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1 Introduction

Solution of exercise 1.1 I Design of a discrete channel

Item a)
Relative to the hard-decision, the decision thresholds shall lie in the middle of two adjacent symbols, therefore at

-2, 0 and +2. The several classes then correspond to the channel output values Y), like in figure 3.

\\WZ \\\///

—XO\I/Y =X, —X\%Y—X
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\ 4 \ Ll

X=3  X=1 | X=t1 X=+3

Fig. 3: Hard-decision at quaternary input signal and AWGN channel
The transition probabilities Pr{Y,,| X, } can now be calculated in the following way. For the transmitting symbol

Xo = —3 the Gaussian distribution p,, (£) of the AWGN channel is shifted by X. The probability of the symbol
X being falsely detected as X; then results from the area under the shifted probability density function p,, (§ — Xo)

between -2 and 0 o
1 (€ +3)?
= ——=—— | d£.
N oo (520 ) ae
Z2

With the substitution { = \%;3 the relation d¢ = v/20,,d¢ follows and Pr{Y; | X} is given by (with o,, = 1)

PI'{Yl ‘ Xo

3/V20n
Pr{Y1 | Xo} = = / eiCQd( = % {erf (\/ﬁ) —erf (\/ﬁ)}

Fig. 4: erf(«) and erfc(a)

Hint: The Gaussian error function resp. the complementary Gaussian error function are defined according to
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eq. (1.20) as

erf(a) = % /e_qzdg“ erfc(a) =1 —erf(a) = %/e_gzdg“ (1)
0 a

with erf(co) = 1 and erfc(—oc) = 2. The general relation 02 # 1, 1 # 0 is:

17 (€ —p)? 1 a—p
et e () e e () ”

The remaining transition probabilities are calculated in the same way:
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Pr{Ys | Xo} = O/ Wexp (— 502 ) dé = - {erfc <2> —erfc (I)} = 0.0013
T € +3)2 1 5 B
Pr{Y; | Xo} = 2/ mexp (—( 203) ) d¢ = 3 erfe <2> =287-107"

PelYo | X1} = /\/%exp <(§2"(‘721)2>d§1;erfc <_;> = 0.1587

i 1300 = [ o (~ 60 e e (1) e ()] = s
)

PI‘{YQ ‘ Xl}

Pr{Y3 | X1}

The other transition probabilities can be determined in the same way, therefore the resulting values follow:

Pr{V,|X,}|Yo=—3 Y1 =—1 Yo =+1 Y5 =+3
Xo=-3 [08413 0.1573 00013 2.87¢-7
X;=—1 |0.1587 06827 0.1573 0.0013
Xo=+1 [0.0013 0.1573 0.6827 0.1587
X3 =+3 [2.87¢7 00013 0.1573 0.8413

You can see by the main diagonal that the probability for a correct decision is always the greatest where the inner
symbols X; and X» have a greater error probability. The reason is the possibility of being mixed up with their
left as well as their right neighbor while the outer symbols are susceptible to errors just in one side. The more two
symbols are distant the smaller is their transition probability. The recognizable symmetries are directly explained
by figure 3.
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Item b)
A simple check of the results consists in building the sum of all rows. The sum has to result in one according to

O R e S

Y, € Aot Y, € Aour

because for each hypothetic transmitting symbol appears any output symbol with absolute assurance.

But pay attention: This is not true for the summation of all columns!

Pr{X,,Y,
> eV, [ X} = > M?ﬁl

X, €A X, €A

Item c¢)

You get the joint probabilities Pr{ X,,Y},} by multiplying the transition probabilities Pr{Y,,| X, } with the occur-
rence probabilities Pr{ X, } of the transmitting symbols. They are summarized for Pr{ X, } = 0.25 in the following
table.

Pr{X,,V,}|Yo=-3 Vi =—1 Y, =41 Y3 =+3
Xo=-3 |02103 0.0393 0.0003 7.17e-8
X;=-1 00397 0.1707 0.0393  0.0003
X, =41 |0.0003 0.0393 0.1707 0.0397
X3 =43 |7.17e-8 0.0003 0.0393 0.2103

Item d)
Probabilities of the received symbols is given by

Pr{Y,} = >  Pr{X,Y,}.
X, €A,

We get

‘ Yo=-3 Yi=-1 Yo=+1 Y3=+43
Pr{Y,} | 02503 02497 02497  0.2503

Due to the specific statistics of the channel the output symbols occur with different probabilities although the input
symbols are equally distributed.

Item e)
Important for judging the transmission quality of a channel is the error probability for a given input alphabet. An
error occurs unless the transmitted symbol is detected. The probability for this case is

Pi{X,} = Z Pr{Y;L | Xo}=1-Pr{Y, | X, } .

Yu EvAout
Yu#Xy

We get the following values.

Xo=-3 X1=-1 Xp=+1 X3=+3
P.{X,} | 01600 03160 03160  0.1600
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The error probability of the two inner symbols is about two times as big as that of the outer symbols because of
the above discussed arrangement of the symbols. As mean overall error probability we get

3
Pe=) PAX,} -Pr{X,} =0238.
v=0

Solution of exercise 1.2 Statistics of the discrete channel

In figure 5 the remaining probabilities were added. They result from the equations
Y oPr{X,}=1  Pr{X,,Y,}=Pr{Y,|X,} -Pr{X,} Pr{Y.}= > Pr{X,V,}
X, €Ain X, €EAin
according to eq. (1.2), eq. (1.3) and eq. (1.6).

Channell Channel2
0.7 0.8

02 (X, 0.24

0.08

0.68

0.8

Fig. 5: Discrete channel models

Solution of exercise 1.3 I Binary symmetric channel (BSC)

Item a)
The probability that exactly m errors occur at certain positions when a sequence of length n is transmitted over a

BSC is given by (according to eq. (1.27))
Pr{m bits of n incorrect} = P* - (1 — P,)"™ ™ .

In this case exactly m = 2 errors occur and 5 bits are correct in a sequence of length n = 7. Accordingly, the
desired probability is

Pr{2 bits of 7 incorrect} = P2 (1 — P,)" "> = 0.01%- 0.99° = 9.5099 - 10~° ~ 10~* .

Item b)
The probability of m errors occurring in a sequence of length n can be calculated by eq. (1.28):

P¢(m) = Pr{m errors in a sequence of length n} = <:1> P (1-P)"™,

() = =y

is the number of possibilities of choosing m elements out of n different elements without consideration of the
succession (combinations).

where

Item c)
Method of approach 1: The probability of more than 2 errors occurring results from the sum of error probabilities
for 3,...,31 errors:

! 31 T 31—r 31 3 31-3
Pim>2)=Y" )P (=P R () PR (1- PP 20,0034

r=3
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Method of approach 2: By a simple consideration the calculation of the probability can be simplified. Because
of the completeness property of the probabilities:

Ps(m > 2) = Pr{more than 2 errors} = 1 — Pr(m = 0) — Pr(m =1) — Pr(m = 2) .

The single error probabilities are calculated as

31 ‘ ,
Pi(m=0) = <0> -0.01°-0.99%3 =1-1-0.99%" ~ 0.7323
31 . ,
Pr(m=1) = ( ) ) -0.01% - 0.99%° = 31-0.01' - 0.99%° ~ 0.2293
31
Prim=2) = (2> -0.017 - 0.99% = 465 - 0.01% - 0.99%° ~ 0.0347

and for the desired probability follows

Pr(m >2)=1-1-0.99%" —31-0.99°-0.01" — 465 - 0.99% - 0.01* = 0.0036 .

