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USE OF PRESSURE GRADIENT MICROPHONES FOR
ACOUSTICAL MEASUREMENTS

By IrviING WOLFF AND FRANK Massa
Research Division, RCA Victor Company, Inc.

ABSTRACT

The operation of the pressure gradient microphone is compared with that of the
pressure microphone It is shown that the pressure gradient microphone may be used
to measure particle velocity in a sound wave. The advantages of the pressure gradient
microphone in making loudspeaker measurements, particularly outdoors, are pointed
out and experimental data are given for some arrangements which were tried out. The
characteristics of the distribution of particle velocity in a complex sound field are
studied theoretically and experimentally with a ribbon microphone. A method is de-
scribed for measuring the energy density in a sound field and some measurements
which were taken in complex sound fields in rooms are discussed. It is shown that a
combination of three pressure gradient or velocity microphones with a pressure micro-
phone, placed adjacent to each other, may be equivalent in eliminating interference
patterns to four pressure microphones placed at distances large compared to the wave-
length and with random distribution. A microphone for measuring energy flow in a
sound field is described.

INTRODUCTION

Until very recently the condenser microphone has been the most
commonly used microphone for acoustical measurements. It has been
generally selected because of its comparatively flat frequency response,
freedom from disturbing sounds when in good operation, and constancy
of calibration. It has been realized, however, that the condenser micro-
phone possesses characteristics which introduce errors when it is used
for certain acoustical measurements. In the first place, being a pressure
actuated device, it is sensitive to sound coming from all directions and
cannot discriminate against any undesirable component at the lower
frequencies where its size is small compared to the wave-length. Sec-
ondly, the construction of the condenser microphone is such that dis-
tortion is introduced in the sound field in which it is being used at fre-
quencies above 4000 cycles. The distortion is introduced both by the
fact that at the higher frequencies, the diaphragm acts as an infinite
wall, causing the effective pressure at its surface to be doubled; and
also, the air cavity which exists in front of the diaphragm introduces
resonance, causing the sensitivity of the microphone (to sound travel-
ling at normal incidence to the diaphragm) to be increased by over 100
percent for even small microphones which have been particularly con-
structed for measurement work.
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A type of ribbon microphone has been described by Olson! which
eliminates many of the disadvantages of the condenser microphone, and

FiG. 1.

which, because of its directional characteristics and means of operation,
may be used alone and in conjunction with a pressure operated micro-

1 Olson, Mass Controlled Electirodynamic Micropkones, The Ribbon Microphone, J. Acous.
Soc. Am, II1, 56 (1931); The Ribbon Microphone, J. Soc. Mot. Pic. Eng. XVI, 695 (1931).

GEPE8L ¥20T UdIBN vT



1933] IrvING WOLFF AND FRANK MASSA 219

phone for many measurements which cannot be made with the con-
denser microphone or which are made with difficulty.

The condenser microphone is actuated by the difference between
sound wave pressure and atmospheric pressure. It has been shown by
Olson! that the ventilated ribbon microphone is actuated by the dif-
ference between sound wave pressure on the front and rear sides. When
the wave-length is long compared to the path from front to rear this
difference in pressure is proportional to the space variation in alternat-
ing pressure or pressure gradient at the point where the microphone is
located.

The ribbon microphone that was developed by the RCA Victor Com-
pany for acoustical measurements is shown in Fig. 1. The open structure
in the vicinity of the ribbon is sufficient to prevent the microphone from
reacting on the sound field in a way to introduce frequency distortion
at the ribbon. This was determined experimentally by calibrating the
unit with a Rayleigh disk, and showed a very smooth response (vari-
ations less than 1 db), flat up to 1500 cycles and then a gradual drop
amounting to 6 db at 15,000 cycles. This type of frequency characteris-
tic is very easily compensated for in the associated amplifier.

The microphone as shown in Fig. 1 is mounted on a fixture which
permits rotation of the unit about a vertical and horizontal axis. A
transformer is mounted on the magnetic structure which steps up the
ribbon impedance to 500 ohms, permitting the use of long leads to the
amplifier.

