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Electrostatic headphones
Constructional design with improved acoustic output

byN.Pollock M.E., M.l.E.Aust.

The electrostatic headphone designs
previously published in Wireless World,
while giving good results, cannot
produce high sound pressure levels. They
can also be difficult to construct due to
the small diaphragm-to-plate clearances
required. The headphone and matching
driver amplifier presented here attempt to
alleviate these problems.

THE SOUND PRESSUREoutput of a
push-pull electrostatic transduceris
directly proportionalto thedifferential
plate drive voltage, the diaphragm
polarizing potentialand the reciprocal
of thesquareof theplate spacing.Un-
fortunately, the polarising potential is
dependenton the plate spacinganda
high acoustic output can only be
obtainedby using a high plate drive
voltage.

As far as I amawareall commercial
electrostatic headphonesusewide
rangestep-uptransformersto produce
thenecessaryplatevoltagewhendriven
by a low voltage power amplifier. Un-
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fortunatelythedesignandconstruction
ofasuitabletransformeris verydifficult
due to the high inductance, low
capacitance and good insulation
requirements.Becauseof thesedifficul-
ties, most constructional designsare
driven directly by high voltage
amplifiers. Valve 1,2 and transistor 2,3

amplifiers have beenusedbut in all
casestheh.t. supply hasbeenlessthan
400V. For conveniencetheamplifierh.t.
supply is normally usedto provide the
diaphragmpolarizing potential.With a
400V potential the minimum spacer
thickness(plate spacing/2) is about
0.5mm which placesstringentrequire-
mentson plate flatnessanddiaphragm
tension.

Headphoneunits with the above
specificationsarelimited to amaximum
free field r.m.s. sound pressure(rel.
0.00002Pa)of about93dB.Fororchestra,

Fig. 1. Amplifier for onechannel.Note
that thebias sourcesA andB supply
bothchannels.

musicat realistic volumelevelsasound
pressurecapability of around 100dB is
necessaryand for rock music even
higherlevelsaredesirable.

Amplifier design
Most transistorscurrently available
haveamaximumVcEof lessthan400V.
However,thereareanumberof special
devicesdesignedfor tv horizontal de-
flection circuits which havepeak VcE
valuesofabout1.5kV andpowerratings
of low or more.The presentdesign is
basedon the Matsushita25D 200 but
othertypessuchastheBU206,BU2O9A,
MJlOS, PTC 146-RTor Sf(3115-RTcan
bedirectly substituted.

Thecircuit in Fig. 1 is adevelopment
of anamplifierdescribedin reference3.
Two high voltageclassA amplifiersare
used,oneof which is driven by a unity
gain inverting buffer. Operationof the
amplifier is quite straightforwardbut it
mustberememberedthat theLM3900 is
acurrentinputdevice

4with both inputs
clampednearearth.All of theamplifiers
arebiasedfrom the high and low vol-

14 13 12 11 10 9 8

- — Operational amplifier
+ + + 15- 36 Volts

+

1234567
50k

to four
amplifiers

Tn & Tn - 250 200 or equivalent
1 2



52 WIRELESS WORLD, NOVEMBER 1979

tage suppliesso no circuit changesor
adjustmentsare requiredif the supply
voltagesarealtered.Thesuggestedh.t.
of 800Vallowsthetransistorsto operate
well within their safe operatingarea.
Theprototypefunctionedsatisfactorily
with a 900V supply,butabovethis the
transistorsmay suffer from secondary
breakdown.

A headphoneamplifier sensitivity of
2.8V r.m.s. for maximum output was
selectedsothat it could bedrivenfrom
theheadphoneoutputprovidedon most
amplifiers.A 1k~ resistorfromtheinput
to groundpreventsamplifieroscillation
when the input is not connected.The
prototypewas built on two piecesof
Veroboardto keepthe high and low
voltagecircuits separate.Thisarrange-
ment limits the possibility of damage
due to constructionerrors and helps
amplifier stability. If instability occurs,
thevalueof C1 canbeslightly increased.
The transistorsare mounted on small
separateheatsinksto avoidtheinsula-
tion problemsof a commonheatsink.

