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ABSTRACT

Synt hetic aperture sonar beanform ng and signal proc-
essing relies on properly steering and focusing the aper-
ture beampattern in order to co-phase all the received
signals. Due to the effects of nmotion in the synthetic
aperture sonar problem the propagation path between the
transmtter, discrete point scatterer, and the receiver is
time varying. Traditionally, sinple approxinmations are
used to determ ne these propagation ranges and angl es of
i ncidence and scatter. Methods to determ ne these ranges
and angl es exactly may significantly inprove array gain
and, therefore, target detection.

This thesis investigates inprovenents to SAS signa
processing al gorithnms using exact nethods for the cal cul a-
tion of the time-varying ranges between transmtter and
di screte point scatter, and between discrete point scatter
and receiver, and the phase angle of the scattered acoustic
signal incident upon the receiver. Using conmputer sinula-
tions, exact range and angl e cal cul ati ons were perfornmed
for different scenarios and conpared to ranges and angl es
determ ned usi ng standard approxi mati ons. The exact ranges
were then used to determ ne incident phase, and were again
conpared to the approxi mate nmethods. Conparison of the
exact and approxi mate met hods was based on range estimation
error and percentage error. |Inprovenents in synthetic
aperture array gain using exact phase wei ghts based on

exact, time-varying range solutions are proposed.
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EXECUTI VE SUMVARY

The goal of this thesis was to denonstrate inprove-
ments to Synthetic Aperture Sonar (SAS) beanform ng al go-
rithms. SAS systens are currently in devel opnent to sup-
port the Navy’'s Long-Term M ne Reconnai ssance System
(LMRS). The LMRS will use a submarine-launched aut ononous
underwat er vehicle to create a synthetic array for high-

resol ution mne imagi ng and cl assification.

Currently, SAS signal processing techni qgues nake vari -
ous assunptions and sinplifications in the determ nation of
t he signal propagation ranges and phase shift corrections
required for accurate acoustic nodeling. These approxinate
techniques sinplify the steering of the beam pattern of the
sonar aperture but al so unnecessarily introduce errors that

affect image quality.

Beanf orm ng techni ques have been devel oped that can
exactly determ ne the paraneters required to steer the beam
pattern of a sonar array. Using this exact nmethod, acous-
tic signal propagation in the ocean for a SAS system was
simul ated. This sinmulation was conducted using stationary
targets to replicate the problem of water-borne m ne detec-
tion and classification. Wter-borne mnes include buoy-
ant, tethered, and bottom ocean m nes. The primary focus
of these sinulations was to denonstrate the inprovenent in
SAS beanform ng that can be realized through exact propaga-
tion range calculation. Wth exact range estimation, exact
phase wei ghts are determ ned and used to i nprove array
gai n.

Xi i



An analysis of the limtations of the nost common ap-
proxi mations is presented. The exact beanform ng met hods
have no restrictions on their application, and this is
denonstrated through sinulation. The sinulation of the
propagation of signals fromtransmtter to target and then
to the receiver allows direct conparison of the standard
approxi mate nethods with the new exact nethods. Estinmation
of signal propagation range, travel tinme, angles of inci-
dence and scatter at the target and angles of incidence at
the receiver are all inproved. Finally, fast Fourier
transform beanform ng i s conducted and the performance of
t he exact and approximate nethods is conmpared using a sim
pl e signal conposed of three different sinusoids.

This research denonstrates that sinple approximtion
techniques traditionally used to estinmate SAS propagation
ranges are not useful in current SAS projects that enploy
hi gh frequency signals and |long target ranges. This re-
search al so shows that SAS propagation ranges can be accu-
rately approxi mated using the binom al approxi mati on propa-
gation nodel presented in this thesis. Although the bino-
m al approxi mati on propagati on nodel is accurate under nost
conditions, this nodel places sone restrictions on target
range and platform speed. The effects of operating outside
t he bi nom al approximation nodel limts are denonstrated.
It is shown that inplenmentation of the exact propagation
range met hod does not significantly add to the conplexity
of the beanforming algorithm The exact nmethod introduces
no error and places no restrictions on target |ocation and
pl atform speed. Use of the exact propagation nodel is
recommended to all ow maxi mum accuracy and flexibility as

SAS systens evolve. Further investigation will determ ne
Xi v



the i nmprovenents that can be realized by applying the exact
ti me-varying angl es of incidence and scatter to the eval ua-

tion of target scattering functions.
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. 1 NTRODUCTI ON

Thi s chapter provides an overvi ew of synthetic aper-
ture sonar concepts. The nodeling framework used to sinu-
| at e signal propagation through the ocean nediumis al so

i nt roduced.

A SYNTHETI C APERTURE SONAR

Synt hetic Aperture Sonar (SAS) systens attenpt to ex-
ploit the benefits that can be obtained fromvery | ong
sonar arrays while maintaining the actual physical size of
the array to be relatively small. This is an attractive
techni que because it would all ow depl oynent of Unmanned
Underwat er Vehicles (UW) to detect, localize and classify
mnes in the littoral environnent. Vehicle sizeis |limted
by the | aunching capability of the controlling ship or
aircraft and a need to conduct covert surveillance and m ne
hunti ng. The high resol ution necessary for classification
of m nes, however, requires a very long array. One of the
nost attractive ways to satisfy these conpeting require-

nments i s through aperture synthesis.

The principle of aperture synthesis is the coherent
conbi nation of successive returns froma transmtter |o-
cated on a noving platform This coherent processing of
recei ved echoes provides enhanced resolution in azinuth
conpared with standard sonar systens. The key to SAS sig-
nal processing is estimating the tinme delay of each re-
ceived pul se while conpensating for notion of the array and

the target. This process can be thought of as focusing of



t he phase history of the signal [1]. Traditional sonar

arrays use multiple transnmt and receive elenents to simul-
taneously transmt and then sinultaneously receive acoustic
signals. Conversely, synthetic aperture arrays synthesize
the array by processing the output electrical signals of a
single transmt and receive elenment or group of elenents as
the el enment travels through the nedium A conparison of

the traditional array and a synthetic aperture can be seen

in Figure 1.

|TRITR]|TR|TR]TR|TR]|TR]TR]|TR]TIR|TIR] S S N S E— E—

simultaneous
transmission
& reception

sequential
transmission
& reception

Traditional Array Synthetic Aperture Array

Figure 1. Traditional and synthetic aperture arrays
[After Ref. 2].

SAS systens are simlar to Synthetic Aperture Radar
(SAR) systens in many respects but SAS signal processing
provi des some uni que chall enges. SAR systens have w der
absol ute bandw dt h and hi gher carrier-to-bandw dth rati o,
or quality factor Q. The high Q nature of SAR dictates
that typical notion and range estimation errors have little
effect on the echo. The errors result in a shift of a few
centineters on a signal envelope of a few neters. In con-
trast, SAS notion and range estinmation errors of a few

centineters result in a shift of the target envel ope that

2



is also on the order of a fewcentinmeters [3]. The strong
dependence of SAS systens on accurate range and notion
estimation is the focus of the research presented in this

t hesi s.

Several other chall enges nust be considered when de-
signing a SAS system The speed of the platformnust be
hi gh enough to maintain control of the subnerged vehicle
but sl ow enough to prevent undersanpling of the target
area. As described above, SAS systemresolution can be
significantly degraded by residual notion errors of the

transmt and receive platforns.

