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NOTES ¢ THL UNITS OF FLUX DENSITY.

In this thesis the new S.I, unit of flux density has been uscd
- the Teslae Below 13 given a comparison between Tesla and Gauss.

(1‘.!b/m2 = 1 Tesla ).

m Gauss Tesla
10 1070 —— |
) R 10'7 —
.l | 1070
’ -9

0.0l —— ; 1C
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SYHMBOLS

ﬂ; 'X' component of magnetlc vector potential.
ﬁ; 'Y' component of magnetic vector potential.
ﬁ; YZ' component of magnetic vector potential.

a Half the length of a side of a rectangular coil.
a Radlus of a circular coil.
a_ Unit vector in the 'X' dircction.

Unit vector in the 'Y' direction.

[+11]

Unlt vector in the 'Z* direction.

u»

VYector of the total flux density.

o ol

Magnitude of the total flux density.

xuﬂ

'X' component of flux density.

wi

'Y? component of flux density.
'Z' component of flux density.

w o
~N

Magnitude of X' component of fiux density.

for}

Magnitude of 'Y' componcnt of flux density.

jav)

Magnitude of 'Z' component of flux denslty.
b Half the width of a rectangular coll.
2 Coefficient of 22 In a binomial expansion ( appcndix 6 ).

4 in a binomial expansion ( appendix 6 ).

C

C4 Coefficient of z
d Half the spaclng between Heimhoitz Coils.

d Distance between turns on a multi-turn coil.

¢ Base of natural logarithms.

¢ Induced a.,m.f.
E Complete elliptic integral of the second kind,
Hz Magnetic field strength in the 'Z' direction,

Peak valuo of current.

Instantancous value of current.
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K Complete elliptic Integral of the First kind.

k Constant of proportionality,

=

Elliptic Integral variable,

L Inductance.

Number of turns of wire on a cotl.
Reslistance.

b

N
R
Rx ! Ratio of maximum flux denslty over a coil to the mintmum flux
R, ' donsity betwecn colls. X' and 'Z' components.

R'XE Approximate ratio of maximum flux density over a coll to The
R'%j minimum value between two colls., 'X' and 'Z' components.

R"X} Ratio of minimum flux donsity over a coil to the maximum valuc
R”ZE of flux denslty between the coils. 'X' and 'Z' componcnts.

r Radial distance from a point.

S Surface area.

s General length of wire,

vp Veloclity of Propagation,

X,¥,Z. Rectangular carfeslan coordinates.

XI’YI’ZI' New set of rectangular cartesian coordlinates.

z Input Impodanca.

in

Z, Helght of plick-up above the rall head.

Z, Characteristic Impadance.

o Currcent Attcnuation.

g Phase change coefficicnt.

¥, Pcrmoability of free space ( 4m x IO_7 Wo/A-m ).
¢ Cylindrical coordinate paramotor.

p Cylindrical coordinate parcmeter,

<} Angle of tilfed cotl.

W Angular frequency of alternsting field,

b\ Wavelength.




SYNOPSIS

tn Part | possible motheds of !mproving telegram coll
systems for use In a track-to-train communlcation are examined.
These colls are used to convey flxed Information, such as the
physical lImitation of the track on speed, to a moving train.
A tefegram consists of a number of colls and occurs at varlous
locatlons along the track. At present only one bit of
Information is derived per telegram coll and this severely
I Imlts the amount of Information that can be transmltted,
cspeclally In the vicinlty of junctions where a |ot of
Information transmiscion Is required. These colls are also
restricted to sleeper spacing.

The magnetic flelds produced by varfous slzes and
shapes of colls were examined and found to be very similar,

A method was developed using field components to double the
Information capacity of the colls, Rectangular cartesian
coordinates are the only coordinates Into which the magnetic
fleld can be resolved so that individual fleld components are
capable of belng recelved by a train-borne aerial.

Because of the dynamic range of the system requlred,
the lateral dlsplacement of telegram colls to obtain the extra
bit of informat!on and the restrictions on placing them, It
was found that only small colls on the rail! foot could be used.
With the colls In this posltion they were not restricted to
sleeper spaclng and were less prone to damage by track
maintenance equipment. To Increase the Informatlon capacity
of a telegram stil{ further, coils could be used both sides

of the track.




The practical work certalnly showed the feasiblllty of

the modifled system In a rallway environment, It also showed
the advantages of feeding half a telegram from each track
conductor and combining them In a matchlng network to minimlse
reflectlions on the line.

The sectlon on error rates showed little basic difference
between data transmlssion by telegram colls and various forms
of modulation, e.g. PSK, FSK, Before further concluslons
can be drawr more detalled knowledge of the noise is required.
in the final chapter In thls part other possible uses of
fleld components are discussed.

In Pare 11, Rallway Automation is discussed to see
what 1+ can offer and how I+t could be Implemented. The
various experimental trials taking place at present are aisc

briefly examinad.
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l. INTRODUCT 1ON

For soveral years British Rall, togethor with various
ratlway systems throughout the world, have boen consldering the
possibiiity of continuous communication with moving trains (sceo
rofercences |, 2, 3 and 4). This ncod has arisen through the desiro
for hlgher spoed worklng, higher density working and the resulting
nead for more stringent safety precautions.

Tho cxisting signalling systom copes well with train speeds
up to cbout 100 m.p.h. (160 km/h) with a possiblo extension up to
125 m.p.i. (200 km/h) - sce refercnce 5. The main proélem with
conventional slignalling arises when one noeds to comblne high
troffic density and ftrolns of widely differing spceds. Because
of braking requirements, signals arc spaced fo accommodate the fong
braking distonces required by high speed trains (a traln travetiing
at 100 m.n.h. needs 1.27 miles (2,03 km) In which to come to rost}.
This cbviously has an adverse effocct on the line capaclity at lower
speeds and hence the deslire to improve the sttuation. There aro
two possibllities horae, these arc :-

a)l tho provision of an overlay systom for high speed working, or
b) tho use of moving block working (sce ref. 6).

MovIng biock werking, whilst representing the optimum method for

any trafflic flow, cannot be caslly Implomented at thc prosent on

the rallways because of flnanclal, opcrational and technical
difficultlos. Howover, the use of an overlay system is a much more
viable propositlon and also lends 1tself to the possibillity of
conversion to a moving block system at a later stage. Thoe principle
of an overlay system Is the provision of advance Information to

the traln concerning the conditions of the track ahead (ec.g. signals,

speod restrilctions) and information uhlch can be fed to the traln-




borne computer to ensure that the train is travelling within the

prevaillng conditions,
At the moment fwo possible systems for Information

transmizsion are belng cxamined :~

l. the use of high frequency gulded electromagnetic waves,
and
2. an Inductive loop system.

Quite a lot of work has boen done on (1) especiaily In Britain and
Japan (soe refcrences 7 and 8) and probably offers a better long
torm solutlon than (2) due to tho increased informatlfon capacity
avaitable and the possibility of obstacle detection. However, the
Inductlive loop system at present Ts tho more realistic (see
rofercnees 3 and 4) and Is being Inveostigated very thoroughly in
Britaln and elsowhore.,

The information to be transmittced is cssentlally :-
l. the trafflc conditlons ahcad of the traln, and
2. the limitations Imposed by the track ttself.
In addition tt+ 1s probably alsc desirable o have a speech link
between the driver and operational staff and vice versa. Tho
transmitted Information can also bo dlvided as foltows :~

a) flxed Information, and

b) wvarlable ITnformation

(| Descriptlon of tho Inductive Loop Systems

The Inductive loop system consists essentlally of two parallel
wires runnlng between the ralls {n the centre of the track and
spaced at present onc foot (0.305 m) apart. These wlres are
transposed at 100 metre Intervals (see flg. i) to provide distance

markers for the train and to mInImise tho effects of tnduced e.m.f's.




Tr-a nositions

—_— —
Parallel Wires Running Rails
Fig.l., Showing Transnositions.
/-“
Pick-up
Cofls
fa
- — o
k3 4]
Fd
0 [ =
— (0
P
32 Telegram Coils Total
Pig.2. Skowing Arrangements for the Telegram Coils.
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Information can boe fed to +he train In two ways :~
l. via a form of modulation, or
2. via telegram colls.

The present trend Is to use clectronic medulation for the Information
transmisslon - both fixed and variable, although thls requircs

more trackslde equlpment. However, [t does provide the possiblliity
of deta belng re-transmitted. The alternative, (2), providos a

cheap and relatively reliable mothod of transmitting fixed
Information and Is explained boiow.

The fixed Infcrmatlon Is transmltted by 2 Mtelegram" which
consists, at present, of 32 colls connected In sorifes with the track
concuctors (see flg. 2). The Informatlon Is exiracted from these
colls In the following manner. The traln has two plck-up colls,
(1) over the parallel wires and (2} over the telegram colls. The
track conductors are fed with a 29 kHz slgnal. The two plck-up
cotls reccive the vartlcal compenent of the magnetic fleld from
the transmitters con the track and the telegram colls can be wound
elther clockwise or antl-clockwise (sce fig. 2). The phasc of the
slgnal recelved by plclk-up coll (2) Ts compared with that recelved
by (1) and depending on thelr phasce relaticnship (0° or 180%)
elther a blnary | or O Is transmittced. Thirtytwo binary bits are
at presont required In order to :-

l. convey the Information, and

2. convey the orror detectlon codes used.

This means that for the telegram system Tr[ed (ref., 4),
thirty iv'0 track colls are needed per telegram - only one blt being
derived por tolegram coll. These colis also have to be placed

one per slecper so that they do not Intorfere with tamplng
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oporations and &ther track maintenanco. Consequently a talegram

occuples thirty twu siecpers.

fe2 Restrictions on the Positions of the Parallcl Wlres

and the Tolegram Colls.

Unfortunately, severc rostrictions are imposed on the
placing of the tcolegram colis and parallel wires. This Is due
mainly to track malntenance requlrcments. The paralicl wiros must

thercefore be within the central twe foot (0.61m) of the track and

the telegram coils, as they |le away from the centre of the track,
must be placed on a slesper. The rall chalr also takes up a certaln
area on the sleeper and restricts stitl further the position of

the telegram colls (soe fig. 3). In additlon, the telegram coil
must not overlap the rall chalr and for positions between the

rafls +he pick-up colls must be at least 5" (0.127m) above rafl

head lovol = i.e, one foot (0.305m} above slesper lovef.

1.3 Concluslons

The length of track needed for a telegram severely |imits
the amount of Informatlon that con be conveniently transmitied,
especlally In tho vicinlty of polnts and crossovers. An additlonal
problem In this area Is also tho nced to transmit quite a lot of
data just before junctions for thc varlous routes that can be
taken, I+ Is these problems which have prompted the foltowing
Invostigations Into mothods of Improving the telegram coll system
and to compare 1ts performance against a systom using eloctronic

modulation.




As the systom uses tho magnotlc flold produced by o current,
tho Inltlal investligatlons have been contred around examining tho
flold comyonents produced by various shape colls. Hence, much
of the work has lnvolved careful measurcments of the flelds

thus produced and 1s described 1n tho noxt few chapters.
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2.  APPARATUS FOR FIELD STRENGTH MEASUREMENTS.

As the frequency used for evatuating the telegram is so low
~ 29 kHz - and the dimenslons Invelved are very much less than a
wavelength, then all radiation effects can be neglected.

I+ was first of all decided to look at the magnetic fields
from d.c. energised coils using a Hall Effect Gaussmeter. The
fields involved were of a very small magnitude and because of
extraneous fields it was Impossible to take any reliable readings.
The Gaussmeter was only capable of working up to about 4 kHz and
s0 readings at the normal working frequency of the tetegram colls
were not possible. A method of measuring the field was thus
required to work at some fixed frequency to eliminate any Inter-
ference, the obvious choice bsing 29 kHz,

The method used was to measure the emf induced in a small
probe coil, amplify this signal in a tuned amplifier, and fo
record the output voltage. The emf Induced in a smalt coll,
situated in & {ow frequency field and varying sinusoidally with
time, can be shown to ba proportlonal to the flux density (see
Appendix 1). The complete arrangement for flux denslty measurements

Is shown In fig. 4.

2.1 The Probe Coil.

Because the emf Induced in an air-cored coil Is so small a
ferrite-cored probe coil was used as shown in fig. 5. Thls consisted
of a ferrite former wound with 100 turpns of 44 swg. copper wire and

connected to the amplifier by a coaxial cable.




(D

VeT. V.M |
. e LleValia

Tuned Amplifier.

Pig. 4 . General Arrangement for Measuring Flux

Density.

Ferrite Former

_1
i
/

Pig. 5« Enlarged View of Probe Coil.




+30v

R T e R,
I .
L =
var
R, l e
C + CO
Rc T ¢ Q, C‘
T (-]
Fige 6. Narrow Band Tuned Amplifier. -

List of Componentsy-

R1

R2

22 ka
39 ka
15 ka
2.2 Ma
5.6 ka
330.n

100 k

0.1 pf

0.1 uf
25 puf
0.1 puf
C.084 uf

360 1




2.2 The Narrow Band Tuned Amplifier.

This was a two stage amplifier as shown in fig. 6. The first
stage was a common emitter amplifier with a tonk circult as a
collector toad followed by a fleld effect transistor in common
source connection. The second stage had fo have @ high Input
impedance to prevent damping of the tuned circult. The output was
vla a potentiometer VRI so that, if more than one amplifier was
used, the galn of each could be made the same and only cne
calibration curve was required. Tho amplifier was housed in a
steel box to afford some screening from the magnetic flelds although
this does not give complete shielding., The shielding obtainod seemed
sufficient,

It is desirable to have a narrow band amplifier In order to
cut down any interference which might occur. Figurc 7 shows the
frequency response of the amplifier, the bandwidth boing only
700 Hz and giving a @ of about 41, the cenfro frequency being

29 kHz.

2.3 Calibration of Amplifier and Probe Coil.

A calibration curve is requirced before any fields can be
measured showing output voltage against flux density perpendicular
to the plane of the probe coil. [t can be shown (see roference 16)
that about the centro of a long solenoid ( i.e. length / diamoter
is greater than say 15 ) the flux density is viriually constant
and has only one dircction. This provides an casy mcthod of
producing a uniform fleld for calibrating a small probe coll.

The flux density at the centre of a long solenoid is given

by :—

B = uONI TOSIa sesv e (')

(L2 + ap2)2
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Where N is the totatl number of turns on the solenoid,

L is the length of the solenoid, in motres and

R Is the radius of the solcnoid in metros.

Flgure 8 shows the apparatus used for calibrating the amplifior
and probe cotl,

Now, from figure 9,

I=Vp/R!
and W = 41 X 1077 henry's/meire

N = [95 turns

L = 0.10 metres

R = 0,005 metres

RY = 1030 ohms.

Substltution in (1) givos,
B = 2.36 x 10° Vv, Tosla.

The flux donsity at the centre of the solcnoid can thus be
calculated for various currents. A plot of output voltage of the
amplifier can then be made, for tho probe coll In the confre of
tho sotencid, ogainst flux density produced therc. As the
output voltage is also displayed on an oscilloscope it is easier
fo record pecak fo pceak voltages so that the two methods of
measuring this voitage can be casily comparcd. Figures 10 (a),
(b) and (c) show the flux density - output voltage characteristics
of the measuring apparatus. The calibration of the amplificr was
also checked at rcgular intervals using the above apparatus.

Soma trouble was initially encountered from noise introduced
by the circuits empioyed in the stabillsed power supply uscd.
The amplifier had a reascnably high gain and the level of some of
the output signals was very low; this noisc was climinated by

using 2 decoupling circuit across the power supply of the amplifier.




L

————— e

:

= (-]

P -
FLUR DENSITY, Qe 10" Tesla.

Fig. \0 (o).

1 4 -

CoyL'\8ARATION

CURAVE,

Vo(p-p)wmV




—_— ————— -

Y-} wo L[] [ 1.
Ve(p-1) m\

o

28

LO

do

~

o

Fig. 10(v),

3

<4
-]

FLUX DENSITY, Bw 10 Tegla,

CALIBRATION

cunveE,

o2



e = ey

hoo

00

%

e

o

2

.h

F.v i

FLux OENSITY, B85 (0" Tasla.

Fie. V0Ce).

CaLiaanTON

CURVE.

oA




1 En

Fig. 11 + Photograph of the Frame rk Used.,




-13—

2.4 Framework.

As it was desired fo measure different field compenents at
various positions in spacc some form of framework was needed so
that the probe coil could be moved in threc dimensions. The
framework had to be made of some non-magnetic material and also
had to be rigid. This severely limited the choice of materials
and the best one that emerged was "Tufnol'. The framcwork
dimensions were such that the feet would rest on the sleepers
if any tests woere required to be done on a railway track and could
easily bo dismantled if the need arose. Fig. Il shows a

photograph of the framowork that was bullt.
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3. ANALYSIS OF THE BRITISH RATL PROPOSED SYSTEM.

Although British Rall have made some Inf+tlal measurements on
their originally proposed telegram coll system, a full analysls is
carried out here. The results of thls analysis provide :-

(1) a check on the Britlish Rali readings,
(2) a feel for the problem, and
(3) the magnltudes of the fields Involved.

Flgure 12 shows a layout of tho system and gives tho maln dimensions.

Flgure |13 deplcts a telegram coll and shows tts constructlion.

Two stgnals are plcked up from the track :-

() over the centre of the parallel wires, and

(2) over the centre line of the coils.

in gach case the vertical component (Bz) of the flux density belng
rcceived. The dlagram shows only ftwo colls aithough thirty-two

colls are requlred to convey all the Information. It was found that
only the intorference from adjacont colls was importent and thus two
colls wore used to evaluate the practlical system, Other Interforonco
Inhercont In tho system is that botween tho parallel wires and the
colls, thoe Interference of the parallel wire flald on the coll flold
belng the most serlous.

The calculations of the theorctical values of flux denslty
wore done using the magnetic vector potentlal (swo Appendlces).

The evaluation of the resulting oxpresslons was carrled out with
the ald of a digital computer (an ICL 1905). Both thooretical and
practlcal results are tabulated hore, together with the graphs,

to give a comparison between the two sets of data. The curves
all show the rms value of thae flux donsity. The value of the coll

current Ic(rms) was 100 mA so that the thooretlcal values had only
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TABLE 1., Theoretical Results for Telegram Coil

B, x 1077 1 Y
Tesla cms.
-0.164, -80
—0.180 -75
-0.195 =70
-0,207 -65
~0.210 ~60
-0,196 =55
-0.151 -50
-0,049 =45
0.152 =40
04520 -35
1.151 ~30
2.164 -75
3.647 -~20
5.554 -15
7.585 ~10
9.190 -5
9.°05 0
9.190 5
7.585 10
5.554 15
39647 20
2.164 25
1.151 30
0.520 35

. 0.152 40
-0.049 45
-0.151 50
-0.196 55
~0.,210 60
-0.207 65
-0.195 70
-0.180 75
~0.164 8C
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TALLE 2. Practical Results for Telegram Coil.

v, (p-p} B x 16~ Y
mV Tesla Cms.,
2.4 -0.18 =75
-2.5 -N.19 ~70
2.6 -C.2 =65
-2.6 =0,2 =450
2.5 ~C.19 =55
-2.0 -0.15 -50
0.6 -0.05 -45
2.1 .16 ~£0
7.8 0.55 ~35
17.4 1.2 -30
32 2.2 -25
25 3.8 -20
82 57 -15
112 7.8 -10
134 9.3 -5
142 9.9 0
134 9.3 5
112 7.8 1C
82 5a 7 15
55 3.8 2C
32 2.2 25
17.4 1.2 30
7.8 0.55 15
2.1 C.16 A0
£,6 ~C.CH 45
=2.0 -C.15 50
-2.5 -0.19 55
2.6 .2 &0
~2.6 -0.? 65
2.5 -0.19 70
~2.4 -C.18 7%
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tc be divided by 10 to compare them with the practical readings.
A change in sign of the flux density on graphs represents a

phase change of 180°,

3 Ez Ficld from a Telogram Coll,

Tables | and 2, together with figs. 14 and |5, show the
theoretical and practical results for the vertical component of
magnctic fleld from a 9" x 77 coil of four turns. The pick-up
coil is at a height of 12" (0.305 m) above the coil base and
movas atong the 'Y? axis, l.e. X = 0. The theoretical and
practical values for tho fields agree to within 4%, thc errors

being greatest where the slope of the fiecld Is stecpest.

3.2 B, Field from Adjacent Telcgram Coils.

Curves (b) on figs. 16 and |7 show the theoretlical and
practical values of B, as the coils are traversed in the Y
direction for X = 0. From these curves an important ratio emerges
- namely the ratio of the maximum value of the fleld encountered
above a coil fto the minimum value between the peaks. Let this
ratio be denoted by R, and for the differcent field components be
Ry» Ry’ and RZ. it 1s at the minimum value of field wvhere the
Interference from a nelghbouring coil has the greatest effect.
An approximate value for R can be obtained from the curve for a
single coil. This Is the ratio of the maximum field strength fo
twice the value of tho field where the "trough’ would appear -
denoted by R,

For two adjacent ccits wound in the same sense and without

interference from the poratic! wires -
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Rz {(theoretical) 17.4

n

Rz {practical} 17.5
For coils wound in thc opposite sense, midway botucon the coils

the flux density Is zero and hence the ratio Rz is infinite.

3.5 B, Field from the Parallel Wires.

Becausc of spacc avallablo for practical work a parallel wire
system was built 8' (2.44 metres) long and 1' (0.305 metres) wide.
Some measurcments were carried out on the vertical ficld component
and It was found that the results did not agree with the
theoretical values obtained for the wires considered as two long
parallc! conductors. On considering the wires as an elongated
rectangle the theoretical and practical results were in good
agreement and hence the end cffects of the paraltel wires cannot
be neglected in a system of these dimonsions. A plot of
theoretical flux density, cccurring whero the coils would be,
against the length to width ratic of the linc is shown in fig, 18.
From this curve it would appear that a ratio of about 100:1 must be
used before the flux density approaches the value enccuntered from
an infinite line. For this reason no practical results arc
availablo and the theoretical values for a long |ine have bcen
used to give the curves in fig., 16. As a!l the work is carried
out at 29 kHz wherc the wavelength in alr is about 10 km standing

waves on the line have been neglected.

3.4 Bz Fleld from the Combined Parallel Virc and Coil System.

On forming the practical system as shown in flg. 12 it was

possible to take practical readings of the ficids involved.
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Interference is prodiced E? tho parallel wires on the coil fields
and curves (a) and (c) on figs. 16 and 17 show the modifying
cffect, Because of this intorfercnce the values of Rz arg
affected and bocome more reostrictive. The valuc of RZ whon tho
colls are wound in the opposite sense, for both additive and
subtractive effects of the wires, is stiil infinite but does not
now occur midway between the coils. For the coils wound in the
same scnse -
(1) the parallel wirc field additive to the coil fleld

Rz (theoretical) = 8.0

RZ (practical) = 7,7

and (2) the parallel wire field subtractive

Rz {+heoretical) =40

42

Rz {practical)

- the minus sign denoting a change in phasc of one of the ficlds.

3.5 Discussion.

These values for Rz set a limit for the system and the
maximum rangc over which it will work, For the above system the
current cttenuertion would wot haveto be qredterthan 18db (neglocting
nolso) uniess the interference from the parallel wires can be
subtracted from the coil field In tho recciving apparatus and
the range would then be about I7. This problem might also be
overcome by using a variable threshold lovel in the train control
equipment. Thore is also no reason why 7/.036 copper wire should

be used.
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3.6 Conclusions

Carcful attention must bz pald to the intorferlng magnetlc
fietd caused by the current in tho parallel wires so that
recasonable values of R can bo achleved. This Is so that the

dynamle range may bo as large as possible and applies to any fleld

component used.
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4,  EXAMINATION OF FIELD COMPOMENTS FROM TELEGRANM COILS.

To obtain more than one bit of binary information per telegram
coiI,Thcrgzﬁﬁgm to be three possible ways of achieving this.
These are :-

(1) +the usc of ficld componaents produccd by coils lying flat on
The sleecper,

(2) the use of ficld components produccd by colls inclined at an
angle to the horizontal on the sleepcr, and

(3} the use of multi-level fields (i.e. the use of colls with
different numbers of turns but using only one field component).
Because of the extra circuitry required in (3) for an analoguc to
digital converfer and the higher error rates involved this method
was not considered as a possibility. Investigations were therefore
confined To methods (1) and (2).

