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Abstract—A combined supply-inverted bipolar pulser and a
Tx/Rx switch is proposed to drive capacitive micromachined
ultrasonic transducers (CMUTS). The supply-inverted bipolar
pulser adopts a bootstrap circuit combined with stacked
transistors, which guarantees high voltage (HV) operation above
the process limit without lowering device rdiability. This circuit
generates an output signal with a peak-to-peak voltage that is
almost twice the supply level. It generates a bipolar pulse with
only positive supply voltages. The Tx/Rx switch adopts a
diode-bridge structure with the protection scheme dedicated to
this proposed pulser. A proof- of-concept ASIC prototype has
been implemented in 0.18-um HV CMOS/DMOS technology with
60 V devices. M easurement results show that the proposed pulser
can safely generate a bipolar pulse of -34.6to 45V, from a single
45 V supply voltage. The Tx/Rx switch blocks the HV bipolar
pulse, resulting in less than 1.6 V at the input of the receiver.
Acoustic measurements are performed connecting the pulser to
CMUTswith 2 pF capacitance and 8 MHz center frequency. The
variation of acougtic output pressures for different pulse shapes
were simulated with thelarge signal CMUT model and compared
with the experimental results for transmit pressure optimization.
A potential implementation of the methods using MEMS
fabrication methodsis also described.

Index Terms—Pulser, capacitive micromachined ultrasound
transducer (CMUT), medical ultrasound imaging, Tx/Rx switch,
ASIC, large signal model.

|I. INTRODUCTION

Capacitive micromachined ultrasound transducer (CMU15
has been shown to be a viable alternative to cororiti a
piezoelectric sensors and transducers in ultrasound diagnoél]

Manuscript receigd July 9, 2019; revised xyz. This work was supported

imaging|[1]] and several commercial probes have been
developed[3]} Although wide bandwidth and electronics
integration are considered as advantages of C [5]
nonlinear transmit behavior and lowepltage to pressure
conversion ratio in Pa/V are cited as the disadvar(i&gg]]
Several methods have been proposed to reduce the CMUT
nonlinearity while driving it with large voltages suita for
tissue harmonic and contrast ultrasound imd{8if9]] Large
displacement (gap) requirements for high transmit pressures
lead to smaller CMUT capacitance, limiting the Pa/V
sensitivity, and large gap swings result in nonlinearity.
Therefore, a viable method to improve the overall QMU
output pressure requires optimized transmit pulse shapes,
presented by a large signal model, and utilization of the
maxmum pulse voltages afforded by the integrated circuit (IC)
process without causing damagkn accurate large signal
model for non-collapsed CMUTs has been developed for this
purpose to perform pulse shape optimiz Recent
research has also shown that the optimized bipolar putgees
suppresses the second harmonic contents, making CMUT
[%j)es more useful for harmonic imaging mode applications
12

Two level high voltageHV) digital pulsers areommonly
usedin CMUT ultrasound imaging systems for their simplicity
A three-level pulser with pulse shaping and charge
recycling capabilities has also been report saving
ower in the pulser at the cost of requiring multiple supply
oltagesrequiringHV DC-DC converters and extra capacitors
1d increasing the overall system complexity. Additignat
shown iff [15)] a differential three level pulgkat achieves
lower power consumption and area reduction compared to
commonly used single ended pulsers. This differential pulse
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A motivation for this work is catheter based imaging
applications, such as intracardiac echocardiography (ICE) and
intravascular ultrasound (IVUS)These applications would
benefit from electronics integration at the cathetpr for
improved performance. This can also result in improedelty
at lower cost by using lower voltages on the cathetétout
compromising the pulser output voltage levédne possible
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solutionis adopting bootstrapping circuit in the pulser desigr

which is commonly used in various applications including Voltage Inverting Stage
sample-and-hold circuits in analégrdigital converters (ADC)