B. THE OCEAN AS A LINEAR, TI Me-VARI ANT, SPACE-VARI ANT
FI LTER

Comput er sinmulation of acoustic ray propagation in an
unbounded ocean nedium was the primry nmeans of eval uating
t he exact propagati on equations and conparing these tech-
ni ques to common approxi mati ons. The mat hemati cal frame-
wor k used for these sinulations nodels the ocean as a |lin-
ear, time-variant, space-variant filter. The theory, neth-
ods, and derivation of this |linear systens approach to
acoustic field theory are contained in [4]. A block dia-
gram nodel of pul se propagation is shown in Figure 2. The
simul ati ons conducted in this thesis focus on determ nation
of exact and approxi mate acoustic propagation paths in-
cluded in the conplex frequency response of the ocean ne-
dium The conpl ex frequency response of the ocean nmedi um

at time ¢, position r, and frequency f due to application

ﬁ%), as

of a unit-anplitude inpulse at position r, is 17M(Lr

seen in Figure 2.



x(r) X, (1) hM(t,r|tD,rD) Y, (6 1) ¥t r)
—» ALf.m) — P Ag(nr) —
X(f,1) X, (f0 | Hiorlfn) | 4,000 Y1)

Figure 2. Bl ock di agram nodel of small-anplitude pul se
propagation [ From Ref. 5].

Model s used for sinulation are based on bistatic scat-
tering wth a stationary target. This scenario is intended
to nodel the performance of a subnerged vehicle using a
side scan sonar to image stationary mnes. The transmtter
and receiver are co-located on the platform Due to notion
of the vehicle the position of the transmtter and receiver
is tinme varying. It is inportant to note that the vehicle
will be in notion during the entire transmt and receive
cycle. Sone SAS signal -processing algorithns assune that
the vehicle is stationary during each transmt and receive
cycle and noves only between each cycle [6]. This sinpli-
fication requires notion conpensation to be applied during
signal processing and can introduce errors in the inmage.
The nodel s used in this thesis are exact and require no
notion conpensation. The exact nodel s do, however, assune
that the velocity of the platformis constant during trans-

m ssi on and reception of individual pulses.

C. RESEARCH GOALS
This thesis focuses on the direct conparison of exact
and approxi mate signal propagation nodels as applied to a
SAS system enployed to i mage stationary targets. This
research validates, through conmputer simulation, the exact
propagati on nodel. The exact nodel is then used to eval u-
4



ate errors introduced by approxi mate nmethods. The goal of
this research is to provide a proven SAS signal - processi ng
al gorithmthat renoves errors due to propagation range,
angle, and platformnotion estimation. Wth reduced error,
the synthetic aperture array has increased array gain and

i nproved i mage quality.

D. DOD RELEVANCE

M ne detection and classification is one of the nost
i nportant chall enges faced by the Navy. Sinple, inexpen-
sive, effective mnes are available to all our potenti al
adversaries. Deploynent of water-borne m nes by an adver-
sary precludes the introduction of ships or troops into an
ot herwi se unprotected area.

The effectiveness of mne warfare was proven in the
1991 Persian Qulf War. The USS Tripoli sustained 3.5 m| -
lion dollars in danage after being struck by a 1500 doll ar
mne. Later in the war, the USS Princeton was disabl ed by
a simlar mne. Repairs to the USS Princeton cost 24 m| -
lion dollars [7]. Battle group commanders are justified in
their reluctance to enploy assets where the threat of wa-

ter-borne m nes exists.

To address the asymmetric threat of mnes, the U S.
Navy is currently devel oping a Long-Term M ne Reconnai s-
sance System (LMRS). The LMRS is an unmanned underwat er
vehicle that will use a forward-I|ooking sonar system for
m ne detection and a side-scan sonar systemfor |ocaliza-
tion and classification. The side-scan sonar is used as
the transmtter and receiver for a SAS system This system

5



provi des no risk access to mned waters while collecting
information essential to m ne hunting operations. A con-

ceptual drawi ng of the LMRS can be seen in Figure 3.

(¥
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Figure 3. LMRS conceptual drawing [ From Ref. 8].

E. SUMVARY

Rel i abl e detection and cl assification of water-borne
mnes is an essential capability for the U S. Navy. SAS
systenms on UWW' s are currently under devel opnment to address
this challenge. Traditional SAS beanform ng al gorithnms use
approxi mations to cal cul ate acoustic signal propagation
ranges and angl es of incidence. Exact nmethods of determ n-
ing these paraneters have been devel oped and i nprove system
performance. This thesis uses conputer sinulations of
exact and approxi mate propagati on nodels based on |inear
systens theory to conpare the performance of these nethods.



F. THESI S ORGANI ZATI ON

This thesis is organized into five chapters. Chapter
| provides an overview of the SAS concept, mlitary rele-
vance of this research, and a general description of the
nodel i ng net hods and eval uati on techni ques used for system
simul ation. An overview of the application of |inear sys-
tenms theory to acoustic propagation nodeling is presented
in Chapter 1. Chapter Il introduces the mathemati cal
nodel s used for sinulation of SAS as applied to the imaging
of stationary water—borne targets. The results of conputer
simul ati ons designed to conpare different nmethods of esti-
mati ng acoustic signal propagation ranges and received
phase angles are presented in Chapter IV. Finally, Chapter
V presents the thesis conclusions and recomendati ons for
future research in SAS signal processing.

The next chapter describes the treatnment of the ocean
as a linear, time-variant, space-variant filter. The SAS
m ne- hunti ng geonetry and scattering nodel are also intro-

duced.
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1. THE OCEAN AS A LI NEAR, TI ME-VARI ANT, SPACE-
VARI ANT FI LTER

This chapter presents an overview of the application

of linear systems theory to acoustic propagati on nodeling.

A | NTRODUCTI ON

The conputer sinulations presented in this thesis are
based on a linear systens nodel of the ocean environnent.
A linear systens approach to acoustic pul se propagation is
presented in [4] and [5]. Al sinulation nodels in this
thesis are based on treatment of the ocean as a |inear

filter.

Propagati on of small anplitude acoustic pulses in the
ocean can be described by a |inear wave equation. This
I i near wave equation accurately describes the propagation
of acoustic pulses fromthe source to the discrete point
scatterer and fromthe discrete point scatterer to the
receiver. To nodel this propagation, we treat the ocean as

a linear, tinme-variant, space-variant filter.

B. COVWPLEX FREQUENCY RESPONSE OF THE OCEAN
The propagation of small anplitude acoustic pul ses
t hrough the ocean nmedi um can be described by the |inear,

t hr ee- di nensi onal , i nhonbgeneous wave equation, [5]

2

7 (GEF X, (D), (2.1)
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where x,(t,r) is the source distribution at tine ¢ and posi -

tion r wwth units of inverse seconds and y,(t,r)is the vel oc-

ity potential of the acoustic field at tinme ¢ and position
r wwth units of squared neters per second. The vector
r=(x,y,z) describes the |ocation of any point in three-

di nrensi onal space. The position dependent speed of sound
in nmeters per second is described by c¢(r). Note that both
the source distribution and the velocity potential are
functions of tinme and position. The tine-variant property
of the linear filter allows us to nodel notion of the
transmtter, target, and receiver. This ability to accu-
rately nodel notion of all platforns is essential in SAS
nodel i ng where transmtter and receiver notion is used to
synthesi ze the array. This tinme-variant property also is
used to account for changes in the ocean nediumwth tine.
The space-variant property allows for the presence of
boundari es, discrete point scatterers and spatial variation

in anmbi ent density and the speed of sound.

The solution of Eq.(2.1) can be obtained by treating
the ocean as a linear, time-variant, space-variant filter.
Figure 4 is the linear system bl ock di agram of the ocean as
a time-variant, space-variant filter. The input-output

relationship is given by [5]
Y @)= 7 x, )by, (x| 1.1, )ty (2.2)

wher e hM(nr|%,%)is the time-variant, space-variant, inpulse
response (Geen’s function) of the system The inpul se

response h, (tr|t.r,) is the response of the filter at tine ¢

10



and position r=(x,»,z) due to application of a unit anpli-
tude inpulse at time ¢ and position r,=(x,y,2z). The input
acoustic signal x,(r) is the source distribution at tine ¢

and position r and y,(s,r) i s output acoustic signal at tinme
t and position r. It is inportant to realize that Eq.(2.2)

is a four-fold integral since dr,=dx,dy, dz,.

hylt.r|s,.1, )
Xy ry ——pm _ — v, (LT
Hyle.r|f.v)

Fi gure 4. A linear, tine-variant, space-variant, ocean
mediumfilter [From Ref. 5].

