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Abstract—If automotive intelligent cruise-control (ICC) sys- TABLE |
tems are to be successful in the marketplace, they must provide PERFORMANCE SPECIFICATIONS
robust performance in a complex roadway environment. In- Py T
conveniences caused by reduced performance during inclement Ggérating Frequency 76-17 GHz
weather, interrupted performance due to dropped tracks, and g:zefom ;“”_41% —
annoying nuisance alarms will not be tolerated by the con- Rang: Aoouracy < 0.5 moters (3 Sigma)
sumer, and would likely result in the rejection of this technol- Relative Speed < * 160 Em/hr
ogy in the marketplace. An all-weather automotive millimeter- Rolative Speed hocuracy =L Kn/hr (3 siqma)
wave (MMW) radar sensor is described that uses a freqUeNCy-  Fierc of view (zirith) 5.5 degress
modulation coplanar-wave (FMCW) radar design capable of Field of View (Elevation) 4_degrees
acquiring and tracking all obstacles in its field of view. Design ~ faf-7ardets onoer Track TR
tradeoffs are discussed and radar-sensor test results are presented High-Speed Parallel
along with the applicability of the radar to collision-warning
systems.

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
I NTELLIGENT cruise control (ICC) uses forward-lookingreport the distance, relative speed, and acceleration of the lead
sensors to collect information about traffic and obstaclgghicle to the platform vehicle speed control unit with constant
in the roadway ahead. It uses this information to maintain,jbdates at a specified rate. The ability to collect, process,
constant headway or follow interval to a vehicle ahead that igd keep track of information on the distance, relative speed,
being followed. acceleration, and angular position of all objects in its field-
Remote-sensing technology has been associated with alffyiew enables this sensor to correctly interpret situations
motive applications since the 1960's [1]-[7]. Presently, thghich would otherwise result in faulty analysis of ambiguous
evolution of radar technology has afforded us the opporthata. Table | summarizes its performance specifications. The
nity to create advanced automotive products using remotgsquency of operation is chosen to be consistent with the
sensing technology at a price that consumers will be willingytomotive sensor-frequency allocation in Europe (and now in
to pay. Advances in gallium-arsenide monolithic-microwav@e U.S.). The field-of-view geometry is selected for operation
integrated-circuit (MMIC) technology enable operation at milyy U.S. interstate multilane highways to provide effective

limeter wavelengths, providing reductions in size, weight, angbquisition and tracking of objects to greater than 75-m relative
production costs. Similarly, the availability of more powerfulange on a 500-m minimum radius curve.

low-cost microprocessor integrated circuits (IC’s) allows the
implementation of sophisticated real-time software algorithms, I
which historically have required large and expensive computer
platforms on which to run. The combination of these techno- 1here are several sensor types that have or could be used
logical advances permits the development and introduction Bfautomotive applications. Included among them are acoustic,
a small low-cost sensor, providing the basis for a new cIa_QBt'Call (visual, laser, and infrared), and radar. Th_e environment
of automotive radar products. in which the_ sensor .must operate.plays an important role
A millimeter-wave radar sensor exploiting recent advancé® the decision to pick one technique over another. The
in MMIC and IC technology has been developed for ICEENSOT should be able to adequately perform in any commonly

applications. For this purpose, it must perform two importaﬁncountered weather condition, including rain, snow, and fog.
Its performance must not be catastrophically affected by the
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TABLE I
SENSOR TRADEOFFS

- Waveform

v FMCW

- Pulse Doppler - Complex & Expensive
. Antenna

s+ Separate Tx/Rx (Bi-Static) - Dynamic Range, Sensitivity

- Single Antenna

- Quasioptical

- Waveguide

v Microstrip - High Performance, Low Profile (Minimum Volume), Low Cost
- Antenna Scanning

v Switched Beams

- Mechanical - Reliability Issues

- Frequency - Complexity (Waveform Limitations}

Phase - Development Cost & Lead Time, Production Cost

- Transmitter

¢+ Gunn Oscillator (Present Approach)

<+ HBT, PHEMT MMIC Oscillator (Planned Approach)
- Receiver

- Homodyne - Poor Noise Performance

+ Heterodyne (Present Approach)

