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n = 0, 1, . . . , I − 1




α (ui ) i = i , . . . , i C

α (si ) i = i , . . . , i C

i = i −W

β (si ) i = i , . . . , i C

i = i −W

β (ui ) i = i , . . . , i C

α
�
uj
�

j = i , . . . , i C

α
�
sj
�

j = i , . . . , i C

i = i −W

β
�
sj
�

j = i , . . . , i C

i = i −W

β
�
uj
�

j = i , . . . , i C

i = i −D

β (xi) xi i = i , . . . , i

m = m+ 1

N



N D N

W N

i

i

{0, . . . , N − 1} {N, . . . , 2N − 1}
{mN, . . . ,mN +N − 1}

m m =

0, 1, . . .

i i

xi β (xi) argmaxα (xi) β (xi)

N

i i i i

i i

i = máx {0, i −W} i = máx {0, i −W} i = máx {0, i −D} i =

máx {0, i −D}

i i



N,W,D m n m = 0, . . .

n = 0, . . . , I − 1

m = 0, 1, . . .




β (ui ) β (ci ) β (ci ) mN ≤ i < mN +N

n = 0, 1, . . . , I − 1




α (ui ) mN − nD − (2n+ 0)W ≤ i < mN − nD +N − (2n+ 0)W

α (si ) mN − nD − (2n+ 0)W ≤ i < mN − nD +N − (2n+ 0)W

β (si ) mN − nD − (2n+ 1)W ≤ i < mN − nD +N − (2n+ 0)W

β (ui ) mN − nD − (2n+ 1)W ≤ i < mN − nD +N − (2n+ 1)W

α
�
uj
�

mN − nD − (2n+ 1)W ≤ j < mN − nD +N − (2n+ 1)W

α
�
sj
�

mN − nD − (2n+ 1)W ≤ j < mN − nD +N − (2n+ 1)W

β
�
sj
�

mN − nD − (2n+ 2)W ≤ j < mN − nD +N − (2n+ 1)W

β
�
uj
�

mN − nD − (2n+ 2)W ≤ j < mN − nD +N − (2n+ 2)W

n = n+ 1

xi mN − I (D + 2W ) ≤ i < mN − I (D + 2W ) +N

m = m+ 1

mN ≤ i < mN+N

mN− I (D + 2W ) ≤ i <

mN +N − I (D + 2W )



α β

X U U U S S C C

α β

Q

I (D + 2W )

i j

1 2

i C j C

p
�
ci , si |si , ui

�
p
�
cj , sj |sj , uj

�

i j

j α
�
uπ j

�

α
�
sj

�
β
�
sj
�



β
�
uπ j

�

E

j j = 0, . . . , D α
�
uπ j

�
β
�
uπ j

�

π (j) < 0 j = 0, . . . ,D

I



N

B W

I

W W = N

3 4 N > 5

W = 0

N B

D

BER BER

SNR

Eb/N

8 16

(1 +D +D +D ) / (1 +D +D ) (1 +D +D +D ) / (1 +D +D )

(17/15) (33/31)

1/2 1/3



(N,B)

D = 1260

B

8



N B D

B

1/2

πN,B

B πN,

B

I

B = 3 B = 5

I = 10 N B

N = 14 B = 3



N = 14 B = 5

N B I

N B

I 8 ≤ I ≤ 18

I

N B

N,B, I

=I (D + 2W ) = I (N (N − 1)B + 2W )

W = 0

16 (1 +D +D +D ) / (1 +D +D )

(f) N = 13, B = 7, I = 15



N B

I

D I

I

(c) (d) (e) D

(f) D

N B

(a) (f) I

I

I

(N,B, I)



I I = 10

(a)

I I = 15

(f)



Eb/N Eb/N =

0,9dB

I I

I = 11

I = 15

= 16380
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H

C





Xl (l = 0, 1, . . .)

m

ψ : m → {0, . . . , n− 1}
Qj (j = 0, 1, . . .) , {0, . . . , n− 1}

{0, . . . , n− 1}



s {0, 1}s

s/m

Bk

Bk (k = 0, 1, . . .)

Ct (t = 0, 1, . . .) {−1,+1} Yt

Xl (l = 0, 1, . . .)

