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Abstract: This article puts forward parallel forward error correction(FEC) codec for 10 Gb/s Ethernet passive 
optical network (10G-EPON) , which adopts 8-parallel algorithm based on improved state space transformation 
(SST) method for Reed-Solomon (RS) encoder and 9-parallel algorithm based on enhanced degree computation-
less modified Euclid’s (EDCME) algorithm to solve the key equation for RS decoder. The designed 10 Gb/s 
codec and high-speed synchronizer are implemented with Verilog HDL on Xilinx FPGA ML523. The 
implementation results show that, with the high-speed synchronizer, the RS (255, 223) encoder and decoder are 
able to operate at 15.232 Gb/s and 13.2 Gb/s respectively with shorter time latency than those of the reported 
designs. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

As is well known, 10G-EPON has been 
considered as a promising solution to the increasing 
bandwidth requirement for access networks. The 
forward error correction (FEC) has become an 
indispensable module in 10G-EPON standards to 
supply a coding gain of ~6.4 dB under ideal 
conditions [1-4]. 10G-EPON works at burst mode 
with the speed of 10 Gb/s at the uplink, which also 
put forward higher request for synchronization on the 
optical line terminal (OLT) side. Therefore, FEC and 
high-speed synchronization are both the key 
technologies in 10G-EPON system. 

Reed-Solomon (RS) codes are widely used owing 
to their burst error correcting capability. A number of 
schemes have been proposed to implement RS codes 
for optical communications [5]. However, few 
researches on low latency and multiple parallel FEC 
codec for 10 Gb/s PON has been reported. Another 
tough problem to implement 10G-EPON is the low 
cost and fast synchronization at the uplink, since both 
the optical network unit (ONU) and optical line 
terminal (OLT) work in burst mode in the uplink. For 
the purpose of synchronous detection, special codes, 
namely burst delimiter (BD) and end of burst 
delimiter (EOB), are added at the head and the end of 
the upstream frames, respectively. The difficulty is to 
synchronizing the frames rapidly, which involves 
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calculating timely the Hamming distance (HD) of the 
received data with BD and EOB. 

In this paper, we design a 10 Gb/s RS coder 
algorithm based on SST method and a parallel RS 
decoder algorithm based on EDCME algorithm for 
10G-EPON, and propose a scheme of high-speed 
synchronizer based on sum-network method with 
pipelining registers (PR). We implement the parallel 
RS codec and high-speed synchronizer scheme with 
Xilinx FPGA. The results show that both the FEC 
codec and the synchronizer are able to operate at 
10 Gb/s and the codec latency is much shorter. 
 
 
2. Modular Design of Logic Signal 

Processing for 10G-EPON Physical 
Layer 

 
Fig. 1 is the block diagram of 10G-EPON system 

architecture our designed, where the highlight blocks 
are for the FEC codec and synchronizer. The ONU 
PMD receives data in a continuous mode, but 
transmits in a burst mode. So the synchronizers in 

OLT and ONU are different because they work at 
different mode. In this paper, we only consider the 
uplink of 10G-EPON. 

X(m+1) is the vector after one clock time latency. 
We denote variables M and F as the numbers of 

parallel bytes and the length of the last block message 
respectively. m=0,1,…, (N/M)-1, assuming N is an 
integral multiple of M. The index m is incremented 
by one for every clock cycle of M input symbols  
in GF(28). 

If N is indivisible by M, we must multiply the 
results by A-(M-F) to correct the final result,  
as follows: 
 

( )( ) ( 1),M Fz m A X m    (1) 
 

For RS (255,223) that adopts the primitive 
polynomial x8+x4+x3+x2+1, g32, … , g1 and g0 are 
equal to decimal 1, 116, 64, 52, 174, 54, 126, 16, 
194, 162, 33, 33, 157, 176, 197, 225, 12, 59, 55, 253, 
228, 148, 47, 179, 185, 24, 138, 253, 20, 142, 55, 172 
and 88, respectively. 

 
 

 
 

Fig. 1. Block diagram of logic signal processing for 10G-EPON physical layer. 
 
 
3. Design and Implementation of Improved 

SST-Based Parallel RS Encoder 
 
3.1. Principles of SST-Based Parallel 

Encoding Algorithm 
 

We adopt the SST-based parallel encoding 
algorithm and improve it aimed at 10G-EPON. The 
codeword length and the information length are 
assumed to be N and k respectively. The RS 
calculation can be described by the vector state 
equation. 
 

