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(57) ABSTRACT

The disclosed technology relates to imaging catheters. A
method is provided that includes: receiving, from a plurality
of transducers disposed on a catheter probe, a corresponding
plurality of analog signals; selectively sampling the plurality
of analog signals; multiplexing to produce a sequence of
samples; and transmitting the sequence of samples to a
receiver circuit. The receiver circuit includes a clock; an
analog to digital converter (ADC) in communication with
the clock; and a sampling phase correction circuit in com-
munication with the clock and the ADC. The method further
includes: determining optimum sampling times based on
measured signal delays associated with the system; adjusting
a phase of the clock based on the measured signal delays;
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and communicating the phase-adjusted clock to the trans-
mitter circuit for the selective sampling of the analog
signals. Certain embodiments of the disclosed technology
may further be utilized in conjunction with beamforming.
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_— 600
v

Receiving, at a front end of a transmitter circuit disposed in a 602
catheter probe, and from a plurality of transducers disposed on the -/
catheter probe, a corresponding plurality of analog signals

'

Selectively sampling, with at least one sample and hold circuit, the | 604
plurality of analog signals received from the corresponding plurality of]
transducers

'

Multiplexing the selectively sampled analog signals to produce a 606
sequence of samples _/

Y

Transmitting the sequence of samples to a receiver circuit in
communication with the transmitter circuit, the receiver circuit 608
including: a clock; an analog to digital converter (ADC) in W
communication with the clock; and a sampling phase correction
circuit in communication with the clock and the ADC

v

Determining, with the sampling phase correction circuit, optimum 610
sampling times based on measured signal delays associated with the -/
system

‘ 612
Adjusting a phase of the clock based on the measured signal delays ./

!

Communicating the phase-adjusted clock to the transmitter circuit for _/614
the selective sampling of the analog signals by the at least one
sample and hold circuit.

FIG. 6
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circuit in communication with the transmitter circuit.

FIG. 7

Receiving, at a front end of a transmitter circuit disposed in a 702
catheter probe, and from a plurality of transducers disposed on the L/
catheter probe, a corresponding plurality of analog signals
Beamforming the received plurality of analog signals, including 704
controlling relative phases between respective signals of a group of |/
transducer elements from the plurality of transducers; and combining
the phase-controlled signals
- : ¢ e 706
Sampling, with at least one sample and hold circuit, the beamformed | »
signals
Y
708
Multiplexing the beamformed signals —/
et . . . 710
Transmitting the multiplexed and beamformed signals to a receiver |
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ANALOGUE TIME DIVISION
MULTIPLEXING FOR CABLE REDUCTION
IN IMAGING CATHETERS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority under 35 U.S.C. 119 to
U.S. Provisional Patent Application No. 62/241,927 entitled
“Analogue Time Division Multiplexing for Cable Reduction
in Imaging Catheters,” filed 15 Oct. 2015, the contents of
which are incorporated by reference in their entirety as if
fully set forth herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Grant No. U01-HL.121838 awarded by the National Institute
of Health. The government has certain rights in the inven-
tion.

FIELD OF THE DISCLOSED TECHNOLOGY

The disclosed technology generally relates to imaging
catheters, and in particular, to methods and systems for
reduction of cabling and associated electrical connections
associated with the imaging catheters.

BACKGROUND

Imaging catheters can be utilized to provide images of
tissues inside the body without the need for invasive surgery.
In applications requiring high resolution or 3D images,
multiple transducer elements may be utilized to simultane-
ously capture a pulse echo response (for example, from a
single ultrasonic pulse) and the multiple signals from the
transducers may be utilized to form the image.

In real-time ultrasound imaging applications, catheters
have size restrictions to enable safe passage through open-
ings, channels, or cavities within in the body. Such size
restrictions can limit the number (and associated bundle
size) of cables that transfer the imaging signals from the
transducers, through the cable bundle, and to external equip-
ment. Furthermore, the length requirement for catheters and
limited power available to on-chip cable drivers leads to
limited signal strength at the receiver end. A need exists for
improved systems and methods for reducing cable count and
associated electrical connections associated with imaging
catheters.

BRIEF SUMMARY

Some or all of the above needs may be addressed by
certain embodiments of the disclosed technology.

Certain embodiments of the disclosed technology may
include a system. The system can include an imaging array
comprising a plurality of transducers disposed on at least a
distal portion of a catheter probe, and a transmitter circuit
disposed in the catheter probe. The transmitter circuit can
include: a plurality of sample and hold circuits configured
for selective sampling of analog signals received from the
corresponding plurality of transducers; and a multiplexer in
communication with the plurality of sample and hold cir-
cuits and configured for sequencing samples received from
the plurality of sample and hold circuits. The system can
include a receiver circuit in communication with the trans-
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mitter circuit. The receiver circuit may include: a clock; an
analog to digital converter (ADC) in communication with
the clock; and a sampling phase correction circuit in com-
munication with the clock and the ADC. The sampling phase
correction circuit is configured to: determine optimum sam-
pling times based on measured signal delays associated with
the system; adjust a phase of the clock based on the
measured signal delays; and communicate the phase-ad-
justed clock to the transmitter circuit for the selective
sampling of the analog signals by the plurality of sample and
hold circuits.

