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The present work gives further developments and experimental testing of a new time domain 
structural sensing technique for predicting wave-number information and acoustic radiation from 
vibrating structures. Most structure-borne active sound control approaches now tend to eliminate the 
use of microphones located in the far field by developing sensors directly mounted on the structure. 
In order to reduce the control authority and complexity required to minimize sound radiation, these 
sensors should be designed to provide error information that is solely related to the radiating part of 
the structural vibrations, e.g., the supersonic wave-number components in the case of planar 
radiators. The approach discussed in this paper is based on estimating supersonic wave-number 
components coupled to acoustic radiation in prescribed directions. The spatial wave-number 
transform is performed in real time using a set of point structural sensors with an array of filters and 
associated signal processing. The use of the sensing approach is experimentally demonstrated in the 
time domain LMS active control of broadband sound radiated from a vibrating plate. Comparisons 
of the control performances obtained with the wave-number sensor and error microphones in the far 
field show that only a few point sensors are required to provide accurate radiation information over 
a broad frequency range. The approach demonstrates good broadband global control of sound 
radiation. ̧  1995 Acoustical Society of America. 

PACS numbers: 43.40.Dx, 43.40.Vn 

INTRODUCTION 

Over the past few years, much research has been con- 
ducted in the area of active control applied to structure-borne 
sound. In active structural acoustic control (ASAC), the 
minimization of sound radiation is achieved by applying os- 
cillating force inputs directly to the structure rather than by 
exciting the acoustic medium with loudspeakers (active noise 
control). The technique can often produce global far-field 
attenuations with relatively few actuators as compared to ac- 
tive noise control. In early studies, Fuller has shown both 
theoretically • and experimentally 2 the use of point forces as 
control actuators. More recent works have demonstrated the 

potential of multiple piezoelectric actuators to replace shak- 
ers and realize a more compact or "smart" structure. 3 

One of the primary concerns in active control of sound 
is choosing the appropriate sensor in order to provide the 
control system with "error" information. Error microphones 
located in the far field have yielded good results, since the 
quantity to minimize, i.e., acoustic power radiated from the 
structure, is directly related to the far-field pressure. How- 
ever, the microphone solution is often impractical in real 
applications and, in an attempt to make the system more 
compact, the current research tends to develop radiation sen- 
sors that are mounted on the structure. One possible ap- 
proach is to design structural error sensors in order to mini- 
mize the vibrations over the entire radiating surface (active 
vibration control). Such an approach would obviously yield 
sound attenuation. However it will require, in many cases, a 
great number of control inputs. A more practical sensing 

technique should take into consideration the structure/fluid 
interaction so that only the radiating part of the structural 
vibrations is observed by the sensor. The principal advantage 
of this approach is that it allows "modal restructuring" in the 
control mechanism; 1'4 in some cases, the residual response is 
not attenuated but rather the structure is forced to behave like 

an inefficient radiator. As a result, the control authority and 
number of channels required to achieve sound attenuation is 
reduced. Clark and Fuller have discussed the use of polyvi- 
nylidene fluoride (PVDF) thin film modal sensors in sound 
radiation control for rectangular radiators below the critical 
frequency. 5 With appropriate shapes and locations, PVDF 
sensors observe only those structural modes that efficiently 
radiate to the far field. 

For planar radiators, the radiating part of the structural 
vibrations corresponds to the supersonic region of the wave- 
number spectrum where the structural wave number is 
smaller than the acoustic wave number in the surrounding 
medium. Therefore, a possible approach is to build a wave- 
number sensor that selects and estimates those supersonic 
wave-number components. Fuller and Burdisso previously 
showed the potential of a wave-number domain controller 6 
based on this type of error information. For implementation 
with broadband control algorithms, the wave-number esti- 
mate must be performed in the time domain. Following these 
ideas, Maillard and Fuller introduced a new sensing tech- 
nique that predicts, in the time domain, supersonic wave- 
number components coupled to acoustic radiation in pre- 
scribed directions. 7'8 In the approach of Maillard and Fuller, 
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the wave-number transform of the structural acceleration dis- 

tribution is performed in real time using point sensors with 
an array of finite impulse response (FIR) filters and associ- 
ated signal processing. The resulting error signal can be di- 
rectly used as the error information in time domain control 
algorithms. The present work gives further development and 
experimental testing of the method. In particular, this paper 
experimentally demonstrates the use of such an approach in 
the active control of sound radiation. 