Xt = αXt +Wt,

Wt α < 1

α



E [XtXt−s] = αs

Et (t = 0, 1, . . .)

σ

Xt

E [Xt] E [Xt ] t

E [XtXt−s] s

E [Xt] = 0

E [XtXt−s] = 0 s > 0

Xt p

Xt = Et + θ Et− + . . .+ θpEt−p ,

θ , . . . , θp

E [Xt ] = σ
�
1 + θ + . . .+ θp

�
E [XtXt−s] = 0 s > p

Yt r

Yt = φ Yt− + φ Yt− + . . .+ φrYt−r + Et ,

φ , . . . , φr

1− φ x− φ x − . . .− φrx
r

1− φ x− φ x − . . .− φrx
r = 0⇒ |x| > 0



θ 1

(r, p)

Yt = φ Yt− + φ Yt− + . . .+ φrYt−r + Et + θ Et− + . . .+ θpEt−p .

1 − φ x −
φ x − . . .− φrx

r

m ψ : m → I

m I

ϕ : I → m i ∈ I

i ∈ m χ = ϕ ◦ ψ

χ ϕ { i = ϕ (i) : i ∈ I}



ψ

m
 
Si = ψ− (i) : i ∈ I

!

Si i

{Si ⊆ m : i ∈ I} m

{ i ∈ m : i ∈ I}

d : m × m → p ( )

m χ

d p

�

∈

d ( , χ ( )) p ( ) d

d ( , ) = � − � m

SQNR = 10 log

"
∈

� � p ( ) d
"
∈

� −χ ( )� p ( ) d
.

∈ m

χ ( ) = argmin d ( i, )

i

i =

"
S

p ( ) d
"
S

p ( ) d
.



p ( )

2n

n

1, 2, 4, , . . . , 2n

2h 2h

2h 2×
�
2h
�

1

ψ ϕ

I = {0, . . . , n− 1}



log n/m

Xl ∈ (l = 0, 1, . . .) Qj ∈ I

(j = 0, 1, . . .)

Xl

m (Xjm, . . . , Xjm m− ) Qj ∈
I

Qj = χ (Xjm, . . . , Xjm m− )

Xl Qj

Xl

p < m Qj

P (Qj = s,Qj = t)s∈I,t∈I

j Xl Qj

P (Qj = s)s∈I

P (Qj = t|Qj = s)s∈I,t∈I .

H (Qj) H (Qj |Qj)

H (Qj |Qj)

H (Qj |Qj) = H (Qj, Qj )−H (Qj)

P (Qj = t|Qj = s)

Qj



p (qj |qj)

lim
J→∞

1

J
H (Q , . . . , QJ) .

lim
J→∞

1

J
H (Q , . . . ,QJ) . = H (Qj |Qj) .

Xl Qj

H (Qj |Qj)

H (Qj |Qj) /m

Xl α = 0,95

m = 3, 4, 5, 6 1

m 3 4 5 6

H (Qj) /m 0,94244 0,96850 0,97283 0,98029

H (Qj |Qj) /m 0,60193 0,68951 0,73946 0,77831

Xl Qj

β (qj)q ∈I Qj

ϕ

(x̂jm, . . . , x̂jm m− ) =

�
q ∈I β (qj)ϕ (qj) .
�

q ∈I β (qj)

β (qj)



Xl X̂l

SNRq = 10 log

�

l

xl
�

l

(xl − x̂l)
.

χ ψ ϕ

χ ψ ϕ



Qj

{Bsj, . . . , Bsj s− }
Γ : {0, . . . , 2r − 1} → {0, 1}s r

s r ≤ s

r ≤ s

(s, r)



1



K = 12



m = 3

2

Xl

Yt L

{X , . . . ,XL− } {Q , . . . , QJ− }
{B , . . . , BK− } {C , . . . , CT− } {Y , . . . , YT− }
L/K = m/r K/T

{Y = y , . . . , YT− = yT− }

zl

Xl {z , . . . , zL− }

D = mı́n
{z ,...,z − }

E

#
L−�

l

(Xl − zl)

L
|y , . . . , yT−

$

,

{y , . . . , yT− }

zl = E [Xl |y , . . . , yT− ] , l = 0, . . . , L− 1.



