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ABSTRACT Large scale sensing systems increasingly operate in short-range geometries, providing
three-dimensional imaging capabilities that leverage the large number of degrees of freedom of dis-
tributed arrays. The two most powerful modes of operation include active, multiple-input multiple-output
arrays, in which an image is processed from signals measured using different pairs of transmitting and
receiving antennas; and passive, synthetic aperture interferometric radiometer arrays, which can image
using ambient, non-cooperative radiation by processing signals measured at different receiving antenna
pairs. In this paper, we explore the analogy between these two imaging modes, and outline a generalized
framework for analyzing these systems in the array near field. Focusing on the similarities between the
formalisms describing the operation of generic active and passive systems, it is proposed, to our knowl-
edge for the first time in the scientific literature, to adapt a Fourier-based imaging technique optimized
for short-range active MIMO systems to passive technologies, interrogating the emissivity of a spatially
distributed target. The systematic method presented in this paper provides a framework for characterizing
and optimizing short range coherent or incoherent systems used in threat detection and non-destructive
testing applications.

INDEX TERMS Full matrix imaging, interferometers, MIMO radar, multistatic radar, SAIR, short-range

imaging.

I. INTRODUCTION

CHIEVING fast and accurate imaging performance

at wavelength-scale resolution is a widespread con-
cern in a growing number of applications, giving rise
to a diversity of architectures within the scientific com-
munity. Active systems that utilize coherent illumination
can recover an image from scattered field measurements,
with optimal performance usually realized by multiple-input
multiple-output (MIMO) systems that process a complete
collection of transmit-receive signal pairs. Such architectures,
though largely proposed and demonstrated in large-scale
radar applications, are increasingly utilized for buried threat

detection [1], [2], [3], [4] and structural monitoring [5], [6] in
short-range configurations [7]. Alternatively, passive systems
can form images by exploiting ambient radiation with inter-
ferometric array measurements. Such systems are referred
to as synthetic aperture interferometric radiometers (SAIR).
The radiation in these scenarios can be of a thermal nature
according to the gray body radiation principle, or can
be generated by non-cooperative sources such as radio
transmitters and noise sources [8]. In both cases, interfer-
ometric processing enables image estimation of the source
or scattering structures through signal correlations over an
array. As in the case of active systems, techniques pioneered
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in large-scale radio frequency systems have since been dis-
tilled into deployable systems for passive imaging of noise
sources [9], [10], [11], [12] and imaging with ambient wifi
signals [13], [14].

Unfortunately, efficiency and resolution criteria pose con-
flicting demands in both active and passive systems, as high
resolution requires large apertures that lengthen acquisition
and reconstruction times. Thinned arrays and aperture syn-
thesis techniques that apply virtual array or effective aperture
principles [15], [16], [17], [18] can resolve some of these
challenges by leveraging redundancy in the sensing task
described by shared plane wave or k-space contributions [19].
A variety of successful methods pair this perspective with
the efficiency of Fourier domain/fast Fourier transform
(FFT) processing to alleviate computational reconstruction
times [20], [21], [22], [23]. These strategies have largely
developed separately in investigations of active/coherent and
passive/incoherent systems, though the different modalities
often share common objectives. The coarray framework
presented in [24] unifies coherent and incoherent imag-
ing systems by describing them as sum and difference
coarrays, respectively. Nevertheless, virtual array principles
and the coarray description are rigorous only in the far
field [17], [25], and the extension to short-range, three-
dimensional imaging has not been adequately explored to
the authors’ knowledge.

Analogies between active MIMO and passive SAIR
systems are thus described for short-range imaging geome-
tries in this paper. These efforts will not only allow a more
intuitive understanding, but will allow us to adapt techniques
from each domain to optimize their operation in the partic-
ularly constraining framework of short-range imaging. The
objective of this paper is, moreover, to propose a critical
analysis of the limitations associated with the use of the
concept of virtual arrays, sometimes referred to as effec-
tive arrays or co-arrays [24]. In the general framework of
aperture synthesis techniques, this principle is applied to
MIMO systems [26], [27] as well as to their interferometric
duals [28]. Such an approach achieves image reconstruc-
tion through processing of data from a virtual array that
can approximately replace the true array in the far field of
the array. Nevertheless, the validity of such an approxima-
tion deteriorates at short imaging distances. It thus seems
interesting in the general context of short-range imaging
applications to propose image analysis and reconstruction
techniques allowing to free oneself from the tools developed
in less constrained far-field applications. Plane wave expan-
sion techniques seem to be a suitable answer to such
constraints, offering powerful analysis tools to evaluate the
performance of imaging systems, accelerated reconstruction
techniques using fast Fourier transforms, and a formalism
easily adaptable to MIMO or interferometric architectures.

