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Abstract—In this paper, we are interested in the high-resolution
imaging of an unknown area based on only power measurements
of a small number of wireless transceivers located on one
side of the unknown area. In order to do so, we propose a
framework that achieves a polynomial order reduction in the
number of antennas required for high-resolution imaging. More
specifically, we show that by spacing the antennas at multiples
of the wavelength and applying subspace-based analysis, we can
image ) targets using only 2/ 41 transmit/receive antennas (as
compared to the state-of-the-art value of A/? + 1 antennas). We
then validate our framework using simulations in both noise-free
and noisy environments.

Index Terms—Super-resolution imaging, Time Reversal MU-
SIC, Rytov Model.

I. INTRODUCTION

Several techniques have been proposed in the literature to
image an unknown area using wireless measurements [1]-
[4]. Among these, inverse scattering solutions are heavily
utilized [1], [3]. However, they are generally characterized
by high computational complexity. To reduce the complexity,
other techniques, such as subspace-based methods, have been
proposed [5], [6]. Due to their simplicity and high-resolution
capability, the subspace-based methods are often preferred
when the number of targets in the unknown area is small,
as compared to the number of available wireless nodes. The
traditional subspace-based methods require the knowledge of
the magnitude and phase of the received signal to image the
targets in the unknown area. However, most of the commercial
off-the-shelf transceivers (such as WiFi cards) cannot stably
measure the phase [7], thus limiting the applicability of the
subspace-based methods.

Recently, subspace-based methods, such as Time Reversal
MUItiple SlIgnal Classification (TR-MUSIC), have been ex-
tended to power-only scenarios. In [6], for instance, a power-
only TR-MUSIC algorithm is proposed. But it requires the
number of wireless transceivers to be greater than the square
of the number of targets, which is impractical in many cases.
In [8], the phase of the received signal is estimated at the re-
ceiving antenna array from the received power measurements,
and then used to image the unknown area using conventional
TR-MUSIC. However, this method relies on controlling and
adapting the phases of the transmitted signals, which is not
practical in most commercial wireless devices.
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Fig. 1. An illustration of the considered scenario. The workspace
D contains several targets of interest along with other objects. An
array of transceivers are used for imaging. The Tx antennas transmit
wireless signals that interact with the objects in D and are received
by the Rx antennas. The goal of this paper is to image the targets in
D using only the received power measurements of the Rx array.

In this paper, we are interested in imaging an unknown
number of targets using only wireless power measurements,
with an antenna array that is located on one side of the area
(see Fig. 1), and with a small number of transceivers. We
propose a framework to extend the TR-MUSIC algorithm
to the case where only power measurements are available.
More specifically, we show that by positioning the antennas
multiple wavelengths apart, and extending TR-MUSIC to the
resulting formulation, the number of the required wireless
nodes has to only be greater than twice the number of the
targets in the area (as compared to the square of the number of
targets in [6]). Furthermore, we show that our method images
the unknown area from only one side of the environment,
which is of practical significance when not all the sides of
the environment are accessible. Finally, our method does not
require any manipulation of the phase of the transmitted signal
at the transmitter side.

The rest of the paper is organized as follows. In Section
I, we use the Rytov approximation to model the received
power. In Section III, we present our framework to image the
unknown area. We then validate our approach in Section IV
with simulations. We conclude in Section V.



II. PROBLEM FORMULATION

Consider a workspace D shown in Fig. 1. The workspace
contains M targets of interest along with other objects, which
we call the clutter. For instance, the workspace can be a
building in which the targets of interest are humans, while the
other objects, such as walls and furniture, form the clutter. An
array of antennas located outside of the workspace D transmits
wireless signals which interact with the objects in D and
are then received back by the same array. Alternatively, two
different antenna arrays (on the same side) can be used, one for
transmission (Tx) and the other for reception (Rx). The goal of
this paper is then to image the targets in the workspace using
only the received power at the Rx antennas. In this section,
we mathematically characterize the received power in terms of
the targets in the workspace. To keep the formulation general
and applicable to both cases of single and double arrays, we
use a different notation to indicate the position of the Tx and
Rx antennas.

Consider a Tx antenna located at x! € D", where D" is
the compliment of D, radiating wireless signals into D, and
let x” € D" denote the location of an Rx antenna. Under the
assumption of single-polarized Rx antenna, the electric field
at x” due to a transmission from a Tx antenna at x' is given
by the following scalar volume integral equation [9]:

(x",x
D
where Fi,(x",x") is the incident field at x", which is the
received field in the absence of objects, 7(x’) = w?p,(e(x') —
€,) and €(x’) are the scattering strength, and the permittivity of
an object at X’ € D, respectively, w is the angular frequency of
the signal, and ¢, and p, are the permittivity and permeability

of free space, respectively. G(x",x’) denotes the free space
Green’s function between the points x’ and x"and is given by,
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where ) is the wavelength. The electric field E(x',x") inside
the integral of Eq. (1) depends on 7(x’), making it non-
linear in objects and computationally intense to solve [9].
In the literature, several linearizing approximations have been
proposed to solve Eq. (1) more efficiently. In this paper, we use
Rytov approximation which relates the received power linearly
to the targets in D [1]. Under this approximation, the electric
field can be modeled as follows:
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where Ep(x",x") = [[[ G(x",x)7(x") Einc(x', x")dx’.
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In this paper, we take the incident field to be the free space
electric field: Ei.(x',x") = G(x,x"). Then from Eq. (3), the
received power is given by,

rot
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where P(x",x!) = 10log;o(|E(x",x")[?), Puc(x",x!) =
101og; (| Bine(x",x%)|?) , R{.} denotes the real part of the
argument, and |.| denotes the magnitude of the argument.
After removing the free-space component, we then have the
following:
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Equation (4) models the received power in terms of the objects
in D.

Pp(x",x") =

III. TR-MUSIC BASED IMAGING

In this section, we propose an algorithm based on TR-
MUSIC [5] to image the targets in the workspace using only
the received power measurements of the Rx array.

Let xz-,j e {1,2,---,N;} and x[,5 € {1,2,---,N,}
denote the locations of the Tx and Rx antennas, respectively,
where N; and N, denote the number of Tx and Rx antennas.!
As mentioned earlier, the main bottleneck in imaging with
power measurements of the array is that a prohibitive number
of transceivers (i.e., more than square of the number of targets)
is required. We next propose a special positioning of the
antennas that, when combined with the Rytov modeling, can
drastically reduce the number of required antennas. More
specifically, we propose to position the Tx and Rx array in
a way such that the distance between any antenna in the Tx
array and each antenna in the Rx array is a multiple of the
wavelength A, i.e., x;» — xJ| = s\ for all 4,j, where s is an
integer. Note that such a placement is trivial if all the antennas
are positioned on a straight line. By using such a configuration,
the Green’s function in the denominator of Eq. (4) becomes
real. We then define p as follows, using Eq. (2) and (4)
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We next show that subspace-based analysis can be applied
to this measured quantity, p, something that would not have
been possible without the proposed antenna spacing.

Let the M targets of interest be located at x,,, € D for m €
{1,..., M}. Since the workspace contains both the targets and
clutter, the scattering strength of an object in workspace can
be expressed as follows: 7(x') = 7%8(x’) if x’ € D® C D
and 7(x') = (%) if x’ € DY C D, where D* and D9

'As mentioned earlier, we can have a single array for both the Tx and Rx
antennas, as shown in Fig. 1.



denote the support of the targets and the clutter respectively.
Furthermore, we assume that the dimensions of the targets are
small, compared to the wavelength, and hence consider the
targets as point objects. Therefore, 78(x’) = 7,,0(x" — xp,),
where 4(.) is the Dirac-delta function, x,, is the location, and
Tm is the scattering strength of the m™ target. By substituting

these values in Eq. (5), we get,
p(xj,x}) = pR(x},x}) +p (x], x}), (6)

where

M
PE(x,x) =R { Z T,,LG(xf,xm)G(x,,L,x;)} .
m=1

p° can be similarly expressed in terms of the clutter. By
making prior measurements when no targets are present, the
impact of clutter can be measured and thus removed from Eq.
(6). We next show how to apply subspace-based methods for
imaging based on p'¢. By forming a matrix whose element in
the i row and j™ column is p'¢(x}, x}), we get the following
N,. x N; matrix,
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where g!, = [G(Xm,x}), G(Xm,X5), ..., G(Xm, x%, )] is an

N; x 1 vector of Green’s functions from all the Tx antennas
to the m™ object’s location, g", = [G(x},Xm), G(X5, Xm),
..., G(x}y ,xm)]" is an N, x 1 Green’s functions from the
m™ object’s location to all the Rx antennas, and {.}» and
{.}s denote the real and imaginary parts of the argument,
respectively. We next use the properties of the matrix P to
image the targets in D. More specifically, we show how P%
is in a form to which TR-MUSIC analysis [5] can be applied.

Let Pt = UXVH denote the Singular Value Decom-
position (SVD) of P'¢, where Uy, xn, and Vi,xn, have
orthonormal columns. Assume that min(N;, N,) > 2M.
Since the matrix P'¢ is the sum of 2M independent matrices
of rank 1 as evident from Eq. (8), the matrix P¢ will
have 2M nonzero singular values. Accordingly, U and V
can be divided into U = [Us U,] and V = [V, V],
where Ug and V, denote the first 20 columns of U and
V' respectively. From Eq. (8), it can be seen that the basis
vectors of Us and V are {gf, -, 80,814, " » 8, t and
{gl, - 8h 8l > 81y, } respectively. Since U and V/
have orthogonal columns, g, is orthogonal to the columns
of U, and g!, is orthogonal to columns of V,, for all
m € {1,2,---,M}. For any arbitrary location x, € D,
let g7 = [G(x],x,),G(x5,%p), - ,G(x}y ,%x,)] and g}, =
[G(x,%x,), G(x5,%p), -+, G(xly,,x,)]. Following a similar

procedure of [S], it can be shown that g; is orthogonal to all
the columns of U,,, and g; is orthogonal to all the columns
of V,, if and only if x, = x,,, form € {1,2,...,M}.
Therefore, the image of the targets in the workspace, I(x,),
can be estimated from the pseudospectrum, Ips(xp), defined
as follows:
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and Ay =
at the locations of the targets, since the projections in the
denominator of Eq. (9) vanish at the locations of the targets.
Therefore, I(x,) represents the image of the targets in D.

