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High-resolution range and velocity estimation method based on
generalized sinusoidal frequency modulation for high-speed
underwater vehicle detection
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ABSTRACT: Underwater active target detection is vital for defense systems, requiring accurate detection and
estimation of distance and velocity. Sequential transmission is necessary at each beam angle, but divided pulse
length leads to range ambiguity. Multi-frequency transmission results in time-bandwidth product losses when
bandwidth is divided. To overcome these problem, we propose a novel method using Generalized Sinusoidal
Frequency Modulation (GSFM) for rapid target detection, enabling low-correlation pulses between subpulses
without bandwidth division. The proposed method allows for rapid updates of the distance and velocity of target
by employing GSFM with minimized pulse length. To evaluate our method, we simulated an underwater
environment with reverberation. In the simulation, a linear frequency modulation of 0.05 s caused an average
distance estimation error of 50 % and a velocity estimation error of 103 % due to limited frequency band. In
contrast, GSFM accurately and quickly tracked targets with distance and velocity estimation errors of 10 % and
14 %, respectively, even with pulses of the same length. Furthermore, GSFM provided approximate azimuth
information by transmitting highly orthogonal subpulses for each azimuth.
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Fig. 1. (Color available online) (a) PRI based method,

(b) divided pulse length based method, (c) multi—
frequency based method.

The Journal of the Acoustical Society of Korea Vol.42, No.4 (2023)



322 ERIENRES.

Fig. 2. (Color available online) A schematic diagram
that detects target by beamformed signal for each
azimuth,
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Fig. 3. (Color available online) Spectrograms of a
GSFM pulse : (a) p =1.2, C =10, (b) p =2, C =10,
(c) p =35, C =10,

o714 i A2k QlEl,
si< 82 2ol 1
|45 LehiiT) e 1T
© GSPME:SFME 5915181 e} 51ck Fig 3
A 4 Qh0] p7t A WS GSEME ATk}
Zol|A] vt o] AR T30 2, a= GSEMQ]
A Fu 0] Aol 4 0= 0 775 AATITh
GSFME =22 Bl F¢o] Feiska F.¢ol
22 A4 FElE UEb =] 7hdt Time/Frequency
Reflection(TFR)&- 58l 2/ /0] HAE = FHAE
A8 4= QIT TFRE A7 53 o of| A A1 3
S WAA7 = R o = ihd o] A8 E] 4] k2 7]
& Forward-Time(FT)-S 3£ $F5}Ho] FT/Flipped-Frequency
(FT/FF), Reverse-Time(RT), RT/ FF, Time-symmetric(TS),
712 3L TS/FF % 6714] o] Bzt glekl



Fig 19] 7]& B $Al 7|50 s S T8
317] 18 GSFM 7to] 2142 g3 HA 44l
71 AkiT). 712 7 HE AL 1k B
915 wr9luict Halats Ao A7 AL 7
U oo} 25 Uik sk Al oket w2 Fig, 4

2
s
i)
S
_l

¥0,
i
©
o
el
2
2
ol
)
Hu
e
[

N

e}
=
SA15LE, =S BatalA) ofth. uletA, 7|
Z 30| &AL ") E3 7|20
GSFM% 8H2-3F o 1518913} gha] HA 7o) = o

=
X
S
)
e
1o
4z
il
[~
il
oZ
oX,
ek
4n
N
N
N
o 1o

0 1o
ox
)
1<)

N,
P

op Y&
)
o
&
&
i
ot
N

e
k=l
oy
o

19 o o
>,

fr dr >~
(DN
D
2
o >
M
5 X
torlr
4
o
o o

=)
=
m lo )
iz
1)
[>
|
>
oo
P,lﬂ
pase
fd
9]
=
1o
o
1o
f
off
>

2
i)
[>
of
> g
QL
38,
)
A

. GSFM e} ] o] &b 9]

A 1 9]+= Reference [9]& 7L

%rlr
H

fe~)
&
O.NL. [
2 &
2o
RS

o

Frequency
Azimuth

Pulse length

Bandwidth

~ Time

Fig. 4. (Color available online) Proposed GSFM based
rapid searching method.

Table 1. GSFM parameter search range,

Range
p [1:0.01:3.5]
C [1:1:40]
TFR [FT, FT/FF, RT, RT/FF, TS, TS/FF]
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Fig. 5. (Color available online) Conditions of the
simulated underwater environment (a) ray tracing,
(b) sound velocity profile,
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Fig. 6. (Color available online) Simulation scenario.
Based on the transmitter, the initial position of the
target is [0, 2,000 m] and moves at a velocity of [40
m/s, 0]. And, the search range for each transmission
azimuth is shown,

Table 2. Pulse parameters.