After recalling the theoretical basis of wave-number 
sensing applied to acoustic radiation previously discussed in 
Refs. 7 and 8, the sensor is briefly described for practical 
implementation. Experimental results from wave-number 
sensing of a simply supported plate are first discussed. The 
sensor output is compared to the actual wave-number com- 
ponent of the plate in order to evaluate the prediction accu- 
racy. The radiation from the simply supported plate is then 
controlled using a three-channel feedforward control ap- 
proach. The system is excited by a bandlimited white noise 
including the first five bending modes of the plate. Wave- 
number sensing is compared to the use of error microphones. 
Results show the ability of the technique to replace far-field 
acoustic measurements and provide accurate error informa- 
tion over a broadband frequency range. Its use in active 
structural acoustic control is successfully demonstrated. 

I. THEORY 

This section briefly reviews the theoretical concepts as- 
sociated with the proposed sensing technique. For more de- 
tails, the reader is referred to the two previous companion 

7,8 
papers. 

A. Far-field pressure and structural wave-number 
component 

Figure 1 shows a two-dimensional planar structure of 
length L x and width Ly with out-of-plane displacement along 
the z axis, w(x,y,t)= W(x,y)e jtot. Time harmonic excitation 
is assumed here. The following results are easily extended to 
broadband excitations by means of Fourier transforms. The 
structure is mounted in an infinite baffle, i.e., W(x,y)=O for 
Ix I > Lx/2 and lyl • Ly/2. The symbol 60 represents the angu- 
lar frequency and t is the continuous time. The acceleration 
field is given by fi)(x,y,t)=- to2W(x,y)e jtot, where fi) rep- 
resents the second time derivative of w. The pressure radi- 
ated by the structure, p (x, y, z, t) = P (x, y, z) e j tot, must satisfy 
the three-dimensional Helmoltz equation, 

• + o9-• + • +k•) P(x,y,z)=O, (1) 
along with the boundary condition that defines the interac- 
tion between the structure and fluid, 

•P 

pl•(x,y)- •zz (x,y,z) at z-0, (2) 
where ko-•o/c denotes the acoustic wave number and c is 
the speed of sound in the surrounding medium. The quantity 
l•(x,y) represents the complex amplitude of the out-of- 
plane acceleration distribution, i.e., l•(x,y)--to2W(x,y). 

Defining the two-dimensional wave-number transform of the 
spatial distribution f(x,y) as 

.•(kx,ky )- f(x,y)eJkxxeJkyY dx dy, (3) 

Eqs. (1) and (2) become, respectively, in the wave-number 
domain, 

( 0•2) 2 tfi(kx ,my ,z)-0 (4) k •- kx2- ky q- •z2 , 
8P 

pW(kx,ky) = • (kx,ky,z) at z=0. (5) 
Note that the sign of the forward transform in Eq. (3) is 
appropriately chosen to obey the Sommerfeld radiation con- 
dition. The above second-order homogeneous differential 
equation is solved for tfi(kx,ky,z ) as 

ipW(kx ,ky) 
, 2 1/2 l•(k x ,my z): (k•- kx 2- my) 

2 1/2 z x exp[ - j (k•) - kx 2 - my ) ]. (6) 
The term exp[+j(k•)-kx2-ky2)•/2z] that represents waves 
going toward the structure is omitted since the acoustic me- 
dium is boundless. The single constant that remains in the 
solution is then found using the transformed boundary con- 
dition in Eq. (5). From Eq. (6), the transformed pressure field 
is seen to decrease exponentially as waves travel away from 

2 

the structure for values of k x and ky such that kx 2 + ky> k•), 
i.e., in the subsonic wave-number region. The structure radi- 
ates in the far field only when kx 2 + ky 2 •< k•, i.e., in the super- 
sonic wave-number region. Now, the pressure field is ex- 
pressed in the spatial domain by applying the inverse wave- 
number transform: 

P(x,y,z)- (2 •.)2 • tfi(kx,ky,z)e -jkxx 
X e-jkyy dkx dky. (7) 

Junger and Feit 9 showed that the above integral can be evalu- 
ated in the far field using the stationary phase approximation. 
Using spherical coordinates, x- r sin 0 cos 
y = r sin 0 sin q•, and z- r cos 0, the points of stationary 
phase are found to be 

l•x=k o sin 0 cos qb and /•y= k0 sin 0 sin qb. (8) 
The pressure field at a particular spherical coordinate now 
becomes a function of the acceleration wave-number trans- 

form evaluated at (fOx ,/•y)' 
pe -jkør 

p ( r, O, c/b, t ) = 2 rr r 

X l•(k0 sin 0 cos •b,k0 sin 0 sin qb)e jtot. 
(9) 

The main significance of the above expression can be stated 
as follow: For a baffled planar structure, the far-field radia- 
tion in a given direction is solely a function of the wave- 
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number component evaluated at the stationary-phase wave 
numbers. This result motivates the design of a structural 
wave-number sensor. 

