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The electronic circuit also includes an integrated circuit disposed upon and electrically coupled to the circuit board at a position so
as to straddle the current conductor.
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ARRANGEMENTS FOR A CURRENT SENSING
CIRCUIT AND INTEGRATED CURRENT SENSOR

FIELD OF THE INVENTION
This invention relates generally to current sensing circuits and, more

particularly, to current sensing circuits having respective integrated current sensors.

BACKGROUND OF THE INVENTION

As is known in the art, one type of conventional current sensor uses a Hall
effect element, which generates a voltage in response to a magnetic field associated
with a current passing through a conductor. Typical current sensors of this type
include a Hall effect element mounted on a dielectric material, for example a circuit
board. In some applications, a ferrous core (magnetic flux concentrator) is used in

proximity to the Hall effect element.

Another type of current sensor uses a magnetoresistance element, which
changes resistance in response to a magnetic field associated with a current passing
through a conductor. A fixed electrical current is directed through the
magnetoresistance element, thereby generating a voltage output signal proportional to
the magnetic field. Some conventional current sensors of this type use an anisotropic
magnetoresistance (AMR) element mounted on a dielectric material, for example a

circuit board.

Various parameters characterize the performance of current sensors, including
sensitivity and linearity. Sensitivity is related to a change in the resistance of the
magnetoresistance element or a change in output voltage from the Hall effect element
in response to a change in magnetic field. Linearity is related to the degree to which
the resistance of the magnetoresistance element or the output voltage from the Hall

effect element varies in direct linear proportion to the magnetic field.

Another parameter that can characterize a current sensor is an ability to
withstand at least a predetermined breakdown voltage between the current sensor and
a conductor near which the current sensor is disposed in order to measure a current in

the conductor.
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There can be a tradeoff between current sensor sensitivity and the above-
described breakdown voltage. Namely, in order to achieve high sensitivity, it is
desirable that the current sensor, and, in particular, a current (magnetic field) sensing
element within the current sensor, be disposed proximate to and as close to the
conductor as possible. However, close proximity tends to reduce the breakdown

voltage.

Various types of magnetic field sensing elements (e.g., Hall effect elements
and magnetoresistance elements), which are used in current sensors, are known to
have different characteristics, including, but not limited to, different sensitivities,
different linearities, and also different hysteresis characteristics in response to a
magnetic field. It is also known that many types of magnetoresistance elements have
a higher sensitivity than a Hall effect element. It is also known that a particular type
of magnetic field sensing element, for example, a Hall effect element, can have a
substantially different sensitivity when the substrate (i.c., sensitive layer) is comprised

of different materials, for example, Silicon (Si) and Gallium Arsenide (GaAs).

It would be desirable to provide a current sensor having a both a relatively

high sensitivity and also a relatively high breakdown voltage.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention, an electronic circuit
for sensing a current includes a circuit board having first and second major opposing
surfaces and a current conductor for carrying the current. The current conductor
includes a circuit trace disposed upon the circuit board. The electronic circuit also
includes an integrated circuit disposed upon and electrically coupled to the circuit
board at a position so as to straddle the current conductor. The integrated circuit
includes a magnetoresistance element for sensing a magnetic field associated with the

current.

With this arrangement, the electronic circuit has a relatively high sensitivity to

the current, in particular as compared to the sensitivity that would otherwise be
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achieved with a Hall effect element in place of the magnetoresistance element.

[t will be appreciated that the current conductor can both carry a current and
also have an associated voltage. In some arrangements, the current conductor is
disposed upon the second surface of the circuit board and the integrated circuit is
disposed over the first surface of the circuit board. With this particular arrangement,
the electronic circuit has both a relatively high sensitivity to the current, and also has a

particular high breakdown voltage to the voltage upon the current conductor.

In accordance with another aspect of the present invention, an electronic
circuit for sensing a current includes a circuit board having first and second major
opposing surfaces and a current conductor for carrying the current. The current
conductor comprises a circuit trace. The electronic circuit also includes an integrated
circuit disposed upon and electrically coupled to the circuit board. The integrated
circuit includes a Hall effect element for sensing a magnetic field associated with the
current. The current conductor is disposed upon the second surface of the circuit

board and the integrated circuit is disposed upon the first surface of the circuit board.

BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing features of the invention, as well as the invention itself may be
more fully understood from the following detailed description of the drawings, in

which:

FIG. 1 is a pictorial showing an electronic circuit including an integrated
circuit current sensor having magnetic field sensing element disposed over a surface
of a substrate and also including a current conductor;

FIG. 1A is a cross-sectional view of the electronic circuit of FIG. 1;

FIG. 2 is a pictorial showing an electronic circuit including an integrated
circuit current sensor having first and second substrates, a magnetic field sensing
element disposed over a surface of the second substrate, and also including a current
conductor;

FIG. 2A is a cross-sectional view of the electronic circuit of FIG. 2;

Lo



10

15

20

25

30

WO 2009/148823 PCT/US2009/044614

FIG. 3 is a pictorial showing another electronic circuit including an integrated
circuit current sensor having first and second substrates, a magnetic field sensing
element disposed over a surface of the second substrate, and also including a current
conductor;

FIG. 3A is a cross-sectional view of the electronic circuit of FIG. 3;

FIG. 4 is a pictorial showing another electronic circuit including an integrated
circuit current sensor having first and second substrates, a magnetic field sensing
element disposed over a surface of the second substrate, and also including a current
conductor;

FIG. 4A is a cross-sectional view of the electronic circuit of FIG. 4;

FIG. S is a pictorial showing another electronic circuit including an integrated
circuit current sensor having first, second, and third substrates, a magnetic field
sensing element disposed over a surface of the second substrate, and also including a
current conductor;

FIG. 5A is a cross-sectional view of the electronic circuit of FIG. 5;

FIG. 6 is a pictorial showing an electronic circuit including an integrated
circuit current sensor having first, second, and third substrates, a magnetic field
sensing element disposed over a surface of the third substrate, and also including a
current conductor; and

FIG. 6A is a cross-sectional view of the electronic circuit of FIG. 6.

