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FOREWORD

This report describes the sonar signal characteristics and classification
research study performed by Honeywell Inc., Systems and Research Center,
under U. S, Naval Ship Systems Command Contract No. N00024-68-C-1219.
Mr. G. Miller of the Naval Ship Systems Command provided direction for

the program,

Principal authors are Dr. Duane H. Tack and Dr. Eugene E. Yore, of
Honeywell's S& RC Research Department. The authors gatefully acknowledge
the technical contributions and leadership of Richard M. Powell, principal

investigator, and later project supervisor. Charles Johnson was program

manager,

The H"oneywell number assignec to this report is 12120-FR.
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ABSTRACT

(C) A study of the space-time properties of active sonar echoes is made with
a view toward target classification cn the basis of shape and aspect at long
range in the bottom bounce mode. Spectral and time cross-correlations of
the echoes at two space points are examined for feasibility of signal proces-
sing with respect to requirements on the transmitted signal and transmitter-
target-receiver geometries. STARLITE processing (spectral correlation)
is the most promising of the two, but a detailed examination of the echo
properties leads to more severe restrictions on the transmitted signal and
receiver separations than previously indicated. Ideally, a wide, flat, spec-
tral window (created by the transmitted signal), within which a band-limited
spectral correlation is performed, is desired., Filtering and spreading of
the signal spectrum upon reflection off an irregular, stratified, impedance
bottom distorts the spectral window. This places additional constraints on
the operational parameters for which the space-time properties of the echo

yield target information beyond that which is available at a single receiver.
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SECTION I
INTRODUCTION

(C) Classification clues obtainable from time-processed echoes that are use-
ful in short-range sonar operation become somewhat less auspicious at long
range in the bottom bounce mode [3]. Accurate extraction of echo length is
more.difficult in the low signal-to-noise ratio environment created by long
propagation paths and bottom bounce losses. Target localization within the
beam makes target shape and aspect information unattainable from time-
processed echoes. As a result, the other clues such as positional consis-
tency, localization within the beam, and Doppler become more significant in
long-range, time-processing sonars [3]. However, space-time processing
renews the possibility of extracting target shape and aspect [1,2]. Since
this information is a valuable addition to the other classification clues avail-
able at long range, this report examines the space-time properties of sound
fields reflected from targets characterized as linear arrays of point reflec-
tors with a view toward extracting target shape and aspect information for
classification at long range in the bottom bounce mode,

(C) Space-time analysis of the target-reflected sound field suggests either
spectral or time cross-correlations for classification signal processing,.
Spectral cross-correlations have been considered previously in STARLITE
(2]. However, the received signals at two space points do not precisely
possess the properties attributed to them in the STARLITE analysis. As a
result, a reexamination of the STARLITE concept was required, leading to a
special type of spectral cross-correlation and somewhat more severe con-
straints on its applicability. For time cross-correlations, the space-time
properties of the target-reflected sound field require a compression of the
time scale of one of the received signals at two space points, Time cross-
correlations for target classification therefore require more complicated

signal processing than spectral correlations.
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ASSUMPTIONS

(C) The basic purpose of this study was to examine the effects of bottom
reflections upon the received sound field and tlieir ramifications to signal
processing for classification. In order to limit the scope of such a task to a
manageable level, extraction of target shape and aspect in the bottom bounce
mode has been chosen for investigation, partly for the reasons given above
and partly because it is one of the more interesting long-range classification
clues from the standpoint of the space-time correlation properties of the
received bottom bounce echoes. To simplify the problem and concentrate on -
the salient aspects of bottom bounce effects on target shape and aspect classi-
fication, stationary targets and transmitter-receivers are assumed, trans-
missions through water are taken to be ideal, and ambient noise and rever-
beration are neglected. Also, multipaths involving surface reflections are
signored, and as a result, target and transmitter-receiver depths are not a
factor in the analysis. Ocean depth enters only through the range of incident
angles for bottom reflections since loss of signal power over the propagation

path is immaterial in the assumed noiseless medium.

(U) The ocean bottom is best characterized by an irregular, stratified impe-
dance boundary. To model these characteristics as manifested in the bottom
reflection coefficient, a physical apprcach uzing the Kirchoff radiation
formula is taken to model bottom reflections [7]. Because reflection and
first-order scattering are linear processes, the effects of bottom reflections
can ultimately be modeled by a sum of random, attenuat .ag, delay line filters.
The spectral properties of these filters depend upon the angle of incidence of
the signal, the amount of irregularity in the sediment layers, and the values
of the acoustic parameters (density, velocity, attenuation rate) characteri-

zing the sediment layers.

{(U) Time and scope limitations on this contract 4id not permit a detailed

investigation of the effect of bottom reflections on target classification on
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(U) the basis of shape and aspect. However, preliminary estimates based
on the spectral properties of the bottom transfer function indicate that bottom
bounce STARLITE may be practical at long range where incident angles are
near grazing and the effects of surface roughness and penetration of the boun-

dary by the sound wave minimized.

SUMMARY

(C) Section II examines the general properties of the target-refle~ted sound
field and the resulting implications to space-time processing for classifica-
tion by spectral and time cross-correlations. The analysis leads to some-
what more severe geometric and signal bandwidth constraints for spectral
processing than indicated by STARLITE [2]. However, the limitations of
time cross-correlations are even more severe; hence, STARLITE -like
signal processing appears to be the most useful for shape and aspect
classification by space-time analysis.

(U) Section III considers the effects of bottom reflections and scattering in
the specular direction upon the spectral crsoss-correlations. The model for

the bottom reflection coefficient is presented in Appendix A.

(U) Section IV covers conclusions and recommendations.
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SECTION II
SPACE-TIME ANALYSIS

(C) Thic section cxamines the general space-time properties of the sound
field refiected from a target array of point scatterers and the resulting impli-
cations to signal processing for target classification on the basis of shape and
aspect., Two types of signal processing are considered: cross-correlation of
the spectra of signals received at two space points, i.e., STARLITE-like
processing [2]. and time cross-correlations, It will be seen that the received
signals do not preciscly possess all the properties attributed to them in the
STARLITE analysis, with the result that somewhat more severe restrictions

1 § - = e . s s -
o 5 P P A AT

are placed on the transmitted signal spectrum and transmitter-target-receiver
geometries for successful extraction of target shape and aspect.

GENERAL SPACE-TIME PROPERTIES OF REFLECTED SOUND FIELD

(U) For the purposes of deriving the spectral properties of the target-reflected
sound field, assume that an arbitrary array of (M + 1) point reflectors of
scattering amplitude 3, (i=0, 1,...,M) is insonified by an omnidirectional
transmitter through a nonrefracting, nonreflecting, dispersionless medium,

In the far field, the received signal spectrum at the jth (omnidirectional) .re-

ceiver is then simply W

: (i) (i)
-] r +r.
o T 3
M a.e
W/ (W) = Sw(w) 3 - - 1
J ) T i{"o (4n)2r () r () W
rr j
where o is the sound velocity, ST(w) ‘is the transmitted signal spectrum,
rT(‘) is the distance from the transmitter and rj(l) is the distance from the
4
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receiver, respectively, to the ith point reflector in the target. At long range

(W _ (i)
L'y rT(o) + Lia,r
{0) (i) @
. o i
r-(1) ~ 1 + Liaj
]
where Li is the distance between the Oﬂr1 and it'n reflectors, L. =0, r (0),

(o) (2, 0
and rj are the nominal path lengths to the target, and Aepe and a.' "’ are
the direction cosines of reflector i relative to the specular directions of the

transmitter and receiver, respectively, in coordinate systems having their
origins at the oth reflector. Since r(o) (i)

i

>> Lia
and aspect information is essentially contained only in the phase of the re-
| (i) by )

at long range, target shape

ceived sighals. Thus, approximating r in the amplitude but retain-
ing Equation (2) in the phase, the spectra of the received signalg at two differ-

ent space points (j = 1, 2) can be written in the form

W, W = H, @S plwe ¥4

. (3) |
Wiw = Hz(w)ST(w)e—Jwtz
where 1
H,(0) = W penivm
i=o t
(4)

M
Hy(w = b’ § be d¥¢iT
i=o

AN
e

are the target transfer functions for the two viewing angles, and where
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a, ™
by = —— =10
b4 e 'y
b’ = rl(o)/rz(o)
(o) (o) ,
_ rT + rj .
4= T > ®
L . .
Ty (“T(l) ¥ "’1(1)) )
(o]
(i) (i)
. QT. +o.r2
€5 aT(l) + Q]_(l) ) .