B. Estimate of the acceleration wave-number 

transform 

A time domain estimate of the structural out-of-plane 
acceleration wave-number component coupled to acoustic 
radiation in direction (0, ½) can be constructed by discretizing 
the spatial structural response over a grid of Nx by Ny mea- 
surement points equally spaced along the x and y axis. The 
continuous representation of the acceleration wave-number 
transform is approximated by a finite summation defined as 

f½-'d(kx,ky ,t)= Ax A y • • f½(Xnx,Yny,t) 
nx=l ny=l 

X exp(j kxx n x) exp(j kyy ny), ( 1 O) 
where Ax=Lx/N x and Ay=L_y/Ny. Writing the stationary- 
phase wave numbers, fi x and ky, in terms of frequency [Eq. 
(8)], the discrete wave-number transform in Eq. (10) can be 
rewritten in terms of the frequency w and radiation angles 
(0,½) as 

fO•(w,O, qb, t)=AxAy • • f½(x%,Yny,t) 
nx= l ny=l 

Xexp(jwr%ny ), (11) 
where the time delay rn•ny is given by 

rn•ny=(Xnx sin 0 cos •-}-Yny sin 0 sin ½)/c. (12) 
In the above expression, •(Xnx,Yny,t ) represents the time 
domain acceleration measured at location (Xnx,Yny) while the 
exponential term is a constant magnitude and linear phase 
transfer function. In order to obtain causal transfer functions, 

i.e., transfer functions having a negative phase shift at all 
frequencies of interest, a constant time delay A r 

ß 

= rnax{•-nxny } is subtracted from 'l'nxny , i.e., the time delay in 
Eq. (11) becomes 

•'nxny 'l'nxny A •', nx=l,2,. ,N x rty 1,2 ..... Ny . 
(]3) 

The modified transfer functions can now be modeled by fi- 
nite impulse response filters. Note that the discrete wave- 

number component becomes f•a(fCx,t - A r). It has been 
shown previously that this delayed error signal yields the 

same control performances as •d(i•x,t). 7 
It should be noted that the discrete transform of Eq. (10) 

allows evaluation of f½(k x ,ky ,t) at any value of (k x ,ky) and 
thus radiation at any particular angle. The more conventional 
discrete Fourier transform ]ø is usually 'defined only for a dis- 
crete set of values, nAkx and nAky, where Ak x and Aky 
represent the spatial frequency resolution along the x and y 
axes. This definition makes possible the use of fast Fourier 
transform algorithms in the off-line evaluation of the wave- 
number transform. ]• However, the FFT approach cannot be 
applied to real time wave-number sensing. 

simply-•pported pl sound .::•.ddiation 

accelerometers.. 

"....,,!:.•; ::O ;; 
disturbance:: ..: 

l øca":i?fi'O:•-':--•-:i'-. ¸ •::': •.•¸ 

.•...:.•... 

'•'• .... ,,•...:... •:•4: -• 

FIG. 1. Plate geometry and control arrangement. 

II. EXPERIMENTAL SETUP 

An experimental investigation of the sensing technique 
and ASAC implementation was performed on a simply sup- 
ported plate mounted in a rigid baffle inside an anechoic 

ß 

chamber with a cutoff frequency of 250 Hz. The plate is 
made of plain carbon steel and has dimensions 380X298 
X 1.93 mm. The arrangement is shown schematically in Fig. 
1. Thin, flexible metal shims connect the edges of the plate to 
a heavy support stand to provide the simply supported 
boundary conditions. Table I gives the experimentally mea- 
sured resonance frequencies of the first ten bending modes of 
the plate. ' 

To validate the sensing method, a first set of tests was 
conducted to compare the wave-number components pre- 
dicted by the sensing technique With the actual wave-number 
components of the plate over a broadband frequency range. 
The disturbance signal is a bandlimited random noise from 0 
to 630 Hz which is generated by a Briiel & Kj•er 2032 spec- 
trum analyzer and a Frequency Device 9002 low-pass filter 
with cutoff frequency 630 Hz. This signal is amplified and 
fed to a point force shaker actuator. The shaker location is 
given in Table II.-' 

The predicted wave-number component is constructed 

TABLE I. Measured plate resonant frequencies. 

Mode (re,n) Measured frequency (Hz) 

(],]) 87 
(2,]) ]83 
(1,2) 244 
(2,2) 330 
(3,1) 343 
(3,2) 474 
(1,3) 491 
(4,1) 556 
(2,3) 571 
(4,2) 657 
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TABLE II. Transducer locations. 

