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Abstract

High quality noise and vibration measurements outside of a labo-
ratory environment on real life structures and applications are not
trivial. True boundary and operating conditions enforce unique
challenges on the measurements. Measurements in hazardous situ-
ations such as high magnetic fields, and high temperature environ-
ments, etc., where ordinary measurement equipment and methods
may not be employed, require further precautions. Post measure-
ments objectives such as analysis, design and strategic decisions,
e.g., control, rely heavily on the quality and integrity of the mea-
surements (data).

The quality of the experimental data is highly correlated with
the on-field expertise. Practical or hands-on experience with mea-
surements can be imparted to prospective students, researchers
and technicians in the form of laboratory experiments involving
real equipment and practical applications. However, achieving ex-
pertise in the field of sound and vibration measurements in general
and their active control in particular is a time consuming and ex-
pensive process. Consequently most institutions can only afford a
single setup, resulting in the compromise of the quality of exper-
tise.

In this thesis, the challenges in the field of sound and vibration
measurements in high magnetic field are addressed. The analy-
sis and measurement of vibration transferred from an operational
magnetic resonance imaging (MRI) scanner to adjacent floors is
taken as an example. Improvised experimental measurement meth-
ods and custom-made frequency analysis techniques are proposed
in order to address the challenges and study the vibration transfer.
The methods may be extended to other operational industrial ma-
chinery and hazardous environments. To encourage and develop
expertise in the field of acoustic/vibration measurements and ac-
tive noise control on practical test beds, remotely controlled labora-
tory setups are introduced. The developed laboratory setup, which
is accessed and controlled via the Internet, is the first of its kind
in the active noise control and acoustic measurements area. The
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laboratory setup can be shared and utilized 24/7 globally, thus re-
ducing the associated costs and eliminating time restrictions.

Keywords: Active Noise Control, Remote Laboratories, Sound and Vi-
bration Measurements, Vibration Analysis Vibration Transmission
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One

Introduction

Since the beginning of history, humans have been coexisting with sound
and vibration, both regarding creation and suppression. Efforts for
the suppression, control, or silencing of unwanted noise and vibration
have increased substantially in recent years. This may primarily be at-
tributed to the awareness of noise hazards for humans both physically
and psychologically and secondarily to common annoyance or distur-
bance caused by noise sources. Findings of a study commissioned by
the Environment Directorate-General in 2014 are extremely worrying.
According to the study, long-term exposure to noise often causes hy-
pertension and in some cases hospital admissions and even premature
deaths [1]. Noise, particularly up to 500 Hz, reduces cognitive perfor-
mance [2]. According to the World Health Organization (WHO), excess
noise is considered to be one of the most common occupational hazards
and the second largest environmental cause of health problems only be-
ing second to air pollution [3]. Most of the time, noise itself is the result
of vibration and vice versa. Therefore, control (suppression) of one of
the quantities will lead to the reduction of the other. Sound and vibra-
tion are studied as waves in fluid and solid media respectively, and are
therefore, often jointly treated in the area of noise and vibration. Simi-
lar to noise, excessive vibration exposure may cause physical, particu-
larly muscular/bone structure, vascular, and neurological disorders in
humans, e.g., operators of power tools and drilling machines, etc. A
special EU directive, 2002/44/EC-vibration 2002/44/EC-vibration, regulates
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1. Introduction

this area. Constant exposure to vibration may induce premature fail-
ure of a product, machinery and civil structures. Abrasion, mechanical
fatigue, loosening of parts, degraded performance, and in certain cases
complete catastrophes are caused by vibration. These are motivating
factors that compel manufacturers to employ vibration and noise reduc-
tion techniques in their products either by efficient design or isolation.
Applications ranging electronic items for personal and home use to cars,
spacecrafts, and heavy industrial machinery are typical areas.

The foremost step towards noise and vibration reduction is its as-
sessment and measurement. Modeling and simulation are useful in the
prediction of the noise and vibration behavior of products and systems
under ideal conditions. However, complex properties of the systems,
such as non-linearity, damping, and true boundary conditions, may only
be accounted for by using experimental measurements on the test object
in its true operating conditions.

Experimental measurements of sound and vibration require exper-
tise in several specialized fields such as signal processing, adaptive con-
trol, electronics (transducers, data acquisition and filters, etc.), structural
dynamics, statistical signal processing, and analysis, to name a few. Each
test object and environment presents its own unique challenges. Vibra-
tion measurements in high magnetic field such as magnetic resonance
imaging (MRI) scanners, for instance, require non-magnetic equipment
to be used. The sensitivity of the accelerometers should not be affected
by the magnetic field. Suitable impulse hammers have to be introduced
or manufactured in order to get a complete understanding of the dy-
namic properties of the system.

Noise and/or vibration isolation, reduction, or control is primarily
dependent upon the quality of the experimental measurements. Impor-
tant economic or strategic decisions have to be made on the available
measured data and subsequent analysis. Acquiring high quality experi-
mental data requires significant on-field experience along with the afore-
mentioned specialized fields.

2



The analysis, e.g., spectral analysis of the measured data is equally as
important as the quality of the data itself. Usually the data is saved on a
computer hard drive, and the spectral analysis is carried out using spe-
cialized analysis software, such as Matlab. The analysis methods have
to be tailored according to the data. The standard functions available in
the software may not be suitable for all the cases. For example, during
impulse excitation, the trigger signal may not be sufficient, or it may
be wrongly triggered. Such kinds of problems may ruin the commonly
used coherence function. False coherence values can easily be mistaken
for noise and non-linearity in the system.

The next logical step after the successful measurement and assess-
ment of noise and vibration is control or reduction. Therefore, control
whether active, or passive, remains one of the most important part of
noise and vibration field. Successful application of active control to sound
and vibration problems not only demands profound understanding of
the underlying control algorithms, high quality measurement, and anal-
ysis skills but also real-life practical experimental test beds having prac-
tical applications. These were among some of the reasons behind the
slow development of active control before 1990 as pointed out by the
authors in [4]. Unfortunately, the lack of availability and the complexity
of practical systems still remains to be a major hurdle. To alleviate this
problem generally and particularly, it is more important in the case of
students or researchers pursing their carriers in the active noise control
field to be equipped with simple and practical setups during their edu-
cation and training. Such experimental facilities are rare, expensive, and
usually do not sufficiently adhere to the needs of a constantly growing
number of students. One possibility is to develop such facilities to be
used over the Internet and share among various institutions via remote
control over the Internet.

This thesis concerns experiments, experimental measurements of noise
and vibration in the fields of noise and vibration control and isolation, struc-
tural dynamics, and operational transfer path analysis. The fields themselves
are well established, and new applications are constantly being added to

3



1. Introduction

them. Two new application areas under these broad fields, namely, re-
motely controlled sound and vibration and active noise control experiments and
vibration analysis of operational magnetic resonance imaging (MRI) scanners
are considered. The first two parts of the thesis are comprised of my con-
tributions to the former application area. The development and perfor-
mance of acoustic and active noise control (ANC) experiments setup via
the Internet are the main subjects. The third part of the thesis is devoted
to contributions in the later application area. Experimental measure-
ment, analysis, and isolation of the vibration produced by operational
MRI scanners are covered.

This chapter presents a brief introduction of the application areas
along with underlying theory, followed by the objectives of the research
work. At the end, a brief summary of the research contributions in the
research area and suggestions for future research are highlighted.
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1.1. Remotely Controlled Experiments over the Internet

1.1 Remotely Controlled Experiments over the
Internet

Remotely controlled, online, web-based, Internet or distance laborato-
ries refer to the class of educational laboratory setups where the actual
experimental equipment and systems are accessed and controlled re-
motely via the Internet [5]. The interaction with the systems and lab-
oratory equipment is usually provided via a client interface, e.g., in a
web browser, remote controlled switches, and virtual instrumentation
tools while remote monitoring is provided by audio/video support [6].
Numerous individual as well as collaborative efforts by institutions all
over the world aiming to develop remote laboratories according to their
own needs, using various architectures and software/hardware tools,
have been reported in the literature [6, 7, 8]. The acoustics and active
noise control (ANC) laboratory is one among such contributions and the
first of its kind developed exclusively at BTH. Further details concerning
development, advantages and implementation, etc., are documented in
later chapters.

1.1.1 Active Noise Control (ANC) and Acoustics
Experiments

Hands-on experience is compulsory both for in-depth knowledge and
future employment prospects in every field of education but some re-
quire more experimental skills than others. The field of ANC and acous-
tics may be classified under the former group. Applying ANC to prac-
tical applications also requires expertise in several specialized fields, as
discussed in Section 7.1, similar to general sound and vibration exper-
imental measurements. On the material side, a test setup with practi-
cal application, digital signal processor (DSP) board, transducers along
with cables and data acquisition/analysis equipment complemented by
computer-based analysis tools are the basics. Even if infrastructure costs
are excluded, these pieces of equipment are still expensive, and most
institutions may only be able to afford a single set, which then must
be shared among the students in a scheduled laboratory session with

5
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a time limit. The limited experimental setup and time consuming na-
ture of ANC experiments prove to be a major hurdle regarding the stu-
dent,/researcher, expertise in the field. One promising solution to this
problem is to make available ANC laboratory setup online via the In-
ternet. This will make the laboratory setup accessible to the students
across the world 24/7, while maintaining all the benefits of a real-world,
practical ANC application. Although remotely controlled experiments
setups via the Internet are extending their horizons continuously, the
fields of ANC and acoustics have not fully benefited from these devel-
opments mainly due to the challenging nature of the measurements and
associated costs. These are some of the many motivations behind the de-
velopment of the acoustics and ANC remotely controlled laboratory. The
laboratory is the first of its kind in this area and is suitable for a wide
range of students, researchers, and technicians. Simple acoustic mea-
surements such as sound speed, wavelength and pressure, etc., are suit-
able for science students in schools. Advanced acoustic measurements,
e.g., mode shapes, standing waves in ducts, and ANC, are suitable for
university-level students and researchers. To utilize the full resources
of the laboratory setup and reduce the overall costs in the longer run
provision for experiments other than ANC and acoustics may also be
incorporated with minimal additional resources. DSP-based, real-time
signal processing experiments on acoustic signals with a wide range of
difficulty levels is one of the possibilities.

1.2 Principle of Active Control

Th development or understanding of the ANC laboratory can only be
appreciated with the complete knowledge of ANC and related princi-
ples. A brief introduction to the basics of active control is presented
here.

Active control is in essence the cancellation of an undesired sound
or vibration wave(s) with an artificially generated (control) wave(s). The
accuracy of the cancellation depends upon the amplitude and anti-phase
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1.2. Principle of Active Control

accuracy of the control wave to the un-desired wave. This simple defi-
nition is illustrated in Figure 1.1. The idea of ANC was first conceived
by Paul Leug in 1936 in a American patent. The idea failed to material-
ize mainly due to limited available technology but later on has received
considerable attention from researchers since late 1970s [9]. Active con-
trol may further be classified into sub-types based on the type of control
signal derivation and application [10] as depicted in Figure 1.2. The con-
troller is usually implemented as digital filters, and to account for the
changes in the underlying physical system due to temperature, air flow,
etc., the controller needs to be adaptive.
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Figure 1.1: Simplified view of active control concept.

The thesis work concerning the ANC laboratory focuses on a single
channel, broadband feedforward adaptive control. This form is suitable
for applications involving the control of low frequency sound and vi-
bration. One particular, widely used application is active control of low
frequency noise in air conditioning/ventilation ducts. For such applica-
tions passive silencers are generally not practical and need to be large
and bulky in order to match the long acoustic wavelengths in the low
frequency range up to 500 Hz [4, 11]. The ventilation duct is a classical,
well understood example of ANC. The acoustic modes of the duct in the
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plane wave region may be controlled by a single channel and may be
used to demonstrate most of the important concepts and challenges of
ANC [9, 12]. It is therefore used as a test bed for the ANC and acoustics
experiments. The ventilation duct used in the laboratory is 4.05 m long
and 0.315 m in diameter. Large enclosures such as aircraft cabins, etc.,
having complex acoustic modes require multi-channel ANC to control
the engine and propeller-induced noise [13]. It must be stressed that the
successful application of active control in one application may not be
generalized, therefore each application is considered unique.

Active Control

Feedback Feedforward

Broadband Narrowband

Single channelMulti channelSingle channelMulti channel

Figure 1.2: Classification of active control.

1.2.1 Sound Waves inside Circular Ducts

Sound inside enclosures or ventilation ducts may be considered as the
superposition of acoustic (Eigen) modes excited, e.g, by one or several
sound sources as the response of the enclosure. The mode shapes de-
scribe the spatial sound pressure variation, i.e., nodes and anti-nodes
inside the duct. Control of sound in a particular frequency range ef-
fectively means the control (cancellation) of acoustics mode(s) in that
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Y

Z

X

ro r
θ
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Figure 1.3: A circular duct in a Cylindrical coordinates system.

frequency range. Therefore, before delving into active control, it is im-
portant to describe the sound wave propagation inside a circular ventila-
tion duct. Positioning of the sensors and control source(s), propagation
type, e.g., plane wave or higher modes, directly influence the perfor-
mance and choice of ANC type, e.g., single or multi-channel [4]. All this
information is linked to the knowledge of wave propagation inside the
duct.

The linearized wave equation for a homogeneous medium using a
Cartesian coordinate system (x, y, z) is given by [9],

∇2 p(t, x, y, z)− 1
c2

o

∂2 p(t, x, y, z)
∂t2 = 0 , (1.1)

where p(t, x, y, z) is the space and time dependent sound pressure in
[Pa], c0 is the speed of sound (343 m/s at 20oC), and ∇2 is the Laplacian

9



1. Introduction
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Figure 1.4: Nodal points inside a circular duct.

operator, given by [9],

∇2 =
∂2

∂x2 +
∂2

∂y2 +
∂2

∂z2 . (1.2)

Taking into consideration the mean flow speed Uz of the medium (air)
in the z− axis direction Equation 1.1 becomes [4],

∇2 p− 1
c2

o

[
∂

∂t
+ Uz

∂

∂z

]2

p = 0 . (1.3)

Since circular ducts are here considered as shown in Figure 1.3, it is
therefore reasonable to introduce cylindrical coordinates (r, θ, z) for the
wave equation. For the cylindrical coordinates, the Laplacian operator
∇2 is given by [4],

∇2 =
∂2

∂r2 +
1
r

∂

∂r
+

1
r2

∂2

∂θ2 +
∂2

∂z2 . (1.4)
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The solution of Equation 1.3 and the boundary conditions for the circular
duct give the acoustic modes and wave propagation inside the circular
duct. The general solution for the circular duct using zero particle ve-
locity at the walls (circumference) of the duct as a boundary condition
is given by [12, 14],

∞

∑
m=0

∞

∑
n=0

Jm(kr,m,nr)ejmθej2+pi f t ×
{

P1,m,m,n,re−jk+z,m,nz + P2,m,m,n,rejk−z,m,nz
}

.

(1.5)

Here jm is known as the Bessel function of the first kind of order m. P1

and P2 are pressure fluctuations moving in opposite directions. While
(m, n) represent the mode number or number of circular nodal lines in
the transverse pressure distribution direction, as shown in Figure 1.4.
Finally kr,m,n and kz,m,n are the radial and z− axis wave number respec-
tively for mode (m, n) and satisfy the relation [14],

kz,m,n =
√

k2
o − k2

r,m,n , (1.6)

where ko = ω/co. For a mode to propagate un-attenuated inside the
duct kz,m,n > 0 [14]. Thus each mode has a cut-on frequency, beyond
which that mode starts propagating or each mode has a cut-off fre-
quency below which the particular mode is attenuated. For the case
of the circular duct, the cut-on frequency for modes kz,1,0 and kz,0,1 are
given by koro = 1.84 and koro = 3.83 respectively [14]. Here ro is the
radius of the duct. Thus the frequency up to which only plane waves
may propagate inside the duct is [14]

fco =
1.84co

2πro
. (1.7)

To account for the mean flow speed of the medium Equation 1.8 can be
written as [14]

fco =
1.84co

2πro

√
1−M2 , (1.8)

where M = Uz/co is called as Mach number. For Uz = 0, duct diameter
of 0.135 m and co = 343 m/s then fco ≈ 638 Hz. Thus below 638 Hz only
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plane waves may propagate inside the duct and hence a single channel
ANC may be utilized for up to this frequency. The lower limit of the
frequency range is dependent upon the secondary source, reference, and
error microphone, frequency characteristics.

Primary 
Noise source

Reference 
Microphone

Error 
Microphone

Secondary 
Noise source 

e(n)y(n)x(n)

Primary Noise
Secondary Noise
Residual Noise

Adaptive 
algorithm e.g. LMS

FIR Filter

ANC

Signal 
Generator

Figure 1.5: Simplified schematic of feedforward ANC control.

1.2.2 Single Channel Feedforward Active Control

Based on the findings of Section 1.2.1, in order to control the noise in the
plane wave region below 638 Hz, a single channel feedforward control
may be utilized. The single channel feedforward control is described
here for the circular ventilation duct system used in the ANC labora-
tory setup. Figure 1.5 depicts a simplified schematic of the feedforward
control. Assuming sampled signal with sample index n, to control the
noise known as primary noise the controller receives a reference signal
x(n), from the reference microphone. This reference signal provides
a prior information regarding the primary noise to the controller and
hence the term feedforward is used. The control or anti-signal gener-
ated by the controller is applied by a loudspeaker and is usually called
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secondary noise. The residual noise after the control is sensed by the error
microphone and is known as error signal e(n). The error microphone
is placed downstream of the secondary source and e(n) serves as a per-
formance measure of the quality of the active control and also fed to
the controller. The controller may be an finite impulse response (FIR) or
infinite impulse response (IIR) filter, and the adaptation is provided by,
e.g., least-mean-square (LMS) algorithm [15].

d(n)x(n)

LMS

Adaptive Filter,
W

Noise 
Source

Plant, P ∑ 

y(n) e(n)

+

+

Figure 1.6: Estimation of a an unknown plant P using the LMS.

1.2.3 Adaptive Control Using LMS

The least-mean-square (LMS) developed by Widrow and Hoff [15] is a
widely used algorithm in situations where a fixed optimal filter is usu-
ally not suitable due to the non-stationary behavior of the underlying
system or signals. The LMS finds solution to the Wiener-Hopf equa-
tion by applying the method of steepest decent to the weight update equa-
tion [16]. Figure 1.6 shows the application of the LMS algorithm to an
unknown system denoted as plant, P, e.g., the ventilation duct or the
forward path to be discussed later. The unknown system or plant to be
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modeled is excited by a band-limited stationary signal, e.g., white noise
x(n). The output of the plant is known as desired signal d(n), and y(n)
is the output of the adaptive filter. The goal is to adjust the coefficients
(weights) of the adaptive filter w(n) to minimize the mean square er-
ror E{|e(n)|2} between d(n) and y(n). The LMS algorithm may now be
defined as,

y(n) = wT(n)x(n)
e(n) = d(n) + y(n)

w(n + 1) = w(n) + 2µe(n)x(n)

 , (1.9)

where µ is called the step size. For the LMS to converge in the mean-
square sense,

0 < µ <
1

LE [x(n− 1)]
. (1.10)

Here L is the length of the filter W and E [x(n− 1)] is the mean square
value for the input signal x(n) and

w(n) = [w0(n) w1(n) . . . wL−1(n)]
T

x(n) =
[
x2

n−1 x2
n−2 . . . x2(n− L + 1)

]T

}
. (1.11)

The presence of electrical equipment (transfer function) and an acous-
tic path in the case of the ventilation duct used in the lab set up between
the output of the adaptive filter y(n) and error signal e(n) makes the
conventional LMS algorithm unsuitable for ANC [10]. The equipment
and the acoustic path are collectively known as the forward path, control
path or secondary path. A modified version known as filtered-X LMS by
Widrow is used instead, in ANC applications [15]. A block diagram
illustrating the filtered-X LMS algorithm involving a dynamic system
is shown in Figure 1.7. The forward path is comprised of the analog to
digital converters (A/D) and reconstruction filters, filters and amplifier
modules, switching matrix, loudspeaker, the acoustic path between the
loudspeaker and error sensor, error sensor, filter and amplifier module,
switching matrix and digital to analog converter (D/A). The filtered-X
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LMS compensates for the forward path by filtering the input signal x(n)
by a FIR filter f which is an estimate of the forward path. The FIR filter
is estimated by, e.g., using the conventional LMS algorithm as in Fig-
ure 1.6, when the ANC is OFF. Similar to the forward path, the so-called
feedback path also exists between y(n) and x(n), which may also be
compensated to achieve high performance ANC. Figure 1.8 shows the
ANC applied to the ventilation duct in detail. The forward path and
equipment involved are highlighted. The output of the forward path
may now be written as,

yF(n) = f T[wT(n)x(n) wT(n)x(n− 1) . . .

wT(n− L f + 1)x((n− L f + 1)] , (1.12)

where f is the FIR filter of length, L f representing the forward path. As-
suming that the adaptation of the filter weights w(n) is slower compared
to the delay of the forward path or length of the filter f and F̂ = F. The
algorithm for the filtered-X LMS may now be re-written as,

y(n) = wT(n)x(n)
e(n) = d(n) + yF(n)

w(n + 1) = w(n) + 2µe(n)xF(n)

 , (1.13)

where

f =
[

f0 f1 . . . fL f−1

]T
, (1.14)

and

xF(n) =



L f−1

∑
l f =0

f (l f )x(n− l f )

L f−1

∑
l f =0

f (l f )x(n− l f − 1)

...
L f−1

∑
l f =0

f (l f )x(n− l f −M)


. (1.15)
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For the algorithm to converge in the mean square the value of step size
µ is given by [9],

0 < µ <
1

(L f + ∆)E
[
x2

F(n)
] . (1.16)

Here ∆ represents the overall delay as number of samples, in the forward
path.

Practical limitations of an ANC system, e.g., insufficient spectral ex-
citation and errors caused by overflow due to limited numerical preci-
sion in DSP, may cause the LMS or FXLMS algorithms to suffer from
stability problems. The insufficient excitation problem (zero eigenval-
ues in the input signal autocorrelation matrix) may result from placing
a reference microphone at a pressure node and may cause undamped
modes in adaptive filter [16]. Such problems may be avoided by adding
a "leakage" factor ν to the coefficient update LMS algorithm such as,

w(n + 1) = υw(n) + µx(n)e(n) . (1.17)

The leakage factor υ is generally selected to have a value 0 < υ ≤ 1 and
has a restraining influence on the filter coefficients in the case that the
error or input signal is zero [10]. Furthermore, the leakage factor avoids
non-linear distortion in the secondary speaker by restraining its output.
However, a bias is introduced in the steady state solution [10, 16].
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Figure 1.7: Estimation of an unknown plant P using the filtered-X LMS.
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ment.
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1.3 Experimental Setup

The experimental setup of the lab may broadly be divided into the fol-
lowing categories based on their functionality. As already mentioned,
the test bed is a common circular ventilation duct of 4.05 m in length
and 0.315 m in diameter. The overall equipment and their interconnec-
tions are shown in Figure 1.9.

Primary Speaker

Reference Microphones

Source out1

Source out2

CH 4321

Error 
Microphone

Secondary 
Speaker

Motion 
Contol 

Mechanism

1 2 43

Signal Analyser

BPF/Amp

LPF2/Amp

LPF1/Amp

DSP Board

Measurement and 
Equipment Server

Computer Server

Web Server

LPF3/Amp

Switching 
Matrix

Figure 1.9: Laboratory equipment and their interconnections.

• Measurement and analysis equipment: signal analyzer, two loud-
speakers, four reference and one error microphone.

• Remote control and Internet: measurement and equipment server,
web server, switching matrix and related software modules for
equipment functionality.
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• Motion control: five stepper motors, limit switches, steel cables,
power supply, and other small components to for movement.

• Signal processing: DSP board, three low pass filter and ampli-
fiers, one band pass filter and amplifier, and A/D, D/A converter
(daughter-card module).

1.4 Performing an Experiment

The user sees the laboratory as a web page named Measurement and Con-
figuration Client on his/her computer screen. After initialization steps
the desired microphones and their positions are selected from the client
by mouse clicks or text fields. Live signals from the microphone(s) are
updated continuously on their screen in the Flash-based front end of the
signal analyser. The signals are amplified and band-limited by the fil-
ter/amplifiers modules section as required. Acoustic experiments which
do not require the use of DSP are performed using the signal analyser
front end. ANC and other experiments involving the programming of
the DSP board are performed using the web-based development environ-
ment client. Writing the program code for the adaptive algorithm and
common debugging tasks such as variable updates and displaying the
contents of the arrays are performed on the client. A screenshot of the
clients is shown in Figures 1.10,1.11.
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Figure 1.10: Screenshot of the measurement and configuration client.
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Figure 1.11: Screenshot of web-based development environment client.

21



1. Introduction

1.5 Noise and Vibration Measurements

Experimental noise and vibration measurements, based on their objec-
tives, may broadly be applied to the following main fields:

• Structural dynamics / experimental modal analysis: to improve finite
element (FE) models, study dynamic behavior, operational responses,
and vibro-acoustic transfer paths.

• Condition monitoring: to monitor the health of operating machinery
to avoid critical faults, plan repair work, and prevent complete
shutdown of the industry.

• Quality assurance: to make sure that a new product or prototypes
will work in its normal operating conditions. The prototypes are
tested for possible signs of fatigue in artificially created, controlled
environments for vibration encountered during operation or trans-
portation.

• Operational transfer path analysis: to determine the transmissiblity
or response to response transfer function for determining the vi-
bration transfer paths using operational data.

• Noise and vibration control and isolation: to apply active or passive
control and isolation techniques to suppress unwanted noise and
vibration.

There may be other numerous, valid reasons for the experimental mea-
surement of noise (sound) and vibration. Regardless of the objectives
of the measurement and application, every measurement proves to be
unique.

1.5.1 Vibration Measurements in MRI Scanners

Magnetic resonance imaging (MRI) scanners are an essential part of clin-
ical diagnostic procedures used in healthcare facilities. Several benefits
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such as being fast, safe, non-invasive and non-ionizing radiation, etc.,
make it a preferred choice over other imaging techniques such as com-
puter tomography (CT) and positron emission tomography (PET). The
operation principle is well known. Magnetic moments of hydrogen nu-
clei are altered by time-varying magnetic fields (current in the gradient
coils) under static magnetic field of several Tesla [17, 18]. Lorentz force
~F(t), are produced due to the interaction of the time-varying gradient
current I(t) and the strong magnetic field ~B , which is the major source
of vibration produced in MRI scanners, given by [19]

~F(t) = I(t)
∫
l

d~l × ~B , (1.18)

where d~l is the differential length of the current carrying conductor.

To acquire high resolution images or, in other words, more reliable
diagnoses, strong magnetic fields or longer measurement (scan) time is
required. Modern MRI scanners employ faster switching currents and
shorter scanning times under strong magnetic fields, resulting in more
high vibration and associated acoustic noise. The high vibration levels
not only cause mechanical fatigue in the scanner but may also degrade
the image quality and hence the accuracy of the diagnosis as well. On
the other hand, the acoustic noise which may be up to 138 dB not only
disturbs the clinical staff and the patient but may also affect the diag-
nosis results, e.g., during functional imaging of the brain [20]. The vi-
bration and acoustic noise may also spread to other adjacent facilities
or laboratories and affect the performance of the equipment, e.g., such
as surgical microscopes, other MRI scanners, as well as the personnel.
Therefore, it is important that both the MRI scanner and the facility be
isolated from unwanted vibration and sound produced either by the
MRI itself or other sources.
To reduce the vibration in the gradient coils and hence the acoustic noise
and vibration, most of the efforts are based on studying and characteriz-
ing the vibration and noise produced in the gradient coils and modeling
it as a thin-walled cylinder using finite element modeling (FEM) tech-
niques [21,22,23]. Measures to isolate the gradient coils from the scanner
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structure have also been investigated [24]. Other efforts include active
or passive control techniques [25], improvements in the design of the
gradient coils [26, 27], and improved scanning methods [28]. Shielding
the vicinity by carefully designing the facility following recommended
guidelines is also a standard practice [29].

