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ABSTRACT We design and numerically analyze a coherent computational imaging system that utilizes
a sparse detector array of planar, frequency-diverse, metasurface antennas designed to operate over the
W-band frequency range (75-110 GHz). Each of the metasurface antennas consists of a parallel plate
waveguide, into which a center coaxial feed is inserted into the lower plate, launching a cylindrical guided
wave. A dense array of metamaterial resonators patterned into the upper plate couples energy from the
waveguide to free space radiative modes. The resonance frequency of each element, determined by its
specific geometry, can be positioned anywhere within the W-band. The geometry of each element is chosen
to produce a resonance frequency selected randomly from the W-band. Since a random subset of elements
is resonant at any given frequency, the metasurface antenna forms a sequence of spatially diverse radiation
patterns as a function of the excitation frequency. We analyze the metasurface aperture as an imaging system,
optimizing key parameters relevant to image quality and resolution, including: aperture size; density and
quality factor of the metamaterial resonators; number of detectors and their spatial distribution; bandwidth;
and the number of frequency samples. A point-spread function analysis is used to compare the metasurface
imager with traditional synthetic aperture radar. The singular value spectrum corresponding to the system
transfer function and the mean-square-error associated with reconstructed images are both metrics used to
characterize the system performance.

INDEX TERMS Computational imaging, metamaterials, metasurface, millimeter-waves, sparse antenna

array.

I. INTRODUCTION
Microwave and millimeter waves have been routinely
used for imaging in the medical, security, and aerospace
fields [1]- [8], and have unique capabilities for certain appli-
cations such as composite material investigation or through-
wall imaging. Specific imaging approaches such as synthetic
aperture radar (SAR) [9] and phased arrays [10] are well-
established but require long acquisition time, or costly feed-
ing networks, respectively. Hybrid mechanical and electronic
approaches, such as cylindrical scanners [11] and focal plane
arrays [12] use SAR principles and achieve moderate acqui-
sition times but do not provide an obvious roadmap to real-
time imaging rates and compact system form factors. Princi-
ples of holographic imaging scheme used in this manuscript
are described in detail in [13].

Inrecent work [13]-[15], an alternative imaging modality
has been developed that combines computational imaging

concepts with emerging metasurface architectures. The
coherent, sparse imager analyzed in this paper leverages fre-
quency diversity to achieve a large number of measurements,
avoiding both mechanical scanning components as well as
potentially expensive active components. The frequency-
diverse metasurface imager thus trades expensive and elabo-
rate hardware for increased data processing, relying on a fully
determined model of the antenna radiation patterns and their
scattering from targets in the scene, or the forward model.
There has been a steady stream of developments relat-
ing to the metasurface imager, culminating in compelling
imaging demonstrations performed at frequencies in the
K-band (18-26.5 GHz) [16], [17] using the planar waveg-
uide approach. These experiments have proven the meta-
surface imager concept, and allowed key system parameters
and features to be identified and optimized. In addition,
a suite of computational tools has been created that enables
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end-to-end modeling of the metasurface imager [18], which
has been shown to predict imaging performance with excel-
lent accuracy.

In this paper, we examine the possibility of scaling the
metasurface imager to W-band frequencies (75-110 GHz),
where potential capabilities such as increased resolu-
tion [19]-[21] and spectrum-based identification of
dielectrics can be attractive advantages. While the underlying
metasurface aperture concept scales trivially to shorter wave-
lengths in terms of the electromagnetics, a W-band imaging
system presents particular challenges for image processing
and reconstruction.

Consider a metasurface aperture designed for full-
resolution imaging of human-sized targets. Such a system
operating at K-band frequencies (18 — 26.5 GHz) was ana-
lyzed in [22]. For a2 m x 2 m sized aperture, with resolution
of 1.5 cm in range and 5 mm in cross-range, approximately
200,000 measurement modes, and 0.26 x 1 x 1.9 m region of
interest dimensions, roughly 90 gigabytes of data is required
for diffraction-limited resolution of the full scene (multi-
plying the number of modes, and voxels, assuming single
precision).This is for the case of constrained region of inter-
est (ROI) enveloping the target body decreasing the number
of voxels from 872,336 to 122,000 [22].

