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ABSTRACT: Medical ultrasound system has been widely used to visualize the lesion for diagnostics in most
medical service site including hospitals and clinics thanks to its advantages such as real time operation, ease of use,
safety. Among many signal processing blocks of the system, one of the most important part that governs the image
quality is the beamformer, and technologies for this part has been continuously developed in long time. The
synthetic aperture imaging method, that is one of the major technologies of beamforming, was introduced to
maximize utilizing the information delivered from the patient’s body through the probe, and contributed to
breakthrough of the image quality since it was introduced in around 1990’s, and evolved continuously in decades.
This paper reviews and surveys the process of development of this technology and expects future evolution.
Keywords: Medical ultrasound system, Beamformer, Synthetic aperture imaging, Artificial intelligence

PACS numbers: 43.60.Fg, 43.80.Vj
LM 2 o 71 71242l Yelole. 2EIHE FAI5H] 9

o A7 EE SAFABR HlRR0] 2, E 4415}

A7) de] G 2SI AESAA 7] SN SR EE A NS R NEe
RHoE QLS BAte] WU AT S Glol W HES GNAHOE ZEH EL MBHEALF
2, 9190 Foll A 9o ALS T gk 2SRy M) FORREW 4 AR o TRHL A
LM ) Foh5E e 2901E A & 2AUE)SR o] Fol7] ofdlo] Trug 3
o HASL QA 2Tt whde] ST EA 2 AFEEIT 7] 522l Brightness mode(B-mode) 54
o] 2 ATHIARE Al5e] o] GAIBIIHE A 2 QAU ZSTHIAASE GG O R Rol

‘tCorresponding author: MooHo Bae (mhbae@hallym.ac.kr)
Division of Software, 1 Hallymdaehak-gil, Chuncheon-si, Gangwon-do 24252, Republic of Korea

(Tel: 82-33-248-2350, Fax: 82-33-242-2524)
® @ Copyright(©2022 The Acoustical Society of Korea. This is an Open Access article distributed under the terms of the Creative Commons
@ Attribution Non-Commercial License which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided
L the original work is properly cited.

534



o), ol2 18 2ew mau 2 she) 7}
AF AT RD SOl LA AR AT & o
Aaan, A8 A 5E T AR S0l 14
©% AE A sok 3ith. 3k Aqekele] 44lo]
2102 0] Bo}iz BH-L uh
shol g ule] QARS Atk o] S A R 2
&z n o) Z7te] 4ol Y LelA AL
AR AL AN SAISHTL, & Zhzbe] 2ol A
FAIE AT E ARtol| whet ¥ 3} sh= 2| ¢(dynamic
focusing, 521 7<), & A|7to] whe} Wslsh= 7k
] (dynamic apodization, 52| o}t Ao A)E 7}al
osle W] 2 o)a ekl o)2t wlay]
7145 52 Delay-And-Sum(DAS)o| 2} gttt of o]
Z2HO F5d HEo, o] Yl Ved 25T
JAFO] ZHFSF 3|4} = (lateral resolution), T 234 =
(contrast resolution), A1 & o} #-2-H](Signal to Noise Ratio,
SNR) 5= thi-& A4 3= a3t 7ol jIx
Alo g 7hs] sk vk

4

e (s)

s, n]= Z a(s,n,e)-x(e,n+d(s,n,e)), 6}

e=e (s)

1 1
als.m ) =212} 28] BAYEA A, 52 ofE LA

o 41 A4, 217} A70ekal, 4|7k, 44} Qe o] )

PRsShEt. 71 A3 G0 S S
A, SNR B2 $AHS 2o golof A 7}
% st %

1 = =
Aut o 28 fF] A= HH v Al Ele o2

T gl st 535

3 S WSy 9lal 4T G4 Synthetic
Aaperture Imaging, SA°] =4 5|91k, o] 7]4:2 9
2 & o] el radar), T 2:sonar) 7145141 kel of
2 EIIT o Aad o2 WeIch! T
Aol A ste], @Afe] £EuHaE]o) A SAI
£ 3h 0] S 410 2 HE O WA B S o] 5
Aol ohfek, A O R, E FHOR PREE
of ] <5415k 28] O] WHARIHE: 4 (synthesis, 4174
2l bEAe A AL 7K F Gahstel 4aH0
2 27ietel 9le), i 15Hs HR(EE $7H919)

2.1 SAI 7|&9| A=

glo] ] FoFof A Y o] 7]<-2 Synthetic Aperture
Radar(SAR) = &1 12, 71 A 2R 19501 of 'WH-E] 1960
dd) 2 ez AL kP ol 2 AEFS
a2 7))ol = 285 ok 158 0] 510 PAF
Sloh= e AR 9 S e = T 52 3]
ofl o] s Al oFS WA ==, H s ubge A

ENARA EE AR, FEAE ALgstolol 3

tholE S0l TV EAE = e Z2rHo A

The Journal of the Acoustical Society of Korea Vol.41, No.5 (2022)



536

Observation
point

Fig. 1. SAR concept.

uk glole ekelute] 7o) A AT vl &
2 o], SAHE7} ] oF2] © 2 Fol A7 Slct. Fig
104, AL v 3717} 0l @ 2R E W 17}

