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SYSTEM AND METHOD FOR CROSS-TALK
CANCELLATION IN SINGLE-ENDED
SIGNALING

FIELD OF THE INVENTION

[0001] The present invention relates to electrical signal
transmission, and more particularly to systems and methods
for cross-talk cancellation in single-ended signaling.

BACKGROUND

[0002] High-bandwidth transmission of data in on-chip
and multi-chip module settings requires robust, energy-
efficient signaling techniques. While conventional single-
ended transmission techniques are suitable for short-dis-
tance data transmission, these techniques can suffer
significant signal degradation due to cross-talk in longer-
distance, high-density configurations needed for global fly-
over and inter-chip data transmission. In certain high-speed,
high-density parallel interconnect configurations, cross-talk
among parallel data channels may limit the practical trans-
mission distance to a few millimeters, which is generally
inadequate for global fly-over and inter-chip transmission.
[0003] One technique for mitigating cross-talk is fully-
differential signaling, with twisted channel pairs. However,
this technique is relatively expensive as it requires twice as
many signal wires per channel, and consequently may suffer
reduced bandwidth density and energy efficiency compared
to single-ended signaling. Another technique for mitigating
cross-talk involves adding in-line analog compensation cir-
cuits to the receiver and/or transmitter end of a parallel
signal channel. The analog compensation circuits implement
a multiple-input, multiple-output equalizer having an appro-
priate frequency-domain matrix to compensate for channel
response. However, this approach consumes significant
power and requires additional die area and complexity to
accommodate the analog compensation circuits. Thus, there
is a need for addressing these issues and/or other issues
associated with the prior art.

SUMMARY

[0004] A system and method enable transmission of data
over a single-ended interconnect. The method comprises
receiving an input data word for transmission, encoding the
input data word into a code word, and driving the code word
on to an interconnect for transmission. The input data word
includes two or more independent bits of digital data. The
interconnect is a single-ended, twisted-wire interposer inter-
connect fabricated on an interposer device, and the inter-
connect includes signal wires corresponding to bits com-
prising the code word. The system comprises circuits
configured to perform the above method. The system and
method advantageously reduce cross-talk in high-speed data
transmission.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1Ais a flowchart of a method for transmitting
an input data word through a single-ended twisted-wire
on-chip fly-over interconnect, in accordance with one
embodiment;

[0006] FIG. 1B is a flowchart of a method for transmitting
an input data word through a single-ended twisted-wire
off-chip interposer interconnect, in accordance with one
embodiment;
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[0007] FIG. 2A illustrates a system configured to transmit
an input data word through an interconnect, in accordance
with one embodiment;

[0008] FIG. 2B illustrates a data word to balanced code
word mapping, in accordance with one embodiment;
[0009] FIG. 3A illustrates a cross-section of a wire group,
in accordance with one embodiment;

[0010] FIG. 3B illustrates a top view of a wire group, in
accordance with one embodiment;

[0011] FIG. 3C illustrates a schematic view of a wire
group configured to include single-twist structures, in accor-
dance with one embodiment;

[0012] FIG. 3D illustrates physical layout for a wire group
configured to include single-twist structures, in accordance
with one embodiment;

[0013] FIG. 3E illustrates a schematic view of a wire
group configured to include multiple segments comprising
single-twist structures, in accordance with one embodiment;
[0014] FIG. 3F illustrates a schematic view of double-
twist structures, in accordance with one embodiment;
[0015] FIG. 3G illustrates a schematic view of a wire
group configured to include multiple segments comprising
double-twist structures, in accordance with one embodi-
ment;

[0016] FIG. 3H illustrates a schematic view of a wire
group of eight signal wires configured to include multiple
segments comprising double-twist structures, in accordance
with one embodiment;

[0017] FIG. 4A illustrates a system comprising an inte-
grated circuit and fly-over interconnect, in accordance with
one embodiment;

[0018] FIG. 4B illustrates a cross-section of an integrated
circuit and a fly-over interconnect, in accordance with one
embodiment;

[0019] FIG. 4C illustrates a system comprising a multi-
chip module with an interposer interconnect configured to
couple a first integrated circuit to a second integrated circuit,
in accordance with one embodiment

[0020] FIG. 4D illustrates a cross-section of a multi-chip
module and interposer interconnect, in accordance with one
embodiment;

[0021] FIG. 5A illustrates an eye pattern for one signal
channel of a conventional parallel interconnect subjected to
random data;

[0022] FIG. 5B illustrates an eye pattern for one signal
channel of a single-twist interconnect subjected to balanced
code data, in accordance with one embodiment;

[0023] FIG. 5C illustrates an eye pattern for one signal
channel of a double-twist interconnect subjected to balanced
code data, in accordance with one embodiment;

[0024] FIG. 6 illustrates a graphics processing unit, in
accordance with one embodiment; and

[0025] FIG. 7 illustrates an exemplary system in which the
various architecture and/or functionality of the various pre-
vious embodiments may be implemented.

DETAILED DESCRIPTION

[0026] As integrated circuit and multi-chip module
designs increase in density and complexity, data intercon-
nects are required to span increasing distances and operate
at high speeds. Embodiments of the present invention miti-
gate cross-talk commonly associated with longer data inter-
connects operating at the required high speeds. In certain
embodiments, data is transmitted from one region of an
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integrated circuit die to another region of the same inte-
grated circuit die through a fly-over interconnect fabricated
as wires within upper metal layers of the die. In different
embodiments, data is transmitted through an interposer
interconnect implemented as wires within the interposer. For
example, in one embodiment, the data may be transmitted
from one region of an integrated circuit die to another region
of the same die through the interposer interconnect. In
another embodiment, the data may be transmitted from a
first integrated circuit die to a second integrated circuit die
through the interposer interconnect.

