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ABSTRACT advances in RF hardware, they are also becoming vital in consumer-

Millimeter-wave (mmWave) radar has become instrumental in di-
verse consumer applications. Yet current radar architectures face
major limitations. While full-MIMO structures are feature-rich,
their cost and complexity rise rapidly with more antennas. Phased-
MIMO radars promise enhanced scalability by combining large
phased arrays with a small number of RF chains. Nevertheless, the
phased-MIMO research thus far primarily relies on simulation or
theoretical analysis. In this paper, we introduce HYBRADAR, a novel
programmable phased-MIMO radar platform to address this experi-
mental gap. HYBRADAR repurposes the phased arrays on a low-cost
802.11ad radio to create a scalable low-cost array of phased sub-
arrays. It further incorporates transmit/receive front-end, control
channel, and hardware synchronization mechanisms to enable a
modular phased-MIMO system. By extending recent MIMO array
synthesis models, we optimize the placement of phased subarrays
to maximize the spatial resolution. Our prototype validation and
case studies confirm the capability and versatility of HYBRADAR.
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1 INTRODUCTION

For decades, millimeter-wave (mmWave) radars have played a cru-
cial role in aviation, defense, and meteorology applications. With
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grade applications such as automotive perception [20, 45, 46, 68],
wearable/mobile and contactless health monitoring [2, 17, 18, 26,
55], low-power activity and location tracking in smart spaces [84],
etc. These applications are projected for an exponential market
penetration [15]. Unlike optical sensors like cameras and LIDAR,
mmWave radars maintain functionality even in adverse weather
and poor lighting conditions, making them particularly attractive
for emerging domains, e.g., surveillance and autonomous driving.

However, consumer-grade mmWave radars currently lag behind
their military-grade counterparts in spatial resolution, mostly of-
fering only single-point ranging or tracking [24]. This roots from
a combination of factors including cost, power consumption, and
form-factor constraints. While the range resolution of a radar de-
pends on its signal bandwidth which is often fixed for a given
spectrum band, the angular resolution of a radar hinges upon its
effective antenna aperture [49] which varies widely and proportion-
ally to the number of antenna elements.

Current mmWave radars predominantly adopt a full-MIMO struc-
ture wherein each RF chain is singularly linked to a passive antenna.
This enables flexible array processing within both the transmit path
and the receive path. However, the inherent hardware complexity
of the MIMO architecture hinders the scalability of the number of
physical antennas. Adding an extra antenna necessitates a full RF
chain, comprised of data converters, mixers, and filters, coupled
with clock distribution and heat dissipation problems, among oth-
ers. The cost, complexity, size, and power consumption become
increasingly daunting as the system scales [52].

Phased array radars represent a contrasting approach, where
multiple antennas are connected to a single RF chain through phase
shifters. While more cost-effective, phased arrays only support
analog beamforming with limited phase/amplitude resolution. It
requires multiple beam scans to cover wide angles, hindering real-
time operation.

In the past decade, phased-MIMO radar, also referred to as subar-
ray MIMO radar, has been explored [21, 22, 75] to strike a balance
between the above two paradigms, as illustrated in Fig. 1. The
phased-MIMO radar concept was developed concurrently with the
hybrid beamforming in communication systems [38]. Both adopt
an array of subarray antenna architecture, where each RF chain
can be connected to a phased array. Such subarray architecture is
considered the optimal way of scaling up the number of antenna ele-
ments and hence the radar can provide close-to-LIDAR-level spatial
resolution, and supreme target detectablilty, under the hardware
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Figure 1: Radar architectures (only showing Tx).

complexity and cost constraints of commodity devices. The poten-
tial of phased-MIMO already emerged in automotive and health
sensing [53, 75], and is likely to propagate to many other wireless
sensing use cases such as computer-human interaction [30].

However, the degree of freedom in phased-MIMO radar sensing
remains largely underexplored. Examples include waveform config-
uration, beam pattern (codebook) design, phased array geometry,
baseband processing algorithms, etc. Existing work either employs
numerical analysis [22] or simulation [21] which misrepresents the
elusive environmental factors, or resorts to emulation using MIMO
radar with a limited number of antenna elements (e.g., 3 X 4 [75])
which underrates the scalability of phased-MIMO.

In this paper, we introduce HYBRADAR, a programmable phased-
MIMO radar platform with a scalable array of subarray architec-
ture. HYBRADAR supports digital beamforming through multiple
RF chains, each of which is connected to a 32-element phased ar-
ray. This design enables the platform to scale easily in multiples
of 32 simply by adding more RF chains and phased arrays. More
importantly, we can flexibly reconfigure the phased array beam pat-
terns and the subarray layout, and implement any phased-MIMO
baseband processing algorithms.

Inspired by the mmWave software radio in [82], we repurpose
a commercial-of-the-shelf 802.11ad radio, hijack the control chan-
nel to its phased arrays, and redesign the data channel so that the
phased arrays can be used to transmit/receive radar signals. We
have realized both software radar that supports arbitrary radar
waveform and the cost-efficient analog FMCW radar. To optimize
the sensing performance of HYBRADAR, we make a set of design
choices unique to the array of subarray setup, including (i) syn-
chronization between the phased array control channel and FMCW
synthesizer channel; (ii) designing the transmitting and receiving
paths for high-frequency FMCW chirp generation and mixing; (iii)
ensuring easy scalability towards many RF chains and antenna
elements. In addition, we extend the concept of the virtual array
in MIMO radar systems [49], and propose a sparse subarray lay-
out, which achieves superior angular resolution even with a small
number of phased arrays.

We have conducted comprehensive experiments to demonstrate
HYBRADAR’s capabilities and affirm the effectiveness of our design
in terms of time/phase synchronization, multi-chain scalability,
power budget, etc. Remarkably, HYBRADAR achieves an angular res-
olution of 2.46° using only 2Tx and 2Rx RF chains (64x64 antenna
elements). To further illustrate the practical applications of HyB-
RADAR, we have performed two case studies: high-resolution 3D
point cloud generation and compressive radar beam scanning. We
first demonstrate that HYBRADAR can be used to generate accurate,
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(a) RFSoC w/ the adapter board.
Figure 2: The implementation of digital radar.

(b) Signal and interference.

dense 3D point clouds, similar to high-end imaging radar, even with
a limited 2Tx-2Rx setup. We then design a compressive scanning
codebook, which can use a small fraction of the available beams to
achieve similar or even better angular accuracy than evenly spaced
beam patterns.

In summary, the key contributions of this work are:

(i) The design and implementation of HYBRADAR, the first mmWave
radar experimental platform that embodies a scalable array of sub-
array architecture. We intend to make HYBRADAR’s hardware open-
source and available to the research community.

(ii) The exploration of the distinctive benefits of phased-MIMO
radars, particularly the development of a sparse subarray layout
that delivers superior spatial resolution.

(iii) The experimental validation of HYBRADAR’s architecture
and performance, along with case studies in point cloud imaging
and compressed beam scanning, demonstrating the versatility of
the platform.

2 SOFTWARE DEFINED RADAR

Table 1: Digital radar vs. analog radar.

