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Vasin Suktalordcheep 2013: Inner Coding Systems for Concatenated Codes with Vector
Symbol Outer Decoder for Mobile Channels. Master of Engineering (Electrical
Engineering), Major Field: Electrical Engineering, Department of Electrical Engineering.

Thesis Advisor: Associate Professor Usana Tuntoolavest, Ph.D. 92 pages.

The purpose of this research is to design the concatenated coding systems with Vector
Symbol Decoder (VSD) for outer convolutional codes with large symbol size in mobile channels.
The focus is on the inner coding part, which includes the development of list and soft decision
Viterbi Algorithm (VA) for block codes and the use of a nonbinary block code instead of a binary
code as an inner code. Three concatenated coding systems have been considered as follows: (1) a
BCH inner code with list soft VA inner decoder and VSD with 2 alternative choices and 26-bit
outer symbols, (2) a BCH inner code with soft VA and VSD with no alternative choice and 102-
bit outer symbols and (3) a Reed-Solomon (RS) inner code with Algebraic hard decision
decoding and VSD with no alternative choice and 104-bit outer symbols. The result shows that
the soft list VA for block codes can be achieved. For the performance of VSD only with no inner
codes, the 128-bit symbol is better than the 64-bit symbol for the selected mobile channel. In
addition, the system with RS inner code is better than the one with BCH inner code for the

selected mobile channels.
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Current State Next State
input State in Binary State State in Binary State
Number Number
0 00000 0 00000 0
1 00000 0 00101 5
0 00001 1 00010 2
1 00001 1 00111 7
0 00010 2 00100 4
1 00010 2 00001 1
0 00011 3 00110 6
1 00011 3 00011 3
0 00100 4 01000 8
1 00100 4 01101 13
0 00101 5 01010 10
1 00101 5 01111 15
0 00110 6 01100 12
1 00110 6 01001 9
0 00111 7 01110 14
1 00111 7 01011 11
0 01000 8 10000 16
1 01000 8 10101 21
0 01001 9 10010 18
1 01001 9 10111 23
0 01010 10 10100 20
1 01010 10 10001 17
0 01011 11 10110 22
1 01011 11 10011 19
0 01100 12 11000 24
1 01100 12 11101 29
0 01101 13 11010 26
1 01101 13 11111 31
0 01110 14 11100 28
1 01110 14 11001 25
0 01111 15 11110 30
1 01111 15 11011 27

131: Tuntoolavest et al. (2011)
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v v H 9 H
M5190 4 NMslasuaauzvessHali®es (31,26) N G(D)=[1+D3 +D5] AN TNIN

16 914 31
Current State Next State
input State in Binary State State in Binary State
Number Number

0 10000 16 00101 5
1 10000 16 00000 0
0 10001 17 00111 7
1 10001 17 00010 2
0 10010 18 00001 1
1 10010 18 00100 4
0 10011 19 00011 3
1 10011 19 00110 6
0 10100 20 01101 13
1 10100 20 01000 8
0 10101 21 01111 15
1 10101 21 01010 10
0 10110 22 01001 9
1 10110 22 01100 12
0 10111 23 01011 11
1 10111 23 01110 14
0 11000 24 10101 21
1 11000 24 10000 16
0 11001 25 10111 23
1 11001 25 10010 18
0 11010 26 10001 17
1 11010 26 10100 20
0 11011 27 10011 19
1 11011 27 10110 22
0 11100 28 11101 29
1 11100 28 11000 24
0 11101 29 11111 31
1 11101 29 11010 26
0 11110 30 11001 25
1 11110 30 11100 28
0 11111 31 11011 27
1 11111 31 11110 30

131: Tuntoolavest et al. (2011)
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2.2 aesszuULaziUinNg

Q' aol U U

$1avsszuudeTsunsu MATLAB Taariiumsnardyana msuendyaauay
1 o 9 I Y] = 1 dy [ F) LY F) o Y
sosdyn e udazilusiaueuluus ualassnuiinasnndisiauds szutasmsdeaan

2 q Y I = Y o ¥ o =2 o o A <3|

wouluwi ldduluuBuaz ldanadyaruswdedendyaauuudiean msiziu
@ d'l Y Y @ a [ 1 =\ 4 Y [
aulsnugu eanndeIms Mz uusHanoumnuaaInanlentlsznen Indimeanums
I¥swamelunuuiideslduiniga vazannsoiiovdszaniamld  Tasaunsndiou

o o Y v {
LLWHﬂ’]Wﬂ’]ﬁﬂ’]a@\‘lﬂ’]iﬂ’l\ﬂu]‘lﬂﬂ\‘lﬂ'n/‘lﬁ 20

4
Data Sequence Authsia INATYUIULUUY
—’ -
=S ld A A
3 lasTayou TG
FoIT YD1
Output Sequence frnoaTHe AN TV
- <
=) - S A
3nlaTayou INIGLIT

