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IMPROVED CURRENT SENSING FOR INTEGRATED CIRCUIT DEVICES

RELATED PATENT APPLICATION

This application claims priority to commonly owned United States Provisional Patent
Application No. 62/490,963 filed April 27, 2017, which is hereby incorporated by reference
herein for all purposes.

TECHNICAL FIELD

The present disclosure relates to sensing technology current and, in particular, to current
sensing through a power FET device.
BACKGROUND

Integrated circuit devices are widely available to control currents. In particular in the
field of power supply, power semiconductor devices or power IC’s are employed that allow to
control, e.g., switch or regulate, even relatively large currents. These devices may be used for
controlling power from as little as some milliwatts in electronics applications up to a gigawatt
in power transmission systems. One particular example of a power semiconductor device is a
power MOSFET, which e.g., is used in switching-mode power supplies and automotive
applications. Power MOSFETs provide high switching speeds and low losses and are thus used
for many applications.

For various applications, it is desirable to determine the current, flowing through a
power semiconductor device. For example, determining the current may help in avoiding
overload situations in connected electronic circuits. With respect to the above exemplary power
MOSFETs, so-called Current-sensing power MOSFETS are available that allow to determine
the current flow. In these devices, typically a small portion of the FET area is separated to form
a pilot or sensing transistor. The pilot transistor’s gate is connected to the gate of the main
transistor, so that the current flowing through the pilot transistor is an indication of the current
flowing through the main transistor when the sense ratio between the main and pilot transistors
is known.

SUMMARY

The inventors of this application however determined, that the accuracy of the current
measurement in such devices is insufficient for many applications, in particular in high
precision applications, such as applications where the accuracy demanded is better than ~ 5%,

and/or where the temperature is not consistent throughout the silicon due to packaging / current
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distribution. As the inventors have ascertained, sources of inaccuracy include parasitic
resistances and thermal effects, inherent to semiconductor devices.

Accordingly, an object exists to provide improved current sensing for integrated circuit
devices, and in particular an improved high-precision current-sensing power MOSFET.

In one aspect of the present invention, an integrated circuit device is provided for
controlling and sensing electrical current. The integrated circuit device according to this aspect
comprising a main transistor device, configured for controlling a main current; and a plurality
of sensing transistor devices, configured for controlling a combined sensing current. The main
transistor device and the plurality of sensing transistor devices are connected to a common gate
node. The on-state resistance of the main transistor device being lower than a combined on-
state resistance of the plurality of sensing transistor devices and the sensing transistor devices
are distributed throughout at least a section of the integrated circuit to reduce an influence of
at least one local property of the integrated circuit device on the combined sensing current.

The basic idea of this aspect of the present invention is to provide an integrated circuit
device with a main transistor device for carrying a main electrical current and a plurality of
sensing transistor devices, the latter being configured to provide current sensing by coupling
the transistor devices at a common gate node. Due to the provision of a plurality, i.e., multiple
sensing transistor devices for current sensing and arranging the latter in a distributed way
throughout at least a section of the integrated circuit, at least one property, such as a parasitic
resistance and a temperature gradient, caused by inhomogeneities in the integrated circuit
device, has less influence on the combined sensing current. This arrangement thus enables an
improved current measurement, i.e., an improved current sensing. The aforementioned
improved current sensing is particularly applicable in MOSFETSs, although the current
invention is not limited to MOSFETS, but may equally applied to other transistor devices, such
as IGBTs, BJTs or thyristors.

The above aspect and other aspects of the invention will be apparent from and
elucidated with reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings,

FIG. 1 shows an embodiment of an integrated circuit device in a schematic front view;

FIG. 2 shows a further schematic view of the embodiment of FIG. 1;

FIG. 3 shows a schematic circuit diagram of the embodiment of FIG. 1; and
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FIG. 4 shows the schematic circuit diagram of FIG. 3 with parasitic resistances;

FIG. 5 shows a schematic circuit diagram of a further embodiment of an integrated

circuit device; and

FIG. 6 shows schematic circuit diagram of yet another embodiment of an integrated

circuit device.

DETAILED DESCRIPTION OF EMBODIMENTS

Technical features described in this application can be used to construct various
embodiments of integrated circuit devices. Some embodiments of the invention are discussed
so as to enable one skilled in the art to make and use the invention.

In one aspect, an integrated circuit device for controlling and sensing electrical current
is provided. The integrated circuit device according to this aspect comprises a main transistor
device and a plurality of sensing transistor devices. The main transistor device is configured to
control a main current, while the plurality of sensing transistor devices is configured for
controlling a combined sensing current. The main transistor device and the plurality of sensing
transistor devices are connected to a common gate node to couple the combined sensing current
with the main current. The on-state resistance of the main transistor device is lower than the
combined on-state resistance of the plurality of sensing transistor devices. The sensing
transistor devices are distributed throughout at least a section of the integrated circuit, which
serves to reduce an influence of at least one local property of the integrated circuit device on
the combined sensing current.

The integrated circuit device may be of any suitable type to allow controlling electrical
current. For example, the integrated circuit device may be a semiconductor device for
controlling electrical current. The integrated circuit device comprises at least the main
transistor device and the plurality of sensing transistor devices. These devices may be of any
suitable type and in one embodiment, may be arranged on a single (semiconductor) die.

In the context of the present invention, the term “transistor device™ is understood as a
device, comprising at least a single transistor. The transistor device in an embodiment certainly
may comprise a plurality of transistors, i.e., a group of transistors. As will be explained in the
following in further detail, the main transistor device and/or the sensing transistor devices may
in corresponding embodiments be formed from one or more “elementary transistors”, which

are also referred to in this application as “elementary cell” or “transistor cell”.
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For example, the transistors / elementary transistors may comprise BJTs, IGBTs,
thyristors, FETs (field-effect transistors), e.g., n-MOS, p-MOS, MOSFETs (metal-oxide-
semiconductor field-effect transistors), JFETs (junction gate field-effect transistors), or others.
Certainly, the transistors may be of the same type or of different types, depending on the
respective semiconductor processing method used.

