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A Submillimeter-Wave FMCW Pulse-Doppler Radar
to Characterize the Dynamics of Particle Clouds

Tomas Bryllert, Member, IEEE, Marlene Bonmann, and Jan Stake, Senior Member, IEEE

Abstract—This work presents a 340-GHz frequency-modulated
continuous-wave (FMCW) pulse-Doppler radar. The radar sys-
tem is based on a transceiver module with about one milli-
Watt output power and more than 30-GHz bandwidth. The
front-end optics consists of an off-axis parabola fed by a horn
antenna from the transceiver unit, resulting in a collimated radar
beam. The digital radar waveform generation allows for coherent
and arbitrary FMCW pulse waveforms. The performance in
terms of sensitivity and resolution (range/cross-range/velocity) is
demonstrated, and the system’s ability to detect and map single
particles (0.1-10 mm diameter), as well as clouds of particles, at
a 5-m distance, is presented. A range resolution of ~1cm and
a cross-range resolution of a few centimeters (3-dB beam-width)
allow for the characterization of the dynamics of particle clouds
with a measurement voxel size of a few cubic centimeters. The
monitoring of particle dynamics is of interest in several industrial
applications, such as in the manufacturing of pharmaceuticals
and the control/analysis of fluidized bed combustion reactors.

Index Terms—FMCW, pulse-Doppler, radar, remote sensing,
sensors, submillimeter waves, terahertz systems, transceivers

I. INTRODUCTION

OR many industrial applications, such as in the manu-

facturing of pharmaceuticals [1]], or energy conversion
using fluidized bed reactors [2f], the industrial process involves
particles or powders dispersed in a process reactor. It is neces-
sary to monitor the particle dynamics to maintain the process
quality and to gain insights regarding the process. Therefore,
measuring the particle concentration and the local particle
velocities at a high update rate and high spatial resolution is
desirable. Ideally, these quantities should be measured ex vivo
without inserting any physical probes into the reactors so that
introducing measurement sensors does not alter the processes.
In particular, this is required in harsh process environments
[3l. Frequency-modulated continuous-wave (FMCW) range-
Doppler radar operating at center frequencies (f.) within the
submillimeter wave range [4] of the electromagnetic spectrum
offers a realistic opportunity to provide the desired informa-
tion.

Compared to other contactless measurement methods using
visible or infrared light [5], [6], the submillimeter wavelength
range allows more penetration depth into dense particle clouds
[7] and is less sensitive to contaminations on the reactor
access windows. The radar technique also allows for Doppler
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processing, which reveals information about the velocities
of the particles [8]. Compared with more traditional radar
techniques in the microwave and millimeter wave region [9],
there are a few properties that favor submillimeter waves [10]:

o Short wavelengths (\) result in higher sensitivity for
detecting smaller particles since the radar cross-section
of particles in the Rayleigh regime scales as A™%;

« Wide bandwidth and, thereby, a higher range resolution.
For example, a 30-GHz bandwidth results in a theoretical
range resolution of 5 mm;

e The cross-range resolution for a fixed antenna size,
typically limited by the access window size in an ac-
tual application, improves with high frequency since the
diffraction-limited resolution scales with .

Several FMCW radars for high-resolution, 3D imaging have
been presented with center frequencies above 300 GHz [11]-
[14]. FMCW radars using MMIC-transceivers based on SiGe
technology have also been demonstrated in the millimeter
wave region [15], including promising performance up to
480GHz [16f. Still, submillimeter-wave transceivers, with
a high dynamic range at room temperature, require diode
technology [17], [18]. Submillimeter wave FMCW radars
that use range-Doppler processing, i.e., that allow measuring
not only the range but also the velocity of a target, are
rare. Cooper et al. [10] reported a FMCW range-Doppler
radar system at 660 GHz, demonstrating the range-Doppler
concept’s feasibility at submillimeter wave frequencies but
with few details on sensitivity to different targets or the origins
of the noise floor in the range-Doppler images.

