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ABSTRACT

Visibility in the ocean at optical fregquencies is
limited to hundreds of yards under the best of circum-
stances. The aliernpate means rYor “seeing" objects in the
ocezn is through acoustic imagery. High-resolution acous-
tic systems are in use to locate small objects such as
nines and swimaers; howaver, these must operate at very
high acoustic frequencies to obtain the needed resolution,
which because of the extreme attenuation at these frequen-
cies limits their ramge. Very low acoustic frequencies
are used by geologists to penetrate the ccean and map its
floor at great depths, hokever with poor resolution. At
intermediate frequencies and with synthetic aperture tech-
niques, imaging of a rather substantial swath of ocean
bottom is possible. Synthetic gperture radar imagery to-
day is competitive with optical photcgraphy, and there
is no reason apparent why with the application of similar
techniques acoustic imagery cannot approach radar imagery.
However, considerable engineering, detailed design, and
demonstration are required in the perfection of the
acoustic technique. In addition, the form and character
of the acoustic image of potential objects of interest
and their possible locations must “e defined for discrim-
ination and system deployment reasoms.

The report discusses the basic theory of the
syntnetic aperture side-looking sonar and tradeoffs between
real and synthetic aperture in terms of resolution and
mapping rate. Considerable attention is paid to the
signal-processing problem and output display, as well as
the state-of-the-art of navigation at sea. The paper also
discusses the development costs, normal development
schedules, critical technical areas, critical medium
stabZlity experiments, and possible demonstration hard-
ware system characteristics.

This work on high-resolution acoustic imaging has
been supported under the Advanced Marine Technology Program
of the Strategic Technology Office of the Advanced Research
Projects Agency. This report on the application of that
technology to the Seabed Treaty verification problem was
prepared at the rejuest of the Weapons Evaluation and Con-
trol Bureau Field Operations of the United States Arms
Control and Disarmament Agency.
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o - PREFACE

This paper discusses synthetic aperture imagery
applied to the Seabed Treaty verification problem. It
was written at the request of the United States Arms
Control and Disarmament Agency. The concept of 'holo-
graphic" filling of the synthetic aperture was suggested
by Mr. F. E. Nathanson; the discussion on data processing
requirements was written by Mr. A. M. Chwastyk, target
recognition and identification by Mr. F. C. Paddison,
and navigation at sea by Mr. H. D. Black. The major share
of unifying the report and the system analysis was done
by Mr. J. N. Bucknam.

! N
. & v
» .

The Applied Physics Laboratory has been studying
the general problem of new techniques for ocean aad ben-
thic search and imagery as part of the Advanced Marine
Technology Program for the Strategic Technology Office
of the Advanced Research Projects Agency.

To a iarge extent, the synthetic aperture system
discussed in this paper was drawn from a very comprehensive
study performed by the Submarine Signal Division of the
i Raytheon Company on the feasibility of synthetic aperture
| arrays for high resolution ocean bottom mapping (Ref. 1).
i The system discussed in this paper for the filling of the

: synthetic aperture array to suppress sidelcbes is dif-

‘- ferent from that discussed in the Raytheon reports. The
) Raytheon system uses a frequency-diversity technique to
: allow multiple pulses to be in the water simuitaneously.
The system discussed in this paper uses a coherent,
fixed-frequency technique.
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1. INTRODUCTION

Interest in mapping the bottom of the oceans has
recently received an increased impetus from the Seabed
Treaty development and negotiations. The treaty, which
would prokibit the emplacement of nuclear and other weap-
ons of mass destruction on the seabed, has been prepared
by the United Nations, and has been ratified by the United
States, tne Soviet Union, and more than the number required
to bring it into force. There is no explicit validation
requirement, or technique called out by the treaty for its
enforcement.

The United States has demonstrated a limitcd cap-
ability of locating and identifying objects or the ccean
floor with the U.S. Navy ship Mizar when she located the
submarines Thresher and Scorpion, the submersible Alvin,
and the French submarine Eurydice. In addition to systems
such as the Mizar's, a system for surveying large ocean or
continental shelf regions to select areas for more detailed
scrutiny by Mizar type systems is needed.

This paper examines the operational requirements of
a Seabed Treaty policing system for continental shelf or
deep ocean use and demonstrates’ the suitability of an
acoustic synthetic aperture surveillance system for such
a task.

SUMMARY

In the remaining portion of Section 1 operational
reouirements of a Seabed Treaty policing system are out-
iined. It is tiien shown, by way of example, that con-
ventional acoustic imaging systems requive excessively
long hydrophone array lengths in order to meet these re-
quirements., The synthetic aperture technique is suggested
as suitable solution to this problem, and a tutorial
description of the operation of a synthetic aperture map-
ping system is then presented.
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Section 2 more fully develops the tradeoffs be-
tween conventional and synthetic aperture mapping systems.
System coverage rate limits ars found parametrically for
boyth systems. Tradeoff curves are then found that divide
~he coverage-rate/resolution plane into two regions: one
in which conventional mapping techniques arc desired;
the other in which synthetic aperture techniques are pre-
ferable. In shallow waters, such as those over a contin-
ental shelf, real aperture surveillance systems can be
used, producing reasonable resolution, though with limited
mapping rates. Real aperture techniques are not useful
in the deep ocean. The synthetic aperture is effective
in deep water as well as in continental shelf regions.

Cost and schedule estimates are presented in
Section 3 for several hypothetical synthetic aperture sys-
tems. A resonrch and development program is suggested.
Small-quant’ty production costs are estimated.

Risk areas are identified in Section 4; medium
stabilicvy, data processing, target recognition and inter-
pretsation, and navigational limitations are items dis-
cussad. A feasibility demonstration system is suggested.

