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Design and performance characteristics of multi-resonant

ultrasonic transducer for use in an echo sounder

Min Son Kwak

Department of Fishery Production, The Graduate School,
Pukyong National University

Abstract

The objective 'of this study /was to design and develop the broadband ultrasonic
transducer that have both the wide bandwidth| and the high sensitivity| for use in the
measurement of “ broadband’ echoes related to the fish species identification. The
design parameters of single tonpilz transducer element were obtained using the
apparent elasticity . method ~and a one-dimensional electro-mechanical model of
ultrasonic sandwich type. transducer:+A broadband ultrasonic transducer providing a
nearly flat transmitting response band from-40.2 kHz to 75.5 kHz with a -12 dB
bandwidth of 35.3 kHz was achieved by integrating 12 tonpilz transducer elements
operating at different resonance frequencies. The averaged TVR (transmitting voltage
response), SRT (receiving sensitivity) and FOM (figure of merit) values in this
frequency band were 1684 dB (re 1 Pa/V at 1m), -196.8 dB (re 1 V/uPa) and
-28.4 dB, respectively. The results obtained also suggest that the bandwidth and the
sensitivity can be widened and improved by adjusting the array pattern and the

structure of tonpilz transducer elements.
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$ebebE MIER A ST ekl HEN28, 50, 75, 200 kHzl o] F
$4717h 92 ol Pld@d FelA ol Fdol ot (ol THA, o
Fo R ullola Fel Bt W ol s Hust F A s glrh
A o) welek T e e ARESHE dul AZFloR $34
o A shobe SIFPAL Tk ARH A RO YTk o] w9
stol, FAY F& o e Agetl Ao Argonny ye
2, B BAG AgeHE U xR 1 A

Al WskstaLl 3= FAlolt) ol g} o] o gAY

20109 el &9 "= Airmar technologyAF7} chirp (compressed
high—intensity radar pulse) J®A|718 FdY =53 HEV|E /st
o] 2Fg-3}shA e o]t} (Airmar, 2013). o15 AV AlA o8] vetelA
= wst TR/ chirp oW B8 253 HEV|E JEste] g E



oA g eefetd JRE d¥Aor s fg A EdetA 1
3 9t} (Yao et al., 1997; Rajapan, 2002; Kim et al., 2013). dH-& S
% chirp & A 7]l ARRSh= A ARl Ve AA F AR 2ok
=dl, 3 MAE FoY QA7) EANEE Ty dAAsE vk,
T I WY Tless Fdee ddle 2oy WEr|e] Jidoln
(Hawkins et al., 1996; Kachanov et al.,, 2007; Chen, 2010;
Kachanov et al., 2010; Saijyou et al., 2010; Saijyou et al., 2011), +

WA £F9 ke o SABEE vk Frol] 225} echo 29

lm

Ao 2 HE HAFE U AE] AESHE AR E F2517] Y3 25 A
2]7]% (Lee et al., 2001; Lee et al., 2010; Lee et al., 2011; Lee

2011), & A24E 4 AD 4 7]=0|H.
—Z

|

2 Ao oMyt BAY S PR ST ATINE YO
F35 videl AR FA 5

TAY7IMEs Al 4 ofFE 1
2}

Ao 5 WA A -Faps 1A 59 Al

sto] B.a1stth(Lee et al., 2014).
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Fig. 1. Geometric diagrams of design model (a), the equivalent circuit of a
single piezoelectric ring (b) and the one-dimensional electromechanical model

(c) of the ultrasonic tonpilz type transducer (Radmanovi¢ et al., 2004).