and DC-DC convertefs [18]. These circuits ar o I Vop

widely used for generating twice the supply voltage t N . 152 TIS'

maximize the efficiency of the circuit or to reduce T
ON-resistance of the switels In cases where the CMUT | Lz\*{side i BT
fabrication process allow HV capacitors to be bitiiwithin ~ E"‘e"‘a'cl J_
their MEMS structurethese capacitors can be used in th N ) Yy =
pulser bootstrap circuit to further reduce the size anégelt = = T
drop across the long catheter wires by usingwer external B Voc
supply voltage. Although this approach could also be applied ———

piezoelectric transducers, bootstrapping circuits requaxtigh LNA T —_——

HV capacitors would be more suitable for CMUT base @
catheters that utilize CMUBR-CMOS or flip chip bonded . charging mode Inverting mode Connecting to V.
CMOS electronid§19]][[20]] A supply-doubled pulser usiray Voo Voo e

bootstrapping circuit for driving CMUT was proposed in [21] [g, Voo ls. . ls, s I s, s,
which shoved pulse-shaping capability witla single HV ) fh Y v ey "y '
supply. However, in that exampléwas limitedto a positive =St ¢ * S ¢S ¢ ods | ods, T ols ™
unipolar pulse, and lacked a protection HV switch, prohibitin l j_ l
the use of the same CMUT element both for transmissich = = = (b) =
for reception. . Fig. 1. (a) Simplified schematic diagram of the propopatser and hig

In this papera HV supply-inverted bipolar pulser comigith  voltage Tx/Rx switch, (b) the operation of voltagesrting stage.
with a Tx/Rx switch is presentedhe pulser provides HV
output swing close to twice its supply voltage, and attbee mode through Sand S. During this negative charging mode,
device breakdown, which is often limited by the CMOS/,, is still at ground. After C is fully charged, then a HV
fabrication process. The design and operation of thempaisd switch, S, drives the positive terminal of C 8ND during
Tx/Rx switch circuit topologies for an intracardiac ultrasounghverting mode, while all other switches are op®sulting in
imaging catheter application is described in detail ctiSell. V. reaching -H¥p.
Experimental results obtained using a CMUT are comparedThe CMUT can be regarded as a capacitive load, resutting i
with simulations using a large signal nonlinear model ta capacitive voltage divider between C and the CMUT. The

validate the experimental results in section Il actual output pulse voltage level is described in more detail
section II.B. All these circuits require careful desigrcduse
II. HIGH VOLTAGE PULSERAND Tx/Rx SwWITCH DESIGN they go beyond the safe operating voltage. To ensure safe

operation, stacked transistors, protection Zener dioded,

A. Circuit topology ; > X
. . . Schottky diodes are utilized to prevent any transistomf
The design goalf the supply-inverted pulser is to generate %perating outsidef its rated specifications

