Metasight: High-Resolution NLoS Radar Sensing through
Efficient Metasurface Encoding

Timothy Woodford, Kun Qian, Xinyu Zhang
University of California San Diego
{twoodfor,kuq002,xyzhang } @ucsd.edu

ABSTRACT

A large number of traffic collisions occur as a result of non-line-of-
sight (NLoS) obstructions. Recent work has explored NLoS auto-
motive radar sensing systems to detect objects in occluded regions.
However, current NLoS radars require substantial ambient reflec-
tors, whose size needs to scale with the desired angular resolution
and coverage, impeding their deployment in real-world scenarios.
In this paper, we propose Metasight, which leverages carefully de-
signed passive millimeter-wave metasurface reflectors and a novel
angular encoding scheme to dramatically reduce the reflector size.
The Metasight metasurfaces are fully passive, low cost, and can be
fabricated by simply using a 3D printer and copper tape. By pro-
cessing the reflected signals with a robust angle decoding algorithm
on the radar, Metasight achieves high NLoS sensing resolution and
wide coverage, with an asymptotically higher space-efficiency than
conventional natural or artificial reflectors.
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1 INTRODUCTION

Non-line-of-sight (NLoS) radar enables intelligent vehicles to see ob-
jects hidden behind various obstructions, and is a key technology for
improving transportation safety. Studies of real-life driving scenarios
indicate that an idealized driver assistance system using only line-
of-sight (LoS) sensing technology would still be unable to prevent
around 30% of collisions at intersections [5], as well as about 18% of
collisions involving pedestrians [22]. Vehicle-to-everything (V2X)
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Figure 1: Example usage scenario of Metasight. The Metasight
metasurface reflectors encode the NLoS reflection angle g4 of
the target into the LoS AoA spectrum of the radar, for each
range-Doppler bin.

radios sharing data between vehicles and infrastructure-mounted
sensors have been proposed to create an occlusion-free view of the
road environment [37], but this has seen very limited use to date,
due to the substantial cost in deploying infrastructure and retrofitting
vehicles.

By contrast, NLoS sensing does not require cooperating vehicle
sensors, and thus can be rapidly deployed. NLoS radar is commonly
utilized for transportation sensing applications [32, 48, 56], as they
enable NLoS sensing with common roadside objects. Non-radar
modalities like optical NLoS sensing only work within a short range,
and often require specialized equipment and high illumination power
[19, 34, 58].

However, existing NLoS radar systems are limited by their depen-
dence on natural roadside reflectors. These systems either depend on
the availability of rich NLoS reflectors immediately near the roadside
or path of travel [41, 56]. To enable NLoS sensing in practical en-
vironments without rich NLoS opportunities, one needs to leverage
multiple small, sparse NLoS reflectors [48, 56], or deploy artificial
reflectors [39, 40, 42]. However, sparse NLoS reflections provide
relatively limited sensing resolution compared to large NLoS reflec-
tors [56]. On the other hand, our analysis shows that a huge panel
reflector (6.3 m in width, § 2.1), with ideal orientation, is needed to
achieve an acceptable sensing resolution and angular coverage (§ 2).
This is challenging to deploy in practice, as it is hard to ensure the
entire panel falls within the radar’s LoS.

To overcome these limitations, we propose Metasight, an en-
hanced artificial reflector that consists of a set of fully passive meta-
surfaces with beamforming capabilities. As illustrated in Fig. 1,
Metasight works by projecting the radar beamforming function from
the radar itself to the metasurfaces which have a direct view of
the occluded NLoS region. The metasurfaces’s beamforming pat-
terns are judiciously designed, to enable the radar to sense objects
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along a wide range of angles, at a high resolution, without requiring
significant space in crowded roadside environments.

The key technique behind Metasight is a space-efficient angular
encoding method, which maps an NLoS object’s reflection angle
(Ora in Fig. 1) to the LoS angle spectrum (64,4, 7 and 04,4, 2) observ-
able by the radar. The encoding scheme is enabled by the metasur-
faces which reshape the radar signals into a multi-arm beam pattern
covering a discrete set of reflection angles in the target NLoS region.
Compared with planar reflectors [32, 41, 44], Metasight asymptoti-
cally reduces the size of the reflectors, from a scale of N to log(N),
where N is the number of discrete angles that together cover the
continuous target NLoS region. In practice, the object’s location
may change continuously and span multiple such angles, so a naive
encoding scheme may become highly sensitive to minor ambiguities
in the reflection angles. We thus propose a robust angular encoding
method that bounds the ambiguity within one discrete angle. Fur-
thermore, we design post-processing algorithms that can resolve the
ambiguities caused by imperfection of the metasurface beamform-
ers (e.g., sidelobe leakage), or by the far-field approximations in
our encoding model. The angle decoding and post-processing can
run directly on existing automotive radars without any hardware
modification.

The Metasight metasurface is essentially a passive millimeter-
wave (mmWave) reflectarray [23] consisting of thousands of unit
elements that steer the radar signals to point towards multiple dis-
crete angles. Recent metasurface-assisted sensing systems [12, 25]
are made from high-frequency PCBs and active phase shifters (e.g.,
RF switches), which are expensive and hard to scale. To enable wide-
spread deployment of Metasight, we design a metasurface structure
that can be directly fabricated using only a 3D-printed substrate
and copper tape. Compared with state-of-the-art passive metasur-
faces [29], Metasight avoids the use of specialized electrodeposition
equipment, simplifying the fabrication process and reducing the cost,
while maintaining a similar level of accuracy in passive reflective
beamforming.

We have prototyped Metasight and the angular encoding schemes,
using 3D printing and common assembly tools. We have also imple-
mented the signal processing workflow for decoding NLoS objects’
angles and locations on a 77 GHz mmWave automotive radar [17].
Our experiments demonstrate that, by using merely three 13 x 24 cm?
metasurfaces spanning 0.6 m in total, Metasight can achieve an NLoS
angular resolution of 4°. Combined with the range-Doppler profiles,
this translates to a location resolution of 35 cm. Metasight’s angular
resolution and FoV are multi-folds higher/wider than natural pla-
nar/curved reflectors. For the same resolution/FoV, its dimension is
multi-fold smaller. Our case studies in practical transportation en-
vironments also verify that Metasight can satisfy the NLoS sensing
requirements of real-world use cases.

To summarize, Metasight makes the following contributions: (i)
We propose a novel angular encoding method that employs passive
metasurfaces to transform NLoS angles into compact LoS angle
spectrum, with asymptotically higher space efficiency compared
with natural reflectors. (ii) We design a new metasurface structure
for passive mmWave beamforming, which enables a new fabrication
process with significantly lower cost and higher efficiency compared
with the state-of-the-art. (iii) We implement Metasight and verify its
high angle/location resolution in practical transportation scenarios.
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Figure 2: Comparison of the theoretical maximum accuracy of
(a) reflection angle-based localization to (b) trilateration local-
ization, for an object at a range of 10 m from the nearest part
of the reflector.

2 DESIGN CHOICES FOR NLOS SENSING

Trilateration methods [47, 56] and reflection angle methods [32] are
two classes of localization methods for NLoS sensing. Trilateration
methods pinpoint the target based on the ranges between the target
and multiple NLoS reflectors at known locations. Intuitively, the
reflectors must be separated sufficiently far apart to dispel their
localization ambiguity. In contrast, reflection angle methods measure
the range and reflection angle of the target to a single reflector to
localize the target. In both cases, the location of the reflector is
assumed to be known, and the range from the reflector to the target
is found by subtracting the distance from the radar to the reflector
from the total range detected by the radar. For example, a small, flat
mirror-like object can create a narrow reflecting beam to determine
the reflection direction to an object.

