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Abstract
modern medicine. Among these imaging modalities such as X-ray, MRI, and ultrasound, MRI and ultrasound are

The ability to see the internal organs of the human body in a noninvasive way is a powerful diagnostic tool of

presenting much less risk of undesirable damage of both patient and examiner. In fact, no deleterious effects have been
reported as a result of clinical examination by using MRI and ultrasound diagnostic equipment. As a result, their
market volume has been rapidly increased. MRI has a good resolution. but there are a few disadvantages such as high
price, non-real-time imaging capability, and expensive diagnostic cost. On the other hand, the ultrasound imaging
system has inherently poor resolution as compared with X-ray and MRI. In spite of its poor resolution, the ultrasound
diagnostic equipment is lower in price and has an ability of real-time imaging as compared with the others. As a result,
the ultrasound imaging system has become general and essential modality for imaging the internal organs of human
body. In this review various researches and developments to enhance the resolution of the ultrasound images are

explained and future trends of the ultrasound imaging technology are described.
Keywords : ultrasound imaging, resolution, beamforming. harmonic imaging. coded excitation. 3D imaging
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o] Fure & MHzAAM AMHzolt, 289
A& BHslEA v ol xr1 e w=g
A9 Gz 9k #9, 289 9L rBHe
Az g djd 2 o] FoA ZAAACA A7) wAlg
& o] &3l FA3H1-3).

2.1. £ (Velocity)

AMUNE AeYste oo £x Ve 2 ujd 2
T2 p, £3 modulusE B 21 313,

V='\/§ ........................................................ 1)

2 Yehd 5 9ltk. Table 2014 HXo] Aol <]
289 £ v we) oz2n, o]d uel A W
Rojr el £xof Wald mE HAto] 2 A3EHoR
3 3AtH(4-8).

2.2. M (Attenuation)

Zg3e) B2lA AdFe FaF shvie g9t
ol At wo] e Aot Mt A 2
o BE 239 intensity I &

I =lexp(-2az)

Table 2 o2 ofZEolMe| Egate] £ U ZiaHl,
£4 Impedance
: .| Characteristic
vl bt
Water 1480 0.0025 1.48
Air 330 12.000 0.0004
Amniotic 1510 0.007 1.5
Fat 1410-1470 | 0.35-0.78 | 1.34-1.39
Soft tissue 1540 0.81 1.62
Liver 1550 0.95 1.66
Kidney 1560 1.1 1.63
Muscle 1590 1.5-3.3 1.71
Spleen 1550 0.52 1.65
Bone 4080 12.0 7.8
Yitreous of 1520 0.1 1.52

ol Aoz REAYD A7A ax ZHAS(attenua-
tion coefficient)24 Table 29 IAZ29] & 7}
2 g E3 PNt ZAASE S 2
BAE 7T o, 250 FAAGGR A AL
se FogedgdA e ggAse Fuked mel A
AxH oz Frieict,

= 9o
==

2.3. YAl (Reflection)

Z2gut FAAGAA o 2ol 7MY Fad 42 F
shieln, o] mldel 54 impedance Z o TAF
o}, i o) 54 impedance Z & B39 UE po} 2
S &= Ve Foz FAEnh

Table 201 2 7FA AAzA g B4 im-
pedance’} Y 9lv}k. B4 impedance 2,9 £3
dA z,9 EA=E A o, WAMAIS(reflectivity)

R & T3} Zo] EAET

Table 3¢ o2l 744 Aol o) BAPASE VERRL
o,

Table 3 0{2{ ZH|0lAM{ 2| HhALAH|IS
(normally incident case)

Materials at Interface Reflectivity
Brain - skull bone 0.66
Fat - bone 0.69
Fat - blood 0.08
Fat - kidney 0.08
Fat - muscle 0.10
Fat - liver 0.09
Lens - aqueous humor 0.10
Lens - vitreous humor 0.09
Muscle - blood 0.03
Muscle - kidney 0.03
Muscle - liver 0.01
Soft tissue (mean value) - water 0.05
Soft tissue - air 0.9995
Soft tissue - PZT5 crystal 0.89
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Fig. 1 =33} FAEIER|9 block diagram

