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(7) ABSTRACT

A sensor device includes an implantable sensor unit, a
transponder unit, and a wired connection flexibly and elec-
trically connecting the implantable sensor unit and the
transponder unit. The implantable sensor unit is adapted to
be implanted into a body. The implantable sensor unit
includes a comparator and a sensor adapted to sense a
characteristic of the body in vivo. The sensor is adapted to
supply an analogue signal to a first input of the comparator.
The transponder unit is adapted to supply a control signal to
the implantable sensor unit and to receive an output signal
of the comparator. The implantable sensor unit is adapted to
supply an analogue approximation signal to a second input
of the comparator in response to the control signal. The
wired connection is adapted to transmit the control signal
and the output signal of the comparator.
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SENSOR DEVICE

FIELD

[0001] The present disclosure relates generally to sensor
devices and methods, and, more particularly, to an implant-
able sensors and methods adapted to sense a characteristic of
a body in vivo.

BACKGROUND

[0002] Sensor devices may be employed for blood pres-
sure sensing of rodents such as laboratory mice in medical
studies. At present, blood pressure sensing is performed with
a catheter that is connected to an external measurement
equipment. The catheter is fluid filled and transfers the
pressure mechanically. However, the blood pressure is quite
inaccurate, since the system of the catheter adds a fluid pillar
to the pressure and depends on the mouse body as well as the
ambient temperature. It further forms a mechanical low pass
that limits the dynamic of the signals. In addition, the mouse
is tied to the external catheter tube, which causes massive
stress to the mouse and thus reduces the value of the
measured data. Finally the mouse often dies when the
catheter is removed.

[0003] There are transponders existing that combine the
catheter measurement principle with a wireless data link to
avoid the external tube that hinders the mouse from normal
activity. Those transponders still represent a large handicap
for the mouse since the volume of the transponder is about
1 cm® and thus occupies a volume in the small animal that
impacts its normal anatomy. The measurement suffers from
the same problems as the catheter since it also uses the fluid
filled tube to transfer the pressure from the blood vessel to
the pressure sensor inside the transponder capsule, but due
to the shorter catheter length the effect should be limited.
Furthermore, the battery powered RF transponder has a
limited lifetime which is severely shorter than the life of the
animal and it has to be explanted for refurbishing due to its
high price.

[0004] Therefore, it may be desired to provide a sensor
device having an implantable sensor unit adapted to be
easily implanted into a body and having a small size and low
energy consumption.

SUMMARY

[0005] According to an embodiment of a sensor device, a
sensor device includes an implantable sensor unit, a tran-
sponder unit, and a wired connection flexibly and electri-
cally connecting the implantable sensor unit and the tran-
sponder unit. The implantable sensor unit is adapted to be
implanted into a body. The implantable sensor unit includes
a comparator and a sensor adapted to sense a characteristic
of the body in vivo. The sensor is adapted to supply an
analogue signal to a first input of the comparator. The
transponder unit is adapted to supply a control signal to the
implantable sensor unit and to receive an output signal of the
comparator. The implantable sensor unit is adapted to supply
an analogue approximation signal to a second input of the
comparator in response to the control signal. The wired
connection is adapted to transmit the control signal and the
output signal of the comparator.

[0006] Those skilled in the art will recognize additional
features and advantages upon reading the following detailed
description and on viewing the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The accompanying drawings are included to pro-
vide a further understanding of the general inventive concept
and are incorporated in and constitute a part of this speci-
fication. The drawings illustrate the embodiments of the
general inventive concept and together with the description
serve to explain principles of the general inventive concept.
Other embodiments and intended advantages will be readily
appreciated as they become better understood by reference
to the following detailed description.

[0008] FIG. 1 is a schematic diagram of a sensor device
according to one or more embodiments;

[0009] FIG. 2 is a schematic block diagram of a sensor
device and an external reader according to one or more
embodiments;

[0010] FIG. 3 is a digital timing diagram illustrating a
conversion sequence of an analogue signal of a sensor into
digital sensor data according to one or more embodiments;
[0011] FIGS. 4A and 4B are schematic perspective views
of an implantable sensor unit of a sensor device according to
one or more embodiments before and after insertion into a
vessel end;

[0012] FIG. 5 is a schematic block diagram of a sensor
device according to one or more embodiments;

[0013] FIG. 6 is a schematic block diagram of a sensor
device according to one or more embodiments;

[0014] FIG. 7 is a schematic block diagram of a sensor
device according to one or more embodiments;

[0015] FIG. 8 is a schematic block diagram of a sensor
device according to one or more embodiments;

[0016] FIG. 9 is a schematic block diagram of a sensor
device according to one or more embodiments; and

[0017] FIG. 10 is a schematic block diagram of a sensor
device according to one or more embodiments.

