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Abstract—Speed enforcement on public roadways is an impor-
tant issue in order to guarantee road security and to reduce the
number and seriousness of traffic accidents. Traditionally, this
task has been partially solved using radar and/or laser tech-
nologies and, more recently, using video-camera based systems.
All these systems have significant shortcomings that have yet
to be overcome. The main drawback of classical Doppler radar
technology is that the velocity measurement fails when several
vehicles are in the radars beam. Modern radar systems are able
to measure speed and range between vehicle and radar. However,
this is not enough to discriminate the lane where the vehicle is
driving on. The limitation of several vehicles in the beam is over-
come using laser technology. However, laser systems have another
important limitation: They cannot measure the speed of several
vehicles simultaneously. Novel video-camera systems, based on
license plate identification, solve the previous drawbacks, but
they have the problem that they can only measure average speed
but never top-speed. This paper studies the feasibility of using
an interferometric linear frequency modulated continuous wave
radar to improve top-speed enforcement on roadways. Two dif-
ferent systems based on down-the-road and across-the-road radar
configurations are presented. The main advantage of the proposed
solutions is they can simultaneously measure speed, range, and
lane of several vehicles, allowing the univocal identification of the
offenders. A detailed analysis about the operation and accuracy
of these solutions is reported. In addition, the feasibility of the
proposed techniques has been demonstrated with simulations and
real experiments using a Ka-band interferometric radar developed
by our research group.

Index Terms—Automotive radar, road traffic control, road
vehicle location monitoring, road vehicle radar, traffic control
(transportation).

I. INTRODUCTION

OWADAYS, traffic surveillance is an important civilian
application to improve road control, law enforcement,
intelligent roads, and urban congestion. Several works ana-
lyze this problem and propose different solutions to deal with
this task [1]-[4]. In the framework of traffic surveillance, an
outstanding issue is the speed control on roadways. There

are several technologies to carry out speed measurements of
noncooperative vehicles.

Doppler radar in down-the-road (DTR) configuration has
been widely used for speed enforcement on public roadways
[5], [6]. In DTR configuration, the beam of the antenna is
directed along the line of travel of the target vehicle. The main
shortcoming of DTR Doppler radar is target identification [7].
Doppler radar devices are not target selective since they have
a wide beamwidth, and the speed measurement is erroneous
when there are two or more targets in the radar beam [8].

An alternative to minimize this drawback is the use of
Doppler radar in across-the-road (ATR) configuration [7], [9].
This scheme is employed to measure vehicle speeds by direct-
ing the microwave beam across, instead of down (or along),
the road. The main advantage over DTR configuration is that
the operational area of its beam is reduced. This reduces the
target-identification problem and also decreases the probability
of more than one vehicle will be in the beam at the same time.
However, these assumptions fail when traffic volume is very
dense. Furthermore, there is an added complexity to ATR radar:
the cosine effect. Doppler radar measures the radial velocity
of the target vehicle, i.e., what is measured is the speed of the
target vehicle multiplied by the cosine of the angle between the
beam and the direction of motion. The radar device can correct
this cosine effect but only if the angle is known. Thus, the
cosine effect introduces a new uncertainty into the measurement
process and, in most cases, a calibration is needed [9].

Laser traffic radars in DTR configuration solve the problem
of target identification [10], [11]. These devices have a very
narrow beam width, thereby enabling the selection of individual
vehicles. These systems measure the speed using the delay
history of a burst of laser pulses. The main drawback is that
the system has to concentrate on a unique target at a time, i.e., a
different laser is needed for every road lane in order to control
the complete roadway. In addition, an assumption is made for
a right performance: the laser pulses would all strike a flat
surface perpendicular to the path of the light wave. However,
in practice, the waves strike the front or rear of the vehicle
which are irregular surfaces. The result is a reflected laser pulse
that is dispersed in time due to the different transit times for
different portions of the reflected beam. It is also dispersed in
angle. Hence, multiple reflections from neighboring objects can
further confuse the measurement [7].

Unlike DTR laser devices, ATR laser systems employ two
laser beams and operate on the time-distance principle [7].
The lasers are mounted on a horizontal bar and transmit par-
allel light beams that are separated by a known distance. The
equipment directs the beams across the roadway perpendicular



to the direction of traffic flow. A beam detects a vehicle by
sensing changes in the intensity of reflected light. Since the
distance between the beams is known, the transit time for the
vehicle front edge from one beam to the next one is easily
converted into a speed measurement by dividing it into that
known distance. The major limitation of this system is that it
only measures the speed of one target at a certain time, and if
two vehicles in adjacent lanes overlap each other, the system
fails.

Other works have proposed range-Doppler radars to solve
the problem of several vehicles in the radar beam [12], [13].
These systems can discriminate the echoes of vehicles located
at different distances to the radar. In that sense, the system
improves the capabilities of current Doppler or laser traffic
radars, which have to concentrate on a unique target at a time.
However, the association of each echo, or speed measurement,
to each target has yet to be solved. This is because two targets
located at different road lanes could be detected at the same
range bin by the radar.

