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(57) A circuit arrangement (140-144) for use in an
implantable medical device (1) is configured for providing
a temperature-compensated output resistance and com-
prises a first MOSFET transistor (M3), a first circuit por-
tion configured to supply a temperature-dependent re-
ference current (Igxgg) to the first MOSFET transistor
(M3), and a second circuit portion configured to generate

CIRCUIT ARRANGEMENT FOR USE IN AN IMPLANTABLE MEDICAL DEVICE

a temperature-dependent output voltage (V) across a
drain (D) and a source (S) of the first MOSFET transistor
(M3), such that an ON resistance (Rpy y3) of the first
MOSFET transistor (M3) resulting from the output vol-
tage (VR) and the reference current (Izxgr) provides the
temperature-compensated output resistance.
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Description

[0001] The instant invention relates to a circuit arrangement for use in an implantable medical device and to an
implantable medical device comprising such a circuit arrangement.

[0002] A circuit arrangement of this kind is configured for providing a temperature-compensated output resistance.
[0003] Acircuitarrangement of this kind shall be employed in a processing circuitry of an implantable medical device. An
implantable medical device of this kind may for example be a cardiac stimulation device, such as a cardiac pacemaker
device or a cardiac defibrillator device. For example, the implantable medical device is a cardiac resynchronization therapy
device (CRT), for example comprising a defibrillation function (CRT-D). In another embodiment, the implantable medical
device is an implantable cardioverter defibrillator (ICD). In yet another embodiment, the implantable medical device is an
implantable neuro-stimulation device, an implantable sensor device such as a pressure sensing device, or an implantable
monitoring device such as a bio-monitor for monitoring and recording signals within a patient.

[0004] Generally,implantable medical devices, such as implantable stimulation devices, shall be smallin size and shall
be configured for operating within a patient for a prolonged period of time. A processing circuitry of an implantable medical
device hence shall operate in a power-efficient manner to allow for a continuous operation in an implanted state, despite
strict space constraints imposed on a device battery.

[0005] Analog integrated circuits within a processing circuitry of an implantable medical device typically are imple-
mented using a CMOS analog circuit design employing (p-channel or n-channel) MOSFET transistors. CMOS analog
circuit design allows for a design of analog integrated circuits by modelling analog circuit components such as resistances
orinductances by an arrangement of MOSFET transistors in a power-efficient and at the same time space-efficientand or
area-efficient manner.

[0006] In particular within the design of circuits for use in an implantable medical device, space efficiency is of
importance. In addition, when for example designing a resistance in CMOS technology, it is desirous to be able to
provide large resistance values which are substantially temperature independent, taking into account that within a patient
temperature conditions typically are substantially different than outside of the patient and may vary within the patient.
[0007] Forexample, when designing a circuit to be used in a communication circuitry for establishing a communication
between the implantable medical device and an external device, a resistance in combination with a capacitance is
generally required to provide for a filtering circuit in order to tune the communication circuitry to a desired frequency band.
For this, in order to allow for a frequency-stable operation, a temperature stability of the resistance is desirable.
[0008] Current approaches for designing a resistance using CMOS technology, for example by using so-called poly-
resistances, may suffer from comparatively large space or area requirements or do not allow for a satisfactory temperature
compensation.

[0009] Itis an object of the instant invention to provide a circuit arrangement and an implantable medical device using
such circuit arrangement which allow for a temperature-compensated operation.

[0010] This object is achieved by means of a circuit arrangement comprising the features of claim 1.

[0011] Accordingly, a circuit arrangement for use in an implantable medical device is configured for providing a
temperature-compensated output resistance and comprises a first MOSFET transistor, a first circuit portion configured
to supply a temperature-dependent reference current to the first MOSFET transistor, and a second circuit portion
configured to generate a temperature-dependent output voltage across a drain and a source of the first MOSFET
transistor, such that an ON resistance of the first MOSFET transistor resulting from the output voltage and the reference
current provides the temperature-compensated output resistance.

[0012] The circuit arrangement comprises a first MOSFET transistor, a first circuit portion and a second circuit portion.
Thefirst circuit portion, during operation of the circuitarrangement, supplies a temperature-dependentreference current to
the first MOSFET transistor, in particular to the drain of the first MOSFET transistor. The second circuit portion, in turn,
generates a temperature-dependent output voltage across the first MOSFET transistor, namely a drain-source voltage
across the drain and the source of the first MOSFET transistor. If the temperature dependency of the reference currentand
the temperature dependency of the output voltage are substantially equal, the temperature dependency of the reference
current and the temperature dependency of the output voltage cancel each other out at the first MOSFET transistor, such
that an ON resistance of the first MOSFET transistor results which is substantially temperature independent and hence
yields a temperature-compensated output resistance.

