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ABSTRACT

Millimeter-wave (mm-wave) multiple-in-multiple-out (MIMO) imaging systems have been explored to use more
and more complicated radar waveforms to achieve advanced multiplexing and high-performance imaging. As the
complexity of radar waveforms increases, conventional radars inevitably suffer from higher design difficulty and
cost. This work presents a software-defined mm-wave (SDMMW) multistatic radar design by making use of cost-
effective commercial software-defined radios (SDRs) and additional radio-frequency /mm-wave modules. Due to
the great baseband flexibility of the SDRs, the efficient space-time-coded (STC) orthogonal frequency-division
multiplexing (OFDM) is developed as the radar waveform to achieve simultaneous MIMO transmission at the
same time and frequency. The radar is designed at 83.5 GHz with a frequency bandwidth of 4.8 GHz, where
an 8-by-8 waveguide array is specially designed to form 64 virtual channels with a small element-separation of
9 mm for three-dimensional imaging applications. To further enhance the sensing capacity and improve the
imaging resolution of the SDMMW radar, the spatial coding created by the compressive reflector antenna is
combined with the efficient multiplexing based on the STC OFDM. Preliminary experimental results show good
imaging performance, giving great potential for developing future high-performance mm-wave imaging systems
with advanced multiplexing.

Keywords: Advanced multiplexing, compressive reflector antenna, multiple-in-multiple-out radar, multi-static,
millimeter-wave, orthogonal frequency-division multiplexing, software-defined, space-time coding, three-dimensional
imaging.

1. INTRODUCTION

Millimeter-wave (mm-wave) multiple-in-multiple-out (MIMO) imaging systems have been using multiplexing by
either time-division,' or frequency-division,? or the combination of both.*# Such multiplexing schemes can
only enable one transmitter at the same time and frequency. Thus, more advanced multiplexing is desired for
high-performance mm-wave imaging. One way is to use space-time coding (STC)® for simultaneous MIMO
operation, which can achieve a higher receiving signal-to-noise ratio (SNR). Another way is to use orthogonal
frequency-division multiplexing (OFDM)® to increase the spectral efficiency of imaging systems where more
measurement samples per frequency bandwidth are obtained. Nonetheless, such advanced multiplexing always
requires complicated radar waveform processing, which makes conventional mm-wave imaging systems suffer
from high design complexity and cost, especially when the MIMO size is large.

Software-defined radio (SDR) is a general radio frequency (RF) transceiver which can perform traditional
hardware functionalities, such as upconvertion/downconvertion, filtering, modulation/demodulation, by means
of software.” With the help of the great flexibility afforded by software, software-defined mm-wave (SDMMW)
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Figure 1. System concept of the software-defined millimeter-wave (SDMMW) multistatic radar. SDR: software-defined
radio. Tx: transmitter. Rx: receiver. STC: space-time coding. OFDM: orthogonal frequency-division multiplexing. Rol:
region of interest. FMCW: frequency-modulated continuous-wave.

radars are being developed to achieve advanced multiplexing. For instance, a 77-GHz single-channel SDMMW
radar is integrated on the printed circuit boards for two-dimensional (2-D) range-Doppler measurements,® where
an OFDM waveform with a bandwidth of 200 MHz is used. Another integrated 77-GHz SDMMW range-
Doppler radar with a 4 x 4 multistatic array is designed,” which uses the code-division-based frequency-modulated
continuous-wave (FMCW) with a chirp bandwidth of 250 MHz, where simultaneous MIMO operation is feasible.

SDMMW radars can also be implemented using cost-effective commercial SDRs, where additional RF/mm-
wave modules are required for the RF-to-mm-wave or the mm-wave-to-RF conversions. Note such modularized
radar designs outperform the integrated ones in terms of the cost and design period. As an example, a modu-
larized SDMMW radar is designed at 28 GHz,'® which consists of two identical 64-element phased arrays with
one connected to the transmitting channel and the other one connected to the receiving channel. The wide
bandwidth measurement over 1 GHz is implemented by stitching multiple OFDM waveforms at different local
oscillator (LO) frequencies, each OFDM waveform having a bandwidth of 100 MHz. Note that the use of phased
arrays is not optimal since phased arrays suffer from much higher hardware design complexity and cost, compared
to multistatic arrays. Specifically, to achieve an equivalent number of virtual MIMO channels, the number of
physical antennas in a phased array (N x M transceivers) will be much larger than that in a multistatic array
(N transmitters + M receivers), especially when N and M are large.

