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7 ABSTRACT

An on-chip differential multi-layer inductor includes a 1*
partial winding on a 1** layer, a 2" partial winding on the 1*
layer, a 3" partial winding on a 2"¢ layer, a 47 partial
winding on the 2" layer, and an interconnecting structure.
The 1°* and 2"? partial windings on the 1°* layer are operably
coupled to receive a differential input signal. The 3™ and 4
partial windings on the 2 layer are each operably coupled
to a center tap. The interconnecting structure couples the 1,
274 3™ and 4 partial windings such that the 1° and 3™/
partial windings form a winding that is symmetrical about
the center tap with a winding formed by the 2" and 4%
partial windings. By designing the on-chip differential
multi-layer inductor to have a desired inductance value, a
desired Q factor, and a desired operating rate, a desired
resonant frequency and corresponding desired capacitance
value can be determined. Having determined the electrical
parameters of the multi layer established, the geometric
shapes of the windings, number of windings, number of
layers to support the inductor, and the interconnecting
structure may be determined.

18 Claims, 6 Drawing Sheets
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ON-CHIP DIFFERENTIAL MULTI-LAYER
INDUCTOR

TECHNICAL FIELD OF THE INVENTION

This invention relates generally to integrated circuits and
more particularly to on-chip inductors.

BACKGROUND OF THE INVENTION

As is known, wireless communication standards place
stringent requirements on wireless communication devices’
dynamic range of operation to accommodate for the dra-
matic variations in signal strength of receive signals, which
may vary by orders of magnitude. To meet these
requirements, wireless communication devices are designed
using radio frequency (RF) integrated circuits (IC) that
consume low power and produce little noise. As is also
known, on-chip inductors are significant components of
RFIC’s and are used in oscillators, impedance matching
networks, emitter degeneration circuits, filters, and/or bal-
uns. Thus, it is desirable to use on-chip inductors that
consume as little power as possible and produce as little
noise as possible. In addition, it is desirable to use on-chip
inductors that provide a desired inductance value at a desired
operating rate consuming as little IC real estate as possible.

To minimize power consumption and to reduce noise, an
inductor should have a high quality factor (Q factor). As is
known, the Q factor is a measure of an inductor’s perfor-
mance characteristics expressed in power capabilities at a
resonant frequency and its selectivity (i.e., power ratio in
decibels versus frequency). As is known, CMOS on-chip
inductors have a relatively low Q factor in the range of 5-10.

As with any circuit or component implemented on an
integrated circuit, the circuit and/or component should be as
small as possible (i.e., have as small of an IC footprint as
possible) and still be able to achieve the desired performance
criteria. In general, on-chip inductors’ performance criteria
is becoming more and more demanding as the demands for
larger inductance values, high Q factors, lower noise levels,
higher operating rates, et cetera increase.

FIG. 1 illustrates a single ended multi-layer on-chip
inductor, which includes multiple windings (Windings
#1-#3) on multiple layers (Layers #1—#3). As shown, the
windings are connected by vias (Vias #1 and #2). While such
an inductor provides a relatively small footprint and can
have higher inductance values than single layer inductors of
a similar footprint, it typically has a relatively significant
capacitance value that limits the resonant frequency, which
in turn limits the operating frequency of the inductor. In
addition and as is generally known, single ended circuits are
inherently noisier than differential circuits. Thus, for noise
sensitive circuits, a differential inductor is often chosen over
a single ended inductor.

FIG. 2 illustrates a single layered differential inductor
having 1* and 2" windings (Windings #1 and #2) on one
layer (Layer #1). Winding #1 is coupled to Winding #2 via
a bridge on Layer #2 and interconnecting vias #1 and #2.
The differential single layered inductor receives a differen-
tial signal via nodes 1 and 2. Such a differential inductor has
a low capacitance value, but to achieve a large inductance
value, it consumes a significant amount of IC real estate. In
addition, the differential inductor is not symmetrical because
node #1 to ground is all on the first layer and node #2 to
ground includes the bridge and the vias, thus it is longer.

Therefore a need exists for a differential inductor that
minimizes the use of integrated circuit real estate, can
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operate at relatively high frequencies, has a relatively high
Q factor and a need also exists for a method of design and
a method of manufacture for a multi layer differential
inductor.