PRESSURE GRADIENT MICROPHONE MEASURES PARTICLE VELOCITY
IN SounDp FI1ELD

It is of interest to note that the pressure gradient microphone meas-
ures particle velocity in a sound field. When steady state conditions are
reached in a sound field, the following relations will hold, by using the
symbols: p =sound pressure; po=density of the medium; ¢ =velocity
potential; V =9/dx+93/dy+98/3z; u=particle velocity; Vp="Pressure
gradient;

¢ = F(x, y, 2) cos [wt + f(=, ¥, 3)] (1)
d¢/dt = — wF(x, v, ) cos [(wt — 7/2) + f(x, ¥, 2)] 2)
since
P = — pode/dt (3)
u= V¢ (4)

Vp = — paVdd/dt. (5)
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We can substitute (1) and (2) in (4) and (5) getting
u = VF(z,y, 3) cos [wt + f(x, ¥, 2)] (6)
Vp pow VF(x, Y z) cos [(wt - 7"/2) + f(xx ¥ Z)] (7)

showing that with the exception of a phase shift of 7/2, the space dis-
tribution of pressure gradient is the same as that of particle velocity.

LoUDSPEAKER MEASUREMENTS

Possibly one of the most practical applications of a microphone as a
means for measuring sound intensity has been in the determination of
frequency-response characteristics of loudspeakers. The disadvantage of
using a condenser microphone has already been mentioned; viz., fre-
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F1c. 2. Showing accentuation of the low-frequency response in aribbon microphone at various
distances from a point source of sound.

quency distortion at the high frequencies and no discrimination against
undesirable reflected sound. The ribbon microphone, although free from
the above disadvantages, possesses another possible type of frequency
distortion which must be guarded against. At low frequencies there is
a tendency to give false readings when used too close to the source of
sound.

Assuming a spherical wave diverging from a source, calculation shows
that a measurement of pressure gradient or velocity gives a value which
is too high in the ratio (1+¢?/w??)!/2 where w=2r X{frequency, 7 is the
distance from the source, and ¢ the velocity of propagation of sound in
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1933] IrvING WOLFF AND FRANK MASsA 221

the medium. Fig. 2 shows the error introduced as a function of frequency
at various distances from a point source of sound. This difficulty can
be easily overcome by choosing a distance which will not introduce error
at the lowest frequency concerned. If the distance is somewhat too
short, so that a small error is introduced, the formula given above may
be used to obtain an approximate correction.

The ribbon microphone is very adaptable for loudspeaker measure-
ments out of doors. This results from the particular directional charac-
teristic of the ribbon microphone, or in fact of any pressure gradient
microphone. As has been shown theoretically and experimentally by

Speaker
P * | O\
Speaker — R!:::no \\
/ | N Plane of
| / I \‘. Ribbon

Ground / / 77777+777777}777)‘W°'°“"4 / \ 3
/ .
| ; | /

o d/ |mu9al¢/////

F16. 3. Showing two methods for arranging loudspeaker and ribbon microphone so that ground
reflections will not be introduced in the data.

Olson! the directional characteristic at all frequencies is very nearly that
shown in Fig. 15. Reference to the figure shows that there is a plane of
zero response corresponding to the plane of the ribbon while the re-
sponse in all other directions is proportional to the cosine of the angle
made between the direction and the perpendicular to that plane.
Usually the only reflection which is of any consequence when making
loudspeaker measurements out of doors is that from the ground, and
this can be prevented from affecting the microphone reading by ar-
ranging the units as shown in Fig. 3, with the plane of zero response of
the ribbon in the direction of the reflected wave. The completeness with
which the ground reflections are ruled out is indicated in Fig. 4. The
solid curve was taken with a condenser microphone placed 10 ft. from
a loudspeaker, both speaker and microphone being 63 ft. above the
ground. The dotted curve was taken by using a ribbon microphone in-
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stead of the condenser, with the axis tipped to eliminate the ground re-
flections.