REQUIREMENTS OF A SEABED TREATY POLICING SYSTEM

From an operational standpoint, the task of Sea-
bed Treaty policing is formidable. Effective policing is
tantamount to frequent and thorough mapping of those
ocean bottom areas that are potentially suitable for
weapon emplacement. At the moment it is uncertain how
much area must be mapped and how often the maps must be
updated. It is not unrcasonable, however, to hypothesize
an_area 2500 km long and 120 km wide, or an area of 300 000
km? (this corresponds approximately to the area of the con-
tinental shelf of the U.S.). If it is assumed that a
monltorlng platform operates for 600 hours per month with
the remaining 120 hours used for maintenance and refurbish-
ment, a single platform must map 500 km?/h to perform
monthly surveillance of this area. Several platforms could
accomplish the task at a proportionately lower coverage
rate per platform.
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" CANDIDATE MAPPING SYSTEM3

Existing Systems

A survey of the literature (Refs. 1 to 3, and
others) and conversations with those in the field indi-
cated that there are three general surveillance systems
in use: optical systems with ranges less than 100 meters;
mine hunting (scanning) sonaxs with ranges of perhaps 300
meters; and sidelooking sonars with ranges up to 750 meters.
Optical systems, although desirable because of their high
resolution, appear to be limited to use at low-coverage
rates owing to the severe underwater scattering of light.
Acoustic systems are more promising for generalized sur-
veillance, although existing ones are capable of mapping
only 1 to 6 km?/h.

Acoustic Imaging Systems

An acoustic imaging system in its simplest form
consists of a linear array of hydrophones of length Lp.
The array is mounted on, or towed by, a platform moving
at a velocity v. At an acoustic wavelength A, the
azimuthal angular resolution is approximately A/Lp radians.
The basic geometry is illustrated in Fig. 1.

An imaging system of this type, which we shall
designate a real aperture system, maps the ocean floor
on the basis of return echo strength versus broadside
range. Range resolution is achieved by using short pulses
(or longer pulres with appropriate receiver pulse compres-
sion). Azimuth resolution, p, is determined by the width
of the receive beam at maximum range:
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L, = LENGTH OF REAL ARRAY

ACOUSTIC WAVELENGTH L
= DEPTH OF WATER BENEATH MOh: (ORING

PLATFORM
PLATFORM VELOCITY
= MAXIMUM SLANT RANGE

= MAXIMUM PROJECTED RANGE
p = AZIMUTHAL RESOLUTION
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<
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FIGURE 1 REAL APERTURE MAPPING SYSTEM
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The limitations of such systems are best illus-
trated by way of example. Suppose a platform is to map
at a rate of 150 km?/h at a resolution of 3.5 meters. The
speed of the platform will be assumed to be no greater
than 10 knots in order that propeller cavitation noise
attendant at high speeds does not interfere with the
acoustic imaging system. At this speed, echoes must be
received from a maximum broadside range of about 5 km to
achieve a coverage rate of 150 km?/h. Accustic attenua-
tion effects can be quite severe over such long ranges.
These effects, which are frequency dependent, are sum-
marized in Table 1. From this table we can see that a
maximum frequency of about 10 kHz is indicated in order
to keep the transmitter power within reasen.
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A 3.5-meter resolution at S-km range requires a
beamwidth of about 0.7 milliradian. The aperture extent
must therefore be at least 1400 wavelengths. At 10 kHz
the hydrophone receive array must be more than 200 meters
long and contain 1400 or more hydrophones, lest grating
lobes should appear. Still longer aperture lengths would

]

W

ia be required to suppress sidelobe levels without compromis-
ing resolution at maximum range. Such arrzys appear ex-

z‘ pensive and impractical.

- The need for such excessively long hydrophone

— ) arrays can be eliminated by use of the synthetic aperture
technique. The technique, which was developed for high-

i resolution radar imagery, capitalizes on the uniform lin-
ear motion of the platform by synthesizing a long array

?’ from the stored echoes received by a short array at con-

ww secutive positions along the platform track. The system

is more complex than a simple real array imaging system
e in that it requires the addition of appropriate data
storage and processing equipment 2ad inertial navigation
equioment to provide precise informatiun un platform de-
viations from the nominal constant speed, straight-line
path.

—4 4 = 4 E-
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A very simplified explzanaticn of the methed of

- apertame synthesis foliows. A platform 3s movisz 2t con-
stzzt depth 2nd spesd zlong a straight-line p2th. MNowsted
- en the platform 3s 2 trensmitfreceive arzay of Bydrophozes

with idenvical trapsmit and receive petierns shaped as

, iijustrated in Fig. 2. 2As the vehicie traverses its path,

- zn accusiic pulse is emitied every T seconds, ané the re-
turn echoes zre coherently sampled and stored a2t each ramge

- bip. The interpuise pericd T is equal to the round trip

! time to the moximrw yange of interest,

Cea 2R
| __mxr
i .. C
- where c is the sound propagation welocity. As the echo

from thz last range bin is sampled, the platform has moved
2 distzrce equal to its velocity times the interpulse
period, 9F

.- f2R
vl =
. |-

L. At this new positicn, arnoither pulse is emitted, and the
process repeated. Tha szoyed echoes are retained until
the platforn has travelled a distance ejgual 2o the desired
synthetic apertur.. lzngth. Lg. The s2t of storsd echoes
resembles the outy .cs of an array of elements of length

— Ls with interelemer. spacing vt. The geometry of the syn-
: thetic array is shown in Fig. 3 The beam is now synthe-
> sized by coherently susming the stored echoes.

For a given synthetic array length, Lg, the syn-
thetic beamwidth is %/2Lg, or one-half that for a real
array of the same length. (This improved resolutiorn re-
™ sults because the individual radiators in the syathetic
2 array are seouentizlly excited, whereas in tne real array
all elements radiate simultaneously.)

A . AL Skt it i o e sttt h o
”
.

