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VECTOR SIGNALING WITH REDUCED RECEIVER COMPLEXITY
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FIELD OF THE INVENTION

[0004] The present invention relates to communications in general and in particular to

transmission of signals capable of conveying information.

BACKGROUND

[0005] Communication of information as signals encoded on groups of wires is known, with

larger groups allowing use of a larger code space and thus permitting more efficient

communication of information. However, the number of differential comparators required to

receive such group-encoded signals grows on the order of n2, where n is the size of the group,

severely impacting the complexity and power consumption of practical embodiments having

more than a few inputs.



BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Various embodiments in accordance with the present disclosure will be described

with reference to the drawings. Same numbers are used throughout the disclosure and figures to

reference like components and features.

[0007] FIG. 1 is a block diagram of an embodiment in accordance with the invention.

[0008] FIG. 2 is a schematic of a Sparse Comparator unit or SCU in accordance with at least

one embodiment of the invention.

[0009] FIG. 3 is a schematic of another SCU in accordance with at least one embodiment of

the invention.

[0010] FIG. 4 is a flow chart illustrating the procedure for graph optimization in accordance

with the invention.

[0011] FIG. 5 is a flow chart illustrating a procedure to obtain all sets T of M comparators, in

accordance with at least one embodiment of the invention.

[0012] FIG. 6 is a graph illustrating the maximum independent set of one example.

[0013] FIG. 7 is a graph illustrating the maximum independent set of a second example.

[0014] FIG. 8 is a graph illustrating the maximum independent set of a third example.

[0015] FIGs. 9A, 9B, and 9C illustrate examples of different codes obtained through the

optimization method of FIG. 5 in accordance with the invention.

[0016] FIG. 10 shows a code on six wires with 48 code words, obtained in accordance with

the invention.

[0017] FIG. 11 is a block diagram of a generalized SCU illustrating a method of design in

accordance with at least one embodiment of the invention.

[0018] FIG. 12 is a block diagram embodying one SCU design in accordance with the

invention.

[0019] FIG. 13 is a finite graph illustrating the maximum independent set of an example.

[0020] FIG. 14 shows a code of 32 code words decodable by the set of comparators of FIG.

3, in accordance with at least one embodiment of the invention.

[0021] FIGs. 15 through 19 are block diagrams illustrating elements of the recursive SCU

design process, in accordance with at least one embodiment of the invention.



DETAILED DESCRIPTION

[0022] FIG. 1 is a schematic of an exemplary embodiment of a signaling system according to

this disclosure. The system receives an input word 105 consisting of K bits through an external

interface. These bits are transformed by an encoder 110 into N values, the values collectively

forming a code word in a vector signaling code of length N . Driver 120 outputs these values on

the multi-conductor transmission line 125 consisting of N conductors, wherein the first output

value of encoder 110 is output on the first wire, and the N-th output value is output on the N-th

wire. A receiver front-end 130 samples the analog values on the wires, and forwards them to

Sparse Comparator Unit (SCU) 140. Receiver front-end 130 may perform additional tasks, such

as equalization of the received values through various means, for example using a Continuous

Linear Time Equalizer (CTLE), or a Decision Feedback Equalizer (DFE), or other equalization

means. If equalization is used, then equalized values are forwarded to the SCU. In other

embodiments, equalization may be performed within the SCU, or directly after the SCU.

[0023] The task of SCU 140 is to compare values of the wires against one-another and output

M values, each value being a 1 or a - 1 (or belonging to any other set with two elements, for

example 0 and 1), to a decoding unit 150. These M values 145 correspond to the results of M

comparison operations performed by the SCU. Generally, M < N*(N-l)/2, as the number of

comparators is "sparse" for any but trivially small numbers of inputs N to SCU 140. Decoder

150 creates output word 155 consisting of K bits using well-known methods such as a look-up

table or Boolean logic. Some embodiments allow output word 155 to be obtained directly from

the M values 145, eliminating the processing latency and complexity of a separate decoder 150.

Unless there is an uncorrectable error in the signaling system, data word 155 is an exact copy of

input word 105.

[0024] The operation of SCU 140 is further exemplified in FIG. 2, representing another

embodiment in accordance with the invention. In this example, the number N of transmission

lines is 4, and the number M of values output by the SCU is also 4, which is less than 4*(4-l)/2 =

6 . The SCU comprises 4 comparators 220, 230, 240, and 250, called C[l] through C[4]. It

receives values TR[1 ],. ..,TR[4] as shown at 210 from the receiver front-end (as 130 of FIG. 1.)

