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On-Chip Codeword Generation to Cope
With Crosstalk
Kedar Karmarkar, Student Member, IEEE, and Spyros Tragoudas, Member, IEEE

Abstract—Capacitive and inductive coupling between bus lines
results in crosstalk induced delays. Many bus encoding techniques
have been proposed to improve the performance. Existing implementation techniques and mapping algorithms in the literature
only apply the specific encoding. This paper presents the first
generalized framework for a stall-free on-chip codeword generation strategy that is scalable and easy to automate. It is applicable
to the coupling aware encoding techniques that allow recursive
codeword generation. The proposed implementation strategy
iteratively generates codewords without explicitly enumerating
them. Codeword mapping relies on graph-based representation
that is unique to the given encoding technique. The codewords
are calculated on-chip using basic function blocks, such as adders
and multiplexers. Three encoding techniques were implemented
using the proposed strategy. Experimental results show significant
reduction in the area overhead and power dissipation over the
existing method that uses random logic to implement the codec.
Index Terms—Codeword generation, crosstalk, encoding.

I. Introduction

E

VERY BUS line exhibits capacitive and inductive coupling with its neighboring lines. Opposing transitions on
coupled bus lines causes slowed down transitions resulting
in reduced performance. Over the years many techniques
have been proposed to tackle this problem, such as repeater
insertion [14], use of shield lines, and bus encoding [1]–[3],
[5], [10], [12], [13], [15]–[17], [19], [20].
The worst case crosstalk induced delay is observed when
tightly coupled bus lines undergo simultaneous opposing transitions. The simplest solution to this problem would be to
insert shield lines in between each pair of bus lines. Encoding
techniques such as those presented in [15] duplicate each data
line such that there is always at least one transition in the same
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direction as that on the line under consideration. Both of these
solutions essentially double the routing area of the bus, which
may not always be acceptable. Another alternative is to use
crosstalk avoidance codes. Many crosstalk avoidance codes
have been proposed in past that rely on adding redundancy
to eliminate crosstalk induced delays. Some of the techniques
that are most relevant to this paper have been discussed in the
subsequent section.
Lin [9] studies, in detail, the bus invert coding and its
effectiveness in reducing coupling and energy consumption on
a bus line. It has been observed that the bus invert coding is
most effective when the bus is divided into smaller groups,
which implies increased redundancy. Such method reduces
average number of couplings and/or switching activity thereby
reducing the energy consumption. However, such method
would not be effective against crosstalk induced delay as the
capture mechanism at the receiver end still has to wait for the
worst case delay transmission to settle.
The introduction of static delay between adjacent bus line
has been discussed in [7]. By delaying the lines that exhibit
worst case transition, the technique reduces the Miller like
effect observed in the mutual coupling capacitance. This type
of transmission scheme is effective in reducing the energy
consumption but less effective in reducing the crosstalk
induced delay.
The bottom line of all of these encoding techniques is that
they eliminate simultaneous opposing transitions on coupled
lines by means of adding redundancy. Encoding techniques,
such as those presented in [5], [20], and [19], achieve this
goal by prohibiting certain bit patterns from appearing in
the transmitted codeword. Many of these encoding techniques
enumerate valid codewords and map them to the data words.
Such mapping becomes impractical for wider buses. For wider
buses, an on-chip memory based implementation is impractical
as well because it suffers from the same scalability issues
arising from enumerative mapping. Nonenumerative encoding
techniques, such as those presented in [4], [6], and [18],
rely on mathematical modeling that applies only to the code
proposed in them. The proposed paper presents a generalized
framework to generate codewords in a nonenumerative and
scalable manner.
Hardware overhead is measured in terms of the number
of redundant bits. However, it is observed that as the number of lines in a bus increases, the size of combinational
logic in the encoder/decoder increases exponentially. This also
gives rise to optimization issues. A real-time on-chip encoder
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implementation method is needed to make the encoding
scheme scalable for wide buses. The term real-time is used
to describe nonenumerative codeword generation. The method
is referred to as real-time because the codewords are never
explicitly enumerated and stored in memory.
The goal of the proposed method is to provide with a generalized strategy for scalable codeword generation for encoding
techniques that allow recursive codeword generation. Most of
the coupling aware encoding techniques in the literature fall
in this category. In deep submicrometer, the performance of
interconnects is critical. As on-chip interconnects are placed
closer and closer together, the coupling induced delays become
more and more important. As the use of tightly coupled and
wider buses become more common, a scalable codec implementations strategy becomes increasingly important. This paper provides details of the application of the proposed framework for effective real-time codeword generation to existing
encoding techniques, such as [5], [20], and [19]. Due to the
recursive nature of codes discussed in this paper the Fibonacci
sequence is a common occurrence in all three. Even though the
proposed strategy utilizes Fibonacci numbers for convenience
of explanation, it is not limited to encoding techniques based
strictly on Fibonacci sequence. As an example, the correlation
graph of the weight limited version of the code proposed in
[19] has been explained in Section III-A.
This paper is organized as follows. Section II-A describes
related work, provides rational. Section II-B provides some
definitions and describes properties an encoding scheme must
possess to be implementable using proposed strategy. The
details of the steps involved in the proposed implementation
strategy are provided in Section III-A. Section III-B provides
details of scalable real-time implementation based on the correlation graph. Section IV presents experimental results. Three
performance metrics, namely, hardware overhead, execution
time for design automation tools, and power, are used to
evaluate the effectiveness of the proposed method. Section V
concludes the paper.
II. Preliminaries
Codewords designed to eliminate crosstalk show a highly
structured nature. Codewords with common most significant
bit patterns can be classified into various sets. Cardinality of
each set can be mathematically determined. During every time
frame, the codeword is calculated using the data word using
a graph-based recursive procedure. The process is formally
introduced in Algorithm 1. Real-time on-chip implementation
of encoder and decoder can be achieved by backtracking such
a procedure so that the codewords can be formed and mapped
in a fast and effective manner without explicitly enumerating
them. The pipelined architecture of encoder/decoder results
in an implementation that avoids stalling of a microprocessor
due to codec delay. The procedure described in subsequent
sections can be extended to implement many different kinds
of encoding schemes. Implementation of three such codes is
described in this paper.
A. Related work
One widely recognized way to avoid crosstalk induced
delays is to avoid all opposing transitions on every pair of

