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New Developments in Electrostatic Loudspeakers*
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Predicting the performance ot a loudspeakerinvolvesa large number of terms., some of
which are only known for very simple shapes, and even these are only valid over a
restricted frequencey range. I a loudspeaker can be constructed with a sutliciently unre-
stragned and light membrane and with no other bafles or acoustical obstacles so that the

whioleis effectively acoustically transparent, then it can be shown by reci
transter tunction reduces to a simple expre
impedances. Indeed, the acoustic pressure

procity that the

ssion devoid of all comples and ill-defined
tnd phase atany point in free space can be

determined from the simple measurement of the electric currents circulating in the

transducer clemen ts.

Electrostatic transduction for a loudspeaker has al-
- ways had anappeal because there is very little mechani-
calimpedance between the electrical forees and the acous-
tical load. One would intuitively expect the acoustic
output to have a simple and direct relationship to the
clectrical input. and indeed experience shows that al-
most any electrostatic loudspeaker, however gross its
other faults, will display a homogencity of sound hard to
achicve by other means. !

The torees available per unit arca. at least for simple
constructions and with air dielectric, tend to be small so
that i the loudspeaker is large enough to produce ade-
quate power at low frequencies, then directivity. inter-
ference patterns. efficiency, and other problems arisc
higher up the frequency range. Thus separate woofers
and tweeters, acoustic lenses, curved surfaces, long
strips, and other ingenious constructions have been pro-
. posed as solutions to the problem. Each of these adds its
&+ owncomplexity in either the mechanical or the acoustic
parts of the transducer and detracts from the original
simplicity, in most cases making accurate prediction of
performance impossible. In'this paper we suggest a new
. dpproach whereby a desired performance can be pro-
> ducedand controlled with a precision comparable to

_ *Presented at the 63rd Convention of the Audio Engineer-
g Society, Los Angeles, 1979 May 15-18: revised 1980 June
18.

P For a very full treatment of the electromechanical func-
« bons of electrostatic loudspeakers, see Hunt 1},

that of a good-quality ribbon microphone.

We tend sometimes to be slaves to past convention.
Presented with the problem of predicting the perform-
ance of any loudspeaker. the approach is invariably to
calcuwdate the foree on the mechanical system: to calcu-
late the velocity resulting from this force acting on the
combined mechanical and acoustical impedance: to cal-
culate the radiation resistance and hence the power out-
put. and so on. The result is formulas involving inert-
ance.radiation resistance. and other terms which at best
can only be calculated for extremely simple shapes, and
cven then their distribution over a surface is complex.
It is hardly surprising that precision gives way to ap-
proximation. and detailed performance is unknown until
models, perhaps involving costly tooling, have been con-
structed and measured.

But a refreshing simplicity arises if an electrostatic
loudspeakeris constructed-so that it is effectivelv acous-
tically transparent over the whole frequency range. that
is. if immersed in any sound field it will not introduce
discontinuitics and will not disturb the field. When this
is the case. radiation impedances and diaphragm veloci-
ties can be eliminated from the equations. and instead a
much simpler relationship between electrical input cur-
rent and acoustic sound pressure is revealed. even for
complicated surface shapes.

We look first at the basic transduction mechanism
and then by reciprocity derive the current-pressure rela-
tionships. Fig. | represcnts a section through an elec-
trostatic loudspeaker of as yet undefined area. Of the
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three electrodes, the two outer ones are assumed to be
stationary plates, parallel to each other, and perforated
to allow free passage of air. The center electrode (in
practice a thin stretched membrane) is assumed ‘o be
sufficiently light and sufficiently unrestrained that if
placed in any sound field, its normal vibrations will
follow that of the air particles prior to its introduction.
There are no baffles or boxes or other structural
impediments. '

The electrodes are open circuited. and the system is
charged such that equal voltages £ appear between the
electrodes as shown. The electrical polarizing forces on
the center electrode arc in equilibrium, and no voltage
appears across the outer electrodes.