Comparator C[l] in 220 outputs the sign of TR[1]-TR[4] as 261; comparator C[2] outputs the

sign of TR[2]-TR[4] as 262; comparator C[3] outputs the sign of TR[3]-TR[2] as 263; and

comparator C[4] outputs the sign of TR[3]-TR[4] as 264.



[0025] A further embodiment showing the operation of SCU 140 in accordance with the

invention is exemplified in FIG. 3 . In this example, the number N of transmission lines is 6, and

the number M of values output by the SCU is 5, which is less than 6*(6-l)/2 = 15. The SCI

comprises 5 comparators 350, 355, 360, 365, and 370, called C[l] through C[5]. It receives

values TR[1]. ..TR[6] as shown at 310 from receiver front-end (as 130 of FIG. 1.) Comparator

C[l] in 3200 outputs the sign of TR[1]-TR[2] as 391; comparator C[2] in 330 outputs the sign of

TR[3]-TR[4] as 392, and comparator C[3] in 340 outputs the sign of TR[5]-TR[6] as 393. SCU

140 further comprises three averaging units 370, 375, and 380. The task of these averaging units

is to compute the average value of their inputs, or as an alternative embodiment, their sum.

Hence, averaging unit 370 computes (TR[l]+TR[2])/2, averaging unit 375 computes

(TR[3]+TR[4])/2, etc. The outputs of these averaging units are forwarded to comparators 350

and 360. In effect, comparator 350 computes the sign of (TR[1]+TR[2]-TR[3]-TR[4]) at 394 and

comparator 360 computes the sign of (TR[1]+TR[2]-TR[5]-TR[6]) at 395.

[0026] Whether or not the comparator results of the SCU are sufficient to recover the

transmitted values on the multiconductor transmission line 125 of FIG. 1, or equivalently,

whether these comparison values provide enough information to uniquely recover the code word

of the vector signaling code transmitted on these conductors, depends crucially both on the code

and on the particular set of comparators. Where for example permutation modulation codes, as

defined in Slepian I, are used, exactly N*(N-l)/2 comparators are necessary and sufficient to

recover the code word. To reduce the number of comparators for permutation modulation codes,

particularly such codes where N is large, this application discloses a method in which a carefully

designed subset of maximum size of a given permutation modulation code is chosen according to

how many comparators can be used in the SCU.

[0027] One way to choose a vector signaling code on N wires with fewer than N*(N-l)/2

comparators is by combining two vector signaling codes, each on fewer than N wires. For

example, by combining a permutation modulation code with 12 code words obtained as all

distinct permutations of (1,0,0,-1) with itself, it is possible to obtain a subset of a permutation

modulation code on 8 wires with 12*12=144 code words. The code has therefore pin-efficiency

at least 7/8, since we are capable of transmitting 7 bits on the 8 wires. The code words of this

code have the property that the first 4 coordinates and the next 4 coordinates each independently

belong to the permutation modulation code generated by (-1,0,0,1). These code words form a



subset of the permutation modulation code obtained from all 420 distinct permutations of the

vector (-1,-1,0,0,0,0,1,1). The number of comparators needed for this code is 12: one set of 6

comparators for the first 4 wires, and one set of 6 comparators for the second set of wires, which

is substantially less than the 28 comparators needed for the code generated by (-1,-1,0,0,0,0,1,1).

On the other hand, the pin-efficiency of this code is merely 7/8, which is less than the pin-

efficiency 1.5 of the larger code. Another example is provided by the code obtained from all 24

permutations of (-1,-1/3,1/3,1). This code also requires 6 comparisons of the 4 wire values;

combining the code with itself leads to a code with 24*24 = 576 code words. This code would be

capable of sending 9 bits on 8 wires with 12 comparators. However, in some applications one

may want to send only 8 bits on 8 wires, and would like to reduce the number of comparators.

Simple combining of permutation modulation codes does not work then, and a new procedure is

needed, which is herein described. Yet another application is the code obtained from all 6

distinct permutations of (-1,0,1). Combining this code with itself, it is possible to obtain a code

with 36 code words requiring 6 comparators. It is possible to send slightly more than 5 bits over

6 wires with this code. However, in some applications it could be much more important to reduce

the number of comparators to 5, even if the number of code words is reduced to 32 instead of 36.

As will be seen later, one of the procedures outlined below creates a code with 32 elements for

which the 5 comparators in the SCU of FIG. 3 are sufficient to decode the code words.

