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This study proposes a method to estimate the
source-receiver distance when a long-pulse linear
frequency-modulated (LFM) signal used in a
low-frequency active variable-depth SONAR (LFA VDS)
system is intercepted. The proposed method uses the
difference in the received sound pressure at two
frequency components within the same LFM sweep
and the corresponding difference in absorption
coefficients. This distance-estimation formula is
modeled based on a single-ray assumption; its validity
was verified through acoustic propagation simulations
using the BELLHOP model, and its sensitivity
characteristics were analyzed using Monte Carlo
simulations.
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Fig. 1. Time-frequency spectrogram of LFA VDS signal
from reference [14]
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Table 1. Comparison of LFA and HMS specifications from references [9-12]

Tvoe SQS-56 Sea Lancer Mk.2 CAPTAS4
yp (HMS) (Lightweight LFA) (LFA) (LFA)
Deployment depth (m) Keel-mounted 15 ~ 300 50 ~ 200 <250
Operating frequency (kHz) 6.7,7.5,8.4 1.2~1.6 1.5~3.5 09~241
Transmit bandwidth (Hz) 400, 800, 1600 50, 100, 300 20% cf’f the operating <640
requency

Source level (dBre 1 uPa) 215 219(0mni), 221 (Sector) Not disclosed Not disclosed
Pulse length (s) 0.005~1.6 0.039 ~ 10 <16 1~16

Pulse type CW, FM, Mixed CW, FM, CW, FM, waveform CW, FM, Mixed

wave-train, multi-pulse

configurable
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Fig. 2. Amplitude spectrum of LFM waveform from ref-
erence [28]
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Fig. 3. Schematic of the simulation setup
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Table 2. Depth-dependent seawater properties and sound-speed profiles of the East Sea from References [35-37]

(m) Temperature Salinity Sound speed  Temperature Salinity Sound speed
(0) (%) PH (m/s) ) (%) PH (m/s)
0 28.971 31.960 8.200 1540.1 9.437 34.216 8.200 1486.6
10 27.945 32.391 8.199 1538.4 9.334 34.211 8.199 1486.4
20 26.257 33.252 8.198 1535.7 9.230 34.206 8.198 1486.1
30 23.403 34.072 8.196 1529.9 9.127 34.202 8.196 1485.9
50 17.158 33.860 8.194 1512.8 9.026 34.196 8.194 1485.9
70 16.124 34.271 8.191 1510.5 8.965 34.194 8.191 1486.0
90 15.512 34.473 8.189 1509.1 8.802 34.199 8.189 1485.7
150 4.035 34.210 8.181 1468.1 5.103 34.206 8.181 1472.3
200 1.919 34.196 8.175 1459.8 2.457 34.212 8.175 1461.9
300 1.173 34.211 8.163 1458.1 1.006 34.212 8.163 1457.2
400 0.888 34.217 8.150 1458.5 0.714 34.217 8.150 1457.5
500 0.727 34.221 8.138 1459.4 0.619 34.220 8.138 1458.7
600 0.602 34.224 8.125 1460.5 0.532 34.222 8.125 1460.0
700 0.506 34.226 8.113 1461.7 0.487 34.223 8.113 1461.4
800 0.440 34.228 8.100 1463.1 0.459 34.223 8.100 1463.0

Table 3. Depth-dependent seawater properties and sound-speed profiles of the West Sea from References [37-39]

(m) Tempoerature Salinity oH Sound speed Temp?rature Salinity oH Sound speed
(C) (%o) (m/s) (C) (%o) (m/s)
0 28.306 30.747 8.100 1537.2 7.200 32.342 8.100 1476.0
10 28.133 30.821 8.100 1537.0 7.132 32.362 8.100 1475.9
20 23.881 31.425 8.100 1527.8 7.092 32.362 8.100 1475.9
30 18.178 32.581 8.100 1513.8 7.082 32.362 8.100 1476.1
50 13.107 32.979 8.100 1498.7 7.055 32.364 8.100 1476.3
70 11.808 32.914 8.100 1494.6 7.054 32.361 8.100 1476.6

228 2026; 9(1); pp. 224-233 Journal of the KNST



B (5T 5, A4 A, UE)+= 591 1450 m/s, q HFAas 9 ZAE 7Nt R ol e
0.069 dB/m/kHz,1.331 g/cm?>, A3}l 1573 m/s, 0.08 2 A 835}9ct.