Using different field components the maximum number of bits
of information from a singlc coll is three, if atl the field
components are used. For these bits to be independent of one
another the coil must have three degrecs of freedom. Rectangular
cartesian coordinates are used throughout as these represent the
only possible ficld componcnts likely to be picked up by a train-
borne aerial,

The colls examined in this chapter aro fairly large (smallest
dimension 43" - 0.057 metre) as the flux density is higher from
a larger coil and the inductance of a coil lower for a glven ficld
strength (inductance Is proportional to the number of turns
squared). The usc of smallcr dimension coils Is examined in
chapter 5. Rectangular, square and circular coils are all

examined here, the relevant theory appearing In the appendix.
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For the tirst coil examined both theoreticat and practical
curves are given but for the remainder only “he practical
curves are shown., Throughout all the investigations theoretical
and practical results agreed to within 4%, the greatest error
occurring on the steep slopes of the curves and at low flux
densitles. Because of the restriction on the position of the
traln plck-up coil the measurements were restricted to helghts
of 0,20, 0.25, 0.30 and 0.35 metres above the coil. All the colls
consisted of only one turn of wire, the rms value of current in

the ¢oil in each case was [00 mA.

4.1 Investigation of Fieid Components from Coils Lying Flat

on the Sleeper.

4.1.1 Rectangular, 9" x 7", Coil.

Flgures 19 and 20 show the effect of height above the coll
on the BZ - Y variations. These are very similar to the plotg
obtained for the original 8.R. four turn, 9% x 7" coil, as
should be expected. One interesting fact from these curves Is
that the curve for Z = 0.25 m. has a zero at about 0.38 m . from
the coil centre - half way between adjacent coils ~ and hence
gives a higher value of RZ. The field pattern for the BZ - X
variations is very similar to the above. As can bo scen from the
graphs, by a sultable cholce of Z, one phase of the Bz signal can be
made predominant and hence It is of use for phase comparison
purposes.,

The By - Y varlations with Z are given in figs. 2| and 22.
This variation contains equal portlons of both phases as tho

coll Is traversed and hence is of no use for phase comparison
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purposes. The BY - X varlations are simtlar to the Bx - Y
variations as gliven in figs. 25 and 26 and as discussced below.
The Bx - X varlations arc shown in figs. 23 and 24 and
show that, by moving from onc side of the coll to the other
perpendicular to thc direction of motion (l.c. Y), a phaso
change occurs. Figures 25 and 26 show the Bx - Y variation for
positive values of X (for these curves X = 0,175 m.) and, as it
Is of one phase only, it Is of use for phase comparison
purposes. The same curves result for the Bx - Y variations for

negative X but are of opposlte phasae,.

4.1.2 Rectangutlar, 9" x 41", Coil,

The plots of fleld patterns for this coll (figs. 27, 28
and 29) are simliar in shape to those of the 8" x 7" colil. No
curves are given for the By ~ Y and BY - X variations but these

arg similar to figs. 28 and 29,

4.1.3 Square coils -~ 9" x 9% and 44" x 44",

Again the pattern of the field components are similar fo
those discussed above. As the coll is symmetrical, the Bz -Y
variation Is identical with the Bz - X variation as are atso
BY - Y with Bx - X and By - X with Bx - Y. Becausc of the
targer dimonsions of the 9% x 9" coil the flux densities are
higher than for the 9% x 7" coil. As with the 9" x 41" coll,
measurements of some values of flux densities were not possible
because the measuring equipment was not sensitive enough,
However, the measurements could have been done by using o higher

value of current and then scal ing down.,
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4.1.4 Circular Coils.

Two different diameter colls were examined - 9% diameter
and 6" diameter. The field patferns obtained from these arc
much the same as for the rectangular and square coils. Here
agaln, becausc of symmetry, the Bz - Y variation is identical

with Bz - X, By - Y with Bx - X and By - X with BX -Y.

The BZ - Y varlation for the 9" diameter coll, fig. 36,
also gives an incroased value of Rz for Z = 0,25 m. as there
Is a zero in the field pattern at a position approximately midway
between adjacent coils. The flux density at a given height Z
above the ccil 1s greater than that from the 9% x 7" coll and the
circumference of the circular coil is less than the perimeter of
the rectangular coil (23.25% comparcd with 32") thus ropresenting
a saving of over onc foot of wire per four turn coil. A circular
coil also does not have the disadvantage of sharp corners around
which the wire Is wound, The 9" diameter coll would thorefore
seem to be superior to the roctangular 9" x 7% coii, the only
disadvantage boing a slight decrease in R;.

The Bx - X and Bx - Y variations together give ficld

variations sultabie for phase comparlson purposes as before.

4,2 Investigation of Field Components from Tilted Colls Lying

on the Steoper.

From the provious plots of components of magnetic flux
density it can be sccn how similar the field patterns are from
rectangular and circular coils of varying dimensions. Becausc
of this similarity, only the field potterns from cne size and

shape of tilted coll were examined - a circular coil of 9"
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diamoter (0,228 m) and consisting of a single turn of wire.

A maximum angle of Tilt of 45° (soc figs. 42 and 43) was used.
Angles greater than this causing the coil to protrude above

rail head level and making it oven more suscoptible to damage

by railway maintcnance staff and tampling machines. For angles

of tilt betwoen 0° and 45° the flald patterns will be intermcdiate
between those shown for flat and tilted coils., The relevant

theory is given In appendix 4 and shows how the new ficld components
are a function of the ficld componcnts from flat coils. The field
patterns produced clcarly show this property.

Figures 44 to 48 show the field patterns for the coil
arrangement depicted In fig. 42. Any other arrangement for the
coil tilted at 45° results In curves the some as before but the
axes will be Interchanged and some phases roversed. As the coil is
tilted at 450, and is 9" (0.228 m) diamcter, it will have a height
above sleeper level of about 6.35" (0.16 m). Becausce of
clearancos involved measurements of height above the contre of
the coil were rostricted to 0.20 and 0.25 m. or heights above

sleeper leve! of 0.283 and 0.333 m. respectively.

4.2,1 Coll Tilted as shown in Fig. 42,

The Bz ~ Y variation for the coil Is shown in flg. 44, tho
Bz - X variation s given in fig, 45. Because of the higher
percentage of the opposita phase shown In flg. 44 this field
component is of no use for phase comparison purposes. The BY - Y
curves are depicted on fig. 46 and again arce of no use for phase
comparison purposes. The Bx - X curves are symmetrical about the
centre line of the coil, fig. 47, and exhibit equal areas of both
phases. Fig., 48 shows the Bx - Y variations for X = 0.125 m, and

this field component could be of use for phase comparison purposes.
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Type of Coil Z metres Ré R;
Rectangular Coils 0.20 ~19 6.6
9" x 7" 0.25 -76 4.2
( Ce228 m x 0,178 m ) 0430 17.8 3.3
0.35 6.7 2.5
0.20 -23 7.9
9" x 41 0.25 -26 5.6
( Ce228 m x G224 m ) €. 30 16.5 3.2
0.35 11 2.5
Square Ceils 0,20 -21.3 £, 8
an x gm 0.25 =92 42
( 0.228 m x 0,228 m ) 0. 30 14.8 2.9
0.35 6.7 2.1
0.20 -25.5% 8.2
410 x 4Lv 0.25 -15
( 0.114 m x 0,124 m ) C. 30 2. 3 .4
0.35 13.5 .
Circular Coils 0.20 ~2C. 4 6.4
9" diameter 0.25 App. OO 4.3
( 04228 m dia. ) 0.30 16,2 3.3
0.35 8.3 2.4
0.20 -26.5 7.6
6" diameter 0425 ~40 4.7
( 0.1%2 m dia. ) 0,30 37
C. 35 12 v

Table 3 . Variation of R; and R; with Different Pick-

Up Heights and Various Coil Dimensions.




(a)
-~ N Yor X
8, ,8y
(v)
XY
BI!BY
For X >Q
»
(c)
Y,X

Fig. 49 . OCnvves Represenistive of ¥ield Palierns

-

frow ©nils Tying Plat as Dxamined.




4.2,2 Coll Tilted as shown in Fig. 43.

Figure 45 now represents tho Bz ~ Y variations and is
similar o the BZ - Y curves obtained for a flat coil, These
curves could be used for phasc comparison purposes. Flg. 47
gives the By - Y variations for this arrangenont of coil and arc
of no use for phase comparison. Fig. 46 reprosents the Bx - X

variations (Y = 0).

4.3 A Method for Increasing the Information Capacity of a

Telegram Coll.

From the above investigations a possible method emerges of
obtalning two bits of binary information from a tclegram coil
simultancousty. To facilitate the explanation the curves in Fig.
49 have been drawn and are representative of the curves obtained
for the coils examined in section 4.1. The fotlowing Is also
applicable o some of the fleld components obtaincd from a +ilted
coll.

Because of the Inherent naturc of the By - Y variations it
Is of no usa for phase comparison purposcs. This fleld component
could be of use for error detection on the Bz fleld component -
if BZ changes phase the By component reversesits phase scquence.,
The BZ - Y variation and the variation of B>< - Y with X arc
sultable for phase comparison purposcs and conveying two
independent bits of information simultanecusly.

The BZ variation with Y or X Is similar and is predominantiy
of one phase, hence conveying only one bit of Information. The
BX = X variation reverses phasc midway across the coil - £ig.49(b)

= and results in the Bx - Y variation shown in fig. 49{c) for
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PosITIVG valucs of X. For negative values of X the phase is
reversed. Hence, depending on which side of the coil is boing
considered, for one phase of the BZ field, two possibilities
exist for the Bx component, thus giving two indepcndent bits of
information (sce figs. 49(a) and (b) ). This same situation
arises if the pick-up trajectory remains the samo and the coll
Is moved lateraliy - sce fig. 50. |f the coil is now wound in
Tho opposite sense, or turnced over, both Bz and Bx arc reversed
In phasc. Some form of truth table Is therefere required to
determine the bits of Information to be picked up - this is
discussed in chapter 7. The Bx field is slightly weaker than the
Bz field and hence it is desirable to work at or near thc maxImum
of this field. Unfortunately tho maximum of this field occurs on
the steep sides of the BZ field, any latcral movement will
therefore produce a largc vartation of the induced voitage from
BZ and may prove to be a limitation of this system.
There arc four othor possible restrictions on this system,
namely :-
(1Y the vertical movement of the train-borne aserial
(2) the lateral displacement of the telegram coil to achieve this
system
(3) the values of RZ and Rx, and
(4)  the interference of the parallel wires on the colls and
vice versa,
Limitation (1) is not considered hero for these large colls
because the restrictions imposed by (2}, (3) and (4) make this

varsion of the system impossible.
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4.3.1 Lateral Displacement Required by the Tolegram Colils,

From the curves for the Bx ~ X variations it can be seen that
the maxima are closcr fo the centre of the coil the lower the pick-
up hetght (if.e. Z). A condition imposced by the Railway
Authorities is that in the arca between tho raits the plck-up
must be at least one foot (0.30 m.) above sleepcr level (sce
section 1.2) - this then repreosents the first limitation. The
maximum of the B field at this height, for the coils examined,
ies about 0,175 m. from the centro of the coll - for tho system
proposed the colls must be symmetrical about the pick-up
trajectory and thus requires coil centres to be 0.35 m. apart.

This immediately poses problems because there must be at least
half a coil width between the coil centre and the edge of the ratli
chatr; this distance is about 0.11 m. The coll will also extend
beyond the position of the other coil centre by the same amount,
thus requiring some 0.57 m. of space on thoe slecper, but there is
only 0.55 m, betwecn the track centre and thoe edge of the rail
chair - see fig. 5l. Hence, for the paraltlel wires 0,30 m. apart
and offset from the centre of the track, it is physically
impossible fo insert this arrangement between rails. Smaller
colls could be used with increased numbers of turns but for tho

pick-up at 0,30 m. above sleeper lovel the inductance of these

smaliler coils would make the system prohibitive. Another possibility

would be the use of narrower parallel wires.,

4.3,2 Limitations Imposcd by R'Z and R'.
As can be seen from table 3, the values of R; and R; improve
with docreasing Z, but the minimum valuc of Z between the rails is

already fixed. The valucs of R; arc tolerable at this height but




Typre of Coil I aR X, (za vt
Rectanguler gm x " 1.3 0,74
9" x 4" 1.1 C. 20
Scuare gr x gv 1.4 .26
4Le oy 4tv .95 .17
Cireular 9" dia. 1.2 .22
6" die. .95 C.27

Table 4. Inductance and Reactance of 3ingle Turn

Coils Used.
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those for R; would rastrict the dynamlc range to such an extont

as to make the system impracticable.

4,3.3 Interfcrence from the Paraljel Wiros.

Because of the position of tho Bx maxima and the size of
the colls, tho pick-up trajoctory would have to be at about 0.26 m
from the centre {ine of tho track, or about 0.40 m. from the
contre of thoe paraliel wires if offset. Carc would have to be
taken with the interference of the parallel wires on the coll
field and vice versa. The interference at 0.40 m. from the
centre of the parallel wires is greatest on the Bx field component
- see figs. 53 and 54. The percentage interference of the parallel
wires on the coll flelds can be reduced by iIncreasing the number
of turns on the coil, but this then Increases the Interference of
the coits on the parallel wirc ficlds = no compromise being
possible. British Ratl have alsc mentioned that the paraliel
wiros may well have to run symmeirically about the centre of the
track, thus rendering this method not feasible with large telegram
colls., By having the parallel wires In the cenfré of the track,
only one pick-up coll is roquired for them whother the locometive
becomes reversed or not.

If only one field component from the coll was used -
Bz = then It might be possible to place the coil centro at the
point of zero vertical field from the parallel wires to partially
eliminate interforence. It would aleo be possible, for this fieid
component, to feod some of the parallel wirc signal o the s!ggal
picked up from the telegram cells to cancel the interference. If
two slgnalé are picked up simultancously It is pcssible also to

effect this cancetlation with the Bx signal.
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4.4 Tilted Coils.

When tiited cofls are used only one field component is
suitable for phase comparison and hence there is no advantage

fn using them, Flat coils are also to be preferred.

4.5 Conclusions.

Because of the above !imitations on the Bx field for
receiving two bits of binary information simultancously by a
moving train from large telcgram coils,a practical system is not
feasible. The work In this chapter indicates that smaller coils
will produce higher values of R; and R;, but witl have a higher
inductance, and provides the basis for the work In tho noxt
chapter. The use of narrower parallel wircs would also be

advantagoous in reducing interferonce on the coll fiolds.
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5. SMALLER COILS AND THEIR APPLICATION IN A PRACTICAL SYSTEM.

Because of the serious limitations on the system described
in the previous chapter and the trend, exhibited in table 3, of
R; and R; increesing with smaller coils and reduced values of
pick-up helght, a system exploiting these features might be
feasible. Unfortunately, to obtain a given flux donsity with
smaller coils, more turns are needed on the coil and hence the
inductange of the coll increases. Using the values of flux
density in the original B.R. system as a guide, then a flux
density of about IO-7 Tesla sheould be produced at the pick-up
height used, with a coi! current of about 100 mA (rms). The
inductance is required to be kept to a minimum as it represents
a lump loading of the transmission i1ine feeding it, thus causing
reflections which might upset the system. The higher frequencies
will be attenuated more and a higher sending end voltage will be
required to achieve the same coil current. An additlional
requirement when using smaller colls, associated with the
inductance problem, is the need to use reduced pick-up helghts.
This requirement would mean that the felegram coils would have
to be placed somewhere other than between the rails because of
the restrictions imposed there on the pick-up height. There are
two possibilities here :-

(1) the coils staggered about the rail foot (figs. 55 and 56) or
(2) the colls both on the outside of the rafl (fig. 55).

The usc of coils staggered about the rai! on the sleeper is not
possible because of the area required by the ratl chair. Above

the rail the pick-up coitl could come theoretically down to rail

head level but allowance must be made for wheel wear, rall wear
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and bounce and pitch of the locomotive bogie., To be able to

pick up signals from telegram coils situated outside the rails
the pick-up coll assombly would have to protrude from the side

of the locomotive and in this position would violate the

loading gauge. Also, In this position, the use of reduced pick-
up heights is prohibited. Because of these restrictions the

use of telegram coils In this position Is no longer considered.
With the colls on the rall foot they must lie wholly within the
confines of the rail (sce flg. 56) so as not to interfere with
tamping operations. The maximum width of the coil (not including
encapsulation} is therefore 2" (0.051 m). If the coil is
adjacent to a rail fastening (or chair) I+ might have to be even
narrower, but this position is best avoided. Sited thus, the
telegram coil does not have to be opposite a sleeper and is far
less prone to damege by 'permancnt way gangs' or trespassers.
Because of wheel and rail wear a minimum distance of the telegram
coll below rail head lovel (when new) must be set. For the work
described in this chapter dopths of 3" (0.075 m) and 24" (0.063 m)
were used., This Is made up from {" rail wear, 3" tyre wear and
about 13" for the wheel flange, but assuming the flange is
furned down as the tyre wecars. With the coils In this position,
the pick~up coil would have to run symmetrically along tho contro
line of the raii.

Both circular and rectangular colls were examined remote
from the steel rail, The most promising werc then examined on
the rail foot, the determining factors being :-

(1) +the manner in which the steel rail distorts the ficld of

the telegram coil, and

(2) the change in impedance of the coil, if any.
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Both theoretical and practical results are available for the
coils remote from the rall but for tho coils on the rail foot
only practical results arc avallablo because of the difficulty

in analysing tho situation mathematically.

5.1 Clrcular Bobbin Coils Remote from the Rall.

Two different sizes of coil were examined - 1" (0,025 m)
and 2" (0,05 m) diameter, Both coils were wound with the same
number of distributed turns (i.e, 34), The method of calculation
of the field components Is shown in appendix 5. The shapes of
the fleld patterns are very similar to those obtained in the |
previous chapter and the same mothod for extracting fwo bits of |
information applies. The maximum of the Bx ficld at a given
height has also moved closer to the cenfre of the coll. The 1
smaller bobbin coll with 34 turns does not produce a high enough
flux density to be of use. This value of ficld could be doublicd
by using twice the number of turns but the inductance would go up
by a factor of four and the reactanco at 29 kHz would then be
about 10Q. Sufficlent flux density can be obtained from the 27
dlameter coil but the reactance of this is again high - 90, It
would therefore secem that a somewhat longer coit would afford a
better flux density to inductance ratio. Smaller coils do
exhibit larger values of R; and R; (sco table 5) and Justifles

their examination.

5.2 Rectangular Coils Remote from the Rall.

Two difforent sizes of rectangular coil were examined -
4% x 2" (0,102 m. x 0,051 m,) and 6" x 2" (0,153 m. x 0.051 m.)

but with different numbors of turns (12 and 10 respectively).




o

2 0

Swn

PRACTICAL
Tlrms) 2 100wmA

/Z‘O-'?-OM

|
270 A5

o |
!
» N N\ | a
—_— -r-a — \\ !
' 1
| [ ! | '
| 1 |
| ‘ P & N .
’ = &wwr ) \.r A e F‘J"W v—*-ru—— ¥
: 8o &o uo 20 o o 8o Yems

Fi% G Variatwen BG4 wilkh ‘r\é\csﬁ‘\ obove

ch’t an%ula.r

CO.tL

of

12 tuens.,

A

o

&GO

l



1 Bx]r_"’-'

Tesla

L zr0lASme— | PRECTICAL .
l T lrmad= W0owmA

Z:0,20m

1
!
t
|
ey h 6o Ba —_—
g0 Kems
|
- —_
b
I R ] e
|
|
i

Fl% GL Nactiakion o( Qx \—-\e‘lcié*‘ above o ‘;-"12" Qeckancéu.\ar
Coll of 1 buens



pRAcTIcAL
T rms)=10OmA

Fiq. 5.

20

Vaorwition of Sy With

Col vastw

Fan?
o

“Q-.\qu{ n.‘ooue a
VA Xuens,

TO o
Yems

A Ra c*\‘o.r\cau\ar




1 Bax |0-‘I
Tesha - |

) L — - - _
DistoibuXk ed \:J\ndmnsl.'.

b
'

I 1

. L THEORE VWAL ___

Lume ed W \nd-'l.ncss

S —_ —
B0 6o 4o 206 a0 [¥a) €0 8o Yems

Fiq 66 Diferences 1n B2 wuhen Assuming  Digstriboled oc Vumped
\Windinas Cor o ©'v2° Qec{oﬁciuk\ar Cov (10 buens).



!

Bz 134
Testa

S B S

My

_ pReCTicAL

| ICCrm“J = \C')Omn
|
|

)
t
l
]
|
i
I

80

&0 Lo

Fl%. &7,

Voriation

Pt

i

of B8, wit \-\E\C\(N\ ohove o
RN

AN,
L =
io 4o

A2 wtns,

———— i

[ 7o Bo

g' b 2‘ Rmc*an%u\or

ch\s



|
|
i

Lo PRacTCRn

_u_nw. o3 - Variation of Bx witw fﬂ.:uwﬂlr absve @ '« 2"
__nbn..ﬁp_)oucrrpq. Coad wide \O L ournsg




oy e

. PRHCI icnk
T lrmsi=100mB

|
I

|
e e b e

i
'
|
|

e e e =

3
go

Lo

X2

go

Fl% G9 VNariotiwon of By vavth \-\e\osﬁk abave o &' 27 Qec‘\‘uncsu\ar

Coi\l AL

10 tuens,

Yems,



Type of Coil Z metres R; R!
Bobbin Cozle 20 -30.5 2C
1" dia. 34 turns 25 -30,0 . 12,4
( C.025 m diae. 30 ~30.0 6.5
2" dia, 34 turns 20 -4 20
{ 0.051 m dia. ) 25 -29 10.3
320 App. 00 5e 5
Rectangular Coils 15 -27,2 e
4" x 2 12 turns 20 -24 14
( 0,162 m x 0.051 m ) 25 =33 Ted]
6" x o 10 turnc 15 ~00.5 24
{ 0.152 m x C.051 m ) 20 ~12,5 17.5

Table 5. Variation of Ré and R; wiih 2 for Small lulti-{urn

Coils. (These arc the worst values for sleeper spacing).
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This was to givc approximately the samo valucs of fiux donsity
at a given height above the coit centre. No curves wore
obtained for the By - Y varlations as thosc are of no use for
phase comparison purposes (as explaincd in the previous
chapter). Figures 63 to 69 show the familiar forms of the
curves for the various ficld components. These smalloer
rectangular colls show improved values of R; and R;, ‘the values
of R; being better than those for the bobbin coils. The
inductance of these coils is aiso lower than that of the bobbin
coils (see table 6) to obtain a flux density of IO'-7 Tesla at a
given height with a coit current of 100 mA (rms). From the
measurements ftaken, these coils exhibit a targer dynamic range
than the original four turn 9" x 7" colls. Flgure 66 Is
included to show the error introduced for these coils when
considering them as lumpad windings rather than distributad
windings. In tho analysis here they are taken as distributed

i
l
windings. |
5.3 Rectangular Coils on the Rai! Foot.

The above results show that the smallor rcectangular coils
have a far better performance than the bobbin coils and hence the
following investigation as to their suitability for uss on the
rall foot was carried out.

From the previous work It appears that tho Bx fleld is the
most limiting with respect to R; and the closer the telegram }
coil Is fo the pick-up, the better is this ratio., To obtain the
required flux density the pick-up should be reasonably close to

the telegram coll and, for the coil romote from the stesl raiil,

this distance is about 0.15 m, Although, as stated previously,

s




Figs 70. Photograph of Small Telegram Coils Used.
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the pick-up could, theoretically, come down to rall head level

some clearance must be allowed for bogic pitching and bouncing
and small objects on tho track - a mintmum cloarance of 2"
(0.05 m) is thereforce suggested by British Rail., For a pick-
up hetght above the rall head of less than 4% (0.01 m) the
pick-up assembly would have to bo spocially engincered so as
not to exceed the restrictions imposed by the special guard
rails used over viaducts to prevent deratlments, The systom
should also be able to tolerate a tateral movement of
approximately 217 (2 0.025 m) about the centre linc of tho
rall for the pick-up coils attached to the bogle.

