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List of Principal Symbols: (See also Appendix A.1 and [5])
Ao A, = peak signal amplitudes, (2.1b), (3.1a)
a™, ag, agn, To, etC. input signal-to-noise (amplitude) ratios; (to receiver); to medium, T,

. @0, @oT> 0BT, SopR = directional vectors
]

alP = false alarm probability
aH, Of = direct and scattered wave fields
. r.arQ = beam patterns, or beam pattern projections
BY )_coh, inc = detector bias terms
B®®) = waveform factor, due to wave surface scattering
B = waveform factor, due to target scattering
€, & = epochs
fo = carrier frequency
Fi = characteristic function
A = threshold detection algorithms
Hg.Hi,H3, H'y, = hypothesis states, in detection
ix, ix', etc. = unit vectors
J=MN;j=mn = space-time (sample) indexes
ko, k = (angular) wave numbers
f(o(t)in = signal correlation function
Lig, I = nonlinear detector transfer function
LOQ, L@ = (nongaussian) noise statistics
i, 12, 13, = direction of cosines (x)
31 = p/q: ratio of a priori data probabilities
mj, mp, m3 = direction of cosines (y)
ni, n2, n3 = direction of cosines (z)
nR, NA = normalized (received) noise processes
n = field renormalization operator

] surface normal
Y, Yo, YoT, ¥T, €tcC. wave numbers (associated with beam patterns)

u

v = (received) nongauss + gauss noise intensities
Wo = 2pf, = angular carrier frequency

R = receiving array operator

Ro, Rop = (plane-wave) reflection coefficients

s(t), §Q(t)in, St = input signal waveforms

ol = detection performance parameter

S = shadowing function
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2]

6’ em,n, en

6(s), o(v)

vD, Avp

w]

WRT-B, WRT-B, WRT-s
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t2—-t1

error function
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normalized received scatter "signals," target signals
doppler velocities
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wave number spectra, target and wave scattering surface
wave surface elevation
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I

A Preliminary Analysis of Threshold
Signal Detection in Ambient and
Signal-Dependent Noise Environments

by ‘

David Middleton \

1. Introduction ‘ ]

This document extends the earlier work of the author ([1], and refs. therein) for the space- ‘
time extraction of weak signals in general nongaussian noise to include signal-dependent noise, \
i.e., reverberation, and distributed targets, in an underwater acoustic environment. Although this
is a venerable problem, analogous to radar target detection in ground clutter, for example, recent \
analysis, incorporating statistical-physical models of general nongaussian ambient noise \
mechanisms [2]-{4] and detailed scattering treatments which contain the relevant geometrical and \
physical features [5], [6], can now be applied and generalized to this class of problem where a
significant component of the interfering noise is signal-dependent, as well as often nongaussian.

In addition, the results of this study provide a framework for obtaining potential
improvement of these active systems by means of “"signal design,” whereby a subclass of signal
waveforms (subject to suitable constraints) may be found which further reduce the probabilities of
decision error in system performance [7]. The extension of these results in turn can lead to a
possible. more restrictad, class of "lcw-probabiliiy iniercept” (LPI) signals, dependent upon the
physical constraints involved [8].

As before [11, [9]-{11], except in specific examples, the treatment is generally canonical, in
the sense that the functional form of the results is invariant of specific signal and noise models and
statistics, as well as specific physical circumstances, geometries, etc. Fortunately, this is always
possible in threshold-signal theory [10], [11], which in tum permits direct application to a very
wide spectrum of practical situations. The particular physical environment, of course, provides the
needed quantitative calibration to the canonical results [1]. {2], [9], [12]. Finally, although the
analytic emphasis here is on optimum algorithms, practical sub- or "near-optimum" procedures can
be readily derived from, and compared with, the former [8)-{10]. It is these which are usually the
economical ones to implement.




1.1 New Features

Most of the elements of our present analysis have become available during the last decade.
What is the principal new feature here is their combination in a single formalism which permits the
controlling details of the physical environment to appear in a realistic, i.e., statistical-physical way.
This will become explicitly evident in succeeding sections. Also, because detailed derivations of
many of the components of our treatment are available in the recent literature ({1], [3], (9}-{12] and
refs. therein), we shall not provide them here, other then by reference. What are these needed
elements? They are, concisely:

I
II.

II1.

IV.

VI

Nongaussian Noise Backgrounds, with more or less significant gaussian components;
Ambient and Signal-Dependent Noise: ocean ambient noise often has significant
nongaussian components, €.g., biological sources, shipping, and structural noise,
produced, for example, by arctic ice {13]-{15], in the cowse of its local motion.
Distributed Targets: these produce signal-dependent returns, of course. which consist
of both resolvable and unresolvable "multipath” effects, dependent partially on the
(partially) random orientation of the reflecting elements. In these acoustic cases we
may also expect mechanical resonance effects, excited by the incident radiation, which
can be a significant feature of the target structure. Here we shall introduce some
comparatively simple quasi-phenomenological target models, whose numerical
evaluations require empirical data [cf. Sec. 4.4 ff.].

Doppler Effects: these arise because of the relative motion between source and target,
which includes both deterministic and random components. Because the speeds
involved are small compared to the (group) velocity (cp) of sound in the ocean, e.g.,
Ivpl << cp, @ manageable analytic theory is possible [17]. For any realistic treatment
doppler effects must be included here.

Explicit Geometries: quantitatively, source, target, and boundary geometries play a
critical role in practical signal detection and design problems [1], [5], [8], particularly in
our present class of problem, as is analytically evident here, cf. Secs. 3.5 ff.

Physical Models: these also play critical roles in our analyses since they determine the
(generally) statistical description of the various ambient and scattering noise and signal
mechanisms in the course of propagation in the medium ([1], (2], {5], for example).
Moving wind-wave surfaces, ocean bottom elevations, distributed targets, etc., are
essential mechanisms here.

All the above have received detailed attention, recently and earlier [cf. [1], [5], and remarks,
refs.]. Our principal task, as noted earlier, is to combine the relevant elements of I-VI above, to
obtain the "macro-algorithms," so to speak, and their expected performance measures, viz. here,




probabilities ¢ “ correct decisions, in such a way as to incorporate the controlling physical factors
which the acoustical environment here imposes.

12 The Basic Geometry

Figure 1.1 shows in a symbolic way the governing geometry for the class of problems
examined in this study. A general "bi-static" geometry is sketched in Fig. 1.1a, while Fig. 1.1b
shows a typical "monostatic” configuration. The directional lines represent effective directions of
both coherent and incoherent, direct, and scattered radiation ([1], Fig. 2). For the present we shall
ignore volume scatter and the effects of velocity gradients (Vc # 0) in the medium. This restricts us
to comparatively short ranges. Also, we shall assume configurations where bottom scatter, if any,
is quite separable from target and wave surface returns, and can therefore be disregarde: here. All
these features can, of course, be included in the same way we approach the problems conforming
to the geometries of Fig. 1.1: the results are simply formally, not conceptually, more complex.*

Fig. 1.1a: "Bistatic" Régime: direct
path and multipaths to targets; surface
“forward" scatter (Vc = 0).

722 2L

D

Figure 1.1b: "Monostatic" Régime:
direct path and multipaths to target;

surface and target backscatter (Ve =
T 0).

* This is not entirely true for the longer-range cases where V¢ # 0 must be accqmed for. See [18].




13 Aims and Organization

Our aims here may be concisely stated: they are

A.

B.

C.

To obtain threshold detection algorithms for scattered signal returns in signal-dependent
(reverberatory) noise, as well as ambient noise backgrounds, when the latter are strong
vis-3-vis the former;

To predict the performance of these threshold algorithms, in terms of probabilities of
correct decisions; and

From the results of A and B, to indicate an approach to signal design, with appropnate
physical constraints.

As stated earlier, the analysis is directed to optimwn systems (in the Bayesian sense, Chapter 18 of
[71), whose structures are to be approximated by practical, or "near-optimum" algorithrs, which

in turn are usually the candidates for implementation.

The Report is organized as follows:

1.

ii.

iii.

iv.

vi.

Section 2 provides a concise summary of the threshold detection formalism extended
now to include signal-dependent noise;

Section 3 assembles various signal-dependent (reverberation) noise results, appropraite
to the scenarios of Fig. 1.1, while

Section 4 introduces some quasi-phenomenological target models, whose distributed
nature is specifically noted, along with a resonant component.

Secton 5 contains a short summary of the "telecommunication” or direct path cases,
where the target is capable of detecting the emitted signal.

. In Section 6, the role of performance measures is discussed, including the relevent

physical parameters of the detection scenario.
In addition in Section 6, the Report concludes with a short critique of the approach and
results, along with suggested next steps.

For technical details and derivations the reader is referred in most instances to the indicated
references. Reference [5], in paritcular, will be needed here also, for many definitions and
descriptions, in order to avoid an excessively lengthy treatment. Reference [5] is recommended as

a companion document for the detailed applications of this study.

2.  Threshold Signal Detection in Ambient and Reverberatory Noise:
Canonical Structures

Here we summarize some of the principal results needed in out current detection situation.

which include space-time operation. We begin with




2.1 Threshold Detection Algorithms [1]
There are three principal forms of optimum (and suboptimum) threshold detection
algorithms, depending on the receiver's a priori state of information. These are (1], Sec. VIL

1. Coherent Detection
In this case, signal epoch (€o) is known precisely at the receiver, so that appropriate ¢i)ss-
correlation with the received signal is possible. The corresponding (optimum) algorithm is

8;(") = Bj.goh - i’m.n<9m.n>: (2.1)
m, n

where
Imn = :‘;‘k’g W1(X)Ixm ni Xm.n = X(tn Irm), (2.1a)

and xm = [Xm1s ---»Xmn» ----XmN] i the (normalized) data sample a: the mth sensor, Xj = X}/\f‘? R
with x = [xpm], m = 1, ..., M sensors; here J = MN is the total number of space-time samples. The
quantity Om n is a signal-to-noise ratio, also normalized, such that

Om.n = a('g)(tn)s(m)(tn) = a(g}‘)s(":‘ﬂ; <s(','“)>(= 1; (all n), each m. (2.1b)

and a(g,‘,) = A((',',‘])/\/_ZTP_, where A(g,‘,) = peak signal value = A(',‘l‘) (tn) and ¥ = sum of the intensities
of the ambient, signal-independent noise accompanying the signal, including system noise in the
receiver. B J-:oh is a bias term, cf. (2.15a,b) ff.; also, (64), (66a) of [1]. Here < > denotes a
(statistical) average over any ramdom parameters.