dB/m/kHz, 1.85 g/cm’Z 7} 733} t}[33,34]. ESH

FFAAEE fA9E FHE 2t A% Bl 40 B o|d ATt

250 m/200 m, A3 50 m/35 m=Z A5}t 19

I v B A3 =91 reference [40]2] SHHFE FH T HGALE AFEA Agdee F 24 4729

Table 4. Range-estimation results of the East Sea

e <lp 15> <o 15 SN o e MO <ot 15 < ot 1> €

(km) (Pa%/Hz) (Pa’/Hz) (km) (km) (km) (Pa%/Hz)  (Pa%/Hz) (km)

2.0  6.742e+00 6.614e+00  2.34 0.34 2.0  8476e+00 8.318e+00  2.30 0.30
45  7.801e-01 7.501e-01 4.81 0.31 43 1.509e-01 1.450e-01 4.89 0.59
6.0  4.496e-04 4.277e-04  6.04 0.04 6.1 3.552¢-04 3.376e-04  6.14 0.04
7.9 1.884e-03 1.762e-03  8.17 0.27 8.0  4.099e-04 3.827e-04  8.36 0.36
9.8  2.155e-03 1.993e-03  9.63 0.17 10.0  3.677e-04 3.387e-04  10.00 0.00
1.8 1.413e-03 1.285¢-03  11.62 0.18 0.38 11.8  2.982e-05 2.678¢e-05  12.13 0.33 0.46
13.9  2.741e-03  2.453e-03  13.59 0.31 14.0  2.150e-03 1.921e-03  13.82 0.18
16.2  5.355e-03 4.712e-03  15.69 0.51 16.0  5.640e-03 4.966e-03  15.62 0.38
18.7  3.864e-03 3.332e-03  18.16 0.54 18.0  1.256e-02 1.091e-02  17.23 0.77
211 6.936e-06 5.673e-06  20.41 0.69 20.0  6.827e-03 5.839e-03  19.19 0.81

*Summer: a(f;) = 0.1134 dB/km(0.013056 Np/km), a(fz) = 0.1488 dB/km(0.017132 Np/km), < | n(f;) | 2> =7.181e-07 Pa?/Hz, < | n(f,) | > =
4.086e-07 Pa?/Hz
“Winter: a(f;) = 0.1128 dB/km(0.012985 Np/km), a(f,) = 0.1481 dB/km(0.017056 Np/km), < | n(f;) | 2> =7.051e-07 Pa?/Hz, < | n(f,) | > =
4.015e-07 Pa¥/Hz

Table 5. Range-estimation results of the West Sea

ren <170 15 <l 15 SR e quse o 1<) | ST

(km) (Pa¥/Hz) (Pa¥/Hz) (km) (km) (km) (Pa’/Hz)  (Pa’/Hz) (km)

2.0 1.690e+01  1.659e+01 1.95 0.05 2.0 3.428e+00 3.372e+00  2.10 0.10
40  5.662e+00 5.465e+00  3.81 0.19 40  3.572e+00 3.463e+00  4.05 0.05
6.0 1.266e+00  1.201e+00  5.65 0.35 6.0  7.862e-01 7.505e-01 6.02 0.02
8.0  7.013e-01 6.532e-01 7.64 0.36 8.0  4.475¢-01 4.208e-01 7.97 0.03
10.0  1.715e+00  1.568e+00  9.65 0.35 10.0  1.269e-01  1.175e-01 9.94 0.06
12.0  5.635e-01 5.078¢e-01  11.18 0.82 087 12.0  8.602e-02 7.848¢e-02  11.91 0.09 o1
140  2.127e-01  1.886e-01  12.92 1.08 14.0  1.577e-01 1.417e-01  13.85 0.15
16.0  1.175e-01  1.025¢-01  14.65 1.35 16.0  3.865e-02 3.421e-02  15.84 0.16
18.0  1.912e-01 1.629e-01  17.26 0.74 18.0  6.847e-02 5.971e-02  17.77 0.23
20.0  1.027e-01 8.669e-02  18.27 1.73 20.0  1.905e-01 1.636e-01  19.72 0.28

*Summer: a(fy) = 0.1037 dB/km(0.011942 Np/km), a(fz) = 0.1441 dB/km(0.016592 Np/km), < | n(f;) | >=1.041e-06 PaZ/HZ, < nlf) | >=
5.902e-07 Pa’/Hz

*Winter: a(f;) =0.1052 dB/km(0.012116 Np/km), a(fo) =0.1387 dB/km(0.015970 Np/km), < | n(fy) | 2> =8.386e-07 Pa’/Hz, < | n(f,) | &> =
4.773e-07 Pa?/Hz
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Table 6. Comparison of range-estimation sensitivity to
frequency bandwidth variations