We analyze the localization uncertainty numerically using [47],
comparing the required width of a flat reflector to the required sepa-
ration between two trilateration reflectors, with each reflector placed
10 m from the radar. Figure 2 shows that multiple point scatterer
reflectors must spread across a region of at least 8.5 m in width, to
achieve 0.2 m localization accuracy with the trilateration method.
In contrast, only a spreading width of 0.18 m is required by the
reflection angle method.

While reflection angle methods exhibit higher location resolution,
they require information on surface curvature to determine the signal
reflection direction from the incident direction using Snell’s law of
reflection. Such information is challenging to obtain, especially for
non-flat or irregularly shaped reflectors. Furthermore, the curvature
of the reflector must be carefully designed to trade off coverage and
resolution. In Fig. 3a and 3b, we use cylindrical and flat reflectors
to demonstrate these relations. Here the radar can beamform to
different parts of the reflectors. AG4,4 (blue area) and AGr4 (green
area) represent the LoS AoA resolution and the NLoS reflection
angle resolution, respectively. With a larger curvature, the cylindrical
has a much wider reflection angle coverage, but poorer resolution. In
contrast, the flat surface has a higher angle resolution but needs to be
much larger to achieve the same coverage. This creates a three-way
trade-off for reflection angle estimation: we must choose between
minimizing the size of the reflector, maximizing the NLoS coverage,
and maximizing the NLoS reflection angle resolution.

=

0 01020304 0.
Widith (m) 30)

2.1 Sensing Requirements

Metasight aims to provide a view of a prescribed target NLoS region,
while the radar has moved anywhere within a predefined sensing re-
gion. For example, for collision avoidance at an intersection (Fig. 1),
the sensor region is defined as the lanes of approaching vehicles, up
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to a distance determined by the maximum vehicle speed and the time
requirement for pre-collision warning, approximately 1.5 s [56]. In
such scenarios, the radar should be able to estimate the lane of the
occluded vehicle, as well as its approximate speed.

NLoS angle resolution. Determining the current lane of an oc-
cluded oncoming vehicle is important because certain lanes, such
as turning lanes, may not lead to the same collision risk as one-way
lanes. Using the 3.3 m lane width standard for urban roads in the
US, and assuming we must detect vehicles at least 24 m away from
the intersection at a maximum speed of 35 mph [56], we can deter-
mine that a NLoS angle resolution of at least AGgy = % ~ 8°is
required to discriminate the lanes!.

The NLoS angle resolution also impacts the estimation accuracy
of the speed of an oncoming vehicle, which is crucial, especially for
collision avoidance. A radar estimates the Doppler frequency shift of
the received signal. However, it only reveals the radial velocity of the
target, v, = v cos @, where v is the actual velocity of the target and ¢
is the angle between the target’s moving direction and the direction
of the reflector relative to the target. For example, if the vehicle is
4 m from an intersection, within the center lane of a four-lane road,
an 8° angle error leads to up to (cos 68° — cos 60°) /cos 60° = 25%
speed estimation error.

NLoS coverage. We denote ©g4q = AOgaM as the NLoS cover-
age, where M is the number of NLoS angle bins. Then if the reflector
is placed on the corner 1 m from the target 2-lane wide NLoS region
(Fig. 1), and must sense vehicles 4-24 m away from the intersection,
then the required reflection angle range will be ®r4 = 51°, i.e.,
M~ 5L

55

Reflector size. Similarly, we denote © 404 = AB404N as the LoS
AoA range that covers the reflector and can be used for NLoS lo-
calization. Given the distance between the radar and the reflector,
denoted as d 4,4, the reflector size is d4o4©®404. Suppose the radar’s
AO0A resolution Af4,4 = 2° and is located 13.2 m (4 lanes) away
from the reflector. Assuming that there is a one-to-one mapping be-
tween the LoS and NLoS angle bins, i.e., N = M = 7, the theoretical
minimum width of a natural reflector is tan(2°) * 13.2m 7 = 3.2 m,
even if it has an ideal variable curvature. For a panel reflector (e.g.,
a wall), the minimum reflector width needed becomes 6.3 m! Fur-
thermore, the entire reflector must be visible to the radar, which can
hardly be satisfied in practice.

2.2 Overview of Metasight

METASIGHT breaks the dilemma of reflection angle methods using
an artificial reflector, which consists of a set of metasurfaces. Each
metasurface is intentionally designed to produce one or more narrow
reflection beams to cover part of the NLoS region. Upon entering
the sensing region, the radar beamforms toward the metasurfaces.
Then, the radar may observe multiple "echo" peaks in its angle of
arrival (AoA) spectrum, which corresponds to a subset of metasur-
faces covering the NLoS target. The radar can then use this AoA
spectrum as a signature to decode the reflection angles between the
metasurface reflectors and each occluded object. Finally, the radar
localizes the occluded objects by combining these reflection angles
with the range profile.

IThe derivations in this subsection follow simple geometries based on Fig. 1. The details
are omitted due to space constraints.
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Figure 3: Comparison of a cylindrical reflector, a flat reflector,
and Metasight.

We design efficient NLoS angle encoding schemes of the meta-
surfaces (§ 3) so that the size of the whole artificial reflector can be
dramatically reduced, while the desired NLoS coverage and angle
resolution are still achieved. We also develop a robust metasurface
structure to overcome fabrication inaccuracy (§ 4). To account for
the dynamics of the vehicles and the resulting distortions of received
signals, we develop a robust decoding process compatible with com-
mercial automotive radars (§ 5).

3 ANGLE ENCODING DESIGN
3.1 Efficient Angle Encoding

The essential limitation of natural reflectors is that they only gener-
ate a single dominant specular reflection beam for a given incident
plane wave, leading to a linear mapping between LoS AoAs and
NLoS reflection angles. Depending on the reflector’s curvature, each
LoS AoA in the set ©®4,4 is mapped to a set of successive reflec-
tion angles in the set ©g4. For example, as shown in Fig. 3, the
cylindrical reflector maps one 64,4 value to three Og4 values, due
to its low reflection angle resolution. Meanwhile, the flat reflector
creates a one-to-one mapping. Yet for both, the radar’s AoA range
|® 404/, and hence the reflector size, can only scale linearly with the
reflection angle range |©g4|. Therefore, natural smooth reflectors
lack space efficiency and support limited coverage given practical
size constraints.

In contrast, in Metasight, we introduce a more space-efficient
angular coding scheme. Our key idea is to map each NLoS reflection
angle to an LoS AoA spectrum pattern comprised of a subset of LoS
AoAs. With this measure, the reflector size can be significantly re-
duced, because only N reflecting surfaces can represent 2NV patterns.
Physically implementing this mapping entails two requirements.
First, when an object is at any reflection angle, the radar should
observe and only observe the corresponding unique set of domi-
nant LoS AoAs. Second, when and only when the radar scans the
set of LoS AoAs, the reflector reflects signals to the corresponding
reflection angle.

The first requirement is practically achievable since the echos
of the radar signal are usually sparse. At a specific distance and
Doppler frequency, there is usually only one object, corresponding
to a single dominant AoA (§ 6.1). Due to this property, it is possible
to encode each reflection angle with a unique set of LoS AoAs within
0 404- The radar observes an AoA spectrum consisting of peaks at a
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Figure 4: Simulated performance of the robust angular encod-
ing scheme, compared to a naive scheme.

few dominant angles, which are resolvable and only span a smaller
angular range to reduce the reflector size. The presence or absence of
peaks of N resolvable LoS AoAs forms a N-bit codeword to encode
the reflection angle of the target.