Suppose now that the center electrode is moved. sav to
the left. The voltage on the left-hand side will reduce
since with no charge migration it must remain in direct
proportion to the spacing. The voltage on the right-hand
side will increase, again in proportion to the spacing.
The electrical forces on the central electrode are still in
equilibrium, but now a voltage has appeared across the
outer electrodes.?

Forthe present purpose all we need to note is that the
two-terminal system is linear and the voltage appearing
across the outerelectrodes is directly proportional to the
displacement of the center electrode.

Imagine a point source of volume velocity Uin the far
field at right angles to the plane of the membrane and at
a distance r. Near our loudspeaker unit the waves from
this point source will be essentially plane with a pressure
of Ufp/2r and hence an air particle displacement of
U/4mrc which is independent of frequency. The center
electrode will vibrate in accordance with this displace-
ment and will produce a voltage between the outer elec-
trodes, independent of frequency.

-2 The fact that the electrical forces on the center electrode
still cancel to zero means that no work has been done in
moving the electrode from one position to another, and yet a
voltage has appeared across the outer electrodes. This is not
something for nothing. but merely a manifestation of a nega-
tive compliance. The mechanical system “‘sees™ the capacity
between the outer electrodes in series with a negative capacity
of equal value. The practical requirement of a mechanical
restoring force on the membrane can be ignored at this stage of
our argument.

FORCE, PROPORTIONAL TO
VOLTAGE GRADIENT, REMAINS
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We have a system in which a volume velocity at a
point P produces a voltage at a pair of open-circuit
terminals. We can conclude by reciprocity that a current
into those same terminals will produce a pressure at
point P equal to

E 1 1

N o
d r 27« [N/m ]

where £ is the initial polarizing voltage on the mem-
brane when central, and 2d is the distance between the
fixed electrodes. This then is the expression for the far-
field axis pressure. The result, dependent on only two
simple electrical measurements and two simple dimen-
sional measurements, independent of frequency, area,
or shape of the loudspeaker element. is in marked con-
trast with our usual experience in the field of loud-
speakers.? ‘

Because the expression is independent of area or
shape, the contribution of each small part of the area is
independent of any other area and solely defined by its
focal current. We can, therefore, sthdivide the fixed
electrodes and the currents fed to U -1 any way we
choose, with the knowledge that we have  ly to substi-
tute the vector sum of these currents in o »quation to
obtain the axis pressure. The pressure at . v point off
the axis is merely the sum of these small arca currents
with proper regard to phase shifts due to the relative
distances from the point in question and the fact that
each small area will have a cocine characteristic.

The performance of such a loudspeaker therefore can
be described—and totally described—by the currents in
its electrical circuits. real electrical circuits which, how-
ever complex, are amenable to adjustment, correction.
and tailoring to a high degree of precision. (These real
electrical circuits are not to be confused with circuit
analogies of mechanical and acoustical systems.)

Armed with these simple relationships we can proceed
to tackle more elaborate loudspeakér concepts with re-
newed confidence.

The maximum force on the membrane of a push-pull
electrostatic loudspeaker (F = € X? A/2) is area de-
pendent so that the normal solution to directivity of
progressively smaller sources as the frequency increases
is not available to us. 100 mW or so from an area of, say.
5 cm?® at 10 kHz would require a pressure of some 500
N/m?, several times greater than we can muster even if
X, thedielectric strength of the air gap. can be increased
by usingvery smallair gaps[2]. Let us, however, assume
an imaginary small source of adequate power output.
We would have to recede only some 15-20 cm from its
center tofind air pressures well within the compass of an
electrostatic loudspeaker sysiem. and indeed an elec-

* The membrane will in fact vibrate in a complex pattern of
maxima and minimain accordance with the distribution of the
air toad admittance. This does not affect our argument or the
performance of the loudspeaker in any way, provided the
polarizing charge is prevented from migrating along the sur-
face of the membranc, each small elemental arca thereby re-
‘maining a two-terminal network contributing to the far-field
pressure in accordance with its local current.
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trostatic loudspeaker system of sufficiently high com-
pliance required to fulfill our criterion of acoustic trans-
parency.