AulA © F Fig. 1(a)d 2L tonpilzd AEAazte] Qoji= 71 IS
Hhgko] A o] EXE w9 ( )9 A4 Bt F AL o5 XY IAE
o] N2 AggHo] AFAAE FAstE ZF 40 tat e AF7E HEEH

e, olZ ] FXF V2T

)

3l 7} H3gth(Radmanovié et al.,
2004). 18y, 2 AFoM+= tonpilzd AFAaAe] PZT H9 WA, 974
U FA9 17ke A AEE (prestressed bolt) o] A7 W Zol= vEF 31F
Al7]13L, head % tail mass® Heolwks A7 IpulHZ AASSAH o]
head ¥ tail mass® ZAo| Wglo] wa FXF342 WS Fig. 1(0)9 1

2+ tonpilzd =42 AR Y (Radmanovié et al;.2004)2 o] &3fo] &

At HASE FZ5,E tonpilzd K§ AR AFE =E2eTE o] o,
FA% ARAE) coupling @3 (Lin, 1994; Ilua et al., 2002; Feng et

al., 2006)°l 7]Q18h= -FHFE eaf= fuEs 54 HoHE Edz
head ¥ tail mass Aol& FAlel 7Hztste] HF A< mass dolE FE311,
o] stuElE 0] 831 tonpiled HFRAE A, Azsrld)

3t tonpilzd AEERAS 2+ 225 A E AAd= 1748 stud bolt9
head ¥ tail mass AZAF2AAF2 7212 8.mm, S8, FHAF A AHL
6 mmo|tt. & AFoA = AAZET} tonpilzd MFaAte] SxlFel vA=

gk mEst7] Y8 1 AHY AEax AA R stud boltd] ¥ dzhn
1-3



(clamped capacitance), 5% $AGE, hy v 223 WE7]e] A7)7)A

HgkAg, = wAduolth S, b Aleb] Yo AWy Fde] Fig. 19

Z, =47, tan L2Z, EA=y (1)

o|aL, JAVIM Z ok, L 4 4 24 SA dudA, g, FAeH.
T3t 4 =1 ¥ 2+ head mass, ¢ =32 PZT ¥, ¢ =49} 5+ tail mass, 18
i =63 7 A4 stud boltE WERHITE Z, Z & 27} tail mass, head
mass % bolt headell #-&3f=. st @ olt}. 7| A& 259 #g7] 9
Aol A= F7) ek d s

28k ¢kkth(Hughes et-all, 1969). webA A7) ©hxbo] glegchos] & ¢

o JF e AT HE o)E 2

rlr
=

HAx z, = 2, =V/I & 7+8 5 Atk(Manci¢ et al., 2002; Mangci¢

et al.,, 2004; Radmanovi¢ et al., 2004; Manci¢ et al., 2008; Lin et al.,

2008; Manci¢ et al., 2010).
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2 AFelAM = Fig. 108 1 A2 57H = S o] gsto] &3 A
et g o] &8to] 12 £F9 tonpilzd 253 AFLAE 2, AZsde
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T A2ty & (Pz26, Ferroperm, Denmark) & A2 d=wo] vigj7) H 2=

v
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boltZA AAst Je|ZA], PZT F o s & o, 7 4 4 X5= o4d
5] A3l A sandwichd HEAolt) o]7|A AlL3t PZT 9 974

(), WF W) 4 FAL) =47 25.mm, 8 mm, 5 mm®] 3, head mass

ro,

9} tail mass¥ BT ¢FElEAS d8d =50 I QAW D)H WA
(D) Zt7t 30 mm, 8 mmeo|tt. =gk AA stud bolte] A4 (D,) ¥ Ao
(L)E 247 '8 mm, 32 mme]A%, L, Zo]Ji= head mass(Z,) %} tail

mass (L,) ¢ dolell wgh vjA £74°] Vhsstns skl
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T8-S AL, o7)el AV EE TR, ol A5

o
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elements " operating at different resonance

frequencies.
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2 AFNAM = WA Fig. 20149k o] A7Ao] 30 mm<l head masse}
tail mass? ZolE 8 mm* & 30 mm7Z7FA 2 mm Ao E WEFAA AR
s 12 F79 tonpilz® EiAE A widste] 30~75 kHz T3+ oY
of| Al AFE 7hest ths o B 253 ARV|E AT 5, 12 T+
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Qe $E0E B5E @A AFAA Aok e nFHrY AFLAE