714 WHALEL B S 4418 42 9lomR o] S2414)

5L 77} o AAstel £ gAshE 1 Ak

#lo]e)o] FAo] Luk 2 At vl ek,
SARS] Yeli £FuHEA| 7] Sow o] $-6

Ak

Z25IT7] 712 Al v 7)ol AR ]
T HALR o]oA W2 Zlolal, FlojH =5
ERJE 7lsEE wol 8lo], 133 SARY| ¥l s
2SI of 3-8t Alee AP A A,
1980 T -8 LERd T o] Al7]of] 25ub T 7] =
ofgo] Z=HE TQIskar Ui, 2t Ye=
ofgjo] Lz Hof Agtste s HEY AUtk 22347
7ol 9k, of o] 22 B E AR H| | AN
Aof o]l Y5 =Yt Hazk WA Q%)
ot P o] e of o] T2 b o] gre 4} )
2o &2 st aXuhE 7HA AL S Als R R St
A7} vl S A 22 2guprl7]of 219t
H e o] Wil Fig. 20 Yeh glek o] W&
monostatic SA technique©| 2}l = 31},

e, o T RS S 250 A
Irje AES u 7P E A At S
“1eo]g 2 E7FRMY] Gl 5l THEA
ol Slet. o] A1 9] Al ¥hs] L 1%t =
A& pAlete] Telo|Y 2B S

A& AT 2R A9 E3 BE T o
Kl

el

FEY

Hooh 52 o Borfr o 2

AAER SAISHE B0 R YutstEglek
AjE o 3] e A B 7P HZRE A, o

HjE

-
E]E////RX Amp ADC \\@‘\\’@

Array trnasducer Memory

Fig. 2. Simple SAl system.

&
o
E
i
rlo
gﬁ
g
H
rir
P
4
lo

P,l‘,
st
U
&
1o
o
DY
U
ey
1
P,l‘,

¥
4%
)
%
32
=
)
il
o 1
x o
=
™
QL
N
o
%l'
o
¥
lo

o] AtE| ekl of whe At 241 TS
2] xpol| A 242 s 1wk S b AR
2} &l sl e
& 7heliA H ot AT
o] @A d-g-2ke SALS] 7| &5 7 9] 255 A = ek
T2, 73] SAlH o] FEE A Al WA=

H ]

Q__']:

Roe e B ot

A]

AIZ(S’.) GZ(SMS’.) a(sr)n7 e) b(s 9n7 e)
Ms,.n]= { ' ,Q)

x(e,n+d(s,,s,,n,e))

s,=51(s,) e=e/(s,.s.)

A7 A 5, Al 27HERI QI E 2, 5, = FAI A0 )
QUL $41 o]HlE) 1ol vz FA41THE
] 718|152 715 (transmit synthesis apodization)©|
1, p A= (13 2

3hH, o] T ol 'MA SAI 7]<-& 32 /ol 4
B3k A= E5 B g ek

T, A7A &=, b7} 4] Mz
do] mzu wrET7k olele 4% 5 5
S REPEEEREL EETER

SAol7bn] Hgalstel GAHS
U

o |
=)
N fu
Ol
OHH [O oN, £
r & x> & oHdo 2

_,d
>

>
i 2

2

o] SAI 7]4:- SAR 7] &3} 1l & 9A}5}H|
5k SAR®] 7 9-4= 71wt 7o) vl =5t

i)
iy



GUEe 1% oo e, ol g/ A SALE 1

2.2 SAl 7|E9| A&

910l 4] KA1 Al 2B of A SNROJ of45-2, Z-2f
o] vy} Zho| X &E £AH] 0 2 &= SAIV} 73t
& HojFoau S AH Uk o= 7414 sAl
§ oidlol 2209 $A343) AT Aol 5,
%&ﬂﬁldHQé@ﬂHmﬂﬂh*ﬂ
AR e & 71l A A
%@ﬂﬁ&a@@ﬁqmﬂqiiﬂ
A $Azgo] Hws gk /b $4)
A= o FAIATIH A 02 A 4ks)

g3t

Y

o i
%gmMo
2

of W
o
r>~
UE
mlo

-

_\J; rr
%

o &

b
flo
)

2
ot

b g

fo & o oo x of b
P'L
2
X
S
)
I
20
o
£
)
Ty
i
>
<
>.
5

N
X
s
DN

;

r
R
mﬁ of
b

£A oggﬂz}-ﬂ 7} ol;" 5]041:]. o] =13
4] 9] H| T] L2 A}o]| A= bidirectional Pixel Based
Focusing(biPBF) 2.2 g™ 3}%+=d|, ©] ff bidirection
O ofHlEE 2 A Wl 4= A1S | 71tk AEA QW

R

32 o] A} 3 biPBF A /3= Fig. 3] UEt
A
SHAITE, YA A= biPBFE HAIZTO R 73S
Jolli= AUAA g A4ERS QR to], of4]
A-g-3tof| = ofgfzol At
SAI= 5L} 715 0] w)he} Synthetic Transmit Aperture
(STA)o|2} 27| % &}al, 7HF-E spatial compoun-
dinge]2tal =e]7| = jhef ZEu, o] A=
T2, UE AR 29 942 dA= A
< spatial compounding®]2} F-2 11, SAl+= A 7} A}
& Al 7o) of]ah 4418 DFTHEL 7] A/
JIQAE)E V= A A7 Hoh= Ae
ofm|stE R, 2 i Efofof girt
biPBFe} 78, A &5 £ AIH-S 22 = SATE retros-
pective tranmit focus beamforming© ] 2}-37 3}7] &= gk
biPBFO|| A, £AIAEHL o1 A3 = £Al0 &2

rE S Y m
flo o KL I
o

gjg
1

b4

\J

T gl st 537

(a) Conventional

beamforming (b) biPBF

Fig. 3. An example of image comparison between
conventional beamforming and biPBF.

