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Abstract: Among the sensors necessary to equip vehicles with an autonomous driving system, there
is a tacit agreement that cameras and some type of radar would be essential. The ability of radar to
spatially locate objects (pedestrians, other vehicles, trees, street furniture and traffic signs) makes it
the most economical complement to the cameras in the visible spectrum, in order to give the correct
depth to scenes. From the echoes obtained by the radar, some data fusion algorithm will try to locate
each object in its correct place within the space surrounding the vehicle. In any case, the usefulness
of the radar will be determined by several performance parameters, such as its average error in
distance, the maximum errors and the number of echoes per second it can provide. In this work we
have tested experimentally the AWR1843 MIMO radar from Texas Instruments to measure those
parameters.

Keywords: Radar; MIMO Radar; Autonomous vehicles; Advanced Driver Assistance Systems

1. Introduction

In detection systems for autonomous driving, radar is considered an essential element,
along with cameras and, potentially, lidar [1-8]. The role of radar is relevant in providing
an estimate of the distance to objects captured by the cameras, and also for detecting other
vehicles or obstacles in adverse weather situations, such as heavy rain or fog. In these
situations, cameras and lidar lose much or all their effectiveness. When it comes to provid-
ing depth to images, lidar-type sensors are even more effective than radar, but at the cost
of a much higher price, greater size and mechanical complexity, and a significant compu-
tational cost. In this work we have tried to experimentally estimate the value of some
parameters of interest related to radar performance, such as the effective false alarm rate,
typical distance error, maximum errors and the number of received echoes that can be
expected per unit of time.

We have used a Texas Instruments (TI) AWR1843 radar, which is a Multiple Input Multi-
ple Output (MIMO) Frequency Modulated Continuous Wave (FMCW) radar designed to
work in the 77 to 81 GHz band. It consists of three transmitting and four receiving anten-
nas. The processing of the signals, after mixing with in-phase and quadrature signals car-
ried out by the device itself, has been carried out off-line in a standard computer, after
transferring the raw signals, using a DCA1000EVM card, also from TI. We have used a
single transmitting antenna for the measurements, so in this case it has been operated as
SIMO, single input multiple output. This mode of operation allows position information
to be obtained in the horizontal plane; nevertheless, target height is not available. The
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signal processing and visualization program was developed in MATLAB. The radar has
been operated with parameters optimized for short range, up to 25 meters away in our
measurements. The scenarios include pedestrians and motorcycles, and static targets have
been excluded from the analysis. Some other works may be found in the literature that
use the same model or others commercial MIMO radars [9-18], always for short distances,
although they do not provide enough measurements to have a complete idea of the per-
formance of those models.

2. Materials and Methods

In each scenario, the targets that carry a certain speed (radial with respect to the radar)
have been analyzed separately, to improve target separation and minimize background
noise. That is, the speed estimation, obtained thanks to the Doppler shift of the signals, is
carried out with the sole purpose of selecting particular targets, pedestrians [19-20] or
motorcycles in our case. This way of proceeding is the natural one after performing a two-
dimensional FFT of the received signals. It is the standard method of analysis, as shown
in the bibliography provided by TI and in other references [21-24].

The emitted signal is made up of FMCW signals, where the frequency increases linearly
over time in each chirp. The slope selected for the temporal frequency variation was § =
20 MHz/us. The sampling frequency in all cases has been f; = 12 MHz and a number of
samples were taken per chirp Ny, = 256. Signals are processed in blocks, called frames,
with N.s = 128 or N = 256 chirps per frame in this work. The chirps are separated by
a certain interval, which can be modified [25].

When the N, samples of the N, chirps are received, that is, a frame, the samples are
ordered by rows in a two-dimensional matrix Ng. X N¢s. A 2D-FFT is performed and the
range-doppler map (or range-velocity map) is obtained. From it you can select the col-
umns of interest (targets with a certain speed) and the different targets present with that
velocity. In our case we have analyzed the targets detected at all present speeds, except
zero speed, that is, static targets with respect to the radar are ignored. This was done be-
cause the measurements were carried out in a parking lot with parked vehicles, which
were of no interest to the study.

