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l2T •KTT I2 inl4K=2v2= Kl 4nf2 =2­-KT4 Kl 42i­Knl .. -l= ...z aKl-TTE - l2•

VEIvK= 4iV2f2 2fyTnEKlr -l ns­2v 2vvnv =2­2i­Knl 4E4­2f& ­nr2­V2v •K­V -l Kll2v

4E4­2f s4Klr inlhnTs­Knl-T in=Klr -l= kK­2vIK =2in=Klr K4 yv242l­2= Kl x2i­Knl .kg

-l= ­V2 y2v—nvf-li2 n— ­VK4 4E4­2f K4 lsf2vKi-TTE infy-v2= ­n ­V-­ n— ape -l=

md) 4iV2f24 -Tnl2z



—1

MzM anv•-v=1mi­Klr pvvnv enl­vnT xE4­2f4

.l - =KrK­-T inffslKi-­Knl 4E4­2f 2fyTnEKlr ape ­2iVlK;s2 1 x22

aKrsv2 NTzTPg ­TK2 =-­- 4nsvi2 r2l2v-­24 IKl-vE Kl—nvf-­Knl 4EfInT4 -­ ­V2 

v-­2 IK­4642iz (V242 Kl—nvf-­Knl 4EfInT4 -v2 2lin=2= —nv ­V2 ysvyn42 n— 

2vvnv yvn­2i­Knlg -l= ­V2 2lin=2v ns­ys­ K4 - IKl-vE 42;s2li2 n— v-­2 

4EfInT4642iz (V2 in=2 v-­2 d Kl IK­464EfInT K4 ­V2l rKh2l IE

d ” d 6d 4 l
NMzMP

4Kli2 d { Mg d ^ d -l= V2li2 ­V2 ­v-l4fK44Knl 4EfInT 4y22= K4 T-vr2v ­V-l l4

p;sKh-T2l­TEg ­V2 Kl­vn=si­Knl n—­V2 =-­- 4y22= =2TKh2v2= IE ­V2 4nsvi2z

2vvnv inl­vnT in=Klr v2;sKv24 - I-l=•K=­V 20y-l4Knl 4Kli2 - •K=2v I-l=•K=­V K4 

v2;sKv2= ­n ­v-l4fK­ d} 4EfInT4642i ­V-l ­n ­v-l4fK­ d} 4EfInT4642iz

(V2 2lin=2= 42;s2li2 K4 fn=sT-­2= -l= ­v-l4fK­­2= nh2v ­V2 lnK4E

m­ ­V2 v2i2KhKlr 2l=g =2fn=sT-­Knl -l= =2in=Klr -v2 y2v—nvf2= -l=channel„

the data sink receives the binary symbols at the rate R^ bits/sec. 

pose of the decoding operation is the removal of any channel-introduced errors.

(V2 ysv1

(V2 -=h-l­-r24 n— -l ape 4E4­2f -v2X

KP un v2h2v42 iV-ll2T K4 v2;sKv2=

KKP m inl4­-l­ Kl—nvf-­Knl ­VvnsrVys­ 2——KiK2liE} K4 -­­-Kl2= 

KKKP m inl4­-l­ nh2v1-TT =2T-E K4 nI­-Kl2= N•V2l2h2v ­V2 =2in=2v ny2v-­24
M

•K­V - inl4­-l­ =2in=Klr T-rP

(V2 ­VvnsrVys­ 2——KiK2liE K4 =2—Kl2= -4 ­V2 v-­Kn n— ­V2 lsfI2v n— Kl—nv1101

f-­Knl 4EfInT4 =2TKh2v2= ­n ­V2 ­n­-T lsfI2v n— 4EfInT4 ­v-l4fK­­2=z

22i-s42 n— ­V2 yvKliKyT2 n— ny2v-­Knl n— ape 4E4­2f4g ­V2 ­VvnsrVys­ 2——KC

iK2liE v2f-Kl4 inl4­-l­ -l= 2;s-T ­n ­V2 in=2 v-­2 dz
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LV2l2h2v - v2h2v42 iV-ll2T K4 ln­ -h-KT-IT2 nv sl=24Kv-IT2g ape

mT­VnsrV v2-=KTE -h-KT-IT2 Kl ­2vv24­vK-T 4E4­2f4g - —22=I-i'fs4­ I2 s42=z

iV-ll2T f-E I2 - in4­TE yvnyn4K­Knl —nv 4-­2TTK­2 TKl'4z

enl4­-l­ =2T-E f-E I2 -l Kfynv­-l­ —-i­nv —nv yvny2v ny2v-­Knl

n— ­2vfKl-T 2;sKyf2l­4z xnf2 ­2vfKl-T 2;sKyf2l­4 2h2l =2vKh2 ­KfKlr -l= 4El1

(V2l -l nii-4Knl-T T-vr2 r-y KliVvnlK5-­Knl —vnf ­V2 Klys­ =-­- 42;s2li2z

­V2 v2i2Kh2= =-­- 42;s2li2 f-E v24sT­ Kl - 4EliVvnlK5-­Knl Tn44z .l ­VK4

i-42g —v2;s2l­ ­KfKlr -l= v24EliVvnlK5-­Knl Kl—nvf-­Knl fs4­ I2 yvnhK=2=z

v24sT­Klr Kl - Tn•2v ­VvnsrVys­ 2——KiK2liEz k-vK-­Knl4 Kl =2in=Klr =2T-E4z

•VKiV i-l niisv —nv 4nf2 iT-4424 n— =2in=Klr -TrnvK­Vf4g f-E I2 2TKfKl-­2= IE

2fyTnEKlr - Is——2v -­ ­V2 =2in=2v ns­ys­ -l= 4­nvKlr 2-iV =2in=2= 4EfInT —nv

4nf2 —K02= T2lr­V n— ­Kf2z 3n•2h2vg =2y2l=Klr nl ­V2 h-vK-­Knl4 Kl =2in=Klr

=2T-E ­VK4 Is——2v f-E nh2v—Tn•g v24sT­Klr Kl - infyT2­2 inffslKi-­Knl Iv2-'C

=n•lz

(V2 =K4-=h-l­-r24 n— ape 4E4­2f4 KliTs=2

KP m v2T-­Kh2TE fn=2v-­2 ­VvnsrVys­ 2——KiK2liE K4 nI­-Kl2=+ ­VK4 y-v-f2­2v

=2iv2-424 4sI4­-l­K-TTE •V2l yn•2v—sT in=24 fs4­ I2 s42=z

KKP (V2 42T2i­Knl n— -l -yyvnyvK-­2 2vvnv1invv2i­Klr in=2 -l= K­4 =2in=Klr

-TrnvK­Vf fKrV­ I2 - =K——KisT­ ­-4'z Np4y2iK-TTE •V2l - VKrV v2TK-IKTK­E T2h2T

—nv ­V2 ­v-l4fK­­2= =-­- K4 v2;sKv2=P

KKKP (V2 v2TK-IKTK­E n— ­V2 v2i2Kh2= =-­- K4 h2vE 42l4K­Kh2 ­n -lE =2rv-=-­Knl

Kl ­V2 iV-ll2T ­v-l4fK44Knl inl=K­Knl4z

.l nv=2v ­n f-'2 -l Kl­2TTKr2l­ 42T2i­Knl n— ­V2 in=Klr -l=

=2in=Klr 4iV2f24g - =2­-KT2= 'ln•T2=r2 n— ­V2 2vvnv 4­-­K4­Ki4 nl ­V2 iV-ll2T
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anv ­V242 iV-ll2T4 ­V2 42T2i­Knl n— - in=2 K4 - =K——K1-l= Isv4­E I2V-hKnsvz

m in=2 4sK­-IT2 —nv Kl=2y2l=2l­ 2vvnv4 •KTT —-KT —nv Tnlr Isv4­4isT­ ­-4'z

n— 2vvnv4g -l= - in=2 =24Krl2= —nv - Isv4­E iV-ll2T =n24 ln­ •nv' yvny2vTE

•V2l v-l=nf 2vvnv4 niisv I2­•22l Isv4­4z (V2v2—nv2 ape —nv infynsl= iV-ll2T4

N4siV -4 ­V2 ­2vv24­vK-T TKl'4P •KTT v24sT­ Kl nii-4Knl-T =2in=Klr —-KTsv24

Nsl=2­2i­2= -l=6nv =2­2i­2= 2vvnv4Pz (V2 =-­- s42v fs4­g n— insv42g ­nT2v-­2

­V242 —-KTsv24z .l nv=2v ­n v2=si2 ­V2 lsfI2v n— slinvv2i­KIT2 2vvnv y-­­2vl4z
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pvvnv invv2i­Knl v2;sKv24(VK4 in4­ K4 v2T-­2= ­n ­V2 in=2 v-­2 dz4E4­2fz
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=-l­ 4EfInT4 K4 s42= Kl nv=2v ­n -iVK2h2 ­V2 v2;sKv2= 2vvnv =2­2i­Knl i-y-IKTK­Ez

2-4Ki-TTEg ln 2vvnv invv2i­Knl K4 y2v—nvf2= IE ­V2 =2in=2vg Is­ •V2l2h2v -l

2vvnv K4 =2­2i­2= Kl - ITni'g - v2­v-l4fK44Knl n— ­V-­ ITni' K4 v2;s24­2=

­VvnsrV - v2h2v42 iV-ll2Tz m ITni' K4 -ii2y­2= IE ­V2 s42v nlTE -—­2v K­

eT2-vTE ­V2lg ­V2 Kfynv­-l­ f2-4sv24 n— y2v—nvf-li2-yy2-v4 ­n I2 2vvnv —v22z

-v2X ­V2 sl=2­2i­2= 2vvnv yvnI-IKTK­E •VKiV K4 ­EyKi-TTE h2vE 4f-TT N
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T244 yn•2v—sT ­V-l kK­2vIK nv x2;s2l­K-T =2in=Klrg -l= Kl r2l2v-T inlhnTsC

­Knl-T in=24 ns­y2v—nvf1ITni' in=24 n— ­V2 4-f2 nv=2v n— =2in=2v infyT20K­Ez

.l nv=2v ­n r-Kl 4nf2 Kl4KrV­ Kl­n ­V2 y2v—nvf-li2 n— 2vvnv1

invv2i­Klr in=24 nl v-l=nf 2vvnv iV-ll2T4 ­V2 y2v—nvf-li2 n— 42h2v-T in=24

4Vn•l Kl aKrzN"z:P -l= aKrzN"zOPz avnf ­V242 —Krsv24 •2 nI42vh2 ­V-­-v2

­V2 kK­2vIK =2in=2v yvnhK=24 4sy2vKnv y2v—nvf-li2 ­n ­V-­ n—£In­V ITni' in=24

-l= ­V2 ­Vv24VnT= =2in=2vz asv­V2vfnv2 IE s4Klr - —1IK­ ;s-l­K5-­Knl nl ­V2
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=2in=2v isvh2z m v2T-­Kh2TE 4f-TT Kliv2-42 Kl v24sT­4 Kl - h2vE T-vr2

=2iv2-42 n— ­V2 IK­ 2vvnv yvnI-IKTK­E NvnsrVTE -l nv=2v n— f-rlK­s=2 —nv 2-iV

W-Dz" =2 Kliv2-42 Kl

Table 2.2 illustrates tTie effectiveness of communication systems 

using the above coding techniques, relative to no-coding systems with PSK signal­

ling, for a bit error probability fixed at 10 ^. The improvement is again 

measured by difference between the required E^/Nq values.
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:aK -KoK=im r)aKbK irr3)2ihK. y2ha K==3= )3oh=3m hK)ao2;cKr 

<o3yo ir éA, 2r =K­=KrKohK. 3o —2-c=K 0vlFz

rTrhKbrl
I

pNKo.2o- hK=b2oim gpxo)3.K=FgDihi N3c=)K ” CpU3.cmih3={^8
2-

f"aiooKm ”AKhc=o "aiooKm
Ts

(ll
Data destination |4r-}Receiving terminal^—|Decoder<r Demodulator

—2-c=K vlF tm3)< .2i-=ib 3w io éA, rTrhKb

Oo io éA, rTrhKbf .ihi i=K .Km2sK=K. w=3b i )3oh=3mmiBmK r3c=)K h3 i 

rKo.2o- hK=b2oiml :aK rKo.2o- hK=b2oim i==io-Kr .ihi 2oh3 Bm3)<rf BcwwK=r 

haK Bm3)<rf ihhi)aKr )3oh=3m io. rTo)a=3o2kih23o B2hrf io. b3=K -KoK=immT

)3oh=3mr haK m2oKl :aK .ihi Bm3)<r i=K haKo ­=3)KrrK. BT io Ko)3.K= ya2)a 
i..r =K.co.io)T BT 2orK=h2o- ­i=2hT )aK)< rTbB3mrf Ki)a 3w ya2)a 2r .KhK=L
b2oK. w=3b i rcBrKh 3w .ihiu)3oh=3m B2hrl xi)a Ko)3.K. Bm3)< )3ohi2or I

2ow3=bih23o B2hr io. 0j g Iz ­i=2hT B2oi=T rTbB3mrf io. haK )3.K 2r ri2.
Ih3 BK io 0jf Iz Bm3)< )3.K y2ha .2bKor23omKrr )3.2o- =ihK A S }l
le

Ko)3.K. Bm3)< 2r haKo h=iorwK==K. h3 haK b3.cmih3= io. h=iorb2hhK. 3sK=

:aK

haK )aiooKml éh haK =K)K2s2o- Ko. haK Bm3)< 2r .Kb3.cmihK. io. ­irrK. 3o 
h3 haK =K)K2s2o- hK=b2oim ha=3c-a haK .K)3.K=f ya2)a )3b­chKr haK ­i=2hT 

rTbB3mr w=3b haK =K)K2sK. .ihi rTbB3mr io. )3b­i=Kr haKb y2ha haK =K)K2sK.

