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Leakage Cancellation in Coded Automotive Radar

J.Zaidouni ¥ P.Deloof | A.Rivenq ¥, S.Niar Sand J.M.Rouvaen I

Abstract—This paper concerns the study of automo-
tive anticollision radar. It especially describes the leak-
age problem observed as undesired peaks in the correla-
tion function. To resolve it, we propose a solution called
Adaptive Leakage Cancellation (ALC) based on using of
adaptive filter in order to identify the unknown echo path
caused by the leakage. The output of this filter estimates
the leakage signal that is subtracted from the received
signal to let only the echos provided from targets. For
comparison porposes we have considered three algorithms
LMS (Least Mean Square), RLS (Recursive Least Square)
and APA (Affine Projection Algorithm) to update the
adaptive filter coefficient vector. The LMS algorithm is
considered as an interesting algorithm due to its simplic-
ity and the good leakage cancellation.

Keywords: coded radar, binary pseudo-random se-
quences, correlation, adaptive filtering

1 Introduction

Anti-collision automotive radar is the one of major sensor
studied by many laboratories and industries in order to
assure the safety in the automotive environment. It re-
quires detection of distances to vehicles from a few meters
to well over 150 meters regardless of weather conditions.
The frequency range 76 GHz to 77 GHz has been recom-
mended in Europe, USA and Japan for the anti-collision
radar.

The main idea for the coded radar is to use an optimal
receiver (correlation receiver) associated with a digital
coding. The main coding technique uses Pseudo Random
codes which are employed in Direct Sequence Code Divi-
sion Multiple Access (DS-CDMA) [12] systems and allow
multi-users detection due to their orthogonality. Thus,
several vehicles are able to use, at the same time, the
same detection system in the same environment. By this
characteristics and in contrast of others radar techniques,
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the coded radar is robust to the interference caused by
others users (i.e. radars).

In practice, the undesired peaks are observed in the cor-
relation function due to some undesired leakage. These
peaks cause false alarms because they are considered as
targets whereas is not true. A digital signal processing
approach is proposed for accurate cancellation of leakage
power over a broad bandwidth [5]. The basic concept
of digital leakage cancellation and some preliminary re-
sults for a single frequency have been reported in [6, 7].
Similar concepts have also been used for interference can-
cellation in wireless communications [1]. For the coded
radar we propose a technique similar to the acoustic echo
cancellation [3, 11].

This paper is organized as follows: In section 2, the leak-
age problem is described and its digital model is given in
the coded radar system. An interesting solution is pro-
posed in section 3. The different simulation results are
presented in section 4, and finally the last section gives
the conclusion of this work

2 Leakage problem

The coded anti-collision radar is based on the associa-
tion of the pseudo random codes in transmission with the
correlation in reception [2]. The using of the correlation
receiver is therefore particularly adapted to the detection
of signals submerged in a white Gaussian noise [4] be-
cause it maximizes the Signal to Noise Ratio (SNR) and
the probability of detection. The BPRS (Binary Pseudo-
Random Sequences) are used because they offer good de-
tection performances, they are easy to generate and they
allow multi-users detection [8]. The radar performances
decrease with the leakage problem that can be defined as
a set of undesirable echoes of the transmitted pseudo ran-
dom signal ¢(7). It’s due principally to reflection from the
ground and electromagnetic coupling between the trans-
mitter and the receiver. We model digitally the radar
system by the model described in the Figure 1. We repre-
sents the radar channel by an unknown filter h(¢). Since
¢(i) is N periodic then, the radar channel is supposed
a (Finite Impulse Response) FIR of length N. Then,
the received signal is the sum of the convolution product
(i) * h(i) and an additive Gaussian noise n(%):

=

r(i) = ¢(i) * h(3) + n(i) = h(k)c(i — k) +n(i) (1)

k=0
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Figure 1: Digital model radar system.
We suppose that the impulse response of the radar chan-
nel can be represented by the sum of two impulse re- -04 = - s 00
sponses: h(i) = hi(i) + hi(i) where hi(¢) is the impulse iy
response that represents the leakage echos and h(i) is
the impulse response that represents the echos returned . . .
. F 2: 1 f f the 1

by targets located in front of radar. We suppose that the ;illl{;e Correlation form in presence of the leakage
length of the h;(7), ht(i) are L and N respectively. P ’
When the leakage is absent and one target is considered, After
the impulse response of radar channel can be written as: ! ‘
one echo attenuated by a coefficient A and delayed by k 0l /
samples:

h(i) = A.6(i — k) (2) 06f
Where §(i) is the Dirac impulse. ~

o
The correlation Rpf(i) between the reference code c(i) 0.2
and the received signal r(¢) will be maximum at instant
¢ = k and the target distance (in m) can be deduced by 0
using the following expression: o
D=k< (3) 04 50 100 150 200
2f i

Where c is the velocity of light (in m/s) and f the code  Figure 3: Correlation form in absence of the leakage
frequency (in Hz). peaks.