In our present formulation we postulate independent sampling. [This can be realistic for
time-sampling and not so closely approximated for spatial sampling. Analytically, very

considerable simplification is thereby introduced, see [11], m Sec. 10, especially.] Thus, the pdf
w1(x) of the data vector x reduces to gm(x,-), j=mn=1,...,J, where wj(x) is the first-order

pdf of the space-time, here signal-independent noise process x, cf. (2.1a) above.

As we see presently, 8 can include a signal-dependent noise term, cf. (2.10)-(2.12), which
includes, as expected, the reverberatoray or scatter component form boundaries and volume
inhomogeneities, and the possible target, when all are weak vis-3-vis the signal independent noise
contributions.

The important class of suboptimum detectors associated with gJ-:oh , (2.1), here are those
for which some simple approximation h(x) of I(x), (2.1a), is employed, for example, strong
“clippers,” when highly impulsive (ambient) noise is the dominant interference ([10]; {19], Sec. 9).
Thus, the corresponding form of threshold detector to (2.1) becomes

5




g1(X)coh = BI.con— Zhmn<6mn>, hman = h)ix=xy, - 2.2)
m,n
(The same bias is used in (2.1), (2.2), to insure that as h — /, gy — gJ.)

11. Incoherent Detection Algorithms [1]

This "incoherent” case is distinguished by the complete lack of knowledge of signal epoch
(&0) at the receiver, so that <6> = <6(go, ...)>¢,,... = 0. The appropriate threshold algorithm here
is found to be ((60), [1])

* 1 1]
81 (X)inc = B.‘l-inc +37 ) hz'[l m,n/ m',n + I 'm,nOmm'Snn’] <Om nOm' n>, (2.3)
S mmnn
where now

<Brm.nBm'n> = a3 M@M) p(MM) wich = a@a@@m / 2, (2.3a)

p = <sMs(m) (2.3b)

, dl
Uma = b - (2.3c)

The quantities th and p are respectively amplitude and (normalized) waveform correlation functions
associated with the input signal, either directly or functionally, as we shall see below in Secs. 3, 4;
a3 is an input signal-to-(ambient) noise ratio. Generally th contains any fading effects, while p is
influenced by "doppler-smear," which is primarily a phase (or frequency) modulation mechanism,
cf. (63), [1]. For the corresponding class of simpler (sub-optimum) detectors /(x) is again
repleaced by h(x), cf. (2.2).

III. Composite Detection Algorithms [9]-[11]

This is the most general threshold formulation, which takes advantage of both coherent and
incoherent information about the received signal and noise. In fact, by derivation it is simply the
sum of the coherent and incoherent algorithms (minus an g priori bias correction), viz.:

€5 comp = 85"con *+ 85 7inc —log 1, (c£. Eq. (2.2c), [9)), (2.4)

where u = p/q = ratio of the a priori probabilities of there being the desired signal in the data x. In
this way any coherent signal structure can be used, in addition to the associated incoherent
structure, further to enhance the performance of the latter.




2.2 The Decision Situation: Signal-Dependent Noise

Using Section III, IV of [1] let us describe the decision situation where now signal-
dependent noise is included. Since the medium involved is linear, this is formally done in a
straightforward fashion. We have, for the two hypothesis stated here, in these binary detection
situations at the receiver:

Vs.

{ Hj: S @N: X =NR+Na +8S + Sgcar (2.5a)
Hp: N: X = NR + Na + Sgcats (2.5b)

where NR, Na are respectively independent receiver and (received) ambient noise, S represents
the desired signal, while S is received signal-dependent noise not associated with any desired
target. For the régimes of Fig. (1.1) we see that for the desired signal

St = (St)direct + (St)multipath, (2.6a)

where (St)multipath has different components:

Monostatic (Fig. (1.1b): [(SOmultipath = ST-S—t—-R+ ST>1—S—RImonos } (2.6b)
Bistatic (Fig. (101a): [(St)multipath = ST5S—+t-R+ ST-1S-RIbi: (2.6¢)
Similarly, we find that for the interface (S) and volume (V) scatter that

Monostatic (Fig. (1.1b): (Sscat = ST-S—R+ VToR)mono; } (2.7a)
Bistatic (Fig. (1.1a): (Sscat = STH5-R+ VTSR)bi (2.7b)

Of course, the contribution of each term in (2.6), (2.7) is different because of the different
geometries involved. All of the components are signal-dependent.

However, not all target and scatter terms are comparable. Even for rather general geometries
the multiple interactions with the random interface (S) considerably reduces the effective return to
the receiver. Accordingly, in the first order we can disregard (ST)multipath. Moreover, since the
interaction with wave surface (S) [or bottom (B), not considered here] is normally much stronger
than from the volume inhomogeneities in these geometries where the surface is at ranges
comparable to the target (t), we can ignore volume effects, so that (2.6b,c), (2.7) are replaced by




(St)multipath =0;  Sscat = STHSR (2.8a)
and (2.6b) reduces to

< (St) = (St)direct - (2.8b)

Consequently, the decision situation (2.5a,b) also reduces to

Hj;: S @N: X =NR + Na + (St)direct + STHS—R
Vs, 2.9)
Hp: N: X= NR"‘NA +S'L._)S_)L

The ambient noise Np and receiver noise NR cannot be ignored: they are always present and set the
ultimate limit on threshold performance, whereas Sy and Sgca; vanish as Sip — O at the source (T).
Our rather detailed passage from Egs. (2.5) to Eq. (2.9) is justified here on the grounds that it is
necessary to separate the present, quite common cases embodied in (2.9) from the other, more
complex and rarer ones which at some later point it will be necessary to consider.

Next, in normalized form, consistent with the results of Sec. 2.1 above, we can rewrite
2.7) as

®
Hp:(s2@n:) > Hy:  x=nr+na+ 0@ +68 s ,p)
Vs. (2.10)
Hp: (s/®n:) - Hj: x:—_nR+nA+9(s&._*s_,R),

with 8(8)(%) = 6(Sjp), e.g., O is linear source function (or functional)* of the transmitted signal Sin.
Here, specifically,

x=XAv; nr=Ne/\ y; na=Nany; w=<N2>+<NZ>, (2.10a)
and

s=vvo. (2.10b)

It is important to note that, in essence, the scattered return is treated as just another signal, albeit a

* This follows at once from the fact that the medium and scatter process are linear, cf, Eqs. (14) and (18) of [1].
® ol 9(“-“, fo (3.70) -é\ bi-clate cases ; 9.‘.# onntted w, am;vﬂi henre.
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random one, generally. The formal effect of this is to allow us to replace 0 by &%) + &5)in all our
earlier results involving signal-independent noise, where now, of course, the appropriate physical
structure of 8(?) and 6(S) must be incorporated. Formally, the signal (S(*)) or noise (H} vs. Hp)
is replaced by an artificial binary swo-signal situation, Hp vs. Hy, cf. (2.10), where 8 = 6() and
9, = 0(s) + g(t). Forthese cases of weak targets and weak reverberation in strong nongaussian
noise, the threshold algorithms (2.1), (2.3) are at once modified according to:

1. Coherent Detection:
<Omp > o< eg)n >=< eg)n >+< ef;?n >, H'z, vs < 9?) > =<0y >< Og?n >, H'y; .11

II. Incoherent Detection:

. (T)g(V (s)g(s) (R)g(s) (t)g(s) "
<Om B n > < 6,707 > + <6776 >+<67760" >+ <6576 > Hy, vs.
<698 > > <0 > Hy;  j=ma, j=mn, (2.12)

where due account must be taken of the coherent and incoherent components of the target and
scatter returns.*

The detection algorithms (2.1), (2.3) are likewise modified here, as a consequence of
(2.11), (2.12), to

™ =g -5'7. <6®
8coh = By—coh Z_IJ < e.i > (2.13a)
J
. 1
B = B;—inc + 2—!2(ljlj' +1'855) [< 051)95?) >+< 9?’6}5) >+< egs)eg.’) >], © (@2.13b)
T

In order to obtain the "anatomy" of the noise and signal terms in (2.10) we must refer to the
propagation models (cf. Secs. ITI, IV of [1]), from which we see that (in sampled form)

na=Rop; e, = R(@R)directi B, 55r) = RO 2.14)

where

o =(l-ﬁm)-1al{; oy =Mw(-GT); ﬁEM:»Qs (2.142)
in which ICL» is the integral Green's function operator, 63 is the surface inhomogeneity operator
and Gr is the (point) source function, which includes the transmitting aperture orarray. Here R is
the receiving aperture or array operator (cf. Sec. II, also, Sec. IV, Bof [1]). For surface scatter we
may use the results of [1], Section V, Egs. (34), etc., which give

* We remark that it is possible for <93“)9($)> to be nonvanishing when both 6(%) and 6(S) have acommon specular
component, even though signal epoch is not known at the receiver; see Sec. 4.1-2 ff.

