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Rachanon Intharasakul 2008: Design and Implementation System for Nonbinary
Encoder and Decoder with FPGA Board. Master of Engineering (Electrical
Engineering), Major Field: Electrical Engineering, Department of Electrical
Engineering. Thesis Advisor: Assistant Professor Usana Tuntoolavest, Ph.D.

83 pages.

Channel coding is the main method to increase reliability of data communications,
especially for wireless communication systems. Almost all channel codes were designed for
binary symbol for simplicity. However, some applications require the use of nonbinary symbol
such as the outer codes of concatenated codes. A particular example is convolutional vector
symbol decoding which was designed for large symbols. The typical size is 32 bits/symbol. In

this case, the method and the system for encoding and decoding them need to be redesigned.

This thesis is focused on the design and implementation of nonbinary encoding and
decoding system using integrated circuit technology by FPGA board. To test the designed
systems and the interface between the FPGA board and the computer, the (3, 2, 2) nonbinary
convolutional encoding with 32 bits/symbol and some functions of vector symbol decoding

have been implemented. They worked exactly as designed.
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API = Application Programming Interface

DLL = Dynamic-Link Library

EEPROM = Electrically Erasable Programmable Read-Only Memory
FIFO = First In First Out

FPGA = Field-Programmable Gate Array

FSM = Finite-State Machines

GUI = QGraphical User Interface

HDL = Hardware Description Language

JTAG = Joint Test Action Group

PC = Personal Computer

TTL = Transistor-Transistor Logic

USB = Universal Serial Bus

VHDL = Very High Speed Integrated Circuit HDL
VSD = Vector Symbol Decoding

XOR = Exclusive Or
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7-Segment FPGA Pinout Descriptions
A p40 A
B p35 B
C p32 C
D p30 D
E p27 E
F p25 F
G p23 G
Dp p20 Decimal Point
DIGIT1 p31 DIGIT1, COMMON CATHODE
DIGIT2 p33 DIGIT2, COMMON CATHODE
DIGIT3 p36 DIGIT3, COMMON CATHODE
DIGIT4 p4l DIGIT4, COMMON CATHODE
Push Button FPGA Pinout Descriptions
PB1 p44 Push Button No. 1
PB2 p46 Push Button No. 2
PB3 p47 Push Button No. 3
PB4 p50 Push Button No. 4
PB5 p51 Push Button No. 5
EEPROM FPGA Pinout Descriptions
12C-SCL p128 24L.CXX
12C-SDA p129 24LCXX
BUZZER FPGA Pinout Descriptions
BUZ pl125 BUZZER




MIINUINA N1 (AD)

66

LED FPGA Pinout Descriptions
LO p70 LO
L1 p77 L1
L2 p69 L2
L3 p76 L3
L4 p74 L4
L5 p79 L5
L6 p73 L6
L7 p78 L7
Dip SW FPGA Pinout Descriptions
1 pS52 Dip Switch No. 1
2 p53 Dip Switch No. 2
3 p55 Dip Switch No. 3
4 p56 Dip Switch No. 4
5 P59 Dip Switch No. 5
6 p60 Dip Switch No. 6
7 p63 Dip Switch No. 7
8 p68 Dip Switch No. 8
RS-232 FPGA Pinout Descriptions
TX pl131 ICL3232CP
RX pl132 ICL3232CP
Oscillator FPGA Pinout Descriptions
OSC p127 25MHz, GCLK6




! P
MSNUINT N2 519a208AU1 /O UDIADUIUAINDST K2

K2 CONNECTOR
FPGA K2 K2 FPGA

Descriptions Pinout | Pinout Pinout | Pinout Descriptions
GND - 40 39 p129 /0, 12C-SDA
GND - 38 37 pl131 /O, RS232(TX)
GND - 36 35 p135 /O
GND - 34 33 p140 /0
GND - 32 31 pl I/0
GND - 30 29 p4 1’0
GND - 28 27 po 1’0
GND - 26 25 p8 1’0
GND - 24 23 pll 1’0
GND - 22 21 pl3 /O
GND - 20 19 pl5 /O
GND - 18 17 pl8 I/0
GND - 16 15 p21 /O
GND - 14 13 p24 /O
GND - 12 11 p26 1’0
GND - 10 9 p28 /O
GND - 8 7 p31 I/O, DIGIT1
GND - 6 5 p33 I/O, DIGIT2
GND - 4 3 p36 /0, DIGIT3
+3.3V - 2 1 p4l I/0, DIGIT4
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State diagram design for implementing phase I of
a Vector Symbol Decoder on an FPGA board

Rachanon Intharasakul and Usana Tuntoolavest®

Department of Electrical Engineering, Faculty of Engineering
Kasetsart University, 50 Phahonyothin rd.. Chatuchak, Bangkok, 10900, Thailand
Phone +66-2-942-8355 ext1563 Fax +66-2-942-8555 ext1550
E-mail: rachanon_i@hotmail.com, fengunt@ku.ac.th*

Abstract— The principle of vector symbol decoding (VSD) has
been shown as a powerful decoding technique. This paper
focused on the implementation of the phase I of convolutional
VSD decoder that can correct some error pattern using only one
syndrome. Specifically, it is on how to design the state diagram
for the interface of the test system and the state diagram for the
decoding algorithm. The state design was for the VHDL
programming and the implementation on an FPGA board. The
test results showed that the phase I VSD decoder worked as
designed.

I. INTRODUCTION

Reliable data communication is important for most
applications since the destination usually requires the correct
copy of the transmitted data. For wireless channels, reliable
data communication is challenging because the channels
sometimes has low quality due to interferences and noise. To
obtain low probability of decoding errors for this type of
channel, powerful error-correcting codes can be the solution.
There are several codes that have been implemented and are
in use widely nowadays such as Reed-Solomon codes [1].

To use a code, there must be both the encoder and the
decoder. Many codes have several ways to decode them, but
usually a decoding technique was designed for a particular
type of codes. This paper will focus on a decoding technique
that is general in the sense that its principle can be applied for
any linear block or convolutional codes. but the structure of
the codes needs to be modified to use large nonbinary
symbols. This technique is called vector symbol decoding
(VSD). Its principle was first proposed by Metzner and
Kapturowski in 1990 [2] and again by C. Haslach and A.J.
Han Vinck in 1999 [3]. Some extended results can be found
in the work by Tuntoolavest [4, 5] and Metzner [4, 6]. VSD is
a powerful error-correcting decoding technique and suitable
for some special applications such as for the channels with
low quality where most errors occur in burst or as an outer
decoder of a concatenated code.

