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Abstract In order to simplify the driving control module for the high intensity focused ultrasound phased array with

hundreds of elements, a phase-control method with high excitation efficiency is proposed. With the help of this method,

focused acoustic fields of a 256-element annular spherical-section phased array are calculated and compared with the

corresponding fields obtained by using the traditional control method of imposing both amplitude and phase signals.

It is shown through simulation and experiments that the therapeutic focusing fields with spatial single-focus can be

synthesized validly, under the conditions of simplified driving control module and increased array excitation efficiency.

The focal energy aberration, which is brought with this simplification method, can be compensated validly by adjusting

the overall input acoustic power.
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p(r) =
jρck

2π

N∑

n=1

un

∫

Sn

e−(α+jk)|r−rn|

|r − rn|
dSn, (1)

] E j =
√
−1, ρ  c <�� �������ÂÈ  ��� E ÒÂÌø Ø

α
����� E ÒÂÌ�����S À Ø k

��� À Ø Sn  
un <	� � � n !���� Ò	� Q	�� �! ' ��� � Q Ò	�Ù�� 9 ø ÈÂØ rn

�Â�
n !���� Ò�J�� � � (1)
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PM = HUN , (2)

] E Ø UN = [u1 u2 · · · uN ]T
� ����-�. Ò RÂÀ ÙæÍØ

PM = [p(r1) p(r2) · · · p(rM )]T
�ÍÌ�:\� � E

M ! >ÂÒ RÂÀ Ì�� Ù æÂØ M ×N � � � H
��� Ù
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H(m, n) =

jρck

2π

∫

Sn

e−(α+jk)|rm−rn|

|rm − rn|
dSn. (3)
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Ù�Ú�Û�Ü�Ý�Þ�ß�à�Þ�á�â�ã
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F
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1 h∗
2 · · · h∗

N ]T .
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√√√√√√

2Pa

ρc

N∑

n=1

|ûn|2 Sn

|ûi| , (i = 1, 2, · · · , N) (6)

I�J�â
(2) + ø�Ý�Þ�ß ì��LK Þ�ß è�é�ê�ë�ì�í p

F
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p
F

= HF UN =
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i=1

|hi| |ui|, (7)

CNMNO\ÿ\â
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U
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i=1

|hi|2
)2
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|hn|2Sn
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é 9���� �
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η =
〈UN , UN 〉
Nu2

max

× 100% =

N∑

n=1

|un|2

Nu2
max

× 100%, (9)
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√
2Pa

ρcNSi

, (i = 1, 2, · · · , N) (10)

( ))â
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U
I ′
F

:

I ′F =
Pa

ρ2c2N

(
N∑

i=1

|hi|√
Si

)2

. (11)
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F
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ì�� Þ	ß ì�U�4�5 � 9 é	ý	þ ã 4�6	ý	þ�7 H�
�8	ÚÞ	ß è Ù�9 é � ô ������� HF

� ö ÷ ù�- ð = ð	ñ
.�/ ù�'�é�:�;�<�= ã���� Si = S(i = 1, 2, · · · , N),ú�>�(�)�â

(8) Q â (11) R � + ø ,
IF =

Pa

ρ2c2S

N∑

i=1

|hi|2, (12)

I ′F =
Pa

ρ2c2S

(
N∑

i=1

|hi|
)2

N
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6B7�?�@�?�A ë�B ��Ú�C�Ú ��D�ë ?&A ë*é�ë
� 9�E * !�F S , IF ≥ I ′

F
,
, ã �

HF

û�G � ë¼ô
õ�é #�$��	ã +	ð	ñ������ <	é	ù æ�(�) -�T	ü�H�Iÿ���Ý�Þ�ß ì��LK Þ�ß ��õ�é ��J �

3 256 KMLONMPRQTSTUTVXWTYZK
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256 ð�ñ K_^�`�a�b . ùB- ðB> �ù æ�(�) -BT�é�ìB� ÿB��c�d*ú�e*ã�%�f�GBH ù æ

 ÿ -BT�é O�g > � /h0 ��ù�- ð�i � ð*ñ é�j*ýAB� .B/ ù C é�k @�l�ã j�ý .B/ � 7 mm×7 mm,��m�n ë ú�>�� ,po�q 140 mm, r <�s q 110 mm,

f
ë

0.78, t�u�v < 1.1 MHz
� ! ù�- ð b .�w ß��x�y�z ß�ãp{�|�@ ô �

z } ãp~�) xyz
x�y ' ã�Ùâ

(3) > ������é F���ã * ! + ø���� P���� é � ô��������� â
[9]:

H(m, n) =
jρck

2π

R2w
2

R′
e−(α+jk)R1

sinc
kxmw

2R
sinc

kymw

2R
,

(14)

� K
w
� ð�ñ j�ý�k @�l�����ã R, R′, R1, R2

A
��f��

n
� ð�ñ æ ç Q ìB� Û�Ü K � m

��ß x�y
(xm, ym, zm)

ù���é R � n ë��

4 �R�R�R�R�T�T�X�T�
4.1 �������

8�9 c&d*ú&e Kh�*ì��&�&�&�*é n ë � � , ì" �
1540 m/s, � H � 103 kg/m3, �.� ' ë �

0.000115 Np/m
� !���!�"& 

256 ð*ñ Kh^&`&a&b
. ùB- ð ��¡�¢)Ù�£�ã ä�å�¤_¥ � �&¦ R ð�ñ ê�ë
�p� ôYõ ã�O�ÿ�â (2) Q â (14)

Ù�ÿB��Û�Ü�Ý�Þ�ß
ì�� > � c�d�ú�e �§�¨ R � GBH ù æ  ÿ -BT�é ÿ���Û*Ü�Ý*Þ�ßìB� ã�O�g ��#_© ùB- ð J ��ª ��«&¬ Þ�ß è �&Ý�Þ�ß�à�Þ�ã * ! + ø 1.4 mm×1.4 mm×7.7 mm

éÝ�Þ�ß�®�¯�ã Þ�ß�®�¯ 9�� �
x

HM
× y

HM
× z

HM
,
�

K
x

HM
, y

HM
Q z

HM

ú�>B�
x, y Q z

@ ôYé�ìBU
−6 dB

{�|�°BH �p± à�Þ�ß ��²�³ Û�Ü �_´�µ ��ãÞ�ß�®�¯�¶ � � 9 7 H éB0�1B2�� � Ú ù�- ð�ð*ñK!^ Ü�·�¸���¹�º �	ì {�� é
4.5 » ã ±�´�µ Þ	ß�¼½ «�¬ Þ�ß é�´�µ�õ�¾ �B�*ã ü � ù Ù�@ ô "�¿&À

��õ 0 � é�Á�ÂB� ��Ã�Ä�� Á&Â*éB�*õ 3 -�T �&Å
Â���õ�é

−6 dB
!�� �

6�7�â
(10)

Ù ù�- ð�ð�ñ���� G�H�� $ ��Æ 2è E ãÈÇ +	ð	ñ������ < ã > ��ù æ�(�) -�T�� c�d
R � Opg�É�Ê�ã ù Ù�Ú�G�H ù æ  ÿ -�T [5],

ù æ�(
) -�T Å 5 ý	þ ÿ�� ì���é Þ	ß �	õ ãË� ý	þ�7 H�f
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à�Þ�ß ù Ù�Ú «�¬ Þ�ß é�´�µ�õ ��� ù��B��� 1
É

Ê�� ùB- ð ��²�³ Û�Ü �_´&µ à�Þ��*ã ù æ&(&) -T Ù�ÿ���Ý�Þ�ß ì�U�é�ý�þ�<�= ãp� K��
1(a)

��Þ
ß �

z = 110 mm
é�	 ³ Þ�? . " ´�µ ��ã�GBH ùæ  ÿ -BT Q ù æ�(�) -BT�é ÿB��Þ�ß ìBU Ù / Og�ã �LK

x Q y } ú�>�� x Q y } @ ô " é à�Þ ´µ�õ ã
z } I2/I1

��Ù�9 é Þ�ß ìBU /�
 � * ! 3S ã ��� b . ù�- ð «�¬ Þ�ß é � 9�� � ã I2����Ú
I1, �� ´�µ Þ�ß�¼�½ «�¬ Þ�ß�ã /�
 I2/I1�� J� � � ! «�¬ Þ�ß�� K1^ ãh���

20 mm
é�k

@�l ��� � ã ù æ�(�) -�T���ü&H�I Þ*ß ì�U C��
0.3%

é���õ ��� ��� 1(b)
É�Ê� û�' Þ�? . ����

y = x
@ ô "	ã G�H ù æ  ÿ -�T Q ù æ�(�) -�T	éÿ��	Þ	ß ì�U Ù / O�g	ã ��K�� x�y � Ê	Þ	ß � x Q

y } @ ô " é	ù�'�´�µ	õ�� * ! 3�S ã ��� ì�� Þ	ß� q ô z } @ ô " ´�µ�õ�é�� % ã ù æ�(�) -BT ÙÞ	ß ì�U	é	ý	þ ��� É� 	ã A�&	ãMà	Þ ì���é Þ�? .���!� J ��ª�é @ ô " ´�µ ��ã�Ù�9 é Þ*ß ì�U�ý
þ	ù Ù�É� � 
 � �	Þ�? . ú�> > � c�d R � ã O�gÉ�Ê , � z = 102 mm

é Þ�? . "�ã�! (0,0,102)mm

x�y ß�� K1^ ãh���
20 mm

é�k @�l �� � ã ù æ
(�) -�T�ü�H�I Þ�ß ì�U C��

9.3%
é���õ ���" A�

z = 118 mm
é Þ�? . "	ã .�/ ù�'	é�k @�l ��� ã�Þ�ß ì�U�é C�� ��õ ���# ú / � 5.1%

�
> �%$ ú e ù æ ( ) - T Ù à Þ ì � Þ ß æç P Þ*ß&®&¯ P�& Â�'&Á&Â*é*ý*þ&<&=�� R � O&gÉ�Ê	ã)( Á�Â ! o ãMà	Þ ì���é�*�6��	õ ú���%+ 5H�I É� �I�		ã), � �� ��� 9 æ P + U H é���õ àÞ � Ù Á�Â��	õ	é ú�e�É�Ê	ã ��� à	Þ�ß ´�µ	õ�é��

% ãMÞ	ß �	õ ��� ��� é�' �	ã Á�Â���õ�-  S	û./ é I�	�0�1	ã , ã32	Ù û�'	é�´�µ à�Þ ì�� ã ù æ
(�) -BT�ü�H�I�Á�Â�4*é�� ��5 ��6 � ú&e Á�Â�4� � é	û ä < l	ã !	à	Þ	Ú	Û	Ü xpy (4,4,106)mm

è
é�´�µ à�Þ ìB� ��7�ã R ��ù æ�(�) -BT Ù ìB�!*6�:�2�é�ý�þ O�g�ã �

2(a) Q � 2(b)
ú�>�É�Ê��G

H ù æ  ÿ -BT f ù æ�(�) -BT + ø é�ìB� Þ�? .	 ³ ìBU úB� � ã � KYù�- ð � ) : ìB;�< A 8�9�
25 W

�98�¾ /!0 ã û�2�3�S (��	Þ�ß ��õ:�5 J
� Q Á�ÂB��õ�:�5�� % ! o ã ��; é�*�6*ì�U ú��-  S=<�>�é ��Æ 2��

(a) z = 110 mm ?A@ABACADAEAFAGAHA? (b) IAJAKAEAFAGAHA?
L

1 MANAOAPAQARASATAUAVA?AWAXAYAZA[A\

(a) ]A^AMANA_ATAQAR (b) MANAOAPAQAR
L

2 HA?A` (4,4,106)mm aAZAXAbA?A@ABADAEAXAYAcAd L
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ùB- ð�ð�ñ ù æ ��� ��Ã�� å ë������ �&�ãÙ���� é�ù æ 
 > ��ë�� 	 è E ü ¿�À ù 9 é�õ 		 0�� ���� õ 	 ù æ�(�) -�T	ì�� à�Þ	ã 3�5�ú�e

õ 	 	 0 Ù	ÿ�� ì���é	ý	þ ã ! � 9 ù æ õ 	 � H �
R � GBH�f û&'�õ 	�æ ë�é�ù æ EBF  ÿ -BT + øé à	Þ ì�� ã O�g�É�Ê , ù æ õ 	�æ ë�
 6 ã õ 	 	0�
 �*ã ì�� ý*þ�
 É� " Ù*Ú û&'*é&´&µ à*Þ*áâ	ã õ 	 	 0��� [ ù�� ã ù�'	õ 		æ ë	é�ì���ý	þ
� [���Æ � !	à	Þ	Ú	Û	Ü x�y