2.4, =g GAZIcHE x| ] T2 /B

Fig. 1o g3 F4xa4xe] 7123 block
diagram< JeERIAT £ pulser P(t)dl 2l&)
firing® transducere 7180 A5 E 2352 A
gt} A R 233E Az, A2 b
)] ZAANA wrAlE o] A HEote e 2&T A
%% transducerdl ols} A7|AQ) A52 HEH
29 A3 signal processordlA] o3g] 7EA9] Al
FAEE & F, monitordlr o2 FAFTI).
Signal processorelA F#83ts AzAee 48 7
7t gov], o] 7&HlA S AES Table 40l
Jeplioh. 23 9459 diEAd AEL Fig.
20 VERA ST,

3. Digital Beamforming 7|¥

O 8 ARG FX 9} vlwele] 253 FARATER
£ 3’3 (resolution, Eal% )7} Viiths A& gkl
A AF3 H U ol AAE oEE AYr7IEA
2ABAQ) ez gt A ST F/delA
9] SAEE FAAT)7] A AP 1ES] o] FolA
aglon, REAoR 7 At AdslEx glt,

3.1. sil&t = (Resolution)
Z239 AR M Y YT ZA S )

4% (axial resolution)® %% 4= (lateral
resolution) & FEEHIAT, o] FellA e a4

Table 4 Signal processoroiiM T8E= E28t

s [
AzA 5 % A d
TGC Time gain compensation amp.
AgA e 25 #4g B3] 94
amp amp.

Receive beamformer.

R Array transducer® A83ld 41819 S A
X 2 A A 7z} channel2 $gs & 2359
time delay® =43l focusing?t?] 913 3
=5

Beamformer

Rx beamformer2%€ %9 datag Lo} A
X8, 280 A5 Agste Foldl w
2 adaptivedtAl pass band’} ¥&he
dynamic filter, SDP/CDPelX B8 2 3=
inphase$} quadrature 4%% TA7
Echo quadrature demodulator, &1 9749 %
Processor | A& 914 envelope® 7 %3}= envelope
detector, AFEe ol A & Y=g 41
B 259 4139 dynamic range® F¥3he
log amp. 28]2 edge enhancement$}
gain control, low-pass filter S22 FAH

Spectral / color Doppler processor.
FHole A 2AHE Ase FHole ¥
&l wpe} F3k4=7} WeHs Doppler effect®
olg-gtt, RN Wirlsle] HFol & Az
SDP/CDP | % Doppler 358 Aitsld @79 £=
9 ougke] RS At} o] F spectrum® ¥
g2 XA ol spectral Dopplerolx, &
o} 229 4739l pseudo color2 FEAF Aol
color Dopplero|tH(10-14).

DSC Digital scan converter.

259 935 €€ 949 zAH(data
acquisition space)¢} monitorsl EAlsH=

# % (data display space)7} S8HE, o9
#HF WL Yt o9dl frame
averaging, frame interpolation, zooming,

windowing 59 71%5$ #380H15-18).
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Fig. 4 =8 siAlzel Hds

E¥ array transducer? EA4 93 A4d
array transducerlA] fire® &% pulse?] Zo]
weow F 439 dgE(bandwidth)e] Fo9 <l
Azt 2719 targetE-E TE3IeU oz, WiR
Z&9 pulsed] Zo] Foi, F 430 gigZo] Yo
W QAT 2709 targetS HA FEY F Ao} o)
agez Ad9¥ 3] Fig. 30l¢.

