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Abstract

Ultrasound imaging is a well-established imaging modality that provides
diagnostic information in the form of cross-sectional images of soft tissue.
However, for many clinical applications involving subtle tissue structure,
the resolution of the conventional ultrasound imaging system that
operates between 2 and 10 MHz is inadequate. Recent developments have
taken advantage of the fact that resolution increases linearly with
frequency. In this paper, a high frequency ultrasonic imaging system with
high resolution and multi-format imaging has been developed for
noninvasive imaging of small scale superficial structures such as the skin,
the anterior chamber of the eye, and mouse embryos for studies in

developmental biology.

The major design problem concerning medical high frequency ultrasonic
imaging systems is caused by the strong attenuation of the tissue, which
limits the maximum depth of penetration and the achievable signal to
noise ratio (SNR). In this paper, the coded excitation and pulse
compression techniques, which can increase the average transmitted
power, are utilized to increase both the depth of penetration and SNR. In
addition, since array transducers with dynamic focusing are not available
for high frequency system, the image quality is significantly deteriorated
in the out-of-focused region. Hence, a filter-based synthetic aperture
focusing technique is employed here to improve the degraded beam
quality. Such a filter is designed in the LMSE sense and is also known as
the optimal filter. Moreover, depth scan technique is also applied to

increase the depth of field for this high frequency system.
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The experimental results demonstrate that the 50 MHz ultrasonic imaging
system developed in this paper has resolution on the order of 100 um and
a 55-dB SNR. Implementation issues of optimal filter to increase the
depth of field for a single crystal transducer system are also discussed.
Based on the high frequency ultrasonic imaging system constructed in
this paper, advanced high frequency ultrasound research on high
frequency tissue harmonics, perfusion blood estimation and contrast
agent characteristics could be performed. In addition, combined with
other medical imaging systems, this system might be able to provide
much more valuable information on clinical diagnostics and biomedical
research in the future.

Key words: High frequency ultrasound, Coded excitation, Pulse

compression, Optimal filter
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1.1

1.1.1
1980
[1]-[3]
(2~10 MHz)
80

[4] 87 M.
Sherar  S. Foster [5] (Ultrasonic
backscatter microscope, UBM) 93 C. Passmann H.
Ermert [6]-[8]

[9]-[14]
90
15
(microscope)

[13]



1.1.2

2~10 MHz

50 MHz

(analog to digital converter, ADC)

(Scanning acoustic

microscopy, SAM) 1974 Lemons  Quate
[1]

(interior of opaque)

( 1mm) [2]-[3]



100 ~ 200 MHz (1~2 GHz )
(microcrack) 1(b)

1 (a)
(ophthalmologic) (iris)
(cornea) (sclera) (lens surface)
(anterior chamber)
(glaucoma) (corneal pachymetry)
(anterior segment lesions) (Macular degeneration
ocular trauma) [7-14]
(dermatologic) (epidermis) (dermis)
(melanoma) (cancer)
(psoriasis) (lichen rubber)
[11],[15]

2(a)
2(b)



(b)
(b) B-mode [11]

(coronary arteries) [11],[12]

(color
Doppler flow image)
(contrast agent)

(micro-circulation)




[13]

3 B-mode (a)
(b) [7]

(b)
3 B-mode [7]



(Cardiovascular research):

pulsed wave

(gate) (b)

(Developmental biology):

5.5



(real-time)



1.2

(beamformer)

(single element transducer)

(F-number, F")




(signal-to-noise ratio ,SNR)

Radio Frequency(RF) data

100 pm
100 pm
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1.3
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2.1.