9




in satisfactory approximation. since fl, ﬁ'l«, Q are all specifiable in detail [vide [S5) and various
results below], iy, etc. are explicitly describable in terms of the propagation physics and .
geometry. Thus, our attention needs to be directed to the appropriate field forms needed to
determine the components of x, (2.10). This we shall do in the remaining portions of this
document.

2.3 Performance Measures and Bias Terms

Along with the (optimum) threshold detection algorithms summarized in Sec. 2.1 above, we
need corresponding performance measures, as well as the bias terms appearing in (2.1), (2.3), (2.4).
From [10], Egs. (4.3a), (4.5a) we write direcdy, using (2.11), (2.12):

L2 M '
2 _ 2 : -
BJ_coh —logu-———- 2 Z{ 9(2) 9§1)> }, j=MN; j=m,n (2.15a)
m=ln=1
and

* 1 (4) _ 51 (2P @2 [ a2 2 (M) .2
BJ_inc—logu—g.Z"{(L -2L )8ﬁ~+2L [<9j Gj. > ‘<9j ej. > ] (2.15b)
g

Furthermore, we have

O j2 =—2B; =vary, gy, (w=p/g; q=1-p,orp21 =pofp1,.  (2.16)

cf. (68) {1]. This last (without p) is the key parameter describing binary performance which here
is expressed in terms of the usual Neyman-Pearson (N.P.) criterion, as the probability of correctly
detection the desired siganl, viz.:

. p -
Pp =5{1+9[\/§ -o71- Z“F)}} (2.17a)

with the false-alarm probability

S SERET IR

and K = a preset threshold, compatible with the a priori desired value of ag. [For suboptimum
threshold algorithms, cf. (2.2), etc., G is replaced by Goj formally in (2.17), but different values
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for L(2), L), cf. (2.18) ff., are required, [10]:
L@ =2<i2>Hp; L@ =< w;"/wi)2>Hp, <>0= le(leo) () dx. (2.18)
In the present extension of our work to include signal-dependent noise, we may now

combine (2.11), (2.12) with (2.14), (2.15) in (2.16), to get directly the following general forms of
the (threshold) detection performance parameters c}' :

012 con = L(2)2{< 6{7 >2 +2 <6{") ><0{") >}

2 with s = V0, cf. (2.10b) (219)

Depending on geometry <9§5)> may or may not vanish, cf. (Sec. 4.1-2) ff. Note that L(2), (2.18),
is a statistic of the signal-independent noise nR + nA only, as in L(4) also. Similarly, for
incoherent reception we obtain

- 1
01 con = %Z{(L“) —21 @’ )s i +2L? }[< 6{70iV 52 +2. < 6{Vp{V >< 6> >
&

2
(s)g(® (t)g(s) (s)g(s) (T(® (s)g(® (t)g(s) .
+2{<9j 03" >+ <0{"e; >}{<ej 63" >+ < 64"l >}+(<6j 83" >+ <0} >) ] @20

Again, the <OJ(‘)9J(-S)> cross-correlations may not vanish, particularly if the specular scatter is at all

noticiable. This is, of course, strongly dependent on geometry, as we shall see below [cf. Sec. 4.1-
2]). From (2.11), (2.20) the critical role of the target return is evident.

2.4 AnlImportant Special Case: Preformed Beams

In the case of preformed beams where the detailed array structure is implicit in the beam
patterns (as in the treatment given in [5]), the spatial sampling of the signal and noise fields by the
discrete (m) sensors is now continuous, cf. Appendix II, [S]. As a result the summations X no
longer appear explicitly in our threshold algorithms and perfomance measures, cf. (2.1)-(2.4),
(2.14)-(2.20). Thus 6j — 6 here, and we have the equivalent, alternative forms of our earlier

theory [9], [10]:

Eq (21) = gg;)(X)coh = BS:)-COh - iln<e(;)>, In = l(Xn) (221)
n=1

11




Eq.(2.3) - &5 (®inc = BN.inc + yr (al v + [Bon)
[<e(f)e(f>> + <6Pe> + <oPP>].  222)

with corresponding modifications of (2.3a,b,c), i.c., formally dropping "(m)" therein, i.e., J —
N,j— n, etc.

Similarly, the bias terms B (2.15a,b) and performancc measures (2.19), (2.20) reduce
formally to

Eq.(2.15a) =: Blicop =log 1t -2- 3 [<e(f)>2 +2< 0O><o>] (2.23)

Eq. (2.15b)=>: BRiinc = log i - 3- > {(L® - 2L@?) 84y + 2L} «
{ <e<f>e(f)>2 +2<8MIM><0)e®>

+2[ <oPoP> + < 09> ] [<0PeP> + < @eH>])
(2.24)

where, by (2.16), 0;}2 and B;, are related. The former, by (2.11), (2.12), j = n here, become the
results below, equivalent to (2.19), (2.20), viz.:

Eq.(2.19)—: o2 . =L® Z{ <> + 2< B> <09> } 2.25)

Eq.(220) > Opinc = 3- ) {(L(4) ~2L@?) 8 + 2L2}
{ <e('=>e<f>>2 + 26N> <o®eE)>

+2[<69e®><ewe> | [<69e> + < 6@e>]}.
(2.26)

The pertinent results of Sections 3 and 4 ff, are applicable here.

2.5 Analytical Next Steps
- The next steps to be taken in our analysis, which are required to give explicit structure to
both the bias and performance parameters, cf. (2.16), (2.19), (2.20), are concisely stated. They
are:
I. Obtain 6 and .. <6P>, <OG)>2, for coherent (and incoherent) detection, cf.
(2.19): "Scanter Signal Models” (Sec. 3)
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II. Obtain (6(F) and . <<OM>, <6(F>>2, also for coherent detection, cf. (2.14) again:
"Target Models” (Sec. 4)
I Construct <6$6®>, <6(OW>>, and <8MOW>>, cf. (2.20), needed for
incoherent detection.
Specifically here we shall make the following assumptions:
i. "narrow band" input signals,
ii. far field (i.e., Fraunhofer) geometries;

iii. Kirchoff theory, and associated approximations, described in Sec. II, E of [1].

The narrow-band assumption permits analytical solutions for the "signal" terms 6(). (%) in (2.19),
(2.20). (However, at a later stage we may expect to have to consider broad-band cases, where
beam patterns, absorption, etc. are frequency dependent and where final results must be obtained
computationally.)

Also, for the LPI problem, we shall need to consider the "detection recognition” problem,
where the target (now the receiver) does or does not detect the transmittal signal. This formally has
the effect of setting 86) = 0 and replacing 8(*) in (2.19), (2.20), etc. by 8, the received signal (at
the target) from the original source (T). As we shall see, this is the simple one-way direct path or
“telecommunication model,” which does not involve a distributed target configuration [Sec. 5 ff.},*
although it does, of course, require an appropriate receiving array, or beam, cf. Secs. 3, 4.

Similarly, for the important case of preformed beams (Sec. 2.4) we parallel I-III above,
now for 8¢ — 6, 6® — 6.

3. Single Scatter Models, 6(s)

We consdier here first the "classical” cases of preformed beams where the details of the array
structure are implicit in the resultant beam patterns QT (Vo — VoT!fo), €tc., and correspondingly in
the beam pattern projections on the (mean) scattering surface So(x,y), €.g., Ot = Ot (r,ko), €tc.,
cf. (17)~(19) vs. (20b), (26) of [5], where QRTls, is the combined beam pattern projection of Q1
and Qp.

In this formulation 8; — 6y, cf. Sec. 2.4 above, but the spatial decorrelation of the scattered
field on S, can be extensive, i.e., AT ~ A >> o2 ~ A¢2, where A¢ is an effective correlation
distance of the random surface {(r,t), measured on Sy, and A is the effective "illuminated-viewed"
surface, vide Fig. 1 of [S]). Thus, the spatial processing gain inherent in spatially independent
samples (m) is implicit in the beam pattern projections on the scattering surface So(x,y), when A
>> Ao? ~ Ac2 so that many "independent” scatter samples are available.

* If surface scatter is also important, because of source and target geometry, then we may replace 8 by 8 + 8¢, in
(2.11), (2.12), (2.19), (2.20), etc.
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3.1 Prefor:...d Beams

From (20a), (26) of [5] we have directly for the received scatter signal sample in the scatter
geometries described by both Figs. (1.1a,b) and Fig. 1, [5], when multiple scattering (in Sy) is
ignored (I = 0):

Eq.(20a), [5]: 89 = Re(SONY) .
Y Ao#Ao
= 22 5(s)
Yoy  °
(s) A ~i+¢}(20) (0) s(t,-¢) s (3.1a)
o) =Rei L Sin(s/ 2m)EL (IL(r 1) 5O =L 1y = na, la
" 2¥ | _eivd(=Br) 2mi

where Sin(s/2i) is the amplitude spectrum of the normalized input signal waveform, to the
medium and where 3.0 = peak value of that signal (which is different from A'y, (2.16), = peak

signal input to receivers.
Eq.(26),[5]: FQ= VG J (-S—)zos n:Gor-loR) ART(r ko) *
Co Nz G+S
So

e-SN(+0) * 200+CTol .+ ¢ (slcDSVD/tn-2...) dxdy, (3.1b)
with .
dS, = dydy; ko = Wo/co = 2nfo/co; ¥ = ixX + lyy on Sp; To = (RoT + RoR)/cos  (3.1¢)
G = e 2208 To/dm*R 2 + R, = Eq. (A.1-3)

Here D, is the doppler (displacement) contribuution from the platforms (T,R), surface drift,
deep current, etc. In the present model Dy is found from (24), [17] to be specifically

D((S)) = (220°ve)itn-€) + (200°vd)(tn-E-RR/co) + {-(ioT*VoT)(tn-€-To) + (1R *VoR)(tn-€) } (3.2)
volume drift surface drift platform motion
= "deep current”

where v, Vd, VoT. VoR are respectively the "deep” or volume current (if any), wind-induced
surface dnft, and platform velocities. Thus RR = RgR - 19R °I', and because here Irf <<Rgr and
the dopplers are small, e.g., Ivl/co << 1, we can let RR = RoR in Do, so thatD, is essentially
inde_pendent of r vis-3-vis the effects of the moving surface, ~(r + z). In addition, these velocities
may have random as well as deterministic components. The velocities themselves, however, are
here assumed to be independent of both space and itme variations; (these can be introduced later,
when needed).