(4,4,106)mm
è	é�´�µà�Þ ìB� ��7�ã R ��ù æ õ 	 	 0 Ù�ÿB� ìB�)é�ýþ ã �

3
É�Ê��

z = 100 mm
é Þ�? . � x } @ ô "Þ	ß�� � é � ³ ì�U ú�� ���)��K É�Ê	ã ù æ õ 	 	

0 Å 5 H�I�ìB� Þ�ß ��õ�é J���ã
3
æ õ 	 � H HI Þ�ß ��õ

5.65%
é ��� ã 4

æ Q 5
æ õ 	 � H HI Þ�ß ��õ�é ���# ú / ú�>�� 1.08% Q 0.36%

�
R � O�g ��# ã 4

æ õ 	 � H é�ù æ EBF�� !����ì���é�5 � à�Þ ��
4(a)
É�Ê� © ´�µ à�Þ�á�â 4

æ õ 	 ù æ�(
) -BT + ø é�ìB� Þ�? . 	 ³ ìBU úB� � ã � KYù- ð � ) : ì�;�< 8�9 � 25 W

� f �
2(a)

é O�g
> � /_0 ã * ! 3BS � ù æ�(&) -�T�é���� "*Ù ùæ EBF � $ 4

æ õ 	 è E ãp� ìB�*é�ý�þ , Å 5 6
���Þ�ß ��õ�é ����Q Á�Â���õ�é� % �8�¾ Ç + ùB- ð � ) : ìB;B< * !���� � ù æ(�) -BT Q ù æ EBF 4

æ õ 	 è E H�I�é Þ�ß ��õ
��� ã � 4(b)

É�Ê� © à�Þ�á�â � f � 4(a)
ù�' #

$���ã ù�- ð � ) : ì�;�< Ç + � 25.3 W
� é�ì��Þ�? . 	 ³ ì�U ú�� ��� /10 � 4(b) Q � 2(a)

é O
g	ã û�2�3�S ã�� ±����	ù�- ð � ) ì�;�<�� Þ�ß �õ + ø�� ��� é ���	ã�� Á�Â��	õ�� �� � % ã R �C�� Á�Â�4�é O�g ��# ã!����" $ * ! � � -�T �
−9 dB

!�� � ��#	Ú /!0 ã �
5 $ S � û�'�-�T #�$��ã ìB� Þ�? . � x } @ ô " é � ³ ìBU úB� � ã

� 1
' � ��S � �

2(a) P � 2(b) Q � 4(a) P � 4(b)K ÿ��	à	Þ ì���é Þ	ß �	õ P Þ	ß	æ ç P Þ	ß�®p¯�!' C�� Á�Â�4�é c�d R � O&g*ãpA * 5 ��%�& !B"O�' �
(

1 )+*AQAR+,+-+. (4,4,106)mm aAZAHA?AXAb+/+02143
?AWAXAY ?AWAN+5 ?AW+6+7 8+9+:+;+<
(W/cm2) (mm) (mm×mm×mm) (dB)

L
2(a) 1299.86 (4,4,106) 1.2×1.2×7.1 −9.21

L
2(b) 1298.86 (4,4,106) 1.3×1.3×7.1 −9.06

L
4(a) 1284.60 (4,4,106) 1.3×1.3×7.1 −9.08

L
4(b) 1300.02 (4,4,106) 1.3×1.3×7.1 −9.08

L
3 HA?A` (4,4,106)mm aAZAXAbA?A@AB+=+>AEAXAYAcAd L

(a) 4 N+?+@AMANAOAPAQAR

(b) A+BAMAQ+C+D+E+FAX+G+H+I+J
L

4 HA?A` (4,4,106)mm aAZAXAbA?A@ABADAEAXAYAcAd L

L
5 HA?A` (4,4,106)mm aAZAXAbA?A@AB+=+>AEAXAYAcAd L
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(a) ����������������	�
 (b) ������������	�

L

6 AN+?+@AMANAOAPAQARAZAVA?AW�����	�

4.2 �������

ä�å c�d + ø é Þ�ß�á�â���Ù�9 é ð*ñ��&�BE
F UN ,

Ù
256

8�� �&� '�� > ��� æ õ 	 � H éù æ&(&) -�T ã�à*Þ �*ì ú&> u*å Ú 1.5 mm � é� # 5�������� � Q � # c�À�! (acrylamide/BAS)

