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ABSTRACT

A method is presented for projecting acoustic fields using the Fourier transform.

It is shown that the source velocity distribution can be represented by a number of
sinusoids. Each sinusoid gives rise to a plane wave whose direction is given by the
wavelength of the sinusoid. The plane waves are summed at the plane of interest to
obtain the resulting pressure field.

Errors are introduced when projecting pressure fields by large distances. These are
circumvented by observing that the farfield pressure pattern can be found by simply
taking the Fourier transform of the nearfield pressure distribution. '

A rectangular source is simulated on the computer; the Fourier transform technique
of projecting fields is compared to a direct integration technique. The Fourler
transform technique is used to back project a measured pressure pattern to detect
defects on the transducer face.

Measurements of pressure are made in the nearfield of a circular transducer. These

measurements are forward and back projected to give the pressure and velocity ab
other planes,
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CHAPTER 1

INTRODUCTION

1.1. Backaground

The farfield properties of large underwater transducers are often difficult to
determine by direct farfield measurements. It is important to measure the farfield
pressure pattern since it is this region in which the transducer normally operates.
Were conventional farfield measurements to be carried out, large bodies of water or
very large and expensi\{e facilities would be required. The subject of this thesis is to
circumvent this problem by projecting nearfield measurements to obtain the farfield
beam pattern. This is done by making use of the Fourier transform.

Additional advantages accrue from measurements made in the nearfield. Firstly,
while in the sea there are natural factors such as wind, temperature and current
which affect calibration measurements, a test tank provides a closely controlled
system. The repeatability of measurements is therefore far better in a test tank.

Secondly, when taking measurements close to the transducer, the path difference
between the direct pulses and pulses reflected from the surface is large. This
eliminates the interference which woqld result were the measurements taken further

from the transducer, where the path differences are smatl (1).

There are, however, drawbacks to the proposed system. The most significant of these
is the conflicting neér— and farfield requirement with respect to the area to be
covered and the sample spacing. The farfield beam pattern is broad, whereas the
nearfield pattern is narrow in comparison. The sample spacing in the nearfield needs
to be closer than in the farfield due toc subtle changes in phase. Thus, when
projecting a nearfield pressure pattern to a farfield pressure pattern, the sample
spacing in both planes is det'érmined by the sample spacing requirement for the
nearfield. The area to be covered is, on the other hand, governed by the farfield
beamwidth.
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The projection technique has been used in areas such as optics, holography and
acoustics. M.M. Sondhi (2) used sound to reconstruct a shape (the letter H) from
measurements. of the diffraction pattern of the object when placed in the path of a
monocromatic sound wave. Williams, Maynard and Skudrzyk (3) recorded the sound
pressure amplitude and phase with a plane arx;ay of microphones, then exactly
reconstructed the sound sources digitally using a computer. Williams (4) evaluated
the radiation from unbaffled, finite plates using an iteration technique in the form of
a fast Fourier transform (FFT). A paper which has a good description of the
propagation problem is one by Stepanishen and Benjamin (5). In their analysis, the

Fourler transform is used to predict the farfield pressure pattern.

The farfield pattern can be produced from the nearfield pattern in other ways. One
of these is the use of the Trott nearfield calibration array (NFCA) (6, 7, 8B). Thisis a
large planar configuration of small reciprocal transducers whose responses are
amplitude shaded. This ‘configuration produces a nearly uniform wave directed
normal to the NFCA throughout the volume occupied by the unknown transducer.
- The method requires the NFCA to be constructed, and the amplitude shading to be
calculated for each frequéncy required, which, as Bobber (1) points out, is an

*uncommon and sophisticated engineering task®.

Another method was developed ‘at the Defence Research Laboratory (the DRL
method) (1). This technique is based on formulae proposed by Helmholtz. The direct
use of the Helmholtz formula requires that the magnitude and phase of both pressure
. and pressure gradient be measured. The pressure gradient is difficult to measure
accurately, and so to use this method, an approximation, which introduces errors at
ang!es well off the main beam, has to be made. Anocther disadvantage is that the

DRL method is not flexible. For transducers of different shapes, different

integrating techniques are required.

1In contrast to the above, the Fourier transform technique investigated in this thesis
can be used in real time, with no major construction as is required when the NFCA is
used. Neverless the initial expense of constructing an accurate measuring system
must be considered. The technique is flexible, so that any shape of transducer can be

measured without complication.



1.2. Experimental procedure

Forward projection of a measured nearfield pressure pattern was used to find the
farfield pressure pattern. From measurements taken at a distance from the
transducer, the back projection technique was used to find the velocity distribution
on the face of the transducer. The transducer was used in both masked and unmasked
modes. The masked mode involved sticking a strip of non-porous material across the

transducer face.

The experiments were carried out in a test tank of dimensions Zm x Im x Im. The
tank has a gantry system which was used to accurately step a probe in a plane
horizontal to the water's surface. A circular transducer of radius 33.5mm was used,
transmitting at a frequency of 200KHz. The diameter of the transducer was thus
9.05 wavelengths. The transducer was positioned near the bottom of the tank and
radiated upwards. The probe was swept over a plane parallel to the water's surface.
The real and imaginary components of the pressure field for each point measured,

were transferred to magnetic disk.

1.3. Qutline of presentation

The first few chapters of this thesis are concerned with the theoretical development
of the equations for the back and forward projection of acoustic fields. Chapter 2
deals with a source that generates a two-dimensional pressure pattern; this theory is
extended to a source producing a three-dimensional pressure distribution in chapter
3. Chapter 4 takes a closer look at the equations developed in the previous two
chapters, together with the tools needed to perform the simulations. Computer
simulations are given in chapter 5. The measurement setup is presented in chapter 6,
together with experimentally obtained plots of pressure and velocity patterns. The
Fourier technique is assessed in chapter 7, and concluding remarks are méde about

the applicability of this method to solving the nearfield to farfield problem.

1.4. Definitions and terms used

A sound field produced by an acoustic transducer can be divided into two separate
_ parts. The region in-the vicinity of the transducer is called the nearfield, whilst the
- area at a distance from the transducer is called the farfield. An example of the -

pressure distribution on axis of a transducer is shown in figure 1.1.



t
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Figure 1.1.: On axis pressure of transducer (after Zemanek (1 1})

Authors differ as to the definition of the beginning of the farfield. Clay and Medwin
(9], for example, arque that because the last axial maximum occurs at approximately
a /n, one needs only to decide the range at which there exists a monotonic decrease
close enough to 1/R to satisfy the farfield criteria. They quote the American

. National Standards Institute range for a circular piston which is

Re. .= 1Ta | (1.3

where a is the radius of the piston
) velocity of sound In medium
frequency

and N\ is the wavelength of sound ( ).
For a piston of area A of any shape, the relationship is

R

P =

far (1.2)

Zemanek (10), on the other hand'. defines the farfield to start at D.'/‘Sdz/}\. where d is

the maximum dimension of the transducer.

It was found more convenient to adopt the definition Qsed by Caruthers (12). This is

that the farfield begins at

dz
Rear= X (1-2)
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From Eq. (1.3) it can be seen that if d is large, it becomes the dominant factor.
Under these circumstances, therefore, the farfield varies as the square of the
_diameter. The farfield distance is also inversely proportional to the wavelength. An
illustration of the near- and farfield regions is shown in figure 1.2.

NEAR-

o FAR e 30m
FIELD FIELD
o - [
e e ”/ e
o -
’\ - - - d
2a T
Rnae S
Ty
S,
S,
*-\
x\

Figure 1.2.: Regions of near- and farfield {after Zemanek (U}).
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CHAPTER 2

THE PLANE WAVE APPROACH

2.1. Use of sinusoids to represent the sgurce function

f

‘,It is well known that the continuous Fourier transform can be used to represent a
time waveform in terms of its spectral components. The case of a spatial velocity
distribution is similar to that of a time waveform, in that the source can be

represented by its spatial frequencies.

If the spatial velocity distribution is represented in a sampled system, then this
distribution can be represented as a Fourier series, as long as periodicity can be
tolerated.

A source of width d and period T, and associated sinusoids founé by calculating the
Fourier series of the repeated sources, is shown in figure 2.1.

e st B T R U VU U
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Figure 2.1.: Representation of periodic source with associated sinusoids
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2.2. Use of plane waves to solve the proiection problem

Kinsler and Fi‘ey {14) define a plane wave as a wave with constant amplitude and .
phase at a plane perpendicular to the direction of wave propagation. Consider the
hypothetical example of two propagating plane waves, one at an angle © to the
horizontal, and the other at an angle -©.

~

This set of plane waves will interfere at the origin to give a sinusoidal distribution of

velocity as shown in figure 2.2,

i
\VJ;[ //ﬁggzzaipeaks af’pﬁane waves
, propagating at angle - 8
) ‘
)
W
e TN, propagation at angle -9
w\

A VAVaY2VaVaN

X
X / ropagation at angle B
7|
z/////"~\N~ peaks of plane waves

‘sinusoidal spatial propagating at angle 8
distribution

_Figure 2.2.: Example of sinusoidal spatial velocity distribution with associated pkahe

waves.

Conversely, a sinusoidal distribution of wvelocity at the origin “will give two
propagating plane waves, one at an angle of € to the horizontal, and the other at an

_ angle -6 (15).
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In general, however, there will not be a single sinusoidal source at the origin, but a
more complex function. This function will give rise to many elementary sinusoidal
components in the spatial frequency domain. Each component will, in turn, give rise
to a set of propagating plane waves.

It can be seen from figure 2.2 that the wavelength of sound propagation is '\, and the
wavelength of the sinusoid at the origin is 7\.1, and may be termed the spatial
wavelength. The angle of propagation of the plane wave is related to the spatial

frequency of the sinuspid which causes it. This can be seen from figure 2,3.

Jz
)
direction of propagation
peaks of propagating
plane wave
s
Ay 5
L
. -
\ ) 2
z=0 .

“Figure 2.3.: Determination of the angle of propagation

From the figure,

Sin 6 =%— N\ @2.1)
1
Therefore
O = Sin " )—}‘-) ' (2.2)
1

The only angles at which the plane waves will propagate are those in front of the
transducer. Thus € lies between -%0° and 90°. The angles of propagation can be
normalised by using directional cosines instead of angles. A directional cosine is
defined as '

: N
Cos (90-8)=Sin© =4 = Y _‘ (2.3)

where 8 is the angle that the plane wave makes with the horizontal. For real angles,

the directional cosine will range from -1 to 1.

¢

P e o i, SR B 8 A 0 R WY g 1 iy L A, 5 g 9 W g g s T e 3 £ AT v Gk et 3§ 46 5P st o o gt g A ke 1o e e ez o e+ et <+ 2 0 e i =t om0 4t e T4 % Y n e v e mma e
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The resultant. field at a plane other than that for z=0 may be regarded as a
superposition of plane waves propagating over a wide spectrum of angles. The effect
of a wave travelling from the source plane to the plane of interest, is evaluated by
multiplying the plane wave by a transfer function which takes into account the
change in phase undergone by each spatial frequency component upon travelling a
distance 2. Finally, the field at the plane of interest is reconstructed by summing the

phase-shifted plane waves.

The change in phase that a plane wave travelling at an angle © undergoes, can be
calculated from figure 2.4. The wave travelling horizontally is taken as the

reference.

™~ : ‘
plarne wave travelling at an
\\\\‘ ' ‘ angle ©

reference plane wave travelling
in @ horizontal dipection

Figure 2.4.: Calculation of the phase of a plane wave travelling at an angle ©.

The horizontal wave has phase dependant only on the distance travelled (in

wavelengths‘).
Thus
13
phase (8 =0) = A 2 (2.4)

The plane wave travelling at an angle 8 will have the same phase at points A and B.
If the wave has travelled a distance % in the horizontal direction, then the distance
travelled at an angle 8 1s £ cos 8. Thus the phase of the wave travelling at an angle
0 is ‘

phase (8) = %\ Cos & 2w {2.5)
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Hence the phase difference at point B between a pkane wave travelling at an angle 8,
and a horizontal plane wave, is

2 2
N 2w Cos 8 - }\ 2w (
Therefore
L .
phage = % 2w {(Cos ©-1) (2.6}

However, since phase is a relative term, this expression can be simplified by assuming
that the wave travelling in the horizontal direction has zero phase. The phase
difference can thus be interpreted as simply the phase of a wave travelling at an

angle 6.
Thus E£q. (2.6) becomes

phase B8)=a = % 2w Cos 8 (2.7

The magnitude of the plane waves can be determined by taking the Fourier transform
of the original pattern. The Fourier transform of the sinusoid is denoted \«’(K }, while
the magnitude of the veiomty distribution at the origin is denoted V(x)

If the pressure distribution, and not the velocity distribution is required at the plane a
distance & from the source, the velocity waves must be converted to pressure waves.
Kinsler and Frey (16} give the relationship between velocity and pressure plane waves

as
P= pocu (2.8)

where U is the velocity in the direction of propagation
pac is the specific acoustic impedence.

The velocity of excitation of the source is, however, given as a normal velocity,
whilst U is the velocity in the direction of propagation. So to use equation (2.8}, the
component of the velocity at an angle © must be determined from the normal

velocity. This can be done with reference to figure 2.5.

- F o P o 9 P e e et e e W A A O by s e et o % ¥ € Ak b it wwn A Prien + o o oty e o £ 8 40 W e Ty o WA e P At & % P A A T P % ¥ VT o F A Pt B P 0 S P et rtr e 5 %o s v oo oo
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A~

¥
normal

o~

Figure 2.5.: Relatxonshlp of Ve to Vncrmai'

The velocities in the above figqure are shown as Fourier transform velocities, because

they are the magnitudes of'the plane waves.

Hence

~

V6 = vnormal : (2.9)
Cos ©

A relationship between cos 8, N and xl can be obtained from figure 2.3.

From the diagram,

2 a Y
(F-n7)

Cos 8 = N (2.10)
1
Therefore
i
Cos@:(l—(%‘f % (2.11)
1
Thus



2 iy

Cos 8 = ”

(2.12)

and similarly

RPN VR Y Y '
Sin @ == = 7+ =¢ | (2.13)

So Eq. (2.9) becomes

s

~ ¥V k
Vo= normal

a- (k- ki)’fz

Therefore Eq. {2.8) becomes

poCkV normal
2 2
k”- kl)

P = (2.14)

Since the phase must also be taken into account, from Eq. (2.7)'

, a:% Cos © 2w (2.7

2’ z i
K 2w (k -kz)
T Ck

3 .
@ = i(kz*kz)f’ - (2.15)
Combining Eqs. (2.14) and (2.15)

. - x
Po°*Y normal _-jate® - )" (2.16)
(k- K ) vz :

1

P =

Equation (2.7) gives the phase of ra wave travelling at an angle © at x=0 and with x=%.
For values of x not equal to 0, there is an additional phase factor. Since the phase
delay in the x-direction is Z»hfx/)\.]L radians, the phase expressed as an exponential is

-k x . . . . .
8 : 17, where kl is the wavenumber in the x-direction.
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The pressure ﬁ(x.kl} due to one plaﬂei wave will be

{} ; 2 a2 W .
normal o -8 {k -kl) e—5k;x

F;(x,k Y=p ok
3 8] (k 2__k:)1fz

(2.17)

Since there are in general many plane waves travelling in the positive z-direction,
they must be summed, giving

N: ;&} : inn. 2,2, Me
P(x) =p ck T normal e—Ji(k -k1) e—-;kl X

(2.18)
i1 (k)7

From this equation it can be seen that for every point (x) at which the pressure is to

' be calculated, there are N summations.

