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Wide Range Electrostatic

t.—Principles of Design for Operation at Low as well as High Frequencies

A closer examination of underlylng principles
leads to the zonclusion that the electrastatic
loudspeaker may well superseds the moving _<0|I
for high-quality sound reproduction. Designs
recently developed have proved to be capable af
reproducing the full audio-frequency range, with
harmonic diszartions no higher than those of the

asseciated amplifier.

designer must, ar some time
o other, have loaked lonzingly at the electirostalic
principal of drive as 3 solution to his problems of
improving quality of reproduction.  The movement of
a :ﬁuphngm driven all ovee its surfuce is entirely pre-
dictable. - The disphragm zan be as light 33 required.
The impedances influencing performance can be pre-
dominantly acoustic and—ince there are no shape
restrictions—entirely undes the cantrol of the desighet,

What has held if backs Firss, the fact that in 1=
peneraliy known form it s Intrinsically nop-linenr
even in g push-pull construction linearity can only be
appeoached for small zmplirudes.  Stcondly, in arder
10 obtain adequate seasitivity the available gap 1
smuall; the diaphragm movement limited and fargely
stiffness controlled, both factors restricting fts use
high frequencies, Thirdly, that being cssentially o
capacitive clectrical load, it is difficult to match taan
amplifier.

The first of these objections, that of non-linearity,
can be removed completely by an expedient which i
spectacular i its eficctiveness and simplicity, The
second and thisd difficultics will resolve tgcmsdves. ay
we shall see fater, when the designer makes his choice
of the interdependent mechanical, acoustical and clec-
trical sariables.

Fiz. 1 (a) shows disgrammarically the connection of
u conventional electrostatic londspeaker in which the
polarizing voltage is spplied t0 the centre diaphragm
and the signal in push-pull to the outer perfornted
fixed plates. Under conditions of no signal. Fig. 1
{b), and mssuming the diaphragm to be central, there
will be equal and oppositc ai forces on the
mvhngm. If one fixed plate i mow made positive

the other negative so that the disphrugm will be
deflected to the right, the effective capacitance will
inctease, and to satisty the relationship Q=CE
charge Q will also increass and will be supplied by a
current ¢ during the movement. The force acting ‘on
the disphragm per unit arza will, however, be pro-
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relationship will be non-linesr. Note tha chml-g:
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. Suppose that after having charged the disphragm
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The disphragm now carrica 3
canstant charge Q which expericnces 1 force propor-
ional tp. the uct of the ficld imc:ulg and the
charge. ‘This force will be independent of the posi-
tion af the dinphrigm between the plates since both
Q and the distance birween plates are constants; the
anly variable is the applied voltage e, Note that the
difference between d, and d., although varying, doex
not enter into the relation.

The above is perhaps an over-simplification, bug it
shows that distortion is not necessarily inhetent in the
electrostatio- principle.

The “constant Q ™ method of operation has another
very important advaniage in that it reduces the risk
of collapse, which occurs ar large amplitudes with the
conventional method of connection, when the negative
stiffnces resulting from  electrical aturaction exceeds
the pasitive mechanical stiffiness of the diaphragm. As
the disphragm upproaches onc of the fixed plates the
capacitince iy sed, but ns the charge Q hus been
assumed constant, E must fall since E=Q/

Professor F. V. Hunt of Harvard University has
shawn? that the crlicrion for dynamic smbility undes
large excussions iy that the time constant R.C, of the
charging circuit (Fig. 1(e)) should be large compared
with 1724, the half-perind of the applied: frequency,
This also supplies the condition for low distortion and
Professor Hunt gives the results of meastzements
{Fig. 6.14, p, 212, lac. cit.) showing the dependence of
second harmonic distortion on both the degree of un-
palance due to displacement of the central electrode Gin
terms of AC/C) and of the ratio of time constant to
half period 2(R,C,. Even when this latter parameter
was reduced 1o unity, and the dinphragm displaced by

nected (Fi I(d))

late) with o polarizing voltage of
gher hurmonics were afways Jess than
So much for the driving mechaniam; it now remaing
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cwith Negligible Distortion

& db/octave, but, with suitable ¢hoice of dhihngm
aterial, not until a frequency of 20 10 25 ke/s is
reached. (How diffcrent from the average moving
coil in which the cut-off starts at about 1,000 ¢/s and
must be sustained by focusing of high frequencics
along the axis or by tuggling with cone * break-up.”)

