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Fig. 1. Schematic diagram of the experimental method:
(a) The traditional experimental method; (b) the four-chan-

nel amplifier and additive-circuit experimental method.
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Fig. 2. Schematic diagram of the four-channel amplifier and additive-circuit.
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Fig. 3. Schematic diagram of our thermoacoustic (TA) imaging system.
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Fig. 4. Fifty times averaged signal amplitudes measured us-
ing the single-channel and four-channel amplifier and addit-

ive-circuit methods.
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Fig. 5. Recovered TA images from phantom experimental data using the four-channel amplifier and additive circuit without aver-

age (a), the four-channel amplifier and additive circuit with 25 times average (b), the four-channel amplifier and additive circuit

with 50 times average (c), the single channel without average (d), the single channel with 25 times average (e), and the single chan-

nel with 50 times average (f).
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Fig. 6. Signal-to-noise ratios for the four-channel amplifier

and additive circuit and single channel methods.

5 & @

ARSI T — 2 T 22 BOR AR Ik HL B 114
ARIRA PRGH R SRR . T3 7 A S0 U 1%
BORTEAA R[] A SE B R LR PE T, s 15 214
IF 75 M L5 J o o ) BEEL. T R GEAH HE R AR 5
AUIG N TR AS A — Ik R, oA AR

XA RGO VAT BAR. Aid, BIREE Eal LA
A S G BOR A B A IR B 22 P-4 J5 Mg {ELAE 5
R 7 P % BEICOR i A BELPE A5 L, 75 i 22
TRCR Ay RSP 1K P J% 2 [ R R A OR A8 R ST
G A BT, M2 e . B SCE e 4
T T ) AR, SEARIRIRR B A BHBTR
ASEI A R 5 AP P i ) 0 B | B 1
P18 A AT RIS AR AR P 248 5 ) L s
1 A FEL BEL et R i B P ] A (LR SR
B 2230 PRI FEL 6 P s 7 R K — [ A A T T4
AR FEHTFE.

FH HE A R DB SRR | 22 IS4 R 1Y
7 ik, RSO PR 2T 22 BETORAR Ik it B A R A
PREE I AR T 1 4R e EAE AR R B e 1] 23
BER G T —Bhal A7 (10 S, JERE R S | PR
LB P R EAR I — P E R AR T BL

S 30k

[1] Bowen T 1981 Ultrasonics Symposium Chicago, USA, Oct.
14-16, 1981 p817
[2] Ku G, Wang L V 2000 Med. Phys. 27 1195
3] Xu M, XuY, Wang L V 2003 IEEE Trans. Biomed. Eng. 50
1086
[4] Kruger R A, Reinecke D R, Kruger G A 1999 Med. Phys. 26
1832
[5) Qin H, Cui Y S, Wu Z J, Chen Q, Xing D 2020 IEEE
Photonics J. 99 1
6] Yao L, Guo G, Jiang H 2010 Med. Phys. 37 3752
[7] Yuan Z, Jiang H 2007 Med. Phys. 34 538
[8] Gao F, Zheng Y, Feng X, Ohl C D 2013 Appl. Phys. Lett. 102
063702
9] Kruger R A, Kiser W L, Reinecke D R, Kruger G A 2003
Med. Phys. 30 856
[10] Huang L, Yao L, Liu L, Rong J, Jiang H 2012 Appl. Phys.
Lett. 101 244106
[11] Wang L V, Zhao X, Sun H, Ku G 1999 Rev. Sci. Instrum. 70
3744
[12] Chen G P, Yu W B, Zhao Z Q, Nie Z P, Liu Q H 2008 J.
Electromagnet. Wave. 22 1565
[13] Chen G P, Zhao Z Q, Gong W, Nie Z P, Liu Q H 2009 Chin.
Sci. Bull. 54 1786 (in Chinese) [BREY, B &4k, 4, BAEF,
MK 2009 FlAiE R 54 1786)
[14] Qin H, Yang S, Xing D 2012 Appl. Phys. Lett. 100 033701
[15] Li C, Pramanik M, Ku G, Wang L V 2008 Phys. Rev. E:
Stat. Nonlinear Soft Matter Phys. 77 031923
[16] Qin H, Qin B, Yuan C, Chen Q, Xing D 2020 Theranostics 10
9172
[17) Razansky D, Kellnberger S, Ntziachristos V 2010 Med. Phys.
37 4602
[18] Wang X, Qin T, Qin Y, Abdelrahman A H, Witte R S, Xin H
2019 IEEE T. Antenn. Propag. 67 4803
[19] Zheng Z, Jiang H 2019 Quant. Imag. Med. Surg. 9 625
[20] Kellnberger S, Omar M, Sergiadis G, Ntziachristos V 2013
Appl. Phys. Lett. 103 153706