MW 20 MITavInsaudlsTlsunsy MATLAB v095va3a s Tanou

dyulsl v A G [ [ 4 a

TassnuilFsnadsalaTawou (63, 51) @19 GF(2°)vsodadnusiay 6 1in Iag

9

€

@ 4 v @

9 o g’/ [ Y o o [ [ P = @ Y
WTHanINae 51 deuania Llagblﬂl‘llUﬂ'ﬁﬁﬁ 63 dyany FUOATITHA INAAVINUTH

g

9
v v

Daew (31, 26) 4aza1NNINN 20 a115011U5E@NTAINNITOATHAVOINITDITHANN

= J a 1T A 9

L‘ﬂdﬁfJ‘]JL‘V]fJ‘UﬂWﬂ’J"IiJNﬂWﬁ"IﬂG]’E]UG]llﬂ
Y Y Y da % ~ v v %
3. wwmmaemwmanmawaﬂf‘utflﬂmmsmﬂaﬂmmﬂﬁmuanyaﬂﬂ

A < o vy A X o q ¥ o "y 2
M3naNuE lumsiu-aeveyariiniuerni ldauisosu-aaveyannyuluman
1 A 1o {a 2 A 2 ' @ o a a v W
MUAY Lmmuau%yjaﬁwﬂwmﬂmwmﬁuwuﬂu midinauuiAalumsveevnadydnyal
) 1 9y
VOITHANBUDN 1HDTITUAINNVAANAIANUINTY MITAUTUNUMITWAUIAIDOATH

da 9 ~ [ [ 4 ~
Dﬂmﬂﬁ“]ﬁJI‘]JﬁGLWE‘ﬁlﬂi‘m‘ﬂﬁﬂuﬂIHWQﬁﬂJﬂﬂHmLLﬁﬂﬁiuﬂTWﬂ 21



48

2 9
( ITUAU )

A 4

A
S Yy . Ysuilgedinens e
weulsunsuansva - o
— 3 namesauTualdansalSuvng [«
Ao e v o o
® dyanwal
N

o @ Y
ATINAOUANUYNADIVDIMTHar AFFOUANNYNADY
YDINTOATHE

N0ATHAYNADY

Y Y oA Y o Y] I {
J‘ITINﬁ 21 NQﬂ”IiﬂH‘Ll‘L!\ﬂLlﬂﬁW@luWﬂﬂﬂﬂiﬂﬁL’JﬂLﬁﬂi“BNI']Jﬁiﬁﬁ”lilﬁﬂlﬂ?]ﬂﬂ"’llﬂ”lﬂ

t4

dyanyol

o A

v 9 o Aq YA U 2 A a d o
15]'Jlf’ll'liﬁﬁﬂ'lﬁluf]ﬂﬂclélfﬂﬂﬂ’ﬂUIj@.%u (3, 2, 2) FIUNUNTNHEAINUUA (Generator

Matrix)

2

1+D+D° D 1
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Performance between Algebraic Hard Decision and first choice of Viterbi Hard Decision over BSC
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o Performance of first choice and second choice of Hard Decision and Soft Decision

Probability of decoding error
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Performance of Soft Viterbi decoding for BCH Inner code

—>¢— Soft Viterbi, Rayleigh fd=155,54Hz
—a— Soft Viterbi, Rayleigh fd:233.31Hz
—a— Soft Viterbi, Rician K=5 fd:155.54Hz
-4| | —— Soft Viterbi, Rician K=5 fd:233,31Hz
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Abstract-This paper proposes the use of list-of-2 soft decision
Viterbi Algorithm (LSOVA) as a suitable diversity block inner
decoding technique for the new generalized concatenated coding
system. In this system, the LSOVA is the inner decoder and
Vector Symbol Decoding (VSD) is the outer decoder. This new
coding system allows the inner code and the outer code to be any
combination of a linear block code and a convolutional code. This
is possible because the outer decoding technique, VSD, can decode
any linear block or convolutional codes that use large nonbinary
symbols. In addition, this paper combines the list decoding and
the soft decision decoding of block codes together. Simulation
results show that only soft decision provides significant benefit of
the short list-of-2 for block decoding with list Viterbi algorithm
(LVA). Hard decision provides almost no benefit with very short
list. The (31, 26, 3) BCH code is the selected inner code since it is a
well-known good code and the 26-bit outer symbol size is large
enough for VSD.

. INTRODUCTION

Conventionally, the decoding of linear block codes is an
algebraic hard decision decoding technique. However, the
decoding of convolutional codes is commonly done with both
the hard and the soft decision decoding. A widely used
algorithm to decode convolutional code is Viterbi Algorithm
(VA) [1], which is a maximum likelihood decoding technique.
For hard decision decoding, the Hamming distance can be used
as the metric for VA. For soft decision decoding, the Euclidean
distance can be used as the metric for VA [2].

Since the soft decision decoding can provide better
performance than the hard decision one, there were interests in
soft decision decoding of block codes. This interests started
with the paper by Forney in 1988 [3]. He showed that there
was simple trellis structure for some block codes such as the
Reed-Muller (RM) codes. By representing codes in Trellis
form, block codes could be viewed as a finite-state machine.
VA could also be applied as the decoding algorithm, and
therefore the soft decision decoding for block codes was
possible. Lin and Costello explained basic trellis for block
codes in [2].