Currently, camera-based systems are used to measure the
mean speed in a stretch. One camera registers the license plate
of each vehicle that drives in the stretch, saving the transit time.
The other camera registers the license plate of the same vehicle
that drives out the stretch, saving the transit time, too. Knowing
the distance between both cameras and both transit times, the
system computes the average velocity of each vehicle. The main
shortcoming of this system is that only computes the average
speed, but it cannot measure the top speed of the vehicles. A
second drawback is that these systems can be only installed in
road stretches without entrances or/and exits.

Another alternative proposed in the literature for collision
warning, collision avoidance, and adaptive or intelligent cruise
control is a monopulse Doppler radar [14]. This is a Doppler
radar system that uses a monopulse antenna scheme to track
multiple targets and generate range, velocity, and azimuth angle
output data for each vehicle. This system uses two different
frequencies to measure range, and a monopulse antenna to
measure the azimuth angle. This system could be easily adapted
to speed control applications. The association of each echo to
each target could be partially solved with that system, i.e., two
targets located at different road lanes could be discriminated by
the azimuth and range measurements. However, this system can
only discriminate targets with different speeds, and therefore, if
two vehicles are located at different road lanes and/or distances,
but they travel with the same velocity, the system fails. Further-
more, the range measurement suffers ambiguity because it is
computed from a phase difference.

Here, we propose two different schemes that solve the
shortcomings of all previous systems. These schemes solve,
with a unique radar, the association of each echo to each
target. Both schemes are based on an interferometric linear
frequency modulated continuous wave (LFMCW) radar. The
proposed schemes can measure range, speed, and azimuth of
several targets in the beam at the same time, differentiating
and identifying all of them. Therefore, these schemes solve
the classical shortcoming of target identification, allowing the
simultaneous top-speed measurement of several vehicles with a
unique system.
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Fig. 1. Down-the-road detection geometry.

This article explains carefully the operation of the inter-
ferometric LFMCW radar in two configurations: DTR and
ATR. In addition, a sensitivity analysis of the measurements
accuracy is presented for both schemes. Both configurations
have been experimentally characterized using simulated and
real radar data from an interferometric LFMCW demonstrator
[15] operating at Ka band (35 GHz).

II. DOWN-THE-ROAD CONFIGURATION
A. Geometry

In DTR configuration, the axis of transmitting and receiving
antennas is directed along the line of travel of the target vehicle.
This direction will be the same as the road direction and is
represented with the 2 axis in Fig. 1. In our detection geometry,
the transmitting antenna is located at O, and the receiving
antennas are at L and R. Viewed from the receiving positions
the different targets will have azimuth angles represented by 6y,
and O and elevation angles denoted by ¢, and ¢g.

B. Road Lane and Speed Detection

In a conventional DTR radar, the target radial speed V, is
measured using the Doppler shift f caused in the received sig-
nal using (1), where X is the radar central wavelength. However,
there is no way to identify which vehicle is speeding in case
two of them are inside the beam. Using high-resolution radars,
we can estimate motion parameters for all the illuminated
targets, but we cannot determine which echo corresponds to
each vehicle [13]. Another problem with DTR high-resolution
radars is that the target response is spread among multiple
Doppler frequencies introducing a high uncertainty in speed
measurement which increases with increasing speed [13]
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In order to overcome the issue related with Doppler spread, we
use the target range history r(¢) to estimate the radial velocity
(2), as proposed in [13]. We use the range profile alignment
algorithm described in [16] to obtain the range history. This
algorithm is robust against changes in the strongest return of
the target, and it allows to measure accurately the velocity of
the target during the dwell time

v, = <agsf)> . @)

In order to identify which radar echo corresponds to each
target vehicle, we use the difference in the measured radial




velocity from the receiving antennas, which are located in
slightly different positions. The difference in measured radial
velocity between antennas depends on the road lane where the
target is located. This fact can be used to identify the vehicle
lane. However, this difference will be very small, usually less
than the Doppler resolution cell, and in order to measure it
accurately, the phase difference of the received signals needs to
be used. The absolute phase difference between the antennas,
or interferometric phase, is related to the target distance to each
antenna, ry, for the left and rgr for the right one, and is given by

61(0) = 2 (ry (6) = ralt)). 3

Calculating the gradient of the interferometric phase, it can be
seen that it is related with the difference in radial velocities
between the antennas, v,, for the left and v, for the right one,
using
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If a target with constant velocity and no acceleration is consid-
ered, which is typical for the small dwell time of DTR radars,
equation (5) is obtained, that relates radial velocity difference
to along the road speed V,, and azimuth and elevation angles

