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Pongpisut Noradee 2010: List Viterbi Decoder as an Inner Decoder for Convolutional
Vector Symbol Outer Decoder. Master of Engineering (Electrical Engineering), Major
Field: Electrical Engineering, Department of Electrical Engineering. Thesis Advisor:

Assistant Professor Usana Tuntoolavest, Ph.D. 160 pages.

This research is divided into two parts: 1. Designing and implementing a lab prototype
of a list-of-2 Viterbi decoder on an FPGA electronic board. The lab prototype was designed to
be a suitable inner decoder of a concatenated code, in which the vector symbol decoder is the
outer decoder and 2. Finding the suitable channels and their suitable parameter for this
concatenated code. For the first part, the lab prototype was implemented on an FPGA board.
The test results showed that the outputs from the VHDL program were the same as those from
the C++ simulation. It can be concluded from the results that the lab prototype worked properly.
For the second part, this concatenated code is suitable for the channel with burst errors.
Therefore, it was tested in the wireless channels with Rayleigh and Ricean fading. The additive
white Gaussian noise channel was shown for comparison purpose. For this research, the
probability that the first output is wrong in consideration is between 0.01 and 0.1, which is
higher than the one that is generally used. This is because the remaining error symbols will be
corrected again by the outer decoder. The results showed that the suitable SNR of various
channels for this decoder was as follows: from 2 to 3.5 dB for the additive white Gaussian noise
channel, from 6.5 to 8.1 dB for the SNR of the Ricean fading channel with the speed of 60 km/h
and Ricean factor equal to 10, from 8.1 to 9.3 dB for the Rayleigh fading channel with the speed
of 120 km/h. These ranges of SNR correspond to low quality channels. Moreover, in these
ranges of SNR, the corresponding values of the probability that the second output is wrong

given that the first output is wrong are very useful to the outer decoder.
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sO 0/00 0/00 0/00 0/00 0/00
1/11 1/11 1/11 1/11 111\
s1 . .
s2 . .
s3 . .
s4 . .
s5 . .
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V) MINIB (Recursion)
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2
f) NIAUFAAY (Termination)
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A 9 a I [ I 9 A ~ I v Ja 9
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' o [ |
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= 2K o 9 v A A A A
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A A . . . 9y A <3| ~ Ao Y ]
NI05282UaNUN (Hamming distance metrics) LE"{Ll“V]N‘VIﬂ”Ji’1]ZlﬂuﬂJ”lﬂTIt;fﬂ‘VlGnﬂ’t]ﬂiﬁﬁﬁ]zLﬂU

YA Y A aa A A 9y A Ay A A
vhﬂ@ L’dumwumizﬂzgﬂam&uﬁiaizﬂma‘umu@ﬂmﬁ] ADLAUNINUAUUNTNISYSN I

o Y

(distance metric) INAN IWF1ZD

a

< o g S { o ! @ o v A Ja 1< J
Wuttes anivduiludumendulildunngalumsneaswea dneasWaimesdezinua

VoA < ' ' 13 4
15$8$W1Q8Qﬁ®8ﬂuﬁﬂﬁﬂ flﬂ’)”lmmﬂGINﬁﬂﬂWﬁaW‘ﬁ’ﬁﬂfliﬁw

a 9 A a o A 1 Y ~ A @ ay =
ININVBUFTUNNWNNNAUNNTNISYSNNANFATIUAUNWAUNADICAAN F19aLDYANTT

PRATHALULINDS Daansaan LA 14910 (Viterbi, 1967:Lin and Costello, 2004)
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33 éjaﬂ@?ﬁilaﬁam@;ﬁ (List Viterbi Algorithm: LVA)

o AR Aa A Ia o Ak A Y @ 4 [ s =& .
a0 NNaa NI U USANeTNUN INHAANTHA1ONABNT ¥9 Seshadri AL
Sundbure @tauauUIAAVRIA AN DU UADINAaNT 1UT] 1989 (Seshadri and Sungberg,
1 @ L = . Aa A A ) 9)
1989) LAZNINANADINAGNT 1UT) 1994 (Seshadri and Sungberg, 1994) EIE‘T’JLTIE]‘J‘]JQﬂuﬂ‘}JElGH
dmsusansumnualudivvesdinoasiamelu Tasldlunmsastraeuanunanaia
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(Error detection) 1N11U

@ @ a . . @ [ a o Ia
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3 Y v 7 ¥ v IA Y D] a
Wuldldvarequaans udvimadnsngndos Tasldnisasrvvinauianaia

= a

(error detection) NVzszipfisadoyai Idsuinnuianaianie b Taglutinsudlv fhlddes

A

1 1 4
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= 1 @ a R
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I 9 On. Y ak A A h S 9
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(3,1,2) i1 G(D) = [(1+D")  (1+D+D")] Tasfiindoya u = (11101) deriusesdygolu

~ A~ A A a X P .
AN 7 LLAZANT1T NN 1 ﬂaazmamwmmmmﬂﬂmﬂ (Lin and Costello, 2004)
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éﬁueﬁ'ay’aﬁ“lﬁ'i"u (received sequence) r = (1,1,0,, 1,1,0,, 1,10, 1,1,1,, 0,1,0,,

120211’ 120111)

T=0 T=1 T=2 T=3 T=4 T=5 T=6 T=7

36 36,60 70,63 80,104

=
000 o0/ 000 @
15 23 4333 86,33 98,111 108,124 132,139
r=(1,10, 110, 110, L1, 010, 101, 101)
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5. mstszgnald LVA i Sead Tusianeumiiug
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3 o
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@ @ @ @ 3| o a
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e

Oscillator 2 (f2) ®

Binary massage (fs) &

l\——b FSK

MWN 9 udasFyaNuToyafRINaILY FSK

Ml 10 dygraumsueganuuuAInadIemailn FSK

2. MsupgranuuuAINanuwe (PSK: Phase Shift Keying)
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(linear additive) sumﬁﬂumﬁmmmumn (white noise) AUANUNULHUalnnIa (spectral
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input

best state f@ second best state

(

O
@

best output

second best output

4 % v Aa A a v J
ﬂ'l‘Wﬁ 31 !LW'LlﬂTWﬁl@ﬂ‘u@ﬁﬂﬂﬂﬂﬂﬁﬁﬁaﬁﬂlﬂﬂgﬂLL‘]J‘]Jﬁ'ENW?IﬁW‘ﬁ

131: Tuntoolavest and Noradee (2009)
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State T=0 T=1 T=2 T=3 T=4 T=5 T=6 T=7 T=8 T=9
0 ) u;j 4.15(0) |133.05(0) | 194.29(0) [ 206.43(0) | 251.04(1) | 310.32(1) | 426.65(1) [436.12(0), 396.37(1 3286(11}457 45(1
1 v 250.29(2) | 309.55(3) | 407.49(3) [375.61(3) QSu a1 29375{3 V

\ \ -
\ S
2 v\ 248.96(4) | 27.43(4) | 224.56(5) | 344.09(5) [423.25(5)] e
[ —_— ,//
3 Vo 309.06(6) | 403.3(7) 373.98{?"’374.94(?)
v —— -
4 L 167.72(8)| 15.3(8) |158.33(8)[ 284.29(9)[313. 7?(9) /
\ II‘. - - /

5 AR 223.81(10)343.32(11) u4u8( 7

\ \ !

| )
6 L\ 307.73(12)[ 99.56(12) 1911.55(13)347 25(13)

Vo J— P
7 Vo 402.8(14) ) 369.8(15)/370.31(15
;“\LH &r— (-‘-.)/ ( )/ F( d
8 | 1777 7( r) 14.17(0) [ 134.18(0) 21{3.44(11& 25:1.55(13 P
| | /
9 Q) 2;'83.92(2) ug.eggb) v
A ! i
10 NN 188.85(4) [[39.45(4) | 224.18(5) f*
A | \ !
N i 1

11 \—f\ [342.69(6) [203.43(7))

12 [ 306. s(s) 75. 41{8)" 146.32(8) [ 284.67(9) Bold line = best path

= == f :

13 P \‘ [ [190.17(10)}343.19(11) Dashed line = second best path

!
L | I—

14 gszi 35(12} 87.54(12) [190.93(13)

15 359.17(19359 65(15)

ﬂ1Wﬁ 34 Lm’ﬂﬂﬁ’llu‘ﬂ?ﬂ"U@\'iligf}uﬂ'l\‘]"ll@QLLWUﬂWWLﬂiﬂaﬁ
#31: Tuntoolavest and Noradee (2009)
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a a

897U M5B T = 8 1oz T = 9 N1 T = 8 wmsnveudun1angeigavesdian 0 (s0)

e

NAUMAD 436,12 FIGINIUNNTNUDUFUNNTOIRINWOINAN 1 (s1) VA 375
AN NVOAFUNINGTOIAINN T = 9 WINTAN 1 (s1) INTIZTUNNTNUDININAN 1 (s1)
BIAIAN 0 (s0) 1NFINIA T = § B3 T = 9 A UNIAY 82.4487 FIZINTUUNTNUBINININAAN

0 (s0) DIAAN 0 (s0) I1AFINIAIT = 8 DIFNATT = 9 NUAWNIAY 0.513184 WA AU

Sh. 2D

IWNTNVOUFUN AL ANVOL 375+82.4487 = 457.4487  &9ganI1436.1240.513184 =

Y v I ' v
436.633184 dudenaian 1 ilumimanidigauazamniiangaiodndun
nadnsvesmsnoasianil lomagnuinigadu (11 00 00 10 01 01 11 01 11)
= B~ £ I 9 [ v A
1azI93a3UAIY (11 00 00 01 10 01 10 10 11) FwtlauiuveyanainnMsneasviane

(11101) @z (11111) MUA1AY

' v
AIUVINITAIHUAAUTUAY (Initialization), ~ N151380%1 (Recursion) LAY
Y
2 . . < o Y 9 @ o
NITUYAD (Termination) WUN55IuMTHIUIIAlenUas iU lu 5 @anves

Ta5un5un 181 VHDL § 191500982 %2919a1 (Time interval) aduaaa lunIng 35

=1 (R SR 48 T=36

G (o ) A%
input__ | e e R —— e e mtoﬁs@ts;astf state
3) (3)

4 ' o A 9 e . . :I .
MNA 35 BRUNNTANTIUNTAIHUAAUTUAY (Initialization), 5I58n% (Recursion) Liag

Y
M3 aUgAAd (Termination)
#31: Tuntoolavest and Noradee (2009)
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aaanaluning 33
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ngao1 13
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=K o =K 1 o @ 1 9 a Y Ao = k4
TN :imamumﬂmﬁmmmmwaﬂauhg%umuwmmmﬂmmmummuu‘wﬂ"l:]

) Y
oA uunI a1 14 luaruveansaIusosnd (Trace back)

Y Y
M AN D9 AaNns FMMSUFINIAT T =2 09 T = 36 T4 A1 T = 36 11 11

VNTUIUVBITNBUNN FUMAY 32 TN TINAUTIUIUVBIVUIANUIIANTT (m = 4)

' v Y
dm5uludiumsnusesnay (Trace back) YoUdUNINANGA (Best path) 111

UMINUeY 2 danved1Usunsun1y1 VHDL @115 UHAas 5399071 AaaadniunIng 36

TS5 Aak A 6 T=0
best state ( ) ( : ) ( ) ( ) best output

MW 36 uHUMNEIANA IS UMIATRENdUVOUFUNIINANEA

131: Tuntoolavest and Noradee (2009)
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61

=1

s¥anouTagduvesuninvendunfiaiga a vranmdegiuerl’d diwmsvs aashqﬁ
T = 35 Sanesfiwhmaiuiufindamniiafngaii T = 35 Lwam”lﬂmﬁumq Aiteadi
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gﬂﬁuqmmmﬁaaﬁ (T = 36) wagN T = 34 “I/ﬂﬂﬁlﬂ‘]JiJ‘lW]ﬂﬂ?ﬁLWVl ﬁﬂ T = 35

L)

ierh ludidumeidiigai T =35 Hudu

Y

AWAN2  DPATHAMIAILNYDINTNOATHANANGA (Best  decoded(data)  bit)

< Aad
nnnulu dani ‘nﬁ@mma U

Y

o o o [ [} 4 o < ay
M ANl uag gan2 dMsU%a1 T = 34 89 T = 0 ienasaduudinz 14

[
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A N :
HAGWSYDITANTNANEA (Best state sequence) HAZAIALUDINITNOATHANANGA (Best decoded
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o [ A
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1 1 1 a o Yo 1 o Ay Y 1 1
UAQZ B INLIA "hJEIﬂWTI’iWﬁlﬁﬂlla$ﬂﬂﬂlﬂiﬂ13ﬂ@ﬂiﬁﬁ i]Zl‘ﬁ'uhlﬂﬂfﬂ'N Wﬁa‘W‘ﬁ‘V]llﬂﬂgthﬁl%
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a o 1 A 1 Y v 9 A A 9
LNVIﬁﬂﬁ”Iﬂ'J'ILﬁiJ@VILW]ﬁ”ﬁ!ﬂVI ﬂ"ITVI']GlfHWﬁaW‘ﬁﬂl@ﬂlﬁum’Nﬂﬂ‘ﬂﬁﬂﬁ@ﬂﬁ\ﬁﬂﬂﬂﬁ@\‘](con‘ect

second best path) uu Tﬂﬂ“ﬂlﬁuﬂﬁ‘nﬂﬂﬁﬂﬁﬂﬁﬁ\ih?@]ﬂﬂllﬂﬂ@’ﬂﬂ (Diverge) ﬂWﬂLﬁ'u‘VIN ﬁﬂ

Q

=)

LWENﬂ%I\‘iLﬂ‘c’J’JWHﬁu ‘ﬁ'lulﬂiﬂEJﬂWiLWJJﬁ'WI“VIﬂTi‘ﬁN'lu‘U’fNI‘]_ISLLﬂﬁJﬂWHW VHDL !,"’IQJJWVlPIJ

Y A Y A
fOUMYDN 2 TN ﬂﬂllﬁﬂQ1Uﬂ1Wﬂ 37

second best second best
P = e 2 > » a e 3
state output

ﬂTW‘VI 37 LLNUﬂ'IWﬁLGW]ﬁ'WWTUﬂ'IiGﬂ?Jif)ﬂﬂaﬂﬂl@ﬂlﬁu‘ﬂN ’Q[ﬂi’f]\iﬁ\ill'l

#131: Tuntoolavest and Noradee (2009)
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[
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wazrganynaniu Iagazizonan 51901 T, 3msiii g ldsenafamnve adunieing
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IﬂEJ“WQGIﬂTiiL!ui]%l‘ﬂL!ﬂTiWHﬁu‘ﬂN ﬂ‘ﬂEI@]I@Elsl%ﬁlﬁﬂﬂﬂﬂqml‘ﬂuﬁm%ﬂﬂﬂq&ﬁ’ENI?N&H
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MNN 39 LHUNNATRINUVD9TUTUATY Matlab TUATHIAIDNUNTH
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msfuvesldsunsy Matlab 15 lumsadrsdunnuninuosinvosnsnoasia
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v
HUUATINOS DUV ADINAGNT TUAOUMITTIINIUAI

4

9

@ o 1 Aa a o w [

Yuaouusn Mvuasdunvesdoyavuia 32 in Tavlddwnvesdoyailugud
a’j A Y 1 a o 9 Y o o 9
MNUA L’Wi’](lﬁ\‘i"lfJ@'l@ﬂTi@]i'J’i]ﬁ@‘].lﬂ'J"lllWﬂWﬁTﬂ uwayjammwwamuhgﬁvu 2,1,4) ﬁ]%hlﬂ

J v I a : I a ! 1
winnnmadsiailu 72 4n Faziduouynildlumsuegande lu

funeuiians MINBQANIVY BFSK  TAei3uanmsfminuanisudu fe bit period
(T,) N 1, AN sampling (f) 1M1 8.404 GHz, mmﬁ'wwﬁ(fc) (10U 2.099 GHz uay
2.101 GHz $hiinvesdoyaiilu 0 9z 1dnnudifiu 2,000 GHz uddinvesdoyaiflu 1 9219
anwdiilu 2.101 GHz mﬂifuv‘imﬁm@m‘wﬁ’tyﬂunmﬁuwmﬁummﬁwwﬁﬁﬁwﬁu
Taoeruns
T 2T,

transmitted = cos(27 f t) Taeit t=0, )"

S S

T, (28)

k4 H
TupouNaIl 19030 Id YN
3.1 MyhapIresFyR IAUMEFOUVIIUULIN

o ' [ J
N1T1DIYON iyig']mlﬂ'lﬁlc?fﬂum']'J!LUUU'Jﬂ ﬁ']iJ']iﬂﬁ%}']\ill@g{ﬁnﬂﬁiJﬂ'ﬁ

. 1
gauss _ noise = ————exp| — (29)