Since BCH codes [4], [5] are much more widely used than
RM codes; it led naturally to researches about trellis for these
codes. Reeve and Amarasinghe showed in their 2004 paper [6]
a way to draw the state diagram for block cyclic codes using
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BCH codes as examples. They also presented the
implementation of a parallel Viterbi decoder for block codes.
There were also other approaches for soft decision decoding of
specific block codes such as the sphere decoding proposed by
Shayegh and Soleymani for Reed-Solomon (RS) codes in 2008
[7]. This was sub-optimal decoding, but it was designed to
reduce the decoding complexity for long codes.

To achieve better decoding performance, another way is to
employ diversity such as space diversity with several received
antennas. In addition, list decoding can also be used to provide
several possible decoded sequences. List decoding was first
proposed by Elias [8] in 1957 and Wonzencraft [9] in 1958
independently. The list-of-L decoding failed only when the
correct data sequence was not in the list of L possible decoded

sequences. Since then, there were many papers on list decoding.

The early ones were listed in Elias’s 1991 paper [10]. Elias
also proved in the same paper that with list decoding, a code
could correct more number of errors. Seshadri and Sundberg
[11] applied list decoding for convolutional codes in 1994.
They proposed LVA that can output L possible decoded
sequences as the inner decoding technique. The outer code is
simply an error detection code. Therefore, they still maintained
the idea that the list-of-L decoding failed only when the correct
data sequence is not in the list.

Tuntoolavest and Metzner mentioned a way of using list
decoding with an error correcting outer code in [12]. The
suitable outer decoding technique for this purpose was Vector
Symbol Decoding (VSD). VSD principle was first proposed by
Metzner and Kapturowski in 1990 [13]. It is a general
decoding technique that could be applied for any linear block
or convolutional codes that used large nonbinary symbols. The
actual algorithms for block codes and for convolutional codes
do differ in some aspects. However, the main principles are the
same. VSD had an interesting feature that it could easily select
the correct codeword from a list of L possible decoded
sequences. VSD with list was first explained in [14]. More
details on VSD can be found in [15].

The list decoding with an error correcting outer code was
extended into a new concatenated coding system called “LVA-
VSD” in [16]. This LVA-VSD system employed convolutional
codes as both the outer and an inner code and used LVA as the
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diversity inner decoder and Vector Symbol Decoding (VSD) as
the outer decoder. The “diversity” inner decoder refers to the
fact that the inner decoder provides more than one choice of
inputs (diversity) to the outer decoder.

In this paper, the LVA-VSD coding system is generalized to
allow the inner code and the outer code to be any combination
of a linear block code and a convolutional code. While in the
previous work, the inner and the outer codes must be either
both block codes or both convolutional codes. In addition, only
soft decision LVA was considered for the convolutional case
before. List decoding for block inner codes was not shown
either. In this paper, both hard and soft decision LVA are
investigated to see their effects when combined with list
decoding for a selected good block cyclic code. Specifically,
the (31, 26, 3) single-error-correcting BCH code is selected.

Section Il describes the block diagram of the proposed
concatenated coding system. Section III covers the method.
Section IV shows the simulation results that list decoding
provides significant benefit for the soft decision case, but
almost no benefit for the hard decision case, especially for a
very short list. The reason for this is explained in section V.
Finally, section VI concludes the ideas and results of the paper.

II.  GENERALIZED LVA-VSD CONCATENATED CODING SYSTEM

A. Block Diagram of the System

The generalized LVA-VSD concatenated coding system is
shown in fig. 1. This system allows the inner code to be either
a binary block code or a binary convolutional code. The outer
code can also be either a nonbinary block code or a nonbinary
convolutional code. The inner encoder is simply a binary block
or convolutional encoder. For block cyclic outer codes, the
encoder can be implemented using shift register circuits similar
to the encoding of RS codes [2]. For convolutional outer code,
the encoder can be implemented as shown in [18]. The
decoding part is more complicated. The outer decoder is VSD
for block [14] or VSD for convolutional [12], [15] as suitable.
The inner decoder is a list-of-2 VA. This inner decoder
provides two decoded outputs in the order of their likelihood
function. The use of list-of-2 VA for convolutional codes was
shown in [15]. In this paper, we will focus on the use of list-of-
2 VA for block codes as well as investigate the effect of using
hard and soft decision with list decoding in block codes.
B. System Setup

For the simulation, the inner code was selected to be the (31,
26, 3) single-error-correcting BCH code. The reason is that it is
a well known good block cyclic code and each decoded
sequence consists of 26 bits. This is suitable for VSD because
VSD has the assumption that the error symbols are linearly
independent. This assumption is valid when the symbol size is
large enough and the typical size for VSD is 24-bit symbol or
larger [17]. Fig. 2 shows the system setup for the comparison
of the algebraic hard decision decoding using Matlab function
with the hard decision VA in a binary symmetric channel
(BSC). Fig. 3 shows the system setup for the comparison
between the hard and soft decision list-of-2 VA in an Additive
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Outer code (31,26,3) Modulation
Convolutional code BCH code
Channel
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YSDifor - Viterbi  <—— Demodulation
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decoder

Figure 1. Generalized LVA-VSD concatenated coding system

Algebraic
BSC | vs -
Hard decision viterbi

Figure 2. System setup for hard decision decoding using algebraic decoding
in comparison with VA
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(31,26,3)
‘ BCH code

Inner code
= (3126.3) BPSK
BCH code
AWGN
Channel
)
"“_f:e‘r’lfi' Matched
- i
(Hard Soft) -

Figure 3. System setup for hard and soft decision list-of-2 VA

White Gaussian Noise (AWGN) channel. The modulation
technique was binary phase shift keying (BPSK) and the
demodulation was done by a matched filter.

