Wide Range Electrostatic

Loudspeakers

By P. J. WALKER®

2—Prablems of Alr Loadmg : Different Requirements of Moving-coil

I.\' the first part of this article we showed thar Jt
was possible to design and construct electrostatic
driving units which were capable of applying a force
which virrually acted directly on to the alr, and we
showed that this force was linear. This state of affairs
applied over a bandwidth of s;sm'lﬁ scuwct formun};
unit, depending upon the efficiency reqguin
frogc that unit, and it wos further shown that that
bandwidth could be placed anywhere in the audio

ran
T‘;e only mechanical impedance likely to affect
performance is the mspemtian 'c:mplinncg of the
i necessary 1o offset the negative come
%m to electrical ateraction. We can therefore
gcp'ﬂ to draw an electrical amalogue circuit of the
elements of the loudspeaker ns in Fig. 1,
thowing the farce fed in series with a copacitance.
In practice the compiiance will considerably exceed
the electrici] negative complance, so that this capaci-
tance Cy is almost solely due to the disphragm com

pliance,

For simplicity we will restrict consideration ro units
driven from constant-voltage sources, so that no
elements need be included to indicate amplifier souzce

edance,
g&ux the loudspesker will be coupled to the air,
we &an now add the froat air load radiation resistance

&,‘mdtbefmiitmdd’mn,m,mdnmbdm
impedance ich represents the impedance
presented to the back of the diaphragm.
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and Electrostatic Drive Units

speech ouil) which normally ap as a large in-
ductance in seties with C,, m” absence of this
inductunce profoundly alters the requirements for Z,
and snce Z s the cabines or back enclosuse it is to be
expected that the form of cabinet for electrostatic
units will follow trends entirely different from those
that have been evolved for moving-coll units, A further
difference is that th&n 1.‘:;9: %tp 8‘1: dinpgerapu nres
ts more versaule, w0 that R, and M, may be indepen-
dently varied over reasonable limity,

Due to the ahsence of large mass we can, if we wish,
arrange the constunts 50 that R, Is large compared with
the other elements, and therefore becomes the con-
trolling factor for the equivalent currentin the cireuit,
ie., the velocity of motivn of the diaphragm, This
means that the impedance looking back into the loud-
speaker can be very low. When this is 5o, any increase
in the scoustic sesistance on the front of the
will result in reduced power output. 1If, on the
hand, the impedance of the loudspeaksr is made
appear high by srmanging that the total
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large compared with R, then an increase In acoustic
resinence on the front <<f the disphragm will ‘result in
smereared power output.  Thin ability to control the
impedance looking kuck nto the diaphragm is a wieful
feature in desicns where R, is subject to fuctuationt
due to surroundings; hom reflecrions, etc), #nd, in
particular, where one fuudupcukcr unit i influenced by
another unit at cross-over frequendcies,

In order 10 show the action of un clectrostatic umt
which is small compared to the wavelength of the
radiated tound it i convenient to commence with o
circular shape. becnure impedance information is readily
uvailable for such o shape. Load impedance for other
shapes & best obtained by cansidering the diaplirugm
as a number of unit arean of cqual s5ize and calculanng
the impedance of eacl unit ares, taking intd account the
munur radistion due to the presence of all other unit
arens.

Fig. 2 shown the load én a piston operated in 2n
unlimited atmosphere without 8 baffle, The Slaphragm
compliance reactance X.(E) it also drawn, Between

Jf; and 1, the controlling factor is the air mass, and the
velocity of miotion will vary directly with frcqumi- V10

until resonance berween N 7E) and X, is approache

R, however, fzm_nngiﬁily with !'regumc’y. ::;g the
power output wi ar approximatels per
octave with declining frequency.  (Exactly the same
would occur with a moving coil unit, control this time
being the mass of cone and spesch coil designated
XpMC)l  X(MC) s the moving-coil suspension

liance.)

ﬂnkl ¢ displiragms - without baffles, having the
above charucteriatics; form the basis of design for
joudspeakers to provide the directivity of a doubler,
Such a system has weeful stiributes in relation to the
lli:ézdng rooms, a subject 10 be dealr with in'a later

2.

Above 1 the velodity of the moving-coil unit would
still be controlled by N, (MC) (excep: for cone
s bmﬁ;‘np ™ and, \:-%lci'nilhe rt;siisn:zncc becomes con-
stant, the tesponse wi creasing frequency,
In the electrostatic case sbove 7 the \?cto;qty “?n
be controlled by the air load resistance, and the res-
ponse will be independent of frequau:y.

