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ZERO SUM SIGNALING IN A DIGITAL SYSTEM ENVIRONMENT

TECHNICAL FIELD

[0001] The disclosure relates to interconnection architectures for digital systems.

BACKGROUND

[0002] Digital systems make extensive use of high speed electrical interconnects in
routing signals among processing elements or between processing elements and
memory. The design of these high speed interconnects, including all of their
associated components (active buffers and their associated power delivery,
packaging components, printed circuit board traces, connectors, etc.) constitutes a
large fraction of the effort associated with developing many digital systems, and
often the limitations associated with these components significantly constrain
overall system performance. In addition, as overall system performance increases,
there is a corresponding scaling of bandwidth between processing elements and in
processor-memory paths.

[0003] Single-ended signaling is a commonly used method of transmitting
electrical signals. One wire carries a varying voltage that represents the signal,
while another wire is connected to a reference voltage, usually ground. An
alternative to single-ended signaling is differential signaling. In differential
signaling two complementary signals are sent on two separate wires. An
advantage of single-ended over differential signaling is that fewer interconnects are
needed to transmit multiple signals. If there are # signals, single-ended signaling
uses x interconnects, one for each signal, plus one shared interconnect for ground.
Differential signaling, on the other hand, uses at least 2n wires. A disadvantage of
single-ended signaling is that large power supply voltage transients may result
when multiple interconnects are switched simultaneously. This phenomenon is
referred to a simultancous switching noise (SSN). Differential signaling has many
advantages (¢.g., reduced crosstalk sensitivity, reduced simultancous switching
noise, etc.), but uses twice the number of interconnect traces as single-ended

signaling.
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[0004] The use of balanced codes has been proposed, for example, for encoding of
unchangeable data on a laser disk. Examples of such balanced coding schemes can
be found in: D. E. Knuth, “Efficient balanced codes,” IEEE Transactions on

Information Theory, vol. 32, no. 1, pp. 51-53, 1986.

SUMMARY

[0005] In general, the disclosure is directed to balanced and nearly balanced zero
sum signaling schemes. The balanced and nearly balanced zero sum signaling
schemes may be used in, for example, high performance computing systems, or in
any environment in which it may be desirable to reduce simultancous switching
noise while still minimizing the number of interconnects required to transmit data.
[0006] In one example, the disclosure is directed to a system comprising a plurality
of processing elements that communicate using n-bit data words, a plurality of
encoders, each associated with a different one of the plurality of processing
clements, and each of which receives an n-bit data word from the associated
processing element and encodes the n-bit data word into a corresponding balanced
(n+p)-bit data word comprised of an n-bit modified data word having an equal
number of ones and zeroes and a p-bit parity word, a plurality of parallel
interconnects that route the (n+p)-bit modified data words between the plurality of
processing elements, and a plurality of decoders, each associated with a different
one of the plurality of processing elements, and each of which decodes (n+p)-bit
modified data words into the corresponding n-bit data words for receipt by the
associated one of the plurality of processing elements.

[0007] In another example, the disclosure is directed to a system comprising a first
processing element and a second processing element that communicate using n-bit
data words, an encoder associated with the first processing element that receives an
n-bit data word from the first processing element and encodes the n-bit data word
into a corresponding (n+p)-bit balanced data word comprised of a balanced n-bit
modified data word having an equal number of ones and zeroes and a p-bit parity
word, an (n+p)-bit data bus that transmits the (n+p)-bit data word from the first

processing element to the second processing element, and a decoder associated
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with the second processing element that decodes the (n+p)-bit data word into the
corresponding n-bit data word for receipt by the second processing element.
[0008] In another example, the disclosure is directed to a method comprising
generating an n-bit data word at a first processing element, encoding the n-bit data
word into a corresponding (n+p)-bit balanced data word comprised of a n-bit
modified data word having an equal number of ones and zeroes and a p-bit parity
word, transmitting the (n+p)-bit data word from the first processing element to the
second processing element, and decoding the (n+p)-bit data word into the
corresponding n-bit data word for receipt by the second processing element.
[0009] In another example, the disclosure is directed to a system comprising a
plurality of devices that communicate using n-bit data words, a plurality of
encoders, each associated with a different one of the plurality of devices, and each
of which receives an n-bit data word from the associated device and encodes the n-
bit data word into a corresponding (n+p)-bit data word comprised of an n-bit
modified data word and a p-bit parity word, the n-bit modified data word having a
number of ones and a number of zeroes, wherein the number of ones is within a
disparity £d as compared to the number of zeroes, a plurality of parallel
interconnects that route the (n+p)-bit modified data words between the plurality of
devices, and a plurality of decoders, each associated with a different one of the
plurality of devices, and each of which decodes one or more of the (n+p)-bit
modified data words into the corresponding n-bit data words for receipt by the

associated one of the plurality of devices.
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[0010] In another example, the disclosure is directed to a method comprising
generating an n-bit data word at a first device, encoding the n-bit data word into a
corresponding (n+p)-bit data word comprised of an n-bit modified data word and a
p-bit parity word, the n-bit modified data word having a number of ones and a
number of zeroes, wherein the number of ones is within a disparity +d as compared
to the number of zeroes, transmitting the (n+p)-bit data word from the first device
to a second device, and decoding the (n+p)-bit data word into the corresponding n-
bit data word for receipt by the second device.