Section II discusses limitations in applying virtual array
principles to short-range imaging systems, and introduces
the generic MIMO and SAIR systems used in our studies.
A brief development of an active MIMO imaging system
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is then given below in Section III, while that for a passive
SAIR system follows in Section IV. Section V contains a
unifying Fourier domain description of these systems as well
as a reconstruction algorithm adapted from the MIMO radar
domain. Finally, we demonstrate the application of these
ideas with numerical studies in Section VI.

Il. SHORT-RANGE ARRAY IMAGING

As is done in related works [9], [20], [21], [29], a simple
short-range imaging array can be modeled using isotropic
antennas that transmit and/or receive an electromagnetic
signal. While such idealized antennas cannot be realized
in practice, they serve as a good approximation for anten-
nas with wide gain patterns interrogating a spatially limited
geometry. Moreover, such antennas are well-suited to a
variety of short-range imaging applications in which one
wishes to give equal weight to all target locations within
a wide field of view through uniform illumination. This
can in turn maximize the diversity of spatial information
measured by the antenna array to optimize the resolution
of the computed images. When this approximation fails
to hold, the methods proposed here can be extended to
include effects of antenna radiation patterns through addi-
tional filter terms [30]. In addition, we will further restrict
our analysis to that of a scalar signal, e.g., a single Cartesian
component of the electric field, which conforms naturally
to the isotropic radiator approximation. While a rigorous
study considers all vector components of the electric (and/or
magnetic fields), an assumption of isotropically scattering
or radiating targets allows us to separate these compo-
nents and treat each independently. Considering the real-time
imaging demands of most target applications employing
short-range imaging, such reductions in model complexity
offer advantages in terms of acquisition and reconstruc-
tion speeds, with minor loss in accuracy. For example,
depolarization effects have been seen to have relatively
minor impact on image quality in a case of practical
interest [31]. For these reasons, several works have experi-
mentally validated such approximations [3], [4], [21], [32],
[33].

We first develop a justification for the use of isotropic
radiating antenna elements and an associated scalar model,
which can be similarly applied to the case of receive-mode
antennas by the principle of reciprocity. Considering initially
the most general case, the radiation of an antenna i must
be determined as a function of its vector current distribution
Ji(r;, k), r; corresponding to the antenna space. By means
of an intermediate vector potential omitted here for the sake
of compactness and satisfying the Helmholtz equation, the
vector electric field E;(r, k) radiated into the target space r
is determined as follows [34], [35], [36]:
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FIGURE 1. Analogy between two generic architectures of MIMO and SAIR systems.
Both techniques exploit the combination of the spatial diversities of two antenna
arrays. Only the direction of propagation varies on these schemes from the
interrogation of the reflection x(r, k) and emission (r, k) of a target in the region of
interest.

where (o corresponds to the magnetic permeability of vac-
uum, c is the speed of light and k = 27 /A is the wavenumber.
The term G(r, r;, k) stands for the scalar Green’s function,
representing the free space propagation between the positions
r; and r:
e—JKIr—ri|
G, r k)= ————. 2)
47 |r — ;|

Associated with the operator (I+VV /k?), one forms a dyadic
Green’s function that projects the polarization of electric cur-
rents into space. By applying a first approximation related
to the exploitation of isotropic radiating elements, we con-
sider first that the current distribution can be substituted such
as Ji(rj, k) — ad(r; — r;), where a is a normalization con-
stant with units Am, and r} corresponds to the position of
the point element. As the latter has by definition no spatial
extension, one cannot associate with it a polarization, and
it is now necessary to only use a scalar propagation model.
By substituting the expression of the current density in the
previous equation, we finally obtain the expression for the
scalar approximation E;(r, k) of the radiated electric field:

Ei(r, k) = juokea f 8(ri— 1)) G xi. k) dri - (3)

I;

= juokcaG(r, r/, k) 4)

Under these assumptions, a MIMO radar system consists
of isotropic transmitting antennas emitting coherent spheri-
cal waves at positions rr, and isotropic receiving antennas
that measure the scattered radiation at wavenumber k and
positions rg (Fig. 1). An analogous SAIR system for passive
imaging employs an array of isotropic receiving antennas at
positions ri, and a second array at positions r, that are
potentially distinct from those of the first array (Fig. 1). The
horizontal and vertical dimensions of these array systems lie
in the x and z directions, respectively, while the range or
longitudinal direction coincides with the y axis.

