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A Reduced-Wire ICE Catheter ASIC with Tx
Beamforming and Rx Time-Division
Multiplexing
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Thomas M. Carpenter, David Cowell, Member, IEEE, SteverafFr&enior Member, IEEE,
F. Levent Degertekin, Senior Member, IEEE, and Maysam Ghova®émior Member, IEEE

Abstract—This paper presentsa single chip reduced-wire active
catheter application-specific integrated circuit (ASIC) equipped
with programmable transmit (Tx) beamforming and receive (K)
time-division multiplexing (TDM). The proposed front-end ASIC
is designed for driving a 64-channel 1D transducer array in
intracardiac echocardiography (ICE) ultrasound cathetes. The
ASIC is implemented in 60 V 0.1&m HV-BCD technology,
integrating Tx beamformers with high voltage (HV) pulses and
Rx front-end in the same chip, which occupies 2.6x11 ninthat
can fit in the catheter size of 9 F (<3 mm). The pragsed system
reduces the number of wires from >64 to only 22 by tegrating Tx
beamformer which is programmable using a single low-voltage
differential signaling (LVDS) data line. In Rx mode, the system
uses 8:1 TDM with direct digital demultiplexing (DDD) providing
raw channel data which enables dynamic Rx beamforming urey

imagind[Z]][[2]] It requires a minim& invasive procedure
with local anesthesia to place a catheter in the sigig of the
heart to guide interventions like valve repair, placement of
stents, closure of atrial septal defects (ASD), and catheter-
based ablation to treat atrial fibrillat{on ]3]

Current commercial ICE catheters offer a 2D or limited 3D
field of view in spite of large number of interconnections,
which are mainly determined by the number of array etége
and ground connections. Each element in the ICE array is
connected to the analog-front-end (AFE) residing in an externa
ultrasound system with a separate long flexible wire, wisieh
significant limitation for improving image quality and
increasing the number of elements. Also, in order to use ICE
catheters under MRI instead of the ionizing X-ray radiation

individual array elements. This system has been successfully used pased angiography, the number of interconnect wireten t

for B-mode imaging on standard ultrasound phantom with401
mW of average power consumption. The ASIC has a compact
element pitch-matched layout, which is also compatiblevith
capacitive micromachined ultrasound transducer
(CMUT)-on-CMOS application. This system addresses cable
number and dimensional restrictions in catheters to enable ICE
imaging under magnetic resonance imaging (MRI) by reducio
radio frequency (RF) induced heating.

Index Terms—Medical ultrasound imaging, time division
multiplexing, capacitive micromachined ultrasound translucers
(CMUT), intracardiac echocardiography (ICE).

. INTRODUCTION

I NTRACARDIAC echocardiography (ICE) has become an
important clinical modality in interventional ultrasound
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catheter should be decreased to reduce RF-induced heating of
the conducting lines to acceptable levels and the cattigter
should be visiblg4]][[5]] Reducing the number of connections
by integrating electronics at the catheter tip would imgrthe
overall system performance by capturing the receivprats
with higher fidelity, and transmitting them to the keaed usiry
higher quality cables which reduce the spurious interference
present in the catheterization labs. Cable reduction wdsid a
improve the mechanical flexibility of these single oatheters,
and possibly lower the cost. Therefore, integratingtedaics

at the catheter tip would have a significant impact in the
catheter-based ultrasound imaging applications.

When designing the integrated systems on a chip for imgagi
application, ideally the quality of the resulting imagesustho
not be compromised while improving other aspects sudheas t
cable count. In the application considered here, 64 ete@ien
imaging ICE catheter, to preserve the image qualityrdiae
data from each channel (without pre-combining signais fr
multiple array elements) should be available in the betles

in the current ICE catheters. That enables dynamic regieige
beamforming techniques to be applied without limitatiola T
transmit (Tx) andRx aperture size should be maximized
making use of the fulvidth of the catheteso that the image
resolution and penetration depth are not comprofi&¢dhis
requires Tx beamformer be integrated along with the Rx
circuitry on the chip using a high voltage (HV) process and
connected to the backend system with small numberbbésa
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Fig. 1. Simplified block diagram of the proposed |IGHheter system which includes backend system.