‘ The length of the real transmit array should be no
;" more than twice the desired azimuth resolution. This
ensures that thc beamwidth of the real transmit array is
) wide enough to illuminate a target cver the entire length
L of the synthetic array.
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iementation of 2 zynthetic zperiure SOISr SyStem
is further complicated by twc effects:

L. Becawse of the relatively iow speed of sound,
the placform travels zn apprecizble distance in za inter-
pulse perioc. This resultsin a "thirred" synthetic array,
oze in which the interelement spacings are meny wave-
lengths. As z rasvlt of this *rhinness™ of the array,
second 2nd higher order grating lobes (undesired side-
lgbe responses equal in magnitude to the m2inlobe) zppear
iz the synthetic arrzy pattern. These are illustrated
in Fig. 5. O=ne wzy to eliminate these grating lobes is
to £i11 the along-track distance between successive pulses
with a2 linear array of receive only hydrophone subarrays
(see Fig. 4). Tbe resuliant array pattern is then the
product of zhe patterns of the thin synthetic transmit
array and of the filled synthetic receive array. In
order that the grating lobes of the tramsmit array pat-
tern be cancelled, the synthetic receive array pattern
should have nulls at the locations of the grating lobes.
If the length of the real receive a2rray is twice the
distance travelled by the platform in an interpulse period,
the grating lcbes will be properly cancelled (Ref. 4).
Figure S depicts the operation of a synthetic aperture sys-
tem with proper real receive array length.

2. In the seabed surveillance problem, most tar-
gets of interest will be in the Fresnel zcne of the
synthetic array. This complicates the required process-
ing in two ways. First, a given target is not at the
same range from all elements in the synthetic array so
that echoes from a given target will appear in different
range bins, determined by the position of the pulse in the
synthetic array. Second, quadratic phase corrections will
have to be applied to the data in order to focus the syn-
thetic array. These problems add to the complexity of the
signal processing.

One final complexity required of the processor in
any synthetic aperture system is the ability to add phase
corrections to the stored data to compensate for devia-
tions the platform takes from its nominal speed and
path. An accurate inertial reference is therefore re-
quired to measure these deviations.
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2. SYSTEM TRAGEQFFS FOR REAL
AND SYNTHETIC APERTURE SYSTEMS

In this section we shall explore parametrically the
coverage rate and resolution capabilities of acoustic
imaging systems. We shall do this for both real and syn-
thetic aperture systems, after which we shall compare the
two. Comparison will yield tradeoff curves that indicate
the parameter break points at which synthetic aperture
systems are to be desired over real aperture systems.

An adcoustic imaging system, whether real or syn-
thetic, achieves a coverage rate A_ determined by the
vclocity of the platform (carrying the energy source) and
the maximum broadside range from which it receives use-
ful returns:

At = vR? per side. : 83

Rg is the projection onto the ocean floor of the maximum
slant range, R_. These two ranges and the depth of the
water below the platform, h, are related by:

RZ = h2+Rp?; (2)

A, =, ,Rsz-hz. (3)

For a given platform velocity, v, and depth, h, the cover-
age, Ay, is maximized by finding that system with the
greatest useful R_.

Thus,

REAL APERTURE MAPPING SYSTEMS
For a real aperture mapping system, the maximum
slant range must be constrained by the desired azimuth

resolution, p, and the diffraction-limited beamwidth of
the physical aperture, A/LR:

pL f
Rg <0 /(L) - _R (4)
LR c ?
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where f is the acoustic frequency, A the acoustic wave-
length, c the speed of sound in water, and Lp the length
of the physical aperture. Thus, at a water depth h,

2
At = ¥ (ﬂSZ_hZ < P_‘c’i LR 1- {fﬁ}ll. } per side. (5)
R

The “aperture rust move no more than one aperture -
length during an interpulse period T or "holes'" will
appear in the coverage. Thus,

Since T must be at least. the round-trip propagation time .
for a target at maximum slant range:

T>—=, (7) .

and we have from Egs. (6) and (7) another constraint on Rs: . >§

cLR
Re 55 (8)

and, hence, on At’

cL 2 .
A, = v1/Rsz-h2 < —55 1- {%%h} per side. (9)
R

Absorption effects in the acoustic medium produce
an exponential decay in signal power with propagation dis- T
tance. 'This effect is described by the attenuation co-
efficient, o(F):

0.1F2 . 40F2
1+F2 4100+F

alF) = 1.09 { > + 0.000275F2}dB/km,

(10

where F is the acoustic carrier frequency exprcssed in
kilohertz, If a, is the maximum tolerable path loss ex-
pressei in decibels, then another constraint on Rg and
Ag is:

- 44~
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and

2
At = vl’Rsz-h2 < Vao 1- !ggéﬁlh% per side.
20(F) ( "o (12)

For a given set of parameters p, v, £, a5, h, and
Lp, the minimum value of the thrze upper bounds on A, of
Eqs. (5), (9), and (12) determiiies the maximum coverage
rate for a real aperture systein. Furthermore, for any
P, V, 83, h, and Ly, an optimum acoustic frequency f can
be found that maximizes the minimnum value of the three
bounds. This optimization is easily done (in an analyt-
ical sense only; in the hardware world, one may be con-
strained to use other than the optimum frequency, giving
a lower coverage rate). A resulting set of curves of
maximum coverage rate at optimum frequency versus real
aperture length is shownin Figs. 6 and 7.

SYNTHETIC APERTURE MAPPING SYSTEMS

For a synthetic aperture of length Lg, the angular
resolution is A/2Lg. Thus, to achieve an azimuthal re-
solution p at the maximum slant range Rg, we must have:

AR

s
?f; s 0. (13)

The interpulse period, T, must be at least the round trip
propagation time from the end of the synthetic array to a
target at maximum slant range, Rg, broadside to the array.
That 1is,

L 2
T22 [R 24 {_5_} (14)
cy s 2
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Using Eq. (13) to eliminate Lg from Eq. (14), we obtain
an upper-bound value of Rs of:

2] -1/2
R, < %I [1+ (Z—p) ] . (15)

To suppress grating lobes in the synthetic array pattern,
the real receive array length, Lop, must be twice the dis-
tance travelled by the platform in an interpulse period,

Lp = 2T (16)

This equation aliows us to eliminate T from Eq. (15):

cL 21 -1/2
TR A
Rs € v [1+(4_;>') } (17)

Thus we have a bound on At:

- . {CLTR} 2 1/2
At = va~= v‘/Rs -h <v 4VA 2 -h2 per side.