Inttial investigations were confined to the determination
of what would scom the optimum positicon of the telogram coil
below rail head level and the range of heights for the pick-up
coll above rai! head to encounter suitable values of flux density.
It also helpcd to show which size of coil was the bost cholce.
The telegram coiis were mounted on wooden blecks attached to the

rail foot.

5.3.1 lInitial Investigations.

Three values of depth of the felegram coi! below rall head
level were cxaminea - 6.25, 7.5 and 10 cms. A lateral
variation of > 2.5 cms was assumed about the centre line of the
rail and a pick-up height range of 5 cms to 12.5 cms above rail
head leve! (i.c. 2" to 5") was uscd. Measurements were carried
out on both the Bz and Bx fields for both coils and the results
can be seen in figs. 72 to 75, From these graphs, to obtain a
reascnabte flux density over a given plck-up height range, (i.e.

about I0_7 Teslta), the telegram coil should be between 6.25 and
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Type of Coil Size R n L mH }{L(@E_'].{_Hz)
Bobbin Coil 1" dia. 0.076 15 2.7
2" dia. 0.155 50 9.1
Rectangular 4" x 2" 0.256 25.1 4.6
Coils g% x 20 - 2745 5
Rectangular 4" x 2¢ - 275 5
Coils (with
coanccting leads)| 6" x 2" 0.375 30 5e5
* on the rail foof 6" x 2" 0.375 29 5e3
Table 6. Inductance, Resistance and Reactance of Snall
Circular and Rectangular Coils Remote from the Rail.
Depth bclow rail
Tvrpe of Coil} Size lhead level - deni. R; R;
Rectangular 6" x 2" 7¢5 ~Ted =23
6425 ~Ted -11.5
" 4" x 2" Te5 -8.7 -25
‘ 625 -7.8 -10

Table 7. Variation of R; and R; for the Telegram Coils on

the Rail TFoot with Depth of Tele gzram Coil Below Rail Head

Level.
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7.5 cms below rait head lovel {for both coils) but the 6" x 2V
coll glving tha higher values of flux density., The magnitude
of B, would aiso appear to bc a limiting factor. The best
range of pick-up helght would appear to be between 5 and 10 cms
abovo the rail head (Zo) providing the fall off in Bx at ZO =

[0 cms can be tolerated (fig. 73).

5.3.2 Variation of R', R' with Lateral Dispiacoment X and 20.

An examination of the Bz - Y and Bx - Y variations for both
colls was carried out and the rosults are shown in flgs. 76 to
79, (a) and (b), for the telegram coil 6.25 and 7.5 cms below
rail head level. Readings werec obtained for the cxtreme
variations of the Bx and BZ flelds and an intcrmediate position
of tho pick-up assombly - ZO = 7.5 cms and X = O cms, The
original definition of R; and R; Is now meaningloss, the
important ratio bolng that of the minimum valuc of fleld
encountercd at Y = 0 to twicoe the maximum value of flux density
encounterced midway betwoen adjacent colls wound In the samc sensc
~ denoted by R" and the appropriate subscript. Table 7 shows
values of R" for the spacing of the coils 0.76 m (i.,e¢, one
sieeper spacing apart). This table gives the worst possible
values of R", oxcluding interference from the parallel wires
and neglecting noise. The values of R; are rwuch smaller than
those hoped for, but the values of R; are encouraging. I+
would therefore seem that, as the pick-up height cannot be
varied much, the tolegram coils must be spaced differently or
some compensation may be obteinable by suitable arrangement of
the pick-up assembly, or both., On increasing the spacing of the

telegram coils to | metre the values obtained in Table 8 rosult.




Type of Coil Size d cms R'Z' R;
Rectangular gn ¢ 2" 7.5 -14.5 ~22,6
6.25 =144 -21.2
4" x 2" Teb =14.2 -23.8
6.25 =15.9 -17.3
Table 8. Values of for a Coil Spacing of 1 metre.

R" and R"
b x
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These valuss for R; and R} look far more promising and would
seem to represent a practical system. One intercsting fact,
with the steel rall prescnt, is tho reversal, away from the
coil, of phase of the Bx ficld component; +this is due prosumably

to thae distortion of the ficld by the stecl rail.

5.4 Colil Impcdance on the Rall Foot.

Placing the coll on the rail foot, fogether with its
connacting wire, a small decrcasce in the reactance of the coil
Is observed - sce tabie 6 for the actual valucs. Although it
is only a small percentage change, for .sixtcun coils it
represents a change of about 3 ohms, total. This docrecase is
duo to the distortion of the flux passing through the coil by the

presence of the steel rail.

5.5 Conclusions.

The reception of two bits of information simultanzously
is certainlty feasible but the vertical and horizontal movement
of the pick-up assembly may prove to bo a {imiting factor. By
using the colls on the rali foot, due to distortion of the steel
rail, a slight increase in flux density is obtainad. The use of
the telegram coils 6.25 cms. below rail head level also glives

higher values of flux density.
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6. THE TRAIN PICK-UP COILS.

The signals transmitted from the track colls must be
recaelved by thoe frain and honce some form of train-bornc acrial
1s neecded. The magnetic fields usced are weak (less than !0”6
Tesla) and the use of high permcability meterial for the aerial
is therefore desirable. The introduction of a magnetic
material in the pick-up coll makes it possible to concentrate
through the coil tho magnetic flux from a larger area, thus
reducing the size of the loop needed and producing a higher
induced emf; the obvious choice for tho magnetic material In
this case is a ferritec rod. The incrcase in flux linkagas which
result, when a ferrite rod is used, is a strong function of the
geometry of the core (sec refercnce 9), cyiinders with a relatively
large length to diamcter ratic ylalding a larger increcase in the
flux passing through thc receiving coil. By increasing the
flux passing through tho coil, a higher induced emf is produced
and hence an effective amplification is obtained. The ratio of
The emf induced with the rod present to that without the rod is
referrod to as the effective permeability - Ugegr This is not
the same as the initial pormeability of the material (sce

reference 10), The paramctor varics almost parabolically

ff.
over the length of the red, being a moxinmum at the centre, for
the rod in a uniform ficld. Hence, there is an optimum position
for the coll on tho rod (see referonce IV). The maximum value
for the flux density to keep the forritc on the linear portion
of its B ~ H curve is about 0.15 Tesla and, for the flux

densities used in this communication system, there is no

Itkelthood of saturation occurring.
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In the orlginal British Rall systom a single vertical rod

was used above the coils. This was a rod 3.27 long by 9/16"
diameter (eg FX 1183) wound with 108 furns nearcr the
"rocaiving? ond of 28 swg cnamelied copper wirg. I+ had an
Inductance of 600 H.

As specific field components are o be received, the pick-
up system Is required to be directional., Tosts were carricd
out with various grades of rod with diffcront length to
diameter ratios in a uniform ficld to sce if the ‘reception’
pattern of the acrial could casily bo made directionat. An
examination of a rod in a non-unifornm field was also carried
out. Finally an investigation was made into the use of two
perpendicutar rods for receiving two field components

simultaneously.

6.] Examination of Faorrite Rods in a Uniform Ficld.

Varfous grades cf ferrite rod were uscd and fig. 80 glves

an indication of their properties., The types of rod supplied

were -

1 /4" diameter F8

378" diamcter F8A Straight Rods
1/2% diamcter F8

10 mm diameter Fil Fluted

Two types of coil were used on the rods :-

{1} a single layer 100 turn coil, and

{(2) a single layer coil -~ 50 turns per layer.

To obtain a uniform ficld a Helmhottz Coi! arrangement was uscd.
This consists of two coils of equal diameter scparated by a

distance cqual to the radlus of the coils. The ficld in The




centre is found fo be uniform and of one direction (sce
Appendix 6 for the relevant theory). Figure 81 shows a
photograph of the Helmholtz Coils and the turntabic used for
rotating the pick-up coils. The coils were 30 (0,76 m)
diameter, the turntable 114" (0.28 m) and calibrated oveory

10° (sce fig. 82). A computer progrom was run to cvaluato
the field between the Helmholtz Colls and showed that within
an area of approximately 0.10 m. radius from the centre of
them a variation of flux density of less than |% occurred and,
for all practical purposes, this field can bc assumod uniform.
From Appendix 6 the flux donsity at the centre of the Helmholtz

Coil arrangoment is given by :-

B, = 4pyd?[ Tosla

Z
¥ (542)3
whare
w, = 41 x 107 Wb/Am
d = radius of +ho coils = Q.19F m.

I = coil current in ampores.

From the above equation any desired valuc of B, can be ohtaincd.

Various ferritec rods were usced with the ftwo types of coil
and figs., 83 to 87 are representative of their 'receptiont
patterns. These curves show the normalised induced signal with
angle of rotation of rod to the magnetic ficld. The normatised
signal is tho ratio of the induced signal at some angle 9 (sce
fig. 82) to the maximum induced signai. A plot for an air-cored

coll is also shown,




IMig. 81 « T'.otograph

of Hclmholtz Coils.

D\i_-u\'-‘m ot
Appliad Fiald .

Pig. 82 + Details of the Turntable Used for Rotatin-

Pick-up Coils .
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The 'rcception' pattern of the rods and the coll have a
figure of cight pattern - i.e. the induced signal Is proportional
to Cos 6. The pattern docs not secm to vary with the iength/
diameter ratio of the rod, the type of coil used or the position
of the coil on the rod. Tho maximum induced emf in the ceoll was
observed to be when the coil was symmetrically placed about the
centre of the rod. The method of measurcment is deplicted in
fig. 89. A frequency of 29 kHz was uscd throughout the tests.

To obtain two bits of information simultancously from a
talegram coll, a ferrite rod acrial is required fcr cach ficld
component and the pick-up coils must run symmetrically about the
centre line of the rall ~ this is because the coils are
staggered about this line, As the B>< field is tha weakest, the
pick-up coll for this component should be cliosest to the
talegram coll and hence an arrangement for the aerial as shown
in figs. 90 and 93 is required.

A test was carried out in the Helmholfz Coils to find the
mutual intcraction offects betwcen two rods placed perpendicularly
as in fig. 90. Figures 91 and 92 show the results and the
patterns are still of the familiar figurc of cight shapzs. From the
practical readings taken thero was only a small change between
the vatucs of the induced emfs in the rods by themselves and the
ocmfs induced in the rods when in an inverted *T' configuration.
From the measurcments recorded the 3! rod (FBA) scemed to have a
higher value of Mogge than thae other grades of rod, but otherwise

it had no outstanding advantages.
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6.2 Tests in a Non-Unlform Field.

An oxamination of a single rod in the non-uniform flctd of
a 69 x 2" rcctangular coll on the rail foot yielded thoe curvos
shown in figs. 94 and 95. |t was found that there was a
position of the coil on the rod which produced a maximum
induced amf - this was towards the end ncarest to the toelcgram
coil, This is because PP of the rod varics almost
parabolically in a uniform field but when placed 1n a non-uniform
field, such that the flux density at one end of the rod is
greater than at the other end, the position of the maximum
offective permeabl!ity will shift fowards the stronger fiold.

The effeet of having two pick-up coils placcd closc together
(as in flgs. 90 and 93) was also examined., Two rods of F8A
material (3" dia. x 23" } were each wound with 100 turns of
28 swg enamelled copper wire. The induced emf in cach coil was
passed to a tuned amplifier, thc output of which was fed to a
valva voltmeter. Figures 94 and 95 also show the proximity
effects of the ferritce rods, thc Bx fleld being affeccted the
least. No tests were carried out here on the roception patterns
of the rods in a non-unlform fleld as the fields from the
telegram coils were not uni-directional and hence the recoption

pattcern does not have much meaning.

6.3 Conclusions.

From the investigations carriod out In this chapter it can
be seen that the rcception patterns of rods in an inverted 'TY
configuration are not significantly different fo those from

single rods. It would appcar, also, that it is not casy to
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alter the reception patterns of ferrite rods. The induced omf
from colls in an Inverted '"T' configuration near the maximum
ficld from a telegram coil is increcased and henco provides

siightly higher values of R; and R;.




7. A MODEL QOF THE SYSTEM.Apip DISCUSSION

To provide a practical demonstration of the proposed system
a third scale model was built. This consisted of a section of
scale track, ten fecet long, and a small truck. The telcgram
coll and parallel wire dimensions werc scaled down (sce appendix
7) as also were the pick-up colls, Figure 96 shows a general
view of the system, whilst the following photograph shows detalls
of the telegram and pick-up cotls used.

The electronic apparatus on the train was required to do
two things :-
(1} effect a phase comparison of the received signals and give
a visual indication of the bits of information being plcked up
simultaneously, and
{2) storo the recelved message and also give a visual readout

of the stors.

7.1 The Recelving Amplifiers and Phase Comparison.

Figure 98 shows a block diagram of the system fo fulfil
requirement (1). The signal from tho paratiecl wires and the two
slgnals from the tclegram coils were first of all amplified in a
tuned stage ~ fO = 29 kHz. The signals were then amplified
again so that the amplifiers were overdriven, thus producing an
approximate square wava, A threshold dovice was also required
to determine whether a telegram coll was being traversed ~ this
was achiceved by rectlifying the received signal and applying the
resulting d.c. level o a Schmitt trigger circuit, The
thrashold jovel of this circult was determined by the

potentiometer connccted to the base of Té (see fig. 99).
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The signal from the telegram coil, the signai from tho

parallel wires and the output of tho throshold circuit were
fed to AND gatoes as shown in fig., 98, (Thoe AND gates were
made up from inverters and NOR gates). {f all threoe signals
were present, and the tetegram coil signal was In phasc with
the parallel wire field, then the gate would have operated and
a '1' would have been shown con the display panel, the inverted
signal to the other gate making it inoperative. If the signals
were out of phase then the AND gate with the inverted signal
would have operated and a "0' would have resuited. To
simplify thc logic for laying the coils the BX signal could be
compared with the BZ signal and hence a switch, SW1, was
included to show this orinclple {for a morc dectaited
discussion see saction 7,4 in this chapter). Some
trouble was encountered with the mark to space ratio of the
supposed square waves and the AND gates. The potentiometer In
the emitter circuit of T3 was included to change Its operating
point and to give scme control over this ratio and hence
minimise tho spikes appearing at the output of the inoperative

AND gate.

7.2 The Telegram Message Store and its Visual Display.

For the second requirement of the receiving equipment some
form of storo was roquired Into which the received Information
could be fed. Two stores were required - one for the B, signal
and the other for the Bx signal. The obvious choice for these
storces was shift reqisters. To be ablo to feed the information

into shift register three signafs were requirad :-
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(1} a two level slignal representing Bz

(2) a two level slgnal representing B» and

(3} 2 clock pulso to cause the above Informatlon to be read
Into the store.

The first two signals were obtalned by rectifying the Input slgnal

to a lamp driver of the Instantaneous display. For tho model a

lamp driver for a '|' was used but one for a '0' would have sufficed

- the loglc belng reversod, Thls d.c. level was sampled by the
clock pulse and at the same tlmc fed Into the storoc. Tho ¢lock
pulso appeared a short tImo aftor the lamp drivers had oporated
so that the capacltors In tha roctifying clrcults had time to
charge up. The clock pulsc was obtalned by differentiating the
output of tho Schmltt +rlggor, using an Invertor to buffer it
and to clip the negativae going pulso of thls signal. Tho
rosuiting Inverted stgnal was fed to a monostable In order fo
produce tho dolayed clock pulse. Flgure 100 shows a block
diagram of thls systom. Tho outputs of the shlft rcgistors were
taken via buffers fo lamp drivers to glve a visual Indlcation of
the message stores. For thls display a {ighted lamp Indicates

a "' and 2 '0' Is shown by an extinguishod lamp.

7.3 Roduction of Telegram Coil Length

From the Investligations described In this thesls, I+ would
appear that only two indopendont bits of Information can be
dorived from one telegram coll in this type of Inductive loop
system. However, It Is possible to reduce the length of the
telegram further, bu /\:queding the same number of colls.

As the colis arc to be stoggered about the ratl foot,

there would seem to bo nc roason why four signals should not
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be picked up simultanscously by having a coll on the foot of

cach rall. The locomotive or traln must have plck-ups cach

slide for the felegram cells In case It gets turned round,
thorefore why not use both of thom all the time? |+ would
probably bo necessary to conncct a switch to the train controiler
s0 that thc pick-up connectlons can be reversoed 1f the locomotive
becomes roversed but this would seem to represent no serious
problem. The electronics In tho recelver unit would have to be
slightly more comptox as four, Instead of two, signals would be
rcceived in parailel and may thon have to be converted to a
serlal output for the train-borne computer. If slecper spacing
Is used (0.76 m) for this system, then the telegram longth wiit
have been reduced by a quarter, but for one motre spacling I+ will
have been reduced by a third -~ both spacings glving good
reducttions In the physical length of the telegram. For this
system 1+ might be moro convenlent for several colls to be
connected To a single common connectlon to the parallel wires.

In any case a system run from both sides of the parallel wires
helps to keep the lino eloctrically balanced. Thls would case

the probloms of féeding the line.

7.4 Loglc for the Telegram Coils

When picking up two blts of information from a telegram
coil, and assuming that the 'Z! signal Is always compared with
the parallel wires, two ways of evaluating the 'X' slgnal exist.
These are -

(1) comparing the 'X' stgnal wlth the parallel wire slignal, or

(2) comparing the 'X' signal with the 'Z!' signal,
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Fig. 102. Truth Table for Both 3ignals Compared With

the Parallcl Wires.
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Assuming the coils to be always wound and connected o the ;
ampliflers In the same manner, the foliowing discussion holds.
I not, some slignals will b¢ roversed by 180% and tho fol fowing
Is Invaltd. Conslder the flux 1ines around the coll as shown
in flg. 10f at 2 glven instant in tIme. |f the plck-up s kept
as shown and moved from the right hand slde of the coil to the
left hand slde a phase change will occur in the fnduced emf,
Assumo also that end (2) of the rod s always noarost to the
track for plcking up the Bz fleld. Let A represent a signal In
phase wlth 1+s reference and lot B be out of phase with tho
rofarence slgnal. |f both the 'X' and 'Z' signals are compared
with the parallel wires then the truth tablie In flgure 108 holds.
If, on the other hand, 'Z' is compared with the parallcl wires
and 'X' Ts compared with 'Z' the +ruth table in fig. {03 holds.
From fig. 102 1t can be scen that on turning the telegram coll
over, for both signals compared with the paraliel wiros, not
only does B, change phase but B also changes. This would
therefore require some skill when laylng the colls In order to
got the logle correct. 1If Bz s compared with the parallcl
wires and Bk then comparcd with the Bz flold, the in-phase or
out-of-phase slignal from Bx Is always on the same side of the
coll whether BZ is reversod or not (sce the truth table In flg.
[03). This second method of determining the loglc would thorefore
soom to be easler for both a deslgner and the person laylng the
colls.

7.5 [Interference from the Parallel Wiros

Throughout the work In chapter 5 no quantitative results

havoe been glven for the Interforence of the parallel wires on
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Fig. 103. Truth Table for the 'Z' Signal Compared with the

Parallel Wires and the 'X' Signal Compared with the 'Z' Signal.
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the coll flolds. This Is because there is the possibility of

the paraliel wires being placed closer together to keop
encopsufation costs down, tho flnal separation distance not
having boen decided yot. With docreasing scparaticn of tho
parallel wires, the Interferconce from them will decrease (seo
fligs. 53 and 54). There Is 2lso another possible method of
docroeasing the Interference from the parallel wlres. This Is by
subtracting or adding a glven portlon of the parallel wire slgnzal,
of the cerroct phase, to the telogram coll slgnals. This will
Tdeally glve complete cancellation of the interferonce at only
onc position of the plck-un assembly, excopt for cases of flold
distortion duo to metal such as cross over ralls and A.W.S,
magnets, but will give partial canceliation at othar positions of
tho plck-up assembly (due Yo vertical and horizontal movement

of the traln). This cancellatlion should be noarly compleote bocause
of the amall changes In fleld strongth from the parallel wires
with distance at this position, Fer the Bz flcld of the telegram
coll a fraction of the signal over the centre {Ine of the parallel
wires must be added to It - due to a change In the phase of the
parallel wire fleld where the tolegram coll occurs., For tho Bx
flold a different fractlon of the signal picked up over the

centre 1lne of the parailel wires must bo subtracted from 1.

7.6 Vertlcal and Horfzontal Movoments of the Plck-tlp Assembly

One disadvantage of this systom §s the targo varlations of
Induced slignal In the plck-ups due to horlzontal and vertlcal
movoments of the traln. [t would appear, from measurcments taken
In Chapter 5, that a horlzontal movement c¢f + [" (+ 0.025 m) and

a vertical movemont of + I" (+ 0.025 m) can be tolerated with a
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6" x 2" coll on the rali foot and preferably 23" (0.0625 m)

below rall head level. The B, flold 1s the most [imlIting
component = see flg. 73. At the extreme position of the plck-up
assombly, values of flux density of less than IO"7 Tesla occur
adjacent to the centre of the telogram coi! (at Zo = |0 ems and

X = +2.5 cms). The values of 8, are all greater than 10~7

also appear from chapter 5 that 1t Is advantageous to Incroase
the coll spacing tc onc metre to glve higher values of R; and
R; and hence produce a larger dynamlic range of tho system.

The 29 kHz signal plcked up Is also modulated by various
frequenctes, the phase comparison beling effocted over the
froquency rango 29 kHz + 3.3 kHz. The modulatlons roprosont the
aspects of the slgnals ahcad of the traln. Fortunately, the
carrier Is frequency modulated so that the excurslions of the
pick-up assembly due to train movoment, which ropresents an
ampl ftude modulation of the roceived signal, should In no way
Interfere with the phase comparison. The large variations can
also be clipped to glve an approximately constant amplitude

Tesla for the plck-up assembly movements consldered. It would
output when over a telegram cotl. |

7.7 FixIing of tho Plck~Up Asscmbly

With tho teicgram colls on the rall foot the plick-up
assembly requires to bo mounted on the traln so that It Is
normally about 3" (0.075 m) above the rall head. The obvious
placoe for thls would seem to be the wheel guard In front of the
loadlng wheel of the train whlch comes down to within about two

Inches of the rall head. However, from flgures quoted by

British Rali, 1+ mlght appear that the movement expected hero




Is too great for thls system - moinly bacause of tho Southern
Roglon Electro~Diescls. On tho othor hand 1+ may be possible
1o place the telegrams where theso large excursions of the
plck=up assembly arc unilkoly to occur. Alternativoly, It may
be nocessary to havoe a bracket speclally fabricated so that tho
pick-up asscmbly can be fixed adjacent to the bogio pivet. AT
thls position no bogie pltching or iwisting should occur, thus
reduclng the movement of the colls. Another possibility for
fixing Is 2 bracket attached to tho axleboxes = thls would glive

even less movoment than the provious suggestion.

7.8 Future Work

The work stlll o bo carried out can only really bo done
by a practical evaluation of the system. This should Involve
tosting the completo system In a ratiway environmont and will
requirc the building of suitable recelvers as well as laying
the tolegrom colls. The problem of connecting tho teiegram

colls into the |ine should alsc be thoroughly examined.

7.9 Conclusions

The Invostigations In thls thesfs definltely show that
it Is possitlo to obtalin two 1ndepondent bits of Information
simultancousiy from a telogram coll and hence Improvo tho
sysfomf: There are, howevoer, cortalin restrictions to overcomo
but there would scem no vory scrious problems hore. Vork stifl
nocds to be done on various aspocts of the system boforo a full
analysls is complete and this is described In the following

chapters.
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8. INTRODUCT ION TO PRACTICAL WORK

Tho practical work was divided Into two maln sectlons,
‘these were :-
1) the construction and Initlal testing of equipment
requlred

2) tosting of tho complote system on a moving vehlcle.

The elect-onic cquipment consisted of reocelvers, decoding
logic and a parallei-serial converter. Because of time
avallable no attempt was made to make the olectronics 'fall-safe'.
The Tnputs to the recelvers wore from ferrite rod aerials which,
because of thelr fragilo naturc, were encapsulated. Telogram
colls also had to be made but these were very simple In
construction. The final fosting was made on a motorlsed
vchicle (Wickham Trolley - see Fig. 104) on the test-track at
Derby Frlargate.