To further develop and understand the advantages and
limitations of this decoding technique. the authors are
implementing the prototype of VSD for a specific
convolutional code. This paper focuses on designing the state
diagram of the phase I of the decoder. which will be the
fundamentals for further development. The implementation of
the phase I of VSD was done on an electronic board with
FPGA (Field Programmable Gate Array) chip. The FPGA is

0-7803-9740-X/06/$20.00 ©2006 IEEE
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selected because the algorithm can be simulated in the
computer by using the VHDL (Very high speed integrated
circuit Hardware Description Language) language first.

II. BACKGROUND

When alternative choices of the received sequence are
available, VSD can simplify the decoding and make the
decoding faster by adding additional steps that can correct
some simple error patterns before passing the received
sequence to the main decoding step [5].

Due to the complexity of the decoder, the implementation
was divided into two parts as shown in Fig. 1. Phase I of the
decoder called “Decode with one syndrome™ involves this
extra step of using the alternative choice. In this phase, the
decoder checks whether there are any errors in the received
sequence. It can also correct some error patterns by replacing
the error symbols in the main received sequence by the
correct symbols from the alternative choice given that no
more than one error symbol occurs in each syndrome and the
alternative choice has correct symbol at that positions. This
means that the phase I of the decoder needs only one
syndrome to correct each error symbol.

The next phase of the decoder called “Decode with many
syndromes” is still under development. It will be for the error
patterns that contain more error symbols in one syndrome or
that the alternative choices are not correct at those positions.
This paper focuses on designing the state diagram for
implementing the decoder that can receive the received
sequence as an input file from a personal computer. process
the file and return the corrected sequence as an output file to
the computer. The test result of the phase I decoder is shown
as the test result of this system.

Vector Symbol Decoding

Decode with One
Syndrome

Decode with Many
Syndromes

Fig. 1. The two phases of implementing Vector symbol decoder

Supporied by Kasetsart University Research and Development Institute
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III. METHOD AND STATE DESIGN RESULT

A. System Design and Interface

The test system was designed as a communication system
for the receiver side after the demodulator part. The input file
was transferred from the personal computer (PC), which is the
source, to the FPGA board via a USB (Universal Serial Bus)
module. There are five main signalling ports between the
USB module and the VSD decoder on the FPGA board as
shown in Fig. 2. The USB module was selected as the
interface because the transmission rate is much faster than the
serial port. The selected USB module called Ezy USB-MO01
also has library files that help simplify the required interface
program, which was written in C++ language. This interface
program is needed for the USB module to talk with the PC
and the FPGA board.

When the FPGA board receives enough information from
the file, it will decode and correct the errors as necessary.
Then it will transmit the corrected version back to the PC via
the USB module. The output will be stored at the PC in a text
file, which can be opened easily.

The architecture of the phase I VSD decoder was designed
in behavioral style [7]. The main process operates in
sequential style and consists of many states. The operation
starts in the first state and then goes on to the next state
according to the state diagram. In some states, there is an
input signal that will control which next state the process will
operate. There are several input signals as shown in Fig. 2.
They will be discussed in detail in section B and C.

B.  State Design for USE module

The first part of the state design was on interfacing between
the USB module and the FPGA board. To design the state for
the interface, the protocol of data transmission must be
understood first.

The protocol of data transmission between the USB module
and the FPGA was straight forward. First, the FPGA waits for
the received flag RXF (Active low) from the USB module.
When it receives the flag, the FPGA will send the signal RD
to the USB module. This allows the data in the Rx (Receive)
buffer of the USB module to appear on the data bus. Note that
the USB module contains two buffers. The first one is the Rx
buffer and the second one is the Tx (Transmit) buffer. The Rx
buffer receives data from the PC and the Tx buffer sends data

to PC. The buffers work in the FIFO (First In First Out) mode.

The RXF signal will remain in logic “low™ until all data in the
Rx buffer have been transmitted. Then it will change to logic
“high”, which ends the data receiving process.
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State diagram for the data transmission between the USB module
and the FPGA board

Fig. 3.

To transmit data from the FPGA board to the USB module,
the FPGA checks whether the active low signal TXE is active.
If it is not active (Logic “high™), the bus is busy and is not
available to receive data from the FPGA because the
transmitting data from the FPGA may collide with the data on
the data bus. However, if the TXE signal is active (Logic
“low™), the bus is available so the FPGA may send data to the
transmit buffer in the USB module by first sending the signal
WR to the USB module. This allows the data on the data bus
to be written onto the Tx buffer of the USB module.

From the protocol, the state diagram for the interface
between the USB module and the FPGA board was designed
to have six states. Fig. 3. shows that the FPGA board is in the
Wait_rxf _low state at the beginning of the operation or after
the Reset button is pushed. When the signal RXF is active
(“low™), it will go to state USB_read and send the Read signal
RD to the USB module to allow the USB module to transmit
data to the FPGA via the data bus D[0..7]. Then, it will go to
the Wait_read state to read the data into the buffer of the
FPGA board. After the FPGA received data, it will perform
the decoding algorithm, whose state diagram will be
considered in section 3.3, and then it will send the result back
to the PC. Therefore. the next state will be for the event that
the FPGA wants to send data back to the board. This means
that the FPGA will be in the Wait_txe_low state. When the
TXE signal is active. it will go to state USB_write and put
data in the data bus to send to the USB module. In the
Wait_write state, the USB module will put the data from the
data bus into its buffer to be transmitted to the PC later. This
completes a cycle for one set of data. The FPGA will go back
to the Wait_rxf_low to wait for the next set of data.

C.  Decoder phase I State Design and Design Result

In the first phase of the decoder, the decoder checks
whether the received symbols are correct and attempts to
correct error using only one syndrome at a time. The decoder
needs to interface with the PC to receive each set of received
symbols and to transmit the decoded symbols back to the PC.
This is the first part of the state design that is similar to the
one explained in section 3.2. The second part will be the state
design for the decoding algorithm in phase I itself.

For the selected (3.2.2) convolutional code at the encoder
and the assumption that the decoder is provided two
alternative choices of the received symbols, the decoder in
this phase requires two different sets of three symbols at a
time. Moreover, VSD decoder uses very large symbols,



typically 32-bit symbols, which was the selected size for the
implementation. The large symbol size is used to satisfy the
linearly independent assumption of the error symbols because
VSD principle is based on the idea that error patterns for large
nonbinary symbols are almost never linearly dependent [6].
This makes the state design for the first part more
complicated since the USB module was designed for the data
transmission of 8 bits at a time. Therefore. the state design
will include several counters to check that all data have been
transmitted or received.