According to another exemplary embodiment of the dis-
closed technology, a method is provided. The method
includes: receiving, at a front end of a transmitter circuit
disposed in a catheter probe, and from a plurality of trans-
ducers disposed on the catheter probe, a corresponding
plurality of analog signals; selectively sampling, with at
least one sample and hold circuit, the plurality of analog
signals received from the corresponding plurality of trans-
ducers; multiplexing the selectively sampled analog signals
to produce a sequence of samples; and transmitting the
sequence of samples to a receiver circuit in communication
with the transmitter circuit. The receiver circuit includes a
clock; an analog to digital converter (ADC) in communica-
tion with the clock; and a sampling phase correction circuit
in communication with the clock and the ADC. The method
further includes: determining, with the sampling phase cor-
rection circuit, optimum sampling times based on measured
signal delays associated with the system; adjusting a phase
of the clock based on the measured signal delays; and
communicating the phase-adjusted clock to the transmitter
circuit for the selective sampling of the analog signals by the
at least one sample and hold circuit.

According to another exemplary embodiment of the dis-
closed technology, a method is provided. The method
includes: receiving, at a front end of a transmitter circuit
disposed in a catheter probe, and from a plurality of trans-
ducers disposed on the catheter probe, a corresponding
plurality of analog signals; and beamforming the received
plurality of analog signals. The beamforming can include:
controlling relative phases between respective signals of a
group of transducer elements from the plurality of transduc-
ers; and combining the phase-controlled signals. The
method can further include: sampling, with at least one
sample and hold circuit, the beamformed signals; multiplex-
ing the beamformed signals; and transmitting the multi-
plexed and beamformed signals to a receiver circuit in
communication with the transmitter circuit.

These and other objects, features and advantages of the
disclosed technology will become more apparent upon read-
ing the following specification in conjunction with the
accompanying figures and examples.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 depicts an analog time-division multiplexing
(TDM) system 100 using digital demultiplexing, in accor-
dance with an example implementation of the disclosed
technology.

FIG. 2 depicts sampling, multiplexing, and data recon-
struction of a sampled data stream, according to an example
implementation of the disclosed technology.

FIG. 3 shows an image of a silicon integrated circuit 300
for the TDM transmitter circuitry, according to an example
implementation of the disclosed technology.
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FIG. 4 depicts a block diagram 400 of a TDM multiplexer
sequencing logic with link training capabilities, according to
an example implementation of the disclosed technology.

FIG. 5(a) depicts training sequence to identify a particular
channel, according to an example implementation of the
disclosed technology.

FIG. 5(b) depicts an example technique for locating an
optimal phase between TDM and sample clocks, for
example, to avoid sampling during channel switching tran-
sient, in accordance with an example implementation of the
disclosed technology.

FIG. 6 is a flow diagram of a method 600, according to an
example implementation of the disclosed technology.

FIG. 7 is another flow diagram of a method 700, accord-
ing to an example implementation of the disclosed technol-

ogy.
DETAILED DESCRIPTION

Certain embodiments of the disclosed technology relate to
systems, methods, and devices for reduction of cabling and
associated electrical connections associated with the imag-
ing catheters. Certain example implementations of the dis-
closed technology can apply to catheters (and/or other
imaging probes) that utilize piezoelectric micromachined
ultrasound transducer (PMUT), capacitive micromachined
ultrasonic transducer (CMUT), conventional bulk piezoelec-
tric material based transducers and the like, as a reduction in
the cable count may enable the manufacturing and use of
size-restricted probes.

As described herein, certain systems and methods are
disclosed for using time division multiplexing (TDM) with
CMUT-on-CMOS-based catheters. However, the disclosed
technology may be applied for cable reduction and/or sys-
tem complexity reduction for any type of ultrasound probe,
including but not limited to 1-D or 2-D transducer array
using bulk piezoelectric, PMUTs, single chip or multi-chip
integrated CMUTs, and CMOS electronics. For example, by
utilizing a 16x1 TDM scheme for a 192 element 1-D array,
the cable count on the receiver side can be reduced to 12. In
another example, certain systems and methods disclosed
herein may be applied to the external receiver end of the
system to reduce the number of analog-to-digital converters
(ADCs) in the system.

As disclosed herein, certain TDM and digital demulti-
plexing schemes may be utilized for an intracardiac imaging
system. In an example implementation, the system may
operate in the 4-11 MHz range. An example system is
disclosed in which a TDM integrated circuit (IC) with 8x1
multiplexer is interfaced with a fast ADC to transmit a signal
through a reduced cable (micro-coaxial catheter cable
bundle). In an example implementation, the received signal
may be processed with an FPGA to recover the signals.

Certain example implementations of the disclosed tech-
nology are discussed in “Time-Division Multiplexing for
Cable Reduction in Ultrasound Imaging Catheters,” T. M.
Carpenter, M. W. Rashid, M. Ghovanloo, D. Cowell, S.
Freear, and F. Levent Degertekin; Biomedical Circuits and
Systems Conference (BioCAS), 22 Oct. 2015 IEEE, pp. 1-4,
the contents of which are incorporated herein by reference as
if presented in full.

Additional example implementations of the disclosed
technology are discussed in “Direct Digital Demultiplexing
of Analog TDM Signals for Cable Reduction in Ultrasound
Imaging Catheters,” Thomas M Carpenter, M Wasequr
Rashid, Maysam Ghovanloo, David M J Cowell, Steven
Freear, and F Levent Degertekin; IEEE Transactions on
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Ultrasonics, Ferroelectrics, and Frequency Control, 21 Aug.
2016; 63(8): pp. 1078-85, 22 Apr. 2016, the contents of
which are incorporated herein by reference as if presented in
full.

Certain example implementations of the disclosed tech-
nology may be applied in, or used in conjunction with
sub-aperture beamforming (and/or p-beamforming) applica-
tions. For example, a catheter probe may include an array of
transducer elements. The array may include a plurality of
groups of transducer elements, with each group including
plurality of transducer elements arranged in a two-dimen-
sional array. In accordance with an example implementation
of the disclosed technology, each transducer element may be
capable of converting an image signal from acoustic form to
electrical form. In certain example implementations, the
probe may further include a processor for controlling rela-
tive intragroup phasings between respective image signals
corresponding to the elements of a group, and such image
signals may be phased and combined into a group signal. In
an example implementation, the processor may generate a
plurality of group signals corresponding to the respective
plural groups. In an example implementation, once the
group signals are generated, they may be transmitted using
the TDM techniques disclosed herein.

