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Abstract — We present the first active millimeter-wave
interferometric imaging system operating at 40 GHz and
employing spatial frequency sampling, in a similar fashion with
radio astronomy and passive millimeter-wave imaging. Using
incoherent noise illumination from multiple transmitters, the
sensitivity requirement on the receivers is significantly relaxed
compared to passive interferometric imaging systems, reducing
the cost and simplifying the hardware. We present the system
topology and measurement results for two-dimensional image
reconstruction of reflective targets. Three baseband noise sources
are upconverted to 40 GHz for the transmitters, and two receivers
are used to synthesize an inverse T-array. The inverse T-shaped
two-dimensional array boasts 99.6% sparsity compared to a
two-dimensional filled aperture. Reflective spheres are used in
order to demonstrate the feasibility of this imaging method.

Keywords — Distributed arrays, interferometric imaging,
millimeter-wave imaging, noise radar.

I. INTRODUCTION

Microwave and millimeter-wave imaging systems have
found a wide spectrum of applications in remote sensing
[1], security sensing [2], [3], and medical imaging [4], [5],
among other applications. Implementation of such imagers in
the millimeter-wave band offers improved resolution compared
to those in the microwave region [6], while maintaining
good penetration through fog, clouds, smoke, and clothing
compared to optical and infrared imagers. Among the various
techniques of microwave and millimeter-wave imaging, staring
techniques which lack the need for mechanical or electrical
scanning, and therefore show potential for fast imaging, have
attracted a lot of interest. The recently introduced compressive
imagers achieve image reconstruction with fewer samples
than traditional imaging systems, but are still limited by
their heavy computational load, and their poor tolerance in
low signal-to-noise ratio (SNR) [7]. Passive interferometric
imagers capture the extremely low power thermal radiation
and reconstruct the image capturing samples in the spatial
frequency domain [8]. First developed in radio astronomy
[9], spatial frequency sampling enables the generation of
images using sparse antenna arrays in a staring configuration.
In comparison with fully filled multi-element phased arrays
that collect samples in the spatial domain, a sparse array
necessitates significantly fewer physical elements, reducing the
cost and weight significantly.

Spatial frequency sampling relies on pairwise
cross-correlations between a small set of antenna elements

to reconstruct the image. In similar fashion with a digital
camera, it produces images without beam scanning or any
mechanical moving parts. Since there is no direct mapping
between each pixel and receiver, post-processed images
degrade gracefully with element failure, which increases the
overall reliability and lifetime of the system. To employ the
spatial frequency image reconstruction method, the radiation
from the scene must be incoherent in both space and time.
Passive interferometric imagers have evidenced the feasibility
of detection of human presence out of the incoherent thermal
emissions of the human body [10]. Nonetheless, they require
highly sensitive receivers with wide bandwidth, which are
costly and challenging to design and calibrate, in order to
detect the extremely low-power thermal emissions.

In this paper, we introduce the first active spatial frequency
sampling imager in the millimeter-wave band and present the
image reconstructions from an inverted T-shaped receiving
array. By illuminating the scene with noise transmitters,
separated at a large number of wavelengths, the reflected
radiation is both spatially and temporally incoherent, meeting
the condition of the spatial frequency image reconstruction
and alleviating the high sensitivity requirement. Measurements
were conducted in a semi-enclosed arch range with two
conductive spheres. Because of the smaller antenna elements
and baselines, compared to microwave frequencies, there
is more freedom for designing compact systems. For this
two-dimensional system, the aperture area is reduced by 99.6%
compared to a fully populated array.

