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A B S T R A C T

The ability to acoustically cloak an object, effectively making the object acoustically invisible to an
outside observer, is of interest in many applications where the presence of an object has an undesirable
impact on the sound-field. If a suitable disturbance signal can be measured, an active control system
can be used to directly minimise the scattered acoustic pressure, which fully characterises the presence
of the body. In this paper, a broadband feedforward active control system is used to minimise the
scattered acoustic pressure at a far-field microphone array using an array of structural control sources
affixed to the flexible scattering body. The performance of this system is assessed using measured data
corresponding to a hollow cylindrical shell subject to an incident acoustic field, and the causality of the
control filters is investigated. It is shown that the practical causality constraint limits the performance
of the active cloak at lower frequencies, but the causally constrained controller is able to achieve
approximately 10 dB of attenuation in the far-field scattered acoustic power, using an array of 9 control
actuators. The influence that the number of control actuators has on the attenuation performance is
investigated, the practicability of the system is discussed, and a number of potential implementation
challenges are identified, including the increased level of structural vibration caused by the active
structural acoustic cloaking system.

1. Introduction
Acoustic cloaking has been a topic of significant research

interest for an extended period of time as the ability to ren-
der an object acoustically invisible, such that the sound-field
with the object present is identical to that without the object
present, has benefits in both research and engineering appli-
cations. For example, there is an interest in acoustic cloak-
ing to attenuate the self-scattering effects from Unmanned
Underwater Vehicles (UUVs) when performing subsurface
acoustic measurements [1, 2]. Alternatively, there is an in-
terest in reducing the acoustic scattering from architectural
features in performance spaces, which can cause unwanted
early-reflections [3] that reduce intelligibility and clarity for
an audience [4].

The general principle of acoustic cloaking can be achieved
either passively, where the object is cloaked using an acous-
tic metamaterial [5, 6, 7, 8, 9], or actively, where destructive
interference and secondary control sources are used to atten-
uate the scattered field [10, 11, 12, 13, 14]. Both methods
have their respective advantages and disadvantages. For ex-
ample, passive acoustic cloaking is relatively low-cost, since
it requires no actuators, sensors, or Digital Signal Processing
(DSP) and, therefore, no electrical power supply. However,
passive acoustic cloaks generally have a relatively narrow
bandwidth of operation and are not straightforward to recon-
figure for different situations [15, 16]. Active acoustic cloak-
ing methods, conversely, rely on the availability of costly ac-
tive components including actuators, sensors and DSP, but
can potentially operate over relatively wide bandwidths [17]
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and, as with active systems in general [18], can inherently be
designed to adapt to changes in the environment. This study
will focus on an experimental implementation of an active
structural acoustic cloaking system.

The theoretical basis of active noise and vibration control
is well established [18, 19, 20] and over the past 3 decades or
so, a broad variety of engineering noise and vibration control
problems have been solved using active control technolo-
gies. A large number of practical active noise control sys-
tems make use of Active Structural Acoustic Control (ASAC),
where structural actuation is used to minimise the noise radi-
ated from, or transmitted through, a structure [20, 21, 22, 23,
24]. By directly controlling the structure, a global reduction
in radiated sound power can be achieved with a lower num-
ber of control sources than with conventional active noise
control. When combined with a remote sensing strategy,
ASAC has the advantage that the entire control system can
be contained within the structure, without the requirement
for far-field transducers [25, 26, 27].

Whilst a wide range of practical active control systems
have been presented in the literature, active acoustic cloak-
ing remains a challenging area of practical research interest.
Although there have been many theoretical and simulation
based investigations into active acoustic cloaking [17, 28],
practical studies are more limited, as these methods all as-
sume real-time knowledge of the scattered acoustic pressure.
In practice, the scattered pressure cannot be measured di-
rectly and any acoustic sensor will measure the superposition
of the incident and scattered components of the sound-field
[29]. This means that the scattered pressure must first be es-
timated before being utilised as the error signal in an active
control system. This estimation can potentially be achieved
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in a number of ways, including the use of a Virtual Sens-
ing strategy [30], by using analytical or numerical modelling
[31], or by using a wave decomposition approach [10].

An alternative active acoustic cloaking method uses con-
trol sources to cancel out the incident pressure in the near-
field of the scattering object, effectively generating a quiet-
zone around the scatterer so that the incident field does not
reach the scattering body, whilst also enforcing a constraint
on the exterior radiation from the control sources so that the
far-field sound-field is unaffected. As the incident pressure
is reduced around the object, the back-scattered pressure is
also reduced without the controller needing any knowledge
of the scattering object or an estimation of the scattered pres-
sure. The potential performance of this approach has been
predicted analytically [11, 12, 13, 32], however, these stud-
ies have generally assumed that either high order multipole
control sources are available, or that a continuous distribu-
tion of monopole and dipole sources can be used. In practice,
neither of these arrangements are practicable and, therefore,
no experimental validations of this approach have been pub-
lished to-date.

