No. 4

THE DESIGN OF A RIBBON TYPE
PRESSURE-GRADIENT MICROPHONE
FOR BROADCAST TRANSMISSION

by D. E. L. SHORTER, B.Sc.(Eng.), A.M.LE.E.
H. D. HARWOOD, B.Sc.




© BBC 2005. All rights reserved. Except as provided below, no part of this document may be
reproduced in any material form (including photocopying or storing it in any medium by electronic
means) without the prior written permission of BBC Research & Development except in accordance
with the provisions of the (UK) Copyright, Designs and Patents Act 1988.

The BBC grants permission to individuals and organisations to make copies of the entire document
(including this copyright notice) for their own internal use. No copies of this document may be
published, distributed or made available to third parties whether by paper, electronic or other means
without the BBC's prior written permission. Where necessary, third parties should be directed to the
relevant page on BBC's website at http://www.bbc.co.uk/rd/pubs/ for a copy of this document.



No. 4

THE DESIGN OF A RIBBON TYPE PRESSURE-GRADIENT
MICROPHONE FOR BROADCAST TRANSMISSION
| by ,
D. E. L. Shorter, B.Sc.(Eng.), A M.LE.E.
H. D. Harwood, B.Sc.

- (RESEARCH DEPARTMENT, BBC ENGINEERING DIVISION)

DECEMBER 1955

BRITISH BROADCASTING CORPORATION



FOREWORL

uis is one of a series of Engineering Monographs
published by the British Broadcasting Corporation.
About six will be produced every year, each dealing
with a technical subject within the field of television and
sound broadcasting. Each Monograph will describe work
that has been done by the Engineering Division of the
BBC and will include, where appropriate, a survey of
earlier work on the same subject. From time to time the
series will include selected reprints of articles by BBC
authors that have appeared in technical journals. Papers
dealing with general engineering developments in broad-
casting may also be included occasionally.

This series should be of interest and value to engineers
engaged in the fields of broadcasting and of telecom-
munications generally.

Individual copies will cost 5s. post free, while the an-
nual subscription is £1 post free. Orders can be placed
with newsagents and booksellers, or BBC PUBLICATIONS,
35 MARYLEBONE HIGH STREET, LONDON, W.1




CONTENTS

Section Title

(W41

PREVIOUS ISSUES IN THIS SERIES
INTRODUCTION

DESIGN DETAILS

2.1. General

2.2. Magnet System

2.3. Ribbon

2.4. Low-frequency Baffle .
2.5. Case and High-frequency Reflectors
2.6. Output Connections

2.7. Protection against Vibration

PERFORMANCE
3.1. General .
3.2. Frequency Response Characteristics
3.3. Sensitivity
3.4. Impedance
3.5. Noise i
3.5.1. Self-generated Noise
3.5.2. Magnetic Induction Pick-up .
3.5.3. Wind Noise
3.6. Non-linearity

CONCLUSION
APPENDIX: COMMERCIAL APPLICATION

REFERENCES

Page

QO OGN th WLh

B
iy

I\
N



PREVIOUS ISSUES IN THIS SERIES
No. 1. The Suppressed Frame System of Telerecording, by C. B. B. Wood, A. V. Lord, E. R. Rout,
R. F. Vigurs JUNE 1935
No. 2. Absolute Measurements in Magnetic Recording, by E. D. Daniel, P. E. Axon SEPTEMBER 1955

No. 3. The Visibility of Noise in Television, by R. D. A, Maurice, M. Gilbert, G. F. Newell, J. G. Spencer 0CTOBER 1955



1. Introduction

The introduction, in 1933, of pressure-gradient ribbon
microphones into broadcast studios brought about a
marked improvement in transmission quality. Not only
was the response of these microphones more uniform at
high frequencies than that of most pressure-type micro-
phones of the period, but the directional properties—at
least in the plane perpendicular to the length of the ribbon
—varied only slightly with frequency, so that the rever-
berant as well as the directly received sound was more
faithfully reproduced.

In spite of the advances in design of other types of micro-
phone—notably the electrostatic variety—in the last two
decades, the pressure-gradient ribbon microphone, by
reason of its simple construction, low cost, and ease of
maintenance, is still used for indoor work in this country
in greater numbers than any other kind. The BBC-
Marconi Type A microphone, believed to be the first of
this type to be manufactured in Great Britain, was pro-
duced in 1934, and although a few improvements have
subsequently been incorporated, the basic design remains
unaltered. The performance of this microphone is still
good, even by modern standards, but the instrument is
bulky and there has long been a demand, arising in part
from the special needs of the Television Service, for a
smaller version giving an equal or better performance. In
the absence of any commercial microphone capable of
meeting this requirement, the BBC Research Department
beganin 1951 to develop a new design.

The existing BBC microphones were of two outwardly
similar types, known as the AXB and AXBT; these had
open-circuit sensitivities of —77 db and —71 db respec-
tively relative to 1 volt/dynefcm®, with impedances of 300
ohms, the difference being due to the use of modern per-
manent magnet material in the later model. In laying
down design requirements for a successor to these micro-
phones, some doubt was felt regarding the best compro-
mise between the conflicting requirements of high sen-
sitivity and small size. It was found that some sixty percent
reduction in the volume occupied by the original micro-
phone could be achieved while retaining the sensitivity of
—71 db; but the question then arose whether some
departure from this figure, which is well above the average
for high-quality ribbon microphones, could be allowed in
exchange for a further reduction in dimensions.

It was eventually decided to offer to the operational
departments the choice of two designs, designated PGD
and PGS (the final letter referring to the double-ended and
single-ended magnet systems employed), having sensi-
tivities of —71 db and —75 db respectively, with a corre-
sponding difference in size. Prototypes underwent service
trial during 1952 and the PGS design was selected as the
better compromise between the various requirements.