The virtual array method consists in substituting the two
arrays by a single synthetic aperture capable of interrogating
the same information from the scene to be imaged. In the
most general and complex context of short-range imaging
applications, it consists in finding fictive radiating element
positions ro guaranteeing |r —r7|+|r —rg|= 2|r —rp| for all
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FIGURE 2. Substitution of a transceiver pair interacting with a scene to be imaged
by an equivalent mono-static setup. The difference between the domains covered by
each approach allows to highlight the limits of such a simplification for aperture
synthesis applied to short-range imaging.

combinations of transmitters and receivers (or similarly for
ri and r»). A simple geometric interpretation of the problem
makes it possible to highlight the limits of such a model
(Fig. 2). Considering that the set of loci of |r —rr|+|r —rg|
correspond to an ellipsoid whose focal points are occupied
by a given pair of transmitter and receiver positions, it does
not seem possible to substitute this bi-static arrangement
by an equivalent mono-static experiment, represented by a
sphere of coordinate |r — rp| centered at ry.

The imaging techniques proposed in this context gener-
ally use first-order Taylor expansions [37], leading to the
following expressions:

2 2 2 2 2 2
+ x5+ 725+
v — rrl + r — rgl ~ 2R+ T LT szRZT R
— u(xr +xg) — v(zr + 2R) )
2 2 2 2
X7 —Xx5+27]— 2
|r—r1|—|r—rz|~%+u<xz—xl>
+ v(z2 — 21) (6)

where R corresponds to the longitudinal distance between
the antenna arrays, placed in the y = O plane, and a plane
to be imaged. The direction cosines u = x/R and v = z/R
define angles that are directly exploited in far-field approx-
imations. The coordinates multiplied in each case to the
director cosines correspond to the positions of the fictive
synthetic aperture elements. It is important to keep in mind
that these developments are the result of approximations,
based on geometrical constraints imposing that the relations
(= xp)* /R, (x = xp)*/R?, (z = 27)*/R* and (z = 2p)*/R?
are all much lower than 1 (and respectively substituting by
X1, 21, X2, and z for the interferometric case). If the exploita-
tion of quadratic phase terms identified in equations (5)
and (6) makes it possible to partially adapt short-range radi-
ation problems to the concepts of effective arrays initially
developed for far field applications [37], it is however nec-
essary to be aware of the limits of such expansions when
such approximations do not hold, in particular when recon-
structions are carried out far from the stationary phase point
used as a reference for these developments.
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lll. ACTIVE, COHERENT IMAGING

In an active MIMO radar system, the image target can
be modeled as a scattering distribution determined by its
spatially varying susceptibility x(r, k), which is generally
frequency dependent. Upon omitting the magnitude term in
Eq. (4) assuming identical antenna current densities, we may
express the fields from a given transmitting element at posi-
tion rr as simply G(r,rr, k) and, by reciprocity, from a
receiving element at position rg as G(r,rg, k). The inci-
dent electric fields radiated by a given transmitting antenna
excites a polarization current density in the target given
by P(r) = —jweox(r,k)G(r,rr, k). By Poynting’s theo-
rem, this current density induces a signal in the receiving
antenna according to %P(r)G(r, rg, k), so that the interaction
of this transmitter-receiver pair with the target results in a
signal [21], [36]

s(rr, rR,k):/X(r, k)G(r,rr, k) G(r, rR,k)d3r, @)

where we have further normalized the signal at each
frequency to focus on the propagation terms in the inte-
grand. In addition, the model is simplified by the first Born
approximation that considers only single scattering of the
incident fields. We find that a MIMO radar system retrieves
a set of signals related to the target susceptibility by a pair
of Green’s function terms.

IV. PASSIVE, INCOHERENT IMAGING

An interferometric array can recover images of noise sources
through correlation processing of the signals simultane-
ously measured at these two receiver arrays. An incoherent
source n(r, k) that radiates or scatters wide-sense station-
ary, random noise waveforms with uncorrelated frequency
components satisfies the second order correlation prop-
erty [38] (n*(r, K)n(r’, k")) = e(r, k)6(r —r')8(k— k'), where
e(r,k) = (n*(r,k)n(r,k)) is the spectral density, or the
emissivity for radiating bodies, that defines the spatial and
frequency content of the image target, and is an observable
quantity given suitable averaging over multiple noise realiza-
tions, denoted by (-). The propagation of this spectral density
is governed in short-range geometries by a generalized Van
Cittert-Zernike Theorem [39]:

v(ry, ra, k) = / e(r, G*(r, r1, b)G(r, 12, k)d’r, (8)

where G(r, ¥/, k) is the free space Green’s function defined
in Eq. (2). The function v(ry, r2, k) is the aperture-plane
visibility function [40], also known as the cross-spectral
density [38], measured through cross correlations of noise
signals measured at pairs of receiver antennas.

