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ABSTRACT

An acoustic passive localization method for underwater targets in shallow water waveguide using
homomorphic signal processing is presented in this paper. The multipath arrival structure is extracted from
source radiated noise by cepstrum analysis. Instead of using the single reflection path, the source range and
depth are estimated by the time-delay differences between direct path and twice reflection paths, such as
surface-bottom reflection path and bottom-surface reflection path. The estimation performance is analyzed
with computer simulation in an ideal waveguide. BELLHOP model is used to examine the effect of ray
warping on the localization method in Pekeris waveguide and real ocean waveguide.
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1. INTRODUCTION

Passive localization using a single hydrophone or small-aperture array is a difficult problem in
underwater acoustics. Classical passive localization methods such as matched filed processing (1, 2),
range differences (3) and target motion analysis (4, 5) are unsuitable with single hydrophone
configuration.

The passive localization methods by single hydrophone have already been studied since 1990s.
Generally, there are two types of methods. One is the matched filed processing (including matched
mode processing). Another is the time delays matching. Lee used the measured impulse response of
the environmental and MFP (matched filed processing) to localize a source transmitting M-sequence
pulse (6). Touz e et al performed source localization in depth and range using a single hydrophone by
incoherent and coherent MFP (7). Jesus et al estimated the subspace spanned by the delayed source
signal paths and localized the source using a family of measures of the distance between that subspace
and the subspace spanned by the replicas provided by the model (8). Tao et al proposed a method that
involved only processing the intensity surface of the spectrogram of received broadband acoustic
signals and estimated the motion parameters by the principle of the waveguide invariant theory (9).

In this paper, a new passive acoustic localization method with single hydrophone configuration is
proposed. The source range and depth are estimated by the time-delay difference between direct path
and twice reflection paths, such as surface-bottom reflection path and bottom-surface reflection path.
The estimator has analytical expressions of source range and depth as well as small calculating
amount.

2. LOCALIZATION METHOD

2.1 Theory

In shallow-water channels, multipath is caused by multiple reflections of the ocean’s surface and
bottom. Wu derived the formula of source range and depth estimation using surface and bottom delay
(10). Consider three paths case, the radiated noise propagates through direct-path, surface reflection
path and bottom reflection path to a hydrophone as shown in Figure 1. T is the sound source, and R is
the hydrophone. The ranges of the direct path, surface reflection path and bottom reflection path are Ry,
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Rsand R, respectively. H, is the depth of the sound source and H, is the depth of the hydrophone. Hs is
the depth of the sea. R; is the surface mirror image of the R, while Ry is the bottom mirror image of R.
a is the grazing angle and we suppose that

a>0, whenH, <H,
a=0, whenH,=H,
a<0, whenH,>H,

Hs

.‘} R
Figure 1 — Geometry of single-reflection paths

From simple geometrical relationship, the acoustic range of the surface reflection path and bottom
reflection path could be written as Eq.(1) and Eq.(2).

R =R, +ct, (@)
R, =R, +c7, @)
Where, 71 is the time delay difference between surface path and direct path, 7> is the time delay

difference between bottom path and direct path and ¢ is the sound speed in water. By using cosine
theorem, R, and R, could also be written as Eq.(3) and Eq.(4),

R>=R2+D?-2R,D, cos(% - aj 3)
R?=R2+D?-2R,D, cos(% + aj 4)
where

D, =2H, 5)
D2:2(HS_Hr) (6)

Put Eq.(1) and Eq.(2) into Eq.(3) and Eq.(4), we have
2R cti+c’tl =Df —2R,D,sina (7
2R, ct+c’ts =D +2R,D,sina (8)

By solving Eq.(7) and Eq.(8), R; and H, could be estimated by Eq.(9) and Eqg.(10). This method is
called DSB method in this paper.

_D\D,(D, +D,) _CZ(Dlrzz +D2712)
2¢(D;t, + D,7,)
H = D,7,(D; + D,) _czflfz (z, —7)
t 2(Dy7, + D,t,)
From Eq.(9) and Eq.(10), the source range and depth could be estimated simultaneously by using

R, (©)

(10)
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two single-reflection paths. But with the source range increasing, the two single-reflection paths
would become unstable and even vanish. In these situations, another method must be found to
estimate the source range and depth. The geometry of twice-reflection paths is shown in Figure 2. Ry
is the surface mirror image of the R, Rz is the bottom mirror image of R, Rs is the bottom mirror image
of Ry and Ry is the surface mirror image of Ry. Here, Ry, is the surface-bottom path and R, is the
bottom-surface path. Ry, and Ry are all twice-reflection paths, which interact with the boundaries
twice.
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Figure 2 — Geometry of twice-reflection paths

Similarly, some equations could be established from geometrical relationship as shown from Eq.(11) to
Eq.(16).

