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ABSTRACT

A Silicon Micromachined Subminiature Condenser
Microphone: Analysis, Design, Fabrication and Testing

Jagdish Patel

Microphones are ordinary pressure sensors with an optimum behavior in a
certain pressure and frequency range. The fundamental elements of a
condenser microphone comprises of a diaphragm, backplate, airgap, and rear
volume cavity. In order to analyze any system for its response behavior due
to a particular loading, it is essential to obtain the characteristic properties of
the system in terms of the natural frequencies, mode shapes and damping.
This is done by solving a free vibration problem. Both the Rayleigh-Ritz
Method and Finite Element Method were used in the present study to obtain
the natural frequencies and normal modes of the plates (diaphragm). The
natural frequencies and mode shapes of the diaphragm of square and circular
shapes including those with cutouts (openings} and abrupt changes in
thickness are obtained. The results show that the natural frequencies
increase as the size of cutout increases, and also when the abrupt change in
thickness increases. But, the increase due to abrupt change in thickness is

very small when compared that of the plate with cutout.

In the present investigation, silicon micromachining technology is used to
fabricate the condenser microphone. The condenser microphone is
fabricated from two wafer chips, one containing the silicon membrane and

the other the Pyrex glass (#7740) which forms the backplate. Between the

T



membrane and the backplate there is an airgap which completes the
capacitance circuit. Lithographic techniques are used to manufacture the
condenser microphone with specially shaped backplates which contain the
airgap and side volume cavity. An Anodic bonding technique is used to bond
the silicon membrane with the backplate. The silicon diaphragm is used as
the moving electrode and the Pyrex glass backplate is made into a back
electrode by a thin deposition of metal on it. The fabricated nicrophone is

tested for its frequency response and sensitivity.

The introduction of silicon micromachining technology allows accurate
control of dimensions, a high degree of miniaturization, and batch fabrication

of microphones at low cost and with good reproducibility.
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CHAPTER 1

Introduction and Literature Review

7.1 Introduction

A microphone is a transducer, which converts acoustic signals into electrical
signals. Once this conversion has taken place, the sound information is freed
from the normal acoustical constraints. Sound waves are inherently short
lived and can travel only a relatively short distance before they are
attenuated below the limits of audibility. Electric currents by contrast, can
be amplified and sent along any required length of wire or they can be
modulated onto high-frequency radio waves for 'wireless’ transmission

around the world and they can be recorded too.

Microphones are ordinary pressure sensors with an optimum behavior in a
certain pressure and frequency range. Membranes are an integral part of
microphones where the membrane deflects in response to external
stimulation. Subminiature microphones need membranes of extremely small
dimensions and consequently must have extremely thin membranes since the
pressure lavels of sound waves are, in general, several orders of magnitude

lower than barometric pressures.

A basic performance criterion is the frequency response of the microphone ‘n

the acoustic range i.e from 0 - 20 kHz.. The size and the boundary



conditions of the diaphragm determine the natural frequency of the
diaphragm. A good understanding of the fundamental frequency and modes
of the diaphragm is very important in the microphone design, as a very high
natural frequency of the diaphragm is desired in order to ensure a good

frequency responase of the microphone in the audible range of frequencies.

Microphones are normally fabricated with thin aluminum diaphragms using
conventional machining techniques. During the last decade, a number of
interesting and significant innovations have occurred in the field of acoustic
sensors, a term now often used for modern microphones in the audio and
ultrasonic ranges. Most prominent were the development in the use of
silicon. In the case of subminiature microphones, silicon micromachining
technology can be used to obtain the small and controlled air gap, and thin
diaphragms.  Silicon micromachining has emerged as an extension of
integrated circuit (IC) technology. It is a combination of silicon IC technology
and precise deep etching, deposition, bonding, interconnections and
packaging. Silicon condenser (capacitor} microphones are generaily
constructed from two wafer chips. One contains the membrane of the
microphone and the other forms the backplate. The two wafers can be of
silicon, or one of silicon which forms the membrane, and the other of glass
wafer which forms the backplate. Between the membrane, which contains
the top electrode and the backplate, which contains the back electrode, there

is an air gap which completes the capacitor circuit.



1.2 History

The word "Microphone"” first appeared in 1827 in Wheatstone's description
of an acoustic device. Alexander Graham Bell is generally credited with the
invention of the first workable microphone in 1876. Bell's original design
proved to be too insensitive but, within a year he had produced an improved
magnetic model which can be seen as the basis for telephone ear pieces for
the next three-quarters of a century. Other inventions built and patented
alternative transducer designs during 1877. The inventions of vacuum tubes
or 'valves' and other refinements led to regular radio broadcasting frem about
1920 onwards and intensified microphone research. Numerous physical
phenomena have been used to convert acoustic energy into electrical energy.
These include electromagnetic induction, the piezoelectric effect,
magnetostriction, variation in the capacitance in the condenser, and variation
in the resistance of packed carbon granules. Carbon microphones are noisy,
have limited dynamic range, and produce high levels of distortion. In 1917
Wente introduced a microphone which relied on electrostatic charges. It
consisted of a thin conductive diaphragm and a back plate separated by a
narrow air gap to form a capacitive (condenser} microphone. In the early
vears of this century the principle of magnetic induction was applied to
moving coil and ribbon devices. Their refinement over the last seventy years
has formed the basis of the present day microphone art. Piezo-electric
effects in transducers are a relatively recent development, dating from work

on Rochelle-salt crystals by Sawyer in 1931.

During the thirties the capacitor microphone thrived in Europe, and made a

significant impact on American recording practice after the world war L. In



the late 1940's, capacitor microphones, because of their extended high
frequency response, were used with the introduction of tape recording and
long playing records because magnetic microphones had frequency response
limitations. The 1950's and 1960's saw the introduction of numerous
excellent magnetic devices with extended response, and today's microphone
needs are drawn heavily from magnetic and capacitive microphone types. In
the last ten years demands have increased for ail types of microphones
which resulted in improved mass production techniques and the development
of better materials. Today microphones are everywhere. They are part of

our day to day life, as every telephone has a microphone.

1.3 Scope of the Present Investigation

In the present study, a new silicon microphone concept based on a
capacitive measurement principle with external bias and a diaphragm in

monocrystalline silicon is described.
The objectives of the present investigation are:

1. To develop suitable models of different shapes of microphone
diaphragms, and obtain their natural frequencies and mode shapes in
order to analyze their responses as acoustic devices.

2. Design, Fabrication and Testing of micromachined silicon condenser

microphone with the chosen configuration.



The fundamental elements of a condenser microphone comprise a diaphragm,
backplate, airgap, and rear cavity. The diaphragm may be modelled to be
working either in the membrane mode or a plate mode, with tensile force and
bending forces that determine the sensitivity to sound pressure. In our
investigations, the diaphragm is considered to be working in the plate mode,
since a stress free diaphragm is used in the fabrication of the condenser

microphone.

One of the basic characteristics of the microphone is the cut-off frequency.
A very high natural frequency of the diaphragm is desired in order to ensure a
good frequency response of the microphone in the acoustic range of
frequencies. The size of the membrane, its boundary conditions, the air gap
losses and the structure of the backplate, determine the cut-off frequency.
In order to analyze any system for its response behavior due to a particular
loading, it is essential to obtain the characteristic properties of the system in
terms of the natural frequencies, mode shapes and damping. This is done by
solving a free vibration problem. In the case of plates, exact natural
frequencies and normal modes information are available only for plates which
are simply supported at least on one pair of opposite edges. When this is not
true, approximate techniques such as the Rayleigh Ritz method or Finite
Element Method must be used to obtain the natural frequency and normal
modes. Since the normal modes affect the resulting response significantly,
considerable effort is devoted in this thesis in developing techniques that
obtain better approximation for the natural frequencies and normal modes for
plate type structures considered in the study. Both the Raylsigh Ritz method
and the Finite Element Method are used in the present study. Square,

circular and Hexagonal plate frequency parameters and mode shapes are



presented. Also presented are the analysis for the above plates with cutout
and abrupt change in thickness as a preliminary study for the optimization of
the backplate electrode in future considerations. Results from these methods
are used to find the fundamental frequency of the silicon diaphragm. The

fundamental frequency of the diaphragm should be more than the audible

frequency range of 20 kHz.

Silicon micromachining techniques are applied to design the fabrication
process for the condenser microphone. Lithographic techniques along with
deep etching, metalization and anodic bonding are used to manufacture the
condenser microphone with specially shaped backplates. The designed
fabrication process consists of three masking steps only. Different shapes
and sizes of condenser microphone are fabricated by having the depth of air
gap and side volume cavity constant. The fabricated microphone is tested
for its frequency response and sensitivity and investigates the effect of
different shapes of fabricated microphone on the frequency response,
sensitivity and coherence. The introduction of silicon technology allows
accurate control of dimensions, a high degree of miniaturization, and batch

fabrication of microphones at low cost and with good reproducibility.

Chapter 2, presents the condenser microphone principle. It explains the
fundamental elements of the condenser microphone and the principle of

capacitance.

Chapter 3, presents the free vibrational analysis of the plates. Square
circular and Hexagonal plate frequency parameters and mode shapes are

presented. Also presented are the analysis for the above plates with cutout



and abrupt change in thickness. The analytical results are compared with
existing literature results. As stated earlier Rayleigh Ritz and Finite Element
Methods are used to obtain the natural frequency and mode shapes. Results
from this methods are used to find the fundamental frequency of the silicon

diaphragm.

Chapter 4, presents the design of the condenser microphone. The effect of
the diaphragm thickness, diaphragm size, airgap, back electrode shape and
volume of rear cavity for capacitive measurement and sensitivity are

discussed.

Chapter 5, presents the sequenca of the process required for the fabrication
of the condenser microphone. The condenser microphone is fabricated using

micromachining techniques.

Chapter 6, presents the characterization of the fabricated condenser
microphone. The frequency response and sensitivity of the different shapes
of fabricated condenser microphone are obtained experimentally and
compared with those of similar condenser microphone from the technical

literature.

Chapter 7, presents the conclusions and suggestions for future work.

Appendix A-E presents the description of the Metalization process,

lithographic techniques, anodic bonding process, wet chemicai etching, and

frequency response functions respectively.



1.4 Literature Review

1.4.1 Literature Review for the Vibration of Plates

The flexural vibration of rectangular plates by using beam vibration mode
shapes as admissible functions in both the Rayleigh and Rayleigh-Ritz
methods of analysis has been treated extensively by Young [1], Leissa [2],
and Dickinson [3]. There is no exact solution for the vibration problem of
rectangular plates unless at least two opposite edges of the plate are simply
supported and hence approximate methods are adopted. Rayleigh-Ritz is one
such method where using assumed shaped functions satisfying the boundary
conditions, the system of equations is reduced to an eigenvalue problem.
The solution of this problem provides the natural frequency coefficients and
natural modes. The convergence and accuracy of the Rayleigh-Ritz method

has been discussed by various authors including Trefftz (4], Courant [5], and

Colatz [6].

While the Rayleigh-Ritz method is well known, it is not been used as much as
might be expected for plate vibration problems. This is probably due, at least
in part, to a great amount of computational labour which is required both to
set up and solve the necessary equations. The amount of computation
involved depends upon the set of functions that are used to represent the
plate deflection. For these functions, some investigators have used
combinations of the characteristic functions which define the normal modes
of vibration of a uniform beam. Gorman {7] obtained a general analytical
solution for the vibration of rectanguiar plates supported on their lateral

surface by symmetrically distributed point supports. Bassily and Dickinson



{8] used degenerated beam functions to study flexure problems concerning
static deflections or free vibration of plaies involving free edges. An
alternate set of admissible functions, derived from the mode shapes of
vibration of plates having two parallel edges simply supported and boundary
sonditions on the other two edges appropriate for the plate under
considerations, was su.ggested by Dickinson and Li [9]. Even though these
functions, which were called "the simply supported plate functions” provided
superior results for plates supported in some manner along all four edges,
they did not yield satisfactory results when some of the plate edges were
free. Laura [10] used 'polynomials co-ordinate functions" to approximate the
fundamental natural frequencies of systems. Goldfracht and Rosenhouse
[11] used a bipolynomial series to approximate the deflection shapes of
plates and obtained the natural frequencies and mode shapes of plates with
clamped boundaries with partial rotational flexibility of the edges employing
Garlekin's method. They provided explicit algebraic expressions for the first
nine modes. Bhat [12] proposed a set of beam characteristic orthogonal
polynomials that can be used as plate deflection functions to obtain the
natural frequencies and mode shapes of rectangular plates in Rayleigh-Ritz
method. He showed that the use of these orthogonal polynomials yields
excellent results for the natural frequencies of several example plates having
various boundary conditions. The excellence of the functions was further
established by Dickinson and DiBlasio [13] who conducted a convergence
study of the method. They included the effect of special orthotropy and in-
plane loading in their studies. These orthogonal polynomials for the beam are
constructed using the Gram-Schmidt process, the first member of the set
satisfying both the geometrical and natural boundary conditions of the beam

and all the rest satisfying the geometrical boundary conditions.



A finite element analysis of a clamped plate with different cut-out sizes,
along with experiments using holographic interferometry, was carried out by
Monahan et. al [14]. Paramasivam [15] used a finite difference approach
after adonting a grid framework in analyzing the effects of openings on the
fundamental frequencies in plates with simply supported and clamped
boundary conditions. The dynamic characteristics of the rectangular plates
with one and two cut-outs using a finite difference formulation based on
variational principles are obtained by Aksu and Ali [18], along with
experimental verifications. In the case of composite plates with cut-outs,
Rajamani et. al [17] used an assumption that the cut-out is like a
displacement dependent external loading. They studied both isotropic and
anisotropic plates with varying cut-out sizes in the case of plates with simply
supported and clamped boundary conditions. An analysis of plates with cut-
out and abrupt change in thickness {(added mass} by a modified Rayleigh Ritz
method was utilized by Lam et. al [18] by dividing the total domain into
smaller areas, where the boundary conditions of the segments were applied
more exactly. Tham et. al [19]} used the negative stiffness approach to study

the free vibration and buckling of plates with abrupt change in thickness.

Exact solutions for the circular plates having classical boundary conditions for
clamped, free, or simply supported were obtained in terms of Bessel
functions by several investigators. Among these investigators were:
Rajalingham et al [20], who obtained the natural frequency parameters and
the mode shapes for fully clamped circular plates; Itao and Crandall [21],
who obtained natural frequency and the mode shapes for free circular plates;
and Leissa and Narita [22], who presented the natural frequency for simply

supported circular plates. Approximate natural frequency were obtained by
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numerical approaches by Sato [23], Narita [24], and Kim and Dickinson [25]
for completely free circular plates, Wah [26], Jones [27], John [28], and Kim
and Dickinson [26] for simply supported circular plates, Jones [27], John
28], Rajalingham et al [29] and Kim and Dickinson [25] for fully clamped
circular plates. Single variable orthogonal polyncmials were used in Rayleigh
Ritz method by Rajalingham et al [29] for clamped circular plates and Kim
and Dickinson {25] for thin circular and annular plates. Vogel and Skinner
[30] obtained exact solutions for the natural frequency parameter of isotropic
annular plates with various combinations of the classical boundary
conditions. A coordinate transformation for the analysis of axisymmetric

vibration of annular plates was studied by Vijaykumar and Ramaiah [31].

In the present study, vibration of square plates with square cut-outs, circular
plates with circular cut-outs (annular plates), square and circular plates with
abrupt change in thickness, is studied by assuming boundary characteristic
orthogona! polynomials functions proposed by Bhat {12, 32], and Lam [33]
as assumed plate deflections shape functions satisfying the boundary
conditions along the plate outer edges. Results from this methods are used

to find the fundamental frequency of the silicon diaphragm.

1.4.2 Literature Review for the Condenser Microphone

During the last decade, a number of interesting and significant innovations

have occurred in the field of acoustic sensors, a term now often used for

11



modern microphones in the audio and ultrasonic ranges. Most prominent

development has been the use of micromachined silicon in microphones.

The progress in the field of silicon transducers can be attributed to a
systematic application of the methods of micromechatronics to the
production of tiny sensor structures. Acoustic silicon sensors are made with
the methods of silicon technology, as they are customary for the production
of micro electronic components [34]. Among these methods are doping,
deposition, oxidation, and lithography processes and, as key technologies,
anisotropic etching such as plasma etching or wet chemical etching. The
utility of the wet-chemical methods is, among others, based on the fact that
the etch rates of silicon dioxide or properly doped silicon are considerably
smaller than those of silicon. The anisotropic etching methods allow one to
produce holes, pits, recesses, membranes and cantilever beams. The
method in their entirety, if used to make such structures, are referred to as
micromachining. |f micromachined sensors are combined with electronic

components for signal processing on the same chip, integrated sensors are

obtained.

The first microphone fabricated with silicon micromachining techniques was
presented by Royer et al [35] in 1983. It has been followed successfully by
others [36-51]). The silicon microphones are based on the piezoelectric [35-
371, piezoresistive [38], and capacitive principles [39-51]. Most of the
silicon microphones presented in the literature are based on the capacitive
principle. The capacitive microphones can be divided into electret
microphones [39-41], which are biased by a built-in charge, and condenser

microphones [41-51] which have to be biased by an external voltage source.
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A capacitive microphone usually consists of a thin flexible diaphragm
mounted on a rigid back-plate. The backplate is provided with acoustic holes
or a capillary vent on its side to allow air to flow in and out of the air gap.
The backplate of conventional microphones is made of stainless steel, but in
modern versions it is fabricated from glass {43,45] or from <100> silicon
wafers [40-42,46-47]. In the latter case anisotropic etching in a KOH
solution is used to form the air gap and the acoustic holes. Various methods
have been applied for fabrication of diaphragm structures. The diaphragm of
the silicon microphone of Sprenkles et al. [40] consists of a thin mylar foil,
which is attached manually on the backplate and fixed by a polymer spray.
Murphy et al [41] used a polyester diaphragm that was mounted on a
separate support wafer before microphone assembly. In other microphones,
the diaphragm and backplate are fabricated on separate wafers, which have
to be bonded later on. Several bonding techniques have been investigated,
like anodic bonding [43,45], bonding to silicon to oxide [50] or glueing
(42,44,46]. In this way, thin film diaphragm materials can be used as a
diaphragm. Homm and Hess [42] and Kuhmel and Hess [46] used 150 nm
thick low pressure chemical Vapour Deposited (LPCVD) silicon nitride films as
a diaphragm. Bergqvist et al. [43,50] fabricated silicon diaphragm by
applying the electro-chemical etch-stop techniques, where as Bourouina et al

[45] fabricated silicon diaphragm by using the p+ etch-stop technique.

Bonding of diaphragm with backplate can be avoided by fabricating the
microphones on a single wafer, this process is based on the well-known
sacrificial layer technique. With this technique, the thickness of the air gap
is determined by the thickness of the sacrificial layer, which is typically

between 1 to 3 um. This narrow air gap resulted in very high air streaming
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resistance, thus causing a bad microphone sensitivity for audio frequencies
[61]1. Other authors have solved this problem by etching grooves or holes in
the backplate with a large number of acoustic holes [45,50]. In our present
investigations, silicon micromachining techniques are applied to design the
fabrication process for the condenser microphone. The fabricated
microphone is tested for its frequency response and sensitivity and
investigates the effect of different shapes of fabricated microphone on the

frequency response, sensitivity and coherence.