DETAILED DESCRIPTION

[0018] In the following detailed description, reference is
made to the accompanying drawings, which form a part
hereof, and in which are shown by way of illustrations
specific embodiments in which the general inventive con-
cept may be practiced. It is to be understood that other
embodiments may be utilized and structural or logical
changes may be made without departing from the scope of
the general inventive concept. For example, features illus-
trated or described for one embodiment can be used on or in
conjunction with other embodiments to yield yet a further
embodiment. It is intended that the general inventive con-
cept includes such modifications and variations. The
examples are described using specific language which
should not be construed as limiting the scope of the append-
ing claims The drawings are not scaled and are for illustra-
tive purposes only. For clarity, the same elements have been
designated by corresponding references in the different
drawings if not stated otherwise.

[0019] The terms “having”, “containing”, “including”,
“comprising” and the like are open and the terms indicate the
presence of stated structures, elements or features but not
preclude additional elements or features. The articles “a”,
“an” and “the” are intended to include the plural as well as
the singular, unless the context clearly indicates otherwise.
[0020] The term “electrically connected” describes a per-
manent low-ohmic connection between electrically con-
nected elements, for example a direct contact between the
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concerned elements or a low-ohmic connection via a metal
and/or highly doped semiconductor. The term “electrically
coupled” includes that one or more intervening element(s)
adapted for signal transmission may be provided between
the electrically coupled elements, for example resistors,
resistive elements or elements that are controllable to tem-
porarily provide a low-ohmic connection in a first state and
a high-ohmic electric decoupling in a second state.

[0021] FIG.11is a schematic diagram of a sensor device 10
according to one or more embodiments. As can be seen from
FIG. 1, the sensor device 10 comprises an implantable
sensor unit 100, a transponder unit 200, and a wired con-
nection 300 flexibly and electrically connecting the implant-
able sensor unit 100 and the transponder unit 200. The
implantable sensor unit 100 is adapted to be implanted into
a body. The implantable sensor unit 100 comprises a com-
parator 120 and a sensor 110 adapted to sense a character-
istic of the body in vivo. The sensor 110 is adapted to supply
an analogue signal sens to a first input 120a of the com-
parator 120. The transponder unit 200 is adapted to supply
a control signal ctrl to the implantable sensor unit 100 and
to receive an output signal comp of the comparator 120. The
implantable sensor unit 100 is adapted to supply an analogue
approximation signal approx to a second input 1205 of the
comparator 120 in response to the control signal ctrl. The
wired connection 300 is adapted to transmit the control
signal ctrl and the output signal comp of the comparator 120.
[0022] Since the control signal ctrl and the output signal
comp of the comparator 120 are digital signals, the trans-
mission reliability of the wired connection 300 between the
implantable sensor unit 100 and the transponder unit 200 is
enhanced while reducing, at the same time, the circuit size
of the implantable sensor unit 100.

[0023] FIG. 2 is a schematic block diagram of a sensor
device 10 and an external reader 400 according to one or
more embodiments. As can be seen from FIG. 2, the sensor
device 10 comprises an analogue-to-digital converting sys-
tem, which is separated into two units, the implantable
sensor unit 100 and the transponder unit 200. In detail, the
implantable sensor unit 100 comprises the sensor 110, which
supplies the analogue signal sens to the first input 120a of
the comparator 120. The implantable sensor unit 100 further
comprises a digital-to-analogue converter 140, which is
adapted to supply the analogue approximation signal approx
to the second input 1205 of the comparator 120 based on a
digital approximation signal das. In addition, the implant-
able sensor unit 100 comprises a state machine 130 includ-
ing an approximation register circuit 135. The approxima-
tion register circuit 135 is adapted to supply the digital
approximation signal das to the digital-to-analogue con-
verter 140 in response to the control signal ctrl of the
transponder unit 200. The operation of the state machine 130
is controlled by a sensor control circuit 150, which receives
the control signal ctrl from the transponder unit 200.
[0024] The transponder unit 200 comprises a transponder
control circuit 210, which is adapted to supply the control
signal ctrl to the implantable sensor unit 100 and the sensor
control circuit 150. The transponder unit 200 further com-
prises a shadow state machine 230 including a shadow
approximation register circuit 235. The shadow approxima-
tion register circuit 235 is adapted to generate a digital
shadow approximation signal dsas identical to the digital
approximation signal das on the basis of the control signal
ctrl and the output signal comp of the comparator 120. The
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transponder unit 200 further comprises a clock circuit 220,
which is adapted to supply a clock signal clk to the implant-
able sensor unit 100 and the transponder unit 200, wherein
the clock signal clk is adapted to synchronize the approxi-
mation register circuit 135 of the implantable sensor unit
100 and the shadow approximation register circuit 235 of the
transponder unit 200. The transponder unit 200 further
comprises a processing circuit 240, which is adapted to
determine digital sensor data from the digital shadow
approximation signal dsas. The processing circuit 240 is
connected to a transponder 250, which is adapted to transmit
the digital sensor data to an external reader 400.