Until now, only the discrete case, as would be carried out on a digital computer, has
been studied. By summing over infinitely small changes in the directional cosine dk .
Eq. (2.18) becomes '

V(k )
1

. z‘ 2 s
o Ik —k )k x] di (2.19)

-

P)=p ck i

8] v (kz-k Zl) fa .
This will give the pressure, as a function of x, from the velocity distribution at the
origin.

A relationship between the pressure at a reference plane and the pressure at any
other plane can be obtained by substituting Eq. (2.14) into. Eq. (2.19). h

Thus Eq. {2.19) becomes

® (i) (i)
o & -k -k ey x ]
P(x)= _ I Plk)e ' v

dkl (2.20)
It can be seen from Eq. (2.20) that there are three phase terms involved in the
computation: .
(i) The phase of the wave relative to a reference at the plane in which the
measurements were made. This is given by the complex Fourier transform of the
pressure. '
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' (i) The phase with respect to the distance of the desired plane ().

(iii) The phase introduced by computing the pressure at a point on plane B for x not
equal to 0.

2.3. The Fourier Trarjsform
Stepanishen and Benjamin (5) give the definition of the Fourier transform as
F) = Flo) = _, 12 ) 619t (2.21)
Substituting
t by x

and w by k:.’

Eq. (2.21) becomes

ke x '
FIEe) =Fk )= 5" feoe * dx (2.22)
or inversely
. jik x
FO) _§ Flk)e * dk (2.23)

Thus equation (2.20) is in the form of the Fourier transform. In particular the fast

Fourier transform (FFT) will be used, which is a fast algorithm for solving the DFT,

The FFT uses a factoring technique to reduce the number of multiplications and

additions to be performed. For the straightforward DFT, approximately N2

operations are required, whereas the FFT only requires ZN*logzN operations (17).

The difference in computational time is illustrated in figure 2.6. It can be seen that
- for large N, the FFT reduces computational time by a significant amount.

7 1 L2 i 0 G 5 o A o +58  k p  PERt 4 g g e ad S s e e g S SN SR g gy gt e S e e a eemn e e en g e gt e e
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1024
[

Divect caloulation
of DFT

286 |
128 .
64

Thousands of operations
Ty
Y
%1

DFT via FFT

e

84 128 256 918 1024
N

The number of operations required for computing the discrete Fourler
transform using the FFT  algorithm  compared with the number of;
operations required for direct calculation of the discrete Fourier

Figure 2.6.:

transform {after Bergland {(18)).
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CHAPTER 3

A THREE-DIMENSIONAL SYSTEM

The two-dimensional model developed in the previous chapter introduced the use of
plane waves to solve the near- to farfield problem. The relationship betweeﬁ spatiél
frequency and the direction of the propagating blane waves was formulated, and the
pressure at a distance % from the source was expressed in terms of the velocity of the
source for a two-dimensional distribution.

This chapter aims to derive a relationship between the velocity at the source, and the
pressure at a distance £ from it, for a three-dimensional model. This will be done by
making use of the concepts developed in chapter two. An expression is given which
uses a single Fourler transform to derive the farfield pressure directly from the
velocity distribution at the source. The chapter concludes with a brief comparison

between an optical and an acoustical system.

3.1. Solution of the wave equation

The three-~-dimensional wave equation of a mechanical radiating source vibrating at a

frequency f is
V2 P(x) + k* PO > 0 | | .1

where P{x} is the pressure measured in a plane horizontal to the transducer face and k

. 2m , .
is the wavenumber = ‘{“ measured in radians/metre,
- Assume there is a plane wave P(x) satisfying the equation

P(x) = exp {j (k; X + kz Y + ka zy | : (3.2

where k §<2 and ks, are the wavenumbers in the %,y and z directions respectively.
i
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Substituting Eq. (3.2) into Eq. (3.1) gives

+
ax* ay? az®

2 2 2
a'p 3%  3%P a5 g | . (3.3)

Therefore
~kP-KkEP-KP+KiP=0
h 3 2 < |
Therefore
Pk -k* -k -k =0
L 2 3
Thus
K2zk?+k®+k° (3.4)
1 2 2
Substituting this back into Eq. (3.2) gives
Px) = gxp (- ( k; X + k2 ¥+ k3 r4)! (3.2)

Y
Z

. 2 4 2 .
= exp (-} (kl % + k2 v+ (k ~k1 - kz) 3 (3.5}

Now let Az = 2 = z, which is the distance from the measurement plane

ref zdesired
to the desired plane.

Therefore

" pz)) | (3.6)

’ ., 2 2 2
Plx) = exp {§ (kl X + k2y+{k -—kl »kz}
The general solution can be found by superposing such plane waves.

oo oo . R - 2.
Px,y,2) = -mjmmf ?(kl, kz} exp {~} (klx + kgy + (k= k:. - kz} &2)) dkldk2 (3.7)

with f(kl, kz) chosen arbitrarily.
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3.2. Farfield from nearfield velocity distribution

Kinsler and Frey (19) give the relationship be.tween the velocity distribution on the

source (in rectanqgular codrdinates) and the farfield pressure pattern (in polar
A coordinates). Stepanishen and Benjamin (5) give the relationship between velocity
and pressure for large values of 2z for any transducer shape. This relationship is
derived in Appendix A ‘using the method of stationary phase. It will be shown in
chapters 5 and é that this is the easiest method of obtaining the farfield pressure
pattern.

Eqg. (A.21) gives

R

s ~-jka
P(R,8, ¢) = j kapc (e /zﬁR)»

* G (ka Sin © Cos ¢, ka Sin 8 Sin ¢, xs") (3.13)

In 2-dimensions (¢ = 90°)

P(R.O) = jkapc (e KR

/per) ¥V (Ka Sin ©, x ") o (3.14)
The Fourier transform of the velocity yields the plane waves which emanate from the
source. These propagate at an angle © to the horizontal. The farfield pressure
magnitude in that direction is giyen by therplane wave's magnitude divided by 2wR
and modified by the constant kapc., Thus if the veldcity distribution at any plane in
the nearfield is. measured, the farfield distribution can readily be obtained.

%.3. Comparison between optical and acoustic reconstruction processes ,

The act;ustic and optical reconstruction processes are similar. The property of
linearity is common to both systems - the response to a complicated stimulus can be

expressed in terms of certain ‘elementary’ stimuli.

Whereas a lens can be used to bring an object placed at infinity to the front focal
plane of it, the Fourier transform technique attempts to project a field close to the
object to a field a large distance away. One of the most remarkable and useful
properties of a converging lens is its inherent ability to perform two-dimensional
Fourier transforms. This complicated analog operation can be performed with
 extreme simplicity in a coherent-optical system.
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In appendix B it will be shown that the equations for optical and acoustic systems are
similar for the propagatian' of plane waves from one plane to another. A
coherent-optical processor is constructed to show that the acoustic system is a
special case of generalized optical diffraction theory.
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CHAPTER 4

THE TRANSFORMATION EQUATION AND SAMPLING

The following relationships between pressure and velocity in two planes have been

derived.

In chapter 2,

N ] 2 2. Y2 ,
P(x, Z):po ck_wf” ~ V(kl 2) e (® ( "“1) kl x) dkl ) (2.19)

2 a2y Ya
k™ -k))
and in chapter 3,
Pl ,x ,2"%Y=p ck*
3 2 2 <

~

S22 Vnormal® K exp ik x4k y+ (K2- k2= k) Az) ok dk (3.11)
(k2_k2_k2.)"/2 i 2 i 2 1 2
1 2

it was shown in these chapters, that the above formulae are in the form of the
Fourler transform. There is also a phase factor in both formulae. For
two-dimensions this factor is

1
iR (kz _ kz ) 'z
M=e 7 in Eq. (2.19) (4.1

and for three-dimensions the phase factor is

H
n}y‘(kz”kz_kz);’z |
N=e ooz in Eq. (3.11) (4.2)

it can be seen from Eq. (4.1) that M is a phase term (magnitude = 1) for kl < k.

bt 8 iy 6 % e 3 A e i o T g S S £ bl 0 oy N K 9 R Y 4 RS T2 YL BT et R A 0 i oy — rmn L n e A e en wam e s o o g e a s
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For kl > k, the quantity under the radical is negative, hence M is real. Waves for
which M is real (evanescent waves) travel in the x-y plane and are exponentially
damped in the z-direction. These waves carry information about the details of the
source, whose size is less than one wavelength. Since they are strongly attenuated in
the z-direction, they will, in practice, not be recorded.

The relationship between M and the directional cosine can be found by simplifying Eq.
(4.1).

. K e
U - Yy e
k k.

M =
e
3
L -2
= 4 k (A.B)
Since

2 =Cos(90-8), -1<¢ <.
X X ‘

S0 to realize M physically, Li_;, must be less than or equal to |, thus k1_<_ k.
k

4.1. Relationship between a spatial waveform and its spatial freguency waveform

The sampling theorem states that if the Fourier transform of a function f(x) is zero

for all spatial frquencies greater than a certain spatial frequency fxc = kl Jox then
the continuous function f(x) can be uniquely determined from a knowledge of its
sampled values, The Nyqguist sai'npling rate gives fl c @8 zé‘; . where Ax is the

sampling interval in the spatial domain.

An example of a sampled rectangular waveform with its sampled spatial frequency
distribution is shown in figure 4.1.
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Figure 4.1.: Relationship between spatial and spatial frcquency'data,

i

A relationship between sampling rate, frequency and directional cosine can now be

formulated.

FromEq. (2.3}, 2 = A .
X
-
1
Thus 9 = fl
f

Therefore _| <F =f
20X

Thus  Ax > M (4.4)
2

which 1s the ideal sampling rate.

Figure 4.2 illustrates three spatial functions and their associated spatial frequency
distributions.
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Figure 4.2.: Examples of spatial waveforms and associated Fourier transforms.

Figure 4.2{(a) shows the high frequency components associated with sharp edges in the
spatial domain. Thus for RX > 1, the amplitude of the Fourier transform is still
significant. The truncation in the spatial frequency domain causes errors in the
projected spatial pattern when simulations are performed on a computer. A window
will be placed on the spatial waveform to eliminate the high frequency components,
as will be shown in chapter 5.

Figure 4.2(b) shows the ideal case, where the amplitude of the frequency distribution
has died put sufficiently when BP.X =1,

Figure &.2(0.) illustrates that the bandwidth of the Fourler transform data could be

reduced (l.e. -0.4 < Qx < 0.4). Thus fewer points could be used to describe the
velocity distribution and hence computer time and storage could be saved.
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4,2, Discrete Fourier transform criteria

When the discrete Fourier transform is used to solve the propagation problem, proper

~attention has to be paid to the questions of repeated sources and aliasing.

4.2.1. Repeated souyrces

The discrete Fourier transform procedure with uniform sampling actually solves the
praiﬁiem of an infinite array of identical sources placed side by side.. Such an array
with separation equal to N*S, where N is the total number of points and S is the
sampling inteval, is shown in Figure 4.3. '

.
R

-.-§....\.._-....1
i
'
§

«it }guard band

>guard band

§
t
$
;
Lo ¥
Q ¥

Figure 4.3.: tllustration of the pericdic sources Inherent in discrete Fourier

transform calculations.

Figure 4.3 shows the periodic sources in two dimensions. However, the thecry to be
developed can easily be extended to three-dimensions if required. A guard band has
been introduced in Figure 4.3 to prevent the energy from one saurce from spilling
~ into the source alongside it. If the guard band is not large enough for the distance at
which the projection has been calculated, errors in the calculation of the pressure
“distribution will occur, as illustrated in Figure 4.4.
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energy
overlap

Figure 4.4.: Showing overlap of energy resulting from a small guard band

The guard band factor, G, will be used to develop equations to find the energy overlap

between side by side sources.

Sziklas and Siegman (20) have solved the problem of enerqy overlap. They give a
formula which relates guard band (G), amount of energy overlap (z:l), maximum

propagation distance (L) and radius of the source (a).

G>!+ LA {4.5)
2n’a’ e
i
Rewriting Eq. (4.5)

2 2 .
(G-1}27 & € {4.6)
N

L <

from which the minimum distance can be calculated for a given guard band and

energy overlap.

Example:
Source size = 10 N {2a)
Sampling interval = 0.5\ (5)

N = 128
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So 2Ga
and Ga
Therefore G

128 points

2a = 20 points
6.4

i

From Eq. (4.6),

5.4 %29 2 * (5%)% e,
N

L<

o

Therefo‘re L € 2665 81 (in wavelengths)

If € = 1.0%, L < 26.7 wavelengths

If £ = 0.5%, L < 13.3 wavelengths

For the simulations presented in the following chapter, the allowable energy overlap
will be 0.5%.

Since for this example,

d . =d =@a)’ = 10°\* = 100 wavelengths,
TN x

the guard band would have to be increased for the energy overlap to be reduced to
0.5%. |

Therefore

G>1+ 100)\°
2w (5\) ? (0.005)

> 41.53

which means that at least 2Ga = 20*41.53 = 831 points are required.

Of course, there will have to be a trade off between energy overlap and the number
of points to be used, as storage space in a computer could be lirited.

S — o 4 T b 2 o 1S e gt 4 KR etk e SR P B T g iy 7 8 85, 5 i o s i e g 3
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Another approach was used to verify that Eq. (4.5) gives the correct results, Assume
that the beam spreads out according to figure 1.2. By considering the geometry of
the multiple source problem given in figure 4.5, the approximate distance from the

source at which overlapping will ocour can be calculated.

' (gaw)‘?
J_[ — i
T
.
2Ga L. 9
2&(&'-2}}— i
f ==

Figure 4.5: Showing OVerlapping beamn patterns from classical near- farfield diagram

From the figure,

2
Tan@:»{%?)— = 4a
3 S

and Tan B8 = (L - _4a”) /(a (G-1))
N

Therefore for no overlap,

(L-4a”) 4a
A < X
a(G~1)

Therefore
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So L< 4a G
iy

Take G = 6.4 as given in the previous example,

L< 4%\ *6.4
N

<640 N

The result obtained is equivalent to having ¢, = 24%. This shows that tho‘ assumption

that the -beam stays collimated until (28)2/}\1, and then spreads out at an angle €, is
not entirely correct., This estimate of the energy overlap botween two sources is
very conservative. The cholce of the farfield distance as (2&)22’}\. could also influence
the results obtained using the collimated beam approach, but does not affect Sziklas

and Siegman’s derivation.

4.2.2. Sampling interval requirement

The sampling theorem and Nygquist rate have been discussed in section 4.1. 1If the
sampling rate is too low, the high frequency components of a spatial function can
impersonate low freguencies., This is demonstrated in Figure 4.6 by showing a
relatively high frequency and a relatively low frequency that share identical sample
points, Thus it is required that the sampling rate be high enough for the highest
frequency to be sampled at least twice during each cycle. If this sampling rate is not |
satisfied, there will be aliasing of the higher frequency components back into lower
frequency componeants,

=== S VARV §

Figure 4.6: Example of a high frequency emulating a lower frequency.
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There will always be some aliasing when a signal is sampled and the Fourier
transform performed. Sziklas and Siegman give the relationship for the amount of
energy overlap of higher spatial frequencies back into lower spatial frequencies:

N> _2G o | (4.8)
w? €,
where Np is the number of points chosen for the DF T
& is the guard band as defined in Eq. {4.5)
¢ is the fractional amount of energy overlap that is aliased from higher
spatial frequencies back into lower spatiai frequencies,

Thus for G = 6.4,

Therefore for Np = 128, c2 = 0.01 = 1%. It can therefore be concluded that 1% of the
energy present in the frequencies above the Nyquist sampling rate is aliased back into

frequencies below the Nyquist sampling rate.

