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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 code words without
explicitly enumerating them. Codeword mapping relies on graph-based representation that is unique to the given encoding
technique. The code words 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.
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1. INTRODUCTION

Every 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,
use of shield lines, and bus encoding [2]-[4], [6], [11]. 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 duplicate each data line
such that there is always at least one transition in the same
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 [10] 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 lines has

been discussed in [8]. 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 [6] and
achieve this goal by prohibiting certain bit patterns from
appearing in the transmitted codeword. Many of these
encoding techniques enumerate valid code words 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.

Non-enumerative encoding techniques, such as those
presented in [5], [7], and rely on mathematical modeling that
applies only to the code proposed in them. The proposed
paper presents a generalized framework to generate code
words in a non-enumerative 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
implementation method is needed to make the encoding
scheme scalable for wide buses. The term real-time is used to
describe non-enumerative codeword generation. The method
is referred to as real-time because the code words are never
explicitly enumerated and stored in memory. The goal of the

C Copyright @ 2014 IJSETR. All rights reserved.



NAGISETTY SUBRAHMANYAM, G. NAGESWARAO, CH.VENKATRAMAIAH

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 sub micrometer, 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 [6]. 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 has been explained. This paper
is organized as follows. Section Il describes Codeword
Correlation. On-Chip Implementation of (N, D)-Nat Encoder
in Section 111 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.

Il. CODEWORD CORRELATION
A. Overview
Code words designed to eliminate crosstalk show a highly
structured behavior. Code words with common properties can
be classified into various sets. The cardinality of each set can
be mathematically determined.

Definition 1: A valid codeword is a bit vector that does not
contain a prohibited bit pattern.

Definition 2: Class is a set of all valid code words that
contain a predetermined most significant bit pattern. Classes
are labeled as (s, n) where s is the most significant bit pattern
and n is the number of code bits. For example, Class (00, 5)
is a set of all 5-bit valid code words that have 00 as most
significant bit pattern.

Theorem 1: Any (n+1)-bit codeword is valid only if the n-bit
code segments contained within it are valid n-bit code words
themselves.

Proof: Consider a valid n-bit codeword, x= (by,.., b,, by).
Since x is valid, by definition, does not contain the prohibited
bit pattern. Consequently two (n-1)-bit vectors contained
within x, namely x;=(bp,..,b,) and x,=(b,-1,..,b,,b;) do not
contain the prohibited bit pattern. Hence, by definition, both
X1 and x, are valid code words. Similarly, if y= (by,..,b, ,b;) is
not a valid n-bit codeword, by definition, it must contain the
prohibited bit pattern. As a result (n+1)-bit vectors, namely

Y1=(bn+1,bn,-.,02,01) and y,=(by,..,b2,b1,b0), must contain the
prohibited bit pattern as well. Hence, by definition, y; and y,
are not valid code words.

In other words, if x is not a valid codeword for a given
code, then neither Ox nor 1x is a valid codeword. This is a
necessary but not sufficient condition. As a result, in order to
build a set of all valid (k+1)-bit code words one must work
with a set of valid k-bit code words. A set of (k+1)-bit code
words can formed by appending a leading 0 or 1 to certain k-
bit code words. Newly formed set of (k+1)-bit code words
can be classified according to the MSB of the code words.
This is a iterative procedure. Starting with set of 1-bit code
words, a set of n-bit code words is formed in n iterations as
shown in Fig. 1. Each level of the graph in Fig. 1 corresponds
to an iteration of the while loop. Class A is a parent of Class
B if some elements in Class B are formed by adding a
leading 1 or O to every element in Class A. Also Class B is a
child of Class A. As an example, in Fig. 1 Class (0, 2) is a
parent Class to Classes (0, 3) and (1, 3) while a child Class of
(0, 1) and (1, 1). Appending a 0 or 1 is depicted by dotted and
solid arrows respectively. Arrow points from parent to child
class. Every codeword within a Class contributes towards
forming one or more code words in the next level. Being a
structured graph the parent-child relationships are well
defined. Union of all Classes in the bottom most levels of the
graph form an ordered set of n-bit code words.
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Fig.1. Codeword Correlation Graph.

