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Lab Prototype of Channel Concatenated Coding System with Vector Symbol

Outer Decoder on Soft Core Processor
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Jatupon Thonchai 2013: Lab Prototype of Channel Concatenated Coding System with
Vector Symbol Outer Decoder on Soft Core Processor. Master of Engineering
(Electrical Engineering), Major Field: Electrical Engineering, Department of Electrical
Engineering. Thesis Advisor: Associate Professor Usana Tuntoolvest, Ph.D.

88 pages.

Concatenation is the method to provide reliable data communications with less
complexity. This thesis presents a lab prototype of channel concatenated coding system with
Vector symbol outer decoding on soft core processor with the test in a wireless channel. The
soft core processor on FPGA board was used to control the interface via Ethernet and RS-232
connection with the RF module and perform the encoding and decoding processes. The
concatenated encoder system consisted of a (3,2,2) outer convolutional encoder and a (31,26)
BCH code or (63,51) Reed Solomon inner encoder. The decoder system consisted of List-of-2
Viterbi algorithm for the BCH inner code and Berlekamp-Massey algorithm for the RS inner
code and Vector symbol outer decoder. Each encoder and decoder component was tested
separately first. Then, the complete system test was done for the RS inner code system. It was
found that all components and the complete system work properly as designed. However, only a
small set of symbols was transmitted at a time in the test and the wireless transmission test
required delay caused in part by the asynchronous transmission. Future work should include
faster data transfer with high speed wireless devices, better interface with peripheral to reduce

delay time and field test.

Student’s signature Thesis Advisor’s signature
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I¥asrnaounnuianatn N—k da vazidluszuui litianuinanae msdategivlud
= 9 ) = 1 9 Y] v 3 9 o Ao o
ANuneIteInumMIHanM LN ualumsisiaunuuaeu Tgyuilumsnsianinnuin
4 o < 4 o o [ any o
Tagilodoyagninsiaudrvzinudeyaliiveldlunmsadssiaas 1 Bnmsdhsvia

Y
3 U

] Qddy 3 ad 9 v A Y v ] 1 v Y o Y v
Fosdaynmne 2 dUduIsmshswan lgnuedunivate asun latimswauins 19sia
NS THAUDUADI IV (Concatenated code) (Fourney, 1966; Lin and Costello, 2004) AININ
d' é @ ] ] 9) [y (% 9 Ly} o
71 Fasvanvuaeiivilszneu lddesvamelutazsvameousn Tasmnsiaasyinnms
Wsvameuennausanelu uaziisdotnoasviarziimsnoasianieluneusyia

é ax dy 1 A a A Y] Y dy 1 Y] 9 ]
Mousn Fa3smstizyremuilszaninmuessialigaiuuaanusudouvesszunag lu

A [BE-% o Y] d‘d a A [ % 1 ] Y o 1 1 [ [ d‘ 9 o
LWiJﬂﬂﬂWnﬂ‘Uﬂ']TViﬁ“lflil‘lJﬁ3ﬁ“l/]‘ﬁﬂ']WL“Imﬂu!,mlliJllﬂﬂWﬂTi@ﬂﬁ'Jllﬂu Taesvanlsdmisusvia

Y Y
T 9 @ @ <] @ o
me@imuummmﬁl%’miwmmuuaammzﬁwmmmauh’g%u



DATA

—® Outer Encoder » Inner encoder

Noise

DATA

~4—— Outer decoder Inner decoder

MWA 1 T2VUMTEANTHALUUADT I

] Y A [ o =) =3 a
aoun ldimsiaueneInuMsoeasHatuunnaessuluan Inaag (Vector Symbol
. | x [ [ g‘/ o 3 @
Decoding) (Metzner and Kaprowski, 1990) “TN“]Ji‘lJﬁlﬁlstlﬁ}ﬂ‘U‘lflﬂ‘iﬁﬁl,muuaﬂﬂlmzi‘ﬁﬁLL“]J“]JﬂE)u
Y { o [ 4 = Y]
Tagdunlddaanuaivinalvg Hdodvesnisneasiauuy VSD Avaunsous luau
Y 4
AAWaIALDLLOY (Burst errors) 8@ IagauAana1aruizinatumn lugesdnyaiamyy
Y 2 g A A o Y ) asy dy o ] [ A ]
Beesuilunienlutagiv uag 1aimsine smsi liiauedaeiiousu
=\ 79 ¥ v Y Aax A 9 o v A [N [ [ 4
umsdszgnaldmsnensiaaiedsnnaessuluanusianeu Tgiun ludlussvudydnyel
wou luutindounuldidoyad13o9 (Tuntoolavest and Metzner, 2002) MsidsHan1wuon Ing
o Y 4 @ o ) a
ToswanouTigiu (3,2,2) nuvueu luuis ieldnumsaeasiauuunnnessuTuad Inaas

Y
N oUNINATOULULDSANAADA FPGA (Tuntoolavest and Intharaskul, 2006)

dy Yy~ o 9 @ d‘ Yo v Aax o
wannil lalmseenuuualiduuuumsasasianelums l9dmsuismsneasia

UL VSD Iagnaao unUyod a1 miuua N ¢ (Tuntoolavest and Noradee, 2010) 1ag35n15

@ { 1T A a J
poasnanmeluldisnmsnisendt avleoyImesd (List Viterbi Algorithm) (Seshadri and

F4
v [ 4
Sungburg, 1994; Rodar and Hamzaoui, 2006) NM30aasHaa1075m3ileg Iinadnivesya
) o A Yn o Y YA ¥ A 2 A o ! o
doyaindonsoseonuazd9e aaen ldmadennsaeuneii lldelumssiuaums
9

o Y 14 o [
DOATHANIBUBNIUL VSD UBNIINUGIPINARDIUUUBTANAADI FPGA tiaziiimsiana
Augnaeany TUsunsy C++ ae

@ Y

9
Tuaideiieg anuaulylumsAny ez nasesludiuvesszuusiarosdynn
nuuaesmaelsznonlUdremstnsianeuendesianou gy (3,2,2) wagmsnse
aa = o a J a I =
Meludaay (31,26) soudamsasasianiglunnuaayeriesy)Imest uuiisa o laveu

Y A
(63,51) HATMINoATHANEUBNLLLNNABTFY TUa (Vector Symbol Decoding) Tagnaaed



4 . 9 Aaxy Y 4 14
VUVDTANAADI FPGA (Field-programmable gate array) AIEMIAI NToUNADS
s A o A 1 s o] 4 4 o
TlswawesiveldlunmsaiuguginsaliFousofonoindmosiiiauaz wosa RS-232 1ilofivz
o v 9 o F) o v & Y3 ~ =1 I [l
Sudeteyanhmansiauazaeasia 3aznaasdldiulammguf Tasiimsdarm

9 Y] 1 9 a A a A a g
sumg‘a"lﬂm’q‘ﬂﬂimmllimsﬁ]mwamﬁaumim’Ji]a’oml,azuﬁ'"lmmmwﬂwm@mmmu

9 2 dy = Ao o AaA 9 A 9 @ ] o [
Mmmﬁwmmu CUNHHYTAYNINYIVDIAD NITVITHAVDIATYYI1ULBU

masnasuuneu Tgiu mamhsiauuuiiFiey mawhsdauuusalslaveu msneasia
9y ax a a Jd v Y ax Ia = a v Y
AIsMIaNeanyIMesl MineasanIeITMInMmeIFu Tuan Inads N1500AIHAAY
J @ J
355U Berlekamp-Massey M3ponuuuszuunelutesanaaodFPGA mssu-dedoya

iugilnsal
1. MsnsHavesdayaIn

. 3 ax &£ A A VoA A
I (Channel encodlng) Lﬂuj‘ﬁmiﬁuﬂﬂfﬂmwuﬂﬁmmw@ﬂﬂ

g

M3 ayed
Tinudeyaneunvzdedoyarusosdyana gaszimadsimiveliannsonuaems

U

@ 2 A @ 1 < 1
sumuvesdanasuniuls FIsmssvaansontiseen lailv 2 Uszianldun

Y] <3 aa
1.1 sviauaen (Block code) (WA oz, 2552)
o (%) I v A o Y v A A 1 3] A
siavasnilusianvzmmansvaitlugeansonFona vaen 110w 21ag
o { a o Y] < v oA I o Y]
wihdoyantvwa k daldimmathsiadeyadanaansnldesnuuilumsia (Code
A a U a I { = a I A Ao

word) NTvu1a n e Tasanuau@unmnivua n—k davziluianiiildl4lunms

a Y] [ I o A =) ) J A o v Ay Y
asvEUANNAANAIR sHavaendusan 11linus1 (Memoryless) nadfemsan lavy

v 1 9

L= [ d o @ 9 A o dyd 9 1
"l,memmeuﬁﬂuiz anmamaﬂmguuuazmeyjaﬂmum iwaﬂizm‘ﬂuumﬂmmamq

k)

UNSHATY ¥ l¥ATn (Cyclic code) (Prange, 1957) 5+ a3 1w lauou (Reed and Solomon,

1960) tiazsHadiaiay (Hocquenghem, 1959; Bose and Ray-Chaudhuri, 1960) Hudu



Code word ( n bit)

k bit n-k bit

Data Parity check bit

d' 9 o 23
M 2 1AsIESNTHaALUUUaeN
v AaA
1.1.1 IUAULLIY

sHalaey (Hocquenghem, 1959; Bose and Ray-Chaudhuri, 1960) Wugeier

Uszianlandnwiianilsgeannsoud luanuranarauuuguvateialdadmiuaiag q

A o

d' 9J Y v AaA g
INYIVDINUVINTULLIY UAIY

ANuVAIAIITHE n=2"-1 (1)
ANveNveslatoya K >n—mt )
AMNEIVBITAN n—k <mt 3)
seozuaniieinga d., >2t+1 (4)