Oy (t) =0, (1) =V, cos O, (t)cos . (t) —Vycos g (t)cos pg(t).
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If we assume that the distance to the target will be much greater
than the height of the radar location, = > h, we can relate
the difference in azimuth angles to the interferometric phase
gradient in

d¢(t)  2m

5t ~ TVZ (cos @ (t) — cosBg(l)) . (6)

The absolute interferometric phase, ¢y, cannot be measured by
the radar, because it only measures the wrapped interferometric
phase, 7. Absolute and wrapped phases are related by (7). The
absolute phase difference can be obtained from the wrapped one
using phase unwrapping and calibration with a phase reference
point

¢I(t) = ; (t) + 27”@) + o0

However, an absolute estimation of the interferometric phase
is not necessary for our system as long as the interferomet-
ric phase gradient is used. The absolute and measured phase
gradient are equal for all phase values except when there is a
—m-to-w phase shift, where a change of n(¢) between samples
occurs. In that samples, an outlier will be present, but it can
be easily removed. Problems related to phase unwrapping and
phase calibration are avoided with this technique
O¢:(t)  O(hi(t) +2mn(t) + o) _ Oi(t)
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Using (6) and prior knowledge of the angles of lane limits
as viewed from both receiving antennas, we can establish a

detection scheme to determine in which lane the target vehicle
is driving

cos O, (t) —cosfp(t) ~ A a(bl(t).
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However, it is more practical to use a detection scheme based
on the estimation of target cross-road position, y. Considering
x>y and = > B, being B the baseline between the two
receiving antennas, which is true in a typical detection scenario,
the cosines of azimuth angles can be approximated by

cos b, — 5 x = = !
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Using (6), (10) and (11), the target cross-road position can
be related to the measured interferometric phase gradient and,
finally, isolate the ¢ coordinate of target vehicle obtaining
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An initial estimation of the road lane can be done assuming
r~ Rand V, ~ V,, where R and V, are the measured distance
and radial velocity of the target in any of the receiving antennas.
Once we know the initial estimated lane, a better estimation of
y and V;, can be done by correcting the cosine effect using prior
knowledge of the azimuth and elevation angle for the detected
distance and lane
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C. Uncertainty in Road Lane Measurement

1) Quantitative Analysis: The uncertainty of the cross-road
position estimation will be affected by the uncertainty of sev-
eral other magnitudes. These magnitudes are phase difference,
speed estimation, = position, and central wavelength. Assum-
ing the uncertainty sources are linearly independent, the total
uncertainty is given by

ay |* ay |° ay | ay |
2 |9 2 2 oYyl 2, |9Y| 2
7 94, ”¢r+‘avz Tt igg| 7t an| O 1Y
Using (12) and operating, we finally obtain
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TABLE I
DTR SIMULATED SCENARIO CHARACTERISTICSAND RESULTS

Target Initial Actual Actual Actual Detected  Detected Detected Detected
number  along-road Speed cross-road Lane Range Speed cross-road Lane
position (m) (Km/h)  position (m) (m) (Km/h) position (m)

1 25.0 115.0 -5.25 4 28.90 114.91 -5.26 4

2 35.0 170.0 -5.25 4 40.10 170.20 -5.10 4

3 44.0 105.0 -1.75 3 48.50 105.00 -1.89 3

4 55.0 120.0 -1.75 3 59.20 120.02 -1.63 3

5 45.0 90.0 +1.75 2 48.20 90.03 +1.78 2

6 55.0 80.0 +5.25 1 57.90 80.06 +5.26 1

In addition to these uncertainties, there is another one related
to the calibration technique used to periodically remove any
constant errors [5].

2) Second-Order Effects: The uncertainty in cross-road po-
sition is computed using (15). We will focus our analysis in
the term related to the uncertainty in the phase difference
measurement, which is the only term that is unique to interfer-
ometric radars. Due to the approximations made in formulas
derivation, some errors affecting sensitivity are still present.
These errors cannot be evaluated in a quantitative way because
their influence is not seen in the approximated mathematical
expression (12). However, these errors can still be analyzed in
a qualitative way.

The first assumption, i.e., x > h, is neglecting the elevation
angle in the derivations. However, it is easy to see that decreas-
ing the height of the radar will result in a decrease in the radial
velocity difference and, as seen in (15), in a higher uncertainty
in the cross-road position measurement. Other geometrical
assumptions, i.e., > y and x > B, make impossible to eval-
uate the dependence in the cross-road position uncertainties
with the cross-road position itself. However, it will be seen
in Fig. 3(a) that the road lane limits in the detection map get
slightly closer when the values of the cross-road position are
increased, and hence, there is more uncertainty in the cross-road
position. In previous formulas derivation, a target with constant
velocity and no acceleration has been considered. When the
zero acceleration assumption is not met, it will produce an
slightly variation in radial velocity difference and, as a result,
an increase in system uncertainties.