bipolar pulse with peaks-peak amplitude close to twice the
supply voltage without requiring negative HV supply. It is B. Design and operation of voltage-inverting pulser
important that every circuit element is within safe opetati  Fig. 2 showsa detailed schematic of the supply-inverted
range,including receiver’s low voltage (LV) devices during the  bipolar pulser, controlled by three 1.8 V input control signa
supply-inverting operation. Fig. la illustrates a simplifiedl,, I,, and k). These signalsam be generated bpn-chip
schematic diagram of the proposed pulser and Tx/Rx switafontrol logic or an off-chip field-programmable gate array
The digital control logic from external pulse generatagger (FPGA). TheN-type DMOS transistors, Mand M, are driven
low voltage control signals to drive N-type double-diffusedy 0 - 5 V control signals, while P-type DMOS transistdi,
metal oxide semi-conductor (DMOS) transistors to turn on/offl, and M, are driven by level-shiftedV control signal¢note
low side switches. The level shifters convert D@ voltage that in this case, H¥ = 45 V) Because of the large size of
levels of control signals to drive P-type DMOS trats&of DMOS transistors, level shifters are designed as siraple
the pulser to control high side switches. The Tx/Rx @dwit possible, ensuring thakiland b, generate 40- 45 V sharp
protects the low voltage receiver from HV signalsudetg the  pulses with small current consumption, compared to the TMU
negative part of the HV pulse. Blocking this negative HV @ulsdriving stage, as shown in Fig.[R22]] The control signals for
requires careful design as the outplibps lower than the N-type DMOS transistors have the additional buffers to
substrate voltage, which can cause parasitic diodes thswit optimize the delay difference between P-type and N-type
unexpectedly. DMOS transistors. b is driven by level-shifted — 40 V
Fig. 1b illustrates operation of the voltage inverting stége. control signal, #s, which ensures turning on Mvhen M is on
capacitor, C, which can be on-chip or integrated with thend protecting M from the drain-source junction breakdown
CMUT array, is charged to -HY during negative charging when \4. is negative.
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Fig. 2. Schematic diagrams of (a) proposed supplyrtede pulser, (k
simplified level shifters for high voltage NMOS/PMOSpiri signals ¢
supply-inverted pulser.

The circuit operation is similar to the bootstrappinguiis
in[[Z6]][[17]] During negative charging mode, C is charged
HVob - (Vb1 + Vb2) by turning on M and M; transistors, where
(Vb1 + Vo) is the forward voltage drop acrossd@hd D. When
C is fully charged, turning on Mand turning off all the other
transistors drives M: to anegative voltageof -HVpp + (Vb1 +
Vb2). During this inverting period, it is crucial to enstinat all
devices in the circuit are within the safe operatingitéim
considering the fact that in this process, theindsaurce
junction breakdown and gate-oxide breakdown voltages are
V and 5 V, respectively. To prevent N-type fvom negative

3

—Cemur™2 PF
.C 8 pFl-—

CMuUT
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Digital (0 =1.8V)
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Fig. 3. Simulation of the output pulse with differ&@gvyr values with 30 p
of C.

The value of C is a key factor in determining the itecr
voltage of Mu:asshown in equations (1) and (2), wherguGr

is the equivalent capacitance of the CMUT. To achievesV
-HVbp, we need C> Cewut. However, large C increases the
RC time constant of the output during negative chargioden
limiting the operating frequency range and slew ratenas i
equation (3), wherenhy negativelS the maximum current sourced
to C from P-type forward-biasedMvhich mainly depends on
the size of driving DMOS transistors.

dav

7) _ I max_ negative,
dt C

It should also be noted thdtC is integrated in the CMUT, its
value may be limited by the size of the CMUT, thus degdi

®)

Saegative: max(

tg1e optimal value of C is a key step the desajnthis

supply-inverted pulser.

If we generate a bipolar pulse by firing the supply-inverted
pulse first and positive pulse next, as shown in Figa 3
negative charging period happens before the firing, wheisV
atGND. This time could be set to fully charge C before firing,
such that the slew rate during the negative chargingemo
would not be an issue which is shown in (3). The
%t(l)oply-inverted pulse is generated by simply connecting the
negativéy charged C in series with guur, in which case the

Vos, two HV Schottky diodes, each of which can hanaile output pulse voltage can be calcu'late.d as per equdfipasd
maximum reverse voltage of 36 V, are added in series with MZ). The pulse faces slow charging issue when néeds to

When the output is inverted, these two diodes should hdBdle
V of total reverse voltage between them, resulting ah elfode
having reverse voltage well below its limit. Two P-typgeadnd
Ms are stacked to ensure safe operation whegnisvinverted.
The gate of Mis biased to 0 V during inverting ped while

reach HV¥p during the positive pulse generation, vehich
moment, M and Mare turned off, and Mand M are on. In the
first part of this transition, wheney¥ increases from -Hy4to
GND, the voltage at the common drain of &hd Mgoes from
GND to H\bp, because the charged capacitor esihis node

the Zener diode, Dkeeps ¥sof M below 5 V, so that Mand atHVpp above V.« This transition happens rapidly because the

Ms can divide ~2H¥Wo across their designated drain-sourc
voltage limit. In order to eliminate latch-up and turn-on o
parasitic effects, every DMOS transistors have sepayadrd
rings which is very close to the transistors. Also duthng
simulations, parasitic diodes of DMOS transistors andetio
which the P-type and N-type wells connecting the devitbé
substrate are considered for modeling the real silitoaten.

