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Summary    A prototype microwave radar anticipatory crash sensor for automotive
applications is described. This system is for prospective use in conjunction with passive
occupant restraints--protective devices that require no action on the part of the occupant
to insure their effectiveness. Appropriate antenna configuration and circuitry permit
position, velocity, and size discrimination of the target in a simple manner. Results of
field tests are discussed, including the manner in which system parameters and target
characteristics relate to the tradeoff between false alarm rate, miss rate, and system
complexity.

Introduction    Transportation safety is a growing area of activity for electronic
instrumentation engineers The field of air transport safety engineering has been both
important and glamorous for years. Recently there has been an upsurge of activity in
ground transportation safety, both rail and automotive. This development promises new
areas of application for sensing, measuring, and data handling techniques, with
operational constraints different from those usually encountered.

Automotive safety, while seemingly less glamorous, is actually fax more important than
air safety as far as the possibilities of saving lives, limbs, and dollars is concerned.
Government and Industry are presently engaged in a broad-based program coverning the
entire field of auto safety. Every component of the vehicle and of the vehicular
environment is being studied for possible improvement.



Of prime importance is the program to develop restraint systems to protect auto
passengers from the dangers of the “second collision”--the one between the occupant and
his own vehicle--that follows the first by milliseconds. Development of advanced seat
belt and shoulder harness systems is one approach under study. Another approach,
designed to counter the dismal tendency of people to not buckle their belts, is the
investigation of “passive restraints”--restraints that require no occupant action to actuate
their protective features. The most widely publicized type of passive restraint is the “air
bag.” There are others as well.

System requirements    Most of the systems under investigation include occupant
restraining devices that are actuated or deployed only during a collision. In order to
maximize effectiveness of these devices, it is desirable to initiate the deployment process
immediately prior to physical contact of the automobile with another object. The reason
for this fact is the finite time required for deployment of restraints, the velocities of the
restraints themselves during the deployment process, and the corresponding forces
encountered. Gaining additional time between deployment and physical contact in
collision is most important for compact and sub-compact autos, in which acceleration of
passenger compartments during collision increases far more rapidly than in large sedans,
requiring far more rapid operation of the restraint system.

Obviously, any crash sensor must possess extreme reliability in detecting actual
collisions. Further, it must possess near-complete freedom from inadvertent actuation--
either when no collision occurs, or when the collision is of minor nature.

Compromise is necessary in the design of any crash sensor system. In an anticipatory
system, the problem of separating actual crashes from false alarms becomes more acute
because of the large “window” as measured in time or distance that the system “sees” at
a1l times. An anticipatory system must offer greater benefits in terms of occupant safety
during a crash than liability in terms of false alarms. And to be cost effective in general
automotive use, it must do this at a very low price.

The System    We have developed a prototype anticipatory crash sensor which has
promise of satisfying the above criteria. The sensor is now being tested and evaluated on
a domestic sub-compact auto.

The sensor is a simple CW microwave doppler radar system that operates at a frequency
of 10 GHz and a corresponding wavelength of 3 cm. A block diagram of the system is
shown in Figure 1. Separate directional antennas a-re used for transmitting and
receiving. The antennas are mounted at either end of the automobile’s grille and axe
aimed so that the centerlines of their patterns cross at a point 1 to 2 meters ahead of the
grille. For a microwave signal to be received at the receiving antenna, a target object
must be present in the region of space intersected by the fan-shaped pattern of each



antenna, so that some of the transmitted microwave beam is reflected or scattered into
the receiving antenna. Figure 2 shows the antenna locations on the test car.

The microwave signal source is a Gunn diode that produced a continuous 100 mw
microwave signal. The Gunn diode operates from a 12volt car battery and draws
0.5 amps. The diode is held in a waveguide mount which is fastened to a short section of
waveguide incorporating a signal-sampling probe. The waveguide section in turn is
fastened to the transmitting antenna.

Signals from the signal-sampling probe and the receiving antenna axe added together
and fed to a microwave detector diode. The detector output voltage depends upon
whether the signal from the receiving antenna adds in phase or out of phase to the sample
of transmitted signal. As a reflecting target in front of the auto moves one half of a
wavelength relative to the auto, i.e., 1.5 cm, the detector output voltage goes through a
maximum and a minimum. In terms of the relative velocity of target and auto, the
frequency at which the detector output voltage varies, i.e., the doppler frequency
fd = 30 vrelative Hz, where vrelative is in mph. The detector output, i.e., the doppler signal, is
seen to fall conveniently in the audio range, varying between 450 Hz at 15 mph at
6,000 Hz at 200 mph.