sttt &, A5 ShdelA e I R FEFe 5% AuATl B 5
Aol E 7P 22 Ty 5% oluA L AR ST

SHH ) B Ao AEE=E7](2713, B&K, Denmark) & the33 3o
Z23 WE7]9 dadA Je EWANY (transformer) & ARE3o] 33t
ATE =, AlzellA Fol folstHAME HASHE T 9] A3t El
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AN AA, AL eI Al =253 W87 diE ¥
M e I B I IS P s I e R

meter (7600, QuadTech, USA)E Ab&3ste] FAalvh. =, =53
M7 9] Fubd b & (transmitting voltage response, TVR) & 347+
% (receiving sensitivity, SRT)+= HEAHAFTZ(LXBXD, 5X6X5 m)

detAth. =, Fig. 3ellM ek ol PCoA AT HAFH HAn

[l

ol A

JIN‘

BE37E 2t A8 F 3% (linear frequency modulation) A3, =,
chirp A1 &5 WAA|A o]Z & RS232C JAHHAolA~AE T3l a3 aAy
71(33120A, HP, USA) ¢ MR AFetol AZAA w2 F, daol
wel o] chirp A3 & EEFstY] ARRSESith 0 AFelA o] &3t

up—chirp A& t)=
) B rerit ;) sin(2nfio e oA 2)

of osl] AxtstA=dl, o714, Ae chirp 2AT O X% £ = chirp

il

HAAMS

hud

A e .
2f (f,: F2%5}2 Af : chirp Al

1o

A2 FakFR AL f =

59 Fu4 g E)ojty. B, o = chirp 22139 sweep rate®

A, chirp 229 %5 T2 & o, a:A_]Jio

_

o}, T3 0<t< To]H,

t t .
red(7)=1 o]aL, t<0 or t= T°|H, rect(T)ZOCﬂ ol



e g 229 MEV He 54 Aodes dddd Tyl

Sl 71¥ up—chirp BAAITE $F3F9] A% 1.8 ms, A

, T34 Y 1~100 kHz9l chirp A3 2 WRAA AYF5FH7]
(2713, B&K, Denmark) oA %3t 5 o] A5 E 43 % (matching
network) & ZAote] ZF3 WE7|o Q7FsiAT. s ad FUY %
=3 WHET|A  WALE  FAHANGTE FFAHS7]1(8100, B&K,
Denmark)E %3 41359 measuring amplifier (2610, B&K,
Denmark) oA 33t & fAY eAZ A5 (DS1530, EZ, Korea)
9 FFT #417] (3525, AND, Japan) & A}&3to] 4 2 FA A5 of
St ArEFA S T AFEY F& TSRS

& TVR (@B re 1 Pa/V at 1 m)< Fig.
3o A8} o] 25T HEAT| F5E chirp FAAF0 FiF AHAEH

EHe0)| FAE AT Fop AHENS Tolol ThE Aoz
VR(f) = 20log(B-(f)/ By () — B(f) +201og(R) (3)

ool 253 WE7 AN FEEHE chirp $AEXAEE S5 R W E
oAzl AN FTHF7E ol&et] FAld 5T

#, wdh M (e FEH8719 SRT (B re 1V/pPa), f& F3oltt

)
[
2
Lol
1o
N
X
4
[
15,
[

(Hughes et al., 1969; Hughes, 1998).
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b A o,
re V/pPa)+v F3H710 28 4418k chirp A4S0 Fu¢ AHEY
(), GFER B 23 Wslel 8 ZHG chirp AANTE) Fu

G 2AER 7S ol 8alo] AWl el AEAT,
SRT(}C) . MRQC) 1 2010g(HT(f)/HR(f)) (4)

== 2~0

A7NA, My(f)E 5 38719 SRT (dB re 1 V/pPa)o|il, f¥ F35Folt}

(Hughes et al., 1969; Hughes, 1998).
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Fig. 3./ Schematic diagram of the experimental setup for measuring the
underwater performance characteristics of a broadband ultrasonic
transducer developed in this study. (A): diagram of time and frequency,
(B): transmitted chirp pulse, (C): received chirp rtesponse, d: distance

between projector and receiver, MN: matching network.