1. METHOD

To apply list-of-2 VA to a block code, the code should be
viewed as a finite-state-machine. Table | shows the state table
of the (31, 26, 3) BCH code. This table was derived based on
the method to generate state transition diagram of BCH codes
proposed by Reeve and Amarasinghe [6]. From the state table,
the state diagram and the trellis diagram could be obtained in a
straightforward manner as shown in fig. 4. Then, we applied
the LVA that was written in C++ based on the method by
Seshadri and Sundberg [11]. To verify that the C++ program
worked properly, the result of the hard decision LVA in C++ is
compared to the result of the algebraic hard decision decoding
using Matlab function as setup in fig 2. After this was verified,
both the hard and the soft decision decoding were done for (31,
26, 3) BCH code using the C++ program as shown in fig 3.
The metric for the hard decision decoding was the Hamming
distance. The metric for the soft decision decoding was the
correlation metric using the matched filter as the optimum
receiver. Note that the simulation was done for the inner
decoder level only. The results can then be analyzed for the
overall system using the property of VSD.

To save space, the trellis for this code is not shown.
However, it can be derived directly from the state diagram or
the state table. Other block codes that can be represented in
trellis form can also be decoded using the described method.
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Figure 4. The state transition diagram for the (31, 26, 3) BCH code

IV. RESULTS

Fig. 5 shows that the decoding failure probability of a
algebraic hard decision BCH decoding using Matlab function
is almost the same as the hard decision BCH decoding using
the list-of-2 Viterbi algorithm written with C++. This shows
that both decoding methods provide the same result for hard
decision. It also verifies that the list-of-2 VA works properly.

Fig. 6 shows the performance of list-of-2 VA with both hard
and soft decision of the (31, 26, 3) BCH code in Additive
White Gaussian Noise (AWGN) channel. The performance of
the soft decision decoding of BCH code is better than the hard
decision decoding of BCH code for both p.; and p,. The
parameter p,, is the probability that the most likely decoded
sequence is wrong. The parameter p,; is the probability that the
second most likely decoded sequence is wrong given that the
most likely one was wrong. The better p,, is as expected since
it is well known that soft decision decoding uses the reliability
information of the channel and therefore can usually provide
better decoded sequence than the hard decision decoding that
does not use this information.
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Figure 6. Performance of hard and soft decision LVA
for (31, 26, 3) BCH code in Gaussian channel

The much better p,, is significant because it shows that the
list decoding provides great benefit for soft decision.
Comparing the p,, for both decoding, the p,, for soft decision is
in the range of approximately 21-48% for the given SNR range.
This means that when the most likely decoded sequence is
wrong, there is a very high probability (52-79%) that the
correct codeword is the second decoded sequence. Since the
two inner decoded sequences are the inputs to VSD, this means
that VSD will have a much higher probability of receiving at
least one correct input sequence with the use of list. This will
help improve the performance of VSD and the overall
performance of the coding system.

For hard decision the, p,,is very high (approximately 95%).
This means that the second decoded sequence is almost always
wrong when the most likely decoded sequence was wrong.

V. DISCUSSIONS

Simulation results show that for hard decision, the algebraic
decoding and VA provide the same result for the most likely
decoded sequence. Therefore, if list decoding is not used, the
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algebraic decoding with less complexity is more attractive.
With list decoding, the simulation results show that the second
decoded sequence provides great benefits in the soft decision
case. However, it provides almost no benefit in the hard
decision case. Therefore, the list should be used with soft
decision only for BCH codes.

The reason that the second choice is not very useful for hard
decision can be explained with the decision sphere concept.
Since the minimum distance (d,,) for this single-error-
correcting (31, 26, 3) is 3, some codewords differ in only 3 bit
positions. When there is more than one error bit, the decoder
will be wrong.

Fig. 7 shows the case that there are two error bits in the
received sequence. The received sequence r can be viewed as a
vector in the 31-dimension sphere. This r differs two bits from
the transmitted codeword vy. With hard decision, the Hamming
distance is used and the distance value is an integer number.
The decoder corrects the received sequence r by changing it
into a codeword that differs only one bit from r. This codeword
is the most likely decoded codeword v,. For list-of-2 decoding,
the decoder also attempts to find another codeword that is a
little less likely to be a correct codeword. In fig. 7, it chooses
v as the second most likely decoded codeword since v, differs
only two bits from r. The problem is that for hard decision,
there are many codewords that differ two bits from r.
Therefore, the decoder will randomly pick one as the second
choice. The chance that this selected one will be correct is thus
very small.

Fig. 8 shows the case that the decoder picks the correct one
for the second choice when there are two error bits in the
received sequence. In this case, v, is exactly the same as vr.
Therefore, the second choice is correct. For the soft decision,
the distance can be a Euclidean distance, which is not a real
number. Thus, it is not likely that there will be candidates with
equal metric. The decoder will then pick the one with the
second best metric to be the second choice. This results in a
much better selection of the second decoded sequence.

