














the smaller loudspeakers must, of course, also be reversed, to 
restore the loudspeaker outputs to their correct phasing. (The 
alternative scheme of reversing the connections to one half of the 
stereo pickup is not such a good idea as it might at first sight appear 
to be-quite apart from the fact that it does not cater for the stereo 
radio aspect of the problem. This is because, while it will work all 
right under stereo conditions, the normal control unit switching 
arrangements connect the two halves of the pickup in parallel under 
mono conditions, giving, ideally, zero output if the connections to 
one half have been reversed.) 

An incidental advantage of feeding the woofer from the two 
power amplifiers as just described is that the signal level is 6 dB 
higher than when fed from only one amplifier, assuming the two 
amplifiers give in-phase contributions to the woofer at these very 
low frequencies.t If the bass output is too powerful, it may, 
of course, be reduced by decreasing the choke gap, but it is 
probable that the extra output at these very low bass frequencies 
will be felt to be beneficial in most rooms.1 

An alternative and equally effective method for obtaining the 
sum signal for feeding the woofer is shown in Fig. 10. The trans
former can employ a Belclere Kit LX, as used for the woofer choke, 
each winding consisting of 150 turns (in one section) of 24 s.w.g. 
enamelled wire. The laminations should be interleaved, i.e., 
no gap. 

The connection of a transformer, as in Fig. 10, directly across the 
output of some transistor amplifiers of the type having no output 
transformer, is, however, inadvisable, being likely to lead to the 
breakdown of one or both of the output transistors should an 
accidental very-Iow-frequency overload occur-caused, for 
example, by mishandling the pickup. This is because the trans
former inductance presents the transistors, at very low frequencies, 
with a low value of almost purely reactive load, giving an 
instantaneous combination of high collector current and high 
collector voltage not met under more normal load conditions. No 
trouble with such breakdown effects is likely to be experienced 
with valve amplifiers, however. 

An economical scheme, which feeds the woofer with a genuine 
sum signal without requiring a transformer, and which can be used 
quite safely with a transistor amplifier, involves connecting two 
resistors, of about 15 12 each, in series between the live output 
terminals of the two power amplifiers, the woofer and its series 
choke being fed from their junction. While this arrangement 
draws extra power from the amplifiers, and gives reduced electro
magnetic damping of the woofer, it has been found to work quite 
nicely in practice. The resistors should preferably be wire
wound, with a rating of at least 3 W each. 

Yet another arrangement, which may be favoured by readers 
possessing a spare mono amplifier, is shown in Fig. I I. It is here 
assumed that the amplifier input impedance is at least 100 k12. 
If it is lower than this, the impedance values in the circuit should 
all be reduced appropriately. 

The circuit shown in Fig. 12, which is believed to have been used 
on the Continent, has the advantage of requiring neither special 
iron-cored components nor an extra amplifier. It cannot be strongly 
recommended, however; the resonant interaction of the motional 
impedances of the three loudspeakers leading to peculiar dips and 
peaks in the frequency response which are difficult to predict or 
control satisfactorily. 

A system employing a single woofer operated off the sum signal 
can give considerably less turntable rumble than a normal system, 
and this is a very real advantage. Rumble vibrations tend to be 
largely in a vertical plane, and the single woofer is non-responsive 

t An objection to the scheme might seem to be that each amplifier will 
"see" a load impedance of only half the woofer-pI us-choke impedance. 
However, because the impedance of a nominally 15-0 spe$er is much 
higher than 150 in the region of its resonant frequency, except, perhaps, 
if it is mounted in a phase-inverter cabinet, and because of the high 
impedance of the choke at higher frequencies, it is found in practice that 
there is little reduction in the apparent power-handling capability of the 
system. 
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to vertical stylUS movements, which normally represent the stereo 
difference signal. When two separate full-range loudspeakers are 
used, vertical stylus movements give, ideally, equal and antiphase 
outputs from the loudspeakers, but, because of acoustic effects in 
the room, the outputs do not, in general, cancel at the listener's 
ears-indeed, if they did, there would be no stereo effect! The loss 
of stereo effect inherent in the use of a single woofer does not seem 
to matter, provided; as in the present scheme, it is confined to very 
low frequencies only. 