Also, in (3.1) we have (cf. Appendix A.1 ff.)
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200 = ToT - oR. Eqs. (A.1-3), etc. of [5]; G = Eq. (29b), [5];  (A.1-3) here. (3.2a)

where Fig. 3.1 below shows the directional unit vectors i,T, ior. The wave surface elevation
(above Sg) is given by {(r,t) as before. The quantity Si is the amplitude spectrum of the
normalized input signal waveform s(',{‘) — sp = s(ty), cf. (2.1b) applied at each element (m) of the
ransmitting array implicitly described by Qt. The first exponential term in (3.1b) represents the
path delay and angle modulation in the scattered emissions, caused by the surface motion, while
the second contains the effects of any doppler shift and spread, embodied in vp.

The effects of both transmitting and receiving beam patterns are contained in their joint
projection, QrTIS,, on Sy, cf. (3.1b), which may include many correlation distances (~ A¢) of the
random wind-wave surface about Sy, cf. the introduction to Sec. 3 above. Appendix A.1 provides
definitions of the various other elements of (3.1a,b).

2’

§ .

Fig. 3.1. Geometry of transmitter (at OT), receiver (at OR), in VR, and the mth sensor in VR, in
relation to the effective scattering surface A, with analogous geometry for the pth sensor in V.

For the narrow band signals used here,

Sin(s/27i) = Sin -:sl?-= -§— #0, Is'l << so, (3.3)
2m 2ni

which allows us to replace s by s' in (3.1a,b), with ¢5(n® = ¢So(tn=€+5(n=€) ;1 (3 15y i the usual
way, viz.:
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6(3) |nfrfl =Re {‘505 oftn")in f’(g)(iko.tn,---)ei%t"' } s tn' = thn—€-To; 8= XJ\/—\;, (3.4)

where we have replaced S by s again in (3.1b) also, and where F©) represents (3.1b) now with
¢~5T0 removed. Here So(tn)) is the complex envelope of the (normalized) driving signal s(ty),
while F(©) contains the physical structure of the propagation process. We now note the critical
feature of (3.4): the input signal and the physical structure, o), are separable, for these narrow-
band, far-field cases, even when the doppler is not independent of position [cf. remarks following
(3.2)1.

3.2 Arbitrary Arrays—Individual Sensor Elements

We turn next to the important cases of arbitrary arrays, considered on the basis of hte
individual (mth) sensor, so that the general algorithmic and performance results of Secs. 2.1-2.3
may be applied directly, when the e(js), etc. are explicitly obtained.

From Egs. (30), (31), of [1] we can write for the contribution of the mt receiving sensor to
the receiver's input

QOR = IAEXE)I ¢ OR D | 2nitrm-Yor?™m, (3.5)
where V'oR (= forfo/Co) is the (vector) wave number representing the beam steering, as earlier, and

where the directional wave number of an elementary scattering source at r, cf. Fig. (3.1) is,
namely,

VRm = iRmfo/Co, (3.6a)
IRm=(Ror+rm—-r)/IRor +rm-rl. (3.6b)

Using the far-field condition and the fact that the array size (~ Lmax) and the correlated portions of
the scattering surface A are small vis-a-vis RoT, RoR allows us to write

fRmz=ior-(r-rm) * g%%, (andiR=Tor-r* %E—, similarly), (3.7a)
where
fior =1 - 1gRI0R (3.7b)
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is the symmetrical diadic (or 3 x 3 matrix)

.L' (EoR ):2x (ioR )x(iBR )y (ioR )x(ioR )2
dr = G)xlor)y  I-Gor);  (ior)y(Gior): (3.7¢)
(Gor)xCor):  Gor)y(or):  I-Gor)? |

whose specific elements are readily obtained from (A.1-2) of [5], etc., for general and monostatic

configurations. The (complex) weighting A(™) depends only on the signal's center frequency (fo).
Our normalized scatter siganl O(Js) now becomes, from (3.1), (3.4), with (3.5), for these n.b.

signals, in the far-field régime:

0% alnb. = Re{@SIM(t, Jin€' @ B (Ko, g Im |y o=ty —€-To, | (3.82)

J=m,

now with (3.5).

"

) —ikyDg (Vryt, €. G}
B = VG0 oo DI, J “‘o”os(w] Ax(rko)AT(f,)
G+S

Ng
Se
. [ciko (~ior =i'og +T° (Bor/Rop )} Fm | ~iKoFm-8oR T /Rop ] ce~Ko(r+8) * 2004 0

§ = i, (3.8b)

The exponential term kof } is the brackets (] of (3.8b) is the wave number associated with the
steered mth sensor, including radiation from all points (r) on the scattering surface (So), while the
second exponential contains the correction for the displacement of the mth sensor from the
reference OR, cf. Fig. 3.1. The explicit relations in rm show how the sensor locations can modify
the Total Surface Scatter Function (TSSF), FO), cf. (3.1b), (3.6b). Beam formation here is
achieved by summing over (m), e.g., Em, as shown in (2.1), 2.3), and (2,19), (2.20).* Again,

* However, it is clearly not true the 8, = Zm,n. since £m<9m.n>2 :<(Zm9m‘n)2>. etc., vide (2.14), (2.15),
(2.29), (2.30).
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A
the input signal and the physical structure, embodied in the TSSF, F(O) here, factor explicitly, cf.
(3.4), with Dg given by (3.2) in these cases.
In similar fashion we can "anatomize" the transmitting beam pattern T, and write specifically
here

ioP) i -V’ r)e
Or=Y) AP €, )P E) OBV ke, (3.9)
p

this last for the projection of {1 on Sg, with V'oT = ioTfo/Co, the steering wave number, and
following (3.4), (3.5)

UTp = iTpfo /Co; iTp = ioT —(r- l'p . éoT/ ROT; 50’[‘ =1- EOTEOT' cf. (3.50), (3.92)

where again we employ the far-field and narrowband conditions. Note that because of these
conditions, and the result (19), [5], &t necessarily appears as a beam (Zp) and thus as a beam
projection on S, in the TSSF's i:"(g) and F‘Q)m.

The importance of the "anatomization" of R and T, lies in (i) application of specific practical
configurations of sensors, and (ii) to beam opﬁnﬁzation by direct "matching"” of the sensor
configuration to the spatial statistics (covariance, usually) of the ambient and scattered fields ([8];
Sec. 10, Sec. 10.4 of [1]; [20], [21]. This incorporation of spatial matched filtering with its
venerable temporal analogue (see Sec. 16.3 of [7]), is currently being called "matched field"
processing.

3.3 The Mean Scatter Signal <&(S)>
We now carry out the statistical averages denoted by < >, viz.:

<> = <38 = [T0,4,8x,yvD,. ] (3.10)

with < >g = IS(e—eo)de and where we use the assumptions and approximations of Sec. 3, [5],
namely {, C,, Cy are independent, as are all the doppler components in (3.2), as well as ag, etc.

Then (3.4) becomes

O _pefZ & (¢ . (EO) iwt'
Ch )‘Re{aoso(‘on)nn<‘:s° (Yon e °"} ton=nbl-€-To. (3.1

18




where now specifically

<F? > 2 ik, VGO R,S(20,,)e %P Cond(R)A, R(~Ko205), * WRT(2Ko%oL)s:  (3.11a)

The various components of (3.1b) — (3.11a) are:

< B(-"—In—f—“&)> = —20i0; = bo = c0s8oT + CosBoR, Eq. (4.2d) and (A.1-3) of (5]
ExCy:G+S =G (3.12a)
lekol200 >y = F1(-2koo)t, (3.12b)

the (first-order) characteristic function (c.f) of wy({),
the 1st order pdf of surface elevation, {, which is here
assumed to be homogeneous, i.e., independent of r;

=eR(G=g)? Rg = (2ko0oz0¢)2, 02 = EZ <{>=0 (3.12¢)
when  is a gaussian process, which is a good model
here for the large-scale ocean wave surface, cf. (39),
(40) of [5]. Thus surface roughness, as is well
known, acts to destroy coherence of the scatter signal.

" TkoDoc(ton) = exp [-iko(200°Ve)(on+To)*exp [-iko(-(200* V) (t'on+ToRoR/Co} ]
* exp [-iko{-(ioT*VoT)t'on*(1oR*VoR)(T'on+To) }] (3.124d)

which are the mean doppler components of deep
current (vc), surface drift (vq), and platform motion

vOT, ‘V-OR :

(FDavp = (F1)Avee (Fr)avge (F1)aver * (F1)aver, (3.12¢)
wl._re each (Fy1)Av is the c.f. of the fluctuation, Av, in
the various velocities of the present doppler model.
Specifically, we have in the case of the usual gaussian
pdf's of the Av's:
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r(F1)ave  =exp {-ik2(t'on+To)2[(200x0cx)? + (200yTcy)? + (206020¢2)2 112} (3.12)
(F1)avg = exp {-ik3(t'on+To- RoR/Co)2[(2060x0dx)? + (200yOdy)? + (2002042)2 112}, (3.12¢)
(F1)avoT =exp {-ik2(t'on)2[(200x0Tx)? + (200y0Ty)? + 2002072)2 112} (3.12h)
(F1)Avor = exp {-ik2(ton+To)2[(2060xORx)? + (20t0yORy)? + (200020R2)2 112} , (3.12i)

where the Ox y ;'s here aare the respective variances of
the doppler components. The critical feature of these
doppler terms is the progressive degradation of <6(s)>
as the duration (T) of the signal (~So(t'on)) is
increased, a degradation produced by the random
doppler fluctuations, Av, as can be seen directly from
(3.12f-i) above. In the limit T — oo, (F})av — 0, and
as expected this doppler "smearing" destroys
coherence completely. e.g., <8(5)> — 0. For "short"
signals, of course, this effect can be small, provided
the ¢'s are themselves sufficiently small.

