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Abstract— Obtaining microwave images of subsurface objects with scanning radar systems
requires positioning of the radar antenna within a fraction of the wavelength in the medium.
At the frequencies of several gigahertz the positioning of the radar is achieved by a distance
measuring wheel, which can be used only on smooth surfaces. In such a positioning system the
data acquisition requires collecting data samples along parallel lines to get plan view images.
In this paper a hand-held radar equipped with a video-based positioning system is considered.
The video-based positioning system, which uses a web-camera and a contrast graphical marker
(an AR-marker), enables positioning the radar in 3D with sufficient precision without any con-
straints on the sampling pattern. The radar position is calculated using correspondence between
the physical coordinates of the marker corners and their projections on the web-camera image.
Reconstruction of the microwave image is performed by a back projection method which uses 3D
coordinates of each data sample. The result of data processing can be presented as a traditional
microwave image, or as an overlay to the image of the scene (augmented reality). This way
of data visualization removes the problem of radar data remapping from the computer screen to
the probed scene. Several application areas of the developed technique are outlined. Among the
considered problems are: obtaining radar images of concealed objects under clothing by a hand-
held radar scanner and obtaining radar images over uneven surfaces (arched ceilings, columns,
statues, natural soil etc.). The first of these applications is illustrated with experimentally ob-
tained results.

1. INTRODUCTION

When performing data acquisition by ground penetrating radars working at frequencies of several
gigahertz, precise positioning of the radar antenna within a fraction of the wavelength in the medium
is required. Usually it is achieved by a distance measuring wheel, and the data acquisition implies
collecting data samples along parallel lines that is rather time consuming.

In [1], it was shown that the use of a web-camera-based tracking system may increase the data
acquisition speed by a factor of ten in comparison with the traditional scanning approach. In this
system the data processing method assumes data samples to be located on a plane surface. But
in many situations it can be difficult or nearly impossible to perform a planar scan, for example,
when obtaining radar images of concealed objects under clothing by a handheld radar scanner or
obtaining radar images over uneven surfaces (arched ceilings, columns, statues, natural soil etc.).

The radar imaging system considered in this paper is a further development of the system
described in [1]. New method of video and radar data processing allows reconstructing microwave
images from the samples arbitrarily positioned in space without any constraints on the sampling
pattern.

2. EXPERIMENTAL SETUP

The system consists of a RASCAN radar [2], which includes the control block and the antenna,
operating in the frequency band 6.4–6.8 GHz, a tripod mounted web-camera, and a personal com-
puter. The mentioned components apart from the control block and the personal computer are
shown in Figure 1(a). The upper cover of the radar antenna has a contrast AR-marker, which is
detected and tracked on a video sequence. The AR-marker and its detection code were based on
the project “Python-ar-markers” [3].

The geometry of the setup is shown in Figure 1(b), where the antenna with a contrast AR-marker
is situated in the field-of-view of the camera. The camera is calibrated according to the standard
procedure with a chess board from OpenCV library [6], so its internal parameters and distortion
coefficients are known. In the experiments described here the camera remains stationary with
respect to the scene all the time.
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Figure 1. Experimental setup.

The position and ID of the AR-marker in 3D is calculated after detecting its corners on each
video frame. The position of the antenna phase center that is necessary for data processing is
calculated based on the marker position as they are connected by a constant transition vector.
The in-phase and quadrature (I/Q) samples of the radar signal are taken synchronously with each
video frame. The I/Q samples are accumulated (appended) in a linear array together with current
coordinates of the antenna phase center. To prevent data redundancy, their collection is suspended
when the antenna does not move. The stream of video frames and I/Q samples is interrupted
every few seconds to update the reconstructed radar image by processing the accumulator array.
These interrupts do not prevent comfortable interactive operation with the radar and can be fully
eliminated by implementing data processing in a parallel execution thread.

The operation with the radar begins with setting up the camera so that the area to be scanned is
in its field of view. The sensor is immediately recognized as it appears in the scene. It is suggested
that the scanning is started without knowing a particular fragment of interest. This fragment is
discovered by a blind sparse scan, which reveals the area with a concealed object. Upon discovering
the area of interest, the operator continues to scan over it, observing the periodically updated
radar image. Additional scanning in the area occupied by a hidden object increases the resulting
resolution of the radar image.

