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Abstract—Based on the synthetic interferometric imaging
technique (SAIR), a new microwave radiometer architecture
is proposed in this paper to detect thermal noise sources with
a passive coded measurement approach so called CSAIR.
In this new system, a passive microwave device is used
to intrinsically code and multiplex the antenna signals.
This allows the reduction of the number of RF chains
while keeping the same antenna array configuration needed
in a conventional interferometric radiometers. The system
principle is described and the signal processing required for
the target brightness temperature rendering is also discussed.
Simulation and measurement results show the effectiveness
and the potential of the proposed system.

Index Terms—Synthetic aperture, radiometry, Microwave

imaging, microwave device.

I. INTRODUCTION

Microwave radiometer are powerful sensors for high-
resolution imaging. Nevertheless, due to the trade off
between the spatial resolution and the antennas aperture,
real aperture radiometer cannot achieve the desired high
spatial resolution. Synthetic aperture radiometer has been
suggested as an alternate to real aperture radiometer [1].
Indeed, it can synthesize a large aperture from a few
sparsely arranging number of antennas. In this way, high
spatial resolution can be achieved without any mechanical
or electronically scanning [2]. The basic idea is to mea-
sure all the possible cross-correlation between each pair
of electromagnetic waveforms received by the antennas.
These correlation samples are usually called visibility
function and their relative positions in the spatial fre-
quency domain are called baselines. In the ideal case, the
visibility function is related to the target brightness tem-
perature through a spatial Fourier transform [3]. Numerous
radiometers are based on this concept such as the Elec-
tronically Scanned Thin Array Radiometer (ESTAR)[4],
Microwave Imaging Radiometer using Aperture Synthesis
(MIRAS) [5].

Besides the maturity of microwave technologies, high
resolution imaging algorithms have greatly improved the
conventional interferometric radiometer performances [6].
Thereby, the SAIR technique can be applied to practical
near-field applications such as security check, concealed
weapons detection, since they require real time acquision
and high spatial resolution. On the over hand, high reso-
lution imaging requires a large number of antennas which
is directly linked to the number of RF chains.
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Figure 1. Architecture of a conventional microwave radiometer.

As depicted in Fig.1 a conventional interferometric
radiometer architecture consists of an antenna array, where
each antenna is connected to a single RF chain, insuring
the down-conversion of the RF signal to a digital baseband
IQ signal. Then, the ensuing process consists to perform
the correlations in pair and image reconstruction. As
consequence, the hardware complexity increases as well
as the dimensional requirements of the antenna array.

The main contribution of this paper is to propose a
new approach using a M x N (M > N > 1) ports
microwave device whose transfer functions are uncorre-
lated to intrinsically code the receive waveforms from
the M antennas. Herein, the device frequency diversity
is associated to a spatial diversity through N output
ports connected to N shared RF chains. A generalized
visibility function recovering method is introduced and
the image reconstruction ensuing. The simulation and
experimental results indicate that the new architecture can
be an alternate to drastically reduce the complexity of
the conventional microwave radiometers while keeping the
same antenna array geometry.

II. CSAIR FUNDAMENTALS

In this section a new radiometer architecture is in-
troduced to reduce the number of RF chains needed
in a conventional SAIR architecture. The aim of this
concept is to measure the visibility function sample from
a compressed acquisition performed in the physical layer.
A generic setup of the passive coded SAIR (CSAIR) is
described in Fig.2. The receiving antenna array is con-
nected to a M x N (Output/Input) ports microwave device



which intrinsically codes and multiplexes the received M
antenna signals into N < M output signals, leading to
the architecture simplification. Then the measured signal
en(f) (n €1,2,.., N]) without noise at the device single
output in frequency domain can be expressed by:
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Figure 2. Passive coded SAIR architecture. M received signals are
coded into N measured signals.