WRT(2ko®oL)s = WRT(2KoOox,2KaClay)s EJaRT(I')CZing"'rdI', dr =dxdy.  (3.12))
(o]

This is the (amplitude) wave number spectrum of the
Joint beam pattern projections of the reference surface
S, with 0 the surface components of o, since r
has no z-component

For the gaussian beam patterms and projections used in our current model (cf. Appendix II and Eq.
(A.2-19) et seq. of [5), where

RT(F) = grgre 3" * BTRF/2 + ikor-bTR (3.12k)

(3.12)) becomes, with the help of (A.2-13b),[5],

2RETER  .-((oox-bTRX)YA + (2a0y-bTRY)V/B}/2 (_ |1
WRT(2koQo 1 )s = —rBLER. o-{(200x-bTRX)Y/A + (200y-bTRy)2/B)/2 (= |12, Eq. (41), [5])
kZVAB

1
= 28TERAREF €Xp {'E{(z%x'bTRx)zlA + (20y-bTRy)*/Bl), (3.121)
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from (A.3-7) of [5], where ﬁm is the (dimensionless) (2x2) matrix

) A 0
Brr = [ ] Eq. (A.2-2) of [5]:
0 B ’
A=AT/R2 + ARR%R, B=a}ATR] + b3ARRE (3.12m)
brrRx = C; bl'Ry =D

cf. A.2-2b of [5] for details, and Eqs. (A.2-19)<(A.2-22) therein; usually btrx,y =0. From
(3.121) is is clear that unless the beam orientations are essentially in the specular direction, so that
20, - bTr = 0, wRT becomes exponentially small, since A,B are usually also small: the coherent
scatter signal component <&5)> also vanishes for "geometrical” reasons.

34 < 65)>2
As can be seen from (2.25), we need <9(ts\)>2 for the evaluation of detector performance.
We readily find from (3.11), (3.12) here that now

<8©>2= £B(on? | So(ton)in I2

* {1 - cos 2 [ext'on — Din(ton) — koDo(t'on)]} (3.13)
where
B(ton) = [Boko VG R oS (2002)F1(FondavpWRT(2keo )6 0] (3.132)
= (4To0ozkogTERA REFR 08 F1(ton)avpWRT(2ko0lo L)e 0/
. c-{(zaox'bl'Rx)z/A + (2aoy‘b['Ry)2/B ]/2 ] (3 1 3b)
with - '
A Rer = /k2 VAB , cf. (A.2-33), (A.3-7), [5], (3.13¢)

a reference area, used in the definition of scattering cross sections, vide Appendix IT of [5]. The
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pertinent factors of (3.13a,b) reveal the three components which can degrade the magnitude of the
coherent scatter signal: (1) doppler "smear” ~(F )sz; (ii) surface roughness (~e"RG); (ii1)
“geometry” (~wgr).

Finally, it is important to note that f:(g) and B(:)

above are independent of the driving or input
signal.

35 The Scatter Signal Covariance < 6% 65>

This quantity is essential for the prediction of detector

performance in purely incoherent
reception, cf. (2.26) above, where <6()> = 0. From (32

b), (5], we have, generally

<OPOD> =T G 2 Re { Rofnyin e%% O} (3.14)

where now

-]

Ro®= [ wialfde 0% ; win(f) = ISin(E)2, = (n-n)At, (3.14a)

is the covariance of the normalized input signal envelope waveform, s(t-€,...),

for these narrow band signals, in the manner of (29b,c),

shifted to f'(=f-f,)
1 here. The quantiry Ml%).

[S}and (3.3) above. Note that Ko(0); =
is specified by (29d) et seq. of [5), now with the modified doppler term

e2%7DR _, exp {iko(20t00%c + 200034 - foT*VoT+ Tor*VoR)1} (3.15)
for our present model, cf. 3.2).

This M{%(1) becomes generally Eq. (51), [5] for the postulated composite wind-wave
RT
surfaces in force here. We have explicitly

Ml(iqf)'(t) = e‘izko“o“_’D" . kz osﬂf<e”i2k000._vbt> AVD

*[Hg fh(Ar)Fz(Ar,ng D)
S

o
+k2 j I3(ArM, 0)(Ar Fa(Ar,GMs(Ar.7) 2%0%8 an] (3.16)
So

which is canonical in the statistics of the surface elevation, {g. Mn(o), Ms are respectively the
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second-moment functions of the wave "tilt-factors" and the surface soliton component, cf. (49a)—
(51). Here Hg has the form

E(oz’;-’,x +a2 +a2)2

0loz/2
"high-frequency"” case, Rg >> 1, (3.12¢); = bg = (200z)2, "low-frequency” case, RG < 1; (see
Sec. IIT, D(2) of [5] for details). We have, also,

(A2-23),[5]:  Taar)= [QRrr(r) QrT(r) + Ar)*dry

Hg

, (3.16a)

Uil darbrpeank , kb
"~ KVAB © (3.16b)

= (ngR)Z A REF e—k%Al"ﬁ’rR‘Arﬂ' . e—ikoAr.bTR.

cf. (A.2-30), also (A.2-18)—(A.2-22), [S], specifically for the gaussian beam patterns of (3.12k)
and [5]). The (partial) contributions of the "doppler spread" are here

<D, 2O K0 PR | ATt (3 19

where the dependence on T alone stems from the postulated stationary of the various random
processes involved.

In detail, we may distinguish the two important cases of "high-" and "low-frequency"
operation. For the former we have from (53), [5] specifically for Ml({.’% in (3.14) now

I. "High-Frequency” Cases, Rg >> 1:

MU = ¥ 0% DRLST (grgg)? A ReF 0T Rerop?r2

2 2 232
. [(“?m t ooyt “qzﬁ) o 2B (200 -brratioRbAkT)2/203 08, +H200,-brRy) 226208, ]
Oloz/2 kgbgO'chGy

+12eRA2NG) () WsQaoikoin) ], (3.18)

where
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R; = (booy/co)?, Eq. (A.2-19), [5;
o =[(200*0c)? + (20600 + (fo1°0T2 + (Tor*OR)K3, cf. (3.17)
RGg = Eq. (A.8-29b), with (A.8-26a), [5]; bo = cosBoT + cosOoR = 205z,

(]

7) ) (3.183)
odxy = ('a%' . (Ecyg)z 62,, (A.8-9a,b) and (A.8-18), [5]
NS, (@) = (Eq. (48); Appendix IV, A,[5]} is the "tlt factor,"
while
Ws(200,kolt) = Eq. (54) of [5]; (3.18b)

this is the wave number-time intensity spectrum of the soliton surface ensemble; vide Appendix IV,
B-3,4 also.

For the grazing-angle cases (¢o < 30: 8,1 > 60°), with proper wind conditions U > O(5
m/s)] we get the simpler form of (3.14) explicitly:

<6909> = Re { BO@inRo(@)in €907 }. @309  (3.19)

where now the "correlation function” By is

. -~ . 2
BO | = TZRZ T2 GOKE (grgrA rer N §_in (o) %% W% 82 . W20t ko ),

GS-inc
(3.19a)
with a doppler spread
o= (wfof + WlR; +Rg) (3.19b)
drift, deep current, and gravity-wave phase modulation AM (= ¢M) by "tilting"

platform motion, (3.18a)  (¢M), vertical motion (3.182) of gravity waves, (3.18a) .
The doppler shift (~ vp) is given by (3.15) explicitly. (From (3.14a) we note again that Ko(O)in =

1). The general effect of ﬁo(t), which is comparable in time scale to f(o(t)in, is to "smear," as
well as shift, the resulting signal spectrum, and change its level.
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II. "Low--Frequency"” Cases, Rg< I:
For these cases we use (55a), (5], dropping the "dc" term. The result for (3.14) is now

<6909> = Re { BO@1RoWin 79" }, (3.20)

cf. (3.19a), where now, with (49b) and (55c¢) of [5]
R - PR 2
+ {44 R & PoxPTRVYA + Qo STRYB . (b K )W G(2ko0t01/1)

NG 1 (e 0P PWg (200,10 ). (3.200)

The rather different structure of ﬁo(t)k, vis-2-vis ﬁo(t)hi stems from the behavior of FaG with Rg,
cf. (A.8-6,8) vs. 2), Sec. IT1, E, of [5]. The first term of { } in (3.20a) usually vanishes, unless
200x-bTRx =0, etc., and we are left with the contributions of the large-scale surface waves, which
usually dominate, except at very small grazing angles, since 85T,0R — 7/2, or b — 0, while

N g’g_m — 48 cé"y sin%@o1 > 0, (PoT = %/2). Again, ﬁo(‘l:)lo spreads the spectrum of the received
scatter signal. Note, however, that both Bo(Tt)ni and Bo(t)10 are independent of the injected signal
waveform in these "narrow-band"” cases.

4. Elementary Models of Target Scatter Signals, 6(0
Target modeling from the viewpoint of scattered radiation, like scattering from random ocean

surfaces and bottoms, is also a venerable problem. Here we present a short hierarchy of

elementary, i.e., approximate models, without claiming dominant originality. The main purposes

of this hierarchy are (i) to provide specific forms of target signals, 6(), needed in our analysis of

detection performance, and (ii) to indicate some further directions for obtaining realistic target

scatter waveforms, which are ultimately required for signal processing applications generally.