DETAILED DESCRIPTION OF THE INVENTION

Before describing the present invention, some introductory concepts and
terminology are explained. As used herein, the term " magnetic field sensing element
" is used to describe an electronic component that is responsive to and can be used to
measure magnetic fields. The magnetic field sensing element can be of a type
including, but not limited to, a Hall effect element and a magnetoresistance element.
The Hall effect element can be a horizontal type or a vertical type. The
magnetoresistance element can be of a type including, but not limited to, a giant
magnetoresistance (GMR) element, an anisotropic magnetoresistance (AMR)
element, a magnetic tunnel junction (MJT) element, and a tunneling

magnetoresistance (TMR) element.
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As used herein, the term "magnetic field sensor” is used to describe an
electronic circuit, which includes a magnetic field sensing element, and which is
responsive to and can be used to measure a magnetic field. As used herein, the term
"current sensor” is used to describe an electronic integrated circuit, which includes a
magnetic field sensing element, and which is responsive to and can be used to

measure a current in a conductor.

It will be understood herein that a current in a conductor generates a magnetic
field disposed about the direction of current. Therefore, the magnetic field sensing
element as used in a current sensor can be used to measure the current flowing in a

conductor.

As used herein, the term “circuit board” is used to describe printed circuit
boards (PCBS), for example, fiberglass circuit boards with conductive circuit traces,

and also ceramic substrates with conductive traces.

Referring to FIGS. 1 and 1A, in which like elements are shown having like
reference designations, an electronic circuit 10 includes an integrated circuit current
sensor 11 disposed over and straddling one or both of a first current conductor 28
disposed on a first surface 40a of a circuit board 40, the first surface 40a proximate to
the current sensor 11, or a second current conductor 32 disposed over a second
surface 40b of the circuit board 40, the second surface 40b distal from the current
sensor 11. The current sensor 11 includes a lead frame 14 having a base plate 12 and

associated leads 14a-14h.

The current sensor 11 also includes a substrate 16 having first and second
opposing surfaces 16a, 16b, respectively. The substrate 16 is disposed over the lead
frame base plate 12 such that the second surface 16b of the substrate 16 is above the
base plate 12 and the first surface 16a of the substrate 16 is above the second surface

16b of the substrate 16.

The current sensor 11 also includes a magnetic field sensing element 18

dispes:d over the first surface 16a of the substrate 16.
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In one particular embodiment, the magnetic field sensing element 18 is a
magnetoresistance element, for example, a selected one of a giant magnetoresistance
(GMR) element or an anisotropic magnetoresistance (AMR) element. In another
particular embodiment, the magnetic field sensing element 18 is a Hall effect element.
However, it will be understood that a magnetoresistance element generally has a
higher sensitivity than a Hall effect element, and therefore, the electronic circuit 10,
for which the magnetic field sensing element 18 is somewhat far from the current
conductor 28 as shown can achieve a higher sensitivity than the electronic circuit 10,

for which the magnetic field sensing element 18 is a Hall effect element.

Furthermore, it will be appreciated that a magnetoresistance element generally
has a maximum response axis 20, which is parallel to a surface, for example, the first
surface 16a of the substrate 16. In contrast, most types of Hall effect elements have a

maximum response axis perpendicular to the first surface 16a of the substrate 16.

The substrate 16 (which, for a Hall effect element, can be a sensing layer) can
be comprised of a variety of materials including, but not limited to, S1, GaAs, InP,
InSb, InGaAs, InGaAsP, SiGe, ceramic, or glass. In one particular embodiment, the

substrate 16 is comprised of Silicon (Si).

The current sensor 11 can also include at least one electronic component 22
disposed on the first surface 16a of the substrate 16. The electronic component 22 can
include, but is not limited to, a passive electronic component, for example, a resistor,
capacitor, or inductor, and an active electronic component, for example, a transistor,

an amplifier, or another integrated circuit.

The substrate 16 can also include a plurality of bonding pads, of which
bonding pads 24a-24c¢ are representative. Bond wires 26a-26¢ can couple the
substrate 16 to leads, for example to leads 14a, 14b, 14d. However, it will be
appreciated that the integrated circuit 11 can have more than three or fewer than three

such couplings.
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With an arrangement as shown, it will be recognized that a body 30, e.g.,

plastic, can be used to encase the substrate 16.

It should be appreciated that various insulating layers (not shown) can be used
to electrically isolate portions of the current sensor 11 from other portions of the
current sensor 11. For example, an insulating layer (not shown) can be disposed
between the first surface 16a of the substrate 16 and the magnetic field sensing
element 18. Also, an insulating layer (not shown) can be disposed between the

second surface 16b of the substrate 16 and the base plate 12.

While the substrate 16 is shown to be conventionally mounted to the base
plate 12, i.e., with the first surface 16a of the substrate 16 facing away from the base
plate 12, in other arrangements, the substrate 16 can be flipped in a flip-chip
arrangement relative to the base plate 12. In these arrangements, the first surface 16a
of the substrate 16 is proximate to the base plate 12 and coupled to the leads 14a-14h
with a selected one of a solder ball, a gold bump, a eutectic or high lead solder bump,
a no-lead solder bump, a gold stud bump, a polymeric conductive bump, a conductive

paste, or a conductive film.