Although Equations (3), (4), and (5) have been derived under idealized condi-
tions, the basic functional forms of W’1 and Wz' are unchanged in a refracting,
reflecting, and dispersive medium so long as refraction and dispersion are
negligible over the length of the target and there are no reflecting surfaces
within distances of the order of the transmitted signal duration times, c_,
from the target in the specular directions for transmission and reception.
Under these conditions, refraction affects only the nominal path delays, t_,
multipath returns can be resolved in time, and dispersion and reflection alter
only the shape of the transmitted signal spectrum, ST(w) (requiring that ST be
replaced by Sj(w) in WJf, c.f. Section IIi), leaving the target functions, Hj(w),
unchanged. Thus more generally we can write

i

Wi = H S (e “Jwt, Wl(w)e-jwtl
(6)
Wy (w)

H, (w)sz(w)e‘j‘*’tz

i

W2 (w)e -jth
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(i) _

(C)‘ In the case of linear arrays typical of submarine targets, an " = e
ajh) = aj, and hence, g=¢ for all i. Under this condition
Hy(w) = b’ H (ew) (7)

and it is recognized that Hz(w) represents a compression (¢ > 1) or expansion
(e< 1) of the frequency scale of Hl(w) upon change in aspect angle, It is this
property of the target transfer functions as viewed from two different space
points which is exploitable in extraction of target shape and aspect. The func-
tion of signal processing for classification is then to determine whether or not
Equation (7) holds, and if so, estimate ¢ to determine target aspect angles
ozT and o 1 and finally, estimate ™ to determine target length LM' However,
signal processing for classification must be accomplished with the received

signal spectra, and it is evident that
Wy(w) # b’ W,(ew) (8)

even when the path delays, t,, are removed by appropriate shifts of the time
scales of the two received signals, Basically, this results from the fact that
the transmitted signal does not undergo a corresponding time scale expansion
or compression by the factor, ¢, upon reflection off an individual scatterer on
the target. Thus, the inequality of (8) must be overcome by appropriate de-
sign of the transmitted signal and the signal processing methods in order that
the equality of (7) can be observed, when true.

SPECTRAL CROSS-CORRELATIONS

(C) STARLITE [2] was the first space-time classification scheme to use the
properties of the transfer functions of linear targets expressed in Equation(7).
In particular, it was recognized in STARLITE that the inherent periodicity in
the transfer function of a line target varies with aspect angle, and, over a

narrow frequency band, the difference in period be.ween the target transfer

CONFIDENTIAL
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(C) functions viewed at two slightly different aspect angles can be approxi-
mated by a relative shift in the frequency spectra of I-I1 and HZ' As a result,
the STARLITE classification scheme is to:

1) Compare the frequency spectra of two return signals to see if
they are the same except for a shift in frequency. If so, the
target is a line target and one can proceed to step 2.

2) Measure the frequency shift to estimate aspect angle,

3) Measure the least period of Hj to estimate target length.

All three of the above tasks can be accomplished by a cross-correlation of

the frequency spectra of the two received signals.

(C) Two major constraints on the geometries for which STARLITE is applic-
able as listed in reference [2] are the so-called correlation condition

Af

B
w

<0.5 t (9)

where Af is the (cyclic) frequency shift and B is the bandwidth of the trans-
mitted signals, and the resolution condition

Af] > 1 _ (10)

™

These conditions were arrived at through consideration of the properties of
H, and H,, but apparently ignoring the realities of inequality (8). Therefore,
it is necessary to reexamine the STARLITE conditions and the special form

of the spectral cross-correlation required in view of this inequality.
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Spectral Correlation Function

(C) Since W, and W, do not possess the properties of H, and H,, for all fre-
quencies, it is necessary to concentrate on portions of their frequency spectra
that do, i.e., narrow bands where the S (w) are constant, or approximately
so. As pointed out in the STARLITE analysis [2], the transmitted signal
essentially provides a spectral window within which it is possible to view the
target properties contained in H1 and HZ‘ However, in attempting to measure

_ these properties of the target from W1 and W2, the shape of the spectral win-

dow must not be permitted to obscure or influence them. To this end, we
consider the spectral cross-correlation function

0 *
= __Q. ® Q A
RIZ(Q) Re f A Wl(w z)wz(w z)d,. (11)
w -
o 2

where W, is the (radian) carrier frequency of the transmitted signal, Q is the
relative (radian) frequency shift introduced in the two spectra, the asterisk

denotes the complex conjugate, and Re indicates that the real part of the inte-
gral is taken.

(C) ."Ideally, the signal spectra should be constant (Sj = Aj) in the integration
band (W, - Al2, w,+ A[2], for then Wj(w) = Hj(w) in the integral. If the band
A is small and the change in target aspect angle between the two receivers is

small, so that |1 - ¢ | << 1, for the integration interval we can approximate
= +e. t+ -

. = I PV - .
wer 2nN; + g H(w - w )er;

i (12)

~ 2N+ ¥ *lw-wn
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(C) where Ni is an integer. Under these conditions

M M sind( ) o

bl j A _
i=o j=o 3 (1} Tj)

Spectral Correlation Constraints

(C) The diagonal terms, j = i, in Equation (13) have maxima at

(Cl - xi)

qQ = L = (l-guygi=1l 2...M ‘ (14)
i :
by subtraction of the second line of Equation (12) from the first line and
evaluating the difference at w = w . This is the desired frequency shift for
line targets that we seek. They also have maxima at Qr; = (Ci - Xi) + 2ym.
m=1, 2,..., leading to an ambiguity with which we will deal later. The off-
diagonal terms do not have maxima at &, hence they must be rendered negli-
gible [in order that the maximum of R12(Q) ozcur at 0 = ﬁ] by imposing the
condition

A |2 12m, ¢, = mindr - Tj) (15)

i,j

Tmin

if they are to contribute less than 10 percent of corresponding diagonal com-
ponents to the value of R 12(6).

(C) Consider next the effect of nonflat signal spectra Sj on R12' For illus-
trative simplicity, assume that the band-pass signal specira can be approxi-
mated by S.(w) =~ A cos B(w - wo) in the neighborhood of the carrier frequency.
Then the effect of such Sj onR,, is to replace the sin x/x term in Equation (13)

by the term
. A A A
C._= l cos BQ SlnE(Ti - TJ) ¥ 1 Sin E (Tl. - Tj - 23) + sin —'2 (T], - Tj+ 23)
ij 2 A 4 X <
5 (v - 'rj) 3 g - T 2B) 5 (- T + 2B)
10
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(C) For Ci' to be insensitive to B 0B.<< 1 is required. If we take W, :t:-;A to

coincide with the half-power points of Sj(w), B=n/2A and Cii differs by less
than 5 percent of its value at (= 0 if

A
A

The values of Cij’ i #j, are again rendered negligible by condition (15).

< 0. 25 ' (16)

(C) 1t is necessary that Rlz(Q) have a single global maximum within the range
of frequency shifts to be encountered if a unique Q is to be obtained from the
correlation. A unique global maximum can be ensured by requiring that

'QTII < ZTT (17)

since To = 0< Ty <- » and there can then be only one 6 for which every

o< T
diagonal element in Rlz(Q)NiIs maximum, Furthermore, () is then readily iden-
tifiable as the first global maximum encountered either to the left or right of
Q= 0. As a counter example, consider the case of just three scatterers

(M = 2) and To = 31-1/2.“ If condition (17) were violated and the desired global
maximum occurred at T = 2nt y, 0 <y < 2, there is also a global maxi-
mum at Oy =y - 2m=¢, -y, - 4m, since then 672 =y " xy - 6m. Since Q
is closer to the origin than ¢} » it would be mistaken for the desired frequency
shift and an erroneous estimate of ¢, and hence target aspect and length,
would be made, Although this example is based upon commensurata target
highlight delays Ty in practice they would probably only have to be approxi-
mately commensurate to generate this kind of error if the ambiguity condi-
tion(17)is not met, since the maxima of the fluctuating components in R12(Q)
are quite broad. Note that conditions (17) and (15) yield a somewhat stronger
rninl < 'Q 71|s2n,
or {(fA] < 1/6. Thus, (15) is a stronger condition for correlation than:(16).

constraint than (16), since together they imply 12n/4 < |Q 7

v

11
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(C) Limitations on the minimum me asuraBle frequency shift in RIZ(Q) are
more a function of the ability to determine that a global maximum of R12 as
been achieved in the presence of noise than to measure the period of the most
rapidly fluctuating component in Hj(w) as implied by the STARLITE resolution
condition (10). At signal-to-noise ratios sufficient for detection, it is reason-
able to expect that one would be able to ascertain the difference between a zero
and a maximum in each significant correlation component in R12. Since the
term with the smallest delay requires the largest variation in () between a

zero and an adjacent maximum, the resolution concition for determination of

a global maximum of R12 in the presence of noise is approximately

lar,| 25 (18)

(C) In summary, the significant constraints on spectral processing for classi-
fication of arrays of point scatterers are:
1) Correlation condition

'AT |212rr

min
2) Ambiguity condition

lQTl 'Szﬂ'

3) Resolution condition
IQ Tll 2 9"
Additional STARLITE conditions [2] are the Fresnel condition, which is not

constraining at long range, and the thickness condition which limits the ap-
parent length-to-diameter, Ds’ of submarine targets by the condition [2]

12
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(C) where ¢ isthe target aspect angle (see Figure 1). These constraints can
be untenable if significant scatterers in the target are too close together. For
example, the correlation condition is violated for target highlight delays sepa-
rated by less than 10 msec at a signal bandwidth, Bw’ of 600 Hz. It would
seem, therefore, that successful classification of targets.that behave acous-
tically as arrays of point scatterers by spectral processing cannot depend on
extraction of all target highlight delays, but rather must rely on extraction of
only those widely spaced highlights such as the bow, conning tower, and stern

of a.submarine.