Solution of exercise 1.4 I Serial concatenation of two BSCs

Because the resulting channel is also symmetric, the consideration of one error case is sufficient for the determi-
nation of the error probability. The probability of the transmitting symbol X being mapped to the output symbol

Y7 can be calculated as:

PI'{Yl | Xo} = PI'{Yl | Z()} . PI‘{ZO | XO} +PI’{Y1 | Zl} . PI'{Zl ‘ Xo}
= Pe,2'(1*Pe,1)+(1fpe,2)’Pe,1
= Pe,1+Pe,2_2'Pe,1'Pe,2
For the resulting BSC we obtain P, = P, 1+ P, 2—2-P, 1- P, 2. At consideration of two channels with P, ; = 0.01

and P, o = 0.02 it becomes obvious that the resulting BSC with P, = 0.01+0.02—2-0.01-0.02 = 0.0296 ~ 0.03
has a considerably greater error probability.

Channell Channel2
1-P,, 1-P,,

Fig. 6: Serial concatenation of two BSCs
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2 Survey of Information Theory

Solution of exercise 2.1 Entropy

Item a)
According to eq. (2.2), the mean information content H (X, ) of signal X, is determined by

H(X,) = —Pr{X,}-1dPr{X,} 3)
The maximum of # (X, ) results from the derivation being equal to zero:

OH(X,)

oPr{X,} O

With application of the relation ldz = Inz/In 2 and d1ln z/dxz = 1/z follows

OH(X,) 0
m = 7mPT{XV}1dPr{XV}
Pr{X,} 0
= —IldPr{X,} — . In Pr{ X,
AP} =0 Gpey, p P
B Pr{X,} 1
= TldPr{X) - n2  Pr{X,}
1
= —ldPr{X,} - —
X} In2
=0
For Pr{ X, } = P4 then follows
Pr{Xl/} = Pmaz = 271/1“2 = 0.3679 (4)
and for the maximal entropy
H(X))maz = —Pmag - 1d Ppae = —0.3679 - 1d 0.3679 = 0.531 5)

You get the same result with MATLAB by numerical calculation of the partial entropy, as shown in figure 7.

Item b)
Corresponding to the task only the following five events can occur:

X1 X2 Xg,
0 0 0
0 0 1
0 1 1
1 0 1
1 1 1

1. H(X1) describes the entropy of the symbol X and is calculated as in eq. (2.3) to:
H(X1) =— Y Pr{Xy} - 1dPr{X;} = -21d2 - 21d 2 = 0.971
Because X; is not equally distributed, its entropy is not maximal and therefore less than one.

2. H(Xy) = =3 Pr{Xo} 1dPr{Xo} = —21d2 — 21d 2 = 0.971
3. H(X3) == > Pr{Xs} - 1dPr{X3} = —i1dl — 21d 1 =0.722

4. The joint entropy H (X1, X2) describes the average information content of the (super)symbol X; Xo:

H(X1,Xo) = =3 Pr{X1,Xp} - 1dPr{X;, Xo} = —21d2 — $1d$ — 11di — 11d ! =1.922
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Average information content H (X))
T T
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Maximum part. entropy

05 | ,

04 | f

> 03 1
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Pr{X,}

Fig. 7: Mean information content 7{(X, ) in dependence on the symbol probability Pr{ X, }

5. H(X1, X2, X3) =5 (—£1d$) =2.322

6. The conditional entropy H(X>|X7) describes the information content of X5, if X is already known:
H(Xo|X1) = H(X1, Xa) — H(X1) = 1.9219 — 0.971 = 0.9509

7. The conditional entropy H(X3|X; = 0) describes the information content of X5, if X; = 0 is already

known:
H(Xo|X1=0)=-21d% — 11d3 =0.918
8. The conditional entropy H(X2|X; = 1) describes the information content of Xo, if X7 = 1 is already
known:
H(X| X =1) = 1d,,,1d1_1

H(X X1 =1)=1 means that due to X; = 1 there isn’t any knowledge about X5 and consequently the
symbol has the maximal entropy.

9. The conditional entropy H(X3|X7, X3) describes the information content of X3, if X; and X are already
known:
H(X3| X1, Xo) = H(X7, X2, X3) — H(X7, X2) =2.3219 —1.9219 = 04

Solution of exercise 2.2 Channel capacity of a discrete memoryless channel

The channel capacity follows with the help of eq. (2.20)

C= ZZPr{Y 1X,} - Pr{X,}-1d Pr;i}'}i v} )

As the input alphabet with Pr{X,} = 1/3 is equally distributed and it is a symmetric channel, also the output
alphabet is equally distributed with Pr{Y),} = 1/3. For the channel capacity then follows:

Cc = 1ZZPr{YN\XV}~1d(3~Pr{YM|Xl,})

3

1
:3{ ld +3 ld +3= ld}
_ 13 —ld7+ld1+fldf =0.126
T 3102 2 22| 7
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Solution of exercise 2.3 Channel capacity of the BSC

Item a)
As the channel is symmetric and the input symbols are equally distributed, the output symbols are also equally

distributed (Pr{Yyp} = Pr{Y1} = 0.5).
The channel capacity is calculated according to eq. (2.21) as

C = ZZPr{Y 1X,} - Pr{X,} - 1dPr{i pi}

The transition probabilities Pr{Y,,| X, } for the BSC are:

1-P. y==x
Py x)={ TR v

So the channel capacity of the BSC is:

Pr{Y,|X,}
BSC __
C = E,, Eu Pr{Y,|X,} - Pr{X,} - ld—F——— Pr{Y,}
_ PI’{Y()|X0} PI'{Yl‘Xo}
= Pr{YO|X0} PI'{XQ} 1d PI’{}/O} +PI’{Y1‘X0} PI'{X()} 1d PI’{Yl}
PI'{YI)|X1} PI'{Y1|X1}
Pr{Yy| X1} -Pr{X;y} - ld ———— + Pr{V1| X1} - Pr{Xs} - ld ————
+ I'{ 0| 1} 1‘{ 1} d PI‘{YE)} + 1‘{ 1| 1} r{ 1} d Pr{Yl}
1-P, P, P, 1-P,
= (1-PFP,)-05-1d P.-05-1d—+PF.-05-1d— 1-—
( ) 0.5 + 0.5 + 0.5 *+ 0.5
1-P, Pe
= =" (05-05-P+05-05 P)+1d 2 (05- P +05- F)
= Wd2(1—-P)] (1-P)+1d(2P.)- P,

= [d2+1d(1—-P)]-(1—P.)+[d2+1dP,]- P
= [141d(1-P)]-1—P)+[1+1dP,]-P,
= 1-P.+(1-P)IdQ1—-P.)+P.+P.1d P,
= 1+(1-P)-1d(1-P)+P.-1d P,

You get the same result with the help of eq. (2.14):
CPC = H(X)+HY)-H(X,Y)

= fZPr{X} 1dPr{X,} — ZPr{Y} ldPr{Y}JrZZPr{X,,,Y} 1dPr{X,,Y,}

v=0 pu=0
= 1+(1fPe)«ld(lfPe)+Pe-ldPe. @)

For the extreme cases of P, = 0 and P, = 1 the channel capacity achieves the value of 1 bit/s/Hz, consequently
an error-free transmission is possible without any channel coding. On the other hand, C' = 0 for P, = 0.5, i.e., no
reliable transmission is possible as the output symbols occur quite randomly.