[0027] Two techniques are described herein to mitigate
cross-talk. The first technique involves mapping data words
into corresponding code words for transmission. In one
embodiment, the code words are balanced code words. The
balanced code words may balance the number of low-to-
high and high-to-low transitions for an arbitrary transition
from one code word to a different code word. Furthermore,
the balanced code words may each have a balanced number
of low and high logic levels. In certain embodiments, a
one-to-one mapping may exist between a given data word
and a corresponding code word. By transmitting only bal-
anced code words over a given interconnect, aggressor-
victim cross-talk noise coupled along the interconnect may
be reduced. The second technique involves twisting wires
comprising the interconnect to distribute cross-talk energy
from each aggressor to all victims evenly by twisting
single-ended channels.

[0028] Inone embodiment, both the first technique and the
second technique are implemented together such that data
words are encoded into balanced code words, and the
balanced code words are transmitted through an interconnect
comprising twisted single-ended channels. In another
embodiment, data words are transmitted through an inter-
connect comprising twisted single-ended channels.

[0029] Various embodiments of the present invention
improve high-speed data transmission by advantageously
reducing cross-talk in data interconnects. Signal integrity is
improved with reduced cross-talk, enabling the data inter-
connects to operate over longer distances and at higher
speeds.

[0030] FIG. 1A is a flowchart of a method 110 for trans-
mitting an input data word through a single-ended twisted-
wire on-chip fly-over interconnect, in accordance with one
embodiment. Although the method 110 is described in
conjunction with the systems of FIGS. 2A, 4A-4B, 6, and 7,
any system that implements method 110 is within the scope
and spirit of embodiments of the present invention. In one
embodiment, method 110 is implemented by a data trans-
mitter circuit, such as data transmitter circuit 230 within
integrated circuit 410 of FIGS. 4A-4B. Data may be
received and decoded by a data receiver circuit, such as data
receiver circuit 231. In general, a data transmitter circuit is
configured to drive data words through a twisted-wire on-
chip fly-over interconnect for transmission to a data receiver
circuit.

[0031] At step 112, the data transmitter circuit receives an
input data word for transmission. The data word may
comprise two or more independent bits of digital data that
may be generated in a common synchronous clock domain
associated with the data transmitter circuit. In step 114, the
data transmitter circuit encodes the data word into a code
word for transmission. In one embodiment, the code word is
a balanced code word. Each balanced code word may
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include a balanced number of transitions from any arbitrary
different code word so that a balanced number of low-to-
high and high-to-low transitions are transmitted through the
interconnect for each corresponding data word. Alternative
embodiments may implement different techniques for gen-
erating code words having various properties. In one alter-
native embodiment, each code word is equivalent to a
corresponding data word and cross-talk mitigation is
achieved primarily through the physical twisting structure of
the interconnect, described in greater detail below.

[0032] In step 116, the data transmitter circuit drives a
code word on to wires comprising the interconnect. In one
embodiment, driving the code word comprises driving each
wire of the interconnect to a high or low voltage level based
on the logic value of a corresponding bit of the code word.
A single-ended signal buffer may be used to drive a given
wire of the interconnect. In step 118, the code word is
transmitted through a single-ended twisted-wire on-chip
fly-over interconnect. The twisted-wire structure rotates
each single-ended interconnect wire through different inter-
connect lane positions along the interconnect path. The
twisted-wire structure is described in greater detail below. In
one embodiment, an on-chip fly-over interconnect com-
prises upper metal layer wires and associated vias for
coupling lower-level wire signals to the upper metal layer
wires. Such upper metal layers conventionally implement
power distribution networks and global signals, such as
global clock signals. For example, in an eight metal layer
process, metal layers seven and eight may be configured to
implement the fly-over interconnect as well as power dis-
tribution networks.

[0033] In step 120, the data receiver circuit decodes the
code word into an output data word corresponding to the
input data word. The data receiver circuit may receive the
code word from the single-ended twisted-wire on-chip fly-
over interconnect. The output data word may be further
transmitted to an appropriate module within the integrated
circuit.

[0034] FIG. 1B is a flowchart of a method 130 for trans-
mitting an input data word through a single-ended twisted-
wire off-chip interposer interconnect, in accordance with
one embodiment. Although the method 130 is described in
conjunction with the systems of FIGS. 2A, 4C-4D, 6, and 7,
any system that implements method 130 is within the scope
and spirit of embodiments of the present invention. In one
embodiment, method 130 is implemented by a data trans-
mitter circuit, such as data transmitter circuit 232 or data
transmitter circuit 234 within integrated circuit 450 of FIGS.
4C-4D. Data may be received and decoded by a data
receiver circuit, such as data receiver circuit 231 or data
receiver circuit 235. In general, a data transmitter circuit is
configured to drive data words through a twisted-wire off-
chip interposer interconnect for transmission to a data
receiver circuit.

[0035] At step 132, the data transmitter circuit receives an
input data word for transmission. The data word may
comprise two or more independent bits of digital data that
may be generated in a common synchronous clock domain
associated with the data transmitter circuit. In step 134, 134,
the data transmitter circuit encodes the data word into a code
word for transmission. In one embodiment, the code word is
a balanced code word. Each balanced code word may
include a balanced number of transitions from any arbitrary
different code word so that a balanced number of low-to-
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high and high-to-low transitions are transmitted through the
interconnect for each corresponding data word. Alternative
embodiments may implement different techniques for gen-
erating code words having various properties. In one alter-
native embodiment, each code word is equivalent to a
corresponding data word and cross-talk mitigation is
achieved primarily through the physical twisting structure of
the interconnect, described in greater detail below.

