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TD 7295
DEVELOPMENT OF A PROTOTYPE WAVEVECTOR-FREQUENCY
SPECTRAL ANALYSIS SYSTEM
INTRODUCTION
In 1977, we decided to develop a wavevector-frequency spectral analysis system

suitable for general application in spatially planar fields. This paper describes the
development of that system and illustrates some of its capabilities and limitations.

Slide 1

DEVELOPMENT OF A PROTOTYPE
WAVEVECTOR-FREQUENCY SPECTRAL
ANALYSIS SYSTEM

TOPICAL OUTLINE

® THEORY OF WAVEVECTOR-FREQUENCY
SPECTRAL ESTIMATION

® TRANSLATION OF THEORY TO HARDWARE
® EXAMPLES OF SYSTEM CAPABILITIES

As indicated in this slide, the paper is organized in thrce sections: the first
section outlines the theoretical basis for our system design; the second section
describes the practical problems of translating the theory to hardware; and the third
section presents some examples of wavevector spectral data that were obtained during
acceptance tests of the system.

----------
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THEORETICAL BASIS |

DEFINITIONS

Slide 2

X1

SPACE-TIME CORRELATION OF THE PRESSURE FIELD (Q

)
PP
Qppix. §.t. 7)=E }p (x. ) p (x+£, t+7)}

STATIONARY FIELD (CORRELATION INDEPENDENT OF ABSOLUTE TIME, t)
Qpp(!, gv to 7)=Qpp(!' §, T)

HOMOGENEOUS FIELD (CORRELATION INDEPENDENT OF ABSOLUTE SPATIAL POSITION, x)
Qpp (. £, t, 71 =Qpp (£, t. 7)

HOMOGENEOQOUS AND STATIONARY FIELD (CORRELATION INDEPENDENT OF x AND t)

The field illustrated at the top of this slide is the pressure at the surface of the
plane defined by the X and X, axes. Although we use pressure to illustrate the planar
field, the field could just as well be acceleration, stress, or another quantity of interest.

ey, —

F The correlation of the pressure field over the plane of interest is defined as the
' average value, over many observations, of the product of (1) the pressure at the vector
2 location x and time t and (2) the pressure at vector location x + § and time t + r.
e The average value is dencted by capital E.
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In general, the correlation is a function of (1) the absolute spatial position and the
time of one observation of the pressure and (2) the spatial separation vector and the
time difference between observations. A stationary field is one in which the
o correlation and all other statistical moments are independent of the absolute time of
b observation, t, and depend only on the time between observations, t. Similarly, a
homogeneous field is one in which the correlation is independent of absolute spatial
position (x) and depends only on the spatial separation vector (g) between observations.

ey L i Z0e e aen 4 v
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In diagnostic testing, we can usually control the temporal nature of system
excitation so that, for practical purposes, the field of interest is stationary.

Homogeneity is another matter. The pressure field associated with a plane wave
1 propagating through a homogeneous medium is a homogeneous field. On the other hand,

ti., the pressure field near a vibrating, rib-stiffened plate is nonhomogeneous, owing to the
3 space--varying impedance of the plate. Both of these fields are of practical interest in
acoustics.

Because we felt we could control the temporal aspects of the excitation in
diagnostic situations, we limited our attention to stationary fields. However, we
decided that, as a general diagnostic tool, the system should be capable of analyzing
both homogeneous and nonhomogeneous fields.
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Slide 3

DEFINITIONS OF WAVEVECTOR-FREQUENCY SPECTRA
STATIONARY HOMOGENEOUS FIELD

1’;‘ (L(_. w)=m '[‘ Qpp (é- 7) e—i (‘ls‘§+wr) dﬁdr

WAVEVECTOR k=[k, kz}; CIRCULAR FREQUENCY w=2xf

STATIONARY NONHOMOGENEOUS FIELD

SPACE-VARYING SPECTRUM (K,,)

oo
—
SPACE-AVERAGED SPECTRUM (®p)

®o (e 0 A= [ Ko (b v e

A
TWO-WAVEVECTOR SPECTRUM (% )

- ]

Zo sk ol=g5 | Ko 0x ) ez oy

w=I[p1, uziw

The wavevector-frequency spectrum is defined by Fourier transformation of the
space-time correlation on the spatial separation vector 13 and the time difference ~.

This transformation is defined for the stationary homogeneous field at the top of
the slide. Here, Op is the wavevector-frequency spectrum and the superscript H
designates the homogeneous field.