The aforementioned efforts have definite impacts on MRI scanner
designs and have led to quieter MRI scanner systems, comfortable en-
vironments, and improved diagnoses. However, once an MRI scanner
or any other heavy machinery is installed at a facility, despite careful
design, objectionable vibration and noise may still be introduced due to
the structural properties of the location, presence of other machinery,
loading effects, and operational forces, etc. The vibration and noise iso-
lation becomes more challenging if the facility is already exists and was
not designed specifically for a particular MRI scanner. Therefore, each
installation proximity (location) makes the noise and vibration problem
unique, and generic post-installation shielding and isolation techniques
for the sound and vibration may not be sufficient.

The MRI sound (noise) may propagate through the building both via
structure (structure-borne) or air (air-borne), excite other installations
such as heating, ventilation, and air conditioning (HVAC) ducts and
pipes and thus propagate to far away parts of the building which may
require unfeasible isolation solutions or modifications. The vibration
produced may also spread to other parts of the facility via the building
structure, e.g., walls, columns, and beams, etc., and may affect sensitive
equipment or induce more noise in the structure. Due to the heavy mass
of the MRI scanners, structural reinforcement may also be necessary to
support the heavy load and avoid structural collapse. The structural
reinforcement may provide additional coupling paths for the vibration
and cause the vibration to be spread to other parts of building. In order
to devise any vibration and/or sound isolation plan in a such a situa-
tion, a careful on-site study of the noise and vibration produced and its
transfer mechanism is necessary.
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1.5.2 Structural Dynamics

To gain complete insight into the sound and vibration problem, an un-
derstanding of the dynamic and structural properties of the underly-
ing system is required. The dynamic properties of structures may be
investigated by modal analysis (MA), operation deflection shapes anal-
ysis (ODS), and transmissibility analysis, etc. All these procedures in-
volve vibration measurements (excitation/responses) at discrete points
on the structure simultaneously. The system can be modeled as lumped
(discrete) or distributed (continuous). This makes the structure to be
modeled as lumped parameter (discrete) system more suitable com-
pared to the distributed (continuous) model. For a multi-degree-of-
freedom (MDOF) system, the spatial and temporal dependent motion
of the structure u(x, t), may be described by the displacement of N spa-
tially distributed discrete points on the structure. Using vector notation,
the spatially distributed displacement may be written as,

u(x, t) = {u(t)} =


u1(t)
u2(t)

...
uN(t)}

 . (1.19)

Introducing matrix notions, the motion of an N DOF system may be
written [30, 31],

[M] {ü(t)}+ [C] {u̇(t)}+ [K] {u(t)} = {f(t)} , (1.20)

where [M], [C], and [K] are the N × N mass, damping, and spring con-
stant matrices, while {u(t)} and {f(t)} are the time-dependent displace-
ment and force vectors respectively.

In frequency domain Equation 1.20, after rearranging, may be writ-
ten as,

{U( f )} = [H( f )] {F( f )} , (1.21)

where [H( f )] =
[
−M(2π f )2 + C(2π f ) + K

]−1 is N × N repentance
matrix or frequency response function (FRF) , while {U( f )} and {F( f )}
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are frequency dependent displacement and force vectors respectively.
The FRF matrix is the ratio of response to excitation force, while trans-
missiblity frequency function, or simply transmissibilty, is the ratio be-
tween an output (response) and a reference response without the knowl-
edge of the excitation forces [32]. The responses can be any quantity of
motion, i.e., displacement, velocity, or acceleration.

1.5.3 Transmissibility

If {U( f )}i is the response vector at point i, while {F( f )} is the excitation
force, and {U( f )}j is the response at another point j, the transmissiblity
(matrix) [T( f )]ji between points j and i is defined as,

[T( f )]ji =
{U( f )}j

{U( f )}i
. (1.22)

From an experimental measurements point of view the transmissiblity
matrix may be obtained using the H1 estimator given by [33, 34],[

GUji( f )
]
= {H( f )} [GUii( f )] , (1.23)

where [GUji( f )] and [GUii( f )] are the cross and auto power spectral den-
sities of the response signals at points j and i respectively. [H( f )] is the
frequency response function or transmissibility matrix. The FRF matrix
[H( f )] in Equation 1.22. may also be expanded in terms of its individual
components as,

[H( f )] =


H11( f ) H12( f ) . . . H1N( f )
H21( f ) H22( f ) . . . H2N( f )

...
...

. . .
...

HN1( f ) HN2( f ) . . . HNN( f )

 . (1.24)

For a 2× 2 matrix Equation 1.22. becomes

U1( f ) = H11( f )F1( f ) + H12( f )F2( f ) , (1.25)
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and

U2( f ) = H21( f )F1( f ) + H22( f )F2( f ) . (1.26)

The ratio of the movement (displacement) of the masses or the trans-
missibility between the two points due to force applied only on m1, i.e.,
F2( f ) = 0, is given by,

U1( f )
U2( f )

=
H11( f )
H21( f )

. (1.27)

In the case of force applied only on m2, i.e., F1( f ) = 0, the transmissibil-
ity between the two points is given by,

U1( f )
U2( f )

=
H12( f )
H22( f )

. (1.28)

Similarly, the ratio of the force applied on m1 and the force transmitted
to the rigid support is given by,

Fb( f )
F1( f )

= H21( f )K2 , (1.29)

where Fb = K2U2( f ) is the force transmitted to the basement in case of
undamped systems.

1.5.4 Modal Analysis

The FRF [H( f )] in Equation 1.22 may be expanded in terms of the partial
fractions or residues [A]n as follows:

[H( f )] =
N

∑
n=1

[A]n
2π f − λn

+
[A]∗n

2π f − λ∗n
, (1.30)

where λn is known as the nth root or system poles of the characteristics
equation, ∗ represents the complex conjugate, and n ∈ {1, . . . N} is the
number of degrees of the system. The response of a dynamic system may
also be represented as a linear combination of a set of simple harmonic
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motions known as natural modes of vibration. Therefore, [H( f )] may
also be written in terms of the mode shape vectors {ψ} as,

[H( f )] =
1

2π

N

∑
n=1

Qn{ψ}n{ψ}T
n

j f − (− fnζn + j fn
√

1− ζ2
n)

+
Q∗n{ψ∗}n{ψ∗}T

n

j f − (− fnζn + j fn
√

1− ζ2
n)

, (1.31)

where fn is the system’s undamped system eigen (natural) frequency,
Qn is known as modal scaling, as mode shapes can be scaled arbitrar-
ily, ζn is the damping ratio, and {ψ}n = {ψ1 ψ2 . . . ψN}T

n . Comparing
Equations 1.30 and 1.31 shows that,

[A]n = Qn{ψ}n . (1.32)

Equations 1.31 provides the basis for the experimental modal analysis.
The natural frequency fn, damping ζn, and mode shapes (vectors) are
estimated by peak picking, circular fit, or other curve-fitting methods.

The [A]n in Equation 1.32 is a rank 1 matrix, i.e., each row or column
is proportional to {ψ}n such that,

A11 A12 . . . A1N

A21 A22 . . . A2N
...

...
. . .

...
AN1 AN2 . . . ANN


n

= Qn


ψ11 ψ12 . . . ψ1N

ψ21 ψ22 . . . ψ2N
...

...
. . .

...
ψN1 ψN2 . . . ψNN


n

. (1.33)

Equation 1.33 is significant from an experimental measurement point of
view, as only one column or row is required to synthesize the complete
FRF matrix [H( f )].

1.5.5 Operational Deflection Shapes

Operation deflection shapes (ODS) present the forced response of a struc-
ture under real operating conditions either in the time or frequency do-
main. The N point spatial displacement {u(t)} in Equation 1.19 presents
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the ODS of the structure in the time domain while the same in the fre-
quency domain may be written as,

{U( f )} = {U1( f ) U2( f ) . . . UN( f )}T , (1.34)

and is defined as in Equation 1.22. Since [H( f )] is complex, therefore
{U( f )} at each discrete spatial position should therefore be described
by both magnitude and phase. The spectral analysis is commonly per-
formed via Welch’s spectrum estimation method [35]. The scaling of the
spectra depend upon the type of the signals involved. For periodic sig-
nals a power spectrum is recommended, while for non-stationary signals
power spectral density is suitable [36]. However, the power-spectrum
does not provide phase information. To obtain reliable estimates of
the magnitude and phase for the ODS in the case of periodic signals,
power-spectrum and cross-spectrum may be used respectively. From an
experimental measurements point of view, one measurement point may
be used as a reference point to estimate the cross-spectra. For example,
Ĝun1 represents the estimate of the single-sided cross-spectra between
position 1 and other response points n ∈ {2, . . . N}. Similarly Ĝunn may
represent the single-sided power-spectra between various response po-
sitions. Furthermore, it is common to represent spectra for periodic
signals in terms of the RMS vlaues; therefore the ODS for the response
{U( f )} may be written as,

{ODS( f )}rms =



√
Ĝu11( f )√

Ĝu22( f )eθ̂21( f )√
Ĝu33( f )eθ̂31( f )

...√
ĜuNN( f )eθ̂N1( f )}


, (1.35)

where θ̂n1( f ) is the phase of the cross-spectra between position 1 and
other response points n. In the case of non-stationary random signals,
using Equation 1.22, the cross-power spectral density estimate Ĝun1 may
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be written as

Ĝun1 = |T̂n1( f )|eθ̂n1( f )Ĝu11 , (1.36)

where |T̂n1( f )| and θ̂n1( f ) are magnitude of the transmissibility estimate
and phase respectively between response at position 1 and n. While Ĝu11

is the power spectral density estimate, which may also be produced as

Ĝunn = T̂∗n1( f )Ĝun1 = |T̂n1( f )|2Ĝu11( f ) . (1.37)

Thus using Equation 1.35 the ODS may now be written for the random
signals involved as

{ODS( f )}rms =



√
Ĝu11( f )

|T̂21( f )|eθ̂21( f )
√

Ĝu11( f )

|T̂31( f )|eθ̂31( f )
√

Ĝu11( f )
...

|T̂N1( f )|eθ̂N1( f )
√

Ĝu11( f )}


. (1.38)

Therefore in the case of random vibration the ODS are scaled by the
RMS power spectral density of the reference response position.

1.5.6 Quality of the Spectral Estimators

The accuracy of the estimated structural dynamics properties of a sys-
tem rely on the quality of the spectral estimators, e.g., power-spectrum
cross-spectrum may be assessed by the presence of normalized random
εr (variance) and bias εb errors in the estimate. The bias in the estimate
may be reduced by using high spectral resolution or longer measure-
ment time, while the variance may be reduced by choosing a sufficient
number of averages. Another important measure in the quality of the
estimators is the coherence function between the reference and other re-
sponse points. A coherence value near unity may indicate high signal to
noise ratio (SNR) and the extent of linear relation between the response
and reference signals in case of random signals. Further details of the
errors involved are presented in Chapter 7.
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1.6 Research Objectives and Scope

The primary focus of the thesis work is on experimental noise and vibra-
tion measurements and ANC educational laboratories. Although ANC
itself is an independent field, its performance is dependent upon the sig-
nals measured in the form of reference d(n) and error e(n) signals. The
following research objectives concisely describe the scope of the thesis.

Research Objective I: Development of active noise control test bed.
One of the reasons for the slow development of ANC in terms of

practical applications despite its huge potential is the lack of required
technical skills in the field. The desired technical skills may be imparted
to prospective technicians, students, and researchers via practical test
applications. The test applications need to be simple, practical, and
should cover the important aspects of active control. Investigation con-
cerning algorithm optimization, reference, error sensors, and secondary
source positions, effect of noise such as air velocity, quantization, and
filtering/amplification, etc., on ANC performance should be available.
Part I of the thesis which consist of Chapters 2 and 3 is devoted to the
development of ANC laboratories in terms of the aforementioned as-
pects.

Research Objective II: Collaboration and sharing of educational resources.
Decreasing financial resources, an increasing number of students,

globalization and economic or geopolitical unions are encouraging edu-
cational institutions, to share educational resources with each other. The
Internet provides an opportunity to even share physical laboratory se-
tups or equipment remotely. This was the aim of the Virtual Instruments
Systems in Reality (VISIR) project initiated by BTH: to create a network
(grid) of physical laboratory setups to be shared by partner universities
and schools [37]. The ANC laboratory setup borrows its inspiration from
VISIR and aims to go beyond simple electronics circuits experiments to
more advanced laboratory setups and contribute to global collaboration
in the form of ANC laboratories. Chapter 2 aims at achieving this objec-
tive.
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Research Objective III: Reusable, sustainable, and low cost laboratories.
There is a constant demand for sustainable solutions in educational

resources as well. To reduce the long-term associated costs of the ANC
laboratory setups, one may share the laboratory equipment with other
similar courses. Further, it is also desirable to reduce maintenance and
supervision costs and provide robustness in terms of error handling. The
ANC laboratory setup is developed with these issues in mind and sev-
eral enhancements and upgrades were performed in this regard. Most of
the equipment, e.g., microphones, filters, amplifier are not only low cost,
but are also software controlled. In the case of errors, provision for self-
calibration is provided to avoid the constant presence of lab supervision.
These objectives are covered in Chapter 3.

Research Objective IV: Validation and quantification.
Rigorous testing is required for a product before launching. The

ANC laboratory should be tested for various ANC algorithms to val-
idate its performance, understand its limitations, and make room for
further improvements. It was demonstrated practically by implement-
ing various active control algorithms such as LMS, f-XLMS, and RLS,
etc., to show the usability of the laboratory setup. Various basic acoustic
experiments involving, e.g., sound pressure and sound speed measure-
ment, etc., were also performed. Part II of the thesis is comprised of
Chapters 4 and 5 and focuses on this research objective.

Research Objective V: Noise and vibration measurements and reduction in
a high magnetic field. Pre-installation noise and vibration isolation tech-
niques may not suffice under true boundary and operating conditions.
This was exactly the case at the MRI scanner facility at Blekinge County
Hospital, Karlskrona, Sweden. A disturbing MRI scanner noise was
heard on other floors, affecting the performance of personnel, which
necessitated further isolation measures. Any further isolation proce-
dure requires the study of noise source, e.g., air-borne, structure-born,
and transmission path identification. These are not possible without
studying (measuring) the vibration produced. The MRI scanner systems
usually have several Tesla static magnetic fields. This means that mea-
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surement transducers and other data acquisition equipment need to be
non-ferromagnetic, and the measured signals should not be influenced
by the presence of the magnetic field. Non-ferromagnetic, e.g., Tita-
nium casing accelerometers are available and are usually recommended
by manufacturers. However, other small components inside such ac-
celeromters are metallic and proved to experience magnetic attraction
during measurements. Manufacturers of transducers only provide the
effect of the magnetic field on the transducers in terms of g/Tesla, tested
under 0.03 Tesla at 50 Hz. Furthermore, there is currently no ISO stan-
dard or guideline for testing in such high magnetic fields. Part III of the
thesis is comprised of two chapters and is in general dedicated to op-
erational MRI scanner vibration measurements and analysis. Chapter 6
presents initial experimental measurements, analysis and assessment of
the MRI vibration during operation. Chapter 7 addresses the study of
operational MRI scanner vibration in detail. Particular attention is paid
to common challenges encountered in high magnetic fields and its solu-
tions in terms of measurements, equipment, and analysis.
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1.7 Thesis Outline: Summary of the Research
Contributions

In alignment with the stated research objectives, the relevant contribu-
tions in the form of research publications are presented in the following
three parts of the thesis. Each part is followed by a brief summary of the
research contributions.

1.7.1 Part I: Development of Remote Laboratory Setup for
Active Noise Control Laboratories

Chapter 2: Remotely Controlled Laboratory Setup for Active Noise
Control and Acoustic Experiments

ANC requires expertise from several specialized fields, such as signal
processing, adaptive control, and sensors, etc., along with solid practical
and technical experience in measurements. However, the practical skill
part is usually not available, and students have to rely on simulation
tools such as Matlab, etc. Furthermore, performing an ANC experiment
is time consuming, and universities may only provide a limited number
of test or experiment setups for a limited time. This situation has a major
impact on the development of ANC.

This chapter presents a promising and novel solution to the afore-
mentioned problems in the form of remotely controlled ANC and acous-
tics experiments setup accessible via the Internet. The experiments setup,
which is the first of its kind in the area of ANC, focuses on noise control
in HVAC ducts and consists of physical equipment rather than simula-
tions. The equipment control and the ANC experiments are performed
remotely via a client PC in a standard web browser. The experiments
setup is informative and aims at introducing the student to the major
steps in ANC. The remote ANC experiment setup may remove the time
restriction, and students will have sufficient time to perform an ANC ex-
periment with 24/7 flexible access. The experiment setup also facilitates
the student in a user-friendly manner to optimize his active control algo-
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rithm, perform feasibility of ANC, i.e., estimate useful frequency range
and theoretical achievable control limit via coherence and spectral den-
sity estimation. Other possibilities include the estimation of forward,
feedback paths and the study of the effect of filtering and amplification,
etc., on ANC performance.

Chapter 3: Enhancement of Remotely Controlled Laboratory for
Active Noise Control and Acoustic Experiments

The ANC and acoustics laboratory setup is designed to instigate re-
search in the field. For example, students are encouraged to estimate
the forward path first and then perform an ANC experiment, in order to
study the importance of the forward path. Initially the reference micro-
phones were strategically fixed at the maxima of the first four acoustic
modes. To study the influence of the microphones’ positions on the per-
formance of ANC, the need for a remote controlled positioning system
for the microphones was felt. Furthermore, the spatial acoustic pres-
sure variation may only be studied, with a moving microphone. The
positioning system needs to be precise, robust, and should not disturb
the acoustic behavior of the duct nor the measured microphone signals
significantly. The designing and integration of a remotely controlled
moving microphone positioning system in the existing ANC laboratory
setup is the subject of this chapter.

1.7.2 Part II: Performing Active Noise Control Experiments
over the Internet

Chapter 4: Performing Active Noise Control and Acoustic Experi-
ments Remotely

Active control experiments in general, and particularly in remote sce-
narios is challenging. In Part I, the development of an ANC and acous-
tics laboratory setup with a diverse range of users was discussed. What
needs to be done is to verify those claims and perform ANC and acous-
tics experiments remotely over the Internet. This chapter presents in de-
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tail how to perform ANC, acoustic and DSP experiments remotely. The
necessary steps involved in an ANC experiment, such as the validity of
ANC, forward path estimation, and active control applied to a broad
band random noise [0− 200 Hz] in a ventilation duct, are thoroughly
described. The limitations and non-linearities ,e.g., in the forward path
pertinent to the remote laboratory setup, are described for the guidance
of the user. The use of the frequency response function (FRF) and the co-
herence function estimate between the reference and error microphone
signals is emphasized. To identify the frequency region where ANC will
be most effective or the frequencies where the noise inhibits most of its
power are shown via the FRF estimate. The coherence function is used
to assess how much of the channel estimate can be described with lin-
ear terms and contamination of the measured signals by external noise.
Based on the acoustic properties of the ventilation duct, acoustic exper-
iments such as mode shapes analysis, standing waves analysis, RMS,
and sound pressure levels (SPL) measurements are discussed. Finally
a wide range of possible digital signal processing experiments on real-
time acoustic signals and real equipment, e.g., from FIR, IIR filter im-
plementation, to memory optimization, and embedded device drivers
implementation are proposed.

Chapter 5: Performance Evaluation of Control Algorithms Imple-
mented on a Remotely Controlled Active Noise Control Laboratory

This chapter focuses on more advanced ANC algorithms implementa-
tion on the remote laboratory setup. The resources of the DSP board
and the daughter-card module are suitable for advanced and compu-
tational intensive algorithms and multi-channel handling. It is impor-
tant for a student or researcher to compare various ANC algorithms in
terms of performance and complexity for a particular application. A
comprehensive performance comparison for the filtered-X versions of
the normalized least mean square (N-LMS), leaky least mean square (L-
LMS), filtered-U recursive least mean square (FURLMS), and recursive
least square (RLS) algorithm, etc., is presented. The results revealed that
the RLS outperformed the rest of the algorithms at the expense of high
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computational complexity.

1.7.3 Part III: Experimental Measurement of Noise and
Vibration

Chapter 6: MRI Scanner’s Vibration Path Analysis

This chapter concerns a preliminary investigation of vibration transfer
paths for vibration excited by an installed functional MRI scanner at
a Blekinge County Hospital, Kalrskrona, Sweden. The vibration trans-
ferred from the foot structure of the MRI scanner to floor have been
investigated experimentally. Both time domain vibration measured on
the MRI feet and floor adjacent to the feet along with their spectral anal-
ysis were used to estimate the vibration transferred from the feet to
floor. The spectral analysis includes power spectrum, energy spectral
density (ESD), coherence and transmissibility estimates. The investiga-
tion results were surprising as the vibration level on Foot 1 was different
compared to other feet. Furthermore, it was also evident that the isola-
tion between a foot and floor (around 20 dB) is most effective below
2.5 KHz. However, most of the coherence plots revealed the presence
of noise and output related to other sources than the MRI operational
source. The primary source of disturbance was suspected to be the con-
stantly running cooling compressor. Further analysis and investigation
were suggested to get a complete picture of the vibration transferred to
other parts of the building other than the floor.

Chapter 7: MRI Scanner’s Vibration Isolation: Experimental Mea-
surements and Analysis Techniques

Modern magnetic resonance imaging (MRI) scanners employ techniques
for the faster switching of current in the gradient coils to improve the
imaging quality and/or shorter scanning time at the expense of further
escalating the associated vibration and noise due to the Lorentz forces
in the gradient coil. These developments necessitate the employment of
effective vibration isolation measures, both prior to and post installation
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for which a comprehensive analysis of the vibration transfer paths is es-
sential. Such an analysis is presented in this comprehensive report for
an operational MRI scanner. The vibration transfer paths are studied
both analytically and experimentally. Attention is particularly focused
on vibration measurement and analysis challenges in a high magnetic
field. The use and calibration of non-ferromagnetic, custom-made im-
pact hammers is discussed. Techniques for data acquisition and the
analysis of impact excitation in noisy environments are presented. Im-
provements in the existing vibration isolation mechanism are discussed
based on the results of the investigated vibration transfer paths.
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1.8 Future Research Directions

Last but not the least, some very interesting questions were pondered
while carrying the research contributions discussed earlier. These ques-
tions may be treated as an outlook for improving or extending the cur-
rent research work as follows:

• An important area in ANC is the effect of measurement noise in
reference and error microphones such as produced by the speed
of the air inside a ventilation duct on ANC perforation. Secondly
the study of performance of ANC due to variations in temperature
of the air inside the duct may also be pursued. These possibilities
may be implemented on the remote ANC and aid further research
and training in the field.

• Provision of audio/video feedback in the remote ANC Lab to en-
hance the user perception of being involved with actual equip-
ment.

• From single-channel to multi-channel ANC control laboratories.

• Availability of the laboratory setup on Tablet PC and mobile de-
vices.

• Following the ANC foot prints, focus on online vibration control
and analysis laboratory setups.

• Remote monitoring of industrial and other difficult to access ma-
chinery and components.

• Vibration monitoring under background noise.

• Elimination of background noise using adaptive control algorithms.

The subsequent content of the thesis presents the aforementioned
research contributions in detail. Some minor formatting alteration to the
text, figures, equations and references have been made to the original
published contributions to adapt to the thesis style.
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2.1. Introduction

Remotely Controlled Laboratory Setup for Active
Noise Control and Acoustic Experiments

Imran Khan, Dineshkumar Muthusamy, Waqas Ahmad, Kristian Nils-
son, Johan Zackrisson, Ingvar Gustavsson and Lars Håkansson

Abstract

This paper presents a remotely controlled educational experi-
ments setup for Active Noise Control (ANC) and acoustic experi-
ments. The experiments setup is based on the Virtual Instruments
Systems in Reality (VISIR) open source platform, National Instru-
ments LabVIEW software and a Digital Signal Processor TMS320C
-6713 from Texas Instruments. The software development and
equipment are controlled remotely form a client PC using a stan-
dard web browser. The proposed laboratory setup focuses on ANC
experiments applied to a ventilation duct noise. The laboratory
setup will enable students to test and investigate properties and
behaviour of adaptive algorithms in reality as compared to more
confined simulations usually carried out in Matlab, etc. The gen-
eral steps in ANC, such as the feasibility of active control, design-
ing, testing and debugging ANC algorithms, configuration and im-
plementation of an active control system, are all covered. In addi-
tion, students will be able to study the effect of analog to digital
converters (ADC), anti-aliasing filters, digital to analog converters
(DAC), and reconstruction filters using digital signal processing
in reality, etc. The laboratory setup is suitable for a wide range
of courses such as sound related experiments in upper secondary
school physics, digital signal processing, adaptive signal process-
ing, and acoustics at university level.

2.1 Introduction

Educational laboratory experiments are essential in successful education
both for engineering and non-engineering studies. The overwhelming
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progress in communication technologies particularly the Internet, web
services, and the possibility of measurement instruments to be remotely
accessed has enabled educational institutions to introduce innovative
teaching techniques during the past two decades. With the introduction
of open source course ware and numerous learning management sys-
tems, class room teaching is no more confined to the boundaries of a
class room. Instructional (educational) laboratories have adopted these
technological developments rather earlier than the class room teaching.
The use of electronic measurement systems, such as HP-35 an elec-
tronic slide rule with solid state memory can be found in 1972 while
the use of computers for data collection and analysis can be seen since
mid 1980s [1]. Today almost all of the laboratory setups are equipped
with simulation, modeling tools, and computer controlled data acquisi-
tion/analysis/measurement systems.

2.1.1 Significance of Laboratory Education

Engineering is a practical profession where knowledge is achieved by
doing. In the early days of engineering education, the complete engi-
neering education was delivered in laboratories [1] and even today most
of the courses in engineering education comprise of laboratory educa-
tion as well as classroom teaching. Accreditation boards such as Euro-
pean Network for Accreditation of Engineering Education (ENAEE), and
Accreditation Board for Engineering and Technology (ABET) in America
require adequate laboratory practice and resources for engineers [1,2,3].
Apart from the requirements of the accreditation boards current trends
in job market have also increased the significance of a high quality labo-
ratory education. Sophisticated technologies in industries require highly
skilled manpower. Laboratory experiments may provide the necessary
skills and training required for a professional career. The demand for
skilled professionals is on the rise and many governments, e.g., the Irish
government plans to train 170,000 professionals to 3rd level by 2020 [4].
This means that educational institutions have to increase the resources
for laboratory education by many folds.
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2.1.2 Emergence of Remotely Controlled Laboratories

The term remote or distance education is not a new concept in edu-
cation. Most of the distance education programs or courses have been
replaced by online education or courses with the emergence of internet
and web tools. The introduction of computer controlled data acquisi-
tion, measurement and analysis system, and the possibility of their re-
mote control have led to the development of remote, web or distance
laboratories. The main purpose of these laboratories was to increase the
usage of laboratory equipment in a more flexible and efficient way.