For the second requirement, we resort to metasurfaces that can
reflect signals to arbitrary directions. With the inhomogeneous sur-
face impedance distribution, a metasurface is no longer constrained
by Snell’s law of reflection and can redirect beams towards any
angle [29]. This stands in contrast to a flat panel reflector [32] that
has less than 90° FoV even with infinite width. Metasight uses N
metasurfaces that are separated by Af4,4 and hence resolvable by
the radar. Each metasurface reflects incident radar signals into one or
more highly directional beams, with each beam covering one angle
Ora € ORra. To ensure the uniqueness of the coding, we assign a
unique subset of metasurfaces to cover each reflection angle using
one of their reflection beams. Thus, when the radar observes the
reflection from a specific subset of metasurfaces, it can decode the
corresponding reflection angle of the target without ambiguity. As
an example, Fig. 3c shows how we use 3-bit codewords to encode 5
(up to 7) different reflection angles.

We note that this angle coding scheme substantially eases the
tradeoff between reflector size and NLoS localization performance.
With a standard reflector surface, as shown in Fig. 3a and 3b, the
required size of the reflector grows roughly linearly with |@g4],
In contrast, with the proposed angle encoding method, we can use
N metasurfaces to represent 2V — 1 reflection angles at most. So
the reflector size, in terms of the number of metasurfaces, grows
logarithmically with |@g4], i.e., |_log2 |G)RA|J AOpoA-

3.2 Robust Angular Encoding

The angular coding scheme maps each individual reflection angle to
a subset of LoS AoAs. In theory, all mappings should have the same
decoding errors, given AoA estimation errors of the radar. However,
we find that taking the geometric relations of reflection angles into
consideration can greatly improve the robustness of METASIGHT. In
particular, practical objects may be in located a transition region be-
tween two discretized reflection angles. In addition, most objects are
not single-point scatterers. Their cross-sections may span multiple
angles. So angle sensing becomes a continuous, rather than discrete,
problem.

To illustrate the effect of this problem, consider the case where
we use 3 metasurfaces to encode reflection angles. The angle bins
at 5°, 10°, and 25° are encoded as "011" (i.e., metasurfaces 2 and
3),"100", and "111", respectively. If there is an object at 7.5°, i.e.,
the boundary of the first two angle bins, all three metasurfaces will

311

T. Woodford et al.

Objects (Angular Width) | Robust Encoding | Random Encoding
Point Scatter (0°) 2.6° 2.9°
Pedestrian (2°) 2.7° 7.3°
Sphere (10°) 2.9° 8.5°
Surface Alignment Errors | Robust Encoding | Random Encoding
0.5° 2.6° 6.9°
1° 3.2° 7.6°
1.5° 3.9° 8.9°
3° 9.2° 15.7°

Table 1: Comparison of 90% angle errors of the robust encod-
ing and random encoding.

reflect signals back to the radar. The radar then detects the codeword
"111" and decodes it as 25°, resulting in a significant error.

The fundamental problem of this sort of random encoding method
is that even a single error in determining activated metasurfaces may
dramatically change the decoded result. We thus propose a robust
angular encoding scheme to address this limitation. Ideally, we want
the codewords of two adjacent angles to differ by at most one bit,
which leads to an angle error of at most Af. In the scenario outlined
above, such an encoding technique would select codewords such
as "011" and "010" for the adjacent angles 5° and 10°. Then the
decoded angle for 7.5° would be either 5° or 10°, resulting in a
minimal angle error.

To select such a set of codewords, we leverage a variant of binary
reflected Gray codes, which may be efficiently generated through
a greedy algorithm [55]. We begin by generating an N-bit binary
Gray code with N = |log, |®r4 + 1|]. We then remove the all-zero
codeword from the code, and truncate the code to the desired number
of encoded angles.

To demonstrate the advantages of the robust angular encoding
scheme, we simulate an encoder with a 5° beamwidth and a set
of 31 target angles with Afg4 = 5°, and assume the radar SNR is
10 dB. We compare against a baseline method where the codewords
are assigned as a monotonically increasing binary sequence. Fig. 4
shows the CDF of the decoded angle error over the designed FoV.
Our robust encoding method has an average (95-percentile) angle
error of 1.1° (2.1°), much lower than the baseline’s angle error
of 2.1° (7.9°). The error below the 50t percentile is due to the
resolution limits of the surface, rather than encoding errors.

Table 1 further compares the two encoding methods over vari-
ous impairment scenarios: (i) Different types of target objects. Our
robust encoding has a greater benefit compared to the sequential
method as the angular width of the target object increases. (ii) Im-
perfect deployment. Installation or manufacturing errors may cause
the individual metasurface beams to be misaligned with each other,
potentially leading to multiple bit errors. To evaluate such impact,
we introduce random sets of alignment errors of varying standard
deviations (bottom part of Table 1). We find that even minor errors
in metasurface alignment, on the order of 0.5°, more than double the
encoding error when using the sequential binar encoding. Our robust
encoding method substantially mitigates the effect, until the standard
deviation of error increases beyond half of the design beamwidth of
the surfaces. At this point, the radar return begins to entirely overlap
adjacent beams, and partially overlap non-adjacent beams, causing
rapid increases in the resulting encoding error.
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Figure 5: Layout of the Metasight metasurfaces.
3.3 Layout of the Metasurface Reflectors

Finally, we determine the relative physical locations of the metasur-
faces. The main requirement is that the radar can resolve reflections
from different metasurfaces (i.e., differentiating the AoAs). We de-
note dpA,max as the maximum distance for the radar to detect the
metasurfaces, which is determined by the desired sensor region
(Fig. 1). Given the radar’s AoA resolution A4, 4, the closest spac-
ing between metasurfaces for the radar to resolve them separately is
approximately d oA max tan Af4,4, as shown in Fig. 5.

It is worth noting that we cannot simply define the spacing of
the metasurfaces as between the center points of the two adjacent
metasurfaces. A metasurface that can generate multiple beams does
not function as a single-point reflector. Specifically, the effective
reflection points of different reflection angles do not necessarily
overlap at the center of the metasurface. Instead, as shown in Fig. 5,
a Metasight metasurface is divided into non-overlapping rectangular
subareas, each of which creates a single beam to one of the reflection
angles covered by this metasurface. The effective reflection point
for each beam is defined as the center of the corresponding subarea.
Therefore, we first profile the metasurface at design time and map
out the effective reflection points corresponding to different angles.
Then we separate adjacent metasurfaces so that the spacing between
any pair of their effective reflection points is larger than the radar’s
angular resolution Af4,4 (Fig. 5).

4 METASURFACE DESIGN

3D printing techniques are economical and fast solutions for meta-
surface fabrication. A recent work, MilliMirror [29], proposes a 3D-
printed metasurface that can reflect and reshape mmWave signals
for communication coverage expansion. A MilliMirror metasurface
consists of many unit cells. Each unit cell is a 3D-printed dielectric
cuboid whose height can modulate the phase shift of incidental sig-
nals. The entire MilliMirror metasurface has a flat dielectric side,
exposed to incoming signals, and one “bumpy” side coated with cop-
per. However, the copper coating entails a sophisticated electrodepo-
sition process, i.e., it first deposits an initial layer using sputtering
and then thickens the copper using chemical electroplating.

In Metasight, we innovate the metasurface structure to eliminate
the complex metal coating process. Besides, the new metasurface
structure is more robust to fabrication errors and generates reflection
beams with higher gain. Thus, it is more suitable for sensing, which
is more sensitive to beam qualities than communication.