The selection of received echoes, both in speed and distance, has been carried out by ap-
plying a CA-CFAR (cell averaging constant false alarm rate) algorithm [26-30]. In the se-
lection of speeds, an undemanding value has been set, with a probability of false alarm
PFA,, = 0.2, or 0.3 in order not to lose echoes, while in distance the results obtained for
different speed values have been evaluated, with PFA,4,4. € (0.1 —0.001).

The parameters of interest were: the number of false targets in each scenario, which gives
us a measurement of the final effective false alarm probability (PFA.s), the error in esti-
mating the distance of the targets, the maximum errors in distance and the number of
useful echoes obtained per second.

The average error in distance, as well as the maximum errors, have been evaluated by
measuring the error in each echo considered good by the algorithm. To do this, it is not
enough to evaluate the error of the echoes with respect to the final trajectory traced by the
target, but it is necessary to track the position of each echo and compare it with the esti-
mated instantaneous position of the object. In our case we did not have a more accurate
system capable of providing the instantaneous trajectory of the targets, so an estimate of
the likely instantaneous trajectories has been built from the radar echoes themselves. The
moment in which the echo appearing in the screen is assigned to a particular target is,
sometimes, a critical one, because, in reality, you cannot be certain that this echo really
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comes from that target. This fact adds a point of uncertainty in the process, which, in any
case, is inevitable. The recorded videos of the different scenes are used to visually validate
the movement of the targets and to estimate the temporal duration of the measurements.

3. Results

3.1. Calibration of the radar

The first measurements carried out were intended to ensure the accuracy of the radar in
determining the position of the targets. We were interested in doing that, not in an
anechoic chamber (where, moreover, the maximun distance is quite limited), but rather in
the same scenario chosen for the other measurements. To this end, we draw a grid on the
parking floor with the help of a laser rangefinder, with points located every 5 meters in
one direction and every 3 meters in the perpendicular direction. The global precision in
the position of the marked points was of +0.1m. Several measurements were taken with a

turning retrorreflector sited over those grids points. The set of results can be seen in figure
1.
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Figure 1. Measurements of a turning reflector on the calibration grid points.

In that figure the points on the floor are marked as red circles. Squared blue points are
the set of echoes recovered during the measurements. Although some measurements
were very clean and accurate, with all the echoes recovered on the reference red point,
other were not so clear. In the case of the closer point to ther radar, in coordinates (0,
3.8), some false targets were generated, actually all the isolated light blue squared
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present in the figure near the x = 0 line (about eigth false targets). The other less
accurate set of points corresponds to the reflector in the coordinate (-0.2, 13.5). In this
particular case the problem could be a metallic pillar situated very close to that position,
a little close in the direction towards the radar. We think there were double reflections
from that pillar, provoking an error in the determination of the reflector position. With
the exception of these two circunstances the mean radar error is of 0.2m, and the
maximum errot, in one case, of 0.6m.

3.2. Effective probablity of false alarm

In the first scenario with real targets there are three pedestrians moving in different direc-
tions and at different distances in front of the radar. All of them describe straight trajecto-
ries at approximately constant speeds. The captured scenes were also taken on video. To
evaluate the error made in the processing of the different echoes, a most probable instan-
taneous trajectory is estimated with a constant speed, or constant in sections, for the target.
The echoes are inspected one by one, selecting those that most likely come from the target
under study. In this type of analysis there is always an intrinsic uncertainty since it is not
possible to know if an echo comes from the target that is being specifically tracked, from
a nearby target or if it is a false target generated by noise. Faced with this, the only practi-
cal procedure is to track with an appreciable number of echoes along the probable instan-
taneous trajectory, as we have tried to do in this study.

Figure 2 shows the trajectory of the three targets in this first scenario, with all the echoes
selected by the analysis program. As stated, the selection of speeds was carried out with
a value PFA,, = 0.2, while the result in the figure is the one corresponding to the value
PFA,qnge = 0.05. Radar is located at the origin of coordinates.
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Figure 2. Global map of the received echoes along the time in scenario 1, while three
pedestrians are walking along straight paths.
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Figure shows the echoes that most likely belong to one of the targets, located along the
path of each pedestrian. There are also false targets, some of them generated by noise
peaks or coming from echoes affected by noise, so that their position has been incorrectly
estimated. Some of the echoes would fall into the doubtful category, as those framed with
a solid blue line, since the observer or a subsequent echo evaluation system could consider
as valid, assigning them to a particular pedestrian. It is worth noting that to perform the
task of classifying an echo as valid, doubtful or clearly erroneous, it is not enough to
simply look at the final echo map shown in the figure. To make this classification it is
necessary to track it in time during the course of the experiment, so that the position of
the received echoes can be compared with the real or estimated instantaneous position of
each real target.