­i=2hT rTbB3mrl
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Ow haK=K i=K o3 .2r)=K­io)2Krf haK Bm3)< 2r .Km2sK=K. h3 haK .ihi .KrL

h2oih23of io. haK =K)K2s2o- hK=b2oim o3h2w2Kr haK rKo.2o- hK=b2oimf 

ha=3c-a i rc2hiBmK =Khc=o )aiooKmf haih haK Bm3)< air BKKo )3==K)hmT

Ow .2r)=K­io)2Kr KV2rhf haK rKo.2o- hK=b2oim 2r r3 o3h2w2K.

X2ha ha2r rTrhKbf K==3oK3cr .ihi i=K 

.Km2sK=K. h3 haK .Krh2oih23o 3omT 2w haK .K)3.K= wi2mr h3 .KhK)h haK 

­=KrKo)K 3w K==3=rl

=K)K2sK.l

io. haK Bm3)< 2r =Kh=iorb2hhK.l

—=3b i ­c=KmT hK)ao2)im ­32oh 3w s2Kyf haK hy3 bi&3= )=2hK=2i 

ya2)a i=K crK. h3 KsimcihK

Fz ­=3BiB2m2hT 3w ais2o- K==3oK3cr .ihi .Km2sK=K. h3 haK .Krh2oih23of 

2lKl haK ­=3BiB2m2hT 8c co.KhK)hK. Bm3)< K==3=l

ez rTrhKb ha=3c-a­chf 2lKl haK =ih23 BKhyKKo haK KwwK)h2sK =ihK 3w 2ow3=L

bih23o 2o B2hrurK) h=iorwK==K. w=3b r3c=)K h3 .Krh2oih23o io. haK 

b3.Kb r2-oimm2o- r­KK. 2o rTbB3mrurK)l

Oo haK ­K=w3=bio)K Ksimcih23o 3w éA, rTrhKbrf haK w3mm3y2o-

<KT wi)h3=r i=K h3 BK i))3cohK. w3=+

iz )aiooKm K==3= )ai=i)hK=2rh2)rl

Bz rTrhKb ­i=ibKhK=r rc)a ir ­=3­i-ih23o .KmiTf b3.Kb B2h =ihKf hc=oL

i=3co. h2bK 0w3= aimw .c­mKV b3.Kzl

)z )ai=i)hK=2rh2)r 3w haK K==3= .KhK)h2o- )3.K rc)a ir K==3= .KhK)h23o 

)i­iB2m2hT io. )3.2o- =ihKl

.z r­K)2w2) hK)ao2;cKr crK. h3 )i==T 3ch haK =Kh=iorb2rr23o rc)a ir 

rh3­gio.gyi2h éA,f )3oh2oc3cr éA, lll

N2o)K haK b3rh rh=2<2o- )ai=i)hK=2rh2)r 3w éA, rTrhKbr i=K 

haK2= 2oaK=Koh =Km2iB2m2hT 0sK=T m3y ­=3BiB2m2hT 3w co.KhK)hK. Bm3)< 

K==3=z io. haK2= =Kmih2sK 2orKor2h2s2hT 3w ha2r =Km2iB2m2hT h3 )3o.2h23or 

3o haK )aiooKm^ haK <KT w2-c=K 3w bK=2h 2o haK Ksimcih23o 3w éA, rTrhKbr 

2r haK h=iorb2rr23o Kww2)2Ko)T 3= rTrhKb ha=3c-a­chl
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Oo haK w3mm3y2o- rcBrK)h23orf haK .K­Ko.Ko)T 3w haK )aiooKm 

ha=3c-a­ch Kww2)2Ko)T c­3o rTrhKb ­i=ibKhK=r rc)a ir )aiooKm K==3= rhiL

h2rh2)rf )3.2o- =ihKf r2-oimm2o- r­KK.f Bm3)< r2kK io. haK i)hcim =Kh=iorL

b2rr23o ­3m2)T y2mm BK )3or2.K=K. 2o .Khi2mrf 

2o)mc.K haK )3.K ir io 2ohK-=im ­i=h 3w haK .Kr2-o BT hi<2o- 2oh3 i))3coh 

haK )3orh=i2oh ya2)a )io BK 2b­3rK. 3o haK simcK 3w haK co.KhK)hK. K==3= 

­=3BiB2m2hT ya2)a 2r =K;c2=K.l

éo ihhKb­h y2mm BK bi.K h3

t n

OOOle Nh3­gio.gXi2h éA,

The simplest and most widely used detection-retransmission

In this system, after sending 

a block, the transmitting terminal waits for a positive or negative acknow­

ledgment from the receiving terminal before sending another block or re­

transmitting the same block.

scheme is the stop-and-wait ARQ system.

érrcb2o- haih haK KwwK)h 3w i)<o3ymK.-bKoh K==3=r 2r oK-m2-2BmKf 

haK rTrhKb ha=3c-a­ch 2r haKo -2sKo BT

I0F g 8tz
B2hrurTbB3m (3.1)T1 =

(N + TR )un

detectable block error probability8t S

Bm3)< r2kKj *

I ocbBK= 3w 2ow3=bih23o rTbB3mr ­K= Bm3)<

r2-oimm2o- r­KK. 3o haK )aiooKm 2o rTbB3mrurK)Aco

=3co. h=2­ .KmiT 7 hc=oi=3co. h2bKr 0aimw .c­mKV b3.Kz 7 h=iorb2rr23o 

h2bK 3w haK é"Iujé"I bKrri-K

: S

Oo 3=.K= h3 .K=2sK KV­=Krr23o 0vlFzf yK =Kbi=< haih haK ­=3BiB2m2hT 3w ais2o-
ogF
0F g 8„li Bm3)< h=iorb2hhK. KVi)hmT o h2bKr 2r 8 N2o)K haK h2bK ­K=23. 

=K;c2=K. h3 h=iorb2h o h2bKr i Bm3)< 3w r2kK j 2r K;cim h3 o0: 7 juA zf haK
tt

co
isK=i-K h2bK ­K=23. =K;c2=K. h3 h=iorwK= i Bm3)< 3w r2kK j w=3b haK r3c=)K 

h3 haK .Krh2oih23o 2r haKo
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"£0F g 8&0j 7 :A z .gw"D ogF t co 8\o: S 0F g 8Ez0: 7 juAcoz N o8 .8tt A tt oSEoSm co

0F g ngthK= 7 :A z
g c gtg n.8\ [0F g 8Çz„

t co
A t tco

j 7 :AcogM : A 0F g 8Çztco

N2o)K I B2hr i=K h=iorb2hhK. 3o haK isK=i-K .c=2o- haK h2bK :l 

.ihi =ihK 2r haKo A }

:aK isK=i-K

g B2hrurK) io. haK .Kw2o2h23o 3w haK ha=3c-a­ch Kww2g
:

)2Ko)T ir haK =ih23 3w haK isK=i-K .ihi =ihK BT haK r2-oimm2o- r­KK. T2Km.r 

KV­=Krr23o 0vlFzl \\

Oo 3=.K= h3 KV­m3=K haK .K­Ko.Ko)T BKhyKKo haK rTrhKb ha=3c-aL

­ch : io. haK )aiooKm K==3=r io. rTrhKb ­i=ibKhK=r^ yK irrcbK haih haK 

)aiooKm 2r B2oi=T rTbbKh=2)im y2ha )=3rr3sK= ­=3BiB2m2hT ­f io. haih haK 

=ihK 3w haK K==3= .KhK)h23o )3.K 2r )3orhioh io. 2o.K­Ko.Koh 3w haK Bm3)< 

r2kK jl :acr irrcb2o- imm K==3=r i=K .KhK)hK. yK aisK

8t g F g 0F g ­zj % F g Kg’F9 0vlez

AjK gj­io. aKo)K 0vlFz )io BK y=2hhKo ir :z S yaK=K A S Iuj 2r )3orhioh gFj 7 :Aco
:aK Bm3)< r2kK j ra3cm. haKo BK )a3rKo h3 biV2b2kK haK ha=3c-a­ch :&l 

3Bhi2orp .Kw2o2o- " }

£oK haKo

Ap: ir haK .KmiT )3cohK. 2o rTbB3mr

= f<\ATFT) (3.3)Nopt

XT "N PN e opt
T1 = r-2£Ï (3.4)opt N + Copt
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Oo haK )irK 3w rihKmm2hK m2o<r y2ha =3co.gh=2­ ­=3­i-ih23o .KmiT Krh2bihK. 

ih HFe brK)f haK si=2ih23or 3w j3­h
m2o- =ihK A

=ibKhK= haK B2h K==3= =ihK 0txAz­l

io. as functions of modem signal­

using as pa-
V

are illustrated in Figures (3.2a) and (3.2b)co

Oh 2r y3=ha o3h2o- haih haK 3­h2bim Bm3)< r2kK 2o)=KirKr i­L

­=3V2bihKmT ir haK r;ci=K =33h 3w haK b3.Kb r2-oimm2o- =ihKl —3= a2-a 

r­KK. h=iorb2rr23o 0HE I tic. w3= KVib­mKz 3­h2bim Bm3)< r2kK biT BK ;c2hK 

mi=-K 0i simcK 3w 1nfvEE B2hr 2r irr3)2ihK. h3 i B2h K==3= =ihK 3w FE*pzl 

xsKo 2o i­­m2)ih23or yaK=K rc)a mi=-K Bm3)<r i=K ­=ih2)imf haKT biT -2sK 

=2rK h3 haK i­­i=Koh .2ww2)cmhT 3w .KhK=b2o2o- K==3= .KhK)h23o )3.Kr y2ha 

i))K­hiBmK .KhK)h23o )i­iB2m2hTl 23yKsK=f haK .2ww2)cmhT .3Kr o3h i)hcimmT 

KV2rh r2o)K haK Bm3)< r2kK j =KwK=r 3omT h3 haK ocbBK= 3w rTbB3mr h=iorL

w®=®” ir i h=iorb2rr23o co2hl Nc)a i h=iorb2rr23o co2h )3cm. )3or2rh 3w 

i rK;cKo)K 3w rKsK=im K==3= .KhK)h23o Ko)3.K. rcBgBm3)<rl j .3Kr o3h

oK)Krri=2mT aisK ioT =Kmih23o h3 haK Bm3)< r2kK 3w haK )3.K^ 2h 2r bK=KmT 

haK mKo-ha 3w i bKrri-K ya2)a 2r K2-aK= i))K­hK. ir i ya3mK 3= -KoK=ihKr 

io éA, =K;cKrhl tKr2.Kr i­­m2)ih23or 2o ya2)a 2h 2r 2b­=i)h2)im h3 crK 

Bm3)<r rcww2)2KohmT m3o- BK)icrK 3w =Krh=2)h23or 2b­3rK. BT haK .ihif 2h

2r imyiTr ­3rr2BmK h3 .Kr2-o i))K­hiBmK K==3= .KhK)h23o )3.Kr haih irrc=K 

i a2-a simcK 0 g Fz w3= haK )3.2o- =ihK Aln 2Ko)Kf 2h b2-ah o3h BK h33 

co=Kim2rh2) h3 irrcbK haih haK )3.K =ihK 2r )3orhioh io. 2o.K­Ko.Koh 3w

haK Bm3)< r2kK jl U3=K 2or2-ah 2oh3 ha2r 2b­3=hioh io. TKh cor3msK. 

­=3BmKb y2mm BK -2sKo 2o rK)h23o OOOlvl

émh-a3c-a rh3­gio.gyi2h 2hK rTrhKbr i=K y2.KmT crK. BK)icrK 3w 

haK r2b­m2)2hT 3w 3­K=ih23of io. haK b2o2bcb BcwwK= =K;c2=KbKohrl :aKT 

i=K 2oaK=KohmT 2oKww2)2Koh .cK h3 haK 2.mK h2bK r­Koh yi2h2o- w3= i)<o3yL

mK.-bKoh w3= Ki)a h=iorb2hhK. Bm3)<l :a2r 2oKww2)2Ko)T BK)3bKr coi))K­L

hiBmK 3o rTrhKbr ya2)a Kb­m3T a2-a r­KK. b3.Kb io. rTrhKbr 2os3ms2o- i 

a2-a ­=3­i-ih23o .KmiT rc)a ir rihKmm2hK m2o<rl Oo haK oKVh rK)h23of yK 

)3or2.K= i =Kmih2sKmT r2b­mK bKha3. 3w )2=)cbsKoh2o- ha2r .2ww2)cmhTl
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OOOlv "3oh2oc3cr éA,

:aK )3oh2oc3cr rTrhKb h=iorb2hr Bm3)<r 3w j B2hr )3orKL

)ch2sKmT f y2ha3ch ioT .KmiT BKhyKKo Bm3)<rf ir m3o- ir ­3r2h2sK i)<o3yL

mK.-bKohr i=K =K)K2sK. ih haK rKo.2o- hK=b2oiml XaKoKsK= i oK-ih2sK 

i)<o3ymK.-bKoh 2r =K)K2sK.f haK rKo.2o- hK=b2oim KrrKoh2immT !Bi)<rgc­! 

