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Abstract: It has already been shown that the scattering properties of an arbitrary object in an 
external medium can be determined by three quantities:  The structural impedance matrix, Zs, 
the input impedance matrix Zi, and the radiation impedance matrix, Zr. Only Zs is dependent on 
the specific, possibly unknown and complicated internal structure of the object; the other two 
are only dependent on the surface shape of the object and the external medium so they can be 
routinely computed. We have constructed a laboratory facility to measure the structural 
impedance of an object by placing it in an external, diffuse noise field. The measurements are 
made using an array of a double layer of MEMS microphones placed in the near field of the 
object; the array is embedded in a skeletal structure which surrounds the object. This array 
structure is programmatically generated from a 3D scan of the object, and constructed using a 
large 3D printer. Cross correlating the MEMS acoustic data together with holographic signal 
processing yields the structural impedance, with the large matrix-matrix calculations being 
accelerated on a GPU computing platform. These results combined with the other computed 
impedances provides the scattering properties of the object when placed (loaded) in an external 
medium.  The details of the experimental setup are explained and preliminary results are 
presented. 
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INTRODUCTION  

We have developed a method based on earlier work of Bobrovnitskii [1] to measure the in 
vacuo structural impedance (or admittance) matrix of a complex object by placing it in a random 
noise field and correlating pressures and velocities on its surface [2]. The importance of this 
procedure is that once the structural impedance matrix of an object is known, it can be combined 
with easily computable interior and exterior (radiation) impedances [1] that only depend on the 
object shape and the external medium. Furthermore, these impedances can be easily modified 
to determine the scattering properties of the object arbitrarily oriented in any medium [3–5], as 
opposed to intensive numerical modeling and/or exhaustive scattering experiments involved 
with measurements in situ. The components of the total theory [1,2] are illustrated in Fig.1 for 
which only Zs need to be measured while the other two impedances are readily computed. 

 

 
 

Figure 1: The scattered field is derived from three impedances 
 
An experiment on an air-filled, thick spherical shell was carried out to demonstrate the 

measurement of the in vacuo structural admittance [6] using a small set of surface mounted 
accelerometers and microphones with remotely placed loudspeakers for excitation.  

We are now constructing a laboratory facility which combines dual surface Nearfield 
Acoustical Holography (NAH) [7,8], Equivalent Source Method (ESM) [3,9] with Field 
Separation Techniques (FST) [10,11] for measuring the structural impedance of an object by 
placing it in an external, diffuse noise field. The measurements are made using an array of a 
double layer of Micro-Electro-Mechanical Systems (MEMS) microphones placed in the near 
field of the object; the array is embedded in a skeletal structure which surrounds the object. 
This array structure is programmatically generated from a 3D scan of the object, and 
constructed using a large 3D printer. Cross correlating the MEMS acoustic data together with 
holographic signal processing yields the structural impedance, with the large matrix-matrix 
calculations being accelerated on a Graphical Processing Unit (GPU) computing platform. 
These results combined with the other computed impedances (internal and acoustic) provide 
the scattering properties of the object when placed (loaded) in an external medium.  The details 
of the experimental setup are explained and preliminary results are presented.  

2. BACKGROUND THEORY FOR MEASUREMENT 

36

sources placed at all angles in the far-field. Cross correlations
are performed on this simulated data, and the structural imped-
ance matrix is computed. Compared to the exact solution, the
structural impedance matrix computed by cross correlation
agrees very well. In Sec. IV, we review the impedance formu-
lations (i.e., formulations with acoustic and internal impedan-
ces) that rely upon the determination of the structural
impedance to predict the scattered acoustic fields given only
the incident field. The equivalent source method is used to
derive the impedances of the incident and scattered fields at
the surface of the scatterer. Finally, using the ESM and the
structural impedance derived from the numerical experiment
presented in Sec. III, the scattered field from a point source
near the shell is predicted at a radius close to the shell.
Estimation of the scattered field shows excellent agreement
with the exact result.