Chapter 2 discusses the principle of working of the condenser microphone.
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CHAPTER 2

Condenser Microphone Principle

2.1 Condenser Principle

Condenser microphone consists of two parts which form the two electrodes,
a thin diaphragm and the backplate, separated by a thin narrow air gap. The
capacitance between these two electrodes varies as the thin diaphragm is
deflected with respect to the fixed backplate electrode by acoustic pressure
variations in air (Fig. 2.1). A quasi-constant charge Q is established when a
polarizing voitage is applied across the two electrodes via a very high

resistance R. The capacitance of the assembly is given by
C=gqd/d (2.1}

where ¢4 is the dielectric constant of air, 4 is the effective diaphragm area

and d is the electrode spacing (gap).
The voltage across the capacitor is given by

V=Q/C (2.2)
= (Qlegd)d
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When a sound wave impinges upon the diaphragm, the resulting

displacement of the latter alters the electrical capacitance C of the

microphone, causing a signal voltage V, to appear across the load resistor R;.

o Variable

! g T l Capacitance C
| o ‘

membra?e ‘. - I |Backplate

O

d e -

V. = Output c]R[_

Polarizing voltage

Fig. 2.1. Condenser Microphone basic principle.

Let us assume that the capacitance at any instant is given by
C = C,+C;sinot (2.3)

where C, is the capacitance in the absence of any applied pressure, and C, is
the amplitude of the change in capacitance resulting from the application >f a

sinusoidal pressure variation. In the above circuit of Fig. 2.1

V,—iR, = — (2.4)

Substitution of equation (2.3) into equation (2.4) and differentiation with
respect to time ¢ gives

(C,+C;sinot)R; %+ (1+ R,Ciwcosot)i-V,Cocoswt =0 {2.5)
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A series solution of this equation is most readily obtained by assuming

i=2 A, sin(not+9,) (2.6)
In aft practical condanser microphones C; << (,, even for very intense
sounds, and consequently the amplitudes 4,A4;4,,..... of the higher harmonic

overtones are negligible compared to 4,. Then

V,C, sinfot +¢,)

i (2.7)
C,J(1/ wC, ) + R,
where
tand, =1/0C,R, (2.8)
The voltage drop across the resistor R, resulting from this current is
VL=RL';=M (2.9)

C,\J(1/wC,)* + R,

Equation 2.9, indicates that a condenser microphone may be considered as

equivalent to a generator having an open circuit voltage amplitude

Vo C‘l
C

v, = (2.10)

and an internal capacitance impedance 1/ joC,.

When the diaphragm vibrates in response to the incident sound-pressure

wave, the applied DC polarizing voltage will be effectively modulated by an

AC component in linear relationship to the diaphragm vibrations. This AC
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component is taken through the DC-blocking coupling capacitor C, to provide
the microphone's output signal. The use of a low-loss air dielectric and the
basic simplicity of the generator mechanism make the condenser microphone
a potentially quiet and linear transducer. The linear relationship batween E
and d means that it is a constant-amplitude device. The two factors, viz. the
very narrow gap needed for adequate sensitivity and the very high impedance
represented by the microphone capacitance of only 25-50 pF of conventional
microphone [52], calls for high precision in fabrication. The high -impedance
head amplifier located as close to the electrodes as possible, increases the
cost and complexity of design. These two factors are ensured with the
micromachining technology where the narrow gap needed is accomplished by
the wet chemical etching process which is a high precision process, and the
high-impedance amplifier head can be easily located near the electrodes. A
field effect transistor (FET) can be used as head amplifier, which can directly
be manufactured on to the silicon chip having the silicon diaphragm.
Micromachining is batch manufacturing technology, which will provide a
high uniformity of the integrated condenser microphones along with a high

reliability at a very low cost.

Chapter 3 is on the vibration analysis of plates.
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CHAPTER 3

Vibration Analysis of Plates

3.1 General

One of the basic characteristic of the microphones is the natural frequency of
the whole structure. The size of the membrane and its boundary conditions
determine the natural frequency of the membrane. A very high natural
frequency of the membrane is desired in order to ensure a good frequency
response in the acoustic range of frequencies. It is desirable to place the
mechanical resonance well above the working frequency range, which is
relatively simple in view of the low mass of the membrane. The cutoff
frequency is directly related to the natural frequency and consequently
related to the size and the boundary conditions provided for the vibrating
membrane. The fundamental resonance frequency is placed at the upper
limit of the frequency range of the condenser microphone. There is a
possibility to use the diaphragm working either in the plate mode or the
membrane mode with bending forces or tensile forces respectively, that

determine the sensitivity to sound pressure.

Plates:
Circular Plates: The circular plates are assumed to be of uniform cross
section, under no tension and are clamped . The fundamental frequency is

given by {56],
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o 0469k [ E

where
f = frequency in Hz
h = thickness of the plate, in centimeters,
R = radius of the plate up to clamping boundary, in centimeters,
p = density in grams per cuhic centimeters
v = Poison's ratio

E = Young's modulus in dynes per square centimeter.

Square plate: The fundamental frequency of a square plate clamped on its

sides is given by [56)

16533k [ E
f=7= =) (c/s) (3.2)

where

a= side of the plate up to clamping boundary, in centimeters,

Membrane: The ideal membrane is assumed to be flexible and very thin in
cross section , and stretched in all direction by a force which is not affected

by the motion of the membrane.

Circular membrane: The fundamental frequency of a circular stretched

membrane rigidly clamped at its circumference is given by [56]
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0382 |T

f=—R' v {c/s) (3.3)

where
M = mass, in grams per square centimeter of area,
R = radius of the membrane, in centimeters

T= tension, in dynes per centimeter.

The fundamental vibration is with the circumference as a node and a

maximum displacement at the center of the circle.

Square membrane: The fundamental frequency of a square stretched

membrane is given by [66]

0,705 [T

V7 (c/s) (3.4)

/

where
M = mass, in grams per square centimeter of area,

a = length of a side, in centimeters

T

I

tension, in dynes per centimeter.

The square and circular plates with and without cutout, and also plates with
abrupt change in thickness is studied using the energy method and finite
elerent method. The natural frequencies and mode shapes of the plate with
clamped boundary conditions for different cutout size and abrupt change in

thickness are calculated and are compared with the available results.
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3.2 Rayleigh Ritz Method

The Rayleigh-Ritz method is widely used to obtain the approximate values
for the natural frequencies and mode shapes of structures [1]. The method is
based on the conservation of energy in undamped structures undergoing
vibration and provides upper bound values for the system natural

frequencies. In this method, a deflection shape of the form

IV(x’y)=ZCJ¢l(x3y) (3.5)

=l

is assumed initially, where ¢, are admissible functions satisfying atleast the
geometric boundary conditions and C,,C;,......... C,, are arbitrary constant
coefficients. The function ¢, must form a complete set to represent all the
modes of vibration. In limiting this set to a finite number of functions, the
analysis can be interpreted as approximating a continuous system into a
multidegree of freedom discrete systems. The coefficients are adjusted by
minimizing the frequency with respect to each of the coefficient. This
results in N algebraic equations in terms of the N unknown coefficients, ',
involving w2, the frequency of vibration. The solution of these equation then

gives the natural frequencies and associated mode shapes of the system.

For a conservative system, the maximum kinetic energy in the system
undergoing vibration is equai to the maximum strain energy. However since
the assumed shape is not exact, the kinetic energy (7, will not be equal to

strain energy (U, and hence the error can be taken as
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F(Cr'O)) = Umu.x - Tmru ‘3'6’

The coefficients €, must be chosen so as to minimize the error and hence

aF_ 4y —1.y=0 (3.7)
dc, ~ dc,

oU T . B
Milr — mas + =0
ac, [“’ ac, Trae ac,]

where

T =0T

max max

2

(70
Since ®2 must be stationary with respect to C, we have ¥=0, which
{

gives

aUmu (Ci ) © 2 aTn:ax (Cf ) =

S 0 (3.8)
ac, ac,
Equation {3.8) can also be written as
[K] {C}} - 0’[M] {C}}=0

where

[M]=ZT—E,‘:' = Mass Matrix

aUrmu H . .
[K]=T = Stiffness Matrix i=1,2u000.. N
[}

This is a standard eigenvalue problem and the solution yields the natural
frequencies and the corresponding coefficients can be used in Eq.{3.5) to

pbtain the approximate mode shapes.
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3.3 Orthogonal Polynomials
3.3.1 General

It is necessary to use shape functions satisfying at least the geometrical
boundary conditions for the application of Rayleigh Ritz method. These shape
functions when substituted in the kinetic and potential terms produce cross
terms in the mass and stiffness matrices. The matrices become ill
conditioned and pose numerical problem in solving for eigenvalues when

more number of these terms are considered.

To overcome this problem, Bhat (12] and Lam [33] proposed a set of
orthogonal polynomials for use in Rayleigh Ritz method as admissible
function for dynamic and static problems of beams, rectangular plates with

classical boundary condition.

3.3.2 Generation of Single Variable Orthogonal Polynomial

The orthogonal polynomial are generated along both in the x and y directions,
by Gram-Schmidt process. Along x direction, given a polynomial ¢,(x}, an
orthogonal set of polynomials in the interval a < x < b can be generated using

Gram-Schmidt process as follows [53].

@, (x)=(x-B,)¢,(x) {3.9)
Qu(x)=(x=B )0, (x)-CPs(x) (3.10)

24



where

yoomiaonas
I rexeloxdx

J::&f(x)(pk_,(x)(pk,z(x)dx
P rex 0t a(x)a

} =

where f(x)= is the weighting function

The polynomials ¢ (x),satisfy the orthogonality fun<tion

_[ff(x)tp*(x)(p,(x)dx=0 if k=l
=a, if k=1

(3.11)

In the present application, since the plates are uniform, the weight function
f(x) is unity. The interval is from 0 - I, and the coefficients of the
polynomial are chosen in such a way as to make the polynomials

orthonormal.

J:mi(x)dwl (3.12)

The starting function @,(x) is chosen as the simplest polynomial of the least
degree that satisfies all the boundary condition of the beam problem
accompanying the plate problem. Even though ¢,(x} satisfies all the
houndary conditions, both geometric and natural, the other members of the
orthogonal set satisfy only the geometrical boundary conditions, which can
be easily checked from the way the set is constructed by using Egs. (3.9 and

3.10)
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Procedure for the generation of the first member polynomial for & plate

clamped on its sides (CCCC).

The boundary condition of the plate with all edges clamped:
W) = W) = wl) = wyl) = ¢ {3.13}
Both the accompanying beam problems have the same boundary conditions.

Assuming the beam deflection function as

W(x) = a, + ax+ax2+azx3+apxd (3.14)
and applying the boundary condition of Eq.{3.13) gives the deflection shape
as

W(x) = ay (x2-2x3+x7) (3.15)
where a4 is an arbitrary constant. The normalized mode function is obtained

as

2 _ g3, 4
9ofx)= > (x*=2x" +x*) _ (3.16)
(Io(xz-2x3+x‘)2dx '

3.3.3 Generation of Two Variable Orthogonal Polynomials:

The two orthogonal polynomial are generated along both in the x and y
directions, by Gram-Schmidt process. Along x and y direction, given a
polynomial ¢,{x,y), an orthogonal set of polynomials over the plate domain 4
can be generated using the recurrence formula [63]

m-1
EROERMERLINCRIEDWI-NEBHE m>1. (3.17)
-1
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where

1 £,y 60x, 900,05, 9 0,3, y ey
1 et y)0 2 (x, y dxdy

‘pm.l =

in which &(x,y) denotes a weighting function and f,(x,y) is a generating
function chosen to ensure that the higher order orthogonal plate functions
satisfy at least the geometrical boundary conditions. The generated set of

orthogonal plate functions satisfy the orthogonality condition.

[ etx.y )bz vt (xoyydcdy =0, i) (3.18)
=5, i=j

Tha weighting function is taken as unity in the present study.

Procedure for the generation of the first member polynomial for a circular

plate clamped on its periphery.

For a plate with clamped periphery, the geometrical boundary conditions

which need to be satisfied are

b,ixpy=0, D) _g (3.19)
on

Assuming the deflection function as

W(x) =a,+ ax+ay+apx? +agy+ ag...... (3.20)
and applying the boundary condition of £q.(3.18) gives the starting function
as

b, b} = (1-x2-2)? (3.21}
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3.4 Analysis of the Rectangular Plate

The maximum kinetic and potential energies of a thin plate during small

amplitude, simple harmonic vibration are given by [1]

1
T =5 000" [J W2(x,y )iy (3.22)

i 8% asz’ o o (a’m )’
==p|| 31828 o5 _ , _
U, 5 H-‘{[c’ixz + > 2(1-v P + 57 \avoy dxad (3.23)

respectively, where p is the density of the plate material, 4 is the thickness
of the plate, D is the flexural rigidity of the plate, £ is the modulus of
elasticity, and v is the Poisson's ratio, o is the angular frequency of vibration,
W(xy) is the deflection shape function of the plate, and the integration is

carried over the entire plate domain 4.

3.4.1 Rectangular Plate

The deflection of the rectangular plate as shown in Fig. 3.1 undergoing
flexural vibration can be described by the product of beam characteristic

orthogonal polynomials in separable form [12],

W(x,9)=2. 4@ (X)W, () (3.24)
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Geometrical boundary conditions are satisfied by the admissible function ¢,
and y,. The functions ¢,, and y, must form a complete set to represent all
the mode of vibrations. A, are the arbitrary constants coefficients. The
lengths along the coordinate axes £ and n are normalized with respect to its

lengths as, x=£&/a and y =n/b.

Fig. 3.1 Rectangular plate

The kinetic and potential energy expressions of the plate is given by [1]

T - % ohabo? || W (x,y jaxdy (3.25)
i
Uy = 5 Dab [ 1934 W2y 200, + 21 =)Wy Jeiedy  (3.26)

29



where o is the side ratio a/b, The subscripts x etc., refer to the differentiation
with respect to the variable » etc., and the number of times the subscript

appears denotes the order of differentiation, and the integration is carried

over the entire plate domain R.

Substituting the deflection function (Eq. 3.24) in the kinetic and potential
energy expressions for the plate, the Rayleigh's quotient is obtained as
w?=U, /T Where T =w’T,. . Minimizing the Rayleigh quotient with

respect to the undetermined coefficient 4,,, yields an eigenvalue equation,

zz[Kmuy -anm:j]Anm = O (3-27)
m on
where
_ pta) pt0.0) 4 ~(0.0) (2.) 21 f2(0.2) (2.0} (2.0) po(0,2) _ T il
Kmny’ _Erm F;y +a Erm rru +va [Emr F:y +Em| r;y ]+2(] V)a EmJ rm
— Ei0.0) ~(0.0)
anu - Eml F:y

£ = [(dre, 1 dx )(dve, / dx' )
1 ! r X k3
Ry = [drg, 1 dy dy, / dx dy
o = ab, mnij=1,2,3,....... , A = phwa’/D, rs=0,1,2

The solution of the eigenvalue equation will yield the natural frequency

coefficients (A) and mode shape {4,,,) of the plate.
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3.4.2 Rectangular Plate with Opening

The kinetic and potential energy expression of a rectangular plate with

opening as shown in figure 3.2 are given by

1
T, = > phabw’ H:e W?(x, y )dxdy (3.28)

I
Upe = 5 Dab HR [ + o'W, + 20 W, + 21—yt Jdxdy  (3.29)

X

where the integration is carried over the plate domain R,

R=R} + Rr

R,

T |

-p

Fig. 3.2 Rectangular Plate with Opening.

The deflection of the plate with cutout undergoing flexural vibration can be
expressed in separable form as given by the £q.(3.24). Substituting the
deflection function in the kinetic and potential energy expressions, and
minimizing the Rayleigh quotient with respect to the coefficient 4,,, yields an

eigenvalue equation,
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ZZ[Kmmj ”?"anu]Amn =0 (330)

m ]
where

- K (2)
Knmﬂ = Kmny ~-K

mnif

— gD (2}

M mnij M mif M, mutj
() P22 pi0.0) o 4 pI0.0) i2.2) 2 PI00.2) PIE20) 102.0) 10,2 2 L) gl
Kmnlj ""Err:i F;:j +a. Emf }:nj +vo [Eml )F:nj +Eml Er;‘ ]]+2(|'—V)CL Em'i )Fr.,‘[ ]
() _ 22 200) |, 4 200} 2222 I £202) A0 22,0) 20,2 2 2L .
Ko = EXPUENY 4o EXOOVEID 4 va [ ESOV O ¢ ELEO FOD 4 2(1-v)al'E (L0 2y

L n

mnif mi

(1 _ pl00) ;1100
MO, = ENOF)

() _ p2(0.0) 2000}
M3, = EX0OF?

nnij mi

ESM = fu’(d”q)m / dx” J(d%p, / dx? )dx
) (. .
F"Y = L(ff’w., /dy” )(d¥y; / dx® )dy

E" = f,‘,’(d”tp,,. / dx" )(d%, / dx® )ax

Fr = [ (ay, 1y )(d%, / dx® )dy
o = ab, mnij=1,2,3,.cc0000. . A = phw?a‘/D, PO0=0,1,2

The solution of the eigenvalue equation will yield the natural frequency
coefficients (A} and mode shape (4,,,} of the plate. The kinetic and potential
energies of the plate were calculated by subtracting the energies of the plate
calculated over the plate domain R, from the energies of the plate calculated
over the entire plate domain R respectively. R, is the region of the opening

and R is the region of the entire plate without any opening.
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3.4.3 Rectangular Plate with Abrupt Change in Thickness

The kinetic and potential energias of the rectangular plate are given by Egs.

3.25 and 3.26 respsctively. For simplicity, expressing these equations in

short form
Toar = ”,,Udrdy (3.31)
U = HR Tdxdy (3.32)

R=R1+ R;

T R

--1—4

Fig. 3.3 Rectangular Plate with abrupt change in thickness
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Then the kinetic and potential energy expression of a plate with abrupt

change in thickness are given by

” dedy+” U, dxdy (3.33)

. H Uadsdy + II (U, -Uixdy
= J| vdvay+ IIR, (6 - 1)dedy

H Tdxdy {(3.34)

- 1T Tasay I, r, - Tavay

=[], rasay+ H,‘,, (B~ 1)rdxdy

Where R, is the region cof the abrupt change in thickness and R is the region

of the entire plate without any abrupt change in thickness.

The deflection of the plate with abrupt change in thickness undergoing
flexural vibration can be expressed in separable form as given by Eq.(3.24)
Substituting the deflection function in the kinetic and potential energy
expressions, and minimizing the Rayleigh quotient with respect to the

coefficient 4,,, yields an sigsnvalue equation,

ZZ[ ntilf ;\'MMMU]AMH =0 (3.33)

where
— g 3 {2)
Kmnfj Kmm (B - Kmm_f

Mmm_‘j MJ(nIJ:j H(B_I)M(n

mirnif
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(y o 2.2) i000) 4 10D l2,2) 2 10,2} 12,0} 1(2,0) ~1(0,2) 2 L) LY
K - Emf !:r} +a Eml F;y +vo [Eml F;lj +Eml 'Fnj ]+2(l —V)a Emf F;j

mpif

(2) _ p2(2.2) p2200,0) 4 1~2000) °2(2,2) F3 2(0.2) o2(2.0} 2(2,0) ~2(0.2) T 21 210
K - Eml ‘F;lj +a Lml F:lj +va [Eml ‘F;rj +Emi F:vj ]+2(1—V)G‘. Eml )F

mmif i
() _ g 0,0) r~1(0,0)
Mnmu - Eml [:Pj
(2) _ 20,0} 2(0,0)
M.mmj - Eml F:y

mi

0 = [(dte, 1 dx” )d%, 1 dx ydx
Flre) _[:(d"\u" /dy* )(d%y, / dx? )dy

EX"0 = ['(do, 1 dx” )(d, / dx® yds

mt

F2r0 = ['(aty, 1 dy" )(d®y, 1 )iy

o = ab, mnij=1,2,3,..., M, =pho2a’/D, P0=0,1,2 B=h/h

The solution of the eigenvalue equation will yield the natural frequei.cy

coefficients (A) and mode shape (4} of the plate.