- Our present and preliminary hierarchy of models may be briefly summarized:

Model I: Narrow-band signals impinging on a continuous, closed (3-dimensional) acoustic
reflecting surface, in the far-field: This case is readily developed in a formal way,
directly from Eq. (3.1a) et seq., above, by some simple, formal modifications of the
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directly from Eq. (3.1a) et seq., above, by some simple, formal modifications of the
TSSF, FQ), (3.1b). See Sec. 4.1 ff. and Fig. 4.1. Evaluation of the integrals,
however, presents technical problems.

Modella:  This is the same formulation as Model I but with the 3-dimensional surface replaced
by a suitably oriented plane scattering surface, in the manner of Fig. 4.1a.

ModelII:  Here the continuous, 3-dimensional scattering surface is replaced by a set of fixed,
but possible randomly located, reradiating elements ("emitting sensors" in an array).
The same narrow-band, far-field conditions are assumed here. This is the "discrete
facet" or "aligned point scatterer” model.

Model IlI:  This is Model I, but now considered in the Fresnel zone, as far as phase variations in
the incident and scattered radiation is concerned. In this model we can account for
"large" distributed targets (~Lmax) When the Fraunhofer (far-field) conditions Lyax/R
<< 1, 2nLmaxcos0oT/Ao << RoT,0R (cf. Eq. 19.15 of [23]) are no longer obeyed,
i.e., the so-called "bow-aspect."

Model Illa:  This is the partial near field or Fresnel case of Model Ia, the plane surface version of
Model 1.

ModelIV:  This is the discrete-element version of Model II1.

Model Class V: These involve broad-band signals impinging on continuous or discrete reflectors,
in the manner of Models I, II above, in the far field.

Model Class VI: This class is the same as that of Model I, but now in the semi near field, or
Fresnel phase region. Extensions include the near field effects in the amplitude as
well.

All of the models are based, to varying degrees of approximation, on the basic boundary value

approach of classical theory [22], [23], of which the Kirchoff or Tangent Plane method is here

used primarily [5], for frequencies O(2 0.2 Hz), cf. remarks in Appendix IV, C, [S].

In addition, because the objects in question are often compliant structures, which can
resonate when excited by incident radiation, an additional re-radiation source, with an associated
directional beam pattern determined in detail empirically for the type of structure involved, is added
to the models above, cf. Sec. 4.4, Egs. (4.23), (4.24). --

Finally, when we are concerned with the passive situation, only the target as possible emitter
needs to be considered: this is the well-known "transient” mode, which can usually be ignored in
our present concern with the detection of active, reflected sources here. It should be noted,
nevertheless, that there are two main ways to proceed with "transient" signals: (1) the simplest is to
process the (partially) random class of signal waveforms as seen at the receiver, and (2) the
considerably more difficult one, namely, to proceed along the lines of the present analysis (cf. [5]),
which require. the explicit modeling of both the source and the various media through and in
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which the original signal is propagated.

4.1 Target Signal—Model I

This model represents a direct, formal application of our previous result (3.4), starting with
(3.1a2). Now, instead of a more or less flat, open two-dimensional surface Sy, cf. Fig. 3.1, as
scattering element, we replace it with a closed, three-dimensional surface Z3, representing our dis-
tributed target body. Equation (3.4) is formally modified for the narrow-band signals used here to

0@ s, =Re { B8 ottpnin FQ(ikoga,)pei0Bn }, @.1)

ten’ =nAt—€-To;

where now, however, f=(§) is given by [cf. (3.1b)]
FQ =ik, VG PEODED) [ 45)5 (h20) Orrrpifo) ¢ 0B 20B) dxz(ry), (4.1a)
5,

in which the integrand is to be evaluated over the body's surface 3. Here we have for the doppler
component (from Eq. (24), [17])

D® = 2ageve)(tpn'+Top) + (2apeve)(tpn*+ RoT/co)

+ {—(1oT*VoD)tpn’ + (ToRB*VoR)(tpn’ + Top)} . (4.2a)
and
rg'=r+{pg; r=ir {g=1gf fieig=0, (4.2b)

so that r and {g are always perpendicular. The directional wavefront normals (20o—) 208 are now
2008 = (foT — 1oR)p = Eq. (A.1-3) of [5], where RoT = RoTp, RoR — RoRp, etc., by obvious
modification of the geometry of Fig. (3.1), for the ocean wave surface vis-a-vis source and receiver,
fi, as before, is an inwardly directed normal to the surface Z3. Similarly, Top = (RoTp + RoRp)/Co is
the path time from O — Op — OR; also vg now is the (constant) velocity of the body, again
referred to the fixed reference system O(x,y,z)T g R, With (IVifco)? << 1, [17]. The geometry of the
body system is shown in Fig. 4.1. The quantity QRr, as before, is the projection of the beam
pattern on the surface Z3; G(é) is the usual spreading factor, given by (A.1-3), with absorption.

27




Fig. 4.1: Geometry of the scattering body, vis-3-vis the source (T) and receiver (R), cf. Fig. 3.1.

The critical analytical problem here is the evaluation of the surface integral (J £3). This is
usnally very difficult, so that approximations or numerical methods must be resorted to. In
addition, the direction of r (= y), namely, the orientation of the body, is not usually known, and
must therefore be regarded as random at the receiver. The quantity (RoS)g (=20 g)) ORT can be
regarded as the effective beam pattern projection on the now three-dimensional surface 2g,
'analogous to the corresponding situation in the problem of scattering from the wind-wave surface
discussed in Section 3, cf. (3.12j). For most bodies Rog will be unity (as distinct from water —
air — water scattering) cf. [23], pp. 220 et seq.

4.1-1: Coherent Moments of &%)

The various first- and second-order moments of 6<%, needed for optimum threshold coherent
detection algorithms and performance, cf. Sec. (2.4), can be written down at once from the above
(4.1), (4.2), in (3.11), (3.13), namely,

<9(ﬁ)> =Re {goso(lon')in < i(g)(iko'tp")>aei%tan}'
4.3)
ton' = nAt—€ - Top;

where the averages are now
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< > = < >E;a°’ir, .y (433)
cf. eq. (3.10). The physicogeometric "modulator," <1‘=(g)>, of the original signal becomes
<ELP> =ik G R o ¢ 50P0lBn) By, <wrTRoopkolp™i,  (4.42)

where R op = 1, while S B =1 (for the surface of the body not "in shadow," as seen by R,T). For
the doppler we use (4.2a) in (3.12d-i). The scattering contribution of the body itself is given by
the effective wave number scatter spectrum

<WRT(2Qo8ko)p>i, = J<(ﬁ°2g_op) ORT(rp'fo) €7 ¥0'B2%0B>, dFy(rg),  (4.4b)
I3 kw0
where the average is over the body's orientation. This is the quantity, of course, which presents
the principal analytical difficulties in evaluation for this model and which prompts us to seek
alternative, but valid, approximate forms, cf. Section 4.2 ff.
The analogue of <9(,s,)>2, (3.13), here is directly

<6U>2 = 2Bo(tpn} | Sotpoln 2

4.5)
* {1 - cos 2 [wot'Bn — Po(t'on)in — ko Do(tpn)]}
where now
Bo(ton)p = Boko G (RoS ) Fitondavp< WRTCQopko)p™, (4.52)

cf. (3.13a,b). Again, "doppler smear" ("’Fl-AvD) will degrade (and possibly destroy) the coherent
structure of the body scatter. Unlike the wave surface scatter, however, there is no "roughness”
degradation here, usually. Finally, note the different path delays (~ Top, etc.) and directionalities
(~ aop), etc.: geometry, as always, plays an important role.
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4.1-2: The Incoherent Moments <€) @5 >; <g 7 g5 >
From (29), [5] we can write the analogue of (3.14) here as

<89 = GP3 Re { Rocthin 0" Merop } 4.6)

Now (cf. (29d) (51) and the doppler of (4.2a), with (3.12d)~(3.12i), (3.17) suitably modified
gives us

MO ) =2 DT 4 RT (e W% VDT>, < WRTQaopkolO)5>;,  (4.62)
in which
<WRT(2008kol0)p>; = f f <(QRT(r'1p fo)ART(r'1p + Ar' ifo)*( fiye2008) (22 20608) ;.
z
» ¢Pko20B"4% g3, (r'y8) dX(AT) (4.6b)
is the wave number (intensity) spectrum of the scattering body, analogous to (4.4b). Here fi; =
fiy(r'1p), f2 = f2(r'1p + Ar’), and Ar' always connects two points on the fixed surface Z: Ar' is

not random, although r', r are, in direction. Again, a central problem is to evaluate WRT.,
(4.6b). Thus, Equation (4.6) can be expressed in the same form as (3.19) and (3.20), viz.,

<MD < Re { BB OR (0 ¢ 007 } @

where the "modulation effects” of the dopplcr shift and spread, and in particular the scaling by the
scatter body (~ WRT.B), are described by

BBYr) = T G2 ¢ H40%0p DT R <eHKooBID™>,, < WrT(200p 03>, - (4.72)

Specifically, we have for the doppler spread here
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< cZiko%ﬂ'V—DT>AVD = -G 12/2 :
0% = [(200B * Oc)? + (200p * OBp)? + ioTp * OT)2 + lorB * OR)ZIK3. (4.8)

from (3.17), where we have replaced ga by gpg, the vector spread for the target's motion.
For <6©6(M>>, and <8(8>>, we proceed in a similar way, combining (3.4) and
(4.1) and averaging appropriately, according to (4.3a). The result is, finally,

<D0 = 010;82k2 \ GDGP RS Rop *
~ : : (8), ... i)
Re{Ko(r + AoBYin € 0oTHA0BICwRT(2ko0to1)s WRT(2koUop)p™> + e koD °1*“‘°D°2>Am} :
Ao = To~ Top, 4.9)

with DY), D® given respectively by (3.2), (4.2a), and with Aog —> —Aop and D — -D, DS
- —Dgﬂl) in (4.9) for <<6()6()>>. Here we have as a typical average for the doppler factor™ in
4.9):

< c—iko%'vc"'AVc‘l + ikgOoB Y +AV(t 1+¢)>Av
C
= ¢ koVclt10-1*%p] . By (koty 0t + kot +0)00p)Av, (4.92)

where generally o, # 08, etc. Thus, when t] = t) + to, and ty — oo for cw signals, not only is
(4.92) representative of a nonstationary process (since dependent explicitly on t;), but F; — 0, in
the usual cases where Ave # 0. Again, as expected, doppler spread destroys coherence,
completely for very long signals, as in the case of <8(S)>, <8(¥)>, (3.11), (4.3) above, also. Even
for comparatively short signals doppler spread due to platform and scatter motion can essentially
destroy coherence in these far-field situations, because of the long travel times involved, i.e., large
RoT/co, RoR/Co» To, Top, etc., cf. (3.12f-i).