M
Cn(f) = Z hnm(f)sm(f) (1)
m=1

where h,,.,,(f) corresponds to the device transfer func-
tion between the antenna m and the device output n.
sm(f) is the received signal by the m!" antenna. For the
sake of efficient description of the principle, Eq.1 can be
reformulated for each frequency sample as linear equation
bellow:

¢ =Hs 2

Where ¢ and s are respectively N x 1 and M X 1 vectors
and H is N x M matrix. Since the principle of the SAIR is
to measure the cross-correlation between each pair of the
received signals, the challenge is to estimate the individual
antenna signal from the aggregate signal ¢, (f). Therefore,
due to the reduction of the number of RF chains, the
dimension of the measured signal c is significantly less
than the received signals s. So the Eq.2 is underdetermined
equation. Under this ill-posed problem, the most efficient
method is the equalization to solve it. A standard approach
is to estimate the received signal s, that minimizes the [y
norm of the objective function defined by [7]:

min|[Hs — cf|3 + zlls||3 3)

where g is the regularization parameter which can be
tuned to obtain a trade-off between the regularization
term and the penalty function. The choice for ; must be
done before inversion. Tikhonov solution is an example
of suitable equalization method which can explicitly be
formulated as follow:

+ _ (gt —1gt
H = (H'H + 1) 'H. )

()T and (.)" are respectively the equalized pseudo-inverse
and the transposed conjugate operators. The received
signal can be computed by :

s, =Hic 5)

The estimated signal can be derived from Eq.2 and Eq.5
by the following relation:

Sru = H;c
=H; Hs (6)
=R,s

R,, denotes the pseudo-correlation matrix of the device
transfer functions. Ideally this matrix tends to an identity
matrix leading to a perfect estimation of the received
signal. But this is hardly achievable in practice, limited
by the frequency and spatial diversity of the component.
Thereby it can be approximated by the use of an oversized
metallic microwave cavity which transfer function are
uncorrelated [9].

The visibility function between two antennas labeled ¢
and j can be computed by:

Vij(u,v) =< sri(f) .57, (f) > %

Based on interferometry fundamentals and first order
Taylor approximation, the near-field visibility function is
related to the brightness temperature through the following
equation[6]:

Vij(u,v) = e "0
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where T (€, n) is the modified brightness temperature
given by:

T(&n)Fi(&n)F](€m)
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(u,v) is the relative antennas spacing normalized by
the wavelength namely baselines, (§,7n) are the spatial
coordinates of the radiating source, T'(§,n) is the bright-
ness temperature, F; (£, n) and F;(&,n) are the normalized
antennas radiation pattern, 1/4/1 — £2 — n? is the oblique
factor. 7(7) = r(7)e~727f07 is the so-called fringe wash-
function which account for spatial decorrelation effect and

depends on the component transfer function through Eq.11
[10]:

Tr(&n) = 9)
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For an ideal radiometer, this parameter can be neglected
whereas for a real CSAIR system, the fringe-wash func-
tion can rapidly be significant, thus it is important to
take it in account for image reconstruction. ®(u,v) =
m(d? — d3)/AR is the quadratic modified term which
should be considered for a near-field imaging [6]. R and
d; are respectively the imaging distance and the antenna
euclidean distance from the center of the array.
Formulating visibility function and brightness temperature
images as vectors of respectively length P and (), Eq.8
can be rewritten in a matrix form [8]:

V=GT (11)



Where G is the P x Q-length system matrix, P is
the number of visibility samples including redundant
elements, () is the number of reconstructed pixels and
G(p, q) is the p* row and ¢*" column component of G .

G(p,a) = Fil8q:10) Fj (&0, nq)fij(7W)

X ei(27"(up£q+”pnq)*¢(upﬂ’p)) (12)

Finally, a conventional G matrix inversion can be ap-
plied to reconstruct the target image [11]. Counter to a
simple spatial Fourier transform, the G matrix inversion
helps to correct errors due to the fringe-wash function,
oblique factor, and antenna patterns. This method is the
basis of the image reconstruction in the following sections.

The proposed method is validated by the means of
numerical simulations and experiments measurement in
the following sections.

III. COMPUTATIONAL RESULTS AND ANALYSIS

In this section, two numerical scenarios are held to com-
pare the proposed CSAIR concept and the conventional
SAIR. The scenarios consist of 16 isotropic antennas
arranged along a "T" shaped array as depicted in Fig.3.
The antennas are separated by an inter-elements spacing
of d, = 0.7 x A\, where ) is the central wavelength in the
microwave S-Band (2 —4G H z). The noise sources are as-
sumed to be able to radiate centimeter-wave with a power
proportional to their brightness temperature 7'(¢, 7). The
integration time used for these scenarios is 7 = 1us with
an average factor of 128.
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Figure 3. T-shaped antenna array and the corresponding (u, v) coverage.

