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Multi-Valued Automatic Cab Signalling System Based on the CDMA
Technology

Purpose. The work is aimed at the development of principles for the construction of multi-valued automatic cab
signalling system (ACS) using the wide-band pseudorandom signals. Methodology. An analysis of existing ACS
systems and modern telecommunication technologies has been performed to achieve the stated purpose. The multi-
valued automatic cab signalling system CDMA-ACS has been proposed. The mentioned system utilizes wide-band
pseudo-noise signals to transmit commands. System parameters: frequency band — 155...395 Hz, pseudorandom
codes — 16-bit Walsh codes, spectrum spreading factor — 16, source signal bandwidth — 15 Hz, carrier modulation —
DBPSK (differential binary phase-shift keying), information rate — 15 bit/sec, code combination length — 4 bits,
maximum amount of commands — 256, the duration of single command transmission — 0.27 sec. Functional dia-
grams of generator and receiver of the multi-valued automatic cab signalling system have been designed. It has been
suggested to apply the correlation method to receive the ACS signals. Findings. To investigate the proposed
CDMA-ACS system the simulation modelling has been accomplished in MATLAB in two stages: at the first stage,
the CDMA-ACS system was investigated as interference-free; at the second stage — under the influence of powerful
narrow-band interferences (traction current harmonics). It has been found that the system shows high immunity to
narrow-band harmonic interferences. The most significant harmonics of the traction current related to the system are
250 Hz and 300 Hz, since they are the closest to the carrier frequency of 275 Hz. It has been determined that errors
in decoding the ACS commands occur if the signal-to-noise ratio becomes lower than -8 dB. To reduce the influence
of 250 Hz and 300 Hz, harmonics the application of additional notch filters was proposed. Originality. For the first
time, the authors of this work carried out research on the multi-valued automatic cab signalling system with the use
of wide-band pseudo-random Walsh codes. Practical value. Implementation of solutions being proposed allows
improving the informativeness and interference immunity for the automatic cab signalling system, reducing the du-
ration of command transmission from the railway track to the cab.

Keywords: automatic cab signalling; wide-band signal; code division multiple access; Walsh codes; correlation
method; interference immunity

Introduction

Train traffic safety largely depends on the reli-
able and effective operation of the locomotive au-
tomatics devices. Such devices control the train
speed, inform the driver about the current train sit-
uation, train location, actual and permissible speed
of the section, control the driver's vigilance, and
enable automatic braking in case of safety viola-
tions [13].

In Ukraine, today, the system of continuous au-
tomatic cab signalling with numerical coding
(ALSN according to transcription from Ukrainian
naming) is the main locomotive means to provide
train traffic safety. In such a system, the permissi-
ble train speed is determined only by considering

the current train movement situation. Herewith
constant speed restrictions, which are not related to
the condition, profile, curve radius or other track
section peculiarities, are not considered. Tempo-
rary restrictions applied during various works at
track lines are not accounted for as well. Addition-
ally, the ALSN system does not provide the per-
missible speed reduction depending on the route
(straight or diverging) of movement in the station
and does not consider the number of the turnouts'
frogs. On the line, such a system allows the driver
to receive information only about the vacancy of
the two block sections ahead. All this relates to the
low number of values of the ALSN system, which
uses only three signals: Z, Zh and KZh codes (tran-
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scripted from Ukrainian). The disadvantages of
this system also include high latency (transmission
delay of one command is 5...6 s), low interference
immunity, outdated element base, and limited
functionality.

One of the directions of further development of
the ACS system is to update the locomotive
equipment and apply advanced methods of signal
processing. Thus, in [3] to increase the interference
immunity of ALSN, it was proposed to use multi-
channel adaptive filters, and in [2, 6] — the methods
of digital signal processing and correlation analy-
sis. The work [1] proposes an improved method of
receiving ACS codes by «accumulation» when the
receiver accumulates the signal for a certain period
and then determines the received code according to
the envelop pattern. There are also studies on the
recognition of the ACS signals using the artificial
neural networks [4, 5, 7], as well as spectral analy-
sis and Wavelet transform [9]. However, all of
these do not solve the problem of low ALSN in-
formativeness, which is related to the low number
of values of this system.