@)
)

Vc = HVDD - (VDl +VD2) '
C

=V x ——
C+Ceyur

gositive side of C, which is connected to the drain efavdd

M, is floating. However, in the second part, when ¢ going
aboveGND, the positive sidef C tries to go oveHVpp, which
results in reverse current inMue to the negativesyover this
P-type DMOS, which is liméd to around -0.7 V in this
fabrication processTherefore, reverse-biased, onnects the
positive sideof C to H\bp, in parallel with Guur, which is
itself connected to another DC supplycVThe slew rate of
Vout rising edge wherit goes aboveGND is derived from
equation (4), wherenhy posiiveis the maximum current of P-type
Ms, which is partly flowngthrough C and reverse-biased il
series, and partly throughcfr. This indicates that larger
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valuesof C could limit the rising edge slew rate during the
positive 4.« transition. Therefore, the value of C is a key factc j——-oro---—c-=--=-
. WIL (pm) 5V WIL (pm)

that affects the pulser operating frequency. :P_type ot wnz L 10005

|
|
|
Dy :N-type -—|E 10006 |

I .
SRJOSitive: max(—) = __max_ positive (4)

In this prototype, we have considered the bipolar putser f
the application of driving a 2-D CMUT array in intracardiac
echocardiography (ICE) with 8 MHz center frequency. Th
CMUT array element size is limited to 100 x 1067, resulting
in Cemut to be in the order of 2 pF. A realistic design target fc
the pulser would be to achieve negative peak HV level of
least -0.8 x H¥p, with a rise time shorter than a quarter of th
CMUT center frequency period, i.e. 31.25 ns for 8 MHz SV
According to (1) and (2), the minimum required C would brig. 4. schematics of proposed protection Tx/Rx swichvoltage-inverte
larger than 4xguur. Considering the forward voltage droppulser.
across the diodes and parasitic capacitances of feeldOS
transistors, we chose C = 30 pF for 2 pF efi&. Also to
obtain SR > 3 V/ns during the charging mode,i$tlesigned to
have hax> 100 mA, based on (4). Since the size of large DMC
transistors mainly determine the layout SizgxgdosiiveiS chosen
for driving a 2 pF CMUT load at 8 MHz operating cente
frequency. However, we also investigated the case forpdh 8
CMUT capacitance, represented by an oscilloscope pro
(P6139A, Tektronix) in our characterization.

To verify the pulser design and compare with measuremer
the voltage-inverted output pulse was simuld@md2 pF of
CMUT load and 8 pF of passive probe loading, for which C  ; TX_ENT
30 pF, as in Fig. 3. With 2 pF load, simulations shewWith 0 04 02 03 04 05 06 07 08
86.2 Vpp, 3.9 ns of first fall time, 25 ns of rise time, and Bs5f Time (ps)
second fall time, which is suitable for driving a CMldiray Fig. 5. Simulation result of the Tx/Rx switch, INdennected to the output
with 8 MHz center frequency. With 8 pF load, simulaionSUPPly-inverted pulser during Tx period.
show output pulses with 80.3,)/4.3 ns of first fall time, 31 ns
of rise time, and 6 ns of second fall time. Note thdtig. 3, the The proposed Tx/Rx switch schematic is shown in Fig.4
pulser operation begins from 0 by charging C By which consists o diode-bridge, biasing current sources, and
controlling b, I, and b, the pulse shape and duty cycle of thelamp diodes, similar to off-the-shelf ultrasound switf23
output pulse can be fine-tuned to generate bipolar pulses @81l However, it also includes P-type DMOS transistors, M
optimal shape that would maximize the acoustic pressu®®@d M, each witha Zener diode for negative HV pulse
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generated by the CMUT. protection. All diodes in this design are HV Schottky dgde
_ _ . except for @ and Do, which are protection Zener diodes. The
C. Design and operation of Tx/Rx switch two paths of the diode-bridge are symmetrical for batanthe