When using a discrete number of active sources to atten-
uate an exterior pressure-field, as is the case in active acous-
tic cloaking, Huygen’s principle dictates that these control
sources should be as close as possible to the primary source
[19, 33]. In the case of active acoustic cloaking, this has
been investigated via a simulation-based study in [17], and
it has been shown that the control sources should be located
as close as possible to the scattering object, which acts as the
primary source of the scattered acoustic field. For a practi-
cal active acoustic cloaking system utilising acoustic control
sources, the minimum distance between the scattering object
and the control sources is defined by the physical size of the
control sources. This practical constraint potentially limits
the performance of an active acoustic cloaking system us-
ing acoustic control sources, however, it can be overcome if
structural control sources are used, as proposed previously
by [14, 34, 35, 36]. As noted by Eggler et al [14], this can be
directly compared to the Active Structural Acoustic Control
systems discussed above [20, 21, 22, 23, 24], and Eggler et
al [14] consequently labelled this approach Active Structural
Acoustic Cloaking.

Eggler et al [14] used analytical simulations to investi-
gate the difference in the active acoustic cloaking perfor-
mance that can be achieved when using either acoustic or
structural control sources. This work demonstrated that for
an infinite elastic cylinder, structural point forces are able to
achieve higher levels of attenuation in the scattered acous-
tic field than when using acoustic monopole control sources.
The current paper will extend the simulation-based study re-
ported by Eggler et al [14], by presenting an experimental in-
vestigation into active structural acoustic cloaking. Eggler et
al [14] showed physical insight into the controllability prob-
lem, which will be developed in the current study by investi-

gating how the performance is limited when a practical ref-
erence signal is utilised for non-tonal acoustic disturbances,
and the effect of applying the cloaking strategy to a finite-
sized structure. In particular, a practical method of obtaining
a reference signal is proposed, which is based on an Internal
Model Control architecture, and the effects of causally con-
straining the control filters are explored, as this is required
for the control of broadband signals in practice. Addition-
ally, the influence of the active acoustic cloaking strategy on
the structural response is investigated for the first time and
the requirements in terms of the number of control actuators
are also investigated for a finite sized structure.

An overview and discussion of previous work has been
presented in Section 1. Section 2 will present details of the
scattering object, the experimental setup, and the procedure
used to measure the scattered acoustic pressure. Section 3
will outline the active structural acoustic cloaking strategy
and formulate optimal control filters both with and without
a constraint on the causality. Section 4 will present an in-
vestigation into the limits on the performance of the active
structural acoustic cloaking strategy using the measured re-
sponses. Finally, conclusions, and a brief discussion of the
real-world practicalities of the proposed control system will
be presented in Section 5.

2. Experimental Setup
In order to investigate the practical limits on active struc-

tural acoustic cloaking, a series of both structural and acous-
tic measurements have been carried out in the Large Ane-
choic Chamber at the Institute of Sound & Vibration Re-
search and details of these measurements are described in
this section. As shown in Figure 1, the scattering body utilised
during this study consisted of a hollow aluminium cylindri-
cal shell of length 1.4 m, radius 0.23 m and wall thickness
6.4 mm, which was suspended inside the anechoic chamber
on a pair of flexible mounts.

When designing a control system it is important to en-
sure that the disturbance to be reduced is both controllable
and observable [37]. That is, the error sensors should be
located such that they are able to fully characterise the dis-
turbance to be controlled, and the control sources should be
located such that they are able to reduce the unwanted distur-
bance. For the system discussed in this paper, this requires
the control sources to be arranged on the cylinder such that,
within the given frequency range, they do not all fall into
nodal regions of the cylinder’s mode shapes. To ensure that
this is the case, a set of structural identification measure-
ments were first carried out to characterise the modal re-
sponse of the cylinder. Experimentally, an array of 96 ac-
celerometers was mounted to the body of the cylinder, ar-
ranged in lines of 12 running axially along the length of the
cylinder, each measuring the radial component of the struc-
tural acceleration when the cylinder was excited acoustically
by a far-field source driven by white noise that was band-
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Figure 1: Photograph of the experimental setup, showing the cylinder and far-field microphones. The cylinder and the far-field
microphone array are labelled.

limited between 100 and 1000 Hz. The resulting transfer
responses between the acoustic source and each structural
measurement on the cylinder were then used to identify the
four dominant structural resonances within the considered
bandwidth. These experimentally identified operational de-
flection shapes are plotted in Figure 2, along with the cor-
responding resonant frequencies. For comparison, a numer-
ical modal analysis of the finite cylinder was also carried
out and the resulting mode shapes and modal frequencies
are also presented in Figure 2. It can be seen from Figure 2
that there is a strong correlation between the numerical and
experimental results, with both datasets showing consistent
deflection shapes for the four dominant resonances below 1
kHz. Knowledge of these will direct the placement of struc-
tural actuators and accelerometers throughout the rest of the
experimental procedure.