Figure 4 al so shows the tine-variant, space-variant,

transfer function of the ocean filter l{M(anfAQ defi ned by

[ 5]
H, (t,r|f,v) éj:HM (t,r|f,r0)exp[+j2nv *(r—r,)ldr,, (2.3)

where f represents input frequency conponents in Hertz and
v=(fy.f.f,) is a vector representation of the spatial fre-

guencies in cycles per neter in the X, Y, and Z directions,
respectively. The tine-variant, space-variant, conplex

frequency response of the ocean at frequency f is [5]

Hy (60| £0) & [y (6021, ) expl=j27f (¢ ~t,)] (2.4)
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The strategy followed in Reference 5is to first find
the tinme harnonic solution to the |inear, inhonobgeneous,
t hr ee- di nensi onal wave equation. The tinme harnonic sol u-
tion is then used to find a pulse solution to the wave

equation by using Fourier transformtechni ques.

The focus of this thesis is on the conpl ex frequency
response of the ocean medium H,(sr|f.r,), as defined by

Eg. (2.4). The conpl ex frequency response of the ocean

medi um i ntegrates the characteristics of the propagation
path between transmitter, discrete point scatterer, and
receiver. Simulations were conducted using both exact and
approxi mat e propagati on ranges to account for signal propa-
gation delay as determ ned by propagation path of the
acoustic field.

C. SUMVARY

The ocean nedi um can be nodeled as a linear, tine-
variant, space-variant, filter. This approach allows us to
devel op a tine-variant, space-variant, conplex frequency
response of the ocean that accurately describes acoustic
signal propagation and therefore provides a solution to the
I i near, inhonpbgeneous, wave equation given by equation
(2.1). In the next chapter, the conplex frequency response
of the ocean is derived for the specific case of SAS ap-

plied to stationary object detection.
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I11. MODELI NG OF BI STATI C SCATTERI NG FOR SYNTHETI C
APERTURE SONAR

Thi s chapter introduces the mathematical nodel used
for simulation of synthetic aperture sonar (SAS) as applied
to the imaging of stationary water-borne targets. Several
traditi onal approximations and an exact solution for propa-
gation ranges are introduced and the limtations of each

are di scussed.

A | NTRODUCTI ON

The mai n advantage of a SAS systemis the ability to
synt hesi ze an extrenely long array while maintaining a
relatively small actual size of the physical array. Syn-
t hetic aperture sonar beanform ng and signal processing
relies on properly steering and focusing the aperture beam
pattern in order to co-phase all the received signals. Due
to the effects of notion in the SAS problem the propaga-
tion path fromthe transmtter to the discrete point scat-
terer and fromdiscrete point scatterer to the receiver is
time varying. Traditionally, sinple approximtions are
used to determ ne these propagati on ranges and angl es of
i ncidence and scatter. This chapter introduces the exact
bi static scattering nodel for SAS systens presented in [9]
as well as some conmon approxi mati ons used when nodel i ng

acoustic signal propagation in SAS systens.

13



B. Bl STATI C SCATTERI NG MODEL

1. Assunpti ons

The focus of this section is to devel op the conpl ex
frequency response of the ocean for a SAS systemw th sta-
tionary targets. In the binom al approximtion nodels and
t he exact propagation nodels described in this thesis, the
speed of sound and the ambient density of the ocean are
treated as constants. This allows us to treat the ocean
medi um as honobgeneous. As a result, sound rays will travel
in straight lines fromthe transmtter to the discrete
poi nt scatterer and fromthe discrete point scatterer to
the receiver. Propagation nodels involving surface and
bottominteractions can be devel oped in an identical nmanner
to those presented for propagati on between the transmtter
and discrete point scatterer and discrete point scatterer

and receiver [9].

The transmitter and receiver velocity vectors are as-
sunmed to be constant only during the transm ssion and re-
ception of the acoustic pulse. The platformmay change its
speed at any tine in any direction between transm ssion and
reception and between cycles. This feature elimnates the
need for notion conpensation typically applied to nost SAS
signal processing algorithnms. The binom al approxinmation
and exact propagation nodels assune only that the position
and velocity vectors of the transmtter and receiver can be
determ ned during signal transm ssion and reception. De-
term nation of the vehicle velocity vector is not a trivial

probl em however, and accurate determ nation of vehicle

14



position is an area of extensive research in SAS signal

processi ng and vehicle design [1, 10, 11].

In order to all ow conparison of the various nethods of

propagati on range determ nation, the scattering function of
the discrete point scatterer, g(f.i,.i,), is assumed to be

unity.

2. Propagati on CGeonetry
W begi n our devel oprment of the conpl ex frequency re-

sponse of the ocean by defining the velocity vectors for

the transmtter, V,, the discrete point scatterer, V,, and

1

the receiver, V,. These velocity vectors are given by [9]

vV, =V, , (3.1)

Vv, =V, (3.2)
and

v, =V,hy, , (3.3)
where V,, V¥, and V, are the speeds in neters per second of

the transmtter, discrete point scatterer, and receiver,

respectively. The dinmensionless unit vectors n,, n,, and

n, define the directions of V,, V, and V,, respectively.

Vel ocity vectors given by Eqgs.(3.1) through (3.3) are con-
stant as discussed in Section I11.B.1. Mdtion is consid-

ered to begin at tine ¢r=¢,.

The tinme-varying geonetry of the scattering nodel is
nodi fied using relative velocity vectors to allow the

transmtter and the discrete point scatterer to be treated
15



as being notionless. The velocity vector of the discrete
poi nt scatterer relative to the velocity vector of the

transmitter in the direction of the velocity vector of the

discrete point scatterer 7,, is [9]

Vio =V, (i, V)i, =[ V=, (i, 2 4, ) | (3. 4)

"

The initial propagation nodel allows for notion of the

di screte point scatterer, so we define a relative velocity
vector, V,,. The vector V, is the velocity vector of the
receiver relative to the velocity vector of the discrete

poi nt scatterer in the direction of the velocity vector of

the receiver 7, and is given by [9]

vV, =V, (i, * V), :[Vz—Vl(ﬁVz-ﬁVl)}ﬁV. (3.5)

2

The position vectors fromthe origin to the transmt-

ter, discrete point scatterer, and receiver when notion

begins at r=¢, are given by r,=(x,».2), r=(x.».,z), and
rZ:(xpypzz), respectively. Using these position vectors, we

can further define the position vector fromthe transmtter

to the discrete point scatterer as [9]
Ly =h 7L (3.6)

and the position vector fromthe discrete point scatterer
to the receiver as [9]

r,

, L. (3.7)

=r

The di nensionless unit vectors fromsource to discrete
poi nt scatterer and fromdi screte point scatterer to re-

ceiver are [9]

16



Mo, =—" (3.8)
1

and
r1,2
ris|

respectively. The ranges in neters fromthe transmtter to

(3.9)

n, =

iy

di screte point scatterer and fromthe discrete point scat-

terer to receiver are given by [9]

7o =t (3. 10)
and

ia = h, (3.11)

respectively. This bistatic scattering geonetry i s shown

in Figure 5.

It is nowinportant to define the paranmeters of our
nodel with respect to the tinme instance when the acoustic
field is first incident upon the discrete point scatterer
and the tinme instance when the acoustic field is first
i ncident upon the receiver. The transmtted acoustic field
is first incident upon the discrete point scatterer at sone

time ¢ seconds where ¢>¢ . This allows us to define the

time difference fromtransm ssion of the acoustic field to

first incidence upon the discrete point scatterer as [9]
A =F-t, (>t . (3.12)
Simlarly, the time instant when the scattered acoustic

field is first incident upon the receiver is t>¢>¢ . The

17



time difference between ¢ and first incidence of the acous-

tic field upon the receiver is given by [9]

A" =t-1{, t>1>t. (3.13)

Fi gure 5. Bi static scattering geonetry when notion begins
at time ¢t=s, seconds. Point 0, PA(r), is the transmtter;

poi nt 1, R(q), is the discrete point scatterer; and point

2, P(r,), is the receiver. Al three platforms are in no-
tion [From Ref. 5].

