible and has to specify the particular
picture that has occurred from this vast "set". If we

reduce our "set" by throwing out of it those millions of
pictures that are highly unlikely to occur, the amount of
information that will have t0 be transmitted to specify a
particular picture will then be smaller,which may appear &=
bandwidth reduction, if a suitable coding scheme is used.

But

1.2. Statistical Coding of Signzals.

Shannon(lz) has considered the problem of coding as
roughly analogous to the matching of a generator and load by
a suitable transformer. The encoder should match the
information source to the channel in a statistical sense.
For a highly efficiemnt coding system, the statistical
structure of thé source as seen from the channel through °
encoder should be such as to meximize the entropy in the
channel, In a general source, "information" * is produced
at different rates at different times. For maximum
efficiency, the chennel capacity should be equal to the
averege rate of the information source,

* Information in inverted commas is used here in a noD~rigorcts
and intuitive way to denote newness in the messsge or in
other words to denote significant changes which cannot be
extrapolated from the past signal,
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Thus an efficient statistical encoder, working on a
message must reduce the redundancy, and with the help of
variable delay, present a siznal to the chamnel, (at a
constant "information" rate), which has z minimum emount of
residual correlation competible with the fidelity requirements
and noise conditions in the channel,

Statistical coding for bandwidth compression invarisbly
entails deley or storage. For the maximum efficiency of the
channel, the processed siznal is fed to the channel at a
uniform rate. This is achieved, by havinz a varisble or
elastic delay which stores ‘informstion’ when the source is
generaving it at maximum rate and feeds it to the cheannel
when the source rate falls below the channel capacity.

1.3, Non-Statistical Coding of Signals.

An important development since the war has been the
increasing interest in the integrated study of communication
syvstems including the properties of the ultimate destination
which is a human being in a large number of cases(15’14). In
the case of visual and acoustic signals, the primary function
of a communication system is to provide psychological clues
which help the viewer to draw on his cast experience to form
the gestalten of the scene or sound , The present television
systems have only been made possible by exploiting the most
elementary percepta#al properties of the viewer viz. persistence
of vision and visual acuity limits.

The obJjective of non-statistical coding is to exploit the
characteristics of human vision to modify the visual signal
so as to make it more amenable to efficient transmission
either directly or after stetistical coding.
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1.4, Some Properties of Human Vision.

The study of visual perception has led to the
determination of the information intake rate of the human
vievwers. The figures obtained are astounding and thought
provoking, Measurements made by Sziklai(l5), suggest that{pﬁ,
human eye brain mechanism can perceive information at a rate
of 40 to 50 bits / sec. Experiments performed by other
workers suggest similar figures<l6’l7>. All these
experiments have been performed treating the humen being as
a channel rabher than informsbion sink, Jacobson‘t®) has
calculated the information capacity of the eye regarding it
as en information sink and has arrived at a figure of 4.3
million bits / sec. Even this figure is &t least one order
below the TV bit rate of 56 million bits/sec. This author
believes that the recognition rate may be somewhere between
the two extreme figures quoted.

The large disparity between the information perception
rate of the human viewer and the transmission rate of present
systems points out thet a vast amount of informetion that is
sent on the present channels need not be sent if all the
characteristics and properties of the human viewer are
precisely known and utilised. It is interesting to note
that the capacity of the human ear is practically the same
as that of the eye.(l5)

These facts have led to greater interest in the study
and exploitation of the perceptual properbies of the human
recelver., Some of the elementary properties which are
relevant to efficient television transmission are listed
below: , -

1. The resolving power of the eye is limited, Thus,
nothing is gained if the resolution is increased
beyond this limit. |
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The eye is able to see fine detail only in a very
small angle which is of the order of 2°. The fall
of the resolving power outside this angle is quite
rapid.
Persistence of vision makes it possible to »roduce
the illusion of continuous motion by rapid
superinposition of stationary pictures. It is
well known that smooth continuity of motion is
obtained if the number of still pictures projected
is between 12 and 16 per second.
While small arees flicker is not easily noticed by the
eye, large area flicker is noticeably objiectionsasble.
Without ‘any loss in visibility, increased brightness
can be bartered for the loss of contragt. (20)
The very small information inout rates accepted by
humans obtained by Sziklai have already been mentioned.
His experiments further showed that the first thingzs
verceived in a changing scene are large area patterns.
The eye fills in the detail in these patterns as more
and more time is spent looking at the »nicture.
The eye is extremely sensitive to distortions in
edge vositions, However, it can tolerate & very

. bright ness
large error in the specification of the
of these edges. In other words, in the regions of
transitions in the picture, the ability of the eye
to see various gradations, is considerably diminished
as compared to large areas.(gl)
Another property of the human viewer of a quite
different nature has been studied by Jesty(22)
Some interesting experiments have been performed to
determine the preferred viewing distance and its
dependence on the number of lines and the bendwidth
of the picture. in attempt has been made to take
into account the line structure, which is inherent
in television pictures. The ratio of the viewing
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distance to picture height has been taken as a
criterion of picture gquality and it has been sugzgested
that the preferred viewing distance increases linearly
with the size of the picture. The set of experiment
gave a very consistent value of V/H which was equal ;o
8.8,

1.5, The Scanned Information Source.

For a pictﬁéé to have any "meaning", correlation is
essential. Our limited knowledge of humen perception
suggests that the eye-brain mechanism breaks a picture into
"familiar patterns (Gestalten) and draws ucon its past experi:—2c
to fill in missing details., A nerfectly random visual
pattern, normelly known as "Snow" does not make sense to the
viewer. Thus, a certain amount of redundancy is essentiallr
present in every picture of human interest.

This redundancy is further enhanced by the mapping
procedure used in the present day television system. There
are three main types of correlation present in the scanned
television picture:

(1) A considerable degree of correlation is present between
the adjacent picture -~ points in a line, In other words, tl:
transition probsbilities between successive picture-points
are not equal,

(2) There is a large amount of line to line correlation
in the picture,

(3) Unless there is a compiete chenge of scene, the
picture frames are nearly identical but for the small amount
of change due to movements in part of the picture.

A very complete and elegant enalysis of the scanning
process has been made by Mertz and Gray(ga). The spectrum
of a television picture is shown to consist of the harmonics
of the line repetition frequency} Each harmonic is surround=-1i
by sidebands at multinles of the frame freguency. For a
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picture, the rate of decay of these sidebands is completely
dependent on the complexity of the picture. If there is
movement in the picture, the sidebands around each line
harmonic get diffuse because movement corresponds to a
complex modulation of the picture signal components.,
lieasurement of the spectrum of pictures(24’25’26) confirm

that the sidebands of the line frequency harmonics decrease

to negligibie values between the line harmonics and that

these sidebands are modulested with very low frequencies due

to motion in the picture. Also, the energy in the televisien
signal is not uniformly distributed in each harmonic but in

a typical picture, most of the energy is present in the first
25 to 30 harmonics.(27’28)

All the three types of correlation manifest themselves
in the structure of the spectrum. The discrete nature of
the spectrum with periodicities at line and frame frequencies
are due to line-to-~line and frame to frame correletion
present in the picture while the non-uniform distribution
of energy in the line harmonics is due to adjacent picture-
point correletion.

An ideal statistical encoder, will minimize these
correlations. The encoded signeal will have a power spectrum
approaching that of a band limited white noise and z near
optimum statistical match with the channel will be achieved.

1.6. The Efficient Coding of TV Siggals.

The theoretical limits on the rate of transmission of
information have been étudied by Shannon(lo) and it has
been shown that if perfect statistical matching between the
trensmitter and the channel is achieved, the maximum rate
at which information can be sent through a channel, with an
arbitrerily small frequency of error is given by
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C =W log, L4 E N bits/second,

where W is channel bendwidth in ¢/s,
P the average transmitter npower.,

and N the average power of perturbing white
thermal noise which is additive.

This equation shows clearly thet with suitable coding
schemes, bandwidth and the ratio of average siznal power e
noise vower mey be exchanged. Thus, the increase in
efficiency of transmission due to a coding scheme may resvit
in either a bandwidth reduction or a signzl power redvition
or both. The specific coding schemes, suggested for more
efficient transmission, include both bandwidth reduction znd
power reduction schemes., |

The study of relative efficiency of different
communication systems suggest$ that to encode a random sigmal .
with flat distribution, Binary Pulse Code Modulation is one
of the most efficient systems though the bandwidth
requirement of =z P.C.M, sysvem is large.(gg) Because of
easy and error-free regeneration under most conditions, the
transmission requirements of a P.C.M. relay link are slmost
independent of the length of the link, loreover, a P.C.L
is verj "rugged" i.e, its susceptibility to interference 1is
very low. The importance of this prbperty can hardly be
overstated,especially when the redundancy in the signel is
minimized. Further, the P.C.M. system lends itself e=ssily
to time multiplexing which mey be advantageous in cervain
cases.'

On the other hand, there is a very strong case for
signal coding schemes which achieve bandwidth reduction., Tn
case of systems which use cable transmission, the cost and
complexity of the system goes up considerably with increasing
bandwidth. In certain applications such as video ro""rdth)
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bendwidth reduction is much more profiteble than power seaving-
Another important factor is the cost of terminal equipment.
Though there may be exceptions, it mey be said as a general
rule thet P.C.li. anparetus is more complex and expensive than
thaet of other communication techniques. This is very important
if the terminal equipment has to be produced in any large
gquantity such as in the case of broadcast receivers or
facsimile equipment for use in offices.

1.6.1, The Vearisble Velocity Scanner.

One of the first encodersfor television signal
bandwidth compression was suggested by Cherry and Gouriet(l>
and also by Bell(Bo). In this scheme, a non-linear mapping
of the picture space is achieved by varizble-velocity scanning.
The velocity of the transmitter and receiver scanning svot
is made to vary inversely with the modu’us differential of
the video waveform viz. !%%l . (Fig.2). Areas of
considerable "picture detail" ere scanned slowly while those
of zero or 1little "detail" zre scenned fast thus changing the
statistical structure of the signel. It may be pointed out
that unlike the velocity modulation system of Bedford and
Puckle(51>, the Cherry-Gouriet scheme is a closed loop
feedback system i.e. the scan velocity is a function of a
parameter which itself depends on the velocity.

Picture Detail has been precisely defined(32> as

lad

D, = |

1
)
where € is the amplitude of the video as a function of the
scanning distance x and the integral is taken over any scan
length 1. Picture.Detail Factor, Df, is defined in terms
of the aversge value of }%X‘i| over one complete picture scan

length L, thus

de
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T dx (1.2)

For constant velocity scenning, due to linear space-time
transformation, this mey be written as

p o= lggl av (1.3)

where TO is the duration of one scan and e is the wvideo
outout.

Expressions have been derived for bandwidth compression
in the case of black and white pictures and also hzlf tone
pictures. For the sake of completeness, some of the
important resu’ts are deduced below:

1.6,1. Velocity Modulation as = Function of Picture Tetail

Referring to Fig.2, if v, and Vpax 2T the minimum

and maximum scan velocities respectively, the instentaneous
scanning velocity may be written as:

- pde .
v = 'V'maX - K 1a-.E| (1'4)

where K is a constant with the dimension of length/time.

ide

Since | g = v {%%

4
|

de
Vhax ~ £V ;Eil

Solving for v

v = v 1

—1 (1.5)
d
L+ KR



24

The ratio of the maximum to instantaneous velocity is

v
max 1 de-E

v = + Kiﬁ

The average value of this ratio over one complete scan of
length L will be

de ;

| Vmax | K :
! s/ = 1 + ; } dx
WV gy T I dx |
= 1+ K Dp (1.6)

where D, is the measured valueof the picture detail

F
factor.
Tet Vmax = BV, end let ;%% equal unity so that equation
(1.5) becomes
n v, _ _
V% - Y% (1.7)

where K is the numericzl vzlue of K which results when the
latter is multiplied by unit voltege ver element.

Now X = n -1
hance K = n - 1 elements/volt.
Vmex
Substituting this value of K and also putting n = =
in equation (1.6) °
;"n vol‘\
U la 1+ (n-1) Dg
v
or Vo 1+ (n-1) Dp (1.8)
v n
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Since the time taken to complete a scan is inversely

proportional to the wvelocity averesged
1+ (n=1)D
T _ F
T - — (1.9)

where T and TO are the times taken for one complete
scan with and without velocity-modulation respectively.

Eguetion (1.9) gives the reduction in the time-bandwidth
product in the case of a two level black and white picture.

Obviously, if the v is so arranged (without changing n)

that the time for tﬁsxvariable velocity scan,T, is made equal
to normal frame period, the bandwidth will be compressed to
a value fc such that fc/fo = TE_ where f and fc are the
uncompressed and compressed bafdwidths respectively. ‘
Egquation (1.9) is valid only for black and white
pictures, because for the determination of K (Equetion.l.7),
the value of E%%l was assumed to be unity. By definition,
this occurs only when the finest detail is present at
maximum contrast. Similar deteil of lower contrast hes &
smeller value of %%%' and therefore would result in a greater
velocity of scen setting up freguencies outside the prescribed
band. If low contrast detail occurs with an amplitude,
which is a fraction 'a' of the maximum amplitude, it has

been shown that Equation (1.9) is transformed into

D
_%_ = %:Ll + (n-1) 52] (1.10)
0
If nyr 1
.. Df O (1.11)
To a

Hence no reduction would be possible if Df = Q4
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It has been pointed out by the authors that this
particuler scheme achieves bandwidth compression by
sacrificing contrast range; however, under certain
circumstences, it may be worthwhile to achieve bandwidth
reduction at the cost of some finest detzil at low contrast.
The basic fault of the system is that it is a slope-
compressing system and not a frequency compressinyg one.

Cherry and Gouriet have suggested another method in
which velocity modulation mey be used to zchieve frequency
compression. This 1s besed on the assumption that the
guantised video signal consists of +two kinds of
components:

(i) Transition regions which define 211 boundaries
and edges,

(ii) Areas of uniform brightness in which the
amplitude remains constant,

By differentiating the video signal and differentiating
end shaping, a two level signal is obtained (Fig.3) which
may be used to control the time base velocity. The
velocity modulation can be msde to achieve either.

(2) near equalisation of the time occuried by
transition regions and non-trensition rezions over a
suitable period, sav, line duration.

or (b) near equalisation of all transition duretions " t".

The instrumentation of this would be extremely complex
2s has been suggested by the authorsi

Other suggestions in this paper include the
possibility of compressions in the vertical direction. The
picture is scanned twice, alternately in the horizontal
and vertical directions.

In the Cherry-Gouriet varisble-velocity system, the
receiver is the mirror imege of the transmitter (Fig.2). It
is assumed that the time base velocity information is inherent
in the compressed video weveform and can be extracted from it.
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Experimental investigations(4> on the system have
indicated that position errors integrete across the line and
hence any sizable compression is accompznied by grave spatial
distortions on one side of the picture.

This cen be avoided end elso greater compression may be
achieved if the scanning spot position informestion is sent on
2 separate channel.&5

1.6.2. Schroter'!s System.

Another televislon encoding scheme which uses
velocity modulation for bandwidth reduction was proposed by
Schroter.(54)

A picture is scanned by slow scanning and is stored both
at the transmitter snd the receiver. Corresponding points in
successive frames of the stored signzl are compered ¢t the
transmitter. If these signals differ, the scanning velocity
is made low, If they are the szme, the scanning velocity is
increased and made high. The signzl is trensmitted to the
receiver only in the case when it differs from the stored
signal, The scanning produces bendwidth compression which
is given by the expression

f 1+ (n=1)P
- = = (1.12)

where p ¢ fraction of the scenned area in which adjacent
frames differ.

n = Y _ meximum velocity .
Vo minimum velocity

This system resembles Cherry - Gouriet two velocity
system and zlso Harrison's linear predictor.(35) Thus both
signal power and bandwidth are reduced,
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1.6,3. Linear Prediction.

In some interesting experiments, Harrison(55) and
Kretzmer(ll) have investigated the savings in chennel
capacity by linear prediction. Kretzmer has obtained
histograms for the difference between a video signel end
its delayed version. Harrison hes investigated the possible
savings in average power with different forms of linear
predictors using the same scenes as Kretzmer.

In linear prediction, the prediction for the next
picture point is a weighted guyn of the previous ones. The
nature of the weighting function and best value for its
co-efficients are determined by the statistics of the
signal. If the actual siznel differs from the predicted
value, then slone fhe difference\is trensmitted to the
receiver (Fig.4). |

The simplest form of linear prediction which is used is
called the "Previous value Predicticz. In this, the
adjacent samples are zssumed to be egual and error signels
are transmitted when they are not. Some other forms of
predicticn used are: Slope Predicticmwhich is equivalent to
two previous velue predict®imin tandem.

Previous ILine Prediction which is
previous value prediction over two adjacent elements in the
vertical direction.

Plzanar Prediction which is equivelent to
previous value and previous line predictions in tandem.

The ratio of signal power o error power has been
defined as "Power Reduction" and is used to evaluate the
effectiveness of different opredictions.

Power Reductions on three different pictures obtained
by Harrison with different predictors are tebulated below:
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TABTE 1.1,
POWER REDUCTION ,

. Type of Picture Picture Picture
: Prediction | With Low Deteil.| With Medium. With High
3 Close Up Of Detail Detaill.
A Girl's Head The Sunflower | Packed
Girl Grandstend
Previous
value 22 dbs 17 dbs 10.5 dbs
Slope 20 dbs - 14.5 dbs 8.5 dbs
Previous
; Line 20 dbs 14.7 dbs 8 dbs
1  Plenar 21 dbs 20 dbs 12.5 dbs

-

These results point out that "previous - value predictiom”
which exploits correletion between adjacent picture vpoints
only, yields a substantial power reduction while other more
compliceted prediction schemes seem to better(ig)only by

of

autocorrelation functions of these pictures suggest that they

very small athounts. Kretzmer's measurements

may be approximated by exponential curves. It has been
theoretically proved by Wiener(56) that if the autocorrelation
function is of exponential shape, the previous sample alone

is needed for linsar prediction.

l.6.4, Shannon - Fasno Code.

The histogram for difference between video signal
and 1%z delayed version, obtained by Kretzmer, is a highly
peaked curve, Thus, the difference signal from Harrison's
predictor does not lend itself to efficient non-statistical
codes 1like Binary P.C.M, A stetisticelly - matched code has
been devised independently by Shannon(lo) and Fano<57) which
can be used with sdventage with pecked distributions. In
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Shannon-Fano code, the amplitude levels are erranged in
order of decreasing probability, This seriess is divided
into two groups whose probabilities are made as nearly equel as
possible. If con emplitude level falls in the first
group, it is given zero as its first binery digit, otherwise
1. These groups sre divided into sub-grouss of nearly
equal probebility znd the second dizit is determined in a
similer wey as"first. This process is continued till each
subgroup containg only one amp.itude level. Thus, a code
is obtained in which different emplitude levels are
represented by code-grouvs whose lengths vary, the most
probsble levels having the shortest code-groups cnd vice
Versa.,

The great merit of the Sﬁannon — Fano Code, unlike other
codes of variable length, is that it does not require =
nunctuation code between code-groups.The decoder can be
programmed to automatically distinguish between individual

code-groups.

1.6.5. Run - Iength Coding.

Another stetistically matched code which is suitable
for television signeals is called Run - length Code(2338),
This code exploits points to point correletion in-the
picture in the simplest case., Insterd of describing =
picture at every point, the amplitude level is statasd and alse
the number of following picture points which have the same
emplitude. - The description of the picture becomes a set
of number pairs end if the average run length is large
(4 or more) a reasonzble seving in channel caveacity is
obtained by transmitting the new descriotion. Punctuatior
Code is necessary so that code groups representing amplitudes
end run lengths may be separated at the receiver.

The increazse of efficiency in transmission #ill depend
on the mean value of run length. Mezsurements of run length
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statistics (to be described later in this thesis) suggest

that a mean value of run length of 4 jicture —'points is =
realistic figure, Iet us assume that the picture is

guantised in 32 or 25‘levels and that every line contains

600 picture points. By conventional means, the amount of
information that must be transmitted = 600 x 5 = 3000 bits/line.
Now it is further assumed that the total number of co-ordinates
to be transmitted in run-length coding is

- 2 x &0 < 300

2 % No. of Picture »noints
mean value of run lengths

Adding one extra bit for punctuation code: the information
transmitted = 300 x 6 = 1800 bits/line which is & saving
of 1.6:1

A coder based on the principle of run length coding has
been suggested by Gouriet(59>. The action of the coder is
best explained with the help of Fig.5.

The video waveform (Fig.5a) is sampled and gquantised
and passed through & hold circuit which produces the
waveform in Fig.(5b), This waveform is differentizted by =
circuit of a suitable time constent to give a series of
pulses which denote the amplitude and position of 211
significant transitions in the waveform (Fig.5c¢). The
length of the runs between the significant transitions is
extracted from figure (5¢) and so are the pulses carrying the
amplitude information (Fig.5d and e)., These are made
equidistant in time with the help of elastic deley (Fig.5f
and g). The brightness and position information cen either
be multiplexed or sent on sepsrate channels.

The decoder is a varisble-velocity receiver whose scen
velocity is mede proportional to the smplitude of the
position pulses. ‘

The position informetion is very inefficiently coded
as is obvious from fig,5(f). The vast redundency in it is
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not being made use of, Errors z2long a line are cumﬁﬁlative
and the code is so susceptible to noise that a S/N fatio of
well z2bove 60 dbs is required in the position channel to
attain a frequency of error of 1 in 600,

There is an interesting suggestion in the apoendix of
the ebove mentioned paper. The number of transitionsdgfé
counted in a line and the number of brightness quanta is
veried inversely so that the product of quentum levels and
number of samples is mainteined constzant,. This can ensure
thet the channel is never overloaded. A similer suggestion
(40) | 1 is quite likely that
this may be subjectively accepteble, because the eye can

has also been made by Seyler

tolerate considerable emplitude errors in the specificeation
of transitions.

1.6.6. Tapered Quantization of TV Signels,

In the first attempt to transmit television by

41
p.c.m. (41

for the conversion of the anzlogue signal into a digital

a linear amplitude quantisation was resorted to,

one, It was found thet unless the number of quantum levels
@5%3 very large (100 or more requiring a 7 dizit code), the
quantisation noise produced spurious contours. These contours
were visible and objectionable primarily in regions with very

low details, Kretzmer(qz)

suggested that as the
quantisation noise is objectionable in regions which are
associated only with the lower end of the frequenecy spectrum,
the trensmission efficiehcy may be increased by progressively
coarser quantisation with rising frequency.

In a practical case, the video signal spectrum may be
split into several bands and the lowest frequency band may
be allotted the lrmgest number of quantum levels while the
highest one may have the lowest number of quantum levels.

As a siwmple expedient, in the experimentzl set up shown
in fig.6, the video signal spectrum is split into two
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frequency bands:

i) M"lows" extending from O to .5 lMc/s.
ii) T"highs" extending from .5 Mc/s to 4 MNc/s.

The "highs" are quentised into five levels and recombined
with the "lows" to reconstruct the picture for subjective
~ssegssment, The trensfer characteristic of the gquentizer hsas
been tapered so thst the quentizinz error rises with higher
quantum levels, Thus, small changes are produced more
faithfully then lzrger ones. This is done‘sé;because the
viewer is more sensitive to errors where smell changes are
concerned and also because experiment indicates that small
chenges are much more fregquent then large ones.

