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Auttaphud Seubnaung 2009: Prototype of Vector Symbol Decoder for a (3, 2, 2)
Convolutional Code with Two Alternative Choices on an FPGA Board. Master of
Engineering (Electrical Engineering), Major Field: Electrical Engineering, Department
of Electrical Engineering. Thesis Advisor: Assistant Professor Usana Tuntoolavest,

Ph.D. 140 pages.

Vector symbol decoding (VSD) for convolutional codes that use large nonbinary
symbols can correct burst errors well. The benefit of using large nonbinary symbols is that
correcting each error symbol means correcting all error bits in that symbol. This makes the
decoding technique suitable for channels with low quality at times such as wireless channels

without the need to use interleaving as in the case of binary codes.

The purpose of this research was to design and implement the prototype of channel
decoder called Vector symbol decoding that can decode a (3, 2, 2) convolutional code that uses
32-bit symbols with 2 alternative choices. The implementation was done on an FPGA board to
show that the theory of Vector symbol decoding for convolutional codes can be applied to
hardware. The development of this decoder was done in 3 steps: Decode with one syndrome, the
Correct with second choice and the Correct with null combination. The result shows that the
prototype can work exactly as designed. It can correct all error patterns indicated in the theory

of VSD.

Student’s signature Thesis Advisor’s signature
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E1)

1 a < 91! o Y qu/ o @ Y ll I
Yoyadauaniin MsWa (Codeword) Tudunaumsadismsweil azegludiuveins
1931 dFoId QI8 (Channel encoding) taziilethmsWadsiugesdyana lduninsy &
masvazamnsathdisdaliiimsasivaeuanuianaiavesdoya (Error-detecting) 1z

o v & a a . vy v Ay & o
aunsoud ludeyaiinanuranain (Eror-correcting) 1hiiludoyaiigndes deluduneu

9
9 9 1 v o .
ﬂ1515]i’Ji]E‘TE]‘]JmeLﬂhl"lIﬁU’qu,aﬁﬁEJﬂ’ﬂ M300ATHAYOITYY 1M (Channel decoding)

=

msneasiavesdygalivategduu jlunuwitsmitauly lTaun msooasid

99

A

Y
Fosdaauvesdydnyainin ldnateszaudunuuneu 11gHu (Nonbinary convulotional

code) mqiﬂaﬁauiﬁm%mﬁﬂamﬁ’aﬁmﬂ%ﬂamﬁ’ﬁéﬁmﬁ'ﬂlmmTﬂﬂﬁa'lﬂ%ﬂ%’"lﬁﬁu

¥ A A @

quanyuny 2 ﬁ%ﬂ‘]ﬁlu (Binary symbol) wnuu Luﬂﬁ%Wﬂ’J‘ﬁﬂﬁ‘Wﬂ aamwmmﬁmmmmm

9

[

amé’ﬂymmﬁﬂwmsﬁzﬁm‘]’u"lﬂﬁu aouthadudousainltinseaiionavtinnlfaoasiia

9
9

A ] @ 09/’ A oA Y a IS
LL“LI“U“IJiJuliJiﬂﬂuﬂ ﬂx‘lﬂﬂﬂﬂlﬂu‘ﬂﬁ']il']'im!,ﬂllsllﬂQWMWﬂWﬁ']@LL‘U‘LILLﬂ‘U (Burst error) ulﬂﬂ

zﬂ' [ [ c’d'd Y [y 0’/’ = (% 4 ] a t:;
HDNNFYANYUNY ﬂﬂﬂﬂﬁmﬁ‘”ﬂ‘]ﬁuu NﬁﬂJaﬂHﬂﬂlu"lﬂGlﬁﬂJ TINTDIIUANUAANAIAN

a g (%%
Lﬂﬂlﬂullﬂ‘ﬂllfgljl uﬁ ﬂHﬂlLW‘(’J\iuliJﬂﬁ'J U ﬂ?ﬂ'ﬂ?JWﬂWﬁTWVILﬂ@ 8 Uahany fl'lﬁl‘b"g‘ﬁﬂ'lﬁ

v { v o v 1 Aa v W L4
ﬂ@ﬂiﬂﬁ‘ﬁ{l%ﬂﬂ ey ﬂ']&lil!‘ﬂll 293¢ ﬂ‘]JsllLl ﬂ‘l’iiJ”IEJfNil mmﬂ”lmmmmwwwmﬂﬁq S Afyank
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o [ I v o [

Qg)/ = 19y 9 A o 1 9 o Ao a 1 I3
Gluﬂﬁﬂlﬂﬂ') L!,@]ﬂﬂ%ﬂ'lﬁﬂﬂﬂﬁﬁﬁﬂﬁﬂlaﬂlﬂlﬂ‘!ﬂJﬂWllﬂﬂﬁ?ﬂﬁgﬂu"lluﬂil"llu"lﬂ gupnoaanyal n

9

A A 9

9
' a o v @ [
AZIIUMANUNANDIAUULHADIWEN 1 ﬁiyaﬂﬂﬂj’l!éjjﬁ\jﬂ@ﬂiﬁﬁ Wuau

a9 A Y] ] o o [ P 9 1Y 3
Tumanguijudimsivzoeasiavesdynru vesdyanyanlnm lanaieszauiu
[ k) 3 o 9 a9 [ 1 Aa a o’dy 9 @
suuaeu Tagau laviu ansaih Idnaeditarenu ua lasamsIneninusildanuaulafy
ax Y] A =\ a . 4' =~ A 1
BMIN0ATHALLUNNADT B TUAA 1AAAY (Vector symbol decoding) 1199910 NANNBANY
’q ¥ ] Ty o Aov ¥ K9 A y s
awnsodszgnd s lanaegluny uadremsihnundudeudidoudonldasausn
Y
303995014 39'181den 1451 Field-Programmable Gate Array (FPGA) 3119911 F1@1
Heul¥edraunsvarglumsaiienwssndmSunummzee19 (Application-Specific
. . A a dyd o a 9!09: V& A a =2
Integrated Circuit 1139 ASIC) Tae%1 FPGA #iTismauTadnnn lddeanilaniuladnnn 99

a 9 a = =\ A 9y 9 A @ A = a
AuduTadninn Fansiisanazl¥airunesneasiannmes sy luad Inaas N3N

A

a

dz =~ Aq ¥ IS 4 9 o
ﬂ’JEJG]ﬁJ FPGA Mﬂluﬁ’ﬁ]lﬂuﬂﬁﬂ@ﬂLL’]J’]J!,La8llﬂ1‘]e|11/]1%ﬂ‘14lﬂ1!1|1ﬁ§j§114@'1ﬂﬁ G]Nllﬂgﬂﬂﬂfiuﬂ

e

auTasaonfudsnssnwiuazodnInsiing 5o IEEE

2. STUVAOAS

[

L A ! Y vy Y v v & E =
msdoas Aomydeensnndasens llgdsuas Idedegndes auiuszuudedsis
Uszneudie Jdeems dena uazdsvens uadioma Tulad luilsgiuinnais
A aa = Y 9 o vy .
szuvdeasuvuavaealugzli 1 dsznendremadazneasidunasdoya (Source coding)

AmihfaavnauazidhsdasnmnnuasaneIndoya msduezneasiavesdyn o

=

. o 9y & A ' g Yy ¥ o '
(Channel coding) 1/1mmﬁmummun%ﬁaimaga Tagmsasdrvaeuuazud lvoyan

U

Y A

HAWAIA 111999INdYQ AT UNIU MINOQEAAIDUATADA (Digital modulation) H1viuaq

9 ana Y 4 o ' { 19 o 1 (3
Joyananoalieglugilvosndudyaunounzdudn ldresdya



) o 3 £3 o Y o o
uvasveyalay AW INE AANITHEA AegLan
. . ™ L& . ™ an
duasgiuuy uvadlaya FOIAYAY IV HULATNA
SN GG
o a o o o o v o
YIUN o AINATNE AINVATNH AIANDALAN
s — dulasguy [ oy - - -
A3l uvalveya FOITYYIU HUUAINDA

MNA 1 URUAIMSAoaTIUUAINDA
4 .

NN : Proakis (2001)

3. MstnsHavesdaya

9 % ] [ I ] =& A Aa o A 1 o 9 A
MSLVITHAYDOITYTYIU Wuamdszneunialussuudoasadna Nnadsimim

9 v 9 Y ° v A [} Y o a 9
lel'lﬁﬁﬁ"llﬂﬂuaalﬁ!’ﬂuﬂﬁliﬁﬁ NNATUMHUUINMINITATIVADUAITNHANAIAVDIVDYA LIAS

=

Y A a a Y3 9 Y Y Yy o o o
mmimm"lwey,amﬂﬂmmmwmﬂﬂlmﬂumammﬂmﬂﬂ Tﬂﬂﬂ"lil‘llﬁﬁﬁ'%%ﬂ"llmﬂiﬂﬁ

QU U

A

pon lailuaod1lszinn (Lin and Costello, 2004) An

3.1 SWaLUUUADN (Block codes)

v v 4 v W 4

Uszneudiedoyaduniiuduan k dyanyel uazdisvaswiu n dydnbel 019

9

Fomihy (n, k) block codes 130 k/n block codes ﬁﬂmﬁi\lﬁaqijﬁﬂ’ﬂm‘h (Memoryless property)

v @ ' 9

J A o Ay Yy (=Y v o do 1 Y =2
nanfesiadn lav lulianwduiusiuszndoyayailagiiunuganounth Jsamnse

) P /9 ¥ & . . v A Adye & Y .
#319815A193 1wy 11993 Combinational logic sasiatingan Iaena 1y 1dun Cyclic

U

codes (Prange, 1957), BCH codes (Hocquenghem, 1959; Bose and Ray-Chaudhuri, 1960), Reed-

I 9y
Solomon Code (Reed and Solomon , 1960) wuau



3.2 sWauuuneu 194U (Convolutional codes)

9

o A o o [ [ 4
sHaszianil Upaauialinug1 (Memory property) 31494 m dyanyol Insas

A3

%

Ao I % g ] 1 3
vt ldiendlu (3, 2, 2) convolutional code Faraeaa Tudunoutnsaluuaazaiu

a9 9y o v Jd o a v o A Y ] 9 dy 1 Aa
Jualaniuauy 2 ayanyal uTJJ1ﬁu‘ﬁﬂ‘Uﬂ'J']iJi]"Wllﬂ‘]J‘JJ”ﬁ]']ﬂsljﬂ"UﬂﬂJaﬂﬂuWUTHVh\I!ﬂu 21U

U

]
v AYov o

A 9y v < Y Y v W J o Y ' M [
Lll@ﬂl']'iﬁﬁlﬁiﬂllajllﬂlﬂu 3 AUanNHUUDIA TN muiwﬁmﬁ]ﬂﬂuiﬂﬂm“lﬂ 1B 2/3

U

convolutional code, Turbo code (Berrou et al, 1993) W

o CZR o 1 o Y o @
u’aﬂinﬂfﬂzmuuﬂ@ms«jmﬁmJmﬁmm%m%%ﬁmmmum LTIDIVVIULUNTU A

[] @ wad Y 1
Fosdnumuauantaou laon wu

1 E4 1
Y JaAA 1 [ v A @ t4

sHaNUdanBaNIMaeIsLAUYU (Binary codes) HIN8D4 SHANTUS YL

o g

=

[ [ I~ a 1 A [ [ 4 = 1 Y] % o Y
upazavzuauFnues GF(2) na13n9 ﬁmawm%wmegiuwmm 0 AU 1 I InimMs
"o o 7 & o £ a ' . = v Aa
UNUATUANHUUON n, k AT m Wudaunieta wu (7, 4) binary code HN1YNI THANY

o a

D) v o w A & Y o Aaqgya o & o g
GU’lel"ﬂ@]u%UU 4 U8 1LagIvia 7 Uua Lﬂu@u Iﬂﬂﬁﬁﬁﬂui“ﬁlﬂﬂﬂﬂqwuﬂlﬂu3ﬁﬁﬂjglﬂﬂu

o Ia

Y d‘d [ S Y [ o’/’ . =< Y d‘
i“ﬁﬂ”ﬂl]ﬁﬂJﬁﬂEﬂ!ﬂMﬂTVlﬂﬂﬁTEﬁgﬂﬂﬂlu (Nonbinary codes) 1803 H AN

o

[

[V d 1 o Id a m ~ o Y ' v % 4
ﬂluaﬂHﬂlLLﬂﬁZ@]’JﬂZLﬂHﬁMT%’ﬂﬂJ@Q GF(2) Tﬂfﬂ’l m>1 Vl'lﬁl?iﬂJﬂ']'iLWIL!ﬂWﬁﬂJuaﬂHm‘U’f)\‘] n, k
< o 1 & A o 1 [
waz m U uIuuInnIMHada A10819%U Reed-Solomon Code 118¢ Vector symbol

decoding udu

v Ag . o v A a Y a dy
sHaMIuseu (Systematic codes) frswainavnsiasiail vwilsenouly
I I v o o 1 1 a <
Meapsdiufe druvestoyaduntiusiuiu k @1 uazdruvestoyadIuANANATIVE O