[0011] The details of one or more examples are set forth in the accompanying
drawings and the description below. Other features and advantages will be

apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0012] FIG. 1 is a block diagram illustrating an example implementation for a zero
sum interconnect system for an n-bit bit data bus.

[0013] FIG. 2 is an example graph illustrating disparity versus bits flipped for two
sample input codes using a first balanced zero sum coding method.

[0014] FIG. 3 shows is a diagram illustrating the number of bits flipped and an
example assigned parity word for each number of bits flipped using the first
balanced zero sum coding method.

[0015] FIG. 4 is an example graph illustrating disparity versus bits flipped for two
sample input codes using a first nearly balanced zero sum coding scheme (target
disparity £2).

[0016] FIG. 5 shows is a diagram illustrating the number of bits flipped and an
example assigned parity word for each number of bits flipped using a first nearly
balanced zero sum coding scheme (target disparity £2).

[0017] FIG. 6 is an example graph illustrating disparity versus bits flipped for two
sample input codes using the first nearly balanced zero sum coding scheme (target
disparity +4).

[0018] FIG. 7 is a diagram illustrating the number of bits flipped and an example
assigned parity word for each number of bits flipped using the first nearly balanced

zero sum coding scheme (target disparity +4).
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[0019] FIG. 8 is an example graph illustrating disparity versus bits flipped for two
sample input codes using a second balanced zero sum coding scheme (target
disparity = 0).

[0020] FIG. 9 shows is a diagram illustrating the number of bits flipped and an
example ssigned parity word for each number of bits flipped using a second
balanced zero sum coding scheme (target disparity = 0).

[0021] FIG. 10 is an example graph illustrating disparity versus bits flipped for
two sample input codes using a second nearly balanced zero sum coding scheme
(target disparity £2).

[0022] FIG. 11 shows is a diagram illustrating the number of bits flipped and an
example assigned parity word for each number of bits flipped using the second
nearly balanced zero sum coding scheme (target disparity £2).

[0023] FIG. 12 is a block diagram illustrating an example parallel architecture
implementation 300 for the first balanced (target disparity = 0) zero sum coding
scheme.

[0024] FIG. 13 is a block diagram illustrating an example pipelined architecture
implementation for the first balanced (target disparity = 0) zero sum coding

scheme.

DETAILED DESCRIPTION

[0025] “Zero sum signaling” as described herein utilizes coding across data words
to allow the use of single-ended buffers while mitigating simultaneous switching
noise (SSN) in digital systems, or in any environment in which it may be desirable
to reduce simultancous switching noise while still minimizing the number of
interconnects required to transmit data. Implementation of the zero sum signaling
concepts described herein, both balanced zero sum signaling (target disparity = 0)
and nearly balanced zero sum signaling (target disparity = + d, where d is any
positive integer) in digital systems may reduce simultaneous switching noise as
compared to single-ended signaling, and allow a reduction in the number of
physical channels (e.g. circuit board traces) by nearly a factor of two as compared

to differential signaling.
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[0026] Consider a set of buffers driving 2N interconnect traces, where at any given
time N of these traces are in a logic high state (sourcing current), and the other N
of these traces are in a logic low state (sinking current), but without the restriction
that a differential system would have (i.c. that the high and low state pairs must be
adjacent). This will be referred to herein as “balanced” zero sum signaling or
“balanced” zero sum coding (target disparity = 0) as it preserves one of the features
of a differential buffer system; namely, the constant supply current sourcing
independent of the output state (the “zero sum”). This constant current feature
translates into reduced switching current transients, and hence lower power supply
voltage transients (lower [inductance]*[switching current] or L*dl/dt) referred to
as “simultancous switching noise” (SSN). Using single-ended traces with a
balanced zero sum signaling scheme, it is theoretically possible to transmit more
data down the 2N traces than would be possible with a single-ended or differential
signaling protocol, as is shown in Table 1 below. Note that the formula shown in
Table 1 for the number of zero sum bits comes from counting the number of codes
available with 2N bits in which N bits are ones and N bits are zeroes. As N grows,

the number of zero sum data bits approaches the single-ended data bit limit.