VI. CONCLUSIONS

This paper proposes a generalized concatenated coding
system. This system allows any combination of block and
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convolution codes as the inner and the outer code. The outer
decoder is VSD and the inner decoder is list-of-2 soft decision
VA. The (31, 26, 3) BCH code is selected as the inner code due
to its good cyclic structure and the appropriate symbol size for
the outer decoder. With hard decision and no list decoding,
there is no advantage to use the more complex decoding
technique and the algebraic one is preferable. With list
decoding, the soft decision is necessary to ensure good
performance of the second decoded sequence. Based on the
feature of VSD, the high probability that the second choice is
correct when the first choice is wrong will significantly
improve the decoding failure probability of the overall
concatenated coding system. It will also reduce the decoding
time of the outer decoder.
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Abstract—List-of-2 soft Viterbi algorithm (VA) decoder
provides a list of two possible decoded sequences in the order
of their likelihood. It can decode convolutional codes and any
block codes represented in a trellis diagram. It is an important
component of a generalized concatenated coding system that
allows the inner and outer codes to be any combination of
convolutional and block codes with some modifications. This
paper implemented the list-of-2 soft VA and the concatenated
encoder in a Nanobaord3000 with Xilinx Spartan 3AN FPGA
chip. The results from the C++ simulation and the lab
prototype were exactly the same in various fading channel
conditions. Thus, the lab prototype worked properly as
designed. The results showed that the soft VA was better than
the hard VA as expected. The presence of Doppler increased
the decoding error probability. The Rician fading channel
provided noticeable improvement compared to the Rayleigh
channel.

Keywords—list-of-2 soft Viterbi, VSD, prototype, inner decoder,
generalized concatenated codes, fading channels.

L INTRODUCTION

Serial concatenated codes were first proposed by Forney in
1966 [1]. It was originally called “concatenated codes”. Since
turbo codes [2] were proposed and used widely, the original
one was sometimes called serial concatenated codes to
distinguish them from turbo codes that were sometimes
referred to as parallel concatenated codes [3]. The outer code of
a serial concatenated code was usually a Reed-Solomon (RS)
code [4] as described in CCSDS standards [5]. RS codes are
block codes with nonbinary symbols from GF(g) [6]. The inner
code is usually a binary block or a binary convolutional code.
The inner decoder depends on the inner code selected. The
outer decoder is a RS code decoder.

In 2011, the concept of a generalized concatenated decoder
for serial concatenated codes was presented [7]. The decoding
principle proposed could be applied to any combinations of
block and convolutional codes for inner and outer codes. In
other words, the inner code can be either of the two types of
codes and the outer code can also be either of the two types.
This was possible because the principle of Vector Symbol
Decoding (VSD), the outer decoding algorithm, can be applied
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to both types of codes with some modifications in the
implementation [8]. Moreover, list-of-2 Viterbi decoding, the
inner decoding algorithm, can be used to decode block codes as
well as convolutional codes by representing the block codes in
the trellis diagram [6]. The list Viterbi algorithm (LVA) was
presented by Seshadri and Sundberg in [9]. LVA provided an
ordered list of possible decoded sequences for each received
sequences based on the likelihood. In 2011, a soft decoding for
binary cyclic codes was proposed, but it was a “light soft
version of permutation decoding” [10]. It was not a Viterbi
decoding and no list decoding was used. The soft Viterbi
decoding combined with list decoding was described and
analyzed in 2011 [11]. Metzner presented the algorithm of
VSD with list inner decisions in [12]. VSD with list for various
structures of convolutional codes was analyzed in [13]. LVA
was mentioned as a way to provide list inner decisions for VSD
in [14]. LVA with only two choices (list-of-2 VA) was selected
as the inner decoder for VSD in [15].

In [11], the concept of this coding system was presented
with the performance comparison of inner decoder only.
Specially, the comparison was done for the algebraic decoding,
hard Viterbi and list-of-2 soft VA decoding of a BCH code in
the AWGN (Additive white Gaussian noise) channel only. It
was concluded from the results that the algebraic decoding and
the hard decision VA provided basically the same decoding
error probability. However, the soft list-of-2 VA provided
much lower decoding error probability. In [16], the lab
prototype of list-of-2 VA was implemented for a convolutional
inner code, while the one in this paper is for a block inner code.
The selected board was also different. The prototype in [16]
was programmed with VHDL (VHSIC hardware description
language). The current prototype was programmed with C,
which makes it much easier to modify.

In this paper, we implemented the hard decision and the
list-of-2 soft decision VA in an FPGA (Field Programmable
Gate Array) board, which was the Nanoboard 3000. We also
implemented other components of the generalized concatenated
coding system, which were a convolutional outer encoder and
the BCH inner encoder in a board. We demonstrated an
example of a convolutional outer code instead of a block code
because standard serial concatenated codes usually used RS
codes, which were nonbinary block codes as the outer codes.
Therefore, if a convolutional outer code was shown, it would
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emphasize the generality of this coding system. For the block
outer code case such as RS codes, the outer encoder will be the
nonbinary block encoder such as the shift register circuits and
the decoder will be VSD for block codes. We also extend the
performance investigation of the inner decoder from AWGN in
[11] to fading channels in this paper. These models were more
realistic for its wireless applications. The wireless fading
channels were Rayleigh and Rician fading channels with
AWGN. The Doppler effect was also investigated for both
fading models. For the performance investigation, all-zero code
words was assumed for simplicity since this assumption is
valid with no loss of generality.