(Redundant checking) 91U n-k §7 (Lin and Costello, 2004)



JoyadIununsTIIdo Joyadusuiia

-t n-k digits > k digits -

d' o @ I
i 2 JuuvvesisWanuuuszuy

v A [~ . o o o a dy 9 Y]
iﬁﬁ‘ﬂ‘lmﬂuiz‘UU (Nonsystematic codes) ANTHAVDITUABUAUISYNUUITHE

=1

9)09/' @ o’/’ @ o Y ' v A g 1 = Y 9y
ub'VNWiJﬂ @QUUﬂ'ﬁﬂ@ﬂﬁﬁﬁﬂzﬂ'ﬂ@fJWﬂﬂ'J']ﬁﬂﬁ“l/]L‘]Juﬁgll‘]J Lm%%ﬁJﬁ']iJ'lﬁﬂllﬂllGU"UﬂiJua

a Y 1
WﬂWﬁTﬂllﬂﬁaTc’Jz‘]Jlm‘Uiﬂﬂﬂ’ﬂ

Y o Y 1 3
o 3 guupvesdsianuy liduszuy

[ i

4. martsHaneulIgiudydnyainia ldnaeszauay

o

'
v oo I 1

ax 9 o [ = 9 @ 3 Y 9 I o 4
aﬁmsm"ﬁwﬁﬂauhgw iy,aﬂymmm"lwmﬂizﬂmu Tagmsaatluasauas
4 ~ & A 9 =K o 9 o
1dd Iae Intharasakul (i8¢ Tuntoolavest 1343) £.6.2006 HIUAINUAAYAAINUVNITIVITHAADU
v o Aw o =W wzld' 1 v v 4 deyy
Tagdum lundyanveilimdesszaudu aninmsunumvesdyanyal Tagluauidedily
o % £~ a JdJd1_ o Aa . A J v '
waﬂauhgw (3, 2, 2) BRUUNTNENDNUUA (Generator matrix) N Hansuorelou

(Transfer function) 1M1 G(D) ﬁaagﬂuﬂaé{ (Field) 499 GF(2) Al

- 1+D+D?* D? 1

G(D ,
D 1+D? 1+D+D

(1)

A A ] a o Y] ng o a
NAUNITN (1) LUBI1N G(D) agalm\laamm GF(2) MUU “MIANUUUNTNN
a o [ v A A o o a a o = T A A 1 9
AUAMTATVDI G(D) NUADUNNUINIAUUUNTNINAUAAIAANT i?ilﬂ\?ﬂ'lﬂﬁ‘ﬂﬂﬂﬂ@]ﬂllﬂﬂ?ﬂ

o < g 2
UU %L‘}Juuuumﬂia—z (Modulo-2 operation) NN&U”



[

[ @
ﬁ1u1ﬁﬂl%ﬂu G(D) lﬂu&lWUﬂ']W'JQﬁ]ﬁﬂ'ﬁlefhiﬁﬁllﬁl N

=

\
=
\
=

N

(e}
Y
=

@
\i
=

N

MW 4 ununeesdsianeu Tagiu 3,2, 2)

A o A v a W . = o @ ¥
9N Ha N UsHaFUau (Linear code) WAIWITOMIAITHE V(D) 1NUDYA

Funtfu UD) tazunsndnesuilafnlaidusieTou GD) &y
V(D)= U(D)-G(D) )
unue GD) asluaunsi )

1+D+D? D? 1

V(D):[U(l)(D) U(z)(D)] D 1+D? 1+D+D?

v ()] [u¥D)+u®D)-D+U?D)-D?+U? (D) D |
V(D)=|V?(D)| = u?(D)+U"(D)-D*+ U (D). D?
v® (D) u” ) +u? (D) +u?(D)-D+U?(D)-D?



v¥(D)=u"(D)+Uu"(D)-D+U¥(D)-D*+U? (D) -D
v®(D)=u®D)+U"(D)-D?*+ U (D)-D? (3)
v@(D)=u"(D)+U?D)+U? (D) -D+U? (D). D?

o Y Ao
Mmuali M., M, M, M., iauilu

M, =U"(D)-D
M;, =U"(D)-D? W
M, = U?(D)-D

3 2

M, =U"(D)-D
o A ~ Yo o Jo Y o P
FWTUIFUNTN (3) La (4) PR eu 1T FURUT A VUHUAINITMTIN T 92181

VO =uY+ My + M, + M,
V@ =U®+M, +M,,

(5)
VO =uWuPem,+ M,
smualidrduvesdeyaiitlowduazeonainiees gl
U=(AB,.A,B, A;B,,...AB,,00,00)
(6)

V= (Vlvzvsv NAA/AAVATSN 3(k+2)—2V3(k+2)—lV3(k+2) )
~ 1 1 v g J v W t4 a 2
MNauMsi (6) A1 A, B uaz V uaazanilunnmesvesdyanyaivnig q Ua sl
aw f a 1 o w < { g 4 a
NuNeilY q =32 Ta daulugesswugaieves U ilumsiloudeyaiidugudadiliila
y Y o o Y 1 Ay ' 1 o Y o 9
Medeya swnauilumsdnmndisedlumiiesanuiwersesdisiadie Tasezaunso

o w 1 Y I
u,fnmmm@maumazﬂmamqﬂi"lmﬂu
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VY =(Vo, Vo Vs Vig) 2 ) (7)
V(Z) :(Vz’vs’vs'---’vs(k+2)-1)
v© (

V3’V6’V9"“’V3(k+2))

A o v dy 9 Y = o w 1 dy Y
Lll@ﬁf]uﬁiﬂﬂlﬂﬁ'luﬁiiﬂ’)ﬂi]iﬂﬁlell'liﬂﬁ mmammﬂuamummulwaﬂiugﬂaumi

U

{ { o Y { A g I -4 Y o
1 (5) Tashtmuald luaui 1 BAusuduves M., M, M, uaz M., 1flugud vz Tamve e
Y
=

svandludatl
V,=A +M,+M,, +M,; =A,
V,=B,+M;, +M;, =B, (8)
V,=A +B,+M,;+M,, =A +B,
d' = Y1 o Y] I~
MUN2UM, =A,M,=0,M,=B, tag M, =0 T@adsiienilu
V,=A,+A +M,;,+B, =A,+A +B,
V;=B,+M,,+M,, =B, )
Vi;=A,+B,+B,+M,, =A,+B,+B,
d' = Y1 o Y] I~
MUN3 UM, =A,M,=A,M,=B,ag M, =B, Taadswaniiu
V,=A,+A,+A +B,
V;=B,+A, +B, (10)

V,=A;+B,+B,+B,;

k4 as A o dy Y1 o o A 1% dy
ﬂ?ﬂ’)‘ﬁl@ﬂﬂﬂuufﬂzllﬂﬂWﬂﬁﬁﬁ’ﬂuﬂ] ANU
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Vi, =A,+A,+A,+B,
V,=B,+A,+B,
V,=A,+B,+B;+B,
Vi,=A+A,+A,+B,
V,=B.+A;+B,
Vi =A,+B.+B,+B,
Vi =A,+A. +A, +B,
V,,=Bs+A,+B,
Vi, =A,+B;+B,+B,

V3k—2 = Ak + Ak—l + Ak—2 + Bk—l

V3k—1 = Bk +Ak—2 + kaz

V,, =A,+B, +B,_,+B,,

Vigen2 =0+A +A +B, =A +A_ +B,
V3(k+1)—l =0+ A+B=A+By

Vi =0+0+B, +B,, =B, +B,

Vigo2 =0+0+A, +0=A,

Vigi1 =0+A, +B, =A, +B,

Vi =0+0+0+B, =B,

(1D

= Y Y 1 v A 9 Y Y
5. mynssHanaulgiunuuliiluszuundunudeyaduaiiy

=2 o o ' g v Ay Y o o a9 =
msaesaneu Iagdunuy liillussuunduandeyaduniin WumsiSesdeyan
Y Y o S 4 Y NS & o Y '
whsva Adeswaneu Tgduuun lidluszun wesva luidluszuundniu drsviass Tudl
1 1 % @ 1 a I o Y
msuidIuvesdeyaduntiv fudeyadruduauasisdeussnainiu msulasdeyandu
o v 3 9 9 L ' Y 14 Y o o Y '
nndsra liiiludeyaduniiv 3¢ luaunsausndeyaveninlaTasnse Aeahmswenning
2w ) - Y o =2 ) Y o Y aa
2393 aaou TgFuuuunduaudoyaduniiy Swzuendoyaduniivesninld uanguin
[ [ a Y o v v J Y :JI ' Qa: 1 aw
soefudmsumsaienesyiail Tnwmzdmiudydnvaldesszautumniy ualuanise
dy 9 9 @ ] [~ 9 o [ [ o Y] 09/' = ya
Hlgmadswaunuaeu Tgduuuu lidlussuvuazlsdudydnvaivareszauiu 33laaam

ad 9 dg’ [ dy
AFTAIINNITVUNUDY AN
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§ ) o i @ Y o o i 2 { .
Mnaums 3) imsdrenni UV(D) nnaa aaudenune vV(D) nnda Taeh i

mruswdnlag agldid

u¥ (D) =Vv®¥D)+uU" (D) D+ U"(D)-D*+ U (D)-D (12)
u®(D)=Vv?D)+u"(D)-D*+ U (D)-D? (13)
u¥ D)+ U (D) =Vv®(D)+U? (D) D+ U (D)-D? (14)

@ Y1 aA A [ 1 ng < 1 9 as.t‘
Funa'ldn Wdieaaunsn (12) U (13) wniudanIamaved UD) laasuiiaos
[} 10 I~ 1 [ o
dadn 39 lisutudesldaunis (14) lumsmarves Ud) uao19ii 19 unsasraniu

(4 9 v
anugndesues UD) 18 ualudiiidoamsmiar UD) miiudaheumsi (12) fu (13) Td

v

= I 2 o 1 3 v Ay Y o v £ o Y1
mJslumJu’Nfnmq5‘Viﬁﬂauha%mmullmﬂuizmmmmumaga@mnuu ulﬂ "lfx‘lilzﬁﬂlﬂ@]llﬂ’ﬂ

U

9
v A

3| @ Y o Y
wWuasanvalgeunay hlﬂﬂ\ﬂ!

V(1)
(1
vV U
> Mo > Moz
V(2) U
O
U(2)
> Mos > Moy —>0O

d' =3 o o [~ v A 9 9 Y
MANS L!WL!ﬂTIN'Nﬁ]Sﬂﬁﬁﬁﬁﬂ’f)u?}gsﬁuuﬂU‘lﬂlﬂuﬁg‘ﬂ‘ﬂ (3,2,2) NAUAUVBYAAURUD

e

@ Y] [

=S A [ 19 Y o 4 =1
WIUANNITN (12) U (13) Glﬂmﬁlﬁﬂ’NW‘H‘ﬁ VHAUNTNINIT AU
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U =V M, +M,, + M,

(15)
u?=v®iM,,+M,,
Tgil
M, =U%(D)-D
M., =U"(D)- D* (16)
M,, =U?(D)-D
M,, = U®(D)-D?
Houmaumsd (7) aaluaees Tﬂm%uiﬁ'eﬂugﬂﬁuﬂﬁﬁ (15) naz luaui
smualdmisuduves M, M, M, oz M, ifuaud a¢ Idawesdoyaduniiudail
UY=A =V,+M_+M,,+M_, =V, )
UP =B, =V,+M_,+M_, =V,
Tumufiaes M, =V, M, =0, M_, = V, 18 M, = 0
UY=A,=V,+V,+M_,+V, =V, +V, +V, )
UP=B,=V,+M_,+M_, =V,
lumua M, =V, + V,+ V,,M, =V, M, =V, ag M, =V,
UY=A, =V, +(V,+V,+ V) +V,+ V. =V, +V, +V, + V, )

@ _p =
U“=B,=V,+V, +V,
IJas A [ dy Y] Y1 9 9 Y %
195aenuilumuna Tz ldmvesdeyaduniiunndlresnin
M3ATIVABUANNYNABIVDI995 M 1d Taetloumswaanaumsi 8) da (1) asl)

[ d‘ = v 1 ] Y 1 1 d‘ d' =1
ITUNIIN (17) D3 (19) ¥NAIDYIUFU ADINITNIT LA A, LAg B, NHI0NINTNUNITN 19y

9 A [] Y o 1 o @ A = U A [ dy
ﬂ’ﬂllg]ﬂﬁﬂﬂﬂiﬂnlﬂ Tihmfmsiannaunsa (8) 99 (10) N WNUAAITNUNITN (19) ANU
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A, =V, +V,+V,+V,
=(A;+A,+A +B,))+(A,+A +B)+B,+B,=A,