and use the same maximum array area. Furthermorleythe angular directivity of the subarrays, which does not prorage
of the chip should be such that it is suitable for cabldata informatiop [14].
interconnect within the size limitations of the caéneip. This As mentioned above, the more critical aspect of cable
paper demonstrates the first implementation of such aeduction is single chip integration of the beamformeat the
integrated system that combines a single cable progathem catheter tipWithout Tx beamformer integration, only Rx cable
Tx beamformer and provides raRx data with 8:1 time reduction does not result in a practical imaging systenglé&i
division multiplexed receiver frontend for cable reduttio chip integration is essential to have a system sizaldaifor a

On the Rx side, time division multiplexing (TDM) with catheter with a short rigid section at the tip. Singhép
direct digital demodulation (DDD) is used in this work as iintegration avoids complex through wafer vias for stacking
provides -35 dB or below electrical crosstalk betwedeamaoels chips and simplifies acoustic design. There are few example
with p-coax cables suitable for ICE imag This figure fully integrated Tx beamformer/Rx frontend systedsystem
can be further reduced by digital signal processing techniquegh more than 3000 transducer elements has been realized
Noting that in current miniature ultrasound systemsyith Tx/Rx capability using subarray beamformi@lS]
electrical crosstalk below -25 dB is accept TDM  However, this system is developed for hand held probes to be
emergesas a viable and simple option as compared to mongsed outside of the body. Other systems suitable in size f
robust but more complex and power consuming digital datatheter implementation utilize subarray beamformers negult
transmissionFrequency division multiplexing (FDM) also hasin compromise in image quality and system complexisy
been shown to be feasible to provide raw channel dat€E noted by othef§3][[12]] Other approaches to Tx beamformer
application. However, this approach requires multiplanplementation either require the number of cables
analog filters and mixers that are vulnerable to procegsoportional to the number of elemwith an external
variations, which will increase the mismatch and cowipt®f counter, or the beamformer has limited operation ahiity
the system. Another common method to reduce the numberoofly firing one pulse for each chanf@l7]f[19]] Another
wires in ultrasound systems on the receiver side isrsyba on-chip beamformer with integrated counter was preseinted
beamforming /ﬁ—beamforming. Recent implementation however, it still requires multiple control signals to
of this method include a switched-capacitor-based dmtely generate pulse for each channel.
addition of an on chip digitizer and digital line driyer2]iL In this paper, we describe a single chip solution for 2D
Another digital subarray beamformeses AX modulator|[13 imaging ICE catheter system, which limits the ASIC de&i®
However, this system requires high frequency operation (960(<3 mm width) in size, and less than 0.5 W of powehas t
MHz), which is difficult to feed into long interconnects i main constraintsThe proposed ASIC adopts 8:1 TDM with
catheter-based applicationsidalimits integration of HY Tx DDD and Tx beamforming circuit requiring a single low
circuits with thick gate oxide on a single chip. Note thase voltage differential signaling (LVDS) data line for cable
systems do not utilize the full aperture Tor andRx or do not  reduction. This paper is organized as follows. Section I
integrate the Tx beamformer electronics which can bedescribes the proposed system architecture including brief
challenging to integrate with low voltage digital electesn explanation of backend system. The details of the TXCASI
Furthermore, subarray beamforming methods inevitablgvel operation is provided in Section lll, and the Rx opematio
compromise imaging performance as compared to a fully described in Section IV. The electrical measuremants
sampled array targeted here due to limited steering aagtes acoustic experiments are preseniad Section V. Further
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Fig. 2. Detailed block diagram of the Tx-beamformer.