As discussed in the preceding, the main transistor device and the plurality of sensing
transistor devices are connected to a common gate node, which common gate node allows to
control the transistor devices. Accordingly, and depending on the type of transistor used within
the transistor devices, i.e., bipolar or FET, the common gate node is connected either directly
or indirectly to each transistor’s base or each transistor’s gate, respectively. This setup provides
that the voltage applied to the common gate node influences both, the main current and the
combined sensing current, thereby effectively coupling these currents with each other.

While the main transistor device is configured to, during use, control the main current,
the sensing transistor devices are configured to, during use, control the combined sensing
current. In terms of the present explanation, the term “combined sensing current” refers to the
current, flowing through the plurality of sensing transistors when a corresponding voltage is
applied. Certainly, this combined sensing current may be formed by a plurality of individual
sensing currents, which are flowing through each of the sensing transistor devices of the
provided plurality. For example, in case the plurality of sensing transistor devices are connected
in parallel to each other, each of these transistor devices will carry a fraction of the combined
sensing current when a voltage is applied, at least in an on-state of the transistor devices, which
may be a full on-state or a “partly” on-state.

In an exemplary embodiment using BJTs, the respective current, i.e., main or sensing
current, is flowing between collector and emitter of the respective transistor device when a
voltage is applied to these terminals of the device. In another exemplary embodiment using
FETs, the respective current is flowing between source and drain of the transistor device.

According to the present aspect, the main transistor device is configured with an on-
state resistance that is lower and a combined on-state resistance of the plurality of sensing
transistor devices. In other words, the maximum current carrying capacity of the main transistor
device generally is higher than the overall current carrying capacity of the plurality of sensing
transistor devices in view that in particular with high currents, a high on-state resistance may

lead to high power dissipation into heat, which may be difficult to remove from the integrated
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circuit device. In one example of using FET(s) within the transistor devices, the current
carrying capacity is generally related to the surface area of the source terminal of the respective
FET, so that the FET(s) of the main transistor device in this example has greater surface area
source terminal compared to the overall surface area of the source terminals of the plurality of
sensing FETs, i.e., the FETs that form the plurality of sensing transistor devices.

In one embodiment, the main transistor device is a power MOSFET device. For
example, the power MOSFET device may be configured with a current carrying capacity in the
range of 1 to 40 A.

As discussed in the preceding, the integrated circuit device at least comprises the main
transistor device and the plurality of sensing transistor devices. Certainly, the integrated circuit
device may comprise further circuits, units, modules, or devices, in the following collectively
referred to as “components”, such as for example op-amps, comparators, regulation circuits,
etc. Such additional components may in particular be present in highly integrated circuit
devices, such as SoCs, i.e., “system on a chip” devices.

According to the present aspect, the sensing transistor devices are distributed
throughout at least a section of the integrated circuit device so as to reduce an influence of at
least one local property of the integrated circuit device on the combined sensing current.

As will be apparent, the distribution of the sensing transistor devices throughout at least
a section of the integrated circuit generally may level out local properties of the integrated
circuit device that may have an influence on the respective sensing current, such as local
inhomogeneities, e.g., caused by the semiconductor manufacturing process. In corresponding
embodiments, the local property may comprise or be related to one or more of a thermal
gradient, a parasitic resistance, and a parasitic capacitance.

In the present context, the term “distributed” relates to a spaced or separated
arrangement of the sensing transistor devices to cover at least a section of the integrated circuit
device. As mentioned, the distribution serves to level out for example local inhomogeneities of
the integrated circuit device.

In one embodiment, the sensing transistor devices of the plurality of sensing transistor
devices are distributed evenly throughout the section of the integrated circuit device. Such an
“even” distribution may be such that a given number of sensing transistor devices cover a given
sub-section. For example, in case of a number of 7 sensing transistor devices, the section may

be divided into 7 sub-sections, where each of the » sensing transistor devices is arranged in one
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sub-section. The sensing transistor devices in this embodiment may or may not be equally
spaced from each other.

In another alternative or additional embodiment, the sensing transistor devices of the
plurality of sensing transistor devices are equally spaced from each other throughout at least
the section of the integrated circuit device.

As discussed in the preceding, the sensing transistor devices are distributed throughout
at least a section of the integrated circuit device. The section may be any suitable section of the
integrated circuit device. In one embodiment, the section is a fraction of the surface area of a
(semiconductor) die. For example, the section may be an edge section of the die. In another
alternative or additional example, the edge section is a circumferential edge section,
surrounding an area of the die, in which the main transistor device is arranged.

In one additional or alternative embodiment, the main transistor device is arranged in a
transistor section of the integrated circuit. As discussed in the preceding, this may, e.g., be a
defined surface area of the (semiconductor die) in which the transistor(s) of the main transistor
device is/are arranged.

In one additional embodiment, the sensing transistor devices of the plurality of sensing
transistor devices are distributed throughout at least the transistor portion. The present
embodiment provides a further improved current sensing in view that an inhomogeneity, that
influences the main current, influences the overall sensing current(s) in the same way. In one
embodiment, poly gates are arranged that enclose (isolate) the sources of the transistor(s) of
the sensing transistor devices from the transistor(s) of the main transistor device to allow proper
separation of the devices. In another embodiment, a trench isolation is arranged, where the
transistor device is a trench or vertical FET, and the active trench also isolates a source area
from the main transistor’s source area.

It is noted however, that various setups are conceivable, which are discussed in detail
in the following.

In one further embodiment, the sensing transistor devices are equally spaced throughout
at least the transistor section. In another altemative or additional embodiment, the sensing
transistor devices are distributed evenly throughout at least the transistor section. Reference is
made to the preceding discussion and definition of the terms “equally spaced” and “distributed

evenly”.
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As discussed, the sensing transistor devices of the plurality of sensing transistor devices
in one embodiment are distributed throughout at least the transistor portion. Certainly, and in
one embodiment, sensing transistor devices may be arranged outside of the transistor portion,
for example additionally in edge section of the die or a circumferential edge section, as
discussed in the preceding.