This work presents the implementation of a FMCW pulse-
Doppler radar based on a 340-GHz transceiver module with
30-GHz bandwidth [19]. A digital waveform generator con-
trols the system. The transceiver module provides an accept-
able trade-off between performance and hardware complex-
ity, resulting in a relatively compact tripod-mounted radar
design, as shown in Fig. [} The form factor allows easy
implementation in industrial scenarios. The performance of
the transceiver modules and their application in a 3D imaging
radar was presented in [14]. Here the implementation of the
coherent pulse generation and signal processing to realize
range-Doppler radar operation are explained, together with
the resulting radar system’s noise- and resolution performance.
Furthermore, the ability of the radar to detect single particles
with diameters ranging from 100 gm — 500 ym is demon-
strated. The capability of the velocity measurements is demon-
strated by comparing the measured range-Doppler profile of
a falling metal-sphere with known weight and diameter to
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Fig. 1. Photograph of the radar system. The front-end optics and electronics
are mounted on a base plate together with analog and digital baseband
circuitry.

the standard free-fall model. The results demonstrate that the
performance of the radar system is highly suitable for the
suggested industrial scenarios.

II. METHOD
A. Radar electronics and optics

Fig. shows a schematic block diagram of the 340-
GHz FMCW range-Doppler radar. The system architecture
is a frequency up-converted, frequency multiplied FMCW
radar. A few hardware details deserve to be highlighted: The
digital waveform generator is an FPGA-controlled arbitrary
waveform card (ADS7-V2EBZ from Analog Devices) with
4Gb of useful memory and a maximum sampling rate of
>6Gs/s of which 4Gs/s is used in the current work. The
card can write >100ms of 1-GHz bandwidth waveform data
directly from memory. This means that, in a coherent pulse-
Doppler processing interval (CPI), typically much shorter than
100 ms, an arbitrary pulse train of FMCW pulses can be
transmitted — and then repeated. Multiple FMCW waveforms
can therefore be interleaved, addressing different parts of
the system bandwidth (323 — 357 GHz) within a coherent
processing interval. This capability can be used to extract
frequency-resolved (spectroscopic) information from the scene
in an efficient way. This feature is not used in the presented
performance demonstrations. The baseband chirp, typically 1-
GHz bandwidth, generated by the digital hardware, is centered
at 1 GHz. This signal is up-converted to the X-band using
frequency mixing and a 9.6-GHz local oscillator (LO) and is
then passed on to the transceiver unit. The front-end 340-GHz

Schottky diode circuit is designed to operate as a frequency
multiplier (x2) and sub-harmonic mixer - thereby simultane-
ously operating as a transmitter and receiver. The transceiver’s
LO chain consists of an InGaAs pHEMT active frequency
multiplier MMIC (x8) developed by Gotmic AB and a 170-
GHz Schottky diode frequency doubler. The GaAs Schottky
barrier diode circuits were fabricated in the Nanofabrication
Laboratory at Chalmers university of technology. Initially, the
complete transceiver module was developed for a 16-channel,
high frame-rate, imaging radar by Wasa Millimeter Wave
AB, and is described in detail in [19]. Thus, the transceiver
unit multiplies the X-band chirp by a factor of 32 for a
total final bandwidth of 32 GHz and transmits the signal, now
centered at ~340 GHz. The radar echoes are received back in
the transceiver and are mixed on the outgoing signal straight
down to the baseband using a balanced configuration [20].

At the output of the transceiver unit, a circular horn from
Custom Microwave Inc is used as a feed antenna for the optical
system. This feedhorn illuminates a 4” off-axis parabolic
mirror from Edmund Optics with an effective focal length of
6”. The optical system results in a collimated radar beam.

