Wide Range Electrostatic

Loudspeakers

3—Complete Systems :
Loudspeaker| Room Relationships

By P. J. WALKER*

IN the first part of this article we showed that for a
given size, the apparent efficiency of an electrostatic
unit may be increased by reducing the bandwidth
which that unit is required to cover. An obvious
method of increasing the overall efficiency of a com-
plete electrostatic system, theretore, is to divide the
system into a convenient number of frequency bands
and to feed them via crossover networks. Optimum
uesign is obtained by increasing gaps and areas with
decreasing frequency.

An alternative method of increasing apparent effici-
ency is to subdivide the loudspeaker area into a
number of smaller units each covering the whole
frequency range, the units being coupled by inductors
so that the whole loudspeaker becomes a transmission
line. (Fig. 1.) The acoustic radiation resistance
appears as conductance in parallel with each capacitive
element. For a fixed total area, and neglecting losses,
the efficiency varies directly with the number of
subdivisions.

Consideration of these two systems shows that fre-
quency division has considerable advantages over
transmission line divisions for most complete systems
of domestic size and power requirements. First, if a
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fig. 1. Capacitive loudspeaker elements coupled with in-
ductances to form a transmission line.

single nine-octave unit is subdivided into a two-unit
system, the apparent efficiency is increased 16 times.
To obtain the same increase by transmission line
division would require a minimum of 12 divisions.
Unless the total area of the loudspeaker is large, and
the plate scparation small, the capacitance of cach
section of the transmission line becomes very small
indeed and requires correspondingly large inductance
which must be of relatively high Q.

This apparent efficiency advantage of frequency sub-
dividing over transmission line dividing holds until
the bandwidth of each unit is reduced to two octaves.

Apart from transmission line subdivision applied to
individual units of a frequency-divided system, prac-
tical consideration normally limits transmission line
techniques to large-areca diaphragms, When such is
the case, however, additional facilities are available
to the designer both in the accurate control of direc-
tional characteristics and in providing a constant phase
contour, independent of frequency.

In discussing various possible forms of complete
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electrostatic systems, a novel situation arises. The
quality criterion of a loudspeaker usually concentrates
on three performance parameters, as measured in an
unlimited atmosphere. (a) Ability to produce a
required sound intensity over the audio spectum with
negligible non-linearity distortion. (b) The sound
pressure over the designated listening area should
be independent of frequency throughout the audio
range. (c) Operation should be aperiodic.

Complete loudspeakers designed on the principles
which we have been discussing are capable of meeting
these three requirements to a new and exciting degree.
We shall see that different designs and approaches
differ not so much in terms of (a), (b) and (c) above,
but in other factors of importance to quality repro-
duction; factors which have previously had to take
second place or have been masked in the struggle
for (a), (b) and (c).

Corner Mounting

There has been a strong tendency in loudspeaker
design to make use of the corner of a room. This is
because at low frequencies the air load resistance for
a given size of diaphragm
is increased 8 times over
that of an unlimited
atmosphere.
4 Since the ratio of cabinet
“stiffness” to air load
- resistance is independent
of diaphragm size, any in-
crease of resistance due to
boundary walls and floors
fundamentally reduces the
|  size of cabinet required for
I a given performance.
As an example, the form
{ of corner electrostatic
| loudspeaker illustrated in
Fig. 2 and designed for full
performance down to
- 40c/s utilized an internal
resonance with a Q of 3
1 and a built-in enclosure of
10 cu ft. Fundamentally
the enclosure size could be
reduced either by (1) in-
creasing Q, (2) reducing
power and apparent effi-
ciency requirements, or (3)

Ly - Fig. 2. Wide-range electro-
e S static  loudspeaker in a

! resonant corner enclosure.
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Fig. 3. Cylindrical electro-
static loudspeaker. Each
strip carries the full fre-
quency range and the
sections are coupled to
form an electrical trans-
mission line. The inductor
assembly is shown befow.

restricting frequency range. Any one factor may be
traded for any or all of the others.

It should be noted that with the diaphragm area
of Fig. 2 the resistance could be substantially increased
by reshaping the whole of the low-frequency area
near the floor so that, with the boundary reflections,
its dimensions laterally and vertically are similar.
Such a form, with a suitably shaped treble unit above
it, can be designed to give a level response in direct
radiation to the listening area, so that the (a), (b), (c)
requirements are not affected. Homogeneity on the
other hand, due to the physical spacing of units, is
destroyed. This may be more important than is
generally realized, particularly in rooms of normal
domestic size.