B,=V;+V,+V,=(B,+A,+B,)+A,+B, =B,

9 k4 U [ 1
naesdumsmnunededids ezl idaves U uaz U? fAdwnaldonnaunmsn

(19) finnwgndes

am 9 dy I Yo @ o [ A a 4
IDNITHIWNINITU fﬂilﬁﬂi“ﬁhlﬂﬂllﬁ/iﬁﬂﬂuI’JQ%HLLUU%NL‘UH?S‘U‘U NUUNTNY

'
1 o a A

o do 1 ' o 1 Agys v 1y v Py
AatudanlfanduaisTou G(D) Aandled1eil ldonalte Tagraasn ldvzanunsaly lany

1 Y
JAA Y v W

[ < 1 [ 09;
YaNHUNUATAYISAVIN ngﬁiyﬁﬂ‘ﬂmﬁﬁﬂ1ﬁﬂﬂigﬂﬂmu

Y v A

6. ¥AVDAMNADN

v A

Yy I ad o ¥ ' v A A a a
ﬂéﬂsll'f)ﬁslja@'Jl,aﬂﬂlﬂu?‘ﬁﬂ?ﬁu’]ﬂlﬂﬂvﬁﬂ']GIf'JfJGlUﬂ']iﬂi’)ﬂiWﬁ LW@LWNﬂi%ﬁ%ﬁﬂTWiuﬂ’]ﬁ

v Y ax A = a 9 v A a o dy 9 v A
POATHAAIITINABT TN TR lAafg %ﬂ%@yjﬁﬁﬁ!ﬁﬂﬂiu\ﬂuﬁﬂﬂuﬂigﬂﬂﬂﬂ’wﬁﬁmﬂﬂ

SUAUNILA (First choice) azANAONDUALTDI (Second choice) tia 1¥dn ladanuvedudoN

(% [

9809 92031100V M0IENNAD Ta1e01MATUTYIUULULLDIEIAY (Array antenna)

v 7 I}

' ' y { v ! Y 9
avadiunIessunNanuasalumanlSeuszdudyauvesaseimauaazau Joya

% (4 A

o 9 { aA o <3| o A v W 2 9y
FUNUINTYDINIAAUNNTE ‘]Jﬁ‘@ﬂﬁﬂlﬂ‘i/]@“ﬂi]ZgﬂmwumﬂuﬁﬁmaﬂfJ‘Llﬂ‘]J‘Viu\‘i Hagueya

Y Y Aa v W = IS v o o Y 3 = v W
Vlﬂi]1ﬂﬁ']ﬂa’]ﬂ’]ﬁ@uT”Jfl'3@Uﬁmuﬂlu1mﬂ§@\1muﬂuauﬂﬂﬁ@\1ﬂ’lﬂu@fLWlﬂu@g!aﬂﬂ@uﬂﬂaaq

9
v o o 9

° Ay o A o A 4 Y}
Iﬂﬂl!‘ﬂﬂﬂ’laﬂﬂuuﬂl@ﬂ’lﬂu@a@\?ﬂigﬂ'ﬁﬂ@ ﬂﬁgﬂ'ﬁlliﬂ@'}laﬂﬂ U Uﬂuﬂﬂgﬁﬂﬂl@y’ﬁqﬂlﬁi\l@

= A a Y o o

[ o J <] A @ %
lindeyanldsuazgouTenaunulanaw Usemsndesddyanyal ludndonduaumnils
Y

e

U

[ L4 v A

o ] { [ v W o A 13 v v 4
AUNUIN 1 Qﬂi‘?llﬁ)\‘l AUANHUUDIAAUADNDUAUVTDIA LN UIN n ﬁm”lmﬂu yany

g
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Symbol 1‘1 1 Symbol 1‘1 3 I Symbol w 5

| x [ x| x
Second Choice : ‘ ‘ v ‘ ‘ ‘

Received
Sequence

First Choice : ‘

1IN
\x

a @ 1 Y Y v A
MNN 6 ?j‘]_lllﬁﬂ\‘]@l’f]@EJN%WU@QWUTL"U"I?T?N@]’J!ﬁﬂﬂ

H
=
2
—_
&
)
Lo

e
2
De
]
=
?’-a
ﬁll
)]
o
—_
2
=D
RO
=
o))
-
ho]

' < 0 9 o A Bldy <3| ~ ' A A ° [
e lsnaumsihgadeyadudonunldil iWuisedrnuasunoziihungielums
v o A o w o y o A Y Ay idyy v Y ax
poAsHAM L Fedrneasiavzihyadeyadndenunldnie lun 1a mszmsnensiadies
Ia a A a 4
nwessn Tuad Iaaas 135ud luaremssammafisada ldgud (Correct with null

. . [~ 2 v { Y
combination) 1u3snannldlumsneasra
v Y Ay da ¢ a
7. MIdasHanISNMNNAsTNIUAAIAAAS

v 9 ad A = a . I~ v Aad
MINPATHEAAIBIBNNNDTFY TUan IAnds (Vector symbol decoding) AusiaIsms
o A @ v AAw o S 9 o 5’ . A
peasHanauNInneaIHaveTHanldyanyainiia1 lAva1eszAUAU (Nonbinary code) T
wa Imajannie 32 w3e 64 da'ld Fa0e miwmmmaamwamawammmmwﬂwmmmu
(19 (Burst error) 14@ mgﬂTﬂaﬂﬂﬂumﬂ f1.71. 1990 1A8 Metzner Lo Kapurowski 8au1111)
o A A = a L [ o Y]
A.91. 1991 Seo lA1iasnnmessuluad Inaas llsegnd Idnusdanuuneu Tagdunoauuy
I~ 1 o
Wuszuy (Systematic convolutional code) aou1 13l .61, 1999 Haslach tag Vinck 1¢1imnld
@ @ < o @ @ a, ) a {
AUTHaUVVADN (Block code) §113UMIDOATHARIEITNINNDS TN TUARA InAAd NENITD
[ o % [~ {
1¥1dnuswannuneuTrgduueanuy 1l usz vy (Nonsystematic convolutional code) NTi%A
1 v Y
Joya 2 A 39 laiFuianAwail 8.4, 2000 Tag Tuntoolavest A Metzner (Metzner, 2000,

a

2002, 2003; Tuntoolavest and Metzner, 2001, 2002; Tuntoolavest, 2004) 1danfAaduaziiann

U

Fooan Iannsaldnuldadumsdemslugduudisg e liiszgnaldfuszuums

Foans 15ane Wudu
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QsJ‘ v Y an I = a
7.1 YUADUNITDOATHANILITNINAOIFY TUAR IAAAT

a o | o w o’/’ . a’.l‘
ST PR RER R A TS TSI RIS TN, (Sequential method) ﬁ\iﬁ'"lllﬁﬂﬁ?ﬂ‘l]‘hl@ﬂﬂﬂﬁ

9
v A

MaudmsusianeuTagdu (o, k, m) 18 Tasdugail

[ [ v v

o o o 9 9 33| A Y o A 2
7.1.1 @]'Jflf’)ﬂ'514fﬁ]giﬂsll't’)ﬂsjla!slﬂllﬁlllﬂﬂlﬂuaﬂlﬂﬂ oI UVBYaNUARNBUAUNUN

9
[ Jd 9 v I

(First choice) 19131751 n dyanwaindy vxiihdoya n dydnusithndamaidulasy

9

(Syndrome)

(%

1A I 4 1 [ c’dy [] 9 AAa
7.1.2 mﬂﬂwuimmﬂuquﬂ UEANI n iyaﬂymumn"luwmayjammwmﬂ

o 4

KX o Y [ [ @
WIVVDYA n ﬁiyﬁﬂymﬂﬂhlﬂﬂ'lﬂﬂﬂﬁﬂﬁ

v
v v =] 9y

1A 13 -4 1 Aa @
7.1.3 5’1ﬂ1%uimuulmﬂuﬁua HEPII n AYANHUUATIINUVDYANNANAIN 17

g

noATHAINe LA ludoyanAanaIa A1e3500a5Had 185U TaTUAYY (Decode with one

o

) @ v W . v W S W o @
syndrome) Tﬂauﬁayjamgﬁaﬂauﬂm‘fm (Second choice) mafnn n GYaNYUNTUNUINU

Y v A v W £ da' 1 @
VDHYAAUADNDUAVNUIU WY IYDDATHE

7.1.4 vinisoeasiadledu lasuied annsoud ludoyaidanaiald aglusy

[

9 [ o Y]
Yoy n dydnvaida lJunoasia

7.1.5 s ldansoneasiadiesulasu@en 18 aznenemiimsud ludeyadn
Aanaiadeld A1e3Toeasiadledu lasuna1e@ (Decode with many syndrome) 1agagsy

v A v o £

9 A ] o v ] o Qddy T g
VOYANUADNDUAUNUILASYANTDIVDI n ﬁﬂgﬁﬂymﬂﬂqﬂNTW’Jﬂﬂ@ﬂi‘Viﬁ Gl‘IJ’J‘ﬁui]SLL‘]NL‘]JLl

u

k4 9 k4
= v Y

2 FUADUEDY AD VUADULD LUAIIAUAONDUALTDI (Correct with second choice) LAz UNDU

a 4
uf lu@remssaumsiivngia Tagud (Correct with null combination)

z 9 Y v A v o o ¥ v A v v £ A
7.1.6 TuaeuLn ludreaudondududes azihdeyadudondudunilaazgai
¥ Y Aoy ) o Y o
a09ueINn n dydnvaioa lUATudNsaeasid nldlunszuiumsoeasia viin
v Y a o ) v Y ¥ ¢ v {o Y 19
awnsoneasid lavz liGuoeasialudeusnTasiudoya n dyanvaitaldngslila

DoATHE
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9
%

Y
7.1.7 mnnoasrassduasuud lalsdndensuduaad lila azldiunou

Y Y =~ a 9 4 o 9 v A v W R v v v
Llﬂllsllﬂ'lﬂﬂ']ﬁijuﬂ'mwsﬁﬂmﬁllﬂfjf‘LlfJ Tﬂﬂu’]‘ll’f)ll“a@Qlaﬂﬂ@uﬂﬂwuﬂﬂlﬂﬂnﬂ n ﬁﬂ]uaﬂ‘klﬂlﬂﬂvlﬂ

=
N

(%

Y
VIAINFIBDDATHANINUA WIDOATHAAIINTZTUIUNMTUVDINFAMA HINANTDDDATH &l

[

I8¢ liGuneasvaludousnlasiudoya n dydnuaite lUndali'ldneasiia

k4
7.1.8 Smeasiameduaounl lvdremssmnaiisndia lagudli'ld szdecsy

=S o [

9 A J o A ' o A o d'qﬂzl Y Y
VDUANUDN n ﬁﬂluﬁﬂyﬂlﬂﬂc]Il‘]_ILWi’JﬂJWGD"JfJﬂ@ﬂiTiﬁ Tﬂa%z”lﬂwmamwammu@muuﬂ"lmmﬂ

[ Y

19 a, v 9 A 1 1 o ] o Yy 9 Y
agﬁaﬂau@‘uam !,!,G]i]1“H'lﬂ’J%fﬂi‘J‘]J"llE]lluaL‘WiJUliJ’ﬁ'uJ1ii‘lﬂf?ﬁlﬂﬂﬂiﬂﬁﬂﬂﬂﬂ@ﬂiﬂﬁqﬂua? A1
@ Y 9y 1 v 9 .