In another embodiment, the transistor section comprises a plurality of elementary
transistors. At least some of the elementary transistors may in one embodiment be allocated for
the main transistor device, i.e., to each carry a corresponding fraction of the main current and/or
the plurality of sensing transistor devices, i.e., to each carry a fraction of the combined sensing
current. Accordingly, and in another embodiment, at least a first subset of the elementary
transistors may form the main transistor device. A plurality of second subsets of the elementary
transistors may form the plurality of sensing transistor devices. The elementary transistors of
the first subset and the plurality of second subsets may be of the same or different types. In one
embodiment, elementary transistors of the first subset and the plurality of second subsets are
identical (same width and length). This embodiment provides further improved sensing
accuracy. However, in another embodiment the elementary transistors of the first subset and
the second subsets may have differing width (W) and/or length (L). Differing width and/or
length for elementary transistors of the first subset and the plurality of second subsets may be
used in order to provide a higher flexibility for setting the ratio between the main and sensing
current, e.g., mainly helping to enlarge this ratio.

An elementary transistor may be of any suitable type, as discussed in the preceding. It
is noted that in an exemplary embodiment having FET elementary transistors, each elementary
transistor has its own channel. However, the respective elementary transistor may share its
gate, its source, its drain, and/or its body with other (elementary) transistors in corresponding
embodiments.

The first subset and the plurality of second subsets may comprise any suitable number
of elementary transistors. Generally, the first subset may in an embodiment comprise a number
of elementary transistors, which is higher than the overall number of elementary transistors of
the plurality of second subsets. In one embodiment, the first subset, i.e., the subset, allocated
with the main transistor device, comprises at least one thousand elementary transistors. In
another alternative or additional embodiment, each of the second subsets comprises less than

five elementary transistors, and in particular one or two elementary transistors.



10

15

20

25

30

WO 2018/200693 PCT/US2018/029389

The ratio between the elementary transistors, associated with the main transistor device
and the elementary transistors, associated with the plurality of secondary transistor devices may
also be referred to as sense ratio or current sensing gain. In one embodiment, the on-state
resistance of the main transistor to the (overall) on-state resistance of the plurality of sensing
transistor devices is approximately/substantially between 1:1000 and 1:10000. It is noted that
the sense ratio in an embodiment may be smaller than 1:10000, in view that for efficiency
reasons, the sense ratio may be selected to be small. The sense ratio may however depend on
layout and/or electrical constrains of the respective setup of the integrated circuit device. In
another embodiment, the sense ration may be higher than 1:1000.

In another embodiment, the integrated circuit device comprises more than two sensing
transistor devices. Generally, the larger the number of sensing transistor devices, the better the
accuracy of a current measurement may be. Certainly, topographic or technology limitations
may apply. According to yet another embodiment, the integrated circuit comprises between 2
and 20 sensing transistor devices.

As discussed in the preceding, the elementary transistors may share source and/or drain.
Correspondingly, the main transistor device and the plurality of sensing transistor devices may
in corresponding embodiments be connected to one or more of a common drain, a common
source, and a main power source. Certainly, these common drain and common source nodes
may in corresponding embodiments be connected with the shared source and/or drain terminals
of the underlying elementary transistors, for example in a parallel connection.

With respect to common drain and source nodes, multiple setups are conceivable. For
example and in one embodiment, the main transistor device and the plurality of sensing
transistor devices may be connected to the common drain node and the common source node.
This embodiment is also referred to as a fully symmetrical setup in the following. In another
embodiment, the main transistor device and the plurality of sensing transistor devices may be
connected to the common drain node but have separate source nodes. In a further embodiment,
the main transistor device and the plurality of sensing transistor devices may be connected to
the common source node but have separate drain nodes.

According to another embodiment, the integrated circuit device comprises a voltage
drive circuit configured to set a measurement voltage across the plurality of the sensing

transistor devices to a voltage across the main transistor device. The present embodiment
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allows to measure a current across the plurality of sensing transistor devices and to determine
the main current of the main transistor therefrom using the sense ratio.

In one embodiment, the plurality of sensing transistor devices are connected in parallel
to each other, so that a common sensing drain node and a common sensing source node are
provided, wherein the common sensing drain node is connected to a main drain node of the
main transistor device. In this embodiment, the common sensing source node may be separate
from a main source node of the main transistor or may be connected thereto. The present
embodiment facilitates the setup of the integrated circuit device according to the preceding
discussion.

According to another embodiment, the common sensing source node is configured as a
first kelvin voltage sensing node and the integrated circuit further comprising a voltage drive
circuit configured to set a measurement voltage between the first kelvin voltage sensing node
and the common sensing drain node to a voltage across the main transistor device. Alternatively
or additionally, and in another embodiment, the main transistor device comprises a main source
node, said main source node being configured as a second kelvin voltage sensing node and the
voltage drive circuit being configured to set the measurement voltage to a voltage between the
second kelvin sensing node and the main drain node.

The first and second kelvin voltage sensing nodes allow a further improved voltage
matching across the main transistor device and the plurality of secondary transistor devices by
excluding parasitic and varying resistances, external to the integrated circuit device. The
resulting setup is comparable to four-terminal sensing, i.e., kelvin sensing, by reducing an
influence of voltage drops across external parasitic resistances on the voltage measurement.
Also in this embodiment, and once the voltages across the main transistor device and the
plurality of secondary transistor devices is matched, it is possible to determine the main current
from the comparably smaller combined sensing current.

The preceding arrangement of the plurality of sensing transistor devices having a
common sensing drain node and a common sensing source node can be inversed, so that the
common sensing source node is connected to a main source node of the main transistor device.
In this embodiment, the common sensing drain node may be separate from a main drain node
of the main transistor or may be connected thereto.

