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In this thesis, an ocean bottom return signal-model for a wide

swath multi-beam bottom mapping system is/fﬁﬁia;;;;d and digital ‘signal

' °

processing techniques for mapping applications have been invesfigated.

First, a mathematical model forwrepresenting the smooth envelope
function of the bottom return signal received from a number of spatial
directions comprising a wide swath i% presented. The computer siﬁﬁ]a-
tion results show that the -3 dB width thghé‘envelope‘¥unction is c1ose1y.

‘matched to the expected echo duration for each spatial direction. It is

found that with the inﬁroduction of background noise and amplitude“fluct-

. uations in the expected envelope, the model represents. a backscattered

- signal that would be seen by a bottom‘mapping system.

Following this, a digital nonrecursive matched filper for ffrocess-

- " ing-the ocean bottom return signals has been investigated Different

windows, ‘in both the frequency and time domains, grg.con§j§eredr’ Base

B ¢
on the results of the investigation it is found that the Tukey wind

G e
is the best window for‘mappinﬁ appligg:16ns. For the Tukey winqu, the

. - // . " ’
tapering coefficient is optimized to obtain the best performance.
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- is presented. The high speed canvolution is synthesized~using FFT.
. . ‘ -/
Vs
Sectioning techniques are used to obﬁain an gffj ent processor. The
s \ /

signa1/ rocéSsor/éutput results demonstrate the/gffectivéﬁéss of the
{ ) ‘ ’ .

filgér. It 1s‘§een from the computer siT:}i;iénthéﬁ/the background

/
67se is smoothed, while, producing a&&gn return/with a well defined
peak. The error in of arr1va] is fouT:/Ep/be less than 3 ms and
the ef}or in s]ént range is 1es€/;han 0 lé/ or an ayerage s1gna1 -to-

*noige rat1o of ]5 dB and a Z/rfﬁca] ocedn depth of 12000 ft. .These

- re§ults apply to mapping at angles p to + 45° off vertical.

L. - -~ ‘ ’ o i

The high speed convolution using special transform techniques
‘has also been studied and compared with the FFT implementation With ] s -
sped1a1 purpose hardware, the mu1t1d1mens1ona1 techn1ques using the !
. Fermat Number Transform (FNT) prov1de better computat1ona1 eff1c1ency '
‘than the FFT implementation. It is felt td%’ further improvements in ' b
" the computational éff1c1ency can be achieved using ¢ ‘%ﬁc1a] transform ¢ |

technlques - . -
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time, s o
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time of arriJa] error in the”lmatchedx
-3 dB beam width, rad

acoustic wave]gggth

standard deviation

jndicates summation

¥

time duration of the sinusoidal transmitted pulse, s

beam steering angle, deg.

A\

-

¢ £ any function of the continuous time variable t

any fﬁngtjon of the continuous frequency variable f

any function of the discrete time variable k
the discrete Fourier transform of h(k)

/

The following n tions are carried out throughout this thesis:

s

4bandw}dth of Towpass filter (np]tiplicat1ve noise)

filter output
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CHAPTER 1

E INTRODUCTION

1.1 BACKGROUNG?¢

° -
- The mapping of the ocean

floor topography is gainiﬁg 1né}ea;1ng‘
, qt;/ ’1mp?rtance because of the ever-increasing'a;hands of energy and natural
- wealth which are abundant, but not yet fully exploited in énd under the -
oceans. A wide swath ocean bottom mapping system is one such method to
, efficiently provide bathymetric data over large areas o% the ocean
bottom by obtaining precision maps. The app]icatfongof precision oceaﬁ

mapping @re many and varied as outlined in the following points:

i) Topography and Mapping - for development of raw materials from

the ocean, installation of equipment and pipelines, and land reclamation.

\ ii) Positioning and Navigation - both surface and submerged.

iii) Bouhdary Demarcation and Determination.

iv) Hydrographic and Geological Surveying.

v) Ground Discrimin&tion - for identifying the nature of the bottom. .

vi) Recovery and search of underwater objects and equipment.
vii) Ecology - related to garbage disposal and other ocean dumping.,
-viii) Improved information about the ocean floor and acting as a warning
~_ system. -
”1x) Gravity measurements at ocean floor - for 1mﬁroved datum relation-
" ship.' , ‘

D}ummqnd (1] {nvekt%gated the currént status and fequiremmts for

ocean bottom mapping and has pointed out. that bathymetric data taken



M-

ir

--over some areas, of the ocean are old or inadequa;é and need 6 be updated

?

with more precision.

-

1.2 GENERAL "DESCRIPTION OF A WIDE SWATH BOTTOM:MAPPING SYSTEM

e -

-

‘A wide swath bottom mapping system provides bathymetric data over
large areas of the ocean bottom. ”Th; general structure of such a system
is as shown jn‘Figurg 1}1. It con§i§ts of a data processing system (DPS)
wh%ch,provides overall system control and decision mak%ng, a contro]y/
display unit, a signal generator, an array for trggsmitting and receiving
acoustic energy, and a siéna] proéessor for detécfing and estimaiing the

values of the parameters (the time-of-arrival paté, depth, steering

. angle, and the expected echo duration) representing the signal.

The transmitting array of transducers provides a high-intensity -

acoustic signal with a stabilized fan shaped beam pattern. A parametric
arréy [2] could/also be used in this application. The athwartships beam-

width is large enough to cover the desired angular swath centereqd on the
A }/, * N

vertical underneath the survey vessel. Figure 1.2 shows the swath geometry

. ) - .
“for the ocean bottom bathymetry, The_receive hydrophone array receives

the acoustic signals reflected from the ocean bottom swath insonifited by

the transmtitted beam and spatially separates the signals into a number of

.stabilized preformed beams. The ocean bottom return signal from each

beam is then processed by the signal processor to improve the signal-to-

‘noise ratio to extract time<of-arrival data for each beam. output. The

-

data‘ﬁkocessing sjstem could be a general-purpose computer for ;oordinat- E

ing the activities of yhe entire wide swath bottom mapping system. It

also receives the processed data from the signdi processor and perqums~

[

ad wn bavas

rf;"\\‘i



Q \
o - - , o |
.~ R < .
- wa3sAs burddely wWojjleg e JO 34NIONUIS | RAIUIY JP; ENIL Y| , 7~ -
- 4 .
. \ N N ' - 3 :
1
| . , -
. . Y0SS3I0Ud " —
- TYN9IS . i
. ‘ W3LSAS .
AV o . HNISSII0Yd
¥IONASNVYL |~ ‘ . : _viva
INIAIION | | yorvusiao ,
aNv .
ONILLISNVAL RIS o
= i -
. . - 1mn - | 3 "
= AVIdSI0 ]~ b
, /0YINOD |-
\ - - - . k s
~ ) a\\\\\ ) A .- ; ’
\WN.. . \\\}.\ - . . -
\\\\\«» o . S ’
o i
T .
‘ -’ o’ ) - / /
» ;u . - o




DIRECTIGN OF

- TRAVEL
,.

, : 'f_/ - FIGURE 1.2:

SWATH GEOMETRY

WIDE SWATH




"
.,

some spectal” functions Tike detegfing the signal and providing details
. , ' \:\
for display.
// ’ \
¢ The wide swath bottom mapping system is a mu]tiqpeam sonar system

which provyides maps for a wide swath as shown in Figure 1.2, Compared
, ) to conventional single beam echo, sounding methods proyiding topographfé
data only along a single traverse diregtly beneath the survey ship's

[>3

track, the techniques presented here are far more efficient. s
i . .

1.3 REVIEW OF PREVIOUS WORK

The early deve]opmenp; in the fi%ld of topography and ocean bottom
mapping can be tfaced out ;Z early as erlg War I [3]. The fathometer,
Qdeve]oped by Harvey Hayes, was one of fhe éar]iest instruments ysed for
mapping the contours of the ocean bottom. Then the echo sounder was
developed andnwigely used. ESsential]y,~{t has a projector to transmit
\ . o an acoustic signal, a hydrophone for receiving the reflected signal from
the oceanif1oor and a recorder/display which reads the ocean depth by

measuring the elapsed time between the transmission and the return of

‘the echo from the ocean bottom.

The narrow_beam echo sounding system came into existence, and used
. . a low-frequengy, directional beam to achieve a better resolution. To-

obtain-these characteristics, the transducer has to be large. This

problem was overcome by parametric sonar. Westervelt [4] developed the
theory ¢f non-Tinear interaction of two parallel-plane sound waves, P

later became the basis of parametric sonar. Parametric sonar has

' several attréctive properties: for example, no sidelobe radiation at the

difference freguency, and a parrow béqm width. The techniques described

*
=,
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above are essentially single beam mapping systems. ‘n
. &

Glenn [5] investigated a multi-narrow beam sonar system. He

painted out that guess work made by the single beam s}stems in describ-
ing the morphology of the feature was eliminated by the use of multi;ﬁ//’.
beam systems. He discussed two commercially available systems, BO'§/
and SEA -BEAM, and pe conc]uded&that these systems requifed advancement
in navigation and data pro;essing. ’ ,-/’/ |
Recently, thene‘ha;“been interest in deve]opingban efficient
signal processing for mapping applications. The signal processing is
done by two methods, digifallor optical. Hogan |6] ané]ysed a Digital
Survey Fathometer providiné chart display and digital output. It
features automatic phasing, tiﬁé—varying gain circuitry and bottom
acquisition gating and provides a high resﬁlution, quality bathymetric

)

\ . .
profiles. But 'its operation is limited to 2000 ft in depth.

Brundage and Patterson (7] used optical tools for ocean bottom
mapping. They used in-water Light Behind Camera (LIBECj technique.‘
The'mapping bf the ocean floor. was done,wiéh strips of overlapping
LIBEQ photograpﬁs. Such tEchniques, however, are depth-limited and

only work well in clear fluid.

Lee [8) presented a synthetic aperture radar (SAR) technique to
hnderwater mapping applications. - He pointed out that map resolutions,
both in azimuth\and in range were derived using the SAR technique.

Various methods were discussed in his paper to significantly improve

o

the system mapping rate. The synthetic arfay processing which is

basjca]ly a matched-filter operation, followed by lowpass filtering. )
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= f |
The output of the filter is 11near1¥ degected, logarithmically compressed,
and outputted to the display console. He considered a digital means of
processing rather than an optical Aethod because of %ts flexibility,

small size, and adaptability to real-time operation.

' Folds and Anderson [9] developed a mathematical model for a comp-
uter simulation of both the side-looking and forward-looking high, resol-

ution sonar systems.

Bartram [10] presented a methbd~of estimating the Doppler frequency
shift of an echo reflected from the ocean bottom. He made use of the
possible alternative signal characteristics of the signal spectrum by
representing the Doppler spectrum by a Gaussian shape. He derived a
signal processor by maximum likelihood methods ané evaluated.its perfor-
mance under jdeal conditions. Tﬁis work is considered a'valuable and

timely contribution to the modeling of ocean bottom scattered signals.

|

Morgera [11] presemted a signal processing technique for multi-
beam precise ocean mapping. The bottom return signal model and accomp-
gnying signal processor for a wide swath bottom mapping system were des-
cribed. He modeled the expected envelope of the signal received from
various spatialxdirectibns as a smooth nearly Gaussian-shaped function
for near-vertical steering angles and a‘néarly Rayleigh-shaped function
for off-vertica]Qanglé&. The siéna] processor was essentiai]y a matched
filter matched to the received signal envelope fpr each of the steering
angles. He deri#és‘thg-matched filter by using stdages of cascaded one-
bo]e recursive filters to obtaih an fmpulse response of the proper shape

for each stéering ngTé [12]. The technique is onebwhich\appears to

. o

i - , .
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prov1de accurate w1de swath maps with a mxnimum of processing comp1exity
In addition to not havxng the vehicle speed dependent accuracy of the

SAR technique, the amount of hardware required for implementation is

considerably reduced.

1.4  SCOPE QF THE RESEARCH WORK

-

The scope of this thesis is tp formulate an ocean bottom return —
signal model and develop an efficient digital signal processiné'techn{que

for a wide swath bottom mapping system. ’ Cee

A mathemat1ca1 model representing the expected envelope of the
«s1gna1 rece1ved from the various spatial directions is derived as a
_smooth bdttom function representing the effects of the two-way (trans-

.- : N ‘
mit-receive) spatial beam pattern, 'ahgle of incidence, and depth in

" Chapter II. A charéaterlzat1on of the bottom return signal is obta1ned

by corrupting the smooth enve]ope funct1on w1th additive and multiplica-
tive no]se.d1stu es. A computer s1mulat1on of the bottom return .

signal mode is also outlined in Chapter II.

In Chapter III, a brief study of matched-filter theory is present-

ed. wlndow1ng is performed to obta1n a finite impulse response of the

\ matched .filter. D1fferent w1ndow functions both in the frequency and

t1me domain are con51dered and the optimal w1ndow for the ‘mapping appl—
ication is selected. The techniques presented here,d1ffer-from those
of [11] in that we employ a non-recursive matched filter for the various.

spatial angles, rather than a recursive matched filter.

The ma tched-filter implementation using High SW:ed‘Conydlufion

is considered in Chapter LV. First the hjgh;speed implementation using



fast Fqurier transform (FFT) is presented. -Sectioning techniques are I :

' ' ' i
used with FFT to derive an eff1c1ent method of processing. The high i
speed convolut1on using some spec1a1 transforms is considered and

compared with the FFT implementation. Yo

1
.