ﬂ@ﬂﬁ’ﬂ’ﬁﬁ'WNWiﬂ’HQﬂﬂi%‘ﬂ’)‘ufﬂﬁﬂBﬂi‘l’i’ﬁhl@ Iﬂﬂ%gaﬁl’ﬂﬂﬁﬂﬂﬂiﬂﬁﬁﬂlﬂﬁ? (Decodlng

. v Y q v ! ¥ o - e
fallure) Fﬂgﬁﬂ\ulﬂ\i‘lﬁﬂ'lﬂﬁﬂﬂﬁuﬂlﬂﬂ”aﬂﬁ‘]Jll'l‘lViiJ'fJﬂﬂﬁﬁ

o o 9 s 9 vy v Aa ¥ Y o Ay
7.1.9 ﬁm‘s‘umayja‘nmuﬂluﬁauuﬂ]lﬂlﬁuayjaﬂnwﬂwamum fﬂmmmmﬁﬂway’a
Y

v 9 = Y % 1 a3 v A 9 9 o 1 = <
ﬂaUﬂ'JEJﬂ33U'Juﬂ'liﬂQﬁ‘ﬁﬁ'ﬂ@uIﬂQ‘BulLﬂUhlﬂJlﬂUigﬂﬂﬂaﬂﬂuﬂl@ﬂgaﬁuﬂﬂﬂﬂ@u WPWLFIITU

NSTUIUMTOOATHE

{ < 3 ) @ o o 3 o
%Tﬂzﬂﬁ 7 JUUHUMNLEAITUABUMTDOATHATIHST 1 MsHa TUIULINA?

v A v w L

o 1 o @ { ) @ o v W 4
peAsHaITATINEOUN dalidyanyal laludswanezdenirl)oease udnnirdadnyal

Y a

o’/’ @ 9 a Id 4 1w 9 [l 1 a 9
HUn mmn”lﬂm%uimu ﬂ?“])'ujﬂiﬂl‘]_]Uf[uﬂ Llﬁﬂ\T’J"Iﬂ'lf]@ﬂiﬁﬁthW‘Uﬂ'lﬂ'J'lﬂJW@‘Wﬁ'l@ 1an

[

= [ @ o o’/’ =3 o Y] [~ v A 9 9 Y A
NG ﬂlaﬂ‘]slﬂluu’ﬂ’f)ﬂhlﬂ')ﬂﬁ]iﬂﬂiﬁﬁﬂ@uiﬁ@“ﬁullﬂﬂUlNLﬂuiZUUﬂaUﬂu‘lJﬂHaﬁuﬂUU WD
9

9

o Y

A @ 1 @ { o o t4 1 a 1 g
WeyaduntiuudusuneasianonIonganoasialodyanyaiviue uad1dulasu Iy

=~

9
4 v o @ a @ % v W
Aud vzneATHATULINAIENDATHAR BT TaTuRe) Taeaz SUToYaRADNOUALTDINT n

[

[ J v o I 1 % 1 v 1
yanval nudimsoeasie Mneasie Idndeen lmdeyaduniiu uadineasida lildee

9 '
v o A

k4
noasHavuNdosdIenoasHadedulasunatedi Taszdosudoyanidoindonuiodis

v v 4

8z n ddnyal uduTU0AIHAA1eI5UA ludedasnduauaed mneasyia ldazeonlim

o

9 % v

9 Y o " Y v Y Aas Y 9 = a 9 Jd Y v
VoYAAUN 1 meENhlllhlﬂ%ﬂﬂﬂﬁﬁﬁﬂ’m’lﬁuﬂll"llﬂ’JflmiiTJﬂJVlNWGIfﬂm@llﬂﬂuﬂ D0oATHA
FY 9 Y Y 9 Y] FY T A 1 a = A '
"lmzaaﬂ"lﬂwwmga@uauu fooasvia lduadiiannuranaInvaduiaeazde1ng
Y
0ATHAGINSUMIWATIINMI0ATHaAUMAT 18100ATHAANTINAD LA TIUIUYDIM
a ~ :/1 ~ a 9 I a A =
mmwﬂwammmmaiumumummmii’mmawqfﬂm@llﬂquﬂummﬂu”lﬂ DERL P REATRIG!
' ~ D] v R o 9 o v A A ' v o S Y Aa
Tuwenazl¥neasiia M TVRURYANIADIAAADNNUNNBENAE n AYanHal 1A UTY

@ ¥ ax Yy Y u A v o
ﬂ@@iﬁﬁ@’)ﬂ?ﬁllﬂqﬂlﬂﬂﬂﬁﬁlﬁﬂﬂﬂu@ﬂﬁ@ﬁ
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@

o o 7
ADATHAATUNNTYANHMU

A

1 Tadld

2 v o v I o '
Lihﬂﬂﬂiﬁﬁﬁifgaﬂﬂmﬁﬂﬂthﬂﬂ

v o
NIDDATUTATUIY

gnilowdliinneu

Whswaneu Tagdunuy b

< v Y Y
WussuuwnAudaunay

o %
Vdeyadudendudy vy - . namsvials
nensiadeFuIasuRe)

h 4

namsdaluls

4

(4

9 v A
UVUDYATDINUADN n

o @ C4
/ dyanyal

an

noATadIeFu lasuralena
Y | v o Wy
Hayaline S nansials
uf ludedndendusuaeg
aoasialyld
' 8mWa LS
k4 v = a Y 4
ud lvaremssaumaiisnaa ldgud

namsdaluls

< msneasialudusa >

v Y
MWD 7 UHUMNTUADUNIDOATH A8 INeeTTu TUaA Inaae d sy 1 msie
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7.2 MIMUIUNATU IATY

a I VA 9 o [ a 9 a 9 1A
“])'UI@SN Lﬂuﬂ’l‘ﬂiﬂfﬁWﬂT]Jﬂﬁ?fﬂ'ﬂ']ﬂ'l'lllWﬂWﬁ']ﬂaUﬂ\T‘U@iJ“a ﬂﬂﬂllaﬂﬂ’]“ﬂ‘HIﬂﬁuﬂg
< A g A o S & o w VW ¢ A g MR
Whugudiliodeyaminnassaeuiiududsia uazee limmduguiiedoyariululsd
@ ) Y Y a Y A @ A A 9 " A [ dy a Y a )
Inda ﬁ1ﬁﬁ‘]JTI’Tﬁ!“ﬂﬂlﬁuﬂﬁaﬂﬂ’ﬁﬂlﬂﬂ’ﬁlﬂﬂuﬂ’]ﬁﬁ’]ﬂ”l"])'uiﬂﬁﬂﬂ\iu WATTUITH A LYITU
d‘d a g o a . a 4 A d' .
(n, k) NUUNTNENDNUUA (Generator matrix) G LALIUNTNFATIVAOUNNNZANIONA (Parity-

v o J 1 a o @ + 3|
check matrix) H L%ﬂuﬂfl'lllﬁllwu‘ﬁﬁgﬂ'J"Iﬂlllﬂiﬂ“]fﬁﬂﬂﬁjﬁ”lgﬁﬂu

G-H =0 (20)

A o

% { a o [ a d o a
VAT (Code word) v ﬁmﬂmmﬂ%’ayaﬁuauu (Data) u DULINTNENDNUUA G
v=u-G 21D

4 o o Y] 1 1 ] { 1 Aa I Y Y
werhmswa v del lusesdyananimanuianain (Erron) 1iu e 92 ladoya

{ o I
nsule (Received sequence) Wy r

r=v+e (22)

9
[

deyansulati lusuranmiduTasy (Syndrome) Aedunis
S=r-H' (23)

UNUAANNIN (22) adluaumsn (23) vazunuaaunsn 21) asluaunsn

(22)

S=(v+e)-H =v-H +e-H'
=(Uu-G)-H" +e-H'
=u-(0)+e-H'
S=e-H' (24)
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A ' 1A < s A 1 a < S A
AINFUNITN (24) NUN ﬂWHTﬂiN%LﬂHﬂH& Lil'ﬂﬂ'lﬂ'l']iJW@Waﬁlﬂl‘l]u@uﬂ NI

a8y srdulasuzilugudidedie lilimanuianaraludeyaisyla

QU

9
%

v Y 9J @ dy L 1A a ~
AMMNUANNITUNAU f‘ﬁiﬂﬁﬂ‘l’iﬁﬂﬂ"liull"lﬂigQﬂ@]hluﬂT'i‘Vf']ﬂW“]ﬂ!Iﬂillﬂlﬂ\i\ﬂLl? gu

18 uasiailfiunouTagFui lfvunavestulasuamsadSunlaou ldamany

A a o I A AA o 3| a of v .. .
mueau Luﬂﬂ’ﬂ”lﬂlll‘ﬂﬁﬂ“]f@]ﬁ?ﬁ]'ﬁﬂ’]_lﬂ133ﬂﬁ5ﬂﬂuaﬂymxlﬂulﬂﬂiﬂ%ﬂﬂﬂuu@] (Semi-infinite

E
9 awv A

= A Y vq ¥ a o
matrix) G]Nfﬁllﬁﬂ‘ljEJ”IEJ@E’)ﬂ‘ViifJEli’)mllﬂmllﬂ’a”mﬁmmi TﬂfN']ujﬁ]ﬂu"lﬂis]flumﬁﬂ%@ijﬂﬁﬂﬂ

H 4
ﬂTJZﬂW?fJ?} (Tuntoolavest and Metzner, 2002) At

1110000000000 00
0111 11000000000
01001 1111000000
10000 1 00 1 1, >_i
H=|i 11100010 | A 11| @

000 11100 | {011
00000011 1 010

: N 10 0
(00000000000 01 1 1]

E4
v A

MNauMIN (6) uazaumsn (22) smualidoyansvld ldauvesdoyadsil
R= (R1R2R3’ R,R:R4: R:RgRg, ..., R3(k+2)—2R3(k+2)—1R3(k+2)) (26)

4 [ % 1 o [ Y] o a 9 awv dy
Tagh R uAazdunuaAINAssveIdydnbaivun q Ua ¥euited 19 q =32
=Y ~ o 1 1 o a I~ :JI
TumsvaduTasuaz ldaumsn (23) Tlumssiura ugazuiamuiasu Iasveoniuasias
9 a o ~ I % 1 @ ] 1 (=Y ~
107 laglFualrveauning luaunisn (25) Wuainaa aree19wu Tumsiasu lasuuain

& 9 A & a o A [
MU 92 10 INHHIVOUUNT AF I UF UMD (25) MU

s,;=r-H =[R, R, R,]1 1 1] =R,+R,+R,
s, =R, +R,+R, 27)
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A T A A 9 A a o A
Y30 1UMIHIAITU AT UL N0 92 1FUDINTBIVDIUNNT NS IUFUAITA (25) W1

AU
s,=r-H)=[R, R, R, R, R, R0 111 1 1
S,=R,+R;+R, +R. + R, (28)
wiolumsmmdulasuundfinn wlSuafivnve s ndluaunsii 25) 1
AU

Sg =Tr-H{
0]
0
0
1
1
1
1
0
0

=[R1 R, Ry - Rls]'o
1
0
0
1
1
1
1
_1_

S$s=R,+R,+R;+R;+R,;+R, +R s +R+R;; + R, (29)

9 ax A @ dy a A g Y
mﬁn‘ﬁmmﬂuummiawwuimu“luummw"lmﬂu

s;,=R;+R;+Ry+R;+R, +R;; + R +R g+ R,  + R, (30)
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H 1 o ] I~ 1 (=Y o o
Tupsainnsuammsiatuueaiuudd uazdosmsmargu Tasy aaniniim
v A 1 QaJJ A 9 (=Y Y @ Y o ]
swannsanivnaaglaumsildmmdulasyla wu lumsoeasde ladhimsnease
o o [ [ r'd
fswe luda 15 dydnwvaife (V,V,Vs, ViV, V,V,V,, Vo Vi Vi, ViV, Vg ) 18adeans

[ [ [ E4
wiangulasulunoafivn ansoaaglaumsi 29) 18 Taeldaunms (8) 0 (1) aail

Ss=R,+R. +R,+R,+R; +R, + R+ R, +R; + Ry
=V, +V,+V,+V,; +V,; +V, +V +R+R; + Ry,
=(A,+A, +B)+B,+(A,+B, +B)+ (A, +A,+ A, +B,)

+(B,+A,+B,)+(B;+A,+B,)+(A,+B,+B, +B,)
+R,+R; +Ry

Ss =R +R,;, +R;+A, 31
Aan A o dy =Y A g Y
Tuas@ertutiannsamadu lasuluvornda latlu
S, =R, +R+R+R,,+R,, +A, +B; (32)

4 o o o o o o Ao 4
WAUIAUNITN (27) NYUNUFUNITN (31) LAZAUNITN (28) MMYUNUTUNITN (32)
= A Y o ~ = o A A 2 ' g
wmm;mmuwﬂmmu INPANNIUYDI A 150 B INNTUNT Taga1vod A 1ag B Ha1u150

o Y o o o A @ Y ] =3 v @ [
ﬂ’IU'Jmhlﬂﬂ']ﬂﬂ’]ju']ﬂ’]jﬂﬁmﬂ@ﬂiﬂﬁllaj UhJW’lug\ﬁlﬁﬂ\i5Wﬁﬂﬂu13g%ullﬂuqulﬂuigﬂﬂ

v A 9

@ % <] ' o a va 1
ﬂﬁﬂﬂuellf]y’ag])uﬂﬂﬂ “dﬁ\iﬂ'l Allag B ﬂﬁ@ﬂ’lﬂl'ﬁ]\‘l M, Glu'ﬁﬁﬁ]iuulf]\i 1uﬂ1ﬁﬂgU@LL§33Qﬂiﬁau
Aq 9o 1A o v o Jdou o =2 o @ 13
nleaumaulasy ﬁlz‘mmiﬁﬂqu‘ﬁﬂuﬂ‘U’Ni]‘imi‘ﬁﬁﬂaui’sg%mmul’lmﬂuizuu

v A 9 Y o
nayAUIdanLNUY

3 1A A A 1 o v & 1
gunsaagliuaoumsmagulasy lunsdiinsuamdswaduuiediu Taols

E4
v A

Waagdaums Idaail

9
v v t4 o o A { =

7.2.1 Ansandyanvalvesdisvangnooasieaudl Tuntiauuaid w

v v J 1o t4 o @ o

9
o o [ [ (% 4
ATYANHUVDIAMTHHIZHNUININDATHAATIAL 3 TYanyl ﬁﬂﬂWﬁuﬂiﬁp =w/3

o

o—
o—_

4 ]
4 = Y

Ao A o = @ o Y o Y =
pyansuld R Inanua 1 03 p @1 Agnasasia luas i lddeyan

U

[ Y]

v'lddaun

I 0o v o o ~ o
p+ 1 azlumaudatunizgnoensy

u
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[ Y]