‘Ex ample

(C) To examine briefly the implications of the constraints of conditions (15),
(17), and (18) on reciever separations and the transmitted signal spectrum,
consider the simple two-dimensional STARLITE geometry of Figure 1 where
the transmitter and one receiver are positioned side by side. For this geom-
etry, the aspect angle, ¢, is defined to lie in the range of 0°<¢ <180° with
beam aspect at 0° or 180° and bow or stern aspect at 90°. Also, the following

approximations
1 . ¥
e = 3 [l+cosy-cotgsiny]=~1- 9 cot ¢
I‘T(O)‘i’ (19)
D=~
sin 6

(o) _

o)
< <1, rp = rl(o)mr2

hold at long“_range (D/rT( (0), ¥ << 1), Assuming
a target length of 90 m and just three significant scattering surfaces, LT T
(¢ = m/2) = 120 msec for c, = 1.5 Km/sec. It is also reasonable to assume
that 1-2/3 STy < 21-2/3 for the target delays associated with the conning tower,
Signal bandwidth requirements can be fixed using the STARLITE thickness

constraint [ 2] which limits the minimum aspect angle for classification to

13
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Figure 1, STARLITE Geometry
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(C) 4=~ 15° in this case. Then, since Tay3 ST

. 2 72/2, constraint (15) is
n
satisfied for bandwidths BW = Af27, i.e.,

mi

400 Hz < B, < 600 Hz (20)

Assuming that signal bandwidths of one-tenththe carrier frequencycan be readily
generated, let f0 = wO/Zn = 6 KHz, Maximum receiver separations, D, are
req.ired when Tlhis a minimum, Thus, for T4 = 72/3, constraints (17) and
(18) evaluated at 9 = (1 - &) W, yield

3

2.08x 107> <y |cos ¢ < 8.33x 10 (21)

under these conditions., Acceptable receiver separations at ranges r = rT(O)
of 20K and 40K yards and at 8 = 90° implied by (21) are plotted in Figure 2 as
a function of aspect angle, ¢. Corresponding STARLITE constraints [2], c.f.
Equations (9) and (10), are about 4/3 larger on the minimum separation, and
for all practical purposes, unbounded above for the conditions of this example.
A receiver separation of about 175 yards would permit extraction of target
shape and aspect for 15° < ¢ < 60° and 120° < ¢ < 165° at 6 = 90° and 20K < r <
40K yards. Although this is probshly an acceptable receiver separation dis-
tance, the constraints are tight and do not permit much flexibility in range

and bearing for fixed D, In addition, the signal bandwidth requirements are
an order of magnitude larger than the bandwidths used in the initial STARLITE
trials [2]. It therefore appears that some flexibility in choosing receiver
separations as function of range and bearing is necessary for target shape and

aspect classification by spectral cross-correlation,

TIME CROSS-CORRELATIONS

(U) After compensation for the path delays, tj’ the functional form of the
received signals in the time domain is

15
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(C) Figure 2. Receiver Separation Consiraints versus
Target- Aspect Angle for the Example (U)
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M
Wl(t) = ? bisl(t - 1-1) (22)
1=0
: M
- ’
Wz(t) = b l-zo b, Sz(t 171)

In order that Wy and W, achieve maximum correlation when €{ = & acom-
pression (¢ > 1) or expansion (¢ < 1) of the time scale by the amount ¢ must
be performed in order that the signal component reflected off the 1th scatterer

in Wy have the same delay as the corresponding component in wy for every i.

Thus, we seek the time scaling ¢ of W, such that

N M
Wolt) = b’ T bys,le (t - 1] (23)
i=o
Suppose that an estimate of ¢ is §, yielding

M
Wl =b! B bysy[E (- ury) (24)

where , = ¢ /¥, and consider the time cross-correlation of w. and w

1 2
- \ v - = 1 o~ ij
R12(1) —f wl(t)wz(t T)dt 2rrf Wl(m)W2 (w)e dw (25)
T - -
Since
~ be M .
Wolw) = 7= 8|21 5 be T (20)
£ e |i=0
Rlz(T) can be written in the form
M 9 )
=b’ T b -1 - T,
R () Z b RS152 [r-Q0-v 1] (27 il\
M i=1 '
b, - - + R + -
+ b El J_Z)O b i Rslsz[T (Tl uTJ)] 8132[7 (UTI TJ)J

where
FEES
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S1%  2qc [ IR b

(U) The functional form of R,,(r), Equation (27), is sufficient to give us some
clues as to the utility of the time cross-correlation in space-time classifica-
tion on the basis of target shape and aspect. Although the carrier frequency
has not been explicitly removed in the preceding analysis, we are interested
in the correlation of the envelopes of w

of RIZ(T)'

~and W

1 g+ OT alternatively, the envelope

(U) At T = ¢, | = 1 and the classification condition is achieved by maximizing
the diagonal elements in R12(T) at 1 = 0. However, the off-diagonal elements
do not have maxima at 1 = 0, Hence, they must be rendered negligible by a
signal bandwidth constraint similar to that of Equation (14).

Resolution Condition

(C) Resolution of the diagonal components in R12(1-) places even more severe
restrictions on its properties. It we require a variation of the slowest vary-
ing component in the envelope of RlZ(T) of the same order of magnitude as

that which was required for the slowest varying component in Rlz(o), then we

require that Rs s [(1-¢) 71] be small compared with RS s (0), or approxi-

mately 12 172

|1-¢| B, >1 (29)

Comparison of this resolution condition with that of (18) for spectral correla-
tionsatq=q= (1 - € )wo shows that spectral processing holds a distinct ad-

vantage over time processing in that the carrier frequency, fO’ rather than
the signal bandwidth, Bw’ appears on the left in the resolution condition for

spectral processing. Since |1 - € | is directly proportional to the receiver

18
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(C) separation and f0 > B o’ the resolution condition for spectral correlations
will be met with shorter receiver separations than those required for time
correlations., As an example, for the same conditions as the example dis-

cussed in connection with spectral cross-correlations, condition (29) reduces
to

|¥cos ¢| > 0.08 ‘ (30)

which, by comparison with condition (21), indicates that more than an order
of magnitude larger receiver separations, D, would be required for time
correlations than for spectral correlations. The receiver separation could
be reduced by increased signal bandwidths, but it is doubtful that an order of
magnitude reduction could be achieved and still keep the carrier frequency in

the low-to-mid-kilocycle range required for long-range propagation.

Linear FM Signals

(U) Before concluding the discussion of time correlation, the important
special case of linear FM (LFM)signals should be examined, since it turns
out that the time cross-correlations of the envelopes of compressed LFM
pulses have the resolution properties associated here with time processing,
whereas direct time cross-correlations of the envelopes of the received LFM

echoes have the properties of spectral correlations.

(C) Consider received LFM pulse components Sj in Wj of the form

. 1.2
Jogt+ 5 ut?)

sj(t) = Aj e [utt + T) - u(t - T )] (31)

where u(t) is the unit step function. For correlation after pulse compression
we assume that the received signals are processed by a matched filter having

J.(w - wo)z ]
2p

the transfer function

Hf(w) = exp [ (32)
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(C) with the result that the compressed signal pulse is [22]

2 1 o 1
\/2p.T0 sin )\Tot j(wot -ttt 7))
’ = “
Sj (t) Aj - pTot e (33)

From Equation (28), the time correlation of the envelopes of s'1 and sS4

(at € = 1) is then

T_  sinpT

0 o’
RS' s’ (T) A A2 “‘2' mm—— (34)
17 2 21 pTO'r
But B pT [ for the LFM pulse; hence, for R s’.s? to have its first cor-
relation zero at T = n/|.LT |1 € |71, cond1t1on ](29? is required. We note,

therefore, that reduction of the reverberation noise level in STARLITE pro-
cessing by LFM pulse compression as suggested by Wiekhorst [23] is ob-

tained only at the expense of increased receiver separation requirements.

(C) It is well known that the envelope of an LFM pulse is a good approximation

to its spectrum; hence, a time cross-correlation of the envelopes of uncom-
pressed LFM echoes should be a good approximation to their spectral cross-
correlation. To investigate this case mathematically, consider that within

. . + _ _ _ .
the time interval [TO Tm? T Tmi» or [ T0 + €'rm,.T eTm], whichever

0 0
is the smaller, the received signals can be written in the form

iy o+ Bty - & pr 2
w,lt) =5 bys(t- T)-sl(t)z bler Wr —g b1y ]
1-0 1=0
= S (t) Z (t)
1 1 1 (35)
M M -illwg + ptleT, - %}1627.2]
wo(t) = b’ T b, (8olt ~emy) =s,(t)b ' T b, e t :
i=o i=o

1
sz(t) Zz(t)

when s, is given by Equation (31), and z. is therefore the envelope of w. within
the specified time interval., To the same order of approximation as in the
spectral correlations [c.f. Equation (12)] we can write
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(C)
(g *+ ) 7, = 2nN; + ¢, + pty,
(36)
(wo + }Lt) €Ti >~ 2 an +Y\i+ p't'Tl

Then, a time correlation analogcus to the spectral correlation of Equation (11)
is T o
- - 58 o
R 5(0) ~ Re f Zt- 5,)Z, (t+ 7) dt
-T .