In the case of a transducer transmitting plane waves at various spatial frequencies (or
angles), there is an inherent limitation in the bandwidth. This is because the waves
cannat propagate at angles greater than 20° or less than -50° If the aperture used is
square, with sharp edges, and the fréquency spectrum has not died away sufficiently
before the edge of the bandwidth, problems could occur. One way of solving those
problems is to use a window, such as.a Tukey, Hanning or Hamming Qindow. This
technique will introduce errors due to the change of shape of the input function, but
after the transformation has been carried out, the magnitude of the error could be
reduced. Examples of the use of a window are given in the following chapter.
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CHAPTER 5

SIMULATION OF FORWARD AND BACK PROJECTION
TECHNIQUES ON A COMPUTER

5.1 Introduction
Techniques used to simulate the reconstruction process, are presented in this chapter.

The normal velocity of the source is generated on a computer. The pressure at
another plane is found by applying the forward projection formulae to the source
velocity. The pressure distribution calculated by the Fourier transform technique is
compared with that calculated by direct integration, as described in section 5.2. The
pressure data generated by applying this integration technique are used to determine
the wvelocity distribution of the source. This is achieved by applying the back
projection technique..

5.2 The integration technigus

The integration technique computes the pressure at a field point by summing the
pressures produced by the individual sources of the radiating object. This is achieved
by considering a continuous source as comprising a number of discrete point sources,
as shown in Figure 5.1. The source is in plane A, while the plane in which the
pressure is to be found is plane B.
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Figure 5.1: A line array of simple sources from which the pressure is found.

Assuming that the waves leaving the source are in phase, the expression for the sum

is given by Eq. (5.1):

N jot  jkr.
‘ (5.1)

where Aj is the normal velocity component of the jth element
rji = the distance from the ith point on the source to the ith point on plane B.
If a unit normal velocity is assumed (i.e. Aj = 1 for all j), and neglecting the time

factor, Eq. {5.1) becomes:

N
P=pck I el KTy (5.2)
j=1 r..

it

This gives the pressure on plane B for a line array at the source.
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For the more general case of a planar array and a two-~dimensional plane of interest,

consider Figure 5.2,

¥ b3

(1,4)

sl

1,2) 4
g/’ ( ® .

Figure 5.2: Calculation of pressure field from a planar array.
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From the diagram, an cxpression for the pressure a distance ¢ from plane A can be
developed:

N M . . |
P. = © ¢ Pipelate Ky (5.3)
iq . -

=l p=l r.

P

Again, assuming A}p = 1, and by neglecting the time factor, this can be simplified:

AN Y
iq = . &£ P (5.4)
j=1 p=1 rjp

A source that produces both plane waves and a two-dimensional pressure pattern was
used in the simulations. This source is a planar array which is infinite in one
dimension as shown in Figure 5.3. This source causes plane waves to propagate in the

z~direction, and to be directed in a plane of constant y.

zfnfinite/
)

-

tnfin

Figure 5.3: Infinite source in y-direction causes a two-dimensional pressure pattern
for z > 0.
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'A word of caution on the choice of the source is relevant here. Initially, equation
{5.2) was used to obtain the two-dimensional pressure at plane B from a line array
located at plane A. The magnitude and phase of the pressure in the farfield was
calculated by using both the integration and Fourler techniques. The magnitudes
from the two techniques égreedw a Sin x/x pressure distribution was produced, which
| _is characteristic of the farfield pressure pattern of a line array. The phase, however,
was not the same. The integration technique produced a phase close to zero across
the line, as expected in the farfield. The Fourier technique produced an extra 45° of
~ phase across plane B. The phase error originates from the fundamental assumption
that there have to be plane waves propagating in front of the source for the Fourler
technique to yield correct results. When using a line array composed of many pointA
sources, the majority of the plane waves propagate at angles greater than 90° and
less than -50°,

It was noted from a paper by Freedman {21) that the extra 45° of phase results when
the line array is extended to infinity. He presents an equation which relates the
pressure of a rectangular array to velocity. This equation is such that the length of
the sides of the rectangular source can be varied. The resultant phase at a field point
can be calculated. His analysis shows that for a source which is infinite in the
y-dimension, there will be an additional 45° of phase. '

Thus for the integration and Fourier techniques to yield comparatable results, a
planar array must be used in the simulated integration technique to give the extra 45°

of phase.

5.3 Estimation of energy overiap from aliasing and repeated sources

Errors introduced by the Fourier transform technique, as well as methods of
minimising these errors, are investigate;j in this section. Equations {4.5) and {4.10)
are used to find quantitive estimates for the errors. These equations are manipulated
into a form suitable for computation of the energy overlap € and energy overlap €

Firstly, the energy overlap :1, due to repeated sources is determined.



- 43 -

Substituting Eq. (4.5) into Eq. (4.9) to eliminate G gives:

N = 2a LA

p e~ (l+ ")
, ) om?a? ¢
i
Therefore
N sy
2a on® s e
~ ‘ 1
Therefore
cl = L\ ( 28 )
oq? 32 | SNp- 2a

If L and a are in wavelengths, Eq. (5.6) reduces to

€ = L ( 2a )
N @ 2 SNp-— 2a

Thus with knowledge of the number of points, Eq. (5.7) can be
energy overlap due to the repested sources. Equation (5.8)
calculate the energy overlap due to aliasing.

For the simulations. to be performed in the following sections,

5N

o
il

N = 128

S = 0.5\

(5.5)

(5.6)

(5.7

(5.8)

used to calculate the
can then be used to
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Thus using Eq. (5.7}

£ = i * 2
N 10n° (64 - 10)
= il
107?54
Therefore
¢ = 0.038L%

i

if € is calculated in a similar way from Eq. (5.8):

c, is independent of distance L. This is because the energy overlap due to aliasing is
not dependant upon the distance from the source, but only on the sampling rate.

5.4 Rearrangement of input data for FFT algorithm

When the FFT algorithm is implemented on a computer, it transforms a wave-field
which lies in the first guadrant into a spectrum which is also in the first quadrant.
This is shown in Figure 5.4{a). The wave fields used in the Fourier transform
projection technique are centered on the propagation axis to take full advantage of

symmetry, as seen in Figure 5.4(b).
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Figure 5.4: {a) Geometric arrangement of input data required by FFT algorithm

(b} Geometric arrangement of input data desired for diffraction

problems.

In order to apply the usual FFT to the centered wave without getting a linear phase
shift that accompanies a transiation in the transform domain, a data swop (22) is
used. This swop applied both before and after taking any transform or inverse
transform, allows one to work with waves centered on the axis and also with FFT
routines that work only in the positive half of the graph. Data in section | is swopped
with data in section 2 in Figure 5.4(b). This gives the input data the form required by
the FFT. In the program given for a two-dimensional simulation in listing C.4,
however, only a swop before the first FFT and one after the second FFT is required.

- This is because the intermediate swops cancel.

5.5. Simulation of a two-dimensional rectangular aperture giving a two-dimensional

pressure distribution

| The magnitude in the graphs that follow are normalized with respect to the highest
value for the graph. The source used in the simulations was a rectangular aperture of
width 10%, and infinite in the other dimension. Figures 5.5(a) and 5.53(b} compare the
Fourier technique with the integration technique for distances between source and
output planes of 10N and 50N respectively,
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Even close to the source, a discrepency between the two techniques was found. This
was attributed to the truncation of the spatial frequency spectrum, which was
performed before the magnitude had decreased to an acceptable level. The spectrum
for the rectangular source is shown in Figure 5.6, plotted as magnitude vs. directional

cosine.

GRAPH OF MAGNITUDE VS. DIRECTIONAL COSINE
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Figure 5.6: Fourier transform of rectangular source, showing unacceptable sidelobe
levels at the edges of the bandwidth.

Inspection of Figure 5.6 confirms that for a directional cosine of | the magnitude has
not yet fallen to an acceptable level. The reason for this is that the rectangular
source aperture chosen has sharp edges,y resulting in high frequency components.

There are two methods of solving this problem:

(i) Increase the bandwidth until the high freguency components have reduced to an

acceptable level.

(ii} Modify the source such that the magnitude of the freguency components has

reduced to an acceptable level at the edge of the bandwidth,

Method (1) is not practical, because of the physical constraint that the plane waves

can only propagate in front of the source.

The second option is implemented by superimposing an amplitude window on the

source. The window chosen is shown in Flgure 5.7.
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Figure 5.7: Source with amplitude window.

The rectangular function, represented in Figure 5.7 by the dotted lines, is multiplied
by the amplitude window, represented by the solid line. The window is similar to the
source, except that the leading and trailing edges are tapered. The addition of this

window decreases the sidelobes to an acceptable level, as shown in Figure 5.8.
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Figure 5.8: Fourier transform of windowed source function. showing acceptable
sidelobe levels at the edqges of the bandwidth.
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Figures 5.9 to 5.12 show the pressure patterns at varying distances from the

windowed source,



ITUDE

ED MAGN

™~
i

NORMAL

Lt

PHASE IN DEGR

TRANSVERSE DISTANCE CWRVELENGTHSD

TRANSVERSE DISTANCE

FREQ 200 KHZ

GRAPH OF MAGNITUDE VS.

SIZE 41© WAVELENGTHS
DIST S WAVELENGTHS

....... FOURIER
INTEGRATION
I PR P & £ S
TRANSVERSE DISTANCE CWAVELENGTHSD
GRAPH OF PHASE VS. TRANSVERSE DISTANCE
FOURIER INTEGRATION
18@: ' lgg.ﬂ.
135 s 1355
A
90, + Lot 0.
[
a5+ & 4.
[
. th oot [N ; . i
-32. -24. -16. -8l fh. 16 24, 32 ZS0o-320 -24.0 -16. -6 .16, 24, 32,
45, + o ¢ 45, 4
9@ + %:) 9@. +
-
1354 a- 1354
~1804 -1 8@+

TRANSVERSE DISTANCE CWAVELENGTHSD

Figure 5.9: Magnitude and phase of projected pressure at 5\ from the source.

_Og_



NORMALIZED NAGNITUDE

(8]
tad
Lot

TRANSVERSE DISTANCE CWAVELENGTHSD

GRAPH

OF MAGNITUDE VS. TRANSVERSE DISTANCE

PHASE IN DEGR

FREQ 200 KHZ

SIZE 1@ WAVELENGTHS
DIST 1@ WAVELENGTHS
ciaseess FOURIER
INTEGRATION
N CaNRUE & P S
TRANSVERSE DISTANCE CWAVELENGTHSD
GRAPH OF PHASE VS. TRANSVERSE DISTANCE
FOURIER INTEGRBTION
1804 E¥:1=2 S
1365t ol 1%5)
2. + e "o@. +
x
45 & 45, 4
H xﬁ%ﬁ#b " « . l. ;}m; " JﬁI;. ‘
232, -24. -16. L W 16, 24. 32. Zl 32 -24. -16. . 16 24 32
e | 45,4
Lad
9@. + o q@. |
s
1354 o 135}
~18@; -18@r .

Figure 5.10:

TRANSVERSE DISTANCE CWAVELENGTHSD

Magnitude and phase of projected pressure at 10k from the source.

- I‘g«



FREQ 200 KHZ

GRAPH OF MAGNITUDE VS. TRANSVERSE DISTANCE

TRANSVERSE DISTANCE CWAVELENGTHSD

Figure 5.11:

STZE 1@ WAVELENGTHS
L DIST 25 WAVELLENGTHS
(]
>
1
=
D
Iz
oy .
- ceeisaie FOURIER
:"‘fj INTEGRATION
=
b
[
[
=
TRANSVERSE DISTANCE CWAVELENGTHSDS
CRAPH OF PHASE V5. TRANSVERSE DISTANCE

FOURIER INTEGRATION

18@} 1804 ‘
n 135 ~ 1354
Tad et
£ 9 Gl 9. +
Cx [
o 1 45, - N 45. ¢
. NN VR 0 I P - ‘ cll ]l
&l 320 240 16 E l} 16. 24. 32. Fl 32, -24. -16. !L - HE 16 240 32
" 45 s _ -45. ~
o 95} -
< 9. | -9@. -
ot I
o -135% o ~135%

-188: ~1.8@

TRANSVERSE DISTANCE CWAVELENGTHSD

Magnitude and phase of projected pressure at 25% from the source.

..zg..



GRAPH OF MAGNITUDE VS, TRANSVERSE DISTANCE |

FREG 200 KHZ
STZE 1@ WAVELENGTHS
L DIST 10@ WAVELENGTHS
foun}
=
g
=
{5
e
=
Y I v R FOURTER
F‘}' INTEGRATION
_::: .
T
T
[l
Lo
=
TRANSVERSE DISTANCE CWAVELENGTHSD
GRAPH OF PHASE VS. TRANSVERSE DISTANCE

FOURIER INTEGRATION

180 180,
T 135 o 135,
[ [
Lad S Lol Q@ +
= |
< I as | L i; () 45.
. } 4 . il Ml J i & o
a1 =1k .Fl Hmm W ﬁ B2 | & 4. Fadl w
Lot i A5 Lot 45
¢ 1 -G, - & -9@. +
s o
e 154 - ~1354

~1804 -180:
TRANSVERSE DISTANCE CWAVELENGTHSD TRANSVERSE DISTANCE CWAVELENGTHSD -

Fiqure 5.12:

Magnitude and phase of projected pressure at 100\ from the source. ’

..gg...



- 54 -

Figures 5.9 and 5.10 illustrate that there is satisfactory agreement between the
integrated and Fourier techniques for both magnitude and phase. The two i:echniques.
do not correspond as well, however, in Figures 5.11 and 5.12. This can be explained in

terms of the equation for energy overlap:

0.038 x 25 = 0.95%
3.8%,

it
i

ForlL
Forl

25h, 'clv
100N, ¢
i

This energy overlap, together with that due to aliasing (1%), is too high. For large
projection distances, the major error is due to the repeated sources being too close.
The solution to the problem is to use more points, thereby increasing the guard band

region.

Figures 5.13 and 5.14 show the effects of having insufficient auxiliary zeros. In these
simulations, 64 points (Np = 64} were used for the Fourier technique. There are two
limitations in using fewer points. The first is that the beamwidth is limited by the
number of points used. Figure 5.14 shows that the beam has been truncated at 1é
wavelengths from the centre of the transducer. The second limitation is that the
enerqgy overlap between repeated sources increases as the number of points is
decreased. The energy overlap (e:1 = 4.6%), using 64 points, for a distance of 50
from the source is greater than when 128 points are used at a distance of 100N from
the source (Cx. = 3.8%). The errors introduced by using 32 points are unacceptably
high , as shown in Figures 5.15 and 5.16.

The preceding discussion shows that the beamwidth and energy tolerances must be
defined before the Fourier technique can be used to project fields from one plane to

another, so that sufficient points are used to prevent errors.
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The back projection technique was used in a similar way. The pressure distribution
was calculated at 50\ from the source using the integration technique. This pressure
data was used by the Fourier technique to find the pressure field at 25N\ from the
source {1=-25%\). This data was compared to the integrated pressure calculated for

2 = 25N. It can be seen that these pressures do not correspond as well as those in
Figure 5.17. This is as a result of the larger projection distance (15n in Figure 5.17
and 25n in Figure 5.18), which caused the phase transformation factor to change too
rapidly for the sampling rate chosen. Graphs of the real part of this factor against
directional cosine are shown in Figures 5.19(a), (b) and (c) for 1=5%, 1=15h and =25\
respectively.
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Graph of real part of phase factor
vs directional cosine (1 = 55X}
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Fiqure 5.19(a): Phase factor for 2=5\.
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Figqurs 5.19(b): Phase factor for £=15%.
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Figure 5.19(c): Phase factor for 2=25%.
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it can be seen from the graphs that the number of cycies is equal to the length, &, in
wavelengths. It c\an be seen that as the directional cosine approaches 1, the number
of cycles increases. In the band 0.8 to i, therefore, there are not enough points to
satisfy the sampling requirement. Hence errors are introduced when a field is
projected a large distance. This error can be eliminated by using more points to
satisfy the Nyquist criterion. ‘

Figure 5.20 shows the velocity field at the source, which has been back projected
from a pressure field {calculated using the integration technigque) at 25 wavelengths
from the source. The characteristic Gibbs-type phenomenon can be seen on the plot
of magnitude. This is, in part, caused by the finnite spatial bandwidth of the
reconstruction process - le. only those plane waves which satisfy the criterion

{k2 - ki) " > 0 were utilized. Ancther cause of the ripple is the undersampling of the
phase factor. The phase in Figure 5.20 is as predicted (it should be zero across the
source).
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- 5. Determination of the farfield pressure pattern using a single Fourler transform.