3.5 Analysis of the Circular Plate

The circular plate under consideration lies in the x-y plane having dimensions
of 2a X 2a. For a free vibration of plate vibrating harmonically with
amplitude W(x,y) and radian frequency o, the maximum Kinetic and Potential

energies of the plate is given by Eqns. 3.22 and 3.23 respectively.
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3.5.1 Circular Plate

The expression for the maximum values of kinetic and potential energy of

the circular plate as shown in Fig 3.4 are given by [56]

!
Ty = ma’e’ HRW *dxdy (3.34)
U =2 [ mw ew P -201—vyw, + W, W, jdvd 3 35
Jmu_zaz Rl{ i _;_1‘} - ( _V){ wt v "}] dy (3. )

where / is the thickness of the plate, D is the flexural rigidity of the plate, F
is the modulus of elasticity, v is the Poisson's ratio and integration is carried
over the entire plate domain R. The subscripts x and y refer to the
differentiation with respect to the given subscript, and the number of times
the subscript appears denotes the order of differentiation. The lengths along
the coordinate axes & and n are normalized with respect to its diameters as,

x=tla and y=n/a.

bJ
M
_|_.
v
Jx

Fig. 3.4 Circular plate
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The deflection of the circular plate undergoing flexural vibration can be

described by the orthogonal plate functions

Wiy =3 Co,(x,0) (3.36)
in]

Geometrical boundary conditions are satisfied by the admissible function ¢..
C, are the arbitrary constants coefficients to be minimized. The functions ¢,

must form a complete set to represent all the mode of vibrations.

Substituting the above deflection function {Eq. 3.36) in the kinetic and
potential energy expressions for the circular plate, and minimizing the
Rayleigh quotient with respect to the coefficient C; yislds an eigenvalue

equation,

2K, -aM,1C, =0 (3.37)
J=l
where

K,=C,+C,+v[C)+Cy]+2(1-V)C;
M, = H o,(x. y)d,(x,y)dxdy

in which

3%, (x y) 8% ,(x, y)
¢ =,

x?
e, = ”‘ a’¢ (x, y)ad’a;: y)
H a’¢ (x, y)6¢:_:2c ¥)
H a’¢ (x, y)6¢g; W y)

U

dxdy
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c [ O0ux,p) O, (xy)
Cy= ”R Bxdy 53y dxdy

i =1,2,3,... m, A = phw2a¥/D

The natural frequency and mode shape of the circular plate are obtained by

solving the equation {3.37).

3.5.2 Annular Plate

The expression for the maximum values of kinetic and potential energy of an

annular plate as shown in Fig 3.5 are given by

1 2
T = Emazm2 HR W< dxdy (3.38)

1 D 2
Urmxr = 5? -[IRI [{W.u + pV»-}z _2(1 _v){Wx.r + W))v —W.')')]dtdy (3'39)

where the integration is carried over thc annular plate domain R,.

N=y/a

f— 2b —

2a —

Fig. 3.5 Annular plate
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The deflection of the annular plate undergoing flexural vibration can be

described by the orthogonal plate function as given by the equation {3.36).

Substituting the deflection function in the kinetic and potential energy

expressions, and minimizing the Rayleigh quotient with respect to the

coefficient C; yields an eigenvalue equation,

i[KU ~A(M)IC, =0

=
where

K, =K'y - K
M, =M'y- M

K'Yy =CYy+C"2 +vfCV, + Oy T4 2(1-v)C,,
K= CHy+ C¥y 4+ v[C¥, + C¥y ]+ 2(1-v)C*

My = He¢,(x.y)¢,(x.y)dxdy
My = IL( 0,(x, )b ,(x,y)dxdy

in which

2 a ,
u_n‘ad)(xy) ¢g;y)dxdy

2 & ,(x.y)a%(x,y)
a I Ea PERR
”‘ Bzda (x y) 8%, (x, y)
ox’?
H 62¢ (x y) 0%, (x,y)
Ay = %
2 o' (x,
'S, = HR5 ¢a£;y.}’) ¢5:ayy)

U—

dxdy

0 Foh
2, HB (xy) ¢;a$'J’)

dxdy
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e, = ] 7,(x.y) O, (x. y)

R, ay ayz
o? 8,(x.y)
ﬁ_“‘ ¢(xy) 202 ey
J‘J‘ 6’¢ (x y)8%,(x,y) ded
- a 2 J
5 _” 62¢(x ») &, (xy)
- Oxdy Sxdy
i=1,2,3,.... m, A = phola¥/D

The natural frequency and mode shape of the annular plate are cbtained by
solving the equation (3.40). The kinetic and potential energies of the annular
plate were calculated by subtracting the energies of the circular plate
calculated over the plate domain R, from the energies of the circular plate
calculated over the entire plate domain R respectively. R, is the region of the
circular opening and R is the region of the entire circular plate without any

opening.

3.5.3 Circular Plate with Abrupt change in Thickness

Following the procedure explained in section 3.4.3 for the rectangular plate
with abrupt change in thickness, the kinetic and potential energy expression
of a circular plate with abrupt change in tnhickness as shown in the figure 3.6
can be given by equations (3.33) and (3.34) respectively. Where R, is the
region of the abrupt change in thickness and R is the region of the entire

circular plate without any abrupt change in thickness.
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N=y/a

R=R|+ R2

ﬁ
2a 2 -+ > C =x/a

=)

- =

Fig. 3.6 Circular Plate with abrupt change in thickness

The deflection of the plate with abrupt change in thickness undergoing
flexural vibration ¢ »n be described by the orthogonal plate function as given
by the equation (3.36). Substituting the deflection function in the kinetic
and potential energy expressions, and minimizing the Rayleigh quotient with

respect to the coefficient C; yields an eigenvalue equation,

DK, -AMM)OIC, =0 (3.41)
Jul

where

K, =K'y -(p'-DK%

M,=M'Yy-(B-1)M,

4]



K'y =C"y +(alb)’ C"y +v(a/ by [C™y +CYy ]+ 2(1=v)(a/b)' C*,
K = Cy +(al by C™y +v(al by [CMy + CMy 1+2(1 - v)(a /b) C*,

MYy = ” o,(x, ¥ )b ,(x, y)dxdy
My = If 0,(x,y)b,(x, y)dxdy

in which
62 a!
‘_” ¢(xy) ¢a£:y) dxdy
¢ (x y) 0%,(x,y)
2y = .[ P P dxdy
. 3%,(x,y) 9°0,(x.y)
9, = HR éy; S dxd
. 8,(x,y) ¢, (x.y)
4, = ”R o ’ayz dxd
o, < [ Lxy) O0,(xy)
! k- xOy Oxdy
“‘ 5’¢ (x y) 0% ,(x.y) e
‘J - axl y
” 6’¢ (x y) &9 (x, )
J - ayz
_ H 6’¢ (%) T4,(x)
K oy’ ax?
& 8% (x, y)
¢,y = Jf, R ¢gyz Y. dedy
H 62¢ (x y) 8,(x, y)
U axay
i=1,23,...m, A = phwla'/D

The natural frequency and mode shape of the circular plate with abrupt

change in thickness are obtained by solving the equation {3.41).

42



3.6 Finite Element Method

3.6.1 General

The finite element method (FEM) is one of the most popular method of
representing distributed mass structures. The method divides the structure of
interest into sub sections of finite size, called a finite element. These
elements are connected to adjacent element at various points on their
boundaries, called nodes. Once this procedure is finished, the distributed
mass structure is represented by a finite number of nodes and element

refereed to as a finite grid or mesh.

The displacement of each element is approximated by a function of the
spatial variable between nodes. The next step in the finite element analysis
(FEA)} is to calculate the energy in each element as a function of the
displacement. The total energy of the structure is then expressed as the sum
of the energy in each element. External forces are included by using the
principle of virtual work to derive forces per element. Lagrange's equations
are then applied to the total energy of the structure, which yields the

approximate equation of motion.

3.6.2 ANSYS Finite Element Analysis Program

The ANSYS finite element program [54] is a large scale genera! purpose

program which has the capabilities for a simple linear static analysis to a
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complex non-linear transient dynamic analysis. "General Purpose” refers to
the fact that the program can be used in all disciplines of engineering -
structural, mechanical, electrical, electromagnetic, electronic, thermai, fluid,
and biomedical. It utilizes the matrix displacement method for the analysis
and the wavefront method for the matrix reduction and solution. The
program contains many routines which are all inter-related. An extensive

element library makes it feasible to analyze two or three dimensional

structures.

The ANSYS program is organized into two basic levels: Begin level and
Processor {or Routine) level. The begin level is the gateway to begin and end
the Ansys program. It is also used for certain global program controls such
as defining the jobname, clearing the database, and making copies of the
binary files. At the processor level, several routines are available, each
serving a specific purpose. Table 3.1., lists each processor, its function, the

command to enter it and the Ansys prompt.

Enter ANSYS Exit ANSYS

BEGIN LEVEL

b lr

2
PREP7 SOLU POST1 POST26 OPT Ete.
PROCESSOR LEVEL

Fig. 3.7 ANSYS Program Organization
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Table 3.1. Processors {routines} available in the ANSYS program
Processor Function Command | Prompt
PREP7 General preprocessing - to build the model | /PREP7 PREP7:
{geometry,materials,coupling and constraints
equations,etc.)

SOLUTION | Loading and solving - to apply loads and obtain [ /SOLU SOLU_LSn
the finite element solution

POST1 General postprocessing - to review the results | /POST1 POST1:
over the entire model

POST26 Time-history postprocessing - to review results | /POST26 POST26:
at specific points in the model overtime

OPT Design optimization /OPT OPT:

AUX2 Binary file utility - to dump binary files in | /JAUX2 AUX2:
readable form

AUX12 Radiation matrix generation - to calculate | /AUX12 AUX12:
rediation view factors and generate a radiation
matrix

AUX15 File translation - to translate files from CAD or | /AUX15 AUX15:
FEA program

RUNSTAT Fun-time statistics - to predict CPU time, | /RUNST RUNSTAT:

wavefront requirements, etc.

3.6.3 Modal Analysis Using Ansys

The procedure for a modal analysis consists of four main steps:

Build the model

Apply loads and obtain the solution

Expand the modes

Review the results
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ANSYS Modal Analysis Program is a linear analysis program.

The governing equation for free undamped vibration is ,
[ M J{ii}+ [K J{u}=0 (3.42)
where [M] and [K] are the mass and stiffness matrices respectively, and (u) is

the displacement vector. For a linear structure undergoing free vibration the

displacements are harmonic of the form,

fu} = {U} Cosot (3.43)

substituting in Equation {3.42),

[K-0®M]{U} = 0 (3.44)

Where o is the Natural frequency of the plate

Equation {3.44)}, is a standard eigenvalue problem. Many numerical methods
are available to solve the above equation. The ANSYS program offers three
methods: reduced (Householder) method, subspace method, and
unsymmetric method. A fourth method called the damped method is
available for a damped modal analysis. In the present study subspace

method was used to solve the equation (3.44).
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3.7 Results and Discussion
3.7.1 General

Natural frequencies of plate, piate with openings (cut-outs}, plate with
abrupt change in thickness with clamped boundary conditions at the
periphery are obtained for square and circular plates. Analysis was done
using the orthogonal polynomials in Rayleigh Ritz method and Ansys finite
element method. Construction of orthogonal polynomials are discussed in
sections 3.2.2 and 3.2.3. In the Ansys finite element method three
dimensional structural solid element {SOLID45) was used in the three

dimensional modeling of the solid plate.

3.7.2 Natural Frequencies of a Square Plate

The results obtained by the above two methods for the clamped (CCCC)
square plate are tabulated in Table 3.2. Accuracy of the results was ensured
by working with a sufficiently large number of terms until the first four
frequency converge to atleast five significant digits. The results from
successive approximation also give an indication of the rate of convergence.
Six terms were required in the rectangular plate analysis which includes the
rectangular plate with cutout and rectangular plate with abrupt change in
thickness. Using six plate characteristic functions corresponding to six roots
of the frequency equation on either side, 36 natural frequency are obtained
using Rayleigh Ritz analysis of which the first ten natural frequency are given

in Table 3.2. The results are also compared with those from reference (2,9]
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in Table 3.3. The results are in good agreement for all the natural
frequencies. it is noted that the Ansys gives a slightly lower fundamental

frequency when compared with orthogonal polynomials in Rayleigh Ritz

method.

The results for the case of square plate with square openings in the middle of
the plate are shown in Table 3.4. The trends of the first natural frequency of
ten different square openings are plotted in Fig. 3.8 for the orthogonal
polynomials in Rayleigh Ritz method and Ansys finite element method. The
fundamental frequency parameter reaches a value of ten times, when the
plate square openings is 0.8. However the increase in the higher natural
frequencies is smaller. The fundamental frequency decreases for the small
initial square openings of 0.1 X 0.1 and gradually increases with the increase
in square openings for the Ansys finite element method. It can be seen from
table 3.4 for the Ansys finite element method, the higher frequencies
decreases gradually till the cutout size reaches 0.4, but subsequently starts
to increase with increase in cutout size. However, the Rayleigh Ritz analysis
shows the higher frequencies increasing with increasing cutout size. The
plot for the second frequency for both the method is shown in Fig. 3.9. The
increase in the natural frequency with increase in cutout size suggest that
the reduction in kinetic energy due to the cutout at the plate center is more
significant as compared to reduction in potential energy. In Rayleigh Ritz
method the deflection is expressed in terms of higher polynomials and hence,
the strain energy in the region of the cutout is accounted for more accurately
as compared to finite element method. Hence Rayleigh Ritz results are more
likely to exhibit the right trend. The results are also compared with those

from reference [15,18] in Tables 3.7 for square opening of 0.5. The resuits
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are in good agreement with the above reference. The results for different

square openings are in good agreement with reference [15] in Table 3.8.

The results for the square plate with abrupt change in thickness for various
inner and outer ratios (fa) and B (h/h) are presented in Table 3.5 and 3.6.
The results are in good agreement with those obtained by reference [18,19].
The Rayleigh Ritz and finite element analysis shows that the frequencies are
increasing with increasing inner and outer ratios. However, the first three
natural frequencies decrease for the small initial inner and outer ratios and
gradually increase with the increase in inner and outer ratios for the Ansys
finite element method as seen in the Fig. 3.10 and 3.11. The increase in the
frequency with increase in inner and outer ratios is not as significant as
increase in the frequency with increase cut out size. The results for
B=1.5874 and for different side ratio is compared with reference [18,19] in

Table 3.9. The results are in good agreement with the reference.

The first four mode shapes of the square plate using Ansys are shown in Fig.
3.16, and the first six mode shapes of the square plate with square openings
of 0.2 and 0.5 using Ansys are shown in Fig. 3.17 and Fig 3.18. The first
five mode shapes of the square piate with abrupt-‘change in thickness of

inner and outer ratio of 0.5 using Ansys is shown in Fig. 3.19.

3.7.3 Natural Frequencies of a Circular Plate

Thirty six terms were required in the circular plate analysis which includes

the annular plate and circular plate with abrupt change in thickness. In Table
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3.10, the first ten natural frequency parameters are given, calculated by
using 36 terms in series {Eq. 3.34) in the Rayleigh Ritz analysis, and using
Ansys finite element method, for a circular plate having its periphery
clamped. The results are also compared with those from reference (20,25]
in Table 3.11, where the exact values are obtained by reference [20]. The
results are in good agreement for all the natural frequencies. It is noted that
Ansys gives slightly lower fundamental frequencies when compared with
others in Table 3.11 as seen in the case of a square plate with its periphery

clamped in Table 3.3.

The results for the case of annular plate are shown in Table 3.12. and are
compared with those from reference [15,18] in Tables 3.15. The trends of
the first natural frequency of ten different ratios of inner radius and outer
radius (b/a) are plotted in Fig. 3.12 for the orthogonal polynomials in Rayleigh
Ritz method and Ansys finite element method. The fundamental frequency
decreases for the small initial ratios of inner radius and outer radius (h/u) of
0.1 and gradually increases with the increase in ratios of inner radius and
outer radius (b/a) for the Ansys finite element method. It can be seen from
Table 3.12 for the Ansys finite element method, the higher frequencies
decreases gradually till the ratio {b/a) reaches 0.4, but subsequently starts to
increase with ircrease in ratio {b/a). However, the Rayleigh Ritz analysis
shows the higher frequencies increasing with increasing ratio {b/a). The plot
for the second frequency for both the method is shown in Fig. 3.13. The
increase in the natural frequency with increase ratio (b/a) suggest that the
reduction in kinetic energy due to the cutout at the plate center is more
significant as compared to reduction in potential energy. In Rayleigh Ritz

method the deflection is expressed in terms of higher polynomials and hence,
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the strain energy in the region of the cutout is accounted for more accurately
as compared to finite element method. Hence Rayleigh Ritz results are more
likely to exhibit the right trend. Also it can be seen from Table 3.12, that for
ratio (h/u) greater than 0.5, the first three natural frequency are vary close for
both the methods. The results for the circular plate with abrupt change in
thickness for various inner and outer ratios {b/a) and B (h,/h) are presented in
Table 3.13 and 3.14. The Rayleigh Ritz and finite eiement analysis shows
that the frequencies are increasing with increasing inner and outer ratios
{b/a) for both B (h/h) of 1.5 and 2. The increase in the frequency with
increase in inner and outer ratios is not as significant as increase in the

frequency with increase ratios (&/a} for annular plates.

The first six mode shapes of the circular plate using Ansys are shown in Fig.
3.20, and the first six mode shapes of annular plate of ratio (b/a) 0.2 using
Ansys is shown in Fig. 3.21. The first six mode shapes of the circular plate
with abrupt change in thickness of inner and outer ratio (6/a) of 0.5 using

Ansys is shown in Fig. 3.22.

3.7.4 Natural Frequencies of a Hexagonal Plate

In Table 3.16, the first ten natural frequency parameter are given, as
calculated using Ansys finite element method, for a hexagonal plate having
its periphery clamped. The results are also compared with those from
reference [33,55] in the above mentioned table. Two dimensional modeling
was used in the Ansys finite element analysis. Reference [33] used two

dimensional orthogonal polynomials in Rayleigh Ritz method to calculate the
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natural frequency parameter of a hexagonal plate. The results are in good
agreement for all the natural frequencies. The first four modes of the

hexagonal plate clamped at its periphery is shown in fig. 3.23.