!h3 haK K==3oK3cr Bm3)< io. =Kh=iorb2hr haih Bm3)< io. imm rcBrK;cKoh 

Bm3)<r 02o 3=.K= h3 ­=KrK=sK haK oihc=im 3=.K=2o- 3w haK Bm3)<rzl

< Bm3)<r BcwwK=

2 7 < g F2 7 < g e 22 7 F2 2 7 F

2

F 2

j rTbB3mr Bm3)<
2

n
O

O

oK-ih2sK i)<o3ymK.-bKoh =K)K2sK.g. 2
2
2

2
2

" rTbB3mr .KmiT 0" g :A zco

—2-c=K vlv tm3)< rK;cKo)2o- BKhyKKo =K­Kh2h23or 3w Bm3)< ► 2 w3= haK 
)3oh2oc3cr éA, r)aKbKl

:3 )3b­chK haK rTrhKb ha=3c-a­ch mKh cr irrcbK haih haK 

rTrhKb 3­K=ihKr 2o rhKi.T rhihK io. haih haK KwwK)h 3w i)<o3ymK.-bKoh 
K==3=r 2r oK-m2-2BmKl
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"3or2.K= =KmKsioh rTrhKb rhihKr 2o ya2)a i Bm3)< ► 2 2r haK 
h=iorb2hhK. aKi. Bm3)< 0iyi2h2o- w3= 2hr 3yo r2-o2w2)ioh i)<o3ymK.-bKohz 

w3= haK w2=rh h2bKl :aK isK=i-K i )3cohK. 2o rTbB3mrf rK­i=ih2o- hy3 
)3orK)ch2sK =KmKsioh rTrhKb rhihKr 2r -2sKo BT haK w3mm3y2o- bihaKbih2)im 

KV­K)hih23o

"£
2 g F0 &0j 7 "z g " z 0F g 8tz 8t„Z=

& S F

yaK=K " 2r haK .KmiT 0)3cohK. 2o rTbB3mrz BKhyKKo haK Ko. 3w h=iorb2rr23o 
3w i Bm3)< 3w j B2hr io. haK BK-2oo2o- 3w haK =Kh=iorb2rr23o 3w haih ribK 
Bm3)< yaKoKsK= i oK-ih2sK i)<o3ymK.-bKoh 2r =K)K2sK.l Referring to
w2-l 0vlFzf 2h 2r =Ki.2mT rKKo haih &0j 7 "z g " 2r haK h2bK ­K=23. 02o
rTbB3mrz .c=2o- ya2)a Bm3)< ► 2 i)hr ir i aKi. Bm3)< w3= h=iorb2rr23o 
3= =Kh=iorb2rr23o^ io. )3orK;cKohmTf 0& g Fz 2r haK KVi)h ocbBK= 3w h2bKr 
Bm3)< ► 2 2r =Kh=iorb2hhK. ir i aKi. Bm3)<l

XK 3Bhi2o haKo

CO CO i-1)i - 1
j =1 B

c = (1 - P ) ((N + C) z j P^
B j =1
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COCO
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B dPB j = 0 B
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N2o)K haK=K i=K KVi)hmT Aj S I 2ow3=bih23o B2hr h=iorb2hhK. ha=3c-a haK 
rTrhKb .c=2o- haK isK=i-K h2bK ­K=23. h S "]uA haK ha=3c-a­ch 2r -2sKo

BT

gAj0F g 8tz
FF S 3i S T= 0j 7 srpndh S 0j 7 :Ap8-z

I0F g 8Dz 0vlHztAj Aj

co

[Kh cr o3y KVib2oK haK si=2ih23o 3w haK ha=3c-a­ch :J ir iwco)h23o 

3w 3haK= rTrhKb ­i=ibKhK=r 0)aiooKm K==3= )ai=i)hK=2rh2)rf b3.Kb B2h 

=ihKf ­=3­i-ih23o .KmiTf )3.K =ihKf Bm3)< mKo-haf Kh)lzf 

icha3=r aisK irrcbK. haih haK =ihK 3w haK K==3= .KhK)h23o )3.K 2r )3org

NKsK=im

hioh io. ihhKb­hK. h3 biV2b2kK haK ha=3c-a­ch :# y2ha =Kr­K)h h3 haK 

Bm3)< r2kK jl X2ha ha2r irrcb­h23o io. 2o haK )irK 3w i B2oi=T rTbbKh=2) 

)aiooKm y2ha B2h K==3= =ihK ­f yK aisK

Ne" Np
(3.6)RT1 =

N + C(1 - e-Np)

so that

e-Np (C(l - e Np) - Np(N + C) )
dll > 0 for all N > 0= RdN

(N + C (1 - e Np)) 2

= 1,:aK 3­h2bcb Bm3)< mKo-ha 2r hacr 3Bs23crmT haK b2o2bcb j 

io. haK rTrhKb ha=3c-a­ch 2r haK=Kw3=K B3co.K. BT
3­h

A A 0vl1z:w S F 7 "­ F 7 :A ­co

Nc)a i =Krcmh )io BK crK. ir i wi2=mT -33. bKirc=K 3w haK rTrhKb 

Kww2)2Ko)Tf Bch 2h ­=3s2.Kr o3 aKm­ 2o .KhK=b2o2o- 3­K=ih23oimmT haK 

Bm3)< r2kK BK)icrK 2h 2r yKmm <o3yo haih haK =ihK 3w K==3= .KhK)h2o- 
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propagation delay of 0.512 second 

block size of 1023 bits

BCH (1023, 913) block code used for error detection
—7 —6 — SBSC type channel with bit error rate of 10 >10 ,10 ,
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l -I x 3uFK) ,pe niiFi-oinna lo(ni l inKnsmne (Bse pK)hF,un.r=nh(T Fhn 

p=Fhr (Bn (Binn oFuuF,shr fFees3sus(sne BFu.eM ­q; (Bn l -O x 3uFK) ,pe 

KFiinK(ud (iphe=s((n.j ­S; (Bn l -H x =neeprn ,pe shKFiinK(ud inKnsmn.j

­2; (Bn lkbyvlkb =neeprn ,pe sh niiFi eF (Bp( l .Fne hF( )hF, ,Bn(Bni 

(Bn l x 3uFK) Bpe 3nnh KFiinK(ud inKnsmn. Fi hF(a ch Kpen ­S; ph. ­2;

l es=fud enh.e p KFfd Fo (Bn ep=n l -H x 3uFK)a ch Kpen ­u;j l (iphe=s(e 

(Bn hn1( 3uFK) ,s(B p engtnhKshr ed=3Fu shmni(n.a —Bnhnmni x inKnsmne p 

3uFK) (Bp( se hF( sh niiFij s( KF=fpine (Bn engtnhKn ed=3Fu Fo (Bse hn, 

3uFK) (F (Bn engtnhKn ed=3Fu peeFKsp(n. ,s(B (Bn =Fe( inKnh( niiFi-oinn 

3uFK)a co (Bn engtnhKn 3s(e pin ngtpu (Bn hn, 3uFK) se inTnK(n. pe 3nshr 

p KFfd Fo ph puinp.d pK)hF,un.ran. 3uFK)" F(Bni,senj (Bn hn, 3uFK) se pKw

Knf(n.a

:iF= (Bn p3Fmn Bpuo-.tfun1 (iphe=seesFh Fhn F3(pshe p otuu- 

.tfun1 Ffnip(sFh 3d fnioFi=shr (Bn oFuuF,shr =F.sosKp(sFhea ApKB (ni=sw

hpu Bpe s(e F,h engtnhKshr e(p(na le x enh.e (Bn pK)hF,un.r=nh( 3pK) (F 

lj s( pueF (iphe=s(e p 3uFK) ,s(B engtnhKshr ed=3Fua 0Bn l -z x 3uFK) (Bp( 

oFuuF,e KFh(pshe (Bn pK)hF,un.r=nh( shoFi=p(sFh oFi (Bn finmsFte x -z l 

(iphe=seesFha xF(B es=fun1 KBphhnue Ffnip(n (Bnh neenh(spuud sh.nfnh.nh(ud 

Fo npKB F(Bnia

0Bn fnioFi=phKn phpudese Fo e(Ff-ph.•,ps(j enunK(smn infnp( 

ph. KFh(shtFte lE4 ede(n=e oFi 3F(B Bpuo-.tfun1 ph. opuu .tfun1 =F.ne Bpe 

3nnh Kpiisn. Ft( 3d xnhsKn ph. :ind Nq2P th.ni (Bn peet=f(sFh e(p(n. finw

msFteud (Bp( (Bn (s=n .nupd KFth(n. sh 3s(e ,pe unee (Bph (Bn 3uFK) unhr(Ba 

lh sh(nine(shr KFh(shtp(sFh Fo (Bse ,Fi) ,Ftu. 3n (F n1(nh. (Bn phpudese (F 

(Bn Kpen Fo ep(nuus(n KBphhnue ,Bnin (Bn (s=n .nupd se upirni (Bph (Bn 

3uFK) unhr(Bj esh (Bse ,Ftu. 3n (Bn Kpen p( mnid BsrB (iphe=seesFh ip(nea
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cYa 2AE:—EVlvkAL —: AAkj lE4 Lk5AVAL —v Ll0A''c0A k5lvvA'L

k—V2lEcL—v —c05 l vA— 5+xEcé L+L0AV

cYaq cv0E—éDk0c—v

0Bse KBpf(ni KFhes.nie (Bn ten Fo .sinK( :Ak ph. lE4 niiFi KFh(iFu

(nKBhsgtne pe pffusn. (F (Bn (iphe=seesFh Fo .p(p (BiFtrB p ep(nuus(n

le p ,Fi)shr BdfF(Bnesej (Bn .p(p ,suuush) Ffnip(shr sh (Bn 0éVl =F.na

pu,pde 3n peet=n. (F 3n e(itK(tin. sh 3uFK)e" (Bn niiFi fnioFi=phKn 3nshr 

2ny2t (Bn thKFiinK(n.yth.n(nK(n. 3uFK) niiFi fiF3p3sus(d ­(F 3n < q£ 

—h (Bn F(Bni Bph.j Fhud (Bn npi(B e(p(sFh (F npi(B e(p(sFh ush) se KFh-

-q£ ;a

es.nin." (Bn (niine(ispu hn(,Fi) (Bp( ush)e (Bn pK(tpu tenie (F (Bn npi(B

e(p(sFhe se hF( (p)nh sh(F pKKFth( sh (Bse infFi(a 0Bn KBFsKn Fo p .p(p

e(itK(tip(sFh sh 3uFK)e se neenh(spuud .sK(p(n. 3d (Bn inKnh( p.mnh( Fo

KF=ft(ni .p(p KF==thsKp(sFh hn(,Fi)e ­lE2lj k+k'léAL;j sh ,BsKB 3uFK)e

KFhe(s(t(n (Bn 3pesK shoFi=p(sFh nh(s(da 0Bn fpip=n(ni Fo sh(nine( ,suu

3n (Bn mpisp(sFh Fo (Bn ruF3pu (BiFtrBft( KF=fp(s3un ,s(B p rsmnh niiFi

fnioFi=phKn pe p othK(sFh Fo (Bn esrhpushr ip(n Fh (Bn ep(nuus(n KBphhnua

c( pffnpie neenh(spuudj oiF= (Bn inetu(e ,BsKB ,nin F3(pshn.j (Bp( :Ak

ede(n=e .F hF( fiFms.n p etoosKsnh( KF.shr rpsh p( (Bn BsrB esrhpu tfFh

hFsen ip(sF mputne KF=fp(s3un ,s(B (Bn rsmnh niiFi fnioFi=phKna lE4 ede(n=ej

Fh (Bn F(Bni Bph. pin shBninh(ud us=s(n. sh efnn. 3d (Bn ipfs.ud .nw

Kinpeshr mputn Fo (Bn (BiFtrBft( noosKsnhKd pe (Bn esrhpushr efnn. Fh (Bn

ep(nuus(n KBphhnu shKinpene" oFi puu lE4 ede(n=e n1Knf( (Bn enunK(smn

(dfn lE4 eKBn=nj (Bse noonK( se nmnh =Fin fiFhFthKn. pe (Bn .p(p ip(n
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Fo (Bn sh.sms.tpu tenie riF,e upirnia c( se BF,nmni fFees3un (F KFhes.ni

p (Bsi. ede(n= ,BsKB KF=3shne (Bn p.mph(prne Fo 3F(B :Ak ede(n=e ph. lE4

LtKB p ede(n= ,suu 3n Kpuun. p Bd3is. lE4-:Ak eKBn=n ph. KFhese(eeKBn=nea

Fo ph Ft(ni lE4 ede(n= ph. ph shhni :Ak ede(n=a 0Bn KF.shr rpsh fiFms.n.