The Tx/Rx switch located between HV pulser and L\current. The switch requires 2 control signals, onelativis
receiver, toggles between transmit and receive rtiodeevent TX_EN that goes from 0 V to 5 V duringix HV pulse
HV pulses from damaging the LV receiver circuits. This is generation, and the other ong;, Is the same control signal that
critical circuit in highly integrated ultrasound imagingt®ms is also used in the supply-inverted pulser in Fig. 2
when the ultrasound pulséransmitting and echo receiving To turn off the Tx/Rx switch to block the HV bipolar pylse
circuits interface with the same CMUT element. Since thTX_EN, which is at 5V, turns off Bl which in turn shuts down
proposed supply-inverted pulser generates negative HV pultige Tx/Rx switch. During this period, all transistors aifeand
which is lower than the ASIC substrate voltage, the ¥x/Rthe input side of the Tx/Rx switch does not load the
switch requiresa careful protection scheme. Conventionabupply-inverted pulser. The power down period can be divided
Tx/Rx switctes consist of two NMOS transistors requiringinto two conditions, when the inputasiegative HV pulse and
several level shifted control signals and both pasitand when it is a positive HV pulse. During the negative HVspul
negative HV supplies to block HV bipolar pulse durifig Ip3 = 0 V, which turns M off, while Ds keeps it in the safe
mod¢[23]] This approach increases the design complexitg. T operating region. HV Schottky died Ds and I3, candivide 45
proposed Tx/Rx switch does not need extra level shifted ¢onthé of total reverse voltage between them, resulting ah eode
signals and protects the LV circuits without dual HV siggpl having reverse voltage well below its breakdown limit. It
simplifying the design, as a result should be noted that withoutAvthe negative pulse would turn
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Fig. 6. Simulation results of the Tx/Rx switch wittvB1z of sinusoidal inpu Fig. 8. Measured and simulated supply-inverted oytpige along with thre
The load condition of the output node is 5 pF. input control signals. € 30 pF, equivalent &ur = 8 pF.
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E j
5 5
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Fig. 7. Microphotograph of the proposed supply-ine@rpulser and Tx/F _
switch. 20 0.1 0.2 0.3 0.4 0.5 0.6

Time (ps)
_0” Dr, and aﬁe_Ct the OUt_p.Ut HV DU|Sby Iowerlng t.he Fig. 9. Measured Tx/Rx switch input and output dgrsapply-inverted puls
impedance. During the positive HV pulsez £ 40 V, which firing period C = 30 pF and equivalentdgur = 8 pF.
keeps M in the safe operatg region by limiting \¢s of M;to

be less than 5 V. Land I3 pass the positive HV pulse tq ® TABLE |
reaCh H\éD - (VD4 + VDS), Where (\é4 + VDS) iS the forwad BENCHMARKING OF THEPROPOSEDI X/RX SWITCH PERFORMANCE
voltage drop acrossand 3. Dg and B can divide 45 V of Par ameter This work [r28]]
total reverse voltage between them, resulting in alfog at gfﬁ_‘"y voltage (v\\//) 13:5 135 9;260 iiS
the output of the Tx/Rx switch. Fig shows post-layout —zzba=s ((qu)) -5 3 0 5
simulation of the Tx/Rx switch operation, showing that286. imit range (v) +45 25 +100 75
Vpp Of bipolar pulse at the input of the switch is blocked an| Number of control 2 6 3 6
limited to only 0.8 V at the switch output during Tx period signals