In the near future, the practical outer decoder of this
concatenated coding system will be added to complete the
system. This outer decoder will use the Vector Symbol
Decoder (VSD) with list decoding [8,12]. In addition, another
function to map the decoded sequence to its corresponding data
sequence needs to be included. This conversion is not trivial for
a nonsystematic convolutional code. Since the nonsystematic
convolutional code provided better performance than the
systematic one, it was preferable and the outer decoder would
need to include this mapping.

II.  SYTEMDESIGN

A Block Diagram of the System

The presented concatenated code consists of an inner block
code and the outer convolutional code as shown in fig. 1. The
modulation, demodulation and the channel were modeled with
Matlab. The encoders and the decoders had been previously
simulated with C++. In this paper, the inner and outer encoders
as well as the hard Viterbi and the list-of-2 soft Viterbi
decoders were implemented in a nanoboard3000 with an FPGA
chip.

Quter corwolutioral 31,26 31BCH || |
ersods ercods: Al BESK
Nanobaard3000 3 .
MATLAB Sitru atza Fading
charns
CH
4
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Cor volutioan| sode 2 Listof2 SR VA detector

Figure 1. The concatenated coding system
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Figure 2. The structure of the selected concatenated encoder
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Figure 3. The inputs and outputs of the inner and outer encoders

In the next phase, the outer decoder (VSD) will be
implemented in the same board. The standard decoder for a
BCH code is the algebraic decoder. In addition, Viterbi can be
used to decode block codes that can be represented by a trellis
diagram [6]. Therefore, both hard decision and list-of-2 soft
decision Viterbi were also used as the inner decoder. The
fading channels were Rayleigh and Rician channels with and
without Doppler effect.

The inner code was a single error correcting binary BCH
code of length 31. The outer code was a (3,2,2) nonbinary
convolutional code. The detailed structure of the selected inner
and outer encoders is illustrated in fig. 2. Each memory block
of the (3,2,2) nonbinary code contains 26 bits, but that of the
binary BCH code contains 1 bit. Fig. 3 shows the input, output
and the interface inside the concatenated encoders. It can be
seen that each set of two 26-bit symbols were encoded by the
outer encoder into three 26-bit symbols. These three 26-bit
symbols were then multiplexed and input to the inner encoder.
Each 26-bit sequence was encoded into a 31-bit inner code
word. The encoded sequence was modulated by a binary phase
shift keying (BPSK) scheme as described in fig. 1 and
transmitted through a fading channel.

B.  Hardware Aspect

The hardware was designed with Altium Designer. The
FPGA board used was the Nanoboard 3000. The FPGA chip
was the Xilinx Spartan 3AN device (XC3S1400AN-
4FG676C). This chip consisted of 140,000 gates. It contained
the TSK-3000A 32-bit RISC (Reduced Instruction Set
Computer) processor as shown in fig. 4. The open bus was

Soft Processor
TSK3000 A
ottt P T e I -
1| uss TFT son | !
i Interfac Screen Termin 1

Figure 4. System design in hardware
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Figure 5. The schematic diagram of the system

designed with “soft” processor. The soft processor was chosen
because it was flexible, low cost and faster to implement. This
is because it behaved as a CPU (central processing unit). We
could write the algorithm in C and downloaded into this soft
processor. The authors planned to implement other inner
coding system and compare their performance in the next
phase. The design in fig. 4 shows that the soft processor was
connected to a 1-megabit independent SRAM (Static Random-
Access Memory) and a 1-megabit common bus memory.

In addition, the input/output ports of the processor were
connected to a USB port, a soft terminal and a colour TFT-
LCD (Thin film transistor-liquid crystal display) panel. The
soft terminal and the TFT-LCD panel were for the input output
display. All selected components were linked together in the
schematic diagram illustrated in fig. 5 to allow the flow of
signals between them and the processor. The left hand side of
the processor was connected with the independent memory and
the common bus memory. The right hand side of the processor
was connected to the TFT-LCD panel, the clock generator and
the test button.

III.  METHOD

First, all parts of the coding system were modeled by either
Matlab or Visual C++. These helped with the hardware test.
Then the hardware was designed as described in section II. The
C++ program was modified and simplified into a C program
with only basic functions to meet the requirement of the
processor in the board. This new program was input into the
Nanoboard3000.

A Sinulations

The simulations were done using the combination of
Matlab and C++ programming. Specifically, the fading
channels were modeled with Matlab. The fading channels in
consideration were the Rayleigh and Rician fading channel
with or without the Doppler effect. In addition, the BCH inner
encoder and the algebraic decoder were modeled with Matlab

since these functions were readily available. The C++
programming was used for the outer encoder, the list Viterbi
inner decoder and the outer VSD decoder since they were not
standard encoder and decoders. The modulation scheme was
the BPSK. The demodulation was done with a square-law
detector.

