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This paper presents an analysis of phase dependencies occurring in investi-
gations of sound intensity, in particular those of the effect of the phase error
of measurement equipment on the value and direction of the intensity vector
measured at some point. Two methods of intensity measurement, based on mea-
surement of the particle velocity from the pressure gradient, were taken into
consideration: the direct method (formulae (5), (10), (12), (13)) and the one
based on the cross-spectrum of acoustic pressure signals (formulae (6), (23)).

The phase error Ap causes changes in the directional characteristic of the
system (formula (28), Fig. 7), changes in the values of intensity, measured with
changed order of the measurement channels (formula (30), Fig. 6), the ratio of
the values of the real part of the cross-spectrum of the pressure processes from
the two microphones to that of its imaginary part (Figs. 9-10), and also in the
existence of the imaginary part of their cross-spectrum when the two miecropho-
nes are affected by the same acoustic field (formula (42), Fig. 8).

This paper presents theoretical considerations and specific examples of
phase error evaluation in equipment used in investigations (Fig. 1) on the basis of
the changes in question, which cause it.

The phase error of equipment causes considerable distortion of results,
involving changes in the measured values, direction and also the sign of the in-
tensity vector in some cases (see Fig. 11), therefore it is important to interpret
it correctly.

Notation

expected value of the function of f

unity vector in the direction Az

Fourier transform of the function of =

conjugate value of F,

measured auto (i = k) or cross spectral density function
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gix(jo) — real spectral density function undistorted by measurement error

H;(jo) — transmittance of the channel ¢

|H;| — amplification factor of the channel 4

Ir) — intensity vector at the point r

I(t) — intensity as a function of time

I(w) — intensity spectrum

I(dw) ~— intensity component measured in the band Aw

k — wave number

3 — analysis time

a — angle between the straight line connecting the fronts of the microphones and the
wave incidence direction

Az — spacing of the microphones in the probe

F — effective error of the measured quantity

T — pulse response of the channel ¢

@ — phase shift between the pressure signals from the two microphones

Agp — phase error of equipment

Dy — phase shift of pressure behaviour caused by spacing the microphones at the
distance Az

v(r) — phase difference between the pressure and velocity gignals at the point r

1. Introduction

The value of the sound intensity vector at some point 7 of the field can
given by the formula

I(r) = E[p(r, )o,(r, 1) ], 1

where p is the acoustic pressure of the wave and v, is the particle velocity of th
medium in the direction n.
Assuming in general that the phase shift in sinusoidal waves with frequenc
o, between the wave pressure and the particle velocity, as expressed by th
formulae .
p = |p|cos(wt—y), (2
v = |v]cosw}

is y, the sound intensity can be given by the dependence

plol [1 ref

= b ool 2wt —y)dt|.

I(r) o [2 of coswdt—i-z uf cos (2wt rp)d] (3,
The first term of the formula denotes energy propagation and is independen

of time. The mean value of the second integral tends to zero when T'—co.
The value of the phase shift y depends on the structure of the field at a give

point and determines the impedance of the medinm at this point. It is diffie

even for simple sources, to estimate theoretically the value of the angle at an

point of the field. In the far field, where all waves can approximately be cons

dered plane, the angle y = =/2.
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- The practical evaluation of the acoustic intensity is based on the measure-
ent of the particle velocity as the pressure gradient by the two-microphone
ethod : :

g t
1(r) =% E[p(r. 1) f grad p(r, t)dt]- (4)

The direct method requires the measurement of the sum and difference
tween the pressure signals p, and p, from the two microphones and that the
erations should be carried out according to the dependence [6], [7]

L il
I(r,t) = e, lim{1 /20407 [ [(pstp) [ (pa—pdtlat), ~ (5)

here T is the measurement time, g is the density of the medium, Az-the spacing
. the microphones, the direction of the vector I is defined by Az.