. Measurements on the drive unit 

The electro-mechanical constants of the loudspeaker drive unit 
were determined by the following set of measurements and cal
culations. 

The unmounted loudspeaker unit was placed face upwards on a 
table and fed at low level from an oscillator via a 1,000-12 series 
resistor. An oscilloscope (10 mY/cm sensitivity) connected across 
the speech coil enabled the oscillator to be set to the diaphragm 
resonant frequency, fo, as indicated by a maximum waveform 
amplitude. A series of ordinary brass balance weights was then 
carefully placed on the diaphragm near the coil, giving modified 
values of resonant frequency. A graph of (l/fo)2 against the mass 
added was then plotted. This was a good straight line, with an 
intercept at -5·7 gm, so the effective diaphragm mass was taken to 
be of this magnitude. The total mass coresponding to a particular 
resonant frequency could then be obtained, enabling the diaphragm 
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representing mechanical 
system of loudspeaker 
unit and cabinet .  

suspension compliance to be determined from the relationship : 

fo = 27TyMC ( 1 ) 

where: M = mass in kilogrammes, C = compliance in metres 
per newton, fo = resonant frequency in Hz. 

The value obtained for the compliance was 0·67 mm/N. 
A little wire tripod was then made, whose feet rested on the 

junction between the central dome and the paper diaphragm. This 
tripod carried a fine pointer arranged to indicate displacement 
against a scale of millimetres fixed to a wooden "bridge" resti�g on 
the loudspeaker frame. With care, it was found possible to estlmate 
tenths of a millimetre. Measured direct currents were then passed 
through the coil, in both directions, and a graph of displacement 
against current plotted. This was fairly straight, with a slope of 
4'5 mm/amp, up to about ± I mm. From this figure, a

.
nd t�e 

compliance figure previously obtained, a force/current relatIOnship 
of 6'7 newtons/amp was deduced. 

The aim was to obtain all the values of the mechanical elements 
represented by the analogous electrical circuit of Fig. 1 38 • 10t The 
suffixes D and C are used for quantities associated directly with the 
diaphragm and cabinet respectively. F is the force which woul� be 
produced by the speech coil if it were prevented from movmg. 
This force, as already mentioned, is 6 ' 7  N/A. If E is the amplifi�r 
output e.m.f. in volts, and if we take the sum, Rtot> of the coIl 
resistance ( 13 '5  D) and the amplifier output resistance as 1 5  D, 
then F = 6'7 X E/ 15 , i.e., F = E X 0'45 newtons. 

REM in Fig. 13 is the mechanical resistance introduced by 
electromagnetic damping, i.e., it is the ratio of the force produced 
by the speech coil when blocked to the velocity it would have if 
completely free and massless. It may be shown that: 

REM = - X -(F) 2 I 
J Rtot (2) 

where: F/J is in N/A, Rtot is in ohms, REM is in m.k.s. mechanical 
ohms. 

For the present loudspeaker unit, REM comes out at 3 m.k.s. 
mechanical ohms. 

Cc is the compliance associated with the volume of air enclosed 
in the cabinet, referred to the diagram. It is obvious that the larger 
the diaphragm area, the greater will be the increase of air pressure 
in the cabinet for a given diaphragm movement, and that a given 
increase in pressure will produce a force on the diaphragm 
proportional to its area. Hence:-

cabinet volume [Air compliance]w . r . t .  oc (diaphragm areaF diaphragm 
(3) 

(An alternative method of calculation involves the �se ?f acoustical 
impedances rather than mechanical impedances. Acoustical Impedance IS 
pressure/volume-current rather than force/velocity. Compliance is then 
volume change/pressure and is a function of cabinet volume only and not 
diaphragm area.) 

* The analogy used is that voltage represents force, current represents 
velocity. Hence voltage/current, i.e., electrical impedance, represents 
force/velocity, i.e., mechanical impedance. Just as the reactanc

.
e of an 

inductance L is 2TTfL, so the mechanical reactance of a mass M IS 27TfM 
mechanical ohms, etc. 

