ESTIMATION OF NEAR-FIELD PARAMETERS USING SPATIAL TIME-FREQUENCY
DISTRIBUTIONS

Luke A. Cirillo®, Abdelhak M. Zoubir' and Moeness G. Amin*

TDarmstadt University of Technology,
Merckstrasse 25, Darmstadt 64283, Germany.

{cirillo, zoubir}@ieee.org

ABSTRACT

This work deals with the estimation of near-field parame-
ters using passive sensor arrays. A transformation of the ar-
ray data is proposed which allows the extraction of near-field
time-frequency signatures from data containing a mixture of
far- and near-field sources. Spatial time-frequency distribu-
tion matrices are then used as a means for solving the near-
field parameter estimation problem. The estimation accuracy
of the proposed approach is compared to existing methods via
simulation analysis. An experimental validation of theoretical
ideas is also presented.

Index Terms— Array signal processing, time-frequency
analysis, direction of arrival estimation, radar measurements.

1. INTRODUCTION

As discussed in [1], both near-field (NF) and far-field (FF)
scatterers may be present in certain applications such as sur-
face-wave radar. In such cases, estimation methods which
assume only a given class (FF or NF) of scatterers are present
mis-model the data and subsequently result in sub-optimal or
erroneous estimation of the parameters of interest.

Characterization of NF scatterers in the presence of FF
sources was considered in [1, 2], using a quadratic sensor-
angle distribution (SAD). The work in [1] assumes that a NF
scatterer is illuminated by a cooperative FF source of known
DOA. Characterization of the NF scatterer requires one to first
suppress the FF source using subspace projection techniques.
Parameter estimation using the SAD, and the issue of aliasing,
are discussed in [2]. It is noted that the SAD was formulated
based on the assumption of a uniform linear array (ULA) and
a large number of sensors.

In this paper, a means for distinguishing NF and FF sour-
ces is proposed, based on time-frequency analysis. The pro-
posed approach is not restricted to a ULA geometry or large
number or sensors and the DOA of FF sources need not be
known a priori. Estimation of NF parameters is proposed
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based on spatial time-frequency distribution (STFD) matri-
ces, which have previously been applied to both blind source
separation [3] and direction-of-arrival (DOA) estimation [4]
problems.

2. SIGNAL MODEL

We consider an array of M sensors observing narrowband sig-
nals, of which K are in the NF and L in the FF of the array.
The baseband signal model is given by

K L
= Zb T;g,(bk Sk )+ Za (0)zi(t (t), (1)
k=1 =1

where x(t) is the vector of sensor outputs at time ¢, {s(¢)}
are the NF source signals, {z;(¢)} are the FF source signals
and v(t) is an additive noise process. The vector b(r, ¢) de-
notes the array response to a NF source at range  and angle ¢
with respect to the reference sensor. The vector a(6) denotes
the array response to a FF source at angle 6. For convenience,
we denote the array response to the kth NF source as by, and
to the [th FF source as a;.

It is assumed that the sources {si(t)} and {z;(¢)} are FM
signals and that the noise is a complex white process of vari-
ance 2. N observations, {x[n]}=, are collected for esti-
mation.

3. NEAR-FIELD PARAMETER ESTIMATION
In this Section, we investigate the use of STFD matrices, for

the purpose of NF parameter estimation. The STFD matrix of
the sensor data is defined as:
ZH }efj2wl7
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whose elements are the auto- and cross-TFDs! of the sensor
data.

x[n + |z [n

mmnw

L is a kernel function defining the distribution [5] and *,, denotes con-
volution w.r.t. n.
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Let us assume the sources of interest have a well-defined
TF structure, such as constant amplitude FM signals, whose
TF signatures are distinct from one another. By averaging
Equation (2) across the TF signature of a given source, one is
able to isolate the signal energy from that component alone,
and perform parameter estimation without the influence of
the other signals. This property has been investigated for FF
direction-finding in [4].

Consider that the kth NF source has an instantaneous fre-
quency (IF), denoted w; (t), for k = 1,..., K. Calculating
the averaged STFD for source k yields:

N—

Dy, = Z [N, wi k[n]) 3)
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+Noise term. 4)

Estimation of the NF parameters for source k may be achieved
by applying traditional covariance based estimation methods
to Dy, assuming only one source is present. In the follow-
ing, we shall make use of both the MUSIC estimator and the
beamforming approach.

The NF-MUSIC estimator is obtained from a subspace de-
composition of the data covariance matrix in [6]. In this work,
we apply the same approach to the averaged STFD matrix.
An estimate of the range and bearing of the kth NF source is
obtained according to:

1
¢) b (r, 9)ULUb(r, ¢)’
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(1, pi) = arg max

for k = 1,..., K. In Equation (5), U, denotes the noise
subspace which is estimated from by taking the M — 1 eigen-
vectors of Dy, corresponding to the M — 1 smallest eigen-
values.

In many applications, the sources are not well modelled
by discrete points in space, which means that use of Equa-
tion (5) is not appropriate. Instead, the beamformer spectrum
may be calculated over a range of parameter values to form an
“image” of the NF characteristics of the scatterers (this shall
be demonstrated in the following section using experimental
data). The beamformer spectrum for the averaged STFD of
source k is defined as:

bH(T ®)Dyb(r, ¢)

C k=1,... K. (6
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4. NEAR-FIELD SOURCE DISCRIMINATION

In order to apply Equation (3) for estimation, the IF of the NF
sources must be known or estimated. In this section, we out-
line a means of discriminating the time-frequency signatures

of NF sources from a mixture of NF and FF sources. The
proposed approach is based on the TFDs of the sensor data.