3d (Bn :Ak ede(n= .nKinpene (Bn ht=3ni Fo infn(s(sFhe sh (Bn lE4 pe (Bn

esrhpushr efnn. Fh (Bn ep(nuus(n KBphhnu se shKinpen.j n1(nh.shr KFhesw

.nip3ud (Bn iphrn Fo Ffnip(sFha VFinFmnij (Bn ede(n= se msi(tpuud niiFi

oinnj eshKn (Bn niiFi ip(n ,BsKB se .sK(p(n. 3d (Bn lE4 ede(n= in=pshe

gts(n uF, ph. se sh.nfnh.nh( Fo mpisp(sFhe sh (Bn Ffnip(shr fpip=n(nie Fo

(Bn ede(n=a

cYaS :Ak 0Ak5vc4DA

ch p .srs(pu KF==thsKp(sFh ede(n= n=fuFdshr :Ak (nKBhsgtnj (Bn 

.p(p eFtiKn rnhnip(ne 3shpid shoFi=p(sFh ed=3Fue p( (Bn ip(n Er 3s(eyenKa 

0Bnen shoFi=p(sFh ed=3Fue pin nhKF.n. oFi (Bn ftifFen Fo niiFi fiF(nK(sFh 

ph. (Bn nhKF.ni Ft(ft( se p 3shpid engtnhKn Fo ip(n Eh ed=3FueyenKa 0Bn 

KF.n ip(n E sh 3s(eyed=3Fue se (Bnh rsmnh 3d

­Uaq;E C E yE e h

LshKn E & qj (Bn (iphe=seesFh ed=3Fu efnn. se upirni (Bph (Bn .p(p efnn.

.nusmnin. 3d (Bn eFtiKna Agtsmpunh(udj (Bn sh(iF.tK(sFh Fo ph niiFi

KFh(iFu KF.shr eKBn=n ingtsine p 3ph.,s.(B n1fphesFha

'n( (Bn inKnsmn. fF,ni p( (Bn npi(B e(p(sFh 3n 2 ph. un( 82 3n 

(Bn efnK(ipu .nhes(d Fo (Bn KBphhnu hFsena 0Bnh (Bn esrhpu-(F-hFsen
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ip(sF fni shoFi=p(sFh 3s(

VNo C 2y­vFAe; ­UaS;

enimne pe p osrtin Fo =nis( oFi .sooninh( KF=3shp(sFhe Fo KF.shr ph.

=F.tup(sFh eKBn=nea c( se Kunpi (Bp( p KF.shr Fi =F.tup(sFh eKBn=n

,BsKB in.tKne (Bn A<yvF ingtsin. oFi p rsmnh niiFi fiF3p3sus(d unp.e 

(F ph shKinpen sh puuF,p3un .p(p ip(n ph.yFi p .nKinpen sh (Bn hnKnew

epid -l82e 0Bn fiF3un= (Bnh se .n(ni=shshr (Bn ede(n= (Bp( ,suu Ffn-

ngl82 ,s(B p rsmnh gtpus(da

0Bn mputn =<is "”-e .nismn. sh enK(sFh cc

ph. oFth. (F 3n -qa6 .x oFi (Bn shoshs(n 3ph.,s.(B ,Bs(n rpteesph

ip(n p( (Bn uF,ne( l uF,ni 3Fth. n1se(e

pmpsup3un ngl82eFh (Bn

KBphhnua l=Fhr puu inpu (s=n .nKF.shr ede(n=ej Ys(ni3s =p1s=t= us)n-

BFF. .nKF.shr Fo KFhmFut(sFhpu KF.ne ,s(B eFo( gtph(s{p(sFh ­sh fipK(sKn

^ unmnue pin etoosKsnh(; se )hF,h (F dsnu. (Bn 3ne( fnioFi=phKn sh (ni=e

Fo 3s( niiFi ip(na ch msn, Fo (Bse opK(j s( ,pe .nKs.n. (F nmputp(n 

(Bn fnioFi=phKne Fo :Ak ede(n=e teshr ip(n j KFhmFut(sFhpu KF.ne Fo eBFi( 

KFhe(ipsh( unhrB(B ­2 < ) < }; ph. p Ys(ni3s .nKF.nia 0Bn KF=fun(n

ede(n= se infinenh(n. Fh :srtin ­Uaq;a kFhes.ni (Bn (iphe=seesFh Fo 

3uFK)e Fo unhr(B v 3s(e KF=shr oiF= .sooninh( teniej ph. un( f< 3n (Bn 

3s( niiFi ip(n oFi (Bse .nKF.nia lu(BFtrB (Bn niiFie .nusmnin. 3d (Bn

.nKF.ni pffnpi sh 3tie(ej 3nKpten Fo (Bn hp(tipu 3s( sh(niunpmshr fiFw

ms.n. 3d (Bn 0éVl eKBn=n ­enn (Bn lffnh.s1 l;j oFi npKB teni (Bn niiFie 

,suu pffnpi sh.nfnh.nh(ud ,s(B (Bn ep=n 3s( niiFi fiF3p3sus(d f<a 

3uFK) niiFi fiF3p3sus(d se (Bnh

0Bn
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2x C q - ­q - 2m;v 7 ­Ua2;vf „ q mvf j m

-q£kFhengtnh(udj oFi p teni (F Bpmn p 3uFK) niiFi fiF3p3sus(d C q£

(Bn 3s( niiFi ip(n =te( 3n f Cq£\m

x
-q2
oFi 3uFK) unhr(Be v C q£££ 3s(ea

AiiFi fiF3p3sus(d 3Fth.e me ngl82 oFi Ys(ni3s .nKF.shr ph. KFBninh( 

2Lb =F.tup(sFh Kph 3n nmputp(n. 3d teshr (Bn (ipheoni othK(sFh Fo (Bn KFhw

mFut(sFhpu KF.ne NUPa Deshr (Bn Ff(s=pu KF.ne ph. (Bnsi efnK(ip NqUP 

(Bnen 3Fth.e Bpmn 3nnh KF=ft(n. oFi p eFo( gtph(s{n. Ys(ni3s .nKF.ni ­enn

lffnh.s1 x; ph. pin fuF((n. sh :srtin ­UaS;a 0Bn tf-ush) 3nshr msi(tpuud

niiFi oinnj ,n KFhes.ni Fhud (Bn .F,h-ush) KpuKtup(sFh pe rsmnh sh lffnhw

.s1 l (F F3(psh

A3yvF C U}a6 [ Xy0 - q£ uFrq£ Ej

,Bnin Ee se (Bn (iphe=seesFh ip(n sh 3s(eyenK ph. Xy0 (Bn rpsh-(n=fpip- 

(tin ip(sF Fo (Bn inKnsmshr npi(B e(p(sFha

­UaU;

:iF= Agtp(sFh ­UaU; ph. :srtin ­UaS;j shoFi=p(sFh ip(ne Ee me 3uFK) 

niiFi fiF3p3sus(d Ktimne Bpmn 3nnh KpuKtup(n. oFi p e(p(sFh Xy0 C U£a} ph.

Enetu(e oFi (Bn ­S2jenmnipu KFhe(ipsh( unhr(B KF.ne ­enn :srtin ­Ua2;;a

qS;j 2 niiFie KFiinK(shr XFupd KF.n ph. KFBninh( hFhKF.n. 2Lb pin pueF

rsmnh oFi KF=fpiseFha 0Bn (iphe=seesFh ip(n oFi p rsmnh niiFi fnioFi=phKn

shKinpene ,s(B (Bn KFhe(ipsh( unhr(B Fo (Bn KF.nj 3t( .nKinpene =FhF(F-

lueFj pe (Bn pmpsup3un nhnirdhsKpuud pe (Bn niiFi fiF3p3sus(d rn(e uF,nia

5F,nmnij sh (Bsefni 3s( shKinpenej KF.shr 3nKF=ne unee p((ipK(smna

Kpen (Bn p.mph(prne oFi teshr KF.shr pin gts(n pffpinh(j eshKn :srtin­Ua2;
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1000
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k = g100
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k = 6
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L ~ 5

k = /}
40

k 3
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20
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lo"13
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lo'11

lo~10
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eBF,e (Bp( p (iphe=seesFh ip(n Fo q££ V3s(eyenK Kph 3n pKBsnmn. p(
-q£C q£ ,s(B p KF.n Fo KFhe(ipsh( unhr(B b C }j ,Bninpe (Bn hFhKF.n.2x

2Lb =F.tup(sFh dsnu.e Fhud p ip(n Fo S£ V3s(eyenKa vp(tipuud (Bn pK(tpu 

esrhpuushr efnn. Fmni (Bn KBphhnu se Eh C SEe ed=3FueyenK oFi (Bse KF.nj 

ph. oFi mnid BsrB (iphe=seesFh efnn.ej (Bn 3toonishrj efnn. (ipheup(sFh

ph. =tu(sfun1shr Fo (Bn sh.sms.tpu teni%e .p(p =pd 3nKF=n enmnin fiF3un=ea

luu KF=ft(p(sFhe Bpmn 3nnh Kpiisn. Ft( teshr p mputn Fo Xy0 C U£a} .xa

:Fi ph pK(tpu Xy0 C thlK=2 .xj (Bn pmpsup3un .p(p ip(n Er se F3(pshn. 3d 

=tu(sfudshr (Bn mputn F3(pshn. oiF= :srtin ­Ua2; 3d (Bn KFhe(ph( opK(Fi

x ,Bnin
C q£N­Xy0;F 7 Xy0Pyq£ ­Ua8;x

cYa2 lE4 0Ak5vc4DAL

ch lE4 ede(n=e 3uFK) KF.shr se n=fuFdn. 3t( hF niiFi KFiinK(sFh

se fnioFi=n. 3d (Bn .nKF.nia —Bnhnmni ph niiFi se .n(nK(n. sh p 3uFK)a

p in(iphe=seesFh Fo (Bp( 3uFK) se ingtne(n. (BiFtrB p in(tih KBphhnua

l 3uFK) se pKKnf(n. 3d (Bn teni Fhud po(ni s( pffnpin. (F 3n niiFi oinna

kunpiud (Bnh (Bn s=fFi(ph( =npetine Fo fnioFi=phKn pinM (Bn th.n(nK(n.

-q£3uFK) niiFi fiF3p3sus(d ,BsKB se (dfsKpuud mnid e=puu ­2< & q£ 

ph. (Bn (BiFtrBft( noosKsnhKd Fo (Bn ede(n=a 0Bn (BiFtrBft( noosKsnhKd

;j

se .noshn. pe (Bn ip(sF Fo (Bn ht=3ni Fo shoFi=p(sFh 3s(e (iphe=s((n.

3d (Bn oFi,pi. KBphhnu (F (Bn esrhpuushr ip(n Fo (Bn KBphhnua l 3uFK)

.sprip= Fo p 0éVl ede(n= teshr ph lE4 eKBn=n se eBF,h sh :srtin ­UaU;a
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0Bn =Fe( s=fFi(ph( mpisph(e Fo lE4 (nKBhsgtne pin Kpuun. 9L(Ff

ph. —ps(9j 9kFh(shtFte9 ph. 9LnunK(smn9a 0Bn L(Ff ph. —ps( ede(n= se

mnid shnoosKsnh( oFi ep(nuus(n KBphhnue ph. ,suu hF( 3n KFhes.nin. Bnina

ch p kFh(shtFte lE4 ede(n=j (Bn 3uFK)e pin (iphe=s((n. KFhenKtw

(smnudj ,s(BFt( phd .nupd 3n(,nnh 3uFK)ej pe uFhr pe fFes(smn pK)hF,w

un.rn=nh(e pin inKnsmn. p( (Bn enh.shr (ni=shpua —Bnhnmni p hnrp(smn

pK)hF,un.rn=nh( se inKnsmn.j (Bn enh.shr e(p(sFh 3pK)e-tf (F (Bn niiFw

hnFte 3uFK) ph. in(iphe=s(e (Bp( 3uFK) ph. puu et3engtnh( 3uFK)ea 0Bn

(BiFtrBft( noosKsnhKd n1fineesFh se .nismn. sh enK(sFh ccj ph. se infFi(n.