1A v W = . Y = Yo =
7.2.2 ﬂ'liﬁ']ﬂ']“ﬁujﬂﬁllﬂu@l]ﬁuq (First syndrome) S, 1NYDYaN Ullﬂa'] Un

U

Y
p + 1 npaumsae 11
Sl =Sp = RS(p+1)—2 + RS(erl)—l + R3(p+1) + Mol (33)

Fa'lannmsihaumsi 1) videulwildedlugddwls vazunum A

a1 M, Tueumsi (16)

7.2.3 MsmAMFUIATUSUADADA (Second syndrome) S, 1Indoyansuladiaun

Y

E2
p + 1 1ag p+2 Mnaumsae i

S
S,=| ™ (34)

Sp+2

Tagr1s,,, 1A naumsa (33) daudwess,, ldnnmaihaumsi (32)

v E4
wideuInildeglugidnls nazunus A naz B dre1 M, Tuaumsi (16) aasil

Spi2 = R3(p+l)—l + R3(p+l) + R3(p+2)—2 + RS(p+2)—l

(35)
+ R3(p+2) + Moz + Mos

[

7.2.4 M3WANFU TATUOUAUA W (Third syndrome) S, 1INToyansuIdd1aun

p+ 104 p+3 Nnaumsae Tyl

(36)

p+3

Tawets,,, uaz s ,, IE0naunsh (33) uag (35) dauA1ves s, , WIAIe
ad = U t:‘ 1 =S 1 9 1 (% 1 9 1
FMaReIiuaumsn 31) uanweulvilved lugddls nazunua A wag B drea M,

v v Y
Tuerunsn (16) Bz 1da1dail



24

Sp+3 = R3(p+1)—1 + R3(p+2)—1 + R3(p+2) + R3(p+3)—2 (37)
+ RS(p+3)—l + R3(p+3) + Mol + Moz + M04

'
o v A

1A v o A 9y Ao Y
7.2.5 MsmMFUIasuSUADT (Forth syndrome) S, 11ndoyansulddraun

p+ 104 p+4 Mnaumsae Tyl

Sp+1
S 2
S,=| ™ (38)
Sp+3
Sp+4
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GO uazﬁ’ﬂumﬁmwﬁuﬁwu%’ma:maeﬂ 3 dyanar Aeil dynnavud 4 daana 1dun
dayana RST wag CLK iludayanas User clock input ¢ Push switch SW4 fsunmnuesda
FPGA Hmtiuiludaynnas Reset tazdyanauniin daudyana TXE uag RXF fudyana
3115031910 USB-module 1uanfi 15 waz 14 c’f;m'iqﬁmﬁmumuwmm){ﬂ FGPA 1} 78 118 80
Tas TXE waz RXF fndhiifudaya o Enable dmsudiuds TX nazdiusy RX saunilu

dyananeen 1 dyana Ao daana ALM dudyanadsesnliliis LEDO vuvesa FPGA
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anugnsounazsudidoyaues USB-module Taonsanuvidaynas USB-module 1117 16
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uag 17 udrdinsadundyanauuuesa FPGA 91 74 taz 72 daudyanadigamenilu
o 3| v o Yo 1 Y = o A =
dyaw D Wudyapamuuimen 135udedoya 3 8 vidyia fie D7 09 DO T USB-module

Fluai 18 59 25 FI9zATINVVIN 68, 66, 62, ..., 48 VDILDIA FPGA

entity V5D is
Port ( R5T : in std logic; -RESET

CLE : in std logic; -—LLOCK

TXE : in std logic; --TXE

BXF : in =td logic; —RXF

ATM : omt =std logicy —ALARM

WR : inomt std logic; -WH

RD : inomt =td logic: -RD

D : inomt std logic wector(l te 7)) —Data bus
end V5D
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as.t‘ A 1 {2 4 1 5
s uReu Tdsunsuluaundluieonvealisunsuae 1 Falnseadis
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meluilszaevlde function uag process 808 Nazsimtinnaamu |y uasanuatl vzl
W 2 4. g4 2 4 A
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U 4 o v A A 1 Y A
ogludan read 1a1 vzhimsaaduinitonlvues RXF_LCH 11 9201 T)enaa usb_read iilo
I -4 1% I [
RXF_LCH (Jugud d11dean usb_read ndraaada’lifo wait read ifudu nasoindou
< o ] [ °
Tsunsun1y1 VHDL t@5audideimsnaaey tazvived nives 1sunsy Tagldvims

o o Y Y .
i]’]a@\?ﬂ’]iﬂ’lq’luﬂjﬂﬂ’ﬁi% ModelSim

state_pr : process (RST,CLE)
bkegin
if R5T = ".' then --Reset
state <= read:; -Initial stafe
elsif CLE'event and CLE = "1' then
case state is
when read =>
if EXF LCH = '0'" then —receive enable
state <= usb read: -gotostateusb_read
else
state <= read; --wait receive enable signal
end if:
when usb read => state <= wailt_ read; —goto state wait_read
when walt read => sState <= DEXT_State name;
when others => =state <= read;
end case;
end if;
end process sState _pr;
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NET "CLE"™ LOC = "el&":

WET "D<O>" LOC = "r3" :
WET "Dw<1x"™ LOC = "r2" ;
HET "D<2>" LOC = "e2™ ;
WET "D<3>" LOC = "el" ;
WET "Dw4>" LOC = "f5" ;
WET "Dw<5>" LOC = "fa" ;
WET "D<ex>" LOC = "f3" ;
HNET "D<7>" LOC = "e3"™ ;
NET "RD" LOC = "yl" ;
NET "RS5T" LoC = "f£17"
WET "EXF" LOC = "hl"™ ;
HET "TXE" LOC = "gl"™ ;
HET "WER" LOC = "wl"™ ;
HET "ALM" LOC = "ell"™;

MNN 38 N Ty UNTHUAVY User constraint file
5. MSNATOUMSNNUAINVATHAVUY FPGA

o A A 4 =\ 1 Yy I

naannimssnginsal nazweu lsunsulunndiuual nezilumsnadouns
o @ o o a 4 o ] o’d’dﬁ) v A o’/’ 9
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3 4 o A ¢ o 7 g ¢ {
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Address | 0| 1| 2|3|4|5|/6|7/8|/9|a|n|lc|alel:z]
00000000 00 00 00 01 00 01 00 00 00 00 00 02 00 02 00 00
00000010 00 00 00 04 00 04 00 00 00 00 00 08 00 08 00 00
00000020 00 00 00 10 00 10 00 00 00 00 00 20 00 20 00 00
00000030 00 00 00 40 00 40 00 00 00 00 00 80 00 80 00 0O
00000040 00 00 01 00 O1 00 00 00 00 00 02 00 02 00 00 0O
00000050 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
mwii 40 lldanouiiumesauntivuuia 96 lun
Address | 0| 1|2|3|4|5]/6/7/8|9|a|lp|lc|da|lelz]
00000000 00 00 00 01 00 O1 00 00 00 01 00 01 00 01 00 O3
00000010 00 02 00 00 00 O3 00 02 00 02 00 07 00 05 00 01
00000020 00 07 00 04 00 04 00 Oe 00 Oa 00 02 00 Oe 00 O
00000030 00 08 00 1c 00 14 00 04 00 1c 00 10 00 10 00 38
00000040 00 28 00 0F 00 38 00 20 00 20 00 70 00 50 00 10
00000050 00 70 00 40 00 40 00 e0 00 a0 00 20 00 e0 00 80
00000060 00 80 01 cO 01 40 00 40 01 cO 01 00 01 00 03 80
00000070 02 80 00 80 03 80 02 00 02 00 03 00 01 00 01 00
00000080 03 00 00 00 00 00 02 00 02 00 02 00 02 00 00 00
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Lauch and Save
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MS519N 2 (919)
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M39WUINT N1 51802198AU1 LVDS N900div1 FPGA

Signal name FPGA Pin
TX CLK P R21
TX CLK N R20
TX FRAME P U19
TX FRAME N U20
TX DATAO P T20
TX DATAO N T19
TX DATAL1 P AA20
TX DATAI N AA19
TX DATA2 P ADI19
TX DATA2 N ACI19
TX DATA3 P AB20
TX DATA3 N ABI19
TX DATA4 P V19
TX DATA4 N W19
TX DATAS P AF23
TX DATAS N AE23
TX DATA6 P Y21
TX DATA6 N Y20
TX DATA7 P V21
TX DATA7 N V22
TX DATAS P Y23
TX DATA8 N Y22
TX DATA9 P W21
TX DATA9 N W20
RX CLK P AB24

RX CLK N AC24
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a \
AT NNHINN N1 (§19)

Signal name FPGA Pin
RX FRAME P AD24
RX FRAME N AD23
RX DATAO P AE26
RX DATAO N AD26
RX DATA1 P AC21
RX DATA1 N AB21
RX DATA2 P AE25
RX DATA2 N AD25
RX DATA3 P w24
RX DATA3 N W23
RX DATA4 P AA23
RX DATA4 N AA24
RX DATAS P AB22
RX DATAS5 N AA22
RX DATAG6 P V24
RX DATA6 N V23
RX DATA7 P V21
RX DATA7 N V22
RX DATAS P U22
RX DATA8 N U21
RX DATA9 P T23

RX_DATA9 N T22
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M319WUINT N2 51802198AU1 DDR2 N9190811U1 FPGA

Signal name FPGA Pin
DDR_A0 B11
DDR Al Al4
DDR A2 Cl1
DDR A3 Al2
DDR_A4 Cl12
DDR_A5 B12
DDR_A6 B16
DDR_A7 Cl4
DDR A8 B15
DDR A9 B14
DDR _A10 Al3
DDR All Al5
DDR _A12 Cl16
DDR_BAO C13
DDR BAI D16
DDR_CS# D10
ODT C9
DDR WE# B17
DDR RAS# Al10
DDR_CAS# DI11
DDR_CLKEN Al7
DDR_LDMO A22
DDR _UDMO A23
DDR LDMI A8
DDR UDMI1 A9

DR LDQSO PN A20,B20
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MS1INUINT N2 (7D)

Signal name FPGA Pin
DR _UDQSO P,N C19,D19
DR LDQS1 PN DS§, C8
DR UDQSI1 PN B7, A7
DDR DO B24
DDR D1 D24
DDR D2 B25
DDR_D3 C24
DDR D4 C23
DDR D5 A25
DDR D6 D23
DDR D7 A23
DDR D8 C21
DDR D9 B19
DDR D10 D21
DDR D11 C18
DDR D12 D18
DDR D13 C22
DDR D14 D20
DDR D15 B21
DDR D16 BS5
DDR D17 D5
DDR D18 AS
DDR D19 Cé6
DDR D20 Cc7
DDR D21 B6

DDR D22 D6
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MS1INUINT N2 (7D)

Signal name FPGA Pin
DDR D23 A4
DDR D24 A3
DDR D25 C2
DDR D26 B4
DDR D27 D1
DDR D28 Cl
DDR_D29 C4
DDR_D30 C3
DDR D31 A2
DDR CLK FB O D3
DDR CLK FB I ADI18

MINHUING 13 3180198AV1 Flash memory NADDEYALUI FPGA

Signal name FPGA Pin
FLASH_AO H8
FLASH_ Al H9
FLASH_A2 H18
FLASH A3 G19
FLASH A4 G9
FLASH A5 G10
FLASH_A6 G17
FLASH_A7 H17
FLASH_AS8 Gl1l1
FLASH_A9 H11

FLASH A10 HI16
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MS1INUINT N3 (AD)

Signal name FPGA Pin
FLASH All Gl6
FLASH A12 HI12
FLASH A13 GI12
FLASH Al4 GI15
FLASH CE AA10
FLASH A15 F15
FLASH Al6 HI13
FLASH A17 H14
FLASH A18 F13
FLASH A19 Gl4
FLASH A20 AB17
FLASH A2l AA17
FLASH A22 AAS
FLASH A23 Y11
FLASH A24 Y10
FLASH DO AAl4
FLASH D1 AA13
FLASH D2 ABI11
FLASH D3 AAI12
FLASH D4 AB14
FLASH D5 AAI1S
FLASH D6 Y13
FLASH D7 Y12
FLASH OE AA9
FLASH WE AB16

FLASH RST F18
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MINHUING N4 5180188AV1 On-board clock sources NADDENLU FPGA

108

Signal name FPGA Pin
CLK 100MHZ E18
USB_IFCLK E10

CLK SYNTHO P/N AB10, AB9
CLK SYNTH1 P/N AC23, AC22
GMII_ RX CLK AC8

GMII TX CLK AC17
GBE_MCLK ADS

M3WUINT N5 31802108AV1 User clock NABDEA1UU1 FPGA

Signal name

FPGA Pin

CLK_SOCKET

El6

MINHUING N6 T1801D8AYT ICS8442 Neoad U1 FPGA

Signal name FPGA Pin
DIFF CLK 0 P ABI10
DIFF CLK 0 N AB9
DIFF CLK 1 P AB23
DIFF CLK 1 N AB22

M319WUINT N7 3180210891 On-board USB Tisioagn1v1 FPGA

Signal name FPGA Pin
USB_CTLO AF18
USB CTLI AC9
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MS1INUINN N7 (9D)