For the state design of the decoder, consider the decoding
step of the VSD decoder phase I. The decoder will wait to
receive all required data to decode with one syndrome. The
three received symbols from the main choice will be used
with the previous received symbols in the memory of the
decoder to compute the current syndrome. If the syndrome is
a zero vector, the decoder will decide that there is no error in
this set of received symbols. In this case, these three received
symbols will be transmitted to the output buffer to be sent
back to the PC and the decoder will wait for the next set of
the received symbols and repeat the procedure.

If the syndrome is not zero, the decoder will compute the
differences between the received symbols in the first and in
the second choices. If any one of the three differences is the
same as the syndrome wvalue, the symbol position
corresponding to the difference contains error and the error
value is the difference value of that position. When the error
symbol position and the error value are both found. the
decoder can make the correction.

Fig. 4. shows that state diagram of the decoder, which
includes both the interface between the decoder and the PC
and the decoding algorithm of phase I VSD decoder. The first
two states are the same as in section 3.2. In the Wait_read
state, the decoder will check whether it has received a
complete 32-bit symbol by using the variable RX_cnt that
counts each 8-bit subblock of the receive data. If RX_cnt is
less than 4. the decoder will go to Wait_rxf_low state to wait
for more data. When the RX_cnt is 4. which means that the
decoder has received a complete symbol, the decoder will go
to Assemble_rx state. In this state, the decoder will put the
symbol that is assembled from the 4 subblocks in the input
buffer.

After it receives each complete symbol, the decoder will go
to State Chk_complete_rx, which will check whether it has
received a complete block of 3 symbols by using BL_cnt
variable to count the number of received data block (3-
symbols per block). If BL_cnt is not equal to 3 the decoder
will go back to Wait_rxf_low state and repeat the process
until it received all three symbols of the first choice. Then, it
will go to the Chk_ch_rx state to obtain all three received
svmbols of the second choice with similar procedure,

When symbols from both choices have been received, the
decoder will then compute the current syndrome from the
three received symbols of the first choice. However, it has to
take the effect of previous symbols into account because the
convolutional encoder has memory. Therefore, the decoder
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Fig. 4.

State diagram of the decoder

will first go to Find_fs_mem state to calculate this effect and
update this value in the Update fs mem state. Then the
decoder will go to Cal_fs state and compute the current
syndrome (32-bit), which is always called first syndrome (FS)
since the decoder uses only one syndrome in phase 1. Next,
the decoder will go to Zero_chk state to compare the
syndrome value to a 32-bit zero vector and the comparison
result is shown by a flag called FS in the next state
(Zero_update). If the flag FS is zero (Syndrome is0 ), the
decoder decides that there is no error and these received
symbols are to be transmitted back to the PC. Before sending
them back, the decoder needs to go to Update_mem state first
to record the current received symbols effect that will be
needed in the calculation of the syndrome for the next set of
received symbols. But, if the flag FS is not zero (Syndrome is
not 0), this means that the decoder detected error and needs
to go to Find diff state to calculate the difference values
between the symbol values in the first choice and the second
choice buffers.

When the decoder goes to Decode one state, the decoder
will find the error index by using the difference values. The
error index will be used to correct the error symbol in the first
choice buffer at Make correct state. After it has been
corrected, the decoder will go to Update_mem state to record
the current received symbols effect that will be needed in the
calculation of the syndrome for the next set of received
symbols. After that, the decoder will go to Update_send state
to move data from the first choice buffer to the Send buffer.
After the Send buffer has received a complete set of data, the
decoder will go to Split_tx state to separate each symbol to 4
subblocks of one byte each for the transmission back to PC.

The transmission back to PC is similar to what explained in
section 3.2. The additions are on counters such as TX_cnt to
count the number of subblocks that has been transmitted and
BL_cnt to count the number of symbols that has been
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Fig. 5. The test result for the no errors case

transmitted. When the decoder has transmitted all decoded
data in the Send buffer, it will go back to Wait_rxf low state
to wait for the next set of received symbols repeat the whole
procedure.

IV. TesTRESULTS

The state design shown in Fig. 4. was for the
implementation of the phase I VSD decoder on an FPGA
board with VHDL language. The decoder implemented with
this design worked successfully. To test the decoder, the
decoding algorithm was written in VHDL and simulated in
the computer first. Then the programs were burn into the
FPGA board. The interface between USB module and the PC
needs additional programming, which was written in C++
language. This allows the user to send files to the decoder and
receive the decoded file back to display onscreen.

Two examples of the test results are shown. First, the file
that contained first choice of the received symbol sequence
had no error, so the decoded symbols should be the same as
the first choice received symbols. The test was done by
sending the file casel first choice.hex and the file
casel second choice.hex Tor the first and the second choices
respectively from the PC to the decoder. After the decoding
was complete, the decoded data was returned to the PC and
saved in the file festl. hex as shown in Fig. 5. It is seen that
the file casel first choice.hex is the same as festl.hex.
Therefore, the decoder worked correctly in this case.

Second. there are some error symbols in the first choice
received symbols, but no more than one error symbols in each
set of three received symbols and the second choice at those
positions are correct. The test was done by adding errors in
the file casel first choice.hex to get case2 first choice.hex
and put the correct symbol in the case? second choice.hex at
those positions. Then, send the new two files to the decoder
and received the file fest2.hex back. Fig. 6. shows that
test2.hex is the exactly same as fest/.hex even though there
are errors in the case2 first choice.hex. This means that the
decoder can correct the errors and transmitted back the
correct decoded symbols.
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Fig. 6.

The test result for the errorous case that the decoder can correct

V. DISCUSSIONS AND CONCLUSIONS

The state design was for the implementation with VHDL
language and FPGA board. It is seen from Fig. 4. that the
states are very detailed. For example. when the decoder
calculates the syndrome value in a state and needs to compare
the result to a zero vector, it must go to another state (the next
clock) to do so. This very detailed state is a way to simplify
the VHDL programming. This idea of state design is useful
and can be extended for the next phases of VSD decoder.

The state design for the interface is very important to see if
the decoder works properly. The test of the state design for
the decoder with the interface was done on the actual
hardware and the test results were sent back as a file to a
computer, which made them ecasy to display. The results also
showed that the decoder worked as designed.

The prototype of the VSD decoder was necessary for the
understanding of the advantages and the limitations of this
algorithm. There are many insights that can only be obtained
from the physical hardware and not from the mathematical
proof. This phase I of VSD decoder is a major start on
implementing the complete prototype.
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Abstract—Convolutional codes are widely used for reliable
data communications. Conventionally, the codes use binary
symbols because their decoders such as Viterbi decoder or
Sequential Decoder usually were designed for binary symbols.
In order to develop the system for nonbinary convolutional
codes that use the vector symbol decoding algorithm, there is a
need for a nonbinary convolutional encoder that works with
large symbol size since the typical size of this decoding
algorithm is 32 bits/symbol. For ease of implementation, this
encoder was developed on an FPGA (Field Programmable
Gate Array) board.