The second scenario was composed by two pedestrians and a motorbike, describing
straight paths and also the return of all three at their initial positions. As in the first case,
the raw data obtained from the radar were analyzed again using PFA,, = 0.2, for a first
selection of targets, in velocity, and with several values, increasingly small, for the
parameter PFA,q, .. Figure 3 show the global set of echoes received from the radar during

this experiment.
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Figure 3. Echoes received over time in the second experiment, with two pedestrians go-
ing and coming along approximately the same path, and a motorcycle, describing the
longest and most vertical paths.

In the particular map of figure 3 a larger number of echoes, valid and false, can be seen,
in comparison with the first scene. This is because a less demanding PFA has been used,
but also because the scene duration is longer.

Finally, the third scene is a motorbike describing rounds in front of the radar, with an
approximate constant speed. The set of echoes received are shown in figure 4.
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Figure 4. The graph shows a motorcycle occupying the center of the scene and doing
some laps in front of the radar at an approximately constant speed.

We observed a concentration of false targets near the radar, in a position sixty degrees to
the left, as is marked with a dashed contour in the figure. This phenomenon of concentra-
tion of echoes where there is not a real object did not happen in the other two experiments,
and we do not know why they appear. It could be related with some kind of double re-
flection of the signal or, perhaps, with the reflection in the wheels, that can introduce an
overlap with their own Doppler shift.

The first analysis carried out in the experiments was to evaluate the number of false tar-

gets detected, based on the PFA value used in the detection of targets for each of the se-
lected speeds. That result is shown in figure 5. It has been defined

nof false echoes

M

n® of received echoes’

In this calculation, the class of doubtful echoes has been omitted, assigning them to the
set of valid echoes or false echoes in each case.

The choice of a higher or a lower value for the PFA parameter depends on the necessity
of having an enough number of echoes: so, in situations where the signal to noise ratio is
low, even admitting an important number of false echoes, the choice could be
PF Ay qnge~0.1. The alternative is minimizing that number of false targets, when the signal
to noise ratio is not bad. In this situation a value PFA,4;4.~0.01 would be more appro-
priate. In our case, and having enough echoes received per second, avoiding, as much
as possible, the number of false echoes seems the best strategy. The behavior of the echoes
in the three scenarios is slightly different. In scenarios 1 and 2, the number of false targets
is lower than in the other, and with a value of PFA,4n4. = 0.01 or PFA,q,4. = 0.005, the
detection of targets is quite clean. In scenario 3, however, there are a significant larger
number of false targets, and a value as low as PFA,qu4 = 107> should be used to
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sufficiently filter out false alarms. It must be considered, however, that an unnecessarily
small value of this parameter would also cause a significant loss of true echoes. On the
other hand, we have fixed most of time the other variable threshold, in the velocity axis,
with PFA,,.; = 0.2, but it must be said that this value could be also relaxed.

107"}

PFA ¢

1072

—#—scenario 1 \
- e -scenario 2 \
--e-=gcenario 3

01 009 008 007 006 005 004 003 002 001 0
PFA

range

Figure 5. Effective probability of false alarm in the three scenes, obtained as a function of
the PFA parameter chosen for the detection of targets in distance. For the selection of

velocities, the value PFA,, = 0.2 was used in all cases.

3..2 Mean error in range

Each of the pedestrians in the first scene was also followed separately, calculating the av-
erage error of the position of the echoes that, with high probability, are coming from the
target under study. As explained, the echoes that come from the target (or pedestrian)
under test have to be selected manually, and comparing the position of those echoes with
the corresponding points on the estimated instantaneous trajectory of each target.