[0025] The wired connection 300 comprises at least two
electrical lines, which are electrically isolated from each
other to supply an operating voltage from the transponder
unit 200 to the implantable sensor unit 100. According to the
embodiment of FIG. 2, the control signal ctrl is an operating
voltage of the implantable sensor unit 100, which is applied
to the implantable sensor unit 100 via a first electrical line
(ctr]) and a second electrical line (GND), which is held on
ground potential GND. According to the embodiment of
FIG. 2, the wired connection 300 thus comprises four
electrical lines, wherein the third electrical line (clk) is used
for transmitting the clock signal clk from the clock circuit
220 of the transponder unit 200 to the state machine 130 of
the implantable sensor unit 100, and the fourth electrical line
(comp) is used for transmitting the output signal comp of the
comparator 120 to the shadow state machine 230 including
the shadow approximation resistor circuit 235.

[0026] In the following, the operation of the sensor device
10 as shown in FIG. 2 will be described. When the tran-
sponder unit 200 switches the operation voltage on, the
sensor unit 100 starts to perform an analogue-to-digital
conversion process of the analogue signal output by the
sensor 110. The analogue-to-digital conversion may be
performed via a successive approximation analogue-to-digi-
tal conversion, by a tracking analogue-to-digital conversion,
or by a predictive analogue-to-digital conversion.

[0027] By way of example, a state machine 130 perform-
ing a successive approximation analogue-to-digital conver-
sion will be described hereinafter. If the control signal ctrl
constituting the operating voltage is switched to an on-
status, the approximation register circuit 135 of the state
machine 130 and the shadow approximation register circuit
235 of the shadow state machine 230 are both initialized at
the same time. The state machine 130 including the approxi-
mation register circuit 135 and the shadow state machine
230 including the shadow approximation register circuit 235
are further synchronized by the clock signal clk generated by
the clock circuit 220. The successive approximation register
is initialized so that the most significant bit is equal to a
digital 1. This code is fed into the digital-to-analogue
converter 140, which then supplies the analogue equivalent
of this digital code, the analogue approximation signal
approx, into the second input 1205 of the comparator 120 for
comparison with the analogue signal of the sensor 110
supplied to the first input 120a of the comparator 120. If the
analogue signal of the sensor 110 exceeds the analogue
approximation signal approx, the comparator 120 causes the
state machine 130 and the approximation register circuit 135
to reset this bit. Otherwise, the bit is left at 1. Then, the next
bit is set to 1 and the same test is done, continuing this binary
search until every bit in the approximation register circuit
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135 has been tested. The resulting code is the digital
approximation signal dsas of the analogue signal of the
sensor 110.

[0028] According to an embodiment, in case the sensor
110 is a capacitive sensor and the digital-to-analogue con-
verter 140 is a programmable capacitor array, the analogue
signal sens of the sensor 110 and the analogue approxima-
tion signal approx of the digital-to-analogue converter 140
are represented by respective charges on the respective
capacitors. In this case the charges on the sensor capacitor of
the sensor 110 and the ones on the programmable capacitor
array of the digital-to-analogue converter 140 may also be
subtracted and then compared to zero by the comparator
120. Thus, the comparator 120 may further comprise a
subtractor adapted to subtract the signal on the second input
1205 from the signal on the first input 1204, wherein the
output signal of the subtractor is compared to zero signal
(charge) within the comparator 120. The analogue signal
sens of the sensor 110 and the analogue approximation
signal approx of the digital-to-analogue converter 140 may
also simply be added when providing charges of different
signs. In this case, zero signal may be applied to the second
terminal 1205, wherein both the analogue signal sens of the
sensor 110 and the analogue approximation signal approx of
the digital-to-analogue converter 140 are applied (and
added) at the first terminal 120a of the comparator 120.

[0029] As can be seen from FIG. 2, the output signal comp
of the comparator 120 is not only supplied to the state
machine 130 and the approximation register circuit 135, but
is also transmitted via the wired connection 300 to the
shadow state machine 230 and the shadow approximation
register circuit 235 of the transponder unit 200. Since the
state machine 130 and the shadow state machine 230 are
initialized at the same time and further synchronized by the
same clock signal clk, and since both the state machine 130
and the shadow state machine 230 perform the same
approximation process such as a successive approximation
process, the shadow state machine 230 is adapted to set the
state of the shadow approximation register circuit 235 in
such a way that the approximation register circuit 135 and
the shadow approximation register circuit 235 are in the
same state by using the output signal comp of the compara-
tor 120 supplied to both the state machine 130 and the
shadow state machine 230.