By referring to Figure 6 we can express the position

vector fromthe point source to the discrete point scat-

terer at time ¢ as ry,, and the position vector fromthe

18



di screte point scatterer to the receiver at time ¢ as rj,.

The position vector fromthe origin to the discrete point

scatterer at time ¢ is r,. The position vector fromthe

originto the receiver at time ¢ is r, .

3. Vel ocity Potential and Conpl ex Frequency Response

Qur goal is to develop an expression for the conpl ex
frequency response of the ocean in order to conpare differ-
ent methods for estimation of propagation range fromtrans-
mtter to discrete point scatterer and from di screte point

scatterer to receiver. Prediction of the propagation

"

ranges |r,| and |r],

will allowus to correctly steer and

focus the beam pattern of our synthetic array resulting in
t he co-phasing of the output electrical signals at the
different receiver locations. Once a nodel for the conpl ex
frequency response is devel oped, we can predict the acous-

tic field (velocity potential) at the receiver.

When the transmtted acoustic field is first incident
upon the discrete point scatterer at tine ¢, the position
vector fromthe transmtter to the discrete point scatterer

is given by [9]

FS,I =TIy, + A Vio: (3.14)
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S,0(r-r) .

S,0(r-r,)

Fi gure 6. Bi static scattering geonetry when the transmt -
ted acoustic field is first incident upon the discrete

poi nt scatterer at time ¢ seconds and when the scattered
acoustic field is first incident upon the receiver at tine ¢

seconds where r>¢>¢ . Point 0, B(r), is the transnitter;
point 1, B(r), is the discrete point scatterer, and point

2, P(r,), is the receiver. Al three platforms are in no-
tion [From Ref. 5].
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Recal | that we are nodeling the propagation of the acoustic
field through the ocean as transnission through a |inear
time-variant, space-invariant filter. Therefore, the

acoustic field incident upon the discrete point scatterer

at time ¢ and position n':(MﬂyLz;) is [9]

Vs (t',rl')=SOHM (t’,r’o’l |f)exp(+j2ﬂﬁ), t>t, (3.15)
wher e
exp(—jk‘rg,l‘)
H, (r = 7 3.16
AN Py (3.16)

is the tinme-variant, space-invariant, conplex frequency

response of the ocean at frequency f hertz. The source
strength S, is given in cubic neters per second and k is

t he wavenunber in radians per neter given by
k=2mf/c=2mA. (3.17)

An identical nethod is used in [9] to devel op an ex-
pression for the acoustic field incident upon the receiver

at time . The position vector between the discrete point

scatterer and the receiver at tine t>¢>¢ is given by [9]
r,=r, O (V,-V, )+ YV, (3.18)

The acoustic field (velocity potential) incident upon the

receiver at tinme t>¢>¢ is [9]

Yu (r,r;):SOHM (x| fon )exp(+27ft), 31 >4, (3.19)

wher e
21



H, (l‘,l‘; f:ro) =H, (fvr'o,l |f)g1 (f:ﬁo,lsﬁl,z)HM (tai'l,z |f)

exp[—jk(‘rg’l‘ +‘r'1"2‘)} (3.20)
1677 |1, '

_ Al AX
=& (fa nO,l’nl,Z)

"
r1,2

The conpl ex scattering function of the discrete point
scatterer, gi]ﬁﬁ&,ﬁg), i s dependent upon frequency and upon

t he angl es of incidence and scatter. For sinplicity, this
function is assunmed to be unity in this thesis so that we

may i ndependently investigate the phase termin Eq.(3.20).

C. PROPAGATI ON RANGE DETERM NATI ON

The key to proper co-phasing of the output electrical
signals fromthe SAS array is estimation of the received
phase of the acoustic field incident upon the receiver.
Exam nation of Eq.(3.20) reveals that the phase term

exp[—jkﬂr&‘+hh0}, depends directly on frequency and the

magni tude of the position vectors ry, and r{,. It is in the

solution for these tine-varying ranges that this thesis is
focused. Accurate determ nation of the propagation range
of the acoustic signal is especially inportant in recent
SAS projects such as the Long-Term M ne Reconnai ssance
System (LMRS) where relatively high carrier frequencies

W ll be used to increase inmage resolution. Small errors in
propagati on range estimation can introduce large errors in
si gnal phase estimation at the receiver, significantly

degradi ng the array performance.
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1. The St op-and-Hop Approximation and the Mving Re-
ceiver Correction

One approach to estimation of propagation ranges is to
assunme that the transmtter and receiver are stationary
during signal transm ssion and reception. This assunption
is acceptable for many synthetic aperture radar (SAR) sys-
tens, but due to the slow propagati on speed of acoustic
waves in water relative to el ectromagnetic waves in air,
this assunption is invalid for a SAS systeminmaging targets
at any significant range [6]. An initial correction may be
appl i ed by conpensating for the notion of the receiver in
the tinme interval between signal transm ssion and signal
reception. A nethod for received phase correction due to a
nmoving receiver is presented in [6]. Figure 7 shows the

geonetry involved in this correction. The initial range

fromtransmtter to target is R. The initial range from
target to receiver is R,. The distance traveled by the

receiver during signal propagation is Vi where V is the
vehicle speed and ¢ is the total propagation tine between
transm ssion and reception of the acoustic signal. The
propagation time ¢ is an estimtion of the total propaga-
tion time fromtransmtter to target and fromtarget to
recei ver based on a reference range to the scene center.

The range R, describes the range fromtarget to receiver at

time . Each received acoustic signal is nultiplied by the

phase correction term|[6]

~

exp(ﬁ%m], (3.21)
C
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Y

Transmitter

Target

w]

Figure 7. The novi ng receiver correction for the stop-
and- hop geonetry [After Ref. 6].

Receiver

+_
=

wher e
AR=R,-R,. (3.22)

Conmpensating for the notion of the receiver during
si gnal propagati on does renove sone error inherent in the
st op- and- hop assunption but several additional factors are
not considered. The notion of the transmtter and receiver
during signal transm ssion and reception is ignored. In
addition, the vehicle velocity vector is assuned to be
constant for the entire duration of signal propagation.
This correction further assunes that the total propagation
time, ¢ in Figure 7, fromtransnmtter to target and target
to receiver can be approxi mated by cal cul ati ng the propaga-

tion tine to sone reference range, R,, such that [6]

f=""0 (3.23)



The reference range, R,, is the range to the center of

the image area of the SAS system [6]. Throughout the re-
mai nder of this thesis, the noving receiver correction is
applied to the stop-and-hop nodel and referred to as the
st op- and- hop appr oxi mati on nodel .

We can define the stop-and-hop nodel presented in [6]
in terns of the bistatic scattering nodel presented in
Section II11.B of this thesis. The range fromtransmtter

to discrete point scatterer is given by
Rl=|r1 —r0|, (3. 24)

where r, and r, are the position vectors fromthe coordinate
systemorigin to the discrete point scatterer and transmt-
ter, respectively (see Fig. 5). The tine-varying range

fromdiscrete point scatterer to receiver is given by

, t>t, (3.25)

wher e g(ﬁ is the tine-varying range fromthe coordinate

systemorigin to the receiver given by
() =r()+Ve, t>1. (3. 26)

The vector V is the velocity vector of the receiver, and ¢
is given by Eg. (3.23).

