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ABSTRACT

Coded 24 GHz Doppler sensors have been realized to
perform high-precision non-contact vehicle position and
speed measurements. Encoding the radar signal with a
spread-spectrum code is the key to a significantly en-
hanced sensitivity combined with a range selectivity of
the sensor. The novel system concept establishes a high-
performance low-cost vehicle Doppler radar system with
very high measurement accuracy suitable for automotive
and railway applications.

INTRODUCTION

With dramatically increasing traffic congestion, the need
for higher ftraffic efficiency and increased driver safety
becomes a prime concern [1]. By measuring the true
ground-speed with Doppler radar sensors, the capabilities
of advanced vehicle control systems (e.g. anti-slip control
and anti-lock brake systems) can be enhanced in both
automotive and railway applications. Furthermore, precise
measurements of the relative position between fixed
reference points are enabled. This paper discusses novel
inexpensive vehicle Doppler radar sensors with spread-
spectrum coding. The coding leads to a very high signal-
to-noise ratio and the capability to focus the Doppler sig-
nal evaluation to a certain measurement distance.

24 GHZ OSCILLATOR / DETECTOR MODULE

The basic component of the Doppler sensor is a highly
stabilized 24 GHz fundamental-frequency dielectric reso-
nator oscillator (DRO). The use of a higher-order mode of
the dielectric resonator has led to a new type of DRO {2]
with high spectral purity (phase noise level: -95 dBc/Hz @
100 kHz) and good temperature stability (+10 ppm/K).
Adding a schottky diode detector as a homodyne receiver
and a patch antenna [3], a low-cost compact CW Doppler
sensor has been built (fig. 1).
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Fig. 1:

QUASI-HETERODYNE QUADRATURE RECEIVER

The sensitivity of Doppler sensors with a homodyne re-
ceiver is considerably affected by the low-frequency noise
of the microwave transistor used in the oscillator. Micro-
wave transistors exhibit a so called flicker noise, which
has a noise power density characterized by an 1/f-func-
tion. In MESFETs and HEMTS, flicker noise is the main
low-frequency noise source up to a typical corner fre-
quency in the MHz region. Due to transistor nonlineari-
ties, the flicker noise is upconverted to near-carrier
phase- and amplitude noise sidebands of the oscillator
frequency spectrum [4]. The phase noise of the oscillator
is irrelevant in short-range sensor applications, whereas
its 1/f amplitude fluctuations significantly reduce the sig-
nal-to-noise ratio, i.e. the sensitivity of conventional Dop-
pler radar sensors.

The novel sensor concept shown in fig. 2 is an extension
of the CW oscillator / detector module (fig. 1). An addi-
tional microwave phase shifter has been inserted into the
transmit / receive branch of the Doppler sensor between
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the schottky diode detector and the sensor antenna. This
gives the opportunity to a phase shift keying of the radar
signal, which is done by using a periodic modulation sig-
nal m(t) with a frequency fn, much higher than the maxi-
mum Doppler signal frequency (e.g. fr, = 1 MHz). The de-
modulation of the PSK Doppler signal d(t) is achieved
with a SPDT switch, such that two phase shifted Doppler
signals d4(t) and dy(t) are obtained.
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Fig. 2: Schematic of a PSK Doppler sensor.

Using a phase shift of [2.A¢| = 90°, d4(t) and dy(t) are
representing the orthogonal | and Q components of a
complex Doppler signal vector d(t) = d4(f) + jdo(?). In this
case, the function of a quadrature receiver is realized,
which allows to detect the direction of vehicular motion.
Additionally, a noise reduction capability is attained: Both
Doppler signals d4(t) and dx(t) contain fully correlated
noise distortions caused by the amplitude fluctuations of
the DRO (1/f-noise). Consequently, the difference term
dpjp() = da(t) - d4(t) is a noise-reduced Doppler signal
with a much higher signal-to-noise ratio. From ancther
point of view, the phase shift keying leads to an upcon-
version of the Doppler signal into sidebands of the micro-
wave carrier at integral multiples of the modulation fre-
quency f.,, whereas the oscillator noise remains in the
baseband. Therefore, a highpass filter arranged between
the schottky diode detector and the SPDT switch will stop
the 1/f-noise and pass the Doppler signal, such that a
quasi-heterodyne reception is established.

