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ABSTRACT

This paper proposes an area-efficient architecture to
implement the Modified Euclidean algorithm (MEA),
which is frequently used in Reed-Solomon decoders.
We present the new ME architecture to achieve high-
throughput rate and reducing hardware complexity. We
propose a folding architecture to reduce the hardware
complexity about 50% compared to the fully parallel
architecture. The Modified Euclidean algorithm has
been implemented in 0.18-um CMOS technology with
1.8V supply voltage. The results show that total number
of gates is about 20K and it has a data processing rate of
3.2Gbit/s at clock frequency of 400 MHz, The proposed
area-efficient architecture can be readily applied to
10Gbase-LX4 optical communication systems.

Keywords: Forward Error Correcting, Reed-Solomon
code, Modified Euclidean Algorithm, 10Gbase-LX4. -

1. INTRODUCTION

The capacity of optical transmission systems has
rapidly increased over past ten years. When the capacity
increased, the transmission quality degrade from noise
and pulse distortion has become more serious When the
data rate of optical systems arrives to the range of tens
of gigabits per second, the impairments of optical
channels become more and more serious and limit
transmission distance. Therefore, some advanced digital
signal processing techniques can be applied to optical
systems, such as equalization and forward error
correction. The enhanced gain provided by these
techniques can be used to reduce channel impairments,
improve overall transmission quality, and increase
transmission distance. Hence, it can reduce system cost
and increase the limit of systemn transmission capacity.
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to its 8-byte error-correcting capability.

When FEC upon the range of tens of gigabits per
second. Designing a high performance RS decoder is
more challenging, because the RS decoder consumes the
highest power and occupies the largest area of the FEC
codec due to its high computational complexity.
Therefore, we developed an area-efficient Modified
Euctidean architecture, which can reduce the hardware
complexity about 50% compared to the fully parallel
architecture.

The paper is organized as follows. The typical
Reed-Solomon decoding procedure is described in
Section 2. Section 3 describes the conventional fully
parallel architecture of the MEA. Section 4 presents the
area-efficient  architecture of the MEA, The
comparisons of these RS decoder realizations are
illustrated in Section 5. Finally, the conclusions are
given in Section 6.

2. FORWARD ERROR CORRECTION

Among various Forward Error Correcting (FEC)
techniques, Reed Solomon codec is one of the most
widely applied schemes for error correction. It provides
excellent error correction capability for both random
and burst errors. Hence, RS has been employed in many
practical applications, such as digital audio and video,
magnetic and optical recording, computer memory,
xDSL

communications systems [1], [2].
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The decoding procedure of RS code based on the
syndrome-based architecture e¢ssentially consists of
three components, as shown in Fig. 1, [3].
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Fig. 1 Syndrome-based Reed-Solomon decoding.

First component is the syndrome calculator that
calculates a syndrome polynomial from the received
codewords, which is used in the second compenent for
solving the key equation. In the second component, we
adopt Modified Euclidean GCD algorithm to solve a
key equation for an error-location polynomial and an
error-value polynomial. Then in the third component,
these two polynomials are used to find out the error
locations and the corresponding error values according
to the Chien’s search and Forney algorithm. In addition,
a FIFO memory is used in order to buffer the received
symbols according to the latency of these components.

Since the second compenent of decoding process,
which finds the error locator and error magnitude
polynomial, involves higher computational complexity;
it affects the speed and the hardware complexity of RS
decoding. Therefore, we propose an area-efficient
architecture to reduce hardware complexity.

3. MODIFIED EUCLIDEAN ALGORITHM

Assume that » symbols error occurred in data

transmission; we can define the error location

polynomial as

oD =[]+ xX)=0y +ax" +: +0&,x" ()
i=l

Besides, we also can define the error magnitude
pelynomial, it denoted by w(x), which can be written as

2
Furthermore, we define the syndrome polynomial, it
denoted by S(x), which can be written as

21-1
S(xy=2 85 =85+ 8x' +-- 45, 5

i=0

o(x)=w, +ox ++o,_x""

3)
We can obtain the error locator and error magnitude
polynomials by solving the key equation, as shown in
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Eq. (4). The error locator and error magnitude
polynomials can be obtained by using Euclidean GCD
algorithm.

S(x)o(x) = w(x)mod x* @

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

iteration equations:

A. Initial conditions:

Ry(x) =5 {Lﬂ(x)=0 -
Gy (x)=35(x) Uy =1
B. In i-th iteration:
— -b:-le'-l(x) I aE—IQr-I(x)
R""‘)‘s"“[_a,-A.Q,,.(xJ” L»R (x)H |
(0.6 ’ ©
2.x)=s,, [_Ri-l (x)jU
_ b L {x) a, U, {x)
RARARY ([U (x)]”/ [ b, () D
U (x)= _Ui—l(x) ’ (7)
L (x}=s,, _LH(X)
C. Stop condition:
deg(R_ (x))<t. (8)

ai.; and b, ; denote the leading coefficients of R, ;(x) and
Q:./(x), respectively. Finally, the algerithm stops
condition is satisfied, then w(x)=R; /(x) and o(x)=0;,(x).
The of the Modified
Euclidean algerithm has two parts: the Euclidean

conventional architecture

multiplier and divider.

