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Abstract

Recently, many publications reported the generation of subharmonic frequency (f0/2) and its potential use in imaging
from ultrasound contrast agent (UCA). Subharmonic imaging (SHI) has provided better contrast resolution over the second
harmonic signals due to the lack of subharmonic generation in the tissue region. However, subharmonic separation in SHI
utilizes linear bandpass filtering only. In this paper, we compare the subharmonic separation capability of linear band filter
(LBF), pulse inversion (PI), and their combination (PILBF) based on contrast-to-tissue ratio (CTR). Results show that the
CTR values from the LBF, the PI, and the PILBF are 20.30, 40.30, and 52.74 dB, respectively. The optimal stopband attenua-
tion and fractional bandwidth for the PILBF method are 50 dB and 10%, respectively. This high CTR value indicates the
feasibility of the PILBF method in creating high quality ultrasound image from subharmonic frequency.
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1. Introduction

Nowadays, ultrasound contrast agent (UCA) is widely
used  for  the  improving  diagnostic  capabilities  of  medical
ultrasound in clinical applications (Calliada et al., 1998;
Cosgrove, 2006). Various applications of UCA include perfu-
sion estimation and blood vessel detection. Moreover, UCA
is not only useful for ultrasound imaging, but also is an im-
portant tool for drug delivery (Harvey et al., 2002; Jiang et al.,
2009). UCA is an external substance containing free gas or
encapsulated microbubble with size diameter between 1 and
10 µm to allow passage of the lung capillaries. They oscillate
under insonation, thus enhancing backscatter signals from
blood  and  improving  the  visualization  of  blood  from  the
surrounding medium (De Jong et al., 2002a, De Jong et al.,
2009). In addition, the nonlinear interaction between UCA
and  ultrasound  wave  can  generate  fundamental  (f0)  and

higher multiple frequencies (2f0, 3f0, 4f0, ...) (De Jong et al.,
1994a,b; Hann et al., 1999; Jang et al., 2000; Averkiou, 2000).
The contrast-to-tissue ratio (CTR) can be further improved
by separating the second harmonic frequency (2f0) from the
fundamental frequency (f0) signals e.g. in harmonic imaging
(HI) (De Jong et al., 2000; De Jong et al., 2002b; Kollmann,
2007; Nimanee et al., 2007) and pulse inversion (Simpson
et al., 1999). However, HI suffers from reduced CTR due to
second  harmonic  generation  and  accumulation  within  the
tissue  region,  especially  the  excitation  at  high  mechanical
index (MIs) (Forsberg et al., 2000).

Recent research has reported the generation of sub-
harmonic frequency (f0/2) and a view towards potential use
in subharmonic imaging (SHI) of signals from UCA (Forsberg,
et al., 2000; Forsberg et al., 2007; Eisenbrey et al., 2011).
Shankar et al. (1998) reported significant amounts of sub-
harmonic signals from UCA that provided better CTR over
the second harmonic signals due to the lack of subharmonic
signals  generated  by  the  surrounding  tissues.  Ongoing
research in this area can be categorized into two directions:
the optimization for subharmonic generation and the optimi-
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zation for subharmonic separation. The publications on sub-
harmonic generation include Krishna et al. (1999); Shanker
et al. (1999); Yanjun et al. (2005); YanJun et al. (2006); Zhang
et al. (2007); and Zhang et al. (2009). On the other hand, in
order to improve CTR values, digital signal processing appli-
cations such as filtering in SHI are used for separating sub-
harmonic  components.  However,  the  application  of  pulse
inversion  (PI),  which  is  well  known  for  second  harmonic
separation, has not been studied for subharmonic separation.
Therefore, we propose to study and compare the performance
of  subharmonic  separation  capability  of  linear  band  filter
(LBF), pulse inversion (PI), and their combination, pulse in-
version linear band filter (PILBF), in this paper.

The  paper  is  organized  as  follows.  The  theory  of
subharmonic simulation and the principles of LBF, PI and
PILBF for subharmonic separation are presented in Section
2. Section 3 gives a description of the simulation methods for
subharmonic generation, subharmonic separation, and the
measurement of capability in separating subharmonic com-
ponents. Results and discussion are provided in Section 4.
Finally, conclusions are drawn in Section 5.

2. Theory

In  this  section,  the  theory  and  principles  of  sub-
harmonic  simulation  based  on  the  Church’s  model  are
described. Then, the theories and principles of three sub-
harmonic  separation  techniques  used  in  this  paper  are
provided. Details are as follows.