An interesting group of curves is shown in Fig. 5 which indicate,
quantitatively, the extent to which ground reflection errors are neu-
tralized by using a ribbon microphone. Curve (a) shows the theoretical
deviation in sound pressure due to perfect ground reflections at a point
10 ft. from a sound source which is 63 ft. from the ground. A spherical
distribution of sound is assumed at the source and 100 percent reflection
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Fic, 4. Showing elimination of ground reflection peaks by use of ribbon microphone. - - - - - s
curve taken with ribbon microphone (plane of ribbon in line with speaker image). , CUrvE
taken with condenser microphone (corrected for pressure doubling and cavity resonance). Speaker
and microphones 6} feet above ground. Distance between microphones and speaker 10 feet.

from the ground. The actual error introduced in a loudspeaker response
curve taken with a condenser microphone is shown in curve (b). The
deviation from the theoretical case at the high frequencies is normal
since the sound distribution at these frequencies becomes more direc-
tional, resulting in a smaller component reaching the ground for reflec-
tion. Curve (c) shows the error introduced when a ribbon microphone
was substituted for the condenser. The plane of the ribbon was vertical
and the error introduced is less than in the condenser microphone, due
to the fact that the reflected component striking the ribbon is effective
only as the cosine of the angle which it makes with the normal to the
ribbon. Curve (d) shows the error completely removed by tilting the
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1933] IrRVING WOLFF AND FRANK MAssA 223

plane of the ribbon so that the reflected component arrives in a di-
rection parallel with the plane of the ribbon.

When we take loudspeaker measurements indoors in a fairly “dead”
room, the first reflections are usually the most serious. Generally, the
room is fairly large so that the loudspeaker and microphone are at a
large distance from the walls. In this case, the most serious reflection

75 ] [

. e k) A\ H
(a) Theoretical deviation in sound pressure /
at the microphone caused by ground re- 25 / ’|
flection, Point source of sound and 100%, 0
reflection from ground assumed. -25 \

'75 I T LI B |
~ L
50
(b) Actual error introduced in a loud- ‘ / \ | .

speaker frequency characteristic due to

ground reflection, by using a condenser 0 \ v
microphone. -25 \ /I—-M —
-50

(c) Actual error introduced by using a rib- r 7 I
bon microphone with the plane of the rib- 0 \ AN
bon vertical, [

-5
(d) Actual error introduced by using a rib-
bon microphone with the plane of the rib- 0
bon in line with speaker image,

100 2 3 4 5 6 7891000
Frequency

F16. 5. ..S'howfng the amount of ervor introduced in a loudspeaker frequency-response characieristic
by using different methods of measusement, Distance of speaker and microphone from ground
6% feet. Distance from speaker to microphone 10 Seet.

is that from the floor and the microphone can be placed to discriminate
against this component. In special cases, where the loudspeaker and
microphone can always be placed in the same predetermined position,
it is possible to design the room with sloping walls and ceiling, such that
all the more important reflections will lie in the plane of the ribbon, re-
sulting in only the direct sound actuating the microphone.

It can be concluded that the superiority of the pressure gradient type
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of microphone for loudspeaker measurements lies, firstly, in the fact
that no distortion is introduced by the microphone at the high frequen-
cies, and, secondly, that the microphone can be arranged to discriminate
against undesirable reflections.

MEASUREMENT OF SOUND FIELD IN A RooMm

In rooms where diffuse sound field conditions do not exist, it is often
of interest to determine the amount of energy which is transmitted in
different directions across the room. The use that can be made of the
pressure gradient microphone to do this is illustrated by Figs. 6 and 7,
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Fi16. 6. Application of ribbon microphone to indicate the amount of sound reflected from various
wall surfaces in a fairly “dead” room. , plane of ribbon normal to loudspeaker axis.
- - -, plane of ribbon in loudspeaker axis and parallel to floor (distance between floor and
ceiling unequal). — — —, plane of ribbon inloudspeaker axis and parallelto floor (distance be-
tween floor and ceiling equal). Room 20 feet squareX 10 feet high. All surfaces 4 inch mineral
wool.
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F16..7. Application of ribbon microphone to indicate the amount of sound reflected from various
wall surfaces in a fairly “dead” room. , plane of ribbon normal to loudspeaker axis.
—- — - —, plane of ribbon inloudspeaker axis and parallel to side wall. - - - - - , plane of ribbon
in loudspeaker axis and parallel to floor (distance between floor and ceiling unequal). Room 20
feeb squareX 10 feet high. All surfaces 4 inch mineral wool.
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which show the sound being transmitted along various axes of a fairly
dead room. In a “live” room, the variations of sound transmission
along various axes would naturally not have been as noticeable as indi-
cated above. The method of measurement used for Figs. 6 and 7 may
be applied to the study of sound reflections from various types of walls.