[0028] Other constraints beyond total number of comparators may influence the design of

practical embodiments of the invention. As examples and without implication of limitation, it

may be desirable to minimize complexity of decoder 150 or eliminate it entirely by allowing

some number of SCU results M to be mapped directly to some number of output bits K,

eliminate ambiguous comparator outputs by insuring that all codes in the selected subset present

distinctly different values to each comparator input, and/or reduce complexity of encoder 110 by

judicious selection of how inputs 105 map to the N values of the transmitted code word. As will

be readily apparent to one familiar with the art, these and other secondary design characteristics

are affected by the size and composition of the set of code words used, as well as by the

composition of the SCU that detects them.



Design of Codes and SCU's using Graph Optimization

[0029] A procedure is now described which can be used to design sub-codes of a given code,

and SCU's with a given number of comparators such that the SCU's contain sufficient

information to uniquely determine the code words. A comparator comparing two values a and b

will as an example output + 1 or -1, depending on whether a-b is positive or negative. If a and b

are values on two wires corresponding to code words coordinate values c and d, respectively,

that have been subjected to channel noise, and if c and d are distinct, then it can be assumed that

the result of the comparator on values a and b is the same as the result of the comparison of c and

d . In other words, sign(a-b) = sign(c-d). If the noise on the communication channel is too large

for this equality to hold, then noise mitigation techniques, such as equalization, or crosstalk

cancellation, or other techniques have to be applied to the values on the multiconductor

transmission line such as 125 of FIG. 1 before the wire values are compared against one another.

[0030] If the values c and d in the code word are the same, then the output of the comparator

is inherently unreliable, because depending on random noise on the channel (which is very hard

to avoid), the value a can be slightly larger or smaller than b. Therefore, a given comparator

comparing wires k and m can distinguish two transmitted code words (c[l ],. ..,c[N]) and

(x[l],. ..,x[N]) if sign(c[£]-c[m])*sign(x[£]-x[m]) < 0, that is, the quantities c[k]-c[m] and x[k] -

x[m] are nonzero and of opposite signs. A set of comparators C[l],. . .,C[M] is therefore sufficient

for decoding a code if every two distinct code words are distinguishable by at least one of these

comparators. In such a situation the code is called "decodable" by the set of comparators. The

procedure described below determines a subcode of largest size that is decodable by the given set

of comparators, for a given set of comparators and a given code called the "large code".

[0031] The procedure uses the mathematical concept of a finite graph, as explained in several

textbooks known to those of skill in the art. In the present graph, the nodes are the elements of

the large code. There is an edge between two such nodes if the corresponding code words of the

large code are not distinguishable by the set of comparators C[l ],. ... ,C[m]. A "maximum

independent set" (hereinafter called MIS) in this graph is a subset of the nodes of largest size

such that there is no edge between any two nodes in this set. A MIS therefore determines a

largest subcode of the large code that is decodable by the given set of comparators.

[0032] The procedure is outlined in FIG. 4 . After setting up the graph described above, a

large independent set is computed in Step 430. Whether this set is a maximum independent set



depends on the computational resources available to the process in FIG. 4 . As is known to those

of skill in the art, finding a maximum independent set is a hard computational problem for large

instances of the graph. However, heuristic algorithms exist that output a large independent set, as

known to those of skill in the art, and these may be preferred in some embodiments.

[0033] In applications, it may not be a-priori clear which set of comparators gives rise to the

largest set decodable by any set of comparators with a given size. The procedure in FIG. 5

alleviates this problem by generating all sets T of M comparators, applying the procedure in FIG.

4 to all members of this set T, recording the size of the resulting output, and keeping it if it has

the largest size seen so far in Step 550. The final output of this procedure in Step 560 is a code of

maximum size that is decodable by M comparators.

[0034] In some cases the output of the procedure in FIG. 4 may be a code that is obtained by

combining two smaller permutation modulation codes, each on a smaller set of wires. For

example, suppose that the large code A consists of all 30 distinct permutations of the vector

(+1,+ 1,0,-1,-1), and that the number M is 4 . A possible output of the procedure in FIG. 5 could

be the following set consisting of 12 elements, and the comparators 1:3, 2:5, 4:3, 1:4, wherein

a:b means a comparator comparing the values of wires a and b :

[0035] Though it may not be immediately apparent at first observation, this code is a

combination of the code obtained from all 6 permutations of (1,0,-1) on wires 1, 3, 4, and the

code consisting of the code words (+1,-1) and (-1,+1) on wires 1 and 5 .