In-Chapter V, the\perfoﬁmdnce evaluation of the overdll system
&s provided. The simulation results describing the model and the

signal processor are provided with descriptive figures and tables;///

Fina]]y, in Chapter VI a conclusion on signa] processiﬁg for =
prec1s1on w1de swath ocean bottom bathymetry is drawn from the s1mu1a-

tion and the s1gna] processing techn1ques adopted. Recommendat1ons for

further research are outlined. '
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" CHAPTER 1I : c o)
). B R .
4 MATHEMATICAL MODELING AND.SIMULATION
- . OF A BOTTOM RETURN SIGNAL N
_ 231 BACKGROUND - - S

J——

) Id this chapter, a rea]istip mathematical mode} is deye]oped for
. fhe ocegn bottom return signal. The Rician probability density funcﬁion
(PDF) commonly used in-communicatiodf to describe a slow fading channel
03,4] is made use of as a starting point in the formulation of the mod- |
el. By selecting new sets of’parameters in tde Ricidn PDF, the function-
al form is seen to closely m model the envelope of a s1gna1 backscattered

° F}

‘ into various spatial directions from the ocean bottom. Slmulat1on is s

. L v 4
carried out using a dii::i}'cunputer to investigate the performance of

. ©  the model.

A
* |

x The wide swath bottom mapp1ng system is assumed to be equipped

with a high resolution beam former DSL The output of all the beams are "

-

modeied as a signal backscattered from thé random rough sea floor except
> those oriented within' the vicinity 0f normal incidence to tHe’bottog,

. where "the rough surface becomes effectively smooth. -The criterion for

4

the roughness of the sea floor is given by the Rayleigh parameter, defined

e n |

as R = 2hsing/X , where 6 is the angle of incidence,‘x is the acoustic ' B
. - . wave]eng}h andfh is the- mean peak-trough roughness. When R >> 1, the sea

floor acts as a scatterer, sending incoherent enefdy in alt directions . ,
representing a random rough floor [2]. The spatial correlation distance

of the bottom roughness is assumed to be neg]igib]e relative to the in-

sonified areh In thws work a high intensity s1nu501da1 burst, relatively = -

\ short in durqt1on is used as transm1t signal. The envelope may be rectang< !

v ular, as assumed here, or shaped, if this is desirable. .

o
1 4 . [ ; ?
- . ) 3
- ‘ N ‘ )




4 v . ,
. n
- ' '

c . - The above assumptions permit representing the backscattered

- g

- energy as a burst of narrow Band noise, a'mph'tude’ weighted\a‘s a functibn : v

, of time by the intersection of the spatial beam pattem with the bottom..

«

The enve]ope of the backscattered s1gna1 is best modeled as a determin-
| 1st1c.funct1on,. the shape of which-depends on the steering angle (<b)
[! ' -~ -and depth (d) and héving both additi\)e amd ‘%u]ﬁipfi Live noise distur-
E S o Eances. If the spatial beam pattern is approximatej‘:l a Gaussian func-

t1on, the enve]ope of the bottom return signal for the beam near the

‘ vertical appears to have a Gaussian shape with a smooth transition to-

s an approximately Raylei gh-shape faor 1arger steering angles as shown—in

-

Figure 2.1. The peak of the bottom return s‘igna] enve]bpe corresponds

. . |
% . i

to the maximum response axis (MRA) of the beam. We note that the envel-
ope function and its’ dependence on xsteering angle and ‘depth closely re- ' |

; semble the Rician probability density function (PDF) in shape [1].
2.2 MATHEMATICAL MODELING OF THE BOTTOM RETURN SIGNAL '
L ‘ ) - -
\ A mathematical model for the bottom retwrn signal for a wide

swath bottom mapping system is developed. The ‘envelope of the signal .
received from the various spatial directions is modeled as a smooth,
- - . 4 .

~ nearly Rician function representing the effects of the two-way ,spat'i‘al

-beam pattern, angle of incidence, and depth. oy : |

" . 2,.2.i Probability Densityi Function for the Envelope of Sine Wave
Plus Noise [16-18]

Consider a carrier wave E Cosw-t with a white Gauss.ian noise
passed tprough a narrow band filter followed by a Hnear envelope
detector as shown 1’n Figyre 2 2. The output s1gna1 of the narrow band y

fﬂter w1thout the noise can be written as: .
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Sy(t) = B cos (ugt + 6) : (2.1)°
Rewriting equation (2.1) ‘ |

So(t) = Ej¢ cos wet + Ep sin gt . ) (2:2)
where ¢ = [Eycf + EZCZ]%f o '

A

Equation (2.4) represents the envelo

‘the PDF of the output r(t) can be evaluated.

-1 '
d ta .
a.n , S n [EZC/EICJ .
The output noise of the narrow band filter will be Gaussian and

can be represented as | : | ’

!

nolt) = X(t) cos wet + Y(t) sin wet | . (2.3) .

Z(t) Cog(wct + ¢c)

-

where X(t) and Y(t) are independent normally distributed (Gaussian)

random variables with zero mean and variances 02, respectively

Z(t) = [X2(t) + v2(t)]E ~ L

I

and 0 = tan"I[V(t)/X(t)]

Now the signal plus nbise at the filter output e4(t) “can be ob-
tained by adding equations (2.2) and (2.3):
eg(t) = r(t) cos(wct +.6) . ' (2.4)

where  [r(t)]12 = (€ + X(t)12 + [E5 + Y(£)]°
! - _][EZC + Y(t)]

-phase of the output signal of the”’
narrow band filter. If e,(t) is applied to a linear envelope detector,

the output,will be r(t), the envelope of the input to the detector.

From the probability density function (POF) of X(.{:) and Y(t),

n

P = A ne e it —— g 4

3
:
!
{
I

bt g bbb > =
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CLet r(t) = [2(t) + 21T (2.5) \ B
where x7(t) =By * X(t) ' | . C : '
and yy(t)  sE (D) . e 4

i

Since X(t) (agd Y(t) are ir{dependent normally distributed random variaﬁlqs,/
. - ] ) /

" xq(t) and yj(t) are also independent normally distributed random vari- ' /oo

.
ables with mean values E]c and'Ezc, and variances o respectively. .o ' ‘
The relationship among the quantities (r, 8),(E., ) and (Z, &)
dre vectorially shown in Fi gure 2.3. " Thus the probability densities

of the random variables xy’and y; are

- ‘ 27 .
, i (X] - E] ) '
. p(x] = ] exp |- ————-—-2~S—- '\\ " (2.6)
: [2ﬂ02]? oo ] 20 . \g
[ ’ .l’ - ' 2_ '
( ) ] - [ ~(y] - EZC) / - (2 7)
‘ Plyy) = ——7 exp |- ——s—— Z .
] - [2me®] 202 -7
L i | -

Then the joint probability density function p(x| N y-,),is the product of

tﬁe two first order Gaussian probability densities p(xy) and p(yjy): )

p(x1,s yg?'* plxi)-plyr) | (2.8)
T (xy - E1¢)2 +(y - Egc)z
= — exp_|- ‘
2rg 202

By using

the joint PDF can be expressed as

p(x1 ,y]) dx., dyy = p(r,8) drds

X} = rcos6 and = rsin g

(2.9)

The area elements in the two co-ordinate systems can be expressed in

terms of the Jacobian as:

s



.o N [}
Q
- -16-" ' /
drdg = J [(r.e)/(x],yl)] dx, dy, I ,
; L4
where J is the Jacobian of the transformation given by the determlnant
ar3r |
; ' Wi
J [(r,e)/(x]’y1)] = = F
/ ax; 3y, : o | !
. Thus transforming the differen};a] area dx]dy] to r drde, the joint PDF is
. ’ > , s
- 2 A (r2+E]c2+E2C2-2rE1Ccose¥2rE2csin8) ‘
o(r,0) <[ (ro e [- et 1 Tre Ty |
‘ | 2 (2.10
. Letting E]Ccose+E2csine = Eccos(e-a),
r : r2+Ec2-2rEtcos(e-6) fcace
— exp [- ——y ] ’
~ d aide] ’ 20 0 ie_ai 2
i \ p(rae) = J’
\ (2.11)
0  , elsewhere
where r = (x]2+y]2)* and 8 = tan'T(y]/x])

., 7 Unlike Xy and f], r and 8 are not statistica11y 1ndependent because of-

the term 2rECcos(6-6) in the exponent of equat1on (2.11). By integrating .

equation (2.11) over 6,

(r) can be obta1ned as:

' it ’
. p(r) =f p(r,8) do :
' 0
. , ) .
2n : N o .
. r2+EC2—2rEccos(e-6) .

./ A 7 @ . (2.02)

o 2no ‘ 2 3 T |

/
)

Equation (2.1é) gives the PDF for the envqlopé r(t):

(r/c exp [-

(r4g 2/ (269)] 10 )/(6D)] . (203
P

,
-

~



¢ . . .
" where Io(x) is the modified Bessel function of the first kind g:d‘zero

.
toe =17-
P (A

. .

\
order and defined as thecg:finite integral - \ ,///

/

o ' am ; ® . '
) X C0s8
1) =12 f e do_=g (x2722M) (n1)? o
\ 0 ‘N=0 ’

Equation (2.13) 'is known as the Rician probability d5ﬁ§$¢;>functjon.

¢
by

-

2.2.2 Limiting Forms for.the Rician PDF |

/

Let S be the signal to roise ratio (SNR) at the input to th§
detector. Then’ "

s = £ /2" " | (2.14)
Now in terms of the input SNR, the POF at the output of the linear

envelope detector is given by

ﬂ,Q(” =(Y‘/02)exp [— (92/202) - S] Io [(r/c)(ZS)i] (2.15)
For § = 0, Lo
o(r) = r/od)exp (-rPr2e®) | (2.16)

Using the épproximations of the Bessel function }o(x):

2

x</4 %<

b1 (x) = : . (2.17)
eX/(2m)t , w>1

" Therefore, equation (2.15) approximates to

o /’ A
Nir/e%)exp (-r¥r20%) , §<<1 (2.18)
p(r) =q.- N A .
[/(2re) exp [-(r-E)%/26%] 01 (2.19) « -



pectively.

' - =18-

_ The equations (2.18) and (2.19) can be observed to be Rayleigh and

-

Gaussian density: functions, respectively. Thus it can be seen that the’
outpn% signal density function (R1c1anT’DF) tends to a Ray1e1gh function
for s<<1 (i.e., presence of narrow- band Gaussian noise on]y) and becomes
a Gaussian funct1on for $>>1 (i.e. presence of signal with increased

power) and is illustrated in Figure 2.4.

w

2.3 SYNTHESIS OF BOTTOM RETURN SIGNAL USING THE-RICIAN FUNCTIONAL FORM .

The- famiTy of curves representing the Rician function can approx-

jmatg’ the envelope of the signal received from the ocean bottom by chgnge

f parameters in the Rician POF (2.15f. In the limits s>>1 and, s<<1,

‘the Rician PDF represents the envelope of the bottom return signal for

near vertical steering angle*(¢=~0) and for larger steering angles, res-
]

. i
Let E. and o be assumed to be a function of beam steering angle

relative to the vertical (¢) and depth of the ocean (d) (cf. Figure 2.1)

as:

Ec = f(0)

g(¢,d)

and g

Now referring to equations (2.16)-(2.19), it can be seen that for increa-
- sing values of steering angle @, Ec'must decrease and o must increase in

‘order to achieve the desired model. . :

Therefore, for & = 90 deg.
C 2020 e -

§ = Ec"/20"= U orge = (2.20)

and for ¢.= 0 deg, \

=g > 1 | (2.1
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It is possible to select a function f?@) of the form: -

£(¢) = t[exp (cose) - 1] @2y

which would satisfy the conditions in equations (2.20) and (2.21).
Equation (2.22) is one of many possible functions that will satisfy such
a ‘functional relationship. It should be noted that in equation (2.22),

T corresponds to the transmitted signal time duration.

The depengence of the standard deviation o on ¢ and d c¢an be

expressed [11,19]:

o =a T(%d) . ' e ’("2.23)

where o is a constant -chosen such that T(é,d), the exbected echo dura-
tion, is neéF]y équa] to the -jﬁé width of thé envelope of the bottom
return signal [11]. . o | . |
‘The expression for T(@,di can be obtained from the geometric
construction shown 1in Figure.Z.S'[21]. Consider a beam pointing at an '
angle ¢ degree from the vertical and 8g is the beam width angle. . The
center 6f the beam strikes at D,'the inner edge at B and outer edge at
C. BE représents the wa9e~front: The points B and E on the incoming
wavefront which traveled together q% launch time arrive back at the
receiver sepaféfed from each other by the. propagation tjme to fraverée
dﬁstance ZEC; The regeived echo pulse has therefore been stretched. \
The time strétching does not occur when EC becomes small or very near ;\
to zero. That is féf vertical steering angle (ézo), EC vanishés, there- '
by the reéeived echo duration is almost equal to the time duration of

the transmitted pulse. 'Therefore, time duration due -to stretching =

2eC/c, ¢ is the -average velocity of sound in water.
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\ . Lo
Using geometrical relationship in Figure 2.5 ' ‘ _

~ \ 7 T

2. : S S
—EEE- = ZEEQ- S1n<¢~# eR/Z) '
Lo @ ACsineg . \ s
R GR/271~s1n (¢ + BR/Z)
o q sin 8 ; )
T 't TCos(d +872]  cos(@ - eRTZ)"S”’ (¢ + op/ ).._-

e

sin 8 .
2d . _R . tan (¢ + 6,/2)
cos (‘- eR/Z) c - R

)
0
“
.
LS : ' U
L

Since'_eR is very small (eR ¥1°) and eR << ¢, the expécted echo duration

R

[}

can be approximated to

T (¢,d) = time duration due to stretching + time, duration of the

o transmitted pulse

Al

= (2d/c)6R tan $ sec ¢ + T ‘ yd (2.28)

where T (¢,d) is the expected echo duration ﬂ sec&ﬁds

c is thé ave}age velocity of sound in water , ft/s
® is the beam steering/angle *, deg. a
é is the operatiqg depth ', ft.