lines in a bus. This problem was studied in [20] with detail.
Two types of codes are discussed: 1) memory-based and 2)
memoryless. Memory-based codes rely on codewords from
two consecutive time frames while memoryless codes rely
on the codeword transmitted during single time frame. The
following focus on published work on memoryless codes, the
latter is discussed in this paper.
Consider a graph where every codeword is a node and
every edge represents a transition that does not involve any
two neighboring lines switching in opposite direction. Forming
a code book for such memoryless code involves finding the
largest clique [20]. It is mathematically proved that the largest
clique is formed by all of the neighbors of a codeword that
is in the form of alternating 1’s and 0’s (...101010...) [20].
The codebook is implemented as random logic. This code
is referred to as opposing transitions elimination encoding
(OTEE) in the following discussion.
Although the technique proposed in [20] is based on graphs,
there are three major differences between the graphs described
in [20] and those used in the proposed method. First, the
nodes in the graph specified in [20] consist of individual
codewords while those in the proposed method consist of
sets of codewords. Second, the edges of the graph in [20]
have no directionality while those in the proposed method do.
Finally, graph in [20] is always complete while that used in the
proposed method is never a complete graph. In addition, the
edges in the graph in [20] have same properties while those
in the proposed method have different weights. Each level of
the correlation graph used in this paper corresponds to each
pipe-lined stage of the encoder/decoder.
The code proposed in [19] avoids all sorts of simultaneous
transitions on neighboring bus lines, assisting and opposing,
and therefore, avoids speedup or slowdown. [19] is designed
as a transition code where every rising or falling edge is
represented by a 1 while a stable logic value is represented
by a 0. As an example, a codeword 101 indicates that in a
three bit bus, lines on extreme ends are undergoing transitions
while the middle one is stable. As a result, avoiding any
codeword with consecutive 1’s eliminates any simultaneous
transitions on neighboring bus lines. Although code proposed
in [19] relies on codewords from two consecutive time frames,
it can be considered as a memoryless code because a simple
exclusive-or array can be used to translate the transitions to
1’s and 0’s. This way for an n bit bus, the decoder logic has
only n inputs and not 2n as in memory based codes. This code
is referred to as no adjacent transitions (NAT) in the following
discussion.
It is possible to have comparatively more efficient code
that allows some of the opposing transitions if they are
compensated by an assisting transition. The code proposed in
[5] achieves this goal by eliminating any vector that contains
pattern b,b,b on neighboring bus lines during any given time
frame. In order to maintain a simpler code book and encoder
logic, authors rely on bus partitioning and group complement
bits [5]. This, in turn, results in significant overhead. As
discussed in subsequent sections, it is possible to extend the
proposed method to implement such code without partitions
and group complement such that total routing area for the
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bus is significantly reduced. This kind of encoding eliminates crosstalk induced slowdown while maintaining transition
speedup. In the following discussion, this code is referred to
as slowdown elimination encoding (SEE).
The encoding technique proposed by [15] involves duplicating every bus line. This way any line undergoing transition
has at least one assisting transition on one of its neighboring
lines. This removes slowdown caused by crosstalk. Also the
minimum Hamming distance of the resultant code is sufficient
to provide certain degree of error detection/correction. It is
a scalable method and can easily be implemented on-chip.
However, the redundancy is huge and the cost in terms of
routing area is prohibitive.
The encoding techniques [5], [19], [20] rely on eliminating
certain bit sequences from appearing within the codeword.
All three of the encoding techniques eliminate the worst case
crosstalk induced delay by avoiding simultaneous opposing
transitions on neighboring lines. The worst case delay of a bus
line is the same for all three techniques. In other words, the
choice of the encoding technique does not change the crosstalk
induced delay on the bus. [5] has slightly less redundancy as
compared to [20] and [19]; however, as observed in the experimental evaluation section, the codec for encoding technique in
[5] exhibits more hardware overhead and power consumption
as compared to the codec for encoding techniques proposed
in [20] and [19].
With the exception of [15] which duplicates lines, all encoding schemes discussed above enumerate the codewords before
mapping them to the data words. Consider a bus connecting
two cores on a single chip. Buses as wide as 128 bits are
not unimaginable. Searching a space of 2128 combinations for
valid codewords is extremely computation intensive task if not
impossible. Use of additional shield lines to divide a wide bus
into smaller more manageable sections may not always be
justifiable. This makes the method nonscalable.
Recursive codeword generation procedures have been proposed in [4], [6], and [18] but apply only to the code in [5].
The preliminary work published in parallel in [8] applies the
proposed method to the code proposed in [19]. The method in
[4], [6], and [18] uses a Fibonacci number system to represent
data words. The encoders and decoders are implemented with
multibit adders and multiplexers. They rely on a mathematical
modeling of the technique in [5], and present a mapping
algorithm suitable for the specific code in [5].
The technique proposed in [11] uses a codec based on our
work in [8] to generate codewords of an encoding technique.
Each codeword is then translated to a valid codeword of
another encoding technique suing additional logic. As a result,
the technique proposed in [11] is limited to the Fibonacci code
family. The proposed technique utilizes the recursion described
in Section II-B to generate a graph representation (correlation
graph) unique to that encoding technique. Such graph is then
used to implement the codec in an automated manner. Due
to this, the proposed implementation strategy is not limited to
Fibonacci code family.
The key difference between the proposed and the existing
work is that the introduced graph-based representation of the
codes allows implementation of a wider variety of codes, such
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as codes with additional restrictions on the maximum weight
of the codewords. In that sense, this paper is a framework
that generalizes on-chip code generation and is not limited to
a specific code as our previous work in [8] or the work in
[4], [6], and [18]. The experimental results indicate that the
hardware overhead of proposed implementation strategy is of
the same order compared to [4], [6], and [18] for the specific
code. The results show scalability of the proposed approach
when applied to a variety of codes. For the code in [5], the
results from [6] are also given. The goal of this paper is to
propose a more generalized framework that can be applied to
a number of existing codes. Implementation details of three
such codes is presented in this paper.
B. Definitions and Terminology
Definition 1: A valid codeword is a bit vector that does
not contain bit pattern that causes undesired effects, such as
crosstalk induced delays anywhere within it. Such a bit pattern
is referred to as prohibited bit pattern.
Definition 2: A k-bit segment of a codeword is a k-bit
binary bit string that is a subset of the given codeword
Definition 3: Class is a set of all valid codewords that
contain a fixed most significant bit pattern
Example 1: Class (00, n) is a set of all n-bit valid codewords that have 00 as most significant bit pattern.
Theorem 1: Any k-bit codeword is valid only if the all code
segments with length less than k contained within it are valid
codewords themselves. This is a necessary but not sufficient
condition.
Proof: Consider an arbitrary k-bit vector, x=(bk ,.., b2 , b1 ).
If x is a valid codeword, it must not contain a prohibited bit
pattern. Consequently, any fragment of x does not contain a
prohibited bit pattern and by definition is a valid codeword.
Similarly, if x is not a valid codeword for a given code, then x
must contain a prohibited bit pattern. As a result any codeword
containing x such as (bk + 1,bk ,.., b2 , b1 , b0 ) is not a valid
codeword.
Example 2: Consider a 5-bit codeword 10100. Under a
particular encoding scheme, 10100 is a valid codeword only
if two 4-bit segments (namely, 1010 and 0100), three 3-bit
segments (namely, 101, 010, and 100), four 2-bit segments
(namely, 10, 01, 10, and 00) are valid codewords themselves.
This is a necessary but not sufficient condition since a 6-bit
codeword 110100, formed by appending a leading 1 to 10100
may not necessarily be a valid codeword.
As a result, to build a set of all valid (k+1)-bit codewords
one must work with a set of valid k-bit codewords. A set of
(k+1)-bit codewords can be formed by appending a leading 0
or 1 to certain k-bit codewords. Newly formed set of (k+1)bit codewords can be classified according to the MSB of the
codewords. This is a recursive procedure, which is shown in
Algorithm 1. A set of n-bit codewords can be formed in n iterations of a while loop starting with set of one-bit codewords.
Any code that possesses the property described by above
theorem can be implemented using proposed implementation
strategy.
Similar codeword generation procedure has been proposed
in [12] that depends on explicit codeword enumeration. The
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Algorithm 1: Iterative code formation
Data: Bus Width (n), Forbidden bit pattern (p)
Result: Set of n-bit codewords
int k = 1; X(k) = {0, 1};
while k < n do
forall C  X(k) do
if 0C contains p then
Discard 0C;
else
Add 0C to X(k+1);
end
if 1C contains p then
Discard 1C;
else
Add 1C to X(k+1);
end
k++;
end
end
Return X(k);