Thé lérge distance between the near- and farfields is the major source of error when
using the Fourier technique to project from ane plane to the other. It is evident from
Figure 5.12 that the larger the distance between the planes, the more auxiliary zeros,
“and hence more points are needed. If only the farficld bmssure pattern is required,
however, there is a short cut. In section 3.2 it was shown that the farfield pressure
pattern was the Fourler transform of the source velocity. Figure 5.6 is therefore the

farfield pressure pattern, with the horizontal axis interpreted as ©, instead of the

Sin x

directional cosine. The farfield pressure pattern of a rectangular source is ., 8s

shown in the figure, which agrees with the theory of farfields.

In practice, the pressure pattern at a distance from the source is required to be
measured. To prove that the farfield pressure pattern can be obtained directly from
measurements of pressure in a plane of distance & from the transducer, consider the
~ block diagram given in Figure 5.21. This diagram gives the steps taken to back
project a measured pressure field to a velocity field at the source. |

pressure .
to multiply -
- £T velocity ~by phase >t FT e
waves Factor
measured  pressure veloct ty veloetity
pressure plane plane pattern at
waves waves source
Figure 5.21: Block diagram showing back projection of the pressure field to obtain
the velocity field at the source.
The last block which should be added to Figure 5.21 to obtain the farfield pressure is
to take the Fourier transform of the velocity at the source.
The block diagram will then be:
pressure phase 1
E——— 4 > Lo factor F T = FT
veloetty farfield
measured : pressure
pressure

Figure 5.22: Block diagram showing the steps needed to find the farfield pressurs

from the measured pressure.
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The above figures can be simplified, because the Fourler transform of the inverse
Fourier transform of a field is the original field. Further, the phase factor can be
neglected because in the farfield ony the magnitude is important. Thus by firstly
taking the Fourier transform of the measured pressure, then by converting the
pressure waves to velocity waves, the farfield pressure pattern can be obtained.
Figure 5.23 shows the farfield pressure pattern obtained by applying the FFT to the
data generated by the integration technique at a distance of 10\ from the source.

GRAPH OF MAGNITUDE VS. AZIMUTH ANGLE

4.8 =
, /\ FREG 200 KHZ
SIZC 4© WAVELENGTHS
MERS 19 WAVELENGTHS
[N TN /”\u/ N . N NN
PEER - = ' 2@, AQ, i ad. T aw,

_“NéﬁmaLIZED MAGNITUDL

_QZINU Ti—»!m_QNGLE CDEGREESD

Fiqure 5.23: Farfield pressure obtained directly from nearfield pressure by
performing a single FFT.

5.8. ' Back projection with element failure

. The back projection technique can be used to check a line array for defects. By
projecting the pressure measured a distance & from the source back to the velocity

field on the array, it is possible to determine where the defect is located.

The integration formula was used to find the pressure a distance of 10\ from the
source with a defect at element number 3.0, as shown in Figure 5.24. As the array is

infinite in the y-direction, the entire line at x=3 is not radiating.
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tafiniter"

infinite

2z

Figure 5.24: Showing the transducer with element failure at x=3.

Figure 5.25 gives the magnitude and phase of the back projected velocity distribution

" of the source.
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Figure 5.25: Detection of element failure using the Fourier back projection technique.
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With no a priori information about the defect, the non radiating element can be
located in the positive half of the velocity distribution, as shown in the figure. The
. phase plot shows that for the transverse distance egual to 2.5 to 3.5 (circles on the
plots), there is possibly an error. The exact location of the defect, however, cannot
be determined. The reason for this uncertainty is that the discontinuity caused by
the null in the velocity results in the spatial frequency exceeding the bandwidth
limitations. This causes a truncation in the spatial frequency domain, thus producing

ripples (Gibbs-type phenomena) in the spatial domain.

The simulation of a line array containing 2 defects (positions 2.5 and 3.0) was
simulated in the same way as for one defect. The defect is larger, hence it can be
detected. The magnitude in Figure 5.26 shows clearly which elements are in failure,

and the phase plot confirms this.

Thus it can be concluded that as long as the defect is not too small, it can be
detected by the back projection technique.
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Figure 5.26: Detection of element failure using the Fourier back projection technique.
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5.9. Simulation of two-dimensional source giving a three-dimensional distribution

The simulations performed to produce three-dimensional plots of pressure are
ossentially the same as those performed for a two-dimensional pressure pattern. The
source is, however, finite in both dimensions. Two complications are introduced in
the three-dimensional case.. Firstly, the swopping routine has to deal with four
sectors instead of two to get the data in the correct form for computer processing.

Figure 5.27 shows how the swopping is performed.

Y ¥
2 | 1
i . L
3 4
(a) | (b)

Figure 5.27: {(a) Form of input required for computer processing.
{b) Form of the input data.

The swopping routine in the program exchanges data in quadrants 2 and 4. This
routine is given in listing C.5. Similarly the data in quadrants | and 3 are exchanged,
as shown in Figure 5.27 (b).

‘The second complication arises from the bandlimited nature of the Fourier transform
- technigue. It was shown in Chapter 3 that for {kz - kz - kz} 7 < {, the plane waves
were strongly attenuated for distances greater than a few wavelengths. Thus it shall
be assumed that (kz - ki - k:) i > 0. This limits kl and kz to the shaded section
shown in Figure 5.28.
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Filgure 5.28: Spatial frequency plane V(kl and kz) showing band limited naturs of
frequencies.

The two-dimensional band limited function can be uniquely reconstructed if the
Nyquist sampling rate is used. For the circular band limited regilon the sampling
scheme becomes very complicated. If the region is a square, however, the
two-dimensional sampling theorem is a direct extension of the usual one-dimensional
sampling theorem. So functions are limited to the circumscribing square (this
requires a sampling rate only about 12% higher than the theoretical minimum (2)).

The plots which follow compare the “mtegration and Fourier techniques. It can be
seen that at 10N from the source, the two techniques agree fairly well, but at 25\
there is significantly more ripple on the Fourler I:ransfdrm generated plot. At 100N,
the sidelobes are almost lost in the ‘noise’, and the main lobe is unacceptably
distorted.
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Figure 5.2%9{a); Pressure at 10\ from the source using integration technique.
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Pressure at 25\ from the source usirig
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Figure 5.30(a)

Fressure at 25\ from the source using Fourier technique.
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Figure 5.30(b)
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Fig‘ure 5.531{a): Pressure at 100N from the source using integration technique.
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Figure 5.31(b):  Pressure at 100\ from the source using Fourier technique.
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As in the two-dimensional case, an alternative technique was used to determine the
farfield pressure pattern. The Fourler transform of the velocity distribution. at the
source is shown in Figure 5.32(a), this being the farfield pressure. The Fourier
transform of the nearfield pressure (calculated at 10N\ from the source using the
integration technique), followed by a conversion from. pressure to velocity, gives the
farfield pressure in Figure 5.32(b). Since the two plots in Figure 5.32 are similar, it
can be concluded that the Fourler transform of the pressure at any plane, followed by

a conversion of pressure to velocity, gives the farfield pressure.
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Figure 5.32(b): Farfield pressure pattern obtained from taking Fourier transform

of pressure at 10N from source.
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The back projection technique was used to reconstruct the velocity distribution of the
source, as given in Figure 5.33. The pressure field was calculated at 10% from the
source using the integration technigue, then back projected using the Fourier
technique. When back projecting a pressure field to obtain the veioci‘ty at the source,
there are ripples in the velocity distribution due to the Gibbs-type phenomenon.
This, as in the two-dimensional example, is due to the finite spatial bandwidth of the

reconstruction process.
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Figure 5.33: \?elocity distribution of the source, determined by back projecting the
integrated pressure data at 10\ from the source.
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then by using the identity

Cos A Cos B =Cos (A-B) + Cos (A+B) ' (6.1}
2

the real component is given by
A Cos (oot) Cos (© ot: + @)

=A (Cos & + Cos (20 t + ¢)
2

By using a low pass filter with a cut off freguency of below (Zo.ot + ¢), the real
component of the pressure will be:

Real component = ’g“ Cos o (6.2)

The imaginary component is found by using the identity

Sin A Cos B = Sin (A-B) + Sin (A+B) (6.3)
2

Delaying Cos (mot) by 90° gives
o] . (

Cos (mot +907) = Sin (mot)

Multiplication yields
. A .

A Sin (mot) Cos (mot + @)= 7 (Sin ¢ + Sin (20 ot + &)

which when applied to a low pass filter gives
. A .
Imaginary component = 'é" Sin ¢

This is shown diagramatically in figure 6.1 for ¢=0 and A=1 (i.e. the return signal is
identical to the transmit signal).
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ANANVANVANVANVANYA
VARAVARVERVARVARVERV

{a} Transmlt signal = recewed signal

AN AN AN
\VAAVARVARVELVARVAR VA

{(b) 90° phase shifted transmit signal

VANNAANNANAANN

(c) Transmit signal * received signal

AWANWANWAWANWAWANNAN AN AN ANVANA
\VAVAAVALVARVALVALAVALVIRVALVALAVALVAAVERV

{d) Transmit signal shifted by 90° * received signal

Figqure 6.1: Calculation of complex pressure

Thus, if the signal in figure 6.1(c) is low pass filtered, the real valued component will
be Y. A low pass filter applied to the signal given in figure 6.1(d) will yield C for the
imaginary component. Circuitry to perform these multiplication and filtering
. operations was available at the Central Acoustics Laboratory. The operating
frequency of this equipment was 200 kHz. For simplicity, this circuitry will be
referred to as the multiplication box. | |

6.3 The experimental set-up

The source which was used was a 67mm diameter Ferruno echo sounder transducer
which had a resonance close to 200 kiHz., The transducer is shown in figure 6.2 and its
farfield directivity response is given in Figure 6.3.
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Ferruno echo sounder transducer used for the measurements

Y
-

Figure 6.2
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Directivity Response
-/ “\1 . 3‘15
‘
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Figure 6.3: Farfield directivity response of Ferruno echo sounder transducer.

The probe used has an active face of l.emm by l.emm. It is a hollow cylindrical
piezoelectric transducer made of PZ27 material.

The transmit signal was generated by an oscillator in the multiplication box. It was
used as a reference signal for the multiplications. The received signal was amplified
using a Brookdeal amplifier and fed into the multiplication box. The outputs of the
box were the real and imaginary pressure components. These components were
sampled using 2-channel Nicolete storage oscilloscope. The stored waveforms were
then transferred to an HP-85, Figure 6.4 shows the measurement setup,
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Typical waveforms at the input to the Nicolete are given in figure 6.5,
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Figure 6.5:

(&) Real component of the pressure

(b} Imaginary component of the pressure

(a)

(b)

The waveforms which were transferred to the HP-85 comprised 1024 samples sach.

The delay, d, as shown in figure 6.5 was programmed into the computer.

was used to eliminate transients from the signal.

This delay
50 samples after the delay were

used, these being averaged to obtain single values for each of the real and imaginary

compoenents.

These values were stored in an array.

An array of 32 x 32 real and imaginary values for pressure were obtained in this way.

vOnce all of the points had been stored, the 1024 real and imaginary values were

transferred to a data file on magnetic disk.
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The control software, together with the program for transferring data from the
- Nicolete to the HP-B5 are given in appendix C (listing C.1.)

when the 2048 points had been stored on disk, the file was transferred to a VAX-VMS
computer for processing. The pressure field was plotted 3-dimensions.

6.4 Results

The first experiment was conducted to verify that the theoretically developed
technique works in practice. The pressure was measured in two different planes; the
first plane was at 59.2mm (8)\) from the source, and the other plane was ét g8l.4mm
{11%) from the source. The plots of these pressure measurements are given in

Figures 6.6 and 6.7,
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Figure 6.6 Pressure measurements at 59.2mm (8\) from the transducer.



Figure 6.7: Pressure measurements at 81.2:mm {11%) from the transducer

The Fourier transform technique was used to forward project the measurements in
the plane at 8\ from the source to obtain the pressure at the plane 11\ from the
source. This projected field is shown in figure 6.8. The pressure data in the plane at
11N from the source were backprojected to obtain the pressure at a plane 8\ from
the source, as shown in figure 6.9, *
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Fiqure 6.8: Pressure field projected from 8h o 11\,
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Figure 6.9: Pressure field projected from L1\ to 8\ .

T_here is good correlation between the measured and projected results. In particular,
it can be seen that the beamwidth is approximately equal for the measured and
projected data at 8% from the source. This is also the case at 1 1n from the source.

The velocity distribution of the source was found by back projecting the measured
pressure field at 8\ from the source. This is shown in Figure 6.10

F‘Figure 6.10: Back projected velocity on face of transducer

The calculated velocity distribution is not as flat, and the sides are not as steep as
expected. There are two reasons for this. Firstiy. the spectrum was truncated
before the frequency components had decreased to an acceptable level. Secondly,
not enough measurements were taken in the transverse direction to fully cover the
significant part of the »beam. it was found that the pressure at the edge of the

measurement plane was still relatively high - 10% of the maximum pressure.
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The next experiment attempted to correct these two limitations. Measurements
were made closer to the source, thereby reducing the spread of the beam and thus
including more information. The magnitude of the pressure at the edge of the plane
was reduced in this way to ;2% of the maximum pressure. The measurements were
taken at 44.4mm (6\) from the source. The pressure pattern is shown in figure 6.11.

The back projected velocity Is given in Figure 6.12. It can be seen from this plot that
the dip in the velocity magnitude has been reduced. The velocity distribution is more
similar to that which was expected.
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Figure 6.12: Velocity distribution of source determined by back projecting the
nearfield pressure,
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However, the prediction of the farfield pressure from nearfield measurements using

the forward projection technique introduced ripples of unsatisfactory magnitude.
This pressure pattern shown in Figure 6.13.
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Figure 6.13: Farfield pressure determined from forward projecting the nearfield
pressure.

The technique of taking the Fourier transform of the nearfield pressure, as described

in-Chapter 3 was used to obtain the farfield pressure. The results are correct, as
shown in Fi igure 6.14.
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Figure 6.14: Farfield pressure pattern determined by taking the Fourier transform of
the nearfield pressure measurements.
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The final set of experiments used non-porous material to mask of a part of the
transducer. The measured pressure was back projected to find the velocity
distribution on the face of the transducer. A photograph of the transducer with a

strip of the non-porous material is shown in Figure 6.15.

~

Figure 6.15: Photograph of transducer masked with a strip of non-porous material.

The measured pressure pattern at a distance of 59.2mm (B8\) from the source is

presented in Figure 6.16.