This paper presents a SDMMW radar design in a multistatic setup, by leveraging commercial cost-effective
SDRs and a modularized mm-wave MIMO front-end. The radar operates at 83.5 GHz with a frequency bandwidth
of 4.8 GHz. The MIMO front-end consists of an 8-by-8 multistatic array, forming total 64 measurement channels
for 3-D imaging applications. The virtual MIMO aperture has a square shape with a uniform element separation
of 9 mm. The advanced multiplexing is implemented by the STC OFDM, where the STC is designed based
on the Hadamard matrix'" 12 which allows simple decoupling and decoding for imaging processing. The first
3-D imaging experiment is carried out to image an array of corner reflectors.'® To further improve the imaging
resolution, the STC OFDM is combined with the spatial coding created by the compressive reflector antenna
(CRA), % where the CRA increases the measurement diversity for a higher sensing capacity. Thus, the second
3-D imaging experiment is performed to image an L-shaped object. Preliminary experimental results show good
imaging performance, giving great potential for developing future high-performance mm-wave imaging systems
with advanced multiplexing.

2. SDMMW RADAR PROTOTYPE DESIGN
2.1 Hardware Subsystem

Figure 1 shows the general architecture of the SDMMW multistatic radar which consists of a multistatic array,
multiple SDRs at both the transmitter (Tx) and receiver (Rx) ends, the RF-to-mm-wave upconverters in the Tx
chains, and the mm-wave-to-RF downconverters in the Rx chain. In this work, the radar prototype is designed
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Figure 2. (a) is the simulated model of the waveguide bend array. (b) is the fabricated waveguide bend by the direct
metal laser sintering (DMLS). (c) is the simulated magnitude responses of the four independent traces of the waveguide
bend array. (d) is the simulated phase responses of the four independent traces of the waveguide bend array.

with a 8-by-8 multistatic array which is 3-D printed by the direct metal laser sintering (DMLS) to form 64
synthetic measurement channels. The radar is also equipped with 8 commercial cost-effective SDRs. Each SDR
has two Tx-Rx channels, where one Tx-Rx channel is working in the loopback mode to estimate and compensate
initial phase difference between the two RF carriers in the Tx chain and the Rx chain, respectively. The other
Tx-Rx channel is for the raw data measurement for the 3-D object imaging. Each upconverter/downconverter
are modularized by using one 90° RF coupler, two 180° RF couplers, and one mm-wave Tx/Rx mixer. An
external tunable LO with a 16-way power splitter generates the coherent stepped FMCW for all the Tx and
Rx channels. A synchronized clock module provides the clock references (10 MHz) and the timing references
(1 PPS, pulse per second) for all associated hardware modules. The SDRs are attached to a USB 3.0 interface
connected to a host personal computer (PC).

Note that the original Tx and Rx WR-12 ports of the mm-wave mixers are arranged in a square shape with
an inter-port separation of 40 mm. Such a large separation is imposed by the physical dimension of the mm-wave
mixer modules. To minimize the inter-port separation and reduce the sidelobe effect, a waveguide bend array
is modeled and simulated, as shown in Figure 2(a). The fabricated waveguide bend array is given in Figure
2(b) where the UG-387/U flanges are to be connected to the WR-12 ports of the mm-wave mixers. The whole
waveguide array consists of 8 Tx ports and 8 Rx ports, which are aligned along the x— and z-axis, respectively,
with an inter-port separation of 9 mm. To show the effectiveness of the waveguide array, full-wave simulations
are performed on 4 of total 16 waveguide bends, which have mutually independent waveguide traces. Figures
2(c) and 2(d) show the simulated magnitude and phase responses, respectively. As we can see, the magnitude
responses show the return losses |S11| < —25 dB and the propagation losses |S21| &~ 0 dB. The phase responses
converge to the same phase patten for all the four waveguide bends, which is important for coherent MIMO
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Figure 3. The STC OFDM waveform for the simultaneous MIMO operation where the i-th Tx transmits an sequence of
OFDM symbols with the space-time codes (0 or 7 in phase, or —1 or +1 in magnitude). Each Rx will receive a waveform
that is a coupled and delayed combination of the simultaneously transmitted STC OFDM symbols.

operation in imaging applications.

The baseband AD/DA sampling rate of the SDRs is 8 MS/s, resulting in an overall Tx/Rx data rate of 512
MB/s, namely 8 MS/s x 8 Bytes per complex float sample x 8 channels, approaching the maximum throughput
of a typical USB 3.0 interface. The IF input/output at the SDRs is 700 MHz. The stepped FMCW sweeps from
13.4 GHz to 14.2 GHz with total N. = 100 equally-spaced frequencies. The Tx (or Rx) mm-wave mixer functions
as a x6 multiplier and an upconverter (or a downconverter). Thus, the mm-wave operates at a center frequency
of 83.5 GHz with a bandwidth of 4.8 GHz. The FMCW frequency step time is 500 us where the dwell-time is
T4 = 400 ps that is necessary for a stable phase lock loop in the LO module, and the remaining T, = 100 us is
the maximum time period allowed for simultaneously transmitting and receiving the STC OFDM waveform.