To enable an investigation into the practical limits of an
active structural acoustic cloaking system and to investigate
its effect on the structural response, it is necessary to instru-
ment the scattering cylinder with control actuators and struc-
tural sensors, and to use an array of microphones to measure
the acoustic field. Based on the modal analysis discussed
above, an array of structural actuators (Tectonic Elements
TEAX32C30) was attached to the inside of the cylindrical
shell to provide control actuation, as shown in Figure 3. To
ensure that the control actuators were able to couple into the
dominant structural modes, as shown in Figure 2, the actu-
ators were arranged in three rings of three actuators, with a
120◦ separation between the actuators in each ring and an
offset of 60◦ between consecutive rings along the length of

the cylinder, as shown in Figure 3. As can also be seen in
Figure 3, the actuators were oriented to apply a force in the
radial direction. To monitor the response of the structure
and thus provide new insight into the effect of active struc-
tural acoustic cloaking on the structural vibration, an array
of 12 accelerometers (PCB A352 / C67) was also mounted
to the cylinder, arranged in a spiral along its length in order
to sufficiently detect the contribution from all of the domi-
nant resonances shown in Figure 2, with each accelerome-
ter measuring the radial response, as shown in Figure 4. To
measure both the incident and scattered sound fields, as well
as the sound field generated by driving the structural control
actuators, a far-field microphone array, consisting of 20 mi-
crophones (PCB 130F20), was arranged in a circle of radius
2.8 m surrounding the scattering cylinder, as shown in Fig-
ure 5. Finally, the incident pressure field was generated by a
primary disturbance that was provided by a dual-concentric
high-powered loudspeaker (Tannoy CPA12), placed outside
of the microphone array, oriented towards the midpoint of
the cylinder, as also shown in Figure 5.

The experimental setup shown in Figure 5 has been used
to obtain the acoustic and structural transfer responses, which
will subsequently be used to investigate the performance of
active structural acoustic cloaking. Transfer responses be-
tween each source (1 primary acoustic source and 9 struc-
tural control sources) and each structural and acoustic sensor
have been measured with the cylinder present in the anechoic
chamber. Under this condition, the responses measured at
each microphone when the primary source is driven give the
vector of total acoustic pressures, 𝐝𝑡, which can be expressed
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Figure 2: The operational deflection shapes, mode shapes and resonant frequencies of the four dominant structural resonances of
the cylinder below 1kHz. The left-hand plot in each case shows the measured data and the right-hand plot shows the corresponding
results calculated using a numerical model.

Figure 3: Photograph looking down the length of the inside of
the cylinder, showing the locations of the control actuators.

Figure 4: Photograph of the experimental setup, showing the
accelerometers mounted to the cylinder.

in terms of the linear summation of the vector of incident, 𝐝𝑖,
and scattered, 𝐝𝑠, pressures as

𝐝𝑡 = 𝐝𝑖 + 𝐝𝑠. (1)

It should be highlighted that the scattered pressure, 𝐝𝑠, in-
cludes the components due to both the rigid body and flex-
ible body scattering and thus fully characterises the effect
of the flexible scattering body. To extract the scattered pres-

Primary
Disturbance

Structural
Actuators

Reference
Sensor

Far!eld
Pressure Microphones

Cylinder

1.4m

2.8m

Figure 5: Diagram of the experimental layout, showing the
scattering cylinder, far-field pressure microphones, structural
actuators and primary disturbance location.

sures from these measurements, it is necessary to remove the
cylinder and measure the transfer responses between the pri-
mary source and the array of microphones, which provides a
direct measure of the incident pressures at each microphone
location, 𝐝𝑖. According to Equation 1, the scattered acous-
tic pressure can then be calculated at each microphone lo-
cation by subtracting the vector of incident pressures, 𝐝𝑖,
from the vector total pressures, 𝐝𝑡. Although this method
provides a measure of the scattered acoustic field that can
be utilised to implement an active acoustic cloaking system
in a stationary sound field, it is clearly not a practical so-
lution for the implementation of a real-time controller in the
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Figure 6: Block diagram showing the formulation of the Internal Model Control (IMC) Filtered-Reference Least Mean Squares
(FxLMS) active control system.

presence of changes in the primary disturbance or the acous-
tic environment. Although a number of previous publica-
tions have investigated methods of estimating the scattered
acoustic field in real-time [10, 38, 31, 30], these also rely on
knowledge of the acoustic field with and without the scat-
tering body present. This means that these strategies can-
not yet be readily applied to practical active cloaking strate-
gies where the acoustic environment is non-stationary. It is
also pertinent to note that in the case of [10, 38], response
measurements between the control sources and error sensors
both with and without the scattering body present are used
and, in the case of active structural acoustic cloaking, such
measurements would not be possible, as removing the scat-
tering body would also remove the control sources. Based
on these limitations, it is clear that further work is required
in this area to allow real-time estimation of the scattered
acoustic field in non-stationary environments. However, the
present paper focuses on the effectiveness of structural actu-
ation as a control mechanism for active acoustic cloaking and
the limitations imposed by a practical causally constrained
controller and, therefore, insight can be provided into the
control strategy without overcoming the limitations in terms
of scattered field detection.

3. Broadband Control Formulations
This section describes the feedforward control strategy

used to implement an active structural acoustic cloaking sys-
tem. The block diagram showing the architecture of the con-
troller is presented in Figure 6, from which it can be seen that
the adopted strategy is a feedforward filtered reference sys-
tem, with an Internal Model Control (IMC) architecture pro-
viding the reference signal. In order to understand the lim-
its on the control performance, the optimal broadband con-
trol filters will be used, derived in this section both with and
without causality constraints and these optimal filters will be
utilised in Section 4 in conjunction with the measured trans-
fer responses, as discussed in the previous section.