I+ % (18)

Attenuation caused by absorption effects limits the
maximum range in a manner similar to the real aperture
system, although the attenuation limit, a,, in this case
must not be exceeded at the end points of the synthetic
array for a target at maximum slant range, Rg, broadside
to the array. Thus,,

L) 2 a
S 0
Ry +{§_; 2 2a(F)” (19)

where a(F) is given by Eq. (10). Eliminating Lg from Eq.
(19) by using Eq. (13), we obtain another bound on Rg:

a [ (A ) 2] -1/2 . 3 < 2| -1/2

The corresponding bound on At is :

'?18-
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T e sttt

[ 3, )2 -1/2
A, = va = v"Rsz-h2 <v XZEing; -h?2 per side. (21)
c -
t{o)

For a given set of parameters p, v, f, ag, h, and
Lyr, the minimum value of the two upper bounds on Ay of
Eqs. (18) and (21) determines the maximum coverage rate
of a synthetic aperture system. As in the real aperture
case, the frequency f can be optimized for each particular
set of values of p, v, 3y, h, and L,p to maximize the mini-
mun value of the two bounds. This optimization results
in a set of curves of maximum coverage rate at optimum
frequency versus real receive aperture length. A set of
such curves is shown in Figs. 8 and 9.

COMPARISON OF THE SYSTEMS

To understand the necessity for a synthetic aper-
ture approach at large coverage rates, one need only ex-
amine the coverage limits of Figs. 6 to 9. It is seen
from (he curves that, for shallow depths and very low
coverage rates, real aperture systems accomplish the re-
quired coverage with shorter aperture lengths, while at
higher coverage rates, synthetic apertures require much
smaller real apertures. The actual bresk point between
the two systems is a-function of p, v, h, and aq.

The loci of the break points are plotted in Figs.
10 and 11 for several combinations of velocity, depth, and
attenuation limit. These loci divide the (A¢, p) plane
into two regions: (a) in the region above and to the left
of a given locus a synthetic aperiure system can map at
the required coverage rate and resolution with a shorter
physical aperture length than a real aperture system re-
quires; (b) in the region below and to the right of the
given locus, a real aperture mapping system requires a
shorter physical aperture length. It should be emphasized
that these tradeoff curves have been drawn with physical
aperture length minimization in mind. The prrcessor com-
plexity necessary for synthetic aperture synthesis is con-
siderably greater than that for the real aperture case.

~ 19 -
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Thus, for system requirements in the vicinity of the trade-
off cu~ves of Figs. 10 and 11, special consideration should
be given to the relative merits of short physical aperture
lengtns and simple processors. In many cases it may be
prudent to settie for a longer physical aperture length

for the sake of a simpler processor.

Also plotted in Figs. 10 and 11 are the operating

points of the four specific synthetic aperture systems
to be discussed in Section 3.

-24 -
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3. SCHEDULE AND COST ESTIMATES

In light of the system capabilities determined in
Section 2 and the operational requirements of a Seabed
Treaty policing system briefly considered in Section 1,
three synthetic aperture surveillance systems are postu-
lated in this section. Order-cf-magnitude development and
production cost estimates and approximate development times
are included for each. In addition, the costs and develop-
ment times of a suitable feasibility demonstration system
are estimated. It should be emphasized that all cost and
development time estimates in this paper are, at best,
educated guesses and are not to be construed as anything
more than order-of-magnitude guides.

All the systems discussed in this section have been
plotted on the system coverage limit curves of Figs. 6
to 9 and on the system tradeoff curves of Figs. 10 and 1].

SUGGESTED SYSTEMS

Shallow Water Systems

To monitor centinental shelves or other shallow
water areas, two alternative synthetic aperture systems are
suggested that are capable of two-sided mapping at cover-
age rates of 72 and 144 kmz/h. The slower system travels
at 5 knots and processes 200 seconds of data to form the
synthetic aperture. The faster system travels at 10 knots,
requiring half the processing time but twice the real array
lengtch of receive hydrophones. Both systems achieve
3.5-meter azimuth resolution at a maximum range of 5 km and
operate with a 3-kHz acoustic carrier frequency. This
choice of carrier frequency is not rigid but was chosen for
its low attenuation coefficient and because sonar hardware
exist that operate at this frequency.

Deep Ocean System

For monitoring deep ocean depths, a 6-meter resolu-

- 25 «
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tion system is suggested. The platform travels at 5 knots
and processes 320 seconds of data. Its maximum range of
16 km give the system a two-sided coverage rate of

186G km*/h.

Feasibiiity Demonstration System

A very low coverage rate system is suitable for
demonstration of the feasibility of synthetic aperture
acoustic mapping systems. The demonstration system could i
be fabricated from the modified Harris, Model 853, Narrow -
Beam Echo Sounder described in Section 4, operating at an
acoustic carrier frequency of 12 kHz. The system would
provide a 16 km?/h two-sided coverage rate with a 3-meter
resolution at 900 meters maximum range.

DEVELOPMENT SCHEDULE AND COSTS e

Preliminary to assembly of a demonstration system, !
measurements should be made to determine medium stability.
This experiment, which is described in Section 4, should
take from 9 to 12 months to complete and cost from
$100 000 to $150 000, including data reduction.

