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High-Resolution 400 GHz Submillimeter-Wave
Quasi-Optical Radar Imaging System

Benjamin Baumann™', Bersant Gashi*™', Dominik Meier™, and Christian Zech

Abstract— A submillimeter-wave quasi-optical high-resolution
imaging system, based on a frequency-modulated continuous
wave radar sensor operating between 343GHz and 423 GHz
utilizing a bandwidth of 80 GHz, is presented. The system setup
in-tandem with the essential building blocks is described and the
generation of high-resolution power- and elevation-profile images
of various samples under test is presented. Experimental results
show a lateral resolution limit in the order of wavelength.

Index Terms— Millimeter-wave radar, monolithic millimeter-
wave integrated circuits (MMICs), radar imaging, submillimeter-
wave technology.

I. INTRODUCTION

ILLIMETER- and submillimeter-waves feature unique

properties in the electromagnetic spectrum, which can
be used to address measurement demands for nondestruc-
tive testing and remote sensing, for example, in production
processes [1], or for security applications, for example, in the
detection of optically hidden objects [2], [3]. The wave-
length in the submillimeter-wave domain is long enough to
penetrate optically opaque obstructions, while simultaneously
being small enough to enable high-resolution imaging. Using
frequency-modulated continuous wave (FMCW) radar systems
with high bandwidth, it is even possible to achieve high
depth-resolution to resolve multi-layer dielectric systems, for
example, in defect detection of dielectric slabs [4].

Imaging systems using (inverse) synthetic apertures are
capable to generate images with high lateral resolution [S]-[7].
However, they require extremely linear movements and high
algorithmic effort for image processing. The most classical
approach for radar image generation is using an real aperture
radar (RAR) scanning the sample under test (SUT) with a
moveable stage pixel by pixel in combination with reflective
or transmissive measurements to compose the image accord-
ingly. Multiple systems, at various frequencies, have been
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presented using this method in conjunction with either linear
or rotating tables achieving high-quality results [8]-[11], while
other chipsets also show high potential for imaging applica-
tions [12]. However, time consumption is a major drawback,
making them only viable in non-real-time scenarios. In order
to reduce measurement time, electronic- or frequency-scanning
approaches may be utilized. Although eliminating the need
for slow mechanically moving parts partially or completely,
they feature complex system designs, for example, in the
needed amount of hardware channels to enable high-resolution
imaging [2].

This letter reports on a submillimeter-wave RAR imaging
system, featuring FMCW radar measurements with wideband
operation in the frequency range of 343GHz to 423 GHz,
resulting in a total bandwidth of 80GHz. Power and dis-
tance information of the measured scene are obtained without
utilizing split-block-based waveguide solutions. The system
achieves highly focused rays on the SUT’s surface due to
the utilization of quasi-optical mirrors, increasing the dynamic
range and sharpness of the calculated image. With the pre-
sented solution, time consumption is not of the upmost impor-
tance, given that the intent is in showing a system with a
simple printed circuit board (PCB)-based packaging approach
of a fully-integrated radio frequency (RF) transceiver chip,
capable of achieving a resolution limit close to the wavelength.
In this regard, the system-hardware complexity has been kept
as low as possible, nullifying multi-channel approaches. Con-
trary to other publications using RAR imaging and addressing
the aforementioned frequency range and above, the proposed
system is based on true reflective FMCW radar measurements,
while others are based on transmissive phase evaluations using
spatially separated transmit and receive circuitry [13], [14]
or use FMCW phase evaluation for image generation [15].
Thus, it is, to the best of the authors’ knowledge, the first
demonstration of a reflective FMCW radar imaging system in
given frequency range using an InAlAs/InGaAs metamorphic
high-electron-mobility transistor (mHEMT) technology fully
integrated on PCB level.

II. QUASI-OPTICAL RADAR IMAGING SYSTEM

A simplified block diagram of the proposed imaging system
is given in Fig. 1. The system consists of a mechanically
moveable stage including a polystyrene bed with an arbitrary
SUT placed atop, a quasi-optical axis including two quasi-
optical off-axis parabolic mirrors (OAPMs) as well as a
submillimeter-wave FMCW radar frontend in combination
with a synchronized data acquisition. A photograph of the
proposed system including a close-up of used FMCW radar
sensor is depicted in Fig. 2.
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Fig. 1. Proposed system based on an FMCW radar operating around 400 GHz
in combination with two OAPMs for reflective submillimeter-wave RAR
imaging. The free-space propagation path between the radar frontend and
the SUT is around 153 cm.
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Fig. 2. Photograph of the proposed system. A close-up of the FMCW radar
sensor is highlighted in the red box.