In operation, in response to a current flowing through the first current
conductor 28, a magnetic flux represented by lines 34 is generated. For embodiments
in which the magnetic field sensing element 18 is a magnetoresistance element, the
magnetic flux represented by the lines 34 passes by and through the magnetic field
sensing element 18 in a direction substantially parallel to the maximum response axis
20 of the magnetic field sensing element 18, and thus, the magnetic field sensing

element 18 is responsive to the current flowing in the current conductor 28.

For embodiments in which the magnetic field sensing element 18 is a Hall
effect element, which, as described above, can have maximum response axis
substantially perpendicular to the first surface 16a of the substrate 16, the magnetic
field sensing element 18 can be disposed to the right or left of the position shown, so
that the magnetic flux represented by the lines 34 passes more vertically with respect

to the first surface 16a of the substrate 16 and more vertically through the magnetic
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field sensing element 18.

In some other embodiments in which the magnetic field sensing element 18 is
a Hall effect element, the entire current sensor 11 is disposed to the right or left of the
current conductor 28 or 32 so that the current sensor 11 does not straddle the current

conductor 28 or 32.

The second current conductor 32 disposed on a second surface 40b of the
circuit board 40 opposing the first surface 40a can be used in place of or in addition to
the first current conductor 28 so that the current sensor 11 senses a current passing
through the current second conductor 32 instead of or in addition to a current passing
through the first current conductor 28. A magnetic flux represented by lines 36 passes
by and through the magnetic field sensing element 18 ina direction substantially
parallel to the maximum response axis 20 of the magnetic field sensing element 18,
and thus, the magnetic field sensing element 18 is responsive to the current flowing n
the second current conductor 32. However, it will be understood that, since the
second current conductor 32 is further from the magnetic field sensing element 18
than the first current conductor 28, the magnetic field sensing element 18, and
therefore, the current sensor 11 is less sensitive to the current flowing through the
second current conductor 32 than to the current flowing through the first current
conductor 28. Therefore, for arrangements using the second current conductor 32
rather than the first current conductor 28, it is advantageous that the magnetic field
sensing element 18 be a magnetoresistance element, which has higher sensitivity than

a Hall effect element.

The electronic circuit 10 having the second current conductor 32 on the
opposite side of the circuit board 40 from the integrated circuit 11, provides a
particularly high breakdown voltage (or electrical isolation) between the second
current conductor 32 and the integrated circuit 11. This is true since most
conventional circuit boards 40, for example, epoxy glass circuit boards, are insulators

having a high breakdown voltage.

It will be apparent that the current sensor 11 straddles the first conductor 28

8
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and also straddles the second conductor 32. As used herein, the term “straddles” is
used to describe an arrangement, wherein a plane perpendicular to the circuit board 40
and passing through a distal end of the leads, e.g., the leads 14a-14d, on one side of
the current sensor 10 and another plane perpendicular to the circuit board 40 and
passing through a distal end of the leads, e.g., the leads 14a-14d, on the other side of

the current sensor 10, are on opposite sides of the conductor 28 or 32.

Referring now to FIGS. 2 and 2A, in which like elements are shown having
like reference designators, and in which like elements of FIGS. 1 and 1A are also
shown having like reference designators, an electronic circuit 50 includes an
integrated circuit current sensor 51. The electronic circuit 50 includes aspects similar

to and functions in a way similar to the electronic circuit 10 of FIGS. 1 and 1A.

The current sensor 51 includes a first substrate 52 having first and second
opposing surfaces 52a, 52b, respectively. The first substrate 52 is disposed upon the
base plate 12 such that the second surface 52b of the first substrate 52 is above the
base plate 12 and the first surface 52a of the first substrate 52 is above the second

surface 52b of the first substrate 52.

The integrated circuit 51 also includes a second substrate 54 having first and
second opposing surfaces 54a, 54b, respectively. The first substrate 52 and the
second substrate 54 are coupled such that the first surface 54a of the second substrate
54 is above the first surface 52a of the first substrate 52 and the second surface 54b of
the second substrate 54 is above the first surface 54a of the second substrate 54. It
will be apparent that the second substrate 54 is disposed in a flip-chip arrangement

with the first substrate 52.

The first and second substrates 52, 54, respectively, can be comprised of a
variety of materials including, but not limited to, Si, GaAs, InP, InSb, InGaAs,
InGaAsP, SiGe, ceramic, or glass. The first and second substrates 52, 54,

respectively, can be comprised of the same material or of different materials.

The first surface 54a of the second substrate 54 can be coupled to the first

9
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surface 52a of the first substrate 52 with bonds, of which a bond 60 is but one
example. The bonds (e.g., 60) can be a selected one of a solder ball, a gold bump, a
eutectic or high lead solder bump, a no-lead solder bump, a gold stud bump, a

polymeric conductive bump, a conductive paste, or a conductive film.

The current sensor 51 can also include at least one electronic component 62
disposed on the first surface 52a of the first substrate 52. The electronic component
62 can include, but is not limited to, a passive electronic component, for example, a
resistor, capacitor, or inductor, and an active electronic component, for example, a

transistor, an amplifier, or another integrated circuit.

The current sensor 51 also includes a magnetic field sensing element 56
disposed over the first surface 54a of the second substrate 54. The magnetic field
sensing element 56 can be the same as or similar to the magnetic field sensing
element 18 of FIGS. 1 and 1A. The magnetic field sensing element 56 can have a
maximum response axis 58, which is essentially parallel to the first surface 54a of the
second substrate 54. The current sensor 51 can straddle the current conductor 28 or

32.

