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FOREWORD 

THIS is one of a series of Engineering Monographs 
published by the British Broadcasting Corporation. 
About six are produced every year, each dealing 

with a technical subject within the field of television and 
sound broadcasting. Each Monograph describes work 
that has been done by the Engineering Division of the 
BBC and includes, where appropriate, a survey of earlier 
work on the same subject. From time to time the series 
may include selected reprints of articles by BBC authors 
that have appeared in technical journals. Papers dealing 
with general engineering developments in broadcasting 
may also be included occasionally. 

This series should be of interest and value to engineers 
engaged in the fields of broadcasting and of telecom­
munications generally. 

Individual copies cost 5s. post free, while the annual 
subscription is £1 post free. Orders can be placed with 
newsagents and booksellers, or BBC PUBLICATIONS, 35 
MARYLEBONE HIGH STREET, LONDON, W.1. 
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VERTICAL APERTURE CORRECTION USING CONTINUOUSLY VARIABLE 
ULTRASONIC DELAY LINES 

SUMMARY 

Part I of this monograph describes the principle of operation, construction, and calibration of a simple vertical aperture 
corrector which has been made possible by the use of ultrasonic delay lines. The performance of this aperture corrector 
and some of the problems involved in the design of an operational version are discussed. The method of calibration is 
based on a 'Calibration Factor' obtained by a simple and convenient pulse procedure. It is shown that the steady-state 
amplitnde/frequency characteristic, and also the effect of the aperture corrector on signal-to-noise ratio, can be determined 
from this factor. 

In Part IT the construction and characteristics of an ultrasonic delay line using mercury as the transmission medium 
are discussed in some detail, and an experimental variable delay unit suitable for a 405~line television system is described. 
There is an account of the difficuliies encountered in constructing the video delay unit and some indication is given as to 
the possibility of extending the use of the line to television systems requiring a higher video bandwidth. In addition to its 
use in the vertical aperture corrector, such a unit may have other television applications. 

PART I 

AN EXPERIMENTAL VERTICAL APERTURE CORRECTOR 

1. Introduction 
The need for aperture correction* of television signal 
sources is well known and horizontal aperture correction 
is included in most television systems. The problem of 
applying vertical aperture correction is more difficult and 
has for many years virtually been ignored. The develop­
ment of ultrasonic delay lines, however, has made the con­
struction of a vertical aperture corrector possible. 

This report describes an experimental vertical aperture 
corrector first put forward by W. G. Gibson and A. C. 
Schroeder of R.C.A.' The principal of operation is similar 
to that of the horizontal aperture corrector known as a 
derivative equalizer. In the simple practical example to be 
described approximations to the first and second deriva­
tives are generated. 

2. Principle of Operation 
Gouriet has shown' that if a signal is linearly distorted 
during transmission, the resulting signal can be corrected 
by adding proportions of its own successive derivatives. 

Hence g(I) = a,,f(t) + a,J'(t) -i-- a,f"(t) + .. , . 
where g(I) is the original signal 

/(t) is the distorted signal 

f'(t),f"(t), .... are successive derivatives of/(t) 

and~' a1, a2, . ••. are constant coefficients. 

* Aperture correction may be defined as the correction of the 
distortion produced by the finite size and non-uniform flux distribu­
tion of the scanning spot. The nature of the television scanning 
process clearly necessitates entirely different approaches to the pro­
blems of applying this correction in the horizontal and vertical 
directions. 
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This method is often used for horizontal aperture correc­
tion and can be adapted for use as a vertical aperture cor­
rector by using difference signals to approximate to the 
derivatives. 

The fundamental definition of the first derivative of a 
function is 

f'(t) = Jim f(t) - f(t - 7) 
7-----),-Q 'T 

Hence an approximation to the first derivative can be ob­
tained by subtracting from the function a delayed version 
of itself. The limitation of the difference method of ap­
proximating to a first derivative can be demonstrated by 
considering a simple sinusoid. 

Let/(1) = sin wt 

Then t.,(I) =/(1) - f(t - 7) 
7 

It can be seen that as 7--+0 the first difference signal t.1(1) 
approaches the true first derivative w cos wt. For finite 
values of 7, however, the difference is only a close approxi­
mation to the derivative for small values of w with respect 
to 2/7. Fig. I shows the departure from the ideal case; it 
will be seen that the difference signal can only be con­
sidered to approximate to the derivative up to a frequency 
of 1/27. Successive differences can be similarly produced 
by introducing more delayed signals. 

Aperture correction by adding difference signals is 
readily applicable to the production of a vertical aperture 
corrector. If the delay 7 is made equal to the duration of 
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Fig. 1 - Amplitude of the first-difference signal versus 
angular frequency. 

one television line, all true horizontal information, being 
the same for successive lines, will be cancelled, leaving only 
vertical information. Furthermore, the television system 
can be considered to be a sampling system in the vertical 
direction, each row of picture elements being sampled in 
turn. In this case, the maximum frequency which can be 
carried by the system is l/2T, and this conveniently is also 
the maximum frequency up to which the difference signal 
can be considered to be an approximate derivative. 

Most uncorrected television apertures are, in the au­
thor's experience, symmetrical and can be corrected by 
means of even-order differences. The simple aperture cor­
rector described in this report was designed primarily to 
produce a second-dilference signal. 