20 Hz 20 KHz

2-1
Speech Diagnostic Ultrasound
& Music Imaging Biomicroscope
0 20K IM 10M 100M
Body Surface
imaging imaging
2-1 [12]

1 MHz
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2.2.

x(?)
H(t)(impulse response) (convoluion)
Yo o yO)=xt)QH(1)
P, v, z)
(scatterer)
Pk, y, z) Hx, y, z)
(point spread function,
PSF) P(x, v, z)
H(x, y, z) 2-2
(1) 2)

P(z) ‘ »-»‘ I(cz)

DOF=500um |

|‘ '|

(1)

(continuous wave)

12



(beam pattern)
(pulse wave)
F*(F-number)
FWHM(full width of ultrasound beam at half

maximum) F'A [8]

d(focal length)
A(aperture _size) (2-1)

F*(Fnumber) =

2-3 PSF

(2)

(pulse width)

(duration)
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2-4 (Gaussian Pulse)

convolution
4. ................ > 4. ............................
2-4 PSF
(RF)

Amplitude-mode
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2.3.

(Acoustic wave)

(relaxation)
[8] exp(j2nfz/ c) exp(—a/z)
o
H(z, f)=exp(-ojz + j2nfz/c) (2-2)
1(2)=1|H(z )] =1,(z) exp(-20f2) (2-3)
1(z) z Iy(z)
(attenuation coefficient)
a, (absorption) o, (scattering) a=a,+a,

frequency down-shift
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2-5

Intensity

» frequency

(2-3)

(power spectrum)

ffo

5,z ) = exp(—(L Loy (2-4)
fo c

5. P =[5, ex(—4arr) =exp(- =227 ~dory) (2-5)
S, (2, /) = exp(— (f /1)) exp(~4aR( f, o *aR)) (2-6)
Fi= -2 R 2-7)

fo c R

o
(2-7)
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(trade-off)

(Food and Drug

Administration)

[31]
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2.4.

(Brightness-mode)
(Motion-mode)
(Amplitude-mode)

(Constant depth mode)
Amplitude-mode image
[4] (time of flight)
A-mode
Brightness-mode image
B-mode
A-mode A-mode

B-mode
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Motion-mode image

2-6 (GE) M-mode [32]

Constant depth-mode image

(strongly

focused)

B-mode [1]-[31,[30]
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3-Dimensional image

B-mode
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3.1.

(Signal-to-Noise Ratio, SNR)

(peak power)

(cavitation)

(continuous wave and pulsed Doppler mode)

(average power)

[18]-[20]

(peak power)
B-mode

3-1(b)
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(average power)

(b)

3-1
(Gaussian pulse)
3-2(a)
(carrier part) (envelope part)
3-2(b)
(delta function)
(band limited)
(limit duration)
time bandwidth
product
(frequency
modulation, FM) 3-2(¢c)
time bandwidth product
3-2(d)
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(Gaussian Chirp pulse)

S(1)= S, () cos2n (£, —%W%ﬁ (3-1)

Sot)  Envelope f Af a

carrier envelope Tx signal

(®) T T T,® Il::\‘T---> /\ T /\.>

(d) /\‘ I ® "?“_ ) /\ | /\.>

-

o time

bandwidth product

e W *t 3'3(3)
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3-3(b)

Conventional = | Gaussian |
Gaussian pulse | ~ Chirp pulse |
linear phase / nonlinear phase
(a) (b)
3-3
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3.2.

filter)

[18-20]
(time domain)
3-4
(Gaussian Chirp pulse) N
(matched filter) (inverse
[18]
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3.2.1.

(matched filter)
range sidelobe [19] A(t)
y A'(=t) Y = A@t)* A" (~1)
3.2.2.
LMSE
(column vector) b m
L (@ )
Y (m+n-1 ) d
LMSE y b/
y=5/ B (m+n-1)*n convolution matrix
Y (ideal pulse) d
(mean square error) e=(8 i_i)H (5 1_4) H Hermitian
conjugate s
opt HpY! pH _ +3-1
/7 =(B"B)'B"d = (B")"d (3-2)
()" B pseudo inverse [ [22],[23]
3-5(a) (
ns) 3-5(b)
3-5(c)
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(a)

(b)

©)

3-5(a)

_10 40 80 120 160 200 240 280 320 360 400

_1 1 ] 1 ] | ] L L 1 ul
0 40 80 120 160 200 240 280 320 360 400

_1 ] ] 1 ] 1 ] ] ] 1
0 40 80 120 160 200 240 280 320 360 400

(b)
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3.3.