Digital Radar Analog Radar
Waveform Synthesis Wideband DAC PLL + VCO
Waveform Flexibility Arbitrary FMCW
Range Estimation Digital Correlation Analog Mixing
Baseband Bandwidth 2GHz 10s MHz
Baseband Processing Unit Expensive Cheap
Extra Hardware RFSoC Adapter FMCW Front-end
Board Board
Digital Processing Complex Light-weight

Our mmWave radar system is built upon the M> software-defined
radio (SDR) platform, which modifies a COTS 802.11ad radio (Air-
fide Sparrow+) by integrating a custom “bridge board” for arbitrary
waveform transmission.

Digital radar. Digital radar on the M? platform is realized by di-
rectly inputting a radar waveform into the baseband. This approach
offers significant waveform design flexibility, proving crucial for
various research applications, including advanced radar waveform
design and the fusion of sensing with communication.

Synthesizing a wideband radar signal (4 GHz) necessitates high-
end baseband processing units (BPUs) such as Xilinx RFSoC [73].
Interfacing the RESoC with the M front-end requires a specially
designed adapter board. The default XM500 [74] board does not
support full bandwidth across all 8 ADC/DAC channels. Therefore,
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we designed a new adapter board to fully utilize all channels, shown
in Fig. 2(a). We have also incorporated baseband amplifiers with ad-
justable gain to accommodate the wide range of radar-reflected sig-
nal strengths, ensuring compatibility with the ADCs’ input range.

In our preliminary experiments using digital radar, we measure a
corner reflector with a radar cross-section (RCS) of 12 dBsm at a dis-
tance of 2.5 m. We generate a —2 to 2 GHz FMCW chirp signal with
a duration of 90 ps at the baseband using two DAC channels (I/Q).
Subsequent Tx/Rx correlation is performed to detect the targets.
Although the Tx/Rx phased array is spaced by 7 cm, we observe
a strong direct-path leakage signal. However, by activating addi-
tional Tx/Rx antennas and employing beamforming, we observe a
suppression of this leakage and an improvement in the SNR of the
target, as shown in Fig. 2(b).

Despite its successful implementation, digital radar faces two
main limitations: (i) High cost: utilizing the Xilinx RFSoC incurs
a significant expense, approximately 11k USD. (ii) Complex signal
processing: real-time sampling, correlation, and data management
on an FPGA adds considerable complexity to system evaluation
and development.

Analog radar. In contrast, the analog radar implementation
replaces the “bridge board” with an “FMCW radar front-end” board,
employing a voltage-controlled oscillator (VCO) and phase-locked
loop (PLL) for wideband chirp signal generation. Table 1 outlines
the key design differences between digital and analog radar. Given
the cost-effectiveness and straightforward digital signal processing
of the analog approach, the remainder of this paper will focus
predominantly on the design, development, and evaluation of the
analog radar system.

3 RADAR HARDWARE DESIGN

In this section, we delve into the architecture and key hardware
design choices of the analog radar. The hardware is highly modu-
lar. Each module comprises 3 main components: the FMCW chirp
synthesizer, the radar front-end PCB, and the phased-array module
(PAM), as shown in Fig. 3(a). We have designed the synchronization
mechanisms across the time, phase/frequency and control channel,
so that HYBRADAR can scale its antenna aperture as more modules
are added. Within each module, the FMCW chirp synthesizer gener-
ates a 13-17 GHz frequency sweeping signal that is connected to the
radar front-end PCB. The chirp signal is subsequently upconverted
into the 58—-62 GHz mmWave band by the PAM originating from
a COTS 802.11ad radio. The front-end PCB performs chirp signal
amplification, distribution, and FMCW dechirping, and produces
the beat signals that are sampled by the ADCs. The resulting base-
band signals can be processed in real-time using an FPGA-based
BPU (such as USRP [14] or RFSoC [73]).

3.1 Phased Array Module

We retrofit the PAM from a COTS 802.11ad radio (Airfide Spar-
row+!) and design the control/data interfaces to repurpose it for
our phased-MIMO radar. Each of the phased arrays follows a 6x6
uniform planar array (UPA) layout with 4 inactive corner elements.

!Now discontinued, but can be replaced with Microtik wAP 60Gx3 [33].
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The beamformer inside the PAM provides 2-bit phase and 1-bit am-
plitude control, supporting a codebook size of 128, i.e., 128 different
beam patterns.

Following a similar architecture as in M> [82], we disconnect
the network interface card (NIC) which is originally connected to
the PAMs, and implant a custom-designed radar front-end board in
between, as shown in Fig. 3(a). We use an external control FPGA
to reproduce the PAM control commands to facilitate real-time
control and synchronization. We use a triplexer on the radar front-
end board to combine the chirp signal, the control signal (118 MHz),
the LO signal (7.56 GHz), and the power supply and feed into the
PAM together. Since these signals range from 118 MHz to 17 GHz,
we select a wideband 4-way splitter, Minicircuits EP4ARKU+ [37],
to implement the triplexer. To avoid impedance mismatch, a 50 Q
resistor connects the unused port on the splitter to the ground.

To enable phased-MIMO, the phased array beam scanning must
be synchronized with the radar waveform, i.e., the beginning of
an FMCW chirp needs to be aligned with the start of a new beam
pattern. To this end, we use the BPU-an NI USRP N210-to create a
synchronization anchor. When the BPU starts sampling the signal, it
sends a trigger signal through its GPIO PIN to the chirp synthesizer
and the control FPGA. Upon receiving the trigger signal, the chirp
synthesizer starts producing chirps, and the control FPGA sends
the PAM the enabling and beam scanning commands. The interval
of the beam scanning commands is set using a counter on the
FPGA to ensure that it aligns with the duration of the chirps. Our
experiments verify this design perfectly aligns the chirp synthesis
with beam switching (Sec. 5).

3.2 Transmitting Path Design

We generate the frequency sweeping radar chirps using a frequency
synthesizer (ADF4159 [3]) and a VCO (HMC587 [4]). A PLL is de-
signed with ADF4159 and HMC587 to produce a linear, low-phase
noise chirp signal, as shown in Fig. 4. ADF4159 can be programmed
through a simple 3-wire interface and therefore the chirps with
different parameters (such as duration, slope, frequency range, etc.)
can be synthesized. A graphic user interface provided by Analog
Devices is used to configure the chirp synthesizer. Alternatively,
the controlling commands can be sent by FPGA for real-time con-
figuration.

As HMC587 can only support a frequency range of 5-10 GHz,
we adopt a 2-stage chirp synthesizer design to meet the desired
IF frequency of HYBRADAR. Specifically, we first generate a 6.5—
8.5 GHz chirp signal and subsequently add a frequency doubler
(HMC814 [5]) to double the frequency to 13-17 GHz. The original
signal is not completely eliminated by the frequency doubler, and
the resulting leakage may cause interfering harmonics. We thus
add a high-pass filter XHF-143M+ [35] at the following stage to
further attenuate the 6.5-8.5 GHz signal.