Transducer
Array

oo wlal FW A= Fig. 494 Zo] =&
o 4159 Z(beam width)ol 2la) 2R =™, Az
5 FA 87 9 F2 AARNRE o) &stn 3
ok aglm 29 AEEE AT A g

Z)E-¢ beamforming £+ focusingeiegty #&

=
3.2. Beamforming2| 7|& 22|

Zup8k A3 =g 43A1717] f18lAE array tran-
sducer® z elementEol 28] WAl 25T 4S5
E¢ 93k A3 (focal point)oll BAlel =E3I=%
sldol gt ol& 98l 79 transducer ele-
mentES 97IA7)€ firing signal& < Altd o=z
ol E T3 WAL} = edge element’t 7HF
AA  fireHn, E£AFoZ QA elementEol
fires®], nlA=r o2 center element’} fire€r}.
ol#7 gomA Z7}9 transducer elementol]A]
e 239 AFEL focal pointdl BAlel =&3
A DcH(transmit focusing). ==lx focal point
A wiAlg A% = Z4zbe] transducer elementel
A= thE A7kl 2252 o] AjZtale]§ BASlA
of @ch(Fig. 5). °] AlAtel& B F, 25 8t
o 227} Y3+ focused signal® T@TH(re-
ceive focusing, receive beamforming).

3.3. Analog Beamforming 71

285 g4 A% F017] Y8l A = focal points]
F7F o BE&4E FolA a8y Tx focus-

Focused
signal

Fig. 5 Receive beamforming2l 7T
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ingolA+ focal pointZ7t B2 % frame rate°] 2

o Bz, ol Y E}FH-E Folof gt} WA
Rx focusing frame ratez= ZAV glenz 9
8h= THE focal pointE % 4 Ut Fig. 62 Rx
focusing® analog 2% o| &3t 3= 713
Akl Fejolr}, ol9 22 TEAA focal pointE
Leleid gg9 289 21353 L-C delay lineAlo]
o multiplexer(mux)7} ¥ X3tedo} &t ©] mux
& focal point7t ¥ wiwith control datadl] 23
283 A ETE S switchingdteloF gt o] A|7te) &
By} 42 g7 dFo] @xel w4 Tx- focal
point7} vH @& o] &3l muxE switchingsdti
Atk 22} o] ¥4l Rx focal point® +7F Tx
focal pointe ol 23 A3S wonz Fige A
GA] AFE Be=t} o] F FHEEY] 93 Rx focus-
ing 3|2 20 428t Rx focal point7}t v o

—

Target

N

Transducer
Array

ultt Rx focusing 3| £% switching® % Ut}
(ping-pong ¥4]). Ping-pong 219l Rx beam-
forminge B2 S|AZF AMESE e WHle s 7B
Aoz pointolA focusingol 7Fegr W4
(pixel-based focusing)e] ojt, 2 7ie] 34
pointel A% focusinge] 7Fedtttes FHE U AU
t}H(zone-based focusing). E3F ©] ¥4-2 L-C de-
lay line® &9 24, & insertion loss®} im-
pedance mismatching ¥2 ©4& 7[xx it

o] 9lo| analog 3= & °©]&% dynamic beam-
forming ¥4& Fig. 7ol Yehidt}. of ¥4 L-
C delay line® 2% %1, active &2+& ©| &34
variable delay lineg #&3tx g}, &, dgle =
E point9lAl focusings 31 o, 7HFo] vix
21 focusing error7} ¥ o] VYehjw 259
dynamic rangeZ} FA7F 53 9lo], AAle] AEe

=
rE

1 LC
Delay
— Line
Focused
N - signal
Delay
element

Fig. 8 Analog beamforming®| 7HdT

Variable Variable
Delay Line Delay Line 3—>

Focused
signal

Fig. 7 Analog dynamic beamforming® 7Hd T
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€ A &o] w5 olH,
3.4. Digital Beamforming 7%

oA AFF analog beamforming 24
Edze FAHES /A2 ot RARTIE pix-
el-based focusing® & 4 fith= HHE <3 9l
t}. old] v olAFH AdFste digital beam-
forming®}4]E2 pixel-based focusingel 7Fs3t
o] &9 9o S A 28 4 . Digital
beamformings AF% w, 4 WA e AL
CCDaAE ol&she Wolth. e dnldA
CCDx digital &&7} olA|gt digital beam-
forming®] ¥ wWjeo2 FEwn gk a2y dA