The digital hardware on the receiver side consists of an
eight-channel (1 channel is used), 250-Ms/s digitizer from
National Instruments with 14-bit resolution. The digitizer is
controlled by an FPGA, which gives deterministic timing
control. The digitizer card (PXIe format) integrates with a
PC controller via a PXIe bus allowing for real-time signal
processing and display. The waveform card, the analog-to-
digital converter (ADC), and the local oscillator run from
a common 10-MHz reference resulting in a fully coherent
system.

B. Radar signal processing

Typical radar parameters used in the experiments presented
in this work are:

o Center frequency, f. = 340 GHz;

o Pulse bandwidth, BW = 32 GHz;

o Pulse time, ¢, = 41 us;

o Pulse repetition interval, PRI = 102.4 us or 51.2 us;

« Number of pulses coherently processed, npr; = 128;

o Target distance, R = 4 to 6m.

These parameters set the theoretical limits to the maximum un-
ambiguous range (R,,4,) and maximum unambiguous velocity
(Vmaz), as well as the range-and velocity resolutions. With ¢
being the speed of light in air, R4, = PRI X ¢/2 ~ 15km
and vpes = ¢/(2X PRI x f.) = 4.3 m/s. The range resolution
is AR = ¢/(2 x BW) = 5mm. This is also the size of
the range bins when no zero-padding is used in the range
FFT of the radar signal processing, explained further below.
In the Doppler dimension, the frequency resolution (A fp) is
set by the coherent integration time (t. = PRI X nppgy) to
Afp = 1/t.; this translates to a velocity resolution via the
Doppler relation: fp = 2v/\, where v is the radial velocity of
the target. The velocity resolution is then: Av = Afpx /2 =
1/t x A/2 = 3.8 cm/s in the present work. Fig. [3| shows
a block diagram of the signal processing. The data matrix
format that is coherently processed is of the form: (nr of
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Fig. 2. Schematic block diagram of the 340-GHz FMCW pulse-Doppler radar.
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Fig. 3. Schematic block diagram of the digital signal processing steps.

samples per pulse, ns) X (nprr). After down-conversion in
the transceiver, the received baseband (IF) signal is filtered
with a 19 — 31 MHz analog bandpass filter matching the
target distance of interest. The signal is then digitized, digitally
filtered with a 20 - 30 MHz finite impulse response bandpass
filter (FIR BPF), converted to IQ format with the help of
the Hilbert transform, down-converted to complex baseband,
and decimated by a factor of 16 to 1.5 x Nyquist limited
sampling (15.625 Ms/s 1Q), with: n/, = 640. In reality, several
samples at the beginning and the end of each waveform are
discarded (due to low-frequency ringing), leaving 590 samples
instead of 640. This also reduces the used bandwidth from
32 GHz to 29.5 GHz. Both the pulse compression in range and
the Doppler processing can be done using Fourier transforms
in FMCW pulse-Doppler radar, which means that the signal
processing can be done with a 2D fast Fourier transform (FFT)
over the coherent data matrix — with appropriate Hanning
windowing functions and digital filters. The output displayed
for the radar user is the logarithm of the squared amplitude of
the radar signal in a range-Doppler map.

C. Radar characterization and evaluation

To demonstrate the performance of the radar system in
terms of the noise floor, range and velocity resolution, and
small particle detection, the following measurements were
conducted: noise floor measurements, range and Doppler reso-
lution, detection of small particles, and velocity measurements
of a free-falling metal sphere. To study the origin of the
noise floor in zero-Doppler and at finite Doppler frequency,

the noise floor was measured without a target under four
different conditions: First, with ADC only; second, with ADC
together with IF amplifiers; third, ADC with IF amplifiers
and a 10.1 GHz continuous wave (CW) signal driving the
transceiver, fourth, ADC with IF amplifier and a chirp signal
driving the transceivers. Additionally, the noise floor as a
function of target strength was measured. Different radar cross
sections (RCSs) were achieved by placing a corner reflection
at different positions in the radar beam.