For embodiments in which the magnetic field sensing element 56 is a Hall
effect element, which can have maximum response axis substantially perpendicular to
the first surface 54a of the second substrate 54, the magnetic field sensing element 56
can be disposed to the right or left of the position shown, so that the magnetic flux
represented by the lines 34 passes more vertically with respect to the first surface 54a
of the second substrate 54 and more vertically through the magnetic field sensing

element 56.

In some other embodiments in which the magnetic field sensing element 56 is
a Hall effect element, the entire current sensor 51 is disposed to the right or left of the
current conductor 28 or 32 so that the current sensor 51 does not straddle the current

conductor 28 or 32.

The current sensor 51 can also include a plurality of bonding pads, of which

10
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bonding pads 64a-64c¢ are representative. Bond wires 26a-26¢ can couple the first

substrate 52 to the leads, for example, leads 14a, 14b, 14d of the lead frame 14.

It should be appreciated that various insulating layers can be used to
electrically isolate portions of the current sensor 51 from other portions of the current
sensor 51. For example, an insulating layer (not shown) can be disposed between the
first surface 52a of the first substrate 52 and the first surface 54a of the second
substrate 54. Also, an insulating layer (not shown) can be disposed between the first

surface 54a of the second substrate 54 and the magnetic field sensing element 56.

It will be apparent that the current sensor 51 straddles the first conductor 28

and also straddles the second conductor 32.

Referring now to FIGS. 3 and 3A, in which like elements are shown having
like reference designators, and in which like elements of FIGS. 1 and 1A are also
shown having like reference designators, an electronic circuit 100 includes an
integrated circuit current sensor 101. The electronic circuit 100 includes aspects
similar to and functions in a way similar to the electronic circuit 10 of FIGS. 1 and

1A.

The current sensor 101 includes a first substrate 102 having first and second
opposing surfaces 102a, 102b, respectively. The first substrate 102 is disposed upon
the base plate 12 such that the second surface 102b of the first substrate 102 1s above
the base plate 12 and the first surface 102a of the first substrate 102 is above the

second surface 102b of the first substrate 102.

The integrated circuit 101 also includes a second substrate 104 having first and
second opposing surfaces 104a, 104b, respectively. The first substrate 102 and the
second substrate 104 are coupled such that the second surface 104b of the second
substrate 104 is above the first surface 102a of the first substrate 102 and the first
surface 104a of the second substrate 104 is above the second surface 104b of the

second substrate 104.
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In some embodiments, and insulator 106 can be disposed between the first and
second substrates 102, 104, respectively. In some embodiments, the insulator 106 is
an epoxy substance also providing attachment of the second substrate 104 to the first

substrate 102.

The first and second substrates 102, 104, respectively, can be comprised of a
variety of materials including, but not limited to, Si, GaAs, InP, InSb, InGaAs,
InGaAsP, SiGe, ceramic, or glass. The first and second substrates 102, 104,

respectively, can be comprised of the same material or of different materials.

The first surface 104a of the second substrate 104 can be coupled to the first
surface 102a of the first substrate 102 with wire bonds, of which a wire bond 114

between bonding pads 110 and 112 is but one example.

The current sensor 101 can also include at least one electronic component 116
disposed on the first surface 102a of the first substrate 102. The electronic component
116 can include, but is not limited to, a passive electronic component, for example, a
resistor, capacitor, or inductor, and an active electronic component, for example, a

transistor, an amplifier, or another integrated circuit.

The current sensor 101 also includes a magnetic field sensing element 108
disposed over the first surface 104a of the second substrate 104. The magnetic field
sensing element 108 can be the same as or similar to the magnetic field sensing
element 18 of FIGS. 1 and 1A. The magnetic field sensing element 108 has a
maximum response axis 109, which is essentially parallel to the first surface 104a of
the second substrate 104. The current sensor 101 can straddle the current conductor

28 and/or 32.

For embodiments in which the magnetic field sensing element 108 is a Hall
effect element, which can have maximum response axis substantially perpendicular to
the first surface 104a of the second substrate 104, the magnetic field sensing element
108 can be disposed to the right or left of the position shown, so that the magnetic

flux represented by the lines 34 passes more vertically with respect to the first surface
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104a of the second substrate 104 and more vertically through the magnetic field

sensing element 108.

In some other embodiments in which the magnetic field sensing element 108
is a Hall effect element, the entire current sensor 101 is disposed to the right or left of
the current conductor 28 or 32 so that the current sensor 101 does not straddle the

current conductor 28 or 32.

The current sensor 101 can also include a plurality of bonding pads, of which
bonding pads 118a-118c are representative. Bond wires 26a-26¢ can couple the first

substrate 102 to the leads, for example, leads 14a, 14b, 14d of the lead frame 14.

It should be appreciated that various insulating layers can be used to
electrically isolate portions of the current sensor 101 from other portions of the
current sensor 101. For example, an insulating layer 106 can be disposed between the
first surface 102a of the first substrate 102 and the second surface 104b of the second
substrate 104. Also, an insulating layer (not shown) can be disposed between the first

surface 104a of the second substrate 104 and the magnetic field sensing element 108.

It will be apparent that the current sensor 101 straddles the first conductor 28

and also straddles the second conductor 32.

Referring now to FIGS. 4 and 4A, in which like elements are shown having
like reference designators, and in which like elements of FIGS. 1 and 1A are also
shown having like reference designators, an electronic circuit 150 includes an
integrated circuit current sensor 151. The electronic circuit 150 includes aspects
similar to and functions in a way similar to the electronic circuit 10 of FIGS. 1 and

1A.