In turn, the method of intensity calculation by means of the funetion of the
pss-spectrum is based on the formula [2], [3] [5]

I(w) = (e4,) (1/edww)Im@y,(jo). (6)

The error involved in the velocity evaluation based on the pressure gradient
sasurement according to the following dependence, which is basic for the
0 methods,

i
v(r, 1) = —(1/edw) [ [ps(t)—ps(t)1dt, (7)
0 !

ffected by the phase error of equipment Ap(w), which is the phase difference
bween two channels, summing up with the physical phase difference between
 pressure signals, resulting from the value of the spacing of the microphones,

b

in the microphone probe, @,,,
B(a) = D,,(0) £ Ap(0). @

The behaviour of the acoustic pressure processes registered by the two mic-
hones is thus deseribed by the dependencies

P = Acoswt,.

P32 = Beos[wt+P 4, (0) - Ap(w)]. (9)

+ Effect of the phase error of equipment on the results of the intensity measurement

In spite of all technical operations, there is usually a slight phase diif-erence
ween channels. Below is presented the effect of the phase error on the re-
8 obtained by the direct method of intensity measurement and that of cross-
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spectrum. Fig. 1 shows a schematic diagram of the equipment used in th
investigations to confirm the considerations.

2. 1. Effect of the phase error in the direct method

When between measurement channels there is the phase difference Ap an
also that in amplification, then, instead of the acoustic pressures p,(t) and
py(t+A4w/c), the measurement system registers the pressures (Fig. 2) Py =

a) 8 )p(t)

o= Vi

a

D) [5 x H®)uw

2 3 af

py(t)
7

8 yu(t)

—«—— measurement system—= ——— data processing system ————————m=

b)
p(t)

e 5 S ey S
9 10
P (t)

71—

—«——— measurement system— —— data processing system

Fig. 1. A general diagram of the equipment used in the intengity investigations. The meas
rements system is the same for the direct and cross-spectral methods, with different meas
rement data processing system for each (a) for the direct method, (b) for the cross-spectr
method. 1 — MV201 1/2’ microphones, 2 — 00017 RFT amplifiers, 3 — system of 0001
RFT 1/3 octave filters, 4 — 88 4100 Iwatsu two-stream oscilloscope, 5 — BK 2971 ph
meter, 6 — author’s own signal summation and differentiation-integration system, 7
DISA 55 D 75, 52B25 multiplication and integration system, 8 — V 541 digital voltme
9 — magnetic recorder (with different types used (see the text)), 10 — energy spectrum an
lyser, Universal Digital Analyser Plurimat 8, or 3720 and 3721 Hewlett-Packard correlat

and integration system

P.(t) [ty and P, = p,(t+Ax[c)/ry. Thus, the system measures some intensi
value I(r, t), which is different from the real intensity I(r) (formula (5)):

T t

~ A ~
itr, ) = ess12240) [ {[m.0m a1+ 1] |
0 5 0

=

|
[192 (t‘l‘ Tm) [T —D4 (t)l"fl] dt}dt, (

where 7, is the pulse response of the channel i.
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~ When using this method the two channels should show as high phase and
amplitude agreement as possible, since it is impossible to compensate for the
fferences in a simple way at the stage of intensity calculations. It is easy to
liminate differences in amplification, but some inevitable left-over phase dif-
erence causes error to arise in evaluation, which can be represented for the

pylt) T, ‘ g(t)
plt) B (t)
tz -

fig. 2. A schematic diagram of the time transformation of the channels of the measure-
ment system. 7; denotes the pulse response of the channel 4

~ The pressures registered by the two microphones can be given by the har-
monic series

pi(t) = 3 Acos[wgt+ (k; Ao £ Ap(0))[2],
i

(11)
pa(t) = Y Bycos[ogt— (kAo + Ap(w;) 2.