[0013] The ON resistance of the first MOSFET transistor is computed by dividing the voltage across the drain and the
source of the first MOSFET transistor, namely the temperature-dependent output voltage provided by the second circuit
portion, by the current flowing from drain to source, imposed by the temperature-dependent reference current. If the
temperature dependency of the reference current and the temperature dependency of the output voltage are substantially
equal, the temperature dependencies will substantially cancel out, such that a temperature-independent ON resistance
results, yielding the temperature-compensated output resistance.

[0014] Inoneembodiment, the first MOSFET transistor is configured to operate in a linear region of MOSFET operation.
Generally, to operate in the linear region, the drain-source voltage is smaller than a saturation voltage. In the linear region
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the drain current (at least on a small scale) linearly depends on the drain-source voltage (in comparison to the saturated
region, in which the drain current substantially is independent of the drain-source voltage).

[0015] Tooperateinthelinearregion, the first MOSFET transistor shall be dimensioned such thatits saturation voltage is
larger than the output voltage supplied by the second circuit portion in order to ensure an operation in the linear region.
[0016] Operation in the linear region is well-known in CMOS technology and is described in detail for example in the
textbook by Phillip E. Allen and Douglas R. Holberg, "CMOS analog circuit design”, 1987, ISBN 0-19-510720-9.
[0017] In one embodiment, the temperature-dependent reference current comprises a first temperature dependency
and the temperature-dependent output voltage comprises a second temperature dependency, wherein the first tem-
perature dependency and the second temperature dependency are at least approximately equal. In that the reference
current as provided by the first circuit portion of the circuit arrangement and the output voltage as generated by the second
circuit portion of the circuit arrangement comprise a substantially equal temperature dependency, the temperature
dependencies of the reference current and the output voltage cancel out at the first MOSFET transistor, such that the first
MOSFET transistor exhibits a substantially temperature-independent ON resistance, providing the temperature-com-
pensated output resistance. In particular, the gate voltage of the first MOSFET transistor will automatically regulate itself
such thatthe ON resistance determined by the drain-source resistance is set according to the reference current supplied to
the first MOSFET transistor and the output voltage applied across the drain and the source.

[0018] Inone embodiment, the second circuit portion comprises a pair of second MOSFET transistors, wherein gates of
the second MOSFET transistors are connected to each other. The second MOSFET transistors are connected to one
another such that the output voltage is generated and is applied across the drain and the source of the first MOSFET
transistor.

[0019] The value of the output voltage, corresponding to a difference voltage (delta voltage) of the source potentials of
the second MOSFET transistors, depends on the dimensions of the second MOSFET transistors, namely a channel width
and a channel length of each of the second MOSFET transistors.

[0020] In one embodiment, the second MOSFET transistors are dimensioned with equal channel width W divided by
channel length L, W/L=Y. Factor 1.Y is produced via a multiplier.

[0021] In one embodiment, the second MOSFET transistors are configured to operate in a weak inversion region of
MOSFEToperation. Generally, in the weak inversion region the gate-source voltage of the second MOSFET transistors is
smaller than a threshold voltage associated with the respective MOSFET transistor. Operation in the weak inversion
region generally can be ensured by properly dimensioning the second MOSFET transistors, in particular the channel width
and channel length of the second MOSFET transistors. Generally, the second MOSFET transistors are dimensioned to be
large such that a small gate-source voltage results.

[0022] Operationin the weak inversion region is well-known in CMOS technology and is described in detail for example
in the textbook by Phillip E. Allen and Douglas R. Holberg, "CMOS analog circuit design", 1987, ISBN 0-19-510720-9.
[0023] Inoneembodiment, the first circuit portion is connected to drains of the second MOSFET transistors to supply the
reference current to the drains of the second MOSFET transistors. The first circuit portion, which in operation supplies the
temperature-dependentreference current, hence is connected to the drains of the second MOSFET transistors in order to
feed the temperature-dependent reference current alike into the second MOSFET transistors. The temperature-depen-
dent reference current hence is imposed on the second MOSFET transistors, which hence each comprise a drain-source
current as set by to the reference current.

[0024] In one embodiment, the drain of one of the second MOSFET transistors is connected to a gate of the first
MOSFET transistor. The drain of the respective second MOSFET transistor generally is in a high-ohmic state. The drain of
the second MOSFET transistor is connected to the gate of the first MOSFET transistor, such thatthe drain of the respective
second MOSFET transistor and the gate of the first MOSFET transistor are at equal potential.