= U N - -4 2 A 1

Tag w4 o AuRaslAINUguUd, o Ao A1NNNuIlsIu aunsan

' 2 Y Eb & . ) . 1w

M o? lannaums SNR(dB)leIogN— %9 SNR (signal-to-noise power ratio) 1T UA1OAT
0

' o w (%% ~ [ = ] [ a @ eazl 2 A NO
TEUINMANVITYUIUNYUNY ﬂgﬂymiumuwmmﬂu LR (dB) ANUN 0° 150 7

E,

£ =) o w 3
W $IE, A9 NIAUDITYYIU Lag N

=KX A ' v
WUANUNTINY
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A

ie'ldmivesdyaiasunium@Fouv1uuuuIn 91001381009

v
(4 =

[ o 3 S o 1 v W {
Fosdaaa nndunhmdyaiusuniud i ldsunudyarun ldnnmsueqan

g 9

3.2 MItiaosresdyIaMIINeeLU LI dant dy s UM SEo

Y1ILUVUIN (Rayleigh fading with AWGN channel)

[

MIsansFesdaNaMINeHIBLULIs GantdyanasunIum e

g 9

E4
@ o3| @
V1IUUUUIN GUL!G]E]L!LLSm‘ﬂumiﬁ‘%)NﬁiUuiUqum’ii]Nﬁwl,LmJLi‘c’Ta Iﬂﬂﬁ%1ﬂﬂ1ﬂﬁuﬂ15ﬂ15

mwwmmuauwagﬂ (r,) (Kostov, 2003) LAANANTNNIT

=X + Y, (30)

J 4

& <3| @ g A a Ada S g
e x, uaz y, Judwnlsuuumdissusiansnniaunasdlugud

os: I Y 1 2 A 4 ~ (=
MU UNITATINAINITINNNY Rayleigh-distributed g

o

o [ 3 A v A J A o o
ANUANNUDTNU (uncorrelated) Gl,uiﬂiu,ﬂm MATLAB taztilunnsunuad Aunagniasaed

I 1 1T o 4 I 1
(mean-squared) VBIMTLINUIWVVLITTANAUNINY (2-0°) o o Wumnnuudsdsiu

o d A 4 J. 1 o w 1w
YOIFYYIUTVNIWMTFoU 1A IENTHINLIDUIsIalA uR A doun Ny 1

2 A A Yo w o Y = [ Y @ A g
(E(r) = 1) tiioNnag 1iiaveadyay1al (signal power) 4az SNR UANNIAY A9UINDADING
E4

17 E@) = 1 awnsodiouaums (30) Teglugdaumslnlagai

Qe

3D

mannsnhaums 1) wuidewiulylsunsy MATLAB luzilves

De

m-file ‘léfé’fm

1. %Rayleigh fading
2. fd = 233.44; %Doppler shift(Hz)

10; %Number of paths.

sqrt(2/M);

2*pi*fd;

n=1:M

alpha = (2*pi*n-pi+(2*pi*rand-pi))/(4*M);
phl = 2*pi*rand-pi;

=0 =
o
= I nin

3.
4.
5.
6.
7.
8.
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9. ph2 = 2*pi*rand-pi;

10. X = c*sin(w*t*cos(alpha)+phl);
11. y = c*sin(w*t*sin(alpha)+ph2);
12. end

13. R = sqrt(xX-"2+y."2)/sqrt(2*sigma);

10 1150A5UAINA1 (Kostov, 2003) Jammuald o2 =1 uadmsuluy
av dy M 9o J 2 I 1 ~ 1 o 1 o W @ I~ 1 ~ 1
e hildsmuan o? iflusingh uaseimuaaisiasesdyananiuained Taosn
9
= ] '~

2 [ v ~ 9 ) [ P
o IIUBYNUAT SNR N1%01n 1515 MATLAB d1%15UMS N8 LI SaNNNaves

4 9 LS | 1
aolimaos vz lwaiudsznou quardrature UDNNITUIUNITNITVWH YUV ULTIR Tag X, ua
Y v 1 I 1w ' i %
fAIDYINIINNITSUIUNTHNUDN x(t) uag Vi L‘]_IuﬂWYJ@EJ"IQﬁ]TﬂﬂT'igiJ'JuﬂTﬁQ'N‘]J@Q y(t) G‘]?Qﬁ

ANUFURUTHVAUMTN (30) AL (31) UEAAIGIANNT

M
x(t) = &Zcos(a)dtcowﬁ(;ﬁn) (32)
n=1
2 M
y(t) = VZcos(a)dtsinanﬂon) (33)
n=1
Jag =ZNTH0 123 .M
4M

A < = s A !
e @, 1WunNudA0inaosNUYNGIgA (maximum angular Doppler
| o Aa 1w = a J .
frequency), @, ,¢, uag 6, Wudunlsneaszasnuuazinisuanuaauugiiwesy (Uniform)

Y
AWAYN [, 7) MU n

A 1 A 9

1 I 2’1 3 o o
LiJf]hlg]}ﬂ1ﬂTii]N1’ﬂﬂLL°U‘UliUﬁLLéJ'J INUUNUIMTAYYIUNITINHKIYN LA
e

a2 9 Y

S o @ 1 @ J
YYIUN LATINNITHBDALAN LLﬁ'Jﬂu'lulﬂﬁ'JiJﬂUﬂﬁJ@\iﬁ ﬂJUTﬂ!TUﬂ'JuLﬂ']ﬁL“?fEJu

P
=
)]
2
e
-
e
=
Ne

Ay v Y
VIIILVUUIN ‘w”lﬂmﬂeue 3.1
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o 1 [ . @ o
3.3 Msdassresdyyiunsvemienny lsFeuniidygrmsuniwmnd

EFOUVILVUIN (Ricean fading with AWGN channel)

N1531a09Fesdy MM MIenU L InFeunldyy s uniu
Jd A 3 [ 9y o =2 Y
IDIFEYUVIILVUUIN mumummﬂumsﬁiwaﬂgﬂpmmsmqmmmu'lswau Iﬂﬂﬁiﬁ‘ﬂiﬂ

ﬁllfﬂifﬂi%NWTEJSU’ENLLE’)NWSQQ (r,) (Kostov, 2003) HEAAIAITNNT

ey o

A 3| @ Jd a AAa A g 4
o x, Uagy, L‘]J“L!G]’JLL‘]JiLL‘]J‘]JLﬂ1’dl“]58u"’lfuﬂﬂﬂ‘i/l‘i/lﬁJﬂWmﬁEJLﬂuﬂuEJ

I o w .
uag A2 1Wlumdeueudunie dominant

o g

qgj I 9 J . . . ~ (=) 4
MU UNTATIIAINITVI9NIY Ricean-distributed ‘n"lammm UNUD

D.

v J o w

] I ~ v
AU (uncorrelated) TuTasunsy MATLAB  taziilunnsiunuain aunaefiaiasy (mean-

2

squared) voImsuanuaanuy lsFeuiinuiiny 2-0%(K +1) e o Wumnnunlsdsiu

[ Jd A A g Y = 1 A o W T W
VOITUUIUIUNIULDIT LY U LiJ’E]G]’ENﬂﬁGlWﬂﬁLH]ﬂlﬁ]x‘ll!ﬂﬂjlliﬁf‘c’luuﬂuﬂaﬂﬂ?ﬁﬂﬁﬁ]ﬁﬂmﬂﬂ 1

A 2 A A Yo w o B A 1 o [ g}’ A
139 EG@) = 1 LWfJﬂﬂgﬁlﬁﬂTﬁ\i"U@Qﬁi}jﬂﬁm (signal power) L1 SNR UAUNINUY ASUUIND

4
v A

Apams i E() = 1 awnsodeuaums 34) Treglugiaumslmiladsi

2
(04 +v2K) +,)
r= 2 (35)
2*c°(K+1)
& < ' = I Y ﬂz A a
o K ifum lsimeuuvlames faumny K = 5 Tag £ Ao weuna
o}

ANGINGA (peak amplitude) VOITQYY 1AL

e

amrsniiauns 35) vudewiullsunsy MATLAB Tugilves

[

m-file 1159]) 94

1. %Rayleigh fading

2. fd = 233.44; %Doppler shift(Hz)
3. M = 10; %Number of paths.

4. Kdb = 10; %K Factor(dB)
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5. K = 10n(Kdb/10); Mi = 1;

6. c = sqrt(2/M);

7. w = 2*pi*fd;

8. for n = 1:M

9. alpha = (2*pi*n-pi+(2*pi*rand-pi))/(4*M);

10. phl = 2*pi*rand-pi;

11. ph2 = 2*pi*rand-pi;

12. X = c*sin(w*t*cos(alpha)+phl);

13. y = c*sin(w*t*sin(alpha)+ph2);

14 _end

15_R=sqrt((x+sqrt(2*K*sigma)) ."2+y."2)/sqrt(1/(2*sigma*(K+1)));

10 1150nTURINA1 (Kostov, 2003) lamnuald o2 =1 uadmsuluy
Aav dy M Yo v 2 I 1 d' 1 o 1 o W [ I 1 d' 1
e hildsmuan o? iflusinsh uaseimuaaidasvesdyananiuained Taosn

2 dgl [ 1 A 9 o [ = A
o WUYUDYNUAT SNR ‘I/Iglﬁlﬁﬂﬂi‘ﬂiuﬂill MATLAB ﬁ”l‘l’ii‘]Jﬂﬁi]N‘VHEJLL‘]J‘]J“l'iL“]fEJu‘i/llJNa

U

4 9 1
yosnolinaos vz 14dml5znoU quardrature YoansZUIUMIMTNIIMBNUD 15T Tao x,

IS 1w 1 1 I (Y ' 1
HuAA1981991AMTEVIUMIFUVDI x(H) LAz y, WUAIAIDINIINMITLUIUMITFUUDY y(1)

'
v Jdo ~

FAUANUFURUTAUAUMTN (34) UaE (35) UAAIAIAUMT

M
X(t) = &ZCOS(a)dtCOS(Zn-i-%) (36)
n=1
2 M
y(t) = MZCOS(a}dtsin a,+,) (37)
n=1
§ag =ZNTr0 193 ..M
4M

4 < = s .
e @, WunNudaolinaosNlyNgIga (maximum angular Doppler

q U L}

< Y {a 1 v a J
frequency) , @, ,, oz 6, WuaunlsnoaszaeiuuazinsuanuauugINesy (Uniform)

9
AWAYN [, 7) MU n

1w

A Y = Yy ng 3 o =
Lll’f)ulﬂﬂ']ﬂ'liﬂWQﬂWﬂ!LUUUliLGIffJULm'J NUUNUIATUYIUNITINNIYN

9 Y o o Ay ¥ Y & o [ o J
lalgaudhnudgyarui ldnnmsueqan udrnh ldsauduswesdyausuniumddeu

Ay v )
%TQHUIHYﬁ1ﬂ1ﬂ%1ﬂm63J
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aa o [

AAd an o a I 09/' Y A
na avnaauoanutuasuvesnsuilatoy AINADDNNININTYNYIUN

U U

2¢
=
=3
©
=

1850 Tae1¥35m5u04 Matched — filter Tumsutladyana manladaanai ldsuiuiu

U
an v A A uaJ‘ 9 o o v 3 o
YIUAINAUN 0 30 1 UU 92 1% Matched — filter 314U 2 @2 1@ filter ouusNYuA A

v
=

a I A o A I ] [ ana o a A d a
papuwnuiin o uazdunaesludwladygraadnavesdunnindluin

q

2
—
e
)
)
Se
2
=

v
B o (qﬂ/’ AN Y A 1A a A 1A Aa A Ay y o 9
& 718 e Amdunmunsnvesiin Tasadunnmuminvosdni ldezii 11y

TuTasesmdneriinusi wenvinez1¥msueqranuuy BESK ud aldnisueqian
1HUU BPSK #18 N5N0ganiiuy BPSK ﬁeﬁgumumsﬁmuﬁﬂé'wﬁuﬂﬁmgmmuu BFSK
TagMsuagrantiuy BPSK v 921981 bit period (T, ) M1 1, AN sampling (f ) (NN
8.404 GHz , mmﬁ‘wrﬁ(fc) WY 2,101 GHz dmdumsnldsunlasannzvesinen 1

Taldlu <0 wisorlasunn <0 Tudlu 1 ilavesnduazialdeu (sShift) 1) 180 03en daauns

sin(2zft), input="1'

BPSK tx= L .
'] —sin(2zft), input="0'

(38)

Taefi t=0,-2, 28 T,
f

9
9 o v 3 @
dmsumsaneganues BPSK 11 Nagad1onuved BESK Taeld Matched - filter
o @ a o 3 Y 1 [} o ]
19w 2 @2 wazdTmsiiauimilounvves BESK  uazludiuvessosdygyanaz 19

e A o o = Ay y o Yy v 9

Glf’t’)\iﬁﬂzjﬂ!lmmﬂﬂuﬂﬂslluﬁ@HTI’CTHJ‘VIU!QﬂﬁTJiJ”ILLa’JsUNﬁu
o T .

6. MIMNMHIUTIIAT Doppler shift

1 ) o a { L4 .
N1T1IA1 maximum Doppler shift @1MIUIEVY 3G TagduuanuINIY (Carrier

=

frequency) W1¥oa1Tiilu 2.099 GHz 1oz 2.101 GHz dwmfumsueganiuy BFSK uay

[

3 A 9 o A A A A a [ o
anus N Fdmsvelnsaldearsinaoui Av 60, 90 uag 120 N lawAsAeT I 1Ne JAga 1150

q

Y
dnamn ldanaunisas 1l

f, =" ¢ (39)
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A A . A < A = P a A A
¥\ fd 19 Doppler shift (Hz), v A9 ANULTIVDINITIAADUN (IUATADIUIN), fc o

A 4 A < A 1w 8 1A =
ANUDNIN (Hz) LT ¢ AD ANUITILTINAUNIND 3x10 IUATADIUIN

ﬂ’ﬂlll,g’ll 60 Km/h

~ 60x10°x2.101x10°

d : =116.72Hz
60x60x3x10
A211159 90 Km/h
3 9
| _90x10 ><2-101><810 —~175.08Hz
60x60x3x10
AWI52 120 Km/h
3 9
_120x10°x2.101x10° _ og 41t

d

60x60x3x10°8

a a 14 J [
TuTasenuaneninust wenvinez Ismsuegquanuuy BFSK 1da daldmsvegian
Y = 7 4 Aq ¥4 I s Aq o
1UY BPSK @28 1agn1ud WY (Carrier frequency) N 1¥@oa15iiu 2.101 GHz ansanly
) o <A A A A a ) ] o [ 3 1
dmsuginsaldomaadaoui Av 60, 90 az 120 A lamAsAod ) 1U9 19U A91TUA1 Doppler

shift 11§23 A NN
7. msnfSeuigunnud

msuSeuieumnnuanldlumsueganluTisunsy Matlab ensanfSeuiion 1a

NTUNIT

transmitted = cos(27 f t) Tagii t = O:—bﬂ

S S

a-'-!Tb (40)

TagA1nWD sampling (£) 111U 8.404 GHz, ANUDWA (£) 191111 2.099 GHz 1Az

2.101 GHz, Bit period (T,) 11111 1
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fisunndnuiiiy 0 uaz t:-::—b wld
. 1 2099
transmitted = cos(27 f t) = cos(27(2099 x10°%)(—————)) = cos(277 x ——
(27 1.t) = cos(27(2099x107) (g7 57~ o)) = cos(@m <z o)

Aa a (Y 15 Tb 119}
NDUNNVNNINY “1” Lhag t:f_ RSS!
S

)) = cos(27z x &)

transmitted = cos(27 ft) = cos(27(2101x10°)(————
8404 x10 8404

nouNNINIIAY 0’ Az t= f—b 1A

S

. 2099 x 2
transmitted = cos(27 f t) = cos(27(2099x10°)(—————)) = cos(277 x ————
(27 1ct) = cos(2r( NG a0ax10r) = O ga057)
fisuyniinmidy 1 uag tz% w14
transmitted = cos(27 f.t) = cos(27(2101x 106)(#6)) = C0S(27 x g 10} 2)
8404 x10 8404

satu aiIdnnmsnfisufeuaadhed umanaii 19 lumseqan
uuv BFSK 1 Tdsunsy Matlab  Taen/owandannud naiii 1815y aa1ud sampling (£)
101 8,404 Hz, ANUEN (f) 111 2,099 Hz 14ag 2,101 Hz MU&1AU Hagnsuagianiy
BPSK TuTulsunsy Matlab - ifdeunndarmalmin 18isuiu Taomaaud sampling (£)

1WA 8,404 Hz, A1WDWIN (£) 911A1 2,101 Hz
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8. MINATIUNIMNHUYININIATHIaUHVDIA FPGA