2.2 Software Subsystem

Although the arbitrary waveform generation is possible by the SDRs, the radar prototype is designed to use the
STC OFDM for the simultaneous MIMO transmission at the same time and frequency, which is a promising
waveform to achieve a high spectral efficiency and a high receiving SNR. Note that although the STC OFDM has
been widely used in 4G/5G wireless communications, it has not been explored in mm-wave imaging with a large
MIMO size.'® In this work, the space-time codes are specifically constructed based on the Hadamard matrix,'" 12
allowing simple decoupling and decoding for imaging processing. Figure 3 depicts the general concept of the
STC OFDM for the MIMO operation where the i-th Tx transmits an sequence of OFDM symbols with the
space-time codes, —1/+1 in magnitude (or /0 in phase). Note the total number of Txs N; needs to be the same
as the number of Rxs or OFDM symbols. Also, the baseband STC OFDM is designed to have 32 subcarriers,
Ngube = 32. Thus, each Rx receives the coupled and delayed combination of the simultaneously transmitted STC
OFDM symbols from different Txs, giving rise to the following forward model in the frequency domain,

R=CH+n (1)

where C is the channel response that is to be estimated for the image reconstruction, H is the transmitted
Hadamard matrix which is known at the receiver end, and R is the raw measurement at the receiver end with
additive thermal noise n. Thus, the channel response C can be estimated based on the inherent property of the
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Hadamard matrix, namely
C=RH!
1 (2)
= —RH"

Ny
where ()71 is the matrix reversion, and (-)T is the matrix transpose. Note that each element of C corresponds
to the transfer function of one Tx-Rx pair, which will be used to construct the measurement vector g for the
imaging processing where either the pre-computed sensing matrix® '¢ or the inverse fast multipole method'” can
be used.

In addition to the STC OFDM waveform design, the software of the radar prototype runs in Python 2.0'8
with the customized application programming interface (API) functions which are to coordinate all the hardware
modules for 3D imaging applications. In the software execution, the SDRs are initialized by 1) synchronizing the
time registers of all the SDRs to 0 at the arrival of the first PPS edge; 2) generating and saving the baseband
STC OFDM waveform samples for each Tx in the random-access memory (RAM) of the host PC; and 3) pre-
loading the sensing matrices in the RAM, which will be used in the 3D imaging reconstruction. After the
initialization, all the MIMO channels will wait for the measurement trigger at the next arrival of the PPS. The
measurement trigger interval needs to be matched with the FMCW sweeping rate that is N, x (Tq + 1) = 50
ms per cycle. Thus, the measurement trigger interval should be N x 50 ms, N being any positive integer, where
the first 50 ms is for the radar waveform streaming and the following (N — 1) x 50 is the time period for the
image formation. In the experiment, the host PC uses the i7-9750H processor with total 12 threads, where the
averaged imaging processing time is ~340 ms. Thus, to allow sufficient time for imaging processing, N = 10 is
selected, corresponding to an overall image formation rate of 2 frames per second (fps).

The system parameters of the radar prototype are summarized in Table 1 where V; is the number of Txs, N,
is the number of Rxs, N, is the number of FMCW frequencies, Ngupc i the number of OFDM subcarriers, Ad is
the output inter-port separation, Dg is the MIMO aperture dimension, BW is the radar frequency bandwidth,
fc is the center frequency of the mm-wave, Ty is the dwell-time at each FMCW frequency step, and Ty is for the
time period for the STC OFDM waveform streaming.

Table 1. System design parameters of the radar prototype

Name Value Name Value
Ny 8 Ad 9 mm
N, 8 fe 83.5 GHz
N 100 BW 4.8 GHz

Nsube 32 Ty 400 pus
Dy 36 mm T 100 ps

3. THREE-DIMENSIONAL IMAGING EXPERIMENTS
3.1 Calibration Procedure

The radar system calibration is required before imaging any objects, which is to measure and compensate the
phase and magnitude errors of all the measurement channels to ensure the coherent MIMO operation. In this
experiment, a commercial corner reflector (Eravant SAJ-014-S1) with an edge length of 35.56 mm is used as the
calibrator, which is placed at the near-field or the far-field of the MIMO aperture and facing the array center.
In this case, the corner reflector is placed 150 cm away in front of the MIMO array. The calibration process can

be described as
gC—SIM
) 3)

A
8C—-EXP — 8BG
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Figure 4. The measured point spreading functions along the cross-range (z-axis), elevation (z-axis), and range (y-axis),
respectively, where the 3-dB beamwidths are 58.3 mm, 63.2 mm, and 38.4 mm, respectively.