However, in practice the leakage is always present and
the correlation has a form presented in the Figure 2. This
phenomenon observed in [2, 8] causes the false alarm be-
cause they can considered as targets whereas is not true.

3 proposed solution

The principle of the proposed solution is to suppress from
the received signal, r(i) = hy (%) * c(2) + he (%) * c(2) + n(7)
the output signal of the added filter w(i) as shown in
Figure 4 (z(i) = w(i) *c(7)) . To have an error signal e(7)
contaning only the targets echos (r4(t) = ht(i) *¢(7)), the
filter w(¢) must identify the unknown filter h;(t) and the
correlation will become, in case of one target, as shown
the Figure 3.

The filter h;(2) can be estimated using the Wiener expres-
sion: w® = R;'.R,., but the leakage filter can change
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in time and the characteristics of signals are unknown.
Then, an adaptive filter is used and we call our proposed
solution: Adaptive Leakage Cancellation. In contrast of
the most application of the adaptive filtering, the error
signal must converge to zeros, in our case the error signal
not must converge to zeros but shall contains the useful
part of the received signal. Then the length of w(i) M
must be inferior to N (this condition is verified in prac-
tice).

i [wo,...,wM_l}Tthe
coefficients vector of the filter w(i) of length M and
w; = [e(i),e(i — 1), ..., c(i—M + 1)] the observation vector
of the signal c(4).

We note, for time instant i, w, =

The filter coefficients vector, for ¢ > 0, is updated by
three most populars adaptive algorithms [10, 9]:
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Figure 4: Principle of the Adaptive Leakage Cancellation.

e Least Mean Square (LMS) algorithm

w; = w;_q + pu (r(i) — ww; ) (4)
Where 11 is a step size.

e Recursive Least Square (RLS) algorithm

w; = w;_y + P (r(i) — ww,_,) (5)
Where P, = \7! [Pi_l — %} for i > 0 and

P_, = £7'I and the parameter u = 1 — \ is equivalent
step-size p of LMS.

e Affine Projection Algorithm (APA)

w; =w; oy + pU; (el + UiUZ)fl (L‘ - inz;l) (6)

U; 7@?—1--
[r(i), r(i — 1)..., r(i — K +1)]"

r

I L4

Where U, = [UT “ @;{KH} !

and ¢ is a small number.

For all the algorithms, the initial vector is equals to zeros
vector (w_; = 0).

4 Simulations tests

It’s demonstrated in [8] that the output SNR is equals to
the input SNR multiplied by the length of the used code:

SNRyu: = N.SN Rin (7)

Where SNR;,, = ?—22 is the input Signal to Noise Ratio
(SNR) of the correlator.

For this reason, it’s required to use a code with the largest
possible value for N. To have a low complexity of correla-
tion computing and use the larger N, the value N = 1023
is considered as the interesting value for our application
and we use it in our simulations. The motion of i*" itera-
tion is used as the time needed of correlation computing
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between the it" bloc of N samples of error signal and
the reference code. For simulations, we define the target
dynamic as the ratio between target peak and maximum
noise after introducing ALC:

Rupi (i =k)

D =2
yme = 20009 | o T E )Y,

(8)

Before giving the simulation results, we presents the tar-
get dynamic as function of the input SNR in the case
of one target without leakage and ALC. This dynamic is
called reference dynamic and the results are presented in
Figure 5.

25

Dynamic (dB)

20 -18 -16 -14 -12 -0 -8 -6 -4 -2 0
SNR (dB)

Figure 5: Reference dynamic in the case of one target.

4.1 Search of step-size p

The simulations principle is to change the step size p and
compare the target dynamic with the reference dynamic.
The leakage signal r;(4) is generated by filtering c(i) by a
filter h; = [10.50.20.90.20.3] of length L = 6. The filter
hi(i) = Ad(i — k) is used to generate the target signal
where 0(4) is the Dirac impulse. A is fixed at A = 0.1, one
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target is considered with k& = 100, ¢ = 10 %and K = 5.
The noise n(7) is added to have an SNR = 10109(?—;) =
~10dB. '

—LMS
RLS
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Figure 6: Target dynamic versus pn for an SNR=-10 dB.

The dynamics are computed at the 10** iteration and
length of adaptive filter is taken equal to M = 10. The
results of these simulations are given in the Figure 6.
The target dynamic achieves the reference dynamic in
the following intervals:

1. [3.107*107?] for LMS.
2. [01072] for RLS.
3. [3.107%1072] for APA.