Following completion of this experiment, a demon-
stration system can be assembled from the Harris equip-
ment, a multichannel tape recorder, and land-based data
processing. This program, including test, could be com- !
pleted in 1 year. Specifications for a ssagoing proto-
type could be completed in another 3 months and the pro-
totype system assembled from existing parts in another 18
months. Thus, assuming funding levels shown in Table 2,
a working prototype could be available within 3-1/2 years
after initial experiments.

PRODUCTION COSTS

Estimates of mapping system production costs, based
on production quantities of five units, are presented in
Table 3. Cost estimates are presented in this table for
the systems discussed in this section, in one case for both
a one- and twe-sided coverage system.

- 26 =~
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4. CRITICAL AREAS AND FEASIBILITY DEMONSTRATION

CRITICAL AREAS

Synthetic aperture mapping systems achieve their
high coverage rates by coherently processing acsustic
echoes received over long periods of time, over long
spatial separations along the vehicle track, and from long
slant ranges. The following areas are therefore critical
to their success as mapping systems.

B LN VIR I it MO ] oridne | At A oo, o a1

Medium Stability

The most crucial issue is that of medium stability.
The ocean is a turbulent medium. There exist within it
random inhomogeneities constantly undergoing turbulent
mixing. This mixing of "patches' of water at varying temper-
atures gives rise to a random thermal microstructure with-
in the sea that varies with time.

Acoustically, the effect of this microstructure
is to produce a random spatial and temporal variaticn in
the phase and amplitude of an acoustic wavefront that has
propagated through the turbulent region. Because the
velocity of sound is determined by, among other things,
the temperature of the water, the time of arrival of an
acoustic ray that has propagated through many patches of
varying temperatures varies randomly about a mean value. :
This causes a random phase component in an acoustic car- i
rier frequency. In addition, the turbulent patches act
like acoustic lenses on a wavefront with spatial extent,
causing random focusing and defocusing of the wavefront.
The most turbulent regions of the ocean are at the surface,
along the boundary of stratification of water density due
to severe thermoclines, and in boundary regions between
the general ocean and strong ocean currents. The first
two of these can be avoided by transiting the real aper-
tarc at such a depth that it is normally below them.
This can be done either by placing the system on a sub-
marine or towing the array underwater. In either case, 1
the data stabilization system requirements are simpler '
since these are both quieter platforms.

P

Clearly, the performance of the synthetic aperture
imaging sonar, which relies particularly on phase co-
herence between successive synthetic aperture elements,
is potentially limited by thz medium instabilities well

- 29 -
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periment, followed by laboratory checkout of the experi-
mental apparatus and data reduction algorithms in a con-
trolled environment, and finally the measurements them-
selves. This experiment shouid take from 9 to 12 months
to complete and cost from $100 000 to $150 000, including
data reduction.

A mention of the state-of-the-art of towing arrays !
behind a ship or submarine is appropriate here. There x
is considerable effort in this field of technology today,
and it will probably change drastically in the near future.

Data Processing

[—

The storage of raw data and subsequent formatidén of
the synthetic aperture image requires a data storage and
processor of moderate complexity. A fairly detailed look
has been taken at the structure of the processor required
to implement the shallow-water normal-speed system dis-
cussed in Table 2(Ref. 6). A brief review of the system
follows.

" s e

A platform consists of a 5-meter long transmitter
array and a 64-element, 33-meter long linear receive array.
A burst of a carrier frequency (5 ms of 3 kHz) is trans-
mitted at time intervals corresponding to the time it
takes the receive array to travel half its length (6.6 s). !
The receive elements are connected so as to form eight :
subarrays of approximately 4-meter length apiece, each
having a broadside beamwidth of ~0.12 radian. Outputs |
of the subarrays are demodulated, sampled every 5 ms, dig-
itized, and stored into a core memory. One-thousand re-
turns, corresponding to as many range bins, from each pulse
transmitted and each of the eight subarrays are stored in
a sector of the memory. Subsequent received sets for
other transmit pulses are stored in memory sectors so
that, as the 32nd set is being received, the previous 31
sets are availatle for synthetic aperture beamforming.

4 A e A e ¢




I et

b Aasuna
P st

LI -sag

Worrn
F

[P ’

-

!

£ - : S

b BN

PV

1 3

A

» -

THE JOHNS HOPK'XS UNIVERSITY

APPLIED PHYSICS CABORATORY

SILVER SPRING. MARYLAND

The processing is done in three basic steps:

1. Returns from a given area of ocean floor (essen-
tially from an area of 4 x 33 meters) are re-
called from the memory.

2. Phase corrections, for geometric and timing
considerations, are applied to each return.

3. A broadside beam, located at the center of the
synthetic array, plus adjacent beams on either
side of center are formed to resolve the 4 x 33
meter area into eight resolution cells of
approximately 4 x 4 meters. Steps 1, 2, and
3 are repeated for each range bin. The imaging
is achieved after the ship has transited the
area; consequently, the image formed is one-
half the length of the synthetic aperture be-
hind the position of the real array.

A preliminary block diagram of the system is shown
in Fig. 13. The numbered areas are described below:

1. The 64 hydrophones are arranged in subgroups
of eight adjacent hydrophones each. Outputs of all hy-
drcphones in a subgroup are summed (analog) to form over-
lapping broadside beams.

2. Outputs of each beam are demodulated into in-
phase (I) and quadrature (Q) channels. The bipolar out-
puts are then low-pass filtered (200 Hz) and sent to a
sample-and-hold circuit. The sampling time (as well as
the transmit time) can be varied to allow for platform
drifts, i.e., deviations from baseline. The outputs of
the sample-and~hold circuits are multiplexed and digitized
at a 3200 Hz conversion rate.

3. The memory must store 1000 (or 1024) range gated
returns from each transmit pnlse for each of eight beams
for a total of 16 000 eight-bit words. A total of 32 of
these "Ty sets" must be stored, requiring a memory of
4 x 10 bits with a probable format of 128 000 words x
32 bits per word. Memory write cycles should have pri-
ority over memory read cycles to prevent a buildup of data
between the A/D converter and memory.