The powersupplydesigndependson
the transformersavailable.The proto-
type useda valve power transformer
with a300Vwindingtodriveafull-wave
voltage doubler for the amplifier h.t.
supplyasshownin Fig. 2. Thepolarizing
supply was producedby a half-wave
voltagedoubler connectedto a poten-
tiometeracrosstheamplifierh.t.supply.
Becausethe headphonediaphragms
havea long charging time constant,
filtering of the polarizing supply was
not considerednecessary.A separate

Fig. 2.Powersupplies.The It. supply
should bedecoupledwith O.lpFdisc
ceramiccapacitorsnear to eachic.

Polarizing
supply

15V transformerwasusedto provide
theamplifier l.t. supply,but if thehigh
voltage transformeralso has a 6.3V
filamentwinding, thiscanbeusedwith
voltagedoubling.

It is importantthat theamplifierand
powersupplyarehousedin ametalcase
which is ventilatedandconnectedto
mainsearth.To avoidgroundloopsthe
headphoneamplifier signal earth
should be derivedfrom the amplifier

countersunk brass screw

Fig. 4. Fixedplate construction.Two
symmetricalplatesarerequiredfor
eachtransducer.Thematrix of 3mm
holesshouldcovertherectangular
conductivearea.Aquadagis available
from BDHChemicals,BroomRoad,
Poole, Dorset.
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Fig. 3. Cross-sectionof a headphone
assembly.
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thatdrivesit. Performancedetailsof the
amplifierare shownin Table1.

Headphonedesign

Thebasicrequirementsforelectrostatic
headphonetransducers,coveredin
references1, 2 and 6 andtheappendix,
aresummarizedbelow.Theareaof the
transducershouldbe large enoughto
completelycover the ear andgive an
acceptablylow diaphragmresonant
frequencywithout accuratecontrol of
the diaphragmtension.Theareaof the
transducershouldnot be larger than
necessarybecausethe interplate
capacitanceand the problem of drive
amplifier design increaseswith area.
For maximum acousticoutput the
spacerthicknessshouldbe as small as
possibleconsistentwith unrestricted
low-frequencydiaphragmmovement.
The platesmustbe rigid, at least20%
open and havea perforationspacing

countersunk brass screw

Tabl 1. Amplifier performance. All measure-
ments were made with the headphone trans-
ducers connected which provided a plate-to-
plate capacitance including leads of about
lOOpF.

Small signal frequency
response 3Hz to 25kHz
Maximum differential
push-pull output
Differential slew rate limit

1 400\/ pk-to-pk at 5kHz
25\//~as

Signal-to-noise ratio relative
to 1 400\/ betterthan B3dB
Maximum distortion
beforeclipping
or slew rate limiting

0.1% 20Hz to 20kHz
0.01% below 5kHz

Fig. 5. Spacerconstruction.This
“gasket” is 0.8mmthick andcanbe
constructedfrom anyflexible
insulating material.

Aquadag coating

— Spacer

Plate

Connecting tag

Diaphragm contact

much smaller than the shortest
wavelengthto bereproduced.The sur-
faceresistanceof the diaphragmmust
be sufficiently high to preventcharge
migrationat thelowestfrequencyto be
reproduced.Sufficient acousticdam-

ping must be provided to damp the
diaphragmresonanceand to prevent
ringing on transients.The rear of the
diaphragmshouldradiatefreely to the
air.

Construction
Following the guidelines mentioned
above,the headphonedesignhasbeen
optimizedfor usewith the amplifier in
Fig. 1. A crosssectionof theheadphone
transduceris shownin Fig. 3.

Cut four platesfrom a sheetof 3mm
acrylic, such as Perspex,to the size
shown in Fig 4. Drill a matrix of 3mm
holesin all four plateswhichshouldbe
clampedtogetherso that they can be
drilled simultaneously.A piece of
Veroboardclampedon top of theplates
makesa useful drilling guide. Drill a
countersunkhole in onecornerof each
plateso that the headof a M2.5 or M2
brassscrewwill lie slightly below the
surface.Roughen the surface of the
platesandremovethe sharpcornerof
thecountersunkholewith fine wetand
dry paper. After masking the plate as
shownin Fig. 4, paint the surfacesand
the countersunkholeswith a smooth
generouscoatof Aquadag.After fitting
screwsinto thecountersunkholeswith
tags under the nuts, the resistance
betweenthe tag and any point on the
plate should be less than 10k~2. If the
resistanceis greateraddanothercoatof
Aquadag.To prevent localisedbreak-
down of the airgap in high humidity
conditions,theAquadagis paintedwith
a coat of clear polyurethanevarnish.
Whenthevarnishis dry, rub thesurface
lightly with fine wet anddry paperto
removetheglosswhich tendsto stick to
thediaphragm.