2. The Bi nom al Approxi mati on Met hod

The magni tude of the position vectors r,, and r/, can be

approxi mat ed by using the binom al expansion presented in

[5]. The magnitude of the position vector fromthe trans-
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mtter to the discrete point scatterer at tinme ¢ can be

rewitten as [5]

0| = VI7B =1, (1 bb +j ] <1 (3.27)
wher e
V. At |ZANAYS
p =2 L0 (ﬁofﬁv)-‘-lL . (3.28)
To ' 2k,

I

Recall that in our bistatic scattering nodel, ¢ is the tine

i nstant when the transnmtted acoustic field is first inci-

I

dent upon the discrete point scatterer and that ¢>¢ . For

the case of a SAS systeminmaging a stationary target,
V, =0. (3.29)
Therefore, V,, given by Eq.(3.4) is undefined. As a result,
V., =0 (3. 30)
and
V,o|=71, =0. (3.31)

In this case, b given by Eqg.(3.28) is equal to zero and
Eqg. (3. 27) reduces to

‘r(;,]‘ =T (3.32)

whi ch i s exact.

The bi nom al approxi mation can al so be applied to the

n
1,2

"

estimation of r,

. The range

r can be witten as [5]
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_ J___~ b b
r,|=h,Vlth '*7”1,2(1"'5 _g +"’ja |b| <1 (3.
wher e
b :ri{[ﬁ“ «(Vo= Vi) Jar+ (i, e vy, )ar} (3.
1,2

The expression for b can be sinplified using
Egs. (3.29) and (3.30) for the stationary target. Thus,
Eg. (3.5) reduces to

V., =V, (3.

and EQ.(3.34) can be rewitten as

b:i{(At’+At')(ﬁl,2-V2)}. (3.

ho

Usi ng Egs. (3.12) and (3.13),

A+ N =t -t +t—t =t —t, =K. (3.

The expression for » now reduces to

b={n(i, v, } . (3.

Equation (3.33) is only valid if V4<1. Not e t hat

ZFEAAESVAR (3.

Now, if we inpose the nore stringent criterion that

2|V2|AtS

h2

0.1, (3.

33)

34)

35)

36)

37)

38)

39)

40)

then the binom al approximation can be sinplified by using

only the first two ternms of EQ.(3.33). Doing so yields
27



r1,2

=N +[ﬁ1,2 ¢ (Vz ~Vio )]Af + (ﬁl,z *Vu )Af . (3.41)

Equation (3.41) can be further sinplified using Egs.(3.30),
(3.35), and (3.37) such that

"

r,

=1, +(A,* V, )0t (3.42)

3. Exact Propagati on Range Met hod
Ref erence 9 presents a nethod for determ ning the

ti me-varying propagation ranges |t (1| and

ﬁgﬁﬂ exactly for
t he general case of bistatic scattering when all three
platforns (transmtter, target, and receiver) are in notion
and for the special case of a SAS systeminmaging a station-
ary target. The constant value of range fromtransmtter
to discrete point scatterer when the transmtted acoustic
field is first incident upon the discrete point scatterer

at time instant ¢>¢ is given by [9]
0= 7, (3. 43)

The constant val ue of range between di screte point scat-

terer and the receiver when the scattered field is first

i nci dent upon the receiver at time instant >¢>¢ is given

by [9]

n
r,

_5, +./B,> +44,C, (3. 44)

24, ’

wher e

A,=1-2, (3. 45)



By=2r, +2r),— 5, (3.46)
and
2 A °V
CO:rozﬁlV—oz+2r0ﬂlrl,2(m’2—0)+riz. (3.47)
C C
The tinme-varying propagati on ranges are given by [9]
r;,z(t)‘ = I:r12,2 +2r1’2(f11’2 * Vo)A + Voz(At)z]l/2 ; t2t,+7, (3.48)
and
v 0=t @|, 2,47, (3. 49)
wher e
r r
T:‘ 0,1‘_'_ 1,2 (3. 50)
C C

is the tine delay in seconds or the ampbunt of time it takes

for the transmitted acoustic signal to begin to appear at

the receiver after notion begins at tinme instant ¢, and

At=t-t, t2t, +T. (3.51)

D. SUMVARY

Accurate estimation of the propagation range fromthe
transmitter to target and fromtarget to receiver is essen-
tial to the proper co-phasing of the output electrical
signals fromthe different receiver |locations. The tradi-
tional stop-and-hop nethod, corrected for receiver notion,
can be used to estimte propagation ranges. Alternately,

t he propagation ranges can be determ ned using the bistatic
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scattering nodel presented in this chapter. The propaga-

tion ranges |r; (1| and

ﬁgaﬂ can be estimated using a bino-

m al approximation or cal cul ated exactly. The next chapter
presents the results of computer simnulations used to com
pare the accuracy of the stop-and-hop approxi mation, bino-
m al approxi mati on, and the exact propagation range cal cu-
[ ati on net hods.
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I V. PROPAGATI ON RANGE AND RECEI VED PHASE ANGLE
ESTI MATI ON COVPARI SON

This chapter presents the results of conputer sinula-
tions designed to conpare different methods of estimating
acoustic signal propagation ranges and recei ved phase an-
gles for a SAS systeminaging a stationary target. Sinula-
tion results of the receiver output electrical signals for
a SAS array with Fast Fourier Transform (FFT) beanform ng
and various propagation range estinmation nethods are al so

pr esent ed.

A | NTRODUCTI ON

1. Met hod of Eval uation

Accurate estimation of the propagation range fromthe
transmitter to the discrete point scatterer and fromthe
di screte point scatterer to the receiver is essential to
properly co-phase the output electrical signals in the SAS
system Using the nodels presented in Chapter |11, the
simul ations presented in this chapter conpare the propaga-
tion ranges and recei ved phase angl es conputed using the
bi nom al approxi mati on nmet hod and st op-and-hop appr oxi ma-
tion method to the exact propagation ranges and exact re-
cei ved phase angles. Conparisons are based on the percent
error in range fromtransmtter to discrete point scat-
terer, percent error in range fromdiscrete point scatterer
to receiver, and percent error in the estimtion of the
phase of the signal incident upon the receiver. Al sinu-
| ati ons were conducted usi ng MATLAB version 6.0.
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Conpari sons of propagation range and recei ved phase
estimation nmethods are performed for a single trans-
mt/receive cycle. The propagation range error for the
time-varying range fromtransmtter to discrete point scat-

terer is given by

(4.1)

K, (?)

|yt
Exact ‘ro’l (t)‘Appmx ’

Simlarly, the propagation range error for the tinme-varying

range fromdi screte point scatterer to receiver is given by

Exact

HE(O

X, ()| (4.2)

Approx ’

The percent range error for the tinme-varying range from
transmtter to discrete point scatterer is given by

I, ()

v, ()

Exact

, AP % 100%.. (4.3)
55, (1)

Exact

The percent range error for the tinme-varying range between
di screte point scatterer and receiver is given by

X, ()|

rl"Z (t)‘Exact B

- APo% % 100% . (4.4)
I‘1,2 (t)

Exact

Finally, the phase in radians of the acoustic signal inci-

dent upon the receiver is given by

1)) (4.5)

21y,
H(t) = 7(‘1'0,1 (t)‘ +
and the percent phase error is given by

0(1) s ~0(1)

APoX %100% . (4.6)
e ( t ) Exact
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2. Si mul ati on Paraneters

The conputer sinulations devel oped for this thesis
sinmul ate vehicle nmotion in any direction in an unbounded,
honogeneous, ocean nmedium Al though the sinmulation places
no restrictions on target location, the target is always
assunmed to be at sone depth below the transmt/receive
platform Unless otherw se noted, the vehicle begins no-

tion at time ¢, at the origin of the coordinate system and

is imging a target forward of the beam ( ¢=45) at a range,

R (see Fig. 8). For sinplicity, platformnotion is al ong
the positive Z axis.

(r.gv)

Fi gure 8. SAS simul ati on geonetry [After Ref. 5].
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Propagati on ranges are calculated with the equations
presented in II1.C 1 through Il1.C. 3 using the assunptions

presented in Il1.B.1.