proposed implementation strategy does not require explicit
enumeration of all the codewords. Algorithm 1 is provided
strictly for understanding purpose. The graph representation of
the unfolded while loop described in Algorithm 1 is depicted
in Fig. 1. Each node in the graph on the right in Fig. 1
represents a class. The nodes of the graph on the left side list
the contents of the class. As an example, (1, 3) represents a
set of all valid 3-bit codewords with MSB equal to 1, namely,
{100, 101}. Consider a code that prohibits any consecutive
1’s from appearing in the codeword. Any k-bit vector that
contains consecutive 1’s is not included in the set of valid
k-bit codewords X(k). In order to construct a set of valid
(k+1)-bit codewords, each member of X(k) must be appended
with either a leading 0 or a 1. If the element of X(k) under
consideration already has most significant bit as 1, appending
another 1 will result in a prohibited bit pattern. Hence, a
leading 1 can only be added to the element of X(k) that has 0
as the most significant bit. However, there is no such restriction
while appending a 0. As a result if the cardinality of the set
of valid k-bit codewords is |X(k)|, the cardinality of a set of
valid (k+1)-bit codewords is always less than 2|X(k)|. Due to
the recursive nature of the codeword generation process, the
cardinality of the set of valid codewords generally progresses
in a manner that is similar to the Fibonacci series. However,
it is not absolutely necessary that the cardinality of individual
sets follow Fibonacci series. As an example, the set sizes for
the weight limited NAT code are not members of Fibonacci
series as explained in Section III.
Definition 4: Set A is a parent of set B if some elements in
set B are formed by adding a leading 1 or 0 to every element
in set A. Also set B is a child of set A.
The unfolded while loop discussed above forms a correlation graph where every level corresponds to an intermediate
bit width. Every node represents a class. The dotted and solid
arrows representing appending 0 and 1 point from parent to
child class. Every codeword within a class contributes toward

Fig. 1.