2 4152 G451 7t olel e Sol dolet
Sol 47} i o} 58, Al

5] Z 7 Mol Wl Ao

biPBF, <= Reference [9] 0|4 A| R R - F-Als]
HAME /e Eolmaal v Tes]| AlLEE
]+=, Synthetic Aperture Sequential Beamforming(SASB)
ojg} Ee|= Wo] 9l=d)| " biPBFL} Reference

[Dleke] ZolH L, Aol FANEE 27 o
ARSI 2 A o] AL L DA
7131 R45tel g AR W5tel 14 2T RE
ABE HET o] AEE Tt GAOR T
B4l B WA P SUgEsL 712
(SAKE: ARg317] 7)) A28tk 249 1450l A

ol 445 7o) AR RThE AL A4 o
Uhx) 7] ek, o] elgt EAlL Q1 of ] 2702
Qo4 217} A E AT ES Tl T2 A 9
AT S B o)) R Y], SASBE 424 B
DA S AT A A5 Tkl SAT
R U EEE FESIERE AP
52 Qe oIt 0% £% 29 Hd(wostage

2 5] uh ol WEY 827} ] 3 A Thd) A
R GECER L REISE o R E T A
AN ES T AR T PO S A Y

The Journal of the Acoustical Society of Korea Vol.41, No.5 (2022)



538

e
—

e —

=

steering

Physical

Steered plane
wave: VS at
infinite distance

Diverging wave:
VS behind
physical array

Converging wave:
VS in front of
physical array

Fig. 4. Concept of virtual source,

wua%
.._/\ OH L=
1_4_[2021] Q7
A7 =

A|A7HH(2E] o1 )
ﬂ%ﬂ4§@l+ﬂﬂiﬂgm
g] SAl=, 7HAS-Q(Virtual Source, VS) 2]
obe©] ol 71 okol] el b o 7
otk &2, 27190 she] M FAIRE mono-
static SA%‘T% 7P o] ofyzt AA| Af
SR A 9L Fig 4] e 2ick. 2121
of ko] gzt 7M4HE o] LB Qo] 9]
L biPBF A--0]i= oI A}S} Bl W 0o ] 280} 7
1ol A A SR 28 sl
z;ﬂo] u]_u_zj _‘_5_101-51— ;Ho]a} 5k H ﬂ_71‘0] ?j_l
2312 30fok st £40009] 222 SV
shela a ofe] 744 weie} 21}<aaq%
o] ek vt = VS7F F o]l = 7 5= biPBF ]
el kel ek, 2] 29, o
Zt}a] 2|31 A 02 A7}

[e]

FHU
N s

O 0] O
R

-111:

—

1__
AR

o
v
4n
N
L
)

oo
[o

of
¢
M
ol

ofx
e i

AR ool A

SEREER T L

B 1o
K

o0 Iir = b

T

‘g0l

H

i
AN
of
ox
tlo fg
Ml A2 rlo
1t
oz 2

.

b}
I,

o
[kl o

i)

ru e

% oy b
fak)

o

3o,
£
H
£
lo

=

ne
oo
(02

%

o L
oo
ol
o
&2

RuBg -
ol N
O o

>
o >
1

ot

ol ]1] 0
oft ol

=<
o
op

%
1oy
oot
E

lo
fUoem

o o
i
ol
N
1o
o

;
ope M
B R
o I

2

o 1 of
4o 32

Bj:2
b o

ot

2
iy
N

ZFIOb4, Oi ZH2loflA2] SAI
A F7HA| 2] SAI= B A|7FEol A 429 DAS
ol 7]gkste] Z42te] (7 o dhel] W=

I:IO]—

E

s

ZoRoRIX] MA@ H5% (2022)

HjE

So] HnE Yo ni
Lo}z ] Wl sZ o) E¢]
APAISIE el A e
oz 1 *7P°ﬂ*1—4

14
r2
o

o U B o

o)

fr ox 1o & my o
fr o o

5%

2.5 A =2 24
SAIOW Oﬂlﬂi He) $rlomRE o Ao gy
g, o] T ol A T AN 71
% 7343]_7\] ok77 xlz,k_z]
A& 5ol EolAAl |
R EE R DS
= A A=A ke
ool me Al JAbske uh
SAI/d &= = A At Bie i A 7H e =
#o] %] QFEi ek ALgAP} LR HE W) & o]
B9 BAEE % Sk ol2g #AlE 24913
7)ol SAVF =Rl E= 271 5E A Eoigtoem,
A4 0.2 o] BA) S12-Z 913k W S o] Al9kE 1
QU 27 0] Zhekg A7) 4 PHE-& ALgSIo] &

4N%%

3l Stk obAl =, 3219 B3kl A
2 g Aol i el 24
710l of e gt thise
AUk wApo] A Wash g7

-
R



2.6 AIAH 75
Eos. (D7) vl 523 21, SAIZ} 712 vl svlep
S Aol 2 oFel 14 AukE-S Yool
BRI 0= s, — o, 7] B AR B A S
QT Mo] A A4S HEFAL 71T 4 9)
ZO YRV oS o] 1892 T o]
2 upAIT] SHEglo] Foll 4 71y B

b

et
flo
¢

(¢]