[0036] This is easily seen by setting up a second form of graph, called a "comparator graph"

in the following descriptions, and checking whether this graph is connected. Herein, the



comparator graph is a graph in which the nodes are the indices of the wires, and there is an edge

between nodes a and b if and only if a:b is one of the comparators. The comparator graph of the

example above is given in FIG. 6 . As can be seen, this graph is not connected, which means that

there are two nodes in the graph (for example node 1 and node 2) for which there is no path

between them consisting of edges of the graph. As can be easily appreciated by those of skill in

the art, a set of comparators output by the procedure in FIG. 5 corresponds to the trivial case of

combining codes of smaller length if and only if the corresponding comparator graph is not

connected. Because of possible deficiencies associated with this type of code construction, this

application is mostly concerned with the case where the comparator graph is connected and

hence the code and the comparators cannot be obtained through simple concatenation of codes

on smaller numbers of wires.

[0037] An example embodiment in accordance with the invention that applies the procedure

outlined in FIG. 4 is now described with reference to the graph of FIG. 7 . In this example, the

large code consists of the 6 distinct permutations of the vector (1,0, -1), and the comparators are

1:2 and 2:3. The nodes in this graph are labeled by the elements of the large code, and there is an

edge drawn between two nodes if and only if they are not distinguishable by the set of

comparators. For example, the results of the comparators on the vector (1,-1,0) are +1, - 1 and the

results of the comparators on the vector (0,-1,1) are also +1,-1; thus they are shown as

indistinguishable using those comparators by edge 710. The same argument may be made for

the two nodes connected by edge 720. The circled code words form an independent set in this

graph, and in fact, they form a maximum independent set, as can be easily seen. (That is, the two

binary decisions obtained from the two comparators 1:2 and 2:3 enumerate four distinct

combinations, which are severally represented by the circled code words of FIG. 7.) This gives

us therefore 4 code words decodable by the set of 2 comparators 1:2, 2:3.

[0038] Another example embodiment in accordance with the invention is shown in the graph

of FIG. 8. In this example, the large code consists of the 12 distinct permutations of the vector

(1,0,0,-1), and the comparators are 1:2, 1:3, 1:4, and 2:3. Since any comparator presented with

the two 0 values will produce an ambiguous result, two vectors are indistinguishable by that

comparator. The circled code words form an independent set in this graph, and in fact, they form

a maximum independent set, as can be easily seen. This gives us therefore 8 code words



decodable by the set of 4 comparators 1:2, 1:3, 1:4, 2:3. Without the present teachings, 6

comparators would have been needed to distinguish these 8 code words.

[0039] FIGs. 9A, 9B, and 9C show different codes obtained through the optimization method

outlined in FIG. 5 in accordance with the invention. The codes are organized in tables. The top

row outside the table shows the index of the wires. The table itself shows the code words, one

per row. The lower box shows the sequence of comparators used. The code in FIG. 9A

corresponds to the graph in FIG. 7, and the code in FIG. 9B corresponds to the graph in FIG. 8.

The code shown in the graph FIG. 9C is a quaternary code with 18 code words and 5 (instead of

6) comparators. The code words can be further normalized so their coordinates have values

between any given two numbers, for example 1 and -1, or 1 and 0 . This code is also interesting in

that by leaving out the third and fourth code words, we would obtain a code with 16 code words

capable of transmitting on average 1 bit per wire such that, under randomized transmission, all

wires would take equally often the values -3, -1, 1, and 3 . Such balanced codes may be preferred

in certain applications over codes not exhibiting this property. In this case the number of

comparators is optimal, since, as can be seen by anyone of average skill in the art, 4 comparators

producing binary results would be able to decode a code with at most 16 = 24 code words. As

will be apparent to one familiar with the art, a code in which there are no duplicated values is

unlikely to produce ambiguous outputs from pairwise signal comparators, and the four decoded

binary results for sixteen codewords may allow decoder-less output of received data, which are

desirable design characteristics.

[0040] Many other embodiments in accordance with the invention may be produced using

the procedure outlined in FIG. 5 . For example, FIG. 10 shows a code on 6 wires with 48 code

words that is decodable by 10 comparators. This code is a subcode of the permutation

modulation code obtained from all 90 distinct permutations of the vector (1,1,0,0,-1,-1). Without

the present teachings, a decoder for this code would have required 15 comparators, 50% more

comparators than given in this example.