@ a 4 Y Y 3 g o o
WaQﬂﬁnﬁiﬂmQﬂﬂim“ﬂgiﬂiuﬂ§NW5amuajfuﬂuﬂWiﬂﬂﬁ@Uﬂ1§ﬂ131um63@3

v a Aa Ja Y4 Jd ad a 4 &~ qg;l [N | .dy
NOATHARAINDS LUVUADINAGNTUUUDIADIANNITOUNT FPGA @43 3 Juaousae 11)il
P o o
8.1 wseu'lvdmitlilnoasva

~ o o 3 [ I~ % 1 =1 1 [
douantilneaswariv lauuseenilu 2 1Wd Faeaaz lduvua 72 a1 uaay

U

1 ] A
Adlving 24 00 ieanuazaInlumsnadoy mzasniveyai Iduldnimsdians

o 4 a A o o
msinutazuuuesa FPGA Tagdunndoyan ldiimwininlusunsy Matlab vild 1ddeya

U

AININN 40

[=] datal.tut l
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o0oooooo000o0o00011010000
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e
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=
[

M 40 e Tadeyanldlumsneasiia
8.2 A1 InaalUsunsuasdl FPGA

n35a11 InaaTdsunsuasdl FPGA i1ld Tag14inToaa11 Tvaa lusunsy
. o T Y w s A a 7 Y}
Xilinx Platform Cable USB 11119019110195A FPGA 1azin303nouiimes laaldlisunsy
. = g e o o a
IMPACT ~ fmfugavedlilsunsy Xilink  ISE in1sailvaa ldsunsuasril FPGA

= A o o uy o . ..
“]NIﬂ‘illﬂiﬂ\mﬂ1ﬂui1fiﬁﬂuu]’lﬂﬂ1ﬂﬂlu@@uﬂﬁ Implementatlon ﬂlﬂﬂIﬂiLLﬂ‘iM Xilinx ISE
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8.3 aqlwdmi llooaseauaziiuninna

' s A P v W s ° 4 P2
msasdannaeunuaesitnllosasvadiuesa FPGA ld Taegldaseanrni
I @ o [ 4 1 H
Triaalusunsy USB Transceiver 1iudaniugumssudidoya iodadoyaidosnisnadou
A 3 9 IS Y o =] ~ 9 o o
3751 FPGA tafauda ndeasiimstiunnman ldannsnaasunsiiaiuuuussa FPGA
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A o 9 9 1 o 9 A [N
o doyad lauasrvdeudihinugndeanie lise 1l
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o @ @ 4 a {
WaANATDUNITNINIUUDIAINDATHAVUUDITA FPGA Tﬂ&l%ﬂgﬁf)l!ﬂﬂm%ﬂﬂﬁ@umi

v g 9y A a > = 9y @ o @
ﬂﬂﬂiﬁﬁlﬂﬂﬂlﬂgﬁﬂhﬂﬂuﬂn 321N “lfxil,il’e')uﬂﬂlﬂn’iﬁﬁﬂ@ui)g%u (2,1,4) AUTAINTUNIN

@ an o 9

v l 9
1 2 g ladgrswaniiving 72 In iniudsiaszgnueganuuuaInadlemaiia BESK

=1

[ 4 Y
uay BPSK  dyanafignueqranudlszgnadniiu llresdnyanandiaosliun a1niu

g QU U

=S

105Dz INsANeaIan Taeld Matched-filter §1U9U 2 @2 TAg Matched-filter A2115YN

Q
o a 1

ponuuulmdignudygiauesin “0” uag Matched-filtler AN a0gnoonuuyId1giy

QU [yl QU

doyanaealn “1” audaslumuin 41

[ S

Received signal cos(2x f.t)

rl

.tf()dt "y A

cos(2z(f, +Af)t)

M 41 msavegrandyia Taold Matched-filter

A ' | v J Y 1 @ AN Yo o
00INA 41 A1 10 1T uradnsveIn15141g (Matched) Fyg 1w 145U Matched-

Y]

@ 1 < o 1 o { %
filter @205 n1Az A1 r 1 uHaaNTY0IN15191] (Matched) dayny 1 185 UAD Matched-filter

1 H 4
v A = o

£ [ o’:/l Yy 9 I 1A a 1 a . .
aNaee Fawaawsneaoen 14l vzgniir ld1dduamsunnuninvesuaazin (bit  metric)

U
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o o @ aa A Ia a yd ) a s o
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1 a a A @ Yo 9 v J = IS o 1 o 1
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A ! 1 o
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1 09/’ " o w I o o a I 4
181 mﬂuuéfmuﬂmmmﬂmaﬂlﬁm 2 L‘]J‘Lla'lﬂ‘ﬂlﬁéllﬁ"lu 16 31NVUIR 24 UN !f]J‘Ll"’UL!W] 3 111”/]
Jd [ Y a
(1 Tust i 8 Un) 11512 1150n54 USB Transceiver for List Viterbi V1.1 with DEBUG
I ~ 9 @ [ 1 A Aa d o 4
protocol L‘]Jujﬂi!!,ﬂillﬂslclfcluﬂ']ﬁﬁﬂﬁ'\isllﬂll“aﬁgﬂ'l"l\u‘ﬂﬁﬂﬂﬂ@llW'Jl?’]’f)ﬁﬂ‘U‘U'f)ﬁﬂ FPGA

] [ 1 { g [ o w '
ligmnsasvdedoyatilumaluuis 1dTasase dvwasiludwiaugiu 16 neudsainsa

Y
v A

[ 19 2 ~ 9 @ v A
Sudetoyala uazwai ldanmsnaaeudineasialiail
1. HANISDIADINITNINHUVDININBATHE

[ o’d‘ 9 o o = = [
NﬁﬁW‘ﬁ‘VIHlﬂ‘ﬂ']ﬂﬂ']i’i]"la’t‘)\ifnﬁ'Vn\‘l"Iu‘U'ENT]JﬂLﬂ'iMJ'HHT VHDL WSeueuny
A 9 A 1 3 o 9 9 A 1
Tdsunsumun C++ 1edeamsNzns 1w 1sunsun1y1 VHDLYY ﬂWﬂWuulﬂQﬂﬁﬂﬁﬁﬁﬂth

= =3 o ] 1 v Y tiy o [ dtﬂ' o o
Iﬂﬂl‘l]3fJUWlfJ‘Uﬂ']ﬁﬂ?ﬂ?uﬂlﬂﬂnﬂ%?ﬂﬂl’ﬂﬂiﬂiuﬂﬁﬂ ualuivetaziiwaansna A u
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SNR = 10 d115UI5MT uogLan (Modulation) #1411 BFSK (Binary frequency shift keying)

v
A o

{ [~ 1 1o { 4
uaz‘ﬁmﬂimﬂuﬂmm Mached-filter NURNY 2 AMUDNIH (Carrier frequency) N1IUBYLAN
< v oA
uagnsANeqan (Demodulation) 1Humsadieninlysunsy Matlab  Taowadnsn ldan
T1l5un31n 1181 VHDL 9z1e0af031na1 (Waveform) vesdyaa Tasgiladuvesusaznin
=S VA Yo [ ] 1 o Ay Y I
dnaasdarIaazai a5y luuaazsrena daukaawsi lavin Tlsunsy c++ iflums
' 9 . J o AN Y o o ] 9
grunnufudoya (File) vouominn msizpadwin laarnmsdrasesmsiinuszgminn 131y
Y 3 v v Y Y A ) = =
stvewdludoya vinmiuszdonadns 3 lumsraieanuazainlumsiwinlseuiioy Tag

I 1 ] 1 3
WumMIuEAINILINEINNINY



77

A a a a 4 = s R )
MNN 42 LAADUNNTNUNTA (D IMWNYBIANDYLAIADT) FIa31am191n Tlsunswy
9 I a v Aa A A @ 4
Matlab Taglasiludunnveimsneasiaaainosiuuudosnaans 1ul1sunsuniy VHDL
MNAM state t  WHTNTUMMTAIMUAYITaIMTTIaNYealYsunTy @u rix72 al,

rlx72 a2, rl1x72 bl uag rix72_ b2 iumduwninuniniil¥lumsoeasa

1 2 13
075 [0 07
-1.6614 11228 1-0.702%
1.707 10,9453 10,2754
5.0887 15.B5 (17 J-4.9387
M 42 SunninuminaiialaeTisunsy Matlab
oS wazdeaudasodlunni 42 ladail
| 1 Ag Y o ' o =<
state_t Aumn s lumsmnuasanaInsianun T=193T =36
rix72_al ADUNNNNININTNUNTAVOI 10 910 Mached filter
rix72 bl ADUWNNNININTNUNTNVOI rl 910 Mached filter
r1x72 a2 APUNNANINATNAMT AV 10 910 Mached filter taziiluminuminia
1NA1 r1x72_al
r1x72_b2 ABUNNALIINTNUNTAVE 11 910 Mached filter tazumiinuniniida

1A r1x72_bl
3 &) A g Joal : a
MNA 43 1azM13190 3 UMTUTAIUNITNVOAFUNNNANGATIUIU 3 29 (T =5 D3
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f1.6232 125 3168 iH F’Ei%
79,6834 1103.14 1122177
103.075 J30.EER IHEEI )
B7.0617 111198 1121138
Ba.7548 133733 113867

3204 11242865 1145145
m.502 15029 1134478
b4.0738 JE15 1130001
87,1055 156, 2566 1129.00]
78.8707 118,808 1130.477
114.55¢ 1363623 1144146
B7.241 12163 1139.66
B4.2785 1302760 12743
91.5586 11461 126614
106426 15,4861 1123244
23.8924 110E.49 1121.395

a = ~ 1 A Yo dy
f’)‘ﬁiJ”IfJinJﬂ%!ff]ﬂﬂﬂllﬁﬂﬁﬂgiuﬂTW'ﬂ 43 ]lﬂﬂ\‘iu

pmetric_fi

DD

IT = 7 nldsunsunim

< a y Aad Ny %
HumInveaudunanangavesaan si lasni=o, 1,2, 3,...,15

4' 9 1 a 9) d’dd‘ o [% 1 =
ATNN 3 AIBVYTNUNNTNUBUTUNNNANTATIHIUTN T =50 T =7 10 Tsunsu Crr

State T=5 T=6 T=7
0 81.2692 85.3168 117.7680
1 78.8693 109.1410 122.1770
2 109.0750 98.6675 132.9120
3 67.0617 111.9680 121.1380
4 89.7548 93.7330 138.6700
5 92.0400 124.2850 145.1450
6 111.9020 95.0296 134.4780
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M3191 3 (90)

State T=5 T=6 T=7
7 54.0738 116.1590 130.0010
8 87.1055 88.2566 129.0010
9 78.8707 118.8090 135.4770
10 114.5520 96.3823 144.1460
11 67.2431 121.6360 139.6690
12 84.2785 90.2765 127.4360
13 91.8586 114.6170 126.6140
14 106.4260 98.4861 123.2440
15 53.8924 106.4910 121.9950

~ ~ 1 1 a 9 Ao A 9
VNN 43 1aza13190 3 wunauunInveadunenanga laninTusunsunim
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B35 92,9758 1113554
04,5581 JE3.8071 111853
31.365 1820417 13,8837
13273 67,3083 1036
435926 190,905 1359035
018274 B 80 1103485
18.7957 J81.B603 1366558
7h.624 1711.971h 10364
96, 7613 195,211 10236
o4 4767 154,139 100 00B
3443 18,4967 J08 1
73455 1769764 111589
43,0653 187.44% 111013
52,0083 JE36257 147
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Ad‘ [ 1 a 9 cidci o [ ] =
MNN 44 ADINUUNTNUDUTUNNNANTATOINWITMUNITUFN T =5 T =7 1nldsunswy

Y1 VHDL

Aa = A 1 A Yo dy
@‘ﬁiJTEJinJﬁ%L?Jﬂﬂ‘ﬂllﬁﬂﬁﬂgiuﬂTW‘VI 44 llﬂ@NLl

pmetric_si

< a 9 daa . A
L‘ﬂulll‘ﬂiﬂ"lJBQLﬁLl‘VIN‘i/'lﬂﬂ@'ﬂi@ﬁﬁﬂh'l"l]@ﬁﬁ!@ﬂ si Iagf i= 0,1,2,3,...,15

d' [ 1 a 9 d‘dd‘ ) [ 1 =<
AN 4 ADINUNNTNUDAUTUNNNANTATOINNITMNTUFN T =50 T =7 1nTUsunsw

C++

State T=5 T=6 T=7
0 24.2720 84.8002 105.1780
1 76.8057 76.7950 116.9460
2 62.2382 92.9258 113.5940
3 54.6581 63.8071 118.5390
4 31.9650 82.0417 96.8837
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M3519N 4 (910)

State T=5 T=6 T=17
5 79.2737 67.3083 101.3610
6 43.5926 90.9060 98.9035
7 51.8274 58.8022 103.4650
8 18.7957 81.8603 96.6558
9 76.6243 71.9715 103.6460
10 56.7619 95.2110 102.3600
11 54.4767 54.1390 100.0080
12 37.4413 85.4982 108.1170
13 79.4550 76.9764 119.8920
14 49.0689 87.4495 110.1370
15 52.0088 63.6257 111.4700
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CER VI T T I I R I
1 3 8 )13 N

CER VI T T I I T VI

A (O I I I (VI O (I

4' o w Ao Aaa [ =
NMNN 45 ﬁ']ﬂiJ‘llE)\‘]ﬁmVWIﬂ‘ﬂ’Q(ﬂLl’dzﬁm‘I/l‘l/lﬂ‘l/lﬁ;ﬂiﬂﬂaﬂu']%']ﬂﬂ'liﬁ"lﬂﬁf]‘c’Jﬂa‘U(T=35 1IN}

T=25)

a = ~ 1 A Yo dy
E’J‘TJU”I%JSTEJ@SL’Oﬂﬂ”ﬂuﬁﬂﬂﬂgiuﬂTW'ﬂ 45 llﬂﬂ\iu
I 1 Aq Y o 1 o o qazl ' =
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Statel L‘]Juﬂ'lﬁmﬂ“ﬂvlﬂﬁﬂﬂﬂ1iﬂ']lliﬂElﬂ'ﬁ‘]J“ll'éNWaﬁW‘ﬁVlﬂ'Ji%%LﬂuiJ'lﬂ‘ﬂ’q@
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State t2 L'ﬂu?ﬂ“VlGI,GD'GI,L!ﬂ1§ﬂ1ﬂuﬂﬂ$’3\‘lﬂ1ﬁ’n\ﬂu‘llﬂﬁfﬂﬁﬁuJi’E)EJﬂﬁ”U A T = 35 99
v oA o
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State2 ulumﬁmvm"lﬂmﬂmimmaﬂﬂammwaawwmmmﬂuimmm

M319N 5 IAVVITANNANZAINMIANTOINAU(T=35 D T=25) 1IN C++

T 35 34 33 32 31 30 29 28 27 26 25

best state seq[t]is 0 0 0 0 0 0 1 3 6 13 11

M99 6 SINVVOITANNANGATOIAINININAMITANTONAV(T=35 D T=25) 910 C-++

T 35 34 33 32 31 30 29 28 27 26 25

sec_state seq[t]is O 1 2 4 9 3 6 12 8 1 3

< < 1o o Ao ad Ay y
DINN 45 115N S Lae 6 W1J’J'lZﬂﬂ‘U“llf]\1ﬁ!,ﬁ1/]1/]ﬂ‘ﬂﬁﬂ!Lﬁ%ﬂﬂq’ﬂiﬂﬂﬁﬂu'mulﬂﬂ']ﬂ
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fi1 state] LLAZAT best_state_seq NANUNNBUNUAB 0 (1A State 2 HIBT = 30 AN state2 LALA
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o Al o
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o Y} LY J
2. #AMSIMNUVLININBATHAUHLDIA FPGA

Wﬁfﬂﬁ‘ﬂﬂﬁ'ﬂ‘Ufﬂﬁﬁ']\‘]']‘l!‘l]ﬂ\iéf')ﬂﬂﬂiﬁjﬁﬂuu@{ﬂ FPGA %@Mﬁﬁﬂl%ﬂﬂﬁﬂﬂl‘ﬂuﬁTﬁU
euum‘ﬂuﬂuﬂmwm (all-zero sequence) Iﬂﬂﬂﬂﬁﬂﬂﬂ?ﬂ?ﬂ 5 ﬂﬁ\i uag Gl‘])'GIf'fNﬁﬂJﬂl']mLLUU
IMAFEUIIUIIN SHuAM SNR = 10 dauaaslunimd 47 nngiifuTisunsy <uss
Transceiver for List Viterbi V1.1 with DEBUG protocal” ‘ﬁﬁl‘fijﬁlumﬁ/ﬁjd ﬁ’fayjaﬁum{ﬂ FPGA

9 :J, = 1A 1 9 4 P Ao 4 =
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AWNTANE08 2 $09 11N 1T11A19 “Input sequence” UAAIADUNNUNT NUDILAA TNNE
s ' o oA 9 < '
1[91U05A FPGA UazH11614 “Decoded sequence” LA@AINAANTNDOATHAA5UIAITIN101N
4 1 Y 1 1 9 9 1 [ 1 d' 1 Y
V03A FPGA laguaazytiiaseiuaningie 1y udiemnuasan Taemiegluntiiaig