0 Oope N oL
N

lo
11:1
f
Nt
O

ShTL 717 gl B i oIS Tefelu A
A7 SAL A|A]LS L5 | = Al A8 A A of| A
Bto] opd 4= gitk. o] Rk 15}sly] 9Igt e
= Y =] o] kP 2 7] of = R HEE A(ASIC)
o) o} 7| 8|4 & 4 A ASko] 2 o= AAFro =M

TR RS 93 BT ) g Rl
H| 114 -2 Field Programmable Gate Array(FPGA)S
A3 = A 2T Qo] gt [371 31, o} & SAI:= o}
Y 7|& ¥z o E[_{-B‘]-QX]U]—’ W5 & Digital
Signal Processor(DSP) % ATEQol&2
FIEA R ISRt 31311[38] Personal Computer
(PC) 7] 2] F=H-Al Bl g Hof 2000 4E, 1007Y
o]AFe] A of| 4] 10 bit W2, 4= 4] Mword/s2] =41
A1 % g o] ]S PCl express(PCLe) Sl E| W o] A5 £ 3
AA 7k & PCo| 9] WiE e 2 Hdo] 755
% AL, E PCO| CPUY GPUS| A4S T3t ok
3] Wk A o]|Z A AE ATES WA AAZE
S PCO| £TEF0|R PG 2T ES

Hzve
of v Alti7F el A = AL, o] g 7| &S 4
B3 AlFE0] SA1E7] AT T tf324 2l 4

7} VerasonicsA}2] 01—',L£‘- 2o At A AHSO]
t}. o] 2|2 PCe] X} 59 5874 0% B85y SAl

HolL ATk 1y, o /3], SAIZHA]
QekslA| dabsleH Al 28] M) b]-g-o] whukx]
Al Hi= HL Qlol, 3] 47 Ei= A7} AJ2E9
+= ASICO| U} FPGA, DSP 5-0] 2H-8-2 o %] 7} gl

27 SAl €8
2.5 0| A Atx

9Jo] o] 5

08
0

e
jus)

b} 2o] SAIof 4] th Al o] £
AFE Fo] o] 2 BYSH= A

ox,
2

T g sk 539

o] & g 9to]| I, 71 Wit H o A SAIE o]-8-5to] th
qe] SAAGER ARAR 53 Aol AT
g e Eolghrh o]z 7 B o 2 Bolgh
el o] 4] W8 WHEH) Al AL B
A7} A=A S AT Hl A w2 =

2} 8l 7129 =28 2 =(Doppler mode)Q} 22

el BS54 AALE T THHA
UG FA o] 45 RS e 4= U=
= grEt g So] 1ok gle o), 7))
Ee mE A i B WO $441S
NRE S| R 7120 2| Aol )ik
7R Ao 2 ARAEES 2 ER4E
917 Zol5 Syl glo] Abaro] o B WA
ThA S 72 sk ek

s, 25804 ShARAle] £ 9S s 4
Ak BREES 2 24 O 1] 4k 1
P, BR AlEE 2 STl AT Ao B
719) g 0] 27 0 25 e o] Zef e AlEo] 4]
of $A1T L, o] Fele] A% RFS AZHAI Aok 3
A, 2 Aol A AR e £29) AE M e
Z:wlo] glek. o] 3, &4 Aio] T2 % 74K 4l
B7}H4l0] QloBRE 1 7 B SHYS 1
S olR L, uehA] A BREEAE, E
AT SAIS FTHHEY T 1S o Ao
13 50| ek

2.8 3k SAl
SAIE 32} FAF o= e ot= A2 ErHE =4
o]z, o]of thgtk A~ EF K =] o Lhet. o] & A7)
of 1 7HsAd o] B s 7] AlFg o 25wt 33)
HPAo) Fe3he A7) o] 3o SAVE EAH o =2

¢

r l

=olEl 20w Bk 1 dez, 7120 13491 of
do] TR HE PYFCIE GAEIL FH W)
FHYE A HALFL e s 9]

The Journal of the Acoustical Society of Korea Vol.41, No.5 (2022)



540

wobbling 3D ZZ2HE 2 9 7|E0] TSN
ok HSF 35 H: lateral-axial plane)->- SAI R H-S- 2]
§3to] Sl MEYS Salsha, 1 B Re] 524
2 ol chalAl = SALS 4 wel ) S
o] AqrE| ik

2349) olglo] mE RS WA 3 AL Ak,
223719 QAF0] SALE 881517 51z A
131 51 9) ok ob g BHA] o 2 A gk
S}

Z A E A 52 7 (Minimum Variance beamfor-
ming, MV), $<7FX|(Compressed Sensing, CS) 5-2]
cloreh EY 9 A5 A el E 24 1)
o AK(Tissue Harmonic Imaging, THI), 3Ju}€H4]
(Shear Wave Elasticity Imaging, SWEI) 5 T}-F5t

71, 2 A QB A Sk 2ol

I
R

Moo

MV+= Eq. (D914 a( - ), 5 oF2Tto A 0]
PHAS 2 - ) of whef 22 e}sto] dsl=
REE 9] 4T 0] o] 52 1§ A5k, W2
HAZ y( - ) o] 2ake Hasfste] A oR