[0030] Thus, the sensor device 10 makes use of an ana-
logue-to-digital conversion process that approximates an
analogue signal sens from a sensor 110 by an analogue
approximation signal approx that is generated by the digital-
to-analogue converter 140. The analogue approximation
signal approx of the digital-to-analogue converter 140 is
adjusted by the state machine 130 depending on the output
signal comp of the comparator 120 that is adapted to
compare the analogue signal sens of the sensor 110 with the
analogue approximation signal approx of the digital-to-
analogue converter 140. Depending on the state machine
130, the analogue-to-digital conversion process is a tracking
analogue-to-digital conversion, a successive approximation
analogue-to-digital conversion or a predictive analogue-to-
digital conversion. In addition, a successive approximation
analogue-to-digital conversion may be combined with a
tracking analogue-to-digital conversion. Since a shadow
state machine 230 is provided in the transponder unit 200,
which is adapted to track the state of the approximation
register circuit 135 by means of the output signal comp of
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the comparator 120, a complex interface may be avoided
that allows to change configurations and deliver data accord-
ing to a defined protocol. The transponder control circuit 210
delivers the supply voltage for the sensor unit 100, delivers
the clock signal clk to the sensor unit 100 and receives the
comparator 120 decision back, which is transmitted by the
output signal comp of the comparator 120. Based on the
comparator 120 feedback, the shadow state machine 230
performs the same operation as the state machine 130 of the
sensor unit 100 and thus generates an identical value in the
shadow approximation register 235 compared to the
approximation register circuit 135. The content of the
shadow approximation register circuit 235 being identical to
that of the approximation register circuit 135 is output from
the shadow approximation register circuit 235 as the digital
shadow approximation signal dsas to the processing circuit
240. The processing circuit 240 may be adapted to supply
directly the digital shadow approximation signal dsas to the
transponder 250 to be transmitted to the external reader 400.

[0031] According to another embodiment, the processing
circuit 240 may be adapted to determine a sensor value
characteristic of the sensor 110 and to supply such digital
sensor data to the transponder 250 to be transmitted to the
external reader. In order to synchronize the state machine
130 and shadow state machine 230, the shadow state
machine 230 resets its internal states when it turns on the
supply of the sensor unit 100, wherein the sensor unit 100
does the same with its approximation register circuit 135
using a power on reset.

[0032] FIG. 3 is a digital timing diagram illustrating an
analogue-to-digital conversion sequence of the analogue
signal sens, output by the sensor 110, into the digital shadow
approximation signal dsas, output by the shadow approxi-
mation register circuit 135. According to the embodiment as
shown in FIG. 3, within an initialisation phase A, the
conversion sequence starts with a sample initiated by the
first clock followed by a successive approximation of an 8
bit value (16 clocks, which depends, however, on the hard-
ware implementation). After this, within a fast tracking
phase B, the 8 bit value that was found by the successive
approximation is taken as a starting value for a tracking
sequence with a new sample from the sensor 110 followed
by three tracking steps to update the approximation value.
The number of tracking steps per sensor sample can, how-
ever, be changed. The first tracking sequence is repeated
four times and the output at each or each second or each
fourth clock is delivered to the transponder unit 200 for
further processing, such as low pass filtering, for example.
After this initial fast tracking phase B, the state machine 130
changes into a different mode within a slow tracking phase
C, and takes a new sensor sample followed again by three
tracking steps and a longer gap until the next sample is
acquired. In such a slow tracking mode, the shadow state
machine 230 is adapted to decide when samples are taken by
controlling the clock signal clk. Thus, it can change the
sampling frequency without reconfiguration of the state
machine 130 of the sensor unit 100. Of course the first fast
tracking sequence within phase B could be omitted as well
or the state machine 130 could continue in the fast tracking
mode for a longer time period in order to acquire data with
a maximum resolution. Of course the number of tracking
steps after each sensor sample can be changed and adapted
to application requirements. Thus, the implantable sensor
unit 100 may be adapted to take a new sample of the sensor



US 2017/0055850 A1l

signal sens at the beginning of each successive conversion
cycle and after a defined number of tracking steps.

[0033] To avoid metastability problems of the comparator
120, a single storage of the approximation register circuit
135 is provided if the shadow approximation register circuit
235 shall not have a different entry due to metastable
decisions of the comparator 120. This can be ensured by
various minor modifications, such as providing a flip flop at
the output of the integrated circuit that is in the loop of the
successive approximation register conversion or alterna-
tively a serial data stream of the approximation register entry
may be send out with a latency of at least one clock period
and send out the bit that was updated last in the conversions
sequence. Thus, as can be seen in the phase C of FIG. 3, the
transponder unit 200 may be adapted to interrupt the opera-
tion of the approximation register circuit 135 and the
shadow approximation register circuit 235 by interrupting
the clock signal clk.

[0034] Thus, the sensor device 10 is adapted to digitally
approximate a sampled value of the sensor 110 using a state
machine 130, a digital-to-analogue converter 140 and a
comparator 120 (similar to the hardware of successive
approximation register, tracking or predictive analogue-to-
digital converter). The sensor unit 100 is a remote device and
the state machine 130 is completely or partly copied on the
transponder unit 200 in order to reproduce the approximated
value based on the comparator feedback of the comparator
120 (the signal comp) that is derived from the comparator
decision as it is delivered from the sensor unit 100. It further
switches from an initial successive approximation into a
tracking mode in order to be able to follow a slow signal
with a minimum number of clock cycles in order to save
power. Thus, the implantable sensor unit 100 may be con-
figured to switch from a successive approximation mode
into a tracking mode after a predefined number of clock
cycles of the clock signal clk. Furthermore, the output signal
comp of the comparator 120 may be stored in an interme-
diate storage of the state machine 130 to be transmitted to
the shadow state machine 230, instead of transmitting the
output signal comp of the comparator 120 directly from the
comparator 120 to the shadow approximation register circuit
235.