[0025] Inone embodiment, the source of said one of the second MOSFET transistors is connected to the drain of the first
MOSFET transistor. The source of the first MOSFET transistor is connected for example to ground, or may be connected to
a voltage source or another MOSFET transistor in order to provide for a voltage shift at the source of the first MOSFET
transistor. The first MOSFET transistor hence is arranged in between the source of the respective one of the second
MOSFET transistors and ground (or a voltage source or another MOSFET transistor in the path towards ground).
[0026] Inone embodiment, the drain and the gate of the other of the second MOSFET transistors are connected to each
other. The drain and the gate of the other of the second MOSFET transistors hence are short-circuited and are at the same
potential. The second MOSFET transistors together provide for the voltage corresponding to a difference voltage (delta
voltage) in between the sources of the two second MOSFET transistors. Said voltage can be the output voltage, or
generating the output voltage with other voltage sources or another MOSFET transistor in the path toward ground.
[0027] In one embodiment, the first circuit portion comprises a pair of third MOSFET transistors. The gates of the third
MOSFET transistors are connected to each other, such that the gates of the third MOSFET transistors are at equal
potential.

[0028] In one embodiment, the third MOSFET transistors are configured to operate in a weak inversion region of
MOSFET operation. For this, the first circuit portion is operated such that the gate-source voltage of both of the third
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MOSFET transistors is smaller than a threshold voltage associated with the respective MOSFET transistor. In order to
ensure an operation in the weak inversion region, the third MOSFET transistors may for example be dimensioned large,
i.e. to comprise a comparatively large channel width and length.

[0029] In one embodiment, the first circuit portion comprises a pair of fourth MOSFET transistors connected at their
gates and serving as a current mirror. The pair of fourth MOSFET transistors is connected to the pair of third MOSFET
transistors such that a drain of each of the fourth MOSFET transistors is connected to a drain of one of the third MOSFET
transistors. In that the pair of fourth MOSFET transistors functions as a current mirror, an equal current is passed through
the pair of third MOSFET transistors.

[0030] According to an embodiment, the pair of fourth MOSFET transistors are p-type MOSFET transistors, or PMOS
transistors, wherein the pair of first, second and third MOSFET transistors are NMOS transistors. The pair of fourth
MOSFET transistors have the source on the Vcc side. The voltages from source to drain and from source to gate are of
positive polarity.

[0031] According to an embodiment, the drain of one of the MOSFET transistors from the pair of fourth MOSFET
transistors and the connected drain of one of the third MOSFET transistors are connected to a third circuit portion. The third
circuit portion comprises a pair of fifth MOSFET transistors connected at their gates and serving as a current mirror. In that
the pair of fifth MOSFET transistors functions as a current mirror, an equal current, for instance a reference current Iggg, is
passed through the pair of fifth MOSFET transistors.

[0032] Accordingtoanembodiment, the pairof fifth MOSFET transistors are PMOS transistors, having the source on the
Vcce side. The voltages from source to drain and from source to gate are of positive polarity.

[0033] Inone embodiment, the MOSFET transistors of the pair of fifth MOSFET transistors are dimensioned with equal
channel width W divided by channel length L, as the W/L of one MOSFET transistor of the pair of fourth MOSFET
transistors.

[0034] In one embodiment, one of the third MOSFET transistors at its source is connected to a non-temperature-
dependentresistance. The first circuit portion is configured to output the reference currentaccording to a reference voltage
produced across the non-temperature-dependent resistance. The reference voltage is produced as a difference voltage
(delta voltage) between the pair of third MOSFET transistors and comprises a temperature dependency in accordance
with the temperature dependency of the third MOSFET transistors. In that the reference voltage is applied across the non-
temperature-dependent reference resistance, the reference current results which exhibits a temperature dependency
according to the temperature dependency of operation of the third MOSFET transistors.

[0035] Whereas the temperature dependency of the first circuit portion for providing the temperature-dependent
reference current is largely governed by the pair of third MOSFET transistors, the temperature dependency of the second
circuit portion for providing the temperature-dependent output voltage is largely governed by the pair of second MOSFET
transistors. By suitably choosing the third MOSFET transistors and the second MOSFET transistors, thus, a substantially
equal temperature dependency of both the first circuit portion and the second portion may be achieved, such that a
temperature compensation may be obtained by a cancellation of the temperature dependency of the reference currentand
the temperature dependency of the output voltage.