Nz FAste] AFEHEANL FAAFEHS EH A

&
o
i

_12_



Ay gl 33

Tonpilz

Fig. 4. Photographs-of individual tonpilz transducer elements
operating at different “resonance frequencies (a) and a
completed broadband ultrasonic transducer (b) developed in
this study. The tonpilz transducer elements were arranged in
a 3x4 array configuration with the inter-element spacing of 3

mm on the acoustic window of polyurethane.
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—Apparent elasticity method i ‘\
® measured : .\

Wode ¥, Y APl e qEEd Yol g3 WEd Tz
o} g4 Fig. 4(b) 9k 2t} o] Fde] 53 w9 7t A2 9 Fo
= 27t 11.5 cm, 185 cm ¥ 11.5 cmo], 37 F9 FAE 2.65 kgol
o}
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% 60 LN versus mass length
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Fig. 5. Comparison of measured and simulated resonance frequencies
as a function of mass length for tonpilz transducer elements used in
the development of multiple resonance broadband ultrasonic

transducer.
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8, Fig. 1(0)9 129 A7|-71A 73 2rde] £2 AJEdgolAe 9

3 FoIXl tonpilz® FEaAFY] Tl Rof thEh o]2Ael VR yxlFyt

PN

T
Edold Aioli, @ Fig. 1(0)8 1 A 7132 2dd o8 F&
head % tail mass 4dolE EUZ ZAH Ao A, #Azs A

tonpilz® &2k 37 Foll et FXF3k2 SAHAAE yekd Zlojth

2R #7/2 A%e] AT} HE Fues FAstel Fakgt. 5
LS
o

A 12 F79) tonpilz8 FFaAbe] tidk T3 To] JEIAFuEE

td
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okl

2]

L4

%
39.8, 37.4, 35.4,.33.5 kHzol a1, st o]l=o tist 335 BT

FIEE FE T72~77 kHz O WS lA HEkstT
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12 tonpilz transducer elements 12 tonpilz transducer elements
— in air (without acoustic window) (a1 ) — in water (with acoustic window) (b1 )
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2 2
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] &
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U /\/\ Y
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Fig. 6. Comparison of measured admittance curves in air before molding (al, a2) and
in water after molding (bl, b2) for the multiple resonance broadband ultrasonic

transducer with 12 different resonancesin the frequencyband from 30 kHz to 70 kHz.

2 AFelA s el
/19 conductance %

(@D ¥ (@a2)= vsexl

9] tonpilz® HEAiAe] A7IHEAE M2 HEddSst, ¥7] FolA g
conductance % susceptance®s Z733t Ayo|tt, TS Fig. 69 (bl) 3}
(b2)&= oI5 12 T7FY tonpilz®d Msixs Hg-vde &F window’dol
FHujdst &, U APt AT e Fde 259 W) 5



o] W3l conductance % susceptancel =AZAFo|t}. Fig. 64 FEFL
conductance (ms) % susceptance (ms)©o]il, 3L Fuk4= (kHz) ©| th.
Fig. 69 ¥7] %ol 3t conductance?] F34 AFEHA & F Q=

uhsh ro] 30~70 kHz®) F3h4 tjeleld BE oF 3 kHze) AT 7o

o

212 /N9 tonpilzd AZ A U EXE mro] J|EZAFILI &
A, £, 75 kHz 20 Fohg oo e e FAFus
g

HTo o3t Fx o7 Bl o] W tonpilz

Sl 4.4 msEA 7PE Ak, 62.2 kHzO WE A elA 265 msE
A 7 2 S UERISITE 3, head ¥ tail ‘mass®] Aol 7
66.8 kHzS HF4aAke] tigk conductance &> 20.6 mso| Tt

