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Abstract:
electric arc and captured by a GSM-R antenna mduoite
roof top are characterized in the time domain antthé joint
time-frequency domain, in order to quantify the seoi
produced on the GSM-R channel. The recoded sigals
characterized also to evaluate the behavior ofGBM-R
protocol to burst noise. The measurements wereipaefd
on a 25 kV 50 Hz French line.

The transients produced by the pantograplior each frequency channel, data are organizedpasiadic

TDMA frame, with a period of 461fs. Each TDMA frame
is divided into 8 time intervals of 54¥% called “time slots”
and each user occupies a frequency channel onlgigh¢h
of the time with a period of 577is; each “time slot”
includes 156 bits, so the transmission time of loibeor “bit
time”, BT, is 3.7us [3].
The measurements were carried out in France ork&/ 25

50 Hz line between Saint Pierre des Corps and Namith a

Key words: Guideway Transportation Systems, Radiatedyain consist of one locomotive and eight cars. Faeelled

Interference, Spectral analysis, GSM-R

1. INTRODUCTION

distance was about 200 km with a cruising speedboiut
160 km/h. The GSM-R antenna was mounted on theabof
the fourth car, at approximately 80 m from the pgraph.

The GSM-R is a GSM based communication systerTThe radio antenna is a bi-band antenna workinghm t

designed and now in use in European railways [B; i

overall performances and openness allow its agfitalso
abroad on other railway systems. It is used forghgose
of train and wayside bidirectional communicationd an

particular for the transmission of series of datad a

commands, related to train operation, control anadegtion.

frequency bands of the French railway radio sysi¢20—
520] MHz and of the GSM-R system [820-1000] MHz.
2. PROBLEM FORMULATION AND MODELING

The roof top GSM-R antenna is exposed to the étectr
arc emissions and the signal at its output connests

The GSM-R implements the ERTMS/ETCS Level 2, whergecorded with a Digital Storage Oscilloscope (DSDhe

Radio Block Centers exchange the said data and aowisn

antenna signad(t) is the result of the electromagnetic field

on the GSM-R physical link. The GSM-R is thus safet captured by the antenna and the transient respoingiee

relevant and electromagnetic interference is onethaf
aspects to consider in evaluating the GSM-R rditgkand
robustness.

The electric arc at the sliding contact on the inotive
pantograph is an intermittent source of electroretign
emissions. Multiple elementary arcs appear andpgisar
with chaotic nature, producing transient internmttplasma
columns with a variable lifetime and successivanekibn
and re-ignition events [2]. Several elements andaibées
influence the electric arc emissions: the contaot wurface
and the sliding contact conditions, such as tentpegatrain
speed, the amplitude of the collected currentntkeehanical

antenna itself; the goal of the activity was to laage the
potential interference to GSM-R receiver. Variakdenpling
rate (5 and 20 GS/s) and record lengths (8k to 4dvide)
were used, to get the single transient signal anexplore
any repetitive pattern over a longer time interval.
Measurements were temporarily interrupted severad in
the vicinity of towns due to the high level of mimduced
by radio base stations and other radiofrequencyttensi
operating over the same or nearby frequency inlgrva
During about 100 min of measurement, the DSO cigteéc
about 25700 transient signals. The general wavestiapws

a first peak (that triggers the acquisition), felkd by

suspensions reaction and in general the mechanicglpsequent smaller peaks and oscillations with yiega

characteristics of the catenary system.

amplitude. Any offset or low frequency fluctuatibas been

The GSM-R system employs two frequency bands of thegrected by adjusting to zero the mean value basethe

GSM frequency interval: [921-925] MHz for the dowa,
from the control center to the train, and [876-88Hz for

evaluation on the first pre-trigger time intervahe joint
time-frequency domain was considered in [2]: thelevant

the uplink, from the train to the control centeaick band is  pandwidths were identified, two confirming the teictal
subdivided into 20 frequency channels of 200 kHbe T cnharacteristics of the roof top antenna and orabatit 1250

protocol is a TDMA (Time Division Multiple Accessand,

MHz; a transient oscillatory response is expectadeach



bandwidth, superimposed to the recorded transigiith a
frequency domain approach the spectral contenusdime
is compared to GSM susceptibility levels [4][5].