60V The ADC in the backend system samples the corresponding
1: l..,l E channel at the right timeA key featureof the TDM in this
{ system is the clock synchronization between the exté&n&l
Ll 55V and multiplexer in the ASIC, details of which will be deked
in the next section. In this system, 64 channels of piewyy

= Tetn V.. elements are used to interface with the ASIC in thisfasbo
concept implementation. This array can be directly mouwried
Ty = 1 top of the front-end ASIC using flip-chip bonding or P@ii-
Tx_En HV
- GN

CMOS integration for future implementatipn J[L2]] The

GND D . ) . :
1.8v proposed ASIC is also designed to be compatible with
Vin I~ 7 Tiev v eov ! capacitive micromachined ultrasound transducer (CMbf¥)-
GND  |Pype .|[ .|[ {E : CMOS application, where the array is fabricated directlro

the CMOS wafer using a low temperature prd§2sj

The catheter cable consists of a mixturewafoax cable
(200 MHz of clock, data, TDM output signals) and single wires
to deliver power lines, biases and control signals. rAthe
catheter cable, the TDM signals are amplified via aath
handle to be sent across the long Ethernet cables to ADCs
backend system, where DDD is performed in the FPGA for
advanced imaging processing in the digital dofiih

The backend system consists aotustom ADC board to

In a conventional ICE catheter system, each of the piezeupport 8 TDM signals, FPGA board, and power supply
array elements at the catheter tip is connected to #€ Amodule. It also employs filters, AC-DC converters, DC-DC
system of the mainframe using a long conducting. @ converters, and PCI express card, which delivers data from
reduce the number of wires, the proposed system usesl@n Afhe FPGA taapersonal computer via optical fiber.
at the catheter tip to implement the Tx beamfornmat Bx
TDM circuits in a single chip. Fig. 1 shows the simplifiddck IIl. Tx BEAMFORMER AND PULSERDESIGN
diagram of the proposed ICE catheter system. Each 1D pieg— Desi 40 tion 3k Beamf
transducer array element is driven by a HV pulser, which ¢ esign and Dperation €a orm(?r .
generate up to 60 V unipolar pulse, appropriately delayedibase The proposedx beamformer uses a single LVDS data line
on the beamforming profile by the integrated beamforse to load the beamforming profile for 64 channels. It @gat
Tx/Rx switch is located between pulser and Rx circuits t&@ximum delay of 10.23&s with a resolution of 5 ns, using an
protect low voltage (LV) devices during Tx operation. Variabld1-bit global counter. This maximum delay enables ste¢hiag
gain low noise amplifier (LNA) compensatefor the ultrasound beam over the desired +45° field of viGhe

attenuation of reflected echo signal by adjusting iis ¢ga beamformer is designed to generate different pulse-vitgith

implement time gain compensation (TGC). each channel to control the Tx bandwidth and enablsepul
Eight sets of 8:1 TDM circuitry reduce the number of outp#idth apodization, which improves ultrasound image quality

signals from 64 to 8, and the high frequency (HF) buffeiedr bY Suppressing the side lobe efff@8]| Also, it can generate

the TDM signals via Ethernet cables to the backend raysteMultiple pulses up to,8or narrow band higher SNR operation
in pulsed Doppler magl It also can change the pulse repetition

o o

I
_______ 4
Fig. 3. Schematic diagram of the proposed 60 V pulse

discussion is presented in Section VI with comparisoh thié
recent statef-art before concluding in Section VI

Il. SYSTEM ARCHITECTURE
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Fig. 2 shows the detailed block diagramTaf beamformer.
In global control logic block, there is di-bit global counter
that consists of 6-bit course counter (CC) and 5-bit noodter Clk 5 ss—l ”
(MC). During the data loading sequence, the initial value Ch1 [S] . Hold [ S
6-bit CC is fixedto 11111%, and the counter starts counting 5] " Hold
down to 000008to find the coarse delay of each channel, whil Ch:2 110
the 5-bit MC can be programmed to set the exact stagf t :
width of a pulse, and number of pulses for each chanaeh E Ch8 =—| § | _Hold
of 64 channels has 16-bit serial-in parallel-out (SIPO) shi TDM [Ch1llch2] [chg [ Ch1]
register that stores delay and pulse width informatiol
respectively. Top 6-bit shift register is used to chpabkper (b)
data .Ioadlng by comparing the Va!ue with 11]2111!’1?26 the Fig. 5. (a) Simplified block diagram of TDM block fordhannels, and (
data is loaded properly, the latch signal locks the sbdfsters  TDm sampling clock diagram.
and the counters start to count for pulse generati@ibif\shift