According to another embodiment, the common sensing drain node is configured as a

first kelvin voltage sensing node and the integrated circuit further comprises a voltage drive
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circuit configured to set a measurement voltage between the first kelvin voltage sensing node
and the common sensing source node to a voltage across the main transistor device.

According to another embodiment, the main transistor device comprises a main drain
node, said main drain node being configured as a second kelvin voltage sensing node and the
voltage drive circuit being configured to set the measurement voltage to a voltage between the
second kelvin sensing node and the main source node.

In another embodiment, the integrated circuit device comprises a measurement circuit,
wherein the measurement circuit is configured for determining the combined sensing current.
The measurement circuit may be of any suitable type. For example, the measurement circuit
may comprise a typical high-precision (shunt) resistor device, so that the voltage drop across
the resistor device can easily be measured with a high accuracy. In another example, a
galvanometer may be used to determine the combined sensing current.

According to another embodiment, the measurement circuit is further configured to
determine the main current from the combined sensing current and a predefined sense ratio.
The measurement circuit in this embodiment and in addition to the above, may comprise alogic
circuit or a microcontroller to determine the main current from the combined sensing current
and the predefined sense ratio. The predefined sense ratio may correspond to the sense ratio of
the integrated circuit device and may be comprised in memory of a microcontroller or hard-
wired into a logic circuit. In view that the sense ratio is determined upon manufacturing of the
integrated circuit device, the predefined sense ratio does not necessarily need to be changeable
by a user, although an update may be possible to improve the measurement for example for
compensation purposes in case of a defect of one or more of the elementary transistors.
Accordingly, the logic circuit in one embodiment may be configured to set the sense ratio
according to user input or automatically in case a defect is noted.

In another aspect, a method for current measurement in an integrated circuit device is
provided. The integrated circuit device comprises a main transistor device and a plurality of
sensing transistor devices, the plurality of sensing transistor devices being distributed
throughout at least a section of the integrated circuit. The main transistor device and the
plurality of sensing transistor devices are connected to a common gate node to couple the
combined sensing current with the main current. According to the method of this aspect, a main

current is applied to the main transistor device, a combined sensing current, flowing through
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the plurality of sensing transistor devices is determined, and the main current is calculated from
the combined sensing current and a predefined sense ratio.

In one embodiment and before the combined sensing current is determined, a
measurement voltage across the plurality of sensing transistor devices is set to a voltage across
the main transistor device.

The integrated circuit device and in particular the main transistor device and the
plurality of sense transistor devices according to the present aspect and in further embodiments
may be configured according to one or more of the embodiments, discussed in the preceding
with reference to the preceding aspect. With respect to the terms used for the description of the
present aspect and their definitions, reference is made to the discussion of the preceding
aspects.

According to another aspect, an integrated circuit device is provided, comprising a main
power source, a sensing power source, and a plurality of transistors, the plurality of transistors
connected to a common drain and a common gate. A first transistor of the plurality of transistors
is connected to the main power source, a remainder of the plurality of transistors is connected
to the main power source, and the remainder of the plurality of transistors are configured to, in
combination, sense current.

Additionally or alternatively and in another embodiment, the remainder of the plurality
of transistors are laid out in a plurality of physical locations in the integrated circuit device.

Additionally or alternatively and in another embodiment, the integrated circuit device
further comprises a first voltage sense circuit connected between a pin of the first transistor and
the main power source.

Additionally or alternatively and in another embodiment, the integrated circuit device
further comprises a second voltage sense circuit connected between pins of the remainder of
the plurality of transistors and sensing power source.

Additionally or alternatively and in another embodiment, The integrated circuit device
further comprises a voltage drive circuit configured to drive voltage of the sensing power
source to a level of the main power source.

Additionally or alternatively and in another embodiment, the integrated circuit device
further comprises a voltage drive circuit configured to drive voltage of the sensing power

source to a level of the main power source using measurements from:
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a first voltage sense circuit connected between a pin of the first transistor and the main
power source; and

a second voltage sense circuit connected between pins of the remainder of the plurality
of transistors and sensing power source.

Additionally or alternatively and in another embodiment, the integrated circuit device
further comprises a measurement circuit configured to calculate a current measurement from
relative values associated with the main power source and the sensing power source.

Additionally or alternatively and in another embodiment, the integrated circuit device
further comprises a measurement circuit configured to calculate a current measurement from
resistance associated with the sensing power source.

Reference will now be made to the drawings in which the various elements of
embodiments will be given numerical designations and in which further embodiments will be
discussed.

Specific references to components, sections, parts, process steps, and other elements
are not intended to be limiting. Further, it is understood that like parts bear the same reference
numerals, when referring to alternate figures. It is further noted that the figures are schematic
and provided for guidance to the skilled reader and are not necessarily drawn to scale. Rather,
the various drawing scales, aspect ratios, and numbers of components shown in the figures may
be purposely distorted to make certain features or relationships easier to understand.

FIG. 1 shows a schematic front view of a first embodiment of an integrated circuit
device 1, namely a power FET, arranged on a semiconductor die 2. The power FET comprises
anumber of elementary transistors 3, which form elementary cells. To allow carrying relatively
high currents, hence the name “power FET”, a large number of such elementary transistors 3
are arranged in power FET, typically some thousands of elementary transistors 3 for controlling
an electrical current in the range of 1 to 40 amps.

For reasons of clarity, only a 9 x 9 matrix of elementary cells 3 are shown in the
schematic representation of FIG. 1. The elementary cells 3 form a transistor section 7 on the
die 2.

Each elementary transistor 3 comprises corresponding gate, source, and drain
connections (not shown in FIG. 1) and is configured to setup a conductive channel in
dependence of the voltage, applied to a common gate node 4. To allow a common control of

the elementary transistors 3, the gate terminal of each of the elementary transistors 3 is
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connected to the common gate node 4. Furthermore, the elementary cells 3 share a common
drain node 3, i.e., the drain terminal (not shown in FIG.1) of each elementary transistor 5 is
connected to the common drain node 5.