The second-difference signal can be produced by sub­
traction as follows: 

"',(/) = ~1(1)-=_~1(~- T) 
T 

where L'>1(r) and "',(t - ,) are first differences 
and L'.2(1) is the second difference. 
Once again it is instructive to consider the case of a simple 
sinusoid in order to find the limitations of the second­
difference signal. 
Letf(t) = sin wl 

.c\1(t) is given in equation (1) 
and it can be shown that 

.c\1(1- ,) =~[sin ~
7

] [cos w(t - ~T)] (2) 

From equations (1) and (2) it follows that 

.c\,(1) = - ~ [sin2
~

7
J[sinw(I- ,)] (3) 

As in the case of the first difference it can be seen that as 
T-+0 the second difference "',(1) approaches the true second 
derivative - w2 sin wt. For finite values of -r, however, the 
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Fig. 2 - Amplitude of the second-difference signal versus 
angular frequency. 

difference is only a close approximation to the derivative 
for values of w small with respect to 2/,. Fig. 2 shows the 
departure from the ideal case;itwill be seen that thesecond­
difference signal can only be considered to approximate to 
the second derivative up to a frequency of 1/2,, that is, 
over the same frequency range as applies for the first 
difference. 

It can be seen from equations ( 1 ), (2), and (3) that the 
difference signals are all delayed with respect to the input 
signal; the first-dilference signals are delayed by odd mul­
tiples of ,/2 and the second difference is delayed by T, It is 
necessary for the difference signals to be accurately timed 
with respect to the signal which they are to correct; there­
fore the second-difference signal can be used to correct the 
input signal delayed by ,, but the first-difference signals 
cannot be used unless further delays of ,/2 are available. 
A more convenient method of producing a first-difference 
signal, which would be correctly timed with respect to the 
input signal delayed by T, is to subtract the signal delayed 
by 2T from the undelayed signal; however, this difference 
signal will only be effective over a frequency range of one­
half that of the second-difference signal. 

If the two first-dilference signals are not used, a con­
siderable circuit simplification can be obtained by not 
generating them directly. Consider 

.c\,(1) = .c\,(1) - .c\,(I - ,) 
T 

Substituting for "',(1) and .c\1(1 - ,) their values in terms 
of the original function we have 

.c\,(t) = ~ ['f(I) - /(I - ,) _ j(I - ,) - f(t - 2T2] 
T T T 

This simplifies to 

.c\,(I) = b ( [ 1(1) + f(t - 2T)] - 2f(t - T)) (4) 



Thus the second-difference signal can be generated from 
the appropriate delayed signals by means of two simple 
adding circuits. 

3. Description of the Vertical Aperture 
Corrector 

Fig. 3 is a block diagram of a complete vertical aperture 
corrector, which provides both a first-difference and a 
second-difference signal. The necessary delays are pro­
duced by means of two of the video delay units which are 
described in Part II of this monograph, and which use 
continuously variable ultrasonic delay lines. These lines 
were developed by Mullard Research Laboratories and 
are now available commercially from Mullard Equipment 
Ltd. The input signal and the signals from the video delay 
units are fed to a video processing unit in which they are 
added and subtracted according to equation (4); the 
second-difference signal thus obtained is added to the 
input signal which has been delayed by one line. The first­
difference signal is generated by subtracting the output of 
the two-line video delay unit from the input signal. Hence 
this difference is only effective over a frequency range of 
one-half that of the second difference. 

The complete circuit diagram of the video processing 
unit is shown in Fig. 4. 

4. Performance 
Before proceeding to describe the performance of the ex­
perimental aperture corrector, it must be emphasized that 
the principal delay used is one television line, but because 
of the interlace of the television system this is equivalent 
to two lines of the actual picture. Therefore the maximum 
frequency which can be corrected is equivalent to two pic­
ture elements; the vertical aperture corrector may be com­
pared to a horizontal aperture corrector giving maximum 
correction at 1 · 5 Mc/sand zero correction at 3 Mc/s. 

In view of this fact, the effectiveness of the experimental 
aperture corrector was surprising. In order to obtain a 
subjective assessment of the effect of the corrector on the 

.,.__ VIDEO DELAY - ... 
Ut,IITS 

quality of a television picture, a group of observers was 
shown a series of moving pictures which was obtained from 
a high-quality flying-spot 35-mm film scanner. They were 
asked to assess the picture quality according to the scale: 

I. Excellent 4. Rather poor 
2. Good 5. Poor 
3. Fairly good 6. Very poor 

As might be expected, the results of this test showed that 
the corrector is more effective on some pictures than on 
others. In every case all the observers voted that the quality 
of the corrected pictures was better than, or at least equal 
to, that of the uncorrected pictures. The average improve­
ment was voted to be about one grade but in extreme cases 
an improvement of three grades was registered. 

The effectiveness of this rather poor* experimental ver­
tical aperture corrector serves to show how bad the quality 
of a television picture is in the vertical direction. If the 
vertical aperture corrector could be made to operate upon 
successive picture lines it is probable that a further im­
provement could be achieved. As Gibson and Schroeder 
pointed out,1 such a venjcal aperture corrector could be 
made if a good-quality field-delay were available. 

The vertical aperture corrector increases the visibility of 
random noise and other unwanted signals having com­
ponents in the vertical direction, such as moi r6 patterns 
and stationary noise patterns, for example phosphor grain. 
In the case of a picture source whose signal-to-noise ratio 
is marginal, the amount of vertical aperture correction 
which could be used might be limited by the increase in 
noise. No separate assessments of these defects have been 
made; however, the subjective tests indicate that they do 
not nullify the improvement in picture quality. 