MEASUREMENT OF PARTICLE VELOCITY IN A SOUND FIELD

As shown above (Egs. (1) to (7)) the pressure gradient microphone
will measure the particle velocity in a sound wave. The instantaneous
value of the particle velocity is a simple vector quantity, which can be
projected on any axis, obeys the cosine law and can be added vectorially,
79 =1 cos 0, where 0 is the angle between any direction and the direction
in which the particle is moving, v is the instantaneous particle speed and
7y is the projection of this instantaneous speed in the direction 6. The
assumption should not be made on the basis that the velocity measured
by the microphone, which depending on the type of electrical detector
which is used, is either mean, square, average or maximum value, is also
a vector of this type. Because of the probability of time phase differ-
ences, care must always be taken in determining the particle velocity
due to a number of waves in a specified direction to add instantaneous
values vectorially and not the maximum, mean square or average values
given by the indicating instrument.

In plane or spherical progressive sound waves the value measured by
the microphone can be taken as a simple vector quantity and may be
predicted in any direction by the cosine law since v3=V cos 6 cos wi and
() max ="V cos 0.

A simple illustration to show that the measured velocity is not a
simple vector quantity in a sound field in which interference takes place
is obtained by studying the conditions when two equal plane wave
trains travelling at right angles in the same plane intersect. Points in
the region of intersection may be found in which the time phases of the
two wave trains differ by x/2. If the instantaneous velocity in the one
train is 9, ="V cos 6 cos wi, that in the other is 22=7V sin 0 sin wt, where
v, and v: are the components of the instantaneous velocity in the direc-
tion 8. The sum in direction 6 is

29 = V(sin 0 sin wf + cos @ cos wf); v = V cos (6 + wit)
showing that the maximum, average or mean square values of the ve-
locity are independent of the direction and the microphone should
therefore give a reading on the electrical indicating instrument inde-
pendent of direction in the plane of the two waves.
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The particle velocity at these particular points in space is of the same
nature as the field due to the electric or magnetic vectors in a circularly
polarized light wave or like the rotating field in certain types of elec-
trical generating or motor machinery. By choosing the magnitudes, di-
rections and phase relations of the interfering waves properly, any form
of rotation corresponding to elliptically polarized light may be obtained.

A ribbon microphone was mounted on a double swivel arrangement
so that its plane could be rotated into any position. The readings taken
in a plane progressive wave have corresponded to those to be expected
for the vector projection on a perpendicular to the plane of the ribbon
while those taken in a standing wave system show the elliptical and, in
very special cases, circular rotating vector to be expected from the
analysis.

In order to obtain the absolute value of particle velocity at a point,
it is necessary to measure three right angle components and then add
them vectorially. This may be accomplished by having three ribbon
microphones mutually perpendicular with the distances between them
small compared to the wave-length of the sound being measured. The
outputs from each microphone must be squared and added, the result
being the square of the particle velocity which is proportional to the
kinetic energy in the sound field at the point. An alternative method is
to make three independent readings at the same point with the micro-
phone facing along right angle axes. This latter method was adopted
in our measurements as it was considered the more expedient at the
time.

In order to obtain a check on the operation of the ribbon microphone,
readings were taken of the components along different sets of right-
angle axes in the same plane in order to see if the vector sum for any
pair of axes would be the same. Some typical data are shown in Table I,

TABLE 1. Showing the agreemend of particle velocity at a point bymeasuring different sets of right-
angle components in the same plane.