By 18 the -3dB down beam width ,  rad.

and 't is the time.duration of the sinusoidal probe pulse , seconds.

Once the expression for Tr(¢,d) is obtained, the constant o has

“ *

to be evaluated for all the beam steering ang]és. S 3

For Near Vertical Steering Angles (& = 0):

In the case of near vertical steering angles, it has been ‘shown™

g

, L]
? . s @

S &l s e+ W Sn ot

.
B
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that the Rician function approximates a Gadﬁsian POF. . Hence from

°y | equation (2.19) ;
ﬂ’ b ( h' ﬂ .
- 2, 29y~ :
p(r) = [1/(2mc%) ] exp (-2%/2) - (2.25) ,
r = Ec +ao’ ~ : i ’ * ) '
_ Now reférring to Figure 2.6, p(r*r = 0.707 A 3
- ' = Ec + ao 4
. 8 - ' M ! j‘.
Therefore, the value of "a", can be calculated as 0.833. A
‘ Since T (¢,d) is the expected echo duration corresponding to é
T i3 width, o “
SR T (0:d) = 2 ao : )
. Also T (9,d) = o/a ‘
; ] o Therefore, a i 1/2a, = 0.6 (2.26) '
‘. ' - . \
aé " For Steering Angles Away from Vertical
E o ’ — . '
% In -this case, theqRicidn‘function approximates a Rayleigh funct-
- , Hiqn as dgiven in equation (2.18). Now referring to Figura\é.7, the
1 .. values of ry and ré corresponding to 0.707 of the peak value (-3db down) 2
L can be obtained by substituting r = ac.in equation (2.18). That is
‘: . ' ‘ . C:NJ . l:
. . p(ﬂf = (a/0) exp (-a%/2) = 0.707/a(e)? (2.27) -
- o ~ r=ac . ’ . -
d; - h . - ’ 0
‘3,3 © ) From eduation (2.25), there will be two values of "qf correspdnding to
: s r1 and rp, and théy are ry = 0.483 and‘ré =z 1.637. i o~
o *_ " Hence . . ‘ ‘ 2
B i . T (ed) = (rp-r1)o ’ oo . :
T e . " (2:28)
LK o AN ) . < . ' ; o
} - Therefore R - s . x -’
i of = 1/-(!‘2-!"]) = 0.8 S ’
| | | o D
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2.4 SUMMARY OF THE MATHEMATICAL MODEL

’

~ . t

From the preceding sections it is evident that thegy Rician funct-

ional form represents the envelope of the received backscattered signal

-from the ocean bottom and is given by:

h(t) = (t/o%) exp -[(t2+Ec2)/202] Io(tEc/cz) - (2.29)

wheré h(t) is the envelope of the bottom return signal

Ec = T [ exp (cos¢)-1 1] _ . ) k (2.30)
o = a8 1‘(2d/c) tan ¢ sec & + T ] L - (Z.3l)
0.6, .(near vertical)
a = - ’
+ |o.8, (otherwise) C o (2.32)
- ° 9 y
(cf. Table 21) '

-~ .
In the model, several parameters can be)adjustéd to obtain a realistic -

signal, -depending on specific geometric and geographic conditions.

2.5 . - INTRODUCTION OF NOISE

. Once the smooth envelope function of the bottoﬁ retyrn signal is °

- developed, a more sophisticated and realistic model is obtained by intro-

ducing fluctuation noise into the model thereby adequately résresent1ng
the characteristics of a sonar channel. Under actual operating condi-
tions,. our assumptions of the scattering-process and an examination of the

real data obtained from the ocean bottom,*indicate that the enVeiope,~ -

is corrupted by both additive and mu]tiplicétive noise disturbances

[11, 19-200.- | -

LS

4




.
ey bz S m -

ettt

"/ . ‘26‘ . -7
— N )

Generally, the unwanted noises corrupting the acoustic signal

* are classified as ambient noise and reverberant noise. Ambiient noise

is the background nojse, generaﬁ]y additive, that is generated by the

.numerous other sources of acoustic energy in the ocean. These: are

“noises that are everpresent in the ocean whether the signal is trans-

mitted or not. The reverberant noise arises as a consequence of the
transmission.. This includes the multipath echoes from the random-rough
sea floor, sea surface and the reflections from the numerous particles
suspended in th&water. The net effect of the sea floor scattering,
the reverberant noise of principal pohcern to Qg here, is‘to introduce
fluctuations in tﬂe bottom réturnfsmooth e6velope which seem best intro-
duceg in a multiplicative fashion [2].

Let the smooth bottom function be sampled at a rate sufficiently
higher than the Nyquist rate, then the k th timer sample-b(k) of the

.

bottom return signal is given by \
. “ )

b(k) = gy(k)h(K) + ga(k) - (2.33)

’

where h(k) 1is the discrete smooth bottom function.
" gy(k) is the output of the band Timiting digital. lowpass filter '
for the. multiplicative noise,
gp(k) is the output of the bandlimiting digital lowpass filter

for the additive noise.

’

-The output of the filters are givep by
gy(k) = ny(k)* fi(k)

and  galk) = np(k)# fa(k) L, (23

where n1(k) and np(k), k =1,2,...K are statistically indepenaén{

</
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“is realistic and reasonable [11]. The values of,thesgérameters chosen
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“white sequences which are normally distributed with nean’zero and vari- -

2

a 2
ance o - and -p)

, respectively and * denotes the convolution operation.

" The discrete functions flks f2k are the sampled impulse resbonses of the

digital 1ow;a§§5fjlters used to bandlimit the multiplicative and addi-

_tive noise disturbances.

The filter f; is a function of the signal bandwidth and f; is a

function, of the input noise bandwidth. The vam‘ance'o]2 of the multi-

plicative noise disturbance‘wm controls the signall level“and the band-

width wy of filter fy sets the fluctuation rate of the bottom return

2

signal. The variance o,” of the additive noise disturbance np controls

the background noise level and in conjunction with the bandwidth wp of
. 8

the filter f5 establishes the input SNRef 117]. The schematic diagram
shown in figure 2.8 outlines the method used in th simulation of the

bottom return signal. ? - &/ ‘ ;

2.6 SIMULATION OF THE MODEL

The discrete smooth bottom return signal envelope - :

' KERT
K 2 %
h(k) = —7 exp [-(k2+Ec2)/20 ] Io(TC)
o o
where E. = T - [exp(cos) -1] and ¢ = [eR-gg-.égg% + 7] y

is simulated using the Digital Computar (CC CYBER 172) to verify the

' mgdel. A1l the programs and their brief descriptions are given in'thg

Appendix .C . Experﬁnpnta] data have been previqusly obtained, so that

* the simulated model for the backscattered signal:.from the bottom surface

for realizing the smooth bottom function are:

i

ol - =X

PR, S,
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- The acoustic signal beam width (8g) = 1° or m/180 rad. |
o Qﬁerating depth (d) = 2000 fathoms -or 12000 ft.
The pulse length (t) = 0.01 S. ’
'The-average velocity of sound in water (c) = 4800 ft/s,
Tﬁe,stegring angie of the beam-for 0 degree and 15, 30 and 45

degrees on either side of the vertical are considered. The values of

Ec and o are calculated for all steering angles and then h(k), the dis-
crete samples of the smooth bottom function for the corresponding time
#
k

1nteger are obtained for each steering angle. It is seen already

that for steering angles away from vertical, pulse stretch1ng occurs
So if number of samples (K) is kept constant, then, for 1ncreas1ng steer-
ihg angles the sampling ‘time increases (cf. Table 2.2). The plots of

the smooth bottom function for the various steering angles are shown in
/

‘Figures 2.9-2.13. - ’

In the model we use « r;f,\j

o = aT(¢,d)

i

where ‘T(¢,d) is the expected echo duration.

!

The optimum values of o are chosen to Qet the best possible res-
ults in obtaining the -3dB~ban&widfh of the envelope very nearly equal

to tﬁe‘fheoretica1 values. Thesé values of o are given in. Table 2.1.

/.

# The time integer k denotes the exact samp11nq t1me kTs

where the samp11ng ‘time T = 1/f ané“fs is the sampT1ng fredquency.

v K
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YALUES OF o FOR

TABLE 2.1

SELECTED STEERING ANGLES

STEERING ANGLE
¢ » DEGREES

o (EXACT)

o (OPTIMUM)

‘
0 0.6 0.65
! ’
'
-~ * ~
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’ 15 0.8 0.7
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S o Tﬁe"peak amp1itude A the correspond1ng time tpj the -3 dB bandw1dth (
- - ' the ~40dB bandwidth for each of the steer1ng angle(s) are shown in
, . Table 2.2. The expected gcho dufat1on T(%,d) for each of the steering .

angles is seen to correspond clos8ly to the -3dB widths of the bottom

return signals. = o '

: o ¢ ¥ ' -Oece the smooth bottpm function is rea]%zed, the additive and' .
the mu]tip]icgtiee noise distungggceslare {nttoduced to obtain the

“‘complete model. Random number generators are used to derive nj(k) and

ng(k), k=1, 2, ...K, the statistically independent white noise sequences

. ' ) normally distributed with mean zerouand variances 012 and 022, respect- ;

| ‘ ively. The noise sequences are passed through?digital lowpass filters ;

f], fo to band11mit both the noise d1sturbances

- A th1rd order recurs1ve filter using Butterworth Approx1mat1on

is used as the lowpass f11ters f1 and fz. The des1gn protedure for the

;f . “filters is given in Appendix A+ . -The bandwidths of the filters f1 and
¥ . Y .
% ™ fp for each steering angle are chosen to obtain a realistic value of
Y ’ © +15.d8, inqi: SNR. The average signal-to-noise ratio (SNR) is given by - .
.‘i s-‘ . . , -
P g - . ( :
r. T SNR = 20 To ?l Y‘—]- g (3:35)
20 | %5 ¥ o e
;1&4 * where N,, Wy are the bandwwdths of the dig1ta% Towpass f11ter used to ’

ot xS !‘,, - .

Yo, band]iq1t mu]tip11cative and add1t1ve no1se respect1ve1y
' " Using the" same third order recursive structure, the filter coeff-

jcients ang obtained for each of the steering angle , The sampling rate ’

. ‘. -and the noise bandwidth of the f11ter for the corresponding steer1ng
’ / angles are shown in Table 2.3. \ o o
s . 4 ) i . ) . , . . ‘.
A « ° .
° D“ ~
- o . 5
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. ‘ 4;)For each of the steering angles theﬂgutput 91(k), go(k) of the "
~ digital lowpass filters fy, fp are multiplied and added respectively to ’
the smooth bottom return-signal samples h(k) to get the discrete bottom g
return s%Qnal b(k). The bottom'return signal with noise for a¥+u¢h§ -

" steering angles are shown in Figures 2.14-2.17.
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.~ CHAPTER 111

DIGITAL SIGNAL PROCESSING TECHNIQUES )

3.1 BACKGROUND

In thé lasf chapter a maﬁhema£i€a1 mode} wasbdeveloped/for the
ocean bottom return signal. The model was simulated using a computer
to obta{nla }ealisitq received sibna]. Once the received signal is
obtained, the signal must be processed to extractvand/or estimate the
values of the desired parameters. In this chapter, a Signal processor
is deve]oped\which makes use of the "a priori" information presené in

the smooth bottom function to provide a matched filter for the received

signal envelope for each spatial direction. The bottom return envelope

filter provides a match for the data envelope from each beam | b(¢,d) |

\to the smooth-bottom function h(®,d) of the input signal model. An

appropriate window (the cosine-tapered window) function is applied to
/ ' -

the received signal enVelope to reduce the side lobe level at the cost

of increasing main lobe width. /

3.2 GENERAL STRUCTURE OF A SONAR RECEIVER FOR A WIDE SWATH BOTTOM
MAPPING SYSTEY , !

/

¢

Fidure 3.1 illustrates the general structure of a sonar receiver -
used for a wide swath bottom mapping system. The received data ?fom
the hydrophone arrays for each‘;éatial direction is passed through a
beam-forming network. The beam former detects signals coming in on a
particular beam [ 15]. The beam former output for each steering angle
is then bandpass filtered with a fi1ter.whose center frequency is equal

to the carrier frequency. The bandpass filter output is passed through
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a quaﬂréturerdemodu]ator [20,42]. The baseband complex QUadrature

signal is envelope dqgécted and sampled before féeding into a Digital .
Matched Filter or bottom‘functﬁon»correPatdr [20,22]. The output of

the bottom return matched filter is transferred to a peak detector

which determines the peak amplitude po1nt and the corresponding t1me

of the filter output. This time of arrival measurement of the gignal
determines the slant range. These data are passed on te a digplay/
plotter to obtain the wide swath bathymetric profi]e.- For the purposes .
of software imﬁiementation, the simulated bottom return signal is fed

to the matched filter as shown in Figure 3.1 and the output is obtained.