L INTRODUCTION

Convolutional codes were first presented by Elias [1] in
1955. Several decoding algorithms have been proposed, but
the most well-known is probably Viterbi algorithm [2].
Details on the codes and the decoding algorithms can be
found in [3]. As with most codes, convolutional codes
typically use binary symbols.

Vector symbol decoding (VSD) algorithm was first
proposed by Metzner and Kapturowski in 1990 [4] and was
rediscovered by C. Haslach and A.J. Han Vinck in 1999 [5].
It was further developed by Seo [6], Metzner [7-8],
Tuntoolavest [8-10] and Interasakul [10]. This decoding
technique works with large nonbinary symbols (usually 32
bits/symbol) and one application is to be an outer decoder for
concatenated codes. The basic principle of VSD algorithm
can be applied for both block codes and convolutional codes.
To develop the system for large nonbinary symbol channel
coding, it is necessary to consider the encoding part as well
as the decoding part.

This paper focuses on the encoder of a nonbinary
convolutional code that is suitable for vector symbol
decoding algorithm. After the simulation with C++ and
VHDL language, this encoder was then implemented on a
FPGA (Field programmable Gate Array) board.

II.  BACKGROUND

The concept of convolutional encoder can be readily
extended for nonbinary symbols. To see this, consider

Supported by Kasetsart University Research and Development Institute
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Figure 1. A (3,2,2) convolutional encoder.

a(3,2,2) convolutional code [3] with the transfer function

G(D)z 1+D+ D" D-,, 1 (])
D 1+D* 1+D+D?

This block diagram of the encoder for this code is shown
in Fig. 1. where @ means Modulo-2 addition or the
equivalent XOR operation.

For nonbinary symbols, the switch will alternate between
up at down at every symbol instead of every bit. Consider 3-
bit symbols case. The input sequence is the same, but the
subsequences are changed as follows:

Let U =ty s Uy Us, Ug oo vnl) (23]
Then, w(l) = (uy v, 13 5 Ug g oo ) (3)
And I.I(Z) = (.i'_f_:g_" Us, g Upp Uy, Ups, ... ... N (4)

Where u; represents one data bit.

The Vector Symbol decoding algorithm typically uses 32
bits/symbol. Therefore the encoder in consideration would
use 32 bits/symbol, which is a very large symbol size. The
output sequence v(1),v(2) and v(3) can be obtained by
performing the XOR operations as shown in Fig. 1.

In the implementation point of view, Fig. 1. shows that for
this code, four memory blocks of 32 bits are needed with the
exclusive-or operations. In addition to the circuit for the
actual encoding process, there would be an interface module.
This module would connect the encoder circuit in the FPGA



board to a PC (personal computer) so that files could be
transmitted from the PC to be encoded by the encoder and
the output code words could be viewed by the user via PC.
For the interface, a USB (Universal Serial Bus) module
would be used with some C++ programming part to let the
user control the sending and receiving files process.

1. METHOD

The first step was to write the C++ program to perform the
encoding operation. This would be used to verify that the
hardware worked properly. The C++ code is very simple as it
followed the XOR operations shown in Fig. 1. directly. Fig.
2. shows that main process in C++ without the header. All
programs shown in this paper will focus on the main process
or function only. The headers will be omitted to keep it
concise.

In this program, the input sequence was separated into
two subsequences. In the inner for-loop, each symbol from
the two subsequences would be encoded by the XOR
operations on the bit-by-bit basis. This could be done
because the each nonbinary symbol in consideration was
from GF(2*) [3] and could be represented by a 32-bit vector
[7]. After the XOR operations, the memories were updated
by shifting the input in bit-by-bit. The outer for-loop set the
number of input symbols and tails to put into the encoder.

After the C++ programming, the next step is to write the
encoding operation using Hardware Description Language
(HDL) called VHDL (Very High Speed Integrated circuit
HDL) language [11]. The language can be written in both
sequential format and concurrent format. The concurrent
format makes it suitable to describe hardware. To use
VHDL, we have to design in terms of Hardware and concern
with the interface, which is more complicated than the C++
programming.

for (i=0:1 < ({L/BPS)/2)+F)i++)
{
for (int j=0;) < BPS;j++)

{
vI[illj] = wl[il[]"m1[j]*m2[j] m3[j]:
V2[illi] = u2[i][i]" m2[i] "m4[j]; )
V3Ll = wl[i] 1 u2i]] m3 (] mAli):
m2[j] = ml[j]:
ml[j] = ulfi][jl:
mé[j] = m3[j];
m3(j] = u2[i][i]:

H

L = the length of the sequence in bits.
BPS = number of bits per symbol.

F = number of zero symbols added at the tail of the encoding
sequence to flush (clear) the memory of the encoder.

ul and u2 = the input subsequence.

ml.m2.m3 and m4 = the memory positions as indicated in Fig. 1.

v1,v2 and v3 = the encoded subsequences

Figwre 2. C++ code for the encoding operation
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Figure 4. State diagram for the encoder

Fig. 3. shows that interface between three main units,
which are a personal computer (PC), the USB module and
the FPGA board.

More specifically, the designed state diagram for the
encoder is shown in Fig. 4. At the beginning or after the reset
button was pushed, the encoding operation is in Idle state.
When the Receive Ready signal comes in, which means that
USB module transmits data, the encoder will go from Idle
state to Receive state. In this state, the encoder will receive
data from USB module and put them in a buffer to be
encoded later. When enough data was received, the state will
change to Encode state. For the (3,2,2) convolutional
encoder with 32-bit symbols in use, the state is changed each
time 2 symbols comes in. When the encoding is done, the
state will change to Send state and transmit the encoded
sequence to the computer via the USB module.

The advantage of using VHDL to implement was that
each function block could be simulated in the computer with
the software from Xilinx. This greatly simplified the
implementation process. The encode data process of VHDL
program is shown in Fig. 5. The program in Fig. 5. worked at
the positive edge of the clock signal. It would check whether
the reset signal (RST) is 0 or 1. If it was 0, the program
would clear the memory and the output would be zero. If the
RST is 1, it would perform the encoding operation and
update the memory.



--Encode data process
encode_pr : process(CLK)
begin
ifCLK'event and CLK ='1" then
if RST ="0" then
ml <= {others=>'0");
m2 <= {others=>'0");
m3 <= {others=>'0");
m4 <= {(others=='0");
vl == (others==1");
v2 <= (others=>'0");
v3 == (others==0";
else
vl <=ul xorml xor m2 xorm3;
v2 <= u2 xor m2 xor m4;
v3 == ul xoru2 xor m3 xor m4;
m2<=ml;
ml <=ul;
mé <=m3;
m3 <=u2;
end if;
end if}

end process encode_pr;

Where CLK is the clock signal.
RST is the reset signal.
m. uand v are the same as in Fig. 1.

