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ABSTRACT

Active incoherent millimeter-wave (AIM) imaging is a new
technique that combines aspects of passive millimeter-wave
imaging and noise radar to obtain high-speed imagery. Using
an interferometric receiving array combined with small set of
uncorrelated noise transmitters, measurements of the Fourier
transform domain of the scene can be rapidly obtained, and
scene images can be generated quickly via two-dimensional
inverse Fourier transform. Previously, AIM imaging provided
two-dimensional reconstructions of the scene. In this work
we explore the use of active millimeter-wave imaging for au-
tomotive sensing by investigating array feasible layouts for
automobiles, and a new technique to impart range estimation
to obtain three-dimensional imaging information.

Index Terms— Millimeter-wave imaging, high-speed
imaging, noise radar, automotive radar

1. INTRODUCTION

Millimeter-wave imaging has benefits for a wide range of
applications, including security sensing [1], contraband de-
tection [2], medical imaging [3], and non-destructive testing
[4], among others. Recently, millimeter-wave imaging for
automotive radar has become of significant interest due to
the rapidly evolving field of vehicle autonomy [5, 6, 7, 8].
Millimeter-wave imaging holds significant potential for auto-
motive applications due to the ability of millimeter-wave radi-
ation to propagate through obscurants like fog, smoke, snow,
and light rain with little to no impact, while at the same time
maintaining good imaging resolution due to the short wave-
lengths of millimeter-wave signals [1].

Millimeter-wave automotive sensing uses active transmis-
sion of signals, rather than passive techniques, to ensure suffi-
cient sensing range and operational speed. Active imaging at
millimeter-wave frequencies traditionally relies on the trans-
mission and reception of a coherent radar signal combined
with a narrow beam steered either mechanically or electri-
cally [9]. Mechanical imagers tend to be bulky and slow [10],
limiting their feasibility in automotive applications, while
electrically-scanned systems require a significant number of
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electrical components and a large aperture to generate high-
resolution imagery, driving up cost and power consumption.
Multiple-input and multiple-output (MIMO) techniques com-
bined with frequency-modulated continuous-wave (FMCW)
radar waveforms can achieve imaging without analog beam-
forming [11], however MIMO FMCW radar systems require
complex synchronization between the receive and transmit
array elements, and also entail a significant amount of ad-
ditional processing since each transmit signal is processed
orthogonally on each receiving element [12].

In this work we introduce a new concept for three-
dimensional automotive sensing that builds on a recently
developed active incoherent millimeter-wave (AIM) imaging
technique. In contrast to traditional millimeter-wave tech-
niques, AIM imaging combines the transmission of noise
signals with a sparse interferometric receiving aperture to
obtain high-resolution two-dimensional millimeter-wave im-
agery at video rates, without scanning [13, 14]. Here we
explore a new concept that imparts a coarse time synchro-
nization of the transmitted noise waveforms to obtain range
resolution and thus imaging in three dimensions. We inves-
tigate two array layouts commensurate with implementation
on a vehicle facade at 77 GHz and investigate the three-
dimensional response of the system with a wideband pulsed
noise waveform.

2. ACTIVE INCOHERENT MILLIMETER-WAVE
(AIM) IMAGING

Interferometric imaging was first developed in radio astron-
omy to observe the radiation from stars and other stellar ob-
jects using sparse arrays to sample the spatial Fourier trans-
form of the signals in the array field of view [15], but has since
been applied to satellite remote sensing and security sens-
ing. Interferometric arrays sample the Fourier transform of
the scene intensity, instead of sampling the scene intensity di-
rectly like other imaging modalities. Interferometric imaging
systems can use sparse antenna arrays requiring significantly
fewer antenna elements than traditional phased arrays, while
also maintaining a tolerance to element failures [16, 17]. In-
terferometric arrays have traditionally been passive systems,
capturing thermal emissions from the scene. Interferomet-
ric imaging necessitates that the received signals are spatially



and temporally incoherent to reconstruct the scene from the
Fourier domain samples [15], and thermal radiation naturally
satisfies this constraint. However, thermal radiation power is
generally exceedingly small at millimeter-wave frequencies,
requiring highly sensitive receivers with high gain and long
integration times, limiting the practicability of the technique
for automotive applications, where fast image reconstruction
time and low cost is important.