_ The phase error causes a shift in the pressure phase, and thus at the same
ime, it affects the value of intensity measured by method represented by for-
qula (5). This is expressed by the following formula, obtained as a result of the
ubstitution of (11) in (5),

I(r, 1) = (1/2¢42) D) [(4;B;[oy)sin(k; Az £ Ap(w) 1. (12)
i

. A more accurate result of the intensity measurement can be obtained by
determining the arithmetic mean from two measurements carried out with
hanged order of microphones with respect to the wave incidence direction. In
ne of the measurements, the phase difference between the channels sums up
with the phase difference caused by the spacing of the microphones, and it de-
racts in the other, and thus the mean value calculated for any bands Aw from
iwo measurements can be expressed by the following dependence:

I, (r, dw) = (M (r, Aw)(a) |+ H(r, Aw)mi)l@
= I(r, Aw) [sin(kdx —A @) +sin(kdz -+ Ap) ][2k Az
= I(r, Aw)cos AgsinkAx[kAx. (13)
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The values of k and A4¢ are caleulated for the centre frequency of the band
do.

In the case when the amplification factors of channels, H,(w) and H,(w),
are different from unity, they also have to be considered in the intensity mea-
surement:

I(r, 1) = e,,(1/2H,H,04z) ) (4;B;sink; Aa(k; A). (14)

2.2 Effect of the phase error on the results of measurements by the method of eross-
-spectral density

Formula (6) would be strict only in the case of equipment with ideal trans-
mission, undistorted by amplitude and phase error. In practice, instead of the
signals p; and p,, at the output of the measurement equipment there are the
signals P, and P,, resulting from the passage through channels with definite
pulse responses 7, and 7,, or, in the frequency domain, with the respective

R (w)

Py (w) H, ( jw) 7 -
(w) B (w)
U b Hy (jw) SRR

Fig. 3. A schematic diagram of the transfer function of the channels of the measurement
system. H (jw) denotes the transmittance of the measurement system

transmittances H,(jo) and H,(jw) ( Fig. 3). The transmittances H,(jo) and
H,(jw) are the complex functions of frequency

H,(jo) = |H,|exp[—jp,(w) ],

5 g (15)
Hy(jw) = |H,|exp [ —jgs(w) ],

and thus the real cross-spectrum of the signals, g,,(jo), of the pressures present
at points 1 and 2 will in a general case be different from the cross-spectrum of
the signals registered by the equipment, G,(jw). The real cross-spectrum of the
signals p, and p, is given by the formula

12(jo) = B{Fy,(jo) Fp(jo)}, (16)

where E is the mean value.
Since the measured signals P, and P, are rclated to the real pressure values
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the dependencies between their transforms:

Fpl(jw)H](jw) = Fp,(jo), (17)
Fyy(jo)Hy(jo) = Fpy(jo),

hence,
Fpl(jw) = Fp(jo) [H,(jo),
Fpy(jo) = Fpy(jo) [H(jew),

refore, the real cross-spectrum of the pressure processes is related to the
easured one by the dependence

:‘gxx(jm) = H[Fp,(jw) Fp;(jo) [H,(jo)Hy(jo) ] = Gr(jo) [H(jo)Hy(jw), (19)
here, from the definition of the cross-speetrum [1],

Gs(jo) = B[Fp(jo) Fps(jo)]. (20)
" The intensity value caleulated from measurements is given by the formula
I(jo) = €,,Tm [G,(jo)exp (—j(ps—py)} 2nf Aze | H, | |H,|

= €, Im {G1,(jo) [cos dp(w) £ jsin dp(w) 1} /27 fodw |H, | |H,|, (21)

here Ap(w) = @, —¢@, is the phase difference between channels for the fre-
uency o.

- Calculation of the value of the imaginary part of formula (21) gives the
pendence
&

- Im {Ghs(jo) [cos Ap(w) £jsin dp(w) 1} = ImGyy(w)cos Ap(w)
' + R,6,(0)sin dp(w).  (22)

- Substitution of formula (22) into (6) gives the following formula for the
jensity value, accounting for the phase error of the equipment,

I(jo) = [ImG,(w)cos Ap(w) + ReGqy(w)sin dp(w)]/wede |H, | |H,|. (23)

On the assumption of low phase error, formula (23) becomes the same
().