5. Method of Calibration 
The unit could be calibrated by measuring steady-state 
amplitude/frequency characteristics but this would be 
tedious, especially as it would involve blanking the 

* Al least by horizon la I aperlure corrector standards . 

VIDEO P!.OUS';lt.lG UNIT 

1 · - f1ffl OIFF!RENCE 51GNAL GENERATOII: 7 
'---,----, ~----, ' 

SUSTflACTOR1 ~-->--+--.+, -,, c----->-----i INVEF\T~R 
ltNERTER 

--------·------
---711~~\0 

OUTPUT 

-------- -1 
~~---, 

J•LINE DEL,O.Y 
ADDER ADDER I 

ANO ANO INVERTER 
I JNVERTEII. INVEF\TEF< l I 

! SECOND DtFfEREN;;-;-5-.-GN:L GE>IE;;-::T~-- j 
L.._------------·-·-· 

Fig. 3 - Block diagram of the experimental vertical aperture corrector. 
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variable-frequency test wave in order to simulate a tele­
vision signal. The pulse method to be described can be 
carried out rapidly, uses standard equipment, and yields 
information from which the amplitude/frequency charac­
teristics and the effect of the aperture corrector on signal­
to-noiseratio can be calculated. 

5.1 Test Procedure 
A standard '2T' pulse is fed into the vertical aperture 

corrector and the delay lines are adjusted until the result­
ant pulse at the output just splits into three separate com­
ponents: one positive pulse and two equal-amplitude nega­
tive pulses will result (see Fig. 5). The magnitudes of these 
pulses are measured by means of an oscilloscope and the 
ratio of negative- to positive-pulse magnitude computed. 
From a knowledge of this ratio, which can be conveniently 
termed the 'calibrationfactor', the steady-state amplitude/ 
frequency characteristics and the effect of the unit on 
signal-to-noise ratio can be calculated. 

-~-.--
0·25 

I 
I 

------~L E, 

f(I) f(/-2T) 

Fig. 5 - Output of the aperture corrector (adjusted for 
measuremenl of the calibration factor). 

5.2 Calculaiion of Amplitude/Frequency Characteristics 
Let the calibration factor be denoted by g. It is apparent 

from Fig. 5 that the output of the vertical aperture correc­
tor when adjusted for normal working conditions is given 
by the equation 

g(l) = f(t - T) - g[f(t) + f(t - 2T)j (5) 

where/(/) and g(t) are the input and output signals respec­
tively and 'i is the duration of one television line. 

In order to obtain the steady-state amplitude/frequency 
characteristics of the aperture corrector let 

f(I) = COS wt 
hence g(I) = cos w(t - T) - fl cos wt+ cos w(t - 2T)] 

This expression simplifies to 

g(t) = [1 - 2t COS wt] COS w(t - T) (6) 

from the modulus or amplitude of which the amplitude/ 
frequency characteristics can be calculated for various 
values off 

In a practical vertical aperture corrector it is preferable 
to design the circuits so that adjustment of the amount of 
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equalization does not change the magnitude of the output 
signal corresponding to a plain area of uniform grey. In 
this case the output of the vertical aperture corrector can 
be represented by the equation 

g'(t) = f(/ - T) + V[2f(1 -- T) - {f(t) + f(t - 2T)}] 

where vis a constant depending upon the amount of equal­
ization. The term in square brackets, which represents the 
correction signal, reduces to zero for a •ct.c. signal' corre­
sponding to uniform grey. 

Simplifying this equation gives 

g'(t) = (1u -- T) -
1
-;-2, [1(/) + f(I - 2T)])(I +2vj (7) 

By comparing equations (5) and (7) we see that 

(8) 

Equation (8) shows that with this arrangement the calibra­
tion factor [ cannot exceed 0· 5 and thus the corrected 
picture as a whole cannot change polarity. 

In the experimental vertical aperture corrector the maxi­
mum value of g which is available is 0 · 25; this is found to 
be more than adequate for most purposes. Amplitude/ 
frequency characteristics of the vertical aperture corrector 
for various values of g and a line duration of 100 /Ls are 
given in Fig. 6; this diagram may be adjusted to suit any 
television standard by a linear transformation of the scale 
of the frequency axis. 

5.3 Calcula1ion of the Effect on Signal-to-noise Ratio 
Let the magnitude of the input signal corresponding to 

white be E1 volts and the r.m.s. voltage of the noise asso­
ciated with it be e1. The signal-to-noise ratio of the input 
signal may be defined as 

N1 = 20 Log,..§ 
e, 

Consider the effect of the vertical aperture corrector on 
the signal alone. The output voltage E, corresponding to 
white will be given by equation (5) in Section 5.2. Hence, 
remembering that a delay T has no effect upon a d.c. signal 
representing large areas of uniform grey level, 

E0 = E1[1 - 2fl 

The calculation of the effect of the vertical aperture cor­
rector on noise is more complicated but it may be con­
siderably simplified, without introducing an appreciable 
objective error, if only the noise components above about 
ten times the television line-scanning frequency are con­
sidered.• In this case the noise components of the three 

* Noise components beJo_w about ten times the television line­
scanning frequency will appear mainly as fluctuation in brightness 
from line to line, which will give the picture a striated appearance. 
As the r.m.s. magnitude of tbese striations is proportional to the 
square root of their bandwidth, they will be at least 20 dB below the 
r.m.s. magnitude of the full video bandwidth noise. Hence the 'sub­
jective error' introduced by this simplification will also be small. In 
practice, the action of circuits which are intended to restore the 'd.c, 
component' of the video signal from line to line will help to minimize 
the visibility of the striations. 
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signals, which together form the output signal, will be vir• 
tually uncorrelated owing to the relatively long delay be­
tween them. The output noise voltage may therefore be 
calculated from the addition of the three noise powers. 