4. Memory addresses for readout must reflect the
parabolic range correction factors. This can be done by
using the perpendicular range as a base address and

- 33 -
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adding correction factors that are a function of T, set
nunber and range.

5. Parabolic phase corrections arc required to
obtain a coherent set of data for a given range. As data
are extracted from memory, phase corrections are fed into
the arithmetic unit. Since the phase function is con-
tinuous with respect to the subbeam position, phase cor-
rections can be generated or calculated from prestored
plus interpolation constant data. This would yield an
angle that would address a sine-cosine table. The sine-
cosine table is also used for rotations required for form-
ing the fillin beams. As the raw data are extracted from
the main memory, the corresponding phase corrections are
applied to the data prior to its storage in a small rel-
atively high-speed memory.

6. The processing to be done on the now coherent
set of data, uy, to obtain along-the-axis cells, U, is:

+64
Uy éx=§)3 u, expi (-2nkb/128y),

where b = beam position relative to center of synthetic
aperture data set = -3, -2 ... ¥4,

y = perpendicular range,

x = subarray spatial beam position index rela-
tive to center of array (128 nonoverlapping
data points),

k/y = beam shifting factor so that along-the-track
resolution cell positions remain constant
with perpendicular range.

The above equation must be solved for all perpendicular
ranges between transmit pulses. Also, it should be noted
that each T, processing cycle. produces overlapping fine
beams, covering identical spatial positions but frow a
different-by-one set of T, returns. These are combined
coherently, thereby requiring additional memory storage of
approximately 4k x 32 bits.

7. For proceasing efficiency the output of the
processing unit is a series of seven '"x' (along the



pizzform track) rescluricn elements for every step im “y™

! (persendicniar to platform track). The reqgmired format
for tke electrogregnic recorder reqrires 2 Steppirg
through 22! poirts in y for every st in x. This refor-
matting, a5 weil 25 systen-to-recsrésr Symchrorization,
Teqeires the wse of 2 boffer. The minimmm size of this
Euffer is &k x 16 bits.

Yzrger Recogniticn =i Idenrification

Accostic imzgery is essentially zralogons o radar
imegery , 2nd the potentizl ¢f Bigh resolwtion zcowstic
3 systems is probedly best illmsirated by crrent synihetic
1 aperumwe radzr meps. The radar photogreghs are 2lmost
perzble to optical pbotozrephs. Accrstic imegery sbouid
be czpzdle of approeching the resolution of radar photograrls.

|

Interpretation of the zcoustic imagery 2nd tke rec-
ofnition and identificzticn of tazgets therein aze fooc-
tions of tke relztive beckscattericg properties of the
ocezn floor zod of the t=zgets.

ttering from the ocezn ficor 2s coamplex im matuwe

22d 3s largely determired Dy two cherecteristics: the com-
positicn of the floor a2zd the mmeghness of the arez. The

" composition of the fleor may vary from loose mud, with an
acoustic impedance close to thzt of sea water, to hard
rock or pacied sand, whose impedaznces 2re D to 30 timss
higher than waler. Loose mud 4s essentially tzapsparent

to low frequency acoustic waves, aliowing consideradie
peneiration, whereas hard rock and packed sand scatter
most of the incident energy. Furtheroore, the awmomat of
scattering is dependent upon the roughness of the area.
¥hen the characteristic size of the botion irregularities
is roughly the same as a wavelength, scattering is en-
hanced greatly over that of a flat surface of the same
composition (Ref. 7). 1In that the physiographic areas

and acoustic domains of much of the world’s oceans are
known or easily deternined, those areas where phcto-
interpretation is going to be difficult because of bottonm
roughness can be predetermined, as can the opposite case
where the terrain is smooth and flat (Ref. 8).

- 36 -




Bk fa- g B - 4

AFTFLIED PHNSICS LASORITIRY
‘ LMK Tt Mo

Aeowstic barkseavter from wgets is dezemnm Eey

, thelr size; .%q%—s—%ﬁ- :
Lo scaiter 1s simil=sr to redes 3o th_‘ é.-.::?emm‘* shapes hzve
3 different scatieripg p*agerues znd thece are é@&ﬁm
- o the aawel....;m of {he Eincicent ray mnd the skape ard
Lk size of tke scatiterer. It daffexs. bowever, in .mat e
H ™ 2ccusiic waye 33 2 loopiordinel compression zod@ rawefze-
- tion wave, sherezs the relar wzue is polarized zad trans-
] verse. Tke effect of this fiffexenre 3s to simplify ae
& acomstic seztiering prodlem, pmndrcing fewsr ca2ses to be
coosidered. A considerzDie body of £z2ta sxists on the
f , scattering by varioscs gecmetric shapes of rafar energy;

s bowersr, very Iirzle Bzs been dooe in zooustics. The

] trznslation of the radzr data to egpivalent 2oowstic

- mele::gths is possible aod should be dome. MNomerica:
- 1 technicres for Solvwicg acoostic scatterizg of simple zzd
- ratker complex m Bzve been proposed, together with
- zn experimentzl program for their verificztics (Res. 9)-

f -a Aside from the size and@ shape dependencies, zcows-
- tic backscatter from meta2llic or coocrete tazget struc-
L § tures will be in shamp contrast to the surroemding back-
. grou=2 beczuse of the high acoustic impsdznce of these
target materials (Ref. 10). Furitnermore, it mzy be pos-
frg — sible 2t very low scoustic frecrencies for the incident
zcoustic wave {0 excite certain mechznical response mades
of objecis such as submarires, cdeep submersibles, or -
lindrical wezpon housings. The excited resonznt mode may
retransnit energy to the medium, dissipating the stored
energy. Tnis may be detected 25 za indiviZual 1ize rve-
sponse, thich would differ fzom the response of the gen-
eral background. Whether mechanical resonant medes of
structures with shape and size sufficient to szore a
weapon of mass destruction can be excited and subsequently
detected requires considerable analysis and experimental
verification. This effort has considerable potential
since it provides a possible cechanisn for simple detec-
tion of high strength pressure vessels whether on the
surface of the seabed, buried beneath it, hidden in a cave,
or deep in solid rock or sand. The numerical technique
for the solution of acoustic scattering problems (Ref. 9)
can include limited number of coupled differential equa-
tions of the excitable modes of a container made of a spec-
ific material and shape; however, empirical techniques are
necessary to identify the modes that can be excited.
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Fipally, 2 reticzzle mest be dzveloped to describe
the chzracter 2nd preserties of potemtizl weapozs and the
cootaipers that might be emplaced on or in the ccean
fisors.