¢+ Chopped Homodyne (Planned) - Less Complexity Than Heterodyne; Requires MMW LNA
- Signal Processing

v Digital Processor

- Analog Filters - Hardware Complexity & Cost

ranges. Radar performs well in all weather conditions likely the constant velocity of electromagnetic radiation, the time
to be encountered and tolerates the physical effects of weattlelay is directly proportional to the range. In addition to the
without catastrophic consequences. range-dependent beat frequency, the observed frequency also
The choice of the radar band in which to operate wa®ntains the Doppler frequency due to the relative velocity
made considering the beam dimensions desired and the dvetween the target vehicle and the platform vehicle. In order
available for the antenna in a typical application. This led tota separate and identify the two contributions to the frequency
fairly universal choice for a forward-looking sensor, reinforcesghift, a triangular frequency waveform is employed. For the
by the recent federal assignment of the 76—-77-GHz band fapsitively sloped ramp the observed frequency is the difference
automotive applications. Radar at these frequencies perforb@&ween the range and Doppler frequencies; for the negatively
well in fog and rain at rates up to at least 10 mm/h. Othétoped ramp it is the sum of the two. The solution of two sim-
bands can be, and are being, used. For example, short-rapigdinear equations using the up and down ramp measurements
broad-beamX -band radars are used for side and rear warnitlambiguously yields both velocity and range.
systems where the actual position of the obstacle is not so
important. The only importance is that an obstacle is there. lll. SENSOR HARDWARE DESIGN

After the choices of a radar solution and the frequency of Fig. 1 shows a block diagram of the patent-pending sensor
operation are made, there are several radar architectures ééggn, and Fig. 2 shows the physical package, a rectangular-
circuit design approaches to consider. Table Il lists some é’ﬁaped enclosure of dimensions 10 in wides.5 in high x
the tradeoffs made in shaping our solution to the problem.s in deep. The radar generates an FMCW waveform using an
These will be elaborated upon in the following sections.  jndium—phosphide (InP) Gunn-diode voltage controlled oscil-

In order to keep the hardware and architecture relativglyior (VCO) generating-8 dBm at the output of the multibeam
simple, keep the peak power down, and at the same tid\gijtch to the antenna at the fundamental radiating frequency.
achieve robust performance, an FMCW approach was pursuégghples of the output supply the receiver with its first local
as opposed to a more sophisticated pulse-Doppler impiscillator and provide feedback for the frequency control
mentation. A radar of this type has a relatively low pealgircuits. A Gunn-diode oscillator was chosen as the source
power output and can meet the range and velocity resolutift this radar because it is available technology; it provides
requirements if a sufficiently large frequency deviation isufficient power at the transmit frequency, it is easily tuned
used. Since the power level is low, it is possible to obtaigver the required bandwidth, and it has good noise perfor-
MMIC subassemblies at a reasonable cost. The basic principlance. MMIC oscillators using either heterojunction bipolar
of an FMCW radar is that the frequency being transmittegansmitter (HBT) or pseudomorphic high electron-mobility
is changed with time in a prescribed manner, so that ansistor (PHEMT) technology are under development and are
comparing the (time-delayed) received signal’s frequency witilanned for use in the next-generation design. The waveform
a sample of the nondelayed transmit frequency, a measurecohsists of positive and negative slope frequency ramps and a
transit time can be obtained. In this specific design, the timixed-frequency intervals. During the fixed-frequency interval,
varying frequency is in the form of a linear ramp so that thihe VCO is phased locked to a harmonic of a clock oscillator.
range determination amounts to measuring the beat frequefitye ramp portions are linearized using a sample of the VCO
between the transmit- and return-signal frequencies. The fa#tput frequency fed to an SAW delay-line interferometer
guency so measured is equal to the slope of the frequenmpducing an output signal proportional to the slope of the
ramp multiplied by the time delay of the returned signal. Dueamp. This signal’s frequency is compared to a fixed reference
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Fig. 1. Radar-sensor block design.