[0036] In step 136, the data transmitter circuit drives a
code word on to wires comprising the interconnect. In one
embodiment, driving the code word comprises driving each
wire of the interconnect to a high or low voltage level based
on the logic value of a corresponding bit of the code word.
A single-ended signal buffer may be used to drive a given
wire of the interconnect. In step 138, the code word is
transmitted through a single-ended twisted-wire off-chip
interposer interconnect. The twisted-wire structure rotates
each single-ended interconnect wire through different inter-
connect lane positions along the interconnect path within an
interposer device. The twisted-wire structure is described in
greater detail below. In one embodiment, an off-chip inter-
poser interconnect comprises metal wires fabricated within
the interposer device and associated vias, and bump/ball
structures for coupling the interposer interconnect to the data
transmitter circuit.

[0037] In step 140, the data receiver circuit decodes the
code word into an output data word corresponding to the
input data word. The data receiver circuit may receive the
code word from the single-ended twisted-wire off-chip inter-
poser interconnect. The output data word may be further
transmitted to an appropriate module within an integrated
circuit associated with the data receiver circuit. The data
receiver circuit may be disposed within the same integrated
circuit as the data transmitter circuit or the data receiver
circuit may be disposed within a different integrated circuit
as the data transmitter circuit. Both scenarios are illustrated
below in FIG. 4C.

[0038] FIG. 2A illustrates a system 210 configured to
transmit an input data word 220 through an interconnect
238, in accordance with one embodiment. As shown, system
210 includes a data transmitter circuit 230, the interconnect
238, and a data receiver circuit 231. The data transmitter
circuit 230 may receive input data word 220 and generate a
corresponding code word 222 for transmission through
interconnect 238. The input data word 220 may comprise a
set of digital bits, each corresponding to one data input wire
Din. A logic level (0 or 1) for each digital bit may be
represented as an electrical signal, such as a voltage level. In
one embodiment, embodiment, logic levels are generally
represented as a voltage, wherein a low voltage level rep-
resents a logical 0 and a high voltage level represents a
logical 1. The code word 222 may comprise a set of digital
bits, each corresponding to one code word node TX. The
interconnect 238 may be configured to transmit a voltage
level from each code word node TX to a corresponding
receiver-side code word node RX. A receiver-side code word
224 may be represented by a set of digital bits, each
corresponding to one code word node RX. Each code word
node TX][1] through TX[M] may be electrically connected
(i.e., coupled), such as through a wire, to a corresponding
code word node RX[1] through RX[M]. In one embodiment,
the input data word 220 includes four bits (N=3), and the
code word 224 includes six bits (M=6). M and N are integer
number and M may be equal to or larger than N+1. The code
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word 224 should should be logically identical to a corre-
sponding code word 222 transmitted by the data transmitter
circuit 230. The data receiver circuit 231 receives code word
224 and maps the code word 224 to an output data word 226.
The output data word 226 may comprise a set of digital bits,
each corresponding to one data output wire Dout.

[0039] In one embodiment, data transmitter circuit 230,
interconnect 238, and data receiver circuit 231 are disposed
within an integrated circuit. In such an embodiment, inter-
connect 238 may comprise a single-ended twisted-wire
on-chip fly-over interconnect fabricated to include two or
more upper metal layers of the integrated circuit. In another
embodiment, the interconnect 238 may comprise a single-
ended twisted-wire off-chip interposer interconnect fabri-
cated to include metal layers within an interposer device. In
certain embodiments, the data transmitter circuit 230 may be
fabricated within the same integrated circuit die as the data
receiver circuit 231. In certain other embodiments, the
transmitter circuit 230 may be fabricated within a different
integrated circuit die as the data receiver circuit 231.
[0040] FIG. 2B illustrates a data word 250 to balanced
code word 252 mapping, in accordance with one embodi-
ment. As shown, each possible four-bit pattern for a data
word 250 has a one-to-one mapping with a corresponding
six-bit pattern for a balanced code word 252. In this exem-
plary mapping, each possible transition from one balanced
code word to a different balanced code word has the property
of inverting an identical number of bits. In other words any
any two different balanced code words differ by an identical
number of bits going from 1 (high) to 0 (low) and from 0 to
1. Sequentially transmitting two different balanced code
words over an interconnect therefore has a property of
generating an equal number of low-to-high and high-to-low
transitions between the two balanced code words. This
property applies to any two balanced balanced code words
transmitted in any sequence. Furthermore, this property
generally reduces aggressor-victim cross-talk within the
interconnect because aggressor channels generate opposing
cross-talk currents.

[0041] A data transmitter circuit may receive an incoming
data word and map the data word to corresponding balanced
code words for transmission through an interconnect. A data
receiver circuit may receive an incoming balanced code
word from the interconnect and map the balanced code word
to a corresponding data word for use in an associated circuit
module. In one embodiment, data transmitter circuit 230 of
FIG. 2A encodes an input data word 220 by mapping the
input data word to a corresponding balanced code word 252
for transmission over interconnect 238. In such an embodi-
ment, data receiver circuit 231 performs a reverse mapping
from the balanced code word 252 to a data word 250 to
generate an output data word 226.

[0042] The exemplary mapping shown here between a
four-bit data word and a six-bit balanced code word serves
to illustrate the concept of a balanced code word and in no
way limits the number of data word bits that may be mapped
to a balanced code word.