In the first scenario, each antenna is directly connected
to a single receiver channel as shown in Fig.1. The
visibility function is directly calculated by performing
the correlation in pair between the received waveforms,
while in the second scenario, the antennas are connected
to 16 x N (i.e N = 2) microwave device as depicted
in Fig.2. A simple analytic model of the component
transfer functions is numerically implemented to model
an oversized microwave cavity general behavior [12]:

B (f) = Fgnm(t)e ™t/ ™) (13)

with ¢,,,,(t) a random Gaussian distribution which is
a convenient approximation of the oversized microwave
cavity. 7, represents the decay time parameter which is
linked to the component quality factor. The decay time
is set to 1us in this example. The antenna signals are
estimated by the equalization method described in the
previous section, the visibility function is thus calculated
from Eq.7. Finally, the same imaging algorithm based on
Tikhonov regularization [11] is applied to both scenarios
for the brightness temperature reconstruction (Eq.11).
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Figure 4. Simulation results of point-like sources and a T’ shaped 2-D
source imaging with conventional SAIR and CSAIR imaging system.

Original point-like sources image is reconstructed con-
sidering the two scenarios, especially the conventional
SAIR, and the CSAIR as shown in Fig.4. The imaging
resolution is about (18cm, 28¢m) for both techniques and
the image dynamic is about 14dB for the conventional
SAIR and 10dB for the CSAIR. Fig.5 bellow shows the
cut-plane along X-axis of the point-like sources image.
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Figure 5. Cut-plane along X-axis of the point-like sources image.

The simulation model was then extended to a 2-D *T°
shaped objects (i.e Fig.4). Even if the dynamic of the
CSAIR imaging result is degraded, the image rendering
is sufficient to clearly recognize the shape of the object.
This demonstrate the effectiveness of the proposed system.
Nevertheless, one way to improve the image quality could
be to increase the average factor or the spatial diversity
(Number of the device output ports).

IV. MEASUREMENT RESULTS

A measurement platform has been setup to validate the
CSAIR concept and the deconvolution strategy. The setup
is the same as that introduced in simulation part with 16
Vivaldi antennas designed to match 2 — 4GHz band. The



antennas are arranged in *T° shape (9 along X-axis and
7 along Y-axis) with an inter-elements spacing of dz =
dy = Tem.

Figure 6. T’ shaped antenna array connected to the metallic microwave
cavity.

Three noise sources are emulated using three 12Gs/s
Arbitrary Waveform Generators (Agilent M8190A) con-
nected to three horn antennas. A 16 x 2 ports air-filled
metallic cavity with outer dimensions of 0.8 x 0.8 x 1m?
has been utilized as coding device as depicted in Fig.6.
The channel transfer functions is pre-characterized and
then used as the coding matrix as defined in Eq.1. The
noise time integration is 7 = 170us. The experience is val-
idated with the 16 Vivaldi antennas connected to the cavity
and only two signals are measured by a DSO90404A 20
GSa/s Agilent oscilloscope.
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Figure 7. Imaging Results. (a) Three horn antennas used in the noise
source emulator. (b) Imaging result of the noise sources.

Fig.7 shows the imaging result of three horn antennas.
As it can be noticed, the proposed system is able to detect
and discriminate the three sources with only two measured
waveforms. The resolution is the same as the theoretical
one (18cm,28cm). The imaging result show that the
CSAIR can be an efficient alternative of a conventional
SAIR since it is cost-efficient technique. Note that in
this experimentation, noise signal acquisition has been
performed in one shot without any average. This implies
that the image dynamic could be significantly improved
by implementing averaging on this experimental bench.

V. CONCLUSION

In this paper, a new synthetic aperture architecture
has been proposed based on a passive coding technique
performed in the physical layer. Actually a patent is pend-
ing on this new approach. In this concept, a microwave
coding device is used to intrinsically code and multi-
plex the M antenna signals into N measured waveforms

(M > N > 1). Equalization based on Tikhonov method
in frequency domain has been applied to estimate the
antenna signal needed to reconstruct the target image. The
simulation and measurement results show the potential of
the proposed system. Since it can drastically reduce the
number of RF chains while keeping the same number
of antennas, this new approach can obviously be an
alternate of the conventional SAIR systems. Future works
will focused on an enhanced reconstruction methods and
accurate imaging algorithms to reach the conventional
SAIR performances. In addition, an important metric to
evaluate the performances of the proposed system is the
sensitivity AT which represents the minimum change in
temperature of the source that can be detected by the
radiometer. Thereby, extended analysis to quantitatively
evaluate the sensitivity of the proposed system will be
implemented.
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