LFM GSFM
Center frequency | [2,550 Hz:100 Hz:3,450 Hz] | 3,000 Hz
Bandwidth of 100 Hz 1,000 Hz
subpulses
Number of
10
subpulses

Table 3. Simulation parameters.

Sampling frequency 10,000 Hz
PRI 0.5s
Pulse length 0.05s
Target velocity 40 m/s
Water depth 75m
Depth of transmitter 5m
Depth of target 20 m
Initial target distance 2,000 m
Detection range 3,000 m
Signal-to-noise ratio -5dB

SIS UeIel| H42@ H4L (2023)

4.2 45 EIt

Bes Brke7ol oAl a4 S 4235l
el Ade FE3] FAT = = HA ol &
g gtel. LIMaF GSFM @] 7]+ a}2ta] €] = Table 2
o} o GSFMQ)] p, €, TFRS 18]t] etug| &0
2 gAlgh gt g & ARggcM B o= 7

2 GSFM A o) o] 22 AFR-81=159] 4] 0.01 s
Aol &= F7Fst it EEe A a1esh] ¢
HAAE9] fE7HE 34 £221 40 mis7HA] 0.5
/s ©H9| 2 A/dste] At e HE

=&Y SoflA A Mﬂ%—i%‘%é

oX

|=JH1‘11=J

2 oofN Y
N g Mo
O o Rl Il ot ox

R
Trx]ﬂx]u} LFM° P 71017} g.}O} A

o] A& AR Al = A7 4 sh= A Fi
3l & 4= glth LIMS- gH4 =l o & =
Bl 49 A djg=Ze) F

o] Al2}zltt. Fig. 81} o] LM tff & o]
3H 2 719] Peak Sidelobe Level(PSL)©] ofj-9- 4=-2-¢
A =4 eafe] Yelo] Hr} vlH o) GSFM
LFMEC 3o 2 2wAo] I oFA|qt
F|A43ho] 2w A& BHARTE o] 24 0.05 s8] HA
1], 18] 3 10 %2] duty cycleS A}8-35}0] 7145 &
Ay A 24 AL FAlo| EskaLA; 51l
t}. WA Fig. 9(a) LFIM2] =E2-A17F H 3 e
AE B JFA7E LA A Y 9127 ofd o

_i_
ag
S

>
o)
o

rO
o

_4

Noflorfr e o_>|: mlo
HH

m\!

Maximum Value ot crogs matched nltermg

== == — T

Level (dB)
(o>}
-

— — —LFM
GSFM

-12 & I I 1 L L I | I L L S|
0.01 0.02 0.03 0.04 0.05 0.06 0.07 008 0.09 01 05 1
Pulse length (s)

Fig 7. (Color available online) Maximum value of
matched filtering of subpulses according to pulse
length (dashed line : LFM, solid line : GSFM).



Peak sidelobe level

Pulse number

Pulse number
(a) LFM

Peak sidelobe level

Pulse number

o 0
2
-4
R
-8

-10

12

14

-16

-18

20

1 2 3 4 5 6 7 8 9 10
Pulse number
(b) GSFM

Fig. 8. (Color available online) Peak sidelobe level
matrix of 10 subpulse : (a) LFM, (b) GSFM.

& 2o HAsk= Ae & 4 Atk ol = AR
g @2tz A4 ) o, Fig. 9(b) GSFME] =&
2-AIZE Qe DE ) Aol A= AR SolA] 2
A 7Fe] A mAlo] A7) wfjEo) & o] 9R|5H= A
ko] 7R wlalsl yH A F-7Ee] 1] 7} v
SRt ARA o=, AT Aol A 7R
= ] A3 vl sk Fig 83 o] 2|ul/d o]
=2 GSIMO| R AES S-851H 14 o585

£ fIvt 34 gAY o] Thsdhe 2lE 4 Sl

)

Figs. 1037} 110]i= 4] 8] 7 2] 9l £&= 274 0245
A1 & t]] ZF8Fu](Signal-to- Reverberation Ratio, SRR) ]|
fstol Jelstoiek. Fig 99] 43 el Aol
o AFSE 4= 9] 0] LFIM-2 A7t Zof| A L4158t Bk
BT} 8 WA 27104 $A1g B Q1A st
7] o]tk L= Q13f, Figs. 103} 1104 & 4= R15%0]
7] 242 1,000 m 0|4, &= 324 S 40 mis 0|4