.;?i‘wo measurements, involving changed order of microphones, permits total
imination of the phase error [4], [9] in calculating intensity as the geometric
gan of the two imaginary parts of the cross-spectrum.

(18)

3. Phase calibration of the measurement system

‘-.Irrespective of the further means of signal processing, an intensity measu-
_,_--.u t system consists of a probe (Fig. 4) — a system of two microphones spaced
4w, preamplifiers, amplifiers and possibly a magnetic recorder. Despite
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careful selection of the elements, it is inevitable for some phase differences to
occur between channels; particularly significant sources of phase shift are
multi-head tape recorders with different recording and reproducing heads.

In most of the investigations, the author used a two-channel tape recorder
which was modified in the laboratory to serve measurement purposes. This

— E I‘“"
— E 18

TP 7 PELPELAL L PPL AL A LS POV EEEL

Fig. 4. The microphone probe used in the investigations. 1/2" microphones spaced at Az
at the distance r from the source

tape recorder with one recording and reproducing head does not cause any phase
shift within the resolution capacity of the equipment, 0.5°, in contrast to high-
class multi-channel tape recorders with separate recording and reproducing
heads, e.g. in the 8—channel Schlumberger tape recorder (where the heads are
two four-channel units) only one pair of channels was found to involve low
phase shift. Very small inaccuracies in the setting of heads (different for recor-
ding and reproducing ones) cause high phase differences. An error of a few
thousandths of a millimetre can cause phase error of 90° and 180°, depending
on the tape velocity (the error decreases as the velocity increases) and on the
frequency (the phase error is lower at higher frequencies), e.g. for 5 kHz at the
tape velocity of 190 mm/s the 0.01 mm displacement of the heads causes the
phase error Ap = 45°. In a high-class tape recorder like Schlumberger, under

these conditions, error close to 90° was observed, and for a tape velocity of
95 mm /s it was almost 180°. In a Nagra IV 8J tape recorder, which was used

in some measurements, the phase difference-small at low frequencies: 100 Hz
—1°, 200 Hz —2° — increases to 40° at 4000 Hz.

The system can be calibrated electrically or acoustically in the plane wave
field, e.g. in a tube of standing waves or in the far field.

Measurements of the phase shift between channels for electrical signals
supplied from the generator to the inputs of the amplifiers permit; when the
first element of system, i.e. the microphone, is neglected; the selection of ap-
propriate elements of the system (e.g. tape recorder tracks) and, in some cases,
compensation for the phase differences fcund.
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- The microphones themselves are only a slight source of phase error, whereas
then they are part of the probe system, they cause some mutual field pertur-
ations [6], [11].

The phase differences between channels can be measured by a phasemeter
by a two-stream oscilloscope), when the probe is in the plane wave field with
varying frequency. Theresult depends to some extent on the order and the slope
rising or falling) of the release signal, which indicates the purposiveness of
iveraging of result series. Microphones, together with channels, are changed in
position in the course of measurements (positions @ and b), which changes their
position with respect to the wave front. When the phase measurement process
8 released by a signal from channel 1 and the measured value of the phase
lifference between the channels is ®D,,, the equipment error can be determined
rom the dependence

Ap(0) = P} (@) = Dyg(@),
Ap(w) = Bff)(w) +P4,(®).

_- When the processes are released by a signal from channel 2, the measured
phase difference is @, and the equipment error Ag results from the equations

(24)

Ap(0) = =P (0) — Py, (w),

25
Ap(@) = =B (1) + B (). o

_‘ It is purposeful to carry out a large number of various phase error measuref
nents, since phase fluctuations can be observed in the measurement system
problem signalled in the literature).