The Doppler shift (f; ) can be computed from [16]

fi=o, B0 M

0
where  f, is the carrier frequency

v is the velocity that the receiver moves away from
the transmitter

¢y is the light speed and equal to 3x10* m/s
and y is the angle between the transmitter and the receiver

The maximum Doppler shift occurs when y is 0. In the
simulation, we assumed maximum Doppler shift. The carrier
frequency used was 2.1 GHz, which is the standard frequency
for the third generation mobile communication system (3G).
The velocities considered were 80 km/hr and 120 km/hr. From
the computation, the 80 km/hr case caused the Doppler shift of
155.54 Hz. The 120 km/hr case caused the Doppler shift of
233.31 Hz.

B. FPGA Implementations

Fig. 6 shows the setup of the nanoboard in operation. The
board is connected to the computer via a USB (Universal Serial
Bus) port. For the experiment, the input file was in a flash drive
USB that was connected to the board. The flash drive was used
to test that the inner decoder worked properly as designed. To
test the function of the board, we separated the test of the
encoding and the decoding part. For the encoding part, the
function was tested by several pilot data sequences. The
encoded sequences were compared to the correct encoded
sequences from the coding theory.

For the inner decoder part, the same received sequences
obtained at the output of the square-law detector were input
into the inner decoder with C++ program and the inner decoder
inside the board. The results were then compared for hard
decision and list-of-2 soft VA in various fading channel
conditions.

Figure 6. Actual hardware setup during tests.
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Figure 7. The code explorer window in Altium designer showing the Viterbi
functions

In fig. 7, the inner decoder functions are shown in the
Altium  designer code explorer window. The detailed
programming in each function was not demonstrated due to the
lack of space. The concept of the list-of-2 soft VA had been
explained in detail in [11].

IV.  RESULTS

The encoding functions of the system on the board were
tested by inputting several pilot data sequences into the board
and check whether the encoded sequences were properly
encoded. Fig. 8 shows an example of the pilot data sequence
and the encoded sequence on the soft terminal of the board.
The encoding functions were straightforward and the encoded
sequence matched with the expected results from the theory.

To ensure that the Viterbi program written in C++ worked
correctly, its decoding error probability was compared with the
algebraic decoding function in Matlab. The modulation scheme
was BPSK and the demodulation was readily available with
Matlab function for the hard decision case. The channel was
modeled as a Rayleigh fading channel with AWGN. The result
in fig. 9 confirms that they are approximately the same.
However, the decoding error probability was high since the
inner code can correct only 1 error in a 31-bit received
sequence. Since the decoding error probability is in the small
range of 0.1-1 in fig. 9, the y-axis was shown in linear scale.

Figure 8. An example of the concatenated encoding result shown in the
TFT-LCD display on the Nanoboard 3000 board.
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Figure 9. Decoding error probability of the algebraic and the hard VA decoders
for the (31,26,3) BCH code in a Rayleigh channel
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Figure 10. Decoding error probability of the soft and hard VA decoder for the
(31,26,3) BCH code in fading channels

Recall that list-of-2 VA provides two possible decoded
sequences, which can be called “the first choice” and
“the second choice”. Fig. 10 shows the comparison between
the hard and soft decision VA. Only the decoding error
probability of the first choice was shown since they were
compared in several channel conditions. It is clear that the soft
decision VA provided much better performance than the hard
decision VA. Consequently, only the soft VA was investigated
further in details. Fig. 10 shows the performance of soft VA in
Rayleigh and Rician channels with and without Doppler effect.
It is seen that the fading channels with no Doppler effect
provided significantly better performance than the ones with
Doppler effect.

The Rician channel resulted in much lower decoding error
than the Rayleigh channel both when there was a Doppler
effect and when there was no Doppler effect. This is as
expected since the Rayleigh channel is a special case of Rician
channel when the Rician factor k = 0, which means that there is
no line-of-sight path. For the channel with the Doppler effect
and the carrier frequency of 2.1 GHz, the f, of 155.54 Hz is for
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the velocity of 80 km/hr case and the fy of 233.31 Hz is for the
velocity of 120 km/hr case. The performance for both Doppler
frequency cases was approximately the same for both Rayleigh
and Rician channels.

The results from the lab prototype were exactly the same as
the results from the C++ simulation. Thus, fig. 10 represents
the results from both hardware and software simulations since
their graphs completely overlapped. To demonstrate the results
from the lab prototype, fig. 11 and 12 show the soft terminal
display in comparison with C++ output for several cases. In
details, fig. 11 shows an example of a decoded sequence in two
displays for the Rayleigh fading channel with AWGN that had
SNR of 5 dB and no Doppler effect. The first one is the soft
terminal display of the hardware. The second one is the C++
output display. It is clear that the results from the hardware and
the software in fig. 11 were exactly the same. Notice that there
were two possible decoded sequences in the display because
the decoder is a list-of-2 decoder. Both decoded sequences will
be the input to the outer decoder.
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Figure 12. Example of a decoding error probability in Rician fading
channel with SNR = 10 dB and fy = 155.54 Hz.