[0035] The transponder 250 may comprise at least one of
a radio frequency identification (RFID)/nearfield communi-
cation (NFC) antenna and a radio frequency identification
(RFID)/ultra-high frequency (UHF) antenna, to transmit the
digital sensor data supplied by the processing circuit 240 to
the external reader 400.

[0036] RFID devices operate at different radio frequency
ranges, e.g. low frequency (LF) at about 28 to 135 kHz, high
frequency (HF) at about 13.56 MHz, and ultra-high fre-
quency (UHF) at 860 to 960 MHz. Each frequency range has
unique characteristic in terms of RFID performance.
[0037] NFC is a short range technology that enables two
devices to communicate when they are brought into actual
touching distance. NFC enables sharing power and data
using magnetic field induction at 13.56 MHz (HF) band, at
short range, supporting varying data rates from 106 kbps,
212 kbps to 424 kbps. A key feature of NFC is that is allows
two devices to interconnect. In reader/writer mode, an NFC
tag is a passive device that stores data that can be read by an
NFC enable device. In peer-to-peer mode, two NFC devices
can exchange data. Bluetooth or WiFi link set up parameters
can be shared using NFC and data such as virtual business
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cards or digital photos can be exchanged. In card emulation
mode, the NFC device itself acts as an NFC tag, appearing
to an external interrogator as a traditional contact less smart
card. These NFC standards are acknowledged by major
standardisation bodies and based on ISO/TEC 18092.
[0038] Passive UHF systems use propagation coupling,
where an interrogator antenna emits electromagnetic energy
radio frequency waves and the RFID tag receives the energy
from the interrogator antenna, and the integrated circuit uses
the energy to change the load on the antenna and reflect back
an altered signal that is then demodulated. For the LF and
HF RFID systems using interactive coupling, the range of
the interrogator field is small (0.2 to 80 cm) and can be
relatively easily controlled. UHF systems that use propaga-
tion coupling are harder to control, because energy is sent
over long distances. The radio waves can reflect on hard
surfaces and reach tags that are not in the normal range. LF
and HF systems perform better than UHF systems around
metal and water. The radio waves do reflect off metal and
cause false reads, and they are better able to penetrate water.
UHF radio waves are attenuated by water. In addition,
communication may be performed via any one of an Indus-
trial, Scientific and Medical (ISM) Band, which operates in
a frequency range between 6.765 MHz to 246 GHz and has
bandwidths of up to 2 GHz. The transponder 250 may
further comprise an energy harvesting unit to harvest elec-
tromagnetic energy received by the radio frequency identi-
fication (RFID)/nearfield communication (NFC) antenna,
for example, which is transmitted by the external reader 400.
[0039] FIGS. 4A and 4B are schematic cross-sectional
views of a sensor unit 100 according to one or more
embodiments before and after insertion into a vessel end of
a vessel 600, As can be seen from FIGS. 4A and 4B, the
sensor unit 100 may be an integrated semiconductor circuit,
which comprises a proximal part 101 plugging an end
portion 510 of a tubular body 500 and having an intercon-
nection side 102, and a distal part 103 protruding from the
end portion 510 of the tubular body 500 and having a sensor
side 104,

[0040] The tubular body 500 may comprise a rigid or stiff
material (having an elastic module of higher than 1
kN/mm?) or a flexible material (having an elastic module of
lower than 1 kN/mm?). The end portion 510 may comprise
a different material than the remaining tubular body 500.
The end portion 510 may comprise, for example, a rigid
material such as glass, metal (e.g. titanium), silicon or a
biocompatible material, wherein the remaining tubular body
500 may comprise a flexible material such as a synthetic
material. The synthetic material may comprise PET, PI, or
silicone. A seal junction between the open vessel end 610
and the end portion 510 of the tubular body 500 may be
formed by clamping, by suture or by tying. The seal junction
may be formed by pressing the tissue of the vessel 600
against the outer wall of the tubular body 500 by a tie or by
a clamping device. Herein, all methods for connecting an
open vessel end 610 with a tubular body 500, which are
known in the surgical field, shall be included for forming the
seal junction between the end portion 510 and the open
vessel 610.

[0041] The sensor unit 100 may be semiconductor device,
in which the sensor 110 is integrated. The sensor 110 may,
for example, be a semiconductor pressure sensor. One
example of a semiconductor pressure sensor may be MEMS-
based pressure sensor integrated in a semiconductor die. In
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a MEMS-based pressure sensor, a polysilicon membrane
covers a vacuum chamber in a semiconductor body, wherein
the deflection of the polysilicon membrane relative to the
semiconductor body may be measured positively by a piezo-
electric effect. Thus, the sensor 110 may comprise a pressure
sensor adapted to sense a blood pressure within the vessel
600. According to an embodiment, the vessel 600 may be a
carotid artery of a rodent. The rodent may be a mouse. The
implantable sensor unit 100 thus allows an accurate moni-
toring of a blood pressure of a lab mouse with a sampling
rate that allows to monitor the blood pressure transient over
the heartbeat cycle instead of measuring just an average.
Therefore, the micro-machined semiconductor pressure sen-
sor of the sensor 110 is directly in contact with the blood in
the vessel 600 instead of using pressure sensors connected to
the vessel 600 via a fluid filled tube of at least a few
centimetre length.