Item b)
It applies:
Pr{Y,| X, }
I(X;Y) Pr{Y,|X,}-Pr{X,} - ld—HE" "2
( ;; I'{ I| } I'{ } PI‘{YH}
Because it is an asymmetric channel the occurrence probability of the receiving symbols has to be determined.
With

Pr{Y,} =Y Pr{X,,V,} =Y Pr{¥,|X,} - Pr{X,}
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Fig. 8: Channel capacity of the BSC for equiprobable input symbols in dependence on the error probability P.

Pr{Yy} and Pr{Y; } are given by:

Pr{Yo}
Pr{Yi}

Pr{Yy|Xo} - Pr{Xo} + Pr{Yp| X1} - Pr{X1} = (1 — P.o) - Pr{Xo} + P.1 - Pr{X;}
PI'{YVl|X0} . PI‘{X()} + PI'{Y&|X1} . PI‘{Xl} = Pe,O . PI‘{XQ} + (]. — Pe,l) . PI‘{Xl} .

Accordingly, we can write in matrix notation:

(52) = (peoer e ) ()

( 1 _Pe,O Pe,l ) . < PI'{Xo} )
Pe,O 1-— Pe,l PI'{Xl}
Figure 9 shows the (input-output)mutual information of a symmetric channel P, g = P, ; for several error prob-

abilities in dependence on the occurrence probability Pr{ X }. The mutual information decreases with increasing
error probability P,.

——P.=0
0.9 r ——— P, =005
P, =0.10
08 1 — P, =0.15] |
——— P, =020] |
071 \ P, =025
06 —— P.=0.30] |
o~
S 05 -
N 04 ]
0.3 E
0.2 E
0.1 )
0
0 0.2 0.4 0.6 0.8 1
PI'{XU}
Fig. 9: Mutual information of the binary symmetric channel (P. o = FP.,1 = P.) for several P. in dependence on the

occurrence probability Pr{ X}

Figure 10a shows the (input-output)mutual information of a binary channel for a varying error probability P, o and
a fixed error probability P, ; = 0.1 in dependence on the occurrence probability Pr{ Xy }. The mutual information
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again decreases with increasing error probability P, but now is not symmetric anymore w.r.t. Pr{ X }. This effect
becomes more clear in figure 10b with P, ; = 0.3.

0.8 T T T T 0.6 T T T T
—— Po=0 ——Po=0
07 F ——— Py =0.05|4 ——— P.p=0.05
P.y=0.10 05 r P.p=0.10| 1
[ —— Pp=0.15| | —— P.p=0.15
0.6  P,=020 e Py=020
Pep =025 04 Pep =025+
0.5 —— Py =030 — Py =030
B~ >~
s 04 e 8 s 03 1
I~ g
0.3 r ]
02 r — 1
02t 1 )
0.1 | 1
0.1 | N
O 1 1 1 1 0 1 1 1 1 N
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Pr{X,} Pr{X,}

Fig. 10: Mutual information of the binary channel for several P. o in dependence on the occurrence probability Pr{ Xo} for a)
P.y=0landb) P.; = 0.3

Item c¢)

Figure 11 shows the (input-output)mutual information of the binary symmetric channel for several input statistics

Pr{ X} in dependence on the error probability P. (cmp. fig. 2.3).

Pr{Xo} = 0.5
Pr{Xo} = 0.3
Pr{X,} =0.1

R:

Fig. 11: Mutual information of the binary symmetric channel for several occurrence probabilities Pr{ X} in dependence on
the error probability P
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Solution of exercise 2.4 Channel capacity of the AWGNC

According to eq. (2.26)
C = sup [H(Y) - H(Y[X)]

the channel capacity is determined as the difference of the differential entropies. By using the output distribution

1 _ 2

py(9) = v
\ /27r0§

the differential entropy #(Y") becomes

H(Y)

I
|
—

2

py(9) - 1dpy (9) do
| -2 1 — 2
_ _/ e 297 .1d e u | dY. (8
—o0 1/271'05 2%012/

With application of the relation ld(z) = 1d(e) - In(z) the term 1d(-) in (8) can be simplified:

1 -2 1 -2
1d e 27 = 1 +1d (e 2"?/)

1 _ w2
= 1Id +1de - In <e >

and for the differential entropy follows:

oo 1 _ 92 1 2
HY) = —/ 25 . |1d +1de~(—2190> dvy

e
2 / 2
27T0'y 27r0y

1 o0 1 -2 1 oo 92 2
= -l / —— e 7 dY¥—lde- ( 2) / e 27 dv
2mo? —o0 m 20y - /2710
[2% py(9) do=1 [, 92-py (9) d9=02
1 1 1 1
= -1 +1d6-7~02=*1d(2770'§)+51de

\ /2%05 205 vo2

1d (27rea§) .

!
)

For the irrelevance #H (Y| X) follows analogously:

H(Y|X)=H(N) = %1(1 (2mea?)



2 SURVEY OF INFORMATION THEORY

April 4, 2019

12

such that the channel capacity results as the difference of the output entropy and the irrelevance to

C

HY) - H(Y|X) = %m (2meay) — %1@1 (2mea?)

1 2 1 Es+ Ny/2
Tl %) 2 i By + No/2
2 o2 2 No/2
1

2
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3 Linear Block Codes

3.1 Finite Field Algebra

Solution of exercise 3.1 Polynomials in the GF(2)

Item a)
The communications system toolbox from MATLAB offers for this exercise the function gfprimck (a) with its

output carrying the possible values:

+1 p(D) is a primitive polynomial
gfprimck(a) =< 0  p(D) is irreducible, but not primitive
—1 p(D) is neither irreducible nor primitive

In our example it yields the value —1, therefore p(D) is neither primitive nor irreducible.

Item b)

As p(D) is not irreducible, there must be polynomials p;(D) of degree less than m = 6, that divide p(D) without
rest in the GF(2). As neither "0’ nor ’1” are zeros, we check p(D) with the polynomial p; (D) = 1+ D + D% We
get the following result:

(DS+D°+D*+D3+1): (D*+D+1)=D*+D+1

Item ¢)
The primitive polynomials of a Galois field GF(p) can be determined in MATLAB with the command gfprimfd.
(gfprimdf only yields the default primitive polynomials). We get the polynomials

1+ D+ DS 1+ D%+ DS
1+D+D*+D*+DS | 1+D+D?+ D5+ DS
1+D24+D34+D5+D8 | 1+ D+D*+ D5+ DS

Item d)
The irreducible but not primitive polynomials can be found by the inquiry gfprimck =0.