The development of multi-valued ACS in-
volves the selection of carrier signals to transmit
information to the locomotive through the rail line.
Narrow-band signals are traditionally used in exist-
ing multi-valued cab signalling systems. For ex-
ample, the frequency coding system ALSU (tran-
scripted from Ukrainian naming) uses 15 com-
mands, each of which is encoded by a combination
of two unmodulated sinusoidal signals with differ-
ent frequencies. The Russian ALS-YeN (transcrip-
tion from Russian) system uses a carrier signal
with a frequency of 175 Hz with differential binary
phase-shift keying [6]. Italian BACC system,
which is closest to the ALSN system, uses ampli-
tude-modulated signals with carrier frequencies of
50 and 178 Hz and different modulation frequen-
cies, yielding nine ACS commands [13]. Thus,
traditional ACS systems use narrow-band signals,
the spectrum of which is between the traction cur-
rent harmonics. The ACS signal bandwidth cannot
be more than 50 Hz (frequency difference of two
adjacent harmonics), and considering the ampli-
tude response of the filters is 25...30 Hz. This lim-
its the information content and the information
transfer rate over such a communication channel.

In modern telecommunication systems wide-

band signals are often used. Thus, third-generation
mobile systems, systems for satellite communica-
tion and satellite navigation are based on CDMA
technology, which uses wide-band pseudorandom
signals [8, 10-12]. Fourth-generation mobile
communications use OFDMA wide-band signals,
which consist of orthogonal subcarriers [14]. Such
technologies provide high interference immunity
and spectral efficiency. In this regard, the research
on the possibility of using the wide-band signals to
transmit commands to cab signalling is relevant.

Purpose

The purpose of this work is to develop the prin-
ciples of construction of a multi-valued automatic
cab signalling system using the wide-band pseu-
dorandom signals.

Methodology

To construct a multi-valued ACS, we propose to
take a set of commands of the ALSU frequency sys-
tem as a basis and expand it considering the possible
increase of speed up to 250 km/h (Table 1). System
commands (ACS signals) are designated by the
conventional numbers, and the signal, which repre-
sents information about the higher operating speed,
corresponds to the higher sequence number.

In the case of three-digit automatic block signal-
ling on a line, three ACS signals are used: 1, 6 and
9, whereas in the four-digit automatic block signal-
ling — four signals: 1, 4, 6 and 9. The three signals
are general, and signal 4, transmitted by the yellow
light signal in the case of four-digit automatic block
signalling, allows movement at a speed below
50 km/h for a freight train and 80 km/h for a pas-
senger one.

Four code signals 2, 3, 5 and 7 are used to
transmit information about the predefined move-
ment speed during the setting of the incoming route
to the siding line with a divergence on the turnouts'
frogs of different numbers. These signals transmit
the same information about the set speed for both
freight and passenger trains, considering that the
value of this speed is determined not by the braking
distance, but by the turnouts' frogs on the route (be-
low 25, 50, 80 and 90 km/h, respectively, for the
frogs of the 1/9, 1/11, 1/18 and 1/22 numbers).
When the train moves along the main station track,
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the same ACS signals as on the running tracks are

applied.

For high-speed trains, the proposed ACS system
provides signals 10, 11, 12, 13, 14, which are used

There are also reserve signals 15 and 16, which

can be used to transmit additional information, if it

of the line.

to transmit information about the set speed of 160,
180, 200, 220 and 250 km/h.

is needed in the case of specific operating conditions

Table 1
Commands of multi-valued ACS
Controlled speed, km/h
Comngand Cab signal P Note
number Freight train Passenger train High-speed train
b_Iock sec_tlon red 0 0 0 3
is occupied
1 red yellow 0 0 0 -
diverging
2 yellow 25 25 25 movement, frog 1/9
diverging
3 yellow 50 50 50 movement, frog
1/11
4 yellow 50 80 80 -
diverging
5 yellow 80 80 80 movement, frog
1/18
6 yellow 80 120 120
diverging
7 yellow 90 120 120 movement, frog
1/22
8 yellow 90 140 140 -
9 green 90 140 140 -
10 green 90 160 160 -
11 green 90 160 180 -
12 green 90 160 200 -
13 green 90 160 220 -
14 green 90 160 250 -
15 reserve - - - -
16 reserve - - - -

According to CDMA (Code Division Multiple
Access) technology, a wide-band pseudo-noise sig-
nal (pseudorandom sequence) is added to the infor-
mation signal of each user [8, 11, 12]. Due to this,
the signal spectrum is modulated and widened.