= o A a £ Y =\
Input sequence UUUIA 3 1u9 50 24 Inlunitaund uaglunta1e Decoded sequence HUUIA

4 = a =& 1 [ o 9 o 1 3 2 [ 4
4 lrl'].l’I/l 139 32 1N Tuniaunn ﬁ'JLlWﬁﬁ‘W‘ﬁﬂulﬂ’ﬂ"lﬂﬂ"lﬁﬂﬂﬂﬁ ﬁiu!t@ﬁzﬂiﬂﬂgqﬂWﬁaW‘ﬁ

J v 7 d o Aaa o A
2 19IN9UN IﬂflWﬁaW‘ﬁlliﬂLLﬁﬂQl@TVIWVIm@Qﬂ’]iﬂﬂﬂﬁﬁﬁ‘ﬂﬂ’ﬂq&q UAZHAANDITNTDILUFAN
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LE’JTVIW‘VI"IJ?Nﬂﬁﬂﬂﬂiﬁ/ﬁﬂﬂﬂﬁﬂiﬂﬁaﬂi\l"l

USBTranceiver for List Yiterbi ¥1.1 with DEBUG protocol

(ingad sequence
oozDE '1“ bit metric, i |
(000 74 “_ 1% kit metric, r1 - Save Data '
000303 +—— 2™ bit matric, 10
DDOEE «+—— 2™ bit matric, r1 gmﬁ:ﬁmdﬁ Y.
%%g 00000000 <+— Moﬂlmelg.mutputnh“aaguanm
0002 B4 |1I]E[IIIIIII «— 7™ most likely output of 17 sequence
00 (0 58 |Recerved header and data =12 Bybes
ooz 71 |II|II||I,I|II q—hﬂn&tllkelyuutpulufz Eequencs
0 00 40 (00000010 +— 2™ mast likely cutput of 2™ sequence
0002 14 |Recerved heades and data =12 Bytes
s i
oGS Received headet and data =12 Bytes
000 20 {00 00 00 00
(000 EB Immmm
100085 Rleceived headet and data =12 Bytes
00 00 41 00100 00 00
0000 CE IEIE'IIIIIIEIJ
00 D028 |
000024
000059 [
0000 7A |
00 D0D4 |
noms [
0000 26
0oom 3 |
00DDT3
0001 %8 |
om0 23
000221 2
Dione 20

d' o J = = 1< < o 1 A
MANN 47 NaN1TDDATHAUUVDIA FPGA NTUU E) aumrﬂu AUy wmuazm SNR Mgy

J 1 A 1 ' = = 9 ~ &£ g
M391UAIY0ININD 47 dunsnoruaaziliouiou1dana1s e 7 Fuiuaisn
nlSeufeuaugiu 2 vua 4 I NURUFIU 16 A206191%U WA Input sequence LAAIA1
a a a A 9 4 VA I 1 1A a A
VNUNTNVDIDUNNNAUNIUDIA FPGA Tagminuaauilumavygiv 16 15y MUnunsnusnae

& A < ¥ I Y
00 03 D8 rHwavgiu 16 wontauiuavgiv 2 9218 00000000 00000011 11011000 1A
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! [ { o 3 [l 4 &
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1< @ o 1 c?;’ 1
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47 HAdNTIN 191NNT00AT
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Hexadecimal Binary 4 bits

0 0

1 1

2 10

3 11

4 100
5 101
6 110
7 111
8 1000
9 1001
A 1010
B 1011
C 1100

D 1101
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- :
MINN 7 (919)

Hexadecimal Binary 4 bits
E 1110
F 1111

§ o [ o 9 { 9 o I~
AN 48 HAAINANITNNUVOIGIDRATHA Tasdayanldnadeunisooasiaiiy
Y a o . ;o Y 1 { 13 :(qs/l 1 9 v {
Foyasunnuuun 1 (general input) Fenae Joyamlan i liiflugudniiuaneudisian

4 H
J=

IF09dIULIA 32 Tn Taenadoud 1wy 5 A5 uazMruuaal SNR (M0 7 Felimounyni g

e

[ dy
lumsnagaen asil

1. 11011001 11011010 01111011 11101010 utlauilumugiu 16 9214 DO DA 7B EA
2. 01010110 01001110 11111011 11010111 laufluaugiv 16 9214 56 4E FB D7
3. 10001110 01110100 00001100 10101000 trauiuaugin 16 9214 8E 74 0C A8
4. 00001000 00000100 10101001 10111010 trJauiflumugiv 16 9214 08 04 A9 BA

5. 01110010 11000111 01110000 11000111 Lgﬂaatﬂmamgm 169214 72 c770 C7
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USBTranceiver for List Viterbi V1.1 with DEBUG protocol

(0012F5
(001E ED
(00 1C B8
(001411
(001D 28
(000D &1
(0000 D2
|0005FB
000194
(001654
0004 DA
(000C A1
000D EA
(0016 FC
(0023 3F
0005 84
(0o oo7
(0023 F4
{0018 3F
|0015E5
\001E 2E
000039
(00 26E4
(000C B9
(0013490
(003N
{0000 7F
0026 41
(0008 &2
(00 00ET
(0003F0

AN A O

(Irput sequence

L

Save Data E:at

Decoded sequence

Recgived header and data =12 Bytes
D9EL 7R EA +— error

] B EA <— ermor
Received header and data =12 Bytes
B 4E FE 7 +— comect

56 4E iﬁ? +— error

Raca eader and data =12 Bytes
BE T4 0C A8

B0 34 0CAS

Received header and data =12 Bytes
08 04 4984

03C3 60 BA

Received header and data =12 Bytes
7207 0CT

4F A7 T0CT

Done Al

4 o 4 {3 a o o a
MW 48 wannmsneasiauuuesa FPGA Mifludoyadunnuuuna i $1wau 5 unn

o A @ 1 [
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3. HaNTAUNTIZHIINT (Synthesis) M1HiIUAIDOATHE

HAMIdUATILHI9s SmTudioeasWauuFl FPGA Virtexs U XCSVLX110
HU11AVDI CLBs 1171 8640 1ad 1szneulidae Flip-flops 69120 @9 1ag 6-input LUT
69120 ganToamilu 69120 x 2° =4423680 TavniAn MARAMIFUATILI9T ThlnT
AszanamslEninensuusl FPGA  d9m i 54 Tae $119u Flip-flop 1911 33341 61
MINTINUA 69120 77 nSeAmTTN 48% uazd1uau LUT 1911 20265 ¢ 91nWanum 69120 2

A A I~ A [ 4 ng; 9 . % ogj

wseAau 29% Lilesanuaazisaaued CLBs Wuilseneulidae Flip-flop tag LUT dau
A i Y ¥ o Y o~ v < b4
Wesunaeutnalenuiu CLBs udraziinsldausamilu 38531 aga 91n9191nA 69120 a
a & A a v v = .

Aty 55.75% 130 2465984 Tadninm Usznoualen13 199N Flip-flop t1az LUT 15075 %@
¥3039% 19wz LUT 5190 90 W30 13% 1491ummg Flip-flop 18266 %A 130 47%
nsldaundygrasuddoyavesuesanaass FPGA 1911 14 v1 91nWaniua
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440 Ny andlu 3% Uszneudrendyaruniuge 6 11 tazndyaiudoya 8 91

Device Lkilization Summary

Slice Logic Wilization Used Awvailable Litilization

Mumber of Slice Registers 33.341 £9.120 48%
Number used as Fip Fops 33,341

Mumber of Slice LITs 20,265 65,120 P 1 4
Number used as logc 20,220 £9.120 29%

Slice Logic Distribution

Mumber of occupied Slices 10,294 17.280 9%
Mumber of LUT Flip Flop pairs used 38,531
Number with an unused Fiip Flop 5.130 3B8.531 13%
Number with an unused LUT 18,266 38,531 474
Number of fully used LUT-FF pairs 15,075 38,531 9%,
MNumber of unique cortrol sats 408
MNumber of shce register stes lost 631 69,120 1%

to control set restrictions

10 Lkilization

Number of bonded |OBs

Mumber of banded 14 440 3

Specific Feature Utilization

Mumber of BUFG/BUFGCTRLs 2 32 6%
Number used as BUFGs 2

4 @ J 0 o '
ﬂ1Wﬁ 54 WANITENIATIEHINT gf')ﬂil]il!ﬂill Xilinx ISE 10.1.02 Tﬂﬂummﬁmlﬂumﬁmu
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Tun139119711 10,000 A

SNR First output is wrong Second output is wrong P1 P2
0 9582 9259 0.9582 0.9663
1 8927 8194 0.8927 0.9178
2 7389 6387 0.7389 0.8643
3 5296 3475 0.5296 0.6561
4 3120 1191 0.3120 0.3817

5 1244 244 0.1244 0.1961
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SNR First output is wrong Second output is wrong P1 P2
6 358 45 0.0358 0.1257
7 119 11 0.0119 0.0924
8 30 2 0.0030 0.0667
9 4 0 0.0004 <10
10 0 0 <10* N/A

1 [l A o I .
wnemg N/A vinenun Jeya bilianumanefaziimnszgnald 1@ (not applicable)

Ms1en 9 mamshuvesdineasiauuuesa FPGA uazldueqanuuy BFSK Tums

Y
111971 800 AT

SNR First output is wrong Second output is wrong P1 P2
0 758 732 0.9475 0.9657
1 716 650 0.8950 0.9078
2 596 518 0.7450 0.8456
3 426 270 0.5325 0.6338
4 242 91 0.3025 0.3760
5 102 19 0.1275 0.1863
6 30 4 0.0375 0.1333
7 9 0 0.0113 <10°
8 0 0 <10° N/A
9 0 0 <10° N/A
10 0 0 <10° N/A
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P2 Ao ANUUNTUNNaaNTNa0IHA IONAANTLINHA (Probability of error of

the second output given that the first output is wrong)
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4 v AN Y 1 o 9 o
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10,000 A59
SNR First output is wrong Second output is wrong P1 P2
0 5234 4136 0.5234 0.7902
1 2758 1795 0.2758 0.6508
2 1052 549 0.1052 0.5218
3 293 102 0.0293 0.3481
4 40 9 0.0040 0.2250
5 10 1 0.0010 0.1000
6 0 0 <10 N/A
7 0 0 <10* N/A
8 0 0 <10" N/A
9 0 0 <10" N/A
10 0 0 <10 N/A

1 1) { o I .
WA N/A ¥unenu Joya lilianumuneioziinmlszgnald 1A (not applicable)

] I { v o a
Tae P1 An AnuURztuiNaanELsNAA (Probability of the first output failure)
A 1 2 A o oA a A v J a e
P2 A9 ANNUINITUNHAANTNA0INA INONAANTLTNHA (Probability of error of

the second output given that the first output is wrong)
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10,000 AT
V(km/h) Doppler SNR First output is wrong Second output is wrong P1 P2
60 116.72 0 9972 9937 0.9972  0.9964
60 116.72 2 9661 9489 0.9661  0.9821
60 116.72 4 8016 7332 0.8016  0.9146
60 116.72 6 3717 2643 0.3717 0.7110
60 116.72 8 545 217 0.0545  0.3981
60 116.72 10 91* 14%* 0.0018  0.1538

Y
wnemg * 15 lumsitiau 50,000 A5
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$ 1 [ L 4 a 1 0'.1 o
M9 12 WAYDIFOIAYQIUNIVNHIBUVLLIIR N1 90 N lamasaodd Taua Tumsinau

10,000 ﬂ% N
V(km/h) Doppler SNR  First output is wrong Second output is wrong ~ P1 P2
90 175.08 0 9982 9962 0.9982  0.9979
90 175.08 2 9761 9648 0.9761 0.9884
90 175.08 4 8464 7906 0.8464 0.9337
90 175.08 6 4533 3399 0.4533  0.7498
90 175.08 8 808 343 0.0808 0.4245
90 175.08 10 172%* 20% 0.0034 0.1686

Y
wnemg * T8 uaulumsitiau 50,000 A3

$ 1 [ L y a 1 0'.1 o
M3197 13 WAYDIFOIAYQIUNMIVNHIBUVULIIR N 120 D lamasaodd Taa Tumsinau

10,000 ﬂi:j N
V(km/h) Doppler SNR First output is wrong Second output is wrong Pl P2
120 23344 0 9983 9976 0.9983  0.9992
120 23344 2 9837 9755 0.9837  0.9916
120 233.44 4 8840 8396 0.8840  0.9497
120 23344 6 5282 4223 0.5282  0.7995
120 233.44 8 1219 588 0.1215 0.4824
120 233.44 10 334* 69* 0.0067  0.2065

2
e * T8 lumsitieu 50,000 34

' 3 { o o a . .
Tag P1 Ao AuUvilunnaansisnin (Probability of the first output failure)
A 1 3 A v A a A v a e
P2 Ao AnuUsuinaaniNaosda tonadwiisnHa (Probability of error of

the second output given that the first output is wrong)
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@

1 o { 4
5.3 WaveIreIdIAMIINHIILUY 9 Feunldyausuniumageund

HYYVIN

o Ay Y A 3 = )
HAANTN 1A1NA13199 14, 15, 16, 17, 18, 19, 20, 21 uag 22 Huwadnsnldan

o % v

o a a Ia v J 1 o
N1T10VINTITNINIUVDIAIDDATHA AT AUNDIULUUTDINAAND Iﬂﬂi‘ff}%ﬂﬂﬁ‘q}lm'lmﬂﬁiﬂ\‘]ﬂ'lﬁl

v
A o 4

{ 3 VW 3 A
pulsiFeuntidygrasunumdFeusuuuuan Anuswanaenune A 60,
a 1 q'; o w U = 4 d' Y a J
90 uay 120 nlawasaesalue awawy  uazen laFeuunames K nlslumsdasigy
Aa A i g [ 1 [ 1T A I~
dszanimmlufiaz1d 3 mAo K = 1, K = 3 uaz K = 10 uaz ldamasudedn (g) i

1 ' b4
ANy 5.6 maua  E, sz lddszanfamvesdineasiageiunaziilidng

b
a J a a 1 dg’ Y 1 A Yo o 09-1}
AATIEHUTLANTMNOIUAY FI3UN SNR = 10 22 13 maulunsiau 50,000 AT LINY
o 3 4 o :J} o3| o { a o [
A1371197% 10,000 A3 (119991913 H19U 10,000 AT 1WumMInundeanu lild sy SNR

Tugeaana M liwadnsnlags lumeawenaziitlinszilseansanla

£4
v Ao 1

o o 1 4 os/’ I [ 1
ﬁ'lﬁﬁ‘UﬂTuliL%‘c’JuLW‘lﬂ!,ﬁﬂﬁ K WU 921U ATDIUSVDIFIITYY I 5'mmm
= J A d? 1 o a0 A d? Y A 1 =
ulil“b"t’]ﬂl!"l’\lﬂlﬂ@i K ummﬂmumwamﬂu LOS 3ZUAUNNVURNIY uazmam"liwwmdﬂ
J A ' A 9 o 9 a A
99 K UAIFINING dusznau LOS %zummimwwu’aﬂmmmﬂwﬂammmwiuma

Y
IS = ]

(Y o <] I [
dadauiisgeiu uazvesdygransgnaailudyanausuniumdiBeuuanuuun

M319N 14 wavesresdnanaminemonuy 1aFeu 1 60 Alawasaes Tue Loz K = 1

Tums1i19711 10,000 A59

V(km/h) Doppler K SNR First output is wrong Second output is wrong Pl P2
60 116.72 1 0 9968 9937 0.9968  0.9968
60 116.72 1 2 9629 9437 0.9629  0.9800
60 116.72 1 4 7912 7164 0.7912  0.9054
60 116.72 1 6 3528 2490 0.3528  0.7057
60 116.72 1 8 481 191 0.0481 0.3971
60 11672 1 10 65% 10* 0.0013  0.1538

v
e * 193 ulumsiinu 50,000 5
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M3197 15 wavesrosdynIumInemionuy lsFeu 1 60 A lamasaod Tue nazA1 K =3

Tun139119711 10,000 AT

V(km/h) Doppler K SNR First output is wrong Second output is wrong Pl P2
60 11672 3 0 9960 9915 0.9960  0.9954
60 11672 3 2 9525 9318 0.9525  0.9782
60 116.72 3 4 7557 6775 0.7557  0.8965
60 11672 3 6 3026 2064 0.3026  0.6821
60 116.72 3 8 355 136 0.0355  0.3831
60 116.72 3 10 40* 4% 0.0008  0.1000