2.1.3 Importance and Benefits of Remote Laboratories

The requirement for skilled professionals and accreditation boards crite-
ria have increased the need for hands-on experiments using real instru-
ments and systems [4] while on the other hand the budget for education
has declined in the recent years. Economic managers in institutions find
laboratory education to be an easy victim. Laboratory equipment are ex-
pensive therefore both maintenance and up-gradation of the equipment
is affected and the overall result is the reduced number of laboratory ex-
periments per course. Recently humans have realized the need for sus-
tainable development and efficient use of natural resources. Economic
and political unification among different countries is encouraging mu-
tual collaboration among educational institutions [5]. These are some of
key factors which have stimulated universities to develop remote labo-
ratories as compared to traditional laboratories [6, 7, 8]. Remote labora-
tories provide many benefits as compared to the traditional laboratories.
The detailed discussion of these benefits can be found in [5, 6, 9]. Fewer
laboratory equipment can be managed in a very efficient manner by
providing access round the clock with reduced maintenance, installa-
tion, and supervision costs. Institutions deprived of certain laboratory
equipment can utilize remote laboratory facilities of other institutions
and thus strengthen mutual collaboration. Above all. the student will
have the opportunity to get an extended access to laboratory equipment
and work in more flexible and safer way from his/her own location.
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2.1.4 Challenges in Using Remote Laboratories

According to the objectives set forth by ABET, students should work on
physical equipment and systems to acquire the necessary skills such as
analysis, creativity, teamwork, learning from failure, and communica-
tion skills required for an engineering profession [1]. These objectives
create one of the greatest challenge in the development of remote lab-
oratories, i.e., the students should have the same feeling of using real
equipment and systems as in traditional hands-on laboratories [7]. This
sense of genuineness can be improved with the help of some kind of
audio or visual feedback to enhance the student’s interaction with the
laboratory equipment [10, 11]. The second issue usually discussed, is
that remote laboratories are compared with simulation and hands-on
laboratories with real instruments in terms of their effectiveness. This
comparison is inconclusive as each laboratory has its own merits, scope,
and limitations. Simulations and modeling tools require huge comput-
ing resources and are limited to simplified models ignoring the real
world non-linearities. Traditional laboratories with real equipment are
expensive and are available to students for limited time. These issues
are more thoroughly discussed in [4, 9, 12, 13]. Another main challenge
for remote laboratories is the lack of standards, protocols, compatibility,
and common software tools which resulted in numerous different efforts
based on different architectures [6,8,14,15]. This challenge can be tackled
by industrial cooperation to develop standard communication protocols
such as the Interchangeable Virtual Instruments (IVI) and Virtual In-
strument Software Architecture (VISA) for laboratory equipment. More
collaboration among universities, e.g., the Virtual Instruments Systems
In Reality (VISIR) project initiated by Blekinge Institute of Technology
(BTH) Sweden, can promote the use of common architecture and soft-
ware tools [5, 16, 17, 18].

2.1.5 Current State of the Art

The notion of remote laboratories had started with the Internet in 1970s
and till now numerous universities across the globe have developed re-
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mote laboratories for different courses based on different architectures
and software tools [6, 16, 19]. BTH initiated its research on remote lab-
oratories in 1999 which materialized in the form of the VISIR project in
2006 [18]. The aim of the VISIR project was to develop distributed lab-
oratories working as nodes of a grid on common open source software
and hardware platforms. The idea was soon adopted by other universi-
ties across Europe and Asia [5, 20, 21]. So far, BTH has developed three
remotely accessible instructional laboratories for electronic circuits, vi-
bration analysis and antenna theory courses [8].

2.1.6 Motivation for Active Noise Control Laboratory

The field of Active Noise Control (ANC) for sound and vibration had re-
ceived considerable attention at the department of Electrical Engineering
at BTH mainly due to a strong faculty in the area. Several courses related
to the field such as sound and vibration analysis, experimental mechan-
ics and adaptive signal processing are regularly given at the department.
These courses demand significant hands-on experience of both equip-
ment and physical systems to acquire adequate knowledge and future
employment benefits [22, 23]. The experimental work in such courses
are carried out in time limited scheduled laboratory sessions supported
by computer simulation and modeling in conventional laboratories. The
equipment used in these laboratories such as signal analyzer, shakers,
and accelerometers/microphones are expensive and usually one setup
is available per course. With the large number of students and other re-
search activities such as PhD and Masters thesis these laboratory equip-
ment prove to be insufficient. The department has already developed a
remote laboratory for vibration analysis of mechanical structures com-
plementing existing traditional laboratories [24]. Observing the benefits
of the current remote laboratories at BTH and the deficiency of experi-
mental equipment for ANC instigated the development of the proposed
remotely controlled laboratory. This laboratory setup is primarily devel-
oped for ANC experiments but can be used for digital signal processing
and acoustic courses as well using real hardware and systems rather
than simulations.
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Figure 2.1: Block diagram of the proposed remote ANC laboratory
setup.

2.2 Description of the Laboratory Setup

The proposed prototype of the remote ANC laboratory can be divided in
to three main parts, i.e., hardware components, measurement and equip-
ment server, and remote development server as shown in Figure 2.1 as
a block diagram while the actual hardware components are shown in
Figure 2.2. Each of these parts are described briefly in the following
sections.

2.2.1 Hardware Components

The experimental setup concerns a single channel feedforward active
noise control (ANC) applied to noise produced in ventilation ducts. The
laboratory setup consists of a circular ventilation duct that is 4 m long
with an inner diameter of 315 mm. In the duct four reference micro-
phones and one error microphone (VM-6052-5382) are installed. At both
ends of the ventilation duct a speaker is installed (Fostex 6301B3). A
four channel dynamic signal analyzer (HP36570A) is connected to the
measurement and equipment server via General Purpose Interface Bus
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(GPIB). The analyzer is used for analysis of control and measurement
signals as well as signal source to one of the speakers (primary noise
speaker). The other speaker is used to generate the so called anti-noise
in the experimental setup when carrying out active noise control. The
laboratory setup has a signal processing module, i.e., TMS320C6713 DSP
from Texas Instruments connected to the server via USB (Universal Se-
rial Bus). The signals to and from the DSP processor are conditioned by
anti-aliasing filters/amplifiers USBPGF-S1/L from Alligator Technolo-
gies. The analog to digital and digital to analog conversion is achieved
through a 16 bit daughter card module (S. Module 16-100) from SE-
MATIC, connected to the DSP board via mini-bus interface. One of the
challenging tasks in performing ANC experiments from remote com-
puter is the handling of different hardware setup or configurations that
involve changing cables form microphones and speakers. A telemanip-
ulator (or Switching Matrix) [25] that can switch cables between mi-
crophone and speaker based on command form the measurement and
equipment server is used. The working setup of the presented labora-
tory is shown in Figure 2.2.

2.2.2 Measurement and Equipment Server

As shown in the block diagram of the laboratory in Figure 2.1 the mea-
surement and equipment server acts as a link between the experimental
setup and the internet. The client-server architecture for the proposed
remote ANC laboratory is inherited from the open electronics laboratory
in BTH [26].

2.2.3 Remote Development Server

One of the important step involved in performing ANC experiments is to
implement an adaptive algorithm using a DSP. To program the DSP re-
motely a remote development server that integrates the Code Composer
Studio 3.1 (CCS) from Texas Instruments and LabVIEW from National
Instruments is used. The front end of the remote development server
developed using LabVIEW is shown in Figure 2.4. Using LabVIEW’s
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Figure 2.2: A snap-shot of the proposed remote laboratory hardware
setup.

built in web-publishing tool the remote development server is made ac-
cessible from a remote computer. Thereby programming and debugging
the DSP from remote computer is made possible.

2.3 The Client Interface

In the remote laboratories a client interface will be the interaction point
for the students and the hardware and equipment placed in the labora-
tory. The presented laboratory has two such client interfaces, one con-
cerning the measurement and configuration of hardware, and the other
concerning the remote debugging of the DSP. These two client interfaces
are discussed in the following sections.

58



2.3. The Client Interface

Figure 2.3: Measurement and configuration client interface.

2.3.1 Measurement and Configuration Client

The measurement and configuration client shown in Figure 2.3 has the
schematic diagram of the experimental setup. The configuration tab in
the top right corner can be used to select one of the microphones in-
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stalled in the duct. Selecting a microphone connects the microphone to
the amplifier and filter module that corresponds to the input channel
of the data acquisition card. Since the signal sensed by the microphone
is weak in amplitude and susceptible to high frequency noise, it has to
be conditioned, i.e., amplified and filtered by anti-aliasing filters. The
signal conditioning part of the measurement and configuration client
can be used to select various parameters required like, AC/DC cou-
pling, amplifier gain and cut-off frequency for the anti-aliasing, and
re-construction filters. The FLASH front end of the signal analyzer is
shown in Figure 2.3 can be used to control the signal analyzer in the ex-
perimental setup. This acts as source of signal generation and for anal-
ysis of the signal coming from amplifier and filter modules. Thus, the
measurement and configuration client can be used to perform various
acoustic experiments.

2.3.2 Remote Development Environment

The remote development environment (RDE) shown in Figure 2.4 pro-
vides basic functionality of CCS IDE, e.g., file and project creation, com-
piling the source code, and downloading the executable to the DSP. The
RDE supports plots during execution of the DSP and capability to read
the variables used in the algorithm.

2.4 Operation of Remote Laboratory

The remote ANC laboratory presented in this paper has various capabil-
ities such as configuring the hardware setup for experiments, measuring
the signals from microphone, and remote development of signal process-
ing algorithm, etc. There are various experiments that are possible with
this remote laboratory that are broadly classified as,

1. Acoustic experiments

2. Digital signal processing experiments
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3. Active noise control experiments

How these experiments are performed is explained in the following sec-
tions,

Figure 2.4: Remote development environment.
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2.4.1 Acoustic Experiments

Various acoustic experiments concerning the acoustic properties of the
duct can be performed with the experimental setup. Acoustic experi-
ments can be classified as basic measurement experiments like, measur-
ing sound pressure,intensity, power spectral density (PSD) of noise, and
so on. The other category is the advanced experiments such as mea-
suring the mode shapes in the duct. The Figure 2.5 shows the acoustic
modes and corresponding microphone positions in the duct.

2.4.2 Digital Signal Processing Experiments

The capability of the remote laboratory to program and debug the DSP
from remote computer enables the students to experiment various signal
processing algorithms and filter implementations. Using RDE and mea-
surement and configuration client students can perform experiments
such as,

• FIR and IIR Filter implementation.

• Adaptive signal processing algorithms, e.g., LMS, NLMS and so
on.

• Real time programming using interrupts and timers.

• Device drivers for ADC and DAC used with daughter card.

2.4.3 Active Noise Control Experiments

In this section various ANC steps involved in performing ANC experi-
ments are discussed in detail. The schematic diagram for a single chan-
nel feedforward ANC system is shown in Figure 2.6. The signal x(n)
sensed by the reference microphone is fed to the adaptive filter as ref-
erence signal. Then the reference signal x(n) is filtered through the
estimated forward path F′ to get the signal XF′ (n). The control signal
y(n) generated by the adaptive algorithm is fed to the anti noise speaker

62



2.4. Operation of Remote Laboratory

to cancel out the noise in the duct. The signal e(n) sensed by the error
microphone placed near the anti-noise speaker is fed to the adaptive al-
gorithm as error signal. The signal generated by the anti-noise speaker
is also sensed by the reference microphone which produces feedback ef-
fect. In order to minimize the feedback effect a feedback neutralization
filter is implemented and its output signal XB′ (n) is subtracted from
the reference signal x(n). The feedback neutralization filter uses esti-
mated feedback path B

′
to filter the control signal y(n) to get the signal

XB′ (n) [23]. In the next section the procedure to estimate the forward
path and feedback path is discussed.

Figure 2.5: Typical illustration of first, second and third acoustic modes
in the ventilation duct.

System Identification

The estimates of forward and feedback paths are important for the better
performance of ANC. The control signal path from the Digital to Analog
Converter (DAC), low pass filter, amplifier, anti-noise speaker, acoustic
path, error microphone, low pass filter, amplifier and Analog to Digital
Converter (ADC) form the forward path. While the control signal path
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from the Digital to Analog Converter (DAC), low pass filter, amplifier,
anti-noise speaker, acoustic path, reference microphone, low pass filter,
amplifier, and Analog to Digital Converter (ADC) form the feedback
path. In order to estimate these paths system identification technique
shown in Figure 2.7 is used. A random noise signal in the range [0−
200 Hz] can be used as an identification signal x(n) to excite the desired
path. The output sensed by the desired microphone (error or reference)
will be the desired signal d(n). Both the signals x(n) and d(n) are fed
to the DSP. System identification based on the LMS algorithm may be
implemented in the DSP where the error signal e(n) is the difference of
filtered output signal y(n) and desired signal d(n).

Figure 2.6: Schematic diagram of ANC System.

Frequency Domain Analysis

The transfer paths discussed in the system identification section namely
forward path and feedback path are assumed to be linear. In reality

64



2.4. Operation of Remote Laboratory

Figure 2.7: Schematic diagram of system identification experiment.

these transfer paths may not be linear. The coherence function estimate
between reference and error microphone signal and frequency response
response functions may be used to study the properties of the transfer
path. From the frequency response function the resonant frequency may
be estimated and this information can be used to attenuate noise in the
duct. Figure 2.8 shows the typical coherence and frequency response
function between reference and error microphone.

Performing ANC Experiment using the Proposed Laboratory

The measurement and configuration client can be used to select the ap-
propriate microphone to be connected to the DSP input channel as dis-
cussed in Section 2.4.1. A typical ANC system configuration for forward
path estimation is shown in Figure 2.9. During the forward path estima-
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Figure 2.8: Coherence and Frequency Response Function of transfer path
between reference and error microphones.

tion the primary speaker has to be muted and the anti-noise speaker has
to be excited with identification signal. The random noise from the sig-
nal analyzer may to be fed to the input channel of DSP as identification
signal. After the experimental setup is configured the system identifi-
cation algorithm such as least mean square (LMS) can be implemented
and tested using RDE. In a similar way appropriate reference micro-
phone may be used to estimate the feedback path. Once the forward
path and feedback path are estimated the system may be configured for
ANC experiment as shown in Figure 2.10. During ANC experiment a
band-limited random noise is fed to the primary speaker and the sig-
nal sensed by the reference microphone is fed to the signal conditioning
module and then to the DSP as reference signal for ANC algorithm. The
usage of band-pass filter is optional to limit the control bandwidth as
required. The RDE may be used for implementing ANC algorithm such
as Filtered X-Least Mean Square (Fx-LMS)algorithm. The feedback path
estimate may be used for feedback neutralization [23].
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Figure 2.9: A typical system configuration for forward path estimation
using the measurement and configuration client.

Figure 2.10: A typical system configuration for ANC experiment using
the measurement and configuration client.

2.5 Summary and Conclusion

This paper presents a multi-purpose remotely controlled ANC Labo-
ratory setup. The laboratory is remotely controlled, configured, pro-
grammed, and debugged through user friendly graphical interfaces us-
ing a standard web browser. The features of the laboratory can be used
to teach courses on, e.g., Digital Signal Processing, Adaptive Signal Pro-
cessing and Acoustics. The proposed laboratory can be extended to

67



2. Remotely Controlled Laboratory Setup for Active Noise

Control and Acoustic Experiments

support a multi-channel ANC system audio/visual feedback and ad-
ministrative scheduling.
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duÃśa, I. Angulo, M.A. Marques, M.C. Viegas, and G.R. Alves,
“VISIR: experiences and challenges,” International journal of online
engineering, vol. 8, no. 1, pp. 25–32, Feb. 2012.

[21] U. Hernández-Jayo, J. García-zubía, I. Angulo, D. Lopez-
de-Ipiña, P. Orduña, J. Irurzun, and O. Dziabenko, “LXI
technologies for remote labs: An extension of the VISIR
project,” International Journal of Online Engineering (iJOE), vol. 6,
no. 5, pp. pp. 25–35, Aug. 2010. [Online]. Available: http:
//www.online-journals.org/index.php/i-joe/article/view/1385

[22] A. Brandt, Noise and Vibration Analysis: Signal Analysis and Experi-
mental Procedures. John Wiley & Sons, Apr. 2011.

[23] Sen M. Kuo and Dennis R. Morgan, Active noise control systems: al-
gorithms and DSP implementations. Wiley, 1996.

70

http://www.tandfonline.com/doi/abs/10.1080/03043797.2011.604125
http://www.tandfonline.com/doi/abs/10.1080/03043797.2011.604125
http://www.online-journals.org/index.php/i-joe/article/view/1385
http://www.online-journals.org/index.php/i-joe/article/view/1385


2.6. Bibliography

[24] H. Åkesson, I. Gustavsson, L. Håkansson, and I. Claesson, “Remote
experimental vibration analysis of mechanical structures over the
internet,” in ASEE Annaual Conference, Jan. 2005.

[25] I. Gustavsson, J. Zackrisson, J. S. Bartunek, K. Nilsson,
L. H\aakansson, I. Claesson, and T. Lagö, “Telemanipulator for re-
mote wiring of electrical circuits,” in Proceedings of the 2008 REV
Conference, Düsseldorf, Germany, 2008.

[26] K. Nilsson, J. Zackrisson, and M. Pettersson, “Remote access of
computer controlled experiments,” International Journal of Online
Engineering (iJOE), vol. 4, no. 4, pp. pp. 52–56, Oct. 2008.
[Online]. Available: http://www.online-journals.org/index.php/
i-joe/article/view/704

71

http://www.online-journals.org/index.php/i-joe/article/view/704
http://www.online-journals.org/index.php/i-joe/article/view/704




Three

Enhancement of Remotely
Controlled Laboratory for Active

Noise Control and Acoustic
Experiments

This chapter has been published as:
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3.1. Introduction

Enhancement of Remotely Controlled Laboratory
for Active Noise Control and Acoustic Experiments

Imran Khan, Macej Żmuda, Piotr Konopka, Ingvar Gustavsson and Lars
Håkansson

Abstract

The latest important developments in the remotely controlled
Active Noise Control (ANC) and Acoustics laboratory at Blekinge
Institute of Technology (BTH), Sweden, are introduced. The re-
motely controlled laboratory is based on the Virtual Instruments
Systems in Reality (VISIR) concept, and concerns a multi-channel
measurement and control of the sound field in a heating ventila-
tion and air conditioning (HVAC) duct. Originally the ventilation
duct was equipped with a fixed number of microphones at fixed
spatial locations in the duct. A microphone positioning system has
been designed and implemented. It enables control of the spatial
positions of a number of microphones inside the HVAC duct using
a suitable web interface for controlling stepper motors via a Na-
tional Instruments (NI) PXI system. With the new developments,
the spatial number of selectable positions for the microphones have
been extended substantially. The new microphone positioning con-
trol system is presented and to enhance the user interaction with
the laboratory equipment, an audio and visual system is also pro-
posed.

3.1 Introduction

Educational laboratory experiments play a major role in imparting qual-
ity education to students at all levels. With laboratory experiments stu-
dents acquire a more in depth knowledge of the theory taught in the
class room with additional benefits such as, experience and understand
limitations of the theory, exposure to experimental equipment, trouble
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shooting, analytical skills, creativity, and team work. The shape of ed-
ucational laboratory setups has changed considerably during the past
two decades [1]. Computer controlled equipment, PC based data acqui-
sition systems and high performance modeling and simulation software
are no more aliens to the present generation of students and researchers.
The need for quality laboratory education is more demanding in the cur-
rent era of technological developments and skilled man power require-
ments. Mutual cooperation and financial constraints have encouraged
educational institutions to share educational resources more effectively.
Therefore, educational institutions are adopting to newer breed of edu-
cational resources, particularly laboratory setups such as remote or web
based laboratories, with real instruments and experiment objects, other
than traditional hands-on experience based laboratories. Remote labo-
ratories are mushrooming worldwide.

3.1.1 The Active Noise Control Basic Concept

In Active Noise Control (ANC) an unwanted noise is controlled or at-
tenuated with a so called anti-noise. Basically, noise with opposite phase
and equal amplitude to that of the unwanted noise is induced to cancel
the unwanted noise [2]. Active noise control (ANC) is typically used for
the attenuation of low-frequency noise, e.g., low frequency broad band
noise control in heating ventilation and air conditioning (HVAC) ducts,
where traditional silencing or controlling techniques are unfeasible or
less effective. Traditional silencing techniques involve reactive silencers,
where the unwanted noise is reduced by impedance change of the sound
or noise (by using baffles and tubes) and resistive silencers, where the
energy of the noise is absorbed by, e.g,mufflers [2]. The unwanted noise
also known as primary noise is usually non stationary and hence in ANC
the controller needs to be adaptive. A particular class of ANC known
as the single channel feedforward ANC, utilizes the information of the
primary noise, known as the reference signal in the adaptive controller and
uses a single control source or actuator, e.g., a loud speaker to control
the noise.
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3.1.2 Active Noise Control Experiment Setup

The main components for an active noise control (ANC) experiment
setup are; a noise control application, e.g., a HVAC duct, sensors such as
microphones for the reference signal and error signal and actuators, e.g.,
loudspeakers (anti-noise source). The analysis of the measured sound is
carried by a signal analyzer and the adaptive controller is implemented
on a digital signal processor (DSP) module in a programming language
such as C. The signal conditioning, i.e., analog to digital (A/D), digital to
analog (D/A) conversion and required amplification and filtering of the
sensors, and control source signals also involve dedicated hardware. Ad-
ditional components required for remote control via the Internet using
remotely controlled laboratories may include a user interface, computer
servers, remote control mechanism for the physical equipment, and user
interaction enhancements such as audio/visual equipment.

3.1.3 The Active Noise Control Laboratory Developed by
BTH

The ANC laboratory is one of the several remote laboratories based on
the Virtual Instruments Systems in Reality (VISIR) technology initiated
by Blekinge Institute of Technology (BTH) [3, 4]. The laboratory setup is
aimed to accommodate experiments from other fields such as acoustics,
digital signal processing and upper secondary school physics courses
as well. The laboratory resources have been found suitable for, e.g.,
basic simple feedforward ANC applications using different adaptive al-
gorithms. A number of experiments suitable for high school physics
students are also suggested in [5].

3.1.4 Motivation for the Development Work

ANC is a sophisticated technology and the achievable performance of
an ANC system is closely related to its ability to control and observe
the acoustic modes of the system to be controlled. Therefore, the spatial
placement of the reference, error microphones, and control speakers are
crucial for the noise attenuation strategy [6]. In the earlier version of
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ANC remote laboratory as introduced in Section 3.1.3 the reference mi-
crophones are mounted at fixed spatial positions in the duct. However,
to attain a good understanding of the active noise control, it is important
to enable students to investigate the dependence of ANC performance
on the spatial microphone positions. Furthermore, to enable more gen-
eral acoustics experiments on the duct, the microphone positioning need
to be flexible. Thus, it is basically required that the user is able to control
the spatial positioning of the microphones. Apart from the microphones
position control, to provide a more realistic experience of working with
the equipment from the user point of view, the user interface is also
modified to accommodate for audio feedback. The presented work is
motivated by the above necessities.

3.2 A Brief Description of the Movement
Mechanism

The main task of the work is to find a solution that allow remotely con-
trolled positioning of the microphones inside the duct. There are five
microphones that need to be positioned, four reference, and one error
microphone. To enable remotely controlled positioning of the micro-
phones inside the duct, a unique and dedicated mechanical design had
to be developed and implemented. The modifications of the duct and
the new implemented features comply with certain requirements such
as, easy and secure remote control operation, compatibility with the ex-
isting software and hardware, minimal influence on the already imple-
mented features, and negligible influence on the acoustic behavior of the
duct.
The proposed solution is based on microphones that are fixed to steel
cables along the length of the duct and their position along the duct is
controlled by National Instruments motion controller (NI PXI-7356) via
stepper motors (FL57STH76-2804A) connected to the steel cables. Each
steel cable is scrolled using a pair of non-conductive reels, mounted on
the opposite ends of the duct. The reel at one side of the duct is attached
to the shaft of the stepper motor, while at the other side of the duct a
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spring pre-loaded caster supports the steel cable. The electrical signal
from a microphone is transmitted via the steel cable and collected via a
copper collector. To limit the axial movement of the microphones and
to ensure proper protection of the equipment, ten limit switches are in-
stalled, two for each cable. The microphones are mounted on the cable
inside the duct, while outside there are special bumpers that avoid col-
lision of the microphones with the reels. In case of excessive movement,
the bumper will run into the limit switch and stop movement on the
cable.
Each stepper motor is connected to a stepper motor driver (SSK-B02),
which allows rotary motion of the motor shaft using an impulse train
signal. All motor drivers are connected to the motion controller from
National Instruments (NI PXI-7356), which is the central control unit
connected to the computer server and hence to the users via the Internet
as shown in Figure 3.1.
All the electrical components that generate hazardous voltage are lo-
cated in a separate control cabinet.

Figure 3.1: Block diagram of the remote laboratory representing connec-
tions of positioning control system with the user thorough the Internet.

79



3. Enhancement of Remotely Controlled Laboratory for Active

Noise Control and Acoustic Experiments

3.3 Overview of the New Parts

In this section only the components which are newly added to the labo-
ratory setup in connection with the movement mechanism are presented.
The other components both hardware and software already present in
the remote laboratory are thoroughly discussed in [3]. Most of the com-
ponents used in the project were manufactured specifically according to
our requirements while the rest are purchased as shown in Table 3.1.
Some of them are presented and described briefly to emphasize their
use in the ANC laboratory.

3.3.1 Stepper Motors and Supported Equipment

Figure 3.2 and Figure 3.3 shows the two ends of the duct along with the
other supporting equipment used to implement the movement mecha-
nism such as, switch-collector modules, spring preloaded casters, step-
per motor holders, and mounting rings, etc. There are four reference
and one error microphone located inside the duct. The position of each
microphone is controlled independently via a stepper motor. To avoid
loading the duct by cable-ways and stepper motor, etc., two circular
frames (rings) are provided and attached to the duct at each end. The
rings are cut with laser from a single aluminium sheet and everything
else is fixed to the rings. The solution basically provides invariable po-
sition of the components relative to each other, so high precision and
repeatable functionality can be achieved. Each stepper motor is fixed
to the ring through an L-shaped aluminum holder. The reels are made
of a piece of Textolite, which is characterized by high durability and
non-conductivity, thus providing electrical isolation of the steel cable
carrying microphone signals.

The switch-collector modules are responsible for collecting the elec-
trical signals from the microphones and protecting the microphones
from being damaged due to collision with other parts. If the move-
ment on the cable is excessive, bumper enters the sleeve and turns on
the switch and enforce the movement of the cable to stop. The steel
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cables run through the copper collectors, collecting signals from the mi-
crophone.
The spring pre-loaded caster is the part responsible for maintaining an
appropriate tension on the cable. One plate of the caster is fixed to the
mounting ring, while the other plate moving along the dowel pins is at-
tached to the Textolite reel, mounted on ball bearings to ensure free spin.
Proper tension is achieved by using the spring between the two plates
while the fixed screw limits the range of the motion of the moving plate.

Table 3.1: Components list used for implementing the microphone posi-
tioning system.

S.No Purchased Items Manufactured Items
1 Stepper motor Stepper motor holder
2 Stepper motor controller Switch slider module
3 Power supply module Holding ring
4 Transformer Spring pre-loaded caster
5 Soft start module Duct support
6 Fuse module Duct-ring connector

3.3.2 Stepper Motors Control

The position of each microphone is controlled independently via a step-
per motor (FL57STH76-2804A), driven by stepper motor driver (SSK-
B02). These drivers receive control signals from the motion control card
(NI PXI-7356) capable of individual control of the five microphones si-
multaneously. The NI PXI-7356 also acquires signals from the limit
switches and realizes control algorithm based on the data received via
MXI-Express x1 interface from the measurement and equipment server
(software). The measurement and equipment server is hosted by a PC
(server) and is part of the VISIR package for establishing a connection
between a user and the equipment in the laboratory. All time critical
functions, like generating control signals and handling emergency situ-
ations are performed by an embedded real-time environment on-board
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the NI motion control card. The measurement and equipment server
runs a program written in LabVIEW, presenting front panels as Virtual
Instruments (VIs), which act as a user interface and supervisor control
for the NI PXI-7356 card. The control of front panel or VIs are redi-
rected to the website for remote Internet access by the web publishing
tool provided by National Instruments. A simplified diagram showing
the connection between the user interface and the stepper motor drivers
is presented in Figure 3.1.

Figure 3.2: The stepper motor side of the duct along with the other
relevant components.