Herewith, each user occupies the entire available
time-frequency resource of the communication sys-
tem. Pseudorandom code combination, which is
unique for each user, performs a kind of signal
marking. Adding the same combination on the re-
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ceiving end allows extracting the user signal from
the received group signal. Orthogonal codes are
used as pseudorandom to reduce mutual inter-
channel interference.

Advantages of the CDMA technology include
high spectral efficiency, data confidentiality, high
system flexibility, and high immunity to narrow-
band interferences. The latter is related to the fact
that the energy of the pseudo-noise signal is distrib-
uted over a wide frequency band, and narrow-band
interference, even a very powerful one, does not
significantly affect it.

In this work, the multi-valued system of auto-
matic cab signalling (CDMA-ACS), which use
pseudo-noise signals, has been proposed. Parame-
ters of the system: frequency band — 155...395 Hz,
pseudorandom codes — 16-bit Walsh codes, spec-
trum spreading factor — 16, information signal
bandwidth — 15 Hz, carrier modulation — DBPSK
(differential binary phase-shift keying), infor-
mation rate — 15 bit/s, code combination length —
4 bits. Each ACS command corresponds to one of
16 unique Walsh codes and a 4-bit informational
code combination. Thereby, the maximum possible

number of commands is 256 and the transmission
time for one command is 0.27 s. 16 ACS com-
mands are sufficient for practical application.
Thus, the proposed parameters provide significant
information redundancy, which increases the sys-
tem interference immunity.

To generate CDMA-ACS signals, we offer
a generator, the functional diagram of which is giv-
en in Fig. 1. Using the encoder, each ACS command
is assigned a four-bit informational combination and
a 16-bit Walsh code, which is added modulo two to
the informational sequence. In this way, the spec-
trum spreading and the informational signal mark-
ing are achieved. In this case, the informational se-
quence of a 15 bits/s rate is converted into a wide-
band signal with a chip rate of 240 symb/s, which
modulates the harmonic carrier and forms a PSK
signal. The DPSK, which provides high interference
immunity of the communication channel, is used in
the system. The obtained wide-band PSK signal is
filtered, amplified and transmitted to the rail line
through the protection and matching devices. Let us
consider the operation of the CDMA-ACS signal
receiver (see the functional diagram in Fig. 2).

XOR BPSK (155...395) Hz
CDMA-ACS 15bit/'s /717240 symb/s Phase | o= Power
command | Coder i + "|  modulator | =2 amplifier
240 symb/s 1 Band-pass v
| Walsh code Oscillator filter Protection
generator and matching
devices
|
| Railline
Lo |
Fig. 1. Functional diagram of CDMA-ACS generator
BPSK demodulator
Fmmmm e
U : h
Tlaf = |, =
RC (155...395) Hz [ 1 £ : XOR g
[ L] AL Notch || == - é 1 j[ g
_I—> filters e 1 g ! 0 £
RC . L S |1 S
Amplifier Band-pass [ I
filter 2 !
ref.2 . [ Walsh code
U AU RN R |
generator ) Decoder
b
CDMA-ACS
command

Fig. 2. Functional diagram of CDMA-ACS receiver
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The locomotive receiving coils (RC) receive
the ACS signal from the rail line, and then it is
transmitted to the amplitude limiter (AL), which
protects the receiver from powerful interference.
The signal received is amplified, filtered and
applied to the phase demodulator input. To reduce
the influence of traction current harmonics, the
narrow-band notch filters, which tuned for the
frequencies of 200, 250, 300 and 350 Hz, are used.
Such filtering does not significantly affect the
received ACS signal because, according to CDMA
technology, the signal has a wide spectrum, i.e.
useful information is not concentrated at one point,
but distributed over the entire frequency band
(155...395) Hz.