A W-band system of the same size has diffraction-limited
resolution on the order of 1 mm in cross-range at a center
frequency of 92.5 GHz, and 4.3 mm resolution in range.
The resulting number of diffraction limited scene voxels is
proportionally larger at nearly 13 terabytes of data. Based
on typical reconstruction approaches demonstrated to date
and reasonably available computational power, full resolution
images at W-band are thus not a practical goal—certainly not
for fast, near real-time imaging.

A more realistic scenario for a W-band metasurface imager
is one in which the target reconstruction volume is con-
strained, so that a vastly reduced number of measurements is
required for diffraction-limited imaging. That is, rather than a
human-scale target, just a small portion of the overall region
would be imaged using the W-band aperture. To achieve high
resolution over the constrained volume, a large aperture is still
necessary, but the reduced number of measurements suggests
that transmitting and receiving sub-apertures can sparsely
populate the overall aperture. Such a W-band system could
be, for example, co-integrated into a composite aperture for
multiband operation, with a lower frequency aperture provid-
ing complete coverage of a target with lower resolution, while
the W-band aperture can be used to provide high-resolution
detail on certain smaller ROI.

Our goal here is to investigate the potential design of a
sparse, metasurface aperture for W-band operation. We do not
delve further into the system aspects, but note that to achieve
a sparse imager implies that there is no reflection from any
other objects in the scene outside of the particular ROL. In the
envisaged operation, these objects would certainly reflect
W-band radiation, and therefore some provision would be
necessary to ensure the modes of the transmitting or receiving
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aperture would have high gain. Such designs are possible, and
represent a topic of future investigation [23]. Here, we con-
cern ourselves with the image fidelity available from a sparse,
W-band aperture, in which a small target is considered and
no other objects are in the field-of-view. The reconstructed
images thus represent a best-case scenario of what might be
possible in an actual system.

In Section II, we present the basic W-band metasurface
imager design and assess the expected resolution, consider-
ing such system parameters as: the number of transmitters;
number of receivers; available SNR; spatial distribution of
the antennas; antenna size; number of radiating elements and
their quality factors; and Fourier (k-) space coverage.

In Section III, we outline those elements of the gen-
eral computational imaging theory pertinent to our system.
In Section IV, the imager parameters are determined through
the PSF and trade-off studies based on EM simulation and
Fourier coverage analysis [24].

Il. METASURFACE IMAGER

The metasurface aperture consists of several frequency-
diverse aperture antennas that each produce a sequence of
complex radiation patterns whose spatial fields vary as a
function of the excitation frequency. Each antenna consists
of a parallel plate waveguide, the top conductor of which is
patterned with an array of resonant metamaterial elements
[25] (Fig. 1a). The resonance frequencies of the resonators
are randomly selected across the W-band spectrum. While
we do not detail the design of the metamaterial elements
here, we note that we are assuming complementary electric
resonators (cCELCs), which scatter and radiate approximately
as polarizable magnetic dipoles. The guided mode is mod-
eled as a cylindrical wave excited at a known location on
the antenna (in our case the geometrical center) to correctly
calculate the phase of the exciting wave at each cELC. In the
present context, we thus model the resonators as polarizable
dipoles, simulating both the antennas and scattering from the
scene using procedures previously reported [18].

-----

FIGURE 1. (a) An illustration of the metamaterial parallel plate antenna
with characteristic cELC resonators etched into the top layer. (b) A plot of
the radiation pattern of the metamaterial panels at a fixed frequency is
shown. (c) The SAR imaging configuration used in the PSF analysis is
shown, with a single voxel as a target in the region of interest S; (d) The
modeled one panel and one probe frequency diverse imaging system is
illustrated.
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At any given excitation frequency, a subset of the metama-
terial elements is excited; the elements off-resonance can be
considered as “off,” or non-transmissive. The corresponding
field patterns feature a random pattern of lobes and nodes
spread over a large angular region, as shown in Fig. 1b).
Energy scattered by the target is detected by an array of low-
gain, open-ended waveguide (OEWG) probes. By positioning
the OEWG probes over a larger area, a sparse detector is
formed, with the received power at each probe constituting
a set of measurements (many frequency samples at each
location).