Another example implementation of the disclosed tech-
nology may be applied as a secondary cable count reduction
method, for example, after beamforming is performed on a
2-D array to reduce the channel count. For example, an 8x1
TDM may be utilized after beamforming with 9 element
groups over the array to yield a 72x1 reduction in cable
count (as compared to the array elements). Such reduction in
cable count may be beneficial for reduced-size catheter
application such as 3D transesophageal echocardiography
(TEE). For example, the disclosed technology may provide
certain improvements for use with applications that utilize
phased arrays of piezoelectric transducers for beamforming
and electronic volume scanning, such as described in “A
volumetric CMUT-based ultrasound imaging system simu-
lator with integrated reception and p-beamforming electron-
ics models,” G. Matrone A. S. Savoia M. Terenzi G. Caliano
F. Quaglia and G. Magenes, IEEE Transactions on Ultra-
sonics, Ferroelectrics, and Frequency Control, vol. 61 no. 5
pp. 792-804 May 2014, the contents of which are incorpo-
rated by reference in their entirety as if fully set forth herein.

Certain aspects of the disclosed technology may also
provide certain improvements over U.S. Pat. No. 5,229,933
to D. Larson, III, entitled “2-D phased array ultrasound
imaging system with distributed phasing,” Jul. 20, 1993. the
contents of which are incorporated by reference in their
entirety as if fully set forth herein

Certain application of the disclosed technology may pro-
vide improvements over similar CMUT imaging systems,
for example, as discussed in ““Two Approaches to Electroni-
cally Scanned 3D Imaging Using cMUTs,” C. Daft, S.
Panda, P. Wagner, and 1. Ladabaum, Ultrasonics Sympo-
sium, 2006, IEEE, 1 Oct. 2006, pp. 685-688. Certain appli-
cation of the disclosed technology may also provide
improvements over similar CMUT imaging systems as
discussed in U.S. Pat. Nos. 7,679,263 and 7,824,338 to Daft,
et al. For example, the disclosed technology provides sys-
tems and methods that can be used to measure signal delays,
determine optimum sampling times, and adjust clock phase
to adjust the sampling position.

In another example implementation of the disclosed tech-
nology, CMUT-on-CMOS with on-chip multiplexing can be
utilized to reduce a number of electrical connections that
may otherwise be required in traditional approaches. Certain
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example implementations may utilize analogue TDM to
sample multiple CMUT elements continuously, for example,
to increase the frame rate of the system and to reduce motion
artefacts by simultaneous collection of reflection data from
the transducers. Certain example embodiments of the dis-
closed technology will be described more fully hereinafter
with reference to the accompanying drawings, in which
certain example embodiments are disclosed.

FIG. 1 depicts an analog time-division multiplexing
(TDM) system 100 using digital demultiplexing, in accor-
dance with an example implementation of the disclosed
technology. In this example implementation, the system 100
can include a transmitter 102 and a receiver 104 connected
by pcoax cables 106 (not to scale). The transmitter 102, for
example, may be located at the tip of a catheter.

As depicted in FIG. 1, the transmitter 102, may include m
number of channels 103. In one example implementation,
each channel 103 may be in communication with a respec-
tive imaging transducer element. In another example imple-
mentation, an individual channel 103 may be in communi-
cation with a plurality of imaging transducer elements, for
example, after the respective signals from the plurality of
imaging transducer elements are combined by micro beam
forming or sub aperture processing.

In certain example implementations, each of the m chan-
nels 103 may include one or more of: a low noise amplifier
(LNA) 105, anti-aliasing filtering circuitry 107, and time
gain control circuitry 109. FIG. 1 depicts the anti-aliasing
filtering circuitry 107 before the time gain control circuitry
109, however, in certain example implementations, the order
may be swapped, for example, by placing the time gain
control circuitry 109 before the anti-aliasing filtering cir-
cuitry 107.

According to an example implementation of the disclosed
technology, each LNA 105 may be configured with a high
input impedance, and may amplify the signal received from
a corresponding channel 103. The anti-aliasing filter cir-
cuitry 107 may be utilized to reduce or eliminate any
frequency components of the signal and noise that are above
a Nyquist frequency of the system 100, which may be
determined by the clock frequency. In an example imple-
mentation, the time gain control circuitry 109 may be
utilized to increase the gain of a received pulse, for example,
to compensate for attenuation of a pulse as it travels through
the body.

In certain example implementations, the transmitter 102
may include series of sample and hold (“S/H”) buffers 108
(one per element), an analogue multiplexer 110, a cable
driver/buffer 112, and sequencing logic, including, but lim-
ited to a counter 114.

In accordance with an example implementation of the
disclosed technology, the receiver 104 may be connected to
the transmitter 102 via pcoax cables 106, and may be
separated from the transmitter 102 from about one to several
meters. The separation or length of the pcoax cables 106
may be configured based on requirements, such as a mini-
mum separation to reduce RF noise from nearby MRI or
other equipment. According to an example implementation
of the disclosed technology, the receiver 104 may include a
low noise amplifier (LNA) 120 and a synchronised analog-
to-digital converter (ADC) 122 which buffers then performs
quantisation of the samples, followed by a field program-
mable gate array (FPGA) 124 which may perform demul-
tiplexing in the digital domain.