In an actual transmission system the 1.f, band will be
quantised in 100 or more levels hence a 7 dizit bineary code
~~11d be needed for it. However the sampling rate for "lows"
is only 1 Mc/s, hence the channel cepacity needed to transmit
the "lows" = 7 x 1O6 bits/sec. The "highs" can be coded in
a % bit code (25 levels). The bendwidth of "highs" is
3.5 Mc/s hence the information capacity works out to be 21 x lO6
bits/sec. Both these add up to 28 x 106 bits/sec. which is
only half of 56 x 106 bits/sec. needed for a 7 digit
conventional codihg.

The experimentzal results suggest that the improvement
in picture quality over a 1inéar eight level guantisetion is
considerable. However, certain types of picture materisl such
as human face show the presence of spurious ghost-like contours
near the sharp edges.

It mey be pointed out that this encoder obtains reduction
in the information rate by achieving a better percentual matching
to the human receiver,

1.6.7. Predictive Quantisation

This oproblem of perceptual matching is approached in =

diffcrent and rather novel way by Graham(45’44). On the
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basis of psychovisuzl observations and from experiments with
circuit predictors, it is suggested that in situations where
the predictor makes significant errors, i.e. is surprised,
the'perceptual discrimingtion of the human viewer is
particularly low, In the case_ofi"previous velue predictor”
opereting on a typical video waveformﬁ large transient errors
are produced at vertical edges in the oicture. But the
observer discriminetion is low in these regions so that
increased guantization noise in encoding these larze
prediction errors will not be noticeesble. A @trong link is
suggested between prediction difficuliy and viewer tolereance
in reproduction of the amplitude. This lezds to & concept
of predictive quantisation as a meens of perceptual coding
where accurate prediction is demanded only when the viewer
perception is high. This is ensured in practice by tapered
nuantization of the error signal employing finc gquantum
steps for the smell prediction errors and coarse steps for
the large errors of the predictor, This reduces the total
number of quantum steps avzilable to choose from, which in
turn makes economical specification in digital form possible.
It is emphesized that this orinciple of coding is non-
statistical in ncture and no consideration hes been given to
the @ffect that the quantizing process shell have on the
statistical properties of the trensmitted siznal.

The simplest system using predictive guentization is
called a Differential Quantizing System %;gv%o its close
resemblence to "delta—modulation"(45). A block diagram is
shown in Fig.7(a). The predictor in this cese consists of
a delay equal to the sampling interval; so thet the net effect
of this process is that of tapered quentization of point-to-
point difference signal, '

A more sopgisticated,predictive quantizer employs a
running selection from two simple prediction modes (Fig.7b).
The error signels obtzined by "previous value" »rediction
and "previous line" prediction are compared and the smeller
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of the two is processed end trensmitted to the receiver.
Thus, the error signel will be zero whenever the contours
are horizontal or vertical. This process has been called
"Alternate-Mode Differentiasl Qduentization" (L.Li.D.Q.).

The transfer cheracteristic of the quantiser used with
- both these predictive queantizers is shown in Fi:ure 8.

The eight quentum levels (+ 1, + 3, + 8 and + 20 per cent)
can be coded into a 3 bit/sample code instszd of a 7 bit/
sample code needed for linezr quentisetion. The vertical
step at the origin in the transfer cheracteristic (Fig,.8)
will make the system hunt in the ebsence of an error signsal,

Both the processes have bezen simulested on an 1.B.L.-704
digital computer(46). The differential quentizing system
has also been built and tested.

The photographic results with the differential
quantizing system are accepteble subjectively. There zre
slight defects near object outlines which may be discerned
under critical viewing conditions. It is reported that the
effect of random noise on the input signel is slightly
azgraveted by the system,

The pictures obtsined by A.M.D.Q. lezve very little to
be desired es fer as picture quelity is concerred.  This,
however, entails line storage which is expensive in terms of
money.

A virtually error-free trensmission is desired beccuse
even a single error in the case of A.M,D.Q. mcy produce &
constant brightness error over an extended rectaniular area,

The amplitude probability distribution of the four test
pictures after processing by A.M.D.Q. were computed by
Grahem, It is contended, on the basis of these stetistics
that a2 Shannon-Fano encoding of the signel will save only
.9 bits/semple in the most favoureble cease and .36 bits per
semple in the czse of the most detailed picture. This saving
is insignificant as compared to 4 bits/sample achiesved by
the non-statistical coding.
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In interesting suggestion has been mzde to utilige the
blenking intervels which serve no useful purcose in
digital trensmission systems. It cem be dincorporested into
predictive quentization systems to specify the samples
occupyin: the extreme quantum levels with greceter eccuracy.
One such system is shown in Figure 9. An elestic del:sy is
added both at the transmitter cnd the receiver to the
Predictive Quantizing systen. Whenever the error si.nezl
occupies the outermost level, a deley of one picture »oint
1s introduced. Thus, the next semple which is zlso used
to specify the seme picture point is the error between the
actuecl signal and the first predicted value. Thus the
effect of coarse qguantisation in the outermost level is
reduced. The elastic delay is reset at the beginning of
each line, It hos been shown that by this technique with
a % bit/semple code, a specification of 20 quentum levels
are possible insteczd of 8.

1.6.8. Synthetic Highs.

A system called "Synthetic Highs", which exploits,

both scatistical correlstions and the verceptusl orooserties
147,

block diegrem slong with typical waeveforms is shown in

of the viewer is described by Schreiber et a

figure 10.

‘ The low frequency component of the video signal is
extracted by passing it through a low-pass filter of 350 kc¢/s
bandwidth and is transmitted to the receiver. The edges in
the picture are detected by point-to-point differeneing
and are subjected to a tapered quentization of eight levels
excluding zero. . These quantized edge pulses contain the
edge amplitude and position information. With the help of
these pulses, & signcl is synthesized at the receiver, The
"synthetic highs", s they ere colled, heve the same coplitude
z8 the edge pulse but their leceding end treiling edges are
shcped to be mirror imazes of the corresvonding low frequency
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signal, It is cleaimed that this prevents spurious edge
effects which ere visible in Kretzmer's Reduced Alphebet Code€42)

The edge pulses cre perticularly amenable to statisticel
coding. An apperatus has been described(48) which performs
run~-length coding on edze pulses using % bits for the
specification of zmplitude and 5 bits for the position of the
edge pulses., Thus each edze pulse is smecified by 8 bits.

Runs longer then %2 picture points are broken by the insertion
of redundant edge pulses,

The encoded edze information is stored on eight Redechon
storcge tubes., Every time zn edge pulssz in encoded form
arrives, it is written down on the storage tubes and the
deflection system is so arranged thet the writing beam moves
by ¢ fixed amount end waits till the next edge pulse arrives.
The readout is performed ot & uniform rate. The storage
subes are dupliceted so that while one set up is being used
for writing, the other is used for rezding outb. The receiver
also uses 16 storege tubes for decoding.

In the experimental results sroduced, the statisticel
coding was by pessed nd the connection between the trensmitter
end the receiver was msde 2s shown by dotted lines in figure 10,
The seving obtainable by ststistical coding was cclculated from
the average number of edges in pictures. It is reported thet
most pictures contain less than 30,000 edges/picture. Eech
edge is specified by 8 bits of informution hence the information
wate for the "highs" chennel works out to be 30,000 x 8 x 30 =
742 X 106 bits/sec. The - "lows" are quantized in 128 levels
(7 digits), which gives a bit rate of .7 x 10° x 7 = 4.9 x 10
bits/sec. Thus the total rate for the two signals is 12.1 x 10
bits/sec. This compares very favoursbly indeed with 56 x 106
bits/second which is the bit rate for conventional P.C.MN.
chennel, In sbsence of stetistical coding, the "highs"
information rate shell be 24 x 106 bits/sec. This will mezn &
Sransmitter informetion rete of 28.9 x lO6 bits/sec. which

results in an economy of just below 2:1,

6
6
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Like Kretzmer's cnd Grchem's coders, an incredse in the
%oise in the highly detziled esrees is repnorted. The overzall
picture quelity is accepteble, With the storeze availsable
at the receiver, the system is eminently suiteble for
stendard conversion.

It is possible to achieve en actuel bondwidth reduction,
vis-a-vis nresent bandwidth of 4 MNc/s, for =z non-digitel
chennel, ~ In this case, the cmzlitude of the point-to-point
differencer is compared with the zero qucntum sten znd if it
exceeds this velue, its @nalogue v.lue is stored as & spot of
cherge in =z continuous tone storage tube. This is recd out
at ¢ constont rete genersting z siznel which requires &
bandwidth of 450 Kc/s if the number of edzes are cssumed to be
30,000 per vnicture. With S/N retio such thot reliable
recognition of 8 levels is possible, the 5 bits/edge or
4.5 x 106 bits/sec., position informeztion can be coded by
higher order A.l, code(qg) to occupy o bandwidth of .75 lMic/s.
This elong with 350 Ke/s for "lows" ond 450 Kc¢/s for "highs™
adds up to 1.55 Mc/s which will result in o beandwidth reduction

of over 2:1.

1.6.,9. Contour Interpolction.

L system of bandwidth reduction which exploits
1ine—to—line‘and frame-to-frame correlation is being
investigzted by Mr. P. Hill at Imperial College, London. It
uses the principle of "Contour Interpolction" to interpolate
lines and fields between the transmitted ones.<50> In linecr
interpolation or optical equelisetion, the scheme gives good
results only with stationary snd vertical outlines. On the
other hand, contour interpolection can reproduce without
blurring & wide variety of slenting edges and z1lso the outlines
of 2 uniformly moving body.

The difference between linear interpolation znd contour
interpolation is illustreted in figure 11 which is self-
explanatory. The 1st and 2nd lines in the figure mey
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represent next but one lines in the frame in which case the
stens ere caused by a slznting outline. If they represent
corresponding lines in next but one frames, the displccement
is due to motion,

In the experimentezl model for exploiting line~to-line
correletion, two scenning snots are used. The vpicture
itself provides storege for interpolction. The scanning
spots move at the same velocity t1ill one of them comes
across en edge when velocity modulation alonz with the
weizhting of the two outputs provide the best interpolation.
The experimental results are »romising for £ compression
of 2:1,(57) |

This scheme will run into difficulty in televising fost
noving ball gemes like tennis, but for most pictures
wor Shwhile compression without loss of quality is expected
because the redundant information cepacity in the
corventionel chennel is provided by designing for flicker
frequency rether then continuity of motion. It is expected
that @ seaving of 8:1 meay be possible - 2 from the seving of
every clternate field end 4 from the seving of three fremes
in 4. The exploitetion of frame-to-frame correlction
entails large numbers of continuous tone storege tubes et
the transmitter and the receiver besides very complex ond
execting instrumentation.

1.6.10., Some Other Proposals.,

A non-linear deflection system is suzgested for
bandwidth reduction of television signalsf?) This is besed
on the presumption that the entertainment value of the
picture is meainly concentrated in the centre, hence a 2:1
degradetion at the picture edges by constant sngulcr deflection
on ¢ flet screen will be tolerated by the viewer.

Other proposzls for economy includs freguency

interleaving(Bo), "Tete-~Bache" system(Ba); higher order
int-rlace and frame rate reduction with storage viewing
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In en application of varieble-velocity principle(l’55)
for coding of two-level signals, & reduction in the time-
bandwidth product of 10:1 his been reported for "simple
images" by Haynes and Hogers(56).

4 study of the run-length stetistics of two level printed
material<57> indiceates thet the probesbility distribution is
very highly peaked. In the cese of 2 pica-iype written
letter of 300 words, the first ten runlengths (out of 850)
heve & probebility of more then .7. A considereble amount
of saving in the time-bendwidth product cen be obteined by &
statistically matched code likéﬁéhannon—Fano Code, but the
complexity of instrumentetion ghastd be prohibitive.

A compromise has been struck between instrumentation
complexity and chennel saving in "Coded Fax System"(58>, in
which variable length code groups ere used for highly
probeble run-lengths, but code-groups of the same length are
used for all the infrequently occurring run-lengths, The
information storage requirements are gréatly reduced by using
the sYtyide scanner itself zs an elastic delay. The seme 1line
is scanned'again and again at = constant rate, One run-length
after the other is processed as the encoder is free to eccept
them. A certain amount of external memory is reguired to
keep track of the point to which coding has proceeded in &
line and to permit locter resumption at the same point, The
constant scanning rate is so adjusted thst the processing
machinery is never idle. Whenever one line is coded, a
verticel timebase moves the scanning beem to the next line,
For a given traensmission facility, a time reduction of 3:1
is expected.

1.7, Discussion.

In the encoding of visuel signels, unlike thet of
speech =2nd music, there zre two distinct operctions involved.,
First is the mapping of & four dimensionel signal space into
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2 single temporal dimension and the second is the encoding
of the signal thus produced for efficient transmission
through the channel.

Most of the provosels for encoding,discussed in the
orevious sectioq,operate on the signels elready produced by
She conventional mapoing technigue. But in some systens,
2.8. in Cherry-Gouriet system, mepping =nd encoding are not
WO sepuarate operaivions but the mepping procedure itself is
changed in such a way that the signzl genercted hes a more
uniform "informstion" rate.

In spite of?ﬂarge multiplicity of proposals for
2fficient coding of television signels, experimental
investigetions heve been very limited. Certain systems
nave been simulated on computers, others have been tested in
serts and still others have been tested on sceled down
models An experimentzl investigation of the verisble-
?elocity scanning for bandwidth reduction will be described

in the later sectionsof this thesis.

1.7.1, Storage Requirements,

Encoding always entails some form of storage. The
oroblem of wide-band storsge devices with provision for very
fast writing in and reading out is still the most importent
3ngineerin5>challenge to be tackled. Almost inveriebly,
she most expensive part of the proposed encoders is the video
storage unit. Storage or deley devices are called upon to
“ulfill two different functions in different types of encoders:

(i) A constant delay used to store & picture point or a
group of picture points for & predetermined period during
which it is comsered with another picture point or group of
picture'points and & decision is tzken regarding the gncoder
orogramme on the besis of the outcome of the comparison.
Examples of such deley in practicel systems include Harrison's
linear predictors and freme-to-frame differencing for pover
2eduction. Both the ﬁon—statistical encoders of Schreiber
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and Grehem use voint-to-noint differencing to generate a
difference signal suitabl: for tepered guantisation while in

the more elaborate A,M.D.R., both previous point and Drevious
line »redictors are used.

(ii) The other type of delezy which is essential for any

statisticel encoder is celled 2 variable or elestic delay.

The elestic deley accepts the incoming "informebtion" from &
source &t the rate ot which it is generated and releases it

to the chcnnel at & constant rate. Storage tubes are often

used for the ourposc, The "information" is writtsn on the

tube &t & verisble rate @nd is read out by scanning at &
constant rate, This usually involves use of two sets of
storage tubes so thot while one set is being used for writing

the incoming "informetion", the other is used %o read out

(59)
present meny difficult engineering problems,  When complete
fremes are stored, the_problem of exact register of the
read-out beam is very important, Morzover, in the continuous
tone storezye tubes, the S/N ratio of the output is poorer by

- about 10 dbs or more. as compared to a typical inout television
signal of a S/N ratio of 35 dbs. If binary coded informetion
is stored to get over the S/N ratio problem, the number of
storage tubes increases considerably. The associated

"informetion" and vice-versa. The use of storage tubes

circuitry becomes more complicated and greater precision
is demanded from the deflection system. All these c©dd greatly
to the cost and bulk of the equipment.

Other delay devices which zre used for television work
include lumped and distributed delay lines and acoustic delecy
line. Theee are suitable only for small delays of the order
of 10 to 15 psec. Acoustic delay lines may be used to provide
delay up to 100 usec. as an outside 1inifi.

Some systems by.-pass the need for a large elastic delzsy
by using the scene itself as store(1’57’58)? This necessitates
the use of varisbles rate mapping of the picture which creates
many problems at television frequencies.-

A In fg (eoe UL CAMa fibhes , By MoSare oo woe o Sreve wilile. -
fRe £. 8. Semumbac, 4 1L,_.(,u,. ov phlicl o wazel ca a ofive -
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l.7.2. Schemes in Tandem.

In Teble 1,2,2ll the statistical encoding schemes
discussed earlier arc listed under the heading of the type
of correlstion they reduce in order to remove redundancy from
the vidzso signel.

TABLE 1,2,
lFrame to Frame Iine to Line Point to Point
i Gabor Gabor Cherry & Gouriet
’ Schroter Oliver
Seyler Herrison Harrison

Jesty

Schreiber et al

: Michel et al
Heynes and Hogers
Gouriet

An important reason for the preponderance of systems
which exploit point-to-ovoint correlations is the difficulty
nf storage.

The possibility of using more than one encoding scheme
in tendem to achieve grsater econony in trensmission
requirements hes been considered. It is obvious that no
Uvwo systems which exploit the same correlation cen be usefully
‘mployed in tandemn., Hence referring to Table II, no two
3chemes from the same column can be used together. Further,
frequency interleceving can only be used with schemes which do
not destroy line-to-line end frame-to-frame corrcletions.

The non-stetistical proposals of Kretzmer, Grahem and
Schreiber et al, all exploit the same nperceptual property of
the vicwer, hence they cannot b: put in tandem, The percepbtual
~roperty may, however, be exploitsd ezlong with some form of
»tatistical coding., In Schreiber's system, for example, both
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statistical and non-statistical coding is used in tandem to
achleve greater economy. It should bz noted that tapered
quantization of the edge signals produces a signal which may
have a very different statistical structure from the incoming
video, Tthether the output signasl is amenable to statisticel
coding is dependent on both the transfer characteristic of
the non-statistical encoder and the statistics of the input
signal.

1,7.3. Graham's And Schreiber's Coders.,

There seems to be an apparent contradiction in the
findings of Grzham and Schreiber ¢t al about the statistical
properties of the output signel from the tapered quantizer.
The differential quantizer of Graham is virtually identical to
the cdge signal encoder of the "synthetic highs" system, The
picture material used in the two instances are similar in
nature and yet while Graham concludes that statistical
encoding of the processed signal will provide insignificant®
savings, Schreiber et al claim that statisticel encoding of’
significant edge pulses will produce a worthwhile reduction
of well over 2:1 in bandwidth, This apparent discrepancy
may be explained on the basis of the transfer characteristic
of the tepered quantizer used in the two systems.

The decision levels in Graham's quantizer are
Oy + 2y + 5 and + 15 per cent of the maximum amplitude and the
fepresentative levels are + 1, + 3, + 8 and + 20 per cent
respectively (Fig.8). It is instructive to reproduce the
releztive level occupancyi(i;ef probabilities) of the four
pictures processed by A.M.D.Q. system,
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TABLE 1.3
REPRESENTATIVE IEVELS
PICTURE + 1 + 3 + 8 + 20
RMA Test Card | 0,77 0.12 0.07 0.04
Close up of

face I 0.64 0.24 0.10 0.02

Close up of> ,
fece IT 0064 0023 0.11 0.02

Man in bright
check shirt 0.48 0.24 0.21 0.07

Assuming that there are 400 picture points in a line,.
the number of pulses occupying the different quaniunm levels
can be ca’culated,

TABLE 1,4
No, of Pulses per line 1 1
’ 0 2 5 15 Decision leve
PICTURE . 1 | 3 3 * 20 Ref:levels

REMA Test Card 308 48 28 16

Close up of face I 256 96 40 8 i

" f 1 1 II 256 92 44 8 '

Men in bright check '
shirt 192 96 84 28

The transfer characteristic of the quantize:® used by
Schreiber et al (Fig.lOb) has a horizontal edge at the crigin
in contrast with Graham (Fig.8). Thus no pulse is produced
at the oubtput of the quantizer unless the input amplitudc
exceeds the first decision level, Unfortunately. She decision
levels of the quantizer have not been quoted. It is stotec,
howevar, that "an overwhelming majority of pictures contain
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legss than 900,000 edges/seé“{ i.c. about 75 edge pulscs
per line, If it is essumed that the stetieticcl properties
of the pictures investigated by Schreiber et al ere similsr
to those of Grehem, it is}élear from Teble IV that the first
decision level in Schreiber's gquentizer must bs ot lecst 5%
of the meximum amplitude. If & scele is arbitrerily’
fitted to the transfer charactcristic of the quentizer
(Fig.10b) such thet the first decision levels ars + 5%, the
other decision levels work out to be approximately‘i_9,<;'l6
and + 26% of the smplitude. '

In the "synthetic bighs" system, the 350 Ke/s "lows"
channel quantized in 128 levels takes care of lou frequency
lovi contrast signal. But signeal containinz fine detall &t
low contrzst i.e. less than 5%, is excluded from both the
channels, Thus the price paid for %he low number of edge
pulses is the sacrifice of low contrest deteil &t high
frequencies. _

Due to the absence of 2 low frequency channcl, it is
imperative for the decision levels to be set lower in the
D.3. and A.M.D.Q. Systems which mekes it less emensble to
statistical coding.

Another paint that must be borne in mind is the fidelity
stendards set in the two systems. The prints in Schreiber's
paper are, unfortunstely, generally of a lower quality hence
a direct and definite comparison is difficult,

In the system of Schreiber et al, a synthetic highs
generator is used, at the receiver, to synthesize from the
edge pulses, @ signel which has the same amplitude but whose
leading snd trailing edges cre shaped to be the mirror imege
of the corresponding low frequency siznals (Fig.12). The
generator consists of only linear elements, hence the law of
su?erposition~holds good . Some computations have been made
to determine the output of the synthetic highs generator when
the input consists of bursts of edge pulses very closcly
speced. The results<Fig'15> show that when pulscs sepcrcted
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by only o faw pieture points zrrive at the inovut, there can

be substential ecmplitude distartions in certein cases. The
distortions are espzscially pronéunced in fizure 132 =nd 1l3c.
which represent situations which can frequently arise.

This type of distortion is additionzl to drastic quentizetion
to which the edge pulses have been subjected.It must be
emphasized, however, that the pictorizl reproductions from
this system seem to be of accepteble quality thoush the prints
are not good enough to essess critically the effect of the
above-mentioned distortions.

As mentioned earlier, the "synthetic highs" systen
requires 16 storage tubes at the transmitter end the same
number et the receiver. The tubes are expensive and bulkr.
It seems that the brightness informatibn which is queantized
in only eight levels is eminently suiteble for analogue
storage on a continuous tone tube like Raytheon 2K685, Thus
the output of the tapered quantizer (Fiz.l0) can be stored
on one.tube and the position informetion on five Radechon
tubes. The reed out is performed &t a constent rate end the
output is then digitally coded.  This set up cuts down the
number of stora.e tubes by 4 at both the trensmitter znd the
receliver. It 2lso hes the versatility that the brightness
signal is availsble for transmission either as P.L.M. dulses
or as binary P.C.M, at the scme time,

1.8, Brrors.

Errors in any cystem cre caused due to noise or
overload or both.