register is used for Rx gain control configuration, and thedlas yo ple-difused metal oxide semiconductor (DMOS)
bits of the shift register store the numbépulses for Doppler ansistors, as shown in Fig. The input of pulser is generated
operation. Each channel has a 3-bit subtractor, whicledtes  om Tx beamformer with 1.8 V supply. The pulser shifts this
keep t'ra.lck of how many pulses are fired during ea@lgnal to 5 \p to have enough input swing for DMOS
transmitting cycle. Each channel h&9-bit comparator that yangistors, and finally drives the output node with 60 \sgul
can calculate the exact beamforming profile to delier | js crucial to ensure that all devices in the cirané operated
pulses to the input of pulser. in their safe operating conditions throughout the pulsgecy
To program the delay profile for all of the 64 channelshea consjgering the fact that in this process, the drain-sourc
programming cycle requires a 1040-bit data packet (64x16fgction breakdown and gate-oxide breakdown voltages are 60
+3+5+6), which corresponds to %.8. Before programming \/ and 5 v, respectively. Considering that P-type DMOS
the Tx beamfprmer, .aII shift registers are reset to sefaini 4 4nsistor occupies larger area compared to the N-typ®@®M
values, following which the data packet is generated and sghinsistor due to additional guard rings.3 kQ resistor is used
from the FPGA in the backend system through the high spegdeye|-shifter stage with protection Zener diode whichSs
Ethernet cables. of breakdown voltage. This level shifter is designed ta live
B. Design and Operation of HV Pulser peak current to 5 mA from 60 V supply by adding an external
Ultrasound pulse generator, aka pulser, is one of the kg V supply and 5V buffer f:hain, avoiding \_/oltagfa drop across
building blocks of any ultrasound imaging system, whick:/ MM on-chip power routing. The pulser is designed te dri
drives ultrasound transducers, such as piezoelectric transdugaPF Of capacitive load at 7 MHz with 60 V pulses, which is
or CMUT with HV output swing to create a pressure pulsd1€ equivalent capacitance of comparably large sized
Recent literature shows several pulse-level shiftingriiegzes ~ Piezoelectric 1D ICE array.
to overcome limited supply voltage such as voltage doubler o
multi-level pulse generator in ultrasound applic IV. RX CIRCUITRY DESIGNFOR CABLE REDUCTION
However, these approagtrequire multiple control signals and  simplified schematic of the AFE is shown in Fig. 1. 64
occupy significant area, such that integrating them i@  channelof Rx circuitry consists of Tx/Rx switch, variable gain
catheter becomes challenging. LNA, buffer and TDM circuitry. The LNA design assumes an
In this systema digital pulser is implemented using 60 Vinput echo signal dynamic range of 76 dB, and the gain of Rx
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circuitry is set to compensate the attenuation by 4 stages (15
21 dB, 27 dB, and 32 dB) to meet the dynamic range of ADC
the backend system. During thEx mode, Tx/Rx switch
protects LV circuits from HV pulses. Variable gain LNA
amplifies the echo signal based on the traveling dégpth
compensation, the buffer drives the amplified signal tdTD
circuitry, and finally TDM circuitry samples and combs the
output signals with 8:1 ratio to the backend system. ®Eye k
blocks are described in detail below

A Design and Operation of Variable Gain LNA

Rx front-end topology in ultrasound system usually depen
on the electrical impedance of ultrasound transducer type. 1
transimpedance amplifier (TIA) Bcommonly used topology