[0042] As can be further seen from FIGS. 4A and 4B, the
sensor unit 100 may be inserted into the open vessel end 610,
wherein the vessel end 610 is sealed by the implantable
sensor unit 100 plugging the vessel 600 without further
clamping or tying. If necessary, the vessel 600 may be sealed
by additional surgical measures as by clamping or tying. The
implantable sensor unit 100 may be shaped in a geometry
which simplifies the implantation into the vessel 600 as well
as the forming a seal junction. In order to simplify the
implantation process, the implantable sensor unit 100 com-
prising the semiconductor die may have a circular shape
along a cross-sectional area at the distal part 103 or at the
end portion 510 of the tubular body 500. Furthermore, the
implantable sensor unit 100 may have rounded edges at the
distal part 103. The rounded edges may be manufactured by
depositing a photoresist onto the sensor side 104 of the
semiconductor body of the implantable sensor unit 100
(excluding the area, on which the sensor 110 is provided,
comprising an active pressure sensing area) and partly
removing the material at the edge, e.g. by variation of the
development process. Thereafter, material is partly removed
from the edge of the semiconductor body of the implantable
sensor unit 100 using appropriate plasma treatments, e.g.
with varying mask diameters.

[0043] The implantable sensor unit 100 being an inte-
grated semiconductor circuit may have a volume in a range
between 0.1 mm? to 20 mm>. The sensor 110 may further
comprise at least one of a temperature sensor, an electro-
cardiogram sensor, an electroencephalogram sensor, a
chemical sensor, a blood flow sensor, and a biochemical
sensor.

[0044] The wired connection 300 may have a maximum
diameter of 5 mm and a length in a range of 1 mm to 50 mm.
Furthermore, the wired connection 300 flexibly connects the
sensor unit 100 and the transponder unit 200. As shown in
FIG. 4B, the wired connection 300 may have a coax cable
structure. Herein, a contiguous wiring layer 320 may be
provided at the inner side of the tubular body 500, wherein
an inner wiring structure 310 comprising at least one elec-
trical line may be guided through the tubular body 500 to
interconnect the implantable sensor unit 100 and the tran-
sponder unit 200. The inner wiring structure 310 and the
contiguous wiring layer 320 form a coax cable structure
inside the tubular body 500. In this case, the ground signal
GND as shown in FIG. 2 may be transmitted via the
contiguous wiring layer 320 to shield the inner wiring
structure 310 from external interferences. However, the
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wired connection 300 may also be provided as a cable
having a multitude of wires or as a microwire structure
without using the tubular body 500, for transmitting a signal
between the transponder unit 200 and the sensor unit 100.
For example, the tubular body 500 may be used only for
inserting the sensor unit 100 into the open vessel end 610 of
the vessel 600, wherein the wired connection 300 is
extended beyond the proximal end of the tubular body 500
to be connected with the transponder unit 200. Thus, the
sensor unit 100 and the transponder unit 200 are provided as
separate units, which are connected by a cable connection by
means of the wired connection 300.

[0045] FIG. § is a schematic block circuit diagram of a
sensor device 10 according to one or more embodiments. As
can be seen from FIG. 5, the sensor unit 100 includes a
multiplexer circuit 160 to selectively connect at least two
sensors 110a, 1105 with the first input 120a of the com-
parator 120. The sensor 110e may be a pressure sensor,
wherein the sensor 1105 may be a temperature sensor. Thus,
the sensor unit 100 is adapted to multiplex between the
output signals of the sensors 1104, 1105 and to supply the
multiplexed analogue signal of one of the sensors 110q, 1105
to the first input 120a of the comparator 120. The multi-
plexer circuit 160 may be controlled by the sensor control
circuit 150 via a multiplexer control signal mux. The mea-
surement sequence may start with the temperature sample
and a successive approximation to evaluate the temperature
sample of the sensor 1105 being a temperature sensor.
Afterwards the sensor device 10 takes the first pressure
sample and performs a second successive approximation and
then switches to a tracking mode for the sensor 110a being
a pressure sensor. The next temperature sample would be
taken after a power down in this case which is under the
control of the shadow state machine 230. Alternatively each,
for example a next temperature sample could be inserted
after a predefined number of tracking steps which is known
to the state machine 130 as well as the shadow state machine
230.