In AIM imaging, we combine the benefits of active and
passive millimeter-wave imaging. Active millimeter-wave
systems operate with significantly higher signal-to-noise ra-
tio (SNR) due to the transmission of signals, and therefore do
not require receivers with high sensitivity. Passive interfero-
metric millimeter-wave systems employ very sparse antenna
arrays and, furthermore, generate imagery in a staring format,
without beamsteering. We previously demonstrated AIM
imaging at microwave and millimeter-wave frequencies using
multiple noise transmitters to effectively mimic the proper-
ties of thermal radiation and support Fourier-domain image
reconstruction [13, 14].

Interferometric antenna arrays, whether used for pas-
sive or AIM imaging, capture samples of the scene visibility
V(u,v), which is the spatial Fourier transform of the scene
where (u,v) are spatial frequencies. Samples of the visibility
are obtained via cross-correlation of the signals between pairs
of antennas, yielding a sampling function S(u,v), where the
sampled spatial frequencies are defined by the electrical sepa-
ration and rotation angle of the antenna pairs. The product of
the sampling function S(u, v) and V(u, v) is referred to as the
sampled visibility Vs (u,v), from which the image intensity
I,. can be reconstructed through an inverse Fourier transform

I (o, B) = // Vs(u,v)e_jz’r("o‘+”5)dudv €))

where « and f are the direction cosines in the azimuth and
elevation plane. The spatial response of an interferometric
array can be characterized by the point spread function, which
is given by

PSF = F! [S(u, v)]. @)

In incoherent imaging the point spread function typically
refers to the squared magnitude | PSF|? .

3. ANALYSIS OF AIM IMAGING FOR 77 GHZ
AUTOMOTIVE RADAR

We consider the imaging performance of two 24-element
77 GHz array layouts for potential implementation in the
facade of a vehicle: a randomized aperture that has the same
azimuth and elevation resolution and a randomized aperture
using the same number of elements that increases resolution
in the azimuth plane at the expense of resolution in the ele-
vation plane. Wider inter-element spacing can lead to larger
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Fig. 1. (a) Randomized 24-element antenna array. The mini-
mum spacing in both the horizontal and vertical dimension is
1.5 A. (b) Sampling function of the random 24-element aper-
ture. (c) Point spread function of the randomized aperture as
a function of the azimuth and elevation angles ® and ©.

electrical aperture maximum dimensions, and therefore im-
proved resolution, however this also introduces image ambi-
guities, limiting the effective field-of-view of the imager. The
half-angle unambiguous field of view of an interferometric
imager with element spacing d, and d, across the horizon-
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Fig. 2. (a) Random 24-element antenna array. The minimum
spacing in both the horizontal and vertical dimension is 1.5
A. (b) Sampling function of the random 24-element aperture.
The sampling function is significantly wider in the u dimen-
sion. (c¢) Point spread function of the randomized aperture as
a function of the azimuth and elevation angles ¢ and ©. The
beamwidth is significantly larger in the elevation plane than
in the azimuth plane, due to the smaller aperture electrical
dimensions.