2.1 Subharmonic simulation

The  subharmonic  simulation  from  the  oscillation
behavior  of  encapsulated  microbubble  is  described  by
Church’s model. The validity of the model is verified with the
agreement between the experimental measurement and theo-
retical predictions (YanJun et al., 2006). The Church equation
for encapsulated microbubble can be expressed as (YanJun
et al., 2005; Zhang et al., 2007; Zhang et al., 2009)
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where R is the instantaneous radius of the bubble, R, R are
the first and second time derivatives of instantaneous radius,
respectively; R0 is the equilibrium radius. For the surrounding
liquid, L and L are the density and shear viscosity, respec-
tively. For the bubble shell, ds is the shell thickness at rest;
s is the shear viscosity of the surface and Gs is the shear
modulus.  is the polytropic exponent. p0 is the hydrostatic
pressure.  pi(t)=pAcos(t)  is  the  time-varying  excitation
acoustic pressure; pA is amplitude pressure;  is the angular
frequency. The level of subharmonic generation is dependent

on the resonance frequency (fr) of the encapsulated bubble,
which is given by
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When the radius of oscillation behavior is calculated and
known,  the  sound  pressure  (PC(t))  can  be  expressed  as
(Morgan, et al., 2000)
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where  r  is  the  distance  between  a  sensor  and  a  target.  In
addition, an additive Gaussian white noise is added to all
acoustic pressure signals pi(t) to achieve a signal-to-noise
ratio of 50 dB.

2.2 Subharmonic separation

The  techniques  used  for  separating  subharmonic
frequency  are  linear  bandpass  filter  (LBF)  method,  pulse
inversion (PI) method, and combination of the PI and the LBF
(PILBF). Details of each method are described below.

2.2.1  The LBF method

A finite-impulse response (FIR) linear bandpass filter
is used in separating subhamonic frequency because the
FIR filter is exactly linear phase and inherently stable (Mitra,
2006).  We  design  the  LBF  based  on  the  Parks-McClellan
algorithm,  which  affords  the  best  control  over  band  limits
and high stopband attenuations. The LBF parameters to be
optimized are fraction bandwidth (FB) and stopband attenua-
tion  (SA).  The  optimal  LBF  should  enhance  subharmonic
component of echoes from UCA and separate UCA signals
from  tissue  signals.  Two  parameters  of  the  LBF  are  varied
in  the  design  to  achieve  the  best  filter  for  improving  sub-
harmonic separation in terms of CTR. The FB of the LBF can
be obtained by (Nimanee et al., 2007)
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where FB is a fraction bandwidth, fB is an one-half of pass-
band duration defined in the filter specification and fC is a
center  frequency.  Moreover,  SA  is  defined  in  terms  of  dB
below the passband of the filter.

2.2.2  The PI method

In the PI method, two ultrasound waves are sent into
the  medium  region.  The  second  wave  is  inverted  (i.e.  180
degree phase shifted and sent after a suitable delay) with
respect to the first wave. Afterwards, the two echo sequences
from UCA region are summed, which are not totally cancelled
to be zero for nonlinear echoes. However, for linear echoes
from tissue region, the sum of two inverted signals is zero
(Simpson et al., 1999).
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2.2.3  The PILBF Method

The PILBF method combines between the PI and the
LBF due to the advantage of PI method that can remove the
fundamental  frequency  better  than  the  LBF  method.  We
designed the LBF from yielded output signals of the PI. For
more  details  of  the  design  can  be  seen  in  Samakee  and
Phukpattaranont (2011b).

3. Materials and Methods

3.1 Subharmonic simulation

The simulation of subharmonic generation was imple-
mented by numerical solution of the Church equation. The
parameters are as follows: R0 = 1.510-6, ds = 0.1%R0 µm,
Gs = 10 MPa, L = 1000 kgm-3, r0 = 1.01105 Pa, L = 0.001 Pas,
S = 1.49 Pas and  = 1.09. The radius is obtained from the
numerical  solution  of  equation  (1)  using  an  explicit  fourth-
order Rung-Kutta algorithm at a sampling frequency 60 MHz.
The initial values are R = R0 and R = 0 at t = 0. For the bubble
with a radius of 1.5 m, the resonance frequency calculated
by equation (2) is about 2.25 MHz. The excitation amplitude
pressure is 0.6 MPa. The transmit frequency is about  f = 2fr
(4.5 MHz) with time duration of 40 s, which is optimal for
subharmonic  generation  (Samakee  and  Phukpattaranont,
2011c). After the oscillation is calculated, the sound pressure
is computed with the distance r = 6 cm. In addition, the tissue
echo (PT(t)), which is used as a reference,  is given by
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where PC(max) and pi(max) are the peak amplitude value of an
UCA echo and the acoustic input pressure, respectively.

