BBC ENGINEERING TRAINING MANUAL

MILCROPHONES

By the Staff of the
Engineering Training Department
British Broadcasting Corporation

R “WIRELESS WORLD” PUBLICATION






STUDID MICROPHONES

The shortest distance from the centre of one ribbon surface
around the pole-piece to the other centre is 1-5 in.; at the lowest
frequencies the phase difference corresponds to this dimension and
is given by 2wd/ A radians, where d=1-5 in.

The computed diffraction data are shown in Fig. 40, with a
frequency scale included corresponding to a width W of 1 in. It
should be noted that the front and rear pressures are only equal at
frequencies approaching zero; although the pressure at the front
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Fig. 41—COMPUTED CHARACTERISTICS OF DIFFERENTIAL
PRESSURE AND OPEN-CIRCUIT VOLTAGE

decreases above W/ A=1, the minimum value which occurs at W/A=
1-7 is not as low as the pressure at the rear. The phase difference at
W A=1-T is approximately 600 degrees, so that thedifferential pressure
would not be zero even if the front and rear pressures were equal.
Al W/ A=1-1 the phase difference 1s 360 degrees but the pressures
are very dissimilar; the combined effect of the pressure and phase
characteristics is such that there is no ** extinction frequenecy.”
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MICROPHONES

To obtain the differential pressure characteristic, the data of
Fig. 40 for various values of W/A are substituted for A, B and 0
in the expression py,=+ (A% B2—2A8 cos (). The resulting
characteristic is shown in Fig. 41, together with a dotted characteristic
and scale of /A, included to show how much smaller and more
erratic the differential pressure would be if it were not for the
diffraction effects.

For frequencies near to zero, the front and rear pressures are
both equal to p,, while the phase difference is equal to 2=d/A
Substituting accordingly in Equation 1 gives pa,—=2p. sin «d'A
and the slope of the curve at low frequencies, obtained by differen-
tiating with respect of d/A, is given by 2=p, cos =d/A, Thus at zero
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Fig. d2—COMPUTED RESPONSF FREQUENCY CHARACTERISTICS FOR
PLAMNE-WAVE CONDITIONS

requency the slope is 2=p,: the straight line in Fig, 41 is drawn with
this slope and shows how the differential pressure should increase
with fregquency to maimtain a constant output voltage (on the
assumption of a purely mass-controlled system).

The divergence of the differential pressure curve away from the
straight line, expressed in a fractional manner, gives the fractional
divergence of the open-circuit voltage away from the low-requency
reference level. Thus, for example, at the condition W/ A=0-6 an
ordinate drawn to the straight line has a height of 37, but the
differential pressure is only 3-6, giving a ratio of 0-63 for the relative
output voltage. It is not necessary to use this graphical method of
obtaining the response characteristic, because the height of any
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STUDMD MICROPHONES

ordinate (o the straight-line curve s equal to 2Zmp.d/A and the
relative output voltage may therefore be calculated from the
EXPression:

e (AR BE -2 AB cos )]

Crpen-circult Voltage Yo/ A (2}
Since W is 1 in and & is 1-5 in, the ratio &'A may be replaced by
1:5W/A and the expression becomes:—

. A (AP B2— 2AB cos 1)
Cpen-circuii Voltage —— oW . 3

The open-circuit voltage characteristic, calculated in this way, is
shown in Fig. 41, and is represented with the more usual decibel
and logarithmic frequency scales in Fig. 42,

In practice, it 18 found that the measured response differs very
little from the computed curve for frequencies between 1,000 c/s
and 10,000 ¢'s, and it is reasonable to assume that this holds for
higher frequencies.

Below 100 c¢/s there is an appreciable reduction of output with
reduction of frequency and this may be explained by the fact that
the mechanical impedance does not decrease quite in proportion
to the reduction of frequency, owing to the friction and magnetic
damping; there is also the effect of the reduced shunt reactance of
the foupling transformer. At frequencies below approximately
10 ¢/s there may be some recovery of the output because of the
approach towards the frequency of resonance of the ribbon.

6.1.5 CaLcuration ofF QUTPUT VOLTAGE

The actual value of the output voltage may be calculated from
the knowledge of the differential pressure and the constants of the
system, .