tal and vertical axes can be expressed for the two direction
cosines « and /3 as
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The 24-element randomized antenna array with equal az-
imuth and elevation resolution is shown in Fig. 1(a). The
minimum spacing between two antenna elements is 0.58 cm
(1.5)), which corresponds to an ambiguous field of view of
approximately +34° in the azimuth (®) and elevation (©) an-
gles. Due to its less stringent layout, random arrays allow
more flexibility for integration into different vehicle facades.
The sampling function S(u,v) of the array is shown in 1(b).
The PSF of the array is shown in 1(c), which shows a reso-
lution of 7 degrees in both azimuth and elevation dimensions.
At a distance of 20 m from the aperture, the resolution is
2.42 m in the azimuth (cross-range) dimension. While this ar-
ray has equivalent elevation and azimuth resolution, for auto-
motive applications azimuth resolution is generally more im-
portant, thus we designed a second randomized aperture using
the same number of elements, but spanning a wider horizon-
tal space and a narrower vertical space. Since the resolution
is inversely proportional to the maximum aperture size, this
serves to improve the resolution in the azimuth dimension at
the expense of resolution in the elevation dimension. In this
case, the array was four times wider in the horizontal dimen-
sion that the vertical dimension. The second randomized 24-
element antenna array with 1.5\ minimum spacing in both the
x and y dimension is shown in Fig. 2(a). The sampling func-
tion S(u, v) of the array is shown in 2(b). The point spread
function can be seen in Fig. 2(c). The array maximum vertical
dimension has decreased in this array, and therefore the reso-
lution has become larger in the elevation plane and equal with
15 degrees, however the resolution has improved in the az-
imuth plane to 3.3 degrees, which is of greater importance. At
a distance of 20 m from the aperture, the resolution is 1.16 m
in the azimuth (cross-range) dimension. Apertures with wider
horizontal coverage or more antenna elements could easily be
designed to further improve the resolution.

4. 3-D AIM IMAGING

Interferometric imaging, both passive and active, do not
inherently provide for a mechanism to obtain range informa-
tion. For automotive applications, down-range measurements
should generally be combined with cross-range measure-
ments for accurate environmental sensing. Techniques using
volumetric arrays or near-field processing have been ex-
plored [18, 19], however their requirements are not practical
for automotive applications. Traditional coherent process-
ing techniques, such as matched filtering, are not possible in
passive interferometry since no transmit signal is used. In
AIM, the specifics of the transmit signals need not be known
to simplify the hardware requirements; simple noise emitters
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Fig. 3. Two-dimensional & — z slice of the PSF(®, 0, 2)
from the randomized aperture in Fig. 2(a). The bandwidth of
the pulse is 200 MHz.

can be used as long as their statistics are known, precluding
matched filtering.

In this work we explore a new approach of pulse modu-
lating the transmitted noise signals to obtain down-range in-
formation. We control the timing of the transmitted signal en-
velopes, which can be done with relatively simple coordina-
tion and does not impose spatial coherence, thereby preserv-
ing the cross-range incoherence. The result effectively gener-
ates two-dimensional interferometric images sequentially in
time, each time segment representing a different range bin.
We analyze the PSF of the system using a Gaussian pulse on
the transmitted noise signals. The frequency-domain signal
on each transmitter can be written as

—(f=fo)?
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where N;(f) is the spectrum of the ith wideband Gaussian
noise signal, f. is the carrier frequency and J f is the pulse
bandwidth. The range resolution Az along the z dimension
can be approximated by the full width at half maximum of a
squared Gaussian pulse as
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For § f =200 MHz, Az = 20 cm. For the three-dimensional
simulations we assume that the carrier frequency of the imag-
ing system is 77 GHz and the bandwidth ¢ f is 200 MHz. A
slice @ — z of the point spread function PSF(®, O, z) for the
random array is shown in Fig. 3, demonstrating the down-
range and cross-range resolution capabilities.

&)

5. CONCLUSION

We investigated the point spread function of a new approach
to achieve three-dimensional active incoherent millimeter-
wave imaging. Array layouts were considered that matched
automotive radar frequencies and physical sizes that are com-
mensurate with potential application in an automotive facade.
We investigated the use of pulse modulation on incoherent
transmitted signals to add three-dimensional measurement
capability to a previously demonstrated two-dimensional
measurement system. Future efforts may build on this work
to implement fast, robust environmental sensing for automo-
tive applications.
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