AanweInvesmsHar lannaumsi (1) ,Anuenvesadoyanildanaumsn (2) a1

a < Y A A a A Y
g1v03iadny 1d1naunIsn (3) uaz MAAUMST (4) t AoANURANAIANEITOUN I8

9
Yo A

AMTUMSONUUUSHANUY BCH eunsovilaadil (WAg tagaae, 2552)

]
A v [ ' 1

a J o { I o ] !
1. Wdamud o Tu GF(q™) alouaumnu n Iagh m dudwuauuininian

9

= a ! m Y @
Woshganmsan q" —1 147
2. MUIUMIAN § =2t +1
_ < J o A {1 <
31800 @, @, ......, " TdTlusinvesnuwdiduiuiiaTasfian b iy
o S Aa [ [
Swauniia lidesnan o

v 1 [
4. MNTWHMIMIAMARIRAUTINT DBV INEUINIATUMS] (5) 1D 11 g(X)



g(x) = LCM{(Dl(X)’CDI(X)! ----- 7(1)571()()} (5)

(Y] [ 9

[ G4 A I A A
5. MumveaNVedyanyaiveya k =n—r Tash r Wuansves g(x)

Tuadseduana o laumaierswataey 11/ 19ueda

1 Yy o 9 9w ) A P Y Y o A
NNy MIasedIduuuudviums lganudeans 15eeuu FPGA aiemsinsia 1
= o Ay Y o P A a 7 Y o ~ 3 v
F1a% Ipenaansn laaunsosinau lananud 249.8 wazidsaduaz lansnennsisuaniies
(Rajesh and Garima, 2011) MIDBATHAUL LM ¥ M UTEUULUYU DVB-S2 (Digital video

. ! o Y < ) 2

broadcasting — satellite 2nd) TAgr 19U 1aNA1NI52 380 MB/s TaelHnanariua 4,400 1na Tag
14 maTulad 0.13 luTaswas CMOS (Complementary metal-oxide-semiconductor) (Yi-min

and et al., 2009) Fludu
1.1.2 s¥iasalelayeu

Y] v 1 o < a
syasalalaueu (Reed and Solomon, 1960) 3a3utlusiavasnyudy
d' I~ 1 ] @ == Ly a 9 ds! -
nilungquessueesia DaasgnauazAnAUAL IAg Irving S. Reed 112 Gustav Solomon
) [ @ a dy 9 o S % (] 1 d‘
dmsusiawiiail lagminnlszgndedanainvats dregrusu szuurenToeluTasim

A ] = aa an Y
MITRAITHIUAIANGN T2UVVAIAOAN 1D UAU

[

Y
syiasa T Tanou ausoud luanurawain laaail

d -1 n—k
t= min — 6
( 2 sz ©

~ A Aa A Y o @ @ = I o
INFUNIIN (6) t ﬂf’)ﬂ':l']llWﬂWﬁ']ﬂVlﬁ']N']iﬂLlﬁmhlulﬂ ﬁ?ﬁiﬂiﬁﬁllﬂﬂﬁﬂicﬁiaﬂﬂulﬂuiﬁﬁ

= ' A v A = %) f,’, [ @ 4
uuuu@u"lumsﬂanﬂa 51 d39 1y lauouIzIANeIVADNNINNA 1 aUANYULATANVYN
@ @ o o v o A o 1
Gllﬂﬂslallﬂigla k ﬁﬂJﬁﬂBmLiWﬁWNﬁﬂﬂTu’JUWﬂ‘L!111G]’Jﬂ"lmﬂ“llf’JQiﬁﬁ%ﬂi“ﬁiﬁﬂﬂﬂ‘ﬁﬁ?ﬂﬁmlmﬂl

v A Yo ! o A
18 ¢+ dadnual laaeaumsa (7) aell

g(x) =(x=a")(x=a"")...(x"*™) @)
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an

! < a J 4 v o A o
Taoh o WuwsunndamudvesGF(qg) waz b>0 Wesmiedisutiagnsamuiuldnn

%

v v 9
adgan 2t uag sva lyaanla o sidwauma k Taon k=n-reauiu k=n-2t

=) [

1109910 g(x) Aeelians r mny 2t
(%] == v A
1.1.3 MyneasHalxasazsviasalylayeu

9 (2 g’/ v AaA v A o Y
dnsuTuneumsneasalsesazsvaia la laveuamisai la

[

Y
AU (WA LazAMe, 2552)

1. MIAIUMIBUIATN S = (S, S, S,...oons S, F 1IN #(x) BIHUBDIT Y IUN
[ Y [ dy [V = a 19 A 1
iun1"lﬂ1uﬁauu%:"lmgammmwﬂ‘wmmmagmama‘lu
) o 1 a a Y
2. MUIUNUHINISUAULTUIAITUAANATA O'(X) mﬂmml@wuimﬂumaﬁ 1
1 [ Y o v a
3. MMAIUNAVYDITINUDI o(X) 2 1A WNIUIVDIANUAANA L3, B, ,.cvveevens B,

o o [ a o A & . Y Y A
4. MUIUAWUUIVOIANUNA |, |, J5 J, 00 BB ,ﬂvll@]i]1ﬂﬂlﬁ)1/] 3

5. AUIUAINNUAANAIA €,€,,€,,...., 8, B AWHUIUBIANVAANAIA
............... J, 1INEUN3 (8)

S,=epB e+ ... t€,0,

S,=eu Bl +e, P +...t€,

Sa=e), ftenfarliape . b
®)

o v Q¥ ¥ Y 1 a 9 A
6. Ll,ﬁmlsllﬂﬁﬂﬁlﬁgﬂ@]@ﬂﬂ?ﬂﬂTﬂ’ﬂNNﬂ‘WﬁWﬁﬂﬂ‘U@VI 5
o o Y an 9 I ax o Aa
ﬁWﬁSUﬂWiﬂﬂﬂi‘ViﬁTﬂﬂ’J‘ﬁﬂﬁiﬂﬂ"‘l]@ 1-6 luATMIMUIUNG o
1 T o o ] a I 1 A Y]
ﬂmmﬂluﬂ13muamwnmmzumgmmmmwww’mﬂ%Lﬂumummmwu%uiumﬁ
9

1 9
ﬁmamuazmmuaummﬂumﬁﬁmamamwmﬂwmﬂ wﬁﬂuuuﬁaﬁmimm Berlekamp-

v Y 4 ' a
Massey G?N'E_]'lﬁfﬂ’faﬂﬂ'li"U’f]\jﬂ'lﬁ'JuG]f']!ﬁ@W']ﬁ'lllﬁuquﬂ\Tﬂ'JnJW?’]Wﬁ']ﬂ O'(X) Iﬂﬁlﬁ'lll']'iﬂ
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= ax t:gl’d an 1 o a £ Y o Aa Aaa ¢ A <}
LIE‘EJTJL‘VIEJ‘]JTﬁﬂ"I'iuLﬂuTﬁﬂﬁ?iWﬂWﬁiJ‘]Jﬁ$ﬁ“VI‘ﬁ“U’ENﬂ”ITIJE)uﬂﬁ‘]J‘lJfN%’Wi%ﬁm%)iﬂﬂJﬂlu1ﬂmﬂ

1 g a U 4 50} 4
ﬁqﬂmwmmumumm@aﬂmﬁmaﬁ%mi Berlekamp-Massey Iﬂﬂﬂ?ﬁﬂﬁﬁﬂﬂﬁ’)ﬂ“ﬁlﬁﬂﬁ?

Y
v A

Wy IauAanaIa lannaumMINLUTEYRunIRANURANAIAAll (WEY 1az

AU, 2552)

o (x) =1+ 0" x+o"X* +...+0"x" v, <n 9)

{ { 1 o A ) [ 1 1 o
Tagfanaumsi 9) o™ (x) AeAmynuudnidiiga V,, dimsunadnssnianaigs

I ' 1 a ~ = . A A A aa
HAZNAULTYININANWNATATUWUY (discrepancy) UDITDUN n IDFAUNITN (10) (Wﬁj LUagae

,2552)

d =s,,,+0"”s, +o"s  +...+c”s (10)

n =~ “n+l
dvsuaumsseun n+1lmlaanaunsi (11) (Wag uazaaly, 2552)

c"(x) =™ (x)-d d X" (x) (11

v
S A

! < 1 { U 1 A
Tagh miusounounihsoun #lda d_ = 0uazlviar m—v, winhge

HALNATUNI(10) ENINTOIANUFUIUT IARaaumsh (12) (WAF Lazame, 2552)

V., =max[v,,v,, +n—m] (12)

= 9

o q ¥ Ay A 9 v A "o
NNFUNT(11) ﬂ13ﬂ$ﬂ11ﬁv NﬂWU@ﬂﬂq@@]ﬂﬂﬁlﬁ V. +N—m Nﬂ?uﬂﬂﬂqﬂﬁb"L!ﬂu

n+l

[

m
Y Y
AT UTUADUVDIDANDANY Berlekamp-Massey 1Al (WY tazAme, 2552)

1. muamiaudu o P(x)=Lv, =0,d, =1luaz o (x)=Lv,=0,d,=s,n=0
2. $1d, =010 a"V(X) = () 1Az V,, =V

n

3. 1 d_ #01mseu masunthseuhn n e 1<m<namldand = 0uazldm

m-v,, mangatazmula o™ (X) Mnaums (1) uag A1V, Inaumsn (12)

n+l

4. fin=2t-1nse n>v +t-1 1% o(x) = ™V (x) udmgarineu

¥ Y
5. UM NAU 1A
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6. auma d_ 9naums(10)