In accordance with an example implementation of the
disclosed technology, the transmitter 102 may sample the
signals from each channel 103 simultaneously and then
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multiplex this signal for transmission through the cable 106.
The resulting transmitted TDM signal may take the form of
a discreet time pulse-amplitude modulated (PAM) signal in
which the amplitude has a continuous (analogue) range of
voltages.

According to an example implementation, once the signal
is sent to the receiver 104, the signal’s amplitude may be
quantised and converted into a digital stream of data. The
digital data may then be de-multiplexed by splitting the
samples into multiple streams which can then be individu-
ally interpolated and filtered using DSP techniques.

FIG. 2 depicts an example process in which the received
(multiplexed) data may be sampled 202, demultiplexed 204,
and reconstructed 206 channel-by-channel, with each recon-
structed signal corresponding to the respective imaging
transducer element. For example, the receiver (such as the
receiver 104 in FIG. 1) may include a clock synchronized
analog-to-digital converter (such as ADC 122 in the receiver
104 of FIG. 1) for sampling 202 the received multiplexed
data. According to an example implementation of the dis-
closed technology, the ADC sampled data may be buffered
and demultiplexed 204. In accordance with an example
implementation of the disclosed technology, the demulti-
plexed 204 data may then be utilized to reconstruct 206 the
signals that correspond to the respective imaging transducer
elements.

As may be appreciated by those having skill in the art, the
system and process as depicted in FIGS. 1 and 2 provides
certain enabling technology to deliver the TDM signal
(which can include signals from multiple transducer ele-
ments) through a single (or reduced count) physical cable
106, thereby reducing the count and associated bulk and
diameter of the cable bundle.

In an example implementation, the physical channel in
which the TDM signal is transmitted (for example, the pcoax
cable 106 in the catheter) requires sufficient bandwidth to
carry the multiplexed signal, and this required bandwidth
may be much greater than the of an individual CMUT device
as multiple elements are multiplexed together. In an example
implementation, the required bandwidth for the physical
channel may be determined as a function of the sample rate
times the number of transducer elements. In certain example
implementations, additional bandwidth margin may be
needed to allow each TDM period to have settled at a
constant level before the sample is taken. According to an
example implementation of the disclosed technology, and to
allow settling, the required bandwidth for the physical
channel may be to be roughly 3 to 4 times the total ADC
sample rate. In one example implementation, the ADC may
not include any anti-aliasing filtering, as such filtering would
reduce the channel bandwidth. Certain example implemen-
tations of the disclosed technology may intentionally utilize
aliasing in the ADC to remove the carrier signal.

Referring again to FIG. 1, and according to an example
implementation of the disclosed technology, the conversion
of'the TDM signal by the ADC 122 is synchronised with the
sample and hold circuitry 108 and the multiplexer 110 by the
clock 126 with phase correction 128. The synchronisation
may be performed for two purposes: first, to ensure that each
quantisation performed for the next channel by the ADC 122
is done such that in each loop of the TDM counter there is
exactly one sample taken for every channel; and second, the
phase correction 128 may ensure that quantisation is per-
formed in the center of each TDM period so that a true
representation of the sample is generated. For example,
since electrical signals have a finite propagation speed, and
since cable length may vary from catheter to catheter, the
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phase of the ADC clock 126 and TDM counter 114 can differ
between catheters. Without the phase alignment (for
example, via the phase correction 128) the sampling could
be done at the wrong time, such as during the dead time
between channels or during a rise/fall period in the cable
before settling. Thus, in certain example implementations,
link training may be performed to set the proper phase
correction 128 alignment for a given catheter cable length.
In an example implementation, the link training may utilize
a sequence to determine if the optimal alignment has been
achieved or if the clock phases need to be adjusted. Once the
alignment is complete, any process-related and/or tempera-
ture-related variations of phase delays in the system may be
accounted for.

In accordance with an example implementation of the
disclosed technology, the same clock 126 may be utilized for
both the TDM sequencing/sampling logic (for example, in
the transmitter 102) as is used for the ADC (for example, in
the receiver 104) to provide synchronous clocking and to
avoid beat frequencies. In other example implementations,
two synchronous clocks of different frequencies may be
utilized.

Example Hardware Implementation and Testing

Certain example implementations and associated test
results of the disclosed technology have been published in a
conference paper entitle: “Time-division multiplexing for
cable reduction in ultrasound imaging catheters,” Biomedi-
cal Circuits and Systems Conference (BioCAS), 2015 IEEE,
22 Oct. 2015, by Thomas M. Carpenter, M. Wasequr Rashid,
Maysam Ghovanloo, D. Cowell, S. Freear, and F. Levent
Degertekin. The entire contents of this publication are
incorporated herein, as if presented in full. This publication
describes an example implementation of the disclosed tech-
nology that was constructed utilizing silicon hardware for
testing the viability of the disclosed technology.

In an initial test system, a waveform generator was
utilized for outputting simulation data corresponding to 0.18
pm high speed process design, which showed promising
results and confirmed the TDM approach as a viable solu-
tion. A subsequent design was manufactured using a 0.35 um
process and the hardware was tested to further confirm the
viability of the approach.

FIG. 3 is an image of a silicon IC 300 that was manu-
factured and utilized for testing the TDM transmitter cir-
cuitry. The IC 300 includes sample and hold circuitry, an
analogue multiplexer with a link training generator, a high
frequency buffer, and sequencing logic. Certain aspects of
the IC 300 and associated example implementations will be
discussed below with reference to the block diagram 400 of
FIG. 4, which depicts TDM multiplexer sequencing logic
with link training capabilities, according to an example
implementation of the disclosed technology.