Increasing the number of pulses per CPI, with other radar
parameters fixed, the S/N for a target should increase linearly
with the number of pulses (integration time) if the target
and the radar system remain coherent and if the noise is
uncorrelated with the radar signal. To verify this, a radar
measurement on a static, corner reflector target was performed
with nprr= 16, 32, 64, 128, 256, and 512 per CPL

Three metal beads with a 2-mm diameter were glued onto
a string and positioned at a 5m distance to demonstrate the
radar system’s range resolution. The target with three beads
on a string was positioned so that all beads were illuminated
by the radar beam and angled so that the beads were separated
in range by approximately 3 cm. Another radar measurement
was performed to display the velocity resolution while gently
tapping the string to make it vibrate.

To investigate the radar system’s ability to detect small
particles, the radar beam is folded with a flat metallic mirror
to be directed vertically upwards. A transparent plastic box
was placed directly above the folding mirror to collect the
particles. This way, different test materials could be dropped
straight into the radar beam. This experiment used 2-mm and
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10-mm diameter metal beads, 500-um diameter quartz sand,
and 100-pm spherical glass beads.

The ability to measure velocity (v) is demonstrated by com-
paring the measured position and speed of a free-falling metal
sphere of known diameter (10 mm) and weight (m =4g) to a
well-established, analytical free-fall model. Letting the metal
bead drop towards the radar, it moves vertically under gravity
and quadratic air resistance (o< v2). Solving Newton’s second
law of motion, the velocity (v) and position (x) with time (t)
are then described by

v = vy tanh (¢/7)
x = xog — veT In (cosh (/7))

(1a)
(1b)

with the terminal velocity v; = /(2mg/(Apairca)) and the
characteristic time 7 = v;/g, where ¢ is the gravity of Earth, m
is the mass of the metal bead, p,;, is the air density at normal
temperature pressure, A is the metal beads cross-section, cq
is the drag coefficient (here 0.47 for a sphere [21]]), and x is
the initial position.

III. RESULTS
A. Noise performance

Fig. @] shows the noise floor at different hardware settings
and different cuts through the range-Doppler map as indicated
in Fig f[a). No target is used in these measurements, aiming
to demonstrate the origins of the noise floor for the radar.

Ideally, the noise floor in the whole range-Doppler map
should be set by thermal noise, deteriorated by the loss and
noise figure of the front-end electronics, and scaled by the IF
amplification. The transceiver unit trades noise performance
for simplicity though. Using the same balanced pair of Schot-
tky diode circuits for the final stage frequency multiplication
and subharmonic homodyne down-conversion to baseband
[19], the transceiver unit can be made quite compact — at
the cost of excess noise. The excess noise comes in two
shapes — through a conversion loss in the subharmonic mixing
that is worse than would be the case in a dedicated mixer
and through excess amplitude modulated noise from the LO
(FMCW chirp) that mix into the IF side of the transceiver
(despite the balanced configuration). In addition, Fig. fc)
shows that excess noise is generated in zero-Doppler from
driving the RF hardware with short (40 us) chirps with high
bandwidth, which was also observed in [22]. The cost of
the excess noise is acceptable, though, since S/N is generally
sufficient in the application scenarios that are evaluated.

Fig. 5] shows how the noise floor for zero-Doppler and
finite Doppler is affected by the strength (RCS) of a static
target. The noise floor is calculated as the mean when aver-
aging over relevant range bins within the IF filter bandwidth
(excluding the range-bin with the target response). The noise
floor in zero-Doppler is not random noise but the result of
side lobes and amplitude/phase modulation of the waveform,
as well as multiple reflections in the RF hardware. These
effects are not seen at a finite Doppler frequency since the
sidelobe/modulation/reflection pattern is identical from pulse
to pulse and, therefore, only appears in the zero-Doppler bin.
At strong target returns, the noise floor increases at finite
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finite Doppler.