Hence e0 = e1 [1 + 2g2J• 
where e0 is the r.m.s. voltage of the output noise. The out• 
put signal-to-noise ratio is given by 

or 

E, 
N,= 20Log10 -

e, 

£ 1(1 - 2g) 
= 20 Log10 e,(l + 2g')I 

(I - 2fl 
N0 = N1 + 20 Log10 (I + 2(")I 

As the calibration factor must lie between O and + 0 · 5, 
the final term in this expression mnst be negative and re• 
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Fig. 7 - Change in signal-to-noise ratio as a Junction of 
the calibration/actor. 

JO 

presents the decrease in signal-to-noise ratio caused by 
this form of vertical aperture correction. Fig. 7 shows 
calculated values of the change in signal-to-noise ratio 
plotted against the calibration factor g. 

6. The Design of an Operational Vertical 
Aperture Corrector 

The following points gained from experience with the ex• 
perimental vertical aperture corrector may be of use to the 
designer of an operational unit. 

It has been stated that it is essential that the difference 
signals be accurately timed with respect to the signal which 
they are to correct. It is estimated that the tolerance on 
these delays should be plus or minus one-tenth of a picture 
element. When a crystal-controlled synchronizing pulse 
generator is used, the ultrasonic delay lines can be adjusted 
to within this tolerance and will remain within it over long 
periods of time. When the synchronizing pulse generator 
is locked to the 50 c/s mains supply, however, frequent re• 
adjustment of the delay lines is necessary. It would there• 
fore be necessary, in an operational unit incorporated in a 
locked system, to servo-control the delay lines in order to 
maintain the correct timing of the difference signals. 

If suitable test pulses are available in an operational 
television system, these can be added to the incoming 
signal during the field-blanking period in order to provide 
a means of checking the performance of the equipment 
continuously by the calibration method described in Sec· 
tion 5. 

The presence of the difference signals in the output of a 
vertical aperture corrector can cause excursions of the 
video signal well below black level, and these can lead to 
serious synchronizing difficulties. In order to avoid this, a 
black-level clipper must be included in the output of the 
unit. Care must be taken to ensure that the blanking and 
synchronizing pulses which are used to feed the black• 
level clipper are correctly timed. If 'station pulses' which 
are a television line in advance of the output of the aper­
ture corrector are used, the last line of the picture will oc-



cur during the field-suppression period and be visible if the 
display device does not have field fly-back suppressions. 
It is essential that this should not be able to occur on a 
transmitted picture. 

7. Conclusions 
This simple experimental vertical aperture corrector gives 
a very significant and worth-while improvement in picture 
quality and shows that operational vertical aperture cor-

rectors are a practical possibility. The method of calibra­
tion described has been found to be very satisfactory in 
practice. 

A superior form of vertical aperture will become feasible 
when a high-quality field store becomes available. It is 
somewhat surprising that the vertical resolution is in 
general sufficiently poor for the imperfect corrector de­
scribed to be so effective even on a 405-line television sys­
tem; it should be even more effective on a system using 
more lines per field. 

PART II 

A CONTINUOUSLY VARIABLE DELAY UNIT FOR TELEVISION SIGNALS 

8. Introduction 
There are many applications in the field of television for 
devices capable of delaying a picture by one or more tele­
vision-line periods, and ultrasonic delay lines, which were 
developed principally for use in computer and radar 
applications, have been successfully used for some of 
them.1 • 3, • Of the delay Jines at present being manufac­
tured, those useful for television purposes have either fused 
quartz or mercury as the transmission medium. Whilst 
fused quartz is a cheaper and more tractable material than 
mercury, and is slightly more suitable for delay-line appli­
cations, a line having mercury as the transmission medium 
can have the great advantage of being made continuously 
variable over a range of IO: 1. Such a line, made by Mullard 
Research Laboratories, was chosen for use in the video 
delay unit; it produces a delay which is continuously vari­
able between 25 f'S and 330 f'S. For some applications, it 
is necessary to have a range of delay continuously variable 
from zero, and in order to be able to simulate this, a second 
mercury delay line, which has similar electrical character­
istics to the variable line but a fixed delay preset to a value 
of 30 f'S, is included. This, however, is not required for 
vertical aperture correction. Fig. 8 shows a general view 
of the complete delay unit. 

9. The Mechanism and Construction of 
Mercury Delay Lines 

Essentially, a mercury delay line consists of a bath of 
mercury with an electro-mechanical transducer at each 
end. A suitable electrical signal applied to one of these 
transducers causes it to vibrate mechanically and so set up 
a longitudinal pressure-wave in the mercury. This is trans­
mitted to the second transducer with a velocity of approxi­
mately l · 5 mm/l's, producing across it a voltage represen­
tative of the signal applied to the first transducer but de­
layed in time. A delay of98 · 8 f'S (one television-line period 
for a 405-line system) can be achieved with a line length of 
15 cm (6 in.). 