The wavevector k is the Fourier conjugate variable of the spatial separation
vector §, and the circular frequency w is the conjugate variable of the time difference «.
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For the nonhomogeneous field, three different wavevector-frequency spectra can
be defined. The space-varying spectrum Kp uses the same transformation as the
homogeneous field, but because the correlation is a function of the absolute spatial
vector X, this wavevector-frequency spectrum also varies with x. {

The space-averaged spectrum Qp is simply the average value of the space-varying
spectrum over some area, A, in absolute space.

The two-wavevector-frequency spectrum 'Kp introduces a second wavevector, u,
by an additional spatial Fourier transformation. The second wavevector is the
conjugate variable of the absolute spatial vector x.

} We based our general purpose system on the space-averaged spectrum. This
P choice was made for two reasons. First, for a homogeneous field, the space-averaged
spectrum reduces to the definition of the spectrum for a homogeneous field, and,
therefore, this spectral form accommodates both homogeneous and nonhomogeneous
fields. Second, the space-averaged form leads to the simplest computational algorithm
for estimating the wavevector-frequency spectrum.
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SAMPLING AND THE ALGORITHM
The definition of the space-averaged spectrum assumes knowledge of the field

over all space and time. In practice, we can only obtain a sampling of the field over
some finite region of space and time.

Slide 4

SPATIAL SAMPLING

M-ELEMENTS
o/ M ) 7

OUTPUT VOLTAGE OF
THE mnTH SENSOR

e (Xmn, =S p (Xmn. t)

TEMPORAL SAMPLING
OUTPUT T

VOLTAGE
°‘%ﬁwv— ‘

l——R SAMPLES —~

AVAILABLE DATA

OsmsM-1
e (mhy, nhg, rT)=8 n (mhy, nha) p (rT) p (mhy, nhp, rT); OsnsN-1
L g J L — L v ) Osr=sR-1
OUTPUT SPATIAL PRESSURE
VOLTAGE WEIGHTING
SENSITIVITY TEMPORAL
WEIGHTING
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For our system, we decided that spatial sampling of the field by a rectangular
array of sensors, similar to that shown at the top of this slide, would offer the most
flexibility.

Each sensor converts the pressure over its active surface to a voltage, e. We
assume that the sensors are small compared to any wavelength of interest and, for
practical purposes, respond instantaneously in time. Therefore, the output voltage of
each sensor is related to the local pressure by a constant sensitivity, S.

From the outset, we intended that the spectral analysis would be performed by
digital techniques. This requires that a series of time samples, spaced T seconds apart,
be taken simultaneously from the outputs of all sensors of the array. The temporal
sampling of the output voltage of a sensor is illustrated in the middle of this slide.

If we provide for spatial weighting, n, of the array and temporal weighting, p, of
the output voltage samples to reduce the sidelobe responses associated with the spatial
and temporal sampling, the available data are the discrete set of output voltage
samples shown at the bottom of this slide. These data are the input to an algorithm
that estimates the wavevector-frequency spectrum.
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Slide 5

THE ALGORITHM:

a hyhaT J

® (K w)= —m——————— X 2

o (& 9= o3EMNRY E, |5 w2,
WHERE

M-1 N-1 R-1

Ekw)=2 X X e(mhy, nhy rT)exp [—i(ky mhy+ka nhy+wrT))
AND m=0n=0 r=0

j DENOTES THE SAMPLES FROM THE j™ MEMBER OF THE ENSEMBLE.

RELATION BETWEEN ESTIMATED AND TRUE
SPECTRA FOR HOMOGENEOUS FIELD:

(¢ -]
A hyho TS2
Elde(k w)} = ——2—— f«b“ ) |He—w|? |R@—0)|2 ayan.
Bowat = Zosm S/ ebno |Ho—]2 |2@—w|2 oy
_W__J (- v J N\ v J - - J
MEAN VALUE TRUE PRESSURE WAVEVECTOR FREQUENCY
OF ESTIMATED SPECTRUM RESPONSE  RESPONSE OF
VOLTAGE OF ARRAY  TIME SAMPLING
SPECTRUM PROCESS
THE WAVEVECTOR RESPONSE M N
OF THE ARRAY IS H(k)= 21 21 7 (mhy, nhy) exp [—i (ky mhy +ka nhy)].
m= n=
THE FREQUENCY RESPONSE R
ASSOCIATED WITH THE TIME R(w)= Y olrT) exp [—iwrT].
SAMPLING IS r=1

The computational algorithm is shown at the top of this slide. The estimate of
the space-averaged spectrum (denoted by se) is seen to be proportional to the squared
magnitude of the discrete Fourier transform (in wavevector and frequency) of the
output voltage samples.