 ( 1) ( ) ( )M
M MX m A X m B m   , (2) 

 
where X(m) is a 2t-dimensional state vector and With 
the help of Matlab, we obtain the values of A-(M-F), 
AM and BM in GF(28), i.e. M=8 and F=7 for RS 
(255, 223).  
 
 
3.2. Implementation of the Designed  

RS (255, 223) Encoder 
 

Three steps to implement the 8-parallel encoder 
based on SST algorithm for RS (255,223) in 10G-
EOPN are designed, as shown in Fig. 2. 

1) The Receiver Module transforms the 65 bits 
width data from Scrambler block to 64 bits width; 
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2) The SST-Encoder calculates 2 t parity octets 
using the proposed algorithm; 
 
 

 
 

Fig. 2. Block diagram of RS (255,223) encoder. 
 
 

We define the initiative vector for the 32 registers 
as 

0 1 31( ) ( , , , )h m d d d  . It will take 28 clock cycles 

to obtain the parity octets and the 32 parity octets 
need to be corrected through the circuit shown in 
Fig. 3. The modified coefficients calculated 
according to A-1 are designed to be: 251, 14, 135, 
97, 113, 203, 181, 137, 55, 187, 20, 215, 113, 14, 
218, 212, 136, 158, 2, 159, 73, 73, 9, 231, 45, 49, 29, 
221, 59, 180, 143 and 19. 
 
 

 
 

Fig. 3. Correction circuit at the last clock time for RS 
(255,223) encoder. 

 
 

3) The Transmitter Module constructs a properly 
formed 66-bit codeword by adding a 2-bit sync 
header to each group of 64 parity bits according to 
the sync header pattern 00 11 11 00, and also 
transforms the data from the scrambler to 66 bits 
width. Then the parity bits are appended with the 
information streams and transmitted to the Physical 
Media Attachment (PMA) sub-layer [1].  
 
 

4. Design and Implementation of 
EDCME-Based Parallel RS Decoder 

 

We design and implement a 9-parallel RS 
decoder. 9-parallel means that 9 bytes, i.e. 72 bits, 
are processed per clock cycle in order to support 
10 Gb/s operating speed and meanwhile maintain a 
relatively small circuit area. 

The principles of the 9-parallel RS decoder can 
be illustrated by 4 steps as depicted in Fig. 4, where 
S(x) is the syndrome polynomial, ( )x  is the error 

locator polynomial and ( )x  represents the error 

value polynomial.  
Step 1: The Parallel Syndrome Module takes 29 

clock cycles to perform syndrome polynomial 

calculation according to the received codes  
Ri (1≤i≤n-1);  

Step 2: The Key Equation Solver Module 
provides the error locator ( )x  and the error 

evaluator ( )x , during the following 2t-1  

clock cycles; 
Step 3: The third module finds the error locations 

through Chien Search algorithm and computes the 
error values through Forney algorithm, the speed of 
which is 9 times faster than those by conventional 
nonparallel approaches;  

Step 4: The Error Corrector Module corrects the 
errors symbols according to the data from the Delay 
Buffer Module and the signals from the Delay Six 
Bytes Module. 

Additionally, before Step 1, the Receiving 
Synchronization Module, namely Receive_IS, 
converts every 64-bit-stream into a 72-bit-block, 
whereas the Transmitting Synchronization Module, 
namely Transmit_OS, performs the reverse process 
after Step 4. All the steps are processed with the 
pipeline technology. 
 
 

( )S x

( )x

( )x

 
 

Fig. 4. Block diagram of 9-parallel RS (255,223) decoder. 
 
 

We evaluate 2 t syndromes of the received 
polynomial for t error-correcting RS code as  
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(1) 

 
For 1≤i≤2t, Rn+5, Rn+4 … and Rn are zeros 

added to the received code to make up an integral 
multiple of 9. The parallel syndrome generator unit, 
which can process 9 bytes per clock cycle, computes 
all the 2 t syndromes after [n/9] clock cycles. This 
process is 9 times faster than those in the 
conventional syndrome generators. 

We adopt EDCME algorithm to solve the key 
equation which is faster than those by the ME 
algorithm or the DCME algorithm. A modified 
approach of the typical Chien Search and Forney 
algorithm are adopted to calculate the error locators 
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and the error values, and the parallel function is 
defined according to Eqs. (4) and (5).  
 