So perhaps we can recreate the sound pattern from an
imagined ideal point source as it passes some boundary
a little distance away from that source.

When sound passes from one region to another
through some imaginary boundary, we can consider the
boundary as acting as a simple radiator for the second
region. If therefore we plot the air particle velocity nor-
mal to a plane dividing a source and an observer and if
we then substitute a plane surface with the same velocity
pattern. it foHows—il the surfuce is large enough—that
the same curved wavetronts would be reproduced. The
observer would see a true picture ol the source.

We can imagine a thin and flexible membrane with
vibration patterns arranged to radiate waves as if they
had come from a point source some little distance be-
hind the membrane surface. We would perhaps expect
that the membrane should vibrate in the form of radially
expanding rings, fulling in amplitude as they expand. in
accordance with simple calculations. Certainly with an
clectrostatic system ot annular ring electrodes connect-
ed as components in a delay line there is no great diffi-
calty indistributing the force on the membranc insuch a
manner, and indeed diaphragm scgmentation and signal
distribution of this kind have been proposed at least as
tar biack as Kellogg's patent of 1929 [3]. and many
variations have appcared since (sce. for cxample.
f41-[6]).

However. a practical loudspeaker must be of finite
arca. I the area is limited. then the radial attenuation
will not have tallen to zero. and there will be interference
waves generated by the discontinuity. These will cause
undulations in both the polar curves and the axis re-
sponse. the latter being the more severc and the more
localized if the membrane boundary is equidistant about
the axis and the radial attenuation is small. In addition
there will be a fall in response at low frequencies due to
the “*missing™ radiation beyond the boundary.

These problems are common to all finite curved source
radiators [7]. and solutions call for frequency-depen-
dent amplitude and/or delay shading {8]. But what
would have been a rather formidable problem in a me-
chanical radiator is no longer so in our present case
because all acoustical problems appear as electrical cur-
rents. The interference waves manifest themselves as
reflections in a (now truncated) lossy delay line, and any
steps taken by modifying this delay line to eliminate the
clectrical reflections will automatically eliminate the dis-
continuity waves, '

Fig. 2 is an example illustrated-by vectors. For sim-
plicity the electrodes are divided into six sections of
equal area and hence equal capacity. We assume delay
and attenuation from section to section. The length of
cach vector is proportional to its local current, and the
angle between each vector is proportional to the delay.
Note that the axis pressure is represcnted by the vector
sum of the currents, as shown by the dashed line, and
obtainable directly, of course, by measuring I, At,
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say, twice the frequency the vector diagram will be some-
thing like Fig. 2(d). The current in the elements. and
hence the lengths of the vectors, will increase and so will
the angles. Again the axis pressure is shown by the
dashed line.

To obtain the pressure at an angle 6 off the axis. take
the vector diagram for the frequency concerned and
multiply the length of each individual vector by its direc-
tivity function. Thus if a particular vector is a narrow
ring of radius a. then the new length will be

E !
d r 2

2m7a

xcosé)f}'ﬂ(-—x—

sin 9> .

Add up the new vector sum as before.

A few calculations along these lines show that by
optimizing the delay line we can produce smooth axis
and polar curves together with an almost complete free-
dom of cheice for the directivity index versus frequency.
(The polar curves at wavelengths that are leng com-
pared with the loudspeaker dimensions must, of course,
follow the usual dipole characteristic. and it is assumed
therefore that an index of not less than 4.8 dB will be
required at higher frequencies.)

The tacit assumption that an electrostatic loudspeak-
er can be made acoustically transparent at all frequen-
cies must now be qualified. Near the low-frequency
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Fig. 2. (a) Radial delay and attenuation of signal currents. (b)
Simplified electrical circuit. (c) and (d) Vector diagrams of
far-field pressures.