We propose that by subtracting the average of sensor TFDs
from the TFD computed at each sensor, one may remove the
TF contributions of all FF sources. This is motivated by the
fact the FF sources are received with the same power at each
sensor, while the NF sources are received with varying powers
due to the sphericity of the wavefront. Consider the following
quantity:

A n,w) =

M
1
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for m = 1,..., M. Substitution of the model from Equa-
tion (1) into (7) yields:
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form = 1,..., M, where b,,,, and a,,,, denote the mth ele-

ment of b, and a,, respectively.
Through use of a cross-term free TFD such as the spectro-
gram, one may consider only the auto-terms of Equation (8):
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Under the mild assumption that each sensor of the array has
the same gain, the magnitude of each element of the FF re-
sponse vector is equal. The second term in Equation (9) there-
fore evaluates to zero and the quantity Ay[n,w) contains only
the TFDs of the near-field sources.

As the weighting of NF source TFDs in Equation (9) may
be negative, we propose the following “NF-TFD” for estima-
tion of NF TF signatures:

1
2

Bn,w) = [MZ mln,w) ] . (10)

The TF signature of the NF sources may be estimated, e.g.
by applying peak-finding or multi-component IF estimation
techniques to Bln,w).
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5. SIMULATION RESULTS

The estimation accuracy of the proposed approach was evalu-
ated via Monte Carlo simulations. In the experiment, two NF
and two FF chirp signals were present. The NF sources had
locations of (r1,¢1) = (0.5X,70°) and (72, ¢2) = (5X,69°)
respectively, where A denotes the carrier wavelength. The FF
sources had directions #; = 75° and 65 = 110°. A uni-
form linear array structure of 6 elements with spacing A/2
was used. All angles specified herein are w.r.t. the array end-
fire. All sources had the same power w.r.t. the noise and
N = 256 observations were used. Calculation of the NF-TFD
was based on a spectrogram with window length 51 samples.

The NF parameters were estimated using the NF-MUSIC
algorithm. The RMSE of the estimates of range and direc-
tion of the first NF source are shown in Figure 1. For com-
parison, the estimation was performed using the STFD matrix
when the TF signature of the source is known and when it was
estimated using Equation (10). The signature was estimated
by taking the location of the largest peak of B[n,w) at each
time-slice. In Figure 1, the accuracy of the MUSIC algorithm
based on the covariance matrix and the CRB for estimation of
a single NF source are also shown.

The results in Figure 1 indicated that STFD-based esti-
mation is superior to covariance-based estimation at very low
SNR. Unfortunately, the estimation of the NF TF signature is
not successful at very low SNR where the best performance
gain of the STFD-based estimation is achieved. We note,
however, that in the range from 2 to 15 dB SNR the method
which estimates the TF signature has higher accuracy than
the covariance based method. It is expected that better tech-
niques for estimating the TF signature from B[n,w), such as
the Hough transform [7], will allow one to apply this approach
at lower SNR.

6. EXPERIMENTAL RESULTS

The proposed approaches for estimation of NF TF signatures
and NF parameters have been applied to experimental data
for validation of the theoretical ideas. The experimental sys-
tem consists of a linear array of 16 antennas, located on the
coast close to the land-sea boundary. Three targets are present
in the experiment; two ships in the far-field of the array and
one target in the near-field. All targets are transmitting linear
FM signals of bandwidth 20 KHz and waveform repetition
frequency 50 Hz, transmitted at a carrier frequency of 6.41
MHz.

The TF distribution of the signal received at the first sen-
sor of the array and the NF-TFD of the sensor data are shown
in Figures 2 and 3 respectively, which have been computed
using the spectrogram with a rectangular window of length
61 samples. The NF-TFD clearly shows the TF signature of
the NF source, while the TF signatures of the FF sources have
been suppressed by over 15 dB.

Based on the NF-TFD shown in Figure 3, the IF of the NF
source is estimated as the location of the largest peak for each
time-slice. Using the estimated IF, the averaged STFD for
the NF source is computed according to Equation (3), using
the pseudo Wigner-Ville distribution (PWVD) with rectangu-
lar window of length 61. The NF beamformer spectrum is
obtained according to Equation (6) and plotted in Figure 4.
For comparison, the standard beamformer, obtained by sub-
stituting the matrix D}, with the sample covariance matrix in
Equation (6), is plotted in Figure 5. We note that the use of
TF processing to isolate the NF source allows one to more
clearly observe the NF characteristics, without the influence
of the FF sources.

7. CONCLUSIONS

The use of STFD matrices for NF parameter estimation has
been investigated, and shown to provide improved accuracy
with respect to covariance-based estimation. It was shown
that by selectively averaging the TF signature of only NF
sources, one may ignore other FF sources present in the data.
A means of discriminating between the NF and FF TF sig-
natures was also proposed and successfully applied to both
simulated and experimental data.
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Fig. 1. The RMSE of NF parameter estimation using the MU-
SIC algorithm, for estimation of the range (top) and direction
(bottom) of the reference source.

The spectrogram of the output of the first sensor
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Fig. 2. The TFD of the signal received at the first sensor of
the experimental system.

The NF-TFD computed using spectrograms
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Fig. 3. The NF-TFD of the experimental data, showing
clearly the TF signature of the NF source.
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Fig. 4. The NF beamformer obtained using the averaged
STFD.
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Fig. 5. The NF beamformer obtained using the sample co-
variance matrix.
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