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ABSTRACT

This paper presents the VLS design of a reconfigurable multi-
mode Reed Solomon (RSY codec for various high-speed
communication systems. Our decoder design is based on the
Euclidean algorithm such that the datapath units are regular and
simple. With its ability to support a variety of (n, &, £) RS
specifications (0<¢<8) and (0<n<255), this RS codec design is
suitable for multi-mode systems such as the xDSL and the Cable
Modem systems. The chip operations at a clock frequency of
100 MHz and has a data processing rate of 800 Mbits/s in
0.35um CMOS technology at the supply voltage of 3.3 V. The
total gate count is 34,647 gates and the core size is only
1,578 1,560 um’.
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1. INTRODUCTION

Among various Forward Error Correcting (FEC) technigues
[1], Reed Solomon codec is one of the most widely applied
schemes for error correction, [t provides exccllent crror
correction capability for both random and bursty errors. Hence,
RS has been employed in many practical applications, such as
digital audio and vidco, magnetic and optical recording,
computer memory, cable modem, xDSL [2] wircless and
satellitc communications systems.

Currently, Cable Modem and xDSL systems are the major
broadband technologics in the market. For different
specification  of the trapsmission rates, various FEC
specifications are specified to cnsurc the transmission quality.
That is, various RS(n, £, 1} specifications need to be performed
in the transmission systems. Hence, in this paper, we propose

the VLSI architecture of a reconfigurable multi-mode RS codec.

It can be easily configured to perform specified (#, &, #) value in
a unified VLSI architecture.
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Fig. 1 Block diagram of the proposed reconfigurable multi-
mode RS codec design.
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The block diagram of our design is shown in Fig. 1. It consists
of two parts, the Soficore and the Hardcore. The softcore is a
cenfigurable control unit. All the datapaths and dataflow of the
hardcore will be controlled by the softcore. In our design,
concurrent Finite State Machines (FSM's) are used to gencrale
all control signals. We can input RS parameter (», &, #) to
reconfigure the states of the FSM’s. The hardcore is a fixed
operating datapath that is optimized for the arithmetic units in
speed, arca, and power. With such am arrangemcnt, most
performance indiccs arc predicable in the layout-proven
hardcore. On the other hand, the softcore can be run-time
programmed to perform the desircd RS specification. The
proposed reconfigurable RS architecture is a scalable design,
and can handle variable error correction capabitity (0<:<8) and
variable codeword length (0<n<255).

2. DATAPATH DESIGN OF MULTI-

MODE REED-SOLOMON CODEC

RS code is defined over the finite fields, or Galois fields GF(2™).
The elcments of the filed are specificd by an Irreducible
Primitive Polvnomial p(x), called Filed Generator Polynomial.
Each element in GF(2™) can be represcnted by m-bits, or so-
called symbol. An RS(n. k 1) code is a block code whose
codeword are blocks of n £ 2" - 1 symbols. Each codeword
includes both & symbols of information and r = n—k symbols of
redundancy (or parity check). In order to correct ¢ = [rr2]
symbol errors, 2¢ parity symbols calculated and appended to a
group of information symbeols during the encoding process. The
Code Generator Polynomial of the code is defined as

Hk

g =Tlx+a), (H

where « is a primitive clement of the field GF(2™), ie., it is a
root of the filed generator polynomial.

2.1 The a(x)-based encoder design

In RS cncoding, the »# codeword symbols arc generated form
the k information symbols by using the code gencrator
polynomial g(x). A codeword can be obtained in a systematic
form by adding 2¢ parity-check symbols. The codeword, (x),
can be represented by a polynomial as follows:

e(x) = xu(x) + )y = X0 + 2 v(x) moa g(x) . 2)
The conventional RS encoder is a 2r-stage Linear Feedback
Shift Register (LFSR). The finite-field multiplier of the LFSR
are set as the coefficients of the code generator polynomial g(x).
With such an approach, to deal with different the error
correction capability /4, the LFSR nced to set/store different
coefficient set of g(x), which is not a scalable design. Tt
transforms conventional encoder into a fractional form (4], This
architecture is designed with coefficient o, and we denote it as
a(x)-basis encodet.



The a(x)-basis encoder has expandable property that is suitable
for scalablc design. The comparcs between g(x)-based and a{x)-
based is shown the Table 1. The a{x)-based architccture has
high regularity in the cocfficients of the code generator
polynontal. Therefore, it is very suitable to the hardware design
concept of our reconfigurable circuit, as shown in Fig. 3.
According to the different error correction capability has
diffcrent definition in the code generator polynomial. We
propose the scheme of the correction feedback selector, which
can configure onc suited feedback path for certain etror
correction capability to generate the corresponding codeword.

