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Summary

In this paper, an efficient source location approach based on the
time delay between bottom-surface reflection and surface-bottom
reflection (TDBS) in the deep ocean was proposed. The source
range and depth were derived with the TDBSs and the corre-
sponding receiver depths on the basis of ray theory. For a sin-
gle receiver, the relationship between the TDBS and the source
position could be regarded as a monotonic function, which cor-
responded to the main lobe on the ambiguity surface calculated
by matching the multipath time delays of the real data and the
replicas. The source could be localized by the intersection of the
main lobes, which were calculated using the TDBSs measured by
at least two receivers. The performance was demonstrated with
numerical simulation and experiments for the source in and out
of the shadow zone.

PACS no. 43.30.Cq, 43.30.Pc, 43.60.Kx

1. Introduction

The passive source location method has been researched for
decades and extensively applied to the signal processing in un-
derwater acoustics, including the monitoring of marine mam-
mals, and the localization of ships and autonomous underwater
vehicles. In recent years, passive source localization has been at-
tained by different monitoring systems, such as a single array, a
single hydrophone, multiple arrays, distributed hydrophones, and
a combination of arrays and distributed hydrophones.

The estimations of source positions in the deep ocean mainly
rely on the time difference of arrivals (TDOA) and the coher-
ent structure (acoustic interference) at hydrophones. Tenorio-
Hallé et al. introduced the “double-difference” method from seis-
mology and it is based on the difference in elevation angle and
time delay arrivals between multiple eigenrays.[1] The moving
source can be tracked by a single vertical line array in the deep
water SOFAR channel. Matched multipath time arrivals were
proposed for three-dimensional localization in the azimuthally
dependent oceanic environment with one or two hydrophones
[2, 3]. Using the depth-dependent interference between the di-
rect and surface-reflected(D-SR) arrivals with a vertical array in
the reliable acoustic path, Mccargar and Zurk proposed a depth-
based signal separation (DBSS) method where the source depth
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can be passively estimated by a modified Fourier transform to the
power output of the vertical beamformer [4]. Further, Kniffin et
al. analyzed the performance of the DBSS and introduced a depth
estimation method by measuring the null spacing in the interfer-
ence structure [5]. On the basis of the D-SR time delays, Duan
et al. adopted an extended Kalman filter to estimate the mov-
ing source position and speed by a single hydrophone [6]. Tech-
niques such as relative time delays with a Bayesian scheme or
a matched cross-correlation function between the D-SR arrivals
at two hydrophones were adopted in the deep ocean [7, 8]. The
bottom-surface(BS) and surface-bottom(SB) arrivals are chosen
for localizing the source in the shadow zone, where the D-SR ar-
rivals do not exist on the basis of ray theory. Yang et al. presented
a source depth estimation approach based on the time delays of
bottom reflection (BR) and surface-bottom-surface(SBS) reflec-
tion or SB reflection and BS reflection with a vertical line array at
moderate range in the deep ocean [9, 10]. Weng et al. presented
a passive source localization method with a single hydrophone
based on the interference of periodic structures matched with
modeled interference stripes, which are dominated by BR, SBS,
SB and BS rays [11]. Duan ef al. proposed a narrowband source
localization method, in which the source range and depth are es-
timated by the weighted subspace fitting technique and the time
delays between BR and SB arrivals [12].

In this paper, the source range and depth are shown to be con-
nected with the time delay between BS and SB (TDBS) arrivals.
The source position can be localized by comparing the simu-
lated and measured TDBS arrivals at two vertically aligned hy-
drophones. The remainder of this paper is organized as follows.
Section 2 describes the relationship between the TDBS and the
source position. Section 3 presents the numerical simulation to
demonstrate the performance of the TDBS method in the deep
ocean. Section 4 shows the experimental results with the TDBS
method in the South China Sea. The conclusion of this work is
drawn in the final section.

2. Description of the source localization method

For simplicity, a deep ocean waveguide with a bilinear sound
speed profile (SSP) was considered, as shown schematically in
Figure 1. The SSP can be expressed as

c(2) = cogi|ze—z|, &<0 i=12 (1)

where g;, z. and ¢, represent the sound speed gradient above or
below the axis of the sound channel and the depth and sound
speed of the sound channel, respectively.