Reference  Frequency

; Elr] bias

r(akr;rg];)e Ba?ﬁ_\;\ggth (km) (km)
4.5 4.78 +0.28 4.31 4.32
7.9 8.14 +0.24 4.31 4.32
N8 oy 1159 021 431 432
16.2 15.65 -0.55  4.31 434
21.1 20.36 -0.74 4,73 4,79
4.5 4.84 +0.34 2.09 2.12
7.9 8.22 +0.32 2.09 2.12
11.8 (1 '21;22'4) 11.70 -0.10 2.09 2.10
16.2 15.79 -0.41 2.09 213
21.1 20.52 -0.58 2.69 2.75
4.5 4.84 +0.34 1.33 1.37
7.9 8.21 +0.31 1.33 1.37
11.8 (0'91;82'7) 11.71 -0.09 1.33 1.33
16.2 15.81 -0.39 1.33 1.38
21.1 20.50 -0.60 2.58 2.64

Table 7. Comparison of range-estimation sensitivity to
pulse length variations

Reference  Pulse

range length
) (s)
4.5 5.82 +1.32 4.31 4.51
7.9 9.26 +1.36 4.31 4.52
11.8 1 12.49 +0.69 4.31 4.36
16.2 16.78 +0.58 4.31 4.35
21.1 21.48 +0.38 5.12 5.13
4.5 4.76 +0.26 4.31 4.32
7.9 8.20 +0.30 4.31 4.32
11.8 8 11.43 -0.37 4.31 4.33
16.2 15.71 -0.49 4.31 4.34
21.1 20.42 -0.68 4.88 4.93
4.5 4.66 +0.16 4.31 4.31
7.9 8.11 +0.21 4.31 4.32
11.8 16 11.35 -0.45 4.31 4.33
16.2 15.64 -0.56 4.31 4.35
21.1 20.36 -0.74 4.72 4.78

0.40 km, 4.39 kmZ Y e} o FEHA}O] ko
2 Q18] RMSEL 4 km O]|At0 2 A& = 9t} 3HH,
A5 B 9 Z0] 600 HzOl A 34 F713 wf
2 #go] 0.05 km THE AAEHUL BE
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2.81 km T 7J A= o] RMSE7} 1~2 km +&F 02
AT AT 5= A3t o] = A5 tf g Eo] Yo
A4E F 3059 5715 ZHo] (A a) 7 F2H 5k
FTASAY v A A7 AR gHibE wf o] FA4lo]
#ast7] g Zolth. o] H et A= G A AENA A
T et HEeF o] LFA VDS A F=A] of whe} % 541
Ao g Fo] A=A 4 (9)° Qg A= 3ol
Ho tgA o= +384 5 A2 AR §H,
A dol7b1soA 168 SVt W] B Ao g HIF
0] 0.44 km Y&, #EZH A= 0.08 km THE & E 7]
A= oy, A Zol7t 8 sof|A 16 s& F7Fol =&
= F-ol gt ZFo] 7} LhEb - A] 9h gt o] = Al AH]
A7 Fapo| A <P >EAFHoE ST
T o= Y A do| oo A= HA Fo|7t
74| & AYFA A AZE Aol AtA A
L ERdH T

5.8

)
by
u_?lg
5,
—
o]
>
<
)

sS4 910g 2710 Y

3] FAQote AL F7AA(C1E, ) HFE
< & FGAE Bt ot g4=Fho] AAH o=
=430 §3 AR 7| 5L § UL E ofo] I
oo 2 S IA FAAIE 5 Uk ol & A
2 d4e Al EAFED)ANA JAHAER
LFM 4135 9] & 3y R4 SHE FASY2
Z4AS AolE 7Hto g $A ZREN] AYE
F3% 4 & S A A5t o] & BELLHOP &
g 76t S0 AY AR E o ASotAT AlE
glo]d A3 AIQtE A4 WH2 G- A Eof T
Aol A AN E Fa3 g HolF
oh ESH 2 AT AYEE WS 7|E A A 9
74 Q1 A A RS @551A] ¢ho v LFA VDS
SAA T Y3t AR R FEo] A TEE= AFEo|
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ot 383t ol E Ao R yfHrt.

J8uoE A2 E o b9 240 419 4
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£ BAT £ Sl Heto] gt & A7 a7H
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Pa)
—
72]
-

SHA A& 4 2 Aolth ¥, Aol A= o5
AEE 059 S FAIsHH: Aol vidsHA I
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718 A -go| A =|ojopyt 2] (9) A= S 4] 4-E&0]
NHed ACRE QFHG. AR = A T DA
2k Zpolof 7]¥ksto] £ A Aol o] & A S
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AL Bl Ze 24T vl A A 7ol
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