Thus, for the open-circuit ribbon voltage,

V=8l 10-% volts
where £ 15 the flux-density in the air-gap, stated to be approxi-
mately 3,200 lines per sg cm;
[ is the effective length of the ribbon, approximately 635 em;
and v 15 the velocity, in cms/sec.

The velocity is given by:—

o J'rl.:'r{'t’ _.-"';-F..l,'_r,r
~impedance  wm
where 4 is the area of the ribbon, approximately 3 sq cm;
P e 18 the differential pressure;
and wm 15 the impedance of the mass-controlled movement.

At a frequency of 2,700 ¢/s the ratio W/ A 15 0-2 and the differential

pressure (Fig. 41) is equal to 1-8p..  Assuming the total effective
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MICROPHONES

mass to be 0-0025 gramme, the ribbon velocity for a sound wave of
r.m.g. pressure 1 dyne per sq cm may be written:—

Then Bly=>200 <033
25w
=26 microvolts
The coupling of the ribbon to the 300-ohm output circuit termi-
nates the ribbon with an impedance equal to its own (06 ohm) and
the voltage into the transformer becomes 13 uV. The voltage
delivered from the secondary winding to the load is given by:—

vm=%x 130V
=290 pV
This output voltage of 0-000290 corresponds closely to a level
of =70 db with respect to 1 volt; this is in close agreement with the
reputed output level of the micropheone of approximately —68 db
for a sound wave of r.m.s. pressure 1 dyne per sq cm.

» 10-# volts

6.1.6 WORKING DISTANCE anD PoLArR IMAGRAM

As has -been explained, for all differential-pressure operated
microphones the response to sounds of low frequency is much greater
if the waves are spherical than if they are plane. Most of the
sound sources in a studio are of sufficiently small dimensions to
produce sound waves which at short distances are not plane. It
is therefore necessary to have a reasonably large distance separating
the ribbon microphone from the nearest sound source, in order to
avold an excessive bass response.  The microphone should never
be used at a distance less than approximately two feet.

The polar diagram for the horizontal plane is a figure-of-eight
loop, almost identical with that of Fig. 34 throughout the major
part of the audio-frequency range. At the highest frequencies
diffraction variations cause some distortion of the shape of the loop.

The polar diagram for the vertical plane is also a loop similar
to that of Fig. 34, but distortion occurs at a somewhat lower frequency
than for the horizontal plane because, owing to the Iength of the
ribbon, the phase-difference effect becomes appreciable at frequencies
of 6,000 ¢/s and over.

The response/frequency characteristic of this microphone is
sufficiently independent of the angle of incidence to ensure reason-
able preservation of the tone relationships in a sound field.
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STUDIO MICROPHONES

6.2 S T. & C. MOVING-COIL MICROPHONE 4017
6.2.1 GEeNERAL DESCRIPTION

This microphone has been used extensively by the BBC for a
number of years, particularly on outside broadcasts. It incorporates
the principle of pressure operation of a constant-impedance system
discussed on page 43. The microphone was designed to produce
a uniform response over a wide frequency range and the velocity
of the moving system for a constant driving force is substantially
independent of frequency over a range of 35-10,000 c/s.

The construction is shown in Fig. 43; the general shape of the
microphone is cylindrical with an overall diameter of approximately
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Fig. 43—5. T. & C. MICROPHONE 4017C: CONSTRUCTION

3% inches. The diaphragm is of thin duralumin, for lightness,
domed for rigidity to ensure a piston-like motion, free from harmonic
modes. The domed centre portion, which is the active part of the
diaphragm, has a diameter of approximately one inch; the outer
portion of the diaphragm has concentric circular corrugations
which form a flexible mounting.

The moving coil, which is attached to the underside of the dome,
is of aluminium ribbon, wound on edge and secured and insulated
with phenol varnish. The diameter of the coil is approximately
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MICROPHOMES

equal to that of the domed portion of the diaphragm, to which it
is bonded with varnish by a high-temperature baking process.

A perforated steel guard protects the diaphragm from accidental
damage in handling and prevents objects attracted by the strong
magnetic flux from impinging on the diaphragm; the steel guard is
covered by a silk screen which serves to exclude dust, iron particles
and other foreign matter.