R,-R,=ct, (11)
R,—R,=ct, (12)
be:lez+(2Hs_Hr+Ht)2 (13)
R, =H;+@Hs+H, ~H,)’ (14)
H,=R,cosa (15)

H =H —R,sina (16)

Where, t3is the time delay difference between surface-bottom path and direct path, z4 is the time delay
difference between bottom-surface path and direct path. Plus the square of Eq.(11) and the square of
Eq.(12), we could have Eq.(17).
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R% + R: =2R> + 2R c(t, +7,) + (2 +15) (17)
The left of the Eq.(17) could also be written as Eq.(18) with Eq.(13) and Eq.(14).
R2 +R: =2H?+[2H +(H, - H )| +[2H, - (H, - H,)} (18)
Plus the square of Eq.(15) and the square of Eq.(16), we could have Eq.(19).
H;+(H,~H,) =R] (19)
From Eq.(17), Eq.(18) and Eq.(19), R, could be estimated by Eq.(20)

_8H (5 +7,)

¢ 2¢(7y+7,) (20)
Subtract the square of Eqg.(11) from the square of Eq.(12), we could have Eq.(21).
R: —R’ =2R,c(r,—1,)+c*(c2 —15) (21)
Eqg.(21) could also be written as Eq.(22) by subtracting Eq.(14) from Eq.(12).
R’ — R’ =8H,H, —8HH, (22)
From Eq.(20), Eq.(21) and Eq.(22), H; could be estimated by Eq.(23)
H=H - (za— 73)(027374 + 4H§) (23)

4H (7, +17,)

Eq.(20) and Eq.(23) are the localization solutions of the twice-reflection paths situations. This
method is called DSBBS method in this paper.

2.2 Localization Performance Analysis

From Eq.(9), Eq.(10), Eq.(20) and Eq.(23), the estimation precision of R;and H; depend on the
time differences between reflection paths and direct path. In this paper, the error propagation model is
used to calculate the deviation of the estimators. If f{x,y) is the function of variable x and y, the
deviation of f{x,y) could be written as Eq.(24).

s @) ||
f | Ox |x | ay |y

For DSB method, R;and H, are all functions of 71 and 7. Therefore, by using Eq.(24), the
deviations of DSB method could be written as:

(24)

5. = OR,(7,,7,) 5+ R, (7,,7,) S (25)
R, 81’1 71 8’[2 T,
S, = aHt(71172)5 + aH;(71’72)5 (26)
H, 82_1 71 82_2 T,
where
R, _ c’D,(D,r? - D,t} —2D,1,7,)— DD} (D, + D,) an

or, 2¢(Dyr, + D,t,)?
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R, _ ¢*D,(D,t} = Dyz; —2D,t1,7,) = DD, (D, + D)

2 (28)
or, 2¢(Dyr, + D,1,)

oH, _ D.D,(D, + D,)z, - CZ[(TZ2 —20,7,)(Dy7, + D,1,) — Dy17,(7, — 71)] (29)
or, 2(D,7, + D,t,)?

OH, _ D\D, (D, + D,)r, + cz[(ZTlfz - 712)(D172 +D,r,) - Dy, (7, — 7,)] (30)
or, 2(D,7, + D,t,)?

For DSBBS method, R;and H; are all functions of zz and z4. Therefore, by using Eq.(24), the
deviations of DSBBS method could be written as:

5R _ aRd (73;74) 5[ + aRd(Ts,T4) 51- (31)
d 62'3 8 52'4 ¢
5, = OH (75,7,) S+ OH (7;,7,) 5. (32)
' 62'3 8 82'4 N
where
OR, 02(2'; + rf)- 2c¢*t (1, +1,)-8H’ (33)
0T, 2¢(r, + 2'4)2
OR, 02(73? + Tj)' 202?4( T3 +7,)- 8Hs2 (34)
oz, 2¢(7, + 2'4)2
OH, __8]{5r4——cz(rj-—T§T4—‘21575) (35)
82'3 4HS(T3+T4)2
OH, _ 8H]ty+c" (2137, + 7574 - 73) (36)