[32]

(insertion loss)
(F’ )
(depth
of field, D.O.F.=4F*))[34]

(aperture function)

(beam pattern) (point spread function)

[16]
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Z

jh”

C(x) = |C(x)|exp( g

3-6

C'(x) = \C<x)\exp<(%)<zi —é)

(deconvolution)

S®B

29

(convolution):

®

b

(3-3)

(3-4)

(3-5)



(inverse filter)

(S®Boof)®(Bideal ®71 B ): S®Bideal

oof
(3-6)
-1
Bideal Boof ®
zero point

(optimal filter)

(LMSE,least mean square

error)
(column vector) d
b f
e=(Bf-d)"(Bf -d) (3-7)
H (Hermitian conjugate)
Bf b f e f

iOPt — (BHB)—l BHd (3_8)

(diffraction beam pattern)
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3.4.

34.1.

(F' )
(depth of field)

1996 Passmann  Ermert [6-8]
( 3-7)

Multi-depth scan

DU y
Voo .
v
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3-8

<
-

3-8
(3-9)
I(x,y)=(1-y)Ax,y)+ y,B(x,») (3-9)
X,y Vn [0,1]
Ax,y)
B(x,y) ( DOF)
(3-9)

3.3
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3.4.2.

(Constant depth scan)

3-9

B-mode

Constant depth scan

3-9
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4.1

(digital-to-analog converter, DAC)

A
.:< «-—

80
(fully digital) ( 4-1)
(analog signal path)
expander
(analog-to-digital converter, ADC)
limiter
Image (e S1gna}1 <—Demodulation«— ADC
processing
Coded DAC
excitation
4-1
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(Professor Kirk K. Shung) lithium
niobate 50 MHz
50% 6 mm 12 mm
(insertion loss) 10 dB

500 Msample/s. 2-Channel 8-bit amplitude

resolution (model PDAS500, Signatec Inc., CA, USA)
200 Msample/s. 8-bit amplitude resolution (model
DAC200, Signatec Inc., CA, USA) DAC200

(Pulse Repetition Interval,

PRI) PDAS500 DAC200

(Power Amplifier, model 25A250A ,
Amplifier Research Inc., CA, USA) (model LN-1000A,
Amplifier Research Inc., CA, USA) RF filter (model
PR5900, Penematrics, MI, USA)

(>100 Volt.)
(expander) [24]

(26~40 dB)

(voltage swing)

XY Z
10 pm I pm
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Labview 5.0 4-2(c)

Visual

C++6.0 4-2(a) (b)
Matlab 5.3
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37



4.2

4-3
(image rejection filter)
image term
(Schottky diode, IN914) expander[24,25]
(limiter) 1.4V
Sampling |
< ADC *ﬁ filter |
—| DAC
4-3
(RF filter)
A /4
(sampling filter)
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(attenuator)

(expander)
(peak to peak voltage) 100V
(noise figure)
4-4
1.4V a -1.4V b
+-1.4V

- [ e ——
ﬂw ) \

Transmitter F I 07V v Receiver
expander VAN SZ limiter
~~
\_/
\/ 1
4-4 A /4
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4.3

4.3.1

1.4 ~ 1.5 mm/ps [8] 35~
65 MHz 23 ~43 pm
52 pm
(model 0.1, Daiwa, Japan)
( 45)

Diameter = 52um

4.3.2
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gelatin

gelatin

gelatin

(1 ~2
Im , Aldrich, Milwaukee, WL, U.S.A)(  4-6)[27]