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 resultsan 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
Fig. 2. Radar-sensor package. of view, while minimizing volume and aperture size. Directive
beams are employed for both transmit and receive in order to
to generate an error signal that corrects the VCO slope. A bloglaximize directive gain and to provide two-way suppression
diagram of this circuit is shown in Fig. 3. The requirement foof object returns occurring in the antenna sidelobes. With
linearity in the frequency ramp is 0.05%, based on the desités approach we have built antennas that provide an azimuth
for a stable and accurately measured beat frequency from towerage of 8.8 using four beams and 15.4using seven
target. Uncontrolled departures from linearity would smear theams, each with an individual beam width &f 2
received signal in frequency. The signal processed filter isThe radar is currently instrumented with a four-beam an-
approximately 1.4 kHz (equivalent to approximately 0.5 nienna The elevation beamwidth is fixed &t % allow for
and the filter separation is approximately 1 kHz. The linearitgliable detection of roadway objects regardless of vehicle
constraint keeps the return frequency variation to less thpitch and variations in road inclines. A seven-beam antenna
100 Hz. (shown mounted on an evaluation fixture) and its performance
Relevant characteristics of the waveform are shown ia shown in Fig. 5. The ICC acquisition/track antennas are
Fig. 4. The up, down, and CW intervals are each 1.024 mhown on the vertical face of the fixture. The thin flexible
long and are sampled at a 1-MHz rate to yield 1024 reslibstrate is wrapped around a U-shaped support. The radar-
samples. Witheos? (Hanning) weighting, this provides a rangesensor package uses the internal volume to house the radar’s
resolution of 0.78 m and a range-rate resolution of 2.8 milectronic components. The Rotman-Turner lens and feed
Assuming a minimum signal/noise ratio of 11 dB and thstructure for the top antenna are clearly visible. Underneath
processing of two ramp pairs (required to initiate a track filefhe structure is an identical feed for the lower antenna. Also
range and range rate measurement accuracigsafe 0.11 m pictured in the photograph of the antenna are three additional
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Fig. 3. Waveform generation.
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Fig. 4. Waveform characterization.

elements not connected to a Rotman—Turner lens. These aréhe antenna’s ideal area gain is 37.5 dB isotropic (dBi).
used for automatic alignment of the sensor on the vehicle. Losses associated with illumination, mismatch, and transmis-
The measured patterns exhibit a smooth rolloff in gain frosion line ohmic contributions (including the Rotman—Turner
the center to the outer beams due to differences in feed-phlths) are approximately 10 dB. Although this might appear
lengths on the planar substrate; transmission-line losses at thisbe excessive, one must realize that it is sufficient for
frequency are approximately 0.8 dB/in. Small differences ime application without putting unreasonable constraints on
gain between beams is easily compensated for by the sigrtednsmit power or receiver front-end noise figure.
processing software so that errors in interpolating the anglePerformance is just one aspect of this antenna approach
of an object detected in adjacent beams are minimized. Timat makes it uniquely suited to the application. Because it
decrease in gain in the several beams relative to adjacenthin and flexible, it can be easily formed around the elec-
neighbors is due to a slight phase misalignment correctaldenics, minimizing the physical volume required to perform
with an adjustment in the shape of the lens. The design gdal function. At the same time, it is repeatedly and reliably
for sidelobe performance was greater than 20 dB. In sevepabduced using low-cost automated processes. A mechani-
of the beams this was not achieved. This is attributed to smedllly scanned antenna design was considered in the early
errors in the Rotman—Turner design code and is expected tosteges of development, but eliminated as a candidate due to
corrected with minor artwork changes in subsequent desigmancerns about reliability. A frequency-scanned antenna was
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TABLE I
CHIRP WAVEFORM PROCESSING SPECTRUM

- Chirp Slope 270 kHz/microseconds
+ Delay for 100M 2/3 microseconds
- Frequency Delta @ 100M +180 kHz - Down Chirp
-180 kHz - Up Chirp
+ Maximum Platform Velocity (100 MPH) +23 kHz Doppler
- Maximum Target/Clutter Range -23 kHz to +226 kHz -~ Down
Chirp
+23 kHz to -226 kHz - Up
Chirp
- Signal Spectral Width 249 kHz
+ IF Carrier 250 kHz
- Sampling Rate 1 MHz

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 thk/f 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 &i® 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
20 45 0 5 0 5 10 15 20 essential radar-sensor operations. It takes less than 12 ms

Azimuth (deg) 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
eliminated due to the limitations it imposes on the wavefornatency is less than 168 ms because objects entering the radar
Though probably the most appealing technical solution isfield of view require two dwells at each beam position to
phase-scanned approach, the technology at millimeter-wassess validity and establish a track file. The next-generation
frequencies is in its infancy. design will reduce the hardware to a single processor on a

The receiver design is superheterodyne. No RF preamplgurface-mount printed-wiring board within the radar-sensor
cation is required to achieve the necessary signal/noise ragisckage.

(of the order of 10 dB) for the detection of vehicular targets Analysis of received power levels from vehicles of various
(including motorcycles) within the 100-m range. The radaoss sections and from clutter (see Fig. 7) shows that the
return is converted down in frequency to a final IF of 250 kHzadar’s sensitivity is sufficient to detect a vehicle as small as a
As shown in Table lIl, range offset and Doppler are containadotorcycle (1 M) at 100-m range, and that the dynamic range

Relative Amplitude (dB)

Fig. 5. Antenna design and performance.
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Fig. 6. Digital signal processor architecture.
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Fig. 7. Signal and interference levels.

