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Abstract—If automotive intelligent cruise-control (ICC) sys-
tems are to be successful in the marketplace, they must provide
robust performance in a complex roadway environment. In-
conveniences caused by reduced performance during inclement
weather, interrupted performance due to dropped tracks, and
annoying nuisance alarms will not be tolerated by the con-
sumer, and would likely result in the rejection of this technol-
ogy in the marketplace. An all-weather automotive millimeter-
wave (MMW) radar sensor is described that uses a frequency-
modulation coplanar-wave (FMCW) radar design capable of
acquiring and tracking all obstacles in its field of view. Design
tradeoffs are discussed and radar-sensor test results are presented
along with the applicability of the radar to collision-warning
systems.

I. INTRODUCTION

I NTELLIGENT cruise control (ICC) uses forward-looking
sensors to collect information about traffic and obstacles

in the roadway ahead. It uses this information to maintain a
constant headway or follow interval to a vehicle ahead that is
being followed.

Remote-sensing technology has been associated with auto-
motive applications since the 1960’s [1]–[7]. Presently, the
evolution of radar technology has afforded us the opportu-
nity to create advanced automotive products using remote-
sensing technology at a price that consumers will be willing
to pay. Advances in gallium–arsenide monolithic-microwave
integrated-circuit (MMIC) technology enable operation at mil-
limeter wavelengths, providing reductions in size, weight, and
production costs. Similarly, the availability of more powerful
low-cost microprocessor integrated circuits (IC’s) allows the
implementation of sophisticated real-time software algorithms,
which historically have required large and expensive computer
platforms on which to run. The combination of these techno-
logical advances permits the development and introduction of
a small low-cost sensor, providing the basis for a new class
of automotive radar products.

A millimeter-wave radar sensor exploiting recent advances
in MMIC and IC technology has been developed for ICC
applications. For this purpose, it must perform two important
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TABLE I
PERFORMANCE SPECIFICATIONS

functions. The first is to correctly locate a lead vehicle being
followed, constantly differentiating between the lead vehicle
and competing vehicles and roadside objects. The second is to
report the distance, relative speed, and acceleration of the lead
vehicle to the platform vehicle speed control unit with constant
updates at a specified rate. The ability to collect, process,
and keep track of information on the distance, relative speed,
acceleration, and angular position of all objects in its field-
of-view enables this sensor to correctly interpret situations
which would otherwise result in faulty analysis of ambiguous
data. Table I summarizes its performance specifications. The
frequency of operation is chosen to be consistent with the
automotive sensor-frequency allocation in Europe (and now in
the U.S.). The field-of-view geometry is selected for operation
on U.S. interstate multilane highways to provide effective
acquisition and tracking of objects to greater than 75-m relative
range on a 500-m minimum radius curve.

II. SENSOR SYSTEM DESIGN

There are several sensor types that have or could be used
in automotive applications. Included among them are acoustic,
optical (visual, laser, and infrared), and radar. The environment
in which the sensor must operate plays an important role
in the decision to pick one technique over another. The
sensor should be able to adequately perform in any commonly
encountered weather condition, including rain, snow, and fog.
Its performance must not be catastrophically affected by the
physical effects of inclement weather, such as water, ice, or
mud buildup on the sensor face. While infrared and laser
systems can penetrate fog and rain to some degree, they
severely degrade in sensitivity with any buildup of foreign
material on the sensor face. The effects of weather on visual
light sensors are even more severe. Acoustic sensors are
not sensitive enough to effectively perform at the required
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TABLE II
SENSOR TRADEOFFS

ranges. Radar performs well in all weather conditions likely
to be encountered and tolerates the physical effects of weather
without catastrophic consequences.

The choice of the radar band in which to operate was
made considering the beam dimensions desired and the area
available for the antenna in a typical application. This led to a
fairly universal choice for a forward-looking sensor, reinforced
by the recent federal assignment of the 76–77-GHz band for
automotive applications. Radar at these frequencies performs
well in fog and rain at rates up to at least 10 mm/h. Other
bands can be, and are being, used. For example, short-range
broad-beam -band radars are used for side and rear warning
systems where the actual position of the obstacle is not so
important. The only importance is that an obstacle is there.