Extending this comparison to units in very large
baffies we have the curves of Fig. 3, Here the radia-
ton resistance varies with the square of the free
quency below £, With a moving coil the response
will be level below 7; and will 1all with frequency
above f;. With the clectrostatic the response will be
l:cv:impog f= und also tlle’;.;:ldaulmvcj,, I;m there will

TEEPONSE 50 | uz level above
will be 3db higher than that below £, d
A simple arithmetical example will make clear the

reason for this step. With constant force F applied
1o the the velocity of movement m be

F .
radiation resistance will be P = (L__.
VR £ X3

Atfy'in Fig. 3 mingale.
m’: F&&‘mmxommmm

u;m;e, 3 constant force F o= 1,
P = i""'i = %, At f,, on the other hand, the air
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Fig. 3. Mass and rodfation resistance cum;!or o circular
diaphragm in o large baffle, The power cadicted at any
frequenzy fy well below f, i3 holf thot radiated ot frequencies
Tr well 2hove [, (22 ray2),

0. -
= o0 = 4, or half the power 1t fp. A similar relation-

ship will be found for any other pair of values of R
andd X at points below 7.,
_ This change in level can be overcome by deviating
from the circular piston thape. For: wavelengths
large compared to the disphrigm size the resistance
Par unit area-is dependent upon the new area and not
upon the shape, whereas the mass is mainly dependent
on the smaller dimension, By elongating the dia-
P shape the output level below f; can be made
equal to that above
We have so far




optimim Jealgn i obtained by inceeaning the aren
of the diaphragn (o the point where the platon ot
beiginy t0 become ditectional ot the froquency whivh
we v chosent for Crons-uver (vet by the efficiency
lafd sy b thee design eegquiremgntsl,

Contituing the. consiberatiom of the aly Bl on
Alaplipugrrn, reterenee should e e 1 i Jauding
Here we have lutgﬁ resstive und mass Lomponenty
due 10 the horn Fig. o shows the toad of wn idealized
harn 1o which has been added XL (MCh the cone
s of a typical movingeon! loadspenker which miight
be used with such @ b, e will e seen that st low
frequencies the cone mas in lrgely swamped by the
hoen dmpedasee, s that the design 1l hoeny ot
electrstatic units differs very little from the sesim
for movingecoil unlte, Although we can now have the
advatitages of a0 vittually divrortiontens dreiving unit,
we are stll left swith the disadyantages of practical
hotns, which aee prosent independemly of the drive
units, Horny ate noomally vsed 1o match the high
impeslance  of moving-ool diaphrugms o the low
impedance of the afr. Stwe we have no such fundla-
mental mismatch with the electrontatic loudspenker,
and since diapheagm shape and stee are not funda-
mentally restricted, ‘we shall not normially have 1o
resort 1o the vise of horms to the same degree. 1Eshould
be ' remembered, however, that any bBuck enclosed
volume 1 on direct funetion of theoat area, 5o that in
sorme spplications (s poasible w e space foe provids
ing n length of horm i exchange for saving in slae Wl
capacitive enclosure, Agiing, we may wish to rentrict
thie front-aave  expansion o onder 10 maintuin 8
reaxonable resistance por unit area at low frequencies
(utilizing the coner of o room, fot example).

One of the most desirable dlaphragm shapes for
clectrostutic designy ix that of a steip huving u length
(together with floor or wall imuge) large compared 10
A At the lowest frequency of interest, and a width smull
compared 1o wavelength at the highest frequency of
intereat. The strip may be curved along its length i
desired, provided the radiug of curvature i3 not less
thin A'Y n the lowest frequency., :

T consider the load om such o strip e is convenient
10 gssume the steip an being infinite i kenpth (legiti-
muite provided Lt in e least AV in length). With such a
daphizugt there will be no expansion of sound (o the
direction of the léngth since wll pressures wlong the
length of the strip will be equal, E: 1on from any
given element of the diaphragm takes place in one

lane ooly and will therefore tike the fotm § « Spv
;'hh Is the expansion of 4 parubolic hotn, At low
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Fige 4 Throat air retistance ond reoctence o
e I haen with moving-coll mass feactance tupers
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frequencies the front ale Jond rovistance is falling
directly with Créquenvy (instead of £, i with the irculae
plston shaped The advanitages of the stelp whape
may now be enumertedi—

) he atr resiitunce even at low  fregquencles
(sinee oo 1) e suMiclen o developy ndequate
power with monuonable diaghragm amplicode.

() The nareow Miphragm glves goold dlspersion
for several octaves (up o the frequency st
which width sA™),

() The narrow daphiagm enables other units to
be pluced close 1w ity thus belng Tess than

wivolenigth apart ut crosisover frequency.