Although the present monograph is mainly concerned
with the type PGS microphone, reference will also be made
throughout to the type PGD as an example of the alter-
natives open to the designer and as an illustration of some
technical problems; a certain amount of information on
the type AXBT is also given for comparison.

In the sections which follow, various parts of the micro-
phone design are considered in detail, the effect of some of
the variable factors shown, and an account given of the
experimental methods used in the development. Finally,
various aspects of the performance are discussed with
reference to test data obtained on a number of production
specimens.

2. Design Details

2.1 General

Fig. 1 shows the dimensions and weights, and Fig. 2, the
general appearance, of the PGS and PGD microphones,
an AXBT microphone being included for comparison.
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Fig. 1 — Dimensions and Weights of Microphones
Type PGS, PGD, and AXBT



Because of the wide gap between the pole pieces the
magnetic system of a ribbon microphone is very in-
efficient; only two to ten per cent of the flux leaving the
permanent magnet appears at the pole tips. Before

Figs. 3 and 4 show the PGS microphone partially dis-
mantled; with the exception of the magnet system and
case, which will be dealt with later, the essential features of
the PGD microphone are similar.

Fig. 2 — Microphones Type PG D (left), AXBT, and PGS (right)

2.2 Magnet System

Fig. 3 shows the magnet system of the PGS microphone.
The permanent magnet is of Ticonal ‘G’; the pole pieces,
of mild steel, are permanently attached to the magnet by
Araldite cement. The Araldite is set by baking at 200°C,
a temperature which is not high enough to affect the mag-
netic properties of the permanent magnet material.

The magnet system of the PGD microphone differs from
that of the PGS in having a permanent magnet at each end,
an arrangement which has some advantage when the
highest possible flux density is required, as it avoids undue
concentration of flux at the ends of the poles.

attempting to specify the magnet to be used, it was there-
fore necessary to investigate the degree of magnetic leak-
age occurring with various pole shapes. The problem is not
in practice amenable to calculation but an approximate
solution can be obtained by the use of electric fleld
analogies based on the assumption that the pole faces are
equipotential surfaces; this line of attack has been adopted
in the design of magnets for magnetrons'”, data not
readily calculable being obtained in such cases by measure-
ment in an electrolytic tank. For the present purpose, the
required information was cobtained by measuring the
capacitance in air between a sheet metal model (eight times




Fig. 3 — Microphone Type PGS. Magnet Assembly with
ribbon carrier, damping screen, baffle, and refleciors

full size) representing one of the two pole pieces and a
large conducting sheet representing the equipotential sur-
face midway between them.

Fig. 5 shows the experimental arrangement in diagram-

matic form. A is the surface of one pole and F the central
plane, of which the small rectangular area B, immediately
opposite the pole tip, is insulated from the remainder. The
area B embraces the useful part of the field, in which the
maximum possible flux is required; the ratio of the useful
flux, thus defined, to the total flux is

C

4B

CAB+CAE
denote the capacitances from 4 to B and from 4 to E
respectively. The values of C,, and C,, + C,, were
directly determined by a transformer-ratio capacity
bridge!® operating at a frequency of 10kc/s and capable of
measuring less than 0-001 puF, the effect of the capaci-
tances from 4 and B to E being automatically eliminated
in the former case by connecting £ to the neutral terminal
of the bridge.

Experiments were carried out with the pole tips having
various shapes and angles of chamfer and with the pole
tips flat, radiused, and recessed. Fig. 6 shows typical data
obtained by this method; in each case the percentage of
flux crossing the central area is plotted as a function of gap
width. Recessed poles show aslight advantage, particularly
with narrow gaps, but leave too large a leakage space on
either side of the ribbon. For the present purpose, the best
shape, having regard to the necessary cross-sectional area
of the pole, was found to be the straight chamfer with an
angle of 60 deg. and flat pole-tip surfaces. For reasons to
be discussed in the next section, the gap width was made
0-25 inch.

Concurrently with the work described above, the
acoustic effect of various possible shapes of permanent
magnet and pole piece was investigated by means of scale
models built of wood and plasticine and fitted with rib-
bons: the models were approximately twice full size, the
test frequencies being chosen in accordance with the appro-
priate scale factor. The magnetic field in the models was
produced by small blocks of permanent magnet material

where C,, and C,,

Fig. 4 — Microphone Type PGS. Assembly with stirrup removed
7



let into the pole pieces and the resulting sensitivity,
although low, was adequate for preliminary tests.

The acoustic effect of the pole pieces was not critically
dependent on the shape and chamfer provided that the
angle shown in Fig. 6 was greater than 45° and the form
already arrived at from consideration of the magnetic sys-
tems was therefore adopted. On the other hand, the
acoustic obstruction created by the permanent magnet and
its junction with the pole-pieces produced some deteriora-
tion in frequency response and was the subject of much
experiment. There are in effect two external paths between
front and back of the ribbon, namely, the short distance
round the pole pieces and the long distance round the
magnet. The length of the latter path is such as to give a
relatively high sensitivity combined with a corresponding
low cut-off frequency; above this frequency there is a
change of regime and the microphone response falls to a
level which depends on the distance around the pole pieces.
The effect is most clearly shown in the case of the PGD
design, in which the two magnets are close together, by a
step in the axial frequency characteristic at about 2000 ¢/s.
By extending the magnet system so that the main bulk is
kept further away from the pole pieces and ribbon, the size
of the step can be reduced ; the advantage thus obtained is
partly offset however by the increase in leakage flux which
makes it necessary to use a larger magnet to give the same
useful flux. The final compromise involved to some extent
the length of the ribbon, which in the case of the PGD
microphone had to be made slightly longer than in the
PGS to obtain acceptable characteristics.