The current sensor 151 includes a first substrate 152 having first and second
opposing surfaces 152a, 152b, respectively. The first substrate 152 is disposed over
the base plate 12 such that the second surface 152b of the first substrate 152 is above

the base plate 12 and the first surface 152a of the first substrate 152 is above the
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second surface 152b of the first substrate 152.

The integrated circuit 151 also includes a second substrate 162 having first and
second opposing surfaces 162a, 162b, respectively. The second substrate 162 is
coupled to the base plate 12 such that the second surface 162b of the second substrate
162 is above the base plate 12 and the first surface 162a of the second substrate 162 is

above the second surface 162b of the second substrate 162.

The first and second substrates 152, 162, respectively, can be comprised of a
variety of materials including, but not limited to, Si, GaAs, InP, InSb, InGaAs,
InGaAsP, SiGe, ceramic, or glass. The first and second substrates 152, 162,

respectively, can be comprised of the same material or of different materials.

The first surface 162a of the second substrate 162 can be coupled to the first
surface 152a of the first substrate 152 with wire bonds, of which a wire bond 160 is

but one example.

The current sensor 151 can also include at least one electronic component 154
disposed on the first surface 152a of the first substrate 152. The electronic component
154 can include, but is not limited to, a passive electronic component, for example, a
resistor, capacitor, or inductor, and an active electronic component, for example, a

transistor, an amplifier, or another integrated circuit.

The current sensor 151 also includes a magnetic field sensing element 164
disposed over the first surface 162a of the second substrate 162. The magnetic field
sensing element 164 can be the same as or similar to the magnetic field sensing
element 18 of FIGS. 1 and 1A. The magnetic field sensing element 164 has a
maximum response axis 168, which is essentially parallel to the first surface 162a of
the second substrate 162. The current sensor 151 can straddle the current conductor

28 and/or 32.

For embodiments in which the magnetic field sensing element 164 is a Hall

effect element, which can have maximum response axis substantially perpendicular to
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the first surface 162a of the second substrate 162, the magnetic field sensing element
164 can be disposed to the right or left of the position shown, so that the magnetic
flux represented by the lines 34 passes more vertically with respect to the first surface
162a of the second substrate 162 and more vertically through the magnetic field

sensing element 164.

In some other embodiments in which the magnetic field sensing element 164
is a Hall effect element, the entire current sensor 151 is disposed to the right or left of
the current conductor 28 or 32 so that the current sensor 151 does not straddle the

current conductor 28 or 32.

The current sensor 151 can also include a plurality of bonding pads, of which
a bonding pad 158 is but one example. Bond wires, for example, bond wires 166a-
166¢, can couple the first substrate 152 to the leads, for example, leads 14a, 14e, 14f
of the lead frame 14.

It should be appreciated that various insulating layers can be used to
electrically isolate portions of the current sensor 151 from other portions of the
current sensor 151. For example, an insulating layers (not shown) can be disposed
between the second surfaces 152b, 162b of the first and second substrates 152, 162,
respectively, and the base plate 12. Also, an insulating layer (not shown) can be
disposed between the first surface 162a of the second substrate 162 and the magnetic

field sensing element 164.

It will be apparent that the current sensor 151 straddles the first conductor 28

and also straddles the second conductor 32.

Referring now to FIGS. 5 and 5A, in which like elements are shown having
like reference designators, and in which like elements of FIGS. 1 and 1A are also
shown having like reference designators, an electronic circuit 200 includes an
integrated circuit current sensor 201. The electronic circuit 200 includes aspects
similar to and functions in a way similar to the electronic circuit 10 of FIGS. 1 and

LA.
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The current sensor 201 includes a first substrate 202 having first and second
opposing surfaces 202a, 202b, respectively. The first substrate 202 is disposed over
the base plate 12 such that the second surface 202b of the first substrate 202 is above
the base plate 12 and the first surface 202a of the first substrate 202 is above the
second surface 202b of the first substrate 202.

The integrated circuit 201 also includes a second substrate 204 having first and
second opposing surfaces 204a, 204b, respectively, and a third substrate 210 having
first and second opposing surfaces 210a, 210b, respectively. The first substrate 202
and the second substrate 204 are coupled such that the first surface 204a of the second
substrate 204 is above the first surface 202a of the first substrate 202 and the second
surface 204b of the second substrate 204 is above the first surface 204a of the second
substrate 204. Similarly, the first substrate 202 and the third substrate 210 are
coupled such that the first surface 210a of the third substrate 210 is above the first
surface 202a of the first substrate 202 and the second surface 210b of the third
substrate 210 is above the first surface 210a of the third substrate 210. The second
and third substrates 204, 210, respectively, are disposed relative to the first substrate

202 in a flip-chip arrangement.

The first surface 204a of the second substrate 204 can be coupled to the first
surface 202a of the first substrate 202 with bonds, of which a bond 208 is but one
example. Similarly, the first surface 210a of the third substrate 210 can be coupled to
the first surface 202a of the first substrate 202 with bonds, of which a bond 214 is but
one example. The bonds (e.g., 208, 214) can be a selected one of a solder ball, a gold
bump, a eutectic or high lead solder bump, a no-lead solder bump, a gold stud bump, a

polymeric conductive bump, a conductive paste, or a conductive film.

The first, second, and third substrates 202, 204, 210, respectively, can be
comprised of a variety of materials including, but not limited to, Si, GaAs, InP, InSb,
InGaAs, InGaAsP, SiGe, ceramic, or glass. The first, second, and third substrates
202, 204, 210, respectively, can be comprised of the same material or of different

materials.
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It will be appreciated that the second and third substrates 204, 210,
respectively, can be electrically coupled together with circuit traces (not shown) on or

within the first substrate 202.