Table 1 The comparison of g(x)-based and a(x)-based.

g(x} basis a(x) basis
FFA 2t 2t
Area Cost | FFM 2t 4t
Reg. 2t 2t
Critical Path TxFPA ZXFRA
1 xFFM 1 x FFM
ROM Size Larger Smaller
Regularity Low High T
Hardware Sharing No (San;jrme)

2.2 Decoder design

The decoding procedure of RS code based on the syndrome-
based architecture essentially consists of three modules, as
shown in Fig. 2. In the first module, the syndrome polynomial
of the received symbols is computed, which is used in the
second module for solving the key equation. In the second
component, we employ Euclidean GCD algorithm to solve the
key equation. In the third module, the location and magnitude
of a given error are calcutated.
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Fig. 2 Syndrome-based architecture of Reed-Solomon
decoding,.

2.2.1 Syndrome Calculation
Let polynomial c(x) be a transmitted codeword. Then the
received word r{x) can be represented by

r{x)=c(x) +e(x), (3
where polynomial e(x) denotes for error pattern whose
coefficients are also from GF(2"). Form Homer's rule {3), the
coefficient of the syndrome polynomial, denoted by §;, are
obtained to evaluate the received polynomial #(x). The equation
can be written as

S =(..(r 4)

Since the syndrome architecture is similar to the a(x)-basis
encoding architecture. For our multi-mode RS codec, we
combine both the encoder and the syndrome calculator in one
hardware unit. One module include two elements has one error
correction capability. We cascade ¢ module to form the
architecture is shown in Fig. 3.
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Fig. 3 Architecture for both encoding and syndrome
calculation.

According to the different error correction capability, the RS
spectfication has different definition in the syndrome
polynomial. Hence, we propose the scheme of the syndromes
sclector, which can configure one syndrome polynomial
according to the crror correction capability. The output will
enter to next step, which solve the key equation, The
configurable datapaths is shown in Table 2.

Table 2 Truth table of the syndrome selector.
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2.2.2 Euclidean GCD Algorithm

Assume that vsymbols error occurred in data transmission; we
can define the error location polynomial as

o) =[J{+x¥)=c,+ox +-+o,x".
=1

&)

Besides, we also can define the error magnitude polynomial, it
denoted by @i(x), that can be written as

(X)) = @, +@,x" +---+aw,_ x". (6)
Furthermore, we define the syndrome polynomial, it denoted by
5(x), that can be written as

2e=1

S(x)=D 84 =8, + 8%+ 4 Sy x’ ')
=0

We can obtain the error locator and error magnitude
polynomials by solving the key equation, as shown in Eq. (8).
The error locator and error magnitude polynomials can be
obtained by using Euclidean GCD algorithm.

S(x)o(x) = w(x)mod x* . (8)

To solve the key equation, Euclidean GCD algorithm is an
iteration procedure for finding the error location polynomial
and the error magnitude polynomial [5]. The algorithm can be
explained using the following iteration equations:

A. Initigl conditions:
R, =x", R,=5(x), B,=0,

By=1.

®



B. In i-th iteration:

R=R_,+R 0,
, {10)
B, =B_,+B.0.,
C. Stop condition:
deg(R ) <r. an

The overall block diagram of RS decoder by used Euciidean
GCD algorithm is shown in Fig. 4. The architecture consists of
three parts, Euwclidean Divider Module (EDM), Euclidean
Multiply Module (EMM), and the Error Magnitude Coefficient
Selector (EMCY).
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Fig. 4 Block diagram of the Euclidean architecture,

2.2.2.1 Euclidean Division Module

Euclidean division operation to compute Eq. (10) performs the
division R, »/R;; in iterations. It generates the quotient @, ; and
stores the new remainder R, The quotient (,; is used in the
Euclidean multiply module to compute Eq. (11). This
polynomial division architecture includes two major
components, the EAdivA and EAdivB modules, respectively.
These architectures are showed in Fig. 5. The multi-mode
Euclidean divider module architecture is shown in Fig. 6. For
different error case, we can configure the EDM datapath to
solve the key equation of error numbers equal to 1, 2,.., 1,
respectively, which are shown in Fig. 6(a){b)c)
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Fig. 5 EAdiv A and EAdiv B of the Euclidean divider
module.
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Fig. 6 The block diagram of the multi-mode EDM
architecture.
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2.2.2.2 Euclidean Multiply Module

Euclidean multiply operation to compute Eq. (11) performs the
multiplication and accumulation in the polynomial domain. It is
used to obtain error location polynomial & (x). The coefficients
of the quotient O(x) are input sequentially {rom the highest
coefficients. The polynomial multiply architecture includes one
major component of the EAmulC module, as shown in Fig. 7.
The multi-mode Euclidean multiply module is shown in Fig. 8.
For different error case, we can configure the EMM datapath to
solve the key equation of error numbers equal to 1, 2,..., 4,
respectively, which are shown in Fig. 8(a)(b)(c)

Fig. 7 Architecture of the EAmul C module in the Euclidean
multiply operation.
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Fig. 8 The block diagram of the multi-mode EMM
architecture.

