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With Respect to Optical Depth Sensors
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Abstract— Despite an emerging interest in MIMO radar,
the utilization of its complementary strengths in combination
with optical depth sensors has so far been limited to far-field
applications, due to the challenges that arise from mutual sensor
calibration in the near field. In fact, most related approaches
in the autonomous industry propose target-based calibration
methods using corner reflectors that have proven to be unsuitable
for the near field. In contrast, we propose a novel, joint
calibration approach for optical RGB-D sensors and MIMO
radars that is designed to operate in the radar’s near-field
range, within decimeters from the sensors. Our pipeline consists
of a bespoke calibration target, allowing for automatic target
detection and localization, followed by the spatial calibration of
the two sensor coordinate systems through target registration.
We validate our approach using two different depth sensing
technologies from the optical domain. The experiments show
the efficiency and accuracy of our calibration for various target
displacements, as well as its robustness of our localization in
terms of signal ambiguities.

I. INTRODUCTION

The ability to sense an environment in terms of accurate
3D information is crucial for many applications, including
robotics, autonomous driving, or human-computer interaction.
A prominent sensor class is range-sensing imagers; this work
considers both optical imagers as well as imaging radar.

Driven by data availability, high spatial resolution, and low
cost, optical depth sensing technologies such as time-of-flight
cameras and single- or multi-view stereo algorithms are widely
used; a tremendous amount of research has been conducted,
for example, in the field of static [1] and dynamic [1[]-[3]
reconstruction, human pose and shape estimation [4], and
scene understanding [5].

On the other hand, a growing interest has emerged
with respect to radar imaging, prominently utilized for
security scanning [6]], [7] and autonomous driving [8], [9].
Radar is able to provide range cues in the presence of
fog or dust, can penetrate fabric, and is insensitive to
environmental light. Compared to camera-based systems,
radar imaging is a recent range-sensing technology that
involves calculating spatial object or feature distributions,
commonly by using digital beamforming. Popular sensors are
multiple-input multiple-output (MIMO) radars, which process
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Fig. 1: Our calibration estimates the relative rotation R and
translation ¢ between an optical RGB-D sensor and an imaging
MIMO radar incorporating high angular resolution.

the received signals coherently to form a synthetic antenna
aperture by comparing the phase difference between multiple
incoming signals at distinctive spatial receiver positions. They
essentially exploit that each antenna (both transmitters and
receivers) looks at scene points from different directions,
which allows to 3D reconstruct a scene from the resulting
phase differences. The result is commonly represented as a
voxel grid or point cloud (cf. [Figure T, including confidence
values about a target’s presence that are proportional to the
received signal power.

A growing body of work [10]—[17] recognizes the potential
of combining optical depth sensors (which we collectively
refer to as RGB-D sensors), and MIMO radars. However,
they invariably operate in the radar’s far field, at distances
where standard solutions exist to mutually calibrate (align)
the respective sensor coordinate systems. In contrast, we
take on the unique challenge of localizing joint calibration
objects within the MIMO radar’s near-field range, i.e., within
few decimeters, where traditional radar targets appear
strongly distorted.

While a small number of previous works in the context of
autonomous driving compute the spatial calibration on the
fly during the capture process, e.g., by leveraging motion
cues [10]], [18] during a car drive, most calibrations are static
and target-based, that is, a specific calibration target [11]]-[17]]
is designed to yield robust and accurate reconstruction results
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Fig. 2: The calibration is divided into sensor-speci ¢ parts for target detection and target localization. To acquire the calibration
parameters, we register the localized target points from the optical domain (blue) to points of the radar domain (orange).

in all relevant sensors. The primary target of choice to bautomatic target-based calibration method for optical RGB-D
detected by a radar in the far eld is a metal, trihedral cornesensors and imaging MIMO radars in the near eld.
re ector [12]{[17] because of its strong echo signal for a To achieve this, the contributions of this paper are:

comparatively large range of acceptance angles: in far- eld
conditions, the signal propagation can be approximated as
parallel to the radar's line of sight, resulting in a retrore ective
behavior for various antenna positions. Moreover, the re ector
geometry ensures a total path length of the received signal
that is constant across its entire aperture, which is why the
corner is reconstructed as a bright, seemingly planar re ector

Design of a calibration target that is robustly detectable
from various optical RGB-D sensors and MIMO radars.
An automatic pipeline for target detection and
localization, followed by a spatial registration.