9 v
7. ndvlUviuaeui 2

A v 2 g o ] a ] ° o o | Aa
Llli’)llﬂ G(X) wﬂuwnmmzumsmmmmNﬂwmﬂumﬂ%zm"lﬂmmmmnmmmmm

nanaiaae lneunazmaanuianaiauaziiain e laud la
1.2 sranou1IgHu (Wag uaznaz, 2552)

o @ o 2 ~ o 2 g o Aa o
sWanvuaouTgrugniayulual 1955 (P.Elias, 1955) Guilusianianui
1 A v A 9)49! v 9 g‘J = v 9 v @ 1
ﬂﬁ'l'Jﬂ@NﬂﬁW‘ﬁTlVlﬂsUuﬂUﬂlleaﬂﬂiuﬂﬂ@]uﬁ%ﬂﬂfgﬂu Tﬂﬂﬂ?imﬂiﬂﬁuﬂﬂﬂ@ui’)g“}fui]gllll
[ < < ' o Y 9 AY 1o o Y o o A a
!,mwau”aaaﬂl,ﬂuuaaﬂ LL@ﬂ%u“ﬂl’lﬂlflu‘laﬂ]‘lﬂinﬂﬂﬂ'ﬂﬂEI'I'JUhJLGU'liWﬁf]EﬂQ@@Lu@Q Tﬂﬂll

(% @ 9. a Aa a 4
amﬁwauaﬂ”lﬂ5mmuwma$umamwm

Code rate = E (13)
n

= 1w ) & Y a1 1 a A I 9
49910 (13) mamwiwauummmﬂumu 11199910 K L‘]Jummmwawmga
[ 9J v Y 9 = a 1 ] 9J o o [ g‘/ o LY d‘d
Wﬁ\‘l%1ﬂlﬁlﬂﬁﬁﬁLLﬁ’JG]’ENllfﬂiLﬁllﬂ")uGB’JEJLLfgImlleLGIJTUlﬂGLuﬂTiWﬁﬂQHH ATHANUAIINY

n daazdaaninnim k

9 o % 1 I A 9 v
mssiatuuneu Tngyuamsauisesnily 2 dszianae mssianeulag
o : ) 1 (] a 1 1 @ %
FunnnTouts Fdeyamiuuaazdaiuaundnues GF(2) Tasaziineglumaved o 1y 1 ¥
1 @ v A = 9 v v ~ o o
annsianouTgrudnlszianie msdhsiaaouTgrunuuveuluuis Tasmsiave
@ I a { 1 1 A o v 0
mssdasziluainnues GF(2") Tash m>1 nanaeslusaazdoyanihmsitsvdee
g‘; =1 a o ] 9 o % é = a d v 1
1 AsRzive m i dredumsiisvasuuaeu 11gru (3,2,2) sameasnlansuaisTou

G(D) #auM5N (14)

(14)

G(D) - 1+D+D?* D? 1
D 1+D? 1+D+D?

dads ezl 3 Buna uag 2 11ina taglisuIuntilenNuTInedUNA T

= I @ 9 v Yo A
E‘T”Ill”l'imsllEJL!L‘]JL!EIﬂ’nglei’NfNiliﬂﬁﬂﬂiﬂﬁ]lﬂﬂﬁﬂ"lwvl 3
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U, Vi
Memory 1 L Memory 2 ————
V) \%
— D —»)
U, V3
O—> Memory 3 L Memory 4 4>O

MNA 3 N%iﬂﬁm’fﬁﬁ’ﬁﬂauhgcﬁu (3,2,2)

o a I [ .
ivualdounailudeaumsh (15)

W (y® y® y®© yo
U _(uo U~ Uy, Uy ) 3
1
@ —(y@ @ @ @
U _(u0 U™ U, Uy )

o v J I 1% {
ez lddnuveseranaludsaumsi (16)

V= (v, v, v v, L)
V= (v v v v, L) (16)

@ _(yO® B @ O
VO = (v v v v,
% ) v [ ~
Favz lamsanduasaunisn (17)

@ — (YO @y Dy @6 1y@),E) M)@)E)
\ _<v0 Vo Vo VoV VT VSV VG VTV ) (17

TagRmsfuIumsianeTunaumsi (18)
V(D) =U(D)-G(D) (18)

22 181
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(19)

1+D+D* D? 1
V(D)=|U®(D) U®D
(©)=[UO©) ()][ D 1+ D? 1+D+D2}

1NauMs (19) 12 lamsvane

v®(D)=U®(D)+U®(D)-D+U®(D)-D*+U®(D).D
V@ (D)=U®(D)-D?*+U?(D)+U?(D)-D? (20)
v@(D)=U®(D)+U?(D)+U?(D)-D+U?(D)-D?

ST - N Yy . D

NAANMSsN (20) FeennsoulFeuieuduning 3 14 laetiviieanusind
ANUFUWUTAVENNTAD Memory 1 910 UD(D)-D Memory 2 910 U®(D)«D? Memory 3
3110 UP(D)-D Memory 3910 U® (D)-D?

2. MneAsHaRIeIEmsdaeelyImesil (List-of-2 Viterbi)

o a 4 I o { Aa A
MMINOATHALUVINDI 1 (Viterbi) (Vitebi, 1967) Wumsnoasrianlilszansamn
g9gad 115 UN1509A5He (Optimum solution) TAgNITnEATHA 193513 NITENI Maximum
3 . 2 9  ax o Ao 9 o I @ a J A A v 9
likelihood H4A2835M AT IMHaaNTENOONWIINMIDBATHALLV AN T TiNoUNUTDYa

Y o A A o v ax v 9 . A 1 Y 3 Y A
AURVUNTININININGA T1HIUITNITDOATUANIY Viterbi ﬁ']lﬂiﬂllﬂ\?ﬁ]@ﬂllﬂlﬂu2aﬂym$ﬂ@

Y] v Aa 4 a, dy v Aa
1. M3neasvauuumsdaaulauuuasa (Hard decision) 35m3tiaz lsmsdadule

Ao ~ a J a A g v Y
ﬂlﬂuﬁﬁ‘ﬂ‘iﬂu?‘ﬂﬁ%'ﬂﬁi@flﬂ'lsll’f]\‘]ﬂ’l'm%i\‘iﬂﬂ']l,ﬂu 0 Tﬁf] 1 IMUU

o J a f a Ao ]
2. MsneATHaUDFOUN (Soft decision) I5Matazldwasandoyansuun lasuiia
Y v Aa 9 1 @ é o I ¥ = v Aa 1
53@’1J“U'é)\‘1ﬂ'l‘i@ﬂ’ﬁucli]"l'gﬂ1ﬂﬂ’3'l 239AU G]Ni]g‘i/]'lsl,ﬁllﬂﬂ’ﬂilaﬂﬂElﬂsluﬂ'liﬁ@ﬁuclﬁ]il'lﬂﬂ’ﬂ
Aaxy 4
ATNMITUVUVINTA

9 9
% % [

Y Y
ST UAUADUMITINUV0IITMID0ATH ALY ANeT Tz iiuaouaail

o o J . Ao 9/ [N Y =
1. MTMNITATUIUAT Branch matric m‘ummmJmﬂlagaiumummmﬂaﬂuuﬂm

Y ° 9
ADIUZADIAMUIUND ) LAUNN



15

o ' . o 3 1 . [

2. MUIUNIAT Path matric 31119 Iagii)1Ha5I1210A1 Branch matric S0 UANTUNI
' Y o [ 3’, o . 2 I 9 A A < 9
nountheaaniagiiu ¥aa91n1iuazsiin1sm1 Survivor path Fuiludunenangagniny 13
ﬁ‘ o [J !
osmImuIuae i

o ° ' 9 Ao Y o A Y} A o .
3. nAIINANIUYNTINAWeIeyan UM Az Imsdenidunaiiiu survivor
[} Y 2K 2 Y [ ) [ k) v oA k)

o331 aae lrudarnaisudurdinniimsausosndu ludnaanin ldas

Q

) o
Wudoyananaa

u q

X . Y a ya a o
Ao 1ui) 1989 Seshadri 118 Sundbure latauannIfalumsldavoanyimesd
. 2 ax A g ax ~Aq ¥ L v Yt
(Seshadri and Sungberg, 1989) #4353t TUITMN IdwaansnaNgan 2 waans uazlan
v J 9 a a I Y o @ J
MIUAAINAANT IUMTAT Az eNIUVAT0aWY)INBFUAIENIH VHDL d1151UU0IA

NAaed FPGA (Tuntoolavest and Noradee, 2009)
3. MIseasHanuunMasTNIUa

o A )
MINOATHAUVUINNDSTU 1V (Mezner and Kapturowski, 1990) gﬂmmuaiﬂ&
. S ax A o Y = = a a
Metzner 8 Kupturowski Lﬂuaﬁmswmmzamﬂmwmmuuau”lummazuﬂszammwiu
) A a Y Y 1y o
ﬂﬁﬂ’i]ﬂiﬁﬁ‘llﬁlll”ﬁ‘vmﬂ’ﬂllNﬂ‘WﬂWﬂLLU‘ULLﬂ‘U (Burst error) llﬂ@] mm”lﬂumiwmmmim
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1. miaammmzuumﬂﬂlum)éﬂmam

1. UPFANAADIFU Altium Nanoboard 3000

MNN 7 Altium Nanoboard 3000
131: Altium Limited co., Ltd. (2009)

J o [ o o [
TumsesnuuugnssidmiumsadessuumsanIauaznoas AU UADS M
Aq Yo [ aw dyd b A 2 g J Aaa
AlF¥dmSuauIteilAe Altium Nanoboard 3000 910 WH 7 ¥uiluvesanaaseniisn FPGA
YBIUTHN Xilinx U Spartan-3AN XCS1400AN-4FGG676C NUANYIITININU 1,400,000
U [ I ] 4
e 813130195970 1151053 Altium Designer laiduadrsdivomseenuuuli laeslu