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

IV. ALGORITHMS

The patent-pending algorithms used in the digital process:
track all the targets in the field of view (as many as tel
objects in each beam). Based upon current data and the re'c_(iad’_ltg_ Sensor self alignment.
history of a given target, they predict each target’s range, range

rate, and acceleration at the time of the next radar action. f the | head of the platf hicl q
Angular information is derived from the presence of the targg’?t'mate of the lane ahead of the platiorm vehicle and an

in different (azimuth) antenna beams. The radar chooses ociated uncertainty. These estimgtes are then statistically
nearest target, satisfying certain acquisition criteria, as the | Haed to create a composite lane estimate.
vehicle. The radar then reports this vehicle’'s spatial parameters
to the platform’s computer. V. ALIGNMENT

It is essential to distinguish curves from lane changes. ABecause it is important to maintain alignment of the an-
lead vehicle in a curve should be followed, but one th#nna boresight to the platform vehicle longitudinal axis the
leaves the platform vehicle lane should be dropped. Lasensor incorporates an electronic self-alignment feature. This
estimation uses platform yaw rate, moving vehicle tracks accomplished with three additional antenna elements. The
and stationary object tracks. These data are used in thtemsmit antenna consists of radiating elements of the same
independent lane estimators, each of which determines @asign as one of the ICC acquisition/track antenna elements.
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Fig. 11. Data illustrating the radar sensor’s ability to resolve targets in randad. 12. Data illustrating the radar’s sensitivity at maximum range.

It radiates a horizontal beam onto the ground in front of theith approximately a 2 beamwidth aimed to the right or left
vehicle at 48 from the horizontal. The receive antenna isf the vehicle center line at an angle of approximately.45
a traveling-wave design which produces a vertical fan bearhhe right or left position of the receive-antenna beam depends
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Fig. 13. Real-time tracking display.
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Fig. 14. Evolution of ICC radar-sensor development at Raytheon.

upon which end the receive antenna is driven. The driven eraties. Fig. 9 shows a typical signal return (after fast Fourier
is switch selectable. The transmit and receive beams intersgahsform (FFT) processing) of a corner reflector 50 m from
at one of two spots (determined by the switch state) on the rot@ radar. Shown also in this example is feedthrough of the
in front of the vehicle. Doppler offsets from the two receivettansmit signal to the receiver at zero range and small returns
signals yield the information required to calculate the sensod$ 100 m from rutted ice and snow on the road surface.
normal compared to the vehicle’s line of travel for correctiohe requirement for adequate transmit-to-receive isolation is
in the signal processor. The concept is illustrated in Fig. §raphically illustrated here. If a single antenna and duplexer
Fig. 5 shows the alignment beam antennas located on eitBgtulator were used, the feedthrough level would cause the
side of and between the two acquisition/track antenna arraygceiver to saturate. With 80 dB of isolation, this (bi-static)
system has greater than 15-dB margin.
Fig. 10 illustrates the effect of transmitter. noise on
VI. TESTING the received signal spectrum. In this example, transmitter-
Initial testing included detection and tracking of stationroise sidebands reflecting off of a large corner reflector at
ary corner reflectors and moving vehicles from a stationaapproximately 50-m range raise the receiver noise floor by as
platform in order to verify range, range-rate, and angle acconuch 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 hdsven by the need for high resolution spatial selectivity in
no serious effect on performance because smaller targetsasfge, relative speed, and angle. The recognition of spatial
interest that are closer in range will have returns that exceselectivity as a key element in a robust ICC system has
the elevated noise threshold. yielded a design whose performance will also meet the needs
Fig. 11 illustrates the ability of the radar to resolve targetsf forward-looking collision-warning systems.
in range. A pedestrian standing a car length behind a dumpRaytheon is currently working on a new version of the
truck and between the dump truck and the forward-lookirggnsor design to reach production cost goals. The approach is
radar sensor is clearly and distinctly resolved despite thédrintroduce MMIC technology in the transmitter and receiver
difference in size. Also resolvable in range are the variofi®nt end, and to employ a simpler (chopped homodyne)
scattering locations on the truck itself, which has a number mceiver downconversion.
protrusions along its longitudinal extent.
Fig. 12 is an example showing the sensitivity of the sensor ACKNOWLEDGMENT
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