Figure 5. VHDL code for the convolutional encoder

The hardware selected for the encoder is the integrated
circuit (IC) technology on FPGA chip. The model of the
FPGA board used was FPGA Discovery-III XCS200 from
APEX Instrument with the processor chip FPGA SPATAN-3
from Xilinx with 200,000 gates. It should be noted that the
number of gates was much more than this application needed
and the board was selected because the authors plan to
extend the work to include other modules of the
communication system as well. To interface with PC, a USB
module in use is Ezy USB-MO01 by Astron Logic Research
& Development Co.,ltd. This module uses the IC FT245BM
by FTDI (Future Technology Devices International Limited).
Fig. 5. shows the hardware where the left board is the FPGA
board and the right board is the USB module.

In addition to the function to perform encoding, there is
also the interfacing part. The C++ program for transmitting
and receiving files to and from the board is too lengthy to
present here and it was modified from the standard send and
receive files.

Figure 6. FPGA board and USB module
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Only the interface of the program on the PC screen is shown
in Fig. 7.

Afier the VHDL program worked, it was burned onto the
FPGA board. To test, a file that contained data was
transmitted from the PC through the USB module to the
encoding board and the file that contained the encoded
sequence was received through the USB module back to the
PC and saved in the name the user selected.

IV. RESULTS

The results are divided into two parts. The first part was
the result from simulating with the VIIDL program. The
second part was the result from the hardware. An example of
the simulation result with VHDL is shown in Fig. 8. The
RST signal was in logic “low™ at first. When it changed to
high, the program obtained the information from ul and u2,
which were displayed in decimal format. A decimal number
in each clock period represented the value of a 32-bit
number. For example: “17=000.....0001, “7” = 000....0111.
To see the numbers clearly, the example shown in Fig. 8.
used very low values.

For the hardware part, the data in the input file was
transformed into binary format first. This can be done by the
binary converter program [12]. Then the input file in binary
format named input_binary file.txt was input from the
interface on PC in Fig. 7. through USB module as shown in
Fig. 3. to the FPGA board that performed the encoding
operation. After the encoding was done, the encoded file was
returned to the PC via USB module and the output file could
be saved and viewed. The output file was saved in the name
codeword.txt. Fig. 9. shows the input files in text and in
binary format as well as the output file that shows the
encoded sequence (codeword).
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e Test Berch
[+ T
tAMAREE
End Time:
2000 ns. 100ns 300ns 500ns 7000 900N 1100ns 1300ms 1500nS 170008 19001
(IR R RN AN AN AR RN
e N Iy Oy
anest 1
7 Plutfan ] ---(-_-““-.n ____
= @izl LN ST T SO O GO T, (O (R, ]
= glviatn) LR T e e P A (T T
@ gl o LIS 7 (T T (O (T T T (T (T 0
& lvala o) U7 (T (T (1 (SR O v
. | sla]] #la] ___I
Frady W

Figure 8. Simulation result from VHDL program
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Figure 9. The input file in text and in binary format and the output file
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Figure 10. Compare the results from the simulation and the hardware.
The numbers shown are in hexadecimal.

The results from the simulation and from the hardware
were put on top of each other for clear comparison in Fig. 10.
It was verified that the results from both parts are the same
and it was also the same as the result from C++ program,
which are not shown due to lack of space.

V. DISCUSSIONS

This paper showed a method to implement a (3,2,2)
convolutional encoder for nonbinary symbols. This method
can be applied for other nonbinary convolutional encoders
with slight modifications such as the XOR operation may be
performed on different set of inputs and memories based on
the connections of the code in consideration. In fact, the
basic principle is the same as the convolutional encoder for
binary symbols since the nonbinary symbols selected was
from GF(2") and can be described as binary vectors, The
differences of this binary and nonbinary encoder were in the
implementation because each symbol was very large (for
example 32-bit per symbol). The USB module in used can
send or receive only 8-bit at a time, therefore each 32-bit
symbol was divided into 4 subsymbols and transmitted in
sequence. In addition, the input rate to the FPGA board and
the output rate are not equal. With this selected (3,2,2) code,
the rate is 2/3. This problem was solved by using state
diagram as shown in Fig. 4. To verify the result from the
hardware, the simulation was first done in C++, then in
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VHDL. It was found that these results were the same as the
result from the hardware.

VL. CONCLUSIONS

The convolutional encoder for large nonbinary symbols
is needed at the transmitter for a system that uses
convolutional Vector Symbol Decoding (VSD) as the
channel code decoding technique at the receiver. This paper
shows a way to implement this encoder on FPGA board. By
using Xilinx, it was simple to run the simulation on the
software first and test it before put the code in the hardware.
The hardware works properly as expected.
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Abstract— The concept of Vector Symbol Decoding (VSD) for
convolutional codes was shown te be a good decoding technique
for convolutional codes with large nonbinary symbeols or packet-
symbols. However, the hardware implementation in Phase I was
designed for very simple error patterns, which can he decoded
using only one syndrome vector. This new Phase II decoder
extends its ability to decode more complicated error patterns
using up to four syndrome vectors. For Phase II, the decoding
was done by using the concept of correct with second choice only.
Lab prototype was implemented on an FPGA board and worked
exactly as expected. The next phase will be VSD decoder without
the help of second choices.

I InTRODUCTION

Some types of information require high reliability in
transmission such as personal identification information,
barking information or even general file transfer. Channel
coding or error correcting code had been used as a common
method to increase the reliability of data transmission. The
criteria of selecting the code depend on the level of reliability
and the type of the transmission medium whether it is a wired
or wireless medium.

Nonbinary codes are not commonly used except for the
Reed-Solomon codes (RS codes) [1] because they are
generally very complex. However for wireless channel where
the channel condition can change from good to bad such as
when fading occurs, the use of nonbinary codes may be
preferred. RS codes have been wused for space
commumications and satellite commumcations. Recently
more interest is given to nonbinary code decoding in terms of
packet decoding by viewing each packet as one symbol as
described by Luby and Mitzenmacher [2] in 2005 or Metzner
[3] in 2007. In addition, there was an idea on reducing the
complexity of nonbinary decoding for low-density parity
check code (LDPC) over GF(q) [4]. The work in [2, 4]
focused on LDPC code, but the work in [3] was for general
linear codes that used large nonbinary symbols. This idea [3]
is related to the concept of Vector Symbol Decoding (VSD)
first proposed by Metzner [5].