The performance ofa mercury delay line, especially with 
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regard to bandwidth, insertion loss, and any secondary 
responses which may occur, is largely dependent upon 
three factors. These are: 

(a) the acoustical matching of the transducers to the 
transmission medium; 

(b) the efficiency with which the transducer converts 
electrical energy into mechanical energy and vice 
versa (usually termed the electro-mechanical coup­
ling factor); 

(c) the electrical impedance presented to the external 
cjrcuits by the transducers. 

fa order to obtain a large fractional bandwidth,• it is 
necessary for the transducers to be acoustically matched 
to the mercury. It is fortunate that quartz-crystal trans­
ducers approximately match mercury and may be designed 
to operate at frequencies up to at least 30 Mc/s, which 
makes bandwidths of the order of 10 Mc/s attainable. 

The transducer usually consists of an X-cut crystal 
driven so as to vibrate in the thickness mode (see Fig. 9). 
The electro-mechanical coupling of these crystals is ex­
ceedingly poor and introduces a large loss; this is the major 
contribution to the insertion loss of the line. t The loss due 
to transmission through the mercury is relatively small, 
being about 6 dB for a path length of 40 cm (16 in.). The 
total insertion loss of the line depends to some extent upon 
the electrical network terminating it, but is usually in ex­
cess of 50 dB at the band-centre frequency. 

With such a high insertion loss it is important to try to 
ensure that all the signal launched into the mercury travels 
to the receiver along the chosen transmission path. In prac­
tice the diameter of the crystals used as transducers is 100 
wavelengths of the centre frequency, giving rise to a radia­
tion pattern of quite high directivity. The first null in the 
radiation pattern occurs at an angle of 40' to the normal, 
and the maximum of the first sidelobe is at 55' with an 
amplitude 18 dB less than that of the main lobe.' 

* Fractional bandwidth= bandwidth/band-centre frequency. 
t Defined as: Insertion loss= 20 log10 Input Voltage/Output 

Voltage, dB. 
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Fig. 8 - The video delay unit. 

The signal radiated through the sidelobes strikes the 
walls of the container, usually a steel tank, and, because 
of the roughness of the walls, the wave becomes scattered ; 
only a minute proportion finds its way to the receiving 
transducer to produce an unwanted signal. A far more 
troublesome form of secondary response is caused by the 
poor electro-mechanical coupling of each transducer; the 
mechanical energy not transformed into electrical energy 
by the receiving transducer must be re-radiated and, al­
though a large proportion of this can be absorbed by an 
acoustical termination on the side of the crystal remote 
from the mercury, some must be re-radiated back along 
its original path. This energy will eventually reach the send­
ing transducer where, after a second reflection, it will 
traverse the delaying medium for the third time to produce 
an unwanted 'third-time-round' response. This effect can 
be largely eliminated by tilting the receiving transducer so 
that the 'third-time-round' signal is incident at the angle of 
the first null in the radiation pattern. The angle of inci­
dence of the main signal will then be equal to one-third of 
the 'null' angle, which will increase the insertion loss by 
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only I · 8 dB!• By the use of this artifice, and careful design 
of the acoustical terminations of the line, the amplitude of 
the spurious responses can be restricted to at least 40 dB 
below that of the wanted signal. 

The form of the attenuation/frequency characteristic of 
the line depends upon many factors. The centre frequency 
is largely determined by the transducers, the wavelength 
in quartz being approximately twice the crystal thickness. 
The bandwidth depends upon the centre frequency and is 
also affected by the load presented to each crystal by the 
transmission medium and the acoustical termination. In 
order to achieve maximum bandwidth, the acoustical ter­
mination can take the form of a mercury-filled cavity hav­
ing a shape designed to trap and absorb the signal entering 
it. A simpler and more common method of termination is 
to provide each crystal with a lead backing. The form of 
the attenuation/frequency characteristic is also influenced 
by the orientation of the crystals. Owing to the fact that 
the radiation pattern of a crysta l transducer varies with 
frequency, a change in the angle of incidence affects the 
attenuation/frequency characteristic of the line. When the 



X HIS 

(a) 

L.,..._DIIIVIMG____..J 
I . VOLTAGE I 

Cll»TAL 

[LECT~ PES 

Dl~ECTION Of' VIBRATION 

(b) 

Fig. 9 - (a) Diagram of a section of a quartz crystal show­
ing an X-cut. 

(b) An X-cut crystal operating in !he thickness 
mode. 

receiver transducer is adjusted so as to suppress the 'third­
time-round' signal, the insertion loss at high frequencies is 
increased. Finally, as the attenuation of the acoustic wave 
is proportional to the square of the frequency, the trans­
mission of the signal through the mercury bas a very defi­
nite effect on the characteristic; this factor places an upper 
limit on the frequency which can be used with a given 
length of line. 

Another principal factor determining the performance 
of the line is the electrical impedance presented to the ex­
ternal circuits by the transducers. Equivalent circuits for 
crystal transducers have been developed and described in 
the ]iterature:,,ff,7 In practice, the impedance seen across 
the terminals of a transducer reduces to a capacitance 
in parallel with a resistance; the latter, however, is of 
such a high value that for all practical purposes it may be 
ignored. 

The two forms of line incorporated in the delay unit are 
described below. 