713 Ut 9l CCD4AHY] dynamic range’t 5%
34 B3 ol 7Rl dE3E 243 4ol Di-
gital beamforming® = & W& Fig. 84 Y
Eld synthetic focusing WHalelth. o] H#adA &
3 elementolA] ZSHE 23 o}, o] A/D
conversion® & memorydl A4S A7}, ojgl 2
2 o2 BE elementd dataE memorydl A
ZAAI7]E o] "WRE focal-mapped address gen-
eratorol4l AAE addressol 28} datag 2joiulA
H#ozZM focusings At} o] HAe FHoz:
Rx¥+t op g} Tx7HA] L 8§ 2-way focusing & &
o= Holth, a8yt  element® firedtnz
acoustic power7} ¢Fetal, targete]l S3AY A¢
motion blur7}l A7l HE 71X 3 gl &8 89]

Focused
signal

¢ address
Focal-mapped i

Address Generator

Fig. 8 Synthetic focusings] 7HdT

Interpolator

}—>' Memory

—

Focused

2 iV

—

signal

Target

L

Transducer

Array Uniform

Sampling Clock

Fig. 9

address

Focél-mapped
Address Generator

AHIHQL digital beamforming2l T
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ohd wigt P A el A F2 AMEE 2 119, 20).
Synthetic focusing®] ¢Fd-& B&F Aol Fig.
93} 72 AwkA<l digital beamforming W4l elth,
o] W&ol synthetic focusing®l <Fd<el %3
acoustic powers F7H17171 918 Tx focusing®
gla] firedtn, $49 AFEL A/D conversiondt
o] memoryell A3g ¥ focal-mapped address
generatorE ©] &8t memoryZ+%-€ datag 9o}
Al focusing® ¥t} 53} A/D conversionAlel A
7] quantization error& Z°17] 918} sampling
rateS 100MHzol o2 Fojof gtk a8y ole
Addog Brhssta t4ld interpolators AHE:
33 gtk o] W& iy-Eo] Al AYstizm gl
91}, quantization error’} ©RkR] @on ojo] =
£-2 9%} interpolator® 4A] %<& dAo|r},
vt]&ol = pipelined sampled delay
focusing(PSDF)olele x# 7l€9 digital
beamforming ¥4& A3t A (Fig. 10). 71&
9] analog beamforming W42 delay &35 o] &
3t AR QS F3, I Fo dge2H focusing
£ 33l W (delay-sum-sampling)°olz, ¥+
A9l digital beamforming ¥29lA+= uniform
sampling¥l] addressZ ©]43t4 delayg& F+= %
) (sampling-delay-sum){! ¥Hdd], PSDFdA=
Z} channel® sampling clockel Ztz} 2 %g A1z
g 715t F, FIFO(first-in first-out)¢} add-
erg B3 focusingel FPErHdelayed sam-
pling-sum){(21-26). %, Fig. 109148} Zo] vari-

Target

able sampling clock generator(VSCG)E o]-&3}
o Z} channel®l 29§ delayed sampling clock
< TAAFIL, Z channel°lA delayed sam-
pling® datag®& FIFOA A& 5, adderdA]
Hgte 24 focusinge] Bct.