The principle of V3D decoding technique can be applied
for any linear block or convolutional codes. One application
of VSD is as an outer decoder of concatenated codes. When
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the inner code decoder can provide alternative choices for
each received symbol, these choices will improve the
performance of VSD and simplify the decoding steps. VSD
for convolutional codes or conv. VSD with two alternative
choices for each received symbol was described in [6] and
modified in [7]. The performance of conv. VSD has been
shown to be better than RS code for certain conditions [8].
Preliminary Implementation of V35D was done for some
specific error patterns that can be corrected using only one
syndrome wvector and two alternative choices [9]. For the
selected (3,2,2) convolutional code, these correctable patterns
were the cases that no more than one error symbol occurred in
each group of three received symbols and the alternative
choice at the error position must contain correct symbol. The
previous lab prototype for these specific error patterns was
called VSD phase I.

This paper focuses on the implementation of conv. VSD
phase II that is capable of correcting more complicated and
more variety of error patterns using up to four syndrome
vectors. The increase in the syndromes allows the decoder to
correct error patterns that contain several consecutive error
symbols. The decoding step is based on the use of second
choice to correct errors. Therefore, this phase is labeled
“correct with second choice™. Although the phase I and phase
II can both be viewed as using the second choice to decode,
the main difference is that there requires many extra steps in
order to employ more than one syndrome. This is because the
error positions are not obvious in the case of multiple
syndromes. The details can be found in [6, 7]. An example is
also shown in section III. The next phase of VSD is under
development and will be able to correct errors without the
help of second choice.

The lab prototype of conv. VSD phase I was implemented
on an FPGA board. The system was set up such that the input
file can be input through a computer, which was connected to
the FPGA board via a USB module and the decoded data
were then transmitted back to the computer and saved as a
text file. The program was written with VHDL (Very high
speed integrated circuit Hardware Descripton Language)
language [10, 11]. The program was downloaded onto the
FPGA (Field Programmable Gate Array) board with the
Platform cable USB.
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Section IT describes the decoding steps of VSD: correct
with second choices using an example Section III
demonstrates the set up of the test system. Section IV
explained the state diagram design. Section V shows the
decoding result from the hardware. Section VI and VII are the
discussions and conclusions.

II. BACEGROUND

V5D decoder uses the verification based method where it
tries to confirm the correct symbols. It can decode with or
without the help of second choice received sequence. If the
second choice received sequence is available, it was analyzed
[12] that the decoder should always use this extra information.

The second choice received sequence may come from
diversity reception such az the wge of multiple antennas. It
may also come from the inner decoder that can provide
alternative received sequence for the same transmitted
sequence such as List Viterbi Algorithm (LVA) [13]. By the
help of the second choice received sequence, VSD can pick
the correct symbols from the second cheice to replace the
wrong symbols in the first choice for many error patterns.
This process was called “correct with second choice™ The
error patterns that can not be corrected would then go through
another decoding step that will find etror locating vector (or
verification vector) and error values. This next step iz not
included in VSD phasze IL.

Although the “cotrect with second choice™ step was usually
cotizidered az a pre-decoding step, but it could decode sotme
error patterns by itself without the use of the mamn V3D
decoding step. The necessary condition for the successful
decoding of the “correct with second choice™ step is that the
positions that contain error gymbols in the first choice
received sequence must have correct symbols in the second
choice sequence. Note that this i3 a necessary, but not
sufficient condition. The details of the sufficient conditions
can be found in [14].

The decoding step of conwv. VSD for the “correct with
second choice™ was described with examples for two and
three syndrome vectors in [7]. The steps for four syndromes
vector are similar and will be showed ag an example here. The
code 15 2 (3, 2, 2) nonbinary convolutional code with

1+D+0? Bt 1
G(D)= ; , 5
ip 1+D° 1+D+D

And the correspond parity check matrix [6] is

! . E'__E__E_ ()

(= R
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s Ta[sle D“E+e5 Fres| Gy s | [ (K| L| !
choice ;
Second | | :
aace  |[H[X[X[E[F 60 IpjRL

Fig 1. The first and second choice of the received sequence
where e represent the error for the i received symbol
* represents a wrong received symbol

Example: Suppose the transmitted symbols are 4, B, €, D,
E, F,...Z where each alphabet represents an r-bit vector.
Suppoze there are error symbols in the shogh 7B and g
symbols of the first choice received sequence. Fig. 1 shows
the positions of correct and wrong symbols.

Ag ghown in [7], the first step i3 to compute one syndrote
vector using the first n received first choice symbols where n
comes from the (nn-1.m) code and so n = 3 in this case. It
should be noted that this is a nonbinary decoder, so one
syndrome vector is similar to one syndrome bit in the binary
decoder caze.

For this example, the first group of received symbols
(AB,C) were correct. The decoder realized this because the
syndrome vector for this first group would be zero. Therefore,
thiz first received symbol group can be transmitted out
immediately. Then, the decoder considered the second group
of received symbols (D,(E+e;),(7F+eg)) and found that they
contain errors since the corresponding syndrome vector was
net zero. Thiz error pattern can ot be corrected with one
syndrome (Phaze I V5D dacoder) since there were more than
one etror symbol in one syndrome as explained in [9].

After the decoder failed to correct with one syndrome, it
would increase the number of syndrome vectors to two by
involving three new freceived symbols in the syndrome
calculation. The decoder would continue to increase the
munber of syndromes umnfil it can correct or has reached the
maximum munber of syndromes allowed.

For this error pattern, the decoder can not cotrect with one,
two of three syndromes. Since the cases of two or three
syndromes are similar to the four syndrome cagze, only the
four syndrome vectors case is shown in detail here.

Consider the syndrome calculation for 4 syndrome vectors,

8 =H,Y=H,E 3
Where
011111000000000
010011111000000
H, = )
100010011111000
111100010011111
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H, is the Parity check matrix with 4 rows starting from the
second row to the fifth row because the nonzero syndrome
was first discovered in the second group of received symbols.
The number of columns of H equals to the last row index
multiplied by n (5x 3 =15 columns)

Y is the received symbol matrix whose size depends on
the number of columns of H currently used.

Y=[ABCD (Etes) (Fteg) (Gres) (Hre) [IKLMN O]
(3)

E is the corresponding error matrix of 'Y
E=[0000¢sese,e,0000000] (6)

And 8, is the syndrome matrix with 4 syndrome vectors.
From (3). (4) and (6),

Sy =[(es +eq) (es+estertes) (estes) e]” (7

After computing the syndrome matrix, the decoder would
compute the difference between the first and the second
choice values for each symbol by performing the XOR or the
modulo-2 addition since each symbol is a binary vector over
GF(2). The differences only have meanings and equal to the
error value for that symbol when the first choice is wrong and

the second choice is correct, which are the case of symbol 3, 6,

7 and 8. All differences are appended to the syndrome rows in
(7) to obtain a new syndrome matrix called Sa.