¢, Fig. 64 (@9 FH Adsz] A9 F7] Fo dist A4
conductance| 2FEH 1 (b1) 8] +4 AHEgste] &S s g =
=3 M&7]19 g ol ek conductance®] 3 AFEHES AME v
E o, b Fso g qY Te 54 A5 FF
window’7} A2 AA7F-H o] ZE A FaxpoliFds BEVE AR
st %Al Fede] conductance AFEHS YEY I U5S &
Qlt}. Fig. 62 (b1)olA head ¥ tail masse ZAol7} 7F4 & 32.6 kHz9

]_
AEaxp2R2E 1 dol7b 7k 28 66.8 kHz ZFAixtel] o|27|7bA] 7}

2

&aAb Atole] ¢k3ke] conductance®] =FAE ripple EAHSHARE, A

Z3prl Z7hekel whel gnshAl Zbeke Aee ek 2
of ti$t conductance #t& 32.6 kHz®| ZgAztelAl 0.86 msZEA 7Hd W
91, 66.8 kHzS HAFaAtlAE 5.01msEA 7 =2 s Yehd

_1>~1

_17_



3, 75 kHz F2o Yehds 2% 2o st ==|A 2] conductance
Zke 14.5 mso] it
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2&3 WYY FAAE

2 AT dFEHor A, e e G 233 wEy] e
sk TVR (dB re 1 Pa/V at 1 m)9 T34 AFEFS Fig. 73 2t}
Fig. 7¢14 TVRY Fu &EHL Fig. 6 (bDO FFol ofst
conductance® FIF AHAELHH Ao dA s} & YERdH. =,
TVR < Fig. 69 (al)¥ (bl)elA Aol7t 71 & AF4A2 T
(F7] FollA 33.5 kHz, 54 32.2 kHz) oA 152.0 dBY peak
s e ¥, 2 gk T gEe] d&Ho R Frlete dES E
Uitk o F, 425 kHzellA 164.9 dB7MAl S748 o3, 45 kHzHH 72

ol

73

1S

rlr
o

ok
=

kHz7hA1 9] F3k= o /Qloj &= rippleo] mi¢- 2He Hedt AEEAS
Yetdth 2 %, 77.4 kHzollA 152.6 dBZFX F243] 7&aThrt thA
ket Al FokskE WESAAe e AdaL, 7HE =2 TVR @2 72.0 kHzell
A 173.5 dBolglw. o TVRE-HANWAF 7|+ = A&t -6 dB sttt
I TVRIRES 247y '45.2 kHz, 728 kHz 9 168.0 dB,
168.7 dBollvt. =, —6-dBS T3 whofol oiet H TVR @42 169.6
* ol &2 27.1 kHz, 71A1A #2A A4 (quality factor, Q)+ 2.17
olgitt. &, —12 dBY &tstd st Fug 9 1 TVR @& 7247 40.2
kHz, 75.5 kHz 9 161.8 dB, 161.7 dB°olgla, °]E5 ZFORHE A&E3
-12 dBY F3= tiode] thdt H TVR 2 168.4 dB, T35 fdZS
35.3 kHz, Q #2 1.64°]20t}. Fig. 63 Fig. 7914 & 4 Q& niel 7o)
2 Ao et Fuig =3 WME7IE 30 kHzolA 70 kHz7kA 9] F

s ®jlSlel diste] oF 3 kHz Ao R 12 F79 tonpilz®d EFLAE
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3x4 gy ow FH wjdste] Azst BAR, o] Fa W o Fslyo] 7
3t P A EAAS JeRRIYE E3], 40 kHzoAl 58 75 kHz7kA 9] F3b4
olol = 168.9 dBO vlwd Ei1 Hersh