Example Clocking Scheme

In accordance with an example implementation of the
disclosed technology, different clocking schemes may be
utilized for synchronising the TDM process (as performed at
the transmitter 102 of FIG. 1, for example) and ADC process
(as performed at the receiver 104 of FIG. 1, for example). In
a first example implementation, and as depicted in FIG. 1,
both the “TDM clock” and “ADC clock” may be sourced or
derived from the same oscillator and run at full frequency
fxm [MHz], where fis the sample rate per channel and m is
the number of channels in the transmitter for which TDM is
applied. Since both clock sources originate from the same
oscillator, this embodiment may include a minimal amount
of clock circuitry in the transmitter 102, such as a buffer 112
near the tip of the catheter. Although the crosstalk between
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clock and analogue signals may be higher than in other
schemes (due to a higher frequency), such crosstalk may
match the ADC frequency and may be intentionally aliased
to a DC component where it may be easily removed, for
example, by a low pass filter. This embodiment, however,
may include CMOS electronics that are capable of running
at high frequency. For example, a 25 MSPS system with 8
channels may include circuitry capable of at least 200 MHz.
Test results from the prototype TDM multiplexer indicate
that such frequency operation is possible, even utilizing the
slower 0.35 um IC manufacturing process.

In another example implementation, a TDM clock (for
example, the clock source utilized for driving the sampling
and multiplexing at the transmitter 102) may be run at half
of the frequency of the ADC clock. In this example imple-
mentation, all of the TDM sequencing logic and counters
may be configured as dual-edge flip flops. Based on this
configuration, a sample may be taken on each clock edge to
achieve a sample rate at the ADC clock. However, this
embodiment may require a clock with exactly 50% duty
cycle to ensure the correct sample time. Furthermore, any
crosstalk could affect each sample differently and may not be
removed through aliasing. One advantage of this embodi-
ment, however, is that running the “TDM clock™ at half the
frequency of “ADC clock™ could reduce power consumption
due to a lower switching rate, which may prove advanta-
geous in certain applications.

In yet another example implementation, a Delay-Locked
Loop (DLL) may be implemented in the CMOS circuitry. In
this implementation, a relatively slow clock may be utilized
and may help reduce crosstalk levels as the clock could be
slowed enough that each clock edge transition would occur
after multiplexing the “m” previous inputs from the trans-
ducer elements. In this way, crosstalk from the clock could
be removed entirely. In certain example implementations,
the DLL may allow clock generation that can be phase
synchronous to the reference clock and can be phase shifted
either by adjusting the reference clock, or the DLL itself (via
a digital control signal). In this example implementation,
synchronisation and phase alignment requirements may be
achieved with reduced power consumption.

Example Training Scheme

In accordance with an example implementation of the
disclosed technology, link training may be utilized in the
TDM process. One example of such training implementation
is depicted in the block diagram 400 of FIG. 4, which depicts
TDM multiplexer sequencing logic having link training
capabilities. Certain example implementations of the train-
ing, as discussed with reference to FIG. 4 may be included
as part of the TDM system 100 of FIG. 1, for example, to
detect sampling delays of the ADC to correctly align the
ADC and TDM clocks to ensure a correct sample is taken.

In certain example implementations, phase delays caused
by signal propagation through the transmitter circuitry, cath-
eter cabling, etc. may be detected and an alignment process
may be utilized to compensate for the various delays. In one
example implementation, the alignment process may be
initiated by placing the transmitter 102 into a training mode,
for example, by enabling a link training mode select 402.

In accordance with an example implementation of the
disclosed technology, the phase detection may include two
stages: (1) sampling the delays caused by the ADC; and (2)
determining delays caused by other components of system
(such as cabling, etc.). For example, a training mode 402
may be selected to disconnect the analogue inputs to the
multiplexer 110 while allowing the multiplexer sequencing
logic to run. In an example implementation, each input to the
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multiplexer 110 may be fixed to one of two bias rails, which
may result in a known signal being produced at the output
of the multiplexer 110. Such an approach may provide phase
alignment requirements that may allow pulse extraction,
control aliasing, and/or reduce distortion in the recovered
signal.

In an example implementation, and as depicted in FIG. 4,
a first channel 401 may be fixed to one bias rail (for example,
VCC) and all other channels may be connected to a second
rail (for example, ground, or another distinguishable rail).
By analysing the converted data the first channel 401 having
the first bias may be identified by its quantised code differing
from other channels attached to the second rail. The selec-
tion and unique biasing of the first channel 401 is described
here for simplicity, but in practice it doesn’t matter which
channel is utilized as long as both the transmitter 102 and
receiver 104 ends use the same one.

FIG. 5(a) depicts a training sequence, as described above
with reference to FIG. 4, in which a first channel is activated
by fixing it to one bias rail, and the remaining channels 2-N
are distinguishable by fixing them to another bias rail.
Certain example implementations of this approach may be
utilized to identify, analyze, and compensate a particular
channel.

FIG. 5(b) depicts an example technique for locating an
optimal phase between TDM and sample clocks, for
example, to avoid sampling during channel switching tran-
sient. For example, once the activated channel is identified,
the TDM clock phase can be adjusted determine the opti-
mum alignment. By locating the phases where the quantised
value of the activated channel begins to bleed into the other
channels (i.e. the rising and falling edge of the pulse), the
phases ¢, and ¢ can be identified. In accordance with an
example implementation of the disclosed technology, the
optimal phase ¢, for performing the sampling can then be
determined, for example, as the midpoint of these two
phases ¢, and ¢z By locking in this phase shift, any
propagation delays in the system may be fully accounted for
and analogue data may be sent through the system. As
known by those having skill in the art, the exact phase
shifting method may depend on the clocking scheme being
used.

