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ABSTRACT

Piezoelectric effect was discovered in 1880 by Pierre Curie and Jacques Curie, and
there had been many years of history since ultrasound began to develop in the 19" century.
Up to this day, ultrasonic technique such as Ultrasound Identification (USID), ultrasonic
cleaning and ultrasonic range finding are all in every aspect of our lives. Ultrasonic waves
can be transmitted to air, solid and liquid media. In application, ultrasonic waves are
transmitted by transducers. Among all, transducers that transmit ultrasonic waves in air
can be divided into two types: open and closed. The open transducer can be exposed to
air directly and has higher transmission efficiency. However, because of waterproofing,
dustproofing and other protection, the transducer must be enclosed and protected in a
shell, which causes loss of energy transmission.

Generally speaking, the most important thing in the ultrasonic transmitting system
is the power amplifier. Most ultrasonic power amplifiers are Class D PAs and its output
is square wave signal. However, the output of Class E PAs is sine wave signal, which
means Class E PAs have better latter efficiency and power theoretically. Thus, this article
will design a Class E PA and a transformer with fixed DC power supply to drive a 40kHz
closed-type ultrasonic transducer. This research will perform design, simulation and
actual production of Class E PAs focused on closed-type ultrasonic transducer. Moreover,
due to the output power of Class E PAs depend on the DC power supply and the load, a
transformer 1s added and the Class E PA is redesigned in case of the DC power supply is
fixed. Finally, the acoustic pressure level of the transducer driven by the designed circuit

1s measured to establish a design process of transducer driver circuit.

Keywords: Ultrasonic Transducer, Piezoelectric Effect, Power Amplifier, Class E Power

Amplifier, Transformer, Acoustic Pressure Level
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Table 1 E 57 F3c+ B % FalE 8
Component Description Value
: 8V,.”
R, Load Resistance —dzc
Poye(m? + 4)
8V,.”
Pyt Output Power __de
R, (7% + 4)
8% Q*Va”
L, Resonator Inductor
Pyt * 0 * (m? + 4)
Py (2 + 4
C, Resonator Capacitor out ( ) 5
8w+ Q Vg
m*Vy> wi—4
Ly RFC *
2xwx* Py, w244
P
Cshunt Shunt Capacitor O—utz
T*w* Vg,
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Chapter3 # 33 ZAR%RFERE

Amv 2 A &P NG JEd e G FoRe TR R B2 TR Al
FAMIED FHRERA G RG AL BHAERE TR RES LR E
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31 REHRE

1. Agilent 4294A e fii 47 ik
Agilent 4294A [E s 47 R E F AR AP fA oM F g B ¢ iR 7 R E R e
W 0 RIFRE 5 4 B/ 40Hz T 110MHz > B 58 5 £0.08% > it 59 4 17 M4 42 =
o F R Y 4o Fig. 3.1 #77 o

Lt

Fig. 3.1 Agilent 4294A e ik 47 %

2. Keysight DSOX3034A #ici= & 5 7 i B
AFET YR L Mo iE 4k BB 5 Keysight DSOX3034A » 3 £ 4

16

doi:10.6342/NTU202500701



350MHz srf B~ 4 B i > & B A Bl 5 5 4GSals > 1 & % KRR L
AR RASLE AR S SL R B T AR 5 osv AR R 1R
§ MATLAB #2.5% i& (7 45 3% 2 47 o F 4P ¥ 4 Fig. 3.2 #7771 o

Fig. 3.2 Keysight DSOX3034A #ci= %% 7 A B

Tektronix AFG 2021 iz g, S #c A 4 %

AEET e 2 2R SlicA 2 BAIEL L Tektronix AFG 2021 » H ¥ U4k
20MHz i 5% 4 ~ 10MHz » & {e"% fBmd » £ 5 250MSa/s 2. Bt 5 » &2 3
# % 3t A 4 A0kHz 5% L 5% % Bk 5L o @ B ¥ 4e Fig. 3.3 #17 o

Fig. 3.3 Tektronix AFG 2021 = &, S #c# 4 F
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i B2 g SRR R o AP S 4 Fig 3.4 45T o