D. Operational Limits

In order to obtain the gradient of interferometric phase, that
we need to estimate the cross-road position with (12), the phase
change between consecutive samples must be smaller than 7
radians. This condition will set the maximum bounds for target
speed to correctly detect the lane. Using (12), and replacing
the continuous phase derivative by time and phase increments,
we obtain (16), shown below, where the time increment is the
inverse of the ramp repetition frequency (RRF')

AzZ A,
Vo = — 2rBy At (16)
1
A= TRF (7

The restriction to correctly estimate the phase gradient is having
two samples in each phase cycle. However, in order to get the

best performance of this technique, and reduce phase difference
variance, is better to have more samples per phase cycle
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Finally, if we consider Ng samples per phase cycle, the maxi-
mum speed to correctly estimate the road lane will be given by
\z? RRF

Vzm X ~
B By Ny

(19)

An intrinsic limitation of DTR configuration is that two or more
targets simultaneously traveling with equal speed and at the
same range regarding the radar will be indistinguishable no
matter the lane the vehicles are located. Some conclusions can
be stated when looking at (19). It is possible to detect higher
velocities in the central lanes than in the outer ones. A higher
distance to the radar means a higher detectable velocity. The
maximum detectable velocity will increase if the ramp repeti-
tion frequency or the wavelength is increased. It can be also in-
creased if the baseline or the number of samples per phase cycle
is decreased. However, all these parameters will have different
effects in the uncertainties so a tradeoff must be reached.

E. Simulation Results

In this section, three kind of simulation results are presented.
In first place, we will show the correct performance of the
proposed interferometric DTR configuration in a dense traffic
scenario. This simulation is also used to illustrate the signal
processing chain. In second place, we will validate the an-
alytic formula for the uncertainty in the cross-road position
measurement with a Monte Carlo simulation. Finally, we will
use another Monte Carlo simulation to show the performance
against noise.

In a dense traffic scenario, there will be typically more than
one target in the radar beam along the same lane or in different
road lanes. We have placed six targets in a four lane highway in
this simulation. The initial positions and speed of the targets can
be seen in Table I along with the results of the detected range,
speed, and road lane. The first stage of the signal processing
chain is to obtain a range-time image of the scene from each of
the receiving antennas. The images for our example are shown
in Fig. 2. These images will allow us to estimate the targets
velocity and obtain the phase difference in order to estimate
the cross-road position and determine the road lane of the
target. As we stated before, a range profile alignment algorithm
is used to estimate the target speed. Then, the corresponding
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Fig. 2. DTR range-time images in a simulated scenario.

interferometric phase is extracted in an easy way once the target
profiles are already aligned. Tsolating the largels is necessary
to correctly perform the profile alignment. Hence, prior to the
alignment and phase extraction, the targets in the range-Doppler
domain are isolated and then converled back Lo the range-time
domain. Speed estimation is trivial, using (2) and (13), as soon
as the evolution of the mean target position is obtained with
the range profile alignment algorithm. Once the interferometric
phase is extracted, the estimation of the cross-road position is
also straight forward using (12).

A detail of the cross-road position estimation and the road
lane detection map are shown in Fig. 3. The radial velocity
difference detection map is shown in Iig. 3(a), and the position
detection map is shown in Fig. 3(b). In these detection maps,
the actual and the detected values for cach Largel have been
included. The limits of the road lanes are plotted in black, the
actual target value is plotted in blue, and the detected target
value is plotted with a different color for each target.

In order to plot all targets in the same figure, the radial
velocitly difference has (o be normalized using the along-the-
road target speed. Otherwise, a faster target will present a higher
radial velocity difference, as it was stated in Section II-C. Fig. 3
clearly shows many of the reasonings made in Scction TI-C.
Specifically, those related to the width of road lane limits in
the radial velocity difference delection map. Furthermore, il can
be clearly appreciated how a constant phase difference error
in Fig. 3(a) is translated into a higher or lower uncertainty
in cross-road measurement depending on largel position in
Fig. 3(b). In order to validate the analytic formula for the
uncertainty in the cross-road position measurement, a Monte
Carlo simulation has been run. In this simulation, we focus on
the dependence of cross-road uncertainty with the distance to
the radar, which is the predominant term of the factor associated
to the phase difference gradient uncertainty. The simulation has
been repeated for four different lanes. In Fig. 4, il can be seen
how the analytic formulas agree with the obhtained simulation
results. The baseline used in the simulations is B = 0.77 m. The
central wavelength is A = 8.6e — 3 m, and the local oscillator
has a typical phase error deviation of o — 0.1897 rad, which
leads (0 a deviation in the interferometric phase difference
of o —0.3794 rad/s. The measured standard deviation in
speed measurement is oy, — 8¢ — 3 m/s, and o, — 3¢ 2 min

distance measurement. The deviation of the central wavelength
is neglected in the simulations.