In the purely nin-staotistical sncoders, the .roblem of
overload does not arise but in any ststisticel cncoding system
with limited storsgc, there coxists & finite probability of
overload., It is dimperative thet zn overload should not
result in a complete breckdown but only in a Temdorary
impairment of picture quality. This propert~ 1s possessed
by all the systems discussed. To prevent overload, spccial
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constraints are introduced. in certain systems, éQg. in
Schroter's(54) system end Jesty's difference picture scheme(e),
an abrupt chenge of scene can only be effected over several
frames, hence'abrupt cuts are to be avoided end changing

scenes ought to be mcde to fuse into each other.

1.8.1. Chennel Noise

The effect of noise on stetistically encoded signal
is very important. The decorrelated signal is vulnereble
to interference hence = "rugged" ¢ode like P.C.M. is called
for. In certain systems, the errors are cu%iulative SO
thet one error is carried over lerge ereas.

-In the non-statisticzl 4£.M.D.2. system, use of an error
correcting code is recommended because a single error tands
to produce & constant brightness error over an extended

rectanguler eresz.

1.8.2.,  Source Noise

The S/N ratio attainable with a camers or scanner is
of the order of %0 to 40 dbs. This can have grcet effect on
mepping as will be seen later in e detailed discussion of the
variable velocity system. The increase of rzndom noise in
the fine detzil revported by Kretzmer(zl) is due to source
noise. In Graham's'system, in which the trensfer
characteristic of the quantizer hes =z vertical edge at the
origin (Fig.8), the source noise will make the output hunt
between the quantum levels +1 which will further enhance

high frequency noise,

1.8.3. RQuantization Noise

Another important source of noise in digitel encoders
is quentizeation noise. For lin=e&r quentizetion, very large
number of quentum levels ere needed to keep the quantizetion
noise down. If the signal has a highly pesked distribution,
2 non-uniform quantizetion can be used with zrest cdventage
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to minimize quantization noise(6o).

1.9. Snecialised Uses

With the exception of "The Coded Fax"(58) system
and Heayne's end Hoger's Scenner(56), 2ll the systems discusse”
have been suggested with & view to use for television
transmissions. Most of these systems, however, can be
modified for use in fdcsimile and visual datas trensmission.
Certeain requirements are different. If the receiver in a
fecsimile system uses photogrephic paper for recording, the
problem of flicker docs not arise. Furthermors, the S/N reti:

attainable in/facsimile trensmitter is much higher thean in t7:
case of television. This slong with integration of random
noise in photographs mekes the effect of source noise much
~less acute,

On the other hend, research dete obtained on topics 1lil:
viewing distence, vs. picture height and non-linear deflecti--

are not relevant to facsimile transmission.

1.,10. Summary
In Teble 1,5, the properties of different encoders

have been summarised.
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2., THE VARIABLE VELQCITY SCANNING SYSTEL,

2.1. Barlier Woxrk,

The first experimental investization of a system
for facsimile transmission,based on the theoreticeal work of
Cherry and Gouriet, wes carried out by MNMcCully(>), &
block diagram of the experimental set-up used by kicCully is
shown in figure 14. The transmitter consisted of a sinzle
line flying scot scenner with electrostatic deflection
capable of coding black end white drawings. The exveriments
were performed on single edges which were zenerated by
mesking the beginning and the ending of the trace on the
scanner tube.

The line deflection was provided by a modified Sanatron
timebase. The timebase velocity wszs modulated by varying
the voltage on the lMiller resistance in the Sanatron. The
timebase velocity was so adjusted that the output of the
scanner needed a bandwidth of 20 Kc/s for undistorted
transmission when the control loop was open. The
differentistor and the full wave rectifier were so desizned
that the ‘overall feedback loop bandwidth was zbout ten times
larger then the uncompressed channzal pandwidth., ~ The S/N
" ratio of the transmitter output was 45 dbs.

The channel was madeAup of an adder and =z lowpass
filter, Two filters of bandwidths 20 Kc/s and 10 Kc/s
were used to transmit uncompressed and compressed signals
respectively, ‘

-The!%%‘ circuitry and the variable velocity timebase at
the receiver were identical to those at the transmitter.
The output of the velocity modulated time base was spolied
to the x plate of a Cossor oscilloscope. The received
signal was displayed as a waveform by apnlying it to the Y
nlate. Synchronization between the trensmitter and the receiver
was provided by & common synchronizing oulse generator for
both the time bases.
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The experimental results showed that for a 2:1
compression, the rise and fall timesof the edge at the receiver
were virtually uneffected. It was observed, however, that
low rates of chenge of amplitude were not completely
decompressed at the rsceiver, This resulted in & long slow
rise before the edge centre and rounding off nesr the ton,

In another experiment, noise was added to the signal in the
channel, This caused a Jjitter on the displayed waveform at
the receiver,

A more detailed investigation on Cherry-Gouriet system
was carried by Beddoes(q). A monoscope ,with a test czrd (!
target built in it.was used as the video signal source.,

To avoid expensive and time consuming circuit development,
an experimental system was built with the following

specifications:

Picture Revpetition frequency 10 C/s
Frzme Repetition frequency 20 C/s
Lines per picture <100
Picture elements vper line 600
Equivalent Uncompressed vision

Channel bandwidth 300 Kc/s.

It may be noted that the line definition of the experimental
system was made equal to that of the B.B.C. Electromagnetic
scanning was used both at the transmitter end the receiver,

The frame seanning process was conventionzl. A veriable
velocity line scanner for megnetic deflection was developed
and analysed.<6l) It was claimed thet the bandwidth of the
feedback loop at the transmitter was limited by the poor focus
of the monoscope to 300 Kc/s. The S/N ratio of the output
signal was reported to be 96 dbs,

The experimental results showed that bendwidth compression
greater than le7/:1 wes accompenied by serious spetizl distortior
Decompression at the recsiver, also reported by kceCully,
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proved serious for multi-level nictures, It was also found
that the system beceme unstable for large feedback gein i.c,
high compression.

Two major modifications were suggested to get larger
compression without spetial distortion.

(1) A separate channel to transmit position informetion
from the transmitter to the receiver.

(2) Use of "frequency feedback" (a high pass filter or a
network wibth equivalent characteristic) instezd of slope
feedbeck,

The use of = high pass filter in the feedback loop
produced results worse than those with the differentiztor.
The deterioration was attributed to inherent time delay in
the high pass filter end to the poor focus of the monoscope.
A "Difference Order" filter (Fig.l5) was designed with which
results slightly better than those with the differentisator
were obtained. ,

A separate position channel made a gr:at im»rovement in
the performence of the system. The exverimentally determined
bandwidth for position channel wes found to be "bstween 1/8
eand 1/%9 of normal channel bandwidth'", Since errors in this
set-up are not cummulative no spatisl distortion resulted
towards the end of the line, _

The design of the receiver was greatly simplified in the
modificd syster (Pig.16). It consisted of a2 video amplifier,
a position signal amplifier with driving circuits and a
conventional freme time base.

An overall bandwidth reduction of 3.75:1 was achieved on
test camg 'C!'. The piecture, however, suffered from the
effect of jitter - especially visible in the bend defining
deteil in the test card. Another defect in the picture wes
due to conventional freme scanning. In regions of the
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picture in which the lines contained a lerge amount of

detail, the time spent in scanning each of these lines was
larger vhile in the regions containing little or no deteail,
the line scan period was small. This brought zbout the
crowding of the lines ina%égion of little detail at the cost
of lines in the hizh deteil region. The lines were, thus,

no longer equidistent and the vertical resolution deteriorated
in the regions in which horizontal fine detail was coded by
the varisble velocity scanner.

2.2, BSome ILimitztions,

The results of McCully znd Beddoes were encouraging
and suggested the need of investigating some aspects in
greater detail while considering others which had not becn
taken into account in the earlier work.

Someof the limitations of the experimental setup used by
Beddoes are as follows:

(1) The monoscope had a fixed patbern built into it.
This restricted the flexibility of the systemn. Experiments
on different types of pictures or even on somes small portion
of interest in the built-in test cerd itself were not
-possible,

(2) The system standards were scaled down. While this
helped the initisl investigators very much in saving both
money and time, it had three serious limitations:

Firstly,%%ggto the reduced number of kines and low
flicker rate, a subjective evaluation of the picture was not
possible. -

Secondly the S/N rztio achieved was very high owing to
slow scanning and reduced bendwidth.  The =ffect on the
encoder performence of . lower S/N ratios, that are inevitable
in a standard system was not studied. The importance of this
point cannot be overecmphasized. One of the cerdinel
weeknesses in many systems discussed in Section I is thetb
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the signals have been assumed virtually noiseless at the
source and only channel noise has been considered. The tacit
cssumption that 2 noise free signel is availeble from the source
for processing is far from true,*
Lastly, the design pnroblems for standerd systems are
different. To zchieve &z large bandwidth in the feedback
loop in a varieble velocity system built to B.B.C. stendards,
challenzing circuit design and development problems have to

be feaced,

(3) The non-uniform vertical resolution due to
conventional freme time base has already becn mentioned,

2.%. A New Slide Scenner.

In order to remove the above-mentioned limitations,
it wes considered desirable to build a slide scanner to B.B.C,.
standards with provision for varicble velocity scanning in
the horizontal direction end az staircase type (Ratchet)
deflection in the vertical direction. The inbterest in this
problem was further enhanced by the fact thet with the type of
components availeble, viz. short decay time phosphors,
photomultipliers etc., the investigation tended to be a
feesibility study of the system rether then mere substitution
of wider bandwidth in an already tried-out technique.

" The clsims of both the television camerz tube and the
flying spot scanner were considered and it was decided to
build & scenner of the latter type. Because of almost
noise-free multiplication(62)by the »ohotomultiplier in the
flying spob scanner, it is possible to obtein better quality
pictures than those produced by camera tubes.

4 very importent fector in favour of the flying spot
scanner is that no cumulative effect takes place in it. 'The‘
signal at eny instent is due solely to the illuminetion at
thet instent. In the case of the camera tube, on the other
hand, the charge pettern builds up during the entire frame

¥ The  movee , refered b, v Mo ahot rocac .

U photo- eleetive divicee | disten e - . .
may be prealed 2 f%nngZLm”;ygpdi;kigzzﬁf,' ﬁzt_ Aorien wrfik
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period (1/25th of a second). For this reason, it will be
essential to incorporate o velocity-modulation correction
sizncl et the transmitter if a2 cemere tube is used while this
complicetion is sliminated in the case of the flying spot
scanner.

Another dissdventage of ccmera tubes, e¢.g. the iconoscope,
is that they produce spurious signsls in the zbsence of
illuminetion, which is supcerimposed on the pnicture signel when
the tube is working,

In the flying spot scanner, en importent factor, affecting
the systenm performence, is the afterglow of the phosphdr of
the scanner tube light source. The effect of zfterglow is
similcr to band limiting and methods have been sug;ges1:ec3.(6[+>
to reduce 1it, Unfortunately, compensation for zfterglow
results in & diminished S/N ratio. However, with modern
phosphors like P16, & dececy time constant of 1/10 psec. mey
be obtained. It wes decided to use & phosvhor with the
shortest available decay time constant without eny afterglow
correction.

2+3.1. The Flying-Snot Scanner,

A flying - spot slide scanner built to B.B,C. standards
with conventionzl scanning wes kindly nrovided by Marconi
Wireless and Telegravh Company Ltd. The block schemetic
diegram of this scanner is shown in figure 17. This equipment
has been used to measure the spectrs of oictures which shell
be described later, The mechanical parts, viz., the housing
for the scanner C.R.T. and the photomultiplier &s well as part
of the optical system have been used in the verisble velocity
flying spot scanner.

In the Marconi scanner, the scanner C,R.T. wes housed in
en enclosure built on 2 standard rack to prevent cxternal
illuminction from affecting the scanning process. A
vhotogrephic lens with an eperture f.3 wes used to form a
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sherp undistorted image of the rester on the slide. A large
condensing lens collected the tranmsmitted light, which with

the help of the mirror erren_emcnt, wes mede to fall on the
circuler photocathode of a heed-on photomultiplicr type

R.C.4A. 5819 (Fig.1l8 b znd c). The output of the photomultiplie
wes taken to s head amplificr (Fig.1l9) which oroduced a picture
signzl of 1 volt peek to peak across en output impedence of

75 ohms.,

The video amplifier was a three stage conventionel
amplifier using scries and shunt peaking and with a cathode
follower as the output stege, A synchronous clemp was built-in
which clamped to & fixed level the Lsutput of ths video
amplifier duringz the blanking period to sstablish the black
level. The deflcection 'system consisted of & linc end frame
time base of conventional design for electromagnotic deflection,

2.4, The Variable Velocity Flyinz Spobr Scanning System.

One of the most important and exacting requiremsnts
of the varicble - velocity system is the wide bandwidth in
the intcernel feedback loop at the transmitter, This is
especially difficult to achieve when experimenting with
nagnetic deflection systems. The research depertment of
Marconi W.T, Co. undertook to provide a line output
trensformer end coil for the deflection system with a "bandwidth
of % lic/s. However, the supplied transformer and coil
combination had @« response =g shown in figure 20. It wes
‘neasured by putting the deflection system in operstion with
2 sine wave input and by measuring the length of the scan at
the cathode ray tube face, A separate examinetion showed
that the mein limitetion wes imposed by the transformer.

" The scanning coils consisted of series connected saddle
coils for line deflection and & toroidal winding for the frame
deflection. The inductances of ths two wils were 116 uH
and 212 pH respectively. Beccuse of the very low impedances,
the deflection sensitivity of the coils wes low but elso the






1K
750 % 39K 1
10 100
12AT7 12AT7
o P 38 .
PHOTOCELL 1 33 o1 o —
-~ - — i}
—\ -
500K
cedac i 30 L
1K 470K 270 D15 ™M L 2
500K 220K J {75
~0-05 <
f
|
1
J‘1oom-' M
T 820 |
FIG19. HEAD AMPLIFIER

<L



73

first resonance was gbove 1 Mc/s. It was decided to retain
the coil and to zim to design and build a trensformer, which
with the coil would give a deflection system "bandwidth" of
1 Mc/s and also a reasonable scan length,

4 block schematic of the new varigble velocity systenm
is shown in figure Z21. The frame time base at the
trensnitter has been omitted to save time and funds, but
provision has been made %o instal one lster if the appraratus
is deemed suitable for performing subjective tests on full
Dictures., By including & facility for freame deflection et
the receiver, the effect of Jjitter on edges, reported by
Beddoes, can be studied.

The specifications of & comnlete system may now be
sumnarized as follows:

(a) Picture Repetition Frequency epprox. 25 c¢/s

(b) Lines per picture 405
(¢) Picture Elements per line 600
(d) TIine repetition frequency 10 Ke¢/s (mezan)
(e) Equivelent Uncompressed Vision
Channel Bandwidth 3 Mc/s

The line repetition frequency and the frame repetition
frequency are not fixed in this system. The time spent in
scanning any line is dependent on the amount of picture
complexity in that line., A line with no transitions will
be scanned in a much shorter time than one with BEDLY oo™
trensitions. Since the number of lines in a frame is kept
constant, the time taken to scan the picture would be equal
to the sum of 2ll the line durations in the frame, Hence the
flicker rate in the systern is not constant but vag;es with the
amount of complexity in the picture. If the systgﬁuis
overloeded, the flicker rate will fall below the minimum that
is subjectively acceptable. In & well-designed systemn,
designed on the basis of »icture stetistics, the orobability
of overload can be soecified, L disedvantege in this
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arrangement is that the freme deflection circuit cannot be
locked to the mains frequency. However, the hum modulation
can be made very smell by careful design of the system.

Two possible methods are available to keep the flicker
rate constant, The first is to'introduCe waiting time at
the end of each line, the second at the end of each frame.
The first would be very wasteful and would show overload-
effect as incomplete lines in the picture. In the second,
overload will result in a diﬁﬁgition'of the number of lines
in the frame with the resultant loss of the lower part of
the picture. This may be more objectionable to the viewer
than the falling off of the flicker rate, though experiments
may have to be performed to test the validity of this
suggestion, Further, if display tubes with longer
persistence becomne available, the performance of the system
adopted will improve automatically.

2¢5, Components Of The System.,

In this section, the component parts of theisystem are
discussed. The important features of circuit design are
described and the choice of certzin components is explained.

2:5.1, C.R.T, for.the Scanner,
The effect of the phosphor afterglow on the bandwidth
of the scamner has already been mentioned in Section 2,3.

Correction for the afterglow is accompanied by a reduction of
the S/N ratio. The S/N ratio in e flying - spot scanner
depends on the photocathode current in the multiplier and on
the decay time-constant of the phosphor(65>. Hence the two
most important properties specified for a scanner - tube
phosphor are very short decay time-constant and large light
output.,

Two scanner tubes types 6/22 QM and C 219 - QIF were
used in the experinments. The first, menufactured by
Ferranti Ltd, had a decay time-constant of l/lO usec, The
second was a cintel tube with a P16 phosphor which had a
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decay time-constent of less than 1 pusec. but had a finer grain
structure,

2.5,2. The Optical Systemn

The optical system, shown in figure 21, consists of a

f.3.0 photographic lens on & helical mounting, a large
condensing lens and surface silvered mirror, The photographic
lens forms an undistorted image of the flying spot on the
transparency. The trensnitted light is collected by the
condensing lens, turned through 900 by the mirror and falls on
the circular photocathode of the photomultiplier tube, As
the photomultiplier responds to the total light flux falling
on the photocathode, an inexpensive condenser lens is adequate
because szberrations and distortions are not important. A
large zperture increeses the opticel efficiency and hence the
performance of the scanner,

2.5.3. The Photomultiplier Tube

Photomultipliers with large srea semi-transparent
photqﬁéthodes have been specially developed by meny firms for
use with large aperture scanning equipnent, For use in a

flying-spot scenner, a photomultiplier should have high
sensitivity, lerge photocathode area, small time sprecad eand a
“good spectral match with the scanner tube light output
spectrum. A study made by Hoover et al<66> shows thet type
811 photocathode has a good spectral match with P16 phosphor, .
An E.M.I. photomultiplier type 9536B is used in the
present system. This tube has a Sb - Cs photocathode of S11
spectral response. The sensitive photocathode is formed as a
seni-transparent film on the end window, a circular flat face
with a diameter of two inches. A ”venetiag:blind” type dynode
structure is used and there are ten steges of multiplication
in the tube, This type of dynode structure has certain
advantages.(67) The photo-sensitive surfaces on the dynodes
are protected from positive ion bombardment. The structure
prevents radiative and optical feedback from anode to cathode.
Tonic feedback is small, The time dispersion in this tube is
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about 18 m psec with a supply voltecge of 1.9 KV, This is
higher then in R.C.,A, tubes becausec variation in the path
lengths of electrons during multiplicction is grester in tubes
with unfocussed dynodes thean in thes focussed type.(68) The
magnitude of the time dispersion is considered satisfactorily
low for this pearticuler application.

The overall gein of a photormultiplier vearies as a high
power of the operating voltage. In the case of az 10 stage
nultiplier with Cq Sb dynodes, the overall gein is proportional

7 2 (68)

to v’ where v is the inter-dynode voltage. In order to
keep the overall gein of the photomultiplier reasonebly
constent, & specielly designed power supply, designed and built
by Merconi W,T. Ltd. is used. The supply voltage cen be
vaeried between -~ 1.4 KV end - 1.8 XV which provides a very
effective gein control, Fig,22 shows the supply circuit for
the photomultiplier tube. The photormultiplier is used with
a peak output current of 500 pamps, The output of 1/2 volt
peak to pesk across the 1 kilo-ohm load resistor is fed to the
head amplifier,

2¢5.4. The Head Anplifier,

The head amplifier (Fig,.,19) is part of the sceonner
designed end built by Merconi W,T,Co.Ltd., The amplifier
provides an output signel of 1 volt, peek to peek, across an

output impedance of 75 ohms,

2.5:5. The Differentiator.

It is well known thet a lead can be used to differentiat
en electrical input if the time-constant of the lead is small,

Referring to figure 23(z), the transfer function nmey be written

asz:

—

3 |
out _ D « B2
s TP+l T TR (2.1)

in iXle;

where € Laploce transform of the output weveforn

out

|
i

n 11 n 2 1}
. nput
in inpu



79

9536 B

o
' I
'

(K
150

1

-
< -5T o
Lo K :

Cax' cok W;{

L L N - 4
.of[ .01 .j .ﬁ .ﬂ o8] II J 1]' 8KS 1K
L1 | | L 1 g

GEK'Q?E’ égk
- . .

14K 4o -1 8K

FIG.22.

SUPPLY  CIRCUIT FOR THE PHOTO TUBE

’_-._\AM—_—
F o F 3
€out €in €out
¥ ¢ ¥
%)



80

o Gomperes 16 |
IfpRC is very smell), pR7 can be neglected in the

denoninator giving pRe <=l
) .
_ovt _ o, Ry (2.2)
®in : _

This method, like most others, depends uvpon the current
through a capacitor being proportional to the derivagitive
of the voltege impressed =sross it.

The product RC cennot be reduced indefinitely. The
smeller the time-constent, the higher is the attenuation.

Ph hicw fremmencies where DR in the denoninctor of equatdon
(2.1) cennot Lc ncoslected, the action of the leed may be
visualised as thet of a pexfeect diflcrentietor cascaded with
an integrating circuit,

The effects of this integrating circuit can be minimised
and excessive attenuction prevented by using & feedback
differentiector as shown in figure 23b. Negative feedback
tends to keep the grid potential constant, thus creating =a
virtual earth, If the goin of the amplifier is essumed to be

infinite and if its output impedance is assumed gzero, it
can be easily chown that perfect differentiation can be.
performed, If the goin of the amplifier in figure 23b is -A,

the transfer function cen be written as 69)
e ‘ o
—out _ = A2 P 2
o - + 'A' -‘-..];_ (‘—‘5>
in: P EC

A compariscn of equation (2.3) end (2.1) shows that the

time ~onstass and the attenuction thet would have resulted
from a gimple D C circuit is zbsent,

- The feedback differentiator is more stable than an
cguivalent combinction of an R-¢ circuit and en zmplifier
compenseting for the cttenuction. In the feedback
differentiator, the transfer function is inveriant to smell
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changes in velve chereacteristics or component drifts, &
low impedence virtuzl carth at the grid minimises the effects
of extraneous pick-up. Other eottractive feectures of the
feedback differentiator are frecedom from distortion &nd a
low output impedance.

In the system described, the most important specifications
of the differentistor ore that it should perform error-free
differentistion in a wide range of frequencies, from ¢ few
Ke/s to at least 3 Mc/s, ond thet its transfer function should
be invariant to small chenges in vclve charecteristics or
component drifts.

L feedback differentictor, shown in figure 24, was
designed to obtein these characteristics, The input valye
Vi is a cathode follower used to drive the differenticting
stage. Because of the virtual earth at the grid of V2, the
input impedsnce of the differentiating stage 1s equel to the
input ceapacitance, The emplifier valxe V2 is & pentode with
a very high trans-conductonce (16,5 mamps/volt). The cathode
current of V2 is stabilised by using a 10 K ohm cathode resistor
Cathode degeneration in the operating frequency renge is
prevented by bypessing the cathode resistor, The feedbaock
resistor R with the input capacitonce C forms the differentiatia
time-constent. The lerge goin and the low output impedence
is provided by V, end V. T@e copecitor C, is inserted to
stebilise the feedbeck circuit, The cathode follower V4 acts
as a buffer stage eand provides & low output impedence, This
is introduced to prevent excessive cepacitive loesding ot the
cathode of V5 which would have & deleterious effect on the
performcnce of the differentiator.