82'4 4HS(T3+T4)2
Figure 3 shows the range and depth estimation deviations with different time delay errors of DSB
method. Figure 4 shows the range and depth estimation deviations with different time delay errors of
DSBBS method. From Figure 3 and Figure 4, it could be seen that the estimation deviations arises
with the rising of source ranges and time delay estimation errors. And the estimation deviations of
DSBBS method are less than that of the DSB method.
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Figure 3 — Range and depth deviation of DSB method
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Range estimation deviation of DSBBS method Depth estimation deviation by DSBBS method
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Figure 4 — Range and depth deviation of DSBBS method

3. SIMULATION RESULTS IN TYPICAL WAVEGUIDES

Generally, the time delay difference is estimated by cross-correlation processing. But in a
multipath channel, there are numerous peaks in the cross-correlation function of two received signals.
A better choice is the cepstrum method (11). The cepstrum of received signal is the sum of the
cepstrum of source signal and the cepstrum of channel function. We can separate the channel function
from received signal by cepstral processing. If the channel has several paths, the positions of peaks in
the cepstrum will be defined by the arrival time delay differences between paths, so we can extract
surface or bottom delay from cepstrum. In this paper, the cepstral processing is used to estimate the
time differences between direct path and reflection paths.

In this section, the range and depth estimation deviations are analyzed by computer simulations in
two typical waveguides. One is the Pekeris waveguide, which has a constant sound speed profile in the
water. Another is a shallow sea waveguide, which has a thermocline with the thickness about 10m.

3.1 Localization Performance in Pekeris Waveguide
First, the Pekeris waveguide (12) is studied. The simulation geometry is depicted in Figure 5. The

waveguide depth D is 100m, the sound speed in the water ¢ is 1500m/s, the density of the water p is
1000kg/m?, the sound speed in the bottom cp, is 2000m/s and the density of the bottom py, is 1000kg/m?.

T

¢=1500m/s
0=1000kg/m®

c;=2000m/s
0,=1000kg/m?*

Figure 5 —Schematic of the Pekeris waveguide

Since the sound speed in the Pekeris waveguide is constant, the sound ray will travel in straight
lines. The geometrical relationship between the direct path and reflection paths will comply with
Eq.(9), Eq.(10), Eq.(20) and Eq.(23). Figure 6 shows the cepstrum of the signals received by a single
hydrophone with the source range from 200m to 1km. The channel function is calculated using
Bellhop model.
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Figure 7 shows the range and depth estimation results by DSB method and DSBBS method. From the
figure, it could be seen that the DSB method results become unstable at the source range about 600m,
while the DSBBS method could give stable range and depth estimation more than 800m. With the
increase of source range, the DSBBS estimation results show some fluctuations because of the

instability of reflection paths.
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Figure 7 —Range and depth estimation results in Pekeris waveguide

3.2 Localization Performance in Shallow Sea Waveguide

Then, the shallow sea waveguide is studied. The sound speed profile is shown in Figure 8, which is
measured in a sea trial. There is a thermocline from 45m to 55 m, and the sound speed decrease from

1526.6m/s to 1522.6m/s.
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Unlike Pekeris waveguide, the sound ray would travel along a curved path in the shallow sea
waveguide. However, the range and depth estimation equations are derived in an isovelocity
waveguide. In a speed-varying waveguide, sound ray warping would introduce errors to Eq.(9),
Eq.(10), Eq.(20) and Eq.(23). Figure 9 shows the cepstrum of the signals received by a single
hydrophone with the source range from 200m to 1km in the shallow sea waveguide.
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Figure 10 shows the range and depth estimation results by DSB method and DSBBS method. From
the figure, it could be seen that both DSB and DSBBS method suffer degraded performance. But, the
DSBBS method is still more robust that the DSB method.
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Figure 10 —Range and depth estimation results in shallow sea waveguide

4. CONCLUSIONS

A new acoustic passive localization method for underwater targets in shallow water waveguide
using homomorphic signal processing, called DSBBS method, is presented in this paper. The source
range and depth are estimated by the time-delay differences between direct path and surface-bottom
reflected path as well as bottom-surface reflected path. The estimation performance was compared
with that of DSB method by computer simulation. Results show that the new method in this paper is
more robust to time-delay estimation error and sound ray warping.
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