Table 1: Comparison of Single-ended, Differential, and (balanced) Zero Sum
Signaling Schemes.

Number of Single-ended Data Differential Zero Sum
Traces Bits Data Bits Data Bits
2N) 2N) N (log,[2N)I/(NIND]

4 4 2 2.58

8 8 4 6.13

12 12 6 9.85

16 16 8 13.65

32 32 16 29.16

64 64 32 60.67

[0027] These formulaec may be inverted to compute the number of traces that
would be required to carry a fixed number of bits using these signaling schemes.
The results of these formulae are showing in Table 2 below. In this example,
Table 2 assumes an even number of traces for the balanced zero sum case, even
number of traces (as otherwise an equal number of ones and zeros is not possible),
computing the smallest even integer number of traces which can support the given
number of data bits. It shall be understood, however, that the balanced zero sum

6
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signaling scheme may also be applied to implementations having an odd number of
data bits, in which case the so-called “balanced” implementation may have a
disparity of +1 to accommodate an odd number of data bits.

Table 2: Traces Required for Various Signaling Schemes In Order to Support a
Fixed Number of Data Bits.

Number of Single Ended Differential Zero Sum
Data Bits Traces Traces Traces

8 8 16 12
12 12 24 16
16 16 32 20
20 20 40 24
24 24 48 28
32 32 64 36

[0028] FIG. 1 is a block diagram illustrating an example implementation for a zero
sum interconnect system 100 for an n-bit bit data bus. In FIG. 1, a first device 102
(e.g., a processing element, memory, buffer, or other computing system
component) communicates with a second device 114. An n-bit data word output
from device 102 are input to a zero sum encoder 104, which encodes the n-bit data
word into a corresponding zero sum data word comprised of a balanced or nearly
balanced n-bit modified data word and one or more parity bits, “p”. In some
examples, the one or more p-bit parity words may be balanced or nearly balanced.
The (n+p) bit modified data word is then sent to output buffers 106, which in this
example transmit the (n+p) bit modified data word to the appropriate input buffer
110 for the destination device 114. A zero sum decoder 112 receives the (n+p) bit
modified data word, decodes the (n+p)-bit data word into the corresponding n-bit
data word, and sends the original n-bit data word to device 114.

[0029] In a so-called “balanced” zero sum coding scheme, the n-bit modified data
words have an equal number of zeroes and ones. In a “nearly balanced” zero sum
coding scheme, the number of zeroes and ones need not be equal, but may differ by
some finite target “disparity”, d (e.g. d==£1, £2, £3, +4, or any positive integer).
This situation may result in finite current switching and hence increased (but still
acceptable) SSN, but with the benefit of an expanded set of code words, and hence
more theoretically available bits for a given number of wires. Thus, the notion of
zero sum signaling as described herein encompasses both balanced and nearly

balanced zero sum codes, and the term “target disparity” will be used to reflect the
7
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allowed difference between the number of zeroes and ones across the zero sum bus
at any given instant in time.
[0030] The formula above for computation of the number of (encoded) bits which
can be carried across a given number of traces can be extended to accommodate
finite disparity as follows. The number of codewords available across 2N bits
which have N-k ones and N+k zeroes (i.e. the codewords with a disparity equal to
2k) can be computed as follows:
Codes(k) = (2N)! / (N-k)! (N+k)!)
The same formula applies to the number of codewords with N+k ones and N-k
zeroes. One computes the number of effective bits available through the use of all
codewords by adding up the total number of codewords with disparity, d, less than
or equal to a given value and taking the log base two of this number. For example,
Bits(d=4) = Logy[ Codes(0) + 2*Codes(1) + 2*Codes(2)]
[0031] In Table 3 below, these formulae were used to compute the number of data
bits which can be supported across a range of assumed physical interconnect traces
using zero sum signaling with a range of allowable target disparities (abbreviated
as “ZS £d”). The integer part of this computed number is represented in
parenthesis, as generally one is only interested in using a bus to transmit an integer
number of bits per word. For comparison, the number of single-ended (SE) and

differential (Diff) data bits are shown as well.

Table 3: Data Bits Supported for Various Signaling Schemes Across a Fixed Number of

Traces.
Number of SE Data Diff Data Z5+0 Data Z5+2 Data 7ZS+4 Data
Traces Bits Bits Bits Bits Bits
8 8 4 6.13 (6) 7.51(7) 7.89 (1)
12 12 6 9.85(9) 11.29 (11) 11.77 (11)
16 16 8 13.65 (13) 15.13 (15) 15.66 (15)
20 20 10 17.50 (17) 18.99 (18) 19.56 (19)
24 24 12 21.37 (21) 22.88 (22) 23.47 (23)
32 32 16 29.16 (29) 30.69 (30) 31.32 (31)

[0032] Again, these formulae may be inverted to compute the number of traces
that would be required to carry a fixed number of bits using any of these signaling
schemes. The results of these formulae are showing in Table 4 below. As before,

the smallest even integer number of traces which can support at least the given

8
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number of data bits are computed. In this example, allowing finite disparity does
open up the code space such that additional bits can be carried, but that the
restriction to even integer numbers of traces is such that the incremental code space
allowed by ZS+4 does not allow a reduction in trace count relative to ZS+2 (at

least for the cases considered in the table).

