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Sonar equation parameters were computed for the baseline test case of the David Weston Memorial
Symposium on the Validation of Sonar Performance Assessment Tools, Cambridge, 7 - 9 April 2010,
The effective time spread of the echo were estimated based on angular energy flux considerations.
Time spreading due to the vacuum sphere target is negligible. The multipath channel spreads the
echo energy significantly, leading to significant reduction in peak signal power.

Echo shape, ambient noise directivity, reverberation intensity, and signal processing effects were
predicted using analytical expressions. The results highlight the significance of echo spreading in time
domain for short CW and broadband coherent waveforms. Spreading losses in beam and Doppler
domain due to angular and frequency spreading were also briefly discussed. The analytical approach
complements predictions by numerical methods.

1 INTRODUCTION
1.1 Time Spreading and Transmission Loss

In active sonar, the signal is often spread out in time during multipath propagation to and from the
target, and during the scattering process from the target. The echo energy is spread to a greater time
extent, leading to a reduction in peak signal power in comparison with that would be obtained if the
echo was a single amplitude-scaled, time-delayed, and Doppler-shifted replica of the transmitted
pulse. This reduction may be called a ime spreading loss. For broadband coherent pulses, the losses
_occur after correlation processing in the peak of the compressed echo and are also called correlation
losses [Weston (1965)].

Therefore in active sonar, we may have the concept of an integrated transmission loss (ITL), where
intensity from all significant multipaths are integrated with time, and peak transmission loss (PTL)
where intensity from only overlapping multipaths are added. When the pulse length is long enough
such that all significant multipaths overlap, PTL equats ITL. Similar principle applies to target strength
and the definition of integrated and peak target.strength.

Time spreading -manifests as de-comelation in the frequency domain. For narrowband pulses, it leads
to frequency fading. For broadband pulses, it limits the processing gain of conventional replica
correlation regardless of the bandwidth of the transmitted pulse. Because of the mismatch between
the echo and the replica, the signal energy cannot be compressed into a time-interval shorter than the
inherent time spread due to target extent and channel multipath.

1.2 Angular Spreading and Spatial Correlation Length

Similar to time spreading loss, reduction in echo intensity occur when signal is spread to directions off-
the main beam axis and side-lobes due to the angular spreading of the echo is greater than the
beamwidth of the array. The loss places a limit on the beamforming gain that can be achieved
regardless of the length of the array, because the signal energy cannot be compressed into a beam
narrower than the signal angular spread.

Angular spreading leads to de-correlation in space. Signal de-correlation across array leads to
correlation loss from beamforming compared to a single-direction plane wave. The loss depends on
the correlation distance of the echo, which is inversely related to the angular spread of the signal.
Zhang (2009) reviewed theoretical and experimental work on signal spatial de-correlation in shallow
and deep waters and discussed its impact on beamforming gain.
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The increase in SNR by the beamformer depends on the coherence of the signal versus the
coherence of the noise across the array;

Gy =G,/G; G = Zzaiajps,ij’ G, = Zzaiajpn,y : M
f Fi i J

Where G,,G, are signal and noise gain, a,,a,are amplitude shading coefficients of the " and |"

elements, p, .02, are normalized spatial cross-correlation coefficients of the complex acoustic

pressure received on the i" and " elements for the signal and noise, respectively. The summations
extend over all elements in the array.

When the acoustic pressure from the array is normalised by the number of array elements, M, the
beamformer gain is unchanged, the normalized signal and noise gain are scaled as

g« =2,/8,=Gy; 8=G,/M*, g =G,/M @

Considering an unshaded array, when it is steered to a plane wave signal, the signal is fully comrelated
across the array, the array has a normalized beam pattern with a normalized signal gain of unity.
When the signal is partially correlated, the nomalized signal gain is less than unity and represents a
correlation loss in beam signal power due to signal de-correlation.

Amplitude shading affects both signal and noise gain and the array beam pattern. The receiver in the
test cases is an un-shaded (a,,al =1} horizontal line array with uniform element spacing d and

steered broadside. For the receiver and the noise conditions in the test cases, the normalized signal
and noise gain in Eq.(2) reduces to

1 M-1
& :F Z(M_lml)p:,n(lm]d} (3)

m=~(M -1)

2 SONAR SCENARIO A2.]

The specifications of environment, waveforms, and sonar parameters for the baseline test case A2.l
are in Zampolli & Ainslie (2010) and not repeated here.