Because the field is sampled over a limited portion of space and time, the
algorithm provides only an estimate of the wavevector-frequency spectrum. The
relationship between the mean of this spectral estimate and the true
wavevector-frequency spectrum for a homogeneous pressure field is shown below the
algorithm. A similar, but more complex, relationship exists for the nonhomogeneous
field.
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For the homogeneous field, the mean of the wavevector-frequ
estimate is proportional to the convolution of the true wavevector-frequ¢
of the pressure field of interest with the squared magnitudes of (1) th
response of the array used to spatially sample the field and (2) the frequ
associated with the temporal sampling. The wavevector response of the a
the discrete wavenumber transform of the spatial weighting applied
Similarly, the frequency response associated with the temporal sampling i
frequency transform of the weighting applied to the temporal samples.
squared magnitudes of both the wavevector response and the frequency

periodic functions.

The wavevector response of the array and the frequency respons
sampling process control the quality of the spectral estimate. Therefore,
necessary to examine the impact of these functions on the design of

system.
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Slide 6

EFFECTS OF WAVEVECTOR RESPONSE
OF ARRAY H (k)

CONVOLUTION OF | H(k) |2 WITH THE TRUE SPECTRUM

— .6
= ak1 = Shy
2 hAl
2% r
LS Kk +<¥
“-h DESIRED N
ALIASED WAVENUMBER ALIASED
COMPONENT \ COMPONENT \ COMPONENT
SIDELOBE CONTAMINANTS

IMPACT ON DESIGN OF SYSTEM OR EXPERIMENT

x x
ELEMENT SPACING: TO AVOID ALIASING. Py < Ky, ANDhz < ka,,, . WHERE
K1 max AND K2yq, ARE THE MAXIMUM WAVEVECTOR COMPONENTS ANTICIPATED in ¢ (k. )
NUMBER OF ELEMENTS: MINIMUM DETERMINED BY DESIRED WAVEVECTOR

RESOLUTION. TO RESOLVE TWO WAVEVECTOR COMPONENTS SEPARATED

BY Ak WITH AN UNWEIGHTED ARRAY M= _8_ ANDN = _6_ .
- hyaky ha4ka

The convolution of the wavevector response of the array with the true
wavevector-frequency spectrum is illustrated for a fixed frequency at the top of this
slide. Here, the array is steered to sample the true spectrum at the wavenumber k1
However, because of the periodic nature of the array wavevector response, we see that
the true spectrum is also sampled at the wavenumbers corresponding to the periodic
replicates of the main response lobe. In the convolution process, the samples at these
periodic replicates are added to the sample at kl' thereby contaminating the estimate
of the spectrum at kl. This contamination is called aliasing.

A similar, but usually lower order, contamination results from the sampling of the
true spectrum by the sidelobes of the array response.

To get a good estimate of the true wavevector spectrum, we must avoid aliasing,

minimize sidelobe contamination, and minimize the main lobe width of the array
response function.

10
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Aliasing is avoided by selection of the interelement spacings of the array such
that the periodic replicates of the main response lobe occur at wavenumbers twice as
large as any anticipated wavevector component of the true spectrum. This constraint is
listed near the bottom of the slide, where we can see that the wider the wavevector
content of the true spectrum is, the smaller the interelement spacing of the array must
be.

Sidelobe contamination is controlled by the appropriate choice of the spatial
weighting applied to the array.

The width of the main lobe of the array response function is inversely proportional
to the overall dimensions of the array. Therefore, to achieve a narrow main lobe, we
need a large array. With the interelement spacing set to avoid aliasing, narrowing of
the main lobe must be accomplished by increasing the number of elements in the array.
Because there is a practical limit to the number of elements we can afford and/or
process, it is desirable to establish some lower limit on the number of array elements.
This minimum is based on the wavevector resolution that we require from the array.
The resolution requirement is listed at the bottom of the slide for an unweighted array
and states that the closer the two wavevector components that we wish to resolve are,
the greater the number of elements we require.