The pl atform speeds and target ranges used for com
parison are simlar to those that have been specified for
the Navy’'s LMRS system[2]. The LMRS side-scan sonar sys-
temis used to synthesize the SAS array. The side-scan
sonar array covers both sides of the six-foot |ong LMRS
platform allow ng i ndependent imaging on both the port and
starboard sides of the vehicle. The vehicle is designed to
travel between 3 and 7 knots [2]. The m ninum speed is
based on mai ntai ni ng maneuverability. The maxi mum speed is
set to ensure adequate sanpling of the target area. Figure
9 shows the relationship between physical array |ength,

pl at f orm speed, and maxi mum r ange.

MAXIMIM SAS COVERAGE (PER SIDE ) FOR VARIOUS
PLATFORMSPEEDS AND ARRAY LENGTHS

HIGH-SPEED PLATFORMS REGQUIRE
LOHGER PHYSICAL ARRAYS TO
ACHIEVE LONG-RANGE COVERAGE

-
L]

14

SPEED {KHOTS)
-
=

LMRS ARRAY LENGTH

0 200 400 G600 oo 10040
RANGE {YARD 5}

Figure 9. LMRS Range and Speed limtations [From Ref. 2].
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3. FFT Beanf orm ng

The sinul ations presented in the next section conpare
t he accuracy of the approxi mate stop-and-hop propagation
range nmet hod and the approxi mate bi nom al approxi mation
propagation range nethod for each transm t/receive cycle of
the platform To provide further conparison and to better
anal yze the effects of approximtion errors on SAS systens,
t he propagation range cal cul ations fromthe stop-and-hop
approxi mation, binom al approxinmtion, and exact nethods
are used to estimate the phase weights in a Fast Fourier
Transform (FFT) beanform ng al gorithm

To i ndependently investigate the performance of each
met hod due to phase errors, we assunme the scattering func-
tion of the target is unity as discussed in Sections
I11.B.1 and I11.B.3. W also neglect the propagation range

term 1677 ry ||},

, in the denom nator of Eg.(3.20). Neglect-

ing this anplitude factor allows us to focus on the effect

of propagati on range error on received phase prediction.

Three sinple sinusoids, each at a different frequency,
are used to sinulate acoustic propagation. As a result,

Eg. (3. 19) can be expressed as

v (102 (1) = S exp[ -k 0]+

£, ) | exp(j272), (4.7)

wher e

ki:2ﬂf

C

(4.8)

is the wavenunber for each different frequency and f =10
kHz, f,=20 kHz, and f, =30 kHz.
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W assume that the output electrical signal of the re-
ceiver is directly proportional to the acoustic field inci-

dent upon the receiver. Therefore,

y(tr (1) =y (.4 (7)) (4.9)

We now descri be the FFT beanform ng algorithmused in
this thesis and is shown in Fig. 10. FFT beanformng is
acconplished by first taking the tinme-domain Fourier trans-
formof the output electrical signals at the receiver at
different positions as the SAS systeminmges a target at a
known | ocation. These signals are simulated using the
exact propagation nodel to conpute the acoustic signal

i ncident upon the array given by Eq.(4.7), where hh@ﬂ and

qzaﬂ are given by Egs.(3.49) and (3.48), respectively. The

resulting output electrical signals are given by Eq.(4.9).
These exact electrical signals are then phase weighted with
phase wei ghts conputed using one of the approxi mate neth-

ods.

These approxi mate phase wei ghts are conputed by first

determ ning the acoustic field incident upon the receiver

using Eq.(4.7), where the values for |r,()| and

r,(1| are
conmput ed using either the binom al approxi mati on net hod or
t he stop-and hop approxi mati on nmethod. The approxi mate

stop-and- hop val ues for |, ()| and

r,(1| are given by
Egs. (3.24) and (3.25), respectively. The approxi mate bino-

mial approximation values for |r (1| and

r',(1)| are given by
Egs. (3.32) and (3.42), respectively. The negative of the
phase spectrum of the time-donmain Fourier transform of the
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out put el ectri cal

signals given by Eq.(4.9) determ ne the

appropri ate approxi mate phase weights to use to phase

wei ght the receiver output electrical

si gnal s.

(-/0r (1)

(-/0r (1)

(-/or (1)

1, (1)
:) ‘ 0N exaer | Yy, ( t, r2' ( t))m V. =Yy r@—> |:|
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D: I
x t
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' (t
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Figure 10. FFT Beanforming Al gorithm

=] - D*@\
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The approxi mate phase weights are then nmultiplied by

the time-domain Fourier transformof the output electrical
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signal s determ ned using the exact nmethod. The exact out-
put electrical signals have now been phase wei ghted using
approxi mat e phase wei ghts. W then conpute the inverse

Fourier transform of the phase-weighted signals. The re-
sulting tinme-domain signals are added to produce the total

out put electrical signal fromthe SAS array given by

N

()= ve (t=(, +7,)). (4.10)

n=l1
where N is the total nunber of transmt/receive cycles used

to create the SAS array and yg(t—(%"+LJ) is the out put

el ectrical signal fromthe receiver for the »” transmt/
receive cycle after phase weighting. The signals are syn-

chronized in tinme by subtracting the tinme delay for each

transmt/receive cycle, (%”+EJ, where ¢, is the tine at the

begi nning of the »”

cycle and r, is given by Eq.(3.50). In
t he FFT beanform ng al gorithmshown in Fig. 10, we assune
that the output electrical signals have been synchronized
intime before performng the forward FFT. Wth the trans-
mt/receive platformconstantly in notion, the initial
range fromthe transmtter to the discrete point scatterer
and fromthe scatterer to the receiver will be different at
t he begi nning of each transmt/receive cycle. These ini-
tial ranges are updated to reflect the geonetry at the

begi nni ng of each cycle and, as a result, the propagation

delay, 7, is reconputed for each transmt/receive cycle.

n

The FFT beanform ng procedure is described in detail in

[4].
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B. PROPAGATI ON RANGE AND RECEI VED PHASE COMPARI SON

1. St op- and- Hop Wth Moving Receiver Correction
The performance of the stop-and-hop propagati on nodel

is evaluated using Egs.(4.1) through (4.6) where hﬁ(ﬂ S

Exact

gi ven by Eq. (3.49), ‘QJUH is given by Eq.(3.24),

Approx

r1",2 (0)

Exact

is given by Eg.(3.48), and

h}@ﬂﬂwm is given by Eqg.(3.25).

Figure 11 shows the errors introduced by the stop-and-
hop approxi mation for a vehicle speed, V,, of 2-7 knots,
R=213 yards, and frequency, f, of 100 kHz for a single

transmt/receive cycle. 1In this case, the stop-and-hop
approximation with the noving receiver correction intro-

duces no error in the estimtion of the range fromdiscrete

poi nt scatterer to receiver

r,(|. The error in the esti-
mation of range fromtransmtter to discrete point scat-
terer, ‘%Jﬁﬂ, i's, however, significant. The error intro-

duced by the stop-and-hop nmethod results in a maxi mum per -

cent received phase error of -0.5%at V,=7 knots.

At the m nimum platform speed of 3 knots, we can in-
vestigate estimation errors fromthe stop-and-hop approxi -
mati on over all possible target ranges observing the lim -

tations described in Figure 9. Figure 12 shows propagation

range and received phase error for V,=3 knots,

f =100 kHz, with R varied from 25-450 yards. From Figure
12 we can see that the estimtion error for ‘QJUH and the

subsequent phase error increases as the range to the target
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decr eases.

Thi s suggests that the stop-and-hop approxi na-

tion provi des unacceptabl e performance inside sone m ni mum

range.
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It is interesting to exam ne the accuracy of the stop-
and- hop approximation with the target at different initial
angles with respect to the array. The angle @ is a cylin-
drical coordinate nmeasured from array broadside to the
target projection in the X-Z plane at the tinme notion be-
gins, as seen in Figure 8. This simulation is conducted

such that R remains constant at 300 yards while @ is var-

ied from 0 to 90°. The target depth is set at 150 yards

bel ow the platform The platformspeed, V,, is 5 knots.