For most practical purposes [unless possibly oo = 0 and Top = To, wWhich occurs when
the target is sufficiently close to the surface scatter domain, cf. Figs. 1.1a,b], the cross-moments
<6568 >, < #7965 > effectively vanish. However, even when the target (B) and surface
scatter region (So) are close, so that 0p = 0, Top = T, are good approximations, the doppler shift

*The epoch (¢) is omitted in there slowly varying terms, since € is very small, O("RF" cycle): the doppler shift in
the envelope So.in is thus negligible.
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and spread terms in (4.9) become explicitly
< e’ikngl) +ikoD(gz) > Avp = eiko(;c *ho+ 10'1“;0'!‘*’ "oR'-‘;oR)‘
« <2iko% * 6 + Avp)(t1+t+ToR) - (V g + Avd)(:l-ToR)]>AVdAVB , (4.9b)

50 that unless Vg =Vg and Avp = Avy, the doppler spread again destroys coherence between the
surface scatter signal and that scattered from the target (B). Our conclusion here, accordingly, is
that for most practical purposes the cross signal moments between surface scatter and the target

. Ak
vanish,” e.g.,

<> = oM = 0. (4.10)

This very considerably simplifies the performance parameter (o;)iﬁc in (2.26).

42 Model Ia: An Approximate Model I: _

The principal approximation here is the replacement of the three-dimensional closed surface
Z3 of the scattering body of Model I above (Sec. 4.1) by an "equivalent" flat, 2-dimensional
scattering surface, in the manner of Fig. 4.2. Then, it is convenient to use the codrdinates of the
flat target surface to evaluate wrT.g, with § —S = 1. These cobrdinates, in turn, need to be
related to the primary (parallel) system of Ot and OR (cf. Fig. 4.1 and Fig. 4.1a). This is done
with the help of the familiar rotational transformations ([24], Sec. 8):

ix iy iy
X I I2 I3 e =il | +1yl 2+ B3
By m; my m3 by = el 1 + fym+ izng
iz nyp n n3 etc., 4.11)

*This result will not hold, however, in the near field, with signals of short duration, as then the random doppler
spread will not have sufficient time to destroy the coherence between the scattering surface and the target.
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where [y, I3, ... are the direction cosines of iy, the unit vectors iy, etc., in the primed system of
the "flat" target. Specifically (cf. Fig. 4.1a) we have again (4.2b)

r'p=r+§3=i,r+ig§g; ir-ig=0;

r'g = ixx' +iyy' =r

on Ag

and i'z=-ipX ig=n ("inward" drawn normal);

(4.12b)
and in terms of the primary (x,y,z) systems, we get directly
ig = ix = ix cos ¢p sin 8 + iy sin $p sin 8p +1zcos 8 = ixl) + iyl + 03, etc.
(4.13) ir =1y = ix cos ¢ sin Oy + iy sin ¢y sin Bg + i, cos O ,

ir X iy=1i,=ix (sin p sin B cos O - sin ¢ sin Oy cos 6}
+ iy {cos ¢r sin 6;cos Op - cos ¢p sin 6 cos 6}
+ 1z {cos ¢p sin 6 sin O, - sin ¢ sin 6p cos O, sin 6} ,

where (6;,9;), (8p,9p) are the respective polar and azimuthal angles of r and {p in the primary
system, cf. Fig. 4.1a. Comparing the coefficients of i, fy, f; with the relations of (4.11) shows
at once that they are respectively the direction cosine 1}, etc.

From the above it is clear that wrT-g (4.4b) can be evaluated, once ArT (r'glfo) is specified,
since fi = i, so that (20,0p), is readily found to be

(200B)z' « (ioBT -TopR) =iz « L(ix, iy, iz) (4.142)

where is ioBT -ioBR given by (A.1-3), [5]. Thus, we have with the help of (4.11), in the bistatic
cases,
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£
X2
Figure 4.1a: Geometry of the "flat, tiltea ua. \(

(200p)z' = [{(1 + RoTp/RopR) cosdTp sinb7p — (Lo/RoBR) cOSPopL N1

+ {(1 + RoTp/RopR) singrp sinbr1p ~ (Lo/RofR) sindopL }n2 + (cosOeTB + cosBopr)IN3),
(4.14b)

with RopR given by (A.1-2c), [5], (with appropriate indexing), where ny, n2, n3 are the
coefficients of ix, iy, 1, in iz, (4.13) above. The wave number scatter spectrum WRT-B, (4.4b)
now becomes

<wRTIQE) 18>~ & ool [ORT(ife) 71 B Laxdy Ny,
Ag T oo (4.15)
where (o8- 1 = 1x(0lop)x' + y(aop)y, in which the components of g are readily found from
(4.11), (4.13), and the general forms (A.1-3), [5], as done above for (200p)2', (4.14D).
Next, we use (3.12k) for the specific gaussian beam patterns of our current models, with r
— r' (= r'g here) = ixx’ + iyy', cf. (4.12a), and (ﬁ'm, btR) = (ﬁ'-m, b'tr) for the particular
geometry of T — B — R now. All the results for <6(9)> in Section 3 above carry over directly in
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form, with (2008),' replacing (20,),, etc., and with appropriate modifications of the doppler
relations, geometry, etc. See (3.120), (3.13a,b,c), etc. Thus, for this simplified model Ia we have
approximate, explicit relations for the various target moments, also with appropriate modifications:

<6(®> = Eq. (3.11), with (3.12), [Egs. (3.12a,b,c) omitted], (3.12j-m); (4.16a)
<8(M)>2 = Eq. (3.13), with (3.13a,b,c); (4.16b)
<6{,6(0> = Eq. (4.7), with <WRT-g>, (4.6b), (4.7a), replaced by <WRT-3>, (4.16¢)

(4.17) below, which now for gaussian beam patterns is found
to be (without the average over i;)

WRT(2ko@oB)p = (20toB)z f QRT(r'1lfo) QRT(r'] + Ar'lfo)* e2iko(@o)L » AF'dr1d(Ar), (4.17)

Ap
specifically, cf. Fig. (4.1a),

= (2008)z I1[(ctop) L -bRT/2, (0oB) L-bTR/2], Eq. (A.2-25), [5] (4.172)

= (20,0p)7 4(8TER)2(A'REF)? eko%(@0B)L * ATR * (X0B)L, (A.2-16), [S]  (4.17b)
with A'REF = T/ B = A'1/2, and (o)L = (%op) L -b'RT/2. (4.17¢)
Similarly, we have for (4.4b) here
WRT[2koUoBlp = (200B)z A'goRT(r'lfO) e2ikor's (a'oB)L dr'
= Eq. (3.12/,m) ﬁ-m - ﬁ'-m, b'TR, etc., in the gaussian cases. (4.18)

With these modifications, then, we get for the cross-averages <68(%,6()>, etc., Eq. (4.9) with
appropriate doppler adjustments in (4.9a,b) and WRT.g given by (4.18):

<6®,8(9> = Eq. (4.9), with (4.18), etc., remarks above. (4.19)

Once again, via the arguments of Section 4.1-2 for Eqs. (4.9a), (4.9b), we may expect these
cross-averages to vanish, e.g., (4.10) holds here, also, for this simplified model, with
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considerable simplification of the performance parameter 6,2 (2.26).

Finally, for Model Ia here we also assume, in addition to the far-field conditions, that Ap,
Fig. (4.1a), is very large compared to the wavelength of the incident radiation, so that "edge
effects” may be ignored. (But see our remarks in Sec. 4.3 ff.)

4.3 Model II: "Point-Scatter Model”

Here we replace the continuous plane surface Ag of the scattering body by a series of
scattering facets (also in the plane Ag), whose locations are variable, in the manner of Fig. 4.1b
below. This is the "point-scatter” version of Model Ia, whose practical valuation depends on the
empirical values we may assign to the various reflection ctefficients Rom associated with each
"facet" about point r'pg. '

Again, we can write

Cm=1xCm; rm=1yTm; A=z (fm*Lm=0); .. 2008 = (200p)z - (4.20)

Here f:‘(g), Egs. (4.1a), (4.4a), apply formally, with WRT-B» (4.4b), therein now replaced by
M

wiPl2a0pko)discrete = S (20op)z ZRomORT(l"mB Ifo) k0" mB"2ToB,  (4.21)

m

where

N

r'mp = IxCm + 1yTm (4.21a)
. T'mp * 2008 = (20oB)x {m + (200p)y T, (4.21b)

with (4.13) specifying the components iy’, iy,
_etc. vis-2-vis the basic cotrdinate system (x,y,z)
here, as before. Thus, W&?‘?‘—disc is again an
effective wave number scatter spectrum of the
target body P in this model, which allows us to
assign various weights Rom (and Eom), as well
as various locations along the line y', to each
"point”-facet, at r'mp.