Ae W AT o] 5F A4k, & &
gy o]k o] Zlo] sAlet AY3 Wit o] al -)
ol 2} Eq. )l A 2] b( - ) EZF o] 2t
A glst s gk

Nl o

T

2.9.2 4T 2

}2: 41l 4) (compressedsensing, SC)-&, 41

il

SZtO 2 Hgte| B o HEo] YTt
1718 3)8}8) & (sparse matrix) 2 3=

bestar, o] 4

0
Nl

N N

AR
2=

HjE

2.9.3 THI¢} H¥

L Q] o o] H AR A

o

4 Ol
-

»

=
o

2 N
o X
M
LTS

Moam ox i ox 2
oo g
~
ob 1l o
o I

B}
o fu
2 0

o R

T oo
= oX, r_°£

O o> flo Ho

Lo
1o
_&Fl[‘

S

r2,
)

Ir
e
oL

Aol whet Rute] HupLert 3

12 0] g9 o] A4 =S FA45tol

r

>

S
el
N
o
o

2

__>L4_I4‘
>

r 10
) rr
ox

T‘
oZ
>

R EEEES

i

= o2

)
N
Y
=
U
>

o [

ol
.
oZ
o)

O
s

¥

2

=

o]

N
X
32

=)

o rlr % o

oz
O
o
ull
e
oZ
ol
o
r

-l
o
<

|o
Hu

10 ofr

e
Y
T

>
2
oy
= r
ol
o,
=)
2 4 8

N (e}
N ©o
(I 1)
pe o
gL M
1)
ot
o
g
lo 2
il
4z
i)

o
(i3
oZ
ol oot

™ ooz HU
o
N 2

ok
odt
10
AN
>
= hu

(E
Y
jf_l,

do 11
rir
o,

N
N
H
ot
S
k)
I
,
o
Iy
K

o
ox
g o
ne
2
o
e =
o

I3
i

ko &
o

Hl

£ g0

B o2
o
fr e 2

I}
>
iy

2 dlo
b
K1

X |
>

TE
LAQ B
X v o
o
oz

)

-IN

it

°

oo flu
\
S

=

()

=
A
%
O
1
Ll
ot
ox
Ol
o
r 2 o% ox J

Hr
L

O ofd oY
:

=, ot
i ok
o

i 1y
& glo
o H
ﬂl% 0_8:
of o
ST
o

Ay
o
:
o
oX

(¢}

Bl do o mhe Hr oo ELopd Reofr Bt
i

20
&
B
e



{m

g Eojgtony, HH o5
3L o]] Deep Neural Network(DNN)-=- 4]-&-
712 DAS 2] Ax}o|| u]a| FFAIE FAFS Hol=
S w gy G Afef| R FA AT TR H 57
S DNNO 2 HAFSIo] SAT 6= A % S0 9]
, 2T 7] 2ISAL| o]-8-5 A -9= FHutE

AlS SHHA 9 7HA] ZH e 20 S4TSR E o B
tez $4RE A8 fARt 235 de5 skl
0] 11,16 SATO)| 01| -2 2 A L-5to] ALTRAL
S Bolrka Hush ol gt aapgk HA15E A L0
SAIY| dla| A A E =g, DNN2 #-85}7] A, SAI
F/dol 71EDAS R S FO = H HofA]
L A9 = g El(speckle pattern)S H o]l glo] ] A
&7 dasith

|3 of| = Wol -3-8-%| 31 9l o] 16‘3_%1 choFat
o] W
H]

o Y g
}i 44 Lo

mlﬂngoﬁ

o_|\l

Eo| u 7=

7104 2x0]d ThaFe 15 A )7 4 53 ARt
& thopet AL 7] ahE Aatstel 2Sakaw] A
%5 WAl 2|44 0.2 7] o3l gick
i, o} 2] SAIZE 33 G, 2, B A
a5 3 % Plel SR A 02 A g ¥ m glont
A o]

_g
__>‘~_l“
ro.
5 o
ﬁ
O
1o
>
)
=2
w2
2
rlr

o] A5 AL RlaL, © %%8H Xo]'i]' Eﬂ% w2 At
7h & AL ® ok 53], AArA e 2 T gk
5201, frARRE 71520k, < radar, sonar 5ol A 23]
ML= AL Qlis, ol Q1545 SAR 7|5 5] H
A grot 2Fa S|l 2 =9, -8, 7N AT = 22k A
21|31, 71 AT A2 dataset = B84 91 G4t H o
frame rate S SFAMA] 7| A EITHEXR|, = U3t data set 2
2 F2 e, 2, Ao 52 3

10.

11.

12.

13.

14.

374l 28t 541

fr
of
1o
o
o
P‘Ji
=
H
_[ (
N
2
ox

~{
il
ne
4
x0
filo
paty

References

. A. Macovski, “Ultrasonic imaging using arrays,”

Proc. IEEE, 484-495 (1976).

. A. Moreira, P. Prats-Iraola, M. Younis, G. Krieger, 1.

Hajnsek, and K. P. Papathanassiou, “A tutorial on syn-
thetic aperture radar,” IEEE Geoscience and Remote
Sensing Magazine, 1, 6-43 (2013).

. R.E. Williams, “Creating an acoustic synthetic aperture

in the ocean,” J. Acoust. Soc. Am. 60, 60-73 (1976).