The doppler signal is amplified in a high-pass amplifier with a lower cutoff frequency of
450 Hz. This eliminates received signals due to targets that do not represent a great
threat because of low relative speed. The amplified doppler signal is then processed by a
threshold amplifier for which the instantaneous output is +3 volts when the input is
above an adjustable threshold value, and -0.5 volts for any smaller input. The purpose of
this amplifier is to discriminate against targets so small that they would not be a threat in
spite of high relative velocities.

The threshold amplifier output goes to a “second detector” stage consisting of a rectifier
diode-resistor-capacitor combination which gives a staircase output ascending to some
steady-state value in response to a square-wave input. When the staircase passes a
selected value, it triggers the gate of an SCR, causing a light to flash on in our test
system, indicating actuation. All of the circuitry following the detector diode is mounted
on a printed-circuit board. Figure 3 shows the “black box” that holds the PC board.,
switches, potentiometers, and test terminals for controlling and monitoring the system.
This box is shown mounted under the auto’s dash.

The system design incorporates a number of built-in safeguards against false alarms. The
use of two antennas means that a small object cannot actuate the system by completely
blocking one aperature. Several doppler cycles are needed for actuation, and this insures
against actuation by transients generated,in the automobile’s electrical system. The
system only “sees” the region where both antenna patterns converge immediately in front



of the auto. This simple method of unambiguously determining target location helps
minimize overall system complexity, also aiding reliability. The antenna configuration is
shown schematically in Figure 4.

The sensitivity of the microwave “front end” of the system is a function of target size,
composition, and location. The variation of sensitivity as a function of target location
depends upon antenna patterns, antenna positions on the auto, and directions of the main
axes of the antenna patterns.

For a particular positioning and pointing of the antennas, and for a given target, the
sensitivity S of the system varies approximately as

where G1,2 (21,2 , N1,2) are the gains of the transmitting and receiving-antennas
respectively as a function of relative azmuth and elevation, and R1,2T are the distances
from the target to transmitting and receiving ant6nnas respectively.

The antennas currently being used are standard-gain horns with -3 db beamwidths of 26E
in both E- and H- planes. In tests to date, both antennas have been aimed inward at a 22E
angle relative to the axis of the automobile. The resulting sensitivity pattern is shown in
Figure 5. This pattern was measured by positioning a plane metal target of approximately
100 in2 crossection at various positions in front of the auto in the plane of the antenna
pattern axes and measuring received signal strength with a calibrated receiver.

Note that these antennas and antenna orientations are not to be regarded as optimum, but
have proved to be useful in the early testing of this system concept.

The positioning of the antennas has a measurable effect upon the variation of doppler
frequency as a function of target position, for constant relative target velocity. One
doppler cycle is produced at the microwave detector output each time the total path
length from transmitting antenna to target to receiving antenna changes by one
microwave wavelength. There axe ellipsoidal surfaces of constant relative phase, i.e.,
constant total path length, that have the antennas as foci.

Obviously this geometric effect causes an ambiguity in determining target velocity from
doppler frequency. This factor must be taken into account in determining antenna
characteristics and doppler thresholds. However, it should not prove to be a very difficult
problem to surmount as far as overall system operation is concerned.

Figure 6 shows the schematic diagram for the signal processing circuit. The first-stage
amplifier has a voltage gain of 800 and a lower cutoff frequency of 450 Hz. Filters at the



input and output also have cutoff frequencies of 450 Hz. The characteristics of the two
filters and the amplifier combined give a low-frequency roll-of f of -30 db per decade
below 450 Hz.

The potentiometers adjust the input level to the threshold amplifier to the desired
sensitivity level for triggering. When signals appear at the threshold amplifier input with
maxima greater than the threshold level, the threshold amplifier output is a square-wave
signal of constant maximum amplitude. When the output reaches a certain level, the SCR
is switched on, lighting an indicator light and actuating other indicating devices.