Cut four spacers,0.8mm thick, to the
sizeshownin Fig. 5. The spacerscanbe
constructedfrom any good insulating
material, I prefer plastic drafting film
laminated to produce the required
thicknessusing rubbercontactadhes-
ive. This material is easyto cut and
flexible enoughto clampthediaphragm
aroundits entire circumferencewhen
the transduceris assembled.After
stickingthespacersto thecoatedfaces
of theplates,drill suitablecountersunk
holesfor thediaphragmcontacts.Place
thetwo pairsof platesandspacersface
to faceanddrill for theassemblyscrews.
To provide connectionsto the diaph-
ragm,thefour spacersarepaintedwith
generousAquadagcoatingsasshownin
Fig. 5. Thesecoatingsmust extend to
theinneredgeof thespacerandinto the
countersunkhole, but must be kept
clearof themountingscrewholes.After
fitting the diaphragmcontact screws
checkthat thereis aresistancefrom the
connection tags to all points on the
Aquadagcontacts.
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The diaphragmmaterial that I used
was a 0.0127mm soft plastic foodstuff
wrapping film. From its behaviourit
appearsto be identical to Vitafilm 1,2,•

After extensiveexperimentationwith
highresistancecoatingsI foundthatthe
uncoatedfilm, with its veryhighsurface
resistance,gaveexcellentresultspro-
videdthat thediaphragmcontactswere
arrangedas described.This method
removedoneof the mostdifficult steps
in headphoneconstruction.

To assemblethediaphragmcuta hole
somewhatlarger than the plates in a
rigid sheetof cardboard,stretcha piece
of diaphragmmaterialacrossthe hole
andattach it to the cardboardwith
adhesivetape.Whenthefilm hasbeen
madewrinkle free, place a plate and
spacerassemblyoneachsideof thefilm,
hold themfirmly togetherandbolt the
completeunit via the pre-drilled holes
anddiaphragm.Finally, cut the pro-
trudingdiaphragmfilm aroundtheout-
sideof theassemblywith a razorblade.

To testthe headphoneunits,connect
the drive amplifier with the polarizing
potentialset to its minimum value of
800V andcheck that the diaphragm
remainscentral. If the diaphragm
attachesitself to oneplateor oscillates
ata low frequencyit mustbetensioned.
This can be done by heating the
headphoneassemblywith a radiatoror
light bulbuntil thediaphragmwrinkles
atwhich pointit is left tocool.

After testingboth units connectthe
leadstotheheadphonesandinsulateall
exposedcontactswith silicone rubber.
Thedriveunitsshouldthenbeenclosed
in acousticdampersconstructedfrom
envelopesof 6mm foam plastic. These
envelopesmay be sewn aroundthe
edgesof glued with ‘rubber contact
adhesive.The drive unit mounting
arrangementwill dependon the pre-
ferenceof the constructor.The proto-
typeusedanacrylicbridgebetweentwo
oftheassemblyscrewswhichprotruded
throughthefoam plasticdampers.This
bridgewasthenattachedto the head-
bandfrom anold pairof headphonesas
shown in Fig. 6. The connectingwires
betweentheheadphonesandamplifier
should be less than l.5m long and
looselybundledratherthan twistedto
minimizetheircapacitance.

With both transducersconnectedto
the amplifier, increasethe polarizing
potentialto justbelow thevaluewhich
causesdiaphragmcollapseor airgap
breakdown.Forthe prototypea maxi-
mumpotentialof 1.3kV wasset by the
onsetof low frequencyclicking sounds.

Safety
Although the high impedanceof the
polarizingsupply ensuresthat it is not
lethal, an uncomfortableshockcan be
receivedfrom theplatesathighoutput.
Tne foam plastic envelopesand the
insulationonthe connectingleadsmust
be inspectedat regularintervals.Pro-
vided that theseprecautionsare taken
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and (b)with dampers.

Headphonefrequency responsewithout foam plastic dampers

and common senseis exercised,the
headphonesare completelysafe.How-
ever,theyarenotrecommendedforuse
by children.

Headphoneperformance
Performancemeasurementsweremade
with a 12.5mmdiameterB & K con-
densermicrophonein contactwith the
centreof thedamperor thecentreof the
platewhen the damperwas not fitted.
For absolutesoundpressuremeasure-
mentsthesystemwascalibratedwith a
B & K pistonphone.