Phase demodulator is constructed according to
the correlation principle. It determines the cross-
correlation of the received signal and two reference
signals with a frequency of 275 Hz and opposite
phases, corresponding to logical zero and logical
one. The value of each symbol is determined by
comparing the obtained cross-correlations.

In the proposed system, each ACS command
has two selective features: a 16-bit Walsh code and
a 4-bit informational sequence. To decode the
command different Walsh codes are added modulo
two to the signal received after demodulation.
Then the signal integration is performed for each
message element. The value of each informational
element (logical zero or logical one) is determined
by comparing the integrator output signal and the h
limit level. After this, the decoder analyses the
received 4-bit combination and determines, which
ACS command is transmitted over the rail line.

Findings

To investigate the proposed CDMA-ACS sys-
tem, the simulation modelling has been accom-
plished in MATLAB. In the first stage, the
CDMA-ACS system was considered interference-
free. The results are presented in Fig. 3. A 4-bit
combination 1010 was chosen as the information
message (Fig. 3, a). The duration of one element of
the message is 66.7 ms, which corresponds to the
information rate of 15 bits/s. A 16-bit Walsh code is
added modulo two to such a signal to mark and
broaden the spectrum. As a result, a pulse sequence
with a chip rate of 240 symb/s is formed (Fig. 3, b).

a
u(t), v
1
0.8
0.6
04
0.2
0 . . z
0 0.05 0.1 0.15 0.2 0.25 1,5
b
LAY
| (g — p— — e e g m— — p— —
08
0.6
0.4
0.2
pt L e L LD
0 0.05 0.1 0.15 0.2 025 t,s
C
025 1.8

025t 8

0 0.05 0.1 0.15 0.2 025¢ s

Fig. 3. Results of simulating the signal transformations
in the CDMA-ACS system without interference:
a — initial message; b — signal after spectrum broadening;
¢ — modulated signal; d — signal at the output of integrator;
e — received message
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After the DPSK, a harmonic signal with a car-
rier frequency of 275 Hz is generated, the phase of
which changes according to the value of symbols
transmitted. Thus, a wide-band signal is formed
(Fig. 3, c), the spectrum of which occupies the fre-
guency band of 155... 395 Hz. This signal, being
amplified and matched, is transmitted to the rail
line.

CDMA-ACS receiver amplifies, filters, de-
modulates and decodes the received signal. After
demodulation, the reference Walsh code is added
modulo two to the pulse sequence, and the result is
integrated. Herewith, the integrator output signal is
linearly increasing. (Fig. 3, d). At the end of each
timing interval, this signal is compared with the h
limit level, and the value of each information ele-
ment is determined.

The limit level is exceeded for the first and
third unit interval, whereas for the second and
fourth is not (see Fig. 3, d). Thus, after decoding,
the information sequence 1010 (Fig. 3, e) is ob-
tained, which corresponds to the signal at the out-
put of the generator.

l
"\“ fm‘“

Fig. 4. Results of simulating the signal transformations
in the CDMA-ACS system under the influence of
interference 250 Hz:

a — signal at the input of receiver;

b — signal at the output of integrator

At the second stage, CDMA-ACS system was
simulated under the influence of powerful narrow-
band interferences (traction current harmonics)
excluding distortions in the rail line, filters, ampli-
fiers and other protection and matching devices.
Interferences with frequencies of 250 and 300 Hz
were chosen because they are the closest to the
signal carrier frequency of 275 Hz and are the most
significant. In Fig. 4, a, CDMA-ACS signal under
the harmonic interference of 250 Hz and signal-to-
noise ratio of 1/3 is shown, i.e. the interference
amplitude is three times higher than the signal am-
plitude (1 V). After its demodulation and processing
at the integrator output, the signal in Fig. 4, b is be-
ing formed. The limit level is exceeded for the first
and third unit intervals but is not for the second and
fourth. Thus, after decoding, the informational se-
guence 1010 is obtained, i.e. the receiver decoded
the signal without errors. Errors occurred with
a higher interference amplitude of 250 Hz.