3

3.3 MATCHED-FILTER THEORY

The matched filter [13,14,22-24] is tre filter which optimizes the peak
received signa}-to-noise ratio by fi1terin§ out‘interferipg noise, It
is an optimum procéssqr in the sense that it maximizes the probébj]ity
of detecting the signal in the presence of additive white Gaussian noise
[13,14]. So if the signal is'present; it peaks at the output of the fil-
ter and suppresses the noise ampl1tude at the same t1mq giving a sharp
contrast between thg signal and no1se

The matched filter may also be viewed as‘a fgrm o} tiﬁeecorre1a-
tor. Consider an input b(t) o%yfinite duration\Tw to the matched'f{1ter,

then its output u(t) is given by

w(t) = b(t) * m(t) . \ S < (3.1)

-~

where m(t) is the impulse response of the matched filter.

Then

)
@ ~

.}f. b(u) m(t-a) da u | (3.2)

-0

u(t)
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Now sett1ng the 1mpulse response C - 7ﬁ*"ff‘““‘i““”
m(t) =h(Ty=t) . - 0steT, K C . (3.3)
the output becomes k *
' m . ‘ . ’ ~ » -
u(t) =f' bla) h(Ty-t+a) da = - T, (3.4)
» -l ’ . i ’ *
Letting m(t) and &(;) be causd]y . C o ) *
- ot ‘ S .
u(t) = Jf b(a) h(Ty~t+a) da - -6?.5) -
o L : : : - :

Finally, the output sampled at time t=T,, is

Tw - . . . N
u(T, )= “bla) h(a) do S - .~ {3.6)

‘

The output u(T ) of the t1me corrleator ¢an be obtained from the
1mp1ementat1on shown in Flgure 3 2. From equation (3. 3), the 1mpu1se
response, m(t) of the matched fwlter 1s a delayed time- reversed ver- s

sion of the signal h(ta and is matched to h{t). The optimum matched

. filter rea11zat1on is shown -in F1gure 3.3, It can also be seen 'that

when the filter is matched to h(t), the signal- to-noise ratio is maxi-
mized at the output of the matched filter [13-14, 23]&

'Recalling equationS"(Z 29) and (2.33), h(t) represents the env-
elope of the received signal &nnoth bottom function for each spatial
dlrection and b(t) is the actual bottom return signal envelope. Hence .
the impulse response of the matched filter for the data enuelope from

each beam is a delayed and time reversed version of the smooth bottom

function h(t). Ignoring the delay for the time being, the bottom func-
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. for each of the beams comprising the mapping swath. Recollecting from

. function correlator output in the frequency domain is

)
-49-

. ™ @
tion correlator output is given by

u(t) = | b(t) | * h(-t) ©e(3.7)

For the matched filter, the convolution of the received signal R
I

" ‘envelope with the matched filter impulse résponse is the.same as cross 4

"corre]ation of the received signal envelope with the replica of the

L

sﬁgnaT envelope. Since the shape of the botfom return signal b(t) is ' W

dependent on the two-way beam pattern, steering angle (¢3 and depth (d),

-the bottom return matched filter impulse response should be different

Chapter 11, the impulse response of the matched filter, m(t) must be a
Gaussian shape for the near vertical steering angles and a Rayleigh - - ‘
shape for the large steering angles, with the -3 dB width very neanrly |

equal to the expected echo duration T(¢,d). This close matching of

the width is necessary in order to obtain the optimum SNR at the autput.

-’

Interpreting equation (3.3) in the frequénéy domain

Y, jorft i :
M(f)=f h(Ty-t) e dt : j/ e
D -jorf(Ty-a) o :
o =fh(a)e o . . . D y
-0 ! Co. .
. ) 1
'jZWfTw ’ Toe ‘
! = H(fe - 5 — SRR CR)

where * represents complex conjugate._

The exponential in equation (3.8) represents a linear Bﬁase

<

shift (bulk dela}) to make the filter realizable. Thus, the bottom

/




E—.

B
e A s Ao P

4 ,

'

. YThe received s1gna’l ‘enve ‘ope h(t) is of f'rnite duration Tw and is : '

~ V4 , r
given by - [ ' . A N /

/Tw . - . v ot ' (3-14)¢

LA

-

‘z # \a\ "50' %
; ' |
Coue) = B(f) M(f) DR ' - !
» T REa '
" = BEF) - H(F). . (3.9)
Since the matched filter is synthesized using digital implemen-
Y
_tation, the output of the matched filter given in equation (3.2) can v
_ ‘be represented in the discrete form as the convolution sum ‘ ~ ‘
Lo u(k) = Z b(n)m(k-n) , k = 0,1,2,1..,K-I T (3.10) .
' n-oh ’ B . L i;
v ‘f\ ‘
' . I o f ‘
= b(k) * m(k) : N @)
ﬂNhEi'e ‘ ° , . ﬁ) o
* b(k) = b(kTs) = finite duration data . <, N
sequence (real) = s k=0,1,...,K1
m(k) = m(kT ) = finite duration impulse
) "~ - response sequence (real) -
of the matched filter’ s k=0,1,...,K-1
. .
From equation (3.3) - D ‘ o )
m(k) = h(-k) | © (3.12) {
Hence equation (3.11) becomes \ , :, ’
k) b nk) ) R 7 (3.13)
“ Y ’ ’ \xw_//"i . o b
where K | C
h(k) = h(kTg) # finite duration real vatued ° -
s . sequence of the smoath bottom’ "\
' . v function % k=0,1,...,K1 5




cf. Table 2.2). o . B

& 3.4 - WINDOW SELECTION = -

a R ;

7 3.4.1 Background

| ‘ - A finite duration causa]iimpulke response h(k) is obt;%hed'by ) C |
simply truncating,an infinite duraabn impu]se response hg(k) by multi-

plying it.with a finite duration "window" w(k), i.e.

k) - ha(k) w(k) | . (3.15)
' : hy(k) » 0 <k <Kl e e | ?
T ' ' 0 , otherwis : ‘
| D - !
’ - 1T, 0<kgkl ' . . L
and, w(k) = : o (3.17).
0" 3 “otherwise ey ’

This proces's|of obtaining the ffnite length reéord by '}lindowing

[25-26] is shown in Figure 3.4. In the case y)here the time signal is -

abruptly termina{:ed without modification of ény coefficients, the window

. function 'is'rectangular (unweighted). Since any multiplication in the

+

time-domain corresponds to convolution in the frequency-domain, the

actual frequency response is the convolution of the desinred frequency

p—

response{ f?quency of the wi ndow functwn The Foumer transfor'm of
, the rectangular’ window exhibits the familiar beb s oscﬂlatmns [ 25,35]
v and poor convergence of the resultmg series. So it is desirable to find
-2 window that brings the 1mpu1se response smoothly to zero instead of

terminating abruptly, thereby reducmg the spec{tra] leakage associated

w1th finite observation intervals. . o ‘ ,
. . ) )
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4
Since' tlie received signal .envelope h(k) for each steering angle

is observed for finite duration of T, seconds, it is equivalent to rec-
tangular windowing. If H(m)# represents the 'discrete Fourier transform -

(DFT) of the signal envelope sequence h(k), the transform pair can be

!

stated as
K-1
H(m) = 3 h(k) W™ = DFT[h(K)] - ‘ (3.18)
k=0
_. K-~1 - .
and  h(k) = H(m) W™ = TDFT(H(m)] S (3.19)
m=0 |
-j(2n/K)
where Wy = e .~ , h{k) and H(m) are complex numbers

The properties bf DFT pa{r is bejl shown in Figu}e 3.5. Since
theﬁlime signal h(k) has K points and is real, there are K/2 unique_
transform components and the frequency integer m=K/2 correspondz to the
foldiﬁg frequency for-fhe.given sampling réte (fS). If F is the frequ;
~ency resolution (in Hz) corrgsbohding to the frequeﬁcy integer (m)‘incre- _
ments then it is giQen by 2T \ _;;>

c
Fo= T, = 1/KT, - ‘ - (3.20)

A m represents the frequency integer associated with the actual

freq@ncy, mfF i.e., H(m) = H(mF). ' .

e P

v T SR G 5

W S st oimy < a2

e rmaas sy r kWD S
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‘I
|- .
.
POINT WHERE
NEW PERIOD
\ BEGINS
e ! -,
Ve
v 1] I 1, |
———ITSI . K-1 K TIME INTEGER, k
T, ]
: .
\
)
| !
’ B 11
4 l l
\ 1.0
\ I 1‘:
4 ~ H
¢ vl /
i E POINT WHERE
BEE NEW PERIOD
Tt BEGINS
b
1 }
I . A | ) Vi ,' | (
BEEERERENRENE ,
- W2 M-I M FREQUENCY -
{Fl= ' INTEGER, m
f
> S w
|
FIGURE 3.5: Properties of -DFT Pair
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3.4.2 Rectangular Nindow.

* This window function is primgrj]y a basis of reference in study-

‘ e ing other functions. The K-ppiﬁt Rectangular window corresponds to

U b s i 16 kg St MR

direct truncation of the digcrete smooth bottom function h(k), equival-

ent to the signal length T, corresponding to -40 dB width for each of

[

the steering ang]es. The bottom function is sampled at a rate given in
Table 2.2 to obtain the same number of sample points K = 256, for each

of the steering apé]es. . ' >
: 7

v "Now the;@indowed sequence ‘h(k) is given as in equat13ﬁ7(3.1§)

_where the Rsét ngular window is given as
a . M

\\\ 7 wik) '

= 1.0, k=0,I,...,25. (3.21)
Now the magnitude and phase spectrum of h(k) is obtained by obtaining

the DFT H(m) for each of the steering angles and is as shown in Figures

3.6 - 3.9. - SN

ive

The programs, MODFFT, MFTWW and TUKEY‘\\Qgiven in Appendix C
. the magnitu&e, phase spectrum and the weigh%ed sequence for different -
windows considered below. It should be Bot;d that tﬁe amplitude spect- . ' %
. : . rum is an even function and the phase spectrum is an odd function due to ‘

: the properties of DFT and since the sequence h(k) is real, its DFT, - oo
‘. ., /r . ) ‘ . 1’ .
.o A~ H(m) = H(-m) = H(k-m)

{.

(3.22)

]

J

- )
' . /

\ /s performed, thereby increasing the frequency resolution. But it is

The sequence h(k) is interpolated by padding zerds and N >-2K point DFT

‘{ ‘ desired to taper the sequence rather than terminate it abruptﬂy by a

suitable window function satisfying the two criteria [26-27] :
“ . . .

/

I %A s

v
I N
el

& e - .
e v e b i o mer  EhE 1 o oty b e e g e
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‘and for a OFT as , : . !
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)

(1) Main lobe width (3 dB down) must be eqﬁiva]ent to or as S
narrow as that of the unweighted spectfum. The -3 d8 width of the 4
received signal envé]ope h(k) must closely match to ‘the expected echo
duration in order that the matched fi]terloptimizes the signal-to-nofse

ratio and is a pr1mary objective in applying the window function. \\;”

(2) The maximum side lobe Tevel should be as small as possible

e Mt o amt

relative to the main lobe.

But both these criteria cannot be simultaneously optimized and

:so a compromise between the two is needed in selecting the appropriate

window function. . S,
i N e

3.4.3 Frequency Windows [27-29]

Here instead of applying the w1ndow as a product in the time
domain, it is applied as a conyo]ution in the frequency domain. So we

have ' i

» H,(m)

H(m) * W(m) | R o

Ui '

frequency spectrum of the finite durat1on S
impulse response of the matched filter ~ »

where H(m)

et e A

W(m)

any frequency window

e

A. . cos® (X) Windows ] ‘ ) }

This 1s“a fami]y‘of windows {cosine functions) dependent upon the

parameter a, w1th a being an integer and is given by

wk) .= cos® [mk/K] , k= -K/2,...-1,0,1,...,K/2 (3.24)

J—

—

! - [

w(k) = sin® [k/K] , k =.0,1...K-1 (3,25)

s
e

o o \
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For a.= 1, the window is a cosine lobe and equation (3.25) becomes

w(k) = sin [vk/K] , k =20,1,...,K=1 (3.36)
, “ [
Then its windowed sequence H_(m) is obtained as the convolution in the

frequency domain

40 | cosing = 05T H(M) = (M) T Igieangre (3.37)

For o = 2, ‘the window is called “"Hanning or Hann" I43j%and equation

(3.35) is represented as

w(k) = sin2 [7k/K]

3

= 0.5[1.0 - cos(2nk/K} , k = 0,1,...,Kk-1 (3.38)
and then the DFT of the windowed seguence is

= 0.5[H(m)] - 0.25[H(p-1) + H(m+1)j ]Rectangle

L (3.39)
From equations (3.37) and (3.39) it is seen that the cosine functions

Hw(m) ‘Hann

> N 3 . ‘
have attractive properties when windowed using DFT, and is explained in
~ Appendix g [27-30].
o : .

B.  HAMMING WINDOW

This is.a modified qun window and is given by .~
w(k) = a - (1-a) cos[2mk/K] . k = 0,1,...,K-1 (3.40)
wﬁere a = 0.54 is selected to have more exact cancellation of thé/§ide
Tobes from the sumation of the shifted Dirichlet kernels, i.e.,
w(k) = 0.54-0.46 cos [2mk/K] , k= 0,1,... K1 (3.41)
’Tﬁén }he DFT‘o% the windowed sequence is |

‘
&

= 0.54 [H(m)] - 0.23 [H(m-1) + H(m+171 | pectangle - -
, ' 4 T (3.42)

.

. Hw(m) lHamming

so the frequency-windowéd spectral points are obtained from the -rectangle-

windowed spectral points by multiplying them with the corresponding-

o

A

’ \
Caa Pa o am Pt g ree e Aretin ™ fans ST a1 i



;Q?* . -
weighting‘coeficiénts as Biyen in equations (3.37), (3.39) and: (3.42).