The useful flux density in the PGS microphone is fairly
constant over the length of the poles, but varies across the
gap from 6500 gauss at the pole tips, to 4500 gauss at the
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Fig. 5 — Microphone Type PGS. Section of Electrostatic
model used for determination of Magnetic Leakage
(Simplified Diagram)
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Fig. 6 — Microphone Type PGS. Ratio of useful flux to
fotal flux between pole pieces. Data obtained by electrostatic
model

centre. The flux density in the mild steel pole pieces is not
high and only about five per cent increase in the gap flux
can be obtained by the substitution of materials such as
Permendur, having a relatively high magnetic saturation
point. For the purpose of the present design, this small
advantage was not considered sufficient to outweigh the
manufacturing difficulties associated with the alternative
pole materials; in large-scale production, however, using
pole pieces produced by the method of investrgent casting,
the increase in efficiency obtained might prove worth
while, if only because it would permit the specification for
the permanent magnet to be slightly relaxed.

2.3 Ribbon
2.3.1 Lengih

The upper limit to the length of the ribbon is decided by
the allowable high-frequency loss which occurs when the
source of sound lies off the microphone axis in the vertical®
plane; the lower limit is set by considerations of sensitivity,
by the acoustic obstacle effect of the magnet system, and,
ultimately, by the necessity of keeping the fundamental
resonance frequency low. In the PGS microphone, a com-
promise has been reached with a ribbon length of I in.;
in the PGD design, for reasons explained in Section 2.2
this figure was increased to 1-125 in.

# Throughout this text the terms ‘horizontal’, ‘vertical’, ‘above’,
and ‘below’, when used to describe the angle of incidence of the
sound, have the sense indicated by the diagrams in Figs. 16 to 21.




2.3.2 Width

The width of the ribbon is determined by a number of
opposing factors; for example, a wider ribbon has a lower
electrical resistance but with a wider gap the magnet sys-

depart somewhat from the conditions for optimum effi-
ciency for the sake of greater smoothness of frequency
response. In addition to its fundamental longitudinal
resonance mode, which is commonly arranged to occur at
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Fig. 7 — Microphone Type PGS. Open-circuit axial frequency response with and without ribbon damping screens

tem is less efficient. The open-circuit sensitivity of a ribbon
microphone having a given output impedance at the secon-
dary winding of the ribbon/line transformer varies only
slowly with ribbon width; considered from this point of
view, the optimum width for an undamped ribbon is
usually of the order of 0-1 in. to 0-2 in., the exact figure
depending on the clearance allowed between ribbon and
poles and the degree of magnetic saturation of the pole
tips. It is not always convenient, however, to operate the
microphone into open circuit and it is necessary to con-
sider the effect of a resistive load. In a high-efficiency
microphone, the motional impedance of the ribbon at low
frequencies may be comparable with, or even exceed, its
static resistance. The imposition of an external resistive
load will therefore cause the frequency characteristics to
fall at the bass, and it can readily be shown that for a given
sensitivity this effect becomes more pronounced as the area
of the ribbon is reduced. Moreover, for reasons which will
be considered later, it is necessary in the PGS microphone
to apply acoustic damping to the ribbon. The eflectiveness
of the damping is somewhat reduced by the leakage of air
through the inevitable space between ribbon and poles and
to minimize this effect, the width of the ribbon should be
large compared with the width of the space. Consideration
of these additional factors led, after some experiment, to
the choice of a ribbon 0-23 in. wide working in a2 0-25 in.
wide gap.

2.3.3 Material and Thickness

To give maximum efficiency the material used for the
ribbon should combine low resistivity with low density and
for this purpose there is still no practical alternative to
aluminium.

For any given pole structure, there is an optimum
ribbon mass which will match the acoustic reactance load
imposed by the air, It is sometimes necessary however to

or below the lowest frequency of interest, a microphone
ribbon possesses a number of modes of higher order; these
may appear as a series of kinks in the frequency response
curves and, unless well damped, their effects are audible as
a slight blurring of the reproduced sound. Ribbons of
thick, springy material are the worst in this respect and
much smoother frequency response curves are obtained
with thin beaten aluminium leaf, which has an appreciable
amount of internal damping. Material of this kind 2-5 x
107 in. (0- 6 micron) thick and weighing 02 mg/cm?® has
been used for many years in the type A microphone and is
again employed in the PGS design. Although the mass is
slightly less than the optimum referred to above, the loss in
efficiency due to this cause is less than § db.

The d.c. resistance of the ribbon in the PGS microphone
is0-22 ohm.

2.3.4 Acoustic Damping

In practice, the shorter the ribbon, the more prominent
are its resonances and with the reduction in length from
2-7 in. in the type A to 1 in. in the PGS, some external
damping was found necessary to preserve a sufficiently
smooth frequency response. The required effect is achieved
acoustically by screens of wire gauze at the front and back
of the ribbon; one of these screens can be seen in Fig. 3
while Fig. 7 shows the effect on the microphone response.
The screens are of Monel metal and, being slightly mag-
netic, are held in place by the attraction to the pole pieces;
they also serve as a trap for any magnetic particles which
may find their way into the case. When a ribbonis vibrating
in one of its higher modes, there is an alternating air flow
between adjacent sections vibrating in antiphase. For
effective damping of these modes it is essential that a large
part of this flow should pass through the wire gauze screen
which must therefore be placed as close to the ribbon as is



consistent with the required freedom of movement; in the
PGS microphone the spacing is 0-03 inch.

To damp the higher modes of the ribbon, the effective
mechanical resistance introduced by the screens has to be
comparable with the mass reactance of the ribbon at low
frequencies and thus introduces a bass loss as shown in
Fig. 7; this loss is compensated, however, by a device
which will be dealt with in a later section.