Unfolded while loop.

forming one or more codewords in the next level. Being
a correlation graph the parent–child relationships are well
defined. Union of all classes in the bottom most level of the
graph form an ordered set of n-bit codewords. The cardinality
of such set |X(n)| determines the number of data bits that can
be transmitted using the code. If an n-bit code is capable of
transmitting d-bit data, then the inequality |X(n)| ≥2d must
be satisfied.
Mapping is done in such a way that first codeword in the
ordered set is mapped to smallest data (namely, decimal 0),
second codeword is mapped to next smallest data (namely,
decimal 1) so on and so forth. Assume the codewords in set
X(n) are classified according to the most significant bit in two
classes, namely, (0, n) and (1, n). As a result, while mapping
2d d-bit data to |X(n)| n-bit codewords, first |(0, n)| data words
are mapped to codewords in class (0, n) while remaining 2d |(0, n)| data words are mapped to first 2d -|(0, n)| elements of
class (1, n). Since |X(n)| ≥2d , last |X(n)| - 2d elements of
(1,n) are unmapped.
The decimal value of the data determines the class of
corresponding codeword in the final level. For example, if the
decimal value of D of the data is less than |(0, n)|, it must be
mapped to a codeword in class (0, n). Consequently, the most
significant bit of the codeword corresponding to D must be
0. Similarly if D is greater than or equal to |(0, n)|, the most
significant bit of the corresponding codeword must be 1.
The next step determines the parent class for the codeword.
This is precisely the class of (n-1)-bit codewords from which
the n-bit class originates The parent class is based on the
cardinality of classes and the parent–child relationships. The
parent class determines the n-1st bit of the codeword. Traversal of the correlation graph from bottom to top determines
the codeword corresponding to a particular data word. The
procedure is formally presented in Algorithm 2. Each iteration
of Algorithm 2 has two steps. The first step calculates the kth
code bit based on the cardinality of the classes at the kth level.
The second step scales the input data based on the structure
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Algorithm 2: Codeword generation
Data: d-bit Data word, Correlation graph
Result: n-bit codeword mapped to given data word
int k = n;
while k > 0 do
Determine class of codeword at kth level base on:
1. Decimal value of data
2. Correlation graph
if MSB of the class is 0 then
C(k) = 0;
else
C(k) = 1;
end
Scale data according to class cardinality.
k=k-1;
end
Return n-bit codeword = C(n), C(n-1) ... C(2), C(1);

of the correlation graph to direct the encoder to the correct
class in the (k-1)th level.
The determination of the class of a codeword and the parent
classes is based solely on the cardinality of the classes involved
and not the contents of these classes. Since the cardinality
of these classes can easily be calculated mathematically, it is
not required to explicitly enumerate all the codewords. The
nonenumerative nature of the method makes it more scalable
for wide buses as well as more suitable for automation.

III. Proposed Implementation Strategy
The sequence of steps followed in the proposed technique
is depicted in Fig. 2. The Process begins with making an
initial attempt to identify the correlation between codewords
of different sizes by classifying them into various classes
according to the most significant bit. This section describes
how the codec generation process can be automated.

Fig. 2.

Steps of proposed implementation strategy.

Fig. 3.

(n,d,n/2)-NAT correlation graph (step 1).

A. Generation of Correlation Graph
Consider an initial classification of a set X(1) consisting
of 1-bit code into two classes, namely, (0, 1) and (1, 1). In
absence of any encoding technique, the set of 2-bit codewords
X(2) is formed by appending a leading 0 and leading 1 to
both of the aforementioned classes. The resultant section of
graph has four nodes and four edges as shown in Fig. 3(a).
During the first iteration of the graph generation flow depicted
in Fig. 2, a small software module identifies and lists any
invalid codewords that are present in the newly formed 2-bit
code set.
As an example consider the code in [19] that forbids
consecutive 1’s in a codeword. The codeword 11 present in
class (1, 2) is invalid under this encoding technique and is
flagged by the software tool. The codeword 11 is formed
by appending a leading 1 to a member of class (1, 1). As
a result the solid edge connecting class (1, 1) and class (1, 2)
in Fig. 3(a) must be removed. The resultant graph is shown
in Fig. 3(b).

Next step is to verify whether the relationship between
set X(2) and X(3) is the same as that between X(1) and
X(2). From the previous step, class (0, 2) has two codewords,
namely, 00 and 01, while (1, 2) has only one codeword,
namely, 10. Appending a leading 0 and 1 to each member
of X(2) results in six codewords 000, 001, 010, 100, 101,
110 as shown in Fig. 4(a). The only invalid codeword 110 is
formed by appending leading 1 to a member of class (1, 2).
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Fig. 4.

(n,d,n/2)-NAT correlation graph (step 2).

Fig. 5.

(n,d,n/2)-NAT correlation graph.

Fig. 6.

Fig. 7.

OTEE correlation graph (Step 2).

Fig. 8.

OTEE correlation graph (2-cliques).

OTEE correlation graph (Step 1).

Removing the solid edge between classes (1, 1) and (1, 2)
in Fig. 4(a) results in the graph depicted in Fig. 4(b). As
relationship between X(2) and X(3) is the same as that between
X(1) and X(2), a codeword correlation is established.
An induction like argument is used to validate the correlation graph. If the correlation holds true for smaller bus width,
set of valid codewords, X(n), is formed for arbitrarily large n.
X(n) and the correlation graph are used to generate X(n+1).
The correlation between X(n) and X(n+1) is said to hold true
if all elements of X(n+1) are valid (n+1) bit codewords. If
the correlation between X(n) and X(n+1) holds true and if
the redundancy is acceptable, HDL descriptions of the codec
is generated based on the resultant correlation graph. The
resultant correlation graph for the NAT code in [19] is depicted
in Fig. 5.
For some codes such as OTEE, the relationship between
X(1) and X(2) is not the same as that between X(2) and X(3)
as seen in Fig. 6. In such a scenario, the procedure described
above is repeated till a recursive pattern is observed as seen
in Fig. 7. The sections of the correlation graph must fit one
on top of the other like identical building blocks.