II. ESTIMATING THE STRUCTURAL IMPEDANCE BY
CROSS CORRELATION

Consider a linearly elastic object with surface X excited
into vibration at a frequency x by a distribution of forces on
its surface f(x) defined as positive in the outward direction.
We limit our discussions to harmonic fields and the time
dependence e!ixt is suppressed in our analysis. The
outward-positive normal component of the vibration velocity
at the surface is defined by v(y) where x and y are vectors in
coordinate space from a common origin to X. The structural
Green’s function Gs(y, x) provides an integral relationship
between v(y) and f(x) (Refs. 12–14) on the surface of the
object when it is placed in vacuo,

vðyÞ ¼
ð

X
Gsðy; xÞf ðxÞd2x: (1)

The integral equation is discretized to form a vector/matrix
equation and then inverted to give

Zsv ¼ f; (2)

where v and f (force per unit area) are column vectors of
length N spanning the complete surface X and Zs is an N%N
matrix representing a discretized inverse of the structural

Green’s function. Zs is called the structural impedance ma-
trix and represents the impedance of the object in vacuum.
The impedance matrix Zs depends uniquely upon the elastic
properties and geometry of the object but not the external
fluid properties. It is sometimes called the dry impedance
matrix,9 the stiffness matrix,4 or the surface impedance ma-
trix.1 The forces can arise from excitation of the body due to
acoustic sources in the volume outside the object as well as
reaction forces due to mass loading from fluid on the exterior
of the surface. If the forces arise from acoustic sources and
mass loading, a pressure p, a column vector spanning the
complete surface, is generated on the surface (defined as
positive when the medium is in compression), and equation
Eq. (2) still describes the dynamics,

XN

j¼1

zljvj ¼ !pl; (3)

where the elements zlj of the structural impedance matrix Zs

connect the pressure, pl, at the lth surface node with the nor-
mal velocity, vj, at the the jth surface node. As shown in Sec.
III A, the structural impedance matrix Zs is the dry imped-
ance matrix and is independent of the mass loading from the
fluid. To estimate Zs by cross correlation, we multiply Eq.
(2) by pH to obtain the outer products

Zs½vpH' ¼ ½!ppH'; (4)

where the bracketed quantities are cross correlation, rank 1 mat-
rices and superscript H stands for the conjugate transpose.
Because the impedance matrix is independent of the ensonifica-
tion, we take the average of L realizations p1, p2,…, pL to obtain
expressions in terms of sample cross-correlation matrices

hppHi ( 1

L

XL

k¼1

pkp
H
k ; hvpHi ( 1

L

XL

k¼1

vkp
H
k : (5)

If we take the statistics of the ensonifying field to be
Gaussian, then it has been shown that taking L> 3N is suffi-
cient to construct a full rank, well conditioned sample cross
correlation matrix.15 Given full rank matrices, inversion is

FIG. 1. (Color online) Three impedan-
ces are required to describe the scatter-
ing problem using either the equivalent
source method or the Helmholtz inte-
gral equation: Za, Zi, and Zs, which are
the acoustic, the internal, and the struc-
tural impedances, respectively. The
acoustic and the internal impedances
characterize the vibration of the outer
fluid outstide and within the body sur-
face and thus only depend on the body
shape and the outer fluid property. The
structural impedance characterizes the
response of the elastic body in vacuum,
thus only depends on the object’s struc-
tural parameters. This paper focuses on
deriving a new method to estimate this
structural impedance.
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of the surface. If the forces arise from acoustic sources and
mass loading, a pressure p, a column vector spanning the
complete surface, is generated on the surface (defined as
positive when the medium is in compression), and equation
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mal velocity, vj, at the the jth surface node. As shown in Sec.
III A, the structural impedance matrix Zs is the dry imped-
ance matrix and is independent of the mass loading from the
fluid. To estimate Zs by cross correlation, we multiply Eq.
(2) by pH to obtain the outer products
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Zs contains the physics 
of the elastic body 
when placed in a 
vacuum
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The structural impedance is the ratio of the force and normal velocity at the surface of the 
object and as derived in [1,2] can be written in terms of  matrices of the correlations of the 
surface pressures between (N) points on the surface and correlation of pressures and normal 
velocities between the same points on the surface as shown in Fig. 2, where p and v are vectors 
whose elements are the frequency domain pressures and normal velocities and the brackets 
denote an ensemble average over many (L) noise realizations. 