After the choices of a radar solution and the frequency of
operation are made, there are several radar architectures and
circuit design approaches to consider. Table II lists some of
the tradeoffs made in shaping our solution to the problem.
These will be elaborated upon in the following sections.

In order to keep the hardware and architecture relatively
simple, keep the peak power down, and at the same time
achieve robust performance, an FMCW approach was pursued
as opposed to a more sophisticated pulse-Doppler imple-
mentation. A radar of this type has a relatively low peak-
power output and can meet the range and velocity resolution
requirements if a sufficiently large frequency deviation is
used. Since the power level is low, it is possible to obtain
MMIC subassemblies at a reasonable cost. The basic principle
of an FMCW radar is that the frequency being transmitted
is changed with time in a prescribed manner, so that by
comparing the (time-delayed) received signal’s frequency with
a sample of the nondelayed transmit frequency, a measure of
transit time can be obtained. In this specific design, the time-
varying frequency is in the form of a linear ramp so that the
range determination amounts to measuring the beat frequency
between the transmit- and return-signal frequencies. The fre-
quency so measured is equal to the slope of the frequency
ramp multiplied by the time delay of the returned signal. Due

to the constant velocity of electromagnetic radiation, the time
delay is directly proportional to the range. In addition to the
range-dependent beat frequency, the observed frequency also
contains the Doppler frequency due to the relative velocity
between the target vehicle and the platform vehicle. In order
to separate and identify the two contributions to the frequency
shift, a triangular frequency waveform is employed. For the
positively sloped ramp the observed frequency is the difference
between the range and Doppler frequencies; for the negatively
sloped ramp it is the sum of the two. The solution of two sim-
ple linear equations using the up and down ramp measurements
unambiguously yields both velocity and range.

III. SENSOR HARDWARE DESIGN

Fig. 1 shows a block diagram of the patent-pending sensor
design, and Fig. 2 shows the physical package, a rectangular-
shaped enclosure of dimensions 10 in wide6.5 in high
5.5 in deep. The radar generates an FMCW waveform using an
indium–phosphide (InP) Gunn-diode voltage controlled oscil-
lator (VCO) generating 8 dBm at the output of the multibeam
switch to the antenna at the fundamental radiating frequency.
Samples of the output supply the receiver with its first local
oscillator and provide feedback for the frequency control
circuits. A Gunn-diode oscillator was chosen as the source
for this radar because it is available technology; it provides
sufficient power at the transmit frequency, it is easily tuned
over the required bandwidth, and it has good noise perfor-
mance. MMIC oscillators using either heterojunction bipolar
transmitter (HBT) or pseudomorphic high electron-mobility
transistor (PHEMT) technology are under development and are
planned for use in the next-generation design. The waveform
consists of positive and negative slope frequency ramps and a
fixed-frequency intervals. During the fixed-frequency interval,
the VCO is phased locked to a harmonic of a clock oscillator.
The ramp portions are linearized using a sample of the VCO
output frequency fed to an SAW delay-line interferometer
producing an output signal proportional to the slope of the
ramp. This signal’s frequency is compared to a fixed reference
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Fig. 1. Radar-sensor block design.

Fig. 2. Radar-sensor package.

to generate an error signal that corrects the VCO slope. A block
diagram of this circuit is shown in Fig. 3. The requirement for
linearity in the frequency ramp is 0.05%, based on the desire
for a stable and accurately measured beat frequency from the
target. Uncontrolled departures from linearity would smear the
received signal in frequency. The signal processed filter is
approximately 1.4 kHz (equivalent to approximately 0.5 m)
and the filter separation is approximately 1 kHz. The linearity
constraint keeps the return frequency variation to less than
100 Hz.

Relevant characteristics of the waveform are shown in
Fig. 4. The up, down, and CW intervals are each 1.024 ms
long and are sampled at a 1-MHz rate to yield 1024 real
samples. With (Hanning) weighting, this provides a range
resolution of 0.78 m and a range-rate resolution of 2.8 m/s.
Assuming a minimum signal/noise ratio of 11 dB and the
processing of two ramp pairs (required to initiate a track file),
range and range rate measurement accuracies (1) are 0.11 m

and 0.39 m/s, respectively. Typically, signal/noise ratios for
vehicular targets are in excess of 20 dB within the 100-
m operating range of the radar sensor. This results in 1
accuracies of 0.04 m in range and 0.14 m/s in range rate.