      0
i i i

odd evev          (4) 
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 (5) 

 
 

5. Scheme of High-Speed Synchronizer 
 

5.1. Method of Synchronous Detection 
 

The flowchart of high-speed synchronization is 
shown in Fig. 5. After the system is powered on, 
signals are sampled at the rising edge of the Clock. 
When the reset signal is high, the whole system is 
reset and the output data is null, as well as the 
synchronous status indicator signal CW_lock is low. 
After the reset signal turn to low, the synchronous 
process is start which is shown in Fig. 6. When the 
synchronous status locked indicator signal BD_valid 
is low, three periods of data are cached by 
buffer_block [197:0] at the first three periods. The 

Hamming distance between received data and BD 
start to be calculated at the third period, namely, BD 
is detected in buffer_blolk [130:0], which is 
completed in one Clock period. Specific process is as 
follows: buffer_block [65:0], buffer_block [66:1] … 
and buffer_block [130:65] execute XOR operation 
with BD respectively at the same period, then entered 
into the Hamming distance calculation circuit. The 
system will turn to synchronous locked status when 
the Hamming distance is less than 12, meanwhile the 
synchronous position is locked, then the 
synchronized data is output and CW_lock turn to 
high. In Fig. 6, supposing that the synchronous 
position is at the sixth bit, then buffer_block [137:72] 
will be output and buffer_block [197:138] will be 
shifted to buffer_block [131:72]. After the success of 
system synchronization, EOB is start to be detected, 
when the Hamming distance between synchronized 
data and EOB is less than 11, counter EOB_valid_cnt 
plus 1. When EOB_valid_cnt is equal to 3 (the end of 
frame consists of three groups of 66 bits EOB), the 
system enter into a state of out of step, the 
EOB_valid turns to high and BD_valid is set to low. 
Up to now, one frame was transmitted. 

 
 

 
 

Fig. 5. Flowchart of high-speed synchronization. 
 
 

 
 

Fig. 6. Locking process of synchronous position. 
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5.2. Sum-Network Method with Pipelining 
Registers for Hamming Distance 
Calculation 

 

We propose a sum-network method with 
pipelining registers, which divide the logic functions 
into two steps. Fig. 7 depicts the process of 
calculating Hamming distance of 66 bits sequence. 
First, the 66 bits sequence is divided into six 
sections, each section contain 11 bits and occupy 10 
adders. Set Dis0, Dis1… and Dis5 as the output HD 
of the pipelining register, then 

Dis0=(((D[0]+D[1])+(D[2]+D[3]))+…  
+ (D[6]+D[7])))+ ((D[8]+D[9])+D[10]) , 

(6) 

 
Second, adding the output HD of six pipelining 

registers up, which need 5 adders. On the whole, the 
total number of necessary adders is 6~105. The 
proposed scheme has a period of latency than the 
sum-network method without pipelining registers and 
the total numbers of adders are the same, but the 
system speed is increased via the  
pipeline technology. 

 
 

 
 

Fig. 7. Sum-network method with pipelining registers. 

 

 

6. Implementation and Performance 
Analysis of RS Codec  
and Synchronizer 

 

To implement the designed 10G-EPON system, 
including the 10 Gb/s RS (255, 223) codec and 
synchronizer, we use Xilinx ISE 12.4 and ModelSim 
SE 6.5c and the FPGA chip is Virtex5 
XC5VFX100T-FF1136-3.  

As far as the 10 Gb/s RS (255, 223) codec is 
concerned, a clock of 156.25 MHz is used in 

simulation and the information stream input to the 
encoder is from the example in Annex 76A Ref. [1]. 
After implemented RS (255, 223) encoder by both 
function simulation and timing simulation, we obtain 
the parity octets as 7E6235FBDB9F5E8E, 
FDB2813EF91D9B1A, 321E70CFDDC22C54 and 
43F100783C4FBDF4. 

The results of timing simulation are shown in 
Fig. 8, from which we observe that the implemented 
RS decoder is able to correct up to 16 error symbols. 

 

 
 

 
 

Fig. 8. Timing simulation waveforms of the implemented DCME-Based 9-parallel RS decoder. 
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The resources utilized by the RS codec are 
presented in Table 1 and Table 2. After compilation, 
the total number of LUT for the whole FEC encoder 
is 4276 and for the whole FEC decoder is 14086, 
while the maximum clock frequency is 238 MHz for 
encoder and 200 MHz for the decoder. The highest 
data rates are 15.232 Gb/s for the encoder and 
13.2 Gb/s for the decoder, respectively, which meet 
the needs of 10G-EPON.  

