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Signalling for High-Speed Trains "
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European Train Control System (ETCS) 2z wm::m:
Train Control without Trackside Signals "

Application Level 1: Overlay to optical signals

SBB Test Track:
Walenstadt - Landquart

>200 km/h
ETCS

trainborne

Application Level 3: Moving block '@

.

Interlocking and
Radio Block
Centre

SBB Test Track:
Zofingen - Sempach

Andreas Steffen, 28.8.2000, EEC.ppt 5

Andreas Steffen, 28.8.2000, EEC.ppt 6

Ziircher

European Train Control System (ETCS) 2z wcv:;r;:r;;:
Technical Data of ETCS Balise "
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ICN / = Magnetic loop antenna
= Telepowering of balise
= BCH coded telegrams
= 5x 1023 bits in 10 ms

Train Antenna

Siemens Balise S21

Error-Correcting Codes 4 fockache
Linear (N,K) Block Codes "
Linear
d »| Encoder > c
— G — Transmission
block of K block of N Channel
data bits KxN transmitted or
encoding code bits, Stora?ge
matrix G ie.R=N-K Medium
redundant Y
a‘ bits + e
t b error pattern
Decoder |4 v <
s |< H
block of N
block of R RxN received
syndrome bits parity check code bits

matrix H
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Linear (N,K) Block Codes FE ww;;&:;"h";: Linear (N,K) Block Codes 2Z- wmﬂ‘jﬂ‘,:‘,lf
Cyclic Codes - Encoding Matrix " Cyclic Codes - Parity-Check Matrix "
B Encoding matrix of a general linear (N,K) block code B Orthogonal subspaces: valid codeword has zero syndrome
&o.0 8o.1 o2 0 Bow 7 8o
T T T
G- 810 811 82 7 & 7 &ina §:§H :(_1GH :(_) = G-H =0
8k-10 8Bk-11 8k-12 7 Bk-tn 7 8k-1n-
. . L B Parity-check matrix of a cyclic linear (N,K) block code
B Encoding matrix of a cyclic linear (N,K) block code
he b By 0 0 - 0
& & " & 0 0 .- 0 0 he by hy 0 -0
0 g8 - &ux 0 - 0 H=|: -
G=| T e e e : 0 0 hy - by hy
0 -0 g & - &g« O 0 0 0 i by
0 - 0 0 & & - 8vxk
Cyclic Codes Cyclic Codes e
y z:w y z:w

Example: The (7,4) Cyclic Code

Generating and Parity-Check Polynomials

B Matrix Multiplication
g=[co € C ey Cs cé]=QG=[d0 d, d, d3]~ 2 2 & g 0 0 0
o1 Td - 08 & & & 00
0 08 00g g &g o0

Cl dlgO + d()gl 0 0 0 g g g g
0 & & &
%3 d,g, + dig + dyg,

¢ =|¢|=|dg + drg + dig + dyg;

Cy dyg, + d,g, + dg,
Cs dig, + dyg;
Co d,g; |

B Polynomial Multiplication
c(x) = cpx® +ex’ +ext +ex’ e, xt +exte,
c(x)=d(x)-g(x) § With  d(x) =dx*+d,x* +d,x+d,

g(x) =g  +gx’ +gx+g,

B Generating polynomial g(x) is monic and unique

g(x)=g0x3+g]x2+g2x+g3 I with g, =1

There is a unique monic generating polynomial g(x) of degree
R =N - Kin every g-ary cyclic linear (N,K) block code

B Generating polynomial g(x) is a factor of xN- 1

xV —1=g(x)-h(x) I

B Parity-check polynomial h(x) is the second factor of xN-1

h(x) = hyx* +hx® + hyx® + hx +h, I with 7, =1

The monic parity-check polynomial h(x) has degree K
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B Time t = 0 units

5
X xt e x?x 1

C € € € ¢ G5 ¢ 4

R = N-K shift registers

c(x) =d(x)- g(x) I

X xt x 1

dyd dyd, 0 0 0 ¢—

AULUUHUUL time

clock signal
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H Time t =1 units
XX xt e x 1

Cy € C C € C5 C; =

R = N-K shift registers

c(x)=d(x) g(x) I

X2 x 1

ddyd, 00 0 <—

AULUUL UL tme

clock signal
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B Time t = 2 units
Xoxtxxtox 1

¢ C G ¢ C5 ¢ €

) ®
0 (e dy [ 4,

+

R = N-K shift registers

c(x) =d(x)- g(x) I

x 1

dyd; 00 0 <—

AULUUHUUL time

clock signal
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B Time t = 3 units
X xox 1

¢ 6 ¢y G5 ¢ A—

® ®
dy e d, e d,

-+t

R = N-K shift registers

c(x) =d(x)-g(x) I

d, 00 0 ¢—

AULUULUUL tme

clock signal
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Multiplying Polynomials .
Using Shift Registers V zZw