SUMMARY OF THE INVENTION

The on-chip differential multi-layer inductor disclosed
herein substantially meets these needs and others. Such an
on-chip differential multi-layer inductor includes a 1** partial
winding on a 1* layer, a 2" partial winding on the 1*' layer,
a 3 partial winding on a 2" layer, a 4” partial winding on
the 2" layer, and an interconnecting structure. The 1°* and
2" partial windings on the 1* layer are operably coupled to
receive a differential input signal. The 3™ and 47 partial
windings on the 2" layer are each operably coupled to a
center tap. The interconnecting structure couples the 1%, 27,
37 and 4” partial windings such that the 1** and 3"/ partial
windings form a winding that is symmetrical about the
center tap with a winding formed by the 2"¢ and 4" partial
windings. By designing the on-chip differential multi-layer
inductor to have a desired inductance value, a desired Q
factor, and a desired operating rate, a desired resonant
frequency and corresponding desired capacitance value can
be determined. Having determined the electrical parameters
of the multi layer established, the geometric shapes of the
windings, number of windings, number of layers to support
the inductor, and the interconnecting structure may be
determined.

Other embodiments of an on-chip differential multi-layer
inductor include parallel partial windings on 3" and 4
layers that are operably coupled in parallel (i.e., shunted)
with the 1%, 279, 3" and 4 partial windings. In addition, the
positioning of the partial windings with respect to the
parallel windings and with respect to each other may be
positioned to tune the capacitance value of the inductor to set
the resonant frequency at a desired value.

In another aspect of an on-chip differential multi-layer
inductor, the windings on multiple layers may have similar
metalization (i.e., have about the same amount of metal
layers). The amount of metalization, the geometric shape of
the windings, and the number of layers to use may be
determined based on the desired inductance value, desired
metalization coverage, and operating rates. By evenly dis-
tributing or near evenly distributing metalization amongst
the layers, the manufacturing yield of integrated circuits
including on-chip inductors is increased.

As such, multiple embodiments of a differential inductor
may be designed and manufactured to minimize the use of
integrated circuit real estate, to operate at relatively high
frequencies, and to have a relatively high Q factor.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic block diagram of a prior art
single ended multiple layer inductor;

FIG. 2 illustrates a diagram of a prior art differential
single layer inductor;

FIG. 3 illustrates an isometric view of a multiple layer
differential inductor in accordance with the present inven-
tion;

FIG. 4 illustrates a top view of the multiple layer differ-
ential inductor in accordance with the present invention;

FIG. 5 illustrates an isometric view of another multiple
layer differential inductor in accordance with the present
invention;

FIG. 6 illustrates a top view of a multiple turn, multiple
layer differential inductor in accordance with the present
invention;
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FIG. 7 illustrates a notching of a winding in accordance
with the present invention;

FIG. 8 illustrates a logic diagram of a method for design-
ing a multiple layer differential inductor in accordance with
the present invention;

FIG. 9 illustrates a frequency response of a differential
inductor; and

FIG. 10 illustrates a logic diagram of a method for
manufacturing a multi-layer differential inductor in accor-
dance with the present invention.

DETAIL DESCRIPTION OF A PREFERRED
EMBODIMENT

FIG. 3 illustrates an isometric view of a multiple layer
differential inductor 10 that includes a 1°* partial winding 12
on a 1 layer 14 of an integrated circuit, a 2" partial winding
16 on the 1°* layer 14, a 3" partial winding 18 on a 2" layer
20 of the integrated circuit, a 4” partial winding 22 on the
274 ayer 20, an interconnecting structure 24, and a center tap
26. The 1° and 2" partial windings 12 and 16 are operably
coupled to receive a differential input 28. As can be seen in
FIG. 3, the 1** partial winding 12 is coupled to the 3™ partial
winding 18 by the interconnecting structure 24. Similarly,
the 2"/ partial winding 16 is coupled to the 4™ partial
winding 22 via the interconnecting structure 24. The 4
partial winding 22 and the 3"/ partial winding 18 are both
coupled to center tap 26. As configured, the winding formed
by the 1* partial winding and 3’7 partial winding 18 is
identical (within manufacturing limits) to the winding
formed by the 2" partial winding 16 and 4” partial winding
22. In particular, the amount of metalization from the
differential inputs to the center tap via the 1°* and 3" partial
windings is equal to the amount of metalization of the 2"¢
partial winding 16 and 4% partial winding 22. By matching
the metalization from the legs of the differential input 28 to
the center tap, the differential inductor 10 will be symmetri-
cal in operation.