To perform the Tx-Rx mixing required by an FMCW radar, an-
other copy of the chirp signal is needed. We thus add a power
splitter (Minicircuit EP2RKU+ [34]) to split the chirp signal along 2
ways, one to the Tx PAM, and the other to the Rx mixer. Eventually,
the Tx PAM upconverts the chirp signal to the mmWave band and
emits a 58-62 GHz chirp.
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3.3 Receiving Path Design

The transmitted FMCW signals are reflected by the objects in the
environment and received by the Rx PAM, which subsequently
downconverts the signals back to 13-17 GHz. The output signals
from the Rx PAM are just a replica of the Tx chirp but with time
delays proportional to the range of the reflecting objects. Afterward,
the Tx-Rx chirp mixing produces the beat signal that embodies the
range information.

The receiving path of the radar front-end board comprises 3 com-
ponents: the high-pass filter (HPF), the amplifier (AMP), and the
mixer. The HPF prevents the 7.56 GHz LO signal from entering the
receiving path because otherwise the LO signal, typically stronger
than the Rx chirp signal, may saturate the Rx amplifiers. We se-
lect XHF-143 [35] as the HPF which features a cutoff frequency
of 11 GHz, imposing around 30 dB attenuation on the 7.5 GHz sig-
nal with a negligible impact on the 13-17 GHz chirp. In addition,
XHF143 is also a reflectionless filter that exhibits a 50 Q impedance
at the stopband, which does not cause any impedance mismatch for
the LO and command signal at the triplexer ports, thus ensuring
signal integrity.

Although the Rx chirp signal has already been amplified in the
Rx PAM, it suffers attenuation from various sources, such as cables,
connectors, triplexers, and transmission lines. Therefore, it is es-
sential to amplify the Rx chirp signal before it enters the mixer to
maintain a decent SNR. We use Minicircuits AVA-183A+ [36] as the
Rx amplifier because it supports a wide bandwidth of 5-18 GHz
which covers the desired 13-17 GHz chirp bandwidth. Moreover,
AVA-183A+ features a +1.2 dB gain flatness which ensures a flat
frequency response of our wideband chirp signal. We cascade 2
AVA-183A+ to obtain a sufficiently strong Rx chirp signal.

We use HMC8191 [6] as the mixer which supports a wide band-
width of 6 GHz-26.5 GHz to perform dechirping and produce the
baseband beat signal. Notably, HMC8191 is an I/Q mixer that pro-
duces two signals, IF1 and IF2, which are 90° out of phase. I/Q
mixer structure is often adopted in FMCW radar design because it
cancels half of the noise signal and achieves a 3 dB SNR gain [47].

I/Q samples also facilitate the baseband signal processing since
the phase of each sample is directly available. In addition, since
HMC8191 is a passive mixer and requires a high signal drive power
of 18 dBm, we add another AVA183A+ amplifier between the Tx
chirp diplexer and the mixer.

3.4 Baseband Circuit Design

After the dechirping process, the beat signal containing essen-
tial sensing information is produced. The beat signal bandwidth
(~10s MHz) is much narrower than the chirp (4 GHz), which relaxes
the ADC sampling rate and simplifies baseband processing.

The baseband circuit achieves two functions: direct path image
filtering and baseband signal amplification. As the radar transmits
and receives signals, the Tx signal can propagate to the Rx antennas,
causing a direct-path leakage signal. Due to the close proximity be-
tween the Tx and Rx antennas, the leakage signal results in a strong
close-to-DC image in the baseband signal spectrum. Therefore, an
HPF is designed to suppress the low-frequency interference which
can improve the linearity of the baseband amplifier.

We determine the cutoff frequency of the HPF by identifying the
near-zero peak of the baseband spectrum when no real target is
present. The cutoff sharpness of the filter is of top design priority, as
the HPF should aim to suppress only the direct path image but not
other frequency components corresponding to close-by real radar
targets. We, therefore, opt for Chebyshev HPF as it exhibits a sharp
cutoff transition region. More specifically, we design a 5th-order
Chebyshev filter with discrete LC components.

The strength of the reflected radar signal can vary significantly
due to different environments. To fully exploit the dynamic range of
the ADC, we employ a variable gain amplifier (VGA) at the baseband.
When the signal is strong and ADC clipping is observed, the VGA
gain should be tuned down. Otherwise, it should be maximized to
detect weak reflecting objects. We use the TI LMH6882 [58] as the
baseband VGA to allow for controllable amplification. LMH6882 is
a 2-channel programmable gain amplifier with a gain range of 6 dB
to 26 dB. The gain can be configured manually using mechanical
switches.

3.5 Expanding to Multiple RF Chains

The 1Tx-1Rx module design can easily be expanded to multi-TX-
multi-RX by stacking multiple instances of the FMCW radar front-
end board, as shown in Fig. 3(b). To achieve coherency between
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Figure 5: (a) HyBRADAR with a 2Tx-2Rx setup. The chirp syn-
thesizer and the control FPGA can be further integrated to
reduce form factor. (b) Radar front-end PCB. (c) PAM mount-
ing structure.

multiple radar channels, the chirp, LO, and command signals on
different channels should be synchronized. We use an RF splitter
(EP4RKU+ [37], same as in Sec. 3.1) to create multiple identical
copies of the chirp signal and feed them into the stacked FMCW
radar front-end boards. Notably, the RF splitter causes phase un-
balance among the different output ports. For the 13-17 GHz chirp
signal, the maximum phase unbalance is 5.3° [37]. Moreover, the
cable or PCB traces are not perfectly length-matched which also
introduces phase offsets. Nonetheless, these phase offsets are time-
invariant, because either the chirps or the LO are synthesized from
the same clock source. Therefore, calibration can be performed and
phase offsets compensated using standard MIMO radar calibration
techniques [8].

Fig. 5(a) portraits an example 2Tx—-2Rx HYBRADAR setup, where
two of the radar front-end boards (Fig. 5(b)) are stacked. We have
also designed several different PAM mounting structures that allow
for customized subarray location (shown in both Fig. 5(c) and 5(a)).

4 PHASED-SUBARRAY LAYOUT AND SIGNAL
PROCESSING
Using classical FFT processing [7], the baseband signals of an FMCW

radar can be decoupled into multiple range bins. Within each range
bin, we can obtain a 2D channel matrix H, comprised of the radar
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backscatter channel from each Tx antenna element to each Rx
antenna element. A direction of arrival (DoA) spectrum can be
further extracted from H, from which we can estimate the relative
angles of targets.

4.1 Radar Channel Estimation

Consider a setup with N7 Tx antennas and Ng Rx antennas and
Mt Tx beams combined with Mg Rx beams (totaling MTMpg scans).
The observed radar channel matrix Y is expressed as:

Y =wHHW, +N. (1)

Here, W; = [ug,up,...,up, ] and W, = [vy, vy, ..., Vpg,] repre-
sent the Tx and Rx beamforming weight vectors respectively, where
un € CNTX1 and v,, € CNrX1 N denotes noise. HYBRADAR’s
beamformer features a 2-bit phase (0, /2, 7 and 37/2) and 1-bit
amplitude (on/off) (Sec. 3.1). Due to the length difference of the
feedline, each antenna has an extra fixed phase offset, which can
be obtained through a standard one-time calibration [82]. The ef-
fective W, and W; in real experiments can therefore be calculated
accordingly.