Cardinality of such set [X (n)| >2° determines the number
of data bits (d) that can be transmitted using n-bit code
words.

Definition 3: In an ordered set of code words, offset of a
codeword is defined as the number of code words occurring
before it within that set.

Definition 4: In an ordered set of code words, offset of a
Class is defined as the offset of the first codeword of that
Class.

The first codeword in the ordered set is mapped to smallest
data (namely decimal 0), the second codeword is mapped to
next smallest data (namely decimal 1) etc. Hence the decimal
value of the data determines the offset of corresponding
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codeword and consequently the Class of codeword in the
final level. As the classification is done based on the most
significant bits, determination of Class also determines the
most significant bit ("™ bit) of the codeword. Parent Class of
the codeword is determined using cardinality of Classes and
the parent child relationships. Determination of parent Class
determines the n-1st bit of the codeword. Determination of
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 code words. In particular, a
topological traversal of the multilevel codeword correlation
graph from bottom to top determines the codeword
corresponding to a particular data word. The non-
enumerative nature of the proposed method makes it scalable
for wide buses and suitable for automation.

B. Codeword correlation in the (n, d, t)-NAT code

The code proposed it has been designed as a transition
code where a 1 indicates a transition (either rising or falling)
on a bus line while 0 means a stable value (stable 0 or a
stable 1). The (n, d, t)-NAT code is an n-bit code that
transmits d-bit data and has at most t 1°s in each codeword.
Thus more number of 1’s corresponds to increased dynamic
power consumption. Authors propose to limit power
consumption by limiting the maximum number of 1’s (the
weight) to value t. For simplicity of explanation, the code
without limitations on maximum weight is considered. The
maximum weight of the code can be limited by dividing
Classes into subclasses based

TABLE I: (N, D)-NAT CODEWORD CORRELATION
(FIRST 4 ITERATIONS)

Code Bits (0n) (L) (@) 7T T [X(n)] | Data Bits | Redundancy
(n) (d) (n

| 0 \ \ | 1 0

2 00, 01 10 2 I 1 1

3 000, 001, 010 100, 101 3 1 1 1

4 (000, 0001, 0010, | 1000, 1001, 1010 | 5 3 3 1
0100, 0101

zo| wn| ol el

on the weights of the code words. Due to the nature of the
code to avoid any consecutive 1’s, a codeword with
maximum weight consists of alternate 1’s and 0’s. Thus the
maximum possible weight is n/2q. In this paper a simpler
notation (n, d)-NAT is used instead of (n, d, n/2q)-NAT.
Any further increase in the weight will cause more than one
consecutive 1’s thereby forming an invalid codeword. In
order to avoid transition on neighboring lines, every pattern
with more than one 1’s on neighboring lines is discarded.

To construct a multilevel code correlation graph, consider a
set of valid 2-bit code words X (2) = {00, 01, 10}. In order to
form valid 3-bit code words, every element in X (2) must be
augmented with either a leading 0 or a 1. Adding a 0 as an
MSB does not result in invalid code words. While adding a 1
however one must check the MSB of the element in X (2).
For example appending 1 to 10 will form an invalid pattern

110. To simplify the procedure further set X (2) is divided
into two Classes, namely (0, 2) and (1, 2). As a result, X (2)
=(0,2) U (1, 2) and (0, 2) N (1, 2) =o. It is clear that a
leading 0 can be added to all the elements of set X (2) while a
leading 1 can only be added to all elements of Class (0,2).
This is a recursive procedure. Results of first four iterations
are presented in Table I. Thus Class (0, 3) is a child of (0, 2)
and (1, 2) both, whereas (1, 3) is a child of (0, 2) only. The
resulting codeword correlation graph is shown in Fig. 2.
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Fig.2. (n, d)-NAT Codeword Correlation Graph.