M M sin IJ-T(TI - EL) bo
~ 2TA A, b’ Yy b.b. _ cos| Y (T' + 'r.) (37)
2r 2 jeo 11 pT(Ti Tj) 2 Ny

2 2 2
-(gi-vjo—g (- 1%

1 J)

where T <« T0 " Tm " Omax

val where all (M + 1) echo components in Wy and W, are non-zero.

is chosen to ensure integration over atime inter-

(C) Identifying 0= pg and A= 2uT = 2 an, if T0 >>T + Omax’ Rlz(g) has
exactly the form of R 4(q), Equation (13), except for an additional term in
the argument of the cosine function. Thus, in addition to the constraints
outlined for R19(Q) in the discussion of spectiral cross-correlations, there is

the condition that

%‘i'€2|71<<|51—Xil’ all i (38)

to be imposed if R12(°) is used as an approximation to the spectral correla-
tion, Rlz(n). Dividing Equation (38) by Ty using Equation (14), p = an/TO,
and approximating |1+ ¢ | =~ 2, this condition reduces to
BW 2T0
<<
0 M
for the most stringent case, i = M. Condition (39) indicates that the ratio of

(39)
signal bandwidth to carrier frequency should be much less than the ratio of
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(C) signal duration to maximum target highlight delay, a condition which is
easy to meet with LFM pulses. Condition (39) is offered as an alternative tc
the so-called "transient" condition of [23] which seems to be based on re-
quiring that | 1/2 *"Tmzl <2n, or |1-m2Bw/(2T0)| < 1, in this notation.
Though condition (39) is less restrictive, it is felt to be a more realistic
indication of the errors involved in approximating the spectral correlation,
R12(m’ by the time correlation, Rlz(a).

(C) Because larger receiver separations and more complex signal processing
(time compression of one received signal) are required for time correlations,
it is felt that the spectral correlation method is more suitable to space-time
processing for target classifications on the basis of shape and aspect at long-
range in the bottorm bounce mode. We include time correlations of the envel-
opes of uncompressed LFM echoes as a special form of spectral processing
in the above statement. Therefore, Section III of the report is devoted to
examining the effects of bottom reflections and scattering in the specular
direction upon the spectral processing for classification.
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SECTION III
EFFECT OF BOTTOM BOUNCE ON TARGET CLASSIFICATION

FORMULATION OF THE BOTTOM BOUNCE TARGET
CLASSIFICATION PROBLEM

(C) As the discussion of Section II has shown, it is desirable that the fre-
quericy spectium of the signal be flat within the integration interval chosen
for the frequency cross-correlation of the received signal spectra. Pre-
sumably, the transmitted signal spectrum, ST(w ). will be chosen to have

properties which approximate this condition., However, in propatating through

a random inhomogeneous medium and reflecting off rough impedance bound-
aries, the signal spectrum undergoes filtering and spreading before arriving
at the receiver. It is our purpose here to examine the nature of the filtering
and spreading that the signal spectrum experiences upon reflection from the
bottom, and its effect upon our ability to extract the desired target charac-
teristics when operating in the bottom bounce mode,

(C) There are essentially two main approaches to the theory of reflection,
reverberation, and scattering in random inhomogeneous media: (1) The
physical approach as discussed by Chernov [47], Tatarski [5], and Laval,

et al. [6], in relation to a statistically homogeneous medium characterized
by a random refractive index, and by Tolstoy and Clay [ 7] in relation to
reflections from irregular surfaces, and (2) the phenomenological approach
as discussed by Ol'shevskii [8] and Middleton [9], for example, wherein the
inhomogenieties are introduced as a random distribution of point scatterers
in the medium. The phenomenological approach has the advantage of sim-
plicity in handling complex geometries and the higher order statistics re-
quired for system analysis and design, However, it suffers from the inability
to predict the impulse response (or equivalently, the transfer function) of the
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(C) collection of scatterers. This must be supplied at some point by com-
parison of the theory with experiment, But the success or failure of sonar
signal classification in the bottom bounce mode by STARLITE techniques de- }
pends on the spectral properties of the bottom transfer functions within the
integration band selected for the cross-correlation of the frequency spectra

FRSRErS Y

of two spatially-separated received signals. We therefore choose to take the
physical approach, since the basic functional form of the bottom transfer
function can be determined from measurable physical properties of bottom
sediments as manifested inthe reflection coefficient [4].

(U) To formulate the bottom bounce problem, we follow Tcistoy and Clay [ 7]
and use the Kirchoff radiation formula of classical diffraction theory which
relates the pressure interior to a bounded medium to the pressure on the
boundary and the Green's function. Let the far-field acoustic pressure at a

distance T from the transmitter be given by
-jk of'T

loodTe
r

pp (Tg) . (40)
where P, is the source strength, dT is the source directivity, ko =W /c is

the wave number for propagation at velocity c o’ and harmonic time dependence
(~e Jut ) is assumed. Referring to Figure 3, the outgoing pressure wave at the
(i ), resulting from reflection and scattering of Py off the rough

boundary, z = 0, is approximately [10]

point, r

-ik (£ + rtD) 2 2
G —jpokoe I\ I T = ¢T(1) + 'VT(I)
4nip o - YT (41)
- (i) 2 (i)

- = Ikplop e Xptyp T Cp)
dT(x T)A T(x T w)e
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where ¥ i+ yTJ are the coordmates of the bottom plane relative to the

T *r
principal axes of the projection, T(YT), of the source directivity function
on the plane, z = 0, and

o e FroFl W5, , O

- (i i)° T T i i i) &

R i L*oqy “2)
o

is a vector equal to the difference in direction cosines of the vector wave

numbers for incident and reflected waves, CT T(\(T) is the random eleva-

tion of the rough bottom relative to the plane, z = 0, and /\T(YT, w) is the

bottom reflection coefficient appropriate to the illuminated area, d (xT)

For targets located far from the reflection point, Equation (41) can be appr~xi-
1 g VT( i)
b ottom aperture, d (XT) from their values in the specular direction are

mated by assuming that all deviations in ¢T over the transmitter

negligible, i.e., ¢T(1) = 0 and Yo = 2 COS Yrpo In addition, the 'y () can be
approximated by
(1)

T = rT(O) + L, aT(i) | (43)

r

where L is the distance between the first (i = 0 and (i + 1) (denoted by the
superscrlpt i) point reflector on the target, Lo 0, and A O is the direction
cosine of reflector i relative to the specular direction of the bottom reflected

signal in a coordinate system having its origin at the first point reflector.

Retaining Equation (43) in the phase, but approximating rT(i) =~ rT(o) in the
amplitude, Equation (41) reduces to (o) (i)
-jk [rT + Lo + L. a ] o
_ s k e o i T
(i) Jpocos\PT o
plog =~ (o)
) )
2nI‘TI‘T |
' (44)
- - - Ikoypl
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Recognizing that the return signal emanating from the ith point reflector
of scattering amplitude, a; ‘at a distance, r, from the scatterer is

- 1 -jk r
L appipthe O
pi(r) = = ) (45)

a second application of the Kirchoff radiation formula to the same order of

approximation as Equation (44) yields for the pressure at the jth receiver
\ .

. . {0) (i)
s -jk [r'% +r. + Lo ‘"]
M a.p.lr Dy cosve ©J J Bl -ik 7.¢.
i T i %A% IR e Heo?3$y (46)

pr,) = ~jk I
s e b e S

2 i=o 2y p (O
3]

1

where subscript j on a variable denotes the same type of function as defined
for Equation (44), but now as applies to the jth receiver.

Received Siggai Spectra

Finally, since the response of a linear system to a simple harmonic
wave is the transfer function of the system, given a transmitted signal, sT(t),
with frequency spectrum, ST(w), the frequency spectrum, W, {w), of the
regeived signal at the jt receiver is determined by Equations (46) and (44),
v_'vifch Py replaced by ST(EJ). Writing WJ. ’(w) so as to explicitly indicate its
E‘requency dependence
SEOREALY -juanCijCj)} (47)

M :
o < o2 M oo - - - -
Wj W = w ST(m)i;JJ0 b,e J'ix L’»Xj {dT(xT)dJ(xj)AT(xT. u)Aj(xj. wle
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Hi

=
H
¥
{U) where -}
. ~a. b4 Y, j
p )« G Tl
i o). (o §
(2m) ¢, roly rJ.r:i !
m
Y 2cos‘i’v E :
N, 73 —Co . v = Torj §
(48) £
rT+r (°)+r.+r.(°)
t. = =
] €
. L. . .
Gy _ ~Ti (i), (1)
m == lag *ag ]
o
and we have used the integral operator notation 7 -
Loz [ ax = [ ax [ ay (49)
X - -0 -0

(C) Consider next ine signals at two receivers and assume that the relative

delay due to differences in the round-trip travel times, t. and t_,, has been

1 2
removed, Defining

Jwty
Wl(w) = e "W l(w) = Hl(w)Sl(w)

) (50)
J'.otz

Wz(w) e W'z(w) = Hz(w)Sz(w)
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(C) we can write

M ~WT,
Hl(w) = 12=:° b,e
(51)
'M -jweiTi
Hz(w) = 1{:0 bie
by defining
b, = b.(l)
i i
(0)
b’z b (2)/b (1) ) I‘z( )rzcos ‘1‘2 L
i i 0 '
r1 rlcosEl’1
(52)
1 o= 10 "
i i
B W W
T o, m ket
i T 1
Also, the signal spectra, Sj(w), can be written in the form
Sj(w) = Gj(w)ST(w) (53)
where
2 - - - — 'J“’(QTQT'*'TIQ)
() = .c.—-.c-{ KR DAL 33}
GJ(w) W X X dT(XT)dg(XJ) T(XT w)AJ(xJ, w)e (54)

is the transfer function associated with the bottom reflections encountered by
ST(w) in traveling to the jth receiver. It is seen by Equations (50) and (51)

that the signal spectra, Wl(w) and Wz(w), have the desired form for performing
target classification ala STARLITE, provided S,(w) and S,(w) are nearly
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(C) constant over the integration interval of R12(Q). Since ST(w) is presuma- r
bly chosen to be sufficiently flat over the interval, success or failure of the
classification scheme ultimately rests on the properties of G.(w). Therefore,
we direct our attention to the frequency dependence of these transfer functions
which behave like random filters in the communication channel.