1+ D3+ D°
1+ D+ D?4+D*+ DS
1+ D2+ D*+4+ D54+ DS

Solution of exercise 3.2 Fields
Item a)
Following, the connection tables for ¢ = 2, 3,4, 5, 6 are given.
q=2:
+ ] 01 | 0 1
0 | 01 0| 0
1 | 10 1] 01
q=3
+ ] 01 2 | 0 1 2
0 | 01 2 0] 00O
1 11 20 1101 2
2 | 2 01 2 1 0 2 1



3 LINEAR BLOCK CODES April 4, 2019 14

q=4:
+ ] 01 2 3 -0 1 2 3
0 | 01 2 3 0] 00 0O
1 ] 1 2 30 11701 2 3
2 | 2 3 01 2 1 0 2 0 2
3 ] 301 2 3 1] 03 21
q=>5
+ ] 01 2 3 4 -0 1 2 3 4
0O ] 01 2 3 4 0] 00 0O0OTO
1 112 3 40 1] 01 2 3 4
2 | 23 401 2 1 0 2 4 1 3
3 ] 3401 2 3] 0 3 1 4 2
4 | 4 01 2 3 4 | 0 4 3 2 1
qg==6:
+ ] 01 2 3 45 -] 01 2 3 45
0 ] 01 2 3 45 0] 000 O0O0OO O
1 11 23 450 1101 2 3 45
2 | 23 45 01 2 102 40 2 4
3 ] 34501 2 3 1] 03030 3
4 | 4 501 2 3 4 | 0 4 2 0 4 2
5 | 5 01 2 3 4 5 ] 05 4 3 21
Item b)

For ¢ = 4 and ¢ = 6, the multiplicative inverse does not always exist. As explained in ch. 3.2.1, the Galois
fields GF(q) only exist for ¢ = p™, where p is a prime number and m is a natural number. As ¢ = 6 cannot
be represented as the power of a prime number, a Galois field to the basis ¢ = 6 does not exist. For the basis
q = 4 = 22 does exist a Galois field, but it is not a prime field. In ch. 3.2.2, the definition of the Galois fields was
therefore completed to the so-called extension fields.

Item c)
For ¢ = 3, the primitive element is 2. As for ¢ = 5, both 2 and 3 are primitive elements:

The element 4 is not primitive because 4° = 1, 4! =4, 42 =1 mod 5.

Solution of exercise 3.3 Extension of a non-binary field, GF(32)

p(D)=D?+ D +2
pla) =0
a2:2a+1
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0

1

«

20+ 1

20 +a=4a+2+a=2a+2
2024+ 20 =4a+2+2a =2
2c

202 =4da+2=a+2
a?+2a=2a+1+2a=a+1
’+a=2a+1+a=1

o N & Ok W N~ O

QQQQQQQQQé

Solution of exercise 3.4 Extension of a binary field, GF(2*)

p(D)=D*+D+1
pla)=0—=a'=a+1

2

CYB

a+1

o’ +

a® + ao?

attat=a+a+1
artal+a=a+1+a’?+a=a>+1
o +
at+al=a+1+a?=a’+a+1
o +a®+a
Rlat+al+a’?=a+a’+a+1
Blat+al+a’+a=a+1++a?+a=a+a?+1
YWiadt+adl+a=a+1+ad+a=a®+1
Blat+a=a+1+a=1

SRR RRRRRRR
0 QD = O

© 0w N O Uk W N = O

—_ =
= o

QIR L QR

Item a)

pi(D) = (D —a)(D —a®)(D — a*)(D — a)
= (D* - a°D +a®)(D? - a°D +a'?) because o’ =a+a?, o+ =0a°
:D4_a5D3+a12D2
—a’D3 4+ a'%D? - a?D
+a3D? —o®D + at?
= D' (P + ) DP + (a2 +a' +a®)D? — (a2 4+ a¥) D + '
0 0 1 by
=D'-D+1=D"+D+1
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=(D?*-a’D+a®)(D?*—a"D+a") because o’ =a+a? o +at=0a"

:D4—a13D3+a6D2—a3D+a10:D4+(y13D3+a6D2+a3D+a10

Item b)
p2(D) = (D = a)(D = ?)(D - a®)(D — a*)
=D*—a'D?+a"D?
7a5D3+OZ12D270612D
L adD? — 0D 1 o0
— D4 _ (a7+a5)D3+ (a12+a7+a3)D2 _ (a12+a10)D+a10
Item c¢)

p1(D) has its coefficients in GF(2) and not in GF(24).

Solution of exercise 3.5

Item a)

2-out-of-5-code

The field of code words consists of exactly (3):10 elements. They are listed in the following table.

index code words index code words
1 1 1 0 0 O 6 0O 1 0 1 0
2 1 01 0 O 7 0O 1 0 0 1
3 1 0 0 1 O 8 o 0 1 1 0
4 1 0 0 0 1 9 0O 0 1 0 1
5 0O 1 1 0 O 10 0O 0 0 1 1

The code is not linear because for example the modulo 2 addition of the code words (1 1 00 0) and (000 1 1)
results in the word (1 1 0 1 1) which is not an element of the field of code words. Hence, the property of being

closed is violated.

Item b)

Because of the non-linearity of the code, the all-zero word cannot be used as reference for determination of the
distance properties (in this case it isn’t an element of the field of code words anyway). Rather the distances of
all pairs of code words have to be determined. The solution of this exercise can quickly be finished by a small

MATLAB routine. We get the following table.

—_
)

index | 1 2 3
1 0o 2 2
2 2 0 2
3 2 20
4 2 2 2
5 2 2 4
6 2 4 2
7 2 4 4
8 4 2 2
9 4 2 4
10 4 4 2

(NS I S S S 2N NSl NS (S

AN NDO RPN DNDWV

[\CTRE S OIS B R S R L EE  \S] e))

NI S el S I S I R IR

(NS \S el S S R S R L "B S I e o]

N O NN AN RN RO
(=R S BN SR S I S S S

You can see that each code word c has 6 neighbors with the distance 2 and 3 neighbors with the distance 4. Because
of this regular structure, it is possible to determine the error probabilities without great expense in the following

items.
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Item c)

The probability of the occurrence of an undetectable error can be calculated with eq. (3.14). With the assumption
that all code words are equally probable and because of the identical distance properties for all code words it is
sufficient to calculate P, for any code word. The probability is

Pu=6-P>2.(1-P)3+3-P}-(1-P,)

and is shown in figure 12 in dependence on P, (double logarithmic representation).

10°

1072

107! .
1
o 10°° .
o
1078 1
—10 |
10 K R—
4
L’ P,
1012 I I
1076 1074 1072 10°
R,‘ -

Fig. 12: Undetectable error probability for the 2-out-of-5-code at the BSC

3.2 Distance Properties of Block Codes

Solution of exercise 3.6 I Error correction

Item a)
The maximum number of correctable errors is determined with eq. (3.3) to:

[

With eq. (3.4) results for the number of detectable errors at pure error detection:

' =dmpin—1=8—-1=7.

Item b)
At simultaneous correction of ¢ errors and detection of ¢ > ¢ errors, eq. (3.5) must be fulfilled. With ¢ = 2 and
t’ = 5 follows for the minimum distance:

dpin >t +t' +1=24+5+1=8.
Accordingly results the field of code words shown in figure 13 with a Hamming distance dp, = 8.
Item c¢)

At the transmission, the following cases for the change of a code word according to figure 14 have to be distin-
guished.
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[

o o X X X o

e e I R Es B e m
Dis. 01 2 3 4 56 7 8

Fig. 13: Field of code words for dmin = 8

e 1. Error-free transmission

2. Correctable error pattern = right correction

3. As false detectable error pattern (invalid word)
o 4. Correctable error pattern = false correction

5. Received word = other code word = neither error detection nor error correction

Fig. 14: Field of code words for dpin = 8

Solution of exercise 3.7 I Sphere-Packing bound (Hamming bound)

Item a)
For a (n, 2)2-block code, the information word u of length &£ = 2 is mapped onto a code word x of length n, where

each digit can carry ¢ = 2 different values. With eq. (3.3) follows for the maximum number of correctable errors

with dpi, = 5:
‘= dmin — 1 _ 5—1 _9
2 2 '
For a (n, k, dmin) q-code that shall correct ¢ errors, the sphere-packing bound is fulfilled with eq. (3.7):
t
nh > ") @-1r.
T go L) a=1

To determine the minimum block length n, the code parameters k = 2, ¢ = 2, ¢ = 2 are set in the sphere-packing
bound and then follows

277,72

v

> (1) e

V \Y%
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For n = 6 results:

X ? 6
2072 > 146+ <2>
16 # 1+46+15=22,
so the sphere-packing bound is not fulfilled. For n = 7 results
? 7
2772 > 147+ (2)
32 > 1474+21=29,

so the sphere-packing bound is fulfilled. The minimum block length therefore is n = 7.