On the teosts for the complete system all constraints
suggested by the British Rall Rosearch Department were adhored
to (sce page 8 and betow). Tho telegram colls uscd were 6" x 29
(0.15m x 0.05Im), wlth ten turns of wire, situated 3" (0.075m)
below rall head (new rail) glving about 1.3/16" (0.032m}
clearance betwecn tha bottom of +the rali head and the coil.

Tho range cf llne currents used was fromioo mA to 300 mA (rms)

~ this belng typlcal of curront variatlon In the opon wire track
conductors dus to change of 1lne attenuation with weather (sce
reference 12).

Another problem that had to be consldered was the
matching of the telegram colis Into the transmission [inc In

order fo provide mintmum attenuation and roflections (mainly
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at the higher frequencles on the shortor sectlons cor for all
frequencies on the longer ones}. The conductors used were tweive
Inches apart although reduction éf spacing ts under conslderation
as Is also tho type of track conductor {see page 63 for actual

details of track conductor system uscd).

8.! Clearance Resfrictions Imposed by the Rallway Loading Game.

These further restrictions are concerned with clearances
duc to guard ratils (especially over viaducts) about the ratl
hcad. Thls obvlously Influonces the size and type of encapsulation
for the plck-up colls. Flguro 105 glves detalls of the clearances
that exlst. This means for a ferrite roq 24" (0.0635m) long,
plus ¥ (0.0127m) for encapsulation, symmetrical about the
cenire ilne, clcarance each way 1s approximately 24" (0.0635m).
WIth the rod 2" (0.05Im) fong, and #" (0.0127m) for encapsulation,
clearance each way Is reduced to about 23" (0.07m). The plck-up
cofl and assembly should also bo able to stand up to the

followlng conditlons on the boglo.

8.2 Bogle Mcvements

The following sets of flgures were arrived at aftor a
discussion with rolling stock development. They can be spilt
into two sections, as follows :~
Vertical Movemont :-

The movement here Is due to bounce and plitch of a
locomotive bogle superimposed on whesl wear.

Bounca +3" (+0,0127m )

Pltch A" (#0.0127m ) at bogle ends

Wheel wear - 3/16"(-0,0048m )
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Henco the + I" (+0.0254m) dynamlc bogle movement at bogle
ends wlll give an overall movement of + |" (+0,0254m), -1.3/16"
(-0.032m), (+ upwards,- downwards). Adjacent to the bogis pivot
the vertical movement will have reduced to about +i' (+0.0127m),
~{1/16" (-0.0179m), (i.c. no pltching component)., Moving to the
axle boxes tho movoment Ts again reduced but only by about
* 1/10" (+0.0025m}.

Horizontal Movement :-

As no gauge wldenlng now occurs on main llnes the
horlzontal movement s rostricted to bogle twisting and volds
and {Tes between * 2" '(+0.0.19m) to + {" (+0.0254m) ot bogle
ends. AdJacent to bogle pivots or at axleboxes this wlll be
about +3" (+0.019m). Tho oncopsulation must stand up o thesc

movements and accelorations which could reach as high as 9g.

8.3 Rall Vear

This only affects the [imits of the vertlical movement.
Tho total amount ralts on main lTnes are allowed to wear Is
3" (0.0095m)}., As this movement s downwards It brings the
pick-up colis closer to tho telegrem coll, hence fiux donsitios
are Increased. All designs should therofore boe donc on tho
flux densitlies encountered on oxtremo oxcursions of the plck-up

colls.
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9. EXPERIMENTAL EQUIPMENT BUILT

Three basic pleces of cquipment had to be constructed for
the practical system. These wore :-

1) the receivers and decoding leglc,

2) tho pick-up colls, and

3} the telegram colls,
The signal frequency usod to feed the track conductors was tho
same as for the criginal B.R. telogram coil systom, t.e. 29 kHz.
There 1s, however, no reason why the system should be confined

to this frequoncy.

a.1 The Electrenlc Equipment

This equipment was bull+t, wherover possible, using
Integrated circults (both lincar and digital} but was not
designed to be 'fall-safef. The decoding clircultry did however
have various checks to prevent unwanted signals goiting through
and gonerating wrong bits of information. All voltage ratls
requlired were generated from thd + 12v supply - although this
minImises on power supplles required, noise appearing on one
rall will appoar on the cthers. Indicatlion lamps were flited
at various points so that a visuzl Inspoction of cperation
could be accomplished. Hysteresis was employed on all
comparators to try and counteract the large fiux density
vartations due to the pick-up movement. Diagrems of all circuits

uscd are Included In Appendlces A-E,

9.1.1 Amplifier, Filter and Squaring Clrcuits (Ail Channcis)

The clrcult diagram Is givon In Appondix B, The Input from
the pick-up coll was fed Into a reasonably low impedance, about

47 ohms. Thls s because a voltage virtually Independent of
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frequency 1s required (the voltago Induced In the plck-up cotl
Is directly proportional to froquency) - soc Appendlx 8 for
analysis. At about 29 kHz, there 1s stll]l a smatl change with
frequency and a small phaso shift can bo obtained by varylng
the shunt Input resistor. This method was used to glve the
PW (Parallel Wirc) Channcl a slight phose lead to proevent any
lcading edge cverlap problems in +he phase detectors,
especlally due 1o the telegrem cotl matching netwerk as
doscribed In scction 10.2. The signal then goes via the sot
gain control to the first stoge amplifler. A large foedback
stabilising capocitor was also usod to help make tho output
voltage of the first stage not freguency dependent. Flguro
106 glves the output voltage-fregquency plot for a constant iine
current.

The signal was then feod to two active filters, with

staggered tuning, formlng a bandpass fllter, tho characterlistic
of which is given In fig. |07 for a constant input voltage.
The bandwidth 1s + 4 kHz, with a centre froquency of 29 khz.
Compensation of the required phasc is applied to the non-
Inverting Input of the third stoge (tolegram coll channels
only) to partly cancel the offect of the residual fileld from
the parallel wires at the position of the telegram colls. This
cancellatlon Is not complete due to tho slight phasc changes
In each recelver with respoct o the paralle! wires and the
movement of the pick-up coil. The output of this stage Is
then fed to :-

1} a poak detecting circult, and

2) an operational amplifier In open lcop configuration,

actlng as a sine to squarc-wave converter.
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The output of the squaring circiit ts fed to the decodirg

clrecults and the menostable.

9.1.2 Peak Detection and Decoding Clrcult (PW Channel)

The clrcult diagram for this Is In Appendix C.

The slnowave output from the third stage 1s fed to a
voltage doubler and then peak detectcd, the time constant of
the following RC network (0.27 mS) being sufficlent to allow
high speed runni-.g over the telegram coils. At high coll
currents 1+ must be able to discharge rapldly between reccption
of bits and at low currents to charge rapidly cnough to allow
receptlon of Information when the flux density from the
telegram coll 1s only above throshold for a very small
distance. The peak detected signal Is then fed to the non-
Inverting Input of a voltage comparator, the reference
signal belng applied to the Inverting input., Care must be
taken In thls confliguration so that the feedback does not
cause the comparator fo 'lock-on'. The generated square
vave Is then gated with the comparator output to produce the
two reference signals A and A and the lamp driver input
which gives a visual indication as to whether the reference
signal 1s present. Compensation is provided for the telegram

coll channels (TCl, 2, 3 and 4) as already explalned.

9.1.3 Peak Detectlon and Lamp Drivers (Telegram Coil Channels)

The input clreuitry for this is the same as above but
the tnputs to the threshold comparator are reversed (see
Appendix D). This conflguration does not provide the condition
whore 1t can "lock-on'. The famp Indlcatlon shows the state
of the threskold device, an Inverted threshold signal also belng

obtained from this part of the ¢ircult where required.
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9.1.4 Decodling Logle

The functlon cf the docoding legle Is fwofoldi-
1} to effect & phase comparison of reforence and
telegram coll channels, and
2) to provids a serlal cutput from the parallcl
Tnput.
The clrcult dlagram Is glven 1n Appendix E.
The menostables used at the output from TCI, 2, 3 and
4 are to provide a standard longth pulse (approx. 12 uS), the
pericd of which Is about one-thlrd that of the lowest frequency
roference signal. This ellminates any overlap on the trailing
cdges of the two square waves being compared due ‘o phase
discrepancles between channels and the phase dlfferonces due
To the telegram coll matching capacitors (see soctlon 10.2).
Phase comparlison Is effected by gating the relevant roference
slgnal with a monostabtic output and the assoclated threshold

level In a NOR gate, the rosulting output belng predlcted by

De Morgan's Theorem (A + B = A.B). The output 1s 2 traln of

12 uS pulses at the line current frequency denoting elther

i's! or '0's' (see flg. 109 for a typlcal set of waveforms).
The pulse traln lasts for os long as the telegram channcl
threshold Is 'tripped'. This pulse train is applled to a pulse
countling clrcuit which wil} not +rip the following Schmitt
Trigger until about 10 pulscs have been recelved, Thls provides
an a-c fo two level loglc converter. The Schmitt frigger,

which has hysteresis, controls a lamp driver, glving a visual
Indlcation of the recelved signal and atso the sampllng gates.

The reference signals for TC2 and TC4 can bo comparced with
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olther the parallel wire signal or TCl and TC3 respectively
(sco pages 45 and 46), the SN7400 and SWi providing the
necessary reference signcls and swltching accordingly.

When all tclegram channels required (i.e. TCI and TC2
or TC!, 2 3 and 4) are praesent an Initiote sampling pulsc
Is applled, via SW2, to the sampling pulse generator. Thls
conslsts of flve 'D-type' Blstables, four of which use the
parallel wire roference slignal A as the clock puise. On
receiving an initlate sempling pulse a '1' Is fed to the output
of the first flip-flop, Qc. This Is thaen provpagated through
the other fllp-flops by the clock pulse A, The output of the
sccond fiip=flop Q1 Is fed back 1o the first filp-flop. When
Gl goes low 11 resets Qo fo zoro and the outputs from the f1lp-
flops are as shown In fig., 110, The first filp-flop also
synchronlses tho Inltiate sampling pulse with the clock-pulse.
The sequential outputs Q1 - Q4 are gated wlth the clock puilse
and the Schmitt Trigger outputs such that the sampllng pulses
are equivatent to those shown in the last four waveforms on
figure 110. Tho "1 outputs are then fed to a NAND gate and
the '0' outputs to another, thus glving separate outputs for
T1's' and '0's', No Inltiate sampling pulse wlil occur until
all the inputs In use aro present, and the referance signal A
Is used as the ¢lock pulsce so that no Informaticn can bo
fclocked! out If 1+ falls. The resuiting output was compatible

with a telegram address rcgister or a traln-borne computer,

9.2 The Pick-Up Colls

Becezuse of the fraglile nature of ferrite rods it was

declided to encapsulate them. The ferrite rods were mounted fn
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a free-standing assembly whlch made the unit sclf-supporting
and meant that no jlg (apart from thoe mould) was required for
the encapsulation process. Two methods of fixing were
required to keep the asscmbly fixed rigldly on to the train,
as well as for safety and roliabillity reasons. Aftor
consutation with the B.R. Plastics Development Department it
was declded o test fwo types of materlal for encapsulation,
these were 1=

1) a hard typo of cpoxy reslin.

2} a more floxible type of epoxy resin,

Each encapsulation was tested on a vibratlon machine

(see fig. 111} at frequencles between 10 and 20 Hz. It was not

possibio to use lower froquenclies due to the limitations of

tha vibrating machine. The coils were subjected to accelerations

up to 9g. The tests for each type of encapsulation consisted
of vibrating them in S.H.M. for half an hour at valucs of

acceleration from Ig fo 9g In steps of lg, tho vaiues of 'g!

being that exporienced by the assembly as It reversed directlon

(T.o. maximum values). An acccleration of 9g is 11kely- o be the

maxImum experlenced on a bogle. A more prolonged test was
also made at 4g for throc hours. The inductance of the
ferrite rods wos measured before and after the tests, a visual
examination also befng undertaken at these times. The
inductance In all cases was virtually unaltered, the varlation
baing attributed to the measuring Instrument, and the rods

were assumed to be undamaged. The encapsulation in both

cases showed no visible signs of damage. Appendix A shows tha

dimenslons of the complote pick-up assemblles.
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Frém the above tests nc firm conculeions ccuid be
drawn as to whlch encapsulation is the botter., It 1s felt
that moro exhaustive and prolonged testing may well bring out
fatlgue problems and show which is the better cncapsularion.
Howover, 1t was declded fo use the more flexible encapsulation

for The ensulng tests as 14 was less likely to damage by belng

hit+ with ballast etc.

9.3 Tho Telegram Colls

These colls were wound on woodon formers so that with
the wire o;?$aby measurcd 6" x 27 (0,152m x 0.05Im). They
wora closely wound with ton turns of stranded wire (soce flg.
112), the connecting tecads belng coded so that dlrection of
winding could be quickiy ascertained. The windings were covered
with a thin layer of "Araldite" and, after drylng, the wholo
assembly cdipped In paint to provide scme protection agalnst
the weather. The mounting blocks were alsc made of wood,
palnted and flxed to the rail by "Araldite" and a metal
bracket (see also fig. 112}, For fIxing the mounting blocks
to the rall, "1+ had to be clcaned and for this two methods
were triod:-
i) cleaning the rust and dirt off by a mechanical
method {c.g. rubbing down or sanding) and
2) by chemlcal cicaning; thls consisted of using
hydrochioric acld, sulphurfc acid, phosphoric acid and
thon passta+In§ tho surface with methylated spirits.,
The first method gove the best results, the second method
belng rather messy and employing concentrated aclds. It s

felt, however, that a fixing method not requiring cleaning the
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rali and an acheslve would be betfer. This could probably
take the form of a spring clip holding the blocks and passing
under the rall. The encapsulation of tho pick-up coils

would seem to present no problcms oxcept that the outgoing
leads must bo ldentlfled ~ [+ might even be pessible to

make the coll wlthout the wooden former. Ons slde of tho
telegram colls should also be coded tn some wayto help lay
the corract telegram message. The maln physical problem with
the telegram colls was, and still is, thelr connection Info

the track conductors.
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10 TELEGRAM COILS AND LINE MEASUREMENTS

The work described in this chapter Is concerned with
The method of connecting the tolegram colls Into the track

conductors and the resulting probloms.

10.1 Line Regulirements

When connecting telegram colis into the track conductors,
It Is desirable o :-
(a) match them into the line to provide minimum rofiections
{b) introduce as 1ittlo oxtra attenuation Into the 1lno as
possible, and
(c) provido a reasonably simpic connectlon Into the line to
facltitate changes.
The tolegram used In the tests had {ive colls cach slde of the
track, although a normal folegrom at prosent would have eight
efther side (i.e. 32 bits total). |f only one sido Is used in
practice, therc would bo 16 colls on one sido but, to kecp the
transmission line balanced,it might be advisable to foed half
from cach conductor. Any matching network developed then

would be useful In both cascs.

10.2 Matching Networks

As the matchling network was roquired fo be symmeirical
so that It could be fitted anywhore on the lline, yet keop the
line balanced and be as simple as possible, there was only
one network possible. Thls was a lattice network (see fig.l15

the Input Impedance of which Is glven by :-

L
Z1n © Jéf
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Flgure 113(a) shows tho practical ard theoretlcal
curves of Insertion less (the ratio of cutput to fnput
current) and phase changs with frequency for a lattico
network, Whilst the circuit has Idoally no loss thero is
a gradual phasce change which would proba%ly appear as nclsc
on f.m, carrlers when traversing a telegram, The cther
equal ly Important varlation Is the coll current o input (or
output) current with froquency and the assoclated phase shilfts.,
This Is shown In flgure 113(b). The most important frequency
ronge s that about 29 kHz when the telogram 1s docoded by a
phase comparison method. Using 8 colls each side of the
track, the foss s about 0,5db, which Is not signltflcant. The
coll current then elther lags the input current or leads the
output current, honce therc being a difference botween layling
+thae colls forwards or backvards from thetr connoctlion polnt
o the track conductors (i.c. towards or away frem tho foed
end). This means that the pulse counting circult must accopt
a mInimum pulse width of about 12uS ~ 20% (l.c. 9.6uS)
assuming talegram colls could bo lald In both dlirections.
1€ they are restrlcted o being fed backwards tcwards the
gonerator then the monosiable takes care of all tho phase
shift probloms. By reduclng the number of tetegram colls tho
value of the capaclitor In the notwork Is decreased as is also
tho phasc shift, This suggosts the posstbility of splittlng
tho telegram Into (say) two sectlons - but whiist reducing
tho phase shift between [Ines and coll currents for cach
section, the ovarall phase change Is increased. This method
unfortunately increases the complexity of matching and

connecting the colls Into the tine.
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The practical mcasuroments of phasc shift and inscrtlen
loss were mode with a telogram simutation notwork, (seo fig.
115, where L Is half the total Inductance of the folegroms),
Any dlfferences In results are probably duo to tho finite
resistonce of the coll windings, Nct very different rosults
arc to be expacted from actual telegram colis In situ. WIth
The network used i+ Is not roally practical 4o use
froquencles much nlgher thon thosc uscd now because of the
deerecase of ccll current with froquency and the associated

phase shift.

10.3 Linc Mcasurcments

Havling declded on the form of matchling network 1o be
uscd, varfous measurements werc made of Input Impeodanco and
Its phase angle with froquency for various line and felogram

configurations, The conflourations uscd were :-

1) The track conductors only

2) B.R. telcgram colls In situ

3) B.R. fclegram colls and thelr matching notwerk in situ
4) Loughborough telegram coiils In situ, and

5) Loughborough tolegram colls and the lettice motching

network in situ,

The track conductors used were the experlmental
screened line. This consists of +wo screoned cables with the
screening cut circumferentially at regular Intervals connectod
together as shewn In fig., [16. By dolng thils, the losses
botween the two cables arc fixed. Thls produces a track
conductor system that hos excellont low attenuatlon preporties

and constant input Impedance over the deslred frequency band
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(20 kHz - 150 kHz) rogardloss of the weather conditions.
Tho constant input Impecance makes it much easler to match
telegram colls tnto the 1ino as well as reducing roflections
on the llne ang casling the tine feed requirements. For a
more detalled description of the screcned |Ing sce roference
12,

Two configurations of this cable were used :-
(a) I km length with screens shorted at 50m intervals
{b) 100 m {ength with scroens shorted at short intervais.
Sce figure 6 for detalls. With configuraticn (2) situations
1, 2 and 3 wore used and also the Loughborough tolegram coll
simulation notwork., With (b) condltlons |, 4 and 5 werc
used. 1t was only possible to do this combination of tests
because the | km test soctlon Into which the B.R. colls could
bo switched was required for othor purposes and in any case
did not Include any flat bottom rails. This left only a
100m sectlon of screoned line which was used for thls project,
and other purposes, and for which thore werc no B.R, telogram
colls already lald. The moasurements glven are for dry
conditions, althcugh mecasurcments woroe also taken under wet
conditfons, Readings under both conditions were very similar
thus showing the excelleont proportles of the screcned track
conductors. Two types of Impedance meter woere used for the
measurcments, ono golng up o about 100 kHz only, the other
up to about 500 kHz. The flrst one was avallable for the
longest tIime and hence the most readings but al! measurcments
above 100 kHz must be uscd with some caution. The second
Instrument oniy became avallablc In time for work on the

100m loop and hence Its uso there.
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Figure 117 shows tho varlation of Input Impodance and
phase angle for the track conductors alone (tho | km loop)
and for the B.R. telegram col!s with and withoui maiching
capacitors (the track conductors were tocrminatec with a 130
ohm resistor). Whilst the Input impedance for the telegram
colls alone varles wildly with frequency, when uscd with
compensatlion capacitors, as shown In Figure |17, the variation
Is much less, I+ startlng to fall off quickly above 100 kHz -
probably due to the range of the impedance meter. The usc of
compensation capacitors cortainly stabiliscs the Input
Impedance and phase angle and show nearly matched conditlons.
Figure 118 shows the Input Impodance and phase angle variation
with frequency for the lTne and Loughborough telegram cofl
simulatlon network, with and without capacitors for matching
purposes. Agaln tho telegram coils alono give large
vartations with frequency of both Input Impedance and phasc
angle. With the matching capaclitor included (sec figurc 118)
the variation is much less, a value of C = 0,015 uf probably
giving much better resuits, Again the large decreasc In
Impedance Is observed above 100 kHz.

Figure [19 shows the variation of tnput impedanco and
phase angle with frequency for Loughborough telegram colls,
with and without compensation, agalnst the Input Impedance of
tho 100 m foop. Agaln the copacitors bring the ii1ne much
closor to match condltions, No fall-off Is observed above
100 kHz In this set of measurcments - probably dus fo the

fact that the Impodance metor with tho larger bandwidth was uscd.
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These rosults certainly show the advantage of matching
tho felegram colls inte the track conductors, This not only
healps In feoding the line but also the minimisetion of
standing waves which could unset the system at higher
froquenclos on leng soctions of 1ine. The extra cost of
putting In the capacitors on the other hand must be welghed

agalnst the advantages obtalned.

10.4 Connection of the Telegram Colls into the Line

The connection of the telegram coll into the line was
made via two metal juncticon boxes. The switching govo °
focititles for :-
(a) linc ontly
{b) telegram colls only, and
{c) telegram coils plus matching nctwork
In practico only the matching network will be connected across
the line, the telcgrom colls bolng connected stralght to the
Transmission line., The connection of telegram colls, network
and finc being elther crimped or soldered together, or both,
and then covered by some sultable material. The matching
capacitors would probably bo cncapsulated in a resin biock
and mounted undernsath the track conductor encapsulation.
Caro must be taken whon laying the telegram colls and
connecting them In to got the phase relatlonshlp correct.
Feeding ali the telcgram colls from one comnectlion per sido
of tho track conductors makes It caslter to connect dlfferent

matching networks than 1f each coil was connected diroctly

To the parallel wilres,
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10.5 Line Attenuation duc to Telegram Colls

Two measurements wore made hero = both In wet wcather
- which should reprosent worst possible conditions. The
mcasuroments were :-
{a) received signal over [00m track conductor loop
cnergised at 29 kHz, and
(b) current attenuatlon In the range [0 kHz to 200 kHz

mcasured as the ratlo of Input current to cutput current,

10.5.1 Recelved Signat Varlation at 29 kHz

The object of this cxercise was to dotormine the
Insertion lcss, If any, cf the telegram colls as tald on the
test section (l.e. 10 colls only) at the frequency that thoy
arc evaluated. For this tost the r.m.s, output of thoe P.W.
Channel was menitored as the [00m track loop was traversod
{136 slocpors). The output voltage was monltored for the
following condltions (sce Figure 120) :-

(1) line only

(2) ITne and colls only, and

(3) ITne, colls and matching network

The Tnput voltage to the [ino was loft unaltered throughout
the tests and hence a variation of Ilne current was 1o be
oxpected due fo the chango of Input impedance of the 1lne.
This can be confirmed frem figure 119 (Zl - f curve) and
hence the variatlon In rocelved voltage. The irregularitics
at the ond of the linc are duc to tine end effects - a
decrease in output voltage at the feed end probably being

duc to the metal junction boxes used there.
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As expocted, there 1s I1+tle varlcilion In rocelvod
signal over the 100m soctlon for the Ilne only conditlon.
For the colls and line only there is some vartatlon In
received signal strength adjacent to the tolegram coils,

this can be attributed to -

3] the Interfercnce fields from the telegram colls,
and
2) to a losser extent the metal Junction boxes connectling

the telegram cotls 1o the linc.
There might also be 2 slight effecct from some other track
conductors {not cenerglsed), immediately before the telcgram,
which are used for another purposs. For the line, colls and
matching network conditlon there 1s certzinly a marked
difference between the avorage signal boefere and after the
telegram colis. The difforonce botween these lovels is
about ~0,75db (0.92) and Is probably due to the reslstance
of tho telegram coll windings In conjunction with the
matching network. Agaln, thore Is o dlp (about 1.6 db)
adjacent to the telegram colls and ts due to (1) abovo.
This dip Is probably not constant over the telegrom but
varies accordling to the phaso of tho Interfering flelds.
Howover, the readlings taken from the trolley probably
represent tho average condltion. Some vartation In recelved
signal strength must also bo expected due to troiley movements

and vartations in track conductor positioning.