Ch1 ch2 Ch3 Ch8 Ch1

@

Dopt !Isz

m1 .If \

;
i

-a-g-ad

TDM clock ADC clock

| P

in CMUT application becaesthe equivalent electrical model
of CMUT has comparably high impedanfi@2]] For (b)
implementing the AFE for plezoelecf[rlc array, LNA St[,lletI_S Fig. 6. Link training waveform of (a) channel numberdymonization, and (I
preferred because of relatively low impedanteiezoelectric  phase synchronization.
element§25]] Considering the area efficiency, and the fact th:
in this process capacitors occupy larger area tharioessiand analog 8:1 multiplexer, and high frequency buffer, as shown in
for minimizing the shift of pulse-echo response todew Fig. 5(a). The TDM block is designed and placed
frequenciesa resistive feedback LNA structure was selectedymmetrically using H-grid clock distribution to reduce the
for this systerf{26]] Also, instead of implementing LNA and mismatchThe counter logic generates sampling clocks and the
time gain control (TGC) circuit separatelwe adoped a analog multiplexer selects signals for corresponding channel
variable gain LNA structure. after 1 period of clock, which keeps track of which charsie i
Fig. 4 shows the schematic diagramvariable gain LNA be connected, as shown in Fig. 5(b)
structure. The gain is controlled by 2-bit TGC control bits A critical part of the DDD is the clock synchronizati
through data line, which is generated by the external FPGHetween the TDM analog multiplexer in the ASIC and the ADC
The Miller compensation capacitory,@s also controlled by in the backend system with the same frequency. Ferehison,
TGC signal to push the second pole of thige®ye op-amp well the system requires two training sequences before Tk bl
beyond the closed-loop bandwidth to keep phase margin absvarts working. One is channel number synchronizatiom,
60° in every gain stage of LNARX EN signal and switch another is clock phase synchronization. These training
transistors (M, Mz, and M) are required for power saving sequences are callétink training” to ensure that the samples
mode duringl’x data loading period. are correctly digitized in the backend system. Duringlitie
training process, first channel is connected to a fixdthge
) level, \hign, while other channels are connected to another lower
The TDM technique has been frequently used ifved voltage, M, by adding another switch in parallel with the
communication systems to reduce the number of o 2&hmple and hold switch for each channel, as shown if5 .
This approach allows multiple channels to share the safgring this operation,Ss connected and all the other switches
cable by assigning correspo_ndlng'Ume slot .to each channelgq, S to S are open that the corresponding timing of channel
Analog TDM requires a relatively simple design and lesespo 1 can be detected during demultiplexing in the backend system.
because it needs an analog multiplexer and digital COUNtig performing this step, the timing of the first channetath

logic in addition to sample and hold circuits, which isal#  TpMm block can be ensured so that the order of charméigi
for compact ICE application. Also in this proposed systayn, g determined, as shown in Fig. 6(a)

using DDD technique, the ADC can sample TDM output The clock phase synchronization is used to ensure that th
signals using the same frequerasthe TDM circuitry in the  Apc and TDM multiplexer clocks are correctly phase
AStIhC J h|skre3ults lts data processing to increaseesitly g chronized to compensate for the propagation delay=in th
In the backend Systelr . . cabling. This is important as one needs to make surehhat
The Tx target center frequency of this system is arodnd DC takes the samples when the signal through the
MHz, and the 3 dB fractional bandwidth is assumed as, 800% . o . o
interconnection has stabilized rather than during the swijchi

especially in the casef CMUT array, which usually has . . ;
broader bandwidth thaa piezoelectric arrayThis bandwidth transients. The TDN_I clock phase can be adjgsted “S'”@F’pha
locked loop (PLL) in the FPGA to determine the optimum

requiresa sampling rate more than 20 M&Sconsidering the ) i !
Nyquist requirement. In this system, the clock frequency R@se shift, as shown in Fig. 6(b). The phase of TDMkatoc
chosen as 200 MHz, resulting in 25 M%or each channel of changed with 78 ps steps untitannel 1’s half maximum

8:1 TDM circuitry. To minimizehe TDM cross-talk level due Points are found, such a8, and ®,. These two points show

to inter symbol interferencéhe HF buffer is designed to havewhen the switching transients are occurring, so optimadepha
more than 400 MHz bandwidth. The TDM circuitry consists oshift is estimated to be in the middle of these twaispiwhich