[0036] Inoneembodiment,the gate ofthe first MOSFET transistor is connected to a gate of atarget (MOSFET) transistor
to produce a temperature-independent ON resistance at the target transistor. The first MOSFET transistor in particular
may function as a reference to control any target MOSFET transistor to obtain a substantially constant (temperature-
independent) ON resistance. By connecting one or multiple target transistors to the first MOSFET transistor, a controlling
of the gate of multiple target transistors may be established for controlling the ON resistance of the target transistors to be
substantially temperature-independent.

[0037] Inone embodiment, an implantable medical device for performing a therapeutic and/or diagnostic function in a
patient comprises a circuit arrangement of the kind described above. The implantable medical device in particularmay be a
stimulation device, such as a cardiac stimulation device or a neuro-stimulation device. For example, the implantable
medical device may be a cardiac pacemaker device or a cardiac defibrillator device, such as a CRT device or an ICD
device. In other embodiments, the implantable medical device may for example be an implantable sensor device or an
implantable monitoring device.

[0038] The various features and advantages of the presentinvention may be more readily understood with reference to
the following detailed description and the embodiments shown in the drawings. Herein,

Fig. 1 shows a schematic drawing of a system comprising an implantable medical device implanted in a patient;

Fig.2 shows a circuit schematic of a circuit arrangement for providing a temperature-compensated output resis-
tance at a target transistor;

Fig. 3  shows a circuit schematic of a first circuit portion of the circuit arrangement for providing a temperature-de-
pendent reference current;
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Fig. 4  shows a circuit schematic of another embodiment of a circuit arrangement for providing a temperature-com-
pensated output resistance;

Fig. 5 shows a circuit schematic of yet another embodiment of a circuit arrangement for providing a temperature-
compensated output resistance;

Fig. 6  shows an output characteristic of a MOSFET device; and
Fig. 7  shows a characteristic indicating the three regions of operation of a MOSFET transistor.

[0039] Subsequently, embodiments of the invention shall be described in detail with reference to the drawings. In the
drawings, like reference numerals designate like structural elements.

[0040] Itistobe noted thatthe embodiments are not limiting for the invention, but merely representillustrative examples.
[0041] Referring to Fig. 1, in one embodiment a system comprises an implantable medical device 1 implanted into a
patient for serving a therapeutic cardiac stimulation function. The implantable medical device 1, in the shown embodiment,
comprises agenerator device 10 and an arrangement of electrode leads 11, 12, 13 extending from the generator device 10.
The generator device 10 may for example be implanted subcutaneously into a patient P, the electrode leads 11, 12, 13
reaching into the patient’s heart for monitoring cardiac activity of the patient’s heart.

[0042] The generator device 10 comprises a processing circuitry 14 encapsulated in a housing of the generator device
10 together with an electrochemical battery for supplying electrical energy for operation of the implantable medical device
1.

[0043] The system furthermore comprises an external device 2 external to the patient P and being in communication
connection with the implantable medical device 1. The external device 2 may be in connection, via a public communication
network 4, with aremote server device 3, for example a home monitoring service center (HMSC) accessible by a physician,
in the context of a home monitoring system. According to an embodiment, another type of external device (not depicted) is
used to communicate with the implantable medical device 1 using a first communication coil in the external device and a
second communication coil in the implantable medical device. The external device is brought in proximity (about 10 cm) to
the implantable medical device 1 to achieve inductive coupling between the two coils, enabling data exchange. The
receiver circuitin the implantable medical device 1 for said coil communication is limited in space and area, and exposed to
temperature variations. Using the circuit arrangement(s) of the present invention, resistances can be generated which are
constant in regard to with temperature changes and processing variations. The described circuit arrangement(s) can be
used for telemetry integrated circuits of implantable medical device 1.

[0044] Generally, the processing circuitry 14 is configured for providing a therapeutic and/or diagnostic function using
the implantable medical device 1. In addition, the processing circuitry 14 may be embodied to establish a communication
connection to an external device 2 and for this may comprise circuitry in order to establish a communication for example
using RF signals.

[0045] The implantable medical device 1, for example a cardiac stimulation device such as a pacemaker device or a
defibrillator device, for example a CRT device or an ICD device, generally shall be designed such that it may rest within a
patient P over a prolonged duration of time, making it necessary for the implantable medical device 1 to function in an
energy-efficient manner by using energy resources of a battery encapsulated within a housing of the implantable medical
device 1. As severe space restrictions exist for components of the implantable medical device 1, including the processing
circuitry 14 and the battery, itisimportant to design the implantable medical device 1 with components allowing for a space-
efficient implementation of the implantable medical device 1 and at the same time for a power-efficient operation of the
implantable medical device 1 over its lifetime.