Propagation and reverberation at longer ranges (over about 2 km in Case A2.1) are dominated by
energy propagating at small grazing angles. A reasonable assumption that yields closed-form
expressions for echo and reverberation is that bottom and surface losses are proportional to grazing
angle, that is, the intensity reflection coefficient of the bottom and surface are approximated by

V,(6) =exp(-a,8), V,(6)=exp(-2,0) (4)

where @ is the grazing angle, and a,, & are proportional constants. For the seafloor parameters in the

test case, &, can be easily found by Taylor expansion of the reflection coefficient near zero grazing
angle, and equals about 0.5476, or 2.38 dB per radian.

For the ambient noise calculations, the source is an infinite 2D sheet of dipole sources. Both short and
long propagation effects are important and we used the exact Rayleigh reflection coefficient.

Our formulation includes both bottom and surface losses for generality. For the baseline Test Case
A2.| which has a smooth sea surface with no reflection loss, we have set &, =0 in our calculations.

2.1 Noise Level and Directivity
The noise is specified to be generated by rain at & rain rate of 1 mm /hour. Rain noise is generated by

direct forcing as rain strike the water surface and by wake cavity formation and bubble pulse
oscillation as the rain drive down into the water. Bubble resonance oscillations generate a spectral
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peak near 15 kHz, which is outside the frequency range of our consideration here. Rain noise below
10 kHz are mainly generated by raindrop impact impulses, which has a broadband spectrum with a
negative slope. Due to the pressure-release surface, the noise on the surface radiates like dipoles
whose strength can be estimated by Eqs.(60-63) of Ref.1 [APL-UW TR9407],

10log A, =b+alogRR—10log f; 1< f<10; RR>10" (5)

where 4, is the source spectrum intensity at vertical incidence, the rain rate RR is in mm/r, and
frequency f is in kHz. The coefficients a & b are wind-speed dependent because wind causes

raindrops falling at oblique incidence, roughens the sea surface and therefore affects rain noise
generation. For wind speed less than 1.5 m/s, a=25,b=41.6.

Environmental conditions such as sound speed profile and sea floor reflectivity affect noise levels
received. We note most rain noise data are collected in shallow water and assume that the above

empirical equation for source intensity strength 4, already included corrections due to effects of the

environment of site where the data was collected. To account for multipath contribution in the shallow
water test case environment, we used the formulation in Desharnais and Chapman {1999} {o compute
the total noise level N, received by an omni-directional receiver and the noise field directivities.
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Figure 1(a) directivity of the rain noise in the shallow water waveguide, (b) noise reduction by the
normalized heamformer for various types of noise directivity/correlations for the frequency range of the
LFM pulse.

Figure 1{a) shows the directivity of the noise intensity relative to A4, , the intensity at verticat incidence

in deep water. It is a composite effects of dipole radiation (which favors steep angles) and seafloor -

reflectivity (which favors shallow grazing angles). As a result, the peak of the directivity occumed at
about 21 degrees instead of the crilical angle of reflection of 28 degrees. Higher frequencies have
lower levels because of greater in-water absorption,

2.2 Noise and Reverberation Reduction by Beamformer
Noise comelation can be obtained from its directivity [Cox, (1973)]. Here we take a simplified

approach: the strong peaked directivity shown in Fig.1(a) prompts us to approximate the total noise
field as the sum of two azimuthal isotropic noise fields [Burdic (1991)],

N(6)= N, 60— 86,)+N._5(8—8.) ®)

where N, & N_represent the noise intensity from above and below the receiver respectively, 8, &

€_ are the angles where the peaks occur in the upper and lower hemisphere (note that &._is defined
as negative). The azimuthal isotropic noise fields are also referred to as 2-dimensional isotropic noise
and their horizontat spatial correlation functions are respectively [Eqg.(10-38), Burdic {1991)].

p.(x)=J,(kxcos8,), p_(x)=J(kxcos8), k=2x/c 4]
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Where x is the distance between two harizontal array elements.