For full-MIMO arrays, W; and W, can be considered as identity
matrices, and the radar channel matrix H is directly obtained from a
single radar snapshot.Contrarily, a phased array, due to its inherent
analog beamforming component, can only obtain the weighted
summation of H. Consequently, a phased array needs to make
multiple radar snapshots with varying Tx/Rx beam patterns to
recover H.

Exhaustive beam scanning. The baseline method scans at least
a full set of Ny Ng beams [81]. For example, firstly, the Tx PAM
is fixed to beam #1 while the Rx PAM iterates from beam #1 to
#NR; then similarly, Tx PAM fixes to beam #2, #3 ... #N, while the
Rx PAM scans all the Ng beams. Orthogonal beam sets, such as
discrete Fourier Transform (DFT) based beam sets, are commonly
employed to ensure full rankness of Eq. (1). H can then be effectively
estimated by solving Eq. (1) using the Least Squared (LS) method.

Compressive sensing (CS). CS-based channel estimation meth-
ods [12, 39] utilize the inherent sparsity of the mmWave channel
[57] and require significantly fewer observations than NNy to
estimate H. With a judiciously designed codebook (i.e. W, and W)
and sparse recovery algorithms, H can be effectively estimated even
when Eq. (1) is underdetermined. A case study in Sec. 6 demon-
strates a compressive beam scanning method, reducing the number
of observations to 1/8-1/4.

Sensing time and max velocity. During one complete scan,
the radar channel needs to be approximately unchanged. Based
on the wireless channel coherence time model [48], the target’s
maximum velocity supported by the radar can be approximated.
NAT ' @

c
Here A denotes the wavelength, T; is the chirp duration, and N is
the number of snapshots.

The maximum velocity a phased array radar supports grows
inversely with the number of beam scans. A phased-MIMO system
comprises multiple independent phased subarrays and requires
fewer snapshots than a phased-array system, striking a tradeoff
between system complexity and sensing time.

Vinax = 0.423
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Figure 6: Illustration of the SCA. (v1-v4) = t1 + (r1-r4), and
(v5-v8) = t2 + (r1-r4). The summation of the location mirrors
the cumulative phase of the wavefront.

olnlalo|e|le|la|o|a]n|e

olnlalo|o|la|la|o|s]n|e

Tx Rx

Figure 7: The SCA from 1Tx-1Rx PAM constructed using
spatial convolution. The number indicates the overlapping
virtual elements.

4.2 Optimizing Subarray Layout

Optimal antenna placement in full-MIMO radar systems is a well-
explored area. However, the phased-MIMO architecture introduces
additional constraints on antenna locations, necessitating further
investigation. This section delves into the optimal arrangement of
phased subarrays to create virtual arrays with an expansive antenna
aperture, thereby achieving enhanced spatial resolution.

4.2.1  Sum Co-array (SCA) Design. The SCA [25] is a type of virtual
array widely employed in active radar sensing where the Tx and Rx
elements are coherent and co-located. SCA construction involves
determining the spatial summation of Tx-Rx element pairs within a
physical sensor array. This process effectively transforms the phys-
ical array into a configuration comprising a singular Tx element
alongside a virtualized Rx array. This transformation is predicated
on the principle that the summation of spatial locations mirrors
the cumulative phase of the wavefront, a relationship depicted in
Fig. 6.

An SCA can be constructed by performing spatial convolution of
the Tx array and Rx array [49]. In the case of both the Tx array and
Rx array being a N X N UPA, an SCA of (2N — 1) X (2N — 1) can
be constructed. The Tx/Rx array in HYBRADAR is a 6x6 UPA with
antennas on the 4 corners disabled. Thus, the corresponding SCA is
an 11x11 UPA with 3 elements missing on each corner, as illustrated
in Fig. 7. Notably, due to the close spacing of the antennas within
the same phased array, a large portion of Tx-Rx pairs synthesize a
virtual antenna at the same location, resulting in redundant channel
information.

With multiple Tx and Rx phased-arrays, an even larger SCA can
be synthesized. To maximize the SCA, the location of the PAMs
should be designed to minimize overlapping elements in the virtual
array. Since each Tx-Rx phased-array pair synthesizes a (2N —

K. Zheng et al.
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Figure 8: The SCA synthesized by K =3 Tx PAMs and L = 4
Rx PAMs with UPA dimension N = 6. The light blue squares
represent the resulting virtual array (11 x 132).
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Figure 9: Illustration of the DCA. The differences of the loca-
tions mirror the phase differences of the wavefront. Element
v6 is missing since 5¢ can not be found in the phase differ-
ences.
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K1 subarrays K> subarrays

Figure 10: 2-level NAS. The subarrays in the same level follow
a uniform spacing.

1) X (2N — 1) virtual UPA, if L Tx and K Rx PAMs are placed on a
horizontal line to achieve angular resolution on the azimuth plane,
the spacing between the phased arrays should satisfy:

drx = 2N = 1)d, drx = Kdgy, (3

or alternatively, dry = (2N — 1)d and dgy = L d7,. Consequently,
the size of the virtual SCA:

N, = (2N - 1)KL. (4)

The effective aperture can thus be scaled by multi-folds in compari-
son to an unspaced placement of the phased arrays. An example is
shown in Fig. 8.

4.2.2 Difference Co-array (DCA) Design. The DCA is primarily
employed in passive sensing scenarios, such as radio astronomy or
passive radar systems, where an array of co-located sensors receive
signals from uncontrolled, unknown sources. The DCA operates
independently from the SCA and can further expand the virtual
array’s dimensions beyond what the SCA offers. The construction of
a DCA involves calculating the spatial location differences between
element pairs within an Rx physical array. The construction is based
on the principle that the difference of the spatial locations mirrors
the difference of the phases of the wavefront at the sensors, which
can be found by determining the signal vector’s autocorrelation
[44].



Enhancing mmWave Radar Sensing Using a Phased-MIMO Architecture

Tx1

MOBISYS ’24, June 3-7, 2024, Minato-ku, Tokyo, Japan

Tx2

Level-1 Level-2

Rx1 Rx2 Rx3 Rx4

d; dy

S B H
dq

P < =

di d;

Figure 11: DCSC with nested subarrays. The light blue squares represent the virtual antennas from the SCA. Rx subarrays keep
the same geometry as the DCA shown in Fig. 10. Tx2 makes a second copy of the virtual array on the right side.

In classical DCA theory, the signal sources must be assumed to
be uncorrelated. In the context of active radar sensing, the “sources”
correspond to the reflections from the radar targets, which are
originally from the same Tx source. The assumption holds only
when the multiple targets experience random yet uncorrelated small
displacement over time (e.g., random vibration caused by wind).
Since HYBRADAR operates at 60 GHz mmWave band, the maximum
displacement only needs to be around 2.5 mm to cause a phase shift
of 27 and randomize the complex radar channel. Notably even if
the assumption does not hold, DCA can still be effectively utitlized
through techniques like spatial smoothing [10].

To employ DCA in HYBRADAR, we propose a subarray placement
strategy to maximize the aperture of the DCA. This is challenging
because given the number of antennas on a straight line, the optimal
locations and corresponding DCA size cannot be computed in any
closed-form [31]. Consequently, many suboptimal but trackable
array geometries have been proposed for DCA synthesis [42, 43, 66].
However, these methods only deal with the element placement in
traditional antenna arrays, whereas HYBRADAR comprises subar-
rays that constrain the locations of their antenna elements.