I1l. ON-CHIP IMPLEMENTATION OF (N, D)-NAT
ENCODER

First | (0, n)| data words are mapped to all of the elements
in the Class (0, n). Remaining data words are mapped to first
(2d-| (0, n)]) elements of (1, n). Remaining elements of (1, n)
are unmapped. For (4, 3)-NAT code mapping shown in Table
I (] (1, n)[+| (O, n)|) =2d hence there are no unmapped code
words. Encoder essentially traverses the codeword
correlation graph depicted in Fig. 2 from bottom to top. It is
observed that |X(K)|=Fb(k+2), |(0,k)|=Fb(k+1) and
|(1,k)|=Fb(k). Here Fb (k) is the k™ Fibonacci number.
Starting with the last iteration, comparison of decimal value
of the input data (D;) with |(0,n)| determines whether the
code word belongs to Class (1,n) or (0,n). Hence the nth code
bit C (n) is 1 if D; > Fb (n+1), O otherwise. Since parent and
child Classes may have different offsets, input data scaling
may be required while migrating from a child Class to a
parent class. As seen in Fig. 3, if the codeword belongs to
Class (0, k), scaling of input data is not required since both
child Class and the first parent Class, namely (0, k-1) have
same offset (i.e. zero). Class (1,k) however, has an offset of
Fb(k+1) while that of its parent, namely (0,k-1), is zero. As a
result in order to direct the encoder to proper parent Class,
the input data Di must be scaled by subtracting Fb(k+1) from
it. In other words, if code word belongs to (1, k) then D,=D;-
Fb (k+1). The functionality of the k™ encoder block with
input data Di labeled E (k, Di) is given in Fig. 4. Block E (1,
D;) can be eliminated since C (1) is always equal to the input
Di to that block and Do is always zero.
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Fig.3. Scaling in NAT Encoder Block.

—'\ IF(Di= Fbik+1)) THEN

) [Ck)=1: Do=Di-Fb({k+1):}

Di Else Do
I [Ciky=0; Do=Di:}

E(k.Di) lcm

Fig.4. Functionality of k™ Encoder Block.

The (4, 3)-NAT encoder is shown in Fig. 5. In the
example in Fig. 5, input data is 6 (110). Since 6 is grate than
Fb (5), output D, of E (4, 6) is 6-5=1 and C (4) is 1. Next
comparison is done with Fb (4) =3. Since 1 is not greater
than or equal to Fb (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, code word 1001 is formed. As a
result, bus lines at extreme ends undergo transition while
middle lines are stable. For every k™ code bit that is set
(1<k<n), Fb (k+1) is subtracted from the input data and for
every k™ code bit that is reset, 0 is subtracted from the input
data. In other words, the encoder breaks down the input data
into sum of Fb (k+1) values. If Fb (k+1) is present in the
sum, the k™ bit is set. Decoder simply adds the Fb (k+1)
values corresponding to every code bit that is set. If C (i) is
the i code bit and D; is the input data to the ith decoder
block then recovered data D, from an n-bit codeword is given

by:

D, = ; C(i) « Fb(i + 1) O

Data in Initial State
[t [1Jo] [1[1r]o]ol]
= L
E(4.Di) ] E
=
"'\I) o , — 2
E(3.Di) . E
1 g
SRp | :
E(2.Di) & — E
<L
1 - 8
NP

Fig.5. Overall NAT Encoder Implementation.

As an example, 3-bit data broken-up as a sum of
products of the i" bit and Fb (i+1) as well as corresponding
mapping is shown in Table Il. As shown in Fig. 7 array of
exclusive or gates translate the transitions on the bus lines to
code words. 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, D;) is shown in Fig. 6.

TABLE II: Mapping 4-Bit Nat Code To 3-Bit Data

L3
Data | Data Word Z C(i) = Fb(i+ 1) Code Word
i=1
0 000 054+ 034+0=2+0=1 0000
1 001 054+ 0«3 +0+2+1=%1 0001
2 010 Ux5+4+0+«3+124+0%1 0010
3 011 ODx5+1«3+0«24+0=1 0100
4 100 054+ 1«3 +0+2+1=%1 0101
5 101 1#«5+0«3+0x2+0%1 1000
3 110 1#54+0«34+0%«2+1=%1 1001
T 111 1«5+ 0«3+1+«2+0=%1 1010
IF(Cik)) THEN
. [Do=Di+Fh(k+1):}
Di Else Do
[Do=Di: }
Dik.Di)

[cm
Fig.6. Functionality of k™ Decoder Block.
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Fig.7. NAT Decoder Implementation.