8 sets of TDM blocks, and each TDM block consists8of is marked asbox. The HF buffer is designed using current
channels of sample and hold swishlink training switches, feedback source degenerated push-pull type buffers with ~400

B. Design and Operation of TDM Circuitry
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29 I Che Zo are receiving at the same time. TGC signal can be dbade
% —_che through data line to control the Rx gain at specific tinfes
% [)__ch7 ““W eliminate the dead time during the Tx data loadamgpther set
& | chs o of Tx beamforming data can be loaded during receive period

O e T timem after Tx firing is doneAfter receiving the echo signals, reset

signal returns the entire system béxkhe initial state. The link
@ ®) training always needs to be done before loading beamrigr

Fig. 9. (a) Measured pulser output from adjacent &nnkls. (b) Multipl data, that compensates any change of the delay of tleeduah

consecutive pulse generation for Doppler imaging. to temperature Change or bending.

A. Electrical Characterization for Tx Circuitry

The ASIC was wire-bonded to a custom printed circuitdboar
(PCB) to probe the output of the pulsers with the effective
] . ) loading of ~15 pF, which is the equivalent capacitanceDof 1
The ASIC is fabricated ina 0.18um 60 V power piezo-array with 80 membranes (each membrane occupies
management 4M1P HV-BCD CM_OS process. It consists of x46um?). The FPGA generates beamforming profile where
channel AFE (pulser, Tx/Rx switch, LNA, and buffex  each channel has the pulse width of 80 ns, and is delayed by 80
beamformer, and symmetrically designed TDM, whichs relative to the previous channel. Fig. 9(a) shows the
occupies 2.6x11 mfnas shown in Fig. 7. The pads formeasured pulse output from channel 1 to channel 8. Thegulser
supplies, control signals and TDM outputs are located en thyccessfully generate 60 V pulses with rise and fall tiréens,
right side of ASIC, which are designed to be compatibla wityhich is suitable for driving a center frequency of 7 Mttiise.

flip-chip interconnect based catheter cable connecflére g 9(b) shows that the proposed Tx beamformer can generate
chip consumes 401 mWif power on average for B-mode up to 8 pulses for Doppler operation.

imaging using phased-array beamforming, 42% of which is ] o

used for TDM and driversig. 8 shows the timing diagram of B- Electrical Characterization for LNAand Rx TDM

the proposed system. The ASIC requires clock, resetdaad  Fig. 10 compares the measured and simulated frequency
inputs. Once th&@x data is loaded properly after link trainingresponse of variable gain LNA with different gain segs,

from the TDM side, th@x beamformer triggers pulsers to firewhich shows 15 dB, 21 dB, 27 dB, and 32 dB at center

MHz bandwidth, tuned fof5 Q cable termination[[29]]

V. EXPERIMENTAL RESULTS
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Fig. 12. Crosstalk measurement of 8 channels of TD&uidry.

frequency of 7 MHz with 3 dB bandwidth of 11 MHz. The
measured input referred noise at 7 MHz for different gaials
show less than 4.1 nV/\Hz on average, close to the design
target value of 5 nV/\Hz, which is calculated from the assumed
LNA input dynamic range.

The proposed Rx TDM was separately characterized witt
test chip to evaluate the performance of TDM circuithe Test
chip included a subset of blocks in the main ASIC, the oni
needed to evaluate a block of 8 channels of TDM, as shrown
Fig. 5(a), with an additional control block for link training.
custom PCB was designed to connect 8 input signals frc ¢ 4

Piezo array
catheter tip

Fig. 13. Ultrasound imaging measurement setup wethgarray immersed
the water facing standard phantom.

