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Abstract

The use of incoherent signal illumination is seeing increas-
ing interest for millimeter-wave imaging applications, due
to the fact that the transmitters and receivers need not be
synchronized in such systems. Furthermore, exact knowl-
edge of the transmit waveforms and the resultant radia-
tion pattern is not required either, so long as the spatio-
temporal radiation pattern is sufficiently uncorrelated. De-
signing the transmit systems to ensure such spatio-temporal
properties is not always straight-forward, especially when a
small number of transmitters is used, since the image plane
is typically in the near-field of the array. In this paper, we
discuss the connection between the near field and spatio-
temporal incoherence for illuminating signals in incoherent
millimeter-wave imaging.

1 Introduction

Space-time incoherent fields are widely used in applica-
tions using optical frequencies [1], however at microwave
and millimeter-wave frequencies, such signals are not com-
monly utilized, as most systems coherently process transmit
and receive signals. For example, radar systems perform
coherent processing of the received signals compared to the
transmit waveform properties, and phased array antennas
require element-to-element coherence between both trans-
mit and receive elements [2]. Interferometric imaging uses
sparse antenna arrays that capture the field from incoher-
ent sources. Applications include radio astronomy [3] and
passive millimeter-wave imaging of humans [4,5]. These
applications utilize thermal radiation which satisfies the
Van Cittert-Zernike theorem requirements [1] which dic-
tate that the fields should be incoherent in both space and
time. However, thermal radiation is extremely low power at
millimeter-wave frequencies and this leads to high system
cost due to very high sensitivity and wide bandwidth re-
ceivers needed [6-8]. These requirements are significantly
relaxed in active coherent systems like radar since the trans-
mit power yields a strong reflected signal.

The newly introduced technique called active incoher-
ent millimeter-wave imaging uses noise transmission from
multiple locations in order to mimic the properties of ther-
mal radiation and achieve spatial incoherence [9, 10]. The
use of active transmission of the noise signals results in a
significant relaxation of the sensitivity and bandwidth re-

quirements in passive imagers, thereby enabling image for-
mation with commercial receiver hardware. It is further-
more possible to capture signals of interest radiated from
non-cooperative sources, provided that they are sufficiently
incoherent across space and time [11]. Many advantages
come with this newly introduced approach including the use
of very sparse antenna arrays resulting in less hardware than
phased arrays [12], minimal knowledge requirements of the
transmit signals, no requirements for transmitter-receiver
synchronization, and the use of fast Fourier processing. Us-
ing the far field radiation of N noise transmitters, partial
spatial coherence of 1/N at the worst case is obtained [13].
However, it is not always possible to have a large number
of incoherent transmitters, which makes it important to ex-
amine different techniques to achieve spatial incoherence.
In this work we examine the use of near field illumination
from an array of noise transmitters. We first introduce the
theory and then we include simulations of near field inco-
herent signal transmission.

2 Near Field Noise Illumination and Incoher-
ence

Consider two millimeter-wave incoherent noise transmit-
ters residing on the x — y plane, where the i transmitter
resides at (x;,0). For the interferometric image reconstruc-
tion to succeed each spatial point response needs to be sta-
tistically independent from the other. The two independent
noise sources are illuminating the scene with incoherent
signals, however their superposition might not be neces-
sarily spatially incoherent, as it can also be seen from the
Fig. 1. The two targets get different contributions of the
incoherent signals when illuminated from near field radia-
tion (top), Fresnel zone (middle), and far field illumination
(bottom). This can be seen also from the phase wavefronts
at the bottom of Fig. 1. The two targets get almost the same
contribution of the phase wavefronts with colors green and
yellow in the bottom. This is not the case for the near field
example at the top of Fig. 1, where the circular wavefronts
can give very different contribution on the targets. The met-
ric we use in this study to evaluate how much the phase of
the electric field E at one point i is different from another
point j is the mutual coherence matrix y. Each matrix ele-
ment 7;; is the dot product of the spatial point responses &;
and €; as a function of time and can be written as
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Figure 1. Comparison between near field (top), Fresnel
zone (middle), and far field (bottom) incoherent illumina-
tions. Near field radiation gives the most diverse contribu-
tions to the two targets as it can be seen from the superpo-
sition of the phase wavefronts. Fresnel zone illumination
gives a little less diverse contributions and the two targets
on the bottom receive almost the same contribution from
the approximately planar green and yellow lines in the far
field.

where || - || is the [, norm. When %; is close to 1, the spa-
tial points i, j are coherent, while when ¥;; is close to O the
points i, j are incoherent [13]. In a 2-D space (x,y) the field
from N transmitters at a carrier frequency f, with band-
width Af as a function of time can be given as
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where * corresponds to convolution, sy,(f) s
the noise signal from the i-th transmitter, and

Ri = /(x—x)*+(y—y:)? is the distance of each
point (x,y) from the transmitters locations (x;,y;).