In summzry, the resomant freguency eof azir-filled,
high-stress comtainers may be datectzble zgaimst the gen-
eral backgzound of the sez bottom 2t rather low zooustic
frecrencies.

At the fregrmencies propesaé ezrlier for zocoustic

ipzgery, mamely, 3.5 o 3 kiz, terget idectification

czn ooly e dome 285 it is with optical or redar imsgery,

i_e., by lockirg for chepges in the oczes bed andfor ike

y sizhsing of charecteristic shanes aind sizes that differ
from tke pommel terrein. Even =t the 3.5 to 5 kifz fre-
crengy, 2ccwstic imegery a2ffords excuzh penetratica of the
botton of the ocezn o see throwzh soft bottoms o bard

F structurss such as would be rejumired to Bouse wezzons.

Anzlvsis of acoustic backscatter of variows geo-
metric shapes is reguired, =25 is znelysis of the =hility
10 excite znd visuzlize struchirzl mechepical rescoamt
frecuencies.

A

Precise Xavigation at Sez

Z Navigation at sea differt from that oa iand (sur-
veving) in two w2inm respects. .

1. Th2 navigator’s position at sea is continuvously
changing, znd consegquently the position now is most likely
not what it will ke im the ic=ediate future.

2. ¥ith adequate knowledge of the geopotentiai,
the distance from the center of the earth to the navigator
is accurately known at sea whereas on land topographic in-
formation (leveling) is required. As a2 consequence of these
two factors, navigation at sea is roughly as difficult as
is surveying on land. The precision of the result is de-
termined by the precision of the data and the precision
of the "known" (unknown) constraints: on land, height
above sea level; and at sea, ship's motion. Most systems
are affected by one or the other (or both).
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t is widely reccgmized that classiczl ceiestial
navigation is limited im pracisioa not oaly by the data
{angular measurements) but by the availzhility of the
data. A glance at 2 synoptic weather chart shows that
in "most™ places "most of the time" it is clcudy; the
exception to this statement exists im parrw bzrds of
latitude around the Tropics of Caacer and Capricora.
Even when the data zre aveilzbie, the precision of the
Zata 1imits e precisiom of the result to several naut-
ical miles.

¥e are czrefully zvoiding the use of the word
Yacouracy™ for a very good reascz: ithe word “accuracy™
coxnotes existence of a2 standard against which we mea-
sure the accuracy of 2 secondzary system. For exzmie,
it is reasoaszble to t2ik zHhout the accuracy of 2 leangth
mezsvrencnt beczuse the meter exists as an emassaileble
stznd2rd of length. XNo such stamdzard exists for a mav-
igation system, z=d therefore, we are forced to t21k of
internzl comsistency Or precision. Ozce 2g2im we have
to meke 2 slight excepticn — there is in the courtyard
a2t the N1é Greezxich (bsexrvatory 2 brass strip defined
as 0° lomgitude. The 2bility of the system to reproduce
this 0° iongitrde might be called its “accuracy™ in omne
corrdinate, at oze place. (Basic cheracteristics of
a2pny system proposed as zn z2bsolute standard axe that
the system have high precisicn znd be readily availzble
for comparison.)

Of ail the navigation systems we know in current
existence, the Transit System (Ui.S. XNavy Mavigation Sat-~
ellite Systen) is the most precise. It does, however,
have certain shortcoaings and 1limitations, as do 21l
navigation systens. The Transit Systen reiieves the
long-standing problexs izposed by the weather on cel-
estial schenes; moreover, it is globally available
(unlike LORAN) and is currently being exploited and
used by cozmercial companies, both U.S. and foreignm,
as well as foreign governcents. Its present limita-
tions for at sea usage are that:

1. For utmost precision it requires precise
knowledge of the ship's motion while the satellite data
are being monitored (roughly 10 minutes). As a rule
of thumb, one knot error in the ship's speed causes a
0.2 nmi position error. On the other hand, methods are
known that use only computer software to reduce this
sensitivity by a factor of 5.
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2. Positicn information is not coatimuously avail-
zble. A fix can be cbtained on the average of zbout oace
every hour — more often mear the poles, less oftea near
the eguator. Consegquently the uvser must depend on some
supplementary system. e.g., dead reckoning, to keep track

; of his position between fixes. If LORAN is availzble,

] éifferential IORAN measurements should provicde a2 reasen-

' able zugmentation of amy dead-reckoning scheme. An ex-
peasive dut effective method of providing interpolation

. between sztellite passes is, of course, 2a imertial sys-
ten.*

- We have spoken zbout the limitzations of Tramsit
without mentioning its real assets: with a precise know-
ledge of ship's motion (say, to the nezrest G.1 knot)**
it is czpzble of coasistently giving precisions — éay in
znd dzy out on 2 worldwide basis — far better thzn any
other operational system. The £ix is in a single global
codréinzte sysiem, mzking datum ties (coordimzte trans-
formations) wnecessary. If ome has several passes
availzble at an anchorage, them the user can comute
(survey) his position in three-dimensional space, as well
as ip the traditional latitvde znd lomgitude. The equip-
ment to do this is cozpletely autozztic and is curreatly
(1970) cczmerciaily zvailzble fron two menufacturers.

t is relatively expensive. The co—puier receiver coz-
bipzations currently are se.ling for zbout 370 000. A
receiver with data output eguipzent (punched paper tape)
is available for approximately $50 000. Aloost any gen-
eral-purpose digital cozputer can be prograced for the
navigation cocputation. Directional antennas are not re-
quired. The systea has been operating around the cliock
aloost without failure for seven years. There are cur-
rently four satellites in orbit.