9.1 Adjuslable Line Type 4014 
This is a simple type of line consisting of a mild-steel 

tank with a lead-backed quartz-crystal transducer suitably 
mounted at each end. The transmitting transducer may be 
moved axially over a short distance, thus providing a delay 
adjustment. The receiving transducer can be tilted to re­
duce the spurious responses. The attenuation/frequency 
characteristic of this line is shown in Fig. 10. 

9.2 Continuously Variable Line Type 4016 
The continuously variable line has a delay range of ap­

proximately 11 :I. This is obtained by varying the path 
length of the acoustical wave as follows: both transducers 
are mounted at the same end of a rectangular mild steel 
tank. The wave radiated from the transmitting transducer 
enters a movable corner reflector, from which the signal 
is returned to the receiving transducer. The corner reflector 
is mounted on a steel lead-screw having a pitch such that 
one complete turn changes the delay by 10 µs. The attenua­
tion/frequency characteristic of this line changes with de-
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lay and is shown in Fig. 11 for the maximum and minimum 
delay settings. 

10. Description of the Video Delay Unit 
10.1 General Description 

The video delay unit shown in Fig. 8 consists of two 
separate delaying channels both driven from the same 
signal source. One channel uses the adjustable line to pro­
duce an output delayed by 30 µs; the other channel uses 
the continuously variable line to produce an output whose 
delay may be adjusted between 25 µsand 330 µs. Thus the 
second outpntcan be delayed from - 5i;s to+ 300µs with 
respect to the first. The electrical characteristics of the lines 
are sufficiently similar for the design of the two channels 
to be identical, and the bandwidth available will accom­
modate, using a 15 Mc/s carrier, the amplitude-modulated 
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fig. 12 -Block diagram of the video delay unit. 

double-sideband transmission of a 405-line television pic­
ture. 

The block diagram of the complete unit is shown in 
Fig. 12; the subdivisions indicate the three sub-units of 
which it is constructed. The video signal is modulated on 
a locally generated carrier and the resulting signal is ampli­
fied and split into three separate outputs. Two of these out­
puts are used to drive the principal delaying channels, each 
of which consists of an input amplifier, a mercury delay 
line, and an output amplifier. The third output is delayed, 
attenuated, and added back to the output of the continu­
ously variable channel, in order to cancel out some direct 
crosstalk which occurs between the transducers. The am­
plitude of this crosstalk, which occurs inside the line as a 
result of its construction, is approximately 40 dB below 
that of the wanted signal; the use of the cancelling circuit 
reduces the crosstalk by a further 20 dB. Crosstalk is also 
liable to occur outside the line because of coupling between 
the networks connecting the transducers to the amplifiers. 
This has been reduced to negligible proportions by thick 
copper screens and the careful choice of earth connections. 
The delayed signals from the output amplifiers are detected 
by means of germanium diodes and fed through cathode 
followers to the output terminals. 

10.2 Generation of the Modulated Signal 
Fig. 13 is a diagram of the circuits used to produce the 

modulated signal. A 'clamped' video amplifier of conven­
tional design is used to drive a crystal modulator. The 
15 Mc/s carrier is generated by a crystal-controlled oscil­
lator and fed to the modulator through a buffer amplifier. 
In order to facilitate adjustment of the modulator, the 
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carrier can be 100 per cent modulated by a 2· 5 kc/s square 
wave locked to the television line-synchronizing pulses. 
The signal from the modulator is raised in level by an 
amplifier similar in design to that described in Section 10.4. 

10.3 Input Amplifier 
The circuit diagram of the input amplifier is shown in 

Fig. 14; it consists of a buffer amplifier, which permits the 
input line to be correctly terminated, followed by two fur­
ther stages incorporating negative feedback. In order to 
obtain a high signal-to-noise ratio the input transducer 
must be driven with as large a signal as possible. For this 
reason, the output valve must handle large current swings, 
and negative feedback is used i11 order to reduce the non­
linear distortion which would otherwise result. 

The network coupling the anode of the output valve to 
the transducer fulfils two purposes: it transforms the signal 
current from the output valve into a suitable voltage across 
the transducer, and at the same time is used to correct the 
attenuation/frequency characteristic of the mercury delay 
line. 

The design of this network was complicated by the fact 
that the characteristic of the variable line changes in centre 
frequency and bandwidth as the delay is varied (see Fig. 
11). It was decided to equalize the line for the mid-setting 
of delay; the resulting overall attenuation/frequency char­
acterjstics at maximum and minimum delay are shown in 
Fig. 15. These characteristics have an approximately con­
stant slope of O · 3 dB per Mc/s within the passband, but 
this will have negligible effect on a 405-line television 
waveform if a double-side-band amplitude modulator is 
used together with an envelope detector. The attenuation/ 
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Fig. I 3 - Circuit diagram of the video amplifier, oscillator, modulator, and r.f amplifier in the Modulator and Detector Sub-unit. 
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frequency characteristic of the line at the mid-setting of 
delay is shown in Fig. I 6. In order to design an equalizer 
for the line, it is convenient to transform the bandpass 
response into an equivalent low-pass response and find a 
simple expression to represent this. A suitable expression 
is given by 

jA(/JI = [l +0·94(})10)'+ 1·36(//10)']'* 

where A(f) is the complex attenuation of the line andf is 
the equivalent low-pass frequency (Mc/s). 