Each measurement can be related to the scene reflectivity
by the forward model. Since the smallest detectable volume
is set by aperture and bandwidth limits, the scene can be
discretized into a set of voxels, so that the finite set of mea-
surements is related to the finite set of reflectivity values by

g =Hf +n. )

The dimension of the measurement vector, g, is given by
the total number of transmitters, receivers, and frequency
points. Assuming the first Born approximation, the measure-
ment matrix, H, consists of elements of the form H;j =
Eé"x,iE;i’x,i [25]. Here, the subscript i indexes the transmit
and receive antennas and the selected frequency sample; the
superscript j refers to the jth voxel; f is the reflectivity of the
target; n is a vector of random values that represents white
Gaussian noise.

Due to the sparsity of the aperture and the random
field patterns of the measurement modes, the system can,
at best, approach the performance of a SAR imaging system.
It should be noted that the number of voxels to be recon-
structed is an arbitrary choice, so that the measurement matrix
H will generally not be square. In fact, the expected resolution
for a W-band system is on the order of the wavelength,
meaning the number of voxels required for reconstruction
of a human-sized target would vastly outnumber the number
of measurement modes available. To achieve imaging with
the sparse apertures considered here, we restrict the extent
of the reconstruction region and consider relatively simpler
targets.

With the system details incorporated into a measurement
matrix, the image reconstruction process then consists of
approximately inverting Eq. 1. We make use of two common
reconstruction methods: matched filter and conjugate gradi-
ent. Matched filter does not require inversion of the H matrix,
only a matrix multiplication step, or [26]

f.=H'g, )

where HT is the Hermitian transpose of the measurement
matrix H. Since the measurement matrix is not necessarily
square, the inverse cannot be defined exactly. The presence
of noise and other real-world imperfections further obstruct
direct inversion, which is why iterative methods such as
conjugate gradient [27] are used at the expense of longer
reconstruction time. These image estimation techniques take
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the form of a minimization problem, or
= ; R TY)
fe = argming |Hfe — 2|5 . ©)

Here, arg ming|| .. .|| is the least squares estimate of the f,.
Using suitable priors [28], [29], the number of measurements
needed to recover the scene can be much smaller than the
number of diffraction limited scene points, or voxels.

The resolution of a SAR system serves as a useful compar-
ison with the sparse imager. SAR measurements are highly
uncorrelated, being nearly orthogonal in Fourier space. The
SAR resolution limit is §cg = AR/(2D) for the cross range
dimension and g = ¢/(2BW) for the rangedimension [30],
where A is the wavelength at the center frequency, R is the
distance from the aperture to the target, D is the aperture size,
c is the light velocity, and BW is the bandwidth. These limits
can be used to roughly anticipate the number of modes needed
to image a given target.

The W-band metasurface imaging system analyzed here
is designed and simulated using a numerical tool previ-
ously reported [25]. A target is described as a collection of
point scatterers with assigned reflectivity values; it is further
assumed that the field inside the scattering volume is constant
and equal to the impinging field—that is, multiple scattering
events are not considered (Born approximation).

The point spread function (PSF) provides information on
the transfer function of an imaging system and is thus a useful
measure of overall performance. For reference, the PSF of a
synthesized 100 mm x 100 mm aperture (Fig. 1¢), with 100
frequency samples taken over the W-band, is shown in Fig. 2.
For a single voxel target at a 1 m offset, the resulting PSF indi-
cates resolution limits of 1.77 cm in cross range and 0.5 cm
in range. The resolution of an equivalent size metasurface
imager with one panel (with four feeding points) and one
probe (see Fig. 1d) is 4.4 cm in cross range and 0.56 cm
in range shown in Fig. 3 for matched filter reconstruction.
For the least squares reconstruction method — described by
equation (3) [31], the resolution in cross range is 2.5 cm and
0.5 cm in range (Fig. 4, for no noise conditions). Matched
filter (MF), described by equation (2), does not require any
constraints to be applied to the processed data effectively
being the simplest and fastest reconstruction method with
the image quality limited only by the number of available
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FIGURE 2. The point spread function of a SAR array with a size of
0.1 x 0.1 m consisting of 4400 transceiver probes, using matched
filter reconstruction. 2D intensity images are shown for (a) cross
range (YZ plane), (b) range (XY plane), and (c) 1D cuts for the case
with no noise condition.
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FIGURE 3. The 2D point spread function of a one panel, one probe,
system using matched filter reconstruction is shown along with its
associated intensity cuts in the range (dashed) and cross-range (solid)
row for (a) no noise, (b) SNR = 15 dB, and (c) SNR = 5 dB.