T
el 2 Aol TR Gl 29 WErE ol Fuk Wl o

L

FTAE S 9%k o7t ech 35 FEFeed 8 F8E £ UdS Ao
2= dgdrc

3t Fig. 62 %] th3t conductance? Fi AFHEFoo|M 72~77
kHz®] F3}5 Welel] st AE 2=o] thdh TVR %2 12 719 tonpilz
g e dA FHA% Bl 93k TVR g3 plaste] wj$- vk}, =
sk, Fig. 69 conductance® T35 AFEGHoA 77~93 kHz W%
152~159 dBg] TVR #t= tEde] olE Fug o] Al ojz dgelA
o]9 echo ATEHS FHsl=H &8 7hsd Aoz wHasr),
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Transmitting voltage response (TVR)
| - of developed broadband transducer
2 o |l N
o 170 N s
E /\/\’\/ YV e \
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= 150 /
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Fig. 7. Transmitting voltage response (TVR) spectrum of the multiple resonance
broadband ultrasonic ' transducer consisting of 12 tonpilz tranducer elements
operating at different resonance frequencies. The TVR spectrum in the frequency

band from 45 kHz to 70 -kHz has a ripple of less than 6 dB.

2 AT AR BFER FHG 2T MBS chirp A THAY
F o FIIE AbgEs A9, Fig 7049 Lol Tk vl Fe] 255 %

F o] mel olTe A4 walve #7890
ARE & Qe Fol Yok B3, A Aol FLso] ANY ol FA
sk g ZuH gl

=
w3, Fig. 79 W2 T el dH FHEHE echo AFEH = ofF
2



27 MBI Y FRRE

B AT AFHoZ AA, MEd tdEed FuY 253 W]
gt SRT (dB re 1 V pPa)?] F3 AAEYS Fig. 83 ). Fig. 8]
A el =53 W39 SRT @& Bd widel AH&-gk 12 7H9] tonpilz
g AE ot FoA ZRAFIEIE /M e 335 kHz ¥4 —188.2 dB
o]tk 1}, o] FuRYE 60 kHz 274 Fukgrt S7hge] w

3

b

o

(

okzbe] Bt g ripple EABAG, HAACRE ewrstA FTrasts A
UeRAS AL, 60.3 kHzolA —203.5 dBZA 7P¢ @& S yehglh 1
, 60 kHz F35E F3571 S7Hke] wel thA] SRT ghe] w43] F7ta}
of 12 71¢] FF oA TN FAFIH7F 7B 52 67.4 kHz FZolM=

O
o

-190.1 dB9 =2 #S Yehligith 1 &, 75.5 kHzolA —189.9 dB7}HA]
AANH o2 AdFaadthrt Bl Zaste MsddS Yy les & &
=3

$HA, Fig. 79 #Hd TVR gkell dist —6 dBZ =12 dBe] T35 oo
lo1x 8] H3 SRT & Fig-8olA 7% A3, =6 dBS F3 ddf, =,
45.2~72.3 kHz WH9lol st H4 SRT #> —198.1 dBollar, w3k —12

¥2

;O

dBY F3I¢ oY, =, 40.2~75.5 kHz WYl ud F# SRT e
-196.8 dBelt}.

_22_



-160 : ; ;
Receiving sensitivity (SRT)
of developed broadband transducer

-170 p—
©
o
§ -180
2 o0 PN "
S \/\/\ / \’\
— -200 e e
o N/
) L

-210

-220 : » .

30 40 50 60 70 80 90
Frequency (kHz)

Fig. 8. Receiving sensitivity (SRT) spectrum of the multiple resonance broadband
ultrasonic transducer consisting of 12 tonpilz transducer elements operating at

different resonance frequencies.
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Fig. 9. FOM (Figure of merit) spectrum of the broadband ultrasonic transducer
consisting of 12 tonpilz transducer elements operating at different resonance

frequencies.
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Fig. 10. Measured horizontal beam patterns at 40 kHz (a), 50 kHz (b), 60 kHz (c)

and 70 kHz (d) for the multiple resonance broadband ultrasonic transducer

consisting of 12 tonpilz transducer elements operating at different resonance

frequencies.
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Fig. 11. Measured transmitting pulse responses at 40 kHz (a), 50 kHz (b), 60 kHz
(c) and 70 kHz (d) for /the broadband ultrasonic transducer consisting of 12

tonpilz transducer elements operating at different resonance frequencies.
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