The response of the circuit of figure 24 is plotted in
figure 25 which shows near idecl response between 4 Kc/s =nd

4 Mc/s.
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2.5.6. The Full Weve Rectifier.

- Figure 26 shows the circuit dicgrem of the amplifier end
the full-wcve rectificer, Vl and V2 are two R~C coupled
crmplifying steages., The current in each velve is stebilised
by large cathode resistors which arc bypessed by capacitors to
prevent cothode degencretion. V5 is = cathodie coupled phase-—
splitter providing paraphase outputs which are fed into the
cathode followers., Vy end V4b, which drive a balznced bridge

o
(=8

rectifier. The output staoge, V5, is o cothode follower and
and has an output impedence of neszrly 40 ohms.,. 411 the
screen grids crxé onodes in the valve stages cre approprictely
decoupled.

With a sinusoidal input, the output of the circuit is
constant up to 3 lic/s and is reduced by less than 50% 2t
5 Mc/s. |

Lt a leter stege in the work, o diode bese clipper wes
introduced to clip the lower part of the output weveform.
The R~ coupling between points A end B as shown in figure 26
was removed, and a series diode clipper,bshown in the inset
in the figure, was installed.

2.5.7., The High Gain Amplifier,

The output of the full weve rectifier is used to control
the scan velocity. However, the output signal has & peak
amplitude of about 1.5 volts while o signel of the order of
100 volts is needed to change the velocity of the time bease
by e factor of 10.

This necessited the design of an amplifier with a gain
of 40 dbs, "bandwidth" of more than 3 Mc/s and an undistorted
output of about 100 volts peck to peck. The circuit diegrem
of the emplifier is shown in figure 27. £ ccthode follower
input steoge Vl is followed by cn inverse-feedbock poir V2 cnd¥
The currenv in V2 is stabilised by a large cathode resistorbyp

-assed to prevent cathode degeneration while the stability of the
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stage comprising V3 is increased by the feedback. The signal
output from V3 drives the outsut stege which combines the
features of an cnode follower cnd = "totem-pole" amplifier?:’
The gain of the stage is cpproximately equszl to the ratio of
the fecedback ¢nd feed-in resistors, A virtual earth is created
ot the grid of V4 due to the feedback. This prevents overload
at the grid. The amplifier can hendle signaols of peak
amplitude of 100 volts without noticecble distortion., The
output impedence is of the order of 1 kilaohm.

An inverse-feedbock pair has meny interesting features.(7o)
The gain of V3 is stabilised. The "bendwidth" of the pair is
deternined by the overall geain. This property is very useful
in handling signals of lerge magnitudes., The gain of the
first stage is made small, scy unity, thus preventing overload
a2t the grid of the second valve, This mekes it possible to
use vealves which heve high trensconductence ond short grid base
without running the risk of grid conduction or cut-off.

2.5.8., The Variable - Velocity Time Base.

The varisble -~ velocity time bese comprises g = lineer
sweep generator and on amplitude comparator which provides the
resetting pulse for the sweep generator. The velocity
modulation is obtained by using the sacme basic principle as
that used by Beddoes.(6l) The slope of a Miller sweep circuit
‘is directly proportional to the voltage to which the grid
resistor is returned., The slope is modulated by odding ,to the
d.c. voltage}the anplified control signel,

Figure 28 shows a circult dicgrem of the variable-velocity
time base, The Miller valve is goted on the suppressor grid.
A GJE.C, valve, type 2759, is used in which the anode current
can be completely cut off when the suppressor grid is made
cbout 60 volts negetive with respect to the cothode under
normel opercating condition. It wes found that, in the case
of two other video pentodes, types © CH6 cnd E180F, the
suppressor hes negligible control on the anode current.
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The input control signal is d.c, restored by diode Dla
2t the grid of the cathode follower Vl' The cathode of Vl is
the voltage source to which the grid resistor of the Miller
valve is returned. If the potential at the grid of vy is E &
in absence of eny control signzl, it would be E1 - ¢ if =a
control signel is imposed whose instantoneous amplitude is e.
The cathode of vy follows its grid thus varying the poteﬁtial
to which the grid of the Miller valve 1s returned.

The cathode follower V3 provides the output and also acts
es a buffer stage between the Miller valve and the multiar
comparator which generates the resetting pulses for the
‘suppressor grid of V2. The current in le is adjusted to
mininise the initial step inherent in suppressor - gated Miller
sweep circuits.

The sweep 1s reset by a multiar when the spot reaches
the end of a line, The multiar(71> is 2 very steble and
accurate amplitude comparator. The stability of the
regeneration point in e well-designed multiar is dependent only
on the bresk cheracteristic of a diode. o

In figure 28, D2a is the conmparator diode. L thermionic
double diode, 6ALS5, is used, the other section being connected
to compensate for cathode drift.(69). The heater supply for
this valve is reduced to 4 volts to obtain a sharp brezak
cheracteristic, ' v

The pulse transformer is wound on a Ferroxcube core,
type FX1239, To obtain a loopgain higher than unity, a
step-up of 1,5 is derived from the cathode to the grid winding.
The cathode winding inductence is 2 mH and c¢aore has been taken
to minimise the interwinding cecpacitance.

_ In the quiescent condition, the diode D2a does not conduct,
the feedback loop through the transformer is open and the grid
of V, is clamped to the cathode,  When the sweep voltege at the
output is Jjust lower then the reference voltage, the diode D2a
conducts, at some volnt the loopgain exceeds unity and
regcnerative action drives the’grid of V,+ negative cutting V,+
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off, The primery of the'transformer in the cathole of V4
rings, but is damped by DB' Thus o single negative pulse is
obteined. During the treiling edge of the pulse, D2a is
backbiased due to the step-up ratio >f the transformer. The
grid of V4 enters the conduction region and the anode of D2a
approaches the reference voltage. L positive pulse is
generated on the onode of V4. This is inverted ond emplified
by V5 and is then cpplied to the suppressor grid of the Miller
velve for resetting the sweep senerator,

To prevent relaxation uscillation or "bouncing" in the
multiar’(72) & short grid bcse pentode, type 64H6 is used with
low screen voltage. '

Some results of the tests on the timebose are shown in
figure 29. Figure 29(a) shows the chenge in the slope due to
modulation by a rectangular pulse. Figure 29(c) shows a
photograph of the flyback on & highly sxpsnded time scale.

The spread in time is less than 5 n usec., which denotes fthe
high degree of accuracy and stebility cbteined by the amplitude
compecrator, Fig.29(b) clearly shows thot the time duration
of 2 line depends on the control signel and that the resetting
circuit of the timebzse acts only when the sweep runs down to

o predetermined voltége. Figure 30 shows the veriectiosn of

the sweep perisd with the d.c. voltage to which the grid
resistor of the Miller velve is returned,

2.5.9, The Deflection Amnlifier.

In the deflection cmplifier, & push-pull driving stage
drives the line oubtput transformer, the secondery of which
provides the scan current for the line deflection coil.

A circuit diagram of the deflecticn zmplifier is shown
in figure 31, The output of the time bese is fed into the
cathode~-coupled phase-splitter V.. The paraphcse outputs
from the tws anodes of Vl are cmplified by identical steges.
The input capacitance of the line output velve, when it is hot,
is of the order of 30 pf. Cathode followers V4 end V,7 prevent
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undue capacitive loeding of the =hode follower stoges V5 and V6.
The frequency response of the entire driver stage, at the grid
of V5 or Vg, is level within + 3 dbs up to 5 Mc/s. £ pentode
driven output stage has been used which tends to give a
constant current output vrovided thet the core losses in the
transformer are smell and the Drlai?i?gig no loading. .
Considerzble time wes spent in the design and developnent
of a line output transforner, It hes elready been pointed out
that the Merconi transformer was gquite unsuiteble beceuse of
its smell "bondwidth', The low-impedence deflection coils
gunplied by Morconi W.T.Co.Ltd., was reteined and it wes ained
to design a deflection syster: of & "bendwidth" of neerly 1 Mc/s.

The specifications of the traensformer include a constant
deflection current response from 1 Ke/s to 1 Me/s and e large
step-d.wn ratio to supply current to the low impedance coils
for o reasoncble scan length. Besides these steady-state
conditions, the trensformer must clso possess the transient
perforneance of a pulse tremsformer,

The most general equivalent circuit of a practical
transformer is shown in figure 3%2(a), though even this circuit
is only approxincte. If there is a common a.c, carth between
the primary and the secondery, figure 32(a) reduces to figure
32(b). In figure 32(b), Ry, the equivelent shunt eddy current
loss resistor hes been neglected becazuse in o zcod design with
Ferroxcube cores, which have high resistivity, the power
dissiprted in the core due to eddy currents cen be meode very
small as compered with other losses, Noneof the equivelent
circulits in figure 32 have tecken the hystere@sis losses into
account, The cupper losses czn be ncde negligible in smell
transforners, hence end ¢, have been ignored in figure 32(Db)
In figure 32(c), the trensformer hes been replaced by its
¢quivalent T-network and the secondery impedances have been
transferred to the primery sile by teking ths conversion retio
into account. The proof of the equivelence of the circuits
in figure 32 cen be found in the stonderd textbooks.(72’75)
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Equivalent capacitance at the primary terminals due to
internal and source capacities.

Equivalent capscitance across the secondary terminals
due to internal and load capacities.

Intervinding capacitance.
Source voltage.

Inductance at the primary terminal when the secondary is
open circuited.

Inductance at the secondary terminal vhen the primary is
open circuited.

Part of primary inductance that couples 100% with the
secondary. L, = KL.

Part of theiieeondary inductance that couples 100% with
the primary Lg = Kls.

 Effective intervimding capacitance when transferred

across the primary $erminal.
= Cn ( Np - Ng )2 ,cross the primary. o
N
P .

9_._+Ce

&2 ‘ i;: -

Turns ratio secondary turns = Ng

primary turns i;

No. of Secondary turns.
No. : 6f:Primary turns.

Leaka e Inductance.
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In the case of ¢ step-down tronsformer, the interwinding
capacitance, Cpy DY be represented as a cgn;citgnde, Cor
shunting the primery inductcnce since this winding will be
noinly affected by the current from (74) The value of
C, can be shuwn to be equsl to Coy (Np NS)/Np 2. By lumping
the leakage inductances in figure 3%2(c), figure 32(d) neay
be obteined. The capacitence C is the sum of C’ end Ce end
the capacitance C hes been onitted in flgure 52(d) It
has been shown by Naody(74) thet the error introduced by
ignoring C_ is negligible provided CP is less then helf the
equivalent secondary capacitonce across the primery terminal
and- provided the source impedance RD does not exceed the
value given by R_ = 1/ /TT' B

D 2 fC ’

BEven cfter all these upproximations, the equivealent
circuit (d) is represented by a third order differential
equation which is difficult to solve, Further simplificetion
leeds to two equivalent circuits, figure 32(e) for the low
frequency response and figure 32(f) for the high frequency
response., The h.f. response is almost entirely dependent
on the leakage inductence and the shunt capacitence, Small
value of leakage inductance must be obtained for good h.f.
response., For good 1.f. response, a high velue of prinary
inductance 1s desired. The primery inductence as well as
the leakage inductaence are functions of the square of the
- number of turns in the prirery winding. The designer, in
this case, is confronted with conflicting requirements.
Another cxemple of conflicting requirement can be seen in
the nature of winding, ¢.g. sectionalised interwinding
reduces the leckage iniuctence but increases the interwinding
capecitance., It will be seen thet the lezkege inductance
and the self-capacitance in a transformer are greatly
dependent on the geometry ond the nature of the winlings,.

The solution of the above-mentionsd differentiel squation
is, thercfore not very useful in the desizn of ¢ trensformer.
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It is generally recognised(75’76> that the art of transformer
design, to a great extent, is emperical and lies in reconciling
the various conflicting requirements by an orderly procedure
of trial and error.

The o»arameters of the transformer, which determine the
overall response, are briefly discussed below:

(a) Teakage Inductance: Ieakage Inductance is one of the
most important factors in the determination of the h.f,
response of the trensformer. It is greatly dependent on the
geometry of the trensformer and it can be varied over a range
of 16 to 1 by variation in the structure(74). Formulae for
approxinmate determination of the lezkazge inductance from the

coil geometry have been srovided by Moody.

(v) Transformer Capacitances: The trensformer capacitance,
like the leakage inductance, introduces a delay in the transient
responseof the transformer, hence the need to minimise it.

The capacitances in a transformer are contributed by various

sources, e.g., the capacitance inherent in the source, the
inter-turn capacitance, the inter-layer and iaterwinding
capacitances and the capacitsnce across the load. Some of
these capacitances may be distributed but are lumped at
certain places as approximations. In most transformers, the
inter-turn capacitance may be ignored. The interwinding
capacitance can be expressed as a shunt capacitance across the
primary as mentioned earlier. The capacitances in a
transformer depend greatly on the type of winding used.  In a
wave winding, the capacitance can be minimised but with a

corresponding increase in the leakage inductance,

(¢) Choice of the Core: The bandwidth of the transformer
is proportional to the ratio of the magnetizing inductance to
the leakage inductance, This ratio is virtually independent
of the number of turns because both the nagnetizing inductance
and the lsakage inductance are proportional to the square of
the number of turns. The ratio is proportional to the
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incremental permeability of the core. if the eddy current
losses are negligible. Thus the use of a core material which
has high incremental permeability provides both hizh primary
inductance and low lecskazge inductance,

The sigze of the core is dependent on the window gap
needed and on the insulation desired. A very large core nmay
introduce problems of dinensional resonance while in a very
small core, saturation or increased leakage inductance and
self capacitance or both may adversely affect the performance.

The saturation of the core and the loss of initial
permeability, caused by d.c., polarization, can be reduced, by
using a push-pull drive and a suitable air gap. Methods
exist to calculate the airgap.(77) As a result of the
introduction of an airgap, the increcmental permeability is
decreased but the frequency of dimensional resonance of the
transformer core is increased and there is reduction in
distortions caused by saturation,

Practical design features: Several transformers were wound
and tested. Two Ferroxcube I cores, type FX1527, with the
windings round their centre leg, have been found to givec the
best results. Plain ® - sectioned layer winding hes been
preferred because it helps to keep the leakage inductence low.

The design equations provided in the Mullard Ferroxcube
Handbook(77)'have been used to calculate the spacer thickness
and to check for the saturation of the core, A centre tapped
transformer with a push-pull drive has been found to give better
results than a single-ended one.

The specifications of threc different trensformers with
their freguency response are shown in figure 3%. Large step—
down adversely affects the h.f, performance‘of the transformers
but is essential to drive the low impedance deflection coils,
Tigure 33(c) shows the best frequency response but this has
been achisved by reducing the stev-down raotio. This results
in a very small scan lengtt of about 2 cms when the E.HLT.
supnly voltaze for the scanner tube is 15 KV, The trensformer,
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whose characteristics have been given in figure 33%(b), has
been used in 2ll the experimental work, This transformer hes
a "bandwidth" of 675 Kc/s but it haes e Ligher stepdown ratio,
giving a scan-length of 4.5 cms., Demping >f the deflection
system has been obtained by connecting a 470 ohms resistor
across the secondary winding., This value has been cexperimental
found to give the best waveform response. 411 the frequency
responses were obtained by measuring the voltage across a 1.2 ohm
resistor connected 1in series with the deflection coil. A
check has been made by measuring the length of the scan at the
face of the scanner tube for sinusoidal drives of different
frequencies and it is plotted in figure 3 (b). It is virtuelly
identical to the response measured across the l.2.ohm resistor,
Some photographic results, obtained with the deflection
system using the selected trensformer, are shown in figure 34,
A pulse gencrator was used to provide the moduwlation sigmal for
the variable velocity timebase. In figure 34%a) emd (b), the
upper trace shows the voltage waveform at the grid of oxne of the
line output valves and the lower trace shows the current
waveform mecsured across a 1.2 ohm resistor in series with the
deflection coil when the width of the modulating pulse is equal
to 80 usec. The current waveform follows the voltage waveforn
faithfully and there are no deleterious transient effects
visible at the points where the timebase slope is changed due
to the modulation.,  Figure 34(c) shows the voltasze and the
current waveforms when the modulating pulse width is equal to
2 usec. In figure 34(4), the pulse width has been reduced
to 0.6 usec., The difference signel, shown in figure 34(e),
was obtained by the algebraic addition of the upper waveform
and the lower waveforn of figure 34(4d). When the pulse
width was reduced below 0.6 usec., it was not possible to
discern any modulation on the current waveform.
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25,10, Scanner - Tube Supplies.

The scanner - tube supply diagram is shown in figure
35 which is self-explanatory.

2e6. Design Of The Receiver.

The rcceiver consists of a video amplificr with
provision for intersity - modulation correction, =z line
deflection amplifier, a ratchet (staircase) time base for
vertical deflection end a display tube. A 5" oscilloscope
tube, Mullard type DBl%-2, with electrostatic deflecction, was
used as a display tube. This tube has & blue phosphor which
is not suiteble for subjesctive svaluation of pictures dbut it
has a fine focus and good resoluticn. It can be easily
replaced by a tube with white phosphor without any major
modification. The display tube supply disgram is shown in
figure 3%6., The other component parts of the receiver are

briefly described below:

2.6.1. The Video Amplifier.

At the receiver, the verieble-velocity scanning will
superimpose an intensity modulation pattern on the video signal
which will tend to brighten up all the regions of high deteil,
Correction of this unwanted intensity modulation is osbtained
in the first velve of the video amplifier (fizure 37). Vl
is a double triode with a common anode and a common cathode
resistor. The video input is fed in onc grid and the
differential of the line scan waveform in the other in the
proper poclarity. The corrected siznel is amplified by an
anocde follower V2 which is coupled to the grid of the display
tube. ‘

2.6.2. The Line Deflection Amplifier,

The line deflection emplifier is shown in figure 3%8.
Two pentodes have been used as a cath.de-coupled phase-splitter
to provide pushpull drive to the "totem-pole"™ esnode followers
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which in +tyrn drive the X' and X" plates of the display tube.
An output is teken from the anode of V2 through the cathode
follower V5 for the intensity compensation circuit of the
video emplifier,

2.6.%3, Ratchek Time Base (Staircese Waveform Generator).

. The need for & vertical ratchet time base earises
oé;% to vericble line periods as has eslready been cxplained.

A diode pump is used in energy storaje counters to
generate steircase - type waveforms (figure 39(a)). A
capacitor, 02, is used as the energy storage elecument. A
good mica capacitor or a polysterene capacitor with gold
plated electrode surfaces ensures energy storage for long
periods without any significant loss due to leakage. It is
obvious that in the circuit of figure 39(az), the voltege steps
would not be equal but would progressively become smeller and
smeller, The scope of this type of genmerator is, therefore,
limited, Only ¢ snell nusber of steps cen be generated with
any degree of linearity. The input pulse emplitude has to be
much larger than the totalstaircase wave form amplitude."

The range of & diode pump can be considersbly increased
by lineerizing the envelope of the staircase waveforn. The
essential principle on which the linesrization is based is
the seme as that used to linearize time base waveforms by
bootstrap and Miller integration. A simplified disgranm of
a diode pump linearized by the bootstrap principle is shown
in figure 39(b). If the gain of the cathode follower is
assumed to be unity, the cathode potential of the cathode-
follower drops by the sane amount as the grid potential every
tine a pulse arrives., Let the grid voltage of the cathode
follower be E, the cathode voltage B + k where k is of the
order of a few volts, The point A in figure 39(b) is also
at E + k¥ due to the d.c. restorer action of D2, Bezcouse of
this d.c., restoration, the volteazge drop across D1 is nede
independent of the emount of charge on the capacitor 02.
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This ensures that each voltage step has the seme magnitude

and is given by

E .
c Cl + 02

where EC is the amplitude of the input pulse and C1 the
capacitance of the feed-in capacitor, In & linear step circuit,
the need for a very large trigger is eliminated and the number
of steps that cen be generated with equal amplitude is greatly
increased. Ep v M ot vuﬁ%-zuml-

The circuit diagrem of the retchet time base is shown in
figure 40 while the block schemetic is shown in figure 39(c).
The fe—setting pulses of the line time bease are used to
initiate the steps, A cathode-coupled precision pulse
generator comprising V1 and V2 provides a rectangular pulse
whose amplitude and width is independent of variation in the
line re—setting'pulse.

A small velue of feed-in capacitor is used to keep the
time-constant, formed by the output impedance of the pulse
generator and the series ccpacitance of the feed-in capacitor
and the storage capacitor, SL&ll,Des has been introduced as a
clamp to establish the initial value because the clamping
action of D2 is lost due to the bootstrap configuratlon.

The number of steps gencrated by the tine base is about
400 with a total excursion of 130 volts. Good linearity over
this wide range is obtained by using a constant current pentode
as the cathode lozd of the cathode follower, VB' The output
is teken from the grid of V5 through a cathode follower, V5,
which acts as a buffer stage and ensures nininum amount of
loading of the storage cepacitor. |

A multiar amplitude comparetor has been used to provide
the re-setting pulse when the output amplitude reaches a
certein reference volteoge. The resetting pulse must completely
cherge the storege cepecitor, to +250 voles in this case,
Attenpts to use the multi r »ulse directly for the re-setting
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were not successful, In cgbsence of any delay, the pulse
zenerated at the anode of the multiar ventode wes
instantaneously fed to the storage cepacitor tto cheorge ity
which in turn terminated the rulticr pulse prematurely, with
the result that the storaczge capacitor was not fully charged.
This has been overcome by the introduction of & delay
multivibrator followed by & blocking oscillator in the
re-setting pulsc path. A lecrge oositive pulse of a
prodeternined width is generated across a low output

inpedance by the blocking oscilletor, This pulse is used

to recharge the storage capacitor fully. The pulse is
connected to the storage ceapacitor through another diode pump,
D5. _
storage capacitor from the resetting circuit during =211 times

This arrangenmcnt achieves complete isolation of the

except when the resetting pulse comes in.

Some photographic results obtained from the ratchet
tine base are shown in figure 41. Extrenely good linearity
has been obteined for 400 lines. The time base can be mede
to work for 600 lines with good linearity. Figure 41(a)
shows a scan of a duration of 30 m seconds with nearly 400
voltaze steps in it. Figure 41(b) and (c¢) show steps which
are separated by ncarly 60 steps. Figure 41(d4) shows a
small part of the scen on an expanded tins scale, The
resetting tine after each step can be seen to be less than
2 useconds, The break characteristic of the multiar is
sharper then the step voltaze, This ensures Jitter~free
operation of the circuit.