The interconnecting structure 24 may include a 1* set of
vias that couple the 1* partial winding to the 3™ partial
winding and a 2" set of vias that couple the 2"¢ partial
winding to the 47 partial winding. Regardless of the number
of vias used, and/or bridges included in the interconnecting
structure 24, the 1°* set is symmetrical to the 2™ set. Such
symmetry ensures that each winding of the differential
inductor will be symmetrical.

In the design of a multi-layer differential inductor, such as
the one depicted in FIG. 3, the desired inductance value and
the operating frequency are determined in accordance with
the circuitry incorporating the differential inductor. The
resonant frequency of the inductor may be determined from
the required operating rate. In general, the resonant fre-
quency should be at least twice that of the operating fre-
quency. Now having the desired inductance value and
required resonant frequency, the required capacitance value
may then be ascertained. From these values, the structure of
the multiple layer differential inductor may be determined.

In general, integrated circuit manufacture yield increases
when the amount of metalization per layer is in the range of
20-80%. Thus, the structure of the multiple layer inductor
should use as many layers as possible and the amount of
metalization on each layer should be in amounts to achieve
the desires 20-80% metalization. In addition, layers that
support thicker metalization should be used for higher
current windings to minimize the effective impedance,
which increases the Q factor. In contrast, integrated circuits
that include a single layer differential inductor of the prior
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art suffer from lower yields since the layers above and/or
below the differential inductor were unused. This problem is
accentuated as the desired inductance value increases, since
it requires an increasing amount of integrated circuit real
estate to achieve the desired inductance values. Thus, the
amount of unused integrated real estate on other layers
increases, which creates a greater metalization imbalance
between the layers resulting in decreased yields.

In addition to improving yields by utilizing multiple
layers to implement a differential inductor, the integrated
circuit footprint of the differential inductor may be
decreased while maintaining a desired inductance value. In
particular, the inductance value of a multiple layer inductor
increases approximately by the square of the number of
layers used for the same amount of IC real estate per layer.
For example, a single layer inductor that utilizes 4 millime-
ters by 4 millimeters of integrated circuit real estate will
have a 1°* inductance value. An inductor that utilizes 1
millimeter by 1 millimeter real estate area on 2 layers will
have 4 times the inductance of the 1 mm by 1 mm single
layer inductor.

While increasing the number of layers reduces the IC
footprint and increases the inductance value of an inductor,
the parasitic capacitance may be so large that the inductor is
unusable at the desired operating rates. To insure that the
multiple layer differential inductor is useable at the desired
operating frequency, the parasitic capacitance is tuned such
that the inductor has a resonant frequency that is at least
twice the frequency of the operating rate. Note that by tuning
the capacitance such that the resonant frequency is approxi-
mately twice the operating frequency, as opposed to being
many times greater than the operating frequency, the quality
factor of the inductor is increased since the peak of the
quality function moves closer to the operating frequency. In
one embodiment, the parasitic capacitance may be tuned by
varying the distance between the partial windings on one
layer and the partial windings on another layer (e.g., skip-
ping a layer), and/or offsetting the partial windings such that
they do not lie directly above or below the other partial
windings.

While the implementation of the multi-layer differential
inductor 10 of FIG. 3 illustrates the same number of wind-
ings on each layer, one of average skill in the art will
appreciate that each layer may have a different number of
turns while maintaining electromagnetic symmetry. In
particular, depending on IC technology and area constraints,
a higher Q value with smaller areas may be obtained for
fixed inductor values by allowing a smaller portion of the
inductance to be obtained by a smaller number of turns at
thinner metal track levels while the larger portion of the
inductance results from thicker metal track levels. As one of
average skill in the art will appreciate, such varying of the
inductance between thicker and thinner metal tracks can be
tailored for any CMOS foundry process.