II. ACTIVE INCOHERENT SPATIAL FREQUENCY SAMPLING

Any two-dimensional image can be represented
by a superposition of an infinite series of spatial
sinusoidally-varying signals of different spatial frequencies. In
a spatial frequency sampling array, each antenna pair separated
by a certain number of wavelengths serves as a correlation
receiver and measures the signal at the corresponding spatial
frequency. For a given antenna pair with a baseline of D, the
received signals for each antenna can be given by

V1(t) = cos(2πft) + n1(t) (1)

V2(t) = cos[2πf(t− τg)] + n2(t) (2)

where f is the carrier frequency, ni is the noise that the
ith element receives, and τg = D

c sin θ is the geometric
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time delay in which c is the speed of light and θ is the
azimuth angle between the baseline D and the point source.
The two received signals are cross-correlated (multiplied and
integrated), and because the signal voltage is incoherent with
the noise components and the noise components are incoherent
with each other, the noise components will average to zero
as integration time increases. The response of the correlation
interferometer can be given by

r(θ) =
〈
V1V2

〉
=

〈
cos(2πft) cos[2πf(t− τg)]

〉
. (3)

Using a low-pass filter will cut off the high carrier frequency
terms, resulting in

r(θ) =
1

2
cos

(
2π

λ
D sin θ

)
(4)

where λ = c/f is the corresponding wavelength. The result
is a fringe response with a number of sidelobes equal to the
corresponding spatial frequency D/λ. However in order for
this process to work, as dictated by the Van-Cittert Zernike
theorem, the received radiation must be spatio-temporally
incoherent [11].

Consider an antenna baseline in the interferometric array
observing two point sources as shown in Fig. 1, where the two
receiver voltages can be expressed as [12]:

V1 = s1A + s1B + n1 (5)

V2 = s2A + s2B + n2 (6)

where siA, siB are the terms that represent the response on
the ith element due to the point sources A and B respectively,
and ni is the noise received by the ith element. The output
voltage, after cross-correlating the two receiver responses, can
by given by:

Vout =
〈
V1V2

〉
=

〈
s1As2A

〉
+
〈
s1Bs2B

〉
+
〈
s1As2B

〉
+
〈
s1Bs2A

〉
(7)

Using a traditional pulsed radar system to illuminate
the scene will result in large correlation between the self
and the cross product terms. By illuminating the scene in
a spatio-temporally incoherent fashion, the signals from the
point sources have very low correlation with each other, they
are uncorrelated with the noise components, and the noise
components are uncorrelated with each other. The output
voltage of the correlation interferometer can be written as:

Vout =
〈
V1V2

〉
=

〈
s1As2A

〉
+
〈
s1Bs2B

〉
(8)

where
〈
s1As2A

〉
and

〈
s1Bs2B

〉
represent the common parts

from the two point sources. Eq. 8 does not provide complete
information about the two point responses, but in an antenna
array with multiple antenna pairs the spatial information can
be resolved. However, as we assumed above the received
signals from the point sources need to be incoherent with each
other and that is why most previous work in interferometric
imaging has taken place with passive systems which measure
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Fig. 1. Two elements of an interferometric array observing two radiating
sources.

the thermally generated electromagnetic radiation. Thermal
radiation is inherently noise-like, satisfying this requirement.

For this reason, almost all previous work has been
with passive systems, because thermal radiation satisfies this
requirement [13]. If the radiation intensity of the scene I
is spatio-temporally incoherent, then by sampling a large set
of the spatial frequency samples of the scene, the sampled
visibility Vs is obtained, and the intensity can be reconstructed
through an inverse Fourier transform (IFT) by Ir = IFT{Vs},
where Ir is the reconstructed intensity of the scene.

Prior work has demonstrated that by illuminating a
two-dimensional scene with multiple noise transmitters
separated by a large number of wavelengths, an incoherent
spatio-temporal pattern is created, and as a result, traditional
spatial frequency sampling techniques can be used [14]. The
signals transmitted from the noise sources are temporally
incoherent with each other, and by separating them at a
large number of wavelengths, they start interfering in space,
mimicking the properties of thermal radiation. Previous work
took place in the ISM 5.85 GHz band with an Arbitrary
Waveform Generator (AWG) as the noise source. As a result,
by operating in a higher signal-to-noise ratio (SNR), bandwidth
and integration time was decreased by an order of magnitude
or more compared to other published systems. This technique
also retains the benefits of interferometric processing, such
as staring operation and tolerance to element failures [15].
However, because the system operated at 5.85 GHz, the image
resolution was fairly coarse relative to that needed for the
applications stated in the introduction.