Y
wnemg * 15uaulumsitiau 50,000 A5

M3190 16 HavesvesdyanamMInonuy l5iFou 7 60 0 lawasaeda 119 uazA1 K = 10

Tuns9ta1u 10,000 A5

V(km/h) Doppler K SNR First output is wrong Second output is wrong ~ P1 P2
60 116.72 10 0 9902 9825 0.9902  0.9922
60 116.72 10 2 9159 8816 0.9159  0.9625
60 116.72 10 4 6289 5289 0.6289  0.8409
60 116.72 10 6 1796 1046 0.1796  0.5824
60 116.72 10 8 137 37 0.0137  0.2700
60 116.72 10 10 8* 0* 0.0002 <10"

2
g * 168 uaulumsitieu 50,000 a3
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M99 17 wavesvesdynamInemionuy lsFeu 11 90 A lamasaed T uazam1 K = 1

Tun139119711 10,000 AT

V(km/h) Doppler K SNR First output is wrong Second output is wrong Pl P2
90 175.08 1 0 9980 9958 0.9980 0.9978
90 175.08 1 2 9734 9621 0.9734  0.9884
90 175.08 1 4 8345 7681 0.8345  0.9204
90 175.08 1 6 4277 3210 0.4277  0.7505
90 175.08 1 8 750 357 0.0750  0.4760
90 17508 1 10 136* 21* 0.0027  0.1544

Y
wnemg * 15uaulumsitiau 50,000 A5

M3190 18 WavesresdnaumInemonuy laFeu 11 90 Alawasaes Tue Loz K =3

Tuns9ta1u 10,000 A5

V(km/h) Doppler K SNR First output is wrong Second output is wrong  P1 P2
90 175.08 3 0 9963 9951 0.9963  0.9988
90 175.08 3 2 9694 9545 0.9694  0.9846
90 175.08 3 4 8115 7493 0.8115 0.9233
90 175.08 3 6 3921 2854 0.3921  0.7279
90 175.08 3 8 605 256 0.0605  0.4231
90 175.08 3 10 97* 12%* 0.0019  0.1237

Y
wnemg * 15w lumsitiau 50,000 A5
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M3197 19 wavesrosdynIuMINemIenuy l5Feu 1 90 A Tawasaed Tug LazA1 K = 10

Tun139119711 10,000 AT

V(km/h) Doppler K SNR First output is wrong Second output is wrong Pl P2
90 175.08 10 O 9930 9891 0.9930 0.9961
90 175.08 10 2 9441 9215 0.9441 0.9761
90 175.08 10 4 7160 6246 0.7160  0.8723
90 175.08 10 6 2665 1684 0.2665 0.6319
90 175.08 10 8 272 92 0.0272  0.3382
90 175.08 10 10 19%* 1* 0.0004 0.0526

Y
e * 19 ulumsiinu 50,000 A5

M3197 20 WaveIFOITYYIUMTNMIELDY 5Tou 01 120 A Tamasaod Tue nazAm1 K = 1

Tun139119711 10,000 AT

V(km/h) Doppler K SNR First output is wrong Second output is wrong Pl P2
120 23344 1 0 9979 9972 0.9979  0.9993
120 23344 1 2 9821 9725 0.9821  0.9902
120 23344 1 4 8783 8303 0.8783  0.9453
120 23344 1 6 5093 3983 0.5093  0.7824
120 23344 1 8 1107 567 0.1107  0.5122
120 23344 1 10 209* 53% 0.0058  0.1828

Y
wnemg * 15w lumsitiau 50,000 A5
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M3197 21 wavesrodynIUMINIeLUY 5Ty 7 120 A Tamasaod Tua nazA1 K =3

Tun13911911 10,000 A5

V(km/h) Doppler K SNR First output is wrong Second output is wrong Pl P2
120 23344 3 0 9983 9968 0.9983  0.9985
120 23344 3 2 9804 9686 0.9804 0.9879
120 23344 3 4 8555 7977 0.8555 0.9324
120 23344 3 6 4839 3712 0.4839 0.7671
120 23344 3 8 939 420 0.0939  0.4473
120 23344 3 10 216* 37* 0.0043  0.1713

Y
e * 19 ulumsiinu 50,000 A5

M3197 22 waveIFedyIMMINIELDY 5iFeu 7 120 A Tamasaod Tue nazA1 K =

10 TumMsiaw 10,000 A5

V(km/h) Doppler K SNR First output is wrong Second output is wrong Pl P2
120 23344 10 O 9961 9929 0.9961  0.9968
120 23344 10 2 9586 9385 0.9586  0.9790
120 23344 10 4 7691 6929 0.7697  0.9002
120 23344 10 6 3239 2241 0.3239  0.6918
120 23344 10 8 412 141 0.0412  0.3422
120 23344 10 10 58%* 10* 0.0012  0.1724

Y
e * 193 1ulumsiinu 50,000 A5

1 I 1 v 7 a
Tae P1 Ao AUl uNNaansLsnAA (Probability of the first output failure)
A ] I a L= A A o oA A & a
P2 A9 ANNUIIITUVOIANUAANDIAYDIANADNNT DY 1A ATONNHHIAA

(Probability of error of the second output given that the first output is wrong)
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Decoding failure probability(p1)
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Decoding failure probability(p2)

SNR(dB)
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Design and Implementation of List-of-2 Viterbi
Decoder with VHDL and its Application
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Kasetsart University, Bangkok, Thailand
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Abstract— To use List viterbi decoding (LVA) as inner
decoder with error detection outer codes, the list size must be
large enough to almost always include the correct seqeunce.
However, if error correction is used, a very short list of two can
be enough.  Convolutional Vector Symbaol Decoding (conv. VED)
has been shown that it could select the correct input sequence
from a list of multiple sequences. Previous work showed that list
of 2 choice was the most effective size in terms of performance
and complexity from the implementation viewpoint of conv. VSD.
In addition, list-of-2 Viterbi has been simluated with C++
program to demonstrate that it is suitable as the inner decoder
for conv. VSD outer codes for some channels. In this paper, we
propose the design and implementation of LVA with list of 2 in a
hardware language called VHDL. This VHDL program can
readily be implemented on an FPGA board and used as the inner
decoder for the conv. VSD. The results show that VHDL
program worked exactly as designed by comparing thier outputs
with the output of previous C+ program.

[ INTRODUCTION

List Viterbi Decoding Algorithm (LVA) was proposed by
Seshadri and Sundberg [1] in 1994. It extended the concept of
the original Viterbi decoding algonithm [2] by providing many
possible decoded sequences instead of only one most likely
sequence. By using a long enough list, error detection code
can be used to check and select the correct decoded sequence
from the list. In 2000 [3] and 2001 [4], Chen and Sundberg
showed the performance of LVA for wireless channel and for
continuous transmission. In 2006, Roder and Hamzaoui
proposed the faster LVA using tree-trellis [5]. Recently in
2008, another group of researcher presented joint erasure
marking and LVA [6]. However, in all these works, the list
must be long enough.

This paper proposes the design and implementation of LVA
with very short list of only 2 possible sequences. The short list
greatly reduces the computation. To implement LVA in
hardware, the concept of LVA was designed with state
diagram and written in a hardware language called VHDL
(Very high speed integrated circuit Hardware Description
Language). The VHDL language was selected due to the ease
of simulation and because it can readily be implemented on an
FPGA board. To implement with VHDL, the algorithm of
list-of-2 Viterbi was designed using state diagram to indicate
the steps of the algonthm. This state diagram design refers lo
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the state in VHDL and not the state of the convolutional code.

Vector Symbol Decoding (VSD) is a nonbinary decoding
algorithm that can be applied to both block and convolutional
codes with nonbinary symbols. It was first proposed by
Metzner in |7]. It was shown that it can select the correct
symbol from a list of many possible values of that symbol.
Convolutional Vector Symbol Decoding (Conv. VSD)
proposed in [§] was based on the original V3D principle with
attractive feature that it can start decoding with a partial and
usually very short received sequence instead of having to wait
for the whole received sequence as in the block VSD case. In
the implementation viewpoint, the optimum list size for conv.
VSD was shown to be a list of two possible values for each
symbol [9]. Larger list gave little added performance with
much higher complexity.

List-of-2 Viterbi has been shown to be suitable as the inner
decoder for the conv. VSD outer code for concatenated codes.
The good performances of these concatenated codes were
shwn in [10] for a simplified two state fading channel, an
AWGN channel and a Rayliegh fading with AGWN channel.
In addition, the phase II of convolutional Vector symbol
decoder [11], which can be used as the outer decoder of the
list-of-2 Viterbi inner decoder, have also been implemented
on an FPGA board. This makes it simpler to later combine the
inner and outer decoder into a single hardware.

1I. BACKGROUND

The LVA algorithm can be divided into 4 paths as the
original Viterbi: 1. Initialization, 2. Recursion, 3.Termination,
and 4. Trace back. The related equations can be found m [1].
This paper focuses on the design and implementation with
VHDL and does not repeat the widely known Viterbi
algorithm to save space. Only key points that differentiate the
List-of-2 Viterbi and the original Viterbi are stated. List-of-2
Viterbi used in this paper was the parallel LVA [1], which
meant that the algorithm kept two highest accumulated
metrics instead of only one highest metric at each state and
each time interval. The metrics were correlation metrics. The
best path and the second best path were the paths that had the
highest and the second highest path metric values respectively.

At cach state, two accumulated metrics were calculated
from the accumulated metne of the previous slate plus the
current branch metric. During the steady state, there were four
paths that compete with each other at the incoming of every
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state. The best two paths with the two highest metric were
recorded. The best two paths might come from the same
previous state or from different previous states. It is important
to note that the most likely path and the second most likely
path must diverge only once and then merge back |1].

An example with very short length of 5 data bits is used to
illustrate the list-of-2 Viterbi idea. The data size can be
increased and the intended size was set to 32 data bits for the
application as the inner code of V8D outer code.

Example 1: Consider a (2,1,4) convolutional code with
G(D) = [(14D+D*) (1+D+D*D")] that terminates afler five
bit inputs. Since the memory size is 4, there are 2° = 16 states
in the trellis diagram and 4 more “0™ must be mput to the
encoder after the termination to clear the memory. The trellis
diagram for the input sequence (11101} is shown in Fig. 1 and
the corresponding path metrics are shown in Table 1.

Tao find the best and second best paths, the input bit metrics
were imported from Matlab using the raylieghchan() and
awgn() functions to generate a Rayleigh fading channel with

additive white Gaussian noise for Doppler = 50 and SNR = 10.

The modulation scheme was binary frequency shift keying.

Notice that the solid circles and the dashed circles match
the paths in Fig. 1. The number in each parenthesis in Table 1
is the previous state that leads to the path metric. To simplify
the table, the second best path metrics are shown only when
they help differentiate the different path metiic values when
the two paths join toward the end.

Note that the branch metrics are not shown here due to
limited space. They also play an important role in how the
algorithm selects the best and second best states at each time
iterval. This is because the accumulated path metric results
from the addition of the path metric of the previous state and
the branch metric. To make this clear, consider the time
interval T=8 and T=9. At t=8, the highest path metric of state
(0 (=436.12) was higher that the second path metric of state 1
(=375), but the second best path at T=9 came from state 1

T=) T=1 T=2 T=3 T4 T=6 T=§ =7 T-8 T=0
s0
s1
52
83
s4
35
£6
s7
58

=8

I . . .

i
Eold line = best path

Dashed line
= second best path

. . . .

815 - .. s
Figure 1. The trellis diagram of example 1
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instead of state 0. This 15 because the branch metric from state
1 to state 0 from T=8 to T=9 (=82.4487) was much higher
than the branch metric from state 0 to state 0 from T=8 to T=9
{=0.513184). Therefore, the accumulated path metric of
375+82.4487 was higher than 436.12+0.513184 and state 1
was selected as both the best and second best states.

[1I. METHOD

The list-of-2 Viterbi was implemented for the code in
example 1 with 32 bits data sequence. The design in VHDL
used state diagram design. Note that these states are for
VHDL and they were not the same as the states of the
convolutional code, which were 50 to 515 as shown in Fig. 1.

The initialization, recursive and termination parts were
combined together and done in 5 VHDL states for each time
interval as shown in Fig. 2:

State @ Receive current bit metrics as inputs and set the Conv.

code states (0 to 515) and the branches that need to
function at each time interval. Start with interval T =
1, which has only two functioning state s0 and s8 as
shown in Fig. 1

State @ Calculate the necessary branch metrics and record the
corresponding previous conv, code stale.

State @ Calculate the path metric:

Path metric = previous path metric + current branch metric

State @ Compare the competing path melrics and keep the
two highest values.

State @ Keep record of the best and second best path metrics
and the corresponding previous conv. code states that
lead to those metrics to be used in the trace back part.
Repeat state @ to® for time interval T= 2 to T=36,
Note that T = 36 came from the number of input bits
(32 bits) plus the number of memory size (m = 4).

on March 24 2010 at (4 27,38 EOT from |EEE Xplore. Restrictions apply
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Figure 2. The state diagram of the initialization,
recursion and termination parts
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Figure 3. The state diagram for the trace back part
of the best path
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For the trace back part of the best path, there were 2 VHDL
states for each time intervals as shown in Fig. 3:
State @ Start from T = 35 (or last time interval - 1 for more
general cases). Use the information from state ® of
Fig. 2. to trace and record the conv. code state of the
best path metric at current time interval. For example,
at T= 35, the algorithm kept the record of the best
state at T = 35 that led to the best path at the end of
the trellis (T = 36). At T =34, it kept the record of the
best state at T = 34 that led to the best state at T =35,
State @ Decode the best decoded (data) bit from the best state
found at each interval, Repeat state @ to @ of Fig. 3
for T =34 to T = 0. This will give the best state
sequence and the best decoded (data) sequence.

For the trace back part of the second best path, the
algorithm would perform the same state @ to @ of Fig. 3 as
the best path. The difference was that the it would use the
second best state at each time interval to find the state and the
decoded bit. Obviously, the result would not be the overall
second best path because the algorithm always picked the
lower of the two metrics at each state. To make the result the
correct second best path that diverged from the best path only
once as mentioned before, two additional VHDL states were
added at the end as shown in Fig. 4:

State ) Compare the conv. code state obtained from the trace
back of best path and the trace back of the path that
uses second best states starting from T = 35, 34,...
and so on until the first interval that the states from
the two trace backs are different. Stop at that interval.
Call it T,. This gives the interval when the states of
the best and the second best paths are going to merge
back and join together until the end. Consider
example 1 in section 2, the algorithm will find that
the two trace backs give different states at T =7,
which means that the two paths will join together
from T = 8 to the end of the trellis.

e TH wompare stale
saoondlest [ o [~ o] A oy | sendbest
e AV AV AR AR ™

Figure 4. The state diagram for the trace back part
of the second best path

State(t) It should be emphasized that the correct second best
path is the path that has the highest path metric up
until the time interval when it join the best path.
Otherwise, there must be other paths with higher path
metric. Therefore, when state(@)stops at interval T,
state@will start the same trace back process in Fig. 3,
but begin at T = T,-1 instead of T = 35 (or the last
time interval -1). This will be done using the best
path metric at each state. This procedure will find the
best path that ends at the second best state at T =T,
which will result in the correct second best path and
the second best decoded (data) seqeunce.

IV. RESULTS

The simulations were done for the (2,1,4) code from
example 1 using the input bit metrics of the Rayliegh fading
with AWGN channel for various parameters (not shown). The
results shown are for a 32-bit all-zero data sequence and
channel parameters: Doppler=50 and SNR=10. The
modulation technique was BFSK with a matched filter
receiver. The channel, modulation and demodulation were
simulated in Matlab and input to VHDL and C++. The results
from VHDL were in waveforms, The results from C++ were
summarized in tables for the ease of comparison. Only a few
intervals are shown due lo limited space.

Fig. 5 shows the input bit metrics (output of demodulator)
generated from Matlab. Fig. 6, 7 and Table 2 show the best
and second best path metnics for three intervals (T= 5o T=7)
during the steady state from VHDL and C++.