The centre pole-piece of the magnet system is welded to the
permanent magnet, which is of cobalt steel and has a large flux
with a high degree of permanence; the magnetising winding is left
in position as shown in Fig. 43. :

A recessed insert is screwed into the centre pole-piece, the recess
being immediately under the large round head of an adjusting
screw: the head is suvitably domed to correspond with the inner
surface of the diaphragm. By movement of the screw, an adjust-
ment can be made to the narrow annular passage between the rim
of the insert and the head of the screw; this passage connects the
cylindrical cavity below the screw head with the small enclosure
between diaphragm and
pole-pieces.

There is a restricted pass-
age for air particles from
the front of the pole-pieces
to the rear, via the magnetic
air-gap and a much narrower
annular slot: this slot is
formed between the under-
side of the outer pole-piece
and an annular ring, spaced
from the pole-piece by a
shim. The space between
the ring and the cenire

Fig. 44—5. T. & C. MICRO-
PFHONE 4017A

{Abovel With front screen and

puard removed. [(Righey Casing

removed 1o show  cut-away
shape of magnet
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STUDIO MICROPHONES

pole-piece is sealed by a rubber gasket (shown cross-hatched
in Fig. 43).

The clamping ring, which holds the diaphragm against the outer
pole-piece, is chamfered to minimise cavity resonance. This is
shown in the photograph taken with silk screen and guard removed
(Fig. 44). The lower picture, with the internal assembly partially
withdrawn from the casing, shows the cut-away magnet shape,
which ensures that the air behind the outer pole-piece is part of the
total air volume within the casing.

The plug and socket at the rear of the 4017A microphone was found
unsatisfactory in service. Later microphones, designated 4017C,
are provided with terminals, as shown in Fig. 43,

Two of the terminals at the rear of the casing are connected to the
moving coil, which is insulated from the rest of the microphone.
A third terminal is connected to the casing which, together with the
perforated guard at the front, functions as an electrical shield
when the terminal is earthed.

6.2.2  OPERATION

The diaphragm and coil assembly has mass m,, compliance
.., and resistance R, . such that if no other elements were present
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Fig, 458 T. & C. MICROPHONE 4017: EQUIVALENT
CIRCUIT, SHOWING MECHANICAL EQUIVALENTS FOR
ACOUSTICAL ELEMENTS
the velocity/frequency characteristic would have a sharp peak
below 2,000 ¢/s. This resonance is avoided by the provision of
slots and cavities behind the diaphragm; because of the acoustical
impedances introduced, the velocity for a constant applied force is
Fii



MICROPHONES

reasonably uniform through the frequency range. The equivalent
diagram for the composite system of acoustical and mechanical
clements is shown in Fig. 45.

The main resonance of the diaphragm is smoothed out by the
effect of my, R.; and C..; which are the mechanical equivalents
of the acoustical elements m, 4, R, and C, 4 associated with the outer
pole-piece slot and the air in the microphone casing. In the absence
of the other acoustical devices, the velocity would decrease below
200 ¢fs, with sharp irregularities above 2,000 ¢/s caused by
my, R., and C... These deviations from a constant-velocity
characteristic are shown by the dotted curves of Fig. 46 which is a
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Fig. 46—5 T. & C. MICROPHONE 4017: PRESSURE'FREQUENCY
CALIBRATION
graph of output for a constant applied pressure, plotted against
frequency. The effect of m,, R4 and C.,. 4, due to the centre pole-
piece insert, is to reduce the varnations above 2,000 ¢/s, leaving
only minor undulations as shown by the full-line curve.

The function of the tube, m,, R,,, 15 to offset the effect of the
low-frequency capacitive reactance of the air in the casing, thus
preventing a sharp decrease of diaphragm velocity at the lowest
audio frequencies. The inertance and resistance of the tubular
path are such that at frequencies above 200 ¢s the volume displace-
ment is negligible and the response of the microphone is not affected.
At frequencies lower than 200 ¢/s there is a partial resonance
between the positive reactance of the tube and the negative reactance
of the casing. The acoustical resistance is comparatively small
and an appreciable pressure is produced in the casing, the phase
being such that the velocity of the diaphragm is augmented and the
low-frequency response maintained, as shown in Fig. 46.