In the current embodiment, the power FET has a vertical diffused MOS (VDMOS) FET
structure, so that the drain terminals of the elementary transistors 3 are arranged below each of
the respective elementary transistors 3, i.e., below the N™region in which each of the transistors
during use forms its channel. The source terminals of the elementary transistors are arranged
on the opposing side of the vertical FET structure.

To allow an efficient sensing of the electrical current that is flowing through the power
FET during use, the elementary cells 3 are “grouped” to form a main transistor device and a
plurality of sensing transistor devices. Elementary transistors 3 that form the main transistor
device are marked in FIG. 1 with the letter “M”, i.e., “main elementary transistors”, while
elementary transistors 3 that form the plurality of sensing transistor devices are marked with
the letter “S™, i.e., “sensing elementary transistors”. The source terminals of each main
elementary transistor 3 is connected with main source node 6. As will be apparent, the resulting
parallel connection of the main elementary transistors 3 allows for a relatively high main
current to be controlled, in particular when considering that in a typical application, some
thousand main elementary transistors 3 are connected in parallel with each other. This
arrangement allows for a relatively low on-state resistance, which provides an efficient
structure with a low power dissipation.

The source terminals 20 of each of the sensing elementary transistors 3 are connected
with sensing source node 8. The resulting electrical connections are schematically shown in
FIG. 2. Certainly, the number of sensing elementary transistors 3 is significantly smaller than
the number of main elementary transistors, so that the on-state resistance the parallel
connection of the sensing elementary transistors 3 is higher than the respective on-state
resistance of the main elementary transistors 3.

As discussed in the preceding, the main elementary transistors 3 form a main transistor
device for controlling an overall main current, while the sensing elementary transistors 3 form
a plurality of sensing transistor devices. In the present embodiment, each sensing elementary
transistor 3 forms a corresponding sensing transistor device, i.e., one elementary transistor 3 is
provided per sensing transistor device. This number may be higher, depending on the

application, the topology of the integrated circuit device, and the processing of die 2.
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The resulting parallel connection of the sensing elementary transistors 2, that is the
parallel arrangement of the sensing elementary transistors 2 between common drain node 5 and
sensing source node 8, allows to control a (combined) sensing current. In typical applications,
the combined sensing current should be as low as possible. The combined sensing current is
indicative of the main current in view that all elementary transistors 3 are connected to common
gate node 4. To reduce the influence of inhomogeneities in the semiconductor die 2 that may
in particular cause thermal gradients, the sensing transistor devices are distributed evenly
throughout the transistor section 7. Accordingly, a local inhomogeneity in the semiconductor
die 2 will influence both, the main current, flowing through the main elementary transistors M,
and the combined sensing current, flowing through the sensing elementary transistors S,
allowing for a highly precise current measurement.

FIG. 3 shows a simplified and schematic circuit diagram of the embodiment of FIGS.
1 and 2. For reasons of clarity, FIG. 3 only shows the main transistor device 31 and the sensing
transistor devices 32, but not the underlying elementary cells/transistors 3. As will be apparent,
the main transistor device 31 is connected between common drain node 5 and main source node
6. The plurality of sensing transistor devices 32 are connected in parallel between common
drain node 5 and sensing source node 8.

To determine the main current Ips, m in the shown setup, first, the voltage across the
main transistor device 31, i.e., Vbs, as, is determined. The determined voltage is then applied to
the plurality of sensing transistor devices 32 using a voltage drive circuit (not shown), so that
Vs, s= (Vbs,M + Voit). Vofr should be set as small as possible (ideally zero) in order to minimize
the sensing error that is equal to Votr / Vbs, M. As mentioned above, the “on” resistance of the
main transistor, thus the voltage drop Vps, m across the main transistor, should to be very low
in order to minimize power losses in the device as well as minimizing power dissipation into
heat, which may be difficult to remove from the integrated circuit device. Typically, the device
is designed to achieve a maximum voltage drop Vps,m in the range of 100 ~ 150mV. Thus, in
order to get an accuracy in the range of 1%, the offset voltage Vo should to be less than ImV.
Therefore, a very low offset amplifier like an instrumentation amplifier 60 may be used to
control the voltage difference between the main and sensing transistors, as discussed in the
following and shown in the embodiment of FIG. 6.

Once the voltages correspond to each other, the combined sensing current through the

sensing transistor devices 32 is determined using a measurement circuit (also not shown), i.e.,
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Ips, s. Since the sense ratio 7, i.e., the ratio on-state resistance of the main transistor device 31
to the on-state resistance of the plurality of sensing transistor devices 32 is generally known
from the setup of the integrated circuit, the main current can be determined by /ps as = Ips s *
n

As will be apparent from the above, a highly precise determination of /ps, as requires an
exact sense ratio n to be known. As mentioned, the intrinsic sense ratio » is generally known
from the setup of the integrated circuit, however, extrinsic (parasitic) resistances 40 may be
more difficult to determine with high precision. FIG. 4 shows extrinsic resistances 40, which
may in particular stem from connection (soldering) resistances and wire resistances.

FIG. 5 shows a further embodiment of an integrated circuit device 50 with external
connections to a main power source 51 and a sense power source 52. The embodiment of FIG.
5 further shows voltage drive circuit 53, voltage measurement circuit 54, and current
measurement circuit 55.