TABLE 3.2. FREQUENCY PARAMETER (YA} OF

CLAMPED SQUARE PLATE
MODE ORTHOGONAL
POLYNOMIALS
] 35.9855 35.947 |
“ 2 73.3947 73.3926
3 73,3947 73.3926
3 108.2179 107.9990
5 131.7789 131.9469
6 132.4097 132.5959
7 165.1597 164.8391 Il
8 165.1597 164.8301
9 211.7061 211.9902
" 10 211.7061 211.9902

A =[phw?a‘/D]

Table 3.3. Comparison of Frequency Parameters (VA) of a CCCC square plate.

Mode Orthogonal Ansys Beam S.S Plate
Polynomials Functions [2] functions [9]

1 35.9855 35947 | 35992 35.988
2 73.3947 73.3926 73.413 75 406
3 73.3947 73.3926 73.413 73.416
4 108.2179 107.9990 108.27 108.25
5 131.7789 131.9469 131.64 131.62
| 6 1324097 132.5959 13224 132.23

m— y—
— . w—

A =[phwla¥/D]
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A = [phw?a’/D]

TABLE 3.4. FREQUENCY PARAMETERS (¥A) OF SQUARE PLATE WITH CUT-QUTS

Cut-out 0.1x0.1 02x02 03x03 04x04 'l
Size
MODE ORTHO, | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS
POLY POLY POLY POLY

1 36.504 35.675 38.107 36.623 41,792 40.616 | 49.8970 § 49.110

2 73.414 72.854 73.627 69.560 73.980 64,950 | 74,7538 | 65468 I

3 73.414 72.854 73.627 69.560 73.980 64.950 | 74.7538 65.468

4 107.353 | 106.534 | 105.472 | 103.662 | 104.339 | 100.065 | 105.044 98.957

5 130.651 129.697 | 128.441 | 126.688 1 127.725 | 118.193 | 130.103 | 105,139

6 134.807 | 130.947 | 144,140 | 126.688 | 163.013 | 155.433 | 162.586 | 147.86%

7 165.113 [ 163.478 | 164.514 | 159.661 | 163.013 ] 155.433 | 162.586 | 147.869

8 165.113 | 163.478 | 164.514 | 159.661 | 163,357 | 162.024 | 184.117 | 179.342

9 211,706 | 207.195 | 213.459 | 195,745 | 220.336 | 204.032 | 236.451 | 222.363

10 211.706 | 207.196 | 213.459 | 195.745 } 220.336 | 204.032 | 239.795 | 232.660 Il

——

TABLE 3.4.cont'd. FREQUENCY PARAMETERS (¥A) OF SQUARE PLATE WITH CUT-QUTS
Cut-out 0.5x05 06x0.6 0.7x0.7 0.8x038
Size
MODE | ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. ANSY?I'
POLY POLY POLY POLY
Il | 65.7150 | 65.003 | 96.5901 | 95.587 164.627 | 162.375 | 359.945 | 351.044 |
2 81.6796 | 75.622 106.512 | 102,365 | 170.938 | 166.576 | 363.841 | 353.380
3 81.6796 | 75.622 106.512 | 102.365 | 170.938 | 166.576 | 363.841 | 353,380 |
4 110857 | 101.225 | 132.755 | 117.331 | 192.039 | 174.498 | 372.502 | 356.988
5 135879 | 105.731 | 148.178 | 128.789 | 194.579 | 189.835 | 386.237 | 373.993
6 166.360 [ 143.223 | 179.343 | 155.034 | 224,717 | 206.633 | 402.809 | 383.322
7 166.360 [ 143.223 1 179.343 | 155.034 | 224.717 | 206.633 | 402.809 | 383.322 I
8 197.702 | 183.651 | 214.34% | 195305 | 260.261 | 232,537 | 431.555 | 396.620
9 236.187 | 202.348 | 246.800 | 196.542 | 280.660 | 244,007 | 436.220 | 416.625
i 10 264.560 | 245.826 | 284.088 | 245.412 | 321.902 | 278.804 | 475.433 | 437.040

A = [phw?a’/D]
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l TABLE 3.5. FREQUENCY PARAMETERS (YA) OF SQUARE PLATE WITH ABRUPT II
CHANGE IN THICKNESS (B=hy/h=1.5)
Abrupt
Change 0.1x0.1 02x02 0.3x0.3 04x04 |
Size
MODE [ ORTHO. | ANSYS | ORTHO. [ ANSYS | ORTHO. [ ANSYS | ORTHO. | ANSYS
POLY POLY POLY POLY

1 36.5031 | 35.9174 | 37.051 | 36.199 | 37.7774 | 36.885 | 38.8764 | 37.848 |
2 73.507 | 73.194 | 74.497 | 73.383 | 76299 | 74.344 | 19.299 | 76.650 |
3 73.507 | 73.194 | 74.497 | 73.383 | 76.299 | 74.344 | 79.299 | 76.650
4 110.029 | 109.025 | 113,376 | 112,173 | 116.296 | 114,889 | 118.818 | 116.483
5 134.359 | 133.100 | 139.280 | 137.821 | 143.133 | 141.586 | 146.453 | 142.826
6 136.603 | 133.220 | 142.352 | 138.064 | 146.802 | 144.359 | 150.296 | 148.239
7 165.509 | :54.154 | 168.633 | 166.283 | 174.696 § 171.871 | 181.791 | 178.450
3 165.509 | 164.154 | 168.633 | 166.283 | 174.696 | 171.871 | 181,791 | 178.450
9 212.535 | 210.201 | 219.882 | 213.185 | 232.422 | 223.200 | 244.062 | 237.714
10 212,535 | 210.201 | 219.882 | 213.185 | 232.422 | 223.201 | 244.464 | 237.758

A =[phw?a’/D]

TABLE 3.5.cont'd. FREQUENCY PARAMETERS (\!M OF SQUARE PLATE WITH ABRUPT I
CHANGE IN THICKNESS (p=h;/h=15)
Abrupt I
Change 0.5x0.5 0.6x06 0.7x0.7 08x08 i
Size
MODE ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS ] ORTHO. | ANSYS
POLY POLY | POLY ___iroLy I
| 1 39.7595 38.866 40,3155 39,772 | 40.9009 40.564 41.944 41.464
' 2 84,023 80.409 88.439 85.008 90.978 89.060 92.366 91.351
3 84.023 80.409 88.43¢9 85.008 90.978 89.060 92.366 91.351
4 122988 | 118.776 | 128.680 | 123.394 | 133.700 | 129.691 137.841 135.287
5 151.264 | 144.454 | 158.611 150,263 | 168.661 160.601 174.976 | 169.955
6 155.152 | 150.538 | 162.608 | 155.576 | 171.761 164,324 | 176.319 | 171.60i
7 188.701 | 183.148 | 196.850 | 188.486 | 207.852 | 198.160 | 217.257 | 209.551
8 188.701 183,148 | 196.850 | 188.486 | 207.852 | 198.160 | 217.257 | 209.551
9 251.658 | 247.512 | 258.136 | 250.235 | 271.835 | 258.372 | 288.180 | 274.906
“ 10 251.658 | 247.512 | 258.136 | 250.235 | 271.835 | 258,372 | 288.180 274,906 |

A= phwia’/D]
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TABLE 3.6. FREQUENCY PARAMETERS (¥A) OF SQUARE PLATE WITH ABRUPT
CHANGE IN THICKNESS (B=h|/h=2.0)

Abrupt
Change 0.1x0. 02x0.2 03x03 04x04
Size
MODE | ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS
POLY POLY POLY POLY
37.175 35.640 | 37.631 35.661 39.171 36.533 41.955 38.266
73.738 | 73.152 | 75.648 73.095 78.027 73.752 83.162 76.254
73.738 73.152 | 75.648 73.095 78.027 73.752 81.162 76.254
112782 | 110.273 | 119.715 | 117.048 | 126.041 | 123.619 § 130.735 | 126.022
138,991 | 132.603 | 151.263 | 140.732 | 160.030 | 154.423 | 165.194 | 157.918
142,965 | 134.721 | 152391 | 144.273 | 162.262 | 154.423 | 170.367 | 165.690
166,196 | 164.221 | 173.470 | 167.933 | 186.096 | 178.840 | 201.416 | 193.801
166.196 | 164.221 | 173.470 | 167.933 | 186.096 | 178.840 | 201.416 | 193.80]
214,299 | 209.920 | 231.064 | 212,867 | 252,735 | 227.330 | 270.156 | 254.343

214299 | 209.920 | 231.064 | 212,870 | 253.237 | 227.330 | 276.485 | 254.343

A =[phw?a'/D]

eI ] wWird]—
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TABLE 3.6.cont'd. FREQUENCY PARAMETERS (¥A) OF SQUARE PLATE WITH ABRUPT
CHANGE IN THICKNESS (f=h;/h=2.0) '
Abrupt
Change 05x0.5 0.6x0.6 0.7x0.7 0.8x08
Size
MODE | ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. [ ANSYS | ORTHO. | ANSYS I
POLY POLY POLY POLY
1 44,040 | 40629 | 45479 | 43.236 | 46978 | 45.679 | 48.6915 | 47.711
2 92.481 | 81.448 | 101.011 | 89.664 | 108.001 | 99.959 [ 113.031 | 108.738
3 92.481 | 81.448 | 101.011 | 89.664 | 108.001 | 99.959 | 113.031 | i08.738
4 137.544 | 126.951 | 146.543 | 132.110 | 157.388 | 143.842 | 169.408 | 159.148
5 170,029 | 156.270 | 180.834 | 159.437 | 204.577 | 174.326 | 221.874 | 199.345
6 176.912 | 168.384 | 187.896 | 170.643 | 209.566 | 182.612 | 223.860 | 203.240
7 213.994 | 203.174 | 226431 | 207.116 | 249.544 | 218.624 | 273.407 | 243.763
8 213.994 | 203.174 | 226.431 | 207.116 | 249.544 | 218.624 | 273.407 | 243.763
9 201.899 | 277.635 | 305.012 | 288.983 | 326.646 | 290.889 | 367.211 | 317.496
10 294,353 | 282.167 | 305.012 | 289.450 | 326.646 | 290.889 | 367.211 | 317.501 |

A = [phw?a’/D]
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Table 3.7. Comparison of Natural Frequency Coefficients (¥A) of a CCCC
square plate with cutout.

Mode Ortho. polyj Ansys Rajamani [18] Paramasivam
[15]
65.7150 65.003 65.30 62.40
81.6976 75622 71.30 68.55

110.8569 101.225 111,70 93,52
135.8793 105.731 128.40 4355 |

1

2

4

5

6 _ 166.36053__ 143,223 193.90 |
t size

= 0.5 X0.5 A =[phw?a‘/D]

[T

cut ou

Table 3.8. Comparison of Natural Frequency Coefficients (Vo) of a CCCC
square plate with different cutout.

Paramasivam

(5]

Ottho. poly

0.0000 35.9855

0.1667 37.4259 35.80
0.3333 43,8694 43.20 |
0.5000 65.7150

= phw’a’/D]

Table 3.9. Comparison of Natural Frequency Coefficients (¥») of a CCCC
square plate with abrupt change in thickness.

(DI=4D, p=h/h=1.5874, v=0.0 , A =[phw?a’/D])

Abrupt Change Ortho. poly Lam [18]
Size
i 0.25 57.62 57.28
' 0.50 58.55 58.50 58.40
0.75 51.49 52.11 51.22
1.00 35.9855 3598 35.99 |
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TABLE 3.10. FREQUENCY PARAMETERS (YA} OF
CIRCULAR PLATE
MODE RAYLEIGH RITZ ANSYS
1 10.2158 10,2135
| 2 21.2603 21.2306
3 21.2603 21.2306
4 34.877] 34.7352
5 34.8771 34.8048
6 39.7711 39.7190
7 51.0319 50.7897
8 51.0319 50.7897
9 60.8320 60.6736
10 60.8320 60.6736

A =[phwia‘/D]

Table 3.11. Comparison of Frequency Parameters (¥A) of Circular plate.

Mode Orthogonal Ansys Rajalingam Kim [25]
Polynomials [20)
1 10.2158 10.2135 10.2158 10.2158
2 21.2604 21.2306 21.2604 21.260 |
3 21,2604 21.2306 21.2604 21.260
4 34.8770 34,7352 34.8770 34.877
5 34.8770 34,8048 34.8770 34.877
6 39.7711 39.7190 39.7711 39,771
7 51.0319 50.7897 51.0300 51.030 I
8 51.0319 50,7897 51.0300 51.030
9 60,8320 60.6736 60,8287 60.829
0 60.8320 60,6736 60.27 60.829 |

1
% = [phwia’/D]
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A = [phwia¥/D]

TABLE 3.12. contd. FREQUENCY PARAMETERS (YA} OF ANNULAR PLATES

TABLE 3.12. FREQUENCY PARAMETERS (YA} OF ANNULAR PLATES
b/a 0.1 0.2 0.3 04
MODE | ORTHO., | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS
POLY _ POLY POLY POLY |
1 10,3458 | 10.1732 | 10.7248 | 10.4162 | 11.6015 | 11.4263 13.6%
2 21.2650 | 21.1731 | 213115 | 20,4389 | 21.2864 | 19.3593 | 20.9973 | 19.3950
3 21.2650 | 21.1731 | 21.3115 | 20.4389 | 21.2864 | 19.3593 |} 20.9973 | 19.3950
4 34.5916 | 34.4763 | 33.9760 | 33.6751 | 33.6458 | 32.4977 | 34.0232 | 31.3159 |
5 34.5916 | 344763 | 33.9760 | 33.6751 | 33.6458 | 32.4977 | 34.0232 | 31,3159
6 40.5282 | 39.4557 | 43.7208 | 42.8329 | 49.6730 | 48.999 | 48.8938 | 46.8588
7 51.0009 | 50.9384 | 50.6253 | 50.4085 | 49.6730 | 49.9997 | 48.8938 | 46.8588
8 51.0009 | 50.9384 | 50.6253 | 50.4085 | 51.8641 | 51.3334 | 67.2568 | 66.1006 |
9 60.8978 | 59.6089 | 61.5372 ] 55.9847 | 64.1459 | 58.7876 | 68.4199 | 66.1006
10 60.8978 § 59.608% | 61.5372 | 55.9847 ] 64.1459 | 58.7876 | 68.4199 | 66.2430 I

Il

bia 0.5 0.6 0.7 0.8
MODE | ORTHO. | ANSYS | ORTHO, | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS |
POLY I POLY POLY POLY l I
1 17.7280 | 17.6794 | 25.6799 | 25.5550 | 43.1461 | 42.6998 | 93.076 | 90.6329 |
2 22.4442 | 21.7998 | 28.8127 | 28.4504 | 45.3465 | 44.7159 | 94.2638 | 92.0027
I 3 22.4442 | 21.7998 | 28.8127 | 28.4504 | 45.3465 | 44.7159 | 94.2638 92.0027'
a 351437 | 31.7458 | 38.5366 | 36.2839 | 519921 | 50.5734 | 99.3872 | 96.1136
5 35.1437 | 31.7458 | 38.5366 | 36.2839 | 51.9921 | 50.5734 | 99.3872 | 96.1136 }
6 29.4431 | 45.5338 | 52.1398 | 47.9391 | 62.6501 | 59.9145 | 106,924 | 102.979
l 7 49.4431 | 455338 | 52.1398 | 47.9391 | 62.6501 | 59.9145 | 106.924 | 102.979
8 67.0791 | 63.0695 | 700148 | 62.1044 | 81.3710 | 72.5286 | 120.063 | 112.647
9 679791 | 63.0695 | 70.9148 | 63.1044 | 81.3710 | 72.5286 | 120.063 | 112.647
10 89.0176 | 84.4748 | 90.1729 | 81.9337 | 99.6776 | 88.4392 | 140.789 | 125.215

= |phw?a*/D]
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|| TABLE 3.13. FREQUENCY PARAMETERS (V¥A} OF CIRCULAR PLATE WITH ABRUPT

CHANGE IN THICKNESS (B=h;/h=1.5)

A = [phwia’/D]

b/a 0.1 0.2 0.3 0.4

MODE | ORTHO. | ANSYS | ORTHO. { ANSYS | ORTHO. I ANSYS | ORTHO. | ANSYS
POLY POLY POLY POLY “

1 10.3481 | 10.4221 | 10.4769 | 104596 | 10.6741 | 10.5729 | 10.9934 | 10.8144
2 21.2872 | 21.0063 | 21.5195 | 21.8137 | 21.9115 | 21.7994 | 22.7161 | 22.2150
3 21.2872 | 21.9063 | 21.5195 | 21.8137 | 21.9115 | 21.7994 | 22,7161 | 22.2150
4 35.5093 | 36.8992 | 36.7288 | 37.7875 | 37.7665 | 38.2190 | 38.4761 | 38.2483
5 355093 | 36.8996 | 36.7288 | 37.7875 | 37.7665 | 38.2239 | 38.4761 | 38.2483
6 41246 | 42.2729 | 43.2545 | 43.4732 | 44.8433 | 45.1192 | 45.9578 | 45.8775
7 51.1085 | 54.4071 | 51.9271 | 54.4773 | 53.8147 | 54.8592 | 56.0210 } 56.2668
8 51,1085 | 54.4071 | 51.9271 | 54.4773 | 53.8147 | 54.8592 | 56.0210 | 56.2668
9 61.1757 | 65.2071 | 63.9230 | 64.8579 | 67.8871 | 66.6275 | 71.8338 | 70.0006
10 61,1757 | 652071 | 63.9230 | 64.8579 | 67.8871 | 66.6275 | 71.8338 | 70.0006

!