Similatly at low frequencies a 6 db/octave falling
off with reducing frequency will result when the re-
actance due to the stitfness (reciprocal of compliance)
of the diaphragm exceeds the resistance air load. This
state of affairs is shown graphically in Fig. 2. Unfor-
runately, it is not so casy to put the frequency at
which the stiffncss begins fo exzrcise control outside
the audible range. Lhe choice of stiffncss will be
dictated by the necessity of construining the diaphragm
against the forces associated with the polarizing vol-
tage. Under “sutic™ conditions R.C, less than
unity) these forces can increase as the diaphragm
approaches the fixed plates and must be limited by a
suitable choice of stiffness, polarizing voltage and plate
spacing. The plate spacing also determines the elec-
trical capacitance of the loudspeaker, and the imped-
ance offered to the amplifier at the frequency chosen
for * matching.”

Thus the bandwidth available for constant ourput,
under the acoustic conditions postulated, is limired at
low frequencies by the diaphragm stiffiness required
for stability and at high frequencies by the conditions
of matching to the amplifier. (The inertia cut-off will
;l:-gy: be well above the matching frequency and can

ignos
true efficiency of an electrostatic loudspeaker is

very high indecd, but it is difficult to realize becatse
of the large wattless current which has to be pro-
vided due to the electrical capacity of the loudspeaker
wnit. Thus it is necessary to waste watts in the amplifier
or in resistances associated with crossover

of which the loudspeaker may be part. For purposes
of simplification, therefore, it is convenient to use the
term * apparent cfficiency ' the meaning of which is
the ratio of the acoustic power output of the loud-
speaker to the amplifier volt-ampere output necessary
to provide the required voltage across the loudspeaker
capacity.

« way in which the designer can trade band-
width for “apparent cfficiency ™ is illustrated by Figs.
3 and 4. In both cases we assume the maximum
ourput  will be available at the high-frequency
matching limit, and that constant voltage be
svailable at this and lower frequencies.

In Fig. 3 let curve (a) rcgcscnt the response with
a given electrode spacing D=1. 1If we double the
spacing the disphragm stfiness required for stability
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Fig. 2. Variation of ocousticel end mechenical impedances
with frequency in & dicphrogm which is lorge compared with
wavelength.
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Right: Fig-- 3. Low-frequency
tesponte con be extended, ot

the expente of '“epparent
efficiency," By Increating the
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TREQUENCY (ocTaves)

can be halved and the low-frequency cut-off goes
down zn octave, At D=2 the capacitance is halved
and the impedance doubled, but because the power
is limited the volts rise by only v 2 when the amplifier
is re-matched.  Thus the field strength V/D avail-
able 10 drive the diaphragm is reduced 10 '+*2/2 and
the response falls by 3db, We have thus gained
an octave for a drop of 3db in output, and, of course,
the necessity of finding twice the polarizing voltage.

We can, if required, regain the lost efficiency by
re-matching an octave lowes at the 1op end, as shown
in Fig. 4. We now keep D (and C) fixed, and with
it the low-frequency cut-offi. The field strength
available for driving the diaphragm will be propos-
tional only to the voltage available {rom the amplifier,
If we re-match an octave lower Z will be doubled
and _\' will increase to + 2, so there will be a 3-db
rise in scoustic pawer for the loss of an octave at
the high-frequency end.

Since very high efficiencics are not 3 pre-requisite
of high-guality reproduction, it is convenient to
arrange the apparent efficiency o be similar to the
efficicncy obtained from present-day commercial
maving-coil speakers. Setting the cfficiency at_this
level and applying polarizing voltages permissible in
the given air gap, we find that the available bandwidth
for level response is about four to five octaves.

Below the Jow-frequency cut-off we have the stiff-
ness of the diaphragm connomag response, a large
e I e M e M M

clency " wast (At low
frequencies the impedance is high, and less power
is required to maintain constant voltage) Thus, by
A progressive change of “matching” In this area,
onc can compensate to extend the level res
below the mechanical cut-off. The effect of this
mechanical stiffness is best considered when we deal
with possible forms of loading, since it can be lumped
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Lefi: Fig. 4. Alternatively, with
constent pacing and o fixed
low-frequency llmijt the high-
frequency response can be ex-
tended, agein ot the expense of
** apporeat efficiency,’” by vory-
ing the frequency fy ot which
the copacitive impedance iz
matched to the amplifier,

D=
CONSTANT
t-t[
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in with the acoustical circuit loading the loudspeaker,