PSDF9] 7] 218 422 Jehid 8% 2
ok, $A array transducer® A element® &
o)

2 259 Mae

x;(t —1;)=A{t —T;)cos o (t — T;)

7} Z°] modeling® % 3Iv}. 7, & jAA element]
A1Z 9} center elementZ E0]& A% Alole] A
B AAte]E YERIY | focusingS HIR o] Al7te]
Aol & BAete F= ot &, of A& AR
Ehe AL 7} element B2 (7, +4,) & 253}
e AS Aridn. date B1Ee AAA 4,8

7Feta

xi[t = (7, +d;) ]
=A[t —(1; +d;) ] cosax [t - (1; +d;) ]

7} #Hv), o] A&E sampling 7. . A/D
conversiondt® k¥A sample, x, © thdF} o)
AMd

X =x;[kTs = (z; +d;) ]
=x;(t = 7;) 8[t —(kTs - d;)]

Focused
signal

Transducer
Array
’ Variable
Sampling Clock
Generator(VSCG)

Fig. 10 PSDFe| 7Hd=
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9 Aol &)+ sampling functiono2 2}Hg-3la],
2% AL A elementZ YA AE x(-17)E
d, HF AIFAAE 53 A/D conversiond A3 2
< A7E Jepid

ol¢} #-2 PSDF9 7H & AAH & viwd AA 7
£ 4 g+ Aojt}. EF quantization error’}
master clockdl] 23} 23522 memoryE ©l&3%
WA Btk error7h At

4. Harmonic Imaging 71&

Harmonic imaging 712 90dd £} 7
e @I er, dA 251 G439 Ad=E
Fol7]l A% dgoz MUY, 7]Ee] dwrEd
259 93e 53 Fug, v 5% FHrd gl
pulseg& 23 o} &3 J4S VEHFig. 11).
it AN WAlE o] sEole AsE A
fundamental F¢AAE #% ohdel, har-

’ W
Fig. 11 gtxQl =2m HalolAM EX Fujg=9
(A) Tx wave2} (B) Rx wave

Fig. 12 =33 gatoliMel (A) fundamental Alz2}
(B) harmonic 2%, (C) ElE0t2 echo Al%

monic FHLAEo] EgH o} glet. §3], ] har-
monic ¥l fundamental F35422] 267}
5= 2nd harmonic F#FAA &0l & o|Fx U}t
(Fig. 12). Harmonic imaging 718l A & 5 &o}
& %289 A3FdA 2nd harmonic FHFA NS
a8t 289 948 HETH(27-29).

4.1. Harmonic &2 gt

Harmonic imaging 71894 Al4-3= 2nd har-
monic FIHFAAELS 255 FAEGR A4 LAEA
A FaE7) ol ol QAle) YR FI3 JE
(contrast agents)t} 1A W 5-9] scatterere] H|A
B 500 o dAdr}, w$ 2L v1Est 95

e 2394 contrast agentsE Sl FAls)

o) Z

W, 259 GAAGGR o o) FPE 257 pulse
= UA] FARE ZIEAA YRl o] HEo} &(Fig.
13(B)) 3 EAld S (acoustic pressure)dl 28 7]

22

o

Fig. 13 (A) TransducerolA Z|Z(bubble)oll =&t
fundamental 4122} (B) 7[ZoljA ChA] BEALE]
£ fundamental 1=, (C) Sgtoll 2fsl 7[=7}
ZiEsta, olofl ols)| WAEE= harmonic AlZ

High pressure
tissue compressed
velocity higher

High negative pressure
tissue expanded
velocity lower

Fig. 14 TissueB ZI¥sl= sine wave
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Co+AC

Co
=

Co~AC

=>

Increasing distance travelled

Fig. 15 &0l 2/& sound velocity2l #1512} harmonic A&2| w4

£ AEFAI7IY. o] 2Bl 9l& harmonic &) &
Ao 5 Eol 2t} (Fig. 13(0)).