TABLE 3.13, cont'd. FREQUENCY PARAMETERS (YA} OF CIRCULAR PLATE WITH ABRUPT

CHANGE IN THICKNESS (B=h;/h=1.5) l
I b/a 0.5 0.6 0.7 0.8

MODE | ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. | ANSYS | ORTHO. | AiiSYS
| POLY POLY POLY POLY I

1 11.2214 | 11.1120 | 11.3609 | 11.3412 | 11.4443 | 11.4623 | 11.6368 | 11.5921

2 24.0615 | 23.2286 | 25.3001 | 24.6308 | 26.3406 | 25.9718 | 26.7289 | 26.6736

3 24.0615 | 23.2286 | 25.3001 | 24.6308 | 26.3406 | 25.9718 | 26,7289 | 26.6736
4 39,2905 | 38.5240 | 41.1916 | 39.7200 | 43.6958 | 42.1615 | 45.2835 | 44.6989 |

5 39.2005 | 38.4596 | 41.1916 | 39.7200 | 43.6958 | 42.2469 | 45.2835 | 44.8573

6 47.0028 | 46.2710 | 49.2604 | 47.3151 | 52.2006 | 49.9675 | 53.3186 | 52.7i88

7 57.8517 | 57.6176 | 59.8379 | 58.6567 | 63.4117 | 61.1798 | 66.8523 | 65.5906
8 57.8517 | 51.6176 | 59.8379 | 58.6567 | 63.4117 | 61.1798 | 66.8523 | 65.5906 ||

9 74.5462 | 73.6497 | 75.8764 | 74.3081 | 79.3815 | 75.7775 | 82.9001 | 80.6982

[ 10 74.5462 | 13.6497 | 75.8764 | 74.3001 | 79.3815 | 75.7775 | 82.9001 | 80.6950

% = [phw?a*/D]
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TABLE 3.14. FREQUENCY PARAMETERS (VA) OF CIRCULAR PLATE WITH ABRUPT
CHANGE IN THICKNESS (p=h;/h=2.0)

b/a 0.1 0.2 0.3 04 |

MODE | ORTHO, | ANSYS | ORTHO. | ANSYS | ORTHO.
POLY POL/ POLY

10,5118 | 10.2851 | 10.5837 | 10.2258 | 10.9995 | 10.4059 | 11.6788 | 10.8679
213423 | 21.7527 | 21.7662 | 21,5815 | 22.2112 | 21.5514 | 23.6550 | 22.0069 '
21.3423 | 21.7527 | 21.7662 | 21.5815 | 21.2112 | 21.5514 | 23.6550 | 22.0069

36.5684 | 36.8222 | 39.2698 | 39.0368 | 41.4238 | 41.4622 | 42.6225 | 42.3954
36.5684 | 36.8222 | 39.2698 | 39.0374 | 41.4238 | 41,4661 | 42.6225 | 42.4076
43.4779 | 41.7969 | 46.6670 | 43.9091 | 50.1297 | 48.2885 | 53.1340 | 52.5557 l

51,2527 | 53.3639 | 53.3675 | 54.0126 | 57.3313 | 56.9849 | 61,8079 | 62.4139
51,2527 | 53.3639 | 53.3675 | 54.0126 { 57.3313 | 56.9859 | 61.8079 | 62.4139
61.8763 | 64.6023 | 67.6211 | 63.9087 | 73.0604 | 66.9348 | 81.1201 | 74.7166
61.8763 | 64.6023 | 67.6211 | 63.0087 | 73.0604 | 66.9348 | 81.1201 | 74.7166

= -1 =1 BT R= RRT B R] R R

A = [phw?a'/D]

TABLE 3.14. contd FREQUENCY PARAMETERS (YA} OF CIRCULAR PLATE WITH ABRUPT
CHANGE IN THICKNESS (f=h;/Mh=2.0)

b/a 0.5 0.6 0.7

MODE | ORTHO. | ANSYS
POLY

12.1973 | 11.5693 | 12.7866 | 12.3397 | 13.1234 | 12.9566 | 13.3272 | 13.2457
25,7682 | 23.2859 | 28.1189 | 25.5593 | 31.2298 | 28.8222 | 32.5834 | 31.6994
25.7682 | 23.2559 | 28.1189 | 25.5593 | 31.2298 | 28.8222 | 32.5834 | 31.6994 |
43,6667 | 41.9061 | 46,9743 | 42.2408 | 51.2957 | 45.622% | 55.5967 | 51.9328

43.6667 | 41.9061 | 469743 | 42,2815 | 51,2957 | 45.6938 | 55.5967 | 52.0835
54.6204 | 53.5280 | 57.8219 | 52.7732 | 62.5371 | 55.1779 | 66.5412 | 61.7847
65.5345 | 64.9773 | 68.9184 | 65.3120 | 74.6086 | 67.0763 | 81.4767 | 74.5589 |
65.5345 | 649773 | 68.9184 | 65.3120 | 74.6086 | 67.0763 | 81.4767 | 74,5585

80,3972 | 84.8306 | 91.8502 | 88.2296 | 91.0160 | 86.8575 | 102.721 | 92.4938
89.3972 | 84.8306 | 91.8502 | 88.2334 | 91.0160 | 86.8576 | 102.721 | 92.4938

A = phwa*/D)

=] o] o] ] | n| | W] —
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Table 3.15. Comparison of Natural Frequency Coefficients (YA} of a Clamped
Annular plate.

Hole size b/a Ortho. poly Ansys Vogel [30] Vijay [31]

0.1 10.3458 10.1732 10.1614 10.2276
0.3 11,6015 11.4263 11.4172 11.4502
0.5 17.7280 17.6794 17.6793 17.7545
0.7 43.1461 42,6998 43.1243 43.2068 j

A = [phw?a"/D]

Table 3.16. Comparison of Natural Frequency Coefficients of a Regular
Hexagonal plate

[ Mode | Ansys | Lam(33] | [Irie[S5] |

1 5.1943 5.2886 5.212

2 10.7933 10.8525 10.85

3 10.8052 10.8567 10.88

4 17.6389 17.7528 17.73 |
L 5 17.6567 17.7816 17.75

6 20.2173 202331 20.13

7 24.5546 24.8543 24 80

8 26.7617 27.2217 27.14 |

A = [phwiat/Dn?]
where a is the half distance across the two parallel sides
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Fig. 3.8 Comparison of frequency parameter of square plate with opening
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First and Second mode shapes of a clamped square plate

Third and Fourth mode shapes of a clamped square plate

Sixth mode shapes of a clamped square plate

Fig 3.16 Mode shapes of a square plate clamped at its periphery
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First and Second mode shapes of a square plate with cut-out

Fifth and Sixth mode shapcs of a square plate with cut-out

Fig 3.17 Mode shapes of a clamped square plate with square opening
cutout size = 0.2 X 0.2
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First and Second mode shapes of the plate with cut out size 0.5 X 0.5

Fifth and Sixth mode shapes of the plate with cut out size 0.5 X 0.5

Fig 3.18 Mode shapes of a clamped square plate with square opening
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Third and Fourth mode shapes of a square plate with abrupt change in thickness

Fifth .ode shape of a square plate with abrupt change in thickness

Fig 3.19 Mode shapes of a clamped square plate abrupt change in thickness (f=1.".
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First and Second mode shapes of a clamped circular plate

Third and Fourth mode shapes of a clamped circular plate

Fifth and Sivth mode shapes of a clamped circular plate

Fig. 3.20 Mode shapes of a clamped circular plate
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First and Second mde shapes of an annular plate

Third and Fourth mode shapes of an annular plate

Fifth and Sixth mode shapes of an annular plate

Fig.3.21 Mode shapes of a clamped annular plate
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First and Second mode shapes

Third and Fourth mode shapes

Fifth and Sixth mode shapes

Fig. 3.22 Mode shapes of a clamped circular plate with abrupt change in thickness
(B=15)
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First and second mode shapes

Third and Fourth mode shapes

Fig. 3.23 Mode shapes of a clamped Hexogonal Plate.
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3.8 Summary

The Rayleigh Ritz method using orthogonal function provides a highly-
accurate and computationally-efficient scheme of finding frequencies and
mode shapes for the transverse vibration of plates. A simplification of the
resulting eigenvalue problem and rapid convergence properties suitable for
digital computers makes it a popular method. This was demonstrated by
several authors cited in the reference for rectangular and polygon plates. The
present analysis extends this lists to rectangular plates with cutout,
rectangular plates with abrupt varying thickness, circular plates, annular
plates, circular plates with abrupt varying thickness. The agreement of the
results with those available in the literature confirm the power and efficiency
of the method. This is expected since the orthogonal plate function can be
accurately used to describe the deflected shape of rectangular and circular
plates. This accurate numerical method for vibration of plates can be applied
to any combination of clamped, simply supported and free boundaries. The
results of the Rayieigh Ritz method using orthogonal polynomials was
compared in detail with those of the Ansys Finite Element Method. The
Ansys program is a large scale general purpose program which has the
capabilities for a simple linear static analysis to a comple:: non-linear

transient dynamic analysis.
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CHAPTER 4

Design of Condenser Microphone

4.1 Introduction

Silicon subminiature microphones, can be manufactured with the methods of
silicon technology, and have been designed and fabricated on the basis of
piezoelectric, capacitive and piezoresistive principles. Capacitive sensors are
normally constructed as two wafer realizations, where one wafer contains
the back electrode and the other contains the membrane of the microphone.
Between the membrane and the backplate there is an air gap whose acoustic
behaviour influences the frequency characteristic and sensitivity of the
microphone due to streaming resistances and compliances. A preliminary
study of the dynamic characteristics of acoustic pressure sensors is
necessary in order to provide a good quality design along with a consistent
fabrication process. The shape and size of the sensitive membrane has a

large impact on the acoustic characteristic of the sensor.

A simple design gives the advantage of an accurate prediction of the
dynamic characteristic of the microphone. Therefore, a membrane bonded to
a rigid support and a proper layout of the electrodes and the electronic

circuitry are the primary requirements for fabrication of the microphone .
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4.2 Design Considerations

The microphone consists of two parts, the silicon wafer forms the
diaphragm and the pyrex glass wafer forms the back plate. A cross-sectional
view of the structure is presented in Fig. 4.1. The air gap between the

diaphragm and the backplate is a few microns, which results in a high

nominal working capacitance.

diaphragm (top electrode)

air gap capillary vent

/ backplate

contact (back electrode)

Fig. 4.1 . Cross section of microphone structure.

4.2.1 Diaphragm Design Considerations

One of the basic characteristics of the microphone is the cut-off frequency of
the microphone. A very high natural frequency of the diaphragm is desired in
order to ensure a good frequency response of the microphone in the acoustic
range of frequencies. The size of the membrane, its boundary conditions,
the air gap losses, and the structure of the backplate determine the cut-off

frequency. The vibrational analysis results of Chapter 3, are used in
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determining the natural frequency of the diaphragm. The natural frequencies
of different shapes and sizes of microphones are calculated by using the
fundamental frequency parameter {A) results of clamped plates of different
shapes of the diaphragm. The natura! frequencies of different shapes and
sizes of microphone are given in Table 4.1. The diaphragm parameters used

in the calculations of the natural frequency are given in Table 4,2.

Table 4.1  Fundamental Frequencies of Diaphragms

Shape Size {um} Frequency {kHz)
1000 148.5
Square 900 183.4
800 232.1
700 303.2

Shape Dia {um) Frequency {(kHz)
1000 42.2
Circle 200 52.1
800 65.9
700 86.0

Shape Width Across flat (um) Frequency {(kHz)
1000 38.6
Hexagonal 200 47.3
800 59.8
700 78.7

Shape Side length {upm) Frequency (kHz)
1000 40,1
Triangle 900 49.5
{equilateral) 800 62.6
700 81.9
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Table 4.2  Diaphragm parameters

Material Silicon

Modulus of Easticity 1.64 * 1011 N/m2
Density 2300 kg/m3
Poison’s Ratio 0.3

Diaphragm thickness 10 um

The calculated natural frequency for different shapes of the diaphragm given
in Table 4.1 are all substantially above the audible frequency range of 20
kHz. Therefore the natural frequencies of the microphone should not effect
the performance of the microphone in the audible range. Therefore six
designs using all four basic shapes were fabricated in Chapter 5, and the

designed dimensions of the microphone are given in Chapter 6.

4.2.2 Backplate Design Considerations

The back-electrode area of conventional condenser microphone is normally
structured in a special manner or perforated with holes to obtain favorable
values of the acoustic air-gap elements. Unstructured or smooth back
electrode areas can be used to produce high resonance frequencies of the
microphone with smaller sensitivities [44]. A smooth back electrode
combined with a very thin air gap can generate high values of straaming
losses, so that the resistive cut-off frequency of the microphone is reduced

to an unacceptable value (41,43].
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Fig. 4.2. Electrode pattern and cross-section of the square, circular, triangle

and hexagonal structures

A back electrode with small lateral dimensions can be used if the capacitive
variations of the microphone are detected by an active element [34]. Since
the deflection near the edge of the diaphragm is very small, the part of the
electrode in this area mainly contributes to the parasitic capacitance loading
the microphone. Consequently, if this part of the electrode is omitted, the

capacitive signal attenuation is reduced, thus increasing the sensitivity. The
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dimensions of the microphone backplate required in this case can be made
very small. Therefore, in the design, the size of the back electrode area is
made smaller than the size of the diaphragm (Fig 4.2), and the air gap of the
remaining back area is made larger for decreasing the air gap stiffness. Air
gap losses which are caused by streaming resistances and which effect a
high-frequency cut-off, thererfore becomes negligibly small and the airgap
stiffness, which decreases the sensitivity of the microphone, can be reduced
to a minimum. These parasitic capacitance becomes more important with

decreasing capacitance of the microphone.

4.3 Capacitance for Circular and Square Structures

The cross-section and the capacitor electrode pattern of the circular and
square structure device are shown in Fig. 4.2. This figure shows the airgap
between the top and bottom electrodes and also shows larger airgap around
the periphery of the microphone diaphragm. It also indicates that the
metalized pattern (area) of the back electrode is considerably smaller than the
diaphragm area. The reason for larger airgap around the periphery and

smaller metalized area at the backplate are discussed in section 4.2.

4.3.1 Circular Diaphragm

The deflection of the circular membrane shown in Fig. 4.2, can be expressed

as [56]
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11-.(.r)--———(R -r)? {4.1)

and the maximum deflection occurs at the center, which is given as
P

W, = ——R! 4.2

" 64D (4.2)

For a circular diaphragm the expression for the capacitor is given as

(4.3)

€, 2mrdr

T d—w(r)

d
_..+l2
R | W,
4ne, \’ (4.4)

T Jeawd | d
W, k\l:

where
g, = dielectric constant of air

R = radius of the diaphragm
d = air gap (zero pressure plate separation)

4.3.2 Square Diaphragm

The deflection of the square diaphragm shown in Fig. 4.2, can be expr. .sed

as [B7]
_P(Rz_xz)(Rz_yz) (4.5)
w(x.y) = 49.6D '
and at the center
PR
W, = —— {4.6)
0" 496D
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The shape of the deflection is quite similar to that of the circular diaphragm
for the area not too close to the edges. Therefore, for simplicity, the square
diaphragm will be approximated with a circular diaphragm that has a
diameter of 2R (the length of the sides of the square), but has a center

deflection determined by equation {4.6) instead of (4.2).

4.4 Sensitivity of the Microphone

Sensitivity is basically a straight forward characteristic and can best be
described as; "within a specified frequency range of any particular condenser
microphone, the sound input should create a change in output voltage that is
a direct function of the sound pressure input”. The ratio of the two, the
signal output to the sound input, is known as either the response coefficient
or sensitivity. The ratio of the logarithm of the magnitude of the response
coefficient to the logarithm of the frequency, is called frequency
characteristic. I|deally, this should be a flat (straight} line, constant with
frequency. The frequency response of a microphone is either indicated by a
graph over the full audio spectrum or expressed by two frequency limits in
cycles per second (Hertz {Hz)}, within which the microphone responds

uniformly and with little variation of sensitivity.
Figure 4.3 shows the condenser microphone connected to an external bias

voltage source V,., loaded by a parasitic capacitance C,. a bias resistor R,.

and a preamplifier with an input capacitance C,.
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Bias Voltage I o
!Parasilic
|Capactance

Fig 4.3 The condenser microrhone with preamplifier

The open-circuit sensitivity of a condenser microphone is considered to
consist of two components §,, and S, ie. the mechanical and electrical

sensitivity of the microphone respectively [58].

The mechanical sensitivity is defined as the increase in the deflection of the
microphone diaphragm, Ad , resuiting from an increase in the pressure AP,

acting on the diaphragm.

(4.7)

t
I
IR

The electrical sensitivity is defined as the change in the voltage AV across the

air gap resulting from the change in the air gap thickness A4,

AV

§ ==—_
* Ad

(4.8)
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The microphone capacitance changes with the diaphragm movements as
explained in Section 4.3. For fast diaphragm movements, and if the amplifier
is ideal (input capacitance =0, infinite impedance) the charge on the plates
of the microphone remains constant. Note that in the case of a piston
diaphragm, the electric field strength £, in the airgap is homogeneous. Since
the charge is constant, the electrical field strength between the plates

remains constant. The electrical sensitivity is then given by

S, =E,=—" {4.9)

where V, is the bias voltage of the microphone and d is the air gap thickness

The quasi-static open circuit sensitivity §,,, of a condenser microphone is
defined as

Snpcn = Sch (4- 1 0)
To measure the sensitivity, the microphone is connected to the preamplifier,
which acts as an impedance converter. The most commonly used
preamplifier is the source follower. It has a gain H,, which is close to unity
and an input capacitance C,. The measured microphone sensitivity S,,,,, is
equal to

h

meas

=S,S,H.H, (4.11)
Where H_, is the capacitance signal attenuation due to the input capacitance

of the preamplifier and the parasitic capacitance C,. The parasitic

capacitance is due to the bondpad of the microphone. [50]
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C

m

H=——"—— 4.1
G, +C+C, (@.12)
where C,, is the microphone working capacitance

The air gap between the diaphragm and the backplate is a few microns,
which results in a high nominal working capacitance. This increases

microphone sensitivity according to [50]

' /
_p A, 1C, 1 1

[(—] {4.13)

S v~ T o
e AP (1+C./C.) Pa

The small air gap 4 allows a low bias voltage V,, since sensitivity is

¢

proportional to the ratio V /d according to

V. Ad 1 v
My =—— - [_] (4-14)
d AP (1+C,1C,) Pa

Air moving in the narrow air gap leads to increased viscous damping as
indicated by Skvor [59], and heat conduction effects as reported by Plantier
and Bruneau [60]. This may result in serious damping of the high-frequency
response and the damping leads to increasing Mechanical Johnson noise.
Therefore, it is necessary to reduce the length of the narrow gap. The
solution is to provide a rear volume cavity. A back chamber is provided on
the periphery of the diaphragm as the rear volume cavity as shown in the Fig.
4.2, The different air gaps also serve to reduce microphone stray
capacitance and thus increase sensitivity according to Eqn. (4.7). The

stiffness of the air in the rear volume cavity will add to the diaphragm
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stiffness and influence the sensitivity as well as the overall frequency
response. A narrow slit {capillary vent} at the bond interface allow for
equalization of the static pressure variations between the interior and the

exterior of the microphone.

4.5 Process Design of the microphone

As mentioned in section 4.2, a condenser microphone consists of a two layer
structure: a silicon layer and a glass layer. The sensitive electrode of the
condenser microphone is a flat plate of monocrystalline silicon and the back
plate is the Pyrex glass (# 7740). The fabrication design was carefully
planned to satisfy the primary objectives of the geometrical size. The
fabrication of the condenser requires three masking steps regardless of the
geometrical parameters. The mask design takes into consideration the size
and tolerance required for each masking step. The masks were prepared
using photographic techniques as explained in Appendix B. The glass wafer
which forms the back plate with air gap and side volume requires all the
three masks. The mask drawings (X10 magnification) required for
processing the backplate {glass) are presented in Figures 5.4 to 5.6. Mask 1
is used for etching the side volume cavity. Mask 2 is used to etch air gap
cavity, and Mask 3 is used for making metallic contact for the back
electrode. Once the three masking steps are completed on the glass wafer,
anodic bonding is performed between the glass wafer and the silicon wafer
as explained in Appendix C. The complete fabrication process of the

condenser microphone is explained in detail in Chapter 5.
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CHAPTER 5

Fabrication of Condenser Microphone

5.1 Introduction

The fabrication of micromechanical structures such as sensors on silicon
substrates became possible with the employment of micromachining
methods based on semiconductor technology. Improvements over the last
few vyears in precision micromachining techniques, such as orientation-
dependent etching in silicon, and the growing demand of high quality and
high reliability sensors with reduced physical dimensions, has led to the
development of many conventiona! sensors and transducers for pressure,
temperature and other physical quantities. However, application of this

technology for the development of acoustic silicon sensors is not prevalent.