There are three scenarios in which it becomes necessary to
change the initial classification of codewords during the run
time of the proposed algorithm. They are as follows.
First scenario occurs when the correlation between X(n) and
X(n+1) does not hold true for reasonably large n and X(n+1)
contains invalid codewords. This implies that the correlation
established in the aforementioned procedure is incomplete.
The second scenario occurs when a recursive pattern in the
correlation graph is not observed after testing a reasonably
large number of levels in the graph. As discussed before, the
correlation for NAT is established by checking three levels
of the graph while the correlation is established for OTEE
after checking five levels of the graph. For more complicated
code the number could be higher. The two cliques [20] for the
OTEE code are depicted in Fig. 8.
The third scenario occurs when the redundancy of the
resultant code in not acceptable. It is worth noting that the
algorithm described in this section only removes edges in
the graph that result in invalid codewords. Such removal may
potentially remove a few valid codewords. The algorithm does
not check for missing valid codewords. This is acceptable as
long as the redundancy of the resultant code is acceptable.
Consider for example that d-bit data is to be transmitted over
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Fig. 9.

Fig. 10.

SEE correlation graph (unacceptable redundancy).

SEE correlation graph.

the bus and according to the encoding technique under consideration, n-bit bus is required and (n-d)-bits are redundant.
As a result, the inequality, X(n) ≥ 2d must be satisfied. If
X(n) produced using the correlation graph is less than 2d ,
then additional redundancy would be required. In such case,
the redundancy is deemed unacceptable and the correlation
graph is modified further until the aforementioned inequality
is satisfied.
As an example consider the correlation graph for the
SEE code that prohibits patterns 101 and 010. If the initial
classification based on the most significant bit is adopted the
resultant graph is depicted in Fig. 9. The set X(n) will always
have four codewords. Consequently, the redundancy is deemed
unacceptable. The correlation graph is modified by splitting
the classes based on two most significant bits and repeating
the correlation graph formation procedure described above.
Using four classes, namely, (00, n), (01, n), (10, n), and (11,
n), for SEE code, the resultant correlation graph is depicted in
Fig. 10. The algorithm is formally presented in Algorithm 3.
It also possible to introduce additional constraints to the
code using additional classes and switches in the software
tool. As an example, the encoding technique proposed in [19]
limits the switching power of the bus by limiting the weight
of the codewords. Consider a NAT code with weight limit of
two. The codewords are classified using weight as well as the
most significant bit. The classes are represented as (b, n, w)
where b is the most significant bit pattern, n is the width of
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Algorithm 3: Correlation graph generation
Result: Codeword Correlation Graph
Initialize correlation graph;
while Redundancy is not acceptable do
while Correlation not established do
forall Invalid codewords  X(k) do
Remove edge resulting in invalid codewords;
end
Add another level to graph and validate
correlation;
if codeword correlation not established then
Modify the graph by adding more classes;
else
if Redundancy is acceptable then
Break all while loops;
else
Modify the graph by adding more classes;
end
end
end
end
Generate codec HDL description based on Correlation
graph;
the codewords and w is the weight of all the codewords in
the class. For example, class (0, 3, 1) will contain all valid
3-bit codewords with most significant bit 0 and weight equal
to 1. It is worth noting that classes (1, n, 0) are always empty
sets as any codeword with most significant bit 1 has minimum
weight of 1. Following similar logic, the classes represented
by shaded nodes in Fig. 11 are empty sets.
Appending a leading 1 to a codeword results in increase in
the weight of the new codeword by one as compared to the
original one. As an example, appending 1 to a 3-bit codeword
001 with weight one will result in a new codeword 1001
with weight two. Appending a leading 0 does not change the
weight of a codeword. The software module that verifies the
validity of the codewords may flag a codeword as invalid either
because it contains a forbidden bit pattern or because its weight
exceeds the desired limit. Regardless of the reason, the edge
in the graph that results in the invalid codeword is removed.
As a result, any class (b, n, 2) has only dotted outgoing edge
(implying only leading 0 can be appended) in the graph.
Applying Algorithm 3 to the NAT code with maximum
weight of two results in the correlation graph depicted in
Fig. 11. It is worth noting that due to the additional constraint
of maximum weight, the cardinality of sets of codewords
does not follow the Fibonacci sequence. The weight limited
NAT code is one of the examples of non-Fibonacci encoding techniques that can be implemented using the proposed
implementation strategy.
B. Scalable Implementation
The codewords are calculated bit by bit by traversing the
correlation graph from bottom to top. If n-bit code is used
to transmit d-bit data, the ordered set X(n) formed by union
of all classes on the nth level of the correlation graph are
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Fig. 11.

(n,d,2)-NAT correlation graph.

Fig. 12.

OTEE code bit generation.

mapped to the 2d data words. Consider for example the OTEE
correlation graph depicted in Fig. 8(a). The first data word,
namely, decimal 0 is mapped to the first member of class (0,
n), the second data word, namely, decimal 1 is mapped to the
second member of the class (0, n) and so on. As a result, the
decimal value of the data word determines the most significant
bit of the corresponding codeword. If the decimal value of the
data word is less than |(0, n)|, the codeword belongs to the
class (0, n) and consequently the most significant bit of the
codeword is 0. The next bit of the codeword is calculated by
following the appropriate edge in the correlation graph to the
parent class for the codeword. This is achieved using if-else
structure in the HDL that is implemented using multiplexers.
|(0, n)|=Fb(n+1). If d-bit input data is Di then the nth code
bit C(n) is generated as shown in Fig. 12.
The comparison between input data Di and the comparison
threshold t is achieved using multibit adders and the two’s
complement of t. If t inside the if-statement is a k-bit number,
then the sum of t and the two’s complement of t is 2k . If the
two’s complement of t is added to Di using a k-bit adder, the
carry-out of the adder is set if Di is greater than or equal to

Fig. 13.

Encoder block implementation.

Fig. 14.