2.3.5 Tension

To minimize the effect of longitudinal resonance, the
ribbon tension should be kept as small as possible; since,
however, a lightly tensioned ribbon is easily moved by
draughts and structure-borne vibration, some compromise
has to be effected. With the damping arrangements
described above, the tension, and hence the fundamental
resonance frequency, of the PGS ribbon may be varied
over a fairly wide range without seriously affecting the
response of the microphone in the working frequency
band. Thus, the fundamental resonance frequency of the
unloaded ribbon can be made as low as 25 ¢/s without risk
of mechanical instability or of excessive sagging when the
microphone is used in a horizontal position. If, on the
other hand, the ribbon tension isincreased until the funda-
mental resonance occurs at 45 ¢/s, the low-frequency
response characteristics do not deviate by more than
-+% db from a smooth curve while the transient response,
investigated by driving the ribbon electrically with inter-
rupted tone and observing on an oscilloscope the voltage
generated during the ‘off” periods, remains substantially
aperiodic. To minimize the effects of wind and vibration,
the resonance frequency is therefore kept near the higher
figure.

are subjected in service. In the course of the investigation
attempts were made to simulate this aspect of service con-
ditions by such expedients as passing a.c. of square wave-
form through the ribbon to produce abnormally large
deflections; these methods however gave grossly over-
optimistic results, and impact tests were found to be essen-
tial. As a result of these experiments, the ribbon in the final
design was formed with twenty corrugations per inch but
these corrugations were pulled nearly flat on fitting; with
this arrangement, sagging of the ribbon is prevented, while
the production variation in high-frequency response is held
withinabout -4 db.

Fig. 8 shows the effect of ribbon corrugation on high-
frequency response in a few typical cases. For the sake of
clarity, only differences in frequency response are shown,
the datum line (g) being the response of a microphone
having a ribbon so deeply corrugated that the first trans-
verse resonance mode lay above 20 ke/s. Curve (b) shows
the effect of transverse resonance within the working band,
a result which could in some circumstances, be turned to
good account if the ribbon could be made sufficiently
stable. Curve (¢) relates to a typical PGS microphone,

2.3.7 Motional Impedance Measurements

Most of the design information on the effect of changes
in ribbon thickness, tension, and type of corrugation was
obtained by motional impedance measurements. For this
purpose, the microphone under test was divested of its
case, low-frequency baffles, high-frequency reflector plates,
and damping screens. The ribbon, which may be repre-
sented as a motional impedance Z,, in series with a blocked
impedance Z,, was connected in one arm of the bridge cir-
cuit shown in Fig. 9, an impedance Z,, approximately
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Fig. 8 — Microphorne Type PGS. Change in high-frequency response with form of ribbon corrugation

2.3.6 Corrugations

At the higher frequencies—in the present instance,
above about 3 kc/s—the response of the microphone is
affected to some degree by transverse resonance modes of
the ribbon; the extent to which these modes are excited
depends partly on the degree of accidental asymmetry of
the ribbon, and the result is therefore not always under
control. Consistent performance can be achieved by using
corrugations of fine pitch, but such corrugations were
found to straighten out after a time as a result of the
mechanical vibrations and shock to which microphones

10

equal to Z,, being provided in the adjacent arm. With the
ribbon temporarily immobilized by immersion in a bath of
liquid (a volatile substance being employed to hasten the
subsequent drying) and Z,, thus removed, the bridge was
balanced by adjustment of the resistor R; and of a small
capacitor C, connected in parallel with either R, or R, as
required. The bath of liquid was then removed, the ribbon
allowed to dry, and the unbalance voltage from the bridge
recorded, as a function of frequency, by conventional
curve-tracing equipment. R;, R,, and the impedance of the
bridge output circuit are made high compared with Z,; and
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Fig. 9 — Motional impedance bridge circuit

Z,; the quantity recorded was therefore proportional to
Z_,1i.e. to the voltage generated by the ribbon in response
to a given current. To a first approximation, the foree pro-
duced by this current can be regarded as replacing the
force which would be produced by a certain sound field.
The force due to the sound field will be proportional to
frequency as long as the microphone is small compared
with a wavelength. In so far as this requirement is met, the
output from the motional impedance bridge can be made
proportional to the response of the microphone to sound
by making the current passing through Z; likewise pro-
portional to frequency; the required effect is achieved in
the circuit of Fig. 9 by the provision of a series capacitor
C., the reactance of which, up to the highest frequency of
interest, is large compared with the input impedance of the
bridge.

Fig. 10 shows a typical example of a characteristic
obtained with a particular experimental ribbon using the
circuit of Fig. 6; the initial balancing operation was carried

out at 10 kc/s. In the absence of the damping screens, the
longitudinal resonance modes of the ribbon are very pro-
minent at frequencies below 1000 ¢/s; in this frequency
range, the acoustic response of the microphone followed
closely the curve of Fig. 10. The two peaks at approxi-
mately 10 kc/s and 11 kc/s are associated with transverse
resonance modes of the ribbon; because of the non-
uniformity of the magnetic field, which is about thirty per
cent weaker in the centre of the ribbon than at the edges,
these modes are more strongly excited when the ribbon is
driven electrically than they would be under normal work-
ing conditions and the change in motional impedance
which they produce is greater than the corresponding
change in acoustic response.

The ‘response’ curves obtained from the motional
impedance bridge differ from the corresponding acoustic
response curve not only because they do not show the
effects which occur at high frequencies, when the wave-
length of sound is comparable with the dimensions of the
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Fig. 11 — Microphone Type PGS. Change in response produced by low-frequency baffles

microphone, but also because the natural distribution of
driving force over the ribbon may not always be exactly
reproduced. The information displayed was nevertheless
of great value in the detailed investigation of ribbon
behaviour, since small irregularities in the motional
impedance frequency characteristic could be delineated
with an accuracy and speed not readily attained in
acoustic measurements. The motional impedance measure-
ment was moreover independent in practice of the acous-
tics of the environment and it was found that the whole
operation could be carried out in a live room in the
presence of a considerable amount of ambient noise.