An overall framework that yields precise calibration
parameters with millimeter accuracy, assessed by pairing
a MIMO radar sensor with two dierent RGB-D

that can easily be detected automatically.

For MIMO arrays in near- eld scenarios with large angles
between a target and a transmitter-receiver antenna pér,
however, the desired properties of a corner re ector do Our full pipeline is illustrated i Figure|2. We capture a
not hold [19].[Figure B illustrates the distinctive signalcalibration target, which is speci cally designed for near- eld
response between a corner re ector captured in the far elgonditions, from an optical RGB-D sensor and a MIMO
and in the near eld. For this reason, we conclude thawdar. The optical sensor provides an RGB and a depth image,
the aforementioned line of related work is not suitable fodenoted asQ 2 R SandJ. 2 R , respectively.
calibration in the near eld, where the target has only a feWrurthermore, we acquire a radar point clovg 2 R* 3
decimeters distance to the sensor. An orthogonal approachwith con dence values proportional to the received signal
ours proposed by Chen et &l. [11] leverages optical markeasnplitude Q. 2 »0-1% . Since the visibility of materials and
as target to calibrate an imaging radar with a motion captugeometries depends on the received signal wavelength, the
system for reconstruction of human bodies. The methddrget detection as well as the target localization are divided
introduced in this paper can be applied to optical RGB-[Nto sensor-speci ¢ parts. During detection, our method
technologies with a 2D-3D correspondence relationshig)lds possible target candidates. Given these candidates, the
for example time-of- ight and single- or multi-view stereo localization stage utilizes sensor-speci ¢ prior knowledge
systems. These systems provide 2D depth maps, which candj#ut the calibration target to Iter outliers and calculate the
back-projected into 3D given the camera's intrinsic parametepatial position of the point samples that are used for the
To the best of our knowledge, we are the rst to propose afpllowing registration stage. During registration, our method

computes the optimal transformation between point samples
from the optical and the radar domain, respectively. Lastly,
for evaluation, we optionally employ an additional re nement
stage with a second capture target.

technologies, time-of- ight and multi-view stereo.

Overview

II. Calibration Target

To establish correspondences between an optical depth
sensor and a MIMO radar, a calibration target is required
that is robustly detectable, despite the signi cant domain gap
between the di erent operating wavelengths. We opted for a
target that can be detected within a wider range of viewing

Fig. 3: Target con dence of a corner re ector captured by angles, to avoid having to precisely align the target in front the
MIMO radar at 36 m (eft) and B3 m (right) distance. MIMO radar, as would be required for many potential target



front of both sensors such that the styrofoam spheres are
inside their respective eld of view.

Ill. Automatic Target Detection and Localization

The purpose of the target detection and localization stages
is to automatically nd the positions of the four metal balls,
which are located at the center of the styrofoam spheres. Since

Fig. 4: The calibration target consists of four styrofoanPptical and radar sensors operate on di erent wavelengths, the
spheres ( 5 cm), each with a steel ball ( 2¢5 mm) embedded detection as well as the localization stage is sensor-speci c.
at its center; sphere centers form a squaré @hedge length. During target detection, we aim to nd target candidates of