Remark 1: Note that the minimum required number of
antennas to enable the aforementioned analysis is 2M + 1,
which is considerably less than the state-of-the-art value of
M?+1.If one array is utilized for both Tx and Rx, this will be
the minimum required number of transceivers. If, on the other
hand, two arrays are utilized for transmission and reception,
then each array has to have at least 2M + 1 elements.

. It can be seen that I(x,) peaks only

IV. SIMULATION RESULTS

In this section, we evaluate our framework to image the
targets in a workspace D using simulations. We consider a
square workspace of dimensions 4 m x 4 m which contains
M point targets with permittivity of 5ey. Multiple objects with
permittivity of 3ep are randomly distributed throughout the
workspace to form the clutter. In order to image the targets, we
first perform a calibration of the workspace in which wireless
power measurements are obtained in the absence of the targets.
More specifically, each Tx antenna illuminates D, one at a
time, while all the receivers measure the received power of the
wireless signals, thus obtaining a matrix P!. When the targets
are present in the workspace, we then repeat the measurement
process to obtain the data matrix P. P'¢ is then obtained by
taking the difference between P and P°. This matrix is then
used to image the targets as described in Section III. We next
present our results.

A. Noise-free case - Single array

In this section, we consider a single antenna array which
acts as both Tx and Rx, i.e., each antenna in the array
transmits and receives the wireless signals, as shown in Fig. 1.
We further neglect modeling errors, i.e., we assume that the
wireless power measurements follow the Rytov model given
in Eq. (3). We use N; = N, = 11 antennas, with antenna
separation of )\, located on the northern side of the workspace
to image M = 4 targets in the workspace. Fig. 2 (top) shows
the magnitude of the singular values of the matrix P'€. It
can be seen that the number of nonzero singular values are
2M = 8 corresponding to 4 targets. Fig. 2 (bottom) shows
the imaging result. The crosses represent the true locations of
the targets. The 2D color map shows the magnitude of the
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Fig. 2. (top) shows the magnitude of the singular values of the data
matrix. It can be seen that the number of non-zero singular values
are twice the number of the targets in the workspace. (bottom) shows
the magnitude of the image of the targets in the workspace in dB. It
can be seen that our framework accurately images the targets.

image I defined in Eq. (9). Then, the targets are estimated to
be at the peaks (local maxima) of this 2D map, as indicated
by circles in Fig. 2. It can be seen that, for the noiseless case,
an accurate high-resolution image of the targets is obtained,
which validates our framework.

B. Noisy case - Single array

To test the robustness of our framework to different types
of errors, we consider modeling and measurement errors in
this section. More specifically, the power measurements are
obtained by solving the exact forward model of Eq. (1).
Furthermore, we add an additive white Gaussian noise to the
receptions (Pp) such that the signal to noise ratio (SNR) of
the power measurements is 40 dB. Same configuration of the
antennas of the noise free case is used to image M = 4 targets.
Fig. 3 shows the imaging result. As the figure shows, the
target locations are accurately imaged even in the presence
of modeling errors and noise.

C. Noisy case - Two arrays

In this section, we consider two different arrays for Tx and
Rx antennas. Although using two separate arrays for Tx and

JYYYTYYYYYTY

Y Tx/Rx antennas
X True object locations
O Estimated object locations

Fig. 3. Magnitude of the image, in dB, in the presence of modeling
errors and noise. It can be seen that our framework accurately images
the targets.
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Fig. 4. Magnitude of the image, in dB, in the presence of modeling
errors and noise when using two antenna arrays. It can be seen that
our framework accurately images the targets.

Rx increases the total number of required wireless nodes, a
higher resolution can be achieved compared to the single array
case [10]. We position the two arrays on the same side of the
workspace with their centers separated by 19\. Each array
consists of 16 antennas, i.e., N; = NN, = 16, with antenna
separation of A. The workspace contains M = 6 targets, two
of which are located only 2.5\ apart. Fig. 4 shows our imaging
result. It can be seen that all the targets, including the closely-
located ones, are imaged and resolved accurately.

V. CONCLUSION

In this paper, we presented an approach to reduce the
number of Tx/Rx antennas for high-resolution imaging using
only wireless power measurements. We modeled the received
power of the array using Rytov wave model. We then showed
that by spacing the antennas at the multiples of the wavelength
and extending the existing TR-MUSIC algorithm, we can
image M targets using only 2M + 1 Tx/Rx antennas, a
significant reduction from the state-of-the-art value of M2+ 1.
We finally validated our framework with simulation results.
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