Fig. 8, 9 and 10 show that the best and second best state
sequences were the same from VHDL and C++ programs. Fig,
11 shows the best and second best decoded data sequence. Tt
can be seen that in this case the best decoded sequence was
the correct one because the input was an all zero sequence.
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Figure 5. The bit metrics generated by Matlab were used as
inputs of Lits-0f-2 Viterbi in VHDL.
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Figure 7. Second best path metrics of the 16 conv. code
states forthe T =510 T = Tinterval from VHDL

Table 2. Path metrics of the 16 conv. code states
forthe T = 5to T =7 intervals from C+4
a) Best path metrics b) Second best path metnics
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Figure 8. The best (“statel” signal ) and second best
(“state2” signal ) state sequences from the trace back for
T=35tT=
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Figure 9. The best state sequence from C++ for T=35t0T= 25
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Figure 10. The second best state sequence from C++
for T=35t0T =25

00002000000000000030000000030000
00002000020000000000000000CoTI0

Figure 11. Best (“rec_out1” signal) and second best
(“rec_out2” signal) decoded data sequences

Autharized hcensed use limited ta. b Univarsity. D

V. DISCUSSIONS AND CONCLUSIONS

The VHDL results have been compared with the results of
C++ program for list-of-2 Viterbi. They are exactly the same
for all intermediate and final steps and various channel
parameters. Specifically, the best and second paths, the best
and second best metrics and the best and second best decoded
data sequences are the same. The results of C++ shown in
tables came from the same program that was used to show the
performance of conv. V8D with list-of=2 Viterba in [10].
Some modifications were made to the C++ program to receive
the input bit metrics from Matlab instead of simulating the
channel 11self. This was done so as to be able to compare the
results from the two programs directly. Note that the structure
of the C++ program was not exactly the same as the VHDL
one because the C++ was not designed as a state diagram.
These same results from the two programs with two structures
confirm the validity of the VHDL program. The next step will
be inputting this VHDL program onto an FPGA board and
test the actual hardware. Then the output of the list-of-2
Viterbi decoder can be used as the input of the conv. VSD
decoder to obtain a concatenated conv. code decoder .
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Absiract- This paper presents the implementation result of
List-of-2 soft-decision Viterbi decoder on FPGA platform. It was
to be used as the inner decoder of a special designed concatenated
code, of which the outer decoder is Vector Symbol Decoder (VSD).
Since list-of-2 Viterbi was not the final decoding stage, it was not
required to provide low decoding failure probability. Therefore,
only a small list of 2 was enough. This use of list inner decoder is
useful to VSD only if the second inner decoded sequence is correct
when the first one was wrong. The result shows that this
probability of interest is high for low-SNR AWGN channel and
BFSK scheme. Therefore, List-of-2 Viterbi would be attractive for
VSD for this channel. The operation of this lab prototype was
tested by comparing its decoding failure probabilities with the
results from C++, The results showed that they were almost the
same, which proved that the lab prototype worked properly.

1. INTRODUCTION

List-of-2 Viterhi decoder is based on the List Viterbi
Decoding (LVA) Algorithm that was first presented by
Seshadri and Sundberg [1] in 1994. LVA combines the concept
of list decoding [2], [3] with Viterbi algorithm (VA) [4]. List
decoding provides a list of more than one possible decoded
sequence. That is the decoder helps reduce the ambiguity of the
transmitted message, but does not make the final decision as to
which message is assumed to have been transmitted [5]. By
combining list decoding with VA, Seshadri and Sundberg [1]
proposed the use of LVA as aninner decoder of a concatenated
code. Their proposed outer decoder was a simple error
detecting code, which could select the correct codeword from
the list of many possible choices given that the list contained
enough choices that the correct choice was almost always in
the list. However, using long list size significantly increased
the number of computations and storage size from the original
VA. There were attempts to reduce the complexity of LVA
such as by using List Single-Wrong-Turn (LSWT) Viterbi
decoding [6]. This is not necessary for a very small list size of
2 presented in this paper.

Instead of long list with the emor detecting outer code,
Metzner and Tuntoolavest [7, 8] implicitly used another design
of concatenated code. This designed is explicitly explained in
this paper as an application of the presented lab prototype. This
design employs list decoding with much shorter list size as
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the inner decoder and relied on a specific outer error correcting
decoder called “Vector Symbol Decoding™ (VSD) to either
select the right codeword if it is on the list or to correct the
errors if the right codeword is not on the list. Tuntoolavest [9]
showed further that list of 2 choices was optimum for the
implementation viewpoint since longer lists led to little gain
for this design of LVA-VSD concatenated code. However, the
performance was based on an assumption of input error
probabilities and not on an actual channel condition.

List-of-2 Viterbi decoding can be viewed as providing
diversity to V8D, the outer decoder. This diversity is very
useful for VSD, since it improves the performance of VSD and
often simplifies the decoding steps. VSD is a general decoding
technique that can decode any linear block or convolutional
codes with large nonbinary symbols (typically 32-bit or larger
symbols). The details of this VSD algorithm were shown for
three channels using math models in [9].

The next step was to implement the decoder on the FPGA
platform as Zhang and Ryan did in 2009 for the decoder of
LDPC (Low Density Parity Check Code) since the results that
based on FPGA decoder were “reliable and repeatable™ [10]. In
addition to the use of FPGA, the test system was designed in
such a way that each component can be replaced by a hardware
unit. To achieve this, the C++ program was modified to receive
input from Matlab to make the simulation more realistic [11].
In the same paper, the List-of-2 Viterbi was also designed and
written with VHDL. The preliminary result was shown by
comparing the intermediate results from VHDL with the C++
only for an input sequence and an example of error pattern.
However, the actual hardware was not implemented or tested
and the input was limited to one received sequence at a time.
More work was necessary to reach the goal of a LVA-VSD
prototype system.

In this paper, we present the actual hardware of List-of-2
Viterbi decoder on a FPGA board. In addition, the input is
allowed to include many received sequences at a time. The
number of received sequences is only limited by the program
that 1s used to transfer the file between the computer and the
FPGA board and not by the decoder itself The encoder, the
modulator, the channel and the demodulator were simulated by
Matlab in such a way that they could readily be realized by
hardware components. The List-of-2 Viterbi decoder then
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received the bit metries from the demodulator as its input
sequences and returned the decoded sequences back. By
allowing a large number of input sequences, the performance
in terms of decoding failure probability can be found directly
from the operation of this prototype.

II. BACKGROUND

A Concept of Listf22 Viterbi

The concept of List-f-2 Viterbi was extended from the
onginal well-known VA. The general algonthm for LVA with
any list size was described in [1]. The differences between the
List-of-2 Viterbi and the original Viterbi, including an example
was shown in [10]. Basically, the List-of-2 Viterbi decoder has
to keep two highest accurnulated (correlation) melrics instead
of one (the most highest value) at each node and at each stage
of the trellis. During the steady states, there will be four
completing paths coming into each node. These paths are
ranked and the two paths with the loghest accumulated metrics
are recorded. It should be noted that these two survival paths
can come from the same or different previous states. Based on
the nature of the algorithim, both cutputs are always different.
Maoreover, both paths must diverge from each other only once.
This is one of the properties that can be used fo check whether
the decoding performed correctly.
B, LVA-VSD concatenated coding svstem

Although this concept was menticned in [8,10], this section
will explicitly explain the concepts and an example of the
LVA-VSD eoncatenated coding system. The systemn uses List-
of-2 Viterbi as the mner decoder and uses V8D as the outer
decoder as shown in Fig.1. The outer encoder can be a block or
convolutional code with nonbinary symbels. The inner encoder
is a binary convolutional code.

As an example, let the outer encoder be a (3,2.2)
convolutional code with 32-bit symbols and the transfer
function

an- |+n+n’ o 1 “

1+ 1404 P

Each 32-bit symbol is then transmitted to the inner encoder.
Suppose the inner decoder is a binary (2,1.4) convolufional
code with G(D) [(14D+D% (1+D+D*DY]. The output
codeword for each 32-bit mput symbol then contains 72 bits
{=(32 data bits + 4 tail bits)*2) as shown in fig. 2.

Ouler encoder [ Tnner encoder Digital
(3.2.2) 1 (21.4) madulator
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'thdn nei
e
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Figure 1. block diagram of a communication system with LV A-VED
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Suppose the modulation 1s a binary fequency shift keving
(BFSK) and the channel is an AWGN channel. The
demodulator is then a set of two matched filters, each matches
to each cammer frequency as shown i fig. 3. The output #0 and
rI are the bit metries to be input to the inner decoder. The bit
metric values are real values for soft-decision decoding with
the list-of-2 Viterbi inner decoder. For each 144 input bit
metric values (72 for #0+ 72 for #1), the inner decoder outputs
two ordered (most likely and second most hkely) choices of
32-tnt symbols to the outer VED decoder as shown in fig. 4

The performance of the overall system depends on the
decoding failure probability of both LVA and VSD. For this
paper, we only concern with LVA. Since List-of-2 Viterbi
outputs two choices of 32-bit symbols to VSD, the two
probabiliies in consideration are pl, the probabality that the
first choice 15 wrong and p2, the probability that the second
choice is wrong given that the first choice was wrong. This p2
is defined as stated because the second choice is only useful for
WVSD if it is correct when the first choice was wrong. This is
due to the fact that VSD can easily select the correet symbol
from its input list,

It should be noted that since List-of-2 Viterbi is not the final
decoding stage, it is not required to provide low decoding
farlure probability. By analyzing the results from [9], pf in the
range of 0.1-0.01 and p2 < 0.5 are good enough to make the
overall decoding failure probability of the LVA-VSD system
be in the usual range of inferest (107 to 10°%). Therefore, the
previously specified ranges of pf and p2 are of interest.

11, HARDWARE IMPLEMENTATION

The lab prototype was implemented by downloading the
VHDL program of the List-of-2 Viterbi to the FPGA chap in
the selected FPGA board, which was the Virtex-5 LX
Evaluation Kit from Avnet. This board used the FPGA chip
number XCSVLX110-FF676 C in the Virtex-5 family from
Xilinx. This board has 160x54 = 8640 CLBs (Configurable
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Logic Blocks). Each CLB consisted of eight flip-flops and
eight 6-input LUT (Look Up Table), which resulted in
4,423,680 gates. This high number of gates was planned for
fitre work. The ¢lock signal frequency was about 550 Mhz.

The program downloading was done by using the Platform
Cable USB as shown in fig. 5a). To transfer data between the
computer and the board, a USB module was used as the
interface as shown in fig. 5b). This USB module was Ezy
USB-M01 from Astron Logic Research and Development. It
could transfer data at the rate 1 MB/sec. It also employed IC
FT245BM  from FTDI (Future techmology Devices
International Ltd.) company. Fig 6. shows the complete system
during test.

IV. TEST SYSTEM

To test this lab prototype, Matlab was used to simulate the
outer encoder, imer encoder, modulator, channel and
demodulator. These components employed the codes, AWGN
channel and BFSK modulation scheme as described in the
example of section 1T part B. The data sequence was also

generated randomly with Matlab and input to the outer encoder.

The outputs of the demodulator were then transferred to the
FPGA board via an interface program called “USB Transceiver
for List Viterbn V1.1 wath DEBUG protocol™. Next, the List-of

a)Download VHDL with Platform cable
Figure 5. The interface between the FPGA board and the computer

b) Transfer data via USE module

Figure 6. System during the teat

-2 Viterbi decoder on the board performed the decoding
process and output the two decoded sequences for each
received sequence back to the computer via the same program.
The “USB Transceiver for List Viterbi V1.1 with DEBUG
protocol” was written by Seubnaung with C++ and function
tools from the D2XX Direct Drivers of FTDI company [12].
The USB transceiver program allowed 1 MB of data file to be
transmitted at a time.

The lab prototype was implemented by downloading the
VHDL program of the List-of-2 Viterbi to the FPGA chip in
the selected FPGA board. To mun performance test, two
different points need to be considered. First, to ¢check whether
the decoder decoded each received sequence successfully, the
data sequence was compared to the decoded sequences. If it
was the same as the most likely decoded sequence, this
particular decoding was successful by itself If it was the same
as the second most likely decoded sequence, the decoding was
not successful by itself However, since the correct sequence
was in the list, the outer decoder would almost always be able
to correct this erroneous sequence.

Second, to check whether the prototype works properly as
designed, the decoding result was recorded for a test sequence
of 400 32-bit data sequences. The probatnlities pl and p2 were
analyzed and compared with the probabilities resulted from
List-of-2 Viterbi in C++ program.

V. RESULTS

Examples of the display of The USE transceiver program on
the computer screen are shown in fig. 7 and 8. The results in

fig. 7 were for the case of all-zero data sequences and SNR = 8.

In this case, the codewords were all-zero codewords. These
codewords were then passed through the BFSK modulator, the

LISETrancerver for List Viterhi ¥ 1.1 with DEBUG protocal

gl srqoms 4B melT: 5

0003 08
o

w03

WEE

ulput of 1'jeoguonce

aaly sutpul f 17 sequence

i Bytw

ol of 7 e

00000010 +— 2 ot Nealy autsut 2" saa

Recemed header and data <12 Bytes

00000000

010000 00

Rncived haader and dacs <17 By

00000

4000000

Recerved header and duia =13 By
0000

0000
02000000

Figure 7 Example of test resulis for an all-zero data sequence, AWGN chanel
with NI = § and BFSK modulation
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AWGN channel with SNR = 8 and the demodulator. Each of
the demodulator outputs (bit metrics »@ and »1) was converted
from real values to a 24-bit word and shown as a line of
hexadecimal value in the left-hand side of display window. The
right-hand side shows that all of the most likely decoded
sequences were decoded successfully. That is they are all 00 00
00 0046 (= 32 zero bits). In addition, all of the second most
likely decoded sequences were wrong since they were not all
zeroes. This is as expected since List-of-2 Viterbi was designed
such that the two outputs would always be different.

Fig. 8 shows the results from another case of randomly
generated data sequences and a lower SNR (SNR = 7). The
codewords were encoded by the (2,1,4) inner encoder and
passed through the same system. It is not as easy to see
whether the decoded sequences were correct on the right-hand
side of fig 8 as in fig.7. However, by comparing the decoded
sequences with the data sequences, both decoded sequences for
the first received sequence were discovered to be wrong. For
the remaining 4 received sequences, the most likely decoded
sequences were decoded successfully.

Since List-of-2 Viterbi is to be used as the inner decoder of
V8D, the relationship between the two decoding failure
probabilities (p/ and p2) and the input probability of VSD are
of interest, This can be desenbed as follows. First, pI is the
same as the (first choice) input symbol error probabulity of
VSD, the outer encoder. Second, consider that the second
choice will be helpful to VSD only if it 1s comrected when the
first choice was wrong, This probability that the second choice
in the list would be helpfil is equal to f-p2.

\USETranceiver for List Viterbi V1.1 with DEBUG praotocel
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Figure 8. Example of test resulis for a general data sequence, AWGN channel
with lower SNE (SNR=T7) and BFSK modulation

Table Tand IT show the results from the C++ simulation and
from the hardware test. Since the range of interest is pl
between 0.1-0.01 and p2 < 0.5 as discussed in section 11, low
SNR values were considered. From these two tables, it is seen
that with E,/N, > 7 dB, the correct choice will always be in the
list of the two decoded sequences from List-of-2 Viterbi
decoder. For Bo/Np between 5 to 7 dB, VSD can easily correct
the error symbols since p2 is low (0.16 to 0). For example,
with E,/N, = 5 dB, the input symbol error probability of VSD
is 0.125 or an average of 125 error symbols in 1,000 (first
choice) received symbols. Of this 125 error symbols in the first
choice, approximately 84 of them (1-0.16 = 0.84) will have
correct second choices. Therefore, only about 41 error symbols
will remain after VSD finished with picking the correct
symbols from the input list. As a result, using list-of-2 Viterbi
instead of the original Viterbi as the inner decoder for VSD
will help reduce the symbol emor probability from 0.125 to
0.041 after the first simple VSD decoding stage.

When Ey/MN, = 8 dB, p! was low enough (= 0 for these tests)
that the second choice was no longer necessary. Note that p2
had no meaning when g = 0 and 1ts values were shown as 0 n
Table I and 11 for convenience in these cases.

Due to the interest in the high value range of decoding
farlure probability, only relatively small number of trials was
needed. For C++ simulations, 1000 trials were used. This gave
almost the same results as the Hardware test of 400 tnals. Fig.
9 and 10 clearly demonstrate the closeness of the results from
C++ and hardware for p/ and p2 respectively.

TABLE 1

SIMULATION RESULT FROM C+H PROGEAM USING 1,000 TRIALS
EuMNo | #of trials that #of trials that P P2
(dB) | first choice iz wrong | second choice is wrong
0 950 918 0.95 | 0.9663
1 889 B16 0.889 [ 0.9179
2 730 631 0.73 0.8644
3 523 338 0.523 | 0.6463
4 308 57 0.308 [ 0.1851
5 125 20 0128 | 0.16
[3 30 4 0.03 | 0.1333
7 11 0 0.011 | 0
& ] 0 0 1]
9 ] 0 0 0
10 0 0 0 [

TABLE IT
HARDWARE TEST RESULT WITH 400 TRIALS
SNE | #of trials thar #of trials thar Pl P2
first choice is wrong | second choice is wrong

0 379 366 0.9475 | 0.9657
1 358 325 0.893 | 0.9078
2 298 252 0.745 0.3456
3 213 135 0.3325 | 0.6338
4 121 24 03025 | 0.1983
5 51 3 01275 | 0.1569
[3 15 2 0.0375 | 0.1333
7 5 0 00125 [ 0
& ] [ [ 0
9 1] [1] [1] 0
10 ] 1] [ 0
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Figure 3. The decoding failure probability of the first choice {pl) from FPGA
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Figure 10. The decoding failure probability of the second choice given that the
first choice iz wrong (p2) from FPGA board and from C-+

VI, Discussions

The performance in terms of decoding failure probabilities
have been compared between the results from the lab prototype
on FPGA board and the results from C++ program. They are
virtually the same for the AWGN channel. The slight
difference was from the fact that the number of tnals for the
lab prototype was smaller than that from the C++ program.