The travel time of a given ray can be simplified as [13]

Z
1
1(z) = J —d7, 2)
w ()1 = e (2)
where z is the source depth, ac = k,c¢/w = k,(k = cos, and 6
represents the ray declination angle at any depth. By combining
Equations (1) and (2), the travel time can be expressed by the
grazing angle [14],
Oi+1 1
| dgb’ )

cos ¢

1

8i

Zé |20, 260, + 6} /3 -6 /3] .
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Based on Snell’s Law, the relationship between the grazing an-
gle and the sound speed can be expressed as cos aps/c; = ags
and cos asp/c; = asp, where asp and apg represent the grazing
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Figure 1. Schematic of the BS and SB paths in an ocean
waveguide and the measured SSP (a) bilinear SSP and the
source/receivers above the sound channel axis, (b) the measured
SSP in the experiment and (c) corresponding transmission loss
at 250 Hz with the source at 50 m using BELLHOP.

angles for the SB and BS paths, respectively, aps and agp are
constants, and ¢ is the sound speed at the source depth. By ex-
panding the grazing angle in a Taylor series and neglecting the
high order terms, the travel time along the BS and SB paths can
be expressed as

16 — 8n
tps ~ ——— (4D — 2z, + 2z,.),
BS N aps 752—8( Z Z)
16 — 8«

tsp N asp—— (4D + 22, - 22,), 4)
m* =8

where D, z, and z are the waveguide depth, source depth and

receiver depth, respectively, as shown in Figure 1. Similarly, the

horizontal distance in the stratified medium with the same sound

speed gradient can be written as

1
2

i

r(z)

i1
J cos ¢ dg ‘ (5)
0;

&

1
"(Zo)+za—g_ |9i—9i—1 - (9?/3_9?—1/3” .

Considering that the declination angles along each path are small
for a large propagation range, the relationship between the travel
time and the horizontal distance can be approximated as ¢ ~
2a(r(z) - r(zo)) from Equations (3) and (5). By differentiat-
ing r and t with respect to 6, u = (dr/06)/(dt/d0) = or /ot
is a constant as the wave propagates along the ray. The hori-
zontal distances covered by the BS and SB paths are the same
as shown in Figure la. Substituting Equations (4) and (5) into
the above approximation relation between the travel time and
the horizontal distance, the constraint condition was concluded
tobe 2D < |z, — z| [10]. In other words, the TDBS method can
be utilized under the assumption that the difference between the
source and the receiver depths can be neglected compared with
the waveguide depth.

Notably, TDBS can be related to the horizontal distance and
the receiver depth from Equations (4) and (5). The relationship
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can be expressed as

TBS-SB = (tBS - tSB) = 2(035 + aSB)r
32— 16x

= oy [2P(ans —asn)

+ (aBS + ass) (Zr - Zs)]-

This relationship directly indicates that TDBS has a unique solu-
tion when the horizontal distance, source and receiver depth are
fixed. The TDBSs calculated for the receivers at different depths
are different. The relationship between the TDBS and the source
position is regarded as a monotonic function in Equation (6). The
simulated TDBSs on a hydrophone at depths of 50 m and 300 m
are shown in Figure 2a and 2b, respectively. Comparing the re-
sults in the Figure 2a and 2b, the TDBSs are different for the
hydrophone at a given position, which are calculated from two
different sources. The TDBS is more sensitive to the depth varia-
tion than to the range variation when the receiver depth is closer
to the source depth, and vice versa. Therefore, the source posi-
tion can be estimated by matching the TDBSs of the real data and
the replicas, which are calculated from at least two hydrophones
at different depths.

By using the least square errors between the measured and
modeled TDBSs, the cost function is defined as

al -1
L(s) = Hmax [exp <§(T,(i) - Tm(s))2>] ’ 6)

where 7,(i) is the measured TDBS at the ith receiver, N is the
number of receivers and 7,,(s) represents the calculated TDBS
at position s. In addition, 62 represents the variance of errors in
the TDBS caused by the perturbed SSP, the uncertainty at the re-
ceiver position and the errors from the cross correlation of the
measured time series of the recorded data [15]. In accordance
with reciprocity theory, z,,(s) can be replaced by exchanging the
unknown source and a given receiver to decrease the computa-
tional cost. In particular, the number of the hydrophones is cho-
sen to be two in the present method. In addition, for the TDBS
extracted at each single hydrophone based on Equation (7), the
phase mismatch between two hydrophones could be neglected.