3.3.3 Movement Control From the Userside

The existing user interface with fixed microphones comprises of two sub
interfaces or clients [3]. The first one, named Measurement and Configu-
ration Client, a web page, developed using HTML, JavaScript and adobe
FLASH, hosted by the measurement and equipment server which is a
part of VISIR package. The interface enables the user to change the
hardware connections such as selection of appropriate microphones and
speakers, and also to change settings of the signal conditioning equip-
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Figure 3.3: The spring preload caster side of the duct along with the
other supported components.

ment, e.g., amplification and bandwidth of the measured signals and the
signal to the anti-noise loudspeaker. The second client is known as the
Web-Based Development Environment, launched from the first client to ac-
cess the DSP module. This client is basically a web-based development
and debugging tool similar to Code Composer Studio by Texas Instru-
ments, with limited features. To provide the user with capability to ma-
nipulate physical position of the microphones; an additional Microphone
positioning section is added in the Measurement and Configuration Client
as shown in Figure 3.4. The most suitable and uniform way to create
that section is to use software provided by National Instruments since
the user interface and the stepper motor control program are the same
in this case and also the measurement and equipment server is already
running the web-publishing server for remote control of LabVIEWs Vir-
tual Instrument front panels.

The new part of the user interface has been designed with some im-
portant requirements in mind such as to be simple, intuitive, compact
and clear. Figure 3.4 shows the new interface, with features added to
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hide and show parts of the interface in order to improve navigation on
the website. To specify a desired microphone position, a user has three
alternatives in the form of a slide bar, numeric input and set default po-
sition. The slide bar and numeric control provide the relative position of
the microphones related to the primary noise source side of the duct and
current microphone positions are displayed to the user via indicators in
the interface.

The stepper motor control is carried in open loop, without position
feedback. Instead the microphone positioning system utilize the limit
switches at each end of the duct to calibrate the system, using a testing
algorithm developed for this purpose. This algorithm is written in Lab-
VIEW and is realized by functions that are integrated into the user in-
terface program or Virtual Instruments. The proposed algorithm works
in the background waiting for one of following events to occur: move-
ment couldn’t be finished because of errors, e.g., premature limit switch
activation, a pre-specified number of position changes since last test, a
pre-specified number of steps carried by stepper motors since last test or
a defined amount of time since last test. Whenever any of those events
occur, the testing procedure will activate itself on the next user request
for positioning, informing the user that a calibration procedure will be
carried out and the microphone positioning will be slightly delayed. If
the calibration procedure is not able to carry out its tasks, the system
will be blocked and the person responsible for the laboratory will be
notified and a log from the procedure will be saved on the server to as-
sist in identification of the fault. Additionally, the implemented position
control module exchanges data with the measurement and equipment
server via Extensible Markup Language (XML) files. To ensure that no
positioning is carried out accidentally during acquisition of the experi-
ment the data positioning module is disabled during that process and
consequently the initialization of the data acquisition is blocked until a
positioning of the microphones is completed.
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Figure 3.4: User interface for ANC remote laboratory, representing Mea-
surement and Configuration Client with added Microphone Positioning sec-
tion.
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3.4 Performing an Active Noise Control
Experiment

In this part an overview of a simple ANC experiment is presented. For
a detailed implementation see [3]. Although the brief ANC procedure
mentioned in Section 3.1.1 seems simple but a real world implementa-
tion concerning a noise problem introduce several important challenges
when performing ANC. These challenges comprise the feasibility of
ANC for a particular system in terms of frequency range, number of
acoustic modes to be controlled, dynamic range limitations of the sen-
sors, actuators, and the introduction of the forward and feedback paths,
etc., [6]. Therefore, it is required to address such challenges which may
be considered as parts or steps of an ANC experiment. To understand an
ANC experiment and justify the aforementioned challenges, Figure 3.5
presents a generalized feedforward ANC applied to the HVAC duct. Tak-
ing into account the actual laboratory hardware, a detailed block dia-
gram of the feedforward ANC applied to the HVAC duct is shown in
Figure 3.6. The forward and feedback paths are highlighted in grey with
solid and dashed outline respectively. The remote ANC laboratory is
designed to accommodate most of the above challenges.

As discussed in Section 3.3.3, the user interface has two parts. The
necessary configuration of the equipment or analysis of the signals us-
ing the signal analyzer is performed in the Measurement and Configuration
Client according to a particular step/part of an ANC experiment. The
same may also be used for a variety of other acoustic experiments [5].
The controller part, i.e., a desired adaptive control algorithm, e.g., a
Filtered-X Least Mean Square (FXLMS), is implemented via the C pro-
gramming language in the Web-Based Development Environment client.

3.4.1 Feasibility of ANC for the Setup

The availability of certain features such as coherence function, etc., in
the signal analyzer play a central role for this part of the experiment.
For a single channel ANC system it is for instance, important to know
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Figure 3.5: A general Feedforward active noise control system applied
to HVAC duct.

the frequency range under which only plane waves propagate inside the
duct, and is dependent on the dimensions of the duct. For the duct
system used, this range is below 632 Hz [3].

The linearity assumption is central to ANC application as the su-
perposition of the primary noise and control noise is based on this as-
sumption [7]. The next step is to identify the linear frequency range of
the physical/acoustic paths and the sensors utilized. For example the
coherence function between the controller output y(n) and the error mi-
crophone signal e(n) as shown in Figure 3.6 may be used to estimate the
frequency band where the forward path can be described in linear terms.
Similarly the frequency response estimates between the reference signal
x(n) and the error microphone signal e(n) according to Figure 3.6 may
display peaks indicating the resonance frequencies of the duct system,
i.e., the frequencies where most of the noise energy is concentrated. The
performance of ANC may be validated at these frequencies. All these
signals can be selected in the Measurement and Configuration Client and
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Figure 3.6: Block diagram of the single channel feedforward ANC sys-
tem for the remote laboratory showing a detailed interconnection of the
equipment.

directed to the desired channels of the signal analyzer for analysis.

Figure 3.7: Part of Measurement and Configuration Client interface
showing the selection of equipment for the forward path estimation.
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3.4.2 Forward and Feedback Path Estimation

Figure 3.6 shows the presence of several different components and the
acoustic path, known as the forward or control path between the output
of the adaptive controller y(n) and the error signal e(n). In the presence
of this path a Filtered-X LMS (FXLMS) algorithm generally has to be
used instead of the simple LMS [2]. For the FXLMS, the forward path
is estimated using the LMS algorithm to produce a FIR-filter estimate
of it, prior to ANC implementation and the reference signal is filtered
with this filter when applying FXLMS for ANC [2]. Figure 3.7 shows
a configuration of the Measurement and Configuration Client for forward
path estimation. The feedback path is similarly estimated with appro-
priate signal selections on the client [3]. The implementation of the LMS
algorithms is similar to an ANC experiment as discussed in the next sub
section.

3.4.3 Active Noise Control Experiment

Once the FIR-filter estimates of both the forward path and or feedback
path are undertaken, the Measurement and Configuration Client is again
configured for an ANC system. Suitable frequency range and ampli-
fication levels are selected accordingly and subsequently the Web-Based
Development Environment is launched to implement the desired adaptive
algorithm. Most of the basic debugging and development features such
as, compiling, downloading the executable code to the DSP, and read-
ing or updating the memory variables during the experiment, etc., are
available.

3.4.4 Acoustic and Digital Signal Processing Experiments

A diverse range of acoustic experiments are possible with the duct sys-
tem, from simple acoustic pressure measurements, such as, RMS or dB
to mode shapes analysis, etc., [5]. Numerous real time DSP based ex-
periments such as filter implementation, etc., based on the microphone
signals and DSP board are also possible.
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3.5 Conclusion

New features were added to the existing ANC laboratory that facilitates
its usability and authenticity. The presented enhancements are signif-
icant both for remote laboratories and ANC. Not only the main goals
of remote laboratories concept are addressed such as, to provide robust,
sustainable, more realistic experience of working with the equipment,
and providing the user more control and flexibility in setting up the
experiment, but also the learning scope of the active noise control is
expanded. With the precise movement control of the microphones, the
user will be able to study the properties of the acoustic modes inside the
duct more thoroughly, etc.

3.6 Future Work

The ultimate goal of the laboratory setup is to enable multi-channel ANC
experiments accessible via the Internet with mobile devices. The user
interface will be further improved. Particular attention will be given to
enhance the user perception of being physically involved by integrat-
ing video feedback in the user interface. Administrative control for the
teachers will also be added to avoid unauthorized access.
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Abstract

This paper presents a novel and advanced remotely controlled
laboratory for conducting Active Noise Control (ANC), acoustic
and Digital Signal Processing (DSP) experiments. The laboratory
facility, recently developed by Blekinge Institute of Technology (B-
- TH), Sweden, supports remote learning through internet cover-
ing beginners level such as simple experimental measurements to
advanced users and even researchers, such as, algorithm develop-
ment and their performance evaluation on the DSP. The required
software development for ANC algorithms and equipment control
are carried out anywhere in the world remotely from an internet
connected client PC using a standard web browser. The paper de-
scribes in detail how ANC, acoustic and DSP experiments can be
performed remotely. The necessary steps involved in an ANC ex-
periment such as, validity of ANC, forward path estimation, and
active control applied to a broad band random noise [0− 200 Hz]
in a ventilation duct will be described in detail. The limitations and
challenges such as the forward path and non-linearities pertinent
to the remote laboratory setup will be described for the guidance
of the user. Based on the acoustic properties of the ventilation duct
some of the possible acoustic experiments such as, mode shapes
analysis, and standing waves analysis, etc., will also be discussed
in the paper.
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4.1 Introduction

Students require a considerable amount of hands-on experience in En-
gineering education in general and particularly in the fields of Active
Noise Control (ANC) and acoustics. Hands-on experience is needed
both for an in-depth knowledge and future employment benefits. The
experimental setup required for ANC experiments broadly consists of an
application test bed, or device under test (DUT), Digital Signal Proces-
sor (DSP) board along with transducers, data acquisition, and analysis
equipment supported by computer based analysis tools. These equip-
ment are expensive and usually a single set is available to the students
in a time limited scheduled laboratory session. With the increasing num-
ber of students and limited financial resources many universities around
the world have complemented some of their traditional laboratories with
remotely controlled laboratories.

This article presents a novel and advanced laboratory system for con-
ducting ANC, acoustic, and DSP experiments remotely over the internet.
Although the proposed system is primarily focused on active noise con-
trol in a ventilation duct, the system also allows general experiments in
the field of acoustics and digital signal processor. The proposed labora-
tory concept is based on standard low cost components and interfaces
and brings new knowledge and benefits to the community of remote
laboratories.

4.1.1 Remotely Controlled Laboratories

Educational laboratories can be divided into three categories namely as
traditional hands-on laboratories with real equipment and system, simu-
lation based laboratories, and remotely controlled laboratories. The term
remotely controlled, online, distance or web laboratories refer to the
class of educational laboratory setups where the actual equipment and
systems are accessed and controlled remotely through the internet [1].
The interaction with the systems and equipment is provided through a
client interface, e.g., in a web browser, remote controlled switches, and
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virtual instrumentation tools while remote monitoring is provided by
audio/video support [2].

4.1.2 Traditional, Simulation Based or Remotely Controlled
Laboratories

There is a general consensus on the important role of laboratory educa-
tion in engineering but a clear disagreement on the suitability of each
kind of laboratory [1, 2]. This discussion has failed to reach any solid
conclusion as each laboratory has its own qualities, capacity, restrictions,
and also its own advocates and detractors. Accreditation boards, engi-
neering professional ethics, and current industrial development require
physical interaction with real world systems and equipment making tra-
ditional hands-on laboratories more favorable [3]. Simulations and mod-
eling based laboratories which are mostly suitable for development and
design fail to fulfill the aforementioned requirements. Traditional hands-
on laboratories are expensive and not sufficient for the ever-increasing
number of students and decreasing budget. A remote laboratory is an
attractive alternative as it provide 24/7 access. The initial costs as well as
the operational costs are reduced significantly, as only a single setup is
installed with reduced maintenance and supervision costs without com-
promising on the objectives of laboratory education as mentioned in [3].
It is worthwhile to mention that most of the remote laboratories are
based on individual efforts. This created compatibility and re-usability
issues due to lack of standards and common communication protocols.
These issues along with others such as comparison, advantages, educa-
tional effectiveness, and limitations of all the three types of laboratories
are discussed thoroughly in [2, 3, 4, 5, 6, 7, 8, 9].

4.1.3 A Brief History of Remotely Controlled Laboratories

Digitalization of laboratory equipment and the use of computers can
be seen in laboratory education since 1972 and mid 1980s [3]. With
the arrival of World Wide Web and the Internet, online education has
taken over the once widely used term "distance education". Laboratories
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also came online with the emergence of computerized remotely con-
trolled data acquisition, measurement and analysis systems. There have
been numerous individual as well as collaborative efforts by universi-
ties across the globe to develop remote laboratories based on different
architectures and software tools [2, 6, 10].

4.1.4 The VISIR Project by BTH

Interest in remote laboratories at Blekinge Institute of Technology (BTH),
Sweden had started in the form of a feasibility study in 1999 followed by
the Virtual Instruments System in Reality (VISIR) project in 2006 [9]. The
VISIR project aims to develop remote laboratories cooperating as nodes
in a grid on the Internet, based on open source software platforms and
standard Instrumentation platforms for the measurement and analysis
equipment. The idea attracted several universities from Europe and Asia
to cooperate and develop remote laboratories [5, 11, 12]. A number of
remote laboratories have been developed by BTH and partner universi-
ties in the fields of electronic circuits, vibration analysis, antenna theory,
telecommunication, computer sciences, etc. The laboratory system pre-
sented in this paper is based on the success of the VISIR project and is
thus highly flexible.

4.2 The Remotely Controlled ANC Laboratory
Setup at BTH

The remote ANC laboratory is based on the VISIR open source plat-
form [9], National Instruments (NI) LabVIEW software, and a DSP board
TMS320C6713DSK from Texas Instruments (TI). The test bed or DUT for
active control consists of a ventilation duct along with speakers and mi-
crophones for ventilation noise control. The laboratory setup is divided
into two main categories, i.e., the actual hardware or equipment in the
laboratory, and the graphical user interface presented remotely to the
user on his/her computer screen for configuration and control of these
equipment.
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Figure 4.1: A snap shot of the equipment present in the remote ANC
laboratory.

Figure 4.2: Block diagram of the remote ANC laboratory showing the
interconnection of different equipment to the servers and to the user via
internet.
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4.2.1 The Actual Equipment in the Laboratory

Figure 4.1, shows the hardware and the equipment present in the pro-
posed ANC laboratory. The equipment is classified into three groups
based on their functionality as explained in the subsequent sections. The
interconnection between the equipment and a user through the internet
is shown in Figure 4.2.

Active Noise Control, Analysis and DSP

The initial laboratory setup is aimed at a single channel feedforward
ANC applied to a ventilation duct, as discussed in [13]. A 4.05 m long
circular ventilation duct with an inner diameter of 315 m is used. Inside
the duct are four reference microphones and one error microphone of or-
dinary quality (VM-6052-5382) fixed. Two loudspeakers (Fostex-6301B3)
are placed at each end of the ventilation duct, one acting as source (pri-
mary noise) and the other as control (secondary noise) speaker during
ANC. A four channel dynamic signal analyzer (HP36570A) is used for
analysis of the control and measurement signals as well as acting as
signal source to the primary noise speaker. The adaptive control al-
gorithms are implemented on a TMS320C6713DSK from Texas Instru-
ments. The filter/amplifier module USBPGF-S1/L from Alligator Tech-
nologies is used for the signal conditioning of the signals. A daughter
card module (S. Module 16-100) from SEMATIC connected to the DSP
board through a mini-bus interface is responsible for low-latency 16 bit
analog to digital and digital to analog conversion. The remote configu-
ration of the equipment, as required by a particular ANC and acoustic
experiment, is achieved by a relay switching matrix also referred to as
a Telemanipulator, used in other remote laboratories developed under
VISIR [14].

Measurement and Equipment Server

The remote ANC laboratory is based on a client-server architecture, in-
herited from its predecessors developed under the VISIR. The measure-
ment and equipment server is an HP Workstation with Windows XP, acts
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Figure 4.3: The Measurement and configuration Client shown at the user
computer in a standard web browser.

as a link between the laboratory equipment and the internet, as shown
in Figure 4.2. It also acts as web server and hosts the client interface dis-
cussed in the following section. The signal analyzer is connected to the
measurement and equipment server through a General Purpose Interface
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Bus (GPIB) while the switching matrix and the Filter/Amplifier module
USBPGF-S1/L are accessible via a Universal Serial Bus (USB) interface.
Finally the DSP is connected to the server via the Joint Test Action Group
(JTAG) interface.

4.2.2 Remote Graphical User Interface

A graphical user interface is an essential part of a remote laboratory
since it provides the necessary means of interaction between the student
and the hardware placed in the laboratory. Efforts are made to make this
interaction appear as genuine as possible to convince the student that
he/she is working with real equipment and not simulations. The ANC
laboratory provides two such interfaces named as the Measurement and
Configuration Client and the Web-Based Development Environment. When
the laboratory is accessed only the Measurement and Configuration Client
is presented to the user and the Web-Based Development Environment is
launched from Measurement and Configuration Client when needed.

Measurement and Configuration Client

The Measurement and Configuration Client, as shown in Figure 4.3, presents
the ANC laboratory equipment to the student in the client’s web browser.
The client interface is developed using Hyper Text Mark Language (HT-
-ML), Java script and Adobe Flash. Three distinct areas are easily iden-
tified in the client interface. The top right part, i.e., the ANC System
Configuration tab is used to select the desired microphones, loudspeak-
ers in the duct, and connect them to a DSP channel according to the
requirements of experiment at hand. Clicking the appropriate "Radio but-
ton" connects the desired microphone to the corresponding DSP channel
through the filter/amplifier module and the data acquisition card. The
central part of the client denoted as Signal Conditioning Module provides
access to the filter/amplifier module. The necessary amplification and
filtering (anti-aliasing and re-construction) of the signals from the micro-
phones and control signals from the DSP are performed in this section.
Other parameters such as AC/DC coupling, amplifier gain and corner
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frequency for the anti-aliasing and re-construction filters are easily se-
lected from the corresponding "drop down" menus. The bottom part of
the client is a front panel of the signal analyzer HP36570A, developed in
Adobe Flash at BTH. The Adobe Flash front panel provides almost all of
the functionality of the four channel dynamic Signal Analyzer, the user
may need for the analysis and measurement of the signals during ANC
and acoustic experiments.

Web-Based Development Environment

The Web-Based Development Environment is a Remote Development
Environment (RDE) which steers the DSP board from a client computer
over the Internet. This remote access feature is not present in the DSP
provider’s Integrated Development Environment (IDE), the Code Com-
poser Studio (CCS). The RDE provides a user the core functionality of
CCS, such as, file operations, project management, compiling the source
code, downloading the executable to the DSP, and a series of debugging
features remotely. The integrated core functionality of CCS in the RDE
are made remotely available using the LabVIEW’s DSP Test Integration
tool kit and Web publishing tool [15]. In the back ground the web-based
development environment uses the CCS IDE on the server to enable
the student to develop and debug any program to be downloaded and
executed on the DSP. The RDE is launched by clicking the "Launch" but-
ton at the bottom of the Measurement and Configuration Client. The RDE
also provides the functionality to plot memory variables during code
execution on the DSP and users can read and update the variables in
the algorithm while performing the experiment. A snapshot of RDE is
shown in Figure 4.4.

4.3 Active Noise Control Applied to a Ventilation
Duct

Active noise control applied to ventilation duct is a classical and well
understood example of ANC and may be used to illustrate the concepts
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Figure 4.4: Screen shot of the Remote Development Environment show-
ing a sample code and other useful functionality extracted from the ex-
tracted from the CCS IDE.

and challenges of ANC in field of active control [16]. Although the ANC
laboratory is a multi-functional platform, the main focus is on ANC
experiments applied to a ventilation duct. In this section some basic

108



4.3. Active Noise Control Applied to a Ventilation Duct

Figure 4.5: Schematic diagram of a single channel feedforward ANC
applied to ventilation duct.

ANC concepts followed by the necessary steps in an ANC experiment
on the remote laboratory are discussed.

4.3.1 Active Noise Control

Noise attenuation in ventilation ducts by passive silencers is generally
not practical for low frequency noise. To provide adequate attenuation
in the low-frequency range, passive silencers at these frequencies tend
to be large and bulky as the acoustic wavelengths are long in this fre-
quency range [17, 18]. ANC methods provide good attenuation at low
frequencies in the plane wave region. The main goal of ANC is to at-
tenuate low frequency noise known as primary noise, by producing an
anti-noise (sound) generated by a loudspeaker referred to as secondary
sound source. The idea was first conceived by Paul Leug in 1936 in a
United States patent, which failed to materialize but later on received
considerable attention from researchers in the late 1970’s [16]. ANC
methods can be further classified as feedforward, feedback or hybrid
based on the control strategy employed [16, 17]. The presented remote
ANC laboratory focuses on a single channel feedforward ANC method
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Figure 4.6: Schematic diagram of the ANC applied to ventilation duct
noise showing the equipment involved.

applied to low frequency noise in ventilation duct. The single chan-
nel approach implies the use of a single loudspeaker as the secondary
sound source while feedforward means that the controller which may be
an FIR or IIR filter, is supplied with some prior information of the noise,
known as a reference signal. The signal analyzer is used to generate the
primary noise for the duct which can be conditioned if desired while
the secondary loudspeaker is steered by the controller. For the case of,
e.g., control of non-stationary random noise, the controller need to be
adaptive to the changes, and usually an adaptive algorithm based on
the Least Mean Square (LMS) algorithm is employed in the controller to
keep track of non-stationary behavior of the primary noise [16, 19, 20].
Figure 4.5, shows a simplified schematic diagram of a single channel
feedforward ANC applied to the ventilation duct. The reference signal
x(t), sensed by the reference microphone and error signal e(t) from the
error microphone are fed to the adaptive controller denoted as ANC.
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Figure 4.7: Block diagram of the filtered-x LMS algorithm applied for
the control of ventilation noise in a ventilation duct.

The output of the controller y(t), in time domain controls the secondary
loudspeaker via an amplifier and is the secondary noise or control sig-
nal. Figure 4.6, shows the detailed version of the same ANC applied to
the ventilation duct in the remote ANC laboratory. It is obvious from
Figure 4.6, that there are some physical components between the control
signal y(n) from the controller (in the digital domain) and the error sig-
nal e(t) from the error microphone. The presence of these components
introduce a dynamic system also known as forward path which need to
be controlled by the adaptive controller.

The signals are converted to digital or time domain by A/D or D/A
converters and reconstruction filters as required by a particular compo-
nent. The sampled digital signals available and produced by the DSP are
denoted, for simplicity, as x(n), d(n), y(n) and e(n), respectively, where
n refers to the discrete time sample index. If the sampling frequency is
denoted by Fs in Hz, then the sample time points tn in seconds are given
by thus, tn = n/Fs.

The LMS algorithm is not defined for applications where its output
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Figure 4.8: Schematic of the ANC laboratory setup showing the forward
path and feedback path.

signal is used as a control signal or input signal to a dynamic system
where the output signal of the dynamic system forms an estimate of
a desired signal, thus in ANC applications a modified version of the
LMS algorithm, i.e., the filtered-X LMS algorithm is frequently used [16].
A block diagram illustrating the Filtered-x LMS algorithm involving a
dynamic system is shown in Figure 4.7, and given by the equations [16],

y(n) = wT(n)x(n) , (4.1)

e(n) = d(n)− yc(n) , (4.2)

wn+1 = wn + 2µe(n)xc′ (n) . (4.3)

Where w(n) = [w0(n), w1(n), . . . , wM(n)], is the weight vector of
the adaptive FIR filter, x(n) = [x(n), x(n − 1), . . . , x(n − M)] is the
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Figure 4.9: Screen shot of the Measurement and Configuration Client
showing the ANC System Configuration tab during forward path esti-
mation.

reference signal vector, yc′ (n) is the output signal of the dynamic system,
d(n) is the desired signal or the primary noise to be attenuated by the
ANC, y(n) is the output signal of the adaptive FIR filter, e(n) is the error
signal and µ is the step size, xc′ (n) is the filtered reference signal vector
given by,

xc′ (n) =



L−1
∑

n=0
c
′
(l)x(n− l)

L−1
∑

n=0
c
′
(l)x(n− l − 1)

...
L−1
∑

n=0
c
′
(l)x(n− l −M)


. (4.4)

Where c
′
(l), l = 0, 1, . . . , L is a L coefficients FIR filter estimate of the

forward path.

The algorithm adjust the weights with the aim to minimize the mean
square error E[e2(n)]. The weight-vector update equation defined in 4.3
is iteratively used to find filter weights representing the solution to the
Wiener-Hopf equations [19].
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4.3.2 The Forward Path

Basically in SISO ANC the system to be controlled is the so called for-
ward path, secondary path or control path and this dynamic system
may be defined as the system between the controller signal y(n) and
the error microphone e(n). The forward path comprises of a number of
sub-paths and expanded in terms of these paths it may be expressed,
D/A converter, reconstruction filter, loudspeaker, amplifier, secondary
loudspeaker, acoustic path between secondary loudspeaker and error
microphone, error microphone, amplifier, anti-aliasing filter, and A/D
converter. Figure 4.8, show the forward path along with the feedback
path that is discussed in the subsequent section.

The dynamic system or forward path due to the aforementioned
components will filter the control signal y(n) and introduces frequency
dependent phase shift or delay and amplification while forming its out-
put signal yc(t) which is sensed by the error microphone.

4.3.3 System Identification to Estimate the Forward Path

The forward path may be estimated by an LMS adaptive controller as
an FIR filter using a band limited random noise as identification signal,
prior to ANC implementation. The whole process is known as system
identification. A random noise signal x(t) generated by the signal ana-
lyzer in the range [0− 200] Hz is used as input signal to the secondary
loudspeaker to excite the dynamic system or path that is of interest to
identify while the primary speaker is kept off as it is not needed. In
Figure 4.8, a block diagram illustrates the system for forward path iden-
tification. The signal from the error microphone is the desired signal
d(n). The LMS algorithm adjusts the adaptive filter coefficients wl(n),
l = 0, 1, . . . , L where L + 1 is the length of the adaptive FIR filter,
as such to minimize the mean square error E[e2(n)] between the de-
sired signal d(n) and the output of the adaptive filter y(n) and when the
adaptive FIR filter has converged it forms an FIR filter estimate of the
forward path. Figure 4.9, shows the configuration of the Measurement
and Configuration Client during forward path estimation by the user. Af-
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ter completing the required configuration of the equipment, the RDE is
launched to implement the code for the LMS algorithm on the DSP. The
student creates a new project and writes his code in the editor area of
the RDE. Other functionality such as Build, Load, Run and Halt are exe-
cuted form the menus provided. The user code is saved on the server
at a dedicated location which can later be retrieved if required. After
the adaptive filter has converged, the coefficients of the FIR filter repre-
senting the forward path are plotted and saved for later use in the ANC
implementation. Similar to the forward path, a feedback path also ex-
ist from the output of the controller y(n) to the reference microphone
signal x(n). This path include the conditioning equipment between the
output of the controller and secondary loud speaker including the D/A
converters, secondary loudspeaker, the acoustic path between secondary
loudspeaker and reference microphone, the reference microphone and
finally the conditioning devices between the reference microphone and
the controller including the A/D converters. This feedback path’s ef-
fect can be neutralized by a feedback neutralization filter B

′
estimated

similar to forward path filter. The control signal y(n) is filtered to get
the signal xB′ (n) and it is subtracted from the reference signal x(n) to
compensate for the true feedback path in the ANC control system.

4.3.4 Feasibility of ANC

Before applying ANC to any system it is important to know the validity
of ANC for the system [17]. The frequency limit for the DUT, i.e., the
ventilation duct must be verified for a plane wave propagation so that a
single channel ANC can be used.

This frequency limit which is dependent on the dimension of the
duct is calculated from the modified wave equation and substituting the
boundary conditions for the circular duct [21],

f < (
1.84c
πD

)(

√
1− (

U
c
)2) . (4.5)

Where f is the upper cut-on frequency of the noise in the duct below
which there is plane wave propagation, c = 340 m/s, is the speed of
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sound in air, D = 315 mm, is the diameter of the duct, and U, is the
mean air flow speed in the duct. Neglecting U for this case will result in
f = 632 Hz. Thus, in order to use single channel ANC for the ventilation
duct, the duct should only be excited with a broadband noise within the
range [0− 632] Hz. The lower limit of the noise frequency is dependent
upon the capability of the loudspeakers to produce sound in the lower
frequency range.