1000 90 gelatin 5~10

( 56 )
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1 ~3 mm cyst

4.3.3 in-vitro
in-vitro
In-vitro
gelatin
(cornea) (anterior chamber)
(Iris) (lens surface)
in-vitro
4-7
3D-Motor

control

4-7 in-vitro
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5.1

(Frequency response)

(pulser/receiver, model PR5900, Penematrics, MI, USA)

500M sample/s (model PDAS500, Signatec
Inc., CA, USA)

(Professor Kirk K. Shung) lithium
niobate 50 MHz
50% 6 mm 12

mm

5-1(a) (model
PR5900, Penematrics, MI, USA) /

(2-7)
trade-off
50 MHz 50 MHz 40%
(fractional bandwidth) 50
MHz 60% 40%  60%
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50 MHz 60%

50 MHz 60%

* PR5900
* 0.4xGausPuls
= ().6xGausPuls

(Gaussian Chirp pulse)

-1(b)

5

50 MHz 60%

10
-50
-60

20 30 40 50 60 70 80 90 100
frequency(MHz)

10

i
&
=49
4]
2 &
~o

— 0.6xGCPuls

10
-60

20 30 40 50 60 70 80 90 100
frequency(MHz)

10

5-1(b)
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5.2

(outside noise)

(thermal noise)

(quantization noise)

5.2.1

(thermal noise)

(noise power)

B Hz At
2BAt (sample point)
2BAt (degree of freedom)

(Boltzmann ’s Law)

(average kinetic energy)E

1
E=—kT 5-1
. (5-1)

k 1.38*10% J/°K

45



Noise Energy =2 BAt x %kT = BAtKKT (5-2)

(power per unit of

bandwidth) power spectral density P=kT
(watts) (5-2)
60% (50 MHZz*60%=30 MHz)

(5 MHz*60%=3 MHz)

5.2.2
500M samples/second ADC
8-bits (amplitude resolution)
N
(voltage swing) V., [0,1]
b,,b,,b,, ++,b, Vi =V, (b 27 +5,27 + 527 +---4+ b, 27")
VLSB VQ
5-2
V.
-— A/D B, D/A Vi
+
A Vo
5-2

(sinusoidal signal)
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m(rmv) \/_[ X fQ (x)dx _\/T I TVref XCOS(_t)dt = 2[ (5-3)

Vo 5-3
» 1 e 4
Vv :\/ X fo(x)dx = |—| 2 x’dx =L _
O(rms) j—oo fQ( ) \/VLSB _% ﬂ (5-4)
N
V. V
SNR = 20log(—"™) = 20 log(—L/ LSB) 2010g(\/7 2Y)=6.02N +1.764B
VQ(rms) \/_ \/—
fo(%)
4
» X
5-3 (probability density function)
5.2.3
(expander)
(signal path)
5-4(a)
5-4(a) 5-4(b)
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10 ~20 MHz

=== NoShelding 10
0.251 === Shelding
= -10f
g0 —~
- g
g 05 -20]
3 =
= | =5
g- [ =
Z -0.1f
| -40
-02r ~50
-0257

** NosShelding
=== Shelding

02 04 06 08 1 12 14 16 18 2
microsecond

(a)
5-4

5.2.4

(1 2)

PRI (pulse repetition interval)
N(1)

f(0)=S8(t)+N(1)
PRI

fGT)=S3T) + N(GT)
m PRI

D> fGT)=D S(T)+ Y N(T),fori=1,2,3,..n
k=1 k=1 k=1
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50 60 70 80 90 100

frequency(MHz)
(b)
NG
f(@®
(5-3)
(5-4)
(5-5)



S S(T) = mS(T) (5-6)
k=1
m G, m
iN(iT)=\/mc5n2 N (5-7)
k=1
(SNR)
_ mS(iT)
SNRm = /mSNR 5-8
- (5-8)
m
10log;om(dB) 16 10log;o(16)=12 dB
32 10log;o(32)=15 dB
° /‘\ - 32XAve
s A =+ 16XAve
/ -_— SXAzz
-0 | \ jgéive
| / \ NoAve
-15 \
o
g2 ]
'\é:'zs v \‘\
£ -30 ¢ L,
- FR
35 :
X
40
45 .J/:N“ “\'ﬁ ‘v\\“" ‘.,"f:" J
RN | ISy
) 02 04 0.6 0.8 1
Position (mm)
5-5
(signal-to-noise ratio, SNR) (beam
pattern)
5-5