To turn on the TX/Rx switch to pass through the receivel_Technology 4m) 0.18 0.18 - 0.35

echo signal, TX EN is pulled down to turn orp.Mit this
moment, the external C would not affect the input loading gfrocess, a micrograph of which is shown in Fg.The
the Rx path, because ;Mind M in Fig. 21 are turned off, occupied core area of the supply-inverted pulser and Tx/Rx
floating one side of ONe designed the Tx/Rx switch assumingswitch are 0.225 mfrand 0.172 mrhrespectively. The chip is
that a high input impedance voltage amplifier stagevialthis ~ wire-bonded in a QFN package and mounted on a PCB along
circuit[[26]] with the load condition of 5 pF, including thewith theoff-chip surface mount capacitor, Eig. 8 compags
interconnection and amplifier input impedance. The tstors measurement and simulation of the supply-inverted pulser
sizes of Mand M are selected considering the static current gfutput with C= 30 pF, and Gwut = 8 pF With HVpp = 45V,
288uA during Rx period, layout size, ai@N-resistanceof the the output shows -34.6 V negative and 79.6 V pgegleak
Tx/Rx switch. Depending on the type of amplifier, such agoltages and slew ratesof -3.11 V/ns, 2.18 V/ns, and -2.02
resistive feedback or capacitive feedback (low input i a V/ns during the first fall timgrise time, and second fall time
stage), the optimal size of transistors could be diftﬁ respectively. Measurements from over 10 chips have shown
Fig. 6 shows simulation result of the Tx/Rx switch with U,  consistent results with oW (meantstd) = 79.03 + 19 Vy,
sinusoidal input at 8 MHz, achieving -0.8 dB of insertigslat demonstrating the reliability of this HV pulser. The good
8 MHz. agreement between simulation and measurementsutesal
extrapolate ~85 M of output pulse with 2 pF of CMUT

ll. EXPERIMENTAL RESULTS ANDDISCUSSION loading, as shown in Fig. 2.

The proposed pulser and Tx/Rx switch were fabricated usirslgThF_irT“)/(é Fr\)t)t(e dsvﬁgg rFiwaz ii%st?ﬁ;?dthéog\?vti?cer: d\g’gz ntgte
a 0.18zm 60 V power management 4-metal 1-pdly-CMOS PPy P 9
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Fig. 10. (a) Experimental setup with CMUT array board pulser board fi
acoustic measurements. (b) Cross section view of CMiy&rs and layout & 0
the CMUT array which one element consists of 4 menmdsan 20
-
©
3
noticeably affect the output of the supply-inverted pulse £
during firing, and the HV signal is blocked with only 1.6 Vol  Z-0
feedthrough. In this ASIC prototype, the Tx/Rx switch is place EM
close to the pulser as shownthe Fig. 7 layoytand the HV E o
pulse affects the Tx/Rx switch outpthitrough the substrate, s
creat!n_g the _spikes shown in Fig.' 9 during_ HV pulse 0 5 10 15 20 25 30
transitions. This@anbereduced by placinthese design blocks Frequency (MHz)

further from one another and adding substrate contacts
shielding between the supply-inverted pulser and th&x/
switch. The overall performance of Tx/Rx switch is . .
. K X ig. 11. (a) Transmitted ped&-peak acoustic pressure measurement

benchmarked against prior work in Table I. simulation with different CMUT bias, pulse shape aupply voltages. (I