The angles 6, & 8 are almost symmetric at about 21 degrees and we make the approximation
&, =0, =—6_. For horizontal arrays, noise from above and below the receiver contribute the same

way to horizontal correlation and the total corretation function is

N, J,(kxcos 8} + N_J [ lx cos(—6,)]
N, +N_

p,(x}= =J,(kxcos8,), k=2x/c (8)

5

Figure 1(b) shows ncise reduction by the normalized beamformer for various types of noise
comrelations in the frequency range of the LFM pulse. We use the term “noise reduction” to mean the
Array Gain of a normalized beamformer whose signal gain has been normalized to unity. The black
curve is for 2D azimuthal isotropic noise with grazing angle of 21 degrees, which we use for the rain
noise in the waveguide. The red curve is for 2D azimuthal isotropic noise at zero grazing angle, which
we use for reverberation from long range by the omni-directional source. The dashed green, magenta,
and blue curves are far fully un-comrelated, 3D isotropic, and deep water noise respectively. They are
for comparison only and are not used in the subsequent calculations. Table 1 shows the various noise
parameters for a rain rate of 1 mm/hr.

Tahle 1: Noise spectral levet and reduction by the beamformer.

CW1|LFM Ccw 35
kHz [ 15kHz | kHz

Noise source spectrum intensity at vertical incidence,
10log 4, {rain rate= 1 mm/hr), dB // pPa*/Hz/steradian @ 1 m

Noise spectral level in deep isovelocity water (no bottom

41.60 | 39.84 36.16

reflections): 10log(4,7), dB/f nPa*Hz (For comparison only). 466 | 448 411
Noise spectral level in test case A2.1 (multipath effects included),

Ng, dB/f uPa*/Hz 536 (516 47.3
Rain noise reduction by beamformer: 10log,,(1/g,), dB 18.8 | 185 19.5
Reverberation reduction by beamformer: 10log,,(1/ g}, dB

(g, is defined the same as g, in section 1.2 with noise replaced | 20.1 | 18.8 19.8

by reverberation).

2.3 Pulse Parameters

For pulses, there are different definitions of time durations and band widths. Table 2 lists some
parameters for the Gaussian pulses. The rectangular equivalent width refers to the width of a CW-
pulse of same peak intensity and energy. The rectangular equivalent width of the time-delay
autocorrelation function is the same as the time resolution constant in Woodward (1964). There are
also analogous definitions in frequency. bandwidth. (Another definition, RMS widths, are related to
estimation of the accuracy of range and Doppler measurements, and are different from the time
resolution width defined here.)

For the rectangutar LFM pulse, the rectangular equivalent width T, = 2 seconds. Because of its large

time-bandwidth, its spectrum is nearly rectangular. The time domain autocorrelation function of its
envelop approaches a sinc function with -3.9 dB points time width equals the reciprocal of its
bandwidth. \We approximate the sinc function by a rectangular equivalent pulse of 1 ms duration (=
1/bandwidth).
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Table 2: Parameters of the Gaussian shaded CW Pulses

Waveform: p(f) = Acos(ayt)exp[-(1Aw)’ /2], &, = 2f,, f, =0.25,1.0, 3.5 khz,
Aw=n(In2)"*B,

B, bandwidth: 3 dB power reduction points, Hz B, = £,/20 (as defined)

E,: source pulse energy re pPa>s @ 1 m (£ 127" 1 A

1, : source pulse peak intensity re pPa’ @ 1m A2 12

T, , time width: half-power (3 dB power reduction) points (4In2)'"*/Aw

T, . ime width: half-amplitude (6 dB power reduction) points 22T, =(8In2)"* /Aw

T s time width: rectangular equivalent pulse of same peak & energy | E, /I, =z /Aw

R/ (7): time-delay auto-correlation function _ 2E exp{(Aw) /4]cos(@,T)
T : time width of rectangular equivalent pulse of R (7) 2T . =2m)"*/Aw

2.4 Echo Spatial Correlation

De-correlation of signal can occur in any direction in three dimensions. They can be characterized
relative to the direction of signal propagation - radial, vertical, and transverse directions.