Signal name FPGA Pin
USB_CTL2 ACl16
USB_RDYO0 AF19
USB RDY1 ACI18
USB_FDS§ AE22
USB_FD9 AD21
USB _FDI10 AF22
USB _FDI11 AD20
USB _FDI12 AE21
USB_FD13 AE20
USB FD14 AF20
USB FDI5 AE18
USB_IFCLK El10
USB_INTO# ADI11
USB_INT1# ADI10
USB_SLOE Y8
USB_WU2 ABI16
USB_FAO AA18
USB FAl Y18
USB _PEND AD14
USB_SLCS# ACI12
USB_RST# ACl14

MINHUING N8 T1802108AV1 Ethernet PHY N#00g11U1 FPGA

Signal name FPGA Pin

GBE_MDC AE7
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MS1INUINT NS (AD)

Signal name FPGA Pin
GBE_MDIO AF7
GBE MCLK ADI15
GMII GTC CLK ADS
GMIL_TXDO AD16
GMII_TXDI AEl6
GMII_TXD2 AE1S
GMII_TXD3 AF15
GMIIL_TXD4 AF13
GMIL_TXDS5 AF14
GMIL_TXD6 ADI13
GMIL_TXD7 AC7
GMII TX EN AF17
GMII TX ER AE17
GMII TX CLK AC17
GMII RX CLK AC8
GBE_INT# AF8
GBE RST# ACl4
GMIIL_CRS AE13
GMII_COL ACI13
GMII_RXDO0 AES
GMII RXDl1 AF9
GMII RXD2 AD9
GMII_RXD3 AF10
GMII RXD4 AE10
GMII_RXD5 AE11

GMIL RXD6 AC11




MS1INUINT NS (AD)

111

Signal name FPGA Pin
GMII_RXD7 AF12
GMII RX DV AE12
GMII RX ER ABI12

MINHUING N9 T180198AY1 RS232 NADDYNALYT FPGA

Signal name FPGA Pin
RS232 RXD AB7
RS232 TXD AC6
RS232 RTS ADS
RS232 CTS ABS5

MINHUING 110 T180198AV1 Push button NABDEYALYI FPGA

Signal name FPGA Pin
SWITCH_PB1 Bl
SWITCH_PB2 B2
SWITCH_PB3 E8
SWITCH_PB4 F17

M319WUINT P11 31802108AV1 DIP switch Neoagiuv1 FPGA

Signal name FPGA Pin
SWITCHO B26
SWITCHI1 C26
SWITCH2 D26




MS19NUINT N1 (519)
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Signal name FPGA Pin

SWITCH3 D25

M319WUINT P12 318a2198AV1 LED Nidioagnuvl FPGA

Signal name FPGA Pin
LEDO Ell
LEDI E17
LED2 F10
LED3 F19

M319WUINT N13 51802108AU1 SAM NeiopEN1Y1 FPGA

Signal name FPGA Pin
CLOCK F8
OEn T4
WEn U4
CEn AB6
MPAO T5
MPA1 us
MPA2 T7
MPA3 V3
MPA4 V7
MPAS5 A
MPAG6 W6
MPDO00 U6

MPDO1 V4
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MS19NUINT P13 (710)

Signal name FPGA Pin
MPDO02 Y3
MPDO03 AA3
MPD04 W3
MPDO05 W4
MPDO06 AC3
MPDO07 AB4
MPDO08 AC4
MPDO09 AA4
MPD10 W5
MPD11 AD3
MPD12 Y5
MPD13 AD4
MPD14 u7
MPD15 AAS5
BRDY Y6
IRQ Y7
RESETn AA7

[

M3WUINT 14 51802198AU1 EXP JX1 N900div1 FPGA

EXP Pin Signal name FPGA Pin
1 EXP1_SE 10_1 D14

2 EXP1_SE 10_0 G4

3 EXP1_SE 10_3 G5

4 EXP1_SE 10_2 H7

5 2.5V -
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EXP Pin Signal name FPGA Pin
6 2.5V -

7 EXP1_SE 10_5 H4
8 EXP1_SE 10 _4 Ho6
9 EXP1_SE 10_7 IS
10 EXP1 SE 10 6 J4
11 2.5V -
12 2.5V -

13 EXP1 SE 10 9 J6
14 EXP1_SE 10_8 K7
15 EXP1_SE 10_11 K6
16 EXP1_SE 10 10 L4
17 2.5V -
18 2.5V -
19 EXP1 SE 10 13 L3
20 EXP1 SE 10 12 L7
21 EXP1_SE 10_15 M6
22 EXP1_SE 10_14 M5
23 2.5V -
24 2.5V -
25 EXP1 SE 10 17 M1
26 EXP1 SE 10 16 M2
27 EXP1 SE 10 19 M4
28 EXP1_SE 10_18 M7
29 2.5V -
30 2.5V -
31 EXP1_SE 10 21 N7
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MS1NUINT D14 (510)

EXP Pin Signal name FPGA Pin
32 EXP1 SE 10 20 N4
33 EXP1_SE 10_23 N1
34 EXP1_SE 10 _22 N6
35 2.5V -

36 2.5V -

37 EXP1 SE 10 25 N2
38 EXP1 SE 10 24 P5
39 EXP1 SE 10 27 N3
40 EXP1_SE 10_26 P1
41 EXP1_SE 10_28 P3
42 EXP1_DIFF CLK IN p E12
43 EXP1 SE CLK IN D13
44 EXP1 DIFF CLK IN n F12
45 GND -

46 GND -

47 EXP1_SE 10_29 R1
48 EXP1_SE 10_30 R3
49 EXP1_SE CLK _OUT P4
50 EXP1_SE 10 31 R2
51 GND -

52 GND -

53 EXP1 DIFF p21 E6
54 EXP1_DIFF p20 E2
55 EXP1_DIFF n21 ES
56 EXP1_DIFF n20 El

57 GND -
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MS1NUINT D14 (510)

EXP Pin Signal name FPGA Pin
58 GND -
59 EXP1_SE 10_32 T2
60 EXP1_DIFF pl8 F5
61 EXP1_SE 10_33 T3
62 EXP1 DIFF nl8 F4
63 GND -
64 GND -
65 EXP1 DIFF pl19 E7
66 EXP1_DIFF pl6 F3
67 EXP1_DIFF nl19 F7
68 EXP1_DIFF nl6 E3
69 GND -
70 GND -
71 EXP1 DIFF pl7 F2
72 EXP1 DIFF CLK OUT p Y1
73 EXP1_DIFF nl7 G2
74 EXP1_DIFF_CLK OUT n Wi
75 GND -
76 GND -
77 EXP1 DIFF pl5 K3
78 EXP1 DIFF pl4 Gl
79 EXP1 DIFF nl5 K2
80 EXP1_DIFF nl4 H1
81 EXP1_DIFF pl3 J1
82 EXP1_DIFF pl2 H3

83 EXP1_DIFF nl3 H2
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EXP Pin Signal name FPGA Pin
84 EXP1 DIFF nl2 J3
85 3.3V -
86 3.3V -
87 EXP1_DIFF pll L2
88 EXP1 RCLK DIFF pl0 K5
89 EXP1 DIFF nll K1
90 EXP1 RCLK DIFF nl0 L5
91 3.3V -
92 3.3V -
93 EXP1_DIFF_p9 Go6
94 EXP1_DIFF p8 P6
95 EXP1 DIFF n9 G7
96 EXP1 DIFF n8 R7
97 3.3V -
98 3.3V -
99 EXP1_DIFF_p7 R6
100 EXP1_DIFF_p6 U2
101 EXP1_DIFF n7 RS
102 EXP1_DIFF n6 Ul
103 3.3V -
104 3.3V -
105 EXP1 DIFF p5 AA2
106 EXP1_DIFF_p4 V2
107 EXP1_DIFF_n5 Y2
108 EXP1_DIFF n4 V1
109 3.3V -
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MS1NUINT D14 (510)

EXP Pin Signal name FPGA Pin
110 3.3V -

111 EXP1_DIFF p3 AC2
112 EXP1_DIFF p2 AB2
113 EXP1_DIFF n3 ACl
114 EXP1_DIFF n2 ABI
115 3.3V -
116 3.3V -

117 EXP1 DIFF pl AEl
118 EXP1_DIFF_p0 AF2
119 EXP1_DIFF nl AD1
120 EXP1_DIFF n0 AE2
121 GND -
122 GND -

123 GND -
124 GND -

125 GND -
126 GND -
127 GND -
128 GND -
129 GND -
130 GND -

131 GND -

132 GND -




M3WUINT N15 51802198AU1 EXP JX2 90081 FPGA
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EXP Pin Signal name FPGA Pin
1 EXP2 SE 10 1 E15
2 EXP2_SE 10_0 H19
3 EXP2 SE 10_3 G21
4 EXP2 SE 10_2 H21
5 2.5V -

6 2.5V -

7 EXP2 SE 10 5 G22
8 EXP2 SE 10 4 H22
9 EXP2_SE 10_7 H23
10 EXP2_SE 10_6 J21
11 2.5V -

12 2.5V -

13 EXP2 SE 10 9 J20
14 EXP2 SE 10 8 J19
15 EXP2 SE 10 11 J23
16 EXP2_SE 10_10 K21
17 2.5V -

18 2.5V -

19 EXP2_SE 10_13 K20
20 EXP2 SE 10 12 L20
21 EXP2 SE 10 15 L19
22 EXP2 SE 10 14 L23
23 2.5V -

24 2.5V -

25 EXP2_SE 10_17 L22
26 EXP2 _SE 10 16 M21
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MS1NUINT P15 (519)

EXP Pin Signal name FPGA Pin
27 EXP2 SE 10 19 M22
28 EXP2_SE 10_18 M25
29 2.5V -

30 2.5V -

31 EXP2 SE 10 21 M24
32 EXP2 SE 10 20 M20
33 EXP2 SE 10 23 M26
34 EXP2 SE 10 22 N22
35 2.5V -

36 2.5V -

37 EXP2_SE 10_25 N23
38 EXP2 SE 10 24 N21
39 EXP2 SE 10 27 N24
40 EXP2 SE 10 26 NI19
41 EXP2 SE 10 28 N26
42 EXP2_DIFF_CLK IN_p F14
43 EXP2_SE CLK _IN D15
44 EXP2 DIFF CLK IN n E13
45 GND -

46 GND -

47 EXP2 SE 10 29 P24
48 EXP2 SE 10 30 P19
49 EXP2_SE CLK_OUT M19
50 EXP2_SE 10_31 P23
51 GND -

52 GND -
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MS1NUINT P15 (519)

EXP Pin Signal name FPGA Pin
53 EXP2 DIFF p21 E25
54 EXP2_DIFF_p20 E22
55 EXP2_DIFF n21 E26
56 EXP2_DIFF n20 E23
57 GND -

58 GND -

59 EXP2 SE 10 32 P25
60 EXP2 DIFF pl8 E21
61 EXP2_SE 10_33 P26
62 EXP2_DIFF nl8 E20
63 GND -

64 GND -

65 EXP2 DIFF pl19 F24
66 EXP2 DIFF plé6 G24
67 EXP2 DIFF nl19 F25
68 EXP2_DIFF nl6 G25
69 GND -

70 GND -

71 EXP2_DIFF pl7 F22
72 EXP2 DIFF CLK OUT p V26
73 EXP2 DIFF nl7 F23
74 EXP2 DIFF CLK OUT n U26
75 GND -

76 GND -

77 EXP2_DIFF pl5 H24

78 EXP2_DIFF pl4 G26




122

MS1NUINT P15 (519)

EXP Pin Signal name FPGA Pin
79 EXP2 DIFF nl5 124
80 EXP2_DIFF nl4 H26
81 EXP2_DIFF pl3 125
82 EXP2_DIFF pl2 G20
&3 EXP2 DIFF nl3 126
84 EXP2 DIFF nl2 F20
85 3.3V -

86 3.3V -

87 EXP2_DIFF pll K25
88 EXP2_RCLK _DIFF pl0 K23
89 EXP2_DIFF nll K26
90 EXP2 RCLK DIFF nl0 K22
91 3.3V -

92 3.3V -

93 EXP2 DIFF p9 L24
94 EXP2_DIFF p8 P21
95 EXP2_DIFF n9 L25
96 EXP2 _DIFF n8 P20
97 3.3V -

98 3.3V -

99 EXP2 DIFF p7 R22
100 EXP2 DIFF p6 R25
101 EXP2_DIFF_n7 R23
102 EXP2_DIFF_n6 R26
103 3.3V -

104 3.3V -
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MS1NUINT P15 (519)