OTEE encoder block E1.

the t. The data scaling discussed in the rest of this subsection
ensures that the input data Di is less than 2k + 1. Consider as
an example that the input data is to be compared to threshold
of decimal value 5. The two’s complement of 5 is decimal
value 3. When Di is added to 3, the sum is greater than 7 if
Di is greater than or equal to 5. As a result the carry-out of the
adder acts as a comparator output. Using advanced adders such
as carry select adders or carry look-ahead adders, comparison
can be achieved significantly fast. The structure of the HDL
modules is depicted in Fig. 13.
The |X(n)| codewords available in the nth level originate
from the |X(n − 1)| codewords in the n-1st level. Hence,
while migrating from the nth level to the n-1st level on the
correlation graph, number [|X(n)|-|X(n − 1)|=Fb(n)] must be
subtracted from the input data at the nth level. As a result,
while migrating from nth level to n-1st level of correlation
graph in Fig. 8(A), the number Fb(n) must be subtracted form
the input data to the nth level.
In general, if Di is the input data to the kth level then Do
the data input for k-1st level and C(k) the kth code bit are
obtained by function E1(k,Di ) depicted in Fig. 14.
The parent–child relationship between kth level and k-1st
level of the graph is different than the one between the k-1st
and the k-2nd level. As a result the function generate the k1st bit [say E2(k-1, Di )] is different than function E1(k, Di)
discussed above. Using similar logic, E2(j, Di ) for j=k-1 can
be determined as shown in Fig. 15.
Example 3: The encoder implementation using E1(k, Di )
and E2(j, Di ) as building blocks is shown in Fig. 16. Data input
for the example shown in Fig. 16 is 6 (i.e., 110). The first block
performs operation E1(4, 6). Since 6≥Fb (5), C4=1 and Do =6Fb (4)=3. As a result, the second block performs E2(3, 3).
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TABLE I
Mapping 4-Bit OTEE Code to 3-Bit Data

Fig. 15.

Fig. 16.

Fig. 17.

OTEE encoder block E2.

Fig. 18.

OTEE decoder block.

Fig. 19.

NAT code bit generation.

OTEE encoder.

OTEE decoder.

Since 3≥Fb (3), C3=1 and Do =3-Fb (3)=1. The third block
performs E1(2, 1). Since 1Fb(3), C2=0 and Do =1. Finally,
the fourth block performs E2(1, 1). Since 1≥Fb (1), C1=1 and
Do =1-Fb(1)=0. Irrespective of the input data, Do from the last
block is always 0. The path traversed on the correlation graph
that corresponds to input data 110 is shown in bold.
A closer observation of functions E1 & E2 reveals that the
encoder essentially breaks down the input data into sum of
Fb(k). According to the functionality of the encoder, if Fb(k)
is subtracted from the input data, the kth bit is set. The decoder
must recover the original data by adding Fb(k) for every kth
code bit that is set. The decoder simply adds up the Fb(k)
corresponding to every bit that is set. Binary equivalent of the
n

original data DR is given by:
(C(i) ∗ Fb(i))
i=1

where C(i) is the ith code bit and Fb(i) is the ith Fibonacci
number.
The breakdown of 3-bit data into Fb(4), Fb(3), Fb(2), Fb(1)
and the resultant mapping is shown in Table I.

The block diagram of the decoder using D(k,Di ) function
blocks is given in Fig. 17. Function D(k,Di ) is given in Fig. 18.
Following similar logic, real-time implementation of the
NAT and SEE codes is achieved as discussed in the reminder
of this section. The first |(0, n)| data words are mapped to all
of the elements in the class (0, n). The remaining data words
are mapped to the first (2d -|(0, n)|) elements of (1, n). The
remaining elements of (1, n) are unmapped. For (4,3,2)-NAT
code mapping shown in Table II (|(1, n)|+|(0, n)|)=2d ; hence,
there are no unmapped codewords.
Encoder essentially traverses the correlation graph in Fig. 5
from bottom to top. It is observed that |X(k)|=Fb(k+2),
|(0, k)|=Fb(k+1), and |(1, k)|=Fb(k). Starting with the last
iteration, comparison of decimal value of the input data (Di )
with |(0, k)| determines whether the codeword belongs to class
(1, n) or (0, n). The resultant functionality is depicted in
Fig. 19.
Since |X(n)| - |X(n − 1)|=Fb(n), while migrating from nth
level to n-1st, Fb(n) must be subtracted from the data input
to the nth level. The parent–child relationship between every
pair of levels is identical. The resultant function block E(k,
Di ) is shown in Fig. 20.
The (4,3,2)-NAT encoder is shown in Fig. 21
Example 4: In Fig. 21, the input data is 6 (110). Since
6≥Fb(5), output Do of E(4,6) is 6 − 5 = 1 and C(4) is 1.
Next comparison is done with Fb(4)=3. Since 1Fb(4), Do is
1 and C(3) is 0. This determines the class of the codeword
in the second last level. At the end of the process, codeword
1001 is formed. As a result, bus lines at extreme ends undergo
transition while middle lines are stable.
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TABLE III
NAT Transmission With Initial State 0000

Fig. 20.

Fig. 21.

NAT encoder block.

Fig. 22.

NAT decoder block.

Fig. 23.

NAT decoder implementation.