Ay , s s £
LUUNABDINIT Glumwumq1Jﬂﬁmw@guuuaiﬂmamﬂszﬂau'lﬂma

1.99 TFT LCD (Thin film transistor liquid crystal display) Y119 240x320 WALHA
2. USB hubs Hiseeumsieuseunn USB 1@ 3 904
3. 103A SVGA (Super video Igraphics array) YU 24119 ﬂﬂﬂJé 80 MHz,
4, im%’umiﬁami@mmjjmafhwmﬂwmﬂ 1¥U RS-232 RS-485 Ps/2
10/100 fast Ethernet USB2.0 S/PDIF MIDI

~ a A A Pk ' = A A
5. llﬂ')”lllﬂu"IWﬂTV]ﬁ”Ill"IiﬂIﬂﬁllﬂﬁll]lﬂﬁquﬁ 6 MHz D4 200 MHz Lag AU UINNN

9w 7 A 3
AN IVUDIANAADINUAINLGI 20 MHzZ
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6. 1A NUIVHVRI ANAaesnanITa 1 dsznev 11428 SRAM (Static random-
access memory) YUH1A 1 MB SDRAM (Synchronous dynamic random-access memory) UH1A 64
MB Flash Memory Y419 16 MB toausuiannsaldanldedadasziiving 512 KB 311U

2
2 YU
1.2 Tisunsy Altium Designer LAZMTOONIULAITTUY Open bus
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T1/5un5 Altium Designer tHu T1sunsunlddmisumsesnuuy FPGA UuDDS5A
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NAADIVBILTEN Altium FedmTumseenuuvszutsesnilu 2 daulvg 9 e msoenuuy
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szuundeamsaswvulsznoulidre soulv Isaiesos TSK3000A winlszuiana
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Input/Output Memory
Soft processor
TSK 3000A
Y Y Y Y Y
Independent Static
Ethernet port Soft terminal RS-232
Static memory memory

MNN 8 5V Open bus
4 U a o L4
pendszneudiuvesdunatazioanalsznoulidie 3 ginsaine

. . . A P A @ 4 °
1. Serial Communication Port tite 14 1umsdoasnuwesaoynsy RS-232 Tagaziirli)

Wouaenugnsaiu-adedanauun1¥moede 1
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. I = ° A A g o Ay Y
2. Soft terminal !‘IJuﬁ")uWQﬂ%Wﬁ@Q‘UULW@!ﬂHﬁ?ULLﬁﬂQNaﬁW‘ﬁV]llﬂ%Wﬂﬂﬁl]i$1]3aWﬁ
4
ﬂWﬂiuUﬂiﬂ‘ﬂﬂﬁ@\‘l
1 dy Y o 1Y) A [ Jd A - 4 &
3. Ethernet port ﬁ'Jul!ﬂ%i“ﬁﬁ?ﬁﬁﬂﬂﬁL%@NﬁﬂﬂUW@iﬁ@W]’ﬂﬁLu@ﬂuﬂﬂiﬂﬂﬂﬁﬂ\i“ﬁﬂ

v A ' 9 o a 1
ﬁ]gvl"]ﬂ"]fﬂﬂﬁﬂﬂﬁzﬁ']uﬁnﬂﬂﬂ@NW’JL@@?ﬁ'JHL‘Iﬂﬂa

4 1 [] o 9 dA
pan1lsEnouveIdIUIEANNT s USENOUAIY 2 Qﬂﬂimﬂﬂ PAUITU(SRAM) Qg
1 o 1 o o A 1 [ S Y o A
TUIIAIINDI5IN (Shared Memory) IﬂEWTa\‘]fl]”lﬂvnﬂ”l'i!“lff’)ll@]65$W31QQﬂﬂ§ﬂluﬂfJﬂHﬂuﬂ

Y o 1 1 o ¥ 9 Y
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Configure Memory Controller

temon Tupe Clock cycles for Reading

|?53P"Ch'U"UUS SRAM '] Clock, cycles for read operation: 2 =
Choose the number of clock cycles for each read operation.

Size of Static RAM anap A zero wait-state read will be 2 clock cycles or 40ns for & 50
MHz system clock.

[1 ME [256K. x 32-bit] v]

Select the size (in bytes) of the physical RAM array that the

controller will be working with, Clock cycles for Wiiting

Cycles for address setup: 1 =
tdemons Lapout
—— - Cycles for write pulse: 1 =
2 » 16-bit ‘Wide Devices -
Cycles for pogt-wite addiess hold: 1 =

Choosze the memaiy layout

Chooge the number of extra cycles to add for each stage of &
wiite operation. Each stage must be at least onc clock cycle

70 a minimal write is three clock cycles or B0ns for a 50 kMHz

systemn clock

Thiz will determine:

The number pins added ta the controller to allow it connect to
the memaries az well az the number of accesses required to
read or wiite & single 32-bit word,

General Properties

Component Designator  SRAM Intertace Type |Sighal Hamesses v]

Wisible

' ]
ﬂTWﬁ 9 NMNMINAULDHFLUIN (SRAM)

9 9 H H 9
#1150 TumM AT e ausH (SRAM) WU 9100190 9 1150 NLAIAVUIAYDIAIN

9 1 1 I Y ' ¥ oA a A o
Eﬂqulﬂ‘ﬁﬁWﬂ?ﬂ ¥ 128 KB 256 KB 512 KB 1 MB 1{uA1 tamsasnnannnunninsnens lu

4 a ¥ o Y o A o ' o 2 1
vesanaaosliuIz Iivasnnnmmsyssuanaseuy Open bus ﬂ@u"lﬂmmumum"lﬂ

Y 9 y v

Lﬂﬂmmmwﬂwamﬁumuu“lumsaanuumawmna%uﬁﬂﬂ%’wmmmﬂq 1 MB d11151

=2 g o a3 ] o A4 J
Ty SRAM GmuJuﬂammmmumeumﬁm&mwm1ﬂi$gﬂﬂumguuumﬂmam
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Y Y
NNFHIAT HUIAIUITIN (Shared Memory) U494 Nanoboard 3000 uummsmﬁ@ﬂhlﬁ'
9 1 Y v

NIMNA 4 A1 1109911 HANNTING 4 Tdanuauaufenulumsaiuguisamnsoiag

A ' o Ay D) ) a0 2 2 A )
wonuuleaNundeamslFanld luauiseruilez@enld weausy (SRAM) 184

W28 T390 (Shared memory) 1 1305 UtDyaRdoInsih Tl lumsszurana

o g’/ 1 I A = A a A 3 a 14

msimsaamazidlulilauami 10 Tasazidenanudvesniimnidludaszannueia

1 1 o &
ﬂﬂa@ﬂllﬂgiuﬁﬁumﬂﬂ Asynchronous Ram ﬁ]gla@ﬂslluTQﬂQWNﬂmﬂﬂwujﬂﬂjwufﬂnﬂu 1 MB

YUAYeIToYa 32 1A AN 11

= ] General 5
¥ Agynchronous RaM @ General
[ Spnchronaus DRAM k
["] Parallel Flash
[Cusb Infa Graphical Attributes

T_he Shared Me_mow Controller supports up to three Show unuzsed ping.
diferent memaries an a shared bus. Shows all unused pinz on schematic component.
Ta enable memary, tick the box next to the memary

name in the tree to the left. Clicking on memory Agynchronous Fab slave ports layout

; ICKINg Top M
name will open memory specific settings page to
tune the controller operation timings. Extra space after the Aspnchionous 4
R,
‘wishbone - Memory Clock Synchronization Scheme
_ Synchronous DRAM slave ports lapaut:
@ Independent Clocks ke M
- Exh fter the Synch
= Memany clock 2xwishbone clack, DEE@WCE i PA ) 4
-~ gpnchranized on pasitive edge |
) Same clock Parallel Flash slave parts layout:
Extra space after the Parallel Flash. 4 z

General Properties

Component Designator _SHARED_MEM_CTRL_MB3000_1  Interface Type |Signal Hamesses
Wisible

v ]
MW 10 NMSAIAMUIIANTITIN (Shared Memory)
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I | General
[ Synchronous DRAM
[ Parallel Flash
Cush

Configure OpenBus Shared Memory NB3f @g

@ Asynchronous RAM

Memaory Size

[1 MB (256K » 32-bit) -

Chooze the memary size.

Select the size [in bytes) of the physical BAM anay
that the contraller will be warking with,

Memary Layout

1w 32-bit Wide Device -

Chooze the memory layout

This will determing:

The number ping added to the controller to allow it
connect o the memories as wel as the number of
accesses required to read or write a single 32-bit
wiord,

Timing Settings

Clock cycles for address zetup: 1 =7
Clock cycles for wite pulze: 1 =
Clock cycles for postwrite address hold: 1 =7

Choose the number of extra cycles to add for each stage of a
read and wiite operation. Each stage must be at least one clock
cycle,

Minirmal read is bwo clock cycles or 40ns for a S0MHz system

clock. Minimal wite is three clock cycles or 60ns for 2 50 MHz
apstem clock,

et to Defaults

Manage Signals..