[0046] The processing circuitry 14 generally, in order to provide for a power-efficient operation and space-efficient
structure, is designed using CMOS analog circuit design. In particular, components of the processing circuitry 14, such as
resistances or inductances, may be modeled using arrangements of MOSFET transistors.

[0047] Referring now to Fig. 2, in one embodiment a circuit arrangement 140 of the processing circuitry 14 is configured
for setting an output resistance at the target transistor M4. The output resistance is set at the target transistor M4 by
controlling the gate voltage at the gate G of the target transistor M4 and shall be such that it is substantially temperature
independent in order to provide for a temperature-stable resistance.

[0048] Resistances in the processing circuitry 14 may serve different purposes. For example, a resistance may be
combined in acommunication circuitry with a capacitance in order to provide for afiltering circuit to tune the communication
circuitry to a desired frequency band of communication. For this, a temperature-stable operation is desired to allow for a
stable communication in a specific, for example narrow frequency band, taking into account that within a patient P
temperature conditions are substantially different than outside of the patient P and in addition may vary over time.
[0049] Using the circuit arrangement 140 according to Fig. 2, a temperature-compensated output resistance is set at a
MOSFET transistor M3 and also at the target transistor M4 by controlling the gate voltage at the gate G of the target
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transistor M4 using the MOSFET transistor M3.

[0050] Namely, the circuitarrangement 140 according to Fig. 2 comprises afirst circuit portion configured for delivering a
reference current /q-r, denoted in Fig. 2 by current sources and shown in an embodiment in Fig. 3.

[0051] In addition, the circuit arrangement 140 according to Fig. 2 comprises a second circuit portion made up of
MOSFET transistors M1, M2, which are fed at their drains D with the reference current /g and are connected to one
another attheir gates G. One of the MOSFET transistors M1, M2 - in the example of Fig. 2the MOSFET transistor M2 - atits
source S is connected to the drain D of the MOSFET transistor M3. In addition, the drain D of the MOSFET transistor M2 is
connected to the gate G of the MOSFET transistor M3, such that the gate voltage Vgate of the MOSFET transistor M3 is
drawn to the high-ohmic drain D of the MOSFET transistor M2. Further, the drain D of the MOSFET transistor M1 is
connected (short-circuited) to its gate G.

[0052] Generally, any MOSFET transistor as concerned herein comprises a drain D, a source S and a gate G as well-
known in the art and as typical for a MOSFET transistor.

[0053] Using the second circuit portion comprising the MOSFET transistors M1, M2, an output voltage Vy, is applied
across the drain D and the source S of the MOSFET transistor M3, as itis indicated in Fig. 2. The output voltage Vg hereinis
provided as a difference voltage (delta voltage) in between the sources S of the MOSFET transistors M1, M2.

[0054] The MOSFET transistors M1, M2 operate in a weak inversion region of MOSFET operation. As itis well-known in
MOSFET technology, in the weak inversion region Wi as illustrated in the characteristic of Fig. 7 the gate-source voltage is
below a threshold voltage (generally denoted as Vin the literature), whereas in contrast in a strong inversion region S,
separated from the weak inversion region WI by a moderate inversion region MI, the gate-source voltage is above the
threshold voltage. This is described in detail e.g. in the textbook by Phillip E. Allen and Douglas R. Holberg, "CMOS analog
circuit design", 1987, ISBN 0-19-510720-9.

[0055] The MOSFET transistor M3, in turn, operates in the linear region, in which the drain-source voltage is below a
saturation voltage, as it is indicated in Fig. 6 and as it is commonly known in MOSFET technology.

[0056] The output voltage Vi for the MOSFET transistors M1, M2 operating in the weak inversion region can be
computed as follows:

Ve = VTemp «In(Y) (1)

where VTemp is a temperature voltage equal to

Viemp = (") ~ 26.7 mV at 37°C @)

(kg: Boltzmann constant; T: absolute temperature in Kelvin; e: elementary charge) and Y is a factor computed according to
the ratio of channel width W and channel length L of the two MOSFET transistors M1, M2 as follows:

(D) s

Y = sz 3
o, ()

L

[0057] The output resistance at the MOSFET transistor M3 corresponds to the ON resistance Roy 3 = Rps m3 of the
MOSFET transistor M3, which is computed as follows:

Vn

RDS,M3 = RON,M3 = };}; (4)

[0058] Asvisible from equation (1) above, the output voltage Vr comprises a temperature dependency according to the
temperature voltage Vr,,,. In addition, in the circuit arrangement 140 according to Fig. 2 the reference current Igge is
provided to comprise a temperature dependency which at least is similar to the temperature dependency of the output
voltage Vg, such that according to equation (4) the temperature dependencies cancel each other out, and a substantially
constant output resistance Ry 3 Rps,m3 results.