 

 
 

Figure 2: The structural impedance is derived from correlating surface pressures and 
normal velocities. 

 
Our earlier measurements were of a spherical shell, such that its symmetry allowed using 

only a limited number of sensors on the surface [6]. An arbitrary shaped object required more 
intensive sensing so that a large number of sensors attached to the surface become problematic. 
To overcome this impediment, we employ NAH  that utilizes sensors arranged on two 
concentric surfaces a small distance from the object [12] and then translate these measurements 
to surface pressure and normal velocity on the surface using FST together with ESM and 
subsequently implementing the process of Fig. 2 from which the scattered field can be obtained 
as per Fig. 1. 

 

 
 

Figure 3: Combining ESM with FST: Data from two measurement layers of sensors, p(r1) 
and p(r2), are used to construct two equivalent source arrays such that the q(r3) sources and 

q(r4) sources respectively separate scattered and incident fields which can then be 
propagated to the surface, rs, of the object. 

 

After ensemble averaging:

Zs = �hppHihvpHi�1

hppHi = �Zs hvpHi

All are N x N matrices

If sufficient number of spatially 
random realizations, we can 
invert           :

L realizations 
(random noise sources)



 

Referring to Fig. 3. the two layers of sensors, p(r1) and p(r2), allow separation of incoming 
and scattered fields creating synthetic, surrogate source arrays (ESM) inside, q(r3), and outside, 
q(r4), the surface such that the scattered field is determined by the former and the incoming by 
the latter [10,11]. With that field separation, NAH can then determine the pressure and velocity 
at the object surface, rs. Free field Green’s functions are used between the real sensors and 
equivalent source locations. 

 

 
 
Figure 4: Comparison of a data analysis procedure based on the methodology of Figure 3 

with an exact solution. 
 
An example of the accuracy of the method is shown in Fig. 4 which compares a simulation 

involving the steps outlined in Fig. 3 for two layers of 250 pressure sensors separated by .5 cm 
with the inner layer being 2.0 cm from the sphere and 600 “Equivalent Sources” with an analytic 
result from which some of the shell modes are also shown. 

 

 
 
Figure 5: Comparison of Monte Carlo simulation of the holographic array processing with 

an analytic solution for scattering of a plane wave incident on a spherical shell. 
 
Figure 5 then shows a comparison of a scattered field result in a water medium for a specific 

incident angle obtained by simulating the whole procedure as summarized by Figs. 1-3 with an 
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exact analytic solution. That is, as per Fig.1 the scattering matrix is a function of the three 
impedances. The simulation for computing Zs involved a Monte Carlo simulation of the 
procedure illustrated in Fig. 2; the internal medium was the shell structure and to emulate a 
laboratory experiment, the external medium was air. (We had previously shown that this 
procedure to determine Zs actually produced the required in vacuo result [2]). The other two 
impedances are easily computed using the external shape of the object and the acoustical 
properties of water for the “outer fluid” for Zi and Za, thereby verifying that measurements from 
the holographic laboratory procedure could be translated to a water loaded scattering result. 

3.  CONSTRUCTING THE LABORATORY FACILITY 

The actual facility to obtain the measurements simulated in the previous section requires 
several components operating in conjunction to provide the complete system. 