' v
MNWA 11 N15A9A1 Asynchronous RAM

Y A A ' I
1.1 mi’e)f)ﬂ!,lfummumWLm'iN(Schematm)ua:miwaﬂﬂﬁxﬁanqﬂﬂim

o v 3 v ¥ ' A A A
HAd1NDONLUVAIYTEUY Open bus LETILLAY ﬂluﬁ@uﬂﬁ]ulﬂﬂﬂﬂﬁ!‘]fmﬂﬂﬂﬂ'm
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7 s 4
1dnnmsidszuianalasszuy Open bus NugUnsainTuuVDIANAaouNe I am1T0 1Fau

Taamunmsesnuuu Tagisuanmsiian lannizuu

9 o A 1 Jd (2 A
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ETH_TXD[3.0]
ETH_TXEN
ETH_TXC

ETH_RXD[3..0]
ETH_RXDV
ETH_RXER
ETH_RXC

ETH_COL PHY_COL
ETH_CRS PHY_CRS

ETH _RESEIB E
ETH_MDC
ETH_MDIO

U4

@ CLK_REF >t-

H 4 1 v J J
ﬂ"l‘Wﬁ 13 ﬂ1i!°§@ﬂ§l@i$1’i'ﬂ\‘lﬁ3uﬂi%ﬂ?ﬁﬂﬁllﬁgﬂﬂﬂimEthenet

EMAC32
PHY_TXD[3.0]
PHY_TXEN
PHY_TXC
PHY_RXD[3..0]
PHY_RXDV
PHY_RXER
PHY_RXC

PHY_RESETB

PHY_MDC
4— PHY MDOE

o PHY MDO
PHY_MDI

CLK_MD

SRAM_MEMO <

5 EMAC

SRAM MEMI1 <
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Bus ETH_THD PHY TXD
Signal ETH TXEN PHY TXEN
Signal ETH TXC PHY TXC

Bus ETH RXD PHY RXD
Signal ETH RXDV PHY RXDV
Signal ETH_RXC PHY RXC
Signal ETH_COL PHY COL
Signal ETH_CRS PHY CRS
Signal ETH RESETB E PHY RESETB
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Uszanvesmsizesde VIINNBSAEthernet vanaudszaiana
Signal ETH _MDC PHY MDC
Signal ETH_MDIO PHY MDOE
Signal ETH _MDIO PHY MDO
Signal ETH_MDIO PHY MDI
Signal CLK_REF CLK_MD
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MW 14 MIFBUADIENINAINTZUIaNALAZ WO A RS-232 ,Test Button, Clock Board
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Signal RS-232/Rs_TX TXD
Signal RS-232/Rs RX RXD
Signal RS-232/Rs_CTS CTS
Signal RS-232/Rs_RTS RTS
Signal CLK BRD CLK I
Signal Test BUTTON RST I
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Bus D SRAMO D
Bus A SRAMO_ A

Signal CE SRAMO E
Signal WE SRAMO W
Signal OE SRAMO OE
Signal UB SRAMO UB
Signal LB SRAMO LB
Bus D SRAMI1 D
Bus SRAMI1 A
Signal CE SRAMI1 E
Signal WE SRAM1 W
Signal OE SRAM1 OE
Signal UB SRAM1 UB
Signal LB SRAM1 LB
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BUS_USB_NIRQ )=

BUS_USB_DREQ =

(XD BUS USB DACK p—“pm}

| BUS_SDRAM FEEDBACK =

T BUS_SDRAM CLK j+—VCC

| BUS_SDRAM CLK IN %= WB_SHARED MEM_CTRL
BUS_USB_NCS k—— USB E

BUS_USB NRESET ki—— USB RESET
BUS RAM NCS F+——— SRAM E

BUS FLASH NC§ k— FLASH E

( BUS FLASH NRESET k—— FLASH RESET

[ BUS_FLASH NBUSY ;-—— FLASH BUSY
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Bus BUS D D
Bus BUS A A
Signal BUS NWE w
Signal BUS NOE OE
Bus BUS NBE BE
Signal BUS _SDRAM _CKE SDRAM_CKE
Signal BUS SDRAM_NRAS SDRAM_NRAS
Signal BUS _SDRAM_NCAS SDRAM_NCAS
Signal BUS _SDRAM_NCS SDRAM E
Signal BUS_FLASH NBUSY FLASH BUSY
Signal BUS FLASH NRESET FLASH RESET

Signal

BUS_FLASH_NCS

FLASH_E
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Uszinnvesnsifouss Y191AND3 A Shared memory vIndIulszuiana
Signal BUS RAM NCS SRAM E
Signal BUS_USB_NRESET USB_RESET
Signal BUS_USB_NCS USB_E
Signal BUS_SDRAM _CLK IN -
Signal BUS_SDRAM CLK VCe
Signal BUS_SDRAM FEEDBACK -
Signal BUS_USB DACK GND
Signal BUS_USB_DREQ -
Signal BuS_USB NIRQ L
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fre

Outer convo to rs 04 20 0 3 10 10 1. 6 1C 0 2 9 28 30 2 € D 38 3
0 3 10 4 21 4 13 10 11 5 16 1C 1 6 19 D 3C 10 3 13 14 31 5 15 C 11 1
7 1F 34 31 4 15

Reed solomon code 1C 19 05 28 2D 3F 38 33 3F 0OA 2D 0B 00 04 20 00
03 10 10 01 06 1C 00 02 09 28 30 02 OC OD 38 30 03 10 D04 21 04 13
10 11 05 16 1C 01 06 19 0D 3C 10 03 13 14 31 05 15 O0C 11 07 1F 34
31 04 15

TORS B4200310 1816 1C A2 9228382 CD 3830310421 413181151
6 1C 1 6 12 D 3C 18 3 13 14 31 515 C 11 7 1F 34 31 4 15

Reed solomon Code

1C19 528 2D3F 38 33 3FA 2D BB 42008 318101 6 1C A 2 9 28 380 2 C D 38 34

3184214131811 516 1C1 612D 3C 18 3 13 1431 515 C 11 71F 3431 41
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mment Rack - Soft Devices

Outer convo to
4 11 8 31 4 14
1 7 1DE" 11 517

Reed solomon code
04 14 20 01 07 20
14 23105 17 2011

| O C:\Dev-Cpp\RSt st

paTA is
1 2

4 =5 w6 P8
18 19 1a

TO RS 1 8
286 11 6 1A F 34 38 4 15

solomon Code

o
21 1A 3D 35 1B 16 21 16 23 B 33 3A 1 8

38 6 4 14 206

0O 4 14 20 1 7 20 10 2 A 2C

20 11 6 1A F 34 30 4 15

35 1B 10 21 10 23 OB 33
2C 00 03 OD OE 3C 00 04
34 30 04 15 1C 11 05 13

£ =16 1y 12
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0 3 DE 3CoO0O
11 5 13 34 3

y

14 15 16: =172

17228 182 A 2C 8 3 D E 3C 8 4 11 8 31 4 14 14 21 5 17|

1651175513534 312 ADGCT 15T

30 8 4 14 280 1 7 280 168 2 A 2C B 3 D E 3C

9. 4°11::8:31-4714°14 21512208 116 1A"F:34-30. 4" 1571 C:11-"5713-34 312 1D "G 11:"5
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4. wam5‘nmm‘ummgné’l’mua:ﬂszﬁn’%mwmmmmamﬁ’a

4.1 MsnadoUANUNADILAzszANEAMveIMsneasHanely

@ a a 4
msneasianeluz1935msvesanloonyimesdl (List-of-2 Viterbi Algorithm)
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v Aa

P P { o '
aaaulauuuaIsa (Hard Decision) 1W105ANARDA LAz JUNINN 32 LUAAINIDEIUDINANS
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A [ = o [ LA d a J 9 A o o A Y =
LLU1]‘;]5'0V\IVI?LV]@?U%%V]TﬂTSiUﬂTWLﬂUU@ﬁﬂ@ﬁLMTNH‘W@ﬂTujmWaaWﬁVIhlﬂfl]']ﬂﬂ']Wﬂ 32 99

uaaseenu lugdvesaugiu 2 Taslimmadenusnuazamadoniidoaaaslugii 32 e

= v 7 v Y 3 A [ Y
LlﬁﬂﬂlﬂﬂﬂﬂaﬁWﬁWUﬂWqﬂﬂWﬂﬂ 2 NN@BNINNU



55

encoded_seqgq = 0001101100010100111131131010010100
1st=00011000110010011000000100

2nd=0001100011001011113101110001
encoded seqg = 00111311313131010110111310111000010000
1st=01110010011100000101010000

2nd=00111001010011100110001101
encoded_seq = 0010101131313101011000111000011010
1st=00101111011111131310000010010
2nd=00101111011101100110001101
encoded_seqg = 001011001101111013100111131000001
1st=00101000100010111110110101

Terminal Module

PNTA 31 LAAIAIDINNANTDOATH LU Hard Viterbi Gluua%mam

Rayleigh 5 dB without doppler

Receive bit score is 0.327900,0.852000,1.787700,10.087400,1.37700
0,0.706300,0.057500,1.514800,0.905800,35.369100,1.834100,0.911400,
1.031700,1.729900,14.099600,1.831400,2.035200,0.248800,0.994300,0.
745100,3.180100,3.452800,0.412700,1.131400,0.689600,1.632700,6.334
500,0.201900,2.666100,0.729300,0.697300,0.089200,0.283700,0.573100
,0.323100,0.428900,0.233300,0.009700,0.262100,0.122700,0.349200,0.
454100,0.111800,1.003900,0.062800,0.507300,0.291000,1.052200,0.015
800,0.622800,0.268100,0.985400,0.260900,0.119200,0.654900,0.304600
,1.163700,0.201600,0.034100,0.655900,1.187300,0.142400,

Best decoded is 00000010010110011011101010

Second best decoded is 00000010010110011011101010

Save To File Terminal Module
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flTWﬁ 32 UFEANAIDINUDINANITDOATH ALY Soft Viterbi Tuvesanaaouazuuldsunsy

