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Abstract—In this paper, a frequency-diverse computational
polarimetric imaging system is demonstrated at K-band (17.5-
26.5 GHz) frequencies. The frequency-diverse operation
enables all-electronic data-acquisition by means of a simple
frequency-sweep and requires no mechanically moving
apparatus or phase shifting circuits for imaging. Leveraging a
tensor model for the scattering behavior, as opposed to a scalar
model, enables the extraction of further information from the
imaged objects. This is shown by means of frequency-diverse
polarimetric imaging of complex objects, such as the letters of
the word “DUKE”, and comparing the reconstructed
polarimetric images to the reflectivity-only reconstructions of
the same objects.

Index Terms—Imaging, antenna, metasurface, polarimetry,
computational.

L INTRODUCTION

Computational imaging has gained traction because of its
potential to address the challenges of conventional imaging
modalities [1-13]. Frequency-diversity is a computational
imaging technique that leverages spatially varying radiation
patterns to encode the scene information by means of a
simple frequency sweep [14-35]. These frequency-dependent
radiation patterns are used to illuminate the scene and collect
the scattered signal from the scene. As a result, the scene
information is encoded onto a set of measurement modes
from which an estimate of the scene can be reconstructed
using computational imaging techniques. This retrieval
process is all-electronic and does not require any mechanical
scanning apparatus or phase shifting circuits.

Conventionally, computationally  retrieved  scene
information provides scalar information of the scene, mostly
the reflectivity distribution [18]. At microwave and
millimeter-wave frequencies, information content of the
reconstructed images can be greatly enhanced by leveraging
the vectoral relationship between the incident field and the
scattered field. This additional set of information, namely
polarization, can be used to reveal further information on the
geometrical features of the imaged objects. In this paper, we
study the retrieval of polarimetric information from
computational frequency-diverse imaging. It is shown that by
taking into account the tensorial behavior of the scattering
from the imaged objects, polarimetric images can be
obtained from frequency-diverse measurements.

II.  COMPUTATIONAL FREQUENCY-DIVERSE
POLARIMETRIC IMAGING

Retrieving the scene information from a set of known
measurements is an inverse problem. In frequency-diverse
imaging, the measurements are correlated to the scene by
means of the following forward model:

gw) = IET (L, WE,, (r,w) f(r)d’r (M

In (1), g is the measurement vector (as a function of
frequency, w), Ern is the radiated field from the transmit
frequency-diverse antennas propagated to the scene, Egy is
the radiated field from the receive frequency-diverse
antennas propagated to the scene, f is the reflectivity
distribution of the scene, and r denotes the scene
coordinates. For a frequency-diverse imaging system
producing M measurement modes and a scene discretized
into N voxels, the integral equation of (1) is discretized as
follows:

S = Hyofyo +10 2

In (2), n is the system measurement noise. The bold font
in (2) is used to denote the vector-matrix notation. Using the
first Born approximation, the sensing matrix (or the transfer
function of the system) H can be expressed as proportional to
the element-wise matrix multiplication of the transmit and
receive frequency-diverse antennas, both of which are
propagated to the scene to be imaged, Hoe< E E, [17]. To

retrieve an estimate of the scene information from (2),
several computational imaging techniques can be used, from
single-shot  matched-filter to iterative least-squares
algorithms. Using the least-squares algorithm, the scene
estimate, f.s, can be obtained as follows [19]:

f  =argmin, ||g - Hf||z 3)



13th European Conference on Antennas and Propagation (EuCAP 2019)

The retrieved scene information fey in (3) is a map of
scalar susceptibility distribution of the scene and has a single
column vector format (Vx1 dimension).

In polarimetric imaging, the scalar relationship between
the antenna radiated fields and the scene susceptibility is
replaced by a vector model, correlating the different
polarizations of the transmit and receive fields and a
susceptibility tensor. For a radar system operating in the far-
field, four possible polarization configurations of the
transmit and receive fields can be considered; VV, HH, HV
and VH, where H denotes the horizontal component and V
denotes the vertical component [36, 37]. Operating in the
near-field, the interaction between all the three components
of the electric-field vectors can be leveraged, resulting in a 3

x 3 susceptibility tensor, ;_( , given in (4) [33].

— ZX‘C ny Z‘CZ
X=X Xy X “)
Koo Xy X

Expressing the forward model given in (1) by taking the
polarimetry information into account, we obtain the
following:

g = [EL(eowg, (OEL(ewd’T  (5)

From (5), it is possible to reconstruct the scene
information on nine different polarization bases y, , where

i=x, y,zand j=x, y, z.

III. IMAGING RESULTS AND DISCUSSION

The frequency-diverse imaging system is shown in Fig.

s8OS

5
Fig. 1. Frequency-diverse imaging system used for
computational polarimetric imaging (feeding ports are shown
as inset).