Bnin oFi up(ni inoninhKn

b­q - 2Tx 3s(eyed=3Fu ­Ua6;0q C
­v [ E 0 2Txth

b C shoFi=p(sFh ed=3Fue fni 3uFK),Bnin
v C 3uFK) unhr(B

E< C teni%e esrhpuushr efnn. sh ed=3FueyenK

0 C iFth. (isf .nupd [ .smnien enimsKn .nupde 
­Detpuud h®rusrnp3un;

2 C fiF3p3sus(d Fo 3uFK) niiFia
é

ch enunK(smn ede(n=ej Fhud (Bn fpi(sKtupi 3uFK) inKnsmn. sh niiFi

se in(iphe=s((n.a le p KFhengtnhKn (Bn (BiFtrBft( noosKsnhKd 3nKF=ne

sh.nfnh.nh( Fo (Bn (iphe=seesFh .nupdj 3t( (Bn pK(tpu s=fun=nh(p(sFh Fo

(Bnen ede(n=e se KF=fpip(smnud =Fin KF=fun1a Deshr (Bn ep=n hF(p(sFh pe
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oFi Agtp(sFh ­Ua6;j (Bn (BiFtrBft( noosKsnhKd se

< C ! ­q - 2r; 3s(eyed=3Fu ­Ua};

0Bn KF=ft(p(sFh Fo (Bn ruF3pu (BiFtrBft( oFi (Bn ede(n= Fo :srtin ­UaU;

:Fi p rsmnh inKnsmshr e(p(sFh Xy0j 

(Bn ed=3Fu nhnird-(F-hFsen ip(sF Ahyv£ KFiinefFh.shr (F p rsmnh 3tie( 

esrhpuushr ip(n Eh Fh (Bn oFi,pi. KBphhnu se rsmnh 3d (Bn ush) ngtp(sFh

se npesud Kpiisn. Ft( pe oFuuF,ea

A
-2 C U}a6 [ Xy0 - q£ uFr E ­Ua^;
F

leet=shr KFBninh( 2Lb =F.tup(sFhj (Bn (iphes(sFh fiF3p3sus(d f Fo (Bn

ngtsmpunh( 3shpid ed==n(isK KBphhnu se (Bnh npesud F3(pshn. N2PI LshKn

(Bn KBphhnu se =n=Fiduneej (Bn 3uFK) niiFi fiF3p3sus(d se

pB K i-d-p)"- ­UaÇ;fv „ qfvj

­T;
Enonishr (F :srtin ­UaU;j un( E ed=3yenK 3n (Bn esrhpuushr efnn. Foth

­T;(B(Bn T• tenij ph. un( 0T 3n s(e (BiFtrBft( noosKsnhKda 0Bn (BiFtrBft(

(BKFiinefFh.shr (F (Bse T• teni se

­T; C *j­*; E­T; 3s(eyenK
th '

­Uaq£;

The global throughput for the L users is therefore

4 C L ­Uaqq;3s(eyenK
TCu

Fi
4 C A E\-< A E< ­UaqS;j ,s(B A & Eth th hTCu TCu

j­T; <­T;
th ” 3n (Bn ep=n oFi puu ' teniea 0Bnh (Bn'n( vj bj E
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ruF3pu (BiFtrBft( oFi (Bn nh(sin ede(n= 3nKF=ne

C <­T; E­T; <­T; 3s(eyenK ­Uaq2;4 E­ T;th
th

,Bnin c1► infinenh(e (Bn sh(nrni fpi( Fo 1a

ktimne rsmshr (Bn ruF3pu (BiFtrBft( 4 pe p othK(sFh Fo (Bn 0éVl 

3tie( ip(n Eh­sana (Bn esrhpuushr efnn. Fh (Bn KBphhnu; pin rsmnh sh 

:srtin ­Ua8; oFi (Bn KFh(shtFte lE4 ede(n=a Denie ip(ne E< mpidshr oiF=

qS££ (F U^£££ ed=3yenK pin KFhes.nin. oFi p inKnsmshr e(p(sFh Xyu< U£a}j

ph. oFi KF=fpiseFh ftifFenej inetu(e oFi SU££ ed=3FueyenK ,s(B (,F

:Fi (Bn Xy0 C U£a} e(p(sFhj ,ne=puuni npi(B e(p(sFhe pin pueF rsmnha

enn (Bp( tf (F p3Ft( 8£ Ved=3yenKj (Bn ede(n= se mnid noosKsnh( oFi puu

5F,nmnij oFi phd teni ip(nj pe (Bn esrhpuushr efnn. shKinpeneatenie ip(nea

(Bn pmpsup3un AhyvF fni (iphe=s((n. ed=3Fu .iFfej unp.shr (F =Fin niiFiea 

5nhKn in(iphe=seesFh ingtne(e 3nKF=n =Fin oingtnh( ph. (Bn ruF3pu (BiFtrBw

ft( pK(tpuud ennh 3d (Bn tenie e(pi(e .nKinpeshr" puu (BiFtrBft( =p1s=t=

FKKtie npiusni oFi (Bn BsrB-efnn. tenie eshKnj pe (Bn fiFfprp(sFh (s=n .nupd se

KFhe(ph(j p in(iphe=seesFh ingtne( ,suu poonK( p upirni ht=3ni Fo 3uFK)e

:Fi mnid upirn 3tie( ip(nej (Bn KBphhnupe (Bn tenie efnn. shKinpenea

.nrip.ne eF =tKB (Bp( (Bn ede(n= se pu=Fe( KFh(shtpuud in(iphe=s((shr

(Bn ep=n 3uFK)e unp.shr (F p .ipe(sK opuu Fo (Bn Fmnipuu (BiFtrBft(a

kunpiudj 3ndFh. Kni(psh 3tie( ip(n mputnej (Bn lE4 ede(n= se sh.nn.

mnid shnoosKsnh( ph. 3toonishr Fo (Bn shKF=shr .p(p 3nKF=ne p enmnin

0Bn nmputp(sFh Fo ph tffni 3Fth. Fh (Bn fiF3p3sus(d Fo th-fiF3un=a

.n(nK(n. niiFi Kph 3n npesud Kpiisn. Ft( pe oFuuF,ea 'n( ­vj bj . a ; \ } =sh
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3n (Bn KBpipK(nise(sKe Fo (Bn niiFi .n(nK(shr KF.nj ,Bnin .<< infinenh(e 

pe tetpu (Bn =shs=t= 5p==shr .se(phKna 0Bn niiFi KFiinK(sFh Kpfp3sus(d

Fo (Bn KF.n n se (Bnh inup(n. (F . a 3d=sh J

­UaqU;. a - q=shn C

énhF(shr 3d f< (Bn KiFee Fmni fiF3p3sus(d Fh (Bn xLk ngtsmpunh( (F (Bn 

0éVl KBphhnuj 2 Kph 3n 3Fth.n. 3d

v f2 &S 2 :­q
D YfCn[u

v-2 C J v-fS 2 2 ­q - f ;
Y

ffC. a =sh

0Bn et==p(sFh Fh (Bn isrB( Bph. es.n Fo Agtp(sFh ­Uaq8;j ,BsKB infinenh(e

- 2m; ­Uaq8;

(Bn (psu Fo 3shF=spu .se(is3t(sFh Fo fpip=n(ni f<j Kph 3n 3Fth.n. oiF= 

p3Fmn 3d p (nKBhsgtn .tn (F kBnihFm ­enn enK(sFh cc; (F dsnu.

. a v-. a =shq-f
1 m

- . a

7 v

:Fi (Bn xk5 KF.n ­q£S2j Çq2j S2;j nmnh oFi p mputn Fo f< C aqj (Bn 3Fth.

-Sq
Fo Agtp(sFh ­Uaq6;z e(suu dsnu.e p mputn oFi 2< Fo qa£6 1 q£

v2m ==
­Uaq6;2 & .t =sh

cYaU l 5+xEcé lE4y:Ak Lk5AVA

:iF= (Bn inetu(e F3(pshn. ,s(B AAk ph. lE4 (nKBhsgtne ,n F3enimn

(Bn oFuuF,shrM

0Bn AAk (nKBhsgtn fiFms.ne p KF.shr rpsh sh (Bn oFi= Fo ph shKinpen.

pmpsup3un .p(p ip(n p( (Bn n1fnhen Fo ph shKinpen. ingtsin. 3ph.,s.(Ba
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5F,nmnij pe (Bn unmnu Fo fnioFi=phKn 3nKF=ne gts(n BsrBj (Bn

noonK( Fo (Bn KF.shr rpsh se in.tKn. ph. =Fin fF,niotu KF.ne ,s(B =Fin

KF=fun1 .nKF.shr eKBn=ne pin hnKneepida

—h (Bn F(Bni Bph.j (Bn lE4 (nKBhsgtn fiFms.ne ph n1Knuunh( niiFi

fnioFi=phKn sh.nfnh.nh(ud Fo (Bn gtpus(d Fo (Bn KBphhnua 5F,nmnij pe

(Bn KBphhnu 3nKF=ne hFsesni (Bn ht=3ni Fo in(iphe=seesFhe shKinpenej

(Bn ep=n 3uFK)e rn( infnp(n. Fmni ph. Fmnij unp.shr (F p mnid e=puu

noonK(smn (BiFtrBft(a —fnip(sFh p( (Bn =p1s=t= (BiFtrBft( mputn se

.nesip3unj 3t( Kunpiud ph lE4 ede(n= se ip(Bni shnoosKsnh( so (Bse

=p1s=t= (BiFtrBft( FKKtie oFi p 3tie( ip(n mputn uF,ni (Bph (Bn =p1sw

=t= ip(n KF=fp(s3un ,s(B (Bn pmpsup3un 3ph.,s.(B Fo (Bn ush)a

:Fi p rsmnh tenie ip(nj s=fiFmn=nh( Fo (Bn (BiFtrBft( ,suu KF=n

oiF= p in.tK(sFh sh (Bn ht=3ni Fo in(iphe=seesFh ingtne(ej (Bp( se 3d

teshr p 3n((ni gtpus(d KBphhnua —h p ep(nuus(n ush) (Bse KFtu. 3n

pKBsnmn. 3d p 3it(n oFiKn shKinpen Fo (Bn infnp(ni ip.sp(n. fF,ni ph.yFi

Fo (Bn inKnsmshr e(p(sFh Xy0a éseKpi.shr (Bse pffiFpKBj ,n hF, fiFfFen

p Bd3is. lE4y:Ak eKBn=n ,BsKB KF=3shne (Bn p.mph(prn Fo 3F(B lE4 ph.

l 3uFK) .sprip= Fo (Bn eKBn=n se eBF,h sh :srtin ­Ua6;a:Ak (nKBhsgtnea

ch (Bse eKBn=n (Bn Ft(ni lE4 (nKBhsgtn ,suu fiFms.n p mnid BsrB Fmnipuu

niiFi fnioFi=phKn oFi (Bn ede(n=j 3t( sh Fi.ni (F Bpmn pueF p BsrB (BiFtrBw

ft( noosKsnhKd (Bn ip, KBphhnu gtpus(d se KFhes.nip3ud s=fiFmn. 3d (Bn sh(iF.tK(sFh
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Fo ph shhni :Ak ede(n=a kFhengtnh(ud oFi (Bn Ft(ni lE4 ede(n= (Bn KF.ni-

ip, KBphhnu-.nKF.ni =pd 3n inrpi.n. pe p etfni 3shpid KBphhnu ,BFen

(iphes(sFh fiF3p3sus(d 3nKF=ne (Bn 3s( niiFi fiF3p3sus(d Fo (Bn shhni

lrpshj 3nKpten Fo (Bn hp(tipu sh(niunpmshr Fo (Bn 0éVl:Ak ede(n=a

(nKBhsgtnj (Bn etfni-KBphhnu pffnpie (F 3n =n=Fiduneej eF (Bp( (Bn ep=n

KF=ft(p(sFh pe oFi (Bn lE4 ede(n= puFhn Kph 3n Kpiisn. Ft(a

0BiFtrBft( inetu(e oFi p Bd3is. eKBn=n teshr KFh(shtFte lE4 pe

(Bn Ft(ni eKBn=nj ,s(B (Bn fF,niotu xk5 ­q£S2j Çq2j S2; pe (Bn niiFi 

.n(nK(shr KF.n ph. ip(n KFhmFut(sFhpu KF.shr ,s(B Ys(ni3s .nKF.shr pe 

(Bn shhni :Ak ede(n= pin eBF,h sh :srtin ­Ua};a Enetu(e oFi Fhud (Bn

SU££ ed=3yenK teni ip(n se eBF,h ph. oFi npen Fo KF=fpiseFhj (Bn KFiw

inefFh.shr inetu( oFi (Bn lE4 ede(n= puFhn se pueF rsmnha 0Bn Bd3is.

eKBn=n dsnu.e p KFhes.nip3ud BsrBni (BiFtrBft( (Bph (Bn lE4 eKBn=n puFhna

0Bn fF,niotu noonK( Fo (Bn shhni :Ak KF..shr se p=fud .n=Fhe(ip(n.j oFi

nmnh ,s(B p inup(smnud ,np) KF.nj ­b C 2 KFhe(ipsh( unhr(B KF.n;j p

.Ft3ushr Fo (Bn (BiFtrBft( se pKBsnmn.a 0Bn e(ipsrB( ushn 3nBpmsFti

Fo (Bn Ktimne ­tf (F pffiF1s=p(nud 8£ V3s(eyenK; sh.sKp(ne (Bp( on, inw

(iphe=seesFhe pin ingtne(n. sh (Bse inrsFhM (Bn etfni 3.uhpid KBphhnu se

msi(tpuud hFsenuneea 5F,nmni pe (Bn 3tie( ip(n shKinpenej (Bn KBphhnu

.nrip.ne ph. (Bn niiFi KFiinK(shr Kpfp3sus(d Fo (Bn shhni KF.n 3nKF=ne

n1Knn.n.a 0Bn niiFie rsmnh Ft( 3d (Bn :Ak ede(n= pin BF,nmni .n(nK(n.

3d (Bn lE4 ede(n=j ,BsKB (Bnh ingtne(e in(iphe=seesFha 0Bn Ffnip(sFh

Fo (Bn nh(sin ede(n= se (Bte (Bp( Fo ph lE4j ph. pe n1fnK(n. ,s(B (Bnen



13

10
I f!
I

g
Q
Ow
00

H
M

o
v—^

>Eh
^ 5
go
po

]

'

0
400 10 3020

TDMA BURST RATE (MEGASYMBOLS/SECOND)

Figure 4.7 SYSTEM THROUGHPUT FOR ARQ/FEC HYBRID SCHEME



S6£

S££

gFF,KF
'—
5
5m
■<

g
i<a

q££
] B
g
WA2—
g
­5

£
£ S££ U££ 6££ ^££

0éVl xDEL0 El0A ­VAXlL+Vx—'LyLAk—vé;
to!