C++ (Jatupon and et.al., 2012)
4.2 ﬂTﬁﬂﬂﬁ@Uﬂ?1NQﬂﬁ}ﬂﬂlla$ﬂ5$a‘]/]%ﬂ'lwellflﬂﬂ1§ﬂ'ﬁ]ﬂiﬁﬁﬂ'lﬂuﬂﬂ

v
@ Y @ Ja
sHameuentivzl¥msneasiauuunnaes sy ua (Vector Symbol Decoding)
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correct #0

All zero
codeword

)000000000000000000000000000¢
000000000000000000000000001111111111

00000000000000000000 5 o 00 All zero
000000000000000 !
codeword
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ERROR <] m—mm— s -, Corrected

No
correction
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A 3 Aa a Y ' A 3 A
NINN 34 ﬂ']‘W‘Uuﬁ]zlﬂusllf)ﬂJfTVl11ﬂ'J']ﬂJWﬂWa’]ﬂllﬁ3ﬂ5@ﬂﬂ’]ua’]ﬂﬂ17‘lﬂ 34 %glﬂuﬂlﬂﬂaﬂgﬂ

RY u

ud luudn

Instrument Rack - Soft Devices

OE 38 20 OC OA end decode RS
Input to wsd is

o1 11 1 101
0100001101 1 011

1010000001100010011000010110
1011000011001000101010001110

B 1 Error

Output from vsd is
0100000011 1 101
010000110100000011000010110000011100
(1111000000001000100010000100100011001000
1010000001100010011000010110001101
1011000011001000101010001110100010
D0011001000101010 g

d' Y A =S a
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DATA is :
FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFF  FFFFFFFF
FFFFFFFF FFFFFFFF FFFFFFFF FFFFFFFF  FFFFFFFF FFFFFFFF  FFFFFFFF  FEFFFFFF
FFFFFFFF  FFFFFFFF  FFFFFFFF FFFFFFFF  FFFFFFFF  FFFFFFFF  FFFFFFFF  FFFFFFFF
FFFFFFFF  FFFFFFFF

Outer decoder is

1111114114444 44444444444 44444141t a it d a1 a1 4444444444444
1111141414444 44414441
1111141444444ttt a1 1 44444444444
111111114441441444141441 s
FARRRAPRRRARPRRRRRRBERRRRRRRRRRERRRERERPERRRRBEARARREERRRRERRRRNRRRRARRRARRRRRRRR
FARRRARARRRARRRRRRARER

Decode outer is
11111111144224492444333233332333333 3333333300000 00330440301 440114144141414144444114441
1111114144441144414141141
1111114444444444339443334333333333333333333330030303 0003304040301 414144414144444141444
1111114111441411444141141

Outer decoder is
1111114114444ttt d a1 a1 1444444444444
1111141414444 444414441

1111111114444 44444444444 444441411ttt a a1 a1 4444444444444
1111114144444 44441414441

1111111114444 4444444d444 44444144111ttt d it a1 a1 4444444444444
111114114441 1444144441

Decode outer is
11111144444444493444433333333333333333 3331100001100 40144444444444444444
111111111441114414141141
11111111141424221449244332233332333333 3333333300300 443011414141414144441411441
1111111111411114111141

Outer decoder is
HRARRRARABRRRRARRRRRERABRRRRARARRAERABRPRRNRARARRABERRRANPERARRABBRRANNEARARRABER
HARRRARARBRRRARRRRREREA

11411414 41334443939334444333344393339499933333939333493393333434393933414493331434933111
1444144444414 44444444
AARRAARRARARAAARPARAARARARAAARPARARRARRARAAPPAAAAARRPARARRRRAAARRPPANARRRARARAGAR
AARRAARARAAARAARRRARARA

Decode outer is

1111114114444 444444444444 444414441ttt a1 1444444444444
111114144444 4444141441
1111114144444ttt A A 1 444444444444
11111141444444444141441
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00 00 00 0O OO0 00 0O OO OO0 OO OO OO OO0 OO OO OO0 0O 0O OO 0O OO OO
00 00 0O

send 7E 7F 00 00 00 00 00 00 00 00 0O 00 0O OO0 00 OO0 DO OO0 00 OO0 O
0 oo

send 7F 00 0O
0 00

7F 00 0O

" Save To Fila Terminal Module

0
Recv 00 00 00 00 00 00 00 0O 00 00 0O 0O 00 00 0O OO0 00 OO 00 00 O

0 Error

#2
Recv 00 00 00 00 00 00 00 00 00 00 00 0O 00 00 00 0O 0O 00 00 00 O

Eecv 00 00 00 00 00 00 00 0O 0O 00 00 00 0O 0O 00“"
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VHDL Design of a Convolutional Concatenated
Encoding System
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Abstract—Previous work showed the lab-prototype of a 32-bit
nonbinary convolutional encoder on an FPGA board. This paper
proposes the design of the overall concatenated encoding system,
of which both the inner and the outer codes are convolutional.
Its application is to be the encoding system for the LVA-VSD
(List Viterbi Algorithm-Vector Symbol Decoding) coding system
for wireless fading channels. LVA-VSD is a concatenated coding
system with a diveristy inner decoder. Our system integrates the
outer encoder and more than one parallel inner encoders in the
same unit for faster processing. In this design, a new symbol size
(64-bit) is added as an option and a two-stage multiplexing of the
inner encoded sequences is designed particularly for burst error
channels. The Simulation was done with VHDL language using
Xilinx Spartan-3AN Evaluation Kit FPGA platform. Results
show that the encoding process work exactly as designed.

Keywords- outer convolutional encoder; VHDL; LVA-VSD;
convolutional concatenated code; Vector Symbol Decoding

I INTRODUCTION

The structure of concatenated codes was first proposed by
Forney in 1966 [1] as a way to construct long good code from
shorter codes. A simple single-level concatenated code
consists of two layers of codes: an inner binary code and an
outer nonbinary code. The most widely used outer codes are
Reed-Solomon codes [2] because they are nonbinary codes
with many good properties, especially the maximum
minimum-distance property. For the inner codes, both block
codes and convolutional codes are used since the decoding
methods for good binary codes are well known such as using
shift register circuit for decoding binary cyclic codes [3] or
using Viterbi algorithm [4] for decoding binary convolutional
codes. An example of a well known concatenated code is the
one recommended by CCSDS (Consultative Committee for
Space Data Systems) for Telemetry Channel Coding [5]. This
code uses the outer (255,223) Reed-Solomon code with the
inner (2,1,6) convolutional code.

In 1990, Metzner and Kapturowski [6] proposed a general
decoding algorithm that can be applied for any linear block or
convolutional codes that use large nonbinary symbols. This
algorithm is called “Vector Symbol Decoding” or VSD. With
this algorithm, it became easy to use convolutional codes as
the outer code of concatenated codes. VSD for nonsystematic
convolutional codes was presented by Tuntoolavest and

Supported by Kasetsart University Research and Development Institute

Metzner in [7]. One interesting property of VSD is that it can
easily select the correct input symbol from a list of alternative
choices for that symbol. This idea was first proposed for
block VSD in [8] and convolutional VSD in [7]. The details
of the VSD principle, algorithm and some implementations
can be found in [9]. Due to this ability to select the correct
symbol from a list, it is beneficial for the concatenated code
that employs VSD to use a diversity inner decoder. The
diversity inner decoder is that decoder that can provide more
than one decoded sequence to the outer decoder. These set of
decoded sequences should also be ordered based on their
likelihood. A decoder that can provide list of decoded
sequences in the order of their likelihood is the List Viterbi
decoder proposed by Seshadri and Sundberg [10] in 1994.
Since List Viterbi algorithm is most suitable with
convolutional codes, the obvious choice for the inner code is
therefore a convolutional code.

Previous work [11] implemented a nonbinary convolutional
encoder on an FPGA (Field Programmable Gate Array) board
using a USB module as the interface between the board and a
computer. The inner encoder was not included. In this paper,
we design the overall encoding part of a concatenated coding
system that integrates a convolutional outer encoder and three
parallel convolutional inner encoders. Instead of fixing the
symbol size at 32-bit only, this new design allows the user to
select different symbol sizes. In addition, the encoding speed
is tripled by using the integrated three parallel inner encoders
instead of one separated inner encoder. This design is also
assumed to be used with the new interface, namely, Ethernet.
In the previous design using USB module, the input came in
8-bit at a time and there was a need to assemble 4 bytes into
one 32-bit symbol.

With the assumption of using Ethernet, the input can come
in as a file and can be buffered inside the board before the
encoding process. By planning to buffer the input data
sequence and encoded sequence inside the board, it is much
more flexible to allow different symbol sizes. This option will
be beneficial in the future investigation on the effect of
chosen appropriate symbol sizes based on the average length
of burst errors of a wireless fading channel.

Section II covers the encoding of convolutional codes and
the encoding of concatenated codes with inner and outer
convolutional codes. Section III describes the design of the
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proposed system. Section IV explains the method. Section V
shows the simulation results. Section VI and VII discusses
and concludes the results respectively.

II.  BACKGROUND

An (n.km) convolutional encoder encodes each set of k-bit
input into an n-bit output. The encoder can be considered as a
sequential circuit with memory of m units. The parameters
k ,n and m are usually small integers. For this paper, we use a
(3,2.2) convolutional code over GF(2*%) or over GF(2™) as the
outer code and a (2,1,4) convolutional code over GF(2) as the
inner code. As explained in [11], the encoding process of a
nonbinary encoder is the same as that of the binary encoder
except that the exclusive-OR (XOR) operations are performed
on the nonbinary symbols instead of the 1-bit binary symbol.
Each memory unit also contains 32 or 64 bits according to the
selected symbol size.

The encoding process of the proposed convolutional
concatenated code with (n;k;,m;) outer convolutional code
and (ny,k,,m,) inner convolutional code is as follows:

1. Divide the input data sequence into symbols.

2. Each set of k; symbols are input into the outer encoder.
The outer encoder then performs the appropriate XOR
operations at the symbol level based on the structure of
the code and then output n; symbols for each k; input
symbols. The details and example of the encoding at
the symbol level has been shown in [11].