. G. S. Kino, Acoustic Waves: Devices, Imaging and

Analog Signal Processing (Prentice-Hall, Englewood
Cliffs, 1987), pp. 1-688.

. D. K. Peterson and G. S. Kino, “Real-time digital

image reconstruction: A description of imaging hard-
ware and an analysis of quantization errors,” IEEE
Trans. Son. Ultrason. 31, 337-351 (1984).

. Y. Ozaki, H. Sumitani, T. Tomode, and M. Tanaka,

“A new system for real-time synthetic aperture ultra-
sonic imaging,” IEEE. Trans. Ultrason. Ferroelect.
Freq. Contr. 35, 828-838 (1988).

. M. H. Bae, 1. H. Sohn, and S. B. Park, “Grating lobe

reduction in ultrasonic synthetic focusing,” Electronics
Letters, 27, 1225-1227 (1991).

. C.Y.Rew, S. B. Park, and J. B. Ra, “Elimination of all

grating lobes in ultrasonic synthetic focusing using a
linear array,” Electronics Letters, 29, 1729-1732 (1993).

. M. Karaman, P. C. Li, and M. O'Donnell, “Synthetic

aperture imaging for small scale systems,” IEEE. Trans.
Ultrason. Ferroelect. Freq. Contr. 42, 196-207 (1995).
J. R. Talman and S. S. Brunke, “Real-time 3-D ultra-
sound imaging using sparse synthetic aperture beam-
forming,” IEEE Trans. Ultrason. Ferroelect. Freq.
Contr. 45, 980-988 (1998).

C. H. Frazier and W. D. O'Brien, “Synthetic aperture
techniques with a virtual source element,” IEEE Trans.
Ultrason. Ferroelect. Freq. Contr. 45, 196-207 (1998).
M. Li, W. Guan, and P. Li, “Improved synthetic aper-
ture focusing technique with applications in high-
frequency ultrasound imaging,” IEEE Trans. Ultrason.
Ferroelect. Freq. Contr. 51, 63-70 (2004).

J. Opretzka, M. Vogt, and H. Ermert, “A high frequency
ultrasound imaging system combining limited-angle
spatial compounding and model-based synthetic aper-
ture focusing,” IEEE Trans. Ultrason. Ferroelect. Freq.
Contr. 58, 1355-1365 (2011).

M. H. Bae and M. K. Jeong, “Bidirectional pixel based
focusing in conventional B-mode ultrasound imaging,”

The Journal of the Acoustical Society of Korea Vol.41, No.5 (2022)



54

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27

2

Electronics Letters, 34, 2105-2107 (1998).
. M. H. Bae and M. K. Jeong, “A study of synthetic-
aperture imaging with virtual source elements in B-
mode ultrasound imaging systems,” IEEE Trans. Ultra-
son. Ferroelect. Freq. Contr. 47, 1510-1519 (2000).
R. T. Hoctor, D. J. Buckton, S. Jagannathan, M. P.
Mienkina, and J. Jin, “Systems and methods for ultra-
sound retrospective transmit focus beamforming,”
U.S. Patent, 9 366 753 B2, 2015.
O. M. H. Rindal, A. Rodriguez-Molares, and A. Austeng,
“A simple, artifact-free, virtual source model,” Proc.
IEEE Ultrason. Symp. (2018).
J. Kortbek, J. A. Jensen, and K. L. Gammelmark, “Syn-
thetic aperture sequential beamforming”, Proc. IEEE
Int. Ultrason. Symp. 966-969 (2008).
T. D. Ianni, C. A. V. Hoyos, C. Ewertsen, T. K. Kjeldsen,
J. Mosegaard, M. B. Nielsen, and J. A. Jensen, “A
vector flow imaging method_for portable ultrasound
using synthetic aperture sequential beamforming,”
IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 64,
1655-1665 (2017).
M. K. Jeong, K. J. Lee, M. H. Bae, S. Y. Chang, and S.
B. Gye, “Beamforming using the synthetic sinc wave
for ultrasonic imaging system,” Proc. IEEE Ultrason.
Symp. 1539-1542 (2001).
J. H. Chang, J. W. Park, and T. K. Song, “A new
synthetic aperture focusing method using nonspherical
wave fronts,” Proc. IEEE Ultrason. Symp. 1525-1528
(2001).
G. Montaldo, M. Tanter, J. Bercoff, N. Benech, and
M. Fink, “Coherent plane-wave compounding for very
high frame rate ultrasonography and transient elasto-
graphy,” IEEE Trans. Ultrason. Ferroelect. Freq.
Contr. 56, 489-506 (2009).
J. H. Chang and T. K. Song, “A new synthetic aperture
focusing method to suppress the diffraction of ultra-
sound,” IEEE Trans. Ultrason. Ferroelect. Freq. Contr.
58, 327-337 (2011).
Q. You, Z. Dong, M. R. Lowerison, and P. Song,
“Pixel-oriented adaptive apodization for plane-wave
imaging based on recovery of the complete dataset,”
IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 69,
512-522 (2022).
T. Stepinski and F. Lingvall, “Optimized algorithm
for synthetic aperture imaging,” Proc. IEEE Ultrason.
Symp. 701-704 (2004).
H. J. Vos, P. L. M. J. van Neer, M. M. Mota, M. D.
Verweij, A. F. W. van der Steen, and A. W. F. Volker,
“F-k domain imaging for synthetic aperture sequential
beamforming,” IEEE Trans. Ultrason. Ferroelect.
Freq. Contr. 63, 60-71 (2016).
. E. Moghimirad, C. A. V. Hoyos, A. Mahloojifar, B.