[0043] In one embodiment, encoding (i.e. mapping) the
data word to 250 to a corresponding code word 252 is
performed using a look-up table circuit, such as a read-only
memory lookup table circuit or a direct logic circuit imple-
mentation of the look-up table. Similarly, decoding a code
word 252 into a corresponding data word 252 may be
performed using a reverse look-up table.
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[0044] FIG. 3A illustrates a cross-section of a wire group
310, in accordance with one embodiment. As shown, the
wire group 310 includes code word nodes TX1 through
TX6, along with a ground (GND) node and a positive supply
(VDD) node. The wire group 310 may form a portion of an
interconnect, such as interconnect 238 of FIG. 2A.

[0045] FIG. 3B illustrates a top view of the wire group
310, in accordance with one embodiment. As shown, wires
for coupling GND and VDD nodes may be routed alongside
wires comprising the wire group 310. Only a short, exem-
plary portion of wire group 310 is shown here. In a practical
implementation, such as an implementation of interconnect
238, fabricated wires associated with TX1 through TX6 are
routed from data transmitter circuit 230 to data receiver
circuit 231 within one or more integrated circuits.

[0046] FIG. 3C illustrates a schematic view of a wire
group 320 configured to include single-twist structures, in
accordance with one embodiment. As shown, a single-twist
structure 322 may be configured to twist or swap the position
of associated wires along a path formed by the wires. In this
example, nodes TX5 and TX6 are twisted along the path
formed by the associated wires. Similarly, as shown in FIG.
3C, single-twist structures for wire group 320 may also twist
TX3 and TX4, as well as TX1 and TX2.

[0047] FIG. 3D illustrates physical layout for a wire group
330 configured to include single-twist structures, in accor-
dance with one embodiment. The single-twist structures
may be implemented as physical structures having two
different metal layers and a via layer. As shown, wires
implemented in an upper metal layer (N) are depicted using
a diagonal fill pattern, while wires implemented in a lower
metal layer (N-1) are depicted using a cross-hatch fill
pattern. A via connecting the upper metal layer and the lower
metal layer is depicted as a square with a diagonal cross. An
exemplary single-twist structure 332 may implement a
single-twist structure associated with nodes TX5 and TX6.
Similarly, as shown in FIG. 3D, single-twist structures for
wire group 332 may also twist TX3 and TX4, as well as TX1
and TX2. In one embodiment, physical design and layout for
wire group 320 of FIG. 3C may be implemented according
to the physical structures depicted for wire group 330. More
generally, two different metal layers may implement a wire
group associated with an interconnect, such as interconnect
238, and twist structures may be implemented according to
single-twist structure 332. In other embodiments, more than
two different metal layers and connecting vias may be used
to implement the single-twist structure 332. Furthermore,
multiple-twist structures may be implemented by extending
the physical structure of single-twist structure 332 to tra-
verse two or more wire lanes instead of the one traversal
shown.

[0048] FIG. 3E illustrates a schematic view of a wire
group 340 configured to include multiple segments 342
comprising single-twist structures, in accordance with one
embodiment. As shown, wire group 340 includes six seg-
ments 342, each associated with single-twist structures on
each end. In other embodiments, wire group 340 may
include fewer or additional segments (not shown). In one
embodiment, when a single-twist structure is used, the
number of segments is an integer multiple of the number of
wires. As shown in FIG. 3E, at least one wire wire in the wire
group 340 twists at a boundary between two of the six
segments 342. The single-twist structure 322 may be fabri-
cated at one or more boundaries between the segments 342.

Jun. 15,2017

In one embodiment, nodes TX1 through TX6 are electrically
coupled to nodes RX1 through RX6, respectively. Further-
more, nodes TX1 through TX6 may be coupled to data
transmitter circuit 230, and nodes RX1 through RX6 may be
coupled to data receiver circuit 231, with interconnect 238
implemented to include wire group 340. In one embodiment,
within each segment 342, the wires in the wire group 340 are
routed in parallel and are substantially equal in length.
[0049] FIG. 3F illustrates a schematic view of double-
twist structures 350, 352, 354, in accordance with one
embodiment. As shown, double-twist structure 350 twists
node A and node B, with node B twisted up one lane up and
node A twisted down two lanes. Double-twist structure 352
twists node A and node B, with node A twisted down one
lane and node B twisted up two lanes. Double-twist structure
354 twists node A and node B, with node A twisted down
two lanes and node B twisted up two lanes. The double-twist
structures 350, 352, 354 may be combined within a wire
group to implement various interconnect configurations, as
shown below in FIGS. 3G and 311. Furthermore, the double-
twist structures 350, 352, 354 may be implemented using
two different metal layers and connecting vias, as illustrated
previously in FIG. 3D. In other embodiments, more than two
different metal layers and connecting vias may be used to
implement the double-twist structures 350, 352, 354.
[0050] FIG. 3G illustrates a schematic view of a wire
group 360 configured to include multiple segments 362
comprising double-twist structures, in accordance with one
embodiment. As shown, wire group 360 includes six wires,
that each traverses six segments 362. As shown in in FIG.
3G, at least one wire in the wire group 360 twists at a
boundary between two of the six segments 362. One or more
of the double-twist structures 350, 352, and/or 354 may be
fabricated at boundaries between segments 362. In one
embodiment, nodes TX1 through TX6 are electrically
coupled to nodes RX1 through RX6, respectively. Further-
more, nodes TX1 through TX6 may be coupled to data
transmitter circuit 230, and nodes RX1 through RX6 may be
coupled to data receiver circuit 231, with interconnect 238
implemented to include wire group 360. In one embodiment,
within each segment 362, the wires in the wire group 360 are
routed in in parallel and are substantially equal in length.
[0051] In one embodiment, when a double-twist structure
is used, the number of segments is an integer multiple of half
the number of wires. For example, a group of six wires may
be implemented as six segments of single-twist structures, or
as three segments of double-twist structures. In one embodi-
ment, a group of six wires implemented as three segments of
double-twist structures provides similar cross-talk reduction
performance compared to six-segments of single-twist struc-
tures. And six-segments of double-twist structure may pro-
vide better cross-talk reduction performance compared to
three-segments of double-twist structure and six-segments
of single-twist structure. Using more segments than the
number of wires is possible, but may not be cost effective,
because no additional cross-talk reduction may be realized.
[0052] FIG. 3H illustrates a schematic view of a wire
group 370 of eight signal wires configured to include
multiple segments 372 comprising double-twist structures,
in accordance with one embodiment. As shown, each of the
eight signal wires is associated with a different input node
TX1 through TX8 and a corresponding output node RX1
through RX8. Each input node TX1 through TX8 is elec-
trically coupled through a different one of the eight signal
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wires to a corresponding output node RX1 through RXS.
Furthermore, each of the eight signal wires passes through
eight segments 372.