The large magnitudé of the output waveforn nakes it
posgible to drive the deflection plates without any further
amplification. ‘

Footnotes 1In this Section, Band width in inverted commas hes
been used 4o denote the freguency band ewtencing to 50% voliage
Tesponse uvoints. Band width norizally has been used to denote
the actual chaznel 7idth recuired for Bagineering use (ex‘ending
to the order of 40-50 Adb points)
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5. STUDY OF THE SYSTEM,

Some results obteined fron the verieble -~ velocity systen
are presented in this. sectiun, The receiver was not used in
these experiments but waveforms were studicd on a cathode ray
oscillioscope, The experimental set-up for this investigetion
is shown in figure 42. A been switching device, built into
the oscilloscope, made it possible to displey two waveforms
together.,

3.,1ls A Method Of Evaluation Of Bandwidth Reduction,

There are several ways in which the reduction in
bendwidth mey be estimated after varicble -~ veloclity recoding.
In the carlier experinents, the results were assessed by'
measuring the width of the blocks of detail with and without
varieble -~ velocity scanning, but it is felt that this is not
& very satiSfactory nethod., In the following cxperiments,
the bendwidth reduction has been eveluated from the time base
scen wavefornm, Both the bandwidth r.duyction . and the
reduction in the time - bandwidth product have been celculated.

A typical scen waveform is shown in figure 43, Leté&l and
@2 be the largest and the smallest angles respectively that
the sweep waveform mekes with the horizontal, i.e. with the
tine axis.

Since tan & varizss as the velocity which in turn varies
as the bandwidth W, thc¢ bendwidth reduction, C, is given by

tan92

Q
|

Referring eagain to figure 43, let T be the scan duration if

a certein line in the picture wes sconned by conventional
scenning with velocity V1 corresponding to the slope denoted
by £ .. Iet the time tcken by the varicble -~ velocity scenner
to scen the szme line be T + Tl' Then the time - bandwidth
product for the two cases can bewritten down., Time-bandwidth
product for the constant - velocity
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Scanning Cagse = wT ,
Tine - bendwidth product for the verirble - velocity
Scanning Case = W (T + Tl).
C

Hencc the reduction in the time - beandwidth product nmay be

expressed eas

W, T

R = : 1
g (T + 1;)
or R = C( Y 11 (3.2)
T + Wl
where C tan'91

tan 6o

It is interesting to note thet while C depends only on the
ratio of the nmaximum and ninimum scan velocities that ney be
. . T .
achicved in the system, the factor ( Tf:ﬁfz) is also dependent

on the picture statistics. Thus R, the overall reduction
depends on the amount of detail in the picture.

For the experimental evealuation of dl,’ﬁg, T and Tl ,
the negative trcnsparencies of the scan waveforn were projected

by a microfilm reader which mede accurate measurements possible.,

2.2 Experimental Results.

The results of the preliminary experiments were
disappointing. Compression ratios of less than 1.8:1
were obtcined when the Jjitter in the waveform became so
excessive that synchronism was completely lost on the display
device. It wes felt that this failure of the compression
systen mzy be due to one or nore of the following causes:

(1) The instability of the feedback loop: the transmitter
is 2 closed loop non-lincar feedback systern and an aralytical
solution is difficult to obtein. The stability of the loop
hcd, therefore, to be investigated experimentally.
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(2) The source noise: It is well known that noise and
high freguency low contrast detail in = picture have comprreble
power and it is very difficult to sepcrate them, It wzs
observed by Beddoes(4a> thet the addition of noise tu a video
signal increases the picture detail factor of the signal. The
randon nature of noise would prevent the superimnosition of
onc scan xver another, even thiuzgh the sisnal is periodie, if
the noise 1is ellowed to control the feedback loop. Thus the
jitter ncy be causcd by = deteriorstion in the systenm
perfornence due to the scurce noise.

£ look at the output waveforn (Fig.44) of the full wave
rectifier, when the 1J$p is open, suggests thet during the
process of cdetail detection, there haes been a weighting in
favour of the noise, In the absence of fine detail of high
contrast, the feedback loop would be predominently controlled
by the noise. To reduce the effect of noise, it was decided
to instal o clipper, with z veriable thres@&old, after the full
wave rectifier. This is accompanied by the reduction of
contrast in fire detail. The inset in figure 26 shows the
clipper that wes used and figure 44(c) shows o clipped control
signel. Cemparison of figure 44(b) an? (c) shows thet the
clipper was effective in reducing the noise in the feedback
loop. .

Figure 45 shows some results fronm the variable - velocity
systenm using clipping. The values of C and R based on
equetions (3.1) anl (3.2) are quoted in the figure. The
Jitter was considerably reducadﬁ%%?tu clipping and its effect
was not serious for values of C up to 2.33 (Figure 45(3)).

3.2410 in Experirent to Investigate Phosvhor Loading.

And Systen Stebility.

In the experimentel set-up shuovm in figure 42, no
vertical deflection was used. A single line was scanned 21l
the tine, It was considered desirable to ascertoin whether
phosphor scturetion was toking vlece due to cxcessive loeding
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in 2 small area. An expnerinment wes, accordingly, designed
and performed. This also threw some light on the stability
of the systen.

£ Dblock diagram 2f the experinental set-un is shown in
figure 46. The only ealteration, from the previous set-up of
figure 42, is that the brightness level in the scanncr tube is
so adjusted that the electron beem is normally cut-off end is
switched on only when z positive pulse is applied to the
grid. Synchronisn between the intensity moduletion pulse end
the line tine base is meointeined by eocunting down the line
reset pulses by using the ratchet time base™a counter. The
ratchet time base re-set pulse is used to trigger a pulse
generctor whose output pulse width cen be adjusted. This
provides a control on the duty ratio of the zhosphor,

Figure 47(a) shows the case when the width of the intensity
rmoduletion pulse is 125 uscc. Figure 47 (b) corresponds to
an intensity modulation pulse width of 500 usec. in which the
effect of jitter is more pronvunced. Valuss of R for (&)
and (b) are 2.24 and 2.6 respectively. This slightly higher
value is obtained, becesuse in this configuraticn a brighter
trace can be used without burning the phosohor in the scenner
tube. This mekes it possible to obtain a better S/N retio
in the video output. Figure 47(c) is teken with o white
uplift i.e. without any slide. The effect of switching
transient can be seen un the scan waveforn. There is no
instability produced due to these tronsients in any oneof the
three pictures in figure 47.

5:2420 Experinents With Special Signals.,

The experinent described zbove suggested that the systen
wos stable but thet the performence of the system deteriorated
greatly with noisec. The chief source of noise in ¢ flying -
gpot sconner is shot noise -in-gignal which is nuch larger than
sho>t noise in dark current. As the multiplicction noise in a
nhotonultiplier is negligible, clnost all the shut noise in-
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(i) Video
(ii) Time Bose

C 2.8¢1

n 2.24421

(a) 100 microseconds/em

Intensity modulation Pulse width 125 microseconds

(i} VYideo

(ii} Time Base

c 3. 411
R J.063:1

(h) 100 microseconds/em

Intensity modulati 'n Pulse width 500 microseconds

(i) Time Bnse

(ii) Video
{White Uplift)

(¢} 100 microseconds/cm

FIG. 47. TESTS FOR PHOSPHOR SATURATION AND STABILITY
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the signal output is produced by the shot noise in signal
component of the photocathode current.

The photographic results shown in figure 48 were obtained
by the experimental set-up shown in figure 42. Instead of
weiEx a slide, a black paper with a narrow slit was used as
a nagk for the scanner tube face. Thus the signal was a
single pulse and the shot noise in signal over the whole line wa
considerably reduced. Values of R up to 3.6%:1 were obtained.
Figure 48 shows that even for this high value of R, there is no
jitter at all in the signal. This experiment again points
out that the lack of synchronism reported earlier was caused by

esource noise and not by any instability in the system itself.

Figure 49 was obtained with the experinental set-up shown
in figure 40, The stationary pattern of the grain structure
with the loop open, can be seen in figure 49(a) which was
obtained with a white uplift. Figure 49(b) shows the white
uplift when the loop is closed. A 350 psec. intensity
modulation gate was used in both cases; no clipping was used in
the feedback loop} The sweep duration in figure 49(b) is
increased by 35 usec. which corresponds to an increase of 3%%
in the sweep duration. This increase is caused because the
systen treats noise as picture detail.

An attempt was msde to reduce the thermionic emission
from the photocathode by cooling the photonultiplier with solid
002.
between the cathode and the first dynode of the photomnultiplier
was increased to 250 volts. There was no provision in the
apparatus to prevent condensation on the glass window of the
photomultiplier tube. This, alonzg with the fact that the
brightness was turned above the safe level for the phosphor
rendered it imperative that the experinent should be performed
in a very short tine. Singzle shot photographs were taken to

The scanner beam current was increased and the voltage

separate the effects of jitter and of systen instability, if
any, In figure 50 (a) and (b), R of 3.,95: 1 and 4.35:1 have
been obtained on parts of test card 'C!'. The oscilloscope was






127

Open Loop

(i) Time Base

(ii) fMlend Amplifier Output
.5 Volts/em.

Sweep Speed 20 microseconds/cm

(a)

Closed Loop

(i) Time Base

(ii) Head Amplifier Output
.5 Volts/em

Sweep Speed 50 microseconds/cm
(b)

FIG. 49 GRAIN STRUCTURE




(1) Vvideo
(ii) Time Base
' R 3.95:1

(i) Video

(ii) Time Base
R 4.3531
(v)

The Corresponding points on (i) and (ii) have
been marked.

FIG. 50. SINGLE SHOT PIIOTOGRAPIIS

1%
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nanually trigzered for single shot operation hence there is no
vertical correspondence in the ohotozraphs. The corresponding
points have been marked in the figure,

B02¢%0 The "Beat Effect" - Re-entrant Spot.

During variable - velocity opeféﬁion, it was observed
that some extra detail, which was not present in the slide, was
introduced in the video output, especially noticeable in blocks
of detail (Figure 51). This phenonenon was also observed by
Beddoes(4a) and called "Beat Effect". Beddoes observed it
while experimenting with a high-pass filter as the detail
detector and attributed it solely to the characteristics of the
high-pags filter.,  This explanation is not tenable for the case
when a d¢ifferentiator is used for detail detection.

An investigatidn has been carried which indicates that the
only way, in which such z signal could be genesrated, would be
by a re-entrant spot. Re-entrant spot can be caused by ringing
in an underdamped deflection systern or by excessive feedback
with delay round the loop, or both. An illustration of =a
re-cntrant spot is shown in figure 52(b). The spot was nade
re—-entrant by modulating the time base with the output of a
triggered pulse generator. The amplitude and the duration of
the output pulse were made independent of the video output of
the scanner. It may be remarked that the order of the pulses
in figure 52(b) a@% reversed during negative slope of the
tine base waveforn as expected. An exanple of re-entrant spot
during variable - velocity operation is shown in figure 52(c¢).
This was obtained, with the set up shown in figure 46, by
increasing the loop gain excessively which also made the systen
unstabie. |

It wes found that the re-entrance under investigation was
caused because tvhe deflection coil was slizhtly underdamped.

By increszsing the damping, the spot was prevented fron
re—-entering the scanned pert and the "Besat Effect" was elininate

as shown in figure 51 (e) and (f).
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343 The Bandwidth of the Feedback ILoop,

In an analytical study of the variable - velocity
scanner, it has been suggested by Beddoes<6l> that for a
displacement error of 1 in 500, the necessary bandwidth of the
deflection coil varies between 700 Ke/s and 800 Kc¢/s as the
ratio of mexinmum scanning velocity to minimun scanning velocity
is varied from 10 to 00 for a nominal line frequency of
10 Ke/s.

This figure is based on the assumption thet the only
bandwidth limditation is due to the self-capacitance of the
deflection coil so that all other circuits have been assumed
to have bandwidths which considerably exceed that of the
deflection coil. This assurption is not realistic. The
experinents described earlier have shown that the line output
transformner introduces a serious bandwidth linitation which
cannot be ignored. Further, this fizure has been arrived at
by considering a single transition of scan velocity. The |
displacenent error will depend on the nuiber of transitions
in a line,. Another assumption made in the analysis is thet
the transients, due to the preVious transitions of velocity,
are negligible at the tine of & particular transition of
velocity, This assunption ioplies thet once a transition of
scan velocity has taken place, the next transition should not
take place for at least the next four picture points (if the
deflection systen bendwidth is assured to be 750 Ke/s). It
can be seen that this condition nay not be fulfilled in
practice without bsing wasteful. |

Another factor which is relevant in the discussion of the
bandwidth of the feedback loop, but which has been tacitly
ignored in the above-mentioned analysis, isg the actual
transmission délay around the loop. The response time of the
feedback loop is limited both by the loop trensmission delay
and the cut-off frequencies of the component circuits in the
feedback loop. ' '
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Investigation carried\by Gallaher(78) suggest that in a
typiceal flying - spot scanner using a P16 phosphor, an e.h.bt.
supply of 10 KV and a ten - staze photonultiplier, transmission
time delsys of the order of 100 m psec. are ineviteble. Sone
of the figures quoted by Gellaher are ziven below,

Device . g?ransit tine delay
Photornultiplier Tube 60 n usec.
Scannar tube (P16 Phosphor); 11 n usec,
'Optical path 5 n usec.
Connecting Cables ' 12 m usec.,

These add up to 88 m usec.  To Gallasher's figure nust also

be added the time spread in the photonultipliers, which, in
the case of a typical E.M.I. tube is of the order of 18 nm ué%%?r
The time spread is caused by differing path lengths during the
multiplication stages and has to be taken into account, Thus
a nininun figure of transmission delay of 100 n usec. seens
reasonable, In the case of the 3 Mc/s television stendard,
the fastest transition canvtake place in 167 1n usec. It is
essential thet the system response time should be less than
167 m usec, otherwise single transitions of the shortest
duration would not be recoded and would be lost. If the
response time 1is made equal to 125 m usec., i.e., 75% of the
smallest transition time,éaggbto the inherent delay of 100 m us
the bandwidth of the systen should be such as to add only

25 n usec. to the response tine. Hence, the ninirun desired
system bandwidth

W =

= = 20 Mc/s
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20
If the specification is relexed such thet the response time is
nade equal to 80% of the smellest transition time, the desired
systen bandwidth reduces to approximetely 15 Mc/s.

Sl Some Swnectral Measurements,

In view of the important effect that the source noise
has on the systenm performance, as suggested by the experimental
results already presented, it was considered desirable to study
the spectrum of the siznal and the noise generated by the f.s.
scanner. The weighting, of the signal and the noise frequency
conponents, due to the differentiation made it important to
ascertain, besides the overall S/N ratio, the signal to noise
ratios in different frequency bands, especially towards the
high frequency endof the spectrum.

54,1, The Experimental Set-Up.

The experimental set-up used for the spectral
neasurenents is shown in figure 53%(z). The Airnec wave
enalyser has a bandwidth of 3 Kc¢/s which cen be swept over the
frequency range 30 Ke¢/s to 30 Mc/s. It has a square law
device and a meter incorporated in it. The siznal energy is
measured by tuning for the maxina at the nultiples of the line
repetition frequency,while sampling the noise in the nminimun
energy regions of the video spectrun provides the noise spectrun
This nmethod has been fully described by Weaver.(79) The R.F,
sinewave generator is used to keep the gain of the wave analyser
constant., The scanner was connected zs a constant veloclty
scanner with the conventional line and freme deflection systen
nentioned in section 2.3.1. A converted television recelver
was used as =z picture nonitor and a tele-equipnent type WG/44
was used to provide synchronizeation pulses to synchronise the

scanner and the nonitor time basesa
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3.4,2, Some Results,

The nethod used in these rcasurdments is based on
the fact that the sidebends around each line harronic decrsese
rapidly and thet there is a frequency band between two adjacent
line hernonics in which the énergy present due To the signel
is negligible. Therate at which the sidebends diminish depends
on the complexity of the picture. The 3 Kc¢/s bendwidth of the
wave anzlyser ncde it essenticl to choose sinple pictures for
the spectrcl neasurenments. A bright rester without eany slide
which is known as a "white uplift" wes used along with two other
pictures. The second picture was the close - up of a girl
(Figure 54(a)) and the third picture was test card "C" (Fizure
54(b)). No synchronizing or blanking pulses were added to the
signel but the flyback was suppressed by cleamping the video
output to the black level during the flybeack period.

The spectrum of the noise obteined in the presence of
"white uplift" is shown 1n figure 55. A check wes made with a
white noise generutor/%% 2 sine wave oscillator as the standard.
The result obtained was considered significantly the same as
that obtazined with the sine wave oscilletor, hence all the later
neasurenents were made with the sine wave generator s shown
in the block schematic (Figure 53a).

For the case when the raster is defocussed, the noise
spectrum is flat within + 1 dbs while when the rester is
focussed, the effect of grain noise in certain frequencies can
be seen, As the predoninent source of noise is the shot noise
generated by the photonultiplier, it is not surprising that
the spectrun is flat.

Figure 56 shows the signel spectrum for test card "C"
while figure 57 shows both the signal and the noise components
neasured for the close-up of the girl. It is instructive to
note how the nean sqguare signal to noise ratio veries &t
different frequencies, While the n-s siznal to noise ratio is
approxinetely 30 dbs at 100 Kc¢/s, it is less than 5 dbs at
3 lic/s. This is particularly important beccuse the 1.f.
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couponents of the signel and noise cre weighted down by

differentietion.
The signal spectrum sheape azppears to be of the forn
1 . Spectral nmeesurenents nade by Seyler(28) on 18
2 2 o2
AT + BT T
pictures indicate thet 80% of the power is concentreted below
250 Ke/s. A curve of the form —m= has been fitted to
A° + BE £°

Seyler's data in Appendix I. The fitted curve, which has bee
plotted in figure 57, agrees with the experimental data
obtained.

3.4,3. Measurerments Lfter Differentiestion ind

Full Wave Rectification.

Measurenents were 2lso nade of the signal and noise
snectral components after differentiation and full wave
rectification. The block schenatic of the experinentel
set-up for these measurements is shown in figure 53(b).

The noise components after differentiation and full wave
rectificetion, in presence of "white uplift", are plotted in
figure 58, During these measurements, sipnal bandwidths of
750 Ke/s, 1.5 Me/s and 3 Mc/s were used while one set of
measurenents was nade without any filtecr. It is interesting
to note that the output spectrun is nesrly flat up to the
cut-off frequency of the filter used.

| The neasurenents on test card "C" are shown in figures
59, 60 and 61 for filter9 bandwidths of 750 Kc/s, 1.5 Me/s
and 3 Mc/s respectively. The spectrum for the '"close up'of
a girl" is shown in figure 62.

3 4.4, Theoretical Analysis,

A theoretical enalysis has been made to check the
experinmental results nresented in Section 3.4.3. In the
case of noise, the input to the differentiator has been assuned
to be white Gaussieon noise, band linited to cn znsuler frequenc

w end of power spectrel density —%K in the pass bend. It

c,
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is shown in Appendix II thet the normelized sutocorrelation
function of the output of the differentiator is ziven by

21:2--2)sin w,T

[ |

_ 3 [
fg(f) = ;—3—;3—— L2 W, T COS W, T + (wc
c

The output of the differentistor is then passed throuzh the

full wave rectifier, If R (v) is the normalized autocorrelztid
function of the output of the full wave rectifier, it has been
shown in Appendix II, based on a method due to Price(80>, that

L2
B Rn(T) _ 2
NG RO)

}-"n T o

RS .

which yields upon the introduction of appropriate boundary
conditions and integration, (Appendix II)

; e

£ (1) sinTtp(e) + S 1 - p B

N 2
Rp(7) = < Jn

It is seen that

2

NORE

which denotes thet the output has a mean d.c. level.
In figure 63,/‘n(f) end R, (1) have been plotted along
with the normalized autocorrelation function of the input to

the differentiator which is equal to Sin w, 7T
Wt
. c
(81)

By Wiener - Khinchin relation , the -output noise

spectrun i.e. the noise spectrum after differentiation and
full-weve rectification is given by

Gn(w) = 2 /[ Rn(r) cos wTd-T

K

g

Unfortunately, the cosine trensforn of Rn(T) is not obtaineble,
Rn(T) can be split into the sur of 2 d.c. tern and a variable
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tern. Tet

]

Fo(T) = Ry (%) - Ry (o)

|}

R, () - £

Fn(r) is plotted in figure 64, The cosine trensforn of the
d.c. tern would give a dipac inpulse ot zero frequency which
would not be of nuch interest in this investigation,

It is known(82) that i1f & process has a rationcl power
spectral density function, then the associested aubtocorrelation
function may be approximeted by a set of exponential and
exponential - cosine autocorrelstion functians.‘Fn(T) hes

been approximated by a function given by
w, T w, T
F(7) = .1821 e *®© € _  (1icos 5.236 —S—)
Fitted N

The cosine transform of this function hes been obtained
and is given by (Appendix III)

4 2
c o - 1 (2™ e ) -2.603(*we) +8.093 ]
napproX. O L (w/5)°-5.426(/, ) +7.728(2) k351
A plot of Gn(w)apnrox is shown in figure 65 on a normclized

frequency scale and an arbitrary db. scole. Though conplete
agreemenﬁilacking between Gn(m)approx. and the experimental
result, the theoretical curve has the sane overall trend as the
experinental curve. Exect correspondence was not exp: cted
because of the very apvroximate fit that was obtained. It
nay be remarked that though thel.f, components of the siznal
are welghted down due to the differentiation, after the full-
wave rectification, the energy is so distributed that a nearly
flat spectrun emerges. '

Sinmilar analytical results have been obtained in Appendix
IV for the signal, The spectrun of the innut to the
differentiator is assumed to be:
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1
1.4352 x 10

¢ - © 4 .span x 1077 £°
which is the fitted curve to Seylers data (Appendix I).

In figure 66, the normalized autocorrelation functions
[ (T) and R (T) are plotted. R (T) and the results obtained
from it are aDprox1mate in thet PTlce s nmethod, (80) which has
been used to obtain RS(T), applies strictly only to functions
having Gaussian amplitude probebility distributiois. It is
well known that in the case of television pictures, the
anplitude probability distribution is nmore correctly represented
by a flat distribution.

F_(7), which is plotted in figure 67, has been obtained by
subtracting Rs(ml) from RS(T). FS(T) has been approxinated
by (figure 68).

FS(T) = ,112 e"1‘652X(l - c0o8 2n X) + .2075 e sin 2ax

+ 3634 o806 X

w, T

where x =

: ~
The cosine transform of F (1) has been obtained in Appendix V

fitted

and the spectrum thus obtained is shown in figure 65. The
calculated and the experimental curve have the same trend and
seem to have a fair degree of agreement.

A computation has been mede in Appendix VI for R N(T)
when both signal and noise are present and the input S/N ratio
is 36 dbs., The output of the differentiator has a

normalized autocorrelation function

IAQINE A

fé+N<T) - T
1+ 7
1

(LS<O) _ nean square signal power

where = = =
Kl iPnzO; mean sguesre noise power
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Now FS+N(T)'iS obtained by subtracting Rs+N(Tﬁ> fron RS+N(T);
4L comparison of FS+N(T) and FS(T) in fizure 67 shows that
significant difference between the two curves exists only for
small time delays, This suggests that the h.f, spectrum of
the signal gets modified E;éﬁ%o the presenceof noise,

The effect of frequency weighting of the signal and the
noise due to differentiation is such as to enhance the
inportance of the noise. It hes been quantitatively shown in

Appendix VI that a (S/N) ratio (i.e. 20 log Eegkssg%?:é zg%g:

T,V.