As listed in Table 3, compared with the related 
work, the occupied gate counts of the proposed 
encoder algorithm is close to [6], but the throughout 
is higher than it. The proposed decoder algorithm not 
only provides 2.4 times higher data rate but also has 
the 74 % lower time latency than [7]. However, the 
gate counts of the proposed 10Gb/s decoder is about 
2 times more than of that of the reported 5 Gb/s 
decoder [7], for that the former has 32 parity bits 
which is two times of that in the latter. 

Fig. 9 shows the waveforms of the high-speed 
synchronizer by function simulation and timing 
simulation. The BD and EOB are removed from the 
received frame; meanwhile the effective data is 
synchronized. 

The performance and utilized resources of three 
synchronous methods are presented in Table 4. We 
can conclude that both RAM-sum network method 
and sum-network method with PR meet the 
requirement of data rates in 10G-EPON system; for 

purpose of high speed data processing, sum-network 
method with PR is superior to other methods.  

 
 

Table 1. Implementation results of the RS (255, 223) 
encoder with the proposed algorithm. 

 
Resources

Modules
LUT Register 

Block-
RAM 

Latency

Receive 1087 243 0 1 
encoder 2301 593 0 29 
Transmit 890 704 0 7 
Whole FEC 
encoder 

4276 
ratio=6.7 %

1540 
ratio=2.4 % 

0 7 

 
 

Table 2. Implementation results of the RS (255, 223) 
decoder with the proposed algorithm. 

 
  Resources

Modules 
LUT Register 

Block-
RAM 

Latency

Syndrome 2727 591 0 29 
KES 5639 1135 0 31 
Chein Search  
and Foney 

3925 535 0 2 

Delay six Bytes 1 120 0 1 
Delay buffer 31 22 1 67 
Error corrector 72 0 0 2 
RS decoder 12295 2499 0 68 
Receive-IS 1019 2098 0 3 
Transmit-OS 775 1833 0 4 
Whole FEC 
decoder 

14086 
ratio=22 %

6430 
ratio=10 % 

1 
ratio= 1 % 

76 

 
 

 
Table 3. Comparison of for different schemes. 

 
Performances 

Schemes 
Technology Gate Count Latency Maximum Frequency Throughput 

RS(240,224) encoder  65 nm TSMC -- -- 262.26 MHz 2.098 Gb/s 
CRC-32 encode 0.18 um CMOS 18.1 k -- 322 MHz 10.3 G/s 
RS(255,239) decoder  90 nm CMOS 43.6 K 300 690 MHz 5.52 Gb/s 
RS(255,223) decoder 90 nm TSMC -- -- 120 MHz 960 Mb/s 
Proposed 8-parallel encoder 65 nm CMOS 18.4 k 7 238 MHz 15.232 Gb/s 
Proposed 9-parallel decoder 65 nm CMOS 98.5 k 76 200 MHz 13.2 Gb/s 

 
 

 
 

Fig. 9. Function and timing simulation waveforms of high-speed synchronizer. 
 
 

Table 4. Complexity of synchronizer for different schemes. 
 

                                   Resources 
Schemes 

Slice 
Slice 

Register 
Slice 
LUT 

LUT-FF 
pairs 

Block 
RAM 

Minimum 
Period(ns) 

Throughout 

Sum-network method 6003 1475 15307 15276 0 6.6 9.9 Gb/s 
RAM-sum network methods 3004 1138 7902 8128 201 5.8 11.37 Gb/s 
Sum-network method with PR 6049 3085 14223 14489 0 5.0 13.2 Gb/s 
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7. Conclusion  
 

We have designed and implemented the parallel 
RS (255,223) encoder based on improved SST 
algorithm, 9-parallel decoder based on modified 
EDCME algorithm and high-speed synchronizer 
based on sum-network method with PR for  
10G-EPON. According to the implementation 
results, the data throughout of 15.232 Gb/s for the 
encoder and 13.2 Gb/s for the decoder are obtained. 
Moreover, with the pipelined technique, the 
implemented RS codec is of shorter latency in 
comparison with the reported work. Compared with 
the exist synchronous schemes, the data throughout 
of the proposed sum-network method with PR for 
calculating Hamming distance can reach 13.2 Gb/s 
which is higher than the other two synchronous 
schemes. We hope the design and the implementation 
method in this paper are useful for the other FEC 
codec and synchronizer designs in optical 
communication systems. 
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