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TELEMETRY APPLICATIONS IN GRADE CROSSING
PROTECTION

JOHN B. HOPKINS
Transportation Systems Center

U. S. Department of Transportation
Cambridge, Massachusetts.

Summary     Two microwave system concepts are described, representing application of
telemetry and radar to grade crossing protection. Principle criteria for viable final
components include simple installation and maintainance, low cost, very high reliability,
and suitability to the difficult railroad environment. The first such system utilizes a, solid
state microwave oscillator (X-band) and simple receiver to provide a low power, low
information rate, short distance telemetry replacement for conventional track circuits. In
addition to potential cost reduction, this allows transmission of velocity and other
information for more sophisticated control, where warranted.

In addition, consideration is given to use of crossing-located doppler radar for train
detection and signal activation. Again, low cost with very high reliability is the goal,
with the additional benefit of acquisition of detailed information concerning non-uniform
train movements, rather than mere train presence or absence. The many practical and
legal obstacles to such innovation are substantial, but our studies to date indicate
considerable promise of meaningful improvements through systems such as those
described here.

The Rail Safety Act of 1970 gives the Secretary of Transportation, acting through the
Federal Railroad Administration, broad authority and responsibility for promotion of
safety in railroad operations and reduction of rail-related accidents. This goal is to be
achieved through prescription of rules and regulations, and through conduct of research,
development and testing. One major area - explicitly delineated in the Safety Act - that is
of grade crossing accidents. These account for nearly two-thirds of rail-associated
deaths; each year approximately 1500 people die and more than 3000 are injured in train-
motor vehicle collisions. One important contributing factor is the limited installation of
automatic warning devices, such as flashing lights and gates. Only 20% of the 225,000
crossings in this country have such protection, the remainder being marked only by
passive signs.



The relatively slow rate at which new automatic protective systems are being installed
(1000-2000 per year) is due in large part to the high associated costs--a simple flashing
light installation can easily require an expenditure of $15,000-$20,000 with gates costing
substantially more, and moderately complex installations having a price of as much as
$100,000. The expense of such systems is in part due to the very difficult environment in
which they typically must operate and the extremely high reliability required when
human life is involved. Protection costs are typically composed of three major
components: hardware, installation labor, and annual maintenance, and a serious attempt
at cost reduction must come to terms with all of these.

We have focused on the most expensive aspect of many installations activation of the
warnings. It is in techniques of detecting train presence, and communicating such
information to the crossing control circuits, that there is maximum opportunity for
meaningful cost reduction. This conclusion arises not simply through elimination of the
other aspects of crossing expense, but also from the knowledge that sensing and
communication of information is one of the most highly developed areas of modern
technology, and therefore represents a resource of great potential value to those activities
to which it has not yet been applied. An important goal, then, is development of a
sensing and communication system which not only reduces equipment costs, but also can
have major impact on installation maintainence and design costs, which are an
appreciable part of the total.

Systems currently in use are based on the track circuit concept, first used in 1872. A
signal source--either AC or DC--is electrically connected across rails (of an electrically
isolated section of track) at a point sufficiently far from the rail-highway intersection to
provide sufficient warning. (Typically 25-35 seconds is required; for 60 MPH rail traffic
this necessitates a distance of approximately one-half mile.) A signal detector--perhaps
merely a relay--is wired across the tracks at the crossing, so that when a train is between
source and detector the tracks are short circuited, and the detector receives no signal.
This condition-zero received signal--is the operational definition of train presence, and
the signal devices are activated. This system illustrates the essential “fail-safe” attribute
necessary in railroad safety systems.

The task may be simply defined. The basic requirement is transmission of information, at
a very low information rate, over a distance typically less than 3,000 feet. The system
must possess very high reliability under adverse environment, with essentially fail-safe
operation and infrequent and inexpensive maintenance. Optical, acoustic, or seismic
approaches all have clear and fundamental weaknesses. Simple cable is not sufficiently
reliable unless buried, and then becomes too expensive. On the other hand, radio
techniques seem quite suitable. Determination of system parameters requires
consideration of permissable frequency ranges, antenna size and gain, availability of
efficient, reliable, low-cost signal sources and freedom from either causing or suffering



from electromagnetic interference. Antenna considerations alone immediately suggest
use of a wavelength of one meter or less, or a frequency above 300 MHz, and reduction
of electromagnetic interference (both received and transmitted), as well as low
vulnerability to extraneous signals, strongly indicates the desirability of a highly
directional line-of-sight system. Also, a highly directional antenna system reduces waste
of energy, so that power consumption can be kept at a low level--simplifying power
supplies and reducing the size of batteries needed or eliminating the need for line power,
(This is a significant part of the cost of both initial installation and maintainance.)
construction costs and immunity to weather and vandalism limit the permissable antenna
size to an aperture of one - two feet, implying operation in the microwave range, at
wavelengths of 3 cm or less. At these frequencies (~10 GHz) transistorvaractor circuits
are feasible, and relatively efficient, but in terms of cost and complexity are challenged
by recent developments in solid state microwave technology. Both Gunn and impatt
diodes offer extreme simplicity, if less efficiency, and the promise of very lost cost in the
near future. In addition, extension to higher frequencies (~20 GHz) would be very simple
with oscillatory diodes, and quite difficult otherwise.