3. Simulation results

The performance of the TDBS method is shown in a numerical
simulation, in which the sea bottom is assumed to be flat with a
depth of 4000 m. The adopted SSP was measured in the South
China Sea, as shown in Figure 1b. The depths of the sources are
selected to be 10 m and 200 m, and the horizontal distances are
assumed to be 15 km and 25 km from the hydrophones. Two hy-
drophones at depths of 510 and 820 m are used to obtain the time
delay between the BS and SB paths, respectively. On the basis of
the core data, the sound speed of the compressional wave and the
density and attenuation coefficient of the sediment are 1550 m/s,
1.31kg/m® and 0.15 dB/A, respectively. The BELLHOP model
[16] was used to compute the TDBS at each receiver and extract
the time arrival information in the replica acoustic field. Further-
more, the standard deviation of errors ¢ was calculated as [15]

o =1 0'31, + stp + O-L%I‘().Y.Y’ (7)

where ¢,, = 2ms with the receiver position uncertainty of 3 m,
o5, = Oms because of the independent deep ocean waveguide,
and o.,;s = 1ms corresponding to the errors from the cross

249



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 105 (2019)

correlation of different lengths of measured signals. As a result,
22+ 12+ 02~ 2,24ms.

In the first scenario, the two receivers are deployed at the range
of 25 km from the source. The TDBS matching results for a sin-
gle receiver at a position of (200 m, 25 km) with different source
depths are shown in Figures 2c and 2d. In other words, the num-
ber of the hydrophones is assumed to be one in Equation (7).
Assuming that the measured time delay and the positions of the
receivers are fixed, the estimated source depths at different hor-
izontal ranges are determined as the main lobes shown in Fig-
ure 2¢ and 2d. The main lobes are oriented obliquely with respect
to the range and depth axes in both figures. Obviously, the cur-
vature of the main lobes decreases with the decrease in receiver
depth at close range, and the slope of the main lobes approxi-
mates a constant at large range. Therefore, a linear relationship
is approximated between the TDBS and the receiver depth/range
at the large range, which is consistent with the aforementioned
Equation (6). Furthermore, the width of the main lobes broadens
as the range increases. This result indicates that the performance
of the TDBS method degrades at large distance. Based on ray
theory, the difference in depth between two rays launched with
adjacent take-off angles is shown as

Az = Jdby/cosb, (8)

7= 0z \? or\?

-V(%) +(5)-

where J and d, present the Jacobian and the difference in ad-
jacent angles, respectively. Obviously, Az increases with the in-
crease in range for given take-off angles. In other words, the “ray
tube” widens qualitatively at large distances.

The estimated ambiguity surfaces by using the TDBSs of the
two receivers and Equation (7) are shown in Figures 3a-d, where
the source positions represented by white squares are (15km,
10m), (15km, 200 m), (25km, 10m) and (25 km, 200 m), re-
spectively. The results indicate that the source position can be es-
timated effectively in the above-mentioned cases. It is worth not-
ing that the estimated source position in Figure 3d is the intersec-
tion of the two main lobes shown in Figure 2c and 2d. Obviously,
the localization performance is better at a closer range whether
the source depth is 10 m or 200 m. A comparison of localization
with the source at different depths is shown in Figure 3c and 2d.
The results indicate a relatively good range localization capabil-
ity for a shallow source and good depth localization capability
for a deep source. Furthermore, the main lobes in the ambigu-
ity surfaces are oriented toward the horizontal direction as the
source depth increases. This finding can be interpreted that the
calculated TDBS decreases with the hydrophone at a large depth
for the given source position shown in Figure 2a and 2b.

4. Experimental verification

A total of 16 distributed hydrophones were used to collect acous-
tic data during an experiment conducted in August 2014 in the
South China Sea. The hydrophones were configured with a sam-
ple rate of 48 kHz and a sensitivity of —180dB re 1 V/uPa. The
hydrophones were deployed at 110-820 m with different inter-
vals. The bathymetry of the deep ocean region was flat and
the depth was approximated to be 4000 m. Broadband explosive
sources with 1 kg TNT were used and deployed from the research
ship whose GPS positions were recorded. The SSP in the wa-
ter was measured with a conductivity-temperature-depth probe
(CTD) near the position of the hydrophones, as shown in Fig-
ure 1b. For simplicity, the 15th and 16th hydrophones were se-
lected at depths of 510 m and 820 m, respectively. Two groups
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Figure 2. Simulated TDBSs on a hydrophone at depths of (a) 50
m and (b) 200 m under different source localizations. Ambigu-
ity surfaces of the TDBS processing for a source at a position
of (200 m, 25 km), where the hydrophones are at depths of (c)
510m and (d) 820 m.
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Figure 3. Ambiguity surfaces of the TDBS method for the
source positions of (a) (15km,10m), (b) (15km,200m), (c)
(25km,10m) and (d) (25km,200m), which are represented as
white squares.