Table 4: Number of Traces for Various Signaling Schemes (Including Zero Sum with Finite
Disparity) In Order to Support a Fixed Number of Data Bits.

Number of SE Diff 7S+0 7S+2 7S+4
Data Bits Traces Traces Traces Traces Traces

8 8 16 12 10 10
12 12 24 16 14 14
16 16 32 20 18 18
20 20 40 24 22 22
24 24 48 28 26 26
32 32 64 36 34 34

[0033] As mentioned above, balanced (or nearly balanced) coding across a data
bus or other set of interconnects may reduce simultaneous switching noise. To
verify this, a model was constructed of a notional system with many parallel data
links employing traditional single-ended signaling, traditional differential
signaling, and zero sum signaling. Simulated eye diagrams were produced for
cach of these to assess the impact of simultancous switching noise. FIG. 14 shows
representative simulated eye diagrams for select traces from the simulated busses
communicating 32 data bits. When worst case data patterns are applied,
simultaneous switching noise results in complete closure of the eye in the single
ended signaling case (502), but with zero sum coding applied (504), the eye
remains open, very closely matching the differential signaling case (506) (albeit
with an expected factor of two reduction in signal swing), but requiring only 36
physical traces versus 64 as required for single ended signaling. For typical data
patterns, the zero sum coding case (510) closely matches the differential signaling
case (512), and provided an improvement over the single ended signaling case
(508) while requiring only 36 physical traces versus 64.

[0034] To implement the zero sum signaling concept, either in simulation or
hardware, arbitrary data words may be encoded and decoded to and from a set of

balanced or nearly balanced codewords, where the codewords contain an equal

9
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number of zero and one bits (in the balanced zero sum coding examples), or where
the codewords contain a number of zero and one bits to within a finite target
disparity (for the nearly balanced zero sum coding examples).

[0035] For purposes of the present disclosure, various example implementations
for accomplishing balanced or nearly balanced zero sum coding will be described.
These example implementations described herein include a first balanced zero sum
coding implementation and a second balanced zero sum coding implementation.
The example implementations also include nearly balanced zero sum coding
schemes which can accommodate any finite nonzero target disparity. These will
be described herein using examples of a first nearly balanced zero sum coding
implementation with a target disparity of =d (where d is any positive integer) and a
second nearly balanced zero sum coding implementation having a target disparity
of £d (where d is any positive integer). Example of target disparities of 2 and +4
will be illustrated in detail, but it shall be understood that the techniques described
herein may be used for any finite disparity and for any number of bits.

[0036] In the first balanced zero sum coding implementation, one bit in an n-bit
word is complemented (“flipped”) at a time until a balanced code (e.g., a word
having the same number of ones and zeroes) is achieved. Example pseudo code
for this implementation may be written as follows:

e Let w =n-bit input word
e Fork=0ton-I
o Compute w* = w with first k bits flipped
o If w® has the same number of “1”’s and “0”s, exit loop
e Nextk
e Select balanced parity word ux which corresponds to number of bits
flipped (k) in balanced word
e Output codeword = uyw™, where k = the number of bits flipped, and
w® = the disparity between the number of ones and the number of
zeroes in the data word.

[0037] FIG. 2 is an example graph illustrating disparity versus bits flipped for two
sample input codes using the first balanced zero sum coding method. The x-axis
shows the number of bits flipped (k) and the y-axis shows the disparity w™, or the
difference between the number of ones and the number of zeroes in the data word.
In general, the disparity at k=0 is the opposite sign of the disparity at k=n. Every

step in k results in a disparity change of £2. Therefore, the “random walk”
10
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associated with any input code must result in balance at some number of flipped
bits in the first balanced zero sum coding method.

[0038] FIG. 3 shows a diagram illustrating the number of bits flipped and an
example assigned parity word for each number of bits flipped for an 8-bit data
word using the first balanced zero sum coding method. The input in this example
is 10111011. The table indicated by reference numeral 150 in FIG. 3 shows that
the balance is achieved in this example after 4 bits are flipped, as the resulting
modified word, 01001011, has an equal number of ones and zeroes and therefore
the disparity is zero. The table indicated by reference numeral 160 illustrates
example parity words that may be assigned representing the number of bits flipped.
In this example, because balance coding was achieved after 4 bits were flipped, the
parity word is 010011. The resulting 14-bit balanced code word is the modified,
bit flipped word appended with the parity word, or 01001011010011.