0
Figure 13 shows that propagation range and received phase
error increase as @ increases. This is an inportant obser-
vation since all SAS systens enpl oy the coherent addition
of nmulti-aspect data to form high-resolution i mages. The
ability to accurately inmage a target at hi gher aspect an-

gles results in inproved al ong-track imge resolution [2].

42



|r’0 1(t)| Error: Stop—and—-Hop |r’o 1(t)| % Error: Stop—and—-Hop

0 T 0
-0.05¢
-0.2
-0.1
_04 L
5 -0.15
w
—_ [
B -0.6 © -0.2
= Il
o 04
i € -0.25}
-0.8 8
[
& 03
O U 0° 4
— @=30° -0.35}
— @=45°
-12} ¢=60" . -0.4}
— @=90°
0.4 0.6 0.8 1 0.4 0.6 0.8 1
time (sec) time (sec)
x 10° Phase Error: Stop—and-Hop % Phase Error: Stop—and—-Hop
- 0 -
-0.5F
-0.05¢
_l - .
o
0 m
7] Q L
;6)1 -15 @ -0.1
S T
Ll -2t 5
& -0.15¢
— =0°
-25F | — @=30°
— @=45°
¢=60° 0.2}
-3f | — @=90° .
0.4 0.6 0.8 1 0.4 0.6 0.8 1
time (sec) time (sec)

Fi gure 13. Propagati on range and recei ved phase error
usi ng the stop-and-hop approximation. Angle ¢ varies from

0" to 90°. Speed V,=5 knots, (=100 kHz, and R=300 yards.

43



2. Bi nom al Approxi mati on Met hod
The performance of the binom al approximtion nethod
for propagation range estimtion is eval uated using Egs.

(4.1) through (4.6) where ‘dJaﬂEmw is given by Eq.(3.49),

s, () is given by Eq.(3.32),

1, ()

is given by Eq.

Approx Exact

(3.48), and

n',z(t)‘Appm is given by Eq.(3.42).

Sinmul ati ons exam ning the accuracy of the binom al ap-
proxi mati on nodel were conducted in the sane manner as
t hose for the approxi nate stop-and-hop nodel. Once again,

t he bi nom al approxi mation estimates of the propagation

ranges |r, (1| and

ﬁgaﬂ and the resulting estimted phase of

t he acoustic signal incident upon the receiver were com

pared with the exact solutions for these paraneters.
Figure 14 shows the errors introduced by the binom al

approxi mation for a vehicle speed, ¥V, of 2-7 knots,

R=213 yards, and frequency, f, of 100 kHz for a single

transmt/receive cycle. 1In this case, the binom al ap-
proxi mation introduces extrenely small error in the estima-

tion of the range fromthe transmtter to the discrete

point scatterer, | (). Maxinumestinmation errors for the
bi noni al approxi mation of |r (1| are on the order of 107
nmeters at V,=7 knots. The error fromthe estimation of

range fromdi screte point scatterer to receiver,

L@, s
al so extrenely small. Maxinmumestimtion errors for the

bi nom al approxi mation of

rb(ﬂ‘ are on the order of 107
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meters at V,=7 knots. The resulting phase error introduced
by the binom al approximtion nmethod results in a maxi mm
percent received phase error of 0.004% at V,=7 knots.

Recal ling that the stop-and-hop approximation resulted in a
maxi mum percent phase error of -0.5% for the same scenari o,
it is obvious that the binom al approximtion greatly re-
duces propagation range and recei ved phase estinmation er-

ror.

At the mnimum platform speed of 3 knots, we can again
investigate estimation errors fromthe bi nom al approxi na-
tion over all possible target ranges observing the limta-
tions described in Figure 9. Figure 15 shows propagation

range and received phase error for V,=3 knots and f =100

kHz while R is varied from 25-450 yards. From Figure 15 we
can see that the estimation error for |r (1| increases as the
target range, R, increases. Conversely, the range estina-

tion error for

ﬁﬂaj decreases as R increases, and is nuch

greater than the range estimation error for hﬁ@ﬂ in all

cases. This results in a phase error that increases as R
decreases, a result simlar to that observed for the stop-
and- hop approxi mation. This suggests that the binom al
approxi mati on al so may provi de unaccept abl e performance

i nside sone mninumrange. Conparing the stop-and-hop
approxi mati on nethod with the binom al approxi mation

nmet hod, we again see that the binom al approxi mati on net hod
i ntroduces nmuch less error in the estinmation of propagation

ranges and recei ved phase.
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W can al so exam ne the accuracy of the binomal ap-
proxi mation nmethod with the target at different initial
angles with respect to the array. The angle @ is a cylin-
drical coordinate nmeasured from array broadside to the
target projection in the X-Z plane, as seen in Figure 8.

This simulation is conducted such that R remai ns constant
at 300 yards while @ is varied from 0° to 90°. The target
depth is set at 150 yards below the platform The platform

speed, V,=5 knots. Figure 16 shows that propagation range

and received phase error decrease as ¢ increases. This
suggests that the binom al approximati on net hod woul d be
able to nore accurately conbine the nulti-aspect data in-
herent to SAS systens. Once again, we can see that the

bi nom al approxi mati on introduces a maxi nrum of 0.002% phase
error conpared to -0.25% phase estimation error per trans-
mt/receive cycle introduced by the stop-and-hop approxi ma-

tion.
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C. FFT BEAMFORM NG SI MULATI ONS

To provide sonme insight into the performnce of the
various propagation nodels when applied to a SAS system
each nodel was used to cal culate the phase weights for use
in an FFT beanform ng al gorithmas described in |IV.A 3,

where f =10 kHz, f,=20 kHz, and f, =30 kHz.

The array is synthesized as the vehicle travels at the
designated speed in a straight line along the positive Z

axi s.

Figure 17 shows results of FFT beanformng with

(a) V,=3 knots and (b) V,=7 knots. The array is synthe-
sized using 10 transmt/receive cycles with the target at
an initial range, R, of 213 yards and @=45. Phase wei ght-
ing the output electrical signals using the binomal ap-
proxi mati on nmethod to determ ne recei ved phase of the inci-
dent acoustic signal at both 3 and 7 knots produces a wave-
formthat is al nost exact. The errors in the stop-and-hop
approxi mati on, however, are significant and phase wei ghting
the output electrical signals using this nethod results in
very low array gain. The poor performance of the stop-and-
hop approximation results fromthe relatively high error in

t he received acoustic signal phase estinate.

50



Synthetic Aperture Sonar Total Output Electrical Signal
35 T T

I
— Exact
— - Binomial Approx
— — Stop—and-Hop

Output

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
(a) time (sec)
Synthetic Aperture Sonar Total Output Electrical Signal
3.5 T T T T T I
— Exact
3 —

Binomial Approx
— — Stop—and-Hop

Output

o 0.01 0.02 0.03

0.04 0.05

0.06 0.07 0.08
(b) time (sec)

0.09 0.1

Figure 17.

FFT beanformng with (a) V,=3 knots and (b)
V,=7 knots.

The array is synthesized using 10 transmt/
receive cycles with the target at an initial range, R, of
213 yards and @=45".
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Fi gure 18. FFT beanformng with V,=3 knots and
(a) R=100 yards, (b) R=250 yards, and (c) R=500 yards.
The initial

target angle, @=45. The array is synthesized
using 10 transm t/receive cycl es.
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Figure 18 shows the results of FFT beanform ng with
V,=3 knots and (a) R=100 yards, (b) R=250 yards, and (c)

R=500 yards. The initial target angle, =45 in all three
cases and the array is synthesized using 10 trans-
mt/receive cycles. W again see that phase weighting the
out put electrical signals using the binom al approximtion
of received acoustic signal phase is al nbst exact. Phase
wei ghting using the stop-and-hop approxi mati on nmethod for
estimating received acoustic signal phase results in very

low array gain in all cases.