The main component of the PSK Doppler sensor is the 24
GHz phase shifter shown in fig. 3. The microstrip circuit is
based on a hybrid-coupled reflection-type phase shifter
structure [5]. The use of a ratrace hybrid instead of a
branchline coupler allows a very broadband operation. To
obtain a phase of the scattering parameter S21 (§12)
alternating between two states with a phase shift of A¢,
the modulation signal m(t) biases the two PIN diodes
periodically in forward and reverse direction.

The measured phase vs. frequency characteristic of the
phase shifter is depicted in fig. 4. Within a frequency
band of about 2 GHz the unidirectional phase varies less
than = 2° at a phase shift of Ay} = 135°. Therefore, the
Doppler signals d4(t) and do(t) will be precisely orthogo-
nal. The insertion loss of the phase shifter is about 1 dB
and the amplitude symmetry deviation of the two phase
states is less than 1 dB.
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Fig. 3: 24 GHz transmission-type PIN-diode phase shifter.
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Fig. 4: Measured transmission phase shift.

ENHANCEMENT OF THE SENSOR SENSITIVITY

The noise reduction effect has been verified by a com-
parison of the Doppler signal noise floor obtained from a
homodyne receiver and the new type of quasi-heterodyne
receiver. Both noise spectra have been measured with a
receiver bandwidth of 3.5 kHz. The noise spectrum at the
schottky diode detector output, shown in fig. 5, exhibits
the typical 1/f-noise characteristic regarding to the ampli-
tude fluctuations of the DRQO. This homodyne reception
results in a reduced sensitivity at low frequencies and is
one of the main reasons for the limitation in measurement
accuracy of conventional Doppler sensors operating at
very low speeds.
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This limitation in sensor sensitivity no longer holds for the
quasi-heterodyne receiver. Fig. 6 demonstrates the sig-
nificant 1/f-noise suppression attained with the new con-
cept. Now, the theoretical upper limit in sensor sensitivity,
which is given by the white noise power contained within
the receiver bandwidth, is achieved.
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Fig. 5: Typical noise floor of the Doppler signal due to the
1/f-noise of the oscillator (homodyne receiver).
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Fig. 6: White noise floor of the quasi-heterodyne receiver.
(oscillator 1/f-noise has been suppressed.)

RANGE SELECTIVITY

The detection area of a conventional CW Doppler sensor
is determined by the radiation pattern of the sensor
antenna. The spot on the road illuminated by the main
antenna beam is called the antenna footprint. In practice,
the angular selectivity of the antenna is not sufficient.
Spurious Doppler signals, e.g. coherent road reflections
as indicated in fig. 7, are received due to the antenna
sidelobes [6]. Furthermore, the signal is distorted by mul-
tipath transmission emerging from strong reflections of
the road, moving parts of the own vehicle (vibrating ob-
jects, rotating wheels) or adjacent other vehicles.

The new idea of a coded Doppler radar sensor aims at
the establishment of a range selectivity of the sensor [7].
~ This range selectivity is equivalent to the capability of the
Doppler sensor to focus the Doppler signai evaluation to

the antenna footprint, whereas spurious Doppler signals
from outsiue the defined measurement range AR are in-
herently suppressed.
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Fig. 7: Vehicle ground-speed measurement using a coded
Doppler radar sensor.

The range selectivity is accomplished by a spread-spec-
trum bipolar phase shift keying (BPSK) of the radar signal
{8]. Digitally encoding the phase of the 24 GHz micro-
wave signal in a pseudo-random manner, i.e. using a
pseudo-noise (PN) sequence, creates a quasi-stochastic
phase jitter imposed on the radar signal. This resuits in a
deliberate reduction of the coherence length of the radar
signal and leads to a range selectivity. The schematic of
a pseudo-noise coded Doppler radar sensor is shown in
fig. 8.
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Fig. 8: Schematic of a pseudo-noise coded Doppler sensor.