The current sensor 201 can also include at least one electronic component 212
disposed on the first surface 210a of the third substrate 210. The electronic
component 212 can include, but is not limited to, a passive electronic component, for
example, a resistor, capacitor, or inductor, and an active electronic component, for

example, a transistor, an amplifier, or another integrated circuit.

The current sensor 201 also includes a magnetic field sensing element 206
disposed over the first surface 204a of the second substrate 204. The magnetic field
sensing element 206 can be the same as or similar to the magnetic field sensing
element 18 of FIGS. 1 and 1A. The magnetic field sensing element 206 has a
maximum response axis 216, which is essentially parallel to the first surface 204a of
the second substrate 204. The current sensor 201 can straddle the current conductor

28 and/or 32.

For embodiments in which the magnetic field sensing element 206 is a Hall
effect element, which can have maximum response axis substantially perpendicular to
the first surface 204a of the second substrate 204, the magnetic field sensing element
206 can be disposed to the right or left of the position shown, so that the magnetic
flux represented by the lines 34 passes more vertically with respect to the first surface
204a of the second substrate 204 and more vertically through the magnetic field

sensing element 206.

In some other embodiments in which the magnetic field sensing element 206
is a Hall effect element, the entire current sensor 201 is disposed to the right or left of
the current conductor 28 or 32 so that the current sensor 201 does not straddle the

current conductor 28 or 32.

The current sensor 201 can also include a plurality of bonding pads, for
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example, bonding pads 220a-220c on the first surface 202a of the first substrate 202.
Bond wires, for example, the bond wires 26a-26¢, can couple the third substrate 210

to the leads, for example, the leads 14a, 14e, 14f of the lead frame 14.

It should be appreciated that various insulating layers can be used to
electrically isolate portions of the current sensor 201 from other portions of the

current sensor 201.

It will be apparent that the current sensor 201 straddles the first conductor 28

and also straddles the second conductor 32.

Referring now to FIGS. 6 and 6A, in which like elements are shown having
like reference designators, and in which like elements of FIGS. 1 and 1A are also
shown having like reference designators, an electronic circuit 250 includes an
integrated circuit current sensor 251. The electronic circuit 250 includes aspects
similar to and functions in a way similar to the electronic circuit 10 of FIGS. 1 and

IA.

The current sensor 251 includes a first substrate 252 having first and second
opposing surfaces 252a, 252b, respectively. The first substrate 252 is disposed over
the base plate 12 such that the second surface 252b of the first substrate 252 is above
the base plate 12 and the first surface 252a of the first substrate 252 is above the
second surface 252b of the first substrate 252.

The integrated circuit 251 also includes a second substrate 254 having first and
second opposing surfaces 254a, 254b, respectively, and a third substrate 262 having
first and second opposing surfaces 262a, 262b, respectively. The first substrate 252
and the second substrate 254 are coupled such that the second surface 254b of the
second substrate 254 is above the first surface 252a of the first substrate 252 and the
first surface 254a of the second substrate 254 is above the second surface 254b of the
second substrate 254. Similarly, the first substrate 252 and the third substrate 262 are
coupled such that the second surface 262b of the third substrate 262 is above the first

surface 252a of the first substrate 252 and the first surface 262a of the third substrate
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262 is above the second surface 262b of the third substrate 262.

The first surface 254a of the second substrate 254 can be coupled to the first
surface 262a of the third substrate 262 with bonds wires, of which a bond wire 260 is
but one example. The first surface 254a of the second substrate 254 can also be
coupled to the first surface 252a of the first substrate 252 with bonds wires, of which
a bond wire 270 is but one example.

The first surface 252a of the first substrate 252 can be coupled to the leads 14 with

bond wires, of which a bond wire 268 is but one example.

The first, second, and third substrates 252, 254, 262, respectively, can be
comprised of a variety of materials including, but not limited to, Si, GaAs, InP, InSb,
InGaAs, InGaAsP, SiGe, ceramic, or glass. The first, second, and third substrates
252, 254, 262, respectively, can be comprised of the same material or of different

materials.

The current sensor 251 can also include at least one electronic component 256
disposed on the first surface 254a of the second substrate 254. The electronic
component 256 can include, but is not limited to, a passive electronic component, for
example, a resistor, capacitor, or inductor, and an active electronic component, for

example, a transistor, an amplifier, or another integrated circuit.

The current sensor 251 also includes a magnetic field sensing element 264
disposed over the first surface 262a of the third substrate 262. The magnetic ficld
sensing element 264 can be the same as or similar to the magnetic field sensing
element 18 of FIGS. 1 and 1A. The magnetic field sensing element 264 has a
maximum response axis 266, which is essentially parallel to the first surface 262a of
the third substrate 262. The current sensor 251 can straddle the current conductor 28

and/or 32.

For embodiments in which the magnetic field sensing element 264 is a Hall
effect element, which can have maximum response axis substantially perpendicular to

the first surface 262a of the third substrate 262, the magnetic field sensing element

19



10

15

20

25

30

WO 2009/148823 PCT/US2009/044614

264 can be disposed to the right or left of the position shown, so that the magnetic
flux represented by the lines 34 passes more vertically with respect to the first surface
262a of the third substrate 262 and more vertically through the magnetic field sensing

element 264.

In some other embodiments in which the magnetic field sensing element 264
is a Hall effect element, the entire current sensor 251 is disposed to the right or left of
the current conductor 28 or 32 so that the current sensor 251 does not straddle the

current conductor 28 or 32.

It should be appreciated that various insulating layers can be used to
electrically isolate portions of the current sensor 251 from other portions of the

current sensor 251.

It will be apparent that the current sensor 251 straddles the first conductor 28

and also straddles the second conductor 32.