Frequency 0°  90° 30°  120° 45° 135° 75° 165°

150~ 99 18 [117] 55 61 [116] 32 84 [116] 10 109 [119]
400~ 170 10 [180] 124 57 [181] 83 103 [186] 16 166 [182]

the data given being proportional to the square of the particle velocity.
The bracketed figures are the sum of the squares of the component ve-
locities measured along the axes indicated on the chart and the agree-
ment is well within the probable error of the measurements.
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ENERGY DENSITY MEASUREMENTS

The energy density in a sound field is both kinetic and potential, and
in a field in which standing waves are present may at some points be
entirely potential and at others entirely kinetic, or consist of any com-
bination of the two. The potential energy is proportional to the square
of the pressure, while the kinetic energy is determined by the square of
the air particle velocity. One method of measuring the energy density
directly is to have one microphone which will measure the potential

Table
Table
#J'smts '
- 24- —!~ 9’ Z
7 HE:
k N
SPea er !
Asc Table
Table
Table

Fic. 8. Showing arrangement for energy measurements ot o set of poinis within & closed room.
Room 16X 16X 16 feet. Celotex on walls and ceiling.

energy and another which will measure the kinetic energy. It is well
known that the condenser microphone measures the pressure in the
sound wave, and, when small compared to the wave-length, exerts neg-
ligible influence on the sound field. It, or some other similar microphone,
may therefore be used to measure potential energy. It was shown above
how the ribbon microphone was used to measure particle velocity in a
sound field; therefore, with the aid of both types of microphones the
energy density at any point can be measured.

An experimental investigation of the distribution of energy density
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within a closed room, in which a constant sound signal was maintained,
was conducted in order to learn how the variations of total energy from
point to point compared with the variations in either the potential or
kinetic energy. The investigation was conducted in a room approximat-
ing a 16 ft. cube which had a hard wood floor and  inch celotex on the
walls and ceiling. Several tables lined the walls of the room, and the
acoustical characteristic of the room was about equal to that of an av-
erage living room.

For the first stage in the investigation, a set of points were surveyed,
as shown on Fig. 8. The speaker and microphones were placed 3 ft. from

4~\
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) ¥ A
a2 \ /
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—T——
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Point Number
F16. 9. Showing variations in P, V and E'? along row A of the points shown in Fig. 8§
Frequency=290 cycles.

the floor. The variation of the pressure, particle velocity and square
root of energy along the points of row A of Fig. 8 is shown in Fig. 9.
In Fig. 10 is shown another set of points that were surveyed. Figs. 11
to 14 show the variations in pressure, particle velocity, and square root
of energy along the points on arcs B and G with two different sound
sources; viz., a 6 inch cone radiating from one side and then a 12 inch
cone mounted in a 3 ft. square baffle. The curves on Figs. 11 to 14 are
typical of all the arcs. As was to be expected, as the distance from the
speaker increased the variations from point to point along the arcs be-
came more violent because of the direct radiation from the cone being
less effective at the greater distance.
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In order to have a somewhat more quantitative measure of the vari-
ations in these quantities, the data covering the points on Fig. 10 were
taken and analyzed by finding the average deviation from the mean
along each arc. This was done for each velocity component, total veloc-
ity, pressure and energy. In addition to the points shown on Fig. 10,
several observations were made keeping the speaker and microphone
always 10 ft. apart in the room and moving them both around at ran-

(V-2 ,of Ta ble

Table

Table

Table

Table /K

F16. 10. Showing arrangement for energy measuremenis at a set of points within a closed room.
Room 16X 16X 16 feet. Celotex on walls and ceiling.

dom positions within the room. The data on these points were also
averaged, and in Table II is summaried the average deviations from the
mean for all the above cases.

From Table II, it can be seen that, in general, the deviations in the '

pressure and two of the three velocity components have the same order
of magnitude. The velocity component in which the ribbon has its plane
normal to the speaker axis does not vary as much, which is to be ex-
pected since the ribbon will favor the direct sound from the loudspeaker
because of its directional characteristic. A considerable reduction in the
variations from point to point can be seen in the case of total particle
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velocity measurements (column 5). Total energy distribution is still
more constant, as seen in column 6.

TABLE II. Showing average deviations from the mean for different components of sound energy
measurements within a closed room in which a constant sound source is maintained.