The numbers of trials were quite low because the range of
interest for the decoding failure probability, pl, is quite high
(0.1-0.01). Thus, there is no need to run more trials. This range
of probability is higher than the usual range of interest (<10~
because LVA is only the inner decoder in the LVA-VSD
concatenated coding system. Therefore, LVA is not required to
correct many errors. The remaining errors will be corrected by
the outer decoder. The overall decoding failure probability will
then be in the usual range of interest.

For the list-of-2 decoding to be helpful to the outer decoder,
the probability that the second choice is correct when the first
choice was wrong (7-p2) should be high. It was seen from table
T and II that I- p2 > 0.8 with E,/N, 2 4 dB.
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For Ey/Ny < 4 dB, p/! is approximately higher than 0.5. This
means more than half of the input (first choice) symbols to
VSD would be wrong., For this extremely high input error
probability, it is no longer practical to try to correct errors.

VI ConcrLusions

The LVA-VSD concatenated coding system was explicitly
explained in this paper as an application of the list-of-2 Viterbi
decoder on FPGA platform. Due to the low value of p2 in the
range of interest for pl, using list-0f-2 Viterbi decoder will be
very helpful for VSD in AWGN channel.

The same performance results between the hardware test and
the simulation in C++ lead to two more useful conclusions.
First, this confirmed that the LVA prototype worked properly
as designed. Therefore, this LVA prototype on FPGA board
can be a hardware component of the LVA-VSD concatenated
coding system. Second, the modified C++ program was also
confirmed to work correctly, This program can then be used to
gain more insights for other channel conditions that the LVA-
VSD concatenated coding system is preferred over other
coding systemn structure.

AUKNOWLEDGMENT

The authors thank Mr. Auttaphud Seubnaung for writing the
“USE Transceiver for List Viterbi V1.1 with DEBUG
protocol™ program.

REFERENCES

[1] N. Seshadri and C. W. Sundberg, “List Viterbi decoding algorithms with
applications,” JEEE Trans on Communicafions, vol42, pp313-323,
Feb/Mar'Apr 1994,

2] P. Elias, List decoding for neisy chmnels MIT Res. Lab. Electren.,
Cambridge, MA, Sep. 20, 1957,

[3] 7 M. Wozencrafl, List decoding MIT Res. Lab. Electron., Cambridge,

MA, Jan. 15, 1958,

8. Lin and D. J. Constello, Jr., Zrror Contral Coding, 2" edition, 2004,

Pearson Prentice Hall

[5] C. Bai, B. Mielczarek, W A. Krzymien and LI, fair, “Improved analysis

of list decoding and its application to convolutional codes and Turbo

codes," JEEE Trans On Jformation Theory, vol. 53, no. 2, pp. 615-627,

Feh 2007,

L. Lijofi, D. Cooper and B. Canpolat, *A reduced complexity list single-

wrong-tum (SWT} Viterbi decoding algorithm,” Proceedings of the 15th

[4

[

IEEE Inter. Sym. on Personal, Indoor and Mobile Radio Communications,

2004 (PIMR.C 2004}, vel. L, pp. 274 - 279, 3-8 Sept, 2004,

[7] 1.3 Metzner, “Vector Symbol Decoding with list inner symbol decision,”
JEEE Trans, on Communications, vol.51, no. 3, pp.371-380, Mar 2003,

[8] U. Tuntoolavest and JJ. Metzner, “Vector symbol decoding with liet
symbol decisions and outer convolutional codes for reliable
communications,” htegrated Computer-Aided Engineering Joumal, vol.
9,no. 2, 108 Press, 2002, p. 101-116.

[9] U. Tuntoolavest, Vector Symbol Decoding for Wireless Fading Channels,
VDM publishing, 184 pages, 2009, ISBN-13: 978-3639132861
(www.amazon.com)

[10] Y. Zhang and W.E. Ryan, “Toward low LDPC-code floors: a case study.”
IEEE Trans. on Communications, vol.57, no. 6, pp.1566-1573, June 2009

[11] U. Tuntoolavest and P. Noradee, “Design and Implementation of List-of-

2 Viterbi Decoder with VHDL and its Application,” ECTFCON 2009, vol.

2, pp. 946-949, May 6-9, 2009, Pattaya, Chonburi, Thailand
[12] http:/www. fidichip.c om/Drivers/D2XX.htm

140



Suitable Mobile Channel Conditions for a
Concatenated Coding System with List-of-2 Viterbi
Inner Decoder

Usana Tuntoolavest® and Pongpisut Noradee

Department of Elecirical Engineering
Kasetsart University, Bangkok, Thailand
E-mail: fengunti@kuac.th Tel: +66-2-9428555 ext 1565

AL WMILEE L el WL

Abstract— List-of-2 Viterbi decoder provides two decoded
outpuls for each input sequence. The two outpuls are the one
with the highest likelihood value and the one with the second
highest likelihood value. Previous work proposed this decoder
as the inner decoder of a concatenated coding system with
Vector Symbol Decoder (VSD) as the outer decoder. Since both
outputs of the inner decoder are to be input to V8D, the error
statistics of both outputs are of interest. This paper investigates
the error statistics in mobile channels using the models of
Rayleigh fading and Ricean fading channels with Doppler shifts.
Results show that this inner decoder provides useful output
error statistics for VSD for some particular mobile channel
conditions. By selecting appropriate criteria for these statistics,
the suitable SNR ranges can be concluded for this concatenated
coding system for various channel models. For example, for
Rayleigh fading channel with the speed of 120 km/h, the SNR
range of interest is 8.1-9.8 dB. For Ricean fading channel with
the speed of 60 km/h and Ricean factor of 10, this range is 6.4-8.1
dB. This information is useful for the application of this coding
system to mobile communications.

L INTRODUCTION

Error confrol coding is a widely used method to ensure
reliable data communications. Concatenated codes are often
chosen for wireless and mobile applications due to their ease
of implementation. These codes were first proposed by
Fomey [1] in 1966. A concatenated code usually consists of
an inner code and an outer code. In this paper, a concatenated
code with a convolutional inner code and a convelutional
outer code is considered. The inner decoder uses the soft
decision list-of-2 Viterbi algorithm. The outer decoder uses
the Vector Symbol Decoding (VSD) technique.

The list-of-2 Viterbi algorithm (VA) is a special case of
List Viterbi Algorithm (LVA) propesed by Seshadr and
Sundberg [2]. LVA is the Viterbi algorithm that provides
more than one output in the order of their likelihood values.
Therefore, list-of-2 VA provides two outputs. In this paper,
the one with highest likelihood value will be called “the most
likely decoded sequence” or “the first choice” and the one
with the second highest likelihood value will be called “the
second most likely decoded sequence” or “the second choice”.

Supported by the Kasetsart University Research and Development Institute

VSD is a decoding technique for any linear codes with
large nonbinary symbols. It was first proposed by Metzner
and Kapturowski in [3]. Haslach and Han Vinck also
presented a similar idea in [4] calling it “a decoding algorithm
for array codes”. This decoding technique uses verification-
based method. Instead of finding error symbols, it verifies the
correct symbols. The symbols that cannot be verified to be
correct by the algorithm are then labeled as error symbols.
The error values can then be found if certain conditions are
met. At first, VSD was mostly applied for nonbinary block
codes. The modification of V3D for nonbinary convolutional
codes was shown in [5]. Since V8D is a nonbinary decoding
technique, it can be applied as an outer decoder of a
concatenated code. Moreover, it is suitable to use with a list
inner decoder such as LVA. This is because for many error
cases, VSD can easily pick the correct choice from the list of
more than one alternative choice provided by the list inner
decoder [6]. The detail of VSD can be found in [7].

The design and implementation of list-of-2 Viterbi decoder
in a Field Programmable Gate Array (FPGA) board was
presented in [8] and [9]. The structure of the LVA-VSD
concatenated coding system was explained in detail in [9].
The simulation result with one set of Doppler shift and SNR
value for Rayleigh fading channel was shown in [8] to verify
the function of the FPGA board. The performance of list-of-2
VA in AWGN channel with Binary Frequency Shift Keying
(BFSK) modulation was shown in [9].

In this paper, the performance of list-of-2 VA was
investigated more thoroughly and more systematically for
various mobile channel models. This is so that the resulting
error statistics can lead to suitable SNR range for each
channel condition. The channel models are Rayleigh fading
and Ricean fading channels with three different Doppler shifts
correspond to the velocities of 60, 90 and 120 knvh. For
Ricean fading channels, three different Ricean factors are also
considered for each velocity. The channel models were
written with MATLAB based on the m-files shown in [10].
Using the m-files provided us more understanding to the
models than using the built-in functions of MATLAB. For
Rayleigh fading channel with Doppler effect, [10] implements
the modified sum-of-sinusoids method proposed by [11]. This

141



model has been shown in [11] to be a good approximation to
Jakes [12] and Clarke’s models [13].

The output error statistics of list-of-2 VA was analyzed in
terms of the probability of decoding failure of the most likely
and the second most likely decoded sequences. By selecting
appropriate criteria for these error statistics, the suitable SNR
ranges for the LVA-VSD system can be concluded for various
mobile channel conditions. These results are useful for the
application of LVA-VSD system in mobile communications.

This paper is organized as the followings. Section II covers
the background including the system overview and mobile
channels. Section III explains the method and how we
simulated the channel models as well as the clarification of
suitable channel conditions. Section IV shows the simulation
results and the analyzed results. Section V and VI discusses
and concludes the results.

II.  BACKGROUND

A. System Overview

The concatenated code shown in fig.1 consists of a (3,2,2)
nonbinary convoltuional outer code and a (2,1,4) binary
convolutional inner code. The modulation technique is Binary
Phase Shift Keying (BPSK). The channels in consideration
are the Rayleigh fading channel and Ricean fading channel
with Doppler shifts. The inner decoder is the soft-decision
list-of-2 VA, The outer decoder is VSD with 32-bit symbols.
Note that the simulations in this paper are done for the block
diagram in the dashed box in fig. 1 only. The outer code and
the outer decoder are shown to provide suitable design
parameters for the inner encoder and the inner decoder.

Specifically, the (2,1,4) inner code has G(D) = [(1+D+DY
(1+D+D*+D"]. The input data sequence is terminated every
32 bit since the outer encoder use 32-bit symbols. Each inner
encoded sequence contains 72 bits ((32 + 4).2 = 72). The
output of the matched filter provides two correlation metrics
for each received bit for a total of 144 metrics for each nput
sequence. The list-of-2 VA used these input metrics to find
the best and second best paths and output these two paths in
order of likelihood to the outer decoder. Therefore, the outer
decoder received two 32-bit decoded sequences from the
inner decoder for each encoded inner sequence. Note that the
algorithm of lists-of-2 VA can be found in [2]. An example

Outer encager

| (32D nonbinary
conv. coe over

GF (2%

Inner
encader
(2,1,4) binary
cory. code

Digtal
modulator
BPEK

k4

Mobile Channels
Rayleigh and Rician with
Doppler shifts

Soft decision
List-of-2 Matched fiter
Vitethi Dernodulator

Outer decoder
€ Do
GF (2%

A

decoder

Fig. 1 Concatenated coding system in consideration

has also been shown in [8]. Basically, the list-of-2 VA used
the same decoding concept as the conventional VA except
that it will keep two highest path metrics instead of only one
highest path metric at each state and each time interval. This
is so that it can keep track of both the best and second best
paths.

B.  Mobile Channels

The mobile radic channels are often modeled as a Rayleigh
fading channel or a Ricean fading channel. The Rayleigh
fading is useful since it is the worst case scenario. For this
scenario, there are only a large number of reflective paths, but
there is no dominant signal path, i.e, no line-of-sight (LOS)
component. The received envelope of the flat fading in this
case follows Rayleigh distribution. The Rayleigh probability
density function (pdf) can be expressed as [14]

2

prw(r):%exp{f—z} L(02r<om) )
e 2o

And prg(r) = 0 when 1 < 0 since the envelope must have a
positive value.

If there is a dominant LOS in addition to the large number
of reflective paths, the received envelope in this case is
modeled based on Ricean distribution. The Ricean pdf can be
expressed as [14]

2 2
pme(r)zizexp[f#}@[ij (0<r<o) (2
[ 20 -

Where I5(x) is the modified Bessel function of the first kind
and zero order.

The Ricean factor K is the ratio of the LOS power to the
diffuse component power, which can be shown as [14]

E=4120] 3

The Ricean factor K is important because by varying K, we
can obtain different fading effects. For the case that K = 0, the
Ricean fading channel is the same as a Rayleigh fading
channel since K = 0 means no LOS. For the cage that K = o,
the Ricean fading channel is the same as an AWGN channel
since the LOS is very strong compared to other paths.

In addition to the fading envelope, Doppler effect is also
included in the mobile channel models in consideration. The
Doppler effect is the phenomenon that the received frequency
is shifted from the trensmitted frequency due to the relative
movement between the transmitter and the receiver.
Assuming that the direction of the receiver movement aligned
with the direction of wave propagation, the maximum
Doppler shift is [14]

v =f~ )
G
Where f = camier frequency in Hz
v = mobile station velocity (assuming the transmitter
is stationary)
=3 10° s (the speed of light)
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This maximum Doppler frequency shift is the one used in
the simulations.

1. METHOD

The system is the same as described in section II. From the
block diagram in fig. 1, MATLAB was used to simulate the
(2,1,4) convolutional inner encoder, the BPSK modulator, the
channels and the matched filter demodulator. The soft
decision list-of-2 VA in C++ program written for previous
work [8] was used for the simulation of inner decoder. Since
this paper did not use the built-in function of MATLAB for
channel models, this part is explained in more details in
subsection A. In addition, the meaning of suitable channel
conditions is clarified in subsection B.

A, Channel Model Simulation

The simulations of channel models were done with
MATLAB based on the m-files shown in [10]. For Rayleigh
fading channel, the fading envelope can be generated by the
sum of two quadrature Gaussian random processes [16]. That

15
P =A%+ ()

Where x; and y; are samples of the zero-mean stationary
Gaussian random processes, each with unit variance.

For Ricean fading channel, the fading envelope r i, can
be generated from [10]

P peaan =5 AV 45 (6)

Where x; and y; are samples of the zero-mean stationary
Gaussian random processes, each with variance ot and 47 is
the power of the dominant path.

For the Rayleigh fading with Doppler effect, the quadrature
components of Rayleigh fading process are [10]

= %icos(wdtcos a,+6,) @

n=l

M

¥H= iz:cos(wdl sinet, + ¢, ) (®)

M=
with

2an-w+0,

o, =——2

M
Where @), is the maximum angular Doppler frequency,

. n=123..M )

¢, @ and § are statistically independent and uniformly
distributed random variable over[f z,x)foralln

Using eq. (5) with the value of x; and y; from the samples of
eq. (7), (8), we can obtain the fading amplitude of Rayleigh
channel with Doppler shift. Note that the selected carrier
frequency was 2.101 GHz. The sampling frequency was 8.404
GHz The Doppler shift was computed from eq. (4) for the
velocities of 60, 90 and 120 kan/h.

For the Ricean fading channel with Doppler shift, the m-
file was modified to include the “4” term as shown in eq. (6)
using the same x; and y; as in the Rayleigh fading channel.

B, Suitable Channel Conditions

Channel conditions here refer to the type of mobile channel
model (Rayleigh or Ricean), the corresponding velodity,
additional factor (Ricean factor) and the SNR values. The
suitable conditions are the ones that list-of-2 VA as the inner
decoder provides suitable output error statistics to VSD, the
outer decoder. Since other conditions are quite standard, this
paper focuses on whether there exists any suitable SNR range
for these standard conditions.

There are two criteria for a suitable range of SNR. The first
one is that it allows enough error symbols to the outer code
such that the use of the outer code is justified. The second one
is that there must be enough cases that the second output of
LVA is correct when the first output is wrong. This first
criterion is due to the fact that a good quality channel with
high SNR needs only a simple one level code. There is no
need to use the concatenated code with two code levels. The
second criterion is due to if the second LVA output is almost
always wrong when the first LVA output is wrong, there is
not enough benefit to justify using the more complex LVA
instead of the conventional VA.

IV. RESULTS

The performance of list-of-2 VA was investigated in
several channel conditions. The first set is the Rayleigh fading
channel that is corrupted by AWGN. This channel was
simulated for three velocities: 60, 90 and 120 km/h. The
second set is the Ricean fading channel that is also corrupted
by AWGN. For Ricean fading channel, each of the three
velocities was also simulated for three values of Ricean factor
K =1, 3 and 10. The last channel is the AWGN charmel with
no fading. This channel is shown for comparison purpose.