. (= signel] pow
of 36 dbs corresponds to a (S/N)m ] ratio(i.e.10 log noise DoOWe
of 31,4 dbs. After differentiation the (S/N) ratio is

m.s.

reduced to 16.5 dbs,

2.5 Discussion.

The results presented in this section have
emphasized the importance of source noise on the systen
performance. It can be seen from figure 57 that for a S/N
ratio of 30 dbs, which is subjectively quite acceptable, the

(S/N) ratio in the frequency band 2-3 Mc/s 1is only of the
T.I.S.

order of © dbs. An investigation carried out by Barstow and
Christopher(S5> suggests thet if rendom noise is added to =a
video signal, the human viewer uses a weighting function such
that 1,f., noise is Judged nuch more objectionable than h.f,
noise of the same power. A weighting function obtained by
Barstow and Christopher has the values O db at d.c.,, - 5 dbs

at 600 Ke/s, - 12 dbs at 2 Mc/s and - 20 dbs at 3 Mc/s.  While
this tremendous subjective sdvantage in cowmnbating h.f. noise-
makes a picture with a S/N ratio of 30 dbs quite accepteble,

in the case of}variable - velocity scanner, it is essential

to achieve good k.f. S/N ratio for satisfactory systenm
verformance. The enhanced effect of noisd on the signal after
differentiation and full wave rectification can he seen in

figure 44, . Do
* T noiar rf-eR & maiofhﬁu}mwm o
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The fundamental feature of the varieble - velocity -
scenner is thet it reduces the signal energy in the h.f. band
by recoding the siznal, The closed loop feedback, when
functioning properly, niazimises the signal energy above 1 Mc/s
(say) if a compression of 3:1 on the vision channel is sought.
The generation of source noise, on the other hand, is gquite
independent of the feedback process and is predominently the
result of shot noise in the sizgnel photocathode current, This
egain emphasizes the need for a large S/N ratio,

The analytical results obteined in this section broadly
agree® with the experimental reasurements. The effect of the
clipper, which was incorporeted in the apparatus at a lz ter
stage, has not been tzken into account in the analyticel
study or the spectral meesurements, The effect of the clipper
can be seen in figure 44 (c). Though it reduces a considercble
anount of noise from the control signzl ot the cost of contrcst,
the modulation of noise on the top of the h.f, detail is
still visible ond in absence of some form of slope
quentization of the time base, may introduce Jjitter in the
picture.

The experiments on the stebility of the systen suggest
thet the system remecins stable for reasoncble velocity ratios
but can be made unstable by excessive loop gein accompenied
with time delay.

The bandwidth requirement of the feedback loop is very
high. There are some mejor linmitations due to the component
devices in the wey of achieving a bandwidth of 20 Mc/s in the
feedback loop. The first is the afterzlow of the scanner tube
phosphor. None of the phosphors used in the present dey tubes
are capable of providing o video signal with a2 bandwidth of
20 Mc/s. The use of afterglow correction would result in a
dininished S/N ratio, which would adversely affect the systen
perfornance, The design of an electronagnetic deflection
system with a pass-band extending from 1 Kc/s to 20 Mc/s does
not seem to be practiceble, However, it would be possible to
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achieve the sbove-mentioned bendwidth in zn electrostzatic
deflection systen., '

The finite size of the spot and the problem of aperture
correction become serious limitations,

Increased bendwidth and higher S/N retio are contradictory
requirenents to sone extent, e.g. the afterzlow correction,
which has elready been discussed, provides one &t the >ost of
the other, Moreover, the noise power in the output depends
on the system bandwidth. _

To sunm up, the results presented in this section suggest
that with the present component devices available, it is not
feasible to use the veriable-velocity scenner for the recoding
of multilevel television pictures, Inportant informetion has
been obtained on the stebility of the varisble-velocity scanning
system. The system is inherently stable under normal operating
condition but can be made unstable by excessive loop gain
accompanied with delay. The importance of the effect of
source noise on system verformeance has been stressed.

This systen seems to be ideally suited for facsimile
transmission of two level and multi-level pictures. Very high
S/N ratios ncy be obtailned with low speed scanners.(qa’46
The devices are capable of giving large loop bendwidth as
cornpared to the channel bandwidth. A low frequency variable -
velocity scanning systen is not only feasible but attractive
because of the simplicity of the terminal equipment that obtains
from the ingenious idea of using the picture itself as a store,
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4, COMPRESSIBILITY OF PICTURES

The potential bandwidth compression which may be obbtained
by a statistical coding scheme, such as the Cherry-Gouriet
system, is dependent on certain statistical properties of the
picture. L complete statistical descrivtion of one single
picture would entail the measurement of one conditional
probability per picturepoint for ecach possible past. The
approximate number of these distribution curves quoted by

Kretzmer(ll>

is extremely large and is practically impossible
to determine, The statistical properties which should be
determined in order to asscss the redundancy in z picture
should be relevant to a particular type of coding scheme., If
a run-length coding scheme has a storage capacity of one line
duration (say) over which the rate of data flow is smoothed,
ther the measurement of frame-to-frame correlation in a scene
is irrelevant, because this redundancy is not exploited by the
particular scheme in question.

The "picture detail factor" may be measured to find the
potential compressibility of a black and white picture. Howeve
the inadequacy of the "picture detail factor", when applied to
multi-level pictures has already been stated by Cherry and

Gouriet.,

4,1, Turning Points and Significent Intervals.,

Cherry and Gouriet (&Y have suggested the use of velocity
modulation for equalising transition spectra bandwidth., This
suggestion, which has been mentioned in section 1.6,1l, can be
called an analogue version of run-length coding, The probabfﬁ
distribution of run-lengths could provide data for the assessdg
of potential bandwidth compression of pictures using run-length
coding either by variable-velocity scanning or by some other
nethod, .

The concept of turning points aznd the derived concept of
sipnificant intervals (run-lengths) follows from the suggestidn
of Cherry and Gouriet and has been discussed by Beddoes.(4)
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Consider = waveform e(t), derived from a spatial siznal
e(x) by conventionesl scanning, TLet e(t) be band-limited to
0-W c¢/s. Then e(t) mey be represented by discrete samples at
intervals of —%— seconds. Iet the tips of these semples ﬁ£~
joined by straight lines giving ed(t) by a number of constant
slope elemental signelgs (Fig.69a). Now, the turning points
are specified by | D2 ed(t)( =06 . In between the turning
points, D2 eq (t)

A significant interval is defined as the interval between
two turning points.

It may be noted that the instrumentation suggested by
Cherry and Gouriet to equalize transitions and platesux is
analogous to previous vealue prediction, while the one based on
the 51 gnificant interval is analogous to slope prediction.

A constant-slope Tamp requires a bandwidth of at least -§—,
where t is the duratlon of the step. If tmln is the shortest
duration between the turning points in ed(t), the mlnlmum
bandwidth required for the transmission of ed(t) is 5 t .

If an encoder equalizes each significant interval and nin
mekes it# equal toltmean, then the beandwidth needed for its
transmission is ~5 . In general, t

mean
bandwidth compression nay be achieved by equealizing the

. £
mean,> min’? hence

significant intervals.
4,2, Potential bandwidth Compression by Variable-Velocity

Scanning.

Assume a varieble-velocity scanner with provision for

frequency feedback. ILet the ratio of the maximun velocity of
the timebase to the minimum velocity be n. Then with ideel
frequency feedback, every element whose duration is less than
n units long in the uncoded wave forn would have a duration of n
units.,

Iet P(i) be the normalized probebility of the significant
intervals which are 'i' units long, then the mean value of the
significant intervals
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LI
by = & (L) - (4.1)

if the longest significant interval is M subdivisions,
LTter the variasble-velocity recoding, the mean of the new
distribution of the significant intervals would be given by
t = Z- L ptc) - (4.2)

)

The bandwidth reduction, C, as defined in equation (3.1)
is given by
However tm 7 tm, while the +total number of significant
n

intervals in the two distributions remain equal. Hence,
the actual reduction in the time-bandwidth »nroduct is given by

m
n

4,%, Measurements on Test Card 'C!

A straightforward but tedious method was employed to
determine the distribution of significant intervels in test
card 'Ct, The monoscope set-up built by Beddoss (figure 16)
was used for signal generation. The monoscone, with the
test card 'C' target, was scanned by the constant velocity time
bases and the generated picture was displayed on dispiay tube.
The number of lines per frame was low (about 100). L single
line was separeted by masking the rest of the display tube,

The significant intervals in the line were nmeasured visually
with the help of a fine scale, calibrated to read up to 0.5 mm.

Though test card 'C' is quantized in five brightness levels,
only three levels were caslily distinguishable, However,%%ig'b
the spvecial structure of the test card, the errors introduced
due to this would not be significant.
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TABLE 4.1

Showing the distribution of significant intervals in a sample of 20 lines

N Zéﬁ

Duration 1 2 3 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 530
line e e e e e e _k,._.,w,,.,-__v,__,__,._,,__ et e
1 37 2 2% 1 1 1 4
2 15 6 1 1 6
3 51 4 12 1 1 1 1 4
4 60 22 2 11 1 1 4
5 97 13 1 1 101 1 1 4
6 64 25 1 2 1 1 1 2 2
7 58 12 1 1 301 1 1 2
8 26 1 11 3 1 4
9 51 12 30 1 2 1 4
10 27 5 10 2 2 3
11 28 8 4 4 6 4 3
12 58 9 38 1 1 1 2 1 1
13 27 7 3 1 1 2 1 1 1 1 1 3
14 57 7 11 1 3 1 1 1 1 1 2 4
15 58 22 1 1 3 1 1 1 3
16 57 22 3 2 1 1 1 2
17 95 9 3 1 1 1 1 4
18 15 3 2 1 1 1 1 4
19 57 10 12 1 101 301 1 1 2 =2
20 31 2 16 2 2 1 1 103
X 969 200 177 4 7 11 - 1 8 1 2 -2 12 -15- 10 17 = 4 - 9 3 - 12 63

414
415
396
413
395
384
360
321
408
335
342
344
363
389
405
390
404

30" 349
91 320
61 404

1613 751

|

N :denotes the total number of significant intervals

ZA:denotes the duration of the line in terms of the Unit Significant interval.
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The band defining blocks of detall in the test card consists
of 4, 6, 8, 10, and 12 bars respectively. It was found
experimentally thet the waveforms due to the last two blocks
of detail corresponded to sine waves. The unit significant
interval was obteined by dividing the width of the block with
the finest detail by the number of significent intervals it
contained.

For the measurement, the plcture was divided horigontally
into four portions and five lines from each portion were
picked. This ensured thet there was no bias towards any
particular region of the picture. Measurements on a set of
twenty lines are contained in table 4.1 and the probabilities
are plotted in figure 70.

In table 4.1) line No.5. has the largest number of
gsignificant intervals - N being equal to 125. The potential
conpressibility of this line would be ninimum 1f the significant
intervals are z=vereged over a line, The duration of this line
is 395 units. Hence the sversge significant interval =
%%% = 3,15, In a similar manner, it can be shown that the

average significant interval, aversged over the entire sample
of 20 lines is given by
'bm = N oAn = 4,6

Using equation (4.4), the value of the reduction in the
timebandwidth product, R has been calculated for different
values of the scanning velocity ratio, n. In section 4.2, it
was assumed thet after veriable veloclity coding, all significant

intervals, whose durations were less than n units long before
coding, would have a duration of n units if the velocity ratio
were equal to n, i.e. '

t = ;P(l) + p(2) + ... p(n)f n + (n+l) p (n+l)

n
n

T eeses 000 eaesst I'P(Ni)
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TABLE 4,7

Showing the distribution of significant intervals in another sample of 20 lines

P— e Yt e span s i ome e § o < o,

i

Duration 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 530 N 3IA %59 |
Line b i TR e e e b - e - --

1 22 2 1 1 1 2 1 1 1 2 ' 1 5 45 351 7.80
2 54 5 4 2 2 1 1 1 2 4 85 3901 4.60
3 59 17 4 4 1 1 1 2 3 95 396, 4.17
4 90 6 G 2 1 1 3 1 2 116 402 | 3.47

.3 58 17 7 3 1 1 1 2 2 96 394 |4.10 |

6 155 7 8 3 3 1 1 2 5 84 391} 4.65 |

7 23 10 1 2 1 1 . 2 1 1 3 47 386 3,22 ;

8 48 17 16 7 1 1 2 4 97 388 14.00 ;

9 23 5 2 2 2 3 4 4 47 299 6.35 :
10 26 10 5 1 3 1 1 1 3 53 37817.13
11 |} 3 4 19 3 1 1 2 1 2 373 399 {5.47

12 51 4 8 2 2 1 2 1 1 4 79 4295.44 !

13 | 56 19 4 3 1 ‘ 1 > 1 1 395 390 | 4.20 |
14 92 7 7 2 2 2 1 1 1 3 120 418 | 3.48
15 61 20 4 1 3 1 1 1l 2 3 2 100 403 4.03
16 61 4 9 5 3 1 1 1 2 1 3 94 392 14.15
17 23 8 2 2 4 1 1 1 4 47 383 }8.15
18 | 25 6 1 2 1 5 1 1 5 48 386 | 8.04

19 33 8 6 4 1 4 2 2 1 1 2 3 67 347|5.18 |

20 60 7 9 3 2 3 1 2 2 3 1 2 95 403(4.25 .

S | 95418 8 77 1 21 1 46 - 12 - 12 - 5 - 23 < 12 - 21 - 6 - 27 - 8 - 11 - T 61 1580 7725 | 4.39 |

=] I~ n e~ O N O ~ w 20 (] \O w AR o — o [aY] <t O
o N denotes the total number of sign’ficant intervgi; o T - T

FA denotes the duration of the line in terms of the unit significant interval.

 — e —




For the distribution of table 4,1, the vealues of t
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for

n=1,2,5 ... 10 and the corresponding vealues of R

are tebulated in Table 4.2.
TLBLE 4.2

xQutlo of max.,  Mean of the Retio of the | Reduction in
ito mnin. ve1001ty distribution meen when n=1 time-bandwidth
; n | tmn ' to mean when prodgct !
; nr- tm/tmn R=n( m/tnn)
} 1 4,63 1.00 1.00
§ 2 5.23 0.88 1.76
| 3 5,96 0.78 2.34
| 4 6.79 0.68 2.72
: > 7.65 0.60 3.00
| 6 8.52 0.54 3,24

7 9.39 0.49 .43

8 10.27 O.45 3.60

9 11.15 0.42 5.78 |
| 10 12,04 0.39 3.90 |

Measurenents were made on another set of fwenty lines

which are contained in Tzble 4.3,
greatest number of significant intervels.

significant intervel for

Averaged over the sample

the mean &

this line

5a = 3.48
of twenty lines,
7725 _ 4.5
1580

The 1l4th line has the
The averaze

In table 4.4, the samples of tables (4.1) and (4.3)
heave been added end a distribution for 40 lines hes been

obtained which is plotted in figure 71.



TABLE 4.4

Showing the distribution of significént intervals in a sample of 40 lines obtained by
adding samples of Tables 4.1 and 4.3.

Duration l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 2% 30 330 XN ZAl
Line
I 20 lines{969 OO 177 37 19 '3 14 7 1 11 - 1 8 1 2 « 20 12 - 15 - 10 171 - 4 = 9 3 - 12 63 183 7551
II 20 1lines{954 186 89 77 1l 21 1 46 - 12 < 12 - 5 - 23 - 12 - 21 - 6 - 27 - - 11 - 7 61 1580 7725
> 1923 386 266114 20 24 15 53 1 23 - 13 8 6 2 2% 20 24 - 36 - 16 17 27 4 9 14 - 19 124 3193 15276
NOI‘KBM.ZG& M OO NN = N w ~ O MNood — [Ta N +XY O o N\ [Ta} [¥a
babi o~ _ . Q (L) " 12 "N O <t @] [re)
t_l = - Ao
mean
Lines 1 2 3 4 5 6 7 8 99
‘ and ) 9

I 20 1lines| 12.8% 5.2 7% 1.9% 1.3% | 0.3% 1.3 0. 7% 69455

3
Line No. 5| 24.5% 6 .6 1.5% - 2.55% - - o 62.9%
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For the distribution of teble 4.4, the values of tm for
n=1,2,3, ... 10,2nd the corresponding values of R. a
are tabulated in table 4.5,
The values of R from tables 4,2. and 4.5, have been
plotted in figure 72. ‘

TABLE 4.5,
n t t g R = nt
% o, m/tmn | m/tmn ;
1| 4,79 ' 1,00 ? 1.00 }
2 | 5.39 | 0.89 1.78
3 6.12 |  0.78 : 2.34 |
i 6.92 0.69 : 2.76 !
5 7.76 | 0.62 ; 3,10 |
6 8.61 |  0.56 3 3.36 |
7 9.47 | 0.51 3.57
S 10.33 | 0.46 L 3.68 §
9 | 11.21 | 0.42 ; 3.78 !
10 12.08 | 0.40 f 4,00 :

4,4, Accuracy and Iimitations,

The results obtained from the two sets of messurements
aré interesting and reasonably consistent. However, the method.
of measurement is very laborious, approximate and time consuming
The smallest interval on the measuring scale was 0.5 mm. The
unit significant interval was adjusted to be 0.3% mm and 0,25 mn
for the measurements of tables 4.1 and 4.3. respectively.
Fractional measurements were made by eye estimetion. (Bome
empty columns in tebles 4.1 and 4.3 nmight be explained on this
basis.,;

The effect of noise on the necasurements was negligible
because the terminations of the significent intervels were
judged visually and also because of the geomnetrical nature of th
picture. Hence the results obteined fron these meesurements
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must be used with csution. Before reliable system design

can be underteken, the statistics of a number of representative
pictures would have to be obteined. However, the statistics
obtained may be used to determine the order of the parameters
of systemns. Since this necasurenent was made, other
Workers(84’85’86>have determined run-length statistics using
normal pictures and have arrived ot similar results, Though
the criteria used for determining the run-length is different
in all the three cases, the rmeen value as well as the generel
shape of the run-length distributions are compareble,

4,5. The Statistics Measuring Apparatus.

To facilitate the collection of statistics of different
types of pictures, an spparctus has been designed and built,
The block diagram of the apparatus is shown in figure 69(b).

. The video waveform is double differentiated which greatly
enmphasizes the turning points., The output of the double
differentiator is full-wave rectified and sliced. The
slicing level fixes an arbitrary amplitude level below which
all the weveform is neglected. The sliced weaveform contains
peaks which may be shaped and used as markers. It hes been
presumed that the waveforms have constent slopes between the
markers which correspond to the turning points and the
distribution of the time intervals between bthe markers is
desired. '

This distribution mey be obtezined with a varisble-width
gate and a counter. The triggered pulse generator (fig.69b)
provides a gating pulse whose width may be varied from .% u sec,
to 10 usec., in steps of .1 usec. The width is set at the
lowest volue, the gate is openecd for a large number of times
and the count is recorded cach time. The gate width is
progressively incressed and the experiment is repcated for each
setting. The desired stctistics can be easily obtained from
these recdings.
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This apparatus mey also be used to obtein the "detail
burst" statistics of pictures. The "detail" in a picture is
not evenly distributed in time and the study of "detail burst"
is relevant to the storege requirements of a run-length encoder
as will be seen in section 5.4.

The setting of Ghe slicing level, to obtain the markers,
is very important. A coarse setting would mean a2 small
number of turning points and hence higher compressibility
but at the cost of "deteil" in the picture. A very fine
setting, on the other hand, may reduce the compressibility
considerably, This eppcratus may be used, with modification,
to study the relationship between picture quality and
compressibility as the slicing level is changed.

4.6, Design end Testing of the Anoaratus,

Basically, the double - differentiator consists of two
differentiators, of the type shown in figure 24, in cascade.
The full-wave rectifier and the slicer is the same unit which
has been used in the investigation of the varieble-velocity
scanner and is showhr in figure 26.

The circuit diagram of the varigble-width gate is shown
in figure 7%. The circuit consists of a ©6 BN 6 Gating valwe
(V7), a precision pulse generator and inverter (VB’ vV, and VS)
and provision for either manual or electrical triggering of the
pulse generator. Fa—cese the pulse generator is manually
triggered, the pressing of the microswitch,s, fires the
blocking oscillator (V2), which in turn triggers the pulse
generator, A negative pulse, whose duration can he controlled
by the switched capacitor in the timing circuit of the pulse
generator, is produced at the anode of'VA. This pulse is
inverted by VS and is fed to the quadrature grid of 6 BN 6
throuzh the cathode follower Vere The 6 BN 6 is a gated
bean velve in which the cathode current is maintained constant
end is independent of the plate current. The plate current
only flows when both the control grid and the quedrature grid
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have a marker pulsc# and a gating pulse on them simultancously.
The high frequency break-through is very small in this valve.
The fecility for non-manusl triggering hsas been provided

by including the trigger circuilt Ve If band-linited white
noise is fed into Wy » the Schmitt trigger circuit would
generate rectangular waves in which the transitions or
crossovers would be randon. The inductor in the plate of Vlb
differentiates the output and the diode Dl clips the negative
spikes. Hence a2 train of random pulses is obtained. These
pulses are used to trigger the blocking oscillator which in
turn triggers the pulse gencrator. The bendwidth of the noise
is m=de very narrow i.c. Of the order of 20 c¢/s or lcss. A
mechanical counter mayvbe connected to the output of V2 to
record the number of gating pulses.

- The equipment hes bzen tested and some photographic
results have been obteined which are shown in figure 74.
Figure 74(a) shows the input and output of the double-
differentiator. The need for incorporating a regenerative
device is obvious, Figure 74(b) shows the input and the
output of the full wave rectifier. It clearly shows that the
resolution time of the double differentistor and the full-wave
rectifier is of the order of 100 m usec, The varieble width
gate was tested with a pulse generator and a sinewave generator,
A Cintel pulse generator provided a train of pulses, 0.1 usec.
wide, and with a repetition rate of 1 Mc/s. This was fed to
the control grid of the 6 BN 6 to simulate the marker pulses.
The circuit for the generction of the geting pulses wes ‘
triggered periodically by the sine weve generator. (Figure 74(c)
shows the waveform on the two grids of the 6 BN 6 zate.
Figure 74(4) shows the plate waveform of the 6 BN 6 zate and
the gating waveform. The breekthrouzh is very smcll compared
to the trensmitted pulse emplitude. Figure 74(e) shows the
plate waveform of 6 BN 6 and the gating waveform when the width
of the gating waveform is very low.

It is expcceted that this zpparatus will be used in fubture

work in the departrent,
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5.. THE OPEN IOOP SYSTEM.

In +the variable velocity scanning system, the mapping
and processing of the pictufe is one single operstion so that
conventional cameras cannot be used. Another drawback
associated with the system is its method of "detail detection ",
Soph#sticated methods of detail detecfion are virtually ruled
out because the decision about the scan velocity has to be
made almost "instentaneously". The possibility of an open
loop system of bandwidth compression, capable of processing
waveforms produced by conventional cameras and in which more
time can be made available for "detail detection", has been
investigated because of its obvious potential advantages,

especially in the case of point-to-point transmission.

