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Abstract—In this paper a 77 GHz patch array radar is used

in combination with the line processing and range Doppler
algorithms to produce synthetic aperture radar (SAR) images
of automotive scenarios. Measurements are made using a linear
rail unit and the images are briefly discussed.
In the latter part of the paper, a position error investigation
is carried out, where the measurements are customised to fit
a real automotive scenario where the automobile experiences
acceleration errors which are not detected by the acceleration
sensors fixed in the car. The images with errors are then presented
and a quantitative analysis is carried out.

I. INTRODUCTION

Recent years have witnessed tremendous growth in the

automotive safety and driver assistance sector. A crucial com-
ponent of any automotive safety system is a radar, which
enables the automobile to ’see’. Conventional automotive radar
systems mostly look forward in the direction of travel since
that is the area of greatest interest to a driver. Keeping in mind,
however, the progress being made towards autonomous auto-
mobiles [1] [2], it is arguably equally crucial to have a radar
which is capable of imaging the scenario to the side of the
automobile, so that sensitive road users and traffic situations
can be recognised in good time, without the assistance of a
human driver.
The requirement of an imaging radar can be fulfilled by
synthetic aperture radar (SAR), which can take images of the
stationary objects in the scenario next to the car as the car
is being driven. Though efforts have previously been made
to implement SAR for automotive applications, they have
either focused mainly on simulations [3] or the experimental
implementations [4], [5] have mostly focused on parking lot
detection and less on providing high resolution radar images
where automobiles or other objects present in the traffic
scenario can be identified. In this paper, results are presented
of SAR measurements of stationary objects in an automotive
scenario, obtained using two different SAR algorithms and an
in-house developed patch array radar system.

II. MEASUREMENT SETUP AND ALGORITHM

The radar used for the measurement setup was developed
at the institute [6]. It has 32 transmit and 2 receive antennas,
however, for the purpose of SAR measurements, only a
single transmit and receive antenna were used. The bandwidth
used for the measurements was 5 GHz, which amounts to a
theoretical range resolution of roughly 3 cm.

This radar was mounted on a linear rail unit and it was made

to traverse 4 m parallel to the scene of interest which was to
be imaged. The rail unit moves with the help of a stepper
motor and it was programmed such that radar snapshots were
taken with a step distance of 0.5 mm for the length of 4m.
This corresponds to a total of 8000 radar measurements, which
cover the whole scene of interest.

The measurement setup is shown in Fig. 1 with the scene
of interest being the two cars parked in front of the setup.
The separation of the cars is 60 cm. The SAR image for this
configuration is shown in Fig. 2. Similar setups were also used
to image a single car from various perspectives, from the front,
rear and side. Figure 3 shows a SAR image of a car imaged
from the front. The results are discussed in depth in the next
section.

The two SAR algorithms implemented and compared in
this paper are the range Doppler [7] and the line processing
algorithm [8]. The algorithms function by defining a certain
synthetic aperture length (Lyy,) which would give a specific
azimuth resolution. This length is dependent on the physical
size of the aperture, the wavelength of operation and the range
at which a particular target is situated. For the line processing
algorithm, there is a direct relationship between the quality
of the image and Ly,. This is illustrated in the plot shown
in Fig. 4 where the normalised power is plotted for various
synthetic aperture lengths for a single range bin (at 1.8 m) over
the entire azimuth length for the same radar image shown in
Fig. 3. It can clearly be seen that a longer Ly, results in better
power performance.

Choosing different Ly, for the range Doppler algorithm

(RDA) does not affect the normalised power as strongly. This
is due to the way the RDA functions, where the processing
is done in frequency mode and the image data for one Ly,
obtained by an inverse FFT. Then to obtain the complete
image, all the image data for individual Ly, are summed,
thus pushing up the power levels across the image.
The win in azimuth resolution does not always justify the
need for a longer aperture. Additionally, as will be seen later,
a longer Lgy, leads to greater integration of an acceleration
error. Hence a compromise was reached and in this paper all
results presented are for an Ly, of 1m.

III. RESULTS

After the measurements were carried out as described in
the earlier section, the results were fed into the two SAR
processing algorithms and the radar images thus obtained are
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Fig. 2. Measurement result of two cars rear view.

discussed in this section. Shown in Fig. 2 is the radar image
corresponding to the measurement scenario illustrated in Fig. 1
in the previous section. The result is a high resolution radar
image of the two cars. The contour of the two cars can clearly
be made out through the grouping of the various scattering
centres [9]. The two cars were parked deliberately so close
(60 cm) together to make the scenario slightly challenging for
the algorithm. Normally, in real situations, cars are not parked
so close together and hence, this algorithm should also deliver
good results for less challenging situations.