[0041] In summary, it is observed that some applications are more sensitive to detection

resource requirements (such as the required number of differential comparators) than to pin

density. Therefore, it is desirable to apply the methods illustrated in FIG. 4 and FIG. 5 to find a

subcode of the large code that may be fully detected by a selected (and smaller) number of

comparators. A comparator graph may be drawn of the proposed subcode and comparator set to



identify sets of codes in the large code that are indistinguishable by the selected comparator set,

and thus contain codes that are redundant to the selected subcode. The design of SCU's based on

the above coding schemes and selected subcode is straightforward, as can be appreciated from

those of skill in the art.

Design of more general SCU's

[0042] A more general embodiment of the SCU 140 in accordance with the invention is now

described with reference to FIG. 11. In this embodiment the N transmission lines 1102 may be

divided into multiple groups of sizes N[l], N[2], . ... For simplicity, in FIG. 11 only the case of

three groups is illustrated, but in general there is no limitation on the number of groups. There

are N l wires in the first group, N2 wires in the second, and N3 wires in the third group. The

SCU comprises an inner SCU unit SCU[in] 1130 and multiple arithmetic units 1105, 1110, and

1120, denoted by Fl, F2, F3. These arithmetic units take as input values on some (or all) of the

wires within their group, perform computations on these values, and output result values which

are forwarded to the inner SCU 1130. In FIG. 11, the first group of wires contributes T l values

to Fl, the second group T2 values to F2, and the third group T3 values to F3. Moreover, SI

values of the wires in the first group, S2 wire values in the second group, and S3 wire values in

the third group are also forwarded to the inner SCU 1130. The sum Sl+Tl can be larger than Nl,

meaning that some of the wire values may be needed in the corresponding arithmetic unit, and

may concurrently be forwarded to the inner SCU 1130. The inner SCU 1130 consists of simple

comparators.

[0043] As one example, the direct connections SI, S2, and S3 connected to inner SCU 1130

may comprise a decoding of separate codes on lines Nl, N2, and N3 (producing by themselves a

disconnected and thus undesirable comparator graph,) and the additional connections Tl, T2, and

T3 and functions Fl, F2, and F3 provide to inner SCU 1130 the additional information necessary

to provide graph connection and enlarge the resulting fully detected subcode.

[0044] If the comparators in the inner SCU 1130 are known in advance, and if the structure

of the arithmetic units is also known in advance, then the code design problem can be

accomplished using a procedure very similar to that outlined in FIG. 4 . As an example

embodiment in accordance with the invention, consider the case in which Nl=l , N2=2, that Fl is

a null operation, so the value of wire 1 is directly forwarded to the inner SCU 1130, F2 forms the



average of its incoming values, T2=2, S2=2, and there are two comparators in the inner SCU

1250, one comparing the values of wires 2 and 3, and the other comparing the average of wires 2

and 3 with the value on wire 1. FIG. 12 shows a schematic of the SCU in this case: the wires

a,b,c are divided into a group of one wire a, and a group of two wires b, c . The first comparator

1230 compares a against (b+c)/2 and the second comparator 1240 compares b against c . If the

large code is chosen to be the code consisting of all six permutations of (1,0,-1), then the finite

graph corresponding to the code words and the comparators is given in FIG. 13. The circled code

words form a maximum independent set. These are four code words, which means that the code

is optimal for the total number of comparators.

[0045] Another embodiment in accordance with the invention is the SCU in FIG. 3 . Here, the

incoming wires TR[1 ],. ..,TR[6] are subdivided into groups of 2 wires each, with TR[1], TR[2]

forming the first group, TR[3], TR[4] forming the second group, and TR[5], TR[6] forming the

last group. The inner SCU consists of the 5 comparators C[1],. ..,C[5]. The arithmetic units are

averaging units, or alternatively, summation units. Application of the procedure in FIG. 4 to the

large code given by all the 90 permutations of the vector (1,1,0,0,-1,-1) reveals a code of size 32,

which is decodable by the set of comparators in FIG. 3 . The code itself is given in FIG. 14. The

existence of this code shows that a more general version of the SCU containing arithmetic units

is genuinely stronger than the case in which such units are disallowed: it can be shown that for

the large code above, and allowing only for comparators, the largest code that can be constructed

which is decodable with 5 comparators has a size of only 24, so to create a code with 32 code

words, the arithmetic units are needed.