11
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Slide 7

EFFECTS OF TEMPORAL SAMPLING
CONVOLUTION OF | 2 (f) 2| WITH FILTERED TRUE SPECTRUM

ANTIALIASING FILTER

(‘ o) 2
— S—
<71 ™~
[] S
—~ & (ko) | l =
|2 (ew)2
| . .
2% _x w x 2%
w—F T DESIRED T W+
ALIASED FREQUENCY ALIASED
COMPONENT COMPONENT COMPONENT

IMPACT ON DESIGN OF SYSTEM OR EXPERIMENT

ANTIALIASING FILTERS: USED TO LIMIT FREQUENCY CONTENT OF TRUE SPECTRUM

SAMPLING FREQUENCY (27/T): TO AVOID ALIASING, THE SAMPLING FREQUENCY MUST

BE AT LEAST TWICE THE CUTOFF FREQUENCY (Wmax) OF THE ANTIALIASING FILTER,
OR (2%/T)2 2wmax.
NUMBER OF SAMPLES (R): MINIMUM DETERMINED BY DESIRED FREQUENCY RESOLUTION.

FOR UNWEIGHTED TEMPORAL SAMPLING, THE FREQUENCY RESOLUTION, Aw, IS ABOUT 6/RT.

The convolution of the frequency response associated with the temporal sampling
with the true spectrum is illustrated at the top of this slide. Here we see the same
potential for aliasing and sidelobe contamination effects in frequency that we saw in
wavenumber in the previous slide. However, in temporal sampling of data, it is common
practice to low-pass filter the signal prior to digitization to limit the frequency content
(Unfortunately, we do not yet have effective
antialiasing filters in the wavevector domain.) To avoid contamination due to aliasing,
we only require that the temporal sampling frequency be greater than twice the cutoff

of the signal to some desired range.

frequency of the filter.

12
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The number of temporal samples required in each observation is then dictated by
the frequency bandwidths in which we wish to analyze the data; the narrower the
bandwidth, the more samples are required.

In this and the preceding slide, it should be clear that the quality of the
wavevector-frequency spectral estimate depends on our ability to achieve the desired
wavevector filter characteristics by the array design and the desired frequency filter
characteristics in the temporal sampling. From a design viewpoint, desired filter
characteristics translate into large numbers of sensors, high sampling rates, and large
numbers of temporal samples.
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- TRANSLATION OF THEORY TO HARDWARE
Slide 8
FUNCTIONAL DIAGRAM OF WAVEVECTOR-FREQUENCY ANALYSIS SYSTEM
M7 o =1 - 7
|| sana || lconomonma| | | | sowa | OISPLAY :
I | sampung I AND T T PROCESSING
| | | |owmzanon| |} |
I | | ANALOG | ]| | STORace piGiTaL |
|  ARRAY | |  FRONT oG COMPUTER |
END SYSTEM
R _ == J
SIGNAL ACQUISITION AND CONDITIONING REQUIRED FOR EACH SENSOR
SENSOR VARIABLE ANTH- SAMPLE ANALOG-TO-
ouTPUT—] (GAN  |—= AUASING |—=| AND |—=| DIGITAL |-=
AMPUFIER FILTER HOWD CONVERTER
APPROXIMATE COST PER SENSOR INPUT — $1500
COST-PERFORMANCE TRADEOFF
PERFORMANCE DESIRED SYSTEM IMPLICATION COST
HIGH WAVEVECTOR RESOLUTION | LARGE NUMBER OF SENSORS EXTREMELY HIGH FRONT END COST
HIGH FREQUENCY RESOLUTION | LARGE NUMBER OF TIME SAMPLES | HIGH COMPUTER SYSTEM COSTS
WIDE FREQUENCY RANGE HIGH SAMPLE RATE HIGH COMPUTER SYSTEM COSTS

The functional elements required to implement the spectral estimation algorithm
are illustrated at the top of this slide. The field of interest is sampled by an array of
sensors. The time varying output of each sensor is then appropriately gained, filtered,
and converted to a digital format.

The discrete space-time samples of the field are Fourier transformed and
- converted to a wavevector-frequency spectral estimate by the appropriate signal
P processing. The display unit provides the graphic output of the spectral estimates.

A mass storage medium is required for editing of the data and permanent storage
of the spectral estimates.

14
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The functional elements of the system can be accommodated in three physical
components. These components (indicated by the dashed lines in the functional
diagram) are an array of sensors, an analog front end, and a digital computer system.

The analog front end deserves special attention. The components required to
condition and digitize the signal from a single sensor are shown in the middle of the
slide. The signal from each sensor must first be amplified to take maximum advantage
of the dynamic range of the analog-to-digital converter. The signal is then low- pass
filtered to control aliasing, sampled in time, and converted to digital format.