50 =
Nylon wire phantom
1cmicm 1cmicm
e d e e S 3

\
\

.
7

external signal generators, and TDM output signal WEE30 g

connected to one of the backend TDM input terminale Tt & ¥ ° °

ADC samples the corresponding channel signals, then 1° 2 g S e

FPGA performs DDD and further digital processing fo §§ \\\-;o- o

interpolation, decimation, phase correction, and filteiag =l a

recover the original input ddf@]] To test this signal chain, ° 3 2 40 o 10 20 30

channel 1, 2, and 3 were connected to signal generatuich s

generated 7 MHz sine waves with 50 ns delay. Fig. 11 sho @

the comparison between digitized signal generator output a

recovered TDM output signals after signal processing, whic ol

shows good agreement. The mismatch between the TL Syt pranton

outputs and signal generator outputs in the first and ste li _ 40 .‘ﬂlﬂ

bursts is the result of band pass filtering. The misma E_so

between the channels is measured to be less than Oi6 dif § =\ Fﬂq‘ .

amplitude. 8 2 ol o
The level of crosstalk was also characterized in il Test s a W

chip. A7 MHz sine wave was applied to channel 1, whiletmpu X /

to other channels were grounded. The TDM signal Wé ° . .0 40 o 10 20 30

recovered for all 8 channels and analyzed using fast Four Lateral axis (mm)

transform (FFT). Fig. 12 shows that the maximum crdssta (b)

level is -36.7 dB when compared to channel 1, which is saitalrig. 14. (a) B-mode image of 10 nylon wires, and (Ky&ts image in
for ICE applicatiof [9]. It is noteworthy that this measuent standard phantom.
of the crosstalk is between the signals of the sabid Block

over the same cable as a result of the_ multiplexing SEh(_}r'donnected to catheter handle, which the TDM signals are
which represent the worst case scenario. The cridste| o : . .
; amplified prior to passing through to the ADCs in the badken
between separate TDM blocks on different cables was .
measured to be below -60 dB. system via 3 m of Ethernet (Cat7A) cable to allow th&esyto
_ _ _ be placed away from the MRI bore or the ultrasound meaimdr
C. Ultrasound Imaging with the Entire System in practice. In the future, the piezoelectric arrayf e either
The proof-of-concept imaging experiments were performetip-chip bonded to the ASIC or the CMUIR-CMOS
by connecting the ASIC wire-bonded on a PCB, to a 64 chanitethnique will be applied for compact assembly, both afkwh
piezoelectric transducer array at the tip of an ICE catlusing are expected to reduce the parasitics and improve thiings

cables as shown in Fig. 13. The ASIC PCB is directlimage.
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TABLE |
BENCHMARKING OF THEREDUCED-WIRE ULTRASOUND ASIC SYSTEMS
Parameter This work l1221] 13311
Single chip integrated Yes No No No No No
Tx-RX system
Shared Tx-Rx array Yes No N/A No No No
aperture with pitch match
Rx wire reduction TDM ADC + S/H analog| ADC + FIFO S/H analog Analog filter S/H + Digital
Tx Wire reduction Yes No No No No No
Rx raw data accessibility Yes No Yes No No No
Center frequency (MHz) 7 5 5 5 40 3
Tx delay min (ns)/maxs) 5/10.235 - - - - -
Die size (mm) 2.6x11 2.5x4.8 2.93x3.2 6.1x6.1 1.2x0.3 4.5x4.3
Power/ Rx channel (mW) 6.26 0.91 17.5 0.27 4.62 17.81
Active area/ channel (min 0.27 0.026 0.088 0.026 0.045 0.303
Power/ Rx active area 23.18 35 198.96 10.38 102.66 58.77
(mW/ mn¥)
# of channels 64Tx/64RX 144Rx 16Rx 1024Rx 8RX 64RX
# of wires / Rx channels 8/64 4/144 1/16 96/1024 1/8 1/64
# of wires/ Tx channels | 0.0625 (4/64) 1 1 1 1 1
Tx amplitude 60V - - - - -
Transducer 1D 2D PZT 2D CMUT 2D PZT Annular 2D CMUT
PZT/CMUT CMUT
Process 0.18um HV 0.18um 28 nm 0.18um 0.35um 0.13um