Expectation of R, ,(q)

(C) Because of the roughness of the bottom surface and randomness in the
reflection coefficients, the statistical expectation of R12(Q) is of interest.
For reasons presented later in this discussion, the frequency cross-correla-

tion for bottom bounce operation is taken in the form

w +A
o 2 0 s Q
<R12(Q)> = <Ref W1 W - E’WZ w+—2— dw>
_A
Wy 2
wo+A
= - e+l g * i)
Ref LHio- P S -PSp @ (69)
Wy ™ g

_ _Q sk _Q
<G1(w 5 )G2(w+ 2) > dw

where the bracket < > denotes the statistical average over all appropriate
random variables, The expectation <G1G; > includes both ¢::i.erent and inco-
herent scattering in the specular direction from the bottom sediments. No
effort is made to separate the two here, since it is the properties of <R 12>
which are of interest, not those of G1 and G2 in and of themselves, It isto
be noted from Equation (55) that loss of coherence in the specular direction
by the signal upon reflections from the boundary has no effect, per se, on the

target classification scheme, All we seek is a proper vehicle for creation of
30
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((:"‘) a spectral window within which to view the properties of Hl(w -0/2)

H2 (w+ q/2). Hence, the coherence properties of the reflected signal, Sj(w),
relative to the transmitted signal, ST(w), are immaterial., What does matter
is that S1 and S2 have sufficient coherent energy within the band [wo -Al2,
w, + A/2] to raise <R 19> above the reverberant and ambient noise level and
that the distribution of that energy within the band be sufficiently flat so as

and H,.

not to obscure the target properties contained in H1 2

(U) At ranges of the order of 20 to 40 thousand yards, one can reasonably
expect essentially complete overlap of the bottom illumination functions dT’
dl’ and dz. As a result, fourth-order statistical moments of the re{lection
1G2 > , This
overlap is desirable, since a high degree of correlation between Sl(w) and

coefficients and surface roughness are required in computing <G

S,(w) improves the prospects for successful target classification. However,
tl;‘is presents complications relative to performing the spatial integrations
over the bottom aperture functions when weighted by these higher-order mo-
ments. To reduce the complexity of <G1G2*> , and yet preserve the essential
sameness of S1 and Sz, it will be assumed that there is no statistical depen-
dence of the reflection coefficients and surface roughness between the out-
going and return reflections. Physically, this corresponds to a situationwhere
there is a large separation between the transmitter and two relatively closely-

spaced receivers, so that there is complete overlap of d1 and d,, but none

2
between dTand either ol1 or d2‘ In addition, it will be assumed that the surface
roughness is statistically independent of the reflection coefficient. The expec-
tation <G1G2"\> is then

Gy 1650+ 1> = W2 -Tes £ Yo Goa R Gpo-DapEpt ot
<Gyl -g)Gylo 3 Wi g B 10ehatappd <aglipe - gdap (gt 0 v g >

S<exp - gnglto - B opbep) - 0+ B CT(;T')]]>} (56)
2

. 2 .0 - - - - _ f_)_ W, Q
w?-$e7g WR’{"R‘YR"’R‘XR ) <agGp - Dag &gt vt >

* <exp {- inglw - g) CR(;R) S (w+ 2 ) CR(XR’)]} >}
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it i = = = = = = !
where it is assumed that d1 = d2 = dR’ ny = N9 MR and /\1 A2 AR’ E

Under these assumptions, the expectation of the bottom transfer functions
can be written as

<G, -9 Gz*(w+ > =1, 0) I w0 (57)

where IT and IR have the same functional form if dT and dR’ AT and AR’ and
“ @nd ¢ each have similar functional forms and distributions. Assuming
this also is the case, the problem is reduced to consideration of the integral

2 Qz — ey e ol .=, Q
w, Q) = |w vy .(:Xﬂ;(‘ d(x)d(x Y< A X: W~ 5 AELXYS (,)+-2— > .
(58)
. Q - -
* <exp 'Jn[(w"2)g(x) - (w+—g C(X'] >

Evaluation of I{w, ) requires specification of the bottom illumination function,
d(;), the functional form of the reflection coefficient, A, and the joint proba-
bility distributions of the surface roughness and random parameters in A. As
described in Appendix A, the bottom reflection coefficient, ), is assumed to

have the form

n
Mpw = z re O (59)
n= )

where )\n is a reflection coefficient associated with the interface between two
layers in the stratified medium, Bn is an inverse velocity associated with the
wave propagation in a given layer, and {’n is the layer thickness. Based on
measurements of attenuation in bottom sediments, )\n and Bn are taken to be
complex constants. The randomness in A is assumed to be characterized by
irregular layer thicknesses, Ln’ solely.

The details of the evaluation of I(w. Q) under the assumptions of a gaussian
illumination function and joint gaussian distributions for ¢ and 4 are carried

out in Appendix B. The result for these and other assumptions made in the
course of the analysis is that .
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- n °g 2 (w +Q-)
o 0) ~ @2 - 2) :
w Q)= (W -3 e A (w, Q) (60)
4 n=o m=o B m nm
-9 __Q 3 Q :,_l ___2 Qz sk
ilw 2)un+3(w+2)}1m* 3 Ww-3)"x 2(w+ T
‘e
where
n -—
b= T B¢
B g0 919
(61)
n
X = X E g
R o020 p=o By qp
and
_ 2
2n2DnyLx Ly Ei[(wz _-‘% tnmz]
3 m(w, q) = (2erny)2 + nm “nm 3 o8 3 (62)
a2 -VE_Ln[(w—'il' tnm}
nm

Inzaddition, Zq is the mean of {’q’ Oq;? is the covariance of Lq(;) and ¢, (;),

o~ is the variance of C(X)’ Dx and Dy are characteristic lengths associated
with the principal axes of d(;(' ), Lx and Ly . are correlat_i‘og lengths asso-
ciated with a composite spatial correlation coefficient, B’nm(X: X)), defined by
Equations (B15) and (B17), along the principal axes of dT&), a, . is acoef-
ficient associated with the transformation of the correlation lengths appro-
priate to the principal axes of ;nm into Lx ., and Lynm’ Ei(x) is the expo-
nential integral as defined in Equation (B25), Vg is Euler's constant, and

finally
9 9 9 min(n, m) 2 8 " 63)
= + R 3
nm no, q.1}3:=o % p e(Bq p )
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SPECTRAL PROPERTIES OF BOTTOM TRANSFER FUNCTION

(C) The ultimate purpose of this investigation would be to examine <R 12(Q)>
in the vicinity of its maximum at a frequency shift, 2, in order to estimate
how much deviation from the desired condition, 6= (l-e)wo, is encountered
in the bottom bounce mode of operation when the target is a line target. In
addition, one would like to design the transmitted signal spectrum, ST(w), so
as to compensate for errors in () introduced by b~ttom reflections. Because
of the complexity in the integral in Equation (55) and the uncertainty in the
acoustic parameters characterizing the bottom sediments over a variety of
bottom types, such an investigation requires an extensive computer simulation
of the bottom bounce classification problem. Unfortunately, a computer sim-
ulation of this magnitude was not within the scope of the present contract.

Smooth Boundaries

(C) Some light can be shed on the possibilities for success of the STARLITE
classification scheme in the bottom bounce mode by examining the frequency
dependence of I{(w, Q) in the vicinity of the carrier frequency, w,. since,
ideally, I(w, Q) would be flat over the interval [wo- Al2, w, * A/2] and inde-
pendent of the frequency shift, Q. For a nearly smooth, regular, stratified
impedance boundary, such that wotnm << 1, coherent reflections dominate
and

(64)

Q. 1 i i i ~
R (T - 1 LY, & r r,o.
edn m wik, M‘Lm)*']2(p’n L™ )'J“’("nr'#JL 3

2
1w, )~ (2nDxDy) 2wt - 0)
4 nm m

n,

where the real and imaginary parts of the exponeht have been exposed by
writing
. n op - 1..
by Sly "= D BT4 o -5E B (65)
q=
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(C) Consider first the diagonal terms in the double sum of Equation (64). For
m = n, the exponent in the addend reduces to (- Zw}L 1 + me )Q Removal of
the term 1/2Q (p ), for the diagonal terms at least, is the reasonwhy
the average of W (w Q/Z) W2 (w + /2) was chosen for the cross-correlation
of the frequency spectra, since this terin potentially generates a strong ampli-
tude dependence on () if an unsymmetric frequency shift, such as in Wl(w -Q)
(w), is chosen for the average. The cancellation of this term and the
osc1llatory term, -Jw(pn L ), when m = n also depends on overlap of the

receiver illumination functions d1 and d2; hence the desirability of this con-

dition,

(C) The term, jQpnr, introduces additional delays, pnr, to the target-induced
delays, T However, these delays are expected to be small compared with
significant target-induced delays at large ranges for the following reasons.
Reduction of data taken by Mackenzie [11], and by Nuttal and Cron [12] indi-
cates that 0.2; o Blr; 0.06 and 0.2 < 008112 1 for angles of incidence in
the range 60 < ¥ < 90°. Also, penetration depths of less than 2 m are expected
for these angles of incidence [ 12]. Assuming that the reflection coefficient
model of Equation (A14) holds, and that no more than five internal reflections
within the top sediment layer are significant, Mo e (5) ‘— (2) ~ 1 msec might
be expected. However, the discussion of Section II indicates that significant
target delays measurable by STARLITE techniques are greater than 10 msec,
roughly.