The performance of the DTR technique against noise is
shown in Fig. 5. Two kind of curves are oblained using simula-
tion, probability of detection, and classification against signal-
Lo-noise ratio (SNR). The SNR is defined in the time domain
as the relation of the peak returned echo power and the noise
power. We considered that a target is detected when we know
aboul its presence and the error in the measured speed is less
than a threshold. A target is classified when it is detected,
the speed error is below the threshold, and the road lane is
correctly estimated. In the DTR configuration, interferometry
is used to estimate road lane position. It is interesting to point
oul that for a correct road lane classification, we need higher
SNR than for just detecting it. In this example, we have used the
same parameters as in previous simulations but for an isolated
target with 120 Km/h speed. The maximum error allowed in
the estimated speed is 3 Km/h. For classification, in those
conditions, we need an SNR 4 dB higher than for detection (o
correctly estimate the road lane.

F. Experimenial Resulls

The experiments have been conducted with an interferomet-
ric LEMCW demonstrator [15] operating at Ka band (35 GHz)
in a controlled road scene. The transmitted bandwidth is
1600 MHz, and the ramp repetition frequency is 1000 Hz.
The baseline of our demonstrator is 77 ¢m, and the receivers
azimuth beam width is 67, These are not the oplimum values for
this kind of configuration where longer baselines and azimuth
beam widths are desirable for greater precision and coverage,
respectively. However, our radar beam width still allowed us to
test the system in a two-lane road shown in Fig. 6.

The field trials were conducted in a controlled two-lane road
using two different types of vehicles. The first vehicle was a
compact car (CC) and the other a sport utility vehicle (SUV).
The two vehicles were approaching the radar in different lanes
and with different speeds. The CC was located in the left
lane with an approximated speedometer velocity of 25 km/h.
The SUV was located in the right lane with an approximated
speedometer of 20 km/h. In the lower part of Fig. 6, we can see
two photographs of the portable demonstrator setup, and in the
upper part, a video frame of both vehicles approaching the radar
is shown,

The range-time images obtained in the experiment are shown
in Fig. 7. This range-time images correspond to the video
frame presented in Fig, 6. We can clearly appreciate how aclual
vehicle scattering depart from the point target model used in
the simulations, We can also sec how stationary clutier (due
to trees, traffic signs, road lighting ...) is present in the real
scenario. Ilowever, we can appreciate how the phase fringes are
still visible in the vehicles reflections shown in the range-lime
interferometric image. This is mainly explained hecause, for a
high-resolution radar, a vehicle is composed by a sel of point-
target-like reflectors that will be likely resolved in range. This
fact makes possible to extract a noncorrupted interferometric
phase from the prominent scatler and make a correct road-lane
detectionusing (12) as shown in I'ig. 8. In Fig. 8, we can see how
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radial speed difference obtained with the interferometric phase
extracled from the range-lime images is (ranslated into cross-
road position. As in the simulations, radial speed difference
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IDTR field trials setup and experiment video frame.
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Fig. 7. DTR range-time images in a real experiment.

presents deviation from the theoretical one mainly due to the
phase scintillation phenomenon which is not taken into account
in the simulations results. However, the mean value of all the
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instantaneous measures, which is used to estimate the road
lane, is still very close to the actual position, The detected
speeds are shown in Fig, 6 and are slightly different Lo the
theoretical ones. This fact could be explained due to the
speedometer error or by uncontrolled deviation from the desired
speed by the drivers. This same experiment were repeated
several times, and the speed measures were very similar to the
expected ones. As a conclusion, road lane position, range, and
speed are correctly estimated, confirming the viability of this
configuration in a true road scene.

ITT. ACROSS-THE-ROAD CONFIGURATION
A. Geomelry

In ATR configuration, the axis of transmitting and receiving
antennas is directed across the line of travel of the target
vehicle, The direction of the road is represented with the 2 axis
in Iiig. 9. In our detection geometry, the transmitting antenna
is located at (3, and the receiving antennas are at L and R.
The azimuth angles of the target as viewed from the receiving
antennas are #y, and @p, and the elevation angles are denoted
by ¢, and . The radar baseline can be slightly skewed from
the road direction by an angle c.

B. Road Lane and Speed Detection

In ATR configuration, the phase of the received signal in each
anlenna is used o detect the target vehicle speed. The distance
from target to radar is used to detect the road lane. The absolute
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DTR detection maps in a real experiment. Radial speed difference detection map is shown in (a). Position detection map is shown in (b).

phase difference between the antennas, or interferometric phase
is given by
2w

w (re(t) —ra(t)) -
Calculating the gradient of the interferometric phase, it can
be scen that it is related o the difference in radial velocilies
between antennas

(‘)dji (t) _ 2_7r (0'f'b(!’)

at A at

b1 (t) (20)

Irp(t)\ _ 27
) = 2 funs 1

= —vea(2)).