z(m)

FIGURE 4. Point spread function of a one panel, one probe system

using least squares reconstruction: 2D intensity images in top row,

range (dashed) and cross range (full) cuts in bottom row for (a) no noise,
(b) SNR = 15 dB, and (c) SNR = 5 dB.

measurement modes. Least squares (LS) on the other hand
utilizes L2 norm optimization in order to improve the image
quality compared to matched filter, but is as well time con-
suming due to the iterative nature of the process.

In the limiting case of the number of measurements being
equal to the number of diffraction limited voxels, MF image
would correspond to SAR quality (making it robust towards
noise). Because we utilize a very small number of measure-
ments, the PSF image shows signs of deterioration, which can
be compensated using LS but with increased sensitivity to
noise conditions. LS reconstruction is equivalent to inverse of
singular values, so in case of low SNR the noise is amplified,
which can be avoided using additional regularization tech-
niques [22].

Ill. SYSTEM TRADE-OFF STUDIES

The benefits of the metasurface imager come at the cost of
increased design complexity, greater required knowledge of
the forward model, and increased processing power. Using
the numerical simulations is therefore vital in identifying the
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key parameters of the frequency diverse panels and overall
system relevant to image quality. The simulated imaging
capability of a 1 m sized aperture consisting of multiple
panels and probes (Fig. 5a) is considered in Fig. 5b). The
aperture consists of 16 panels, each with a dimension of 10 cm
and a 1 mm pitch size, resulting in ten thousand elements
per panel, 12 randomly distributed probes are used as receive
antennas. The use of low-gain probes eases potential align-
ment sensitivities that would arise if one were to use the
panels for both transmit and receive. As a first operational
example, a 3 mm resolution target is reconstructed using both
the matched filter (Fig. 5b top) and least squares (Fig. 5b
bottom) methods. A number of design parameters can be
varied to optimize the performance of the system, including
the overall number of panels N,,; the number of probes N, ;
the spatial distribution of panels and probes; the number of
frequency points Ny; the overall bandwidth BW; the size B
of the metamaterial resonator cell (see Fig. 1a); the quality
factor of the elements Qe ; and, the size of the transmitting
antennas A.
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FIGURE 5. (a) An illustration of the full aperture (with size D) with an
array of panels shown in Fig. 1(b) and probes of open-ended waveguides
(black rectangles). (b) The simulation results of a reconstructed 3 mm
resolution target using matched filter (upper) and least squares (lower)
methods is shown.

Since the search space for each of the mentioned param-
eters is broad, a set of parametric studies is useful and
necessary to tailor the system design to operate in the
W-band. On top of the initial design, interdependancy of the
parameters indicates the challenges of achieving optimization
through purely analytic means.

Guided by prior results for lower frequency metasurface
aperture systems [19]— [21], the initial parameters are chosen
as follows: A = 10 cm, B = 0.1 cm, Qejern = 100, Ny = 100.
The choice of operation bandwidth BW = 75 — 110 GHz
is motivated with an eventual goal of increased spatial reso-
lution and detection of dielectrics. The size of the aperture,
D = 1 m is chosen, to achieve resolution on the order of
millimeters. The critical metrics used for the evaluation of
system performance are the singular value spectrum and the
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mean-square error (MSE) given as

1 N
MSE = N—2 Z lfestn _fRni2 (4)
b VRn| n=1

n=1
Where f,;; is the scene estimate based on the simulation and
fr is the known scene reference. A standard resolution target
with bar width of 3 mm (scene size S = 30 x 50 mm) (Fig. 5)
is used throughout as the evaluation target.