Transducer type x coordinate (mm) y coordinate (mm) 

disturbance (shaker) - 115 - 84 
control 1 (pzt) 79 -67.5 
control 2 (pzt) 79 58 
control 3 (pzt) -35 -6 

according to the discrete formulation in Eq. (11). Figures 1 
and 2 present the configuration of the wave-number sensor. 
Nine accelerometers are mounted on the structure to provide 
the structural information, i.e. N, =Ny = 3. Referring to Fig. 
2, the acceleration signals are sampled and passed through 
digital filters whose impulse responses model the transfer 

functions exp(jW•nxny) as described in Refs. 7 and 8. The 
sum of the filtered signals gives the time domain estimate of 
the wave-number component. The wave-number sensor uses 
three mini B&K accelerometers and six BBN 501 acceler- 

ometers. Six in-house developed charge amplifiers and three 
B&K charge amplifiers type 2635 are used to condition the 
accelerometer output signals. The signal processing part of 
the sensing technique is implemented on a TMS320C30 digi- 
tal signal processor (DSP) board installed into a host 80486- 
based personal computer. A c code has been previously writ- 
ten to process up to 12 input signals and generate three 
output signals correspondin. g, respectively, to 12 structural 
measurements points and three wave-number components. In 
the following tests, the three outputs are used, thus allowing 
to test the sensor accuracy in three different directions simul- 
taneously. The three estimated wave-number components 
were chosen to be coupled to far-field radiation at angles 
0=-36 ø, 0=0 ø, and 0=36 ø in the x-z plane (•b=0ø). These 
three angles were found to adequately sample the pressure 
field in the radiation midplane. The filter impulse responses 
associated with each point sensor are computed analytically 
as described in Ref. 8. The sampling frequency was set to 
2000 Hz and each filter had three coefficients to model the 

ß 

transfer functions. In order to compensate for the slight mag- 
nitude and phase differences between the dynamic response 
of each accelerometer and charge amplifier path, each "sens- 
ing" discrete impulse response is Convolved with a "calibra- 
tion" impulse response. The calibration impulse response is 
implemented by a FIR filter designed to model the magni- 
tude and phase differences relative to a reference path. To 
this purpose, the accelerometers are initially mounted on a 

= ,, ..... FIR wavenumber 

component 
estimate 

FIG. 2. Wave-number sensor block diagram. 

piston shaker providing constant acceleration over its sur- 
face. With the shaker being exciting over the frequency range 
of interest, i.e., 0-630 Hz, the outputs of the charge ampli- 
fiers are fed to the DSP board and an on-line system identi- 
fication code using the LMS algorithm is implemented to 
update the FIR filter coefficients. Five coefficients were used 
for the calibration impulse response. Thus the resulting filters 
had seven coefficients. 

The actual wave-number component of the plate is com- 
puted using the plate out-of-plane response data measured by 
a laser vibrometer. The laser vibrometer is mounted on a 

computer-controlled linear traverse that allows the measure- 
ments of the transfer function between the disturbance signal 
and the plate out-of-plane velocity on an eight by seven grid 
of points equally spaced on the plate. The plate modal am- 
plitudes and its wave-number transform are then computed 
off-line as described in the Appendix. Preliminary studies on 
an analytical model showed that the above discretization 
gave almost perfect matching between continuous, i.e., the 
closed-form expression of the wave-number transform, and 
discrete representation, on the frequency range of interest. 
Here, the discrete representation refers to the off-line esti- 
mate of wave-number components using Eq. (10) rather than 
the output of the wave-number sensor. 

The second set of experiments was conducted to dem- 
onstrate the use of the sensing technique in a feedforward 
sound radiation control approach with broadband distur- 
bances. Three single-sided Gl195 PZT piezoelectric actua- 
tors with dimension 38x32x0.19 mm are mounted on the 

plate as control inputs. Their center coordinates are given in 
Table II and they are shown schematically in Fig. 1. The 
disturbance input is applied through the Same shaker as for 
the sensing tests. The low-pass filter cutoff frequency is now 
set to 400 Hz in order to include the first five bending modes 
of the plate. The wave-number sensor also uses the same 
configuration as fo{' the sensing tests, i.e., same sampling 
frequency and filter coefficients. To compare the perfor- 
mances of the wave-number sensor with far-field pressure 
sensing, three error microphones are set up in the radiation 
field. The three microphones are located in the horizontal 
plane (•b=0 ø) at a radius r= 1.85 m along the three directions 
of pressure estimate given above. The filtered-X version of 
the LMS algorithm 12 is implemented on a second 
TMS320C30 DSP board in order to drive the three control 

inputs. The control system adapts the coefficients of three 
FIR compensators based upon the error signals, i.e., outputs 
of wave-number sensor or far-field error microphones, and 
the reference signal filtered by an estimate of the transfer 
functions between each one of the three control input signals 
and three error output signals. These nine fixed transfer func- 
tions can be modeled by infinite impulse response (IIR) fil- 
ters in the case of broadband disturbances as discussed in 