(21)

Radial velocity is ultimately related to the azimuth and eleva-
tion angles of the larget (22), il a targel with constant velocily
and no acceleration is considered, which is a reasonable as-
sumption for a small azimuth beam width

vp(t) = Vyicosasin0(t) cosp(l) + V,sinacos 0(L) cos (L),
(22)

Considering the instant when the target is at the same distance
from both receiving antennas, the elevation angles, as viewed
from both anignnas, will be equal, as shown in (23), below,
and the azimuth angles will be identical in magnitude but with
different sign, as in (24), shown below:

er(to) =vrto) = ¢(to) (23)
0.(to) = — Or(lo) e (24)
sinfy(t) = —sinfy(t) ~ % (25)

Taking (22)—(24) into account, we gel the difference in radial
velocities in

vp, (1) —vp, () = V, cos asin 6, (1) cos ¢ (1)

— V,cosasinlg(l) cospg(l). (26)

Hence, using (21), (25) and (26), an expression relating the
phase difference gradient and the speed of the target vehicle
can be obtained

Ay

ad’!(l'())
2n B cos? avcos p(lo) '

Ve =
' ot

(27)



In order to obtain the road lane, the cross-road position of
the target is compared to the known cross-road position of the
road lane limits. When « is small, the cross-road position can
be obtained using (28), shown below, where r is the distance
measured by the radar in any of the antennas and h is the height
of the radar

y =~ /12 — h?cosa.

C. Uncertainty in Road Lane Measurement

(28)

1) Quantitative Analysis: The uncertainty of speed estima-
tion will be affected by the uncertainty in phase difference, x
position, elevation angle, and central wavelength. Assuming the
uncertainty sources are linearly independent, the total uncer-
tainty is given by

2 2
o |Vl s ‘avm 2 ‘% 2
Ve 8¢I ¢I ay Y 84‘5 13 )
v, P, |ovi|t

Using (27), we finally obtain

Ay
27 B cos? a cos

Va
ai + 2V, tan a2 + ‘7

2

+ |V, tan ¢ o3, (30)

In addition to these uncertainties, there is another one related to
the calibration process used to periodically remove any constant
error [17].

2) Second-Order Effects: The uncertainty in the speed mea-
surement is computed using (30). As in the DTR section, we
will focus our analysis in the term related to the uncertainty in
the phase difference measurement, which is the only term that
is unique to interferometric radars. Due to the approximations
made in formulas derivation, some errors affecting sensitivity
are still present and cannot be evaluated in a quantitative way.
However, these errors can still be analyzed in a qualitative way.
The main geometrical assumption is that the target is supposed
to be exactly in front of the radar beam, which is true in a certain
instant but false in all the time-on-target. However, this is not
a limitation if a narrow beam is used, which can be perfectly
achieved in the millimeter wave band. As in the DTR section,
in previous formulas, a target with constant velocity, and no
acceleration has been considered, which is typical for the small
dwell time obtained with the small beam widths of millimeter
wave radars. When the zero acceleration assumption is not met,
it will produce a slight variation in radial velocity difference
and, as aresult, an increase in system uncertainties.

D. Operational Limits

In order to obtain the gradient of interferometric phase, that
we need to estimate the speed with (27), the phase change
between consecutive samples must be smaller than = in order
to avoid phase aliasing. This condition will limit the maximum
speed of a target to correctly measure it. Using (27), and
replacing the continuous phase derivative by time and phase

increments, we obtain
Ay A¢I

Ve = 1
27 Beos? acos p(to) At 1)
1
At = . (32)

The restriction to correctly estimate the phase gradient is having
two samples in each phase cycle. However, in order to achieve
the best performance of this technique, and reduce phase dif-
ference variance, it is better to have more samples per phase
cycle

2
Ng
If we consider Ng samples per phase cycle, the maximum speed
to correctly estimate the road lane will be given by

AyRRF
Beos?acosp(to)Ns'

Agr = (33)

Vemax = (34)
Another limitation of this configuration is the time the target
vehicle is in the radar beam. This time must be long enough to
collect Ng phase samples as before. This number of samples is
related to the target speed and the radar beam width 8,

2t () y g Gt

s * v (35)

Finally, considering Ng samples per phase cycle, the maximum
speed to correctly estimate the road lane is the minimum of the
speeds given by (34) and

Vimax = ]fiz RRF.
Some conclusions can be stated when looking at (34). A higher
detectable velocity is possible for remote lanes compared to
close ones. Increasing the ramp repetition frequency or the
wavelength, or decreasing the baseline or the number of sam-
ples per phase cycle, will increase the maximum detectable
velocity. However, they will have a different effect in the
uncertainties, and therefore, a tradeoff must be reached.

(36)

E. Simulation Results

IN this section, three kind of simulation results are presented.
In first place, we will show the correct performance of the
proposed interferometric ATR configuration in a dense traffic
scenario. This simulation is also used to illustrate the signal
processing chain. In second place, we will validate the ana-
lytic formula for the uncertainty in the along-the-road velocity
measurement with a Monte Carlo simulation. Finally, we will
use another Monte Carlo simulation to show the performance
against noise. The simulation scenario is the same as in the
DTR configuration, but now the radar is placed outside instead
of being above the road. The baseline is aligned with the
road direction for this simulation; therefore, oo = 0°. The actual
position and speeds of the targets can be seen in Table II, along
with the results of the detected position, speed, and road lane.