Fig. 5 shows the results of simulation under the
influence of harmonic interference with a frequen-
cy of 300 Hz and the signal-to-noise ratio 1/2. As
we can see, in this case, the information message is
also decrypted without errors. Errors occurred with
a further increase in the interference amplitude.

u(t), V
I m

Fig. 5. Results of simulating the signal transformations
in the CDMA-ACS system under
the influence of interference 300 Hz:
a — signal at the input of receiver;
b — signal at the output of integrator
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As a result of simulating the system operation,
the dependency of the error ratio of CDMA-ACS
command decoding on the signal-to-noise ratio
with a harmonic interference of 300 Hz was ob-
tained (Fig. 6). During the simulation, a random
4-bit message and interference of a random phase,
uniformly distributed in the [0, 2x] interval, were
formed. The 10,000 tests were performed for each
signal-to-noise ratio. It was found that in the case
of a signal-to-noise ratio greater than -8 dB (inter-
ference level 2.51 times higher than the signal lev-
el), decoding errors of CDMA-ACS commands do
not occur. At this stage, the simulation did not con-
sider the amplitude limiter and notch filters. In the
case of applying such elements, the interference
amplitude may not significantly exceed the ampli-
tude of the useful signal.

Kerr
0.04

0.01

$ SNR, dB

Fig. 6. Dependency of the error rate
on signal-to-noise ratio:
points — simulation results; line — approximation

Thus, the simulation results show a sufficiently
high interference immunity of the CDMA-ACS
system to narrow-band harmonic interference. This
is caused by the following factors: 1) the usage of
interference-immune PSK; 2) the application of the
correlation method in the receiver; 3) the wide-
band signal is resistant to narrow-band interfer-
ence.

Originality and practical value

The authors of this work studied a multi-valued
automatic cab signalling system using wide-band
pseudo-random Walsh codes for the first time.

Implementation of the proposed solutions will
increase the informativeness and interference im-
munity of the automatic cab signalling system, re-
duce the command transmission time from the
track to locomotive.

Conclusions

1. The main disadvantage of the system of au-
tomatic cab signalling with numerical encoding
(ALSN) is low informativeness. In Ukraine, the
implementation of a high-speed rail system is vir-
tually impossible without modernizing the locomo-
tive safety devices by using the multi-valued au-
tomatic cab signalling.

2. This work proposes a multi-valued ACS sys-
tem, which allows the transmission of at least
16 commands to the locomotive, including infor-
mation on speed limits at the stations, as well as
information on the current train situation on the
line, taking into account the possible speed in-
crease to 250 km/h.

3. The wide-band pseudo-noise signals were
proposed to transmit ACS commands. This al-
lowed a significant improvement in the informa-
tiveness and data transfer rate. Functional diagrams
of the generator and receiver of signals of multi-
valued ACS were developed, and the system pa-
rameters were proposed.

4.To study the proposed system, a simulation
model in the MATLAB environment was devel-
oped. The simulation results showed high interfer-
ence immunity of the system to narrow-band har-
monic interference.

5. This work involves further research in the
following areas: simulation of signal transfor-
mations in the CDMA-ACS system, taking into
account distortions in the rail line, filters, amplifi-
ers and other protection and matching devices; use
efficiency comparison of other wide-band pseu-
dorandom codes.
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Bararo3nauyna cucreMa aBTOMATHYHOI JIOKOMOTHUBHOI CUTHAJII3aNil HA 0a3i
TexnoJsorii CDMA