% ~dimenston s
'Figure 6.16: Meaéured pressure field of masked transducer at a distance of 59.2mm

(8\) from the source.
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This pressure distribution was back projected to find the velocity distribution on the
face of the transducer. This velocity distribution, given in Figure 6.17, agreed with
the expected distribution. The transducer seems to be offset from the centre of the
plot. This is due to the fact that the centre of the measured points was not anigned
with the acoutic centre.
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Fiqure 6.17: Back projected velocity distribution with strip of material masking a
' portion of the transducer. ‘

- An alternate representation of the velocity is given by the contour plot in Figure 6.18.
C 43

y~dimension

~8x ~4x 0 4x £

’ r=dimension
- Flgure 6.18: Contour plot of source velocity with non-porous material masking a
strip of the transducer. ‘
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A letter 'E' was cut out of the non-porous material and placed firmly on the
transducer face as shown in Figure 6.19.

Figure 6.19: Photograph of the transducer with the letter 'E' placed on it.

The measurements were made at a distance of 44.4mm {(61) from the source as shown
in Figure 6.20.
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Figure £.20: Measured pressure field at a distance of 44.4mm (6)7) from the masked
source.
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The back projected velocity pattern is shown in Figures 6.21 and 6.22 by a
;hree-dimensional and a contour plot respectively.
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‘Figure 6,.21: Back proiected velocity distribution of transducer with 'E’ placed on

the face.
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Figure 6.22: Contour plot of the back projected velocity distribution with ‘E' placed
on the face of the transducer.
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The central portion of the 'E' is shown very clearly. The outer sections of the 'E’,
however, did not show up in the velocity plots. This is because the edges of the 'E’
were at the physical edge of the transducer. Since the radiating element is usually
5-10% smaller than the casing,.there was effectively no propagation beyond the
limits of the 'E".
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CHAPTER 7

CONCLUSIONS

The theory of the forward and backward projection of acoustic fields using the
Fourier transform has been developed. The aim of this presentation was twofold.
Firstly, to give a simple explanation of the technique which was used to project
acoustic fields. Secondly, to show that the technique works in practice, and to give
the limitations of this method.

The basic objective qf this thesis was to obtain the farfield pressure pattern using
nearfield pressure measurements. The forward projection formulae as developed in
Chapter 2 were used to achieve this aim. It was found that thisAmet‘hod was not
suitable because of the large projection distance. By performing a single Fourier
transform on the measured nearfield pressure, however, the farfield beam pattern
could readily be obtained.

if the pressure distribution at a plane other than the farfield is required, the entire
forward projection process must be used. The further the projection distance, the
more points are needed. The pressure patterns which are obtained in this way

correlated with expected results, for relatively small projection distances.

The back projection of the measured nearfield pressure to the velocity distribution on
the source vielded interesting results. It was found that the entire beam had to be
covered in the measurement plane in order to obtain the correct velocity distribution
at the source. The masking of thé transducer with non-porous material showed that
this method can be used to reconstruct the velocity distribution at the source.

There are limitations to the use of the Fourler transform technique. Firstly, the
source must be large enough so that the plane waves propagate in front of the
transducer. One cannot use a point source, for example, which is much smaller than
a wavelength. This source causes plane waves to propagate at angles greater than
90° and less than -90°. Secondly, because of the pfoperty of the DF T that the source
is periodic, ther is interference from repeated sources which are too close. The
solution to this problem is to use more points, thus increasing the period of the

repeated sources.
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One must also not forget that an accurate prbbe positioning experimental set-up is
required to make the nearfield measurements, This was available for the
experiments performed for this thesis, but it would be costly to set up a similar

system.

The area of interest for further investigations is the use of the back projection
technique. This process has been shown to be a very powerful tool for analysing the
source of radiastion. By back projecting nearfield pressure measurements, further

insight can be provided of the mechanics of the radiating source.

The back projection technique was shown to be capable of detecting a non-radiating
element of an array. Additional research could investigate methods to enhance the

3

resolution of this detection process.
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APPENDIX A

Evaluation of the integral to obtain the farfield pressure using stationary phase

methods ,

Equation (3.12) gives

kapc V (k:.' kz, x; }

Plx,x,x% )= i 5~ *
12 3 -t -0 i/,
(2m? [ka)* - k* - & ]
s r1. , 2, 2 " v
exp {-j (k x +k x_+[(ka)’ -k’ -k 7] (¢, dk i (A
Let
X = RSin © Cos ¢
X = RSin © Sin ¢
X -x*y =RCos@
a 3
Therefore
P (xl.xz.x 3) = _ka "
(2m?®

P25 expl-jR((ka) -k -k* ) CosB + k 5in® Cosd + k  Sin® Sind]
e pl-j -k K s + k| S , ot i .

2 .2 PR A
[{ka) ’ka.-kz}

\»’(l-(l.kQ,X3 )dkldk2 {(A.2)
l.et

iy " 2 2 2.
¢ (kl, kz) =V (kl.kz. X V((ka) —l»(1 —k2 ) (A.3)

1
Pk k)=-R f(ka)® mki k%) % cos O + k, Sin © Cos @ + k_Sin © Sind] (A.4)

2
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The method of stationary phase is based on the assumption that the main contribution to
the integral-in-the farfield is associated with the region in which the phase does not vary

with the integration parameters, k and k .
1 2

i.e.

QQ_ . .gg O
dk dk
1 2
k =k
1 1
K . K:z at the point of stationary phase

The stationary phase approximation to the double integral is (24, 25, 26)

I=+__j2m \x¢(1‘<1,52'2> exp 1jo (K, k )i (A9)
D& & )7

The alternate signs are associated with the corresponding sign of the determinant D,

where D is given in eq. (A.6).

— - & 2 2
D(kl,kz)z' ( &f 6§5k)2~ 5;{: 52‘1’ (A.6)
1 2 &k N ékz
2,z 2 . =Y . .
¢ = -1R[(ka)™-k -k’ ] (-2k Cos8)+ RSIn© Cos &
61( 2 i 2 i
. .
i
= R [(ka)® - kj -k:'} % (k, Cos ©) + Rsin® Cos @ (A7)
Therefore
s = RCos®sing+  K,RCos® (A.8)
i
8k, | (ka)® 42 - 1"
Similarly,
S = RSIn®SinG + k,RCos© | (A.9)

8k, [k k> -1 17
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The point of stationary phase is given by the above simultaneous roots:

i.e. where &y = Sy =0
bk bk
1 2
ie. RCos & Sin 6 + <, RC9 O ceino sine +
X
where

2 2 2.}
X = [(ka)” ~ kl - kz}

XCosd)Sin6+klCose.—.XSin¢Sine+k2 Cos® =0

Therefore
Therefore
kl CosB8z-XCosdSin®
Hence
X = --kl Cos ©
CosdSing

and now the RHS of Eq. (A.1Q)

-k Cos 6
X = 2
Sin® Sin g
Therefors
k Cos®© i . Cos &
R S = B
Cos® Sin© Sin @ Sin e
So
k =k Cos®
% sing
Therefore

k =k tan ¢
2 1

kz RCos© _

. (A10)

(A.11)

(A.12)
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Since spherical coordinates are being used:

k1 =kaSin® Cos &

and
.= kasSingsin®
50,
22‘2% 2 2 2 2 . 2 ,2‘!"}
[ka)' -k% - )" =[(ka)’ ~(ka)’ Sin" © Cos’ ® - (ka) Sin" © Sin” @]
. ,
= (ka) [l - (Sin*6 Cos’® + Sin* 6 Sin’®)] /
H
= ka (1-31:129) £
=ka Cos ©
So
oK)= Vkyx,xD (A.13)
vz ka Cos ©
and
Y {L?l. k,)=-R[kaCos %0 + ka Sin®© Cos*® + ka Sin® 9 Sin® @]
= -R ka [Cos’® + 5in?8 (Cos’® + Sin*®)]
= -R ka [Cos’8 + Sin’6]
Therefore

w(l?l,l-?z):—R ka ; (A.14)
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Now, differentiating (A.8) with respect to kz

8% =- 1 (-2k )(k RCosB) ((kaf -k* -k?)~*/?
sk 6k 2 =00 o2
1 2
k k RCos®
= 1 2 )
2 2 24 3/2
[ (ka) -kl -k2 ]
Substituting for k1 and kz
8%y = R(ka) Sir © Cos ¢ Sin ® Cos ©
ok, ok, (ka Cos ©)°
Thus,
8% =_R_Tan 6 Cos ® Sin ¢
ék 8k (ka)
1 2
Now, differentia't;.ing Eq. (A.B8) with respect to kl gives
2 ‘
52y = R Cos © ¢ X RCos® . R (1+Tafe Cod @)
2 2 2 2% 2 2 a7z (ka)
8k’ (ka)* -k*-Kk] ((ka)® k2 k: 1
and differentiating Eq. (A.9) with respect to kz gives
2
2 k"R Cos @
LA RC0s® 4+ ¢ = R asTanfesin’e)
2z, Vs 3/2 (ka}

8k* {(ka)* -k; -k ] V{(ka) 2 -k: -k"‘z}

2

(A.15)

(A.16)

(A7)
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So substituting equations (A.15, A.lé. A.1T) into Eq. (A.8) gives

AR R 2 4 2 . 2 R 4, .. 2 2 2
D (kl, kz) = (ka)) Tan @ Cod @ Sin @ - { (ka)f(l +Tan©Sin® Cos ® + Tan” 8)
A 2
= - (w(ka)) (1 +Tan"B)
and since

1 + Tan®0 = 1

So

Cos?e
- - R 2

D(kx’kz): ‘(ka Cos o) (A.18)
Therefore substituting equations (A.13), (A.14) and (A.18) into Eqg. (A.5) gives

= 2w L Yk kX expl-jkaR]|

R 2 % ka cos ©
[ ka cos © )]

Therefore |

p= 127V kX" el -jkaR | (A.19)

R .
The pressure is given by
P = kapc 1

(w)*
Therefore

P = kapc szr\?(kl.kz’xs"}exp(—;kaR}

2m 2 R

Therefore

Pxjkape ¥R Vi Lk, x ) (A.20)

2WR X 2 3
-jkaR |,

PR ,8,¢)=jkapc(e ) V (ka sin® cos®, ka sind sin®, x;‘ } (A.21)
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APPENDIX B

FOURIER OPTICS

In this appendix, the equations for the optical egquivalent to the acoustic projection
techniques are derived. A lens is shown to display the spectrum of the light entering

it. An example of a coherent-optical processor is given.

B.1 Propaaation of plane waves

A unit amplitude plane with wave vector k is described by a complex amplitude

B(r) =;’3-°~‘3 | B.1)

and corresponds to a real wave of the form
b{r,t)=Cos (2nvt -k . )

In a linear homogeneous medium the wave vector has magnitude (k| = k and its

direction is in the direction of propagation of the wave.
Let

k=k i+ Kk k

i+
X Yoy
where 1 , 1,1 are unit vectors parallel to the Cartesian cccrdinﬁte axes. Now, a set
of direction cosines a, B, Y can be defined with related angles @, B, ¥ according to

i
z-z

— - . _k
a:Cosa-(Lﬁ._}x)!k .._l;g_g
B:’Cosé—-(k i )/ = k}:

e — -—)-y k - k

YZCosy=(k.i )/ = %z
-2k "
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It can be seen from Figure B.1 that a, {3 and ¥ are the angles betweecn k and the
Cartesian unit vectors i , i and i_ respectively. '
=" "y '
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- Figure 8.1: Angles &, 8 and :{.
Since

K

H]

= 1, o +~{32 a-~r2

kz

and because
r=i x+i +i_ 2
r=i x+iy+i 2z

Eq. (B.1) can be rewritten

B(x, ¥, 2) = g ~j(ky X + Ky ¥ + Kz 2) zg -jk (ax + By) ¢ -}k (1-a? -B%) 7z (8.2)
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Now using the notation

Bz (x,y) = B (x,y,2), we get

B ¥ . expl-jom (5 + %x) Fa® -BH P (2 —@-}%—))]
BO (X, Y) )\.2
= exp [ - (2 -tﬁ—)’ “a=n &2 (8.3)
Substituting
U:%',V:E,W,:%,
. . __l__ 2 2, e
Hz(u,v) =exp[-32ﬂ(.}\z—u -v}) "z}
=exp[—‘”(l-k u -')s.zvz)»%z] (B.4)

where Hz {u,v) is the free¥space transfer func

plane wave with direction cosines a, B, v over dis

For propagation it is required that

uavied
kz

tion describing the propagation of a

tance z.

2 2 1
Foru™ +v™ > 3 2 » evanescence of the waves occurs.
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Now that the frec space transfer function has been derived, a wave travelling along
the z-axis and incident on an x-y plane at z=0 as shown In Figure B.2, can be

' considered.‘ ‘
Tz

wavefront és

Figure B.2: A wave travelling along the z-axis.

- Such a wave can be represented in terms of an infinite number of infinitesimal plane

waves according to

-3 (2mw(ux + vy))

. ) o b=
Uyl = 0 o Ajluvie du dv (B.5)

where Uo‘ (i,y) is the complex amplitude across the x-y plane at z=0 and

~i2mw (Ux + vy)

du‘{:> = AO (uvydudve (B.6)

reprosents a plane wave of infinitesimal amplitude Ao (u,v) du dv. The directional
cosines of travel are given by relating £q. (B.2) to Eq. (B.6),

. "
a=unh, B=vh, v=(1 ---(u)&)2 - {v?\.)z) £

Similarily, at a distance z away, the complex amplitude in a transversal xy-plane can
be decomposed into Infinitesimal plane waves

‘dUZ = Az {u,v) du dv exp (-j2w {ux + uy)) (B.1

according to

=j2m (ux + vy)

(= -] =] .
Uz (x,¥) = _mf*m! 7 AZ (u,v) e dudv - (8.8)
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Eqg. (B.8) gives the distribution LJz (x,y) being composed of the plane waves
Az(u,v) du dv.

From Egs. (B.3) and (B.4) the relationship between dUZ and dLJ{3 is obtained.
dU_ =H_ (uv)duU
b4 z o}
from which
k . 2 =z 2 2 Vs : o

AZ (uwv) = Ao (uvyexp[-ji2m(l - N U - N v7) z] (B.9)

Now to obtain the plane waves originating from z=0, the Fourier transform is used
_ 0 .00 _— =j2m (ux’ + vy') .

AQ {u,v) = __w.l'__mf UO {x', v e | dx' dy (B.10)

where x' and y' are the co~ordinates for the plane at z=0.

By combining Egs. (B.8), (B.9) and (B.10), a relationship between UZ {x,¥) and
U (%', ¥') can be obtained.
[+]

~j2T{ux+vy) du dv

U, (x.y) oot ead A (UV)E

i

o
_STITA ) expl-izn(1-N 2t Pz T Yy v gL
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Assuming that the wave travelling from z=0 can be represented by its Fourier

components, one gsts

I A S GO N I PR 2D e gy ¢

? oo o
, y
exp (- 21 (1-N2uPA?v?) Pz o) 2T F Wy g (8.12)
iy

Eq. (B.11) can be rewritten by letting

klz"{":.ilwu
k =;'2’11§=2Trv
2" N

U, ()=

oo oo o 2 2 2, M .
_mf_.mf Ao(u,v) exp {-{k - k; - kz) zZ} exp (-}(klx + kzy N dk; dkz (8.1‘3}
which is identical to Eq. (3.8) which was determined for the acoustic case.

B.2 Fourier transforming properties of lenses

The most important components of optical imagihg and optical data-processing
systemé are lenses. The lens is composed of optically dense material, in which the
propagation velocity of light is less than in air. If a ray enetering the lens at
co-ordinates (x,y) oh» one face emerges at approximately the same co-ordinates on
the opposite face, the lens is termed a thin lens. A thin lens simply delays an
incident wavefront by an amount proportional to the thickness of the lens.