�#" c 6 > � '#� �#$ ãp� K � # c 6 é n ë� , � H 1060 kg/m3,
ì-"

1600 m/s, �-� ')ë
0.6 dB/(cm·MHz),

/&%�'
3850 J/(kg·K),

% � � '
ë

0.55 W/(cm·K)
�)( � # 5*�*�*�*��� Q � # c 6ú�> ��� ç Ú 110 mm
Þ�? . æ ç ã,+*- ù æ�(�) -T @�� + ø é Þ�ß�á�â�ã�O�g�ú�>�É�Ê�Ú � 6(a) Q�

6(b)
� �*$ K � å � ;�< A�� 100 W,

� # 5*�*���. $ K à�Þ ��ì u�å ��Ü�¸ 1 s,
� # c 6 ��$ Kà�Þ ��ì u�å ��Ü�� 20 s

� �
6(a)

K É�Ê é
5
��Ý

Þ�ß�ã K Ü é ß�� } "�Ý�Þ�ß (x=0 mm, y=0 mm),��/ é
4
�*ß&A��&½ } Ý*Þ*ß ,10 ß (x = 4 mm,

y = 0 mm) P12 ß (x = −4 mm, y = 0 mm) P "�ß
(x=0 mm, y=4 mm) P �	ß (x=0 mm, y=−4 mm);�

6(b)
K 2 "	ß�� } "	Ý	Þ	ß (x=0 mm, y=0 mm),�*/ é
2
�	ß	ú�> � Ê x Q y } @ ô "�½ } 5 mm

éÝ	Þ	ß ,30 ß (x=5 mm, y=0 mm) P �	ß (x=0 mm,

y = −5 mm)
���

6
é ��$�O&g � # , ì�� Þ*ß*æç�4 � ã �*õ�5NK ã16 # É é & Â ã +*ð*ñ �&�&�<�é�ù æ�(�) -BT @�� * !B�� 5 � é Û�Ü*Ý�Þ�ßà�Þ �

5 �87
[�\�Ç S � ùB- ð�+�ð�ñ������ <�é*ù æ&(�)-�T @��	ã � 9 � ù æ õ 	 � H�ã %*9���] 256 ð	ñK_^�`�a�b . ùB- ðB> � ��Ý�Þ�ß�à�Þ�c�d*ú�e Q

�*$ � O�g � # ã ù æ�(�) -�T 9	ÿ��	Ý	Þ�ß	à�Þ ì�)é : 6 úB� ý�þ % û É� �ã Å 5��&Æ�Þ*ß �*õ QÁ�ÂB��õ�é IB	 � ���!� ùB- ð «�¬ Þ�ß�� 9����� �� ´�µ à	Þ	ã ü�H�I Þ	ß �	õ	é 6 G ��U ã ���´�µ Þ�ß�¼�½ «�¬ Þ�ß*ã�Þ�ß �*õ�é ��� ý*þ ���É� ��8�¾ � õ���*�ùB- ð � ) : ì�;B< * !�����&: ùB- ð�ð�ñ���� GBHB��Æ 2�è E Q ù æ õ 	 	0�H�I�é Þ�ß ��õ ��� ã1;�: � ) : ìB;�< Q Þ*ß��õ�é��B2��B' ã1< '�=�> 7 �&� õ � 9 � ) : ì;�<�é ��� ë 
 �
[�\�2�9B" # ð�ñ é HIFU

ùB- ð ãpÇ S � +
ð�ñ������ <�é 4

æ õ 	 ù æ�(�) -BT�é �B	 8 R@���ã�%�$����� ì���?1@�A�5 � 2����#�: > ��õ 	�ú�e Q ��� -�T�B "& &¡�¢ !�B2�C�� E 'B� ����B A�D ��2�C { ��� E '�Ä��
C�" � C�E�A�� % A � % B @�A ��C�E�A ��� k�F{*G*H�	 B)� % �*I�{*J*K � D ��2�A u*L �*M�@*NO*P K*Q 
*R*S BUT*V*W %*X*Y[Z]\ �*^�B � @�N*_
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