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Two reconstruction algorithms operating on scattering parameters measured by a stepped-frequency radar are
compared in terms of accuracy and speed of through-the-wall image reconstruction

Take-Home Messages

e TWRI systems can remotely monitor thieves or robbers inside a building or subjects under the rubble.

e Delay and sum (DAS) and range migration (RM) algorithms are among the most used techniques for image

reconstruction and in this paper their pros and cons are investigated.

e The two inversion algorithms have been compared based on analytical, numerical and experimental data

acquired for realistic scenarios.

e DAS and RM have similar resolution and dynamics with the former having a better field of view and the

latter being faster.
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Abstract Through-the-wall radar imaging (TWRI) systems allow police, fire personnel and defense forces to detect, identify and
track subjects inside buildings or under rubble. In this paper, the delay and sum (DAS) and range migration (RM) algorithms are
compared as imaging techniques for a multiple input multiple output (MIMO) stepped-frequency (SF) radar system. These
algorithms have been applied to analytical, simulated, and measured data both in the absence and in the presence of a wall between
the antenna and the target. Both techniques were able to accurately reconstruct the position of targets behind a wall. The DAS
presents a wider angle of non-ambiguity while the RM is faster. An improvement of the DAS, in terms of accuracy in the target

positioning, is achieved applying the Fermat’s principle.
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1. INTRODUCTION

hrough-the-wall radar imaging (TWRI) systems allow
police, fire personnel and defense forces to detect,
identify and track subjects inside buildings [1].
Moreover, they can also be used to track elderly adults inside
their home in the active and assisted living (AAL) context
[2]. Generally, these systems utilize a time-division
multiplexed (TDM) multiple-input multiple-output (MIMO)
array of antennas and are based on frequency modulated
continuous wave (FMCW) [3]-[5], ultra-wideband (UWB)
[6] or stepped-frequency (SF) radars [7]-[10]. TWRI systems
apply algorithms on the acquired signals in order to
reconstruct an image of the investigated scenario. Lincoln-
MIT laboratory used, as imaging technique, the range
migration (RM) algorithm [3], [4] applied to FMCW radar
data; while, at the Army Research Laboratory, the back
projection (delay and sum (DAS)) time domain algorithm
has been implemented [6]. Finally, The Villanova University
group developed a compressive sensing technique applied to
the output signals of a stepped-frequency radar [7]-[8].
In this paper, a stepped-frequency radar will be considered
and the frequency domain delay and sum and range
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migration algorithms will be utilized for the image
reconstruction.

In particular, DAS and RM will be applied to scattering
parameters analytically evaluated for a single point scatterer
and for a cylinder behind a wall (2D-problem). Moreover,
the two algorithms will be implemented on simulated
scattering  parameters achieved with a full-wave
electromagnetic CAD (Microwave Studio by CST)
simulating a cylindrical obstacle behind a wall. Finally, an
experimental setup constituted by a dielectric and two
scatterers behind a brick wall will be considered. In this case,
the scattering parameters measured with a vector network
analyzer (VNA) at the port of two truncated waveguide
antennas will be given as input to the DAS and RM
algorithms. By using analytical, simulated and measured
data, the potentiality and limits of the DAS and RM
techniques will be deeply investigated.

II. MATERIALS AND METHODS

A. Radar System and Scenarios

Fig. 1 shows the stepped-frequency radar structure. The
system utilizes a vector network analyzer that measures the
S,1 scattering parameter between a transmitting and a
receiving section. A power amplifier (PA) in the transmitting
channel and a low-noise amplifier (LNA) in the receiving
one are used to achieve the required dynamics. A couple of
switches select sequentially a transmitting and a receiving
antenna. The spatial positioning of the transmitting and
receiving antennas is chosen to realize a series of equidistant
equivalent antennas separated by half the wavelength.
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Fig. 1 Stepped-frequency radar structure.
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Fig. 3 Simulated scenario.

To test the DAS and RM algorithms, a scenario constituted
by M equidistant antennas, a wall and one or two scatterers
behind the wall has been considered. For this scenario the SF
radar output scattering parameters have been obtained with
analytical, simulated and measured approaches.