Goodman (27) gives the total phase delay undergone by the wave at co-ordinates (x,y)

in passing through the lens as

® (x.y) = knA (x.y) + K (A = A () : | (B.14) -
where n is the refraction index of the lens material
AO is the maximum thickness of the lens
knA{x,y) is the phase delay introduced by the lens

k(&o-—A(x.y)) is the phase délay introduced by the remaining region of free
' space between the two planes ;
A (%) is the thickness at co-ordinates (x,y) as shown in Figure B.3
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R L— A ('x,y)

Figure B.3: The thickness function.
Thus the lens may be regarded as a multiplicative phase transformation of the form

tg (x.y)=exp[jk AO] exp (j k (n-1) & (x,y)) (B.15)
The complex field UQ. {x,¥) can be obtained

Uy’ (6) = & () Uy () : - ©.16)

The phase transformation can be found by considering the portions of the wavefront

- lying near the lens axis i.e. consider only paraxial rays.

Goodman (28) derives this to be

. , .k ‘2‘ a2
tg (xy) =expljkn A lexp (-5 (x7 +y7) (B.17)
where f is the focal length of the lens.
Consider a unit amplitude plane wave incident on the lens. Using Eq. (B.16)
Us (x,y) = te (x,y) Uy (x.y)
Since the field distribution (Ui {x,¥) inn front of the lens is unity,

Uy (6y) = exp Tk n &) exp (-] 35 + y™) (8.18)
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- The first term of the above expression is a constant phase delay. The second term is
a quadratic approximation to a spherical wave. Thus a lens composed of spherical
surfaces maps a plane wave into a spherical wave.

Consider a plane object with amplitude transmittance to (x,y) to be placed a distance
dn in front of a converging lens of focal length f, as shown in Figure B.4. The object
is illuminated by a normally incident plane wave of amplitude A.

object

Figure B.4: Object placed in front of lens. .

The resulting field at the focal plane behind the lens is given by Coodman (29):

Aepl] Kk (1-% )2y
U (g yp) = 2f fC=> «

4

inf

oo oo .
oo’ o EX g ¥ exp(-]i;r...(xox grY YN dx dy (B.19)

If the object*is placed at the front focal length of the lens, Eq. (B.19) simplifies to

ALJ}= (xf,yf) = ;_{A?__mf :700 t:o(x Q,’y o) exp [~] %r%_ (xo Xet Y % ] dxodyo (B.20)
‘which is an exact Fourier transform relation. So the single lens can be used to obtain
the spectrum of iicjht entering the lens. This is a very important property of a lens in
that the spectrum is physically accessible and therefore can be manipulated simply by
‘placing masks or optical filters in the Fourier transform plane.

8.3 The coherent-optical processor

Figure B.S gives an example of the type of optical processor which can be set up to
give similar results to those found in the acoustic case.
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m/)

!’yg
INPUT FILTER OUTPUT
gl,(xz,yz) : T(mf,yf) gz(xg,yg)

Figure B.5: Cohe}ent—optical processor (after Almedia and Indebetouw {31)).

-The block diagram for this processor is shown in Figure B.é.

digtribution | FILTER , . distribution
e (x50, L0 FUNCTION = ET >

at (xg,yg)

Fligure B.6: Block diagram of optical-processor.

CAn input transparency of complex amplitude transmittance gl (xl, yl) is placed in the
front focal plane of the lens L_1 and illuminated by a plarje-parallel beam of uniform
intensity and zero phase. The amplitude in the back focal plane F’f of the lens is
represented by the Fourler transform Gl {u,v) of the input, as given in Eq. (B.20).

Neglecting some proportionality factors

: ~ oo o -i2% (Ux + vy )
G vy TS 9, (xy e 1 1

dxldyJL 8.21)
where A\ is the wavelength
(u,v} are the rectangular spatial freduencies of the input. They are related
to the cocrdinates (xf. yr) in the Fourler plane by

where fl is the focal length of lens L .
i
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If a filter transparency of amplitude transmittance T {xf, Ye ) is placed in the front
focal plane P ¢ the amplitude distribution just after the transparency is

Uf {u,v) = {31 (uv) . T (u,v) (B.22)

The second lens, Lz, of the processor performs a second Fourler transform of
18 f,()( f.y f), leading to an amplitude distribution in its back focal plane P given by
2

_ 0 oo ~j2w {ux +vy ) ,
a, (xz, yz) = mm.f_mf G:. uv) Tuve 2 2’ 4 dv (B.23)

This is a more general expression for the field at the plane (xz, yz) than developed in
Eq. (B.13). In Eq. (B.13) it was assumed that the plane waves emanating from the
origin could be found by Fourier transforming the field there, whereas in Eqg. (B.23)
one can experimentally find the plane waves by using a lens. 1If Eq. (B.23) is to be
identical to Eq. (B.13), the filter at (xf, yf} must be removed, and the free space
transfer function substituted for T (u,v).

Then Eq. (B.23) becomes

g {x.,y)=
2 2 2

3
- o - {2—-’{ (w1 Stk x_+k_y) |
o) mf G (uvle e % dudv (B.24)
O 1
Nkow substitutingu = % and v = }%

218

; 2na
and since k1 ="y and k:a =T Eq. (B.24) becomes

: . 0E KDz -k x tky ) |
g, (.Y )= S0 TGk, ke 2 dudv  (B.25)
In Conclusion, it can be seen that the theory of optics is in good agreement with the
theory of acoustics. In particular, it was found that the free space transfer function
introduces a phase change. The lens can be used to physically obtain the
two-dimensional spectrum from an incoming set of plane waves governed by the

~ shape of an object placed at (xl,yl).
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" APPENDIX C

Program Listings

Listing C.1 gives the program for the HP-85 for data acquisition. This program
' requires the probe to be manually positioned at the top right hand corner of thé grid
of points to be scanned. When the CONT button is pressed, a grid of 32 x 32 points is
measured. The program automatically positions the probe at the required position, so
no manual intervention is required. The waveform at each of the 32 x 32 pdints is

transferred from the Nicolete storage osilloscope to the HP-85.

Listings C.2 and C.3 give the integration program used to obtain two- and
three-dimensional pressure patterns respectively. Listings C.4 and C.5 give the
programs for the Fourier transform technique in two- and three-dimensions
resepctively.

Listing C.6 gives the program for plotting the two-dimensional pressure or velocity
patterns. The three-dimensional plots are produced using the THREED package on
the VAX-VMS computer. '
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- BG

70
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90
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AZ0
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150
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180
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. 240

250
260
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ZO0.

Z10
TR0
I30
40
E2E0
60
270
SEO
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400
410
420
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84480
430
4560
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SO0
S10
520
B30
=40
L ESG
SE0
570
=80
=a0

i
i
1
t
:
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LISTING C.1

SIS SIS RSSO EIEEI ST TS RIS ERSRSRROSEE RSSO RS
Frogram to take measuwements in tank over & square grid

by avtomatically stepping & probe

AOROKCR RO O R R R OE R O kR R 0RO kRO o ok sk ok ok ok R R ok R X

DIM Tslé&lsetd Buffer .
SHORT RI(E2, 22,11 032,32 FReal and imaginary parts
) .

I0BUFFER T#% ! ' Declare the buffer

! Reszset Miceolette and stepper motors

P Bet up stepper motors | .

CONTROL =,5 3 OR CONTROL 3,4 ; O CONTROL Z,3 ; 85

H

NG -~ Standard numbers

P EL - OR

DD - ASCII Auto Advance
MO - Lives Hold next

OUTEUT 7135 3 "NOY

CLEAR 7

CLEAR

i

i b e Somns cvens sos3 sonan s ke e bt e e K923 B s SR RIS A S0 o v 2

Input normalizing set

i

Uoade3) 2 V-norm bit
VAl o Henorm bit
A 2 Memory ftraction
Palsy s Vezero

VU ALEY 3 Hezero

ATy s Venorm

VoAadE) 2 Henorm

B e oo i o oo s s s s i i s e e o S i S S gt

, |

ENTER 714 USING S460 3 A(D) AT A4 ,AS) A6 ,A(7),A2)
IMAGE D,D,D,X,DDDD, X,DDDD, D.De, D.De

DISF A(Z)1A(I) A 3RS 1AL 1A(T) 1AL

QUTPUT 715 3 "E1DO" ‘

OUTFUT 715 3 "HO"



&HOO
&E10
20
=0
640
650
E60
&0
&80
&0
700
T20
7O
74O
750
790
00
810
8020
=0
g40
880
860
gq270
=280
890
00
G901
Q20
PEO
Q40
G941
42
G433
Q@44
45
P46
47
483
4%
Go0
951
FEC
961
Q70
B0
G0
1000
1010
1020
1021
1070
1040
1050
1060
1061
1070
10380
1090

1 e e o ome e e e e e
!

FR=200 !
N=32 !

59
!
DigF
DISF
DISF
DISF "triggers off
INPUT VS
VéE=248VE/ (A (8) x1000000) Xé
]

W7=1480/ (FPE1000) !
Li=b7%89%x1000 !

{

S=1/.01 !

Di=L1Xx(N/s2) !

. .

Si=D1l/.01 !

¢

DISF

[
WG

-pC"

"Fosition the hvdrophone
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Freguency in KHz
NMumber of points on
Sampling interval

grid
in fractions of a wavelength

"Enter time for first sample
"Nicolette set for 1024 samples per wavetorm and”

Wavelergth in m

Sampling interval in fractions
of & wavelength in mm

Steps in 1 sample in mm

Distance of lst point from centre of
transducer in mm

Mo of steps from 1st point to centre
of transducer 1in- mm

DISF "so that both dimensions®
DISF "are at max positive”
DISPF "Press CONYT to contirmue"”
{

S

movement

{
i
i
i
i
i
{
{
]
i
i
! direction of movement
H
FOR I=1 TO N
FOR Jd=1 TO dN~1 ¢
JI=]
IF FFP (I1/2)=0
GOSUR 1990 ¢
F=(J+1)%¥5-51 !
i

IF FFP (I/72)<> O THEN F=51-J%5

THEM J9=N-J+1

F4=81~(I~1) %5 !

Fi=8 !

IF FP (I/2)4 O THEN Fi1=32
{

FR=4 !

GOSUR 1320 !

NEXT J

F is the distance to be moved to the next position

tart the automatic data capture process

movement 1s to be made

N

Move in positive X-—direction or negative Y-dirsction
Move in negative X-direction or positive Y-direction

F2 is the dimermsion in which
= 1 : Move in X—-dimension
= 4 : Move in ¥Y-dimension
Fi is the direction of movement
= 2o
= 31

irm the direction of

F4 is the present position of the probe in the dimension other than the

Move in s-direction
Move in yv—direction

Measure
Distance to mext point
movement

in direction of

Present position in w-direction

Frobe direction — positive in v—directior
If is odd, thern probe direction is
negative '

Choose to move in v~direction

Move probe to mext position

-
s
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1100 JF=N ‘
1110 IF FR (I/2)=0 THEN Jo=1

1120 GOsUR 19940 ¢ Measure
11320 Fo=F ! Fresent position in yv—direction
1140 F=51-1%8 ! ; Distance to next point
1150 Fi=8 ! Frobe direction - negative in #-direction
1160 Fi=1 1} Chopse to move in x-direction
1170 GOsUR 1020 Move probe to next position
1480 NEXT I :
1190 ¢ ,
TR RO T e e e S e Tt i i e
1210 1 Creste data file, then output the readings to 1t
FERZ0 1 o e o e 1 7 £ i 7 o e e
1230

1240 CREATE "DATZZY,2,8448

C1280 ABSIGNE 1 TO tDATREET

1260 PRINTH 1,1 3¢ R1IO

1270 PRINTH# 1,2 3 110

1280 ASSIGNE 1 TGO X%

1290 STOR

13006 ¢!

TEI0 1 e e e o e e e

1320 ' Move the probe by 8 steps

B

C1T40 !

1380 FOR IG3=1 TO B

1260 ABSERT Z3F1 & ABBERT IyF2

1370 WAIT 1

1380 NEXT [Z

1390 ENTER 5 3 X,¥ ! Enter coordinates of probe position

1400 W=Y »

1410 IF FZ=1 THEMN W=¥X

1420 ! :

FB TN 1 o o o e e ettt i i 1 i i e e S
1440 ¢ Move the probe to the required position by calculating the difference
1430 ! between the current position and the reguired position '
LA 1 s o o o e s i . 1 s Bt e S 5 1 418 e e e T S e i
1470 1 ‘

1480 IF ABS (W) »ARS (F) THEN Fil=10-F1 ! I+ probe past required position,

1490 ‘ then reverss

1800 L9=aARS (ARG (W)—-ABB (Fi) | Difference between currsnt position
1810 ¢ . and regulred positilon

1820 FOR IZ2=1 TO L9 ¢ Move the probe by LY steps

1530 ABSERT T3F1 & ABSERT I3F2
1540 WAIT 1
1550 NEXT I3
1860 ENTER T @3 X,¥ ' Enter coordinsates of probe position
AE5TO W=y b
1880 IF F2=1 THEM W=x !
15990 IF W=F THEN 1710 ! - Correct position?
1600 !
1610 IF AND Fi=32 AND FZ=1 THEN Fl=8 ! A\
1620 IF AND Fil=8 AMD F2=1 THEN Fl=2 ! N
i
t

-

i

£EE
o

1E&ET0 O IF WEF OAND Fl=38 AND FI=4 THEM Fi=2
1640 IF WIF AND Fi=2 AMD FZ=4 THENM Fil=3 ! s
1650 ABSERT TiF1l & ABBERT IpF2 Step the probe in Fine increments unti
1660 it iz at the correct position

Check the direction of movemsnt
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1690 !

L7001 e e e e e e

1710 ¢ Fosition the probe correctly in the other direction

1720 b e e e e e e e o o ot e e e

1730 ¢

1740 ENTER 2 3 X, ¥ ! Enter coordinates of probe position

1730 W=Y

1760 IF F2E=4 THEN Ws=X : » '

1770 IF W=F4 THEN 1930 ! Correct position?

1780 D=8

1790 IF WHF4 AND F2=1 THEN D=10-D

1800 IF WoF4 AND FZ=4 THEN D=10-D

1810 ASSERT Z:D & ASSERT 33 (B-FI)

1820 ENTER 3 3 X,Y

1820 W=Y

1840 IF F2=4 THEN W=X

1850 IF W=F4 THEM 1930

18460 IF WCF4 AND D=2 AND FZ=1 THEN D=8 ! \

1870 IF W4 AND D=8 OMD FI=1 THEN D=2 ! \

1880 IF W<F4 AND D=3 AOND Fi=4 THEN D=2 ! Check the direction of movement
18%0 IF W>F4 AND D=2 AND F2=4 THEN D=g ! / .
1900 ASSERT I:D @ ABBERT Z3(3-F2Xy ! Step the probe in fine increments until
1910 ! it is at the correct position

1920 BOTO 1820 '

1930 RETURN

1940 !

TEEHD 1 oo oot o o o i o ottt 1 o o o

1960 ! Measure the magnitude and phase of the pressure ;-

TG T 1 oo s o e i 1 1 £ 1 ) o s o e

1980 ! .