Refs. 13 and 14. The reference signal is taken from the out- 
put of the low-pass filter, thus providing a signal coherent 
with the disturbance. The sampling frequency of the control- 
ler board is set to 1500 Hz. A set of nine 35th-order IIR filter 

are used to model the filtered-X paths, while the three adap- 
tive FIR compensators have a 35 coefficient impulse re- 
sponse. Note that a single board could implement both sens- 
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TABLE III. Extra microphone locations. 

r (m) 0 (deg) qb (deg) 

location 1 1.19 48 8 

location 2 1.32 10 0 

location 3 1.96 53 - 148 

ing and control part, due to the relatively low computational 
load required by the wave-number sensor. However for these 
laboratory tests, it was more convenient to program the sens- 
ing and control on separate DSP boards. To monitor the ra- 
diated sound from the uncontrolled and controlled system, a 
microphone traverse located in the far-field measures the 
pressure field in the horizontal plane at 21 angles with a 9- 
deg increment. Three extra fixed microphones provide pres- 
sure information out of the horizontal plane in order to con- 
firm the global nature of the control. Their location appears 
in Table III. The laser vibrometer data is also used to com- 

pute the plate modal amplitudes before and after control as 
described in the Appendix. All the measured time domain 
signals are transformed into the frequency domain using a 
B&K analyzer type 2032. 

III. RESULTS 

A. Wave-number sensing 

Analytical results and simulations from Refs. 7 and 8 
show that only a small number of point sensors are required 
to estimate wave-number components for the low-order 
modes of a simply supported beam. The following section 
discusses the experimental results obtained with the simply 
supported plate and sensor presented earlier. 

Figure 3 shows the magnitude of the actual (solid line) 
and predicted (dashed line) wave-number components asso- 
ciated with direction of radiation 0=36 ø . Both transfer func- 

tions are relative to the disturbance signal (output of the sig- 
nal generator) and the peaks observed in the response do not 
always match the resonance frequencies given in Table I. As 
in standard modal analysis practice, these resonance frequen- 

60 

i i 

200 1•0 2•0 3;0 4•0 500 600 700 
Frequency (Hz) 

FIG. 3. Actual ( ) and predicted ( ..... ) wave-number component 
coupled to direction of radiation (0=36 ø, qb=0ø). 

cies are based on transfer functions relative to the output 
signal of a force transducer monitoring the input force ap- 
plied by the disturbance shaker. The plot shows excellent 
matching between actual and predicted wave-number com- 
ponents up to 200 Hz. Slight magnitude increases occur 
above this frequency but the variations remain within 3 dB 
over the first five modes of the plate. Above 400 Hz, the 
error between actual and predicted wave-number component 
further increases reaching a maximum of 8 dB at the reso- 
nance frequency of mode (4,2). The phase angle exhibits the 
same trends and is not shown here. Also note that similar 

performances were obtained in the two other directions of 
prediction, i.e., 0=-36 ø and 0=0 ø. Since the radiated pres- 
sure is directly proportional to the wave-number component 
corresponding to the direction of radiation, the above results 
ensure that the sensor is also providing good broadband pre- 
diction of sound radiation as discussed later. 

The variations between actual and predicted wave- 
number components can be further discussed in terms of 
aliasing due to the discrete integration scheme of the wave- 
number transform. A one-dimensional structure is considered 

here for simplicity. As discussed by Fahy, •5 the pth bending 
mode presents a main peak in the wave-number domain at 
kx = _+ p rc/L. Hence significant aliasing will occur at the cor- 
responding resonance frequency if the Nyquist wave number, 
Ks= rc/Ax (Ax= L/Nd being the spatial sampling period), is 
smaller than prc/L or Nd<p. Moreover, since the structure is 
finite, the main peak obtained at a resonance frequency will 
be scattered into a continuum of smaller wave-number com- 

ponents extending up to infinity. Therefore, some aliasing 
will also occur for modes where N•>p. In order to reduce 
aliasing errors, it is necessary to filter out the wave-number 
components that are higher than the Nyquist wave number. 
No sensor design has been proposed at this time to achieve 
spatial wave-number filtering. Such a sensor should con- 
volve the spatial distribution of the structural response with 
the appropriate impulse response, whose wave-number trans- 
form has the characteristics of a low-pass filter. It should be 
noted that distributed sensors, such as PVDF films, perform 
spatial weighting of the structural response, i.e., a multipli- 
cation rather than a convolution product. Discussion of alias- 
ing and its effect on the discrete wave-number transform and 
aliasing are also given in Ref. 7. 