3.4.4\ Tukey Window"

\ . The ‘Tukey window [27,31 ] alse called split éosine—tapéfed window
- ‘ . 1§ a smooth approximation ta thefRectangie window. %his window Emoothly
1o sefs the data to zera at the ends wi;hout signi%icant]y reducing the -
-3 dB width by 1eav{ng the bulk of the data unmodified. The window

. " evolves from the rectangle to the Hanning window as the parameter . i

-

the cosine bell into two and inserting 3 stretch

varias ‘from zero to unity. TRus the window is obtained-bysplitting = .
‘ Y ' ~splh\wi&g“‘\\

———

of one's. The window <.

is given by ’ .
, ) 0.5 [ 1 - cos (mk/m) ] , k =0,1,...,m]

. w(k) =1 | s k=M. K-me1 (3.43)
i L0501 - cos (n(K-k)/m) T , Kk = Kemyuiukel
N ’ i 4 . ., . o
£ where. K = 256, the length of envelope sequence to be windowed
: - - ) '
E m atK/Z (3;44)
i ! t and oy = the propartion of the data that’is fapered (varies from 0

o gL A

s

N

e

- AN

.to 1). The Tukey window is applied in time domain so that the windowed

sequence is-given by

h (k) = h(k)

W * w(k)

(3.45)

where w(k) is the Tukey'window sequéﬁce and is shown in Figure 3.10.

Then the transform of the windowed sequence hw(K) is

Hy(m) = OFT [, (0] Iy ey

A4

/l

which gives the magnitude spectrum

(3.46)
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3.4, 5 Performance.Compar1son of N1ndows \§:* o

\ “

b e - FIgures 3.11 - 3.30 give the magmtude spectrum of cosine, Hann, ¢
, » / - Hamming and Tukey ~w1ndow weighted f':mte duration receWed sxgnal enve- @

\\ . - lope sequences for each steer1ng angle with the corrgsponding spectrum

:\‘“ o . of the unwe1ghted sequences (Rectangu]ar window) '

- ’ " ; m‘ N
A : s.seen from the transform (F1gures 3. .- 3.22) that the m

~L \ /

v\\\ g c?sme Harmung and Hann have mcreasmg main lobe w1dth decreased

swde]obes in that Yespect'lve order r/ef'lectmg the increased smoothness

’

/ o, " of the window S1nce the highest sidelobe 1eve1 is well below -40 dB o
- o for' even the unweighted case, the reduction m s1de] obe level cou]J be "
- sacrificed for reducing the ma1nl}obe w1dth for near-vertical ~steemng .

~y

angle;## The Tukey window dqes exact] y this. For othe‘n steeri ng angles

tafem
e
-

T (¢ = 15-45 deg. ), the sidelobes are not predominant because the s1gna]

t
’ o~

enve10pe 1tse1f is smooth]y approachmg zero. For these cases "aiso the

e vmrT AR RTITIR SO Y A N R

S minimisation of mainlobe wi dth is ‘ore important in the trade offf be-\
' b

. 6
P tween nar¥ow mamlobe width and Tow s1de1obes according to the criteria

mentioned in the previous section. The Tukely window see>m5 to be “the best i

1: , . “choice for" th%s/ application. When at,# the paramete that controls the
¥ & .
. ' : " _ ! -

fd

‘f‘ Qs the proportion of the signall e\y\velope sequence to be tapered at .

&

I L T |

ai ‘or differ-

* .. both ends of the sequence can. be the same \yhen‘.at Tag T e,

@ ; . ‘ enc when a, # Gy # U3 where‘ ayy s for the leading portion and G40 .' : &
D . . for the trailing portion of the received signal envelope sequence.. ¥
v # Tt should be noted”that the highest side lobe level of the Tukey Wﬂghfe"

spectrum is higher than the unweighted Spectru&mce Tukey window “truncates" '

. ‘ / .
e T , bottom &eturn signal envelope at higher am&ldtude paints than Rectangular =
M 9

.8 'wmdow.l . * -

\
S~

[N
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proportion of the received signal envelope/data to be tapered is kept
adjustab]e, a family of windows <is obtained with the correspondind

tapering at the ends‘and leaves the main bortion at the center of the
N
recgéved signal- envelope unweighted. So.by using the Tukey window, the

main portion of the reciiyed sigﬁ;]‘envelope sequence is kept unchanged,

* thereby achieving a close matech of thé'-g'dB width tp that of the expect-

. 2
ed echo durgtion,at the cost of higher sidelobes.  Also considering thg

practical point of view, the cosine, Hann and -Hamming' windows applied to
the received signal ‘envelope sgqueﬁce of finite length K = 256 need 2%6 -

real multiplies 6f the time sequence, whereas Tukey window with
. - K3 J
@p T4y T A 0.375 needs only 48 .real multiplies providing consid-
-/ ¢

erable hardwdre saving ‘and high speed. But usiﬁg the cosine and Hann

windows as frequeﬁcy windows, given by equations (3.37) and (3.39) res- ¢ ~

pectively, the windowing is performed as 756 real adds and 256 binary

shifts for the co§ine window, 512 real adds and 512 binary shifts for
, L .

the Hann window on the~spectr:}/dafb. KNote the loss of binary weighting

for the Hamming window and hence th need to perform mu]tiplicgtion.to

"

apply the weighting factors. of the spectral .convolution). 'Butﬁﬁizfe the

. window{ng is pre-performed with the windowqd,coefficiénts\stored in mem-

ory and not in real time, the attractive property of elimiﬁating multip-

-1ies when the windowing is performed as a spectral convolution using DFT

is of no real merit. Hence the selection of the Tukey window is justified.

Tables 3.1 - 3.4 gﬁve the window function characteristics and allow a

" performance comparison between the various windows in terms of the major

parameters for each steering ang]é. For all tﬁe steering angles, Tukey
/

window with &t = 0.375 is seletted and for stee?ing angles away from the
- \

« ' ©

o
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At e 2

on the first 48 samples of the time sequence h(k) of-the recef&ed‘signa1
o ' . b

-90- - S

vertica],Tukesg:;indow,with~at] =0.25 and a,, = 0.5 gives a comparable ol
e .

result. Thus the Tukey window, w(k) is applied as 48-real multiplies

envelope, the last 48 samples being identﬁca], as‘the Tukey window for

at = 0.375 is symmefrica] The rest of the time sequence h(k) is un-- :}

‘weighted. The windowed séquence hw(k) is reta1ned as 1t is for further

4

processing. It should be noted that if hy(k) 1sgt1me reversed and shif-

ted, it is the impulse hesponse of the matched filter. The Dolph-Chebyshev
window and‘ the Kaiser-Bessel window ¢’ (nirﬁ—migze the mainlobe width for a
given sidelobe 1%{91. These window funct{ons can dq;e results comparable'
to those for the Tukey window. However, the.Tukey window is much simpler

t

and more ecenomical and hence’ is selected for this application. =

o . f

# In Tables 3.1-3.4, the highest sidelobe level and the -3 dB time width
given are.the sidelobe levels of the spectrumuof the weighted Smooth

bottom funct1on and the -3 dB time width of the weighted smoqth bottom "

function respect1ve1y - ) . :
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MATCHED-FILTER IMPLEMENTATION

»

(FET) algorithm [33]. The computatiqn'of the convolution
special.time domain transforms replaciné the DFT is cﬁnsidered
for co}ﬁ'EJarison. Since the. transmitted signal is tisme 1imited, the
operation of matched fif%ering is equivalent to filtering wiéh non-
recursive or finite:impulse response (FIR)‘fi]ter [20]. The received
signal envelope, time-reversed, delayed and windowed, is the impulse

(]

response of the FIR matghed filter.

4.2  HIGH SPEED CONVOLUTION USING FFT . .

f}gh -speed convolution [?h] is an eff1c1ent method of implement-
ation for discrete-time FIR filters. Here the output of the matched
filter given in equations (3:10) and (3.11) as a 11near convolution in,

the time-domain is implemented in the frequency domain as a product,

-

'using the properties.of "OFT and is shown in Figuré'4.1. The efficiency

is achieved from using the fast Fourler transform (FFI') algorithm to

-compute the DFT's involved, The sedyences b(k) @nd m(k) of length 256

are transformed Using , the transforms B(m) and M(m) are mul'tiplied_
po1nt by p01nt, and the product U(m) is inverse transformed to give the

output of the/f11ter "These three basic steps may be performed using )

the ra 1x-2 FFT. Then the output of the FIR matched filter is given by

N
|
;
|

ea i ik

S
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a test program.

=93~ o

um) = B(m) - (4.1) .

Now the equation (379N\can be represented in the digitél domain as

Um) = B(m) \_H(-m) e ~I2MTy (8.2)

, /
The exponential in equatisn (4.2) is a linear phase shift corresponding
to a time delay required to make the matched filter rea]izab]e Ignor-

ing the ‘time »E}ay for the ;\rﬁGSe of ana]ys1s, the output of the FIR

matched filter tan be given using equations (3.22) and (3.23) a

and is illustra igure 4.3.

The program CQNVOL given in Appendix C simulates the high-speed

convolution to obtain the—output.of the match§q}filter and is usei{as

/N

o e

Y

*,

' f - ~\
?’J) The imp]emgutation of high-speed convolution using FFT [20,25,34]

requires the calculation of two FFT's aha the mu1t1p11cat1on of two.
N- po1nt sequences, if the DFT of the f1f%er is pre- computed and stored
in a read-write memory. Even though b(k) and h (k)are of f1n1te dura—

tlQn_seQuences of length K, where K = 256 the output sequence of the

g

~ duces the wrap-around error. In order to force the DFT'

filter u(k) is obtained by "the per1od1c convolution of the two sequences
due to the implied periodicity in the DFT wepresentation of )1nité'dur-
atiun sequences. Hence a cyclic convolution is penforﬁi: whichffélro-

o perform the

desired linear convolution and -eliminate the wrap-around error, both the
. . y

““sequences to be convolved must be appended with zeros to form new

4

sequences of the same length N, where N > 2K-1. Therefor%, the filter

"~

)

AP
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h(k) , h (k) . 4
% —— WINDOW W ‘ -
' q ) ’ u

FFT
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FIGURE 4.2: High Speed Implementation of Digital Matched Filter Using FFT
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impulse response sequence hw(k) and the datévsequence‘b(k) age'ﬁédded

with zergs to ohtain the corresponding sequences of 1en§tH\N: where N is .
chosen as 512 (power of-2). Now the cyclic convolution that is obtained
Qields the‘sane result as that of the desired linear convolution. The
received;data sequence b(k) is usually of very long duration. The conv-
‘o1ution o% this 1ong-se§uence with a short finite impu]ﬁb response sequence
_hw(k) by using the basic steps of high speed convolution involves ; iarge

DFT transform ‘and is generally too large to compute. Also, there will be

a ]arge delay in the processing since no filtered output points can be

N
_ obtained until all the input points have been collected. To eliminate

the above drawbacks, the longer data sequence b(k) is "sectioned" into -

pieces and each section is then convolved with the finite impulse response

. - sequence using the high-speed convolution as before and the filtered

sections are fitted together in the appropriate way. Such a technique
@f "sectioning” or "block filtering" reduces the required amounts of -
computation, delay in the processing.and memory. Two such methods are

overlap-add and overlap-save.

e
.

4.2.1 Over]ap-éave Method [25,35]

I

This method i{ used for the implehentation purpose. The ﬁrqgram

"LAPSAVE" (Appendix¥ C ) calculates the filter output using-this technique.-
The overlap-save technique corresponds'¢o implementing a circular convolu-
tion of hw(kB with bn(k)ﬂ and saving only that part of the circular convo-
lution that corresponds-to a linear conv61ution In particular, the
circular cdnvo]ution of the 256 po1nt impulse response of the matched

filter with a 512 point section, the first 256 po1nts are 1ncorrect

i



N . < -96; a

while the rema1n1ng po1nts are identical to the output of a linear con-

_volution. The input sequence h(k) is sect1oned into lengths of 512 so

that each input section overlaps the preceding section by 256 points

and is given by ‘
Vg XY
bn(k) = b[k+n(25o) » ) 1 <k<g512 X (4.4)4”’_’_/
n=0,1,2 ‘ .

where n is’the number of sections = 3 for input sequence length of 1024.
Now each of these sections is circularly convolved with hy(k) to give
sectioned output sp(k), i.e. computing the iuverse DFT of the product

of the DFT's of 512 point input sequence b(kilaqd the sequence hw(k) -
augmented with 256 zeros so that its'sequence contains 512 samples.

(It should be noted that the sequence must’be augmented so that the new
length is at least twice that of the original 1ength) The port1on of
each output section in the range 1 < k < 255 is obta1ned due to wrap-
around error and is discarded, and the remaining points of each output

. . A 1 .,
section are joined to construct the final output and is given as

2 ' :
ulk) = 25 uplk+2s5-n(286)] , 1<k <768 (4.5) —
n=0 . - ’

Since each input section consists of first 256 points, saved from the

last 256 points of the previous section and the remaining last 256 points°
being new, each output section conteins only the last 256 points identical

to toose that would be obtained by a linear convolution, while the remain-

ing points are incorrect and are being discarded.