A custom signal source (SRC) based on a phase-locked
loop-stabilized voltage-controlled oscillator generates highly
linear frequency chirps as well as a digital trigger signal to
synchronize the data acquisition process. The frequencies of
the chirped signal are in the range of 7.15GHz to 8.81 GHz
featuring—but not limited to—a sweep time of 1ms. This
signal is fed into a radar frontend including two mono-
lithic millimeter-wave integrated circuits (MMICs), realized in
Fraunhofer IAF’s 50nm and 35nm InAlAs/InGaAs mHEMT
technology. The first one (MMIC1) is a frequency multiplier-
by-12 (x12) published in [16] and the second one (MMIC2)
is a transceiver with integrated on-chip transmit and receive
antennas operating in the intended frequency band. Regarding
MMIC?2, its transmit path, including two frequency multiplier-
by-two (x2) driving a power amplifier (PA) exhibiting a peak
output power of 9dBm, as well as its receive path, including
one frequency multiplier-by-two and an low-noise amplifier
(LNA) each being connected to the local oscillator (LO) and
RF port of a subharmonic mixer, respectively, are published
in [17]. Here, those individual circuits have been integrated
into one transceiver monolithic millimeter wave integrated cir-
cuit (MMIC), accompanied by a respective broadside-radiating
broadband on-chip antenna solution with a peak directivity of

8dBi, to be published in [18]. Each antenna offers an aperture
angle of approximately 45°, while their phase centers reside in
the same x- and z-positions but are center-to-center separated
by 750 um in the y-direction (375 um on each side).

Given a total frequency multiplication factor of 48 for
the RF chain, a submillimeter-wave signal in the frequency
range of 343GHz to 423 GHz with a resulting bandwidth
of 80GHz is transmitted in the positive z-direction. After
being deflected by 90° using OAPMI1 featuring a diameter
of 250mm and a focal length of 250 mm, collimated waves
are sent to OAPM2 which also has a diameter of 250 mm
but a focal length of 470mm. There, the incoming waves
are again deflected by 90° and focused on the SUT whose
surface is placed in the focal point, hence achieving plane wave
fronts on the incidence plane and maximum power density.
The backscattered radiation is received, and subsequently
down-converted to generate the intermediate frequency (IF)
signal containing amplitude and distance information of the
measured pixel. It passes a preconditioning stage consisting
of a baseband anti-aliasing low-pass filter and variable-gain
amplifier (VGA), before it is acquired by an 8 bit analog-to-
digital converter (ADC) utilizing a sample rate of 7.5MS/s,
thus recording 7500 samples per pixel.

Using OpticStudio by ZEMAX LLC, a ray-tracing software
based on geometrical optics, the ideal spatial positions of the
radar frontend and the SUT, with regard to the focal points of
the corresponding OAPM, have been obtained. Both antennas
of the radar frontend are centered in the transceiver-sided focal
point w.r.t. the y-direction, featuring a small offset to their
respective phase centers. Simulations have shown that this
deviation introduces a negligibly small error into the imaging
process and hence no image correction methods are needed.
The total resulting free-space propagation path length between
the radar frontend and the SUT in one direction is around
153 cm.

III. EXPERIMENTAL EVALUATION
A. Signal Processing

Offline signal processing is performed on the acquired
IF signal data after the 2-D scan is finished. To generate
lateral images of the SUT, the signal is high-pass filtered
to suppress unwanted reflections from the antenna and sub-
sequently undergoes a Hamming window offering a good
compromise between selectivity and resolution [19], before its
spectrum is calculated utilizing a chirp z-transform [20]. For
the transform, an appropriate IF frequency range is chosen to
enable high distance accuracy. Using a peak detection algo-
rithm, the maximum in the backscattered magnitude spectrum
is found and subsequently converted to its power level pixel by
pixel.