Contrast agentsE AMHE-3HA] olx AAdA =
Eol2 41+ harmonic 4 2& £d3tx Q). o=
sine wave® o] &8l AW 4 o} F AA R
9] soft tissueZ} & (compressed)do} & &=
2509 £xrt F7kE3n, SR ol relaxed)s
o] 1E WE 25T £57t HAadhe A S o 8F
t}. A9 YRE FI3lE sine wavet pressure
wavee|™, wWetA sine waver A9 WHEE 23
gt wWet Fig. 149 2o] tissued 71”3 (compres-
sion)# ol (relaxation)AlZIth. &, AAe] WEE
A5t sine waver Fig. 159 2o] F2378E0] ¢,

Near Field
No harmonics being generated

signal has not traveled enough to be distorted

Near Mid Field
Harmonics Increasing

Harmonics beginning to be produced
as signal travels through tissue

/

Mid Field

i . Maximum
Harmonics Unchanging Harmonic
Additional harmonics generated and Effect

attenuated in equal proportion

Far Mid Field
Harmonics Decreasing

Harmonics being attenuated
faster than being produced

\

Far Field
fundamental Frequency Only

v

Increasing Depth

Fig. 16 ZTi#AHzloll }E harmonic Ao UMHT

9 £=2 APIhA, vl F(top) B2 ¢+,
(bottom)F 2L ¢, -4Ac 8 &% APsrt. ol
sine wavet Ao} WE-& 23 gt uha} H3go] of
53, ©)zle] harmonic &2 ehdr} o]}
2ol soft tissue® fFAdAd] o8 et har-
monic ¥ Z&%% 429 mid field(3cm-
15cm)ollA F2 go] wAgtt. Near fieldofir=
Z2Z971 A o] WR-E AYste A7 UE Fol ot
o] 2838 =X &xn, w2t harmonic A3 0]
Ao dAskA] et 233 far fielddlAe 259

fundamental

Fig. 17 Harmonic #%2| beam profile

fundamentai imaging harmonic imaging

Fig. 18 Fundamental@} harmonic 21Z2] aberration
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n
L FPS:17 D 1998-12-23
= c3-7 09:34:89

[B) 0/15.0cn
G42 P100 DR56
EE:OFF FA:Mid

4.0

-

(B)

AzEolA el (A) fundamental image®t (B) harmonic image2| Blul

1D:990115 FPS:38
Name:con €3-7

15-01-1999

n "
£ Hospital
= 03:10:35

[
+ General
[B] 8/12.8¢c
Ghd  P106 DR
EE:OFF FA:Mil

3.6

(B)

Fig. 20 Eljote] SujollAM2l(A) fundamental image®} (B) harmonic image2| H|w

o] YA AF 2ol Y harmonic AE°] 7
A=) fundamental Al F& |} (Fig. 16).

4.2. Harmonic Imaging

0|9} Ztol Y harmonic A¥LZ WHE 283
G4 Fig. 179 #Z°] fundamental A £ =2 W&

g4l ¥l8)l beam width7t %3, side lobe’} B 2
olr, A o #d=rl /HAE el contrast®
Foldc}, B3, 7129 e &9} tissued &
E3lo] w2} aberratione] T ¥ A3 Aol vla)
harmonic imaging 3hAgtel] 2R o} a-
berrationel 21§ 9449 Asrt Fh(Fig. 18).
Fig. 195 20 2743} ®ote] 942 244 fun-

damental image® harmonic image= W3}

o}
5. Coded Excitation 7|8

259 G ERR o 43 A= E NGt ®
e 22 St g e transducerd AHE-sE
Iot. Aoz Faert 245 939 H%
T AAdd. a8v 52 Faee] 289 QA9
WEE 7"3§§}°ﬂ utel A7le Alse) st ¥e Fat -
gto]] wla] 983 AHA, Aol AXsn Y=
deolle AHE-E717E ol E# soft tis-
sueﬂ]*ﬂ«] A E 223t $4l powerE Eole W

< transducer?] £HE& GEA7| 2 QA9 YR

fr
O
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Conventional pulser transducer ] V'V
= ’—\ ; Further
L processing
® target Filtering,

Coded pulser

D uti and
econ.vo ution = ima ge
m Filker Display
®

Detection,
Scan
Conversion

Fig. 21 2uFHQl excitation Y22t coded excitation H2]2| 7T
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