EXP Pin Signal name FPGA Pin
105 EXP2 DIFF p5 U24
106 EXP2_DIFF_p4 T24
107 EXP2 _DIFF n5 u2s
108 EXP2_DIFF n4 T25
109 3.3V -

110 3.3V -

111 EXP2 DIFF p3 Y25
112 EXP2 DIFF p2 W25
113 EXP2_DIFF _n3 Y26
114 EXP2_DIFF n2 W26
115 3.3V -

116 3.3V -

117 EXP2 DIFF pl AC26
118 EXP2 DIFF p0 AB25
119 EXP2 DIFF nl AB26
120 EXP2_DIFF n0 AA25
121 GND -

122 GND -

123 GND -

124 GND -

125 GND -

126 GND -

127 GND -

128 GND -

129 GND -

130 GND -
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MS1NUINT P15 (519)

EXP Pin Signal name FPGA Pin
131 GND -
132 GND -

[

M3WUINT 116 518a2188AY1 LCD NAp0diIv1 FPGA

Signal name FPGA Pin
LCD_RS AE3
LCD E AF3
LCD DB4 AF4
LCD DBS5 AF5
LCD _DB6 AE6

LCD_DB7 AD6
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ABSTRACT

Vector Symbol Decoding (VSD) is a decoding technique for both block and convolutional
nonbinary encaders. Canvalutional VSD uses a canvolutional encoder with nonbinary symbols at the
encader and VSD at the decoder. VSD can employ diversity quite easily to improve the perfaormance
and simplify the decoding because diversity provides alternative choices for the decoder. Previous
work always assumed two complete choices far simplicity. This paper explaores the performance of a
convalutional VSD for the case of up to four complete choices and the case of two incomplete
choices. The results showed that 1) although the second choice clearly improved the performance,
the third and fourth choices do not have enough effect to justify the higher complexity of the
hardware. 2) VSD can use incomplete second choices to improve performance. In summary, second
choices should be applied whenever passible, but no more than twa choices should be used. These

results are very useful for hardware implementation.

Key Words: vector symbol decoding, error correcting code, nonbinary, reliable communications
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INTRODUCTION

In wireless communications, the channel sometimes has low quality and the condition is
changing all the time. To increase the reliability of the received information, there are two main
approaches. The first ane is to use simple diversity such as space diversity by using multiple
antennas. The second one is to use channel coding, which is actually another form of diversity that is
more complex. Usually if the receiver uses simple diversity, it will make decision based on some
simple rule such as selecting the choice that have highest signal to noise ratio and throw away the
rest of the choices. It can also combing the received signal using maximum ratio combining (MRC)
proposed by Breanan (1959) ta get the highest signal to noise ratio. However, MRC assumes perfect
knowledge of the channel attenuation and phase shifts. After that, it may input this result to the
channel decoder if there is one. Some examples of macro and micro diversity system are in Chung et
al. (2000) and Jakes et al. {1974}, This paper is different from this usual application of diversity and
channel cading in that the receiver will input all choices above some threshold to the channel
decoder, which is canvalutional VSD. Then VSD will use this information to help decode the received
information. This is suitable because VSD concept allows for the use of list decoding where each
received symbal has each own list and may have different number of alternative symbals in the list as
shown by Metzner (2003}.

The concept of VSD for block code was proposed by Metzner and Kapturowski (1990). Later,
Haslach and Vinck rediscovered it (1999), where it was called an array code. Seo (1991) presented
some concept for convolutional VSD. Metzner (2003) added the use of symbeal list with block VSD.
Previous simulations in Tuntooolavest (2004) on convolutional VSD with lists were for two complete
chaices anly. That is all received symbals always had two complete alternative choices and these
chaoices were always different. This was valid because it was assumed that the nonbinary symbols of
VSD resulted from the use of a concatenated code where the inner decoder was the list Viterbi
decoder (LVA) in Chen and Sundberg (2001) and the outer decoder is VSD.

This paper extends the work in two ways. 1) to show whether more than two choices should
be used since the hardware would be more complex especially in terms of memory sizes. 2} to show
whether VSD should make use of the second chaices that are incomplete. The results will be used in
implementation of V3D lab prototype under development by Intharasakul and Tuntoolavest (20086).

BACKGROUND
ALTERNATIVE CHOICES

To understand the idea of alternative choices in this paper, assume that the receiver uses 4
receiving antennas. Then, the receiver makes the preliminary decision of valid alternative chaices by
comparing the SNR of the received waveform for each received symbaol at each antenna with a

threshald. Up to 4 alternative choices for each received symbal that met threshold are considered
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valid alternative choices and will be forwarded to VSD. The ane with the highest SNR is called “first
chaice” ar *main choice”. The ane with lower SNR is called “second choice”, "third choice” and
“fourth choice” respectively. It is impartant ta note that from this setup, some symbals may have anly
the “first choice”; other symbals may have two, three or four choices. When all received symbols have
all choices, the received sequence is referred as having complete alternative choices. If some
received symbols do nat have some choices, the received sequence is referred as having incomplete

alternative choices.

1% Symibol @j Symbo] E‘" Symibool

—J

First Choice : v X \\,/ X y X see:jlevnide
Second Choice : [[G I e o2 e«
Third Choice : [ISRINANIISHRE MGG @ 0@ @ 0 0
Fourth Choice : IO || X © __ -----------------

Figure 1 BExample of a received sequence with incomplete alternative choices

[adapted from fig 2.1 in Nukmind and Suebnaung (2003)]
when represents correct received symbol

represents erroneous received symbol
represents blank or no available choice

VSD: CORRECT WITH CHOICES

Vector symbol decoding (VSD) can correct with or without the help of alternative choices. If the
choices are available, VSD will screen and attempt to correct as many errar symbaols as passible
before performing the carrection by verification process, which sametimes called “correct with null
combination”. The theory on correct with alternative choices and correct with null combinations can
be found in Metzner (2003). This paper will show an example of the case when the choices are
incomplete only.

Basically, VSD uses large nonbinary symbaols typically of 32-bit size. The syndrome and the
received sequence are considered in the matrix farmat.

S = HY (1

Where 8 is the syndrome matrix, H is the parity check matrix and Y is the received matrix

Each row of the received matrix represents a 32-bit symbol and the number of columns
represents the number of received symbols used in the calculation of the syndrame matrix at that
time. The number of column varies because convolutional VSD computes the syndrome by one at a
time. If it cannot correct with one syndrome (where the syndrome matrix contains one row), it will

increase the number of syndrome to two (where the syndrome matrix contains two rows) and so on.
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To understand why V8D can handle various list size for each symbal with little added
camplexity ather than the increase in storage space, consider that VSD correct with choices by
appending the differences between the first choice and each of the alternative choices at the bottom
of the syndrome matrix. Any added row that is in the row space of the original syndrome matrix are
found as the carrect symbal and will be used to replaced the errar symbals in the first choice. The
index of the error symbols to be replaced is found by keeping the track of which differences that
appended row comes from.

As an example, consider a case of one syndrome where each syndrome is computed by 3
received symbols. Figure 2 shows the received symbols available for the current computation. The

position of the correct and the wrong symboals are the same as in figure 1.

First Choice : Al AZ | A3 : : : : 4— eceived

Sequence

Second Choice: | © | B2 | B3
Third Choice: | Q | c2 | ©
Fourth Choice: | © | O | ®

Figure 2 shows the received symbols available for one syndrome

The modified syndrome matrix in this case will be

syndromel
A2 -R2
Smod = (2)
A2-C2
A3 - B3

Since A2 is wrong and C2 is correct, the difference will be

A2-C2 = (error value g + correct symbol) — (correct symbal) = error value g (3)

Also, the “syndrome?” is computed from A1, A2 and A3 and must be zero if all three are carrect.
Since only A2 is wrong, the “syndrome " also equals to error value e. By finding the differences in the
appended row that has the same value as “syndrome?”, the decoder finds the correct symbol and by
keeping track of which differences that raw came from, the decader finds the C2 is carrect and can
carrect the error in A2 by replacing A2 by C2. Note that for more syndromes, examples can be found
in Nukmind and Suebnaung (2003).
METHOD
In the simulations, it was assumed that the encoder uses a (3,2,2) nonbinary convolutional

1+D+D*  D? 1
code with 32-bit symbols and G(D) = 5 |-
D 1+D* 1+D+D
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The codeword is terminated at 21 encoded symbols. The vector symbol decoder used a maximum of
six syndromes, which is less than previous work by Tuntoolavest (2003) since more than six
syndromes are highly impractical in hardware. The simulation was divided into two main parts.

1. Up to Four complete alternative choices. In this part, the received sequences always had
one, two, three or four complete alternative choices. For example, three complete choices mean there
are three different alternative choices for every symbol. To simulate this part, the probabilities of
symbals errar for each alternative choice were assumed. Two different sets of probability of symbal
error were used in the simulations. Case one assumed that p, = 2p, , p, = 4p, and p, = 8p,. Case two
assumed that p, = Z2p,, p, = 3p, and p, = 4p, where
p, = probability of symbol error for the first chaice
p, = probability of symbol error for the i" choice gfven that the {f’—‘.’)m choice is wrong when /=2, 3, 4.
Note that p, were defined in this format because there can be no more than one correct symbol in the
list of four alternative choices for each symbal. If the first choice symbol at a particular position is
carrect, choice two to four at that pasition must be wrong. However, if the first choice symbal at a
particular position is wrong, the second choice has a chance to be correct. Similarly, the fourth
choice anly has a chance to be carrect if all three previous chaoices are wrong.

2. Two incomplefe alternative choices. In this part, the received sequences always had the
complete first choice but the second choices may be incomplete. The probability of not having
second choices is P_. For example if P, = 20%, each symbal have a 80% chance of having secand
choice and 20% chance of not having second choice. In the simulations, four different values of P
were considered, i.e, P, = 0%, 25%, 50% and 100%. To obtain more realistic result, the probabilities
of symbol error (p, and p,} in this case were chosen from the simulation of the list Viterbi decoder
(LVA) with the model from Tuntoolavest and Metzner (2002). This model assumed that concatenated
code was used. The inner code was a convolutional code with List Viterbi Decoder (LVA) and the
outer code use VSD as the decoder. The channel was a simplified two-state fading channel where the
non-fade state provided perfectly demaodulated symbols.

RESULTS

Figure 3 and Figure 4 shaw the symbal error prabability after VSD finished the decoding
process for the case of complete alternative choices. These two figures used two different sets of
probabilities of the third and the fourth choices, but the results are almost identical. Both figures alsa
cantain four lines, but the results for using three and four complete choices are overlapping. The “i-

choice(s)" in the graph refer ta the number of complete choices that VSD was provided.



131

| =& 1-choice
=B —Z-choices |
| = =3-choices |’
vl d-choices |

Post-decoding symbal error probability

8

1|:|- 1 1 1 1 1 1 1 1 1 1
poo2 op3 oo4 005 005 OGCF 008 009 01 011 012
Probability of error for the first choice (P1)

Figure 3 Post-decading symbal error probability of VSD for the case of up to four complete alternative

choices: input symbol error probabilities are p, = 2p, , p, = 4p, and p, = 8p,

1E|'5 .| == l-choice

H| —Br=—Z-choices [
PP '] — = =3-choices |’
.............................................................. "'&"'d-ChDiCES o

Post-decoding symbal errar probahility

i}

1D' 1 1 1 1 1 1 1 1 1 1
002 003 o004 005 006 007 008 009 041 011 012
Probability of error for the first choice (P1)

Figure 4 Post-decading symbaol error prabability of VSD for the case of up to four complete alternative
chaices: input symbol error probabilities are p, = 2p,, p, = 3p, and p, = 4p,
Figure 5 shows symboal error probability after VSD finished the decoding process for the case

of two incomplete alternative choices when the probabilities of not having the second chaice (P,) are
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0%, 25%, 50% and 100%. It is clear that smaller P, value gives better decoding performance than

larger P, as expected since smaller P, means the decoder has mare information.

Fost-decoding symbol errar probability

.......................................................... —8— Pr=0%

10" —B —-Pr=25% |z
H| e -Po=E% 3
........................................................... o PR=100% |-

1|:|-? 1 I 1 1 1
] 0.02 0.04 0.08 0.08 a1 012 0.14

Probability of errar for the first choice (P1)

Figure 5 Post-decoding symbal error probability of VSD for the case of incomplete second choices:
p1, p2 are from LVA simulation, probability of not having second choice P, = 0%, 25%, 50%, 100%
DISCUSSIONS

From Figure 3 and Figure 4, the alternative choices can improve performance of VSD but two
choices are enough since mare than two choices slightly improve the performance. The two sets of
input probabilities used were different only in the third and the fourth choices because the result of
the second choice has been shown in previous work and was not the objective of the paper. LVA was
not used in this part of the simulation because simulation of LVA with list of 4 is highly complex and
Figure 3 and 4 showed that they did not affect the results.