of explosive source signals at ranges of 16.5km and 17.5km
away from the receivers were chosen for demonstrating the per-
formance of the TDBS method. On the basis of the character-
istics of the bubble period of the explosive sources, the source
depths were recalibrated as 58 m and 320 m [11]. Furthermore,
the o was assumed to be of the same value as in the simulation.
Figure 4a shows two received time series and the corre-
sponding multipath time delay arrivals of the two hydrophones
at depths of 510m and 820 m, for the source at a position of
(17.5km, 320 m) in the experiment. For obtaining the measured
TDBS, the time sequences containing only the SB and BS ar-
rivals were selected. By using the cross-correlation method for
the sequences [10], the time delays between BS and SB paths
were extracted as 0.1071 s and 0.2843 s, which are the peak val-
ues represented as red squares in Figures 4b-c. The multipath
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drophones. (d-e) multipath time delays computed by BELLHOP
at the 15th and 16th. hydrophones.
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Figure 5. Ambiguity surfaces of the TDBS method for the
source positions of (a) (16.5km, 58 m), (b) (17.5km, 320 m),
(c) (20.38 km, 58 m) and (d) (23.26 km, 320 m), which are rep-
resented as white squares.

time delays, including the BR, SB, BS and SBS paths plotted in
sequence, can be obtained from BELLHOP using the measured
SSP and are shown in Figures 4d-e. The resulting replica TDBSs
were 0.1075 s and 0.2883 s. The difference in the TDBS between
the experiment data and the model result is small. The errors of
the difference can be caused by the different lengths of the time
windows for the recorded data, and the uncertainty of the envi-
ronmental parameters and receiver depths.

The ambiguity surfaces were calculated by substituting the ex-
tracted TDBSs and the variance of errors in the TDBS into Equa-
tion (9) for different source positions, as shown in Figure 5. The
results indicate that the source position can be estimated with
a high resolution by the TDBS method. The errors between the
peaks on the ambiguity surface and the real source positions were
less than 10 m and 0.5 km in depth and range, respectively. Simi-
larities between the experimental and the simulated results in the
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depth and range resolution for different source depths were also
observed. The TDBS is more sensitive to the depth change when
the receiver depth is closer to the source depth, and vice versa.
The higher depth resolution and the lower range resolution could
be achieved with a smaller distance between the source and the
receiver depths, and vice versa. To a certain extent, the perfor-
mance of the TDBS matching method is better at close range.
The modeled TDBSs were greater than the measured ones for
the source at a position of (17.5 km,320 m). Therefore, the real
source position was in front of the peak of the main lobe shown in
Figure 5b. Furthermore, the localization error may be caused by
neglecting factors such as sound speed fluctuations, rough bot-
tom, and surface and bottom scattering.

5. Conclusion

In summary, a source localization method based on the time de-
lay between BS and SB arrivals in the deep ocean was proposed.
The source position including range and depth can be localized
by matching the measured and modeled TDBSs, which are cal-
culated from two receivers at different depths. The performance
of the TDBS method was demonstrated with the numerical sim-
ulation and the experimental data for different source position
scenarios. The estimated source positions are in good agreement
with the recalibrated depth and the GPS measurement in the ex-
periment. The higher depth resolution and the lower range res-
olution could be achieved with a smaller distance between the
source and the receiver depths, and vice versa. Compared with
the source localization method that utilized the TDOA based on
the D-SR arrivals, the proposed method could be applied in the
first shadow zone. Furthermore, the TDBS method neglect the
phase mismatch between two hydrophones, and needs no prior
information about the broadband source. However, the BS and
SB paths are closely related to the sediment properties, especially
for the bathymetry. The variation of the bathymetry could reduce
the robustness of the TDBS method due to the inaccurate esti-
mated TDBSs. In other side, the BS and SB arrivals extracted
from the received signals need to be identified, which are related
to the difference of the depths between the source and the re-
ceivers. The large receiver depth can be a good choice for local-
izing the source in the shallow areas, which can neglect identify-
ing the nature of the various arrivals. Further analysis would be
helpful in improving the robustness of the method and applying
it in ocean acoustics.
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