Figure 4.8 SYSTEM THROUGHPUT FOR ARQ/FEC HYBRID SCHEME



73-

Figure 4.9î MAXIMUM THROUGHPUT AS A FUNCTION OF THE USERS

RATES FOR THE ARQ AND HYBRID SCHEMES.
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ede(n=ej (Bn (BiFtrBft( inpKBne p =p1s=t= mputn (Bnh opuue Foo ipfs.uda

0Bn =p1s=t= (BiFtrBft( (Bp( KFtu. 3n inpKBn. shKinpene ,s(B (Bn gtpus(d

Fo (Bn etfni KBphhnuj (Bp( se pe =Fin fF,niotu shhni KF.shr se ten.a

:srtin ­Ua}; eBF,he (Bp( p et3e(ph(spu s=fiFmn=nh( se F3(pshn. pe (Bn

KFhe(ipsh( unhr(B Fo (Bn KF.n shKinpene oiF= b C 2 (F b C }a

Enetu(e ,s(B enmnipu tenie ip(ne teshr KFh(shtFte lE4 ph. enunKw

(smn lE4 ede(n=e sh KFhTthK(sFh ,s(B p ip(n -cj b C } KFhmFut(sFhpu KF.n 

pin rsmnh sh :srtin ­Ua^;a 0Bn Ktimne suute(ip(n (Bn inup(smn enhes(sw

ms(sne Fo (Bn (Bnen (,F lE4 eKBn=ne (F (Bn tenie ip(ne (Frn(Bni ,s(B (Bn

fF(nh(spu p.mph(prne Fo teshr (Bn enunK(smn eKBn=na :shpuudj p KF=fpiseFh

Fo (Bn =p1s=t= (BiFtrBft( mputne pKBsnmn. pe p othK(sFh Fo (Bn tenie

ip(ne pin rsmnh sh :srtin ­UaÇ; oFi (Bn lE4 puFhn ph. Bd3is. eKBn=nea c(

eBF,e (Bp( (Bn KFhKp(nhp(sFh Fo Ys(ni3s .nKF.shr ,s(B (Bn lE4 ede(n=

puuF,e ­oFi (Bn n1p=fun (inp(n. Bnin;j p =tu(sfusKp(sFh Fo (Bn (BiFtrBw

ft( Fo (Bn lE4 ede(n= 3d p opK(Fi Fo 2a —o KFtien (Bse (BiFtrBft( rpsh

=te( 3n ,nsrBn. prpshe( (Bn p..s(sFhhps Bpi.,pin ingtsin=nh( ph. 3ph.w

,s.(B n1(nhesFhj 3t( s( infinenh(e p opi 3n((ni t(sus{p(sFh Fo (Bn epw

(nuus(n ush) (Bph (Bn lE4 Fi :Ak (nKBhsgtne puFhna

Ya k—vk'DLc—vL

0Bn phpudese ph. inetu(e finenh(n. sh (Bse infFi( .n=Fhe(ip(n (Bp(

oFi mnid inusp3un .p(p (iphe=seesFh (BiFtrB p ep(nuus(n ush)j (Bn (ip.sw

(sFhpu :Ak ph. lE4 (nKBhsgtne =pd hF( 3n (Bn =Fe( noosKsnh( sh (ni=e Fo

noonK(smn shoFi=p(sFh ip(nea 0Bn hn, Bd3is. lE4y:Ak eKBn=n (p)ne p.mph-
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(prn Fo 3F(B (nKBhsgtne ph. dsnu.e p KFhes.nip3un s=fiFmn=nh( sh (Bn

pKBsnmp3un (BiFtrBft(a c( =te( 3n hF(n. (Bp( pu(BFtrB (Bn KF=ft(p(sFhe

,nin Kpiisn. Ft( oFi p efnKsosK ush) ,s(B etoosKsnh( 3ph.,s.(B teshr

KFhmFut(sFhpu KF.shr ph. (Bn =Fe( fF,niotu ­Ys(ni3s; .nKF.shrj (Bn phpudw

ese =pd 3n pffusn. (F =phd F(Bni KF.shr eKBn=nea VFinFmni (Bn inetu(e

=pd 3n KFhes.nin. pe 3nshr tffni 3Fth.e eshKn (Bn (ipoosK .tn (F lkbyvlkb

shoFi=p(sFhj KFh(iFu shoFi=p(sFh ph. F(Bni FmniBnp. nhrshnnishr enimsKne

,pe hF( pKKFth(n. oFia lueFj (Bn eF-Kpuun. in(tih KBphhnue ,nin KFhesw

.nin. niiFi-oinnj ph. (BninoFinj (Bn inetu(e eBFtu. Fhud 3n sh(nifin(n.

pe suute(ip(sFhe Fo (Bn fF,ni Fo (Bn Bd3is. eKBn=nea 0Bn =F.nu Kph

Kni(pshud 3n n1(nh.n. (F pKKF=F.p(n fipK(sKpu us=s(p(sFhea

0Bn s=fiFmn=nh( F3(pshn. 3d (Bn hn, Bd3is. eKBn=n ,s(B (Bn b C 2

KF.n etrrne(e shmne(srp(shr oFi (Bn shhni :Ak ede(n= unee fF,niotu

KF.shr-.nKF.shr (nKBhsgtne (Bp( ingtsin p e=puuni 3ph.,s(B n1fphesFh (Bph 

(Bn ip(n Ys(ni3s .nKF.shra :Fi n1p=funj p ip(n 2yU KF.n ,s(B Ys(ni3s

.nKF.shr =pd dsnu. ph nmnh BsrBni (BiFtrBft( mputn p( uF,ni 3tie( (iphew

=seesFh ip(ne (Bph (Bn ip(n < KF.n (Frn(Bni ,s(B p e=puuni 3ph.,s.(Ba

:Fi 3ph.,s.(B us=s(n. ush)e ,s(B e=puu npi(B e(p(sFhejes=funi :Ak eKBn=ne

2yU Fi }y^ (BineBFu. .nKF.p3un KF.ne =pd 3n mnidetKB pe ip(ne

fiF=seshra

:iF= fipK(sKpu fFsh( Fo msn,ej F(Bni pefnK(e Fo (Bn fiF3un= etKB

pe 3tooni ingtsin=nh(e ph. =phprn=nh( e(ip(nrsne =te( 3n KFhes.nin.a ch (Bn

ine(isK(n. oip=n,Fi) Fo npi(B e(p(sFh (F npi(B e(p(sFh (iphe=seesFhj (Bn
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Bd3is. eKBn=n finenh(e hF =Fin 3tooni ingtsin=nh(e hFi 3tooni =phprn=nh(

KF=fun1s(d (Bph (Bn lE4 eKBn=n puFhna 5F,nmnij sh rnhnipu (Bn tenie

pin uFKp(n. opi p,pd oiF= (Bn npi(B e(p(sFha 0niine(ispu ush)e pin

(Bte ingtsin. (F KFhhnK( (Bn= (F (Bn npi(B e(p(sFhea ch (Bse =Fin

rnhnipus{n. oip=n,Fi)j =s1shr (niine(ispu ph. ep(nuus(n ush)e =pd hF(

3n (Bn 3ne( pffiFpKB (F (Bn fiF3un= 3nKpten (Bn Fmnipuu KF=fFth. KBphhnu

=pd hF( 3n npesud =F.nuun.j l es=funi pffiFpKB KFhese(e sh enfpip(shr

(Bn teni-(F-teni KF=fFth. KBphhnu sh(F (Binn enr=nh(eM teni (F npi(B

e(p(sFhj npi(B e(p(sFh (F npi(B e(p(sFh ph. npi(B e(p(sFh (F tenia

lE4 eKBn=ne ,Ftu. 3n ten. Fh (Bn (niine(ispu enr=nh(e ph. :Ak Fi Bd3is.

eKBn=ne Fh (Bn ep(nuus(n ush)a 0Bn enr=nh( KFFi.shp(sFh fiF(FKFunea

3tooni ingtsin=nh(e ph. 3tooni =phprn=nh( p( (Bn npi(B e(p(sFhe finenh(

sh(nine(shr et3TnK(e oFi oti(Bni e(t.snea
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l22AvécR l

0éVl L+L0AVL

ch 0éVl (Bn e(p(sFh< (iphe=s((n. shoFi=p(sFh se enfpip(n. sh(F

.seKin(n (s=n euF(ej ,s(B npKB e(p(sFh peesrhn. p fpi(sKtupi (s=n euF(

Fi 3uFK) Fo (s=n euF(ea luu npi(B (ni=shpue pin (iphe=s((shr (BiFtrB

(Bn ep=n KBphhnu Fo (Bn ep(nuus(n infnp(ni ph. (Bnd pin teshr (Bn ep=n

(iphe=s((ni oingtnhKda 0Btej (Bn (iphe=seesFhe oiF= (Bn npi(B (ni=shpue

pin sh(niunpmn. sh (s=na lh p.mph(prn (F etKB p ede(n= se (Bp( Fhud

Fhn =F.n= se hnn.n. oFi npKB npi(B (ni=shpua VFinFmni 0éVl ede(n=e .F

hF( etooni oiF= sh(ni=F.tup(sFh fiF.tK(e ,BsKB in.tKn (Bn tenotu esrhpu

fF,ni pe sh :éVl ede(n=ea

:srtin NluP .nfsK(e p (dfsKpu 0éVl oip=n oFi=p(a 0Bn oFuuF,shr

hF=nhKup(tin se ten.M

0s=n euF(M 0Bp( fFi(sFh Fo (s=n peesrhn. oFi (iphe=seesFh (F

p e(p(sFha

:ip=n ip(nM vt=3ni Fo (s=ne fni enKFh. p efnKsosK (s=n peesrhw

=nh( se infnp(n.a

xtie( ip(nM 0Bn .p(p ip(n p( ,BsKB p e(p(sFh (iphe=s(e sh s(e

peesrhn. (s=n euF(a 0Bp( se (Bn e(p(sFhe (iphe=s( sh 3tie(e ph. (Bn

3tie(e pin infnp(n. p( (Bn oip=n ip(na 0Bn shft( shoFi=p(sFh ip(nj 3tie(

ip(nj oip=n ip(n ph. (s=n euF( .tip(sFh pin puu sh(niinup(n.a
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II
Guard time: A small portion of time between successive time

euF(ea

2inp=3unM l =tu(sftifFen .srs(pu ,Fi. sheni(n. p( (Bn 3nrshhshr

Fo npKB (iphe=seesFha 0Bn finp=3un KFhese(e Fo )hF,h .p(p fp((nihe

ten. (F pKgtsin ph. (ipK) Kpiisni fBpenj ph. 3s(yed=3Fu (s=shr ten. sh

KFBninh( .n=F.tup(sFha

The data portion of the bursts are generally composed of one or more

sub-bursts. Each sub-burst may be directed toward a particular user.

The transmitted data rate or burst rate need not be the same for all

et3-3tie(ea ch rnhnipu (Bn (iphe=s((n. et3-3tie(e ,s(Bsh p 3tie( ,suu

3n riFtfn. (Frn(Bni sh Fi.ni Fo peKnh.shr 3tie( ip(nea

0s=n LuF(

,:ip=n 'nhr(B• 0s=n

2inp=3un Ah. Fo 0iphe=seesFh —Fi. 
Xtpi. 0s=nép(p

HI
€

0s=n LuF(

:srtin lu

GENERAL TDMA FORMAT
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At the sending station data arrives asynchronously from different

users and enters a buffer where discrepancies between users clock and

divided version of the TDMA clock are resolved. Following this inter­

face a burst compression buffer stores enough data for one sub-burst.

The process is repeated for all sub-bursts. 0Bn 0éVl =tu(sfun1ni KFhw

(iFue (Bn Ft(ft( Fo (Bn KF=fineesFh 3toonie ph. KF=3shne (Bn= ,s(B (Bn

finp=3un (F oFi= p e(p(sFh 3tie(a 0Bn 3tie( eF oFi=n. =pd 3n nhKF.n.a

(Bnh ten. (F =F.tup(n p Kpiisni (F oFi= (Bn (iphe=s((n. esrhpua

l( (Bn inKnsmni (Bn ep=n fiFKnee se infnp(n. sh inmniena Demul­

tiplexing is followed by a burst expansion buffer so that sub-bursts

are converted in a continuous data stream.

The received power-to-noise ratio is given by

P/N = E RP + G/T - Pn - k - M - M. o 1 si (Al)

where

A E2 C AoonK(smn ip.sp(n. fF,ni ­é3—;

G/T = Gain-temperature ratio for the receiving terminal(dB/°K) 

= Path loss at the down-link frequency 

— Boltzmann’s constant (-228.6 dBW/°K-Hz)

Ms = System margin (including rain margin)

= Equipment implementation margin.