Since the third and fourth choices contributed very little to the performance, the simulation in
part two used only the first and second choices to simulate the incomplete alternative choices case.
By consider only two incomplete choices instead of four, the complexity and the resource
consumption especially the memory unit was reduced significantly. In Figure 5, the P, = 0% curve
means the second choice is complete. When P, = 25% and 50%, only 75% and 50% of second
choice were available to the decoder respectively. For the P, = 100% case, there was no second
choice at all. When the second choice is incomplete (P, = 25% and 50%), the performance of VSD is
lower than when it is complete. However, it is clear that the more the information on the second
choice was provided, the higher the improvement on the performance will be. Therefore, this second

choice should be used in the VSD decoding process as much as possible.
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It should be noted that the case of incomplete alternative choice is mare realistic than the
case of complete alternative choices because when the channel is goad, the carrect ane will be the
anly likely choice. This case also shows that VSD is flexible in handling additional information.

CONCLUSIONS

This paper showed that second choices should be applied whenever possible, but no mare
than two choices should be used. This information is very useful far the implementation of the VSD
decoder, which is currently under development in Intharasakul and Tuntoolavest (2006). More than
two choices would have much mare delay during the interfacing and need much larger memory size
as well as the number of gates required in the FPGA (Field Programmable Gate Array} board that is
used for the lab prototype of the decoder.
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Abstract— The concept of Vector Symbol Decoding (VSD) for
convolutional codes was shown to be a good decoding technique
for convolutional codes with large nonbinary symbols or packet-
symbols. However, the hardware implementation in Phase I was
designed for very simple error patterns, which can be decoded
using only one syndrome vector. This new Phase Il decoder
extends its ability to decode more complicated error patterns
using up to four syndrome vectors. For Phase II, the decoding
was done by using the concept of correct with second choice only.
Lab prototype was implemented on an FPGA board and worked
exactly as expected. The next phase will be ¥SD decoder without
the help of second choices.

I INTRODUCTION

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

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

The principle of VSD decoding technique can be applied
for any linear block or convolutional codes. One application
of VSD is as an outer decoder of concatenated codes. When

Supported by Kasetsart University Research and Development Institute
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the inner code decoder can provide alternative choices for
each received symbol, these choices will improve the
performance of VSD and simplify the decoding steps. VSD
for convolutional codes or conv. VSD with two alternative
choices for each received symbol was described in [6] and
modified in [7]. The performance of conv. VSD has been
shown to be better than RS code for certain conditions [8].
Preliminary Implementation of VSD was done for some
specific error patterns that can be corrected using only one
syndrome vector and two alternative choices [9]. For the
selected (3,2,2) convolutional code, these correctable patterns
were the cases that no more than one error symbol occurred in
each group of three received symbols and the alternative
choice at the error position must contain correct symbol. The
previous lab prototype for these specific error patterns was
called VSD phase I.

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

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

1. BACKGROUND

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

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

Although the “correct with second choice™ step was usually
considered as a pre-decoding step, but it could decode some
error patterns by itself without the use of the main VSD
decoding step. The necessary condition for the successfinl
decoding of the “correct with second choice” step is that the
positions that contain error symbols in the first choice
received sequence must have correct symbols in the second
choice sequence. Note that this is a necessary, but not
sufficient condition. The details of the sufficient conditions
can be found in [14].

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

2 2
1
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Fig 1. The first and second choice of the received sequence
where ¢ represent the error for the i received symbol
* represents a wrong received symbol

Example: Suppose the transmitted symbols are A, B, C, D,
E, F,...,Z where each alphabet represents an r-bit vector.
Suppose there are error symbols in the 5%, 6%, 7% and 8
symbols of the first choice received sequence. Fig. 1 shows
the positions of correct and wrong symboals.

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

For this example, the first group of received symbols
(A,B,C) were correct. The decoder realized this because the
syndrome vector for this first group would be zero. Therefore,
this first received symbol group can be transmitted out
immediately. Then, the decoder considered the second group
of received symbols (D,(E+es),(F+e;) and found that they
contain errors since the corresponding syndrome vector was
not zero. This error pattern can not be corrected with one
syndrome (Phase T VSD decoder) since there were more than
one error symbol in one syndrome as explained in [9].

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

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

Consider the syndrome calculation for 4 syndrome vectors,

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

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

Y =[ABCD (E+es) (Freg) (G+e)) (H+es) ITKLMN O]
(5)

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

And 84 is the syndrome matrix with 4 syndrome vectors.
From (3), (4) and (6),

S4=[fes teg) (estesterte) festey) eg]” (7

After computing the syndrome matrix, the decoder would
compute the difference between the first and the second
choice values for each symbol by performing the XOR or the
modulo-2 addition since each symbol is a binary vector over
GF(2). The ditferences only have meanings and equal to the
error value for that symbol when the first choice is wrong and
the second choice is correct, which are the case of symbol 5, 6,
7 and 8. All differences are appended to the syndrome rows in
(7) to obtain a new syndrome matrix called Sa.

S, = [(esteg) (es tegrertes) (estey) eg w leg (g fes) (eg)
wiwwwwww|' !
(8)

‘Where w = wrong (no meaning) difference patterns

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

The decoder identified the meaningful patterns by finding
the differences that were in the row space of 54 These
ditferences were the actual error patterns and the positions of
error symbols were known by construction [14]. Obviously,
the difference for the 8" symbol was in the row space of Sg.
With more thorough investigation, the differences for the 5™,
6" and 7" symbol are found to be in the row space of 84 as
well. Specially, the (mudolu-2) sum of row 3 and 4 of Sa
revealed that es was in the row space of 84. Similarly, the sum
of row 1,3 and 4 revealed e4 and the sum of row 1,2 and 4
revealed e,.

In the implementation, Gauss-Jordan reduction was used to
perform column operations on the modified syndrome Sa to
find the difference rows that were in the row space of 84. The
w patterns are very unlikely to be in the row space of S,
especially when the symbol size is large enough such as 32-
bits/symbol in this implementation.
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After discovering the error patterns and the positions of
error symbols, the decoder could make correction at this point.
To be certain, the decoder would compute the syndrome value
again after the correction. If the syndrome matrix was zero,
the correction was right. If not, the decoding failed and the
decoder would report the failure.

TII.  SYSTEM SETUP

The selected FPGA board for phase 1T contained more gate
than the one for phase I and also had external memory (RAM).
The new board was the Xilinx Sparatn-3 PCT Express Starter
Kit that uses FPGA chip number XC3S1000-4FG676C. This
chip contained one million gates. This was more than
necessary for phase II, bit it was selected to have room for the
next phase III. The user guide of this board can be found in
[1s].

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

The selected USB (Universal Serial Bus) module for the
interface was the same as the one for VSD phase I since the
new FPGA board was selected such that it used the same
voltage level (3.3 V) as the old board. Specially, the USB
madule was Ezy USB-MO01 from Astron Logic Research and
Development. The details of the interfacing between USB
module and the decoder on FPGA board including the state
diagram design for the data transmission between the two
boards was explained when the phase [ was presented in [9].

USB Mesule
Ly LB

FPGA 3pard
Tl ol
r—Conzeior Cable— B Erpeess

oKz

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

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

V. METHOD

The decoding concept for “correct with second choice” was
analyzed and the state diagram was designed as shown in Fig
5. The program was written using the VHDL langnage and
downloaded into the FPGA board described in section T1I. The
decoder was implemented for the (3,2,2) nonbinary
convolutional code described in (1) with 32-bits/symbol. Up
to 4 syndromes were allowed although it could be extended to
more syndromes with added computation and memory.

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

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

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

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

If the decoder could not correct with one syndrome, it
would request more symbuols. This was not in Phase I decoder.
This “decode with second choice (many syndromes)” part
started with state Reg_symbol and went throngh the whole
“read” part and then went from state Compu next syndrome
through state Chk_update_syndrome.

State Comput_next_syndrome would compute syndrome
of new symbols block. State Find 4,72 would compute the
difference between the first and second choice by NOR
operation. State Gauss jordan would perform the column
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operation to simplify the modified syndrome matrix. This
helped the decoder identify the difference rows that were in
the row space of the syndrome in  state
Carreci_wz’th_Z”d_Chafce. After the correction, the decoder
again updated the syndromes and verified that the correction
was right and complete by checking that the update
syndromes were all equal to zeroes. If updated syndromes
were not all zero, the decoder would require more received
symbols for the decoding. But if the updated syndromes were
all zero, the decoder would go to state Updaie_mem to update
the memory before sending the decoded symbols back to the
computer.

V. RESULTS

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

Fig. 7 shows the second choice received sequence for the
same transmitted data sequence. Fig. § showed the correct
position as /" and error positions as *X”. The first group of
three received symbols (first row in Fig 6.) was correct, so
their comesponding syndrome was zero. The decoder next
considered the second group, which consisted of the 4Y-6"
symbols (second row in Fig. 6.). This group had errors in the
5" and the 6" symbols and their syndrome was nonzero. Since
there were more than one error symbol for one syndrome, the
phase I decoder (correct with one syndrome) failed. The
decoder then needed to increase the number of received
symbols in consideration.

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

0o o0 00 01 00 01 OO OO0 OD 01 0O 01
go 01 0o 03[78 c2 1E 95|B4 32 DF 15]
45 4a Fp 25]cs Ec 1z ci|oo 07 00 04
00 04 00 DE 00 OA 00 02 00 OE 00 08
0o 08 00 1c 00 14 00 04 00 Lc 0O 10
00 10 00 38 00 28 00 08 00 38 00 20
o0 20 00 70lic 2a 1c psllas 4a Fp 25
UU 40 0U EU[5A AD SC ZB|UU0 EU OO0 B8O
00 80 01 c0O 01 40 00 40 01 cO 01 00
01 00 03 80 02 &0 00 80 03 80 02 00
02 00 03 00 01 00 01 00 03 00 00 00
00 00 02 0D 02 00D 02 00 02 00 OO AQD
Fig 6 An example of tested first choice sequence
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DF SD ES5 FD SE 55 AA 54 ES A5 DS FS
cs 4p ap rs[oo o2 oo oo]foo 03 oo a2]
[oo oz oo o7|foo o5 00 O1] sa AD SC 2B

2 C2 A6 D4 FZ C2 C1 AB CC 2ZA 6D 5F
21 2¢ A3 D5 FE 2C 23 12 31 5 FD 23
1B 2C AD AE DA DE AF DF FC AE EC 1D
54 FE 1F ZC|00 50 0O 10 |DD 70 00 4D]
C5 EC 12 C1|00 AD 00 Z20|C2 C2 A6 D4
F2Z C2 Cl1 AB CC 2A 6D SF 21 2C A3 DS
FE 2C &3 12 31 5E FD &3 1B 2C AD AE
DA DE AF DF FC AE EC 1D 54 FE 1F 2C

C5 4B AD F8 7E C2 1B 95 B4 32 DF 15
Fig. 7 The corresponding second choice sequence

A S ANy
/170 21 77 IRR xx xx wxllxx wx xx x|
B xx wx wu | pLr

AV
IRV
PRI
NI INTA B E TR
[ A/ AT RE KX XX XX
IV VA VAN A U AN A A
AN VYA VAN VAN A A
A A AN VA A VAV A VA A AN A
AT AN AN AN A A VAN A A YA

Fig. 8 The corresponding error patterns.

00 00 00 01 00 01 Q0 0O 00 01 00 01
00 01 00 03 [00 02 00 00fj00 03 00 02
[00 02 00 O7]00 05 00 O1]00 07 00 04

00 04 00 CE 00 OA 0O
00 OB 00 1C QU 14 00
00 10 00 38 00 28 00
00 20 00 70|00 50 QO 70 0
00 40 00 EO (00 A0 00 20[00 EO 00 80
00 80 01 CO 01 40 Q0 40 01 c0O 01 0O
01 OO0 03 80 02 80 Q0 80O 03 80 0Z OO0
0z 00 03 00 01 00 01 QO 03 00 00 00
00 00 02 00 02 Q0 02 Q0 02z 00 00 00

Fig. 9 The decoded sequence contained all correct symbols.

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

144 2007 Internarional Symposium on Communications and Irnformation Technologies (ISCIT 2007 )



that they contain errors. This second group of errors consisted
of the 20%, 21* and 23 symbols. This group can also be
corrected within 4 syndromes.

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

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

V1. DISCUSSIONS

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

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

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

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

VII. CCNCLUSIONS

This work verifies the concept and the decoding procedure
of WVSD for convolutional codes with Hardware
implementation. The Lab prototype of VSD phase II on
FPGA board can correct all error patterns that are correctable
with second choices using up to four syndrome vectors. The
allowed VSD decoder phase IT to correct several consecutive
errar symbols in addition to the specific error patterns of no
more than one error symbal in each group of three received
symbols as in phase I. The interface was designed so that the
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board received an input file and sent back the decoded file to
a computer for the ease of monitoring. This lab prototype is
an important step in extending the ability of the decoder. The
future work is to build the prototype for VSD phase III that
can correct with or withont the help of second choice received
sequence.
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