Linearity issues are also important to consider in order to main-
tain a high performance in most of the signal processing algorithms
involved in ANC. For instance, the aforementioned forward and feed-
back paths are assumed to have linear transfer characteristics. In reality
the components such as loudspeakers and microphones may introduce
non-linearity in the transfer paths which cannot be ignored [16]. The
actual properties of these transfer paths may be studied with the aid
of frequency response function estimate and a coherence function es-
timate between the reference and error microphone signals. The fre-
quency response function estimate helps in identifying the frequency
region where the noise inhibit most of its power, i.e., the frequency re-
gion where ANC will be most effective. The coherence function, on the
other hand, is used to assess how much of the channel estimate can be
described with linear terms. If the coherence is low for some frequencies,
it implies that the estimated channel cannot be properly modeled using
a linear model. Figure 4.10, shows a typical coherence and frequency
response function between reference and error microphone signals for a
frequency range of [0− 200] Hz. It is clear from the coherence function
plot that small coherence values below 50 Hz may indicate a nonlinear
behavior of, e.g., the loudspeaker, or microphone, or both at these fre-
quencies. The frequency response function also suggest the modes or
frequencies, for which ANC can be effectively used, lie around 80, 120,
160, and 200 Hz, as most of the noise power is concentrated at these
frequencies [17].
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Figure 4.10: Coherence and Frequency Response Function plots mea-
sured before forward path estimation.

Figure 4.11: Screen shot of the Measurement and Configuration Client
showing selection of the loudspeaker and microphones while perform-
ing ANC.

4.3.5 Implementation of ANC

Once the aforementioned steps are performed implementing ANC is
straight forward. The required configuration for ANC according to Fig-
ure 4.6, and the corresponding selection of equipment on the Measure-
ment and Configuration Client as shown in Figure 4.11, is performed. After
the experimental setup is configured the RDE is launched similar to the
forward path estimation. The developing of the code, Build, and Run,
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Figure 4.12: Screen shots of the Signal analyzer showing the error sig-
nal both in time and frequency domain before and after ANC for the
ventilation.

etc., are also similar to the forward path estimation. Figure 4.12, shows
a single channel feedforward ANC results obtained using the filtered-x
LMS algorithm during remote experiment on the ventilation duct. A
26 dB of attenuation obtained at 80 Hz can be clearly seen from the
Figure 4.12.

4.4 Acoustic Experiments

The ventilation duct is 4.05 m in length, 315 mm in diameter and open at
both the ends. The microphones and speakers installed at different posi-
tions along the length of the duct provide the possibility of the ANC lab-
oratory setup to be used for a wide range of acoustic experiments. Based
on the dimensions of the duct the students can verify and understand
plane wave propagation, mode shapes and standing waves produced in
the duct. As an example, the student can calculate the acoustical modes
of the duct as shown in Figure 4.13, in the axial direction using the rela-
tion,

f = (
nc
2L

) . (4.6)
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Where f is the nth acoustical harmonic frequency, c = 340 m/s is the
speed of sound in air, n = 1, 2, 3, . . . is a positive integer representing
the resonance node and L is the length of the duct.
The Eigen frequency or modes of the duct by using Equation 4.6 are,
42Hz, 84Hz and 126Hz respectively. These frequencies are in line with
the modes according to the frequency response function in Figure 4.10.
Furthermore, these experiments help students to familiarize themselves
with the different measurement quantities commonly used in acoustics
such rms, deciBel and DBSPL, etc., by utilizing the signal analyzer re-
motely.
The power spectral density (PSD) of noise in the duct can be estimated
using the signal analyzer module integrated to the Measurement and Con-
figuration Client. Students shall compare the PSD estimate from the hard-
ware to a theoretical PSD estimate.

Figure 4.13: Acoustical mode shapes of along the length of the duct.

4.5 Digital Signal Processing Experiments

The proposed remote laboratory can be used to perform a range of digi-
tal signal processing experiments ranging from a beginner’s simple data
acquisition experiments to the implementation of advanced adaptive sig-
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nal processing techniques. The remote development environment is de-
veloped with an objective to program, debug and thereby control the
digital signal processor, i.e., TMS320C6713 in the laboratory from remote
computer. The digital signal processor used in the remote laboratory is
a general purpose floating point processor from Texas Instruments with
fixed point processing modules, (e.g., ALU, multiplier, etc.,) on board as
well. The proposed remote laboratory can thus also be used for students
to train on DSP programming, optimization and memory management,
in general.

The RDE is a graphical user interface to access the digital signal
processor remotely. The remote debug environment exposes students
to a realistic environment for implementing signal processing modules
like FIR filter, IIR filter, as opposed to mathematical simulation models.
Real time implementation of filters has challenges from several aspects,
such as, the user has to consider the input signal range of ADC, the
sampling frequency for ADC and DAC, the acquiring and buffering of
data samples from the DSP’s interrupt routines and the actual filter im-
plementation. Further, advanced users can improve their optimization
techniques and try to implement their optimized algorithms and evalu-
ate against standard algorithms. Apart from the signal processing based
experiments, the remote debug environment can also be used to develop
embedded device drivers like general purpose drivers, general purpose
timer modules, etc. Such experiments would help students study the
processors inbuilt hardware.

The proposed remote laboratory thus provide not only a bench for
acoustic and ANC experiments, it is also an effective learning tool for
DSP courses ranging from the beginners level to advanced level and
research.

4.6 Conclusion

The proposed laboratory concept, built upon standard components and
interfaces brings new knowledge and benefits to the community of re-
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mote laboratories. The remote laboratory presented in this paper enables
students to enhance their learning, and acquire experience on working
with real systems and equipment in a wide range of fields. Students are
exposed to the technical challenges involved in Active Noise Control,
perform acoustic experiments, and use a DSP platform remotely. The
laboratory can be accessed through a standard web browser without in-
volving extra costs for universities or students. The proposed system is
based on the flexibility of the VISIR platform, developed by BTH and can
be easily reconfigured and extended to suit more advanced and industri-
ally oriented applications, such as, multi-channel noise control, spatio-
temporal acoustic experiments, multi-core DSP systems, and other types
of sensors/actuators systems, such as, remote condition monitoring.
One could also go the other way and shrink the system to suit a more
compact setup, e.g., noise control in hearing defenders, which means the
physical lab space required by such a system would shrink to the size
of a desk. In a miniaturized setup, other system factors, such as, current
consumption, number of DSP operations per second, optimization, and
fixed point processing, would become of large interest, thus attracting
another range of clients.
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Performance Evaluation of Control Algorithms
Implemented on a Remotely Controlled Active
Noise Control Laboratory

Imran Khan, Muhammad Moazzam, Muhammad Shoaib Rabbani, Sven
Johansson and Lars Håkansson

Abstract

The remotely controlled laboratory setup for Active Noise Con-
trol (ANC) developed by Blekinge Institute of Technology, Sweden,
provides an efficient learning platform for the students to imple-
ment and learn ANC algorithms with real world physical system,
hardware, and signals. The laboratory prototype based on a Dig-
ital Signal Processor (DSP) TMS320C6713 from Texas Instruments
(TI) was successfully tested with filtered-X Least Mean Square (F-
XLMS) algorithm applied to control noise in a ventilation duct. The
resources of the DSP platform used in the remote laboratory setup
enable testing, and investigating substantially more challenging
and computationally demanding algorithms. In this paper, we ex-
pand the horizon of the laboratory setup by testing more advanced
and complicated single channel feedforward ANC algorithms. The
filtered-X versions of the algorithms such as the normalized least
mean square (N-LMS), the leaky least mean square (L-LMS), the
filtered-U recursive least mean square (FURLMS), and the recur-
sive least square (RLS) algorithm, etc., have been implemented uti-
lizing the remote web-based client provided in the remote labora-
tory. A comprehensive performance comparison of the aforemen-
tioned algorithms for the remote laboratory setup is presented to
demonstrate the viability of the remote laboratory.

5.1 Introduction

There is a general consensus among educationalists concerning the im-
portance of Educational Laboratory experiments in Engineering Edu-
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cation. Laboratory Experiments are a vital part of modern engineering
curricula and are necessary for an adequate understanding of real world
applications of the theoretical knowledge gained in the class room. To
ensure high quality of laboratory education, certain guidelines or ob-
jectives are devised by accreditation boards such as, the Board for En-
gineering and Technology (ABET) USA, for laboratory education. The
main aim of these guidelines is that students should acquire hands-on
experience by working on physical systems and real instruments to be
an effective engineer [1].

In laboratory experiments, students are exposed to operation and
handling of real measurement equipment and real systems, on which
they are supposed to carry out experiments. One frequent purpose is to
compare the behavior of the real systems with the behavior suggested by
their corresponding mathematical models. The limitations of the mod-
els and the measurement technology may be studied here. Laboratory
experiments help students to develop experimental and analysis skills,
creativity, team work, learning from failure, communication skills, and
train them for their professional careers.

5.1.1 Remotely Controlled Laboratories: Benefits and
Development

Like other modes of education, laboratory experiments have also evolved
thorough major development stages and had adopted the latest devel-
opments in technology extremely. With the rapid technological devel-
opments in the industry, the demand for skilled engineers increases and
thus hands-on experience based laboratory education. Pure simulation
based experiments are beneficial for modeling and analysis but fail to
deliver the benefits which hands-on experience based experiments may
provide. On the other hand, increased number of students, high cost of
laboratory equipment, and the prevailing economic regression has un-
fortunately converted hands-on laboratory experiments from necessity
to a luxury. The Information Technology boom had paved way for a new
form of laboratory experiments, other than traditional hands-on and

128



5.1. Introduction

simulation based laboratories, known as remotely controlled through
the Internet or web based or remote laboratories. In remote laborato-
ries, real equipment and physical systems are controlled and accessed
through Internet. Although, the student do not have a direct physical
interaction with the system and equipment, which is a well debated de-
tractor for remote laboratories. However, additional features such as au-
dio, video feedback and a more descriptive web interface may enhance
the user interaction with the equipment [2].

The idea of remotely control had now been transformed into global
cooperation and sharing of laboratory resources among universities and
industries through Internet with convenient accessibility and reduced
developmental, maintenance and supervision costs [3, 4]. Numerous in-
dividual as well as collaborative efforts from several universities can be
seen during the past two decades to develop and share such laborato-
ries. Blekinge University of Technology (BTH), Sweden early realized
the benefits of remote laboratories and developed and shared remote
laboratories with partner institutions under the well known Virtual In-
struments Systems Instrument in Reality (VISIR) project [5, 6]. The re-
cently developed remotely controlled laboratory concerns active noise
control and acoustic experiments [7].

5.1.2 Significance of Remote Experiments in Active Noise
Control

The ANC is based on a broad spectrum of disciplines such as, signal pro-
cessing, statistics, acoustics, measurement techniques, DSP hardware,
and software, etc. Many well developed, and mature, control algorithms
exist. To provide students in an ANC course with a relevant knowl-
edge base in ANC, well designed and comprehensive experiments are
required to complement the theory presented in the class room. A typi-
cal ANC experiment comprises of an application or a test bed to which
active control is applied along with suitable sensors and analysis equip-
ment, e.g, accelerometers, and signal analyzer. A suitable DSP platform
is also needed to implement the active control algorithms usually written
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in the C/C++ programming or Assembly language. All these are prac-
tical learning tools and demand extensive experimentation. The equip-
ment involved in an active control laboratory are expensive and usually
a single setup is available for experiments. To increase the capacity of
the limited resources, remotely controlled laboratories for active control
experiments prove to be a viable solution.

5.1.3 Motivation for the Work

The viability of the remote laboratory prototype facility was demon-
strated for the filtered-X Least Mean Square (FXLMS) algorithm along
with the important steps involved such as, ANC feasibility, and sys-
tem identification in [7]. A noise attenuation of up to 26 dB at one of
the duct’s resonance frequency was demonstrated. However, the lab-
oratory’s advanced resources may easily handle more computationally
demanding and complex algorithms. Therefore, it was decided to eval-
uate the laboratory for a number of relevant active control algorithms
and document their performance along with any problems pertaining
to the use of the remote environment. This was a step in future for the
development of the remote ANC laboratory and to actually implement
the laboratory in regular research and learning activities.

5.2 The ANC Remote Laboratory at BTH

To facilitate students and researchers involved in ANC, a novel multi-
purpose remotely controlled laboratory has been developed recently at
BTH [7]. The subsequent sections discuss briefly the main components
of the laboratory, while a detailed description of the laboratory can be
found in [7].

5.2.1 The Test Bed and Analysis Equipment

The application for ANC in the remotely controlled laboratory is basi-
cally the control of low frequency noise in a ventilation duct! It is a well
known problem that, e.g., ventilation and air conditioning (HVAC) ducts
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generate low frequency noise [8, 9]. The equipment for this application
include a 4 m long circular duct, two loud speakers one acting as a noise
source, the other as a control source, and five battery powered low cost
microphones as transducers. For the analysis of the microphone signals
a four channel dynamic signal analyzer from HP (HP36570A) is used.
The same analyzer is also used as, e.g., a low frequency noise generator.

5.2.2 The DSP Platform

For the implementation of active control algorithms and signal process-
ing algorithms for other tasks, a floating point DSP unit TMS320C6713
from Texas Instrument is used. The DSP board is equipped with a
daughter card module (S. Module 16-100) from SEMATEC that sup-
ports four analog input and four synchronized analogue output chan-
nels. Both the analog-to-digital converters (ADC) and the digital-to-
analog converters (DAC) have 16 bit resolution. The necessary signal
conditioning for the input signals to the ADC and for the output signals
from the DAC is carried out via software programmable filter/amplifier
modules (USBPGF-S1/L) from Alligator Technologies.

5.2.3 Web Interface and Other Equipment for Remote
Control

Like a typical remotely controlled laboratory, students access the lab-
oratory via a remote graphical user interface (GUI). The GUI is based
on a client-server architecture consisting of two sub clients named as
Measurement and Configuration Client and Web-Based Development Envi-
ronment. The former is used to configure and control the speakers, mi-
crophones, filter modules, and the signal analyzer. The later provides a
basic Integrated Development Environment (IDE) for algorithm and sig-
nal processing tasks implementation similar to Code Composer Studio
(CCS) for TI DSPs. The server facilities for equipment connection and
web hosting are provided by Windows XP based HP Workstation. The
laboratory equipment which require appropriate switching during ANC
setup are connected to the server via a remote control switch or switch-
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ing matrix, developed during the VISIR project. The switching matrix
and the filter modules are connected to the server through Universal
Serial Bus (USB) interface while the signal analyzer and DSP board are
connected to the server by General Purpose Interface Bus (GPIB) and
Joint Test Action Group (JTAG) interface respectively.

5.3 ANC for HVAC Ducts

The ANC applied to the duct system of the remote laboratory is illus-
trated with the help of Figure 5.1a. The controller W, may be an adap-
tive finite impulse response (FIR), or infinite impulse response (IIR) fil-
ter, that generates the output signal (control signal) y(n) based on the
signals e(n), and u(n), from the error and the reference microphones
respectively. The practical complications introduced due to the acoustic
paths and equipment present between the controller output y(n) and
error signal e(n) known as forward path and controller output y(n) and
reference signal u(n), the feedback path are also shown. These paths also
include the ADC, DAC, amplifier/filters, the control speaker and the
relevant microphones. A suitable adaptive algorithm, e.g., the filtered-X
LMS, based on the least mean square (LMS) algorithm updates the coef-
ficients w(n) of the adaptive FIR filter iteratively to minimize the noise
at the error microphone location. The blocks C

′
and B

′
are FIR filter

estimates of the forward path and feedback path respectively, needed for
compensation of these paths. The estimation of these paths is discussed
in Section 5.4.1.

5.4 Active Noise Control: In Perspective of the
Remote Laboratory

To design and implement an ANC system, basically requires that a stu-
dent have knowledge to: a). Determine the relevant dynamic properties
of the system to be controlled, b). Determine the feasibility of ANC
for the system, c). Understand and to implement suitable control algo-
rithm on a DSP, etc. The remote ANC laboratory enables for instance the
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(a) (b)

Figure 5.1: Block diagrams of ANC system for a ventilation duct. (a).
A simplified single-channel feedforward ANC system for a ventilation
duct. (b). Single-channel feedforward ANC system in context of the
FURLMS algorithm implementation.

students to perform all these important steps via the web based clients
discussed in section 5.2.3. The following section describe briefly the im-
plementation of these steps in the context of remote laboratory.

5.4.1 Implementation Procedure and Adopted Methods

To ascertain the practicability of a single channel ANC for the duct sys-
tem, its acoustic properties need a thorough investigation. The 315 mm
diameter of the duct ensures a plane wave propagation below 630 Hz
and hence a single channel controller, i.e., one reference microphone,
one error microphone and one ant-noise loudspeaker, are likely to be
sufficient for the ANC system [10]. The coherence function plot between
error microphone and noise signal from the signal analyzer may pro-
vide information regarding the extent to which the error microphone
signal can be linearly explained from the signal analyzer noise signal
and may be utilized to estimate the ANC performance prior to its im-
plementation. The frequency response function (FRF) plot between the
same signals revealed the eigen frequencies or frequencies where the
energy of the noise is concentrated, for the duct system.
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Figure 5.2: The Measurement and Configuration Client, for the configu-
ration of equipment for a particular ANC application.

The forward and feedback paths were estimated using LMS algo-
rithm, prior to ANC. For this purpose a band-limited random noise gen-
erated by the signal analyzer was used as identification signal, which is
connected to the anti noise speaker while the primary noise speaker was
turned OFF. The necessary equipment configuration of the Measurement
and Configuration Client for this purpose is shown in Figure 5.2. To imple-
ment the LMS algorithm on the DSP board, the Web-Based Development
Environment client is instigated form the Measurement and Configuration
Client. After convergence of the LMS, the estimates of the paths were
saved for later use, to filter the signals as required by a particular ANC
algorithm.

The implementation of ANC is similar to implementation of the sys-
tem identification as described in the previous paragraph. The modifica-
tions required on the Measurement and Configuration Client are to turn ON
the primary noise speaker, restore the role of the secondary speaker, con-
nect the error microphone, and select a proper reference microphone. A
random primary noise in the range of 50− 500 Hz was generated. The
procedure was repeated for each algorithm and the noise attenuation
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was assessed by observing the power spectral density (PSD) of the error
microphone with and without ANC at a narrow frequency range cen-
tered at 119 Hz, an eigen frequency of the duct. The PSDs of the error
microphone before and during ANC are shown in Figure 5.3.

5.4.2 Normalized Least Mean Square (NLMS) Algorithm

In the basic LMS or FXLMS algorithm, the value of µ determines the
convergence speed of the adaptive filter and is sensitive to time variation
in the power of the input to adaptive filter or reference signal x(n) [11].
This sensitivity to the input signal is neutralized by normalizing the step
size µ with the energy (L2-Norm) of the signal. The basic LMS algorithm
vector update weight equation for w(n) can be modified as following

w(n + 1) = wn +
β

ε+ ‖ x(n) ‖2 x(n)e(n) (5.1)

Here, β is the new step size, ‖ x(n) ‖2 is the L2-Norm of x(n) and
ε is a small positive real value which avoids division by zero in case
x(n) becomes zero. In order for the NLMS to converge in mean square
sense, we should have 0 < β < 2. The noise attenuation achieved using
the NLMS is shown in Figure 5.3. The attenuation is estimated from
the PSD plots of the error microphone when ANC was off and ON at a
particular frequency (119). Hz, i.e., at the resonant frequency of the duct
system used in the laboratory.

5.4.3 Leaky Least Mean Square (Leaky-LMS) Algorithm

Some practical limitations of an ANC system may cause the LMS or
FXLMS algorithm to suffer from stabilization problems such as insuf-
ficient spectral excitation and errors caused by overflow due to limited
numerical precision in DSP. The insufficient excitation problem (zero
eigenvalues in the input signal autocorrelation matrix) may result from
placing a reference microphone at a pressure node and may cause un-
damped modes in adaptive filter [11]. This problem may be avoided by
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(a) (b)

Figure 5.3: Signal analyzer screen shot showing the noise attenuation
attained when the NLMS algorithm was used. The noise attention can
be seen at 119 Hz by comparing the PSD plots in (a) and (b). (a). PSD
of the error microphone when ANC is OFF when ANC is OFF and (b).
PSD of the error microphone when ANC is ON.

adding a "leakage" factor ν to the coefficient update LMS algorithm.

w(n + 1) = νw(n) + µx(n)e(n) (5.2)

The leakage factor ν is generally selected to have a value slightly less
than 1, has a restraining influence on the filter coefficients, and avoids
non-linear distortion in the secondary speaker by restraining its output
at the cost of introducing a bias in the steady state solution [9, 11].

5.4.4 Filtered-U Recursive Least Mean Square (FURLMS)
Algorithm

The acoustic feedback path B may also be modeled as part of the controller
modeling the acoustic plant P shown in Figure 5.1b., which introduces
poles in the system transfer function and thus, can be modeled as an
IIR filter [12]. The FURLMS algorithm by Feintuch is one of the several
algorithms used for ANC using IIR filters [13]. The poles introduced
by the acoustic feedback are eliminated by the poles of adaptive IIR
filter [13]. The implementation of FURLMS in ANC system is shown
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in Figure ??. The convergence rate is slower as compared to adaptive
FIR filters and its poles may introduce stability problems. Moreover, it
might converge to local minimum and error signal is not guaranteed to
be reduced at every iteration [11]. The output of the controller y(n) for
the FURLMS is given by,

y(n) =
M−1

∑
i=0

aix(n− i) +
L

∑
j=1

bjy(n− j) (5.3)

Where ai is the weight vector of the path A, bi is the weight vector of the
path B while M and L are their respective orders. The weight update
equations for the FURLMS are given as [9] [13]

a(n + 1) = a(n)− µe(n)xC′ (n) (5.4)

and
b(n + 1) = b(n)− µe(n)yC′ (n− 1) (5.5)

Where xC′ (n) and yC′ (n) are filtered reference and controller output sig-
nal respectively, filtered by C

′
, the FIR filter estimate of the forward path

C.

5.4.5 Recursive Least Square (RLS) Algorithm

The RLS algorithm minimizes the energy of the instantaneous error sig-
nal (vector) e(i), by optimizing the filter coefficients through the least
squares. In RLS algorithm, the filter coefficients need to be updated for
every incoming data. Thus, there will be different filter coefficients even
for the data having the same statistical properties [11]. The RLS has a
smaller steady state error and faster convergence rate but the computa-
tional complexity is higher as compared to the LMS [9]. The exponen-
tially weighted RLS is implemented using the remote laboratory. The
weight vector w(n) for the FIR implementation of the RLS including the
effect of the secondary or forward path is given as,

w(n + 1) = w(n) + k(n)e(n) . (5.6)
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Where k(n) is the gain factor and is equal to

k(n) =
λ−1Q(n− 1)xC′ (n)

xT
C′
(n)λ−1Q(n− 1)xC′ (n)) + 1

. (5.7)

Q(n) is the inverse of the input autocorrelation matrix evaluated recur-
sively, xC′ (n) is the vector of the filtered input signal, filtered by C

′
and

xT
C′
(n) is transpose of xC′ (n). Finally, the controller output y(n) and the

error signal e(n) are given by

y(n) = wT(n)x(n) , (5.8)

e(n) = d(n)− cT(n)y(n) . (5.9)

Where c(n) is the impulse response vector of the forward path C.

5.5 Performance Comparison

The attenuation results for all the algorithms implemented on the remote
laboratory are presented in Table 5.1. The order of the filter along with
the number of operations, i.e., multiplications, additions and memory
usage required for the algorithms are also documented. The estimates
of the filter order are represented by the same symbols as they were used
in the algorithm. The order of the FIR filter estimates for the forward path
C
′

used is equal to the order of FIR filter estimates for the feedback path
B
′
, so only C

′
is presented. These numbers show that the DSP and hence

the laboratory setup is capable of handling these computations.

Table 5.1: Performance comparison of the adaptive algorithms.

Algorithm
Noise Reduction Computational Complexity Filter order

(dB) Multiplication Addition Memory Usage C
′

B
′
, A

′
W

N-LMS 23.5 2N+4 2N+3 2N 128 – 256
L-LMS 24.5 3N+1 2N+2 2N 128 – 256

FURLMS 20.0 2N+3 2N+5 2N+M 128 128,128 128
RLS 27.7 2N2+4N 1.5N2+2.5N N2+2N 128 – 256
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5.6 Conclusion and Future Work

The performance of the remote ANC laboratory prototype was eval-
uated by implementing gradient based and RLS based active control
algorithms applied to low frequency noise in a ventilation duct. The
achieved attenuation level for the algorithms used on the duct system
is comparable. The GUI, i.e., the Measurement and Configuration Client of
the laboratory provides a simple but robust mechanism for the control
of different transducers and speakers pertinent to the requirement of an
ANC algorithm. The processing power of the DSP and available daugh-
ter card module to incorporate more channels make the system suitable
for more advanced and complex ANC systems and algorithms. Both
researchers and students across the globe can access the laboratory via
the Internet.

Being a prototype, the laboratory’s performance is satisfactory. To
increase the student’s perception of being physically present and more
involved, future work will focus on adding audio and video facilities
along with a robotic system for moving the microphones. The Measure-
ment and Configuration Client also requires changes to accommodate for
multi channel ANC implementation. To give students more control of
the DSP resources the Web-Based development Environment client of the
laboratory will also be improved in near future.
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Abstract

Magnetic Resonance Imaging (MRI) scanner is one of the most
important tools in clinical diagnosis. MRI scanners are associated
with strong vibration which results in unpleasant and disturbing
acoustic noise. The primary source of this vibration is the Lorentz
force produced by fast switching of the currents inside the gradient
coils of MRI scanners under a strong static magnetic field. During
an MR-imaging scan the switching is controlled in order to spa-
tially code the hydrogen nuclei that will generate the signal, which
is reconstructed into anatomical images. Faster switching of the
currents allows for shorter scan times and/or higher image reso-
lutions. Consequently, the clinical quality has motivated the drive
for shorter switching time and higher currents. This development,
however, has also caused an undesired increase of MRI vibrations.
The overall vibration phenomenon of an installed fully functional
MRI scanner system becomes unique because of the installed lo-
cation and ambiance. This vibration can potentially degrade the
image quality and hence the diagnosis. Apart from the vibration
produced, the associated annoying acoustic noise may not only af-
fect the patients under examination and the clinical staff, but may
also be transmitted to other parts of the building and cause dis-
comfort for the personnel working there. In order to devise an
effective isolation plan, or improve an existing one, both for vi-
bration and acoustic noise it is important to study the noise and
vibration transfer paths. This paper concerns an investigation of
vibration transfer paths for vibration excited by an installed func-
tional MRI scanner at a medical facility. The vibration transfer
paths have been investigated experimentally. The obtained results
are presented and discussed.
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6. MRI Scanner’s Vibration Path Analysis

6.1 Introduction

The clinical diagnosis quality of the Magnetic Resonance Imaging (MRI)
scanner has improved at the cost of increased vibration level during
operation in recent years. The main reason is that faster scanning tech-
niques and higher currents are employed in new MRI scanners resulting
in higher Lorentz forces. Consequently, the increased vibration and as-
sociated unpleasant acoustic disturbance also demand careful structural
design of the installation site, and more effective silencing techniques [1].
Most of the efforts are aimed to design quite MRI scanners by isolating
the gradient coils [2, 3, 4, 5]. However, the vibration problem still re-
mains at large. Every installed location and surrounding ambiance of
a functional MRI scanner present unique challenges concerning vibra-
tion isolation, and silencing measures. The vibration can be transmitted
to other parts of the location and not only cause structural damage but
can also affect operation of other sensitive equipment in the proximity.
The acoustic disturbance may transmit to the surrounding areas both
through air, known as air born noise or through the floor or walls, etc.,
termed as structure born noise. The vibration isolation becomes even
more challenging when a new MRI scanner is installed at an existing fa-
cility. Apart from the vibration isolation, some structural reinforcement
may also be required. In order to devise a successful isolation plan or
improve an existing one both for vibration and acoustic noise it is impor-
tant to quantify or study the noise and vibration transfer paths. A study
of such vibration paths of a functional MRI scanner installed at Blekinge
County hospital Karlskrona, Sweden, is the subject of this paper. The
vibration transfer paths are measured experimentally with the help of
the trasnmissibilty function concept.