4.1 Unit Cell Model

Similar to MilliMirror, the Metasight metasurface consists of 3D-
printed dielectric cuboids which function as unit-cell phase shifters.
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Figure 6: Vertical cross-section of the metasurface structure in
(a) METASIGHT, and (b) MilliMirror [29]. Only 5 cuboid unit
cells are shown for each metasurface design.
However, the difference is that its conductive reflection layer is flat,
i.e., the back sides of all the cuboids share the same surface, allowing
us to simply attach the copper tape to replace the copper coating
process. The height-varying side of the dielectric faces the incident
signals’ directions, as illustrated in Fig. 6. To design the 3D-printed
dielectric cuboids, we must model the relationship between the di-
electric thickness and the associated phase shift. Unlike MilliMirror,
signals impinging on the Metasight surface must first go through an
air gap with varying heights before entering the cuboids and getting
reflected back (Fig. 6). So the unit-cell structure can be modeled as a
layer of air, a dielectric layer, followed by a conductive layer. Based
on the transmission line model, the input impedance of this stratified
structure is [52]:
Zgtan(kgty) + Zo tan(koto)
Zy — Zg tan(kgtg) tan(koto)
where Z;, t; are the characteristic impedance and the thickness of
the dielectric layer. And Zj, o are those of the air layer. k; and
ko are the wave number of the signal in the dielectric and the air,
respectively. So the reflection coefficient of one unit cell is:
e @
i+Zo
The phase of the reflection coefficient I' corresponds to the phase
shift generated by the unit cell. Thus, given the thickness t,, = t; +ty
of a unit cell, the phase shift of the unit cell can be tuned by varying
the dielectric thickness ¢4. For simplicity of fabrication, the unit-cell
cuboids have uniform widths and lengths, denoted as w. We set w to
be below 4/4 over the entire bandwidth of the radar to avoid aliasing.
For the 77 GHz automotive radar with 4 GHz bandwidth, the unit
cell is approximately 0.9 mm wide.

Zi=jZy (1

Zgtan(kgtg)+Z tan(kotp)

—J2arctan o (ko o)

4.2 Metasurface Structure and Fabrication

According to the Metasight coding scheme (§ 3), a metasurface
needs to create multiple reflection beams to cover multiple reflection
angles. To achieve it, we divide the metasurface into several non-
overlapping rectangular subareas, each of which is responsible for a
single beam. For each subarea, we first generate the objective beam
pattern, given the beamforming direction and beam width. Then,
we search for the optimal dielectric thicknesses of unit cells that
minimize the discrepancy between the synthesized and the objective
beam patterns, as in [29]. Finally, we combine the unit cells of all
subareas to obtain the structure of the metasurface.

The Metasight metasurface has two key advantages compared
with MilliMirror. First, Metasight has a slower phase change with
respect to the dielectric thickness than MilliMirror, as shown in
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Figure 7: (a) Comparison of the mapping from dielectric depth
to phase shift between Millimirror and Metasight. (b) An exam-
ple of the differing effect of 3D printing errors on the resulting
beam pattern for each fabrication process.

Fig. 7a. This is mainly because the phase change of the air layer
partially cancels out that of the dielectric layer. The slower phase
change means that Metasight is more robust to the printing uncer-
tainty of 3D printers. To demonstrate the benefit, we simulate the
beam patterns of Metasight and MilliMirror samples with randomly
generated fabrication errors, as shown in Fig. 7b. We find a slight
increase in sidelobe levels and a 1.7 dB and 4.5 dB reduction in main
lobe levels for the METASIGHT and Millimirror samples, respec-
tively. With a 2.8 dB improvement in main lobe levels, Metasight
needs 27.6% less surface area to achieve the same beamforming gain
as MilliMirror. Despite thicker dielectric cubes to achieve a phase
shift of 27, Metasight can save material compared to MilliMirror,
especially when the surface becomes larger.

Second, with a flat conductive layer, Metasight is much easier to
fabricate than MilliMirror. Fig. 8 illustrates a sample of Metasight
and a replica of MilliMirror, respectively. Specifically, MilliMirror
uses electroplating and sputtering to coat the rugged metal layer,
both of which require highly specialized equipment and a laborious
process. Moreover, the copper layer must be properly sealed from the
outside environment to prevent oxidation and corrosion. In contrast,
Metasight only needs a piece of conductive tape whose thickness is
larger than the skin depth of the signal, i.e., < 300 nm at 77 GHz.
Compared with the metal coating, the conductive tape is easy to
manipulate, can be attached tightly to the dielectric layer, and is
stable against oxidization.

4.3 Dimensioning of the Metasurface

Detection range. The Metasight metasurfaces reflect the radar sig-
nal to the NLoS target object and then relay the target’s reflection
back to the radar. Using the well-known power budget model, the
received power Py, at the radar is:
_ PiGGrA%ch00 3
"7 (4m)Sdpdt ©)
where P; is the transmit power. G; and G, are the transmit and
receive antenna gains. A is the signal wavelength. d, is the distance
between the metasurface and the radar, and d,, is that between the
metasurface and the target object. oy, is the bistatic radar cross
section (RCS) of the metasurface, and o, is the monostatic RCS of
the target object. RCS is an intrinsic parameter of an object, which
measures its ability to reflect incident signals back to the radar.
According to Eq. (3), we can determine the RCS requirement of
Metasight, o,,,, given the radar hardware configurations (i.e., Py, min-
imum Py, G¢, G,), the target characteristics (i.e., g, ), and the max-
imum detection distances. The radar configuration is known from
its hardware specification. So we need to characterize the scattering
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MilliMirror

Periscope

Figure 8: Comparison of Metasight and Millimirror [29] meta-
surface designs. The front photos show the side exposed to the
incident and reflected radio waves. The back photos show the
conductive side of each metasurface.

properties of common objects, such as vehicles and pedestrians, on
the road. For object detection and localization, the target object is
usually abstracted as a scattering point, whose RCS generally varies
with the incident angle. The RCS of the metasurfaces, oy, must
allow for the detection of the object even with its minimum RCS.
Determining the minimum RCS of objects requires empirical RCS
measurements, such as those conducted in [9, 21, 33]. We augment
these published measurements with our own measurements using
the radar configuration described in § 6. Fig. 9 shows that vehicles
have much larger RCS than pedestrians. So, in order to detect both
pedestrians and vehicles, at least 95% of the time, the RCS threshold
of objects is -9 dBsm (5% RCS of pedestrian max point). In addition,
to sense the object with more details, such as object orientation and
size, vehicle radars need to sense more scattering points from differ-
ent parts of an object. For example, a vehicle may have scattering
points associated with wheel wells, mirrors, and bumper corners
[28, 31]. We further calculate the RCS of the second strongest point
of vehicles, as shown in Fig. 9. The RCS threshold for detecting at
least two scattering points of a vehicle is -19 dBsm.

Given the minimum RCS of the target objects, we can determine
the RCS requirement of Metasight. This RCS requirement can be
further translated to the size requirement of the Metasight metasur-
faces. Given a flat surface with a fixed area A, the maximum RCS is
achieved when the surface is metallic and the signal incidents at the
broadside direction. In such case, the signal is fully reflected and,
just like an ordinary flat panel, the RCS of the surface is [49]:

2
om =2 @
In practice, a Metasight metasurface can only reflect the signal with
an efficiency of < 1 due to the existence of the sidelobes. Thus, the

Om_

4rn*
n can be calculated as the ratio between the main lobe level and the
sum of all side lobe levels of the metasurface’s beam pattern. The
total size of each metasurface will be the required per-beam area A
multiplied by the number of beams per surface.