L 31
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Using.the high-speed convolution, the reduction in computation
. .3

proportional to ldgzN/N operations to that of direct copvolution can be

aéhieved. Further reduction in multiplication can be obtained by making
use of the symmefry property of DFT for real data sequences. A 512 point

DFT on the complex sequence Cn1(k) is computed where cn](k) is defined as

where bp (k) and bnz(k) are the sectioned input sequence for steerihg

angles + ¢ deg.

1]

—
4

]

Then their transforms can be obtained_as'

7 - . / | it
v Bny(m) = [ Cuplm) + Cpy™ (512-m) 1/ 2 -

Baa(m) = [ p"l(m

\Pis requires ¢
' tfens are saved ov e straightforward transforming of e;&Q\§eduenqe.
separate]y. The disddvantage of FFT implementation is the introduction

of fbundoff error due to finite register length, the algorithm, the radix

and Jﬁghz?ﬁthMé¢ic.. Figure 4.3 gives the schematic diagram of the FFT -
\ i

implémentation of the matched filter. -

. -~

\ . )
4.3 CGNVOLUTION USING SPECIAL TRANSFORMS

o

Whi\e the direct calculation of the convolution would require a
number of mﬁctiplications and additions proportiBna] to N2 fbr large N,
the use of F#T réduces this\propdrtiona] to N logo N operatiOns.' Recently
Agarwal and BG rus'showed that formulating a one-dimensional convolution
as a multidimensional convo]utién of the oriéinal'signals [36] and using

varidus fast a]gﬁriﬁhms for the‘short length convolutions results in

\ - ) ' .
\. L

P

o T R T e e T T e
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improved mL]tiplicafE?n efficiency for sequence 1en§fhs up to around 128. -

1

This is achieved only at the cost of increase in additions and the comp-
utational complexity. They also investigated transforms (number theoret-

ic transforms) haying cyclic convolution properties [37] and of the:form

/ ~
' N-1 \, s
() = L xk)™ e 0T (4.8)

k=0 ’ °
F) »

. Id

where a §s a, root of unity of order N. Any transform having this cyc]ié

convolution property also has a fast computational algorithm. For DFT,
o :§>Céﬁj2w/N

is a primitive Nth root of—uﬁity in the complex number field. The comp-

=

L]
¢

lex number field can be replaced by a finite ring of integers under mod-
ufo F; and an integer a of order N replacing e~321/N ysed in a OFT. 'In
this ring, when two intege} sequences b(k) and m(k) a}e convolved, the
output integer sequence u{k) is congrueht to the convolution of b(k) §nd
m(k) modulo F. These number theoretic transfo;ms seem to be more attrac-
tive and computationally efficient in comparison'to’%{I for implementing

1

convolution, ( ' -

~”‘-‘Agarwéa and Cooley-[ 38] showed that Chinese Remainder Theorem [39]
can be useg to map one-dimensional cyclic convolution to a multidimensional
cyclic convolutidn_which ds cyclic in all dimensions and avoiding the
necéssity of appending zeros in o}der‘fb use the cyclic convolution algo--
rithms. Then special algorithms can be used to compute the short convol-
utions in each Of the dimensions. The general form’of the algorithm is

given as"

"

CC(Am) x (BB)] -

1

u

-~




‘where rqy, ry and rs are mutually prime. The mu]tidiménsiona] index

-100-

where m and b are N element column vectors, and x denotes element-by-

/

elément multiplication. The.rectangu1ar matrices A and B are transforms
of m and b respectively, and C transforms the product back to data space.:

. Now the one-dimensional can be imp1eMéntéd as-a multidimensional cyclic

convolution with rectangular transformsgby factoring N in to more than
two mutually prime factors.

For N = 504,
: . | |
N o*rpery rg= 789 - (4.10)

I3

mapping is defined by

ij = 1 mod rj (4.10)

-and the inverse mapping is

2 Uy + iUy + 1uy mod N ' (4.12)
. where uj = Qj(N/rj) in which qj sat1sf1gs g ’
- | (N/r:) = 1 mod r; - - (4.13)
a3(N/ry) iy 4

With this three-dimensional mapping, the one-dimensional cyclic convolu-

tion ©N-] -
;o u(k) = }E% b(n) m{k-n) : (4.14)
n:

7

can be written as a three-dimensional cyclic convolution of the form

\ l’3-] rz"] r] '] \ ?
u(k], 9sKg ) = 2;0 nj;o 3 b(n],nz,p3) m(k]-n1,k2-n2;k3-n3)
3 70 m=0 . . . (4.15)

£

»
hA

S et 2
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1

‘The three-dimensional transformation is a direct product of three one-
‘ (™)

‘dimensional transformations having the cyclic convolution property of
1ength.ﬁ}, rzvand Py respectively, and qéﬁ be written as

u = C1C2C3 [ (A3A2A1 m) x (B3E§2B.l b) ] (4.16)
The é3BZB]g, denotes a three-dimensional rgctangu]ar transform of b.
’First the ry-point transform B]Q_is computed with respect to the.first
Tpdex n of b-for fixed values of all other indices, theﬁ cowpute the
ré-point_transform wfth’respect to’n2 for each ﬁixed set of values of
all othef indices and then the r3-point transform with respect‘fo ny for

each fixed value of the other indices. The inverse operation with cj's

is to be performed in a similar fashion as mentioned before but in the

reverse order.

If Ajland Mj are the number of additions and multiplications, res-
RN

pectively, required for a 1eng§h rj one-dimensional convolution, then the

total number of multiplications required for the three-dimensional cyclic

\ .

condition is S ‘
AN M(r],fé,r3) = MMM, = 5852

o

and the totalﬁéumber of additions required is-

34,678

A(ryargerg) = Agrorg + MAyry + MiMAS + MMM,

¥

To minimize the number of additions, the ordering of the indices

F1sTpsr3 should be according to the size of

Y o= (M - r)/A. - | (417
T(FJ) (M; rJ)/Al ) ( )
such that ®r,) g_T(rj) whgn k;gr _ <) | .
o /- : -
j ' E ' 0‘
! (
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‘So for the 504 point transform, the ordering of-indices are 8,9,7.

The minimum number of multiplications re;uired for computing a
~convolution is given by Winograd [4p] and is 2N-L where E is the numper
of integers that divide N, including 1 and N.

The Table 4.1 gives the number of multiplications and additions
for the computation qf convolution by rectangular transform and FFT
methods. It is seen that the rectangular fra form technique of compu-
ting convolution has improved mu1tin]icqtip efficieJ;y—for sequence
‘lengths up to around 420 [38]. For convolution of real sequences, these
techniques ne;d only real arithmetic as compared wifh cbmplex arithmetic
required by the FFT algorithm. This reduces hardware complexity consid-
erably. Since the length of the cyclic convolution must be N > 512,

: - )
for filter length of 256, the FFT implementation with optigum length #

N = 2048 gives the best multiplication eff%ciency.

Agarwal and Burrus [41] suggeste& Fermat number transforms (FNT)

for the computdtion of cyclic convgiution in the longest dimension: This

reduces the multiplications considerably. The only multiplications ¢

\
# .The optimum length is chosen such that ’

Fo(KsN) = Fy(N) N/(N-K#1)  is minimum
where FZ(K,N) is the number of multiplications per output point

F1 is the number of multiplications per point required for a length
'N cyclic convolution

and K is the filter length.

~
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o reguired}for an FNT 1mp1ementat1on of’ cyq]1c convolut1on are the N

mu1t1p11cat1ons requ1red to muitiply the transforms The main d1sad-. -

-
o .
e s WA e AR

vantage is the maximum transform length for an.FNT {g proportional to

[

the word1ength of the mach1ne usez;énd a]so a special purpose machine

P,

must be ava11ab1e Now the FNT,cdn be ysed with the rectangular trans—

%
form technique discussed before [38]. For N = 1920, the length of thF

firsE/dfﬁen§7Bh ¥s taken as T%B the max1mum transform length of FNT) -

and<the lengths of the other d1mens1ons are taken as mutually prime odd

{

numbers.: Thus

N = 128 3.5 e T (4.18)

e ¥ - . a ° . 9 &
The rest of the procedure 1s the same as that of the rectangular

,/J

transform technique Tab1e 4.2 gives a comparison of mu]ﬂmn;1cation

'. efficiency for FNT and FFT implementation. The multiplicatidns are

: ) )
‘reduced by almost five times but only at the cost.of extra adds and the

| ava11ab111ty of a special purpose machine for the computat1on of 1nteger‘
arithmetic. The schematic diagram for the 1mp1ementat1on of convo]ut1on oy
by tHbse'spec1a1 transforms 1s the same as that of FFT 1mplementat1on

shown in F1gure 4 3, with FFT and IFFT blocks rep]aced by the correspon—

ding forward and inverse rectangular or numberetheoret1c transjdr;s\\ K\\\\

[

»

o
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A T PERFORMANCE_EVALUATION AND COMMENTS x

The ‘envelope of ehe bottom return siéna] h(¢,d) for the different
beam steering angles is renresented as in equation (2.29). Figures 2.9
through 2.13 represent the s§nthesized smooth bottom funetion far 0, 15, x
30 and 45° steer1ng angles, respect1ve1y, and ‘Table 2. 2 shows that the
( ‘ expected echo durat1on is c1ose1y matched to the -3 dB width of the
| bottom return s1gna1s obtained from the model.” The model is very f]ex—

. o ible and the various parameters that represent it can be controlled to

> . e
, \ obtala the desired characteristics of the signal. Us1ng the sﬁboth
y bottom function, fne bottom return: s1gna1 with add1t1ve noise and the

v
amplitude fluctuations of the signal for each

ring ang]es is
-~ . simulated as shown in Figure 2.8. Figunes 2.7%4 through .2. 7 show the
sinnletee input data record b(k) of length §12 points, the
;of twice the -40 dB time bandwidth of the respective beam steerjng angle/
_ Since the s1gna1 durat1on is of length 256 po1nts, the additiv no1se
is added on either side of the s1gna1 to create an 1nput data length of -

512 points. The time at which 1t peaks correspon to the .time of the

- ' arrival of the bottom return signal on the MRA the beam. The signal

processor inpﬁt SNR referenced to 300 HZ additive.noise bandwidth is

l ‘ \ .
: kept at approximately + 15 dB for eact steering angdle.

The smooth bottom function is windowed using a'Tukey window with’
tapering coefficients Gy = o = 0.375, for each of the beam steering
\ :
y angles. Tables 3.1-3.4 illustrate cémparison of ‘the various windows

considered in terms of cértain criteria. The Tukey window satisfies
. ‘ &~

7
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the performance criteria specified for the window.selection. The
windaowed éequence,%hw(k) implicitly represents the finite impulse

B :
response of the bottom retq(n matched filter.

The windowed sequence is theﬁ corre]ateﬂ with the input'data
sequence b(k) to g{ve the matched filter output. The windowed’seaﬁénce
for ea;h of the steering angles is shown in Figures'5.1-5.4. The inpuqi
data sequence b(k) of length 768 points for each of the beam steerind
angles, ¢-=0, 15, 30 and 459, at an operating depth of 12000 ft., is
shown in Figures 5.5-5.8. For these fjgures; the‘ofdinate axis is
1inéar in amplitude and normalized to Q;ity. The High Speed convolu-
tion using FFT with overlap-save technique is performed for each data
.sequence with the corresponding impulse response of the filter. The
simulated bottom matched filter output for beam steerin§ angles of~0,’
15, 30 and 45°, is shown in Figures 5.9-5.12. For these figures the
“ordinate axis is linear in amplitude. The matched filter output results
demonstrate the effectiyeness’of the filter in smoothing out the back-
ground noise while producing a signal return with a well defined peak ,

value.

- The output of the bottom return matched filter is fgd.to a peak
detector which determines the highest amplitude'poiﬁt;and corresponding
time position in the filter output data record.. The im'e integer k
corresponding to the peak amplitude point at the filter ouput dqta

record that is obtained is given as

k = kj-k,+K+e v (5.1)
where k] is the time integer corresponding to the peak amplitude poi%t

of the input data record (to be determined). -

~ N A S
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APPENDIX B ,/

| , FREQUENCY WINDQWING AND ITS PROPERTIES
| : _ )

, In section 3.4.3, the properties of cosine functions are used in
‘ B
4

e e RN v s o g o Lt LT

frequency Windowing with DFT. The windowing in the frequency domain is’

performed as a spectral convolution. In this Appendix, we will take one

PO PPL . T e

. cosine window, say Hann window and show how the windowing is'performed.
' The Hann window in the time domain can be given as:

)
4

w(t) = 0.5[1—cos(2nt/Tw)]
and for a DFT as

s
+

®

; OitiTw/"(Bl)

w(k) = 0.5[1-cos{2rk/K)] . k=0,14.,.,K-1 (B2)

Now transforming éauation (B1),

\

W(F) = 0.5[8(f)-0.5(8(F-1/T J+6(f+1/T )}] - (83) ‘
" and for DFf-—*‘\\ ’ |
: W(m) = 0.5[8(m)-0.5{6(m-1)+8(m+1)}] i (B4)
Then the windowed sequence Hw(m) is obtained as the convolution in the
/f~ frequency domain as given in equation/(3.23), i.e., ’

/ ’ .
) | &
v Hw(m) = H{m) * W(m) (BS) .

!