_. Evaluation of the phase difference between channels on the basis of the directional responses
¢ of the microphone system

The directional responses of the microphone system were made in the far
ield of a loudspeaker fed from a generator. The microphone system was fixed
0 the axis of a Drehtisch 02012 RFT turntable with remote control program-
ned for measurements every 15°. The fronts of the microphones described
circle with a radius of 2 em, which in the far field ensured in this region gignals
h close values for the two microphones. A few measurements of the responses
ere carried out, giving good repeatability of the basic structure of the response
the measurements were densified at the characteristic points).

The microphone system shows large directionality at medium and high
" equencles (an example for the probe investigated is shown in Fig. b), permit-
Ing the maximum values, and even more distinctly the minimum values, as
4 function of the angle of the rotation of the probe with respect to the wave -
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incidence direction, to be found. The maximum values are dozen-odd times as
large as the minimum ones, and the difference in their levels is dozen-odd dB.

It is interesting to observe changes in the phase angle between the beha-
viours p and v for the rotation of the axes of the microphone with respect to
the source (Fig. 6) in a free field. When the axes of the microphones are set

” e
o

Y N T S ¢ @
angle of microphone
rotation with respect to axis

Fig. 5. A change in the angle y between the pressure behaviour and the particle velocity
as a result of the rotation of the microphones with respect to the axis, relative to the incident
wave, obgerved on the display of a twostream oscilloscope, for the system shown in Fig. 1a

parallel to the direction of the wave (a = 90°) it is possible to observe the phase
shift y = 90. and, as a consequence, Zero value of intensity. In turn the angle
w = 0° and the related intensity maximum can be observed close to the angle
a = 180°, whereas the value ¢ = 180° and the maximum intensity value with
the opposite sign occur close to the angle a = 360°. A change in the wave inci-
dence angle a with respect to the axes of the microphones is reflected in a change
in the value and sign of the intensity vector, according to the cosine funetion

I =e,,|I|cosa. (26)

The behaviour of directional responses obtained for the microphone system
used in papers [7-9] (see Fig. 1a) requires interpretation based on theoretical
considerations. An ideal directional response would be symmetrical, minimum
intensity values would occur for the incidence angles of 90° and 270°. The real
responses are not symmetrical and the minima are shifted. This effect, when
neglecting some measurement error, results from the existence of the phase
error Ap in equipment and permits this error to be calculated.

1t is seen from formula (12) that the intensity takes a zero value when the
argument of the sine function is zero, i.e. T

kAzcosa = Ap(w),
or (27)
kAxcosa = dp(w)+n
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thus for the following values of the incidence angles a

o cos™ (dg(w) [kAz), (28)
cos ™! [(m+ dg(w) [kdx].

| When the angle ay,, corresponding to I, is found from the directional respon-
8e, it is possible to calculate the phase error for a given frequency from the
ormula

Ap(w) = kAvcos ay,y,. (29)

- The following values were calculated for the 0.5 kHz directional response
shown in Fig. 4:

Omin = 115°, ie, dp = 2°%; ay, = 285° i.e. dp =2°.

~ The phase error of equipment is also reflected in the nonsymmetry of the
sensitivity of the system, i.e. the different maximum intensity values for a = 0°
and a = 180°. A decrease in the sensitivity in one direction is accompanied by
its increase in another. The ratio of the maximum amplitudes registered in
those cases can be represented by the formula

sin (kA +¢ (o)) /sin (kAx —¢(w)) = K, (30)

Which permits the phase error of equipment to be calculated. The value of the
phase error of the example shown in Fig. 5, which was calculated by this method
sonly dp =0.5° for K =1.2. When kAz takes the value of A®, the di-
rectional response changes radically, a double increase in the value measured
in one direction is accompanied by a decrease in the intensity value to zero in
another, which results from the following dependencies:

I, = [I|[sin(kdz+ Ag)1/kAx = |I|(sin2kAx) kA,

I, = |I|[sin(kdx—Ag)]/kdz = 0. (31)
. The intensity change towards the intensity maximum is
. e =1, =2coskdr~2, (32)

orresponding to an increase of AL =3 dB in the measured intensities for
low kAwx. It can be seen in the example of the directional response of the probe
liscussed, shown in Fig. 6, for the frequency f = 0.2 Hz, how strongly the effect
f the phase error on the form of the directional response depends on frequency.
for one minimum with the angle a,,, = 150°, the error calculated from for-
nula (29) is only 1.5° which almost causes one of the branches of the response
0 vanish (a similar effect is cited in ([10]).
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180*

270

Fig. 6. An example of changes in the value and sign of intensity as a function of the angle

a of rotation of the system of 1/2° microphones for the frequency f= 0.5 kHz, with

Az =0.014 m. The intensity values on the left branch of the response show a minus sign ; those
on the right, a plus sign

5. Evaluation of the phase error of a measurement system from the ratio of the real and
imaginary parts of the cross-spectral density of the pressure behaviours fro m the two
microphones of the probe |

The test of the lack or presence of phase shifts between channels over the
whole frequency range is the behaviour of the values of the function Im@,,(jw)
when the input signals are equal for the two channels in terms of amplitude
and phase, which results from the following calculations.

When the microphone system is in the sinusoidal wave field, the micropho-
nes register processes which can be expressed by formula (9). The auto spectral
density functions of the processes are represented by the following definitions
[1]: ,

Ju(w) =2 Em B[Fy,(jo)Fy(jo)], (33)

gaa(w) =2 ;im E[sz(jw)F;z(jw)L
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ile the cross-spectral density of the two behaviours is given as

Jra(jo) =2 lim B[Fy (jo) Fp, (jo) ], (34)

here F'), and F, are Fourier transforms of the pressure behaviours p, and p,.
| turn, the values of the transforms ¥, and F,, are, from the definitions,
ven by the formulae

ajo) = (412) [ {[exp (joqt)+ exp(—jwst)]exp( —iot) }dt = jAw| (] —w?),(35)

Bujo) = (B12) [ {fexp(joot +9)+exp[ —j(wot-+9) | expjot)

= [B/(w; —o?) ] (wpsing —jweosgp). (36)

; Substitution of the expressions of the pressure transforms (35) and (36) in
ormulae (33) and (34) gives the following dependencies:

gu(w) = Azl(wﬁ _"1’2)2:
gas(@) = [B*[(w} —")*] (wjsin’p + o’ cos’p) (37)

913(jo) = [ABo|(w; —»") ] (wcos g —ja,sing). (38)
- The modulus of the cross energy density is thus expressed by the formula
913(@)| = [4 Bw/(w; — )] (0’ cos® ¢ +wjsin® p)'*; (39)
i8 real part is ‘

| Regys(0) = [4Bo*[(0}—o®) Jcosg (40)
nd the imaginary part

| Imgya(w) = [jABow,/ (0} —a?) Jsing. (81)

There follows the following relationship of the phase difference between
ignals from the two microphones

tang(w) = tan[p,(0) £ 4¢(0)] = ImG,(w) ReGy(w). : (42)

- With zero phase shift between the process p, and p,, the imaginary part of
le cross-spectrum is zero, whereas the real part reaches a maximum value.
ig. 8 shows successively the spectrum of the imaginary part, of the real part
id the modulus of the cross-spectrum between the pressure behaviours regis-
ered by the measurement system (Fig. 1a) when the microphones in the tube
e affected by a signal which is the same in terms of amplitude and phase.

= Archives of Acoustics 1/85
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In the case shown in Fig. 8, the value of the phase error Ag, calculated from the
ratio of the real and imaginary parts of the cross-spectrum, is 2° for f = 0,6 kHz.