Beam squint effect. The model of unit cells assumes a single
frequency, based on which the dielectric thickness of the unit cells

required minimum area of the Metasight metasurface is A = A
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Figure 9: Statistics of RCS of vehicles and pedestrians.

is calculated. Thus, the metasurface experiences beam distortions
with the actual wideband radar signal. To avoid significant effects,
theoretical guidelines [29] dictate that we should design a surface
where c

Bd < ———, )

| cosyi + cos yr|

where B is the radar signal bandwidth, d is the maximum dimension
of the beamformer, and 6; and 6, are the angles between the maxi-
mum dimension of the surface and the incidence and reflected vec-
tors, respectively. Given the 4 GHz maximum bandwidth available,
beam squint will not have an effect so long as each beamforming
metasurface has a maximum dimension of 15 cm or less.

4.4 Fabrication Errors

During fabrication, we note that there are two key sources of error:
printing uncertainty, which occurs due to inaccurate positioning of
the printer head and amount of material deposited, and warping,
which occurs due to uneven cooling of the 3D-printed object after
printing is complete. Printing error is generally well-specified by the
manufacturer of the 3D printing process. For example, our 3D print-
ing process has an expected accuracy of +0.2 mm=0.005/, where [ is
the maximum length of the dimension of interest [16]. As discussed
in Sec. 4.2, Metasight is more robust to printing uncertainty than
MilliMirror [29], thanks to the slow phase change with respect to
the dielectric thickness.

Warping is difficult to model analytically, but we observe that
it is more severe in flexible and thin 3D printed metasurfaces like
Metasight. Therefore, to reduce the effect of warping, we make the
metasurface more rigid by adding a small, 5 mm wide and 5 mm
thick border around the edges of the dielectric surface. This border
has a relatively small area. For example, on a 12 cm X 13 cm surface,
the border region is only 25 cm?. Based on Eq. 4, the RCS of the
border region is 16 dB lower than that of the beamforming region. So
it will have a negligible impact on the desired beamforming patterns.

S ROBUST DECODING OF NLOS ANGLES

NLoS sensing with Metasight requires correct angle coding, which
in turn relies on accurate beamforming. However, we find that the
theoretical beamforming patterns suffer from distortions in practice.
Thus, we develop a robust decoding process to overcome them.

5.1 Decoding in Environmental Dynamics

The standard signal processing of automotive radars consists of three
steps. First, it generates a 2D heatmap along two axes, i.e., range and
Doppler shift. Second, it uses a 2D constant false alarm rate (CFAR)
detector to detect objects in the heatmap. Finally, for each detected
object, it combines measurements from all receiving antennas to
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estimate the AoA of the object. Metasight only maps the reflection
angles to the AoA patterns observed by the radar, so it does not
need to change the first two steps. However, three challenges remain
due to environmental dynamics in practical scenarios: (i) paths from
multiple metasurfaces may fall into the same range and Doppler
bin, necessitating algorithms to resolve multiple AoAs; (ii) paths
from different metasurfaces to an object may have slightly different
range/Doppler values, and (3) reflections do not occur at a fixed
point on a metasurface (Sec. 3.3), so the metasurface’s azimuth from
the radar’s perspective may vary.

For the first case, we must resolve an arbitrary number of closely
spaced AoAs with the same range and Doppler shift values. Specifi-
cally, our signal processing algorithm needs to distinguish the weak
signal of one AoA from the side lobes of the strong signal of another
AoA. To this end, we adapt the Fast Iterative Interpolated Beam-
forming (FIIB) algorithm [1], which efficiently estimates multiple
AoAs by successively canceling the sidelobes of each estimated
Ao0A, and then iteratively refining each AoA. However, we lack a
priori knowledge of the number of AoAs, which is needed in FIIB
[1]. To work around this limitation, we add a stopping condition at
the end of each FIIB iteration, i.e., the algorithm stops attempting
to estimate additional AoAs if either the number of AoAs exceeds
the number of metasurfaces, or if the magnitudes of the AoAs falls
below a noise threshold Ny. Ny is determined by applying a CFAR
threshold, based on the remaining AoA spectrum power after the
current AoA is subtracted. If the current AoA falls below the false
alarm threshold, where the noise term is the average power of the
remaining angular spectrum, the current AoA is dropped, and no
further AoAs are estimated.

The second challenge occurs when slight differences in the paths
from the radar to each metasurface to the occluded point result in
slightly differing range and Doppler values. If we do not properly
combine the signals from all these paths, we cannot correctly de-
code the reflection angle. The difference in range between any two
metasurface reflectors is approximately

AR =~ Ax (sin 0; + sin 6,), (6)

where Ax is the spacing between the two metasurfaces, and 6; and
0, are the incident (radar to reflector) and reflected (reflector to
object) angles. Intuitively, the range difference is contributed by the
propagation delays of both the incident signal and reflection signal,
i.e., Ax sin 6; and Ax sin 0; The variation in observed velocity is

Ax cos 0,
Ro
where || is the tangential velocity of the object with respect to
the metasurfaces and R, is the distance between the object and the
metasurfaces. Intuitively, the velocity difference is due to the slightly
different reflection angles of different metasurfaces. For example,
for a three-surface reflecting structure with a 30° FoV, located up to
10 m from radar with a 2° angular resolution, the maximum Ax is
70 cm and the maximum range variation is 35 cm. For an occluded
vehicle traveling at 25 mph (40 km/h) at a range of 2 m or greater
from the surface, the variation in observed velocity may be up to 9
mph (14 km/h). Conversely, for the very small incident and reflected
angles, the range variation may be less than 2 cm. Since the 77 GHz
automotive radars can have a range resolution of 5 cm and velocity

Av =~ I s (7)
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Figure 10: Illustration of encoding near-field effect. (a) The de-
coded angle errors at different distances of the near-field aware
decoding and the default decoding. (b) The near-field effect on
the effective beam pattern of a metasurface.

resolution of less than 1 km/h, we must consider both scenarios
where all paths fall in the same range and Doppler bin, as well
as in diverse bins. To handle both scenarios, after completing the
initial FIIB AoA estimation stage, we merge the estimated AoAs
of multiple adjacent range and angle bins into a single set of AoAs
using hierarchical clustering.

To handle the variation in possible reflection points on the meta-
surfaces, rather than probing a single azimuth angle to detect if a
metasurface has an active reflection, we determine a range of pos-
sible azimuth angles where the reflecting point may be located. To
calculate this azimuth range, we begin by determining the effective
reflection points of each metasurface. Since each metasurface con-
sists of a set of discrete beamforming subareas, the effective reflec-
tion point is ideally located at the center of each subarea (Sec. 4.3).
We then determine the allowable azimuth range for each metasur-
face by mapping each subarea to an azimuth angle, based on our
prior knowledge of the metasurface location. The azimuth range
between the minimum and maximum scattering angles is designated
as the allowable azimuth range. We demonstrate the validity of this
technique in § 6.3.

5.2 Near-Field Aware Decoding

The pattern synthesis of Metasight assumes that both the target and
the radar are in the far-field region of the reflector to accurately map
the LoS AoAs to reflection angles. However, the far-field assumption
no longer holds if either the target or the radar is in the near-field of
the metasurface, which causes non-negligible distortions.