S, = |(es +eq) (5 +estertey) (estes) en w (es) (eq) (e5) (ed)
wwwwwww|" !
(8)

Where w = wrong (no meaning) difference patterns

There are 12 differences for the 12 symbols under the
decoding process (the 4" 15 15™ received symbols). Note that
the first three symbols (A, B, C) were declared to be corrected
before and no differences for these symbols were needed.

The decoder identified the meaningful patterns by finding
the differences that were in the row space of S,. These
differences were the actual error patterns and the positions of
error symbols were known by construction [14]. Obviously,
the difference for the 8" symbol was in the row space of S,.
With more thorough investigation, the differences for the 5™,
6" and 7™ symbol are found to be in the row space of S, as
well. Specially, the (mudolu-2) sum of row 3 and 4 of Sa
revealed that es was in the row space of S,. Similarly, the sum
of row 1,3 and 4 revealed ¢ and the sum of row 1.2 and 4
revealed e;.

In the implementation, Gauss-Jordan reduction was used to
perform column operations on the modified syndrome Sa to
find the difference rows that were in the row space of S,. The
w patterns are very unlikely to be in the row space of S,
especially when the symbol size is large enough such as 32-
bits/symbol in this implementation.
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After discovering the error patterns and the positions of
error symbols, the decoder could make correction at this point.
To be certain, the decoder would compute the syndrome value
again afier the correction. If the syndrome matrix was zero,
the correction was right. If not, the decoding failed and the
decoder would report the failure.

III.  SYSTEM SETUP

The selected FPGA board for phase II contained more gate
than the one for phase I and also had external memory (RAM).
The new board was the Xilinx Sparatn-3 PCI Express Starter
Kit that uses FPGA chip number XC3S1000-4FG676C. This
chip contained one million gates. This was more than
necessary [or phase I1, bit it was selected to have room for the
next phase IIl. The user guide of this board can be found in
[15].

Downloading program for the FPGA chip and the Platform
Flash PROM on this board can be done with Platform cable
USB. The system was setup as shown in Fig. 2 and 3. The
more close up of the board was shown in Fig 4.

The selected USB (Universal Serial Bus) module for the
interface was the same as the one for VSD phase | since the
new FPGA board was selected such that it used the same
voltage level (3.3 V) as the old board. Specially, the USB
module was Ezy USB-MO1 from Astron Logic Research and
Development. The details of the interfacing between USB
module and the decoder on FPGA board including the state
diagram design for the data transmission between the two
boards was explained when the phase I was presented in [9].

USE Module |FPGA Board
Ezy USB-0 | Niter Sy}
o Comection Cable—— 70 Erprse
Starter Kt

Fig. 2 System sectup showing the interface between the
decoder board and a computer

Fig 3. System setup in the lab
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Fig. 4 The FPGA board with the USB module and the
Platform cable USB.

IV,  METHOD

‘The decoding concept for “correct with second choice™ was
analyzed and the state diagram was designed as shown in Fig
5. The program was written using the VHDL language and
downloaded into the FPGA board described in section IT1. The
decoder was implemented for the (3.2.2) nonbinary
convolutional code described in (1) with 32-bits/symbol. Up
1o 4 syndromes were allowed although it could be extended to
more syndromes with added computation and memory.

The states in Fig 5 may be viewed as the interface part nad
the processing part. The interface between the decoder and the
computer contained the “read” and the “write” procedure. The
interface was very similar to the Phase I decoder [9] with
some modifications. Basically. the “read” part, which
included state read to state chk_choice_rx. read the received
symbol from the computer in 8-bit blocks. The decoder then
needed to assemble four 8-bit blocks to represent one 32-bit
symbol. When it received a complete set of 3 first choice and
3 second choice symbols. it would start to process.

The processing part started by checking whether the
number of syndromes was more than 4 syndromes. If it was,
the decoder would report that decoding failed. If not. the
decoder would go to the “decode with one syndrome™ part,
which was the part of Phase I decoder. This part included the
state Cal f5 to state  Chk_condition. If 1t could decode with
one syndrome, the decoder would then go to the “make
correction” part. This part included state Make correct to
state Update f5_mem. Basically, it made the correction and
then updated the memory of the decoder. so that the correct
symbol values replaced the wrong symbol values in the
decoder memory. This update was necessary because
convolutional codes are codes with memory. If the memory
was not updated, subsequence syndrome calculations would
be wrong.

After the “make correction™ part, the decoder then prepared
1o transmit the decoded syvmbols out by adding header and
split the 32-bit symbols to four 8-bit blocks and started the
“write™ part. The decoder would keep writing out to the
computer via the USB module until all decoded symbols were
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Fig. 5 State diagram design for Phase II conv. VSD decoder

transmitted out. Then it would go back and start reading new
received symbols from the received sequence again.

If the decoder could not correct with one syndrome, it
would request more symbols. This was not in Phase | decoder.
This “decode with second choice (many syndromes)” part
started with state Reg symbol and went through the whole
“read” part and then went from state Compu_next_syndrome
through state Chk_update_syndrome.

State Comput next svadrome would compute syndrome
of new symbols block. State Find diff2 would compute the
difference between the first and second choice by XOR
operation. State Gauss_jordan would perform the column
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operation to simplify the modified syndrome matrix. This
helped the decoder identify the difference rows that were in
the row  space of the syndrome  in  state
Correct_with_2™ choice. After the correction, the decoder
again updated the syndromes and verified that the correction
was right and complete by checking that the update
syndromes were all equal to zeroes. If updated syndromes
were not all zero, the decoder would require more received
symbols for the decoding. But if the updated syndromes were
all zero, the decoder would go to state Update mem to update
the memory before sending the decoded symbols back to the

computer.

V. RESULTS

The test result was obtained by inputting the error patterns
that could not be corrected with fewer than four syndromes.
An example of the received sequences with this condition was
deseribed in section I Fig. 6 shows the input file in
hexadecimal number format of the first choice received
sequence that contains 36 symbols or 144 bytes. Each 32-bit
symbol was represented by 8 hexadecimal numbers, so cach
row showed 3 symbols.

Fig. 7 shows the second choice received sequence for the
same transmitted data sequence. Fig. 8 showed the correct
position as “” and error positions as “X”, The first group of
three received symbols (first row in Fig 6.) was cotrect, so
their corresponding syndrome was zero. The decoder next
considered the seccond group, which consisted of the 46
symbols (second row in Fig. 6.). This group had errors in the
5% and the 6™ symbols and their syndrome was nonzere. Since
there were more than one error symbol for one syndrome, the
phase I decoder (correct with one syndrome) failed. The
decoder then needed to inerease the number of received
symbols in consideration.