[0046] The characteristic frequency of pressure variation
to be measured by the sensor 110a being a pressure sensor,
e.g. a blood pressure sensor, may be in a range between 10
to 20 Hz. The clock rate of the clock signal clk may be in a
range between 500 kHz to 2 MHz. Thus, the ratio of the
clock rate of a clock signal clk and the characteristic
frequency of pressure variation, for example within a vessel,
is very high. The characteristic time of temperature variation
is in a range of 100 seconds. Thus, the analogue signal of the
sensor 1106 being a temperature sensor has to be converted
into a digital shadow approximation with a repetition rate in
the range between every 10 seconds to every 100 seconds.
The output signal of the sensor 110a being a pressure sensor
may be converted into the digital shadow approximation
signal dsas with a repetition rate between 50 Hz to 2000 Hz.
In view of the clock rate of the clock signal clk of about 1
MHz, a multitude of sensors 110 may be multiplexed and
read out, wherein the respective sensor data is sequentially
transmitted from the transponder 250 to the external reader
400.

[0047] FIG. 6 is a schematic block diagram of a sensor
device 10 according to one or more embodiments. As can be
seen from FIG. 6, the transponder unit 200 comprises the
clock circuit 220, wherein the transponder unit 200 is
adapted to supply the clock signal clk to the implantable
sensor unit 100 via a modulated operating voltage (which
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further constitutes the control signal ctrl). By transmitting
the clock signal clk and the control signal ctrl as a modulated
operating voltage via the same electrical line (ctrl/clk), the
number of electrical lines of the wired connection 300 may
be reduced by one. The clock signal clk may be transmitted
by a modulation of the supply voltage e.g. switched between
1.5V and 2 V. On the side of the sensor unit 100, the clock
signal clk is extracted in the sensor control signal 150, by
using a comparator, for example.

[0048] FIG. 7 is a schematic block diagram of a sensor
device 10, in which a multiplexer circuit 160 is provided as
already shown and described with regard to the embodiment
of FIG. 5, wherein the transponder unit 200 is adapted to
supply the clock signal clk to the implantable sensor unit 100
via a modulated operating voltage, as shown and described
with regard to the embodiment of FIG. 6.

[0049] FIG. 8 is a schematic block diagram of a sensor
device 10 according to one or more embodiments. As shown
in FIG. 8, the electrical line for transmitting the output signal
comp of the comparator 120 of the wired connection 300 is
omitted, wherein the output signal comp of the comparator
120 is modulated onto the supply current. This could be
statically for the next clock phase, e.g. low is the idle current
of the sensor die (which may be below 1 pA when the
comparison of the sensor value and the approximated DAC
output is finished) and high is the idle current plus an offset
of e.g. 2 pA. Of course the static increase of the supply
current could be replaced by a current pulse in a certain
distance from a clock edge, e.g. low being 200 ns pulse after
100 ns, and high being 100 ns pulse after 200 ns. Thus, the
implantable sensor unit 100 is adapted to supply the output
signal comp of the comparator 120 to the transponder unit
200 via a modulated operating current. According to another
embodiments, a clock for the analogue-to-digital converter
140 of the sensor unit 100 may be used that is divided down
from a higher clock that is delivered by the transponder unit
200 and the response may be sent out with a delay of a
defined number of the faster master clock cycles or other
information interleaved between the sensor data may be
transmitted or the sensor data bits may be repeated several
times to improve the reliability of the communication.
[0050] FIG. 9 is a schematic block diagram of a sensor
device 10 according to one or more embodiments. As can be
seen from FIG. 9, the implantable sensor unit 100 comprises
the clock circuit 170, wherein the implantable sensor unit
100 is adapted to supply the clock signal clk to the tran-
sponder unit 200. Thus, the sensor unit 100 may include a
local oscillator in the clock circuit 170 that generates the
clock frequency for the state machine 130 and delivers this
clock clk to the shadow state machine 230. For the case that
this oscillator is temperature-dependent, the delivered clock
frequency may be used as a temperature sensor signal as
well without the need to multiplex between pressure and
temperature sensor.

[0051] FIG. 10 is a schematic block diagram of a sensor
device 10 according to one or more embodiments. As can be
seen from FIG. 10, the implantable sensor unit 100 is
adapted to supply the clock signal clk to the transponder unit
200 via a modulated output signal comp of the comparator
120. Herein, the output signal comp of the comparator 120
and the clock signal clk may be transmitted via only one
common electrical line (comp/clk) of the wired connection
300, thus reducing the number of wires of the wired con-
nection 300. As a result, the data and clock line could
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alternatively be combined if the delivered signals that are
derived from the comparator decisions are delivered
encoded in a form that allows to extract the clock frequency
from the message. According to an embodiment, the modu-
lated output signal comp of the comparator 120 may be a
Manchester code signal. In other words, the output signal
comp of the comparator 120 and the clock signal clk are
combined to one signal by a Manchester coding process.
Manchester coding, also known as phase encoding, is a line
code in which the encoding of each data bit has at least one
transition and occupies the same time. It therefore has no DC
component, and is self-clocking, which means that it may be
inductively or capacitively coupled, and that a clock signal
can be recovered from the encoded data.