III. EXPERIMENTAL SETUP AND MEASUREMENT RESULTS

To improve the resolution and achieve a more compact
imaging system, the work presented in this paper operates at
40 GHz. The schematic of the experimental configuration can
be seen in Fig. 2. The transmitters are three 0.2-2000 MHz
low-cost baseband noise sources. For a flatter noise response
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Fig. 2. The schematic of the experimental configuration used in this work.
The transmitter consists of three noise sources upconverted to 40 GHz
(only one shown in the figure), while the receiver consists of two elements
downconverted to baseband and captured using an oscilloscope.

over the band of interest, a high pass filter with a cutoff
frequency of 20 MHz was used after each noise source,
followed by a low-cost baseband amplifier of 30 dB gain
and subsequently feeding to the IF port of each upconverter.
Three GaAs MMIC I/Q upconverters (Analog Devices
HMC6787ALC5A), integrated with a frequency doubler for
the local oscillator (LO) and a conversion gain of 10 dB, were
used to mix the baseband noise to 40 GHz with an LO of 20
GHz. The 40 GHz noise signal was then boosted by three 40
GHz power amplifiers, achieving approximately -10 dBm of
noise power at 40 GHz. Each channel is connected to a 10-dBi
Ka-band horn antenna.

For the receivers, the reflected noise is received by two 15
dBi horn antennas and amplified with 20 dB gain low-noise
amplifiers before being downconverted to baseband using
two 37-44 GHz GaAs MMIC I/Q downconverters. All the
components were properly biased and fixed into an aluminium
rack with 3-D printed holding structures. The rack and
all components can be seen in Fig. 3. The downconverted
baseband signals were captured and digitized using a 20 GHz
oscilloscope in high-resolution mode and processed offline in
MATLAB.

Two spherical reflective targets were used as the
two-dimensional scene, as shown in Fig. 4. They were placed
2.5 m away from the rack with the smaller one at the center
axis of the rack while the bigger one on the left. The horizontal
and vertical separation between the spheres was 70 cm and
50 cm, respectively. The synthesized array had a maximum

Fig. 3. The rack with all components properly biased and attached. Three
noise transmitters were used to illuminate the scene. Two receivers were used
to synthesize a two-dimensional array by moving them in the vertical and
horizontal directions accordingly.

horizontal and vertical dimension of 66λ and 46λ, respectively.
The shape of the synthesized array was an inverse T-array in
2λ increments, and the element locations can be seen in Fig.
5. The reconstructed image is shown in Fig. 6. As expected,
both the spheres can be clearly resolved and discriminated.
The smaller sphere results in a response near the top right of
the reconstructed image whereas the bigger sphere shows a
larger response on the lower left with higher intensity, as is
expected due to its larger radar cross section. There is some
sidelobe structure in the image, because of the narrow baselines
missing, due to the horn antenna and receiver dimensions,
which can be reduced by using smaller antennas and different
feeding structures.

IV. CONCLUSION

The first millimeter-wave active interferometric imager was
presented. Using the concept of spatial frequency sampling
and illuminating the scene with noise, a cost-effective solution
with a sparse array and off-the-shelf components is achieved.
Good resolution and the ability of distinguishing reflective
targets has been demonstrated by experiment. Compared
to other millimeter-wave imaging techniques, the presented
approach has the potential for significantly lower cost and
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Fig. 4. The two reflective spherical targets placed in the semi-closed anechoic
chamber used for the two-dimensional measurements.
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Fig. 5. Element locations for the two-dimensional imaging setup. Two
antennas were used and moved sequentially until all antenna pairs were
represented in the measurement, in 2λ increments.

better form-factor integration, which may lead to rapid and
broad adoption of millimeter-wave imaging in a broad range
of applications, including security sensing, remote sensing,
vehicular and medical imaging.
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