The radar image shown in Fig. 3 is the front view of a car.
This is the image that is utilised as a control for the analysis

50
40
30
20

Range Direction (m)

10

Normalised Power (dB)

0

05 1 15 2 25 3 35

Azimuth Direction (m)

Fig. 3. Measurement result of car front view.

of position errors and their effects. Here it is shown without
the influence of any errors.

IV. POSITION ERROR INVESTIGATION

The SAR implementation so far involved a rail unit which
would move in steps and in between make a radar measure-
ment, repeating the process until the rail unit has traversed
the desired distance. However this does not represent a real
scenario, where a car moves constantly and the radar makes
measurements with a fixed period. Also present in the real
scenario are errors due to acceleration which may be too small
to be detected by the acceleration sensor fixed in the car. This
acceleration error influences the speed and hence the step size
of the car, in other words, the distance travelled by the car in
between two consecutive radar measurements.

In order to see what effect the acceleration error has on the
radar images, a fictitious scenario was thought out, where it is
supposed that a car with various constant starting velocities
travels the same distance as the rail unit (4.0m) and the
radar fixed on the car makes measurements of scene with
a fixed period of 200us. Hence the focussing part of the
algorithm is tweaked such that the processing is done for radar
measurements acquired not by a radar fixed on a rail unit, but
rather on a car. An acceleration error is also deliberately added
to produce images with position errors.

Three scenarios were tested, with the difference being the
starting speeds of the car, speeds of 2.5ms™!, 5ms~! and
10ms~! were chosen. To choose a realistic value for the
acceleration error, a brief online search was made and it was
found that most acceleration sensors on the market have an
inaccuracy of 0.0098ms~2 (1mg) [10], thus this was the
acceleration error that was introduced in the algorithm.

A. Power Analysis

Shown in Figs. 5 and 6 are the SAR images of the same
scenario as in Fig. 3 obtained from the line processing and
RDA respectively. However, this time an acceleration error of
1 mg was introduced during the processing. The starting speed

»
4“d bl r
507 -y - «» R4 "‘.r LAty 1

~ '..QIO{
/m ’
T 40 =
o)
z
o
= 30} .
Q
= annent?
< “
§ 20 l** ™ w— Lon 2 0.15m
4 mmm Lgyn:0.5m
ammm Lsyn :1m
].0 ----Lsyn:Qm N
! ! ! I
1 1.5 2 2.5 3 3.5

Azimuth Direction (m)

Fig. 4. Normalised power profile for a single range bin over complete azimuth
length for various Lgyn.
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Fig. 5. Acceleration error 1mg, starting speed 10ms—?, obtained through
line processing algorithm.
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Fig. 6. Acceleration error 1mg, starting speed 10ms~—?, obtained through
RDA.

of the car was set at 10ms~!. The most notable difference
that is seen when comparing Figs. 3 and 5 is the deteriorating
normalised power. This occurs because since the radar cycle is
fixed at 200 us and the speed of the car increases, the distance
between successive radar measurements increases. Hence for
a particular synthetic aperture length, the number of radar
measurements (or the number of array elements) decreases,
which has a direct effect on the image quality.

In the case of Fig. 6, azimuth ambiguities are produced
which show up as ghost targets in the image. This occurs
due to undersampling in the azimuth direction which leads to
aliasing [7]. To visualise this better, the normalised power has
been plotted, in Fig. 7, for all the images of the three cases of
starting speeds (2.5ms™!, 5ms~! and 10ms~—!) and constant
acceleration error (1 mg) obtained through RDA. At a speed
of 2.5ms™ !, the dynamic range is the largest and one can see
the normalised power profile of the car in the azimuth and
range position where it is supposed to be as shown in Fig. 3.
However, when the speed is increased to 5 ms—! and 10 ms~?!
the difference between the maximum and the minimum power
level decreases and it is possible to see the aliasing effects
when compared to Fig. 6. The power profile confirms what
the image in Fig. 6 shows, that the image obtained at higher
speeds and with acceleration error is blurred and the dynamic
range is reduced.

The reason why there are no azimuth ambiguities in Fig. 5
obtained through line processing can be understood when one
considers the fact that the line processing algorithm functions
exclusively in the time domain hence the issue of azimuth
frequency undersampling does not crop up.

The undersampling is a handicap when trying to implement
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Fig. 7. Normalised power at range of 1.8m, starting speeds 2.5ms™1,
5ms—! and 10 ms— 1.