T 43R GRS 915 YukshE ARl ok Wz 7|8 DAk A2 9 S 2 7)Y 325

Matched filtering result

e 14 et
= > @ -

Normalized level

Hd
[

o

T o 1
Velocity (m/s) ¥ TIme (s)
(a)

Matched filtering result

¥

Normalized level

3

2

Velocity (m/s) ¥ Time (s)

Fig. 9. (Color available online) Matched filtering
result : (a) LFM, (b) GSFM, the circle of the dotted
line means the correct answer, and the arrow of the
solid line indicates where the peak occurred.

o] vj-¢- 2 LIS Fig. 10(a), ()& 27
LFM-2 SRRO]| =0} A1k A1 5 9] of ko] 2L 7 2o

% 9247} 2] AYHE 22 BHIE 4 ek 1o
HES), Fig. 10(e). ()% A1 147 GSEMES o] v

2 2 &-10dB o4 ol = A2 37 1m, 1231

274 1 mis o2} S 2.2 © 2l Ay
u}. Tkl SRRo| 15 dB whofli= 7kak Al 5 2 <13 4
@%aau M54 91207} BR8] A GSPME 7]
2 9 & 2 oAt AA wshe S Bl
= U}x]HPOE Fig. 125 21 GSFMQ] 721
o 2 = Ao A1 HA 7Ho] R WA EHH E| 7|
o 2ol th=f of = R ffoll Al A o] HAH R=A &

% giek.

ofi
3R

i

The Journal of the Acoustical Society of Korea Vol.42, No.4 (2023)



326

Distance error for SRR

SRR|dB|

PRIindex
(@
Distance error for SRR
-15 | 28534
-10 01l 0.13 0.13 012 010 0.03 0.13 0ll 012 0.00
-5 01z 0.13 0.13 012 010 0.12 0.13 0ll 012 0.00
—
£
i 0 01z 0.13 0.13 012 010 0.12 0.13 0ll 012 0.00
7
S 01z 0.13 0.13 012 010 0.12 0.13 0ll 012 0.00
l 0 01z 0.13 0.13 012 012 0.12 0.13 0ll 012 0.00
lS 01z 0.13 0.13 0.03 012 0.12 0.13 0ll 012 0.00
1 2 3 4 3 6 7 8 9 10
PRIindex
(c)

Fig. 10. (Color available online) Target estimation errors for various SRR = —15 dB, —10 dB, —5 dB, 0 dB, 5 dB,
10 dB, 15 dB : (a) distance error for LFM, (b) velocity error for LFM, (c) distance error for GSFM. (d) velocity error

1800

1600

1400

1200

1000

800

600

400

200

1800

1600

1400

1200

1000

800

600

400

200

SRR[dB|

SRR[dB]

PRIindex
(b)
Velocity error for SRR
70
os|os| o |os| 1 |os 0 60
05(05| 0 |03 0 |05 0 50
05|(05| 0 |os| o |os 0 40
05(05| 0 |03 0 |05 0 30
20
0505 0 o 0 |05 0
10
05 (05 1 o 0 |05 0
0
2 3 4 5 6 7 10
PRIindex
(d)

for GSFM,
Distance estimation error : average value for SRR 60 Velocity estimation error : average value for SRR
3L LFM | | LFM

10 GSFM
— i
E g
o
< Q
=z 2
A 2

1021 ]

1 2 3 4 5 6 7 8 9 10
PRI index PRI index
(a) (b)

Fig. 11. (Color available online) Average target estimation errors for various SRR = —15 dB, —10 dB,

5 dB, 10 dB, 15 dB : (a) distance, (b) velocity.

RS H42@ M4 (2023)

0 dB,



Azimuth estimation

5 T A ;i
A LFM
O GSFM
Y Label
4 A & & ® & #* &
®
L
=
k=
S 32 ® * ® A ]
£
N
<
2 Ja A J
1L 1 1 1 L L L 6 J
1 2 3 4 5 6 7 8 9 10

PRI index

Fig. 12. (Color available online) Azimuth estimation
for SRR = —10 dB. This is the result of estimating the
orientation in which the target is located in the
scenario shown in Fig. 5 (triangle : LFM, circle :
GSFM, star : label), Label refers to the actual target
position in the simulated environment,

V.2 E

2 = 1; GSFM& o] g3lo] %
4= 293t H A EA] 7]m S Alorsl
t%ﬂﬁﬂ4ﬂ%}aﬂ%*&ﬂﬁﬂﬂm%%é
Z

WYL RS

h 3%

GSFM= 4 lf"P"ﬂﬁP 54 &4 %*36}01 Rl
SRRof| tjste] A2l Bl £ 324 A3-E LEM} v]
wakich AE A}, LFM the] GSFME gH4 = of
AZalgo HA Zlo] 27N E A W &=
A A7} w9 3@} o|dst A% ;(].o]_,] 7].;(1—5_
821> GSFM:

O] =52 2023 AFE(YAIAH) ] Aoz
TSN TATALL] A YPE ol = A7

327

(20-106-B00-003).