We extend the idea of nested array [42], and propose a 2-level
nested array of subarrays (NAS) for HYBRADAR, as shown in Fig. 10.
The proposed NAS comprises a level-1 array of K subarrays with
spacing di and a level-2 array of K subarrays with spacing da,
where

di=2N-1)d, dy=(Ki+1)(2N -1)d. (5)

Notably, the spacing between the first level-2 subarray and the
last level-1 subarray is also d;. In the level-1 subarray, the spacing
(2N — 1) ensures that the “holes" between the k-th and (k — 1)-th
subarrays can be filled by finding the difference set between the
k-th subarray with the 1st subarray. In the level-2 subarray, the
spacing is related to the number of level-1 subarrays Kj, and the
“holes” between the k-th and (k — 1)-th subarrays can be filled by
finding the difference set between the k-th subarray with all the
level-1 subarrays. The total number of virtual antennas

Ny, =(2N -1)(K1Kz + Kz — 1) + N. 6)

Therefore, given the total number of phased arrays K, the goal is to
maximize N, under the constraint that K; + K = K. For example,
with K = 4 Rx phased arrays and N = 6 element on one dimension
of the phased array, it can be found through an exhaustive search
over a few combinations that when K; = 2, K, = 2, the dimension
of the virtual array is maximized, i.e., Ny = 61.

4.2.3 Difference Co-array of Sum Co-array (DCSC) Design. The
SCA and the DCA can be combined to synthesize a DCSC with

even a large aperture [9]. Based on the analysis in Sec. 4.2.1, 1 Tx
and 1 Rx phased array can be equivalently seen as one single Tx
antenna and a (2N — 1) X (2N — 1) Rx phased array. Similarly, when
there are 2 Tx phased arrays, 2 copies of (2N — 1) X (2N — 1) are
synthesized. Following the principle, we employ the idea of SCA to
create multiple copies of the NAS. Specifically, the Rx phased arrays
follow the same 2-level nested array geometry as in Eq. (5) but with
N’ = 2N — 1. Since each Tx phased array adds another copy of the
NAS in Fig. 9, a new Tx PAM should be placed in a location such
that the first subarray of the new NAS has the same level-2 spacing
with the last subarray of the previous NAS, as shown in Fig. 11.
Therefore, the Tx PAMs should follow a uniform spacing given by:

dry = (2N’ = 1)(K1Kz + K5 — 1). (7)
Thus, the size of the final virtual array scales up to:
Ny = (ZN/ -1)(KiKy + K1 +Ky)L

~ (K1 +1)(2N" = 1) + N". ®)

5 HARDWARE PERFORMANCE EVALUATION

In this section, we conduct microbenchmarks to verify HYBRADAR’s
hardware design and virtual array synthesis methods.

Time synchronization across subsystems. As mentioned in
Sec. 3.1, the BPU, chirp synthesizer, control FPGA and the PAMs
need to be fully synchronized. To verify this, we use an oscilloscope
to measure the triggering signal from the BPU, the chirp complete
signal from the ADF4159 evaluation board, and the PAM controlling
signal from the FPGA. As typical chirp durations for commercial
automotive FMCW radars are in the order of 10s of ps [59], we set
the chirp duration to be 90 ps with a 10 ps inter-chirp idle period.
The chirp idle period is inserted to mitigate the noise introduced
when the chirp is reset to the starting sweep frequency [59]. Fig. 12
shows that once triggered, the FPGA sends commands right at the
time when one chirp synthesis is complete, and this happens with
a period of 100 ps as expected. The PAM responds to the commands
after a delay of 170 ns, and the exact start-up timing can be found
in [82]. In the current prototype, the clock of the FPGA is not syn-
chronized with the rest of the system, causing a slight time offset
for each chirp. Through measurement, we find the accumulated
time offset after sending 10k chirps is 1.5 pus. However, the beam
switching command does not need to be perfectly synchronized;
it only needs to be issued during the inter-chirp idle time (10 ps)
so that the beam pattern is aligned with each chirp. For long-time
continuous radar sensing applications, the BPU can always send
repeated triggering signals to regain synchronization. The exper-
iment verifies HYBRADAR’s subsystems are synchronized and that
each beam scan is aligned with each FMCW chirp.
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Figure 12: Subsystem synchronization.
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Figure 13: 2D Angular spectrum synthesized using the multi-
channel radar.

Multi-channel calibration. HYBRADAR requires a one-time
calibration to compensate for the phase/amplitude variations across
different Tx-Rx pairs. We follow a common MIMO radar calibration
procedure to perform calibration for a representative 2Tx—2Rx Hys-
RADAR setup. We put a trihedral corner reflector at a distance of
7.5m at the boresight as a reference target, and enable each Tx-
Rx PAM pair to sense the target with a fixed beam. We perform
range FFTs (with zero-padding to improve accuracy) and identify
the range bins with the highest amplitude. We then compare the
phase/amplitude differences and compute the complex calibration
vector.

To show the effectiveness of the calibration, we move the corner
reflector to a different location and perform range and angular anal-
ysis. If the calibration factors are not applied, the angular spectrum
exhibits multiple strong lobes (Fig. 13(a)) due to the phase offset
among the Tx-Rx pairs. Once compensated, the split lobes are elim-
inated (Fig. 13(b)), which verifies the effectiveness of the calibration
across RF chains and PAMs.

Angular resolution with multiple Tx-Rx PAMs. To evalu-
ate the effectiveness of sparse array synthesis for HYBRADAR, we
conduct experiments measuring angular resolution across differ-
ent co-array setups. We place 2 identical trihedral corner reflec-
tors in front of the radar at around 7.5 m and gradually reduce
the separation between the targets until they become undistin-
guishable in the angular spectrum. The theoretical angular res-
olution for beamforming-based DoA estimation is described by
Ores = 0.89% [56]. Here the antenna spacing d = 0.58A, N is
the number of antennas, and 0 is the target angle relative to the
antenna array. Without loss of generality, we only measure the
horizontal angular resolution.

In our first experiment, we employ the SCA configuration with
varying numbers of Tx/Rx PAMs, i.e. 1'Tx-1Rx, 1Tx-2Rx, 1Tx-3Rx,
and 2Tx-2Rx. The spacing between the Rx PAMs dg, is designed
to be 11d, aligning with Eq. (3). Also from Eq. (3), drx = 22d for
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the 2Tx—2Rx setup. With such a configuration, the size of the vir-
tual array is Ny = (11, 22, 33, 44) following Eq. (4). As a prototype
HyYBRADAR, we only fabricated 2 Rx chains. So we emulate the 3rd
Rx-chain by repositioning a PAM and combining the data from
2 measurements. Fig. 14(a) shows that the angular resolution im-
proves as the number of PAMs increases, although it falls short
of the theoretical value due to practical limitations such as PAM
spacing tolerance, corner reflector size, and SNR.