®
o

-30 B
_ g
m 3
2 40} » 1
° i Y ]
Q Static noise floor o 00®
[0} L LY = 3§ J
2 -50 'y
S o0 00 9%,
z

601 Doppler noise floor T

70k . . . . J

-40 -20 0 20 40

Target signal (dB)
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Doppler frequencies but then as a general increase of the noise
floor in the whole range-Doppler plane - indicating that this
noise increase originates in the actual noise of the RF-carrier.

Fig. [6] shows the radar signal of a static target and the
noise floor versus the number of pulses per CPI. The S/N,
when comparing the target signal with the Doppler noise
floor, increased linearly as expected. Thus verifying that the
target and the radar system remain coherent and the noise is
uncorrelated with the radar signal. As discussed above, the
noise in zero-Doppler (the static noise floor) originates from
the radar signal, meaning no improvement in S/N in zero-
Doppler is seen at longer integration times.

B. Range resolution, small particle detection, and velocity
measurement

Fig. [7|shows that the three metal beads with 2-mm diameter
are clearly separated in the radar measurement with the signal
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in range when positioned 3cm apart in the range direction. The S/N is
approximately 20 dB. (d) The string is vibrating, moving the beads in different
directions and resulting in small Doppler shifts.

peaks measured to be 3cm and 3.1 cm apart and are visible
with a S/N of approximately 20dB. The reason for the beads
to span several bins, despite being only 2 mm in size is mainly
because of spectral widening from the Hanning windows that
are used in the signal processing both in range and Doppler.
The windows reduce spectral leakage and side lobes at the cost
of widening the main lobe in Doppler and range. When lightly
tapping the string, the beads are also separated in Doppler due
to the fine Doppler resolution of 0.04 m/s per Doppler bin.
Figures [8a-b) show photographs of the materials used for
testing the radar system’s ability to detect small particles. For
each material, Figures [§c-f) show the corresponding range-

Doppler maps integrated over several CPI. This way, one can
see the acceleration of the 2-mm diameter metal bead and the
10-mm diameter metal sphere toward the radar. Each detection
corresponds to a separate CPI, or “frame”, of the radar with a
frame rate of 6.2 frames/s. For 500-um diameter sand grains
and 100-pym diameter glass spheres, the integrated particle
stream over several pinches of particles is clearly visible. Fig.
[Be) shows clear detection of single sand grains. At a 4.3 m
distance, the sand grains hit the plastic box and bounced to a
stop. The deflection from the plastic box appears as positive
Doppler velocity. In conclusion, all tested materials could
be detected with significant S/N at a 5-m distance, proving
the radar instrument’s suitability to monitor particle clouds’
dynamics.

Fig. [§[c) includes the predicted trajectory for the 10-mm
diameter metal sphere from the free-fall model (T)), which
indicates that the measurement agrees very well with the
theory, thus supporting the velocity measurement of the radar.
Table [I] compares the specifications of submillimeter-wave
radars in terms of center frequency, bandwidth, output power,
and technology, showing that the radar system presented here
has comparable bandwidth, i.e., range resolution, to most of
the other systems. However, only the radar system in
was operated in range-Doppler mode with a chirp bandwidth
of 3 GHz stating a range-and velocity resolution of 5cm and
0.2 m/s, respectively. The results above demonstrate up to ten
times better resolution of the radar system in this work.

IV. CONCLUSIONS

We have presented a 340-GHz frequency-modulated
continuous-wave pulse-Doppler radar. The performance of the
radar is described and shown to follow what is expected
from theoretical predictions. The instrument’s sensitivity and
resolution, both in the spatial domain and in Doppler velocity,
are adequate to map the dynamics of particle clouds. This
is demonstrated by performing radar measurements on free-
falling particles with grain sizes down to 100-ym diameter.
The mapping of particle clouds is relevant in many industrial
applications, such as in the manufacturing of pharmaceuticals
or energy conversion using fluidized bed reactors. In addi-
tion, measuring cloud dynamics for meteorological applica-
tions [25] using terahertz, FMCW pulse-Doppler radar is an
emerging field [22]]. Future work will demonstrate the radar
technique in these applications.
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