To maintain dynamic range in the wavevector response of the array, the
amplifiers and filters must be closely matched between sensors. To our surprise and
dismay, the cost of the close-matched, antialiasing filters alone was about $1000 per
channel, resulting in a front-end cost of nearly $1500 per channel.

A cursory examination of the cost-performance tradeoffs of this system concept
is shown at the bottom of the slide. The bottom line is that high wavevector resolution
increases front-end costs and high frequency resolution increases computer system
costs.
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Slide 9

COST ESTIMATES FOR MINIMAL SYSTEM

DEFINITION OF MINIMAL SYSTEM

FREQUENCY RANGE — 0-5 kHz
FREQUENCY RESOLUTION — 5 Hz
ARRAY SIZE — 36 ELEMENTS (6 x 6 GRID)
ARRAY GEOMETRY — RECTANGULAR

INPUT DATA RATE OF MINIMAL SYSTEM

INPUT DATA RATE = SAMPLE RATE x NUMBER OF ARRAY ELEMENTS
= 450,000 WORDS/S

COST ESTIMATES (1977)

FRONT END COST $ 48K
COMPUTER SYSTEM COST
OPTION 1: REAL TIME PROCESSING >$200K
OPTION 2: NONREAL TIME PROCESSING $100K
APPROX. TOTAL $150-250K
PROTOTYPE SYSTEM BUDGET $100K

This slide shows the estimated cost of a minimal system. The minimal system
accommodates outputs from 36 elements arranged in a 6 by 6 grid and provides
wavevector-frequency spectral estimates in 5-Hz bands over the frequency range of 0
to S kHz.

For a sampling frequency that is 2 1/2 times the upper frequency of interest, the
front end generates digital data at the rate of 450,000 words per second. As indicated
in the center of the slide, this is the rate at which data are input into the digital

16
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computer. The computer must either process these data at the rate at which they are
input -- that is, in real time —- or store all or a portion of the data for later processing.

To process the data in real time, the computer must be able to perform five
three-dimensional discrete Fourier transforms each second. In 1977, such
computational power was available only in the more expensive computers.

If we choose not to process the data in real time, such computational speed is not
required, and a moderately priced computer can be used. However, the input data rate
is about thrce times higher than the rate at which data can be transferred to disc. This
means that most of the data must be stored in bulk memory. In 1977, such a bulk
memory capability cost approximately $50,000.

The cost estimate for the basic system is shown at the bottom of this slide. Here,
in addition to the front-end cost, we estimated the cost for both real and nonreal time
processing. The nonreal time system, costing about $150,000, was the least expensive;
however, it was approximately $50,000 over our budget of $100,000.

17
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Slide 10

DYNATRON PROPOSAL
CONCEPT

TAKE ADVANTAGE OF STATIONARITY TO PERFORM SPATIAL TRANSFORMS,
ONE WAVEVECTOR AT A TIME. IN THE ANALOG DOMAIN. WITHIN THE FRONT END

APPROACH TO FRONT-END DESIGN

FROM COMPUTER

SIGNAL MULT Y SUM ANTI- snlap e
> DAC T | (REAL) ALIAS FILTER
]
SENSOR VASLGSLE PRODUCTS FROM
AMPLIFIER ALL OTHER SENSORS
MoLT LI sum ANTI- snlapl
DAC | £] (MAG) ALIAS FILTER
FROM COMPUTER
ADVANTAGES

1 ONLY TWO ANTIALIASING FILTERS REQUIRED
2 LOWER INPUT DATA RATE TO COMPUTER

DISADVANTAGE
LONGER TIME SAMPLE REQUIRED TO ESTIMATE SPECTRUM

Our dilemma was resolved by a novel approach proposed by Dynatron Corporation
of Waltham, Massachusetts. Dynatron's concept was to take advantage of the
stationary nature of the signals by performing the spatial transform in the analog
domain, one wavevector at a time, within the front end.

Dynatron's approach to the front-end design is illustrated for a typical sensor
output in the center of the slide. Here, the signal from the rrmth sensor is first
amplified. Then, by means of multiplying digital-to-analog converters (labeled DAC's
in the slide), the signal is separately multiplied by the cosine and sine of the scalar
product of the wavevector of interest and the vector location of the sensor. The cosine
and sine values are stored in the computer system and are supplied to the DAC's by a
data link. This multiplication process is applied to each sensor in the array. The
products of each signal with the appropriate cosine term are then summed to form the

18
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real part of the discrete spatial transform. A similar summation of the terms involving
the sine forms the imaginary part of the spatial transform. Both real and imaginary
parts are continuous functions of time.