Fig. 3.4 Falco Systems WMA-300 % & /& *c* %

GWINSTEK GPC-3030DQ E /% B i %

AT AR Y 23 n T R E BI85 GWINSTEK GPC-3030DQ » * %+ # Ji

12V E in @ RGP &

P £ 2 Egs F3c+ B o MR 5 4o Fig. 3.5 #77 o

LSS B insTac ST T ]

Fig. 3.5 GWINSTEK GPC-3030DQ ® it T ik ®

PCB 377CO01 1/4” Free-Field Microphone & PCB 426B03 Preamplifier
PCB377C01 % 5. b # {4 F 4=l 5 4Hz & 100kHz > 4= Fig. 3.6 #f71 o H F73
Hed & 42 dB(A) re 20 uPa » & i 4= [ 165 dB re 20 uPa (3% % E 1&'%) > & 4%
B 5 28mV/Par 5- 7 Z 5P ERIBMAT AN TR TEHRELR -
Fobo B0 Bjedlaiiy Ad i h ST R - kB 28

% PCB426B03 o & s b % o % 22~ BF WP ¥ 4 Fig. 3.7 #7171 °
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5
0 =T o o—
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= 0
A5 E Upper curve: Free-field response of microphone at 0 sound incidence without grid cover.
— Lower curve: Pressure response as tested with electrostatic actuator.
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=20 I N I I 11
10 100 1000 10000 100000
Fig. 3.6 PCB 377C01 & 5.k #7 & & BI[16]

Fig. 3.7 PCB 377C01 1/4” Free-Field Microphone & PCB 426B03 Preamplifier

7. PCB482Bl11 g BB 7 ik itE R
PCB482BIL 5 - il sfatie R 2 BRI BR A HABE - LI ICP DR s
B~ BNC i~ 2 i > 23 16 2105 2100 3 RRHE i - 3
PR 2 4o Fig. 3.8 #7177

Fig. 3.8 PCB482B11 & | B 7 ik i B
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19

doi:10.6342/NTU202500701



P FBMR TG RE RN EEY . ¥ - AR 3D FE > 2 [ dka BE LR X
FOTAERR Y o TR S 2 7 & Ble Fig. 3.9 2 Fig. 3.10 #771 ©
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32 RIAELFEFFIELR

AT AEHED R AR 2 40kHz HPS 2 F AT AHNE CREFERD

PIOORREILG A AL HEA BESHME BRFFHRET R AERTE T G o0
* Agilent 4294A fEds 47 R B RIHE A BT AT H RIRAE S ~ 2 H 1 i
KT 2 Eafihie BREREPR S F > A w i * Tektronix AFG 2021 iz #, S #cA 4
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321 [Efig P

F1 7 Agilent 4294A [ s 47 A 45 40kHz 418 N 3 § 423 4% i Bresz 4p

AR SRR 0 4o Fig. 3.10 #7%F o Adk ¥ 4o Fig. 3.11 #7752 $»a g g ficq ™ » 2
E2LF B L 2 B4 Table 2 #7177 o
A: 2] SCFT!LE : 2@9.9,-(6“'\-' -REF : 1.2 -kn : 1.683581 ko SavEs
STATE »
imm
DATA [ 3
GRAFHICS B
Hid : :
3.1.!.....}3.5%.5?’.‘?..‘?.....C.l ...... ?'.5..?.‘.‘.‘?‘.“...'?.5 ..........................................................
L1: PPG6.315:mH  CH:  3.933087 nF: : : : : TOUCHSTOME B
B:
RE-SAVE »
FILE
POLER OMW »
COWFIG
FILE »
UTILITIES
STORE DEV »
[FLOPPY]

VAC --- IAC --- WAID
STRRT 38 kHz 05SC 588 mvaolt STOR 5@ kHz

Fig. 3.11 40kHz 34 ¥ 3% 3 § 425 s i B 5 B2 4p 2 H
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322 HREBERE R
AEPIA LA IRAH — A G+ Tektronix AFG 2021 iz 3, Sn#ic A 4 218 42 Falco
Systems WMA-300 & T B % B » £ipl# i B & A RGERET o 3 b Sphs TR & 5