[0052] Although specific embodiments have been illus-
trated and described herein, it will be appreciated by those
of ordinary skill in the art that a variety of alternate and/or
equivalent implementations may be substituted for the spe-
cific embodiments shown and described without departing
from the scope of the general inventive concept. This
application is intended to cover any adaptations or variations
of the specific embodiments discussed herein. Therefore, 1t
is intended to be limited only by the claims and the equiva-
lents thereof.

What is claimed is:

1. A sensor device, comprising:

an implantable sensor unit adapted to be implanted into a
body, the implantable sensor unit comprising a com-
parator and a sensor adapted to sense a characteristic of
the body in vivo, the sensor being further adapted to
supply an analogue signal to a first input of the com-
parator;

a transponder unit adapted to supply a control signal to the
implantable sensor unit and to receive an output signal
of the comparator, the implantable sensor unit being
adapted to supply an analogue approximation signal to
a second input of the comparator in response to the
control signal; and

a wired connection flexibly and electrically connecting
the implantable sensor unit and the transponder unit,
the wired connection being adapted to transmit the
control signal and the output signal of the comparator.

2. The sensor device of claim 1, wherein the wired
connection comprises at least two electrical lines electrically
isolated from each other to supply an operating voltage from
the transponder unit to the implantable sensor unit.

3. The sensor device of claim 2, wherein the control signal
is the operating voltage.

4. The sensor device of claim 1, wherein the wired
connection has a maximum diameter of 5 mm and a length
in a range of 1 mm to 50 mm.

5. The sensor device of claim 1, wherein the sensor
comprises a pressure sensor adapted to sense a blood pres-
sure within a vessel.

6. The sensor device of claim 5, wherein the vessel is a
carotid artery of a rodent.

7. The sensor device of claim 1, wherein the implantable
sensor unit is an integrated semiconductor circuit having a
volume in a range between 0.1 mm? to 20 mm?.

8. The sensor device of claim 1, wherein the sensor further
comprises at least one of a temperature sensor, an electro-
cardiogram sensor, an electroencephalogram sensor, a blood
flow sensor, a chemical sensor, and a biochemical sensor.



US 2017/0055850 A1l

9. The sensor device of claim 1, wherein the implantable
sensor unit comprises a multiplexer circuit to selectively
connect at least two sensors with the first input of the
comparator.

10. The sensor device of claim 1, wherein the implantable
sensor unit is adapted to supply the output signal of the
comparator to the transponder unit via a modulated operat-
ing current.

11. The sensor device of claim 1, wherein the implantable
sensor unit further comprises:

a digital-to-analogue converter adapted to supply the
analogue approximation signal to the second input of
the comparator based on a digital approximation signal;
and

an approximation register circuit adapted to supply the
digital approximation signal to the digital-to-analogue
converter in response to the control signal of the
transponder unit.

12. The sensor device of claim 11, wherein the transpon-

der unit comprises:

a transponder control circuit adapted to supply the control
signal to the implantable sensor unit; and

a shadow approximation register circuit adapted to gen-
erate a digital shadow approximation signal identical to
the digital approximation signal on the basis of the
control signal and the output signal of the comparator.

13. The sensor device of claim 12, wherein the control
signal is adapted to initialize the approximation register
circuit and the shadow approximation register circuit.

14. The sensor device of claim 12, wherein the transpon-
der unit further comprises:

a processing circuit adapted to determine digital sensor

data from the digital shadow approximation signal; and

a transponder adapted to transmit the digital sensor data to
an external reader.
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15. The sensor device of claim 12, further comprising:

a clock circuit adapted to supply a clock signal to the
implantable sensor unit and the transponder unit, the
clock signal being adapted to synchronize the approxi-
mation register circuit and the shadow approximation
register circuit.

16. The sensor device of claim 15, wherein the implant-
able sensor unit is configured to switch from a successive
approximation mode into a tracking mode after a predefined
number of clock cycles of the clock signal.

17. The sensor device of claim 15, wherein the implant-
able sensor unit is adapted to take a new sample of the
analogue signal at a beginning of each successive conver-
sion cycle and after a defined number of tracking steps.

18. The sensor device of claim 15, wherein the transpon-
der unit comprises the clock circuit, the transponder unit
being adapted to interrupt an operation of the approximation
register circuit and the shadow approximation register cir-
cuit by interrupting the clock signal.

19. The sensor device of claim 15, wherein the transpon-
der unit comprises the clock circuit, the transponder umt
being adapted to supply the clock signal to the implantable
sensor unit via a modulated operating voltage.

20. The sensor device of claim 15, wherein the implant-
able sensor unit comprises the clock circuit, the implantable
sensor unit being adapted to supply the clock signal to the
transponder unit.

21. The sensor device of claim 20, the implantable sensor
unit is adapted to supply the clock signal to the transponder
unit via a modulated output signal of the comparator.

22. The sensor device of claim 21, wherein the modulated
output signal of the comparator is a Manchester Code
Signal.
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