Following the discussion presented in Section 2, the vec-
tor of total acoustic pressures, at a single frequency, at the
array of 𝐿 error microphones before control, 𝐝𝑡

(
𝑒j𝜔

)
, can

be expressed by the summation of the vectors of incident
pressures and scattered pressures at the error microphones
which, at a single frequency, gives

𝐝𝑡
(
𝑒j𝜔

)
= 𝐝𝑖

(
𝑒j𝜔

)
+ 𝐝𝑠

(
𝑒j𝜔

)
, (2)

where 𝐝𝑡 is the vector of total pressures, 𝐝𝑖 is the vector of
incident pressures, 𝐝𝑠 is the vector of scattered pressures, 𝜔
is the angular frequency and j is a unit imaginary number.
For clarity of expression, the frequency dependence will be
dropped in the subsequent formulations. As shown in Figure
6, the total pressure at the error microphones after control, 𝐞𝑡,
is given by the linear superposition of the total disturbance,
𝐝𝑡, and the pressures at the error microphones due to control,
which gives

𝐞𝑡 = 𝐝𝑡 +𝐆𝐮, (3)

where 𝐮 is the vector of control signals and 𝐆 is the matrix
of complex transfer responses between the control sources
and the error microphones, which is generally referred to as
the plant response in the context of active control [18, 19,
20]. As shown in Figure 6, the control signals are calculated
by filtering the reference signal, 𝐱, via the matrix of control
filters, 𝐖, which gives

𝐮 = 𝐖𝐱. (4)

The choice of reference signals is critical to the operation of
active noise control systems and, in general, the reference
signal should be coherent with the error signals and provide
some time-advance for the control system to operate. In the
case of active cloaking, the primary source generating the
incident pressure field is usually unknown and, therefore,
cannot be accessed to provide a reference signal. However,
as discussed in the introduction, the scattered field, which
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forms the error signals to be cancelled, is effectively gen-
erated by the scattering object. Therefore, it may be pos-
sible to position the reference sensors in close proximity to
the scattering body to provide some time advance between
the reference signals and the outgoing scattered field. In
the present study, a single layer of error microphones are
employed, as shown in Figures 1 and 5, and, therefore, an
IMC architecture will be utilised [39] along with a Filtered-
reference Least Mean Squares (FxLMS) adaptive algorithm.
Using this control architecture, the reference signals are pro-
vided by estimates of the disturbance signals at the error
microphones. Although this may somewhat limit the time-
advance between the reference and error signals, it provides
a highly coherent reference signal and has been shown to
be an effective strategy in a variety of practical applications
[40, 41]. An estimate of the vector of total pressures at the
error microphones before control, 𝐝𝑡, can be calculated as
shown in Figure 6 by compensating for the control source
contributions at the error microphones, which gives

𝐝̂𝑡 = 𝐞𝑡 − 𝐆̂𝐮, (5)

where 𝐆̂ is an estimate of the plant response.

In the context of active acoustic cloaking, the aim of the
controller is to generate a control field such that the sound
field after control is equal to the incident sound field, thus
cloaking the scattering body. By substituting Equation 2 into
Equation 3, it can be seen that the total pressure at the error
sensors after control is given by

𝐞𝑡 = 𝐝𝑖 + 𝐝𝑠 +𝐆𝐮. (6)

Therefore, by cancelling the scattered pressures using the
control sources, the total pressure after control becomes equal
to the incident field and the scattering body will be effec-
tively cloaked. Minimisation of the scattered acoustic field
can be expressed in terms of the space-averaged mean square
scattered pressure in the far-field, which can be approximated
by the cost function defined as

𝐽 = E
[
𝐞H𝑠 𝐞𝑠

]
, (7)

where E is the expectation operator and 𝐞𝑠 is scattered acous-
tic pressure at the error sensors after control, which can be
expressed as

𝐞𝑠 = 𝐝𝑠 +𝐆𝐮. (8)

As shown in Figure 6, it is assumed that this is calculated
from the directly measured error signals, 𝐞𝑡, as

𝐞𝑠 = 𝐞𝑡 − 𝐝𝑖, (9)

where the incident disturbance signals have been identified a
priori. In practice, as discussed in Section 2, it may be pos-
sible to estimate the incident field using a variety of meth-
ods, such as wave decomposition or virtual sensing, but these
methods are still limited in the context of non-stationary en-
vironments and, therefore, future work is required in this

area before practical real-time active cloaking systems can
be realised.

In the following two sections, the optimal control filters
will be calculated that minimise the cost function defined in
Equation 7, firstly with no constraint on the causality and
subsequently when a causality constraint is introduced. The
full multi-channel formulations will be presented, which as-
sume that 𝑀 control sources are used to minimise the scat-
tered pressures at 𝐿 error sensors, using 𝐾 reference signals,
and a control filter with a tap-length of 𝐼 samples.