SRR 0 B % KT L Wlde Fig. 3.12 477 ¢

Function Generator+Voltage Amplifier Oscilloscope

Sensor Power Supply

Transducer

d=30cm

1 1/4” Free-Field Microphone

h

Fig. 3.13 #RERE BT & B

=

1% w ok BRPISEFAELE & 50 Rh HJTEL > 40 Fig. 3.13 % Fig. 3.14- % #H A 3
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X+ BE ME Mx 2T NEFE R B8 S XAIE #e

) -
10 AAAAAAAAAAA
r“lj W 11‘ ‘/‘“‘W:‘N WAAMAAAL,
A
Measure P1:pkpk{C2) P2:pkpk{C1) P3:pkpk(C2) P4:pkpk{C2) P5:pkpk{C1) PB:IMI@x(C1)
value 227 mV 147V
status v v

200 psidiv| {F1k  -18.2

50.0 kS
X1= 1.9389ms &%= 00ps
X2= 1.9399ms 1/&X=

TELEDYNE LECROY 9/14/2022 10:07:15 PM

Fig. 3.14 SR 3 5L(T )& 21081 )@V, = 14.7V

T EE RME MR DT M WE 53 S SAIE @ aseE: |

mmm A j:"lfhf\,’\;‘\:'\f\ FI\A:\AM ! A

Measure P1:pkpk(C2) P2:pkpk(C1) P3:pkpk(C2) P4:pkpk(C2) P5:pkpk({C1) PE:Ivl@x(C1)
value 41.9my 363V
status v 4
3 ([AE% c2]DC
200 psidivpiF1E  -18.2 mY|
500kS  25MSis|Edge 1E
1 X1= 1.9559ms AX= 0.0ps
T X2= 1.9559ms 1id¥=
LY
TELEDYNE LECROY 9/14/2022 10:10:28 PM

Fig. 3.15 Sp6s 3L 5.7 )& 2 UL(L) @V, = 363V
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Table 3 Bpd> T B ¢ 5L b TR

2 ToE b i | BR
1 2 3 4 5
& (V) 1= Vpp(mV) (Pa)
14.7 22.7 23 21.8 21.1 24.6 22.64 7. 94
36. 3 41.9 | 42.2 | 46.1 43.5 43.5 43. 44 15. 24
64 71 70. 4 1.7 70. 4 72. 3 71.16 24. 97
78.9 91.5 | 85.8 | 88.3 87 83. 2 87.16 30. 58
98.6 115.8 | 113.3 ] 112.6 | 115.2 | 116.5 114. 68 40. 24
120.5 142 136 134 138 134 136. 8 48. 00
146 168 168 155 152 165 161.6 56. 70
60.00
51.23
50.00 '
42.28
T 40.00 34.60 '
: 30.00 2768
= 22.46
B 20,00
12.74
10.00 5.16 '
0.00
0 20 40 60 80 100 120 140 160

BRE e RIS B {F (V)

Fig. 3.16 % s b 42 |c BB &2 558 T R B % B

BN R R B £ SR A

o F RN BARESS TR FIESRT
2 b FEATHR 0 B Ko L Bl Fig. 3.16 #71 o

R e ] & Oscilloscope

Sensor Power Supply

Transducer

— d = 30~150cm ” - :
[ ] » 1/4” Free-Field Microphone

Fig. 3.17 B ¥4 & 5t B R £ 77 £ B
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BA I Tk BRBIURE 424 £ s s > 4o Fig. 3.17 > # 4]*% MATLAB 4~
%‘?f}ra F1 g BB FIIRF A £ SHE M EAT H B 4o Fig. 318 & i b 4%
Yo Bide Fig. 3.19 % Fig. 3.23 > iR Hi4r & 2 b JEALT & 20457 =0 £ fC UL %

HEBT e s B gd $ 5Lk &40 (2.85mV/Pa)F v da ¥y {4 17 3 Table 4 - & {5 %
PSR T IIURE FoH £ s BR R B 0 4o Fig. 3.24 -

» G STH S THIR B

A
Measure P1:pkpk(C2) P2freq(C2) P3.pkpk(C2) P4:pkpk(C2) P5.pkpk(C1) PEM@(C1)
value 1235v
status v