5.1. Variable rate Sampling.

The concept of variable rate sampling is intimately
connected with that of "short-term bandwidth'",

Let e(t) be a video waveform (fig.69a) which is band-
limited by a low-pass filter with the cut-off frequency, fc.

‘Then by sampling théorem, the video waveform.can be
completely represented by giving its ordinates at a series of
points spaced —%f seconds apart. Inspection of the sampled
waveform (fig.69a§ shows that the samples shown in dotted lines
may be omitted from the transmission because they may be inserte
at the receiver with a first order interpolator, if the samples

shown by full lines are transmitted. Hence only the samples

shown by full lines are necessary for the reconstruction of the
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picture. These semples occur at time-intervals which are
equal to or are mulviples of z%— seconds. These selected
samples may be considered to havg been generated by associating
different "short-term bandwidths" with different regions of
e(t) and sampling cach region With a pulse rate corresponding
to the bandwidth eassociated with that region. Thu%/an
experinental set-up may be imagined in which several szmpling

2fc ’ LI BN 2fc

2 EN

pulses per second, and locked to each other, are available. The

pulse generators working at onulse rates 2 fc,

"detail detector" associstes a "short-term bandwidth'" with =
part of the incoming video waveform snd the corresponding
- pulse generator is switched on to generate the sgamples.

The run-length statistics for test card 'C!', reported in
sectlon 4,3, are quantized in %0 time-intervals. With 30
‘sampling rates, the number of pulses would approach the number
of turning points and the entire potential band coupression nay
be realized. However, this would result in extrene conplexity
of instrumentation in the detail detector, sampling circuits
and the elastic delay in the systen with the addedbcomplexity
of a very complicated first order interpoletor at the receiver,
Moreover, the decoding information, analogbus to the position
infqrmation in the closed loop system, would be high with the
choice of so many sempling rates.

The run-length statistics of test card 'C' as well as

85,86 are highly peaked for small run-lengths.,

other pictures
Tn Teble 4.1, the total probability of occurrence of sny run-

length other than the first five is only 0.1%11, This
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suggests that the first few run-lengths occur very frequently
while the other run-lengths occur iarely. From figuret70, it
can be seen that the initial steep slope in the distribution
ends ot 5 run-lengths and the »probability of occurrence of
run-lengths of more than five units is more or less constant
end is quite small.,

This type of distribution suggests that if variable rate
sampling is so employed that 2ll run-lengths occurring with a
small probebility are sampled at one rate while the sampling
rates are matched for the frequently occurring run-lengths, a
considerable reduction in the number of sampling rates, and
hence in instrumentction complexity, may be obtained for some

sacrifice of the potentizl bandwidth compression.

5.2, A New System,

Various suggestions have been made jointly by Cherry,
Holloway and the author87 for the instrumentation of a« system
of bandwidth compression using varieble-rete sanmpling. A
sinplified block diagram of one realizction of the transmitter
is shown in figﬁre 75, For the purpose of explanation of the
systen, it is assumed that dnly three sampling rates are used

which are 2 f,, 2fc and. =f

¢ pulses per second, The se
linitations are quite erbitrary, and in principle, more
sampling rates or different scmpling rates moy be used, if
desired.

The incoming video signal is passed through a delay unit

which provides a delay of 7 wsec., waere T usec. is the time
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duration necessecry for the detail detection. The output of
the detail detector is a three level signal signifying high
detail, mediun detail and low detail corresponding to the

of 2f, pulses/sec respectively.

sampling rates of 2 fc, ¢ and
The clock pulse generator generates pulses of constant
anplitude &t the rate of 6 lic/s (2 fc). The gating unit, which
is controlled by the output of the detail detector, vasses all
the clock pulses for a high detzil signal, every third pulse
for o medium deteail signal and every ninth pulse for a low
detail signal. The unit marked switch in figure 75 is a
nul®tiple position high speed electronic switch which is so
arranged that, at any instant,’only one of the modulatorg is
connected to the gating unit, The switch is programmed—égéb
that if the output of the gating unit occupies every third
clock pulse position, the switch keeps the modulator, through
which the previous pulse has passed, connected. If every
clock position is océupied, the switch moves up and if every
ninth position is occupied, it moves down the bank of
nodulators., The video signel is fed to the bank of modulators
so that the outputs of the modulators are amplitude modulated
pulses, Each modulator is connected to a specified tap on

the delay system. It is ensured that any signeal introduced
in the delay system travels only in the direction of the arrow
in the figure, There 1s a constant delay difference of % WSeC,
between any two consecutive inputs to the delay systen. It |

can be seen now that the movement of the switch upwerds would

result in introduction of extra time delay, thereby expanding
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the time difference between the signal pulses, while the
novenent of the switch down the bank would result in the
reduction of delay =2nd hence in the reduction of time difference
between the signsal pulses, In the absence of overload, the
output of the delay system ney be nade into a traoin of
equidistant pulses, ? usec. apart, Thus a bandwldth
reduction of 3 : 1 is sought.

The decoding information is generated by identifying each
switch position by one level of a multi-level signal which is
also elastically coded, either by time multiplexing with the
video samples or by-passing it through an identicel delay
systen,

The receiver can be either a mirror inage of the
transmitter or a variable-~velocity receiver may be used.

The number of taps in the deley system would depend on the
signal stetistics. In the case of overload, the switch would
gct to the top of the bank of modulators and remain connected
to the corresponding tap on the delay systemn. In the case of
underload, the botton switch would remsin open, On the basis
of run-length statistics, the storeze capccity of the delay
systen cen be made such that any predetermined probebility of
overload may be ootulned.

An experinental system based on these lines is being
investigated by Messrs. Pine and Kubba in Professor Cherry's
laboratory. In the experimental set-up, socmpling rotes of
2;Cand Efc pulses/sec. zre used and distributed delay

- lines with buffers are used in the delay systen.

2 £,
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5¢5. Some Computations, -

Computations have been made from the dsta of Teble 4.1
to ascertain the relation between the number of sampling rates
and the bandwidth compression. The percentage of total time
which is occupied by all the run-lengths of duration i is
given by

ip(1) g£— x 100
nean -

This function has been computed for the average of 20 lines

and for line no,5. of Table 4.1. and is tabulated in Teable 4,4,
For two different upper hounds for the ratio of maximum to
mininum sampling rates, the relation between the number of
sempling rétes and the desired channel bandwidth has been
conputed and is plotted in figure 76. It can be seen that

for three sampling rates, the desired bandwidth is 1.1 Mc/s

for the worst line and 0.8 Mc/s for the averesge of twenty lines,

The three rates which gave the figure of 0,8 are 2 f , f, and

fe
1‘2 »
For the sampling rates of 6 Me/s, 2 Mce/s and 0.66 lic/s, it

can be seen from Table 4.4 that the sampling rates are employed

in the following proportion:

6 Mc/s 18%
2 Mc/s 12.5%
0.66 Mc/s 69, 5%

Let the line duration be 100 psec. Then the total number of

pulses per line cen be found by odding the number of pulses for
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each sanpling rate, viz.

With the sampling rate of 6 Mc/s,no.of pulses in 18 psec = 108
" " " " "2 Me/s,. " " n n1z2.5 " =25
" " " " " 0.66 Mc/s " " "e9.5 " =46
Hence the total number of pulses in lOO pusec., = 179,
The compression = %88 = 3.4 1 1

Similarly for line mw.5, Compression = 2.4:1.

All these computations give nore optimnistic results than
is actually possible %o obtain because in these calculations,
it has been tacitly assumed that the run-lengths are either
1, 3, 9 units long or are their integrel multiples.  This
implies thet for its specification,it is not necessary to
break a run into two or mofe runs. However, in practice a
run of duration 7 units (say) would have to be broken into
three runs, one of unit duration and two of three unit duration
if only three sampling rates (2 f, E;E, 2fc) are used.

Table 5.1 shows how run-lengths can be specified in terms of

1, 3 and 9 units,
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TABLE 5.1.

Run length 1 3 9 Totaiugg.of
1 1 - - 1
2 2 - - >
5 - 1 - 1
4 1 1 - o
5 2 1 - 3
6 - P - 5
7 1 2 - %
8 2 2 - 4
9 - - 1 1

10 1 - 1 5

11 2 - 1 3

12 - 1 1 2

13 1 1 1 3

14 2 1 1 I

15 - 2 1 3
etc.

On the basis of these, the computations show that, for
the data of Table 4.1, the bandwidth compression is only
2.8:1 instead of 3.4:1 which was the figure obtained when

the runs were assumed to be nmultiples of 1, 3, 9 units.
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5.4, Storage Regquirenments,

The number of taps in fhé'déia& systen and hence the total
storage capacity in the elestic deley 1s dependent largely
on the run-length statistics and the "detail burst" sfatistics
of the picture. It also depends on the scmpling rates becouse
these cen modify both the run-length statistics end the
"detall burst" statistics.

The statistics of test card '(C' have been used to compute
the number of teps for a system using 2 fc, 2fc and 2fc
pulses/seoond as the three secmpling rates and with a time delay
of —%— seconds between the consecutive taps. As shown in
Tablec5.l, the runs are broken in terms of 1, %, 9 units. 1In
figure 77, the number of samples after bresk up is plotted
across the x axis and the number of delay taps 1s plotted
across the y axis. It has been assumed that for every run-
length of unit durstion, the tap is moved up by one.thus
introducing two units of extra delay. For runs of three unit
duration, the tap remains stationary and for runs of nine unit
duration, the tap is noved down by three-switching out six
units of delay. It is further assumed that whenever the
systen is underloaded, the transmitter breaks the run-lengths
of 9 units into run-lengths 6f three units bty introducing
redundant pulses. This ensures that the same tap renains
connected, The run-lengths of three units produced due to
underload is shown by crosses as distinct from dots in the
figure. Whenever a run is broken, the resultant runs are

arbitrarily arranged in decreasing length, e.g. 14 = 9+3+1+1.
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The line length in the plot of figure 7 1is a measure of
the compressibility. Line No-..5., which is the least
compressible line in the entire deta, denotes that if overload
is to be avoided, 87 taps or a storaze cepacity of approximately
30 puseconds is desired in the elaostic deley. Iine No.18,
which is one of the nost compressible in the collected data
has a smaller number of samples than line No.5, inspite of 57
redundant samples introduced due to underload. The number of
taps used for this line is only 13. Line No.8 and line No.l4
are more representative between the two extremes quoted.

Most of the lines of test card'C' cen be elastically coded
without any overload with 40 to 50 taps. It is stressed that
test card '6' is a highly orgsnised and regular pattern, hence

the results obtained nust be used with caution,
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6, THE POSITION CHANNEL

A11 the figures for bandwidth - compression guoted in
sections %, 4 and 5 refer only to the reduction in the
bandwidth reqﬁirement of the vision channel. These figures
of bandwidth compréssion rmust be adjusted to account for the
position channel bandwidth.

In the absence of any coding, the position information,
in the arrangement of figure 75 or in the closed - loop
variable~ velocity system, would, in general, require the
same bandwidth as the compressed vision channel,

In the case of the closed loop system, the time base
velocity can assume any afbitrary value between the maxinum
and nmininum velocities which are specified as systen parameters.
This fact makes the coding of the position channel'extremely
difficult, However, this property is not essential for the
variable - velocity system and the velocities can be usefully
quantized into a small number of quantum levels (of the order
of four) without any substantial reduction in the
compressibility. The guentization of the scan velocity Would‘
help in reducing the.jitter introduced due to the noise in the
feedback loop. It would also reduce the information in the
position channel and nake it amenable to certain tyves of
coding. |

By the reduction of choice: to three or four in the
position channei, a higher -~ order code may be used to reduce
the bandwidth at the expense of the signal power. One such

coder for halving the bandwidth of continuous signals of finite
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bandwidth has been nroposed by Billings.<S8) Dhe. reduction

of the position channel bandwidth to a third of the conpressed
vision bandwidth, using similar techniques, is within the realn
of practical possibility. The position error can still be

nade non-cunulative. If the error in any sanple of the

decoded signal is + 1 quantum, the bosition error could be
arranged so as not to extend beyond two picture points. In
the worst case;When the error in a received sample is very
large, the position error Wouid remein linited to three picture-
points,

This type of coding is purely non-statistical in which an
exchange between the bandwidth and the signal power 1is effected.
However, if a "rugged" code for the transmission of the position
channel is used, as night well be the case when a digital open
loop systen is used, the changes of the sampling rates may be
sent instead of the position infornation. This information,
relating to the changes can be statistically coded with
advantage. The differentiation of the curve in fig.77 gives
the numbers of pulses that neced be sent in the position

channel and these are tabulated below:-

Iine No.5 33
Line No.8 39
Iine No,.1l4 56
Iine No.18 30

These are small numbers as compared with the nunmber of

samples in the vision channel. Furthernore, they can attain



one of only three or four values, Thus, the information
transmitﬁed by these pulses is much smaller than that transmitté
by the wvision samples'and hence it is possible to use statistic
methods to compress the position‘channel bandwidth, It may be
noted that the statistical compressibility of the position
channel is dependent on the number of Sampling rates as well as
their values, Hence thé optimum sampling rates should be chose

such that the expression

"No. of samples in the vision channel 3
| .+(No. of sampling rates)x(No.of samples in thef
position channel)j

is minimized.

Quaternary phase-shift keying of the carrier has been
suggested(Sg)as a possibility for the transmission of a four
level or 2 bit position information with a "very small increase
in bandwidth."

Thus, reduction of the position channel bandwidth is
possible and obviously desirable, This preliminary work
suggests the need for a thorough investigation of the

possibilities,
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7. PICTURE DETAIL DETECTION

-Detail detection is the process of determining what
constitutes a significant change in the picture.

It was seen in section 1 that differentiation or finite
differencing has been suggested for detail detection in almost
every systen, The "picture-detail factor", as defined by
Gouriet is the modulus of the time derivative of the signal and

hence its relation to these detail detectors is obvious. The

inadequacy . of the picture detail factor as a neasure of
o
conpressibility for nulti-level pictures has been pointe@(by

(4,90)

Cherry and Grouriet(l> and other workers
These detail detectors are deterministic in nature and

have been suggested on the tacit assumption of a noise-free

signal, In the presence of noise, they cannot discriminate

in favour of the signal.

7.1, Statistical Apvroach,

To combat noise during detail detection, it is essential
to treat the problem on a statistical basis. In this case,
an understanding of the mechanism of picture generation is very
helpful in the design of the detail detector. Various
Workers(55591’92’93) have published results which throw light
on the mechanism of picture generation. Schreiber has
deduced fror third-order probability measurements on television
pictures that the process of picture generation is a "higher-
than-second-order" process. The upper bound on the

information content deduced from the third order statistics
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is lower than the upper bound obtained from the second order
neasurenents. - The difference, though significant, is small

and hence it has been suggested that the picture generation nay
be assumed to be a second-order process to avoid instrumentation
complexities in the practical systens,

Stochastic models for the information source have been
suggested by Voelcker(Sg). The problen of run-length
detection has been regarded as a problem in statistical
inference and indications have been given for the practical
realization of a run length detector based on this principle.

The conventional statistical approach has limitations in
such problens, Testing for stationarity is not always
possible therefore ergodicity becomes a'convenient but quite
arbitr%? hypothesis. Some nathematical methods have been
developed(9#195) gnich night make it meaningful to apply
certain concepts of conventional random theory to small

sanples,

7.2. Short-term Bandwidth.

The concept of short-tern béndwidth and methods of its
neasurenent have obvious relevance to the »Hroblem of detail
detection. The reciprocal relationshio between the
autocorrelation function and power spectra has been extended
by Fano(96) to the case of short-term autocorrelstion function a

an spectrun when these are properly defined, The short-tern

autocorrelation function is defined as

o3
P (1) =J £(T-t) £(T-t-7) h(T) dt
fw) ’
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where h(T) is the weighting function and is exponential in the
case considered by Fano. It is stressed that the averaging
tine in the determination of the aubtocorrelation function is
llimited to a short tire, not because of experimental linitations
but because it is the variation of the autocorrelstion function
with time which is of primary interest, |

The effect of the weightinz functions on the short-tern
spectfum can be illustrated by assuming a window type of
weighting function which is equal to one fronx t = T to
t =T - Tl and is gzero otherwise, Tet T ~ Tl = TN. It is
assuned that the first nininum in the éut%&relation function, ..

is a measure of the short-tern bandwidth. Let f(t) be a signa

band linited to fC. When T.. is made very small ( % sec),

N
¢
then 7 = -%— y, irrespective of the nature of the signal.
C .
‘This indicates that the bandwidth is nmaxinun (fc).' If the

conventional autocorrelstion function (Tinw) is fourier
transformed, the bandwidth requirement is again indicated as
fc. Thus for any waveform, there may be an optinun TN which
would denote the mininum short-tern bandwidth. Theoptinun TN
nay be obtained by a plot of AA TJ/A‘TN. The value of Ty may
be dependent on short-term statistical structure of the signal,.
"Instantaneous power spectrun" has been defined by
Page(47) as a time dependent function . If the time
paraneter is considerably reduced, energy appears in high
frequency bands which disappearswhen the aversging time is

increased, This phenonenon is very sinilar to the effect of

TN described above, The concept of "instantaneous power
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spectrun" has been further developed by Turner(98) who has
A
established(relationship between the instantaneous power

spectrun and the running autocorrelation function.

7e3 Effect of Visual Properties.

In the case of lossy or irreverSible encoding, the
perceptual properties of the viewer would greatly affect the
design of the detail detector. The knowledge of the human
fidelity criterion, which is essential for the design of an
optinun comnnunicetion syster in which the hunan observer is
the ultimate receiver, is incomplete, Tt has been seen in secH
1, that bcertain properties of the human viewers have .elready
been'usefully enployed in systém design. It has been pointed
out by Graham(44)'that, ideally, to exploit the perceptual
redundancy fully, a complete map of the viewer discriminability

for all points of picture space is desired.

Volks Discussion.

The psycho-visual approach and the statistical approach
are cooplenmentary in nature. The perceptual redundancy can
be taken into account in the statistical models and detail
detectors may be designed to renove then. The differentiator,
as a detail detector, is based on the tacit assumntion of a
nodel which generates noise-free picture signal consisting of
large plateaux followed by transitions - the transitions are
weilghted to carry nost of the "information".

In absence of a complete map ing of viewer discriminability
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at all points of picture space which is préétically inpossible
to obtain, reasonable detail detectors nay be intuitively built
and the subjective response of viewers to a representative
group of processed pictures tested. These resnonses nay,
souetines, provide clues for the modification of the model
which in turn would affect the detail detector. This process
nay be dlagramatically shown as.

S ~
i Model of | :
g Subjective .
|
|
%

l ¥

} Picture : Detail ‘ i |
| generating i Detector i Response ? |
! nechanisn ; : g ;

(99-104)

[ e
|

The work on pattern recognition may 1lead to a
better understanding of the human viewing process and nay

revolutionize detail detection and picture trensnmission.
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8. SUMMARY OF CONCLUSIONS.

A survey of some relevant developmentsin the field of
television bondwidth compression hes been mode in section 1.
The conperetive features of certain proposed systems hove
been tabulated in Teble 1.5. In-spite of nultiplicity of
proposals, efforts towards practical reelizestion or fecsibility
- study of statistical systems for bandwidth compression of
television signals seen to be singulerly lacking.

The design fectures of o flying - spot variable—velocity
scanner cre presented in section 2. The problems in the
design of an electro-negnetic deflection system with wide
bendwidth heve been studied. 4 stepped (Ratchet) time base
for the verticel deflection has been developed.

The performence of the system hcs been investigoted under
different conditions znd the results are reported in section 3.
These results stress the importaonce of source noige and the
linitetions it impdses on the system perforiance. The spectral
components of the'signal and noise ot the outout of the scanner
ond of the control signal have been neasured when the loop is
open. Anclytical confirmation of some of the results has been
obtzined. The necsurenents show clecrly the need for higher
overall S/N retio to obtain o ressoncble mean squore S/N ratio
in the high frequency region.

The stability of the system has been eiperimentally
investigated. The system is inherently stcble but can be

made unstable by excessive loop geoin or delcy or both.
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It is submitted that the bandwidth in the internal
feedback lopp would have to be of the order of 20 Mc/s due to
the inherent delay in the optical path, photomultivlier tube
and the scanner tube phosphor.

Due to the limit:otions of the devices, it is considered
that the varisble-velocity-scanning system cannot be nrofitably
used for the bandwidth compression of television sizneals.
However, this systen seems to be i1deally suited for facsimile
or iow-bandwidth trensmission of twé level and multi-levél
signals,

In section 4, the significaﬁt interval statistics of test
card 'e' is reported.  The compressibility bf the test card
'c!' has been computed from these.. An epparatus has been
builst and tested for the measurement of significeant interval
stetistic sutornatically.

The results of section 4 as well as the genercl concepts
of the variecble-velocity scanning have led to the developnent
of 2n open loop system in which veariable-rate sampling is
used. This hos been described in section 5 and some
computations have been made to ascertain various parcmeters of
the systen. With a set of three sampling rates, the storage
requirenent of the system has been assessed for four different
lines of test card e,

In section 6, Prelininary investigetions on‘the position
chennel requirement of both the open loop system zml the closed
loop system have been reported. In obsence of any subtle form

of coding, the bandwidth requirement of the position channel
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would be equal to that of the vision channel. However, the
possibility of both non-stetistical and statisticeal coding
exists and reductions may be obtained by coding.