Comparison of equations (7) and (8) reveals a simi-
lar structure characterizing the relationship between the
target function (x (r, k) or &(r, k)) and the array measure-
ments (s(rr, rg, k) or v(ry, ra, k)) by a pair of propagation
terms. In far field operation, this similar structure leads
to the well-known, direct Fourier transform relationship
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between the target function and the synthesized aperture
measurements [24]. The only notable difference arises as
the conjugation of one of the propagation terms in the
passive model. While seemingly minor, this is the funda-
mental feature of the passive model (Eq. (8)) that leads to
its mathematical characterization as an incoherent imaging
system, versus the coherent imaging system described by
the active model of Eq. (7). Nevertheless, we will show
next that we can exploit the similar structure to investi-
gate the point spread function (PSF) characteristics of the
two systems through spatial frequency analysis, and ulti-
mately devise a passive Fourier domain imaging algorithm
analogous to the range migration algorithm [20], [21], [29]
commonly applied in active imagers.

V. K-SPACE REPRESENTATION AND PROCESSING
In long range imaging geometries, array measurements relate
to the image target by a Fourier transform [24]—this is true
for both active and passive systems. Short-range systems
do not possess such a simple relationship. Instead, one
can formulate a Fourier domain mapping that describes
the three-dimensional properties of the system in terms
of three-dimensional spatial frequency, or k-space, cover-
age. Application of this technique to coherent systems is
described in [21]. In order to demonstrate the analogy with
incoherent systems, we repeat an abbreviated analysis here,
before extending the framework to passive SAIR systems.

Our active system data set consists of complex-valued
measurements for all pairs of transmitters and receivers in
the plane y = 0:

e~ JKlr—rr| o—jkir—rg|

s(rr, rg, k) = / x(r, k) Pr. )

[r —ryp| |r—rg|

We can perform a four-dimensional Fourier transform with
respect to the transmit and receive x and z aperture coor-
dinates, and evaluate this expression asymptotically by the
method of stationary phase [20], [34]. The result is a Fourier-
domain mapping between the measurement set and target
susceptibility:

—7
Sap{st(kyr, ko1, kxR, kzr) =

S3pix}ka)  (10)

kyrkyr
where kyr, kT, kxg, and k;g are the spatial frequencies defin-
ing the Fourier transform of the coherent data set over the
transmit and receive coordinates, and each vector k4 is a
point in the three-dimensional k-space representation of x
interrogated by a single transmit/receive antenna pair, with
components given by:

kxA = kxT + ka
ka = ki1 + ker
kyA =ko7+ kyR
= SRR - R R~ (D)
Evidently, the target spatial frequencies accessed by the

coherent imaging system are simply the sums of the k-
values probed by the positions of the transmitter and receiver
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pairs that define each measurement. This offers a general-
ized interpretation of the sum coarray interpretation of a
coherent array system. Namely, this result illustrates that the
spatial frequency bandpass characteristics of the short-range
coherent system consist of a three-dimensional convolu-
tion between the transmit and receive aperture spectral
decompositions.

Adapting this familiar result from the coherent domain,
a similar procedure can be carried out for the passive array
system, which obtains visibility measurements described by:

=1 y=jkir—ry]

v(ry, rp, k) = /s(r, k)——d3r.

(12)
Ir —r1| |r—r2|

Here, to remain consistent with the conjugation of the first
propagation term, we take an inverse Fourier transform with
respect to the first array transverse coordinates x; and zj,
followed by a Fourier transform over the second array trans-
verse coordinates xp and zp, which results in a dual mapping
between the transformed data set and the Fourier domain of
the target spectral density:

—7T
Jytky2

Fo {50 (51} (. ket Kz k) = -——Fanlel(kp) (13)
where ki1, k;1, ky2, k» are now the spatial frequencies cor-
responding to the elements in the Fourier transform of the
incoherent data set over arrays 1 and 2. The k-space samples
interrogated by the incoherent system are now represented
by kp, a three-dimensional vector with components

kxP = kxl - kx2
kp = k;1 — ko
kyp = ky1 — ky2
z\/kz_kil — k2 _\/kz_k)%z_kgr
We see that in the incoherent case, the spatial frequencies
probed by the system consist of the difference in the spa-
tial frequencies interrogated by arrays 1 and 2 separately,
which generalizes the difference coarray interpretation of the
incoherent imaging system. Whereas the coherent bandpass
could be constructed by a convolution operation, the k-space
structure of the incoherent system is determined by the cross-
correlation of the spectral decompositions of arrays 1 and
2, yielding a low-pass behavior consistent with the required
Hermitian symmetry of an incoherent transfer function [17],
[24], [41], [42].