B Time t =4 units
xXxtox 1

C ¢ C ¢ = C(x)zd(x)-g(x)l

Multiplying Polynomials 2z wm
Alternative Shift Register Circuit | -

B Time t = 0 units

e x 1 c(x) =d(x)-g(x) I
Cy € C C C C5 C; =

000 @«
time R = N-K shift regist <
H = N-KA shilt registers
R = N-K shift registers clock signal

Multiplying Polynomials z- ww“""h' Multiplying Polynomials z: ww""“h'
Alternative Shift Register Circuit Il " Alternative Shift Register Circuit lll "
B Time t =1 units B Time t = 2 units

LA A o(x)=d(x)-g(x) I AR o(x) = d(x)-g(x) I

C C C ¢ C Cf =

dog4 dog2 do9s

e ¥
® ® ®
@ @ @ @

R = N-K shift registers

—

=
™
=

Y
Y
& e
(e}
(=}
S

T
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C, ¢ ¢ C5 G d—

dogs
+d4g;
x 1

x4 x3
® ®
d,d; 00 0

R = N-K shift registers <+

dog2
o +d,g, digs

Andreas Steffen, 28.8.2000, EEC.ppt 20




Multiplying Polynomials z" w Cyclic Codes z" W"
Alternative Shift Register Circuit IV " The (7,4) Binary Hamming Code "
® Time t =3 units B Generating polynomial g(x) g(x)=x +x+1
xxx 1 c(x)=d(x)- I
g(x) . .
6 ¢ ¢ o 4— B Parity-check polynomial h(x) | n(x)=x*+x>+x+1
dogs X’ X’ B Factoring g(x)~h(x)=(x3+x+l)(x4+x2+x+1)=x7—1
@+ (@02 @+ 0o
+dyg4 +da0 =
B Generator Matrix G and Parity-Check Matrix H
® @ @
L ey oo
d;, 0 0 0 = H=(0111010| G-H'=
0010110 0011101 000
R = N-K shift registers <+ 000101 1 000
n Andreas Steffen, 28.8.2000, EEC.ppt 21 ™ Andreas Steffen, 28.8.2000, EEC.ppt 22
The (7,4) Binary Hamming Code z- ww“""h' The (7,4) Binary Hamming Code z: ww“"“h'
Table of Codewords " Code Generators "
Data Codeword Groups /
P 1000101 <— o
| d | | c=4d¢e Cyclic Shifts T Circuit Type 1
Qe e
0000 000000O0O][1 e e
0001 0001011 2 +3 T T
0010 0010110 2 +2
0011 0011101| 3 +5 P P
0100 0101100 2 +1 1011000 0 |« 0 |« 0 1011000 <—
0101 0100111]|[3] 0101100
0110 0111010 3 +4 =
0111 0110001 2 +6 0010110
1000 101100 0| [2] 0001011 1000101 <— .
1001 1010011 3 +1 Circuit Type 2
1010 10013110 3 +6
1011 1000101]| 2 +4 0 | 0 0
1100 1110100 3 +3
1101 1111111]|[4]
1110 1100010| 2 +5 _
1111 1101001]| 3 +2 IIORRICIL «

Andreas Steffen, 28.8.2000, EEC.ppt 23

™ Andreas Steffen, 28.8.2000, EEC.ppt 24




Ziircher

Cyclic Codes Z° W
Syndrome Generators "

B Generating polynomial g(x) divides valid codeword c(x)

c(x)/ g(x)=d(x) I s(x) = Rgm[c(x)] = Rg(x)[d(x)g(x)] =0 I

B Syndrome s(x) depends on error pattern e(x) only

s(x) = Rg(x)[c(x) + e(x)] = Rg(x)[e(x)] I

Dividing Polynomials
Using Shift Registers |
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H Time t = 0 units

p(x)=a(x) g(x)+r(x) I

(@) (@)

XX Xt ox 1

0 o 0 o 0 o Po P1 Py P3 Py Ps Ps
H Circuits for dividing polynomials are needed ! -«
n Andreas Steffen, 28.8.2000, EEC.ppt 25 Andreas Steffen, 28.8.2000, EEC.ppt 26
Dividing Polynomials - e Dividing Polynomials - e
Z-Ww Z- W

Using Shift Registers Il

B Time t = 3 units

Xt ox o1

p(x) = a(x)-g(x) +7(x) I

a, a, a, a; <4—

-3 2
x @ o
6 5
X X

() -
@

X
X xtox 1
po [ p, p, =D& » 1 P P
e

Using Shift Registers lll
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B Time t =7 units

1

a,

<4

-3 2
x? x

To

'