240701-5


https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1118/1.598688
http://doi.org/10.1118/1.598688
http://doi.org/10.1118/1.598688
http://doi.org/10.1118/1.598688
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1063/1.4791791
http://doi.org/10.1063/1.4791791
http://doi.org/10.1063/1.4791791
http://doi.org/10.1063/1.4791791
http://doi.org/10.1118/1.1565340
http://doi.org/10.1118/1.1565340
http://doi.org/10.1118/1.1565340
http://doi.org/10.1118/1.1565340
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.1149986
http://doi.org/10.1063/1.1149986
http://doi.org/10.1063/1.1149986
http://doi.org/10.1063/1.1149986
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.7150/thno.45994
http://doi.org/10.7150/thno.45994
http://doi.org/10.7150/thno.45994
http://doi.org/10.7150/thno.45994
http://doi.org/10.1118/1.3467756
http://doi.org/10.1118/1.3467756
http://doi.org/10.1118/1.3467756
http://doi.org/10.1118/1.3467756
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.1063/1.4824709
http://doi.org/10.1063/1.4824709
http://doi.org/10.1063/1.4824709
http://doi.org/10.1063/1.4824709
http://doi.org/10.1364/AO.39.005872
http://doi.org/10.1364/AO.39.005872
http://doi.org/10.1364/AO.39.005872
http://doi.org/10.1364/AO.39.005872
http://doi.org/10.1364/AO.39.005872
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1118/1.598688
http://doi.org/10.1118/1.598688
http://doi.org/10.1118/1.598688
http://doi.org/10.1118/1.598688
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1063/1.4791791
http://doi.org/10.1063/1.4791791
http://doi.org/10.1063/1.4791791
http://doi.org/10.1063/1.4791791
http://doi.org/10.1118/1.1565340
http://doi.org/10.1118/1.1565340
http://doi.org/10.1118/1.1565340
http://doi.org/10.1118/1.1565340
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.1149986
http://doi.org/10.1063/1.1149986
http://doi.org/10.1063/1.1149986
http://doi.org/10.1063/1.1149986
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.7150/thno.45994
http://doi.org/10.7150/thno.45994
http://doi.org/10.7150/thno.45994
http://doi.org/10.7150/thno.45994
http://doi.org/10.1118/1.3467756
http://doi.org/10.1118/1.3467756
http://doi.org/10.1118/1.3467756
http://doi.org/10.1118/1.3467756
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.1063/1.4824709
http://doi.org/10.1063/1.4824709
http://doi.org/10.1063/1.4824709
http://doi.org/10.1063/1.4824709
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
https://www.doi.org/10.1109/ULTSYM.1981.197737
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1118/1.598984
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1109/TBME.2003.816081
http://doi.org/10.1118/1.598688
http://doi.org/10.1118/1.598688
http://doi.org/10.1118/1.598688
http://doi.org/10.1118/1.598688
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1109/JPHOT.2020.2974017
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.3456926
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1118/1.2409234
http://doi.org/10.1063/1.4791791
http://doi.org/10.1063/1.4791791
http://doi.org/10.1063/1.4791791
http://doi.org/10.1063/1.4791791
http://doi.org/10.1118/1.1565340
http://doi.org/10.1118/1.1565340
http://doi.org/10.1118/1.1565340
http://doi.org/10.1118/1.1565340
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.4772484
http://doi.org/10.1063/1.1149986
http://doi.org/10.1063/1.1149986
http://doi.org/10.1063/1.1149986
http://doi.org/10.1063/1.1149986
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1163/156939308786390021
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1360/csb2009-54-12-1786
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1063/1.3678022
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.1103/PhysRevE.77.031923
http://doi.org/10.7150/thno.45994
http://doi.org/10.7150/thno.45994
http://doi.org/10.7150/thno.45994
http://doi.org/10.7150/thno.45994
http://doi.org/10.1118/1.3467756
http://doi.org/10.1118/1.3467756
http://doi.org/10.1118/1.3467756
http://doi.org/10.1118/1.3467756
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.1109/TAP.2019.2908267
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.21037/qims.2019.03.18
http://doi.org/10.1063/1.4824709
http://doi.org/10.1063/1.4824709
http://doi.org/10.1063/1.4824709
http://doi.org/10.1063/1.4824709
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 24 (2020) 240701

Thermoacoustic imaging based on noise suppression of
multi-channel amplifier and additive circuit”
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Abstract

Thermoacoustic imaging (TAI) is an emerging biomedical imaging method in which microwave is used as
an excitation source to generate acoustic signals. The TAI possesses the advantages of high contrast of
microwave imaging and high resolution of ultrasound imaging, which is also noninvasive. While the signal-to-
noise ratio (SNR) of TAI is often very low. It is usually required by averaging the thermoacoustic signal many
times to improve the SNR. However, averaging the signal to improve the SNR can significantly reduce the
TAT’s time resolution, which hinders the development of rapid TAI. Here in this paper, we propose to reduce
the cost and improve the time resolution of TAI based on multi-channel amplifier and additive circuit. The
received thermoacoustic signals are divided into 4 channels and then entered into 4 amplifiers simultaneously.

After being amplified, the signals are added and collected by the data acquisition system for reconstructing
the image. The phantom results indicate that the time resolution of TAI increases 5 times and the SNR rises
from 6 dB to 12 dB, with the multi-channel amplifier and additive circuit adopted. The method proposed in this
paper is helpful in promoting the development and clinical application of TAI, especially it has a great

significance for developing the ultra-fast TAI

Keywords: thermoacoustic imaging, low cost, additive circuit, time resolution

PACS: 07.05.Pj, 87.85.Pq, 87.57.—s, 87.57.C— DOI: 10.7498/aps.69.20201036

* Project supported by the Young Scientists Fund of the National Natural Science Foundation of China (Grant No. 61701076)
and the Key Research and Development Program of Science and Technology Planning Project of Sichuan Province, China
(Grant Nos. 2019YFS0119, 2019YFS0127).

1 Corresponding author. E-mail: lhuang@uestc.edu.cn

1 Corresponding author. E-mail: hjiangl@usf.edu

240701-6


http://doi.org/10.7498/aps.69.20201036
http://doi.org/10.7498/aps.69.20201036
mailto:lhuang@uestc.edu.cn
mailto:lhuang@uestc.edu.cn
mailto:hjiang1@usf.edu
mailto:hjiang1@usf.edu
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

