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ABSTRACT similar relative velocity, occur only in rare but crucialesc

The detection of a multi-target scenario in radar-array pronanos. These include:

cessing is a crucial step. When only a single sourcee specular multipath with the guard rail which, if not re-
is present, the computationally efficient beamformer for solved, result in a false target localization, or
direction-of-arrival (DOA) estimation is sufficient. When e multiple scattering centers due to wide objects at differ-
multiple sources are present, subspace-based DOA estima- ent orientations, as outlined in [2]. If resolved, multiple
tion is required to achieve high-resolution and unbiased es  scattering centers of a single object can be used to ex-
timation. To save computational cost, we propose computa- tract expansion or orientation parameters, which in turn
tionally simple criteria for discriminating between a diyg can be exploited by recent advances in automotive radar
target and multi-target scenario in automotive radanarra  target tracking and clustering [4].

processing. The suggested criteria can be applied with a _ . .
single snapshot, and are therefore suitable for classigegul _Since the occurrence of single targets is more likely,
radar pre-processing. We present an empirical analysigeof t the application of computationally expensive high-retohu

proposed criteria, and show results with real-life data. methods is not always necessary. To save cost, we propose
to use computationally simple criteria, without eigendaeo

osition, to discriminate between
1. INTRODUCTION post serim W

o _ (i) single-target situations, in which the computatiopai-

A radar-array can be used for direction-of-arrival (DOAj es  ficient BF can be used, and
timation and therewith target localization. The beamfarmeiiy mylti-target scenarios, in which high-resolution aig
(I_3F) is a direct approac_h: it is computat_lonally efficient,” * rithms are necessary.
since it can be realized with an FFT for a uniform linear array
(ULA), and it constitutes the maximum likelihood estimate ~ Consequently, a practical radar-array system, which em-
for the single source case [7]. However, the BF has a low regloys a simple criterion for detecting a multi-target saéma
olution with a beamwith (BW) for an ULA of sin %(2/M), IS shownin Figure 1. As discussed above, the high-reseiutio
whereM denotes the array size. Therefore, when multiplé?lock may include subspace-based source detection using
targets are present, the BF will result in biased DOA estilTC or the sphericity test, and a subspace-based method for
mation, or may even not be able to resolve all targets. IFPOA estimation.
these cases, we require high-resolution methods for DOA es-
timation [12]. Subspace-based algorithms typically regui
an eigendecomposition of the spatial covariance matrix and
knowledge of the number of sources present. If the number
of sources is not known, it can be estimated using informa-
tion theoretic criteria (ITC) [13], see also [3]. Alternas
to ITC are sequential hypothesis tests, such as the spiyerici
test [14]. We remark that the mentioned methods for source
detection are also based on an eigendecomposition. Conse-
guently, subspace-based methods are computationally more
expensive than a direct approach with the BF, and may ther
fore not be suited for a real-time application with a highedat
rate and limited processing power.

For the operation of a pulsed radar-array system, we a
sume common pre-processing, i.e., pulse compression and a
Doppler FFT [10], to divide the recorded data in so-called The remaining part of the paper is organized as follows:
range-Doppler cells. For the considered application of auSection 2 contains the signal model and the problem formu-
tomotive radar, we assume a parameter setting accordirgtion. In Section 3, we present the suggested criteriader d
to sufficiently small range-Doppler cells such that the octecting a multi-target scenario, along with an initial arsid
currence of single targets in range-Doppler cells is mor@and empirical studies for a two-target scenario. A succéssf
likely. On the other hand, multiple targets in individual application with experimental data is provided in Section 4
range-Doppler cells, i.e., targets at the same range with Rinally, some conclusions are drawn in Section 5.
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(Iafigure 1: A practical radar-array system: for each pre-
detected range-Doppler cell, a simple criterion is useceto d
gide if the number of sourcds > 1.
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2. SIGNAL MODEL phases of neighboring sensors. Based on this idea, the con-

bution of the paper is to provide a detailed formulatidn o
itable criteria in a statistical framework, and to presan
pirical performance analysis and an application with ex-

erimental data.

According to Equations (1) and (2), a single source re-

Using classic pulsed radar pre-processing, as describt;[-,sr
above, we obtain a single snapshot for each range—DoppIg
cell. For the discrimination, we only consider cells witg-si
nificant energy, which correspond to one or more reflectin

objects. We remark that for subspace-based array procesg;s in approximately constant magnitude and linear phase
ing, especially for constructing a numerically stable &at 5 0 sensors, when the noise influence is low. We want to

gg\rﬁg!ﬁgggnmQzﬂxéétclgrpe?asus'lobr:etggh%s'e gi'%&borwgh(::#z : exploit this observation by considering the sum of squared
ination wi : Iqu , Wil errors of sensor magnitudes,|, m=1,... ;M as a suitable

tively increases the number of available snapshots.