5.2 Fabrication Process

Silicon and glass wafer are the materials used for the fabrication of the
condenser microphone. The condenser microphone consists of two wafers,
a membrane wafer and a backplate wafer. The membrane wafer is the

silicon and the backplate wafer is the glass.
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Fig. 5.1 Linear expansion coefficients as a function of temperature for

several commercial glass substrates and silicon. [61]

Very thin commercially available (Virginia semiconductor’}) p-type doped
silicon wafer is used as the membrane element. Pyrex glass (# 7740} is used
as the backplate. Pyrex glass is used because its thermal expansion
coefficient is very close to that of silicon thermal expansion coefficient, as
parts with the same thermal expansion coefficient are required during anodic
bonding and also because of its excellent electrical insulation properties.
Linear expansion coefficients as functions of temperature for several
commercial glass substrates and silicon are shown in figure 5.1. As seen
from the figure, throughout the temperature range betwveen the bonding
temperature and room temperature, the thermal expansion coefficients (AL/L)

difference is less than 100 ppm for the 7740 Pyrex glass and silicon.

* nicknamed "Virginia Slims"
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Fig. 5.2 Flexible silicon membrane [62]

The thin silicon wafer is 10um thick, with p-type (boron) doping
concentration of 3 *10'9 em -3. The lhigh doping concentration reduces the
resistivity {~ 0.002 Q cm} in the silicon wafer. Thereby it can be used as an
electrode. The wafers used are double-sided-polished and are extremely
flexible because of the dominance of the elastic nature of single crystal
silicon {Fig. 5.2). This dominance becomes evident when the ratio of surface
to wafer thickness is very large, {larger the ratio, the more flexible the silicon
wafer). Glass having a thickness of 760 um and chemical composition of

Si0,-18%, H,0,-2%, B,0,-13% and Na,0-4% is used as the backplate.

The fabrication of the condenser microphone requires two wafers: a silicon
wafer and a pyrex glass wafer. The fabrication procedure of the condenser
microphone is shown in Fig. 5.3. The backplate of the condenser
microphone is prepared from a optically polished (surface roughness 400 A)

760 um thick pyrex glass (#7740).
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Pyrex Glass Wafer Chromium Deposition

Mask # 1
| I e

Apply Photoresist, Expose through Mask # 1, Etch Exposed
Chromium in Ceric Ammonium Nitrate solution
for Side Volume Cavity

4

Deep Etching in HF for
Side Volume Cavity

Fig. 5.3 Fabrication process for the Condenser Microphone.
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Mask # 2

Apply Photoresist, Expose through Mask # 2, Etch Exposed
Chromium in Ceric Ammonium Nitrate Solution For Airgap Cavity

- - -

Deep Etching in HF for Etch away chromium using Ceric

Air Gap Cavity Ammonium Nitrate solution
| @

— — Mask # 3

Metalization of Back Elsctrode and contact after applying Photoresist
and Exposing through Mask # 3 and Etching Exposed Chromium in
Ceric Ammonium Nitrate Solution. Strip-off Photoresist.

Anadic Bonding of Silicon Membrane
to back plate (Pyrex 7740 glass)

Fig. 6.3(Cont'd) Fabrication process for the Condenser Microphone,
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Fig. 5.4 Mask # 1 for etching the side volume cavity

The sizes of the square ranges from 1200 x 1200 pm? to 200 x 200 pm?,
the sizes of the circle ranges from diameter 1300 pm to 150 um,
the equilateral triangle is 700 pm each side, and

the size of the regular hexagon is 500 pm side length.
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Fig. 5.5 Mask # 2 for etching the air gap cavity and capillary vent

The sizes of the square ranges from 1200 x 1200 pm2 to 200 x 200 um?,
the sizes of the circle ranges from diameter 1300 pm to 150 um,
the equilateral triangle is 700 pm each side, and

the size of the regular hexagon is 500 um side iength.
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Fig. 5.6 Mask # 3 for metalization

The sizes of the square ranges 800 x 800 pm2 to 100 x 100 um?2,
the sizes of the circle ranges from diameter 900 pm to 100 pm,
the equilateral triangle is 500 um each side, and

the size of the regular hexagon is 425 um side length
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5.2.1 Backplate Etching Process:

The first step is to deposit a layer of chromium on the glass wafer using the
chromium deposition evaporatcr as explained in Appendix A. Chromium is
deposited on the glass wafer to act as a mask during the etching of the rear
volume and air gap cavity. The process of chromium deposition was carried
out in a high vacuum (106 Torr.), where the chromium was heated up and
vaporized to form a uniform thin film on the pyrex glass. After chromium
deposition, the glass wafer is cleaned in de-ionized (DI} water. Using Mask
1, the photolithography process is performed, where the mask pattern is
transferred onto the glass wafer as explained in Appendix B.
Photolithography consists of applying photoresist to the substrate, softbaking
it in an oven at temperature of 95°C for 20 min., exposing to UV light for 60
seconds through a mask, developing it using a negative photoresist developer
to form the pattern, and hardbaking in an oven at a temperature of 145°C for
15 min. HF{49%) is used as the etchant for etching the rear volume cavity.
Negative photoresist was used as the radiation sensitive material. The glass
wafer now contains the mask pattern, where the chromium is exposed,
which is the region where etching of the glass is required to form the side
volume cavity. The exposed chromium is etched away in a solution of ceric
ammonium nitrate {ceric ammonium nitrate - 150 gms + acetic acid - 35 ml
+ water - 1 litre} [63). The etch rate of chromium using the above etchant
is 1500 A/min. The wafer is then dipped in concentrated HF (49%]} to form
the side volume cavity of required depth as shown in step 4 in Fig. 5.3. The
etch rate of glass in HF is @ pm/min approximately at room temperature. The
negative photoresist is then stripped off using a negative photoresist

remover. The process procedure of etching of the air gap cavity and capillary

95



vent {process done at the same time) is similar to the above procedure
followed for the etching of side volume cavity, except that, mask 2 is used
instead of 1, in the photolithography process. Care should be taken during
the photolithography to align mask 2 on the aligner mark made by the Mask
1 pattern on the glass wafer. After completing the process, the wafer has a
side volume cavity and an air gap cavity in the center as shown in step 6 in
Fig. 5.3. The remaining chromium is etched away using ceric ammonium
nitrate solution. Fig. 5.7 and 5.8 shows the side volume cavity and the air

gap cavity of the circular and square shaped microphcne backplate.

m?};f’ AT e

Fig. 5.7. The Photograph of the glass wafer showing the air gap cavity and

the side volume cavity around the periphery for the square diaphragm.
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Fig. 5.8. The Photograph of the glass wafer showing the air gap cavity and

the side volume cavity around the periphery for the circular diaphragm.

Uneven thickness of photoresist

With Photoresist layer

Desired exposed pattern

Fig 5.9 Advantages of Negative Photoresist
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Negative photoresist was used because for accurate photolithography, it was
desired to expose only regions of constant photoresist thickness to UV light.
When negative resist is exposed to UV light, it becomes harder and is not
removed during the development step. in this design, during step 5, the
surface of the glass wafer has an etched cavity, and a highly variable
thickness of resist will fill this cavity. If positive photoresist were used this
would have been the regions which was exposed and removed. The
penetration of UV light into this uneven layer would have been non uniform
a.d the development step might not have removed the resist completely.
Therefore negative photoresist was used, and the clear regions of the mask,
exposed negative resist of a uniform thickness avoiding potential problems

during the development process as shown in Figure 5.9,

5.2.2 Backplate Metalization Process:

The glass wafer with the electrical cavities is cleaned in DI water. Using
Mask 3, photolithography process is performed. The mask 3 has to be
aligned with the earlier mask pattern so that metalization can be done at the
bottom of the air gap cavity. Metalization of the electrical contact is made in
a chromium deposition evaporator as explained in Appendix A. 500 A thick
chromium is deposited on the glass wafer which forms the metal contact for
the back electrode. The negative photoresist is then stripped off and the
glass wafer with the metal contact and etch cavity is ready for Anodic

bonding process.
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5.2.3 Silicon Membrane

Very thin {10 pm thick) commercially available silicon membrane is used as
the membrane for the condenser microphone. Using thin silicon membrane
wafers reduces the micromachining steps of manufacturing a silicon
membrane. Generally membranes are produced using anisotropic etching or
surface micromachining (sacrificial layer) techniques. High dimensicnal
tolerance is achieved (0.1 pm) using thin silicon membranes. They also
provide dimensional stability in flathess {£0.5 pm). The silicon membrane is
cleaned by blowing nitrogen before the anodic bonding process. No other
cleaning procedure is required before anodic bonding, as the membrane was
cleaned from the factory and the dust particles were removed by blowing
nitrogen on it. The membrane itself did not have any oxidation or patterning
by photolithography process, as all the photolithography process was done

on backplate which contains the side volume cavity, airgap cavity and back

electrode.

5.2.4 Bonding of Silicon with Glass

The silicon and glass wafers are bonded using anodic bonding techniques as
explained in Appendix C. Anodic bonding is a process of electrostatically
bonding two dissimilar materials together to form a strong, hermetic seal.

The bonding is performed by applying a voltage of 1000 V at temperature of
400°cC.
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5.3 Experimental Results and Summary

The achieved dimensions were very close to the designed dimensions. The
achieved dimensions are given in Table 6.2 of Chapter 6. The designed air
gap depth was 12 um. By using the measuring instruments and its
measurement accuracy, it was determined that the achieved devices
dimensions are within £5 um in size and within £.5 um in the air=a» wepth.
Except for the anodic bonding, all the fabrication techniques belong to the
family of IC processes. However, the entire set of fabrication techniques
belong to the class of microfabrication techniques. These techniques
(microfabrication) are very powerful for sensor development and for a certain

type of micromechanisms.

In our investigation, the electrical connections from the contact pads of the
fabricated microphone to the preamplifier were made using silver paste
commercially known as Electrodag 415. It is a dispersion of finely divided
silver in a thermoplastic resin that rapidly dries in air to form a conductive
shield on non-conductive substrates [64]. It exhibits excellent adhesion and
provides controlled electrical properties in coatings as thin as 0.3 mil. It has
a sheet electrical resistance of 0.04-0.07 Q/0 @1 mil thickness. The surface
to be coated must be clean, dry and free from dust. Proper stirring of the
silver paste is necessary before the application of thin coating. The coated

part is allowed to dry for 10 minutes approximately.

During anodic bonding, residual stresses develop in the diaphragm Lecause of

the little mismatch in the thermal expansion coefficients of the two materials
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(Fig 5.1). The material are bonded at 350°C, when a potential of 1000 V is

applied at that temperature for a few minutes.

The modulus of elasticity of a material is given by the equation

E=— {5.1)

where E is the modulus of slasticity, o is the stress and ¢ is the strain. From
Fig 5.1, the strain for pyrex glass at 350°C is about 200 ppm and strain for
silicon at the same temperature is about 1000 ppm. The difference between
the two strains is about 100 ppm. Since this is the worst case scenario the
actual strain will be less than 100 ppm. Using Eq. 5.1 and the material
properties of silicon given in Table 4.2, the calculated stress in silicon during
bonding is £1.64*107 N/m2. Other researchers have addressed the stresses
in silicon membranes during ancdic bonding at temperature similar to these
used here {400°C}, and have found similar results. In particular, Scheeper ¢r
al [51] found experimentally by a wafer bending method that the stresses in
silicon membrane is 6*107 N/m? and Bergqvist [70] predicted by multilayer
multitemperature simulation of mechanical structure a stress on the

diaphragm of 1.5*108 N/m2,

101



CHAPTER 6

Characterization of Condenser Microphone

As a sensor of sound, a microphone must fulfill three basic requirements: to
provide an electrical signal well above the microphone self noise level, to
provide undistorted output over a wide dynamic range, and, when used with
associated equipment, to respond equally well to all frequencies produced by

the sound source.

The experimental results presented in this chapter are based on the
performance of the first few prototype condenser microphone fabricated for
this project. Capacitive and frequency measurements were conducted, and

their results are tabulated and compared with analytical results.

6.1 Capacitive Measurement

The capacitance of the microphone was measured at zero deflection using a
setup as shown in Fig 6.1. The fabricated microphone chip is mounted on a
probe box and is connected to a capacitive measurement instrument
{precision LCR meter-HP 4284A) by means of calibrated leads. Shielded
cables which minimize the effect of external fields are used to connect the

microphone chip contacts with the measuring instrument. The measuring
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instrument has a resolution of 0.5 fF and the fluctuations in the

measurement can be minimized at high input frequency.

6.1.1 Experimental Procedure

The fabricated condenser microphone is placed on the testing platform of the
probe box (black box). Vacuum pump is switched on to hold the condenser
microphone to the base of the platform. Two probes, one connected to the
bottom electrode and the other connected to the top eiectrode (membrane) is
connected tc the capacitance measurement instrument through the leads in
the probe box. The zero pressure capacitance of one fabricated microphone
was tested, at ambient conditions using the capacitance measurement
instrument. [t was observed that at low frequency the noise effect was too
high and once the frequency was increased the stray effects were reduced
and ii:e capacitance value was stabilized. For frequencies above 800 kHz,
the fluctuations reduced considerably and therefore the measurements of the
capacitance was made at 1 MHz, for different shape and size of fabricated

microphones.

Microphone under test

Precision
LCR Meter
HP 4284A

probe box

tead wires

Fig. 6.1 Experimental Setup for Capacitive Measurement
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6.1.2 Results and Discussion
Table 6.1 presents the theoretical and measured values for different

condenser microphones. The theoretical value of the zero pressure

capacitance of the microphones was calculated using Egn. 2.1. It can be
observed from the table that the variation of the zero pressure capacitance is
less than 8% from theoretical results. This variation in capacitance may be
due to the dimensional variation in the shape and size of the bottom
electrode, and the depth of the airgap of each condenser microphones during

the fabrication process.

Table 6.1 Analytical and Measured Capacitance

Microphone Designed Designed Designed Capacitance | Capacitance
Shape Backplate Backplate air gap Analytical Measured
electrode elactrode thickness { pF) { pF)
size (um ) area {(mm? ) { um )
clrcle dia = 900 .636 12 469 448
circle dia = 750 502 12 .326 .300
square side = 80O .640 12 472 430
square side = 600 .360 12 266 243
triangular side = 500 .433 12 319 .299
haxagonal side = 425 .469 12 .346 317

The achieved dimensions were very close to the designed dimensions. The

achieved dimensions are given in Table 6.2. The designed air gap depth is



12 pm. Given the accuracy of the measuring instruments and measurement
accuracy the achieved device dimensions are within +5 pum in size and within
+0.5 um in the airgap depth. The simulated values are given in Table 6.2.
There is little variation of capacitance value for different size of backplate
electrode area for a fixed airgap depth. Therefore computation of the

capacitance value was done for change in airgap depth .

Table 6.2 Computed and Measured Capacitance

Microphone Achieved Capacitance Capacitance Capacitance
Shape Backplate Analytical at | Analytical at Measured
electrode 11 um airgap | 12 pm airgap ( pF)
size (um ) { pF ) { pF}
circle dia = 8005 437 474 .448
428 .463
circle dia = 7505 .304 .330 .300
.296 321
square side = 8005 441 478 .430
430 .466
square side = 60015 .249 .270 243
.241 .261
triangular side = 50015 .297 322 .299
.291 316
hexagonal | side = 42515 327 .357 .317
312 .337
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As seen from the Table 6.2, the computed capacitance at 11 um airgap is
very close to the measured capacitance. In all the cases, the measured
capacitance is within the band of simulated values for airgap of 11.5+0.5
um. A fully automated process would produce uniform and repeatable

relation between designed and measured quantities.

6.2 Sensitivity and Frequency Response

Most condenser microphones are calibrated in terms of their open circuit
voltage for a given sound pressure existing in a plane wave sound field
before insertion of the microphone. Within the frequency range of any
particular condenser microphone, the sound input should create an output
voltage that is a direct function of the sound pressure input. The ratio of the
two, the signal output to the sound input, is known as either the response
coefficient or sensitivity. When plotting the logarithm of the magnitude of
the response coefficient vs the logarithm of the frequency in a ccordinate
system, the result is the so called frequency response characteristic. !deally,
this should be a straight line, constant with frequency. The frequency
response of a microphone is either indicated by a graph over the full audio
spectrum or expressed by two frequency limits in cycles per second (Hz),
within which the microphone responds uniformly and with little variation of

sensitivity.
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6.2.1 Experimental Setup

The sensitivity and frequency range of a condenser microphone can be
measured using a Briel and Kjaer 2619 preamplifier and a Briel and Kjaer
2035 dual channel spectrum analyzer.

Fig 6.2.

The experimental setup is shown in

1. Channel A

2. Channel B

3. Function Generator Output

FFT Analyzer

4. Microphone (A} under test

5. Microphone (B) Reference

A7

¥

6. Speaker

7. Amplifier for function generator

VirN

Figure 6.2 The measurement setup.

The back electrode contact of the condenser microphone is connected to the
preamplifier input contact and the membrane contact of the condenser
microphone is connected to the ground. The 2619 preamplifier has an input

resistance of greater than 2.6 G Q, and an input capacitance of 0.7 pF. The
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standard (reference) microphone (B&K 4155) with the B&K 2615 preampilifier
is connected to channel B and the fabricated microphone with the 2619
preamplifier is connected to the channel A. The broad band loudspeaker is
connected to the amplifier and the amplifier is connected to the function
generater {(Module 3016), which is already available in the Briel and Kjaer
2035 dual channe! spectrum analyzer. A DC polarization voltage of 28V,
required for the fabricated microphone is directly available from the B&K
2035 dual channel spectrum analyzer. The broad band loudspeaker excites
the device under test and the reference microphone, which are all piloted by

the B&K 2035 dual channel spectrum analyzer,

6.2.2 Experimental Procedure

The frequency response of a microphone is measured in an anechoic
chamber, an enclosure which is carefully lined throughout with a highly
absorbent material. The entire anechoic chamber arrangement is designed to
enable a microphone to hear only the direct sound from a high-quality

loudspeaker.

The dual channel spectrum analyzer (B&K 2035} excites the loudspeaker
with 800 discrete and equally spaced frequencies between 0 and 25.6 kHz.
There are several possible excitation signals, however in the present
experimental analysis, pseudo random excitation signals were used. The
advantages and disadvantages of the excitation signals are explained in

Appendix E (Table E1). The loudspeaker reproduces sound electrical signals
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supplied by an audio frequency signal generator and amplifier. Mounted next
to the fabricated silicon microphone is a calibrated (reference) condenser
microphone. Sensitivity of the microphone is calibrated by applying a sine

excitation signal of 1 kHz at a sound pressure level of 94 dB (=1 Pa).

The microphone under test and the reference microphone are pointed at the
loudspeaker. Both the signals are fed into the analyzer {(B&K 2035} for
computation of the microphone transfer function, and its frequency response
curve, the autospectrum, and the coherence {see Appendix E) is recorded in
the dual channel spectrum analyzer {B&K 2035). The voltage output of the
microphone will increase or decrease when its frequency response is not
uniform. This results in the dips and peaks revealed by the curves, indicating
the ability of the microphone to convert sound pressures into equal variations

in voltage output.