In these intervals, we have a good identification of h; (%)
and the leakage peaks is completely concealed. We re-
mark that the output noise is not reduced and doesn’t
depend to the used algorithm because we have for all al-
gorithms the same value of target dynamic as reference
dynamic. It’s verified by another simulation, not pre-
sented in this paper, that these intervals do not change if
we change M between 6 and 99 (6 < M < 99), A between
Oand 1 (0 < A <1)and SNR between —20dB and 0dB
(-20dB < SNR < 0dB).

4.2 Convergence speed

To have an idea of the convergence speed of different al-
gorithms, we trace the evolution of the dynamic for every
iteration. The correlation result in the i iteration is the
result of the i*” bloc of N samples of error signal with N
samples of reference code. The leakage signal r;(7) is gen-
erated by filtering c(i) by a filter by = [10.50.20.90.20.3]
of length L = 6. The filter hy(i) = Ad(i — k) is used to
generate the target signal. A is fixed at A = 0.1, one tar-
get at k=100, M =10, 4 = 1073, ¢ = 10 %and K = 5.

ISBN:978-988-17012-4-4

The noise n(i) is added to have an SNR = —10dB. The
target dynamic results as function of iterations is given
in Figure 7.

Dynamic (dB)

i
2 4 6 8 10 12 14 16 18 20
iterations

Figure 7: Target dynamic versus iterations for an SNR—-
10 dB.

The good identification (i.e. good cancellation) is ob-
tained in the first iteration for RLS and APA algorithms
and in the second iteration for LMS algorithm. Other
simulations are realized when the leakage filter changes
after a given moment. So, we take the same parame-
ters than the previous simulations and, for example, we
change the leakage filter h;(i) at the 10" iteration. After
simulations, we obtain the results represented in the Fig-
ure 8. The good cancellation is obtained in the 1% and
the 11*" iterations for RLS and APA algorithms and in
the 2°¢ and the 12" iteration for LMS algorithm. The
LMS algorithm has nearly the same convergence speed
than RLS and APA. LMS algorithm is preferred because
it’s simple and is able to reduce the leakage in the 1°¢ iter-
ation (dynamic inferior to reference dynamic) and com-
pletely in next iterations (dynamic equals to reference
dynamic).

4.3 Leakage power effect

To view the leakage power effect on the ALC perfor-
mances, we take the case of one target and we trace
the evolution of target dynamic by changing the leak-
age power. The leakage signal r;(i) is generated by fil-
tering ¢(i) by a filter Ay = [10.50.20.90.20.3] of length
L = 6. The target filter h:(i) = Ad(i — k) where A =1
and k = 100. The noise n(i) is added to have a specified
input SNR (called here SNRtarget). We change the
power P, of leakage signal r;(i) = hy(i) * ¢(i) by multi-
plying it by some real to have a desired SN Rleakage =
20log(LL). The parameters p = 1072, ¢ = 107%, K =3
are used in these simulations. We trace, for three val-
ues of SN Rleakage, the target dynamic as function of
SNRtarget.
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Figure 8: Target dynamic versus iterations for an SNR=-
10 dB and leakage filter change.

LMS, RLS and APA
25 T

SNR leakage=-20 dB

SNR leakage=-10 dB

20k SNR leakage=0 dB
Without leakage
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Dynamic (dB)
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Figure 9: Target dynamic results for leakage power effect.

The simulation results are represented in the Figure 9
for the three adaptive algorithms. For all the algorithms,
the target dynamic is equal to reference dynamic, i.e.
the leakage is completely removed in the whole band
[-20dB,0dB]. Even if the power leakage signal is greater
than the power target signal (for example P, = 10P; with
SNRtarget = —10dB and SNRleakage = 0dB), the
ALC cancels completely the leakage peaks.

5 Conclusion

In this paper we propose a solution called Adaptive Leak-
age Cancellation to reduce leakage peaks in the corre-
lation function of coded radar. The simulation results
confirm the good leakage cancellation and the LMS algo-
rithm is more interesting than RLS and APA . The little
disadvantage of ALC is the suppression of the targets
echos with a delay inferior to the length of the adaptive

ISBN:978-988-17012-4-4

filter minus one. All the presented simulations have been
realised with one user (one radar), i.e. without interfer-
ence due to other radars. Nevertherless, a situation can
be studied, where the user can receive a set of signals
returned from other users. This last situation will be dis-
cussed in future works and the ALC will be tested in the
real conditions to determine the optimal length of the

adaptive filter and the convergence step-size.
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