A comparison of the full aperture resolution to the SAR
limits for the two reconstruction methods is summarized
in Table I. As in the case of the PSF described above, with the
iterative reconstruction method, the resolution of the sparse
system approaches SAR performance.

TABLE 1. Resolution of 1m sparse metasurface aperture compard to SAR
limit using matched filter (MF) and least squares (LS) reconstruction
methods.

Sp(mm) Scr (mm)
SAR 42 1.6
Meta MF 5.4 2.8
surface LS 44 2.0

Calculating the singular value decomposition (SVD) of the
measurement matrix H provides information regarding the
orthogonality of the measurements. For the SAR example,
there is minimal redundant information among the measure-
ments (any correlation introduced arises from finite aper-
ture effects); the singular value spectrum is thus nearly flat
as a function of mode number, decaying slowly (Fig. 6a).
By comparison, the singular value spectrum for the meta-
surface aperture decays rapidly with mode number, and cuts
off early since the total number of measurements is limited
in the sparse aperture. The available information content for
the sparse aperture is thus significantly reduced. A scene
occupying the full field-of-view of the metasurface aperture
configured as in Fig. 5(a) could therefore not be recon-
structed; however, by reducing the scene extent, fewer modes
are required and the available measurements can provide
useful images (and at high resolution). To illustrate this point,
in Fig. 6(b), the singular value spectrums of the SAR and
metasurface apertures are presented for a planar reconstruc-
tion surface, a distance of 1 m from the aperture and par-
allel to the plane of the aperture, and having dimensions of
100 mm x 100 mm. Compared to 1 m x 1 m ROI, the SVD
spectrums are closer to each other indicating that the systems
can have qualitatively similar performance.

The number of measurements can be adjusted by
adding or removing metasurface panels. To investigate the
impact of additional panels, we increase the number of panels
Npq while keeping all other parameters fixed. Singular value
spectrums are displayed in Fig. 7a) for N, = 4, 16,25 ...49.
A similar analysis is also performed for the number of
receiving probes N, (regular distribution of both panels and
probes), using 16 transmitting panels (Fig. 7b). Based on this
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FIGURE 6. Singular values spectra of SAR simulated system and
equivalent frequency diverse metamaterial system for (a) 1 x 1 m region
of interest (ROI), and (b) 0.1 x 0.1 m ROL.
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FIGURE 7. The normalized SVD spectra of (a) Npg and (b) Npr sweep
(arrows point in direction of increasing number of elements in the arrays
with the lines corresponding to 4, 16, 25, 36, and 49 antennas).

A saturation point can be observed for approximately Npq = 16 and

Npr = 12.
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FIGURE 8. Spatial distributions of the panels tested, top row: regular,
circular, full, maximal phase centers; and, bottom row: pillar, random,
Golay, and fractal.

analysis, increasing the Ny, above 16 and N, above 12 does
not improve the information content of the underlying modes
significantly, since the space-bandwidth product (SBP) is
reached for the constrained reconstruction region. Thus the
number of panels and probes is fixed for the following studies.

With the aperture size maintained constant, the spatial
distribution of the antennas and detectors has a significant
influence on the singular value spectrums that characterize
the measurement matrix, as well as the MSE values obtained
from image reconstructions. In Fig. 8 and Fig. 9, spatial
distributions of the panels, and the corresponding singular
value spectrums and MSE values are shown, revealing that
the “maximal” layout pattern represents an adequate bal-
ance between information content and reconstruction error.
Fourier (k-) space coverage [32] provides an additional indi-
cator as to the number of spatial frequencies covered by
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FIGURE 9. (a) The SVD spectra and (b) The MSE values for the various
spatial distribution schemes of the antennas. MSE values are plotted
against the SNR to estimate the acceptable noise levels.
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FIGURE 10. (a) The spatial distribution of the transmitting panels Sy,;
(b) the receiving probes Sgy; (c) the k-space coverage of the Tx and Rx

arrays obtained by convolution of the spatial distributions-Sg, Sgy; and,
(d) PSF of the system.

the available measurement modes. In Fig. 10 an example of
the k-space coverage is shown for one of the investigated
spatial layouts. Comparing the considered cases, the maximal
distribution provides the best coverage and smallest side-lobe
level of the PSF and is used for the following trade off studies.
The presence of the aliasing in the PSF is caused by sparse
spatial sampling of the scene and is a natural and unavoidable
occurrence with under-sampled imaging systems but can be
mitigated using advanced reconstruction algorithms as shown
in [22].