Item b)
The solution follows analogously to item a). The maximum number of correctable errors with dy, = 5 is

determined with eq. (3.3):
Amin — 1 5—1
2 2

The existence of the code is then checked with the help of the sphere-packing bound eq. (3.7) withn = 15,k =7,

t=2andq=2:
n
(g—1)" ©)
()

n—=k

=)
IV~
Mw

T

vl

? 1
2177 > (5>-(2—1)T (10)
r=0 r
? 15 15 15
28 > 11
= ()= () (%) an
256 > 1+15+105=121. (12)

Thus, the Hamming bound is fulfilled and therefore a (15, 7, 5)2-code may exist.

e Left side: ¢g" % different possible syndromes

e Right side: Number of error patterns with maximum weight ¢

Statement: To be able to correct up to ¢ errors, it must be possible to assign each error pattern to a unique syndrome.
¢" times the difference of both sides results in the number of words in the vector field of dimension n that do not
lie in any of the correction spheres (around all code words).

Item c)
To check the existence possibility of a (15,7, 7)2-code, first the maximum number of correctable errors is deter-

mined as
. Qpin — 1| | 7—1 _3
= 5 = 5 =
and then the validity of the sphere-packing bound is checked:
n
( ) (g—1)" (13)
“\r
( ) (2-1) (14)
0
1 15 15
15
o)+ (0)+(2)+ () 5

15 4+ 105 4 455 = 576 . (16)

Qﬁ

&
IV
Mﬁ
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As the sphere-packing bound is not fulfilled, this code cannot exist!

Item d)
To check the existence possibility of a (23, 12, 7)2-code, first the number of correctable errors is determined

-2

and then the validity of the sphere-packing bound is checked:

t
n—=k ! n T
¢ > Z<r>'(q1> (17)
2
A

r=0

T O< ?’)-(21>’" (18)

ol <203> . (213> . (223) . (233) 9)

2048 1423+ 2534+ 1771 = 2048 . (20)

3

As the sphere-packing bound is fulfilled such a code may exist and if so, it will be a perfect code! (Special code:
(23,12, 7)2-Golay code)

Item e)
An input alphabet with 16 equiprobable different symbols corresponds to an input word u of length k = 4.

t
n—=k ! n T
oz (r> (g-1) @

r=0
4
n—4 ! n r
ot > ;<r>-(z—1) (22)
n—a n n n n n
= (o) () () (5)+ () @

(24)
For n = 14 results:
214_4; 14+14+14+14+14
- 0 1 2 3 4
?
2" > 1414491+ 364 + 1001
1024 #1471,
so the sphere-packing bound is not fulfilled. For n = 15 results
15+15+15+15+15
0 1 2 3 4
?
2" > 14154105+ 455 4 1365
2048 > 1941,

215—4

A\

so the sphere-packing bound is fulfilled. The minimum possible block length therefore is n = 15 and for the code

rate R, follows:

k 4
R.=— < — =0.2667.
n ~ 15
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3.3 Matrix Description of Block Codes

Solution of exercise 3.8 Generator and parity check matrices

Item a)
Generator and parity check matrices of the (4,1,dnin = 4)-repetition code in systematic form: (see ch. 3.5.7)

1
G=(1]111) H=|[1
1

o O =

0 0
1 0
0 1

For the dual code, the parity check matrix is now used as the generator matrix. The consideration of H shows, that
a simple (4,3,dmin = 2)-SPC code results, that puts a test sum in front of the three information bits. Furthermore,
the product G - H” = 0 illustrates the orthogonality of both codes.

Item b)

The parity check matrix of a Hamming code of rank » = 3 can easily be produced by assigning the dual numbers
from 1 to 7 in columns

1 0 0 1

H=| 0 1 11

0 0 1

O ==

0 1
0 0
1 1 1
The generator matrix cannot be directly produced with eq. (3.31) from this non-systematic form. In order to

achieve the generator matrix we construct an equivalent systematic code H,,, by exchanging the columns of H
and calculate the corresponding systematic generator matrix Gy

Lo 1100 01001001
Hy.=[ 1 01 1[0 1 0 = Gus=| 4051 0lo 1 1
0 1 1 1/0 0 1 000 1/1 1 1

To finally get the generator matrix G that fits to H, the exchange of columns has to be undone. The generator
matrix of the original code then has the form

11100 00
1001100
G= 0101 010
11010 01

Item c)

The consideration of H shows, that there exist no two linearly dependent (identical) columns. Nevertheless, there
are combinations of three columns that are linearly dependent (for instance the first three columns). This is exactly
the minimum distance of the code. The general connection is, that the minimum distance of the code is identical to
the minimum number of linearly dependent columns of its parity check matrix. Thus, every selection of dpin — 1
columns is linearly independent and there exists at least one selection of d,;, linearly dependent columns.

Solution of exercise 3.9 Expansion, shortening and puncturing

Item a)
An additional test bit c7 implies for the parity check matrix H,,, of the original code, that the number of columns
(length of the code words) and rows (number of test bits) is increased for both by one. If the expanded code shall
have the minimum distance d,;, = 4, its parity check matrix Hy must contain according to exercise 3.8c at
least 4 linearly dependent columns. The easiest expansion consists of first adding a column of zeros, whereby the
decoding of the original code is not affected. Then, a row of ones is added, that forms an additional parity-check-
sum over all n = 7 bits of the original code. Therefore, each code word of the expanded code has an even weight,
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i.e., the odd minimum distance dy,in = 3 is increased to dmin,z = 4. The new parity check matrix is

110110 0]0
(Hy, 0 [1 01101 0]0
HE_(1 1)‘ 01 1100 10

111111 1]1

We get the corresponding generator matrix G i by adding an additional column g™ for the added test bit c7. As
cy = u - g represents the test sum of all ¢; with 0 < 4 < 7, the condition for g™ is

6 1 1
07:u~g+QZcimonZu-Gsys- : = g7 =Gy
i=0
1 1

The column g™ can thus be calculated from the modulo 2 sum of all columns of Gys. The generator matrix of
the expanded code has the form

1 0001101
01 00 1 0 11
GE:(Gsys|g+): 001 0 0 1 111
000 1 1 1 110

Item b)

The bisection of the field of code words is reached by cancellation of one information bit, which results in a half
rate (6,3)-code. Using the systematic coder from exercise 3.8, each of the four information bits of the original code
can be canceled. In each case the minimum distance remains the same, i.e., dmin,s = 3. The generator matrix
results by canceling the ith row and column of Gy, 1 < i < k, at the parity check matrix accordingly the ith
column of Hy,,. Both matrices for the example of i = 4 are:

1 001 10 1101 00
Gg=| 01 01 0 1 , Hs=1 1 0 1 0 1 0
0 01 011 01 1001

Item c)

The punctured generator matrix is achieved by canceling the ith column (k 4+ 1 < ¢ < n) of G, at the parity
check matrix accordingly the (¢ — k)th row and the ith column. The minimum distance is then dyin, p = 2. The
difference to item b) is in the fact, that still 16 code words exist.

