Tissue Harmonic Imaging with CMUTs
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Abstract- In this work, we report on the characterization of a
CMUT probe (Capactive Micromachined Ultrasound
Transducer) for Tissue Harmonic Imaging (THI). The intrinsic
nonlinear behavior of the CMUT probe was first invesigated.
Matched electrical waveforms were transmitted to Init the
impact of the transmit response distortion. With the
implemented method, we demonstrated higher performaces
through in-vitro harmonic imaging.
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1 Introduction

Nonlinear imaging (for contrast agents or with uiss
harmonic imaging) becomes increasingly a populadatity
for diagnostic ultrasound. CMUTs have been poimtetdas a
promising technology for large range of applicasion
including medical diagnosis or treatment [1]. These
transducers show also interest for nonlinear ingggince
their frequency response is very large, specificallreceive
mode. Thus, harmonic energy from nonlinear propagan
soft tissues, or from contrast agents responsefs loa
accurately detected. The main issue with CMUT sxjolcat
efficiently nonlinear imaging is the inherent naowarity
generated by the transducer itself when it opeliateansmit
mode. This nonlinear behavior could be then hardly
dissociated from the harmonics generated by wave
propagation in tissues. Indeed, in first approxiors, the
emitted pressure of a CMUT cell is related to tleeteostatic
force through the following equation [2]:
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where R,is the equivalent gap,

Vpc is the bias voltage applied on the electrodesidése S,
Vac(t) is the electrical excitation,

and u(t) is the membrane displacement,

If consider a harmonic signal,.(t) =V,. cos,t) , then the

transmit pressure will be proportional to:
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Thus, there are two strongly interrelated sourdes o
distortion within capacitive transducers: the eieat signal
Vac(t) and the membranes displacement u(t) in théieay
Note, both \bc and Vic contribute equally to the emitting
pressure at the fundamental frequency f
The nonlinear behavior cannot be neglected for Tditice
high amplitude signals will be required in transmiode. If
one wants to remove completely the harmonic distorta
radical way will be to set W=0Volts and o=0y2,

nevertheless the same array device should be aldperate
in receive mode, and should be therefore loadeciraelly.
Since, the electric signal ¢ is the source of the dynamic
displacement; it appears easier to deal with tletetal
signal input to limit the influence of the distami. In this
case, we can consider the dynamic displacementhef t
membranes small as compared to the equivalentvgaiph

is a good assumption when the CMUTSs will be danipga
fluid-like medium.

Precompensated excitation waveforms have demoedtrat
benefits to reduce the generated harmonics by CMI3],s

[4]. Few approaches have already been implemented
successfully for contrast imaging [4], but not yi$closed

for THI. For a same transmit energy, harmonic respoof
contrast agents is higher than harmonics generatien to
nonlinear propagation in tissues. Since THI requinggher
excitation amplitudes, higher distortion is likety occur. In

this proceedings, we present our investigationf wiatched
electrical signals ¥:(t) in order to limit the intrinsic
nonlinearities of CMUT transducers when operatingrHI
mode. We report acoustic measurements and applied
compensation methods on a CMUT probe, then THI @sag
with and without electrical compensation are perfed and
compared.

2  Experimental methods

Investigations on matched electrical excitationgl wi
require specific waveforms. For that purpose, arenop
ultrasound system with analog transmitters was (&M,

Les Ulis, France). In our studies, we used a 128nehts
linear array CMUT probe, fully packaged and conigati
with the ultrasound system (Figure 1). The chip was
manufactured with a surface micromachining procése
acoustic design of the probe is presented in Tabkor 80%
Veolapse @t SMHz, the pressure at the probe surface is
10kPa/Volts and the receive sensitivity is 1220m\AkP

Transverse . Transmit Acoustic
fo width PICh | gandwidth | focus | Yeolers
305 127 %
5 MHz 8 mm um @-3dB 37,5 mm 110V

Table 1 : Specifications of the CMUT probe
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Figure 1 : CMUT probe and transmit insertion loss.