RS TR M4 M52 (2022)

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

M. Asl, and J. A. Jensen, “Synthetic aperture ultrasound
Fourier beamformation using virtual sources,” IEEE
Trans. Ultrason. Ferroelect. Freq. Contr. 63, 2018-
2030 (2016).

E. Shaswary, J. Tavakkoli, and J. C. Kumaradas, “Effi-
cient frequency-domain synthetic aperture focusing
techniques for imaging with a high-frequency single
element focused transducer,” IEEE Trans. Ultrason.
Ferroelect. Freq. Contr. 66, 57-70 (2019).

S. Chandramoorthi and A. K. Thittai, “w-k algorithm
for sparse-transmit sparse-receive diverging beam
synthetic aperture transmit scheme,” IEEE Trans.
Ultrason. Ferroelect. Freq. Contr. 67, 2046-2056
(2020).

R. M. Lerner and R. C. Waag, “Wave space interpre-
tation of scattered ultrasound,” Ultrason. Med. Biol.
14, 97-102 (1988).

W. F. Walker and G. E. Trahey, “The application of k-
space in pulse echo ultrasound,” IEEE Trans. Ultrason.
Ferroelect. Freq. Contr. 45, 541-558 (1998).

K. L. Gammelmark and J. A. Jensen, “Duplex synthetic
aperture imaging with tissue motion compensation,”
Proc. IEEE Ultrason. Symp. 1569-1573 (2003).

M. H. Bae, B. S. Kim, M. K. Jeong, W. Y. Lee, J. H.
Ham, D. Y. Kim, and H. W. Lee, “A new motion esti-
mation and compensation method for real-time ultra-
sonic synthetic aperture imaging,” Proc. IEEE Ultrason.
Symp. 1511-1513 (2007).

K. L. Gammelmark and J. A. Jensen, “2-D tissue motion
compensation of synthetic transmit aperture images,”
IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 61,
594-610 (2014).

M. H. Bae, B. S. Kim, M. K. Jeong, R. Y. Yoon, H. W.
Lee, and Y. G. Kim, “A new architectural design of
full aperture, full frame-rate synthetic aperture beam-
forming ASIC,” Proc. IEEE Ultrason. Symp. 1508-
1510 (2007).

M. H. Bae, J. H. Ham, R. Y. Yoon, H. W. Lee, and M.
K. Jeong, “A new ASIC architecture for ultrasonic
synthetic aperture imaging system,” Proc. IEEE
Ultrason. Symp. 1346-1348 (2009).

J. Amaro, B. Y. S. Yiu, G. Falcdo, M. A. C. Gomes,
and A. C. H. Yu, “Software-based high-level synthesis
design of FPGA beamformers for synthetic aperture
imaging,” IEEE Trans. Ultrason. Ferroelect. Freq.
Contr. 62, 862-870 (2015).

H. Y. Sohn, S. H. Seo, J.M. Kim, and T. K. Song,
“Software implementation of ultrasound beamforming
using ADSP-TS201 DSPs,” Proc. of SPIE, 6920 (2008).
C. J. Martin-Arguedas, D. Romero-Laorden, O. Martinez-
Graullera, M. Pérez-Lopez, and L. Gomez-Ullate, “An
ultrasonic imaging system based on a new SAFT



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

approach and a GPU beamformer,” IEEE Trans. Ultra-
son. Ferroelect. Freq. Contr. 59, 1880-1887 (2012).

T Di lanni, M. C. Hemmsen, P. L. Muntal, 1. H. H.
Jorgensen, and J. A. Jensen, “System-level design of
an integrated receiver front end for a wireless ultra-
sound probe,” IEEE Trans. Ultrason. Ferroelect. Freq.
Contr. 63, 1935-1946 (2016).

J. W. Choe, A. Nikoozadeh, O. Oralkan, and B. T.
Khuri-Yakub, “GPU-based real-time imaging software
suite for medical ultrasound,” Proc. IEEE Int. Ultrason.
Symp. 2057-2060 (2013).

T. Y. Phuong and J.-G. Lee, “Software based ultra-
sound B-mode/Beamforming optimization on GPU
and its performance prediction,” International Con-
ference High Performance Computing (2014).

H. K. H. So, J. Chen, B. Y. S. Yiu, and A. C. H. Yu,
“Medical ultrasound imaging: To GPU or not to
GPU?,” Micro. IEEE, 31, 54-65 (2011).

S. I. Nikolov and J. A. Jensen, “In-vivo synthetic
aperture flow imaging in medical ultrasound,” IEEE
Trans. Ultrason. Ferroelect. Freq. Contr. 50, 848-856
(2003).

1. K. Ekroll, M. M. Voormolen, O. K.-V. Standal, J.
M. Rau, and L. Lovstakken, “Coherent compounding
in Doppler imaging,” IEEE Trans. Ultrason. Ferroelect.
Freq. Contr. 62, 1634-1643 (2015).

J. A. Jensen, “Estimation of high velocities in synthetic-
aperture imaging-Part I: Theory,” IEEE Trans. Ultrason.
Ferroelect. Freq. Contr. 66, 1024-1031 (2019).