The real and imaginary components are then separately low-pass filtered,
temporally sampled, digitized, and stored in the computer system. When sufficient
temporal samples have been gathered, the computer changes the coefficients applied to
the multiplying DAC's to those that are appropriate for the next wavevector in a
predetermined sequence, and the process is repeated.

When temporal samples have been collected for all wavevector values in the
sequence, the temporal transformation is performed in the digital computer, and an
estimate of the wavevector-frequency spectrum is formed. Stability of the estimate is
accomplished by multiple repetition of the estimation process and averaging of the
spectral estimates.

The Dynatron approach offers two distinct advantages over our previous
approach. The first is that only two signals are output at any time from the front end,
and, therefore, only two antialiasing filters are required. Therefore, the Dynatron
approach results in substantially lower front-end costs. (Multiplying DAC's are
inexpensive components.)

The second advantage is that the input data rate to the computer is only twice the
temporal sampling rate. At this input rate, the data can easily be transferred to disc or
tape. Thus, the requirement for large bulk storage in the computer system is
eliminated, substantially reducing computer system costs.

The Dynatron approach has one distinct disadvantage. That is, since the spatial
transform is performed in the front end, one wavevector at a time, the time required to

collect sufficient data for a single spectral estimate is relatively long.

Dynatron estimated that they could design and build the minimal system within
our budget, and they were funded to do this.

19
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Slide 11

ONLINE WAVEVECTOR-FREQUENCY
ANALYSIS SYSTEM

DIGITAL
TAPE DRIVE

OPERATING
CONSOLE

PDP 11:34 . y - HARD
COMPUTER COPY UNIT

SYSTEM CAPABILITY

ARRAY INPUT CAPACITY 36 ELEMENTS (6 X 6 GRID)
ARRAY GEOMETRY RECTANGULAR

FREQUENCY RANGE FOUR OPERATOR-SELECTED BANDS —
0-2000 Hz, 0-4000 Hz, 0-6000 Mz,
0-8000 Hz

FREQUENCY RESOLUTION 125Hz 25Hz 375 Hz 5Hz

The system delivered by Dynatron is shown in this slide. It consists of the analog
front-end processor with input capacity for a 6 by 6 element array. The frequency
transformation and spectral estimate are performed by a PDP 11/34 computer. Two
disc drives provide storage for system software and data files. Intermediate data and
final spectral estimates are stored on digital tape. The system is operated through a
console, and printed output is obtained by means of a hard copy unit.

As shown at the bottom of the slide, the system has four operator-selected

2 frequency ranges, with upper frequency limits of 2000, 4000, 6000, and 8000 Hz. A
»'.E',- 4096-point temporal transform is used in all frequency ranges, so that the frequency
E_‘.' resolution varies from approximately 1.25 Hz in the 2000-Hz range to approximately
f-. 5-Hz in the 8000- Hz range. The input gain is operator selected betwcen 0 and 60 dB in
f

10-dB increments.
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EXAMPLES OF SYSTEM CAPABILITIES

After receiving the system, we performed a series of acceptance tests; the results
from two of these tests will be used to illustrate some of the system capabilities.

The first test was a zero- wavevector calibration of the system for a square
array. The zero wavevector was simulated by applying a common signal synchronously
1 to all input channels of the system. The wavevector spectral estimate for the
zero-wavevector input is equal to the squar.d magnitude of the wavevector response of

an unshaded 6 by 6 element array.

The next slides illustrate three of the ouput formats of the system for the

zero-wavevector calibration.

——

i Slide 12

L N

ISOMETRIC VIEW OF WAVEVECTOR SPECTRUM

$(k.w:A)

ZERO WAVEVECTOR CALIBRATION
FREQUENCY BAND, 950-1050 Hz

TTTTETTR

f This slide shows a three-dimensional isometric view of the wavevector spectral
t : estimate in a 100-Hz band that is centered around 1 kHz. Here, all scales are linear,
o and the shape of the spectral estimate is consistent with the two-dimensional sin Nx
[ - over sin x behavior expected for the wavenumber response of a square, unshaded array.
L. _
=

) 21
°

b
k' . o et . ‘.-"- PR P T TS
. - - . . LN . Y - e N . - 4 Ay - . - LR O IR S . -~ - .- d M .
d i P P PN UL L, LA T S SO T bt al e n Ve iata a-atinatatatata Cataa taiate o —eaek et el




\
TD 7295 ‘
|
!