200 ps/dv] (#i  -140mV
25 MS/s | Edge iE

S50.0kS
Xi= 1.35996ms &%= 0.00ps
X2= 135996 ms 1/%=

TELEDYNE LECROY 911472022 9:09:53 PM

Fig. 3.18 R 434 & #&d~ 5L
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60 - -

50 - B
>
()
gaor 1
g X: 4.069e+04

30 } Y: 25.97 X:7.867e+04 i

B Y:22.71
[+] :
5 | X: 1.194e+05 |
Y:13.23
- X: 1.573e+05
10t Y:6.083
O A A .
0 40k 80k 120k 160k 200k

Frequency(Hz)
Fig. 3.19 B #5 41 £ Z%de 3 5047 3 B

Xt BE ME ME 2T NF R B8 S XAIE #8

R ‘ m.)“ H“\ g iy

TSI SRSSPR S PR , ATRE SR S || N T, ISR PSS P ISes. ERSERE .:
i i ] i 1 | i i i |
Measure P1:pkpk{C2) P2:freq(C2) P3:pkpk(C2) P4:pkpk{(C2) P5:pkpk{C1) PB:M@x(C1)
value 83.2mv
status v
Xi= 24999ms &%= 0.0 ps
X2= 2.4999ms 1/8%=
TELEDYNE LECROY

9/14/2022 9:24:48 PM

Fig. 3.20 % % b #4233 @d=30cm
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Measure
value
status

TELEDYNE LECROY

i
P1:pkpkiC2) P2:freq(C2) P3:pkpkiC2) P4:pkpk(C2) P&:pkpk(C1) P&:IMI@x(C1)

41.3my
v

500 psfdiv) {Z 1k
50.0kS 10 MSisjEdge
Kl= 26599ms A&X= 00ps
X2= 2.6599ms 1/8%=

91142022 9:31:48 PM

Fig. 3.21 & % b #1230 3£ @d=60cm

#Bh

F
Measure P1:pkpk(C2) P2:freq(C2) P3:pkpk(C2) P4:pkpk(C2) P5:pkpk({C1) PE:Ivl@x(C1)
value 282 my
status v
B 2% -160 ps| [AER [C2]DC]
500 psidivhiF1E  -19.5 mY|
500kS 10 MSis]Edge 1E
Kl= 26599ms &X= 00ps
X2= 2.6599ms 1/8%=
TELEDYNE LECROY 9/14/2022 9:34:18 PM

Fig. 3.22 % % b #4230 5 @d=90cm
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i
Measure P1:pkpk(C2) P2:freq(C2) P3:pkpk(C2) P4:pkpk(C2) P5:pkpk(C1) PE:Ivl@x(C1)
value 19.2 my
status v

TELEDYNE LECROY

500 psfdiv) {Z 1k
50.0kS 10 MSisjEdge
Kl= 26599ms A&X= 00ps
X2= 2.6599ms 1/8%=

91142022 9:36:05 PM

Fig.3.23 # % b £ o 8@d=120cm

aHRE: |

Wi e e L l””llll[HHJIH 4

1.0l L

Bl b, >
o e ccomm enil vomm oo counilt o SN o B e ccop waln o IEAC TR M o o copnt s g com copnolop oo comm oo o copm oo B co g o ﬁ
F
Measure P1:pkpk(C2) P2:freq(C2) P3:pkpk(C2) P4:pkpk(C2) P5:pkpk({C1) PE:Ivl@x(C1)
value 19.2 my
status v
B 2% -160 ps| [AER [C2]DC]
500 psidivhiF1E  -19.5 mY|
500kS 10 MSis]Edge 1E
Kl= 26599ms &X= 00ps
X2= 2.6599ms 1/8%=
TELEDYNE LECROY 9/14/2022 9:40:14 PM

Fig. 3.24 & % b {23 $.@d=150cm
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Table 4 % 5o b 7T &