The analytically studied geometry, depicted in Fig. 2,
models one of the radar system equivalent antennas. The
transmission line approach has been used to evaluate the
scattering parameters. In particular, in the region 1
(0 <y <d,) the following equations hold:

Ef = Eqje Jkom (1)
E, = Efe ko )
where:
2
ko= 3)

For oblique incidence the air wave impedance in region 1

is given by:
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In region 2 (d; <y < d;+d) the wave matrix representation
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where the normalized wall wave impedance is given by:

where:
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In region 3 (y > d; + d2), on the basis of the theory of
scattering by a 2D-cylinder, it results [11]:
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where [, and H,Sz) are the Bessel functions of the first kind
and the Hankel functions of the second kind, respectively.
By solving the system (1)-(10) the E; field is computed at N
frequency points and the scattering parameters can be
computed as:

Es
Su(e) =22 (1)

The same problem is solved by placing the source at M=27
different positions along the x axis in Fig. 2. The sources are
separated by a distance of 7.5 cm (A/2 at the center frequency
of 2 GHz).

In order to investigate the properties of the DAS and RM
algorithms, a preliminary study has been performed in the
absence of the wall and considering a point scatterer. In this
case, the transmission line approach gives:

E; = EgeJ2kopy (12)

Concerning the numerical and experimental scenario, each
equivalent antenna of the radar has been realised with a
couple of transmitting and receiving antennas. For the
numerical solution, the electromagnetic CAD Microwave
Studio by CST has been used (see Fig. 3). To generate the
whole set of data, two truncated waveguide antennas,
operating in the 1-3 GHz band, with their centers at a



distance of 36 cm, are moved in the cross range direction by
7.5 cm steps at M=27 positions along the x axis. A wall with
a thickness d, is placed at a distance d from the antennas and
a cylindrical metallic target with radius “a” is located at a
distance d+d>t+d; from the array. Microwave Studio
simulations outputs are the S»; scattering parameters between
the two antennas at N frequency points.

B. Reconstruction techniques

The first implemented reconstruction technique is the
delay and sum algorithm [12]-[13]. In this technique, the
domain under study is divided in square pixels
(i.e. 1 cm x 1 cm) with (x,y) coordinates and the pixel
intensity is evaluated as:

M yN jZd) | j2nft
106,y) = [Sh, B, 85D/ 790 er2nr| - (13)

where i = 1 and j = 1 in the analytical case, while i = 2 and
j = 1 in the simulated and measured ones, d(k) is the
transmitting antenna—pixel-receiving antenna distance, M is
the number of antennas, N the number of considered
frequencies, and 7p is the time delay between the excitation
ports and the reference ones. This last term has to be
considered only for the simulated and measured scenarios.

For taking into account the refraction caused by the wall,
the Fermat’s principle of least time [1] has been
implemented. Based on this principle, the electromagnetic
path between the source and the scatterer and vice versa is
the path of least time. This means that the problem of finding
d(k) in (13) becomes the optimisation problem of finding the
coordinates of points on the wall where the ray meets the wall
surfaces for the minimum travel time. This problem has been
solved by using the “fminsearch” function of MATLAB®
program  that implements the  multidimensional
unconstrained nonlinear minimization (Nelder-Mead)
method [14].

The second considered reconstruction technique is the
range migration [15]-[16]. In this technique, the scattering
parameters at M antenna positions, each one with N
frequency points, are allocated in a S(MxN) matrix.

First, FFT is applied for all columns (along the cross
range) with a 256 point zero padding giving:

H(ky, k) = S(S(x'f)) (14)
where
% <k, < ;’—a (15)

d, is the distance between the antennas and:

_2nf

ky ==L with 1 GHz<f<3 GHz. (16)

Then, from the cross range k. wave number and the range
k- wave number, the &, wave number is evaluated as:

ky = JkZ— KZ. (17)

Introducing an evenly spaced y wave number k., the
H(k,, k,) matrix is interpolated obtaining H'(ky, ky.).
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Fig. 4 Experimental setup.
Finally, a 2D inverse FFT is applied giving:
I(x,y) = I(H' (ky kye) ) (18)

where I(x, y) represents the reconstructed spatial image.