The theoretical boundary between the near-field and far-field
regions is approximated as 2D?/A, where D is the maximum side
length of the reflector, and A is the radar signal wavelength [35].
But fortunately, even within the theoretical near-field region, the
effective beam pattern bears similarities to the designed far-field
pattern. Fig. 10(a) illustrates this effect on a surface designed to
beamform to —5°, —8°, —13°, and —16°. The surface is 12 cm wide
and has a far-field boundary of 7.6 m at 79 GHz. Notice that the
near-field patterns do share similarities with the far-field, with two
key differences: the main lobes are shifted, and the magnitude of the
main lobes is slightly lower. Also, notice that the main lobes do not
significantly deviate from the far-field patterns until a distance of
less than 4 m, which is significantly shorter than the theoretical far-
field distance. Below this distance, both the center of the beams shift
and the widths of each beam may change. While a simple reduction
in beam power in the near field may be offset by reduced path
loss, distortions in beam width and direction are likely to result in

315

T. Woodford et al.

,
-,
-
-

&Corner
Reflector

RF Absorber

85 fl Tl Radar

Figure 11: Experimental setup for evaluating the NLoS FoV
and angle decoding accuracy.

errors in the decoding of the reflection angle. Just as beamforming
near-field distortions arise from the assumption that the incident
signal to a metasurface is a plane wave, an encoding near-field
distortion arises because we assume the incident signal across the
entire metasurface array is a plane wave, such that the AoA of the
signal at each metasurface is the same. However, this is clearly not
the case when the occluded object or the radar is near the metasurface
array. In fact, since the metasurfaces must be separated by enough
distance for the radar to separately resolve each by their differing
azimuth angles, the AoA at each surface must differ by at least the
radar angular resolution Af4,4 to decode the reflection angle Ogy.

To correct the near-field distortion, we build a near-field aware
reflection angle decoder, which explicitly remaps the codeword for
near-field cases. Specifically, first, we simulate the distorted AoA
spectrum at each near-field distance D and reflection angle Ogy.
Then, we find the codeword for each distance and angle combination
using the decoding method described above. Finally, we aggregate
the reflection angles with the same codewords by selecting the me-
dian one as the target reflection angle, which minimizes the angle
estimation error. In practice, when the radar detects an occluded ob-
ject in the near-field region, it uses the distance to the metasurfaces D
to retrieve the codewords for different reflection angles. It then finds
the codeword closest to the decoded one and uses the corresponding
reflection angle Ogy, op; as the decoding result. In Fig. 10(b), we sim-
ulate this method with a set of four metasurfaces with a reflection
angle resolution of 2°. We find that our method can reduce the angle
estimation error by more than 50%.

6 EVALUATION

To evaluate Metasight, we fabricate three metasurface panels to
cover seven NLoS reflection angles with a spacing of 4°, and thus
a total azimuth range of 24° from the minimum to the maximum
encoded angle. Each metasurface consists of around 38k unit-cell
elements and has a size of 13 x 24cm?. Each metasurface reflects
signals to 4 separate angles, with each beamforming subarea being
6.5x12 cm?, and the subareas arranged in two rows and two columns.
We mount the metasurfaces at the minimum spacing allowable for
their distance from the radar (§ 3.3), 23 cm when the radar is 4 m
from the reflectors. The reflectors occupy a total width of 60 cm. The
total cost of fabrication was only $77 per surface, which is within
the range of ordinary costs for installing a standard traffic sign [50],
and can be reduced at larger production volumes.
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Figure 12: Empirical probability of more than 2 or 3 angle val-
ues corresponding to a single range/doppler bin.

Our experiments use a TI cascaded automotive radar operating
in the 76-81 GHz band [17]. We configure the radar with a distance
resolution of 6 cm and a maximum unambiguous distance of 15 m.
By using the entire MIMO antenna array, the radar can achieve an
angular resolution of up to 1.4°. The radar streams its raw I/Q sam-
ples to a PC host, where the robust NLoS angle decoding workflow
(Sec. 5) is implemented in Matlab.

To evaluate the performance of Metasight with static scatterers,
we use a trihedral corner reflector with 20 cm side length as the
object. We block the LoS path from the radar to the corner reflector
using an RF absorber, and incrementally move the corner reflector to
each angle, as illustrated in Fig. 11. We conduct this experiment in
an empty field to minimize static clutter which could hide the static
targets. Practical targets are generally moving, and are separated
from clutter using their doppler shift, as demonstrated in § 7.3.

6.1 Microbenchmark: Radar Point Sparsity

We first validate the angle sparsity assumption (§ 3.1) by collecting
8 minutes of LoS radar data from a busy road intersection. We
then use the constant false alarm rate (CFAR) to detect all points
corresponding to moving objects, totaling over 100,000 detected
points. We evaluate the number of points detected, and find that there
is a 4.4% chance of at least 1 conflicting angle with a 2° metasurface
angular resolution and a 1.5% chance with a 5° resolution. Where
multiple conflicting angles are present, our dense angular encoding
may cause errors in position estimation. Since this conflict rate is
close to the expected false alarm rate of CFAR, we conclude that
any resulting errors may be handled using the same methods used to
handle false alarms in standard LoS radar signal processing.

6.2 Microbenchmark: Reflection beam pattern

Fig. 13 shows the measured beam patterns from one of the meta-
surfaces. For comparison, we fabricate a MilliMirror surface [29]
with the same configuration. We verify the Metasight metasurface
generates the reflected beams at desired angles. The beamforming
accuracy is similar to MilliMirror, despite its significantly simplified
fabrication process. We find that our metasurface design has a loss
of only 2 dB compared to an ideal surface, and a 1 dB improvement
compared to MilliMirror, due to its improved error tolerance.

6.3 Microbenchmark: Reflection Point Variation

As discussed in § 5, to ensure that the radar can independently re-
solve each metasurface, we must account for variation in the exact
reflection point on each surface. Given that our prototype metasur-
faces are designed with 6.5x12 cm beamforming regions, we expect
the reflection points to be about 6.5 cm apart. We determine the
actual distance between the reflection points by measuring the range
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Figure 13: Fabricated metasurface beam patterns. “Flat”:
Metasight; “Electroplate”: MilliMirror; “Theory”: Ideal.

to the reflecting surfaces and the angle between them. We find that
the reflecting points may be found up to 7 cm apart, within only
about 5 mm deviation from the theoretical separation.

6.4 Microbenchmark: Interference from
Mounting Structure

To ensure that each metasurface reflector is precisely aligned to point
in the same direction and correctly spaced, we attach them to a rigid
mounting structure, consisting of a set of small brackets with the
minimal cross-sectional area. Before proceeding with our primary
tests, we investigate whether NLoS reflections from the metasurface
mounting structures will interfere with reading NLoS reflections
from the metasurfaces themselves. We place the corner reflector at
multiple angles within the FoV of our metasurfaces, and conduct
measurements with and without the metasurfaces attached to the
mounting structure. The radar returns from the metasurface NLoS
reflections are an average of 18 dB higher than NLoS reflections
from the mounting structure. This is well below the decoding noise
floor threshold, implying that the mounting structure is unlikely to
impact angle decoding.

6.5 Microbenchmark: Sensing Range

We verify that we can correctly select the RCS requirements of the
metasurfaces by measuring the pedestrian sensing range of a set
of test metasurfaces. We fabricate three metasurfaces with beams
at 13° and 16° angles. The metasurfaces have three different sizes:
4.5 % 4.5 cm?2, 9 x 9 cm?, and 15 X 15 cm?2, with half of the surface
allocated to each beam, corresponding to per-beam RCS values
of -0.5 dBsm, 12 dBsm, and 20 dBsm, respectively, following the
model in § 4.3. We configure the radar for a maximum unambiguous
range of 30 m, and a range resolution of 12 cm. Then, we place the
metasurface in front of the radar, while a pedestrian moves within
the target beamforming region and gradually increases the distance
to the metasurface. We record the maximum distance at which the
pedestrian remains detectable above the noise floor at a 1% false
detection rate, and compare it to the theoretical detection range
model developed in § 4.3. We find that the actual detection ranges
fall within the predicted range (Table 2), showing that our model can
accurately determine the required metasurface size in this manner.