10.5.2 LIne Current Attenuation

From these measuremcnts the Insertlon loss of the

tolegram and Input impedance of the llne can be determined
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for frequencles 10 kHz = 200 kHz. The measuring confiquation
Is shown In Figure 121, The condltlons used were as those in

10.5.1+ The Input impedance was takon as :-

Z = V2 / L a - A

In

and the curraent attenuaticn as
a= =20 log, 4 (Il / I3) db - ()

This iast definition has signiflicance under matched condltions
but not under mismatch. Taking the ratlos of powers also
does not have much significance undor mismatch but, as the
magnetic fleld Is proportional to current, the ratio as
defined In (2) 1s useod.

The Impedance - frequency curves (figure 122)
certainly show the advantage of matching the colis Into the
track conducters. For the tine only, the input Impedance Is
constant at ezbout 130 ohms whllst for the matching network
case {1 Is about 140 ohms. The conditton for lince and colls
only shows violent fluctuations with frequency and shows
resonznce effects at about 112 kHz and just over 200 kHz.
These would secem to suggost resonances caused by mismatch
at a quarter wavelength and  hal f wavelength condlitions,
Assuming the inductance of the Ttelegram colls is distributed
over the 100m then vp/c $# 0.14 and the 100m line Is about
A/4 at 12 kHz and A/2 at just over 200 kHz. Tho
characterlstic impedance of the !ine for these paramcters
(z, =JT7C) Is 194 ohms = compared to |30 ohms without the
colls., The termminating rosistance Is |27 ohms so that 2
large mismatch 1s provalent. On the 100m foop this

condltion could probably be remedled by using the correct
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terminating resistance but for a longer line I+ is probably
best to match the colls into the line. It should also be
remembered that only 10 colls are belng used, nct 16 as In

a full system so thot tho rosonanceswlil occur at lower
frequencles without matching and the calculated characteristic
Impedance would be hligher.

The current - attenuatlon curves In figure 123 certalnly
show the effects uf resonance and tho existence of a standing
vave for the condition of linc ond coils only. Above about
50 kHz for the linc only and {ino, coils and matching notwork
It Is not possible to distinguish betweon the insertion
losses for the telogrem (assuming line attenuation Is negligible
for this length of |ine at this freguency). The variation in
attenuation at about 30 kHz Is probably due to cclt reslstance
not being nogligible to the reactance of the coll. The werst
valuo cof attenuation Is cbout -0.26db (0.965) from theso
measurements (c.f. =0.75db (0,92) 1n section §0.5.1}. The
difference betwsen these readings Ts about 4.3% and Is
within the experimental error to bo expected = malnly duc to
the method used tn 10.5.1. The second set of rosults is
probably tho better and, for a 16 coll *telegram, would
increase the Insertion loss to just below <0.5 db, Tho
resonances, without the matching network, with the Increascd
number of telegram coils would be decroased In froguency,
tho characteristic Impedance of the linc increaslng as would
‘the mismatch,

The impedance - frequency curves chtained In scction
16.5.2 fer Iine only and line, colis and matching network

are much more constant than thosc shown In Flg. 119 and 2ro
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probably more reltable. Tho above rescnances wlll also

affect the transmission from train to track at 135 kHz.

10.6 Conclusions

By matching the telegram colils Into the i1ne tholr
cffect s certainly minimiscd., However, as thelr Inductance
decrecases the velocity of propagation on the iine, so is
the wovelength of signals on the iine reduced. Thls mozns
that mismatch problems could bocome more notlceable, This Is
certalnly a disadvantage of feclegram colls, especlally If tho

screened conductors are not used.




1. A WORKING SYSTEM

Having carried out some Initlal testing of the recelvers
in the laboratory, the equipment was moved out fo the test frack
and mounted on the trolley shown In flg. 104, Due to the mobliity
required the mains supply on the trolley was derived from an
Inverter fed from two [2v batteries. The amount of mains powered
equipment used was therefore severely rostricted, the maximum
output of the Inverter being [00w (maximum requlired by recelvers,
and lamp displays was nearly 60w). Flg. 124 shows a photograph

of the Rx and telegram address register In sfitu.

It.1  Plck-Up Colis

These were mounted as shown in fig. 125 and the following
photograph gives a close~up of fixing detalls. The bottom of
the telegram pick-up colls was about 3" (0.075m} above railhead.
Tha same type of pick-up was used for the parallel wire signal
but this was 12" (0.305m) above the track conductors and only
the vertical plck-up rod was used. |t was thought that the
cross-fixing bolt on the telegram pick-ups might have a drastlc
cffect on the fleld distribution due to its forming a 'shorted-
turn! with the framework. However this was found not to be
the case, although 1t did decrecase the induced emf In the

horizontal pick up coil by 2-3%,

1.2 Telegram Colls

The method of fixing is described In section 9.3 (page
59). They were mounted 3" (0,075m) beiow rall head, when
nev, and there was about |37 (0,035m) between the top of the

coll and the bottom of the rat{ head. The actual telegram







laid contalns only 10 coils (5 each side) instead of 16, with

spacings of 0.76 metres (sleeper spacing) and one metre ~ see
photograph. The larger spacing was to examine the increase
of dynamlc range R", afforded by thls spacing. The actual
‘message’ lald down in the telegram had no significant meaning
but each possibility for laylng the coil appeared at |east
once. The tTelegram was fed 'forward' (i.e. away from the
feed end) from the junctlon with the parallel wires - the worst
possible case due fo phase shift between the main current and
the coll current (see section 0.2, p 61). Figure 127 shows a
photograph of half the telegram coils in situ, switching giving
the following conditicns :-
1) Iine only
2) line and coils only, and
3) line, coils and matching network
The channels received are defined as (see fig. 128) :-
Side nearest platform:-
TCI = vertical slgnal
TCZ -  horizontal signal.
For the rall away from the piatform:-
TC3 = vertical slignail
TC4 ~ horizontal signal
Figure 129 shows the Information avallable from the telegram
colls as laid using the two different methods for evaluating

TC2 and TCA4.

1.3 The Reception of Telegrams

The Initial testing was restricted to channeis PW

(Parallel Wire}, TCl and TC2 but subsequent work was done
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with all telegram colls channels. The recelver szemed to function
well with mlnor mod!flcations, over the range of speeds the
trolley was capable, Taking the minimum vajue of flux densi+y
BR use in thelr systom - 6 x 10"8 Tesla - as a gulde to the
minimum permissible, then, for bogie movements of + [" '(20.0254m)
horizontaliy and vertlcally, the minhmum Iine (and coli) current
pemissible with the modified system Is |00 mA, The recelver
was certalnly capable of working over a Iline current range of
100~300 mA. The hysteresls cmployed on the envelope detector
seemed sufficlent for all but the very slowest speed In coplng
with the large variations of flux densiiy encountered when on
1he point of trlggerlng. Trouble occurred sometimes at very
slow spoods, due to horizonta! and vertical movement of the
plck=up and any emplitude modulatlon of the 29 kHz carrier due
fo nolse and bealing effects with other safety carriers In the
vielnlty,

K the telegrams are fed backwards from their feed point
and a matching neiwork is used, then the PW channe!l will |cad
TCl and TC2 and for comparison of both with the parallcl wire
signal all is well. If, howover, TC2 is compared with TCI
some trouble may be encountersd with the phase shifts. When the
telegrams are fed forward from thelir junction polnt wlth a
matching network then the PW slignal tags TCI and TC2Z and
trouble was encountered with phase shifts, This does show a
shortcomlng of “he recelver bulit. These same probloms were
encountered whein channels TC3 and TC4 were connected up.

Because of these phase shifts, inhesrent or otherwise, complote
cance! latlon of The "residual® recelved on channels TCl-4

cannot be fully effected and so silight degradat!on of RY results.
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Figures 130 and 131 shov somo of the combinations of
telegrams capable of belng received. With channels TCl, 2,

3 and 4 being used twenty independent binary bits of
Information can be recetved, and for channels TCl and TC2
only half that number.

From the photographs It can be socen that the recelved
messages shown tally with those predicted in flg. 129, Also,
from the photographs, 1t can be seen that the message
running forward over a telegram §s not the reverse of the
message received when runnlng in the opposite direction.

This 1s because the sampling In the Parallel-Serlal converter
always starts at channel TCl and goes In numerical order ~
this is shown below for two channels only. If the recelved
messages aro:-
TCI ACEGT
TC2 BDFHJ
in directlion A, the combined output Is :-
ABCDEFGHTIJ
When running in the reverse direction, these combined to glve :-
IJGHEFCDAB

- not the reverse of the messago for direction A.

1.4 Practical Determination of R"

These measurements were made by recording the ouiput
voltage from each channel when the plck-up colls on the
troltey were over telegram colls and when they were mid-way
beiween. These recordings were made with :=

I+ No compensation for the residual, and

2. Compensation for the residual
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Four readings were made at relevant positions - wlth the
trolley wheel flanges hard up against the rall and fwo
Intermediate positlions, - this gavo a total lateral movement
of about + 3" (0.019m). The worst possible case for the
maximum Interference betwcon two colls and the effect of the
paraliel wires Is different for the iwo sides of the track.
For TCl and TC2 this Is Z = |, X = 0, for TC3 and 4 this Is
Z =1, X = [-thls can be determined from the fleld
distribution pattern around the telegram coils and the
parallel wires. Because of the slight vartation In setting
the galn of the amplifiers a minimum value of R" was
dotermlned for each channel and the worst values recorded in
tables 9 and 10. R" (for a flxod threshold) was defined
as:~

Worst valus of ¥ ovoer 2 tolegram coll' (I's or Ofs)

n oo
R Maximum vajue between two coils In the worst possible

conflguration

I+ 1s hoped that this definition wiil take into account any
misplacement in laylng the telegram colls and subtractive
intferference from the parallel wires, This defini+ion should
represent the worst possibie condition ever to be encountered.
The values iIn brackets are predlcted values from results
Téken at Loughborough Unlversity for a movement, horlzontally
and vertlcally, of + |" '(+0.0254m).

Out on the track and with the frolley exact measurcments
are difficult to make but the resuits In tables 9 and 10 are
as expected. As the nominal movement of the trolley Is about
+ #" (+0.019m) the vatues of R* are slightly targer than the

values In brackets, The advantages of compensation are shown




Without Tith
Compensatiowd Compensetior
R, |13 (-5.5)|-03(14)
.. 1) |-10.0¢-23)
R, -q.5 -T2} [-10n(-23

Table 9, Worst Values of R" (C.76m spreaing).

lithout T1th
Compensationifomnensation
" - -1.3) 1 ~Hh L (.
R 13 0 C13) -tk (F1L.5)
H "‘l q(_j( ";\
R —q.*a(-"f.s)! 0.4 % 5

3

Table 1C. Worst Values of R"(1.Cm snreing).
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but not very clearly becaus¢ of the problem of phase shifts
between filiters, For a larger lateral and vertical movement
the values of R", are expcctcd to be most affected due to the
larger varlation In fleld strengths cncountered. However,
it would seem that the values In brackets are representative
of the + |" (+0.0254m) variation. The values of R¥y for
both spaclngs and compensation seem to show the most
discrepancy = this could bo due to experimental error due to
the small value readings or due to longltudinal currents In
the rail causing an interfering ffeld. The values measurad
on the track do tally with those predlicted by measurements
taken previously in this thesis.

The dynamlc¢ range of the system, assuming balanced
line currents, Is determined by the minimum value of RY
encountered (i.e. the minimum value of flux density over a
telegram coil at the 'cold' end of the track conductors
musT be greater than the maximum fiux density between two
telegram coils at the feed end of the linc for a fixed
threshold). Using the predicted values of R" for the two
spacings, then for sleeper spacing (0.76m), the range Is
5:1 (14.0 db) and for one metre spacing Is 7:1 (16.9 db: -

lcaving a margin for error and with no compensation for the

parallel wire residuai.

1.5 Induced Rall Currents

Because of the possibility of currents beling Induced
In the rails from the track conductor system, I+ was decided

o try to measure them as the flelds thus produced wiil

Interfere with the magnetic fields from such systems,
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ospeclally 1f using telegram colls placed on the rail foot.
ldeally the nett mmf In the rails should equal zero but due
to rall discontlnuitles, tho wires belng offset from the
centre of the track and any other Irregularifies, It is
probable that a rail current wili flow. If there is no traln
on a particular section of track then the connection between
rails 1s made up from capacltance to earth and bailast
conductance. When a traln enters a section then tho axles
and wheels affectlively short +the two rails together causing
an Increase In rall current (a typlcal change from 2mA o 10mA
was recorded = 5:1). The raf{ current was measured by removing
a flshplate, shorting the ralls with a 10 ohm reslstor, and
measuring the resulting voltage drop across It. Rall currents
of up to 18 mA have been noted wlth the traln on the sectlion.
This rat} current could be of prime Importance if th~
Interfering fleld 1+ producaes is comparable with the minimum
values of field encountered between telegram colls. As the rail
currents are iongitudinal then the llnes of force will be
parallel to the rall head but perpendicular to the dlrection
of motton and the horlzontal fleld, Bx’ will be most affected.
Measurements were made to determine the values of flux
density encountered by using a standard pick-up coll, the
output of which had previously been recorded 1n a known flux
density and was therefore calibrated. Figure 132 shows the
]imits of movement and the co-ordinates used., The following
graphs (fig. 133 and {34) show recorded flux densities about
the rall head. IT can be seen that the maximum induced rati

current is much tess than that which ¢an cause the recelvers
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to 'trip', the Bx field boing most affected as predicted.
Whilst the maximum rail curront expected here causes no
significant degradatlon of the dynamic range of the system,
if the rall current becomes greater, which could happen If
tThere Ts much Interference from adjacent tracks, I+ could

be serlously affected,
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12. COMPARISON OF ERRCR RATES FOR DAIA TRANSMiSSION USING

TELEGRAM COILS OR DIFFERENT FORMS OF MODULATION

To complete the analysis of the system described In the
previous chapters an attempt has been made here to examine the
effects of nolse and to compare the theoretical probability of
error rates for Information transmission using telegram colls with
that obtalnable using alternative forms of data transmisslon such
as dlrect electronic modulation of the carrier. The analysls has
been based on assumling the nolse to be white and Gausslan, although
In reallty the nolse recelved along a raiiway track tends to be
Impulsg and burst noise and whlch 1s generated mainly by the
electric traction equipment of the locomotive. The magnitude of
the nolse varies greatly according fo the type of iocomotive used
(e.g. electric, dlessel-elcctric or dlesel) and the position of
the tractlon current supply, when used - viz., third rall, overhead
or even battery drlven. The nature of the current supply, 1.e.
dlrect or alternating current, also determines the amplltude and
frequency spectrum of the nolse. Some Interference measurements
have been done by British Rall (see refs. |5 and 16). The

'condtflon of the traln or locomotive as regards whether It is
accelerating, braking or coasting has a marked effect on the nolse
produced as does the rlde of the current collector - see ref. |5.
Measurements have also been done In Germany on the nolse produced
along a raflway line. Buckel (ref. |3) has written a paper on
the general production and offects of nolse on a main line rallway
(which also contalns an extenslve bibllography) whilst Form (ref.
[4) has made measurements on a third rall system (the Hamburg
Underground) for nolse Induced into a pick-up coil similar to

that for automatic train control purposes. The results have bsen
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similar +to those cbtalned In 1his couriry and shov that i+ Is
preferable to use the upper end of +he band Z0 kHz ~ 200 kHz for
data transmisslon. However a compromlise has to be made here due
to the Increasing attenuation of the track conductors wlth
frequency. The above refercnces have been able to glve practical
results for the rate at which noise bursts exceed glven levels
but no work has been done on the error rates llikely for actual
data transmission,

The nolse recelved comes baslcaily from two sources - It
will appear elther as an induced curyent or It will be space-borne
T.e. not emanating from the parallel wires but dlrectly from its
physical source. |1 Is assumed that recelver noise Is much less
than the recelved noise and is therefore neglected. Whllist for
the varlous forms of electronic modulation one can consider the
recelved nolse as one entlty, In the case of telegram colls thls
is not so. Because of the nature of the system the line current
flows In the track conductors and the colls and so for alli
channels concerned the |ine nolse Is always fully correlated
between them. For space-borne nolse there may be varying cegrees
of correlatlon between the nolse on the channels, this is
explalned lator in section 12.5 and In the appendix.

Yarlous assumptions have been made In the analysis In
deriving the expressions and theso are glven In the appendlices or
as the chapter proceeds, where necessary. The results can only
hope to glve bounds to the error rates invoived due to the lack
of knowledge about the noise sources. To obtain results varlous
values have been given to the parameters Involved and a physical
explanation given to the various cond!tions where possibie. It

Is hoped that the results obtained will give some Idea of the




ol -

order of magniiud= of | .e errcr -ates to ve sxrected but shoutd
certainly provide sore comparison tetween the varicus transmisslon
systems examined., The slgnal to nolse ratics have been !imlted
to a maxlmum of 20 db. This Is bocause of difficulties with
calculations with the computer. Uslng DOUBLE PRECISION on the
computer, calculations can be made to about 20 significant figures
but with the expressions obtained here It has been necessary to
subtract very small numbers from unlty and hence results less than
1072 are very un-eliable.
Two error rates have been calculated :~
i the probablility that a digit received will be In error, and
2, the probabillty that a telegram will be recelved but will
be false (l.e. for the message recelved the crror detection
diglts are Incapable of detecting an error) - ses appendix
.
in all the work In this chapter i1 is assumed that a Hamming Code
of distance 4 Is used as at present and that a telogram compriscs

32 bits In total.

1241 Permissible Forms of Modulation

The forms of modulation that can be used are restricted
due to the nature of the communication system, Because of train
movement any form of amplitude modulation is forbldden as the traln
movement will generate unwanted modulation frequencies which
could upset any data transmisslon. The |llno attenuation and its
varlance wlth woather prohibits the use of modulation that
roquires any form of discrimination betwcen different signal
levels (ovther than no signal and a signal present). This basically

leaves three forms of modulatlion :- frequency shift keylng (FSK}),
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phase shift keyling (PSK) and on~off keying (00K), The varlfous
possible forms of these aro :-

l. Phase Shift Keying

a) Phase/Coherent PSK
b) Phase/Cohorent DPSK (Differentlal PSK)

2. Frequency Shift Keylng

a) Coherent FSK
b) Non~-coherent FSK

3. On=0ff Keylng

a) Coherent Detection

b) Envelope Deiection
The use of on-off keying Is not further considered because of
the much poorer error rates (see ref. 18). All thesc systems
are well described In References 18 and 19 although block dlagrams
of rocelvers are glven In this chapter. |In the following analysis
i+ Is assumed that a synchronising signal Is avallable on the
train for sampiing purposes and that the sampling occurs at
such a time that Intersymbol interference Is avoided. The form
of the lnput signal to the recelver Is alven In Appendix 9.
Cases are considered for the noise on the referonce channel
correlated with that on the signal being recelved and that

between two different channels and belng correlated

12,2 Phasc Shift Keying

al Coherent PSK

Flgure 135 shows typical recelvers for both Phase and
Coherent detection of PSK -~ the analysis for both belng the same
(sce Ref. 18). The probabi!ity that a diglt may be In error (Pg)
Is glven by :-

Pe = larfc(s)
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where s Is the S/N ratio as defined In ftae appencix. For this
case ‘the referenza waveform which must be generated locally Is
assumed nolseless. The resulting curves for bit arror rate and
the probability that the received telegram Is false (see
Appendix |]) are shown on fig. 137,
b) DPSK

A typlcal recelving system for thls Is given in flg. 136,
Here it is possible for the delayed channel noise to be correlated
with the nolse or the signal belng recelved. Moreover, the rms
nofse values on the two channels may not be the same - due to the
effacts of the delay resonator. The probability of a bit error

is glven by (among other forms - see ref. |7 page 587) :~

2 .
- -V _a=+b
Pe = @(va,vb) T2 exp L > ]Ié( ab)

where Q(va,/b) Ts the Marcum Q - Functlon (sece below) and Io(z)

is the modifled Bessel Function of zeroth order.

(Y

AT + X
Q(A,B) [ x.oxp |- > 1. ax
B
The subscript | denotes the direct channel and 2 the delayed
channel. |If p Is the normaliscd cross covarlance coefficient

between the two channels then

2 2
a Is (Ul - Uz)
2 2
4c| 02
- 2
b = I5 (c|+cz)
5.2 0.2
401 02
v = | +p
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where Is Is the peak |Ine current ard o, and o, are the rms
noise levels on the two channels. Curves are only plottad for
the most Ilkely caso of oy = Oy The curves are given In flgure
138 and are for the blt error rate and the probability of the
reception of a false telegram. Py Is derived using a mothod

described In Ref. |7, page 315 ff.

12.3 Frequency Shift Keylng

a)l Coherent FSK

Flgure 139 shows a typical rccelver for this type of

modulation, the probabiilty of a bit error belng given by:-
P =% erfc{s/¥2) ... see ref. 2|

I+ the recelver Is such that I+ chooses the larger of the two
magnitudes for the output (1.e. does not take Into account the
algcbraic sign) the probability of a diglt error is glven by:~
1 = -
Pe Z.Pe (1 Pe)
where Pe Is as deflined above.

bl Non-Coherent FSK

This Is probably a far more practical propesitlion with
FSK for track fo train communications as no ldeal reference
waveform 1s required to be generated aboard the train. A biock
diagram of a typlcal receliver Is gliven In fig. 140. Assuming
that the nolse at both flitor outputs may be correlated, with
normaltsed cross-covariance p, the diglt error rato can be
oxXpressed as -

2

v I a+b *
P = Q(/a,/B) ——, o [ =1 1,0/

* Again using the method given in Ref. 17, page 315 ff,
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vhete 2 2
A C'I - 02 I
[‘“l + o) 4"?"302] *
L+ A
v = A
{ } 2s o) 12 - 12
and
I+02)2-40fc§pz J(U?*c )2-4cfcgp2

The rms nolse val ses are given by 9y and o, for the two channels
and ‘s’ Io(z) and Q(A,B) aro as deflined previously. The relevant
curves are glven In flgures |4}, assuming that the rms nolsoc
levels In each channel are the same but that various degrees of

corratation exlst between the nolse on the two channels.

12.4 Discusslon on the Error Rates for Modulatfon System.

As can be seen from flgs. 137 and 138, PSK and DPSK are
supertor To any form of FSK -~ at high S/N ratios the galin belng
3 db for the same probability of error; this could be of vital
Importance where systems arc belng used under difficult
conditions. The difference between PSK and DPSK is only really
significant at low S/N ratlos and Is dependent on the relatlonship
betwsen the reference waveform and the Incoming signal in DPSK.
However, for various valucs of thls correlatlon, DPSK can Improve
on normal PSK,

If modulation Is to be used for the data transmission, and
bacause of the rellablllty required, !t would appear that 1t Is
desirable to use alther PSK or DPSK. Because of the transpositions
In the track conductors (sce page 6) and the assoclated phase
reversals I+ may be impractical to use elther PSK or DPSK so

that FSK must be consldered as the alternative. It might,
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however, be possible to usc some Fora ©F gatlng 1o Inhibit
reception as the transpositlons are fraversed and thus regain
thc advantages offered by PSK or DPSK. |If FSK !s used It would
saem easiest to Implement non-coherent FSK as no Tdeal reference
waveform is required, the error rate of which tends to that of
coherent FSK anyway at high slgnal to noise ratios (i.e. above

about [0 db).

12.5 Telegram Coll Channcls

The form of the input signatis) to the recelvers and
assumed muitiplicative demodulator Is derived In Appondix |0,
The filter bandwldths are assumed greater than 100 Hz - tho
maximum telegrem pulse rate. Figure 142 shows a typical telegram
coll signal. I+ Is assumed that some form of synchronisation
signal Is avallable on the traln so that the telegram pulses are
always sampled at the same polnt on the slgnal envelope -~ for
the case of the following curves this Is assumcd fo be the
max!imum of the signal. The slgnal values used In thls analysis
are the worsi encountered - f.e. at tho extreme of the assumed
+1!" bogle movement. The crror rate has been calculated
assumling a signal Is being received and that it is In error.
From this 1s also derived (sce Appendix [1) the probablitty that
a telegram recelved Is false - l.e. tha error detectirg digits
are correct for the received information digits. An alternative
to the above defined error rate is that of a slignal belng
recelved when none Is transmitted - this Is because of the
intermittent nature of this type of transmisslon system.
Although thls type of error could ruin the receptlon of a

telegram, t.e. produce more than the 32 bits required at present,
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the traln recelver looks for 32 bits to be received betwoen
two transpositions. |1f tne number recelved differs from this, a
fallure wlll be reported and the Fraln will revert o complete
manual control, However, It is very unlikely that a false
telegram will be recelved due o this effect and It is felt that
the error rates of Importance are those that have been
described previously. It is reallsed that this Is not a full
analyslts but should suffice Initlally for a comparison between
the two avallable felegram coll systems and with the varlous
methods of modulation. The two telegram coll systems are the
orlginal BR system and the newly developed system described in
this thesls.