Two examples of recorded transients and related
parameters are shown in Fig. 1 [2].
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Figure 1. Examples of waveforms and of the paramete of interest

The time domain parameters of interest are asvistlo
» rise time RT of the first peak, possibly precedgdab

“pre-peak”, as shown in Fig. 1, upper curve;

» amplitude A of the first peak, distinguishing pogt
peaks A and negative peaks _Athe peak-to-peak
amplitude AA=A —A_ is calculated over a movable
time window;

+ time duration TD, taken from the occurrence of fingt
peak up to the crossing of a convenient threstsat to
30% and 50%;

» the frequency of ringing FR, quantified by the time
distance of adjacent zero crossings and compegdsatin
fluctuations and offsets of the recorded signal;

» repetition interval RI, that characterizes the ommce of
subsequent transients on longer time windows.

The time domain parameters above are evaluated as
histograms, sample mean and dispersion and prdiyabil
density functions (pdf), that best fit the sampstad More
generally a time-frequency representation allowsleéfine
the spectral content as a function of time andvaduate the
interference to GSM-R receivers, by comparison with
susceptibility levels [4][5].

3. PROCESSING OF MEASUREMENT RESULTS

3.1. Statistical distributions of pulse parameters

During the analysis, we noticed that in some cdkes
pdfs are not unimodal and several recordings bmopgieird
or inconsistent data, due to several reasons: gagéion of
two or more electric arc events, external distudeamvrong
scale setting. However, only 1% of the collectecbrdings
was discarded during the analysis.

The histograms of the waveform parameters (RT, TD,
FR and RI) are shown in Fig. 2, where some pdfs are
proposed to fit the experimental histograms.
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Figure 2. Statistical distributions of RT, A, TD50%, RI



It is underlined that the width of the bins of thesupported by a dispersion of less thamslthis is due to the
histograms has to be selected carefully, as pomiedh [2],  increased relevance of small RI values in thesttedi, as it
because of a peculiar behavior: since any crogsimggiven  should be.
threshold is influenced by oscillatory behavior urcing at
the antenna self resonance frequencies, the timatici TD
values are clustered around equally spaced referesices To the aim of evaluating GSM-R interference, nolyon
in relationship to the oscillation period. the RI statistical distribution is of concern, bafso the

The single spike has a short time duration, welble probability of occurrence of sequences of pulsiethe pulse
the BT = 3.6us. Rl is particularly relevant for the evaluation time separation random variables B&mely the respective
of the interference occurring repeatedly at severassage repetition intervals) are independent, following e th
bits and so in relationship to the forward errorrection previously determined statistical distribution, #&sociated
capability of GSM with respect to the so-called r&iti  probability of any pulse sequence and related coatigin
noise. It was noticed that RI estimation dependssifeon  of PS values is given by the product of the single
the sample set composition, that in turn depends)aihe  probabilities. These sequences and their high areenents
threshold chosen to count successive spikes, éi)géditing are particularly relevant if the frames transmittmcer the
time interval (set slightly larger than the estiethtTD), GSM-R channel are coded with error correcting codes
within which all the detected peaks are assumdxtlong to  in particular if the used codes have a specificustiiess
the same spike and related oscillations and areowtted against burst noise, so noise with a time durdtiager then
as repeated peaks. The sample size and threeticahtis a single bit time. These codes are in use in paaticfor
indicators (sample mean, sample standard deviaioth radio channels that are the most exposed to transigse
inter-quartile range) are shown as a function efttireshold due to natural events, and in particular thundemstoand

3.2. Statistical evaluation of pulse sequences

in Fig. 3. lightning. In the following the GSM-R will be assendh
operating without error correcting codes, so tha wrong
10° : bit corresponds to the whole wrong frame.

3.3. GSM-R susceptibility to a single pulse

Each single transient pulse is processed in thm fiohe-
frequency domain and the average power density theer
GSM-R frequency interval is computed. The noisespen
has an almost flat power density versus the frecpeaxis;
it is shown in Fig. 4 versus the time axis for talasses of
recorded transients: those with a net decay andetho
characterized by pronounced oscillations [2].

In Fig. 4 two different behaviors are shown: Figa)4
refers to a more regular waveform where the firgiulse is
followed by a more or less defined decay that kethgs
- ‘ ‘ instantaneous value below an approximate +30% hbids
25 30 35 40 45 50 55 (see Fig. 1, lower part); Fig. 4(b) shows a redigni of

Threshold % oscillations appearing every about 7 ns from thet fieak.
Figure 3. Statistical parameters for Rl evaluation:number of RI This peculiar aspect indicates that not only thdseu
samples x 1000 (grey thick curve), sample mean (lolacurve) in ps, separation PS is relevant for burst noise definjtiout that
standard deviation (dotted curve) inps, inter-quartile range (75%- the single impulse may last for up to a hundresns in

0, i A "
25%) (dashed curve) inus some cases —|Is, due to natural oscillations of the roof top

antenna triggered by a transient. The average peakr is
however equal for the two data sets within a few atisl
within the respective standard deviation profiles.