19590 QUTRUT 715 5 "HO" ! Nicolette 3 Live, hold mext

2000 SEND 7 o3 LISTEN 14 ! Micolette & The listener

2010 TRANSFER 714 TO T3 FHS ' Transfer waveform to buffer

2020 ME=0

SO0 BEER Sigmal end of transfer

2040

2080 QUTFWT 718 5 "o ! Micolette : Live

2060 CLEGR 7

2070 87=0 ,

2080 FOR J4=VéeE+1 TO VYHE+601 STER 1200 N

2090 G=VAL. (THLI4,34+4T1)%48(7) ! N

2100 857=57+E ' Sum of S1 resal values

2110 NEXT J4 / ‘

2120 88=0

2130 FOR J4=Vé&+7 TO VE+L07 STER 12 000N

2140 G=Val. (T$LJ4,J4+40Y%A (7)) ! Y

2150 88=33+06 ! Sum of 51 dimaginary values

2160 NEXT J4 ' 7

2170 S7=37/51 @ S?—”B/” ! Frverage of rpdl arnd imaglinary parts
2180 ENTER I 3 X,.¥ REﬂd the coordinates of the probe
2190 RI(IS I-00) =87 & 11(J9,I-01)=88 ! Store the real and imaginary parts
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2300 DES y

2710 M6=S0OR (BS77Z+3872) © F&=ATN (88/87) ! Calculate the magnitude and phase
2220 RAD ’

2RTOOIF 8740 AND 5840 THEN Fée=Rée-180

2240 IF 8740 AND 3Bx0 THEN Pba=RLE+IBO

220 ;

2260 ' Print the probe position and the magnitude and phase of the pressure
a27a ! :

2280 FRINT USING 2290 3 LO01kX/(W7R1000) , O01EY/ {W751000) , M&,FS

2290 IMABE 2(DDD.DD, 1X) ., 2(DDDD.DD,EX) ‘ :

ZEOO ! :

2710 U Clear buffer

*‘\‘:“"&{:} i

C et

ZEZO CONTROL 7T%,0 3 1,0 ! Clear the butfer
2340 RETURN « ,
2350 END
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LISTING C.2

Program to>calcu!ate the pressure distribution in two-
dimensians using the integration technique.

Date  : 5/11/84

Agthor s Ee.Yudeiman

Inputs : Have - distance from source plane té regquired piane

4%

File INTDATLDAT - contains the data to be plotted
using the PLOT program in listing B.4
This fite can a2lso be used if the Integration data
is to be used by the Fourier technique

L E S 2 X2 S R i s et R R E  E I A 2 22 2 A RS R 2 R L

LR B K IR IR - X B A A

kb a kb bh kbbb bt bRk kb ke kR Ak ph kb bk Sy kbbb kb ke kb ke kb kk b iR

Define the variables

Character®6 port

Real zmagi{ll8isphasilzs}
"Complex¥*ld xr{128}

N=128

Type #s%'enter distance away®
Accept *swave

vy ot s s s e s

OO OAOOOOOaO

Lalculate the sum of the left hand half of the plane

using equation behe.

Summations from line arrays are calculated from -40 wavelengths
to 40 wavelengths in the transverse direction in steps

of +1 wavelengthe.

Since the results are symmetricals the data in the right half

plane is found from the data calculated in the fteft half plane

Kl is 38 counter

20
50

100

- B T

Ki=1 , ‘
o 100 zno=—Ffloatjin/4)s0ess5
Rel=0.
Ziml=0.
Do 50 dst==4(s s4Cessl
QO 20 Sfc=-5-95.y95
Dist=sqrifwaverwaver{zno-srclFi{zno~srcl+dsi®dst}
Phase=dist*360.
Imagnitude=1i, ~
IT (SrCeBGe=Daelle57TCeBlebe) zZmagnitude=,5
Rel=rel-zmagnitude*sindi{—phaselsdist
Ziml=ziml+zmagnitude®*cosdi{~phasel)/dist
Continye
Continue
Xri{kli=dempix{relszimll}
Kl=kl+l
Lontinue
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o  —

Upen fite for 2-~d pliotting and write to it

Open (unit=20,status=fnew',fi!e=‘}ntdat.dat’)
Write (20+%) xr
Close lunit=20)

Stop
End
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I (21 c20e=5¢00reXle@QeDesO0ra¥le€Qa"5ae0Fa
# y1ls28GeDs} zmagnitude=.5
Real=real—zmagnitude*sind{~phaselSfdist
Zimag=zimag+zmagnitude*cosdi{~phaselsdist
&0 Continue
&0 Continue
Imagilisji=sqrilreal*real+zimag¥zimag]
Xri{isji=dcmplxi{realszimagl

I=i+l
80 Continue
C N : P - o s . e A S i S I
C Copy from bottom feft hand sector to top lefft hand sector
C s e . b -
Do 303 ki={npoints/2i=-2snpoints
Iimagikisil=zmaginpointsel=kjsj?
A Arikjsil=xrinpointseZ=k jsJ}
303 Continue
J=j+l
1040 Continue
C JE— REED <3 . R GRS s BPONRD AR WP P S R J——
C Copy from left hand plane to right hand plane
c s . i > 5 J—— I
Do 709 ij=lsnpoints
Do 708 kji={npeints/2i-Ze¢npoints
Imaglijekji=zmaglijesnpoints+2~kil
Xedijekjl=xr{ijenpointse+2=kjl
708 Continuye
“T09 Continue
c - - o
¢ {pen tile for 3—~d plotting and write to it
C = . e -
Open {unit=20ss5tatus="newsfife="intdat3d.dat?}
Writel{20s990¥%a%;1 ‘
990 Formatialsidl
Writel(20+991)170%:31914040enpointssynpointsesf«040
3991 Formati{als14+8{i5})
Wr ite{20,992)°%c*y " {B8{F8.2+2x1))°
992 Formati{al.,al2)

Write (204999) {(zmég(ij,kj}sij=1;npoints),kal,npoints}
G949 Format{B{fB.2+2x)1} :
Nrit8120$993} 'f '90. 90-1"10. ,10. ’yl‘Go 1151 !50921»’045

993 Format{alefT.0s6(FLl0s0342{15.0131}
, Writel20+9941°%g%,1
994 Format{alsi4) :
H!’it8§20y995}'h'«)1130;3f}'0. 23 e
995 Formatl{alsig+3{f10,01})
Write{Z0¢9961%i%,titie

994 Format{al,a50)
' Ciose {unit=20}

s o pr——— E— o i . P,

C
C inguire if data to be stored for later use
C

P P - o s .

Type #,'Store data for later use ? (l=yess0=noc)’
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Accept #gilat

If {itatesegs.1l} then
Open (unjt=20sstatus=*new’sfile=tdat.dat?}
Write {20+%) xr
Ciose lunit=20}

End if

Stop
End
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) LISTING C.4

LRI T T R E T E R Y L TR T
Program to calculate pressure or velocity distributions
in two—-dimensions using the Fourier techniques
Date 2 5/11/84

Author EsYudelman

8é

89

)
% #
3 #
% %
# *
% B
#* #
& &
* %
* Inputs Wave - distance between source plane and *
* required planes ¥
* Ifile — true if external file to be read *
% Filename - external file if ifile is true %
% Ipresvel - true If pressure 1o velocity %
* conversion is required #
* Ivelpres - true if velocity to pressure *
% conversion is required ¥
% &
* &
% %
% #*
* %

Jutputs * File FOURDAT.DAT - contains the data to b=
pioctted via PLOT.FOR

SR LB AR TR AR ARG RS AT AR SRS R A A Rk h bR G R AR hok ok ek Sk ok ok ok Rk gk

Define the variables

e NeNe

Compliex*®16 xr{l28)scuki{lZ2B8lstempsvastl
Real rwk{918}svl

Real*®8 countiscount]j

{haracter®1l5 outfiile

Integer neiwk(918J)siques

Common xr

N=128 , ! Number of points
£.1=10 T Size of source
Type *y'enter distance away'®

Accept #swave

S=.5 ' Sampling interval

Form the inputlt data by reading a data files
or generating the data

o NeNeNel

Tvpe %£s%read a file {l=vess0=rol?
Accept #4ifile .
if {ifile.eqgs1l) then

L = Input filenames then read in data from file —wmw

Type *3%Input file name to Be read?
Read {({*,405) filenawe
405 Format (215}
Open {unit=20sstatus='oild¥sfile=filenamel
Read (20+%) xr
Cliose funit=20)
Else
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{ w=wm= Generate data ===

Do 10 Jj=lsn
Istart=int{{l=int{i1/2}}/s}
fend=int{{i+int{i1l/213/5)+]
1f tjele.istarte0r.jsgteiend} then

s Xl jl={0e40s1
Else if {(jeegeistart+l.or. joeqg.iend? then
Xr{ j1={0s5+04}
Eise
Xr{j¥=41.0:0.01)
End if
10 Lontinue
End if

R 0 R SO AT SR P, T L e S T

Swop the datas then perform FFT

el S D A T ) VTS, I T T A

o o

s NeRe

st i do

Call swopini
Call FFT30({xrenslsnslelslsiwksrwkeoowi]}

L mwmwew- Nopmal ize the data returned from the FFT =—wwme

Do 670 J=lsn
xr{ j¥=cmplixixr{ ji/floatjini}
&70 Continue

¢ Type *:%Do you want pressure to velocity conversion? {l=yes;0O=no}

Accept *sipresvel
If {ipresvel .2qg.l} then

C. : '
C Convert pressure data to velocity data
C

s e s D O P T

Type #*,°% ) - nressure Lo velocity conversion —— @

Do 229 J=0sini2i~1

Countj=floatjlJi/{floatjin/2)~14}

‘It i(filoatjidl.gtefiocatjin/2i~1.5) then
Count j={floatjin/21-1:53/{float jinN/2)~1a]

End if

Yivi=countl j*%2.

Ya=cdsqr t{dcmplix{le=viv2)]}

Ari{j+Lli=xr{j+l}i*va

I1f {jenes0) then
Arin—j+ll=xrin-j+1l}*va

End if

229 Cont:nue
, End if

Type *s%0o you want velocity to pressurs convers;on’ {l=yess0=no} *

Accept #Fsivelpres
If {ivelpres.eq.l} then
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( G L T T ey —————— e o B R ——

C Convert velocity data to pressure data

C . - et ol s ) Bl WP SO, 0 T SO D i Y R S B U8

Type #e° - yelocity Lo pressure conversion ==
Do 239 j=0s{n/2}-1 :
Countj=floatjlJdi/{flocatjin/2i~-1.1}
If (floatjldlegtafloatjin/2}=1.5) then
Countj=ifloatjin/2)~1.5)/{floatjiN/2)~1.)
End if
YivZ=couni j¥%2,
Ya=cdsgrti{dcmpix{las=vivZ}}
Xri{j+ll=xelj+li/va
It {jenesQ} then
Xe{n=j+ll=xrin-jell/va

End if
239 Continue
End if
o - S J— o e s

C Modify by the phase factor

C - e - P

V¥Vi=wave®2,.*¥3,.1415

Do 304 j=0sin/2i~1
Countj=fiocat j{Jd)/{floatjin/2i~1,.)
Yivl=count j®*®*2.
Ya=cmplx{V1ii®cdsgri{demplix{lae=vivl2i}
Temp=dcmplx{cos{dreal{—=vallssin{dreali-vall)}
Xr{j+li=xr{j+li%temp
If tjene.0) then

Xe{n=j+ll=xri{n~j+ll*temp

End if
304 Continue
£ e - - —— S —— — S -
G Perform inverse FFT followed by swop to festore order

o - - e e o i 2 e 0 e 2

Do 10% j=1lsn »
Xrilji=dconjglxr{j}}
103 Continue
Call FFTI3DIxrynelsnelelolsiwkerwkesCuk])
Do 106 j=lsn
» Xr{ji=dconjglixr{j}}
106 Lontinue
Catl swopiN}

C‘--~4~ Normalize the daté returned from the FFT —emee

Oc 305 Jj=len :

Xridi=complixixr{j)/floatin)
305 Continue’

Open {unit=20sstatus=tnewtsfile=?fourdat.dat?}

Write 1204+%) xr

Close {unit=201}

Stop

£nd
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R i I e T P T T i I I Iy

Subroutine to swop the data
Oqte : 5711784

E.Yudelman

e

Author

One dimensional array to be swoppede.
Size is 128

L L]

Inputs

L1

Same array as input

&
#
&
3
&
%
%
e
b4
EA
Jutput ¥
&
*

sEuNeNoNsReRlaNeloNeNoNa el

&
™
¥
.
%
i*
-3
&
*
&
#®
&
&

R e s a i R L R e R S I R R R T

Subroutine swopin)
Complex*®1b6 xri{l28}
LCommon xr

Complex temp

— s

g0 s s e

Save the old values then swop the data

o - o - -

IO

Do 20 Jj=1lsn/2
Temp=cmplixixrij}}
Xei{di=xrlintin/2ej}}
Xr{int{n/2+jli=temp

20 Continue

Return

End
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LISTING C.5

PR e e e b e Rk e RS R E S e h e ol ook ek o ko s o e e oo e e ok sk ok

ot R oA e W B R B M W B BB o A o B 4 W W o B

Program to caijculate pressure or velocity distributions

in three-dimensions using the Fourier technigue.

Date s 5711784

Author : EsYudelman

£

Inputsr~' ititie - 50 character titie of 3~d graph

[file =~ true if external file to he read
Filename - external file §if ifile is true
Npiot -« number of points to bhe plotted in both

% and ¥y directions

Wave - distance from source plane to requirad
piane
Ipresvel = true if pressure to velocity

conversion is required
Ivelpres - true if velocity to pressure
conversion is required

Qutputs 2 File DATPLOT.DAT - contains the data to be

plotted via the THREED graphics package

# B o oW W W o W b B o d W B g o o

GRERR R RE R e R by RS AL e R A R SR E R R T e R e R e h R E g

- o oo

Define the variables

e g B e S R SRR Y D U S U S TN G s i 4 A

Complex®#16 xr{l28s1288scwkil28)stampsva
Complex tem{l284+128}

Real ruk{9i8lsphasel{lddleviszmag{ll8}
Real rel(32+323s2ziml{32+323

Real#*8 countiscount]j

Integer neiwk{918}

Common xr :

Character®é6 port

Character®50 title

Character®1l5 filename

Type ¥s'Input title of grapht
Read {#:923) titie
Formati{a50}

Port=*_ttc4s?

If file to be read, input the filename

Type #¥¢'file Lo be read 7 (l=vyess0=no}’
Accept %5ifile
If {ifile.eq.l) then
Type *¥3%Input file to be read?
Read (#4925} filename
Format{als}
End if

Type *y3%Enter number of paints %o be plotted?
Accept *.nplot ’
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N=128 ¢ Number of points to be used
Li=10 ! Length of source

Type %3'Enter distance away?