In a similar way we see that for the
second-order moments <<68(H>>,
Fig. 4.1b: Point Scatter Target Model <OMBE>, etc., cf. (4.6), we have now
(?2 - 1)
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WiB2kotopaiscrete = B * 20op)? E,Tomfm'cmr'ma o) ORT(T mp lfo) e K0%0B*(*mFm)
mm
4.22)

for (4.6a), (4.6b), which may be subject to the further average < >ir=‘y' as noted above, when .
target orientation is unknown at the receiver.

The "point-scatter model" as presented here is in part necessarily phenomenological, i.e., we
must assign reasonable values to such quantities as Rom, mom-, I'm, Gm, based on empirical
studies. Nevertheless, it has the attractive features of (comparative) acoustic simplicity and
identification with empirical data. Also, "corner reflector” or "high-light" components may be
included, as additional (random) scattering points in Ag. We add at once that all this is not a new
concept. Our treatment here, however, incorporates a number of features not always included,
namely, doppler effects and bi-static configurations with the body P plane, along with source and
receiver beam patterns.

4 4. A Resonance Component

In addition to the scattered radiation there may often be a "resonance” component, whereby
the scattering body re€mits radiation in a number of "normal” or resonant modes, when the incident
radiation is sufficiently intense and consists of short pulses. Here we model the response simply
as a response function, Yo(s)p, cf. Sec. 2.2-5, 920, [7], associated with an indigenous beam
pattern Qg(vp Ifp). Then, this added component, appearing in f:(g), (4.1a) in Models 1, Ia, 11, is
simply

Yo(©p0pvop) {RopyGIPORT(rpe %o o /e 0BT - )T co/eD 51150
(4.23)

with (vop) = ixfo/Co, cf. (4.2a) for the doppler, where Yo is the narrow-band resonance response,
at fo, of the target, if any, and where Qg is determined by the target structure. This latter quantity
must generally be determined empirically and is, of course, a function of orientation (Iy', (4.13)),
which is usually random vis-a-vis the observer.

Accordingly, we must add to wrT.-g, and WRT-, (4.4D), (4.6b) et seq., the quantity (4.23).
We have, then, for Model I

Eq.(44b), < §9>: <wRT->}, = { <WRT-p> + Yo(s)BOIp(VoR) ART(O Ifo) }
(4.24a)
Eq.(4.6b), < 67,60 >: <Wrrp>; -
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{<WRT_B >+2Re(<Wgr_g >Yopls + Yopdparr (0)° }} (4.2b)

Eq.(4.9), <6(),81>: <WgT.p>i; — Eq. (4.242) © (4.24¢)
Similarly, WrT.g for Models Ia, II, are modified, cf. (4.15), (4.18); (4.17); (4.21), (4.22), by
adding the appropriate "resonance” component, cf. (4.24a-c).

5. The "Telecommunication Model": T = £; T—= S -

In what we call here the "telecommunication” model, because of its analogy to the
communication situations in which signals are transmitted directly to the receiver - here on the
scattering body (t) - transmission proceeds as indicated: (i) directly T — 1, or (ii) off the ocean
surface (S), to the receiver, e.g., T — S — 1, in the manner of Fig. 1.1b above.

The detection formulation of Secs. 2.3, 2.4 apply here, provided:

Casel, T - 1: 0(r) - 0; 865) - 0, in (2.19)-(2.26);

(5.1) |Casell, T »S -1 610 —0; 66) 0, with receiver R replaced by the
body (B), e.g. Or — Og, Ror — Rogr, etc.; in the
scatter results of Section 3, cf. Fig. 3.1, with
corresponding modifications of the doppler, (3.2) et seq.
H;: 8 + 6 + Namp vs. Ho: Namb:
8¢ — 8 + 6() in (2.132); add <6,8(9> in (2.13b);
add <0(>2in (2.19);

\ add <6®,0®>2in 2.11)
Case I is the more common situation in practice, although Case II can be important if the receiver is
comparatively close to the surface, so that the direct and scatter paths are approximately the same.
Then the receiver can use the scatter, or multipath component to enhance detection:

6. Results, Remarks, and Next Steps
Here we briefly summarize the principal results, with comments, and indicate some
possible next steps in the analysis:

6.1 Principal Results

In the preceding we have determined

1. The parameters of the optimum threshold signal detectors [Secs. 2.1, 2.2], and

11. The associated parameters for optimum threshold performance [Secs. 2.3, 2.4], where
general nongaussian (plus gaussian) noise is present and when signal-dependent noise is present,
produced here primarily by scattering off the ocean surface [Sec. 3]. The results are canonical,
i.e., independent of the specific statistics of the ambient (i.e., background) noise, and
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are similarly canonical in signal structure.

These results are also quite general: "bistatic” as well as "monostatic” geometries are
included. Particular attention is given to the role of doppler in the platforms and scatterers.

III. Target modeling is explicitly treated (Sec. 4): rather general models are outlined, and
approximated by effective two-dimensional (flat) scattering surfaces and point-scatter
elements in a plane. 1hese models are quasi-phenomenological, requiring in practice
calibration with empirical data.

Throughout we have emphasized realistic structures and have based much of the detailed
results on the recent analysis presented in [5], which should be used in conjunction with the
present work for the fullest utlity. It should be noted, moreover, that in all the cases treated here
the input signal (envelope) So(t)in, is eglicit!z a factor in the parameters describing the threshold
algorithms and performance, either directly, or squared, or in the input signal covariance, cf. (3.4),
(3.8a), (3.11), (3.13), (3.14a), (3.19), (3.20), for the signal-dependent scatter, and for the target
returns, cf. (4.1), (4.3), (4.5), (4.6), (4.7), (4.9). This explicit and not too surprising separation
of the input signal from the physical and geometric factors which embody the scattering
mechanisms and their geometries, doppler, etc., is strictly the consequence of the narrow band
assumption, in conjunction with the far-field condition, assumed throughout this initial effort.
When either or both of these conditions are removed, i.e., broad-band signals and/or Fresnel
geometries are invoked, then the present analysxs must be appropriately extended: the input signal
no longer is factorable from the physico-geometric factors, but appears as a linear functional, either
directly as such or as a functional of the signal covariance.

6.2 Next Steps
Various next steps need to be considered. Among them are (not necessarily in the order
indicated):
A. Applications to LPI problems, with particular attention to the rdle of physico-geometric
factors involved in the wave surface and target scattering situations;
B. Extension of the analysis to the Fresnel region, in order to account for targets in the
beam orientation, where the Fraunhofer condition breaks down;
C. Calculation of representative results, for typical geometries;
D. Quantitative study of the doppler effects;
E. Formal extension of the analysis to broad band signals, as a framework for numerical
analysis;
F. Application of the current results to the estimation of waveform and target level.
Other important extensions and applications will present themselves in the course of the
development of A-F above.
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Appendix A.1 Definitions and Descriptions
The principal purpose of this Appendix is to provide definitions of the various terms and
elements of Egs. (3.1a,b), and others, which appear in the text. (Many of these may also be found
in Appendix I of [5], as well as in Parts I-1II of {6].)
We begin with Egs. (3.1a,b): -
(Al-1) FY = TSSF = The "Total Surface Spreading Function," Eq. (3.1b), whic
describes the effects of the random moving wave surface {(r,t) on the
incident and scattered acoustic signals

(A1-2) ¢ = the signal "epoch,” as measured at the receiver
(A.1-3) GO = 22 °T°/(41t)4R°3rRo%, the "geometric" or spreading factor,
including the effects of absorption for wave surface scatter
(Al-d) T, = (RoT + RoR)/co = path delay Ot — S(O') = Og, cf. Fig. 1, [5]
(A1-5) ¢o = (av.) speed of propagation in the water medium
(A1-6) g = 2rf, = carrier signal angular frequency
(A.1-7) R, = plane wave reflection cSefficient for the air-water interface
(A.1-8) S = shadowing function, cf. Appendix IV, (5]
(A.1-9) S, = A = portion of the mean ocean surface jointly "illuminated" by the
transmitting and receiving beams, O, QR
(A.1-10) fA=fg = unit normal to the gravity-capillary wave surface, e.g., fi = (ix{x +
tyly ~§2nz, § =g cf. Eq. (23), [5), withnz= (1 + {2 + gg)-m
(A.1-11) foT, foR = unit vectors along RoT, RoR, cf. Fig. (1a,b) here and Fig. 1, [5]
(A.1-12) 29, = for — ToR, cf. Appendix I, [5]
(A.1-13) vp = a doppler velocity, which can include platform motion, surface drift,
etc.; cf. Sec. VIO, Appendixes VII, VIII of [5]
1e0+d(>0)
(A.1-14) f ( )% = a Bromwich contour (of integration) = _ [« )fu-,-, which
Bel allows transient or finite duration signal.li:;?ns, as well as those of
infinite duration (d — 0)
(A.1-15) V7, VR = volumes occupied by the transmitting and receiving arrays, cf. Fig.
3.1.
(A.1-16) {—)Gas = quantity {in (3.1b), (3.6b)], associated with the composite surface G

(= gravity + capillary waves) and S (= postulated surface soliton
ensemble [5], [6]

wave surface elevations

unit vectors along RogT, RofR, cf. Figs. 4.1, 4.1a

(A1-17) Lt
(A.1-18) i‘o[3T' ioBR
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(A1-19) FQ), FP)

(A.1-200 G
(A1-21) D®,D®
(A1-22) Rgg

TSSF's for target body (X3), and two-dimensional (flat) target (Zp),
of. (A.1-1). |

c'?a°€°°T°5/(4n)4R°§TRo§R, "geometric factor" for target, cf. (A.1-3)
doppler terms, cf. (3.2), (4.2a), for wave surface and target
Rayleigh numbers
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