[0059] In one embodiment, the reference current /g is provided by a circuit portion 141 as illustrated in the circuit
schematic of Fig. 3.

[0060] The circuit portion 141 according to Fig. 3 comprises a pair of MOSFET transistors M5, M6, which are connected
to each other at their gates G. A pair of further MOSFET transistors M7, M8, which are PMOS transistors, have the source
on the Vcc side. The voltages from source to drain and from source to gate are of positive polarity. M7, M8 function as a
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current mirror and is formed equal, the MOSFET transistors M7, M8 being connected at their sources S to a supply voltage
VCC and at their drains D to the drains D of the MOSFET transistors M5, M6, as this is shown in Fig. 3. The gate G of the
MOSFET transistor M8 herein is connected (short-circuited) to its drain D. The drain D of the MOSFET transistor M5 is
connected (short-circuited) to its gate G.

[0061] According to an embodiment, the drain of M8 and the drain of connected M6 are connected to another circuit
portion 144. The circuit portion 144 comprises a pair of MOSFET transistors M11, M12 which are connected at their gates
and serving as a current mirror. In that the pair of MOSFET transistors M11, M12 functions as a current mirror, an equal
current, for instance a reference current Iggg, is passed through the pair of MOSFET transistors M11, M12.

[0062] Accordingtoanembodiment, the pair of MOSFET transistors M11, M12 are PMOS transistors, having the source
on the Vcc side. The voltages from source to drain and from source to gate are of positive polarity.

[0063] Inone embodiment, the MOSFET transistors of M11, M12 are dimensioned with equal channel width W divided
by channel length L, as the W/L of one MOSFET transistors M8 or M9, for example M8.

[0064] Inthatthe MOSFET transistors M7, M8 function as a current mirror with factor 1:1 or other factors, theyimpose an
identical reference current /g through the MOSFET transistors M5, M6, such that the drain currents of both MOSFET
transistors M5, M6 are equal and correspond to the reference current /ggr.

[0065] The MOSFET transistor M6 at its source S is connected to a reference resistance Rzge Which comprises a
substantially temperature-independent, constant resistance.

[0066] The MOSFET transistors M5, M6 both operate in the weak inversion region.

[0067] The reference voltage Ve across the reference resistance Rggr is computed as follows:

IpMs
VREF = VTemp * In (—Q"M'"X) (5)

Ip Ms

where V1., again is the temperature voltage, and X is a factor according to

(Do |
X = "W"'M"Q 6
@), (©)

L

W, L represent the channel width and the channel length of the respective transistor M5, M6, such that the factor X
expresses the ratio of channel width and channel length of the two transistors M5, M6.

[0068] As the currentthrough the MOSFET transistors M5, M6 is equal (I 5 = Ip p6) @nd corresponds to the reference
current Iper imposed by the current mirror of the pair of MOSFET transistors M7, M8, the reference voltage becomes

VREF - VTemp * ln(X) (7)

and the reference current is

Iper = il In(X) (8)
Rper Rppr

[0069] When applying equation (8) to equation (4), the output resistance corresponding to the ON resistance of the
MOSFET transistor M3 in the circuit arrangement 140 of Fig. 2 becomes, when assuming a linear characteristic curve,

VeEF In(¥} 9)

Rycwrs = R R e e
DS,M3 ONM3 = T REF * 7000

[0070] More exact, the output resistance corresponding to the ON resistance of the MOSFET transistor M3 becomes

(-1 ,
= Rpgp * o) (10)

Vppr

RDS,MS - RON,M3 - .
REF

[0071] In both equations (9) and (10) the output resistance is temperature-compensated, in that the temperature
dependencies of the output voltage Vi and the reference current /5 cancel out.
[0072] In particular, the gate voltage of the MOSFET transistor M3 will regulate itself according to the output voltage Vg
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and the imposed reference current /g such that an output resistance, corresponding to the drain-source resistance,
results which fulfills the equation (4) above.