Transmitter acoustic pressure with an actual CMUT lgasl Measured transmitted pressure with=170 ns, T = 50 nsHVpp = 20V, anc
also measured using a setup shown in FigTheé CMUT used CMUT bias = 20 V. (c) Frequency spectrum of the transahiftressure sigr
in this experiment was designed for an 8 MHz center frequers """ " Fig- 12b.
and occupied a 100 x 1Qfn? area on silicon. The element ] ] o
consisted of a 2 x 2 array of four 4B wide square CMUT is connected to DC biadpc, as shown in Fig. 2a.
membranes, creating a 2 pF element, 1.8 pF of whitheis While using the same CMUT for Tx/Rx operation, i Weeds
parasitic capacitance due to bond pads. The fabricatispava 0 be applied across the CMUT for Rx operation with high
of a larger 2-D ICE imaging array, fabricated using a lowensitivity. \bc of the CMUT vaschanged from 17 Vto 20 V,
temperature CMOS compatible prodEs&] The CMUT array, While HVop was changed from 17 V to 2¥ because the
mounted on a separate PCB and made water resistant oy a §re_akdown voltage of the CMUT in these experiments was
layer of Parylene-C coating, was connected to therlgngeer limited to 40 V. The maximum peate-peak pressure of 4517
board via header pins. The off-chip capacitor, C = 30nas, Pa was measured with {#@& 50 ng of bipolar pulse shape
selected to obtain maximum output swing, as discussed hitYoo =20V, and ¥c =20 V (peakto-peak pulse was ~40 V).
section Il. The CMUT array was submerged in a water tanRiPolar pulses show larger acoustic pressure compared to
while a hydrophone (HGL-0085, Onda Corp) was positiong@Psitive unipolar pulses, as shown in Fig. 11a, because during
directly above the CMUT array, 5.6 mm from its surface, ti€ firstnegative pulse, the potential differencenenGMUT is
measure the Tx acoustic pressiDiferent pulse shapes were increased and the gag further reduced for 7@s After the
generated to evaluate the impact of the bipolar pulsefean Membrane passes through the minimum gap, the positive pulse
on the Tx output pressure. The pulse shape is defined by {§ancels the DC bias across CMUT and completely redete
T2}, as shown in Fig. 3Note that when {pT2} is applied,a Membrane for maximum upward gap swing. The unipolar pulse
positive unipolar pulse is generated. The bottom electrode @ty releases the membrane from fixedpg which is

©
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TABLE Il CMUT
BENCHMARKING OF THEPROPOSEDPULSER PERFORMANCE (Comur) Vacuum gap
- CMUT,
Parameter s
Input voltage (V) | 1.8 | 33 5 33 18 Integrated High-K dielectric
Output voltage (V) (')?:145-6 - go 0-85 | 0-60| 0-128 (CCaEaccitor —P) Isolation dielectric
= NxCemur
Supply voltage (V) 45 30 45 60 12.8 CMOS electronics
Frequency (MHz) | 8.33 5 833 | 1.38 1.25
Rise/fall time (ns) | 36/1123 | 30 | 26,16/18| 68/68 40/50
Power (mW) 35.7 52.4 48.6 98.1 Fig. 12. Schematic cross section view of a CMFEMOS device wit
Power (mA) 170 ) 150 ) 19.9 integrated co-microfabricated capacitance, C. Lowadative permittivity
Dynamic * dielectric layers (SiNi, Sig) are used for isolation, and the high K-diele«
Chip area (m#) 0.225 - 0.2 0.08 0.022 has a relative permittivity of = N. Black lines are metal connections to
Output load (pF) 2 40 2 18 15 CMOS electronics.
Bipolar pulse Y N N N N
Technology 4m) 018 | 018]| 0.18 0.35 0.18 . )
* Simulation results area, and connected to the CMOS electronics using