Recursive Design of SCU's

[0046] When the number of wires is large, or when the large code has many code words, or

when the structure of the arithmetic units 1105, 1110, and 1120 of FIG. 11 are not known in

advance, the process of FIG. 5 may not be computationally efficient enough for the design of a

code. Moreover, in such cases, the codes delivered by the process of FIG. 5 may be difficult to

encode or to decode. A recursive procedure is now described to design larger SCU's starting

from smaller SCU's, or smaller non-sparse comparator units. For purposes of description, the

term SCU is herein used interchangeably for both sparse and non-sparse comparator units used

as such subcomponents of larger Sparse Comparator Units.



[0047] If the processes of FIG. 4 and FIG 5 represent "top down" analysis finding an optimal

subset of a large code space, this recursive approach may be seen as a "bottom up" design

method starting with small, easily decoded but otherwise unconnected regions of code space and

connecting them to provide a unified and enlarged codespace.

[0048] With reference to the embodiment of FIG. 15 in accordance with the invention, the

SCU 140 in this case is comprised of several local SCU's denoted SCUl 1505, SCU2 1510, and

SCU3 1520, an arithmetic unit 1550, and a global comparator unit 1530. In general there can be

more or fewer than 3 local SCU's; the number three has been chosen for illustrative purposes

only. In this case, the incoming wires have been divided into three groups 1502 with Nl, N2, and

N3 wires, respectively. SI of the first set of wires, S2 of the second set of wires, and S3 of the

third set of wires enter an arithmetic unit 1550. The arithmetic unit output L values that are

forwarded to the global comparator unit 1530, which in turn outputs M4 values. The global

comparator unit may only comprise simple comparators, or it may again be an SCU according to

FIG. 11. Tl of the wire values of the first set enter a local SCU 1505 which outputs M l values,

whereas T2 and T3 of the wire values of the second and third set enter their respective local

SCU's 1510 and 1520, and output M2 and M3 values, respectively.

[0049] In operation, the local SCU's 1505, 1510, and 1520 correspond to one or more codes

of length Nl, N2, and N3, respectively, which are decodable by their corresponding SCU's.

Without the arithmetic unit 1550 and the comparator unit 1530, these codes would be used

independently on the communication wires, and thus a comparator graph of the resulting system

would be unconnected. The arithmetic unit and the comparator unit have the effect of enlarging

the codespace in such a way that the new codespace is decodable by a small number of

comparators.

[0050] Examples of additional embodiments in accordance with the invention utilizing this

recursive construction will now be given. In all these examples the overall code obtained will

have a coarse and a fine structure. The coarse structure is detected via the global SCU 1530,

whereas the fine structure is detected via the local SCU's 1505, 1510, and 1520. Where there are

n local SCU's, the coarse structure is that of a code of length n.

[0051] One interpretation of this coarse/fine structure is that the fine structure represents

local SCU detection of codewords within regions of code space that would be otherwise

disconnected, and the coarse structure represents identification of the particular region by the



global SCU. Combined, the coarse and fine information fully detects all codes in the combined

codespace. As a trivial example, the local SCUs might represent differential comparators on two

distinct wire pairs. Each differential comparator is oblivious to any common-mode signal carried

by their input wires. However, a global SCU may detect such common mode differences

between wire pairs, providing the additional information that allows detection of the complete

input code.

[0052] In at least one embodiment in accordance with the invention, the global SCU consists

of one comparator only. The corresponding code is called the "global" code hereinafter.

[0053] In a further embodiment of the invention, shown in FIG. 16, there is only one local

SCU consisting of one comparator 1610. The corresponding coarse structure of the code is

therefore that of a differential code given by the code words (1,-1) and (-1,1). There are three

incoming wires denoted a, b, c, divided into two groups, one consisting of the wires a, b, and the

other consisting of the wire c . The arithmetic unit consists of an average unit 1620 whose output

is the average of its input values (or alternatively, the sum of its input values.) The global SCU

consists of only one comparator 1650. The number of signals leaving the SCU 140 is 2 . The code

corresponding to this configuration can be described as follows: In the differential code a 1 at the

first position is replaced by (0,1) or by (1,0), and a - 1 at the first position is replaced by (0,-1) or

(-1,0). The sum of the values of the first two wires is always equal to the first component of a

given code word in the differential code, and the value of the last wire is equal to the value of the

second component of the code word in the global code. The averaging (or summing) unit

recovers the value 1 or - 1 on the first two positions, and compares it against the value of the third

wire. The outcome is a ternary vector signaling code of length 3, having 4 code words, and

decodable by the optimal number 2 of comparators.