In Fig. 11, the MSE dependence on various system param-
eters is shown (using a 3 mm resolution target), indicating
a quasi-linear dependence on Ny (Fig. 11a). If more than
40 frequency points are used, the reconstruction error has
little dependence on the quality factor Qg (Fig. 11b).
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FIGURE 11. Two dimensional maps of MSE dependence on the (a) B vs.
N¢, (b) Qefem Vs- N¢, (€) Qefemn VS- BW, (d) B vs. A. The SNR chosen for this
study is 10 dB in order to approximate expected noise level of a real
imaging system.

This implies we have fully spatially sampled the aperture
[33]. This is fortunate, given the technological difficulty of
obtaining high quality resonators (due to material losses) at
W-band frequencies using printed circuit technology [34],
unless special materials are used. However, these special
materials are inherently costly and thus not compatible with
economical systems. Due to the relative independence of
the MSE on the quality factor of the radiating elements, for
practically feasible system design, non-resonant or weakly-
resonant elements are considered for future iterations of the
whole system.

Figure 11(c) further confirms the relative independence of
the system performance on Q.. and reveals a linear depen-
dence on the bandwidth BW. With regard to the remaining
simulations, we choose 100 frequency points and a 35 GHz
bandwidth, since the W-band extension heads commercially
available commonly have such bandwidth available. Fig. 11d)
suggests the element pitch B for this aperture should be kept
below 12 mm. The optimal size of A spans between 0.1 and
0.2 m, where the upper boundary is given with regard to
physical implementation of a small aperture (D = 1m) and
increasing alignment issues. The parameters obtained here
are application specific and do not serve as an exhaustive
analysis, since the performance of an imaging system is
a function of many degrees of freedom. Nevertheless, this
analysis can be taken as a guideline for similar systems while
being attentive to the specific requirements.

IV. CONCLUSIONS
A W-band compressed imaging system leveraging the com-
putational imaging techniques was designed. A point spread
function analysis proved the advantage of the frequency
diverse imager over traditional SAR, significantly decreasing
the acquisition time while the image quality remained com-
parable when using iterative reconstruction methods.
Minimum viable system requirements were determined
for a full sized 1 m x 1 m aperture using the singular
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value spectrum of the measurement modes; the MSE — a
comparison of reference and resolved image; and, k-space
coverage. The optimized parameters were found as follows:
16 transceiver antennas, 12 receiving probes with random
distribution, Qe < 100,A = 10cm, B < Smm, D = 1
m, SNR = 10 dB, Ny = 100. Although the achievable
quality factor of the metamaterial elements in the W-band
frequency regime is low (resulting in unavoidable correlation
of the measurement modes), through optimization of the full
system parameters, a viable imaging system was designed.
At W-band frequencies the motivation for harnessing compu-
tational methods becomes extremely compelling compared to
the K-band systems, where moderate quality factor values are
still technologically feasible.

Demonstrations of random mode imaging of human size
targets at lower frequencies (K-band) rely heavily on the com-
putational power. Scaling the discretization mesh to W-band
frequencies renders this imaging scheme computationally
prohibitive. Substantially higher path loss (resulting into
lower SNR of the measured data) adds further challenges in
using broadly radiating random mode panels. A “‘spotlight™
imaging scheme, however, can elegantly address both issues,
collimating power only on the ‘zoom-in’ high-resolution area
of the target (e.g. threat detection on the human body). The
spotlight approach will ultimately require rough beam form-
ing capabilities. Approaches such as [23], [35] have proven
that low cost systems at K-band are viable, and suggest that
similar systems could befeasible at W-band.
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