FIG. 5 also shows the aforementioned parasitic resistances 40. Voltage drive circuit 53
is connected between the common drain node 5 and a first kelvin voltage sensing node 56.
Correspondingly, voltage measurement circuit 54 is connected between the common drain
node 5 and a second kelvin voltage sensing node 57. The resulting setup corresponds to four-
terminal sensing or kelvin sensing and has the advantage that since almost no current flows
through the voltage drive circuit 53 and the voltage measurement circuit 54, the corresponding
voltage drops are extremely small, increasing the accuracy of voltage control and measurement.
Certainly, this requires that the voltage drive circuit 53 and the voltage measurement circuit 54
are of high impedance. Since the current flow between the voltage drive circuit 53 and the
voltage measurement circuit 54 is almost zero and the resistance between these two points is
very low in a common drain configuration as shown in FIG. 5, the voltage difference between
sensing points 53 and 54 can be neglected.

The functionality of the embodiment of integrated circuit device 50 of FIG. 5
corresponds to the functionality, discussed in the preceding with reference to FIG. 3. During
use, a main current is applied to the main transistor device 31 by main power source 51. The
main current can be controlled by applying a control voltage to common gate node 4. Voltage
measurement circuit 54 determines the voltage between the common drain node 5 and the
second kelvin voltage sensing node 57. The result is transmitted to voltage drive circuit 53,

which sets the voltage between common drain node 5 and a first kelvin voltage sensing node
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56 to the voltage, applied to the main transistor device 31. Once the voltages over the transistor
devices 31, 32 matches, the combined sensing current is determined by current measurement
circuit 55. The current measurement circuit 55 determines the main current /ps, s = Ips. s * n.
Note that in the present embodiment, current measurement circuit 55 is a galvanometer.

FIG. 6 shows schematic circuit diagram of yet another embodiment of an integrated
circuit device 50 with simplified sensing. The embodiment of FIG. 6 corresponds to the
embodiment of FIG. 5, however voltage drive circuit 53 and voltage measurement circuit 54
have been replaced by voltage drive circuit 62, which comprises instrumentation amplifier 60
and PMOS transistor 61. Instrumentation amplifier 60 is used to control the voltage difference
between the main transistor device 31 and the sensing transistor devices 32, i.e., between first
kelvin sensing node 56 and second kelvin sensing node 57. Here it is assumed that the supply
current (main + sense) current enters in terminal 5 while the main current flows out of terminal
6 and sense current flows out terminal 3. The voltage drive circuit 62 forces the voltage of node
56 to be equal to the voltage of node 57 independently of voltage drop on connection resistances
40. The current flowing into the sensing transistor devices 32 is transferred to the measurement
circuit 55 (galvanometer or any other current sensing element) via PMOS (or PFET) transistor
61. Instrumentation amplifier 60 provides the appropriate gate drive voltage to transistor 61 in
order to have the voltage of node 56 to be equal to the voltage of node 57. Since a MOS or FET
transistor is used, the entire sensing current from devices 32 is transferred to the sensing
galvanometer element 55. Using a bipolar transistor instead would require a base current
compensation circuit, which certainly would be possible in another alternative embodiment.

As will be apparent from FIG. 6, an PMOS transistor 61 is used in order to make the
sensing circuitry easy to understand. An NMOS transistor may be used instead, but in this case,
the inverting and not inverting inputs of the instrumentation amplifier 60 should be swapped.
Instrumentation amplifier 60 may be replaced by a chopper stabilized amplifier or an auto-
zeroing amplifier in corresponding embodiments.

While the invention has been illustrated and described in detail in the drawings and
foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive; the invention is not limited to the disclosed embodiments. For
example, it is possible to operate the invention in an embodiment in which:

- instead of the transistor devices 31, 32 / the elementary transistors 3, being

connected to common drain node 5, transistor devices 31, 32 / elementary
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transistors 3 are connected to a common source node and to separate main and sense
drain nodes; and/or

- instead of the transistor devices 31, 32 / the elementary transistors 3, being

connected to common drain node 5, the transistor devices 31, 32 / the elementary
transistors 3 being connected to separate main and sense drain nodes.

Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word "comprising" does not exclude
other elements or steps, and the indefinite article "a" or "an" does not exclude a plurality. A
single processor, module or other unit may fulfill the functions of several items recited in the
claims.

The mere fact that certain measures are recited in mutually different dependent claims

does not indicate that a combination of these measured cannot be used to advantage. Any

reference signs in the claims should not be construed as limiting the scope.
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CLAIMS
WHAT IS CLAIMED IS:
1. An integrated circuit device for controlling and sensing electrical current, the

integrated circuit device comprising;
a main transistor device, configured for controlling a main current; and
a plurality of sensing transistor devices, configured for controlling a combined sensing
current;
wherein:
the main transistor device and the plurality of sensing transistor devices are
connected to a common gate node;
the on-state resistance of the main transistor device is lower than a combined
on-state resistance of the plurality of sensing transistor devices; and
the sensing transistor devices are distributed throughout at least a section of the
integrated circuit to reduce an influence of at least one local property of the integrated

circuit device on the combined sensing current.

2. The integrated circuit device of claim 1, wherein the local property comprises

at least one of a thermal gradient, a parasitic resistance, and a parasitic capacitance.

3. The integrated circuit device of any of claims 1-2, wherein the main transistor
device i1s arranged in a transistor section of the integrated circuit device and the sensing

transistor devices are distributed throughout at least the transistor portion.

4. The integrated circuit device of claim 3, wherein the sensing transistor devices

are distributed evenly throughout at least the transistor section.

5. The integrated circuit device of claim 3, wherein the sensing transistor devices

are equally spaced throughout at least the transistor section.
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6. The integrated circuit device of any of claims 1-5, wherein the transistor section
comprises a plurality of elementary transistors and wherein at least a first subset of the
elementary transistors form the main transistor device and a plurality of second subsets of the

elementary transistors form the plurality of sensing transistor devices.

7. The integrated circuit device o of any of claims 1-6, wherein a sense ratio of an
on-state resistance of the main transistor device to an on-state resistance of the plurality of

sensing transistor devices is between 1:1000 and 1:10000.

8. The integrated circuit device of any of claims 1-7, comprising more than two

sensing transistor devices.

9. The integrated circuit device of any of claims 1-8, wherein the main transistor
device and the plurality of sensing transistor devices are connected to one or more of a common

drain, a common source, and a main power source.