() The frequency Hmitions, amplitude ut the
low end, und icectional problems ax the high
ennd, e i nicely with the 445 octave rnge which
we estublished (n Pare [ oof this article for
satisfuetory effictency. Thus a surdp shape can
form one basin of design for our ideal—the
perfect loudspenher,

Tewill be obwvious that o ourved front source similag
1o that illusreated in the photograph of Fig. 3 in
Part L of !:hlts unklehwia Rive sln}llnr dl:rrl‘llvm twh
steapy and, due (o the larger surface, smaller a;mcln
mn;v be wed and higher efficlency may thua bg
achioved.  Inoanch n case however, the dinphrogm
must be large compared 10 wavelengeh in both dimens«
stony, becaune {t s the neture of curved surfuces to
become  directional when the radius of eurvature
s comparable with the wavelength, When the din~
phragm v large compared 104 le is Imqmllblc 10
design an intimate acoustic cross-over,  This small
inherent Imperfecton wounld uppear w preclude irs
use dnoa “perfect * Joudspenker design, although
i efficiency " advantages will huve obvioun upplica-
thons in some proctical com; e designy,

Although designs free to the alr on both sides have
useful artributes, it ks obviously desirable alvo o
produce Joudspeakern in cabinet form, enclosing the
rear, This rear enclosure, If it {8 1o be of reasonuble
size, will be the controlling factor for the diaphragm
velocity, it least e low frequencies,

With any unit, the high-frequency limit will be set
by elliciency requirements, and low-{tequency
limit by amplitude lmitation ot by the compliance
of the enclosure in seties with the dhphﬂ:rn com=
pliance, Thiv complisnce will resonate with the air
mass on the front and back of the diaphragm (unless
the diuphragm Is so large that the Joading is pe—for
eum‘rle. ws in the curved dlaphragms previous!
mentioned), Since the total mas is small, this reson-
unce will usually occur above the lowest frequency
of interest. It oy be dealt with {n two ways, (1
wdding acoustic mass within the cabinet 10
the resanant frequency to the lowest required

uency, of (2) critically damping the resonant
requency and  main g response below this
frequency either m-mchh:! or by o
Acoustic resonant t, or both,
ble ‘which cither of
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volumes have dimensions
many times less than the
wavelength in the ranges
where they are operative,

If the constants are nd-
justed to give a step in
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Fig. 5, Strip loudspeaker, fong compared with wavelength,
and of width d, mounted in @ wall, with the bock of the
diaphragm leaded by o tube with cross-sectional aren equal
to that of the dicohragm and of ¢ length 5d, blocked at the
for end. Resistonce {fibreglass wedge) Included in tube
to control impedance.

2 purcly resistive load ac all higher frequencies.
Sound compression within the wedges becomes
isothermal, decreasing the speed of sound, so that the
depth of the enclosure can be reduced accordingly.
Fig. 5 shows the impedances of a strip unit Joaded
on this principle together with 2 curve showing the
power output radiated as sound for constant applied
voltage. The output is extended by more than an
octave over that which would be obtained if the same
volume of enclosure were allowed to act as a lumped
capacitance.
umning now to the second method of extending
the low frequency range, Fiz. 6 shows a diaphragm
loaded by a capacitance jeading through resistance
and inductance into a larger capacitance. Bath

Fig. & Diophragm Jeaded by en equivalent capacitance
C; Jecding through on ccoustic moss cnd resistance My
end Ry inte o lerger capacitance C..

)
My
Cy
l. NI .C; ", ﬁ
L =C, C:
268

[, = RADIATION RESISTANCE
Xy = AIR MASS (FNONT OF DIAPHRAGH)

| l Ky = DIAPHRAGM SUSFENSION AEACTANCE
' | BALL o Xy = TUBE REACTANCE
| | | | Ay, = RISISTANCE DUL TO FIDREGLASS

response as the frequency
i lowered, then the total
volume of the enclosure is
reduced accordingly and
the response restored to
level by re-matching at the
stc{ frequency.

‘ig. 7 shows. u strp
dinphragm leaded by o capacitance with scries resis
tance, all elements continuing along the whole length
of the structure. With this assumption there will be no
waves in the enclosure along its length so that the con-
stants can be calculated on o sectional element of
thickness 7. If the cross section of C, has dimensions
which are many times smaller than the wavelength,
then C, will behave as # capacitance (independent of
lengeh), If this proviso is not met then R, must be
distributed 1o avoid C. appearing as a multi-resonant
circuit,

Where the unir crosses over to another unit for
low frequencies then R. may be ndjusted to give a
Q of 0.7 s0 that the cross-over components are already
present in the acoustic circuit,

When the lower-frequency unit is arranged so that
the two diaphragms are close and intimately coupled,
then R; will be increased in value the mutual
radiation of the low-frequency unit. R, is then re-
duced to restore Q and we find thar if R, is larger

. 7. In a loag cylindrical structure the gir column will
B s {n}wwm'-un’;mk;:u' e
nal standing waves can be es i
other than that corresponding to A4,

appreciable |
at frequencies



than R, = useful self-compensating effect sakes place.