[0053] One property of the exemplary twisting patterns
associated with wire groups 340, 360, 370 is that each wire
within a given wire group traverses approximately the same
distance as a potential aggressor and victim with respect to
each other wire within the wire group, thereby averaging
cross-talk from each potential aggressor to each potential
victim substantially evenly. Supply nodes VDD and GND
may not be given equal treatment as aggressor or victim
wires relative to signal wires.

[0054] Averaging as an independent strategy to reduce
cross-talk beneficially distributes and reduces aggressor-
victim cross-talk. When such averaging is combined with
balanced coding, as described previously, cross-talk may be
further reduced. In each transition from one balanced code
to a different balanced code, an equal number of low-to-high
and high-to-low transitions are driven along signal wires
comprising a wire group. Consequently, each victim wire
within a wire group will be subjected equally to low-going
and high-going cross talk before traversing all segments
associated with the wire group.

[0055] While all low-going cross-talk may not be coupled
onto the victim wire at the same physical location (segment)
within the wire group as all high-going cross-talk, both
low-going and high-going cross-talk will be coupled sub-
stantially evenly onto the victim wire at an appropriate time
to provide substantial net cancellation of both. Such can-
cellation may be distributed over different segments, but will
occur at an appropriate time in the victim wire signal to
provide proper cancellation.

[0056] For example, in the case of a data word 250
transition from “0000” to “0001,” a corresponding balanced
code word 252 transition from “000111” to “001011” may
be driven onto nodes TX1 through TX6 of interconnect 238
comprising a wire group 360. In this exemplary transition,
TX3 is driven from 1 to O (high-to-low), and TX4 is driven
from O to 1 (low-to-high). During the transition, TX3 and
TX4 may be considered aggressors because they are both
changing electrical state, and any wires within proximity to
TX3 and TX4 may be considered victims. Cross-talk can-
cellation may be illustrated by following the signal wire
associated with node TX2 to node RX2 in FIG. 3G. In
segment 362(1), TX2 is adjacent to TX3 and TX2 is sub-
jected to high-to-low cross-talk. In one embodiment, adja-
cent wires are routed in parallel and are substantially equal
in length. In segment 362(2), TX2 is adjacent to TX4 and
TX2 is subjected to low-to-high cross-talk. In segment
362(4), TX2 is again adjacent to TX3 and TX2 is again
subjected to high-to-low cross-talk. In segment 362(5), TX2
is again adjacent to TX4 and TX2 is again subjected to
low-to-high cross-talk. Overall, a wire associated with TX2
is subjected to cross-talk that is substantially balanced. In
one embodiment, electrical signals associated with TX1
through TX6 are substantially aligned in phase and are
generated synchronously, thereby causing cross-talk cancel-
lation to also occur in proper phase alignment with victim
signal phase.

[0057] An interconnect, such as interconnect 238, may
include one or more instances of a wire group, such as wire
group 340, 360, 370. Multiple instances of a wire group may
implement concurrent operation for wider data paths within
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interconnect 238. Alternatively, one or more wider balanced
code words may be implemented for a wider data path
within interconnect 238.

[0058] FIG. 4A illustrates a system comprising an inte-
grated circuit 410 and fly-over interconnect 424, in accor-
dance with one embodiment. As shown, integrated circuit
410 includes circuit modules 420, 422, and 426, each
fabricated within a local region of a single die within which
the integrated circuit 410 is fabricated. Circuit module 420
may include data transmitter circuit, 230 coupled to fly-over
interconnect 424. Circuit module 426 may include data
receiver circuit 231, also coupled to fly-over interconnect
424. In one embodiment, fly-over over interconnect 424
comprises interconnect 238, and fly-over interconnect 424
transmits code words 222 from data transmitter circuit 230
to data receiver circuit 231. Certain circuit modules within
integrated circuit 410 may also include local interconnects,
such as local interconnect 442, which may implement any
technically feasible signaling technique. In one embodi-
ment, data transmitter circuit 230 is configured to implement
steps 112 through 116 of method 110, described in FIG. 1A.
Furthermore, fly-over interconnect 424 is configured to
implement step 118 of method 110, and data receiver circuit
231 is configured to implement step 120 of method 110.
[0059] FIG. 4B illustrates a cross-section view of an
integrated circuit 410 and a fly-over interconnect 424, in
accordance with one embodiment. As shown, integrated
circuit 410 includes a substrate 412, active circuit layers
414, and upper metal layers 416. In one embodiment, the
upper metal layers 416 are configured to implement fly-over
interconnect 424. In alternative embodiments, any metal
layers or any other conductive layers fabricated in conjunc-
tion with integrated circuit 410 may implement fly-over
interconnect 424. Active circuit layers 414 may include
diffusion layers fabricated within substrate 412, as well as
layers fabricated at the surface of substrate 412 (metal
layers, poly-silicon, dielectric layers, and other layers). In
one embodiment, data transmitter circuit 230 and data
receiver circuit 231 are disposed at opposite ends of fly-over
interconnect 424.