For now, we consider a single snapshot model for the degrlterlon 1 M
tection of a multi-target scenario. Thé x 1 array output Cmag= ——— z (1Xn] — ﬁ‘x‘)z 3)
vector is then modeled as M-1&
D whereﬁ‘x‘ is the sample mean of sensor magnitudes. Sim-
T = Z a(b)sk+n (1) ilarly, another suitable criterion is the sum of squarederr
k=1 residuals of a first-order linear regression among the senso

whereD is the source numbes, and ¢ are the complex unwrapped phases{Xm}, m=1,...,M

scaling factor and the DOA of thigh source, respectively. 1 M
The noise vecton is assumed to be spatially white, circular _ — Oam— Un)2
complex Gaussian distributed with a common variaaée Gphase M-—2 n;(é{x”‘} Vam-— Vo) “)
For an ULA, the steering vector is A .
T wherev; and vy are estimates of the slope and intercept of
a() = [1’ gikdsing  gik(M—1)dsin (2)  the linear regression, and can be obtained using the method
of least-squares.
A simple detection of a multi-target scenario can be done
by comparing the proposed criteria, in Equations (3) and (4)
with a threshold/

wherek = 2m/A, A is the wavelength and is the sensor
spacing. To distinguish betwe&nh= 1 andD > 1 based on

shapshot, a hypothesis test can be formulated as Hy

Ho : E{xz}0Oa(0) Cgmag/phaseHzo y

Hi : notho. If yis exceeded, we rejecipdind decide fob > 1, otherwise

Note that H corresponds t® = 1 and is characterized by we accept ij and decide foD = 1.
planar wavefront characteristics, i.e., constant mageiand For an optimalo-level test, we require an approprigte
linear phase among the sensor outputs. The alternative HJiven a certain false-alarm rate This can be found using an
corresponds t® > 1 and is left unspecified. This is becauseanalytical expression for the distributions@ifag and%pnase
H, involves a number of possible combinations and unknowminder H, i.e., model (1) witlD = 1. We know that real and
parameters, which is difficult to exploit with simple criger ~ imaginary parts of the noise are i.i.d. Gaussian with common
In the following, we want to use the structuremfvhen Hy,  variance(a/+/2)?. If o is small, the magnitudixm| and un-
is true. wrapped phas€{xm} can also be approximated as Gaussian
with the same variance (this is demonstrated easily by con-
3. PROPOSED CRITERIA sidering the circularly symmetric pdf of a two-dimensional
If multiple sources are resolved by the BF, the problem afausman random variable in the complex plane). We remark
hand becomes trivial. In this case, we can ’simply count th hat the assumption of a smallis reasonable, since we only
: ' onsider snapshots above a certain detection threshold. Us

number of local maxima which exceed a certain threshol - : - .
We remark, however, that the BF resolution capability, Wherg}gtrtigit%%sscg?; d a;)npdro%z( Lmaﬂggé:tkgzr;ebe shown that the
mag phase!

using a single snapshot, is generally dependent on the rela-

tion between phase parametefss,}. 2(
If two spatially separated sources are not resolved, i.e.,

their angular separation is smaller than the beamwidth, we

expectthe angular width of the merged mainlobes to be widefy g e cively, wherg? denotes a chi-square distribution with
than the mainlobe for a single source. Here, we could use

. tdegrees of freedom [8]. In Figure 2, we show the empirical
measure of angular spread, e.g. the 3-dB beamwidth, as a Cfja sty (histogram) of both criteria for a single sourceriro
terion. This is generally difficult to calculate and reqsitke direction6, — 10°, based on 2500 Monte-Carlo runs. We use
evaluation ofP(6) = [z"'a(6)|?/M on a relatively fine grid. o Y| A with M — 8 elementsd — A /2 and noise standard
A non-parametric measure for angular spread, which allowgeyjationg = 0.15. The analytically found distributions are
a simpler calculation, is e.g. suggested in [11]. However, W qyeraid in the plot, which confirm the approximation made.
do not focus on this approach in here. We note that the evaluation @fnag and Gphaseis com-
putationally cheap with a complexity @f(M), and can be
done independently from the BF. On the other hand, due to
The following criteria are conceptually similar to the ideathe involved eigendecomposition, subspace-based soerce d
in [6], where it is suggested to compare the magnitudes angction has a complexity af (M3).

1)

— 2(M -2
o2 Cmag ™~ Xlafl and %(fphaseN Xlafz

3.1 Planewave characteristics
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We observe that there is a region fdfs,} where the
superposition of the sources results in a linear phase char-
acteristic of snapshat, as if only one source is present.
This mainly influences criteri&phaseand ¢¢ol. It has been
found in numerical studies that this region only occurs for
|6, — 61| < BW. Additionally, it has been found with = 3
sources, that superpositions wighandsz, which resultin a
linear phase characteristic, are rare.