3.2 Subharmonic separation

3.2.1  The LBF method

Figure 1  shows  the  block  diagram  of  subharmonic
separation using the LBF method. The input wave pi(t) is sent
into the Church’s model. Then, the instantaneous radius R(t)
of bubble and predicted echo PC(t) is produced. In filtering
process, the PC(t) signal is filtered by the LBF for separating
subharmonic component from UCA echoes. PF is the output
signal after filtering with the LBF. To investigate the optimal
SA, the FB is fixed at 12.5% and the SA is varied between 30
and 50 dB. Subsequently, the SA is fixed at 50 dB and the FB
is varied between 10 and 50% to investigate the optimal FB.
In Samakee and Phukpattaranont (2011a) we have reported
more details of this LBF design.

3.2.2  The PI method

Figure 2  shows  the  block  diagram  of  subharmonic
separation using the PI method. The first wave p1(t) is sent

into the Church’s model. Then, the instantaneous radius R1(t)
of bubble and predicted echo PC1(t) is produced. Afterwards,
the second wave p2(t) is sent with inverted phase of the first
wave. The instantaneous radius R2(t)  and predicted echo
PC2(t) is produced. The output signal Psum of the PI method
can be obtained from the sum of PC1(t) and PC2(t).

3.2.3  The PILBF method

To compare performance of the PILBF with the LBF,
the SA and the FB are varied in a similar way as described in
Section 3.2.1. In other words, the FB is fixed at 12.5% and the
SA is varied between 20 and 50 dB. Subsequently, the SA is
fixed at 50 dB and the FB is varied between 10 and 50%.

3.3 Performance measurement

The  measurement  of  capability  in  separating  sub-
harmonic component from tissue echo using a contrast-to-
tissue ratio (CTR) is given by Phukpattaranont and Ebbini
(2003)

10 log ,C

T
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P
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where CP  and TP  are the average power of signals in UCA
and  tissue  regions,  respectively.  The  higher  CTR  value
confirms  the  better  capability  in  separating  subharmonic
component.

4. Results and Discussion

4.1 Subharmonic simulation

Figure 3  shows  spectra  of  signals  from  UCA  and
tissue regions. The analysis of power spectrum is from the
use of fast Fourier transform (FFT) with a Hamming window.
We used 600 points of data with zero padding to 2400 points.
On the one hand, the power spectrum of UCA signal (thick

Figure 1. The block diagram of subharmonic separation using the
LBF method.

Figure 2. The block diagram of subharmonic separation using the
PI method.
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line)  indicates  the  various  nonlinear  components,  i.e.  sub-
harmonic (f0/2), fundamental (f0), ultraharmonic (3f0/2) and
higher  multiple  (2f0)  frequencies.  On  the  other  hand,  the
power  spectrum  of  the  tissue  signal  (thin  line)  shows  a
fundamental (f0) frequency only. In addition, the CTR value
is -2.59 dB.

4.2 The LBF method

4.2.1  SA variation

We designed the LBF with a fixed FB of 12.5% in
order to investigate the appropriate SA. Power spectra of
signals after filtering produced from the SA of 30, 40, 50 and
60 dB are shown in Figure 4(a), (b), (c), and (d), respectively.

In addition, the calculations of CTR values of signals in Fig-
ure 4(a)-(d) are 9.80, 17.44, 19.43 and 18.99 dB, respectively.
The LBFs with the SA from 40 to 60 dB give high CTR values,
which are appropriate to be used in separating the sub-
harmonic component.

4.2.2  FB variation

We designed the LBF with a fixed SA of 50 dB in order
to investigate the appropriate FB.  Power spectra of signals
after filtering with the LBF produced from the FB of 10%,
15%, 25%, and 50% are shown in Figure 5(a), (b), (c) and (d),
respectively. The CTR values of signals in Figure 5(a)-(d) are
20.30, 17.95, 17.03 and 13.32 dB, respectively. The appropriate
FB for subharmonic separation is between 10% and 25%.