FIG. 4 illustrates a top view of the multi-layer differential
inductor 10. In this illustration, the 1%, 2"¢, 3" and 4" partial
windings 12, 16, 18 and 22 are shown more clearly to
illustrate the symmetry between the differential inputs and
the center tap 26. As one of average skill in the art will
appreciate, the multi-layer differential inductor 10 may
include more layers and more windings but maintains an
electromagnetic symmetry from the differential inputs to the
center tap. In addition, the positioning of the partial wind-
ings on lower layers may be skewed (i.e., not directly under)
the layers on above windings to tune the capacitance values.
As such, a differential inductor that minimizes the use of
integrated circuit real estate, operates at relatively high
frequencies, and has a relatively high Q factor is achieved.
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FIG. 5 illustrates a multi-layer differential inductor 30 that
includes the 1% partial winding 12 on a 1** layer 14 shunted
(or coupled in parallel) with a 1** parallel partial winding 32
on a 3" layer 34. Similarly, the 2"/ partial winding 16 on the
1% layer 14 is shunted with a 2" parallel partial winding 36
on the 37 layer 34. The 3™ partial winding 18 on a 2"/ layer
20 is shunted with a 3" parallel partial winding 38 on a 4
layer 40. The 4" partial winding 22 on the 2" layer 20 is
shunted with a 47 parallel partial winding 42 on the 47 layer
40. The shunted windings are operably coupled via the
interconnecting structure 24. In this implementation, the
interconnecting structure includes vias.

If the multi-layer differential inductor 30 is implemented
on a six layer integrated circuit, the 1° and 2" partial
windings may be on a 1°* layer, the 1°* and 2" parallel partial
windings may be on the next lower layer, the 3 and 4
partial windings 18 and 22 may be on the next lower layer
and the 3" and 4™ parallel partial windings may be on the
next lower layer. To alter the capacitance of the differential
inductor, the 3" and 47 partial windings as well as the 3™
and 47 parallel partial windings may be moved down a layer
such that the distance between the shunted 1° and 2"¢
parallel partial windings and the 3" and 4” shunted partial
windings is increased.

As one of average skill in the art will appreciate, other
partial windings may be shunted in parallel with the 1, 2%,
3" and 47 partial windings to further increase the metal-
ization use of the integrated circuit. In addition, the number
of turns per layer may be increased.

FIG. 6 illustrates a top view of a multi-turn multiple layer
differential inductor 50. In this embodiment, the 1* partial
winding 52 is on a 1** layer 54, the 2" partial winding 56 is
on the 1°° layer 54. The 3" partial winding 58 is on a 2"“
layer 60 and the 4” partial winding 62 is on the 2" layer 60.
The center tap 64 may be on the 1 or 2"/ layer 54 or 60. The
interconnecting structure connects the partial windings on
the 2" layer with the partial windings on the 1* layer.

FIG. 7 illustrates a graphical representation of notching
70, the 1°* or 2™ partial windings to make room for an
interconnecting structure that includes a bridge 72 and vias
74 and 76. By notching a partial winding, a bridge may be
used in a position that otherwise would not be available in
the design of a multi-turn multiple layer differential inductor.

FIG. 8 illustrates a logic diagram of a method for design-
ing an on-chip differential multiple layer inductor. The
process begins at Step 80 where an inductance value for the
on-chip differential multi-layer inductor is established. The
inductance value is dictated by the circuit embodying the
differential inductor. The process then proceeds to Step 82
where an operating rate for the differential inductor is
established. This too will be dictated by the circuitry
embodying the differential inductor.

The process then proceeds to Step 84 where a resonant
frequency for the on-chip differential multiple layer inductor
is established based on the operating rate. To achieve opti-
mum performance of the inductor, (i.e., highest quality
factor, et cetera) the resonant frequency should be approxi-
mately twice that of the operating rate.

FIG. 9 illustrates a graph that plots inductance of a
differential inductor versus frequency. As shown, as the
frequency increases, the inductance value varies and then, at
the resonant frequency, the parasitic capacitance dominates
the properties of the inductor such that at frequencies above
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the resonant frequency, the differential inductor functions
primarily like a capacitor. For reliable operation, the induc-
tance value, at and around the operating frequency, should
be relatively constant but as close to the resonant frequency
as possible, which typically occurs at about % of the
resonant frequency.