The distinct k-space structures of these coherent and inco-
herent imaging systems under a restricted two-dimensional
geometry are illustrated in Fig. 3. Here, we assume the
aperture exploits all element pairs, so that the achievable
spatial frequency components depend only on the operat-
ing frequency, aperture extent and aperture sampling. Each
point corresponds to the vector sum (Fig. 3(a)) or difference
(Fig. 3(b)) of the spatial frequencies probed by a pair of
aperture elements. In fact, by employing all aperture pairs,
each point can be redundantly described by multiple pair

(14)
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FIGURE 3. Two-dimensional cross sections of the (a) MIMO and (b) SAIR system
k-space descriptions, revealing the distinct methods of array synthesis under the two
processing approaches.

contributions, an effect that can be alleviated through aper-
ture thinning strategies. As a result of the different k-space
synthesis operations, the coherent and incoherent systems
cover drastically different regions of the k sphere. Namely,
the MIMO support is offset from the origin in the longitu-
dinal (y) direction, whereas the SAIR support is necessarily
symmetric about the origin due to the destructive summation
of the k vectors.

The k-space structures in Fig. 3 indicate the range of spa-
tial frequencies accessible to diffraction-limited active and
passive interferometric systems. A target’s signature, mean-
while, occupies a restricted region in either of these domains
according to its location and structure. The k-space compo-
nents constituting the signature of a point target, for example,
are determined by the angular extent of the aperture and the
relationship between the aperture signal components accord-
ing to Eq. (11) or (14). For a given aperture, the components
of the k vector corresponding to each aperture position can
be computed simply by projecting the vector connecting the
aperture element to the target position onto the Cartesian
axes, as in [43]. That is, the k-space components of target
position r = (x, y, z) interrogated by aperture element n are
given by:

ky, = ksinB,,cos¢,
kyn = kcosb,
k;n = ksinf,sing, (15)
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where, in our coordinate system orientation, the polar angle
6, is measured from the positive y axis and the azimuthal
angle ¢, is measured from the x axis, with the origin taken
as the position of array element n. Together, these angles
characterize the vector directed from array element n to target
position r. In this way, the k-space signature corresponding
to a given target location reflects the spatially varying nature
of a short-range imaging geometry in addition to the aspect
limitations of the finite array.

The formulation outlined in this section offers a simple
framework for characterization of short-range image prop-
erties. Indeed, many image features can be deduced from
the shape, position, and extent of its Fourier transform. The
image resolution limit in particular can be defined by a
reciprocal relationship to the k-space support:

2

8= [=X,,2 (16)

ki,max - ki,min
where §; is the half-width resolution in the x, y, or z direc-
tions, defined as the distance of the first zero crossing of the
sinc function from its peak. Inspection of Fig. 3 reveals that
MIMO and SAIR systems have approximately equal resolv-
ing capabilities at a given frequency, assuming both systems
exploit all array pairs. Evaluation of alternative sparse array
configurations is straightforward using the methods proposed
in this section, and is carried out in the next section.

In addition to system evaluation and analysis, the
method outlined above can be exploited as an efficient
Fourier-domain imaging algorithm that generalizes the range
migration algorithm, pursued in active systems, to both
coherent and incoherent systems. While alternative Fourier-
domain methods have been investigated for incoherent
systems [37], [44], [45], a direct parallel to the near field
range migration algorithm follows from our generalized
structure, and has not been proposed, to our knowledge.

Although the general procedure for implementing the
Fourier domain algorithm in short-range imaging geometries
has been thoroughly described for active MIMO systems
in [20], [21], for example, we outline the procedure here
for passive SAIR systems, noting that the processing steps
are nearly identical. We assume the standard scenario
of regularly-sampled two-dimensional arrays, though we
note that irregular sampling can be accommodated using
non-uniform FFTs [46], [47]. Beginning with the interfero-
metric visibility data represented mathematically by Eq. (8),
one computes a four-dimensional FFT over the x and z
dimensions of receive arrays 1 and 2, which results in
Fourier-domain samples corresponding to spatial frequencies
kx1, k;1, ky2, and kp. The four-dimensional Fourier-domain
samples of the visibility data are then mapped to the three
spatial frequency components kyp, kyp, and k.p of the target
emissivity according to the relationships given in Eq. (14).
Following this mapping, the filter term defined by the coef-
ficient on the right-hand side of Eq. (13) is applied, followed
by a backpropagation step achieved through multiplication
by the term %70 with yo the approximate distance from
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FIGURE 4. Transverse cross sections of aperture and target k-space support for (a)
MIMO and (b) SAIR systems at 20 GHz using all antenna pairs in a square aperture
with side length 30 cm.