49



32

1/32

59.2.5

5-5
50 dB

(Gaussian Chirp pulse)

(time duration)

5-6

50

5-6

10 ~30 MHz



70 MHz

51

(passband)
5-7
6
4
10 dB
55dB
0 === GausPuls
== 6xGCPuls
== optimal
20 matched
5 -40
:;3 -60
E
80| # A
-100
R e e e
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
frequency(MHz)
5-6
SNR | Gaussian pulse GCP Optimal filter  Marched filter
4xGCP 45.07 51.84 54.98 51.92
6xGCP 45.07 52.49 56.71 52.84
5-7




5.3

5.3.1
5.3.2
523

C )

(lateral) B-mode
5-8(b)
5-8(b)
(range sidelobe)
5-8 (

5-9(a)(b)

52

52 pm

B-mode

(PSF)

5-8(a)

-40 dB

5-9(a) (b)



-6 dB

59.6 um 644 pum  59.8 uym 49 um 86 um 44 pm

60 um 50
um
10.01

10.78

11.55

12.32

13.09

13.86

5-8 (a) (b) B-mode
0
-10[
2 20
£ -30f )
5 i
40 ]
e n e, e o 8
_50‘» DT AR AR R AL
‘ ‘ ‘ ‘ \
60 0.2 04 06 08 1 O n4 117 12 123 126
Position (mm) Depth (mm)
(a) (b)
5-9 (a) (b)
4.3.2
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Depth (mm)

5-10

5-10(b)

5-10(a)(b)

0.4 0.6 0.8

B-mode

1 0.2 0.4
Position (mm)

B-mode

54

0.6

5-10(a)

(sharp)

0.8 1




5.3.3

[23]
LMSE

5-11

(beam pattern)

= Before filter

't After filter
=" Ideal

Intensity (dB)

0 02 0.4 0.6 0.8
Position (mm)
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5-12

7
15 31
-12
6xlO
\ _%ﬁ
51 ¢ — Ix
PR
S .
s\
[o+1 —
&3 N,
8 \
g2 \
N~ — .
I S, ~.
—_ | ........ ........ o
OO 3 7 11 15 19 23 27 31
filter length
5-12
(1) (2)
3)
5.3.3.1
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10 ~ 20 ns(5~10 clock cycles)

10 ns
(cross-correlation function) (correlation coefficient)
5.3.3.2
10 pm
I pm
50 MHz
(F" 2)
60 pm

10 %~20 %

(random noise)

10%

5-13

sidelobe level

mainlobe
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= Before filter
T After filter

No error
=" Ideal

Intensity (dB)

'600 | 6.2 | 6.4 | 6.6 | 6.8 | 1
Position (mm)
5-13
5.3.3.3
A
kx* 11
C'(x) = [C(x)| exp((Lo) (= - =) (5-9)
2 "z, oz
10
5-14
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mainlobe

Intensity (dB)

1°~5°
10

sidelobe

= Before filter
T After filter
No error

N\ -
\\. \‘
~, d
\.\.s
-60 0 0.2 0.4 0.6 0.8 1
Position (mm)
5-14
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5.4

2.4.1
(beam width) (reference

window)

10

5-15
10 um
(beam width)
0.8 0.7

Reference window

5-15
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5.4.2

(graphite)
(gelatin)
10mm=0.Ilmm Imm
5-16
(dB/mm)@50MHz
1.153 0.09
5-16
5.4.3
B-mode 5-16(a)(b)(c) 5-17
5-17 B-mode