In our second experiment, we measure the angular resolution
with the DCSC setup in Fig. 11 with varying numbers of PAMs,
including 1Tx-1Rx, 1Tx-2Rx, and 2Tx-2Rx. Based on Sec. 4.2.3, for
1Tx-1Rx, the virtual array is the same as an SCA. For 1Tx-2Rx, the
DCSC reducesto K1 = 1,Ky = 1,L = 1. For 2Tx-2Rx, K1 = 1,K) =
1, L = 2. According to Eq. (8), the horizontal dimension of the virtual
array is (11, 32, 95), respectively, which corresponds to a theoretical
value of 8.98°, 3.09°, and 1.04°. The result in Fig. 14(b) affirms
that the DCSC configuration offers an improvement in angular
resolution with the same number of Tx/Rx chains. Notably, there
remains a gap between the measured resolution to the theoretical
resolution. Apart from the measurement error mentioned above,
the gap also stems from the unsatisfied assumption of uncorrelated
sources (Sec. 4.2.2) in practical experiments.

Table 2 compares HYBRADAR with 2Tx—2Rx setup with the state-
of-the-art (SOTA) mmWave radar systems. The angular resolution
is measured using a similar setup described above employing SCA
only. For the 1D horizontal-only case, with only 4 RF chains, Hys-
RADAR achieves a better angular resolution than VTRIG-74. TI
mmWCAS achieves a superior resolution, but it cannot achieve 2D
resolution simultaneously due to its antenna layout. In the 2D case,
HyYBRADAR achieves a comparable angular resolution with VTRIG-
74 with only 1/10 of the RF chain count which implies a much lower
system complexity, cost, and power budget. However, with a similar
number of virtual elements, HYBRADAR requires 10-20 times more
snapshots than VTRIG-74, which increases the sensing time and
compromises its sensing ability for moving targets (Eq. (2)).

Radar link budget analysis. The capability of a radar to detect
a target is fundamentally linked to the SNR of the received signals,
which follows the well-known radar equation [56]:

sNR = 2Pt Cant GxGrx A )

(47)3d*kTB, F
Here, o represents the radar cross section (RCS) of the target. Ex-
tracted from the datasheet from Airfide [1], the single-chain trans-
mission power P; = 6 dBm, and the gain of each antenna element
Gant = 5dBi. Gy and G,x denote the respective Tx/Rx array gains,
which grow proportionally with the number of active antennas.
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Table 2: Performance comparison with SOTA radars.

System RF Chains | Architecture | Ang. Res. (°) | Virtual Elem. | Min. Scans? | Scan. Time®(us) | Max. Velocity (m/s)
MMWCAS-RF-EVM [60] 9T-16R full-MIMO H: 1.5]V:N/A 86 9 450 4.70
VTRIG-74-1D [67] 1T-20R full-MIMO H:7.6, V:N/A 20 1 50 423
HyBRADAR-1D 2T-2R phased-MIMO | H: 3.0, V: N/A 44 22 1,100 1.92
VTRIG-74-2D [67] 20T-20R full-MIMO H:7.6,V: 7.6 400 20 1,000 2.11
HyBRADAR-2D 2T-2R phased-MIMO | H: 3.0, V: 11.1 436 218 10,900 0.194

! From published data [62]. ? Ideal case without any redundant scans that result in overlapping virtual elements. 3 Chirp duration = 50 ps.
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Figure 15: The array gain with the increasing number of
Tx/Rx antennas.

Other factors include the carrier wavelength A = 5 mm, the target’s
distance d, the Boltzmann constant k = 1.38 x 10723 J/K, and T, the
temperature measured in Kelvin. The noise bandwidth in FMCW
radar B, = 1/T; where T, = 90ps is the chirp duration in our
experiments. The receiver’s noise factor F = 8.5dB is determined
by the PAM’s RF character.

We define the maximum detection range as the distance when the
SNR falls below a pre-specified threshold, which in turn depends
on the desired detection accuracy [56]. For example, the required
SNR to detect a target with a probability of 0.9 and a false detec-
tion rate of 1073 is 11 dB [56]. To characterize the Gy and Gy,
we place a corner reflector at the boresight of the radar and sense
the target with an incrementally growing count of active antennas.
The phase shifters in the beamformers are configured to Tx/Rx
boresight beams. Fig. 15(a) shows an SNR augmentation of approx-
imately 25 dB, when all the Tx and Rx antennas are active, relative
to a singular Tx and Rx antenna configuration. Correspondingly,
Fig. 15(b) exhibits the maximum detection range receiving a boost
of around 20 to 25 meters as the antenna count increases. The result
substantiates the effectiveness of the antenna array in elevating target
detectability.

We further measure the SNR of common radar targets at a fixed
range with multiple Rx PAMs and then follow Eq. (9) to estimate
the link budget. The Rx PAMs are placed on a 2X2 array with all the
antennas enabled. As a prototype with only 2 Rx chains, the 2x2
array is a virtual array emulated using 2 Tx PAMs through time
division following the SCA principle (Sec. 4.2.1).

Table 3 shows that even with the 1Tx-1Rx setup, most common
objects can be detected at a range > 12 m. Human does not reflect
radar waves as strongly as other objects but the detection range is
sufficient for short-range indoor applications. The maximum detec-
tion range can further increase with more Rx channels. The impact
of multiple Tx PAMs is similar, and therefore not further evaluated.
Notably, due to practical factors such as calibration residual and
radar channel diversity across the PAMs, the SNR gain from coher-
ent combining does not simply increase linearly. This demonstrates

the capability of HYBRADAR as a research platform for short to mid
range phased-MIMO radar experiments.

We note that, theoretically, the phased array beam patterns man-
ifest only in the radar’s far-field. For example, for a 1 Tx and 4
adjacent Rx arrays, this is around 5.5 m following the far field model
[40], still well within the detection range of HYBRADAR. For even
larger array of subarray geometries, the far-field may exceed the
detection range. However, note that the far-field model is only
an approximation. Even within the near-field, the beam patterns’
mainlobes still dominate, albeit distorted and hence reducing the
effective array aperture from the theoretical maximum.

Table 3: Detection range of common objects.

Object SNR@10m | Max. Range | Max. Range | Max. Range

1T-1R(dB) | 1T-1R(m) | 1T-2R (m) | 1T-4R (m)
Corgzr dfl{;if; forl oy 58 21.85 24.83 23.82
Human 5.48 7.28 8.76 11.87
Bicycle (Side) 19.25 16.08 22.82 24.82
Sedan (Front) 24.92 22.28 31.47 33.76
Post (Square) 26.09 23.84 26.49 31.64
Tree 12.22 10.73 13.63 15.39
Trash Bin 15.22 12.75 17.22 16.34

System cost. The cost breakdown of HYBRADAR is detailed
in Table 4, which reveals that the cost of the RF front-end of the
digital and analog radar are similar. However, the need for wideband
baseband processing in digital radars leads to a noticeable increase
in overall system cost. Despite its prototype status, HYBRADAR’s
cost is comparable to start-of-the-art radar systems, as indicated
in Table 5. Replacing the USRP N210 with a low-end FPGA and a
low sampling-rate multi-channel ADC (20 MHz is sufficient) could
substantially reduce the cost. Moreover, integrating the FMCW
front-end board and the chirp synthesizer into ICs can further
improve cost efficiency.

Table 4: System cost breakdown.