SAR for an automotive application, since the radar is only
capable of making measurements with a fixed period, yet, the
car may travel at a wide range of speeds leading to large step
sizes (distance between two consecutive radar measurements)
which leads to undersampling of the azimuth signal. A possi-
ble solution to this problem might be resampling of the radar
measurements to ’generate’ azimuth data at points where a
measurement was missed.

B. Magnitude of Acceleration Error Analysis

Comparing the control image shown in Fig. 3 to the images
with the error acceleration in Figs. 5 and 6, it is still possible
to make out the contour of the car. There is not too much
blurring present.

1) Line Processing Algorithm: To understand why there is
no significant blurring in the image with an error acceleration,
a detailed analysis of the focussing algorithm needs to be done.
Focussing in the line processing algorithm is accomplished
by determining the position of the array centre (C) and each
individual array (E) element. The distance between the array
centre and each individual array element is then calculated and
used to focus the signal available from the radar [8]:

C=u~T0-(N+§—1)

1 A 2
+2~a~[<2—1)-T0} (1)

Eo=u-Ty-(N+J,—1)
1
+5~a~[(Jn—1)~To]2. )



Equations (1) and (2) represent the distance to the centre

of an aperture and to each array element of the aperture
respectively. u is the initial speed of the car at the start of the
measurement, 7T is the radar period, N is the total number
of measurements made previously till the first element of the
current aperture, a is the acceleration error, A is the number
of array elements or the number of radar measurements in a
single aperture and J, is the index number which iterates over
the length of the synthetic aperture, starting from one, which
is the first array element to A which is the last element of
the aperture. Hence the distance to every single array point is
calculated.
The next step in the line processing algorithm is to calculate
the distance from the aperture centre to each element of the
aperture. This distance is then used in subsequent steps for the
phase correction of the received radar signals before they are
coherently summed up [8]:

dy=C—E,
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Equation (3) describes the terms that are left when the
difference of (1) and (2) is taken. This distance between the
array centre and individual array element is designated d,. It
can be deduced from the result that this causes part of the
acceleration error to be cancelled, hence the actual deviation
due to the acceleration error is much smaller. It can also be
seen that the error is largest at the end of the aperture. This
occurs when J, = A. This is logical because towards the end
of the aperture, the acceleration error has had the most time
to be integrated, hence the value of the error is largest there.
Since A is the total number of array elements, it follows that
the consequences of an acceleration error can be reduced
when the aperture is shorter, which seems reasonable since
then the error is integrated over a shorter length.

2) Range Doppler Algorithm: The core process of the
range Doppler algorithm, the range cell migration correction,
functions in the azimuth-frequency domain, which is dubbed
as Doppler frequency. For this range correction, it is assumed
that the azimuth signal is periodically sampled. However,
when as in the case of a radar measurements made from an
automobile which is moving with an erroneous acceleration,
the azimuth signal is non-periodic, it leads to incorrect range
migration correction or the correction being incomplete. The
incomplete migration correction may lead to deterioration of
both range and azimuth resolutions which is manifest through
broadening (or blurring) of the target in the image after
azimuth compression has been performed. When the migration
correction is done incorrectly, the range data are not aligned
but rather skewed. Hence when azimuth compression is carried
out, the data in range direction experience blurring [7].

Blurring in the azimuth data occurs because of the non-optimal
distribution of the azimuth bandwidth in the range cells. In the
case where range migration correction is performed incorrectly
(or incompletely), the azimuth signal is disseminated among
different range cells and hence the azimuth bandwidth within
the range cell where the target actually is located, is reduced.
The azimuth bandwidth is thus divided between the range
cells where the target backscattered energy is located. This
results in blurring in the azimuth. However, in the case where
the range migration correction is performed correctly, the
backscattered energy from the target is located only in the
range cell where the target is actually supposed to be and thus
the complete azimuth bandwidth is exploited by the azimuth
compression [7].

Nevertheless in the case of the acceleration error discussed
here, the acceleration of 1 mg is not large enough to introduce
significant blurring.

V. CONCLUSION

It has hence been successfully shown that SAR is a viable
option to fulfil the need for an imaging radar in the automotive
industry. Due to the high resolution images available from the
algorithm, it is possible to recognise stationary objects which
can help to solve a perhaps complicated traffic situation in
good time, without the use of a human driver. In this paper it
has been shown that the inaccuracy of the acceleration sensors
available do not handicap the utility of the SAR algorithms.
However to be able to realise a functioning automotive SAR
system, more efforts need to be dedicated towards generation
of SAR images where the radar platform (the car) experiences
sporadic, deliberate accelerations which is usually the case
when cars are being driven on the roads.
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