The frequency-diverse imager consists of an air-filled,
cavity-backed metasurface antenna interrogating the scene to
be imaged at K-band frequencies (17.5-26.5 GHz). The
antenna is fed by two ports, port 1 (transmit) and port 2
(receive). Both ports are terminated using an ultra-wideband
(UWB) monopole antennas inside the cavity. The
dimensions of the cavity-backed metasurface antenna are
152 em x 28.5 cm x 28.5 cm, corresponding to an
electrically large loaded cavity supporting multiple mode
combinations at K-band frequencies. Feeding the cavity
through the first port excites multiple cavity modes which
are mixed upon reflections from the cavity walls. The
superposed mode patterns inside the cavity are highly
diverse. In addition, the cavity antenna has a sphere inclusion
embedded inside the cavity in between port 1 and port 2,
reducing the direct coupling between the ports and helps
mode-mixing [20, 33]. The metasurface consists of an array
of subwavelength, circular irises, radiating in dual-
polarization. The frequency-dependent cavity modes
launched into the cavity by port 1 are sampled by these
irises, radiating into free-space and interrogating the imaged
object as depicted in Fig. 2.

Cavity-Backed
> Metasurface

Frequency-Diverse

> Field

E —» Imaged Object
pUK

Fig. 2. Frequency-diverse imaging of the letters “D”,”U”,
“K”, “E”. The frequency-diverse field interrogating the
imaged object is shown at the center frequency, 22 GHz,
within the K-band.

The scattered field from the object is received through
the second port. Because the cavity-backed metasurface
antenna shares the same aperture to transmit and receive, it
has a monostatic system layout. Within the scene, the
individual letters of the word “DUKE” are present as the
imaged object. As shown in Fig. 3(a), the “DUKE” letters
were made from an array of copper wires with a diameter of
around 5 mm. The object is placed at d=30 cm from the
antenna, ensuring sufficient spatial resolution to distinguish
the geometrical features of the letters. At =30 cm distance,
the cross-range resolution is J.,=0.5 cm while the range
resolution of the imager is determined by the imaging
bandwidth, calculated to be §,=1.5 cm.

For a frequency-diverse antenna, the orthogonality of the
measurement modes interrogating the scene is governed by
the quality factor (Q) of the antenna. As a result, having a
large Q-factor is important to be able to minimize the
redundancy of the information collected from the scene as
the frequency is swept. Due to the air-filled structure (no
dielectric loss is present) and the polished metal walls
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(reducing the conduction loss), the Q-factor of the cavity-
backed metasurface antenna is high, 0=12000. The Q-factor
of the antenna is measured by the decay rate of the time
domain impulse response of the antenna [15]. As a result, the
upper-bound limit for the number of measurement modes is
calculated to be 4901 [14]. In this work, the K-band is
sampled at 4001 discrete frequency points, selected in
accordance with the theoretical upper bound limit. The scene
is discretized into N=8000 cubic voxels, and for image
reconstruction, the least squares-algorithm is used [19].
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Fig. 3. Imaging of the letters “DUKE” (a) actual imaged
object (b) scalar reconstructed image (intensity) (c)
polarimetric image.

The reconstructed images in Fig. 3(b) present the scalar
susceptibility distribution of the “DUKE” letters. In addition

to the intensity information, the reconstructed images in Fig.
3(c) provide polarimetric information. It is well-known in
electromagnetic (EM) theory that electric-field (E-field)
incident upon a wire along its longitudinal axis induces a
current distribution along the longitudinal axis, re-radiating
in the same direction. Based on this principle, a vertical wire
with an impinging E-field in the vertical direction, scatters a
vertically-polarized E-field while a horizontal wire with an
impinging horizontally polarized E-field scatters an E-field
in the horizontal direction. In Fig. 3(c), this phenomenon is
evident. The vertical wires are excited by a vertically-
polarized incident E-field and appear in vertical polarization
(coded in red). The horizontal wires are excited by a
horizontally polarized incident E-field and appear in
horizontal polarization (coded in blue).

IV. CONCLUSION

We have demonstrated the application of polarimetry to
computational frequency-diverse imaging. Different from the
scalar susceptibility model, the polarimetric computational
imaging leverages a tensor model, interacting the different
polarization states of the antenna radiated fields incident
upon and reflected from the imaged object. Leveraging
polarimetry, further information about the geometrical
features of the imaged objects can be extracted. The
demonstrated polarimetric computational imaging system
exhibits all-electronic operation and requires no phase
shifting circuits, significantly simplifying the physical
hardware layer of the system. Although demonstrated for
microwave frequencies, it can reality be scaled to higher
frequencies, where finer resolution limits and smaller
antennas are required.
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