[0054] This SCU can now itself be used as the global SCU in a recursive application,

representing another embodiment in accordance with the invention. In each code word of the

code obtained in the previous example, a "1" is replaced by either (1,0) or (0,1), a "-1" is

replaced by either (-1,0) or (0,-1), and a "0" is replaced by either (1,-1) or (-1,1). The resulting

code, is of length 6, has 32 code words, and is decodable by 5 comparators, which is the optimal

number of comparators for this code. Its SCU is shown in FIG. 17. As can be seen, the global

SCU 1530 of this SCU is the same as the SCU in FIG. 16. The arithmetic unit 1550 consists of



three averaging (or summing) units. The local SCU's consist of only one comparator, comparing

values of adjacent wires.

[0055] If the SCU of this code is used as the global SCU in another recursive application,

representing additional embodiments also in accordance with the invention with 1's, 0's, and - 1 ' s

changed according to the above scheme, another ternary code of length 1 is obtained which has

21 1 = 2048 code words and is the decodable by the optimal number of 11 comparators. This

sequence of examples can be continued in a similar manner.

[0056] A different way of generalizing the example of FIG. 16 in accordance with the

invention is to keep the global SCU to consist of one comparator only, and to change the

structure of the local SCU's 1505-1520 in FIG. 15. This leads to embodiments in accordance

with the invention replacing in the differential code {(1,-1), (-1,1)}, a "1" by some vector with

sum equal to 1 (or some other positive number), and a by some vector with sum equal to - 1

(or the negative of the first sum). As an example, suppose that the "1" is replaced by any of the

12 permutations of the vector (1,1,0,-1), whereas a is replaced by any of the 12 permutations

of the vector (-1,-1,0,1). An SCU that decodes this code is given in FIG. 18. The wires are

subdivided into two groups of 4 wires. The local SCU's use each 6 comparators to compare the

values of the wires in each group against one another. The arithmetic unit computes the average

(or alternatively, the sum) of the first and the second groups of wires, and compares them with

one comparator, which makes up the global SCU. The resulting code consists of 288 code words

which are permutations of the vector (1,1,1,0,0,-1,-1,-1) and which is decodable with 6+6+1=13

comparators.

[0057] At least one embodiment in accordance with the invention replaces the global SCU

with a comparator unit accepting three inputs, and computing all three comparisons of pairs of its

inputs. The corresponding code for this SCU is the code consisting of all permutations of (1,0,-

1). If a "1" is replaced by (0,1) or (1,0), a "-1" is replaced by (0,-1) or (-1,0), and "0" is replaced

by (1,-1) or (-1,1), a ternary code of length 6 is obtained with 48 code words which is decodable

by the SCU of FIG. 19 with 6 comparators. The number of comparators needed for this code is

optimal. By concatenating this code with the code consisting of all 6 permutations of the vector

(1,0,-1) in further embodiments in accordance with the invention, a ternary code is obtained on 9

wires capable of transmitting 48*6 = 288 code words and which is decodable by an SCU with

the optimal number of 9 comparators.



[0058] The examples presented herein illustrate the use of vector signaling codes for point-

to-point chip-to-chip interconnection. However, this should not been seen in any way as limiting

the scope of the described invention. The methods disclosed in this application are equally

applicable to other interconnection topologies and other communication media including optical,

capacitive, inductive, and wireless communications, which may rely on any of the characteristics

of the described invention, including minimization of reception or detection resources by

selective modification or subset selection of code space. The methods disclosed in this

application are equally applicable to embodiments where the encoded information is stored and

subsequently retrieved, specifically including dynamic and static random-access memory, non

volatile memory, and flash programmable memory. Descriptive terms such as "voltage" or

"signal level" should be considered to include equivalents in other measurement systems, such as

"optical intensity", "RF modulation", "stored charge", etc. As used herein, the term "physical

signal" includes any suitable behavior and/or attribute of a physical phenomenon capable of

conveying information. Physical signals may be tangible and non-transitory.



WHAT IS CLAIMED IS

1. A system including a receiver circuit, the receiver circuit comprising:

N conductors;

a circuit comprising strictly fewer than N*(N-l)/2 comparators wherein each comparator

compares the value received on one of the conductors to the value received on some

other conductor and wherein the graph in which the nodes are the conductors and the

edges are pairs of conductors being compared through at least one comparator is

connected; and,

a decoder circuit to determine a data word based on the outputs of the circuit.

2 . The system of claim 1 having six conductors, such that N=6, wherein the receiver circuit

comprises:

three local comparator units having three fine-codeword comparator outputs;

an arithmetic unit connected to the six conductors, and having three averaging units, each

one generating a coarse codeword element output; and,

a non-sparse global comparator unit having three comparators connected to the coarse

codeword element outputs of the arithmetic unit, and having coarse codeword comparator

outputs based on the coarse codeword element outputs.