Mera. L{s po6oTa cupssMoBaHa Ha PO3POOKY MPUHIMIIB MOOYJOBH 06araTo3HavyHOi CHUCTEMH aBTOMAaTHYHOI JIO-
komotuBHOi curHamizamii (AJIC) i3 3acTOCyBaHHSAM IIMPOKOCMYTOBHX IICEBIOBHIIAJKOBHX  CHTHANIB.
Metoauka. /[y qOCSTHEHHS OCTABJIEHOT METH MPOBEJICHO aHaii3 HasBHUX cucteM AJIC Ta cydacHHX TeJIeKoMYy-
HiKallifHUX TEeXHOJIOTiH. 3amponoHOBaHO OaraTo3Ha4yHy CHCTEMY ABTOMAaTHYHOI JIOKOMOTHBHOI CHTHaJi3arii
CDMA-AJIC, y sxiit Juis mepeadi KOMaH ] BUKOPHCTAHO IIMPOKOCMYTOBI ITyMono1ioHi curnanu. [lapamerpu cuc-
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TEMH: 4acToTHa cmyra — 155...395 I'u, nceBnoBunaakoBi koau — 16-0iTHi koau Youa, KoedilieHT po3IIUPEHHS
cnekTpy — 16, mupuHa cnekTpy BuxigHoro currany — 15 I'u, Mmogynsis Hecyuoi — DBPSK (nudepenuiiina neormo-
suliiiHa (ha3oBa MaHIMyIALis), iHQOopMaIliifHa MBUAKICTE — 15 OiT/c, TOBKHHA KOJOBOI KOMOiHAIil — 4 OiTH, MaK-
cuUMalbHa KiIBKICTh KOMaHa — 256, dac nepenaui onHiel komanau — 0,27 ¢. Po3poOiieHO QyHKITIOHATBHI CXEMH Te-
HepaTopa Ta MpHiiMava CUTHAJIB 0araTo3Ha4HOi aBTOMATUYHOI JIOKOMOTHBHOI CHTHATI3aMii. 3aIpOITOHOBAaHO BHUKO-
PHUCTOBYBaTH KOpemsmiifHui Mmeron mpuitomy curHaiiB AJIC. Pesyabraru. [[ns BunmpoOyBaHHS 3apOIIOHOBAHOI
cucremu CDMA—-AJIC nposeneno imitanifine monmemoBanHs B cepenoBuii MATLAB y aBa etanu: Ha mepriomy
etari 6ymo gociimkeno cuctemy CDMA-AJIC 3a BincyTHOCTI 3aBax; Ha JPYroMy — 3a YMOBH BIUIUBY IMOTYKHUX
30CEpEKCHNX 3a CIEKTPOM 3aBaj (TapMOHIK TATOBOTO CTPyMY). Y CTaHOBIIEHO, IO CHCTEMa Ma€ BHCOKY 3aBasioc-
TIHKICTh 710 By3bKOCMYTOBUX IapMOHIYHMX 3aBaj. HaiOlIbII CyTTEBUMHU JUISI CHCTEMH € TaPMOHIKHU TSTOBOTO CTPY-
My 250 Ta 300 I'u, ockinbpku BOHM HaWOIMXK4l O Hecydoi yacToTu curHainy 275 I'i. BusHaveHo, 1110 HOMUJIKH Jie-
konayBaHHs koMaHa AJIC BUHHKAIOTh, SIKIIO BiJHOLICHHS CHTHAM / IyM cTae HIKYUM Hixk —8 ab. J[ns 3MeHIeHHs
BBy rapMoHik 250 Tta 300 I'm 3ampomoHOBaHO BUKOPHUCTOBYBAaTH JOJAaTKOBI PEXEKTOpHI (LIbTpH.
HaykoBa HoBH3HA. ABTOpH i€l poOOTH BHEpIe BUKOHAIM JOCIIDKEHHS 0araTo3HA4HOi CHCTEMH aBTOMAaTHYHOI
JIOKOMOTUBHOI ~ CHUTHaJi3alii i3 3acCTOCYBaHHSIM IIMPOKOCMYTOBHMX IICEBJIOBUIAJKOBUX KOMIB  YoJimia.
IIpakTH4YHA 3HAYUMiCTh. YTIPOBaKCHHS 3aIPONIOHOBAHMX PIIlIEHb JO3BOJMTH IIIBUIIUTH iHPOPMATUBHICTH Ta
3aBa/IOCTIMKICTh CHCTEMH aBTOMAaTHYHOI JIOKOMOTHBHOI CHTHAIII3AII], 3SMEHIIUTH Yac MepelaBaHHs KOMaH] 13 KOl
Ha JJOKOMOTHB.

Knrouosi cnosa: aBromatmuHa jokomoTmBHa curHamizamis (AJIC); mMHUPOKOCMYTOBHI CHTHAN, MHOXHHHHHA
JIOCTYTI i3 KOJOBUM PO3IUICHHSIM; KOIH Y OJIIIIa; KOPEIAIHHINA METO;, 3aBaJOCTIHKICTD
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