3.1. Causally Unconstrained Optimal Controller
The causally unconstrained controller can be derived in

the frequency domain and can be calculated at each frequency
bin independently to build up the full broadband performance.
Firstly, combining Equations 4, 7 and 8 gives the cost func-
tion to be minimised in Hermitian quadratic form as

𝐽 = trace
[
E
[
𝐆𝐖𝐱𝐱H𝐖H𝐆H+

𝐆𝐖𝐱𝐝H𝑠 + 𝐝𝑠𝐱H𝐖H𝐆H + 𝐝𝑠𝐝H𝑠
]]
. (10)

By defining the matrices of power and cross spectral densi-
ties between the reference and disturbance signals as

𝐒𝑥𝑥 = E
[
𝐱𝐱H

]
, (11)

𝐒𝑥𝑑 = E
[
𝐝𝑠𝐱H

]
, (12)

𝐒𝑑𝑑 = E
[
𝐝𝑠𝐝H𝑠

]
, (13)

the cost function can be simplified to give

𝐽 = trace
[
𝐆𝐖𝐒𝑥𝑥𝐖H𝐆H +𝐆𝐖𝐒H𝑥𝑑+

𝐒𝑥𝑑𝐖H𝐆H + 𝐒𝑑𝑑
]
. (14)

By differentiating Equation 14 with respect to the real and
imaginary parts of the matrix of control filter coefficients,
and setting the result to zero as detailed in [18], the matrix
of optimal control filters is given as

𝐖𝐨𝐩𝐭 = −
[
𝐆H𝐆 + 𝛽𝐈

]−1𝐆H𝐒𝑥𝑑𝐒−1𝑥𝑥 , (15)

where 𝐈 is an identity matrix, and it is assumed that both
𝐆H𝐆 and 𝐒𝐱𝐱 are invertible. To constrain the control effort,
and to reduce the effect of poor conditioning on the matrix
inversion, Tikhonov regularisation [42] has been included
and can be adjusted with the regularisation parameter 𝛽.

3.2. Causally Constrained Optimal Controller
In practice, it is necessary to constrain the broadband

control filters to be causal and the optimal broadband filter
responses in this case can be derived in the time-domain, as
in [18] for the standard feedforward active noise control sys-
tem. To this end, the scattered acoustic pressure measured
at the 𝑙-th error microphone after control can be expressed
at the 𝑛-th time step as

𝑒𝑠𝑙 (𝑛) = 𝑑𝑠𝑙 (𝑛)+
𝑀∑
𝑚=1

𝐽−1∑
𝑗=0

𝐾∑
𝑘=1

𝐼−1∑
𝑖=0

𝑔𝑙𝑚𝑗𝑤𝑚𝑘𝑖𝑥𝑘(𝑛−𝑖−𝑗), (16)
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where 𝑑𝑠𝑙 (𝑛) is the scattered pressure at the 𝑙-th error sensor
due to the primary disturbance, 𝑔𝑙𝑚𝑗 is the 𝑗-th coefficient
of the 𝐽 -th order FIR filter approximating the plant response
between the 𝑚-th control source and the 𝑙-th error sensor,
𝑤𝑚𝑘𝑖 is the 𝑖-th coefficient of the 𝐼-th order FIR control filter
corresponding to the 𝑚-th control source and the 𝑘-th refer-
ence signal, and 𝑥𝑘 is the 𝑘-th reference signal. By assuming
the controller is time invariant, Equation 16 can be rewritten
as

𝑒𝑠𝑙 (𝑛) = 𝑑𝑠𝑙 (𝑛) +
𝑀∑
𝑚=1

𝐾∑
𝑘=1

𝐼−1∑
𝑖=0

𝑤𝑚𝑘𝑖𝑟𝑙𝑚𝑘(𝑛 − 𝑖), (17)

where 𝑟𝑙𝑚𝑘 is the 𝑘-th reference signal filtered by the plant
response between the 𝑚-th control source and the 𝑙-th error
microphone. The filtered reference signal can be expressed
as

𝑟𝑙𝑚𝑘(𝑛) =
𝐽−1∑
𝑗=0

𝑔𝑙𝑚𝑗𝑥𝑘(𝑛 − 𝑗). (18)

For convenience, Equation 17 can be expressed in vector
form as

𝑒𝑠𝑙 (𝑛) = 𝑑𝑠𝑙 (𝑛) +
𝑙−1∑
𝑖=0

𝐰T
𝑖 𝐫𝑙(𝑛 − 𝑖), (19)

where 𝐰𝑖 and 𝐫𝑙(𝑛) are defined as

𝐰𝑖 =
[
𝑤11𝑖,𝑤12𝑖,… ,𝑤1𝐾𝑖,𝑤21𝑖,…𝑤𝑀𝐾𝑖

]T (20)

𝐫𝑙(𝑛) =
[
𝑟𝑙11(𝑛), 𝑟𝑙12(𝑛),…

, 𝑟𝑙1𝐾 (𝑛), 𝑟𝑙21(𝑛),… , 𝑟𝑙𝑀𝐾 (𝑛)
]T . (21)

The multichannel control problem can then be formulated by
expressing the vector of 𝐿 error signals in the time domain
as

𝐞𝑠(𝑛) = 𝐝𝑠(𝑛) + 𝐑(𝑛)𝐰, (22)

where

𝐞𝑠(𝑛) =
[
𝑒𝑠1 (𝑛),… , 𝑒𝑠𝐿 (𝑛)

]T
, (23)

𝐝𝑠(𝑛) =
[
𝑑𝑠𝑙 (𝑛),… , 𝑑𝑠𝑙 (𝑛)

]T
, (24)