Figure 7 illustrates haw the signal levels vary at vaxious points in the circuit when a
simulated doppler signal, produced by a tone-burst generator is applied at the input. By
adjusting the parameters in the circuit it is possible to change the number of doppler
cycles required for actuation.

Test Results    Our microwave crash sensor triggers when the automobile on which it is
mounted encounters a simulated target of large size at velocities greater than 15 MPH.
This has been routinely shown by running into large cardboard boxes covered with
aluminum foil. The sensitivity potentiometer can be adjusted to give various threshold
target sizes. Adjustment can vary the minimum size for triggering of an aluminum foil
patch from less than 10 in2 to more than 200 in2. For a target of given size, triggering is
also a function of sensitivity as a function of position. A large target always causes
triggering slightly farther away from the auto than does a small target.

In order to measure the response of our system to various real and false-alarm targets, a
series of field tests is being conducted. During these tests, an amplifier circuit with a
very low lower cutoff frequency is used in place of the high-pass circuit. The automobile
is then rolled slowly up to various objects, and the linearly amplified doppler signal is
recorded on a tape recorder. The tapes are played back in the lab, and the signals are
observed and photographed using an oscilloscope. Stereo tape decks are used, with one
channel for data and one for voice narrative.

To date, doppler signatures of a sizeable number of objects have been obtained.
Examples of some of these are shown in Figures 8 - 11. In the pictures of the doppler
bursts for every object except the corrugated bridge roadway, one first observes a low
residual signal due to return from the road surface. As the target is approached, the signal
amplitude increases. As the driver brakes to a halt a few inches from the target, the
doppler frequency decreases, and the signal eventually falls to zero amplitude.

One sees that in the first three cases, the maximum signal amplitude is an order of
magnitude larger than the normal road surface return for a large number of doppler 



cycles. However, driving across the corrugated steel roadway of the bridge produced a
maximum amplitude fa,irly near that of some of the targets.

Much more data must be collected to determine what antenna pattern and circuit
parameters give sufficient discrimination between real and false-alarm targets.

Conclusion    Field testing as described in the previous section is continuing. The data
now being obtained is being used in specifying parameters for different parts of later
systems based on our current one. Extensive attention is being given to use of two or
more parallel microwave front ends with spatial regions of high sensitivity oriented to
give optimum spatial coverage. Advanced concepts for individual components are being
investigated.

Characteristics of the antenna patterns in the vertical and horizontal directions are being
studied to determine what patterns are optimum in light of environments encountered.
Recent advances in antenna technology have led to X-band antennas with directional
properties equal to horns that can be inexpensively fabricated in strip-line form. These
antennas are small and rugged as well.

It appears that all of the electronics on the PC board could be fabricated in one 14-pin
flat-pack, should the market warrant. A number of microwave manufacturers now have
in development integrated microwave front ends for systems such as Mrs. These contain
the microwave diode source, power sampler, antenna terminals and detector diode all in
one small rugged package.

One further area of current investigation is the use of a microwave crash sensor in series
of parallel with other crash sensing systems to provide an overall system with
characteristics superior to any single system. In such combined use, it is felt that the
compromises necessary in simultaneously determining acceptable miss and false-alarm
probabilities would be fax less severe.

Further effort is required to determine the ultimate usefulness and practicality of the
microwave approach to crash sensing. Under the influence of the great anticipated
rewards of success, work continues.



Figure 1.  Block diagram showing the functional components
of the microwave crash sensor.

Figure 2.  The test automobile. The antennas are located on either
side between the headlights and parking lights.

Figure 3.  The “black box.”



Figure 4.  Schematic representation of
how antenna patterns are used in

determining target position.

Figure 5.  Sensitivity pattern as a
function of target location,referenced
to point of maximum sensitivity. 
This pattern is for small targets.

Figure 6.  Schematic diagram of the doppler signal processing circuit.



Figure 7.  From top to bottom, traces indicate simulated doppler pulse into
first-stage amplifier, output of threshold amplifier, output of second
detector, and load voltage. The tone burst is a kHz sine wave.

Figure 8.

(a) The doppler signature of a tree.

(b) The tree, of 50 cm diameter.



Figure 9. (a) The doppler signature of a concrete signpost.
(b) The signpost, with 13 cm crossection.

Figure 10. The doppler signature obtained from the rear of a full-
size American sedan.

Figure 11. The doppler signal received while driving across the
corrugated metal roadway of a bridge.