Significantly higher frequencies (~30 GHz) would increase cost substantially as both
oscillatory diodes and other components require closer tolerances in manufacture, and
commercial and military markets (and hence production volume) are much smaller. In
addition, above 30 GHz attenuation from heavy rainfall begins to have significant effect
for these propagation distances. On the other hand, at 10 GHz no problems occur for
rainfall of less than 5 inches/hour--a rate at which all motor vehicle traffic would
presumably be at a standstill. Path loss for the distances considered is approximately
110 dB, so that use of 30 dB antennas (approximately one foot aperture at X-band) and a
relatively simple receiver (-50 dBm sensitivity) would require the equivalent of 0 dBm (1
mW) transmitter power. With 2% efficiency, and 50 mW alloted to modulation and train
sensing, total power consumption would be 100 mW, or approximately 70 ampere-hours
per year. Thus, battery operation with annual maintainance is feasible. It will be seen that
this estimate can be reduced significantly.

The basic system which we have designed and fabricated in breadboard form consists of
a solid-state microwave transmitter at the train detection point and a receiver at the
crossing. The normal (train absent) condition is with the transmitter on, pulse modulated
at a low repetition frequency with pulse width sufficiently short to provide a duty cycle
of less than 1%. At the receiver, this signal is detected and rectified, giving an output
voltage as long as a signal is received. In the absence of such a signal, for whatever
reason, there will be no output, and warnings are activated under these circumstances.
Thus, the simplest operating mode involves turning the transmitter completely off when
a train is detected (by conventional magnetic or other means). Transistor circuits to
realize this mode of operation have been designed and constructed. A basic consideration
is minimization of transmitter power requirements to permit battery operation. This



requires taking full advantage of the very low information rate needed: approximately
one status reading per second. (This can consist merely of train presence information, or
may include velocity and other data.)

The choice between a high power level at a low duty cycle, or a low power - long duty
cycle made, is dictated by the constraint of low cost, high reliability, and simplicity. The
video bandwidth of the receiver must be kept as small as practical to improve the signal-
to-noise ratio, so that only the fundamental fourier component of the pulse-modulated
input signal is passed and amplified. For rectangular pulses of amplitude A and duty
cycle * , this component has an amplitude of (2Asin(B*)/B* A* is simply the average
amplitude, and for *# .25, [sinB*]/B*# .9, so the receiver will see essentially the same
signal strength for any amplitude-duty cycle combination which keeps the product
constant. Thus, a 10 - 100 mW Gunn diode, at a .1 - .01 duty cycle, should easily satisfy
system requirements with state-of-the-art oscillators. (Higher or lower power levels
would present difficulties.) Power consumption can be lowered still further by utilizing a
tone-burst mode, in which brief series of pulses alternate with longer off periods. The
burst duty cycle (ratio of burst duration to interval between bursts) is essentially
determined by the receiver passband and the required information rate. For example, a
practical value for bandwidth is of the order of 10 Hz. Thus, the burst should have a
length of .2 - .4 seconds. Atwo-second sensing interval is feasible, so power
consumption can be reduced by another factor of 5 - 10 by this means. (Note that this is
equivalent in terms of information and energy - to use of a receiver with 1/5 to 1/10 the
indicated bandwidth, and an equally reduced A * product. However, the tone burst mode
appears to offer simpler and less expensive circuit design and fabrication.)

The receiver circuits consist of a detector, a stage of amplification (simple integrated
circuit video amplifier), a long-time-constant R-C circuit and a threshold amplifier (to
convert the very low duty-cycle input waveform to a square wave, with much higher
average power), a power amplifier (integrated circuit), and a rectifier to measure the
average received power.

It should be pointed out that these circuits are intended to demonstrate the concept, and
do not necessarily represent final designs. For full-scale demonstration and evaluation, it
will be appropriate to have the actual system--particularly the modulator and receiver
circuits-designed and constructed by a contractor especially skilled in low-power, high-
reliability circuits, and knowledgeable of railroad environment practices and standards.