6.2.3 Results and Discussions

Initially, two standard microphones, one B&K 4155, which has a sensitivity
of 45.7 mV/Pa with O V polarization voltage and the other B&K 4138, which
has a sensitivity of 16.5 mV/Pa with 200 V polarization voltage, were
calibrated by a B&K Pistophone for their response, and they were also tested
for their frequency response by using the procedure explained in section
6.2.2. The frequency response of the B&K 4155 standard microphone
supplied by the manufacturer is shown in Fig. 6.3. The responses of the
autospectrum, frequency response and coherence are given in Fig. 6.4 (a,b

and c). The autospectrum response of both the standard microphones are
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identical as seen from Fig. 6.4 a., when a sine excitation signal at 250 Hz
was applied at a sound pressure leve! of 94 dB ( =1 Pa). This was done as

the sensitivity of the standard microphone was calibrated at 250 Hz.

LR e A e ST, (0

i
o
Fra T
a n .y -3 [
} %
grs | Jl o | 545 F—r yom -t :+
pree L
et S— i
. | el e
bl 1 -
b
7L 3
s
-
L=
(%
'3
X
J5N
bl
31“
ol
3'e
-
- i mt
gue ML . .
Tk e e e e s M3 W e oo e 1
iy ' Lo U Py o
3. .

Fig. 6.3 Frequency response of the B&K 4155 standard microphone [65]

The flat frequency range of the standard microphone is in the range of 0-20
kHz as can be seen from the frequency response {H, and H,} and coherence
plots (Fig 6.4 b and ¢}. The irregularities of the readings in the plots of
frequency response (Fig. 6.4 b) are 5 dB. Actually these response curves
should be flat within 1 dB as shown by the manufacturer frequency
response given in Fig. 6.3. The fluctuations larger than this i.e >5-10 dB at
9-13 kHz were found to be due to the loudspeaker. In view of the ~ 5 dB

variations of the standard microphone response throughout most of the
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frequency range, a tolerance of £5 dB will be used in determining the flat
frequency range of the fabricated microphone. This test confirms that
standard microphones are calibrated to the specifications and can be used as
reference microphones in the experiment. B&K 4155 standard microphone

was taken as the reference microphone for the experiment.

The standard (reference) microphone (B&K 4155) with the B&K 2615
preamplifier is connected to channel B and the fabricated microphone with
the 2619 preamplifier is connected to channel A for the setup shown in Fig.
6.2. The fabricated microphones are calibrated by following the procedure
explained in section 6.2.2. The autospectrum plots, frequency response
plots and coherence plots for all the fabricated microphones are piotted in

Figures 6.5 - 6.10 both inclusive.

The sensitivity and the flat frequency range of the different fabricated
microphone are presented in Table 6.3. The sensitivity of the microphone
was measured at 1 kHz. The flat frequency range of the fabricated
microphone can be seen from the figures 6.5 - 6.10. All measurements were
performed on complete wafers with microphones. From the autospectra and
coherence measurements, it can be found that for all fabricated microphones
there is an important difference for responses below 1 kHz. The tested
microphones are more sensitive at low frequencies, which is why, the
sensitivities were measured at 1 kHz. For the flat frequency range the

response is reasonable.

The ambient noise of the room was 41 dB (A weighting). The noise was

tested using a Modular Precision Sound level meter ( B & K type: 231) .
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Table 6.3 Summary of the

Results for the Microphone Characterization.

Microphone Backplate Flat Frequency Sensitivity Frequency limit

for > 0.85

Shape electrode size Range { mViPa) coherence
{ um } {kHz2) @ 1 kHz { kHz )
B&K - 0-22 45.7* 0-22
circle dia = 900 0.2-5.4 0.92 1-22
circle dia = 750 0.2-5.2 0.73 2-22
square side = 80O 0.2-3.86 0.84 2-22
square side = 600 0.2-5.2 0.63 2-22
triangular side = 500 0.2-5.4 0.62 2-22
hexag_;onal side = 425 0.2-5.3 0.67 2-22

* @ 250 Hz exceplion

The summary of the tests are presented in Table 6.3. For each fabricated
microphone, the flat frequency response, the sensitivity and the coherence
are presented. Fig 6.11 shows the noise level of the standard microphone
and fabricated microphone, the noise level of the fabricated microphone is
about 50 dB. the measured noise level corresponds well with the
measurements of Bergqvist et al [50]. Because the noise of the microphone
is dominated by microphone preamplifier, the signal to noise ratio of the
silicon condenser microphone can only be optimized by increasing the
sensitivity. The sensitivity of the microphone can be optimized by decreasing
the diaphragm thickness. In order to maintain the same band width, the air
streaming resistance should be decreased, which can be achieved by

increasing the air gap thickness.
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Analyzing the results from Table 6.3, the frequency range of the fabricated
microphones lies between 0.2- 5.4 kHz. For all the shapes designed, the
natural frequency of the diaphragm was found to be > 38.6 kHz (Table 4.1),
which is substantially above the audible frequency range. The cut-off
frequency of the fabricated microphone varied between 3.6 kHz and 5.4 kHz.
Furthermore, with the exception of 1 square microphone, all cut-off
frequencies lie within a much tighter range of 5.2-5.4 kHz. Note that, even
though the natural frequency of the diaphragm varies drastically for different
shapes of the diaphragm (Table 4.1), the measured cut-off frequency does not.
This is a very revealing result, since the cut-off frequency of the fabricated
microphone appears to not vary significantly with membrane shape. Note
that the theoretical fundamentai frequencies calculated in Table 4.1 would
predict considerable variation with shape. Thus it can be reasoned that the
cutoff in the audible range is not due to shape, but due to some mechanism

which does not vary significantly with shape.

Table 6.4 Estimated Volume and Constant K.

Microphone Diaphragm Diaphragm Estimated Constant K
Shape size { um ) area {mm?) Volume {mm3)}
circle dia = 1000 .7854 0.00984 79.04
circle dia = 800 .5027 0.00648 77.57
square side = 1200 1.4400 0.01795 80.22
square side = 1000 1.0000 0.01265 79.04
triangular side = 700 .2122 0.00295 71.78
hexagonal side = 500 .6495 0.00874 74.33
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One such possible mechanism involves the total airgap volume. This
mechanism has also been suggested by other researchers in references
[69,60]. The airgap volume for the different shapes were estimated from the
design and process and are given in Table 6.4. These estimates assume an
airgap depth of 11.5 um and a side volume depth of 19 um. A constant X,
which is the ratio of the airgap volume to the diaphragm area, is shown in
Table 6.4. Note that this constant K does not vary significantly for the
different shapes of the microphones. Therefore this is a possible cause for

the invariance of cut-off frequencies of the fabricated microphone.

As seen from Table 6.3, the sensitivity lies between 0.53 - 0.22 mV/Pa.
The measured sensitivities are roughly equal to the values presented by
Bergqvist ef al [43] and by Kuhnel and Hess [47] for their microphones with
highly perforated backplates. Fabrication of the microphone by Berggvist et
al requires four wafer chip and seven masking steps and Kuhnel and Hess
require two wafer chips and more than four masking steps. The present
investigations requires two wafer chips and three masking steps to fabricate
the microphone. The aim of the present investigation was to design a
process that uses a minimum number of masking steps, since each masking
steps require a critical and labor intensive mask alignment process. Any

increase in masking steps increase the cost of production.
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Channel A - B&K 4138 microphone
Channel B - B&K 4155 microphone
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Figure 6.5 (a)

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone (reference)

Circular
Dia = 1.2 mm

Fabricated Microphone: shape:

Membrane size:

back electrode:

air gap:
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Figure 6.5 (b) Frequency response for the fabricated microphone.

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone {reference)

Fabricated Microphone: shape: Circular
Membrane size: Dia = 1.2 mm
back electrode: .636 mm2{dia = 900um)
air gap: 12 um
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Fzobricated Microphone:

Coherence between fabricated and reference microphone.

Channel A - Fabricated microphone
Channe! B - B&K 4155 microphone (reference)

shape: Circular

Membrane size: Dia = 1.2 mm

back electrode: .636 mm2{dia = 900um)
air gap: 12 pm
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Dual channel autospectra for the fabricated and reference
microphones.

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone {reference)

Fabricated Microphone:

shape: Circle

Membrane size:
back electrode:
air gap:
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Figure 6.6 (b} Frequency response for the fabricated microphone.

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone (reference)

Fabricated Microphone: shape: Circle
Membrane size: dia= Tmm
back electrode: .502 mm2 (dia = 750um)
air gap: 12 um
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Coherence between fabricated and reference microphone.

Channel A - Fabricated microphone
Channe! B - B&K 4155 microphone {(reference)

Fabricated Micropheone: shape: Circle

Membrane size: dia= 1mm
back electrode: .502 mm?2 (dia = 750um)
air gap: 12 pm
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Figure 6.7 (a) Autospectra for the fabricated and reference microphones.

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone (reference)

Fabricated Microphone: shape: Square
Membrane size:  Side = 1 mm
back electrode: .640 mm?2 (side = 800um)
air gap: 12 um
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air gap: 12 um
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Figure 6.7 {c) Coherence between fabricated and reference microphone.

Fabricated Microphone:

Channel A - Fabricated microphone

Channet B - B&K 4155 microphone (reference)

shape: Square
Membrane size: Side = 1 mm
back electrode: .640 mm? (side
air gap: 12 pm
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Figure 6.8 (a) Autospectra for the fabricated and reference microphones.

Channel A - Fabricated microphone

Channel B - B&K 4155 microphone {reference)

Fabricated Microphone: shape: Square
Membrane size: Side = 0.8 mm

back electrode: .360 mm? (side = 600um)

air gap: 12 pm
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Figure 6.8 {(b) Frequency response for the fabricated microphone.

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone (reference)

Fabricated Microphone: shape: Square
Membrane size:  Side = 0.8 mm
back electrode: .360 mm? (side = 600um)
air gap: 12 pm
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Figure 6.8 (c) Coherence between fabricated and reference microphone.

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone (reference)

Fabricated Microphone: shape: Square
Membrane size:  Side = 0.8 mm
back electrode: .360 mm2 (side = 600um)
air gap: 12 pm
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Figure 6.9 [a) Autospectra for the fabricated and reference microphones.

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone {reference)

Fabricated Microphone: shape: Triangular {equilateral)
Membrane size:  Side = 0.7 mm
back electrode: 433 mm? (side = 500um)
air gap: 12 pm
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Figure 6.9 (b) Froauency response for the fabricated microphone.

Fabricated Microphone:

Channel A - Fabricated microphone
Channe! B - B&K 4155 microphone (reference)

shape:
Membrane size:
back electrode:

air gap:

Triangular {equilateral}
Side = 0.7 mm
.433 mm? (side =
12 pm

500um)
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Figure 6.9 (c)} Coherence between fabricated and reference microphone.

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone (reference)

Fabricated Microphone: shape: Triangular {equilateral)
Membrane size: Side = 0.7 mm
back electrode: .433 mm? (side = 500um)
air gap: 12 um
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Channel A - Fabricated microphone
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Figure 6.10 (b)
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Figure 6.10 (c} Coherence between the fabricated and standard
microphone.

Channel A - Fabricated microphone
Channel B - B&K 4155 microphone (reference}

Fabricated Microphone: shape: Hexagonal (regular}
Membrane size: Side = 0.5 mm
back electrode: 469 mm?
air gap: 12 um
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Figure 6.11 Noise level of fabricated (test) and standard microphone.

6.3 Summary

The use of silicon and glass as the two material in the micromachining
process has resulted in the development of condenser microphones. The
lithographic techniques have allowed the fabrication of miniature
microphones with diaphragms of area less than 1 mm2. Furthermore, silicon
micromachining offers the opportunity to fabricate a specially shaped

backplate to optimize the sensitivity and the frequency response. Silicon
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condenser microphones, with narrow air gap have been developed that show
reasonable sensitivity at low operating voltage. Consequently this type of

silicon condenser microphone can operate without an electret.

An advantage of the application of silicon micromachining techniques for the
fabrication of capacitive microphones is the possibility to increase the
sensitivity by reducing the area of the backplate electrode. Since the
deflection near the edge of the diaphragm is very small, the part of the
electrode in this area mainly contributes to the parasitic capacitance loading
the microphone. Consequently, if this part of the electrode is omitted, the

capacitive signal attenuation is reduced, thus increasing the sensitivity.

For all the shapes designed, the natural frequency of the diaphragm was found
to be = 38.6 kHz, which is substantially above the audible frequency range. The
measured cutoff frequencies of the fabricated microphones varies from 3.6 kHz
to 5.4 kHz. Note that, even though the natural frequency of the diaphragm
varies drastically for different shapes of the diaphragm, the measured cut-off
frequency does not. The reason may be due to the airgap volume affecting the
frequency response [59,60]. The sensitivity of the fabricated microphones was
found to be in the range of 0.53 to 0.92 mV/Pa. The mechanical sensitivity of
the microphone can be increased by decreasing the diaphragm thickness.
Another possibility for increasing the mechanical sensitivity is the application
of a corrugated microphone diaphragm. These diaphragms have been shown
to have larger mechanical sensitivity than flat diaphragm of equal size and
thickness {66,67]. These diaphragm can be easily made with

micromachining techniques.
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CHAPTER 7

Conclusions and Recommendations for
Future Work

7.1 Overview

This investigation has examined two areas within the broader topic of silicon

subminiaturized condenser microphone.

1. The development of suitable shapes of microphone diaphragms and
obtain their natural frequencies and mode shapes in order to analyze their
responses as acoustic devices.

2. The design, fabrication and testing of the subminiaturized silicon

condenser microphone.

The main objective of the study was to design a subminiaturized silicon
microphone working on the principle of capacitance, and design a process
which requires minimum number of masking steps, taking into considerations

the geometrical size of the microphone.

As a sensor of sound, a microphone must fulfill three basic requirements: to
provide an electrical signal well above the microphone self noise level, to
provide undistorted output over a wide dynamic range, and, when used with

associated equipment, to respond equally well to all frequencies produced by
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the sound source. The fundamental elements of a condenser microphone
comprises a diaphragm, backplate, airgap and side volume cavity. Vibrational
analysis was used to find the fundamental frequency of the diaphragm. The
process design for the subminiaturized microphone was carefully planned to
satisfy the primary objectives of the gesometrical size. The fabrication of the

condenser microphone requires three masking steps regardless of the

geometrical parameters.

7.2 Conclusions for Plate Analysis

The Rayleigh Ritz method is widely used to obtain the approximate values for the
natural frequencies and mode shapes. This was demonstrated by several
authors cited in the reference for rectangular plates. The Rayleigh Ritz is one
such method where, using assumed shape functions satisfying the boundary
conditions, the system of equations is reduced to an eigenvalue problem. The

solution of this problem provides the natural frequency coefficients and natural

modes.

In the present study, orthogonal polynomials were used as shape functions in
the Rayleigh Ritz method. The orthogonal polynomials were constructed using
the Gram-Schmidt process, the first member of the set satisfying the geometrical
and natural boundary conditions of the plate and all the rest satisfying the

geometrical boundary conditions.
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The ANSYS finite element program [54] is a large scale general purpose
program which has the capabilities for a simple linear static analysis to a
complex non-linear transient dynamic analysis. It utilizes the matrix
displacement method for the analysis and the wavefront method for the
matrix reduction and solution. The program contains many routines which
are all inter-related. An extensive element library makes it feasible to analyze

two or three dimensional structures.

The results of the Rayleigh Ritz method using orthogonal polynomials was
compared in detail with those of the Ansys Finite Element Method. For plates
with cutout, the natural frequencies increase for both methods as the cutout
increases. The increase in the natural frequency with increase in cutout size
suggests that the reduction in kinetic energy due 1o the cutout at the plate center
is more significant as compared to the reduction in potential energy. In the
Rayleigh Ritz method the deflection is expressed in terms of higher polynomials
and hence, the strain energy in the region of the cutout is accounted for more
accurately as compared to the finite element method. For plates with abrupt
changes in thickness, the natural frequencies increase for both methods with the

increase in inner and outer ratios.

The fundamental frequency parameters obtained using the two methods for fully
clamped plates of different shapes are used to find the fundamental frequencies

of the designed diaphragms.

The present analysis extends the use of orthogonal polynomials in Rayleigh Ritz
method to rectangular plates with cutouts, rectangular plate with abrupt change

in thickness, circular plates, annular plates, and circular plates with abrupt
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changes in thickness. The agreement of the results with those available in the
literature confirm the power and efficiency of the method. This is expected since
the orthogonal plate function can be accurately used to describe the deflected
shape of the rectangular and circular plates. This accurate numerical method for

vibration of plates can be applied to any combination of clamped, simply

supported and free boundaries.

7.3 Conclusions for the Subminiaturized Condenser
Microphone

The use of silicon and glass as the two material in the micromachining
process has resulted in the development of condenser microphones. The
lithographic techniques have allowed the fabrication of miniature
microphones with diaphragms of area less than 1 mm2. Silicon condenser
microphones, with narrow air gaps have been developed that show
reasonable sensitivity at low operating voltage. Consequently this type of
silicon condenser microphone can operate without an electret. A variety of
semiconductor and other processes were used including chromium deposition,
wet chemical etching, ancdic bonding, etc., for the fabrication of the
subminiaturized condenser microphone, The introduction of silicon technology
allows accurate control of dimensions, a high degree of miniaturization, and
batch fabrication of the microphone at low cost and with good reproducibility.
Furthermore, silicon micromachining offers the opportunity to fabricate a
specially shaped backplate to optimize the sensitivity and the frequency

response.

141



The fabrication design was carefully planned to satisfy the primary objectives
of the geometrical size. The fabrication of the condenser requires three
masking steps regardless of the geometrical parameters. The mask design
takes into consideration the size and tolerance required for each masking

step.

An advantage of the application of silicon micromachining techniques for the
fabrication of capacitive microphones is the possibility to increase the
sensitivity by reducing the area of the backplate electrode. Since the
defiaction near the edge of the diaphragm is very small, the part of the
electrode in this area mainly contributes to the parasitic capacitance loading
the microphone. Consequently, if this part of the electrode is omitted, the

capacitive signal attenuation is reduced, thus increasing the sensitivity.

Negative Photoresist was found effective because of the two different depth
etched cavities on the glass wafer. The mask required for the fabrication of the

microphone was made in the lab using the technigue described in Appendix B.

The achieved dimensions were very close to the designed dimensions.
Computation based on the measured capacitance value show that the achieved
airgap depth was closer to 11 um rather than designed depth of 12 um.
Achieved backplate dimensions match with + 5 um, which is between 0.5t0 1 %
of the size dimensions. The airgap depth and the side volume depth was kept
constant for all the designed microphone. The experiments were conducted on

a single wafer, having all the designed microphones on it.
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For all the shapes designed, the natural frequency of the diaphragm was found
to be > 38.6 kHz, which is substantially above the audible frequency range. The
measured cutoff frequencies of the fabricated microphones varies from 3.6 kHz
to 5.4 kHz. Note that, even though the natural frequency of the diaphragm
varies drastically for different shapes of the diaphragm (Table 4.1}, the measured
cut-off frequency does not. The reason may be due to the airgap volume
affecting the frequency response [569,60]. The sensitivity of the fabricated

microphones was found to be in the range of 0.53 to 0.92 mV/Pa.

From a simple analysis of thermal expansion coefficient mismatch in the
temperature range between the bonding temperature 350°C and operating
temperature 20¢C, the residual stress in the diaphragm is tensile and is
estimated to be less than 1.64*107 N/m2. Tensile stress in the diaphragm
increases the fundamental frequency. Therefore it should not adversely effect

the cutoff frequency of the fabricated microphone.