The high-frequency section (centre strip in Fig.
2) is sealed at the rear by an enclosure of width
equal to that of the strip and incorporating a fibre-
glass wedge to offer almost pure resistance throughout
the range of the unit. This sealing is necessary in
order to maintain front air load resistance by pre-
venting coupling between front and back.

Fig. 3 shows an entirely different form of corner
design. The diaphragm area covers the whole surface
and extends around the back to form an enclosed
cylinder. Every part of the diaphragm carries the
whole frequency range. The surface area is divided
into units to form a transmission line. The total
volume is 15 cu ft. The step in diameter is introduced
because the transmission line rotates around the top
portion and thence around the bottom portion. The
time delay in the sound expanding from the top
portion to the diameter of the bottom portion is equal
to the time delay of the electrical voltages in the
transmission line.

The complete assembly is placed a small distance
from the corner of a room so that the boundary reflec-
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tors are aiding at the lowest frequency of interest. The
large diaphragm area together with the boundary re-
flections provide a loading approximately equal to pc
at 30-40c/s. Internally there is acoustic resistance
treatment, so that there will be resistive loading at high
frequencies, changing to a capacitive load due to the
lumped enclosure at low frequencies. Simplified
equivalent circuits for high and low frequencies are
shown in Fig. 4. The turnover occurs at about 400¢/s
and it is obvious that with constant voltage the re-
sponse will be level above 400c/s and drop at
6dB/octave below this frequency. This is corrected
by progressively rematching to the amplifier below
400c/s. The section shape may be elliptical to give
a degree of direction at high frequencies.

It is obvious that the corner boundaries will intro-
duce peaks and troughs throughout the frequency
range. These are, however, exactly the same as occur
naturally with live speech or music originating near
boundaries in a room. To what degree these effects
are important must at the present time be a matter
of conjecture. It can safely be said that the subjective
effect is by no means as alarming as the appearance
of the response curve.

The advantage of a corner position has already been
noted. This advantage is not gained without consider-
able detriment in other directions. If we wished to
excite every room: resonance to its fullest extent with
a sound source of high internal impedance, we put this
source in a corner because this is the position of
highest impedance for every mode. In placing our
loudspeaker in a corner therefore we are placing it in
the worst possible position if our aim is smooth aperi-
odic sound.

Although the present trend appears to be to tolerate
this state of affairs in the interest of the organ’s 32ft
rank (or reduction of cabinet size), the inherent
smoothness of electrostatic loudspeakers once experi-
enced is not lightly thrown away, and there is added
impetus in attempts to improve the loudspeaker/room
relationship.

Double Wall Enclosure

The strip “twin” unit design of Fig. 2 may be built
into a wall in such a way that most room modes are
not excited or are excited only feebly. If it is an out-
side wall, the rear enclosure may be added externally.
If an inside wall it may spread over the wall so that
from the appearance point of view it has virtually dis-
appeared. Fig. 5 shows the general form of installa-
tion. The strip unit extends from floor to ceiling and
the low-frequency sections are backed by 5in wide en-
closures 43ft in length, with fibreglass wedges incor-
porated. The impedances and response are shown in
Fig. 5 (June issue). With the dimensions of this ex-
ample, d=10in since both Sin units are coupled, and
the response will be within 3dB of 1kc/s response
down to 35¢/s. These figures include floor, one wall
and ceiling, but do not, of course, include the effects
of other room boundaries. Assuming a 2in thick wall
for rigidity, the volume of a room of 300 sq ft floor
area would be reduced by 2%.

There can be no initial excitation of floor to ceiling
modes because vertical excitation is evenly distributed.
Modes excited in a direction parallel to the wall on
which the speaker is mounted will be reduced in
number. Assuming a rectangular room, the number
of modes excited will be some four times less than
the number excited by a corner floor position.
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As can be seen by the following summary, this form
of loudspeaker leaves little to be desired.

1. The enclosure being “built-in” can be com-
pletely rigid.

2. The only fold in the enclosure is narrow com-
pared to wavelength and _being close to the dlaphragm
can cause no reflections in the range of that unit.

3. The loudspeaker and its enclosure are completely
predictable.

4. The (a), (b) and (c) requirements previously men-
tioned can be met virtually to perfection.

5. Radiation throughout the whole frequency range
is homogeneous; there is no source displacement and
no phase problems at crossover.