By using the sampling property

(or shifting property) of the impulse

function, we get

‘Hw(m) = 0.5[H(m)]-0.25[H(m-1)+H(m+1)] (86)
Hann Rectangle

Thus, the wihdow1ng is performed by summing the weighted spectral

estimates [301]. It must be noted that the rectangle-windowed spectral

-

e L
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points should not be weighted as in equation (BG) when it is interpolated.
The attract1on of the frequency windows 1s that the spectra is nonzero at
only a few points (three in the case of Hann w1ndow) and the windowed
spectra] points are ohtained from the rectang]e;y/ndowed spectral points

as adds and binary shifts as mentioned in equation (B6).
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APPENDIX C

t

USER MANUAL AND LISTING OF COMPUTER PROGRAMS

I /

The computer simulation throughout this investigation' is carried

out using a Digital computer (CDC CYBER 172). A prief description of

the use of programs is outlined and the listings of all the programs

are provided in this Appendix. The programs can be used to adopt parti-

cular needs by inputting the required data (such as time duration of

the tréﬁsm1tted pulse, beamsteering angle and operating depth).

The Fortran programs, subroutines and }heir functions are listed

as follows:

PN

TUKEY

SIG

TDRLPF
LAPSAVE

. L]

Main Program:
Simulates the smooth bottQm function and

computes the Tukey weighted finite impulse

»
response sequence. ,

Computes the bessel function of the first

kind and zero order.

1

Main Program: Computes the noise bandlimit-

\

_,ing LPF coefficients.

Generates the bottom return signal with noise.

Main Progfam: Simulates high speedlconvo1u-

Y

. tion using FFT with overlap-save sectjoniné.

3
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. ’ Do ;- N\ o 3
z' | TN o a
IR MODEL Test Pragram; Simulates the smooth bottom [
\ i ] ., function, , '
—. MPTWW . \ Test Program: Computes the spectral convol-
) uti Qr/frequency windows._ |
) CONYQL Tegt, Program: Simulates high speed convol-
, ion using FFT. .
\ Figure C.1 gives a flow\chart of the use of programs. ,
\
: . 1
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| &« . . INPUT DATA ’ -
C 4

TUKEY

| : o , TAPE 4

Traee 3 | \

_INPUT DATA .c:j;> _sIG .

TAPE 2 .

/

S INPUT DATA [::j:j) LAP SAVE

ill . ) . i | &
) s | ’ AN f\eﬂJ U
: SIGNAL PROCESSOR OUTPUT‘ . ‘

i ) 0

FIGURE C.1: FLOW CHART OF SIMULATION PROGRAM

-
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. PROBRAM TUKEY ( INPUT, OUTPUT, TAPES, TAPER)
c MAIN PROGRAN-SIMULATION OF SMDOTH BOTTOM FUNGTION
c AND TUKEY WEIGHTED FIR SEGUENCE.

DIMENSION IWK(12),AMP(1200):AMAG(1200)sPHASE(1200) H(300)

$sARAI(1200)

DIMENSION X1€400) s Y1(40071) yY2(60051) y IMAGA(S1S1) yB(160)
COMPLEX A¢1200)
READ INPUT DATA
ANG-STEERING ANGLE,s(0-45) DEG.,

TO -TIME DURATION OF THE TRANSMITTED PU{%‘G

(10 MS.)

OOOOTJQO

READX s N» TOW

READX» ALFHALl s ALPHAZ

D -DEPTH»12000 FT.

N -NO.DOF SAMPLES IN SIGNAL RANGE (TOW) .
'‘ALPHAL1 sALPHA2-TUKEY WINDOW TAPERING COEFF.
READX»ANG»TOsD

”

c™ INTERPOLATED BY FADDING ZEROS.

DO 1 I=1sN

1 A(II=(0,0r0.0)

y NN=N/4
AN1=NN
AN2=N

FPI=4.%XATAN2(1.051.0)
PHI=PI/180.XANG,

®

o

TT=PI/180.%2,%D/4800,XTAN(PHI)/COS(PHI}+TO

S=(0.85+ANG/300 ) XTT

EC=TOX(EXP(COS(PHI))-1.)

DELT=TOW/AN]
I=1

4 IF(2.%XI.EQ.N)GOTOS

I=I+1
GOTO 4
5 H=I
e DO 10 I=1,12
10 IWK(I)=0
y T=0.000%

IF(ANG.GT.0.0) T=0.

! X=~((T**7)+(EC*#°))/2./(8**“)

Y=(T/SXX2)XEXP(X)

Z=TXEC/S%%x2

" CALL BESEL(BES,Z)

H(I)=YXBES
T=T+DELT
HW=H(I)

- c

WRITE(4yX%) HU

{ o DO 20 I=1sNN
f
L
}
]
f 20 CONTINUE

ACI)=CMPLX(HW,O0.)

a

-~
7

SMOOTH ENVELOFE SEQ. STORED

INTAPEA4.,

—
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5

3

A =CONJG(ACTI))

30

35 .

34

98

99

38 c

* CALL FFT2RV(ArM»sIWK) . ’ T, 4

- AII=AINAG(ALI)) ) v

COMPUTES FFT
CALL FFRDR2(A,MsIWK)

CALL .FFT2RV(A My IWK) L /
CONJUGATE AND FFT TO GET IFFT, S :
DO .2% I=1,N = r./

CALL FFT2(AsHyIWK) .
CALL°FFROR2 (A My IWKI~ - ) ‘ ;
DO 30 I=1,NN : j ‘ : ;
AR=REAL (A(I)) : S
AI=AIMAG(A(I)) ’ St *
AMP ( I)=SART (ARKX2+AIXX2) /AN ) » Lo
PRINTXsAMP (L)’ ' . , |
CONTINUE ' ‘ -

THIS PART CONTAINS SIMULATION OF TUKEY WINDOW. - .
HH1=INT(ALPHA1*FLOAT(NN))/“ : K
MM2=INT (ALFHA2XFLOAT(NN)) /2 . . ¥
no 35 I=1,MM1 “ » ] - '
WEIGHT=0.,5-0.5XCOS(FIXFLOAT (I)/FLOAT(¥ML))

AMP(I)‘AMP(I)*UEIGHT
CONTINUE

DO 36 I=1,MM2 ]

, WEIGHT=0. 5-0. SXCOS(PIXFLOAT (1) /FLOAT(MM2)) ) :

AMP CNN+1-1)<AMP (NN+1-~ I)XWEIGHT

CONT INUE . . ‘ )
FREQRES=1./(4,XT0OW) ‘ . '
AMAXEAMP (1) - : ,
DO 99 I=2:sNN ' - -
IF (AMAX LT AMP(I)) GOTOD 98 '
8oTo 99

PT=1 .

AMAX=AMP CI) . . ¢

CONTINUE . .

DO 37 I=1sN ‘ ; T ,

ACT)=CHMPLX(AMP(I)»+0.) ‘ : : . o
AMP (1) =AMP (1) /AMAX " :

CONTINUE . _ .

NO 100 I=1,512 .- N

TUKEY WINDOWED SER.STORED IN TAPE3. °.

WRITE(3,%) AMP(I)

PRINTX,I,AMP(I)

CONTINUE ’

THIS PART COMPUTES THE MAG .SFECTRWM OF THE
INDOWED SEQ. ’ ~ “
ALL FFRDR2CA»M» IWK) ' .

10 38 I=1/N , . - .
ARR=REAL(ACI)) =~ ,

ARAI(I)<59RT(ARR*ARR+QII*QII)
AMAG ( 1)=20,XAL0G10 (ARAI CI) /ARAT(1))
FHASE(I) = 180./PI*ATAN"(AII,ARR)

NUE

L

Fm® o Fo,

W%
5
d
R
3
3
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. DO 40 I=1,512 W
J=I-1 . e e -
FREQ=JXFREQRES .
X1¢I)=J ' (
Y1<I>1)=AMAG(I) o
Y2(I+1)=PHASE(I) -
. PRINT 50sJsFREQ:AMAG(I) »FHASE(I) . -
50 FDRﬁAT(SX;13;5X;F15.10y5XvE15.8y?f€F10.4) ) , :
40 CONTINUE ‘ .
CALL USPLH(X1sY15445151y445By IMAGAsIER) : ..
CALL USPLH(X1sY2544,1s1564sEy IMAGAYIER) o
sSTOP ‘
END ' . X

. SUBROUTINE ‘BESEL (BESsF) . '

c - COMPUTES BESEL FUNCTION .

R=F/20‘ t

T=1 +E-10 ) \ _ )

E=1.0 : . . .

DE=1..0 ' L . - |

DO S I=1,25. _ : ‘

DE=DE¥R/FLOAT(I) & ’

SDE=DLEk%2 , - : .o ] .

E=E+SDE , ‘ - o :

. IF(EXT-SDE)5,S»10 : : : ‘ :

S CONTINWE : P ‘

10 BES=E - . - ’ T
N=I ' ., . oo
RETURN ‘

END L

L.
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. PROGRAH SIGNA INPUT:OUTPUTrTAFE4rTAPE”) '
C . COMPUTES THE LPF COEFF,

a DIMENSION AO(”):AI(”)yA“(Z%;AB(“)rBO(")rBi(“)rB“(“Y :
.o $B3(2) »CON(2)3H(660) sHF (600) , ‘ s
| -« . REWIND 4 e
- . DO S I=1,512 | ‘o .
- . . 45 H(IN=0.0 : )
\ ' © PI=4.XATAN2(1.01.0) - , o
! . N=256 | : - - : ' g
¥ DO 1 I=1i,sN ’ ,
5 " READ(4,%) HF(I) B
Co ‘1 CONTINUE [
E.___/READ PAM - PEAK AMPLITUDE OF THE SMOOTH BOTTOM
s C FUNCTION ~READ FRON TAFE4.
READX s PAM
e . DO 2 I=1,N : : .
. H(I+128)=HF (1) /PAM ‘ , g
| \ " CONTINUE v
TOW- -400B SIGNAL UIDTH SR
FS - SAMPLING FREQ.. '
FC1 - CUTOFF FREQ. MULTI. NOISE. , ' : :
\ FC2- CUTOFF FREG. ADD.NOISE. ~ ot e,
Do\~ READX» TOW w ’ : .
, o FS=N/TOW - . :
i FCI:SOO - . PR :
. FC2=150, ' ;
- WARP1=FS/FI/FC1XTAN(PIXFC1/FS)
WARP2=FS/FI/FCOXTAN(FIKFC2/FS)
CON(1)=FS/PI/FC1/WARF1 . . .
CON(2)=FS/PI/FC2/WARF2 o ‘
‘DO° 10 J=1,2 ' \ . £,
~BOCJ)=CON(JIXX3+2, XCONCJ)XCONCI) F2.XCONCII +1.
o4 : A0 (J)=1,/BOCJ) : S
“1 A1(J)=3./BOL) : L
s 1 A2(=3,/BO(S) T ' ‘
A3(J)=1,/B0(J)
TB1(J)=(~3, KCON(J) kX3~ ,.*CUN(J)*PON(J)+2¢*CDN(J)+Xu)/RO(J)

aooo

v
oy
X .
.

~

{ A B2CJ)=(3.XCONC I X%X3 =2, XCON(J)XCON(J) -2, XCON(J) +3.) /BO(S) .
O S 93<J)=<—qu(J>*x3+2.*c0N<J)*CQN(J>~2.*CDN(J>+1.i?ao<d>
: 10 CONTINUE . : , -
' \ DO 20 J=1,2 ' A
. ' PRINTX,A0(J) »AL(J) > AﬂéJ);A;(J? ' )
© PRINTX»B1(J)sB2¢(J)»B3(D) SN
- 20 CONTINUE, . .
v CALL " TDRLPF(Ao.nx,AQ,AG B1,B2,E3,H)NsFS)
] '-4 ~.: /‘ N _ ” ) . . - ' . “ , .1\.
} ‘M N N . . gq . ¢ x . » .
' . ‘ T , . . ]
v R v " ~ .
4 s ». - /‘ , A 'c
' S - i i
2 N &

° ’ . g s .
. - ) ’ i .
i : , :
- v n

O AL Y i s
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STOP ]
END ») '
SUBROUTINE TDRLFE(AOrAlrA2rA3s K1, B:.Bs.H NyFS)
GENERATES THE BOTTOM RETURN SIGNAL WITH NOISE,

DIMENSION AO(“)oAl(“)yA“(")th(“)rBl(”);B°(°)733(°):HF(1°00)
$1R(600)1X(600);Y(600) H(éOO)!S(éOO)l{(éOO!l)?INAG4(41J1)

DO S I=1,3

X¢(I1>=0,0 S

Y(I)=0.0 A\ 2

.CONTINUE . N
ISEED=1 ’ '
M=512
 MM=7648

N

GGNOR-RANDOM NOISE GEN.-WHITE SEQ. WITH MEAN ZERO

‘AND VARIANCE SIGMAXX2.
CALL GGNOR(;SEED;H;R) K .
CALL FTAUTO(RsMyOsOs1rAMEAN, UAR!O!OyovO)
CALL GGNORCISEED,MMsHF)

CALL FTAUTO(HF!NHrOsOvI!ANUH!DAU!OerorO)
0 12 I=1sMM e

HF (I)=ABS (HF (I)~AMOM)/SQRT(DADX100.)
CONTINUE

D0 30 J=1,2

i

" DO 30 I=ivM

R=I+3

IF(J.EQ.1) GOTO 2
JIFCJLER.2) GOTO 3
X(K)y=(R(I) AHEAN)/SGRT(UAR)
GOTO 10

X(K)=(R(I)~ AHEAN)/SGRT(UAR*iOO )
GOTO 20

Y(K)=A0CH XX (K)+AL () XX (K-1)+A2 J)*th ~2)+A3 () KX (K=-3) =

$B1CU)RY(K-1)=E2(J) XY (K-2) ~E3(
H{I)=H(I)XY(K)