2. 02/4 ~w®. Thus, the

essential w dependence of the diagonal terms in Equation (64) reduces to

(C) The condition, () << A << W, ensures that w

funciions of the form wz exp (- ZwH ) Recall that B = 0, by definition; hence,
the first term 1n the sum is ~ w2 wh1]e terms for n 2 1 have maxima at w = (p )
For 0.2 <c B < 1, these maxima occur at frequencies W <17.5x 103 sec 1.
Thus, at carmer frequencies of fo > 1 KHz, the spectrum, I{w, ), is certainly
not flat. Therefore, it is necessary to rely on the condition & << W, to pre-
serve a semblance of flatness for I(w, Q) in the integration interval [wo - A2,

Wyt Al2].
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(C) With regard to the off-diagonal terms, m # n, in Equation (64), it is
reasonable to expect that if exp [I/ZQ(p )] is significantly different
from unity, then exp [- w(p 1y Mo )] is much smaller than a comparable
diagonal term exp [-2wp ] and therefore, such off-diagonal terms are
negligible., Off- d1agona1 terms that are not negligible in comparison with
like diagonal terms require that A(pnr - pmr) << 1 in order that I{w, Q) not
be too oscillaiory over the integration band.

Rough Surfaces

(C) Next we consider the effect of surface roughness by assuming that

w no, >> 1, but that the o 2 are sufficiently small to neglect the L9 Then,
°2 6 2 2 ap
tnm = n Ug and the exponential integral in J takes on its asymtotm

value and dominates the logarithmic term. If (L/D) E << 1 by virtue of
short correlation lengths L,

2
_2 2 2 {_) s ‘._Q_ b _Q
. 5 noc w +4 N . Jw-3 |~tn Jw+zpm
I(w, Q) =~ const - we . ‘?n=0)\n)‘m e (66)
1£(L/D)* E, >> 1,
1 2.2 _ Q . Q 3%
27 % 4« Y #n ™ “’+2)”m
I{w, Q) =const * e T AN e (67)
_ "n'm
n, Mm=o

In either case, n20€2Q2 << 1 is required if a strong amplitude dependence on
is to be avoided, Measurements of o(_: in the Hatteras Abyssal plain indicate
tt;at (;C; 0.5 m in this region [13]. At incident angle: ¥ = 60° and g s 0.5 m,
Qop n s0.1 for O < 900. This is well within the range of frequency shifts
for which the STARLITE method is applicable., It is also to be noted from
Equations (66) and (67) that the w dependence of I(w, () is strongly affected by

the surface roughness and its correlation lengths relative to the dimensions
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(C) of the illuminated surface. In fact, rough surfaces with long correlation
lengths, Equation (67), more closely approximate the desired flat frequency
spectrum of I(w, 1) than do smooth surfaces, Equation (64).

Irregular Sediment Layers

(U) Lastly, we consider briefiy the effect of irregularities in the sediment
layer thicknesses on I(w, ). Defining

. n .. n .
=k -j5l=3% @B -BBYZ-jz BTB4+N 2 (69)

n n n 1
q» p=0 q q b 4gp q, p=0 q'p p qp
the exponent of interest is of the form
2 2 2
SRS O O ) IV O ) RN 0 - o |V PR
X 2 (Y72 Hn 2 w+2 Hm N +4 Mn +'Km )
(69)

wol, r _ i i
* 2 “n }&n +J2 w ‘}@n b |7 W0 Rn * Mm)

Again, consider the case of incident angles near and above critical, and
assume that essentially only the top 1ayer is penetrated, so Bn = Bl for all n.
Near criticgl incidence, B At Bl , 8 >~ 0, However, above critical in-
cidence, 311 > B T and L < 0. This creates terms of the form exp(+ w [H |

in I(w, Q) ‘which tend to compepsate for the negative slope of terms of the form
i

exp(-wp ). The terms 1/2wQ (}h - K Yy aud 1/2j (w +0 /4)(}( L1 ) in
X drop out in the diagonal elements of the double sum.
(C) To estimate the effect of the term, 1/4 Q |}( | in X, consider incident

angles near grazing and assume that cOB1 =~ 1, Bll‘ =~ 0, 06/co, and that no
more than five internal reflections are significant as before. Then, if Q <
600 sec™ ., 1/4 Qz |}65r| <0.1ifo, <0.3 m. This value of g, is compar-
able with the value of 9 quoted for the Hatteras Abyssal Plain, It therefore
appears that if the surface is not too rough for STARLITE, neither will the
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(C) sediment layers be too irregular. The remaining term, -1/2 ij(Knl+ }tml),
in X may be troublesome, howeve>, since under the above conditions of near
grazing incidence, wQ Hsl Jax 10-5 w, which is not necessarily small for

carrier frequencies of f0 > 1 XHz,

(C) From this brief and somewhat superficial discussion of the properties of
I(w, ), it seems reasonable to conclude that there is some justification for
believing that STARLITE techniques are applicable to signal classification in
the bottom bounce mode of operation. The conditions for operation at long
ranée appear to be most favorable, since the effects of surface roughness
and penetration of the sediment layers by the acoustic wave are reduced at
angles approaching grazing incidence. However, the degree of confidence in
success that one would like before initiating costly sea trials for verification
of the classification method has not beeu achieved in this study. More exten-
sive analysis of the properties of <R12(Q) >, Equation (55), as a function of
geometry, signal spectrum, and parameters of the bottom transfer functions
through computer simulation is expected to provide a higher confidence esti-
mate of the probability of success of bottom bounce STARLITE, In addition,
the effects of target and transmitter-receiver motion, ocean surface back-
scatter, volume and surface reverberation, ambient noise, and scattering
off corrugated surfaces should also be studied before final judgment is passed
on the theoretical practicality of bottom bounce STARLITE.
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SECTION IV
CONCLUSIONS AND RECOMMENDATIONS

(C) To establish direction to this study of scuar signal characteristics in the
bottom bounce mode, it was decided to concentrate on the effects of bottom
reflections as related to target classification on the basis of shape and aspect
for targets characterized as arrays of point scatterers. A review of the gen-
eral theoretical requirements for target shape and aspect classification
through spectral and time cross-correlations of signals received at two dif-

ferent space points has indicated that:*

1) Spectral processing is more promising than time processing
for shape and aspect classification from a practical point of
view, since considerably larger receiver separations are re-
quired for time correlations (of the order of the ratio of the
signal carrier frequency to the bandwidth, fO/BW, times larger).
We identiiy the special case of time cross-correlation of the
envelopes of uncompressed linear FM signals with spectral

processing in this observation.

2) A band-limited spectral cross-correlation with symmetric

frequency shifts of the form

W + 2
0 2 o a
Rlz(O) = Ref A Wl(w - —2) W, (w + 2) dw
Yo" 2

*The authors regret that they were unable to obtain a copy of the report "An
Experimental Study of STARLITE using a Scaled AN/SQQ-23 (PAIR) Config-
uration," DRL-TM-68-10 (AD 390 2451, in time to influence this theoret-

ical study.
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should be used for spectral processing to contine the ob-
s2rvation of the target transfer function to the interior of the
speciral window created by the transmitted signal and ne-
gate the errors in estimating target aspect introduced by

attenuation in hottom reflections.

Geometric and signal parameter constraints for spectral
processing are somewhat different, and more restrictive

in the case of the correlation and ambiguity conaditions, but
less restrictive in the case of the resolution and transient
conditions, than indicated in the original STARLITE analysis
(2], [23] of spectral processing.

Large f. and BW are desirable for satisfying spectral pro-

0
cessing constraints with reasonable receiver separations,
whereas low ‘io and small BW are desirable to minimize prop-
agation loss and distortion of the spectral window in bottom

reflections. Thereiore, optimum f, and Bw depend upon tar-

0
get range and bott.:m conditions.

An example for fO = 6 KHz and BW = 600 Hz indicated that re-
ceiver separations, D, of about 175 yards permitted class-
ification over line target aspect angles of 15° < v < 60° and
120° £ @ £165” (bear sprct at 0° and 180°, bow or stern as-
pect at 90° in thic no.ation) for a target of length Lrn = 90m
at a bearing 8 = 90° and ranges of 20 to 40 thousand yards.