[0039] Although example parity words are shown and described herein, it shall be
understood that there are many choices of assignment of parity words to given
number of bits flipped. In general the parity words may be balanced and have a 1-
1 relationship with number of bits flipped.

[0040] FIG. 4 is an example graph illustrating disparity versus bits flipped for two
sample input codes using the first nearly balanced zero sum coding
implementation (target disparity +2). The x-axis shows the number of bits flipped
(k) and the y-axis shows the disparity w®. In general, each of the set of selected k
values is at most one step in k away from every possible k value (roughly every
third value leads to a reduction in set of k by roughly a factor of 3. As in the first
balanced zero sum coding implementation (disparity = 0 discussed above), every
step in k results in a disparity change of £2, such that the bit-flipped word will be
balanced (target disparity =0) at some k. Therefore, the disparity will be at most
one step away (target disparity +2) at any of the selected set of k.

11



WO 2012/170780 PCT/US2012/041494

[0041] Example pseudo code which may be used for implementing the first nearly
balanced zero sum coding (£2 disparity) is as follows:

e Let w =n-bit input word
For k=0 to n-1
o Ifkis not one¢ of the select set, Next k
o Compute w* = w with first k bits flipped
o If w® has the same number of “1”s and “0”’s £2, exit loop
e Nextk
e Select balanced parity word ux which corresponds to number of bits
flipped (k) in balanced word
e Output codeword = uw®

[0042] FIG. 5 shows is a diagram illustrating the number of bits flipped and an
example assigned parity word for each number of bits flipped for an 8-bit data
word using the first nearly balanced zero sum coding implementation (2 target
disparity). The input in this example is 10111011. The table indicated by
reference numeral 170 in FIG. 5 shows that disparity within the £2 bounds is
achieved in this example after 1 bit is flipped, as the disparity between the number
of ones and zeroes in the resulting modified word, 00111011, is two. The table
indicated by reference numeral 180 illustrates example parity words that may be
assigned representing the number of bits flipped. In this example, because nearly
balanced £2 target disparity coding was achieved after 1 bit was flipped, the parity
word is 0011. The resulting 12-bit nearly balanced code word is the modified, bit
flipped word appended with the parity word, or 001110110011.

[0043] Note that there is a reduction in number of bit-flipped choices that need to
be checked in this +2 target disparity method when compared with the first
balanced zero sum coding implementation (disparity = 0). The nearly balanced
coding may therefore be simpler to implement in hardware (with fewer logic
clements). Also, note that the £2 target disparity implementation results in
reduction in number of bits in the parity word as compared to the balanced (zero
disparity) implementation described above with respect to FIGS. 2 and 3. This
results in a corresponding reduction in the number of communication traces
needed.

[0044] FIG. 6 is an example graph illustrating disparity versus bits flipped for two

sample input codes using the first nearly balanced zero sum coding implementation

12
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(target disparity £4). The x-axis shows the number of bits flipped (k) and the y-
axis shows the disparity w®. In general, each set of selected k values is at most
two steps in k away from every possible k value (roughly every fifth value leads to
a reduction in set of k by roughly a factor of 5). As in the first balanced zero sum
coding implementation, every step in k results in a disparity change of 2, such
that the bit-flipped word will be balanced (disparity =0) at some k. Therefore, the
disparity will be at most two steps away (target disparity +4) at any of the selected
set of k. Note that in the general case of target disparity =d, the number of selected
k can be reduced by a factor (roughly) of 2d + 1.

[0045] Example pseudo code which may be used for implementing the first nearly
balanced zero sum coding (target disparity +4) is as follows:

e Let w =n-bit input word
e Fork=0ton-1
o Ifkis not one¢ of the select set, Next k
o Compute w* = w with first k bits flipped
o If w® has the same number of “1”s and “0”’s +4, exit loop

e Nextk

e Select balanced parity word ux which corresponds to number of bits
flipped (k) in balanced word

e Output codeword = uyw®

[0046] Note that the above procedure / pseudo code can be simply extended to
accommodate any finite disparity +d.