The laboratory system we have constructed operates at 10 GHz, as explained. However,
this parameter should not be frozen at this stage. The only elements affected by the
frequency are the Gunn diode and the attennas. Should diode technology and economics
permit, Ku-band (approximately 20 GHz) would give significantly higher antenna gain



for the same physical size. (At significantly higher frequencies the possibility of serious
attenuation by heavy rainfall becomes a drawback.)

Similarly, considerable attention has been given to the best type of antenna for this
application. The familiar parabolic dish is relatively inefficient at smaller sizes (low ratio
of aperture to wavelength), and-with feed assembly and radome--can be rather
expensive. The standard horn antenna, for the gain required, would be bulky, subject to
wind damage and attractive to vandals, and would also be fairly expensive. Careful
attention is now being given to the use of planar slot-array antennas. Even for small
aperture-wavelength ratios they are highly efficient, with small physical size, and can
easily be weatherproofed. (The structure is simply that of a plate about one-foot in
diameter, with a thickness of less than an inch). Cost is, at present, difficult to estimate,
as the only prior applications have been in military missile systems, with extremely
demanding specifications. Informal estimates for a civilian application (such as grade
crossings) have ranged generally under $100 assuming reasonably high volume.

One may better utilize the availability of a full communication channel by designing for
a number of possible system modes. As an example, consider the use of six separate
(identifiable) modes of operation: transmitter fully off, transmitter on unmodulated, or
transmitter on pulse modulated (at a low duty cycle) at one of four repetition frequencies,
f1, f2, f3, and f4. The receiver would respond to the “off” and “on” (CW) modes with
signal activation (fail-safe operation) plus system failure indications, while modulation at
f1 would indicate train absence (“all clear”); f1, a train traveling less than 20 MPH; and f2,
f3, and f4 for trains wit@i velocities of 20 - 40 MPH, 40 - 60 MPH, and above 60 MPH,
respectively. (Any other frequencies would also give a system-failure response.) The
additional cost of such refinement should not be extreme, and would probably be
warranted at a substantial number of crossings with a variety of train movements.
(Alternatively, the exact train velocity-to whatever accuracy is both necessary and
justified by the measurement technique--could be telemetered in fairly simple fashion.)

The use of an explicit communication channel, as well as the nature of the proposed
channel also make possible a number of more sophisticated protective systems, for which
the additional cost might well be acceptable in certain situations.

(1) In multiple track situations, completely separate track circuitry is used for each
track. As an alternative, separate sensors (for each pair of rails) could modulate the
microwave transmitter in different ways, so that the crossing receiver can distinguish
between them. The additional solid state circuitry could be quite inexpensive, and only
one transmitter, antenna, and mounting would be required.

(2) For a given track in urban or suburban areas, it often occurs that there will be a
number of crossings located in close proximity to one another. In such a case, one sensor



(per track) and one microwave transmission system (for each direction), supplemented
by appropriate time delay circuits, might well be sufficient.

(3) Under certain circumstances there may be some advantage to motorists choosing,
or being directed to, alternate routes, such as grade separations in the vicinity. Sufficient
advance measurement of train speed and length, and communication of these values,
could provide information needed to activate indicators, either at the crossing or well
prior to it, indicating suggested “evasive” action which might significantly.

(4) It is sometimes the case that terrain, buildings, road or track curvature, or other
visual obstacles prevent an approaching vehicle from seeing the crossing (even with
lights flashing) until a relatively short distance prior to the rail-highway intersection. A
driver who is speeding, inattentive, or fatigued, particularly under conditions of
inclement weather, may fail to stop in time. Such situations could be avoided by use of
active advance warnings (special flashing lights, or signs illuminated onlytwhen a train
is present). It is quite possible that in many cases such signs could be activated either
directly by a second slave transmitter.

There are many crossings for which a protection expense in the range of $3000 to
$10,000 is the maximum justified. Such an investment could often permit use of
conventional (or quasi-conventional) signals (barely), provided that some very
inexpensive means of activation can be found. Here it is likely that there must--for the
sake of economy--be some compromise of the fail-safe requirement, with all the
attendant problems, but the substantial number of crossings in this category suggests the
value of considering such methods. (Nor is it necessarily true that reliability or overall
effectiveness need by reduced.) Realization of this objective requires that effective train
detection be accomplished for only a few thousand dollars. This will be possible only
through extreme simplicity. The entire system almost certainly must be located at the
crossing with little or no track modification, and--preferably--no other physical structure
necessary in addition to the signal poles. Implementation of this concept appears possible
by utilization of doppler radar.