Figures 144-146 for tho BR system assume that the rms
noise Jevels of the space-borne nolse on each channel arc the
same whilst fligures 147 and 148 for 1he new system take Into
account tho effect of differing spacze-borne rms noise levels.
The error rates have been ovaluated for varylng degrees of corretation
between the space-borne noise on the various channoels and for
varying values of the ratio (k) of rms line noise curvent to rms
space-borne nolse levels (evaluated with respect to line currents).
Values of k equal to 0, 0.1 and 1.0 have becn examined although
not all the curves are shown In this thesls. From practical
measurements taken (see ref. I15) 1+ was found that the Induced
aerlal voltage due to line nolse currents was very much loss
than ihat due to space-borne nolse. Hence the curve for the ratio
equal To | Is rather hypothaetical - a more appropriate value
being 0.1.

From Appendix 13 I+ 15 shown that If one nolse source is

predominant, then the normalised cross—correlation coefficient
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tends to + |, whilst for a collection of random nofse sources
1T can take a range of valdes according to the distribution,
magnitude and directional properties of the nolse sources. For
partly correlated nolse sources 1t can be inferred from the
appendix that varlous values of cross-covarlance can exlst.
Depending on the motion of the traln - i.e. braking, accelerating
or braking =~ the correlation botween the nolse sources may vary
and thus also affect the orror rotes. Hence, all that can be
hoped for from thls study Is +o produce sets of curves that will
provide lImits for the error rates to be expected during normal
operations. Whilst many curves can be plotted for the varying
parameters, those included in thls thesis arc representative

and glve direct comparlsons between the various systems.

IZ.6 Reception of Telegrams using only One Fle!d Component

from the Telegram Coils

This case Is considered for both BR type colls and +he
new ones = usling onty the vertical fleld component. Fiqure 143
shows the form of the recclver assumed In maklng the analysis
glven In Appendix 0. This approximates fo that used in the
practical Investigations in Derby. The deicction Is very
simiiar to that of PSK -~ the ftransmission is virtuslly PSK.

The probabillty of a single blt error Is glven by:-

P = Q(/a,/B) - v wp( =22 87 1 /ap)
e Ve T+ y2 © p[t 2 R

where a, b and v are defined In Appendix |0.
As explained !'n the appendix, the signal to nolse ratio
can be defined In two ways but only that de{lned by the PW

signal is used here. If the rececived telegram col! pulse Is not

-
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sampled at the maxtinum but some other va.ue, then a somewhat

lower S/N for this channcl wil! result for a given error rate.

The curves shown have been calculated for the condition of worst

Interference between the colls and the parallel wires, and vice

versa, and between adjacent telegram colls,

The details of the coils examined for this fype of system
arc:-

1) BR colls, 9" x 7%, both pick-tp helights 0,305 m above
slecpor level and n/¢ = 0,587.

1 Loughborough type coil, 67 x 2", mounted on rail foot.
This was assumed 3" (0,075m) below rall head with the
pick-up coll the same distance above ratl head (l.e, about
0.25 m above sleeper lovel). The reference signal plck-
up coll was assumed as for the BR case. Here the
calculation was for the worst case of the +I" movement
and n/¢ = 0.538 (for sleeper spacing - 0.76m} and n/¢
= 0.529 for one mctre spaclng.

Evatuation of n/¢ taking Into account Interfering signals

between colls and track conductors Is given In Appendix 12.

Only the curves for slecpor spacirg are shown for the Louglhiborough

colis as the error rates for onc metre spacing are virtfually the

seme.
The eror rate curves for the British Rall coils arc shown

In figs. 144 to 146. These curves show the offect of varylrg

the magnitude of the line noise but keceplng the space-borns

nolse constant. For values of k = 0 and 0. the error rates are

almosy ldentical but at low S/N ratios and k=i.0 there Is a

noticeable Improvement. At higher S/N ratios (above about 12 db)

al! the curves seem to tond to the same asymptote. This
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Imprevement may ar first scom su.prising bui as the current

flows also through the colls, there Is always a flxed rclation-
ship (0° or 180°) with tho reference slgnal and so the line nolse
will aid decoding.

As lline current nolse Is always much |ess than tho space-
borne noise, only the value of k=0.1 has been examined for the
Loughborough coils. Curvos are also gliven for Increasod telegram
channel space-borne noise, This Is because the Loughborough
telegram colls Ila close to the rall and may be affecfeé}%gr
fractlon current supplices and pick-up shoes. Comparing the
curves for the BR and Loughborough colis it can be seen that
using only the vertical field component there Is hardly any
difference In the predicted performances. This Is because of
the simllar values of flux density encountered In the two systems,
although 1+ must be remembered that for the Loughborough telegtram
coils the worst possible valuc of flux denslity has been used In
calculations =~ l.e. that at the extreme of the bogie movement.

If this movement Is not so jarge, then Loughborough colls have
the advantage because of iIncreased fleld strengths.

With Increased space-borne nolse it can be seen that for
negative values of tho normallised cross-covariance, the error
rates have deterlorated whllst for nositive values they have
improved. Thls Is due To the method of calculating the error
rates - ¥.e. assumlng that the two slignalsiransmitted arc In
phase and that due to nolse the decoding has predicied the
opposite. If the latter vas initially assumed then poslitive
values of p would have shown the worst error rates. Thus, an
average value of p must be taken, and for equal probability of

I*s and O's occurring this valuc wouid be zero.
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12.7 Telegram Coil System Using Two Field Comporcnts

In calculating the erver rates for this type of system a
simpliflication has been made. As two bits are received
simultanecusly from a telogram col! then the noise on the two
channels may be correlated. 1f the bit error rates for the two
stmultaneocus channels aro Pl and P2 {see end of Appendix 10)
the average bit error rate has been defined as %(PI + Pz).

The term due to the possibiiity of correlation between the channels
P]Z’ has been Ignored for two recasons = i) 1+ is not oeaslly
amenable to calculation and 1i) It will in anv case be smalier
than elther PI or P2' The above &finition has then been used to
calculate the probabllity of a false telegram.

Figure 149 shows a block dlagram of the receiver and
dacoder for this system and dzfines the channels used. Error
rate curves are shown only for sleeper spaclng - the error rates
for one metre spacing belng almost identical. Curves are gliven
for channels TCl and TC2 both beling compared with the PW channel
{7igs. 150 and 151) and for channel TCl with PW but channel TC2
with TC)] (figs. 152 and 153)., The case for increascd tclegram
channel space-borne nolse Is also shown. The cross-covaricnce
between the nolse on channel TCl and 1+s reference is Py and for
TC2 is Poe The curves depicted show Tho upper and lower error
rates for the two channels plus an intermediate value -0y =
p2=0.

From the curves for the error rates it can be scen that
at low $/N ratios and for average values of | and Po that the

system comparing channel TC2 with TCl has slightly the better

error rates. Thls is bocause the reference signal for channel
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TC2 s greater 'n magnitudo than the PW slgnal. AT nlgher signal
To noise ratios however thare would appear to be |itt|e advantage
between the two methods of decoding - about 0.5 db. The maln
advantage of comparing channel TC2 with TC| is the casler logle
for laylng the telegram colls (see section 7.4, page 45).
Comparing the error rates for the modifled system and that
only deriving one blt per telegram coll there appears to be
Iittle to recommend oneo over the other and so the choice must

depend on other factors.

12.8 Telegram Coil System using Colls Both Sides of the Track

This system is ldentical to the above but with colls both
sides of the track, The main differenca Is the way In which the
magnetic field from the track conductors affects the horizontal
fleld from the colis on opposite sldes of the track. The average

probabli |1ty of error is defined as &(Pl+ P+ P3+ P4}, whera

2
P,,P P3 and P, refer to the individual error rates on the

1722 4
telegram ccil channels TCl, TC2, TC3 and TC4 respectively. All
of the channels can be compared with the PW signal or the
horizontal fleld from each coil can be cumpared with the vertical
fleld from thal coll. Other combinations are possible but are
not deal+ with here as they do not represent an easy way of
detormining the logic for laying *he colls.

The results for thls system are very similar to the
previous one and are not shown here. Thls simllarity Is to be
oxpected as P] and P3 arc equai and there only belng a sltght
difference between P2 and P4.

As far as error rates are conceirned there would appear to

be no advantage w!th this system and the system must therefore

be Jjudged on other merits it offers.
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12.9 Discussion

Comparing the telegram coil systems derfving one bit per
col! and the various forms of modulation 11+ would appear that the
error rates for telegram coils and PSK/DPSK are very similar -
tending fo the same asymptotc at S/N ratlos above about 10 db.

At lower signal to noise ratios PSK Is the better, the difference
between DPSK and one bl+ tetegram colls depending on the
relatlonship between the varlous noise sources present., This
simllarlty betweet these systems Is to be expected because of

the nature of decodling.

The error rates of the system deriving two bits of Information
per telegram coil (however the phase comparison Is effected) vary
between those of PSK/DPSK and FSK, depending on the magnitude
of the space-borne noise on the telegram channels with relation
to that on the PW signal. For cqual values of rms space-borne
noise on all channels the performance tends to that of PSK and
DPSK above 10 db, For Increascd space-borne nolse on the
telegram coll channals (l.ec. double that on +he PW channel) the
performance tends to that of FSK, For greater Increases th=»
telegram coll system Is worse than FSK. For S/N ratfos below
10 db the performance of the system is again closely tled to the
relatlonshlp between the various nolse sources. The above
comments alse equally apply to the system in 12.8,

At low values of S/N the error rate for a false telegram wiili

fend to 0.156 x 10™!

or 1/64. Thls can be predicted from
Appendix |1 because as the probabillity of a bit error decreases
so the probabllity of the telegram being within the error
detecting capabiiltles will decrease and will become small

compared to unity,
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12,10 Concluslons

in reaching conclusions from this chapter one must take
into account the assumptions made, especlally that of tho noise
belng Gaussian and the restricted range of the calculations.

The resuits In this chapter show the similarity between
PSK/DPSK and telegram coll systems using only one bit. For
increased space=-borne nolse on the telegram coll channels, which
is more likaely for the modlfied system due to the proximity of the
colls to the rall, for double the rms value the performance is
about the same as FSK. For values Tn excess of this then modulation
methods represent the best form for data transmission. Amn
Important factor with tclegram colls Is thelr severe |imitation
on the dynamic range of the system.

Further work on the error rates of systems would need tfo
bo dono for more detalled conclusions but this can only be done
oxperimentally because of the nature of the noise. Thls would
have o Involve trains running under actual running conditions
and monltoring the performance of equipment. However, the
results In this chapter shou that there Is very {ittle baslc

difference between the systems discussed.
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3. DISCUSSion, EXTENSION OF TELEGRAM COIL SYSTEMS AND CONCLUSIONS

Thls chapter contains soms of ths discussion of the practical
work and the conclusions from the thesis. It also contains a
short section comparing the relative costs of the two systems and

possible otTher uses of telogram colls and fleld components.

13,1 Discussion

There were some problems with the experimental recelver
bullt but these are likely to be Inherent In any system using
phase comparisons. The main probiem was one of differential
phase shlfts between channels and was caused mainly by the fllters.
Another phase shift problem occurred when |imiting ook place In
some of the ampliflers but this could easlly be rectficd by
external |Imiting by zener dlodes.

There is certainly an advantage in using some form of
matching network with the telegram colls as the work In Section
10.3 shows. With the lattice network used 1t would scem
unrealistic to accept a phase shift between the line current and
telegram coll current greater than that already exhibited at 29
kHz when evajuating the telegram (about 20%). As the tendency
now Is to use higher frequencles, and if telegram colis are stiil
used, then some other type of 'all-pass' matching network must
be used. As already pointed out, the telegrem could be split
Into saveral sections, each being individually matched but this
Is costly due to the extra number of capacltors and connectlons
nceded although the phase shift Is conslderabiy reduced per
matching network, but not overall.

|t telegram colls were only used one slde of the track It

would be better to feed half from each track conductor, thus
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giving a balanced loading and be'ng easier to match info the line,

It Is also deslrsble to fix the telegram ccils within + ' (+0.0032m)
of their nominal position due to the susceptibility of this system
to bogle movement, A simllar tolerance should be adhered to for
"fixing of the pick-up colls. If only one component of fleld Is
required from these colls on the rall foot then, by offsetting

the plck-up from the cenfre line of the rall larcer values of
flux~density will be encountered and hence Increased values of

R". The highest values of flux-density will always be produced

by the vertical component of the fleld (Bz).

Because the slignals from the telegram colls are rocelved
In parallel there are various ways In feeding them to the train-
borne computer. Certainly with the paraltel-serlal converter
{as used here) the telegram reccelved in one direcilon Is not the
reverse of that recelved when traversing the telegrar in the
other direction. This means that a dlfferent form of coding
would have to be used from that used at present to detect
information such as a reverse telegram etc.

With the system used ot present, and the parallel to serlial
converter, no Informatlon could be fed to a train-borne conputer
unti) all slgnals were present. This means that if the telegram
colis are used on both ralls they will need to be falrly
accurately allgned, otherwise the channels on one slide will be
on the point of dropping away when those on the other slde are
Just coming in. If this happens, due to the time delay of the
pulse counting clircults cither the wrong Information will ba
fed In or none at all. This Is further affected by line current

attenuation which dlirectly affects the flux densities, so that

at the feed end of the line all channels may come in correctly
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but at the far end there could be problems. The galns of the
vertical and horizontal channcls are different (- the effective
theshold) due to the differing values of flux density encountered
In each case. The way In which the recclved signals are deait
with may well be determined by the computer deslan. A method of
overcoming the above problom Is to feed each channel Into its
own shift register store as It Is recefved and then to clock

the Information out as deslred.

The dynamic range of a system such as described Is
dependent on R" (although unbalanced |1ne currents will upset
this) for a fixed threshold. Table |l gives predicted vatues of
R" for various values of track conductor spacing and shows thelr
degradation with Increased conductor spacing. From results
obtalned - practically and theoretically - it Is advantageous
to have the colils 1.0 metres apart and Table || also shows the
advantages of closer spaced track conductors. An Improvement
could be made on the dynamic range #f, Instead of a fixed
threshold, a varlable threshold dependent on the average value
of the parallel wire (reference) signal was used for the telegram
coil channel or the instantaneous value of the telegram coll
channe{ Is compared with that of the reference signal. The
1imiting value for this would be determined by the S/N ratio of
the flux densitles and the permissible error rates of the
recelved slgnal(s). The values of R" found In practlce are
larger than those predicted, this Is probably caused by the
trolley movement not belng as large as + I" horizontally and
vertical ly, the values recorded being typlcal but allowing for

some misalignment of telegram and plck-up collis,
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induced longltudinal raii currents from the track conductors
could also prohlbit the use of the horizontal fleld If they were
excesslva (soe section [1.5). The systom finaliy used should,

however, be compatible for all reglons.

13.2 Economics

Tho followlng Is only a very rough estlmato of costs but,
I+ Is hoped, glves some idea of the dlfference In costs, even If
it is only a percentage. The cost for a BR plck-up cofl and a
Loughborough pick-up coll Is approximately the same. The fixing
cost for one telegram plck-up coll per systom would be about the
same as a special bracket would be required for both, but if
both sides of the track wero used for the Loughborough system
then fixIng costs would be about doubled.

There would soem to be no reasen why the cost of teicegram
colls for each systom should be different. Tho advantage with
ER telegram colls Is that they can be bolted stralght to wooden
sleepers, although concrete speepers wouldneed a spoclal fixIng
bitock. The Loughborough telegram colls, however, need speclal
fixing blocks. Thls is probably not a dlsadvantage as they willl
probably bo casy to flx to tho rall and most of thoe cost with
any telegram colls Is in the |abour laying thom. The actual
cost of the recelvers used to just deccde telegrams 1s somowhat
difficult to estimate as no real attempt has been made to make
the cqulpment for the new systom 'fall safe'. To recelve cne
bit of information from one telegram coll and decode it would
be cheaper for the modlfled system, tho cost to obtaln two bits
belng about the same as the prosent B.R. receiver. However, to
obtaln all four bits of Information at once from two tolegram

colis and provide a serial output the cost of the new rocelver
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would bo about 75% more than tha present BR rocelver. 1f a
parallel-serlal converter vas not required and somc simplification
of the computer input resulted then tho resu'fing cost of the
new rocelver might not be so much greater than tho presont BR
recelver. Tha use of Intograted clrcuits (digital and llinear)
probably help in keoping tho cost of the recelver for Loughborough

telogram colls down, as also does the use of active fllters.

13,3 Posslible Extension of Telegram Colls

The disadvaniage wlth telegram colls is thelr flixed
nature although they reprosent an admirable method for the

transmission of fixed information. |t Is possiblc ¢ use various

control elements o vary thelr phase relatlonship with the track
conductor signal. This could possibly be of use In the vicinity
of junctlions where the data for various routes is required.
However cost of additlonal cquipment Is of primoe Importance.

They arc not suitable for all types of varlable tnformation,
howsever, due to their discrete nature and would be of no use for
control purposes In a moving block signalling system. If
switched telegram colls aro used, the egqulpmont assoclated with
them must meet tho stringcent safoty requlrements Imposed by
rafiway administrations when used to communlccete vital signalling

Informatiocn.

13.4  Further Application of Ficld Components

As It 1s possible to use fwo fleld components from the
telegram cofls 1t Is possibie to use them without the track
conducters by using ono flcld component to produce the roference
and the other one fo contain Information. |f both sldes of the

track werc used then 3 bits of Informatlon could be used, using
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one fleld component for tho roforonce signal 1§ the colls were
reascnably well allgned por posttion. With this system there
would be no interforing flolds from track conducters, only
from adjacent colfls and thoso on +the opposite sldo of the track,
¥ any. The valucs of R would be those glven In Table 7 & 8.
The colls could, in this way, bo used In a slmple system for
conveying flxed information to a moving traln such as spoed
rostriction, gradients, route identification. The feed
requirements would bo relatively casy - a constant current source
giving adequate S/N ratio and porhaps zllowing a greater tolerance
for bogle movement. Apart from uslng dlfferent flold compononts
from the colls 1t might bo possible to usc fleld compononts
from the parallel wires thomselves. There are three possiblo
uses, theso are:-

l. an alternatlive fo trenspositions

2. to provide fixed Information, and

3. section ends.
Fig. 154 shows the vortical and fateral flux donslity
vartations In a direction fransverse to the track cenductors and
for (1) and (2) by latoral displacement of the wires such that
the maximum of the horizontal fleld Is always used, for a bogle
movement of + 1" a maximum dynamic range for the systom with a
iixed throshold of 6:1 can bo obtained (15.5 db}. This flgure
takes Into account the permissible line attenuation ovor one
saction providing the signals rocelived are always sufficlent to
glve an adequete S/N ratlio. It should be borne Tn mind that
the signal from the vortical floid is about 40% less than

‘that dlrectly above the centrc of the track cenducters (Lut

about the same as tho horizental field) and may require larger
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line currents. Alternatively the threshold on 'X' could be set
by some average valuc of the received 'Z' slgnal - thc dynamic
range then being Ilmited by recelving a slignal glving an
adequate S/N ratlfo. Duec to the stocp sldes of the flold
pattern{s) and bogie movement the recclved signals will be
amplitude modulated but, providing all Informatlon on the
carrler Is angle modulated, therce should be no problem with
receptlon.

Transpositions could be effected by laterally displacing
the track conductors from the centre line of the track and
noting the changes in phase of {' wlth respect to tho 'Z' signal.
Figure 155 glves possible configurations for tho track conductors,
This method would mean that the receptlon of the 'Z' slignal,
track to tralin and vice versa, Is never Interrupted and a
transposition pulso obtafned by noting the 'X' slgnal passing
through a zero as 1t changes phase. The dlsadvantages is the
use of lowor flux densltles and the fact that somo slgnal wlll
be lost In train-to-track communicatton, which Is alrecady at
a very low level. However, the nulis in the vertical field
pattern from the track conductors are oliminated giving a
better data channel. The 'Y' fleld - T.e. In the dircectlon of
motion - whlch Is absent over an entire transposttion sectlion
occurs at a conventlonal transposition as the currents in the
cross cennections are in the same sense - sco fig. 156 -~ and
could be used to provide an additlenal transposition pulsc,
providing sectlon ends do not upset the field patterns.s The
other disadvantage of this mothod 1s that conventfional
transpositions help reducc any longltudinally Induced curronts,

whereas this method does nots transpositions and conventional
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telegrams would have to be fslted' and could bo placed only
on onec side of the track.

Extra Information could be achleved by using the
conventional arrangement for track conductors but displacing
the track conductors withln a trensposition section to glive
additicnal blnary Information - soo fig. |57 for a possible
ftrack conductor configuration. This method would be sulteble
for fixed Information such as gradlents, distances and route
fdentification but does not lend Itself casily to the display
of tomporary changes of Information. Agaln placing of
telegram colls, !f used, would Le restricted.

A thlrd posslible uso of flold components from the
track conductors Is that of sectlon ends - i.e. the end of
onc track loop and the beginning of tho next. There are three
requlremonts here, these arc :-

I. continulty of safoty carrier

2. the production of a scctlon end pulsc, and

3. tho preventlion of false Informatlon belng rcceivod

duc to 'beating' of adjacent carricr frequencles

In the two loops as the osclliators foeding them

are not frequoncy locked.
One sclution fo thls problem currently being tested by B.R.
involves 2 telegram coil as shown In flg. 158, tho following
method not requiring ono (fig. i59). The new section Is placed
off-centre of tho track such that tho null In the vertical
fiold of the new sectlon lios on the contre 1lne of the old
sectlon (X). Yi and Y2 are such as to prevent fwo flolds
Interfering on one channcl at a given tIme and to provide an

overlap to keep contlnulty of carrler. Normally channel 2
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receives |ittic cr no signal. As the end of the old section
Is reached, channel 2 first picks up the new scctlon, and
then after a distanco of approximately (YI—YZ) channel one
Ydrops' out. After a further distanco YZ’ channe! one plcks
up again followed shortly by channel 2 Tdropplng' out., Thus
continulty Is maintained, any boating effects virtually
eliminated, and an cnd of soctlon pulse can be obtained by
noting that channe! one fdrops! cut and picks up again. This
Is used so that fallure of a channel will read In o section
end pulse and put the ftrain computer In a more restrictive
mode. Flgure 160 shows the onvelopes of the received slgnals.,
IT Is best fo recalvo tho X' signal at the foed ond of a

line due to 1t always being lcss In magnltude than the vertical

slgnal.

13.5 Conclusions

The work described in this thesls shows the practical
opplication of the Initial Investigations carricd out. Tho
perfod of +lme spent at Derby has certainly shown the problems
prevalent In a rallway onvironmont and it is hoped that this
oxperlence has helped to provide a reasonable worklng system.

The modified telegraem coll system giving exira
Information per coll certainly reduces the length of track
needed for a telegram, cspeclally If both sides of the track
are used. The plocing of the telegram colis on the rali foot
Is also advantageous as they are not rostricted to slecpor
spacing and are also less |lkely to be damaged by +rock
maintenance cquipment, ¢.g. tamping machines. On ‘the cther

hand colls In this positicn are more of a nulsance when
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replacing ralls.

A system using small colls on the rall foot Is certalnly
suscoptibla to bogle movemeont but with suitable sltling of
telogram colls {e.g. not on a junction) and positloning of
pick-up colls this short-coming can be minImised., Tho
dynamlc range of systems using telcgram colls scems adequate
for the length of sectlons of track conductors envisaged at
present, 1t beling advantagoous to use 1.0m spacings 1f
possible. Unbalanced i1Ine currcnts might well roduce this
range, but by matching the telegram Into the baloanced line
this effoct Is virtually climl,atod, only an carth foult beling
of congern. The coils might Imposc a mintmum value of |line
current although the valuo of magnetlic fleld produced by tho
paral el wires for the central plick-up coll is slightly less
than tne minimum experienced from the colls at an oxtreme of
the bogle movement.