J. A. Jensen, “Estimation of high velocities in synthetic-
aperture imaging-Part II: Experimental investigation,”
IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 66,
1032-1038 (2019).

C. Golfetto, 1. K. Ekroll, H. Torp, L. Lavstakken, and
J. Avdal, “Retrospective transmit beamforming and
coherent plane-wave compounding for microvascular
Doppler imaging: A comparison study,” IEEE Trans.
Ultrason. Ferroelect. Freq. Contr. 68, 1105-1116
(2021).

H. Andresen, S. 1. Nikolov, and J. A. Jensen, “Precise
time-of-flight calculation for 3-D synthetic aperture
focusing,” IEEE Trans. Ultrason. Ferroelect. Freq.
Contr. 56, 1880-1887 (2009).

H. Andresen, S. I. Nikolov, M. M. Pedersen, D. Buckton,
and J. A. Jensen, “Three-dimensional synthetic aperture
focusing using a rocking convex array transducer,”
Trans. Ultrason. Ferroelect. Freq. Contr. 57, 1051-
1063 (2010).

Y. Li, M. C. Kolios, and Y. Xu, “3-D large-pitch
synthetic transmit aperture imaging with a reduced
number of measurement channels: A feasibility study,”
IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 68,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65

543

1628-1640 (2021).

J. Synnevag, A. Austeng, and S. Holm, “Adaptive
beamforming applied to medical ultrasound imaging,”
IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 54,
1606-1613 (2007).

Y. Qi, Y. Wang, and W. Guo“Joint subarray coherence
and minimum variance beamformer fo multitrans-
mission ultrasound imaging modalities,” IEEE Trans.
Ultrason. Ferroelect. Ultrason. Ferroelect. Freq.
Contr. 65, 1600-1617 (2018).

Z.Lan, L. Jin, S. Feng, C. Zheng, Z. Han, and H. Peng,
“Joint generalized coherence factor and minimum
variance beamformer for synthetic aperture ultrasound
imaging,” IEEE Trans. Ultrason. Ferroelect. Freq.
Contr. 68, 1167-1183 (2021).

H.-N. Lee, S.-1. Park, and S.-C. Park, “Introduction to
compressed sensing” (in Korean), J. IEIE, 38, 19-30
(2011).

D. L. Donoho, “Compressed sensing,” IEEE Trans.
Inf. Theory, 52, 1289-1306 (2006).

J. Liu, Q. He, and J. Luo, “A compressed sensing
strategy for synthetic transmit aperture ultrasound
imaging,” IEEE Trans. Medical Imaging, 36, 878-891
(2017).

J. Liu, Q. He, and J. Luo, “Compressed sensing based
synthetic transmit aperture imaging validation in a
convex array configuration,” IEEE Trans. Ultrason.
Ferroelect. Freq. Contr. 65, 300-315 (2018).

M. H. Bae, H. W. Lee, R. Y. Yoon, M. K. Jeong, and
Y. G. Kim, “A new ultrasonic synthetic aperture tissue
harmonic imaging system,” Proc. IEEE Ultrason.
Symp. 1258-1261 (2008).

M. H. H. Varnosfaderani, B. M. Asl, and S. Faridsoltani,
“An adaptive synthetic aperture method applied to
ultrasound tissue harmonic imaging,” IEEE Trans.
Ultrason. Ferroelect. Freq. Contr. 65, 557-569 (2018).
M. K. Jeong, “Medical ultrasonic elasticity imaging
techniques” (in Korean), J. Korean Soc. Nondestruc.
Test, 32, 573-584 (2012).

R. Ahmed and M. M. Doyley, “Distributing synthetic
focusing over multiple push-detect events enhances
shear wave elasticity imaging performance,” IEEE
Trans. Ultrason. Ferroelect. Freq. Contr. 66, 1170-
1184 (2019).

M. Mirzaei, A. Asif, and H. Rivaz, “Virtual source
synthetic aperture for accurate lateral displacement
estimation in ultrasound elastography,” IEEE Trans.
Ultrason. Ferroelect. Freq. Contr. 68, 1687-1695 (2021).
A. C. Luchies and B. C. Byram, “Deep neural networks
for ultrasound beamforming,” IEEE Trans. Medical
Imaging, 37, 2010-2021 (2018).

. R. Pandey, J. Kirchhof, F. Krieg, E. P’erez, and F.

The Journal of the Acoustical Society of Korea Vol.41, No.5 (2022)



544 lI e

Romer, “Preprocessing of freehand ultrasound synthetic
aperture measurements using DNN,” Proc. 29°th Euro-
pean Signal Processing Conf. 1402-1405 (2021).

66. M. Gasse, F. Millioz, E. Roux, D. Garcia, H. Liebgott,
and D. Friboulet, “High-quality plane wave compoun-
ding using convolutional neural networks,” IEEE Trans.
Ultrason. Ferroelect. Freq. Contr. 64, 1637-1639 (2017).

67. N. Peretz and A. Feuer, “Deep learning applied to
beamforming in synthetic aperture ultrasound,” arXiv
preprint arXiv:2011.10321 (2020).

| ®xt of

» Bl £ S (MooHo Bae)

1986 28 : M2CHS W

19884 8% : St=2nt
E N,

19024 82 : St=2t57 & M7 |HXLS
St} HEAL

199215 92 : CHR XL LA}

19954 102 : GIH|C IS UAL ATAZN

20044 98 ~ Six : SHEICHShw w2~