As cxplained in detailed in scction I, this sct of errors (5%,
6™ 7" and 8™ error symbols) can be corrected with four
syndromes starting from the first nonzero syndrome found.
This means that the decoder would be able to decode after it
received the 4% — 15™ symbols (4 syndromes need 4 x n = 12
symbols for (n,n-1,m) code).

00 00 00 01 OO0 01 00 OO0 OO D1 OO D1
00 01 00 03|72 c2 1B 95|B4 32 DF 15|
[¢5 4a FpD 25[cs Ec 12 c1]|o0 07 o0 04
00 04 00 OE 00 OA 00 02 00 OE 00 08
00 08 00 1C 00 14 00 04 00 1c 00 10
00 10 00 38 00 28 00 08 00 38 00 20
0o 20 00 70[ic 2a 1c psllas 4a pD 25]
0o 40 00 EU[5A AD sc 2B|uu ED OO BO
00 80 01 ¢O0 D1 40 00 40 01 ¢0 01 00
01 00 03 B0 02 80 00 80 03 60 02 00
02 00 03 00 01 00 01 OO0 O3 OO OO0 0O
00 00 02 0D 02 00 02 00 02 00 DO AD

Fig 6 Ancexample of tested first choice sequence
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DF 5D E5 FD 5E 55 AA 54 BS5 AS D5 FS
cs 4B ap F8|00 02 o0 oolloo 03 oo o2
[00 02 00 07)[00 05 00 01] 54 AD 5¢C 2B
C2 C2 A6 D4 F2 C2 Cl AB CC 2A 6D SF
21 2C¢ A3 D5 FE 2C 23 12 31 5E FD 23
1B 2C AD AE DA DE AF DF FC AE EC 1D
54 FE 1F 2c|o0 S50 oo 10](oo 70 oo 40]
o5 Ec 12 ci[po0 A0 0D 20| c2 c2 A6 D4
F2 C2 C1 AB CC 2A 6D S5F 21 2C A3 DS
FE 2C 23 12 31 5E FD 23 1B 2C AD AE
DA DE AF DF FC AE EC 1D 54 FE 1F 2C

C5 4B AD P8 7E C2 1B 95 B4 32 DF 15
Fig. 7 The corresponding second choice sequence

VA A i S S A Y i ) i S Ay Y i ) R
J0 2 A0 4y Lo w sl sor w oxd
bese see see sesellsese sese sme sl ss 27 22 o2y
Va7 (Y 2 (7 Y G A i R v R I (R A
il S W R Rl L b R B i il
v O 1 (R i Y. Y iy A 4 G i A A AR
£ 40 A X B M O RYXK XM XM xx|
A S Tl o o . A L
ol A 1V A AT A 0 Al o A < £ A A A
i A 00 O e 7 O T Y R 7 O )
i P Y (T 7 G R o A 6 M i S (R Al
P S S S VAV A T e A
Fig. 8 The corresponding error patterns.
00 00 00 01 0O 01 00 00 00 01 00 01
00 01 00 03 [00 02 00 00Jo0 03 00 07
|t"u‘t 02 N0 t'J"f"ﬂi') N5 00 m|rm 07 00 04
00 04 00 OE OO 0OA 00 02 00 OE 0O 08
00 08 00 1C 00 14 00 04 00 1C 0O 10
00 10 00 38 QO 28 00 08 00 38 00 20
00 20 00 70 [00 50 00 10][00 70 00 40]
00 40 00 EO |00 AD 00 20|00 EO 00 80
00 80 01 CO 01 40 00 40 01 c0o 01 0O
01 00 03 80 02 80 00 80 03 80 02 00
02 00 03 00 01 00 01 00 O3 QO 0OC QO

00 00 02 00 02 00 02 00 02 00 OO 0O
Fig. 9 The decoded sequence contained all correct symbols.

This means that the decoder would be able to decode after it
received the 4% — 15 symbols (4 syndromes need 4 x n =12
symbols for (n,n-1,m) code). After the correction, these 12
symbols would be transmitted out. Then conv. VSD decoder
considered the 16" to 18™ symbols and found that they were
all correct since their syndrome was zero. Next, the decoder
reached the group starting with the 19% symbols and found
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that they contain errors. This second group of errors consisted
of the 20", 21* and 23" symbols. This group can also be
corrected within 4 syndromes.

‘When the decoder reached the second error set, the first
error set had been cleared and it only had to handle the new
error set. This cleaning of the old errors was a reason the
decoder can correct several groups of error symbols in a
received sequence within 4 syndromes at a time. In the test
several error patterns were tested and more than one set of
error was included in the sequence to ensure that the decoder
can actually handle more than one group of errors.

Fig. 9 shows the decoded sequence as a hexadecimal file.
This file was received by the computer from the FPGA board
through the USB module. It showed that the correct second
choice replaced the wrong first choice for all error positions.
The decoded sequence was exactly the same as the correct
code word before it was corrupted by errors.

VI. Discussions

The results showed that the decoder can perform the
“correct with second choice™ operation as expected. Although
other results were not shown here, several error patterns that
could be correct with ome, two, three and other four
syndromes were also tested and worked. That is it also
included the ability of phase I decoder. The number of
syndrome vectors can also be increased with the same
technique described here. Previous simulation used up to 16
syndrome vectors in the performance analysis [6,8]. However,
the hardware will require more computations and memory
especially when the venification part (Phase III) is added in
the future.

The state diagram design was 1mportant in the
implementation process and was explained in details here. It
can be seen that Phase II needs many new added states. The
state that was most complicated was the Gauss-Jordan
reduction since it required several computation steps.

The specifications for Phase II conv. VSD were designed
based on the complete conv. VSD that can correct with or
without the help of the second choices. Many selected
parameters were analyzed by simulations to obtain the values
with good performance and without unnecessary complexity.

The electronics board with an FPGA chip was selected for
the implementation because it 1s convement to simulate the
VHDL program on computer before the downloading it into
the hardware.

VII. CoNCLUSIONS

This work verifies the concept and the decoding procedure
of VSD for convolutional codes with Hardware
implementation. The Lab prototype of VSD phase II on
FPGA board can correct all error patterns that are correctable
with second choices using up to four syndrome vectors. The
allowed VSD decoder phase II to correct several consecutive
error symbols in addition to the specific error patterns of no
more than one error symbol in each group of three received
symbols as in phase I. The interface was designed so that the
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board received an input file and sent back the decoded file to
a computer for the ease of monitoring. This lab prototype is
an important step in extending the ability of the decoder. The
future work is to build the prototype for VSD phase III that
can correct with or without the help of second choice received
sequence.
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