The simplest fonn of low-pass circuit which can be used 
as a coupling network in these circumstances is a ?T-section 
as shown in Fig. 17. The attenuation of this network is of 
the form 

IBU)I = [I + b,(f/10)2 + b,(f/10)4 + b,(f/10)6
]' 

By multiplying together jA(f)j and jB(f)j and reducing 
the appropriate coefficients to zero, a fourth-order maxi­
maUy flat function is obtained. This process results in a 
set of equations relating the coefficients of jB(nl with 

"' For the purposes of calculatio.n, this expression is most con­
veniently stated m terms of megacycles divided by ten (f/10) . 

Fig. 17 - Circuit diagram of the low-pass equalizing section. 



Fig. IS-Circuit diagram of the band-pass equalizing section. 

those of \A(f)\. Thus bi, b,, and b3 may be determined, 
hence we obtain the expression 

\B(J)\ ~ [I + 0· 94(!/10)' -- 0·48(!/10)' + I· 73(!/10)6]! 

By comparing this expression with the transfer function of 
the low-pass network, equations may be derived relating 
the network parameters to b1, b2, and b3 . These equations 
may be used to determine the circuit component values in 
terms of the capacitance presented by the output valve. 

The low-pass network can now be transformed into the 
bandpass network of Fig. 18. The transformer Tl is neces­
sary in order to transfonn the transducer capacitance to a 
value suitable for inclusion jn the coupling network; the 
transformer need not be perfect, for any leakage induct­
ance can be compensated by adjustment of the series in­
ductance L2. The characteristic of the bandpass network 
is shown in Fig. 19 and the combined characteristic of the 
coupling network and the line (at the mid-setting of delay) 
is shown in Fig. 20. 

10.4 Output Amplifier 
The circuit of the output amplifier is shown in Fig. 21; 

it consists ofa stagger-tuned triple followed by an output 
stage. The amplifier has a maximum gainofapproximately 
60 dB which can be reduced by adjusting the negative bias 
applied to the grids of the second and third valves. The 
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delay. 

output stage is designed to have unity gain and an output 
impedance of 75 n within the passband. 

The signal-to-noise ratio of the video delay unit is largely 
determined by the noise contributed by the first valve of 
this amplifier; however, the amplitude of the input signal 
is sufficient to allow a pentode to be used. 

10.5 Defector and Video Amplifier 
The circuit of the detector and video amplifier is shown 

in Fig. 22. It consists of an amplifying stage coupled, by 
means of a bandpass filter, to a diode detector; the output 
of the detector is fed through a low-pass filter to a simple 
cathode-follower output stage. As the lowest sideband 
frequency of the modulated signal is only two octaves re­
moved from the highest video frequency it is desirable that 
the low-pass filter have a rate of cut-off of at least 24 dB 
per octave; furthermore, the filter must not introduce any 
significant group-delay distortion within the video pass­
band. These requirements are achieved by using a filter 
with a cut-off frequency of twice the highest video fre­
quency and maximum attenuation at the carrier frequency; 
its design is described in the Appendix. 

11. Performance 
The degradation of a video signal by the delay unit may 
be judged from the reproductions of Test Card 'C' shown 
in Figs. 23, 24, and 25. Fig. 23 shows the input signal, 
whilst Figs. 24 and 25 show the signal delayed by 150 µ.s 
and 300 µ.s respectively. The residual crosstalk discussed 
in Section JO.I can be observed in Fig. 24; it is more pro­
nounced in Fig. 25 owing to the increased insertion loss of 
the line. The ratio of peak-to-peak video signal (excluding 
synchronizing pulses) to r.m.s. noise is dependent upon 
the delay setting. It varies from 38 dB at maximum delay 
to 44 dB at minimum delay. 

Although the experimental unit described in this mono­
graph was designed for a 405-line television system, the 
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equalized delay line has sufficient bandwidth for a 625-line 
system if a single-sideband system of modulation is used.• 
In this case, the change of slope of the attenuation/fre­
quency characteristic with delay could no longer be toler­
ated, and it would become necessary to introduce a vari­
able equalizer (preferably ganged to the delay control). 
When using the unit with a television system locked to 
mains frequency, it is necessary to adjust the delay at fre­
quent intervals in order to compensate for changes in line­
scan period. An improved version of the unit would in­
corporate a servo-mechanism, controlled by the television 
line-timing pulses, moving one of the transducers so as to 

• It may be possible to extend the use of the line to an 819•1ine 
system by means of a more complex equalizing network. 
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maintain a delay of one line-scan period or a constant pro­
portion thereof. 

12. Conclusions 
The mercury delay line is eminently suitable for the vertical 
aperture corrector described in this monograph, and could 
also be used in other television applications requiring de­
lays up to a few line-scan periods, such as bandwidth­
compression experiments or synchronous standards con­
version. If the line were to be included as an integral part 
of a television system which was locked to the mains fre­
quency, the problem of varying the delay of the line accord­
ing to the mains frequency would first have to be solved. 



Fig. 23 - Picture input to the video delay unit. 
A - An example of moire patterning due to printing process. 