[0047] FIG. 7 is a diagram illustrating the number of bits flipped and an example
assigned parity word for each number of bits flipped using the first nearly balanced
zero sum coding implementation (target disparity £4). The input in this example is
10111011. The table indicated by reference numeral 210 in FIG. 7 shows that
nearly balanced +4 disparity is achieved in this example after 2 bits are flipped, as
the disparity between the number of ones and zeroes in the resulting modified
word, 01111011, is four. The table indicated by reference numeral 220 illustrates
example parity words that may be assigned representing the number of bits flipped.
In this example, because nearly balanced =4 disparity coding was achieved after 2
bits were flipped, the parity word is 01. The resulting 10-bit nearly balanced code
word is the modified, bit flipped word appended with the parity word, or
0111101101.
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[0048] Note that there is a reduction in number of bit-flipped choices that need to
be checked in this +4 disparity method when compared with the balanced
implementation (disparity = 0) described above, and when compared with the
target disparity £2 implementation. This method may therefore be simpler to
implement in hardware (with fewer logic elements). Also, note that the +4
disparity implementation results in reduction in number of bits in the parity word
as compared to the balanced (target disparity of zero) implementation described
above with respect to FIGS. 2 and 3, and when compared with the target disparity
+2 method described above with respect to FIGS. 4 and 5. This results in a
corresponding reduction in the number of communication traces needed.

[0049] FIG. 8 is an example graph illustrating disparity versus bits flipped for two
sample input codes using the second balanced zero sum coding implementation.
The x-axis shows the number of bits flipped (k) and the y-axis shows the disparity
w®_ In this example, the u; are not required to be balanced. The u; are arranged in
order from smallest to largest number of “1”’s. This corresponds to changing the
“target” number of “1”’s in bit-flipped word, as shown in FIG 8. For each step in j,
either the number of bits flipped (k) is incremented, or the number of “1”’s in u;is
increased, but not both. Overall codeword disparity changes by +2 with each step
in j which means that the word will be balanced (target disparity = 0) at some j.
[0050] Example pseudo code which may be used for implementing the second

balanced zero sum coding method is as follows:

Let w = n-bit input word
Select set of {k;, uj} (see description above)
For j = 0 to n-1 + # of transitions
o Compute w = w with first k; bits flipped
o Select parity word u; which corresponds to number of bits
flipped (k;) in balanced word
o If ujw(kj) has the same number of “1”’s and “0”’s, exit loop
Next j
Output codeword = ujw

&)

[0051] FIG. 9 shows is a diagram illustrating the number of bits flipped and an
example assigned parity word for each number of bits flipped for an 8-bit data
word using optimized parallel balanced zero sum coding. The input in this

example is 10111011. The table indicated by reference numeral 230 in FIG. 9
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shows optimized balanced disparity is achieved in this example after 1 bit is
flipped with the parity word disparity of -2 (j = 2), as the disparity between the
number of ones and zeroes in the resulting modified word, 00111011, is equal the
target £bit-flipped-word disparity of 2. The table indicated by reference numeral
240 illustrates example parity words that may be assigned representing the number
of bits flipped. In this example, because the target disparity was achieved after at
the j=2 step (1 bit flipped with target disparity of 2), the parity word is 1000. The
resulting 12-bit balanced code word is the modified, bit flipped word appended
with the parity word, or 001110111000.

[0052] The second balanced and nearly balanced zero sum coding implementations
presents a tradeoff. More bit-flipping steps are needed in order to accommodate
parity words with finite disparity (as compared with the first balanced and nearly
balanced zero sum coding implementations, respectively), but this allowed
disparity allows a larger number of parity words for a given parity word size.
Therefore, the set of parity words and the extent of their disparity may be chosen
based on minimization of the parity word length for a given data word length. As
before, there may be many choices of assignment of parity words to given number
of bits flipped. In general, for the second balanced or nearly balanced zero sum
coding implementations, sets of parity words may be chosen with increasing
number of “1”’s, along with an appropriate choice of number of bits flipped and
target disparity for each step in j.

[0053] FIG. 10 is an example graph illustrating disparity versus bits flipped for
two sample input codes using the second nearly balanced zero sum coding
implementation (target disparity +2). The x-axis shows the number of bits flipped
(k) and the y-axis shows the disparity w®. In this example, the u; are not required
to be balanced. The u; are arranged in order from smallest to largest number of
“1”s, corresponding to changing the “target” number of “1”’s in bit-flipped word.
For each step in j, either the number of bits flipped (k) is incremented, or number
of “1”s in u; is incremented, but not both. The implementation only needs to
consider every third step in j for +2 target disparity (at most one step away from

balance). In general, every (2+d)™ step is considered for +d disparity.
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[0054] Example pseudo code which may be used for implementing the second

nearly balanced zero sum coding (target disparity +2) is as follows:

Let w = n-bit input word
Select set of {k;, uj} (see description above)
For j = 0 to n-1 + # of transitions
o Compute w = w with first k; bits flipped
o Select parity word u; which corresponds to number of bits
flipped (k;) in balanced word
o Ifuw™ has the same number of “17’s and “0”’s £2, exit loop
Next j
Output codeword = ujw