Component Unit Price 2Tx-2Rx ZT),(_,ZRX
Analog Digital
FMCW Front-end Board $786 2 0
Chirp Synthesizer $667 1 0
M3 Bridge Board[82] $938 0 2
RFSoC Adapter Board $437 0 1
Airfide Radio $700 1 1
Front-end Total $2,939 $3,013
USRP N210 $3,354 1 0
Xilinx RFSoC $11,658 0 1
System Total $6,293 $14,671
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Table 5: Cost comparison with SOTA mmWave radars.

Fc BW | Tx/Rx Cost’

Reference (GHz) | (GHz) | ch. | A% | (usD)
AWR1642BOOST [61] 76-81 4 2/4 6 $299
MMWCAS-RF-EVM [60] | 76-81 4 12/16 | 28 | $1,462
TEF82-R294-KIT [41] 76-81 4 6/8 14 | $3,400
VTRIG-74 [67] 62-69 7 20/20 | 40 | $3,444
Han et al. [19] 60.8 0.4 2/2 64 N/A
HYBRADAR-1 58-64 | 4 2/2 | 128 | $2,939
HyYBRADAR-2 58—64 4 4/4 256 | $4,510

T The cost only comprises the RF front-end.

6 CASE STUDIES
6.1 3D Point Cloud Generation

In this section, we showcase the capability of HYBRADAR in syn-
thesizing high-resolution 3D radar point cloud images.

Hardware setup. Illustrated in Fig. 17(a), our setup incorpo-
rates 2 Tx PAMs aligned vertically and 2 Rx PAMs in a horizontal
layout, both maintaining a central gap of 11d. We employ the SCA
array synthesis (Sec. 4.2.1) which is suitable for stationary targets
(Sec. 4.2.2). With a 1Tx-1Rx combination, we obtain an 11X11 vir-
tual array, equating to an angular resolution of 8.98° across both
axes. In contrast, the 2Tx-2Rx amalgamation yields a 22x22 virtual
array, refining the angular resolution to 4.49°. This configuration
is appropriate when imaging precision is of equal importance in
both dimensions. The 2 Tx PAMs operate in a time division manner
while the Rx PAMs remain constantly active.

The chirp bandwidth is maximized to 4 GHz to achieve a fine-
grained range resolution of 3.75 cm. Following a similar configura-
tion to commercial FMCW radar [59], the chirp duration and the
inter-chirp idle duration are respectively set to 90 us and 10 ps.

Phased-MIMO radar 3D point cloud workflow. Our proce-
dure for 3D radar imaging using HYBRADAR is depicted in Fig. 16. We
follow the exhaustive beam-scanning approach detailed in Sec. 4.1.
Considering each PAM as a 6x6 UPA, the steering matrix is gener-
ated using the Kronecker product of two 6x6 DFT matrices [70, 76],
resulting in a dimension of 36x36. Factoring in the 4 inactive corner
antennas, the actual dimensions reduce to 36x32. After scanning
36%36 chirps, the observation matrix Y (Eq. (1)) is acquired after
performing the range FFTs. For each relevant range bin, the channel
matrix H can be subsequently obtained by performing LS estima-
tion. Next, employing the SCA principle, a 22X22 virtual array is
derived. The missing elements in the virtual array caused by the 4
inactive corner antennas are filled with zeros.

Subsequently, the MUSIC algorithm [51] is employed on the vir-
tual array to discern the DoA of reflective points. The steering vector
used in MUSIC aligns with the angle definition in Fig. 17(b). In active
radar sensing, since target-reflected signals are coherent, we em-
ploy spatial smoothing [54, 69] for enhanced MUSIC output. For the
1Tx—-1Rx PAM setting, we use the redundancy in the phased array
radar channel and perform joint transmitter smoothing as in [79].
For the 2Tx-2Rx arrangement, with missing central elements due
to the inactive corner antennas, spatial smoothing is executed over
the 4 individual 11x11 virtual arrays, each corresponding to a Tx-Rx
pair. Upon obtaining the MUSIC pseudo-spectrum, a pre-defined
threshold filters out valid (range-angle) data points, culminating in
the final 3D point cloud.

K. Zheng et al.

Experimental results for 3D point cloud generation. We
choose a human subject to showcase the imaging performance,
under 3 hardware setups: (a) 1 single Tx antenna + 1 Rx PAM; (b) 1
Tx PAM + 1 Rx PAM; and (c) 2 Tx PAMs + 2 Rx PAMs. The corre-
sponding virtual array sizes are 6x6, 11X11, and 22X22, respectively.
Fig. 18 shows the front and top view of the subjects with different
postures. Setup (a) possesses the smallest virtual array size and
does not have any redundant channels, resulting in a poor SNR,
sparse point cloud, and lots of ghost points. Employing 2 PAMs
in setup (b), the contour of the subjects becomes distinguishable
and ghost points are mitigated. Setup (c) quadruple the number of
observations compared with (b). With the spatial diversity offered
by the extra Tx-Rx channels, more details of the subject can be dis-
tinguished, and the point cloud shape highly resembles the ground
truth. Multiple Tx-Rx PAMs allow for more degrees of freedom
for spatial smoothing, effectively suppressing the noise and ghost
points.

The result highlights the phased-MIMO radar’s capability to gen-
erate high-resolution point clouds. The employed exhaustive scan-
ning method necessitates the scanning of 2,592 beams (36x36x2) for
each scanning session. Due to the long scanning time, the method
is best suited for scenarios where the targets exhibit minimal move-
ment such as detailed environmental mapping.

6.2 Compressive Radar Beam Sensing

As discussed in Sec. 4.1, a phased-MIMO radar with large phased-
subarrays requires a significantly longer sensing time than a full-
MIMO radar, which makes real-time sensing cumbersome. CS [12],
which has already found applicability in fast beam alignment for
mmWave communication devices [11, 16, 27, 28, 39, 71], emerges as
a potential solution for efficient radar sensing as well. In this case
study, we demonstrate a quick scanning method for phased-MIMO
radar using CS.

Problem formulation. CS radar channel estimation utilizes
the mmWave channel sparsity to reduce the number of beams. The
sparsity indicates that there only exists a few directions where
the Tx signal is reflected into Rx. Mathematically, it means the
beamspace matrix X, defined as the 2D-DFT of H, has only a few
non-zero elements. Eq. (1) can be reformulated into the standard
CS framework [12, 29] as

y=0x+v. (10)
Here y € C™*! represents the vectorized observation matrix Y;
Q € C™*" s the sensing matrix derived from W; and W,; x €
€™ stands for the sparse beamspace vector transformed from the
original channel matrix H and v € C™*! denotes the noise vector.
With limited beam scans, Eq. (10) is underdetermined (m < n).
Sparse recovery techniques like orthogonal matching pursuit (OMP)
[65] and sparse Bayesian learning (SBL) [64] are commonly used
to solve for x utilizing its sparsity. The estimated beamspace vector
x can then be transformed back to the original channel matrix H.
Codebook design for compressive beam scanning. Con-
sidering the unique phased-MIMO architecture of HYBRADAR, we
propose a custom CS codebook design. The design of the codebook
for CS aims to minimize the total coherence of the sensing matrix
Q [13], a measure of correlation among beam patterns. Considering
the optimal codebook form provided in [29, 78] and HYBRADAR’s
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hardware constraint (32 elements/PAM with 2-bit phase shifters),
we base our design on Hadamard matrices [23]. Hadamard matrices
based codebook possesses two essential attributes: (i) Elements
being either +1, favoring the low-resolution phase shifters; (ii) Re-
cursive construction, facilitating scalability with a large number of
PAMs. The construction results in a full codebook with a size equal
to the number of Tx-Rx antenna pairs. We subsequently select a
subset of the complete codebook for compressed radar beam scan-
ning. To enhance robustness, the selection of beams follows two
empirical principles: full spatial coverage and inter-beam overlap.
Additionally, other beam sets like the DFT matrix-based codebook
[76] and the random codebook are generated to serve as bench-
marks. Typical beam shapes are displayed in Fig. 19.