The problem of detail detection has been discussed in
section 7. Almost each.system discussed in section 1, uses
a deterministic detail detector which feils to discriminate
in favour of the signal in the presence of noise. The need
for a stetistical approach has been stressed. A complementary
cpproach is by mapping the discriminebility of viewedss,

The problem of detail detection is fundeamental to
bandwidth compression, The need for more work is stressed
and it is pointed out that the work on Pattern Recognitionlag-m4
may moke substantial contribution towards a near optinum
solution of the problem of detail detection and hence of

picture transmission.
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APPENDIX T

Tet the power spectrum G(f) = (I.1)
2

AT + B
where A and B are constants
and £ is the frequency in C/s
The eangular frequency w = 2R f

2 g

Hence Power Spectrum = 5 > > = 5 ]

™ 7

S
k|

If the signal is band limited from d.c. to & frequency g
Power in watts in the spectrun

1 =1 Db ‘

sa” + Db
" 6
putting w, = 2nx 5 x 10

-1 b 6

It is given(28)‘that 90% of the signel power is concentrated
below 250 Ke/s
Hence using (I.2)

—%E—tan_l _g . 27 . 250 x 10° = 0.9 P (To4)
b 3
Let = X 27x 250 x 10 =y

Then equetion (I.3) and (I.4) nay be re-written as

—%B tan_l 12y = P (I.5)
-—%B tan™t v = 0.9°P (1.6)
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It is assumed thet the peak to peck signal voltage is 1 volt
and thet the signal has 25 quantun levels, Then

P = % . %% = 34 watts (1.9)

Substituting for P in equations (I.5) and (I.6),

S tan™l 12y - .34 | (1.10)
1 -1 _
= tan T ¥ = ,3%306 (I.11)

From eq.(I.10)

tan + 34 ab = 12 y
= 60 ‘ | (1.12)
Hence. .34 ab = 1.554
or ab = 1,554
= 3% (I.13)
Multiplying equations (I.8) and (. 13)
2 5 x 1.554 1.554 -3
b = = X lo
27x 25 x 107 x .34 xS |
- 14.55 x 107°
Hence b = 3,815 x 1072 (1.14)

From eq. (I.13) :
1,554 1 1.554 3
a = ““TE%E“ F = 35 x 3.5 * 10
%22%7 - 1.198 x 107

a = 1.198 x 10° (1.15)
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Dividing (I.6) by (I.5) gives
-1 |

Ea_n:'I_Z = 009 (I.?)
tan T12y :

Fron the tables s Dy inspection

~1

tan ©~ 5 = 1.3734 Radians

te_n—l60 = 1.5541 R=adians

which gives

ban"l 5 13734 - g
tan_IGO 15541
b 5 |
Hence £ = SRR IR To¥ (I.8)

To obtain the value of 2 and b separately, another
condition is needed. To obtain this condition, it is assumed
that (i) The signel emplitude is divided into N quentun levels,
(11) Fach guantum level is equiprobable. and (iii) The
nexinum signel amplitude is Am voltbs, '

If P(AX) is the probability of occurrence of the amplitude

level A %2 then

A=A
The mean power in watts = jéi Ax2 p(AX)
1 N~ o) l '
= T LAy
) 2 2
- ['(fEI—) + ( =) + (N—l A 32 T
= N !( \ N — l) & o o v o \‘.N—_I I:l/’ :
= _ﬁf(/ =T i + 2% 4 52 oo e e '(E—l)gJ

* Millne=Thomson and Comrle "Stendard Four-~Figure
Mathenetical Tebles" Edition B.
Meenillen andC Co.Lbd.,
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2 6

Now A l.4352 x 10
B% = 477 b2 = L5744 x 1070

Hence the Power Spectrum

G(£) = e — —— (1.16)
1.4352 x 10° + 5744 x 1077 £

The value of G(f) has been computed ot seven different
frequences which is tabuleted below.

TABLE I,1,

frequency G(f) in u watts arbitrary dbs

0 . 6968

30 Ke/s 5122 88 dbs

50 Kc/s 3483 87 dbs.
100 Ke/s + 1393 83 dbs,
500 Kc¢/s 0069 70 dbs.

1 Mc/s . 0017 64 dbs,

3 lMe/s , 0002 54 dbs,
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APPENDIX II

) _} FULL WAVE

—=—1{ DIFFERENTIATOR |—=—
RECTIFIER

}

t

Figure II,1

It is assumed that the input to the differentistor is white
noise whose

H

: i . k
(1) Power Spectral Density G, (w) Pz
O

and (ii) Amplitude Probability distribution is given by

1 -X2/2 <’7"'2
f(x) = ————— ¢ X (11.1) .
oy
pRiviS -
) 2 1k _k
where o~ = _) z?dw = Ty e W - (1I1.2)
[ .
The autocorrelation function of the input,
- b0 .
i?x(r) = (%7.cos w T dw
O“/ W
k sin cC T
Hence the normalized autocorrelation function of the input,
pL(T) = F{®) o gin Y 7 (II.4)
Y cf&z w.,T

Iet the transfer function of the differentistor be

Y(jw) = j w T where T is & time constant
Then the spectral density at the output of the differentiator
is given by

_ _k : 2 _ k242 ,
Gy(w) = % ld o T|” = —r 0" T WL W, (I1.5)
and the mean squere value = G W >0,
2 _  ("k 2.2  k a2 3
Cg; = -?((D T = —é—:i'\T (.l)c (II-6)

o
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The autocorrelarion function of the output of the differentiato

is given by

. e
#Dy(r) = //Gy(w) cos w T d w
( 31
= //-%ﬁ w2 T2 cos 0w T dow
o 5
kT 2_2 R
= 5};3— 2 w, T COS W, T +(wC 7< = 2) sin w, T

(II.7)

From equations (II.6) =nd (II.7), the normalized autocorrelatio

function,

4. ()
Pol®) = T -
2 - 6/
- B g on e + P2 ugr] F T2
2Kt c

-3 1 2 2 . J
= —3- L? W, T COS W, T +(wC T°=2)sin w, T |- (I1.8)

03 3

The amplitude probability distribution of the output of the

differentiator would be Gaussian.<81>
1 —y2/ 2
Hence, f(y) = —— ¢ 26 (I1.9)

The input to the full-wave rectifier is a Gaussian process
whose properties are given by equctions (II.5) to (II.9).

Let the input to the full-wave rectifier be represented
by a stationary time series y(t)and let y, end y, be the
values of y(t) at times t and t + T respectively. If'Rn(T)
is the cross-correlation function between the outputs of two
zZero - menory non-linzar devices whose inputs zre y(t) and
y(t+T) respectively and whose trensfer functions are fl(y) and
£,(y), it has been shown by Price(80) that
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¥ - Ko
‘j}%% = £ [7 ) [ 7,6+ D]

/J £, ) (5 )£8) (3, exp 1 2+702-2p(D3y 7] /2 (1p)
A, zﬁﬁ-fe ()

For the case of the full wave rectifier, Let

£.(7) = (y) = v>.0
:2'2) 2 (— y< O

then fy (y) and f2 (y) are first order ¢ functions of
arece 2 a2t y = O,

Substituting in Price's egquation and evaluating

bzRD_(T) 2
- = ol
2O Thake (31-10)
Pu e Po 2(%)

To solve this equation, the following two boundary conditions

are used.
1. When T = O _f%(o) = Rn(O) = 1

2. When.?n(r) =0

= | 2.2
DR(T) f (1) W -7
W_Pn T = 2__§\ ’-if‘l (yl) f2 (.’)’é) e 2 dyl d-Y2
. 2 2
- 3 [V T2 4 ]
- 'J\)
1 o "}72/2 "}72/2 2
= -l.e dy + /1. e dy
B\ [ ) {
0

2/ 5 . .
- s an even function
because e 2 1s ¢ )
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Now, integrating equation (II.10)

YR, ()

L2 gt
W T sin fn(T> + kl
Introducing the second boundery condition
Hence 'E\Rn('c> _ 2 sin -1 (v) (11.11)
= = n
% Pp(T) ~

Integrating equation (II.11)

o~

Rn(T) _ %{fn(’r) Sin—lfn(T) +jl -f’;é?’:)'J+ L
i : .

Introducing the first boundery condition, l«:2 =0

Hence

TSRS el

R (7) = % [fn(’r) sin™t f’n(’r) + jI —fne(’r) ] (II.12)

The value of }Bﬁr) and Rn(T) have been computed for
different values of T and are tabulated in Teble (II.1).
When w, T< & , the calculation of\?n(r) by direct substitution
in equation (II.8) gives very mislecding results because
very snall differences are involved in the expression, Even
the use of a scven-figure table gives inaccurate results.,
An expansion of the right-hend side of equction (II.8) gives

N
S
(O}

fnCT) 55 gxgl_xﬁJrEI'BI*}S{I erescscessnae

(,
' J
7
{
ZX— +?r—%+ sevs e s S:g



- 5 7 9
B 32X 2X 2X
- -_X—B—; 2X - X t T T et BT Teccceenenecan
H . :
i' 5 7 9 35 . .5 v
),9+ XB—%+'%TI"—X.—2X+%‘——%—+%}%—~~'o'
- 1 - .3x2 4 L0179 xF - Looouse x°

The higher powers may be neglected because this expansion is
used only for velues of x <« &

If x ol_iT

I

1 - 2.9609 &° + 1.7436 o - 0.4292 5

then Fn(T)
(1I1.13)
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TABLE IT,1.
E oo T o Fol® R et | Pu(®) 1 Ry(D)
‘ 1Y ' ! !(:

o) 1 1 2,125 | +.2887 ,6633
0.125 +.9541 . 9601 2.250 +.3730 .6814
0.250 +.8217 .8672 2.375 +.3994 .6881
0.375 +,6160 .7621 2.500 +.3696 . 6807
0.500 +.3754 L6820 2.625 | +,2924 . 6641
0.625 +.0839 . 6389 2.750 +,1821 LBUT72
0.750 -,1901 . 6480 2.875 +.0561 6376
0.875 -, 4265 6954 3.000 | -.0675 ,6381
1.000 - 6079 .758% 3.125 | =-.1720 L6460
1.125 -.7166 .8085 3,250 - 2UlL 6558
1.250 ~. 7453 8234 2,375 - 2772 6613
1.375 -.6959 . 7969 2,500 | -.2684 6597
1.500 -.5793 L7467 3.625 -, 2363 . 6545
1.625 — 4132 .6918 3.750 | -.1469 LE436
1.750 -,2199 .6521 5.875 | -.0556 6376
1.875 -,0239 | .6368 4,000 | +,0380 .6370
2,000 | +.1522 | .6440 | §
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APPENDIX III

The curve fitted to R, () = R (o2) is
given by
-.66 YT
Fo(®)pippeq = -1821 e " (1+cos 5.23%6 927 )
(III.1)

This function, for different values of w.T, has been

tabulated in Table IIT.1,

C

TABLE III,1
W T wch wcrf W, T {
0.50 , 719 2.618 ~.866 0,017
1.00 « 517 5.2%6 +,500 0.141
1.25 438 6,545 +,966 0.157
1,50 372 7,854 0] 0.068
2.50 .192 13.090 +.,866 0.065
34,00 .138 15.708v -1 0]
Equation (III.1) may be written as
Fn<T)Fitted =Ki e~%" (1 4+ cosn ). (IIT1.2)
where K = .1821
K= .21 W,
and n = 1.1667 w, (II1.3)

The power spectral density function
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7

2
09 approx. = E‘//an<T)Fitted cos w T d 7

Q

2>{)
- T
// e % cos w T AT

[$] _ah

2k

R

2k ,( e TcoenTcoswtdr (IIT.4)
Iy

The two integrals in the right hand side of equation (III.4)
are tabulated*. From tables

G ((D) - 2 kx P 1 + (D2 + (0(12 + Il2) ]
n approx T LCK?+w2 w4 + 2(q?~n2) w2 + (q?+n2 2
(I1T.5)
Substituting for k, o and n from equation (IIIL.3),
4 2
G, () = .O2u4-% e, we .
B approx. Yo | G/ ,)°-5.426(0/ ) +7.728(w/ ) %+.351 |

(IIT.6)

The expression in the square brackets in equation (III.6)
has been tabulated for different values of w/wc'in Teble III.Z2.

*(1) Pierce. Faoter "4 short table of Integrals"™ Ginn & Co.p.69
(ii) Ref.81l. page 202,
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TABLE III.2, =

10.412 .

w/me . 728 .6 . | ' i .

S ~ 1 i dbs
0,05 .0193 . 0065 - - 21.84 16%
0.10 , 0773 .0260 .0005 - 18.86/ 15%
0.25 L4830 1627 .0195 0002 | 9,74 1249
0.50 1.9%20 6507 .3391 L0156 | 4,19 9
1,00 7.728 2.603 5.426 1 2.05 6l
.50 17.388 5.8567 27.50 11.39 %.51 121
2.00 30.912 86,82 64 8,05 8%
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APPENDIX TV

Referring to figure II.1l, it is assumed that the input .
to the differentiator has a spectrum denoted by

G (0) = ——3 (IV.1)

a +b w2

where (a) and (b) are given by equations (I.14) and (I.15).
Let the transfer function of the differentiator be

Y(jw) = jJ w T where T is a time constant.

Then the power spectral density at the output of the

difPéwentiator is given by

1

a2 + b2 w2 (1v.2)

2

Glw) = @° 1@

The autocorrelation function of the output of the differentiator
is given by

AN ,
2 w
~H(t) = T cos w T dw
! T
2 (;J,_‘ | 2 e i
= @E— ][ cos w T dw - T2 L 55C08 W T d w
b b 1+ b"~w
2 B az
(IV.3)
-
2 o/ .
,~ T 1 oW T - T 1
— . = sin ¢ cos w T d w
p2 "7 67 1+ R
o | a2 (IV.4)

The upper limit of the second integral in eguation (IV.3%) has
been changed from w, %o ©0 in equation (IV.4), This
approximation has been made because the integral in equation.
(IV.4) is tabulated in the Table of Integrals while the ome in
(IV.3) is not easy to integrate. The energy in the h.f.
spectrum decreases steeply with frequency, nence this
approximation may be Justified.



Now
’ a
(Iv,5)
Substituting v = 0O
W el

Hence the normalized autocorrelation function

1 1 a g - Ta/b
. 2 — gin w T - Z >
5 (t) = DT b . T S Ye b
fS(T - 50 - W
L “# c 7
2

a
be b2
‘ a T a
% sin%® - B * 5 e 'F®
- a T (1v.7)
e T B 2
where w, = 2N X 353X 106
na B 27x 25 x 10 (from I.8)
b
5
- 314 x  10°

The normalized autocorrelation function of the output of the
full-wave rectifier can be obtained by using equation (II.12),

Hence,

B = &lp,m ey« N1 fm | - s

(t) and R_(T) have been computed for different values of
s s

w,T and tabulated in Tebles (IV.1) and (IV.2) respectively.



TABIE IV.1.
(W, ~ & % x107° 18.356
% a 1 -t¥b_ 6! 1_.
7 b e e Tf%?éééfvﬂb 06 | FstP
© 0.00 - - 1.0000
0.25 . 4868 16,4836 +.8980
0.50 4804 11,5196 +,6276
0.75 L4783 +5,1825 +,2823
1.00 . 4680 © ~0.,4680 ~.0255
1.25 L4620 -%.8561 -.2101
1,50 4560 —4. 4560 —.2427
1,75 . 4500 ~2.,8746 ~.1566
2,00 A ~0, 4441 ~.0242
2,25 , 4384 41,4473 +.0788
2,50 WA4327 +1,9673 +.1072
2,75 L4271 +1.1156 +.0608
3,00 4215 ~0.,4215 _.0230
3.25 L4161 -1.7215 -.0938
3.50 L4105 ~2.1248 ~.1158 .
3,75 . 4053 -1,5367 -.0837
4,00 , 1001 ~0.4001 ~.0218
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TABLE IV.2.,
cigi )’s('t;) | J?S(T).Sin",l/;js(r) \]/(l—a ”S_Z(T)) R (T) RS.(T)—-R‘(':VJ
0 1 7 5 0 1 JB634
0.25 | +.8980 1.0014 » 4400 .9176 | .2810
0.50 | +.6276 L4258 7785 L7667 | L1301
0.75 | +.282% . 0808 .9593 .6558 | ,0192
1.00 | ~.0255 . 0007 9997 .63%68 | ,0002
1.25 | ~.2101 . O445 L9777 L6507 | L0141
1.50 | ~,2427 .0595 . 9701 .6554 | ,0188
1.75 | ~,1566 . 0246 , 9877 L6444 | ,0078
2,00 | ~.0242 . 0006 .9997 .6368 | .0002
2.25 | +.0788 . 0062 . 9969 .6386 | 0020
2.50 | +,1072 ,0115 , 9042 L6402 | L0036
2,75 | +.0608 , 0037 .9982 L6378 | ,0012
3.00 | =.0230 . 0005 .9998 L6368 | ,0002
3.25 | ~.0938 .0088 .9957 6395 | ,0029
3.50 | —=.1158 . 0134 . 9933 L6409 | 0043
3.75 | —=. 0837 .0070 . 9965 6388 | ,0022
4,00 | =.0218 . 0005 .9998 .6368 | .0002
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APPENDIX V

RS(T) - R(en )

The curve fitted to is given by

F (D) pyppaq= -112 ¢ 1022 (1-cos 21%)+.2075 o2+ M%gin oy

N ;5654 o—4.86x
(v.1)

T
where x = We

—

Al

The function Fs(T)fitted has been tabulated, for different

values of w, T. in Table (V.1)

TABIE V.1,

0, T_ '5354 .112e‘}1{'652X .2075 §‘2'946X F (1),
- e~4.86x (1-cos™21x) Sin 27 x s Fitted

0 . 3634 0 0 3634
0.25 | ,1078 0741 ,0991 .2810
0.50 | .0320 , 0981 0 .1301
0.75 | .0095 , 0324 -.0227 .0192
1.00 |.0028 0 0 .0028
1.25 |.0008 .0142 .0052 .0204
1.50 | .0002 .0188 0 .0190
1.75 | .0001 . 0062 -,0012 .0051
2,00 ~ 0 0 0
2.25 - .0032 .000% .0035
2.50 - .003%6 0 .0036
2.75 - .0012 - .0012
3,00 - 0 - 0
3,25 - .0005 - .0005
3,50 - . 0007 - .0007
3.75 - .0002 - .0002
4,00 - 0 - 0
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The cosine transform of FS(T)fitted would give the approximate

power spectral density function of Rs(r)—R(Dﬁ) .
From Equation (V.1),

PR=)
\ e N
o) - 22 [ 652 e Ty o g
-
,112x2 //' ~1.652 Yc”
t — e i
P A Cos 2 w,TCcos w T dT
s .")\)
W, T
. 2 x.2075 / 6‘2'946 £ sin2 w.Tcos w_d "
7 J A ¢ §
e T
] W
. 2x;§?5ﬁ | %86 ¢ s Tan
] 5 x
(Vv.2)

Mhe finmgt cxpression on the right - hand side of equation (V.2)

1 . 0375 . 1 T
Do .2765+(m/wc)2 c

1K

The second expression on the right hand side of equation (V.2)

W N2
- oxors x _(@g) * 2765 + &
¢ (0 )*+ 2(.2765-4.0) (w/we)%+(.2765+4.0) 2
we
1
= "-(I)-g I2

The third expression on the right hand side of equation (V.2)

1r.0661(2+%we) | .066l(2we) . 1
W | 2 217 w.' 73
¢ | .879%+(2+w/ ) .8794 +(2—w/mc> ) c
and the fourth expression on the right hand sideof equation (V.2
1 .5584 = 1 T

= ——— = .
wg 2.596 +(m/mC72 W, 4
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We

[ 1
The value of Il + 12 + 15 + 14 has been computed for

different values of w/w and is tabulated in table (V,2).
C .

TABIE V,.,Z2.

o/ T T T T I | irbitray
w, 1 2 3 4 dbs
0.05 L1344 1 ,0088 ¢ L0542 1494 « 468 10,80
0,10 <1309 | ,0088 | ,0542| .1490 « 3429 10,70
0.25 .1106 | ,0091 | .0543 ,1458 .5198 10.10
0.50 LO712 ¢+ .010% 1 0548 ,1354 $ 2717 8.73%
1.00 L0294 1 ,0167 .0552 .1055 . 2068 6,32
2,00 .0088 | ,0689 | ,0157| ,0560 . 1404 %.48
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APPENDIX VI
Referring to figure (II.1), let C?S(T) and 75n(r) be the
autocorrelation function of signal waveform and noise
waveform respectively at the input of the full wave rectifier.
Let #?(T) be the autocorrelation function of the input waveform
at the input of the full wave rectifier. Then

b (1) = Pv) +Fo(D - (V1.1)

By definition ,the normalized autocorrelation function

F. () . % ()
,;PS(T) = 71_—18(‘07— and j-n('ﬂ) C/jn——(—oj

HenCegb(T) = @g(o) -fs(T) + i%hﬁo) j”n(T>

- # (o)
F(0) | fo() + ;—:m J/“nm]

e, s 1z
= 7s(°> [,f?s(“’) = jn(T>J - (V1.2)
[
Mean Square Signal Power _ ;s(o>

where k, = Mean Square Noise Power '?En(o5

From Equation (V1.2)

] L

3 S k-

I - = - (V1.3)
=

In figure (II.1l), let the input to the differentiator have
a % ratio of %6 dbs and let the peak signal level be 1 wvolt,
If each discernible amplitude level is equiprobable, the Mean
Sguare Signal Power = .555 watts, (Lppendix I).
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Now S/N ratio in television is defined as

Pegk Signal Volts
|2.M.S.Noise Volts

S/N ratio = 20 log

Hence 36 = 20 log ;;— where €£%==r , .S, noise volts
n n
1
2L - e
Vo
A o ]
~So that v, T Zn volts = .0156 volts

Mean Square Noise Power = (.0156)2 = .000 24 watts - (V1.4)

Referring to Equation (II.2)

=, 0, = .000 24
2T
Hence XK = §ﬂ9_6 w watts/cycle/second.
3x10
= 80 pp watts/cycle/second, : - (VII.5)

It may be pointed out that the Mean Square Signal to noise
ratio which is defined as

m.s. Signal Power
m.s, Noligse Power

10 log

€an be found at the input; of the differentiator

g . 33 ]
( § ) ravio = 10 log .o‘o%ﬁ = 31,4 dbs., (VI.6)

For the differentiated Signal and Noise.
Using equation (IV.6) and (II.6)

5
10°17° | —2——
Pslo) p2 (g - )14 55x15°
1 ppo) GI%? R



221

Putting o, = 27x 3 x 10° and substituting for K from
equation (VI.5)

. . | |
Ky = #4405 ) - =..0225 - (VI.7)

The signal to noise ratio at the output of the differentiato

is given by :
16,5 dbs. - (V1.8)

lo log o]

Comparison of equations (VI.6) and (VI.8) shows the
dimption in the Mean Square S/N ratio due to the
differentiation.

Substitution of the value of —%— from equation (VI,?7) in
equation (VI.3) gives 1

N c () 0225 [ (%)
S = e 1?0225 = - (VI.9)

Corresponding to the input signal represented by eq.(VI.9)
the normalized autocorrelation function of the output of the
full-wave rectifier can be obtained by using equation (II,12),.
Hence

Ry () = 2 Lf{x} sin”l () + [1 -5 ] - (1.a0)

j9(T) and RS+N(T) have been computed for different values of
T and tabulated in Table VI.1.



i
i

T4BIE  VI.1,

I ! f ' ,-

Oc® @ | (0225 1 R(D) | R(t)-RG) |

" PAONS |
o | a +.0225 | 1 1 3634
10.25 | +,8980 +.0185 +.8963 | 9164 = ,2798

0.50 | +.6276 +.0084 +.6220 | 7197 . .0831 ;

0.75 | +.2823 ~, 0042 +.2720 | 16603 | 0237 |

1,00 | -.0255 | -,0037 | -.0392 | .e370 ' .0004 !
1.25 | =-,2101 0168 | -.2219 | .e524 | 0158
1.50 | =,2407 ~,0130 -.2501 | .6683 | 0317
1.75 | -.1566 ~ . 0049 =.1579 | L6445 0079
2,00 | -,0242 +.,0034 -.0203 | .6367 | 0001

2.25 | +.0788 +.0084 +.0853 | .6389 | 0023

2,50 | +,1072 +.0083 +.1130 | L6407 | 0041
2.75 | +.0608 +.0041 +.0635 6379 | ,0013
3400 ~.0230 ~.0015 ~.0240 6368 | ,0002
3:25 | =,0938 ~. 0055 -.0971 | .639% | ,0030
3.50 | =,1158 ~+0060 =.1191 | .,6411 | 0045
3.75 | =.0837 ~,003% -.0851 | .6389 , ,002%
4.00 | -,0218 | +.0009 -.0204 | .6368 | ,0002
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