To further validate the wave-number sensing technique, 
it is of interest to study how the wave-number information 
relates to the actual radiated pressure. In theory, wave- 
number components coupled to a given direction of radiation 
are related to the far-field pressure by a constant magnitude 
and linear phase factor as expressed in Eq. (9). Figure 4 
shows the magnitude of the transfer function between the 
signal generator and the measured actual wave-number com- 
ponent coupled to direction 0= 36 ø along with the magnitude 
of the measured transfer function between the signal genera- 
tor and the traverse microphone output located along the 
same direction. Note that a scaling factor has been intro- 
duced to facilitate the comparison. Very good agreement be- 
tween wave-number information and measured radiated pres- 
sure is obtained at practically all frequencies. The important 
variation noticed at the resonance frequency of mode (1,2) of 
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FIG. 4. Actual ( ) wave-number component and measured ( ..... ) 
pressure in direction of radiation (0=36 ø, •b=0ø). 

FIG. 6. Auto-spectrum of the third microphone error signal (0=36 ø, &=0 ø) 
before ( ) and after ( ..... ) control. 

the plate, 244 Hz, is mainly due to 60-Hz noise in the mi- 
crophone charge amplifier used for the measurements. Very 
poor coherence (below 0.4) was noticed at this frequency. It 
should also be noted that the even modes along the y direc- 
tion, i.e., modes (1,2), (2,2), and (3,2), do not exhibit the 
expected zero sound-pressure level in the horizontal x-z 
plane. Due to imperfections in the boundary conditions as 
well as the discontinuities introduced by the piezoelectric 
patches and the disturbance shaker, the mode shapes of the 
plate are not perfectly symmetric with respect to the x and y 
axes. Hence, the velocity distribution along the y direction 
does not perfectly cancel to give zero far-field pressure in the 
horizontal plane. 

B. Radiation control 

The second set of experiments described in this paper 
implements wave-number sensing in the radiation control of 
the plate presented earlier. As described in part II, the control 
approach uses a three channel filtered-X LMS algorithm and 
the wave-number sensor provides an estimate of the accel- 

40 

E 20 

10 

-10 ' ' ' , , , , 
50 100 150 200 250 300 350 400 450 500 

Frequency (Hz) 

eration wave-number components coupled to radiation in di- 
rections 0=-36 ø, 0=0 ø, and 0=36 ø. Three microphones lo- 
cated in the far field at the same angles in the horizontal 
plane are also used as error signals in order to compare the 
relative performances of both types of sensing. 

Figure 5 shows the experimentally measured auto- 
spectrum of the third error signal (wave-number component 
estimate coupled to radiation at angle 0-36 ø) for the uncon- 
trolled (solid line) and controlled (dashed line) system using 
wave-number sensing as described above. Significant reduc- 
tion is achieved across the entire bandwidth. The radiation 
for each one of the five modes is attenuated and the residual 

response does not show any clear resonance behavior, result- 
ing in a rather flat frequency content. The same trends were 
measured for the first (0=-36 ø) and second (0=0 ø) error 
signals. The total sound-pressure level attenuation of the 
three error signals was calculated by integrating the three 
auto-spectra over 10-600 Hz. Reduction levels of 12, 12.8, 
and 13.5 dB were achieved, respectively. When replacing the 
wave-number sensor outputs by the three error microphones, 
similar performances are obtained in terms of error signals. 
Figure 6 shows the auto-spectrum of the third microphone 
error signal (0=36 ø ) before and after control. Again, attenu- 
ation is achieved over the entire bandwidth. In this case, the 

-90 o 

0 (deg) 

14 12 10 8 6 4 2 2 4 6 8 10 12 14 

Radiated Sound Pressure Level Reduction (dB) 

90 ø 

FIG. 5. Auto-spectrum of the third wave-number sensor error signal (0 
= 36 ø, •b=0 ø) before ( ) and after ( ..... ) control. 

FIG. 7. Total sound-presssure level reduction integrated over 10-600 Hz 
using wave-number sensor ( ) and error microphones ( ..... ). 
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TABLE IV. Total sound-pressure level reduction integrated over 10-600 
Hz. 

SPL reduction in dB Location 1 Location 2 Location 3 

wave-number sensing 11.8 9.6 10.3 
error microphones 12.4 10.6 10.6 

total reduction levels for the three microphones are 9.3, 10.4, 
and 12.6 dB, respectively. 