3. Then each output symbol of the outer encoder is input
to the inner encoder. The inner encoder performs the
appropriate XOR operations at the bit level and output
1y bits for each k, input bits.

4. The inner encoder for our proposed system will clear
the memory after the end of the input bits in each input
symbols. This is different from the CCSDS standard
code that the inner encoder treats that sequence of
input symbol as one long binary input sequence to the
inner encoder described in [5].

5. All outputs of the inner encoder are then multiplexed
and transmitted as the overall concatenated codeword.

Note that the termination or the memory clearing in step 4is
necessary if VSD is to be used as the outer decoder.

. SYSTEM SETUP
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Fig. 1 Overview of the proposed encoding system

The block diagram of the proposed encoding system is
shown in Fig. 1. This diagram consists of four main parts. The
first part is the symbol size selector, which the user can select
different symbol sizes. The second part is the outer encoder,
which is a (3,2,2) nonbinary convolutional encoder with the
transfer function matrix Gay(D).

1+D+D* D 1
G‘m(D): ; 2
- D 14D° 1+D+D°
The third part consists of the three parallel binary inner

encoders. Each inner encoder has the same transfer function
matrix, which is

)

GyiD) = [(1+D+D% (1+D+D+DY] ()

The fourth part is the multiplexing of all inner decoder
outputs in the appropriate order into the overall concatenated
codeword. It is seen from fig. 1 that the multiplexing is done
in two stages. The first stage is the multiplexing of the two
branches of each inner encoder. This is done at the bit level
since the inner encode is a binary encoder. The second stage
is the multiplexing of the three inner encoded codewords.
This is done at the inner codeword level because each
encoded codeword corresponds to each encoded branch of the
outer encoder. An example of the multiplexing process with

the bit values at position OFOR shown in comparison
with the simulation results in section V.

By keeping the structure of the outer code, the burst errors
occur from wireless fading channel will not spread out over
many outer encoded symbols. Consequently, the outer
decoding with VSD will be more effective. If the multiplexing
for both stages is done at the bit level, it will be equivalent to
performing interleaving with a depth of 6 (from the 6 inner
outer branches). This may be suitable for some applications,
but it is not good for VSD. This is because each burst error
will be likely to affect more symbols causing more error
symbols at the outer code level.

Fig. 2 shows the details of the input and output lengths for
the second and third parts. These details are illustrated for an
example of a 640-bit input data sequence with the selected
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Fig. 2 Details of the input and output sequences for the
outer and inner encoding parts
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symbol size of 32-bit. In this example, there are a total of
twenty 32-bit symbols input into the outer encoder. Since the
outer encoder is the (3,2,2) code with k; = 2, ten of the
symbols are input to the upper branch and another ten are
input to the lower branch. The orders in which the symbols
are input into the outer encoder are shown in Fig. 2. After the
outer encoding operation, the outer encoder will output three
encoded sequences. Each sequence consists of ten 32-bit
symbols plus the two tail symbols that come from the clearing
of two memory units (m; = 2) inside the outer encoder. Each
of these symbols is then input into the inner encoder.

There are three inner encoders in this design, so three
output sequences can be input into the three inner encoders
simultaneously. Each 32-bit symbol then becomes a 32-bit
input sequence of the (2,1,4) inner encoder. The inner encoder
will encode each symbol separately and clear the memory
after the end of each symbol. This clearing of memory can be
viewed as adding four “0” bits at the end of the input
sequence. Therefore, the input sequence may be considered as
containing 36 bits (32 data bits + 4 zero bits).

Since k; = 1 and n, = 2, there is one input branch and two
output branches from each inner encoder. Each of the two
encoded sequences consists of 36 bits. Each inner codeword
will then consists of 72 bits after the multiplexing at the bit
level of the two inner encoded sequences. The total number of
outer symbols remains the same.

IV. METHOD

The program was written with a Hardware Description
Language (HDL) called VHDL (Very High Speed Integrated
circuit HDL) language [12, 13]. Sample parts of the program
are shown in fig. 4. The program accepted 128 bits at a time.
The 128-bit sequence is equivalent to four 32-bit symbols or
two 64-bit symbols. The VHDL code is fig 3. is from the
main program. The parts marked “xxxx” indicated omitted
codes when the code idea can be deducted from the context.
The main program is divided as follows:

1. Select the symbol size (in the “select mode™).

2. Save the input sequence into buffers (in the “split”).

3. Encode the outer code with the function:

encoder_32bit or encoder_64bit (in the “encode”).

4. Send out concatenated encoded sequence.

The omitted code for 32-bit symbol mode is similar to the
64-bit symbol mode. The difference is that the four 32-bit
symbols must be input two symbols at a time. Therefore, they
are input in two sets. Additional programming is needed to
check the end of the two sets and begin with the next 128-bit
sequence.

The encoder function is shown in Fig. 4 and the procedures
can be divided as follows:

1. The input sequence encoded by the outer encoder first.
This outer encoder performs the appropriate XOR
operations based on the code structure (in “encode
3227).

Each of the three encoded symbols is added k,m, zero
bits (= 4 bits in this case) at the end (in “add zero bits
for inner encoder”).

36}

architecture Behavioral of scale is
begin
-------- Select mode for symbol size ------------------
Size_selec_encode :process(mode,CLK address)
--variable output_buff 32:std logic_vector(215 downto 0);
variableoutput_buffer:std logic_vector(407 downto 0);
variable memory_32:std_logic_vector(139 downto 0);
variable memory_64:std_logic_vector(267 downto 0);
begin
ifCLK event and CLK="1" then
if (mode="01" ) then ------ input = 01 mode 32 bit-—----
XXXXXXXXXXXEXXXKXXXXXXX
end if;
elsif (mode="11"} then ----—-----—-- mode 64 bit-------

<nlit-

split:
input_buffer64 1<=inputl(127 downto 64);
input_buffer64 2<=input1(63 downto 0);

ncode

encoder_64bit(input2_buffer],input2_buffer2,memory_64,next_symbol,
memory_64,output_buffer);
------------------ send out concatenated encoded seqeunce---------—---—---
case address is
when 15=> outputl<=output_buffer(407downto 376),
when 16=> outputl<=output_buffer(375downto 344),
XXXOOXXXXXXXXXKKXOOXXX
when 26=> outputl<=output_buffer(55downto 24);
when 27=> output] <=("-—----- "&output_bufter(23downto 0));
when 100 =>donext<=";
when others => empty<='1",
end case:end if:end process:end Behavioral:

Fig. 3 Sample parts of the main VHDL code

procedure encoder_64bit
(symbol_imput],symbol_input2:in std_logic vector(63 downto

0);memory 64 in: instd_logic vector(267 downto 0);
ffffffffffffffffffff Encode 322 ---------
symbol_outer! := symbol_inputl xor mem_outer! xor mem_outer2 xor
mem_outer3;
symbol_outer2 := symbol_input2 xor mem_outer2 xor mem_outer4;
symbol_outer3 := symbol_inputl xor symbol_input2 xor mem_outer3
Xor mem_outerd;

mem_outer2 := mem_outerl;

mem_outer4 := mem_outer3;

mem_outer] := symbol_inputl;

mem_outer3 := symbol_input2;
---------------------- add zero bits for inner encoder------------------
XXXOXXXEXEXXXKKXOOAXK
----------------------- encode 214 symbol 1 ---—----mrmememmme e
for iin 0 to 67 loop
bit_innerl(i) := symbol_outer taill(i) xor mem inner!1 xor
mem_inner]
bit_inner2(i) := symbol_outer taill(i) xor mem_inner! ! xor
mem_innerl3 xor mem_innerl4;

mem_innerl4 := mem_innerl3;

mem_innerl3 := mem_innerl2;

mem_inner]2 := mem_innerl 1;

mem _inner!1 := symbol_outer taill(i);
------------------------ encode 214 Symbol 2 ----------rmommemmemeeneeev
XXXXXXXXXXXEXXXKXXXXAXK
encode 214 Symbol 3 -------mmommemem e
XXXUXXXXKXXXXXXKXXAK
--Multiplexer at bit level- -
swnbol inner1((2*iH+1 downto 2*1) :=bit_inner] (i)&bit_imner2(i);
symbol_inner2((2*i)+1 downto 2*) :=bit_inner3(i)&bit _inner4(i);
symbol_inner3((2*i}+1 downto 2*i) :=bit_inner5(i)&bit_inner6(i);
end loop;
---------------- Multiplexer at inner codeword level -—---—-------
svmhol outout:=svmhol innerl&svmhol inner2&svmhol inner3:

Fig. 4 Sample parts of the encoder function for the 64-bit
symbol
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3. The three sequences are then encoded by the inner
encoder three inner encoders (in “encode 214 symbol
1,2,37).

4. The outputs from two branches of an inner encoder are
multiplexed at the bit level to obtain the inner encoded
sequences (in “Multiplexer at bit level”).

5. The three inner encoded sequences are in multiplexed
at the inner codeword level to obtain the concatenated
codeword (in “Multiplexer at inner codeword level”).

Again, the parts marked “xxxx” indicated omitted codes

when the code idea can be deducted from the context. Note
also that when the procedure “encoder_64bit” is finished once,
the output is from only one 128-bit input sequence. The actual
input sequence for this proposed system is usually much
longer than 128-bit and we simply repeat this procedure many
times to obtain the whole concatenated codeword. Recall that
the inner encoder needs additional kym, zero bits to clear its
memory. The outer encoder also needs k; my zero symbols to
clear its memory at the end of the long input sequence.