A skeletal scaffold is designed around the target dimensions, to which pairs of sensors will 
be mounted in close proximity to the objects surface (support for ~250 planned). This support 
structure is fabricated on a large form-factor 3D printer, providing the flexibility to 
accommodate targets of almost any shape. 

 

    
(a)     (b) 

 
Figure 6: (a) 3D model depicting test target (inner blue/dark cylinder) and supporting 

sensor scaffold (outer white/light structure) to which the MEMS PCB units will be attached.  
(b) Actual scaffold and target constructed in a large form-factor 3D printer. 

 
The sensors themselves are custom designed Printed Circuit Board (PCB) units (Fig. 7), 

utilizing pairs of digital MEMS microphones and complimentary logic for reliable data 
transmission over Low Voltage Differential Signalling (LVDS). The microphones are self-
contained systems, providing signal conditioning, an analog-to-digital converter, 
decimation and anti-aliasing filters, and power management, all in a very small integrated 
package (4mm x 3mm x 1mm) capable of sampling rates up to 48kHz. This eliminates the need 
for any analog logic in the external data acquisition (DAQ) system, greatly reducing the cost 
and complexity, with the additional benefit of reduced susceptibility to noise since all 
sampling/conversions occur at the sensor end-point. 
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Figure 7: 3D renderings of the dual MEMS microphone PCB, ~10cm L x 2cm W. Signals 

are transmitted via LVDS over standard CAT-6 cabling  
 
The DAQ unit driving theses sensors is now only responsible for handling the streams of 

binary data coming from the microphones, and providing the (also digital) sampling and base 
clock signals to them. This can be accomplished through logic defined on a Field Programmable 
Gate Array (FPGA) system, and is currently working with a small device capable of supporting 
up to 32 microphone pairs. Scaling the system out is accomplished by either adding more FPGA 
interfaces in parallel, or moving up to larger FPGA devices, with support for up to 128 dual-
mic boards each. An optional multiplexing serializer/de-serializer (SerDes) can be interposed 
between the microphones and the FPGAs to reduce the number of wires required while also 
increasing data transmission distances. 
 

 
 

Figure 8: Schematic overview of full acoustic array acquisition system with optional 
SerDes interposer for extending data transmission distances and compressing the number of 

required wires/cables 
 
To check the validity of the experimental set-up, a preliminary experiment using 10 pairs of 

digital MEMS microphones as the one shown on Figure 9 is first implemented to measure the 
response of a plastic capped pipe with a thickness d=2.5 mm, an outer radius r=40mm and a 
height h=150mm.  

This setup is repeated as many 
times as necessary to meet # 

of desired sensors
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Figure 9: Zoom of the mounting system for holding the PCB that contains the MEMS 
microphones  

 
As shown on Fig. 6, this target is embodied inside the scaffold that holds the PCBs containing 

the MEMS sensors (Fig. 8). Both structures, target and scaffold, are 3D printed using PLA 
plastic that has a density r = 1250 kg/m3, a Young modulus E = 3.5 GPa and a Poisson ratio n 
= 0.33. Each PCB points toward the axis of the capped cylinder that is centred with the scaffold 
axis. The MEMS microphones are respectively located 5 mm and 15 mm off the target surface. 
Measurements are  conducted by uniformly moving a white noise source around the {source + 
scaffold} in order to extract the capped pipe response (structural admittance/impedance) around 
its n = 2 mode following the approach described in section 2. According to numerical and 
analytical simulations, this mode occurs at 960.83 Hz (Figure 10) for the studied capped pipe 
when filled with air. 

 
 

Figure 10: Mode n=2 of the capped pipe filled with air. 
 
Once these preliminary tests are performed and validated, the next measurements will aim 

at estimating low and higher modes of the in-vacuo response of a complex shape target such as 
an unexploded ordnance. To do so, measurements will be performed with a larger array made 
of 250 MEMS microphone pairs like the one shown on Error! Reference source not found. 
Figure 9. 
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