Described above in conjunction with FIGS. 1, 1A, 2, 2A, 3, 3A, 4, 4A, 5, 5A,
6 and 6A, electronic components 22, 62, 116, 155, 212, and 256, respectively, can be
disposed on surfaces of respective substrates. The electronic components can be
comprised of circuits described in U.S. Patent Number 7,075,287, issued July 11,

2006, which application is incorporated by reference in its entirety.

All references cited herein are hereby incorporated herein by reference in their

entirety.

Having described preferred embodiments of the invention, it will now become
apparent to one of ordinary skill in the art that other embodiments incorporating their
concepts may be used. It is felt therefore that these embodiments should not be
limited to disclosed embodiments, but rather should be limited only by the spirit and

scope of the appended claims.

What is claimed is:
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CLAIMS

1. An electronic circuit for sensing a current, comprising:

a circuit board having first and second major opposing surfaces;

a current conductor for carrying the current, the current conductor comprising
a circuit trace disposed upon the circuit board; and

an integrated circuit disposed upon and electrically coupled to the circuit
board at a position so as to straddle the current conductor, wherein the integrated
circuit comprises a magnetoresistance element for sensing a magnetic field associated

with the current.

2. The electronic circuit of Claim 1, wherein the magnetoresistance element has a
maximum response axis generally parallel to the first and second major opposing
surfaces of the circuit board.

3. The electronic circuit of Claim 2, wherein the magnetoresistance element is a

giant magnetoresistance element.

4. The electronic circuit of Claim 2, wherein the magnetoresistance element is a
magnetic tunnel junction (MJT) element or a tunneling magnetoresistance (TMR)

element.

5. The electronic circuit of Claim 1, wherein the current conductor is disposed
upon the second surface of the circuit board and wherein the integrated circuit is

disposed upon the first surface of the circuit board.

6. The electronic circuit of Claim 1, wherein the integrated circuit comprises a
first substrate supporting at least one amplifier and a second substrate supporting the

magnetoresistance element.

7. The electronic circuit of Claim 6, wherein the second substrate is relatively

disposed with the first substrate in a flip-chip arrangement.
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3. The electronic circuit of Claim 6, wherein the first and second substrates are

supported by a third substrate.

9. The electronic circuit of Claim 6, wherein the first and second substrates are
supported by a third substrate and wherein at least one of the first substrate or the
second substrate is relatively disposed in a flip-chip arrangement with the third

substrate.

10. The electronic circuit of Claim 1, wherein the integrated circuit includes a
substrate having a surface supporting at least one amplifier and also supporting the

magnetoresistance element.

11. An electronic circuit for sensing a current, comprising:

a circuit board having first and second major opposing surfaces;

a current conductor for carrying the current, the current conductor comprising
a circuit trace; and

an integrated circuit disposed upon and electrically coupled to the circuit
board, wherein the integrated circuit comprises a Hall effect element for sensing a
magnetic field associated with the current, wherein the current conductor is disposed
upon the second surface of the circuit board and wherein the integrated circuit is

disposed upon the first surface of the circuit board.

12. The electronic circuit of Claim 12, wherein the integrated circuit is disposed at

a position so as to straddle the current conductor.

13. The electronic circuit of Claim 12, wherein the Hall effect element has a
maximum response axis generally perpendicular to the first and second major

opposing surfaces of the circuit board.

14. The electronic circuit of Claim 12, wherein the integrated circuit comprises a
first substrate supporting at least one amplifier and a second substrate supporting the

Hall effect element.
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15. The electronic circuit of Claim 14, wherein the second substrate is relatively

disposed with the first substrate in a flip-chip arrangement.

16. The electronic circuit of Claim 14, wherein the first and second substrates are

supported by a third substrate.

17. The electronic circuit of Claim 14, wherein the first and second substrates are
supported by a third substrate and wherein at least one of the first substrate or the
second substrate is relatively disposed in a flip-chip arrangement with the third

substrate.

18. The electronic circuit of Claim 12, wherein the integrated circuit includes a
substrate having a surface supporting at least one amplifier and also supporting the

Hall effect element.



PCT/US2009/044614

WO 2009/148823

1/12

rr |

/nvr

[ 1 i

| VI ©Id

fui

[ 1 |

/Qﬁl

[ 1 l
/mﬁ /3

("



PCT/US2009/044614

WO 2009/148823

2/12

- -~

9\ QO# 9t \J\

7// //%

N

— o et ||.I|l.l|||l.l.|l..||l||l|| |.|||||||Il.|.ll|ln|l.

j ) Y e //%M.%%///

u“ ege




PCT/US2009/044614

WO 2009/148823

3/12

r—-—— - _—— T T T 1
_ _ _ 292 _ —
5:\ _ _ _ ' | Pyl
_ |
] _ _ — T
_ ) vz old | _ _ uqm(\& | vz DI L,
by1 W _ 09— _ _k vl
J R I A - fll;_..l_.u.l_ﬁl._llﬁul :
“ 85— H\ || 2o a9 4 /ﬂrgom
9§ —T..., |
[ ] pg Ak m%r\m_w_ . T 1
! " ! _
::& _ V y _ m : _ /ﬁ:
_ _ _ |
_ A | SNY _ - —
_ |
_ | I




PCT/US2009/044614

WO 2009/148823

4/12

/0%

/7//////// N\




PCT/US2009/044614

WO 2009/148823

5/12

Ve ‘Old

h_

A%




PCT/US2009/044614

WO 2009/148823

6/12

VE OIAd

- -~

e ¢

. %/%//

M “ ege

: /V/%\Pw

90L 9Ll ‘egLi

QS‘

eow

V/\oor



PCT/US2009/044614

7/12

|
| | L
] _ | [ _ / T 1
“ “ _ Pyl
|
| | B |
! 95L— ml.lul_/_ _5 o1 fui
E g M| 29!
o] = |.‘.I#IUI| B 1l — ...Il....|"
. M mm ol |

WO 2009/148823



PCT/US2009/044614

8/12

WO 2009/148823

Ve OI1A

oy q0v

\
\
1
{
i
!

v

/ C -
mw/u/f/ o
b

4 vapy




PCT/US2009/044614

WO 2009/148823

9/12

S OIA

I
292 i
_
|

| VS Old
| ——+-dozz |
.I.I..l.A_ll.