® ry

v

Remainder

1

X
® I

v

p(x) = a(x)-g(x) +7(x) I

—
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Syndrome of Single Bit Errors zZ.w Syndrome Generator Z.w
B Time t = 3 units
Error Pattern Syndrome I
o ||s - e e(x) = a(x)-g(x) +s(x) I
= = = a, a, a, a;
000O00O0O0O0 000 A
0000001 001
0000010 010 1110100
0000100 101 H={0111010 °
0001000 011 0011101
0010000 111
0100000 110
1000000 100
— 0 |« 0 0 1000 =«—
n Andreas Steffen, 28.8.2000, EEC.ppt 29 Andreas Steffen, 28.8.2000, EEC.ppt 30
The (7,4) Binary Hamming Code z- ww“""h' The (7,4) Binary Hamming Code z: ww“"“h'
Syndrome Generator " Syndrome Generator "
B Time t = 6 units B Time t =7 units
¥ xox 1 ¥ oxox 1
e(x) =a(x)- g(x)+s(x) I e(x) = a(x)-g(x) +s(x) I
a, a, a, a; <4— ay a; a, a; <4—
A A
® ®
— 1 |« 0 0 €¢— — 0 |« 1 1 <4+
So S4 S,  Syndrome
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Ziircher
Hochschule

z u w Winterthur
|

1o@1fo 0 0] 100Q@[ 10]-< 1000|101 B Time t = 0 units
¢/(x) = x"d(x) — Ry [x*d(x)]
joto1froo 010100« o[0T oo 2(x)
“loo@o[t 10 0010ft10 oo 110|110
0001/011 ooo(fo11 000 1[0 11
= I P
o g
Systematic Encoder L11ojroo x* x 1
L - L] ’: 4
data redundancy c'=dG H'=10 11110 10 X’ x
. X 1 101J1001
codeword -PT Iy 0 ® 0
¢'(x) = x"d(x)~r(x) = a(x)g(x)
= r(x)=x"d(x)—a(x)g(x) degree of r(x) X e  x 1
must be <R
r(x) = Ry [x"d(x)] 000 €«
n Andreas Steffen, 28.8.2000, EEC.ppt 33 Andreas Steffen, 28.8.2000, EEC.ppt 34
Cyclic Codes 2z w The (7,4) Binary Hamming Code z.w
Systematic Encoder " Table of Systematic Codewords "
. . Data Codeword Groups /
H Time t =4 units . .
¢'(x) = x"d(x) = Ry, [x"d ()] I | 4 || e =aea | cyclic shifts
0000 0000|000
0001 0001011 2 +3
0010 0010110 2 +2
0011 0011(101| 3 +5
0100 0100(111|[3] 1000|101
x 1 0101 0101|100 2 +1 0100|111
0110 0110(001| 2 +6 G'=
1 0111 0111(010]| 3 +4 00 10fI 1O
1000 1000(101| 2 +4 000 1]0o1 1
1001 1001|110 3 +6
® 2 1010 10100311 3 +1
1011 101100 0] [2]
1100 1100010 2 +5
1101 1101(001| 3 +2
1110 1110(100| 3 +3
1111 1111|111]|[4]
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The (7,4) Binary Hamming Code

Systematic Code Generator
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1011000 *—

1011000 <4—
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Application Example z" wm::mf
The Cyclic BCH Code of the ETCS Balise -

Andreas Steffen, 28.8.2000, EEC.ppt 37

B Code Parameters: N=1023, K=938, R=N-K=85

B Balise Transmitter: Telepowering from the train antenna
triggers the balise to transmit its telegram c(x) continuously.

N N N N N

[k [r[ k [’] « [rR] « [R] « [r]->

B Train Receiver: Part of the transmitted telegram chain is
received with an unknown bit offset B.

)—Bbi N N N N -1"

B Synchronisation Problem: Every cyclicly shifted codeword
Vg(x) is also a valid codeword. Thus telegram boundaries
cannot be determined without auxiliary information.

™ Andreas Steffen, 28.8.2000, EEC.ppt 38

Synchronisaton with Extended Cyclic Codes Z'W
Bose & Cauldwell (1967) "

=n
P
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Code Generation: R =85 c(x)= de(X)-Rg(xmx)[de(x)]ﬂLg(x)I

Generator polynomial:

gx)= gox75 +g1x74 te g Xt gys

Synchronisation polynomial: | f(x)= £,x""+ f,x°+---+ f,x+ £}, I

Factors of xN-1: N =1=g(x)-h(x) | | R [h()]=0

Cyclic shift of B = 0...1022 bits: vy(0) =R, [x"e()] l

Parity check:

Ry [va(0)] = Ry [R o [xP ]| = Ry [x7e()] =0 I

Synchronisation Syndrome: 21%-1 = 1023 distinct values

55(X) = Ry [v5(0)] = Rf(x)[Rru[xBC(x)]] = R»,»(X)[xﬂg(x)] I

Ziircher
Hochschule
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Cyclic Block Codes = It
y Z:-W

Other Applications

Andreas Steffen, 28.8.2000, EEC.ppt 39

B Audio Compact Disc
= (32, 28) Reed-Solomon C1 code in GF(28), R = 4 byte symbols
= (28, 24) Reed-Solomon C2 code in GF(28), R = 4 byte symbols

B MPEG-2 Video Transmission
= (204, 188) Reed-Solomon code in GF(28), R = 16 byte symbols

B Voyager Il and Galileo Deep Space Probes
= (255,239) Reed-Solomon code in GF(28), R = 16 byte symbols

B Combination with Convolutional Codes

= Especially in wireless applications cyclic block codes are often
combined with an outer convolutional code

™ Andreas Steffen, 28.8.2000, EEC.ppt 40