V. RESULTS

The Xilinx Spartan-3AN Evaluation Kit is selected as the
simulation platform. A simulation result for 64-bit symbols is
shown in fig. 5 and fig 6. To verify this result, the input and
output sequences at each step are shown in Table 1. The input
sequence is assumed to be an all “1” 128-bit sequence. This
can be seen in the first waveform “input[127:0]” in fig. 5, 6
and the “input sequence” in Table 1, which shows the value in
hexadecimal number of “fff...ff” for 32 digits. In fig. 5, 6
and table 1, the leftmost digit is the most significant digit and
the rightmost digit is the least significant digit in hexadecimal
numbers. Note also that the most significant bit is input first
into the encoding system.

The second waveform “mode” shows that the 64-bit
symbol (mode “117) is selected. The third waveform is the
clock signal “CLK”. The fourth waveform is “address”. This
indicates which inner output is to be transmitted out at that
time. Recall from fig. 3 that the addresses for 64-bit case are
from 15 (binary “0.011117) to 27 (binary “0..011011").
Consider the output waveform starting in the time interval
that the address is 15 (shown as “11117). This output
waveform started with the delay of %2 clock cycle.

Fig. 5 The first part of the simulation result from the
encoding of a 128-bit data sequence with all “1” bits

18 ck periog

Fig. 6 The second part of the simulation result from the
encoding of a 128-bit data sequence with all “1” bits

Table 1 An example of input and output sequences at each
osition of fig. 1

Position Description Hexadecimal Values

ﬁ: Input sequence liligirigiriguiigiiiguiigtiigiiig

@ Tnput Symbol (1%) liiigitigiiigiiia

6\ Tnput Symbol (™) | ffff fFF £ fEff

g/ Encoded Sym (1%) | £fff £Fff £ £ff

@ Encoded Sym (2*) | fEff fFf fFff ffF

@ Encoded Sym (3%) | 0000 0000 0000 0000

@* Input inner seq (1) | £ffF £€fF £F6F £6€ 0

/i\* Input inner seq (2') | fFff fEfF FEfF £EfF O

@* Tnput inner seq (3) | 0000 0000 0000 0000 0

@ ) Encoded inner seq (1%) | 8fff fff fFff ffff 7

@ Encoded inner seq (2) | 9000 0000 0000 0000 9

@; Encoded inner seq (3) | SFf fFff ffff ffff 7

(10 Encoded inner seq (4") | 9000 0000 0000 00009

@ Encoded inner seq (5") | 0000 0000 0000 0000 0

(Tz‘; Encoded inner seq (6™) | 0000 0000 0000 0000 0

(13) Tnner codeword (1*) | claa aaaa aaaa asaa aaaa aaga aaaa
aaga 6b

r@\ Inner codeword (2"%) | claa aaaa aaaa aaaa aaaa aaaa aaaa
aaga 6b

(15) Tnner codeword (3%) | 0000 0000 0000 0000 0000 0000

~ 0000 0000 00

(/1?) Output sequence claa aaaa asaa aaaa aaaa aaaa aaaa

~ aaga 6bcl azaa aasa aaaa aaaa aaaa
aaaa aaaa aabb 0000 0000 0000
0000 0000 0000 0000 0000 00

% means the same position as (Wvith four added “0” bits to clear the

inner encoder memory

This output waveform is corresponding to the output
sequence in Table 1. Due to limited space, the first part of the
output waveform is shown in fig. 5 and the second part is
shown in fig. 6. In addition, the zero output value at the end of
the waveform is omitted. The value “aaaaaaaa” in the middle
of the output waveform is actually consisted of 24
hexadecimal numbers “a”, which equal to 96 bits. It is
displayed this way since the values do not change for these
three time intervals. The results in fig. 5 and 6 are the same as
in table 1 and the VHDL code works exactly as designed.
Note that the output sequence in table 1 is only the first part
of the concatenated codeword since the input data sequence
for this application is usually much longer than 128-bit.
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VI. DISCUSSIONS

By programming with the VHDL language, the simulation
can be done with the platform of Xilinx Spartan-3AN
Evaluation Kit FPGA board. The sample simulation result in
fig. 5 and the example in table 1 show that the VHDL design
for the proposed encoding system work properly as designed.
With the option of the size selector, the VHDL code for the
32-bit symbol is actually a little more complicated than the
one for 64-bit shown in fig. 3. This is because it needs to
divide each block of 128-bit input sequence into two sets of
two 32-bit symbols instead of only one set of two 64-bit
symbols. Therefore, additional VHDL code is needed to keep
track of which symbols set it is using and when to begin the
new block of 128-bit. Nevertheless, the result and sample part
of VHDL code are shown for a 64-bit symbol case since it is
the additional option in this new design.

This convolutional concatenated encoding system was
designed to be compatible with the LVA-VSD concatenated
coding system that uses three parallel inner decoders. It is also
designed particularly for wireless fading channel where the
main type of errors is burst error. This leads to the use of three
parallel inner encoders and the two-stage multiplexing
process. The multiplexer is designed this way to keep the
structure of the inner code and the outer code separated. This
contains the burst errors from fading channel in fewer outer
symbols than multiplexing all six inner encoded branches at
bit level. This is because the latter case is the same as
interleaving the outer together, which will spread out into
many more outer encoded symbols. Consequently, the
number of symbol errors that VSD must correct is fewer with
the two-stage multiplexer.

VIL. CONCLUSIONS

The presented encoding design integrates the outer encoder
and the three parallel inner encoders with the option of
symbol size selector. This design is for the LVA-VSD
concatenated coding system and particularly for channels with
burst errors. The authors plan to implement this design in an
FPGA board with the Ethernet interface and RAM in the near
future.
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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.

. 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

Supported by Kasetsart University Research and Development Institute

to both types of codes with some modifications in the
implementation [§]. 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 desctiption
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.

I~ SYTEM DESIGN

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.

Outer convolutional (31,28,3) BCH

— H——>  BPSK
encoder encoder

Nanobaord3000

MATLAB Simulation | Facing
channel

Ctt

V8D for i V4 Square-taw

. or [
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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.
BEach 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

; mory Uni
; Shared memory Static Ram
. Control

Soft Processor
TSK3000 A
=== -
I USB TFT Soft I
i Tnterfac Screen Termin || |

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 -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.

1. 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, Simulations

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 (/) can be computed from [16]

fd=_fcv-cos(y) )

G

where  f; is the carrier frequency

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

cyis the light speed and equal to 3x10° m/s
and ¥ is the angle between the transmitter and the receiver

The maximum Doppler shift occurs when 7 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 knv/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
23331 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 [L1].

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.

Compare perfrmance bewean Algebraic decoding and Hard decision decoding
aver Reyleigh fading channel
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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 etror
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 s a special case of Rician
channel when the Rician factor k = 0, which means that there is
1o 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 knvhr case and the £, 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.

Hayleigh 5 dB without doppler B

Receive bit score is 1,188600,6.056800,1.433700,1.727200,1.048100 =

1,435000,5.353100, 4. 262500, 2. 000400, 1. 421900, 3. 6853001, 182000, 1.
[ 277400,3.369000, 6.706500, 0. 642800,1.089400,0. 692600, 43, 907700, 50.

39900,0.7§1200,1,503400, 1.268900,0.512200,1.057400,2,063300, 1 . 8035

00,1.504100,0,958700,1,669800,4.077700,1.953200,0.336100,0, 388900,
0.565300,0.107800,0.363400,0.558300,1.035800,0. 413000, 0. 519308 ,0.

1 70200, 1185800, 1, 375400, 0. 109100, 0. 402800, 0. 556400,0.723200, 0. 462
00,0.208000,0,227100,0.042900,0.296500,0.079600,0.430400,0,237200, |1
0.564300,0.304300,0.421700,0.345000,0,152400,0.622200, 2
Best decoded is 10010110011011101010000000
Second best decoded is 10010110011001101010000000

a) Soft terminal display of the prototype

 CllsereTelgh Deskophiet B - o Dsbughet i

Second hest decoded is
{1 6616110811061 161 61 390080

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.

lease insert USB-MSD Device...

nrrent dir /osb0/

ician 10 dB with doppler fd = 153.54 Hz

robability of decoded error = 0.053 :
robability of Second path is correct given Best path is wrong = 0
B11321

a) Soft terminal display of the prototype
1 Clerefel Dot CH - s et e

ieiin 10 0B vith dopyle fd = 155,54 e
mohahility of decoded ewrop = 0,053

mohahility of Second path is copvect given Best path is weong = B.8113
(INE

b) The C:++ output display

Figure 12. Example of a decoding error probability in Rician fading
channe] with SNR =10 dB and f; = 155.54 Hz.

Table 1. Resource utilization of the prototype

Logic Utilization Used Total % Usage
Number of Slice Flip 5951 20508 26%
Flops
Number of 4 input .
LUTs 9,743 20,528 3%
Logic Distribution
Number of occupied 5
Slices: 7072 11,264 62%
Total Number of 4 input oo
LUTs 10273 2,528 45%
Number used as logic 9473
Number used as a route- 530
thru
Number used as 16x1 14
RAMs
Number used for Dual 256
Port RAMs
Number of bonded .
10Bs 194 502 62
Number of
9
BUFGMUXs y u 16
Number of DCMs 1 3 i)
Number of
2
MULTI8X18SI0s 10 3 3
Number of
RAMB16BWEs % 3 &

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.
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The decoding etror probabilities of the hardwate 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 wotked properly as designed.
It also emphasized that the list Vitetbi 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 2 single-
error-comecting BCH code, which has low corection
capability, even when the soft decision decoding was
employed. This inner code word was not powerful enough to
comect 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
petiods 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.

V1. 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.
(XC351400AN-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 desctiption
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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