The GSM sensitivity level (the minimum detectable
signal at receiver) is very low and around —85 36 €Bm,
depending on the type of service. For a railwayirenment
the minimum signal strength (giving sufficient coage)
has been made correspond to —90 dBm for 95% of tinie
a more conservative value of —80 dBm was sugg¢2ied
account also for burst noise occurrence and to ceedu
drastically the bit error rate in worst case cirstemce. A
higher sensitivity value, of course, comes at theepof a
larger transmitted power and closer separation afli®®
Base Stations.

With reference to the solid black curve of Fig. et
sample mean varies from 3 to 106 approximately. The
exact value is related to the used threshold, &seévident
from Fig. 2 (lowest graph), where the histogram Rif
values counts rare occurrences up to 3®) that can
increase the sample mean if included in the cdiounaThe
fact is withessed by the increasing dispersion ugers
threshold, so that versus the number of considdRéd
samples (the dispersion is the dotted curve in Bjglf all
collected RI values are considered, then the Rinnvedue
increases to 100s, with a similar estimated dispersion, that
indicates that the more frequent low value RI san@re
masked by the less frequent larger values. Withr@shold
smaller than about 30%, the number of discardedpksm
decreases (the size of the sample increases) anthélan
value approaches a more sensible value of 2p%0
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Figure 4. Noise power density in dBm/MHz over the§50-970] MHz
band computed with 100 traces and two data sets: Y#&ansient with
defined decay, (b) transient with periodic burstsMean value (heavy
black), £+ 1 std. dev. boundaries (thin black), corected GSM reference
levels (grey lines)

3.4. GSM-R susceptibility to pulse sequences

complement to unity of the probability that all siare
correct:

Pre =1 (1- Ry)" (1)

wherePy is the bit error probability and= 300.

A noisy sequence S is made of a set of noisy spi(f)
with time separation RSTheN;(f) components at each time
instant are assumed normally distributed by the ti@en
Limit Theorem, since the traces were acquired
independently, their number is quite large andamglitude
of each component is almost equiprobable over @en
amplitude interval [7]-[9]. The RSalues correspond to an
approximately exponentially distributed random abhe
with the statistical properties of the Rl parameger shown
in Fig. 2. Py is thus related to the maximum amplitude of
the noise with respect to the amplitude of the aigmhen
the disturbance occurs (i.e. SNR value), and mopli to a
worst case analysis performed with the minimum align
amplitude (i.e. SNR,,). When the SNR decreases only by 5
to 10 dB the associated probability increases diiaaily,
so that the attention is focused only on thoseigustof the
route where the SNR reaches its minimum, that idway
between two Radio Base Stations. By the way, tbigder
portion is the one where handover occurs and whieze
GSM-R system is mostly exposed to interferences.

The EUROSIG specifications concerning wrong frames
are given in terms of maximum delay for correctepgon,
that is 7 s at 95% and 20 s at 99% confidence viater
respectively; these delays were selected to iderttie
maximum time interval that a train is allowed toecgte
without a correctly received Movement Authority reage,
beyond which a safe configuration is reached byeeit
reducing speed, braking to stop or other actiortiddd by
the procedures agreed by the operators, the infdste
owner and the authority. By assuming a continuous
transmission of frames over the GSM-R channel and a
continuous fair retransmission in case of framererwe
have F different frames sharing the channel, togetheh wit
their retransmissions, in number i on average for each
different frame. The number of different franfeéss equal to

Since GSM uses TDMA access to the physical channghe number of different trains served under theesahannel

to transmit frames that amount to 30 bytes (248) hiff
payload (plus additional headers and overhead,abmut
300 bits overall), the interference must be evaldatiso on

frequency; usually two different frequencies arsigrged to
a Radio Base Station and the maximum number afdnaér
channel may be considered around 30. The throughijsut

a longer time scale. With reference to sec. 3.2 thghys onlyF frames in the unity of time (1 s), while channel

occurrence of pulse sequences with &fproximately equal
to one or few BT represents the so called “burssaio
Burst noise occurs in bursts and represents traakenge
also for several error correcting codes (basicattymally
referred to as “forward error correcting” codeg)att can
correct more easily isolated bit errors. The P&8ues are
such that the impulsive noise may repeat every 30t@®T
(bit times), the lower values being more likely, that any
interference due to an excessive channel noise pae
affect several bits of the same message. In GSM}Rhe
frame is considered in error if just one bit of 8eguence is
wrong, so the probability of 1 wrong franfg, corresponds
to the probability of at least 1 wrong bit, that tise

occupation isMF frames in the unit of time, thatig f,.