3.1. Modified Euclidean Division Module

Modified Euclidean Division (MED) operation is to
compute Eq. (6). It performs the long division operation
to obtain error magnitude polynomial, w(x). In
performing the mutual multiplication, the polynomial
0. /(x) multiplies with the leading coefficient of R ;(x),
d;.;. On the other hand, the polynomial R,.;(x) multiplies
with the leading coefficient of Q. ,(x), b.;. We can
obtain new two polynomials, R(x) and Qfx). By using
the iterative method, we can get the Greatest Common
Divisor (GCD) of both S(x) and x”. This polynomial
division architecture includes one elemental component,
the RQ modules in Fig. 2. The Euclidean divider

module architecture is shown in Fig. 3.
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Fig. 2 RQ module for Modified Euclidean Division.
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Fig. 3 The block diagram of the multi-mode MED
architecture for f correction capability.
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3.2. Moeodified Euclidean Multiply Module

Medified (MEM)
operation is used to compute Eq. (7) to perform the

Euclidean  Multiplication
multiplication and accumulation in the polynomial
It
polynomial o(x). Similar to the MED method, we can

domain. is used to obtain the error location
easily obtain the error location polynomial. The
polynomial multiply architecture includes one major
“component of the LU module, as shown in Fig. 4. The

MEM module architecture is shown in Fig, 5.

Fig. 4 LU module for Modified Euclidean
Multiplication.
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Fig. 5 The block diagram of the multi-mode MED
architecture for t correction capability.

4. AREA-EFFICIENT MEA ARCHITECTURE

The fully parallel architecture requires only a total
of n-k symbols time to complete MEA. A full parallel
implementation of MEA has only a latency of 2t cycles
with a throughput rate of one set polynomial per cycle.
But, this way needs large hardware cost in high-speed
operation. Moreover, the timing chart is show as Fig. 6.
The parallel implementation consumes huge area-cost.
And hardware cost is expensive. Hence, we propose an
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area-efficient architecture, which uses time-cycles

instead of space-cost.
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Fig. 6 The timing chart for parallel architecture of MEA.

We employ the regularly MEA parallel architecture
to fold by 16. In ideally, the folding architecture need
only 1/16 hardware cost to solve the key equation. The
folding architecture is shown as Fig 7.

Fig. 7 The proposed folding architecture of MEA.

In general, using a single cell recursively requires
only a total of (n-k)* symbol time to complete the MEA.
In the case of a RS(255,239) code, the calculation of
syndrome only need 255 cycles, so it is difficult to
difficult to design the whole decoder inte pipeline.
Hence, we need to reduce the number of symbol times,
let it can fixed 255 cycles. We have developed a new
ME cell. The proposed ME cell have an improvement,
which reduce the number of symbol times significantly
as compared to conventional architecture.

The improvement can eliminate first iteration
computation by using the pre-calculation scheme, thus
total processing time can be reduced to 2t-1 iterations
computation. The pre-calculation scheme uses the new
initial values of MEA, which are

{Ro(x)AxS(x)modxz'and {Lﬁ(x)=x W
0,(x)=5(x) Uy(x)=1
Using additional cycle to lock the leading

coefficients, &; and b,, ensure getting correcting results.
Hence, ecach iteration needs 2/+! symbol cycles,
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Therefore, our architecture need (27)-] symbols, which

Table 1 The comparison table of performance.

equals to # symbols. Consequently, the. proposed Tech. | Latency |Ciock | Total of | Throughput |  Efficiency
. - R Cycles) | (MHz) | #Gates | (Gbitrs) | (Mbit/s/gate
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Fig. 8 The timing chart for proposed architecture,

The proposed architecture can reduce hardware-
cost enormously. From synthesis results, we can save
50% hardware cost of MEA more efficient than the
parallel architecture. Moreover, it keeps the speed
performance.

5. IMPLEMENTATION RESULT

We propose the VLSI architecture that has only
20,614 gate count and core size is only 600x600 unr’.
From post-layout simulation, the chip can operate at a
clock frequency of 400 MHz and has a data processing
rate of 3.2 Gbps in 0.18um CMOS technology at 1.8 V.
The chip summary is shown in Fig. 9.
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Fig. 9 The chip layout of the Reed Solomon codec.

We make comparison between our design and other
existing chip solutions as listed in Table 1. The
proposed architecture has smallest cost. And, the high
throughput performance meets current high-speed
applications of RS codes. We can see from this
comparison table that the efficient performance of our
RS chip is highest. The efficiency is 2 to 3 times
exceeding modern literatures.
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In this paper, we have developed VLSI architecture
of the area-efficient Reed Solomon decoder, which can
be used in the !0GBase-LX4 optical communication
system. The folding architecture can reduce the
hardware complexity about 50% compared to the fully
parallel architecture.
architecture greatly improve area-efficient about double
or triple. Our chip can work up to 400MHz and
throughput rate can arrive 3.2G/s to meet 10Gbase-1. X4
optical communication systems, Moreover, total gate
count is about 20K, Comparing with others, our design
has smaller size, higher throughput rate and area-
efficient.

Hence, we proposed new
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