Sds T Tiag b & | R
d(cm) | 2 3 4 5

B (V) 4z Vpp(mV) (Pa)
30 123.5 | 83.2| 82.6 | 81.9 80 83. 2 82.18 28. 84
60 123.5 | 41.3| 41 41.6 41 42.9 41. 56 14.58
90 123.5 |28.2126.9 | 27.5 | 26.9 | 29.1 27,72 9.73
120 123.5 [19.2] 21.4 | 18.9 | 23.4 | 21.4 20. 86 7. 32
150 123.5 |19.2| 18.2 | 20.8 | 20.5 | 19.2 19.9 6. 98

35.00

28.84

30.00

2500

Ei_-' 20.00

- 10.00

5.00

0.00

0 20 40 60 80 100 120 140 160

FEEE (cm)

Fig. 3.25 Ba o #1241 £ 56 Bh 5% F)
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Chapter 4 & #®R3 3 #35%

41 B FRAERPZ R

E#r 2%+ EF B4 Fig 1 C, 8- BMETE LB 4
FREY AL RN TSN D kiR AN o o dh Sokal SRR -

3;?%;#{%1 I F Poyefe f Ry o B FFE 5T F18Q, KT 17879 4 AR T B

i Tkgedt » 2 AFHRTBDERTRZ AL TP BT HI2V TR T T
FIrTR TR R - A RQ 2N RT o & At Bk Tablel 2 25838 » f5m

4 Table 5 -

Fig. 4.1 E #7 X B F j ]
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L
2}

—\

Table SE g F 3+ BT~ 2

Name Description Value
R, Loading 1000Q2
Q; Q Value 2
L, Resonator Inductor 7957.7471uH
C, Resonator Capacitor 1.9894nF
Ly RFC 4585.6284uH
Csnunt Shunt Capacitor 0.7305nF
Cy Decoupling Capacitor 10uF

A3 F1 LTspice 888 (7 2 BBk & o B8 4% F $4+:5 RSRO30NO6
BB AVgB 5 60V > %2 BV o 2 &F 61+ d 3523 % 29 £ Table 5 1%

23

TR TP TERLNE AR ER AL BRIT T &4 > B2 40 Table 6 ¢

[
E“;Jr\

T

Table 6 E 7 F 2+ B G %~

=

Name Value
L, 8000uH
C, 2nF
Ly 4700pH

Conunt | 0.730F

Ca 10pF
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g 2
E #f7 F 2% BT B Bl4e Fig. 4.2 0 #3k 5 B2 sﬁxa_&ﬁhg@”:@f*

e

S I'€
&

0 Vin# 3 4R1§ SV 0 1 AR 2 T PR RATIE 2 (Ins) il fm, ’

f N\
40kHz > & T =P 2 Xixdp v & § & U= g Fok e o ﬁﬁﬁ#%}

Ca

15 2 200 fick) -

Fig. 42 E 5 %+ BB AHRT EF

E 85t % 36 4 BV 0k 7 B 38 B4 Fig. 4.3 2 Fig. 445 7 115 3V 2
i E E PR R A £ 2 FRE T UR(123.5V) 0 Fpt oo BHAERTTER S

R ER A THE TR o
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Vivout)

15V

10V

-5V

=10V

~18V+

25V

Voltage (V)

10

60 s0ps 100ps 120ps 14048 1608 1808

Fig. 43 E &5 %4+ BV, ]

1 X 40000 T T T
Y 9.00783

40k 80k 120k 160k 200k
Frequency (Hz)

Fig. 4.4 E #g 75 22+ BV, A7 ¥ B
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42 RRBREXKZ2 LR

BRREATR Y o LM A R I L 5 4 R E k15 6

Fd 41 R TV R REES SR E ] B EL, -

15R;, _ 15%1000
2mfy  2mx40000

2

=59.68(mH) (4-1)

BEFFE LGB MBS AP T Y Fig 45 2 45 B e X

T60004L2030W676 > £ T & Fl#icA, 5 26.5uH o 1245 5% 42 T 5% 44> & T R B4-

Bl R BB O S 12:48 0 K- A T Re BZRREF BABRTRE BEL

% 3.816mH ~ & BT R BL, 5 61.056mH » {2 & 5% 4-1 2. & F o

L =24, »N? (4-2)
L, = 26.5uH * 122 =3.816mH (4-3)
L, = 26.5uH * 482 = 61.056mH (4-4)