So, assuming a high channel utilization percentage,
channel speed dB = 9600 bps and a Gaussian Minimum
Shift Keying modulation, that assigns 2 bits to heac
transmitted symbol, a full frame is transmitted in
Tr = 300B/2 = 15.6 ms, during whiclg = 3000 to 15000
noise pulses may occur on average for a Rl valtwdesn 2
and 10us (the most likely and sensible values as shown in
Fig. 3). The number of possible repetitions M otrer unity
of time is thus abou¥l = 1/(F Tg) 2. The exponent in (1)
may be thus replaced loy since an error may occur only for
those bits interested by a noise pulse; in realgp adjacent
bits may be affected in case of a low SNR, becafiskrst,
damped noise oscillations that extend beyond 1 &,



second, the noise power indicated by SNR is stithé
enough, despite the damping, to interfere with egbsnt
bits.

The probability of a wrong frame repeat®ld,,, times
over aTy,, = 7 S observation time interval is given by

— MT,
Pfe,tot - (Pfe) ob

()

It represents the case of a train that is unabledeive
correctly a Moving Authority frame over the allowdd,,
time interval beyond which an action is automaltjcal
triggered in favor of safety, such as a speed tamhuor
braking.

Eq. (1) may be then re-written for clarity for a GM
symbol that encodes two bits, using thRg, that is the
probability of a wrong symbol rather than a wrority b

P =1- (L= P)? 3)
P« may be lead back to the signal powgr(normalized
by the data rate) and noise power density by the
following expression, that is valid for orthogonbhse
signals under the assumption of an optimal receiver

{5

where Q() indicates theerf() function, that is the
complement to 1 of the integral of the normal distiion.
The ratioE,/N, is nothing but the SNR.

QV=\R)

The values ofP, and Py for an assumed bit error
probability (BER), for the minimum and maximum vasu
of g and for an assumed valueMT, are reported in Table
1 below.

(42)

Pe (4b)

Table 1.Ps and Preior for some assumed SNR, disturbing pulse density
and average number of retransmissionsM T oy

SNR

0 +10 +12 +14 +16
Pe 0.159 | 810" |3.410%|2.7107|1.4 10
Pre 1.0 0.905| 0.098| 8.11bH 4.2107
Pretot 1.0 | 0.246| 7.310° 510* | 510%

It is clear that a SNR of about 10 dB represeradithit
for a satisfactory exchange of frames over the GSM-
channel, with the criterion of ensuring the safefythe
circulation over a convenient time intervl, =7 s. The
estimated SNR threshold is in agreement with thedBO
margin proposed in [2] for the sensitivity threshalf the
GSM-R (see sec. 3.3 and Fig. 4). In some counttfiestime
interval before a speed reduction or braking isasgsin the
absence of a correct frame, is even increaseddot & s,
thus reducing the requirement on the minimum SNR.

These results are however approximate for the bititia
of several of the used parameters: Rl mean valo&sen
power, assumed maximum number of franfesassumed
lack of error correcting codes (whilst GSM usesod sf
speech reconstruction to improve speech qualitydha be
used somehow as a forward error correction teclejiqu
Moreover, the measured data refer to an open-air
configuration and we could expect some signal diggran
due to multi-path interference when the transmissiocurs
inside tunnels, as investigated in [10] for highgflecting
narrow environments.

4. CONCLUSION

The results of a measurement campaign and of the
successive analysis are presented: the aim ofdiindty is
evaluating the transient disturbance appearinghen@SM-

R roof top antenna used for ERTMS/ETCS train-to-sicy
communication on SNCF trains. The transient distode is
produced by the electric arc at the train pantdy@apd may

be considered a non-stationary process, featuring a
intermittent and chaotic nature due to the electic
behavior and influenced by the variable conditiafishe
contact wire, the weather conditions and other tpralc
factors. The attention here is on the statistical
characterization of the burst noise spanning ogeer®l bit
slots of the same GSM-R message and the capadilitye

GSM-R protocol to react to burst message corrupfidre

statistical properties in the time and frequencmdn of the

resulting random process are derived and compaithctive
susceptibility thresholds and error correcting ¢aliies of
the GSM-R standard.
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