An example of the difficulties occurring in the interpretation of results when
the phase error of equipment is large with respect to kA, drawn from the
author’s own investigations, is given below. In some case of excitation of a plate
by a tone, with signals being recorded by a Nagra tape recorder, a series of

9Ge

I 4
110
(W/m?l

270°

Fig. 7. An example of changes in the directional response of the system of 1/2’ microphones
for the frequency f = 0.2 kHz as a result of the existence of phase error with the value 4
= 1.5° in the system shown in Fig. la. The microphones spaced at Az = 0.014 m

results was obtained, where the sign of Im@G,,(w) varied depending on the
frequency emitted by the plate, irrespective of the measurement point on the
plate (Fig. 8). The measurement for one of the positions of the probe gave pro-
bable results and that for the opposite localisation yielded results which it was
difficult to interpret. The mean value of the phase error of equipment, A¢(0.5)
= 4° (with phasemeter measurements indicating 5°), was calculated from the
ratio Re@y,(w)/ImG ,(w) for all the measurement points. In this case (the
frequency of the excitation signal f = 0.5 kHz, with the resonance frequency
of the plate f = 21 Hz, the microphone spacing Az = 0.014 m, the distance
between the probe and the source r = 0.4 m) the value of @, was 7.5° and
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thus the results of the intensity measurements can be represented, in keeping with
formula (41), for known values of dp and @4, in the following way:

g Im@®(0.5) ~const. 0.21, TIm6Y(0.5) ~const. 0.03.

It can be seen from Fig. 9 that in this case it is difficult to compare the
caleulated and measured values, although, considering the signs of the compo-
lents, the mean value of intensity in the band is close to zero. (Because of the

ifficulties in interpretation this method was abandoned in practical applica-
fions).

. .
907 ImG,,fw)

A~ - =

ar 05 10 {kHz]

ReG,y(w)

MG, (w) ¢)

ar 05 1.0 (kHzl

lig. 8. An example of the hehaviour of the cross-gpectral density @, (jw) of signals from
he microphone system placed in the same acoustic field in a tube of standing waves. a) the
maginary part of the spectrum, b) the real part, ¢) the modulus. The results permit the
hase error of equipment to be calculated from formula (42) for any frequency. The signal
ras white noise, the microphones were spaced at 4z = 0.014 m. The calculations were car-
ed out on a Hewlett-Packard system (Fig. 1b), with a Nagra tape recorder. The conditions
f the calculations: the width of the frequency band analysed B = 15 Hz, the number of
F countings N = 128 x 1024, summation averaging



52 T. KWIEK-WALASIAK

The sine function in formula (41) changes its sign for the emitted frequency,
there is a phase jump by =. The resultant phase difference, in the case of using
a Nagra tape recorder, is too small for correct results to be obtained. The change
of the sign of Im@y,(w) from + to — , or conversely (Fig. 9), depends, it was
found, on the arbitrarily assumed order of signal processing.

It was found that the ratio of the real parts for two positions of the probe
ReG? (w)[ReGY (w) = 1, which results from calculations (formula (40)) and mea-
surements (Figs. 9-11). However, it was established that when the tone exciting

2

Vv
a)
550+ ImG,,(w)
pt 1
a2
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o1 e ks, [-kazJ
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I
i
1
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Fig. 9. The cross-spectrum of pressures from the microphone system (Fig. 4), placed o

a vibrating plate excited by a tone with the frequency f = 0.5 kHz. a) theimaginary part

the spectrum, b) the real part, ¢) phase. The conditions of the measurements: the micropho;

spaced at Az = 0.014 m, the distance between the probe and the plate » = 0.04 m.
conditions of the calculations are the same as in Fig. 8
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the plate was replaced by an octave noise band with same centre frequency,
without changing the other conditions of measurements, with approximation
the above ratios of the intensities investigated (see Fig. 10) were obtained. For
one of the five measurement points, even a negative intensity value was obtained
(Fig. 11). Calculations of the phase error from the power density spectra for
noise bands permitted the determination that the meanva lue of dg remained
equal to 4°.

It can be seen from the examples given above that a considerable value of
the error Ap, with respect to the value of k4, can change not only the value
of intensity, but also its sign; where it is easier to interpret the results of
investigations of noise than those of tones.