𝐑(𝑛) =
⎡
⎢
⎢
⎢⎣

𝐫1(𝑛)T 𝐫1(𝑛 − 1)T … 𝐫1(𝑛 − 𝐼 + 1)T
𝐫2(𝑛)T 𝐫2(𝑛 − 1)T … 𝐫2(𝑛 − 𝐼 + 1)T

⋮ ⋮ ⋮
𝐫𝐿(𝑛)T 𝐫𝐿(𝑛 − 1)T … 𝐫𝐿(𝑛 − 𝐼 + 1)T

⎤
⎥
⎥
⎥⎦
,

(25)

and the 𝑀𝐾𝐼 vector of control filter coefficients is defined
as

𝐰 =
[
𝐰T
0 ,𝐰

T
1 …𝐰T

𝐼−1
]
. (26)

As in the case of the causally unconstrained controller, the
cost function is defined by Equation 7. Substituting Equation
22 into Equation 7 gives the quadratic cost function as

𝐽 = 𝐰TE
[
𝐑T(𝑛)𝐑(𝑛)

]
𝐰 + 2𝐰TE

[
𝐑T(𝑛)𝐝𝑠(𝑛)

]

+ E
[
𝐝T𝑠 (𝑛)𝐝𝑠(𝑛)

]
. (27)

Assuming that E
[
𝐑T(𝑛)𝐑(𝑛)

]
is positive definite, this cost

function has a unique global minimum and the optimal set
of control filters that minimises the scattered acoustic field
at the error sensors is given as

𝐰𝑜𝑝𝑡 = −
[
E
[
𝐑T(𝑛)𝐑(𝑛) + 𝛽𝐈

]]−1 E [
𝐑T(𝑛)𝐝𝑠(𝑛)

]
. (28)

As with the causally unconstrained solution given by Equa-
tion 15, Tikhonov regularisation has been included, which
introduces a constraint on the control effort, via the regular-
isation parameter 𝛽.

4. Experimental Investigation of Active
Structural Acoustic Cloaking Limitations
In the following analysis, the acoustic measurements de-

scribed in Section 2 will be used to investigate the perfor-
mance limitations of the feedforward control strategy pre-
sented in Section 3. As shown in Figure 5, the total pres-
sure measured at the microphone directly in-front of the pri-
mary disturbance will be used to provide the reference sig-
nal, which will be calculated using the IMC structure shown
in Figure 6 and described in Section 3. The FxLMS con-
troller will be implemented using 𝑀 = 9 control actuators
to minimise the scattered acoustic pressure at 𝐿 = 20 far-
field microphones using a control filter of length 𝐼 = 512
samples at a sampling frequency of 𝑓𝑠 = 2000 Hz. The
regularisation parameters in each case have been selected so
as to ensure that the magnitude of the dominant peak in the
control filter impulse responses are approximately equal be-
tween the causally constrained and causally unconstrained
control filters.

4.1. Limits Due to Causality
In order to understand the limits on the performance of

the active structural acoustic cloaking control system described
in Section 2, this section will compare the performance of
the causally constrained and unconstrained controllers in or-
der to provide insight into the limits imposed by both enforc-
ing causality and the proposed method of obtaining a time-
advanced reference signal. The performance of the control
systems can be evaluated in terms of the cost function de-
fined in Equation 7 and, provided that the error microphones
are positioned in the far-field, this can be related to the scat-
tered acoustic power as [33]

𝑊𝑠 =
𝐽

2𝜌0𝑐0
(29)

where 𝜌0 is the fluid density and 𝑐0 is the speed of sound in
the fluid.
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Figure 7: The scattered acoustic power before control, with
broadband unconstrained control, and with broadband causally
constrained control.

The scattered acoustic power has been calculated for both
the causally unconstrained and constrained controllers, and
is presented in Figure 7, along with the scattered acoustic
power before control. From these results it can be seen that
the causally constrained controller is able to achieve between
around 5 and 10 dB of attenuation across the presented band-
width. By removing the constraint on the causality of the
control filter, it can be seen that performance at frequencies
below around 400 Hz is significantly increased, with an at-
tenuation of around 20 dB at 100 Hz. At frequencies above
approximately 500 Hz, however, the difference between the
causally constrained and unconstrained controllers is only
around 1 dB.

The difference in performance achieved between the causally
constrained and unconstrained controllers can be explained
by evaluating the time-advance provided by the reference
signal. This can be evaluated in terms of the group delay
[43] between the reference signal, calculated according to
Equation 5, and the scattered pressure error signal at the
same microphone position, given by Equation 8. The cal-
culated group delay is shown in Figure 8 as a function of
frequency and from these results it is shown that the pro-
posed reference signal provides a time advance compared to
the error signal of around 6 ms over the considered band-
width. There is a slight increase in the group delay with
frequency, but importantly, at lower frequencies the time ad-
vance is not much greater than the period of oscillation and
this limits the achievable control performance at lower fre-
quencies when causality is enforced, as shown in Figure 7.
For reference, the impulse response of the control filter cor-
responding to the first actuator for the causally constrained
and unconstrained control strategies is presented in Figure 9,
and this shows the significant non-causal component in the
unconstrained filters. The control filter responses for all 9
actuators are consistent in form to the examples presented in
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Figure 8: The group delay between the reference signal and
the scattered pressure error signal at the reference microphone,
as shown in Figure 5.
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Figure 9: The impulse responses of the control filter for the
first actuator, with both the causally unconstrained (left) and
causally constrained (right) controllers.