As previously discussed, the list-of-2 Viterbi decoder
provides two outputs. Both outputs are to be the inputs of
V8D, the outer decoder. From the viewpoint of VSD, the
LVA output with the highest likelihood is “the first choice”
since it is more likely to be correct and should be selected first.
The LVA output with the second highest likelihood is “the
second choice” since it is less likely to be correct. VSD will
consider the use of second choice only when the syndrome
computed from the first choice symbols is wrong.

The error statistics p; and p, of these two LVA outputs are
of interest. p; is the probability that the first choice is wrong.
P2 is the probability that the second choice is wrong given that
the first choice is wrong. Consequently, the probability that
the second choice is correct given that the first choice is
WIoNg (Pacoree) €quAlS to 1-ps.

Table I shows the simulation results of the output error
statistics of list-of-2 Viterbi decoder in an AWGN channel.
Table II shows the simulation results of the output error
statisties of list-of-2 Viterbi decoder in the Rayleigh fading
channel for three velocities. To visualize the comparison, p;
for this case is also shown as a graph in fig. 2 as well as in
Table II. However, p, is only shown in tables to save space
and because it is not necessary to compare p, of different
cases. The value of p, will only be analyzed to gain insight on
the usefulness of the second choice to the outer decoder.
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TaBLE 1
OuTrPUT ERROR STATISTICS OF LVA 1 AWGN CHANNEL

KWGN
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0 0.52% 07902
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2 0.1052 0.5218
3 0.0293 0.3481
4 0.0040 0.2250
5 0.0010 0.1000
6 <10t A
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Fig. 2 Probability that the first choice is wrong (py) in AWGN channel and in
Rayleigh fading channel at 60, 90 and 120 kmh

Table TIT shows the simulation results of the output error
statistics of list-of-2 VA in Ricean fading with AWGN

chanmel for three values of Ricean factors K. = 1, 3 and 10. Fig.

3 shows the companson of p; for Rayleigh and Ricean fading
channels at 60 kmv/h for three values of K. Note that the
performance of the AWGN channel and the Rayliegh fading
with the velocity of 60 km/h are shown in both fig. 2 and 3 for
the ease of comparison. Although AWGN is not a mobile
channel model, its performance is also shown as the baseline
perforimance,

Tapre I
OuTPUT ERROR STATISTICS OF LVA IN RICEAN FADING CHANNEL
A) WITHRICEANFACTOR, K=1

Ris ean Fading channel

V=60 kmh V=90 km'h V=120 ken'h
SNR(dB) P P P P2 I3 P
0 0.9968 0.9969 0.9980 0.9978 0.9979 0.9993
2 0.9629 0.9801 0.9734 0.9884 0.9821 0.5902
4 07912 0.9055 0.8345 09204 0.8783 0.9453
é 03528 0.7058 04277 07505 0.5093 0.7824
8 0.0481 0.3971 0.0750 0.4760 0.1107 0.5122
10 0.0013 0.1538 0.0027 01584 0.0058 0.1828
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Fig 3 Probability that the first choice is wrong () in AWGN channel and at
60 km'h in Rayleigh channel and Ricean fading channel with K =1, 3 and10
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Fig. 4 Probability tat the first choice is wrong (p) in Ricean fading
channel with K=1, 3 and 10 and at 60, 90 and 120 km/h

TaBLE IV
SNR RANGE CF INTEREST FOR ALL CHANNEL CONDITIONS

Chennel Velocity (emib) | Ricean factor (B) | SHR (dB) Preomeat

AWGN - o 2-35 048-0.72
Rayleigh Fading &0 - 72-9 047-0.72
Rayleigh fading 90 78-54 054-0.75
Rayleigh fading 120 81-98 052-077
Ricoan fading 60 1 72-81 035-061
Ric ean fading &0 3 7-87 046 -0.70
Ricean fading 60 10 64-81 066-0.74
Ricean fading 90 1 76-92 047072
Ris ean fading 90 3 75-9 049-0.72
Ricean fading 90 10 69-85 050-0.75
Ricean fading 120 1 8-96 049-0.76
Ricean fading 120 3 79-94 058-0.77
Ricean fading 120 10 71-88 052-074

Fig. 4 shows p; for all conditions of Ricean fading channels.

The graph is zoomed in so that all nine cases can be
distinguished. Table I'V shows the SNR ranges of interest for
all selected channel conditions. These SNR ranges are
analyzed and concluded from the results of table [, IT, III and
fig. 2,3 and 4.

V. DISCUSSION

The results in table IV are analyzed from the design criteria
that the probability that the most likely decoded sequence is
wrong (p;) 18 approximately between 0.01-0.1. This rather
high range of p; is selected as the designed criteria for the
concatenated coding system in consideration because it is the
decoding error probability of the inner decoder. The
remaining 1% to 10% error symbols will be input to V3D, the
outer decoder, which will correct all or almost all of them.

For higher range of p, (>0.1), the channels are of very low
quality and the number of error symbols are too high for

practical applications. For the lower range of p, (such as p,
around 10 to 10”%), the number of error symbols are less than
1% and the benefit of using list inner decoder is less obvious
although the outer decoder is still required. For p, < 10°, the
channel is probably good enough for many applications that
the conventional Viterbi decoder can be used by itselfl In
other words, no concatenated code 15 needed. For mobile
channels, however, the channel is of quite low quality and
usually 1s not good enough for this last case.

Next, consider the benefit of using list-of-2 VA to obtain
the second choice. For the second choice to be useful to VD,
it has to be comrect when the first choice 15 wrong, This
correct second choice will help simplify and improve the
performance of VSD, the outer decoder. As previously
explained, the probability that the second choice 15 correct
given that the first choice is wrong pacgeres = 1-p2. Table IV
shows that py. . 15 from at least 35% to 77% and the average
Pocorect 18 more than 50%. This means that when the first
choice is wrong, the second choice will be correct for more
than 50% most of the times. This strengthens the criteria used
in selecting the suitable SNR ranges.

These selected SNR ranges result in significant benefit to
V8D, the outer decoder. Note that the LVA-VSD system can
be employed for lower and higher SNR ranges but the list-of-
2 VA will provide less benefit over conventional VA. Since
the list-of-2 VA is more complex than the conventional VA,
the complexity will need to be taken into account with the
performance improvement for other ranges of SNR.

VI. CONCLUSIONS

The paper presents suitable SNR ranges of various mobile
channel conditions that the list-of-2 Viterbi decoder provides

good probability of correct second choice to the outer decoder.

These results will help with the design of the LVA-VSD
concatenated coding system for mobile applications.

ACKNOWLEDGMENT

This work 1s supported by the Kasetsart University
Research and Development Institute. The Authors would also
like to thank NTC Telecommunication Research Laboratory
at Department of Electrical Engineering, Kasetsart University
for its facility.

REFERENCES

[1] G.D. Fomey, Ir., Concatenated Codes, MIT Press, Cambndge
Mass., 1966.

[2] N. Seshadri and C-E. W. Sundberg, “List Viterbi decoding
algorithms ~ with  applications,” IEEE Tramsaction on
Commumications, vol. 42, pp. 313-323, Feb./Mar /Apr. 1994

[3] 1. Metzner and E.J. Kaptorowski, “A general decoding
technique applicable to replicated file disagreement location and
concatenated code decoding,” IEEE Transaction on Information
Theory, vol.36, pp.911-917, July 1990

|4] C. Haslach and AJ. Han Vinck, “A decoding algorithm with
restrictions for array codes,” TEEE Transaction on Information
Theory, vol. 45, n0. 7, pp. 2339-2344, Nov. 1999.

145



[5] U. Tuntoolavest and J.J. Metzner, “Vector symbol decoding with
list symbol decisions and outer convolutional codes for reliable
communications,” fnfegrated Computer-Aided  Engineering
Jowrnal, vol. 9, no. 2, 2002, p. 101-116, 108 Press, ISBN 1069-
2508,

[6] 1. Metzner, “Vector Symbol Decoding with list inner symbol
decision,” JEEE Tremsactions on Commmaications, vol.51, no. 3,
pp.371-380, Mar 2003.

[7] U. Tuntoolavest, Vactor Symbol Decoding for Wireless Fading

Chepmels, VDM publishing, 2009, ISBN-13; 978-3630132861

(www amazon. com)

U. Tuntoolavest and P. Noradee, “Design and Implementation

of List-of-2 Viterhi Decoder with VHDL and its Application,™

Proceedings of the 6th International Conference on Electrical

Fngineering/Electronics, Compuier, Telecommunications, and

Information Technology (ECTI-CON 2009), vol. 2, pp. 916-949,

May 6-9, 2009, Pattaya, Chonburi, Thailand.

1. Tuntoolavest and P. Noradee, “Lab Prototype of a List-of-2

Vilerbi Decoder: A Diversity Inmer Decoder for the Outer

Vector Symbol Decoder,” Proceedings of ECTI-CON 2010, in

press.

[10] N. Kostov, “Mobile Radio Charmel Modeling in MATLAB,”
Radioengineering, vol. 12, no. 4, pp. 12-16, Dec 2003.
(www.google.com)

[11] Y.R. Zheng and C. Xiao, “Improved Models for theGeneration
of Multiple Uncorrelated Rayleigh Fading Waveforms,” JEEE
Communications Letters, vol. 6, no. 6, June, 2002.

[12] W.C. Jakes, Microwave Mobile Communications, Wiley, 1974,
reprinted by IEEE Press in 1994,

[13] R.H. Clarke, “A statistical theory of mobile-radio reception,”
Bell Systems Technical Journal, vol. 47, pp. 957-1000, July-
Aug. 1968

[14] A.F. Molisch, Wireless Communications, John Wiley & Sons,
England, 2003.

[15] T.S. Rappaport, Wireless Commmmications: Principles and
Practice, second edition, Prentice Hall, New Jersey, 2002.

&

@

146



147

MANHIN Y

v
=1

UBYAVIN

FUUVDTA FPGA

Glﬂj

U

9



MINHUING Y1 319a2D8AY1 On-board clock sources NAOBYAUV FPGA
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Signal name FPGA Pin
CLK 100MHZ E18
USB_IFCLK E10

CLK SYNTHO P/N AB10, AB9
CLK SYNTHI P/N AC23, AC22
GMII RX CLK ACS8

GMIIL TX CLK AC17

GBE MCLK ADS

MINHUING V2 519a08AY1 User clock NABDYALUYT FPGA

Signal name

FPGA Pin

CLK_SOCKET

El6

MINHUING U3 510a2108AY1 Push button NA0OYAVYT FPGA

Signal name FPGA Pin
SWITCH_PBI1 Bl
SWITCH_PB2 B2
SWITCH_PB3 E8
SWITCH_PB4 F17

MINHUINN V4 5192108AY1 DIP switch NA0dYAUV FPGA

Signal name FPGA Pin
SWITCHO B26
SWITCHI1 C26
SWITCH?2 D26



MSIWUINT V4 (A1D)
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Signal name

SWITCH3

MINWUINT U5 318a108AY1 EXP JX1 N@00diuu) FPGA

EXP Pin Signal name FPGA Pin
1 EXP1 SE IO 1 D14
2 EXP1 SE 10 0 G4
3 EXP1 _SE IO 3 G5
4 EXP1 _SE 10O 2 H7
5 2.5V F

6 2.5V -

7 EXP1 SE IO 5 H4
8 EXP1 _SE 10O 4 H6
9 EXP1 SE 10 7 IS
10 EXP1 SE 10 6 J4
11 2.5V -
12 2.5V 2

13 EXP1 SE 10 9 J6
14 EXP1_SE IO 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



MIINUINN U5 (9D)
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EXP Pin Signal name FPGA Pin
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
32 EXP1_SE 10_20 N4
33 EXP1 SE 10 23 N1
34 EXP1 _SE 10 22 N6
35 2.5V R

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



MIINUINN U5 (9D)

151

EXP Pin Signal name FPGA Pin
49 EXP1_SE CLK OUT P4
50 EXP1_SE 10 31 R2
51 GND 3
52 GND -
53 EXP1 DIFF p21 E6
54 EXP1 DIFF p20 E2
55 EXP1_DIFF n21 ES
56 EXP1_DIFF n20 El
57 GND -
58 GND F
59 EXP1 SE 10 32 T2
60 EXP1 DIFF pl8 F5
61 EXP1 SE 10 33 T3
62 EXP1 DIFF nl8 F4
63 GND y
64 GND F
65 EXP1 DIFF pl9 E7
66 EXP1_DIFF pl6 F3
67 EXP1_DIFF_nl9 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 -



MIINUINN U5 (9D)
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EXP Pin Signal name FPGA Pin
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 1
82 EXP1_DIFF pl2 H3
83 EXP1_DIFF nl3 H2
84 EXP1_DIFF nl2 13
85 3.3V 7
86 3.3V -
87 EXP1_DIFF pl1 L2
88 EXP1 RCLK DIFF pl0 K5
89 EXP1_DIFF nl1 K1
90 EXP1 RCLK DIFF nl0 L5
91 3.3V F
92 3.3V 7
93 EXP1 DIFF p9 G6
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



MIINUINN U5 (9D)
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EXP Pin Signal name FPGA Pin
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 =
110 3.3V -

111 EXP1_DIFF p3 AC2
112 EXP1_DIFF p2 AB2
113 EXP1 DIFF n3 ACl1
114 EXP1_DIFF n2 ABI
115 3.3V X
116 3.3V >
117 EXP1 DIFF pl AE1
118 EXP1 DIFF p0 AF2
119 EXP1 DIFF nl AD1
120 EXP1 DIFF n0 AE2
121 GND -
122 GND 7

123 GND -
124 GND -

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



MIINUINN U5 (9D)
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EXP Pin Signal name FPGA Pin

130 GND -

131 GND -

132 GND 3
M3HUINT V6 T1WAzBEAT EXP IX2 finoogiu1 FPGA

EXP Pin Signal name FPGA Pin

1 EXP2_SE IO 1 El5

2 EXP2 SE 10 0 H19

3 EXP2_SE 10 3 G21

4 EXP2_SE IO 2 H21

5 2.5V =

6 2.5V N

7 EXP2_SE IO 5 G22

8 EXP2 SE IO 4 H22

9 EXP2_SE 10 7 H23

10 EXP2_SE IO 6 21

11 2.5V -

12 2.5V -

13 EXP2 SE 10 9 120

14 EXP2 SE 10 8 J19

15 EXP2 SE 10 11 123

16 EXP2_SE 10 10 K21

17 2.5V -

18 2.5V -

19 EXP2_SE 10 13 K20



MI1INUINN V6 (9D)
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EXP Pin Signal name FPGA Pin
20 EXP2 SE 10_12 L20
21 EXP2 SE 10 _15 L19
22 EXP2 SE 10_14 L23
23 2.5V -

24 2.5V 2

25 EXP2 SE 10 17 L22
26 EXP2 SE 10 16 M21
27 EXP2 SE 10 19 M22
28 EXP2 SE 10 18 M25
29 2.5V F

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



MI1INUINN V6 (9D)
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EXP Pin Signal name FPGA Pin
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 =

53 EXP2_DIFF p21 E25
54 EXP2_DIFF p20 E22
55 EXP2_DIFF n21 E26
56 EXP2_DIFF n20 E23
57 GND g

58 GND °

59 EXP2 _SE 10 _32 P25
60 EXP2 DIFF pl8 E21
61 EXP2 SE 10 33 P26
62 EXP2 DIFF nl18 E20
63 GND -

64 GND -

65 EXP2 DIFF pl19 F24
66 EXP2 DIFF pl6 G24
67 EXP2 DIFF nl19 F25
68 EXP2 DIFF nl6 G25
69 GND -

70 GND -

71 EXP2 DIFF pl7 F22



MI1INUINN V6 (9D)
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EXP Pin Signal name FPGA Pin
72 EXP2 DIFF CLK OUT p V26
73 EXP2 _DIFF_nl7 F23
74 EXP2 DIFF_CLK OUT_n U26
75 GND -

76 GND 2

77 EXP2 DIFF pl5 H24
78 EXP2 DIFF pl4 G26
79 EXP2 DIFF_nl5 124
80 EXP2 DIFF nl4 H26
81 EXP2 DIFF pl3 125
82 EXP2 DIFF pl2 G20
83 EXP2 DIFF nl3 126
84 EXP2 DIFF nl2 F20
85 3.3V -

86 3.3V v

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



MI1INUINN V6 (9D)
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EXP Pin Signal name FPGA Pin
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 =

105 EXP2 DIFF p5 U24
106 EXP2 DIFF p4 T24
107 EXP2 DIFF _n5 u25
108 EXP2 DIFF n4 T25
109 3.3V -

110 3.3V S

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 -
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MI1INUINN V6 (9D)

EXP Pin Signal name FPGA Pin
124 GND -
125 GND -
126 GND =
127 GND -
128 GND 2
129 GND -
130 GND =
131 GND -

132 GND -
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