&)

[0055] FIG. 11 shows is a diagram illustrating the number of bits flipped and an
example assigned parity word for each number of bits flipped using the second
nearly balanced zero sum coding implementation with finite target disparity (£2 in
this example). The input in this example is 10111011. The table indicated by
reference numeral 250 in FIG. 11 shows the target disparity of £2 is achieved in
this example after 1 bit is flipped, as the disparity between the number of ones and
zeroes in the resulting modified word, 00111011, is within the target disparity of
+2. The table indicated by reference numeral 260 illustrates example parity words
that may be assigned representing the number of bits flipped. In this example,
because +2 disparity was achieved after 1 bit was flipped, the parity word is 00.
The resulting 10-bit zero sum data word is the modified, bit flipped word appended
with the parity word, or 0011101100.

[0056] Note that there is a reduction in number of bit-flipped choices that need to
be checked in this +2 disparity method when compared with the second balanced
zero sum coding implementation (disparity=0). This method may therefore be
simpler to implement in hardware (with fewer logic elements). Also, note that the
+2 disparity second nearly balanced zero sum coding implementation may result in
reduction in number of bits in the parity word as compared to the second balanced
(target disparity of zero) implementation described above with respect to FIGS. §
and 9. This may result in a corresponding reduction in the number of
communication traces needed.

[0057] Table 5 below summarizes the total number of physical bits (or

equivalently, physical traces) needed to encode a given number of data bits using
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conventional single-ended (SE) or differential (Diff) signaling, using an ideal or

theoretical balanced zero sum (ZS) coding with a notional maximally efficient

coding scheme, and using the first and second zero sum coding methods described

above (First ZS= first zero sum coding scheme, Second ZS = second zero sum

coding scheme).

Table 5. Number of Coded Bits Needed for Different Coding / Signaling Schemes

#of | SE | Diff | Ideal | Ideal Ideal First First First | Second | Second | Second
Data 7S50 | ZS+2 | ZS+4 | ZS20 | ZS£2 | ZS+4 | ZS+0 7S+2 75+4
Bits
4 4 8 6 6 4 8 6 6 8 6 6
6 6 12 8 8 8 10 8 8 10 8 8
8 8 16 12 10 10 14 12 10 12 10 10
10 10 20 14 12 12 16 14 12 14 12 12
12 12 24 16 14 14 18 16 16 16 16 14
14 14 28 18 16 16 20 18 18 20 18 16
16 16 32 20 18 18 22 20 20 22 20 18
20 20 40 24 22 22 26 26 24 26 24 24
24 24 48 28 26 26 32 30 28 30 28 28
28 28 56 32 30 30 36 34 32 34 32 32
32 32 64 36 34 34 40 38 38 38 36 36
40 40 80 44 42 42 48 46 46 46 44 44
48 48 96 52 50 50 56 54 54 54 54 52
64 64 128 68 66 66 72 72 70 72 70 68
72 72 144 76 74 74 82 80 78 80 78 76

[0058] Balanced and nearly balanced zero sum coding implementations can be

implemented in logic in many different ways. FIGS. 12 and 13 illustrate two

examples. Although these examples specifically implement the first balanced and

the first nearly balanced zero sum coding implementations, it shall be understood

that each may be extended/modified to implement the other methods described

herein. In addition, other implementation may also be used without departing from

the scope of the present disclosure.

[0059] FIG. 12 is a block diagram illustrating an example parallel architecture

implementation 300 for the first balanced zero sum coding scheme. The word

length in FIG. 12 is 8-bits, although it shall be understood that the example

implementation shown in FIG. 12 may be expanded to any desired number of bits.

In this example, each of the input data word bit-flip choices and the resulting

disparity (or balance) of these choices is computed in parallel. Following these
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computations, the word balanced with the fewest bit flips may be selected and
output with the appropriate parity word.

[0060] FIG. 13 is a block diagram illustrating an example pipelined architecture
implementation 400 for the first balanced zero sum coding scheme. The word
length in FIG. 13 is 8-bits, although it shall be understood that the example
implementation shown in FIG. 13 may be expanded to any desired number of bits.
In this example, each of the input data word bit-flip choices and the resulting
disparity (or balance) of these choices is computed in series. As these
computations proceed, logic selecting the word balanced with the fewest bit flips is
carried out, and finally is output with the appropriate parity word.

[0061] Referring again to FIG. 1, a balanced or nearly balanced zero sum signaling
scheme may include a zero sum encoder 104 and a zero sum decoder 112.
Example encoder/decoder implementations may employ a lookup table of
codewords, where each data value represents an index into the lookup table.
Codewords may be generated by selecting entries from the lookup table. For small
sets of codewords, the entire table may be generated. For large sets of codewords,
the lookup table may be populated with randomly chosen balanced (or nearly
balanced) codewords.