For the present scenario, we note that because the amay is steered broadside and all its elements are
also omni-directional, the array has no spatial extent in the radial and vertical direction. Therefore the
angular spread of the multipath arrivals do not cause signal de-correlation loss. This is equivalent to
saying that the spread in vertical angles of the multipath is much less than the omni-directional veriical
beam width of the array, and all multipath energy are captured.

As reviewed and discussed in Zhang (2009), earlier work [e.9., Carey(1998), Wilte and Thiele (1871)]
on signal de-correlation in shallow water seems to indicate that at the higher end of frequencies, e.g.,
3500 Hz, the transverse correlation length of the signal can be shorter than the amay length of 32
wavelengths and there can be correlation losses of a few decibels. We also note that when the target
is not in the Fraunhofer far field of the array [Ziomek (1995)], e.g., when the target is less than 6 km
away from the array cut at 250 Hz, wave front curvature also introduces echo spatial de-correlation
and consequently correlation losses. However, to limit the length of this paper, we will ignore signal

spatial de-correlation losses in our later calculations and assume g, =1.

2.5 Scattering and Time Spreading from the Vacuum Sphere Target

Scattering from a vacuum sphere (pressure release boundary) is similar to scattering from a giant
bubble without the bubble resonances (because there is no air inside). Compared to a rigid sphere,
scattering from a vacuum sphere does not have interferences from creeping waves and the Rayleigh
scattering region appear at much lower frequencies.

For the &-m radius sphere, at frequencies greater than 1 kHz, the product of acoustic wavenumber-
radius ka >> 1, and both vacuum and rigid sphere approach the target strength given by its geometric
cross section 10log(na’/4n) = 7.96 dB. The scattering is dominated by specular refiection from the
front surface of the sphere, which has sharp & -function like impulse responses with time spreading
much shorter than the travel time from the front to the centre of the sphere [Sun et al (1991);
Stanton&Chu (2008)]. This time spread is negligible compared to the time spread (122 ms) of the
channel multipath.

We note that scattering from spheres tend to have broad main lobes near backscattering direction
where the bistatic target strength remains constant over the effective grazing angles in-shallow water
waveguides. Propagation and scattering are then separable and the scnar equation is an accurate
approximation [Ratilal et al (2002)).
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2.6 Channel Effective Timé Spread

We obtain an expression for the effective time spread of the channel by following Weston's (1971)
energy flux approach, taking into account bottom and surface reflections and in-water absorption. The

horizontal ray cycle distance in isovelocity water is 7, = 2H /tan 8 . For each cycle, the ray undergoes

one bottom and surface reflection, and absorption along the ray path a,r./cos@. The number of

cycles atrangeris r/r.. Hence the averaged decay of the energy flux with range is
f(r,0) < VYY" exp[~(a,r. /cos8)(r/r,)]

9
=exp{r{(InV, + In¥,)tan8/2H — e, /cos 8)]} ®

where V,(8),V,(0) are the intensity reflection coefficients from the bottom and surface. Under the
approximations V,(8) = exp(~ ,8), V.(8) = exp(— @,8)and to 2™ order in small grazing angle, the
energy flux is Gaussian distributed with grazing angle,

f(r,6) = exp(—a,r)exp(—at’r/2H) (10)

a=¢ +a,+He,
We take the effective angles as from zero to &, where the flux drops to exp(-1), i.e.,

8 =QH/a)"? (12)

The effective angle decreases with range because boundary losses and absorption strip away energy
at higher grazing angles. The ray's group velocity is u = ccos8 and we take the effective time spread

as the spread of travel times of all the rays between zero grazing angle and 8, ,
T, =(r/c)(1/cos8, —1)=ri931’2c=H/(ca) {(13)

Where?, is the effective time spread of the channel impulse response. Eq.(13) shows that the

tendency for pulses to spread with range are counterbalanced by the shrinking of the effective angles
with range, leading to a time spread essentially independent of range. Greater water depth increase
multipath spacing and the time spread. More lossy boundaries strip away higher angle energy more

quickly and decreases time spread. For test case A2l, 7, is 121.7 ms at 250 Hz and 120.5 ms at 3500
Hz, the small difference being due to the increase of in-water abserption with frequency.