The radar uses a patented bi-static antenna system obtaining
approximately 80 dB of transmit-receive isolation to prevent
receiver desensitization. The two antennas are printed circuits
mounted on the front face of the radar enclosure and covered
by a flat radome. The antenna produces several overlapping
beams to cover the field of view and employs sequential
lobing techniques in order to locate targets in azimuth. The
novel printed-circuit antenna consists of a Rotman–Turner lens
beamformer and an array of series-fed patch antennas built on
a 5-mil-thick soft-substrate material. The lens forms a beam
by distributing the energy incident at a feed point (in a proper
manner) to the elements of the antenna array. Beam position is
controlled by electronically switching the Rotman–Turner lens
feed point. This changes the phase and amplitude distribution
of energy to the patch array, steering the beam in azimuth. The
approach provides both fine spacial resolution and a broad field
of view, while minimizing volume and aperture size. Directive
beams are employed for both transmit and receive in order to
maximize directive gain and to provide two-way suppression
of object returns occurring in the antenna sidelobes. With
this approach we have built antennas that provide an azimuth
coverage of 8.8 using four beams and 15.4using seven
beams, each with an individual beam width of 2.

The radar is currently instrumented with a four-beam an-
tenna The elevation beamwidth is fixed at 4to allow for
reliable detection of roadway objects regardless of vehicle
pitch and variations in road inclines. A seven-beam antenna
(shown mounted on an evaluation fixture) and its performance
is shown in Fig. 5. The ICC acquisition/track antennas are
shown on the vertical face of the fixture. The thin flexible
substrate is wrapped around a U-shaped support. The radar-
sensor package uses the internal volume to house the radar’s
electronic components. The Rotman–Turner lens and feed
structure for the top antenna are clearly visible. Underneath
the structure is an identical feed for the lower antenna. Also
pictured in the photograph of the antenna are three additional
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Fig. 3. Waveform generation.

Fig. 4. Waveform characterization.

elements not connected to a Rotman–Turner lens. These are
used for automatic alignment of the sensor on the vehicle.

The measured patterns exhibit a smooth rolloff in gain from
the center to the outer beams due to differences in feed-path
lengths on the planar substrate; transmission-line losses at this
frequency are approximately 0.8 dB/in. Small differences in
gain between beams is easily compensated for by the signal-
processing software so that errors in interpolating the angle
of an object detected in adjacent beams are minimized. The
decrease in gain in the several beams relative to adjacent
neighbors is due to a slight phase misalignment correctable
with an adjustment in the shape of the lens. The design goal
for sidelobe performance was greater than 20 dB. In several
of the beams this was not achieved. This is attributed to small
errors in the Rotman–Turner design code and is expected to be
corrected with minor artwork changes in subsequent designs.

The antenna’s ideal area gain is 37.5 dB isotropic (dBi).
Losses associated with illumination, mismatch, and transmis-
sion line ohmic contributions (including the Rotman–Turner
lens) are approximately 10 dB. Although this might appear
to be excessive, one must realize that it is sufficient for
the application without putting unreasonable constraints on
transmit power or receiver front-end noise figure.

Performance is just one aspect of this antenna approach
that makes it uniquely suited to the application. Because it
is thin and flexible, it can be easily formed around the elec-
tronics, minimizing the physical volume required to perform
its function. At the same time, it is repeatedly and reliably
produced using low-cost automated processes. A mechani-
cally scanned antenna design was considered in the early
stages of development, but eliminated as a candidate due to
concerns about reliability. A frequency-scanned antenna was



2448 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 12, DECEMBER 1997

TABLE III
CHIRP WAVEFORM PROCESSING SPECTRUM

Fig. 5. Antenna design and performance.

eliminated due to the limitations it imposes on the waveform.
Though probably the most appealing technical solution is a
phase-scanned approach, the technology at millimeter-wave
frequencies is in its infancy.