(.23 PERFORMANCE

It must be emphasised that the graph of Fig. 46 represents a ™ pres-
sure " calibration, which is obtained by a laboratory process involving
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STUDIO MICROPHONES

the application of a known pressure to the diaphragm. Information
of this kind is of value in the development of a satisfactory moving
system, but is not a complete indication of microphone performance
because no account 15 taken of the diffraction and phase-difference
effects.

The proper representation of microphone performance is by
means of a graph showing the ** field ” calibration. This is obtained
by measuring the output of the microphone when subjected to a
sound field of constant intensity at various frequencies and angles
of incidence. A field calibration for the S. T. & C. 4017 microphone
is given in Fig. 47.
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Fig. 47—8. T. & C. MICROPHONE 4017: FIELD CALIBRATION

Comparison of the field and pressure calibrations shows that
although they are very similar for all frequencies below 1,000 /s
the shapes of the various field response curves for the higher
frequencies differ considerably from that of the pressure response.
For sound at normal incidence, the field response at frequencies
between 1,000 ¢/s and 5,000 ¢/s is much greater than the pressure
response. The difference is almost 10 db at 3,000 ¢/s, the rise in
response in this part of the range being quite consistent with the
microphone frontal dimension of 3} in. (D/A=1 at approximately
4,000 ¢/s, page 51).

The electrical impedance of the microphone is almost constant
at 30 ohms, from very low frequencies up to 1,000 ¢/s, increasing
to approximately 37 ohms at 10,000 c/s.

The levels shown in Fig. 47 are the open-circuit levels of the
moving-coil output. When the microphone is matched by a
transformer to a 300-ohm line, there is a 6-db loss of level due to
termination and a 10-db gain due to the step-up ratio of the
transformer. The general level of output due to a sound field of
pressure 1 bar, will, therefore, be —76 db with respect to 1 volt into
300 ohms.
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MICROPHONES
6.3 5 T, & C. MOVING-COIL MICROPHONE 4021 A

.31 GENERAL DESCRIPTION .

This microphone was developed about 1935, some vears after the
introduction of the 4017A microphone. The internal acoustical
arrangements of this microphone are less elaborate and the external
shape and size is chosen with due regard to diffraction effects. The
frequency range is similar to that of the 4017 microphone, i.e.,
33-10,000 ¢/s, but the response at the upper part of the range is
much less dependent on the angle of incidence of the sound.

The microphone is designed for use with the
diaphragm uppermost, as shown in Fig. 48.*% This
arrangement results in an equal angle of incidence
tor all sound in the horizontal plane (page 50)
ensuring that the frequency characteristic is
common for all horizontal components of the
sound field. Within the frequency range there is
no appreciable loss of response due to phase
difference across the diaphragm, the diameter of
which is less  than the wavelength at all
frequencies below 17,000 ¢/s,

6.1,2 CONSTRUCTION

The general construction is shown in Fig. 49,

Al the top of the microphone there is a disk-like

screen, mounted on three small pillars so that

its centre is approximately | in. from perforations

Fig. 488 T. & ¢ in the casing above the diaphragm. The screen

MICROVNONE s of silk gauze, enclosed within layers of fine

) wire mesh and bounded by a rigid metal

rim. lts function is to equalise the response at all angles in the

vertical plane; without the screen the directivity is suflicient to be

objectionable, even though it is minimised by the spherical shape.
The diameter of the casing 15 24 inches,

The diaphragm is somewhat similar in construction to that of
the 4017 microphone, but 15 much lighter because of decreased
thickness and digmeter.  The domed central portion or diaphragm
proper has a diameter of approximately § in. and rigidity such that,
for all frequencies below 15,000 ¢/s, the motion is piston-like with
no tendency for harmonic modes of vibration.  Surrounding the
central dome there are tangential corrugations on an annular
portion § in, wide. This arrangement provides a flexible mounting
with low mechanical resistance.  The diaphragm is protected by
* From its shape it s known collogquinlly as the apple and bisewit microphone,
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STUDI MICROPHONES

the perforated part of the casing, covered with a fine gauze to
exclude dust and iron particles.