The errors introduced by the binom al approxi mation
met hod seen in Figures 14, 15, and 16 are not |arge enough
to significantly affect the steering and focusing of the
beam pattern for typical vehicle speeds and target ranges.
Wen the array is placed wthin 1 yard of the target and
the vehicle is allowed to travel at 7 knots, however, the
bi nom al approxi mation errors becone evident. Figure 19
shows the results of FFT beanformng with R=1 yard,

V,=7 knots, and @=45 for an array synthesized with 10

transmt/receive cycles. 1In this case, the errors intro-
duced in the estimtion of propagation ranges with the
bi nom al approxi mation nethod are a significant percentage

of the total range.
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D. SUMVARY

The propagation ranges and recei ved acoustic signal
phase can be estimated using both the stop-and-hop nethod
and the binom al approximati on nmethod. Both nethods intro-
duce sone error into the calculation of propagation ranges
and received acoustic signal phase. Sinulation results
indicate that the error introduced by the binom al approxi-
mation is significantly |Iower than the error introduced by
t he st op-and-hop approximation for typical LMRS vehicle
speeds and target ranges. Estinmates of received phase from
both the stop-and-hop approxi mati on and the binom al ap-
proxi mati on nmet hods were used to phase wei ght the out put
electrical signals in an FFT beanform ng algorithm The
errors introduced by the stop-and-hop approxi mati on net hod
significantly degrade the performance of the FFT beanform
ing algorithm Conversely, the binom al approxinmation
nmet hod for received acoustic signal phase estinmation can be
used to accurately phase wei ght the output electrical sig-
nals at typical LMRS vehicle speeds and target ranges. The

t hesi s conclusions are presented in the next chapter.
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V.  SUMVARY AND CONCLUSI ONS

This chapter provides a summary of the propagation
range and recei ved acoustic signal phase estimtion mneth-
ods. Based on the sinulations presented in the |ast chap-
ter, the accuracy of the stop-and-hop approxi mati on and the
bi nom al approxi mation nethods is analyzed. Finally, fur-
ther research in SAS acoustic signal processing is recom

mended.

A SUMVARY
Accurate estimation of acoustic signal propagation

range and received phase is critical to SAS system perform
ance. To determ ne the phase of the acoustic signal inci-
dent upon the receiver at all locations along the synthetic
array, the time-varying range fromthe transmtter to the
target and fromthe target to the receiver nust be deter-

m ned. The estimted phase of the received acoustic signal
can then be used to steer and focus the beam pattern of the

synt hetic aperture array.

The SAS concept is currently being applied to the
probl em of water-borne mne classification and imaging in
the Navy’s Long- Term M ne Reconnai ssance System (LMRS).
This requires high resolution imging at |ong ranges.
Under these conditions, small errors in the estinmates for
propagati on range and subsequent phase estimtes can sig-
nificantly degrade the SAS systenis ability to steer and
focus the array beam pattern.

This thesis anal yzed the performance of the stop-and-

hop approxi mati on and the binom al approxi mati on nodels for
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determ ni ng propagati on range and recei ved phase of acous-
tic signals for a SAS systeminaging a stationary target.
The st op-and-hop nethod, presented in [6], initially as-
sunmes that the vehicle is stationary during transm ssion,
propagation, and reception of the acoustic signal. A sim
ple correction is applied to account for receiver notion.
The bi nom al approxi mati on nmethod, presented in [5], devel-
ops equations for the range fromtransmtter to target and
fromtarget to receiver for the general problemof bistatic
scattering. Approximate solutions for propagation range
equations are obtained by perform ng a binom al expansion
of the propagation range equations. The derivations of
this techni que place some restrictions on the sinulation
paranmeters, but at the sane tinme ensure mninmal estimtion

error.

The st op-and-hop approxi mati on nmet hod and the bi nom al
approxi mati on net hod were conpared using sinulations that
exactly determ ne the acoustic signal propagation range and
recei ved phase for a SAS systeminmaging a stationary tar-
get. This exact nethod, presented in [9], for the first
tinme allows us to investigate the accuracy of comon ap-
proxi mati ons and their effect on SAS system performance.

This thesis al so presented an overvi ew of the nodel
used to simulate the propagation of acoustic signals for a
SAS system In the sinulations presented, the ocean is
treated as a linear, tine-variant, space-variant filter.
The conpl ex frequency response of the ocean filter is the

primary focus of the sinmulations presented.
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B. CONCLUSI ONS

Simul ations presented in this thesis are based on
typi cal LMRS vehicle speeds and target ranges. Performance
of the different approximtion nmethods was conpared for a
single transmt/receive cycle and then the estimtes of
recei ved acoustic signal phase were used to conpare the
per formance of each nethod applied to an FFT beanform ng
al gorithm

The st op-and-hop approxi mation i ntroduced a nmaxi mum of
-0.5% recei ved phase error with the vehicle traveling at
the LMRS maxi mum specified speed and at the nmaxi mumtarget
range. The error in propagation range and recei ved phase
estimation increased as target range increased, resulting
in a maxi mum of -2.5%received phase estimation error with
the transmt/receive platformat the m ni nrum LMRS speed and
the target at 25 yards. The estimation errors introduced
by the stop-and-hop approxi mati on nethod are small, but
significant. This is best denonstrated when the stop-and-
hop approxi mati on nethod is used to determ ne the phase
wei ghts in an FFT beanform ng algorithmapplied to a SAS
array. The error introduced by the stop-and-hop approxi nma-
tion method significantly degraded the perfornmance of the
FFT beanform ng algorithm It was also evident that the
accuracy of the stop-and-hop approxi mati on net hod decreased
as the target aspect angle increased. This suggests that
t he st op-and-hop approximation nmethod is poorly suited to
nodern SAS t echni ques that conbine multi-aspect data to

i nprove i mage resol ution

The bi nom al approxi mati on nethod esti mated acoustic

si gnal propagation range and received phase per trans-
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mt/receive cycle with much less error than the stop-and-
hop approxi mati on nethod. At the maxi num LMRS speed and
target range, the received phase estimtion error was ap-
proxi mately 100 tines | ess than the error introduced by the
st op- and- hop approximation. Simlarly, at |ow platform
speeds and cl ose target ranges the estimation error intro-
duced by the binom al approximati on nethod was 1000 ti nes

| ess than the error introduced by the stop-and-hop nethod.
In fact, the errors introduced by the binom al approxinma-
tion were insignificant when the estimtes of received
acoustic signal phase were used to phase wei ght the output
el ectrical signals of the array in an FFT beanform ng al go-
rithm Only at very close target ranges (less than 1 yard)
and high platform speeds did the errors introduced by the
bi nom al approxi mation significantly affect the performance
of the SAS system In contrast to the stop-and-hop ap-
proxi mati on nmet hod, the accuracy of the binom al approxima-
tion nethod inproved as the target aspect angle increased.

The propagation range and recei ved acoustic signal
phase can be determ ned exactly for the SAS system using
the techniques presented in [9]. These exact solutions do
not add significant conplexity to the SAS signal - processing
problemwhile elimnating errors introduced by approxi mate
nmet hods. These exact solutions place no restrictions on
target range and vehicle velocity, allow ng for maxi num

flexibility as SAS systens evol ve.
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C. RECOMMVENDATI ONS FOR FUTURE RESEARCH

This thesis considered i nprovenents to SAS system
beanf orm ng using the exact and binom al approximation
met hods for determ ning propagation range and received
acoustic signal phase versus using the stop-and-hop ap-
proxi mation. The nethods presented in [9] al so provide
exact solutions for the tinme-varying angles of incidence
and scatter at the discrete point scatterer and the tine-
varying angl es of incidence at the receiver. This addi-
tional information should be incorporated into nodels of
the scattering functions for mnes and m ne-1like objects
since scattering functions are not only functions of fre-
quency, but also functions of the angles of incidence and
scatter. Scattering functions should be included in future
simulations in order to determne their inpact on SAS sys-
tem performance. Using LMRS operational paraneters, typi-
cal oceanographic data, and real world target sinmulations,
and end-to-end SAS sinul ation should be devel oped. The
simulations would be critical to the devel opment of SAS
operational guidelines, capabilities, and future inprove-

ment .
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