L qgz |

y

iy




PCT/US2009/044614

WO 2009/148823

10/12

Ve ‘OIA

B

\
\
\

—

ey
q8e




PCT/US2009/044614

11/12

L 99z | V9 Old

4
. 957
mik V9 DI “ ﬂ /m L] _ Lm
PR 1 1 I — !vm”l B

WO 2009/148823

gl
[
NI
AT
AT
]
-
|

syl




PCT/US2009/044614

V9 "OI1Ad

.

mm\/\

12/12

WO 2009/148823

qzse A arse nmmm
WIIII*II.\; ege




‘INTERNATIONAL SEARCH REPORT

lntema_tlonal application No

A. CLASSIFICATION OF SUBJECT MATTEH
1 INV. GOlRlS/EO ~

PCT/US2009/044614

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

B. FIELDS SEARCHED

GOIR

Minimum documentation searched (classification system followed by classification symbols)

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

EPO-Internal, WPI Data

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Gitation of document, with indication, where ap’propriate, of the relevant passages Relevant to claim No.
X WO 2006/083479 A (ALLEGRO MICROSYSTEMS) : . 1,2
10 August 2006 (2006-08-10)
Y page 7; figures 1,la 3-10
X US 2006/033487 Al (NAGANO ET AL.) 11-13
16 February 2006 (2006-02-16)
Y paragraphs [0063], [0065], [0066], 5,14-18
[0070], [0071]; figure 1
Y us 2007/170533-Ai (DOOGUE ET AL) 6-10,
' 26. July 2007 (2007-07-26) 14-18
paragraphs [0010], [0039] - [0041],"
) [00441, [0089], [0090], [0096]; figures
1,1a,4,4a
Y: US 2005/246114 A1 (HANNOW ET AL.) ' 3,4
3 November 2005 (2005-11-03) :
paragraph [0011]
- /e

' Further documents are listed in the continuation of Box C.

See patent family annex.’ i

* Special categories of cited documenis :

*A". document defining the general state of the arl which Is not
considered tobe of particular relevance
"E" earlier document but published on or after the international
. filing date
*L* document which may throw doubts on priotity claim(s) or
which is cited to establish the publication date of another
" citation or other special reason (as specified)
*0O* 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 canrot 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 docu-
lm?rr]ns, :uch combination being obvious to a person skiled
nthe ar.

*3* document member of the same patent family

Date of the actual completion of the international search

28 October 2009

Date of mailing of the intemational search report

05/11/2009

Name and mailing address of the ISA/

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

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

Fax: (+31-70) 340-3016

Authorized officer

Iwansson, Kaj

Fom PCT/ISA/210 (second sheet) (April 2005) -~




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2009/044614

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No,

A

EP 1 691 204 A (CRF)
16 August 2006 (2006-08-16)
paragraphs [0008], [0010], [0014],
(00231, [00261; figures 2a,2b
EP 1 865 331 A (INSTA ELEKTRQ)
12 December 2007 (2007-12-12)
~paragraphs [0008], [0009], [0012];
figures 1,2
US 2004/155644 Al (STAUTH ET AL.)
© 12 August 2004 (2004-08-12)
paragraph [0124]; figure 8
US 2006/255797 Al (TAYLOR ET AL.)
16 November 2006 (2006—11—16)

11-14,18

11-14

14

Fomn PCT/tSA/210 (conlinuation of secand sheat) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

2006124252

PCT/US2009/044614
Patent document Publication Patent family Publication

cited in search report date member(s) date
WO 2006083479 A © 10-08-2006 US 2006175674 Al 10-08~2006
US 2006033487 Al 16-02-2006 DE 10392748 T5 21-07-2005
WO 03107018 Al 24-12-2003
us 2007170533 Al 26-07-2007 EP 1974223 A2 01-10-2008
JP 2009524053 T 25-06-2009
KR 20080086919 A 26-09-2008
WO 2007087121 A2 02-08-2007
Us 2005246114 Al 03-11-2005 DE 102005014461 Al "17-11-2005
- GB 2413643 A 02-11-2005
JP "~ -2005315884 A - 10-11-2005
EP 1691204 A - 16-08-2006 AT 381024 T 15-12-2007
: ' DE 602005003777 T2 04-12-2008
JP 2006242946 A 14-09-2006
, , - US 2006181264 Al 17-08-2006
EP 1865331 A 12-12-2007 DE 102006026148 Al 13-12-2007
' ) DE 202006020504 Ul 25-09-2008
US 2004155644 Al 12-08-2004 AU 2003287232 Al 06-09-2004
EP 1581817 Al 05-10-2005
JP ~ 2006514283 T 27-04-2006
WO 2004072672 Al 26-08-2004
Us 2009128130 Al 21-05-2009
» ' _ Us 2007247146 Al 25-10-2007
US 2006255797 - . Al - - 16-11-2006 WO A2 23-11-2006

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




	Page 1 - front-page
	Page 2 - description
	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 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - wo-search-report
	Page 38 - wo-search-report
	Page 39 - wo-search-report