[0073] If the output voltage Vi and the reference current /g have the same temperature characteristic, the
temperature dependencies cancel each other out, such that a substantially temperature-independent output resistance
at the MOSFET transistor M3 results.

[0074] Ifin addition the output voltage V and the reference current /p- have an equal or no process dependency, the
output resistance in addition is independent in this respect.

[0075] The gate voltage of the MOSFET transistor M3 serves as a reference voltage for the target transistor M4 and
potential further MOSFET transistors, which shall exhibit a defined, temperature-compensated ON resistance. The
controlled gate voltage of the MOSFET transistor M3 thus provides for a compensation of temperature variations in the
target transistors M4.

[0076] An adaption of a resistance value may be provided by adjusting the transistor geometry of the respective target
transistor M4, wherein the output resistance (ON resistance) is indirectly proportional to the ratio of channel width and
channel length.

[0077] Accordingtoan embodiment, M1, M2 M5 and M6 are in weak inversion region and in saturation. According to an
embodiment, M7, M8 and IREF are saturated, wherein M7 and M8 may be in weak inversion, strong inversion or moderate
inversion region.

[0078] According to an embodiment, M3 should be dimensioned so that M2 operates in saturated mode over the entire
target temperature range and the Iz current source is not affected (i.e. the Ixgr transistor always remains saturated). In
detail, this means that the gate voltage is always above Vguie min (M2) and below Vg, max (Irgr transistor). At M1,
saturation is inherently ensured by the Gate-Drain connection. The same applies to M5/M6 and M7/M8. Saturated
operation should be ensured for all of them.

[0079] Asmallerrormayresultin case a currentflow through the transistors M3 and M4 differs and due to the exponential
characteristic of the ON resistance (see Fig. 6).

[0080] At the target transistor M4 the bias current/voltage is approximately 0 and the ON resistance in effect acts only
dynamically. An improved operation may be possible by separating the transistors M3 and M4 into multiple serially
connected MOSFET transistors of equal size, such that the output voltage Vj is equally distributed across the serially
connected MOSFET transistors.

[0081] Referring now to Fig. 4, in another embodiment of a circuit arrangement 142 the MOSFET transistor M3 is not
connected directly to ground, but in addition a voltage source V1 is arranged in the path between the source S of the
MOSFET transistor M3 towards ground. In this way a voltage shift by the voltage V1 may be obtained.

[0082] Otherthanthat, the circuitarrangement 142 of Fig. 4 is functionally identical to the circuit arrangement 140 of Fig.
2.

[0083] Referring now to Fig. 5, in an embodiment of a circuit arrangement 143 to implement a voltage shift as illustrated
in Fig. 4, for example a MOSFET transistor M9 may be connected in between the source S of the MOSFET transistor M3
and ground, asillustrated in Fig. 5. In addition, a MOSFET transistor M10 may be connected in between the source S of the
MOSFET transistor M4 and ground. The voltage V2 across the MOSFET transistor M9 may be set equal to the voltage V1
between the source S of the MOSFET transistor M4 and ground by suitably designing the drain current of the MOSFET
transistor M10 and the channel width and channel length of the MOSFET transistor M9.

[0084] Otherthan the arrangement of transistors M9, M10, the circuit arrangement 143 of Fig. 5 is functionally identical
to the circuit arrangement 140 of Fig. 2.

[0085] The MOSFET transistors M1, M2 in the circuit arrangement 140 of Fig. 2 and likewise in the circuit arrangement
142 of Fig. 4 and the circuit arrangement 143 of Fig. 5 may also be implemented by bipolar transistors.

[0086] The reference current Iz may generally lie in a range between 10 nA and 100 nA, for example ataround 20 nA.
[0087] The output voltage Vi may generally lie in a range between 35 mV to 60 mV.

[0088] The ON resistance ofthe MOSFET transistor M3 may for example have a resistance value in between 500 kOhm
to 6 MOhm, wherein the ON resistance of the MOSFET transistor M4 may have a scaling factor from 1 to 100 compared to
the resistance of M3, which is resistance value in between 500 kOhm to 600 MOhm.

[0089] Theideaunderlyingthe invention is notlimited to the embodiments described above, but may be implemented in
an entirely different fashion.