2.2.2.3 Error Magnitude Coefficient Selector

We propose the scheme of error magnitude coefficient selector.
This scheme can configure one error magnitude polynomial
according to the error correction capability. The error
magnitude polynomial enters the next stage to compute Chien
search and Forney algorithm. The configurable datapath is
shown in Table 3.

Table 3 Truth table of the error magnitude coefficient

selector.
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2.2.3 Chien Search and Forney Algorithm

Chien search and Forney algorithm are used to calculate the

error locations and magnitudes. The first step, the decoding
procedure applies Chien search algorithm to find the roots of
the error location polynomial o (x). The mverse of these roots
is the error location of the received codeword. From Eq. (12),



we can deduct the cell module of Chien search as shown in Fig.
9(a).

gl@)=0,+o (@) ro, e’y ++o,(a) )

=g, +o, (@) +o, (@) ++o,(a’) (

In the shorten case (n<28-1), we introduced a bias vector (o)
to improve the number of times of iteration of Chien search.
Therefore, we can be reduced the latency. Moreover, this
architecture of the bias vector can supply multi-mode selection
after reconfiguring the datapath, as shown in Fig. 9(b).

Simultaneously, we were computing the @{a) part. The overall
architecture of multi-mode Chien search is shown in Fig. 10,
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Fig. 9 (a) Cell module of Chien search,
(b) Architecture of the multi-mode Chien search
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Fig. 10 The block diagrams of the multi-mode Chien search.
Fomey's algorithm can be used to solve the error value, as
follows:
__a(e™)

[ ~fy "
Toaa{”)
The coitesponding Forney architecture is shown in Fig. 11.
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Fig. 11 Architecture of Forney algorithm.

Then we can add the error pattern and received codewords in
the buffer memory to obtain the corrected codeword. Because
our architecture of multi-mode RS codec is module-based
design, this architecture can be very easily to be expanded for
wide applications. Currently, our design has maximum error
correction capability of 8 errors. Moreover, we support the
shorten case for RS code, i.e., codeword length n<2%-J.

3. CHIP IMPLEMENTATION

We proposc the VLSI architccture that has only 34,647 gate
count and die size is only 2,65302,653 um’. From post-layout
simulation, the chip can operate at a clock frequency of 100
MHz and has a data processing rate of 800 Mbps in 0.35um
CMOS technology at 3.3 V. Wc make comparison between our
design and other existing chip sofutions as listed in Table 4. We
can see from this comparison table that the speed performance
of our multi-mode RS codec is the highest. For multi-mode
system apphcations, our design can configure the error

correction capability from zcro to eight, and configure
codeword length from zero to maximum of 255 values, The
chip summary 18 shown in Fig, 12.

Table 4 The comparison table of hardware and

performance.
RS(n, k, £ Our Multiamode
RS(255,239) [4] for ABSLS] | Rs(n, k. § Gode
122630 Tr.4 220,641 tr 4 34,647 gate
G t ! 4398
ats coun s gale | 256210 gae | 0TI | ao.8 FIFO registen)
Imnramtsdm | p+3te10
Latency 287 ral (Max: 7508) | (Max: 283)
Clock Rate 41 MHz {0.25um) | 75 MHz 48 MHz. 100 MHz (0.35um)
Data Rate 330 Mbps mchps 48 Mbps 800 Mbps
n=2mq
Raconfigurable n =258 . 0Cn2s5
Capabili =8 ! 05108
pabllity bit-seiat
Cell Library ‘ Avant! 0.35um 1P4aM
Work Voltage 33v
Clock Rate 100 MHz
Gate Count 34547
Power Consumption’ 132 MW }
- i R
Care Size 1578um x 1560um
N PR
iafzdids Die Size 2653um x 2653um
LN E. - [
Fig. 12 The chip layout of the multi-mode Reed Solomon

codec,

4. CONCLUSIONS

In this paper, we have developed VLSI architecture of the
reconfigurable multi-mode Reed Solomon codec, which can be
used in the high-speed communication systems and various
specification of the applications, ie., RS(n, k, r). Our design
consists of twao components, the softcore and the hardeore. The
softcore is a configurable control unit, and the hardcore is a
fixed operating datapath. Hence, our multi-mode Reed Solomon
Codec has many advantages of hard-IP, such as portability,
reusability, predictability, and extensibility.
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