Once the training mode has been completed (for example,
to determine the various signal delays associated with the
various signal paths, cable lengths, ADC delays, MUX
delays, etc.), the subsequent phase corrections for each
individual channel sampling (i.e., for setting the optimum
sampling points) may be generated in the FPGA 124 and
provided to the transmitter 102 via the phase corrected 128
clock signal, for example, to set delay-compensated sam-
pling point in the sample and hold circuits 108.

Example Multiplexer Sequencing Logic

Referring again to FIG. 4, the transmitter 102 circuitry
can include sequencing logic 406 to provide correct selec-
tion of channels and to perform sampling of each channel at
the correct time (as discussed above). Certain example
implementations of the transmitter 102 can include decoder
circuitry can include a counter 408 to select each channel in
turn (and may be resynchronised with the FPGA after reset)
followed by additional logic 406 circuitry to generate the
sample clocks 410 and multiplexer 110 selection signals
with dead time generation. To prevent short circuits due to
the switching time as one channel is disconnected and the
next is connected, the dead time circuitry may be utilized to
ensure that for a small period, no channel is connected.

FIG. 6 is a flow diagram of a method 600, according to an
example implementation of the disclosed technology. In
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block 602, the method 600 includes receiving, at a front end
of'a transmitter circuit disposed in a catheter probe, and from
a plurality of transducers disposed on the catheter probe, a
corresponding plurality of analog signals. In block 604, the
method 600 includes selectively sampling, with at least one
sample and hold circuit, the plurality of analog signals
received from the corresponding plurality of transducers. In
block 606, the method 600 includes multiplexing the selec-
tively sampled analog signals to produce a sequence of
samples. In block 608, the method 600 includes transmitting
the sequence of samples to a receiver circuit in communi-
cation with the transmitter circuit, the receiver circuit includ-
ing: a clock; an analog to digital converter (ADC) in
communication with the clock; and a sampling phase cor-
rection circuit in communication with the clock and the
ADC. In block 610, the method 600 includes determining,
with the sampling phase correction circuit, optimum sam-
pling times based on measured signal delays associated with
the system. In block 612, the method 600 includes adjusting
a phase of the clock based on the measured signal delays. In
block 614, the method 600 includes communicating the
phase-adjusted clock to the transmitter circuit for the selec-
tive sampling of the analog signals by the at least one sample
and hold circuit.

As discussed herein, the multiplexing is operable to
reduce a number of cables connecting the transmitter circuit
to the receiver circuit.

Certain example implementations include matching an
input impedance of the receiver circuit with a characteristic
impedance of a coaxial cable connecting the receiver circuit
to the transmitter circuit.

Certain example implementations include training one or
more of the transmitter circuit and the receiver circuit based
on determining delays associated with each of the plurality
of analog signals in sequence of samples.

Example implementations of the disclosed technology
include conditioning the received plurality of analog signals
with one or more of: a low noise amplifier; an anti-aliasing
filter; and/or a time gain controller.

In certain example implementations, the beamforming
can include controlling relative phases between respective
signals of a group of transducer elements from the plurality
of transducers. Certain example implementations of the
beamforming can further include combining the respective
phased signals for sampling by the at least one sample and
hold circuit. In certain example implementations, control-
ling the relative phases includes controlling intragroup phas-
ings between the respective signals.

FIG. 7 is a flow diagram of a method 700, according to an
example implementation of the disclosed technology. In
block 702, the method 700 includes receiving, at a front end
of a transmitter circuit disposed in a catheter probe, and from
a plurality of transducers disposed on the catheter probe, a
corresponding plurality of analog signals. In block 704, the
method 700 includes beamforming the received plurality of
analog signals, including controlling relative phases
between respective signals of a group of transducer elements
from the plurality of transducers; and combining the phase-
controlled signals. In block 706, the method 700 includes
sampling, with at least one sample and hold circuit, the
beamformed signals. In block 708, the method 700 includes
multiplexing the beamformed signals. In block 710, the
method 700 includes Transmitting the multiplexed and
beamformed signals to a receiver circuit in communication
with the transmitter circuit.

Certain example implementations of the disclosed tech-
nology may include determining, with the receiver circuit, a
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phase adjustment. In an example implementation, the
receiver circuit includes a clock; an analog to digital con-
verter (ADC) in communication with the clock; and a
sampling phase correction circuit in communication with the
clock and the ADC. In certain embodiments, determining the
phase adjustment is based at least in part on measured signal
delays.

Some implementations can include adjusting a phase of
the clock is based on the determined phase adjustment, and
communicating the phase-adjusted clock to the transmitter
circuit for selective sampling of the beamformed signals.

Certain example implementations include training one or
more of the transmitter circuit and the receiver circuit based
on determining delays associated with each of the beam-
formed signals.

Certain embodiments of the disclosed technology may
include a system to perform one or more of the methods
described above. The system can include an imaging array
comprising a plurality of transducers disposed on at least a
distal portion of a catheter probe, and a transmitter circuit
disposed in the catheter probe. The transmitter circuit can
include: a plurality of sample and hold circuits configured
for selective sampling of analog signals received from the
corresponding plurality of transducers; and a multiplexer in
communication with the plurality of sample and hold cir-
cuits and configured for sequencing samples received from
the plurality of sample and hold circuits. The system can
include a receiver circuit in communication with the trans-
mitter circuit. The receiver circuit may include: a clock; an
analog to digital converter (ADC) in communication with
the clock; and a sampling phase correction circuit in com-
munication with the clock and the ADC. The sampling phase
correction circuit is configured to: determine optimum sam-
pling times based on measured signal delays associated with
the system; adjust a phase of the clock based on the
measured signal delays; and communicate the phase-ad-
justed clock to the transmitter circuit for the selective
sampling of the analog signals by the plurality of sample and
hold circuits.