1 0 0 0 11
01 0010 1101 10
Gr=19 010 01 ’HP(101101>'
000 1 11
Solution of exercise 3.10 I Coset decomposition and syndrome decoding

Item a
The (7,4),3)—Hamming code has n — k = 3 test bits, so the overall 2" % = § syndromes (included s = 0) can
be formed. Furthermore, a single error can always be corrected due to dp,;, = 3. Because of the word length of
n = 7 there are exactly 7 different single error patterns. Thus, the number of non-zero syndromes corresponds to
the number of correctable error patterns and therefore the Hamming code is a perfect code.

Item b)

For the Hamming code, the columns of H represent all non-zero syndromes s # 0. Because of t = 1, the
error words e with the Hamming weight wy(e) = 1 form the coset leaders. Now, only the assignment has to be
determined. The following table results:
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syndrome s, | coset leader e,
110 1000000
101 0100000
011 0010000
111 0001000
100 0000100
010 0000010
001 0000001

Hint: Let e, denote the uith row of the n X n identity matrix, i.e. e, contains a one at the uth position and zeros
elsewhere. Then's = e, - HT corresponds to the uth row of HT .

Item c)
The syndrome for the received word is
s=y-H =(101).
So, there is an error. The coset leader belonging to the syndrome can be found in the second row of the table from
item b). The correction can be realized by adding y ande; = (010000 0).

c=y+e=(1001001)
The estimated information word thus ist = (100 1).
Item d)

To be able to use the syndrome s directly for addressing the coset leader, the position of the one within the coset
leader has to correspond to the decimal representation of s (See hint for item a)). The parity check matrix is

) 0001111
H=(01100 11
1010101

Solution of exercise 3.11 I Coding program

The (7,4, 3)-Hamming code maps k& = 4 information symbols onto n = 7 code symbols. Within the MATLAB
program, k information symbols are randomly chosen using randi and encoded by the generator matrix. A
randomly determined error vector is added and the syndrome is calculated. If the syndrome is non-zero, the
corresponding coset leader is added to the received word. Please notice: all calculations have to be executed within
GF(2).

3.4 Cyclic codes

Solution of exercise 3.12 I Polynomial multiplication

Item a)
Multiplication of f(D) and g(D):

D*+D*+D+D3*+D+1
D*+D*+D?>+1

(D*+D+1)-(D+1)



3 LINEAR BLOCK CODES April 4, 2019

Item b)

Fig. 15: Block diagram of a non-recursive system for the sequential multiplication of two polynomials

Item c)
With in — memory™ and out = in & memory, the corresponding function table is achieved.

clock | in | memory | out
0 0 0 0
1 1 0 1
2 0 1 1
3 1 0 1
4 1 1 0
5 0 1 1

The output (1,1, 1,0, 1) corresponds to the solution D* + D3 + D? + 1 achieved in item a).

Solution of exercise 3.13 I Polynomial division

Item a)
Division of f(D) by g(D).

D3 +D +1 : D?’4+D+1= D+1
D3> +D? 4D
D? +1
D? 4D +1
D

= remainder Ry(py[f(D)] = D

Item b)

\

I,

HIh |

Iy

D D
A B

Fig. 16: Block diagram of a recursive system for the sequential division of two polynomials



3 LINEAR BLOCK CODES April 4, 2019 25

Item c)
By defining A = Out ® In — r§ and B = Out @ ry — 7", the function table is easily generated.

clock |[In | A |79 | B | rs | Out
0 0(0]0]O0]|O 0
1 111[0]0]0 0
2 Oj0|1]1]0O0 0
3 1100 ]1]1 1
4 1700 ]1]1 1
5 o-10 1 1
Solution of exercise 3.14 I Generator polynomial

Item a)
If g(D) shall be a generator polynomial, Ry py[D™ —1] = 0 has to be fulfilled according to ch. 3.6.2. Withn = 15
and g(D) = D8 + D" + D% + D* + 1 follows
(DY —1): (D*+D"+DS+D*+1)=D"+ DS+ D*+1 =rest=0,

g(D) h(D)

so the required condition is fulfilled.

Item b)
With eq. (3.56) the code word c can be divided into two parts at systematic coding:

¢(D) =p(D) + Dk u(D)

with the parity check polynomial
p(D) = Rypy[-D" " -u(D)] .

With the code parameters n = 15, k = 7, n—k = 8 follows D"~ *.u(D) = D8-(D*+D+1) = D2+ D%+ D8,
Therefore results for the parity check polynomial

(D2 4+ D%+ D®) : (D + D"+ D+ D*+1)=D*4+ D* = rest=p(D)=D"+ D* + D3

and for the code word

(D) = D" u(D)+p(D)
D12+D9+D8+D7+D4+D3
D8-u(D) p(D)

001 0011 1001 1000 .

Item c)
The required condition for y(D) = D 4 D® + D + 1 to be a valid code word is that it must be divisible by g(D)
ie., s(D) = Rypyly(D)] = 0.

(D" +D°+D+41): (D¥+ D"+ D%+ D*+1) =D+ D+ D* =rest=s(D)=D"+D°+ D3+ D+1

Thus s(D) # 0 and therefore y(D) cannot be a valid code word.
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Solution of exercise 3.15 I Syndrome

Item a)
For now, all coset leaders are collected in the matrix E

1000 00 O00
01 00 0 O0O0OTO O
001 00 O0O0TO
E— 0001 00 O0O
00001 O0O0TO0
0000 O0T1O0O0
0000 O0OOT1TFQO
0000 O0O0TO0?1
and different syndromes are collected in the matrix S
1 01 00
01 010
00101
g 100 0O
01 000
00100
00010
0 0 0 01
With eq. (3.35) is
S=E -H"

Therefore the parity check matrix H can be determined by

H'=E ' S=E-S=S§

so that
1 0 0j1 0 0 O O
01 0|{0 1 0 0 O
H=| 10 1/0 0 10 0 |=(Pi;Is)
01 0|0 0 0O 1 O
00 1|0 0 0 0 1
results. With the decomposition of the parity check matrix H = (fPf,,n_ el In—k.n—r) with eq. (3.31) results for

the generator matrix with eq. (3.30)

G

(I k| Prn—r) = (I3 3|P35)

Item b)
From the parity check matrix H = (—Pgn_k\ln,k,n,k) it is directly readable that the number of test digits
n — k = 5 and the number of information digits k = 3.

Item c)
In ch. 3.62 it is explained how to calculate the generator matrix from the generator polynomial g(D). The
connection is
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go -+ Gn—k O 0
G = O go e gn_k O
0 0 g0 s In—k

From the first row (10010100) of the generator matrix found in item a) therefore results the generator polynomial
g(D) =1+ D?+ D°.

Item d)
According to the number of information digits k = 3, 2% = 8 different code words can be generated.

Item e)
For the detection of transmission errors the syndrome corresponding to the receiving word y; is determined:

s=y;-H” =(02122)modulo2 = (00100).

As the syndrome is not equal to zero, y; is not a code word. By comparing with the syndrome table we find s = sg,
so for the corresponding error vector we conclude eg = 00000100. According to eq. (3.38)

o
\

Y1+ es
(01101011)+(00000100)
= (01101111).