NAT encoder implementation.
TABLE II
Mapping 4-Bit NAT Code to 3-Bit Data

The NAT encoder breaks down the input data into sum of
Fb(k+1) values. If Fb(k+1) is present in the sum, the kth bit is
set. Decoder simply adds the Fb(k+1) values corresponding to
every code bit that is set. The original data Dr from an n-bit
codeword can be given by:
n


(C(i) ∗ Fb(i + 1))

i=1

where C(i) is the ith code bit and Fb(i+1) is the i+1st Fibonacci
number.
The 3-bit data broken-up as a sum of kthbit*Fb(k) and the
corresponding mapping is shown in Table II. As shown in
Fig. 23 array of exclusive or gates translate the transitions
on the bus lines to codewords. According to Table II the
data ‘2’ is mapped to code 0010, data ‘4’ is mapped to
0101 while data ‘7’ is mapped to 1010. It is worth noting
that the actual bits transmitted over the bus depend upon
the initial state. As an example, consider data ‘2’, ‘4’ and
‘7’ transmitted over the bus with initial state 0000 during
consecutive time frames t0 , t1 and t2 . The resultant bus states
are enumerated in Table III. Absence of consecutive 1’s in

the codewords ensures absence of adjacent transitions thereby
avoiding crosstalk induced delay. Code bits are individually
fed to each of the functional blocks. As long as proper code
bits are fed to proper blocks, the order in which the addition
takes place is irrelevant. Functionality of block D(k, Di ) is
depicted in Fig. 22.
The length of the codeword is determined by the number
of function blocks. The number of function blocks (E and D)
is proportional to the number of code bits. An n-bit encoder
has n (or n-1 function blocks, depending upon the type of the
code). As an example, the 4-bit encoder/decoder circuits in
Figs. 16, 17, and 28 have four blocks. A 5-bit encoder/decoder
will have five blocks. Each function block consists of multibit
adders and multiplexers. An n-bit encoder/decoder will require
n-bit adders and multiplexer. The gate count provided in
experimental results does not reflect the number of function
blocks but the actual number of gates that are used to build the
adders and multiplexers. For very large codes, throughput of
the encoder and decoder can be improved by using pipelined
architecture. The encoder implementation as a systolic machine is shown in Fig. 24. Pipelined architecture also improves
the energy consumption per transmitted data word.
The kth level of the correlation depicted in Fig. 10 consists
of four classes, namely, (00, k), (01, k), (10, k), and (11, k) with
cardinalities Fb(k), Fb(k-1), Fb(k-1), and Fb(k), respectively.
Consequently, the cardinality of X(k) is 2Fb(k+1). The first
Fb(k) data words are mapped to class (00, k) next Fb(k-1)
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TABLE IV
Classes of SEE

Fig. 24.

NAT encoder (pipelined).

Fig. 25.

SEE code bit generation.

Fig. 26.

SEE encoder block.

data words are assigned to class (01, k), and, so on. As a
result, the most significant bit of the codeword corresponding
to first Fb(k+1) data words is 0, the most significant bit is 1
for the remaining. The nth code bit is generated as shown in
Fig. 25.
A comparison with Fb(k+1) does not determine the class
of the codeword. Next a comparison is made with Fb(k) and
[Fb(k+1)+Fb(k-1)]. If the codeword belongs to (00, k), no
adjustment of input data is required. If the codeword belongs
to (01, k), input data must be scaled by adding Fb(k-2). For
(10, k), Fb(k-1) must be subtracted while for (11, k), 2Fb(k-1)
must be subtracted. The functionality of the encoder block
E(k, Di ) is depicted in Fig. 26.
The proposed encoder and decoder are shown in Figs. 28
and 29, respectively. The functionality of the decoder block is
more complicated. Since there are four classes at each level,

Fig. 27.

SEE decoder block.

Fig. 28.

SEE encoder.

Fig. 29.

SEE decoder.

each decoder block requires two code bits, namely, k and k-1,
to recreate the data. In the encoder block, if the codeword
belonged to class (11,k), then 2Fb(k-1) is subtracted from the
input data; hence, to recover the original data, 2Fb(k-1) must
be added. Applying similar logic to classes (00, k), (01, k),
and (10, k) the functionality of decoder block can be derived
as shown in Fig. 27.
The implementation of all three encoding techniques follows
the procedure described in Algorithm 2. It is worth noting
that the first step in Algorithm 2 that generates the code bits
is the same for the three codes. As a result, Figs. 12, 19,
and 25 are same. However, the way in which data is scaled
while traversing the graph is different for different encoding
techniques. As a result the second step of Algorithm 2 results
in different functionalities of the final encoder/decoder blocks.
The functionality of the encoder and decoder blocks of
the weight limited NAT code are more complex due to the
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Fig. 33.
Fig. 30.

Hardware requirement of code in [5].

Hardware requirement.

Fig. 31.

Execution time.

Fig. 32.

Power consumption.

complicated nature of the correlation graph. The information
regarding the weight of the codeword is lost in the encoding
process as a result a small module to calculate the weight of
the code is required.
IV. Experimental Results
In order to verify the effectiveness of the proposed implementation method, VHDL codes were written for encoder
and decoder as random logic, as well as proposed method.
These VHDL codes were then synthesized using Cadence
encounter tool using 180nm technology and circuit statistics
were analyzed. The HDL codes were written and synthesized
in a generic 180nm technology using cadence RTL compiler
and Cadence encounter to generate the schematics and layout
for the codec. Power consumption of the bus lines is based on
post extraction figures provided by the ASU predictive model
for 180nm node.
Each function block terminates with a register where the
calculated value is stored for the next clock cycle. The