6.2 Vibration Transfer Path Analysis

Transfer path analysis (TPA) is an important tool to identify operational
forces, and vibration transfer paths, in order to study the Noise Vibra-
tion and Harshness (NVH) behavior of a system. Several experimental

150



6.2. Vibration Transfer Path Analysis

methods exist that determine the vibro-acoustic paths. In the classical
TPA the system’s frequency response function (FRF) is measured by ex-
citing the system with an impulse hammer or shaker and measuring the
response. Synthesized responses are then generated by combining the
FRF and operational forces, from which the contribution by each noise
path is determined. The TPA can be performed either by disassembling
the system or taking the whole system without disassembling [6]. The
former method avoids the coupling problems but is time consuming
and most importantly the boundary conditions are changed. The later
technique eliminates these drawbacks. Another technique known as op-
erational transfer path analysis (OTPA) determines the transsmisibilty
matrix, i.e., response to response transfer function for determining the
vibration transfer paths using operational data [7]. This technique is
similar to multi input multi output (MIMO) methods for determining
the FRF. The transmissiblity frequency function or simply transmissi-
bilty is the ratio between an output (response) and a reference response
without the knowledge of the excitation forces. The responses can be
any quantity of motion, i.e., displacement, velocity or acceleration. The
transmissibility concept applied to transfer path analysis stems from the
fact that the equation of motion for a multi-degree of freedom (MDOF)
system may in the frequency domain be expressed as [8],

[H( f )]{F( f )} = {X( f )} (6.1)

Where [H( f )] is known as the FRF matrix,
{X( f )} = [X1( f ) X2( f ) · · · XM( f )]T is the response vector in frequency
domain and {F( f )} = [F1( f ) F2( f ) · · · FM( f )]T is the excitation force
vector in frequency domain. The transmissibility or the ratio between
two responses of different degrees-of-freedom Tji( f ) is defined as

Tji( f ) =
Xj( f )
Xi( f )

(6.2)

Equations (6.1) and (6.2) assumes that the Fourier Transform is defined
for the responses and forces. However, in practice the transmissiblity is
calculated using the H1 estimator, i.e., from the ratio of the cross spec-
trum GXjXi and the auto spectrum GXiXi of the two responses [9, 10]. It
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is important to note that the transmissibility is different from the FRF,
i.e., the poles of Tji( f ) are different from that of [H( f )], therefore, the
peaks in the transmissibility do not correspond to the resonance fre-
quencies of the system [10]. The transmissibility concept has been suc-
cessfully used to identify mode shapes and operational deflection shapes
ODS [8,10,11]. In this paper we use the transmissibility function to study
the vibration transfer paths.

6.3 Experimental Setup

The measurements were conducted on the MRI scanner. The floor in the
MRI room supports the MRI scanner’s four feet via a vibration isolator
at each foot.

6.3.1 Top View of the MRI Scanner Room

To understand the measurements procedure an approximate MRI scan-
ner installation site is shown in Figure 6.1, as seen from the top, without
any proper scale. The MRI feet are numbered from 1 to 4. The sliding
bed for the patients is omitted from the drawing as its weight and hence
the vibration transfer is negligible as compared to the MRI. The encir-
cled crosses show the floor positions where the acceleration signal is to
be measured on the floor adjacent to each foot.

Figure 6.1: Top view sketch of the MRI room with MRI scanner.
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6.3.2 Measurement Equipment and Procedure

As mentioned in the beginning of the current section, the MRI scanner
rest on the floor through its four feet via vibration isolation. The opera-
tional forces are unknown and due to the strong (3 Tesla) magnetic field
an impulse hammer with force transducer may not be used for impulse
excitation to measure FRF. However, it is possible to measure acceler-
ation both on the feet of the MRI and floor positions beside each foot.
Therefore, the transmissibility function is well suited to study the vibra-
tion transfer paths in this case. Accelerometers were glued to the MRI
scanner feet with non magnetic (Brass) studs, to measure acceleration in
the vertical direction. An accelerometer was glued to the floor adjacent
to each foot position. The transmissibility between the responses, i.e.,
acceleration spectra on a foot and adjacent floor position, denoted by i
and j respectively is represented as Tji( f ).

The MRI scanner environment is characterized by a strong 3 Tesla
magnetic field. Therefore, it is important that the measurement equip-
ment, e.g., accelerometers and the impulse hammer, etc., used are non-
ferromagnetic. It is equally important that the performance of the sen-
sors and measurement equipment should not be degraded by the pres-
ence of strong magnetic field. The equipment used in the measurements
are chosen to be suitable for the MRI environment and are listed in Ta-
ble 6.1. The measured data is analyzed in Matlab.

Table 6.1: Equipment used for MRI measurement.

Name Tech Part. No Quantity Material
Accelerometer 3.2 pC/ms2, 0-8400 KHz 4383-V 5 Titanium

Mounting, Bees wax UA-0866 - Bees Wax
0.14mm 10-32 UNF Cement stud 5 - Brass

Super low-noise Cables AO-0122-D 5 -
Two channel, Nexus Charge /conditioning amplifiers 2226654 3 -

24 bit, NI DAQ system 4431,4432 2 -
Non magnetic hammers - 2 Wood, Plastic
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6.4 Measurement Procedures

The overall measurement procedure can be divided in to three parts.

• In the first part the MRI scanner was operating without a patient.
The signal wave-forms normally used for clinical diagnostics pur-
pose were used to operate the MRI scanner and are tabulated in Ta-
ble 6.2, along with their duration, in the same order as used in the
measurements. One accelerometer at each foot and one at the adja-
cent floor position were used to record the acceleration in a single
measurement, e.g., in measurement No.1 the floor accelerometer
is placed near foot 1. The measurement procedure is repeated for
foot and adjacent floor positions 2, 3 and 4 in subsequent measure-
ments. The recorded data was divided into individual wave-forms
using Matlab with the aid of its plotting tools, for further analysis.

• In the second part the MRI scanner was not operating. A non-
magnetic hammer was used to excite the MRI feet in the vertical di-
rection and the acceleration were measured on each foot and floor
position simultaneously. The procedure was repeated for each foot
with several hammer strikes using two different hammers sepa-
rately, one with a wooden hammer head and one made of hard
plastic. For the analysis, five to seven less noisy hammer strikes
are isolated from the measured time series and subsequently com-
bined in a single vector. A suitable exponential window, e−at, was
used.

• In the third part the floor besides an MRI scanner foot was excited
by the two hammers separately. The measurements and analysis
procedure were similar to the second part.

6.5 Results

Several measurements were performed in different sessions both with
the MRI scanner in operation and when the MRI scanner was idle and
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Table 6.2: MRI wave-forms used in measurements.

Sequence Name Duration (seconds)
ASSET (callibration) 7
Ax T2 PROPELLER 105

T2 FSE 120
Ax FSPGR3D 258

Sag CUBF (CUBE flair) 250
DWI 54

SWAN 187

the hammer excitation was used. Thus, a substantial number of analyses
were carried out and a representative set of results from the experiments
are presented below.

6.5.1 MRI Wave-forms and Impulse Strikes in Time Domain

During operation of the MRI scanner the acceleration at foot 1 and the
floor position near foot 1, in the vertical direction, were measured (mea-
surement No.1) and are shown in Figure 6.2. Similarly, Figure 6.3a,
presents the vertical acceleration measured on foot 4 (measurement No.4).

Impact excitation has been used to identify the transfer paths and
to validate the transfer paths measured based on the MRI wave-forms.
Two different hammers were used. The results for both the hammers
are identical and only one set is presented here. Five to seven hammer
strikes were used in the measurements to enable adequate averaging
for the spectrum estimates. The acceleration produced by the plastic
hammer impacts on the MRI scanner’s foot 2 and the adjacent floor
position are shown in Figure 6.3b.

6.5.2 Coherence

The coherence plots between a foot and a floor measurements may re-
flect the noise in the measurements and show how much the signal on
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Figure 6.2: MRI waveforms in measurement No.1. (a). Acceleration
record on foot 1. (b). Acceleration record on the floor adjacent to foot 1.
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Figure 6.3: Acceleration record for MRI wave-forms and hammer strikes.
(a). Acceleration record on foot 4 in measurement No.4. (b). Acceler-
ation measurement on foot 2 and adjacent floor position, using plastic
hammer strikes on foot 2.

the floor/foot can be linearly explained from the signals on foot/floor.
The coherence is measured for all the hammer strikes on foot, floor and
for the MRI sequence measurements between a foot and floor. The co-
herence is relatively good between a foot and floor when the hammer
impulse was made on the foot as compared to the strikes on the floor
and for the MRI measurement wave-forms. Estimates of the coherence
between vertical acceleration at foot and floor for the wooden hammer
impacts on foot 1 and for MRI sequence "SWAN" on foot 4 are shown
shown in Figure 6.4. An exponential window e−99t, of length 212 = 4096,
zero percent overlap and five to seven averages were used for the pro-
duction of spectrum estimates.
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Figure 6.4: Coherence plots between vertical acceleration spectra at foot
and floor. (a). Coherence plot between foot 1 and adjacent floor position
using wooden hammer strike on foot 1. (b). Coherence plot(between
foot 4 and nearby floor position for MRI sequence "SWAN".

6.5.3 Power Spectrum (PS) and Energy Spectral Density
(ESD)

The MRI signal wave-forms are periodic, thus, indicating that estimates
of power spectra of the acceleration measured on the feet and floor po-
sitions are adequate. As a single MRI run consist of seven signal wave-
forms, tabulated in Table 6.2. Therefore, the acceleration power spectra
for each foot and adjacent floor positions are estimated for each signal
sequence separately. A Hanning window of length 212 = 4096, with 50%
overlap was used. The acceleration power spectra, for two different MRI
wave-forms, measured on foot 2 and adjacent floor position are shown in
Figure 6.5. From Figure 6.5 a clear difference maybe observed between
the floor and feet spectra, an indication of the amount of damping at
different frequencies induced by the vibration isolators.
When the MRI scanner was idle, hammer impact excitation was used
and the floor and feet acceleration were measured. The energy spec-
tral density (ESD) was estimated for the floor and feet acceleration. In
the ESD estimation procedure an exponential window e−99t with length
212 = 4096 and no overlapping were used. The difference in the accel-
eration response for a certain foot and floor position depending on the
type of hammer seemed to be negligible. However, a clear difference
was observed depending on if the foot or the floor was excited by the
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hammer. From the ESD estimates plots shown in Figure 6.6, for foot 1
and foot 3 along with their adjacent floor positions, a difference between
the magnitude of the floor and the foot ESD can be observed, similar to
the power spectra for the MRI wave-forms.
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Figure 6.5: Acceleration power spectra measured on foot 2 and the
adjacent floor position in measurement No.2 for two different MRI
waveforms. (a). Acceleration power spectra of the MRI sequence "Ax
T2PROPELLER". (b). Acceleration power spectra of the MRI sequence
"DWI".
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Figure 6.6: Energy spectral densities (ESD) of the acceleration on a foot
and near by floor position. (a). ESD between foot 1 and adjacent floor po-
sition using wooden hammer with strike on the foot. (b). ESD between
foot 3 and adjacent floor position using plastic hammer with strike on
the foot.
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6.5.4 Transmissibility Function Estimates

Ttransmissibilities Tji( f ) were estimated between a foot and floor accel-
eration both for the case when the excitation is provided by operating the
MRI scanner and for the case when the MRI scanner was idle and only
hammer excitation. The analysis procedure, i.e., the window function
and selected overlap, etc., is identical to the settings used for estimating
the power spectra presented in Section 6.5.3. The transmissibility for two
different feet and adjacent floor positions for different MRI waveforms
are presented in Figure 6.7 and Figure 6.8.
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Figure 6.7: Transmissibility between foot 3 and adjacent floor position
for two different MRI waveforms in measurement No.3. (a). Transmis-
sibility for MRI sequence "Ax T2PROPELLERPSD". (b). Transmissibility
for MRI sequence "Ax FSPGR3D".

6.6 Conclusions

From the results in Figure 6.4, it follows that the coherence function
estimates between a foot and floor acceleration may indicate that the
measurements are affected by uncorrelated noise. This noise may have
several sources but the main source is likely to be the the cooling com-
pressor, which runs continuously even when the MRI scanner is idle.
The coherence for the hammer pulses also suggest measurements af-
fected by uncorrelated noise, which is typical for impact excitation mea-
surements. The coherence between a foot and adjacent floor acceleration
is low for the hammer impulses on the floor as compared to those on the
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Figure 6.8: Transmissibility between acceleration spectra at two different
feet and adjacent floor position, excitation provided by the two different
hammer impulses. (a). Transmissibility between foot 1 and near by
floor position, excited by the wooden hammer at the same foot. (b).
Transmissibility between foot 2 and near by floor position, excited by
the plastic hammer at the same foot.

feet directly. The coherence between a foot and nearby floor acceleration
using hammer excitation is generally higher as compared to the case of
excitation by operating MRI.

From the time domain vibration signals shown in Figure 6.2 and
Figure 6.3a, excited by the gradient coils in an operating MRI it seems
like that the vertical acceleration differ between the feet. The acceleration
level of foot 1 is almost half as compared to the acceleration level of other
three feet. The acceleration transferred to the floor also follows the same
pattern.

The power spectra and ESD, in Figures 6.5 and 6.6, indicate an iso-
lation between the feet and the floor of approximately 20 dB for fre-
quencies below 2500 Hz and even an amplification may be observed for
frequencies above 2500 Hz. An almost similar vibration isolation trend
may be observed in the transmissibility plots, Figure 6.7 and Figure 6.8.
The transmissibility plots, also suggest less isolation at frequencies be-
low 500 Hz. The transmitted vibration may also produce structure borne
noise in other parts of the building, which is off course heard.
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6.7 Future Work

Valuable information about the vibration transfer from the MRI scan-
ner to floor is achieved through the analysis of transmissibility and the
power spectra. To get a more understanding of the vibration transfer,
further investigation is required. The vibration spectra will be compared
to sound measurements in and outside the MRI scanner room to verify
that if the sound outside MRI room is structural borne or not. Vibration
measurements at other locations of the building will be made to verify
the structure borne transmission. To get a more reliable system identifi-
cation or vibration transfer characteristics the floor beneath the MRI will
also be excited with random noise generated by a shaker.
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MRI Scanner’s Vibration Isolation: Experimental
Measurements, Analysis Techniques and
Analytical Models

Imran Khan.

Abstract

Modern Magnetic Resonance Imaging (MRI) scanners employ
techniques for faster switching of currents in the gradient coils.
The aim is to improve the imaging quality and/or shorter scan-
ning time at the cost of further escalating the associated vibra-
tion and noise excited by the Lorentz forces in the gradient coil.
These developments necessitate the employment of effective vibra-
tion isolation measures, both prior and post installation, for which
a comprehensive analysis of the vibration transfer paths is essen-
tial. Such an analysis is presented in this paper for an operational
MRI scanner. The vibration transfer paths are studied both analyt-
ically and experimentally. Based on the spectral analysis results,
improvements in the existing vibration isolation mechanism are
discussed.

7.1 Introduction

Magnetic resonance imaging (MRI) is one of the fundamental clinical
diagnosis method used in hospitals and other health care facilities [1].
The MRI diagnosis is fast, safe, non-invasive and does not emit ioniz-
ing radiation [2]. These advantages generally make MRI to be the first
choice among other imaging techniques such as, computed tomography
(CT), and positron emission tomography (PET), in cases when the ex-
pected diagnosis results are similar or better [3]. MRI scanners may be
used in a variety of clinical diagnosis applications both for anatomical
images and functional mapping of certain metabolic processes, e.g., of
brain, spine, head, neck abdomen, pelvis, musculoskeletal system, car-
diovascular, chest, breast, and fetal imaging in oncology, cardiology and
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neurology [4]. During the past decade a considerable increase in the
use of MRI scanners has been observed both in terms of its constantly
emerging new clinical applications, and in terms of technological en-
hancements, such as, the availability of hybrid PET/MRI scanners [1, 2].

MRI scanners construct an image based on the interaction of mag-
netic moments of usually hydrogen nuclei, which are found in large
quantities in living organisms, with an applied time varying magnetic
field produced by the MRI gradient coils, over a very strong static mag-
netic field, of the order of a few Tesla [3, 5]. The hydrogen nuclei are
excited from their equilibrium states (precessional spin) by radio fre-
quency (RF) pulses at the Lamor frequency, which is proportional to the
static magnetic field. By switching off the RF pulse the nuclei return
to their equilibrium states and emit an electromagnetic signal, collected
by RF coils and used to form the MR image [3, 5]. The time varying
gradient coil current under the strong magnetic field produces a strong
mechanical force known as the Lorentz force ~F(t), on the gradient coils
which is the major excitation source of vibration in MRI scanners, given
by [6],

~F(t) = i(t)
∫
l

d~l × ~B . (7.1)

Where i(t) is the time varying current, d~l is the differential length of the
current carrying conductor and ~B is the static magnetic field strength.
The vibration excited by the Lorentz forces in a MRI scanner not only
propagates to other parts of the scanner and surrounding structure,
but also induces acoustic noise. High resolution images result in more
reliable diagnosis, that is of course desired, but require strong mag-
netic fields or longer measurement (scan) time [7]. To reduce the scan
time, i.e., to scan over the same spatial distance in a short time, re-
quires stronger magnetic field and thus higher gradient current, result-
ing in higher vibration and acoustic noise levels [8]. Modern MRI scan-
ners employ faster switching currents and shorter scanning times under
strong magnetic fields and hence the resultant vibration and associated
acoustic noise increase accordingly. The high vibration levels not only
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cause mechanical fatigue in the scanner but may also degrade the im-
age quality, and hence the accuracy of the diagnosis as well [9]. On the
other hand the acoustic noise which may be up to 138 dB not only dis-
turbs the clinical staff and the patient but may also affect the diagnosis
results, e.g., during functional imaging of the brain [10]. The vibration
and the acoustic noise may also propagate to other adjacent facilities, or
laboratories, and affect the performance of the equipment such as, surgi-
cal microscopes, other MRI scanners, as well as the personnel. Therefore,
it is important that both the MRI scanner, and the facility should be iso-
lated from unwanted vibration and sound produced either by the MRI
itself, or other sources.

To reduce the vibration in MRI gradient coils, and hence the acous-
tic noise, and vibration, most of the efforts are based on studying and
characterizing the vibration and noise produced in the gradient coils
and modeling it as a thin walled cylinder using finite element model-
ing (FEM) [7, 11, 12]. Specific measures to isolate the gradient coils from
the scanner structure have also been investigated [13]. The other efforts
include active, or passive control methods [14], improvements in the de-
sign of the gradient coils [15, 16], and improved scanning methods [17].
The shielding of the vicinity by carefully designing the MRI facility fol-
lowing recommended guidelines is also a standard practice [18].

The activities in the preceded paragraph with the purpose to reduce
the vibration in the gradient coils, and hence the acoustic noise and vi-
bration of MRI scanners, have resulted in an impact on MRI scanner
designs that is obvious and in quieter MRI scanner systems, comfortable
MRI environments and improved diagnosis. However, once the MRI
or any other heavy machinery is installed in a building, despite care-
ful design, annoying and performance degrading vibration and noise
may still be introduced due to the structural properties of the location
of the machinery mounts, dynamic properties of the supporting struc-
ture and the presence of other machinery, etc. Thus, vibration and noise
isolation have to be considered and generally it becomes more challeng-
ing if the building the MRI should be installed in, already exist and is
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not designed for the particular MRI scanner. Hence, each installation
proximity (location) makes the noise and vibration problem unique, and
generic post installation shielding and isolation techniques for the sound
and vibration may not be sufficient.

The MRI sound (noise) may propagate through the building both via
the building structure (structure borne) and air (air borne). The noise
may excite other installations, such as heating, ventilation, and air con-
ditioning (HVAC) ducts and pipes, and thus may propagate to distant
parts of the building. Furthermore, the MRI vibration may also propa-
gate to other parts of a building via the building structure, e.g., walls,
columns and beams, etc., and may affect sensitive equipment and also,
e.g., induce more acoustic noise in the building. Since the MRI scanners
generally have a substantial weight upto several thousands of Kg, struc-
tural reinforcement of the floor that should support the MRI may also be
necessary to avoid, e.g., structural collapse. The structural reinforcement
of a MRI supporting floor may introduce additional transmission paths
for the vibration and the vibration may propagate to new parts of the
building, etc. To devise any vibration and/or sound isolation plan in a
such a situation, a careful on-site study of the MRI noise and vibration
properties and its transfer paths is necessary.

7.2 Vibration Transmission and Isolation of MRI
Scanners

Vibration transfer (transmission) path analysis is a common technique
used to study vibration transferred from machinery to other parts of
a structure or vice versa, also commonly referred to as vibration isola-
tion [19]. According to the author’s knowledge no research has been
performed on the experimental investigation of vibration transferred
from an on-site MRI scanner systems or heavy industrial machines to
the surrounding environment, which leads to improved vibration isola-
tion. Most of the existing related work is focused on two main prob-
lems. One, isolating sensitive equipment, such as surgical microscopes,
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and computer numerical control (CNC) machines, etc., from unwanted
vibration and two, suitable floor design to withstand vibration produced
by the equipment or machine itself [20]. The study performed by Evan et
al., [18] may be considered as correlated to the investigation presented in
this work. The authors have focused on pre-installation background vi-
bration and acoustic measurements of a proposed MRI installation site.
Based on the MRI manufacturer data, and standardized isolation re-
quirements from American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE), structural modifications based on
structural de-tuning and mass de-coupling were implemented to isolate
sensitive laboratories both above and below the MRI room. Similarly,
Bhargava et al., [21] worked on the assessment of floor vibration for a
proposed MRI installation site from nearby foot-fall excitation. Finite
element (FE) models of the floor and MRI were used by them to validate
the measurements for an existing MRI unit and predicted the response of
the floor for a replacement MRI. Thornton et al., [22] worked on the iso-
lation of a proposed MRI facility situated near a railway track from the
non-stationary vibration induced by train traffic. Experimental vibration
measurements and simulation models were used by them to design the
floor for the MRI scanner.

It is evident from these research contributions that the focus of the
researchers is mainly on the isolation of MRI from external vibration
caused by various sources and efficient floor design. However, vibration
produced by functional on-site MRI scanners have not been investigated.
Such investigation is important, as MRI scanners are itself a source of
vibration and may disturb patients, clinical staff, diagnosis results and
other medical equipment, etc. Furthermore, installation site, loading
effects and functional properties of the MRI scanner, due to different
scanning sequences bring uniqueness to the vibration problem. There-
fore, on-site experimental vibration measurements of the MRI scanner
systems are indispensable at health facilities for efficient vibration and
noise isolation. Our research work is motivated by this necessity, where
experimental vibration analysis is used to study vibration transferred
from an on-site functional MRI scanner.
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Several experimental techniques such as experimental modal anal-
ysis (EMA), transfer path analysis (TPA), operational modal analysis
(OMA) and operational deflection shapes analysis (ODS), etc., may be
used to identify the dynamic behavior, operational responses, and vibro-
acoustic transfer paths of a multi-DOF system [23, 24, 25, 26]. These
methods involve the estimation of parameters such as eigen-frequencies,
damping ratios, mode shapes and spatial response vectors, etc., from the
experimental measurements. The system is either excited by known ex-
ternal excitation sources using a shaker or impact hammer, e.g., in EMA
and TPA, while the response is simultaneously measured with the exci-
tation force/forces. In the second case, during the operation of a system,
spatial vibration data are measured and eigen-frequencies, damping ra-
tios, mode shapes are estimated with OMA, while spatial response vec-
tors are estimated using ODS. The later methods have the advantage that
the system under test is examined under true operating and boundary
conditions but on the other hand the disadvantage is that the opera-
tional forces, the excitation forces, as well as the boundary conditions
are unknown. These operational data based methods are very helpful in
situations where direct measurements of excitation forces are not possi-
ble. Some common examples of such situations are installed machinery
or hazardous environments, e.g., high temperature, and strong magnetic
environments, and measurements on operating machinery with the pur-
pose to identify their dynamic properties during operation, etc. For the
estimation of noise transmission paths other approaches, e.g., based on
state-space, system identification, and statistical energy analysis are also
practiced [19, 27].

This report focuses on the vibration transfer paths of a 3.0 T MRI
scanner by General Electric (GE) Ltd., installed at the Blekinge County
hospital Karlskrona, Sweden. The considered MRI scanner system is a
modern state-of-the art system but the MRI noise produced during op-
eration propagates to the adjacent floors, is clearly heard, and may affect
the performance of the staff and possibly sensitive clinical equipment as
well. It is not precisely understood how this noise is transmitted to the
other floors in the hospital building. All the noise and vibration prop-
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agation mechanisms described in the earlier paragraphs individually or
collectively may however, be responsible. In order to propose any vi-
bration isolation and acoustic shielding, the first step to be taken is to
investigate the vibration transmission paths to the MRI supporting floor
and adjacent floors.

7.3 Materials and Methods

7.3.1 A Brief Description of the MRI and Supporting
Structure

Figure 7.1., shows the MRI scanner along with a layout of the scanner
room. The MRI scanner rests on the floor through its four feet. The
layout presents the vibration measurement points inside the MRI room.
Structural reinforcement in the form of four vertical columns and two
horizontal steel beams is also provided under the floor of the MRI room
as shown as a block diagram in Figure 7.2., along with the 2-DOF model
of the MRI, floor and supporting structure. In order to confine the mag-
netic field under the MRI scanner, an iron plate is also mounted beneath
the MRI floor, although not shown in the block diagram for simplicity
reasons.

(a)

MRI Scanner

Foot 4

:Floor position

Foot 3

Foot 1 Foot 2
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(b)

Figure 7.1: (a). A photo of the MRI scanner and (b). the layout of the
scanner room to show the position of the MRI in the room and highlight
the measurements points.
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Figure 7.2: (a). A simplified sketch of MRI and floor supported by beams
and columns(b). A 2DOF model of the MRI, floor and supporting struc-
ture.

7.3.2 Measurement Equipment

As shown in Figure 7.2 the MRI scanner rests on the floor through four
feet in the MRI room. Vibration isolation pads as shown in Figure 7.3,
are provided between the MRI feet and floor. The strong 3.0 Tesla mag-
netic field prohibits the use of ordinary impulse hammer, shaker and ac-
celerometers commonly used in experimental measurements techniques
due to ferromagnetic parts. Therefore, it is important that the mea-
surement equipment, e.g., accelerometers and the impulse hammer, etc.,
used are non-ferromagnetic. It is equally important that the performance
of the sensors and measurement equipment should not be affected by the
presence of strong magnetic field. Accelerometers manufacturers data
sheets do not suggest any particular types suitable inside high mag-
netic fields. Therefore, Titanium (which is non-ferromagnetic) casing
accerlometers, 4383-V and 4371 from Brüel & Kjaer, with least possi-
ble magnetic sensitivity of 1 and 4 (m/s2/T) respectively, have been
selected [28]. The acceleration was measured in the vertical direction
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on the MRI feet, floor positions beside the feet, on the horizontal beam,
and roof below the MRI room under the accessible feet during several
measurement sessions. The accelerometers were attached to the MRI
scanner feet, beam, roof via non-magnetic (Brass) cementing studs. The
cementing studs were glued to the MRI with the help of X60 (Methyl
Methacrylate) adhesive. On the floor the accelerometers were directly
glued via quick mounting micro Bees wax. The data were recorded
via 24 bit NI DAQ 4332, 4331 acquisition modules using National In-
struments (NI) LabView Signal Express software and later analysed in
Matlab. The data from the accelerometers in the MRI room and be-
low the MRI room were recorded on separate Laptop PCs via the NI
DAQ systems. From the preliminary data analysis of the vibration data
it was decided to limit the frequency range to 3.2 KHz. A progressive
approach was followed during the measurements, such that the knowl-
edge and experience gained in the preceding measurements were used
to improve the equipment, data acquisition techniques, and analysis for
subsequent measurements. Table 7.1., presents the list of the equipment
used in the measurements.