The technique described, while simple in principle, calls
for some refinement in instrumentation, for though at
50 cfs the motional impedance of the ribbon may be of the
same order as its blocked impedance, its value at 10 ke/s is
likely to be about half per cent of this, i.e. of the order of
10~ ohm. The initial bridge balance must therefore be
accurately maintained over the frequency range and to
this end the effect of the ribbon inductance which, because
of the proximity of the magnet pole pieces, varies slightly
with frequency, has to be taken into account. The impe-
dance Z, therefore takes the form of a dummy microphone
in which the ribbon is replaced by a strip of copper foil, the
resistance being brought up to the normal value by a short
length of Eureka wire included in the external connections;
the copper foil and the Eureka wire are embedded in
plasticine to prevent vibration.

Given these precautions, the method of operation is
quite straight-forward and a curve such as that of Fig. 10
can be obtained in a few minutes.

2.4 Low-freqguency Baffle
The low-frequency loss caused by the heavy damping of
the ribbon is compensated by surrounding the ribbon by a

baffie of closely woven gauze. This device was first used by
von Braunmuhl and Weber(® in electrostatic microphones
and later applied to ribbon microphones by Olson™. Its
action depends on the fact that the acoustic impedance
of the external path between front and back of the dia-
phragm increases with frequency, so that a porous baffle
having a fixed impedance so low that its influence 1s negli-
gible at high frequencies can act as an obstacle at lower
frequencies. In this way, the effective length of the front-
to-back path, and hence the phase difference between the
pressures acting on the two faces of the diaphragm (in the
present instance, a ribbon) becomes relatively greater at
fow frequencies and the bass response is correspondingly
increased. The frequency range over which the change of
regime described takes place depends on the acoustic
impedance of the baffle, which in the PGS microphone
consists of a single layer of bolting cloth supported by a
coarse wire mesh, disposed, as shown in Fig. 3, on either
side of the ribbon and in the hollow of the permanent
magnet. Fig. 11 shows the change in the response of a
PGS microphone produced when the baffle is added. The
baffle must be a close fit on the magnet and poles; a gap of
0-06 in. is sufficient to reduce the effect shown in Fig. 11
to one-half.

2.5 Case and High-frequency Reflectors

The outer case of a microphone has in general an
important influence on the characteristics, for a structure
which is robust enough to withstand handling and offers
sufficient resistance to air-flow to exclude draughts and
dust is likely to present an appreciable obstacle to sound.
In the present instance the principal effect of the case on
the performance of the microphone occurs at high fre-
quencies, at which reflection of sound takes place between
the inner surfaces in front of and behind the ribbon. Such
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Fig. 12 — Microphone Type PGS. Change in response produced by case
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reflections modify the sound field in the neighbourhood of
the ribbon, increasing the response of the microphone at
some frequencies while reducing it at others. Thus, unless
special careistaken in the design of the case, the result may
be detrimental to the overall performance. The degree of
obstruction presented by the microphone case to sound at
high frequencies increases not only with the proportion of
the total arca obstructed but to a large extent with the
thickness of the material. For example, perforated metal
produces a greater change in high-frequency response than
does fine wire mesh while with bars or grilles, even if
narrow and widely spaced, the effects are even more
pronounced.

In the PGS microphone, the removable upper part of
the case, which surrounds the ribbon, is constructed of per-
forated brass over which are stretched two layers of wire
gauze, the inner fine and the outer coarse. To minimize the
effects of internal reflections, the perforated brass, which
at high frequencies constitutes the principal obstruction to
sound, is cut away to form D-shaped windows in front of
and behind the ribbon. The influence of the upper part of
the case-on the microphone response is shown in Fig. 12;
it will be seen that there are still some signs of internal
reflection above 6 ke/s. Fig. 12 also shows a slight loss at
low frequencies. A small part of this loss is accounted for
by the increased resistive air loading imposed on the
ribbon by the wire gauze but the effect is mainly due to
modification, by the cover, of the sound field acting on the
ribbon.

The results of reflection at high frequencies by obstacles
near the ribbon can sometimes be turned to good account
by appropriate spacing of the surfaces concerned. This
artifice is employed in the PGS microphone by mounting,
in front of and behind the ribbon, parallel reflectors of per-
forated plastic material, shown in Figs. 3 and 4. The in-
fluence of these reflectors on the response of the micro-
phonecan beseen from Fig. 13. The standingloss of 6-7 db,
due to the slight increase in the reactive load imposed by
the air on the ribbon, is more than offset by a useful rise in
axial response up to about 13 ke/s. The effect is similar in
kind to that shown in Fig. 12 but because the distance
between reflectors is less than the depth of the case, the
maxima and minima in the curve oceur at higher fre-
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quencies. The amount of the rise in response, which is con-
trolled by the thickness of the reflectors and the fraction of
their area occupied by perforations, has been arranged as
far as possible to offset the natural fall in response which
occurs in a pressure-gradient microphone at high fre-
quencies when the wavelength of the sound is no longer
large compared with the effective pathlength between the
front and back of the moving element. Because the per-
forated plates have dimensions comparable with a wave-
length in their operative frequency band and in addition
give only partial reflection, the frequencies of the maxima
and minima in response which they produce are not
simply related to the spacing between them. In the present
instance, the frequency of the first maximum shown in
Fig. 13 was found to vary, over the range of interest,
inversely as the cube of the spacing. It will be seen from
Fig. 13 that the effect of the reflectors is less for sound
arriving at an angle to the axis; in this case, however, the
fall in response which it is desired to correct is also less, so
that the presence of the reflectors also reduces the variation
in overall frequency response with angle of incidence.