Experimental results for compressed radar beam scanning,.
To validate the efficiency and efficacy of the proposed CS-based
radar beam scanning, we implement and use it to detect a target
(corner reflector) randomly placed at 40 positions (between 1.7 m
and 7.1 m from the radar). Fig. 20(a) presents the angular accuracy
and error rate with an increased number of Rx PAMs. An angular
estimation error is declared when the estimated angle deviates from
the ground truth by over 10°. We compare different CS methods
against a baseline LS method, which requires transmission across
all possible 32X32 beam pairs. As expected, with the same beam
scanning time, the angular accuracy improves with the number of
Rx PAMs. Notably, the simpler, greedy algorithm, OMP, does not
match up to the more intricate ¢ -minimization-based SBL approach
[72], underscoring the trade-off between computational simplicity
and performance.

Fig. 20(b) contrasts the angular accuracy against the count of
scanned beam pairs. Our designed codebook achieves commendable
performance with just a quarter of the beam pairs in full-MIMO.
Contrarily, the randomly selected DFT codebook exhibits subpar
performance. Its primary setback is the narrow concentration of
each beam, causing the chosen beams to inadequately span the
entire space with minimal overlap. The random codebook, on the

other hand, exhibits an overly broad beam pattern, that leads to
a reduced SNR, thus lagging behind our designed codebook in
performance.

The CS algorithm can be further optimized by incorperating
two factors. (1) The co-located Tx/Rx antennas result in identical
AoA and AoD in radar sensing, which provides additional prior
knowledge. (2) The current virtual array design introduces redun-
dancy (Sec. 4.2.1) that could be optimized to reduce the number of
beam scans. Addressing these issues could drastically boost sensing
speed, enabling phased-MIMO radars to operate in highly-dynamic
environments such as autonomous driving and drone navigation.

7 DISCUSSION

Scaling towards a massive phased-MIMO radar. Our present
hardware configuration supports a maximum of 4Tx and 4Rx chan-
nels, restricted by the NIC’s 8 LO ports (Sec. 3.1). A potential route
to system expansion involves substituting the NIC with an external
clock synthesizer (e.g. TILMX2595[63]). To supply LO to more than
8 channels, a clock distribution network comprising splitters and
amplifiers needs to be designed, ensuring phase coherence and
sufficient power delivery. The FPGA embedded within the system
can handle all the PAM command signals, and custom sources can
provide DC power supply.

The limited benefit of Tx phased array. In practical appli-
cations, since the Tx power is regulated by maximum effective
isotropic radiated power (EIRP), which necessitates power adjust-
ments during beamforming, the Tx phased array provides no SNR
gain. In addition, due to the close antenna spacing, employing
phased arrays on both Tx and Rx results in numerous overlapping
elements in the virtual array. It provides limited improvement of an-
gular resolution while greatly increasing the sensing time (Sec. 4.1).
Therefore, a better design tradeoff might be employing phased-
MIMO on the Rx side while maintaining full-MIMO on the Tx side.
HyYBRADAR can realize this setup by enabling only one antenna on
the Tx phased array.

8 RELATED WORK

COTS mmWave radars. TTI's AWR1642BOOST [61] is a widely
used automotive radar sensor module with 2Tx—4Rx RF chains. Its
limited antenna count, however, curtails its angular resolution. In
contrast, T MMWCAS-RF-EVM [60] boasts a total of 12Tx—16Rx
RF chains. These antennas, mainly aligned horizontally, prioritize
high angular resolution in the azimuth plane, ideal for automo-
tive contexts. Another notable device, NXP’s TEF82-R294-KIT [41],
integrates 6 Tx—8 Rx RF chains, again oriented horizontally. Vay-
yar’s VTRIG-74 [67] comes equipped with 20Tx-20Rx RF chains.
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Figure 18: 3D point cloud examples (axis unit: meter).
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Figure 20: Angular accuracy measurement results for com-
pressive sensing based methods. “Error rate of LS is 0, there-
fore not shown.

Its unique design, with the Tx array perpendicular to the Rx ar-
ray, facilitates a 20X20 virtual array, ensuring consistent spatial
resolution in both directions.

The current platforms predominately adopt a full-MIMO archi-
tecture, which lacks scalability under the cost, size, and power
constraints. In contrast, the phased-MIMO design is an alterna-
tive to overcome these limitations. As a phased-MIMO platform,
HyBRADAR also offers unprecedented flexibility to support novel
research in sparse array signal processing, radar imaging, efficient
radar beam scanning, etc.

mmWave software radio testbed. The advancement of mmWave
software radio testbeds has accelerated in recent years, spurred by

the increasing demand for experimental platforms for mmWave
communication and sensing. OpenMili [80] represents the first
60 GHz SDR equipped with a programmable 4-element phased array,
supporting a mere 5 beams. X60 [50] marks another step in the evo-
lution of mmWave SDR platforms, employing a 12-element antenna
phased array with real-time configurable Tx and Rx beams. Pi-Radio
v1 [83] proposes a mmWave SDR platform with a 4-channel fully
digital architecture. M3 [82] stands out with its fully reconfigurable
array of phased arrays, accommodating up to 8 RF chains and im-
pressive 256 antenna elements. Different from M 3 HyBRADAR is an
analog FMCW phased-MIMO radar platform that aims to facilitate
radar signal acquisition and processing.

Sparse arrays. The SCA, DCA and DCSC [25, 44] have been
studied in the field of sparse arrays. Numerous geometries of the
DCA have been proposed, including coprime array [43, 66], nested
array [42], nested subarrays [77], etc. DCSC geometries [32] for
general MIMO active sensing along with its signal processing tech-
niques [9] have also been studied. In HYBRADAR, we study the
special case of “phased subarray" where the elements on each sub-
array form a ULA. Specifically, we have proposed the DCSC layout
for phased-MIMO radar and unlike aforementioned theory-based
works, we have also conducted experimental study.

9 CONCLUSION

We have presented a mmWave radar platform with a phased-MIMO
architecture. The large number of antenna elements incorporated
with the sparse PAM placement have led to superior angular reso-
lution with a few RF chains. Through experimental evaluation and
case studies, we have demonstrated the effectiveness of the key
design choices and the versatility of HYBRADAR as an experimen-
tal platform. We hope the platform facilitates future research for
mmWave phased-MIMO radars.
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