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The accurate calibration of broadband echo sounders is essential for providing high quality acoustic information for
fisheries applications. The increased range resolution of broadband echo sounder systems improves the detection and
characterization of targets near boundaries, such as fish near the seabed. Most echo sounder systems are calibrated
using tungsten-carbide (WC) spheres. For accurate calibration, it is necessary to select WC spheres of optimized
diameters used frequently to calibrate echo sounder systems. For these purposes, the measured and simulated target
strength (TS) data for seven WC spheres of different sizes were compared across a bandwidth of 100-200 kHz. The
frequency-dependent TS pattern for the specular wave measured from two WC spheres using the fractional Fourier
transform was also estimated and analyzed. Comparative results are presented for all the spheres and the best average
precision of 0.15 dB was obtained for the 22 mm WC sphere.
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AR oo} e 211 0] Ak EEAS SASHE 24
o9 Bkt mebd, Aol LA A0] o] 220
2 gElo] gl B4 A8 F(sphero)Z AHgSte] L]
AEIE FABHE BE ko]t ARHY Fuie dEEA
2 F3PH 0.2 ks el by del o185 x gtk @
A, oloh - ZPH A S 4o Hlofi 2 SE Aol

ol T 31 Thebkst 27 7 (super hard
ball), 2, €3} & 28l Z(tungsten-carbide sphere; WC L4 )
7} AHg-Elth(Foote, 1984). WC A5 AFR-51] chirp 44
Al 2glo] ZaFshA wAlS alshe tle AR F=o7F 8
Hrh 53], o5 719 FAARFY ol A= ui9- E2HY S null
Tk SOl E8sh= SAIZE AT o] Wizl chirp 4
u AIAE 9] 7HE Sk T ol A null S S o] &35t
A = B4 Apo] 29 WC w15 AEate] A A AR 9
A= afstoof gt

whebA], 2 AR A= ARA ZRE chirp 424 Al 2H](Lee et
al., 2015)9] W o AR WC w4 -2 S A EAD o) 33t
glolEE A7) 3t B2 o2 Ato] =7t AR o2 7719 WC
WAHTE /S = 100-200 kHz 521> o o o] thgt AR &=
o] o] 22 U A A -SHEA 2 7 H BhAFH(specular wave)
of it Fub= o1& sifd& S7gstod Bla, EA45k3ITh
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WC ud@7o| MHE E4

Aol ARG WA= IUE AEo] oF 6% F% 3
WC wArolct. i Ao A WC w15 A8gt o] f+= &
A AA e vetol A 2HE v AlAF Y] J3FeHA Ao
7V wol AREE AL 17] wiizoth & -9 chirp 424 Al
gof o]l A5 WC i2419] 2742 20-60 mm W=
A, A (FA A A)o] A= T2 20, 22, 30, 38, 40, 51, 60 mm
9] 7E5of digk WC 1A H(HRT Precision Steel Ball Co.,
Guangdong, China)g 5, A|&ste] Ag-s14ict. o5 WC
W] SFHAP o] ti3k F=uba o2& 2] AlE o]
Az b Bash U, 34 50 22 A ELS A3AE
HE ¢14:3t go|El9} Demer et al. (2015)0] A A3 glo|E] =
HIg o 2 A=, Ui, S99 225 (longitudinal sound
speed), SaF 3<% (transverse sound speed) 212} 14,890
kg/m?, 6,845 m/s, 4,132 m/so| it A FA] WC A7}
Fg A2 4222 202°CY L, T35 WC AL 4=
A Aol Ao 88 g Heet 5455 74
7} 1,025 kg/m?®, 1,495 m/s2 47 510] 43451 tH(Simmonds
and MacLennan, 2005).
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Fig. 1. Schematic diagram of the broadband echo sounder to be
calibrated using the WC sphere. A PC-based broadband echo
sounder is composed of a chirp transceiver, a broadband signal
processing module, a broadband acoustic transducer and an ad-
ditional data monitoring system. a, Diagram of time and frequency
domains for generating the chirp pulse signal; b, Transmitting
chirp pulse signal. WC, Tungsten carbide; chirp, Compressed high
intensity radar pulse.