In order to further investigate on surface details of the
SUT, elevation-profile images are generated using the distance
information of the obtained FMCW radar signal. By using
the peak’s frequency, the corresponding distance is calculated.
Since this method might provide fuzzy results in sections
with very low backscattered power, for example, for sole
polystyrene regions, pixels below a normalized minimum
power of -40dB are discarded and their height is set to bed
level (Omm).



228 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 32, NO. 3, MARCH 2022

Metal

Pol)}styrene Normalized iower idB 0

FR-4 140 -10
B
3 -20
=160{ é\
|
8080 160 140 20
x (mm)
(@) (b)

Fig. 3.
(a) Photography and (b) normalized maximum backscattered power using
200 um scan steps. Value of d is approximately 10 mm.

Evaluation of lateral image resolution limit using a Siemens star.

B. Investigation on Lateral Resolution Limits

Lateral resolution is essential in reproducing fine details.
In order to investigate on this property for the proposed
system, a Siemens star as described in ISO 12233 [21] with a
total diameter of 50 mm and 16 sections is utilized. The SUT is
realized by metal structures placed on a single-layer PCB with
a metal thickness of 18 um and FR-4 as the dielectric substrate
material to be observed in the close-up in Fig. 3(a). Fig. 3(b)
depicts the calculated power image using rasterization steps of
200 um in combination with the signal processing presented in
Section III-A. Area separations as well as sharp edges clearly
can be observed. The underlying polystyrene’s reflection is
very low, whereas the metal and the FR-4 areas achieve high
spectral power hitting a dynamic range far better than 40dB.
Low signal power in the close vicinity of metal edges can be
observed, which is due to diffraction effects.

The lateral resolution limit / of an imaging system using a
Siemens star is defined by

rd

l = N ey
with N being the number of sections and d being the diameter
of a blurry area inside the star to be acquired by human
analysis. Using (1) in combination with a diameter of d
approximately being 10mm as observable in Fig. 3(b), the
lateral resolution limit / of the imaging system is identified to
be as low as 1 mm.

C. Imaging of Dielectric Objects

To show the ability of generating high-quality images even
in real-world scenarios, a fully dielectric, non-metal caliper
with a dial indicator, featuring a total thickness of 12mm,
has been scanned in steps of 200 um w.r.t. the xy-plane and
processed using described signal processing of Section III-A.
Fig. 4(a) depicts the backscattered normalized power. Since the
SUT is purely made of the dielectric material (mostly fiber-
glass), the achieved dynamic range of the image is reduced, yet
it is better than 30 dB. Hence, it still generates sharp edges and
small details of the caliper such as the needle inside the dial
can be seen. However, the tips of the bigger measurement fins
in the regions around (180, 145) or (180, 135), respectively,
are not reproduced exactly which is due to the skewed planes
scattering incoming waves away from the quasi-optical axis.
The same holds true for the small measurement fins inside the
region around (115, 130).
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Fig. 4. (a) Evaluation of a fully dielectric, non-metal caliper with a
dial indicator using backscattered normalized maximum power. SUT height
achieved through FMCW distance calculation to be observed in (b). Images
being rasterized using 200 um scan steps.

In Fig. 4(b), the elevation profile of the caliper can be
observed. The height of its individual parts can clearly be
separated, and their respective thicknesses match the real-
world properties, for example, the thickness of the bigger
measurement fin is about 4mm. It is worth noting that the
thin disk of the dielectric material shaping the window of the
dial seems to be entirely transparent for the utilized scanning-
frequency bandwidth.

IV. CONCLUSION

The proposed submillimeter-wave quasi-optical reflective
imaging system based on PCB-assembled FMCW radar oper-
ating around 400 GHz is capable of producing high-resolution
images due to its high center frequency and bandwidth,
respectively, verified via measurements. Given the resulting
high spatial resolution with a resolution limit as low as
I mm, the system is perfectly suited for imaging applica-
tions as well as material characterization purposes and pro-
duces state-of-the-art radar images regarding this frequency
range.

Future research is directed toward tomographic imaging to
exploit the high available bandwidth of the system as well
as maximizing the system performance using more complex
signal-processing algorithms to improve image quality and
dynamic range even further.
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