Table 7.1: Equipment used for MRI measurement.

Equipment Tech Part. No/Name Material Manufactured
Accelerometers 4383-V, 4371-V,4374 Titanium No

Adhesive material Bees wax (YJ-0216), - No
X60 (Methyl Methacrylate)

Cementing studs (UA-0866) Brass No
Charge/conditioning Nexus 2226654 - No

amplifiers
DAQ system NI 4431,4432 - No

Non magnetic hammer - Copper, Brass Yes
Impact hammer PCB 086C20 - No

Shaker LDS V201 M4-CE - No

7.3.3 The Measurement Scheme

In this section the measurement scheme is described in order to inter-
pret the results efficiently. The MRI Feet were numbered according to

173



7. MRI Scanner’s Vibration Isolation: Experimental

Measurements, Analysis Techniques and Analytical Models

Figure 7.3: Picture of the MRI Foot 1 and Floor 1 showing the accelerom-
eter attached.

Table 7.2: Scheme for MRI measurement. Possible positions to be mea-
sured.

Measurement type Foot Floor Roof Beam
Background Noise All All Roof1 Beam1

MRI operational forces All All Roof1 Beam1
Hammer Excitation All All Roof1 Beam1

Figure 7.1b, while the positions of the Floor, Beam and Roof were num-
bered relative to a particular Foot, e.g., Floor1 or Beam1 represents Floor
position near Foot1 or Beam position under Foot1. As an example the
measurement position for Foot1 and Floor1 are shown in Figure 7.3.
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Hammer excitation Hammer excitation 
poistion on MRI Foot1poistion on MRI Foot1

Accelerometer on FloorAccelerometer on Floor1 1 

Hammer excitation Hammer excitation 
poistion on Floor1poistion on Floor1

Figure 7.4: Zoomed version of picture of the MRI Foot1 and Floor1
showing the accelerometer attached and excitation position on Foot1 and
Floor1.

The same positions are more clearly shown in Figure 7.4. According
to Figure 7.1b, the total number of possible measurement positions are
4× 4 = 16. Based on the available Charge Amplifiers channels it was
only possible to measure six channels simultaneously. As mentioned
in Section 7.1., an iron plate is provided under the MRI scanner Floor
to confine the magnetic field. The iron plate along with the building
structure provided limited space for all the positions on the Roof and
Beam to be measured or excited. Furthermore, the measurement on the
Roof and Beam which are below the MRI room have to be acquired on
separate Laptop PC and NI DAQ system. This limitation resulted in the
synchronization problems of the measured data and are discussed in
Section 7.3.4. Apart from the accessibility problem below the MRI room,
an MRI Foot was also difficult to be excited properly. The most appro-
priate point to excite the MRI Foot is highlighted in Figure 7.4. This
point is a sharp edge and in order to avoid double contact of the ham-
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mer with MRI foot, the impact need to be made at an angle. The possible
measurements positions for the measurements are shown in Table 7.2.

7.3.4 Synchronization of the Measurements

Two separate Laptop PCs and DAQ systems were used for the study (ac-
quisition) of MRI vibration transfer paths. One system was used for the
measurements in the MRI room and one system was used for the mea-
surements carried out below the MRI room, i.e., on the Roof and Beam,
see section 7.3.3. The measurements need to be synchronized in order to
perform spectral analysis for hammer excitation. In ordinary situations
a trigger signal may be used to synchronize the measurements using
a longer cable. However, it was not possible to run such a long cable
between two different floors of the building. The synchronization was
not a big issue in case of background noise and MRI operational forces
measurements. However, it was essential in case of measurements in-
volving hammer excitation. The handling of the trigger signal itself is
also a challenge. Common noise and vibration measurement systems
such as Dynamic Signal Analyzer (HP Agilent 35670A) and HP VXI
1432 have provision to synchronize measurements on different channels
using a trigger signal. The process involves buffering of the signals in
memory. However, it was not possible to use these systems inside the
MRI room or run longer cables. Therefore, alternative solutions have to
be devised using the NI DAQ systems. Neither Matlab, nor National In-
struments, provide a simple or direct solution for the trigger signal. One
solution is to acquire the data and then align (synchronize) the data dur-
ing post processing. The process involves detection of a certain level of
the signal (impulse) in the whole measured data and then synchronize
each impulse based on the detected time location. However, this pro-
cess becomes complicated as the number of channels increase and mea-
surements acquired on different DAQ systems. Further complications
arise if the level of the acquired signal is low and the measured sig-
nals are contaminated by external impulses such as foot steps or other
sources. To provide synchronization of the systems, the National In-
struments Signal Express acquisition software was used and a dedicated
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Signal Express Project was implemented providing basic acquisition and
synchronization of measurements by a pre-triggering function. Further
post processing of the acquired data can eliminate false triggering from
all the channels even measured on different PCs and DAQs as the Sig-
nal express project uses a common time vector calculation for the mea-
sured data. The developed Signal Express project can be used in other
industrial environments where longer cables do not permit the use of
Dynamic Signal Analyzer or similar data acquisition systems.

7.3.5 Transmissibility

A technique known as operational transfer path analysis (OTPA), de-
termines the transmissiblity matrix, i.e., response to response frequency
function matrix instead of the FRF matrix for determining the vibration
transfer paths using operational data [28]. This concept has recently
gained popularity and has been applied to find operating deflection
shapes and mode shapes of mechanical systems [26, 29].

In this paper both the trasnimissiblity technique and external excita-
tion are utilized to determine the vibration transfer paths owing to the
fact that the operational and impact forces are unknown for the MRI
scanner system. The transmissiblity frequency function or simply trans-
missibilty is the ratio between an output (response) and a reference re-
sponse without the knowledge of the excitation forces. The responses
can be any quantity of motion, i.e., displacement, velocity or acceler-
ation. The transmissibility concept applied to transfer path analysis
stems from the fact that the equation of motion for a multiple-degree-
of-freedom (MDOF) system may in the frequency domain be expressed
as [29],

{X( f )} = [H( f )]{F( f )} . (7.2)

Where [H( f )] is a M × M FRF matrix,
{X( f )} = {X1( f ) X2( f ) . . . XM( f )}T is the response vector containing
the frequency domain responses Xm( f ) for respective measurement po-
sitions and
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{F( f )} = {F1( f ) F2( f ) . . . FM( f )}T is the force vector containing the
frequency domain forces Fm( f ). Now assume that we measure M+M
responses on our system, i.e.

{
XA( f )
XB( f )

}
=



XA1( f )
...

XAM( f )
XB1( f )

...
XBM( f )


. (7.3)

Thus we have that{
XA( f )
XB( f )

}
=

[
[HA( f )]
[HB( f )]

]
{F( f )} . (7.4)

Where both [HA( f )] and [HB( f )] are M× M FRF matrices. Assuming
that the inverse of the matrix [HB( f )] exists, then we have that,

{XA( f )} = [HA( f )][HB( f )]−1{XB( f )} = [TyAyB( f )]{XB( f )} . (7.5)

Here [TyAyB( f )] = [HA( f )][HB( f )]−1 is the transmisibility matrix. The
tansmissibility Tmr( f ) between two responses Xm( f ) and Xr( f ), m ∈
{1, 2, . . . M} and r ∈ {1, 2, . . . R}, of a multiple-degree-of-freedom (MDOF)
system on the other hand is given by,

Tmr( f ) =
Xm( f )
Xr( f )

. (7.6)

In reality, however, when measuring physical quantities in practice, equip-
ment like the sensors, amplifiers, A/D converters, etc., all introduce
noise to the acquired signal. This suggest that the production of spec-
trum estimates for measured vibration in reality has to be based on a
statistical approach [26, 30].

7.3.6 Spectrum Estimation

To carry out spectrum analysis of vibration data having stochastic prop-
erties (vibration measured in reality) the Welch’s spectrum estimator
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with and without overlapping may be utilized [31]. Based on the prop-
erties of a signal or a signal component a power spectrum, power spec-
tral density or energy spectral density may be estimated. The power
spectrum (PS) is suitable for the periodic components of signals, where
the power of the periodic components of the signal is distributed at dis-
crete frequencies. The power spectrum is scaled such that the peaks
in the spectrum correspond to the mean-square power of the periodic
components. For non-deterministic signals, e.g., random signals or the
random component of a signal, power spectral density (PSD) are usu-
ally preferred. In this case the spectrum is continuous and the scaling
is performed such, that the area under the spectral density function is
equal to the total power of the random signal. For transient signals,
e.g., exponentially decaying sinusoids, having limited time duration, the
energy spectral density (ESD) estimate is used. The ESD spectrum is
also continuous and the area under the ESD curve represent the total
energy of the transient signal. The power spectrum for a signal x(n), in
is discrete-time, may be estimated as following,

P̂PS
xx ( fk) =

1
NLUPS

L−1

∑
l=0

∣∣∣∣∣ N−1

∑
n=0

xl(n)w(n)e−j2πn k
N

∣∣∣∣∣
2

, fk =
k
N

Fs . (7.7)

Where k = 0, 1 . . . N/2, L is the number of periodograms, xl(n) = x(n +

lD), l = 0, 1, . . . , L− 1, is the data segments of the signal x(n), D is the
overlapping increment, N is the length of the periodogram, L ∗ N is the
length of the signal x(n) in samples, w(n) is the data window and

UPS =
1
N

(
L−1

∑
l=0

w(n)

)2

,

is the window-dependent magnitude normalisation factor. Estimates of
the power spectral density is produced with the aid of Whelch’s method
according to

P̂PSD
xx ( fk) =

1
FsNLUPSD

L−1

∑
l=0

∣∣∣∣∣ N−1

∑
n=0

xl(n)w(n)e−j2πn k
N

∣∣∣∣∣
2

, fk =
k
N

Fs . (7.8)
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Where k = 0, 1 . . . N/2, L is the number of periodograms, N is the length
of the periodogram, Fs is the sampling frequency and

UPSD =
1
N

L−1

∑
l=0

(w(n))2 , (7.9)

is the window-dependent effective analysis bandwidth normalisation
factor. Finally, an estimate of the energy spectral density may be pro-
duced as,

P̂ESD
xx ( fk) = P̂PSD

xx ( fk) ∗ T . (7.10)

Where T = NTs, Ts = 1/Fs is the time duration of a data segment.

7.3.7 Single-Input-Single-Output Systems

The frequency response function for a single-input-single-output (SISO)
system may be investigated with the aid of, e.g., the power spectral den-
sity for the input signal and the cross power spectral density between
the input and output signal [32]. The cross power spectral density be-
tween the input signal and the output signal may be estimated according
to [32],

P̂PSD
yx ( fk) =

1
FsNLUPSD

∑L−1
l=0

(
∑N−1

n=0 yl(n)w(n)e−j2πn k
N

)
(

∑N−1
n=0 xl(n)w(n)e−j2πn k

N

)∗
, fk =

k
N Fs

, (7.11)

where ()∗ denotes complex conjugate.A least-squares estimate of the fre-
quency response function between the input and output signals of the
system may be produced according to [32],

Ĥ( fk) =
P̂PSD

yx ( fk)

P̂PSD
xx ( fk)

. (7.12)

The coherence between the input (force) and the output response signal
of a single-input-single-output system "must" be examined before a lin-
ear model is assumed for the systems dynamics. In the case of random
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signals; the coherence function between the input and output signals of
a SISO system provide a measure on the extent the output signal may
be explained linearly from the input signal as a function of frequency
and it assumes values between 0 and 1. Coherence values close to unity
indicate that the response signal (output signal) may to a large extent be
explained linearly from the input signal (force). On the other hand, if
the input (force) and the output response signal of a system contain pe-
riodic components, coherence values close to unity at the frequencies of
the periodic components indicate negligible effects of extraneous noise
at these frequencies. The coherence function may be estimated according
to [33],

γ̂2
yx( fk) =

P̂PSD
yx ( fk)

P̂PSD
yy ( fk)P̂PSD

xx ( fk)
, (7.13)

0 ≤ γ̂2
yx( fk) ≤ 1 ,

Where P̂PSD
yx ( fk) is the cross spectrum between the excitation and

response signals, P̂PSD
xx ( fk) is the power spectrum of the excitation signal

(input signal), P̂PSD
yy ( fk) is the power spectrum of the response signal

(output signal) and fk is the frequency in Hz at the discrete frequencies
the spectra are estimated.

7.3.8 Multiple-Input-Multiple-Output Systems

For Multiple-Input-Multiple-Output systems (MIMO) such as a multiple-
degree-of-freedom (MDOF) systems with M number of responses and R
number of references or excitation forces, an estimate of the power spec-
tral density matrix [P̂PSD

xx ( fk)] between all the inputs is produces as [32],

[
P̂PSD

xx ( fk)
]

=


P̂PSD

x1x1
( fk) P̂PSD

x1x2
( fk) · · · P̂PSD

x1xR
( fk)

P̂PSD
x2x1

( fk) P̂PSD
x2x2

( fk) · · · P̂PSD
x2xR

( fk)
...

...
. . .

...
P̂PSD

xRx1
( fk) P̂PSD

xRx2
( fk) · · · P̂PSD

xRxR
( fk)

 , (7.14)
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where the diagonal elements is power spectral densities for the respec-
tive input signal. The cross spectral density matrix [P̂PSD

yx ( fk)] between
all the R inputs and the M outputs may be estimated according to,

[
P̂PSD

yx ( fk)
]

=


P̂PSD

y1x1
( fk) P̂PSD

y1x2
( fk) · · · P̂PSD

y1xR
( fk)

P̂PSD
y2x1

( fk) P̂PSD
y2x2

( fk) · · · P̂PSD
y2xR

( fk)
...

...
. . .

...
P̂PSD

yMx1
( fk) P̂PSD

yMx2
( fk) · · · P̂PSD

yMxR
( fk)

 . (7.15)

A least-square estimate of the frequency response function matrix for
the (MIMO system) may now be produced as [33],

[
Ĥyx( fk)

]
=

[
P̂PSD

yx ( fk)
] [

P̂PSD
xx ( fk)

]−1
. (7.16)

In the case of a MIMO system the multiple coherence provides a measure
for the quality of the measurements and for output m it is given by [33],

γ̂2
ym :x( fk) =

[
P̂PSD

yx ( fk)
]

m•

[
P̂PSD

xx ( fk)
]−1

[
P̂PSD

yx ( fk)
]H

m•
P̂PSD

yy ( fk)P̂PSD
ymym

( fk)
. (7.17)

Where [•]H denotes hermitian transpose of a matrix and [•]m• denotes
row m of a matrix. The transmissibility between two response locations
of a M-DOF system may be estimated as,

T̂ab( fk) =
P̂PSD

yayb
( fk)

P̂PSD
ybyb

( fk)
. (7.18)

Here ya and yb are responses from two different locations of the M-DOF
system, a, b ∈ {1, 2, . . . , M}. If the M1 + M2 responses of a M-DOF
system are divided in to two different set of responses {yA(n)}, M1 × 1
column vector of responses, {yB(n)}, M2× 1 column vector of responses,
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as;

{
{yA(n)}
{yB(n)}

}
=



yA1(n)
...

yAM1(n)
yB1(n)

...
yBM2()


, (7.19)

and R input forces {x(n) = x1(n) x2(n) . . . xR(n)}T are exciting the
system,then the transmissibility matrix [TyAyB( fk)] may be, e.g., be esti-
mated according to,

[
T̂AB( fk)

]
=

[
P̂PSD

yAyB
( fk)

] [
P̂PSD

yByB
( fk)

]−1
. (7.20)

or,

[
T̂yAyB( fk)

]
=

[
P̂PSD

yAyA
( fk)

] [
P̂PSD

yByA
( fk)

]+
(7.21)

Here [•]+ denotes the Moore-Penrose pseudo inverse of the matrix [34].

7.3.9 Spectral Estimation Errors

In spectral estimation the errors in the estimates will affect the quality of
analysis and results. The errors generally considered in power spectral
density estimates are the normalized bias error εb and the normalized
random error εr. Bias errors are systematic errors and always appear
with the same magnitude and direction, provided the measurements are
repeated under identical conditions. Random errors are not systematic
and may occur with varying magnitude and direction. A rough estimate
of the normalized bias error εb is given by [32],

εb
[
P̂xx( fk)

]
≈ −1

3

(
Be

Br

)2

. (7.22)
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Where Br is the 3dB bandwidth of the resonance peak considered in the
power spectral density estimate and Be is the window dependent noise
bandwidth given by [32],

Be =
∑N−1

n=0 w2(n)

Ts

(
∑N−1

n=0 w(n)
)2 ,

where w(n) is the data window used in the production of the spectral
density estimate and Ts = 1/Fs is the sampling time interval. The nor-
malized random error εr for a power spectral density estimate may be
estimated as,

εr
[
P̂xx( fk)

]
=

√
Var

[
P̂xx( fk)

]
P2

xx( fk)
≈ 1√

Me
, (7.23)

where Me is the equivalent number of averages used in the estimation
of the power spectral density [32].

εr
[
P̂xy( fk)

]
≈ 1√

γ̂2
xy( fk)Me

. (7.24)

Where Pxy( fk) is the cross spectral density between the signals x(n) and
y(n). Assuming that the bias errors involved in the spectrum estimates
are negligible, then the random error in a frequency response function
estimate is approximately given by [32].

εr
[
|Ĥxy( fk)|

]
≈

√√√√ 1− γ̂2
xy( fk)

γ̂2
xy( fk)2Me

. (7.25)

The bias error in the frequency response function estimate may have
several sources, e.g., [32]

• Inherent bias in the estimation procedure.

• Propagation time delay between the input and output.

184



7.3. Materials and Methods

• Non linearity and time invariance of the system.

• Bias in the estimates of Pxy( fk), and Pxx( fk).

• Measurement noise at the input.

• Other sources correlated with the input.

From equations 7.22-7.25, it may be concluded that the bias error in the
spectrum estimation depend upon the length of the periodogram while
the random error depend on the number of averages. Basically, decreas-
ing one error will increase the other and this may result in a compromise
between bias error and random error in a spectrum estimate, particu-
larly, when the length of the data record of the spectrum analysis is
carried out on, is insufficient.

7.3.10 Approximate Dynamic Model of the MRI System

The MRI scanner, floor and the supporting structure is approximated
by a 2-DOF mass spring and damping system and is illustrated in Fig-
ure 7.2b. The force acting on the MRI and the resultant vertical dis-
placement are represented by f1(t) and x1(t) respectively. The isolation
pads between the MRI scanner and the floor supporting it are modeled
by a lumped spring k1 and a damper c1. Similarly the force acting on
the floor and the resulting floor displacement are f2(t) and x2(t) respec-
tively, while the columns and beams are represented by a lumped spring
k2 and a damper c2. Finally, the basement floor is assumed to be rigid
and the force acting on it is represented by fb. The equation of motion
for such a 2-DOF system may be written as,
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[
m1 0
0 m2

]
∂2x1(t)

∂t2

∂2x2(t)
∂t2

+

[
c1 −c1

−c1 c2 + c1

]
∂x1(t)

∂t
∂x2(t)

∂t


+

[
k1 −k1

−k1 k2 + k1

]{
x1(t)
x2(t)

}
=

{
f1(t)
f2(t)

}
. (7.26)

Where m1 and m2 are the lumped mass of the MRI scanner system and
MRI room floor respectively. Using Matrix and vector notations Equa-
tion 7.26 may be written as,

[M] {ẍ(t)}+ [C] {ẋ(t)}+ [K] {x(t)} = { f (t)} , (7.27)

where [M] is the 2× 2 mass matrix, [C] is the 2× 2 damping matrix, [K]
is the 2× 2 stiffness matrix,{x(t)} is the 2× 1 displacement vector and
{ f (t)} is the 2× 1 force vector. The Fourier transform of Equation 7.27
yields,

−ω2 [M] {X( f )}+ jω [C] {X( f )}+ [K] {X( f )} = {F( f )}
⇔(

−ω2 [M] + jω [C] + [K]
)
{X( f )} = {F( f )}

⇔

{X( f )} =
(
−ω2 [M] + jω [C] + [K]

)−1 {F( f )}
⇔

{X( f )} = [H( f )] {F( f )} . (7.28)

The Frequency Response Function (FRF) matrix [H( f )] in Equation 7.28
may also be expanded in terms of its individual components and written
as,

[H( f )] =


H11( f ) H12( f ) . . . H1N( f )
H21( f ) H22( f ) . . . H2N( f )

...
...

. . .
...

HN1( f ) HN2( f ) . . . HNN( f )

 . (7.29)
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For a 2X2 matrix Equation 7.28. becomes

X1( f ) = H11( f )F1( f ) + H12( f )F2( f ) , (7.30)

and

X2( f ) = H21( f )F1( f ) + H22( f )F2( f ) . (7.31)

The ratio of the movement (displacement) of the masses or the trans-
missibility between the two points due to force applied only on m1, i.e.,
F2( f ) = 0, is given by,

X1( f )
X2( f )

=
H11( f )
H21( f )

. (7.32)

In case force applied only on m2, i.e., F1( f ) = 0, the transmissibility
between the two points is given by,

X1( f )
X2( f )

=
H12( f )
H22( f )

. (7.33)

Similarly the ratio of the force applied on m1 and the force acting on the
rigid support is given by,

Fb( f )
F1( f )

= H21( f )k2 + jωH21( f )c2 . (7.34)

where Fb = (k2 + jωc2)X2( f ) is the force acting on the basement floor
(support).The simulation results for these equations, for un-damped and
damped cases using the values for the parameters given in Table 7.3.

187



7. MRI Scanner’s Vibration Isolation: Experimental

Measurements, Analysis Techniques and Analytical Models

Table 7.3: List of the parameters used for MRI model simulation.

Parameter Values Description
Static deflection 0.00000045 m For spring constant k1

for the MRI pads x1
Static deflection 0.1 m For spring constant k2
for the floor x2

Mass of the MRI m1 10000 Kg Mass of the MRI
Mass of the Floor m2 88000 Kg Mass of the Floor

k1 2.1778X1011 Spring constant
k1 = (1/x1) ∗m1 ∗ 9.8

k2 9.604X106 Spring constant
k1 = (1/x2) ∗ (m1 + m2) ∗ 9.8

c1 9.0X105 Damping coefficient
c2 9.0X106 Damping coefficient
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Figure 7.5: Transmissibility for the damped 2-DOF system. For X1/X2,
F2 = 0, while for the rest of the Transmissibility ratios, F1 = 0.
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Figure 7.6: Phase angle for the damped 2-DOF system. For X1/X2,
F2 = 0, while for the rest of the Transmissibility ratios, F1 = 0.
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Figure 7.7: Transmissibility for the un-dapmed 2-DOF system.

189



7. MRI Scanner’s Vibration Isolation: Experimental

Measurements, Analysis Techniques and Analytical Models

Prior to the installation of a MRI or any other heavy machinery the
design of the supporting structure in combination with the vibration iso-
lation should be considered to enable adequate vibration isolation. The
2DOF model of the MRI scanner, floor and the supporting structure may
be reformulated in terms of the block diagram shown in Figure 7.8. Here
the top block, represents the MRI scanner, the block in the middle rep-
resents the vibration isolator and the block at the bottom represents the
MRI floor plus its supporting structure. The force acting on the MRI and

MRI
Floor

MRI
Scanner

Vibration
Isolator

x1(t) f1(t)

x2(t) f2(t)

xsi(t)

xif(t)

fs(t)

ff(t)

Is
o
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to
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Fl
o
o
r 

S
y
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e
m

Figure 7.8: A schematic diagram illustrating the Transmissibility for the
un-dapmed 2-DOF system.
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its vertical displacement are represented by f1(t) and x1(t) respectively.
Similarly, the force acting on the floor is f2(t) and the floor displacement
is x2(t). The free displacement X11, f ree( f ) of the MRI scanner before it
is connected to the vibration isolator in the frequency domain is given
by [35];

X11, f ree( f ) = H11, f ree( f )F1( f ) . (7.35)

Where H11, f ree is the free point receptance of the MRI scanner and is
given by,

H11, f ree( f ) =
1

−(2π f )2m1
.

If the MRI scanner is connected to the Isolator-Floor System, i.e., by
applying the force Fs( f ) on the MRI scanner, the MRI vibration response
x1(t) is obtained according to:

X11( f ) = X11, f ree( f )− H11, f reeFs( f ) (7.36)

The response of the Isolator-Floor System because of the force Fs( f ) is
given by,

Xsi( f ) = Hsi,si( f )Fs( f ) . (7.37)

Where Hsi,si( f ), is the point-receptance of the Isolator-Floor System for
the force Fs( f ). Since, the vibration isolator in the middle block as in
Figure 7.8, only consists of a spring k1 and a damper c1, its blocked
receptance Hi,blocked( f ) is given by:

Hi,blocked( f ) =
1

jπ f c1 + k1
(7.38)

Hence, the point-receptance of the Isolator-Floor-System Hsi,si( f ) may
now be expressed in terms of the vibration isolator’s blocked receptance,
Hi,blocked( f ), and the free point-receptance of the floor H22, f ree( f ), the
point-receptance of the floor before MRI scanner and vibration isolator
Fs( f ) is loading the floor, according to:

Hsi,si( f ) = H22, f ree( f ) + Hi,blocked( f ) (7.39)
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When the MRI scanner is connected with the vibration isolator,

X11( f ) = Xsi( f ) (7.40)

Thus, Equation 7.36 may now be expressed in terms of Equation 7.39,
and an expression for the force Fs( f ) is obtained as,

Fs =
X11, f ree( f )

H22, f ree( f ) + Hi,blocked( f ) + H11, f ree( f )
. (7.41)

Now an expression for the response of the floor X22( f ) may be assem-
bled as,

X22( f ) = H22, f ree( f )Ff ( f ) = H22, f ree( f )Fs( f )

⇔
H22, f ree( f )X11, f ree( f )

H22, f ree( f ) + Hi,blocked( f ) + H11, f ree( f )
. (7.42)

If the MRI scanner, floor and the supporting structure is considered
without a vibration isolator, then:

X22D( f )Fs =
H22, f ree( f )X11, f ree( f )

H22, f ree( f ) + H11, f ree( f )
(7.43)

In this case the the vibration isolators blocked receptance Hi,blocked( f ) is
zero. Now an expression for the so-called isolator effectiveness Ei( f )
may be put as:

Ei( f ) =
∣∣∣∣X22D( f )

X22( f )

∣∣∣∣ = ∣∣∣∣H22, f ree( f ) + Hi,blocked( f ) + H11, f ree( f )
H22, f ree( f ) + H11, f ree( f )

∣∣∣∣
⇔∣∣∣∣1 + Hi,blocked( f )

H22, f ree( f ) + H11, f ree( f )

∣∣∣∣ . (7.44)
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Thus, for "good" vibration isolation it requires, that

Hi,blocked( f ) >> H22, f ree( f ) + H11, f ree( f ).

For the 2DOF model of the MRI scanner, floor and the supporting struc-
ture the isolator effectiveness Ei( f ) Equation 7.44 may be expressed in
terms of the MRI mass m1, isolator spring k1 isolator damper c1, floor
mass m2, floor spring k2 and floor damper c2, according to [35]:

Ei( f ) =

∣∣∣∣∣1 +
1

jπ f c1+k1

1
−(2π f )2m2+jπ f c2+k2

+ 1
−(2π f )2m1

∣∣∣∣∣ (7.45)

In Figure 7.9 the isolator effectiveness for the 2DOF model of the
MRI scanner, floor and the supporting structure is plotted for four differ-
ent spring constants values of, k1 = 2.1778× 1011, 2.1778× 109, 2.1778×
107 and 2.1778× 105, for the vibration isolator. It is clear from the Fig-
ure 7.9, that the isolation effectiveness and decreases and the resonance
frequency increases with the increasing stiffness. Thus a softer Isolator-
Floor system will provide better isolation.