6. Total radiated energy (as well as axial pressure)
is independent of frequency.

7. The loudspeaker/room relationship is good.

Item 6 deserves further mention. The normal fre-
quency response specification of a loudspeaker is in
terms of sound pressure produced on the axis or over
a limited listening arc. The mean spherical radiation
(total power output) is not usually specified, although it
will have a profound effect in a room because the
intensity of indirect sound is dependent upon it. If
high-frequency radiation is limited to a segment of,
say, 90° x30° (a typical figure) and bass radiation is
hemispherical, and if the axis response is level, then
there will be a step of 12dB in the mean radiated re-
sponse. This produces an artificial step in the acoustic
ratio (ratio of direct to indirect sound) producing un-
natural hardening of the reproduced sound.

Doublet Sources

We now come to consideration of the doublet as a
sound source and we shall see that it possesses proper-
ties of considerable significance in improving loud-
speaker/room relationships. By a doublet we mean a
diaphragm, radiating on both sides.

If we assume a 12in-15in unit (moving coil or elec-
trostatic) mounted in a 4ft-5ft baffle, we find that the
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Fig. 4. Equivalent circuits at high and low frequencies of
the acoustic loading on the loudspeaker of Fig. 3
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Fig. 5. Sectional plan showing one method of rear enclosure
for a strip electrostatic unit.
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acoustic system has three main faults. (1) The acous-
tic air load falls to very low values at wavelengths
larger than the baffle size. (2) The acoustic load is very
irregular at low frequencies and (3) reflections from
the baffle edge occur at higher frequencies. The
second, and third faults can be mitigated by adopting
peculiar shapes.

If, instead of a baffle, we construct a composite elec-
trostatic unit of the same area, the position is com-
pletely altered. The resistance per unit area and the
total working area are both increased so that the air
load is many times that of the baffle case. The load,
and consequently the performance, is regular and pre-
dictable.

The construction is that of strip units progressively
increasing in plate spacing and area from the centre
line. Due to the air load resistances involved for each
strip, the permissible bandwidth is reduced over that
which could be obtained if the back radiation were
sealed off and it is necessary to split the frequency
range into three to obtain efficiency comparable to a
two-way “sealed” system.

Any unloaded strip considered alone will have a
resonant frequency when the diaphragm stiffness
reactance equals the air load mass reactance. This
is, however, placed below the frequency range
of the strip, so that the mutual radiation of the
adjacent strip carrying a lower frequency range in-
creases the radiating area and prevents the application
of any effective mass. The complete system is there-
fore entirely free of resonance except at one low fre-
quency (usually placed at 30-35 c/s). The Q of this
resonance is adjusted to maintain response to this
frequency.

The complete loudspeaker has a cosine characteristic
and this is substantially maintained through the range.
It cannot radiate sound in the direction of its surface,
horizontally or verticdlly, so that it cannot excite room
modes in two out of the three room dimensions. It
will only excite modes in the remaining dimension
when placed at a region of maximum velocity for that
mode. (The impedance looking into the loudspeaker
is low.)

Having a “cosine” polar characteristic the mean
spherical radiation is reduced by a factor of 3 at all
frequencies, so that quite apart from freedom of mode
excitations any colour due to the room is reduced by
a factor of three. This is exactly analogous to a
“ velocity microphone. In the same way that a velo-
city” microphone is used in place of a pressure
microphone to reduce studio colour, this “velocity ”
speaker will reduce colour due to the listening room.

Listening tests comparing “pressure” and
“velocity ” speakers of otherwise similar characteristics
indicate that a velocity characteristic may well have
important features for high-quality reproduction. An
electrostatic loudspeaker of this type correctly posi-
tioned in the room meets all requirements as did the
“wall ” form previously described, with the addition
of an even better loudspeaker/room relationship. The
fact that it requires to be free standing well within
the room may or may not be advantageous

The more the acoustic ratio is reduced (provided
always that it is reduced equally at all frequencies),
the more one approaches the state of affairs that the
pressure at the ears is a replica of the pressure at
the position of the microphone in the concert hall or
studio (ideal headphone conditions). It must be em-
phasized that many arguments for and against this
condition have been proposed. It is outside the scope
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Fig. 6. Stereophony from a single transmission line loudspeaker, with separate channels

feeding each end of the line.

of these articles to enter these arguments other than
to say that with a monaural channel the choice must
be an @sthatic one.

A complete listening room can be designed to pro-
duce pressures throughout the room which are more
or less equal to the pressures at the studio micro-
phone.