Chirp Al A|AEIo| S5F5HK WA

2 AFolAlE 7o) AR The TAle] WC BYTE AME
3}o] Lee et al. (2015)0] 7Rt chirp 4~y AJAR] 0] 2-8F8HA]
WS skl AP 9o 42 Fig. 1949} Zo] PC
of| A AASE MAE 0.3 ms, BANFEF7] 0.02 s9] chirp &
A5 YolutadHrAl 7] (Model 33120A; HP, Palo Alto, Santa
Clara, CA, USA)ol| A&}sll 11, o] chirp @AAITE &5}
of Fh4s O 272 ccho AEE Z ALY, of 1), 2ol
WY 7| 2R E 52% up-chip B0 ZHYL 400 mV,
a2 ol 90280 kHz2 2Aate] AEZE 7| (Model
2713; B&K, Neerum, Denmark)of| 4 40 dB2 533}, o
2A AE SAHAAT = HAI] 2ol duHAE wiA
(matching)A|X1 &, Fuh-g- Fo o] S| & ARESto] 4
TO2 ARSI Fig. 1914 318 Fd S|
Foll 2798 WC a7g 72781 9] chirp echo A1 %+= o 2
7} WAE A x]%27](Model VP2000; RESON, Slangerup,
Denmark)2 58] ZEg % F53 &, td eHeAdT
(Model DS1530; EZ, Gwangju, Korea) ¥ AHEZ HA7]
(Model LSA-30; LIG Nex|1, Yongin, Korea)2] USB 21E|#|0]
A5 ) AR Rl SRS 58 SS9,

Chirp 44 A|289] wAL P AH-Z(LXB XD, 6.0
50x5.0 mpefA 2709 FLg F SFHEL7|(Model



3 g4

R203; Airmar Technology Corporation, Milford, NH, USA)
£ ALgato] 28119 TS AH S ek ATSAel A
P oF% B2 o] S| WAbo] AR uF
HEE 559 AR AAX|7|1L, SeHE] Afole] 120] 3.0
m (r,)7} =5 324, AR[8130T of ), chirp 44 AlAEo|
A AR 27149 chitp BAAI 57} -SRPAT|S Sl 2}
M, TVG (time varied gain) 57|} $AI52] A& 2|
ES AA A== At chirp AA TS ZA 50 44
41 FOM (figure of merit) 954, &, 2599 SHH =S
35 STk A2e A A= 270 9] SRR | E A2 U

o] W, T4, 2 S]] S35l A2 sk
2 23 5, 0|5 SYPNB7|Y] 25 FYORTE OF LS m
(1) o121 Ao WC BATE BZA171 Aol Al WC 27
T3] Akl chim echo 415.9) AT H F3k4: SHEA
2 23k

Chirp 4 A|AH9] 53F8H Aol ARg-g WC 1A +-9]
Tk 2R Q1 o] WASE TEl TS (w)= ~Al(D)ell &
3 7+ 4= 2dthi(MacLennan, 1981; MacLennan and Dunn,

TS (w) =10 log \% F(@)]2 wwererereeeeeeeees (1)

A71M, we AFH(0=2xf), ax= WC 1AF2| 7vH,
£ (w)i= WC 9] g/43k(form function)o|ch. 2 &+
oAl A& ol AFE-gF WC -] A £ (w)i= MacLen-
nan (1981)0] AAJgE dare]Eof wet =2 Algdo]ldE 4=
sl ghd, WC g -9] pupa ]2 20l 54 WA
& TS (w)i= 21(2)0l 2Jsh 78 4= 31th(Chu and Stanton,
1998).

TSm(CO) =10 10g| f;b(a))|2 .................. (2)

714, £ ()= WC 7 +ol| 27t 4hehzl Z(scattering am-
plitude)®] T3} SHORA, £ (0)= =A1(3)ll 23l -2 ==
3.
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skoiTh. o] o, VO (w)= S3H710 35 #17] chirp HAAS
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YEAL Fig. 1149 o] 2719] SFA/IE Uts] o1
AA A3 F, $5710 AP O 2R e 1, 11 o]
Abo] $13]0] WC ATE 844170 Aol A ZAs1gict. of

2
2=2] AJEgo]Ao] 03} o] 2 U} o] Zuls o2 A ujEl
TS ()9 &% WHAPEe] ks o2 HEl TS (o) 242
243}, o] 53 A & B, BAIEqIT