[0060] FIG. 4C illustrates a system comprising a multi-
chip module 440 with an interposer interconnect 444 con-
figured to couple a first integrated circuit 450 to a second
integrated circuit 460, in accordance with one embodiment.
The interposer interconnect 444 may be fabricated from two
or more conductive layers of an interposer substrate 442. For
example, the interposer interconnect 444 may be fabricated
as two different metal layers of the interposer substrate 442.
Each integrated circuit 450, 460, and the interposer substrate
442 may be fabricated from a common material (e.g.,
silicon) or materials having a substantially identical thermal
coeflicient of expansion. The multi-chip module 440 may
further include a ball grid array (BGA) package comprising
a ceramic substrate, an organic substrate, a silicon substrate,
an epoxy or plastic enclosure, or any technically feasible
combination thereof. In one embodiment, the interposer
substrate 442 is coupled to the BGA package. Certain
electrical signals may be coupled from the the interposer
substrate 442 to input/output pins on the BGA package.
[0061] Integrated circuit 450 includes circuit modules 452,
and integrated circuit 460 includes circuit modules 462.
Circuit module 452(1) may include a data transmitter circuit
232, which may be implemented as an instance of data
transmitter circuit 230 of FIG. 2A. Data transmitter circuit
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232 may be configured to receive locally generated data
words from circuit module 452(1) and transmit the data
words as code words 222 through signal wires within
interposer interconnect 444. The signal wires may be con-
figured into wire groups, as illustrated above in FIGS.
3A-311. Electrical connections between each integrated
circuit 450, 460 and the interposer substrate 442 may be
implemented as controlled collapse chip connection (C-4)
connectors or joints (e.g., conductive balls). Circuit module
462(1) may include a data receiver circuit 233, configured to
receive code words 224 that are inbound and correspond to
code words 222. Data receiver circuit 233 may be imple-
mented as an instance of data receiver circuit 231. Data
transmitter circuit 232, interposer interconnect 444, and data
receiver circuit 233 collectively provide high-speed chip-to-
chip data communication between integrated circuit 450 and
integrated circuit 460.

[0062] Circuit module 452(1) may also include data trans-
mitter circuit 234, which may be implemented as an instance
of data transmitter circuit 230. Circuit module 452(2) may
include a data receiver circuit 235, which may be imple-
mented as an instance of data receiver circuit 231. In one
embodiment, an interposer interconnect 446 is configured to
transmit code words from data transmitter circuit 234 to data
receiver circuit 235. Data transmitter circuit 234, interposer
interconnect 446, and data receiver circuit 235 collectively
provide high-speed data communication between modules
452(1) and 452(2), both within integrated circuit 450.
[0063] In one embodiment, data transmitter circuit 232 is
configured to implement steps 132 through 136 of method
130, described in FIG. 1B. Furthermore, interposer inter-
connect 444 is configured to implement step 138 of method
130, and data receiver circuit 233 is configured to implement
step 140 of method 130. In another embodiment, data
transmitter circuit 234 is configured to implement steps 132
through 136 of method 130. Furthermore, interposer inter-
connect 446 is configured to implement step 138 of method
130, and data receiver circuit 235 is configured to implement
step 140 of method 130.

[0064] FIG. 4D illustrates a cross-section of multi-chip
module 440 and interposer interconnect 444, in accordance
with one embodiment. Interposer substrate 442 may include
a set of metal interconnect layers 443, including associated
via layers for the metal layers. In one embodiment, metal
layers 443 are configured to implement interposer intercon-
nect 444. In another embodiment, metal layers 443 are
configured to implement interposer interconnect 446.
[0065] FIG. 5A illustrates an eye pattern for one signal
channel of a conventional parallel interconnect subjected to
random data. The eye pattern is generated using transient
simulation for a 5 Gbps signal traversing 6 mm in a wire
group of six channels. As shown, conventional transmission
techniques yield an essentially closed eye, with little chance
of recovering data at a receiver circuit. Each wire was
designed to have a width of approximately 0.499 um and a
thickness of 0.85 um, with a spacing of 0.499 um.

[0066] FIG. 5B illustrates an eye pattern for one signal
channel of a single-twist interconnect subjected to balanced
code data, in accordance with one embodiment. Simulation
conditions are essentially identical to those of FIG. 5A,
however the interconnect is changed to a single-twist inter-
connect and balanced code data replaces the fully random
data. In this scenario, the eye opens up and data recovery is
significantly improved.
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[0067] FIG. 5C illustrates an eye pattern for one signal
channel of a double-twist interconnect subjected to balanced
code data, in accordance with one embodiment. Simulation
conditions are essentially identical to those of FIG. 5B,
however the interconnect is changed to a double-twist
interconnect. Balanced code data is maintained and the eye
opens up even more to yield a very clean signal with data
recovery improved still further.

[0068] More illustrative information will now be set forth
regarding various optional architectures and features with
which the foregoing framework may or may not be imple-
mented, per the desires of the user. It should be strongly
noted that the following information is set forth for illus-
trative purposes and should not be construed as limiting in
any manner. Any of the following features may be optionally
incorporated with or without the exclusion of other features
described.