10.  The integrated circuit device of any of claims 1-9, further comprising a voltage
drive circuit configured to set a measurement voltage across the plurality of sensing transistor

devices to a voltage across the main transistor device.

11.  The integrated circuit device of any of claims 1-10, wherein the plurality of
sensing transistor devices are connected in parallel to each other, so that a common sensing
drain node and a common sensing source node are provided, wherein the common sensing

drain node 1s connected to a main drain node of the main transistor device.

12. The integrated circuit device of claim 11, wherein:

the common sensing source node is configured as a first kelvin voltage sensing node;
and

the integrated circuit further comprises a voltage drive circuit configured to set a
measurement voltage between the first kelvin voltage sensing node and the common sensing

drain node to a voltage across the main transistor device.
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13. The integrated circuit device of claim 12, wherein the main transistor device
comprises a main source node, said main source node being configured as a second kelvin
voltage sensing node and the voltage drive circuit being configured to set the measurement

voltage to a voltage between the second kelvin sensing node and the main drain node.

14.  The integrated circuit device of any of claims 1-12, wherein the plurality of
sensing transistor devices are connected in parallel to each other, so that a common sensing
drain node and a common sensing source node are provided, wherein the common sensing

source node 1s connected to a main source node of the main transistor device.

15.  The integrated circuit device of claim 14, wherein the common sensing drain
node is configured as a first kelvin voltage sensing node and the integrated circuit further
comprising a voltage drive circuit configured to set a measurement voltage between the first
kelvin voltage sensing node and the common sensing source node to a voltage across the main

transistor device.

16.  The integrated circuit device of claim 15, wherein the main transistor device
comprises a main drain node, said main drain node being configured as a second kelvin voltage
sensing node and the voltage drive circuit being configured to set the measurement voltage to

a voltage between the second kelvin sensing node and the main source node.

17.  The integrated circuit device of any of claims 1-16, further comprising a
measurement circuit, wherein the measurement circuit is configured for determining the

combined sensing current.

18.  The integrated circuit device of claim 17, wherein the measurement circuit is
further configured to determine the main current from the combined sensing current and a

predefined sense ratio.
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19. A method for current measurement in an integrated circuit device, the integrated
circuit device comprising a main transistor device and a plurality of sensing transistor devices,
the plurality of sensing transistor devices being distributed throughout at least a section of the
integrated circuit, the main transistor device and the plurality of sensing transistor devices
being connected to a common gate node; wherein

a main current is applied to the main transistor device;

a combined sensing current, flowing through the plurality of sensing transistor devices
1s determined; and

the main current is calculated from the combined sensing current and a predefined sense

ratio.

20. The method of claim 19, wherein before the combined sensing current is
determined, a measurement voltage across the plurality of sensing transistor devices is set to a

voltage across the main transistor device.

21. A method for current measurement in an integrated circuit device, comprising

operation of any of the integrated circuit devices of claims 1-18.



PCT/US2018/029389

WO 2018/200693

e,
o

7

e g e azors g =2 ren o
P Wi i P P P i
5 -
e oy g 7 ez ez e wiz
e ot W “i e S Wi P
angees cgees P saren . geees regeen
. - d P b o S e
e e - o e e
L8 firr. P irre 5 “Aihrr. B
rgpes g wngzer gen ragzrs e wappon
b pr s o pod prc b A
e, stan Pz o i i, aen
wageres
%) .
i g e wnren p wzre e e oo ras
"ty . it &5 =3 i =3 $ £ . %
agreon LA e s e, P it b F il K
3 P
O 2w
Bt
. wopne weree oot asgen eree . e Bonnn
i . A e il W i, il i,
— senn — [ o o P
= 32 o e e 4 e i
Pr oy ir e it i i, =4
o o e wtnzer . P . . "
(o0 £ o o sy =y 3 G
prrs [ i s i s s “i
e
ey
e e ragren g e s e Lo
st i seis i il e i oo
B Y 7 7
\\\ Fi Pt /
7 \
{ )

agees.

‘
{ H
P oy Fag)



PCT/US2018/029389

WO 2018/200693

b
4
i
£,
afn) *teu, Pr— yennarcey prerres
“ 4 i i H 4 H
H § ? o 1
H o s 3 7 0 3
e B 74 5 annpeni P
4, ¥ J
i ‘ -
S . s
o] Lo hong
Py £ [
> e A
T
b e
% 5%, N SO G pwrcbene -
4y P o I f
sy, H H
] e i H b H H H
ﬁ. f 1L bnrnposh S A
e,
Yarwrs
fa
gon P - P
b 5 : 5
H H - :
H H el H
i H
[ i H H
4 P i B z
e - A erceed
G
P £ £
i £ /
/ .
s } 7
- e,
Frewes [




PCT/US2018/029389

WO 2018/200693

P P UU—
b 5 o %
v — . .
. ., H [ H
i 1 5 :
cgnes ; : s el ;
‘ H J—
L : PoE
", I3 ¥ H ;
", : : 5 : H i
%, . ; % H £ :
H H oy 4 5
P . 5 5 H
‘ ¢ i ]
e, § grrsrbrsrrsnnns
H CEE S
vwnannnnnel s.i:m . \\
erchedd
o
e, \» wa‘-
R %
Y 3 rrdrgy § peeimmnnnnnnses)
; 5 H
nrocby G prevesnesensnnsn) ) Y
AR oy s, c R “aped
YA s LiF g
bveick N
P S - H .
7% o, 7%
e, “er, B, \Q\\
s ) s
" 25 nssbny b spmnmmrrnnnnsnss )
} 2 I A
renhsy S e \.\‘ , Gl
s berdpet
L. rrrrbiprns
P . s
connnnnnnrent by 1% oen
24
H
/ e :
¢ 4 o S
Rl ececq prrssnsssosacel g Iy ..
H Leriirtee, o,
< G %
A, Z