4dH HiAtm AS O] FEu HAIZES £
efo] 2] Ao tgt a} o2 ARRME A e 17
o] 27, AHAEA, chirp BAAIS O] A &AIZE 5ol whet
-] 2 W (front interface) ol 4| REASH= 7 H WAL}, w4
S ule} A3Ysts Y5 Aghal(circumferential wave),
b, - Ui o Al WEALE = Wi HEARIK(internal wave) 5
Aiso] A= 1 dske 4 wiZel mi- EFAsH ¥
t}, o|o} 2 Abgtu} AESo] AR g E BTS¢
O 7|, 2A52] echo -3H5Al null -HuE o] EHdH=
EAI7F A 55, null Sl QIS Fulas G oA 9
echo 3HE42 WC A7 olu A5/ 59 n|a3t Hslo
T ubo) o] oA gt 415 Z1250] A} @Ao] - A 5HA
gt o] wiizoll Ph o 4 AlAE o A= 0]@F 22 echo
geo] B4 BAS 8ualr] 98] avio] Fa o]
Al null sfglo] e R Qb= A +t9] 21732 Asto] S3F
sh4 WAL el Hrk £, Yoje] o AlLwe] S
814 S S to] = WC A7) ks o) 2ol 4t
gl of] &8k echo 1135-9] H23F #5184}, =, deep null
SEHEALY BAIE BT F Q7 et FAY, deep null £I5
AAA7]7] 915t o= A, A A EA 0] A= ohE Tk
O] WAHFE AR Aol v Fsto] Bl A AAES
7g k= "R (Atkins et al., 2008), E3F, 2ol A A= of
2] Abtat 2ol Al kol A 9 oJESHA] b= 73 HhA
ato]] thgk echo HAIZE FE0to] Fo o] 4 A|l2HS o
A=W So| 0] 8% 31 9l ok(Stanton and Chu, 2008). & &
Troll A= SRkl gk AR of] 5sko] ZH RhAbt A%
£ FE010] I WP O] kg o)A idS 85 7]
ol ek A7 B st ol 18 wA Al Al
|2t 7709 WC 178+ Foll A @A) AlAIA o= 18-200 kHz
O] Fruba t Aol A At A| AR S8FEHA wAlof| 71 Ho|
ARE-E) AT Ql= A7 22 mm (Nesse et al., 2009; Demer et al.,
2015)2} 217 38 mm (Demer et al., 2015)2] WC w Ao o
2k echo A1 29| AJ7F-F=1k4= echo 3 HEA= F45H3
CHImberger and Boashash, 1986; Shui et al., 2007; Dong and
Cui, 2012). 7L %, 0] A|7F-30}4= echo SHAI S 2 HE] B
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Fig. 2. Calibration results of the broadband echo sounder system for the frequency range of 100-200 kHz with a 20 mm WC sphere. The
time-frequency response characteristic (a), and the measured and simulated target strength data (b) were indicated. WC, tungsten carbide.

A} FE2]of| ®HBH(fractional Fourier transform, FrFT)S o]-&-3}
of W WAl £, 53 oS, AW WAk Al sof gk
HEAE e Ztd o] SElg FAsto] B4, nasgct
(William et al., 1987; Blaska and Sedlacek, 2001; Cowell and
Freear, 2010; Agounad et al., 2017; Lee, 2021)

WC ug7e| XA 2 BAZE Fafe
o|2d mE Q| Hlu

H
, & 23(38, 70, 120, 200 kHz)o| A S2Fh= 44
Al 2d 0] S5F5HA WA (Demer et al., 2015)0]] ARE-%+= 713
AR Abo] 28] WA= 274 20 mme] WC 7g+to|t, o] it
gl thgk chirp 224 A AFl o gk HhARFE O] Srub4= o] &
A 9 El-8- Fig. 29} 2t} Fig. 2a= 100200 kHz9] chirp HA
A5 0] Frub4s t 9of| Tt echo Al 3.2 A|7E-Fruls S HEA
o[t} 3, Fig. 2b= 2] Alg g o] Ao &gt WC w719 o]
& RS9 St o2/ ol ¥l (solid line)h =7 WA=
o) pula o]2/ W€ (circleyE A & |, A4I%E 2ot} Fig.
29] AZE-Fake SHEA A A7 SHEIE T Fukr A
EYS A Yl S, F52 R E(dB)O] AL, 52 5
T}4(kHz)o|t}. Fig. 2014 1.96 kHz 7+2 0 & A1&% WC i
Aol thel S WA O] Frub o2 s el S A o,
171.2 kHzo| A o$- 202 null -$5, 5, 74 HhAfakel 9= A
gat Atolofl 735t Azt el 7|Qleks Fx1E o] WAYEte
WA =7} -56.27 dB7HA] G4 51A| A skl
ghH, AlEdlo] e gt vhat e o] SRl = 54 &
e} o] A o] 2 Fuksr Ao A w212 null $H
o] 2&3}% = g, 71 B EE -65.72 dBo] %ith. Fig. 20]| 4

i\

in

100-200 kHz¢] F34 thefof that 53 AlEelol ] oJg
HRAAL TS SMALYES] Bt 3] Atololl o 0.5
dB2| o]} et