54.1
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B-mode

5-18

0.7

1.5mm

50
10.01 145
10.78 140
135
~I11.55
£
12.32
k=)
o,
(]
A

13.09

13.86

14.63

15.4
05 1 15 2 25 305 1 15 2 25 305 1 15 2 25 3
Position (mm)

(a) (b) (c)
5-17 B-mode

— Gauspuls

R \ =+ GCP

Optimal filter
Matched filter

09 | e

087

0.7

0.6 [

Correlation coefficient

10.78 12.32 13.86 15.4 16.94
Depth (mm)

5-18
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9.5
5.5.1

(depth of field)

5-19(a)

5-19(b)

depth(mm)

25 5 75 10 125 25 5 75 10 125
position(mm)

(a) (b)
5-19 B-mode

63



( 0.1 mm)

5-20

50
145
140
135

Depth (mm)

2 4 6 8 10 2 4 6 8 10
Position (mm)

(a) (b)
5-20 B-mode
1.5
= Depth 1
Depth 2
— e

Weighting
S
W

03 6.16 7.7 9.24 10.78 12.32 13.86 154 16.94
Depth (mm)

5-21

5-20
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Depth (mm)

5-22(a) 5-22(b)
5-22(b)

12.474

13.09

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Position (mm)

(a) (b)
5-22 B-mode

5.5.2
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53

B-mode
gelatin
cyst
5-23
gelatin
cyst
5-23 cyst
5-23 cyst X
5-24 B-mode
50
10.01
45
40
10.78
gl 155
k=
)
A

—
N
W
N

13.09

13.86

05 1 15 2 25 3 35 4
Position (mm)

5-24 cyst B-mode
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(x,2) y
50 um

5-25
£
g
E
>
4
02 04 06 08 1 1.2 14
Y Position (mm)
5-25 B-mode
55.3
X B-mode
y
5-26
OpenGL
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5-27

5-26

5-27
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56 In-vitro

in-vitro
gelatin
(cornea) (anterior chamber) (Iris) (lens surface)
X 5-28
B-mode

Depth (mm)

05 1 15 2 25 3 35 4
Position (mm)

5-28 B-mode
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5-29

B-mode
0 mm
g sclera
53
- anterior chamber
v lens
6 mm iris
0 mm — » 16 mm
Position
5-29 B-mode
in-vivo
FDA

[31] ISPPA 28 W/em® ISPTA 17 mW/cm?
MIl(mechanical index) 0.23 1976 1981
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S.7

(finite

amplitude distortion)

1997  Christopher

[35,36]
p Echo{p(1)}
(power series)
Echo{p(t)} =) a,p" (1) (5-10)
m=0
odd(1) =Y a0 P (1) (5-11)
m=0
even(t) = iampz'” (1) (5-12)
m=0
Echo{—p(t)} =—Echo{p(t)} (5-13)
0dd(1)= =3 p™" (1) (5-14)
m=0
(5-14) (5-11) (pulse
inversion) Echo{- p(?)}
cyst sidelobe
cyst 300 pm 25 MHz
5-30(a)
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5-30(b)

Depth (mm)

11.70

11.86

12.01

12.17

12.32

5-30(a)

(a)

5-30 (25 MHz)

I ntensity (dB)

sidelobe level

0.2 0.4 0.6 08 1

Position (mm)

(b)
(50 MHz) B-mode

= fundamental
— - harmonic

0 10 20 30

5-31

40

50 60 70 80 90 100

Freq. (MH2)
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5.8

50 MHz
55 dB

1 ~2mm

100 pm
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5.9

Higher frequency imaging

High frequency array imaging

High speed real-time imaging
PRI
(sector) [26]

(frame rate)
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PRI

Tissue Harmonic imaging

(finite amplitude distortion)

iversion)

sidelobe

Blood estimation

50 MHz
1~2 cm

(perfusion)

in-vivo and small animal imaging

In-vivo

Combine with other medical imaging systems
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