6.6 Microbenchmark: Height Mismatch Between
Radar and Reflector

To understand the effect of the vertical placement of reflectors, we
mount the radar at a height of 1 m, and place a single 15 X 15 cm
metasurface reflector at a distance of 1.8 m from the radar. Then, a
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Normalized RSS

Surface Size | Measured Range | Theory Range

4.5%4.5cm 8m 8-14m
9x9cm 17m 13-20m
15x15cm 24m 17-25m

Table 2: Comparison of measured pedestrian detection range to
theoretical detection range based on metasurface size and em-
pirical pedestrian RCS measurements.
1.8 m tall pedestrian moves within the reflector’s coverage region at
a range of 5-10m from the radar. We vary the height of the reflector
and measure the received signal strength from the moving pedestrian,
normalized by the free-space path loss to the pedestrian’s location.
Figure 14 shows the signal strength as a function of the elevation
angle from the radar to the reflector. We find that the signal strength
rapidly drops as the metasurface deviates from its optimal height.
In practical deployments, the height of the radar will vary be-
tween different vehicles, making it effectively impossible to pre-
cisely match the height of the reflector to the height of the radar. To
work around this problem, we suggest increasing the height of each
reflector, such that it can match any given vehicle bumper height.
Given that common car bumper heights range from approximately
35-80 cm [4], a metasurface reflector with a height of 0.6m or less
can be reasonably expected to cover the range of radar locations.

6.7 Comparison to Natural Reflectors

‘We now demonstrate the advantages of our Metasight design over
natural reflectors that do not leverage angular encoding. First, we
compare the Metasight reflector to two common reflectors found in
a natural environment: a convex metal reflector and a planar metal
reflector. We select the natural reflectors and metasurface spacing
(23 cm) such that each reflector has the same total width. Each
reflector type is placed at the same location 4 m from the radar. We
follow the point scatterer measurement procedure described above
and sweep through the entire FoV of each reflector, at a range of 6 m
from the reflector structure. The FoV of each reflector is defined as
the range of angles where the NLoS path from the reflector exceeds
the noise/clutter floor. To ensure we measure the upper performance
bound of the conventional reflectors, we obtain the position, angle,
and shape parameters of these reflectors by fitting the reflector model
to the collected radar data. Therefore, practical performance is likely
to be worse, since there is an additional error introduced in the
process of localizing and characterizing the reflectors. For example,
a 0.1° error in localizing the azimuth angle of the cylinder with
respect to the radar would result in a 3-6° error in the reflection angle
estimate. For evaluation, we localize the metasurfaces to within 1°,
and decode the angles following the process in § 5.

Our experimental results, shown in Table 3, demonstrate that
METASIGHT achieves a more than 3x larger FoV than a planar
reflector, with only about 25% higher average angle error, while
taking up the same amount of space. It also achieves an over 5x
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FoV | Mean Err | 95% Err | Loc Err

Planar reflector 8° 2.0° 3.4° 21 cm
Convex reflector | 100° 10° 26° 104 cm
METASIGHT | 24° 2.5° 4.75° 27 cm

Table 3: Comparison of FoV, angular error, and localization er-
ror between natural NLoS reflectors and Metasight.
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Figure 16: Experimental setup for (a) the multi-object case
study and (b) the roadside detection case study.
improvement in worst-case angle error over the idealized convex
reflector, while an ideally-shaped conventional reflector without our
efficient encoding scheme would need to be at least 1.4 m wide,
more than double of the total width span of the Metasight reflectors.
An essential factor limiting the angle accuracy is the beam width,
which is inversely proportional to the metasurface size. Thus, to
achieve higher angle accuracy, larger metasurfaces are needed. In
addition, narrower beams increase the near-field range of Metasight,
which must be addressed using the near-field aware coding in Sec. 5.2.

6.8 Radar Mobility

Metasight assumes that the location of the metasurfaces are quasi-
static within a radar sensing frame. This is reasonable because the
radar frame lasts for less than 5 ms, equivalent to less than 15 cm of
movement at even highway speeds. To understand the effect of radar
movement on the angle sensing accuracy and field of view (FoV),
we repeat the procedure in § 6.7, moving the radar 50 cm between
measurements, equivalent to 22 mph (36 kmh) with a 20 Hz frame
rate. The results (Fig. 15) show that optimal accuracy is achieved
at the designed sensing range of 4 m. Accuracy is reduced by up
to 50% at longer ranges (where the radar cannot reliably resolve
individual reflectors) and very short ranges (due to the near-field
effect). This optimal range may be increased trivially by increasing
the spacing between the metasurfaces. The FoV decreases slightly at
longer ranges due to the reduction in near-field effects. We also vary
the incidence angle of the radar with respect to the metasurfaces,
and find that the performance of the system does not significantly
degrade within 15° of the design location of the radar. With larger
incidence angle variations, reflection angles become misaligned,
leading to reduced accuracy and FoV.
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7 CASE STUDIES
7.1 Resolving Multiple Objects

One of the major benefits of Metasight over existing NLoS radar
sensing [48, 56] is that our method can achieve high angle reso-
lution and effectively localize multiple closely-spaced points. To
demonstrate this ability, we use two adjacent corner reflectors as
occluded target objects. We place them in adjacent beamforming
regions, and gradually move them apart until the radar can resolve
them separately. Note that although the radar range resolution is
6 cm, the NLoS sensing resolution is limited by the range-variation
effect described in § 5. We find that the radar can separately re-
solve these objects when they are at least 35 cm apart, equal to the
range spread we estimated using Eq. 6. The corresponding radar
range/angle heatmap is displayed in Fig. 17a. The experiment also
verifies that the reflection angle is decoded correctly, to 4° and 8°,
at the designed resolution of 4°. We repeat this for two pedestrians
walking away from the surfaces at constant angles relative to the
metasurfaces at a range of 5-9 m from the metasurfaces. We find
that the minimum separation distance is slightly higher, 70 cm, since
pedestrians are not point scatterers (Fig. 17b).

7.2 Separating NLoS and LoS Paths

Next, we demonstrate that Metasight can separate the NLoS paths
from objects moving in the LoS region behind the reflectors and
those NLoS paths caused by ambient reflectors. In this experiment,
a pedestrian walks past the metasurfaces at a range of 6 m across a
distance of 3 m (the FoV of the surfaces) for 100 s, in both the NLoS
and LoS regions. We find that the pedestrian is incorrectly detected
by Metasight only 1.9 % of the time in the LoS region, when the
pedestrian overlaps the sensing region of one of the metasurfaces.

7.3 Sensing Road Users

Finally, we demonstrate our system for sensing occluded objects in
real-world transportation environment. We place the radar behind
a concrete wall that blocks the view of a crossroad, and place the
three-metasurface reflectors 4 m away, in a location with a view of
both the radar and the occluded portion of the road (see Fig. 16b).
This road has sidewalks, two vehicle lanes, and bike lanes. We then
collect data as pedestrians, bicycles, and motor vehicles move within
this occluded region. We find that we can detect moving pedestrians
at ranges of 20 m or more, as well as vehicles at ranges of up to
28 m. We plot a number of of NLoS traces, overlaid over a diagram
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Figure 18: Measured roadside trajectories of vehicles (dashed
line) and pedestrian (points) alongside lidar-measured ground
truth (solid line).

of the road in Fig. 18. By examining the traces, we find that we can
determine the lane position of an occluded vehicle to within 1.2 m of
its true position, sufficient to determine its current lane. We further
determine that pedestrians are localized with an RMSE of 0.7 m.