Slide 13 |

CONTOUR PLOT OF WAVEVECTOR SPECTRUM

ZERO-WAVEVECTOR CALIBRATION
FREQUENCY BAND, 950-1050 HZO @ 7

3dB BETWEEN CONTOURS,
STARTING 1 dB DOWN

This slide shows the same spectral estimate as the previous slide in the form of a
contour plot. This format more clearly illustrates the main and sidelobe pattern of the
array response. In the contour plot format, the number of contours, the difference (in
decibels) between contours, and the difference (in decibels) between the spectral
maximum and the first contour are operator selected.

22




LISTING OF WAVEVECTOR SPECTRAL M
ZERO-WAVEVECTOR CALIBRATION
FREQUENCY BAND, 950-1050 Hz

MAXIMUM Ki K2 K

0.230E-01 0.0000 0.0000 0.0(

0.133E-02 0.0000 0.4301 0.4

0.132E-02 0.0000 -0.4301 0.4

0.131E-02 0.4301 0.0000 0.4

0.131E-02 -0.4301 0.0000 0.4

0.689E-03 0.7480 0.0000 0.7«

0.687E-03 0.0000 0.7480 0.7«

0.685E-03 —-0.7480 0.0000 0.7«

0.679E-03 0.0000 —-0.7480 0.7«

0.768E—-04 -0.4301 0.4301 0.6(

0.768E-04 0.4301 —0.4301 0.6(

- 0.708E-04 —0.4301 -0.4301 0.6(

t. The third output format is a listing of the maxima of the waveve

and the wavevectors corresponding to each maximum within the freq
interest. The last column, labeled K, is the magnitude of the wavevec

s

}

* with the maximum. The spectral maxima are presented on a linear sc:
. 9 input voltage. For the zero—wavevector calibration data shown h
-

maximum is the zero-wavevector spectral density, and subsequent maxi
to sidelobes of the wavevector response of the array.

r‘ The interelement spacing of the array in this zero-wavevector c
d ) assumed to be 3.5 inches, and the wavevector locations of the sidelob
[ choice.

Ll

|




q- -'-.v.-..*.v
. L]

TD 7295

One of the acceptance tests more closely simulated the use of the system as a
. diagnostic tool. This test is illustrated at the top of the slide. Here, a 6 by 6 element
array of hydrophones is attached to one face of a 4-foot-square section of 1/4-inch

steel plate. The plate is suspended by shock cord so that 3 feet of the plate is

24
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Slide 15
EXPERIMENTAL SETUP
SHOCK

SHAKER i CORD

- -
_ : — . —
= | WATER
— |- SURFACE
8x6
ELEMENT
ARRAY~_
Yasin.
STEEL
PLATE—.

RESOLUTION
CAPABILITY

! ACOUSTIC
[l J

I H
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FREQUENCY (kMz)
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in water. The plate is excited into vibration by a shaker mounted above the water
surface. We want to measure the wavevector-frequency characteristics of the pressure
in the nearfield of this vibrating plate.

A general idea of the wavenumber-frequency characteristics of the nearfield
noise can be obtained if we consider the physical mechanisms by which the energy from
the shaker is transferred to the water near the plate.

The shaker excites flexural vibrations in the plate, which, in turn, produce a
nearfield pressure component. This nearfield component is characterized by the
wavenumber associated with flexural waves in the fluid-loaded plate. The predicted
magnitude of the flexural wavenumbers of the fluid-loaded 1/4-inch steel plate is
shown as a function of frequency in the lower portion of the slide.

The flexural waves are scattered at the plate boundaries, giving rise to pressure
waves that propagate through the water at the speed of sound. Because the plate edges
are the apparent source of such waves, these scattered acoustic waves propagate over
the surface of the array at sonic velocities. The magnitude of the wavevectors
associated with these acoustic components is also shown in the lower portion of the
slide.

The array used in this test was an unshaded, square array with interelement
spacings of 3.5 inches. Based on our previous arguments, the spectral estimate from
this array will be unaliased only for wavevector components less than » divided by the
interelement spacing, or wavenumbers less than approximately nine-tenths of a
reciprocal inch. As shown in the slide, this means that the wavevector spectral
estimate will be contaminated by aliased flexural wave components above 1400 Hz.
Consequently, the random noise excitation to the shaker was low-pass filtered to
1400-Hz.