Item f)
For the decoding of the receiving word yo = (101101 1 1) again the corresponding syndrome is determined:

s=yy-H =(20312)modulo2 = (00110).

Thus y5 is not a code word. As the syndrome is not contained in the syndrome table, no error correction can
follow.

Solution of exercise 3.16 I Primitive polynomials

A polynomial p(D) of degree m (with coefficients p; €GF(p)) is called irreducible if it cannot be factorized into
polynomials of degree < m (with coefficients from GF(p)). Consequently it does not have any zeros in the GF(p).

An irreducible polynomial p(D) of degree m (with p;€GF(p)) is called primitive polynomial if there exists an
«€GF(p™) such that p(a) = 0 and the powers al,- -, @™ with n = p™ — 1 form the non-zero elements of the
extension field GF(p™). « is called primitive element of GF(p™) and n is the order of a.

Polynomial p(D) = ¢g;(D) = D* + D + 1:

For primitive element «v the auxiliary condition a* = « + 1 is valid with p(a) = a* + a +1 = 0.
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af 1

al = = «

o = — o2

o = — o3

at = = a+1

o = a-aot a-(z+1) = o’+a

a5 = a-a a- (22 +2) = a®+a?

o = a?2.a® = ot+a? = od+a+1
a® = otat = (a+l)-(a+1l) = a?+1

¥ = a-a® = a-(a?+1) = a*+a

al® = a-a® = o*+a? = o?4+a+1
ol = a-al® = a-(@?+a+l) = aBF+a’+a
a? = a-a!' = at+ad+a? = o*+a?+a+1
a® = a-a? = '+t +al+a = aP+a’+1
at = a-a® = at+ad+a = o®+1

a® = a-a = at+o =1

For polynomial g; (D) therefore results the order n; = 15 = 2% — 1 and thus it is a primitive polynomial.
Polynomial p(D) = g2(D) = D* + D3 + D?* + D + 1:

For primitive element « the auxiliary condition a* = a®+a?+a+1is valid with p(a) = a*+a3+a?+a+1 = 0.

Il
I
Qo Qo o

2
3

S+l +ta+l

QL R L Rk Q2
gk W N = O
I
Il

= a-at = a4+a3+a2+a =

As a® = a® = 1, for the polynomial g» (D) follows the order ny = 5 < 2% — 1 so it is not a primitive polynomial.

Solution of exercise 3.17 I CRC codes

Item a
A CRC lode has the parameters n = 2" — 1 and k = 2" — r — 2. For n = 15 is accordingly r = 4 and hence
k = 10. Besides, the generator polynomial can be factorized to g(D) = p(D) - (1 + D), such that p(D) is a
primitive polynomial of degree 4 (g(D) is of degree n — k = 5). Considering the solution of previous task, the
primitive polynomial can be chosen as p(D) = 1+ D + D*. Therefore the corresponding generator polynomial is

g(D)=1+D?+D* 4 D°.

Item b)
MATLAB calculates the generator matrix G and the parity check matrix H from the generator polynomial g(D)
with the help of the command cyclgen.

100001 1120110010
01 00O0/01 11011001
H=]0010O0f1 101011110
00 010/01 10101111
00 0O0O0T1j1 101100101
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Item c¢)

If only burst errors are considered that do not contain any correct digits, all such error patterns are detectable as
the corresponding syndromes are always not equal to zero. To prove this, it suffices to show that there exists
no valid code word which consists of /. successive ones (and zeros elsewhere). For [. being odd, the proof is
straightforward, as the code word (polynomial) will not be divisible by D + 1. For [, being even, a direct approach
using gfdeconv shows that the corresponding remainder (division of 14 D + ... + D'~1 by g(D)) is non-zero.

Solution of exercise 3.18 I Reed-Solomon codes

Item a)
For the extension field GF(22) shall be constructed a Reed-Solomon code that is able to correct t = 1 error. Hence
it results the code parametersn = 23 — 1 =Tandn—k =2t =2 = k=5andd =n —k+ 1 = 3 from which
can be calculated the code rate R, = 5/7 = 0.714. Thus we get a (7,5,3)g-code with 85 = 32.768 code words.

Item b)
The command rsgenpoly (n, k) yields the generator polynomial g(D) of a (n, k)-RS-code. Applying n =7
and k = b5, the vector [I 6 3] results. The entries are the decimal representation of the corresponding

coefficients of different powers of D in descending order. Hence, the corresponding generator polynomial follows
as: g(D) = D? + (a® + a)D + (a + 1) in which « is the primitive element with respect to the default primitive
polynomial.

Item c)
The coding can follow with the help of the command rsenc. We get the code word

¢ = (110010111 000 001 010 010) .

As exactly one false symbol can be corrected with ¢ = 1, the maximum correctable error length is m = 3 bits.
The superposition of a 3-bit error is only disturbing the transmission if two or three code symbols of the GF(8) are
affected. If only one symbol is altered the error can be corrected.

A binary code with the same correction ability would have to have a minimum distance of d,;, = 7. Hereby
becomes clear, that RS codes are suitable for the correction of burst errors. If the three bits of error appear in
different symbols of the GF(8), they correspond to three single errors and are not correctable anymore.

Item d)

With the same extension field shall be constructed a ¢ = 2-errors correcting code, from which directly results the
requirement for dy,;, = 5. The further parameters are k = 23 — dp, = 3and R, = 3 /7 ~ 0.429. The code thus
consists of (8)% = 512 code words.

Applying n = 7 and k = 3 to the command rsgenpoly (n, k), the vector [1 3 1 2 3] results. The entries are
the decimal representation of the corresponding coefficients of different powers of D in descending order. Hence,
the corresponding generator polynomial follows as: g(D) = D* + (o + 1)D? 4+ D? + aD + (a + 1) in which «
is the primitive element with respect to the default primitive polynomial.
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Item e)

This task can be addressed using the command [decoded, cnumerr, ccode] = rsdec (code,n, k). Ap-
plying n = 7, k = 3 and the received wordas gf ([6 2 7 3 2 6 6], 3), the transmitted message,
the number of errors and the corrected code word are achieved directly.

Solution of exercise 3.19 I BCH codes

Item a)
The MATLAB command gfcoset s yields the following cyclotomic cosets for the extension field GF(24):

Ki={1, 2, 4, 8}, Ks = {3, 6, 12, 9}
Ks = {5, 10}, K7 ={7, 14, 13, 11} .

To fulfill the requirement of ¢ = 3 correctable errors, a union set M must contain at least d— 1 = 2t = 6 successive
elements. This aim is reached with

M=K, UK3UKs =11, 2, 3,4, 5,6, 8,9, 10, 12}
and also
My =KsUKsUK;={3,5,6, 7,9, 10, 11, 12, 13, 14} .

Thus we get a BCH code of the length n = 2* — 1 = 15 with the dimension k¥ = n — |[M| = 15 — 10 = 5. One
may note, that the BCH code with R, = 1/3 requires smaller code rate for the correction of three errors compared
to the RS code (R. = 5/7) from exercise 3.18. Nevertheless, it is able to correct single errors, while the RS code
can only correct three successive errors.