Accept ¥ywave

$=a5 ¢t Sampling interval

L=(n/2}%S

€ e o e e e e i e - et e e i st i o
C Form the input data - if simulation then generate the data
C if measured data then reshufflie data

(o oo o o _ — e o

If {Itilesegel) then

{ wme--—- Measyred data so read it in then reshuffle it to allow ———
L o e . for augmenting zeros et

Read (20s%*) tem
Open f(unit=20sstatus="old*sfile=filename)
Close {unit=20}
Do 333 i=1l.32
Do 223 j=1.:32
Kri{isjl=dcmpixitemliisji}
223 . Continue
333 Continue
Do 122 Jj=1s128
Do 123 1I=15128
If (ielte49.07eiagt.80
% .0r.j.it.‘+9.0r.j.gt.80) then
Xellsjl=dmplix{0.0+0.0)
Eise
Xr{ls j)=dmpix{rel{I~484j=48)sziml{i~484j—%81)
End If ‘
123 Continue
122 ' Continue
Else

C mme—e- Simylations so generate data -

Do 1% I=1len
Do 10 Jj=len
Istart=int{{l-int{il/23)/5)
Tend=int{{l+int({i1l/2}))/s)+1
If {jslesistarteor.jsagteiendesora.iolesistart
* s OFsoiogleiend) then
Xr(i,j)=(0.s0.)
Eise if {joegeistartel.orejseqeiendaorsioeeg
= . sistart+l.0rsiseqgoiendl then
Xr(i,.j)=(.510.) »
Else
*rf{is ji={1s04+0.0)
End If
10 Continue
15 © Continue
£nd If
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P S S— R
C Swop the datas then perform FFT
C e e . s e e - - R
Call swopin}
Call FFT3D(xr 4128412841284 128s1slsiuksrwkecwk)
Type *5° #%2% First FFT completed %*%% ¥
C ===--— Normalize the data returned from the FFT =~=—e-
Do 660 Jj=lsn
Do 670 i=1l.n
Xr{isjl= cmpixi{xriis ji/floatjin}i
670 Caontinue
660 Continue
Type *3°'Dc you want pressure to velocity{l=yes,0O=no}?
Accept #*yipresvel
I¢ (ipresvel.eqg.l} then
t J— - — P— —
C Convert pressure data to velocity data
C - i o IR 0 . S [ —
Type #,4° -~ pressure to velocity conversion —— ¢
Do 229 j=0.63
Do 20 i=0+63
Counti=floatjli}/é3.
Countj=floatjtj}/63.
If {floatjlilegtsb2.%} then
Counti=6245/63.
End if
It (floatjljlegtebZs5) then
Count j=62.5/63. ,
End if
Vivi=counti*®2Z,.+count j¥%2,
Ya=cdsgriti{dempliz{le—vwlVZl)}
Xe{j+lsi+tli=xr{je+lsielli®va
If {iene.0} then
Xrij+len=i+l)=xr{j+lsn~i+ll%va
End if
If {ienes0}! then
Arin=j+lei+ll=xrin=j+lsi+li®va
End §f
1t (i.ne.O.anda.}.ne.O) then
Xe{in=j+len=i+ll=xrin=-je+lyn—j+l}i*¥va
End if
20 Continue
229 Continue
End if

Type ¥*¥4*'¥elocity to pressure ?{l=yess0=nol?
Accept *yivelpres
If {ivelpres.eq.1l}! then
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0 o e o e e o i i S s
C Lonvert veiloclity data to pressure data
o — e e e e s 2 .
Tyvpe *4° —-= ygjocity to pressure conversion — ¢
Do 556 j=0s63
Do 76 i=0463
Counti=floatjl{i}/al.
Count j=float jljl1/763.
if (fioatj(f}ogtoéznﬁ} then
Counti=6h2.5/63.
End §f
If {floatjljleglteb2.5) then
Count i=62,.5/63.
End if
YivZ=counti*¥2.¢count j**2,
VYa=cdsqgrildempixlle=viV¥Z}}
- Xrdjelsielli=xr{j+lsivlliva
*If {ianes0} then
¥r{j+lsn=i+ll=xpr{j+lsn—i+ll/iva
End §f
If {jenes0} then
Xrin=j+lsi+li=xrin-j+lsi+l)fva
End §f
I1f lisneslsanDejene.03} then
Arin=j+lon=f¢li=xrin-j+len—itilfva
Eng if
76 Continue
556 Continue
End if
£ - - S
C Podify by the phase factor
C s R o o A s A gt S - O P R
212 ¥i=wave¥*2.%3.1415
Do 304 j=0:63
Do 30 i=0:63
Counti=float jli}lie3d.
Countj=floatj{jisbsi.
Yive=counti®®2,+counti**2,
Va=cmplxlvli®cdsqgrilidemplix{le=vi¥2}]
If (VivZdelTelel} then ,
Temp=dcmpixicosidreal{-vallssinidreali—-valil}
tise
Temp=dempix{expl—~abs{cdimagi{valll})
End if ‘
Xr{i+lsje*ll=xri{i+lsj+l)}%temp
I1f {isne.0) then
Xef{i+lsn=j+lli=xri{li+lsn=j+l}¥*temp
Eng if
If {j.ne.Q} then
Xrin=j+lsj#+ll=xri{n-i+l.j*1l}%temp
End if
if (ione.ﬂ’aﬂd.j,.ne-()} then
Xrin=ji4+len=jetli=xri{n=ji+lyn~j¢+li*temn
End if
30 Continue
304

Continue
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' e . - _— P
C Perform inverse FFT follwed by swop to restore order
C s o S < T S W] ] o W T [— [
Do 225 Jj=1:128
Dg 226 i=1,128
Xriliejl=dconjoixr{iesj}}
226 Continue
225 Continue
Cali FFT3B{XI912811281123$128§1,1¢iwksrukscwk}'
Type *4°7 ¥%% Second ffT completed %% ¥
Dg 222 Jj=1:128
Do 255 i=1s128
Xri{isii=dconjgixri{isjlil
255 Continue
222 Continue
1090 Calt swopini
C R et s

C Open file for 3-d plotiting and uwrite to it

R ——e — e

Open {unit:21,statusz'new’;fiie='piotdat.dat'}
‘ Writel{21+990)%'a'yl
990 Formati{alsial

Writel2l,:991)%0%:1+1s0s0snplotenplotsls0+0
391 Format{alsi4s81i5})
Writel21+.992)%c®*,%{8{18. 292X3)’
992 Format{alsalld)

Do 400 Jj=68=nptot/2+64+nplot/2
Do 300 i=65-nploti2.64+npliot/2
Krfisjlexrlioji/{flicatinl}
Re=drealixr{iaj}}
Zim=dimagixriis])}
imaglil=sqrilres®d,+2zim¥%2,]}

300 Continue
Hritel(21,99%) {zmaglijlsi j=b65—nplot/24ba+nplots2}
999 Format{8{fB8.2+2X1)
400 Continue
‘ Write{21e9933%F %306 30e¢=1002100310431%0354321us0a5
. 993 Formati{alef9.046{F10.0}+2(5:.0}1}
A Hritel2ls99431%g*s1
994 Formati{alsia}
: Hritel21ls995)'h%51930.95604.43
395 Format{alei9+6{(Fl0.0)9i101}
Writel2ls9963%1%stitie
996 Format{alsas0}
Close funit=21}
Stop

End
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*
i
&%
o
&
*®
*.
&
%
&
&
*
#

i i L e P Y I s I T I I
C %
L o= Subroutine to swop the data
C %
¢ = Date : 5711784
C %
L * Author : EsYudelman
{ #
C = Inputs < Two dimensional array to be swopped.
C % Size is 128 X 128
L %
C = Jutput = Same array as input
{ *
T LT T e R T T R P T T TRy e
Subroutine swopinl
Complex®*lt xr{(128,128)
Common xr
Complex temp
C . s o P— ——— T 42 < S D S 1 S S VD 3
C Save the ofd values then swop the data for the rows
C ~~~~~~~~~~~~~~~~~~~~~~ . J— [
flo 20 J=l,ﬂ
Do 10 i=1lsn/2
Temp=cmpixi{xr{jsi}}
Xrljsid=xrljsintin/2+i}}
Arf{jeintin/Zzeili=temp
10 Continue
20 Continue
C = o 32— i
¢ Save the oid values then swop the data for the columns
o, - S _ o o
Do 40 j=l.n
Do 30 i=lsn/2
Temp=cmpixi{xr{isj}}
XrileJl=caplix{xr{intin/2+ilsjl}}
Arfintin/2+ilsj)=cmpix{temp}
30 Continue
40 Continue
Return

- End
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LISTING C.6

IO OOOMICOOOER

[N e N el

HEEEE LR P AP R R AR AL e R A P Rl S S E AR AR AR F e S SR A e ARk Sk bk ek Sk
% £
* Program to plot the two—dimensional datae. #®
% Compares the results from the integration and Fourier %
* techniquess &
¥ ‘ *
# Date : 5711784 #
* i
# Author : Ee.Yudelman *
# %
* Inputs ¢ Integration data filename - intfile *
* Fourier data filename - fourfitle %
# %
% {Jutputs : Graphs comparing the two technigues *®
& . *
 E s L P R E T P E P e R T TS TR T T
Define the varijables
Real zmagllZ28l:phasi{ll8}
Complex®¥lst xr{128]}
Character®6 port
Character®1l5 intfile
Character®lS fourfile
C s -y s ool o < < N s A S s s S s e < i
c Input the integration and Fourier filenames
C o < . i D SRS T sy S i D * P o e -
Type *3%input integration file name?
Read {(*,877}) intfile
Type *y*Input Fourier file name®
Read (#4877) fourfile
877 Formati{als?}
N=128 ! Number of points
(N — —
C Set port to device to where plotting will take place
c - e i s D S T S S
Port=*_ttobs?
o S — e e o s e s e i e e e P e e i i
C Initialise graphics
C ______ PR s o P,
Call grafic(Z2sporti
C v s B — - amm m
C Set up left lower screen for phase of Fourier data
C . . J—— s e D s o S S o s P
Call posn{ls40+450+405300)
Catll dfﬁaxes‘00‘9-320’32.740 20 )"'].80.,130.945‘913
Call alpsizi{5.0} :
Call axnumileZs0slelsls1l])
Call tcursi{l50+3401}
Call alpsiz{i.}

Lall carwrt{'GRAPH [OF PHASE VS.

TRANSYERSE DISTANCE'}
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Call posltabi{l.,7}
Call atpsizi{2.5}
Call carwrt{*FOURIER"}
Call tecurs{22.:10)
Call alpsiziZ2.5}
Cali carwrt{*TRANSVERSE DISTANCE (WAVELENGTHS)')
Call rrotat{90.}
' Catl tcurs{25:90}
Call alpsizi{Zed)
Call carwrt{*PHASE IN DEGREFS*}
Call rrotati{D.}

C A SRS S OSSO —— P B—— ——
c Set up right lower screen for phase of integration data
C - : ; s o o o . s o . o o e

Call posni{l2s500+:910+405300)

Cali drwaxeS(Ga’-32.932094n}O‘)“18009180»9450$2}
Call alpsiz{l0.0}

Calt axnum{2s2s0s15140s13

Call posiab{2s11}

Call alpsiz(2.5}

Cali carwrt{ INTEGRATIONY)

Call tecursia90+107

Call alpsiz{2.5}

Call carwrt{*TRANSVERSE DISTANCE (HAVCLENGTHS}'I
Call rrotat{90.}

Call tcurs{i4a90.90)

Cali carwrt{*PHASE IN DEGREES?®}

Call rrotati{0.]}

prp— e p—— - e — pr— s p— =

C
C Set up upper half of screen for magnitude
G

o s st o - ey vt st s i v

Call posn{3+40+750,4004690})

Cali drﬁaxes(0-9“3209320?4990090-,l09‘2933

Call axnum{3+2+0s1ls1+1s1}

Call teurs{5Gs700)

‘LCall alpsizi3d.)

Catl carwrt('GRAPH OF MAGNITUDE VS. TRANSVERSE DISTANCE")
Catl tcurstilé0,380)

Call alpsiz{2.5} _

Call carwrt{®*TRANSVERSE DISTANCE {(WAYFLENGTHS}?®)
Call rrotat{90.}

Call tecursiZzs, 450}

Call carwrt{*NCRMALIZED MAGNITUDE"}

Call rrotat{0.,}

{: R g S — P e . s
< Data on frequencys size of source and distance away
C o e o T T s - < P, R ; U PR ———

Call a2lpsiz{2.0}

Call tcurs{780.,690}

Call carwrt{*FREQ : 200 KHZ'}

Call tecurs{7804+670} ‘
Call carwrt{*SIZE : 10 WAVELENGTHS')
Catl tours{780:650)

Catl] carwrt{*MEAS 5 WAVELENGTHS'}
Call tocurs{780+5501} .



s Nalg

w

[ N o T

- 142 ~

Calt newpen{l}

Call alpsizil.0}

Call carwrt{? + + + + & + + +%}
Lall tecurs{B880+550}

Call alpsiz{2.01

Call carwrt{*FOURIER®)
Call tcursi{780+5301

Call newpen{?2}

Call tdrawiB60+5301}

Call tecursi{B880+530})

Call carwrt{*INTEGRATION®)

pr—— s g v . - ;- e

Read fourier data from file

T S ¥ o S " ST G - s s it o s s s g -

Open {(UNIT= ZO,STATUS*‘DLD',FGRP*'FDR%ATTED'aFILE fourtilel
Read {(20+%}) xr
Close {UNIT=20}

Find the phases and the maximum magni tude

e - s, S st s <oy s o

Imax=0.
Do 3 Jj=1len
Re=drealixr(j}}
Zim=dimagi{xr{j})
Zmaglil=sqgriire**2,+zim*%¥2, )
It {reene.Ce) then
Phas{jl=atand{zimfre]
Else
Phas{ ji=90.
End if
If {recltelseandezimait 0.1 phasi{jl=phas{j}-180,
If (resllelecandezimegleCe) phasi jli= phas(4)+180.
If {(zmag{jl.ot.zmax) zmax=zmag{j)
Continue

AR T T D T A I D AP S S T DI D D S - P - s cass

Normallize the magnitude

AR D A ST 4SS ST Pk YD L ST IR S O T D, - s e

Do 4 j=1len

Imagl{jl=zmagl j}/fzmax

If (zmagllilaltaQull phas{ jl=0.
Continue

Plot Fourier data

e o - o - - o ;- - - pre— oy S i U U S Gy B S S GO T G T T

Call doplotizmagsphasslelsnd
Call doploti{zmagsphassZslsn)

BT TR ———— s v

Read integration data from file

D oo awn ST o oo o o = T S Y D D LB ST ST ST

Open [UNIT=20,STATUS='0LD'+FORM="FORMATTED',FILE=intfile)
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Read {(20+%) xr
Close {UNIT=20)

{ D o 0 <UD XD S0 TV S D V) TR 460y D e v D rp————y

C Find the phases and the maximum magnitude

[ oo o oo — e — -

Do & J=l,n
Re=drealixr{j})
Zim=dimagixr{j}}
Imagljl=sqrilres¥2,+zim¥%2,)
Phas{ji=atandlizim/re}
If (recllefecand.zimoelito0.}) phasi jl=phas{ jl=180.
If {recltelCesandszimagtals} phas{jl=phas{jl+180.
If {zmagljlegtezmax) zmax=zmagl )

& Continue

G o ' —_——— e —————

" Normalize the magnitude

C N . P P . . W,
Do 8 j=1,n

Imaglil=zmagljl/zmax
If {zmag{jlelteO.1l} phas{jl=0.

8 Continue

C S S ——— e e s i s s o
C Plot Integration data

C e S b e

Call doploti{zmagsphasslsZanl
Call doplot{izmagsphasselslsnl

A o o T P W I D T D D T T W T T T R T DD D D S G T ) DD ST T S T D T D D S TR T D T S G

End of pilot

o s . - - v o e - o o oy v

e NeNe!

Calil finitt{0+C}
Stop .
End
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Subroutine to plot the magnitude or phase
depending on the value of iflag
iflag=1 -~ plot phase
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Subroutine doplotizmagsphassifiagsifoursnl
Real zmag{l28})sphas{l128}
Xpl==floatjin/4) ¢t Starting point for plotting
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Do 600 j=1lsn
C —ww——= Find the point %o be plotted —=—=—-

It {iflageegs.2) then
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Pit=zmag{j)
Else

Pit=phas(j}
End if
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Piot the phase as discrete lines
Plot the magnitude continuously
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If {iflag.eq.l) then
Call dcursi{ifoursxpieDasl
Calt ddrawlifoursxplspit}
Else
If {jse2gell then
Call doeursi{3s—32.¢0.1
Else
If {ifour.eqa.2) then
Catl ddraw{3sxplspit}
£ise
Cail
End it
End if
End if
Xpi=xpi+,5
Continue
Return
End

crossixplspltslse3}
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Phase to be plotted

Magnitude to be plotted

Integration data piotted
as a sotlid tine

Fourier data piotted as
crosses