In certain example implementations, the system can
include one or more cables (such as coax or micro-coax) to
connect the transmitter circuit and the receiver circuit. The
one or more cables can include a first conductive path
configured to communicate multiplexed and combined (and/
or serialized and/or sequenced) transducer data from the
transmitter circuit to the receiver circuit, and a second
conductive path configured to communicate the phase-ad-
justed clock signal from the receiver circuit to the transmit-
ter circuit.

Certain example implementations include a third conduc-
tive path configured to communicate a phase detection
training enable signal from the receiver circuit to the trans-
mitter circuit and to cause the system to determine delays
associated with each of the plurality of analog signals.

According to an example implementation of the disclosed
technology, the input impedance of the receiver circuit is
matched to an impedance of the first conductive path.

According to an example implementation of the disclosed
technology, the transmitter circuit can further include plu-
rality of conditioning circuits in communication with the
corresponding plurality of transducers, each of the plurality
of conditioning circuits comprising one or more of: a low
noise amplifier; an anti-aliasing filter; and/or a time gain
controller.
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In certain example implementations, the transmitter cir-
cuit further includes a counter in communication with the
phase-adjusted clock and configured to advance the multi-
plexer.

In an example implementation, the receiver circuit
includes a low noise amplifier in communication with a front
end of the analog to digital converter.

According to an example implementation of the disclosed
technology, the transmitter circuit includes selectable link
training mode circuitry configured to determine delays asso-
ciated with each channel of the system. In an example
implementation, the sampling phase correction circuit is
configured to determine the optimum sampling times based
on the determined delays.

Certain example implementations include a beamforming
processor configured to control relative phases between
respective signals of a group of transducer elements. In an
example implementation, the beamforming processor may
be further configured to combine the respective phased
signals for sampling by at least one of the plurality of sample
and hold circuits

In the description provided herein, numerous specific
details are set forth. It is to be understood that certain
embodiments may be practiced without each and every one
of the specific details. In other instances, well-known meth-
ods, structures and techniques have not been shown in detail
in order not to obscure an understanding of this description.
The term “exemplary” herein is used synonymous with the
term “example” and is not meant to indicate excellent or
best. References to “one embodiment,” “an embodiment,”
“exemplary embodiment,” “various embodiments,” etc.,
indicate that the embodiment(s) of the disclosed technology
so described may include a particular feature, structure, or
characteristic, but not every embodiment necessarily
includes the particular feature, structure, or characteristic.
Further, repeated use of the phrase “in one embodiment”
does not necessarily refer to the same embodiment, although
it may.

As used herein, unless otherwise specified the use of the
ordinal adjectives “first,” “second,” “third,” etc., to describe
a common object, merely indicate that different instances of
like objects are being referred to, and are not intended to
imply that the objects so described must be in a given
sequence, either temporally, spatially, in ranking, or in any
other manner.

Ranges may be expressed herein as from “about” or
“approximately” or “substantially” one particular value and/
or to “about” or “approximately” or “substantially” another
particular value. When such a range is expressed, other
exemplary embodiments include from the one particular
value and/or to the other particular value.

By “comprising” or “containing” or “including” is meant
that at least the named compound, element, particle, or
method step is present in the composition or article or
method, but does not exclude the presence of other com-
pounds, materials, particles, method steps, even if the other
such compounds, material, particles, method steps have the
same function as what is named.

It is also to be understood that the mention of one or more
method steps does not preclude the presence of additional
method steps or intervening method steps between those
steps expressly identified. Similarly, it is also to be under-
stood that the mention of one or more components in a
composition does not preclude the presence of additional
components than those expressly identified.

The materials described as making up the various ele-
ments of the disclosed technology are intended to be illus-
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trative and not restrictive. Many suitable materials that
would perform the same or a similar function as the mate-
rials described herein are intended to be embraced within the
scope of the disclosed technology. Such other materials not
described herein can include, but are not limited to, for
example, materials that are developed after the time of the
development of the disclosed technology.

The technology disclosed herein may be embodied in
many different forms and should not be construed as limited
to the embodiments set forth herein; rather, these embodi-
ments are provided so that this disclosure is thorough,
complete, and conveys the scope of the disclosed technology
to those skilled in the art.

We claim:

1. A system, comprising:

an imaging array comprising a plurality of transducers
disposed on at least a distal portion of a catheter probe;

a transmitter circuit disposed in the catheter probe, the
transmitter circuit comprising;

a plurality of sample and hold circuits configured for
selective sampling of analog signals received from;

a multiplexer in communication with the plurality of
sample and hold circuits and configured for sequenc-
ing samples received from the plurality of sample
and hold circuits;

a receiver circuit separated from and in communication
with the transmitter circuit, the receiver circuit com-
prising:

a clock;
an analog to digital converter (ADC) in communication
with the clock; and
a sampling phase correction circuit in communication
with the clock and the ADC, wherein the sampling
phase correction circuit is configured to:
determine optimum sampling times based on mea-
sured signal delays associated with the system;
adjust a phase of the clock based on the measured
signal delays;
communicate the phase-adjusted clock signal to the
transmitter circuit for the selective sampling of the
analog signals by the plurality of sample and hold
circuits; and

a cable configured to connect the transmitter circuit and
the receiver circuit.

2. The system of claim 1, wherein the cable comprises:

a first conductive path configured to communicate mul-
tiplexed transducer data from the transmitter circuit to
the receiver circuit; and

a second conductive path configured to communicate the
phase-adjusted clock signal from the receiver circuit to
the transmitter circuit.

3. The system of claim 2, further comprising a third
conductive path configured to communicate a phase detec-
tion training enable signal from the receiver circuit to the
transmitter circuit and to cause the system to determine
delays associated with each of the analog signals.