We note that when surface losses and in-water absorption are ignored, Egs.(10-13) reduce to the
corresponding eguations in Harrison (2003), Prior & Harrison (2004), and Jones et al {2007), where
the effects of bottom loss are considered.

2.7 Echo Intensity Envelope before Processing

We compute the averaged echo intensity as a function of time-delay by the convolution,
Ie(r!t)=10u(t)®h2(rst) (14)

Where I, = 42/ 2 is the source intensity at the peak of the transmitted pulses and u(f)is the time-
window,
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u(r) = {cxp[—(t Aw)’), -T,/2<1<T,/2, Gaussian pulses a5)

1, -1<¢<1, LFM pulse

andh,(r,f) is the flux impulse response of the 2-way propagation in terms of time delay r=t-rlc ,
adapted from [Harrison and Nielson {2007)] by adding in-water absorption and target cross section,

h‘;(r!r)! OSTST‘,,
h(r,7) =< l{(r,0)2/7)sin[2z, /7)~1), r.<71<27, (16)

o

0, 271, <71,

hy (r,7) = exp(-2ar,r)(2m) (r’ H Yexp(~7/7,)S,;, 0S7<27, (17
7. = 6% /(2¢) (18)

where we approximated the frequency-dependent in-water absorption by its value at the center
frequency. The decay time 7, = H /(ca)is inversely proportional to & because lossy boundaries strip
away higher angle energy more quickly. Equation {16) ignores all energy beyond the critical angle.

Figure 2 shows the flux-averaged echo intensity shape computed from Eq.(14) before processing. The
Gaussian CW pulses are much shorter than the time spread of the exponential decay of the channel
impulse response. Hence they act similar tod () functions and the echoes look similar to the
exponential impulse response with smoothened peaks. The drop in level with frequency is due to in-
water absorption. The 2-sec LFM pulse reached its peak level after 0.4 second. The crosses in Figure
2(b) mark the time when the ray at critical angle arrives. The rapid dropoff after the critical angle
shows the effects of truncation of the bottom reflectivity beyond the critical angle.

(a) r=10 km, CW and LFM Pulses (b} CW Puilse, Frequency = 1 kHz
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Figure 2. Averaged echo intensities levels {dB // pPa’) at (a} a range of 10 km for the CW and LFM puises
(frequency, kHz} before processing, (b) different ranges for the 1 kHz CW pulse.

2.8 Time Spreading Loss

The total echo energy E_ integrated over all multipath contributions can be written as,
E (r)=E,S; L, (r) (19)

Where E, is the energy flux of the source referenced to 1 m, S, is the sonar cross section of the target

[target strenglh TS = 10log(Sy)), L, represents two-way propagation effects integrated over all

multipath contributions, [two-way integrated transmission foss 2TL = -10log(L,)). For frequencies 1 kHz
and above, the ranges of interest are in the multi-mode-stripping region and we use the suitable
expressions in Harrison (2003},
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L,(r)=exp(=2a,7)[2z o’ H)[ect (W))W, =[ar (2H)]"*8, (20)

Where the emror function term represent effects of ignoring all energies propagating greater than the
critical grazing angle £, . We added in-water absorption to Harrison's expressions and the absorption
value at the center frequency.

Were all multipaths overlapping, the total intensity of the echo would be
L()=E (r)/ Ty = 1,5 L,(r) (21)

The target can be treated as a point target and the echo intensity envelop is a convolution of the
source pulse intensity envelop with the intensity envelope of the channel impulse response. Before
and after processing, we approximate the effective time spread of the echo by the summation,
Before processing: 7, = T, + 7, ' (22)
After processing: T/ =1, +7, (23)

Where T, and7, are given in Table 2. The echo energy is spread over effective time fs,rg ", hence
the peak echo intensity before and after processing are
I,(rN=E(r)/, (24)
I (r)=E@mn/t" (25)

The following ratio can be regarded as the time spreading loss (or gain after pulse compression
processing),

Ly =1 (nY/I(r) =Ty /7, (26)
LF =D (r) =Top I 78F (27)

We found that the echo peak levels given by Eqs.(24-25) match closely the peak values from
numerical convolution using Eq.(14). The differences are less than 0.1 dB at ranges greater than 5 km
and greater at shorter ranges because of the effects of ignoring energies propagating at angles
beyond critical.