Fig. 24 - Picture output from the video delay unit after a delay of 150 µ,s. 
A -An example of moire patterning due to printing process. B-An example of crosstalk. 
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Fig. 25 - Picture output from the video delay unit after a delay of 300 µ,s. 
A -An example of moire patterning due to printing process. 
B - An example of crosstalk. 
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APPENDIX 

DESIGN OF A DETECTOR FILTER 

The circuit of the filter section used in the detector is shown in Fig. 261 The attenuation 
function of such a network has a pole-zero configuration as shown in Fig. 2,4 and is of the form 

A(p) = I + a,p + a,P
2 + a,p' 

l+b,r 
The condition for such a function to have a maximally flat frequency response may be 

found by multiplying the function by A(- p) and equating, as far as possible, the coefficients 
of equal powers of pin the numerator and denominator. Hence 

A(p) A(- ) = I + (2a, - a;)p2 + (a; - 2a,a;Jp' - a~• 
. P I + 2b,p' + b;p' 

and the conditions for a third-order maximally flat response are 

R 

r 
L 

2a2- a!= 2b2 

a! - 2.a1a.i = b! 

Fig. 26 - Circuit diagram of the detector filter. 
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filler. 

In order to specify the performance of the network, the coefficients (ai, a,, etc.) may be 
stated in terms of a cut-off frequency (w,,) and a parameter 'm' where 

and w
00 

is the frequency at which there is maximum attenuation. It is apparent from Fig. 27 
that the frequency of maximum attenuation is the point at which the poles occur on the 
imaginary axis, hence 

I 
b,=­

w ' 00 

(11) 

The value of the cut-off frequency may be defined as 

• a, w. = - (12) 
2a, 

This definition of w0 was chosen in order to make the normalized transfer function of the 
network identical to that of a similar conventional 'm-derived' filter section having the same 
values of m and w0 . 

Solving equations (9), (10), (11), and (12), for the required coefficients we obtain the ex­
pression 

2m 1-'-m' m 
1 + -p +--,-p' +-,p' 

A(p)= wo w,, w,, 

1 
l - m2 2 +--p w.' 
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An analysis of the circuit of Fig. 26 leads to the expression 

A(p) = 

I + R(C, + C,)p + L(_C, + C,)p' + RL(C1C, + C,C, + C3C1)p' 
1 +LC,p' 

The values of the circuit elements may now be determined by equating the coefficients of 
this expression to those of expression (13), and solving the equations so set up. 

The solutions of these equations are tabulated in Table I; the values of the circuit com­
ponents for the conventional 'm-derived' filter are included for comparison. 

TABLE I 

Circuit Component Detector Filter 'm-derived' Filter 

R R 

I 2m' - 1 
wr,R·~ 

R 

m 

c, Chosen to resonate with L at /
00 

c, 

L 

Tenninating Resistor 00 

m 

R 
2m­

% 

R 

CORRECTION TO ENGINEERING MONOGRAPH NO. 46 
(THE APPUCATION OP TRANSISTORS TO SOUND BROADCASTl~G) 

The last two lines of the caption to Fig. 3 (page 9) should be amended to read: 

Transistor (a) ico = 9· 5 µA, hre = 103 
Transistor (b) ic.o = JS µA, hte = 88 
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BBC ENGINEERING TRAINING MANUALS 

The following manuals by members of the Engineerjng Division of the BBC have been prepared primarily for 
the Corporation's operating and maintenance staff. They have been made available to a wider public so that the 
specialized knowledge and experience contained in them may be open to all interested in the engineering side 
of sound and television broadcasting. 

Sonnd and Television Broadcasting: General Principles-K. R. Sturley, Ph.D., B.Sc., M.I.E.E. 45s. net, by post 
46s. 4d. 378 pp. 

This manual explains the basic principles of sound and television broadcast engineering and operations. 

Studio Engineering for Sound Broadcasting-General Editor: J. W. Godfrey. 25s. net, by post 26s. 208 pp. 

Explains the principles widerlying current operational procedures at BBC studio centres. Covers the whole range 

of equipment used and the problems arising in the sludio. 

Television Engineering: Principles and Practice-S. W. Amos, B. Sc.(Hons. ), A. M .I.E.E., and D. C. Bi rkinsha w, 
M.B.E., M.A., M.I.E.E. 

Vol. I: Fundamentals, camera tubes, television optics, electron optics. 35s. net, by post 36s. 2d. 304 pp. 

Vol. II: Video-frequency amplification. 35s. net, by post 36s. 2d. 270 pp. 

Vol. III: Waveform Generation. 30s. net, by post 31s. 2d. 224 pp. 

Vol. IV: General circuit techniques. 35s. net, by post 36s. 2d. 277 pp. 

These manuals are published by ILIFFE BOOKS LTD, DORSET HOUSE, STAMFORD STREET, LONDON, S.E.l, for 
the British Broadcasting Corporation, and are available from the publishers or from BBC PUBLICATIONS, 

35 MARYLEBONE HIGH STREET, WNDON, W.l. 

ENGINEERING TRAINING SUPPLEMENTS 
s. d. 

No. I Some Transmitter Problems 2 6 

No. 3 Harmonic Distortion and Negative Feedback in Audio-frequency Amplifiers 7 0 

No. 4 Some Fundamental Problems in Radio Engineering 4 0 

No. 5 An Introduction to Slot Aerials 3 0 

No. 6 Programme Meters 3 0 

No. 7 Basic Principles of Television Lighting 5 6 

No. 8 Microwave Valves 6 6 

No. 9 Frequency Modulation 6 6 

No. IO Long-wave and Medium-wave Propagation 4 0 

No. 11 Lighting for Television Outside Broadcasts 6 0 

No. 12 Transistors 3 0 

These Engineering Training Supplements are available from BBC PUBLICATIONS, 35 MARYLEBONE lilGH STREET, 

LONDON, W.l. 
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