kg0 2 (1)4)e] AT B £ (0)°] ek null &
gol 23 Fubt 8 A% $YEHS w7 Y WF 2%

of upe} ufl £ nIzFshA| WME-gtet. £3], Fig. 2001412} o] 100—
200 kHz2| chirp FAAIS | thgh w412 echo S HEASS
7} Zeab4 A 5ol th3t echo A15.9] W BRAbIRO} 915 Abeha}
Atolefl dofuf= 7Hd @At o8l F4 1A Hsglct. o] o, 5
Bt 2S5 E, &, Yol AS4E AW ShAERe) 4 A
gt Atolof] Yepubs B ok AT sel- oGt
297 A 27)(AA), WC Ao it g4 3} Sof| 9
8l Ebet wiel o &2 vepdth v, B o] YAk 07
9] 5-9/(in-phase) el of| 4| LAY SH= -0l Y Abetat
7} 71 ringing tail 24 S&31A =3, 94AF 180712 <9
“&(out of phase) e A 7H]o] HAYSH FAFeH2] =
o] FZA3}7] #|5lsl= deep nulle] F71& A o] WAYSHc). T3,
Al B0 A Fo| mA] U A 3] 2ol st
+ A7E Bt g2 9olls AW Rhaluke) 95 Agtate] 2
g, /o] 7H5BFA|NE, tiE0] At A| AE o) A ARESH= 4
A GG O] HA Z2 WA o] Y AB|AZE T 7] of
ol Y Algtubs A BhAbERe] o A A&4A 07 7H
AR ol 0 7|w SAlElT) Fig. 2014 101.5 kHz®} 168.5 kHz
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Axlo] LAt o' wefshs U5 Al A5} o Wi Rat
A1 (multiple internal wave)7} A 2 5 9JAF2] B AARS:
PO A 7] mefR ko & echo Ao - A s3It vt
H, 171.2 kHz 29| Fuppof A= 7 kA Al G o F o]
o AATE AT A A o] sk Y Aletat A1 5.9} o}
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Fig. 3. Calibration results of the broadband echo sounder system for the frequency range of 100-200 kHz with a 30 mm WC sphere. The

time-frequency response characteristic (a), and the measured and simulated target strength data (b) were indicated. WC, tungsten carbide.
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Fig. 4. Calibration results of the broadband echo sounder system for the frequency range of 100-200 kHz with a 40 mm WC sphere. The
time-frequency response characteristic (a), and the measured and simulated target strength data (b) were indicated. WC, tungsten carbide.
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Fig. 5. Calibration results of the broadband echo sounder system for the frequency range of 100-200 kHz with a 51 mm WC sphere. The
time-frequency response characteristic (a), and the measured and simulated target strength data (b) were indicated. WC, tungsten carbide.
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Fig. 6. Calibration results of the broadband echo sounder system for the frequency range of 100-200 kHz with a 60 mm WC sphere. The
time-frequency response characteristic (a), and the measured and simulated target strength data (b) were indicated. WC, tungsten carbide.

o) Fue AuEYS o UeRLT, Ea B
5l 0] F5- WML E(dB)e] L, B5-2 St (kHz)ol ok ¥
A, 2174 30 mm, 40 mm, 51 mm % 60 mme] WC 1.7 o] tff
3 24 B} O] FFulsr o)A wljElL AluE u)), 217 30
mm2] 7-5-ofl+= 112.33 kHz2} 169.20 kHzo)| 4| deep null -5
4ol FRsIAT, ol BAY o] at SAVALES 7+
7} -50.67 dBI} -50.75 dBo] @it} E3SF, 217 40 mme] 7 -9-of

+ 128.02 kHz, 163.31 kHz, 198.61 kHzo|| 4] deep null -3¢
Kol sk, o5 Aol T ZPuAGEE 2ok
48.61 dB, -50.42 dB, -54.03 dBo| 3t}

&9, 17 51 mmo] A= Z7F 100.57 kHz, 128.02
kHz, 155.47 kHz, 182.92 kHzo|| 4] deep null -§E&A 0] =

AL, o5 FX G ol et ST E= 22 -43.95
dB, -46.02 dB, -41.40 dB, -54.79 dBo| ¢Jt}. 2 Aol A A&
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Fig. 7. Calibration results of the broadband echo sounder system for the frequency range of 100-200 kHz with a 22 mm WC sphere. The
time-frequency response characteristic (a), and the measured and simulated target strength data (b) were indicated. WC, tungsten carbide.
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Fig. 8. Comparison of the simulated data (solid line) with the specular target strength values (white circle) for the frequency range of
100-200 kHz (b) estimated by extracting the specular wave from the front interface of a 22 mm WC sphere using the FrFT. Time-frequency
response characteristic (a) was indicated. WC, tungsten carbide; FrFT, fractional Fourier transform.
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Fig. 9. Calibration results of the broadband echo sounder system for the frequency range of 100-200 kHz with a 38 mm WC sphere. The
time-frequency response characteristic (a), and the measured and simulated target strength data (b) were indicated. WC, tungsten carbide.
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200 kHz (b) estimated by extracting the specular wave from the front interface of a 38 mm WC sphere using the FrFT. The time-frequency

response characteristic (a) was indicated. WC, tungsten carbide; FrFT, fractional Fourier transform.
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