Figure 3 shows the echo peak intensity level computed for the Gaussian and LFM pulses before
[labeled "peak®, using Eq.(24)] and after [labeled “MF", using Eq.(25)] matched filkering. The “fotal” or
integrated echo intensity level (the blue curves) given by Eq.(21) were shown for comparison.

(2) CW: solid curves-1 kHz, dash-3.5 kHz (b) Rectangular LFM (1-2 kHz)
120
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Figure 3. Echo peak intensity level (dB # pPaz) before and after processing for the CW and LFM pulses .
The green curves are behind the red curve for the Gaussian pulses in {a} and the blue curve is behind the
green curve for the LFM pulse in {b).
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For the Gaussian CW pulses, the effective time duration increase by a factor of 2”2_ after correlation,
but the pulse duration both before and after processing are much shorter than the time spread of the
channel, hence there is little difference between the peak echo levels before and after processing. The
difference between the “total® and the peak levels shows the time spreading loss as defined by
Eq.(26). The 3.5 kHz (dashed) curves decay more rapidly with range because of higher absorption.

For the LFM pulse, before processing, the time duration is much greater than the time spread of the
channel, all multipaths overlap and the “peak” echo ievel is essentially the same as the “Total®
integrated echo level. After processing. the energy in the 2-sec puise was compressed to a much

shorter effective duration given by 74" in EQ.(23), which is essentially the time spread?, of the

channel impulse response because the compressed pulse duration?, <<7,. There is a
carresponding pulse compression gain given by Eq.(27) and shown by the red curve in Fig.3b.

2.9 Reverberation

There are also multipath time spread from each reverberation scattering patch. However, unlike
scattering from a finite sized target, the multipaths from continuous extended scatterers (e.g. the sea
floor) overlap and the reverberation power includes muitipath arrivals from nearby scattering elements.
Hence we ignore time spreading loss for reverberation.

Reverberation intensity before beamformer can be computed using the expression in Harrison (2003,
Table lil):

Iy = (1,T )(Puc/(20r*)Jexp(-2a,r)[1 - exp(-#.)F (28)

Where, I, T, = E,is the energy flux of the source at 1 m, 1 is the scattering factor of the Lambert's

rule, and® is the horizontal beamwidth of the source. For the Test Case, L = 10727, ® =27

Reverberaticn intensity after beamforming is traditionally modelled by summing the contributions of
scatterers ensonified by multipaths within the source and receiver beam pattern. The calculation uses
composite beam patterns of source and receiver directivity and there is no need to use a separate
receiver array gain. In the test case, the source is omni-directional, the reverberation integral with
composite beam patterns de-couple into a reverberation power term from the source as 2D azimuthal
isotropic noise at zero grazing angle, divided by the receiver array gain. We computed the reduction in
reverberation power by the beamformer in the ambient noise section and those values are used in the
following signal to noise ratio (SNR) calculations.

2.10 Signal to Noise Ratio After Processing

For echo detection, Receiver Operating Characteristics relating the required SNR to probabilities of
detection and false alarms are often parameterized by the SNR at the peak of the matched filter
output, using either instantaneous signal power [e.g., DiFranco & Rubin (1968), Stewart et al (1959),
Westerfield et al (1960)] or mean-square signal power [e.g., Blake(1884)]. The signal is assumed to be
deterministic and when the bandwidth of the signal is small compared to the centre frequency, the
mean-square signal power over a carrier cycle is half of the insfantaneous signal power. (Or
altematively, the signal power is half of that of its envelope because adding the quadrature
components doubles the signal power.) There is a difference of 3 dB in SNR. A related factor which
also causes a 3 dB difference is if the noise power spectral density is defined as one-sided (noise
power per unit bandwidth) or two-sided.