[0062] Other techniques may also be used in combination with the zero sum
signaling techniques described herein. For example, various techniques to
eliminate crosstalk (e.g., the phenomenon by which a signal transmitted on one
interconnect creates an undesired effect in another interconnect, typically caused
by undesired capacitive, inductive, or conductive coupling from one interconnect
to another) may be employed along with the zero sum signaling techniques. For
example, it is well known that a single transmission line with a well-defined
characteristic impedance may be terminated with a single resistor of the same
value as the impedance, thereby eliminating reflections and providing an accurate
replica of the input signal at the output. In principle, it is possible to do the same
thing with a set of uniform coupled transmission lines with a well-defined
characteristic impedance matrix. Terminations consisting of a network of
resistances between signal lines, and between these lines and a reference voltage,

can be provided to reduce or eliminate reflections, canceling the signal crosstalk
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(i.e. coupling of energy from one conductor to a nearby conductor) that would
otherwise have been present. In principle, the use of a crosstalk cancellation
network would allow nearby signaling lines to be packed together much more
tightly, allowing the use of a greater number/density of parallel point-to-point links
within a given package or printed circuit board footprint. Example crosstalk
cancellation techniques are described in “High Speed Parallel Signal Crosstalk
Cancellation Concept,” DesignCon 2011 proceedings.

[0063] Various examples have been described. These and other examples are

within the scope of the following claims.
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CLAIMS:

1. A system comprising:

a plurality of processing elements that communicate using n-bit data words;

a plurality of encoders, each associated with a different one of the plurality
of processing elements, and each of which receives an n-bit data word from the
associated processing element and encodes the n-bit data word into a
corresponding balanced (n+p)-bit data word comprised of an n-bit modified data
word having an equal number of ones and zeroes and a p-bit parity word,;

a plurality of parallel interconnects that route the (n+p)-bit modified data
words between the plurality of processing elements; and

a plurality of decoders, each associated with a different one of the plurality
of processing elements, and each of which decodes (n+p)-bit modified data words
into the corresponding n-bit data words for receipt by the associated one of the

plurality of processing elements.

2. A system comprising:

a first processing element and a second processing element that
communicate using n-bit data words;

an encoder associated with the first processing element that receives an n-
bit data word from the first processing element and encodes the n-bit data word
into a corresponding (n+p)-bit balanced data word comprised of a balanced n-bit
modified data word having an equal number of ones and zeroes and a p-bit parity
word;

an (n+p)-bit data bus that transmits the (n+p)-bit data word from the first
processing element to the second processing element; and

a decoder associated with the second processing element that decodes the
(n+p)-bit data word into the corresponding n-bit data word for receipt by the

second processing element.

20



WO 2012/170780 PCT/US2012/041494

3. A method comprising:

generating an n-bit data word at a first processing element;

encoding the n-bit data word into a corresponding (n+p)-bit balanced data
word comprised of a n-bit modified data word having an equal number of ones and
zeroes and a p-bit parity word,

transmitting the (n+p)-bit data word from the first processing element to the
second processing element; and

decoding the (n+p)-bit data word into the corresponding n-bit data word for

receipt by the second processing element.

4. A system comprising:

a plurality of devices that communicate using n-bit data words;

a plurality of encoders, each associated with a different one of the plurality
of devices, and each of which receives an n-bit data word from the associated
device and encodes the n-bit data word into a corresponding (n+p)-bit data word
comprised of an n-bit modified data word and a p-bit parity word, the n-bit
modified data word having a number of ones and a number of zeroes, wherein the
number of ones is within a disparity +d as compared to the number of zeroes;

a plurality of interconnects that route the (n+p)-bit modified data words
between the plurality of devices; and

a plurality of decoders, each associated with a different one of the plurality
of devices, and each of which decodes one or more of the (n+p)-bit modified data
words into the corresponding n-bit data words for receipt by the associated one of

the plurality of devices.

5. The system of claim 4 wherein the disparity d is any positive integer.
6. The system of claim 4 wherein the disparity d is one of +2 or +4.
7. The system of claim 4 wherein at least one of the plurality of devices is a

processor and at least one of the plurality of devices is a memory.
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8. A method comprising:

generating an n-bit data word at a first device;

encoding the n-bit data word into a corresponding (n+p)-bit data word
comprised of an n-bit modified data word and a p-bit parity word, the n-bit
modified data word having a number of ones and a number of zeroes, wherein the
number of ones is within a disparity +d as compared to the number of zeroes;

transmitting the (n+p)-bit data word from the first device to a second
device; and

decoding the (n+p)-bit data word into the corresponding n-bit data word for

receipt by the second device.
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