4.3 The PI method

Figure 6 shows the power spectra of signals from UCA
and tissue using the PI method. We can see the good sup-
pression  of  fundamental  frequency  in  signals  from  both
regions. However, the PI cannot remove ultraharmonic and
second harmonic components. In addition, the CTR value of
signal in Figure 6 is 40.30 dB.

4.4 The PILBF method

4.4.1  SA variation

We have output signals from the PI method, which is
introduced into the LBF for separating subharmonic compo-

Figure 3. Power spectra of signals from UCA (thick line) and tissue
(thin  line)  regions  before  processing.  The  CTR  value  is
-2.59 dB.

Figure 4. Power spectra of signals after filtering with the LBF by varying SA to be 30, 40, 50, and 60 dB. FB is fixed at 12.5%. The CTR
values of signals in Figure 4(a), (b), (c), and (d) are 9.80, 17.44, 19.43, and 18.99 dB, respectively.
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nent. We used the center frequency at 2.25 MHz for design-
ing the LBF on PI data by varying the SA and FB. We begin
varying the SA of 20 dB with the FB fixed at 12.5%. Power
spectrum of output signal after filtering is shown in Figure
7(a). The calculation of CTR value for signals in Figure 7(a) is
47.71 dB. At the SA 30 dB, the CTR value increases to 50.73 dB
as shown in Figure 7(b). Result of the SA at 40 dB is shown
in  Figure 7(c).  The  CTR  value  of  signals  in  Figure  7(c)  is
51.27 dB. When the SA increases to 50 dB as shown in Fig-
ure 7(d), the CTR value of signals in Figure 7(d) is 51.09 dB.
The results of PILBFs with the SA between 30 dB and 50 dB
give high CTR values and are appropriate to be used in sepa-

rating the subharmonic component.

4.4.2  FB variation

We select a fixed SA value at 50 dB and vary the FB
to 10%, 15%, 25% and 50%. Power spectra of signals after
filtering with the PILBFs are shown in Figure 8(a), (b), (c) and
(d), respectively. In addition, the CTR values of signals in
Figure 8(a)-(d) are 52.74, 49.11, 48.51, and 46.10 dB, respec-
tively. The results of PILBFs with the FB between 10% and
25% provide the high CTR values, which are appropriate for
separating the subharmonic component.

Figure 5. Power spectra of signals after filtering with the LBF by varying FB to be 10%, 15%, 25%, and 50%. SA is fixed at 50 dB.
The CTR values of signals in Figure 5(a), (b), (c), and (d) are 20.3, 17.95, 17.03, and 13.32 dB, respectively.

Figure 6.  Power spectra of signals after processing with the PI method. The CTR value is 40.30 dB.
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Figure 8. Power spectra of signals after processing with the PILBF by varying FB to be 10%, 15%, 25%, and 50%. SA is fixed at 50 dB.
The CTR values of signals in Figure 8(a), (b), (c), and (d) are 52.74, 49.11, 48.51, and 46.10 dB.

Figure 7. Power spectra of signals after processing with the PILBF by varying SA to be 20, 30, 40, and 50 dB. FB is fixed at 12.5%.
The CTR values of signals in Figure 7(a), (b), (c), and (d) are 47.71, 50.73, 51.27, and 51.09 dB, respectively.
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4.5 Comparison of performance measurement

The capability of separating subharmonic component
obtained from the LBF, the PI and the PILBF give different
CTR values. The CTR value of the original signals without
processing is -2.59 dB. The LBF produced by filtering the
simulation data provides the highest CTR value of 20.30 dB
with SA 50 dB and FB 10%. The PI method can improve the
CTR value up to 40.30 dB. For the PILBF method, the highest
CTR value is 52.74 dB obtained with the appropriate SA and
FB values of 50 dB and 10%, respectively. The maximum CTR
value from the PILBF method is 52.74 dB, which is better than
the original signal, the LBF and the PI method.

5. Conclusions

We demonstrated the techniques’ capability in sepa-
rating subharmonic component from UCA nonlinear signals
using LBF, PI and PILBF in terms of CTR values. The results
indicated that the CTR value from the PILBF (52.74 dB) is the
highest compared to the PI (40.30 dB), the LBF (20.30 dB) and
the conventional (-2.59 dB) techniques. The capability of the
PILBF in improving the CTR values guarantees the creation
of high quality subharmonic imaging in diagnostic ultrasound.
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