SN
JOURNAL OF THE AUDIO ENGINEERING SOCIETY, 1980 NOVEMBER, VOLUME 28, NUMBER 11 ) 797




WALKER -

resonance of the system the pressure will deviate from
that given by the input current because of the suspension
stiffness. If we could lump both the stiftness and the air
foad mass. the deviation would be that of asecond-order
high-pass filter centered on the low-frequency resonance
of the loudspeaker with its terminals open circuited. But
a stretched lightly damped membrane will vibrate in a
series of modes so that no such simple assumption is
possibie and the success. or not, of the suspension design
and its damping has to be revealed by other means. The
solution is to examine the motional current because this
is a direct measure of the membrane velocity (v =
Iy @7 €, EA).

Fig. 3 shows a suitable bridge to extract the motional
current. The so-called blocked impedance is obtained
simply by switching off the polarizing supply sinee this
has the effect of increasing to infinity the apparentimpe-
dances to the right of the dashed line. With the bridge
carefully balanced, the polarizing supply is switched on
and the membrane velocity for some three or four oc-
taves can be plotted directly on astandard curve tracer.
This motional current also gives us direct access for
accurate distortion measurements and—by applyving
tone bursts—as a sensitive means of revealing any move-
ment or resonance of the “‘fixed™ electrodes. All these
measurements can be carried out with the loudspeaker
in an ordinary live and (moderately) noisy laboratory.

Fig. 4 shows a typical velocity plot. (The undulations
at the higher frequencies are due to the loudspeaker
hearing its own sound after reflection around the labora-
tory. This does not bother us because the effect ol sus-
pension stiffness and any mode cffects reduce rapidly
with frequency.) The motional current. ol course, mea-
sures the membrane velocity averaged over the whole
surface area and ignores its distribution. In the models
tested. errors due to this effect are believed to be very
small.

At high frequ.encies we must again expect deviation
from the response measured by input current. The reac-
tance of the diaphragm mass together with the effective
mass of the air associated with the perforations of the
fixed electrodes will no longer be small compared with
the air load. We can make some reasonable calculated
assumptions for these effects but—perhaps regretiully—
we have to resort to acoustic measurements for con-
firmation.

Fig. 5 shows a practical example of these procedtires,
the low-frequency variation being obtained by direct
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Fig. 3. Bridge for direct electrical measurement of membrane
velocity.
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measurement of the motional current and the high-fre-
quency variations by calculation of the expected loss due
to plate construction and diaphragm mass. The total
electrode current is also plotted so that the sum of the
three curves should give the axis response.* The actual
response measured out of doors at 2 m—the nearest we
dare go to maintain far-ficld accuracy—is shown in
Fig. 6.

CONCLUSIONS

(1) Ifalinear clectrostatic loudspeaker is constructed
as an acoustically transparent plane of uniform trans-
duction with electrode currents separately accessible
over the area of the plane, then the far-licld axis re-
sponse is simply and directly related to the vectorsum of
the electrode currents.

(2) The pressure at any angle off” the axis can be
derived by the summation of the currents for cach ele-
mental area with due regard to its doublet directivin
function and its spatial relationship.

(3) The measurement of motional currents can give a

1 The motional current convenienty measured with a sufl
source includes the negative electrical stitfness =Cwhereas the
true deviation from the simple current/pressure relationship
will be due to the interaction of the air load with the
unpolarized stitfness. The difference is exactly the same as the
difference between the total electrode impedance with amd
without polarizing. Henee, in Fig. 5 1C s the unpolarized
clectrode currents that are used in predicting the far-field
pressure.
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Fig. 4. Typical motional current curve for constant applicd
voltage.
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Fig. 6. Outdoor axis response at 2. m.
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good indication, though not completely rigorous. of the
deviation from simple current predictions at low fre-
quencies.
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