the array to the region of interest. At this point, the dataset
describes the Fourier transform of the target emissivity over
an irregularly sampled set of spatial frequency values. In
order to exploit the computational efficiency of the (inverse)
FFT, one may interpolate these samples onto a regular grid of
spatial frequency values, a step referred to as Stolt interpola-
tion in the active radar literature. This interpolation may be
carried out in a variety of ways, but is typically the primary
computational bottleneck in w — k imaging algorithms [48].
Except where stated, the following results are obtained using
a scattered interpolation procedure carried out using the
griddata function in MATLAB. Once an evenly spaced
three-dimensional grid of k values are obtained, the emissiv-
ity estimate can be recovered through a three-dimensional
inverse FFT. Alternatively, one can recover an image directly
from the unevenly sampled data by computing an inverse
discrete Fourier transform (DFT). We resort to this latter
strategy for the results in Figs. 6 and 8 in order to avoid
interpolation artifacts and highlight the distinctions arising
from the active versus passive bandpasses.

VI. RESULTS

Figures 4 and 5 compare the Fourier-domain signal sup-
port and PSF for MIMO and SAIR systems. In Fig. 4,
we overlay this signal support for a target position of
r = (Ocm, 30cm, Ocm) (in blue) onto the total aperture
coverage computed for a fully sampled aperture of size
30 cm x 30 cm operating at 20 GHz and sampled at a
quarter wavelength. The k-space structure in the xz plane,
depicted in Fig. 4, reveals that MIMO (Fig. 4(a)) and SAIR
(Fig. 4(b)) systems probe identical ranges of transverse spa-
tial frequencies. Meanwhile, Fig. 5 illustrates MIMO and
SAIR systems coverage for the same array geometry in
the xy plane. The insets reveal the full three-dimensional
signal structure as a portion of the k-sphere, as well as
the corresponding PSF obtained using our proposed imag-
ing algorithm. Figure 5(a) shows the result of performing
this procedure for a MIMO array, while Fig. 5(b) gives
the response of the corresponding SAIR array. The trans-
verse resolutions in the x and z direction are approximately
equal for both the MIMO and SAIR systems as a result
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FIGURE 5. Spatially varying k-space support in the aperture near field, illustrating
an x — y cross section of the signal coverage in the Fourier domain (in blue) overlaid
on the total support available to a 30 cm square aperture exploiting all antenna pairs.
Inlays reveal the full three-dimensional structure of the Fourier-domain signal and the
resulting PSF computed using the proposed algorithm. (a) k-space coverage for an
active MIMO system at an on-axis point target location of r = (Ocm, 30cm, Ocm).

(b) k-space coverage achieved for the same point target position using a passive SAIR
system. (c) Active MIMO system response to an off-axis point target at location

r = (10cm, 30cm, 10cm), resulting in shifted and distorted Fourier-domain support and
PSF. (d) Similar distortion is evident for the passive SAIR system imaging an off-axis
point target. The signal support in the Fourier domain does not shift due to Hermitian
symmetry requirements of the incoherent transfer function.

of the square array geometry, while the resolution attained
along any dimension is comparable under MIMO or SAIR
operation, as predicted by the similar extent of k values
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FIGURE 6. (a) Mill’s cross geometry utilizing two linear subarrays 1 and 2, resulting
in short-range k-space coverage illustrated in (b) for a MIMO systems and (c) for a
SAIR system. (d) A “Y” array and its generalized short-range coarray for (e¢) MIMO and
(f) SAIR systems.

achieved in Figs. 4 and 5(a) and (b). Both systems suffer from
poor longitudinal resolution resulting from the limited view
achieved by the arrays along that axis, determined strictly
from geometric considerations. This is referred to as the
missing cone problem in optical systems [49]. This resolu-
tion is typically improved in active systems through coherent
synthesis of broadband frequency components [33], [50],
whereas incoherent systems must rely on alternative prior
information [51].