In figure 6 the obtained mean error in range is shown for the three pedestrians. The basic
limit of the system spatial resolution is given by the known expression

Ar = — 2)

S being the slope of the frequency temporal variation, c the speed of light and T, the
duration of a chirp. In our case we have S§=20MHz/us and T.= N,./f; =
21.33 us. And it results Ar = 0.35 m.
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Figure 6. Mean error in distance obtained for individual targets in the first scenario

As it can be seen in figure 6 the mean error in the localization of the targets does not de-
pend critically of the selected value for the PFA, 4,4, , although is clearly better for low
values. This behavior comes from the fact that the targets have been detected correctly
most of the time. However, on some occasions, echoes affected by noise or false targets
have been considered good. This can be seen in figure 7, where the error in the localization
of one of the pedestrians has been represented as a function of the distance to the radar,
and for two cases.
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Figure 7. Range error committed along the tracking of one of the targets in scenario 1, for

two values of the PFA, 4,4, parameter.
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There are two appreciable differences between the two cases shown in the figure. For the
higher value of PFA,;,4. a quite large number of echoes has been accepted by the sys-
tem/observer as coming from the target, including some of them with an important error
(~2.5m). For the low value of that parameter, however, the number of valid echoes is much
lower, as is the maximum error (<1m). It must be remembered, however, that the selection
of the 'correct’ echoes has been carried out visually, considering what the temporal pro-
cessing of the signals was showing on the screen. This adds a point of arbitrariness that,
on the other hand, cannot be avoided. Nor if the task is performed by an algorithm or an
artificial intelligence application, because the system does not know previously the num-
ber, nature, trajectory or speed of the targets.

The evaluation of errors has been made also for the two paths of the motorbike in scenario
2, as shown in figure 8. As the motorbike has an important horizontal dimension, the po-
sition mean error is higher than in the case of the pedestrians, although, on the other hand,
in this particular experiment the radar never has a complete vision of that horizontal di-
mension of the vehicle, due to the angle of the paths with respect to the radar position (see
figure 2).
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Figure 8. Mean range error obtained in the localization of the motorbike in scenario 2
along the two different paths.

To end this section, in figure 9 the range error measured during the evolution of the mo-
torbike in scenario 3 is shown. Actually, the trajectory with which the position of the ech-
oes is being compared has been deduced from the echo map itself, averaging the position
of echoes as they appear in time, in order to obtain a smooth and continuous path. It could
be seen that important errors are reported in some specific positions of the motorbike,
which correspond to the moments when the motorcycle is traveling perpendicular to the
line of sight of the radar (see Fig. 4). As the length of the motorcycle is somewhat more
of 2m, the echoes can come from different parts of the vehicle, while the errors are merely
calculated with respect to the position of the hypothetical center of the vehicle. Of course,
then, errors shown in figure are only a coarse approximation, and most of the echoes come
certainly for one or another part of the target.
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Figure 9. Estimated range error of the motorcycle in scenario 3, as a function of the dis- 278
tance to the radar, with PFA, 4. = 0.001. 279
280
3..2 Number of echoes per unit of time 281

Finally, we have performed a count of the useful echoes available from some of the targets. 282
It has to be said, anyway, that we have not optimized the timing of the radar, but we were 283
only interested in the variation of the number of echoes with the PFA parameters. The 284
most significant point is the number of valid echoes diminishes strongly with a low value 285
of the parameter PFA,,;, as can be seen comparing the two plots in Fig. 10. If the require- 286
ments of the system are about 25 echoes per second (from each target), this parameter, 287
PFA,;, will have to be relaxed consequently. As it has been said before, a too low value 288
of PFAs provokes not only the decrease of false echoes but also of the good ones. 289
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Figure 10. Number of valid echoes per second from each target in scene 1.

As it can be noted in the figure, the number of good echoes from different targets follows
a different behavior. That is due to the different trajectories of the pedestrians. The dis-
tance of pedestrian M with respect to the radar has a low variation along time, so that the
number of received echoes from her suffers a variation only for the lowest value of PFA.
Pedestrian A is progressively approaching the radar, and most of the echoes produced
have a very good signal-to-noise ratio. As a consequence, the decreasing of the PFA value
has little effect. On the contrary, pedestrian F is in a worst situation to be detected: at the
beginning of his path the distance to the radar is larger than for the other two targets, and,
at the final state, is near to go out of the field of view of the radar. So, the echoes produced
by him are, generally speaking, of lower amplitude. Besides, the echoes of the farthest
pedestrian are occasionally intercepted by the other two, when crossing the line of sight
of the radar.