Figure 2: Empirical (solid line) and analytic distribution
(dashed line) of criteri@mag andéphaseunder k.

3.2 Cadllinearity with array manifold

Another criterion is based on the collinearity between snap
shotx and the array manifold, defined a(0) : 6 € Q}
whereQ contains all directions of interest. As collinearity
measure we consider

o JaMa(e)p
PO = PReP ©)

which is equivalent to the BF spectrum of a normalized snap
shot. We have?(0) € [0,1] with 0 if vectorsz anda(9)

are orthogonal and 1 if they are perfectly collinear. The
collinearity criterion can now be defined as
Geol = Q’éigl— IS(G) (6)

which requires the evaluation of the BF spectrum. We note
that often in practical array processing the BF spectrum i
calculated as a consistency check, since it provides a gsimp

and low-resolution spatial power indicator. So by normal-
izing the snapshot and considering the peak amplitude, wi

obtain another criterion for detecting a multi-target suém
Computational savings are possible by evaluaRf@) only
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,:igure 3: Empirical quantiles from histograms @fnag,
fphaseand%’cm under H with D = 2 sources and undergH

As mentioned in Section 3.1, am-level test compares

on a sparse grid, and obtaining a refined peak location aritie observed value of a test statistic with a threshold which

value using quadratic interpolation, as used e.g. in [5].

3.3 Performancein atwo-source scenario

Here, we consider the simplest case for an alternativaridl
use model (1) wittD = 2 ands; = 1. Using empirical stud-
ies, we want to analyze the influence of different superpo
sitions of vectors(6;) anda(6,) on the suggested criteria,
especially w.r.t. angular separatidf = 6, — 6;, and corre-
lation phase/{s,}. We allows, to be modeled as

2| ~ Aog(0 dB,0.2 dB?) and /{s,} ~ %[0, 2m).

wheremog(u,oz) denotes a log-normal distribution with
meanyu and variance?, and% [a, b) denotes a uniform dis-
tribution betweera andb. We consider two sources from
6, = 0° and 6, = 10°, and an ULA withM = 8 elements
andd = A /2, which corresponds to an angular separation o
~ 0.7BW. The noise variance is° = 0.01. In Figure 3, we
show empirical quantileg from histograms of the described
criteria vs. Z{s,}, which have been obtained using simula-
tions with 2500 Monte-Carlo runs.

226

has been found using the-{Ir)-quantile of the distribution
under . For criteriaémag and%pnase this level is found to

depend oro? directly. Also taking into account the influence
of AB, we conclude that a reliable detection is possible above
a certain minimum SNR and above a certain minimivé
which both depend on the specified application.

We remark, that practical threshold setting requires the
knowledge ofg?, which can be estimated e.g. based on
neighboring range-Doppler cells. Furthermore, the thokksh
should be set such that the probability of a missed detection
is minimized, while accepting a higher false alarm rategsin
this can be corrected with a proper source number detection
and will only result in an increased computational cost. For
the real data application example, we will also consider a
combination ofémagandépnase Which may be advantageous
in the practical case of an imperfect array calibration.

f 4. APPLICATION TO REAL DATA

In this paper, we provide a qualitative study of the suggeste
criteria with real data. A general assessment employing a
number of different scenarios is left for future work.



The real data has been recorded using a radar array pro- Note that for cycles < 60, due to random fluctuations

totype for mid-range automotive application. The receive
ULA consists of M = 4 printed patch arrays, spaced by

ioften only one target reflection is dominant and therefore
only a single source is detected. In addition to the two-eorn

d=0.591. A global array calibration is applied, as describedscenario there is an equivalent measurement set whererthe ca
in [5]. In an experiment, the array is mounted on a car whichis approaching a single corner reflector. Since for the singl
is approaching two corner reflectors at the same range. Themrner scenario, both source number detection and DOA es-

measurement setup is shown in Figure 4.

Corner
reflector
Radar Y A
array Y R(n) () Y2
Y () Ay;

Figure 4: Experimental setup: the radar array is mounted o
a car which is approaching two corner reflectors.

Using a geometric relation, the true angles can be calct
lated as

6(n) =sin ! <%> fori=1,2

with distancesdy; = —1.3, Ay, = 2.1, andR(n) being the
range at cycle inder, all measured in meter. After inspec-
tion of results, a mounting error of approximateh?® has
been corrected. For DOA estimation, we additionally use
shapshots from neighboring range and Doppler cells. Spati
smoothing and forward-backward averaging is used to deco
relate and produce effectively more snapshots by exptpitin
the array structure [9]. We apply the sphericity test atlleve
a = 0.1 for source detection, followed by subspace-base
root-MUSIC DOA estimation [1]. Experimental results of
standard source detection and DOA estimation are shown
Figure 5.