Table 1. Resource utilization of the prototype

Instrument Rack Soft Devices v X

Rayleigh 5 dB without doppler
- bit soore is 1.188500,5.D5680D, 1.433700, 1. 727200, 1. 049100
0,5.353100,4,252500,2.000400, 1, 421500, 3, 685300, 1, 182000, L
£77400,2.955000, 5. 705300,0. 542000, 1, 009430, . 632600, 43, 507700, 5
23300,0,751200,1.303400,1.250300, 0. 512200, 1. 057400, 2, 063300,
00,1.304100,0.338700,1.553800,4,077700,1,953200, D, 336100, D. 36! ,W,
0.353300,0.107800,0. 353400, 0. 533900, L, 035800, 0. 419000, 0. 519300, 0. €
(U200, 1. 183800, 1. 379500, U. 109100, D, 4U2BUD, U, 556400, U, 123200, 0. 462
0, 0.90800,1.297400, 0047300, 0. 296500, 0. 796NN, 0. 430400, 0. 237200,
0.55¢300,0.304300,0.421700, 0. 345000, 0. 152400, 0. 622200, i
Best decoded is 1001011001101110101000000D
Second best dedoded ie 1001011001100110101000000D

ET T

B11811191 619084306

decoded
B110831131 613067806

b) The C++ output display

Figure 11. Example of a decoding result in Rayleigh fading channel with
SNR =5 dB and no Doppler.

Fig. 12 shows a decoding error probability in the Rician
fading channel with SNR = 10 dB and the Doppler frequency
of f; = 155.54 Hz. The number of trials used was 1,000 trials.
Two probabilities were shown in the display. The probability
that the first choice is wrong is considered the decoding error
probability of the decoder. This is because the first choice is
the main decoded sequence. If the inner decoder is used by
itself, the decoding will fail when the first choice is wrong.
However, when VSD with list inner symbol decision is used as
the outer decoder, it can replace many wrong first choices with
the correct second choices. This second choice can improve the
performance of VSD. Therefore, the probability that the second
choice is correct given that the first choice is wrong is of
interest.

Logic Utilization Used Total % Usage
Number of Slice Flip 5.951 22,528 26%
Flops
Number of 4 input 3.5 o
LUTs 9,743 22,528 43%
Logic Distribution
Number of occupied .
Slices: 7,072 11,264 62%
Total Numhellj of 4 input 10273 22,528 45%
LUTs
Number used as logic 9473
Number used as aroute- 530
thru
Number used as 16x1 14
RAMs
Number used for Dual 256
Port RAMs
Number of bonded z 2
10Bs 194 502 62
Number of i,
BUFGMUXs 4 24 1o
Number of DCMs 1 8 12
Number of n
MULTISXI8SI0s - 2 il
Number of
2 2 2
RAMBI16BWEs 20 22 &

The resource utilization is shown in table 1. This FPGA
board operated at 50 MHz. Since there are a lot of logic units
left in this board, we plan to implement the outer decoder on
the same board.

V. DISCUSSIONS

The FPGA implementation is a natural step for testing
proposed system already tested in software simulation. The
main objective is to show that the generalized concatenated
coding system can be implemented. In this paper, only the
encoders and the inner decoder were implemented. In the near
future, other inner coding systems and the outer decoder will
also be implemented.



The decoding error probabilities of the hardware and the
software for this inner decoder were exactly the same when the
same received sequences were used as the input. This
confirmed that the lab prototype worked properly as designed.
It also emphasized that the list Viterbi is not too complex to be
implemented in hardware. The results also showed that the list-
of-2 soft VA provided significantly better performance than the
hard VA. Therefore, only list-of-2 soft VA will be considered
in a generalized concatenated coding system.

The performance investigation was done for various
channel conditions. It is clear that the Rician channels provided
better performance than the Rayleigh channels. In addition, the
Doppler effect increased the probability of decoding errors in
both the Rician and Rayleigh channels. For this particular
code, different Doppler frequencies resulted in almost the same
decoding error probability for both Rayleigh and Rician fading
channels. This was because each inner code word had a length
of only 31 bits, which is relatively short. It was also a single-
error-correcting  BCH code, which has low correction
capability, even when the soft decision decoding was
employed. This inner code word was not powerful enough to
correct the burst errors due to the fast fading caused by the
Doppler effect. Consequently, both Doppler frequencies caused
almost no difference in the inner decoder performance even
though the higher Doppler frequency caused shorter fading
periods and increased the number of crossover between the
fade and non-fade. More powerful and longer inner codes may
improve the performance of the inner decoder for fading
channels with Doppler effect.

VL. CONCLUSIONS

This paper has presented the implementation of a
concatenated encoding system and the list-of-2 soft VA in a
Nanobaord3000 with the Xilinx Spartan 3AN FPGA chip.
(XC3S1400AN-4FG676C). The performance investigation for
the list-of-2 soft VA for the inner BCH code was done for
fading channels with and without Doppler effects.

This list-of-2 soft VA is an important component of a
generalized concatenated coding system that allows the inner
and outer codes to be any combination of convolutional
code(s) and block code(s). The actual algorithms and
implementations depended on the selected codes, but the main
principle and algorithm are the same. The test results showed
that the prototype worked properly as designed. The soft
processor was selected instead of FPGA implementation with
hardware language like VHDL (VHSIC hardware description
language) because we planned to test different inner coding
systems to see which one will be most suitable for the
proposed generalized concatenated coding system. This
presented prototype will be used in the complete system in a
near future.
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