The first stage of the signal processing chain is to obtain
a range-time image of the scene from each of the receiving



TABLE

II

ATR SIMULATED SCENARIO CHARACTERISTICSAND RESULTS

Target  Actual Actual Actual Detected  Detected Detected
number Speed  cross-road Lane Speed cross-road  Lane
(Km/h)  position (m) (Km/h)  position (m)

1 115.0 +15.25 4 115.40 +15.26 4

2 170.0  +15.25 4 167.28  +15.26 4

3 105.0 +11.75 3 105.21 +11.76 3

4 120.0 +11.75 3 119.77 +11.76 3

5 90.0 +8.25 2 89.91 +8.26 2

6 80.0 +4.75 1 79.93 +4.76 1
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Fig. 10.  ATR range-time images in a simulated scenario.

Speed-Position Detection Map

Phase diference [rad]

18 Ruaci Lanes Linl'nts : : : : ]
+ Actual Target Track
© Measured Targets Track
16} Target 1 Target2 |
14 = *
14+ E
12| omomo o \
—_ T 4
2 12} . arget
= 1 Target 3
0
=10
=]
2 103 104 105 106 107 Target s
> gt L 4
6
6F -
o \ Target 6
4 .
41 2]
2+ 2:’3 79 80 81 82 4
| i i i | | |
-200 -150 -100 -50 0 50 100 150 200
Speed [km/h.]
Fig. 11. ATR simulated scenario and detected targets.

antennas. The images for our example are shown in Fig. 10.
These images will allow us to estimate the road lane and obtain
the phase difference in order to estimate the along-the-road
speed. In ATR configuration, it is not necessary to isolate the
targets because they are already isolated with a narrow antenna
beam width pointed in cross-road direction. Just one target can
be at a certain distance inside the radar beam. However, many
targets may be inside the radar beam if they travel in different
road lanes, but they can be discriminated in distance. Road
lane estimation is a trivial issue, using (28), just knowing the
targets distance. Once the interferometric phase is extracted,
the estimation of the along-the-road velocity is also straight
forward using (27).

A detail of the speed estimation and the road lane detection
map are shown in Fig. 11. The limits of the road lanes are
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Fig. 12.  ATR speed-measurement uncertainty.

plotted in black, the actual target value is plotted in blue, and
the detected target value is plotted with a different color for
each target. In this figure, all speed values detected in the dwell
time are plotted to give an idea of the measure dispersion.
However, the speed value is estimated using the mean of all
those measurements. As in DTR, Fig. 11 can show many of the
reasonings made in Section III-C. Specifically, targets at longer
distances have more dispersion in speed measurement than the
closer ones. In order to validate the analytic formula for the un-
certainty in the along-the-road velocity measurement, a Monte
Carlo simulation has been run. In this simulation, we focus on
the dependence of speed uncertainty with the distance to the
radar, which is the predominant term of the factor associated
to the phase difference gradient uncertainty. The simulation
has been repeated for four different velocities. In Fig. 12, it
can be seen how the analytic formula fits very well with the
obtained simulation results.The baseline used in the simula-
tions is B = 0.77 m. The central wavelength is A = 8.6e —
3 m, and the local oscillator has a typical phase error devi-
ation of g4 = 0.1897 rad, which leads to a deviation in the
interferometric phase difference of o, = 0.3794 rad/s. The

standard deviation in distance measurement is o, = 1.8 m.
The deviation of the central wavelength, deviation of the ele-
vation angle, and deviation of the skew angle are neglected in
the simulations. The performance of the ATR technique against
noise is shown in Fig. 13. Two kinds of curves are obtained
using simulation, probability of detection and classification
against SNR. The SNR is defined in the time domain as the
relation of the peak returned echo power and the noise power.
In the ATR configuration, interferometry is used Lo estimate
the speed. We considered that a target is detected when we
know about its presence and the road lane is correctly detected.
A target is classified when it is detected, the road lane is
correctly estimated, and the speed error is below a threshold.
In Fig. 13(a), we can clearly appreciate that the probability of
detection is higher for the slower targets because the time-on-
target, and consequently the received energy from that target, is
higher. The energy above the detection threshold that we need
to correctly classify a target depends on the maximum error
allowed for the speed measurement, this is clearly illustrated



Detection and Classification Probabilities for different target velocities with 2 km/h error
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Fig. 13. ATR detection and classification probabilities against noise. The

effect on perlormance of the largel speed is shown in (a). The elfect on
performance of the speed error limit is shown in (b).