P1

k

M.x

?
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0Bn n1p=fune finenh(n. Bnin ,nin KF=ft(n. teshr (Bn oFuuF,shr mputneM

c

A 52 C S^ .x—

Ea [ Va C S£2 .x q 1

V C 6 .xe

Lt3e(s(t(sFh sh nga ­lu; dsnu.e

(

-l82 C U}a6 [ —y0 ­lS;

The received bit energy-to-noise ratio is then

2
­l2;° - q£ uFrq£ EevF £

:Fi KFhmnhsnhKnj (Bn =p1s=t= shoFi=p(sFh 3tie( ip(n E ,pe .n(ni=shn.e
(BiFtrBFt( 3d peet=shr Fhud ph AE2 KFhe(ipsh( ,s(B hF 3ph.,s.(B KFhe(ipsh(a

n

n

g c

U
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0Bse pffnh.s1 KFhes.nie 3F(B engtnhKn niiFi fiF3p3sus(d

ph. ed=3Fu niiFi ip(n sh KFhhnK(sFh ,s(B KFhmFut(sFhpu nhKF.shr ph.

Ys(ni3s .nKF.shra Dffni 3Fth.e Fh 9osie( niiFi nmnh(9 ph. 3s( niiFi

fiF3p3sus(snej 3pen. Fh p (nKBhsgtn .tn (F Ys(ni3s NUPj pin F3(pshn.

oFi p efnKsosK KF.n ph. phd 3shpid shft( .seKin(n =n=Fidunee KBphhnua

0Bnen 3Fth.e pin oti(Bni (srB(nhn. oFi (Bn p..s(smn rpteesph hFsen

KBphhnu (F dsnu. ped=f(F(sKpuud pKKtip(n mputne ,BsKB pin ten. n1(nhw

esmnud sh KBpf(ni cY Fo (Bse infFi( (F nmputp(n (Bn fnioFi=phKn Fo 3F(B 
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0Bn KFhKnf( Fo KFhmFut(sFhpu nhKF.shr ,pe sh(iF.tKn. sh

enK(sFh ccaS ph. se 3isnoud inmsn,n. Bnin sh Fi.ni (F nhoFiKn (Bn hF-

l 3shpid KFhmFut(sFhpu KF.n Fo ip(n E C uyY 3s(eyed=3Fue ph.(p(sFha

KFhe(ipsh( unhr(B b se .noshn. pe phd oshs(n e(p(n ushnpi ­Fh (Bn osnu.
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length K=3 is represented in Figure (B.l). For this example, at each

clock stroke, 2 output binary symbols (also called a branch) are eval­

uated by scanning the output of the 2 modulo-2 adders and a new data

symbol is fed into the shift register. The branch of 2 symbols is then

transmitted through the channel. The encoder dynamic can be described
;

through a state transition diagram by defining the state to be the (K-l) -

E tuple formed by the concatenation of the K-l rightmost cells of the shift regis-

K-l (K-l) -The state space is then defined to be the set of all 2ter.

tuples and the dynamic behavior of the encoder is then seen to

be broken into two steps; a scan which computes the branch value and a

shift leading to the new state. These two steps are described by the

output and the next state transition maps relating the branch and the

I
next state respectively to the input and present state values. The

graphical representation of these two functions is known as the Mealy

state transition diagram of the sequential machine equivalent to the

I encoder, and is represented on Figure (B.2) for the code considered in

Figure (B.l). Of primary importance is the fact that the state charac­

terises uniquely the past of the encoder, in the sense that if two dif­

ferent input sequences lead for the first time to the same state value

at some step j and are identical thereafter, the corresponding output

sequences must be the same starting at step j. Two sequences with this

property are called reconvergent sequences at step j. Since the state
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value is composed of the past (K-l) inputs, in order for two sequences

to be reconvergent for the first time at step j, it is necessary and

sufficient that they have identical state at step j and different state

Hence, these two sequences must agree on the input symbolsat step j-1.

at step j-1, j-2, ..., j- (K—1) and disagree on the input sumbol at step

j-K, or else the reconvergence would have taken place at least at step

This reconvergence property is the key to the trellis representa-j"l.

tion of a convolutional code. The basic trellis extension diagram com­

bines in a graphical way the reconvergence property and the state tran­

sition diagram into two connected components: the first component which

corresponds to all the possible states at step j and the second

component which all the next states at step j. All states which are

connected in a one step extension are then linked by the corresponding

The basic trellis extension diagram for the code of Figure(B.l)branch.

is represented in Figure (B.3a)). It is important to note that the

structure of this graph is actually independent of the code connections.

which only determine the branches values. The complete trellis associ­

ated with a code is then the graph obtained by successive concatenation

of the trellis extension diagram as the depth index j takes on the values

0, 1, 2, For synchronization purposes, at step j=0, the machine is• • • •

set in a predefined state (usually state "O'1). Moreover, the depth

index set can be finite or infinite, corresponding respectively to a so
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INPUT

OUTPUT

K = 3 convolutional encoder.

KEY

8 State value
i2jk i input

(j ) branch value

k = 1, 2, — V• • •

Terminated trellis (L=5) for the 
code of Figure B.l.

Figure B.3a) Basic trellis 
extension diagram for the 
code of Figure B.l.
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called terminated or unterminated trellis. In the terminated trellis

case, which should be considered when transmitting blocks of data, the

state of the encoder is usually resynchronized to "0" by appending

(K—l) trailing input 0's to the information sequence. This results in

K-la lowering of the coding rate value by a factor 1 + where L isL

the input block length, which is usually négligeable for large values

of L with respect to K. The terminated trellis corresponding to a

code with constraint length 3 and L = 5 is represented on Figure (B.3.b).

The Viterbi algorithm for maximum likelihood decoding (MID) of sequences

operates on the trellis diagram as a repetitive procedure exploiting at

each step the reconvergence property of the different paths.

2 -l V a. )be a path on the trellis

u : where u ,0<m<£ -C 82

is the state value associated with the node at depth m on the path U .
dl2

Let U U2' •. •,&

linking successively nodes uq = "0", u^, u^. •. •,

A convenient notational expendency to extend a path will be to use the

l+j = lVU£+l,Ul+2 We then note thatconcatenation operator U Vj, . . • ,

the operation of the encoder is then described by a unique path in the

trellis associated with the code and decoding is then tantamount, given

the received sequence is Y to find the path which is optimum given a
l’

criterion to measure ,,goodness,,. Assuming all paths are equally likely

and the criterion is the probability of error on sequences; it is well
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known that an optimum decoder selects one sequence among the set of se­

quences such that the likelihood function is maximum. If we define the

"metric” of the path U as the log likelihood ratio

= log{ Prob(Y^)} (B.1.1)

a maximiun likelihood decoding algorithm (MID), is then an algorithm which

solves the following optimization problem for a terminated trellis of

length L.
-x-

Determine U satisfying the initial and terminal conditions
Lj

(B.1.2)
-X-

such that = max {F^L^}*

UL

This problem is easily solved by a forward dynamic program in the case

In this case we can write (B.1.1) asof a discrete memoryless channel.

r(V = F(U^-1) + log {Prob (y2u^,û.)} (B.1.3)

where the second term in (B.1.3) represents the branch metric associated

with the transition from state u If we defineto u
l-l

= log [Prob(y^/u^_^,u^)} (B.1.4)

(B.1.3) can be rewritten as

= r^-t-l^ + Y(Vi’V (B.1.5)
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Let be the space of all possibly extended states of the machine as­

sociated with the convolutional encoder at depth t; the optimization

problem (B.1.2) can then be carried out at any depth -t with any termi—
ULet U 7 be a sequence which ends up at
'0

nal state belonging to X„.I
state u^ € X^ at depth l, then

max £r(\ = max (B.1.6)

U L l

If we define P as the set of predecessors of u in the fully extendedlUL
trellis, (B.1.6) can be readily rewritten as

up_!
fu ^ 1 {rluL-i

u
max:{r^U^ ^} = max (VrV})

+ Y,

Ull UUl-l 
l-l ’ ul-l e p n x (B.1.7)l-lu

l

[max{r ^ ]

"lii1
+ \max

u, -.O’ n X l-l -l-l

(B.1.7) is the basic recurrence formula required to solve the optimization

problem (B.1.2). In words it says that among the two possible branches

only one, satisfying equation (B.1.7) needs to be re­converging onto u^, 

tained. Evidently, if X ^ P contains only one predecessor, the branch 
ULV-1

associated with the transition is kept.

= max (r^ h (B.1.8)Defining (u)
uu
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the complete forward dynamic program to solve problem (B.1.2), taking

into account both initial and terminal conditions associated with a

terminated trellis can be summarized as follows.

Y l - 1, 2, L + K - 1• • • >

= [u: P H X, 7^ Ç0 u l-l 'set Xl

V u Ç X

e ng-thKt=3 tl-lset F (u) = ^(u')max
ti s 8 r p

i-iu

(u*,u)l-lselect u*. such that F2 % = F2’ (u) (u*) X
decessor of u.

t , as the pre-

When >1 = L + K - 1, the decoded path is then formed as the

backward sequence of predecessors starting at state

The program can be readily simplified by noting that X = X (the space 

of all possible states of the encoder) Y l ^ K - 13 and moreover for any

£ < K - 1 no reconvergence occurs. If we set a bias value of -80 on

i every state that does not belong to X., every time such a state is ex-l

tended and compared with a normally extended state, this extension will

r In case of ties select one of the branches at random or whichever
branch is first in a predefined ordering of the branches.
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be discarded: moreover if two such states are extended, the correspon­

ding final value of the metric will still be - ®, no matter which path

is retained as survivor. Taking into account these remarks and the fact 
•b2that F (u) does not need to be retained for every value of since

only the value at £ - 1 is required for extension, the following simple 

algorithm (Viterbi Maximum Likelihood Sequence Decoder, VML5D) suitable

for both hardware and software implementation can be considered. 

VMLSD Algorithm * " -

Step 1. Initialization

DO for every u Ç X

if 0 € Pu set F1(u) = y[0,u), pV) = 0

else set F^fu) =
—►

— GO

1=2

(Basic trellis extension)Step 2.

If £ is even, set i = 0, j = 1

Else set i = 1, j = 0

DO for every u Ç X 

set F^(u) =
!

e ndFt dt=3d pV) 2 u(max
u'6 Pu (uT,u)* which maximize £FJ(u }where u is one among the u►

If £ = L + K - 1 go to Step 3.

Else set -L = -L + 1 and go to Step 2.
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(Backward decoding of ML path in the trellis)Step 3.

B.g h)o 2 x
DO j = 1, L+K-l by increment of 1

=

♦

The decoded path is then [u^u^ uL], Stopj • • •

The global amount of storage for this algorithm includes

2 tables FJ j = 0, 1 of size #[X] (where #[ ] stands for 

the cardinal number of a set); assuming a q bits quantization of the

a)

metric, this amounts to 2q* #[X] bits.

#[X] linking tables of size L + K - 1, p^(u) to store theb)

surviving predecessor at depth j branching onto state u. For a binary

input convolutional code, each entry in these tables is one bit, cor­

responding to the symbol shifted out during the transition.

K—1Summing a) and b) for a code of constraint length K (#[X] =2 ) yields

the total storage requirement

s = 2K 1[L + K — 1 + 2q] (B.1.10)

which increases exponentially in K and linearly in L. As a consequence.

the previous algorithm is only suitable to the decoding of finite se­

quences and as such can only be applied to terminated trellis.
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Nevertheless, the procedure can be modified for real time applications.

operating on an unterminated trellis as follows. Let A be a fixed po­

sitive integer, called the decoding lag; at each depth L > A the VMIiSD
(a

can be set to select among all survivors a survivor U
hm

the metric FTT 

£ - A on the path U ^ .

a Real Time Viterbi Decoder (RTVD) as follows.

which maximizes

and puts out as the decoded branch the branch at depth
(
With these modifications, the algorithm becomes

RTVD Algorithm

(Initialization)Step 1.

DO for every u € X
If 0 € P set F1(u) = Y(°,U), P1(u) = 0 

u 1
Else set F^u) =

1=2

(Basic trellis extension)Step 2.

If l is even, set i = 0, j = 1

Else set i = 1, j = 0

DO for every u $ X

Set Fi(u) = max {F^ (u ) + y, 

u'€ P

(u ,u)

u

=[£-!, mod,A] + 1, pm(u) = uSet m

(u ,u)-x- vdiich maximizes {F^(u)+y
h, 3where u is one among the u

c

Set L = £ + 1

If -L < A go to Step 2.

Else go to Step 3.
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(Real time decoding)Step 3.

( k (satisfies F^u ) = max CF1(u)}g b
Set u = u where u

uÇX

DO j = 1, A - 1 by increment of 1

If m + 1 - j — 0, set n = m + 1 - j

Else set n=A + m + l- j 

Set u = pn(u)

If m + 1 - A — 0, set u = m 4- 1 - A
m + 1 
- P(u)

The decoded branch at depth £ - A is the input branch cor-

P(u)
Else set u

y
responding to the state transition from u to u.

Go to Step 2.

It is readily seen that for this algorithm, the total storage requirement

for a binary input convolutional code of constraint length K, using a q

bit quantization schane for the metric is

s = 2K-:L[A + 2q] (B.1.11)

which still increases exponentially in K (a feature of all Viterbi type

decoders) but is independent of L.