% % 4 % % %
P or Vl Vz Va Vo .El/’
(PE)2  Plane of Plane of Plane of or
ribbon in  ribbon parallel ribbon normal (KE)!/2
LS axis to floor to LS axis

12" coneon 3/X3’'bafle 38 36 31 26 17 15

6" cone in box 28 36 28 27 16 11
Loudspeaker and micro-

phone 10’ apart and
moved about 51 51 49 33 22 21

Sound Source

F16. 11, Showing P, V and E'* along arc B 5 feet from speaker, 6 inch cone radiating from one
side. f=290~,
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It will be noted that the (KE)!/2 shows considerably less deviation
than the (PE)'”2, due to the fact that the (KE)!/? is made up of three
independent velocity components. The improvement in the E'/* over
the (KE)' is about what would be expected from the addition of an
extra microphone and does not show the improvement which might be
hoped for from some expected correlation between maxima of KE and

Sound Source

Fic. 12. Showing P, V, and EM2 along arc B 5 feet from speaker. 12 inch cone in 3X3 feet baffe.
J=290~,

minima of PE or vice versa. Practically, the use of three pressure gradient
microphones with their axes mutually perpendicular plus a pressure
microphone obtains the effect of averaging the readings of four pressure
microphones placed at random distances from each other and several
wave-lengths apart, so that there is a random correlation between the
readings of the microphone. The saving in space and simplicity of
mounting obtained by using the pressure gradient microphone is a real
advantage.
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In making measurements of the kind described with four separate
microphones, they must of course be used with separate amplifiers so
that the outputs are not added until after they are detected. As a prac-
tical matter, the four microphones can feed into amplifiers, each one of
which is terminated by a thermocouple, the outputs of all the thermo-
couples being in series so as to give a single output deflection on the
meter which is porportional to the energy.

F16. 13. Showing P, V and EM? along arc G 10 feel from speaker. 6 inch cone radiating from one
side. f=290~.

RiBBoN MiIcCROPHONE RoOTATING ON ITs Axis EQUIVALENT TO Two
Mi1crOPHONES IN CANCELLING STANDING WAVE PATTERNS IN A RooMm

The difficulty of obtaining a true picture of the sound in a closed room
because of irregularities due to interference is well known. A system has
been suggested in the preceding section which requires three or four
microphones, each having a separate amplifier, if a continuous measure-
ment is to be made. A single amplifier may of course be used if three or
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1933] IRVING WOLFF AND FRANK MASSA 233

four readings may be taken, one after the other, and added subse-
quently. It is a matter of interest that a single ribbon microphone, ro-
tated on its own axis so that it occupies very little more space than the
microphone which is standing still, can be used to take continuous read-
ings equivalent to that obtained by means of two microphones. This is
possible as evident from the following considerations. It has been shown
that readings taken with a ribbon microphone where the microphone is

Soupd Sgurce

Fic. 14. Showing P, V, and EM? along arc G 10 feet from speaker. 12 inch cone in 3X 3 feet baffle.
f=290~.

rotated into positions where the plane of the ribbon differs by 90°, lead
readings which are equivalent to two separate microphones disposed at
random. It has also been shown that when rotated about an axis, all
pairs of 90° positions having their outputs squared and added give the
same sum. If the microphone is rotated continuously about an axis and
red into an amplifier with a square law detector, the readings sweep
through all pairs of 90° positions and if the microphone is rotated rap-
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idly enough in comparison with the speed of response of the thermo-

couple and meter, a continuous reading is obtained which is equivalent
to that of two microphones placed at random.
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Fi16. 15. Directional characteristic of ribbon micropkone.

ENERGY FLow MICROPHONE

Another use for a pressure gradient microphone in conjunction with
a pressure microphone has been suggested by H. F. Olson as a means for
measuring energy flow in a sound field. The energy flow in a given di-
rection can be determined by taking the time average of the instantane-
ous product of the pressure and the velocity in the direction in which
the flow is desired. Since the pressure gradient microphone measures ve-
locity, it can be combined with a pressure microphone by using electrical
circuits in which the product of the two outputs are taken to give a
reading which is proportional to the energy flow perpendicular to the
axis of pickup of the velocity microphone. Care must be taken to com-
pensate for any phase shift which takes place in going from the acoustic
wave to the electrical wave, since the amount of transmission of energy
depends very largely on the relation of the velocity and pressure com-
ponents in the sound wave.
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