Figure 7.9: The isolator effectiveness for four different isolator stiff-
nesses, k1 = 2.1778× 1011, 2.1778× 109, 2.1778× 107 and 2.1778× 105.
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7.4 Development and Modifications of the
Excitation Sources

This section briefly describes the development and modification of the
excitation sources utilized during the experimental measurements. The
developments of the excitation sources are necessitated by the high mag-
netic field of the MRI scanner, while the alterations are required to im-
prove the spectral analysis results in the desired frequency range.

7.4.1 Manufactured Impulse Hammers

Inside the MRI room, i.e., on the MRI Feet and supporting Floor, an or-
dinary impulse hammer cannot be used because of the strong magnetic
field. Preliminary measurements were carried out using a hammer made
of wood and plastic (non-magnetic material) as excitation source. The
energy spectral density density of the response signals displayed a lack
of energy in the desired excitation frequency range [0− 3200 Hz] [36].
For this reason, a copper hammer (with copper head/tip and wooden
handle) was manufactured. An accelerometer (B&K 4374) was firmly
glued to the head with the aid of the X60 (Methyl Methacrylate) adhe-
sive. However, the copper hammer proved to be too soft as compared
to the MRI foot point of impact as shown in Figure 7.4. Thus, a harder
non-magnetic metal was selected and a brass hammer was manufac-
tured. Figure 7.10a and Figure 7.10b show the force impulses produced
with the copper hammer and brass hammer respectively. A comparison
of the Energy Spectral density (ESD) estimates of the force impulses of
the copper, brass and PCB hammer (PCB 086C20) with manufactured
brass tip is shown in Figure 7.12.

7.4.2 Impulse Hammer Calibration

For the hammer excitation on the Roof and Beam in the room below
the MRI room, it was possible to use an ordinary impulse hammer
(PCB 086C20). However, it was observed that the hammer excitation
frequency range with the supplied tips [084A60, 084A61, 084A62 and
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Figure 7.10: Comparison of Impulses for manufactured Copper and
Brass hammer: a) Copper hammer Impulse. b) Brass hammer Impulse.

(a) (b)

Figure 7.11: Non ferro-magnetic manufactured hammers: a) Manufac-
tured Copper hammer. b) Manufactured Brass hammer.

084A63] was upper limited to 1 KHz. To increase the frequency range
upto 3.2 KHz, harder tips of Brass and Aluminum were manufactured.
Although this increased the frequency range but the hammer sensitivity
required a re-calibration for the new tips. The calibration setup is shown
in Figure 7.13. The setup consist of a 71 Kg mass and an accelerometer
(4383-V) attached. The mass was excited using the PCB hammer using
an original tip and according to Newtons second law we have that,

a(t)
f (t)

=
1
m

. (7.46)
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Figure 7.12: Comparison of the Energy spectral density with of the dif-
ferent hammer used in the measurements.

Where a(t) and f (t) are the measured acceleration (m/s2) and force (N)
respectively, while m is the 71 Kg mass. The accelerance for the mass
between the force input signal f (t)and the acceleration response out put
signal a(t) may be estimated according to,

ĤAcc( fk) =
P̂ESD

a f ( fk)

P̂ESD
f f ( fk)

. (7.47)

First the impulse hammers original sensitivity SH = 0.2 mV/N was
confirmed using the relation,

SH ≈
1

m P̂ESD
au ( fk)

P̂ESD
uu ( fk)

=
1

mĤau( fk)
. (7.48)

Here P̂ESD
au ( fk) is the cross-energy spectral density between the measured

acceleration response of the mass a(t) and the impulse hammer signal
u(t) in Volts and P̂ESD

uu ( fk) is the energy spectral density of the the im-
pulse hammer signal u(t) in Volts, and Ĥau( fk) is a frequency response
function estimate between the acceleration response of the mass a(t) and
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the impulse hammer signal u(t). Subsequently, the manufactured brass
tip was used in the calibration setup and the hammer sensitivity with
the brass tip was estimated to approx. SHb = 0.13 mV/N. The acceler-
ence ĤAcc( fk) estimated for the mass using the the brass tip and1/m are
shown in Figure 7.14.

Orignal Tips supplied with 
the PCB086C20 hammer 

Manufactured Tips

Brass Tip Aluminium Tip

PCB 086C20 hammer

Figure 7.13: Calibration setup along with the PCB 086C20 hammer, the
new brass and aluminum tips, and the original supplied tips.

7.4.3 Low Frequency Energy Level Improvement of Hammer
Excitation

The initial analysis of the impulse hammer force signal revealed that the
energy level in the frequency range upto 100 Hz was insufficient. To
increase the energy level in the low-frequency range of the force excited
by the hammer, the excitation bandwidth of the hammer was reduced
by covering the hammer tip with a thin rubber sheet. The addressing
of this problem was important in order to provide excitation in the low-
frequency range of the MRI, floor and supporting structure. The energy
spectral densities of the PCB hammer force pulse using the Brass tip
with and without rubber are shown in Figure 7.15. The corresponding
coherence plots, which shows the improvement in the low frequency
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Figure 7.14: Accelerence estimated for the 71 Kg mass using the the PCB
086C20 hammer equipped with the manufactured brass tip, using the
calibrated sensitivity for this hammer configuration.

range, using the same two hammers on the calibration setup, are shown
in Figure 7.16.
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Figure 7.15: Energy spectral density estimate of the hammer force pulse
with and without rubber patch on the brass hammer tip.
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Figure 7.16: Coherence function estimate of the hammer force pulse with
and without rubber patch on the brass hammer tip.

7.5 Spectrum Estimation Considerations and
Parameters

The proper application of the spectrum analysis techniques is required
to enable reliable spectrum estimates and frequency response function
estimates, etc. Adequate block lengths and sufficient number of averages
are required to achieve sufficiently low bias errors, and random errors
for each of the particular spectrum analysis challenge. Moreover, when
using hammer excitation of a structure under investigation extra care
has to be taken to detect and reject overloaded data and erroneously
triggered acquired data, and in the selection and application of force
and exponential windows. Tables 7.5, 7.6 and 7.4 document the parame-
ters used for the three different types of measurements, which are to be
presented in the next section.
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Table 7.4: Spectral estimation parameters used in hammer excitation
analysis.

Parameter Value
Vector Length (T) Dependent upon the number of hammer strikes.

Each hammer strike’s duration is 2 seconds.
Sampling Frequency (Fs) 216 Hz, 20 KHz

Block Length (N) 217

Overlap 0 %
No of Averages Dependent upon the number of hammer strikes

Force window length 200 samples (approx)
Exponential window e−at, a = 125−3, t = n/Fs

Table 7.5: Spectral estimation parameters used in background noise anal-
ysis.

Parameter Value
Vector Length (T) 40 seconds

Sampling Frequency (Fs) 216 Hz
Block Length (N) 217

Overlap 0 %
No of Averages 20

Window Rectangular

Table 7.6: Spectral estimation parameters used in MRI wave-forms anal-
ysis.

Parameter Value
Vector Length (T) Approximately 18 minutes

Sampling Frequency (Fs) 20 KHz
Block Length (N) 214

Overlap 50 %
Window Flattop)
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7.6 Results

This section presents the results produced based on MRI background vi-
bration noise measurements, MRI Operational response measurements
and simultaneous hammer excitation force and response measurements
of the MRI scanner, floor and the supporting structure. The presented
results constitute a limited but representative part of an extensive inves-
tigation concerning MRI vibration transmission paths of the MRI scan-
ner’s supporting structures.

7.6.1 Background Noise Results

Knowledge of the background noise in sound and vibration measure-
ments basically enables one to ascertain the extent of noise contamina-
tion of the sound or vibration desired to measured. A MRI scanner
requires a constant supply of liquid hydrogen provided by a cooling
compressor, even if it is not operating. The vibration acceleration was
measured on the MRI feet, supporting floor and the corresponding roof
below it, and the beam structure under the floor of the MRI room, etc.,
with the cooling compressor, ON and with the cooling compressor OFF.
As an example the background noise measured on Foot1 for both the
cooling compressor ON and OFF cases is shown in Figure 7.17. In Fig-
ure 7.18, the background noise measured on Foot3 is shown. Figure 7.19
show the background noise measured on the Floor3, i.e., floor position
near Foot3 is shown. A visible difference of the measured background
noise at Foot1 and Foot3 when the cooling compressor OFF case may be
seen while in the case when the cooling compressor is ON, the measured
background noise looks similar for all the feet and floor.

Figures 7.20, 7.21 and7.22 show the power spectral density estimates
of the background noise measured on the feet, floor near the feet and
the roof1 and beam1.
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Figure 7.17: Background noise (acceleration) measured at MRI Foot1: a)
when the cooling compressor is ON and; b) when the cooling compres-
sor is OFF.
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Figure 7.18: Background noise (acceleration) measured at MRI Foot3: a)
when the cooling compressor is ON and; b) when the cooling compres-
sor is OFF.
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Figure 7.19: Background noise (acceleration) measured at Floor position
near Foot3: a) The cooling compressor is ON and; b) The cooling com-
pressor is OFF.

202



7.6. Results

Frequency (Hz)
0 400 800 1200 1600 2000 2400 2800 3200

PS
D

 [d
B

 r
el

 1
(m

/s
2 )2 /H

z]

-100
-95
-90
-85
-80
-75
-70
-65
-60
-55
-50

Foot1
Foot2
Foot3
Foot4

(a)

Frequency (Hz)
0 400 800 1200 1600 2000 2400 2800 3200

PS
D

 [d
B

 r
el

 1
(m

/s
2 )2 /H

z]

-120
-115
-110
-105
-100

-95
-90
-85
-80
-75
-70
-65
-60

Foot1
Foot2
Foot3
Foot4

(b)

Figure 7.20: A comparison of Power spectral density (PSD) measured on
the MRI Feet: a) The cooling compressor is ON. b) The cooling compres-
sor is OFF.
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Figure 7.21: A comparison of Power spectral density (PSD) measured on
the MRI floor positions near the feet: a) The cooling compressor is ON.
b) The cooling compressor is OFF.
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Figure 7.22: A comparison of Power spectral density (PSD) measured on
the Roof and Beam under MRI Foot1, when the cooling compressor was
ON and OFF.
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7.6.2 MRI Operational Responses

To acquire knowledge concerning the MRI scanner vibration transmis-
sion to the supporting structures of the MRI, the vibration acceleration
was measured on the MRI feet, supporting floor, the corresponding roof
below it, and the beam structure under the floor of the MRI room, etc.
These measurements were carried out while the MRI scanner was in
operation without a patient using typical scanning signal wave-forms
normally used for clinical diagnosis. For each measurement the MRI
was run for approximately 18 minutes using seven different consecutive
scanning signal wave-forms, as tabulated in Table 7.7. The different scan-
ning signal wave-forms were executed in the order given by Table 7.7
starting with the ASSET waveform in row 1 in Table 7.7 and ending
with the SWAN waveform in row 7 in Table 7.7. Each of the 18 min MRI
vibration records was divided into seven signal segments to correspond
to the respective scanning signal waveform. A typical measurement in-
volving the wave-forms according to Table 7.7 in the form acceleration
measured at the MRI Foot1, in the vertical direction is shown in Fig-
ure 7.23.

To perform the spectral analysis, transmissibility and coherence anal-
ysis, each of the 18 min MRI vibration record (measurement) was di-
vided into seven signal segments to correspond to the respective scan-
ning signal waveform. An exemplary analysis for Foot1, Floor1 and
Roof1 for the scanning signal waveform Ax FSPGR3D from Table 7.7 are
shown in Figures 7.24-7.28.
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Figure 7.23: Vertical acceleration of Foot1 for MRI Scanning sequences
according to Table 7.7.

Table 7.7: MRI Scanning sequences used in measurements.

Sequence Name Duration (seconds)
ASSET (callibration) 7
Ax T2 PROPELLER 105

T2 FSE 120
Ax FSPGR3D 258

Sag CUBF (CUBE flair) 250
DWI 54

SWAN 187
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Figure 7.24: Mean square power spectrum estimate on Foot1, Floor1 and
Roof1 for MRI sequence AxFSPGR3D.

Figure 7.25: Transmissibilty magnitude estimate between Foot1-Floor1
and Foot1-Roof1 for MRI sequence AxFSPGR3D.
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Figure 7.26: Coherence function estimate between Foot1-Floor1 and
Foot1-Roof1 for MRI sequence AxFSPGR3D.

Figure 7.27: Transmissibilty magnitude estimate between Floor1-Roof1
for MRI sequence AxFSPGR3D.
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Figure 7.28: Coherence function estimate between Floor1-Roof1 for MRI
sequence AxFSPGR3D.
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7.6.3 Hammer Excitation of the MRI Scanner, Floor and the
Supporting Structure.

To address the dynamic properties of vibration transmission paths be-
tween MRI feet, supporting floor and the corresponding roof below it,
and the beam structure under the floor of the MRI room, etc., ham-
mer excitation of the MRI, floor and supporting structure was utilized.
Thus, the hammer excitation force was measured simultaneous with 4
or 5 spatial acceleration responses on the MRI and supporting structure,
all in the vertical direction. From each measurement, 5-10 clean ham-
mer strikes and their corresponding acceleration responses were selected
from the time records. The set of measurements may be subdivided into
four subsets depending on the hammer excitation position as following.

• Hammer excitation on the MRI Foot.

• Hammer excitation on the Floor.

• Hammer excitation on the Beam below the MRI room.

• Hammer excitation on the Roof below the MRI room.

In the first two subsets of the measurements the hammer excitation was
carried out inside the MRI room and keeping in view the fact that only
a non-ferromagnetic hammer can be used inside the MRI room. In the
third and fourth subsets of the measurements the hammer excitation was
carried out below the MRI room using an Impact hammer (PCB 086C20)
with a brass manufactured tip.

Figure 7.29, presents some typical hammer excitation force pulses
and their corresponding acceleration responses are shown in time do-
main. It might be noted from Figure 7.29, that the shape of the force
impulse is degraded. The reason for this degradation is the difficult to
access point of impact, see Section 7.3.3and the hardness of the impact
point. A hard and smooth impact point, i.e., the beam has a well shaped
force impulse as compared to the foot and floor. The spectrum analysis
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is presented as Accelerence, Energy Spectral Density (ESD) and Transmissi-
bility estimates functions. Only those analysis results are presented here,
those have the coherence value close to 1 for most of the spectrum under
consideration (0-3200 Hz).
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Figure 7.29: Hammer impulses and their corresponding responses: a)
Hammer force impulse on Foot1, and b) the corresponding acceleration
response at Floor1. c) Hammer force impulse on Floor1, and d) the cor-
responding acceleration response at Beam1. e) Hammer force impulse
on Beam1, and f) the corresponding acceleration response at Foot1.
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The Accelerence Function Estimate

Figures 7.30 and 7.31 shows the accelerence between Foot1-Floor1, Roof1-
Foot1 and their corresponding coherence respectively. The MRI foot,
floor and roof structure were excited excited separately using the man-
ufactured hammers or the PCB impact hammer. Similarly Figures 7.32
and 7.33 shows the accelerence between Roof1-Floor1, and their corre-
sponding coherence respectively, while Figures 7.34 and 7.35 shows the
accelerence between Beam1-Roof1 and their corresponding coherence
respectively.
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Figure 7.30: Accelerence magnitude estimate between Foot1-Floor and
Roof1-Foot1.
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Figure 7.31: Coherence function estimate between Foot1-Floor and
Roof1-Foot1.
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Figure 7.32: Accelerence magnitude estimate between Floor1 and Roof1.
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Figure 7.33: Coherence function estimate between Floor1 and Roof1.
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Figure 7.34: Accelerence magnitude estimate between Roof1 and Beam1.
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Figure 7.35: Coherence function estimate between Roof1 and Beam1.
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The Energy Spectral Density Function Estimate

The ESD estimates of the hammer excitation force impulses on Foot1,
Floor1, and Roof1, along with the ESD estimates of the corresponding
responses are shown in Figures 7.36 and 7.37. The ESD estimates are
useful in order to isolate the variation in the accelerence estimates due
to noise and due to input spectral excitation.
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Figure 7.36: ESD magnitude estimate for various hammer excitation.
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Figure 7.37: ESD magnitude estimate for various response positions.
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The Transmissibility Function Estimate

Figure 7.38 presents the transmissibility between Foot1-Floor1 and Floor1-
Foot1 for hammer excitation at Foot1, Beam1 and Roof1, while the co-
herence for the same signals is shown in Figure 7.39. The transmissi-
bility between Roof1-Foot1 and their corresponding coherence for ham-
mer excitation at Beam1 and Roof1 are shown in Figures 7.40 and 7.41.
Similarly the transmissibility between Roof1-Floor1, Floor1-Beam1 and
Roof1-Beam1 along with their respective coherence plots are shown in
Figures 7.42-7.47.
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Figure 7.38: Transmissibilty magnitude estimate between Foot1 and
Floor1 for various hammer excitation positions.
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Figure 7.39: Coherence function estimate between Foot1 and Floor1 for
various hammer excitation positions.
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Figure 7.40: Transmissibilty magnitude estimate between Foot1 and
Roof1 for various hammer excitation positions.
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Figure 7.41: Coherence function estimate between Foot1 and Roof1 for
various hammer excitation positions.
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Figure 7.42: Transmissibilty magnitude estimate between Floor1 and
Roof1 for various hammer excitation positions.
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Figure 7.43: Coherence function estimate between Floor1 and Roof1 for
various hammer excitation positions.
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Figure 7.44: Transmissibilty magnitude estimate between Floor1 and
Beam1 for various hammer excitation positions.
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Figure 7.45: Coherence function estimate between Floor1 and Beam1 for
various hammer excitation positions.
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Figure 7.46: Transmissibilty magnitude estimate between Roof1 and
Beam1 for various hammer excitation positions.
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Figure 7.47: Coherence function estimate between Roof1 and Beam1 for
various hammer excitation positions.

223



7. MRI Scanner’s Vibration Isolation: Experimental

Measurements, Analysis Techniques and Analytical Models

7.7 Summary and Conclusion

Vibrations measurements have been carried out on a 3.0 Tesla MRI scan-
ner and its supporting structure at the Blekinge County hospital Karl-
skrona, Sweden. This include MRI background noise vibration mea-
surements, MRI Operational response measurements, and simultaneous
hammer excitation force and response measurements of the MRI scan-
ner, floor and the supporting structure.

The measured MRI background noise vibration measurements (vi-
bration acceleration) when the cooling compressor was ON seems fairly
similar for all the MRI feet. However, a visible difference may be seen
in the vibration of Foot3, as compared to the vibration of the other feet,
when the cooling compressor is OFF, see Figures 7.17b and 7.18b. This
dissimilar behavior of the vibration of Foot3, when the cooling compres-
sor is OFF, seems to be periodic and it may also be observed as peaks
in the power spectral density (PSD) of the vibration of Foot3, plotted in
Figure 7.20. The peaks in the power spectral density of Foot3 accelera-
tion correspond to harmonics of a 48 Hz tone and are possibly coming
from a second cooling compressor of another nearby MRI scanner in the
vicinity of the subject MRI. Besides this difference, the other important
points worthy to be noted are,

1. When the cooling compressor is ON the magnitude of the PSD
for the vibration of the Feet and Floor positions (see Figures 7.20a
and 7.21a) display a decreasing trend up to approximately 1.5 KHz
and above that frequency they display an increasing trend. How-
ever, the same is not the case when cooling compressor is OFF, see
Figures 7.20b and 7.21b.

2. The tonal components at 48 Hz and 28 Hz are more pronounced in
the floor vibration power spectral densities as compared to the Feet
vibration power spectral densities, see Figures 7.20a and 7.21a.

3. In the feet vibration power spectral densities three peaks at 220,
560 and 1024 Hz may be observed, possibly indicating structural
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resonances of the MRI scanner (Figure 7.20a).

4. There is a significant difference between the Feet and Floor vibra-
tion power spectral densities below 200 Hz in all the cases both
compressor OFF and ON cases.

5. The Roof and Beam vibration power spectral densities (Figure 7.22)
are fairly similar for both the cooling compressor ON and OFF
cases except at frequencies below 100 Hz and seems to follow the
trend observed for the Feet vibration above 800 Hz when the com-
pressor is OFF.

Hence it seems like the vibration response excited by the cooling com-
pressor for the subject MRI, when it is ON, is most pronounced in feet
and floor vibration below 200Hz and above 1.5KHz (see Figures 7.20a
and 7.21a). Otherwise, the vibration responses seems to originate from
the second nearby cooling compressor, which is affecting the vibration
response of Foot3, the floor and the Roof and Beam. Also, it is important
to note that the Roof and Beam seems to be more affected by the second
compressor for another MRI scanner vibration excitation rather than the
cooling compressor for the subject MRI.

From the power spectrum estimates in Figure 7.24, it is clear that
vibration excited due to the operational forces of Foot1, Floor1 and
Roof1 have periodic properties. As expected, the vibration level on
Foot1 is higher as compared to Floor1 and Roof1. However, the level
of the periodic components are higher in the Roof1 response as com-
pared to the Floor1 response for frequency upto approximately 1.5 KHz.
From the transmissibilty estimates shown in Figure 7.25, it may be seen
that the transmission of vibration between Foot1-Roof1 is higher for fre-
quency upto approximately 400 Hz as compared to Foot1-Floor1. For
the rest of the frequency spectrum the transmissibility is almost iden-
tical between Foot1-Floor1 and Foot1-Roof1. The transmissibility be-
tween Floor1-Roof1 is almost constant, approximately between −20 and
−30 dB, if the random fluctuations are ignored for most of the frequency
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range with some notable peaks below 400 Hz. Furthermore, the coher-
ence is mostly close to 0, see Figures 7.26 and 7.28 with peaks corre-
sponding to the periodic components in the wave-form signal control-
ling the MRI scanner. Hence, it may again be concluded, that the Roof
is affected more by operational vibration of the MRI as compared to the
Floor. However, if the power spectra in Figure 7.24 are studied between
200 and 600 Hz it follows that the levels of the peaks corresponding to
the periodic components in the Roof1 vibration are approximately 10 to
20 dB lower as compared to the corresponding peaks in the Foot 1 vi-
bration spectrum.
The scanning signal wave-forms are not stationary and thus their proper-
ties may vary with the time and the vibration measured on the Roof and
the vibration measured in the MRI room, e.g., on Foot1 were measured
with two different data acquisition systems that were not synchronized.
This may for instance, explain the difference in vibration isolation indi-
cated by the transmissibility between Foot1 and Roof1 and the spectra
for Foot1 and Roof1.

In the case of hammer excitation, first the hammer excitation loca-
tions on the MRI scanner and its supporting structures are identified.
From the energy spectral density (ESD) of the hammer excitation force
shown in Figure 7.36, it is evident that the excitation on Roof1 results
in a force pulse with a greatest bandwidth. Similar results was also ob-
tained for the hammer force excited by the beam structure below the
MRI room, while, the bandwidth of the ESD of the hammer force excit-
ing Floor1 was substantially lower as compared to the excitation force on
Roof1. This was however, expected because the floor in the MRI room
is laminated, while the Roof was bare concrete and this will result in
a force pulse with longer time duration. The Hammer excitation of a
MRI Foot was however problematic, although, it provided an excitation
bandwidth close to the roof excitation. The reason for this was the lim-
ited space! It was not possible to excite the foot in the vertical direction
and the excitation of the foot was provided on an edge and not on a flat
surface. The narrow bandwidth of the excitation force obtained when
exciting the floor has an obvious impact on the corresponding coher-
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ence and FRF (Figure 7.31 and Figure 7.30). Basically, there is a lack of
excitation energy at frequencies above 2 KHz. Other important points
for instance, we have that:

1. The corresponding point-accelerance functions in the case of Foot1
and Floor1 excitation are almost similar below 0.8 KHz.

2. The corresponding transfer-accelerance functions in case of Foot1
and Floor1 excitation have a similar trend but a 10 dB difference
upto 1.3 KHz.

3. The corresponding transfer-accelerance functions for the case of
excitation on Foot1 and response of Roof1 respective of Floor1 are
similar upto approximately 0.8 KHz and above there is almost a
10 dB difference in magnitude.

Now we limit the discussion to the accelerance functions and trans-
missibility functions produced with the aid of Roof excitation, where
it was possible to provide a broadband and consistent hammer excita-
tion. From the magnitude of the accelerance function between Roof1
and Foot1, a number of resonance peaks might be observed, e.g., in the
range 400− 700 Hz, in the range 800− 1300 Hz, 1600− 1800 Hz, etc.
(see Figure 7.30). The corresponding coherence function is close to 1
upto approximately 2200 Hz (see Figure 7.31).

From the transmissibility between Foot1 and Roof1 for hammer ex-
citation on Roof1 in Figure 7.40, it seems like that the vibration isolation
between MRI Foot and roof is approximately 20 dB, upto approximately
700 Hz, and above that it varies between 20 and 30 dB. The correspond-
ing coherence is close to 1 upto approximately 2200 Hz (see Figure 7.41).

If we assume that the transmissibility estimated between Foot1 and
Roof1 for hammer excitation on Roof1 to a large extent is based on the
direct transfer path between Roof1 and Foot1. The vibration isolation
between MRI Foot1 and Roof1 is likely to be approximately 20 dB, up to
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approximately 700 Hz, and above that it varies between 20 and 30 dB.
This inconsistency needs further investigation.

Of importance, is that prior to the installation of a MRI or any other
heavy machinery the design of the supporting structure in combination
with vibration isolation should be considered to enable adequate vibra-
tion isolation. If installation of a MRI or any other heavy machinery is
considered for an existing building adequate vibration isolation may be
designed basically based on the knowledge of the point-accelerance of
the spatial position structure that will support the machinery, as out-
lined in Section 7.3.10. However, in the case of the MRI scanner in the
Blekinge County Hospital Karlskrona, Sweden it seems that the isola-
tion pads provided under the MRI feet are not soft enough, to provide
adequate isolation. The 20− 30 dB isolation as suggested by the results
in the present case may not be sufficient and that may be the reason of
MRI vibration in terms of sound is heard on other floors.

7.8 Future Directions

Some valuable information is retrieved from the various spectral analy-
sis regarding, the vibration transmission from the MRI (Feet) to the Floor
and Roof or Beam. Some inconsistencies were pointed out, which need
further analysis. As a first step it was aimed to utilize a 2DOF model
of MRI, floor and supporting structure. This model is however too ba-
sic and thus in future work the development of a Finite Element (FEM)
Model of the MRI, floor and supporting structure seems adequate.
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High quality noise and vibration measurements 
outside of a laboratory environment on real life 
structures and applications are not trivial. True 
boundary and operating conditions enforce unique 
challenges on the measurements. Measurements in 
hazardous situations such as high magnetic fields, 
and high temperature environments, etc., where or-
dinary measurement equipment and methods may 
not be employed, require further precautions. Post 
measurements objectives such as analysis, design 
and strategic decisions, e.g., control, rely heavily on 
the quality and integrity of the measurements (data).

The quality of the experimental data is highly cor-
related with the on-field expertise. Practical or 
hands-on experience with measurements can be 
imparted to prospective students, researchers and 
technicians in the form of laboratory experiments 
involving real equipment and practical applica-
tions. However, achieving expertise in the field of 
sound and vibration measurements in general and 
their active control in particular is a time consu-
ming and expensive process. Consequently most 
institutions can only afford a single setup, resul-

ting in the compromise of the quality of expertise.

In this thesis, the challenges in the field of sound 
and vibration measurements in high magnetic field 
are addressed. The analysis and measurement of vi-
bration transferred from an operational magnetic 
resonance imaging (MRI) scanner to adjacent floors 
is taken as an example. Improvised experimental 
measurement methods and custom-made frequ-
ency analysis techniques are proposed in order 
to address the challenges and study the vibration 
transfer. The methods may be extended to other 
operational industrial machinery and hazardous en-
vironments. To encourage and develop expertise in 
the field of acoustic/vibration measurements and 
active noise control on practical test beds, remo-
tely controlled laboratory setups are introduced. 
The developed laboratory setup, which is acces-
sed and controlled via the Internet, is the first of 
its kind in the active noise control and acoustic 
measurements area. The laboratory setup can be 
shared and utilized 24/7 globally, thus reducing the 
associated costs and eliminating time restrictions.
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