3 . The system of claim 1, further comprising a transmitter circuit, wherein the transmitter circuit

comprises:

an encoder configured to encode a data word into a code word with N symbols capable of

being decoded using fewer than N*(N-l)/2 comparisons of pairs of coordinates of the

code word wherein the graph in which the nodes are the coordinates and the edges are

pairs of compared coordinates is connected; and

a set of drivers collectively capable of transmitting outputting values corresponding to the

code word.

4 . A method of decoding symbols comprising:

receiving a set of symbols on N conductors;



determining one or more fine codeword comparator outputs using one or more local

comparator units, wherein each of the one or more local comparator units compare a

corresponding subset of symbols that are elements of a corresponding fine codeword;

determining coarse codeword elements of a coarse codeword corresponding to the set of

received symbols by forming arithmetic symbol combinations based on the one or more subsets

of symbols;

determining coarse codeword comparator outputs based on the coarse codeword elements

using a global comparator unit;

determining a data word based on the fine codeword comparator outputs and the coarse

codeword comparator outputs.

5 . The method of claim 4 wherein at least one of the local or global comparator units having T

inputs provides fewer than T*(T-l)/2 comparator outputs.

6 . The method of claim 4 wherein forming arithmetic symbol combinations comprises either

averaging, summing, or subtracting the symbols of the subsets.

7 . The method of claim 4 wherein determining coarse codeword comparator outputs based on the

coarse codeword elements comprises:

forming intermediate codeword comparator outputs based on the coarse codeword

elements using one or more intermediate comparator units having K inputs and providing fewer

than K(K-l)/2 comparator outputs;

determining higher-level coarse codeword elements of a higher-level coarse codeword

corresponding to the set of received symbols by forming one or more arithmetic combinations of

the coarse codeword elements;

determining higher-level coarse codeword comparator outputs based on the higher-level

coarse codeword elements;

providing the coarse codeword comparator outputs as a set including the intermediate

codeword comparator outputs and the higher-level coarse codeword comparator outputs.



8. The method of claim 7 wherein determining higher-level coarse codeword comparator outputs

is also based directly on at least one coarse codeword element.

9 . The method of claim 4 wherein determining a data word comprises converting the fine

codeword comparator outputs and the coarse codeword comparator outputs to a dataword using a

decoder.

10. The method of claim 4 wherein determining a data word comprises using the fine codeword

comparator outputs and the coarse codeword comparator outputs as the dataword.

11. The method of claim 4 wherein the fine codeword elements are predetermined so that the

sum of the fine codeword elements corresponds to a single element of a valid coarse codeword.

12. An apparatus comprising:

N conductors;

one or more local comparator units having one or more fine codeword comparator

outputs, wherein each of the one or more local comparator units are connected to a

corresponding subset of the N conductors associated with elements of a corresponding fine

codeword;

an arithmetic unit connected to a second subset of the N conductors, and having coarse

codeword element outputs at least one of which represents an arithmetic combination of signals

on ones of the second subset of the N conductors; and,

a global comparator unit connected to the coarse codeword element outputs and having

coarse codeword comparator outputs based on the coarse codeword element outputs.

13. The apparatus of claim 12 further comprising a decoder connected to the one or more local

comparator units and the global comparator unit for determining a data word based on the fine

codeword comparator outputs and the coarse codeword comparator outputs.

14. The apparatus of claim 12 wherein at least one of the local or global comparator units having

T inputs provides fewer than T*(T-l)/2 comparator outputs.



15. The apparatus of claim 1 wherein the arithmetic unit is configured to form arithmetic

symbol combinations by either averaging, summing, or subtracting combinations of the signals

on the second subset of the N conductors.

16. The apparatus of claim 12 wherein the global comparator unit comprises a second arithmetic

unit and additional comparators.

17. An apparatus comprising:

six conductors;

a sparse comparator unit having six inputs connected to the six conductors, and having

three local comparator units having three fine-codeword comparator outputs;

an arithmetic unit connected to the six conductors, and having three averaging units, each

one generating a coarse codeword element output; and,

a non-sparse global comparator unit having three comparators connected to the coarse

codeword element outputs of the arithmetic unit, and having coarse codeword comparator

outputs based on the coarse codeword element outputs.

18. The apparatus of claim 17 further comprising a decoder connected to the sparse comparator

unit and the non-sparse comparator unit configured to generate a dataword.
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