A tube of small diameter compared to wavelength
fitted with a piston at one end, and terminated at the
other by a resistance of pc will give pressures any-
where in the tube which are directly proportional to
piston velocity and independent of frequency. Pro-
vided that the area of the piston equals the tube cross-
sectional area, then the requirement of small diameter
disappears.

A rectangular room with a diaphragm covering one
wall and correct termination on the opposite wall
meets the requirements. The space behind the dia-
phragm must be at least 10in deep and treated like
the speaker in Fig. 3. The equivalent circuit is the
same as Fig. 4. The sound absorption treatment of
the opposite wall must ideally be several feet in depth.

Sound intensity throughout the room is independent
of position (including the distance from the
diaghragm). The apparent sound source is always in
a direction perpendicular to the diaphragm and, of
course, moves as the listener moves.

The same loudspeaker may be used for stereophony.
With transmission line matching and feeding the
signal at one end the wavefront will be tilted, due to
time delay. Separate signals may be fed from either
end to produce two tilted wavefronts, one for each
signal. Since each apparent origin is perpendicular
to its wavefront, the aspect angle from the listener is
o constant and entirely independent of the listener’s
position over a large triangular area (Fig. 6). The rela-
tive intensity of the two signals is also constant.

A fixed angle, two-channel system of this type
may be obtained with a less elaborate listening
room. The strip arrangement of Fig. 5 may be in-
stalled horizontally instead of vertically. If each unit
is a transmission line along its length, then two cylin-
drical wavefronts will be produced with exactly the

384

2
k =

w

! S
>

o

r<

To summarize, the elec-
trostatic principle is capable
of surmounting the present
limitations of other methods
of drive. It is capable of
overcoming the present
tweeter/woofer concept to
produce a closely coupled,
integrated assembly. The
problem of loudspeaker/
room relationships (common
to all loudspeakers) still re-
mains, although the design
versatility of the electro-
static makes it possible to
design for optimum relation-
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/é’ ship if these can ever be
§ defined for a monaural
/' channel.

A closer understanding of
the relative importance of
the many factors involved
are needed. (a) Source
movement with frequency,
(b) Homogeneity, (c) Acoustic ratio, (d) Mode excita-
tion, (e) Phase contour, etc. All are factors which
can only be tentatively assessed after long usage.

The author wishes to thank Ferranti Ltd. for per-
mission to publish the result of work jointly carried
out, and to acknowledge the invaluable work of
D. T. N. Williamson, W. D. Oliphant, and their
colleagues at Edinburgh. Thanks are due to J. Wat-
son, J. Collinson and others at the Acoustical Manu-
facturing Company, and to the several specialists who
have been able to assist with problems in their own
field.

COMMERCIAL LITERATURE

Thermocouples, vacuum and air types, suitable for measure-
ment of r.f. voltages and currents in conjunction with m.c.
meters, described in leaflet giving ranges available from
Ormandy & Stollery, 56, High Street, Brightlingsea, Essex.

Multi-range Test Meter covermg a.c. and d.c. voltage, each
ln SlX ranges, a.c. current m one range, dC current m SIX
ranges and resistance in two ranges. Specification on a
leaflet from Measuring Instruments (Pullin), Electrin Works,
Winchester Street, Acton, London, W.3.

Printed Circuits by the “Plasmet” process. Hints to
designers on the preparation of suitable circuit layouts given

in a folder from Printed Circuits, Whadcoat Street,
London, N.4.
Test and Measunng Instruments by Hewlett-Packard

(U.S.A.)) obtainable in this country at 8s per dollar plus duty
where payable. Short catalogue, giving brief details of major
instruments, from Livingston Laboratories, Retcar Street,

London, N.19.

Ceramic Trimmer Capacuors suitable for pre-set adjustment
of r.f. and oscillator circuits in television tuners. Maximum
capacitances from 3 to 20 pF. Also electrolytics with very
low leakage currents and subminiature electrolytics for
transistor circuits. Technical bulletins from The Telegraph
Condenser Co., North Acton, London, W.3.

Band-II1 Television Convertor with PCC84 s.f. amplifier
and ECC81 oscillator and frequency changer. Models avail-
able for double-sideband and single-sideband receivers (for
London area). Brief technical specification on a leaflet from
Invicta Radio, 100, Great Portland Street, London, W.1.

Tape-to-Disc Transfer Service and other recording services
Leaflet giving brief details and prices of records from Sound
News Productions, 59, Bryanston Street, Marble Arch,
London, W.1.
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