3 1 8  

When the air in the cabinet is suddenly compressed, its tempera
ture rises. If the increased pressure is maintained, the air will cool 
down again, giving a further volume reduction. Thus, for very 
slow changes, the compliance is higher than for faster changes. 
When, as normally applies for a loudspeaker cabinet, even at low 
audio frequencies, there is no time for the air to cool down after 
compression, the operation is said to be adiabatic, as compared 
with isothermal for very slow changes. 

The effective diaphragm area for the Elac unit used, measured to 
the "mid-point" of the surround, is approximately 0'0164 sq n:;t .  
The effective cabinet volume is approximately 0'0252 cu m. This 
leads to the result that, with adiabatic operation, the compliance of 
the air, referred to the diaphragm, is 0'70 mm/N. 

It will be noticed that the compliance due to the air is about equal 
to that of the unit itself, giving a rise in resonant frequency by a 
factor of about Y2. The calculated resonant frequency in the 
cabinet is 1 14 Hz, which agrees quite reasonably with that deter
mined experimentally. (A complicating factor is that it is found in 
practice that the resonant frequency of the unit depends con
siderably on the applied voltage at which it is measured.) 

The remaining element to be determined in Fig. 1 3  is �he 
mechanical resistance R, representing diaphragm suspensIOn 
losses and radiation resistance. The latter varies rapidly with 
frequency, but the value of R at the resonant frequency .is of 
particular interest. One of the simplest methods for determlIl�ng R 
is to connect the contacts of a relay in series with the speech coil and 
a d.c. supply such as a dry cell. The relay is operated at some quite 
low frequency, e.g., I Hz, by means of a multivibrator, or in s�me 
other convenient way. When the contacts open, the electrical 
resistance in the speech-coil circuit becomes infinite, making REM 
zero. The only resistance effective in the mechanical circuit is. 

then 
R, and a damped oscillatory voltage appears

. 
across the coil, as 

shown in Fig. 14 .  The Q value may be deterrruned from the rate �f 
decay of the oscillation, and a convenient fact is that the Q value IS 
equal to the number of half cycles that occur while the oscillation 
amplitude is decaying from a value of unity to a value of O?I of 
unity. This test performed on the present loudspeaker, with no 
felt in the cabinet, gave a Q value of 1 5  and a natural frequency �f 
1 10 Hz. The reactance of the 5 '7  gm diaphragm mass at 1 10 Hz IS 
3 '9  m.k.s. mechanical ohms, so that, with Q = 15 ,  R is 3 :9 :- 15 ,  
i.e., 0'26 m.k.s. mechanical ohms. Thus, when the urnt IS  fed 
from a low impedance source, the total mechanical resistance is 
3 '26 m.k.s. mechanical ohms, and the Q value is 3 '9/3 '26, i.e., 1 '2 . . 

It was interesting to observe that, while a nice simple exponentl
ally damped sine wave was obtained with the cabinet properly 
sealed, quite a small leak, such as that mentioned earlier, caused by 
incorrectly-fitted expanded aluminium, converted the waveform to 
a much more complex one, somewhat as sketched in Fig. 1 5 .  

The question now arises as to how much of the above 0'26 m.k.s. 
mechanical ohms figure for R is caused by radiation resistance. 
The diaphragm area of 0'0164 sq m is the same as for a circular 
diaphragm of radius 7'2 cm. The radiation resistance seen .by 
a diaphragm, which is 420 m.k.s. mechanical ohms per sq m �t high 
frequencies, where the wavelength is small compared with the 
diaphragm radius, falls off inversely as the square of t�e frequencyB 
from a corner frequency at which radius/wavelength � 0'25 . F�r a 
radius of 7'2 cm, the wavelength is thus 28·8 cm, correspo�ding 
to a frequency of 1 1 70 Hz. Hence at any frequency, f, consider
ably lower than this, the radiation component of the 

Fig. I4 (Left) . Open-circuit coil voltage following interruption of 
current. 

Fig. IS (Right) . As for Fig. I4, but with air leak in cabinet. 

Wireless World, September 1968 



mechanical resistance in Fig. 1 3  is 0 '0164 X 420 X U/1 1 70)2, 
i.e., 5 '0 X 10-6 f2 m.k.s. mechanical ohms. 