Figure 9.

Whilst Figure 7 presents the performance of the two con-
trol algorithms over frequency, it is also insightful to ob-
serve how the control strategies affect the directivity of the
acoustic scattered pressure. Figure 10 shows the directiv-
ity of the scattered pressure at the frequencies correspond-
ing to each of the four dominant modes of the structure, as
identified in Figure 2. The directivities of the scattered pres-
sure are shown both before control, and after control using
the causally constrained and unconstrained control strate-
gies. For reference, the orientation of the cylinder has been
marked on each plot in Figure 10 and the direction of prop-
agation of the incident field is indicated by the arrow. The
480 Hz and 514 Hz plots in Figure 10 clearly show the two
main lobes of the scattered pressure field, with the specular
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Figure 10: Polar plots showing the directivity of the scattered pressure field at the frequencies corresponding to the four dominant
modes of the cylinder before control, with broadband unconstrained control, and with broadband causally constrained control.
The direction of the incident wave is marked with an arrow.

reflection occurring in the 120◦ direction and the scattered
field that results in acoustic shadowing being most promi-
nent in the 240◦ direction. It is interesting to note that while
the active structural acoustic cloaking strategies are effec-
tive at achieving significant reductions in the acoustic scat-
tered power, as shown by the results presented in Figure 7, it
is clear from the results in Figure 10 that both constrained
and unconstrained controllers produce some enhancement
in the acoustic scattered pressure in certain directions. In
general, these enhancements occur in directions where the
uncontrolled scattered field is low in level and, therefore,
the controllers are effectively trading off the enhancement
to achieve significant reductions in directions where the un-
controlled scattered field is dominant.

To provide more insight into the effects of constraining
the causality of the control system, the control effort for each
controller has been calculated as

CE = 10 log10
[
𝐮H𝐮

]
. (30)

The control effort provides an indication of the power re-
quired by a control system and the results for the causally
constrained and unconstrained controllers are presented over
frequency in Figure 11. These results show that the causally
constrained controller requires significantly more energy at
low frequencies, despite achieving a lower level of reduction
in the scattered power. Above approximately 800 Hz, both
the causally unconstrained and causally constrained controllers
are almost identical in terms of both performance and con-
trol effort. It is worth noting that the performance of any
practical system will be limited by the maximum force out-
put of the control actuators, and it should be ensured that the
required control effort is within the linear operating range of
the actuators.

C House et al.: Preprint submitted to Elsevier Page 9 of 13



An Experimental Investigation into Active Structural Acoustic Cloaking of a Flexible Cylinder

100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

5

10

15

20

25

30

35

40
C

on
tro

l E
ffo

rt 
(d

B)

With Causally Unconstrained Control
With Causally Constrained Control

Figure 11: The control effort in decibels plotted against fre-
quency for both the causally unconstrained and causally con-
strained controllers.

4.2. Effect of Active Cloaking on the Structural
Response

In addition to investigating the effect of active structural
acoustic cloaking on the scattered acoustic field, it is also in-
sightful and of practical interest to investigate how the struc-
tural response of the cylinder is affected by the active cloak-
ing strategy. In certain applications, an active structural acous-
tic cloaking system that significantly increases the vibration
of the structure would not be acceptable, even if it does not
radiate, and therefore it may be necessary to constrain the
levels of structural enhancement or adopt alternative control
methods.

In addition to the array of structural actuators shown in
Figure 3, an array of 12 accelerometers was also attached to
the cylinder to measure the radial component of the cylinder
vibration, as previously described in Section 2. Figure 12
shows the sum of the squared accelerometer signals when the
cylinder is excited by the primary acoustic field, and when
acoustic scattering is controlled using the two control for-
mulations. Figure 12 clearly shows the four main structural
resonances of the cylinder, corresponding to the dominant
modes outlined in Figure 2. From these results it can be
seen that both control strategies result in a significant in-
crease in the structural vibration across the presented fre-
quency range. This indicates that the structure is effectively
being used as an acoustic radiator to achieve the acoustic
control, as in the case of active structural acoustic control
systems [21, 23, 24, 25, 27]. This result also indicates that
rather than the active cloaking system driving the structure
to behave as an acoustically rigid body, which scatters less
on resonance than an elastic body [35, 44], the structure is
being driven in a more complex manner to maximise the re-
duction in the scattered acoustic field. The differences be-
tween the causally constrained and causally unconstrained
results shown in Figure 12 can be related to the correspond-
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Figure 12: The structural response of the cylinder when it is
excited by the incident acoustic field without control, and with
both causally unconstrained control and causally constrained
control.

ing differences between the control efforts in each case, as
shown in Figure 11.

4.3. Limits Due to Number of Control Actuators
It has been shown in the previous sections that the struc-

tural actuator array is able to effectively reduce the scattering
from the finite-sized cylinder and the limits due to the use of
a practical reference signal and imposing causality on the
controller have also been demonstrated. However, in most
practical applications, it is beneficial for the active control
system to be as lightweight and low-cost as possible. This
can be achieved by minimising the number of control actu-
ators required. For this reason, an investigation into the re-
liance of the implemented active structural acoustic cloaking
system on the number of control actuators has been carried
out. Although a similar study into the effect of the number
of control actuators was carried out by Eggler et al [14], this
previous study investigated a cylinder of infinite length via
simulations. Therefore, it is of interest to investigate the in-
fluence of the number of structural control actuators for the
experimental configuration presented here.