synthesis tool is constrained to achieve the delay of each
pipeline stage of the codec to be no more than 1nS. Since
the codec produces one codeword each cycle, the average
energy consumption is reduced to a reasonably small value
for sufficiently large amount of data transfer.
For the encoding techniques that do not provide the scalable
implementation, it is assumed that the codec is implemented as
a truth table based random logic circuit. Such circuit has d-bit
data input and an n-bit code output that is transmitted over the
bus. Give the data word as an input, the circuit produces the
corresponding codeword as an output. Table VIII describes the
hardware overhead of implementation of OTEE for both the
methods. The number of functional blocks required is linearly
proportional of number of code bits and the functionality of
each block is fairly simple. As a result, for wider buses,
the proposed method requires much less hardware. A similar
trend is observed in synthesis of (n,d,n/2)-NAT code as
shown in Table IX and that of SEE as seen in Table X.
The synthesis tool failed to synthesize the conventional encoder/decoder implementation for buses beyond 16-bits due
to memory requirement violation. The experimental results for
up to 72-bit bus are provided to emphasize the fact that the
proposed method is in fact capable of completing the task
of encoder/decoder synthesis as opposed to the random logic
implementation, which runs out of memory beyond 16-bit bus.
Fig. 30 compares the three encoding techniques with respect
to gate count. The curves labeled NAT C, OTEE C and
SEE C represent the gate counts of conventional random
logic implementation of the three encoding techniques while
the curves labeled NAT P, OTEE P and SEE P represent
the gate counts of implementations using the proposed strategy. The same naming convention is used in Figs. 31 and 32.
The conventional method also exhibits a considerable computational overhead and consequently time required for code
generation as well as synthesis of the encoder/decoder circuitry
is considerably high as observed in Fig. 31. The execution
time of the software tool to synthesize a 16-bit conventional
encoder is comparable to the time for synthesis of a 72-bit
encoder using proposed implementation strategy.
A similar trend is observed in case of power consumption
of the encoder/decoder implementation as seen in Fig. 32.
The power consumption is estimated using the Cadence RTL
compiler. The power estimation for 16-bit and beyond conventional encoders is not shown as the RTL compiler terminated
due to memory requirement violation. Table V depicts the
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TABLE V
Power Consumption With and Without Encoding

power consumption on a 2500 micrometer bus capable of
transmitting 14-bit data. As such, the bus without encoding
has 14 lines while the bus with encoding has 20 lines. The
bus was modeled using π-model based on [21] using the
same technology as the encoder/decoder. Despite having more
number of lines, the worst case dynamic power consumption
on the bus without encoding is higher since the coupling
capacitance exhibits a Miller-like effect. Since bus encoding
eliminates simultaneous opposing transitions, the Miller-like
effect is not observed in encoded bus. As a result despite
having more number of lines, the total power consumption on
an Nonencoded bus is slightly less. As observed in Table V.
The total power consumption of the proposed technique is
considerably less as compared to the conventional one. The
main goal of crosstalk avoidance encoding is to improve the
performance of the bus. The proposed implementation strategy
improves the performance while consuming between 11% to
38% more power as compared to an Nonencoded bus.
The total power consumption of the encoded bus is the
sum of power dissipated on the bus and that on the logic.
If the total power of encoded bus is restricted to that of the
nonencoded bus, the power consumption on the bus must be
reduced to accommodate the additional power consumed by
the logic circuit. This can be achieved by reducing the coupling
capacitance between neighboring lines. This can be done by
separating the bus wires over a larger area while keeping the
wire width constant.
The inverse relationship between the line separation and
coupling capacitance and consequently power, results in drastic increase in area when power budget is tight. Table VII
represents the overhead of encoding in terms of redundancy
as well as actual routing area. The results show that to bring
the power to the level of nonencoded bus, the area increases by
about 61% to 67% for some codes. In addition, we observe
that the codec is necessary. Due to relatively higher power
consumption for the codec for SEE, the routing overhead of
the technique is considerably higher compared to NAT and
OTEE. The primary goal of crosstalk avoidance encoding is
performance enhancement in terms of speed. This can be
achieved by either treading off power or routing area. It is
worth noting that increasing routing area also improves the
delay on the bus.
The goal of using bus encoding is to improve the performance using redundant bits. Based on SPICE simulations
performed using the π-model on buses from 1500um to
2500um, the delay of the encoded bus is approximately 37%
better compared to an unencoded bus as seen in Table VI. It
is worth noting that despite having different redundancies, the
worst case delay for all three codes is the same as a result the
performance improvement for SEE, OTEE, and NAT is the
same.

TABLE VI
Performance Improvement Using Encoding

TABLE VII
Overhead With Respect to Nonencoded Bus for
No Extra Power

TABLE VIII
Hardware Overhead of OTEE

The rest of the section focuses on comparing the proposed
method to the one presented in [6]. The comparisons are only
meaningful for the code proposed in [5]. The experimental
results provided in [6] are interpreted from the chart published
in the paper without having first hand data. Fig. 33 plots
the results of the proposed method and those interpreted
from [6] represented by the curve labeled forbidden pattern
free (FPF). The vertical axis represents the gate count while
the horizontal axis represents the bus width. Unfortunately,
the results provided extend only upto 32-bit buses. Although
the gate count is a good indication of hardware overhead,
the actual transistor count depends upon the technology and
libraries used for implementation. It can be seen that the
hardware overhead of proposed strategy is of the same order
as compared to that of the technique proposed in [6]. It is
seen in Fig. 33 that with increase in bus width, the hardware
overhead of [6] appears to increase more rapidly than the
proposed method. Therefore, for buses larger than 32-bits, the
cost is expected to be higher.
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TABLE IX
Hardware Overhead of (n,d,n/2)-NAT Encoder

TABLE X
Hardware Overhead of SEE

V. Conclusion
The conventional implementation strategy is based on explicit enumeration of codewords. In case of very wide buses,
such codeword enumeration results in exponential hardware
overhead. Maintaining a codebook is not a practical approach.
Proposed implementation strategy takes advantage of the iterative structure of the encoding technique. The encoder/decoder
are described as structural HDL model that uses multibit
adders, comparators, and multiplexers as building blocks. This
makes the strategy scalable for very wide buses.
The proposed strategy has been applied to a variety of
encoding techniques. The properties an encoding technique
must possess to be implementable using the proposed strategy
are described in this paper. Three of the existing encoding
techniques that fit the criteria were implemented using proposed strategy with encouraging outcomes. All three encoding
techniques exhibit similar scalable trends in areas such as
hardware overhead, power consumption, memory requirements
and time complexity.
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