With the limited aperture of this array, the wavevector resolution is
approximately three-tenths of a reciprocal inch, as shown on the right-hand side of the
wavenumber-frequency plot. Such poor resolution means that we cannot resolve
flexural and acoustic waves below 100 Hz or two grazing acoustic waves traveling in
opposite directions at frequencies below 1350 Hz.

25
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Slide 16

CONTOUR PLOT OF WAVEVECTOR SPECTRUM

FREQUENCY BAND,
1034-1041 Hz

)
g! \

)\ ACOUSTIC

This is a contour plot of the wavevector spectrum of the nearfield pressure of the
plate in the 7-Hz band between 1034 and 1041 Hz. Superimposed on the contour plot
are two circles, with radii equal to the wavenumbers predicted for flexural waves in the
fluid-loaded plate and for grazing incidence acoustic waves at the midband frequency
of 1037 Hz.

Note that the majority of the wavevector spectral peaks fall on or near the circle
characterizing flexural waves of the plate. These wavevector components of the
nearfield pressure can therefore be presumed to be caused by the local coupling of the
vibration field of the plate to the water.

26
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The wavevector spectral peak near the origin, which is about 12 dB lower than the
largest spectral peak at the upper left, is clearly not a single grazing incidence acoustic
component because it does not lie on the predicted acoustic circle. Rather, owing to
the inabilily of the array to resolve multiple acoustic wavevector contributions at
frequencies less than 1350 Hz, it is probable that this spectral peak results from two or
more grazing acoustic contributions. We say "probable" because the level of this
spectral peak is too high to result from a combination of off-axis sidelobes, and the
location of the peak does not coincide with an on-axis sidelobe of any of the major
spectral peaks,

In any case, the level of this spectral contribution in the acoustic region is small
in comparison with those contributions associated with flexural waves in the plate.
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Slide 17
COMPARISON OF MEASURED AND PREDICTED
WAVENUMBER-FREQUENCY DATA
1.25 3
$
~ g
'g 1.00 ]
E’ 'o.‘:
c 0.75 ]
wl
@
:z) 0.50
&
>
$ 025
Oks eeorut TUUUTOUIT TOUUT SRt DUUUTTUTN SOvn
0 200 400 600 800 1000 1200 1400
FREQUENCY (Hz) ‘

This slide illustrates another output format of the system. Here, the magnitudes
of the wavevectors associated with the three largest wavevector spectral contributions
to the nearfield pressure of the plate in each 20-Hz band between 0 and 1400 Hz are
plotted as a function of frequency. For comparison, the predictions of the flexural
wavenumber of the fluid-loaded plate and the wavenumber associated with grazing
incidence acoustic waves are superimposed on the measured data.

The data show that the three largest wavevector contributions to the pressure in
the nearfield of the plate, in each 20-Hz band above 120 Hz, occur at wavevectors
consistent, in magnitude, with flexural waves in the 1/4-inch plate. No wavevector

28
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» spectral contributions are shown in the acoustic wavenumber range. The scattering of

wavenumbers above the flexural wavenumber of the plate at low frequencies can be
traced to sidelobes of the flexural wavevector component.

Based on these data, it is evident that the pressure in the nearfield of the
vibrating plate is dominated by wavevector components associated with flexural
vibrations of the plate. The data also show that the edge-scattered acoustic waves do
not appear to contribute significantly to the nearfield pressure.

This slide illustrates, quite well, the utility of the wavenumber-frequency plot as
a diagnostic tool.
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Slide 18

SUMMARY

® WE HAVE DEVELOPED A PROTOTYPE SYSTEM FOR GENERAL
PURPOSE WAVEVECTOR-FREQUENCY SPECTRAL ANALYSIS.
@ PRINCIPAL LIMITATIONS OF SYSTEM ARE

1) LIMITED WAVEVECTOR RESOLUTION DUE TO INPUT
CAPACITY FOR 36 ELEMENT ARRAY.

2) RELATIVELY LONG PROCESSING TIME .
® PROTOTYPE SYSTEM HAS BECOME A PRINCIPAL

DIAGNOSTIC TOOL FOR ANALYSIS OF STRUCTURAL-
ACOUSTIC FIELDS.

In summary, we have developed a prototype system for general purpose
wavevector-frequency spectral analysis of spatially planar fields. The system has only
two shortcomings of consequence:

(1) limited wavevector resolution, which results from the 36-channel
input limitation of the system and

(2) the relatively long time record required to form a spectral estimate.
Despite these limitations, the system has proved to be a useful diagnostic tool and

has been in near continuous use over the past 6 years for the analyses of a variety of
structural-acoustic fields.
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