Without the plastic dampersthe
headphoneshad a resonanceat about
85Hz, seeFig. 7a, and a pronounced
overshooton the recoveryfrom tran-
sients,Fig. 8a. Addition of thedampers
produceda frequencyresponsewithin
±5dB between40Hz and 30kHzwith no
overshooton transientsas shown in
Figs.7band8b.Placingthemicrophone
in a crude artificial ear, comprising a
6000mm3cavitywith a 20mmdiameter
orifice contactingthedamper,extended
the low frequency—5dB point down to
20Hz. Brief testswith the microphone

Fig. 6. Author’sprototypeheadphonesandpowersupply.
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Fig. 8. Headphoneresponseto 20p.s pulsesat 1kHz(a) without dampersand (b) withdampers.

moved away from the centre of the
headphoneunit indicated that the
average responseover the whole
diaphragmareawasmuch flatter than
shown in Fig 7b. The r.m.s. sound
pressureproducedby a 1400V peak-to-
peakdifferentialplatevoltageat 100Hz
to 5kHzwas102dB(rel. 0.00002Pa).

During extensivetestsno difficulties
were experiencedwith the uncoated
diaphragms. When the polarizing
potential is applied,the chargespreads
overthediaphragmandtheheadphone
outputrisesto its full valuewithin afew
seconds.Under extremelydry condi-
tionsit is conceivablethat the surface
resistancemaybecomesufficientlyhigh
to preventchargespreading.If this
occurs,gentlebreathingon the diaph-
ragm throughthedampersshould pro-
vide acure.It shouldbenoted,however,
that evena fine pieceof fluff bridging
the diaphragm-to-plategap will bleed
awaythediaphragmchargeandreduce
theheadphoneoutput.

Listeningtestshavebeenmadewith a
wide rangeof music. The audible per-
formanceis markedby greatclarity and
I havedetectedno faults. The acoustic
output levels are more than adequate
for most listenersbut somerock music
enthusiastsmight preferanother10dB.
The quality of the recordingsand
reproductionequipmentis very import-
antbecauseall defectsareheardmuch
moreclearly thanwith loudspeakersor
inferior headphones.This problem with
programmesourcequality was also
notedin ref. 1. However,with thebest
available recordingsand good quality
equipment,very impressiveresultsare
obtained.

Appendix
Factorsaffecting acousticoutput

Forapush-pull electrostatictransducerwith
adiaphragmcentrallymountedbetweentwo
plates

eQ
zd

(7)

or

(~) oce(~)’ (8)
(1)

whereFis theforceactingon thediaphragm,
e is the differential plate voltage, Q is the
total chargeon the diaphragmandd is the
spacerthickness.Also,

Q=EC (2)
whereE is thepolarizing potential,C is the
totaldiaphragm-to-platecapacitance.And,

A
d (3)

whereA is thediaphragmarea.By combining
theaboveequationswe canshowthat

eEA

The maximumpolarizing potential that can
beusedbeforethediaphragm-to-plateairgap
arcsis givenby

Emax~ (9)
therefore

(-~) c (10)

or

(.~) cx~ (11)

(4)

In practiceEandd areinterrelatedby airgap
breakdownanddiaphragmstability. Hunt6hasshownthat for diaphragmstability, the
maximum value of E is limited in the fol-
lowing manner

Td3
Emax ~ ____

whereTis thediaphragmtension.
Fromthe last two equationsthe maximum
diaphragmforce, and hencethe maximum
acousticoutput,is givenby

IAT ~

If thetransducercompletelycoverstheear,
the force per unit area is a more relevant
parameterand the aboveexpressioncan be
re-writtento give

For thediaphragmtensionanddimensionsof
a typical headphonetransducer,diaphragm
instability usually occurs before airgap
breakdownso equations7 and 8 should be
used.For high frequencytransducersusing

(5) hightensiondiaphragms,equations10 and11
would probablybeappropriate.

From equations 7 and 8 the design
requirementsfor a high output transducer
are; a high diaphragm tension and small
diaphragmareato give the highestaccept-
able diaphragm resonant frequency.The
smallestplate spacing consistentwith low
frequency diaphragm movement and
manufacturingdifficulty.

It is important to notethata reductionin
output causedby increasingd cannotbe
offset simplyby increasingE.
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