o
F




WO 2018/200693 PCT/US2018/029389

B

W i
P [N .
AN LY H
2 SN
~ N N
2 ¥
H
3 " N
N ¥
H s N
5 N
H
; .~ $
§ PN H
. PR s 3
S D :
H
H gk GG ULV N
H § R} Y ¥ N
: I :
H i Ly 3 .
3 N
B - . §
¥ § s § §
3 4 N
2 5 . R 3 ¥
H H H N ¥ N
§ < § ' § i :
§ o . } 3
H N 3 s
H SO SO O S, ¢
Y g i
N A \‘E{\ 3 1
i Ldad H H
- K b
. & HE
N & N i
S H i1
H S i N 3 Do
3 Dl kY ¥ 5 3
RN ¥ AU TR
3 O 4 ; N N HE N
. § § H 5
H : H .
3 ———) . . N P e
3 & e w3 ! L
N Aagaad ™y EEaN N 3T o
. P H W N"‘\
§ s .
X 3 R
3 s &5
. H 3
H ol
N B VU — H e
) H canadd N §s
B H el PR . &
P H o
3 Radnad H
% H N
P N ¥
H A
N 5
3 M . a3
2 N H I
N H H 3
H I
8 N [
o § 3 a H -
SRR I | 3 daew
. VY H Il
H g N
3 { N i3
§ i ]
H \, i b 1!
H JE TR - P N H
. R St H N
i A . N
¥ N N
H N
N N
3 .
N
. i
H
) / ;
§ N N
N ) 3
8 s
N B
3 N
. H
H H
R H
: H
N H
A H
3 N
X ¥
H N
o N
4
8 3
N 3




WO 2018/200693 PCT/US2018/029389

T2 ¢ aar en o e e tnn e ne s et o e wn  ne e o o e v v e A s
= §
WY 3
N ! :
~3 - i
o
AN
3 R g H
: b L '
3 ; Y : §
5 oot Y Nsanasannpnnes N
3 PN H H 3 3
- ey, A H
5 # TN ‘ H s y
H N §dedong g §
Ge 3
: ey gy NS § H
N “.3&-‘-‘“5 »\\ . N v ¥
H i FR H § y H
M 5 mmmaagaenas § N . 2
H % ¥ i N H § H
2 5 . 5 3 . . .
i i § § 3 H § H
H H s H 3 i : 2
H ¢ 3 H s ¥ H H [ 3
H P & H H H s 2
i A § 3 S (] i
i s
3 N : i 4 P
3 N o ) e Y H
a Y L A LI 3 A N .
2 La3 H H B 3 H
N fantinn 3 I
: + g S
& R N
i Ol RS ] I
: AW ¥ i NN P
3 SNy, T L) N & 5 3o
N T2 “ 3 H I H §
2 . 3 Y
. : HAE N AV B
H ) H N NS H H N
e oy N ¥ s N
2 & F R A L S N S
® Aagaad s aana ¥ H e
s o K e
§ OO - A 3 - 3 R
H ey H
s W3
3 3 N 3 >
E e . i i £y
H T w F o
N -.\\-\w sanannnnannnnm e
(o N % g
L H el TR i L4
HER Sl
3 Rafund e .
i N H i
s 3 i A
i i H =
3 H . P
: i i [
i § H
§ i b LS
§ S
A § §
A doand
i S § b
3 ¥ ¥ VR
H H 1
id
2 2 e
H H H
H H
H H
i i
i i
H ‘\ H
W 3
3 3
H H
i i
H i
A i
§ i
3 N
b A
i H
P C U P




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/029389

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO5F3/26 GO1R19/00
ADD.

HO1L29/78

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GOSF GO1R HOIL HO3K

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 7 554 152 B1 (RANUCCI PAUL [US] ET AL) 1-9,11,
30 June 2009 (2009-06-30) 19

Y column 1, Tine 48 - column 2, line 8 10,
column 2, line 12 - line 38 12-18,
column 3, Tine 38 - line 56 20,21
column 5, line 11 - Tine 45; figure 3

X US 5 408 141 A (DEVORE JOSEPH A [US] ET 1-5,8,9,
AL) 18 April 1995 (1995-04-18) 11,19
column 4, line 12 - column 6, line 56;
figure 3

X US 2016/056138 Al (SHIBIB M AYMAN [US] ET 1-6,8,9,
AL) 25 February 2016 (2016-02-25) 11,19
paragraph [0038]
paragraph [0077]

- / -

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

13 July 2018

Date of mailing of the international search report

28/08/2018

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Benedetti, Gabriele

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/029389

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

paragraph [0001] - paragraph [0005]
paragraph [0010] - paragraph [0011]
paragraph [0014] - paragraph [0020];
figure 1

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 9 360 879 B2 (MICROSEMI CORP ANALOG 10,
MIXED SI) 7 June 2016 (2016-06-07) 12-18,
20,21
column 1, Tine 14 - line 19
sentence 38 - sentence 42
column 4, Tine 36 - column 5, line 43
A JP 3 080823 B2 (MOTOROLA JAPAN) 10,
28 August 2000 (2000-08-28) 12-18,
20,21

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2018/029389
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 7554152 Bl 30-06-2009  NONE
US 5408141 A 18-04-1995  NONE
US 2016056138 Al 25-02-2016  CN 107078161 A 18-08-2017
EP 3183753 Al 28-06-2017
KR 20170043602 A 21-04-2017
US 2016056138 Al 25-02-2016
US 2017299639 Al 19-10-2017
US 2017322239 Al 09-11-2017
WO 2016028943 Al 25-02-2016
US 9360879 B2 07-06-2016  NONE
JP 3080823 B2 28-08-2000 JP 3080823 B2 28-08-2000

JP HO7113826 A 02-05-1995

Form PCT/ISA/210 (patent family annex) (April 2005)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report
	Page 30 - wo-search-report
	Page 31 - wo-search-report