However, since D is inversely proportional to L fO’ and

m’
sin 6, reduction of any of these parameters requires a cor-
responding increase in D to maintain classification nver the
same interval of ranges and aspect angles. It therefore
appears tha* some flexibility in selecting receiver separations

as a function of range and bearing is nnecessary. -
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(C) With regard to the feasibility of STARLITE processing in the bottom bounce

'10de, our conclusions are somewhat more tentative. A physical approach to
the modeling of sonar wave reflections off an irregular impedance boundary
[7] has been taken in the analysis in order that the frequency dependance of
the bottom transfer function can be related to measurable physical properties
of the bottom sediments. The analysis requires a considerable degree of
approximation and a number of assumptions to obtain analytically tractable re-
sults. However, comparisons of similar analytic developments with con-
trolled experiments indicate that the assumptions and approximations are per-
haps not too restrictive as applied to this type of problem [7]:

1A) STARILITE signal processing concepts indicate that the ideal
bottom transfer function would be independent of frequency
within the interval chosen for spectral cross-correlation.
However, it has been shown that the spectrs" properties of
the bottom transfer function can vary widely (low-pass, high-

i B I
0" w
angle of incidence, the degree of surface roughness, irregularities

pass, bandpass, or notched-filter shape) depending upon f

in the sediment layer thicknesses, and the amount of attenuation

associated with the sediment layers.

2) In spite of the complexity of the bottom transfer function, a
cursory examination of its frequency dependence for para-
meter values typical of the abyssal plains leads to the con-
clusion that long-range bottom bounce STARLITE could be
practical, since the effects of surface roughness and pene-
tration of the boundary by the acoustic wave are minimized as

the incident angle approaches grazing incidence.

(U) Because of the large number of parameters which characterize the class-
ification problem in the bottom bounce mode, and the uncertainity in their
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values and distributions, a parametric study through computer simulation of
the classification scheme is a recommended step before the expense of veri-
fying bottom bounce STARLITE classification techniques through special sea
trials could be justified. Such a simulation would not require the many assump-

tions and approximations required in the present study and would:

1) Establish theoretically whether or not bottom bounce STARLITE

classification concepts are feasible.

2) Provide valuable guides to possible future experiments at sea
by determining optimal signal carrier frequencies and band-
widths, and parameter constraints that are realistic to the

bottom bounce mode of operation.
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APPENDIX A
BOTTOM REFLECTION COEFFICIENT MODEL

The basic model for the ocean bottom. is a regular stratified medium as
shown in Figure Al. All layered media are assumed to be absorbing, and
for the moment, separated by plane boundaries. The bottom is assumed to
consist of N layers of finite thickness, .Ln’ 1 €n <N, overlying an absorbing,
semi-infinite supporting half-space (medium N + 1). The ocean is defined to
be the oth medium and is assumed to be a semi-infinite, nonabsorbing f1u1d
We define the nth interface to be the boundary between the nth and (n + 1)

media.

From wave 1mpedance concepts for plane waves with harmonic time
t

dependence (~e Jut ), the reflection coefficient at the n h interface for obliquely

incident waves is given by [14]:

e'Jan+ an +1

X+ A
n n+l
Ay = B 1 (A1)
1+X eJ n+l°n+1
n n+1l

In Equation (A1), A is interpretable as the reflect1on coefficient at the nth

interface for waves 1mp1ng1ng on the (n + 1)t to (N +1)° ' media when the n'"
medium is considered to be semi~infinite, )\n is the reflection coefficient at
the nth interface when both the nth

semi-infinite, and én-l is one-half the normal component of the complex

and (n + I)St media are considered to be

phase velocity of the wave propagating in the nth layer,

To relate in and én to acoustical properties of the media, consider, for
example, plane wave propagation in an absorbing fluid for which the Naviar-
Stokes and continuity equations take the following form:
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Figure Al, Geometry for a Regular Stratified Boitom
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By g +Loradp = 0
at r, o, pngra P, =
(a2)
3

1 Ph i
02 t+1:Jnd1vun-0

n

In these equations, Py is the pressure, ﬁ'n the vector particle velocity, pn the
fluid density, r, the normalized acoustic flow resistivit)i, and <, the phase
velocity in the limit, r. "~ 0. The intrinsic impedance, Z. of a medium
characterized by Equation (A2) is

“

z = P, cIﬂ/l -jrglw (A3)

and the complex wave number for harmonic plane waves is
= W -1
kn o VI - rn/w (A4)

For a plane wave incident from the 0th medium at a (real) velocity, Cy and

angle, ’l’o, Snell' s law yields
. - oy
kn sin ‘Yn ko sin ¥ (A5)

where k0 = w/co. From Equations (A4) and (A5), the cosine of the (complex)

th

angle of incidence, ‘i’n, at the n”" interface is

I c 2sin2‘1’
o)

n
cos ¥ = 1l -— (AG)
n Cc r
\/ ° f-; !
W
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Since the complex phase velocity in the nth medium is kn/ w, from Equations
(A4) and (A6) and the definition of Bn

. 2
- in% ¥
é i 2 cos ‘i’n - (1 -3 rn/w) ) sin” ¥ A7)
n (kn/w) R 2 o 2
n o

Finally, in terms of the normal wave impedance, Zps the complex reflection
coefficient, in’ is given by [14]

. A -z
N = Zn +1 . Zn (A8)
n n+1 n
where
. z _ 2p, (1 -AJ r_/w) (49)
n cos ¥ B v
n n

For future reference, we note that physically, r > 0. Thus, by Equation
(A7), Bn is of the form '

B =BF-iBl BT>0 8" >0 (A10)

for positive frequency, w=> 0, 0 < ‘1’0 < 90°, and any finite ratio of velocities,

cn/co.

The recursion relation, Equation (A1), terminates on the condition,
AN = )':N’ and in principle, can be used to generate a closed-form solution
for the desired reflection coefficient at the bottom, Ao' However, in practice
we shall have to be content with a series expansion of I\O ca.rried to some
acceptable order of accuracy in powers of Xn or exp (- wénlbn). To deter-
mine the nature of these expansions, consider briefly some properties of
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bottom sediments and the bottom reflection coefficient as determined from
bottom reflectivity experiments [15, 16]. Measurements of the acoustic
properties of bottom sediments indicate that the sediments near the water
interface have nearly the same speed of sound as water and that the velocity
and density tend to increase with depth. Adjacent sediment layers seem to
have nearly the same intrinsic acoustic impedance, so that for near normal
incidence, in << 1. A series expansion of Equation (A1) is of the form

A= (A +a e" By ity v =
n n n+1 m=0
N (A11)
m - jmwB L
('ann+1) e n+l1n+1
which indicites that to second-order in )tn’ An is linear in )tn' That is,
A(2)=‘)t+l\ e_Jan+1&n+l=
n n nt+l
KA (A12)
“jwp N-no. -jw T Bn+qén+q
e n Z A + K€
k=0 " q=0
and, in particular,
N, .2 -
SR I NP L A (A13)
° n=0 " q=0

where [§ = 0. Bottom reflectivity measurements in [16 ] indicate that

AO < 0, 4 for indident angies of ‘1’0 < 60° Since the acoustic wave penetration
of the boundary was apparently quite deep, and encompassed several acousti-
cally distinct sediment layers, one expects that the in for these measure-
ments were somewhat smaller than /\0 and that the approximation of Equa-
tion (A13) would hold over this range of Yo'
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Measurements of the reflection coefficient [16] over the range 60° < ¥ < 90°
indicated that the penetration of the bottom by the acoustic wave was quite
shallow (< 2 m). If we assume that essentially only one sediment layer is
penetrated at angles near and above critical incidence, from Equation (Al),
with /\1 = )\1.
e ~ (A14)

The series in Equation (A14) can be terminated after N terms when NwB 114,1
is sufficiently large and the equation written in the same form as Equation (A13),

i.e., . N o~ A
~ Wer B4
N g=o 49
W~ 3% %e (A15)
o} - n
n=o
where
)\O = )\O
X x“+1(->\1)n+(-§\ )" 1(xl)", n> 1
. X © (A16)
30=0,Bq=31,q=1,..,n

For the purposes of the discussions in this report, then, it will be assumed
that the bottom reflection coefficient, A, is adequately described by a function

of the form

N n
. Wz
"2 E M amo Pt (A17)

A

where 8 =0, N SAor N and Sq = Bq or Bq’ whichever is appropriate to the
angle of incidence, L
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Since A is an important contributer to the transfer function representing
bottom reflections, the frequency dependence and randomness of the param-
eters describing A are of interest. With regard to the frequency dependence,
measurements of attenuation in bottom sediments indicate that it is a linear
function of frequency [12, 17, 18, 19]. For fluid-like sediments describable
by Equation (A2), this implies that the én are independent of frequency. zind
hence that rn/w = constant. Therefore, by Equations (A8) and (A9), the Xn
are also independent of frequency. With regard to randomness in the reflec-
tion coefficient over the area illuminated by the transmiiter and receiver,
inhomogenities in the sediments can create variations in the density and phase
velocity of the media, where uneven deposition of sediments gives rise to
variations in the layer thicknesses and mixing of sediments at the boundaries,
thus making it difficult to distinguish a precise boundary. Therefore, itis
expected that the quantities )\n’ Bn’ and 1, are best described by random
functions of the spatial coordinates of the bottom, but not time. However,
for simplicity, we will ignore any possible randomness in )\n and Bn, thereby
assuming that the essential nature of the randomness in A is contained in the
layer thicknesses, l’n' In summary, the model chosen for the bottom reflec-
tion coefficient is that of Equation (A17), where )\n and Bn are complex con-

stants and {'n is a real, random function of the bottom coordinates.
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APPENDIX B
EVALUATION OF THE INTEGRAL, Iw, Q)