The piezoelectric transducer array is immersed in a wateelp to pitch-match the ASIC with a 2D
tank, facing a multi-purpose standardized tissue mimickirigpmplementation.
imaging phantom (N-365, Kyoto Kagaku, Japan). To form a Table | benchmarks this work against the stdtthe-art
cross-sectional B-scan image of the phantonTximmode, the ultrasound ASIC designs, where detailed information is
Tx beamformer is programmed to generate 123 focused aahilable As seen in the overall system comparison, this ASIC
steered beams using suitable delay schemes to scad3he is the only system that integrates/Rx without compromising
sector image. IRx mode, the echo signals captured by thenaging aperture and access to raw Rx data. This ASIC
ASIC front-end are transferred to the back-end systemevhegenerates Tx delays from 5 ns to 10.235 to steer the
the signals are post-processed and dynamic Rx beamfoigningltrasound beam over the +45° field of view, and has
performed to reconstruct B-scan ima Two different effectively 0 to 11 MHz pulse-echo system bandwidth. The die
imaging targets inside the imaging phantom were usedto tsize is determined by the ICE application to fit in achtheter
the performance of the system. First, a set of 10nnylwe as shown in the ASIC micrograph (Fig. Mpte that the power
targets of 10um diameter were imaged. Fig. 14(a) shows theonsumption per active chip area compares favorably with
image of the 10 wire target, in which each wire isteddl cm most other Rx cable reduction systems. AFE of each channel
apart from others up to a depth ~5 cm, as shown in theadiag occupies 0.27 m#n which is designed to match the pitch for
on the right. The second target was 2 gray scale hgsttpms future CMUT-on-CMOS design (element size: 2.6x0.104
at a depth of 3 cm, as shown in Fig. 14(b). Both images arex?). Number of Rx cables is reduced by 8:1 TDM. Note that
presented with a dynamic range (DR) of 40 dB. Thim case of a 2D array when TDM is used in conjunction with
contrastto-noise-ratio (CNR) was also calculated for the cys3x3 subarray beamforming with switched-capacitor delay, this
target to quantify the system performance. The CNR isekfi ratio can increase to 72:1.
ag[30]] The number of wires per Tx channel is reported as 4/64,
including the data and clock wires, which is a significant
advantage of this particular ASIGt should be noted that this
@gure will further improve by increasing number of Tx
channels for a system with larger number of elemesttha
required number of wires will remain the same. The aim
i Ppwer can be further optimized as the proposed ASIC is the
first prototype for proof-of-concept for catheter-based ICE
application, however even with non-ideal PCB based
interconnect and partly operational PZT array, overal thi
novel system provides high dynamic range images of tissue
mimicking phantoms.

ICE array

_ e — ppl

JoZ+ o2
where itand are the mean intensities of the regions insid
the cyst and outside the cyst, respectively, @tdindss? are
the corresponding variances. The CNR values foarid T,
cyst (Fig. 14(b)) were calculated as 1.55 and 1.23 wit
relative contrast difference of 2 dB, which is in resdue
agreement with specs of the pharftom [31]

CNR (D

VI. DISCUSSION

Overall, these results demonstrate the full functiopafithe
ASIC and backend system with a performance suitablthéor VL.

targeted ICE application. Since the size of the pulsenof . .
limits the minimum size of Tx/Rx elements on the ASI& th This work integrates both Tx beamformer and TDM based

reduced capacitive loading with smaller 2D array elemeitits wRxina single chip to reduce the number of interconnees

CONCLUSIONS
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in a 64 element 2D imaging ICE catheter. The Tx beem#o
is capable of steering and focusing the Tx beams wide
angular range and can be programmed in every firing usinga&
single data line. The crosstalk levels and overall SXEhe

resulting images indicate suitable performance for 2D ingag

[16]

with 1D ICE arrays. The number of wires has been reducgd,
from more than 64 down to 22 for this application, while
maintaining full access to the raw data from each chahtoee
significant reduction is expected for 2D array-based systems;
with a larger number of elements. The reduction in catlatc
will not only create the potential for operation underIMRd
reduce catheter cost, but it will also increase thehargcal
flexibility and possibility of additional functionality inCE
catheters.
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