Returning to the logic diagram of FIG. 8, the process
proceeds to Step 86 where a desired capacitance value (i.e.,
parasitic capacitance) of the differential inductor is deter-
mined from the resonant frequency and the inductance
value. The process then proceeds to Step 88 where a number
of layers to implement the on-chip inductor is determined.
The number of layers will be based on the desired metal-
ization coverage for the various layers, the number of layers
available, the desired capacitance value, and the desired
amount of integrated real estate consumed per layer.

The process then proceeds to Step 90, where the geomet-
ric patterns for partial windings on each of the layers are
determined based on the desired inductance value, desired
capacitance value, and the number of layers. The geometric
patterns may include notches to provide clearance for the
interconnecting structure. In addition, the geometric patterns
may include shunting of windings and/or coupling windings
in series as previously discussed with reference to FIGS.
3-6.

The process then proceeds to Step 92, where an intercon-
necting structure is generated to symmetrically couple the
partial windings to produce the differential inductor. The
interconnecting structure may include vias and/or bridges
that are sized and positioned to maintain symmetry within a
differential inductor.

FIG. 10 illustrates a method of manufacturing a differen-
tial inductor. The process begins at Step 100, where geo-
metric patterns for partial windings are fabricated on a
number of layers, where the patterns are based on an
established inductance value, and established operating rate,
and established resonant frequency, a determined desired
capacitance value and a determined number of layers. The
capacitance value is determined based on the established
resonant frequency and the established inductance value.
The number of layers used is partially based on the desired
metalization coverage for each layer. The geometric patterns
may include notches in some of the partial windings to
provide clearance for the interconnecting structure. In
addition, the partial windings on multiple layers may be
shunted and/or connected in series to provide the desired
inductance values. As previously mentioned, for a given IC
real estate area, the inductance value increases by the square
of number of layers used when the windings are connected.
As such, the multiple layer inductor may be implemented on
every layer of an integrated circuit where some of the
windings on layers are shunted together and others are
connected in series.

The process then proceeds to Step 102, where the inter-
connecting structure is fabricated to produce symmetrical
coupling between the partial windings.

The preceding discussion has presented an on-chip mul-
tiple layer differential inductor, a method of design of such
an inductor and a method of manufacture of such an induc-
tor. By taking into account the various aspects as mentioned
in the method of design, a high performance economical
differential inductor may be achieved. As one of average
skill in the art will appreciate, other embodiments may be
derived from the teaching of the present invention, without
deviating from the scope of the claims.
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What is claimed is:

1. An on-chip differential multiple layer inductor com-
prises:

first partial winding on a first layer, wherein the first

partial winding is operably coupled to receive a first leg
of a differential input;

second partial winding on the first layer, wherein the

second partial winding is operably coupled to receive a
second leg of the differential input;
third partial winding on a second layer, wherein the third
partial winding is operably coupled to a center tap;

fourth partial winding on the second layer, wherein the
fourth partial winding is operably coupled to the center
tap; and

interconnecting structure operably coupled to the first,

second, third, and fourth partial windings such that the
first and third partial windings form a winding that is
symmetrical to a winding formed by the second and
fourth partial windings.

2. The on-chip differential multiple layer inductor of
claim 1 further comprises:

first parallel partial winding on a third layer, wherein the

first parallel partial winding is shunted to the first
partial winding;

second parallel partial winding on the third layer, wherein

the second parallel partial winding is shunted to the
second partial winding;

third parallel partial winding on a fourth layer, wherein

the third parallel partial winding is shunted to the third
partial winding; and

fourth parallel partial winding on the fourth layer, wherein

the fourth parallel partial winding is shunted to the
fourth partial winding.

3. The on-chip differential multiple layer inductor of
claim 1 further comprises:

the third partial winding being positioned with respect to

the first partial winding and the fourth partial winding
being positioned with respect to the second partial
winding to establish a tuned capacitance such that a
quality factor of the on-chip differential multiple layer
inductor is optimized.