Signal detectability, which is determined by the probability distributions of noise and signal plus noise,
is unaffected by which definition of SNR is used to parameterize the probability density functions. Care
is needed o ensure that the modelled SNR is consistent with that parameterizes the receiver
operating characteristics.
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In this paper, we define SNR as the mean signal power at the peak of the correlator output over one-
sided mean noise power. This definition of SNR can be written in terms of ratios of energy,

- E(/7)8,

(29)
Nog, + 1,78,

SNR,,;

Where W =1/7,is the effective bandwidth defined by Burdic (Sec.8.4, 1991) or the frequency span
defined by Woodward (1953) and Westerfield (1960). As discussed earlier, g is assumed to be unity
in this paper and g, , g, represents reductions of the noise and reverberation by the beamformer. The
ratio of Eq.(29) is the echo energy contained in a time resolution cell of 7, among a time spread signal
of r;'""' duration, over noise spectral density N,,g, plus reverberation spectral density g, /W , which
is also the reverberation energy in a time resolution cell of 7, .

Eq.(29) may also be written as a ratio of power,

18

— = (30)
NWg, + 1,8,

SNR ;s =

The interpretation of Eq.(30) is the peak echo power over the summation of noise power in a
bandwidth of W, N Wg  , and the reverberation power /g, . This form of SNR ratio is consistent with
the scaling of the matched filter as in Westerfield (1960).

If there is no channel spreading 7, =0 and in reverberation-limited conditions, Eq.(30) may be
simplified to

lg,

SNR o= e
i T AR T

(31

The denominator of the Eq.(31) has the familiar interpretation of reverberation power due to a pulse of
time resolution 7, .
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Figure 4. (a) peak echo, reverberation, and noise intensity levels after processing (dB // pPa’} for the
Gaussian CW 1 kHz {(solid curves) and LFM {dashed curves) pulses. (b) SNR after processing.

Figure 4 shows the peak echo, reverberation, noise power levels after processing and the resultant
SNR, computed using Eq.(30), where as discussed earlier in section 2.4, to ease comparison with

other modeling results, we assumed g, = 1. We note that the peak echo and reverberation levels of
the LFM pulse are similar to those of the Gaussian 1 kHz pulse, but slightly lower due to higher
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absorption. However, the noise power of the LFM pulse is greater because of its wider bandwidth,
leading to the lower SNR shown in Fig.4(b).

'3 LIMITATIONS AND DISCUSSIONS
3.1 Multipath Time Spacing and Pulse Resolution

The time spacing between the multipaths depends on source, receiver and water depths and
increases with their grazing angles. At a typical range of 10 km, our calculations based on geometric
considerations show that for the LFM pulse, most of the multipaths were well resolved. The exceptions
are the direct and surface reflected ray, which has very small time separations due to the closeness of
the source and receiver depths. For the 1 kHz and 3.5 kHz Gaussian pulses, near zero grazing angle,
the pulses are tightly packed with overlapping and near the effective angle, they are well separated.
For the 250 Hz Gaussian pulse, the pulses are mostly overlapping.

Our approach assumed echo energy is continuously distributed from zero to effective angle. When the
pulses are overlapping, our predictions ignore the coherent constructive interferences between
multipaths and give averaged intensity. When the pulses are well-separated, our predictions under-
estimate the peak echo intensity.

3.2 Bottom Phase Shift, Surface Loss, and In-water Absorption

The effects of bottom reflection phase shift can be accounted for by adding an effective depth [Weston
{1994)]. The correction is less than a wavelength and for the frequencies concerned, this correction is
small.

The loss coefficient in Eq.(11) may be used to extend echo and reverberation expressions previously
derived for bottom loss only [e.g., Harrison (2003)] to include effects of surface loss and water
absorption.

4 CONCLUDING REMARKS

We predicted the signal to noise ratio for benchmark scenaric A2 using analytical methods,
highlighting the importance of echo correlation and time spreading losses. The analytical approach
complements predictions using numerical models.

We note that signal to noise ratios are statistical descriptors up to second moments of the probability

density functions of signal and noise and thus are incomplete measures of detection performance,
which are ultimately determined by the receiver operating statistics.
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