CMUT-on-CMOS technology While the CMUT capacitor,
determined by M, and its upward motion is also resisted byccmut, has a vacuum gap, C is formed by filling a similar gap
the DC bias. Therefore, a bipolar pulse is expected to generwith a high-K dielectric, such as hafnium dioxide with 16.
higher peak pressyf&1]] The timing between pulling (fand ~ With non-collapsed CMUT operation, one can easily sattiefy
releasing (3) the membrae would also affect the peak required C>> Ccmyr condition in this approach, considering
pressure. In this measuremghtee types of bipolar pulses andthat in CMUTon-CMOS implementation the parasitic
three types of unipolar pulsesere measured to find the capacitance will be minimized. For instance, a breakdown
maximum pressure condition. Fig. 11b and Fig. 11c show theltage of 60V can be achieved with hafnium dioxide with a
time domain transmit signal and its spectrum for the ofse typical gap/dielectric thickness of 150 hm [B2]. This appnoac
maximum pressure, showing a center frequency of 7.8 Mijgould enable fabrication of a high voltage capacitor in the
with -3 dB bandwidthof 4.5 MHz. Fig. 1& also shows the cMUT layer for compact ultrasound analog front end design in
comparison between simulation and measurements, WHre ;4 4ing applications. Considering the fact that 64 chaniel 1-

simulations are performed using a large signal CMUT modRJ:E ASIC occupies 2.6x11 this proposed pulser and
[10], [11]. The comparison with normalized pressures fronﬂ /RX switch an fit ir'1 ICE ;ﬁ%‘tion prop P

simulations show good agreement in terms of trends ané
maxima as a function of pulse parameters for both unipalad IV. CONCLUSION

bipolar pulses at different bias voltages. Most of thenmaich . . . . .
comes from the dielectric charging effeict CMUT that An integrated supply-inverting HV pulser with Tx/Rx switch

degrades the transduction efficiency as the induced polarizat,a presented na 0.18n 60 VHV-CMOS process to mterfap ©
reduces the effective bias across the CIfBA] In our future With CMUTSs in ultrasound systems. The presented circuit
work, we will investigate pulse optimization with cositgn of OVercomes fabrication process limitation by adopting HV
the pulser and large signal CMUT model. Table Il summariz&§otection and bootstrap techniques. The suppigrted
specification of the proposed supply-inverted pulser arRyIser generates 796of peakto-peak voltage swing using 45
compares it with previous works. Using positive HV supplieV of positive supply with 8 pF of equivalent CMUT loading
only, the proposed pulser can successfully generatpola and 30 pFof external capacitanceA bipolar pulse was
pulse above the process limit. Another advantage of thgsmpu successfully applied to a CMUT array element and optimized
is that without negative HV supply, it can generate a aipolfor maximum amustic pressure. The output followed
pulse with a peaks-peak value surpassing the maximunpredictions by a large signal CMUT model, paving the way for
operating voltage level (60 V in this case) imposed by therge signal simulation-based CMUT-pulser optimization. The
process. Therefore, this pulse was able to generate largesposed Tx/Rx switch effectively blocks the HV swing a th
acoustic pressure from the CMUT than conventional pulsesgpply-inverted pulser without degrading the performance of
that generate a pulse within the supply voltage range. the proposed pulser. While the prototype pulser and Tx/Rx
The multl—levgl_ pulsing C|rcu.|t.has advantages in terms &nitch measurements were conducted with an off-chip
better power efficiency when drivil@MUTS[14]] However t capagcitor, the technology exists to allow this capaciobe
requires several supply voltages or DC-DC converters Wilhtegrated with the CMUT, using high-K dielectric layers,
large capacitoff31]] Since the capacitors required for DC-DCyyring  CMUT  fabrication. On-going research involves
converters are often quite large, using off-chip components. gptimization of the pulser and CMUT arrays using

would be inevitable. A potential advantage of the propose:pMuUT-on-CMOS technology for compact catheter-based
pulser is that, to generate a bipolar pulse, it requirepacitar ytrasound imaging systems.

that, while it is an order of magnitude larger thasw, can be
implemented during microfabrication underneath the CMUT.
This is schematically shown in Fig. 12, where a CMU&hradnt

is built over a fixed capacitor,,@ith approximately the same
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