Also, worth noting is the fact that an appreciable number of frames sent by the radar have
no response at all, or fewer responses than the number of real targets. This is an experi-
mental verification observed in the three scenarios shown in this work.

In figure 11 the time intervals to have into account in the configuration of the TI device
are shown [25].
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Figure 11. Signal time parameters in the radar configuration 315
316

As it was explained above, each chirp was sampled with a frequency f; =12 MHz, up to 317
256 samples per chirp. So, we have the effective duration of the chirp Tg, = 318
256/12 MHz = 21.33 us. However the real period of the signal is not related with that 319
value, as seen in the figure. The total period will be T, = T4 + Tyqmp- In our experiments, 320
we took Tjge = 100 us and T4y = 60 us, as recommended values. (On the other hand, 321
we set Typcse = 6 us and Trys, = 0, which are the default values in the software pack 322
mmWave Studio, provided by TI). With these values the expected number of frames per 323
second is about 49 frames/s with 128 chirps per frame, and about 24 frames/s with 256 324
chirps per frame. This numbers include frames without response and frames provoking 325
false echoes. It has to be said, however, that we are not sure if the radar takes some other 326
period of time between frames, and the real expected number of frames emitted per sec- 327

ond could be lower than these. 328
329
4. Discussion 330

The main idea of the work was to evaluate the characteristics of the TT AWR1843 radar, in 331
terms of the error committed in distance, the number of false echoes and the number of 332
valid echoes per unit of time. Experiments were done with pedestrians and motorcycles, 333
with the idea that they are the targets that could eventually go unnoticed by the radar. 334
In the analysis, a double adaptive threshold has been used, one on the speed axis and an- 335
other on the distance axis, for each speed selected by the first. Both with the CA-CFAR 336
method. The results show that it is a good strategy, and that it provides a level of intuitive 337
control of the number of false echoes. 338
Initially the experiments were carried out setting the PFA in determining the threshold at 339
speeds with a loose value of 0.2. It was later found that this value actually eliminates too 340
many potentially valid echoes, and a higher value, PFA,, = 0.3, has been found to be 341
more suitable for obtaining a higher echo rate. On the other hand, in our experiments, there 342
is not appreciable difference by using Ncf = 256 or 128, so Ncf = 128 is a more eco- 343
nomic value. 344

The maximum error of the radar in estimating the position of a target turns out to be a 345
difficult parameter to quantify, since it depends critically on what criterion is used to as- 346
sign an echo to a specific target. 347
The average error has turned out to be very acceptable, taking into account that interpola- 348
tion techniques can still be included that, in this work, with the exception of zero-padding 349
in the angle-FFT, have not been used. 350
Finally, we did not set out to estimate the maximum distance at which our radar can cap- 351

ture targets, although, in other measurements not presented in this work, pedestrians have 352
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been detected at about 35 meters and a car, in a single attempt, was perfectly detected at

80 meters.

5. Conclusions

We have carried out several experiments with a MIMO radar AWR1863 from Texas
Instrument in realistic scenarios with pedestrian and motorcycles, in order to evaluate
some critical points of its performance, as the number of false targets, the accuracy in the
localization of the targets and the number of valid echoes received per second. These
parameters are important for the usefulness of the radar itself and also for the use of the
obtained data to make a fusion with the images captured by the cameras in a more
complete ADAS system. We use a double CFAR filter, one of them in separating velocities
and the other for separate targets in distance. We have used large values in the first of them,
with PFA,eiocity = 0.2 — 0.3, and more restricted values for the second, with PFA, 44
between 0.1 and 0.001. The results show that it exists a compromise in selecting the value
for the two parameters, because a too small number diminish not only the false targets, but
also the good ones. The accuracy in range is generally good, although a small value for
PFAygqnge helps to avoid disturbance in the measurements due to the false or poorly
estimated targets. The mean error along the experiments is about 0.25 m for pedestrians
and 0.5 m for the motorbike. The maximum error in the localization of targets cannot be
estimated properly, because it is not possible to discriminate between false targets and
positions erroneously calculated due to the present noise. Moreover, assigning a singular
echo to a particular target depends on some chosen criterion, probably in a further stage

in the complete detection algorithm, but always with a certain degree of arbitrariness.
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