S0 x DOA 6;(n)
|| o DOA 62(n)
- - —True trajector

timation are relatively accurate, a plot similar to Figuries5
omitted here.

Criteria@mag Gphase@ndécol have been evaluated at cy-
cles where the sphericity test results in a correct souroe nu
ber estimate, which was found to coincide with a meaning-
ful result (this choice is reasonable because we only aim at
achieving the same performance as standard source num-
ber detection, but using cheaper computations). The result
is shown in Figure 6. We observe that the populations are
relatively well separated, especially for the magnitudd an
collinearity criterion. A suitable threshold can be foufal;
lowing the discussion in Section 3.3.
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Figure 6: Real data scatter plots of crite¥igag, ¢phaseand
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Another possibility is the combination o&mag and
%phase In Figure 7, we show a scatter plot of the two cri-
teria for single target and two targets present. We observe
that the two populations are well separated and a combina-
tion of criteriaémag and ¢phaseiS a potential candidate for
a multi-target scenario detection. Note that the indicated
threshold (dashed line) has been obtained using linear dis-
criminant analysis.

5. CONCLUSION

In a practical radar-array system, computational cost n b

Figure 5: Real data DOA estimation using root-MUSIC, thesayed because high-resolution DOA estimation is not always
source number has been obtained using the sphericity testnecessary. In particular, the computationally efficient BF
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Figure.7: Real data scatter plot of criteféag and Gpnase %4]
for a single target and two targets present, the threshold

obtained via linear discriminant analysis.

is sufficient for DOA estimation if only a single source is
present. We have developed and analyzed computationally
simple criteria for detecting a multi-target scenario. The
suggested criteria can be applied with single snapshot only
which is a consequence of the applied classic pulsed radar
pre-processing. We have shown a successful application of
the presented criteria to experimental data from an automo-
tive radar-array application.

(1]

(2]

(3]

(4]

(5]

(6]

[7]

REFERENCES

A. Barabell. Improving the resolution performance of
eigenstructure-based direction-finding algorithms. In
Proc. of the 8" IEEE Int. Conf. on Acoustics, Speech
and Sg. Proc. (ICASSP), Boston, USA, 1983.

M. Bihren and B. Yang. Automotive radar target list
simulation based on reflection center representation of
objects. InWobrkshop on Intelligent Transportation,
pages 161-166, Hamburg, Germany, Mar 2006.

F. Gini and F. Bordoni. On the behavior of information
theoretic criteria for model order selection of INSAR
signals corrupted by multiplicative noisElsevier Sg-
nal Processing, 83(5):1047-1063, May 2003.

J. Gunnarsson, L. Svensson, L. Danielsson, and
F. Bengtsson. Tracking vehicles using radar detections.
In IEEE Intelligent \Vehicles Symposium, pages 296—
302, Istanbul, Turkey, Jun 2007.

P. Heidenreich and A. Zoubir. High-resolution directio
finding of coherent sources in the presence of model
errors using alternating projections. IlBEE Workshop

on Satistical Sg. Proc. (SSP), Cardiff, UK, Sep 2009.

C. Koelen, M.-M. Meinecke, and T. Teubner. High res-
olution DOA automotive radar with four receiving an-
tennae. IrProc. of IEEE Int. Radar Symposium (IRS),
Krakow, Poland, 2006.

H. Krim and M. Viberg. Two decades of array signal

processing researchlEEE Sgnal Processing Maga-
zine, 13(4):67-94, Jul 1996.

228

A. Papoulis and S. Pillai. Probability, random vari-
ables, and stochastic processes. McGraw-Hill, 2002.

S. Pillai and B. Kwon. Forward/backward spatial
smoothing techniques for coherent signal identification.
|EEE Trans. Acoustics, Speech and Sig. Proc., 37(1):8—

15, Jan 1989.

M. Richards. Fundamentals of Radar Signal Process-
ing. McGraw-Hill, 2005.

M. Tapio. On the use of beamforming for estimation
of spatially distributed signals. Ifroc. of the 28"
IEEE Int. Conf. on Acoustics, Speech and Sg. Proc.
(ICASSP), Hong Kong, Apr 2003.

H. van Trees.Detection, Estimation, and Modulation
Theory - Part IV Optimum Array Processing. Wiley
and Sons, 2002.

M. Wax and T. Kailath. Detection of signals by in-
formation theoretic criteria. IEEE Trans. Acoustics,
Speech and Sg. Proc., 33(2):387-392, Apr 1985.

D. Williams and D. Johnson. Using the sphericity
test for source detection with narrow-band passive ar-
rays. |EEE Trans. Acoustics, Speech and Sg. Proc.,
38(11):2008-2014, Nov 1990.