4. The system of claim 2, wherein an input impedance of
the receiver circuit is matched to an impedance of the first
conductive path.

5. The system of claim 2, wherein at least the first
conductive path comprises a micro-coaxial cable.

6. The system of claim 1, wherein the transmitter circuit
further comprises a plurality of conditioning circuits in
communication with the corresponding plurality of trans-
ducers, each of the plurality of conditioning circuits com-
prising one or more of:

15

20

30

40

45

60

14

a low noise amplifier;

an anti-aliasing filter; and

a time gain controller.

7. The system of claim 1, wherein the transmitter circuit
further comprises a counter in communication with the
phase-adjusted clock signal and configured to advance the
multiplexer.

8. The system of claim 1, wherein the transducers com-
prise ultrasonic transducers.

9. The system of claim 1, wherein the transducers com-
prise capacitive micromachined ultrasonic transducer
(CMUT).

10. The system of claim 1, wherein the transducers
comprise piezoelectric micromachined ultrasound transduc-
ers (PMUT).

11. The system of claim 1, wherein the receiver circuit
further comprises a low noise amplifier in communication
with a front end of the analog to digital converter.

12. The system of claim 1, wherein the transmitter circuit
comprises selectable link training mode circuitry configured
to determine delays associated with each channel of the
system, and wherein the a sampling phase correction circuit
is configured to determine the optimum sampling times
based on the determined delays.

13. The system of claim 1, further comprising a beam-
forming processor configured to control relative phases
between respective signals of a group of transducer ele-
ments, the beamforming processor further configured to
combine the respective phase adjusted signals for sampling
by at least one of the plurality of sample and hold circuits.

14. A method, comprising:

receiving, at a front end of a transmitter circuit disposed

in a catheter probe, and from a plurality of transducers
disposed on the catheter probe, a corresponding plu-
rality of analog signals;

selectively sampling, with at least one sample and hold

circuit, the plurality of analog signals received from the
corresponding plurality of transducers;

multiplexing the selectively sampled analog signals to

produce a sequence of samples;

transmitting the sequence of samples to a separate

receiver circuit in communication with the transmitter

circuit via a cable, the receiver circuit comprising:

a clock;

an analog to digital converter (ADC) in communication
with the clock; and

a sampling phase correction circuit in communication
with the clock and the ADC;

determining, with the sampling phase correction circuit,

optimum sampling times based on measured signal
delays;

adjusting a phase of the clock based on the measured

signal delays; and

communicating the phase-adjusted clock signal to the

transmitter circuit for the selective sampling of the
analog signals by the at least one sample and hold
circuit.

15. The method of claim 14, wherein the multiplexing is
operable to reduce a number of conductors connecting the
transmitter circuit to the receiver circuit.

16. The method of claim 14, further comprising matching
an input impedance of the receiver circuit with a character-
istic impedance of a coaxial cable connecting the receiver
circuit to the transmitter circuit.

17. The method of claim 14, further comprising training
one or more of the transmitter circuit and the receiver circuit
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based on determining delays associated with each of the
plurality of analog signals in sequence of samples.

18. The method of claim 14, further comprising condi-
tioning the received corresponding plurality of analog sig-
nals with one or more of:

a low noise amplifier;

an anti-aliasing filter; and

a time gain controller.

19. The method of claim 14, further comprising beam-
forming the received corresponding plurality of analog
signals, wherein the beamforming comprises:

controlling relative phases between respective signals of

a group of transducer elements from the plurality of
transducers; and

combining the respective phase adjusted signals for sam-

pling by the at least one sample and hold circuit.

20. The method of claim 19, wherein the controlling the
relative phases comprises controlling intragroup phasings
between the respective signals.

21. A method, comprising:

receiving, at a front end of a transmitter circuit disposed

in a catheter probe, and from a plurality of transducers
disposed on the catheter probe, a corresponding plu-
rality of analog signals;

beamforming the received corresponding plurality of ana-

log signals, wherein the beamforming comprises:

controlling relative phases between respective signals
of a group of transducer elements from the plurality
of transducers; and

combining the phase-controlled signals;

sampling, with at least one sample and hold circuit, the

beamformed signals;

multiplexing the beamformed signals; and

transmitting the beamformed and multiplexed signals to a

separate receiver circuit in communication with the
transmitter circuit via a cable.
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22. The method of claim 21, further comprising:

determining, with the receiver circuit, a phase adjustment,

the receiver circuit comprising:

a clock;

an analog to digital converter (ADC) in communication
with the clock; and

a sampling phase correction circuit in communication
with the clock and the ADC;

wherein determining the phase adjustment is based at

least in part on measured signal delays.

23. The method of claim 22 further comprising:

adjusting a phase of the clock based on the determined

phase adjustment; and

communicating the phase-adjusted clock signal to the

transmitter circuit for selective sampling of the beam-
formed signals.

24. The method of claim 21, wherein the multiplexing is
operable to reduce a number of conductors connecting the
transmitter circuit to the receiver circuit.

25. The method of claim 21, further comprising matching
an input impedance of the receiver circuit with a character-
istic impedance of a coaxial cable connecting the receiver
circuit to the transmitter circuit.

26. The method of claim 21, further comprising training
one or more of the transmitter circuit and the receiver circuit
based on determining delays associated with each of the
beamformed signals.

27. The method of claim 21, further comprising condi-
tioning the received corresponding plurality of analog sig-
nals with one or more of:

a low noise amplifier;

an anti-aliasing filter; and

a time gain controller.

28. The method of claim 21, wherein the beamforming
comprises controlling intragroup phasings between the
respective signals.