A fth steel ball is centered on the styrofoam back plane. point clusters inJ > and Vp, respectively. In the localization
stage, we leverage photometric and spatial constraints to Iter

these candidates as well as to infer the metal ball locations.
geometries where reconstruction quality signi cantly depend§- Sensor-speci ¢ Target Detection
on the angle of incidence to the transmitters. Our calibration In the following, we describe the target detection for RGB-D
target is depicted in Figure 4 and consists of four texturesensors and MIMO radars separately.
styrofoam spheres, arranged in a square and mounted onto d) Target Detection in RGB-D SensorSince the metal
styrofoam board. While styrofoam is a material hardly visibldalls are not visible for RGB-D sensors, our method infers
to radar, the spheres contain smaller, highly radar-re ectintheir spatial position from the styrofoam sphere centers. We
steel balls inside, which were embedded using a high-precisiaietect the spheres by utilizing the 2D-3D correspondence of
drill. An additional steel ball at the center of the square ig depth map] >~ and its respective RGB imag&. Instead
placed onto the styrofoam board. We will now elaborate onf detecting the sphere surface directly, we identify circles
our design choices. First, we chose view-independent spheri¢althe image plane. While spheres generally map to ellipses,
shapes since hard corners and edges are challenging to defectus this approximation still reliably detected the spheres.
in range sensors with millimeter accuracy due to multi-patkVe utilize OpenCV's Circle Hough Transform [21] to nd
signal interference at object silhouettes [20]. Furthermore, dwércles inJ >, in which we clamp the depth values to the
to its material properties, metal is highly re ective for radamear- eld range of one meter. Note that, in case of stereo
signals but sharp edges lead to di raction, which introducegision technologies, in whicl - is directly computed from
sidelobes and other types of noise into the reconstructég, this method can also be applied to RGB images instead.
point cloud. Therefore, we took countermeasures to ensufe summarize, our method produces a set of circle candidates,
the signal-to-noise ratio of our target is as high as possibia.which four of them are assumed to describe the projected
The square arrangement, which shares the symmetry asdtface of the styrofoam spheres in the image plane.
approximately, the spatial extents of the MIMO antenna layout, 2) Target Detection in MIMO RadarsThe metal balls
provides a calibration feature distribution (see Section llinside the styrofoam spheres are highly re ective and
within the maximum focused area of the radar eld of viewappear as local maxima in the con dence values of the
helps balancing out symmetric noise artifacts and enablesconstructed point clouda. Compared to the optical domain,
the possibility of outlier detection through spatial constraintseconstructions from radar imaging sensors are more prone
Ensuring uniformity in the spot visible to each transmittingo noise and automatic circle detection based on either a
antenna, similar to the assumption made for corner re ectogzojected depth map or con dence map becomes challenging.
in the far eld, the diameter of the metal spheres is choselm particular, we experienced scattered signals of possibly
such that the reconstructed signal is close to a single poinigher amplitude than the metal balls, which originate from
target: in our setup, the diameter@b mmis smaller than the the colored styrofoam spheres that are generally closer to
minimum transmitted wavelength. As the size of the spherdhe sensor (cf. radar top view in Figure 2). Contrary to
become very small this way, they become challenging telated work, which locates corner re ectors based on the
detect in RGB-D sensors simultaneously. For this reason, vessumption of the brightest scatterer, i.e. the target of highest
embed the metal spheres that form a square at the centen dence value, we relax this assumption and detect multiple
of comparably largerS cmdiameter styrofoam spheres. Tobright scatterers instead. Giveviy and Q, we lter out
support optical stereo technologies, which rely on colonoise and clutter with low con dence based on a decibel
features for high-quality depth reconstructions, we colored artiresholdGg. Next, our method uses greedy non-maximum
textured the styrofoam spheres with random patterns. Noseppression (GreedyNMS) [22] to nd point clusters of high
that, in this way, we induce noise into the radar reconstructiorcon dence with respect to a Euclidean distance threshold
as well, since the material is not completely invisible anymor&,. In other words, in each iteration we accept the point
In the next section, we elaborate on how to deal with thipa 2 Va of highest con dence as a point cluster and reject
noise. Moreover, we ensure the spatial distance between baih,other points belonging to the same cluster within a local
metal and styrofoam spheres is su ciently large to avoidneighborhood determined k§in. Moreover, an additional
multi-path e ects. The nal calibration target is placed inthreshold of a maximum Euclidean distance to all previously
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