in Iig. 13(b). FFor a 100-Km/h target and a maximum error
of 10 Km/h, we need a 2-dB higher SNR, but if we prefer a
2-Km/h error, we need a 10-dB increase in SNR,

F. Experimental Results

The characteristics of our radar demonstrator fit better with
the ATR configuration due to the narrow azimuth beam widths
and suitable baseline. The experiments for the ATR config-
uralion were conducled in a controlled (traffic scene. Trans-
mitted bandwidth, baseline, and beam width are the same
as in the DTR configuration. Ramp repelition frequency has
been increased to 2000 Hz to have more samples from the
target in each phase cycle as shown in (35). The field trial
were conducted in a controlled (raffic parking shown in the
upper part of Iig. 14. The car used for the field trials was
the SUV. The SUV was driving from the left (o the right of
the scene at a speed of approximately 20 km/h. In the lower
part of Fig. 14, we can see two photographs of the portable
demonstrator setup. The baseline of the radar was skewed with
an angle of o« = —10" from the vehicle velocity direction. This

-_—

Fig. 14.

ATR field trials setup and experiment video frame.
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Fig. 15.  ATR range-time images in a real experiment.

is necessary Lo avoid the specular reflections that occasionally
saturated the receiver corrupting the interferometric phase. This
angle is taken inlo account to measure the true along-the-road
speed of the target, as we saw in (27). The range-time images
obtained in the experiment are shown in Fig. 15. As in the DTR
experiment, the range-time images correspond Lo the presented
video frame. As in DTR, actual vehicle scattering departs from
that shown in simulations for point targets. However, as we
see in the images in Fig. 15, the behavior of the strongest
return presents a nice phase fringe pattern in the interferometric
image. Inlerferometric phase can be extracted from that image,
as done in the simulations, and the speed can be estimated using
(27). The results of the detected speed and lane position are
shown in Fig. 16.

As in the simulation result section, in Fig. 16, all instan-
tancous speed measures values are plotted Lo give an idea of
the measure dispersion. However, the speed value is estimated
using the mean value of all those instantancous valugs.

Similar uncertainty in the experimental results is observed
when they are compared to the simulation results. Ilence, road
lane position and speed were correctly estimated confirming the
viability of this configuration.
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IV. CONCLUSION

In this paper, we have presented two different interferometric
systems that can simultaneously measure speed, range, and
road lane position of several vehicles. In DTR configuration,
interferometry is used to estimate road lane position. Without
the use of interferometry, we are not able to identify the road
lane of the speeding car in case more than one were inside
the radar beam. In ATR configuration, interferometry is used
to estimate target speed that otherwise could not be done
when the radar beam is pointing nearly perpendicular to the
traffic direction. The feasibility of the proposed techniques has
been successfully demonstrated with simulations and field trials
in a controlled road scene using a Ka-band interferometric
radar.

However, the characteristics of our demonstrator are far for
been optimum for both configurations in a real traffic environ-
ment. Hence, as a conclusion to this study, we are going to
indicate some characteristics and relations that the optimum
system should met for each configuration. In DTR configura-
tion, the radar would be placed above the road mounted in a
traffic sign or in crossing bridge. Typical height could be 4 to
5 m. Taking this into account, an elevation angle whose cosine
is very near to one should be chosen in order to satisfy the
conditions for the approximations done in (6). However, it is
interesting to reduce as much as possible the detection range to
enhance the radial speed difference between the antennas and,
of course, the SNR. An optimal central distance could be 45 m,
as used in the simulations, which gives a cosine error of less
than 0.6%. An important point is that the radar must illuminate
all highway lanes. If a four lane highway is considered, the
system must cover at least 10 to 12 m in cross-road direction
and at around 20 m in DTR; therefore, a 15-20° beam width
will perfectly fit. In order to optimize system performance,
a high baseline should be selected to reduce the uncertainty,
and also a high ramp repetition frequency to isolate the targets
easily. A relation between baseline and RRF could be obtained
from (19), using the desired maximum detectable speed.

In ATR configuration, the radar would be placed outside
the road mounted in a separate mast. Its position must be
high enough to guarantee good visibility without concealing

the road lanes, even when several targets are simultaneously
in front of the radar position in different lanes. Typical height
could be 5 to 6 m. Taking this into account, an elevation beam
width that illuminate all the lanes of the highway from the
location of the radar must be chosen. If a four lane highway is
considered, the system must cover at least 10 to 12 m in cross-
road direction; therefore, a 25-30° beam width will provide
a uniform illumination for all road lanes. However, in the
azimuth direction is better to have quite narrow beam widths
in order to avoid having multiple targets at the same distance
into the radar beam. A 6° beam width should be enough for
short distances. In order to optimize system performance, a
high baseline should be selected to reduce uncertainty, as well
as a high ramp repetition frequency to increase the number of
speed measures with a constant dwell time. A relation between
baseline and RRF could be obtained from (34) and (36) using
the desired maximum detectable speed.
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