The results of the mutual coherence at a 1-D image plane
can be seen in Fig. 2(a)-(c) for N=2 38 GHz noise trans-
mitters. All the results correspond to the scene being at a
distance of 5 m away from the noise sources and the spatial
mutual coherence was calculated along a line of 2 m. The
transmitter separation was changed to simulate the far field,
Fresnel zone, and near field. The results in Fig. 2(a) are
from a transmit separation of 20 cm which corresponds to
far field and it can be seen from the main diagonal that every
point is self coherent with itself as expected. However, the
anti-diagonal lines with amplitude close to 1/2 show that
almost every spatial point has another point that is partial
coherent with it, which is unwanted coherence. Increasing
the transmitter separation to 1.6 m pushes the unwanted par-
tial coherence lines to the edges of the field of view as it can
be seen in Fig. 2(b) for Fresnel region radiation. Finally, in-
creasing the transmit separation to 2.8 m completely elimi-
nates the partial coherence lines inside the field of view as
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Figure 2. (a) Far field illumination using 2 incoherent
noise transmitters which shows partial coherence lines with
Y = 1/2 (b) Fresnel-zone illumination using 2 incoherent
noise transmitters. The partial coherence lines have been
pushed at the edges of field of view. (c) Near field illu-
mination using 2 incoherent noise transmitters. The partial
coherence lines have been pushed outside the field of view
of the image reconstruction achieving perfect spatial inco-
herence inside the field of view.

it can be seen in Fig. 2(c). All the points along the line have
unique phase responses which is the ideal scenario for ac-
tive incoherent illumination and will minimize the artifacts
in the spatial frequency sampling process.

These first results represent a promising approach to syn-
thesize space-time incoherent illuminations for active in-
coherent millimeter-wave imaging. Far field illuminations
can appear partially coherent for a small number of transmit
elements. Fresnel zone illuminations seem to push the par-
tial coherence lines at the edges of the field of view, away
from broadside. Near field transmit configurations seem to
achieve perfect incoherence broadside of the array. Future
work will include spatial tailoring of the partial coherence
lines along with analytic derivations and bounds.



3 Conclusion

The spatial coherence from incoherent transmitters at dif-
ferent radiating zones has been analyzed in this article.
Compared to far field incoherent illumination that can ex-
hibit a worst case spatial incoherence of 1 /N when using N
transmitters, near-field can achieve close to perfect incoher-
ence using only 2 transmitters for 1-D imaging.

References

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(9]

[10]

[11]

[12]

M. Born and E. Wolf, Principles of optics. ~ Cam-
bridge Univ. Pr., 1999.

R. C. Hansen, Phased Array Antennas. Wiley-
Interscience, 2009.

A. R. Thompson, J. M. Moran, and G. W. Swen-
son, Interferometry and Synthesis in Radio Astron-
omy. John Wiley and Sons, 2001.

L. Yujiri, M. Schoucri, and P. Moffa, “Passive
millimeter-wave imaging,” IEEE Microwave Maga-
zine, vol. 4, pp. 39-50, 2003.

J. A. Nanzer, Microwave and Millimeter-Wave Re-
mote Sensing for Security Applications. Artech
House, 2012.

E. Kpré, C. Decroze, M. Mouhamadou, and T. Fro-
menteze, “Computational imaging for compressive
synthetic aperture interferometric radiometer,” IEEE
Trans. Antennas Propag., vol. 66, no. 10, pp. 5546—
5557, 2018.

S. Abid, C. Decroze, M. Mouhamadou, and T. Fro-
menteze, “Enhancing millimeter-wave computational
interferometric imaging,” IEEE Access, vol. 8, pp.
101416-101 425, 2020.

A. V. Diebold, M. F. Imani, T. Fromenteze, D. L.
Marks, and D. R. Smith, “Passive microwave spectral
imaging with dynamic metasurface apertures,” Op-
tica, vol. 7, no. 5, pp. 527-536, May 2020.

S. Vakalis and J. A. Nanzer, “Microwave imaging
using noise signals,” IEEE Trans. Microw. Theory
Techn., vol. 66, no. 12, pp. 5842-5851, Dec 2018.

S. Vakalis, L. Gong, Y. He, J. Papapolymerou, and
J. A. Nanzer, “Experimental demonstration and cali-
bration of a 16-element active incoherent millimeter-
wave imaging array,” IEEE Trans. Microw. Theory
Techn., vol. 68, no. 9, pp. 3804-3813, 2020.

S. Vakalis, L. Gong, and J. A. Nanzer, “Imaging with
wifi,” IEEE Access, vol. 7, pp. 28 616-28 624, 2019.

S. Vakalis and J. A. Nanzer, “Analysis of array spar-
sity in active incoherent microwave imaging,” IEEE
Geosci. Remote Sens. Lett., vol. 17, no. 1, pp. 57-61,
Jan 2020.

[13] S. Vakalis, D. Chen, and J. A. Nanzer, “To-

ward space—time incoherent transmitter design for
millimeter-wave imaging,” IEEE Antennas Wireless
Propag. Lett., vol. 19, no. 9, pp. 1471-1475, 2020.