8 RELATED WORK

NLOS radar sensing. Prior work on NLoS radar has explored
various reflectors in the environment to localize obstructed objects.
For example, Scheiner et al. [32] proposes first to use lidar to identify
planar reflectors such as walls, and then use a geometrical ray-tracing
model to map the reflected radar signal features to the location of
an NLoS object in an urban environment. Similar approaches are
adopted by [13, 40, 41]. As mentioned in Sec. 2, such methods need
an excessively large reflector to achieve acceptable coverage. Other
works [48, 56] propose to harness multiple natural or artificial re-
flectors to triangular the objects, yet a sufficient number of reflectors
(e.g., 6 in [48]) with large separation is needed, all within the LoS of
the radar, which may not be feasible in practice. CornerRadar [61]
introduces a data-driven ray-tracing method for NLoS localization
in more sophisticated indoor environments, where signals can ex-
perience higher-order reflections and even penetrate obstructions.
The machine learning model of CornerRadar requires an accurate
3D map of the environment as input, which may not be available
in practice. NLoS radar sensing is also related to the vast literature
on device-free indoor localization (see [24] for a comprehensive
survey). Yet this line of work mostly assumes a LoS path is always
available and aims to disentangle the NLoS paths from it through
time-of-flight, AoA, or trilateration. Techniques similar to through-
wall radar sensing or imaging [3, 27, 36, 53] are also unsuitable for
transportation settings, where occlusions are commonly made of
metal or concrete, thus introducing too much attenuation to allow
for radar sensors to detect objects behind them.

Metasurfaces for wireless sensing. Prior work has proposed
both active [30, 38, 59] and passive [25, 60] metasurfaces for sens-
ing applications. Metasight departs from this literature in two key
ways: first, in most prior work, the metasurface is directly attached
to the transceiver, within its near field. They are intended as an inex-
pensive way to improve its angular resolution compared to MIMO
arrays or phased arrays. By contrast, our system is designed for
placement in the environment and improves resolution by moving
angular beamforming closer to the target of interest. Second, prior
work uses either active time-based beam scanning [59] or passive
frequency-based beam scanning [6, 60] to scan multiple angles.
Time-based methods change the reflection beam pattern of the meta-
surface across different radar frames. But it requires active phase
shifting or switching elements, which significantly compounds the
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cost and complexity of the metasurface, especially at mmWave bands.
Frequency-based beam scanning limits the achievable angular field
of view and range resolution of the radar, since each angle uses only
a limited bandwidth compared to the full bandwidth allocated to the
radar.

NLoS sensing through alternative modalities. Prior research in
computer vision/graphics explored seeing-around-corner using either
active laser illumination or super-resolution cameras. These methods
are applicable only in short-range and controlled environments and
often require high-cost equipment. NLoS Lidar sensing [7, 8, 19,
26, 51] can achieve high-resolution. But to receive reflections from
ordinary reflectors, it requires impractical illumination levels above
eye safety limits. Other modalities such as acoustic [2, 18] and
thermal infrared [20] sensing also fall short of the range and coverage
requirements in practical transportation environments (Sec. 2.1).

NLoS mmWave communication and beam tracking. [57] Sim-
ilar to mmWave radar sensing, mmWave communication is sensitive
to environmental reflections due to the use of highly directional
beams. Recent work [54, 57, 62] proposed to map out the environ-
ment using mmWave or lidar sensing, followed by a ray-tracing
model that guides the beam steering and reduces the probability of
blockage. Prior work in mmWave communication has also explored
ways to “compress” the beam space to reduce beam management
overhead [14, 45, 46]. Our encoding method differs by designing
the encoding to account for the angular spread of common objects
of interest in sensing scenarios. We also scan the encoded beam
information in a different manner — rather than directly scanning the
beams, we indirectly scan them using radar.

9 DISCUSSION

Practical deployment of Metasight. Metasight requires fine align-
ment with the road to accurately map NLoS angles to target locations.
To make such alignment easy for non-experts, such as road workers,
we can visually mark the edge beam directions of Metasight on the
plate that holds all metasurfaces. During the deployment, the road
worker first identifies the location of Metasight, and the two edges
of the NLoS region, according to the deployment plan and the local
map. Then, workers can use a laser-level instrument to align the
visual markers of beams to the edges of the NLoS region. A typical
long range outdoor laser has an angular error around 1/, which is
sufficient for the alignment of Metasight.

Protection from harsh environment. Metasight is deployed out-
doors and hence subject to weather and other adverse conditions,
which may over time erode the surface, introduce random phase
errors, and reduce the main lobe gain of Metasight. To reduce the
impact of this damage, RF-transparent materials such as plastic
film can be used to seal the metasurface from the environment with
minimal impact on its RF characteristics. To verify the impact of
the plastic film, we conduct a simulation by adding PET film with
common thickness (i.e., 100 gm) in front of a metasurface. The sim-
ulation results show that the film only introduces a 0.2 dB loss. The
maximum phase error introduced is only 15°, which is negligible.

Detection of Metasight at intersections. The radar needs to lo-
calize Metasight before beamforming toward it. However, since the
metasurfaces of Metasight do not have a distinctive radar signature,
additional sensors or infrastructure are required for localization. The
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first solution is using cameras on vehicles. Specifically, we can de-
ploy visual signs around Metasight, which the vehicle camera can
detect and localize [10]. The second solution is using lidar coupled
with a high-resolution map [11]. Specifically, we deploy Metasight
around a road sign, which the lidar can detect. Then, with the high-
resolution map, the vehicle can identify the co-located Metasight for
NLoS sensing. Alternately, additional RF infrastructure can also be
installed for localization purposes, such as passive radar tags [25, 43].
These tags modulate data to their backscattered radar signals, allow-
ing them to be jointly localized and communicated with, allowing
Metasight to be detected and localized.

Impact of LoS blockage between radar and metasurfaces. In
crowded environments where the paths to ground-level metasurfaces
may be blocked, access to NLoS sensing paths may be ensured by ei-
ther increasing path diversity with additional metasurface locations,
or by placing metasurfaces at a higher elevation. Elevated metasur-
faces will require main lobes pointed downward to compensate for
the change in incident angle elevation, as well as larger dimensions
to account for path loss. Leveraging additional NLoS reflections
between the radar and metasurfaces is unlikely to be practical due to
the increase in reflection loss.

Impact of vehicle engine vibration. Our measurements do not
include vehicle engine-induced vibrations. However, the vehicle
vibration only introduces noise in the Doppler frequency spectrum
[15]. Metasight relies on angle measurements, which are less im-
pacted by vehicle vibration.

Impact of Metasight on communication efficiency. At the de-
sign frequency of Metasight (i.e., 77-81 GHz), Metasight functions
as an irregularly shaped metal reflector, similar to other reflective
objects in the environment, e.g., vehicles. Metasight only creates a
moderate channel impact by creating a few multipath. At standard
communication frequencies below 30 GHz, Metasight appears more
like a diffuse scatter, changing the reflection gain of the signals
hitting it by a minor amount.

Generalization to different frequencies. Metasight is designed
for the newest generation of automotive radar at 77-81 GHz. How-
ever, our NLoS sensing technique is applicable to other frequencies
as well, such as 24 GHz for obsolete radars. To apply Metasight
to other frequencies, the metasurfaces must be designed to match
these frequencies. Specifically, according to Eqn. 3 and 4, a lower
frequency requires a larger physical metasurface area for any given
desired detection range.

10 CONCLUSION

Through Metasight, we have verified the feasibility of using metasur-
faces to enhance NLoS radar sensing. The Metasight metasurfaces
are fully passive, and can only map a fixed set of NLoS reflection
angles into a compact set of angular signatures on the radar’s AoA
spectrum. However, by using efficient encoding on the metasurface
reflectors and robust decoding algorithms on the radar, Metasight
can improve the FoV and angle resolution by multi-folds, and re-
duce the reflector size by multi-folds compared with state-of-the-art
NLoS sensing that employs natural reflectors. Metasight points to an
important direction that enhances wireless sensing through passive
yet intelligent reflectors.
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