The Inductance of felograms connected fnto the track
conductors causes a docirease In the velocity of propagation
which also moans a decrcasc of wavolengths on the llne.

This means that standing wavos could be a problem on the line,
cspoclally for the new cotls with thaelr hlghor Inductance.
Section 0.3 certainly shows this offect and the advantoges
ot matching telegrams into the track conductors.

The chapter on error rotes shows that there is little
basic difference betwoon the use of telegram colls and tho
forms of modulation discussed. However, the position of colls
on the rall foot and their proximity to conductor ralla (e.g.

the Southarn Reglion) might Iimit thelr use but at prosent

there is tnsufficlent detailed knowiodge about thls source of
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interference and Its effoct on relegram coils.

Whilst telegram colls do have certain disadvantages
they do represent an admirablo method of Transmitiing |imlted
amounts of fixed Information and with high rollabiiity., The
system could be enhanced by using the extra data transmission

fociflties discussed In scction |3.4.
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Appendix 1.

To show the omf induccd in @ stationary coli sltuatod in a low

frequency megnetic field is proportional to the flux density

cutting the coil.

Assuming there to be no rodiation offects, the flux density
from o coil in space cerrying a low frequency curront can be
cxpressed as -

B = k.fix,y,z}.T whore T = lO.GJWT

For a fixod point in spaco, i.e. %, y, and z are fixed
Then Ba l

Now the emf induced in a smell pick-up coll Is given by :~

If the plans of tha coil is in the x - y plane thon 45 Is

paralicl to the z axis.

g -
: g
i /_ T
i / _‘;:_.’3
L
- e ey
I/J
.‘” ]
. l
& }
Now B.dS = 3 dS Cos & {(whero 6 s the angle botwoen B and S}




If the area of the pick-up cri) rcmains constant then

9B -2
ea-ﬁ_-zaﬁ:

thercfore

Qo ’g—::_: = ol

But W is constant, hencoe e o T but BZ a I

therafore e « Bz

Hence the emf incuced tn the colfl is a measure of the flux
density perpendicular to the plane of the coil and it can

therefore bo used for moasuring componenis of {lux density.
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Appendix 2.

Magnetic Field from a Rectangular Coil.
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Consider each side of the rectangle separately and as being
made up from small elements ds. The magnetic vector potential

is glven by :-

' e Jfrgs
r

Jer

But in this case 8r << |, therefore & = {, This means that

the amplitude and phase of the current in the rectanqular coil is
ossentially the same at any point.

Hence for AD

+h .
A o= U ds .
P arf (lytad= + (x-s)¢ + za°

but B = Curl A




theretfore

o
X

B,_Fiele Component.

- b -
B,00) = 5. -4 | - {yra) ©s -3
z T M) e (xes)2 e 221
. .
et (ves) = 122 + (+a)2i% Tan o
1
therefore ds = =122 + (y+a)2}® Sec? 0 dé
- s = +b
* Tz (AD) = %z ul(y+a) J Cos o do
41 (22 + (y+a)?) s = ~b
at s = +b, 8 = +tan ! xrb 1
22 + (y+a)2]}
at s = -b, o = tan! xb 4
{22 + (y+a)?]
tence B = %Z. zul_(yra) ESln (+an”! -:-5:9——-—-% )
41(22 + (y+a)2) - {22 + (y+a)2}
~ Sin(tan” x*b5  u\-m
{22 + (y+a2}
. . ol X = X t
but Sin{tan y Y= V.3

and (1) simplifies to give :-

E =% ul{y+a) . X + b
P, B & . LA
% an(22 » (ysa)2) ¢ (22 4 (yea)2 + (x+D)AT

- X ~b

22 + (y*a)? + (x~b)2]

i
F3

-



Stmilarly the B, components of field due to the current in

the remaining sides are :-

-

B.(BC) = & uf(y-a) x = b .
z z° 2 -a)2 f,2 —a)2 -2}
4n{z< + (y-a) L 1z2 4+ (y-a)e + (x-b)<:
X + b 1}
-~ 4
{22 + (y=a)? + (x+b)2}
B.amy = &, ——tLOcD) { Y2 :
2 oan(z? + (x-0)2) 22 4 (y-2)2 + (xed)?]
_ y +a 1
{22 + (y+a)?2 + (x-b)?}
B A ul{x+h) [ + a
z(CD) = a_. 4 '

2 amiz2 + Geb)?) L 022 + (ysa)2 ¢ (x#b)2]

- y=-a _%l
[z2+ (y-a)?2 + {x+b)?]
The total field is then given by :~

B =B.(AD) + B (BC) + B (AB) + B_(CD)
2 z i Z F4

The sign of Bz(..) is determined by The right hand corkscrew
ruie. This can be checked as cach field at x =0 andy = 0 is

positive for the given direction of current.

B, Ficld Component.
H

Here only the sides AD and BC produce a fleld in this

direction, From avove

In the same way as Bz was derived the following expressions

ars obtained.

B (AD) = 3. ulz }" X =B :
Yoan(z? ¢ (yrad?) | {22 ¢ (yra)? ¢ (-0)Z]

X_+ b .]
]
(22 + (y+a)2 + (x+b)2]




~ |15 =

B () = 5,. ulz { x* D :
Y V' 4 (22 + (y-a)2) [22 + (y=a)2 + (x+b)2]

x =b ,\
- F4
L22 + (y-2)2 + (x-p)2} L
The total‘y' field is then given by -

B =8 B
y By(AD) + By(BC)

B, field component.

Again only two sides contribute to this field - AB and CD.

Using Ex = ~%§1 and by a process similar to the above,

B (AB) = a.. y* 2 '
X

ulz
3
X am(z2 ¢ (=032 ) | [22 + (y+a)2 + (x-b)?)

- y -3 3
(22 + (y-a)% + (x-b)?]

B (o) = 5 . ulz { y -2 '
P4

2
X am(z2 « (b2 L L 22 ¢ (yead? 4+ (x+b)?]

y +3 J
[z2 + (y+a)? + (x+0)7]} A

And the totat field is fthen given by :-

B =B (AB) + B (CD}
X x X




Appendix 3.

Magnetlc Field produced by a Circular Coll.

AT
A
cds
A P24, 2)
- T
) -
\\q_ j” Y
\_},/
X

Starting again with the magnetic vector potential for a iow

frequency current, i.e.

2{:.9_}'12?.
e r

on substituting +he known parameters shown in the diagram,

2m —
R = ﬂ ade® ' A _ _
d (22 + p< + aZ = ZgpCos ¢13° ¢! (ds = ad¢)

dar
The point P can be considered as lying in the y-z plane for
a circular coil witheut any loss of generallty. This simplifies
the expressien for A slighity.
The unit vecior a¢, can now be expressed in terms of the unift
vaectors of the coordinate system,

a,, =a, Cos ¢' + apSin of

! o
A thus appcars to havo both a 340 and a_ componont but the

integration can be carried out o show that ?b = 0. This snould
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be obvious since Tp = 0.
21T
o ule I Cos_¢' de'
{

-— - - A
Therefore A zZ ¥ % + af - JapCosgr)?

o %" Fmp

Using the definition B = Curl A and expanding.

1 alpAs)
z z p a0

2T
B =2 _g;[ a Cos 4" da? 4
0(22 + p2 + a2-233C0s ¢7)

211'
J aCos ¢'{p 2aCos¢ ') do’ 3
o (22 + p2 + a2-2z,Cos ¢") 4

T o= %'

By introducing two new variables,s = 5 and

2 4ap . '
k™ = the equations can be rearranged and

(a+p)2 + 22
sinplified To yield the following :-
i

B -A ul ! rFrT d8 $

‘ 2 2n (Cawpd2 + z2) o JO(I - k25in2g)

——

ki

N2 o A2 L L2 z

s BT pl Tz (1 -kZSinzs)%dB.!
{a - p)2 + z2

g
et K = J i

g- !
t and E = {(t - k25in2g)%d3
(! - k2Sin28) c

then K and E are complete ellliptic integrals of the first and

second Kind respectively,

Hence,

- 2 w2 _ 2

BZ=E-L : ; \ks Eze2 -2 E_\,S_,
2 ((a+p)? + z2) L (a-p)2 + z2 “

Using a similar anaiysis,

— - 2 2 2

B =g J Z 1 \ O - . L E-]
P P2mp ((a+p)2 + 22)
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Using X, y, and z components to simplify moasurements, then

= B.si
pn¢

B

Y

and B
%

= BpCos $
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Appendix 4.

Magnetic Fields Produced by Tiited Colls.

Consider the coil tilted In the manner shown in the diagram

below,.

Y

N

Y1

By using the transformations

Z, Sing +Y Cos g

LA

]

Z Cos e -Y Sins

[ | .
a change of axes can be accomplished giving the field components,

and z

Bx’ By and Bz in terms of Y] and Zl' The field components wlth

respect to the new set of axes are then given by :-

B
By
=B

BXI X
Field components from coils tiited in a different arrangement

§

BZ Cos 8 + By Sin 8

B Cos g8 ~-8B Sinag
Yy z

than shown above can be obtained by suitable change of axes.




I
2
5

AEEendix 5.

Field Components from Mutti-turn Coils.

If the coils are made from thin wire and are closely wound,
the resulting coll, to a good approximation, can be censidered
as made up from an equal numbe~ of paralie! turns. The diagram
shown below depicts an enlarged coil with total number of

Turns N,

It a2 field component from one turn is given by fix,y,2),
the fotal fiold at some given point in space is made up fro,

the summation of all the parallel turns of wire, i.e.

G =] of all parallel turns

B =]  fix,y,z-nd)
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AEQendix 6.

The Field Produced by Helmholtz Coils.

vf

™

The field on the axis betwecn the two coils is given by :-

H_(z,0) = 22L ' * ' }
2 2 (a2 + (z+d)233/2 (a2 + (z-4)27%/2

-3/2 -
- a2l - z(z + 2dT1 / . YE'* z(z-2d) 3/2]
2(a2 + ¢2)°/2 a2 + d2 aZ e g> "

Uslng the Binomial expansion -

I3/2 . 3y I5u?
(i+u)_ = | 'i—i'—*é—

Substituting this in tho above equation

21
H {z,0) = —24. . _ 2+ Cyz2 +C,2% viuusss
z °? 2(a2+d2)+3/2 [ 2 4 1

15d2 - 3(a2 + (2)
(a2 + ¢2)2

In which C

2

but, )
; L
H"(Z D) = _"""""a"'""_—3 2 2C + 4-3.0 22 + tssnssnsnsa
2 2a2 + ¢2)°/ L2 4 3

2
which = -—f?jlwzr3/2 C, 1f z and r are sufficiently small,
(a< + d¢)



Now HZ(Z,p) can be expressed as a serics (sce Bibliegraphy 5

p. 300), therefore,

2
= - @ -Db— A
Hz(z,p) Hz(z,O) HZ(z,O) E ) \
2 2
= H 7,00 - 2L . 5]

If tho dimensicns are now suitably chosen to make C2 = 0,

t.co @ = 2d

Then
Hz(z,p) = Hz(z,O)
i.C.
Hy(z,0 = —2L__ Taucor .. ]

2022 + ¢2)3/2
Neglecting the term in z%,

4421
(542)3/2

Hz(z,p) =

To the same approximation Hp{z,p) = 0.
This design makes possible the production of homogeneous
magnetic fieids. Hence,

4ud?1
(5d=)3/2

Bz(z,p) = for valuos ¢lose to the axis.




Appendix 7.

Fields from Scale Models of the Coils.

(I} Circular Coils.

The 'rho’ component of fiald from a circular coil is given

~

by :-
5 = uolz 1 [--K L a2+ p2+ 32 gl
0 Zﬂpf(a+p)2 + 2'7 (a=p)? + z2 J

{see Appendix 3).

The elliptic integer parameter k is given by :=

. 43
K2 = 2

(a+p)2 + 2%
If all the dimensions are scaled down by a factor n, and the

new variables denoted by a prime, then

a
k:z = 4?1- % =
2 2
(E + P_} + E
n n n2
4ap - kz

(a*p)2 + z2
Hence the value of the elliptic integrals remain unaltered by
linear scaling.

The *rho prime* component of ficld is then given by :-

Z 2 2 2
I 'r‘]" ™~ a+p+z -
By = 2 - ;l%_—mﬁ’z n2 " n? ,E%
Toera@, 8y, z 2 L2 !
n{%+n) Eﬁ E-8" .2
n n
= p_Tnz r a? + p? + 22
o] 3 "K -,
2ﬁpE(a+p)2 + z21 (a=p)2 + z2
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Thus, if the current is also scaled by a factor n, the
magnitude of the field is the same as before linear scaling.
A similar analysis can be effected for the Bz field of a circular

coil and the samo rosults are obtalned
¥

(2) Rectangular Cotls,

" A simllar process on the expressions for the ficld

components of rectangular coils also yields the same results,

Henco it is possible by linear scaling of all dimensions
and the current to produce an exact mode! of the coils and the

parallel wires of the proposed system.
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APPEND{X 8
Conslder the plek-up cof) zs a signai generator, whose

emf Is proportional to frequency, In serles with an Tnductance.

LOAD
s * A
]
. L
LW
r 7
e=k5 Ay 2 }
Where s = Ju
Now,
R ks
Vo © R¥si
1f R << 3L,
K (i.e. Indepandent of f )
Vo o T.e. Indcpondent of frequency

At 30 kHz the average reactance of a plck-up coll (L & 410uH)
-~ is about 782, Tho output voltage Is also dependent on R so
that R must be as iargo as possible fo gtve a nearly constant

ouiput voltage. A value of R = 472 was taken as a compromlse.
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APPEND{X 9

P.W. Input Signal

Assuming a low Input impedance ampllfler such that

over the frequency range considercd the recelver sees a virtual ly

constant Input voltage regardless of frequency. Let the conversion

factor from line current to flux density be n and the flux
denslty/induced aerial voltage factor and recelver galn be K,
The recelver output voltage Is then glven by :-
v, = Kn 1 where T Is the line current
plus nolsa.

As the recelver Is band-pass, one can assume that the receiver
plcks up only narrow band nofse.
Lot the slignal current be fs cos wo+ and the narrow band |ine
noise ba x(t)ces mof = y(f) sin mof

Then, so far, Is given by

Yo
[d ]

Vg = Kn} (Is *+ x(t)) cos u_t = y(t)sin wt
To this must be added any 'spaco-borne! nolse which, In terms

of 1ts flux density can be uritten as

X, (1) cos moT = Yo (1) sin w°+
Total output voitage Is then glven by :-
Vv, = Kn [(is + x{+})cos w,t = y(sin wo*} + | xo(f}coswof

-~ yo(f) sin moT]
which by writing

x' = x(t) + % (t3/n, y' = y(r) + Yo (t)/n

- ”
Vy = Kn l([s + x')} cos wof - y' sin wofl

and  Cx"(+)] 2 =Ty(HT2 = o2
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and the slgnal to nolse ratio Is defined as
12

2

s = s
2442

Space-borne and Ilne nolsc are assumed uncorrelated
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APPENDIX 10

P.W. and T.C. Input Signal

Assuming input conditions as In Appendix 9 but with
¢ the line current/flux density conversion factor and KI the
flux density/induced aerial voltage and recelver galn for the
telegram coll channel.
The output voltage of the TC receiver can be wrltten In the form

v, o= K ¢ (Is + x%(1)) cos w T = y"(1) sin w T

whers x"(+) = x(+) + xl(f)/¢
YUY sy sy (1) /g

x{t) and y(+) are assumed as In Appendix 9 and xI(T), yl(f)
are associated with the space-borne nolse assoclatad with
the T.C. channel and are corrclated with xOCT), yO(T) as

defined Tn Appendix 9.

2
!

2

) = Y3 = o

X i

Using a multiplier detector (PW signal + TC signal},and low
pass fllter, and assuming sarmpling at maximum of TC signal,

the probasilttyof recelving a wrong bi+ fs glven by (using ref.

17 p 587)
/_‘/— V2 a"'b; /“""
P(f) = Q(Va,vb) - T2 exp[ - j_Io (Yab)
2
and A = 9t o9 s y = : hd :
(02+ i 2)%(62+c 2)E
o 1
fa‘ - 152 2
{ } | ‘ ! -
b 4 2+ 2 7 2 2 2.4, 2 2.4
' L 0% g, o+ ¢ + {0 )0 *0,°)% ]

and p is the normallsed auto-covariance between the two space-

borne nolses,
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The S/N ratlo can be doflned In terms of elther the

TC channel or the PW channel and in elther case is directly

expressable in terms of Ilne current.

Thls is deflined as

2
T
s =2 s~ - PY
2(g ‘o, )
2
2 Is
or S = — - TC
2(o 0, }
lat 012 = w.ooz, then n%ﬂcoz = ¢20|2
2 _
also let ¢ = ke,” , then
2 2
2 1s Is
o= 7 or 3 2
20 “(1+K) 20, (k+(-§-) w)

For calculatlons the S/N is taken as that from the P. wires.

From n and ¢ must be subtracted the value of +he interfering

flelds between colls and wires (Appendix 12). By alteration

of the varlous parameters above, calculation of the error

rate for any channel compared ulth another can be effected -

0.g9. substitution for oy by o, for channel TC2 compared with

the PW signal.




APPENDIX |

Probability of a False Tolegran

Let a tolegram consist of N dlglts of which e are for error
detecting purposes. Assuming a Hamming distance of d, then
for d or more errors therc is the possiblllty of a falso,
but vaiid, telegram being rccclved.
Probabll 1ty of belng withlin error codo detecting capabl|ities
Is, assuming a blt error rato Pe,

d -1

k
o

N~k

( (1-P ) = P
e

k=0 Q-7

Probabllity of belng outside code capabltlty (i.e..y d=l errors)
= | ~P

If there are e error correcting digi+s only one combination

Is correct for a glven tclegram, and assuming the digi+s

recelved are uncorrelated, thero is a chance of 1/2° of the

crror correcting digits being correct.

.+« prob. of detection Is (1-P) (Zgél)

(1.e. outside the code capabiiity)
Total probabliity of detocting an error, In or cutside coda
capabi|ity = P + (I-P)(]1~1/2%)

» » Probabillty of not detecting the error - I.e. possioility

of recelving a false telegram 1s

[ = P+ (I=P)(I~ 1/2%)
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APPENDIX |2

Effects of Interference

Lefﬁ be the conversion for the P. wires from |ine
current to flux density and K the recelver galn from fleld
Induced voltage to' amplifier gain, the output of the recelver

can be glven by

)

v Ko T + Kb (I = I(slg.}+ I{tne nolse))

o
where b Is 'space-borne' nolse. If there is an interfering
fleld from a neighbouring co!i with current fo #lux density
converslon factor E
Vg = KoI = KED + Ib

= K¢' T +b/p' whereg =4 - E
f.e. conversion factor = theoretical interferonce free factor
~ Interference factor.
A simliar analysls can be dono for the telegram colls
Including Interference from P, wires and adjacent colls,
For the worst possible case the line current/flux denslty

converslon factors the Individual Interference factors Just

have to be subtracted from the Interference free value.
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The Correlation between the Quadrature Components of a

Magnetic Field produced by a Collection of Nolsc Sources,

A random nolse source is assumed producing a magnetic
fleld In space, the nolse being Gaussian and narrow band (the
receiver éon+alnlng the filters). This resultant vecior is
resolved Into itwo components which are In quadrature, and
correspond o those used in telegram transmission employing
telegram coils.

Let a nolse source generate a magnetic fleld In space

and which can be represented by < vector n{+) with direction g.

AN, ()=

iﬂ(f] Sin £} 1‘“(*)

}

|

' o N0 S

Assuming the nolse to be narrov band, thls can then be written
as :=
n(t) = x(+} cos wo+ ~ y{f) sin on

vhaore

L) = YA = P
It s thon possible to wrlte down expressions for NZ(+) and
My(t)e If all distances are now assumed much less than a
wavelength - l.e, radiation offocts can be neglected, theo

valua of the magnetic induction field can bo considered at

two polnts remote from the source.
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/‘P\-, \ \Pr.l

In the Induction fleld the signal falls off as &2

Hence the two components at P+, | are :-

Nz('i') N, (1)
—~ and -5
] f'[

and at point two are :-

NZ(T) N, ()
X
e and ——
r2 r2

Now, considering an assembly of nolse sources preducing
magnetic fletds nI(f) .- nn(f), in the dlrections eI

-=-- en respecttvely, where

nk(f) = xk(T) cos wof - yk(f) sin wOT

V3 2

2 ..
and  x" (1) = y k(l) = 0y

The two components can then be represented at pt. 1 by :-

n

- ]

le(f) - 2 nk{+) cos ek
k= ki
n 1

NIZH') = Z > nk(ﬂ sin ak

r

k=1 &l

Th

where rkJ denotes the distance from the k' ' nolse source

(k=l, +«ee., n) at point | (j=I or 2).



Simllarly for pt. 2,

n
_ [
NZX(T) a &;I — nk(?) cos 8,
k2
n I
and NZZCT) = Ei{ 5 nk(f) stn 8y

If Pt. 2 Is assumed the position for the paraliel wirc pick-

up coll and P+, | for the telogram coll pick-ups, tho products

of Interest are :-

{+) x N, (1), ND<(T) % NZZ(T) and N’Z(T) x Ny, (1}

Ny z 22 1%
Now & slgnal can be writien in the form
e = Re { z(1). er +} (seo Ref. 18, page 76)

Wlhen calculating the abovo products, the normalised cross

covariance function Is defincd as (see Ref. |7, page 317) :-

0,0, = T
V2 %(zI ) (2,72,) (writing z for Z, (1))

which can be written In terms of X (T) and yk(f) and gives

(letting xk(f) x, and yk(f) = k)

I

o,

192P X%+ VY,

Ustng the above definition for the product N _(+) X NZZ(T),

12
the cross covarlance can be writfen down as :-

y,siné

0 x.sin 9 sine slna
pUZZ) = + "” Fk2 Pl kt rk2
3 T &
rgl = rg2

If ali the noise sources arc assumed completely random, then atll
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products such as x X_ and Y\ Y, Where k # m) are zero, then

K'm
2 2
ii ¢ sin O
. 2. 2
P(1z222) = + ke L
2 2z 2 2
(o9 sin ek)%.( ;E o) sin 8 i
k=1 Pkl K=} Fk2

IT one notse source is predominant, I.e. clz >> 022, 032 core

o 2, then
n
alz s!n2 el
Pl reg
p(1222) > r o sin el 9 si 6I = + |
TR

If, on the other hand, n + ©, t,e. an infinlte number of noise
sources, It can be shown that p may take any value between +
and -l depending on the physical distribution of the noise
sources and the direction of the assoclated magnetic fields.
This can aiso be shown to be the case for various degrees of
correlation between the various noise sources ocxcept for full
correlatlon when p(122z) agaln tends to *#l. A similar analysis
can also be done for the other products required and the same

conclusions can be drawn.
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AUTOMATION ON THE RA]LWAYS

l. Introducticn

Rallways have often been criticlsed for lagging far
behind the state of technology and In many cases It has been
quite justifled. This has been caused by lack of money, foresight
and planning, 1.e., poor management - and lack of technically
qualifled people In the right jobs to bring in new ldeas and
implement them. On the other hand rallways will always, generally,
tend to lag a |ittle behind technology, especlally In stignalling,
due to the stringent safety requirements to which they must
adhere. It Is probably for this reason that thelr safety record
Is second o none In passenger transport.

In the very early days of ralluays they kept up wlth
techrology by thelr development and use of the relay and the
telegraph. However, the appearance of the electronic vaive
changed the sltuation. The valve, by Its very nature, tends to
be fraglile and In a rallway environment, especially on a
locomotive, woutd probably not have a very long tife. This,
coupled with the relative difficulty of obtalnlng sultable powar
suppltes on a steam locomotive and the desire for "fall-safe"
working of equipment, s where rallways and electronlcs parted.