In order to estimate the overall performances of both 
control systems using wave-number sensing or pressure mea- 
surements, far-field pressure auto-spectra are measured in the 
horizontal plane for -90 ø •<0 •< 90 ø and at three "random" 
locations out of the horizontal plane. Figure 7 shows the 
reduction in decibels integrated over the 10- to 600-Hz band- 
width and measured in the horizontal plane. The solid line 
corresponds to the use of the wave-number sensor and the 
dashed line represents the performances obtained with error 
microphones. The three dashed-dotted straight lines show 
the three direction of minimization. The reduction obtained 

at the three extra locations is shown in Table IV and confirm 

the global nature of the control. The two sensing methods 
yield almost the same performances. Between 10- and 12-dB 
reduction is obtained at all angles and similar results can be 
found at the three extra locations which were out of the 

traverse plane. Thus the wave-number sensor appears to be 
fully able to replace the three error microphones in the far 
field. 

To further compare the performances of wave-number 
sensing versus the use of error microphones, the system 
structural and acoustic response is now studied at three dis- 
tinct frequencies. The plate modal amplitudes are computed 
at 244, 305, and 110 Hz from the measured broadband data 

(laser vibrometer), as outlined in the Appendix. Results are 
shown in Figs. 8, 10, and 12, respectively. For each of the 
above frequencies, the corresponding far-field directivity pat- 
tern obtained from the traverse microphone measurements is 
also presented in Figs. 9, 11, and 13, respectively. 

At 244 Hz, the plate is on resonance of the mode (1,2). 

0 (deg) 

0 o 

35 30 25 20 15 10 5 5 10 15 20 25 30 35 

Radiated Sound Pressure Level (dB) 

FIG. 9. Far-field sound-pressure level at 244 Hz before ( ) and after 
control using wave-number sensor ( ..... ) and error microphones ( ..... ). 

On-resonance cases yield better accuracy for the wave- 
number sensor than off-resonance cases as shown in Fig. 3. 
As a result, the plate modal response after control for 244 Hz 
(Fig. 8) shows almost the same characteristics for both wave- 
number and microphone sensing methods. As expected, the 
far-field pressure in the horizontal plane also exhibits the 
same behavior whether wave-number or pressure sensing is 
used. 

Off-resonance, the sensor accuracy deteriorates and 
from the increased modal complexity, the control system be- 
comes more sensitive to small variations in the error signal. 
As shown in Fig. 10, the modal amplitudes after control 
using the wave-number sensor differ slightly from the re- 
sponse using pressure sensing. However the variations in the 
error signals remain small and both set of modal amplitudes 
follow the same tendency. Moreover the variations do not 
significantly affect the far-field pressure as seen in Fig. 11. 
For the second off-resonance case presented here (110 Hz), 
both methods reduced mode (1,1) to about the same level. 
However the amplitude of mode (2,1) increases much more 
with the error microphones. In addition to the reasons given 
above, the far-field error measurements also differ from the 

estimated wave-number components due to the presence of 
reflected sound waves. At this frequency, the chamber is no 
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0.05 

ß before control 

O after control - wavenumber sensing 
[] after control - error microphones 

mode (rn,n) 

FIG. 8. Velocity modal amplitudes at 244 Hz before and after control using 
wave-number sensor and error microphones. 
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FIG. 10. Velocity modal amplitudes at 305 Hz before and after control using 
wave-number sensor and error microphones. 
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FIG. 11. Far-field sound-pressure level at 305 Hz before ( ) and after 
control using wave-number sensor ( ..... ) and error microphones ( ..... ). 

longer perfectly anechoic. As a result, the measured sound 
pressure is perturbed by reflections from the chamber walls 
while the output of the wave-number sensor remains unaf- 
fected by the surrounding sound field. As expected, the error 
microphones do a better job in reducing the sound pressure 
in the far field. The microphones measure the free field as 
well as the reflected field. On the other hand, the wave- 

number sensor only observed the free field, thus resulting in 
poorer performances. The above results present a good ex- 
ample of modal restructuring. 4 The controlled modal ampli- 
tude of mode (2,1) increases but the total structural response 
still has a lower radiation efficiency resulting in far field 
pressure reduction. 