Fig. 4.5 48 % %< T60004L2030W676

bkt 2 R B (FH4e Fig. 4.6 4% pL R B 740 Fig 4.7 2 £ 38
d SfcA 2 BV, S s 40kHz 2 A R R RR B k] ARR B A

PARRF A BT T ERBRESBART AT LRERESZTRE ©
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Fig. 4.6 B F 7 1T H

Oscilloscope

Function
Generator

Transformer

Transducer

—

Fig. 4.7 2B E L #lT L B

L

d Fig 4.8 7 R Bie sV, 5 101V~ s RV, 5 394V A R &304
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DS0-X 30344, MY52012610: Tue Jul 12 15:15:50 2022

1 500%/ 2 1.004/

ek : M st &R
-0 e -

Fig. 48 B F 5 RIT R F
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43 o> RBE2 E M F R BRFZ R

PR RBEL > MEREPALFABLE B F- PR E S IR

)
=

2 f e Tt o RS it % Agilent4294A R 47 oA 4T R Bl 4RAT D sk
WB2 JEFLE AP M K B 0 4o Fig 4.9 #75m 0 A1 (P4 L 40kHz BF 0 H R

% 60Q - gk * BVD 22§ B3] ™ 0 E e B A 4o Fig. 4.10 ©

R: |2| TOP 2080 o BOTTOM

60.2723 a Display

| Equrv ckT »
| aLLocationy

MODIFY >
COLOR

VAC —— AC ===
START 38 khz 05C 500 mVolt

R1 C1 L1

57.6 4.37n 3.73m

Fig. 4.10 %/ B A7 5 A fe o B2 E223 B
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#-E 5 Fk

R o A A E ik Table 1 22 2538 » 34 4o Table 7 »

ek A

2
v

E2 f fRAK S 60 B 0 BN T R 12V i 2.Q,=2

Table 7E 27 F 3+ BR L~ 2 B

Name Description Value

R, Loading 60Q

Q, Q Value 2

L, Resonator Inductor 477.4648uH

C, Resonator Capacitor 33.1572nF

Ly RFC 275.1377uH
Cshunt Shunt Capacitor 12.1754nF

Cq Decoupling Capacitor 10uF

R L BT s B4 > KFI2dc Table 8 o

fr

B

Table 8 E #f 5 F3c X B3 g
Name Value
L, 470puH
G, 33nF
Ly 270puH
Cshunt 12nF
Cq 10uF

38
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e

RorA B2 f PV, S RIE SV b A R 2 T B AT T2 8 (1ns) i 3

AT F L 40kHzo B T PR 3 LW £ & U o 0% o

BL B 4 0.1 #5182 200 Bicfy o

Fig. 411 E## 5%+ BT RHT R

gt B s s 5+ BV, ot 2, B o4 3% Bl4e Fig. 4.12 2 Fig. 4.13  J* iz
Vour » /B E A~ ] > 4 $Hi 8% 59 5 33V 2 IR BT 0 f T] B A o

bl LR ok KA DD A -
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Vivout)

40

0] v
"o 2008 60 s0ps 100ps 120ps 1408 1608 1808
Fig. 412 E 2g # Fx+ BV, B
20 T T T T
18 _ -
16 X 40000 |
Y 14.5446
L]
14 ]
E 12 b
@
E’ 10 b
©
> 8 i
6 _
4 ]
X 80000 X 120000 |
2 Y 0.996269 ‘ Y 1.23646 | | X 160000 |
. . Y 0.413541
. i a .
40k 80k 120k 160k 200k
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Table 9 % 5. b 421 T B

ENCr N H
d(cm) 1 2 3 4 5 ’

#fc Vpp(mV) | (Pa)

30 110.1 1114 | 1139 | 110.1 106.2 110.34 38.72
60 59.2 60.8 62.7 66.6 63.4 62.54 21.94
90 43.5 41.4 46.1 44.8 41 43.36 15.21
120 35.2 32.6 40.3 35.8 37.1 36.2 12.7
150 29.4 23 23.7 22.4 25 24.7 8.67
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Table 10 7 [r SR @~ 30 SUME 25 L v 4

ST
Frequency(Hz) 40k 80k 120k 160k
R LR
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