[0090] The implantable medical device may be for example an ICD or a CRT-D device or another pacemaker device.
[0091] Theimplantable medical device may comprise electrode leads carrying electrode poles, which may be implanted
to reach into the patient’s heart, or may rest fully outside of the patient’s heart when they are implanted in the patient. In
other embodiments, the implantable medical device is a leadless device not comprising electrode leads.
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Implantable medical device
Generator

Electrode lead

Electrode lead

Electrode lead

Processing circuitry

140-144  Circuit arrangement /circuit portion

2 External device

3 Remote server device

4 Public communication network

D Drain of MOSFET transistor

G Gate of MOSFET transistor

o, M10 Drain current through transistor M10
IRer Reference current

LR Linear region

M1-M12  MOSFET transistor

Mi Moderate inversion region

P Patient

RRer Non-temperature-dependent resistance
S Source of MOSFET transistor

Si Strong inversion region

V1, V2 Voltage

VCC Supply voltage

Vaate Gate voltage

Vi Output voltage

VREF Reference voltage

Wi Weak inversion region

XY Factor

Claims

1. Circuit arrangement (140-144) for use in an implantable medical device (1), configured for providing a temperature-

compensated output resistance, comprising:

a first MOSFET transistor (M3),

afirst circuit portion configured to supply a temperature-dependent reference current (Iggg) to the first MOSFET
transistor (M3), and

a second circuit portion configured to generate a temperature-dependent output voltage (Vg) across a drain (D)
and a source (S) of the first MOSFET transistor (M3), such that an ON resistance (Rgy y3) of the first MOSFET
transistor (M3) resulting from the output voltage (V5) and the reference current (Ixgg) provides the temperature-
compensated output resistance.

Circuitarrangement (140-144) according to claim 1, wherein the first MOSFET transistor (M3) is configured to operate
in a linear region of MOSFET operation.

Circuitarrangement (140-144) according to claim 1 or 2, wherein the temperature-dependent reference current (Iggg)
comprises a first temperature dependency and the temperature-dependent output voltage (Vi) comprises a second
temperature dependency, wherein the first temperature dependency and the second temperature dependency are at
least approximately equal.

Circuitarrangement (140-144) according to one of the preceding claims, wherein the second circuit portion comprises
a pair of second MOSFET transistors (M1, M2), wherein gates (G) of the second MOSFET transistors (M1, M2) are

connected to each other.

Circuitarrangement (140-144) according to claim 4, wherein the second MOSFET transistors (M1, M2) are configured
to operate in a weak inversion region of MOSFET operation.

Circuit arrangement (140-144) according to claim 4 or 5, wherein the first circuit portion is connected to drains (D) of
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the second MOSFET transistors (M1, M2) to supply the reference current (Iggg) to the drains (D) of the second
MOSFET transistors (M1, M2).

Circuit arrangement (140-144) according to one of claims 4 to 6, wherein the drain (D) of one of the second MOSFET
transistors (M1, M2) is connected to a gate (G) of the first MOSFET transistor (M3).

Circuit arrangement (140-144) according to claim 7, wherein the source (S) of said one of the second MOSFET
transistors (M1, M2) is connected to the drain (D) of the first MOSFET transistor (M3).

Circuit arrangement (140-144) according to one of claims 4 to 8, wherein the drain (D) and the gate (G) of the other of
the second MOSFET transistors (M1, M2) are connected to each other.

Circuit arrangement (140-144) according to one of the preceding claims, wherein the first circuit portion comprises a
pair of third MOSFET transistors (M5, M6), wherein gates (G) of the third MOSFET transistors (M5, M6) are connected
to each other.

Circuit arrangement (140-144) according to claim 10, wherein the third MOSFET transistors (M5, M6) are configured
to operate in a weak inversion region of MOSFET operation.

Circuit arrangement (140-144) according to claim 10 or 11, wherein the first circuit portion comprises a pair of fourth
MOSFET transistors (M7, M8) connected at their gates (G) and serving as a current mirror, wherein a drain (D) of each
of the fourth p-type MOSFET transistors (M7, M8) is connected to a drain (D) of one of the third MOSFET transistors
(M5, M6).

Circuit arrangement (140-144) according to one of claims 10 to 12, wherein one of the third MOSFET transistors (M5,
MG6) at its source (S) is connected to a non-temperature-dependent resistance (Rggr), wherein the first circuit portion
is configured to output said reference current (Izgg) according to a reference voltage (VREF) produced across said
non-temperature-dependent resistance (Rrgp).

Circuit arrangement (140-144) according to one of the preceding claims, wherein the gate (G) of the first MOSFET
transistor (M3) is connected to a gate (G) of a target transistor (M4) to produce a temperature-independent ON

resistance at the target transistor (M4).

Implantable medical device (1) for performing a therapeutic and/or diagnostic function in a patient (P), comprising a
circuit arrangement (140-144) according to one of the preceding claims.

10
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