It follows from formula (23) that when there is a phase error the value of
intensity is constituted by both the imaginary and real parts of the cross-
spectrum of the pressure signals from the two microphones. In the evaluation
of intensity, the contribution of the real part increases with increasing the
phase error of equipment. Thus, the error of approximating the measurement
result only by the imaginary part can be represented as

& = 1/{cos dp(w) + [ReGyy(w) [ImGyy(w) Jsin Ap(w)}. (43

The value of the ratio of the real and imaginary parts of the cross-spectrum
can be caleulated from formulae (40) and (41), considering that the phase shift
® = kAw+Ag. The values calculated for a specific measurement system are
given in Table 1. CHUNG [1] found that ”the ratio of the real and imaginary

Table 1. The value of the ratio Re@,,(w)/ImG ,(w) depending on the phase error of equip-
ment for individual frequencies. An example is given for an analog imtensity meter with 1/2’
microphones, for the value dx = 0.14m

Frequency [Hz] | | 250 | 500 1000 3000
Physical phase
difference @4, 0 3.7 7.5 15 45
Equipment phase
error AP 1.5 1.5 2 3 6 X
. 15 7.6 3.7 1
1 ti =&
TASS giiall £ O 12 dB 0dB | 6dB 0
® = 38.2 11 4.3 3 0.8
ReGy(@) | Bap+4P 16 dB 10 dB 6.3dB 5 dB —1dB
TGy () O =0 a9 25 10.4 4.7 1.2
— 4D : 14 dB 10 4B 7 dB 0.8 dB

parts of the cross-spectrum is usually about 15 dB?”. As can be seen from Table 1,
this value varies, depending on the phase difference between behaviours of @,
taking into account the equipment errer, and it is not so large, even when no
phase error occurs (see Table 1, case a).
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6. Conclusion

The phage differences between channels of the measurement system, causing
error in the intensity measurement, can be evaluated by means by the direct
measurement with a phasemeter in a plane wave field. It follows from practice
that the measurement is difficult, since phase fluctuations can be observed.
Additional information about the phase error of the system can be obtained
from the directional responses of the microphone system and the ratio of the
real and imaginary parts of the cross-spectral density of the pressure behaviours
from the two microphones, calculated for any position of the probe. |

The effect of the phase error of equipment on the results of the intensity
measurement depends on the ratio of the value of the phase error equipment,
Ap(w), and the value of the phase difference caused by the microphone spaecing,
@, (w) = kAv = (2=f|c) A, i.e. on the frequency and the assumed value of Az,
Fig. 11 shows the permissible error value AP as a function of k4dx, on the as-
sumption of 1 dB measurement tolerance, and as a function of frequency for
the values of Az (0.04 m and 0.014 m) employed in the investigations of the
author of papers [7-9]. l

Some methods are used to compensate for the phase error by calculating
the arithmetic mean, in the direct method, or the geometric one, in the cross-

L]

piloy ;
|
for E=1dB j‘

1 1 1 1 1 L 1
0 0 20 30 40 50 60 0. K,

1 1 1 1 1 1
67 675 1350 2025 2700 3375 4050 f([Hzl for Ax=0.014
L 1 1 1

1 1 1
24 230472 708 944 8o 116 fl[Hz] for Ax=0.04

Fig. 12. The permissible values of the phase error of the gystem for intensity measurements,
oorr esponding to the measurement error £ = 1 dB as a function of frequency, calculated
for the values 4z = 0.014 m and 0.04 m used by the author in the investigations
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spectral method, of two measurements with changed order of circuits [4], or
by phase calibration of the system. In the analog direct method phase shifters
can also be used to compensate for large phase error (resulting e.g. from the
magnetic recorder used), but it is troublesome and inaccurate, since the phase
error is a function of frequency and with wider frequency bands analysed there
is a difference in the value of the error among the centre and cut-off frequencies.

It is very important to interpret strictly the effect of the phase error on the
intensity measurement, since it causes large distortion of the results, changing
not only the value and direction of the intensity vector, but also its sign.
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