4. The on-chip differential multiple layer inductor of
claim 1, wherein the interconnecting structure further com-
prises:

a first set of interconnections for coupling the first partial

winding to the third partial winding; and

a second set of interconnections for coupling the second

partial winding to the fourth partial winding, wherein s

the first set of interconnections is symmetrical to the
second set of interconnections.
5. The on-chip differential multiple layer inductor of
claim 1 further comprises at least one of:
the first partial winding including a notched corner to
provide clearance for a bridge of the interconnecting
structure; and
the second partial winding including a second notched
corner to provide clearance for a second bridge of the
interconnecting structure.
6. The on-chip differential multiple layer inductor of
claim 1 further comprises:
the third partial winding having similar metalization as
the first partial winding; and
the fourth partial winding having similar metalization as
the second partial winding, such that yield of integrated

S

15

20

35

40

45

65

IPR2023-00789

8

circuits incorporating the on-chip differential multiple
layer inductor increases.
7. A method for designing an on-chip differential multiple
layer inductor, the method comprises:

establishing an inductance value for the on-chip differen-
tial multiple layer inductor;

establishing an operating rate for the on-chip differential
multiple layer inductor;

establishing a resonance frequency for the on-chip differ-
ential multiple layer inductor based on the operating
rate;

determining a desired capacitance of the on-chip differ-
ential multiple layer inductor from the resonance fre-
quency and the inductance value;

determining number of layers to implement the on-chip
differential multiple layer inductor;

generating geometric patterns for partial windings on each
of the number of layers based on the inductance value,
number of layers, and capacitance; and

generating an interconnecting structure to symmetrically
couple at least some of the partial windings together to
produce the on-chip differential multiple layer inductor.

8. The method of claim 7, wherein the determining the
number of layers further comprises:

establishing the number of layers at least partially based

on a desired metalization coverage for the layers.

9. The method of claim 7, wherein the generating the
geometric patterns for the partial windings further com-
prises:

including notches in at least some of the partial windings

to provide clearance for the interconnecting structure.

10. The method of claim 7, wherein the generating the
interconnecting structure further comprises:

generating a first set of interconnections to connect a first

set of the partial windings to produce one side of the
on-chip differential multiple layer inductor; and

generating a second set of interconnections to connect a

second set of the partial windings to produce another
side of the on-chip differential multiple layer inductor,
wherein the first set of vias and bridges is symmetrical
to the second set of vias and bridges.

11. The method of claim 10, wherein the generating the
first and second set of interconnections further comprises:

generating at least one bridge on a layer above the partial

windings that the bridge is connecting together.

12. The method of claim 7, wherein the determining of the
geometric shape of the partial windings further comprises:

decreasing size of each partial winding as the number of

layers increases such that per layer area of the on-chip
differential multiple layer inductor is reduced.

13. A method for manufacturing an on-chip differential
multiple layer inductor, the method comprises:

fabricating geometric patterns for partial windings on a

number of layers based on an established inductance
value, an established operating rate, an established
resonance frequency, a determined desired capacitance,
and a determined number of layers, wherein the deter-
mined desired capacitance is determined based on the
established resonance frequency and the established
inductance value; and

fabricating an interconnecting structure to symmetrically

couple at least some of the partial windings together to
produce the on-chip differential multiple layer inductor.
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14. The method of claim 13 further comprises: side of the on-chip differential multiple layer inductor,

establishing the number of layers at least partially based wherein the first set of interconnections is symmetrical

on a desired metalization coverage for the layers. to the second set of interconnections.

15. The method of claim 13, wherein the fabricating the 17. The method of claim 16, wherein the fabricating the
geometric patterns for the partial windings further com- 5 first and second set of interconnections further comprises:
prises: fabricating at least one bridge on a layer above the partial

fabricating notches in at least some of the partial windings windings that the at least one bridge is connecting

to provide clearance for the interconnecting structure. together.
~ 16. The method of claim 13, wherein the fabricating the ;o 18.The method of claim 13, wherein the fabricating of the
interconnecting structure further comprises: geometric shape of the partial windings further comprises:
fabricating a first set of interconnections to connect a first fabricating smaller sized partial windings as the number
set of the partial windings to produce one side of the of layers increases such that per layer area of the
on-chip differential multiple layer inductor; and on-chip differential multiple layer inductor is reduced.

fabricating a second set of interconnections to connect a

second set of the partial windings to produce another ® ok k%

ADVANCED MICRO DEVICES, INC. IPR2023-00789 Ex. 1013, p. 12 of 12