GOTO 30

Y(K)=A0 (I XX (K)+A1 (JI kX (K~1
$SEL(D XY (K-1)=B2(J)XY (K-2)=-B3 () RY(K-3).
HCI)=ARS(H(I)+Y(K))

XY (K=3)

¢

74?' CONTINUE = . C
HHAX=H(1) . ' . o

60

HMAX=H (1)

[0 65 I=24+M

IF(HMAX LT H(I) Y GOTO 60
GUTO 65

PT=I :

2CI) XX (K~ ")+A3fJ)*X(h -3~

g

&

B e
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, : 45 CONTINUE | - 5
L © € - NORMALIZING ’ M L. L =
- Do 70,I=128,384 ' ‘
HF (I+128)=H(I)/HMAX - ' o
70 CONTINUE Co . . !
. 0 100 I=1,MM ’ ' .
4 : S(I)el/FS - ' ' i
’ . = T(I»LI)=HF(I) . : ’ i
c ROTTOM RETURN SIGNAlL WITH NOISE-STORED IN TAFE2 o
1 WRITE(2y%) HF(I) ( . .
FRINTX» IrHF(I)
100 CONTINUE - ) , ‘ :
CALL USFLH(S»T»512,1,1,512,A,IMAGAY IER) ' . |
STOF ~: \
END . . 4
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SIMULATION OF HIGH SFEED C
AND
DIMENSION IUK(lO)rAMP(éOO)r

PROGRAM LAPSAUE(INPUT,E

COMPLEX A(600),V(600)»Y (600
READ INFUT DATA
N-=TRANSFORM LENGTH:TOW-SIGN

. READX,N,TOW

DO 1 I=1,N , '
V(I)=(0.0+0.0)
ACIN=(0.0r0.0) . RCY
W(IY=0,0 :
CONTINUE :

REWIND 2

REWIND 3

Do 2 I=1,N

READ(Z %) AMF(I)

CONTINUE ;-

D0 3 I=1,768

READ(2y%) H(I)
W(I+256)=H(I)
CONTINUE - . '/ L
AN=N
FREQRES=1./(2,%XTOW)
TIME=TOW/256
FI=4,%ATAN2(1,0s1.0)
I=1
IF(2.%XI.EQ.M)GOTOS
I=I+1

GOTO 4

M=1

D0 10 I=1,10

IWKC(I)=0

00 99 J=1+3

00 20 I=1sN
IT=I+¢(J-1)%25
HW(T)=W(IT)
ACI)=CMPLX(HW(I)»0.)
CONTINUE

D0 22 I=1,N
FRINTX»IyHW(I)

CALL FFROR2(AyMsIWK) '
CALL FFT2RV(Ar»M» IWK)
00 30 I=1isN

$

UTFUTs TAFE2, TAFE3)
NVOLUTION USING FFT

*SECTIONING®— OVERLAF-SAVE METHOD.

H(P00) yHW(600) »W(1200)

$rSEC1(800)»SEC2(800),SEC3(800)»0OUT (800>

Y»2Z
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V(I)=CHMPLXCAMF(I)»0,) .
30 CONTINUE

CALL FFRDRZ (Vs My IWK)
CALL FFT2RV(VsMsIWK) ’ . '
.TSaTOW, * ' ~
W=2.XPIXFREQRES , :
D0 40 I=1,N
L=(I-1)%(-1)° . '
ZZ= CMPLX(COS(L*N*TS);SIN(L*U*TS))
V(I)=V(T1)%2ZZ
40 CONTINUE ‘ : ‘ ' '
D0 45 I=1,N

VCI)=CONJG(V(I)) | -
Y(I)=A(I) ¥V (I)

YAI)=CONJE(Y(I)) . /

45 CONTINUE S ‘
CALL FFT2(YsM, IWK)
. CALL FFRIDRZ(Y rMyIWK)
DO 80 I=1,N
AR=REAL (Y(I)) - ,
AI=AIMAG(Y(I)) , ' o
IF(J.EQ.2) GOTO 50
IF(J.EQ.3) GOTO 40
SEC1 (I)=SGRT (ARXAR+ALXAL) /AN -
GOTO 80 -
50 SEC2(I)=SQRT(ARNAR+AIXAL)/AN
GOTO 80
60 SEC3(I)=SGRT (ARXAR+AIKAI)/AN
80 CONTINUE
99  CONTINUE
[0 100 I=15768
IFCILLT.256)0UT(I)=SEC1(I+254) ,
IF((I,GE.254) AND, (I.1.T.512))0UT(I)=SEC2(I)
IF(I.GE.512)DUT(I)=SEC3(1-254) Y4
100 CONTINUE —
DO 120 I=1,768
STIME=TXTIME
PRINTX» I»STIMEyOUT(I)
120 CONTINUE : (
- STOF C < L
END
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FROGRAM MODEL CINFUT»OUTFUTyTAPEL) |,

THIS PROGRAM SIMULATES THE SMOOTH BOTTOM FUNCTION.

DIMENSION X1(401)sY1(401s1), IMAGA (51513 yA(1460)
READ INPUT DATA

ANG-BEAM STEERING ANGLE~- (0-45)DEG.
TO ~TIME DURATION OF THE TRANSMITTED PULSE- 1o MS.
D -O0PERATING DEPTH-12000.FT. 1

READX» ANG ' '

READX»TO

READ¥»D .
PI=4,%ATAN2(1.0,1.0) . .
PHI=PI/180.%ANG :

v L

TT=F1/180.%2,XD/4800, XTAN(PHI)/COS(FHI)+T0 ' v

5=(0.65+ANG/300. Y XTT

i

Do 10 I=1-401
T=(I-1.)%0.0001
X1¢I)=T '
X=—((TkX2)+(ECX%X2))/2./(SX%2) .
CY=(T/SXX2)KEXP(X)
Z=TXEC/SX%2

/CALL BESEL (BES,Z) ' “ ,
HT=YXEES : '
Y

1(Is1)=HT
WRITE C(1»%)TsHT \
10 CONTINUE "~
STOP '
END ,
SUBROUTINE BESEL(BES:F) -
CALCULATES THE BESSEL FUMCTION OF THE FIRST -
KIND AND ZERO QRDER.
R=F/2,
T=1 .E—iO
E=1.0
DE=1 0
DO 5 1=1,25
DE=DEXR/FLOAT(I)
SDE=DEXX2 - oL -
E=E+SDE " S '
IF CEXT-SDE)S,5s10 : _ .
5 CONTINUE ' . ' / :
10 BES=E : - - : N
N=I - ¢
RETURN '
END
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PROGRAH MFTWW( INPUT; OUTPUT)
COMPUTES SPECTRAL CONVOLUTION OF THE \
FREQ.WINDOWS .,
DIMENSTION IUK(l”)rAHAG(éOO)vPHASE(éOO)rH(300)rAH(éOO)
DIMENSION X1(600)le(éOOvl)yY”(éOOrl)rIHAG4(5151)rB(lbO)
OMPLEX A(600) »ZZ+V(300)W(1200)
‘READ INPUT DATA .

f READK s ANG» TO s I -

READX N, TOW -
READX» W1 W2, W3, WA, WS

DO 1 'I=1,1024 '

W(I)=C0.20.)

K=N/2

MM=10 ;

AN=N .

PI=4,%ATAN2(1.0+1.,0) . ,

PHI=PI/180.%XANG ! / i
TT=FI/180.%2.%0/4800. *TAN(PHI)/CDS(PHI)+TU ,'
S=(0.463+ANG/300,)XTT ]
EC=TOX(EXF(COS(FHI))~1.) .
LDELT=TOW/AN RN
I=1 . . \
IF(2,%XxI.EQ.NYGOTOS . - )
I=I+1 : 1

GOTO 4 \B
M=1 R
00 10 I=1s12 ‘ ' - .
IWK(I)>=0

T=0. ,

IF(ANG.ER+0.) T=0.0009

00 20 I=1+N , ‘

X==((TXkXk2)+(ECKX2))/2./(SKkX2)

Y=(T/ASXX2)XEXF (X)

Z=TKEC/S¥*2 S

CALL BRESEL(RES»Z) '

H(I)=YXBES .

T=T+LELT .

HW=H(I) . —
A(L)=CMFLX(HW»O,.) ’

CONTINUE ‘ .

CALL FFRIDR2¢AsM» IWK)

CALL. FFT2RV(AryMy IWK)

0 25 I=1i,N

IF(1I.EQ.1) GOTO 22

IF(I.EQ.NY GOTO 23:

UV(I)=A(I~- 1)*U1+A(I)*U°+A(I+1)*U3 °

GOTO 25

V(D)= A(N)*U1+A(I)*U”+A(T+1)*u3 : : s

GOTO 2% '
V(D =AI-1)XW1+A (1) XW2+A (1) XW3

—

AR D FT T et it

ot ek B o yer

N N e e o, etk




|
\\\‘//// A . s

33
~
A
38
;; ,
%
H
i
1
z
:
' 50
i 40
‘}g,a i
3
4
I .

-147-

25 'ngTINUE
DO 3Q I=1+N

IF(I.EQ.N) GOTO 28
u<I>J§<1>*u4+u<1+1>*w5
GOTO
V(D =Y (I XWa+V (1) XUS

CONT INUE

DO 32 'I=1sN

VCI)=CONJG(VUCI)) n

CALL FFT2(VsMsIWK)

CALL FERDR2(U»sM»IWK)

DO 35 DI=1,N

AMP=CABS (V1)) /AN T, e
PRINTXrI»AMP

WCT)=CHPLX (AMF . 0) /
CONTINUE

CALL FFROR2(W»MMy IWK)

CALL FFT2RV(W»MMy IWK)

DO 38 I=1,512

AR=REAL (W(I))

AI=ATMAG(W(I))

AM(I)=SART (ARXAR+AIXAI)
AMAG(I)=20:¥XALOG10(AM(I) /AM(1))
_PHASE(I)=180.,/FI*ATAN2(AIAR) -
CONTINUE

FREQRES=1./(4.XTOW)

00 40 I=1,512

J=I-1 v ‘
FREQ=J*FREQRES'
X1¢I)=J "
Y1(Iy1)=AMAG(I) .
Y2(I21)=PHASE(I) ;

PRINT 50sJrFREQsAMAG(I) s FHASE(I)

N,

FORMAT(EX»I3+SXsF15.,10s5XyEL15,8s5X»F10, 4)

CONTINUE

CALL USPLH(XI)YI;&4;1!1;64vByIHAG4{IER)
CALL USPLH(X1rY2,54r51+1,64,E,TMAGAYIER)

STOP

END

SUBROUTINE BRESEL(EES»F) ,
R=F/2

T=1, E—lo

E=1.,0

DE=1.0

DO S I=1,2%
DE=DEXR/FLOAT(I)
SDE=DEX%2

E=E+SDE
IF(EXT-SDE)S»Sy10
CONTINUE :
RES=E

N=1I

RETUYRN

END . '
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FROGRAM CONVOL (INPUT»QUTPUTTAPE2, TAFEZ) ~
c TEST PROGRAM TO SIMULATE THE HIGH SFEED CDNUOLUTION'
DIMENSION IWK(10) AMP(400)rH(S00)sX1(&00)
- : $Y1(400r1)» IMAGA(5151) .
. COMPLEX A(400)rV(400)sY(4600),2Z
READ¥»N» TOW
VDO 1 I=1»N . -
H(1)=(0.0+0,0)
V(I)=(0.,050.0)
1  CONTINUE
REWIND 2. ~ .
' : REWIND 3 b
;. DO 2 I=1,N \
'READ(2s%) H(I)
READ(Z,%). AMP(I)
CONTINUE
., AN=N \
e . FREGRES=1./(4.XTOW)
TIME=TOW/256. ;
PI=4,%XATAN2(1.051.0) .
CI=1 - \
- 4 IF(2.xxI.EQ.N)GOTOS '
. L I=I+1
j : ) GOTO 4 . , ‘
T 85 M=I . .,‘
DO 10 I=1s10
. ' 10 IWK(I)=0 x
DO 20 I=1sN -
s .- © HW=HCI)
PRINTX»IyHW
oo : ACI)=CMFLX(HWr Q)
{ 20 CONTINUE - -
' * | CALL ‘FFRDR2(A MrIUK)
R : CALL FFT2RU(AyM»s IUK) :
S/ : DO 30 I=1sN o .
: : V(I)=CMPLXC(AMF (1) +0,) . e
¢ : 30 CONTINUE R .
_CALL FFROR2(VrMs IWK)
~ “CALL FFT“RU(U»M»IMK) B
; - TS=TOW - . N
W=2.XPIXFREQRES ™. '
o4 DO 40 I=1,N e
. L=CI-1)%(-1) . e
ZZ=CMPLX (COS(LXWXTS) y STN (LXWXTS) ) "
VCI)=V(T) %22

1 v
-~ -~
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RO
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.40 CONTINUE
DO 45 I=1,N - Ve
VD) =CONJG(V(I))

Y(I)=ACI)IRVU(I) ’ | -

Y(I)=CONJG(Y(I))
CONTINUE

CALL FFT2(YMs IWK) ‘
CALL FFROR2(Y s My IWK) : .
DO 50 I=1,N o

AR=REAL (Y(I)) ‘ )
AI=AIMAG(Y(I)) .
OUT=SQRT (ARXAR+AIXAI) /AN

STIME=IXTIME o

X1(CI)=STIME . ,
Y1(I,1)=0UT :
PRINTX»I,STIME,OUT -
CONTINUE : -

CALL USPLH(X1sY1,S51251,1+512+As1MAGA» IER)
STOF : -

END . ; ;o
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