If the voltage applied to the Jow-frequency unit i
reduced ut crosw-oves doe 1o tolermce in i3 Cros-
over companents then R, 15 auromatically reduced and
the output of the higher-frequency unit increases at

R,
R, -.-'R;A"

Where the enclosure of Fig, 7 {8 used for the unit
covering the Jowsst part of the audio range, bass
response may be extended by rematching or by
introducing a secondary resonant circuit and utilizing
back radistion from the diaphragm., If an apertuse 1%
provided 2t one end of the eaciosure, opening 10 he
air, then, when the enclosure length is § wavelength,
resonance will occir along its length, and there will
be radiztion from the aperture. 34, 54 resonances,
etc, will not arise, because she enclosure s exsited
by a force distributed along sts length. At frequen-

crosseoves, AU crosseover- P, oo
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The Editor does nig nmocessarily endorse the

Situations Tacant

WITH the preseme state of full employment @ the dles-
tronic profestion, the Somprition amompst emplovers to
find suimble mes 8 Serce, This iy thown by the pumions
5 3cvertiecd o techmica] journals, time has come,
, oz emploven w0 pay a Huls mose atization 10

the =Sits. Vo™ replies. .
Thras mempers of my Lboratery have, over 2 peras of
the lust six months, widieh 10 4 dogen advestisers. The
sesults havs deem very dhh:.}:::ninig; _io_g!: éaxpgn z“::\! o:
the applications were acknowizdas aoplicinl W
LA men: AMIEE, AMBrlRE, Hihe
Nztonil, Natosmal and Ciy and Guilds cenmifices. In
sood faith they hve nken soms sostls 10 apply for
position, expecting that they would be wesind with good
manness oy the sdversider, and have been smbittered by
she callogs manasr o which theis applications were

2ed,

”?ml.‘:-k »Sier Voo™ advertaens 1o sead page 4935 of
Electromics for Marsh, l?zﬁh‘md then ”.bcm mx:;a\t_a n:l:
330 treas 3 with the courtesy thex S50
s Saat J. GILBERT.

Bioghrsics Dept.
Postgraduats. Masizal School of 1ondon.

st thas intemations]

30 ignore the fact thas these Iy 3 welloeseshliched
ﬁn,umxwide.‘yu:d:nb:zb&xmwd!beus.&.
304 it &, 10 3ay-the Jexst of i, vabkely thas any-aleernate
ngg-_:m'm.xn‘:hn iste m&;uw:epix::bxm-pzd

cies above the § wavelength, the enclosure will behave
approximately a3 @ capacitance, as if the aperture
were not present,

The nexs part of this article will deal with elec-
trostatic units o+ part of delay lines, and the appiication
of various complete desipns, ' bualt i, ** hoxed in "
and ** doublet™ in relation to the listening-room,
Complete eleczrostatic Joudspeakers can take several
ditferent forms, each of which in terms of frequency
Tesponse, distortion and sound dispersion can meet 3
specification virtualiy to perfestion.  When the listen<
thge-room and subjective factors are considered it
becomes impossible to '[sy down a rigid specification,
To adopt a guotaton ** Each desipn i3 perfect, but
same designs are more perfect than others !

Acknowled Fig. 2 & based on Fig. 3. 9, p. 127
of WAssussics™ By Leo. Lo Beranek (McGraw Hill, -
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THE EDITOR
vpinions exprossvd by kis coreespondents
by u.n;t:h:eam:; YV for the ﬂm nizive as ngﬁ-ﬁc

General Elesiric Company,
Loadon, W.C2.

DOTH D. Nappin and W. E. Thompion (vour Ma

faape) separd she wanslstor 3 3 new devies :w::!:ng 2 ue:'

?:mm.u surely this problem arose as the normal valve
v r

It wn-po doudt t that gay tricdes and nson
stbilizess wese sepazate devices, that cach needed 2 new
leteer symbol. but in 00 they are both given' the fertes
V', and no confosion is cauted by this. The type of device:
o mude clesy Sy the, ot symdol

1 suzgest, therefors, that the letter V' be kepr to include
the traaaistes,

03,
Leadon, N1 MOLEVY.

WHILST in full agreement with the genenal cheme of
wansirar symbols propased i your Apnloand May
Editorials, 1 should 1Re to plead for the symbdol ok

m!a::hen-’r-ninmcﬁmms&m:‘m Treless

July, 1933, p. 323, Fig. 2(¢), mther than the new verson
i Fig. (& of the May Editochal  This Iarer version is
0 cmse eror, parnculurly when pencs

§
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% # WIDE-RANGE ELECTROSTATIC
LOUDSPEAKERS™

THE third wstalment of this article, wi hichbesmm
the May isste, is unavoidably held over. Inthe