[0069] FIG. 6 illustrates the operation of a processor 650,
in accordance with one embodiment. In one embodiment, as
shown in FIG. 6, processor 650 is a graphics processing unit
(GPU). In another embodiment, the processor 650 is gen-
eral-purpose processor or a central processing unit (CPU).
The processor 650 may be coupled to a memory 610. The
memory 610 may be a synchronous dynamic random access
memory (SDRAM) configured to store data accessible to the
processor 650. In one embodiment, the memory 610 is a
dedicated video memory that is only accessible by the
processor 650. In another embodiment, the memory 610 is
a system memory that is shared between a CPU (not shown)
and the processor 650.

[0070] The processor 650 may receive commands and data
from a CPU through an interface 601. The interface 601 may
be, e.g., a PCle (Peripheral Component Interconnect
Express) interface that enables the processor 650 to com-
municate with the CPU and/or a system memory via a bus
(not explicitly shown). The processor 650 may also include
one or more cores 602 that process data based on the
commands and/or programming instructions that may be
stored within the processor 650 or within memory 610, or
within any technically feasible memory subsystem. Each
core 602 may be multi-threaded to process multiple data in
parallel. In one embodiment, the cores 602 have a SIMD
(Single-Instruction, Multiple Data) architecture. In SIMD
architectures, a plurality of processing units process differ-
ent data based on the same instruction. In another embodi-
ment, the cores 602 have a MIMD (Multiple-Instruction,
Multiple Data) architecture. In MIMD architectures, a plu-
rality of processing units may be configured to process
different data based on different instructions scheduled on
each processing unit. In yet another embodiment, the cores
602 have a SIMT (Single-Instruction, Multiple-Thread
architecture. In SIMT architectures, a plurality of processing
units may be configured to process a plurality of related
threads, each thread having the same instructions configured
to process different data, but each thread capable of branch-
ing independently. In other words, individual threads may be
masked to prevent execution of certain instructions in SIMT
architectures. This enables conditional execution of the
instructions associated with the plurality of threads. The
processor 650 may also include a display controller 604 that
is configured to transmit video data 640, such as according
to a specification of a particular video signal interface. The
display controller 604 may read the image data from a row
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or frame buffer in the memory 610 and convert the values
stored in the row or frame buffer into video data 640.
[0071] In one embodiment, processor 650 is implemented
as a single chip, such as integrated circuit 410 of FIGS.
4A-4B, and one or more of the interface 601, the cores 602,
the display controller 604, and other modules within pro-
cessor 650 may each include an instance of the data trans-
mitter circuit 230 of FIG. 2A, an instance of the data receiver
circuit 231, or a combination thereof. Instances of the data
transmitter circuit may be coupled to instances of the data
receiver circuit through a single-ended twisted-wire inter-
connect. In one such embodiment, the interconnect is a
fly-over interconnect, such as fly-over interconnect 424. In
another embodiment, the interconnect is an interposer inter-
connect, such as interposer interconnect 446.

[0072] In one embodiment, processor 650 is implemented
as a multi-chip module, such as multi-chip module 440 of
FIGS. 4C-4D, with different modules, such as the interface
601, the cores 602, the display controller 604, and other
modules within processor 650 distributed among two or
more different integrated circuits, wherein each module may
include an instance of the data transmitter circuit 230 of FIG.
2A, an instance of the data receiver circuit 231, or a
combination thereof. Instances of the data transmitter circuit
may be coupled to instances of the data receiver circuit
through a single-ended twisted-wire interconnect, such as
interposer interconnect 444.

[0073] In certain embodiments, multi-chip module 440
includes memory 610, which may be implemented as one or
more die, each configured to implement an SDRAM device.
In general, any interconnect within processor 650 or within
any other data processing system may be implemented using
the techniques disclosed herein.

[0074] The various embodiments described above may be
implemented in one or more of the central processor 701,
graphics processor 706, and display 708 of system 700,
described below.

[0075] FIG. 7 illustrates an exemplary system 700 in
which the various architecture and/or functionality of the
various previous embodiments may be implemented. As
shown, a system 700 is provided including at least one
central processor 701 that is connected to a communication
bus 702. The communication bus 702 may be implemented
using any suitable protocol, such as PCI (Peripheral Com-
ponent Interconnect), PCI-Express, AGP (Accelerated
Graphics Port), HyperTransport, or any other bus or point-
to-point communication protocol(s). The system 700 also
includes a main memory 704. Control logic (software) and
data are stored in the main memory 704 which may take the
form of random access memory (RAM).

[0076] The system 700 also includes input devices 712, a
graphics processor 706, and a display 708. In one embodi-
ment, the graphics processor 706 comprises the GPU 650
and the central processor 701 comprises the CPU. User input
may be received from the input devices 712, e.g., keyboard,
mouse, touchpad, microphone, and the like. In one embodi-
ment, the graphics processor 706 may include a plurality of
shader modules, a rasterization module, etc. Each of the
foregoing modules may even be situated on a single semi-
conductor platform to form a GPU.