10.

11.

12.

13.

14.

15.

References

W. C. Knight, R. G. Pridham, and S. M. Kay, “Digital
signal processing for sonar,” Proc. IEEE, 69, 1451-
1506 (1981).

. A. A. Winder, “Sonar system technology,” IEEE Trans.

Sonics Ultrason. 22, 291-332 (1975).

. A. D. Waite, Sonar For Practising Engineers 3rd Ed.

(Wiley, Chichester, 2002), pp. 125-219.

. Cox and Henry, Underwater Acoustic Data Processing

(Springer, Dordrecht, 1998), pp. 3-24.

. G. Hickman and J. L. Krolik. “Non-recurrent wide-

band continuous active sonar,” Proc. OCEANS, 1-6
(2012).

. D. A. Hague and J. R. Buck, “The generalized sinu-

soidal frequency modulated waveform for continuous
active sonar,” Proc. OCEANS, 1-8 (2015).

. W. S. Son, Y. K. Seo, W. J. Kim, and H. N. Kim,

“Analysis on signal transmission methods for rapid
searching in active SONAR systems,” Proc. ICGHIT,
237-242 (2019).

. D. A. Hague and J. R. Buck, “A generalized sinusoidal

frequency modulated waveform for active sonar,”
Proc. Conf. ASILOMAR, 876-879 (2012).

. G.Kim, K. Lee, K. Yoon, and S. Lee, “A study on pulse

train waveforms for high duty cycle sonar systems:
optimization scheme and relationship between ortho-
gonality and bandwidth,” IEEE Access, 9, 119800-
119817 (2021).

G. Kim, S. Lee, K. Yoon, C. Ryu, M. Park, and Y.
Choo, “Design of generalized sinusoidal frequency
modulated pulse train waveform to improve tracking
performance of high duty cycle sonar systems,” IEEE
Access, 10, 116543-106555 (2022).

D. A. Hague and J. R. Buck, “The generalized sinu-
soidal frequency modulated waveform for continuous
active sonar,” Proc. OCEANS, 1-8 (2015).

J. Hong, C. Cho, G. Kim, K. Lee, and K. Yoon,
“Multiple vertical depression-based HMS active target
detection using GSFM pulse” (in Korean), J. Acoust.
Soc. Kr. 39, 237-245 (2020).

N. Levanon and E. Mozeson, Radar signals (John
Wiley & Sons, Hoboken, 2004), pp. 1-19.

S. F. Altschul, W. Gish, W. Miller, E. W. Myers, and
D. J. Lipman, “A basic local alignment search tool,” J.
Mol. Biol. 215, 403-410 (1990).

R. J. Urick, Principles of Underwater Sound 3rd Ed.
(Peninsula Publising Los Atlos, California, 1983), pp.
147-197.

The Journal of the Acoustical Society of Korea Vol.42, No.4 (2023)



16. Q. Li, Digital Sonar Design in Underwater Acoustics
(Springer, Berlin, 2012), pp. 151-278.
£ (Jinuk Park)

| ®xt or2

328

= <z o« ol Fo

K R ~ ol XMl X == t <l

gloook ol oFo-H0 50 3 2 8l o

% N < RN T S

N RO HoHo RS o B RO

kR KKK ot Mo o O m

@ = gk 8l MW:.Q

W o~ @ HEE koW T 8=

~ o KO wof o of X < <1 a1

- To o o .ﬂ.ﬂ%mo

ER - W X =

E Y REL OF SR

WX = Gigia aD W

_w.___o_.mh_u_.wvamﬁ_ mmlm__ol%____mh_ wv___au < o_zoo.__o_lu_ S

my By o gy T X)) X 00 3 &

M__o_.B_.._oBm.._ c DR QI YIM 2] I

S o =} S S559 S c o

« « « S NN « o >
= 2 o
=] =3 o
0] m m
C) 2 2
i - G i
rd / Ko R0
N xr 100
A A A

YX] H423 H4a¥ (2023)

F

o=

GRS

o=