Length of the codeword is determined by the number of
function blocks. For example, to encode 4-bit data, code
length of 6-bits is required. Therefore 5 function blocks are
needed (E (1, D;) is unnecessary). For very large codes,
throughput of the encoder and decoder can be improved by
using pipelined architecture.

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
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schematics and layout for the codec. Power consumption of
the bus lines is based on post extraction figures (9 to 11)
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.

100000 1
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. ==NAT
=
-
% jzs | OTEE_C
5 —&—SEE_C
L]
=H=NAT_P
100 |
=#=QTEE_P
~8-SEE_P
10 4
0 10 20 30 40 S50 & 70 &0
# of input bits
Fig.8. Hardware requirement.
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Fig.9. Execution time.
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Fig.lO. Power consumption.
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Fig.11. Hardware requirement of code in [6].

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 VI 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, rn/29)-NAT code as shown in Table VII and that of SEE
as seen in Table VIII. 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.8 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. 9 and 10. 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. 9. 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. 10. The
power consumption is estimated using the Cadence RTL
compiler.
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The power estimation for 16-bit and beyond conventional
encoders is not shown as the RTL compiler terminated due to
memory requirement violation. Table Il depicts the 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 z-model based on 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 at 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
a Non encoded bus is slightly less. As observed in Table III.
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 a non encoded bus.

TABLE I11: Power Consumption With and Without

Encoding
Encoding | Nonencoded bus Encoded bus aodee Power | codec Power | Totl Power | Tl Power
Technique | Worstcas power (3) | Warst case power (oW) | Conventond (W) | Proposed (W) | Comentional () | Propusd (uW)
(TEE [1534. [ l407H 216 R [47h
NI (134 L [346331 510 L B
SEE 11534 %05 Lk g2 9031 I5%L.12

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 Non
encoded 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
non encoded bus, the area increases by about 61% to 67% for
some codes.

TABLE IV: Performance Improvement using Encoding

Encoding Technique Performance Improvement
1500um | 2000um | 2500um

OTEE 37.1% 37.07% 37%

NAT 37.1% 37.07% 37%

SEE 37.1% 37.07% 37%

TABLE V: Overhead With Respect To Non Encoded Bus
for No Extra Power

Encoding Redundancy Area
Technique Owverhead
OTEE 42.86% 61.7%
NAT 42.86% 67.8%
SEE 42 869 194 %

TABLE VI: Hardware Overhead of OTEE

Data bits Gate Count Gate Count

(d) (proposed) (Conventional )
8 107 295

10 160 1007

12 206 4006

14 285 13949

16 374 34084
20 590 | -

24 859 -

32 1476 N

48 3334 -

56 4627 -

64 5984 -

72 7716 -

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 z-model on
buses from 1500um to 2500um, the delay of the encoded bus
is approximately 37% better compared to an un encoded bus
as seen in Table IV. 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 VII: Hardware Overhead of (N, D, [N/24)-NAT

Encoder
Data bits | Gate Count Gate Count
(d) (proposed) (Conventional)
8 157 253
10 270 960
12 348 3648
14 496 12593
16 662 29375
20 1080 -
24 1595
32 | 2828
48 6424
56 8892
64 11531
72 14778

The rest of the section focuses on comparing the proposed
method to the one presented in [7]. The comparisons are only
meaningful for the code proposed in [6]. The experimental
results provided in [7] are interpreted from the chart
published in the paper without having first hand data. Fig. 11
plots the results of the proposed method and those interpreted
from [7] 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 up to 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
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as compared to that of the technique proposed in [7]. It is
seen in Fig.11 that with increase in bus width, the hardware
overhead of [7] appears to increase more rapidly than the
proposed method. Therefore, for buses larger than 32-bits,
the cost is expected to be higher.

TABLE VIII: Hardware Overhead of SEE

Data bits Gate Count Gate Count
(d) (proposed) (Conventional)
8 190 362
10 301 1285
12 438 5112
14 627 16959
16 822 44473
20 1295 -
24 1790
32 3189
48 7163
56 9641
64 12772
72 16029

V. CONCLUSION

The conventional implementation strategy is based on
explicit enumeration of code words. 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 is described as structural HDL models that
use multi-bit 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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