2.1 Measurement of the nonlinear transmit response

Our first approach was to quantify the nonlinear
response generated by a single element of the pidee
measured the transmit response, with a calibrated
hydrophone (0.2 mm needle, Precision Acoustics,, Wen
the CMUT probe was driven by sine waves excitatidrise
hydrophone was placed in a thermo-regulated watwds, tand
motorized positioning systems were used to monitor
accurately the CMUT probe and the hydrophone catéoris.
The experimental set-up is shown in Figure 2. Saver
combinations of ¥Yc and Vic and different transmit
frequencies {f were considered. A conventional CMUT
regime was used @& < Vcoaps, With a maximum ¢
amplitude of 80V peak-peak (also correspondinchlimit
voltage amplitude of the ultrasound transmitters).

Figure 2 : Experimental measurements set-up.

2.2 Electrical waveform compensation

Transmit beamforming was then implemented with 64
elements electronically focused at a distance etmahe
focal length. To decrease the second harmonic coergpa
linear compensation approach was used [3], [4]s Tiethod
consists in inserting a predistorted waveform eidh
which contains, additionally to the fundamental poment, a
2frx signal. Suitable amplitude, phase and bandwidtthef
2frx component were optimized to reduce the harmonic
generation from the CMUT probe.

Ve (t) =V, cosuyt) + acos@ar,t + A@e—tzly 3)

such as spatial resolutions; contrast as well a®tpation
depth [6].

3 Results

The measurements on a single emitting element gheovi
informations on the probe nonlinear features. larnfeeld,
nonlinear wave propagation has not taken place yet,
specifically with the measured M| (MI<0.06). Thus)e can
attempt to get the Harmonic to Fundamental RatieRHof
the probe for any M/Vpc/frx combination. A linear
propagation tool was used to predict the normabacigf at
the transducer surface between fundamental and odméem
frequencies. The design of the CMUT element andtface
properties (attenuation, transverse focus ... ) weken into
account. The minima and maxima of fundamental
harmonic levels along axial direction agreed waellnear
field between simulation and measurements. An elansp
given in Fig. 3 which shows the corresponding HFRhw
frx=2.5 MHz and a fixed )¢ of 80Volts peak-peak.
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Figure 3 : HFR measurements for fixed {c=80Vpp and frx=2.5MHz.
(Dotted lines are associated simulations)
Table 2 below summarizes the intrinsic HFR

obtained for various combinations of \MVpc/frx. The
harmonic source level shows to be strongly depenaiethe
frequency, and is poorer withixE2.5MHz, indeed the
distortion will operate at the center frequencytied CMUT
probe. The result shows also that for higher biEtages,the
CMUT response exhibits less distortion. In the tmos
favorable combinations, the intrinsic HFR is ab@2dB,
however it will reduce the dynamic of thegfreceived
signals from nonlinear propagation in tissues.

Within the same experimental set-up described above
we measured the influence of appropriate compensain
the harmonic source level.

Vdc 20V | Vdc 40V | Vdc 60V | Vdc 80V
2.5 | 60Vpp 71 -10.5 -12.4 131
¢ | MHz |"80Vpp 58 -10.2 -12.0 -13.0
™ 735 | 60vpp | -14.4 177 20.0 21.9
MHz [ 80Vpp | -14.0 -17.0 -19.0 21.0

2.3 In-vitro harmonic imaging assessment

Finally, native harmonic images were realized with
ultrasound phantoms (General
054GS, CIRS). To quantify the impact and the paaégiain
for THI with CMUT, a comparison of imaging perfornees
were done with and without compensation method tffigr
CMUT probe, but also with a PZT counterpart prober
both probes, the same mechanical index (MI) at 40mm
electronic focus was implemented. Gaussian chirfith w
pulse inversion excitations were used to increhseSignal
to Noise Ratio (SNR). A total of 250 sequences were
transmitted for a single image. RF-data were ctédig, and
processed with Matlab computing environment (rexzeiv
focusing, adaptative filtering, image reconstruc}io The
resulting images were compared with quantitativepeeters

Purpose phantom model

Table 2 : HFR in dB for two frequencies excitation(2/3 f, and fy/2).