While the image properties of a far-field imaging system
depend only on the transverse geometry of the aperture, a
short-range system exhibits substantial dependence on the
target position [52], [53]. This effect can be described in
terms of the geometrically defined k vectors, and is illus-
trated in Fig. 5. As the target (here, defined at a single point)
moves from an on-axis location of r = (Ocm, 30cm, Ocm)
to an off-axis location r = (10cm, 30cm, 10cm), the k-space
map distorts. The equivalent description in the spatial domain
shows that the PSF varies accordingly as a result of the lim-
ited aperture geometry. Intuitively, the PSF “smears” along
the longitudinal direction, an effect remedied by transform-
ing to projective coordinates in [44]. Of course, this spatially
variant characteristic implies that the image of an extended
target cannot be described by a simple convolution opera-
tion [41]. Instead, the image will contain contributions from
a potentially large range of distinct PSFs.

The previous results outline general properties of short-
range array systems by applying reciprocal space analysis
to optimally sampled, dense arrays. Nevertheless, the same
approach can be applied to the optimization of sparse arrays
through three-dimensional spatial frequency domain syn-
thesis. Figure 6 demonstrates the application of different
aperture synthesis techniques in the aperture near field. The
Mill’s cross aperture geometry employs two perpendicular
linear subarrays, and is shown in Fig. 6(a). The coher-
ent system k-space map is plotted in Fig. 6(b), and that
of the incoherent system in Fig. 6(c). The transverse and
longitudinal extents are identical for each, leading to qualita-
tively similar PSFs as observed in the insets. As mentioned
above, these PSFs were computed by directly applying a
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FIGURE 7. k-space coverage and imaging simulation results for a point target at
r = (30cm, Ocm, Ocm). (a) MIMO k-space coverage at 18 GHz, 20 GHz, and 22 GHz,
illustrating the extension of the bandpass along the range direction resulting from
coherent synthesis of the broadband signals. (b) Two-dimensional PSF in the range
and cross-range dimensions obtained by applying the coherent Fourier-domain
reconstruction algorithm to simulated data taken over the 18-22 GHz at 200 MHz
spacing. Range resolution is enhanced through the use of a broadband signal,
corresponding to the enhanced k-space coverage. (c) SAIR k-space coverage
analogous to the case presented in (a). In this case, incoherent synthesis results in
destructive summation of the k vectors, leading to poor longitudinal resolution as
illustrated in (d).

DFT to the spatial frequency values illustrated in Fig. 6(b)
and (c). In the far field limit, the k-space structures become
identical and are referred to respectively as the sum and
difference coarrays. Another commonly used sparse array,
the Y-array, is illustrated in Fig. 6(d), along with its coher-
ent (Fig. 6(e)) and incoherent (Fig. 6(f)) k-space mappings.
These results provide further evidence that the k-space struc-
tures comprise short-range generalizations of the sum and
difference coarray interpretations for coherent and incoher-
ent systems. Indeed, the transverse profiles agree with the
far field coarrays reported in [24].

The bandpass characteristics demonstrated in the previous
examples derive strictly from the relationship between the
aperture-scene geometry and the wavenumber at a sin-
gle frequency. The nature of the system leads to distinct
k-space representations resulting from either the construc-
tive or destructive synthesis of the spatial frequency vectors.
This same process dictates the ability of the two systems
to synthesize range information from broadband signals,
as illustrated for a 30 cm-long, one-dimensional aperture
in Fig. 7. It is conventionally understood that an active,
radar system can retrieve range information from broad-
band or pulsed signals [54]. A near-field MIMO system
can evidently obtain range information directly from the
system geometry (Fig. 5), though broadband signals will
enhance this capability. This can be interpreted through the
coherent processing of the range of wavenumbers accessed
over the operating frequency, which leads to a series of
bandpass structures stacked along the k, direction, each
with radius 2k [43]. Figure 7(a) demonstrates that as the
bandwidth increases, the k-space coverage along the range
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direction improves, resulting in improved range resolution
in the image. Figure 7(b) shows the reconstructed image of
a point target located at r = (30cm, Ocm, Ocm), and interro-
gated with a broadband signal over the range 18-22 GHz and
sampled at 200 MHz intervals. The coherent Fourier-domain
algorithm described in Section V was used to reconstruct
this target according to the mapping in Eq. (11). The range
resolution defined as the half-power beam width in this
example is 4.23 cm, and should approximately correspond
to the k-space coverage by Eq. (16). Obtaining the max-
imum and minimum ky, values over the signal bandwidth
from Fig. 7(a) gives an expected full-width resolution of
5.08 cm. In contrast to this result, the incoherent system can
obtain range information only from the system geometry,
and synthesis of broadband information does not augment
its Fourier-domain coverage (Fig. 7(c)), as expected for an
incoherent system. Therefore the longitudinal signal support
is limited to a length of 2k,,, regardless of bandwidth, so
that range resolution for a broadband system is determined
strictly by its highest operating frequency in the same way
as a monochromatic system. The full-width range resolution
expected from Fig. 7(c) is thus 12.92 cm, which is compa-
rable to the value 9.35 cm observed in the Fourier-domain
reconstruction of Fig. 7(d). Deviations of the observed res-
olutions from those predicted by Eq. (16) can be attributed
to the different definitions used in quantifying resolution.
Whereas Eq. (16) defines the expected resolution in terms
of zero crossings of the sinc function, our choice of quanti-
fying resolution by full width at half maximum stems from
numerical inaccuracies that make such zero crossings diffi-
cult to observe, and leads to a systematic underestimate of
the image resolution.