In this appendix, we consider a solution of the integral

[ Ql p= Q)=
'Jﬂ[w - 5) Uy - jw+ 3 6ly J
><e > (B1)

2
2

_ o - -y
o, o) = |w "E)‘C;f‘cg' d()d(3 ") <A

- al = Q
X'“‘T)A lx,u+'2—

under the assumptions that:

1) The bottom apertures are gaussian illumination functions:

AN = dix,y) = exp |5|=— +L—

5 (B2)
Dx Dy

2 2
1/x” .,y )

2) The reflection ¢ efficients have the form stipulated in
Appendix A: n
.z -
. N -jw 2B 4 (x)
Mpw = Z x e T2 94
I ¢
n=o

(B3)

3) The sediment layer thicknesses, Lq(;('), and surface roughness,
g(i’), are gaussian random variables with homogeneous correla-
tion coefficients. More explicitly, for

? s

P-% s x-xT+y-yn] = ui+vi (B4)
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it is assumed that

<Y)> = 0

<) AN > = o plu V)

2 2, (B5)
Og = <{ (X) > ?
pg(oy O) = 1
and
<L (3)> = 1
{’q ) Lq
<4 (P (X)>= 0 20 (u,v)
q p ap "gp
(B6)
= s 0,0) =1
Pep = Ppg’ Pap!
2 "2 - .2
0 < < = «(2 - >
“%p *°pq (g~ 4g)
In the notation of Equations (B5) and (B6), 02 is a variance and p is a
. . . s . . 2 .
normalized spatial correlation coefficient. The variance, ¢ <0 is

qp qq
specified, since different sediment layer thicknesses at the same place do

not, in general, correlate perfectly.

Denoting ¢(x ') and Lq(X-") by ¢’ and Lq !, respectively, l(w, (i) takes the
form

2 02 N N 53
Hw, Q) = |w -Z" ) T AN L =
r Q Q\ A
onllpy o 22 - RIR Iy
S = L X T an
d(y)d(y ") <e
[ n m = A
Gl -2 o B -+l T o Tt 02
'L “ q=0 qq p=o p P

- <e
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It is well known that the joint characteristic function, Yz(v), of a vector
gaussian variable, z, gt =[z), 29,0000, z ), is [20]): ~

g

t -jvt vt K v
‘}’z(v) = <« Wi = ¢ ~z" (B8)

[\

N

where y is an n-dimensional column vector, t denotes the transpose, z
is the mean of z, and K_ is the correlation matrix
- ~

K, = <z-2)(z-2"> “ (B9)

‘Since every expectation in I(w, Q) is of the form of ¥, we can write

2y N
2 Q * -
o, 0) = [0 -] & AN "L, dlydly V¥, (w)Y, (v )y (B10)
4| o B M xx| | ROX TTgRE Ty tenm

The characteristic functions, ¥, and v L are determined simply from
—~nm
Equation (B8) and the definitions of v, , and K . once ¢and ¢

LA 3‘(5’ .Q.nm ~4

—nm m

are defined.

1f we define the two-dimensional vect.r of surface roughness parameters to

be t

¢ = [¢.¢']

——

from Equation (B7), we recognize

N

L J

From the assumed properties of ¢ in Equation (B5)

0
w+§'

-8 -
w - 5in,

2 1 Ju —
§€ = OC , g = 0
- p¢ 1
hence
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2 2
: _nzocz [wz +% {2 - %_ o @ v)]
‘i’c(\_)) = e (B11)
L In computing ¥ , consider the case, n>m, and define the (n + m)

Lum
dimensional vector, ‘an’ to be

t . ’ ’ -
énm [l,l.v ‘t/l 2 412: Lzl, e s 8 %’ Lmls Lm'*'l, m+2, o0 oy n']

Then, from Equation (B7),

bl -9 -9 _Q
L}nm "[21: [_)zao-o:\-)m: W 2) Bm+1’ (N 2 Bm+ 2:0 > W ZBU]
where
t_ | Q Qlg «
: =lw-F|b, ~wts|B =, = 1, m
=q [ Z)Bq | Z)Bq] ?
.
3 : From the properties ascribed the {'q in Equation (B6), the correlation
i matrix, KL > has the form
v [~ ' ! B
11 K2 Eim
ﬁ [}
g .
- K ={ BEa1 Koo' " "By o 0
tam : . . :
! Bmi Emo Kam
5 ]
Y Ht ST T T T
0 ¢ B-m)
N i
- - ' -
.
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where the qu are the (2 x 2) matrices

1
, Pap
K = =
~ap  “qp ~Pq
1
fap

and Kn—rr) is the (n - m) x (n -~ m) matrix with elements

~

2
0

. . l<i,j - m
m+i,m+ § ,j<n

Then, noting that

2 Q2 2 _Qq2
) = - 22 - lw - B o4
g Kqpp  %gp 2) Bfp " 7 (Bq p " P qu)"qp
2 s e
Q 3 s
+ w2
©ry| Bq B }
. Ql n m "
JWes s B R +ilwt D "1
jlw z B
an(}:’nm) € g=o 419 2 g=o 4 4
VO 2
1 af @ 2 1] ,qf° m
“slw-5 2 BBOo “-3lw
2 2 __. qpgp 2 2| Xz
e q, p=0 q p=0
w2 - %-2 Qnm 2 B *) (
Re u, v
b oo AP (Bq p | fap )

= mi m).
where Qnm n(n, m)

[RTEe NN
!

portsereins

S

#

prrm—
ey

Consider next the typical spatial integral in Equation (B7) by picking out only

those terms in Equations (B11) and (B12) which are functions of :('and ;(".

The typical integral is
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® 2 Dx? 2
, X Dy
I = [[J dxdydx'dy’ e (B13)
wz-gz 20 2 (u, vy + gm 2Re B B_* (u, v)
. 4 Mo P o Tap ap | Pap
s P50
Define
Q
EREE gm o % Re [BB " (B14)
nm 'He =0 4P ( qp )
g, p=o0.
and a composite correlation coefficient
~ 1 2 2 %, .
pnm(u, v) o= 2 [n % P (w,v) + z Cap Re(Bqu')pnm]
nm q, p—O
(B15)
Then, substituting x= x’+u, y = y’+ v and performing the x’ and y’ inte-
gration, J reduces to
nm 1 u? | VP 2 _o° 2~ )
© -5—2—+——E+ w vy t 0 (u, v)
X Dx® Dy nm Pam
Jom = 7DxDy J‘,j dudv e (B16)

Equation (B16) cannot be integrated exactly for the usual forms of Enm' How -
ever, certain reasonable functions permit approximate solutions in terms of
common tabulated functions. With this goal in mind, it is assumed thatp
is of the form

2 2 2a__uv

1
Enm(u’ v) = exp ¢ 5 —qg'-‘ + Vz - nm (B17)
Lx nm Ly nm anm Lynm

where anm and Lynm are correlation lengths appropriate to the principal

axes of c(y) and 0 < a < 1, with &m" 0 when the prircipal axes of §_

coincide with those of d(y). Expanding the exponent
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2 2 Qz) 2 |k
2_0Q 2 W -]t
© -7 %m Pam ® 4 ['nm K
e = ¥ ?
k=o k! nm
J nm can be written as the series
(o]
J = ¥ J
nm k=0 nmk
where Jnmk is of the¢ form . K
anDy[ wz-%)t 2} ® —igtK -1
= nm 2=_0 =
Tamk = [ dze
k! o
with gt = [u,v] and
- 1 . k ) kanm -
2Dx? Lx? Lx Ly
-1 nm nm- ' nm
Ko =

ka

_ nm 1 + k
anm Ly nm 2Dy2 Ly2

(B18}

(B19)

(B20)

(B21)

Equation (B20) is of the form of a bivariate gaussian integfal with the result

that

2n2Dny[

2_g2)t 2|k
w 4 nm

Kkt |k 112

(B22)

For bottom reflections far from the transmitter and receiver, it is reason-
2 2 2 2
able to assume that Dx /anm >> 1 and Dy /Lynm >> 1, Hence,

Ko b 1=

~

\

2DxDy ’

_k \/ 2
~ 1-a » k=21
L m™nm nm

1
k=0
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and

- 2
J nm(w’ Q) = (2nDxDy)” +

2 ' [ 2 _Q2 Z]k
2m DnyanmLynm ; W 2= tam
1-a 2 k=1 k* k!
nm

where —ETi(x) is the exponential integral defined as [21]

et
T at.

X
E; (x) = __L

and 7

E is Euler's constant.

(B25)

Finally, combining the nonspatial-dependent terms of Equations (B11) and

(B12) with Jnm(w’ Q), the desired integral can be written in the form

2 2

- 2 Qz\ . o} 5% { 2
no. fwtF | N - - i + gl - 8 N P v PR Y]
I(w.n)=‘w2-%2)e 5 4}Z )‘n)‘m*Jnm(w'mqu zl-ln J{u ?’“m 2(u 2 hn T 3 "m (B26)
' ‘I, m=o
where
n -
b =L B 1
N ogeo @4
(B27
n n 2
X =% I BBo
R 2o peo 9 P Q°
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