Such a system should consist basically of two radar units--located at the crossing and
directed down the track in both directions--to indicate the approach of trains, so that
warning signals can be activated. A, number of variations are possible, typically
involving a compromise of cost with effectiveness or with complexity of function. These
are described below:

(1) In the basic mode, the radar unit would provide a fixed output voltage except
when the reflected return signal is that associated with approach of a train. Unless
obstacles, curves, etc. sharply define the point at which the train comes into view, there
will be some uncertainty in the approach distance for which the system triggers, and a



conservative design will thus lead to undesirably long warning times. A track circuit at
the crossing would probably be required for restart, although alternative methods are
possible. As is true of all radar systems, failsafe design is not inherent, since
misalignment of the antenna could prevent detection. This operating mode is that which
probably represents minimal cost, with some concomitant compromising of reliability
and warning characteristics.

(2) With slightly greater sophistication, one can measure velocity (by doppler shift)
and thereby accurately predict arrival time, so that warning time can be constant
regardless of train velocity. Effective operation and true simplicity are obtained only if
the train-acquisition point is known and constant, as for the case in which a track circuit
is used as a primary system with the radar merely providing constant warning time.

(3) With more elaborate modulation and signal processing, the radar system could
measure both velocity and range, so that no auxilliary track circuit or other distance
discrimination system is necessary. Cost is a crucial aspect of the feasibility of this
approach.

(4) The need for an island track circuit for restart of signals after train passage can be
eliminated if the radar, through more elaborate circuitry, can distinguish between
approaching and receding trains. In this case, an approaching train will activate the
warnings, to remain active until only a receding train is observed.

Systems such as these have several common characteristics. They can be operated on a
low duty cycle, with a 1 - 10 sec-1 seunpling rate, so that power consumption can be
very low. As indicated, none of these modes is designed in a fully failsafe manner, unless
used as a supplement to a conventional track circuit. (This form of application might
permit significant cost reduction of present constant-warning-time detectors, which are
also secondary to track circuits, and quite expensive.) The crossing-located antenna must
have line-of-sight view of trains for a sufficient distance to provide the required warning
time for permissable train speeds, which is a serious limitation. It is likely that such
systems can be applied only to single-track situations, or at least to cases in which one
can be certain that only one train can approach from a given direction at one time. (It is
by no means inconceivable that a system could be developed for the multitrack case, but
it would almost certainly involve substantially more complicated circuitry and greater
cost.) Similarly, usage for tracks closely paralleling highways, with no difference in
elevation, could be a problem, since a simple radar is most unlikely to discriminate well
between trucks, buses, and locomotives.

The considerations for optimal frequency discussed in the microwave telemetry link are
equally valid here; a 10 - 20 GHz microwave system permits use of solid state oscillators 



and antennas which combine high gain and reasonable size (approximately 30 dB gain
for 12" aperture).

As an indication of the present state of the art, two companies are now marketing a basic
radar module containing oscillator and detector diodes and necessary filters, etc.,
requiring only a 12 V. DC power supply, for less than $200 in unit quantity. The range of
such systems with appropriate antennas is typically one-half mile or greater, with no
significant reduction for less than cloudburst intensity rain. If a particular application
requires enhanced range capability, this can easily be provided at modest cost either
through higher transmitter power or larger antennas.

Basic reliability can be enhanced through use of down-track reflectors. Passive structures
can be designed to provide very high microwave reflectivity for a specific frequency and
direction, higher than will be found for any object or surface normally likely to be in the
vicinity. This reflector, since it is stationary, will reflect a CW signal with zero doppler
shift, so that the radar receiver output will be--in a simple CW system--a DC voltage.
Signal processing circuitry can then be such that absence of this DC signal activates the
signals, providing failsafe operation with respect to transmitter or receiver failure, as
well as antenna alignment or interposition of some man-made or natural obstacle.
(Alternatively, periodic FM transmitter modulation can be used.) For systems in which
range measurement is also possible, an even more reliable indicator is obtained. Such a
reflector could be quite inexpensive, although materials and labor of installation for two
mounting poles (one for each direction from the crossing) might add as much as $500 -
$800 to the total cost of protection unless use of existing structures for reflector
mounting is possible. This should often be possible, since the distance between radar and
reflector is not at all critical.

In conclusion, two microwave system concepts have been described, representing
application of telemetry and radar to grade crossing protection. Principle criteria for
viable final components include simple installation and maintainance, low cost, very
high reliability, and suitability to the challenging railroad environment. The many
practical and legal obstacles to such innovation are substantial, but our studies to date
indicate considerable promise of meaningful improvements through systems such as
those described here.