The receiver design is superheterodyne. No RF preamplifi-
cation is required to achieve the necessary signal/noise ratio
(of the order of 10 dB) for the detection of vehicular targets
(including motorcycles) within the 100-m range. The radar
return is converted down in frequency to a final IF of 250 kHz.
As shown in Table III, range offset and Doppler are contained

within a frequency band 250 kHz on either side of the IF
frequency. The output of the receiver is fed to a 12-b analog-
to-digital converter clocked at 1 MHz, satisfying Nyquist
sampling criteria, which becomes the input to the digital
processor. Although it introduces some hardware complexity,
the superheterodyne approach was chosen for the present
design in order to achieve the required noise figure. Though
less complex and expensive, a simple homodyne receiver is
out of the question for this application due to the severe
degradation of noise figure below baseband frequencies of
1 MHz. A chopped homodyne approach is a viable alternative
being developed for the next-generation design. Like the
simple homodyne, the chopped homodyne receiver eliminates
the microwave IF and associated local oscillators. However,
it does this without sacrificing noise performance by shifting
the detected output beyond the noise region of the
downconversion mixer. However, in order to achieve receiver
noise figures equivalent to that of a superheterodyne receiver,
it is necessary to introduce a low-noise preamplifier ahead
of the downconversion mixer to overcome the loss in signal
power caused by the chopping process.

The current radar-sensor digital signal processor consists of
two Texas Instruments TMS320C30 IC’s, and associated logic,
memory, and buffers (see Fig. 6) mounted on a 6 in9 in
six-layer printed wiring board (PWB) separate from the sen-
sor enclosure. One processor is dedicated to functions that
support data recording and display (which is required only
for engineering evaluation), while the other performs the
essential radar-sensor operations. It takes less than 12 ms
to collect, process, and display data measured at each beam
position. Therefore, for a seven-beam system, data latency
(time between radar updates) is less than 84 ms for an object
currently being tracked. For a newly detected object, the
latency is less than 168 ms because objects entering the radar
field of view require two dwells at each beam position to
assess validity and establish a track file. The next-generation
design will reduce the hardware to a single processor on a
surface-mount printed-wiring board within the radar-sensor
package.

Analysis of received power levels from vehicles of various
cross sections and from clutter (see Fig. 7) shows that the
radar’s sensitivity is sufficient to detect a vehicle as small as a
motorcycle (1 m) at 100-m range, and that the dynamic range
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Fig. 6. Digital signal processor architecture.

Fig. 7. Signal and interference levels.

of the receiver is sufficient to accommodate the entire range
of expected signal returns.

IV. A LGORITHMS

The patent-pending algorithms used in the digital processor
track all the targets in the field of view (as many as ten
objects in each beam). Based upon current data and the recent
history of a given target, they predict each target’s range, range
rate, and acceleration at the time of the next radar action.
Angular information is derived from the presence of the target
in different (azimuth) antenna beams. The radar chooses the
nearest target, satisfying certain acquisition criteria, as the lead
vehicle. The radar then reports this vehicle’s spatial parameters
to the platform’s computer.

It is essential to distinguish curves from lane changes. A
lead vehicle in a curve should be followed, but one that
leaves the platform vehicle lane should be dropped. Lane
estimation uses platform yaw rate, moving vehicle tracks,
and stationary object tracks. These data are used in three
independent lane estimators, each of which determines an

Fig. 8. Sensor self alignment.

estimate of the lane ahead of the platform vehicle and an
associated uncertainty. These estimates are then statistically
fused to create a composite lane estimate.

V. ALIGNMENT

Because it is important to maintain alignment of the an-
tenna boresight to the platform vehicle longitudinal axis the
sensor incorporates an electronic self-alignment feature. This
is accomplished with three additional antenna elements. The
transmit antenna consists of radiating elements of the same
design as one of the ICC acquisition/track antenna elements.
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Fig. 9. Spectral response of radar signal returns.

Fig. 10. Effect of transmitterP.M. noise on receiver sensitivity.

Fig. 11. Data illustrating the radar sensor’s ability to resolve targets in range.

It radiates a horizontal beam onto the ground in front of the
vehicle at 45 from the horizontal. The receive antenna is
a traveling-wave design which produces a vertical fan beam

Fig. 12. Data illustrating the radar’s sensitivity at maximum range.

with approximately a 2 beamwidth aimed to the right or left
of the vehicle center line at an angle of approximately 45.
The right or left position of the receive-antenna beam depends
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Fig. 13. Real-time tracking display.