The acoustical power radiated is equal to the square of the 
diaphragm velocity times this radiation resistance-equivalent to 
"P = J2R" in an electrical circuit. Hence the radiated power will 
be independent of frequency if the diaphragm velocity is pro
portional to I /f. At frequencies well above resonance in the 
Fig. 1 3  circuit, the reactance of MD becomes the dominant 
mechanical impedance, giving a velocity of F/27rjMD. As already 
discussed, F = E x  0'45 newtons, MD is 5' 7  grammes. The 
radiation resistance is 5 '0  X 10-6 f2 m.k.s. mechanical ohms. Hence 
the power radiated is : 

[ E x  0·45 X 1 05 ] 2 
X 5 0 X 1 O-6f2 W 24 X 5 · 7  X 1 0-3 

. 

= £2 X 0·80 mW. 

A 10-W amplifier designed for a 15- 12 load will give an output 
voltage of 12'2 V r.m.s., so that, from the above, the acoustic 
output from the loudspeaker at 10-W level is 120 mW. Hence, for 
practical purposes, the efficiency may be taken as 1 '2% . 

In the Fig. 1 3  circuit, the power output is (current) 2 X 
(radiation resistance) .  But radiation resistance is proportional to 
(frequency) 2 . Hence power output is proportional to (current X 
frequency) 2. Now the voltage across the inductance is proportional 
to (current X frequency), and this leads to the useful idea, pointed 
out by D. E. L. Shorter in reference 2, that the output power is 
proportional to the square of this voltage, or the pressure produced 
by the loudspeaker in free space is proportional to the voltage 
across the inductance. In this context, the circuit may conveniently 
be redrawn as shown in Fig. 16 .  This is a well known circuit, 

R 
Co+ Cc 

F 

Voltage 
<X acoust ic  

output 

t 

Fig. 16. Rearrangement 
of Fig. 13. 

whose normalized frequency response, is given in reference I I. 
With a Q-value of 1 '2, as determined above, the response would be 
expected to exhibit a peak of 2'4 dB just above the resonant 
frequency and to become asymptotic at very low frequencies to a 
40 dB/decade (12 dB/octave) line going through 0 dB at the resonant 
frequency. The measured acoustic frequency response of the 
loudspeaker, Fig. 5 in Part I, will be seen to approximate fairly 
closely to this at low frequencies. 

In conclusion, readers employing Vinkor for mounting clips for the 
equalizers may find it convenient to order mounting boards . These 
are DT2233 for the larger core and DT2227 for the smaller core. 
If, however, the whole equalizer is built on a piece of 1 / 1 6th inch 
s.r.b.p., holes for attaching the clips may be drilled in this and there 
is no need to employ Mullard boards. 
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Image intensifier for 
the visible spectrum 
Fi bre optics are used for high-efficiency transfer of optical 
images between three photo-electric stages in a new image 
intensifier tube introduced by Mullard for "seeing in th e 
dark" in th e visible spectrum. Originally produced in 
collaboration with Government establishments for 
military purposes, the tube has ncw been made available 
for civil use. Possible applications include navigation, 
aerial reconnaissance, space and underwater exploration, 
astronomy, nature studies of nocturnal animals, and 
aiding police and other authorities in night surveillance. 
The tube also makes possible the use of closed-circuit 
television in conditions of very low ambient lighting. 

The tube uses a wide-diameter objective lens to collect 
as much as possible of the light reflected by the object or 
scene being observed. This optical image is focused on to 
'the photocathode of the first stage, producing a corre
sponding pattern of electrons. These electrons are then 
direct ed and accelerated by an electrode system connected 
to a potential of 1 5kV, and fall on a phosphor screen. 
Because of their high velocity they cause more photons 
to be emitted from this screen than were received by the 
photocathode. Hence the original image is intensified. To 
ensure that as much of the light  as possible is transferred 
from the phosphor screen of the first intensifier stage to 
the input photocathode of the second stage (and so on) 
the optical image is transferred by fibre optics. The input 
and output windows of the stages are plano-convex, 
giving flat images and so simplifying optical coupling. 
Finally, a visible image is produced on a small screen 
2 5mm in diameter. According to the manufacturers, the 
sensitivity of the tube makes it possible to clearly recog
nise objects under starlight conditions. 

The image intensifier being demonstrated � 
Daphne Lamport, project leader of the group responsible 
for the early development of the tube. 
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