[0077] In the present description, a single semiconductor
platform may refer to a sole unitary semiconductor-based
integrated circuit or chip. It should be noted that the term
single semiconductor platform may also refer to multi-chip

Jun. 15,2017

modules with increased connectivity which simulate on-chip
operation, and make substantial improvements over utilizing
a conventional CPU and bus implementation. Of course, the
various modules may also be situated separately or in
various combinations of semiconductor platforms per the
desires of the user.
[0078] The system 700 may also include a secondary
storage 710. The secondary storage 710 includes, for
example, a hard disk drive and/or a removable storage drive,
representing a floppy disk drive, a magnetic tape drive, a
compact disk drive, digital versatile disk (DVD) drive,
recording device, universal serial bus (USB) flash memory.
The removable storage drive reads from and/or writes to a
removable storage unit in a well-known manner.
[0079] Computer programs, or computer control logic
algorithms, may be stored in the main memory 704 and/or
the secondary storage 710. Such computer programs, when
executed, enable the system 700 to perform various func-
tions. The memory 704, the storage 710, and/or any other
storage are possible examples of computer-readable media.
[0080] In one embodiment, the architecture and/or func-
tionality of the various previous figures may be implemented
in the context of the central processor 701, the graphics
processor 706, an integrated circuit (not shown) that is
capable of at least a portion of the capabilities of both the
central processor 701 and the graphics processor 706, a
chipset (i.e., a group of integrated circuits designed to work
and sold as a unit for performing related functions, etc.),
and/or any other integrated circuit for that matter.
[0081] Still yet, the architecture and/or functionality of the
various previous figures may be implemented in the context
of'a general computer system, a circuit board system, a game
console system dedicated for entertainment purposes, an
application-specific system, and/or any other desired sys-
tem. For example, the system 700 may take the form of a
desktop computer, laptop computer, server, workstation,
game consoles, embedded system, and/or any other type of
logic. Still yet, the system 700 may take the form of various
other devices including, but not limited to a personal digital
assistant (PDA) device, a mobile phone device, a television,
etc.
[0082] Further, while not shown, the system 700 may be
coupled to a network (e.g., a telecommunications network,
local area network (LLAN), wireless network, wide area
network (WAN) such as the Internet, peer-to-peer network,
cable network, or the like) for communication purposes.
[0083] While various embodiments have been described
above, it should be understood that they have been presented
by way of example only, and not limitation. Thus, the
breadth and scope of a preferred embodiment should not be
limited by any of the above-described exemplary embodi-
ments, but should be defined only in accordance with the
following claims and their equivalents.
1. A method, comprising:
receiving an input data word for transmission, wherein the
input data word includes two or more independent bits
of digital data;
encoding the input data word into a code word; and
driving the code word on to an interconnect for transmis-
sion, wherein the interconnect is a single-ended,
twisted-wire interconnect fabricated on an interposer,
and
the interconnect includes signal wires corresponding to
bits comprising the code word.
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2-15. (canceled)

16. A system, comprising:

an interconnect fabricated on an interposer device; and

an integrated circuit die coupled to the interposer device,

the integrated circuit die fabricated to include:

a data transmitter circuit, configured to:

receive an input data word for transmission, wherein
the input data word includes two or more indepen-
dent bits of digital data;

encode the input data word into a code word; and

drive the code word on to the interconnect for trans-
mission, wherein the interconnect includes signal
wires corresponding to bits comprising the code
word.

17. The system of claim 16, further comprising a data
receiver circuit fabricated within a different integrated cir-
cuit die coupled to the interposer device, the data receiver
circuit configured to:

decode the code word to generate an output data word,

wherein the output data word is equivalent to the input
data word.

18. The system of claim 16, wherein the code word
exhibits an equal number of low-going and high-going
transitions for an arbitrary code word transition.

19. The system of claim 16, wherein the interconnect is
structured to include a set of segments fabricated on the
interposer device, and wherein the interconnect implements
a twisting pattern that places each signal wire adjacent to
each other signal wire as the signal wire traverses the set of
segments.

20. The system of claim 16, wherein the integrated circuit
die further comprises a processing unit.

21. An apparatus, comprising:

an interconnect fabricated on an interposer device; and

an integrated circuit die coupled to the interposer device,

the integrated circuit die fabricated to include:

a data transmitter circuit, configured to:

receive an input data word for transmission, wherein
the input data word includes two or more indepen-
dent bits of digital data;

encode the input data word into a code word; and

drive the code word on to the interconnect for trans-
mission, wherein the interconnect includes signal
wires corresponding to bits comprising the code
word.
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22. The apparatus of claim 21, wherein the two or more
independent bits of digital data are generated in a common
synchronous clock domain, and wherein each bit of the code
word is phase-aligned during transmission.

23. The apparatus of claim 21, wherein the data word
comprises four independent bits of digital data and the code
word includes six bits of digital data.

24. The apparatus of claim 21, wherein the code word is
generated to be a balanced code word.

25. The apparatus of claim 24, wherein the balanced code
word exhibits an equal number of low-going and high-going
transitions for an arbitrary code word transition.

26. The apparatus of claim 21, wherein the interconnect
includes single-twist structures.

27. The apparatus of claim 21, wherein the interconnect
includes double-twist structures.

28. The apparatus of claim 21, wherein the interconnect is
structured to include a set of segments equal in number to a
number of signal wires associated with the code word.

29. The apparatus of claim 28, wherein a twisting struc-
ture is implemented on at least one boundary of each
segment in the set of segments.

30. The apparatus of claim 28, wherein the signal wires
are routed in parallel within each segment.

31. The apparatus of claim 21, further comprising a data
receiver circuit disposed within an integrated circuit die,
wherein the data transmitter circuit is disposed within the
integrated circuit die and the code word that is transmitted
through the interconnect is received by the data receiver
circuit.

32. The apparatus of claim 31, wherein the data receiver
circuit is further configured to decode the code word to
generate an output data word that is equivalent to the input
data word.

33. The apparatus of claim 21, further comprising a data
receiver circuit disposed within an integrated circuit die,
wherein the data transmitter circuit is disposed within a
different integrated circuit die and the code word that is
transmitted through the interconnect is received by the data
receiver circuit.

34. The apparatus of claim 33, wherein the data receiver
circuit is further configured to decode the code word to
generate an output data word that is equivalent to the input
data word.