The modulation port of the phase shifter used to encode
the microwave signal is fed by a pseudo-noise generator.
A crosscorrelation of the received encoded Doppler sig-
nal and the reference code is achieved with a SPDT
switch used as a decoder. The measurement distance Ry
is determined by a coaxial delay line (Rg = ¢-14/2), where-
as the width of the measurement range AR can be con-
trolled by the bitrate of the PN signal (AR = ¢/ fi;).
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The range selectivity of the PN coded Doppler sensor has
been verified by measuring the amplitude of the Doppler
signal dr(t), which has been generated using a sliding
short in a waveguide of 1.8 meters length, as a function of
the distance R. The measured curve (fig. 9) is equivalent
to the autocorrelation function of the pseudo-ncise signal.
Using a 255 bit PN signal with a bitrate of fy;y = 80 MHz, a
20 dB width of the measurement range of approximately
AR = 3.0 mis obtained.

This demonstrates the capability of a coded Doppler sen-
sor to confine the distance range from which Doppler sig-
nals are evaluated to the antenna footprint. Using this
technique, a very high sensitivity is achieved within the in-
tended detection area, combined with a high suppression
of spurious Doppler signals from outside of this region.
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Fig. 9: Measured sensitivity of the pseudo-noise coded
Doppler sensor as a function of the distance.

CODED 24 GHZ RADAR FRONT-END

Fig. 10 depicts the coded 24 GHz radar front-end built in
low-cost hybrid microstrip technology. The compact-sized
sensor has the dimensions 60 x 80 x 25 mm. First proto-
type versions of the sensor proved to operate reliably and
provided good measurement results [9].

CONCLUSION

A new 24 GHz Doppler sensor system for high precision
vehicle position and ground-speed sensing has been
reported. The investigated spread-spectrum coding pro-
vides a very high sensor sensitivity as well as the unique
capability to focus the measurement to a given measure-
ment distance (range selectivity).

These substantial technical improvements are achieved
without the use of costly components, which is essential
in future high-volume automotive applications.
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Fig. 10: 24 GHz coded radar front-end comprising of a funda-
mental-frequency DRO, a schottky diode detector, a
PSK modulator and a travelling-wave patch antenna.

REFERENCES

[11 V. Mégori: "How Sensors Can Improve the Efficiency of
Transportation Systems”, Siemens Review, Spring 1993.

P. Heide, R. Schubert, V. Mégori, R. Schwarte: "24 GHz
Low-Cost Doppler Sensor with Fundamental-Frequency
GaAs Pseudomorphic HEMT Oscillator Stabilized by
Dielectric Resonator Operating in Higher-Order Mode",
1994 IEEE MTT-S Int. Microwave Symp. (San Diego),
945-948.

E. Heidrich, J. Kehrbeck, W. Wiesbeck: "Design Consid-
erations for Comb-Line Microstrip Travelling Wave
Antennas”, 1992 IEEE Int. Symp. on Antennas & Prop.
(Chicago), 1443-1446.

(2]

Bl

[4] H.J. Siweris, B. Schiek: "Analysis of Noise Upconversion
in Microwave FET Oscillators", IEEE Trans. on Microw.

Theory & Techn., Vol. 33, No. 3, March 1985, 233-242.

1. Bahl, P. Bhartia: "Microwave Solid State Circuit
Design", John Wiley & Sons, New York, 1988.

(51
[6] M. Joppich, R. Schubert, V. Magori: "Error Limits of
Speed Measurement Using On-Board Doppler Radar

Systems from a Theoretical and Practical Viewpoint",
Proc. SENSOR 95 (Niirnberg), May 1995.

[71 P. Heide: "Coded Doppler Radar Sensors for Precise
Measurements of Position and Speed: System Aspects and

Implementation", Ph.D. thesis, University Siegen, 1994.

[8] R.C. Dixon: "Spread Spectrum Systems", John Wiley &

Sons, New York, 1984.

R. Schubert, P. Heide, V. Mégori: "Microwave Doppler
Sensors Measuring Vehicle Speed and Travelled Distance:
Realistic System Tests in Railroad Environment", Proc.
MIOP 95 Microw. & Optronics C. (Stuttgart), May 1995.

1%