Events now seem fo have turned full circle and most railway
authoritles seem to be looklng at electronlcs (Reference |) and
what modern technology can offer. Why Is this? With the steam
locomotlve fast disappearing the possibillitles for further
automation are manlfoid. From early days It was reallsed that
forms of control minimising human error and judgement were
desirable. The first form of contro! was the mechanical signal

In I+s varlous forms. This represented a one way communication
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- apart from the driver thirowlng "a message" out at a station
wrapped around a lump of coal. This single 'go' channel was
very soon realtised to be Inadequate and a return channel usling
the frack clrcuit and axle counter were developed and Thus
provided a two way communicatlion but with very 1Imited )
Information capaclty. With higher traln speeds and |ocads and
the desitre for hlgher efficlency In the use of men and equipment,
further attempts at automation were lnevitable and greater
concentratlions occurred. The entlrely mechanical signal box
gave way to the electro-mechanical box and finally to the modern
slgnal boxes of today with route settlng and traln description
to cope with present traffic - but vhat about tomorrow?

Ylhat has happened In the past has only been the
translatlon of previous ldeas [nto the hardware of a new
technology, mechanical Interiocklng to electro-mechanical
Interfockling (l.e. relays). The principles of signalling have
remained basically the same and not much regard has been pald to
modern technofogy In exploliting new ideas and maybe changes In
the basic philtosophlies of slgnalling and control of trains.

With the state of technelogy at the moment and the Investlgatlon
Into other concepts of slignalllng (References 2-4), 1t would seem
that a mere translation of ldeas Is not what Is requlred, but

a complete rethink. The technologles of franslstors, core
storage devices, lIntegrated clircults, MSl, coding etc. open up
hitherlto unobtafnable possibllities. This opportunlty should
not, and must not, be passed by. Here one has the possibliity

of creating systems whereby movements of tralns can be more
closely control led together with the possible Interaction of

signalling and the motive power units themselves (1.e. the diesel
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and electric tractlon motors), and hence providing stlll hlgher
degrees of safety.

Al¥hough this article Is basically about slignalling the
other areas of rallway automatlon must not be forgotten - f.e.
passenger control (commuter and suburban raliways) automatic
fare collection, automatlc couplling, wagon ldentification,
data collectlon and transmission. However, as far as fraln
movements are concernad, most of these are fringe effects and
IT Is automatic traln contro} +hat wili have the greatest
effect on rallway operation. Already partial effects of automatlon
have been felt - A.W.S.,lndus\ System (Reference 5), colour
light slagnals, automatic route settlng and recently Southern
Reglcen A.WLS. (Ref. 6}, Thls last Item rcpresents quite a
large step forward with the use of much moere electronics (apart
from cne or two Isolated cases e.g. the Henley Schenme, Ref.7).
However, as equipment s further bullt up It should conform to
an overall national plan (excluding underground rallways and rapld
transit systems) - even Internationai If possible f, work of
U.luC.)e This Is especlally Important for countries with
internatlonal borders, and alsoc for Britain wlth the possible
construction of the channel tunnel 1o facilitate the through
running of tralns. Any changeover can obviously not occur
'overnight'® and this period will probably have its froubles which
can be mInimised by careful pre-thought and design. During this
perlod new systems may have to be bullt partlally on to the old
To maintain continulty of servlces but eventually the new must
supercede the old, except where deslgn s otherwlise.

Another point not yet mentloned is, what Is the final aim

of automation? Is this the driverless frain or Is I+ to merely




supervise the driver? What wouid be the psychoiogical aspect

of a driveriess traln for passengers? The werk 2t the moment

seems To be tendlng towards a supervised driver system -thls

not only Increases the present safety standards but also allows
the driver to malntain his driving skiil. On the other hand,

for a fully automatic rallway at least one man Is stiil required
cn the train to take care of any cmergencies besides the normal
functions of tlcket control etc. Is the final alm also centrallsed
traln control? The flnal answer +o thls must surely be "Yes®

although 1t Is probably the final step of the automation process.

2, The Need for Automation

The main reason for sutomation Is economic, although
closely linked with this Is the deosire for better operating
possiblilties and the abllity to compete with other forms of
‘transport, e.g. road and alr. HMuch of the rallways assets are
fixed, l.c. the bulk of the capltal of the raiiways Is In fixed
instal latlens, and hence the deslre to use these to the full,
The asscts are mainly the trackwork, the signafling, motive
power, relling stock, and bulldings. Standards of service have
to be malntalned and Improved,yet the costs must in turn be
minlmlsed. This can only be achieved by better utlilsation of
assets.

There !s also the nced, through automation, of optlimum
centrol cf traln movements. Included in thls are the problems
of mInimislng train delays, keeplng to timetable with minfmum
enerqgy consumption, minimising travelling times and generally
reducing the effects of human control where posslible. Thls In
turn roleases personnel for other duties or reduces labour

charges. The possibility of human error is also reduced and
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hence safety standards are Incrersed which is a prerequisite for
high speed working. Another need directily connected with high
speed vorking is the desire to provide advance Information for
the control of the motive power unlt - elther for driver
supervision or complete automation., Thls Is because of the
much longer braking distances requlred by hlgh speed tralns and
the desire to relleve the driver from observing every line
side Instruction (e.g. signals, whistle boards, efc.) which
becomes Increasingly tirlng and hence unrellabie at hlgh speeds.
This Information Is to ald the drilver In taking declslons and
to supervise hlm, f.e. to make sure the train Is withln the
speed |Imit prevalling abd 1ts braklng capabilitlies. These are
especlal ly important In bad weather condltions and places of

hlgh denslty worklng.

3. The Requlrements of Automation

The previous sectlon outliined the need for automation,
this section deals with the requlrements Imposed by it on staff
and equipment. It Is probably true that anything can be done -
but at a price. This would seem to be so for automation on the
rallways but cost is an overrlding factor In how far technical
development can go. As mentioned In the Introduction, the maln
Impetus for autemation must be the close control of train
movements. This Immedlately involves slgnalling and Informatlion
transmlsslon which are the keys to the whole situation. HNo
matter how good rolling stock and {ocomotives are, the system
Is only as good as Its signal system allows. The present
signalling system Is Inflexible because it conslists of fixed
distances between track-side slgnals. A much more flexlble

system is that known as moving block, the fundamentals of whlch




are more fuliy discussed !n the roxt sectlon. However, thls

type of siguallling system does requlire more Information flow than
the present system and a!'so requires a very rellable communication
channel .

The positlonlrg of the equipment for automation (at the
trackslde or on the locomotive) dapends on the type of rallway
system - underground ard commuter service or main line rallvay -
and the information flow (see section 5). Whichever system Is
used certaln minimum safety requlrements must be met ond 1t is
to be hoped that all new developments wlll not only malntaln
the present safety and reilabillty standards but a2lso Improve them.
What does this mean for the equlpment? Probably the utmost
standard In railway signalling s safety which Is achleved by
'fall safe’ working, Aftltudes to this wlll probably have o
change, for whllst 'fall safe' Is a very desirable principle, the
questlon remains as to whether every fallure in electronic
equlpment can be made *fail safe'. Every failure mode must be
examined beforehand and every effort should be made to make
all posslble fallures tend towards the 'safc-slde'. With the
reifabliity of modern components what they are, one must ask =
If the probabli!lity of a wrong-side fallure with 'fai| safe!
relay technology s | : n, Is not a wrong-side falture of “fatl
safe blased (l.e. not entirely fall-safe) equlpment of | : 10n
not as good, oreven better than for the relay technique, if the
overali fatlure rate for the new equlpment Is also | : n (1,c.
right-side fallures of 9 : 10n}? This, of course, is a question
which hzs no "Yes" or ™Io" answer but one which must be borne
In mind and at scme tlme In the none too distant future be

thoroughly examined. The probliem then arlses of constructing
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"fall-safe' units wiih none 'fail-safe! building blocks and thls
may have to use speclal switchlng fechnlques. However, thea
construction of equipment must be such that units are easlly
Interchangeable Tn order to minimise the effects of failures.
But what of the actual process of automating? How
should this be done and what should cach step do? [+ Is certaln
that complete automaticn witl not appear suddenly and the design
of equlpment must be so that It can be Introduced In stages,
although the full benefit from 1+ will not be derived untll
later. Every step must be needed and not rendered superflucus
after the Introduction of the next or other unlts and all
equiprnent must be compatible although, due to the tlime delays
between different Installations, different technologles may be
used. The locomotive equlipment naturally must conform with the
abeve but what effect should an equipment fallure have? This
should always tend o have a more restrictive effect, l.e.
bringing the traln spead down or to a standstilt If necessary
whether the train Is fully automatic or not. During a change-
over period, two slgnal systems may have to cocxlst and If a
failure cccurs on, say, high speed equipment i1 seems |ogical
to bring the speed of the particular frain down to within the
capabltities of the conventional signalling equipment. Durlng
any change-over period It must also be possible to use non-
equipped tralns, although thelr use would prohibit+ the full use
of The new system. Eventually the old system must be discarded
but 1t can be argued thai an emergency stand-by system ls necassery.
This could consist of a2 ske!oton form of a conventional signallling
system which Is actlvated by a defective sectlon.or by the

passage of a defectlive traln. Th!s system would have low capaclty
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but would perm!it iraln operatic:. A0ain, whether Two sysTems
can be kept depends on costs.

The information channel must certainly have extra capaclty
to cope with any future developments and all data transmission
must be such that no additional Informatlon is required for a
change from supervised driver to full automailon, 1f needed.
This would mean that all the Information for full automation
Is avallable In the train and probably all that has to be done
Is to Install the actual control devices between the control
signals and the mechanlcal/electrical traln conirois.

Apart from these requirements on equipment there must
be changes In the need for personne! and possible re-tralning.
For drivers there must obviously be re-tralning on driving
with the new equipment and system and the actlons to be taken In
cases of failure or emergency. New attitudes will have to be
taken by the driveirs and they must have absclute trust In their
equlpnent. But what about other staff? Automatlon wiil need
speclalists in the fields of electronics, cybernctics, Information
and data processing who will largely replace the signal englncer
and controllers of today. Some pcople can be re-tralined for
newly created jobs but the right man should be used where the
Job demands It. These are all things which take tIlme and somethling
at whlch an early start has to be made., There will most |lkeiy
be problems that must be sorted out with the unions over now
methods of worklng and redundancles. However, no matter what
may happen with automatlon the human being will still be the
highest supervisory organ but with all his actlons hlghly

scrutiniscd.




4, New Signalllng Concepts

Conventional slgnalllng consists of flxed space blocks
and the principles on which this Is liplemented are well known
and wlll not be further discussed here. The modern four aspect
signalllng represents an advance on the other forms of
signallting. It represents a digital type of moving space
block system with |Imi+ed capaclity, the maximum only belng
approached at the hlgher speeds. Ulth Increasing the number
of aspects the capacity can be improved but here a cost factor
comes In. As the number of aspects Increases the system
qulckly approaches a genulne moving space block. Is the only
new signalling system one where the distance between successive
tralns Is equal to the maximum braking dlstance needed by the
fastest train In the system? No, there are other stgnal
concepts - all of which are dependent on distance keeping -
a fundamental requirement - but the distance Is not always
constant as shcown below.

There are flve baslc types of moving block. Letting

S = minimum spacling of trains

-
n

A speed of leading traln

-l
]

g = speed cf tralling train
f = braklng constont {(deceleration)
V_ = maximum {lac speed

where 0 < VA’ VB I3 VM

l. Relative Moving Block (R.M.B.)

2
(VA - VB)

S A )

2. Pure Moving Block (P.M.B.)

- y2
S = VB/Zf




= l"r5 -

3. Moving Time Block (M.T.B.)

v

.M
S = _f .VB
4, Hloving Space Block (M.S5.8B.,)
Y
S = VM/Zf
5. Multi-Valued Moving Block (M.V.M.B3.}
VZ
. S = "M - steady state
2f
v2
2, S = B = apprecaching target
2f

These above definttions are ideal and have to be modifled In
practice to Include such Items as fraln length, system measurement
tolerances and overrun distances (which Ideally should be spead
dependent). From the above definltions It can be seen that 1he
distance between two trains is a functlon of at the most three
varlables of the group VA’ VB’ VM and f, subject to the condi+tion
that VA’ VB £ VM' VA’ V8 and f are then the baslic parameters
of the fraln which has to be controlled. Method | Is the system
which w1l give greatest capacity and 1s baslcally the method
used when driving on the road. However, for technlcal reasons
when effecting the measurements and calculations, thls method
s not sulted to rallway operatlon, There Is also another
difflculty with thls systom and that Is the incluslon of tralns
with different braking characteristics., For these reasons thls
method Is no further discussed.

Method 2 Is derlved from the first one by assuming the
leadlng train to have an Infinlte braking rate (i.c. 1+ can come

To a standstill Instantaneously). This them appears as a flxed



obstacle for the following ftraln. Thls eases calculatlons but

stiil Involves a squaring process. Moving Time Bloch (3) alms
at keeping a fixed time Interval between trains (dependent only
on maxlmum permissible llne speced). The braklng distance Is
then proportlonal to the train speed and Is relatively simple
to calculate. M.5.8. keeps the distance between tralns equal
to the maximum braking distance and renresents the |imit of an
infinlte aspect signailing system. Method 5 employs both the
tdeas In 2 and 4 but the equipment for the calculations Is more
complex due to having to make a cholece as to which condlTion
applles besldes the actual calculations,

These are then the baslc concepts for a new signalling
system, any final cholce having to be based on the relative
merits of each system. Of the possible systoms (exciuding
R.M.B.), pure moving block provldes the highest capacity but
only below the maximum |ine speed. M.T.B. permits an almost
constant |Ine capacity over & wide range of specds. M.V.M.B,
also provides high capacity but the control system is more
complicated. 1+ 1s for these reasons that a moving +ime block
is preferable (sce also Refarences 2 - 4) although some
modificaticn at [ow speeds Is probably needed to Improve the

I'ine capaclty.

5. information Exchange Required

This 1s one of the most Important questions for automation
and one around which most of the dlscussion revolves. Connected
with thls question Is aijso that of where most of the equipment
should be situated - track-side or loccmotive carrled. This
last ttem aiso determines most of the data flow required.

1
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What does seem certaln Is that the traln needs to know no more
and no less than what the driver already knows. This Information
Is acquired by the driver before and during a jJourney. How Is
it acqulred and where does 1t comz from? The Information will
be taken In by the drlver through hls eyes and ears and will
come from timetable and route manuals Issued before a journcy,
his observance of wayside commands and hls knowledge of +the
capabllities of the train itself. This, In turn, s then acted
upon through the skill and experlence of the driver. In other
words, the information is collected from various sources,
digested and then acted upon by some control organ as would be
in any automatic system.

For underground and local comnuter railways it has been
suggested (Reference 2) that a mainly trackslde orlentated
system 1s best. This Is becouse of the large number of vehicles
and metive power unlts, the frequent coupling and uncoupling
of tralns and the uniform characteristics of all the trains.
Thls also reduces the amount of traln carried equipment to a
minimum and the amount of standby equipment needed. In any
case, for a very high dznsity service running over relativély
short distances both track-side and traln-borne equipment failure
will have serious disruptive effects on services. With the very
uniform train characteristics, thls type of system needs very
simple control commands.

On the other hand, there is the main line raliway with
I'ts veriety of trafflc, high track miieage and large varlance
of braking capabilities. Here malnly traln-borne equipment.lis
probably better because of the much longer track sections

Involved with one control unlt and the larger variety of
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Information which Is traln varlable. Also, the fallure of one
set of locomotive equipment will not have such a disruptive
effect on other services such as vould occur with a |{ine-side

set due to the possibillty of other routes for following tralns.

Apart from these, there Is the problem of how do we make

sure the frain receives the Information transmitted to It and
not that for another cne. Thls requires the transmlission
swvet~m to be place or train selectlve and means that the systoms
ate not Truly continuous but Intermittent, although periods
between message receptlons are at the most a few seconds. For
a place selective system the requirement is that a fraln can
only pass one Influence point at a time whllst for a traln
selective system traln address codes must be used. For a
place selective system codes have to be used to address the
focality but the code Is not required by the traln., However,
a train selective system is more floxible and more suitable
for a moving block signalling systom,

So far, only Information required by the traln has been
mentioned. There obviously must be feedback for the system to
functlon although this Information Is probably minimal but of
vital Importance. In fact it Is thls fecdback of Information
that permits a recording of the traln's position. This Is then
not altered untll the next reply from the train - no reply being
assumed 2 fallure and the ftraln becomes a fixed obstacle for
following trains unti) the defect 1s cleared.

Figs. | and 2 represent two basic control systems and
deplct the Infoermation flow right up to a completely centralised
control system with automatic route settlng., They are only

representative of the two types of pessible control system
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which are distinguished by the comwmands Issued to the traln,
wlth possible addiFlonal commands such as the degres of braking
{c.0. &, %, full). Flg. | represents what Is a basic command
system, l.e. the commands are the primary commands needed to
activate the control devices on the train and hence minimlse
train-borne equipment. However, more Information must be

supplied To central and loca!l contrel centres as zll the
informatlon must be evaluated there., This needs more complex
track-slde equipment and is a system more suiiable for underground
and local railways. The second figure represents a system much
more sultable for main line rallucys uwhere it Is desired to

have locainotive-concentrated equipnent. The information
transmitted Is the baslc parameters needed to evaluate the
essential control commands - brake, accelerate and coast.

Other Information regarding the nature of the traln must also be
provided and for a system of this type be fed In ar ihe

commencement of the journey.

occur somewhere In the systems although at different points
and must lead to the same end result. This information can be
subdlvided intc two groups, as shown below, and wilil probably

help to determine its transmission.

FIXED INFORMATION VARIABLE |NFORMAT ON
Track ldentification Brake (normal and emergency)
taximum Line Speed Accelerate

(Inc. temporary speed restrictions) Coast

Gradient Variable Obstacles (distance
Flxed Obstacles (distance to and to and speed at Including
target speed) preceding trains)

Pesiiion or Locality Signal Aspects (if requlired)

All the information In both systems mentloned above must
Whistle and Test Commands !
|
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In addltion to the above Informatlon there ls also the
need for a specch link between driver and conrrol polnts for
any special Informatlon exchange or for passenger Information,
Thls could eventually lead fo public telephones on board the
train but thls Is certainiy not an irmediate goal.

If urban and main tlne rallways are to run over the same
tracks then there may be a case for uslng one system for both
types of rallway rather than having fo interiace two systems

which would certalnly be uneconomic,

6. Posslble Communfcation Links

Various types of control systems and communication channels
have been suggested and triled and some of the sallent features
are mentioned here (for further detalls see References 8 - 12},
Probably, the actual transmlssion channel has the most effect |
on the system, rather than the other way round as It determines
largety when transmission s possible and how many tralns 1+
can Influence per unlt of time. The most obvious form of
communication s of course radio. It Is easy to Install and
requires nothing to be lald in the track. The maln dlsadvantage
of radio Is that It is highly Influcnced by weather and geogrephicat
condltlions and hence Is unsultable for provlding a high integrity
communlcation |ink, which Is required for a rallway control systom.

However, 11 could provide additional speoch llnks if required.
The overhead catenary system has also been examined os a possibie
communication channel elther by dlirect contact or Inductive
coupling. As far as dlrect contact Is concerned this Is very
dependent on contact reslstance and ice and snow on the llne.

For contact and Inductive couplling, the lines suffer from large

fluctuations In Impedance from one section to another. Thls
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mckes feed arrangements and tronsmisslon dIfficult as well as
the very non-directional propertles of such 3 system. The
same dlscusslon also applles to the use of the 'third' rail as
a communication system. Another disadvantage of using such
media Is that the whole rallway network may not be electrified
and hence another form of traonsmission channel must be used
elsewhere whlich Is contrary to the principie of wanting 2
unlform system.

Another clear alfernative Is the use of the ralls
themselves using Inductive coupling. However, as far as long
distances are concerned they repiesent a poor medium due to
high rail attenuation and dependency con block sectlions and axle
shert clreults. The frequency band Is restricted to that below
about 5 kHz and distances of about 2-3 km - hence the Information
capacity Tends to be low. Methods have been suggested by Form
(Reference [3) which use the ratl attenuatlion to geod advantage
by ¢lviding It up "nio short {oops and using frequencles of the
order of 20 kHz but more track slde equipment Is needed.
However, it has the advantage that the system Is actuated by the
axle short circult as In conventlonal track clirculting. This
system is of course unsultable for use with steel s|eepers.

At the other end of thz frequency spectrum there havebeen trials
with microwaves. These tests have elther beer In the form of
"leaky' waveguldes or The use of surface waves (see Reference

{4 - 16). An addltlonal use of surface waves has been thelr use
for obsiacle detcection on the track. Thesc Installations tend
Tc be rather expenslve but with the advance of semiconductor
tecnnology the cost of generators and recelvers will have been

greatly reduced.
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The {inal system Is the "track conductor! system and for
main llne raliwcys Is probabiy The besi solution at the mcment.
The frequency range Is from 30 kKHz - 150 kHz wlth the
pessibil ity of loops up To about 12 km. leng. [ is Independent
of block sections, axle short ¢lrcuits and can be made
virtualily Independent of weather condltions and type of slteeper.
Also, with this type of system If is casy to bulld In to It
Inherent positlon markers. With Thls system there is also the
cholce of long or short loops but for z fully controlled rallway
system it would seem that long loops are the better. Long
loops alsc mean less track slde control polnts and that
equipment can be located in easily accessible places such as
stations which Is better for maintenance or alteratlon of fixed
data.

After declding on a partlcular communication channel
there is thon the problem ¢f where the Informatien storage
should cccur. 1t has been suggaested (Refs. 10 and 17) that
information regarding timetable, stopping places etc. could be
stored on the traln in the form of punched Tape or cards.
This would, however, seem to be rather Inflexlble If disturbances
occuit such os deviatlion from timectable, route change or
tocomotive fallure. it could be orgued that extra tapas or
cards could be kept on the train but they could never cope
with alf possibiiities and In any case possible human errors
could creep In here. Thls would minimlse Jata transmisslon
but a central control woulcd have to Se able to compare the
traln performance with the expected performance In order to

perform optimum traln control and automatic route setting. It

would therefore appear that storage of timetable Information
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and so on must Le accompllshed al a central control and that
train automatlon and route setting must Lo considered as a
single entlty. Track features and other flxed data could be
stored locally and If required by the train equipment can be
transmitted by some form of modulaticn. An alternative for
flxed information transmisslon are small colls (telegram cotlls)
wound in series with the treck conductors and producing elither
a signal In-phase or out-of-phase with the conductor slgnal
(sce Ref. 18 or Purt | of this thesis). All variable Information
Is probably Lest transmitted by some form of modulatlon (which
is not omptifude dependent) although 1t would be ccncelvablas to
use switched telegram colls.

How should such a system be built up? It must of course
Le bullt up from the exlsting system. The first step would seem
to be the provision of advance Informition to high speed
Tralns fo supervise high speed working and braking distances.
It Is to be hoped, that durlng thls period more and more trains
wily Le fitted with the control equlpment so that supervision
of stov trains also becomes possible. Aftor this 1+ should be
possivle to Introduce reguiaiion according to timetable,
introduction of centralised control (ui+h automatic route
setting) and for moving block working the abandonment of lineslde

signals,

7. In Conclusion

Several partlally or fully automatic systems are zalready In
use and of these probably the best known zre the London Transport
Victoria Line, the Japanese Tokaido Line (see Reference 19),
the Munich-~Ausburg high speed track (Reference 20) and more

recently the By Area Raplid Transit System. Other similar
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systems are on irtal such as tha B.R. system at Derby, those
In various mines In Germany as well as those in Belgium,
Switzerland and France.

Autemation will certainly lend Itsalf to maklng rallway
systems more flexible than what exist at present. 1t can also
nrovide extra benefits such as beiter level crossing protection,
permanent way gang protection and permanent speech communicatlon
with a moving train. However, unile full automation is
destralle on m2in lines, it may well be that only partial
automation Is ecoromlcaliy viable on secondary Iines although
operation must still be compatible with that on main |ines.

Vhilst most major problems have been solved, one major one
still remains. This Is the problem of obstacle detection.
Various forms of guided wave radar have been trled but so far no
reliaitte, ITnexperslve system has been developed. Obstacles In
the path of a moving traln are cbvicusly a hazard and for the
present may be another valld reason for retaining a driver in
the cab.

Whatever may happen In the future, autcmation wil]
certalnly play a bigger and bigaer role in rallway operations.
However, at the same fime trends In transport must be berne
In wind and automation must not be done just for automatlon's

sake.
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