It may be of interest to note that perforated plates
similar to those described but covered with thin cloth were
provided in some of the earliest pressure-gradient ribbon
microphones as puff-shields, though the thickness of
material used and the spacing were such thatany fortuitous
effect on the high-frequency response must have been
small. The use of such reflectors for the purpose ofimprov-
ing the performance of the microphone at high frequency
in the manner described above was however described
independently by Olson in a patent disclosed in October
195105,

In the interests of mechanical rigidity, a different form
of case construction is adopted for the double-ended
microphone PGD. Here, the effects which in the PGS
microphone are produced by internal reflector plates are
achieved by dishing the perforated case at front and back
as shown in Fig. 2, so that the surfaces opposed to the
ribbon are separated by the optimum distance. The same
devicel®! is, of course, applicable to a single-ended mag-
net structure and an example of this will be given in
the appendix.

Because the magnet assembly of the PGD microphone



Fig. 14 — Microphone Type PGS. Ribbon carrier with ribbon

is completely symmetrical about both horizontal and
vertical planes, and the outer case nearly so, the frequency
characteristics for sound approaching from above and
below the axis are generally similar. The same result cannot
naturally be obtained with the single-ended magnet sys-
tem of the PGS, but here, the degree of asymmetry is to
some extent reduced at high frequencies by providing an
auxiliary reflector(®) (not visible in Fig. 4) in the form ofa
plate approximately 2in. x 0-75in. curved to fitinside the
top of the perforated brass cover.

In the PGS microphone, the dimensions of the case are
kept to a minimum by mounting the ribbon-to-line trans-
former in the base of the stirrup; the arms of the stirrup are
made hollow and carry the connections from the ribbon.
To minimize the overall width of the assembly, the stirrup,
instead of embracing the case, is attached to one face;
although the axis of rotation does not pass through the
centre of gravity of the magnet system, the friction in the
bearings is made sufficient to retain the microphone at any
angle to which it may be set.

To enable the microphone to be slung in various posi-
tions, three suspension lugs are provided; these are carried
on a rotatable ring encircling the stem; since the centre of
gravity of the microphone is not in line with the stem, two
of the lugs are asymmetrically placed so that the micro-
phone can be made to hang vertically.

2.6 Output Connections
In bringing out the electrical connections from the

ribbon to the primary winding of the ribbon-to-line trans-

14

former, special precautions are necessary to minimize
induction pick-up from stray alternating magnetic fields.
Interference of this kind has at various times been caused
by heavy-current supply circuits, especially those contain-
ing rectifiers, by d.c. traction circuits carrying commutator
ripple, and by the scanning coils of television equipment.
Since 1943, ribbon microphones in the BBC have been
internally wired in such a way as to form a pair of mag-
netically balanced loops in the ribbon circuit, a fine adjust-
ment of the balance being effected by subjecting each
microphone to a strong 1000 c/s magnetic field and
slightly bending the wiring to give minimum pick-up. By
this means a reduction in interference of more than 30 db
has been achieved. In the new microphone the same result
is obtained without the need for any trimming adjustment.
The ribbon is mounted in a removable carrier, shown in
Fig. 14. Electrical connection to one end of the ribbon is
made through four brass straps joined in parallel and sym-
metrically disposed so that the effects of external magnetic
fields are balanced out.(”) These straps are shaped to fit the
chamfered faces of the magnet poles and thus serveto
locate the ribbon in the gap; the poles are coated with an
insulating varnish to prevent electrical contact with the
straps. The ribbon carrier can be withdrawn for main-
tenance purpose by unsoldering the electrical connections
and removing two of the straps as shown in Fig. 14.
Connection between the ribbon carrier and the trans-
former primary winding is made by two parallel-connected
twisted pairs, one in each side of the hollow stirrup. Tilting
the microphone head causes the ribbon connections to



Fig. 15 — Microphone Type PGS. Rear view, base of stirrup dismantled

twist or untwist slightly ; the maximum angle of tilt requir-
ed is only 90 deg. so that the strain imposed on the con-
ductors is small. The output from the transformer
secondary winding is taken through a 0-25 in. diamster
twin screened cable, the conductors of which are soldered
to tags on the transformer. Fig. 15 shows the transformer,
which has a Mumetal screen, removed from the micro-
phone; details of the cable entry and cable grip can also be
seen.

2.7 Protection against Vibration

Pressure-gradient microphones, particularly those hav-
ing a good low-frequency response, are particularly liable
to pick up structure-borne vibration. With light-weight
instruments of this type, the degree of compliance in the
mounting required to give protection inall circumstances
against this form of interference is greater than can becon-
veniently obtained by internal shock-absorbers of prac-
ticable size. Rather than increase the dimensions of the new
microphones by incorporating anti-vibration devices
which would in some circumstances be superfluous and in
others inadequate, it was decided to rely on the external
mounting to give the required protection, a practice
already followed in a number of commercial designs. With
suspended microphones, adequate isolation can generally
be obtained by the use of rubber thongs of appropriate
thickness, but with a floor stand, some form of shock
absorber is required and an anti-vibration mounting (not
shown in the photographs) was therefore provided as a
separate unit.

3. Performance
3.1 General

The following data on the performance of the PGS
microphone were obtained from production models.
Some corresponding data for the PGD type and for an
AXBT microphone are given for comparison.
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3.2 Frequency Response Characteristics

Figs. 16, 17, and 18 show the open-circuit frequency
response characteristics of a typical PGS microphone for
various angles of incidence in both horizontal and vertical
planes. These curves refer to the response in a plane wave
and do not include the bass rise which occurs when a
pressure-gradient microphone is used in close proximity to
a source of sound.