Below the air-gap between the pole-pieces, there is an annular
gauze strip which provides acoustical resistance to the movement
of air particles in the gap. The space below the pauze is filled
with cotton-wool, as are the small holes in the side wall of the
Alnico magnet and the outer spaces between magnet and casing.
A threaded ring below the magnet clamps the diaphragm and magnet
assembly firmly against a rubber gasket in the top part of the casing.
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The lower part of the casing is separated from the upper part by a
brass partition, with six holes covered by gauze, This functions
as an acoustical resistance, damping resonances in the volume of
air below the magnel.

The tube in the lower compartment serves not only to equalise
internal and external pressures, but also (o maintain the low-
frequency response (as described for microphone 8. T, & C, 4017).
For the latter purpose an appreciable inertance is necessary, and
this is provided by using a rubber tube, curled into the available
space, and thick enough to maintain its twbular shape.

Al the bottom of the microphone there is a recess with connecting
pins and a securing clip, provided for the insertion of the tubular
microphone stand.
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MICROPHONES

6.3.3  OPERATION

Because of the extreme lightness of the diaphragm, the frequency
of the diaphragm resonance is quite high in the audio range and
its effect is made negligible by comparatively simple means. There
IS N0 resonant cavity in the centre pole-piece and no special slot
below the outer pole-piece.  The mechanical impedance is sufficiently
uniform due to the combined effects of (i) the capacitance of air
behind the diaphragm, (ii) the mass of air in the magnetic air-gap,
and (iii) acoustical resistance, provided by the gauze ring below
the coil and by cotton-wool in the upper part of the casing. The
reactance of the equalising tube opposes that of the lower part of the
casing, preventing loss at low frequencies.
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Fig. 50—5. T. & ¢, MICROPHONE 4021A: EQUIVALENT CIRCUIT

The equivalent circuit for the microphone is shown in Fig, 50.
The branch m 4, R..,, corresponding to the inertance and resistance
of the tube, is shown connected between C,,, and the input terminal,
Although the outlet of the tube is at the back of the microphone,
the phase of the pressure applied to it at low frequencies is virtually
the same as the phase at the diaphragm.

6.3.4 PERFORMANCE

The field response is represented in Fig. 51. For horizontal
waves the maximum variation of output with frequency is approxi-
mately 6 db. The variation of output with various angles of inci-
dence in the vertical plane is approximately & db at 10,000 ¢/s and
4 db at 5,000 ¢/s, decreasing to zero for frequencies below 1,000 c/s.
Although the shape of the response/frequency characteristic is
reasonably independent of the angle of incidence, there is a slight
loss of high-frequency response to sound at an oblique angle from
below the microphone, as shown by the curves for —30° and —60°,

The screen on the top of the microphone is largely responsible
for the good omni-directional characteristics, Without the screen,
the divergence between the curves is some 6 db greater at 5,000 ¢/s
and 10 db more at 10,000 ¢/s. The equalising effect of the screen
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is due to its properties of diffraction and attenuation. At frequencies
below 1,000 ¢/s, sound at any angle has free access to the diaphragm.
At the higher audio frequencies, sound impinging on the microphone
from above is obstructed by the screen and there is an acoustical flow
through it due 1o high pressure at the top surface. This controlled
flow contributes to the effective diaphragm pressure, which other-
wise would be rather less than the free-wave value (as for an
appreciable central region at the rear of a rigid disk).
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Fig. 51—5. T. & C. MICROPHONE 4021A: FIELD CALIBRATION

High-frequency sound impinging on the microphone from below
is partially reflected from the screen on to the diaphragm, thus
maintaining the effective diaphragm pressure despite obstruction
of the direct wave by the microphone casing.

All the curves have a definite peak between 5,000 ¢'s and 8,000
¢/s,; this may be attributed to cavity resonance, the effective diameter
of the cavity in front of the diaphragm being approximately 0-8 in.
(circumference equal to wavelength at 5,500 ¢/s, page 60).

6.4 EM.L. MOVING-COIL MICROPHONE

‘6.4.1 GENERAL DESCRIPTION

This microphone 15 a pressure-operated moving-coil istrument
and i1ts general construction is shown in the cross-section drawing
(Fig. 52).
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