We have deliberately slighted inertial systenms
because of their inherent instabilities and expense.
It is well known that pure inertial systems possess
Schuler instabilities. This is a system resonance that

*  Note in Table 3 that an inertial platform is already
required to compensate for platform motion.

** LORAN can be used for this purpose.
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must be removed (or damped) if reasonzble results are to
be obtained over long a2t-se2 periods; ctherwise, the pre-
cision of the f£fix continuvously degrades (in aa csciila-
tory sense) with tize. One way to dzap these oscillzations
is to use a hybrid mavigation system, e.g., satellite
doppler-inertial. Gace again, these systems ternd to be
both complex ancé expensive.

Azong the current inertial systems ip operational
usage roday is the submaripe imertial navigation system
(SINS) used in the U.S. Navy's Pelaris subzerine. This
is probably the most precise imertial system available;
the system is czpable of correctimg the velecity error,
assuing the Schuler instability has been dazped and
steady state i< rezched. There are meny comzercial in-
ertial systems currently awvzilable that are less expen-
sive and less precise. The future holds consicderable
prozise for increased precision im imertial aad hybrid
systezs.

Tne location “accuracies™ desired for a craft
zappirg the ocean bottoz are: (2) to be able to designate,

e after-the-fact, an interesting arez for closer exazina-
tion, and (b) to mininize the overlap required for registry
-— of 'side-by-side maps. The two-sided ground swath mapped

: by the synthetic aperture technique raages froa 16 to 20
kn. The curreat satellite navigation system accuracy,
together with a curreat co—mercial inertial systeaz or

, 1ORAN, wnere available,and together with procedures to
A mininize velocity errors, appears to be nore than zdequate
for either task. It should be noted ihat the task of
iocating an cbiect on the ocean bottoz with a high ze-
solution systea suck as that of the Mizar should be nuch
sippler with the support of the system proposed herein,
which in addition to furnishing lecation position also
furnishes 2. topographic nap of the surrcunding area.

!
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FEASIBILITY DEMONSTRATION

[* -

w

An early demonstration of a synthetic aperture bot-
tom mapping system could be built around a modified
Harris Model 853 Narrow Beam Echo Sounder {Ref.11).
Harris ASW is a Division of the General Instrument Corp-
oration, Westwood, Massachusetts.
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The Narrow Beam Echo Sounder is an electronically
stabilized nzerroxbeam depth-sounding systea used on the
B.S. Coast and Geodetic Survey Ship Suzveyor. The equip-
ment is modified to look directly below the ship using
. a 2-2/3° fore and aft peam and a 54° athwart ship bezm.

A separate bread (20°) receive bezm is used, and it, to-
gether with the transzit beaa, is electronically stabilized
with respect to the local vertical supplied by a verticel
gyro. The system is used for accurate bottoa profiling.
The trenspit and receive arrzy have the following para-

meters:
"“i‘ = Transz=it z2perture: leagth = S m
g L, = Receive aperture length =3 n

N = No. elezeats, trxanspit = 80

NR = No. elemenis, recelve = 40

6 = Transnit beawwidth = 548° x 2-2/3° (0.04 rad)
9p = Receive bearwidth = 20° x 2-2/3° (0.04 rad)
£ =12 kHz, A(wavelength) = 0.125nm
© =17 ms, ci/2=5.5a

P0 = Acoustic power = 4 kK

T=1-15s

Using the Harris system in conjunction with 2 multi-
channel tave recorder and land-baseddata procassing facil-
ities, synihetic aperture demonstration systems with the
following -.ets of parameter could be built.

Slow Speed Normal Speed

v = velocity (m/s) 1.25 2.5

p— *

LrR = 2vT (m) 3.0 6.0

T = Interpulse period (s) 1.25 1.25

g R, = cT/2 (m) 875 875
Number of range cells 128 128
E * Formed Ly the concatenation of two of the Harris 3.0-m

apertures. - 42 -

¥
-

i
f.
|
1

|




Slow Speed Normal Speed

p = resoluticn (w) 2.25 2.25
I L= <2 (@) 4.5 4.5 .
Gs = afR rad 0.0025 0.0025
I 3 _0.125 ‘
) Ly =3¢~ g.005 @ 3 2 ?
» Ty = L /v (5) 20 10 |
- N = Nuzber puises used to 16 8 §
_ synthesize synthetic 0
- aperture ‘
Resolution oi conventional 3%-42* 19-21*

- systez,0 = RA!LR =

Resolution izprovement factor 16 8
L Near §ield of receiver 72 288
. /
(L2 @
L Attenuation (@bsorption)dB 2.6 2.6
Coverage rate per side (km2/h) 4 8

The slow-speed system requires only a single receive
aperture and hence is less costly. However, the platform
— speed is limited by the real receive array length to 1.25
n/s (2.5 knots). Consequently, the coverage rate of 4
¥ km2/h per side is low.

The Harris system would have to be installed point-
ing horizontally rather than vertically downward. This
may be a significant expense. The yaw errors could be
rzmoved by a Mk 19 gyrocompass, which can have 2 1 to 2
mrad accuracy in this application.

L e - —tr st it

1

*
-

A demonstration system of this type could be com-
pleted in one year, at a cost of about $600k to $800k
« including assembly, testing, and data processing and dis-
play.

!

* Formed by the concatenation of two of the Harris 3.0-m

- apertures.
, - 43 -
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