III. EXPERIMENT AND RESULTS

A. Experimental Setup

A picture of the experimental setup is reported in Fig. 4. It
is constituted by a 25-cm thick brick wall, 180 cm wide,
placed at a distance of 80 cm from the antenna aperture
plane. A water tank and a metallic post are placed 200 cm
and 320 cm from the antenna plane, respectively. The
stepped-frequency radar utilizes, as radiating elements, two
truncated waveguides (WR 430) operating between 1.7 and
2.6 GHz. The two waveguides, whose centers are at a
distance of 46 cm, are moved at 7.5 cm steps at M=31
positions and the S,; scattering parameters between the two
antennas are measured at N frequency points with a VNA
(Agilent PNA-L 5230A). For each antenna position, the
measured scattering parameters are stored in the VNA
memory and then transferred to a PC for the application of
the Matlab codes for the inversion algorithms. In the
following, results will be described with reference to
analytical, simulated and measured data.

B. DAS and RM with analytical data

The DAS and RM algorithms have been used to
reconstruct the scenario from scattering parameters
evaluated analytically at N=500 frequency points. First a
scenario without the wall has been investigated. For the
considered bandwidth (B = 2 GHz) and antenna number
(M = 27) placed at distance d, = A/2, the radar theoretical
resolution in range is 67 = ¢/2B = 7.5 c¢cm and the resolution
in angle is 8¢ = 1/(M-1) = 0.04 rad. Fig. 5a shows a
reconstruction achieved by applying the DAS algorithm to a
point scatterer placed at the position x =0 m, y =2 m. From
image cuts it results a 3 dB width of 7 cm in range (Fig. 6a)
and 7 cm in cross-range (Fig. 6b) very close to the 7.5 and 8
cm theoretical values. The same scenario has been
reconstructed by using the RM algorithm. The obtained
results (not shown) are very similar to those from DAS.

A further study has been performed by moving the target
laterally in the x =2 m, y =2 m position (¢ = 45° in Fig. 2).
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Fig. 5 Reconstructed images by using DAS and RM on analytical data. Point source with DAS (a), point source with a 45 ° tilt with DAS (b) and with RM (c).
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Fig. 7 Reconstructed images by using DAS and RM on analytical data. Cylinder behind a wall with DAS (a) and with RM (b).

0 0 i DAS
10 (" —RM
-10 ) u\ |[ Iy
—_ — |- |-
@ @ -20
™ : ol ! T
= Vs - -~ .. =-30 I \W ||J [ ‘ |||' | II
301/ ] I |\ '
- ~ -40 |' || | Y
i ‘
-40 -50
-1 -0.5 0 0.5 1 8 85 9 9.5 10
Cross Range (m) Range (m)
(a) (b)
Fig. 8 Cross range cut over DAS image of a cylinder behind a wall (a) and range cut over DAS and RM images of a cylinder behind a wall (b).

In this case the DAS algorithm is still able to correctly scenario only inside a non-ambiguity angle depending on the
reconstruct the scenario (Fig. 5b) while RM image (Fig. 5¢c) antenna spacing. For a half-wavelength spacing the non-
presents a strong artefact. This is a well known problem of ambiguity angle is about 30° and hence lower than the 45°
this kind of algorithms that are able to reconstruct the angular direction of the point scatterer investigated.
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Fig. 9 Reconstructed images from simulated data. DAS reconstruction of a cylinder behind a wall (a); image with DAS and with the application of the Fermat’s

principle (b); reconstructed image with RM (c).
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Fig.10 Along range cut of DAS with and without the application of the
Fermat’s principle.

This problem is not present with the DAS algorithm that
hence, from this point of view, has superior performances. A
drawback of the DAS is the elaboration time that is longer
with respect to the RM. As an example, the solution in
Fig. 5a for a2 m x 3 m domain and 1 cm x1 cm resolution is
achieved in 132 s, with respect to the 2.4 s of RM. However,
if the cell dimension is increased to 5 cm x 5 cm the DAS
execution time reduces to 5.2 s with still a good localization
of the target. Moreover, execution times reduce to 3.7 s by
considering 300 frequency points instead of 500.