The actual implmentation of the RTVD can be further simpli­

fied when the following property of the algorithm is recognized. All
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survivors at some step l + A are diverging from a common node at some

depth £ + A - n, and hence are identical up to depth £ + A - n, where

n is a random variable whose distribution is a function of the actual

signal upon noise ratio. If A is sufficiently large, the probability

that n will exceed A can be made very small and no significant degra­

dation in performance will result if the branch decoding scheme is

based on a majority decision over the set of all surviving branches

With such a procedure, the backward pointers can be eli-at depth

minated and the decoding can be performed by a simple shift of the

branches followed by a majority logic decision. As such, the modified

scheme is particularly efficient when hardware implementation is con­

sidered.

5.2 ERROR ANALYSIS OF VITERBI DECODERS

In the sequel we assume that the Viterbi decoder starting

node is the all zero state. Let S„ be the set of incorrect paths att
step L, which is defined as the set of all finite paths diverging from

the correct path at some time L - n and reconverging for the first time

on the correct path at time These paths represent the set of all

potential adversaries to be considered in the Viterbi decoder, and will

result in an error if and only if one of these paths is more likely

than the correct one. This set can be compactly described by a gene­

rating function T(D,L,N) whose power series expansion with respect to
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L leads to the characterization of each one of the adversaries in S by
2C

L D N , where ^ K) is the number of branchesa factor of the form

between reconvergence, d and n are respectively the Hamming distance

between the adversary and the correct path up to their convergence and

the number of discrepencies in the input bit patterns generating these

two paths. Since the code is linear, the actual distances, reconvergence

lengths as well as bit patterns distributions are actually independent of

the transmitted input message, which can then be chosen without any loss

in generality as the all 0 bit pattern. The set relative to the code 6

The associated genera­

ting function T(D, L, N) is then easily seen to be the transfer function

of Figure (B.l) is represented in Figure (B.4).

of the modified state transition graph obtained by opening the branches

leaving and leading to state "O", removing the loop at state "O” and

w iassigning to each branch a transfer function of the form LD N where

w is the Hamming weight of the branch and i = 0, 1 depending on whether

the branch corresponds to a state transition induced by a 0 or a 1 input.

For the code of Figure (B.l), we easily obtain from Figure (B.5)

5_3D L NT(D,L,N) = (B.2.1)
1-DL(1+L)N
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the power expansion of this function with respect to L leads to the

weight spectrum of the code

(B.2.2)

where [x] stands for the smallest integer ^ x which can be interpreted

as follows.

The number of adversaries with a divergence lenght of3+k k=:0,l,2
k - • • •

2 I
k

is n
k-n\

n 11 2
have a weight of 5 + n and the correspon-Among these adversaries, (

v 2­­ f IIding input sequences have weight n. k.+ 1, • •.,

For a terminated trellis, the summation in (B.2.2) must be truncated to

take into account the fact that all paths must be starting from node ',0,,

With these preliminaries in mind, we are now in a positionat time 0.

to start the analysis of errors in a Viterbi decoder. We first consider

the terminated trellis case. Let L be the length of the message to which

we append K-l trailing O’s. The output of the encoder is then transmitted

over a binary input memoryless channel whose transition matrix is pij
J - 1 (see Figure (B.6)). Let leng u2,

be the sequence of transition states corresponding to the correct path up

u„)i = 0, 1; j = 0, 1, • • • • • • t

tto length l. A first error event 6^ is said to occur at step s K)
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if the correct path is the surviving path at nodes at step i V i < £

but is not the surviving path at state u , during the trellis extension

wIt is clear that € ^ can be bounded asat step b.

IP(€-, ) < Prob{for some y € S and surviving
T hoo;

rV) I yM-qO=3hjS (B.2.3)at step b-1:

l b twhere yQ stands for the correct path, and F (y ) and F (yQ) stand for the
g

likelihood ratios of y and yQ limited to the branches in which they 

diverge.

Using the union bound, the right hand side of (B.2.3) can be overbounded 

to yield

P^,)^ 2 ProblT^y') ^ F^(y ) (y* being 

qbHI
a survivor at step b-1] (B.2.4)

l

Prob{F (y )|y being a survivor at step 1-1} is the probability ofnow

error between two code words which diverge over n^’ branches.

Let dy1 be the Hamming distance between y and y^. Each term in B.2.4 

can then be overbounded (Gallager [3, page 129]) by 

Prob {F^(y ) s F'f2(yo) | y being at step b-l]a survivor
1ao (B.2.5)d »

—d" =:q< min
0<s<L 3

•x- . t
This is indeed an overbound since F(y ) = F(y) does not always results

in an error, depending on the tie resolving mechanism.
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J-l
1—so 111 (2p Oo<L Z“'

if we let D - mxn s \ h) (B.2.6)o.
J Jj=0

we have
p(«\) < 2 d t (B.2.7)(do) y

7 ^
the Hamming distance distribution in S is easily obtained as T

(D) = Tl (D31,1) 
w

where T (D,L,N) is the truncated generating function up to lenght l, w

so that

(B.2.8)

the right hand side of B.2.7 can be increased by adding more terms in
w

the summation to yield the uniform bound on P(G

P(€V B (B.2.9)

where
T (D) ^ T(D,131) 
w

It is now easy to overbound the probability of sequence error P„ for a
III

terminated trellis of lenght L + K - 1. Let Pq be the probability of

correct decoding of the sequence.

L-+K-1

A 2 0 0 -­ a A- 4 ==C ^=K 1
(B.2.10)
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hence L+K-l

pcï H (1 -I (Do)) = (1 -T (D ))
L-l

(B.2.11)

and we can write

L-l
S —z a ­ S M -W) (B.2.12)PE = 1

if Tw(Do) is small with respect to 1, we have the following approximation

PE ^ (L-1} Tw (Do} (B.2.13)

Now we consider the case of a very long trellis or an unterminated trellis. 

In this context, the probability of sequence error P is of no significance 

since as the message length L increases will eventually tend to 1. The 

parameter of interest in this case is the bit error rate P„ which can beB

defined as

Ef# of bit errors in a message of length L]lim (B.2.14)P =B 1-*“ L

Moreover, in this context the decoded path will diverge and then re­

converge on the correct path many times. An error event € of length M

is said to occur at time l if the decoded path diverges from the correct

path at time t and reconverges for the first time on the correct path M

branches later. The importance of error events is due to the fact that

errors in the very long or unterminated trellis case are made of disjoint

error events which are then statistically independent if the channel is
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menioryless. It is readily seen that an error event will always result

in one or more bit errors being generated by the decoder, resulting in

the fact that the bit error sequence will have a bursty behavior within

each of the error events. The analysis of bit errors within error events

is fairly complicated, essentially due to the fact that the Viterbi de­

coder is not an optimum bit decoder. As such, decisions at the bit le­

vel depend not only on the past and present history of the decoder but

also on the future behavior of the noise sequence. For a real time

Viterbi decoder, the future to be considered is finite and limited to

the decoding lag A. However, consistently with the idea that for an

unterminated trellis the analysis should be carried per branch extension

or unit time we define the probability of an error event per unit time

at time l as the probability that the state "O" surviving path at

time £-1 will not be the surviving path during the next extension at

We can indeed assume without loss of generality that thestate "O".

all ,,0"s path is transmitted since error paths are always made of paths

Two cases must be consideredin the incorrect set S at some step m.m

depending on whether the path which is discarded is the correct path

or an incorrect path. With the first assumption, the probability is

simply the first error probability which has been uniformly bounded by

(B.2.9). Under the second assumption, a path in S is compared with al

and results in a larger likelihood. Now the survivingpath in S
1-1
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path in S must be more likely than the correct path up to time £-1l-l

This implies that ifor else it would not have survived at step t-l»

y” is the survivor at time l, y and yQ are respectively the survivor 

at step £-1 and the correct path, their likelihood functions up to time

l must satisfy

r(y") ÏÏ r(y ) ^ r(y0)

and hence the probability that the likelihood of y,T exceeds the likeli­

hood of y is smaller than the probability that the likelihood of y" 

exceeds the likelihood of yQ, which is upper bounded by (B.2.9). th 

a consequence the probability of an error event per unit time is always

uniformly bounded by (B.2.9)

p
€ | unit time < T (D ) w o

(B.2.15)

In order to bound the bit error rate, we also consider a per unit time 

event, namely the event P of an error event terminating at time l, 

Conditionnally on P it is easy to compute a bound on the expected num- 

ber of bit errors which will be put out by the decoder during this error 

event. By hypothesis, the decoded path belongs to S„ so that the expectedt
number of bit errors can be bounded by weighting each term in (B.2.7) by

the number of bit errors N^.' in the adversary.

2_, N ' D”y
—1 y o

d »E{# of errors 1p^} < (B.2.16)
yes

i
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(D,N) = T(D,1,N) be the transfer function of the set S, in­now let Tw,n

eluding only the information relative to the weights and generating

input bit sequences in S . We can write:
'C
e•

E4 (TT (D.N) w,n 7 (B .2.17)a , m,k424 N min

where a represents the number of paths in S of weight k and resultingm,k

from an input sequence of weight m

l

\+®2 z zdT (D.N) w,n * dV (B.2.18)m x am,kPU k=k . nF=l min

and

dT (D.N) w,n ’
+032 z k (B.2.19)b. Dk odN k=k . minN = 1,D = Do

mkM zwhere (B.2.20)bk m v amjk
m=l

represents the total # of lTs in the sequences belonging to S and of
'\s

weight k.

valent ot (B.2.17) through a reordering of the terms (The series in

The right hand side of (B.2.18) is readily seen to be equi-

B.2.16 converges absolutely), yielding

dT (D.N) w,n 7E I# of bit errors K= 3 < (B.2.21)
dN

N = 1. D = D 5 o
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since conditioning can only increase the expected value in (B.2.21), we

bound the expected number of errors2unit time ascan

dT (D.N) w,nj unit time} <E of bit (B.2.22)errors dN N = 1,D = D 5 o

the expected # of bit errors in a message of length L can then be over­

bounded by multiplying (B.2.22) by L. (In this process we indeed obtain

an overbound by overcounting certain parts of bit error sequence which are

). The uniform bound on P_ results by includingl’ ^l’

(B.2.22) multiplied by L in (B.2.14)

common to S • • • B

dT (D.N) w,n ’ (B.2.23)P„ < dNB
N = l.D = Do

At this point it is easy to extend all preceding results to more general
^•(bsdjV-b)

convolutional codes. A binary convolutional code of rate R =

and constraint length K is defined as any linear finite state machine in

which the input is any binary b - tuple , and the output is a binary

tuple which depends linearly over GF(2) on the present input and thev -

past (K-l) inputs. Figure (B.7) illustrates the concept for a code

(R = 223, K = 2). These codes have a state transition diagram in which

the state is defined as the content of the b(K-l) rightmost cells of the

shift register [see Figure (B.8)]. The main difference with the rate
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case resides in the fact that 2^ branches now diverge and reconverge

A trellis diagram can also be defined from the stateat each state.

transition in a very similar to the rate ^ case. All Viterbi decoders

are indeed valid replacing input bits by input binary b - tuples. The

bounds on Pc , P are also applicable with the appropriate transfer 

function T(D,L,N). The only difference resides in the evaluation of PB*

Indeed for a message of length L branches. Lb input bits are transmitted

over the channel, and as a consequence (B.2.14) must be divided by b.

in (B.2.23) must also beThis modification results in the fact that PB
divided by b.

B.3 APPLICATION OF THESE BOUNDS TO THE BINARY INPUT AWGN CHANNEL.

We will now illustrate the application of the bounds found

previously to the Additive White Gaussian Noise (AWGN) channel with in­

finitely fine quantization, and bipolar signaling on the channel. It 

turns out that in this case the bounds can be further refined. Let Eg 

be the energy per transmitted channel symbol. If is the energy per 

transmitted bit and N is the one sided spectral density of the noise,
ES

we can express the signal upon noise ratio ~ asNo

YI R E,D (B.3.1)
N No 0

where R is the code rate R = b2v.
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b
In comparing two code words y and y which differ in n 1o y

probability of error can be exactly computed as (see Wozencraft and

symbols, the

Jacobs [2])

2yEs
E (B.3.2)= Q

No

where

Q(x) = — J exp - u2du

/21f 2

this exact expression can be used in place of D^y 

(B.2.16) to yield using the definitions (B.2.17) and (B.2.20)

in (B.2.7) and

(B.3.3)

and

(B.3.4)

mxn
mk

M2where a, k is the number of paths in the incorrect set ofa im,knt=l
weight k, and b^ has been defined as the total number of l!s in all the 

adversaries of weight k. Let the free distance of the code d^ be

defined as the minimum weight of the paths in the incorrect set. Then

k . in (B.3.3) and (B.3.4) is equal to d^. 

equality (Odenwalder [14]

From the well known in-man
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Q(\/y + x) < exp - ^ q(x) (B.3.5)

we can rewrite (B.3.3) and (B.3.4) as

R)i-P(€\) < Q (B.3.6)exp
^+d^No -t=0

+CO
'ZdfRSb 2^ 

\ No iP < - 
B ~ b Q (B.3.7)expN l+àço -t=o

or equivalently

' o

2REbP(€\) < Q (B.3.8)exp
o

(V—j M -—j
(D ,N ) 
0 0dT

PB ~ b" w,n (B.3.9)Q dN

21^
where N = 1, D = exp - — o J o No
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