Item b)
With n = 15 and k = 5, MATLAB yields the generator polynomial g(D) as

g(D)=1+D+D?+D*+ D%+ D%+ D'

Item c)
We get the code word

C(D):D2+D4+D9+D10+D11+D13+D14

for the information word u(D) = 1+ D + D3 + D*. The roots of a polynomial can be quickly determined with
the command gfroots. They are

c¢(D)=0 for De{0, a, a? o a* o, o’ o® o o' o'?}.

It can be seen, that ¢(D) has its roots at successive lower powers of . The reason behind is the choice of the
cyclotomic cosets to generate the code, i.e., M is chosen.

Item d)

The function gf_dft executes a transformation into the spectral domain. The output polynomial C'(D) is rep-
resented in the exponential format, i.e., the coefficients represent powers of the primitive element « (the input
polynomial ¢(D) also has to have this format). We get

C=(1,0,0,0,0,0,0,0>%0,0,0, a% 0, a'?, af).

The powers of « that form the roots of the code word ¢(D) correspond exactly to the positions, at which C has
coefficients equal to zero.
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4 Convolutional Codes

4.1 Fundamental Principles

Solution of exercise 4.1 Convolutional codes

—> x3(0)

» x,(0)

u(l)

» x,(])

Fig. 17: Shift register structure for the code of the rate R, = 1/3

Item a)
For the input sequence u = (0 1 1 0 1 0) results the following output sequence:

¢ =(000111010010000101) .

Thus it is not a systematic encoder.

Item b)
For the input sequence v = (0 1 1 0 1 0) results the path in the Trellis diagram shown in figure 18.

0/000

00

10 @

1/101
=0 I=1 =2 =3 I=4 I=5 I=6

Fig. 18: Trellis diagram for the input sequence v = (01101 0)

Item c)
The corresponding state diagram is given in figure 19.

Item d)
The free distance dy gives the minimum Hamming distance between any two sequences. Because of the linearity
of convolutional codes, the comparison of sequences with the all-zero sequence is sufficient for determination of
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0/000

Fig. 19: State diagram for the code of the rate R. = 1/3
w=1,d=8, =3 w=2,d=8, =4 w=2,d=10,[=5
0/000

0/000 0/000

1/010
11 ® ° ° ° °

=() =1 =2 =3 =4 =5

Fig. 20: Free distance for the code of the rate R, = 1/3

the Hamming distance. The figure 20 shows three sequences, that are different from the all-zero sequence, with
l=3,1=4and! = 5, respectively.

The first sequence corresponds to the input sequence v = (1 0 0) (input weight w = 1) and to the output sequence
¢ = (111 101 111). By comparison with the all-zero sequence (v = (0 0 0) and ¢ = (000 000 000)) results the
Hamming distance d = 8.

The second sequence corresponds to the input sequence v = (1 1 0 0) (input weight w = 2) and to the output
sequence ¢ = (111010 010 111), such that again the Hamming distance is d = 8.

The third sequence corresponds to the input sequence v = (1 0 1 0 0) (input weight w = 2) and to the output
sequence ¢ = (111 101 000 101 111), such that the Hamming distance is d = 10.

The free distance therefore is dy = 8.

4.2 Characterization of Convolutional Encoders

Solution of exercise 4.2 Catastrophic encoders

In figure 21 the shift register structure and the state diagram of the encoder is shown. As in the state diagram
exists a closed loop with the weight zero (closed loop in the state 11 has the weight zero), it is a catastrophic
encoder.
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u()

Fig. 21: Shift register structure and state diagram for catastrophic encoder

Further characteristic: as can be seen in figure 21, all adders have an even number of connections. Because of
these properties a finite number of transmission errors can lead to an infinite number of errors after decoding.

4.3 Optimal Decoding with Viterbi Algorithm

Solution of exercise 4.3 Viterbi decoding

Item a)
In figure 22 the Trellis diagram for the convolutional code is presented.

1/10

Fig. 22: Trellis diagram of the convolutional code with g; (D) = 1+ D + D? and g2(D) = 1 + D?

For the terminated information sequence u(¢) = (1101(00)) follows the code sequence = (110101001011).

Item b)
The decoding of the code sequence z = (11 01 01 00 10 11) is shown in figure 23. From the decoding follows the
transmitted data sequence u(¢) = (1101 (00)).

Figure 24 shows the decoding for the disturbed receiving sequence y; = (11 11 01 01 10 11) and the estimated
data sequence u; = (1101 (00)) follows, such that the two transmission errors were corrected.

Figure 25 shows the decoding for the disturbed receiving sequence yo = (11 11 10 01 10 11) and the estimated
data sequence us = (1001 (00)) follows which doesn’t correspond to the transmitted data sequence.
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Fig. 23: Viterbi decoding of x

Yi 11 11 01 01 10 11

‘\’?‘&/

00

o1 @
SN QLA 3
10 @
0 0
0 0 2 1
11 @ i 2 2 0 1
/=0 |= |=2 /=3 =4 =5 =6
U, 1 1 0 1 0 0
Fig. 24: Viterbi decoding of y1 = (111101 01 10 11)
Solution of exercise 4.4 Viterbi decoding with puncturing
Item a)

The puncturing matrix P
1110
P= ( 100 1 )
consists of n = 2 rows and Lp = 4 columns. Only 5 bits of the originally n - Lp = 8 code bits are transmitted
after the puncturing, such that the code rate of the punctured code results

18 4

quunc -

25 5

Item b)
Under consideration of the puncturing scheme follows from the receiving sequence y = (1100010 1) the
punctured receiving sequence y = (11 0z Ox z0 10 1z) (with placeholder « for the punctured bits).
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Y, 11 1 10 01 10 1
3 1 2 2 3

X

NN
10 @ ¢\ ¢\ ¢\
S&
11 e ® 0 2 0 1
I=0 =1 /=2 /=3 I=4 [=5 =6
U, 1 0 0 1 0 0

Fig. 25: Viterbi decoding of y» = (1111100110 11)

The decoding is presented in figure 26 and it is correctly decidedtou = (1101 (00)).

X 11 0x 0x x0 10 X
2 2 0 2 0 2 0 ]

e

00

01

10 ®

1 0 0 0
=0 =1 |=2 /=3 =4 =5 I=6
u 1 1 0 1 0 0
Fig. 26: Viterbi decoding with puncturing
Solution of exercise 4.5 RSC encoders
Item a)

Figure 27 shows a Trellis segment for the considered convolutional code. The dashed lines typify transitions for
an information bit « = 1, the solid lines for © = 0. The 2-bit-words at the right margin represent the code words
of the respective state transitions, where the upper code word is assigned to the upper path, that arrives at the
respective state.

Item b)
The input sequence of the information bits is given by w(¢) = (1 1 0 1 1). Tail bits have to be added at the end
of the sequence to conduct the encoder to the zero state. As this is a recursive encoder, the tail bits cannot be
determined until the end of the input sequence u(¢). We get the following scheme and therefore the tail bits are
(101).
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Fig. 27: Trellis segment for convolutional code with the generators §; (D) = 1 and §2(D) = (1+D+D?)/(1+D+D?*+D?3)

Solution of exercise 4.6

Simulation of a convolutional encoder and decoder

The curve of the simulated bit error rates is shown in figure 28.

10°

Bit Error Rate Curve, G=(5,7)
T T T

u(f) state  successor state  output
1 000 100 11
1 100 010 11
0 010 101 01
1 101 110 11
1 110 111 10
1 111 011 10
0 011 001 01
1 001 000 11
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Fig. 28: Simulation result for the bit error rates of the convolutional code (5, 7)s
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