Fig. 14. Evolution of ICC radar-sensor development at Raytheon.

upon which end the receive antenna is driven. The driven end
is switch selectable. The transmit and receive beams intersect
at one of two spots (determined by the switch state) on the road
in front of the vehicle. Doppler offsets from the two received
signals yield the information required to calculate the sensor’s
normal compared to the vehicle’s line of travel for correction
in the signal processor. The concept is illustrated in Fig. 8.
Fig. 5 shows the alignment beam antennas located on either
side of and between the two acquisition/track antenna arrays.

VI. TESTING

Initial testing included detection and tracking of station-
ary corner reflectors and moving vehicles from a stationary
platform in order to verify range, range-rate, and angle accu-

racies. Fig. 9 shows a typical signal return (after fast Fourier
transform (FFT) processing) of a corner reflector 50 m from
the radar. Shown also in this example is feedthrough of the
transmit signal to the receiver at zero range and small returns
at 100 m from rutted ice and snow on the road surface.
The requirement for adequate transmit-to-receive isolation is
graphically illustrated here. If a single antenna and duplexer
circulator were used, the feedthrough level would cause the
receiver to saturate. With 80 dB of isolation, this (bi-static)
system has greater than 15-dB margin.

Fig. 10 illustrates the effect of transmitterP.M. noise on
the received signal spectrum. In this example, transmitter-
noise sidebands reflecting off of a large corner reflector at
approximately 50-m range raise the receiver noise floor by as
much as 10 dB ahead of and behind the location of the large
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object. Though at first glance this may seem disturbing, it has
no serious effect on performance because smaller targets of
interest that are closer in range will have returns that exceed
the elevated noise threshold.

Fig. 11 illustrates the ability of the radar to resolve targets
in range. A pedestrian standing a car length behind a dump
truck and between the dump truck and the forward-looking
radar sensor is clearly and distinctly resolved despite their
difference in size. Also resolvable in range are the various
scattering locations on the truck itself, which has a number of
protrusions along its longitudinal extent.

Fig. 12 is an example showing the sensitivity of the sensor
to objects at its maximum designed range. The signal return
of a small automobile (approximately 10-mcross section)
is clearly detected 10 dB above the detection threshold as
predicted by the analytical predictions in Fig. 7.

Extensive open-loop testing on a moving platform was
performed on U.S. interstate-type highways and included all
vehicle types, weather conditions, and clutter environments.
Excellent vehicle tracking performance was observed for cars,
trucks, motorcycles, and pedestrians. The instrumentation in-
cluded a computer, a video camera and recorder, a data
recorder, and a display. Fig. 13 shows a freeze frame from the
real-time tracking display used for open-loop sensor testing.
With this system, sensor range, relative speed, and angle to
the lead-vehicle are reported numerically, positioned below
the video image of the roadway ahead. A cursor, overlaid
with the video image, provides a constantly updated visual
indication of the vehicle under track. Also included on the
display screen is a real-time graphical representation of the
sensor’s field of view using triangles to represent the position
of all obstacles under track. Horizontal tick marks represent
distances of 25, 50, 75 and 100 m, respectively. The direction
of each obstacle’s radial velocity is indicated in the diagram
by the direction the triangle is pointing (opening or closing
range).

VII. D ESIGN EVOLUTION

The design basis for the previously described system hard-
ware and algorithms draws upon Raytheon’s long history
and experience designing radar systems and radar-guided
missile seekers for severe military operational scenarios and
environments. Raytheon’s approach has been to first design a
system that performs without compromise, and then to evolve
and improve upon it to enhance producibility and reduce
cost without sacrificing performance. Fig. 14 illustrates that
development path and timetable to a commercially available
product. Raytheon is currently working on a new version
of the sensor design to reach production cost goals. This
will be accomplished by introducing MMIC technology in
the transmitter and receiver front end, employing a simpler
(chopped homodyne) receiver downconversion, and by using
digital synthesis techniques for signal generation.

VIII. C ONCLUSION

Raytheon has developed a forward-looking automotive radar
sensor for ICC. The requirements for these applications are

driven by the need for high resolution spatial selectivity in
range, relative speed, and angle. The recognition of spatial
selectivity as a key element in a robust ICC system has
yielded a design whose performance will also meet the needs
of forward-looking collision-warning systems.

Raytheon is currently working on a new version of the
sensor design to reach production cost goals. The approach is
to introduce MMIC technology in the transmitter and receiver
front end, and to employ a simpler (chopped homodyne)
receiver downconversion.
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