The performance of the active structural acoustic cloak-
ing system in terms of the broadband average attenuation in
the scattered sound power has been calculated for increasing
numbers of actuators between 1 and 9. In each case, the op-
timal configuration of actuators was selected through an ex-
haustive search. Due to the computational complexity of an
exhaustive search, only the performance of the causally un-
constrained controller has been investigated; however, these
results are expected to be consistent regardless of the causal-
ity of the controller. Figure 13 presents the scattered acous-
tic power over frequency before control and with the causally
unconstrained controller for an increasing number of control
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Figure 13: The scattered power before control, and with broad-
band unconstrained control with increasing numbers of control
actuators.

actuators. From these results it can be seen that with a single
control actuator, reduction in the scattered acoustic pressure
can only be achieved at frequencies below around 250 Hz.
As the number of control actuators is increased, the control
bandwidth also increases, and with 5 control actuators sig-
nificant levels of control are achieved across the presented
bandwidth. Increasing the number of control actuators fur-
ther offers some additional improvements in the level of con-
trol achieved across the presented bandwidth, but the differ-
ence in performance between five, seven and nine actuators
at frequencies above 500 Hz is less than 3 dB.

To provide further insight into the influence of the num-
ber of control actuators used, the performance presented in
Figure 13 has been averaged over three frequency bands and
the average broadband attenuation has been plotted against
the number of control actuators in Figure 14. From these
results it can be seen that, whilst the performance has not
fully converged in any of the three frequency bands, it has
reached a point where the increase in performance achieved
by adding additional actuators is less than 1 dB. For exam-
ple, increasing the number of actuators from 8 to 9 provides
a broadband increase in performance of 0.7 dB, 0.8 dB and
0.3 dB in the three bandwidths respectively. It is interesting
to note that to achieve a broadband average attenuation of
around 6 dB requires 2 actuators up to 250 Hz, 4 actuators
up to 500 Hz and 7 actuators up to 1 kHz, suggesting a dou-
bling in bandwidth approximately requires a doubling in the
number of control actuators.

5. Conclusions
This paper has investigated the limits on the performance

of an active structural acoustic cloaking system using an ex-
perimental implementation with an aluminium cylindrical
shell as the scattering body. An array of structural control
sources was used to minimise the scattered acoustic pres-
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Figure 14: The broadband attenuation within three frequency
bands, for increasing numbers of control actuators

sure in the far-field using an optimal broadband feedforward
control strategy, with a reference signal being provided via
an IMC architecture. Using this configuration, it has been
shown that at least 10 dB of attenuation in the far-field scat-
tered acoustic power can be achieved across the bandwidth
investigated. The impact of causally constraining the con-
trol filters was investigated, and it has been shown that the
causality constraint required in broadband control systems
limits the performance of the controller, particularly at low
frequencies where the time-advance provided by the pro-
posed reference signal is small compared to the period of
oscillation. It has also been shown that the control effort re-
quired by the causally constrained controller is significantly
greater than that required by the causally unconstrained con-
troller and this can be related to a reduction in the efficiency
of control. The effect of the active structural acoustic cloak-
ing system on the structural response of the scattering struc-
ture has also been investigated for the first time, and it has
been shown that the structural response is significantly en-
hanced. This may need to be considered in real-world ap-
plications, where an enhanced level of structural vibration
may not be acceptable, even when it does not result in in-
creased radiation. The influence of the number of control
actuators on performance has also been investigated, and it
has been shown how the number of structural control actu-
ators required for successful acoustic cloaking increases as
the bandwidth of control increases, with a doubling in con-
trol bandwidth approximately corresponding to a doubling
in the number of required actuators.

The presented results provide new insight into the practi-
cability of using structural actuation to minimise the acoustic
scattering from an object. However, challenges to the real-
isation of fully practical active cloaking strategies that are
capable of operating in non-stationary environments are still
outstanding. For instance, the control strategy formulated
in Section 3 assumes that the scattered pressure in the far-
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field of the object is known, however, this limits practical
realisations due to the reliance on a priori information and
the resulting assumption of a stationary acoustic environ-
ment. To overcome this limitation, a practical active acous-
tic cloaking system, using either structural or acoustic con-
trol sources, would require a method of measuring or esti-
mating the scattered acoustic pressure in real-time in non-
stationary acoustic fields. Although a number of methods
have been proposed in the literature for the real-time esti-
mation of the scattered pressure, they also rely on a priori
information that assumes a stationary acoustic environment
and, therefore, further work is required in this area. In addi-
tion to the real-time measurement or estimation of the scat-
tered acoustic pressure, it is necessary to obtain a real-time
reference signal. In previous work, it was assumed that a ref-
erence signal was available directly from the primary source
[10, 31, 38], which is often not practical. Therefore, in this
paper, a reference signal has been calculated using an IMC
architecture and the signal provided by a microphone located
in the direction of the primary source. In a practical imple-
mentation, the direction of arrival of the incident wave may
not be known, and therefore multiple reference microphones
would need to be used to ensure that at least one reference
signal is time-advanced compared to the scattered wave [45].
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