To show more clearly the variation in frequency
response with angle of incidence and to facilitate com-
parison with the characteristics of other microphones, the
curves for axial and 60 deg. incidence have been replotted
together in Fig. 19. For 60 deg. incidence, the response of
an ideal pressure-gradient microphone would be 6 db
below the axial value; for comparative purposes, the
60 deg. curves in Fig. 19 are raised by this amount so that
they coincide with the axial curves wherever the polar
characteristic follows the ideal cosine law.

The angle of 60 deg. is chosen as embracing the most
extreme conditions of use and in comparing Figs. 16 to 19
with published data on other types of ribbon microphone,
it should be borne in mind that the worst frequency charac-
teristics, which are those for sound sources above and
below the axis, are seldom given in the literature.

The curves of Figs. 20 and 21 are plotted in the same way
as those of Fig. 19 and refer to the PGD and AXBT
microphones respectively. In all three figures the change in
frequency response produced by loading the microphone
with a resistance equal to its nominal impedance is also
shown.

It will be seen that the high-frequency response of the
PGS and PGD microphones is very much better than that
of the AXBT, especially for sound incident obliquely in the
vertical planes. Because of the relatively small obstruction
presented by the single magnet system, the extreme high-
frequency response of the PGS microphone is higher than
that of the PGD, though the asymmetry of the vertical
plane characteristics in the 2000 ¢/s—-5000 ¢/s region is
more apparent. The crevasse in the - 60 deg. curve of the
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PGS microphone at 10 ke/s is due to interference ; it will be
noted that similar effects occur in the corresponding
AXBT characteristics at lower frequencies.

The on-load frequency response of all three micro-
phones below 500 ¢fs is generally similar, though the
PGD, onaccount of its higher electromechanical efficiency,
is affected to a greater extent than the others by the ex-
ternal electrical load. As already explained in Section 2.2
the PGD and PGS microphones are being operated with a
relatively high ribbon tension, corresponding to a funda-

16

mental resonance frequency of over 40 ¢fs; it will be seen,
however, that the damping provided is sufficient to keep
the irregularities in frequency response in the neighbour-
hood of the higher modes within narrow limits.

Fig. 22 shows the variation in open-circuit axial fre-
quency characteristic between individual PGS micro-
phones; the data was obtained from tests on five produc-
tion models. Below 1000 c/s, the spread is mainly due to
differences in the ribbon tension and hence in the fre-
quencies of the longitudinal resonance modes; at higher
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frequencies, variations arise from differences in ribbon microphones produced was —75 db with reference to
material and depth of corrugation, which affect the trans- 1 volt/dyne/cm?. About three-quarters of these specimens
verse modes. : had sensitivities within 4% db of the mean while the
figures for the remainder lay within +1 db. Most of the
3.3 Sensitivity spread was accounted for by differences in magnetic flux
The mean open-circuit sensitivity of the first 50 PGS density in the gap.
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3.4 Impedance

Figs. 19 to 21 also show the moduli of the impedances of
typical PGS, PGD, and AXBT microphones, plotted as a
function of frequency. Because of the rise in impedance
at low frequencies, the mean impedance of the PGS micro-
phone at 1000 ¢/s was designed to be a little less than the
nominal value of 300 ohms; the impedance at 1000 ¢/s of
the first fifty microphones produced lay between 230 ochms
and 320 ohms, the mean value being 270 ohms.

Microphone Sound Equivalent of Weighted Noise
relative to 0-0002 dyne/cm?®
AXBT . - . +18 db
Moving-coil omnidirectional
type * +17 to +21 db
PGS - . +22 db
AXB - . . +24 db

Electrostatic (omnidirectional

and directional types) -+ 19to 429 db
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Fig. 22 — Production spread in axial open-circuit frequency response for PGS microphones

3.5 Noise
3.5.1 Self-generated Noise

In a sound transmission system where the greater part of
the background noise originates in the amplifier circuits,
the overall signal-to-noise ratio depends largely upon the
microphone sensitivity. With high-grade amplifier equip-
ment, however, the electrical noise generated in the micro-
phone itself is usually the determining factor. The self-
generated noise in a ribbon microphone arises from
thermal agitation and is thus readily calculable for a given
bandwidth. To facilitate comparison between the signal-
to-noise ratios of microphones which differ in sensitivity,
it is convenient to express the noise in terms of the sound
pressure at 1000 c/s which would produce an equal r.m.s.
electrical output; such sound pressures are usually givenin
db relative to a zero of *0-0002 dyne/cm?. The noise levels
are commonly weighted to allow for the variation of aural
sensitivity with frequency. This somewhat arbitrary expe-
dient does not constitute a true loudness measurement, if
only because the weighting law required is not fixed but
depends on the absolute noise level; it does however pro-
vide some basis of comparison with microphones, such as
the electrostatic and piezo-electric type, in which much of
the noise occurs at the lower audio frequencies. The fol-
lowing table shows the weighted noise of the AXB, AXBT,
and PGS microphones, expressed as equivalent sound
level in the manner already described ; the form of weight-
ing used is that laid down by the C.C.LF. in 1949 for the
measurement of noise on programme circuits.(®) For com-
parison, corresponding figures are given for typical high-
quality moving-coil and electrostatic microphones.

* The standard reference magnitude for stating sound levels in air.
(See British Standard 661 : 1955.)
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To put these figures into some sort of perspective, it may
be said that where the figure given above is +25 db or
lower, the self-generated noise from the microphone will
generally be audible only in transmission from very quiet
surroundings or where the received programme is repro-
duced at a level higher than the original.

3.5.2 Magnetic Induction Pick-up

The levels of interference produced in a typical PGS
microphone by a uniform alternating magnetic field of
1 milligauss at frequencies of 50 ¢/s, 1000 ¢/s, and 10,000
¢/s, expressed in terms of the sound field at 1000 ¢/s which
would generate an equal voltage, are respectively +4 db,
--27 db, and +42 db, with reference to 0-0002 dyne/cm?.