Linear compensation waveforms were implemented
with 40mm focusing, the coefficient was anticipated to
cancel the harmonic distortion for a giveg/¥pc/Vac, the
phase A¢ is adjusted with taking into account phase shift

between fundamental and harmonic frequencies. The
bandwidth is also varied to minimize the influendehe 2§«
signal on both the fundamental component and higher
harmonics. In most of the investigated cases, our
measurements demonstrate that the harmonic levele w
significantly reduced using a matched compensation
waveform. The HFR reduction was more important with
larger Ve, demonstrating an efficient compensation with
high amplitudes. It is important to note that thd-Rd
reduction is constant as a function of the axiatatice, thus
we behaved in decreasing only the nonlinear compoog

the probe. Figure 4 presents the HFR and the Mheéraxial
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Figure 4 : HFR and mechanical index with and withoicompensation,
V=60V Vac=60V frx=3.5MHz. In order to determine the influence of the linear

compensation approach on THI, optimized waveforras a
estimated in the previous section were implemerdad
harmonic images of the phantom were realized. Tnéns
frequency was set topd&=2.5 MHz and harmonic images
were formed at #&=5.0 MHz which corresponds to a
challenging frequency situation, according to TaBleTo
maximize transmit and receive sensitivity, we ua@d80%
Vcoliapsebias. Gaussian chirps of 40% bandwidth at -3dB were
transmitted. The excitation amplitudes of the chinpere
selected to achieve a Ml of 0.7 for both the PZEmence
probe and the CMUT probe (1,1MPa rarefaction presail
40mm). The transmitted electrical waveforms argldiged

With the optimal signal, the fundamental amplitutie
not vary while a significant reduction in the seddrarmonic
level was achieved (Figure 4 and Figure 5), so KR
reduction equals the harmonic level decrease. Eidor
displays the transmitted acoustic signal at thetedaic focus
with and without compensation forp¥=80V and \4c=80V.
The excitation signal consisted in a pulse with teyeles.
Filtered echoes atf=2.5MHz and 5.0MHz are also
displayed to demonstrate the efficiency of the cengation.
Here, the HFR reduction was 10dB.
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Figure 5 : Transmit pressure at electronic focus @mm) imaging assessment.

Vpc=80V / VACZBOVpp / fo:2.5MHZ.
_ o _ _ Different in-vitro images of the ultrasound phantonere
Figure 6 exhibits the frequency responses with aitdout realized [6]. Gray scale target images were usetbtermine

compensation at 20, 40 and 60mm away from the probe contrast performances with parameters such asastritrdex

surface. The excitation frequency was 3.5 MHz. s t (CI):
combination, large signals and low bias voltagevedld a 20 .0

i - NYF
HFR reduction of about 15 dB. Cl=—"-—+ (4)
Oyt 0

with N denotes a region of interest including aygszale
target, and F a numerical target image.

Point targets were employed to compute axial arnerdh
resolutions at full width half maximum taking int@count a
mean speckle level surrounding the targets.



Figure 8 displays harmonic images of hypoechoiy grale
targets with a 40 dB display dynamic range, for CMU
probe, without and with compensation, and for théT P
probe.
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Figure 8 : Harmonic images of hypoechoic gray scatargets.
frx=2.5 MHz, fzx=5.0 MHz / 40dB display
CMUT without compensation (upper left) and with conpensation
(upper right), PZT probe (bottom).

Despite significant nonlinear behavior of the CMUhge
compensation approach improved considerably bottiadp
resolutions and contrast. However the compensation
approach did not have influence on the penetradepth, it

has improved slightly the dynamic range. Table 3
summarizes the averaged values for spatial resokitand
contrast index for all the characterized harmomiages.

Rax Rlat Contrast
[mm] [mm] index
CMUT W|thqut 1.00 1.64 70 %
compensation
CMUT with 0.94 1.38 74 %
compensation
PZT 0.99 1.77 61 %

Table 3 : Spatial resolutions and contrast for the€MUT and PZT
probes ©Grax=0,09 mm,orix=0,11 mm,oc; = 1.3%).

Finally, the compensation method is advantageonsesit
does not require a specific design of the CMUT yaraad it

can be easily implemented on ultrasound systems.
Furthermore, this approach could be used with glesifiring
sequence and matched filtering in receive.

5 Conclusions

A linear compensation method has allowed decreasing

significantly the nonlinear behavior of CMUT. Optin
compensations improve both contrast and spatialutsns
of harmonic imaging with no alteration in SNR. Thtise
nonlinear behavior of CMUT is not a barrier for finear
imaging. Our experimental results showed that imedo
performances can be achieved with CMUT in compariso
conventional PZT transducers.
Future work will include the assessment of thisnpiging
method with higher Mls, and higher frequency exuitss. A
comparison of the imaging performances betweeratiaad
nonlinear compensation approaches will be investth{],
in addition to other imaging strategies such aggugrmonic
imaging.
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