IV. CONCLUSIONS 

Broadband structural wave-number sensing has been ex- 
perimentally demonstrated in the case of a baffled simply 
supported vibrating plate. The main significance of the ap- 
proach is its ability to estimate, in the time domain, super- 
sonic wave-number components coupled to prescribed direc- 
tions of radiation over a broadband frequency range. 
Provided the sensor is accurate enough, it can completely 
replace the use of error microphones in the case of baffled 
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FIG. 12. Velocity modal amplitudes at 110 Hz before and after control using 
wave-number sensor and error microphones. 
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FIG. 13. Far-field sound-pressure level at 110 Hz before ( ) and after 
control using wave-number sensor ( ..... ) and error microphones ( ..... ). 

planar structures. The available bandwidth is directly related 
to the sensor complexity, i.e., number of measurement points 
and order of the FIR filters. When observing the low-order 
structural modes, comparison of predicted and actual wave- 
number information shows that only a few point sensors are 
required to build a fairly accurate integration scheme of the 
wave-number transform. In order to improve the accuracy of 
the sensor, the use of spatially convolving sensors should be 
considered to provide antialiasing filters in the wave-number 
domain. 

When applied to radiation control, wave-number sensing 
yields the same levels of attenuation as error microphones in 
the far field. By observing the radiating part of the structural 
vibrations (supersonic wave-number components), wave- 
number sensing provides a more selective error information 
compared to other structural sensing methods. As a result, 
the control authority needed to reach a given level of sound 
reduction is decreased and thus, the wave-number approach 
results in improved performances and efficiency. Moreover, 
it can be of special interest when directional rather than glo- 
bal control is needed. Sensing radiation in prescribed direc- 
tions rather than over the entire surrounding medium also 
reduces control authority. 

The present approach is only valid in the case of baffled 
planar radiators. For more complex geometries and non- 
baffled structures, a different type of integration scheme 
must be derived to account for the diffraction terms. This is 

the topic of future investigations. 
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APPENDIX 

The evaluation of the plate modal amplitudes and wave- 
number transform from the out-of-plane velocity measure- 
ments is briefly outlined. The plate out-of-plane velocity 
•(x,y,t) is expressed using the assumed modes method as 
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½(x,y,t)= • • l•/rnnOrn(X)On(Y)e jwt 
m--1 n=l 

=jwW(x,y)e jø•t, (At) 

where Wen is the complex modal amplitude of mode (m,n). 
Assuming the plate is effectively subject to simply supported 
boundary conditions, the mode shapes along the x and y 
directions are expressed in the coordinate system of Fig. 1 as 

•m(X) = sin[ Tm(X q- Lx/2 ) ] 

and (A2) 

•n(Y) = sin[ y.(y + my/2) ], 

respectively, where Ym = m rr/L x and Yn: n yr/Ly . Equation 
(At) can be written for N different locations (xi,Yi) , 
i= 1,2 ..... N. Truncating the modal summation to include 
the first N modal amplitudes, the resulting set of equations is 
expressed as a linear system of the form 

S{V•I/mn} = {•}. (A3) 

The column vector l;Vmn contains the first N velocity modal 
ß 

amplitudes Wmjnj , j= 1,2 ..... N, included in the summation 
of Eq. (At). The column vector iv contains the N measured 
transfer functions between a reference signal, e.g., signal 
generator, and the plate out-of-plate velocity at locations 
(Xi ,Yi)' The square matrix S is given by 

Sij- •mj(Xi)•nj(Yi), i= t ,2 ..... N, j= t ,2 ..... N. 
(A4) 

Since there is only a finite number of measurement 
points, spatial aliasing occurs in the modal decomposition. 
Using N measurement points, only N modal amplitudes can 
be resolved. Therefore, the response of the higher-order 
modes must be assumed negligible. The 8 by 7 grid used 
here proved to be sufficient to estimate the plate modal re- 
sponse at least up to 700 Hz. This can be checked by observ- 
ing the roll off in the amplitudes of the high-order modes. 

After solving the linear system in Eq. (A3) for the modal 
ß 

amplitudes Wmjnj , the wave-number transform of the out-of- 
plane acceleration is obtained as 

N 

l•/( kx ,ky) =j to .j•l •/mjnj•mjnj( kx ,ky), (AS) 
where •mjnj(kx ,ky) represents the wave-number transform of 
the eigenfunction of mode (mj ,rtj). A closed-form expres- 
sion is given as 

•mjnj( kx ,my) = •mj( kx) •nj( my), (A6) 

where 

2 Tmj 
2 _ 9/2) •mj( Y): ( Tmj 

cos(yLx/2), for m odd, x -j sin(yLx/2), for m even, 

=jLx/2 exp(-jyLx/2), for ym: = y, 

and 

2 Tnj 
2 _ 72) (•nj('¾): ( '¾nj 

cos('yLy/2), for n odd, x -j sin('yLy/2), for n even, 

=jLy/2 exp(-j'yLy/2), for yn; = Y. 

for ymy• 9/, 

(A7) 

for Ynj -• Y, 
(A8) 
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