Anodic bonding gives almost fully clamped boundary conditions [68]. The
deviation from fully clamped conditions does not effect the cutoff frequency
significantly, especially, since the ancdic bonding temperature used here is lower
than that used in the reference investigation [68]. This, if anything, should have
the lowered the stress, improved the cutoff frequency, and made the boundary

conditions even closer to fully clamped.
The shape of the microphone did not influence the cutoff frequency, as almost all

the different microphone shapes had the same cutoff frequency in the range of

3.6 to 5.6 kHz. Manufacturing circular membranes is very difficult using etching
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techniques rather than square membrane, if the membrane was manufactured

from a silicon wafer because of the crystal orientation of the silicon wafer.

Silicon microphones will probably find applications in all fields where small
dimensions rather than high signal-to-noise ratio are desired e.g. as probe

microphones or as sensors as hearing aids.

7.4 Recommendations

The mect_\gnical sensitivity of the microphone can be increased by decreasing
the diaphragm thickness. Another possibility for increasing the mechanical
sansitivity is the application of a corrugated microphone diaphragm. These
diaphragm have been shown to have larger mechanical sensitivity than flat
diaphragm of equal size and thickness [66,67]. These diaphragms can be

easily made with micromachining techniques.

The cut-off frequency can be increased by having a large back volume. But one
cannot have a very large back volume, if wet chemical etching technique is used
to form the cavity. The cut-off frequency can also be increased by using a
perforated backplate in between the diaphragm and the pyrex glass, which now
has the back volume cavity only with no back electrode [50]. The back
electrode would be part of the perforated backplate to complete the capacitor

circuit.
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The performance of the silicon condenser microphone can also be increased
by integration of the microphone with a preamplifier. If there is a circuitry on
the chip, the temperature of anodic bonding comes into question. Bonding
temperature over 300°C effect the circuitry. Therefore bonding should be done
below 3000°C, or the circuitry would have to be hybridized to the sensor device in
some way after anodic bonding operation. Bonding can be done below 300°C

[70]. Bonding temperature and applied voltage depends on the thickness of the

glass and silicon wafers.

Silicon microphones can be fabricated on a single wafer using the single wafer

process proposed by Hijab and Muller [51]. The fabrication process is based on

the sacrificial layer etching techniques.

More exhaustive experimental investigations need to be carried out to analyze
the dynamic behavior of the microphone with the above recommendations.

These developments are believed to be important for future silicon condenser

microphones.
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Appendix A

Metalization and Chromium Deposition

substrate holder
Bell Jar
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Fig. A1 Chromium deposition setup.

Metalization refers to formation of metal film used for interconnection and
ohmic contacts. Metal film can be formed by vacuum evaporation,
sputtering and Chemical Vapor Deposition. In the present study, Vacuum
evaporation process was used, which is most widely used. The process is

carried out in a high vacuum bell jar. The setup is shown in figure A1,

The substrate (pyrex glass) and source material {chromium) to be evaporated

are mounted in the bell jar. Vacuum is created in the upper chamber (bell jar)
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to the required pressure 50 mTorr (6.66 X 10" KPa). The lower chamber
which is also at lower pressure because of the continuous operating of
diffusion pump, is opened to the upper chamber. The mechanical pump is
then shut off. the upper and lower chamber are allowed to stabilize at a
pressure of 1 X106 Torr. (1.33 X 107 KPa}. Liquid nitrogen is filled inside
the nitrogen tank which helps in maintaining the required pressure inside the
lower chamber. The tungsten boat which contains the source material
{chromium} pellets, is heated up by supplying an electric current of 50-55
Amperes. The heat produced by this current under the low pressure inside
the chamber leads to the evaporation of chromium pellets. When the source
material's vapor pressure exceeds that in the bell jar, the material vaporizes
rapidly. Under a high vacuum, the mean free path of the vaporized atoms or
molecules is greater than the distance between the source and the substrate.
The vaporized atoms, radiated in all directions, condense on all lower
temperature surfaces, the substrate and the bell jar, with which they collide
forming a uniform thin film. The thickness of the chromium deposition is
monitored by a sensor connected to the computer. Once the required
thickness is achieved. The current supply is turned off. The evaporator is
allowed to cool and nitrogen is passed inside the upper chamber before

removing the chromium deposited substrate.
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Appendix B

Lithography

Lithography is the technique of transferring patterns of geometric shapes of a
design to a layer of radiation sensitive materia! (resist) which in turn transfers
the patterns to the substrate through etching process. Photolithography, X-
ray lithography, E-beam lithography and lon-beam lithography are the
radiation used. In our present study, Photolithography with UV light was

used as radiation.

The major technique used in lithography are:
i) Fabrication of mask or Pattern generation

i} Transfer of pattern from the mask to the wafer.
i} Mask Fabrication:

After a test design or computer simulation of a sensor is completed, the
composite design of the layout is divided into mask levels, each
corresponding to subsequent processing steps that requires a specific
geometric pattern to be transferred to the wafer. After enlarged patterns
(200 to 400 times the actual size) of each mask level is drawn with the
specific geometrical layout on a plastic laminate. The pattern is reduced
photographically {usually 10:1 to 20:1} on a first reduction photographic
facility to form a glass reticle mask with high resoclution, high contrast

emuision. The reticle mask is again reduced to its final size and duplicated
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on the master mask by a step-and-repeat camera. Since a sensor size is
generally in microns or millimeters, a wafer may have many units of the
sensor made on it. Therefore, the mask may contain multiple images of the

sensor. Mask was fabricated at the lab using the above process.

i) Transfer of Pattern from the Mask to the Wafer

Photoresist can be classified as positive and negative. The pattern formed
on the positive photoresist is the same as that on the mask, ie., the clear
region of a mask is exposed and become soluble and is removed during the
development process. The pattern on the negative resist is the reverse of the
mask pattern, i.e., the dark region of a mask is exposed and become soluble
and is removed during the development process. Photoresist are processed

in a clean room with yellow light. It is not sensitive to light with wavelength

greater than 0.5 pm.

The procedure that was followed during fabrication of the condenser
microphone is as follows:

1) The wafer is ptaced on the chuck of the spinner, negative photoresist
is applied at the center of the wafer, and the wafer is accelerated to a
constant rotational speed of 2000 rpm and maintained for a time of 18
seconds to give a uniform resist film of desired thickness.

2) Pre-bake the wafer with resist at 95 °C for 20 minutes in the oven.

3) The wafer is processed in the aligner for exposing of UV light. The
time for exposure depends on the light intensity. For the experiments, the

time of exposure is 60 seconds.
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4) The exposed resist is developed using resist developer. The wafer
was kept into the developer for 45 seconds and then rinsed into a rinsing
solution for 30 seconds.

5) The wafer is post-backed at 145 °C for 15 minutes in an oven.

6) The wafer is etched using HF {49% Concentration) etchant to transfer
the pattern on the resist to the underlying substrate (glass). The etch rate of
HF on glass was found to be 9 pm/min. The etch rate decreases with time
and increases with temperature.

7) The resist is stripped.

A lithographic cycle is then completed.

Incoming Wafer

\

Apply photoresist

k-

Pre-Oven Bake

e

Mask —> Align and Expose

né_

Develop & Rinse

N

Post-Oven Bake

JL

Etch

L

Strip Resist

J

Next Process

Fig. B1 A Lithographic Cycle
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Appendix C

Anodic Bonding

The Anodic Bonding sealing process can be defined as a method of
electrostatically bonding two dissimilar materials together to form a strong,
hermetic which involves little alteration in the shape, size, and dimensions of
the members making up the joint [70]. Anodic Bonding of silicon against
Pyrex 7740 or equivalent glasses is a well known and industrial established

method for mounting of micromechanical sensors.

HOT PLATE

Vs = 200-1000V
Temp = 180 - 500° C

Fig C1. Anodic Bonding
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The field-assisted thermal bonding process of glass to silicon can be
accomplished in atmosphere or vacuum at temperature between 180° and
500°C i.e. near the annealing point but well below the melting point of glass.
The bonding setup is shown schematically in figure C1. The optically
polished glass substrate is placed against the polished surface of the silicon.
A cathode electrode is held against the outer surface of the glass wafer and
the whole assembly is heated up on a temperature controlled hot plate,
which also serves as an anode. A 200-1000V potential {depending on the
thickness of the glass) is then applied between the electrodes. The
electrostatic forces created by the electric potential puils the two substrates
into conta:t . At elevated temperatures the two wafers are bonded
instantly. Looking through the glass, the bonded region will become dark
grey color; when this region expands the whole wafer, the bonding is
completed. Anodic bonding was performed at 350°C with an applied

voltage of 1000V for our experiments.

The main requirements for the material to be bonded are:

1. The glass must be slightly conductive at the process temperature.

2. the surface roughness of the glass and silicon wafers should be less
than 1 pm rms and free from dust, organic residues and other

contamination.

3. The thermal expansion coefficients of the two materials should be

closely matched.
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THEORY

i) At elevated temperature, the positive sodium ions in the glass become
quite mobile and they are attracted to the negative electrode on the glass
surface where they are neutralized. The more permanent bond negative ions

in the glass are left, forming a space charge layer in the glass adjacent to the

silicon surface to be sealed.

i) After the Na+* ions have drifted towards the cathode, most of the
potential drop in the glass occurs at the surface next to the silicon to be
sealed. The two chips then act as a parallel plate capacitor with most of the
potential being dropped across the several microns wide air gap between
them. The resulting electric field between them serves to pull them into
contact. As long as the applied voltage is large enough to activate
substantial Na+ drift, the magnitude of the voltage needed to obtain bonding

is independent of the glass film thickness.

iii) The electrostatic forces pulls the surfaces into close contact allowing

formation of atomic bonds.
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Appendix D

Wet Etching

Etching is used for 1) Removing surface damage, 2} Cleaning the surface to
remove contamination prior to other process, 3) Delinating patterns and
opening windows in insulating materials, 4) Fabricating 3-dimensional
structures. At the completion of the post-oven baking of the wafer, where
the mask pattern is defined in the photoresist layer, the wafer is ready for
etch. The wafer are loaded into an etch resistant boat and immersed in a
tank or beaker of the etchant. After a predetermined time in the beaker, they
are processed through the rinsing and drying step. Etching uniformity and
process control are enhanced by the addition of heaters and agitation

devices.

The mechanism for wet etching involves three steps:
1) The reactants are transported to the reaction surface by diffusion.
2} Chemical reaction occurs at the surface, and

3) The products from the surface are transported away by diffusion.

Etching by wet chemical is usually isotropic. In our present study, HF was
used as etchant to etch back volume and air gap cavity. The etch rate of HF
on glass was found to be 9 pm/min. The etch rate decreases with time and

increases with temperature.
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Appendix E

Frequency Response Functions

Condensed form " B&K 2035 Operational manual” Vol 1-2. (1993). [71]

The main objective of system analysis is to measure input-output
relationships. A dual channel FFT analysis of the input and output of a
system, Fig. E1., permits the calculation of functions which describe its
dynamic behavior, assuming the system is linear. These functions, which are
the impulse response function h{t} and the frequency response function H{f},
are related via Fourier transform anc contain the same information about the

system, but in different domains.

a(t) bit)
h{n) >

FT FT

Af(f) B(f

*~— * H{N

v

Fig. E1. System with input-output signals in time domain and frequency

domain.
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Fig. E2 Simplified block diagram of the analyzer in dual-channel spectrum

averaging mode.

In the time domain the relation Between input and output is given by

convolution theorem,

b(t) =alt) *h(t).

In the frequency domain there is a simple relationship between input and

output given by:

B(f) = H{f)A(f),
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from which it is easy to derive the frequency response function, H{f). For
our measurement purpose we used dual-channel measurements. A dual-
channel measurement is a simultaneous of the cross-spectrum bstween the

signals in the two channels, and of the autospectrum of each of the two

channels, see Fig. E2.

All other functions, such as frequency response function, and coherence are

derived from these three spectra.

Autospectra:

Gu= A'()-A),

is the mean square of the Fourier spectrum, Af{f}). The autospectrum is real
and positive being equa! with a complex product of conjugate values. In other

words we can say that the phase of autospectrum is equal to zero.

The cross spectrum is defined in a similar way:
Gu=4"()B(f).

The cross-spectrum is a complex number and , thus contains a non-zero
phase, which is the phase difference between the output and the input of the
system under test. If the Fourier spectra in polar coordinates, for the input

and output,

A(S)=|AUN]- &40
B(f)=|B()-e"*"
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then, the cross-spectrum is:

Gy = |A(f)|'lB(f)l-ej(‘PH(f)"(p,l(f))

where the phase of the cross-spectrum is: @ z(f)— ¢ ,(f).

This is the phase difference between the input and the output. Another
feature of the cross-spectrum is that it is insensitive to uncorrelated noise at
both input and output, a feature that the autospectra do not have. Actually,
in the cross spectrum, the effect of the noise is not eliminated, but reduced,
through averaging. The number of averages needed in a noise measurement

situation depends on the signal to-noise-ratio.

The frequency response function is defined as:

B4)
A(f)

H(f)=
Using random excitation, the estimator given by the above equation is very
poor since random signals are not described by their Fourier transform. Since
a dual-channe! FFT analyzer produces three fundamental spectra,
G,, .G .G . these spectra are used for the calculations. The best estimator
is to chose function of the noise problems of each measurement. For the
output noise problem the best estimator is the one which is not using Gy,

for the input noise problem the best estimator is one which is not using G, .
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The coherence function is defined as:

The coherence function expresses the degree of linear relationship between
A(f} and B(f). Low coherence can be due to either difficult or bad
measurements. |f the coherence is low at a frequency, (say 0.1) this simply
means that only 10% of the measured signal is linearly related to the input
signal, the signal-to-noise ratio is 10/90=0.11. Thus the coherence is 0.1,
independent of how many averages are taken, but the larger the number of
averages, the better the cross-spectrum will be. In theory, after an infinite
number of averages the measured cross-spectrum will be equal to the true
cross-spectrum of the system under test. The coherence will still be 0.1
because the input noise is directly added the output spectrum, which will be
10 times higher than in the case where no noise is present. The effect of
noise on the cross-spectrum is minimized through averaging. The more noise
is present (and therefore the lower the coherence), the more averages
required to yield a certain statistical accuracy. A large number of averages
will also provide a better estimate of the coherence. In our measurements

we consider 300 averages.

Difficult measurements could be caused by, for example:

+ Extraneous noise at the output of the system

« Extraneous noise at the input of the system

» Other inputs not correlated with the measured input but passing through

the system.
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For any of these cases one should use the appropriate FFT estimator and

take a sufficient number of averages.

Bad measurements could be caused by, for example:
+ Leakage

« Time variation in a system

+ Non-linearities in a system

. Degree of freedom jitter (Hammer excitation)

Excitation signals:

Different types of excitations are available, each having its own advantages
and disadvantages. The types described here are continuos random, pseudo-

random, periodic random, burst random, multisine and impulse:

. Random excitation has the main characteristic that each frequency of
the system is excited by a different amplitude and phase in each analysis
data block. This produces the best linear approximation of the system under
test. The disadvantage is that this continuos signal does not fit the block
length in the analysis, thus Hanning weighting must be applied, which causes

leakage in the estimates.

. Pseudo-random excitation is made up of a segment of a random signal
of length T, which is repeated after every period of time T, where T is the
FFT record length. This signal is therefore periodic and consists of sine
waves which coincide with the calculated FFT lines, so, if rectangular

weiahting is used, the measurements wiil be leakage free.
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. Periodic random signal changing with time. Because it is pseudo
random, the measurements are leakage free assuming rectangular weighting
is applied. Because it is changing with time it produces the best linear
approximation of a system. After each tirne the new pseudo-random
sequence has been applied, one must wait a number of FFT records in order

for the system to reach the steady state response before the measurement

ca i take place.

. Burst random signal has the same advantages as the periodic random,
namely best linear approximation of the system and no leakage (if rectangular
time weighting can be used in both channels). In most system analysis or
testing applications, where the input-output relationships have to be
measured, it is necessary to excite the system with a well-controlled and

well-measured input.

. Muitisine signal is a special pseudo-random signal where the crest
factor is minimized. The signal is similar to a sine chirp where the length of
the chirp matches the record length. Main advantages are no leakage
{rectangular weighting) and its usa for studying non-linearities. It gives no

linear approximation of a non-linear system.

. Pulse excitation is a special case of the pseudo-random signal. It is
especially useful for gated measurements, such as loud-speaker testing. The
main disadvantages are a high crest factor and a poor signal-to-noise ratio.
Generally, you have to use transient / exponential weightings in order to
increase the signal-to noise ratio, but this may introduce leakage which will

have the same effect as additional damping in the system. Correction can be
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made subsequently. The most important advantages and disadvantages of

the different excitation techniques are summarized in Table E1

Table E1. Advantages and Disadvantages of Different Measuring

Techniques [B&K]

Leakage in Best Crest Signal- Control of Speed
analysis linear fit factor to noise Excitation
of a non ratio Bandwidth
linear
system
Random Yes Yes Medium Medium Good Fast
Pseudo No No Medium Medium Good Very
random fast
Periodic Depends NO High High Limited Very
Impulse on the {no fast
weighting zoom)
functions
Periodic No Yes Medium Medium Good Slower
Random than
random
Multisine No No Low Low Good Fast
Burst No Yes Medium Fair Good Slower
Random {High than
random
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Measurement requirements and conclusions:

«  When_output noise is present, H,(f)= G‘% is the best estimator since
AA

is not based on the output of the spectrum. The effect of noise in the

cross-spectrum is minimized through averaging.

. When the input noise is present Hz(f)=G”%; is the best estimator
BA

since is not based on the input spectrum. The etfect of noise in the cross-
spectrum is minimized through averaging.

+»  When there is noise at both the input and the output all three estimators
will be wrong:

H, will be too small since noise is added to the input autospectrum.
H,(f) will be too large since noise is added to the output of the
autospectrum.

H,(f) could be a reasonable compromise if the signal-to-noise ratio at

the input is the same as the signal-to-noise ratio at the output, aithough
this is the seldom case.

. If there are inputs to the system other than the measured one, then these
input signals will show up a noise at the output. For this case the best
choice is H,{f). In most cases it is possible to control the signal-to-noise
ratio at the input to a certain degree. In these cases H,(f) is therefore
the best choice. For very lightly damped mechanical structures there is
often a drop in the force spectrum at resonance, because it is very
difficult to apply a force to a very compliant structure. In such cases

H,(f) might be a better choice in the vicinity of peaks.
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At anti resonance al! five cases show very clearly that H, is the best choice
as estimator. The phase of all frequency response estimators is the same as

the phase of the cross-spectrum.

Conclusions and Summary:

« in dual channel analysis. the basic measurement is the measurement of
three spectra: two autospectra, G,,,G,, and the complex cross-spectrum,
G ,, - The cross-spectrum measures the insensitive to noise at the input or
the output.

. Frequency response function is a system descriptor, independent of the

signals involved, and is defined as:

H(S) =—§§§;

Different estimators are: H,(f),H,(f),H;(f). The best choice is

summarized in the table E2.

Table E2. Best Choice of FRF Estimator for Different Measurement

Situations.
Accuracy of the system H1 H2 H3
with:

Input noise gest

Output noise Best
Input + Outpu? Noise Best

Peaks {leakage) Best

Valleys (leakage) Best
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