Finally, Egs. (1)-(11) have been used to achieve
analytically the Sy; data for the scenario in Fig. 2. In this case
d=6m,d,=02m,d3s=28m,a=0.1m, & =15 and
o = 0.01 S/m. Fig. 7a and Fig. 7b show the DAS and RM
images, respectively. The two reconstructions are very
similar with a good definition of the two reflecting surfaces
of the wall and of the obstacle. Being the obstacle at a
distance of 9 m the angular resolution of 0.04 rad gives rise
to a theoretical cross range resolution of 36 cm, very close to
the 3 dB value of 31 cm obtained from the reconstruction
(see Fig. 8a). To further compare the two algorithms, cuts
along range on Fig. 7a and Fig. 7b have been overlapped in
Fig. 8b. The figure shows that the two techniques have
similar range resolution (= 7 c¢m), in agreement with the
theoretical one. In addition, dynamic ranges, which are
defined as the difference between the peak value and the
noise floor, are very similar (= 30 dB).

C. DAS and RM with simulated data

The simulated scenario consists of a wall with a thickness
d» =15 cm, & = 4 and o = 0 S/m placed at a distance
di = 1 m from the antennas and a cylindrical metallic target
of radius @ = 0.1 m placed 200 cm far from the array. For
taking into account the electrical distance between the
waveguide excitation plane and the antenna reference plane,
a calibration procedure has been applied. In particular, the
transmitting and receiving antennas have been placed one in
front of the other at various distances and the delay of the
transmitted pulse was plotted as a function of the antenna
distance. In this manner, the extrapolated delay at a distance
equal to zero divided by two gives 7p. A value of 7p = 1.5 ns
has been estimated for the considered antennas and inserted
in (13). By applying the DAS algorithm, the scenario
reconstruction of Fig. 9a has been obtained. The strong
reflection of the wall is well evidenced, together with the
shape of the cylindrical target behind the wall. Then, the
Fermat’s principle has been applied and the achieved results
are reported in Fig. 9b. The figure shows that considering
refraction allows a better definition of the target shape and
location. In order to better evidence the improvement
achieved with the application of the Fermat’s principle the
along range cut of the images is reported in Fig. 10. The
array-cylinder distance of 2 m is estimated as 2.22 m and
2.07 m without and with the application of the Fermat’s
principle, respectively. By using the RM algorithm the image
reported in Fig. 9¢c has been obtained. The figure shows that
the reconstructed array-cylinder distance is about 2.2 m
similarly to the DAS without application of the Fermat’s
principle.

D. DAS and RM with measured data

With reference to the measured scenario, this is constituted
by a water tank, and a metallic post placed behind a 25 cm
thick brick wall located 80 cm far from the antenna (Fig. 4).
The antennas are located on a trolley and moved at M = 31
positions. At each position the Sy scattering parameters
between the two antennas are measured at N=801 frequency
points with a VNA (Agilent PNA-L 5230A). A time gating
on the measured data has been applied in order to remove the
effect of the wall.
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Fig 11 Reconstructed images from measured data. Two targets behind a wall with DAS (a), DAS with the application of the Fermat’s principle (b); image with

RM (c).

The achieved reconstructions with the DAS algorithm are
reported in Fig. 11a and Fig. 11b, with and without the
application of the Fermat’s principle. The application of the
Fermat’s principle gives rise to an improvement in the
obstacle shape reconstruction. Fig. 11c shows the image
obtained with the RM algorithm. The comparison between
Fig. 11a and Fig. 11c shows that both the DAS and the RM
algorithms are able to correctly locate the two targets.
However, in both cases, some ghosts appear in the image
with intensity comparable with that produced by the metallic
post. This problem is probably due to errors caused by the
non-perfect positioning of the antennas that are mounted on
a manually moved trolley and by multiple reflections
between the obstacles and the wall.

IV. CONCLUSION

The delay and sum and range migration algorithms have
been compared as imaging techniques for a MIMO stepped-
frequency radar system. These algorithms have been applied
to analytical, simulated, and measured data both in the
absence and in the presence of a wall between the antenna
and the target. Both techniques were able to accurately
reconstruct the position of targets behind a wall. The DAS
presents a wider angle of non-ambiguity while the RM is
faster. A further improvement of the DAS in terms of
accuracy in the target positioning has been achieved by
applying the Fermat’s principle. As future development, to
obtain more accurate measured data, a system based on a set
of Vivaldi antennas, operating in the 1-3 GHz band, driven
by a couple of single pole six throw switches (PE71S6088)
will be used in the experimental setup.
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