The results of applying our generalized Fourier-domain
imaging algorithm to an extended target in the array near
field are given in Fig. 8. The target consists of three bars
of varying orientation 30 cm from the aperture plane. The
top row gives the result obtained by the MIMO system in a
(a)front and (b)isometric view, and the bottom row shows the
SAIR system reconstruction in a (c)front and (d)isometric
view. In order to emphasize the role of the mappings defined
in Egs. (10) and (13) independent of the choice of inter-
polation procedure, these images were computed by DFTs
applied to the unevenly spaced samples resulting directly
from the relationships of Eqs. (11) and (14). This result
highlights the effect of the different processing strategies on
overall image characteristics. Namely, the disparate image
properties, including an observably stronger background in
the incoherent image [55], arise from the particular filter-
ing achieved in the spatial frequency domain according to
Egs. (11) and (14).

VII. DISCUSSION

The reciprocal space framework developed in this paper
exploits the analogy between active and passive systems
in order to provide an analytical design tool for short-
range array systems, generalizing the well-known coarray
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FIGURE 8. Numerically computed three dimensional image reconstructions of three
bars at y = 30cm using the proposed method. The top row illustrates the
reconstruction obtained by a 30 cm x 30 cm MIMO array in a (a) front view, and (b)
isometric view. The bottom row depicts the results achieved using a SAIR array of the
same size in a (c) front view and (d) isometric view.

methodology. For simplicity, we have not included con-
siderations of the antenna gain/radiation patterns, but have
restricted the formalism to arrays consisting of identical,
isotropic antennas. This approach highlights the geomet-
ric considerations of array design that are the focus of our
studies. Nevertheless, the effects of directional radiation pat-
terns can be incorporated into our framework through spatial
frequency-domain filter terms, as described in [30].

The results provided in the previous sections explore the
effects of the Fourier domain system filters on image res-
olution and qualitative characteristics. Further investigations
may reveal classes of targets that are ideally suited for
imaging by either of these modalities independently, in addi-
tion to methods by which active and passive system data
sets may be coordinated to yield improved hybrid image
performance [56].

VIIl. CONCLUSION

In this work, we have investigated the shared mathemat-
ical structure in the signal models of active MIMO and
passive SAIR imaging systems. This has allowed a uni-
fied analytical framework for short-range geometries using
coarray concepts described in the spatial frequency domain,
as well as an efficient Fourier-domain imaging algorithm
inspired by strategies employed in active radar systems. We
have demonstrated that the short-range, three-dimensional
imaging performance of active and passive systems are
comparable, though passive systems exhibit poor range res-
olution compared to active systems that can coherently
synthesize frequency data. This methodology can improve
predictive modeling techniques for designing short-range
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imaging architectures and sparse array designs, while simul-
taneously offering a simple and robust strategy for numerical
image reconstruction.
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include the theory, simulation and characterization of structured materials
across the electromagnetic spectrum, including photonic crystals, metama-
terials and plasmonic nanostructures, as well as applications that leverage
these unique materials. He has been recognized for his contributions to
metamaterials, first a co-recipient of the Descartes Research Prize in 2005,
awarded by the European Union, and later a co-recipient of the McGroddy
Prize for New Materials, awarded by the American Physical Society, for
“The Discovery of Metamaterials” (2013). In 2016, he was elected to the
National Academy of Inventors. In 2021, he has been shortlisted for the A.
F. Harvey Engineering Research Prize, awarded by the IET. In 2009, he was
named a “Citation Laureate” by Clarivate Web of Knowledge, for having
among the most number of Highly Cited papers in the field of Physics
over the past decade; he has remained on the list ever since. He has also
taken a role in transitioning metamaterial concepts into viable engineer-
ing technologies, having contributed to the largescale commercialization of
metamaterial devices and components.
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