A high polarizing voltage is desirable in order to
El:ace a high value of charge Q on the diaphragm.

ch small unit area of the disphragm can be fed
with a high voltage at very high impedance, thus
charging up that part of the disphragm in relation
to the fixed plates. In this arrangement of the loud-
speaker, where the signal is applied 10 the fixed plates
only, there are no signal currents due to the wanted
signal in the diaphragm itself, so that this arrange-
ment of high-impedance charging of each unit area
of the disphragm is permissible, and is esseatial for
linearity in any practical construction, Any tendency
for the air to conduct between the disphragm and the
fixed plate at any point in the loudspeaker merely
causes a slight drop in the voltage at that area on
the diapheagm, so that in this way high voltages can
be applied without any danger of sparking.

Since the charge on
the dinphragm is un-
varying, it follows that
the force on the dia-
phragm is completely
independent of the
position of the dia-
phragm in the space
between these electrodes
and the system in linear.
With this arrangement,
then, it is no looger

Fig. 5. High-frequency
unit with dimensicas large
compared with wavelength
des) o cover fre-
quencies from 1,000 ¢/t to
the uppar limiv of oud-
ibitity. ‘

Wikgress Wortn, May 1955
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necessacy to restrict the aflowable motion of the
diaphragm to 2 small percentage of the available gap.
Again, there is no restriction to the ratio of signal
voltage to polarizing voltage. The only non-linear
element eniering the svstem at all is that due to the
complisnce of the diaphrzpm, and since in mon
designs this is not a controlling factor in the motion
of the diaphragm its importance is small.  There is
no difficulty in producing units oa this principle, the
distortion content of which is even lower than thar
of present-day amplifiers, and many times berter than
a moving-coil loudspeaker of normal efficiency.

We have sees, then, that it is now possible to
design loudspeakers on the electrostatic principle for
a given bandwidth, over which the forces are acting
directly on to the air, We have seen that this band-
width can be placed asywhere in the audio range
and that linearity represents considerable improve-
ment on anvthing hitherto produced. The desizn
of 3 loudspeaker unit oa such principles is therefore
purely one of applying it to its scoustical load to give
any req pecformance,

We have so far assumned the simple case of 2p¢
loading on the diaphragm. Ignoring for the moment
horn loadiag, this can only be achieved in practice
at high frequendies, or for cases where the diaphragm
is very large indeed

A simple single unit construction for high fre-
quenciet is shown in Fiz. 3, This loudspeaker covers
the zange from 1,000¢/s to the upper limits of
audibility. Such a unit could, of cousse, be ured
with conventional moving-coil speakers for low fre-
quensies, but the assumption that moving-coil units
operate like distortion-less pistons at low frequenciss
is very far from the truth, It is obviously desirablz
to introduce the benefits of the electrostatic principle
throughout the whole frequency range.

By way of showing what can be done, Fig. 6 shows
a more complex design of clectrostatic loudspeaker
which, when properly loaded, covers the whole
frequency sange from 40¢/s up o the limite of
audibility. In a future article it is proposed to discuss
the operation of such loudspeakers, i, when size
is no longer large compared 1o wavelength, aad to

Fig. & Unit of more
compler design which,
with  proper nceustic
loading, covers the range
from 40 ¢ 1 10 the upper
Hmit of cudihitity,
Measurements on  this
ond the wnit of Fig. §
indicate totol hormenic
distortions of less than
I per cent.

show the basis of
design  approach {or
the whole frequency
range.

Distortion measure-
ments on these units
gave figures well below
1, Measure-
ments were made out
of doors, and noise,
wind, and other re-
strictions due 1o imper-
fect conditions made it
difficult to get reliable
figures below 1%, In-
spection of the residual
waveform indicates that the distortion due to the units
is considesably lower than this figure.

Similar remarks apply to frequency response, due
o the fact thar it is virtually impossible to achieve
perfect loading conditions, Measurements: produce
responses which are within 2db of the predicted
curves, but the major part of these small discrepancies
may be ateributed to the approximations assumed in
the structures used for loading,

Since 1953, electrostatic loudspeakers have been the
subject of joint development between Fessant, Lid.,
of Edinburgh, and The Acoustical Manufacruring Co.,
Led., of Huntingdon. Some of the techniques in-
volved in ths design of these loudspeakers are the
subject of joint patent applications by P, J. Walker
and D. T. N. Williamson.

(To be contivued)