For comparison it may be noted that the corresponding
figures for ribbon microphones in which no precautions
against such interference have been taken are often higher
by some 50 db at 50 ¢/s and 30 db at the higher frequen-
cies.

The figures given above are unweighted but in assessing
the subjective effect of the interfering field in a specific
case it is necessary to weight the results according to the
frequency and the level at which the unwanted noise will
be reproduced; it should be noted however that the
annoyance value of a single tone or harmonically related
series may exceed that of a random noise having equal
foudness.

To give some idea of the significance of the data it may
be mentioned that the strength of the stray fields which
have been encountered at various times in studio areas
varied from a few milligauss to 0-5 gauss at 50 ¢/s (the
higher figure being associated with the presence of heavy
current cables and switch gear in an adjacent room), 0-03
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milligauss at 1200 ¢/s from a neighbouring electric rail-
way, and 0-1 milligauss at 10 kc/s in the vicinity of a tele-
vision monitoring unit.

3.5.3 Wind Noise

Pressure-gradient microphones are inherently more
susceptible to effects of wind than those of the pressure
type and for this reason are not normally used out of
doors.* Even in studios, however, a microphone may be
subjected to the equivalent of a light breeze when it is
mounted on the end of a long boom and swung rapidly to
follow the movements of a television artist; similar effects
can result from the movement of a theatre curtain close to
a microphone placed in the footlights. In a concert hall the
combined effects of natural convection and artificial venti-
lation can produce an appreciable draught as may some-
times be seen by the swinging of suspended lighting fittings.

# With the exception of certain ‘noise-cancelling’ types used only
for close talking.

[\
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Some data on the electrical output generated by a micro-
phone subjected to an air stream of known velocity are
therefore required. Fig. 23 shows the results of some wind
noise tests on a PGS microphone. Most of the figures were
obtained by mounting the microphone on a whirling arm,
giving the effect of a steady air stream. At the lowest wind
velocities, however, this method of measurement became
impracticable on account of the inevitable noise and
vibration produced by the mechanism; the desired effect
was then obtained by allowing the microphone to swing
freely in still air on a 25 ft pendulum suspended from the
ceiling in a silent room, thus producing in effect a series of
gusts of readily calculable velocity. The noise output from
the microphone was weighted, after amplification, by an
appropriate network® and read on a standard V.U.
meter(19). It is of of interest that the maximum wind noise
output from the microphone appears when the ribbon is
edgeways-on to the air stream.

It will be seen that for wind velocities below 200 ft/min.
the weighted wind noise output from the microphone does
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not exceed the output due to thermal agitation. It should
be pointed out however that the data of Fig. 23 applyto a
steady air stream without appreciable turbulence; the
noise output increases so rapidly with the wind velocity
that any local fluctuations in the latter produce a con-
siderable net increase in the noise. It is therefore difficult in
practice to assess the absolute level of wind noise and the
principal use of data such as that of Fig. 23 is to provide a
basis for comparison between microphones of different
types.

3.6 Non-linearity

In any electromagnetic microphone having a substan-
tially flat frequency characteristic, non-linear effects will be
most pronounced at the lower end of the frequency range
since here the excursion of the moving element required to
generate a given e.m.f. is greatest. Fig. 24 shows the
harmonic distortion produced by the PGS microphone
when subjected to sound of high intensity at 55 ¢/s and
110 ¢/s (these frequencies being chosen to avoid confusion
in measurement with any harmonics of the 50 ¢/s supply
frequency which might be accidentally introduced into the
measuring system). The sound field was set up in a reson-
ant transmission duct, the microphone under test being so
placed as to minimize the effect of any harmonics in the
sound source. It will be seen that the distortion does not
exceed one per cent for peak pressures up to 110 db above
0-0002 dyne/cm?at 55¢/s, and 128 db at 110 ¢/s. These dis-
tortion figures are lower than those obtained with some
high-grade electrostatic microphones; in making such
comparisons it should be remembered moreover that in
the latter type of microphone the non-linear effects appear
at all frequencies in the working range.

4, Conclusion

From the data given in Section 3 it will be seen that the
PGS microphone meets all the requirements laid down for
a successor to the existing Type A microphone. The fre-
quency range of the axial response has been extended
upwards by more than half an octave and the falling off in
high-frequency response with angles of incidence in the
vertical plane is much reduced; as a result, there is an

audible improvement in transmission quality and in some
cases a better balance can be obtained between different
sources of sound in the studio.* The weight of the new
microphone has been reduced to twenty-eight per cent, and
the volume to approximately twenty-five per cent of that of
the older type, while the compromise between sensitivity,
size, uniform frequency response, and robust construction
is believed to be the best attainable in a studio microphone
of this kind at the present time.

Fig. 25 — Standard Telephones and Cables Microphone
Type 4038A

APPENDIX

Commercial Application

A microphone similar in its essential features to the PGS
design is now being manufactured by Standard Telephones
and Cables Ltd, under an agreement with the British
Broadcasting Corporation. Fig. 25, reproduced by cour-
tesy of the manufacturers, shows the external appearance
of this microphone, which is designated type 4038-A and



has a nominal impedance of 30 ohms. It will be noted that
the alternative form of case construction used in the type
PGD design has been adopted for the type 4038-A, the
dished area extending to the upper end of the case. The
output is connected to a three-pin plug at the base of the
stem.

5.

We regret the ormission of a reference to
Suppressed Frame Systerm of Telerecording.
part on
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ADDENDUM TO BBC ENGINEERING MONOGRAPH No. 1

[N
[Re]

the Cinema-Television Ltd Patent Specification No. 638,443, in our Monograph entitled The
The claims of this patent relate to apparatus for recording television images on film by recording
Iy of the signal and broadening the recorded lines to mask the missing signal portion.