£ S )

Figure 5. SDMMW imaging experiment to detect an array of corner reflectors.

where gpg is the background measurement in the absence of any object; gc_gxp is the measured response of the
calibrator at the far-field of the MIMO aperture; gc—_siv is the simulated response of the same calibrator; (-/-) is
the element-wise division to measure the phase and magnitude errors for all MIMO channels at each frequency;

g is the raw measurement vector before the calibration; and g is the calibrated measurement vector for the 3-D
image formation.

3.2 3-D Imaging Results

The point spreading function (PSF) of the radar prototype is evaluated in order to see the focusing performance
of the MIMO array after the calibration process. Figure 4 shows the measured PSFs along the cross-range

(z-axis), elevation (z-axis), and range (y-axis), respectively, where the corresponding 3-dB beamwidths are 58.3
mm, 63.2 mm, and 38.4 mm, respectively.

Proc. of SPIE Vol. 12111 1211106-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 17 Aug 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Reflectivity (dB)
8

10 -8 4 2 0
[
Range = 950mm Range = 1000mm
900 900 1
£ £ .
C 800 ‘Z 800
5 5 »?2
@ 700 o 700
i} |
600 600
-1000 -900 -800 -700 -1000 -900 -800 -700
Cross-range [mm] Cross-range [mm]
Range = 1050mm Range = 1100mm
900 6 . 3 900
g | P z
E £
_5 800 .7 . 4 -5 800
© 700 © 700
S LN
600 600
-1000 -900 -800 -700 -1000 -900 -800 -700
Cross-range [mm] Cross-range [mm]

Figure 6. Experimental 3D imaging on the corner reflector array.

The experimental setup to image an array of corner reflectors is given in Figure 5, where the corner reflectors
are customized and fabricated by the metal printing. The corner reflectors have an identical shape with an
edge length of 36 mm. As we can see in the inserted subplot of Figure 5, the corner reflectors have a measured
cross-range separation of 12.5 cm and an elevation separation of 10 cm. Additionally, the corner reflectors #1
and #2 are located at the range 100 cm; while the corner reflectors #3 — #7 are placed at the range 105 cm.
The 3-D imaging results of the corner reflector array are plotted in Figure 6 where the object reflectivity is
plotted at different range planes. As can be seen from the experimental imaging results, all the corner reflectors
are well-imaged and distinguished from each other in 3-D, showing a good imaging performance achieved by the
established radar prototype.

To further enhance the imaging resolution of the SDMMW multistatic system, the spatial'*1 and/or spec-
tral?%:2! coding over an aperture between the MIMO array and the imaging domain can be adopted, where a
higher sensing capacity (or better imaging performance) can be obtained. In this work, the advanced multiplex-
ing of the STC OFDM is further combined with the spatial coding created by the CRA. Note that the general
CRA design and CRA imaging setup can be referred in our related works.* 14 This paper mainly focuses on the
feasibility study of using the CRA-based spatial coding in the SDMMW multistatic imaging system to enhance
the sensing capacity. As a result, Figure 7(a) shows the physical dimensions of the L-shaped object under detec-
tion, and Figures 7(b)-7(d) show the corresponding object profile imaged at different range cuts, where a good
match between the imaged object profile and the ground truth mesh is achieved.

4. CONCLUSION AND FUTURE WORK

This paper presents a new SDMMW multistatic radar system with efficient multiplexing for 3-D imaging appli-
cations. The radar prototype is designed by making use of cost-effective commercial SDRs. Due to the great
baseband flexibility of the SDRs, the efficient radar waveform based on the STC OFDM is developed to achieve
simultaneous MIMO transmission at the same time and frequency. The radar is designed at 83.5 GHz with a
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Figure 7. Experimental imaging results on the L-shaped metallic object by using the STC OFDM with the spatial coding
of the CRA. (a) shows the dimensions of the L-shaped object, and (b)-(d) show the imaged object profile at different
range cuts.

frequency bandwidth of 4.8 GHz, where an 8-by-8 waveguide array is specially designed to form 64 measurement
channels with a small element-separation of 9 mm. To further enhance the imaging resolution of the SDMMW
radar, the spatial coding created by the CRA is combined with the efficient multiplexing based on the STC
OFDM. Preliminary experimental results show good imaging performance, giving great potential for developing
future high-performance mm-wave radars with advanced multiplexing.
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