3. DATA PROCESSING

Microwave data in this configuration form phase history that can be expressed as the superposition
of the object reflectivity times the complex exponential that represents the round-trip delay to the
object. For reconstruction (focusing) of the data a back-projection technique is used that is based
on the supposition that “The imaging algorithm for any form of frequency and spatial diversity is
eminently simple: the image is formed by the integrated product of the measured data multiplied
by the conjugate phase history postulated for a point located at each pixel in the image space” [4].
Using this focusing technique, the reconstructed value in a spatial point located at r̄img is

Q(r̄img) =
N∑

i=1

E(r̄i)e−jk2|r̄img−r̄i| (1)

where E(r̄i) is the data value acquired in the point located at r̄i, N is the number of samples,
k = 2πf/c is the wavenumber, f is the frequency, c is the speed of light.

Since the sampling points do not form a plane, the question arises of how to choose the focusing
plane. If the operator uses the handheld radar scanner, as in this experiment, it is expected that he
or she tries to follow the plane that is parallel to the investigated surface. So the focusing plane in
Figure 1(b) is the plane at the distance D from the approximating plane for the array of sampling
points. This distance is adjusted by the operator to achieve the best focused image. In case
of scanning uneven surfaces like arched ceilings, columns, etc., the focusing plane (or non-plane
surface) can be formed on the basis of the scanning surface.
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The key difference between this system and the system from [1], except for the reconstruction
algorithm, is that the system from [1] allows data samples to be located on a plane surface only.
So, each sample is connected to the current coordinate of the marker center located on the top
cover of the radar antenna. During the reconstruction, the array of the marker center’s coordinates
is easily transformed into the array of the phase center’s coordinates by parallel translation. In the
present system, allowing free movement of the antenna, that translation is not possible and each
sample should be connected to the coordinate of the phase center immediately. At first sight, it is
not a problem because position of the phase center is explicitly connected to the markers position.
But the experiments have shown that the phase center’s position measurement error may be up to
5 cm. The fact is that the marker position is calculated using correspondence between the physical
coordinates of its corners and their projections onto the web-camera image by solving Perspective-
n-Point (PnP) problem [5]. The errors in determining the projection coordinates sometimes lead
to the calculated position of the marker being rotated relative to its true position. Herewith, the
marker center’s coordinates are calculated accurately enough but, as the antenna height is 13 cm,
the phase center’s coordinates have essential error not allowing image focusing.

To increase the accuracy three strategies have been tested. Firstly, the cornerSubPix function
from OpenCV library was applied. This function iterates to find the sub-pixel accurate location of
markers corners on the image. Secondly, not only the markers corners were involved in solving the
PnP problem, but all inner saddle points of the marker as well. The marker with the ID having
the maximum possible number of saddle points for the given marker size (7 by 7 pixels), seen in
Figure 1, was chosen. At last, the size of the marker was increased from 55 by 55mm to 75 by
75mm. All these steps totally have increased the accuracy tenfold.

4. EXPERIMENT RESULTS

In the experiment, a mannequin dressed in a T-shirt with a pistol placed under it was used. The
distance between the plane approximating the sampling points and the object was about 10 cm.
The web-camera resolution was 640 by 480 pixels. One of the web-camera frames with the detected
marker is shown in Figure 2 where the markers corners and inner saddle points are marked by small
rectangles. The array of the sampling points is shown in Figure 3.

Figure 2. Web-camera frame. Figure 3. Sampling points.

A photo of a mannequin with a pistol before hiding it under a T-shirt is shown in Figure 4(a).
The resulting microwave image acquired at 6.4GHz is shown in Figure 4(b). It can be seen that
the image has sufficient quality allowing the pistol recognition.

It is interesting to compare the microwave image in Figure 4(b) obtained by free scanning,
with the image of the same object obtained in the traditional way, when the area is scanned by
a series of equidistant parallel lines. The scanning was performed using a 1 cm plexiglass sheet
mounted over the lying mannequin at the distance of 8 cm. The scanned area was equal to 280×
350mm, and the step between measurement points was 5 mm in both directions. Figure 4(c) shows
the obtained microwave image. Both images have almost the same quality, whence it may be
concluded that the proposed method provides sufficient accuracy for tracking a radar working at
frequencies of several gigahertz.
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Figure 4. Object of the investigation (a) and its microwave images: obtained by free scanning (b) and with
the traditional method (c).

5. CONCLUSION

The proposed tracking system allows significantly decreasing the signal acquisition time compared
to the traditional method. Moreover, with this system it is possible to perform the investigations
in the situations where traditional plane scanning is not applicable. AR-marker-based tracking
method opens new possibilities of using various scanning sensors requiring precise positioning,
independently from the nature of the signal.
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