Xl χ : Rm →
{0, . . . , 2r − 1} (X , . . . , Xm− )→ Q

{E [(X , . . . , Xm− ) |Q = q] , q = 0, . . . , 2r − 1}

E [(X , . . . ,Xm− ) |q ] =

�
(x , . . . , xm− ) p (x , . . . , xm− |q ) dx . . . dxm− .

X

E [X |q ] =

�
x p (x , . . . , xm− |q ) dx . . . dxm−

=

�
x p (x |q ) dx .

z

z = E [X |y , . . . , yT− ]

=

�
x p (x |y , . . . , yT− ) dx .

p (x |y , . . . , yT− ) =
�

q ∈{ ,..., − }

p (x |q ) p (q |y , . . . , yT− ) ,

z =

�
x

�

q ∈{ ,..., − }

p (x |q ) p (q |y , . . . , yT− ) dx

=
�

q ∈{ ,..., − }

%�
x p (x |q ) dx

&
p (q |y , . . . , yT− ) .

p (q |y , . . . , yT− )

z

zl



p (q |y , . . . , yT− )

{Q , . . . , QJ− } {B , . . . , BK− } {C , . . . , CT− } {Y , . . . , YT− }

Qj P (Qj|Qj− )

Xi

(Xi, Xi ) Qi ∈ {0, . . . , 2r − 1}
r = 3

Xi Xi

Pr {xi |xi} Pr {Xi = xi |Xi = xi} ,

P r {qi|xi, xi } Pr {Qi = qi|Xi = xi, Xi = xi } .



T (xi, xi , qi)

fF (xi, xi , qi) = Pr {xi |xi}Pr {qi|xi, xi }

Qi {Bri, . . . , Bri r− }



fM (qi, bri, . . . , bri r− ) = Pr {bri, . . . , bri r− |qi} .

fE (bj , sk, sk , ck) = Pr {sk |bj , sk}Pr {ck|bj, sk}

fC (ck, yk) = Pr {yk|ck}

α (xi ) =
−�

q

∞�

x −∞

fF (xi, xi , qi)β (qi)α (xi) , −∞ < xi < +∞;

β (xi) =
−�

q

∞�

x −∞

fF (xi, xi , qi)β (qi) β (xi ) , −∞ < xi < +∞;

α (qi) =

∞�

x −∞

∞�

x −∞

fF (xi, xi , qi)α (xi)β (xi ) , qi = {0, . . . , 2r − 1} .

α (xi) β (xi)

Xi

zi =

∞�

x −∞

α (xi)β (xi) .



Xl

p (qj|y , . . . , yT− ) .

p (x , . . . , xL− , q , . . . , qJ− , b , . . . , bK− , c , . . . , cT− , y , . . . , yT− ) ,

p (q , . . . , qJ− , b , . . . , bK− , c , . . . , cT− , y , . . . , yT− ) .

Qk

Xk Qk

Qk Xk



Qk

Qk

p (qj |qj)

Qk



p (q |y , . . . , yT− )

Xk

SNRq SNR

dB SNRq

α = 0,9

4096

1/3 16

(1 +D +D ) / (1 +D +D +D ) 16384

3, 6, 9, 12, 15

SNR

H Qj

P (Qj |Qj)



α = 0,9 m/r = 4/4

H (Qj |Qj) = 3,13202

SNR = SNR∗ − 10log (H (Qj |Qj) /r) ,

SNR∗

Eb/N Bk

SNR = 0,3dB

0,8dB

SNRq

m/r = 3/3 4/4 5/5

H (Qj |Qj) =

2,51869 3,50569 4,48972 Xl α = 0,8

(1 +D +D ) / (1 +D +D +D ) 16380



r

Xk

Xk Qk

Xl = Wl + 0,41Xl + 0,27Xl− + 0,17Xl−

1/2 16

(1 +D ) / (1 +D +D +D +D ) 16380

m/r = 3/3 4/4

H (Qj |Qj) = 2,35269

3,37614



Qj

1/2

1

1/ (1 +D +D +D )

1/2



α

m/r = 3/3 4/4 5/5 16380

m/r = 3/3 α = 0,80 0,90 0,95

Qj

α = 0,95

m = 3, 4, 5

m = 4 5

α,m, r

m/r = 1



q {Qk}k ,...

Qk



q









q






















